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PREFACE

The Joint International Symposium on Molten Salts is a joint 
effort between the Electrochemical Society and the Electrochemical 
Society of Japan. Since 1976 the Electrochemical Society has 
sponsored five international symposia on molten salts; the current 
symposium is the sixth symposium in this series. In 1983 the Molten 
Salt Committee of the Electrochemical Society of Japan chaired by 
Professor N. Watanabe sponsored the First International Symposium on 
Molten Salt Chemistry and Technology; the current symposium is also 
the second symposium in that series. This collaboration between the 
two societies has resulted in one of the largest meetings ever 
devoted to molten salts; 123 papers will be presented at this 
Symposium of which over 80% are included in the proceedings volume. 
The presence of many papers from countries other than the U.S. and 
Japan is a good indicator of the increased interest throughout the 
world in molten salt chemistry and its applications to areas such as 
batteries and fuel cells, production of light metals, x
electrodeposition of refractory metals, synthesis of new materials, 
thermal energy storage as well as other uses.

1 would like to express my appreciation to the Cochairmen of this 
Symposium, Milton Blander, Hironao Kojima, Zensaku Kozuka, Marie- 
Louise Saboungi, Nobuatsu Watanabe as well as to the other editors of 
this volume who, in addition to Drs. Blander and Saboungi, include 
Drs. Charles Hussey, Charmaine Mamantov and John Wilkes. The timely 
work by this group of editors is making it possible to provide this 
volume in time for the Symposium. The assistance of Dr. George 
Shankle, Robert Walton, Connie Robledo and Renee Thomas is also 
gratefully acknowledged.

Gleb Mamantov
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DEDICATION
PROFESSOR HAKON FLOOD

The Joint International Symposium on Molten Salts wishes to 
dedicate this volume to one of the founding, fathers of modern molten 
salt chemistry, professor Hakon Flood, Trondheim, Norway.

Hakon Flood was born September 25, 1905 and graduated from the 
Norwegian Institute of Technology, Trondheim in 1930, majoring in 
inorganic chemistry and electrochemistry.

Flood spent the year 1930-1931 in Berlin at the famous institute 
of Professor Max Volmer. Returning home in 1932, he became a 
research associate at his alma mater. In 1933 he was granted a leave 
of absence and returned to Volmer's institute to finish his Doctor's 
Thesis. The topic was: Tropfchenbildung in Ubersattigten Dampfen. 
Pradikat: Mit Auszeichnung bestanden. H&kon Flood was appointed 
Docent (associate professor) in inorganic chemistry at The Norwegian 
Institute of Technology in 1935 and held this position until he was 
appointed full professor in inorganic chemistry at the same 
university in 1953.

Professor Flood's scientific production in the years following 
the completion of his studies in Berlin is mainly in the field of 
phase kinetics. However, in the late thirties he became interested 
in certain aspects of analytical chemistry and in several papers he 
made important contributions to the theory of potentiometric 
titration. In this period Flood also took up the study of 
vanadium-oxyhalides, a study which was later expanded to a more 
general study of oxide systems containing vanadium. This work 
resulted in one of the first papers on semi-conducting 
nonstoichiometric compounds. During the early forties most of 
Professor Flood's scientific production was in the field of 
analytical chemistry. Among his papers from this period are 
pioneering contributions to paper chromatography.

Later in the forties Professor Flood turned toward the area of 
research for which he has become best known: High-temperature and 
molten salt chemistry. In this field he has won widespread 
international recognition, and he has created what may be called a 
Norwegian school in the field of the chemistry of molten salts. The 
first part of Professor Flood's high-temperature chemistry period is 
mainly devoted to acid-base reactions in oxide systems. In this 
field he has made contributions to the elucidation and definition of 
fundamental concepts, which have resulted in text books on inorganic 
chemistry referring to "The Flood-Lux" concepc of acid base reactions 
in oxide systems. In 1949 The Norwegian Institute of Silicate 
Chemistry was established through funds granted from The Royal 
Norwegian Council for Scientific and Industrial Research. In 
recognition of his achievements in this field of research, Flood was 
appointed the director of this institute in addition to continuing in 
his position in inorganic chemistry at The Technical University of 
Norway. At this time Professor Flood's research facilities were 
greatly improved and his inspiring leadership attracted a number of 
students and young scientists to work with him.
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A major problem which engaged Flood's group in the following 
years was the thermodynamics of molten salt mixtures. Some of the 
early papers on activity-composition relations in molten salt 
mixtures by Flood and his co-workers are now considered classic 
contributions to the literature in this field, and a large number of 
later publications by Flood and his co-workers have served to test 
and further elucidate some of the theories formulated in the earlier 
papers.

Professor Flood has also maintained an interest in phase- 
transition reactions and in the formation of defects in solids. A 
considerable part of his research work in high temperature chemi stry 
has also been directly related to industri al problems.

Professor Flood's success in creating an internationally-known 
Norwegi an school of mol ten salt chemi stry testifies to hi s rare 
combi nation of i ntellectual capacity with the inspiring personali ty 
which ignites in his students and associates the enthusiasm and 
scientific curiosity which are so typical of Flood. The stimulating 
atmosphere in Flood's institute in Trondheim not only has provided an 
excel lent starting point for many young Norwegians who are now 
engaged in research and teaching in the field of high-temperature 
chemi stry, but has also provided for foreign visitors the kind of 
surroundings in which they worked happily and productively and from 
which they emerged with renewed scientific enthusiasm.

vi
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Eutectic Melt

Y. Ito, T. Shimada, H. Yabe and J. Oishi

Preparation of Neodymium-Iron Master Alloys from ....  835
Neodymium (III) Salts and Metallic Iron in Molten 
Chloride - Fluoride Mixtures

F. M. Seon

xvi



Metallothermic Reduction of Nd2C>3 with Ca in .....  846
CaCl2-NaCl Melts

R. A. Sharma and R. N. Seefurth

The Study on the Dissolving Loss of Rare Earth .....  858
Metals in the RECl3“KCl-CaF2 Melt

X. Xiuzhi, W. Xujun and C. Yong

The Role of Oxide Solubility in the Electrochemical .. 863
Extraction of Rare Earth Elements from Fused Fluorides 

A. Mitchell and B. Thomas

Applications of Molten Salts in Plutonium Processing .. 872
D. F. Bowersox, D. C. Christensen and
J. D. Williams

Status of Plutonium Purification by Bismuth Solvent .. 888
Anode Electrorefining

K. W. Fife, D. F. Bowersox, L. E. McCurry,
P. C. Lopez and C. Brown

Compact Molten-Salt Fission Power Stations (FUJI- .... 896
series) and their Developmental Program 

K. Furukawa, K. Minami, K. Mitachi and
Y. Katoh

Impact-Fusion Molten-Salt Breeder (IFMSB) Using ....  906
Shaped-Projectile and Axially Symmetric Mass Driver 

K. Ikuta and K. Furukawa

Submerged Arc Flux Welding with CaF2“Ca0-Si02 .....  916
Fluxes: Possible Electrochemical Effects on Weld 
Metal

S. Shah, M. Blander and J. E. Indacochea

xvii



928Electrochemical Reactions at the Electrode in 
Submerged Arc Welding

J. H. Kim, R. H. Frost, D. L. Olson and 
M. Blander

A Method for Continuous Monosilane Generation 
Utilizing Molten Salt Electrolysis

K. Seto, N. Dai, K. Kinoshita, N. Saotome, 
M. Itatsu, H. Suzuki and Y. Yatsurugi

Effect of Metal Complex Ion Added into a Molten ... 
NH^F nHF on the Current Efficiency of NF3-Formation 

A. Tasaka, H. Kobayashi, M. Hori and 
H. Nakayama

A Review of the Chemical and Physical Properties . 
of Molten Alkali Nitrate Salts and Their Effect on 
Materials Used for Solar Central Receivers 

R. W. Bradshaw and R. W. Carling

Molten Salt Chlorination of a Brazilian Titanium Ore .. 
R. L. Combes, A. J. A. Soirat, M. J. Paixao and 
J. M. Paixao

Catalysis and Reactivity of Electrophilic Reactions .. 
in Room Temperature Chloroaluminate Molten Salts 

J. A. Boon, S. W. Lander, Jr., J. A. Levisky,
J. L. Pflug, L. M. Skrzynecki-Cooke and 
J. S. Wilkes

The Acylation of Coal and Model Coal Compounds in ... 
Room Temperature Molten Salts

D. S. Newman, T. H. Kinstle and G. Thambo

Some Aromatic Reactions Using AlC^-Rich Molten Salts . 
E. Ota

939

949

959

970

979

991

1002

xviii



1011Spectroscopic and Electrochemical Studies of Molten .. 
Salt Electrolysis of Aluminum and Magnesium 

S.-Y. Yoon and D. R. Sadoway

Electrodeposition of Microcrystalline Chromium ..... 1018
from Fused Salts

T. Vargas, R. Varma and A. Brown

Use of Impedance Measurements for Studying the .....  1028
Effect of Acidity on the Corrosion of Iron in 
the Molten Equimolar NaN03-NaNC>2-Mixture

G. S. Picard, H. M. Lefebvre and B. L. Tremillon

Author Index   1043

Subject Index   1046

xix





MAX BREDIG AWARD ACCEPTANCE SPEECH

CREATING A CRYSTAL BALL FOR MOLTEN SALT SOLUTIONS

Milton Blander 
Argonne National Laboratory 
Chemical Technology Division 

Materials Science and Technology Program 
Argonne, Illinois 60439-4837

The two parts of the title, “Max Bredig Award” and ” Molten Salt Chem­
istry,” define the double honor I feel in accepting this award. First, I am honored 
because it bears the name of Max Bredig. He was a warm and gentle person 
who influenced me with his definitive scientific views, which emphasized accuracy 
of measurements as well as caution and precision in the description of results. 
When we were colleagues at the Oak Ridge National Laboratory (ORNL), about 
thirty years ago, he encouraged me to examine the concepts of complex ions in 
order to better define this loosely used term, which was too often a catchall 
to “explain” the unexplainable. Second, I am honored because the core of my 
scientific work has been molten salt chemistry and this award lends support to 
my choice of methods and views, which have proven to be productive and useful 
in technology.

Over the years, my work has focused on a number of different topics. It 
would not be possible to discuss them all. Instead* I would like to emphasize two 
general thoughts that I have often called upon to guide my thinking. The first 
is that molten salts are relatively simple as a solvent and should be relatively 
simple to model theoretically. I remember returning home from an interview for 
a position to do research on molten salts with the reactor group led by Warren 
Grimes at ORNL. On the flight, I asked myself why I had the feeling that 
molten salts are difficult, “gunky” materials to study when many of them can 
be represented by a simple collection of charged spheres. At that point, I decided 
to accept the position. The second thought, which is implied by the title of my 
talk, sounds obvious, but is one that is too little followed. It is, that concepts 
and theories developed to describe molten salts (or any other materials for that 
matter) should ultimately provide the means for making predictions far beyond 
the scope of the information used to deduce them. Too many “theories” in the 
early days of molten salt research could only describe past results, but not predict 
anything to come. A “crystal ball” was needed to predict future experiments 
and properties of technological materials. It is not only the complexity or beauty
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of concepts and theories which makes them important, it is the ability to use 
them to make scientifically and technologically useful predictions a priori.

In my early work at ORNL I became intrigued by the properties of a par­
ticular class of ternary molten fluoride phase diagrams of interest for nuclear 
reactors. These contained two alkali fluorides mixed with ZrF^ BeF2, UF4 or 
TI1F4. Figure 1 exhibits the topology of one of these phase diagrams, that for 
the LiF-RbF-BeF21 system. The liquidus isotherms (which are also isoactivity 
curves) for LiF are strongly bowed in a manner which clearly indicates strong 
positive deviations from ideal solution behavior, whereas the RbF liquidus in­
dicates somewhat negative deviations from ideal solution behavior. Thus, in a 
single system, two different components exhibited opposite deviations from ideal 
behaviori This property was contrary to common beliefs of solution chemists. 
A cursory investigation uncovered many systems like this. The closeness of the 
properties of the LiF-Be&2 system to those of silicates led to the realization that 
many important silicate and oxide systems, e^g., Ca0-Fe0-Si02, behaved in a 
similar manner. In an extreme case, the positive deviations qf FeO were so large 
in the Ca0-Fe0-P20s system that a miscibility gap was present. I was to return 
to silicates twenty-five years later. The magnitude of the effect seemed to be 
related to the differences in the stabilities of the Compounds such as, Rb2BeF4 
and Li2BeF4. It became obvious that the controlling factor Was the sign and 
magnitude of the free energy Change of the corresponding metathetical reaction, 
A G°

LiF(i) +  \Rb2BeF4(l)^±RbF{l) +  ~Li2BeF4(t) (1)
I t I t

Which is positive and large. The dissolution of LiF in Rb2BeF4 can be defined in 
terms of reaction (l) and the standard free energies of solution of RbF(f) (AG*F ) 
and ^Li2BeF4 (l)(AGr*Li) in Rb2BeF4. If AG° is positive and very large and the 
values of A G F and AG*Li for the corresponding binary systems are relatively 
small (which is commonly true), then LiF will have large positive deviations 
from ideal behavior. Correspondingly, RbF would exhibit negative deviations 
from ideal behavior. This sort of analysis provided a rationalization of the odd 
behavior of these systems.

Another observation was that these systems resembled reciprocal systems, 
which have at least two cations and two anions. For example, we see in Figure 
2 that some of the characteristics of the phase diagram for the Li"1", K+/F~, 
Cl-  reciprocal system2 parallel those of the lower portion of the LiF-RbF-BeF2 
system in Figure 1. In fact, the deviations from ideality are so large in the 
Ag+ , K+/NC>3 , Cl" reciprocal system that there is a low solubility of AgCl in 
KNO3 and a liquid-liquid ternary miscibility gap. For this latter type of system I 
deduced a simple method for calculating the enthalpy and standard free energy



of solution by consideration of three steps.3’4 For solid AgCl in KNO3, these
steps are

AgCl(s) + K N O s(l)*±KCl(l) + A g N 0 3(i) (2)

K C l( i) -^K C l(00 diln in K N 0 3) (3)

A g N 0 3(i)-^A gN 03(oo diln in K N 0 3) (4)

Thus, the free energy and enthalpy would be

A G° +  AG* + AG* = AGfo/n = —R T lnK sp  (5)

A fl? + A tf3* +  A H\  =  A H,oln (6)

where the asterisk (*) denotes a standard value. Equations (3), (4), and (5) 
provide an exact method for calculating the solubility product. In general, the 
largest contributions come from the metathetical reaction (Eq. (2)). Steps such 
as Eqs. (3) and (4) are generally relatively small for insoluble materials such as 
AgCl.

In 1956 I discovered a key paper by Flood, F0rland, and Grjotheim (FFG),5 
who had used a simple cycle to deduce an important equation for reciprocal 
systems. For example, for the Li+ , K+/F “ , Cl-  system, the total excess free 
energy of mixing (AG^) of the three components LiF, KF, and KC1 is given by 
five terms

A G l  = X LiX CiAG° + X UX KX F\ F + X LiX KX c ^ c i
+ X FX clX u \ Lt +  X FX c iX K\ K (7)

where A G° is the standard free energy change for the metathetical reaction LiF 
+ KC1 KF + LiCl, and A* is a “regular” solution interaction parameter for 
the binary system containing two salts with the common ion i. Equation (7), 
although inexact, contained within it all the concepts implicit in the exact Eqs.
(5) and (6). More important, it showed promise for calculating thermodynamic 
properties at all concentrations. When calculating the ratios of activities of 
components, the authors were successful. However, Eq. (7) did not work for the 
calculation of absolute values of activities of components. They considered the 
use of quasichemical theory (QCT) to explain discrepancies between the phase 
diagram for the Li+, K+/F ” , Cl-  system and that predicted by Eq. (7). For 
example, Eq. (7) leads to the prediction of a nonexistent miscibility gap and 
to higher liquidus temperatures than those measured. Flood et al. calculated 
the magnitude of the correction to the total excess free energy of mixing from 
the QCT and found it to be small. As a consequence, they did not explore the 
QCT further. After considerable study, we6 realized that the phase relations
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considered are not controlled by the magnitude of the total excess free energy, 
but by the magnitude of the first derivatives related to the activity coefficients 
of a component and to. the second derivatives which define an inflection in the 
free energy of mixing and miscibility gaps. A series expansion of the equations 
deduced from the QCT led to a term which can be added to Eq. (7) in an ad 
hoc manner

AGE = AGe  (Eq. 7) -  X LiX KX FX c , ^ / x r  (8)

where Z is a nearest neighbor coordination number. From the empirical combi­
nation of the QCT theory and the four binary terms containing A* in Eq. (7), 
one can obtain a useful approximation2 for the upper consolute temperature 
(the temperature below which one has a miscibility gap)

5.52b
A G °  A ^ +  +  A j3 +  +  A c-  +  A JT>— 

R + 2 R (9)

From Eq. (7), the coefficient of Tc  would be 4.0, and the apparent value of Tc 
would be about 38% higher than that calculated from Eq. (9). Values of Tc  
calculated from Eq. (9) are consistent with a large number of measurements of 
miscibility gaps. Up to this point, the equations have been deduced in an ad 
hoc way by combining the QCT (which does not take coulomb interactions into 
account) with the four binary terms deduced by FFG. As will be discussed later, 
these results are a natural consequence of the conformal ionic solution theory, 
which was the first solution theory to specifically take coulomb interactions into 
account.

In effect, the term expressed in Eq. (8) is a first correction term for non- 
random mixing of the ions. In dilute solutions, it became obvious that the QCT 
would provide a means for defining and understanding the thermodynamic prop­
erties of one type of “complex ion.” Because of the loose usage of this term, I 
generally referred to these as associated species. A generalization of the QCT7 
led to expressions for the formation of associated species of A-1" and C" ions in 
a solvent BD

A + + nC~<=UC,r("_1) (10)

where the A+ and C~ ions on the left-hand side denote ions having only solvent 
ions as near neighbors. Formation constants for any value of n were deduced. 
For example, for n = 1 and 2, the formation constants Kin, are

K u  = Z[fiii -  1) ( ii)

K l2  ̂ 2---- 1(011012 -  2/?ll +  1) (12)
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In the above equations, fi\n is exp (—A A in/RT),  where A A \n is a specific bond 
free energy for the n’th C~ ion bonded to an A+ ion. These association constants 
can be defined exactly by the limit of derivatives of activity coefficients at infinite 
dilution. For example, for a solution of the salts AD (AgNOa) and BC (KC1) in 
the solvent BD (KNO3)

lim (13)
x A+tx o --> 0  V d X c-  )  '

where X^+ is the cation fraction of A+ and X c- is the anion fraction of C“ . 
Equation (13) and analogous equations for other species involving higher deriva­
tives serve to define association or “complexing” constants and provided insights 
into the meaning of this class of “complex ions.” For example, the -1 in paren­
theses in Eq. (11) leads to unusual properties for Kn when fin is not much 
larger than unity. In addition, when A A n  is positive (denoting repulsion be­
tween A+ and C“ ) and fin is less than unity, one obtains a negative value of 
K n. This leads to problems in defining the standard free energy of association. 
These peculiarities are due to the fact that, in an ideal solution, Kn is zero 
even though AC species are formed by random encounters of A+ and C“ ions 
and that fewer than this number of AC pairs are formed when A An is positive. 
An analogous peculiarity is present for virial coefficients of gases (which can be 
defined as the negative of an association constant) and, indeed, there is a posi­
tive second virial coefficient for helium because of the predominance of repulsive 
forces.

At about the same time, an important experimental technique used to study 
solubility products of silver halides was reported by Flengas and Rideal.8 An 
adaptation of their technique proved to be ideal for the study of associated 
species in nitrate melts.9 Studies of a large number of melts indicated that the 
specific bond free energies, AAin, were independent of temperature when the 
associating ions were spherical. As a consequence, these formation constants at 
all temperatures can be predicted from measurements at a single temperature. 
This was true not only in molten salts, but also in metallurgical systems. An ex­
tension of the generalized QCT7 led to the coordination cluster theory (CCT),10 
which applies to dilute solutions of a solute in ionic or metallic solvents. With 
the CCT, it was demonstrated that one can use thermodynamic measurements 
for solutions of oxygen and sulfur in alloys at one temperature to predict them 
at all other temperatures.

Perhaps the most important development in molten salt solution chemistry 
was the conformal ionic solution (CIS) theory11 by Reiss and coworkers. This 
statistical-mechanical perturbation theory uses the most fundamental property 
of a simple salt; that is, that it is composed of spherical ions which interact
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with a spherically symmetric pair potential. In the original paper, only hard 
sphere ions in a binary salt were cpnsidered in deducing an equation for the first 
polynomial term for excess free energies of mixing of two salts AX and BX

A G * = r ( T , V ) X AXX B X ( - ^ -  - r ^ ) 2 + -■ (14)
\dAX dBX/

where T(T,V) and d0 are constants and dt- is an interionic distance. It was 
later shown that the theory was valid for a much more general potential 12,13 
and that the next two higher order terms were proportiopal to a function of 
interionic distances. The importance of the CIS theory stems from the fact that 
it demonstrated that one could represent the excess solution properties of ionic 
systems by a polynomial similar to that used for nonionic mixtures. The theory 
provided fundamental support for many of the intuitive ideas which had been 
developed for molten salt chemistry without specifically including the charge- 
charge interactions between ions.

Despite its importance, the CIS theory for binary systems could never lead 
to predictions a priori because no ionic pair potential is accurate enough to 
reliably evaluate the coefficient T(T,V). This failing concerned me for about 
a year before I realized that a way around this problem for multicomponent 
systems is to express the thermodynamic properties of such solutions in term of 
the properties of the lower order systems without identifying the pair potential. 
In collaboration with S. J. Yosim, this was done for ternary reciprocal systems,13 
and it was shown that (for example, in the Li+ , K+/F ” , Cl“ system) the CIS 
theory led to all the terms in Eq. (7) as well as to a term proportional to 
X LiXKX FX cl(AG0)2 similar to that in Eq. (8). The proportionality constant 
is related to a large number of complex integrals, which have not yet been 
evaluated. However, because of its similarity to the term deduced from the 
QCT, we felt it safe to approximate this constant by the same proportionality 
constant as that in Eq. (8). The equation was used to calculate the phase 
diagram of the Li+ , K + /F- , Cl" system (Figure 3),2 which reproduces the 
features and complex topology of the measurements surprisingly well (Figure
2)-

Little was done on this subject until my collaboration with M.-L. Saboungi 
starting in 1971, which led to some of the most important papers on molten 
salts in which I have been involved. Our work, which created a major part of 
the “crystal ball,” was concerned with testing and generalizing the CIS theory 
for various applications and for making predictions a priori. The use of the CIS 
theory for reciprocal systems led to excellent correspondence with measured 
phase diagrams for simple systems,14*15 and empirical extensions of the theory 
were used to calculate phase diagrams for the more complex charge asymmetric
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systems.16 Of course, in addition to phase diagrams, the theory provides a pre­
diction of all the chemical properties of all the solution components. We also 
extended the CIS theory for additive ternary systems (A+ , B+ , C+/X-)17 to 
obtain the equation

= £  £  *,•*<*,■ + £  £  bn x ?x 3 + £  £  ca x ?x i
i< j i^ j i< j

+A X aX b X c + B ix i X i X k (15)

where it was shown that the ternary interaction terms are related to the terms 
aij, bij, cij by the expressions

Si -  {cts« t ) ' n  (17)

Thus the properties of the ternary system could be predicted solely from data 
on the subsidiary binaries. Equation (15) has been empirically extended and 
used for asymmetrically charged multicomponent systems. Equations (15), (7), 
and (8) and their empirical extensions have proven to be useful in a number 
of technologies for making predictions of phase diagrams and of chemical equi­
libria in molten salts. In addition, even when enough accurate information is 
not available for prediction, such equations, because of their thermodynamic 
self-consistency, can aid experimentalists by greatly minimizing the number of 
measurements necessary to characterize the chemistry and phase relations of any 
given system. An extension of the equations for ternary reciprocal systems to 
higher order systems by Saboungi18 has proven to be important for predictions 
in complex multicomponent systems.

One class of systems which has proven to be difficult to characterize are the 
ordered solutions. Examples of such systems are the chloroaluminates, silicates, 
and fluoroberyllates (e.g., NaCl-AlCl3, Ca0-Si02, and NaF-BeF2). These have 
often been characterized by the formation of complex ions (e.g., AlCl^ , SiO^” , 
and BeF2-) in basic melts and clusters and chains in acid melts. Our molecu­
lar dynamics calculations have been used to characterize some of the structural 
properties of these ordered or complex ion forming melts.19,20 However, theo­
ries for such solutions are inadequate for characterizing their thermodynamic 
properties, which cannot be represented at all by the use of polynomials for the 
excess free energies. This difficulty arises from the tendency to have “V” shaped 
enthalpies of mixing and “m” shaped entropies of mixing. In collaboration with 
Pelton,21,22 an empirical extension of quasichemical theory has led to a unique,
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but preliminary, method for accurately describing the thermodynamic properties 
of a number of binary silicates as a function of concentration and temperature 
using only a small number (3-7) of parameters. More important, we have de­
veloped an empirical combining rule that leads to predictions of the solution 
properties of multicomponent systems from the subsidiary binaries. This rule 
is (1) consistent with the predictions of the CIS theory in basic solutions and
(2) consistent with all available data. Thus, we have developed a method for 
predicting the properties of such multicomponent solutions a priori from data on 
lower order systems. Much more work on ordered solutions is needed to reduce 
the empiricism.

In conclusion, because of time and space limitations, I have glossed over 
many details and ignored work which I feel is important. In particular, I have 
not discussed my own applications of some of these concepts to submerged arc 
flux welding23 and pyrometallurgical chemistry.24 These concepts have also been 
helpful in understanding the high temperature condensation processes in coal 
combustion,25 as well as in the formation of meteorites and all other condensed 
matter in our solar system26. These applications underscore my belief that more 
“crystal balls” are needed to permit us to predict the properties of scientifically 
and technologically important materials. The urge for precision and care which 
Max Bredig displayed is a precursor to creating such “crystal balls.” 
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Fig. 1. Measured Phase Diagram of the LiF-RbF-BeF2 Ternary System,1
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Li F 492 KF

Fig. 2. Measured Phase Diagram of the Li,+ K+/Fj Cl Ternary Reciprocal 
System.2

I_|p A A » 16.3 kcal./mole Z = 6

Fig. 3. Phase Diagram of the Li,+ K+/F , Cl Ternary Reciprocal System 
Calculated from the Conformal Ionic Solution Theory.2

11



A THERMODYNAMIC DATABASE FOR MULTICOMPONENT 
MOLTEN SALT SOLUTIONS

Arthur D. PELTON
Centre de Recherche en Cal cut Thermochimique 

Ecole Poly technique de Montreal
P.0. Box 6079, Station A, Montreal, Quebec, Canada, H3C 3A7

ABSTRACT
Thermodynamic properties and phase diagrams of over 200 

binary and ternary molten salt systems have been critically 
and systematically evaluated to obtain binary and ternary 
coefficients of polynomial expansions for the excess 
thermodynamic properties. An equation is presented which 
permits the thermodynamic properties of multicomponent 
molten salt solutions to be calculated from these binary and 
ternary coefficients which are stored in a computer 
database. An interactive free-energy minimization program, 
which permits automatic access to these data as well as to 
extensive stored data on other compounds and solutions, 
allows the calculation of complex multiphase equilibria 
involving multicomponent molten salt solutions. The data 
base is publicly accessible through the F*A*C*T computer 
system.

INTRODUCTI ON
For a great many binary molten salt solutions, simple 

polynomial expansions in the ionic fractions provide a good 
representation of the excess Gibbs energy. Least-squares 
techniques have been developed (1 ) which permit coefficients 
of such empirical expansions to be determined by a 
simultaneous optimization of all available thermodynamic and 
phase diagram data.

Models have been developed to permit the properties of 
ternary common-ion (2-4) and reciprocal (5, 6 ) molten salt 
solutions to be calculated from the binary coefficients. 
Empirical ternary coefficients may also be included in these 
equat ions.

Saboungi (7) has extended the Conformal Ionic Solution 
(CIS) Theory to multicomponent molten salt solutions.

In the present article we give a general equation for 
calculating the Gibbs energy of a multicomponent molten salt 
solution from binary and ternary coefficients. This 
equation essentially reduces to that of Saboungi (7) for
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reciprocal ternary sub-systems, whereas tor common-ion 
sub-systems it reduces to one of two "geometrical models" 
(2 , 3) commonly used to represent multicomponent Gibbs
energies. With this method of calculation, any number of 
empirical binary or ternary terms can be used in the 
expansions. The equation is well-suited to use with computer 
databases. The calculation method has proven to be very 
successful for a wide variety of simple molten salt 
solut ions.

Many binary and ternary molten salt systems are being 
systematically evaluated in order to build up a database of 
binary and ternary coefficients. The data are accessible to 
users of the F*A*C*T (Facility for the Analysis of Chemical 
Thermodynamics) computer system (8 ) along with an extensive 
database of thermodynamic properties of other compounds and 
solutions. An interactive free-energy minimization program 
with automatic data access permits the calculation of 
complex multiphase equilibria involving multicomponent 
molten salt solutions.

CALCULATION METHOD
A notation similar, but not identical, to that of 

Saboungi (7) will be used.
Cations are denoted by A, B, C, ... (or alternatively c, 

c ’, c") and anions by X, Y, Z, ... (or alternatively a, a ’, 
a"). Ionic charges are denoted by qA, qg, QX- QY« ---

Cationic and anionic site fractions are denoted by Xc 
and Xa . For example:

XA = V < nA + nB  + nC + . [ 1 ]

Xx = nx / ( nx + Hy + nZ + [ 2 ]

where n : i s  the  number o f  moles o f ion i in  s o l u t i o n .

Equivalent cationic and anionic fractions are denoted by 
Yc and Ya . For example:

ya = W < V a + V b + ■-- >
YX = V x ^ V x  + qYnY + ••• ) [ 4 1
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All thermodynamic properties 
expressed per equivalent of solution, 
so Iut ion conta ins

in this article are 
One equivalent of

(£ °lcxc) 1 moles of cations and (E Qa x a ) " 1 moles of anions 
c a

The Gibbs energy per equivalent of solution may be 
written as:

g = s  
c

V a  g c / a  +  A g < i d e a l > + 9 E [5]

where the summation is over all cat ion-an ion pairs and g°c/a 
represents the standard Gibbs energy per equivalent of the 
neutral salt consisting of cations, c, and anions, a. 
Ag(ideal) is the ideal mixing term, and g is the excess 
Gibbs energy.

Ideal mixing term
The expression for the ideal Gibbs energy of mixing is 

obtained from the Temkin model. The number of cation and 
anion sites are always equal to the numbers of cations and 
anions. All cations and anions mix randomly on their 
respective Sites regardless of their charges. This gives, 
for the ideal Gibbs energy of mixing per equivalent:
Ag(ideal)/RT = (SqcXc)’1(SXclnXc) + (SqgXa)'1(EXgInXg) [6] 

c c a a

Binary common -i on svst ems
In a binary common-anion system A,B/X containing one 

anion and two cations, the excess Gibbs energy per 
equivalent is expressed as a polynomial in the equivalent
cationic fractions:

gE = E E ^AB/X yi yj [7]
i>1 J>1 ' H  A B

where the ^AB/X are constant binary coefficients obtained by 
fitting experimental data. The corresponding expression for 
a common -cation binary system A/X,Y is:

9E = S  S  ^ { XY Y* Y i  [8]
i >1 j >1 1j X Y

For example, in the system K,Li/C03 a I east-squares 
Optimization of available phase diagram and thermodynamic 
data (9) gives* for the liquid solution:
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gE = YKYLj[(-13780+8.197T)+(-5500-2.329T)YLj] J/equiv. [9]
That is:

^KLi/C03 = (.13780+8.197T) and ^ ' /C° 3 = (-5500-2.329T)

In this example, the data considered by the 
I east-squares optimization program were calorimetric data
for Iiquid-Iiquid mixing (1 0 ), and the measured phase 
diagram (11, 12). Gibbs energies of fusion of the
components were taken from (13). The resultant optimized 
equation [9 ] reproduces the measured phase diagram very well 
as can be seen in the computer-generated diagram in Fig. 1. 
The measured enthalpy of mixing (10) is also reproduced very 
cIoseIy by eq [9].

The I east-squares optimization technique also gives
properties of solid compounds and solutions in the system. 
In the present example, the Gibbs energy of formation of the 
compound KLiCOg from the pure liquid carbonates was given 
as:

AGform = 89654 + 78136 T J/mol [10]
Ternary common-ion systems

For a large number of ternary common-ion molten salt 
systems, we have had much success in expressing the excess 
Gibbs energy per equivalent by the following expression 
first proposed by Kohler (2). For a common-cation system 
A/X,Y,Z:

g E  = < W 2 g A /X Y  + <Yy +YZ ) 2 g A /Y Z  + < V YZ>2 g A /X Z  1111

where gE is the excess Gibbs energy in the ternary solution 
at point p in Fig. 2a, and gX/XY» 9^/YZ and 9&/XZ are the 
excess Gibbs energies in the three binary systems at points 
z, x and y. The factors (Ya + Ya ’) in eq [10] are obtained 
from regular solution theory. Eq [10] is exact if the
solution is strictly regular.

If the binary excess Gibbs energies are expressed as 
polynomials as in eqs [7, 8 ] then eq. [11] can be written as 
follows. In eq [1 2 ] "ternary terms" have also been added.

gE= s
a>a

[ E E < b * l a a  
i > 1 j > T  1 1

( Ya +Ya . ) 2 ( Ya / ( Ya +Ya . ) ) • ( Ya , / ( Ya +Ya , ) ) i ]

k i t ™ Y j  Y *+ E E E 
i >1 j >1 k > 1
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The (j> I are ternary coefficients obtained by fitting 
experimental ternary data. A M  the ternary terms become 
zero in the binary sub-systems. An expression for gE of a 
common-an ion system A,B,C/X can be written similarly.

As an example, the computer-generated liquidus surface 
of the K/F,Br,I system is shown in Fig. 3. Binary terms 
were first obtained by I east - squares optimization of all 
available binary thermodynamic and phase diagram data (14). 
Application (15) of eq [12] with no ternary terms then gave 
a calculated ternary liquidus surface which agreed 
everywhere within 10° with the reported (16) liquidus. This 
is approximately equal to the experimental error limits. 
The calculated minimum in the uni variant line was 536 °C. In
order to make this minimum coincident with the measured 
minimum at 529°C, a small ternary term.

^ 1 BM YFYBrYl = ’ 6 5 0 0  YFYBrY l J ' ec»u i v -

was included.
In addition to the Kohler equation, a number of other 

equations may be used for ternary common-ion salt solutions. 
In the equation proposed by Toop (3), gE at point p in Fig. 
2b is related to the values of gE In the three binary 
systems at the points z, y and x by the equation:

9 E = < V < V Y Z>)gA/XY + < V < V YZ>>9A/XZ + <YY + YZ >2 9l/YZ
[ 13]

As in the case of the Kohler equation, eq [13] is exact if 
the solution is strictly regular. If the binary excess 
Gibbs energies are expressed as polynomials, then eq [13] 
can be expanded in terms of the binary coefficients and 
ternary terms can be added as was done in eq [1 2 ] for the 
KohIer equat ion.

The asymmetric Toop equation (Fig. 2b) is generally more 
appropriate than the symmetric Kohler equation (Fig. 2a) 
when one of the three components is chemically different 
from the other two. For example, in the K/SO4 , Cl system 
one might choose the divalent sulphate as the "asymmetric 
component" A-j/q X-j/q in Fig. 2b. However, because eqs [11]

and [13] become identical when the solutions are regular, 
for a large number of molten salt systems in which the 
binary gE functions are well represented by 2- or 3-term 
polynomials the use of either eq [1 1 ] or [13] will give very 
similar results for the ternary system.
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Other "geometric equations", such as the "Muggianu
equation" i n wh i ch g^ in the ternary solution is related to
values of g in the three binaries at the ends of
perpendiculars dropped from the ternary composition point, 
are discussed by (17).

The CIS Theory (4) also provides a similar equation for 
calculating g in a ternary system from binary parameters. 
This theory has the advantage over the above-mentioned 
"geometric equations" of having a sounder theoretical basis.

Again, for most simple molten salt solutions which do 
not require more than 3 parameters in the binary g 
expansions, all these ternary equations yield very similar 
and equally good results.
Multi comoonen t common -i on svs t ems

For a multicomponent common-cation system, A/X,Y,Z,W,.., 
the Kohler equation [12] may be extended:

9E = a > a ’ [T ?  ^ f j a a ’ ( V Ya ’ ) 2 <Ya / < V Ya ’ ) ) i <Ya ’ / < V Ya ' ) ) , l

+ E [ E 
a > a ’> a " i >1

E
i>i

E pA/aa'a 
k > 1 ' 1 * k

(Y  +Y ,+Y  '  a a a >3 < V < V Ya ’+Ya ) ) ‘

<Ya ’ / <Ya +Ya ’+Ya " > > i <Ya " < V V +Ya " > > k l I ™ ]

where the first summation is over all binary sub-systems and 
the second summation is over all ternary sub-systems. Eq
[14] permits multicomponent thermodynamic properties to be 
calculated from binary (and if available, ternary) 
coefficients. An analogous expression can be written for 
common-cation systems.

Similar multicomponent versions of the Toop and other 
ternary equations can also be derived. In particular, we 
have devised a consistent "multicomponent Kohler/Toop" 
equation for the case in which some of the ternary 
sub-systems have been expressed by means of the Kohler
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equation while others have been expressed via the Toop 
equation. Essentially, the method consists in dividing all 
components into two groups (for example, all divalent salts 
in one group and all monovalent salts in the other). A 
ternary sub-system in which all three components are members 
of the same group is treated by means of the Kohler 
equation, while a ternary sub-system with two components 
from one group and one from the other is expressed via the 
Toop equation. For the sake of brevity, the general 
expression will not be reproduced here.
Reciprocal ternary systems A.B/X.Y

For common-ion systems, the terms containing g°c/a In eq
[5] have n© influence upon the activities of the salts in 
the solution. This is no longer true in the case of a 
reciprocal ternary system which is defined as one containing 
two cations and two anions.

Writing eq [5] for the system A,B/X,Y, substituting eq
[6 ] for Ag(ideal), and differentiating to obtain the 
activity of the salt B-j/q Y^/q yields:
R T ' " a B 1 / Y i /  = V x  <9b /Y +® I / X - 9 a / Y - 9 b /X> + ( R T / q ^ I n X g  

1/C*B 1 / q Y

+ (RT /qY) l n X Y gg
*1 /qB 1 /qY

The term is parentheses in eq [15] is the 
change AgE* , for the "exchange reaction":

Gibbs

B . . X . . +A.,, Y . .
1/q  B  1/ l x  1/t,A 1 /q Y*B
If Ag1

A 1/q AX 1 /q x + B 1/qBY 1 /qY

[ 1 5 ]

energy

[ 1 6 ]

EX 0 , then A ^ q  X-j/q and Bi/q Y-j/q are called the
A X  B Y

"stable pair". From eq [15] it is seen that in this case 
there wiI I be a positive contribution to RTInao, ; y,/

FX 1A|B ’N
which varies directly with Agfc . Hence, for the two salts 
forming the stable pair, positive deviations will be 
observed- Similarly, for the other two salts which form the 
unstable pair, negative dev i at i ons will be observed. These 
deviations are generally larger than the deviations 
resulting from the gE term.

The composition of a reciprocal ternary system is most 
conveniently represented on a square as in Fig, 4. The 
excess Gibbs energy per equivalent may be written by summing 
the excess Gibbs energies of the four binaries, each 
weighted by the appropr iate ionic fraction, and including 
rec iprocaI ternary terms:
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gE = Y E S if®/x Y* Yi + Y S S ®f®/Y Yi Yi 
X i>1 J>1 T , i  A B Y i>1 j>1 T , l A B

+ Y. E E pA/XY  Y* Y * + Y_ E S ®?^XY yi yi
A ,n  j>! r.j X Y B m  r,, X Y

+ S S S E ^ X Y  Y| Yi Y* Y* [17]
i >1 j>1 k>1 /> 1  T , j Kf  A B X Y

The CIS theory (5, 6 ) predicts this expression for gE 
with one reciprocal ternary term f n i i  which is usually
denoted by A. Since the formation of a reciprocal ternary 
solution involves changes in the number of cation-anion 
pairs, whereas the formation of a common-ion ternary 
solution involves only changes in the number of
second-nearest- neighbor cat ion-cat ion or an ion-an ion pairs, 
it is expected that non-random mixing effects will pe 
greater in the former, and consequently the importance of 
ternary terms will be greater. The first term in a Taylor 
expans i on of an expression resulting from simple
quasichemicaI theory (18) gives the following approximate 
expression for A resulting from non-random effects:

A » (AgEX)2/2ZBT [18]
Where Z is a coordination number.

If no experimental reciprocal ternary data are 
available, then A can be approximated by eq [18]. If data 
are available, then A and other reciprocal ternary terms if 
warranted, can be considered as adjustable parameters.

As an example, the computer-generated liguidus surface 
for the Na,K/F,CI system is compared with the reported phase 
diagram (19) in Fig. 4. Binary terms were first obtained by 
I east-squares optimization of binary data, Agfc was 
obtained from tabulations (13) of data for the pure salts, 
and A was estimated from eq [18]. Agreement between the 
calculated and reported diagrams is good. Positive 
deviations along the "stable diagonal" between the stable 
pair, NaF and KCI, are clearly seen in Fig. 4, whilf 
negative deviations for NaCI and KF are also evident. 
Calculated reciprocal ternary phase diagrams are very 
sensitive to the value of Ag *
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In general, we have found that good calculations of 
reciprocal ternary phase diagrams can be obtained as iong as 
AgE is not too large. As AgEX becomes larger, the tendency 
to non-randomness becomes greater, and a simple Ag(ideal) 
term with a polynomial correction term no longer provides a 
sufficient description. We are currently working on a model 
involving a more complete application of the quasichemicaI 
theory to reciprocal gait solutions. As a rule of thumb, we 
have found that if AgEX is so large that a miscibility gap 
appears along the stable diagonal, then the simple model can 
no longer be expected to provide a quantitatively correct 
descr ipt ion.
General multicomponent system

We can now combine the above equations into one general 
equation for the Gibbs energy per equivalent of a 
multicomponent molten salt solution involving binary terms 
as well as common-ion and reciprocal ternary terms:

-1 -1
c a a

j c c ’ /a i j 
s Y Y

2 - i - j

+
3 - i - j - k

) ]

2 -

Y Y , (Y  +Y , )  a a '  a a 7

+ E 
i >1

3 -  i - j - k
)]

c c ’ / a a ’ i j k l
+ E E ( E E E Ei 

c > c * a > a ’ i >1 j >1 k >1  l>1
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Eq [19] incorporates the Kohler equation [14] for the 
multicomponent common-ion systems. The more general 
expression incorporating the Kohler/Toop formalism mentioned 
above is actually used in our database but, for the sake of 
brevity, will not be reproduced here.

Expressions for the partial Gibbs energies of all 
neutral salts have been derived from eq [19]. Again, 
because of space restrictions, these will not be reproduced 
here but will be reported elsewhere.

DATABASE DEVELOPMENT
Least-squares optimizations have been systematically 

performed for all common-ion binary systems involving the 
alkali halides AX (A = Li , Na, K, Rb, Cs; X = F, Cl, Br, I) 
(14) as well as for all binary common-ion systems involving 
the cations (Li, Na, K) and the anions (F, Cl, NO3 , OH, CO3 , 
SO4 ) (9) for a total of 124 binary systems. Exhaustive 
literature surveys of all thermodynamic and phase diagram 
data were performed. The optimizations provided the binary 
parameters of eqs [6 , 7] for all binary liquid phases as 
well as expressions for the thermodynamic properties of all 
solid phases. This work was supported by the American 
Ceramic Society. All evaluations are scheduled to appear in 
"Phase Diagrams for Ceramists". Many other binary salt 
systems have similarly been evaluated (2 0 ).

The 60 common-ion ternary systems involving the alkali 
halides have been systematically evaluated (15). For the 
approximately 40 systems for which ternary liquidus surfaces 
have been reported, eq [1 2 ] with no ternary terms reproduced 
the liquidus surface within experimental error limits in 
nearly every case. One small ternary term, O-j-j-j, was 
included in 8 systems for which the liquidus measurements 
were very accurate. The other common-ion and reciprocal 
ternary systems involving the 124 binary systems mentioned 
above are being systematically evaluated. Results are 
invariably very good for the common-ion systems and are also 
very good for the reciprocal systems as long as AgEX is not 
so large as to provoke liquid immiscibiIity. Many other 
ternary systems have also been evaluated (2 0 ).

All evaluated binary, ternary and reciprocal ternary 
coefficients are being stored in a computer database which 
forms part of the F*A*C*T (Facility for the Analysis of 
Chemical Thermodynamics) on-line computer system (8 ). The 
data are accessible along with data on several thousand 
inorganic compounds and other solutions. Thermodynamic
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properties of multicomponent salt solutions are calculated 
from the binary and ternary coefficients via eq [19] 
(extended to include the more general Kohler/Toop 
formalism). An interactive free-energy minimization program 
known as EQUILIB permits users of F*A*C*T to access all the 
data automatically and to perform complex multiphase, 
multi cdmponent equilibrium calculations for a wide variety 
of constraints. The EQUILIB program is based upon the 
SOLGASMIX program of G. Eriksson (21).

SAMPLE CALCULATION
A sample calculation using the program EQUILIB is shown 

in Tables I and II. Interactive input and output are shown 
for a calculation involving a gas/mo I ten salt equilibrium 
similar to that encountered in a carbonate fuel cell.

In Table I, the reactants are entered as a gas phase 
consisting of 9.8 mol CO, 7.5 mol CO2 , etc. along with a 
small amount of Li2C0 3 , K2CO3 and Na2C03 which will form the 
molten salt phase. The reactants are to be equilibrated at 
973 K at a pressure of 10 atm.

The "possible products" are then listed. These are 
simply all compounds and solutions containing the input 
elements for which there are data in the F*A*C*T database. 
In Table I the list has been abbreviated, but we see that 
there are data for 289 pure compounds as well as for the 
multicomponent salt solution Li ,Na,K/OH,S0 4 .C0 3 - The user 
has chosen to consider species 1 to 1 2 0 (all gaseous 
species) the molten salt solution (species 290-298) as well 
as species 243, 268, 281 which are the solid carbonates.

Data are then automatically retrieved from the 
databases. The calculated equilibrium compositions are 
shown in the output of Table II. There are 85.697 moles of 
gas phase formed containing 41.727% H2 , 37.732% H2O, etc. 
The amounts of volatile Li- and K-containing gaseous species 
such as K0H(H2 0 ), LiOH(H2 0 ), KOH and LiOH can be read from 
this output. (There were actually 120 species in the 
calculated gas phase. The output list in Table II has been 
shortened.) There are also 0.22375 moles of a molten salt 
solution formed whose composition can be read from the 
output listing. It can be see how much hydroxide and 
sulfate enters the molten salt phase. Finally, we see that 
zero moles of the solid carbonates precipitate.
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Fig. 1: K,Li/C03 Phase' Diagram Calculated from Eqs [9 , id]. 
Points are experimental.

A 1/qAX t / , x A l/ q * X '/ q x

Fig. 2: Common-Ion Ternary Systems Illustrating the Geometrical
Relationships Involved in (a) the Symmetric Kohler Eq. [ll] 
and (b) the Asymmetric Toop Eq. Q.3].
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KF
8 5 7 *

a) b)
NoF NaCI NoF NaCI

Fig. 4: Liquidus of the Na,K/F,Cl System (T = °C).
(a) Calculated via Eqs jl7, 18^
(b) As Reported by (19)
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TABLE I
Input to the F*A*C*T Program EQUILIB for an Equilibrium Gas-Salt 
Calculation Involving a Multicomponent Molten Salt Solution.

t n m  ENTER REACTANTS R PRESS 'RETURN* FOR LAST ENTRY) (21FEB37)?
9,8 C*0 I  7 ,5  C$02 P 59*4 H2 P 23,3 H20 P 0,3 H2S P 0,1LI2 C *03  P 0 ,1  K2CI03 P 0,02 NA2CI03

973 10
YOU
?
i
i

D0(1) OR YOU DO NCT(2 ! WSH TO SEE THE LIS T OF POSSIBLE PKOMtCTS

LI*0*H<H20) <'—  S i GAS 298,0 K - 5000,0
2 K*0*H(H20) <—  61 GAS 298,0 K - 5000,0
3 K2(0*H)2 81 GAS

EAC4uHi)
6000, O

4 KIOtHC+3 61 p - 6000,0
5 K(0*H) Gl GAS 298,0 K - 200010
6 Kt0C-3 61 GAS 298,0 K - 6000,0
7
8

m
m

Gl
Gl

GAS
GAS m 1: w9 K2 Gl BAS 298,0 K - 2000,0

10 K Gl GAS 298,0 K - 2000,0
11 (C*H3)2S*02 Gl GAS 295.0 K - 300,0
12 <C*H3)2S*G Gl GAS 295,0 K - 300,0
13 C*0*S Gl GAS 298.0 K - 1800,0
14 H2S*04 Gl GAS 298,0 K - 2000,0
15
16

S20
S*Q3

Gl
Gl

GAS
GAS l l l ' .O  K - fill

17 s m Gl GAS 298,0 K - 1800,0
18 S*0 Gl GAS 298,0 K - 2000,0

243 K2CI03
244 K(0*H)
245 K(0«H>
246 K202
247 K20
248 K*02
249 K*H
250 K
251 NA2SJ04
252 NA2S*04

SI SOLID
51 SOLID-A
52 S0LID-B 
SI SOLID 
SI SOLID 
SI SOLID 
SI SOLID 
SI SOLID
51 THENARDITE
52 S0LID-B

298.0 K
298.0 K

,0 K
298.0 K •
522.0 K ■

MOLTEN SALT SOLUTION
290 LII0BH
291 NA*0*H
292 K*0*H
293 LI2C*03
294 NA2C*G3
295 K2WG3
296 L I 28I 04
297 NA28IG4 
29S K2S*01
ENTER CODE NUMBERS OF SPECIES TO BE CONSIDERED OR ENTER 'H EL P ' ?

<.71-120/290-298/243 ? 268 ? 231

1174 ,0  K
522.0 K

HI
m  i
336.0 K
522.0 K
980.0 K
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TABLE II

OUTPUT RESULTING FROM THE INPUT IN TABLE I

9,8 C<0 i 7.5 Ct02 + 59.4 H2 + 23.3 H20 + 0.3 H2S + 0.1 LI2C»03 + 0.1 K2CI03 + 0.02 NA2CI03

85.697

+ 0.22373

( 0.41727 H2
i 0.37732 H20+ 0.85199E-01 CH4+ 0.67281E-01 C02+ 0.49418E-01 CO+ 0.34812E-02 H2Si 0.19443E-04 COS
i 0.13689E-05 KOHOH20)
+ 0.77637E-06 LiOH(H20>
I 0.75659E-06 C2H6+ 0.34233E-06 K(0K)+ 0.29490E-06 CH200.27313E-06 C4H8+ 0.13951E-06 C2H4
j 0.49322E-07

*

LiOH

+
*
0

0.17672E-43 030.10943E-43 C4+ 0.41322E-44 C5)( 973.0> 10.0 f6)
( 0.43900 Li2C03
+ 0.43884 K2C03
+ 0.87832E-01 N32C030.15606E-01 LiOH
+ 0.15600E-01 KOH+ 0.31224E-02 m n
+ 0.55912E-07 L12S04
+ 0.55891E-07 K2S040.11186E-07 N*2S04>( 973.0> 10.0 iSOLN 2)
+ O.OOOOOE+OO mol K2C03
( 973.0f 10.0 fSh 0.25389 )
0.00000E+00 ftol Li2C03
( 973.Of 10.0 fS3f 0.98781E-01)
0.00000E+00 no1 Ns2C03
( 973.Of 10.0 fS2f 0.12001E-01)
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QUASICHEMICAL MODEL FOR SILICATE MELTS

A.E. Grau* and S.N. Flengas 
Department of Metallurgy and Materials Science, 
University of Toronto, Toronto, Ontario, Canada

ABSTRACT

The concentration dependence of the partial molar properties 
of binary silicate melts is predicted by means of a thermodynamic 
model based on the change in short-range bonding energies which is 
taking place when MO reacts with Si02. The model may be considered 
as an extension of the treatment by Toop and Samis.

The expressions derived for the activities of the MO and 
Si02 components contain an equilibrium constant K as the only 
adjustable parameter. The calculation of the enthalpies and entro­
pies of mixing needs a second interaction parameter, b.

The model has been applied to available data on the systems 
Pb0-Si02, Fe0-Si02, Ca0-Si02, Mn0-Si02 and Sn0-Si02, and was found to 
predict the activity isotherms over the available composition range, 
including the Si02 rich melts for which other theoretical models are 
insensitive. The derived expressions also predict the concentration 
dependence of the partial molar enthalpy and entropy of mixing of PbO 
in the Pb0-Si02 system. The latter is the only system for which such 
data have been accurately obtained.

INTRODUCTION

Considering pure molten silica, it is generally accepted that 
each silicon is surrounded by 4 oxygen atoms, and that each oxygen is 
shared between 2 silicon atoms, the basic structural unit being the 
tetrahedrally coordinated Si04. These tetrahedra share corners with 
each other and the structure of silica may be broadly described as a 
three-dimensional complex network characterized by the strongly cova­
lent bonding between the Si and 0 atoms. The high viscosity and low 
vapour pressure of liquid silica indicates a continuity in the Si-0 
bonding throughout its structure, thus implying the absence of 
regions of lower covalency or of ionic behaviour.

When a metal oxide is added to molten silica, the resulting 
reaction causes drastic changes in the properties as evidenced by 
dramatic decreases in viscosity, the appearance of ionic conductance

* Present address: Quebec Iron and Titanium, Sorel, P.Q., Canada.
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and the decrease in surface tension. This reaction is generally 
taken to involve a disruption in the continuity of the covalent bonds 
in silica due to interactions with oxygen supplied by the disso­
ciating metal oxide, and may be written as,

0 0 0 0

I I  I I
-0-Si-0-Si-0- + MO -O-Si-O* ... M ... *0-Si- 0 (1)

I I  I I
0 0 0 0

Reaction (1) has been represented by Fincham and Richardson 
(1 ) as a reaction between the doubly bonded oxygen 0**, found within 

1 1
the sequence -Si-O-Si-, with “ionic*' oxygen 02~ supplied by the 
dissociating MO, which creates "semi-ionic" singly bonded oxygen 
atoms 0* found in the sequence Si-0* ... M. Reaction (1) has also 
been written as (1 ,2)

0** + 02~ + 2 0 * (2)

Toop and Samis (2) introduced the concept that reaction (2) 
represents an equilibrium between the various kinds of oxygen and 
calculated the relative distribution of a number of complex poly­
silicate anion species by assigning arbitrary values to the corres­
ponding equilibrium constant K. According to the authors such 
species are created when the continuous silicate network is 
fragmented by the addition of a metal oxide.

In several recent publications (3-13) the thermodynamic pro­
perties of binary silicate melts have been interpreted in terms of 
polymer theory involving polysilicate anions.

Masson and co-workers (3-7) applied the concept of equilibrium 
to the calculations of the concentration of linear or branched poly­
silicate anions of the general formula Si and calculated then 3n+l
"free" oxygen ion concentration which remains after the proposed 
poly-anions have reached equilibrium.

Activities of metal oxides in the silicate melts were obtained 
through the expression

“m o  = V -  (3>
which was derived on the assumption that Temkin's (14) ideal solution 
model was applicable.
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In this paper it is shown that the concentration dependence of 
the thermodynamic properties of binary silicate melts such as activi­
ties, enthalpies and entropies of mixing may be predicted from a 
simple thermodynamic model which is based on the equilibrium between 
the characteristic oxygen species proposed by Toop and Samis (2).
The agreement between activity isotherms calculated from theory, with 
the experimentally obtained values, for a number of metal oxide- 
silica binary systems is excellent, even for silica rich compositions 
where other thermodynamic models are in poor agreement with the 
experimental data.

THERMODYNAMIC TREATMENT

According to reaction (1), the addition of a metal oxide to 
pure silica results in the disruption of the continuity of the 
Si-O-Si covalent type bonds which are responsible for the three 
dimensional network structure of silica. Each 0 2 supplied by the 
metal oxide disrupts two Si-0 bonds in Si02 and causes the localiza­
tion of paired electrons with the result that the two Si-0* bonds 
produced upon reaction acquire a more "ionic" character.

One important characteristic of reaction (1) is that the 
SiO^ coordination which exists in pure molten Si02 is also preserved 
in the M0-Si02 melts.

Considering reaction (1), because of the characteristic tetra­
hedral coordination of silicon and the well established strength of 
the covalent and semi-ionic bonds between silicon and oxygen, it will 
be assumed that the interactions between any oxygen species and the 
surrounding atoms are determined primarily by short range forces bet­
ween nearest neighbours. Bonding energies representing pairs of the 
type Si-0**, M-0, SiO* and M-0* which are present, respectively, in 
the configurations Si-O-Si, M-O-M, and Si-O-M will be taken as 
constant and as being concentration independent. Thus the changes in 
bonding energy which take place during the mixing of MO with Si02, 
are localized to the type of atomic pairs which are directly affected 
by the reaction, and should be independent of the detailed structure 
of the possible polysilicate anions created during reaction.

The silicate melt reaches a state of minimum free energy by 
equilibrating the characteristic oxygen species 0*, 0** and 02 , 
shown in reaction (2).

For the evaluation of the activities the standard states are 
established at unit oxygen species fractions. Thus, for doubly 
bonded oxygen 0**, the standard state is the state of oxygen in pure 
Si02, for which N ** = 1. Similarly, the standard states for 0* and 
02 are, respect?vely, their states in the stoichiometric orth- 
silicate melt M2SiOtt, and in pure metal oxide MO.
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Under the previously stated assumptions the species activity 
coefficients should be constant for all compositions, and activities 
could be equated to oxygen species fractions, except for compositions 
very near to pure metal oxide and to pure silica where deviations 
from the assumptions underlying the model should be expected.

The equilibrium constant for reaction (2) may be written as

K
N 2

0*

0**
(4)

where, NQ fs are specie fractions and the equilibrium constant K 
should be constant and composition independent at constant 
temperature.

The species fractions N N  ^  and N 2“ may be calculated by 
following the mass balance introduced by Toop and Samis (2) and the 
results are shown in Table 1.

The quantity ex found in Table 1 is the "degree of reaction" 
representing the fraction of MO reacted per mole of MO added to the 
melt.

By substitution in equation (4) of the corresponding species 
fractions N^, the expression for the equilibrium constant is obtained
as

K ~ MO
(1 - a) • (2XSiO' - “V

<5>

This equilibrium constant is the reciprocal of that used by 
Toop and Samis (2) and characterizes a M0-Si02 binary system at a 
given temperature.

From equation (5)

K • (1 * W
2Xmq (K - 4)

where 0 < a < 1 .

8XM 0 XS10, (K - 4)
k a + w (6)

Plots of jx versus composition generated for selected values of 
K are shown in Fig. 1. It may be seen that very large K values 
correspond to totally reacted silicate systems in which the maximum 
amount of the orthosilicate species SiO*^ is present. K values bet­
ween 100 and 1 represent various equilibrium conditions, while 
smaller values of K indicate a tendency towards immiscibility.
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TABLE 1
Number of Various Oxygen Species Present 

in 1 g mole of Melt at Equilibrium

Before mixing After mixing

0** 2 xsio2 • N (2 XSi02 - aXM0)N
0* - 2 aXM0 ’ N
o 2” ^ 0  • N (1 - a)XMQ . N

(N is the Avogadro number)

Number of characteristic bonds at equilibrium

Bond Type Before mixing After Mixing Bond Energy

Si-0 4xsi02N ^4XSi0 2"2 aXM0^N eSi-0

M-0 zXm o n Z(i - a)XM0(J ®M-0

Si-0* - 2aXM0N ESi0-0*
M-0* - 2aXM0N Sl-O*

(N is the Avogadro number)

* X0>/_ and X*,̂  are initial moles of SiOo and MO per mole of solu- 
Sl °2 tion^ 10

The degree of reaction _a may also be used to determine the 
number of the different kinds of bonds present in a system at 
equilibrium. Thus, each doubly bonded oxygen 0** corresponds to two 
Si-0 type bonds, and each "free” oxygen ion 0 2 determines the 
existence of z M-0 type bonds. The coordination number z for oxygen 
in the metal oxide is taken to remain unchanged in the molten solu­
tion. Finally, each singly bonded oxygen 0* creates one M-0* and one 
SiO* type bonds.

The numbers of the different kinds of bonds at equilibrium per 
mole of silicate containing moles of MO and Xgi0 moles of 
Si02 are also shown in Table 1. 2

32



* M 0
Fig. 1. Plots of the degree of reaction j i  versus 

composition (XMQ for selcted values of K.

CONCENTRATION DEPENDENCE OF THE SOLUTION PROPERTIES

For the calculation of the enthalpy change during mixing, 
reaction (1 ) can be taken as the exchange reaction

Si-0 + M M-0* + Si-0* (7)

(as in pure 
Si02 and MO)

(as in the 
reacted system)

The internal energy change during mixing AE^ , per gram-mole 
of solution may be written as

AE'mix = Solution “ W 0®  - XSi02E °Si02 (8)

where Esolutipn> E°M(), and E ± , are respectively, the internal
energy contents per mole, ana x es are mole fractions.

If it is considered that the mixing process affects only the 
energy of the bonds shown in Table 1, then equation (8) may be writ­
ten as
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0.8

AE,nix ■ Nl(4XSiO2 - 2% , )eSi-O + Z(1 - a)XM0V o

+ 2aXMO®M-0* + 2aXM0£Si-0*^

- N[4X_. e„. „ + zX„„e, „]Si02 Si-0 M0T1-0
which is readily reduced to

“ mix = “V ^ - O *  + 2 eSi-0* - 2 eSi- 0 - Z W ]

(9)

(10)
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Under the postulates of this model the term in parentheses is 
constant for a given temperature and independent of concentration, 
and may be replaced by an interaction parameter Jb which is charac­
teristic of the metal oxide added* b can also be interpreted as the 
heat of reaction whan 1 g mole of MO reacts totally with SiO^ 
according to reaction (1 ).

As pressure-volume effects on the energy of mixing of liquid 
silicates are negligibly small, equation (9) becomes,

4Hmix = baXM0 (11)
where AR, is the enthalpy change for the mixing process. Combination 
of equations (6) and (H) yields,

AHmix b K(1 + W
2(K - 4) (1 -  B)

where

B 1 - 8XMOXSiO
(1 + X,SiO;

2
>2

K - 4
K

1 / 2

(1 2 )

(13)

Plots of AHj^/b versus composition generated for a number of 
selected K values are shown in Figure 2. It is seen that the totally 
reacted systems are represented by very large values of K and show a 
characteristic orthosilicate peak at X *» 0.667.

To calculate the partial molar heat of mixing for MO, the 
right hand side of equation (1 1 ) is multiplied by n^Q + n Q , and 
then partially differentiated. The resulting expression is, 2

a5mo
__8_
3nM0

[(nMO + ns io 2^ AH ]mix Si02
(14)

Introducing equation (6), it is readily shown that:

&hmo = b K
2(K - 4) 1 - B + 4(K - 4) 

KB
ss io ,  (2 -  3V
( 2 " X >M0

(15)

Plots of for various selected values of K are included in Fig.
3. It is seen that for a totally reacted system, AH^Q becomes zero 
at X > 0.667, and for all concentrations where XMQ < 0.667, AH^q is 
equaiUto b.

For a reacting system, the total entropy of mixing is also due 
to reaction (1 ) and may be calculated following the same treatment as
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Fig. 3. Plots of AH., /b versus composition (X^) at 
selected K-values.

for the enthalpy of mixing, with the main difference that the inter­
action parameter Jb should now be replaced by an entropy parameter.
If is taken to represent the entropy change when one mole of MO 
reacts totally with Si02 following reaction (1 ), then

4Sraix - aXM06 (16)

The partial molar entropy of mixing for MO can be obtained by 
partial differentiation as

ASM0 6 2(K - 4) 1 - B + 4(K - 4) 
KB

W 2 - 3V (17)

The values calculated from equation (17) which is similar in 
form to to expression (15), represent the change of entropy due to 
reaction (1 ) when the number of reaction units is proportional to the
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degree of reaction < u The latter is defined by the value of the 
equilibrium constant K for a given system at a given temperature.

The molar and partial molar entropies of mixing calculated by 
this model account for the randomness in the system.

For example, the partial molar free energy of mixing for any 
of the oxygen specie present is given as

AGi * RT In N± (18)

and the corresponding partial molar entropies of mixing are given by 
expressions of the type,

__ din N
ASi = - R In N± - RT — jj—  (19)

The latter expression contains the configurational term for entropy, 
in which is a temperature and composition dependent quantity.

It should be emphasized that the term AS^ for an oxygen spe­
cies does not represent the partial molar entropy of MO as this is 
obtained by partial differentiation of the total entropy change of 
the system.

The partial molar free energy of mixing AGmix for MO can be 
obtained by combining the partial molar enthalpies and entropies of 
mixing according to the Gibbs-Helmholtz relationship,

A\ o  - A\ o  - Ti\ o  (20)
From equations (15) and (17) the following expresion is 

obtained.

AG,'MO (b - 6T) 1 - B + 4(K - 4) 
KB

XS102 (2 - 3V  
■■■

K
2(K - 4)

( 2 1 )

The term b - 6T represents the "standard" free energy change 
for reactions (2) and therefore it can be equated to - RT In K.

The expression for the activity of the metal oxide in the 
solution, a referred to the pure liquid MO as the standard state, 
is readily derived from equation (2 1) as,

In ^ 0 2(K - 4) 1 - B + 4(K - 4) 
KB

xsio, (2 - 3V In i  (22)

where the value of the term B is given in equation (13).
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From equation (22) it is readily seen that the concentration 
dependence of activities is predicted using K as the only adjustable 
parameter. For large K values the term becomes zero for the com­
position range defined by 0 < X^q < 0.67. For compositions more 
basic than the ortho-silicate X ^  > 0.667, becomes unity. For 
low values of K near unity the activities for'dilute solutions of MO 
show pronounced positive deviations from ideality.

In general, high K-values indicate a highly reacted system, 
while low K-values indicate a tendency towards immiscibility.

With regard to the activities of MO, it is evident that, as 
the temperature is increased, both the oxygen pressure in equilibrium 
with the molten silicate and the "oxygen anion activities" in the 
melts should increase. Such an increase should be accompanied by a 
decrease in the K values and should describe the weakening of the 
bonds which are binding the oxygen species iij the melts. This 
decrease in the K-values with increasing temperature is consistent 
with the observed exothermic enthalpies of mixing and the negative b 
values which are calculated for binary silicate systems•

Limiting values for the activities of MO should not be calcu­
lated from equation (22) because for very dilute solutions the 
assumption that the equilibrium constant K is truly independent of 
concentration should no longer be valid.

Thus, at compositions representing very dilute solutions of MO 
in Si02 , all the oxygen anions supplied by MO should be trapped 
within the Si-0*-M type configurations and the "free" oxygen anion 
population should be approaching zero.

COMPARISON WITH EXPERIMENTAL RESULTS

Figure 4c shows a comparison between experimental (15) acti­
vity data for PbO at 1000°C and the calculated values as predicted 
from equation (22) with a value of K a 20. It may be seen that the 
agreement is excellent within the entire concentration range for 
which the system was investigated. The b value which is calculated 
from equation (15) from a single experimentally measured value of the 
partial molar heat of mixing and the previously obtained value K *
20, is b = - 3,600 cal.mole l .

These two values for K and b may be used in equation 15 to 
predict the partial mole heats of mixing over the entire con­
centration range. In Fig. 4a the points are experimental and the 
solid line represents the calculated partial molar heats of mixing.
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Fig. 4. (a) Plot of £Hpb0 versus 3L,. for the Pb0-Si02 system
Solid line is calculated from theory (Eqn. (15)). 
Points are taken from experimental data.

(b) Plot of ASpbQ versis Xpb0 for the PbO-SiOg system 
Solid line is calculatecTfrom theory (Eqn. (17)). 
Points represent experimental data.

(c) Plot of a _ ^  versus 2^, for the PbO Si02 system. 
Solid line is calculated from theory (Eqn. (22)). 
Points represent experimental data.
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It should be emphasized that the Pb0-Si02 binary system is the 
only system for which complete thermodynamic data are available in 
the literature. Partial molar enthalpies of mixing measured both 
calorimetrically (16) and electrochemically (15) are in good 
agreement. Also recent activity data for PbO reported by various 
authors (15,17,18) are in good agreement.

Comparison between data from various sources is shown in Figs. 
4a, 4b, and 4c.

Accordingly, the partial molar entropies of mixing for PbO 
have been calculated with confidence and the results are included in 
Fig. 4b. In Fig. 4b the points represent the experimentally obained 
entropy values while the line is calculated from the thermodynamic 
model.

Values of the parameter j$ are obtained by combining the K and 
b values, according to

- RT In K « b - T6 (22)

For T - 1273°K, K = 20 and b =* 3,600 cal/mole, j$ is found to be equal 
to 3.1 e.u. The good agreement between the experimental data for the 
partial molar entropies of mixing of PbO and the curve predicted by 
equation (22) is shown in Fig. 4b.

Activities of FeO referred to the pure liquid FeO as the stan­
dard state have been determined in the temperature range 1250-1400°C 
by equilibrating CO-CO2 (19) and H 2-H20 (20) gas mixtures with melts 
contained in iron crucibles. More recently, activities of FeO have 
been measured in the range 1785-1960°C (21) by equilibrating molten 
levitated beads of iron with liquid Fe0-Si02 slags and by analyzing 
for the oxygen content in the iron.

Because of the non-stoichiometry of FeO, the system is not a 
true binary and may be considered as a ternary containing FeO,
Si02 and small amounts of Fe203» Several attempts (3,22) have been 
made to correct the published data for the effect of the non­
stoichiometry of FeO but it is felt that such corrections could 
introduce deviations larger than the inherent uncertainty in the 
experimental data.

The activity plot of Fig. 5 indicates the good agreement bet­
ween the experimental activities at 1300°C and at 1785°C with those 
predicted from equation (22) with K values of 8 and 5, respectively.

From the expression

d In K _ b \
dT “ RT2 1 3

40



Fig. 5. Plots of a versus X for the Fe0-Si02 
system at l7o5°C and 130O°C, respectively. 
Points are experimental, solid lines are 
calculated from equation (22).

and the available K values at two different temperatures, an approxi­
mate value of the parameter b for this system is given as -6,270 
cal/mole. The corresponding approximate value of _S is 0.2 e.u.

The activities of CoO in CoO—Si02 melts have been measured at 
1500°C by equilibrating melts held in Pt-Rh containers with known 
oxygen potentials (23). The original data are given with respect to 
the solid CoO as the standard state and have been recalculated with 
reference to pure supercooled liquid CoO (23). For this conversion 
the entropy of fusion of CoO has been taken (4) to be the same as 
for FeO, as 4.25 e.u. The experiments could only cover the con­
centration range between 55 and 70 mole % CoO.

Figure 6 shows a comparison between the experimental activi­
ties at 1500°C (referred to liquid CoO) and those predicted by 
equation (22) with K = 7. In view of the apparent uncertainty of 
these data, the agreement is acceptable.
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Fig. 6. Plot of a versus Xr n for the Co0-Si02 system 
at 1500°cV UPoints are experimental. Solid line 
is calculated from equation (22) with K - 7.

Activities of the MnO at 1600°C referred to pure solid MnO as 
the standard state, have been determined by equilibrating various gas 
mixtures of H2-CO2-N2 with solid Mn and liquid slags containing MnO 
and Si02 (24). The accurate conversion of these data to activities 
referring to pure supercooled MnO at 1600°C is difficult because of 
the lack of knowledge on the heat of fusion of MnO and the uncer­
tainty regarding the melting point of the oxide. However, it has 
been assumed (4), that the entropy of fusion of MnO is the same as 
for FeO, e.g. 4.5 e.u., and that the melting point is 1875°C (25).
The activities with regard to molten MnO as the reference state have 
been calculated from the well-known expression.

^MnO^liq 
^aMnO^ sol

fusion
RT (24)
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Figure 7 shows a comparison between the converted experimental 
activities and the values predicted by equation (22) with K 53 19. It 
may be seen that the agreement is satisfactory in the concentration 
range for which the experimental data are available.

Fig. 7. Plot of aM n versus 2C. for the Mn0-Si02 system 
at 1650°C.UPoints areexperimental. Solid line 
is calculated from equation (22) with K « 19.

Activities of CaO have not been experimentally determined with 
respect to the pure liquid oxide as the reference state. The only 
data available representing the mixing of supercooled CaO are the 
free energies of mixing at 1600°C estimated by Darken and Gurry (26) 
from which activities for both components may be obtained (21,23). A 
comparison between these approximate activities of CaO and those 
obtained from equation (22) with K = 200 is shown in Fig. 8.

The Ca0-Si02 binary is a highly reacted system in which the 
almost complete formation of the orthosilicate configuration is 
observed at 67 mole % CaO.
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* C a O
Fig. 8. Plot of a versus Xr n for the Ca0-Si02 system 

at 1600°cVaUPoints areexperimental. Solid line 
is calculated from equation (22) with K * 22.

The activities of SnO in the binary Sn0-Si02 system have been 
obtained (27) in this laboratory from emf measurements.

Figure 9 shows a comparison between the experimental activi­
ties of SnO at 1000°C, with respect to molten SnO as the state of 
reference, and those calculated from equation (22) using a K-value 
equal to 2.7.

Such a low K-value suggests that SnO is one of the most acidic 
oxides with respect to silica.
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REACTIVITY SCALE IN BINARY SILICATE MELTS

The energy released during the mixing of a metal oxide with 
silica according to reaction (I) is represented by the interaction 
parameter b. The magnitude of ]) depends upon the ability of the 
metal oxide to release its oxygen, which reacts with silica in order 
to form the Si0-0*-M type configurations. The overall energy for a 
configuration of the type Si-0*-M depends upon the competing interac­
tions of the oxygen with the surrounding Si and M atoms and is 
expected to decrease proportionally with the formation potential of 
the metal-oxygen atom pair.

Metal oxides having strong metal to oxygen interactions are 
less effective as oxygen donors than those in which the interactions 
are weak. Since the strength of the metal to oxygen bond is expected 
to be inversely proportional to the interatomic distance d̂, the • 
interaction parameter should change in proportion to*l/d.
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If the entropy change associated with reaction (1) is taken to 
be small, the "standard” free energy change, which is equal to -RT In 
K, could be approximated by Jb. Then, the value of the quantity -RT 
In K should also be proportional to the reciprocal of the metal- 
oxygen distance d in the pure solid metal oxide. This assumption 
appears to be valid in the case of the Fe0-Si02 system for which the 
available data indicate an entropy 6 parameter of only 0.2 e.u. Low 
values of 6 can also be expected for the remaining metal oxides 
having the same NaCl cubic structure.

The plot of -RT In K versus 1/d shown in Fig. 10 includes only 
cubic metal oxides like CaO, FeO, MnO and CoO, and the relationship 
appears to be linear.

A cubic oxide like PbO, which has a layer structure, does not 
behave in this manner and is expected to indicate different trends.

Approximate K values for the binary silicates containing other 
cubic oxides like NiO, MgO, SrO and BaO, for which experimental acti- 
vities are not available, may be obtained by extrapolation in Fig.
10. Such K-values may be used in equation (22) to predict the acti­
vities of the metal oxides with respect to pure liquid oxides as the 
reference states.

Thus, estimated activity isotherms for the systems Ba0-Si02 
and Sr0-Si02 at 1900°C, are shown in Fig. 11.

A summary of the experimentally available, as well as extrapo­
lated K-values for the various cubic systems, are given in Table 2.

TABLE 2

Scale of Basicity of Cubic Metal Oxides Towards Silica

Metal
oxides Equil. constant 

K

Inter-atomic
distance

d<A°)

Metal-oxygen
attraction

z2/d

-RT In K, 
or b, 

cal/mole

BaO 11,000 (1873K) 2.771 1.44 -34,500
SrO 1,300 (1873K) 2.560 1.54 -26,600
CaO 200 (1873K) 2.406 1.66 -19,700
MnO 19 (1923K) 2.218 1.80 -11,300
FeO 6.5 (1873K) 2.148 1.84 -6,700
COO 7 (1773K) 2.127 1.87 -6,800
NiO 2 (2000K) 2.071 1.93 -2,600
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Table 2 also includes a list of interatomic distances and of 
atom-pair potentials, expressed as z2/d, where z is the valence of a 
metal cation. The last column, which represents either b or - RT In 
K, may be taken to represent a "basicity” or "reactivity" scale for 
the various metal oxides listed. This scale is a measure of the abi­
lity of a given metal oxide to disrupt the silicate network.
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X M 0

Fig. 11. Actvity isotherms for the molten systems BaO- 
Si02 and Sr0-Si02 at 1900°C estimated from the 
K-values shown in Fig. 10.

CONCLUSIONS
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The equilibrium constant concept for binary silicate melts 
introduced by Toop and Samis (12) has been employed for the deriva­
tion of analytical expressions which describe the concentration 
dependence of partial molar properties, such as, activities, the par­
tial molar enthalpies and entropies of mixing. The thermodynamic 
model is capable of describing within the limits of experimental 
uncertainty the concentration dependence of these properties.
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For the calculation of the activities it is only necessary to 
use the equilibrium constant K as an adjustable parameter. However, 
once K for a given binary system has been calculated from activity 
data, the heats of mixing for the system may be calculated over its 
entire concentration range using one additional adjustable parameter, 
Jb, which has a unique value for each binary silicate system.

The partial molar entropies of mixing are then readily 
calculated.

In comparison with available experimental data the present 
thermodynamic model has been found capable of expressing, within the 
limits of experimental error the concentration dependence of the 
molar and partial molar properties in binary silicate melts over a 
wide composition range, including the Si02 rich regions for which 
most polymeric type thermodynamic models are non-applicable. The 
present model should be unrealistic for dilute solutions particularly 
in systems which are characterized by low K-values. In composition 
ranges near pure MO and near pure Si02 the assumption that K is a 
concentration independent quantity should not be expected to be 
valid.

In recent papers by Dron (28-30), the concept of an 
equilibrium between the various oxygen species proposed by Fincham 
and Richardson (1) and by Toop and Samis (2), has been expanded to 
account for possible differences in the thermodynamic states of 
doubly bonded oxygen, in accordance with the number of the reacted 
oxygen atoms carried by the adjacent silicon atoms. However, the 
treatment of such multiple equilibria requires the use of several 
equilibrium constants and general applicability becomes questionable.

In their modified quasichemical approach, pair-bonding 
enthalpy and non-configurational entropy contributions associated 
with reaction (1) have also been considered by Pelton and Blander 
(3-32). It is shown that the thermodynamic properties of binary (31) 
and higher order systems (32) may be expressed by semi-empirical 
equations which are suitable for data treatment and computer 
optimization.

The simple thermodynamic model developed in this paper shows 
that the properties of silicate melts are determined primarily by the 
interaction of oxygen ions with silica. These interactions involve 
only nearest neighbours and the magnitude of the partial molar pro­
perties appear to depend on the degree of completion of reaction (2) 
which represents the equilibrium between the various oxygen species. 
Because of the predominance of such short range interactions, the 
thermodynamic treatment does not require the exact knowledge of the 
detailed structure of the poly-silicate complex configurations that 
may form during reaction.
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THERMODYNAMIC PROPERTIES OF THE MOLTEN PbQ-PbCl? SOLUTIONS

A. Hacetoglu* * and S.N. Flengas 
Department of Metallurgy and Materials Science, 

University of Toronto,
Toronto, Ontario, Canada M5S 1A4

ABSTRACT

Partial molar and integral molar properties of mixing for the 
PbO-PbCl2 melts have been investigated by using solid electrolyte 
galvanic cells of the type:

Ni-NiO/CaO - Zr02/Pb0 - PbCl2/Pb

The thermodynamic properties, such as activities and the par­
tial molar enthalpies of mixing, calculated from the measured cell 
potentials show pronounced negative deviations from ideality.

To explain this behaviour and to predict the concentration 
dependence of the thermodynamic properties of these solutions, a 
theoretical model based on a number of possible reaction mechanisms 
has been developed.

It is shown that in a non-ideal solution, the activity of any 
component A .B̂  is given as:

a 38 C N "4* • N^-)A B K A  B 'equilibriumx y

where N + and N - are respectively the cation and anion fractions in 
a solution whicn has reached the ionic composition representing a 
specific reaction mechanism at equilibrium.

From the activity data, the limiting experimental conditions 
for removing the oxygen impurity from PbCl2 melts, and for recovery 
of Pb and 02 by fused salt electrolysis have been established.

INTRODUCTION

The PbO-PbCl2 molten solutions represent the only metal oxide- 
metal chloride system in which oxide solubility occurs over a wide 
concentration and temperature range at relatively low temperatures.

* Cyanamide of Canada, Niagara Falls, Ontario, Canada.
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Recently the phase diagram of the system has been revised by 
Renauld et al. (1) and significant differences from the earlier work 
by Ruer (2) and Varoni (3) have been found. At a temperature of 
700°C, the range of Liquid solutions extends from pure PbCl2 to about 
80 mole % PbO.

Activities of PbO in this system have been measured electro- 
chemically by Sugawara et al. (4) at temperatures between 506 and 
1063°C.

In the present investigation the reversible emf of the cell,

(+)Pb(liq)Pb0x ~ PbC1 21-x)/Zr02 “ Ca0/Ni0s, Nig(-)

was measured for PbO compositions varying between pure PbO to 1 mole 
% PbO, and in the temperature range 450 to 950°C.

From the results the thermodynamic properties of PbO and of 
PbCl2 in the PbO-PbCl2 melts have been calculated. In addition to 
its theoretical significance, the thermodynamic information may be 
used to predict the limiting equilibrium conditions for the chlorina­
tion of PbO at high temperatures, for the preparation of pure 
PbCl2 through the electrochemical removal of an oxygen impurity and 
for the recovery of metallic lead by fused salt electrolysis of the 
PbO-PbCl2 solutions in the temperature range 500 to 600°C.

EXPERIMENTAL

The design of the cell for, the emf measurements is given in 
Fig. 1. The reference electrode consisted of a CaO stabilized zir- 
conia tube containing 13 mole % CaO, closed at one end, having a 
total length of about 30 cm. To make this electrode, nickel wire 1 
mm in diameter having a spiral end was inserted into the zirconia 
tube and was covered with 2 to 3 cm of a compacted mixture of Ni and 
NiO powders. The open end of this tube was closed with a glass bell 
cemented into place and the entire system could be evacuated and 
sealed under vacuum. During its operation the thermal decomposition 
of NiO at the temperature of the experiment established the oxygen 
gas pressure and the emf measurements did not contain errors due to 
mixed potentials which are created by non-equilibrium oxygen pressure 
conditions (5).

The indicator electrode was molten lead in contact with the 
PbO-PbCl2 melt contained in a zirconia crucible. Electrical contact 
to the lead was through iridium wire, about 1 ram in diameter and 10 
cm long, connected to a platinum wire lead.

The entire electrode assembly, including the crucible with the 
salt mixture, was placed in a silica tube closed at one end. The top 
of this tube was covered with a nickel plate machined to contain
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entry ports for the various cell components, as shown in Fig* 1. 
Vacuum tight seal was provided by De Khotinsky cement covering the 
entire surface of the top plate and all openings, to prevent the 
escape of the volatile PbCl2 from the zirconia crucible containing 
the PbO-PbCl2 melt, the top of the crucible was also closed frith a 
boron nitride lid machined to fit tightly. This lid had openings for 
the insertion of the reference electrode and the other cell com­
ponents shown in Fig. 1. A further precaution against ppssible vola­
tilisation of PbCl2 was provided by operating the indicator electrode 
compartment under a static blanket of purified argon. A gas valve, 
connected in parallel with the argon supply to the cell, maintained a 
slightly positive gas pressure while it prevented the flow of gas and 
created semi-static conditions.

Materials losses due to possible volatilization were deter­
mined by weighing the contents of the crucible before and after a 
run, during dummy runs that duplicated the experimental conditions in 
terms Of melt composition, temperature and duration. No significant 
loss of materials was Observed. For example, for a total melt weight 
of 50 grams containing 70 mole % PbCl2, at a temperature of 750°C, 
over a period of 10 hours the weight loss was only 0.2 gram. 
Accordingly, melt compositions did not have to be corrected for 
losses due to volatilization.

the PbO and PbCl2 used for these experiments were anhydrous 
high purity reagents and argon was dehydrated and oxygen purified by 
using the appropriate getters (Ti pellets at 1000°G).

Potential measurements taken during a heating and cooling 
cycle at each composition, were in agreement to within ±2 milli­
volts. Maximum duration of a run was about 10 hours.

RESULTS AND DATA TREATMENT

Reversible potentials were measured as a function Of tem­
perature and composition and the results are shown in Figs. 2 and 3. 
The data have been calculated by least squares to correspond to 
linear equations of the form:

where A and B are constants for a given composition and T is given in 
degrees Kelvin. The constants, and the calculated standard and maxi­
mum deviations, are given in Table 1.

The activities of PbO were calculated from the Nefnst equation 
given as:

E (in mV) = A - BT ( 1)

E (2)
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TABLE 1
emf Measurements Representing the Overall Cell Reaction

N1 (s) * (Pb0)tn PbO-PbCla " N1 °(s> + Pbl

Note: Negative emf values imply a reversal in the electrode reaction*

*T
E = A - BT

Standard Maximum
*PbO Temp• Range A B deviation deviation

(°K) (mV) (mV) (mV)

0.01 778-914 -15.933 0*15322 ± 0.90 ± 1.5
0.05 778-873 -39.228 0.05184 ± 1.16 i 2.5
0.1 762-874 -32.380 0*02944 ± 1.34 ± 2.9
0.2 775-874 -14.103 0.00106 ± 0*§2 ± 1.6
0.3 474-926 19.579 0*01716 i 2.08 ± 3.6
0.4 781-935 29.452 0.000066 ± 0.30 ± 0.5
0.5 921-1010 78.821 0.01374 i 0.88 ± 1.6
0.6 956-1062 117.207 0*02322 ± 0.51 ± 1.8
0.7 967-1064 158.435 0.03938 ± 0*34 ± 1.2
0.8 1016-1094 204.462 0.06705 ± 1.03 ± 1*7
1.0 160-1371 222.98 0.05052 ± 0.57 ± i . o

TABLE 2

Standard Electrode Potentials

Cell Potential
Electrode Temp. E° = A° - B°T Standard Maximum

Range A° B° Deviation Deviation
(°K) (mV) (mV) (mV)

Ni, s + 1/2 02, ,(s) 2(g,lat)
* Nl°(s)

911-
1376

1,210.83 0.43993 ± 0*57 ± 1*0

Pb(l) + 1/2 02(g,lat)
■ Pb0O )

1160- 987.5 0.38941 ± 0.51 ± 0.&

Pb(l) + Cl2(g,lat) 773- 1,742.5 0.602
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where a is the activity of PbO calculated with respect to pure 
molten PdO as the standard state, R and F have the values of 1.987 
cal.mole 1 and 23,066 cal.volt *, respectively. E is given in volts 
and q an<* Epbo are r e s Pe c t i v e l y the formation potentials of pure 
solid NiO and pure molten PbO at the same temperature as T. T is 
given in degrees Kelvin.

The formation potentials for pure solid NiO at various tem­
peratures have been established in previous investigations (5- 1 1 ). 
With regard to pure molten PbO the standard Gibbs free energies 
reported by several investigators (12-14) and by Charette and Flengas 
(5) are in substantial agreement to within 2 to 4 mV. Accordingly, 
the standard formation potentials for NiO and for PbO used for the 
calculation of the activities from equation (2) are those reported in 
our previous work (5). The latter were obtained by emf measurements 
in closed cells similar to those used in the present investigation. 
The data for the standard potentials of NiO and PbO are given in 
Table 2.

The activities of PbO at the selected temperatures of 750°C 
and 850°C are given in Table 3. The activities of PbCl2 which are 
also included in Table 3, have been calculated using the well known 
Gibbs-Duhem relationship (15).

TABLE 3

750°G 850 °C
^PbO**
Kcal/mol

XPb0
aPbO aPbCl2 aPbO aPbCl2

0.1 0.005 0.890 0.008 0.899 -11.80
0.2 0.010 0.765 0.020 0.796 -10.90
0.3 0.022 0.620 0.035 0.660 -9.40
0.4 0.045 0.440 0.065 0.475 -8.90
0.50 0.085 0.240 0.115 0.300 -6.60
0.60 0.160 0.110 0.200 0.150 -4.80
0.7 0.280 0.035 0.325 0.060 -2.90
0.8
0.9

0.450 0.010 0.480
(0.760)*

0.018
(0.001)*

-0.80

* Extrapolated
** The uncertainty in the values of the partial molar 

heats of mixing is about ±1.0 Kcal/mole.
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The partial molar enthalpies of mixing for PbO, given in Table 
3, have been calculated from the A-constants which are presented in 
Table 1, using the readily derived expression:

AHpb() - 46,132 (A - 0.2233) (3)

These values are given in cals.mole ^ and may be converted to S.I. 
units by multiplication with 4.184 Joules.

Activities of PbO in this system reported by Sugawara et al. 
(4) are in disagreement with the present results, particularly at 
high PbO contents. For solutions containing more than 80 mole % of 
PbO, the reported activities are greater than unity, which is ther­
modynamically impossible for the chosen reference states which were 
the same as in the present calculations. For compositions lower than 
30 mole % PbO, there is better agreement with the present results, 
although the temperature dependences of the emf's differ.

Activity isotherms for the PbO and the PbCl2 components are 
shown in Fig. 4. Activities calculated by Sugawara et al. (4) are 
also included for comparison.

DISCUSSION

The pronounced negative deviations from ideality shown by the 
activity data in Table 3 and by the strongly exothermic partial molar 
heats of mixing for PbO, are indicative of strong interactions bet­
ween the solute ions in the Pb0-PbCl2 melts.

The result of such interactions could be the formation of 
complex oxychloride configurations of the general type,

(Pb 0 Cl )(2p ~ 2q “ r)+p cj r
similar to the incongruently melting compounds 3PbCl2*2PbO,
PbCl2 *PbO, PbCl2-2PbO and PbCl2*4PbO, which have been identified as 
existing in a solid state within the phase diagram of the system 
(1-3).

Considering a solution which initially contains n^ and 
n2 moles of PbO and PbCl2» respectively, it will be assumed that a 
complex forming reaction is taking place until equilibrium is 
reached.

If a is the fraction of the initial oxygen which has reacted 
and has been incorporated in the complex oxychloride, then the 
enthalpy change for the formation of the solution is given as:

AH = n l3 AH° (4)m A r
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where AH° is the enthalpy change for the formation of one mole of 
oxychloride species containing one gram-atom of oxygen, such as in

(Pbp/q •°-C1 r/q>
(2p - 2q - r)/q+

The "reaction” part of the enthalpy of mixing is considered to 
be a major contribution to the total energy released during mixing, 
and any other secondary interactions between the solute atoms in the 
reacted system will not be taken into account.

The total entropy of mixing is considered to consist of two 
major contributions; the entropy for the formation of the amount of 
oxychloride complex present at equilibrium and the configurational 
contribution for the random mixing of the various species i pre 
at equilibrium.

The total entropy of mixing may be written as:

ASm = nia ASr “ R £ n i Ln (5)

where n^ and are, respectively, the number of moles and the ionic 
fractions of species i present in the mixture at equilibrium.

Combination of equations (4) and (5) into the Gibbs-Helmholtz 
relationship yields the the Gibbs free energy of mixing as:

AGm * nia (AH® - TAS®) + RT E n£ ln (6)
where

AH® - TAS® = - RT ln Kr r (7)

K is the equilibrium constant for a given oxychloride formation reac­
tion, which is specific to each system.

The expression for the activities of PbO is obtained by par­
tial differentiation of equation (7) with respect to nj at constant 
n2 and under the restriction that:

I = 1 , at equilibrium (8)

The final equation takes the form:

ln ^b O * l ln N
dn

( ) n ( —  ) + aL
i K dn i  J r i 2 i dn! J n 2

ln K (9)
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It is readily seen that the expression for the activity of PbO 
contains the equilibrium constant K as the only adjustable parameter

The solution of equation (9) is readily found by considering 
the mass balances representing various reaction mechanisms. 
Irrespective of the scheme chosen, the expression for the activity is 
found to have the following form:

aPbO ^ P b 2+ V  ^at equil. ( 10 )

In equation (10), Np, 2+ and Nq 2” are respectively the ionic 
fractions for Pb2 and 0 2 in a molten mixture of PbO and PbCl2 which 
has reacted internally in accordance with a specific reaction mecha­
nism and has reached a state of equilibrium.

From similar considerations it may be shown that the activity 
of PbCl2 is given by the expression:

aPbCl2 = (% 2+ ' "ci^at equil. (11)

For the PbO-PbCl2 solutions several reaction mechanisms have 
been considered, such as the formation of the complex oxychlorides, 
Pb20Cl , Pb202 , PbCl202 , as well as the compositions representing 
the various incongruently melting compounds mentioned earlier.

From all these possible schemes the experimental data appear 
to be best represented by the reaction:

2Pb2+ + 02” + Cl” = Pb20Cl+ (12)

The mass balance representing equation (12) is given in Table 
4. The equilibrium constant is written as:

K
Pb

NPb-> 0C1+
2+ * V ” * NC1”

(13)

for which the expressions for the ionic fractions are given in Table 
4.

Degrees of reaction a_ have been estimated for various selected 
K values from equation (13), and are given in Table 5.

From the equilibrium ion-fractions given in Table 4, the acti­
vities for PbO and PbCl2 are readily calculated as: 1

1 - 2aX 1
aPbO 1 - aXx

and

Xi(l - a)
1 + X 2 - 2 a X x (14)
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TABLE 4
Ionic Composition of the Pb0-PbCl2 Molten Solutions 

Representing the Reaction
_______ 2Pb2+ + 02~ + 2C1~ = Pb->QC1+ + Cl~________

UNREACTED MELT Melt composition when reaction has 
reached equilibrium

Compo­ No of Mole Mole numbers
sition moles fractions at equilibrium Ion fractions

PbO n l Xi npb2+ = Npb2+ ■
n i + n 2 - 2an j 1 - 2aX, 

1 - aX i

PbCl2 n2 x 2 "pb20Cl+ ■ ani N = — —  Pb 20C1 1 - a X x

n0 2- “ n l(l " a) iiiCMOz

Xi(l - a)
1 + X 2 - 2aXt

nCi“ = 2n2 - an 1 NC1" "
2X i  -  aXi 

1 + X 2 - 2aXx

- 2aX i 
'Pbd2 1 - aXj

2X? - aXi I 2 
1 + X2 - 2aX!| 05)

where Xj and X2 in these expressions are respectively the primary 
mole fractions of PbO and PbCl2 in the "unreacted" mixture.

The activity isotherms shown in Fig. 4 were calculated from 
equations (14) and (15) (solid lines), while the points are experi­
mental. The 1023 isotherm was calculated from the a-values 
corresponding to K = 15. The isotherm at 1123K was calculated from 
the a-values based on K » 10.

It should be noticed that at constant composition the activity 
of apkQ increases as K decreases.
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TABLE 5

Dependence of Degree of Reaction a on the Equilibrium Constant, K, 
at Various Compositions, for the Reaction

_____________________Pb2+ + 02~ + C r  + PbyOCl*____________________

1 10 15 100 1,000 10,000 00

a a a a a a a

0.0 1 1 1 1 1 1 1
0 .1 0.32183 0.81296 0.86579 0.97676 0.99762 0.99976 1
0.2 0.30941 0.78486 0.84143 0.97038 0.99691 0.99969 1
0.3 0.29576 0.74659 0.80520 0.95713 0.99525 0.99952 1
0.4 0.28035 0.69702 0.75367 0.92370 0.98886 0.99881 1
0.5 0.26216 0.63809 0.68849 0.84653 0.93307 0.96991 1
0.6 0.23926 0.57257 0.61545 0.74321 0.80369 0.82380 0.83333
0.7 0.20976 0.49620 0.53292 0.64094 0.69062 0.70674 0.7142857
0.8 0.16765 0.37906 0.40544 0.47618 0.49709 0.49970 0.50000
0.9 0.09229 0.19302 0.20171 0.21883 0.22188 0.22219 0.22222
1.0 0 0 0 0 0 0 0

The integral enthalpy of mixing for the system were calculated 
from the expression:

AHm " X 1 ^PbO + X 2 “ pbCl2 (16)

For the calculation the partial molar enthalpies of mixing for 
PbCl2 were obtained from the partial molar enthalpies of mixing of 
PbO using the Gibbs-Dubera relationship.

The results of these calculations are given in Fig. 5. On 
this graph points are experimental, while the dotted line has been 
derived from equation (4) written in the form:

AH - aX i AH° (17)m 1 r

which represents the enthalpy of mixing per mole of solution.

For the calculation the degrees of reaction, based on reaction
(12) for K ■ 10, have been used. The value for the /SH° term which 
must be common for all compositions is -13,500 cals.mole *.
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Entropies of mixing, calculated from the enthalpies of mixing 
and the corresponding Gibbs free energies, are plotted in Fig. 6 as 
a function of composition. Here the solid line 1 represents the 
experimental values for the total integral entropy of mixing, while 
the points are calculated from equation (5), as applied to reaction 
(12), for K - 10. For this calculation the a-values that correspond 
to K = 10 and a common value of AS - -7.3 e.u. were found to satisfy 
the entire composition range. Curve 2 in Fig. 6 represents only the 
configurational component of the total integral entropy of mixing.

Considering the uncertainty which is always present when 
calculating entropies, the agreement between the eperiraental and the 
theoretical entropies of mixing and, particularly, the correct pre­
diction of their concentration dependence, indicates the validity of 
the preent thermodynamic model.

ELECTROLYTIC BEHAVIOUR OF THE PbO-PbCl2 MELTS

From equation (2) and its equivalent for PbCl2, it is possible 
to calculate the reversible potentials for the electrochemical 
separation of Pb and O 2, or of Pb and Cl2, from a molten solution of 
PbO and PbCl2.

For the rea c tio n s:

*iiq • + c l 2 ,  1z(g, 1 at) (PbC1 2>in solution (18)

iiq. + l/202 ,zg, 1 at) (PbO)^n solution (19)

the reversible electrode potentials at 850°K and at 1023°K, respec­
tively, were calculated using the previously derived activity values, 
and the standard potentials given in Table 2.

The results of these calculations are plotted in Fig. 7. 
Because of the wide potential separation, the electrolysis of 
PbO-PbCl2 are almost independent of melt composition and con­
sequently, lead chloride melts may be de-oxygenated by pre­
electrolysis .

Fused salt electrolysis of PbO dissolved in a PbCl2 solvent is 
expected to produce as cathodic and anodic products lead and oxygen, 
respectively.

CONCLUSIONS

The thermodynamic properties of the PbO-PbCl2 molten solutions 
show pronounced negative deviations from ideality which indicate 
strong interactions between the ionic species in solution. To
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explain this behaviour and to predict the concentration dependence of 
the activities of PbO and of PbCl2 of the enthalpies and of the 
entropies of mixing, a thermodynamic model based on the presence of 
strong complex oxychloride species has been developed. In this model 
the concentration dependence of the activities at each temperature 
requires the equilibrium constant K as the only adjustable parameter. 
The concentration dependence of the enthalpy of mixing is predicted 
from equation (17) in which the only other adjustable parameter is 
the term AH°, which, however, is constant over the entire composition 
range. The calculation of the entropies of mixing does not require 
any other adjustable parameters. K and AS° are related by equation
(7) and AS° cannot be adjusted independently.

It
component

is shown that in non-ideal solutions the activity of any 
is expressed by the simple relationship:

a s (N -f" • N^- )dA B B 'equilibriumx y

In this expression N.+ and N - are the respective cation and anion 
fractions in a solution which has the ionic composition corresponding 
to a specific reaction mechanism at equilibrium.

Thus Temkin's rule (16) is of general validity to ideal and 
non-ideal solutions, providing that the correct reaction mechanism 
and dissociation schemes are formulated.

In this treatment non-ideality is attributed to changes in the 
composition of a solution as the result of complex forming reactions* 
The theory does not account for secondary interactions between the 
reaction products. Equilibrium ion fractions of the assumed ionic 
forms are used throughout, the basic assumption being that the reac­
tivity of the simple ionic species like Pb2 , 0 2 or Cl has been 
satisfied through the formation of the complex and that all other 
interactions are not too significant.

Under such circumstances, the equilibrium constant K is 
expected to be composition independent and to depend only on tem­
perature over the composition range within which the above assump­
tions are valid.
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Fig. 1. Schematic drawing of the experimental emf cell
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Fig. 2. temperature dependence of the cell emf for 
various PbO mole fractions.
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Fig. 3. Temperature dependence of the cell emf for 
various PbO mole fractions.
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MOLE FRACTION OF PbO

Fig. 4. Activity isotherms for PbO and PbCl2 at 1023°K 
and 1123°K, respectively. Points (circles and 
triangles) are from experimental work. Solid 
lines are calculated from equations (10) and 
(1 1 ). x's are experimental activity data for 
PbO reported by Sugawara et al. (4).
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MOLE FRACTION OF PbO

Fig, 5. Plot of the integral heat of mixing as a
function of the PbO mole fraction in the PbO- 
PbCl2 melts. Dotted line has been calculated 
from equation (17) for K ■ 10.
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Fig, 6, Integral molar entropies of mining plotted as a 
function of the PbO content in the PbO-PbCl2 
melts. Solid line represents the total entropy 
calculated from equation (5) for K 555 10, Points 
are from the experimental results* Dotted line 
represents the configurational component of the 
total entropy.
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Fig. 7. Reversible decomposition potentials for PbO and 
Pbqi2 in the pbO-PbCl2 melts at 850°K and 1023°K, respectively#
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CONDENSED AND GASEOUS PRODUCTS CHEMISTRY IN THE

COMBUSTION AND GASIFICATION OF HIGH-SULFUR COAL

S. Sinha, K. Natesan, and M. Blander

Argonne National Laboratory 
9700 South Cass Avenue 

Argonne, IL 60439

ABSTRACT

A recently developed computer program, based on geometric pro­
gramming, is used to calculate condensed and gaseous products chem­
istry in the combustion or conversion of high-sulfur Illinois #6 coal. 
Under 30% air-excess and 30% air-deficient conditions, product chem­
istries were calculated as a function of temperature. For the tempera­
ture ranges of 1800-1100 K, condensed phases are saturated with solid 
silica, and the major “Na” and “Cl” bearing gaseous species are NaCl 
and HC1. The concentration of sulfates (under oxidizing conditions) or 
sulfides (under reducing conditions) in the silica-saturated molten sil­
icate solutions increases progressively with a decrease in temperature. 
The liquid condensates appear to be more complex than believed, and 
“hot corrosion” by silicates could be important.

INTRODUCTION

Combustion and gasification of coal is of considerable importance in industrial 
power generation. The presence of elements, such as, for example, S, Na, and Cl, 
in relatively small amounts in coal, often leads to the formation of thin layers 
of molten condensates, and results in accelerated deterioration of downstream 
components in these industrial processes.

'Some experimental studies of the chemistry of these industrial processes are 
available. Unfortunately, the global chemistry of all the gaseous and condensed 
products are not available because of the difficulties inherent in performing calcu­
lations in very complex systems. Comprehensive understanding of all the chem­
istry is essential in order to explain and predict the corrosive behavior of the 
combustion and gasification products. The present work describes the methods 
we are developing to calculate the total chemistry of coal combustion and gasifi­
cation systems.
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Typically, in such systems, one must consider a large number of elements, 13- 
15, which form as many as 300-500 species distributed between several condensed 
phases and a gaseous phase. Furthermore, nonequilibrium conditions are possible 
due to kinetic factors. Treatment of such a complex system poses many difficulties 
for researchers of this area.

In the present work, we shall discuss the use of a recently developed com­
puter program, based on geometric programming, to calculate the chemistry of 
this system. This program is capable of handling up to 300 species, including 150 
condensed phases and several solution phases. As a first approximation in this 
initial paper, the solution phase will be assumed to be ideal and, fortuitously, the 
condensed phase constituents can be chosen in a manner which makes this a rea­
sonable approximation. We shall calculate the composition of all the equilibrium 
products as a function of temperature for the temperature range of 1800-1100 K 
(1527-827°C). In addition, we shall incorporate an expected nonequilibrium con­
dition to illustrate the feasibility of using such options in our methods. Results 
are presented as a function of decreasing temperature to simulate the condition 
in which the hot combustion or gasification products are cooling as they pass 
through downstream components away from the hot zone.

CALCULATIONAL PLAN

The computer program is based on an unique algorithm which utilizes geo­
metric programming (1). The program is linked to a critically analyzed data base 
consisting of the thermodynamic properties of about 1800 species (2). We shall 
not describe the details here because of space limitations, but the program is 
capable of handling large chemical systems.

To illustrate our method, high-sulfur Illinois #6 coal was chosen for the 
present work. Table 1 gives the composition of this coal which has 3.41 wt% S. The 
theoretical oxygen requirement for combustion is the amount of oxygen required 
to convert the carbon, sulfur, and hydrogen to carbon-dioxide, sulfur-dioxide, and 
water, respectively, minus the free oxygen present in coal. In our calculations, 
30% excess and 30% deficient O2 as dry air is supplied to deduce the chemistries 
for oxidizing and reducing conditions, respectively. Table 2 shows the selected 
species in the solution phases under oxidizing and reducing conditions. These 
solution phases are chosen by performing several trial calculations, with several 
possible combinations of components of solution phases, based on a knowledge 
of solution chemistry and the tendency of components to form. Ideal solutions 
are assumed for the present illustrative calculations. Solution components were 
chosen in a manner which best illustrates the chemical properties and simultane­
ously formed solutions that do not deviate greatly from ideality. This procedure 
was a reasonably good approximation for most of the temperatures for which we
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performed calculations. Nonideality of the solutions will be considered in future 
work.

RESULTS AND DISCUSSIONS

Oxidizing C onditions: Figures 1 and 2 and Table 3 show the results for 
oxidizing conditions. Of the 120 gaseous species in the results of these calcula­
tions, only the most important species are shown in Figure 1. Under equilibrium 
conditions, very sharp changes in the partial pressures of several species occur 
around 1390 K in Figure 1 (continuous lines ). This is the temperature where the 
glassy Al203‘Na20*6Si02(s) forms by reaction of solids with the solution phase. 
Figure 2 shows that the solution phase disappears at this temperature (at about 
1390 K) and Na2S04(s) or an Na2SC>4 rich liquid solution does not form under 
equilibrium conditions to temperatures as low as 1100 K (Table 3). However, in 
real systems the formation of glassy Al203*Na20*6Si02(s) from two or more con­
densed phases is probably very slow because the two phases have to be in contact 
to react. Hence calculations were repeated for the non-equilibrium case where 
the glassy Al2 03*Na20‘6Si02(s) does not form. Such a case simulates one kinetic 
constraint in a realistic practical environment. Figure 2 shows that, under this 
constraint, the corrosive solution phase extends to temperatures as low as 1160 K.

The major gaseous carriers of sodium and chlorine are NaCl and HC1 under 
all conditions (Figure 1). Under nonequilibrium conditions, the concentration of 
NaOl(g) below 1390 K is higher than those under equilibrium conditions. The 
relative concentrations of Na20*2SiC>2(l) and Na2SC>4(l) in the solution phase 
(Figure 2) vary drastically as the temperature of the solution phase changes from 
1800 K to 1100 K. The solution is high in Na20*2Si02(l) and 'FeOSiO^l) above 
1600 K; at 1250 K the solution phase is largely Na2S04(l). Within the temperature 
range of 1600 K to 1160 K (under nonequilibrium conditions), the concentration 
of Na2S04(l) increases from a mole fraction of less than 0.01 to almost 1, with a 
corresponding decrease of Na20*2Si02(l) to less than 0,01. The concentration of 
NaCl(l) stays around 0.001 below 1350 K. It may be noted that the condensed 
phases are saturated with SiC>2(s) at all temperatures. Because of the assumption 
of ideal solution of species in the solution phase, the exact values of concentrations 
in the real nonideal solution phase is likely to be somewhat different. The con­
centrations are least accurate from about 1350-1500 K because of the deviations 
from ideality expected. However, the general nature of results at the temperatures 
where Na20-2SiC>2(l) or Na2SC>4(l) is in dilute solution will be very similar in both 
ideal and nonideal solution phases. Consequently, the general pattern of varia­
tions in the concentrations of silicates and sulfates as a function of temperature 
will be similar to Figure 2 in practical cases.
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These results present an approximate, but general, behavior of solution phases 
under oxidizing conditions; the solution phase becomes progressively more con­
centrated in Na2SC>4(l) as the temperature of the gaseous and condensed phase 
decreases from 1800 K (1323° C) to around 1200 K (923° C). The compositional 
changes reflect differences in the corrosive behavior. The silicate liquid may be 
even more corrosive than sulfates because of the high temperatures and because 
the solubility of protective oxide coatings of metals of construction in combustion 
systems is likely to be higher in silicates than in sulfates. Our results make it 
clear that for coal combustion, the corrosive liquids are not just simple sulfates, 
but are much more complex liquids than have been considered heretofore.

R educing C onditions: Results of calculations under reducing conditions 
are presented in Figure 3 and Table 4. Again, only the most important gaseous 
species are shown in Figure 3. Calculations are repeated for nonequilibrium condi­
tions where the glassy Al2O3-Na2O-6Si02(s) is not allowed to form below 1390 K.

The condensed phases are saturated with SiC>2(s) at all temperatures (Ta­
ble 4). The partial pressure of NaCl(g) in the gaseous phases at 1100 K (923°C) 
is almost one order of magnitude higher under reducing conditions (Figure 3) 
than for oxidizing conditions (Figure 1). At high temperatures the solution phase 
is largely 'FeO-SiO^l) and Na20»2Si02(l) and is largely FeS(l) at low tempera­
tures. Considerable amounts of S as FeS(l) or Na2S(l) are present in the liquid 
phase at all temperatures. The concentration of S bearing species under reduc­
ing conditions in the solution phase is much higher (0.1 at 1800 K) than the S 
bearing species Na2SC>4(l) (less than 0.001 at 1800 K) under oxidizing conditions. 
At 1300 K, the concentration of S as FeS(l) in the solution phase is 0.33 under 
nonequilibrium conditions. For 1800-1400 K, the concentration of “Fe” in the 
solution phase increases with a decrease in temperatures. The solution phase is 
present below 1100 K (923°C) under nonequilibrium conditions, and even under 
equilibrium conditions, the solution phase exists down to temperatures as low as 
1260 K (987° C).

SUMMARY AND CONCLUSIONS

Corrosive molten condensates from the combustion of coal under oxidizing 
conditions are much more complex than has been considered previously. Mixtures 
of silicates and sulfates are probable; these could be more corrosive than sulfates. 
Under reducing conditions, molten sulfides appear to be present down to very 
low temperatures. Such chemistries would have to be dealt with in coal conver­
sion processes. Thus, our preliminary calculations provide us with the ability to 
calculate the global chemistry in the oxidation of coal. Further work, which ac­
curately represents the complex nonideal solutions, which includes silicates, and
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which incorporates kinetic effects on the chemistry will greatly enhance our abil­
ity to analyze the global chemistry in coal combustion and conversion and aid in 
developing methods for minimizing corrosion.
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Table 1. The Composition of High Sulfur Illinois # 6  Coal 
Used For the Present Work

w t % Ash

c 60.15 Si02 45.57

H 4.25 Fe203 15.80

N 0.97 A120 3 17.99

S 3.41 CaO 6.88

Cl 0.05 MgO 1.09

h 2o 10.54 so3 4.22

0 7.33 Na20 4.84

Ash 13.30

Table 2. The Solution Phases for the Oxidizing and Reducing Conditions
Solution Phase for 
Oxiding Conditions

Solution Phase for 
Reducing Conditions

1. Na20-2Si02(l) 1. Na20-2Si02(l)

2. Na2S04(l) 2. MgO-Si02(l)

3. NaCl(l) 2. 'FeO-SiO^(l)

4. Na2S(l) 4. Na2S(l) or FeS(l)

5. 'FeO-SiO'j(l)
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Table 3. Approximate Amounts and Temperature Ranges of Stability of
Solid Condensed Phases Under Oxidizing Conditions*

1800 K 1400 K 1100 ¥

Si02(s) 75.0 68.5 52.7
52.2

Al203*Na2 0*6Si02(s) 1.7
0

Na2S 04(s) 0
7.4

Al20 3-2Ca0-Si02(s) 8.1 8.3

CaS04(s) 13.3
11.4

Al20 3‘Si02(s) 17.9
16.7

3Al203*2Si02(s) 3.9 5.4

Al20 3‘Mg0(s) 4.2

Mg0-Si02(s) 4.2 3.4
2.9

Fe30 4(s) 8.8

Fe203(s) 13.6 11.0
9.4

*The numerical values are % moles of the corresponding species in the mixture of 
all the condensed phases excluding the solution phase. Equilibrium and nonequi­
librium (see text) values at 1100 K are above and below the lines, respectively.

78



Table 4. Approximate Amounts and Temperature Ranges of Stability of
Solid Condensed Phases Under Reducing Conditions*

1800 K 1400 K 1100 K

Si02(s) 77.0 79.2 28.5
56.2

Al20 3‘Na20-6Si02(s) 13.7
0

FeS(s) 35.0
15.2

Al203‘Si02(s) 6.8
17.0

3Al20 3-2Si02(s) 9.0 8.2

Al20 3-2Ca0-Si02(s) 14.0 12.6 10.6
8.8

MgO-Si02(s) 5.5
2.8

Al20 3-Fe0(s) *

*The numerical values are % moles of the corresponding species in the mixture of 
all the condensed phases excluding the solution phase. Equilibrium and nonequi­
librium (see text) values at 1100 K are above and below the lines, respectively.
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Figure 1. Partial Pressures of Important Gaseous Species During the Combus­
tion of Illinois # 6  Coal. 30% Excess Oxygen is Used for the Combus­
tion.
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Temperature,(K)

Figure 2. Composition of the Solution Phase Under Oxidizing Conditions. Con­
tinuous Line (— ) and the Dotted Lines (- - -) Represent the Compo­
sitions Corresponding to Equilibrium and Nonequilibrium Conditions, 
Respectively. The Concentration of Na2S(l) is Less Than 10~8 at All 
Temperatures.
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Temperature,(K)

Figure 3. Partial Pressures of Important Gaseous Species During the Gasifica­
tion of Illinois # 6  Coal. 30% Deficient Oxygen is Used in Thia Case.
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A MODEL AND DATA FOR - 
FREEZING TEMPERATURE LOWERING OF 4 TO 7 

COMPONENT MOLTEN SALT MIXTURES

H. William Prengle, Jr. and Sandeep P. Shah 
Chemical Engineering Department 

Wayne E. Wentworth 
Chemistry Department

University of Houston, Houston, Texas 77004 USA

ABSTRACT

Research was conducted to find molten salt mixtures, 
compatible with alkali metal sulfates, as media for ammon^ 
ium hydrogen sulfate reactions. Mixtures of mono- and di­
valent metal sulfates having freezing temperatures of ^ 550 K 
were sought, pure sulfates melt at 1000 to 1300 K. Nine 
divalent metal sulfates with three alkali metal sulfates 
were used.

For interpretation of experimental data a thermodynamic 
model was developed, the key parameter being the "excess 
entropy-enthalpy function", positive values of the excess 
function produce greatest effect. Results gave for 4- 
comppnents 640 K; for 5-components 631 K; for 6-components 
596 K; and 7-components 593 K.

INTRODUCTION

The Ammonium-Hydrogen-Sulfate (AHS) energy storage cycle was pro­
posed 11 years ago by Wentworth and Chen (1), followed by process con­
figurations proposed by Prengle and coworkers (2,3). The duplex modi­
fication of the cycle proposed by Prengle in 1984 is based on conduct­
ing the two endothermic chemical reactions (4) in a compatible molten 
salt (CMS) mixture. The first reaction (450-600 K) produces NH3, H2O, 
and S2O 7 2 by reaction of ammonium hydrogen sulfate with an alkali 
metal sulfate, and the second (650-950 K) produces SO3 by decomposition 
of the pyrosulfate. The duplex version of the cycle contemplates using 
the sensible energy in the excess CMS immediately; whereas the exo­
thermic recombination of the three product molecules would be accom­
plished for later use of the stored energy.

The research described in this paper concerns the search for CMS 
mixtures of alkali metal, alkaline earth, and transition metal sulfates 
which could be used as reaction media for the two reaction steps men­
tioned above. Specifically, the objective of the work was to discover 
mixtures of mono- and divalent metal sulfates with freezing tempera­
tures of ^ 550 K, a significant lowering as the pure components melt
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in the range of 1000-1300 K.

LITERATURE SEARCH

Data on thirty-two sulfate eutectic mixtures were obtained from 
the literature (5,6,7), including the alkali metal components Li, Na,
K, the alkaline earths Mg, Ca, Ba, and the transition metals Zn, Cu,
Cd, Pb, Co and Mn. It was hoped that some preliminary answers would 
be revealed to the three questions: -the possible amount of freezing 
temperature lowering, -the effect of specific metal ions, and -the 
number required to get 500-600 degree lowering.

By analogy with the thermodynamic mixing property, a preliminary 
lowering criterion can be defined. For example, for a local minimum 
enthalpy, the mixing property, AHM , will be,

AH*1 =  Z X . ( H .  -  H . )  ( 1 )

where X^, H£, H£, are the mole fraction, partial mole enthalpy, and 
pure component enthalpy respectively. Similarly, for a molten salt 
eutectic mixture freezing temperature will be,

ATf = E X.(Tf - Tfi) (2)

and, E X.(Tf - Tf.)/ AT£ = E X.^. = 1 (3)

each term in the series representing the fraction lowering, £., of the 
freezing temperature for a given component. Using this method of 
analysis, Table 1 presents the results for mixtures of alkali metal and 
alkaline earth sulfates, indicating that in a preliminary way Li4 had 
the greatest effect, K+ was next highest, and Na+ and Ba+2 were lowest.

The remaining eighteen mixtures of alkali metal sulfates with 
Group IB, IIB and VIB, VIIB and VIII were analyzed similarly. As a 
preliminary guide to further experimental work, the final ranking of 
the components, based on all thirty-two mixtures, in descending order 
with some overlap was,

£(Li)>£(K)>£(Zn)>£(Mg)
5(Pb) > £ (Cd) > 5(Ca) > £ (Na) > £(Ba)

£(Cu) > £(Co) > ?(Mn)
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Table 1 - £. Contributions of Alkali Metal and Alkaline Earths

M ixture £ ft(L i) Sb CNa) Cc 0 0 Sd (Mg) £ f (Ba)

LI 0 .6 3 6 0 .3 6 4 - . - _
L2 0 .7 4 8 - 0 .2 5 2 3 - - -

L3 0 .3 4 5 0 .6 5 5 - - -

L4 0 .7 4 4 0 .0 8 4 0 .1 7 2 - - -

C on clu sio n : £ a  > 5 C >
«b

L12 _ 0 .6 2 3 0 .3 7 7 - -
L8 - 0 .4 8 2 - 0 .5 1 8 -

L7 - 0 .5 2 0 - - 0 .4 8 0

L20 0 .6 5 7 - - 0 .3 4 3 - -

L17 0 .6 8 7 - - - 0 .3 1 3 -

L16 0 .5 0 2 - - - - 0 .4 9 8

L28 - 0 .4 8 3 - 0 .3 9 2 0 .1 2 5

L30 - 0 .1 8 6 0 .7 4 8 0 .0 6 6 -

L29 0 .2 5 5 - - 0 .5 8 5 0 .1 6 0

L32 0 .3 2 0 0 .3 3 4 0 .3 4 2 - -

C on clusion : £ > £ * c

EXPERIMENTAL

The search to find the desired 550 K freezing temperature mix­
ture (s) resulted in measurements on 45 four-seven component mixtures 
of Li+, Na+, K+ sulfates with Mg+2, Ca+2, Ba+2 alkaline earth sulfates, 
and seven transition metal sulfates, Cd+2, Co+2, Cr+2, Cu+2, Mn+2,
Pb+2, and Zn+2. The sulfates used were reagent grade of 99+% purity. 
Mixtures of known composition were made up, melted, and held in liquid 
phases for 'v 12 hours to insure ionic equilibrium, prior to determin­
ation of the cooling curve by electrical conductivity.

Figure 1 displays a typical conductivity-temperature plot, as t n  X  
vs. 1/T, indicating an observed hysteresis cooling-heating curve.
Since primary interest is in the occurrence of solidification from the 
liquid phase, the values of T and T~ were taken as more meaningful to 
the objectives of the project. Simultaneously the cooling curve deriv­
ative was determined and recorded electronically, displayed in Figure 
2, permitting a more precise determination of the difference AT=TQ-T^. 
This difference was used as a guide for successive estimation of new 
compositions closer to the eutectic point. Details of the equipment
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used are presented by Shah (8 ) .

Tf- LOWERING MODEL

As the experimental work progressed it was apparent that a model 
for calculation of the excess entropy and enthalpy was needed to guide 
the composition choices, a criterion more precise than the £. ordering. 
Consider the T-S loop cycle shown in Figure 3, starting with the pure 
components in the solid phase of a eutectic mixture. As the solid 
phase is heterogeneous a generalized composition dependent structure 
is not possible; instead the pure components were chosen arbitrarily 
as the starting point. Progressing around the cycle, points 1 to 4, 
the sum of the entropy terms and the corresponding enthalpy terms, are 
given by*

E X.C . i i pcitin ~ -

T* M —  f+ AS + ASt + E X.C T . I n  - AS = 0 m L  ̂ i pLi * m (4a)

E X.C . (T i i PPi1 Tf> + AHm + HL + l  XiCpLi(Tf - T ) - AHm = 0 (4b)

wherb AS = E X.AS ., AH = E X.AH ., and T = AH / ASm 
m i  mi* m 1 mi* m m

for ASffi and AH^ gives,
* M TAS (at T.) = AS + AS. + <AC > Z n  ^  nr f J m L P T£

AH (at T-) = AH* + H? + <AC >(T* - T-) m r m L p v r

Solving

(4c)

(4d)

where, <AC > = E X.C . - E X.C the difference between the crystal p i pci i pLi J
and liquid heat capacities. Combining by T^ASm = AH^ gives,

* M T* * F *T-AS + T-ASt + Tj,<AC > t n  ir- = AH + H7 + <&C >(T - T,) (5a)f m r L f p T ^  m L  p v f
The two heat capacity terms can be combined, letting

g = T^<AC > l n  -- <AC >f P Tf p
T~ + AT

= T£<ACp> [ I n  (— ---) - AT
f

_ T
*-)]

= Tf<ACp> [ £ n (1 * ^  f  ] (5b)

also letting, y  =  j -  ; g = Tf<ACp> [£n(l + y) - y];

I n  (1 + y) - y -y - ay2 - y = -ay2 = -a 
where a = 0.422 ±0.037, and g = -ay2<ACp> T^ .

y - 0.10 to 0.50,

(5c)
(5d)
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Substituting ihto 5a and solving for Tf gives,
AH* (1 + HE / AH* )

y  = ______ m L m
f AS* [1 + (AS? - ay2 <iC >)]

* ASm L Pm
p *  M A T  o *Letting Ui = llĵ /AIÎ  ; u2 = [ASL - a( ^  )2<AC^>] / ASffl

then, Tf = AH* (1 + ui)/AS* (1 + u2) = t* (1 + ui)/(l + u2) = T*0
T L £

or, 0 = —  = (l+ui)/(l+U2) = 1 + ui - u2 + [higher order terms]
T *

The quantity of interest is the fraction depression of T , called 
a = (1-0). Neglecting the higher order terms gives,

(5e)

a  = u2 - ui = -1* (Asf * ay2 <4C >) - H? / AH* (6a)AS L p L m
ft

Inserting the ideal entropy of mixing and the excess entropy, y2 in 
terms of a, and defining cJ>E = (g^ - H^/T*) gives the model equation,

a = - A t (-2 X^nX.) + <f>E/AS* - a(r 4 ^ ) 2<AC >/AS* (6b)
AS pm

EThe magnitude of the excess property function, cf> , being determined 
primarily by the liquid phase excess entropy, which can be positive or 
negative depending on the liquid phase molecular configuration. For a 
given experimental mixture, knowing a, <AC >, and AS*, the value of 
the excess function can be obtained, ^

<pE  =  c t A S *  +  R I  X . . f n X .  +  a ( y  01 ) 2 < A C  >  ( 6 c )
r  m 1 1 V1 -  o r  p  v '

It is obvious that a positive excess function is desirable to obtain 
larger a-values.

THE CORRELATION PAIR

As a consequence of the model, combined with a Scatchard function 
a correlation pair results for the freezing temperature lowering as a 
function of the thermodynamic variables. Examination of the a- 
function (Ean. 6b) indicates that it is a cubic-in-a for which the 
real root 0<a<l is desired, and in this region can be represented by a 
quadratic rather than a cubic. Defining,

w 5 AS*/<AC >, and z = (<(>E - RI X.£nX.)/AS* (7a)
m p 1 1 m

followed by mathematical simplification of 6b leads to the dimension­
less form,
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a = 7(zw)!V9 - w/6 (7b)
or the linearized form,

ct/w = 7(z/w )!V 9 - 1/6 (7c)
ENeither equations 6c or 7a,b are predictive of (j) , both requiring 

experimental data; however, once a few values of the excess function 
are known as a function of composition for a particular group of 
mixtures, a pseudo-binary Scatchard (9) function can be used to 
correlate the values,

<j>E = X iX2A0[1 + ai(Xj - X2) + a2(Xj - X2) 2 + ...] (7d)

Equations 7a or b and 7d constitute the correlation pair of equations. 
For the case of sulfate mixtures, Xi and X2 were taken as X and X,, 
the mole fractions of the mono- and divalent metal sulfatesmrespec- 
tively.

RESULTS

Using model equation 6c, values of the excess function were cal­
culated for the thirty-two literature and the forty-five experimental 
mixtures. For the divalent metals with alkali metal sulfates, some 
gave positive values others negative values as indicated,

positive (fr values negative (f)E values
barium
calcium
lead
zinc

75%
of all 

positive 
values

cadmium
cobalt
copper
magnesium
manganese

78%
of all 

negative 
values

A test of the a-correlation is presented as Figure 4 for the liter­
ature plus experimental mixtures with positive excess function values. 
The computer generated curve as f(zw) gives a very good fit, r=0.985.

EThe positive <{) -values were correlated 
function giving,

Scatchard

<t>E (J/gmol K) = A0XmXd [l + a!(Xm - Xd) + a2 (Xm - Xd)2]

= 3.064XmXd [l + 1.559(Xm - Xd) + 16.99(Xm - Xd)2] (8a)

(r = 0.990)
E EPlots of <f> /X Xj vs. (X - X,) and 6 vs. X are shown as Figures m a  m a  m

5a,b, the latter plot indicating that greatest temperature lowering 
should occur in the vicinity of X = 0.20 and 0.80.

As regards our experimentally measured freezing temperatures, two
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ternary mixtures reported in the literature (4,6) served as the lowest 
temperature starting point: 1 ) -an alkali metal sulfate mixture,
X(Li) 0.780, X(Na) 0.085, X(K) 0.135, Tf = 785 K; and 2) -a mixture 
with zinc sulfate, X(Na) 0.190, X(K) 0.258, X(Zn) 0.552, Tf = 661 K, 
the effect of zinc being rather striking. Table 2 summarizes the 
’best’ 4,5 and 7 component mixtures, and Figure 6 is a plot showing 
the convergence of 6-component mixtures to eutectic compositions.

Table 2. Lowest Tf for 4, 5, and 7 Component Mixtures
*

N Composition X^ Xm a T ,K Tf
4 (Li) 0.3247 (Na) 0.1579 

(K) 0.0741 (Zn) 0.4433
0.5567 0.4123 1103 649

5 (Li) 0.3268 (Na) 0.1586 
(K) 0.0746 (Zn) 0.3556 
(Ca) 0.0842

0.5602 0.4550 1158 631

7 (Li) 0.1600 (Na) 0.2600 
(K) 0.2600 (Ca) 0.0150 
(Ba) 0.0100 (Mg) 0.0885 
(Zn) 0.2065

0.6800 0.5220 1221 593

The research to date has achieved T^ values in the vicinity of 590 K, 
lower values should follow with additional work.

DISCUSSION

Three items are believed to be significant from the work, the fact 
that: 1) -the mixture freezing point can be reduced more than 50% of 
the linear combination freezing point, 2) -the proposed model can be 
used to guide the search to the composition regions where greatest 
lowering can be expected, and 3) -statistically the mono- and divalent 
sulfate mixtures involved showed significant excess entropy and en­
thalpy. Concerning the latter matter, Lumsden (11) and Bloom (12), 
following Hildebrand (10) have viewed molten salt mixtures as 'regular* 
solutions; however, it was expected that the mixtures investigated in 
this work would show excess entropy. The choice of the definition of 
the excess function, (j)E = sE - HE/T*, was a matter of mathematical 
convenience, as individually SE and HE can not be separated. Those 
mixtures with positive excess function showed values of 0 < <j)E < 4, 
j/gmol K, which is considered to be primarily entropy, as enthalpy is 
small when divided by T .
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Fig.l. Dynamic Hysteresis

Fig.4. Temperature Lowering Correlation
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Fig.5A,B. Excess Function Correlation
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THERMODYNAMICS OF 1-METHYL-3-ETHYLIMIDAZOLIUM 
CHLORIDE —  ALUMINUM CHLORIDE MIXTURES

C. 3. Dymek, Jr., C. L. Hussey, J. S. Wilkes and H. A. 0ye*

The Frank J. Seiler Research Laboratory 
United States Air Force Academy 
Colorado Springs CO 80840-6528

ABSTRACT

A thermodynamic model for liquid mixtures of l-methyl-3- 
ethylimidazolium chloride - aluminum chloride is presented. 
The model is based on EMF and vapor pressure measurements.
It assumes the presence of the anions, Cl”, A1 Cl4*”, AI2CI7” , 
A13C110“. as well as A^Clg and equilibria between them.
The most remarkable feature of this system is the strong 
dependence of A1Cl3 activity on composition in the acidic 
region and the presence of A13CIi0“ as a dominant species 
around 75 mol % AICI3

INTRODUCTION

Melt mixtures of 1-methy1-3-ethy1imidazolium chloride (MEIC1) —  
aluminum chloride are molten at room temperature for aluminum 
chloride concentrations between 30 and 67 mole 1 (1). Its Lewis 
acidity varies within a wide range from the very basic melt with 
excess MEIC1 to the acidic melts with excess aluminum chloride. The 
melt mixtures are of interest as a battery electrolyte, a solvent for 
unusual oxidation states, and as a homogeneous catalyst for organic 
reactions.

Recently the melts have been characterized thermodynamically 
between 46 and 68 mole t A1 Cl3 by EMF measurements using aluminum 
electrodes (2). A study extended further into the acidic range is of 
importance to obtain a complete thermodynamic description of the 
melts and to clarify which species are present throughout the 
composition range. Using a vapor pressure method, activities with 
respect to liquid aluminum chloride can be calculated and a thermo­
dynamic model can be constructed which predicts vapor pressure, 
activities, and the EMF's of galvanic cells.

*Permanent Address: The Technical University of Norway, N-7034 
Trondheim-NTH, NORWAY
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EXPERIMENTAL

The vapor pressure was obtained by a boiling point method. The 
principle and theory of this method have been given by Motzfeldt, 
Kvande, and Wahlbeck (3) and only a short outline is presented here. 
The sample is contained in a cell with a capillary opening, in the 
present case made from pyrex glass (cf. Fig. 1). The cell is placed 
in a recording thermobalance and brought to temperature under N2 
pressure. Theoretical treatment of the transport processes (3) gave 
the following expression for the rate of weight change w:

In this equation, Pf is the external pressure, and P is the 
equilibrium vapor pressure of the melt. The parameters A, B, and C 
are related to gas diffusivity, heat transfer and gas viscosity, 
respectively, but for the present purpose may be considered empirical 
constants for a given experiment at constant temperature. What is 
important here is that Eqn. 1 allows calculation of P from the 
experimental quantities, Pf and w.

A commercial thermogravimetrical analyzer was used for our 
studies (Perkin-Elmer TGA7 Thermogravimetric analyzer). It was 
connected to a MENSOR Quartz manometer/controller™ with a nitrogen 
reservoir and a vacuum pump. The TGA7 was fully computerized but 
could only take total weight of 5 grams including the crucible. To 
accommodate the crucible and achieve a larger zone of constant 
temperature, the low-temperature furnace of the TGA7 was replaced 
with a larger furnace made of a quartz tube with externally wound 0.2  
mm Pt wire having the same resistance as the original furnace, 8.5Q.

In earlier work on chloroaluminates (4,5,6), the initial outer 
pressure was larger than the vapor pressure and the outer pressure 
was then stepwise lowered, the weight loss increasing markedly when 
the outer pressure becomes lower than the equilibrium vapor 
pressure. The vapor pressure was obtained by a fitting of the mass 
loss data to Eqn. 1. As the evaporating gas had a composition 
different from that of the melt, a continuous change in melt 
composition resulted. This was accounted for by correction 
procedures (5,6).

The problem with a changing composition of the melt during the 
present experiment is much more serious due to the smaller sample 
size (2 g versus 40 g) and a very strong dependence of vapor pressure 
on composition. Using the procedure mentioned above led to having to 
"chase" a rapidly diminishing pressure. The resulting break in the 
weight loss curve was not sufficiently pronounced and the correction 
procedure was difficult to employ. It was then decided to change the
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procedure and turn this apparent weakness of the present set-up into 
an advantage.

The first modification was to lower the initial external pressure 
below the equilibrium pressure, and then let the sample boil itself 
toward the composition which corresponds to the external pressure.
The equilibrium pressure was determined from the weight loss as 
follows:

In the chosen pressure range where P f  < P ,  Eqn. 1 is simplified 
to

-w = C[[Pexp (w/B)]2 - Pf2] (2)

neglecting diffusive gas flow.

As the weight change Aw for one experiment with constant P f  is 
small relative to the total weight and the gas consists only of 
aluminum chloride

AXA = k' Aw (3)

where k' = XA(1-XA> +  (1-XA)2 <MMEIC1 ̂ A1C13>
w

where M is the molecular weight of the subscripted species, XA 
denotes the stoichiometric mole fraction of AICI3 = nAlCl3/<nAlCl3 + 
nMEICl>» ancl w the sample weight.

For a limited range, the vapor pressure of AI2CI5 is assumed to 
follow the relation

d In P = k" d XA (4)

Eqns. 2-4 gives the following differential equation for the weight 
change rate

-w = CEP2 eaAw eaw - Pf2] <5)
0

where P0 is the pressure at the start of the experiment at time t=o 
and Aw=o, a=2k'k" and a=2/B. This equation can only be solved for

|aW| < 1, so that

aw * 1 aW
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This gives

CP2 eaAw I _ CP2

-i = 0 f
1 + <xCP2 eaAw

and integration of Eqn. 6 gives:

Aw 1 1____ + a In
p2 paAw _ p2 
*0 e Kf

CPf a CP2 P2 - P2
- 0 f J

(6)

(7)

The quantities P0 and a can be obtained in an iterative fashion 
and the constants C and a by fitting of Eqn. 5, 6 or 7. A two point 
fitting is^most easily done by the use of Eqn. 5 as the experiments 
give both w and Aw and no approximation is involved. The fitting is 
done for t=o where Aw=o and for the end time, t.

After determination of a and C, Aw for W = -0.1 mg/min is 
calculated. The composition of the melt which has this weight change 
Aw is now taken to be the melt which has a vapor pressure Pf. The 
rationale for setting w = -0.1 mg/min instead of 0 was justified from 
calibration experiments with ethyleneglycol combined with the fact 
that Eqn. 5 wi11 extrapolate the data too far due to neglect of 
diffusive gas flow. Examples of experimental data are shown in Fig.
2. This procedure worked well for external gas pressures in the 
range 0.4 - 0.7 atm., but at lower external pressures, the time t for 
w - -0.1 mg/min becomes exceedingly long making the extrapolation 
procedure uncertain.

In the second modification, the initial external pressure was 
again lowered below the equilibrium vapor pressure resulting in 
boil-off of A1 Cl3 . But the external pressure was increased in steps 
until boiling stopped as indicated by the levelling off of the rate 
of weight loss. The composition at that point corresponded to a melt 
which had the vapor pressure Pf. For both methods, melt mixtures 
from 80 to 66 mol % could be studied with a single experimental 
sample. It was however necessary to raise the temperature when the 
vapor pressure became too low for easy measurements (< 0.05 atm).

III. THERMODYNAMIC MODEL AND CALCULATIONAL PROCEDURES

The model assumed the following melt species to be present in the 
melt: 1 -me thy 1 -3-ethyl imidazol ium (MEI+), Cl~, AICI4”, A ^ Cly,
A13CI i o“"» ar,d A12CI5 •
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Three Independent equilibria are formulated between the species:

AICI4- = Cl- + 0.5 A12C16

AI2CI7- = AICI4- + 0.5 A12C16

AI3CI10- « A12C17- + 0.5 Al2Clg

ai a50-5

a4

a4 a60-5 

a7

a7 a60-5 

a10

< 1

KII

KIII

( 8 )

(9)

< 10)

where
ai = Yi Xi , (11)

the subscript referring to the number of Cl's present in each species, 
and

—r
AHi° (To) ASi° (To) ACD°i 

- -*■ + ■
T T0 - T

In . * 0 (
RT R R To T

^ J

where T is the temperature of the experiment and T0 is the standard 
temperature.

Xi is defined as a modified Temkin ion fraction (7), i.e. as an 
anion fraction where the neutral AI2CI5 is counted among the anions. 
From this definition the following mass balance equilibria are 
obtained:

X4 + 2X7 + 3X10 + X6(2 - XA)/(1 - XA) = XA/(1 - XA) (13) 

and X] + X4 + X7 + X i q + X5 = 1 , (14)

where XA is defined as at Eqn. 3.

Presently the activity coefficients Yi in Eqn. 5 are set equal to 
unity. This is equivalent to setting them to be constant and 
incorporating them into the equilibrium constants. The ACp°i in Eqn. 
12 is set equal to zero. Knowing Kj, Kjj, and K m >  as functions of 
temperature, Eqns. 8-14 can then be used to calculate the five ion 
fractions as well as the activity ag.
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The program MODFIT (8 ) programmed for a personal computer was 
used to determine the equilibrium constants Kj, Kj j > anc* Km,.by 
minimizing

F = E(log ag Cexp] - log ag Ccalc])^

This criteria is equivalent to a relative least square fit of the 
values proper, but avoids the very small numbers for basic melts.

The experimental total vapor pressures were converted to 
activities utilizing data from the JANAF tables (9) as well as 
considering the small amount of AICI3 in the vapor phase:

AICI3 (1) = AICI3 (g) (15)

<i5 = exp {76.65 - 13159.6 H  - 9.474 InT + 7.93 10“3T 

- 3.903.10-6T2 + 1.3.10-3T3 - 0.1929.1CH2T4}

2 A1C13 (g) = A12C16 <9> (16)

<16 = exp {-23.6162 + 15588.4.H  + 0.5482 InT + 3.32.10“3T 

- 1.96.IQ- 5 T2 + 0.774.10"9T3 - 0.137.10~12T4}

The activity ag is then given as:

a6 P /p°
A12C16 ai2c i 6

8 - 7b2 - 4P2tot 

2K16 • k 152

(17)

where B = 2P^0t + 1/K]g. As the internal transport number of MEI + is 
unity (10,11), the EMF data can be transferred to activity by the 
relationship (12):

6F r 1 - x a I
d In ag * - —  _____iL dE (18)

RT + 2XAJ

The integration constant was chosen so that this EMF data 
overlaps with the vapor pressure data.

Although Eqns. 8-14 are a straightforward set of equations to 
solve for the anion fractions and the ag activity in an iterative 
fashion, the solution may easily diverge if proper starting values 
and restrictive conditions are not introduced, especially near the 
equivalence points, XA(eq) = 0.50, 0.667 and 0.75. The following 
procedure was successful. Close to the equivalence points, XA =
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XA(eq)±0 .0 2, the majority species was first calculated for the 
equivalence composition assuming only the three most prominent 
species present. Then the second most prominent species was 
calculated for the same composition. The three remaining species 
were calculated from Eqns. 8-10. A better value for the second 
species was then calculated from Eqn. 13 by requiring the ratio 
between the two most prominent species to be unchanged, and an 
improved value was then obtained for the first species from Eqn. 14. 
The process was repeated until all mole fractions changed with less 
than ±0.00001. Further apart from the equivalence point, the 
iteration procedure was less critical and the starting values were 
calculated considering only the two major species. Using this 
procedure the final result for each composition was usually obtained 
with less than 10 iterations. To find the best set of Kj, Kj j , and 
Kni, the constants were first varied one at a time and afterwards 
all constants were varied simultaneously.

IV. RESULTS

The original EMF data were averaged from two or three 
independent experiments and integrated to obtain activities using 
Eqn. 18 and are given below. For the three different temperatures, 
the activities of AI2CI5 for X/\ = 0.60 have been arbitrarily set 
equal to unity.

40°C

*A
log a6

0.4745
-29.983

0.4798
-29.755

0.4853
-29.446

0.4903
-29.085

0.4952
-28.533

0.5204 
-1.869

0.5310 
-1.465

0.5415
-1.168

0.5504
0.902

0.5595
-0.696

0.5691
-0.506

0.5798
-0.324

0.5904
-0.141

0.6003
0.041

0.6102
0.209

0.6205
0.430

0.6308
0.689

0.6411 
1.039

0.6511 
1.435

0.6612
2.036

0.6714
2.873

50°C

*A
log a6

0.4850
-29.222

0.4906
-28.567

0.4948
-28.048

0.5211 
-1.806

0.5288
-1.541

0.5387 
-1.283

0.5509
-0.972

0.5598
-0.767

0.5698
-0.562

0.5791
-0.372

0.5897
-0.175

0.5999
0.002
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60°C

Xa
log a6 •

0.4648
-29.205

0.4691
-29.082

0.4751
-28.854

0.4800
-28.597

0.4852
-28.279

0.4902
-27.890

0.4952
-27.263

0.5198
-1.852

0.5312 
-1.442

0.5410
-1.176

0.5512
-0.926

0.5597
-0.736

0.5711
-0.4858

0.5784
-0.3416

0.5867
-0.1898

0.6001
0.0046

0.6103
0.2353

0.6212
0.4782

0.6296
0.683

0.6410 
1.009

0.6503 
1 .397

0.6605 
1.898

0.6713
2.505

0.6804
3.120

0.6909
3.871

The
ignoring

vapor pressure data 
the presence of A1C1

were transformed into ag by Eqn. 
3 1.e. ag = Ptot/K9K82;

17

t°C
xa
log as

206
0.7572

-0.611

236
0.7281

-0.961

267
0.7114

-1.360

191
0.7788
-0.427

191
0.7665
-0.552

191
0.7383
-1.030

219
0.7233

219
0.7118

265
0.7049

-1.278 -1..676 -1.701

In order to get a smooth overlap between the EMF and the vapor 
pressure data, the value 6.5 was subtracted from all log ag data 
obtained by EMF measurement. The fit gave the following parameters:

I II III
AH (kJ) 55.40 2.81 6.21
AS (J/K) -191 -53 0.9
log K (40°C) -19.2 -3.2 -1.0

with a standard deviation in the fit equal to 0.107. Figure 3 shows 
the activity ag for t=40°C and t=250°C and the calculated 
concentration of the different species for t=250°C. It must, 
however, be stressed that the data are preliminary and more accurate 
data are expected to be obtained after performing further 
experiments. It should also be remembered that the mole fraction is 
calculated assuming the activity coefficients to be constants.
Higher polymeric anions with four or more A1 atoms may also be 
present.

Nevertheless three features stand out:
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1. Acidic melts are stable versus gaseous decomposition up to at 
least 300°C even if they attain a dark color.

2. Not only is the activity change tremendous around 50 mol 1 
A1Cl3 , but the AICI3 activity changes much more strongly with 
composition in the acidic region than for alkali chloroaluminate 
melts.

3. Substantial amounts of higher polymers like A13d  10“ must be 
present to explain the strong change in AICI3 activity around X/\ =
0.75.

Raman spectroscopic studies are under way to clarify the presence 
of higher polymers.
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Figure 1. Capi1lary cel 1 
used for vapor pressure 
measurements.

Figure 2 . Experimental weight 
loss data. T * 191°C, outer 
pressure of 0.5613 atm, and 
composition at equilibria of 
XA = 0.7675.
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Figure 3. Activity of A^CIg at 40 and 250°C and species 
concentration at 250°C from model calculations.
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VAPORIZATION OF WAT E R  FROM HYDROUS MELTS 
AND CONCENTRATED ELECTROLYTE A Q UEOUS SOLUTIONS 
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Akihiko Kajinami, and Yukio Kanaji

Department of Industrial Chemistry,
Faculty of Engineering, Kobe University 

Rokkodai, Nada, Kobe, 657 Japan

ABSTRACT

Vapor pressure of hydrous melts and very concentrated 
electrolyte aqueous solution were measured with the sys­
tems ZnCl2-H20 and CaCl2-H20. The measurements were 
made at various temperatures in the composition range of 
r(water/electrolyte)=l.27-20.0 for ZnCl2-H20, or r=4.23-30.0 
for CaCl2-H20 by the transpiration method. From the 
temperature dependence of the vapor pressure, the en­
thalpy and entropy of vaporization were determined. The 
correlation between them showed two different types of 
linearity indicating Barclay-Butler rule for each system. 
To explain these results , the existence of different kinds 
of ion-water interactions were proposed.

INTRODUCTION

Hydrous melts and very concentrated electrolyte aqueous solu­
tion, containing hydrate melts, are situated near the end of the 
concentration scale of the electrolyte in molten salts-water systems, 
if it could be allowed not to take account of the difference in tem­
perature (1). Therefore, they have two kinds of aspects, as a mol­
ten salt and an electrolyte aqueous solution. The studies on these 
regions are expected to do much for both of molten salt chemistry 
and aqueous solution chemistry. Especially, the investigations on 
the chemical or physical behavior of water in these systems are 
very interesting and important in order to understand the 
properties of water in molten salts at high temperature or in the 
hydration sheath around ions of dilute aqueous solutions. In them, 
most of water molecules are under restriction of ions and the 
water-ion interactions are highly associated with ion-ion interactions.

For the purpose of studying the physico-chemical properties 
of water in hydrous melts and very concentrated aqueous solutions, 
the vapor pressures of water for the systems ZnCl2-H20 and CaCL- 

H2O were measured over a complete concentration range, as far as 
they were stable liquids at various temperatures of 30-145 °C, by
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u sing  the transpiration method.

EXPERIMENTAL
The preparation of hydrous melts and the concentrated solu­

tions was reported earlier(2).

The vapor pressure of water over the electrolyte-water sys­
tems were determined by the transpiration method using a Karl- 
Fischer automatic titrator. The apparatus for the measurement is 
shown in Fig.l. N 2 gas was used as a carrier gas. The dried 
and preheated carrier gas was first equilibrated with the 
electrolyte-water systems at a known temperature in the sample 
chamber, and finally passed through anhydrous methanol in the cell 
of Karl-Fischer automatic titrator for the measurements at low tem­
peratures , or through a cold trap, cooled with liquid nitrogen, for 
those at high temperature. On the latter case, after flowing carrier 
gas for the given period of time, the cold-trapped water was heated 
and evaporated to put into the cell of titrator with carrier gas 
flow. Samples were maintained at the known temperatures with a 
water bath or an electric furnace thermo-controlled. To prevent 
the vapor from condensation, the paths were kept at 5 °C higher 
than measuring temperature . The equilibrated vapor pressure was 
determined as the value at the plateau on the plot of vapor pres­
sure v.s. flow-rate of carrier gas (3). Testing the accuracy of this 
method, measurements were made with pure water at different tem­
peratures.

RESULTS AND DISCUSSION

Transpiration measurements were made mainly on the systems 
of ZnCl2-H20 and CaCh-ELO in the temperature ranges of 30-145 °C 
for the former systems and 30-120 °C for the latter. Their com­
position ranges were 1.27-20.0 for ZnCh-HaO and 4.23-30.0 for CaCh- 
HaO of water/electrolyte ratio (r). On being measured under these 
conditions, all the samples were stable as liquids. However, not all 
compositions could be investigated at all temperatures because of 
the limitations of their melting point or solubility. Before and
after the measurement, the change of the composition was negligible.

The variations of vapor pressure with the composition are 
shown Fig.2. For CaCh-HaO system, the linearity of vapor pressure 
in the mole ratio of water were kept up to r=5. For ZnCh-HaO sys­
tem, the linearity could not be recognized, as had been reported 
with nitrate-water systems by Tripp (4). The relationship between 
activity coefficient of water and composition for the hydrous melts 
was shown in Fig.3. The activity coefficient was so small that it 
indicated water molecules intensively restricted with ions, and that 
of CaCl2-H20 was smaller than that of ZnCh-IhO by a factor of
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about two at c o rre sp o n d in g  mole ratio  in  the com position  ran ge  up  
. to ca. r=6.

Proin the data on the tem perature dependence of v ap o r p re s -  
, sure, ave rage  en tha lp y  and en tropy  o f vaporization  were determ ined  

by  the o rd in a ry  method. The p lo ts o f the en thalpy  of vaporization  
. v .s . co m p osit io n  a re  g iv e n  in  F ig .4 and  5. In  sp ite  o f b e in g  
, determ ined in  d iffe ren t tem perature ran ge s, the p lo ts for each s y s ­

tems are corre lated b y  a s in g le  line. However, the corre la tion  for  
, CaCk-HaO rem arkab ly  d iffe rs  from that for ZnCla-HaO. I t  has a maxi- 
. mum at ca. r=6 in  the plots. For ZnCh-HaO, the en tha lp y  increase s  
. w ith the decrease of water content and the corre lation  show s a d is -  
( cern ib le  shou lder at r=3-4.

The e n tro py  of vaporization  for these sy stem s showed sim ilar 
, corre lation  w ith the ir  com position to that of the enthalpy. The p lots  
, of en tro py  v.s. en tha lp y  of vaporization, B a rc la y -B u t le r  p lots, are  
, shown in F ig .6. With both system s, they g ive  two d iffe ren t s t ra ig h t  

lin e s  d is t in g u is h e d  b y  the co m p osit io n  r a n g e s .  In  the r a n g e  o f  
those com position , each c o r re la t io n  sh o w s the B a r c la y -B u t le r  ru le  

. w hich expre sse s the sim ilar p ro ce ss of vaporization, and  it  is  s u g ­
gested that water molecules in those com position ra n ge s  are under  

' sim ilar re str ic t ion  (5). In  other w ords, it seems that w ater-ion  in ­
teraction ch an ge s at r=2.8 for ZnCh-HaO and r=5 for CaCh-foO .

From these re su lts, it is  concluded that the ion -w ater in te rac ­
tions in the CaC l2~H20 system  are weakened by in c re a s in g  cation - 

, anion in teraction  at a water content reg io n  le s s  than  r=5-6 and  
the water molecules in the ZnC L-fhO  system  are trapped  am ong in -  

, c re a se d  a g g r e g a t e d  sp e c ie s  o f Z n C h  at a water content reg ion  
l e s s  than  r-3 -4 .
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iig.l Schematic of Apparatus Used in the Transpiration 
Method for Measuring Vapor Pressures.

I *103)

o 85 °C O100U © 115*C
• 130*0 «145*C

(x 1 0 4)

[H20]/(CaCl2]
9 8 5 °C Oioot enot; 
•11 5 *C «12 O’C

Fig. 2 Vapor Pressure of Hydrous Melts 
at Various Temperatures.
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[ hbOJ/tZnCb]

Fig* 3 Activity Coefficient of Water in Hydrous Melts 
at 100 °C.

Fig. 4 Enthalpy of Vaporization from ZnCl2 - H20 
Systems.
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Fig.6 Plots of Enthalpy v.s. Entropy of Vaporization.
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THERMODYNAMIC PROPERTIES OF MOLTEN MAGNESIUM CHLORIDE 

HYDRATES IN PRESENCE OF POTASSIUM CHLORIDE

H .-H . Emons, A. D ittrich, and W. Voigt
Bergakademie Freiberg, Sektion Chemle 
Leipziger S tr ., Freiberg 9200, Germany

ABSTRACT
Vapour pressure measurements had been performed in the ternary  
system xKCI + (1-xH M gC I^ + R H *0) up to a maximum tempera­
ture of 523 K. The investigated compositions varied between 
0 £ x £ 0.3 and 4.6 £ R £ 6 .0 . From the experimental vapour 
pressures water activities, enthalpies of evaporation, and partial 
molar excess entropies of water were calculated. The present re­
sults confirm the appearance of direct cation-anion contacts within 
the concentration range of molten hydrates due to Hi O ’«-H>«Cr ex­
change reactions in the firs t coordination sphere of Mg1*.

1. Introduction

Molten salt hydrates represent a class of liquids interconnecting features of 
aqueous solutions and molten salts. Recently, we proposed to define the con­
centration range of molten hydrates more generally as a range, which is 

characterized by a quantitative predominance of ion-water Contact interac­
tions /1 ,2  / .  A peculiar transition behaviour in the Concentration dependence 

Of thermodynamic properties is observed within this range. The sharpness 

of this transition is related to the strength of ion-water and cation-anion 

interactions. Its position on the concentration scale corresponds to the 

average hydration number of the strongest hydrating ion.
In this respect, MgCI2 can be considered as a model substance, consisting 

of a strongly hydrating cation with almost ho tendency to associate with the 

anion in aqueous solutions /3 ,4 /.  In agreement with the primary hydration 

number of Mg2+, at a molar H20/M gC I2 ratio R »  6, distinct changes in the 

partial molar quantities of water were revealed from vapour pressure mea­
surements in the binary system MgCI2~H20  12,5,61*
On the other hand, the properties of the anhydrous molten mixtures M gClj- 
ACI (A=K,Rb,Cs) are governed by the formation of te tra h e d ra lly  coordinated 

chlorocomplexes of magnesium /7 ,8 / .
There arises the question, whether chlorocomplex formation becomes important
in the range of molten hydrates of MgCL. A ligand exchange H-Oe—*Cl at

2+ 1 L the Mg ions should be reflected in a relative increase of the water activ ity .
Thus, in this work the influence of KCl on the vapour pressure of molten
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magnesium chloride hydrates has been investigated for molar h^O/MgC^ 

ratios between six and four. Tab. 1 gives a summary of the compositions, 
which are covered by our measurements.

2. Experimental

The preparation and analysis of magnesium chloride hydrates have been 

described previously I9J.  Reagent grade KCI (VEB Jenapharm Laborchemie 

Apolda) was recrystallized and dried to constant weight at 473 K.
Aliquots of magnesium chloride, potassium chloride and water were weighed 

directly into the teflon vessel of the autoclave to give a sample of the 

desired bulk composition.
A detailed description of the apparatus for vapour pressure measurements 

and the procedure used is given in 19/.
In this study some improvements were introduced increasing the accuracy 

of the experiments. Two-wire circuits of the Pt-100 resistance thermometers 

were replaced by four-w ire arrangements and all measurements of voltage 

were performed in both current directions to compensate thermoelectric 

e f f e c t s .  The sam ples were hom ogeneously  m e lte d  b e fo re  
e v a c u a t in g  th e  a p p a ra tu s . L ik e w is e ,  f o r  th e  c o r r e c t io n  o f  

slight shifts in bulk composition (< 0.5 per cent) the quantity of water va­
pour, exhausted during the evacuation,was weighed after freezing-out at 
liquid nitrogen temperature.
For all compositions given in Tab. 1 a vapour pressure polytherm was deter­
mined with temperature steps of about 12 K until a maximum temperature of 
523 K. The experiments were started at a temperature about 10 K above the 

crystallization temperature according the phase diagram of D'ANS and 

SYPIENA /1 0 /.
In order to ensure a temperature interval of at least 50 K the maximum con­
centration of KCI was limited to 30 mol-% related to the anhydrous salt mix­
ture .

3. Calculation of the water activity from vapour pressure

For the calculation of the water activities from the measured vapour pressures 

pw Eq. (1) was applied.

(1)
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E q.(1) yields the water activity aw at the vapour pressure of pure water p^ 

at the given temperature, where V is the partial molar volume of water, T the
w _i _i

absolute temperature and R the general gas constant (8.3144 J mol K ) .  The 

subscripts have the following meaning: °  standard state; * pure water;
" liquid phase and; 11 gas phase.
For a s a tis fa c to ry  accuracy in the analytical solution of the firs t integral of 
E q.(1) up to 523 K -  our upper limit in the experiments -  it was necessary to 

take into account the third virial coefficient of water steam (E q .(2 ) ) ,

V" = R T /p w + B + C pw (2)

where B and C is the second and third virial coefficient, respectively. The 

numerical values of B and C as a function of temperature were determined by 

means of multilinear regression of the PVT-data of water steam / I I /  from 373 

to 573 K. The obtained power series are given by Eq .(3) and (4 ).

B [m3/kg] = aQ + a ^ T  + a2 /T 2 + a3 /T 3 + a ^ /T 4 + a5 /T 5 (3)

aQ = -3.14697 E-1 a3 = 3.37919 E 8
a1 = 7.63194 E 2 a^ = -7.71229 E10
a2 = -7.26904 E 5 a5 = 6.78403 E12

C(m3/(k g  bar)] = a'Q + a'̂  IT  + a^/T2 (4)

ajj = -1.03334 E-3 a  ̂ = 1.26910 a  ̂ = -3.97580 E 2

At temperatures £ 523 K Eq .(2) to (4) represent the original data / I I /  within 

error limits of 0.15%.
From E q.(1) it follows that the partial molar volume of water in the liquid 

phase has to be included into the calculation. D ifferent approximations were 
used for this quantity in the literature. The reason has to be seen in a lack 

of precise and extensive volumetric data of water-salt systems at temperatures 

above 373 K and high concentrations. At lower concentrations the most reliable 

approach consists of the use of the molar volume of pure water (e .g ./1 2 ,  
13 ,14 /).
The relative contribution of the second integral in E q.(1) increases with rising 

vapour pressure difference between salt solution and pure water. In the case 

of a magnesium chloride hexahydrate melt, with its low water activ ity , it amounts
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to only 0.3 per cent at 423 K, but 1.5 per cent at 523 K already. Accordingly, 
at higher temperatures the necessary attention has to be directed to the 

partial molar volume of water to allow an exact calculation of the water acti­
vity from vapour pressure data.

2+For molten hydrates, containing strongly hydrated cations as Mg , a vigorous 

decrease of the partial molar volume of water should be expected. AKSMANOVIC 

and KREY /15/ reported an equation fo r  the dens ity  o f MgClj-H^O, which 
we used to calculate the partial molar volume of water. A general plot is 

given in Fig. 1. With rising temperature, the influence of the salt concentra­
tion on increases, but its maximum variation remains smaller than 10%. At 
the end of the compiled concentration range (45 wt% = 8.6 mol MgCI2 /kg H20) 

the unce rta in ty  in  the dens ity  d e r iv a tiv e  w ith  respect to  composition increases. 

Consequently, the c ro ss in g -p o in t a t about 9 jno l MgC^/kgi^O is  not s ig n if ic a n t .  
In the ternary system, KCI-MgCI2-H 20 ,th e  partial molar volume of water was 

considered as tQ be not influenced by the added KCI.

4. Results and discussion

The experimental results are summarized in T a b .2. The molalities in column 1 
and 2 are corrected for the amopnt of water in the vapour phase.
The temperature dependence of the vapour pressure can be described by means 

of relation (5 ),

ln p w = A0 + A1/T  (5)

where pw is the vapour pressure in kPa. The numerical values of AQand A 1 
together with the standard deviation obtained from a linear regression are 

listed in T a b .3.
Column 6 of T a b .2 contains the water activities a^o rr , recalculated to con­
stant compositions of the sample and rounded molar ratios H20/M gC I2 .
For the temperature dependence of the water activity at constant composition, 

relation (6) was applied

In a“ r r  = AJ, + a ;  n (6 )

The coefficients Aq and A  ̂ are reported in T a b .4.
F ig .2 exhibits a graphical representation of the results at a molar H20/M gC I2 

ratio R=6.0. The logarithm of the water activity In a^orr was plotted against 
the reciprocal absolute temperature, 1 /T . The four poly thermal data sets given 

in Fig.2a scatter within ± 1 .1  per cent around the regression line. This value
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carl be considered as the reproducibility of our vapour pressure measure­
ments. In Fig.2b, the regression function from the present work (Fig.2a) is 

plotted together with previous data /9 ,1 6 /. The comparison between the two 

figures points out the higher accuracy of the recent data.
F ig .2 reveals also an unexpected result. Within the experimental uncertainty 

the water activity of a magnesium chloride hex?hydrate melt is not changed 

after addition of anhydrous potassium chloride. The experimental results at 
lower water contents are shown in F ig .3. Filled circles and their regression lines 

(drawn ?s continuous Imps) refer to a KCI content of x = 0.3, whereas the 

dashed lines represent the water activities in the binary system MgCI2~H20  
at the same molar (H20 /M gC I2 )ratio R.
At R < 5 an increase of the water activity becomes evident after addition of 
KCI. In Fig. 4 the effect of composition variation is presented in form of iso­
thermal plots. At a temperature of 473 K the relative increase of the water 

activity referred to the corresponding pure magnesium chloride hydrate melt 
is plotted. Fig4a demonstrates the effect of the addition of 30 mol-% KCI in 

reg ard  to the molar H20 /M gC I2 ratio, whereas in Fig.4b the variation 

of the water activity in reg ard  to  the KCI content is given for constant 
R = 4.6 .
The most distinct effect was found at the lowest water content (Fig.4a) and 

after addition of the largest amount of KCI (F ig .4 b ). In spite of the higher 

total salt content the water activity is increased by 14.5 per cent. This re­
sult is in contrast to the common behaviour of aqueous solutions, where the 
vapour pressure decreases with growing total salt concentration.

Returning to the question formulated in the introduction, from our results 

it can be stated that in molten magnesium chloride hydrates ligand exchange 

processes H20<-*C I become important. At R < 6 the release of water from 

the coordination sphere of Mg^+ ions reaches such an extent that the water 

activity is not only relatively increased, but absolutely.
Reactions of type (I)  can be formulated to describe the coordination competition 

betyyeen H20  and Cl

[M g(H 20 ) 6. nC n] 2- n ♦ m Cf  « - * [ M 9 l H 20 ) 6. n_mCln J 2-" -" 1 ♦ mHjO (!)

This agrees with a recent raman spectroscopic investigation /1 7 /, which proves 

the existence of direct cation-anion contacts in melts of magnesium chloride 

hydrates.
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A displacement of equilibrium ( I)  to the right-hand side enhances the water 
activity and should become large as the to ta l ra tio  of c f /H jO  in the melt 

is changed. T a b .5 gives the variation of this ratio in comparison to pure 
magnesium chloride hydrate melt A . With decreasing R we find increasing 

values of A , which explains the enlargement of the effect observed in this 

direction. At the instance of molten magnesium chloride hexahydrate, the 

water activity increasing effect by reaction ( I)  is just compensated by the 

simultaneous increase in total salt content. At still lower molar ratios 

H20/M gC I2 reaction ( I)  produces an absolute enhancement of vapour pressure.

The libration of coordinated water according to ( I)  is also clearly reflected 

in the molar enthalpy of evaporation A y Hw as well as in the partial molar 
excess entropy of water ^ mS®X. For the calculation of these quantities Eq.(7) 
and (8) were used, respectively.

where xw is the mole fraction of water on an ionized basis. The needed 

vapour pressures and water activities as well as their temperature depen­
dencies were derived from E q.(5) and (6 ), respectively.
In F ig .5 both ^ VHW and A>mS®x are plotted against the KCI content at a 

H20/M gC I2 ratio, R = 4.6 and 473 K.
The deviation of the points at x = 0.15 (run 8) from the general tendency 

exposes the sensitivity of these quantities to relative small errors in the 

activity data. In preparation of run 8 obviously rest gas was not removed 

completely from the reference system resulting in a slightly larger slope in 

the temperature dependence of the water activ ity .
With increasing KCI concentration the absolute values of A  H as well as

©X ^ ^of A mSw decreases, which is adequate to a decrease of the ion-water 
interactions.
The present results confirm our general view of the concentration range of 
molten hydrates as to becharacterized by dominant ion-water contacts and the 
appearance of direct cation-anion contacts due to coordination competition.

*vHw = T<v;-vw> dPw/dT (7)

( 8 )
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Tab.1: Bulk compositions of the investigated samples in the system 

{xK C I + (1 -x)(M g C I2 + R H jO)}

R
0.05 0.10

X
0.15 0.20 0.25 0.30

6.0 * *

5.5 *
5.0 *
4.6 * * * * * *
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T ab .2: Experimental vapour pressures pw and water activities aw

m(MgCI2) m(KCI) T Pw aw
cor-r

aw
[mol/kgH20] [mol/kgH20 ] [K] [kPa]

1 2 3 4 5 6

MgCI2 + 6H20 (run 1)
9.253 433.60 103.6 0.1731 0.1732
9.286 502.95 686.2 0.2738 0.2756
9.308 524.02 1104.7 0.3119 0.3148

MgCI2 + 6H20 (run 2)
9.248 402.42 33.9 0.1315 0.1313
9.250 422.83 70.9 0.1560 0.1560
9.256 448;04 159.9 0.1896 0.189 Si

9.266 473.74 333.2 0.2283 0.2291
9.283 500.04 639.7 0.2685 0.2701

0.85(MgCI2 + 6H20 ) + 0.15KCI (run 3)
9.267 1.635 434.09 103.8 0.1714 0.1722
9.270 1.636 446.65 153.9 0.1884 0.1894
9.274 1.637 459.09 222.3 0.2064 0.2076
9.280 1.638 472.04 317.8 0.2254 0.2269
9.287 1.639 484.75 441.8 0.2446 0.2466
9.297 1.641 497.44 602.0 0.2644 0.2668
9.309 1.643 510.51 816.2 0.2865 0.2895
9.324 1.646 523.51 1089.6 0.3102 0.3138

0.70(MgCI2 + 6H20 ) + 0.30KCI (run 4)
9.281 3.977 469.23 294.1 0.2208 0.2224
9.287 3.980 481.68 407.2 0.2391 0.2410
9.294 3.983 494.26 553.3 0.2573 0.2596
9.305 3.988 507.41 751.1 0.2778 0.2806
9.318 3.993 520.67 1005.3 0.2995 0.3028

0.90(MgCI2 + 4.6H20 ) + 0.10KCI (run 5)
12.099 1.345 462.35 127.6 0.1113 0.1121
12.105 1.346 475.08 188.8 0.1271 0.1281
12.113 1.347 487.85 272.9 0.1441 0.1454
12.138 1.349 513.76 538.6 0.1819 0.1840
12.155 1.351 526.51 730.9 0.2021 0.2948
12.124 1.348 500.55 387.2 0.1630 0.1647

0.70(MgCI2 + 4.6H20 ) + 0.30KCI (run 6)
12.100 5.177 458.67 123.9 0.1167 0.1176
12.105 5.179 471.72 183.9 0.1323 0.1333
12.112 5.182 485.08 269.4 0.1496 0.1509
12.122 5.186 497.94 379.8 0.1672 0.1688
12.133 5.191 510.80 524.7 0.1857 0.1878
12.147 5.197 522.25 688.2 0.2030 0.2055
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T ab .2: continued

1 2 3 4 5 6

0.95(MgCI2 + 4.6H20 ) + 0.05KCI (run 7)
12.126 0.637 459.28 113.1 0.1053 0.1067
12.131 0.637 471.61 166.2 0.1199 0.1216
12.139 0.638 484.13 240.2 0.1360 0.1379
12.151 0.638 497.44 347.2 0.1544 0.1567
12.165 0.639 510.37 484.2 0.1729 0.1757
12.183 0.640 523.03 655.7 0.1914 0.1948

0.85(MgCI2 + 4.6H20 ) + 0.15KCI (run 8)
12.081 2.130 459.53 117.5 0.1088 0.1092
12.086 2.131 472.67 178.2 0.1258 0.1263
12.094 2.132 485.41 257.9 0.1425 0.1432
12.104 2.134 498.77 371.6 0.1613 0.1624
12.116 2.136 511.24 512.4 0.1802 0.1817
12.134 2.139 523.85 706.3 0.2033 0.2053

0.80(MgCI2 + 4.6H20 ) + 0.20KCI (run 9)
12.084 3.022 459.26 122.6 0.1142 0.1146
12.090 3.023 473.33 188.1 0.1311 0.1317
12.097 3.025 486.57 273.8 0.1479 0.1488
12.107 3.027 498.95 383.4 0.1659 0.1671
12.120 3.031 512.38 538.1 0.1857 0.1873
12.135 3.034 523.94 708.3 0.2035 0.2056

0.75(MgCI2 + 4.6H20) + 0.25KCI (run 10)
12.086 4.031 458.33 121.1 0.1150 0.1155
12.091 4.033 471.83 182.9 0.1312 0.1319
12.099 4.035 485,36 268.9 0.1486 0.1495
12.108 4.038 498.58 383.2 0.1668 0.1681
12.120 4.042 511.12 524.4 0.1847 0.1863
12.134 4.047 522.86 695.0 0.2030 0.2051

0.70(MgCI2 + 5.0H2O) + 0.30KCI (run 11)
11.141 4.783 460.78 152.5 0.1372 0.1385
11.146 4.785 473.06 218.3 0.1526 0.1540
11.152 4.788 485.38 306.6 0.1690 0.1708
11.161 4.792 497.83 423.3 0.1863 0.1883
11.172 4.797 511.67 594.4 0.2069 0.2094
11.184 4.802 522.82 770.5 0.2245 0.2275

0.70(MgCI2 + 5.5H20 ) + 0.30KCI (run 12)
10.074 4.325 458.54 179.1 0.1687 0.1679
10.078 4.327 470.21 249.7 0.1843 0.1837
10.083 4.329 482.94 350.1 0.2014 0.2010
10.092 4.333 497.55 505.9 0.2228 0.2228
10.101 4.337 510.90 692.8 0.2430 0.2434
10.112 4.341 522.71 902.3 0.2619 0.2626
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T ab .3: Regression coefficients of Eq.(5)

run Ao A, [K ] 4"

1 and 2 18.518 -6026.5 0.014
3 18.395 -5966.7 0.005
4 18.117 -5833.0 0.002
5 19.183 -6624.3 0.007
6 18.918 -6464.3 0.005
7 19.172 -6630.5 0.007
8 19.322 -6686.0 0.005
9 19.027 -6528.0 0.004

10 18.952 -6485.3 0.005
11 18.676 -6287.4 0.003
12 18.357 -6036.7 0.003

1) S' = f Z ( ln P w (exp) - In pw(cal)) / (n -2 ) ] , /2
with n = number of experimental points
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T ab .4: Regression coefficients of Eq.(6)

run Ai> A' [K ] d"
1 and 2 1.7050 -1504.4 0.008

3 1.7346 -1518.0 0.004
4 1.6109 -1461.7 0.002
5 2.7616 -2287.9 0.003
6 2.4465 -2104.1 0.001
7 2.7174 -2275.1 0.002
8 2.8751 -2338.8 0.005
9 2.5789 -2180.1 0.002

10 2.4895 -2130.5 0.001
11 2.1993 -1925.0 0.002
12 1.8503 -1667.1 0.002

1) &  = [X I ( In a^°r r (exp) -  In a^o r r (cal)) / (n -2)]| , /2

with n = number of experimental points
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T a b .5: The change of the Cl / HjO ratio in the system
{xKCI + (1 -x)(M g C I2 + R H20)} in comparison to the pure 

magnesium chloride hydrate melt

R X
0.15 0.30

6.0 0.030 0.072

5.5 0.032 0.078
5.0 0.035 0.086

*».6 0.038 0.093
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Fig . 1: Concentration dependence of the partial molar volume of water 

at several temperatures [Kj in the system MgCI2-H 20  

(473 K = max. compiled temperature; dashed straight line = limit 
of the compiled concentration range /1 5 /)
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Fig. 2a: Experimental re s u lts  fo r  jxKCl + (1-x)(M gCl2 + 6.0 H20)|

(continuous l in e  re fe rs  to  the regression l in e  o f runs i and 2) 
Present work: + x=0 (run 1 and 2)

•  x=0.15 (run 3)

o x=0.30 (run 4)
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Fig. 2b: Experimental re s u lts  fo r  jxKCl + (1 - x ) (MgCl^ + 6.0 F^O)!
(continuous l in e  re fe rs  to  the regression l in e  o f runs 1 and 2) 

Previous data: + x=0 (from /9 / )

•  x=0.10 (from /1 6 /)
o x=0.20 (from  /1 6 /)
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F ig .3: Experimental results for {xKCI + (1 -x)(M g C I2 + R HjO)}
(filled circles and continuous lines refer to x = 0 .3 , whereas 

dashed lines represent the binary system (MgCI2 + R HjO) 
taken from /9 /)

127



15
a q w [%]

10

5

0

15

* 0* 1%)

10

5

0

F ig .4: Isothermal representation of the variation of water activity in 

the system {xKCI + (1 -x )(M g C I2 + R H20)} at T = 473 K

a) Dependence on the molar b) Dependence on the KCI
ratio H20 /M gC I2 at x = 0.3 content at R = 4.6
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F ig .5: Dependence of the molar enthalpy of evaporation A  H and the
ex ^ ^partial molar excess entropy of water ^ mSw on the KCI content 

in the system {xKCI + (1 -x)(M g C I2 + R H20 )}  at R = 4.6 and 
T = 473 K
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STORING ENERGY AT AMBIENT TEMPERATURES: A STUDY OF THE MELTING­
FREEZING EQUILIBRIA OF (CaCl2, 6H20) - (K+, NH4+)(C1-, NOp MIXTURES

J. Guion, A. Jaffrin, M. Laugt, and M. Teisseire

Laboratoire d'Ecothermique C.N.R.S.
B.P. 21, 06561 Valbonne, Cedex, France

ABSTRACT

This paper reports on research into storing energy at 
ambient temperatures by use of phase change materials 
mainly based upon CaCl2, 6H20. This process has a highly 
reversible solid-liquia equilibria that will not degrade 
for thousands of cycles. Different compositions, from pure 
stabilized calcium chloride hexahydrate (phase transition 
0 = 28.2°C, AH = 190-200 J/g) to multicomponent solutions 
with KC1 and NH4C1 (existence of two eutectic valleys,
22.5-25°C temperature range, and AH =* 190-200 J/g), have 
been studied and characterized by differential scanning 
calorimetry. Solutions containing nitrate ion and showing 
the existence of an anion exchange reaction lead to the 
formation of an eutectic compound (phase transition 0 **
19.7°C and AH « 170-180 J/g). From a rough analysis of the 
C signals, which are very sensitive to slight composition 
changes, the influence of several parameters on the 
behavior of these solutions was studied.

INTRODUCTION

Various attempts have been made at storing energy from the sun as 
a free primary energy source and storing it for low-temperature 
applications such as heating or cooling of buildings and growing of 
plants in well-controlled greenhouses. We have oriented our research 
toward efficient and low-cost devices using phase change materials 
(PCM) as storing materials. For the applications mentioned above, 
the main objective is temperature regulation near ambient 
temperature, using the latent heat involved in the phase transitions: 
solid-liquid in the storing part and liquid-solid in the restituting 
part. Many studies have been completed using salt hydrates; such PCM 
present a much higher thermal capacity (sensible and latent heat) 
than raw materials such as rocks, pebbles or concrete, and even 
water. This reduces by a factor of 5 to 20 the weights and volumes 
of thermal storage required for equal performance. The choice of PCM 
depends upon many parameters: transition temperature domain, 
transition enthalpy, thermal stability, and cost. This paper deals 
with calcium chloride hexahydrate solutions for use in the 20-30°C 
temperature applications.
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CALCIUM CHLORIDE HEXAHYDRATE
Figure 1 represents part of the phase diagram of CaCl2-H20, 

showing the existence of two compounds: hexahydrate A (CaCl2, 6H20) 
and tetrahydrate B (CaCl2, 4H20). The tetrahydrate exists under 
three allotropic forms, the stable one being the a variety.

The liquidus branches of A and B (a-tetrahydrate) join at a 
peritectic poiht, P, which means that, starting with a solid of 
composition A, if melted and then cooled, one will observe formation 
of tetrahydrate B. This salt has a higher density than that of the 
liquid in equilibrium, and settles down, giving rise to a segregation 
phenomenon. Unfortunately, the enthalpy transition of the 
tetrahydrate is much lower than that of the hexahydrate. Moreover, 
the tetrahydrate will melt again, only at a higher temperature than 
the melting temperature (29.2°C) of A.

Another common feature observed for salt hydrates is the 
subcooling phenomenon. For chemically pure calcium chloride 
hexahydrate, it is very easy to get a temperature of 10 to 15°C below 
the melting temperature without freezing. Many studies concerning 
nucleation and suppression of segregation effects have been 
attempted. A variety of nucleating agents have been tested and may 
play a role in preventing subcooling (1-5). One of them, strontium 
chloride hexahydrate, is an epitaxial agent of calcium chloride 
hexahydrate with very similar crystal parameters, which may explain 
its possible nucleation effect. However, it is generally used in 
proportions less than saturation, which means that it might also 
slightly modify the phase diagram (6). Controversies still exist on 
the exact mechanism responsible for the suppression of subcooling 
(5-7).

Since the peritectic composition P is very near the composition 
of hexahydrate, this compound is often referred to as "quasi- 
congruent melting" compound. This may only be approached with 
additives which modify the phase diagram, resulting in a decrease in 
the melting temperature moving the relative position of P compared to 
pure A. Among the most effective additives are strontium chloride 
hexahydrate and potassium chloride; however, it is not certain 
whether, after many cycles, gradually increasing amounts of 
tetrahydrate B are formed.

Another method, referred to as th£ "extra water principle," 
simply consists of adding some water in order to operate with the P 
composition. This addition lowers the melting temperature by 1-2°C 
and reduces the latent heat by 20-30%, but does not give complete 
freedom from the segregation phenomenon. Many thickening agents have 
been claimed as effective for preventing this phenomenon. A critical 
examination shows very little to moderate success of the solutions
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proposed for another attractive salt hydrate, the Glauber's salt 
(sodium sulfate dodecahydrate) ($). We have been lucky enough to 
find a successful agent for calcium chloride hexahydrate, consisting 
of a special variety of diatomaceous earth, containing mainly 
acicular "synedra," with a needle^form of 5000 A length with arrays 
of regularly matched holes of 50 A diameter. The effectiveness of 
such stabilizing agent - 10% by weight of calcium chloride - has been 
clearly demonstrated over thousands of cycles, and solar houses 
equipped with this storing material - patented under the trade name 
of chliarolithe (from Greek: warm stone) - in different 
configurations have been operating without any alteration of the PCM 
for nine years. How the stabilizing agent works is not yet 
completely understood, but the role of diatomites is generally 
thought of as being twofold:

1. The mechanical dispersion in mass, their distribution preventing 
any settling down of tetrahydrate, and then allowing its eventual 
redissolution upon heating, if ever formed. However, it is 
difficult to understand why other diatomaceous varieties 
(cylindrical or spiral shapes) with comparable macrophysical 
properties (density) do not exhibit the same behavior.

2. The microporous properties, favoring preferential nucleation of 
hexahydrate and orienting crystalline growth of this compound. 
This is quite difficult to prove. We tried some experiments with 
crystallization of calcium chloride hexahydrate solutions, in x- 
ray Guinier-Simon cells, equipped for work in controlled 
atmospheres and varying temperatures with time. While the 
thermal properties evaluated from slow heating rates with DSC 
calorimetry - 3°C per hour - showed a reversible melting-freezing 
transition process according to the typical curve of Figure 2, 
for the same sample of chliarolithe the x-ray diagrams did not 
show any lines before we reached a temperature of -11°C. The 
only compound identified is CaCl2, 6H20, but these observations 
occurred far below the interesting melting zone.

SOLUTIONS RICH IN CALCIUM CHLORIDE WITH AMMONIUM AND POTASSIUM 
CHLORIDE ADDITIVES

For some building applications and greenhouse regulations, there 
is need for PCM melting in the 18-25°C range. The strategy followed 
was to take calcium chloride hexahydrate as the basic component and 
to try several additives in order to get lower melting temperatures 
and a "fair" latent transition heat.

After several experiments involving the "extra water principle" 
(8) and following one observation about two not well-defined 
compositions of CaCl2, 6H20, KC1, and NH4C1 mixtures (10), we pursued 
the exploration of this pseudo-ternary system. Working in the corner
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of a rich CaCl2, 6H20 component, within the estimated maximum 
solubilities area of both NH4C1 and KC1, either along constant CaCl2 
compositions or constant KC1/NH4C1 molar ratio lines, we were able to 
correlate the variations of Cp curves that were very sensitive to 
even slight composition changes, to the possible existence of a 
smooth eutectic valley. On Figure 2, we represented two Cp signals 
and their relative contents, which may be compared to the values 
observed for pure CaCl2, 6H20 and the technical chliarolithe. The 
curves are highly reproducible, and the melting temperatures obtained 
from intersection of the basis line with the extrapolated tangent at 
the first inflection point - onset temperature - gives 22.5°C for the 
eutectic "temperature.” Figure 3 shows the Cp signal corresponding 
to the eutectic composition (MU 124, nCaC1 ,6h 0 « 1, nNH cl = 0.242, 
n K c i = 0*096), for which the total AH transition value isf 190-200 
J/g.

It is worthwhile emphasizing how difficult it is to clearly 
identify what the solid phases in equilibrium in the transition zone 
are, while experimental x-ray work is still progressing. When 
cycled, the composition corresponding to MU 124 gives the extended 
horizontal melting level temperature versus time, at least for the 
first cycles. As before, segregation and subcooling might easily be 
observed and this makes it compulsory, for long term industrial 
applications, to introduce diatomites as a stabilizer.

Observations, related to the experiments where the exact ratio of 
water to calcium chloride was not correctly adjusted to get the 
hexahydrate compound, led us to explore a small part of the 
quaternary system CaCl2, H20, KC1 and NH4C1. Surprisingly, within a 
narrow composition domain, we observed again the probable formation 
of an eutectic compound, with a melting temperature of 23.9°C and a 
heat content of 190-200 J/g (see Cp curve for the compound MU 106 on 
Figure 3, nc>cl2 = 0.430, n„20 = 2.44, nKC1 = 0.040, and nHH C1 = 
0.101). This composition has been tested for stability towards 
segregation; with a water deficit of 5 , 3 %  compared to hexahydrate 
composition, we could not trigger any undesirable tetrahydrate, even 
by introducing external germs of this last compound. It is to be 
noted that the total AH content of 190-200 J/g is quite similar to 
that of chliarolithe, and this fact may be related to the high 
endothermic effect observed on solubilization of NH4C1 and KC1.

RECIPROCAL SOLUTIONS RICH IN CALCIUM CHLORIDE WITH AMMONIUM, 
POTASSIUM CHLORIDES, AND NITRATES

Starting from the eutectic composition related to CaCl2, 6H20, 
NH4C1, KC1, we added various quantities of either ammonium or 
potassium nitrate. The corresponding C versus temperature curves 
generally showed two peaks, sometimes three, more or less separated. 
The onset temperatures were difficult to determine, for the shape of
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the Cp signals was similar to that in solutions where an excess of 
water as compared to hexahydrate Was introduced (8); this resulted in 
observation of a pronounced drag effect before the first melting 
peak, reducing the latent heat content of these solutions.

We systematically analyzed the influence of the different 
parameters governing the behavior of these reciprocal solutions where 
the water content is critical. All these solutions were prepared 
with diatomites as a stabilizer and with pure CaCl2, 2H20.

Figure 4 shows the variation of the importance of the AH content 
corresponding to the "drag zone," of the eutectic peak (AHml), and of 
the second peak (AHm2) with the deficit in moles % relative to 
calcium chloride hexahydrate composition. The drag effect decreases 
linearly with increasing lack of water, while the relative importance 
of AHml and AHm2 changes fjrom almost pure eutectic (S 29) to a signal 
where the second peak becomes predominant, all the other parameters 
being fixed.

Figure 5 shows the influence of the number of moles of N03 for a 
given initial deficit of water of 3 % , nCaC1 , nNH cl, nKC1 being 
fixed. This influence is also illustrated T.n Figure 6, corresponding 
to solutions with an initial water deficit of 8%, for the evolution 
of the Cp signals. S 59 with no nitrate is very near the eutectic 
(0m = 23.9°C) already mentioned; increasing the nitrate content 
results in the decrease of this peak and the progressive formation of 
an intermediate peak (S 57, nN0- = 0.02). Both peaks decrease 
gradually from S 56 (nN0^ = 0.06) to S 58 (nN0^ = 0.12), while the 
eutectic compound (0m = 19.7°C, AH = 170 J/g) growth becomes more 
pronounced. Variations of ammonium chloride initial content, or 
potassium chloride/ammonium chloride ratio, other parameters being 
held constant, show that the drag effect is constant, and that the 
relative importance of the two peaks may vary.

These experimental observations can be partly accounted for by 
the the exchange reaction:

CaCl2, 6H20 + 2NH4N03 t  Ca(N03 )2, 4(^0 + 2(^0 + 2NH4C1

The formation of the calcium nitrate tetrahydrate is accompanied by 
the formation of two water molecules. This may explain the drag 
effect observed and its correlative reduction when the initial water 
content of the solutions is decreased. This evidently holds if KN03 
is used instead of NH4N03. The above reaction leads also to the 
formation of NH4C1 (or KC1), thus modifying the KC1/NH4C1 ratio, 
which is critical for reaching the exact eutectic composition 
(11,12). Such solutions have been actually tested in full-scale 
greenhouses and have worked well for two years, thus, allowing 4 0 %  
energy savings.
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Fig. 3. Cp signals for the two 
eutectic compositions
Mu 124 and Mu 106.

Fig. 4. Influence of lack of 
water on the different parts 
of AH content ( n CaCl2= »75 
n NH4C1 = .20 ; n KC1 = .0925 
n NO3 = .08 )

Fig. 5. Influence of the 
number of moles of N0~
( n CaClo = .75 ; 
n H20 = 4.365 ; n KC1=.0925 
n NH4C1 = 0.20 )
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Fig. 6 ; Influence of the number of ntoLes of N03 on 
the shape evolution of the Cp signal.
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THEORETICAL DETERMINATION OF EXCHANGE INTEGRALS IN SALTS

H.Sevki Darendeliocjlu

Selcuk U n iv e rs ity , Department o f Physics,Zindankale,Konya,Turkey

The exchange in te g ra ls  o f the c ry s ta l s a lts  were inves tiga ted  making 
use o f Fourie r Method.The mathematical re la tio n s  between the exchange 
in te g ra ls  were found out by determ ining the s t a b i l i t y  cond itions fo r  the 
magnetic m odes.fo llow ing the requirement fo r  which the quadra tic  form 
must be d e f in ite  p o s it iv e . The magnetic modes and the exchange in te g ra ls  
which are the so lu tio n s  o f an eigen value problem,were stud ied th e o re t i­
c a lly  in  case o f magnetite c ry s ta l.

The signs and magnitudes o f the exchange in te g ra ls  are extrem ly 
im portant in  determ ining the t ra n s it io n  tem perature, the magnetic s tru c ­
tures and indeed p ra c t ic a l ly  a l l  o f the fundamental p rope rties  o f the 
substances.In p r in c ip le ,  the exchange in te g ra ls  are o f course ca lcu lab le  
but in  p ra c tice  most c a lc u la tio n s  can c la im  only q u a lita t iv e  accuracy, 
although the methods and approaches are s te a d ily  im proving .In  th is  paper, 
we discuss the problem o f determ ining the re la tio n s  between exchange 
in te g ra ls  o f (4e)Fe*“3 ions o f magnetite c ry s ta l by what m ight be c a lle d  
Fourie r M ethod(l), The values are estab lished  by combining th e o re tic a l 
re la tio n s  between the exchange in te g ra ls  and various physical p roperties  
such as the Neel P o in t, w ith  experimental data on these p ro p e rtie s .

The exchange in te g ra ls  o f substances may be obtained by diverse 
methods. Many substances are s tud ied by th e o re tic a l methods such as Fourier 
method(2 ) , sp in -d isp e rs ion  method(3) o r by experimental methods l ik e  
neutron d if f ra c t io n ,h e a t capacity  measurement(4) e tc . In Fourie r method 
one w rite s  ju s t  the second order terms in  the ham ilton ian expression.
In o ther words,one considers an ham ilton ian expression as fo llo w s :

In th is  study, we have used th is  form o f Hamiltonian in  which a l l  inva­
r ia n ts  o f the second order are ju s t  the sca la r product o f the two base 
vectors having the same representation.The spins being considered as 
a x ia l vectors,one w rite s  down the Hamiltonian expression in v a r ia n t under 
spin reversa l and symmetry operations o f the c ry s ta l group.

The most genera ̂ e xp ress io n  o f the second order of_£he in te ra c tio n  
energy between spins " if and S' located a t the p os itio n s  R and f r  is  given 
in  dyadic n o ta tion (5 ) by

ABSTRACT

INTRODUCTION

ANALYSIS OF FOURIER METHOD
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(1)mr>r.= ■ -2?(tj%,‘Ri )V (r)
Here the dyadic A*("!?,R') is  defined as

FiTiv i « ?.A(R,R ,b . ( i , j =  1 ,2 ,3 ) ( 2 )

(3)

where are sca la r c o e f f ic ie n ts , ! ^  and"?, are vectors having the 
fo llo w in g  p roperty :

*ij
The nine-component dyadic A(R ,R ') may be decomposed in to  a symmetrical 
p a rt and an antisyrranetrical p a r t ,  and then may be expressed in  the 
fo llo w in g  form :

v j s ' W )  (4)
The in te ra c t io n  symbolised by g is  c a lle d  'Mfso^ronic  o r sca la r in te ra c t io n "  
Since g is  a sca la r and the sca la r product S(R) . S i f f r )  is  in v a r ia n t under 
the ac tion  o f ro ta t io n  operations.The energy -2g is  ju s t  the d iffe re n ce  bet­
ween the s in g le t  s ta te  energy and t r i p le t  s ta te  energy. The second term 
re s u lts  from sp in^sp in  o r b i t  in te ra c tio n ,d en o te s  antisym m etric coupling

is  a second order dyad ic .

% ,R V  l ^  -IxWij
Whenlfs R' ( i f  we neg lect the constant terms) we obta in  fo r  WR :

WR=
WR is  c ry s ta lin e  f ie ld  energy o f the sp in  a t the p o s itio n  R.‘ This energy 
is  p ropo rtiona l to  c ry s ta lin e  f ie ld  tensor and has the symmetry elements o f 
p o in t R. So we can w r ite  the Hamiltonian fo r  the system:

(5)

( 6 )

H = Z  w, 
R,R' R.R' ( 7)

We now consider is o tro p ic  exchange energy which is  a lso known as Heisenberg- 
N§el energy H^.

HN= -2J ,  9r,r^W^'(T') (8)
Let us w r ite  again the above expression in  terms o f u n ita ry  sp ins:

a ,  ' ' m ' <9)
W h e re (R )= 1 (R ) /S (R )  and 9R R.= ^ (R )g R#Ri ?  ( ? )

On the o the r hand,the equation o f the sp in  motion:

h2 (R)„ 2 Z ----
dt r  gM .s'(R')As(R) (10)

In s ta t ic  e q u ilib r iu m  the f i r s t  term o f the Eq. (10) must be zero. This
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ind ica te s  th a t“ ?(R^ must be p a ra lle l to  21 gR R l ( R' ).  So using the 
u n ita ry  spins we may w r ite :  R' *

o nv r( r'rN
WhereAR is  a constant o f p ro p o r t io n a lity . By usinq E q . ( l l ) ,  the Eq.(9 ) be­
comes K

rtN = -2 f  N l ^ R  = ' 2 R K R (12)
I t  fo llo w s  from Eq.(12) th a t ar may be thought o f the c o n tr ib u tio n  to  
the exchange energy a r is in g  fromKth e C in te ra c tion  o f "Sp w ith  a l l  neigbouring 
spins.On the o the r hand, because o f A R is  the same to r  every c ry s ta l lo -  
g ra p h ic a lly  equ iva len t atoms.

Let us number i (o r j ) =  1 ,2 ,3 .. .n the d if fe re n t  Bravais la t t ic e s  o f 
magnetic atoms.Here n is  the numbej^of independent s u b - la tt ic e s .M u lt ip ly in g  
the term by the term exp2JTik and summing over a l l  , we get:

\ T i ( T ) = Z e i j rk )T j (k) (13)

Where (1c) = Z ^ jo ^ J e x p S l iT : ^  (14)
——f —> "I A  —̂

Since T. (k) is  the Fourie r t r a n s fo ra t io n  o f the u n it  spin O r(R .) and g 
dependsonly on the distance j"R R t, one has:

ei j (k) p i ^  exp2H it.(R j - ‘ R,j )  (15)

This sum is  e q u a te d  by f ix in g  the atom a t the p o s i t i o n ^  and by summing 
on a l l  atoms R. o f la t t ic e  j .  the equation system (13) may be re w ritte n  as 
m a trix  equation as fo llo w s :

(E (t)  - X H ( t ) =  0 (16)

where E(k) is  a herm itian  m a trix  o f  which elementSxare^defin^d by the 
Eq,(15). (X) is  a diagonal m a trix  w ith  elements g£A ji T (k ) defined
by the Eq.(14) is  a couomb vecto r a f n component.C^f(R) is  given by the 
F ou rie r inye rse  transfo rm ation  o f T j ( k ) :

^5  <*1 )= ^  Tj ('k,)e x p ( -2 r t t ,. 'r i ) (17)

In re so lv ing  the e qua tion (16 ), we obta in  the in fo rm a tion  about spins o rie n ­
ta t io n  from the eigen vectors.By means o f the eigen va lues, we obta in  the 
propagation vectors which corresponds to  every magnetic m ode.F ina lly ,us ing  
the s ta b i l i t y  c o n d itio n s , we obta in  the re la tio n s  in  the form o f in e q u a lit ie s  
between the exchange in te g ra ls . The spins having the same phase are located 
on the same c ry s ta llo g ra p h ic  p lanes. The phase exgre^sion o f the spins 
located on such planes is  given by the term exp2 ik .K . Vector k ( h ,k , l )  which 
defines the d ire c tio n  o f propagation o f the spins waves is  a so lu tio n s  o f 
the equation:

In o rder to  study the s t a b i l i t y  cond itions  o f the system, the quadra tic  
form the c o e f f ic ie n t o f  which are the second d e riv a tiv e s  o f \ , must be
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p o s itiv e .T h is  requirement y ie ld s  the re la tio n s  between the exchange in te g ­
ra ls .

APPLICATION TO (4e)Fdf3  IONS OF MAGNETITE CRYSTAL

F irs tly ,w e  sh a ll discuss the s o lid  phase i . e .  c ry s ta l phase ra th e r 
than molten phase. Our te s t m a te ria l is  famous m agnetite c ry s ta l.  Magnetite 
c ry s ta l belogs to  the space group I and the (4e)F# '3 ions are(7 )
spread out in  the fo llo w in g  m a n n e r.-a

9 (0 ,1 /4 ,1 /4 ) 1 0 (1 /2 ,3 /4 ,3 /4 ) 1 1 (0 ,3 /4 ,3 /4 ) 1 2 (1 /2 ,1 /4 ,1 /4 ) (19)

The m atrix  elements fo r  these ions defined by the Eq.(15 ) are:

e9,9 = e9,9a+ e 9,9b +  e9,9c (20)

Where eg 9a= 2gg 9alCos2X

e9,9b= 2g9,9bCos2Y

e9,9c= 2g9,9cCos2Z 

and the o the r m atrix  elements are:

6g iq — 2gg qCosXCosYCosZ 

^9 11"* ^9g i -jCosYCoSZ

The in te ra c t io n  m atrix  defined by the Eq.(16 ) takes

e9 ,9 e9,10 e9 , l  1 e9 ,12

e9,10 e9 ,9 e9,12 e9 , l l

e9 , l l e9,12 e9,9 e9 ,10

e9 ,12 e9 ,11 e9,10 e9 ,9

The reader may check th a t the m a tr ix :

' ' ' M
1 1 1  1

on the form:

/

v -

( 21)

( 2 2 )

(23)
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completely diagnolizes E

V E ^  =n(\)
where n = 4 and (^ ) is  the diagonal m a trix  formed by the fo llo w in g  values: 

V p =  e9,9 +  e9 ,1 0 + e9 , l l + 'e9,12

= e9,9

\ c = e9>9+  e9 ,10 ’" e9 , l l - e9,12
(24)

e9 ,9 "* e9 ,10“ e9 , l l  +  e9,12

The corresponding eigen vectors which are the columns o f the m atrix
are TF(1 ,1 ,1 ,1 ) ,  Tg(l , - l  ,1 , - l ) ,  Tc ( l  ,1 , t 1 , - l ) ,  T . ( l  , - l  , - l ,1) re s p e c tive ly .
I t  should be considered the ground^state eigen v a T u e y ^ o f the system.

= e9 ,9 + e9 ,1 0 + e9 , l l  +  e9,12

and equating i t s  d if fe re n t ia ls  w ith  respect to  X,Y,Z to  zero, one obtains 
the respective  so lu tio n s  fo r  the various modes which are summarized in  
Table 1. As seen in  the ta b le , in  the G-mode, spins o f the same phases 
p a re lle l to  (110) planes.The phase o f each sp in  being given by Cos2K(x-y).

The quadra tic  fo rm ,the  c o e f f ic ie n ts  o f  which are the second d e r iv a t i­
ves o f must be p o s itiv e  or zero.Another method sta tes the m a trix

[X s  E (l +  dkj] must have p o s itiv e  roots fo r  small but a rb it ra ry  v a r ia t i ­
ons o f dk. °  Here and are the e q il ib r iu m  values o f ^ and k .re s p e c t iv ly . 
To th a t end one w rite s  the second order d if fe r e n t ia ls  o f a F • We f in a l ly  
f in d  fo llo w in g  in e q u lit ie s  fo r  A-mode and G-mode re s p e c tiv ly .

(8g9,9a+  2g9,10“  2g9 ,1 2 ^ 8g9 ,9 b +2g9,10 +  q9 , l l ) (8g9 ,9c+ 2 g 9,10 +  g9 ,11 )> 0 

(8g9,9a+ 2g9,10",‘ 2g9 ,1 2 ^ 899,9b+  2g9 , l ( T  g9 , l l  ^ 8g9,9c+  2g9»10”  g9 ,11 ^  0

CONCLUDING REMARKS

I t  is  not possib le  to  obta in  exact s o lu tio n  o f Eq.16 fo r  th ree - 
dimensional c r y s ta l , even i f  we r e s t r ic t  ourselves to  the s im plest case 
o f nearest^-ne ighbour-in teractions only.Some form o f approximation must be 
used and i t  is  d i f f i c u l t  to  estim ate the approxim ation, as there is  no 
exact so lu tio n  as a standard o f comparison.

In genera l, we may say th a t the m olecular f ie ld  is  used when there 
is  more than one set o f in te ra c tio n s  though considerably more soph is tica ted  
and accurate methods are ava ib le  fo r  on ly  the case o f nearest-ne igbour-1n- 
te ra c tio n s  o n ly . There are a number o f examples in  the l i te ra tu re  where 
nearest^neigbour approximation are app lied  to  systems which have two or more 
sets o f in te ra c t io n s .
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Propagation Vector Modes Phases

0 0 0 F 1
1 0 0 A Cos2 x
0 1 0 C Cos 2 y
1 1 0 G Cos2 (x ry )

Table 1. Propagation Vectors and Corresponding Modes w ith  Phases
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APPLICATION OF A MODIFIED LINDEMANN’ S MELTING FORMULA 
TO ISENTROPIC AND ISOTHERMAL COM PRESSIB IL IT IES OF 

MOLTEN SALTS AT THEIR MELTING POINTS

T. I id a ,  T. M izobuchi, and Z, M o rita

Department o f M e ta l lu r g ic a l  Eng ineering  
F acu lty  o f Eng in eerin g, Osaka U n iv e rs ity  
2-1, Yamada-oka, S u ita , Osaka 565, Japan

ABSTRACT

Simple equations fo r  the ise n tro p ic  and iso therm a l compres­
s i b i l i t i e s  of molten s a l t s  a t th e ir  m e lt in g  p o in ts  have been 
derived by combining E in s t e in ’ s form ula fo r  the com pressi­
b i l i t y  o f a s o l id  w ith  a m odified  v e rs io n  o f Lindemann's 
m elting  form ula by the authors. These equations are s im ila r  
to both expre ssion s derived on the b a s is  of a s t a t i s t i c a l  
f lu c tu a t io n  theory, i . e .  C a h n -H illia rd  theory, and a hard - 
sphere model.

INTRODUCTION

The motions of m olecules in  l iq u id s  are very  com plicated, sin ce  
they are time dependent. I t  would appear, however, that some p ro p e rtie s  
of l iq u id s  are m ain ly  dominated by the sim ple o s c i l la t o r y  motion of 
m olecu les. For example, the v i s c o s i t y  o f sim ple l iq u id s  (1 ), the com­
p r e s s ib i l i t y  and thermal c o n d u c t iv ity  o f non-m etals (2,3) are, respec­
t iv e ly ,  expressed in  terms o f the fundamental frequency of in term olec- 
u la r  v ib ra t io n .  In  c a lc u la t in g  the above p ro p e rtie s  of l iq u id s ,  
Lindemann’ s m e ltin g  form ula (4) has freq ue n tly  been used fo r  the f re ­
quency of v ib ra t io n  (1 -3 ). U n fo rtu nate ly , Lindemann’ s formula provides  
on ly rough va lu e s fo r  the average frequency of v ib ra t io n  of s o l id s  at 
th e ir  m e ltin g  p o in ts  (4 -7 ). Therefore, to eva luate  the in term o lecu la r  
frequencies o f l iq u id s  at th e ir  m e lting  p o in ts , we have m odified  
Lindemann’ s form ula u s in g  the su rface  ten sion  o f a l iq u id  (8 -10).

In  th is  paper, sim ple equations fo r  the ise n tro p ic  and iso therm al 
c o m p r e s s ib il it ie s  o f molten s a l t s  at th e ir  m e ltin g  p o in ts  have been 
derived by combining E in s t e in ’s c o m p re s s ib ility  form ula and a m odified  
Lindemann’ s formula of the authors. In  a d d it io n , the equation fo r  i s o ­
thermal c o m p re s s ib il ity  i s  compared w ith  both expre ssion s derived on 
the b a s is  o f a s t a t i s t i c a l  f lu c tu a t io n  theory, i . e .  C a h n -H illia rd  
theory (10-13), and a hard-sphere model (10,11,12),
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DERIVATION OF LIQUID COMPRESSIBILITY  
EQUATIONS AT THE MELTING POINT

E in s te in  proposed a siinp le re la t io n  between the c o m p re s s ib ility  of 
a s o l id  and the c h a r a c te r is t ic  frequencies o f m olecules (14,15). The 
re la t io n  may be w ritte n  as

Ci /1X
v "  m V 3 p 1/6 Kg 1/2 u ;

where v i s  the mean frequency of in term o lecu la r v ib ra t io n ,  M the molec­
u la r  weight (form ula w e ig h t ), p the d e n s ity , Kg the ise n tro p ic  compres­
s i b i l i t y ,  and C-̂  ( i = l ,  . . . ,  5) a constant which i s  rough ly  the same 
fo r  a l l  m a te r ia ls .

According to Lindemann, the in term o lecu la r frequency o f s o l id s  at 
th e ir  m e ltin g  p o in ts  i s  g iven  by

v = c*(l n & 7 3 ->1/2 (2>

where Tm i s  the abso lu te  m e lt in g  temperature, and Vm the molar volume 
at temperature Tm.

Combining e q n s.(1) and (2 ), we have an expression  fo r  ise n tro p ic  
c o m p r e s s ib i l i t y .

KS
C3Vm
v (3)

Th is sim ple re la t io n sh ip  has long been known (7 ). F igure  1 in d ic a te s  
th is  r e la t io n sh ip  fo r  v a r io u s  molten s a l t s .  As can be seen from F igure  
1, t h is  r e la t io n sh ip  i s  not s a t is fa c t o r y  at a l l ,  though i t  i s  sa id  that 
the r e la t io n sh ip  ho lds approxim ate ly fo r  l iq u id s  at or near th e ir  m elt­
in g  p o in ts  (7 ). In c id e n ta l ly ,  on the b a s is  of the re la t io n sh ip  in  F ig ­
ure 1, molten s a l t s  can be d iv ided  in to  some groups. For example, 
a lk a l i  h a lid e s  l i e  on th e ir  own s t r a ig h t  l in e .  The nped fo r  t h is  c la s ­
s i f i c a t io n  can be a ttr ib u te d  to the types o f in te rm o lecu la r fo rce s p res­
ent w ith in  these molten s a l t s .

Since Lindemannfs m e lt in g  form ula i s  inadequate, e q n .( l)  would, as 
a re s u lt ,  a lso  seem to be inadequate. The average frequency of in te r ­
m olecular v ib ra t io n  of l iq u id s  at th e ir  m e ltin g  p o in ts  i s  reasonab ly  
given  by Lindemann's form ula as m odified  by the authors (8^10), The 
m odified Lindemann's form ula i s

v - M ^ l / 2  ( A )

where Y i s  the su rface  ten sion  of a l iq u id  a t i t s  m e ltin g  p o in t. (The 
value o f 'C '4 i s  approxim ate ly 6.8 x 1011 fo r  pure l iq u id  m etals (1 6 )).
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Combining e q n s.(1) and (4 ), we have a sim ple expression  fo r  the 
ise n tro p ic  c o m p re s s ib ility  of a l iq u id  a t i t s  m e ltin g  p o in t.

K - CsVm1/3 
KS Y (5)

Figure  2 shows t h is  r e la t io n s h ip .  As i s  c le a r  from F igure  2, eq n .(5) 
provide s good r e s u lt s  fo r  v a r io u s  molten s a l t s  w ith  a slope of 6.0 x1CT10
(mol ̂ 3) as the constant of proportionality between isentropic compres­
sibility and the grouping (Vm 1/^/Y).

I t  may be expected that the c o m p re s s ib ility  o f molten s a l t s  i s  
rough ly  given  as a fu n ction  of the re c ip ro c a l o f su rface  ten sion , since  
molten s a l t s  have s im ila r  va lu e s o f V 73- F igure  3 in d ic a te s  a c o rre la ­
t io n  between the ise n tro p ic  c o m p re s s ib ility  and the re c ip ro c a l of su r­
face ten sion  o f molten s a l t s  at th e ir  m e lt in g  p o in ts . As can be seen, 
the expected c o r re la t io n  i s  rough ly  true fo r  molten s a l t s .

The iso therm al c o m p re s s ib ility  can e a s i ly  be ca lcu la te d  u s in g  the 
well-known thermodynamic re la t io n s h ip  (17)

kt = KS (6)

where Cp and Cv are heat c a p a c it ie s  a t constant p ressure  and constant  
volume, re sp e c t iv e ly . As exh ib ite d  in  F igu re s 4 and 5, the va lue s of 
Cp/Cv are approxim ate ly equal to 1.45 fo r  a l l  molten s a l t s  at or near 
th e ir  m e ltin g  p o in ts. (The va lue s of Cp/Cv are about equal to 1.15 fo r  
a l l  l iq u id  m etals (1 7 ,1 8 ).)

S u b s t itu t in g  eqn. (5) in to  eqn. (6 ), we have an expression  fo r  the 
iso therm al c o m p re s s ib ility  o f molten s a l t s  a t th e ir  m e lting  p o in ts.

C5CDVm173 „  8.7 x lCT^Vm 1/3 „T „
KT = Q  y ---- & ------------- y----- “---- > u n  S I  u n it s )  (7)

or

KT Y Sir 8.7 X 10 -10Vm173 (8)

According to C a h n -H ill ia rd  theory based on a s t a t i s t i c a l  f lu c tu a ­
t io n  in  number d e n sity , the product o f the iso therm al c o m p re ss ib ility  
and su rface  ten sion  o f a l iq u id  near i t s  t r ip le  po in t i s  expressed as 
(10-13)

kt Y &  7 x 10“2L (9)

where L i s  the su rface  ( in te r fa c e ) th ickn e ss.

An analogous expre ssion  to eqn. (9) has been proposed on the b a s is  
o f a hard-sphere model, and i s  g iven  by (10-12)
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(10)

where a is an effective molecular diameter, and n the packing fraction. 
Near the triple point, with n taken as 0.45 (it would appear that the 
value of n for liquids is roughly equal to 0.45 over a wide range of 
temperature (19-21), eqn. (10) yields approximately

Eqn.(8) by the authors is similar to independently derived relations, 
eqns.(9) and (11).

From eqns.(8), (9), and (11), we have simple expressions for L and 
a, respectively.

Using these equations, the surface thickness and the effective molecular 
diameter can be evaluated from the molar volume, which can be measured 
experimentally.

(1) Simple equations for the isentropic and isothermal compressi­
bilities of molten salts at their melting points have been derived by 
combining Einstein’s formula and a modified Lindemann’s melting formula 
by the authors. These equations are similar to the relations derived 
from dissimilar routes.

(2) The surface thickness and the effective molecular diameter of
molten salts can be evaluated from the molar volume obtained experimen-

ktY &  5 x 10“2a (ID

lssl.2 x 10— 8Vm1/3 

a S: 1.7 x lO-8 ^ 1/3

( 12)

(13)

CONCLUSIONS

tally.
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1-

T m 1 Vm / 10 8 K 1 m 3 mol
Figure 1. The isentropic compressibilities of molten salts at 
their melting points as a function of (Vm /Tm).
Identification numbers are:
1. LiF 2.
8. Nal 9.
14. MgC£2 

Cal 2 
BaBr2 
CdBr2 
PbC£2

NaF
KI

3.
10 .

19.
24.
29.
34.

13. MgBr2 
20. SrC£2 
25. Bal2 
30. Cdl2 
35. LiN03

KF 4 
LiBr 

16. 
2 1 . 
26. 
31. 
36.

. LiC£ 5*. 
11. NaBr

NaC£ 6. 
12. KBr

KC£
13.

7.
CsBr

CsC£

Mgl2
SrBr2
ZnC£2
HgC£2
NaN03

17.
22.
27.
32.
37*

CaC£2 
Srl2 
Znl2 
HgBr2 
KN03

18* CaBr2 
23. BaC£2 
28. CdC£2 
33. Hgl2 
38. AgN03

Open circles represent alkali halides in Figures 1 to 5. Data, 
except for those for MgC£2, are taken from Janz (G. J. Janz,
Molten salts handbook, 252 (1967), Academic Press, New York).
Data for MgC£2 from Ejima and Ogasawara (T. Ejima and M. Ogasawara, 
J. Japan Inst. Metals, 41, 778 (1977)).
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0

, -I t, 1/3 , . ̂ -1 2.-1 .,-1/3Y V m / 10 m N mol

Figure 2. The isentropic compressibilities of molten salts at 
their melting points as a function of (Vm 1/3/Y).
Identification numbers in Figures 2 to 5 are the same as those 
in Figure 1.
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Y 1 / N 1 m

Figure 3. The isentropic compressibilities of molten salts at 
their melting points as a function of (1/Y).
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Figure 4. Isothermal compressibilities vs. isentropic compres­
sibilities for molten alkali halides at their melting points. 
The constant of proportionality between kt and Kg, i.e. Cp/Cv , 
is equal to 1.42.
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-1
0

KS / 10 10 m2 N 1

Figure 5. Isothermal compressibilities vs. isentropic compres­
sibilities for various molten salts at or near their melting 
points. The constant of proportionality between kvj, and Kg, i.e. 
Cp/Cv , is equal to 1.46.
Open and closed circles denote alkali halides and nitrates at 
their melting points, respectively.
Squares denote other salts at 1073K (the ratios of 1073K to 
their melting temperatures, i.e. 1073/Tm , are between 1.0 and 
1 . 2) .
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ABSTRACT
Sulfide capacities of Na20-S i02 melts at 1473 and 1623 K were calcu­
lated a priori from a model using free energies of formation of Na2S 
and Na20  and the activities of Na20  in the binary Na20-S i02 melts. 
Our calculations are in excellent agreement with available experimen­
tal data and appear to be more more accurate than currently used 
empirical predictions of sulfide capacities, based on correlations with 
optical basicities using Pauling electronegativities.

INTRODUCTION
Recently, in industrial steelmaking, there has been increasing interest in treat­

ing hot metal with soda ash because it provides the possibility of removing sulfur 
and phosphorus from hot metal simultaneously. More attention has been paid to 
desulfurization than to dephosphorization. Sulfide capacities (which are a mea­
sure of the ability of a slag to remove sulfur from metal) of Na20 -S i02 melts were 
experimentally determined by several investigators.(1-10) Comparison of the ex­
perimental data showed poor agreement among the various investigators, and also 
data are available only in a limited range of slag composition and temperature. 
A number of empirical correlations have been proposed between sulfide capacity 
and the basicity of slags. Very recently, we showed that sulfide capacities can 
be calculated a priori, based on a simple solution model and on a knowledge of 
the chemical and solution properties of sulfides and oxides. (11,12) Predictions of 
sulfide capacities, based on empirical correlations with basicity or optical basicity 
are far less accurate than those deduced from our method. In this paper, we 
present calculations of sulfide capacities of Na20-S i02 melts at the temperatures 
1473 and 1623 K.
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THEORETICAL CONSIDERATIONS 
The sulfide equilibrium reaction can be written as

Na20(£) +  1/2S2(g) ^  Na2S(£) +  l / 2 0 2(g) (1)
The equilibrium constant for reaction (1) is given by

KNa = P o ^ V 72 # aNa2S
P s J  aNa20 (2)

Fincham and Richardson (13) defined the sulfide capacity, Cs, in terms of mea­
surable quantities

Cs =  (wt%S)(|^)12 (3)

Combining equations (2) and (3), the following relation can be obtained

^  Tr (wt%S)Os =  KNa * aNa20 -------aNa2S (4)

Equation (4) can be used to calculate Cs with the knowledge of Kjva, ajva2o, and 
a method of obtaining the relation between &Na2S and (wt % S). The method of 
obtaining this relationship and calculating Cs has been fully discussed. (11, 12)

For basic melts in the composition range 0 < Xsio2 < 0.33SiO2 in the Na20- 
Si02 binary system, the solution is considered to be a ternary mixture of Na20 , 
Na4SiC>4, and Na2S. The equation for Cs can then be written as

CS =  100 • WS • KNa • aNa,Q ( * ~ ^ Si° 2)  (5)

where W is the average molecular weight of the solution and where Wt- is the 
molecular weight of the compound i.

For the composition range 0.33 < Xsio2 < 0-5 Si02 in the Na20-S i02 system, 
the solution is a mixture of sulfide anions with silicate polymer anions. Using 
polymer solution theory, we obtain an equation for C5 written as

Cs = 100 • Ws • Kn& • aNa20 * (6)

where $s is the volume fraction of S2- sites defined here as $s — ns/nsi> nS 
is the number of monomer sulfide sites and ns* is the number of polymer sites. 
The relationship between $ s  and aNa2S was obtained from the adaptation of 
Flory’s approximation for polymer-monomer mixtures to silicate melts. (14) One
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parameter in the Flory theory is m, the average polymer chain length. For finite 
values of m, we obtain the expression

In a-Na2S -  ln $s + (7)

where 4>p is (1 - $ 5) and is generally close to unity.
Two conditions were considered, m = 1 at the neutral composition 2Na20*Si02 

and a large value approaching m = 00 (or m > > l) near the Na20‘SiC>2 composi­
tion.
Case I. When melts contain only monomers, i.e., m = 1, equation (7) reduces to

aNa2S _  1 
$S

Case II. For melts containing mostly polymers, m > > l and $ p ~ l .  Under these 
conditions, equation (7) reduced to

= 2.7183 (9)$s

The sulfide capacities of binary Na20-Si02 melts were calculated by substituting 
equation (8) and (9) into equation (6).

CALCULATION OF Cs FOR Na20-S i02 MELTS
The calculated sulfide capacities in the binary Na20-Si02 system at 1473 and 

1623 K are presented in Figure 1. The activity of Na2 0  was deduced from the 
experimentally measured data of Goto et al. (15). The free energy of formation 
of Na2S(£) and Na20(£) were taken from standard tables of data, (16), and are 
presented in Table I at 1473 and 1623 K.

From the calculated values of the equilibrium constant Kjv0 for reaction (1) 
and ajvo2o ? C5 was calculated using equations (5) and (6) for the range of slag 
composition from Xjva2o = 1.0 to 0.5 and for the two temperatures 1473 and 
1623 K. The calculated values of Cs and experimental data of Nagashima and 
Katsura, (6) as compiled by Turkdogan (17) at 1623 K are shown in Figure la. 
the calculated values of Cs and the experimental data of Chan and Fruehan (9) at 
1473 K are shown in Figure lb. As can be seen, the agreement between the theo­
retically calculated and experimentally determined sulfide capacities is very good. 
For a given temperature, the sulfide capacity increases with an increase in the 
concentration of Na20 in the Na20-SiC>2 melt. It is also interesting to note that, 
for the composition XNa20 > 0*9, the sulfide capacity increases with a decrease in
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temperature and for XNa20 < 0-9, the sulfide capacity increases with an increase 
in temperature. However, the effect of temperature on sulfide capacity is not very 
large. This observation can be explained by considering two independent factors, 
Kn& and aNa20- At higher concentrations (i.e., aNa2o — 1), the equilibrium con­
stant, KNa> governs the temperature dependence of the sulfide capacity; whereas, 
at low concentrations of Na2<D in Na20-SiC>2 melts, the differences of the activity 
of Na2 0 predominately control the temperature dependence of sulfide capacities 
(i.e., the activity of Na20 increases with an increase in temperature).

A comparison of these sulfide capacities with the sulfide capacities of other 
binary systems, which were calculated in our previous publications, (11,12) is 
presented in Table II. Although these cannot be compared directly because of 
temperature differences, it is clear that the sulfide capacities of hypothetical pure 
molten Na20 is higher than all the other oxides. However, for a composition 
of Xsio2 > 0.33, the sulfide capacities are higher than those in the Ca0-Si02 
and MgO-SiC>2 systems and lower than those in the Mn0-Si02 and Fe0-Si02 
systems. With an increase in the SiC>2 concentration, the sulfide capacities of 
Na20-SiC>2 solutions decrease very significantly because of the very large decrease 
in the activities of Na2 0 .

From our results, it is clear that sulfide capacities of slags are directly related 
to two independent quantities, (1) the equilibrium constant, KNa> and (2) the 
activity of Na20. This leads to the conclusion that sulfide capacities cannot be 
empirically correlated using a single parameter, such as basicity, but needs to 
be predicted in a more fundamental manner, using known thermodynamic data 
and data on solutions. This point can be illustrated by a comparison of the 
available data and our predicted sulfide capacities of Na20-SiC>2, with those based 
on empirical concepts of optical basicity proposed by Sosinsky and Sommerville.
(22) These are given at 1623 and 1473 K in Figures la  and lb. As can be seen 
from the figures, empirical optical basicity values differ significantly from the 
experimental data and from our results at the compositions and temperatures 
considered.

CONCLUSIONS
The method we propose for calculating Cs in slags a priori is shown to be 

in very good agreement with available experimental data. The sulfide capacities 
of Na20-Si02 melts are directly proportional to two independent factors (a) the 
equilibrium constant KNa and (b) the activity of Na20, and cannot be empirically 
correlated with any single parameter, such as basicity.
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Table I. Free Energy of Formation of Na2S and N&2O 
(AG®) cal/mole

1473 K 1623 K

Na2S -49,195 -31,137

Na20 -41,913 -33,257

AG° (reaction (l)) -7,282 -6,609

KNa 12.03 7.76
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Table II. Sulfide Capacities of Binary Silicate Slags

System Mole Percent Basic Oxide
100 50 50 (expt)

1923 K

Ca0-Si02 0.476 1.45xl0-4 2.01x10_4(19,20)
Mn0-Si02 0.146 4.21xl0-3 3.35x10_3(18)
Fe0-Si02 8.63xl0-2 7.52xl0-3 —
Mg0-Si02 1.41xl0-2 6.09xl0-5 8.65x10_5(21)
MgS (solid)

1773 K

C a0-Si02 0.290 4.18xlO-5 7.80xl0-5 (17,19,20)
Mn0-Si02 7.91xl0-2 2.35xl0-3 2.11x10_3(18)
FeO-Si02 4.56xl0-2 3.73xl0-3 3.89x10-3 (18) 

(51.67 mole %)
Mg0-Si02 
MgS (solid)

7.76xl0-3 4.02xl0“5

1623 K

Na20-Si02 401 9.52xl0-4 3.98x10-3 (16)

1473 K

Na20-Si02 622 3.81xl0~4 3.75xl0-4 (9)
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Figure 1. Plot of Sulfide Capacities Calculated Based on the Model Presented in 
This Paper, and on the Optical Basicity Concept (22), and Measured 
Sulfide Capacities (6,9,17) at (a) 1623 K and (b) 1473 K for Na20- 
Si02 Melts. The Upper Lines Calculated From the model Are For m 
=  1 and the Lower Lines are for m > > l.
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X-RAY STRUCTURAL ANALYSIS OF 
MOLTEN KF-KX(X=Cl,Br, AND I) SYSTEMS

Yoshihiro OKAMOTO, Kazuo IGARASHI, and Junichi MOCHINAGA
Department of Synthetic Chemistry, Faculty of Engineering 

Chiba University, Chiba-shi 260, Japan

ABSTRACT
The structures of molten KF-KX(X=C1, Br, and I) 

systems with the common cation were investigated by 
an X-ray diffraction method and the short range 
structures obtained were compared with those found 
in the pure melts and the molten alkali halide 
mixtures with the common anion. The nearest neigh­
bor configurations of the unlike ion pairs were 
similar to those in the pure melts. On the other 
hand, the nearest distances between like ions changed 
by mixing, as well as the systems with the common 
anion.

1.INTRODUCTION
In recent years, molten alkali halide mixtures have 

been proposed for use as heat transfer medium and as elec­
trolyte in molten salt batteries. The structure of the 
melt is important information. However, although there 
have been many studies on the structures of the pure melts, 
only a few studies on the structures of the mixture melts 
have been carried out. Therefore, there are few data to 
discuss the properties of the melts based on microscopic 
observation.

Okada et al.(l) investigated the structure of molten 
LiCl-KCl(eutectic composition) system by the X-ray diffrac­
tion analysis with the aid of molecular dynamics s i m u l a ­
tion. According to the report, the nearest neighbor d i s ­
tances of the unlike ion pairs such as L i - C l “ and K -Cl“ 
were almost the same as those in the pure melts. On the 
other hanh, the nearest distances of the like ion pairs 
such as K - K + and C1“-C1“ etc. changed by mixing. Recent­
ly, Igarashi et al.(2)(3) investigated the structures of 
molten LiF-NaF(3:2) , LiF-KF(l:l), and LiF-KF-NaF(eutectic 
composition), called FLINAK, systems by the X-ray diffrac­
tion analysis and obtained a similar conclusion. They 
were all the mixtures with the common anion. The similar
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results can also be expected in the mixtures with the 
common cation.

In this work, we chose molten KF-KX(X=G1,Br, and I) 
systems, which contain K+ ion as the common cation. The 
mole ratios were 1:1 for KF-KC1 and KF-KBr systems, and 1:2 
for KF-KI system, which were close to each eutectic compo­
sition.

2.EXPERIMENTAL
Chemicals KF, KCf, KBr, and KI were of analytical 

reagent grade and were dried at 400 °C under reduced pres­
sure for 10 hours. They were weighed to the prescribed 
composition in an atmosphere of dried N2 gas, and fused in a 
platinum crucible. Experimental temperatures were 660 °C 
for KF-KC1 system, 700 °C for KF-KBr system, and 600 °C for 
KF-KI system.

Prior to the measurement, the moisture was removed 
thoroughly from the air-tight sample chamber. The measure­
ment was carried out in an atmosphere of dry He gas. The 
temperature was controlled to maximum error of 10 °C. X- 
ray scattering intensity was measured on a diffractometer 
having 0-0 type parafocusing reflection geometry usingMoKx 
beam. Scattering beam was monochromatized with a curved 
graphite crystal. Intensity data were collected over the 
range of scattering angle 3° to 54° for KF-KC1 and KF-KBr 
systems, and 4° to 45° for KF-KI system, respectively. 
These values correspond to 14.3 and 12.5 as the ma x i m u m  S 
value defined by the following equation.

S =  4k  sin 9/X,
where 20 is the scattering angle, and X is the wavelength.

The corrections for background, polarization, absorp­
tion, and Compton radiation were applied to the observed 
data by usual methods(5). Corrected data were scaled to 
the independent scattering factor for stoichiometric unit 
by the combined use of the high angle region method and 
Krogh-Moe-Norman method. The reduced intensity function 
Si(S) and the correlation function G(r) were calculated by 
the f ollowinglequations.

M ..)2 fSmo*
G(r) =  1 +  ^ - r ----- S ■ i(S) sin (rS) dS,

2n g0r Jo
S'i(S)~S[I?a"(S)/Zf*(S)~ 1],

m
and

166



00 GC ^ni) Pq>
hi

where po is the number of stoichiometric unit per A “^, Km 
the effective electron number in the atom m, f the inde­
pendent scattering intensity, IeS(S) the total coherent 
intensity, and Smax the maximum value of S reached in the 
experiment.

Parameters used in the calculations are listed in Table
1 .

3.RESULTS
(1) KF-KCl(l: 1) system

Si(S) and G(r) curves for molten KF-KC1(1:1) system at 
660 °C are shown in Figs. 1(a) and 2(a), respectively. 
G(r) has the peaks at r«3.10, 3.70, and 4.05 A, and the 
shoulder at near 2.60 A.

Zarzycki(6) investigated the structure of the pure KF 
melt and reported that the nearest neighbor distance of K - 
F" interaction was 2.65 A. Takagi et al.(7) reported that 
the nearest neighbor distance of K+ -C1~ interaction was 
3,05 A in the pure KC1 melt. From those results, the 
shoulder at near 2.60 A and the peak at 3.10 A seem to 
correspond to the nearest K+ -F“ and K+ -Cl“ interactions, 
respectively. The peaks at 3.70 and 4.05 A seem to due to 
the interactions of the like ion pairs such as K+ -K+ and 
C1“-C1~. In order to separate and determine those contri­
butions, the following equation proposed by Narten et 
al,(8) was applied to the observed Si(S) curve beyond 5=2.0 
a “  1

*  Z Z cx p i -b ^ s 1) sia (Srik)lrih./y.k
J -  1 It

where represents the number of interaction between
ions i and k, bj^ the temperature factor, and r ^  the 
average distance between ions i and k.

Structural parameters were obtained by the least 
squares method. Those are listed in Table 2. The nearest 
distances of K*-F’ and K+ -G1~ interactions were 2.62 and 
3.13 A, and these values were almost the same as those in 
the pure melts. On the other hand, the nearest distances 
of K*-K+ and C1~-C1“ interactions were 4.02 and 3.69 A, and 
these values were shorter than those in the pure melts.

The calculated Si(S) curve is shown in Fig. 1(a).
(2) KF-KBr(l: 1) system

Si(S) z  / n s )
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Si(S) and G(r) curves for molten KF-KBr(l:l) system at 
700 °C are shown in Figs. 1(b) and 2(b), respectively. 
G(r) has the peak at 3.25 A, and the shoulders at near 2.70 
and 4.15 A.

The shoulder at 2.70 A seems to correspond to the 
nearest K - F “ interaction. According to the study on the 
structure of the pure KBr melt by Ohno et al.(9), the 
nearest distance of K - B r "  interaction was 3.18 A in the 
G(r). The peak at 3.25 A seems to correspond to that 
interaction. The shoulder at near 4.15 A seems to due to 
the interactions of the like ion pairs.

As well as the foregoing system, the least squares 
fitting was applied to the observed Si(S) curve beyond 
5=2.0 A ”1 , and the structural parameters were obtained. 
Those are listed in Table 3. The nearest distances of K -  
F+ and K “-Br“ interactions were in good agreement with 
those in the pure melts, while those of K - K + and Br“ -Br~ 
interactions were 4.12 and 4.23 A , and these values were 
shorter than those in the pure melts.

The calculated Si(S) curve is shown in Fig. 1(b).
(3)KF-KI(1:2) system

Si(S) and G(r) curves for molten KF-Kl(l:2) system at 
600 °C are shown in Figs. 1(c) and 2(c), respectively. 
G(r) has the peak at 3.55 A, and the shoulders at 2.65 A and 
near 4.70 A.

The shoulder at 2.65 A seems to correspond to the 
nearest K -F“ interaction. The peak at 3.55 A seems to 
correspond to K - I "  interaction. The distance of this 
interaction reported by Antonov(lO) was 3.52 A. The shoul­
der at near 4.70 A seems to due to the interactions of the 
like ion pairs.

The curve fitting for the observed Si(S) as well as 
the foregoing two systems was carried out. In the calcula­
tion, the contribution of K - K + interaction to the total 
intensity was so small that it was neglected and only I”-I” 
interaction was considered as the interaction of the like 
ion pair. The structural parameters obtained are listed in 
Table 4. The nearest distances of the unlike ion pairs 
were almost the same as those in the pure melts, while that 
of I"-I" interaction was 4.64 A. This value was slightly 
shorter than that in the pure melt.

The calculated Si(S) curve is shown in Fig. 1(c).

4.DISCUSSION
Some experimental studies on the structures have been 

performed for alkali halide pure and mixture melts, and are
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listed in Table 5. The nearest neighbor distances of K+-X“ 
(X=F, Cl, Br, and I) interactions obtained were found to be 
almost the same as those in the pure melts and the mixture 
melts with the common anion such as LiCl-KCl and LiF-KF 
systems. The distances of the like ion pairs were found to 
be slightly shorter than those in the pure melts. These 
results show that the conclusion reported for the mixture 
melt of alkali chlorides by Okada et al. and for the m i x ­
ture melts of alkali fluorides by Igarashi et al. applied 
well to the present systems. The nearest neighbor struc­
ture of the unlike ion pair unchanged by mixing, while the 
nearest distance of the like ion pair changed.

Moreover influence of temperature should be consid­
ered in connection with the results in this work, because 
the experimental temperature in each system is considerably 
lower than the melting point of the constituent salt. As 
shown in Table 5, it seems that the nearest neighbor struc­
tures between unlike ions were not appreciably influenced 
by the temperature, while the nearest distances between 
like ions obviously became shortened with a decrease of 
temperature. Molar volume of the melt is relatively sensi­
tive to the structure, and generally decreases as tempera­
ture drops. The decrease of the second interionic d i s ­
tance seems to be occurred with the decrease of the molar 
volume.

5.CONCLUSION
(1) ln the mixture melts with the common cation, as well as 
the melts with the common anion the nearest neighbor struc­
tures between unlike ions were similar to those in the pure 
melts.
(2) The nearest distances between like ions were slightly 
shorter than those in the pure melts. This fact is asso­
ciated closely with the temperature, and parallels the 
decrease of the molar volume.
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Table 1 Parameters used in the calculations of r.d. f .

K F - K C 1 R F - K B r K F - K I
1 : 1 1 : 1 1 : 2

Temperature/0 C 6 6 0 7 0 0 6 0 0
Density/g*cnr3 1 . 7 5 3 1 2 .  0 8 8 3 2 .  4 0 9 4

P o/A"3 0 .  0 0 7 9 6 0 .  0 0 7 1 0 0 .  0 0 6 2 0
Effective

electron number
K k 1 9 .  7 8 8  9 1 8 .  6 4  1 5 1 7 .  6 9 5 0
k f 7 . 1 7 4 9 6 .  7 7 1 4 6 .  6 3 8 0
Kx 1 7 .  2 4 5 4 3 7 .  9 4  4  0 5 6 .  1 3 7 0

S in a x/A 1 1 4 . 3 1 4 . 3 1 2 . 5

X=Cl,Br, and I

The densi t ies  used were given by Smirnov et al. (4)
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Table 2 S t r u c t u r a l  paramet ers  o f  KF-KC1 sys t em

n i j r i j < A r i j  2 >1/2

K + -  F - 4  . 0 2 . 6 2 0 . 2 8 9

K + - C l - 3 . 4 3 . 1 3 0 . 3 2 6

c i -  - c i - 6 . 1 3 . 6 9 0 . 4 9 4

K + -  K + 9 . 4 4 . 0 2 0 . 6 4 0

Table 3 S t r u c t u r a l  paramet ers  of KF-KBr sys t em

n i j r i j < A r , , 8> ‘ / 8

K + -  F - 3 . 9 2 . 5 9 0 . 3 2 2

K + — Br - 4 . 0 3 . 2 3 0 . 3 8 1

Br " — Br " 5 . 7 4 . 2 3 0 . 6 2 3

K + -  K + 7 . 9 4 . 1 2 0 . 6 4 3

Table 4 S t r u c t u r a l  paramet ers  of  KF-KI sys tem

n i j r i j < A r i j 2> 1

K + - F - 4 . 0 2 . 6 0 0 . 3 2 4

K + — I ~ 4 . 3 3 . 4 8 0 . 4 3 9

I - -  I - 4  . 6 4 . 6 4 0 . 6 7 0
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Fig. 1 Observed(solid line) and calculated(dotted line) 
reduced intensity  functions Si(S)
(a) KF-KC1(1:1) system at 660*C
(b) KF-KBr(l:l) system at 700*C
(c) KF-KI (1:2) system at 600*C
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Fig. 2 Correlation functions G(r)
(a) KF-KC1(1:1) system at 660°C
(b) KF-KBr(l:l) system at 700°C
(c) KF-KI (1:2) system at 600*C
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X-RAY DIFFRACTION STUDY OF MOLTEN CaCl2-KCI SYSTEM

Kazuo IGARASHI, Yoshihiro OKAMOTO, and 
Junichi MOCHINAGA

Department of Synthetic Chemistry, Faculty of Engineering, 
Chiba University, Chiba-shi, Chiba 260, Japan

ABSTRACT
Structure of molten CaCl^-KCl mixtures with the 

compositions of 1:1, 1:2, ana 1:3 as mole ratio of
CaCl2 to KC1 was investigated by the radial distribu- 
tion^function based on X-ray diffraction intensities 
and was analyzed by the correlation ^method. + The 
nearest neighbor distances of Caz -Cl" and K -Cl 
pairs in the three melts were 2.76-2.78 and 3.08 A, 
respectively. The first coordination number of the 
K -Cl" pair was ca. 4 in the three mixtures. On the 
other hand, the coordination number of the nearest 
Caz -Cl" pair increased from 5.5 for the 1:1 melt to
5.8 for the 1:3 melt._ Similarly, a slight increase 
of the nearest Cl"-Cl" distgijce was observed. These 
results suggest that the Caz ions surrounded octahe- 
drally by the Cl” ions increase with increasing KC1 
concentration.

INTRODUCTION
A number of physicochemical properties on molten CaCl2- 

KC1 system have been investigated[1-13], but a concordant 
conclusion on the structure of the melt has not yet obtain­
ed from their studies. Emons et al.[l-4] have suggested 
the existence of the complex species such as CaClo and 
CaCly. " ions in the melt. On the other hand, Grjotneim et 
al.[S-8] have considered that the molten CaCl^-KCl system 
does not deviate significantly from random cation mixture. 
A similar conclusion has also been reported by Ejima et 
a l .[9,10].

Brooker[l4] h a s  studied the structure of molten 
CaCl2-CsCl(l:2) system by Raman spectroscopy and reported 
the existence of tetrahedrally shaped species.

Raman spectrum for molten CaCl2“KCl(l:2) mixture at 
600 °C has been measured by Umesaki[lo]^ in which the Raman 
bands have been observed at 110-300 cm . He has suggested 
that these bands observed are attributable to an octahedral
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complex species formed in the melt.
In the previous study[l6], we analyzed bv an X-ray 

diffraction method the structure of the (CaClo) -(NaCl)1-e 
melts with the compositions of X=2/3, 1/2, ana 1/3. in
these molteiji mixtures, the coordination number of Cl"* ions 
around a Caz ion was found to be about six.

In the present paper, the structures of molten CaCl^- 
KCl(mole ratios 1:1, 1:2, and 1:3) mixtures were investi­
gated by the X-ray diffraction analysis.

EXPERIMENTAL
CaCl2 and KC1 of analytical reagent grade were used 

and driedzby heating under reduced pressure for 7-8 hours. 
Prescribed amounts of CaCl^ and KC1 were weighed in a dry 
box and melted in a fusea silica crucible under argon 
atmosphere at temperature above melting point according to 
the phase diagram[17]. After mixing for 10 min., the melts 
were quenched to prevent the segregation.

X-ray scattering intensities were measured by an X-ray 
diffractometer having a parafocusing reflection geometry, 
with a curved graphite monochromator. The observable 
ranges of the scattering angle were 3°50^5O° for the 1:1 
mixture and 3°59^48° for the others, corresponding to the 
ranges from 0.93 to 13.5(13.0)A~ in 5(S=47rsin0/A) for MoK. 
radiation(A=0.7107 A). The measurements were made by using 
a step-scanning technique with fixed count. The experimen­
tal temperatures were 785 °C for the 1:1 melt, 750 °C for 
the 1:2 melt, and 650 °G for the 1:3 melt and were main­
tained within maximum error 8 °C by a temperature con­
trolled device.

The experimental intensity data were corrected for 
background, polarization, absorption, and Compton radiation 
by the usual methods[18] and were normalized to the inde­
pendent scattering factor for the stoichiometric unit using 
both the Krogh-Moe-Norman[l9,20] and high angle region 
methods. The radial distribution function D(r;, average 
correlation function G(r), and intensity function i(S) are 
given by the following expressions,

D ( r ) = 4 n r 2p 0( j ]  + £  (R mf 2 r / n ^ “ S-/(S) sin (rS) dS ,

G ( r ) = 1 + 2  (£m)2j  ( 2 n 2rp0 S  s'i(s)sin (rS) d S '

where p  is the average electron density, Km the effective 
electron number in the atom m, fm (S) the independent atomic
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scattering intensity, and X£9h(S) the total coherent inten­
sity. The densities of erhese melts were taken from 
Lillebuen’s density data[21]; 1.793 g cm J(785 °C) for the 
1:1 melt, 1.725(750) for the 1:2 melt, and 1.726(650) for 
the 1:3 melt.

RESULTS AND DISCUSSION
Reduced intensity curves S.i(S) are shown in Fig. 1 

together with those of molten KC1[22] and CaCl^tlb]. A 
slight shift to the lower angle side and a faster aecay of 
amplitude of the S.i(S) curves occurred with_jncreasing KC1 
concentration. The small peak at about 3 A" found in the 
KC1 melt have appeared as the shoulder at almost the same 
position in the S.i(S) curves of the mixtures.

Figure 2 shows D(r) curves and functions D(r)/r ob­
tained by Fourier transformation of the reduced intensities 
S.i(S). The G(r) curves are shown in Fig. 3 together with 
those of molten KC1 and CaCl^ as well as S.i(S) curves. 
The first peaks in G(r) for the mixtures changed to a 
slightly longer position with increase of KC1 concentra­
tion. And their peak heights became progressively lower.
(1) 1:1 system

The first and second peaks in G(r) as shown in Fig. 
3(b) were observed at r=2.85 and 3.55 A, respectively. It 
seems that th^ first pea]^ at_2.85 A contains contributions 
from both Caz -Cl" and K -Cl" pairs. Analysis of the first 
peak of D(r) for pure melt gives the nearest neighbor 
distance and coordination number of unlike ion pair. How­
ever, in a multi-component system with the similar nearest 
neighbor distances of unlike ion pairs it is difficult to 
separate these correlations from the analysis of D(r). In 
order to determine these correlations quantitatively the 
correlation method based on Debye equation was applied to 
the observed S.i(S) curve. It has been known[23,24] that 
in molten binary systems, the nearest neighbor distances 
and coordination numbers of unlike ion pairs are little 
affected by mixing. We, thus, set initial values in this 
calculation on the basis of the short range structure of 
molten CaCl^t16,25,26] and KCl[22,27-29]2+ The calculation 
was performed for the correlations of Caz -Cl", K -Cl", and 
Cl"-Cl" pairs using the range of the observed S.i(S) beyond 
S=3.5 A because other correlations have little contribu­
tions in this region of S. The structural parameters were 
determined by the least squares fit and were shown in Table
1. The fit between the calculated values and observed ones 
was evaluated by R factor, which was 0.33 in this calcula­
tion. Comparison of the calculated S.i(S) with the ob­
served one is shown in Fig. 4(a).
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+The_nearest neighbor distance+and_coordination number 
of K -Cl" pair and the nearest Caz -Cl" distance in the 1:1 
melt were found to be almost equal to those in pure KC1 aijid 
CaCl2 melts. But the first coordination number of Caz - 
Cl" pair seems to be slightly larger than that of the pure 
melt. The second peak position in G(r) is considerably 
shorter than the analyzed distance of the Cl”-Cl pair. 
T h i s  i s  so  b e c a u s e  t he  s e c o n d  p e a k  h a s  c o n t r i b u t i o n s  from the 
u n l i k e  i o n  p a i r s .  A s m a l l  f a l l  be tw e en  t he  f i r s t  and s e c o n d  
peaks suggest s  th i s .

(2) 1:2 system
The first and second peaks in G(r) as seen in Fig. 

3(c) are observed at 2.90 and 3.60 A, respectively. These 
are slightly longer than those in the 1:1 system.

The three correlations as well as the 1:1 mixture were 
analyzed by t he  same me th od .  The structural parameters 
obtained were listed in Table 2. The R value in this calcu­
lation was 0.28. The comparison of the observed S.i(S) 
with calculated one is ^hown in Fig. 4(b)

Surroundings of K ions in the 1:2 melt were the same 
as those in2j£he 1:1 melt. But the first coordination 
number of Caz -Cl" pair t e n d s  to increase with increasing 
KC1 concentration.

Emons et al.[l-4] have suggested from studies_of the 
physical properties that species such as CaCl/ ” anion 
exists predominantly in the melt of this composition. 
Brooker[14] h a s  studied the structure of molten CaCl^- 
CsCl(l:2) system by Raman spectroscopy and reported the 
existence of tetrahedrally shaped species. The result was 
expected the formation of similar species in the molten 
CaCl2“KCl(l:2) mixture. If the complex anion as was ex­
pected exists in the melt, the number of Cl" ions around a 
Caz ion is four and the second_peak corresponding to the 
contribution of the nearest Cl"-Cl" pair is predicted to 
appear to the position at r=4.5 A from the distance ratio 
of the tetrahedral arrangement. However, the assumed re­
sult d i f f e r s  from the measured one. This means that

v e r y  few of tetrahedral complex species a r e  fo r me d  in 
this melt. Our result suggests the existence of octahed- 
rally shaped species rather than tetrahedral s p e c i e s  
as reported by Umesaki[l5].
(3) 1:3 system

As seen in Fig. 3(d), G(r) has the first peaks at 2.95 
A and broad second peak at about 3.95 A. The short range 
structure of this melt was analyzed the same way. The
structural parameters determined are shown in Table 3. The 
R value was 0.28 in this calculation. The comparison of 
the observed S.i(S) with calculated one is shown in Fig. 
4(c). The result has revealed that the surroundings of the
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K ions did not change with the increase of KC1 c o n c e n t r a ­
tion, but the surroundings of Caz ions became more  
octahedral.
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Table 1 Structural parameters of molten CaCla-KCl 

(1:1) system at 785° C

i -  j n i J r  i j <A r 1 j2>1/£

Cae +-  c r 5 . 5 2 . 7 7 0 . 2 4
K + -  c r 3 . 9 3 . 0 8 0 . 3 5
c r -  ci- 6 . 8 3 . 8 0 0 . 4 5

Table 2 Structural parameters of molten CaCle-KCl 

(1:2) system at 750°C

i -  J n i J r  i j <A r

Cas +-  c i - 5 . 6 2 . 7 6 0 . 2 3
K + -  c i - 3 . 9 3 . 0 8 0 . 3 3
ci- -  c i - 7 . 4 3 . 7 9 0 . 4 8
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Table 3 Structural parameters of molten CaCU-KCl

(1:3) system at 650° C

i -  j n i j r  . j <A r . j 2>1/2

Ca2 +-  c i - 5 . 8 2 . 7 8 0 . 2 4
K + -  Cl- 4 . 0 3 . 0 8 0 . 3 3
c r -  Cl- 8  . 1 3 . 8  5 0 . 5 0

Fig. 1 Reduced intensty curves S.i(S) of molten
CaCl2 (16), CaCl2"KCl mixtures, and KC1(22).

a; CaCl2 , b? 1:1, c? 1:2, d; 1:3, e; K C l .

181



Fig. 2 Radial distribution functions D(r) and 
functions D(r)/r.

a; 1 :1 , b; 1 :2 , c? 1:3.
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F i g . Correlation functions G(r).

a; CaC^/ 1:1/ c; 1:2, d; 1:3, e; KCl.
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Fig. 4 Observed(---) and calculated( ooo) intensity
curves S .i (S ).
a; 1:1, b? 1:2, c;l:3.
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A B  IN IT IO  M O L E C U L A R  O R B IT A L  IN V E S T IG A T IO N  OF T H E

S T R U C T U R E  OF A l2F f  and AI2CI7

Larry A. Curtiss 
Chemical Technology Division/ 

Materials Science and Technology Program 
Argonne National Laboratory 

Argonne, Illinois 60439

A B S T R A C T
The structures of AI2F7 and AI2CI7 have been investigated using ab 
initio molecular orbital theory including the effects of polarization 
functions in the basis sets. The AI2F7 ion is found to have a linear 
or nearly linear Al-F-Al bridge while AI2CI7 is found to have a bent 
A1-C1-A1 bridge with a significant barrier to inversion (4 kcal/mol). 
Structures with two and three halogen atoms in the bridge were also 
investigated and found to be less stable than the structures with one 
halogen atom in the bridge.

IN T R O D U C T IO N
The existence of the AI2CI7 ion in chloroaluminate melts has been investi­

gated both experimentally (1-5) and theoretically (6). From Raman spectroscopic 
studies (1-3) it has been concluded that AI2CI7 consists of two AlCl^ tetrahe- 
dra sharing one corner. Infrared studies (4) have indicated that Li+ stabilizes a 
bent A1-C1-A1 bridge while a linear (or slightly bent bridge) is preferred with the 
larger alkali cations. In solids containing AI2CI7 , the bent bridge is preferred (7). 
A theoretical study (6) using the semiempirical MNDO method has found the 
isolated AI2CI7 ion to have an A1-C1-A1 bridging angle of 125°. Introduction of 
counterions about the anion in the calculations led to little change in the bridging 
angle. No spectroscopic evidence has been reported for the existence of A12F^ 
in fluoride melts as AIF^ has been found to be in equilibrium with octahedrally 
coordinated AlFg“ .

In the work reported in this paper we have used ab initio molecular orbital 
theory to investigate the structure of the AI2F7 and AI2CI7 ions. A previous ab 
initio study (8) on a series of AX™~ anions (A = Be, B, Mg, Al; X = F, Cl) 
has given a good account of the structural and vibrational properties of these 
ionic species. We have considered configurations with the AXJ tetrahedra having
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corner, edge, and face bridging, i.e., of the type Al-X-Al, AI-X2-AI, and AI-X3-AI, 
respectively. The purpose of this work was to determine at a first principles level 
whether the A1-C1-A1 bridge in AI2CI7 is linear or bent in the absence of any 
counterions and the relative energies of the different bridging configurations. The 
AI2F7 anion was included in this study to determine the effects of the smaller 
anion size on the bridge structure. Comparison is made with the results of the 
MNDO calculations and the spectroscopic studies on the structure of the bridge 
in AI2CI7 .

T H E O R E T IC A L  M ET H O D S
All of the calculations were done at the Hartree-Fock (HF) level of calculation

(9). Three basis sets were used. They are the minimal STO-3G basis set (10), 
the split-valence 3-21G basis (11), and the polarized split-valence 6-31G* basis 
set (12). The geometries of the AI2F7 and AI2CI7 anions were optimized at the 
STO-3G and 3-21G basis set levels. The more accurate 6-31G* basis set was 
used to calculate the energies of the 3-21G equilibrium structures (referred to 
as HF/6-31G*//HF/3-21G). The STO-3G and 3-21G basis sets have previously 
given reasonable structures for other aluminum halide anions and neutral metal 
halide complexes (8,13).

The structures for AI2F7 and AI2CI7 are illustrated in Fig. 1. Five corner 
bridged AI2X7 structures, 1 , were optimized: (a) a D3£j structure with a linear 
Al-X-Al bridge and a staggered arrangement of the terminal -AIX3 groups, (b) 
a Dzh structure with a linear Al-X-Al bridge and an eclipsed arrangement of 
the terminal -AIX3 groups, (c) a C ( structure with a bent Al-X-Al bridge and 
a “staggered” arrangement of -AIX3 groups, (d) a C2t> structure with a bent Al- 
X-Al bridge and an “eclipsed” arrangement of the -AIX3 group, and (e) a C2 
structure obtained from the C2V structure by rotation of the -AIX3 groups about 
the Al-X&r axes (X&r = bridging X atom) in opposite directions. An edge-bridged 
structure having a Cs configuration [Fig. 1, 2(C*)] and a face-bridged structure 
having a C2t> configuration [Fig. 1, 3(C2y)] were also geometry optimized to assess 
the energies of these other bridging possibilities relative to that in the structures 
of type 1. All of the AI2X7 structures were fully optimized within the given 
symmetry constraints with the exception that the angles between the X-Al-X&r 
planes were held fixed at 120° for each of the terminal X3AI- groups in the Ca, 
C2, and C2W structures. Relaxation of this constraint led to little change in the 
energy when tested.

R E S U L T S  A N D  D ISC U SSIO N

The total energies of the STO-3G and 3-21G optimized structures of AI2F7 
and AI2CI7 are given in Table I. This table also contains 6-31G* energies at the
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3-21G geometries (HF/6-31G*//HF/3-21G). The relative energies of the different 
structures are tabulated in Table II. Optimized geometries for the 1(D3(*) and 
l(C«) structures of AI2CI7 and the l(D3d) structure of AI2F7 are given in Fig. 2. 
We now discuss the results for the two anions.

A ^ F f . The calculations indicate that a linear or nearly linear Al-F-Al bridge is 
favored for AI2F7 . At the 3-21G level no minimum in the potential energy surface 
was found for the nonlinear bridge structure 1(C8). The geometrical parameters 
of the equilibrium 1(D3(j) structure are given in Fig. 1. The eclipsed form 1(D3/j) 
is 0.4 kcal/mol less stable (see Table II, 6-31G*) indicating a small barrier to 
rotation. The smaller basis set, STO-3G, gives a minimum for the nonlinear Al- 
F-Al structure (Al-F-Al angle of 158°), but it is only 0.1 kcal/mol more stable 
than the linear D3(* structure. We also carried out 6-31G* calculations at the 
STO-3G geometries (HF/6-31G*//HF/STO-3G). The results of these calculations 
(not included in Table I) indicated that the nonlinear structure is favored by 0.2 
kcal/mol when polarization functions are included in the calculation. Hence, the
6-31G* results, which are expected to be the most reliable, suggest that corner- 
bridged AI2F7 has a nearly linear Al-F-Al bridge in the absence of any counterions.

The results in Table II also indicate that at the HF/6-31G*//HF/3-21G level 
the AI2F7 structures with two and three fluorines in the bridge are 12.7 and 29.1 
kcal/mol less stable, respectively, than the configuration with a single fluorine 
in the bridge. The energy differences are much less at the STO-3G and 3-21G 
levels indicating that polarization functions are important in obtaining an accurate 
description of the bridges.

A/2G/7 . In contrast to AI2F7, a nonlinear A1-C1-A1 bridge is favored for AI2CI7 
with a significant barrier to inversion. The STO-3G and 3-21G geometries of the 
l(D3cf) and 1(C5) structures for AI2CI7 are given in Fig. 2. The A1-C1-A1 angle 
is 131.6° (3-21G) in the C8 structure. The C2V structure illustrated in Fig. 1 
has a A1-C1-A1 bond angle of 137.8° and is 0.4 kcal/mol less stable (3-21G) than 
the C8 structure. We also considered an alternative C2t> structure which has both 
-A1C13 groups rotated by 180° from what is shown in Fig. 1. This configuration is
0.7 kcal/mol less stable (3-21G) than the C* structure. There is, in addition, the 
possibility that AI2CI7 may have a C2 structure derived from the l(C2t/) structure 
by rotation of the -A1C13 groups in opposite directions. Geometry optimization of 
the C2 structure for AI2CI7 indicated that it was nearly equivalent in energy to 
the C* structure (see Tables I and II). The A1-C1-A1 bond angle in the C2 structure 
is 132.4° (3-21G). The closeness in energy (0.4 kcal/mol at the 3-21G level) of the 
C2v, C2, and C8 structures reflects the small barrier to internal rotation in the 
AI2CI7 anion.

The HF/6-31G*//HF/3-21G barrier to inversion from the nonlinear to linear 
bridged structure is about 4 kcal/mol if it is taken to be the difference between the 
l(Ca) and 1(D3(j) structures. This is an estimated number as it was not possible to
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do the 6-31G* calculation on the C8 structure of AI2CI7. The 4 kcal/mol value for 
the inversion barrier is estimated from the 6-31G* energy of the l(D3d) structure 
relative to the l(C2t/) structure (3.6 kcal/mol) (14) and the HF/3-21G//HF/3-21G 
energy for the difference between the C, and C2t> forms (0.4 kcal/mol). The barrier 
to inversion is much smaller at the 3-21G level (1 kcal/mol). This indicates the 
importance of the polarization functions, which are present in the 6-31G* basis, 
to the description of the bridge.

The edge- and face-bridged structures of AI2CI7 are 40.2 and 47.1 kcal/mol 
less stable than the corner-bridged structure at the 3-21G level. No further cal­
culations were done at the 6-31G* level because these structures were clearly less 
stable than the corner-bridged structure.

The inversion barrier for structure 1 of 4 kcal/mol is close to the value of 5.2 
kcal/mol found by Davis et al. (6) using the MNDO semiempirical method. The 
two theoretical methods also find approximately the same A1-C1-A1 bond angle 
for the free ion (131° from the ab initio calculations and 124° from the MNDO 
method). However, preliminary results (15) at the ab initio level indicate that 
introduction of an alkali cation, which bridges the two — AICI3 groups, significantly 
reduces the A1-C1-A1 angle (30°-40°), whereas the MNDO calculations indicate the 
presence of such a cation has little effect on the angle (l°-2°). The results of both 
sets of theoretical calculations disagree with the infrared study of Hvistendahl et 
al. (5) who find a linear or nearly linear structure for AI2CI7 in chloroaluminate 
melts containing cations larger Li+. If the predicted barrier is correct it is unlikely 
that a linear-averaged structure would be observed.

Finally, we explore the reason for the different AI2F7 and AI2CI7 structures. 
In a classical picture, two of the factors determining whether the Al-X-Al bridge 
is bent or linear are the Al-Al repulsion and the polarizability of the halide anion. 
The longer Al-Al distance and larger anion polarizability in AI2CI7 than in AI2F7 
are consistent with the predictions here of a bent bridge in AI2CI7 and a linear 
bridge in AI2F7 . This picture is also consistent with the linear bridge found in 
AI2H7 (16-17) and the bent bridge found in A^BrijT (18).

C O N C LU SIO N S
The following conclusions can be drawn from this ab initio molecular orbital 

study of the structure of the AI2F7 and AI2CLJT anions.
1) The AI2CI7 anion is predicted in the absence of any cations to have a bent 
bridge with an A1-C1-A1 angle of about 131° and a barrier to inversion of 4 kcal/mol. 
The Al-Cl distance in the bridge is about 0.15 A longer than in the terminal -AICI3 
groups. Three different bent bridge structures (C3, C2, and C20), all related by 
internal rotation, differ by less than 0.4 kcal/mol in energy.
2) The AI2F7 anion is found to have a linear or nearly linear Al-F-Al bridge with
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at most a very small barrier to inversion (less than 0.2 kcal/mol). The preference 
for a linear bridge in AI2F7 is attributed to increased Al-Al repulsion and smaller 
anion polarizability compared to that in AI2CI7.
3) The edge- and face-bridged structures (2 and 3) are predicted to be less stable 
than the corner-bridged structures for both AI2F7 and AI2CI7 . For AI2CI7 they 
are less stable by more than 40 kcal/mol. For AI2F7 the edge-bridged structure 
is predicted to be about 13 kcal/mol less stable and the face-bridged structure 29 
kcal/mol less stable
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Table I. Total Energies0 of Al2 F7 and Al2 Cl7 Anions

HF/STO-3G// HF/3-21G//  HF/6-31G*//
Anion Structure HF/STO-3G HF/3-21G HF/3-21G

I  (Dad) -1 1 6 4 .6 2 2 6 4 -1 1 7 4 .2 5 5 8 5 -1 1 8 0 .5 8 4 9 5
I  (Djfc) -1 1 6 4 .6 2 2 1 2 -1 1 7 4 .2 5 5 1 0 -1 1 8 0 .5 8 4 3 9
l ( c . ) -1 1 6 4 .6 2 2 7 5 ___6 —

1 (C a.) -1 1 6 4 .6 2 2 1 3 ____c —

2 ( C .) -1 1 6 4 .6 2 5 1 2 -1 1 7 4 .2 4 8 0 2 -1 1 8 0 .5 6 4 6 6
3 (C 2. ) -1 1 6 4 .6 3 4 6 4 -1 1 7 4 .2 4 7 5 8 -1 1 8 0 .5 3 8 5 1

1 (Dad) -3 6 6 0 .8 1 4 5 1 -3 6 8 2 .9 5 3 2 3 -3 7 0 0 .8 2 9 6 7
I  (Da*) -3 6 6 0 .8 1 4 1 5 -3 6 8 2 .9 5 2 9 3 —

l ( c . ) -3 6 6 0 .8 1 8 2 0 -3 6 8 2 .9 5 4 8 1 —

I  (C 2. ) -3 6 6 0 .8 1 7 1 6 -3 6 8 2 .9 5 4 1 0 -3 7 0 0 .8 3 5 4 5
I  (Ca). -3 6 6 0 .8 1 8 2 4 -3 6 8 2 .9 5 4 8 6 —

2 ( C . ) -3 6 6 0 .7 8 5 4 0 —3682.89066d —

3 (C a,) -3 6 6 0 .7 3 0 7 4 -3 6 8 2 .8 7 9 0 7 —

°In atomic units (1 a.u. =  627.5 kcal/mol). Structures illustrated in Figs. 1 
and 2.
6c .  -+ D3(j.
cC2t, -> D3fc.
d3-21G energy at the STO-3G geometry (HF/3-21G//HF/STO-3G).
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Table II. Relative Energies® of Al2 F7 and Al2 Cl7 Anions

Anion Structure
H F/ST0-3G //
HF/STO-3G

H F/3-21G //
H F/3-21G

HF/6-31G*//
HF/3-21G

A12F7 1 (D3d) 0 .1 0 .0 0 .0

I  (D3ft) 0.4 0.5 0.4
l ( c . ) 0 .0 __ 6 —
1 ( c 2„) 0.4 __ c —
2 (C,) -1 .5 4.9 12.7
3 (C2v) -7 .5 5.2 29.1

a i2c i7 I  (D3d) 2.3 1 .0 3.6
I  (D3h) 2.5 1 .2 —
l ( c . ) 0 .0 0 .0 (—0.4)^
1 ( c 2„) 0.7 0.4 0 .0

l ( c 2) 0 .0 0 .0 —
2(C ,) 2 0 .6 40.2* —
3 (C2„) 54.9 47.5 —

®In kcal/mol. Calculated from total energies in Table I.

6C. D3d.

c C 2 v  - +  D 3h-

E stim ated relative energy from 3-21G results for 1 (C3) and 1 (C2t;) structures. 

C3-21G energy at the ST0-3G geometry.
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1 (D 3d) 1 (D3h)

Fig. 1 Structures of Al2X7 having corner (l), edge (2), and face (3) bridging.



•F

Al
N r

Cl
# > C I

r(AlCli) r(AlCl2) r(AlCl3) r(AlCl4)

ST0-3G 2.086 2.089 2.087 2.089
3-21G 2.199 2.203 2.200 2.203

<C1i A1C16 < Cl2AlClb < Cl3AlClb < Cl4AlClb

STO-3G 105,6° 104.8° 105.6° 103.9°
3-21G 105.1° 104.3° 105.2° 103.3°

Fig. 2 STO-3G and 3-21G optimized geometries for A12F^ [( i  (D3<j) structure] 
and Al2Cl7 [l(D3d) and l(C a) structures]. Bondlengths in angstroms and 
bondangles in degrees (3-21G values in parentheses; values in the table 
are for the Ca structure).
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LIQUID DICHLORIDES AND DICHLORIDE- 
MONOCHLORIDE MIXTURES

M. Rovere*»+ and M. P. Tosi+
*Institut fur Physik, Universitat Mainz, Germany

+Dipartimento di Fisica and ICTP, Trieste, Italy

ABSTRACT

We give a short review of the progress done recently in the inter­
pretation of the structure of molten divalent cation chlorides and 
of the stability of chioro complexes in molten salt mixtures.

INTRODUCTION

In recent years neutron scattering experiments from isotropically 
enriched samples have yielded a large amount of structural informa­
tion on molten divalent cation chlorides, namely BaCl2 (1 ), SrCl2 
(2), ZnCl2 (3), CaCl2 (4), MgCl2, and MnCl2 (5).

The experimental results show a close connection between the 
structural properties in the melt and the behavior of these systems 
in the hot solid phase* where a variety of interesting phenomena, 
like fast ionic conduction or glass transition are observed.
Similar liquid structures are found for BaCl2 and SrCl2 , both 
crystallizing in a fluorite type structure at high temperature.
Like other fluorite type materials, they undergo a transition to a 
high Conductivity phase (superionic) before melting. The increase 
of conductivity is related to the high concentration of anionic 
defects (6). The disorder of the anionic component and the crystal­
line order of the cations are reflected in the liquid in the high 
degree Of short range order for the metal ions in comparison with 
the chlorine ions.

A very different structure is observed in liquid ZnCl2, whose 
glass forming tendencies are well-known (7,8). MgCl2 and MnCl2 have 
some similarities with the ZnCl2 structure. In the liquid phase one 
observes a very well defined local structure of chlorines arranged 
in a tetrahedral coordination around the zinc ion with a close 
similarity to the local structure of the glass. The existence of 
these tetrahedral units is confirmed by spectroscopic data (9). 
Moreover, the addition of excess chlorine bireaks the bridging of the 
tetrahedral units and modes are observed related to the [ZnCl^] 
complexes (10).

Complexes are also found in some of the molten mixtures of 
polyvalent cation halides and alkali halides upon addition of alkali
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halide. The experiments (11) and computer simulation (12) show for 
instance for mixtures of AICI3 and alkali halides the existence of 
complexes in which halogen ions are coordinated in a tetrahedral 
configuration around the polyvalent cation. There are, however, a 
number of systems like CaQ^—2LiCl, where complexes are not re­
vealed at all. In CaCl2“2KCl coexistence of sixfold and fourfold 
coordinated configurations around the calcium ions is observed (13).

For a liquid dichloride a first interpretation of the differ- 
ence of the structural properties can be obtained just looking at 
the classification scheme of crystalline structures and molecular 
shapes for sp bonded AB2 compounds (14-16). The increasing ionicity 
corresponds in the crystal to an increase in the coordination number 
and in the molecules to a transition from a linear to a bent mole­
cule.

In this scheme SrC^ and BaCl2 lie in the high ionicity limit, 
and ZnCl2, MgCl2 and MnCl2 in the low ionicity limit. It is inter­
esting to note that the low ionicity limit seems to favor the 
formation of complexes.

A more accurate analysis of the liquid structure could be 
attempted of course by using the statistical mechanical theories and 
computer simulation. We give now a short review of the progress 
done for some of the compounds and mixtures just mentioned.

STRUCTURAL PROPERTIES OF MOLTEN Sr(L2

Detailed simulation work on molten SrCl2 has been done by de Leeuw 
(17) assuming a rigid ion potential. McGreevy and Mitchell (2) 
found a significant disagreement with their neutron scattering data. 
A refined liquid theory has been applied by Pastore et al. (18), and 
a careful analysis has been performed.

The indications, which come out, are that the rigid ionic model 
gives reasonable agreement with the thermodynamics of the liquid, 
but large discrepancies are found in the Sr-Sr pair distribution 
function. The main conclusions of the work of Past ore et al. can be 
summarized as follows:

1. The Sr-Sr correlations, which are most sensitive to the 
model of interionic forces, are dominant. They determine the main 
features of the liquid structure. Moreover, the cation short range 
order drives the transition to the crystal in the superionic phase 
(19).

2. A simple classical jellium model works in reproducing the 
Sr-Sr structure when the cation-cation Coulomb repulsion is 
screened by the electronic dielectric constant of the material.
This suggests an important role of the distortions of the electronic 
shells in determining the correlations.
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Simulation of liquid ZnCl2 with a rigid ionic model has been done by 
Woodcock et al. (20) and most recently by Gardner and Heyes (21). 
This model gives a reasonable agreement with the gross features of 
the Zn-Cl and Cl-Cl pair correlations, but it fails completely in 
the prediction of the Zn-Zn structure. This means that the model is 
not able to reproduce one of the most important conclusions of the 
experimental work; the close similarity between the local structure 
of the liquid and the glass (3,7,8). As proposed by Desa et al.
(8), this structure can be seen as a distorted random close packing 
of chlorine ions with a Cl-Cl coordination number of the order of 8- 
10. The Zn ions are occupying the tetrahedral holes in such way as 
to maximize corner sharing of the resulting Z n d ^  tetrahedra at the 
expense of edge or face sharing.

Theoretical work has been done by Ballone et al. (22). They 
examined a number of different models, starting from the simple 
charged hard sphere model, and then introducing non-additive ex­
cluded volume effects and an effective screening. Now the anion- 
anion correlations are the dominant ones, and by choosing suitable 
values of the non-additive ionic radii the authors are able to 
reproduce the local tetrahedral coordination. Finally, with the 
introduction of a distance dependent dielectric screening they get 
very reasonable results. They conclude that the Zn-Zn correlations 
reflect mostly the real binding forces, even if a combination of 
non-additivity of ionic radii and an effective r-dependent dielec­
tric screening can give a reasonable account of the correlations.

STRUCTURE AND INTERIONIC FORCES IN MOLTEN ZnCl2

STABILITY OF CHLGRO COMIL EXES IN MOLTEN SALT MIXTURES

A number of experiments on molten mixtures of polyvalent cation 
halides and alkali halides, as said in the introduction, indicate 
the existence of units of halogen ions coordinated in a fourfold 
configuration around the polyvalent cation. For instance the 
existence of [AlCl^J” units in molten Li Cl- AICI3 has been directly 
established by Biggin et al. (11) by neutron scattering experiments. 
On the other hand in recent work with Raman spectroscopy, Sakai et 
al. (13) did not reveal complexes in systems like CaCl2-2LiCl, 
CaCl2“2NaCl, SrCl2-2K d  and SrCl2“2RbCl. As mentioned above, in 
CaCl2-2KCl there is a coexistence of sixfold and fourfold coordina­
tion for the calcium ions.

Saboungi et al. (12) showed by computer simulation on an AICI3- 
NaCl mixture that an ionic model can reproduce structural features 
of a complexing liquid. A similar kind of approach has been devel­
oped by Akdeniz et al. (23). They applied a simple ionic model to 
the solutions of divalent cation chlorides (MC12) in molten alkali 
chlorides. They evaluated the complex stability as a function of
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the alkali chloride solvent and of the solute concentration. The 
complexes are dissociated when the solute concentration exceeds the 
"stoichiometric” composition 1/3, but it is also found that the 
stability is determined by the ionic screening length of the solu­
tion. A stability criterion is established in terms of a "critical” 
ratio between the screening length and the M - d  distance. The 
dissociation of the complexes takes place when this ratio is less 
than 1.60. In the table below the values of the ratio for different 
MCl-alkali chloride mixtures are given. The prediction of complex 
forming (above the line) and non forming (below the line) are in 
agreement with the experiments.

TABLE I

Li Na K Rb Cs

Be 1.93 1.96 1.99 2.01 2.03

Mg 1.69 1.71 1,74 1.75 1.77

Ca 1.58 j 1.60 1.62 1.63 1.64

Sr 1.53 1.55 1.57 1.58 J 1.60
Ba 1.49 1.51 1.53 1.54 1.55
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ABSTRACT

In this paper we present first results of the small angle 
X-ray scattering and the pVTx behaviour of fluid KXKC1i-x 
solutions. In the salt rich solutions Guinier type scat­
tering is observed. From this an electronic radius of 
gyration Re~10 8 is determined which gives a first appro­
ximate measure of the extent of local density inhomoge­
neities around localized electronic states. Approaching 
the metal-nonmetal transition region the scattering law 
changes. Based on the pVTx results the thermodynamic equa­
tion of state has been determined the first time for a 
metal-molten salt solution. It is compared with a simple 
model calculation which is found to be in good agreement 
with the experimental values over the whole composition 
range.

INTRODUCTION

Most alkali metal (M) - alkalihalide (MX) solutions exhibit spino- 
dal decomposition into separate liquid phases below a critical tempera­
ture Tc (1). Above this critical point a continuous transformation from 
metallic (M) to nonmetal lie (NM) states occurs with varying composition. 
This change in the electron-ion coupling strongly influences the micro­
scopic structure (2) and offers a continuous challenge for the theore­
tical modelling of the thermodynamics of these systems (3).

Recent spectroscopic experiments (4) and theoretical studies (5,6) 
demonstrate that at very high metal dilution predominantly F-center 
like localized states form. With increasing metal concentration inter­
action between F-centers may lead to spin-paired (7) associated F-cen- 
ter dimers or dielectrons, i.e. two electrons localized in the same 
anion vacancy. This defect model was successfully applied to salt rich 
solutions to explain the thermodynamic,optical,and electronic transport 
properties (8). Recent quantum molecular dynamics calculations by 
Selloni et al.(6) also predict the occurrence of dielectron complexes 
in a singlet ground state. At higher metal concentrations approaching 
the NM-M transition it was first suggested from ESR measurements that 
higher associated localized states with an electron distribution com­
parable to metal cluster states might occur (7).
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In relation with these problems the present study is concerned 
with the following main objectives. We have been interested in a direct 
information, as much as possible, on the local microscopic structure of 
aggregated localized states and their structural changes approaching 
the NM-M transition region. For this aim we have started small angle 
X-ray scattering (SAXS) experiments on KXKC1i-x solutions. First pre­
liminary results have been obtained in the salt rich solutions up to 
the critical point (xc = .39, Tc = 788°C). In a second experiment we 
have studied the pVTx-behaviour of KXKC1i-x over the whole composition 
range from pure salt to pure metal. From this we have determined the 
thermodynamic equation of state which is presented for the first time 
for a M-MX solution. For a quantitative theoretical description of the 
electronic and thermodynamic characteristics of these solutions the 
equation of state offers a crucial test. In both experiments we have 
selected the K-KC1 system as this is a favourite model fluid in the 
current theoretical investigations of M-MX solutions.

EXPERIMENTAL

The limited page number does not allow a detailed description of 
the experimental techniques and of the data and error analysis. So we 
sketch here only the principles of the applied methods and concentrate 
on some important points of the sample cell constructions dictated by 
the high temperature conditions.

A. SAXS-EXPERIMENT

Due to the high temperature requirements of the sample we had to 
apply a transmission method. For intensity reasons we have chosen slit- 
col 1imation and constructed a high temperature Kratky camera (9) with 
the following diffraction geometry: Cu-Ka X-ray source, graphite mono­
chromator, siit-col1imation system, high temperature-high vacuum fur­
nace with sample cell and beam stop, position sensitive detector. The 
sample in the shape of a thin slab is fixed and perpendicular to the 
incoming beam with an asymmetric scattering geometry. The principle of 
construction of the sample cell is shown in Fig.l. The liquid film is 
confined between two circular windows 1,4 from sapphire or B4C, which 
have a thickness of 60 pm or 400 pm, respectively, in the range of the 
X-ray beam. The windows are pressed against a Ta-ring 3 to achieve a 
vacuum tight sealing of the sample. The optimum scattering thickness of 
the film of p"1- (p = linear absorption coefficient) is defined by a Mo- 
ring spacer 2 .

In order to determine the coherent scattering intensity the data 
have been corrected for absorption (empty container and container plus 
sample absorption), polarization, inelastic and multiple scattering - 
for details see e.g.(10) -. The background scattering of the solvent 
which is mainly determined by the number-number fluctuations S|\||\j(Q) and 
is proportional to the isothermal compressibility xj in the long wave­
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length limit has been calculated from the corresponding analytical ex­
pression (11) and the xj”data determined from the pVTx-measurements be­
low. This contribution has been subtracted from the total coherent in­
tensities. With the siit-col1imation used here the deconvolution of the 
measured intensities is a major correction. For this aim the weight 
function W(y) (9) which contains the smearing of the intensities due 
to the finite slit length and the detector entrance slit has been deter­
mined experimentally. It is well approximated by a Gaussian. The over­
all uncertainty of the finally corrected intensities is estimated to be 
below 5% as long as the counting statistics is better than 2%. For fur­
ther details of this experiment, results, and data evaluation see (12).

B. pVTx-EXPERIMENT

The pVT-data at different metal mole fractions x (0-x^l) have 
been measured in an internally heated high pressure vessel, compressed 
argon gas being the pressurizing medium. At constant x the pressure and 
temperature dependence of the molar volume of mixing, Vm(p,T,x), has 
been determined by a dilatometric technique as sketched in Fig.2. The 
fluid sample is contained in a stainless steel bellows 1 closed at the 
top end by a cone fitting 2. The volume change Vm(p,T,x) of the liquid 
mixture is monitored by a thermostated inductive device 3 inside a high 
pressure capillary at the cold end of the high pressure vessel. The re­
solution and reproducibility of this dilatation measurement is found 
to be ±10 pm and the whole setup has been calibrated up to high tempe­
ratures and pressures with a dummy steel cell. With a filling volume of 
~2.5 cm3 the maximum absolute error of the Vm(p,T,x) results is esti­
mated to be ±1.1%. For pure K and KC1 the results reported here agree 
with the corresponding literature data, (13) and (14) respectively, to 
better than ±0.6%. In addition we have measured the pressure dependence 
of the phase diagram which is obtained from clear kinks observed in the 
Vm(p,T,x) curves when crossing the phase boundaries. This independent 
information gives a valuable insight into the thermodynamic consistency 
of the pressure dependence of the phase boundary and the value of the 
molar excess volume near the critical point (15). Details of the re­
sults and the experimental techniques are described in a separate paper
(16).

RESULTS AND DISCUSSION

A. SAXS-RESULTS

As discussed in the introduction, in the salt rich solutions elec­
tron localization in the form of different defect states leads to inho­
mogeneities in the local electron distribution pe(R). This is probed by 
the X-rays. For the interpretation of the small angle X-ray scattering 
due to these inhomogeneities we start from the following basic relation
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for the elastic scattering intensity I(Q) (9):

I(Q)cc N |F(Q) |2(1 + /g(R)exp(-iQR)d3R). Cl]

Here Q is the scattering vector and N is the number of defects (par­
ticles^. The structure factor |F(Q)|, which is the Fourier transform 
of pe(R), describes the intraparticle scattering. The integral in Eq.
[1] gives the interparticle scattering determined by the Fourier trans­
form of the pair distribution function g(R). As a first approximation 
for salt rich solutions we may consider a two phase model; we assume 
that we have N identical spherical particles which are not strongly 
correlated and which have a homogeneous scattering length density pep 
embedded in a solution (matrix) of homogeneous scattering length densi­
ty Pes- Then |F(Q)| may be written as:

Here the scattering function S(Q) has been approximated by the Guinier 
scattering law (17), where the electron radius of gyration, Re, for a 
spherical symmetric charge distribution around a defect is given by:

The following discussion is based on these relations. Fig.3 shows a 
Guinier plot, Inl(Q) vs. Q^, of the SAXS-results of KxKC1].-x at a con­
stant temperature of ~775°C for three selected compositions x = .07, 
.10, and .17. The intensities are in relative units. Below x = .10 a 
Guinier type behaviour is observed over the whole Q-range. From a best 
linear fit of the data (full curve) a radius of gyration of Re~10 8 is 
found. This gives a first rough estimate of the extent of the inhomo­
geneity of the charge distribution around defect states like F-centers 
or dimers. Localized electrons in F-center or dimer states are stabi­
lized by interaction with ions in first and second neighbor cation and 
anion shells, respectively, and thus may influence the local density 
over this distance range. Taking this into account the magnitude of Re 
is not unreasonable.

In order to get a more quantitative insight into pe(R) improve­
ments of the present results are necessary. First the scattering range 
has to be extended to lower Q-values which is possible with the B4C- 
cells and is currently undertaken. In a further step, variation of the 
scattering contrast Ape is considered. This is possible by isomorphous 
substitution - exchanging the cation while keeping the anion the same, 
e.g. comparison of NaX with KX systems - or by varying the scattering 
length itself - anomalous scattering - at different energies using a 
synchrotron light source. In particular this last technique offers

[ 2]

<R?> = / RV(R)dR// R2p (R)dR. 
e 0 e 0 e

[3]
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completely new possibilities. Improvements in these directions are in 
preparation.

With further increase of the metal concentration above x = 0.10 
clear deviations from Guinier behaviour: are observed. This is demon­
strated by the upper curve in Fig.3 for x = .17. Concerning this con­
centration range the following considerations are of interest. In the 
more concentrated solutions the average separation between localized 
states is reduced and so interparticle scattering may come into play. 
Another interesting possibility is that the scattering law changes ap­
proaching the NM-M transition region. From the electronic properties 
we expect this to occur around X(\|(v]-|vi~0.5xc (18). If cluster aggrega­
tion or diffusion limited aggregation are the dominant changes in the 
local structure during the NM-M transition the small angle scattering 
should follow a characteristic power law, S(Q)«Q“d (see, e.g., (19)). 
For the understanding of the M-NM transition mechanism in fluid systems 
this problem may be of particular interest. Discussing the small angle 
scattering in the intermediate concentration region of the NM-M transi­
tion, a further complication arises from the nearby critical point (xc = 
.39) and the extension of the critical scattering below xc. Going from 
salt rich solutions towards the consolute compositi.on xc the scattering 
law changes and shows the characteristic Ornstein-Zernike behaviour, 
i .e.

S(Q) « (1 + S2q2 ) -1 [4]

with the critical correlation length £. This is demonstrated in Fig.4 
for three temperatures above Tc and x = xc. Here the corrected experi­
mental intensities (points) are compared with the calculated intensi­
ties according to [4], where the latter have been smeared with the 
experimentally determined weight function W(y) (full curves). These 
curves have been normalized at Q-0.35 8"1 and thus £ is the only fitting 
parameter. The Rvalues determined in this way range from 25 8 (T*TC) 
to 13 8 (T~Tc+50 K). A more detailed study of the SAXS of KxKCli-x in 
comparison with the corresponding neutron results of Chieux et a 1. (20) 
for K-KBr is in progress.

B. pVTx-RESULTS

The molar volume of KXKC1i-x (CKxSl) has been measured as a func­
tion of temperature up to 920°C and at 8 different pressures up to 
1600 bar (16). A selection of these results at 850°C and three diffe­
rent pressures is presented in Fig.5 as a function of the mole fraction 
x. In the salt and metal rich end Vm shows ideal mixing behaviour with­
in the experimental error of 1 .1%, whereas a slight but positive excess 
volume is observed in the composition range of the miscibi1ity gap. In 
a first short publication (15) we presented a small negative excess vo­
lume in the salt rich end. In further measurements we could not repro­
duce this part which explains the changed data around x~0.1 as presented 
in Fig.5. In the previous paper (15) we have discussed the thermodynamic
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consistency of the measured pressure dependence of the miscibility gap, 
e.g. 9Tc/9p>0, with the observed positive excess volume near the criti­
cal point. We have also given the partial molar volumes V|< and V|<ci de­
rived from Vm(p,T,x). In the following we focus on the thermodynamic 
equation of state for KXKC1i-x-

The thermodynamic equation of state,

(9U/3V)T = T(9S/9V)T - p = T(9p/3T)V - p, [5]

relates the internal pressure, = (9U/9V)y, with the isochoric ther­
mal pressure coefficient, (9p/3T)\j, and the total pressure p. The ther­
mal pressure coefficient is given by the isobaric expansivity, a , and 
the isothermal compressibility, xy: P

(9P/9T)V = -OV/3T)p/(3V/9p)T = ap/xT . [6]

With the high density of data points for Vm(p,T,x) recorded at diffe­
rent T and p it is possible to determine ap and xy from these measure­
ments with sufficient accuracy and to calculate (9U/9V)y according to eq. 
[5] with an uncertainty of ±15%. This is presented in Fig.6 where the 
internal pressure of KXKC1i_x at 800 bar and 850°C is plotted versus x 
(open circles). Over the whole composition range a negative excess in­
ternal pressure - difference between experimental result and dashed line - 
is found with a minimum value of about -1.5 kbar.

Holzhey and Schirmacher recently published a simple model for the 
calculation of the thermodynamic properties of liquid M-MX solutions 
which qualitatively describes the phase separation in these systems 
(21). The main ingredients of this model are the following. The inter­
action between the metal cation and the halogen anion is treated via 
an electronically screened Coulomb potential and a hard core repulsion. 
The screening length A(x) is assumed to vary linearly with composition 
between the limits of the salt, A|vix, and the metal, A|v|, i.e.:

A(X) = XMX + (Am - Am x )‘X. [7]

Using a parameterization for the correlation function of concentration 
fluctuations they find the following analytical expression for the ex­
cess internal energy U$x,

U®x = (-Ae2/o)(l-x)(exp(-A(x)o) - exp(-AMX<j)), [8]

which is a mean field type approximation. In eq.[8] A is a short range 
order parameter of the order of 1 , a is a common hard sphere diameter 
of the ions, and e is the electron charge.

In order to test this model on the measured pVTx-data, we have
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calculated the excess internal pressure, p|x, from eq.[8] according to

ex _ /aMex/a.n _ n 2n  ..xr /9A(xh -A(x )a ,9AMXx "AMXa rcn 
pi - (8Um /9V)T “ Ae >̂Te ” (" W )Te ]■ [9]

For A(vix(T,Vm) and A|v|(T,\/m) we have taken the analytical expressions of 
the Debye-Hiickel and Thomas-Fermi model, respectively (see, e.g. (22)). 
In a first rough approximation we set A=1 and estimated a~3 8 from the 
ionic radii of K+ and Cl". These calculated values of p^x are included 
in Fig.6 (full line). The agreement between this simple model calcula­
tion and the experimental results is surprisingly good.

ACKNOWLEDGEMENT

We are pleased to acknowledge valuable discussions with W.Ruland 
on the deconvolution problem of the SAXS-data and with W.Schirmacher on 
the thermodynamic model. Financial support of this work by the Deutsche 
Forschungsgemeinschaft and, in part, the Fonds der Chemischen Industrie 
is gratefully acknowledged.

REFERENCES

1. M.A.Bredig in Molten Salt Chemistry, ed. M.Blander (Interscience, 
New York) 1964

2. J.F.Jal, J.Dupuy and P.Chieux, J.Physique Coll. C8 41, 257 (1980).
3. G.Chabrier and J.P.Hansen, J.Phys.C: Solid State Phys. 18, L757

(1985).
4. For recent reviews, see: W.W.Warren,Jr. in The Metal lie and Non- 

metal lie States of Matter, eds. P.P.Edwards and C.N.R.Rao (Taylor 
and Francis, London) 1985; W.Freyland in Proc.5th Int.Symp. Molten 
Salts, eds. M.L.Saboungi,K.Johnson, D.S.Newman and D.Inman, (The 
Electrochemical Society, Pennington, NJ) 1986.

5. M.Parrinello and A.Rahman, J.Chem.Phys. 80, 860 (1984).
6 . A.Selloni, R.Car, M.Parrinello and P.Carnevali , J.Phys.Chem.,1987, 

(in press).
7. N.Nicoloso and W.Freyland, J.Phys.Chem. 87, 1997 (1983)
8 . J.J.Egan and W.Freyland, Ber.Bunsenges.Phys.Chem. 89, 381 (1985);

H.Heyer, J.J.Egan and W.Freyland, Ber.Bunsenges.Phys.Chem., 1987 
(to be pub!ished).

9. O.Glatter and O.Kratky, Small Angle X-Ray Scattering (Academic 
Press, New York) 1982.

10. C.N.J.Wagner in Liquid Metals, Chemistry and Physics ed. S.Z.Beer 
(Marcel Dekker Inc, New York) 1972.

11. M.Rovere, M.Parrinello and M.P.Tosi, Phil.Mag.B 39, 167 (1979).
12. E.Pfeiffer and W.Freyland, 1987 (to be published)
13. E.E.Shpi1 * rain, K.A.Yakimovich and A.G.Mozgovoi, Teplofiz.Vis. 

Temp. 14, 511 (1976).
14. G.Goldmann and K.Tddheide, Z.Naturforsch. 31a, 656 (1976).
15. K.Garbade and W.Freyland, LAM6 Proceedings, Z.Phys,Chem., 1987

206



16.
(in press).
K.Garbade, PHD Thesis, University Marburg, 1987 and K.Garbade and 
W.Freyland, 1987 (to be published).

17. A.Guinier and G.Fournet, Small Angle Scattering of X-Rays (Wiley 
and Sons, New York) 1955.

18. D.Nattland, H.Heyer and W.Freyland, Z.Phys.Chem.N.F. 149, 1 (1986).
19. P.W.Schaefer, J.E.Martin, P.Wiltzius and D.S.Cannell, Phys.Rev. 

Lett. 52, 2371 (1984).
20. P.Chieux, P.Damay, J.Dupuy and J.F.Jal, J.Phys.Chem. 84, 1211 

(1980).
21. Ch.Holzhey and W.Schirmacher, J.Physique Col 1. C8 , 373 (1985) and 

Proc.LAM6 Conference, Z.Phys.Chem.N.F. (in press).
22. N.W.Ashcroft and N.D.Mermin, Solid State Physics (Hoit-Saunders 

College, Philadelphia) 1976.

207



1
2

3
A

Figure 1. Cross section of the liquid sample 
cell for SAXS

Figure 2. Sketch of the sample cell and dila­
tation technique used in the pVTx- 
measurements.

Figure 3. Guinier plots of the SAXS-results of KXKC1i-x at 775°C 
(c,x = .07; b,x = .10; a,x = .17).
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Figure 4. Critical SAXS of KxKCli-x (Ornstein-Zernike behaviour) at
x~xc = .39 and three temperatures of T^TC = 788°C, T = 813°C 
and T = 842°C (temperature increasing from the top to the 
bottom curve).

X K —>

Figure 5. Molar volume of
KxKCli-x at 850°C and 
three different pres­
sures of 1 bar (O), 
800 bar (a ), and 
1600 bar (°).

Figure 6 .  Internal pressure p- j  =  

(3U/3V)j of KXKC1i-x at 
850°C and 800 bar; sym­
bols give the experimen­
tal results, the full 
curve has been obtained 
from a model calculation
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STRUCTURE AND THERMODYNAMICS QF METAL-SALT SOLUTIONS: 
THE THEORETICAL VIEWPOINT

★
Gilles Chabrier

D. P. M. Universite Claude Bernard-Lyon I 
69622, Villeurbanne Cedex, France

ABSTRACT

The structure and thermodynamics of solutions of alkali 
metals and their halides are calculated on the basis of a 
simple two-fluid (ion-electron) reference system and a second 
order perturbation expansion in the ion-electron coupling.
The miscibility gap observed in these solutions is reproduced 
theoretically and explained in terms of screening lengths and 
correlation lengths, for which we obtain explicit expressions

The metal-salt solutions are regarded as being composed of N t 
positive ions of charge 2 xe and N2 negative ions of charge Z2e in a 
volume ft; the corresponding number densities and concentrations are 
defined as p *=N /ft and x =N /N(a-1,2), with N=Nj+N2. The excess of 
positive charge01 is compensa?ed by the conduction electrons which are 
assumed to provide a rigid, uniform background of charge ep , ensuring 
overall charge neutrality:

The total hamiltonian of the system is written as the sum of three 
terms (1):

where H.. is the hamiltonian for the ions in a neutralizing uniform 
backgroiftd, H is the familiar jellium hamiltonian for the electrons 
in a uniform Background which exactly cancels the previous one, while
V. describes the ion-electron interaction minus the interaction 
energy of the ions with their associated background.

The ions are assumed to interact pairwise via the simple model 
potential(2):

^present address: Department of Physics and Astronomy, 
University of Rochester, Rochester, New York 14627-0011

I. THE MODEL

[ 13

C 2 ]

1.1 THE IONIC HAMILTONIAN
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U ^ p C O  =  z ,*Z p eV ' '  +• X?(r ) [ 3]

where the short range repulsion V (r) acts only between oppositely 
charged ions, and is taken to be of exponential form:

V0 (r) =  ^  ) A e*p J f 4]

The potential [3] is a simplified version of the usual Born-Huggins- 
Mayer potential. For the parameters A and rQjwe have chosen the 
values of the complete Tosi-Fumi potential corresponding to the pure 
molten salt (3).

The ion-ion hamiltonian hence finally reads:

U ,  - K- _±> L  LlTre*'
K 1-

C 5]

where K. represents the kinetic energy of the ions aid denotes 
the Fourier component of the ionic charge density. The corresponding 
ionic pair correlation functions g ft(r) and their Fourier transforms 
the ionic structure factors S fi(K) nave been calculated in the 
framework of the hypernetted chain equations (HNC), supplemented by 
the Ornstein-Zernicke relations between the direct correlation
functions C rt(r) and the total correlation functions h n(r) = g 0(r)- <xp ap

fr) = i-p V r) + V r) ~ V r} i m c  

V r) = y r) +l i  oz-

Figure 1 compares the structure factors issued from the model 
hamiltonian [5] with the experimental results obtained by neutron 
diffraction for K-KCl and Rb-RbBr(8). The poorer agreement for Rb- 
RbBr is the consequence of the higher polarisability of this system, 
not included in our model.

[6a]

[6b]
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1.2. THE ION-ELECTRON INTERACTION

The term V^e of eqn. [2] can be split in two terms:

M e  = Cl * u <
[ 7]

where v (K) is the dimensionless Fourier transform of the ion- 
electronpseudopotential v (r), and U is the structure independent 
contribution (1,4): 0<x 0

° Q^o(S1V<-*0 '
(K)

K T

The hamiltonian specified by eqns. [2], [5], [7] is in fact quite 
general and describes a number of coulombic systems besides metal-salt 
solutions : liquid metals (limit x=l), molten salts (limit
x=0), binary alloys (for which Z,Z2>0), and binary ionic mixtures, in 
which the short range repulsive term may be omitted, the electron-ion 
interaction being purely coulombic.

For the ion-electron pseudo-potentials occurring in eqns. [7],
[8], we have chosen the Ashcroft empty core form [7] for the cation, 
with a core diameter determined at the melting point of the pure 
metal, using the sum rule for the compressibility (5). The anion- 
electron pseudo-potential has been chosen to be an interpolation 
between the Ashcroft and Shaw (6) forms (7):

(o . - ; ; r . < r«z

C — Z ^ / r V on N

For r « we have chosen, somewhat arbitrarily, the ionic Pauling 
radiusf S will be the only adjustable parameter in our perturbation 
theory. The coordinates of the critical point which terminates the 
miscibility gap will depend sensitively on S, as we will see later. 
Let us note that the special case £=0 corresponds to the empty core.
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1.3 THE ELECTRON GAS

The thermodynamic properties of the uniform electron gas depend on 
the usual density parameter r and the degeneracy parameter t defined 
by: S

( 3 / ^  )'/3 1 < T
--------- [10]
w t f

i. 1 /3where afi is the Bohr radius and kT_ = cle x is the Fermi
temperature. In the Metal-salt solutions, as the metallic mole 
fraction decreases, the density parameter r increases (r =«» in the 
pure salt!) while the Fermi temperature decreases. As a consequence, 
the electron gas becomes more and more correlated while finite 
temperature corrections become non-negligible. To describe this 
weakly degenerate electron gas, we have used the most accurate 
equation of state presently available, calculated in a wide range of 
densities (10).

II. THERMODYNAMICS

The thermodynamic properties of the metal-salt solutions described 
by the hamiltonian [2] are calculated by a perturbation expansion in 
the ion-electron coupling V. . In the zeroth order the electronic and 
ionic components, neutralized by their respective uniform backgrounds, 
are assumed to be completely decoupled so that the Helmholtz free 
energy of this reference system is given by:

F(0) = F: + Fe

The ionic contribution is calculated from classical statistical 
mechanics, using the pair distribution functions obtained in §1(4).
An interesting property of the HNC closure, beside the fact that it is 
especially adapted to coulombic systems, is that it allows a direct 
calculation of the excess chemical potentials y , from the partial 
pair correlation functions [9]. Hence the exce§s (i.e. non ideal) 
free enthalpy per ion follows directly from:

NWT

1

[12]

The further contributions to the free energy are calculated using 
the standard coupling constant integration:
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p [13]= F ( V * 4 )  = F a - o )  + j'<V ie>AdX

where F(A=0)=F.+F is the free energy of the reference system, whereas 
<> denotes thi clnonical average taken over the perturbated 
hamiltonian. To first order in the coupling, the free energy is:

a  F f +  fk «■ < v ;«.>0

with

<v„>. = 2 +N1Z1‘£ (-t_!?)] CIS]
2 - o r

The second order ion-electron contribution is calculated in the linear 
response approximation for the induced electron density <p^0>, which 
yields:

F2  *-± I I  (^A)B )1/— --- ([—  ■
2 01 p P (2.TT)5''

the S (k) denote the partial structure factors of the unperturbed 
ionicrluid calculated in §1. For the dielectric function eg(k) we 
have chosen the zero-temperature form proposed by Ichimaru and Utsumi 
(11), which is well adapted to the highly correlated regime (rs>>l).

By truncating the perturbation expansion of the free energy after 
the second order, we restrict ourselves to linear screening in the 
description of the ion electron coupling. This is a priori 
inapplicable in the regime of low metallic concentrations. However, 
since the weight of the electronic contribution to the thermodynamics 
of a metal-salt solution decreases with decreasing metal concentration 
x, we have used the results of second order perturbation theory 
throughout the entire range of concentration.

In that case the total free energy finally reads:

All other thermodynamic properties of the system can be derived from 
the free energy expression [17], by taking the appropriate derivatives 
with respect to the thermodynamic variables Q, T and x. The excess 
Gibbs free energy of mixing is defined in the usual way as
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[IS]

where G (T^,x) * F - ( ^  / flj-s the molar free energy of the 
mixture-at the concentration x.‘ In practice, for fixed values of T 
and x, the molar volume a is varied to yield a prescribed value of 
the total pressure P. All the results presented here are for P=0.
The molar volumes at zero pressure calculated from the second order 
perturbation theory are listed in tables for several values of the 
concentration, together with the various contributions to the equation 
of state, for the system i^KC^ , with $=0.

X Q  /cm3m ol«T rs M / e m
(4)

1 37.045 4.627 -14.608 -0.920 19.665 -4.135
0.8 32.868 4.790 -5.385 -0.796 10.734 -4.550
0.6 32.072 5.229 -0.869 -0.756 4.437 -3.807
0.4 39.275 6.404 0.437 -0.633 0.850 -1.786
0.2 53.203 8.928 0*895 -0.304 -0.135 -0.445
0.1 62.767 12.028 0.361 -0.122 -0.133 -0.107

0 78.901 OD 0 0 0 0

TABLE 1

Molar Volumes and Various Contributions to the EOS at Zero 
Pressure for K KC1, with £=0, at T=1250K. r is Defined by Eqn. [10]. 
The SubscriptsandiSuperscripts i.e. (1), (2) Denote Respectively Ions, 
Electrons, First and Second Order.

For the pure metal, the calculated molar volume is very sensitive to 
the second order term in pressure, due to the fact that the zeroth and 
first order contributions are of opposite signs. The calculated molar 
volume (which is independent gf E at x=l) is considerably smaller than 
the experimental value (68 cm /mole at T=1250K). This defect may be 
attributed to a poor convergence of the perturbation series for the 
pressure in the high temperature range of expanded liquid metals (11).

For the pure salt, the calculated molar volume is larger than its 
experimental value for KCl(51.20cm /mole at T=1250K). But we have 
checked that this discrepancy is essentially due to our neglect of Van 
der Waals interactions in the ionic potential model of eqns. [3]—[4].

The excess molar volume of mixing Afl is defined as:
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A O w= n , V((p .o <T : x ) - x a 4V>C P .o T X=4 ) _ ( - i _ x ) a lv,(p=o T X=o) t i9]

The most stricking result of our calculation is its prediction of a 
large negative excess volume at intermediate concentrations, as shown 
on figure 2. Although the large absolute values of these excess 
volumes may be attributed to the crudeness of our model (especially the 
density independence of the pseudopotentials), we believe the sign of 
the excess volume is real. This is to be checked by experiments. Let 
us note too that the results are sensitive to the value assumed 
for $.

III. MISCIBILITY GAP - CRITICAL BEHAVIOR

The various contributions to AG are plotted in figure 3 as a 
function of the molar fraction x for a typical state of K KC1, * To 
zeroth order, when AG^ is just the sum of independent ionic ana 
electronic contributions, AGm is a convex function of x so that the 
solution would be thermodynamically unstable at all concentrations.
But when the first and second order corrections due to the electron- 
ion coupling are added, AG becomes concave, signaling that the 
solution is going to stabilize. This behaviour contrasts with the 
case of binary ionic mixtures (BIM) or metallic alloys where the ionic 
contribution always tends to stabilize the mixture (12,13).

As figure 4 shows for one value of L  as £ takes nonzero values, 
AGm builds up a convex portion on the salt-rich side, signaling phase 
separation. The concentrations of the coexisting liquid phases are 
determined by the usual double tangent construction. The critical 
coordinates, T and x , are sensitive, to i; and are compared to the 
experimental values In the case of K KC1. in table 2. While the 
calculated critical temperature can 8e brought into agreement by an 
adequate choice of £, the corresponding critical concentration x is 
too small. This is probably a consequence of the inadequacy of linear 
screening theory (and hence pseudo-potential approach) on the salt 
rich side of the phase diagram.

Figure 5 shows the results we get for K-KC1 and Rb-RbBr for 
different values of £.

5 0.01 0.05 0.2 0.333 Experiment(lb)
V K
xc

1250
0.25

1650
0.25

2300
0.35

2500
0.40

1073
0.35

Table 2

Critical Coordinates for K KCl, Calculated for Several Values 
of c.
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The demixing phenomena can be explained in terms of screening 
lengths. The metal-salt solutions are characterized by a competition 
between a Debye-Huckel type screening between the ions and a Thomas- 
Fermi type screening due to the rearrangement of the electronic 
background around each charge. These two different kinds of screening 
are characterized by two screening lengths or, equivalently, two 
dielectric functions. The electronic screening length is:

LOTe*
± _  U  £  (K)'^

tf-*o e [2 0]

where wQ is the chemical potential of the continuous electron gas, 
whereas u =005'*/^)/^ denotes the bound electrons contribution to the 
total electrochemical potential. Using the Nozieres-Pines (14) 
approximation for the correlation energy of an electron fluid at zero 
temperature, we obtain the following analytical expression for :

)^=z 4 . (O.*toa rs - 0 .0 6 8 r ^ O . O O i 7 r ^ ) c k  [21]

where r" = r (1-|£ )1/2 is the modified Radius of the 
pseudopotential [8?. The term 0.409 rgaB is the Thomas-Fermi 
screening length squared, which becomes exact in the limit of weak 
coupling for the electron gas (r +0). The first term of eqn [21] 
exposes the electrostrictive behavior in the response of the system, 
because of the finite size of the ions in the ion-electron 
interaction. Let us note that in the metal-salt solutions, because of 
the strong variation of rg along the phase diagram,Ag decreases 
quickly from metallic values to zero. This phenomenon is usually 
associated with the appearance of a local order (15). The screening 
length loses its significance in such situations. This is really 
different for BIM or binary alloys where the electronic screening 
length is always larger than the ionic one so that the screening 
effect is dominated by the ions.

For the ions the ionic screening length A.f, can be related to the 
ionic correlation length,A^ through the equation:

V. s  d- lim £. (K)
K 1  K - o [22]
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Here'K. and 9- denote respectively, the compressibility and the free 
enthalpy density for the ions whereas % 0=B/p designs the 
compressibility of the perfect gas. Xc can be shown to be equal to:

Xc [23]

where S (o) is the concentration-concentration structure factor at 
zero wave-vector which diverges at the critical point and <5* is the 
expansion coefficient (6' ~ l/p(3po/3x1)p T >.

VI. CONCLUSION

We have shown that our really simple model reproduces 
qualitatively and at least semiquantitatively the structure and the 
miscibility gap observed in metal-salt solutions. Moreover, we have 
characterized this phenomenon through two screening lengths, typical 
of two different screening phenomena, and a correlation length, of 
which the scalar value let us expect that the demixing critical 
behaviour of metal-salt solutions is probably Ising like.
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Comparison Between the Structure Factors Obtained from 
Neutron Diffraction (8) (dots) and from the Model 
Hamiltonian [3].
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04 06 X 0,4 0,2

Figure 2 - Relative Excess Molar Volume versus x for a
K -KCl, Mixture at Zero Pressure, x 1-x

Figure 3 - Various Contributions to the Molar Gibbs Versus Molar 
Fraction x,Full Curve: Ionic Contribution; Dashes: Ionic and 
Electronic Contributions; Long Dashes: First Order Perturbation 
Theory; Dash-dotted Curve: Second Order Perturbation Theory.
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X

Figure 4 - Molar Gibbs Excess Free Energy Versus Molar
Fraction X for a K KCl, Mixture, for a Non-Zero Value  ̂ x 1-x

Figure 5 - Phase Diagrams of K KQl^_x and Rb^RbBr^_x 
for three different values of X X
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THEORETICAL ANALYSIS OF COLLECTIVE MODES IN 
METAL-MOLTEN-SALT MIXTURES AND MOLTEN-SALT MIXTURES
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ABSTRACT

We present the results of a theoretical analysis of long 
wavelength collective modes in mixtures of metal-molten salts and 
mixtures of salts. In the former case the calculations are made 
based on the assumption of a rigid background for the conduction 
electrons, and extended to the metal-rich concentration range by 
taking into account the polarisability of the electron gas. The 
most interesting prediction of our analysis is that sound waves 
should be overdamped below a critical wavenumber for a certain 
range of concentrations in the salt-rich region of metal-salt 
solutions.

I . INTRODUCTION

In the following sections we give an analysis of collective modes 
both in metal-salt mixtures and molten-salt mixtures. We use 
linearized hydrodynamics, i.e. we focus on the long-wavelength, low- 
frequency limit, and extend our analysis for higher frequencies, using 
the generalized hydrodynamics, in the K-K) limit. The long wavelength 
domain is the region where collective modes occur. Moreover, in a 
strongly coupled ionic fluid, the collision frequency is large 
compared to all other characteristic frequencies and maintains the 
system locally in thermodynamic equilibrium, so that the hydrodynamic 
description of this high frequency mode is, at least qualitatively, 
correct. For the sake of simplicity, temperature fluctuations will be 
neglected throughout, so that the heat diffusion mode will never 
appear in our analysis. This is also a reasonable approximation in 
strongly coupled ionic systems where the potential energy dominates 
the kinetic energy. In other words, we assume the specific heat ratio 
y = c /c to be of order 1 (which is well verified for pure liquid 
metals).

For the metal-salt mixtures, the analysis is first carried out for 
the case of a rigid background, which applies in the salt-rich phase, 
and then extended to the situation where the polarisability of the gas 
of conduction electrons can no longer be neglected (metal-rich phase).

^present address: Department of Physics and Astronomy, 
University of Rochester, Rochester, New York 14627-0011
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For all these cases we have solved the equations of hydrodynamics 
for a charged fluid (1, 2), which express the conservation of mass 
density, charge density, momentum and energy density. This latter has 
been ignored, the coupling between temperature fluctuations and 
fluctuations of the other variables being neglected, as already 
mentioned. The resolution of these equations yields the 
hydrodynamic matrix of which the zeros of the determinant determine 
the dispersion relation of the different collective modes. Our 
purpose here is not to reproduce these calculations but just to 
summarize our results.

II. METAL-SALT SOLUTIONS - RIGID BACKGROUND MODEL

We consider mixtures of the type M (MX), where x is the mole 
fraction of the alkali metal. The metallic ions have a mass M x and

while the halogen have a mass m2 and 
The number densities of both species are 

It is convenient to choose as independent

carry a positive charge Z xe, 
carry a negative charge Z2e. 
respectively p, and p~
variables the temperature T and the mass and charge densities:

z.

- £ c " e* * 1  o 2 -'-' [ 1 ]

The thermodynamic potential associated with these variables is the 
Helmholtz free energy density f, from which all thermodynamic 
quantities are derived. The two characteristic frequencies of our 
two-component system are the hydrodynamic plasma frequency

r 2 ]

which occurs naturally in the long-time, collision-dominated regime, 
and a frequency wQ , associated to the mutual diffusion between the two 
species or, equivalently, the ionic conductivity o:

O J0 = ^TTtT [ 3]

The determinant of the hydrodynamics matrix results, in that case, in a 
cubic equation (3):

Z3 + + ) + z(|oltcok +u>p ■i-c*J<) + Wc/G^£l+i£. J = o [ 4]
' K;

with

u->. toD + -  cr j>rr + 3
~r' { »

[ 5]
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v is the electrochemical potential conjugate to the charge density, b 
il the longitudinal kinematic viscosity, k. is the ionic screening 
length, C = */?»** is the actual velocity of the mixture (in the 
assumption y = 1), and c' = pm f«\P reduces to the sound
velocity c in the pure salt. **

In the long-wavelength (k+0) limit, the three roots of [4] are:

Lw o *  ] 1 6]

Near the pure metal (w <2w ), the roots z2 and z3 are complex 
conjugate and correspond tB two plasmon modes of frequency ± <*> , while 
the root zx corresponds to the k-+0 limit of collective diffusion mode. 
In the opposite limit of the pure molten salt (wq >2w ~0), the doubly 
degenerate root z1 = z 3 = 0  is the zero wavenumber remnant of 
propagating sound modes, while z? = -w corresponds to a fully damped, 
non-hydrodynamic, charge relaxation rnoae, with a relaxation time x -
17V

II.1. METAL RICH MIXTURES (w >>w )------------------- -- p Q

Pert.urbating around the non zero-root, we sol^e equation [4], and 
find a purely diffusive mode (z. in [6]) z = -D k , with a collective 
diffusion constant given by:

D M = C ' i ( w e / ^ )  [7]

and two plasmon modes with the dispersion

CO = ±- UJ [ ( 1 -  ) + U (£.—  ■+ y\ [8a]

P ^  H  n

and the damping

r  =  c " 1 „  r m

In the limit of the pure metal (w =0), we recover the result for the 
OCP (9). The two main effects of°the inclusion of salt (« >0) is to 
lower the plasma frequency w and to make the damping of the plasmons 
finite even at zero wave number, due to inter-diffusion of the two 
ionic species which dominates the purely viscous damping in the pure 
metal. Moreover, as w decreases due to the addition of salt, the k- 
dependent term in [8a]pbecomes more and more important, and the
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plasmon-like dispersion will eventually turn into an acoustic one.

II.2 SALT RICH MIXTURES (o> >>w_)---------------------Q p

In this case, we solve the eqn. [4] by looking for small 
perturbations around the non-hydrodynamic fully damped charge 
relaxation mode z * -w . Following the analysis of Giaguinta et al.
(4), we distinguish tw8 wavenumber regimes according to the relative 
values of the two characteristic frequencies w and ck associated with 
charge relaxation and sound propagation respectively.

(i) At sufficiently long wavelengths, such that k<kQ * w /c, the 
frequency « associated with charge relaxation dominates all other 
characteris?ic frequencies of the mixture. The fully damped mode has 
a relaxation time

u1 [ 9]

where the two last terms represent corrections relative to the pure 
molten salt, due to the presence of a finite concentration of metal. 
The two remaining roots correspond to acoustic modes z = ± icsk-r/2 
with a sound velocity

t c ' 1  _  L ( w p7 z . ^ )
C s  =  -------------------------------------------- [10]

1  _  ( < » p / u > 04 )

and an attenuation

Only the third term on the RHS of [II] contributes in the pure molten 
salt, where charge and density fluctuations are decoupled. The 
addition of some metal introduces a small coupling between these 
fluctuations, and the attenuation remains finite as k+0. The coupling 
between charge and mass fluctuations is also responsible for the 
deviation of the sound velocity [10] from its value c ’ in the pure 
salt. The most important result in this long wavelength regime is 
that sound propagation is not possible at all concentrations. It is 
possible only if the general dispersion relation [4] has two complex
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conjugate roots. The condition for sound propagation is hence:

r 1  _  ^ c ' * ~ o j 0  c s u

Retaining only terms up to order k2, we 
condition, from [9], [11], [12]:

( ^ p / ^ o ) 4 < U  V< S L -

This means that for a given wavenumber k (smaller than kQ), there 
exists a range of concentrations, delimited by the inequalities:

( k / K 0 )Vi <  W r / w c < 1 / z .  [14]

where all collective modes are overdamped or equivalently, for a given 
metallic concentration, sound propagation is possible only if the 
wavenumber k is larger than a critical value kc=k (w /u f* . At 
higher metal concentrations, plasmon like modes p?op§ga¥e (see [6]), 
while at lower metal concentrations the mixture sustains sound waves, 
but due to concentration gap [14], there is no crossover between the 
two types of propagating modes. (ii)

(ii) At wavelengths sufficiently short so that k>k , the sound 
wave frequency ck dominates the charge relaxation frequency w . In 
that case the relaxation time of the fully damped charge mode°is:

< o
obtain the following

[12]

k 7 k , [13]

0  + * £ )

The two remaining modes are sound waves of velocity

c s = c

and attenuation

[15]

[16]

r [17]

The main difference between the two regimes i) and ii) lies in the 
sound attenuation f which is dominated by mutual diffusion for k>k
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and by viscous forces for k<k . Moreover sound waves propagate at any 
metal concentration as soon a§ k>k and crossover directly into 
plasmon modes in the metal-rich phase. The difference between the two 
regimes is shown in figure 1.

III. METAL-SALT SOLUTIONS.EFFECT OF ELECTRON SCREENING

In the metal rich phase the electron density is high and the 
associated screening length A is of the order of the inter-ionic 
spacing. Hence, whenever thewavenumber k is smaller than this 
electronic screening wavenumber ke~l/*e r the coupling of the 
conduction electrons to the collectivemodes of the solution cannot be 
ignored. But, because of the large ion to electron mass ratio, the 
adiabatic approximation for the electron gas is justified, so that 
frequencies characteristic of the fast electronic motions will never 
appear in the equations. Moreover, in the metal rich phase, we expect 
the ion-electron interaction to be weak so that we consider the 
response of the electron gas in the linear screening approximation.

The electronic contributions to the total free energy density f 
must be taken into account; this leads to a renormalization of the 
chemical potentials y and y . The characteristic frequency [4] is 
changed to: m z

c d. = cr [ -ffi—  +!**■(£&.) ] us]
K 5,(k ) T 'C"

where y is now the renormalized electrochemical potential conjugate to 
the charge density and £ (k) is an effective electronic dielectric 
function which accounts For the short-range non-coulombic part of the 
ion-electron coupling (5). Its long wavelength form detgrmjnes the 
electron screening wavenumber by the relation ee (k)*l+ke /k . For 
k>>k we recover the case of a rigid background described previously.
In tBe polarisable background (k >>k), the fundamental difference 
arises from the fact that nowevanishes with k, as:

d U [19]

so that the dispersion relation [4] takes the form:

z3 * z1 [(J * k) ] * z [(c*- Kl]

H-W0C'i (U.VK‘ t)k lt —O [20]
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which is reminiscent of that for a neutral one component fluid, the 
thermal diffusivity in the latter being replaced by the ionic 
conductivity in the present case. Over the whole range of 
concentrations, eqn [20] has two complex conjugate roots of the form
[10], corresponding to propagating sound waves, and a purely 
diffusive, real root, z = -Dk . The sound velocity is given by:

where xT is the total (i.e. ionic plus electronic contributions) 
compressibility of the mixture. The sound attenuation is:

r = + [22]
where the collective diffusion constant is given by:

T> =  U-rra-(il)2" ( UJ1 + K"1 ) [23]
cs

As expected, the main effect of electronic polarisability, which 
occurs in the metal-rich side of the diagram is to transform the 
plasmon-like modes of the rigid background into accoustic modes, as in 
the pure metal (4 ).

IV. METAL-SALT SOLUTIONS. HIGH FREQUENCY BEHAVIOUR

In order to extend our analysis at higher frequencies, we outline 
a generalized hydrodynamics description of longitudinal collective 
modes in metal-salt solutions in the k+0 limit. In this limit, the 
frequence « must be replaced by its frequency-dependent 
generalization, i.e. after Laplace transform:

LOa ( z )  =  ^TTCr ( z )  *  & V [ Z  +• M  (*•)] [24]

where M(z) is the memory function associated vjittj the frequency
dependent ionic-conductivity cr(z), and <$ = ft -w is the
difference between the kinetic plasma frequency Bhich occurs in the
short-timf, Vlaslov type, description of ionic dynamics (Q =
4irp (z e) /m ), and the hydrodynamic plasma frequency. p a a a
Single relaxation time approximation for M(t) yields:
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M ( t ) =  M ( o ) e _ t ^C » eT ^  ; M(z) =  ) [25]

where ft*(k) is easily calculated, using standard procedures (6,3), 
and theJrelaxation time -t can be determined from the static 
conductivity via:

cr =  cr

The dispersion relation [4] becomes:

■Z? [ Z  +  M ( Z > ]  + S V 1 +  O J p  Z [Z  +  M ( i ) ]  =  O  [27]

hence

z '  ■+■------------------------
z. +• + C ^

In the pure metal we recover the undamped plasmon modes z=±i« . A 
perturbation calculation based on [28] shows that if some sa£t is 
added, the plasmon frequency is slightly shifted to:

2.O J p  Z. = o
[28]

(2 = 0 ) = x _____
l4TTM(o)

[26]

O J [29]

while the damping is given by

C M
f a * ,

z  t Q ' p 2. '
[30]

We see from [29] and [30] that the generalised hydrodynamics 
calculation leads to a shift above the kinetic plasma frequency ft , 
whereas the linearized hydrodynamics predicts a frequency below tBe 
hydrodynamic plasma frequency. This is a wellknown failure of the 
linearized hydrodynamics (7).
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On the salt-rich side, the main consequence of introducing a 
frequency-dependent conductivity is to predict the existence of 
plasmon modes, reminiscence of the ’optic’ modes of the crystal. The 
frequency of these modes is given by:

Comparing with eqns [29], [30], we conclude that the plasmon modes of 
the metal-rich region do not vanish at a salt concentration, such as 
w =2w , as predicted by linearized hydrodynamics, but survive all the 
w§y iftto the salt-rich phase where they coincide with the familiar 
’optic’ modes of ionic systems.

V. MIXTURE OF MOLTEN-SALTS, MX2~MX3

We concentrate on mixtures of molten salts with the same cation M. 
The independent thermodynamic variables are chosen to be the 
temperature T, the mass density p , the charge density pz and the 
concentration x of particles X3, defined respectively as:

) ( m  =  f  > * =  ( 3 Z 3 /C- C32]

where p =P2z2e+p3z3e is the density of: negative ions. The global 
electroheutrality condition yields Pz = 0 .

We solve the equations of linearized hydrodynamics in a 
similar way to that in previous sections. we only have to add a 
current d3(r,t)=x3_(r, t) + 3 (r,t). The convective part 
3_ is due to the total current of negative charges, 3X being the 
mutual diffusion current between species 2 and 3. Ignoring again the 
energy conservation law, the determinant of the hydrodynamic matrix, 
is given now by a quartic equation:

Z k  +  Z 5 [ w o +  £ ( b

4- ZL [ ^ ( c 2 *  LoJe t-cu0V ^-.cU H\)2X ) + © (K 1*)]

+ z. [ K ^ C 2- t- o(K1*)] + o(K*<) = O [33]

The v. . are the elements of the generalized diffusion matrix 
v ,,(a=z,x? e=zrx,m). This latter is the product of the mobilityap
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matrix A , of which elements are expressed in the Kubo linear 
responseatheory as a correlation of the currents:

= s i x j  <J/ 0V t)>Jt C34]
and the inverse susceptibility matrix, related to the chemical 
potentials via:

%
o

n
Y * .

Then ‘ Ci

( » = V J  i=.-Z,X,W\ ; J^x =r^_clx)

~  A “oC8' ^
- 1

[35]

[36]

and are the two characteristic relaxation frequencies given by:

CO,

k i r o -

ilTT A Z X

[37a]

[37b]

In the infinite wavelength limit, the four roots are easily 
determined:

O Z z =  - [38]

The dispersion and damping of these modes are determined like 
previously by standard perturbation up to order k , starting from 
these zero wavenumber solutions. The fully damped mode (z2 = -w ) has 
a relaxation time t such that: °

C - 1 =  +■ o ( K " ) [39]
co0

Factoring out this mode yields a cubic equation which gives the 
three other modgsgdispergion relation. The discriminant of this 
equation A = 4k c + o(k )»is always positive, indicating the 
existence of two complex conjugate roots corresponding to two 
propagating sound waves z2 3 = ± ic k - r/2 and to a reaj root 
corresponding to a fully damped diffusive mode z l = - DK . The 
velocity of the sound waves at zero wavenumber is
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c [40]-1 /

and the sound attenuation is given by:

r  - K1, f b 4- l (A  _ ~̂~2Z )1 +■ ©(K̂ ) [4X]
t-c >  cr

where A=A is the mutual mobility of the two salts, dominated by 
viscosity?xcharge diffusion and interspecies diffusion.

The mos£ interesting result is that this sound attenuation is of 
the order k and does not include a constant (k independent term), 
contrary to the case of molten-salt embedded in a rigid background, 
described in section I. Actually this constant term, proportional to 
the free electrons density p , was responsible for the overdamping of 
sound propogation [see eqn. Tl]. In this case, although the overall 
electroneutrality is insured, the local electroneutrality condition is 
violated by any low frequency motion of the ions. The rigid 
background then overdamps the oscillation in order to prevent this 
local electroneutrality. Obviously, this phenomenon disappears in the 
case of a polarizable background because of the spontaneous 
rearrangement of the electrons, and in a mixture of molten salts 
because of the absence of free electrons.

The other typical result in our mixture2of molten-salts is the 
appearance of a new diffusive mode z2 = -Dk, a consequence of the extra 
degree of freedom introduced by allowing mutual diffusion between the 
species MX2 and MX3.

A very crude analysis within the framework of generalized 
hydrodynamics in the limit of zero wavenumber, like in III, confirms 
the existence of plasmon modes, remnant of the crystal optical modes. 
Let us note as an interesting result that, if the ions X3 are replaced 
by ’’massive" electrons, this model can be viewed as a special case of 
metal-molten salts on the very salt-rich side of the phase diagram 
where the electrons are known to be trapped in localized defects as F 
centers (8).

VI. CONCLUSION

The main predictions of our different analysis are the following 
ones. For metal-salt solutions, in the rigid background model (valid 
in the salt rich side), linearized hydrodynamics predict propagating 
plasmon modes in the metal-rich region, up to a concentration such 
that w ~2w , while the generalized hydrodynamics show that these 
’optic" mofies persist up to the pure salt. Their frequency lies above
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the kinetic plasma frequency ft and their damping is dominated by 
ionic conductivity (interdiffusion) and vanishes in the k+o limit only 
for the pure metal. Interdiffusion of the two species leads to a 
fully damped charge relaxation mode which has a finite lifetime at 
zero wavenumber for any non-vanishing salt concentration. Sound waves 
propagate in the pure molten salt at long wavelengths but, as metal is 
added, the acoustic modes cease to propagate below a critical 
wavenumber k because of the coupling between charge and mass density. 
This overdam£ing of propagating waves is the consequence of the 
presence of a rigid electronic background of finite density. As soon 
as either the electron gas is more dense, i.e. in the region of higher 
metallic concentrations, or the electrons are trapped in "F-centers1 
defects and can be considered as massive negative particles, the sound 
waves keep propagating. However there could be a small region in the 
phase diagram (for metallic concentrations between 5 and 20%) where 
the rigid electron background might be valid and where an overdamping 
of the sound waves might be observed.

Screening by conduction electrons modifies the predictions of the 
rigid background model in the metal-rich region, where the plasmon 
modes are changed into hydrodynamic sound waves.

For a mixture of molten salts, most of the results of the rigid 
background are recovered, i.e. the charge relaxation mode and the two 
plasmon modes remnant of the crystal optic modes. The two main 
differences lie in the persistence of sound wave propagation at long 
wavelength and in the apparition of a central (w=0) non-thermal 
diffusive mode, due to the mutual diffusion of the two species.
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ELECTRONIC CONDUCTION IN MOLTEN SODIUM CHLORIDE
G. M. Haarberg, K. S. Osen, and J. J. Egan

Brookhaven N a t io n a l Laboratory- 
Department of App lied  Science  

Upton, L . I . ,  NY 11973

ABSTRACT

The e le c tro n ic  c o n d u c t iv ity  of molten NaCl was 
determined as a fu n c tion  of the a c t iv i t y  of Na at 850 
and 900°C by u s in g  the Wagner p o la r iz a t io n  technique. 
A new c e l l  de sign , which prevented evaporation  of Na, 
was e s se n t ia l fo r  o b ta in in g  good r e s u lt s .

INTRODUCTION AND THEORY

D is so lu t io n  of Na in  molten NaCl g iv e s  r is e  to  an increase  in  the 
t o t a l  e le c t r ic a l  c o n d u c t iv ity , which inc rea se s as the a c t iv i t y  of Na 
in c rea se s. The same behavior has been found fo r  other a lk a l i  m etals 
d is so lv e d  in  a lk a l i  h a lid e s  as w e ll as fo r  m ixtures of a lk a lin e  earth  
m etals and a lk a lin e  earth  h a lid e s .  The increase  in  c o n d u c t iv ity  i s  
be lieved  to be e le c tro n ic  and may exceed the io n ic  c o n d u c t iv ity .  
Experim ental r e s u lt s  have been reviewed by B red ig  (1 ) and Warren 
(2 ,3 ).

In  cases where the e le c tro n ic  p art of the co n d u c t iv ity  i s  sm all,
i.e . ,w h e n  the a c t iv i t y  o f the metal i s  low, d ire c t  co n d u c t iv ity  
measurements must be replaced by more se n s it iv e  methods. Wagner (4 ,5 ) 
developed the o r ie s  fo r  treatment of g a lv a n ic  c e l l s  w ith  s o l id  e le c tro ­
ly te s  which e x h ib it  both io n ic  and e le c tro n ic  conduction, and the 
so -c a lle d  p o la r iz a t io n  technique has been used fo r  de te ctin g  sm all 
e le c tro n ic  c o n tr ib u tio n  to the t o ta l  c o n d u c t iv ity . Egan and coworkers 
(6 ,7 ,8 ,9 ) and Huggins et a l.  (10) have app lied  Wagner’s th e o r ie s  to  
molten s a l t s  e q u ilib ra te d  w ith  m etal.

The experim ental re la t io n sh ip  between steady sta te  current and 
p o te n t ia l can be determined fo r  a c e l l  such as

T a ( s ) | N a C l( l)| N a -B i( l)  (1)

The tantalum  e lectrode  i s  made n egative  w ith  respect to  the N a -B i 
a llo y  which a lso  determ ines the a c t iv i t y  of Na in  NaCl. The p o te n t ia l 
across the c e l l  i s  always lower than the decom position  v o lta g e  of the 
s a l t .  The concentration  of e le c tron s w i l l  b u ild  up at the negative  
e lectrode  (T a), and the current through the c e l l  i s  caused by the 
concentration  g ra d ie n t  of e le c tro n s. Io n ic  m igra tion  i s  supressed and
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electronic conduction dominates. The activity of Na at the negative 
electrode can be calculated from the measured potential. The activity 
of Na in the alloy must then be known. The electronic conductivity 
( k 6 )  can be calculated from the experimental current versus 
potential curve from the following equation

Ke = G fi
where G is the cell constant. Since the measured potential corre­
sponds to a certain activity of Na at the negative electrode, the 
electronic conductivity can be determined as a function of the 
activity of Na in NaCl. The theory for the polarization technique is 
valid provided that the mobility of electrons is constant and inde­
pendent of the activity of Na.

Egan and Freyland (11) have developed a defect model for molten 
NaBr-Na mixtures based on studies of solid alkali halides with excess 
metal by Krbger (12) and Wagner (13). Upon dissolution of metal the 
following is a qualitative description of what takes place. In the 
pure stoichiometric salt the concentration of electrons and electron 
holes is equal. When Na is added the concentration of electrons 
increases. Upon further addition of Na the concentration of electrons 
increases in proportion to the concentration of anion vacancies. 
Formation of F-centers by association of electrons and anion vacancies 
occurs upon even further addition of Na. At high activity of Na 
F-center dimers are the predominant defects. The concentration of 
defects as a function of the activity of Na is schematically presented 
in Figure 1. Quantitative relationships are obtained by applying the 
law of mass action. In particular, the concentration of electrons is 
obtained as a function of Na activity. This model may also be applied 
to similar systems such as NaCl-Na. The model provides a quantitative 
correlation between the thermodynamic and optical, magnetic or 
electrical properties of the systems.

EXPERIMENTAL

The experimental cell, which is shown in Figure 2, consists of a 
tantalum crucible (6) containing NaCl (4) in contact with a Na-Bi 
alloy (15 mol % Na) (5), a reference electrode with a Na-Bi alloy of 
known composition (3) and an inert Ta electrode in a sapphire tube (8) 
of known geometry. The sapphire tube is filled with electrolyte, and 
the Ta electrode and the sapphire tube form a vacuum tight seal pre­
venting the evaporation of Na. The activity of Na in the bulk NaCl 
(4) is controlled by equilibration with the Na-Bi alloy (5) of known 
activity. A constant current is applied through the cell making the 
Ta cup positive and the Ta electrode inside the sapphire tube nega­
tive. The potential between the electrodes is measured as a function 
of time, and the stationery value obtained after a long time (40 min) 
is recorded. A series of such corresponding potential versus current 
data is measured so that the electronic conductivity can be calculated 
as a function of potential according to equation 2. The cell constant

236



is determined by the geometry of the sapphire capillary. AC 
resistance measurements are also made periodically between the Ta 
electrode and the large Ta cup as a control. The composition of the 
Na-Bi alloy in the large Ta cup is also checked after each run by a 
titration method involving the reference electrode. All Na is coulo- 
metrically removed from the reference electrode and then added again 
until the potential between the reference alloy and the larger Na-Bi 
alloy is zero. The composition of the Na-Bi alloy is then known, and 
the activity of Na is calculated from thermodynamic data for Na-Bi 
alloys (14-17).

RESULTS AND DISCUSSION

The current versus potential data obtained for the NaCl-Na system 
at 900°C are shown in Figure 3. Similar results were obtained at 
850°C. The experimental data were fitted to an arbitrary exponential 
equation, and the solid line in Figure 3 was calculated. The 
derivative of the current with respect to the potential was calculated 
for the I versus E curves for the potential region under study by 
using a computer program. The electronic conductivity was calculated 
according to equation (2), and the activity of Na was calculated as a 
function of potential from the measured emf. The results are
presented in Figures 4 and 5 showing the relation between the 
electronic conductivity and activity of Na in NaCl at 850 and 900#C. 
Conductivity data at high activities from Bronstein and Bredig (18) 
are given as a comparison, and by extending the present results to 
high activities the agreement with literature data is reasonably 
good. This agreement confirms the validity of the polarization 
technique, and also implies that the electron mobility does not vary 
much with Na activity.

The present results supersede those reported by Davis et al. (8) 
because Na did not evaporate from the sapphire capillary. However, 
evaporation of Na from the crucible occured during the experiment at 
900°C. This caused a change in the composition of the Na-Bi alloy, 
corresponding to a drop in Na activity from 7.0»10“ 4 to 6.5»10“4. At 
850°C, the alloy composition appeared to remain constant during the 
experiment.

Values for the transport number of electrons can be calculated 
from the following equation

t@ = Kg/(Ke + Kjon) (3)

where Kjon is the specific conductivity of pure NaCl, which has been 
determined by Van Artsdalen and Yaffe (19). The calculated transport 
number of electrons and the electronic conductivity are given as a 
function of concentration and activity of Na in NaCl at 850 and 900°C 
in Tables 1 and 2. The concentration of excess Na is listed as 6, 
which is used as a parameter in the defect model, defined as
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5 = xNa/(l-xNa) (4)
where xjfa is the mole fraction of Na in NaCl. Data for the activity 
of Na in NaCl have been published by Smirnov et al. (20) and shown in 
Figure 6 as Na activity versus 5 at 900°C. These results were used 
for calculating 5 as a function of Na activity in Tables 1 and 2.

Recent experiments in other alkali halides suggest that iron is ' 
more suitable than tantalum as the inert electrode. Transient 
techniques may also be applied to the same cell, and such experiments 
can hopefully make it possible to determine the electron diffusion 
coefficient and mobility.
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Figure 1. Schematic Representation of the Defect Concentration as a 
Function of Na Activity in Molten NaCl. 
e ' -  electron, V ^ -  cation vacancy, V^-anion vacancy,
VC1~ F_center> (Vcl)f " F-center dimer

Figure 2. The Experimental Cell

1 - Ta leads
2 - alumina tube
3 - Na-Bi alloy, reference electrode
4 - NaCl (liq)
5 - Na-Bi alloy
6 - Ta crucible
7 - Ta electrode
8 - sapphire tube
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Figure 3. Current Versus Potential from Polarization Experiment in 
NaCl-Na at 900°C. Experimental Data and Calculated

Figure 4. Electronic Conductivity as a Function of Na Activity in 
NaCl at 850*C.
Solid line - Calculated from polarization experiment. 
Points - Data from Bronstein and Bredig (19).
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Figure 5. Electronic Conductivity as a Function of Na Activity in 
NaCl at 900°C.
Solid line - Calculated from polarization experiment 
Points - J)ata from Bronstein and Bredig (19).

£

Figure 6 Activity of Na as a Function of Excess Na (S) in NaCl at 
900#C.
Activity data from Smirnov et al. (18).
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Table J.. Values for the Transport Number of Electrons and the
Electronic Conductivity as a Functipn of Excess Na (5) and 
Na activity in NaCl at 850°C.

6 aNa ^e K e  ehm~' cm"'

.00016 .0005 .0013 .005

.00017 .0011 .0019 .007

.00019 .0025 .0029 .011

.00023 .0056 .0045 .017

.00032 .0129 .0072 .027

.00053 .0294 .0121 .046

.00103 .0673 .0225 ,086

.00154 .1018 .0322 .125

.00191 .1251 .0391 .152

.00240 .1539 .0478 .188

.00305 .1893 .0589 .235

.00393 .2327 .0731 .296

.00513 .2862 .0913 .377
,00678 .3519 .1143 .484
.00907 .4328 .1432 ,627
.01230 . 5322 .1791 .818
.01688 .6545 .2228 1.075

Table 2. Values for the Transport Number of Electrons and the 
Electronic Conductivity as a Function of Excess Na (6) and 
Na activity in NaCl at 900°C.

5 aNa ^e Kg ehtrr'uYf1
.00014 .0007 .0020 .008
,00016 .0015 .0029 .011
.00019 .0032 .0044 .017
.00025 .0072 .0068 .026
,00039 .0158 .0108 .042
,00070 .0349 .0184 .072
.00149 .0770 .0348 ,139
.00229 .1144 .0502 .204
.00289 ,1395 .0609 .251
,00371 .1700 .0745 .311
.00480 .2072 .0915 .389
.00630 .2526 .1129 .492
.00836 .3079 .1394 .626
,01122 .3753 .1720 ,803
.01523 .4575 .2116 1.047
.02090 .5576 .2586 1.348
.02897 .6797 .3130 1.761
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ADDITION OF MOLTEN SALT IN MOLTEN METAL. STRUCTURE AND DYNAMICS

J.F. Jal, C. Matthieu, J. Dupuy 
Departement de Physique des Materiaux 

Universite Claude Bernard, Lyon, Villeurbanne 69622

P. Chieux
Institut Laue-Langevin, 156X Avenue des Martyrs, 38042 Grenoble

J.-B. Suck
Institut fiir Nukleare Festkorperphysik, D75000 Karlsruhe 

Postfach 3640

Abstract

A partial structure factor analysis (based on the chlorine) 
isotopic substitution method in neutron scattering 
experiments) of the solutions Rx(KCl)i_x with x * 0.8 and
0.6 shows how strongly, the hot liquid metal can be 
structured by the introduction of salt. The measurement 
of the structure factor of pure liquid potassium up to 
700°C is used in the discussion. Extended sound modes 
measured in the metallic regime were similar to the 
ones observed in pure metal. With the addition of salt, 
strong damping effects are observed and related to the 
structuring effect created by the salt.

The addition of salt in a liquid alkali metal generates, over 
a concentration range which depend^ on the metal, a non-stability 
domain (miscibility gap) together with a strong scattering regime 
for conduction. Near the pure salt limit of the phase diagram, the 
short range order is related to full ionic bonding, the excess 
electron becoming localized or solvated because of fluctuations of 
the Coulombic potential assisted by local structure rearrangements
(1) (2). On the metal rich side, although thermodynamics (3) 
predict a significant restructuring of the hot liquid metal by the 
halogen ions, analysis of conductivity or excess magnetic 
susceptibility data (4) indicated nearly free electron 
behaviour down to a very large fraction of salt (x a 0.5).

Theoretical models based on a single electron screening theory
(5) can reproduce the stability conditions and take into account 
the screening length with a continuous fluid of electrons 
interacting with finite sized ions. They do not consider the 
restructuring of the metal atoms by the halogen ions, so that the 
dielectric behaviour cannot be well represented.
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In this paper we want to demonstrate how the restructuring of 
the metal atoms by negative ions can be described as a local 
structure with short range order and additional strong interactions 
leading to medium range order. If these structural effects exist 
in the system, then the dynamics should be strongly affected. The 
existence of collective excitations in liquids, as a result of the 
solid state collective modes, is now well established (6) (7). In 
charged liquids, the appropriate dynamical variables (linked to 
mass and charge fluctuations) must vary in some wavenumber ranges 
related to the interactions existing in the system. It is there­
fore interesting to measure the collective modes because they point 
to wavenumber and energy domains where collisional processes can be 
involved and influence the transport properties. This could, in 
our case, help indirectly to specify the behaviour of the electron.

After a detailed description of the microscopic structure of 
the metal-molten salt solutions in the metal rich and strong 
scattering regime, we shall present below an analysis of the 
effect of salt addition on the low energy excitations connected to 
the density response function of liquid alkali metals.

I. Structural modifications induced in hot alkali metal by 
addition of salt

The structural information were obtained from neutron 
scattering measurements. We shall not describe here the analysis 
of the data, which will be presented in a specialized paper (8).
We only point out the extreme difficulty in measuring low 
scatterers like potassium. Moreover, at high temperature, the 
weakness of the interference signal makes it even more difficult to 
separate it from the diffusion of the sample environment (furnace, 
container) or from contributions due to small amounts of impurities 
such as hydrogen. The measurement of the temperature dependence of 
the structure factor of liquid potassium allowed us, owing to the 
relative simplicity of its analysis, to crosscheck the validity of 
our data treatment. It also provides useful information for the 
discussion of the metal partial structure factor in the metal- 
molten salt mixture.

a) The pure metal structure
The structure factor of liquid K is known, not too far from 

the melting point (9). We have measured its temperature dependence, 
which is related to the density variation and to the number 
fluctuations at the Q * 0 limit (Q ■ (4n/X) sin 0, where X is the 
neutron wavelength and 20 is the scattering angle). Comparison 
between experimental data and recent theoretical calculation is 
excellent (10). The calculation of the structure factor S(Q) at a 
given density is made with an effective potential and a 
self-consistent integral equation (HMSA). This gives better 
results than the OCP model. The data are presented in figure 1.
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b) Structure of the solutions in the metallic conduction regime
(12) (<r > 5.10-3 Or1 cnr*)

The determination of the microscopic structure allows us to 
obtain the local and the medium range order. Neutron scattering, 
using isotopic substitution, is the only technique able to give 
this type of information on a large momentum transfer range with 
possible extrapolation to the thermodynamic limit (Q*0). Recent 
improvements of the high flux realtor instruments (ILL Grenoble) 
have been described (11). They permit us to analyse the K^(kCI), ^ 
structure, i.e. one of the most difficult binary mixtures studied 
up to now. Figures 2a and 2b give the three total structure 
factors obtained by varying the chlorine isotopic composition at a 
fixed salt concentration. The low statistical accuracy obtained 
with the 37Cl sample comes from a corresponding relatively low 
counting time. These structure factors are typical of Mx(MX)i_x 
mixtures. The curves are more or less structured according to the 
scattering length of the chlorine isotope as compared to that of 
the alkali metal, the large diffusion at low momentum transfer is 
due to fluctuations existing in the vicinity of the phase 
Separation region.

In figures 3a and 3b, we give the partial structure factors 
extracted from the resolution of the linear system of equations 
formed by the above total structure factors. These partial 
structure factors are worth a few comments.

For the composition Ko.8(KCl)o.2>tl:1̂  potassium partial 
structure factor is not very different from that of the pure metal 
given for comparison, except at low momentum transfer. There is a 
correlation between the potassium and the chlorine partials, which 
have similar peak positions but different peak intensities. The 
C1K partial exhibits the enhanced stability of the unlike atom 
interaction at a momentum transfer value slightly smaller than in 
the case of pure molten salt (kjj). Medium range order effects are 
apparent in all partials at low momentum transfer. This produces a 
hump at about 1 A"1 in the C1K partial.

The partial structure factors were also obtained for a higher 
addition of salt into the metal, Ko.6(KCl)0.4* The temperature was 
kept equivalent for the two concentrations ((Texp - Tm.p)/Tm#p * 
1.1). We see very significant differences between the partials at 
80% and 60% metal concentration : enchancement of structure of the 
partials at large Q values, symmetric pattern for the like-ion 
partials, strong structuring of the KK partial at large Q, 
accompanied by a significant decrease of the first peak intensity. 
At Q values around 1 A"1 a strong hump is now obtained in the ClK 
partial but we shall not comment on it. The low Q part of this 
diagram is still investigated for possible systematic errors.
At large Q values, we have not yet quantified with accuracy the 
nearest neighbour coordination number between unlike ions,
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corresponding to the characteristic wavenumber kty’ nevertheless a 
rough analysis gives a value of 4. This fourfold coordination 
seems favourable in monovalent ionic systems in which Coulombic 
forces are involved (2). A model for electron localization with 
the assistance of neighbouring K+ ion relaxation gives a cobr- 
dination of four (1). In compounds where a partial covalent 
contribution to the binding exists , a low coordination is favoured 
(2\ which could in turn favour a high cationic mobility. Further 
work is being done in order to prove if small additions (< 10%) of 
molten salt into a hot alkali metal Could stabilize the fourfold 
coordination at the same time as the metallic interaction between K 
atoms decreases. Of course, such a structural effect in a metallic 
liquid must influence its dynamics , in particular, the collective 
particle motions.

II. Preliminaries on the dynamics Of a hot alkali liquid perturbed
by dissolution of salt

Neutron scattering experiments allow us to measure the 
coherent dynamic structure factor SCoh(Q,o>) related to collective 
particle motions in the system. The description of collective 
fluctuations in a liquid is well analysed by the linearized 
hydrodynamics as long as the wavelength of the fluctuation is much 
greater than the atomic size. This is the case for light 
scattering experiments where we can investigate heat arid sound 
modes. For heutron scattering the wavelength of the radiation 
becomes of the order of the interatomic distances and the concept 
of extended modes is introduced (15). Neutron scattering 
experiments on molten Rb at temperaturesslightly above the melting 
point, show the existence of such extended sound modes for Q values 
up to Qa « 1 (a, being the mean free path between collisions). The 
data are well represented by three Lorentzian lines corresponding 
to Rayleigh and Brillouin scattering or heat and sound modes, 
respectively. In figure 4, the sound mode of liquid rubidium shows 
a maximum at a Q value corresponding to half of that of the maximum 
in the structure factor (16). In ionic liquids, it has been proven 
useful to introduce the mass density and charge density fluctuation 
variables (2). Sm m (Q,<o) is, at low Q and co, isomorphous to the 
hydrodynamic structure factor of a monatomic liquid.

We also present in figure 4 some experimental results on a 
solution of Rbo.9(RbCl)o.l,which is, in first approximation, of 
purely metallic character, and on Rbo.8(RbBr)oa2 sample,which 
should have the same structural properties as Kq .8 (KC1)o .2*
Details on the experiment and its analysis are published separately
(17).

The dispersion of the mass density as a function of momentum 
transfer given in figure 4 for the M-MX solutions is obtained from 
the side peak positions in the inelastic scattering spectra 
measured on a triple axis spectrometer. The positions obtained on 
the energy loss and on the energy gain side are represented
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separately. In the hydrodynamics regime, these positions at ± 
are related to the adiabatic sound velocity. Therefore the 
knowledge of the pure metal sound velocity allows us to draw the 
hydrodynamic regime limit in the case of the strongly metallic 
concentration.

No significant difference is detected in the dispersion law of 
Rbo.9<RbCl)o.l as compared to pure Rb. This confirms the 
assumption that at this concentration, we remain in the metallic 
regime. And the sound velocity should not vary much from the pure 
metal one. At higher dilution of the metal, the results are not 
equivalent. Although the weakening of the signal renders the data 
analysis extremely difficult, some trends seem to be observed. A 
gap seems to occur at 1 A~l. A similar one is observed in argon
(7). This might come from the coupling between collective 
acoustic motion and the structure of the liquid shown in the 
partial structure factors. Also interesting is the extrapolation 
to the hydrodynamic regime. From the shape of the dispersion law, 
one wonders if the isothermal sound velocity of this mixture does 
not become anomalous.

Further studies should be made on the damping of the 
collective modes*which might turn out to be of general importance 
for the ionic and electrolytic liquids. Indeed, in a study of 
collective excitations in electrolytic glasses at very low water 
content, we detected (18) low frequency harmonic modes (up to 4 
meV), in addition to the sound modes,and a damping of these modes 
occurs at the glass transition. The structured picture of the M-MX 
solutions in the strong scattering regime and its effect on 
collective motions are beginning to be deciphered.

248



REFERENCES

(1) G. Senatore, M. Parinello, M.P. Tosi, Phil. Mag. (1980) B41, 
595

(2) M. Rovere, M.P. Tosi, Rep. Progr. Phys. (1986) 49, 1001
(3) H. Yokohama, O.J. Kleppa, J. Chem. Phys. (1982)^6, 5574
(4) N. Nicoloso, W. Freyland, Z. Phys. Chem. (1983) 05, 39
(5) G. Chabrier, J. Phys. C (1987) 20, 357
(6) J.R.D. Copley, J.M. Rowe, Phys. Rev. Lett. (1973) 32, 49
(7) I.M. de Schepper, P. Verkerk, A.A. van Well, L.A. He Graaf, 

Phys.
Rev. Lett. (1983) 50, 974

(8) J.F. Jal, P. Chieux, J. Dupuy, to be published
(9) M.B. Huijben, W. van der Lugt, Act. Cryst. (1975) A35, 431
(10) J.F. Jal, G. Kahl, P. Chieux, J. Dupuy, J.P. Hansen, 

to be published
(11) J. Dupuy, J.F. Jal, A. Aouizerat-Elarby, P. Chieux 

Trends in Physics (Ed. Javta, J. Pantoflietch)
(Prague Europ. Phys. Soc., p. 394)

(12) M.A. Bredig (1964) in Molten Salt Chemistry, Ed. M. Blander,
N.Y., Interscience, p. 367

(13) J.F. Jal, P. Chieux, J. Dupuy, J. de Physique (1980) 41, 657
(14) J.P. Boon, S. Yip, Molecular Hydrodynamics, Me Graw-Hlll,

N.Y., (1980)
(15) L.M. de Schepper, E.C.D. Cohen, J. of Stat. Phys. (1982) 27, 

223
(16) J.R.D. Copley, J.M. Rowe, Phys. Rev. Lett. (1974) 32, 49
(17) C. Matthieu, J.F. Jal, J. Dupuy, J. Suck, P. Chieux, Liquid 

and Amorphous Metals (LAM6), Garmisch (1986) to appear in Z. 
Phys. Chem.

(18) J.F. Jal, A. Aouizerat-Elarby, J. Dupuy, J. Dianoux, to be 
published.

249



Figure 1 : Structure factor of liquid potassium at several 
temperatures
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Figure 2a s Total structure factor of the Ko.8(KC1)0.2 solution for 
three chlorine isotopic compositions * j
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Figure 2b : Total structure factor of the Ko ,6(KC1)o .4 solution for 
three chlorine isotopic compositions
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Figure 3a : Partial structure factor for the KQ#g(KCl)o.2 solution.
The structure factor of pure potassium at 700°C (---)
is drawn for comparison on the Sr k partial.
The central line (Ic.) of the triple hump characteristic 
of the pure C1K pattern is marked.
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Figure 3b Partial structure factors for the K0 fi(KCl)n 
solution. 4
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Figure 4 : Upper curve - The dispersion of the collective density 
fluctuations in pure liquid rubidium (ref. (16)). The 
arrow at low Q values is obtained from the sound 
velocity of the pure metal (hydrodynamic regime).
Central curve - The dispersion of the collective density 
fluctuations in Rbo.9(RbCl)o.l* Energy gain and energy 
loss are quoted separately. The arrow at low Q
values is obtained from the sound velocity of the pure 
metal.
Lower curve - The dispersion of the collective density 
fluctuations in Rbo.8 (RbBr)o.2 *
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DYNAMIC CONDUCTIVITY OF MOLTEN 
3 K N O 3•2 Ca(NO 3 )2 AT FREQUENCIES 
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Institut fur Physikalische Chemie der 
Westf&lischen Wilhelms-Universitat Munster, 
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Germany

ABSTRACT

The dynamic ionic conductivity of the molten salt 
3 K N 0 3*2 C a ( N 0 3 )2 has been measured in the coaxial- 
waveguide frequency range from 100 MHz to 18 GHz, at 
temperatures between 422 K and 478 K. The conducti­
vity is found to display the dispersion that is 
characteristic of the so-called "universal dielec­
tric response". A similar dispersion was observed 
earlier within the glass-transformation temperature 
range around 345 K, at frequencies below 1 MHz. The 
present results are interpreted in terms of a simple 
jump-relaxation model. The model involves only one 
reorientational relaxation time. This time and its 
temperature dependence turn out to be close to those 
derived with the help of other techniques.

INTRODUCTION

The glass forming molten salt 3 K N 0 3*2 C a ( N 0 3 )2 is 
a simple ionic system with interesting dynamic properties. 
Relaxation-type processes have been observed by different 
techniques in this system (1-6), and the (average) relaxa­
tion time has been found to vary by more than ten orders 
of magnitude, if the temperature is changed from 330 K to 
650 K (7).

In 3 K N 0 3*2 C a ( N 0 3 )2, the glass transformation range 
extends roughly from 330 K to 360 K (7). Within this range, 
the system is known to show the characteristic features of 
the so-called "universal dielectric response" (8), compri­
sing in particular the power-law behavior of the frequen­
cy dependent electrical conductivity, 0 '(v ). The existing 
data are limited to frequencies below 1 MHz (4). The shape

* Present address: Institut fur Physikalische Chemie der 
Gesamthochschule Siegen, 5900 Siegen, Germany
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of o'(v) has been described by a distribution of relaxation 
times (7) and by a "fractional exponential" relaxation 
function (9,7). These are however merely formal representa­
tions which do not a priori convey any microscopic insight 
into the actual relaxation process.

The technique of Brillouin scattering has been 
applied to analyze the structural relaxation in molten 
3 K N 0 3* 2 C a ( N 0 3 )2 in the high-temperature, high-frequency 
regime (5,6). The spectra yield the temperature depen­
dence of the velocity and attenuation of sound waves at 
frequencies of about 10 GHz. The modulus representation 
has been used to discuss the data, see (7), and it has 
been argued that a single relaxation time should suffice 
to describe the relaxation in the melt (5), at least if 
the temperature is sufficiently high, i.e., at T £ 473 K
(7). This assumption implies that the dynamic conducti­
vity should be constant, showing no dispersion at fre­
quencies close to the inverse of 2tr times the relaxation 
time (10).

In our present study we have measured the dynamic 
conductivity of molten 3 K N 0 3- 2 C a ( N 0 3 )2 at radio and 
microwave frequencies in order to test the validity of 
the above assumption and, more generally, to learn more 
about the short-time relaxation processes in this m a t e ­
rial. In the following we will show that even at 478 K 
the conductivity is found to display the typical disper­
sion already known from the low-temperature, low-frequen­
cy conductivity spectra mentioned above (4). Our present 
results will be interpreted in terms of a simple jump- 
relaxation model. The model involves only one relaxation 
time. This time and its temperature dependence turn out 
to be close to those derived from the Brillouin scat­
tering data (6,7) and from the shear viscosity (7).

EXPERIMENTAL

The sample was prepared from reagent grade chemi­
cals. C a ( N 0 3 )2 *4 H 20 was dehydrated in a vacuum chamber 
for four days, at temperatures increasing up to 220 °C. 
During the dehydration process, it was intermittently 
ground and analyzed gravimetrically. The K N 0 3 was dried 
at 180 °C for two days. The necessary amount of C a ( N 0 3)2 
was then dissolved in the K N 0 3 melt.

Fig. 1 is a block diagram of the experimental set­
up used for the high-frequency measurements. An hp 8350 B 
sweep oscillator and an hp 8757 A scalar network analyzer
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are both controlled by an hp 9000 (series 300) desk­
top computer. The arrangement of Fig. 1 permits 
fully automated swept measurements. The quantities 
measured are the absolute values Of thg complex transmis­
sion and reflection factors, |t| and |r|, of the sample 
part of the coaxial waveguide system. An exploded view 
of the sample assembly is shown in Fig. 2, along with a 
schematic representation of the nine individual travel­
ling waves in the various media, i.e., in air, in the 
window material (teflon), and in the molten salt itself. 
Let us denote the nine complex amplitudes of the respec­
tive radial electric fields by E 0i to & 0 9 » The measured 
scalar quantities may now be written

[ 1 1  = |Eo 9 /Eoij ( 1 )

and

|r| = |E0 2 / E 0 i | . (2 )

A  A  A AThe eight ratios, E 0 2 / E 0 i to E 0 9 / E 01, are uniquely 
determined by the dielectric and electric properties of 
the materials involved and by the requirement that the 
(transverse) electric and magnetic field components be 
continuous at the interfaces. The continuity conditions 
give us a set of eight simultaneous complex equationsA 
which are linear in the eight ratios, E 0 2 / E 0 i to E 0 9 / E 01, 
but transcendental in the dielectric and electric proper­
ties of the sample. It is therefore not easily possible 
to compute the complex permittivity, e(v), or the complex 
conductivity, S(v) =i*2TTVe 0e (v ), directly from |t| and 
|r|. The setAof gquatiogs i§ however easily solved for 
the ratios, E 0 2 / E 0 i to E 09/ E ^ lf if one assumes certain 
values of the real parts of e(v) and 8 (v), which are 
called e'j^v) and d ’(v). Transformation networks ( 0 ', e 1 )
<--» ( 1 1 1  , | r | ) may thus be prepared, and this has been 
done for each frequency and each sample length. An 
example is shown irt Fig. 3. In the experiment both 
permittivity and conductivity of the sample are automati­
cally read from the relevant network and immediately 
plotted as functions of frequency.

RESULTS

Fig. 4 is a log-log plot of the conductivity, a', 
versus frequency at 453 K. The figure shows that different 
sample lengths yield consistent results. It also gives an 
impression of the scatter of the experimental data. The
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mean values of the different 453 K runs are replotted in 
Fig. 5, together with data obtained at 422 K and at 478 K. 
It is evident that the spectra of Fig. 5 are very similar 
to those of Ref. (4). It is also noticeable that a trend 
already visible in the low^temperatute results (4) is now 
continued: with increasing temperature the increase Of 
o f(v) is found to begin at higher and higher frequency.

The relative permittivity, e'(v), is found to de^ 
crease continuously within the experimental frequency 
range. At 453 K, for instance, it is 47 ± 5 at 100 MHz 
and 10 ± 4 at 18 GHz. The mutual consistency of the 
conductivity and permittivity spectra has been checked 
with the help of the Kramers-Kronig relations.

At sufficiently high frequency, when the relaxation 
cannot follow the changing electric field any more, € f(v) 
tends to a limiting value, e f(<»). That value is not 
causally related to the relaxation, but independent of 
it. It is therefore sensible not to include €*(<») when 
plotting functions that characterize the relaxation. This 
holds in particular true, if the relaxation is represen­
ted in the complex conductivity plane. In Fig. 6 we have 
thus plotted d" (v )-«e0€ ' («>) against d f(v), at 453 K, 
assuming e f(<») to be 7, 8, or 9. In each of these cases 
we observe the formation of an almost circular arc in the 
complex plane. The centers of the arcs are displaced 
below the real axis.

The measurements are being continued in the rect­
angular-waveguide frequency range above 18.5 GHz in order 
to determine e'(<») as accurately as possible and to search 
for a limiting high-frequency value of the conductivity, 
cj'(oo). It will then be possible to choose the proper arc 
of Fig. 6 and to complete it on its high-frequency, 
high-conductivity side, until it meets the real axis 
again at a ' = a ' (<»).

DISCUSSION

The dispersion observed in the molten salt 3 K N 0 3* 
2 C a ( N 0 3 )2, see Figs. 4 to 6, is of the general type 
found also in many other ionic and polaronic conductors 
including glassy and crystalline solid electrolytes.
The characteristics of the dispersion include the 
power-law behavior of c?'(v) at sufficiently low temper­
ature and the formation of almost circular arcs with 
depressed centers in the complex planes of conducti­
vity, impedance, and permittivity. The generality of
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the phenomenon was first noticed by Jonscher (8) who 
termed it "the universal dielectric response".

Microscopically, an understanding of the "universal 
dielectric response" requires the solution of a complica­
ted many-particle problem. A very general model was put 
forward by Ngai (11). However, the model does not give a 
kinematic description of the microscopic dynamics. The 
same is true of other models that have been proposed (12).

More recently, a rather simple kinematic jump-re­
laxation model has been suggested by one of us (K.F), see 
(13,14). It applies to any structurally disordered system 
of mobile charge carriers and is able to predict the main 
features of the "universal dielectric response". In 
particular, the solid lines of Figs. 5 and 6 have been 
calculated from this model. In addition to the lines, 
which fit the data very well, Fig. 5 also contains arrows 
marking particular frequencies. These are defined by v = 
l/(2nr), where r is a reorientational relaxation time, see 
below. Compared with the relaxation times obtained from 
the shear viscosity and from Brillouin scattering (7), the 
present values are shorter roughly by a factor of four, 
but they have the same temperature dependence, see Fig. 7.

The basic idea of the jump-relaxation model is sket­
ched in Fig. 8. In the figure, the momentary position of a 
mobile charge carrier (an ion) is denoted by A. The ion may 
hop to a neighboring position B, which requires some acti­
vation energy A. Now the model assumes that, if the ion 
resides at A, the neighborhood is structurally relaxed with 
respect to A. The ion therefore experiences a "conditional 
effective" single-particle potential which is normally 
higher at B than at A, see Fig. 8 a. As a consequence, the 
barrier height for a backward hop, 6, is smaller than A, at 
least immediately after the hop from A to B.

Suppose the ion hops from A to B at time t = 0. We 
then have to consider two competing relaxation processes 
at times t > 0:

(i) The ion hops back to A. The correlated forward-back­
ward hopping sequence thus performed contributes to 
the dynamic conductivity only at sufficiently high 
frequencies, but not at low frequencies. (ii)

(ii) The neighborhood relaxes with respect to B. The re­
orientation of the neighborhood is characterized by 
some reorientational relaxation time, r, and results 
in the formation of a new absolute minimum of the 
conditional effective potential at B. In this case
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the initial hop has eventually proved successful 
and thus contributes to the dc conductivity.

It is important to note that the backward barrier 
height, 6D _(t), see Fig. 8 b, increases as the ion stays
at B. Therefore, the relaxation time of the back-hop 
process increases. The relaxation is thus slowed down 
as time goes by. The resulting spectra hence look as 
if there were a "distribution of relaxation times".

The model considers the probability, W(t), that the 
correlated backward hop has not yet been performed at time
t. A rate equation and simple geometrical arguments lead 
to a closed algebraic expression for W(t), which makes use 
of the exponential-integral function (14). A useful 
approximation is

W(t) « exp{-2A(l-exp(-t/r))•(A-6)/kT} , (3)

where A  is some constant of the order of one and r is 
again the reorientational relaxation time of the neighbor­
hood. The approximation of Eq. (3) is valid, if (A-6)/kTi 1. 
Neglecting the finite duration of hops, the velocity 
autocorrelation function of the hopping motion may now be 
written

<v(0)•v ( t )>h0p S = c o n s t . •(6(t)+W(t)} , (4)

where 6(t) is the delta function. The (frequency dependent) 
coefficient of self-diffusion is obtained from Eq. (4) by 
Fourier transformation, and the conductivity is formed with 
the help of the Nernst-Einstein equation. Cross terms are 
neglected. The procedure yields the expression

co

3(w) = (1+ J W(t)exp(-iwt)dt) • C / ( r - T ) . (5)
o

The solid lines of Figs. 5 and 6 have been obtained 
with the particular parameter values A  = 1, (A-6)/k=600 K,
and C = 8 • 10’"1^(Ks)/(0cm). Instead of Eq.(3) we have 
however used the respective expression given in Ref. (14). 
The optimum values of the relaxation time r are those 
plotted in Fig. 7. Note the changing slope of log r versus 
1/T. From our present data, this variation is found to be 
quite similar as in R e f . (7), see Fig. 7. The temperature 
dependence of the relaxation time shows that A is much 
larger than kT (A = 9.5 kT at 493 K, see (7)). The differ­
ence, (A-6) 3. k'600 K, is thus found to be considerably 
smaller than the barrier heights, A and 6, themselves. 
Nevertheless it is this difference that causes the entire
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dispersion observed in the present study.

CONCLUSION

The dynamic conductivity of the simple molten salt 
3 K N O 3•2 C a ( N 0 3 )2 has been determined in the radio and 
microwave frequency range up to 18 GHz. A pronounced 
dispersion has been detected. The shape of the frequency 
dependent conductivity is similar to that of the low- 
temperature, low-frequency spectra (4). The present data 
have been shown to be consistent with a simple jump-re­
laxation model (13,14). Application of the model yields a 
reorientational relaxation time whose temperature depen­
dence is in agreement with results obtained earlier from 
other techniques (7).
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Fig. 1. Block diagram pf experimental set-up.

x 7f, x
T &
f t f t  t

Air TD Sample TD Air

Fig. 2. Exploded view o f  sample assembly and travelling 
waves in different media. TD: teflon disks; B: inlet 
borings for melt.
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Fig. 3. A transformation network at 1.5 GHz (2 mm teflon 
disks, 10 mm sample); a 1 is in l/(0cm).

10log(v/Hz)

Fig. 4. Dispersion of cj’ at 453 K as obtained from samples 
of different lengths.
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Fig. 5. Experimental and model spectra; frequencies (2trr)_ 1 .

Fig. 6. Conductivity arcs, by experiment and model.
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Fig. 7. Arrhenius plot of the reorientational relaxation 
time obtained from the present study, r, the longitudinal 
relaxation time from Brillouin scattering (7,9), rL , and 
the average shear relaxation time (7), <rs >. The nitrate 
ion reorientation time, t , is from Raman data (15).

a b
Fig. 8. Conditional effective potential and its development 
with time, see text.
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ELECTRICAL CONDUCTIVITY OF BINARY MELTS CONTAINING 
NbCl5, TaCl5 and NaCl-KCl(l:l)
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Sendai 980, JAPAN

ABSTRACT

The specific electrical conductivity of the NbC^-NaCl-KCl 
(NaCl:KCl=l:1) pseudo binary system was measured because of interest 
in the molten salt electrolysis of niobium from its chloride melts.

The phase diagrams of these systems have been determined by 
differential thermal analysis. The results show a trend similar to 
that of the NbCl5-NaCl and NbCl5-KCl systems.

The electrical conductivity of melts increases with the increase 
in temperature. Two liquid phases were observed in the region rich 
in NbCl^. Conductivities of pure NaCl^ and TaCl^ were determined 
between the melting point and the boiling point using a pyrex glass 
cell with a small cell constant.

In the same manner, the conductivity of the TaC^-NaCl-KCl pseudo 
binary system was also considered with the goal of obtaining high 
purity tantalum by molten salt electrolysis.

INTRODUCTION

Niobium has recently become of major interest in high technology 
applications such as nuclear reactors and as a superconductor 
catalyst. Pure tantalum metal is also important as a capacitor.

Pyrochlore is the most important source of niobium because of its 
great abundance and low tantalum content (1-4). A recent trend of 
ore producing countries such as Brazil is that of exporting 
ferroniobium instead of the ore. Imported ferroniobium accounts for 
more than 60% of all niobium supplied to Japan.

As ferroniobium becomes a main source of the world's niobium 
supply, investigation of niobium production directly from 
ferroniobium is needed urgently. We have studied the chloride 
process and molten salt technology which are the most applicable to 
purification and synthesis of new materials (5,6). These studies 
present possible separation processes of niobium from ferroniobium 
which yield pure niobium chloride. It is feasible to consider 
producing niobium metal from niobium chloride by electrolysis in 
molten chloride salts.

In this paper, the specific electrical conductivity and the phase 
diagram of the NbC^-NaCl-KCl pseudo binary system were investigated. 
Another pseudo binary system of TaC^-NaCl-KCl was also considered 
for the production of high purity tantalum metal using chloride 
electrolysis.
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EXPERIMENTAL

Chloride preparation
Anhydrous NbCl5 was prepared by reacting 99.7% niobium metal 

powder with a small amount of carbon and dry CI2 gas in a 
chlorination apparatus at 300°C. Anhydrous TaCl5 was prepared in the 
same manner using 99.5% tantalum metal. The mixture of NaCl and KC1 
was dehydrated by passing dry HC1 gas into the NaCl-KCl(l:l) melt at 
750°C. These dehydrated chlorides were transfered to conductivity 
cells or DTA cells in an argon filled dry box.

Conductivity Measurement
The conductivity cells (a) were made of pyrex glass or quartz 

with a 1 mm diameter tungsten rod welded to tungsten foil as shown in 
Fig. 1. The cell resistance (0.2-0.3S“^) is negligible compared to 
the salt bath resistance of 100-200S-* (cell constant=100-200cm"^). 
Another type of pyrex glass cell (b) with a small cell constant 
(~2 .0cm“l) was used for pure NbCl5 and TaCl5 because of their small 
specific electrical conductivities (10“^ S/cm). Electrical 
conductivity was measured by the AC bridge method at 1-10 kHz as 
shown in Fig. 2.

Differential Thermal Analysis (DTA)
DTA was used to determine the phase diagrams. The cells were 

made of pyrex glass or quartz with a thermocouple well at the bottom 
(Fig.3). The cell was sealed under vacuum. The heating rate was 
10°C/min.

NbClq-NaCl-KCld: 1) Pseudo Binary Phase Diagram
The phase diagram of this pseudo binary system is presented in 

Fig.4. The melting points of each component (204°C for NbC^, 647°C 
for NaCl-KCl (1:1)) agree with previously reported values (204 and 
645°C) (7,8). Other studies report 1:1 compounds such as NaNbClg 
(tetragonal) and KNbClg (cubic) in the NbCl5-NaCl and NbCl5-KCl 
binary systems (9-11). In the NbCl5 rich region a, 3, y, and a»y 
interphases were observed as in the NbC^-KCl system. In the NaCl- 
KC1 rich region three transformations were observed as in the NbC^- 
KC1 system. Unfortunately there is no structural reference to the 
above transformations. Two liquid phases are also observed in the 
NbCl5 rich region.

Specific Electrical Conductivity of NbClq and TaClt;
The specific electrical conductivities of NbCl5 at elevated 

temperatures are shown in Fig. 5. The specific electrical 
conductivity of pure NbCl5 from 204°C (m.p.) to 253°C (b.p.) is 
1.0xl0"^S/cm, a very low value, which is characteristic of molecular 
melts. The conductivity of NbCl5 increases slightly with increasing 
temperature. The value of 9.4xlO"^S/cm (218°C) shows good agreement 
with that of Blitz (2.2xlO"^S/cm at 220°C)(11). Often the very small 
conductivity of NbClg^ melt is augmented by the presence of highly
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conductive impurities such as HC1. However, since the measured 
specific conductivities are in agreement, and the NbCl5 was prepared 
in different ways, it is likely that the measured conductivity arises 
only from the dissociation of NbCl5 itself.

Specific Electrical Conductivity of NbClq-NaCl-KCl Pseudo Binary 
System

Fig. 6 shows the temperature dependence of the conductivity for 
the NbCl^-NaCl-KCl system. When a small amount (10mol%) of NaCl-KCl 
is added to pure NbC^, the conductivity rises to a very large value. 
It also increases rapidly with increasing temperature. This suggests 
that the conductivity mechanism changes from molecular NbCl5 to an 
ionic species. From 80 to 60 mole% composition of NbC^, 
conductivity changes only slightly. In this composition range there 
are two liquid phases (Fig.4). The upper layer is pale brown , the 
lower is black. The conductivity of the latter liquid was measured 
because the electrode made contact only with the heavier black 
liquid. This phase corresponds to the (Na,K)NbClg eutectic melt. In 
the NaCl-KCl rich region, conductivity increases with the increasing 
concentration of ionic species.

The specific electrical conductivity isotherms for this system 
are shown in Fig. 7. There are three regions to the composition 
dependence of conductivity: I, a rapid increase region with low 
conductivity; II, a flat region; III, a gradually increasing region 
with high conductivity. Region I represents the transition from 
molecular to ionic conductivity. Region II corresponds to the two 
liquid phase of this system. Region III is influenced primarily by 
the contribution of the increasing concentration of the NaCl-KCl 
electrolyte.

The relation between log K and 1/T for NbC^-NaCl-KCl pseudo 
binary system is linear for almost all compositions (Fig.8).
However, in the area of 90 mol% NbCl^ two slopes appear which 
correspond to the changes of the melt structure. The activation 
energy of 3 kcal/mol is close to that of alkali halide melts.

The phase diagram and conductivity for the TaC^-NaCl-KCl pseudo 
binary system will be presented in detail. Viscosities and densities 
of the above systems will be also reported.
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ABSTRACT
The internal cation mobilities of the molten b i ­
nary system (Na,NH^)N0 3 have been determined 
from the data on mobility ratios and electric 
conductivities? the former and the latter have 
been measured with the Klemm method and the
direct current method, respectively. In all a c ­
cessible conditions, the mobility of N H ^  ions 
is greater than that of N a + ions, that is, the 
Chemla effect occurs. Based on this information, 
the countercurrent electromigration method pr e ­
viously presented for enriching °Li has been 
improved; in the previous study °Li was enriched 
in the region of molten LiNO^ adjoining molten 
N H 4N O 3 placed toward the cathode. In the p r e ­
sent study a small zone of NaNO^ attempted to
form between these two melts in a separation
tube. By this method, the outflow of Li+ ions 
into the cathode compartment by electromigration, 
which is seriously unfavorable to enrichment of 
° L i , can be prevented. 6Li has been enriched 
from 7.4% to 73.0% in 25 days without any trou­
ble f rom  m a t e r i a l  c o r r o s i o n .

INTRODUCTION
In a previous study (1), we succeeded in enriching ^Li 

by c o u n t e r c u r r e n t  e l e c t r o m i g r a t i o n ;  m o l t e n  L i N 0 3 and 
N H 4N Q 3 were arranged in a separation tube and a cathode 
compartment, and heated at about 3 0 0 9C and 180°C, respec­
tively. A part of the separation tube was packed with
alumina powder, and the boundary region between the two 
salts, where °Li was to be enriched, was formed near the 
end part of the s e p a r a t i o n  tube a d j o i n i n g  the c a t h o d e
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compartment.
The position of the boundary is settled by the balance 

of electromigration flow and countercurrent flow. When 
the electromigration flow overcomes the countercurrent 
flow, Li + ions flow into the cathode compartment and e n ­
richment of °Li will not take place. However, maximum 
electromigration flow is desirable for higher enrichment 
of °Li within the limit that this flow is balanced with 
the counter flow.

In order to avoid an immediate outflow of L i + ions 
into the cathode compartment by an uncontrollable over­
current flow, in the present study we have devised a way 
of forming a small zone of another salt between the two 
salts. The cation mobility of this third salt should be 
intermediate between those of L i + and N H 4 + ions. One of 
the potential salts as the third salt is molten N a N O ^ . It 
had been known that bL ^ < bNa at the whole concentration 
region in the system (Li,Na)N0 3  (2 ) and that bL  ̂ < bN H 4  at 
all accessible conditions of concentration and temperature 
in the system (Li,NH4 )NC>3 (3), where bx is the internal 
mobility of cation x. Thus, we have measured the internal 
cation mobilities in the molten binary system (Na,NH4 )NC>3 . 
After confirming that bNa < b N H 4  in this mixture, we have 
tried to enrich °Li by using NaNO^ as the third salt.

EXPERIMENTAL
Internal mobility in (Na,NH^)N03 melt

The relative difference in the internal cation mobili­
ties in the molten binary system (Na,NH 4 )N0 3  was measured 
with the Klemm method. The electromigration cell and the 
procedure were similar to those previously used for the 
study of (Li,NH4 )NOn melts (3). The chemicals of reagent 
grade were used. As the salt in the large cathode com­
partment, a mixture of (Na,NH4 )N0 3  of the eutectic composi­
tion (xN a =0.20) was employed. In the present study, an 
ion chromatographic analyzer (IC500S) made by Yokogawa 
Electric Corporation was used for quantitative analysis of 
N a + and N H 4+ ions whereas in the previous study (3) the 
flame s p e c t r o p h o t o m e t r y  and the Kje l d a h l  meth o d  were 
e m p l o y e d  for the d e t e r m i n a t i o n  of L i + and N H 4 + ions, 
respectively.

The electric conductivity was measured with a direct 
current method by use of a cell of the type proposed by 
Duke and Bissell (4). The cell was made of transparent 
silica. The cell constant was measured to be 14.40cm“  ̂
w i t h  a s t a n d a r d  KC1 a q u e o u s  solution. The NaNC >3 and 
N H 4N 0 3  were vacuum-dried at 120°C and 6 0 °C, respectively, 
overnight before use. These measurements were performed 
in the temperature range of 160 to 180°C at xNa < 0.3 in
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the light of the phase diagram of this system (5) and the 
thermal decomposition of N H 4 N O 3 (6 ).

Enrichment of ^Li
An electromigration cell of a horizontal type was used 

(Fig. 1 ). This was similar to those used in the previous 
study (1). The part containing the anode compartment and 
the separation tube was somewhat different from the pr e ­
vious one; the separation tube was inserted and connected 
to the anode compartment tightly from the side wall and 
the end of the tube was turned upward as shown in Fig. 1, 
so that the cementation of the quartz wool by setting it 
from the outside became much easier than in the previous 
experiments. This quartz wool played a role in keeping 
powder dense during electromigration, which is essen­
tially important for stable electromigration for a long 
period. The separation tube was packed as densely as p os­
sible with alu m i n a  p owder of ca. 50 pm. The cell was 
wound with the nichrome tape.

L i t h i u m  n i t r a t e  of r e a g e n t  g r ade was v a c u u m - d r i e d  
overnight at 120°C before use. It was put into the heated 
s e p a r a t i o n  tube t h r o u g h  the large anode c o m p a r t m e n t .  
After it melted and spread over the diaphragm, a small 
amount of molten N H 4N O 3 and ca. 0.4 g of NaNO^ were poured 
into the cathode compartment. Then the electromigration 
was started with increasing electric current gradually to 
ca. 350 mA. During the initial period of electromigration 
for ca. 8 hrs., more N H 4N O 3 melt was added to the planned 
level.

About 30 g of N H 4N O 3 melt was supplied per day to com­
p e n s a t e  the e x p e n d e d  N H 4 N O 3 due to the t h e r m a l -  and 
electro-decomposition. A small portion of N H 4N O 3 melt in 
the cathode compartment was sampled for chemical analysis 
of L i + and N a + ions with flame spectrophotometry at inter­
vals of a few days. For the initial few days 350 mA was 
supplied and the L i + and N a + contents in the cathode com­
partment increased considerably. Thus, it was lowered to 
320 mA after 5 days from the beginning, and after that it 
was not necessary to adjust the current. Main experimen­
tal conditions are given in Table 1.

After 25 days, the electromigration was terminated, 
all the N H 4 N O 3 melt in the cathode compartment and the 
LiNC>3 melt in the anode c o m p a r t m e n t  were taken out by 
tilting the cell, and then the cell was allowed to cool. 
After rewinding the nichrome tape, the separation tube was 
cut into pie c e s  for c h e m i c a l  a n a l y s i s  and the iso t o p e  
ratio measurement. The isotope ratio was measured with a 
Varian MAT CH5 mass spectrometer.
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RESULTS AND DISCUSSION
Internal mobility in (Na,NH4)NC>3 melt

The relative difference, e, in the internal mobilities 
of the two cations is defined as

e = ( bNa “ bNH4 ) / b r H )
where b = xNabjqa + x n h 4 ^ N H 4 * The e values are calculated 
from the amount of the cations in the separation tube and 
the transported charge by use of an equation presented in 
Ref. 7 . The internal mobilities of these ions are calcu­
lated from

bNa ” ( KV / F ) ( 1 + xN H 4 e ^ (2 a)

bNH4 = ( KV / F )( 1 ~ xNa ^ ) t (2b)

where k and V are the conductivity and the molar volume of 
the mixture, respectively, and F the Faraday constant. 
The values of V for the mixture are evaluated from the two 
neat salts on the a s s u m p t i o n  of the a d d i t i v i t y  of the 
molar volume, which holds well for many mixture melts. 
For this evaluation the data on the molar volume of neat 
N H 4 N O 3 me l t  are t a k e n  from Ref. 8 and those of neat 
NaNO^ melt are extrapolated with respect to temperature 
from those of the melt (9). The electric conductivities 
measured for mixtures of some concentrations are given in 
Table 2. Since N H 4N O 3 is slightly decomposable even at 
the melting point ana one of the decomposition products is 
water (1 0 ), the bubble and the water are supposed to have 
a f f e c t e d  the c o n d u c t i v i t y  m e a s u r e m e n t  to some extent. 
Therefore, the obtained data would not be so accurate as 
those so far presented for such salts as alkali nitrate 
m e l t s .

The isotherms of bNa and bN H 4  are shown in Fig. 2. As 
seen from Fig. 2, the mobility of the larger cation, N H 4+ , 
is greater than that of the smaller one, N a + , under all 
the accessible conditions; the Chemla effect occurs. Thus, 
as far as the mobilities are concerned, molten NaNCK can 
be used as the salt located between LiNO^ and N H 4 N(J3 in 
the separation tube. The reason why the Chemla effect oc ­
curs in this s y stem is quite similar to that in the 
(Li,NH4 system which was previously discussed (3).

Enrichment of 6Li
The distribution of the Li isotopes and the quantity 

of L i + , N a + and N H 4 + ions in the separation tube after 
electromigration are shown in Fig. 3. Although NI^NOq 
penetrated rather deeply into the separation tube, Na* 
ions were located around the boundary region between Li+
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ions This shows that also in the t e r n a r yand N H ^ + 
mixture

bLi < bNa < bNH4 •
Since the electric current was quite high at the early 
period of electromigration, Na + ions once entering the 
s e p a r a t i o n  tube would flow out of the tube. And the 
amount Of N a + ions in the catholyte would increase. T h u s , 
at this stage the N a + ions are supposed to have played a 
role in p r e v e n t i n g  L i + ions from f l o w i n g  out in large 
quantities into the cathode compartment. Another possible 
merit of using NaNCK is that the frontal part of L i N O ^ , 
where enrichment of ^Li is to be taken place, can be kept 
at higher temperature. The isotope effect Of L i + ions is 
greater as temperature increases (11). When LiNO^ is con­
tiguous to N H 4N O 3 , the temperature of Qthe adjoining part 
cannot be raised so high as* e.g., 3 0 0 °C, because of the 
vigorous thermal decomposition of N H 4N O 3 (6 ). This merit 
will be quantitatively evaluated by numerical simulation 
of the distribution of the chemical species and the Li 
isotopes in the separation t u b e .

In the p r e s e n t  run, 6Li has b e e n  m o s t  e n r i c h e d  in 
fraction N o . 5, where the ratio 'Li/°Li is 0.3701 (73.0% 
5 Li). _

A distinct enrichment of -Li is Observed in fraction 
N o . 17, where the cross sectional area changes drastically. 
This kind of anomalous distribution of the isotopes was 
observed also in the previous study (1). Klemm and Lund^n 
have argued that this kind of anomaly is caused by the 
temperature gradient and the higher isotope effect of Li+ 
ions at higher temperature (11). As two tubes with con­
siderably different cross sections were connected, the 
temperature at the part of a smaller cross section should 
have been higher than that at the part of a larger one. 
The a n o m a l y  is not f a v o r a b l e  to e n r i c h m e n t  of °Li- 
however, this is not a serious problem. In the present 
run* ^Li can be enriched without any trouble on material 
corrosion.

The temperature of the catholyte was kept at 170 C 
which was about 1 0 -C lower than in the previous run (1 ). 
This could decrease the amount of the decomposition of 
N H 4 N O 3 ; in the present run about 30g of N H 4 N O 3 was con­
sumed per day whereas in a similar previous run (1 ) about 
40g whs. A l t h o u g h  the m e l t i n g  point of neat N H 4 N O 3 is 
1 6 9 . 6 °C (5), it could be kept in a molten state at 170°C 
probably because of the presence of water as its decom­
position product.

Addition of ( N H ^ ^ S C ^  into N H 4N O 3 in the cathode com­
partment is now planned since it depress the decomposi­
tion of N H 4 N O 3 to some extent (12).
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As the separation tube was directly heated with the 
nichrome tape in the present run, it was difficult to keep 
the temperature constant and to measure it accurately. 
This disadvantage may be solved by using a double-walled 
separation tube where also in the outer part LiNC>3 melt 
is added to k e e p  the t e m p e r a t u r e  in the ins i d e  p art 
constant.

A convenient means for detecting the boundary is now 
sought; if this is found, it will become easier to manu­
al l y  set the e l e c t r i c  c u r r e n t  to its h i g h e s t  p o s s i b l e  
level, which is essentially favorable for high enrichment 
of SLi.
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Fig. 1. Electromigration cell.
1: Mo lead wire, 2: Silicone stopper, 3: Vycor sheath for 
the lead wire, 4: t r a n s p a r e n t  silica v essel, 5 : m o l t e n  
N H 4 N O 3 (cathode compartment), 6 :Pt anode, 7: molten L i N O o , 
8 : Pt cathode, 9: quartz wool cemented to the wall, 10: 
transparent silica tube, 1 1 : alumina powder, 1 2 : quartz 
filter, 13: gas outlet, 14: chromel-alumel thermocouple, 
15: sheath for the t h e r m o c o u p l e ,  16: support bar, 17: 
anode compartment.
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7L i / 6Li

Fig. 3. Distribution of the Li isotopes and the ions 
Li+ , N a + and NH ^ + after the electrolysis.

The amount of L i + and N H ^ + per cm of tube length are 
drawn upward and downward, respectively. The shadowed 
part shows the amount of N a + . The abscissa is the d i s ­
tance from the cathode end of the separation tube.
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Table 1. Electromigration conditions

Electric current (mA) 320
Current density ( A / c m z )

4.3 mm int. diam. 3.7
1 2 . 0  mm int. diam. 0.37

Voltage (V) 90-95
Duration (d)

2 5  tTransported charge (C) 676x10 J
Hydraulic head (cm) 28-33
Cell material Quartz
Packing material Alumina

Grain size ( um) c a . 50
Temperature ( °C)

LiNCK c a .300
n h 4 n o 3 c a .170

Amount of salt (g)
LiNCK c a .160
n h 4 n o 3

Separation column 
Length

ca.190

(mm) 135+113
Int. diam.

Isotope ratio,'Li/°Li 
Original

(mm) ( 4.3 ) (1 2 )

12.56
In most enriched fraction 0.3701
(%bLi) (73.0)

Overall separation factor
between the most enriched
fraction and the feed 33.9

Table 2. Experimental data on specific conductivities 
in the system (Na , N H 4 )N0 3 . 

k = aT + b ( k in S cm-  ̂ ; T in K )

xNa a b temp. range

0 . 0 0 0 3.70x10-3 i to 00 443 - 453

0.103 3.44x10 - 3 -1.18 433 - 453

0.217 3.53x10 - 3 -1 .24 433 - 453

0.303 3.45x10 ~ 3 - 1 . 2 2 433 - 453
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THE CHEMLA EFFECT IN THE MOBILITIES 
IN THE MOLTEN BINARY SYSTEM NaOH-KOH
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ABSTRACT

Internal mobility ratios of two cations in the molten 
binary system (Na, K)OH have been measured with the 
Klemm method. From these and available data on the 
densities and conductivities, the internal mobilities of 
Na+ and K+ ions (bjja and bjr, respectively) have been 
calculated. The Chemla effect occurs except at high 
concentration of Na+ ions. b^a and bjr decrease with 
decreasing concentrations of NaOH and KOH, respectively; 
bjga is well expressed,except at a region of small molar 
volume, by

bNa = [A/(V-V0)]exp(-E/RT),

where A, Vg and E are constant independent of 
temperature T and molar volume of the mixture V. 
Negative deviation of bjja from this equation at low x ^ a  
region is attributed to the free space effect traceable 
to the small free space. The decrease of bjr with an 
increase of NaOH concentration may be interpreted 
qualitatively by assuming that the OH" ions become less 
mobile owing to the strong interaction with the Na+ 
ions.

INTRODUCTION

Molten alkali hydroxides are ionic liquids and therefore good 
ionic conductors. However, fundamental properties of the melts 
such as the structure and the mechanism of the ionic conduction 
have not been much as investigated as other typical ionic melts 
probably because of the technical difficulties due to the high 
chemical aggressiveness of these melts.

The order of the molar conductivities, and therefore of the 
internal cation mobilities b, of the following alkali hydroxides 
is opposed to that of other usual melts:

285

DOI: 10.1149/198707.0285PV



b (LiOH) < b (NaOH) < b (KOH).
Thus, it is interesting to elucidate the mechanism of 

the ionic conduction of the molten alkali hydroxides. For 
this purpose, it is more informative to measure mobilities 
in binary mixtures than in neat melts. The binary system 
(Na,K)OH has been chosen for the present study, since data 
on the d e n s i t i e s  and the c o n d u c t i v i t i e s  (1 ) (2 ) are 
available. For the measurement of ratios of the internal 
mobilities of the two cations, the Klemm method,i.e., a 
countercurrent electromigration method was employed. This 
method is one of the most reliable and is insensitive to 
a small amount of impurities such as water and carbonate 
ions. This advantage is particularly important for the present 
c a s e .

EXPERIMENTAL
The electromigration cell shown in Fig. 1 was similar 

to the one used for molten carbonates (3). The furnace 
was a transparent one made by Trans. Temp. Co., U. S. A.

A mixture LiOH-NaOH-KOH of the eutectic composition 
(9.5-49-41.5 mol %) (4) was used as the catholyte in the 
large vessel, whichalso played the roleof a heat bath for 
the separation tube. These chemicals were made by Kanto 
Chemical Co. Japan (LiOH H 2 O: min. 95 % containing max.
0.5 % L i 2 C03 , NaOH: min. 97 % containing max. 0.8 % N a 2 C0 3 
and KOH: min. 8 6 % containing max. 0.8 % K 2 C03 ). Water 
contained in these chemicals was mostly evaporated when 
they were heated.

A mixture melt (NaO H - K O H ) of a chosen concentration 
was stored in another small vessel of alumina, and bubbled 
at 7 23 K with dry N 2 gas, which had passed through cone, 
sulfuric acid and molecular sieve 4A, at least for 12 hr 
for dehydration (5). The chemicals NaOH and KOH used in 
this vessel were the ones made by Merck Co. Ltd. (NaOH: 
min. 99 % containing max. 1% N a 2 C 0 3 and KOH: min. 85 % 
containing max. 1% K 2 C03 ). Water content of the melt was 
measured with Karl Fischer's method (e.g., for a 50-50 mol 
% mixture less than 1.7%).

Two a l u m i n a  tubes w i t h  d i f f e r e n t  d i a m e t e r s  (outer 
dia.: 6 mm and 16 mm ; inner dia.: 4 mm and 10 mm, 
respectively, d -alumina SSA-S made by Nihon Kagaku Togyo 
Co. Ltd. ) were connected with alumina cement (Aron Ceramic 
D ma d e  by T o a g o s e i  C h e mical, Japan) and e m p l o y e d  as a
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separation tube. The separation tube was packed over 150 
mm long with alumina powder of 1 50-1 80 urn. Both the top 
and the bottom of the diaphragm part of the powder were 
installed with alumina wool for settling the powder.

The separation tube was put into the small vessel, and 
after the diaphragm part was filled with the melt, the 
tube was transferred into the electromigration cell con­
taining the catholyte of the ternary mixture. The 
separation tube was set so that the connected part of the 
two tubes was 2-3 cm above the level of the catholyte; by 
this a possible short circuit between inside and outside 
was avoided. Then, electromigration was started with 
constant electric current of about 150 mA. Platinum wires 
of 1 mm & were used as electrodes. A mixed gas 
of and hot water vapor was bubbled around the cathode. 
Conversion of the electrodeposited metal into the original 
hydroxide was expected to occur.

During electromigration, dry N2 gas was passed also 
through the catholyte melt to remove the excess water.

After electromigration, of 2.5-3.0 hr, the separation 
tube was taken out, cleaned on the outside wall and cut 
into pieces of ca. 10 mm long. The salt in each fraction 
was dissolved into distilled water, and the content of the 
cations was determined by flame spectrophotometry.

RESULTS
The relative difference in the internal mobilities of 

the two cations is defined as
(biNa - bK )/b (1 )

where b=xNabNa + xKbK (xNa and xk are m°le fractions of NaOH and KOH, respectively). The e value can be calcu­
lated from the distribution of the cationic species in the 
separation tube and the transported charge according to a 
formula given in Ref. (6).

Main experimental conditions and the results are given 
in Table 1. As the absolute values of e are large at most 
concentrations, relatively small transported charges in 
these experiments compared with those for alkali nitrates 
may have been enough.

Internal mobilities of the two cations are calculated 
from e and available data on the density and conductivity 
(1 ) (2 ) by using
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(2a)t>Na = ( h y /F) (1 + x K e )

bK = ( h V/F)(1 - xNa e ) , (2b)
where V is the molar volume of the mixture and F the 
Faraday constant.

DISCUSSION
The isotherms of k>Na and are shown in Fig. 2.- Theand bK decrease with decreasing xNa and XK ,respect­

ively. In a certain range of concentration the Chemla ef­
fect (7,8) occurs, that is, the internal mobility of the 
smaller cation Na+ is smaller than that of the larger one 
K+. The Chemla crossing point shifts toward higher con­
centration of the smaller cation, as temperature 
increases; this is observed also in other binary systems.

We have found that, in other mixture melts with a com­
mon anion such as alkali nitrates where Coulombic interac­
tion between cations and anions is the predominant factor 
influencing the mobilities, the cation internal mobilities 
are well expressed by

b = [A/(V-V0)]exp(-E/RT) , (3)
where A, E, Vq are the parameters characteristic of the 
cation of interest and almost independent of the co­
cations and temperature (9).

In order to see explicitly whether such an equation 
holds, we have plotted the reciprocal values of bNa and b^ 
against V and found that bN is well expressed with such 
an equation except at low molar volume (as for bNa-', see 
Fiq. 3). The solid lines are drawn with the parameters A 
= 0.494 x 10"11m5V“1 s"1 , E = 11.34 kJ mol-1 and VQ = 11.51 
x 10 °m^mol~ . The negative deviation of b^a from Eq. (3 
) with the parameters given above is attributable to the 
small effective free space. (In Fig.3 the negative devia­
tion appears as a positive one since the reciprocal of bNa 
is taken.)

Our interpretation why bNa decreases with decreasing 
xNa is quite similar to that often stated for other sys­
tems such as binary alkali nitrates (10).

It is rather surprising that the profile of the 
isotherms of bK is quite different from that of bNa, 
whereas the ionic sizes of these cations are not so 
different. The profile for K+ ions in the present system
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is quite different from that in the binary system (Na, 
KJNO^, and rather similar to that of self-diffusion coef­
ficients in glasses exhibiting the "mixed alkali effect" (1 1 ).

It is also surprising that the molar conductivity of 
neat KOH is greater than that of neat NaOH. The external 
c a t i o n  t r a n s p o r t  n u m b e r s  in N a O H  and KOH have been 
reported by Shvedov and Ivanov (10) to be 0.10 + 0.03 and
0.03 + 0.03, r e s p e c t i v e l y .  T h e s e  s u g g e s t  that the
mechanisms of ionic conduction may be considerably dif­
ferent in these melts.

It is known that in alkali chloride melts internal 
mobilities are strongly related with a separating motion 
of n e i g h b o r i n g  c a t i o n s  d e f i n e d  as the s e l f - e x c h a n g e  
velocity (SEV) (11). Thus, the internal mobilities also 
in the present system may be explained in terms of the 
SEV. At high xK region, the motion of O H ” ions may be 
great and the contribution of this motion to the SEV in 
K +-OH” pairs is much greater than that of the K + ions. As 
xK decreases, that is, xN increases, separating motion of 
O H ” ions from K + ions will become less vigorous owing to 
the s t r o n g e r  i n t e r a c t i o n  b e t w e e n  N a + and O H ” ions. 
Therefore, with decreasing xK , bK considerably decreases. 
This decrease of bK could not be attributed to the smaller 
free space in the present case. If this were due to the 
free space effect, the rate of decrease of bK would become 
more sharp with decreasing xK . If it is assumed that, in 
mixture melts, N a +, K+aad OH” ions move mainly in the N a +-OH” 
and K + - O H ” pairs, r e s p e c t i v e l y ,  the rath e r  str a n g e 
isotherm of bK can qualitatively be interpreted.

According to a study of infrared spectrometry on m o l ­
ten NaOH, the spectral data are interpreted in terms of 
hydrogen bonding or polymer formation (12). This is not 
inconsistent with the data on bNa in the present mixture. 
It needs to be s t udied further in c o n n e c t i o n  with the 
ionic mobilities and the difference in the structure between NaOH 
and KOH melts.

In conclusion, the profile of the isotherms of b^a and 
bK is quite different, and the Chemla effect clearly o c ­
curs except at high concentration of NaOH. The profile of 
b^a is similar to that found in other ionic melts such as 
alkali nitrates, but that of b^ is rather different 
from those so far found. This is interpreted by

assuming that the external transport number of O H ” ions in 
the neat KOH is considerably great and decreases with in­
creasing concentration of NaOH.
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Table 1. Experimental conditions and relative
difference in internal cation mobility.

XNa T/K Q/C t/hr e

0.249 ± 0. 001 620 1 370 2.7 0.1169 ± 0.0081
0.249 ± 0. 001 640 1191 2 . 6 0.1225 ± 0.0123
0.249 ± 0. 001 673 1532 2.7 0.0620 ± 0.0013
0.249 ± 0. 001 699 1 442 2.3 0.0076 ± 0.0015
0.249 ± 0. 001 745 1 430 2.3 -0.0265 ± 0.0153
0.487 ± 0.003 470 1 448 2.7 -0.0454 ± 0.0065
0.487 ± 0.003 480 1 423 2 . 8 -0.0481 ± 0.0066
0.487 ± 0.003 500 1 462 2.7 -0.0918 ± 0 . 0 1 2 0
0.487 ± 0.003 518 1 478 3.0 -0 . 1 1 0 2 ± 0.0071
0.487 ± 0.003 593 1436 4.0 -0.1174 ± 0.0170
0.487 ± 0.003 645 1034 2.7 -0.1343 ± 0.0180
0.487 ± 0.003 699 1 465 2.7 -0.1208 ± 0 . 0 1 2 0
0.487 ± 0.003 723 1320 2.7 -0.1607 ± 0.0096
0.698 ± 0. 001 697 1 276 2.4 -0.3781 ± 0.0084
0.698 ± 0. 001 735 1168 2.3 -0.3887 ± 0.0088
0.698 + 0. 001 783 1651 2.4 -0.4160 ± 0.0043
0.807 ± 0.003 723 1297 2.3 -0.4612 ± 0.0310
0.807 0.003 753 1513 3.0 -0.4802 ± 0.0180
0.807 ± 0.003 790 1326 2.3 -0.5463 ± 0 . 02 2 0

Q is the transported charge and t the duration



Fig. 1. Electromigration cell

1: gas inlet ( 0 2 + H 20 ), 2: gas inlet ( N^), 3: 
Pt electrode, 4: Silicone stopper, 5: graphite 
cover, 6: separation tube made of alumina, 7: 
electric furnace, 8: alumina wool, 9: alumina 
powder, 10: alumina vessel, 11: nichrome 
heater, 12: alumina tube, 13: alumel-chromel 
thermocouple, 14: catholyte melt of the eutectic 
composition of (Li, Na, K)OH, 15: gas outlet 
(N2 or H 2 0 ).
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Fig. 2. Isotherms of internal mobilities of N a + and K + 
io n s .

b^ for neat KOH at 623 K, which is estimated from 
the extrapolated conductivity data.
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Fig. 3. The reciprocal of bNa plotted vs. molar volume.

The lines are drawn according to Eq.(3) with the 
given parameters. The values corresponding to 
the Chemla crossing point are marked.
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PREDICTION OF THE OCCURRENCE OF THE ANION CHEMLA EFFECT
---  SELF-EXCHANGE VELOCITY IN THE MOLTEN BINARY SYSTEM

Li(Cl, Br) STUDIED BY MD SIMULATION

Shipra Baluja, Akira Endoh, and Isao Okada
Department of Electronic Chemistry 
Tokyo Institute of Technology 
Nagatsuta, Midori-ku 
Yokohama 2 27, Japan

ABSTRACT

Molecular dynamics (MD) simulation of the 
equimolar mixture of LiCl and LiBr melts has been 
performed at about 1000 K to evaluate the velocity 
of separating motion of adjacent unlike ion pairs 
defined as the self-exchange velocity (SEV). The 
SEV of Li-Br pairs is greater than that of Li-Cl 
pairs. This predicts that in this mixture the 
internal mobility of Br- ions would be greater 
than that of Gl- ions, that is, the "anion Chemla 
effect" will occur. For comparison, MD simulation 
of pure LiCl and LiBr melts has also been done.

INTRODUCTION

In previous studies,we have measured internal mobil­
ities of cations in various molten binary mixtures with a 
common anion. In most of the systems the Chemla effect 
(1, 2) occurs in some concentration range, that is, the 
mobility of the larger cation is greater than that of the 
smaller one. This has been interpreted in terms of the 
difference in the Coulombic forces exerted on large and 
small cations by the anions.

We have found that in molten alkali chlorides internal 
mobilities are strongly related with the velocity of the 
separating motion of neighboring cation and anion defined 
as the self-exchange velocity (SEV) (3), which can be 
evaluated by molecular dynamics (MD) simulation. For 
example, in the molten mixture of (Li, K)C1 the Chemla ef­
fect -for the internal mobilities (4) has been reproduced 
by the corresponding SEV’s (5).

If the Chemla effect is caused by the difference in 
the Coulombic forces between two kinds of unlike ion 
pairs, it is expected that also in a binary mixture with 
a common cation the anion Chemla effect will occur. Thus,
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in the present study the SEV’s in the equimolar mixture of 
LiCl and LiBr melts have been calculated to learn whether 
the anion Chemla effect in the SEV’s occurs. For 
comparison, the SEV ' s of neat LiCl and LiBr melts have 
been calculated. MD simulation of LiBr melt (6) as well 
as LiCl melt had been performed; however, the SEV of 
alkali bromide melts had not been studied.

MOLECULAR DYNAMICS SIMULATION

For all the systems, 432 ions were taken in the cubic 
cell. In the case of the equimolar mixture, 216 Li+ , 108 
Cl“ and 108 Br” ions were disposed in the cell. The edge 
length L of the cubes was calculated from the data on the 
densities (7, 8). The pair potentials of the Born-Mayer-
Huggins type were adopted:

u -; (r) = zizie2/4'rr gQr + k ± • b exp[(a.+ a.-r)/p ]
J J-  Cij/r6 - d ±j^ 8 , J (1)

where z is the charge number, e the elementary charge,
£ q the permittivity of vacuum, and A the Pauling factor. 
Parameters b , o , p , c and d were taken from those 
presented for the crystals by Tosi and Fumi (9); for the 
mixture the combination rule presented by Larsen et al. 
(10) was employed. The parameters used are given in Table 
1. The Ewald method (11) was employed for the calculation 
of the Coulombic force. The MD-simulations were performed 
with a constant energy procedure. The step time was 4 fs. 
The average pressure was 0.24 GPa for LiCl, 0.21 GPa for 
LiBr and 0.18 GPa for Li(Cl, Br), and the temperatures 
were 1004 K, 1002 K and 991 K, respectively. After about 
3000 time steps for equilibration, the configurations for 
the following 3000 time steps were employed for various 
calculations of the properties for each system.

RESULTS AND DISCUSSION 

Pair correlation function
The characteristic values of the pair correlation 

functions g(r) are given in Table 2. In Fig. 1, g(r) and 
the running coordination number n(r) are shown for the un­
like ion pairs. The positions of the first maximum 
for gL-j_ci anc* §LiBr are almost the same in the pure salts 
and the mixture, while the peak heights decrease with in­
creasing concentration of LiBr. Similar behavior has been 
observed in such systems as (Li, Rb)Cl (3). This can be 
explained as follows: with increasing concentration of 
LiBr, the average distance between neighboring Li+ ions 
increases, as is seen also from the positions of the first 
maximum of 8LiLi^r  ̂ in Table 2, and the halide ions are
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more structured with the nearest neighboring Li+ ions by 
experiencing less interference from other surrounding Li+ 
ions. This feature distinctively appears also in the 
self-exchange velocity which will be stated later.
Angular correlation function

For further insight into the short range structure, 
the angular correlation function defined by Eq. (2) was 
calculated :

P . ( 9) = C dn(0 )/[sin 0 d0] (2)
wh^^e C is the normalization constant taken so that 
j P ,_( 9 ) d e = 1 and dn( 0 ) is the number of the anions 

around an Li+ ion within distance R2 between 0 -A 0/2 and© 
+ A 0 / 2 (A0= 1° ); R2 is the position where g(r) crosses 
unity for the second time and may be regarded as the end 
of the nearest neighbor interaction (12). The P_+_(0 ) in 
the neat salts and in the mixture are shown in Fig. 2.
The first peak position is located around 102° for P_+_ 
and P+ , in nil the cases. This indicates that with high 
probability each ion is coordinated by the counter-ions 
nearly regular-tetrahedrally in these melts.
Self-exchange velocity (SEV)

The average velocity of separating motion of unlike 
ion pairs can be expressed in terms of the self-exchange 
velocity (SEV),__v, defined by

v_= (R2 - R2) / t , (3)
where R2 is the average distance between unlike ions lo­
cated within distance R2 . The anions within distance R2 
from each Li+ ion are marked. __With the lapse of time, the 
marked anions will move from R2 to R2 . The time needed 
for this movement is x . During the same time the loss of 
the coordinating anions around the cation is compensated 
by the anions entering this region from the outside.

The SEV's for Cl~-Li+ and Br“-Li+ pairs are given in 
Table 3. The SEV was calculated for the anions coordinat­
ing to totally 43200 Li+ ions for each system. In the 
mixture the SEV of Cl“-Li+ pairs is greater than that of 
Br"~-Li + pairs. Thus, the Chemla effect for the SEV 
occurs .

The SEV’s so far calculated by MD simulations with the 
Tosi-Fumi potentials (9) are plotted against the ex­
perimentally obtained internal mobilities in Fig. 3. In 
these MD simulations the obtained pressures are usually in 
the order of 0.1 GPa, whereas the internal mobilities 
taken in Fig. 2 are those at ambient pressure. However, 
there seems to be strong correlation between v and b. The 
b in pure LiCl is minimally greater than that in pure LiBr 
at 1000 K, if the data on the conductivities and the den­
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sities in Ref. (8) are taken. If the data are taken from another reference (7), this order is reversed. As for the 
SEV, it is slightly greater in LiCl than in LiBr, as shown 
in Table 3.

For further insight, the motion of distinct ion pairs 
is examined. Time evolution of the distances of distinct 
Cl” and Br” ions within the respective R2's at t = 0 from a 
distinct Li + ion in the mixture is shown in Fig. 4. This 
motion can be classified into four processes (4, 13).

(i) The anion which starts within R2 at t=0 passes R ^  
for the first time after passing Ro for the last time at 
the time t (oscillating motion = O-process) ; R ^  is the 
position of the first minimum of g(r).

(ii) The anion passes R2 for the last time at the time 
t = 0 and passes Rmi for the last time at time t (leaving 
motion = L-process).

(iii) The cation passes Rm-̂ at the time t = 0 in the out­
ward direction at the time t=0 and does not pass R2 
(wandering motion = W-process).

(iv) The cation passes R  ̂ in the inward direction at 
the time t=0 and passes R2 for the first time at the time 
t (coming-back motion = C-process).

The C-process and L-process of Cl” and Br” ions are 
compared in the mixture. In Fig. 5 percentage of the 
anions terminating the 0-process for the first time are 
plotted against time. This figure shows that the 0- 
process of Cl” ions is longer than that of Br- ions. This 
is because, at the same number density of Li+ ions, Cl” 
ions are more associated with the nearest neighboring Li+ 
ions than Br” ions are, owing to the stronger Coulombic 
interaction. In other words, Cl- ions are more associated 
with Li+ ions than Br- ions are.

On the other hand, the average velocity of Cl- ions in 
the L-process v^ is greater than that of Br” ions; they 
are (1399 ± 33) m s”  ̂ and (1326 ± 30) m s” , respectively, 
and lie on an empirical equation v^ =(0,577±0.005) x (vQ + 
va), where vQ= y/o R T/ and va - /8 R T/ tt Ma (Mc and M : 
masses of the cation and anion, respectively) (5). In the 
L-process the velocity is mainly dependent on the masses 
of cation and anion of interest and temperature (5). 
Since a Cl” ion is lighter than a Br” ion, it is 
reasonable that in the L-process Cl” ions are faster than 
Br” ions are.

As the contribution of the 0-process is greater than 
that of the L-process in the present mixture, the SEV of 
Br~ ions is greater than that of Cl” ions, although in the
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L-process the velocity of the former is smaller than that 
of the latter.
Self-diffusion coefficient

The self-diffusion coefficients of the ions, D, have 
been evaluated from the mean square displacements, which
have been taken over 8 ps from different 40 time origins.
The evaluated values are given in Table 5 along with the
experimental values for LiCl (14). This table shows that 
D of Cl- ions is greater than that of Br_ ions in the mix­
ture as well as in the pure melts. That is, the Chemla 
effect does not occur for the self-diffusion coefficients. 
The self-diffusion coefficient refers to the motion of the 
ions with reference to their original position, whereas
the internal mobility of the anions is related to the mo­
tion with reference to their counter-ions. Therefore, the 
self-diffusion coefficient of the smaller and lighter ions 
should be generally greater than that of the larger and
heavier ones.

Table 5 indicates also that D for Cl-" and Br~ ions are 
greater in the pure melts than in the mixture. This may 
be explained as follows. The Cl” ions are more associated 
in the mixture than in the pure salt, and therefore D is 
smaller in the former than in the latter. As for Br- 
ions, these may be more associated in the pure melt than 
in the pure salt, but the free space is smaller in the
former than in the latter. Thus, the effect of free space 
must be greater than the effect of association for such 
large ions as Br“ ions, as far as the motion with
reference to their original position is concerned.

In conclusion, the Chemla effect occurs for the SEV in 
the equimolar mixture of LiCl and LiBr melts. This pre­
dicts that the Chemla effect would occur for the
mobilities of the two anions. This is to be ascertained 
experimentally.

The expenses of this study were defrayed by the Grant- 
in-Aid for Special Research No. 61134043 from the Ministry 
of Education, Japan. The calculation was performed with 
HITAC M-680 H and M-280 H at the Institute for Molecular 
Science at Okazaki and the High Energy Physics Institute 
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Table 1. The parameters used for the MD simulation.
Table la

Li-Li Cl-Cl Br-Br Li-Cl Li-Br Cl-Br
A 2.00 0.75 0.75 1.375 1.375 0.75
O /pm 163.2 317.0 343.2 240.1 253.2 330.1
/1CT79J m6 0.073 111.0 185.0 2.00 2.50 143.0

/ K T 99J m6 0.030 223.0 423.0 2.40 3.30 307.1
b = 0.338 x io“19 J
Table lb
System / pm L/pm Ref.
LiCl 34.2 2187.9 (7)
LiBr 35.3 2345.3 (7)

Li(Cl, Br) 34.8 2274.8 (8)
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Table 2. Characteristic values of the pair 
correlation functions g^-Cr).

System i j Ri(pm) i l l ) g(rMl) r 2(pm) Rml(pm) 8<rml>

Li(Cl, Br) Li Cl 188 219 4.29 279 353 0.42
Li Br 211 241 3.40 304 367 0.50
Li Li 327 385 1.80 477 553 0.72
Cl Cl 323 369 2.19 455 527 0.62
Br Br 350 397 2.13 491 577 0.65
Cl Br 335 381 2.14 469 551 0.63

LiCl Li Cl 192 223 3.72 281 353 0.46
Li Li 318 371 1.82 459 535 0.69
Cl Cl 324 373 2.13 455 537 0.65

LiBr Li Br 207 239 3.78 302 369 0.47
Li Li 341 397 1.79 494 573 0.70
Br Br 349 401 2.14 487 573 0.63

R ̂ is the position where g(r) crosses unity for the first
time.

Table 3. Self- exchange velocity of neighboring unlike
ions at about 1000 K.

System Cl~-Li+ i B r “-Li +(m s" x )

Li (Cl , Br) 119 134
LiCl 145 - —

LiBr — 120

Table 4 Self-■diffusion coefficients at about 1000 K.

System Li+
(10-9 Ty m^ s- 1 )

Br"

Li(Cl, Br ) 10. 5 7.0 4.7
LiCl 9. 2 [14 .2] 8.2 [7.2] —

LiBr 10. 0 — 6.2
The values in brackets are the experimentally 
obtained ones at 1000 K at ambient pressure (14).
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Fig. la. Pair correlation function 8LiC:i(r) an<* running 
coordination number n (r) of Li+ ions around a Cl” ion. 
---  : LiCl;...  : Li(Cl, Br) .

Fig. lb. Pair correlation function gLigr(r) and running 
coordination number n(r) of Li+ ions around a Br” ion.
--- : LiBr;...  : Li(Cl, Br).
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STRUCTURE EFFECTS ON BINARY ORGANIC 
GLASS FORMING MOLTEN SALT SOLUTION 

TRANSPORT PROPERTIES

A.M.Elias and M.E.Elias
Department of Chemistry, Lisbon University, F C L , 

1294 Lisbon Codex, Portugal.

ABSTRACT

The viscosities and electrical conductances of 
molten salts solutions in two superficially similar orga­
nic systems, y-picclinium chloride* a-picolinium chloride 
and quinolinium chloride* a-picolinium chloride have been 
measured and shewn to have a characteristic behavior. In 
the first case the conductivity and fluidity increase as 
4-methyl-pyridinium chloride is added to the 2-pyridinium- 
chloride while with quinolinium chloride addition for a 
small concentration, 5*3% a maximum occurs followed by a 
decrease. The differences are attributed to organic 
complex formation and different geometric configuration of 
solute which can be seen to act as Lewis acids. Both frag^i 
le molten salt systems exhibit considerable regions of 
glass formation, and correlations of the transport behavior 
with glass transition temperatures can be made.

INTRODUCTION

In the literature on molten salts much attention has 
been given to the problem of the structure of organic 
systems (1 - 6 ) little attention, however, has been given to 
the relation among glass-formation, cohesive parameters, 
the structure of the melt involving ionic configuration and 
transport properties of the solution mixtures.

In a previous study 2-methyl-pyridinium chloride 
functions as strong Lewis base solvent with inorganic salts 
(7,8); In addition, it has a good glass formation capability.
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The present work analyses the consequences of repla~ 
cing the inorganic salts by two other organic compounds ,4- 
methyl-pyricl in ium chloride and auinolinium chloride and 
shows the extent of structural and energetic aspects of 
the basic mass transfer process and its relation to glass 
formation^

EXPERIMENTAL SECTION

2 -methyl-pyridinium chloride, designated hereafter 
a-picHCl was prepared by combination of a-picoline (Fluka) 
With hydrochloric acid. The oroduct was purified by distilla_ 
tion as described elsewhere (7) . This was followed by a v a ­
cuum sublimation which yielded a white solid with m e l ­
ting point 91-91.5°C.. Both 4-methyl-nyridinium (y-picHCl) 
and quinolinium (QHCl) chlorides were prepared in similar 
procedures. The melting points of the final anhydrous pro­
ducts were 165.2°C. and 135°C., respectively. The sublimed 
materials were then melted dropwise into liquid nitrogen 
and stored as dry beads for convenient manipulation.

Binary melts were prepared by fusing the preweighed 
components under dry nitrogen and checking for weight loss, 
all operations being carried out under nitrogen in a dry 
box atmosphere. The transport properties were measured 
immediately after the melt preparation.

Differential scanning calorimetry (DSC) and differen 
tial thermal analysis (DTA) were performed, respectively, to 
determine (a) the phase diagram in the case of the quinoli­
nium and y-picclinium chlorides (b) the glass transition 
temperatures of both systems. For DSC studies, samoles w e ­
re hermetically sealed into aluminium pans in a dry box and 
scanned at 10°C., using the Perkin-Elmer DSC-1 instrument. 
Only one scan was performed on each sample to avoid the dan 
ger of contamination by the aluminium sample pan once m e l ­
ting had occurred. The T^ values were determined by DTA of 
small samples contained in 4mm pyrex tubes scanning at 8 °C. 
m i n ’1 , EMF were recorded using a Houston instrument X-Y 3000 
rec o r d e r .

Kinematic viscosities of both organic binary systems 
were determine using a Ubbelohde capillary viscometer with 
C = 4 . 9 9 % 1 0 ~ 2 qst s’1 .’ Electrical conductivities were deter­
mined on the samples using the hybrid Ubbelohde cappillary 
viscocell with cell constant a = 2 6 .82 cm ’ '1 (8 ).

All melts were hot-filtered before admission to the 
measuring c e l l , both filtration and cell- filling operations 
being conducted in the dry box. Flow times were measured by 
a TC-13 Advanced Electronics LTD and conductivities were
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determined using a Wayne-Kerr B641 autobalance universal 
bridge at 1592 H z . The temperature control (+0.1°C) was 
performed by a photodiode system described elsewhere (9).

RESULTS AND DISCUSSION

The temperature-kinematic viscosity data for the 
system & -picHCl+QHCl are plotted in figure 1. Results 
show a dependence which is typical for this sort of sys­
tems. Figure 2 and figure 3 present electrical conductivi­
ty and kinematic viscosity for <X> -picHClt J'-picHCl system 
whose behavior also appears as expected. Isotherms of con­
ductivity and viscosity are represented in figures 4 and 
5 for the last system. Conductivities shows a steadly i n ­
crease, as f^-picHCl content increases and this is more 
pronounced for higher temperatures. On the other hand, 
viscosity shows a minimum around 20% in JT-picHCl. Data for 
this system only covers the range 0-35 % in jf-picHCl due 
to the lack of homogeneity found beyond that composition. 
The CK-picHCl+QHCl system presents solubility for all r a n ­
ges of compositions. Viscosity isotherms for £*-picHClt 
QHCl (Fig.6.) show an almost steadly decrease between 0- 
-60% in c*-picHCl, the same applies in the range 0-5,3% in 
QHCl, however the decrease is sharp coming to a minimum 
around that composition. A  range of constant viscosity is 
found between 60 and 90% in CK -picHCl.

A  partial phase diagram for C* -picHCl- H -picHCl is 
represented in figure 7 and the phase diagram for^ -picHCL- 
QHC1 is represented in figure 8. Both diagrams present a 
simple eutectic. In first case that point occurs for the 
composition X=26% Jf-picHCl and in the second system for 
38% in QHCl. In figure 7 is also shown glass transition tern 
perature, T g ; the values of the ideal temperatures are 
plotted in figure 9, for (X-picHClt |f-picHCl. The values of 
Tg and T q  for OC -picHCl+QHCl are shown in figure 8. For 
both cases the values of T Q were computed at constant v a ­
lues of B parameter making use of VTF equation

In W  = A  - (B/(T-Tq ))

where W  is a transport property and A is a c o nstant.
Figure 10 and figure,, 11 present activation energy 

as a function of (T/(T-Tq ))^ for both systems. Also, T - 
-reduced Arrhenius p l o t s a r e  presented in figures 12 and
13.
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The minimum in viscosity which occurs infc-picKCl-hQHCL 
for 5*3% QHC1 is due to+ the break of the complex (7,10) 
[&C*picH. . .Cl. . .H o(-picj f which forms in molten &  -picHCl. 
This situation is not found in the systems containing 
Jf-picHCl. A minimum is found only at 20% of 4-methyl-pyri- 

dinium chloride with a corresponding maximum in electrical 
conductivity for the same composition. These features are 
well correlated with glass transition parameters. In fact,
T and T for QHC1 system present a minimum, for concentra- 
t2on 5*3% and then a systematic increase up to the value in 
pure Q H C l . In the case of T-picHCl system, for glass tran­
sition temperatures a minimum occurs in the region 20-30% 
if -picHCl. The glass forming range in (X-picHCl- JT-picHCl 
collapses for compositions higher than 35.5% in T-picHCl, 
and y -picHCl itself is nonglass forming (11). The domain 
of glass forming in -picHCl-QHCl system is from 40 to 
100% in Oi -picHCl and also QHCl is nonglass forming (12).

Considering the activation energy E^. in the case 
of <X-picHCl+ f-picHCl (figure 10) and E & in the case of 
X-picHCl+QHCl (figure 11) as function of (1-(T0/T))" two 
sets of straights lines are found and in both cases they 
converge to the origin. The energetic parameter for conduc­
tivity shows a systematic increase from 0 to 35.5% in 
Jf-picHCl, on the other hand for the system containing 

QHCl again a minimum in the energetic parameter for visco­
sity, occurs for 5.3% in QHCl (figure 11). This is due b e ­
cause the values of configurational entropy are higher in 
QHCl system than the values for r-picHCl containing system. 
In fact, for this sort of liquid it is reasonable to assu­
me that Cp is approximately the same, so that relative 
changes irrT and T q  may indeed be qualitatively estimated 
from relative changes in configurational entropy, Sc . So, 
the collapse of the organic complex present in molten

-picHCl gives an increase in Sc . This is consistent 
with Moynihan and A n g e l l * s (13 )thesis that configurational 
energy, E c , determines T .

The range of constant kinematic viscosity shown by 
the isotherms in the domain of composition X=0.0-60.0% in 
2-methyl-pyridinium chloride is probably due to the occuren 
ce_of complex ionic species which lead, to the removal of 
Cl and increase in T and Tg. The increase of viscosity 
above x=40% in QHCl is mainly due to the molecular volume 
of QHCl in addition to the effect of Cl" ion transfer; as 
the composition approaches the pure component,fluidity de­
creases. In the first case configurational, translational, 
and rotational energies are expected to have lower values 
than those for compositions X>40% Jn oc-picHCl. Here, uns­
table ion complexes, like (QH) 2 C l"h an<  ̂ Cl -picHCl" may be 
present, lowering the value of Sc and increasing T .
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If we consider the values of viscosity and the addi 
tity deviation for 0^-picHCl+QHCl, it is found that the 
deviation is negative and this fact is in agreement with 
the theory which relates organic cation dimensions with the 
values of those differences. These negative differences (2) 
are higher or lower when the organic cations are 
more or less distinct. In the present study the dimension 
(VM ) of 2-methyl-pyridinium chloride is approximately half 
of QHC1.

The fragility of the two systems (8,14) is apparent 
from figures 12 and 13, T -reduced Arrhenius plots, in spi 
te of t h e . results reported in kinematic viscosity. This 
fragility is related to the facility with which the molecu 
lar order can reorganize particularly in the intermediate 
distance. In CX-picHCl+ ]f-picHCl the fragility in
the glass forming range is remarkably the same for the 
different compositions we have studied (figure 13). In the 
case of QHC1 system,fragility increases with QHC1 content 
due to the shift (in the reduced Arrhenius plot for visco­
sities) toward the center of general pattern (figure 13). In 
accordance with the complex formation decrease for X <  94.7% 
oc-picHCl in the glass forming range.

CONCLUSIONS

This study has shown that the consequences of the 
tf-picHCl and QHC1 addition to <*-picHCl depend on the re 

lative compositions of the binary mixtures, and on the 
concentration of organic complex species present in the 
molten sys t e m s .

The increase in the QHC1 content gives a rise-of 
fragility in the liquid structure of the systems, but in 
the other hand the increase in t -picHCl content does not 
significantly change the intermediate range order of the 
systems. For this case the rate of temperature structural 
degradation remains the same.
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Fig. 1. Arrhenius plot of kinematic viscosity for 
solutions in the system <x -picHCl+QHCl.
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2

Fig. 2. Arrhenius plot of electrical conduc­
tivity for solutions in the system c< ~picHClt 
+ J-picHCl.

103 K / T

Fig. 3. Arrhenius plot of Kinematic 
fluidity for solutions in the system 
C* -picHClt J'-picHCl.
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X y - P IC H C I

Fig. 4. Isothermal plots of 
electrical conductivity as 
a function of |f-picHCl con 
tent in the system (X -picHC]* 
+ y-picHCl.

Fig. 5. Isothermal plots of 
kinematic viscosity as a 
function of Tf-picHCl content 
in the system c*rpicHCl+y-pic- 
H C l .
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Fig. 7. Partial phase dia­
gram for the system £<-pic- 
HC1+J -picHCl and glass 
transition temperatures.

Fig. 6. Isothermal plots of 
kinematic viscosity as a fun 
ction of cx.-picHCl content in 
the system c*-picHCl+QHCl.

Fig. 8. Phase diagram for the 
system o(-picHCl+QHCl and 
glass transition temperatures.
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Fig. 9. Glass transition temperatures 
T 0 (<r) , T (J) and T for the system 
c*s-picHCl+ ^-picHCl.

Fig. 10. Activation energy as a function 
of (T/(T-T ))2 for the system f^-picHCl+ 
+ |-picHCl.
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Fig. 11. Activation energy 
as a function of (1-(T /T))“ 2 
for the system <* -picHCI+
+ tf-picHCl.

[ l - (T 0 /T ) ] 'Z

aO)o
Fig. 12. T -reduced 
Arrhenius plot of 
viscosity for the sys 
temoC-picHCl+ ^-picHCl
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Fig. 13. T -reduced Arrhenius plot of 
viscosity for the systemc\-picHCl+QHCl.
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V iscosity M easurements: Molten T ern ary  Carbonate Eutectic.

Tatsuhiko Ejima, Yuzuru Sato, Tsutomu Yamamura, Kyoko Tamai, and 
Masayuki HasebeDepartm ent Of M etallurgy, Faculty  Of E ngineering, Tohoku U niversity  
Sendai 980, Japan
Mark S. BohnSolar E nergy Research In s titu te , Thermal R esearch B ranch , Golden, 
Colorado 80401, USA
George J .Ja n zR ensselaer Polytechnic In s titu te , Molten Salts Data C enter, D epart­
ment Of C hem istry, T roy , New York 12181, USA.

ABSTRACT
Modelling calculations of falling molten salt films in 

d irec t absorp tion  solar energy  rece ivers led d irec tly  to questions concerning the reliab ility  of the v iscosity  data 
for the te rn a ry  carbonate eu tectic . The p resen t work was 
undertaken  to resolve th is dilemma. A num ber of perform ance 
problems were encountered . The resolution of these and the 
re su lts  fo r v iscosity  m easurements to 900°C fo r th is 
molten carbonate system  a re  rep o rted . The re su lts  d iffer 
m arkedly from the earlie r w ork, and possible reasons for 
th is are  examined.

INTRODUCTION
The molten te rn a ry  carbonate eu tectic is of in te re s t as a candi­date heat t ra n s fe r  medium in solar energy  sto rage applications (1 -3 ). 

Doubts on the reliability  of the prev iously  m easured values have 
em erged in recen t heat tra n s fe r  calculations by  Bohn, and quite inde 
-penden tly  and almost co ncu rren tly , from v iscosity  data by  Ejima and 
Sato fo r molten Na2C0 3 « In the form er it was found necessary  to 
assume viscosities approx . 3.5 times la rg e r in o rd er to b rin g  the modelling calculations into agreem ent w ith the observed  th icknesses 
of the flowing salt films. The p re sen t work was u ndertaken  to t r y  to 
resolve th is dilemma. The investigation  was extended  to include some work with eu tectics fom commercial g rade quality  carbonates, and these  re su lts  are  also rep o rted .
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EXPERIMENTAL
All measurements were made with the h igh tem perature facility  at 

Tohoku U niversity  in which the damped oscillational technique and 
w orking equations fo r calculating the viscosities on an absolute 
basis are  u sed . The viscom eter, as seen from Figs. 1 and 2, is 
com puter-coupled fo r data acquisition and data  reduction  to final values. For the torsion  w ire, the Kestin alloy (8% W - 92% Pt) was 
used . This alloy has a stable constan t of e lastic ity , a low in ternal fric tion , and is easily annealed s tre s s  f re e (4 ,5 ) .

Samples of the eu tectic (mol %: Li2CC>3,43.5; N a2C03,31.5; 
K2CC>3,25.0; m .pt.397°C ) were p rep ared  in kg . amounts from Reag­en t Grade sa lts , and melted to gain sample homogeneity. To rep re ss  
decomposition, all tra n s fe rs  were u n de r C 02 atm ospheres. For 
fu r th e r  p re trea tm en t of samples in the viscom eter, see la te r.

In F ig .3 m easurements fo r molten NaCl are  shown. The perform ance 
of the viscom eter is th u s  confirmed to be within 2.5% of the recomme­
nded values from the Molten Salts S tandard  Program (6 ,8 ) . However 
when m easurements were s ta r te d  with the eu tectic , a series of p e rfo r­
mance problems were encoun tered . As these appeared  unique to work 
with molten carbonates, the resolution of these were im portant s teps to meaningful re su lts .

Log(visc) v s . T "1 C orrelation: The tem perature - v iscosity  data fo r ’’well behaved” ionic salt system s generally  may be exp ressed  by 
an exponential function of the form:

v iscosity  = A exp (E /R T) 
and from th is , the correlation:

log(visc) = constan t + (E /R )[T “1]
provides a ready  graphical check on the p ro g ress  of the  m easurem ents,
i . e . , a  s tra ig h t line having a slope of (E /R ). In the early  stages of 
the p re sen t m easurements with the molten eu tectic , an apparen t fail­u re  of th is c riterion  was observed . As seen in F ig .4 ,the correlation held well fo r measurements above 700°C, b u t failed quite ab ru p tly  
and dram atically a t app rox . 700°C. When measurements were extended to lower tem pera tu res, the slope changed as shown from positive to 
negative values. When the cause fo r th is ’’fa ilu re” was reso lved , it 
was found to be due not to anomalous melt p ro p e rtie s , bu t ra th e r  to 
the limitations of the viscom eter. The dimensions of the crucible in th is  series of measurements were [20mm i .d .  x  88mm], and th is  size is 
suitable fo r fluids with viscosities up to -10 mPa#s . A pparently  
in the  work with the molten eu tectic , th is limit was being reached at 
700°C, and being exceeded below th is tem pera tu re. With la rg e r c ru ­
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cibles meaningful m easurements could be ex tended down to 600°C as the lower limit. The physical limitations imposed by  the hot zone 
dimensions precluded  fu r th e r  increases in crucible size; the tem per­
a tu re  range for the measurements in the p re sen t s tu d y  was limited accordingly .

Melt C reep :In the damped oscillational techn ique, as in th is  work, 
the molten sa lt is v irtua lly  herm etically sealed in the (cylindrical) 
crucible via a tig h tly  fittin g  cap. The v iscosities a re  derived  from 
m easurements of the  damping effects of the fluid thu s confined on 
the oscillations of the crucib le . With the molten carbonate , it was 
found th a t the m easured v iscosity  at each tem perature did not remain 
constan t, b u t continued to v a ry . Inspection of the  crucible "post 
m easurements" showed th a t the ou ter su rfaces had been w etted by  the melt, and , indeed, a small pendant drop of the carbonate was hanging 
ex ternally  on the crucib le bottom. This melt creep complication was 
resolved th rou g h  a series of steps  as follows. Melt treatm en t: The 
eu tectics were rigorously  p re tre a te d , as already  no ted , b y  heating  un 
d e r vacuum up to the melting point (397°C), and then  CO2 equili­
b ra ted  by  bubbling  the gas th rou g h  the melt fo r ~ 12 h r  a t 700°.An atm osphere of [helium with 50 T o rr CC^I was used  in the visco­
m eter d u rin g  the m easurem ents. This CO2 p artia l p re ssu re  is la rg er than  the equilibrium  dissociation p re ssu re s  of molten carbonates a t 
these  tem peratures and y e t less than  the p re ssu re s  th a t introduce instab ility  to the oscillations of the crucib le . In th is  way the melt 
compositions were effectively held invarian t. Gold p la ting : To 
minimize w etting  by  the molten carbonate, the nickel crucible s u r ­faces were gold p la ted . V enting: T hrough a series of te s t  m easure­m ents, it was observed  th a t the melt creep occurred  principally  in 
the initial stages of a measurement se rie s , i . e . ,  as if melt degass­ing  was occu rring , and th is apparen tly  led to a,.forced "gushing" of the 
melt th rough  the (machine th readed ) seal. A ccordingly,tw o small holes 
as ven ts were drilled  in the crucible cap. The "vented  cap" modific­ation proved  v ery  effective in minimizing th is  "gushing" and was 
used  th roughou t the measurements rep o rted  herew ith.

The overall weight loss from the crucible was thu s minimized to
0.3% or less. Corrections for th is  were made in the  ite ra tive  
calculations of v iscosities.

A fu r th e r  correction , namely the "meniscus effect correction", has been quan tita tively  examined by  B rockner, T ^rk lep , and 0y e  (10). 
U nder the conditions used  in the p re sen t s tu d y  ( re fe r: above), the 
uncerta in ties due to th is possible e rro r  source appear to be less 
than  2%, i . e . ,  well within the overall accuracy  limits of ±3% for the p re sen t m easurem ents.

RESULTS AND DISCUSSION
Table 1 lists the m easured v iscosities fo r Reagent Grade t e r ­
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n a ry  carbonate eu tectic . Each value is the average of 4 - 6 determ in­
ations. Measurements were limited to ~ 650°C as the lower limit 
so as to s ta y  well above the cu t-o ff of 600°C ( se e ,e a r lie r ). The 
correlation  from th is data se t , is:

v isc(m Pa-s) = 0.10120 exp(33400/RT)
w here R = 8.3143 J  K"^mol"^. Use of th is  fo r extrapolations down 
to 500°C, and lower receives firm su pp o rt from the linearity  of the [log(vise) - T -1 ] crite rion .

In F ig .5, these re su lts  are  compared with the measurements re p o r t ­
ed earlier by  Janz and S a e g u s a ( ll ) . The confidence level in the p re s ­en t work is h igh . The problem , th u s , is to u n d e rs tan d  the factors in the  earlie r work th a t led to such  m arkedly lower values.

In the earlie r w ork, melt densities (in  the calculations) were 
estim ated from single salts data and theoretical p rinc ip les. In the 
p re se n t w ork, m easured values(12) were u sed . The estim ated densities 
would lead to viscosities ~ 10% lower than  the co rrec t values.

A "voids effect" as a possible e rro r  source suggests  itse lf d ir ­
ec tly  from a re su lt found in the p re sen t s tu d y , namely the need for 
the  "ven ted  cap" fo r measurements w ith the carbonate eu tectic . The 
adherence of the gases on the in te rio r crucible walls (as a firmly 
adsorbed  gaseous film) would lead to a "voids e ffe c t" . Since a rad ius 
la rg e r than  the  actual rad ius of the melt is now being "input" into 
the w orking equations, the calculated viscosities would be smaller 
than  the tru e  v iscosities. Modelling calculations (based  on the p a r ­
am eters of the viscom eter in the p re sen t work) show th a t fo r voids 
equivalent melt rad ius decrease of » 20%, the calculated v iscosi­
ties would be = 65% lower than  the tru e  (co rrec t) values.

Additional facto rs as possible e r ro r  sources could be lis ted , bu t the m agnitudes cannot be estim ated quan tita tively  and fu r th e r  d iscu s­
sion is de fe rred  accordingly . From the p reced ing  considera tions, it 
appears th a t the disagreem ent can be resolved in large p a rt  th rough  
the  possible p resence of a firmly adsorbed  gaseous film on the inner 
crucib le su rface , and th a t th is "voids effect" undoubted ly  escaped detection  in the earlier s tu d y .

As s ta ted  earlie r in the communication, measurements were ex tend ­ed to eu tectics from commercial g rade quality  carbonate salts (o v er­
all p u rity : 98.4%, based on carbonate co n ten t). Without the CC>2 equilibration  of these  ( see: melt trea tm en t), meaningful measureme­n ts  were not possible. A fter these  were CC>2 equ ilib ra ted , the 
viscosities were v irtua lly  the same as the values found for the Reagent Grade te rn a ry  carbonate eu tectic herew ith ( Table 1).
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Fig.l. High Temperature 
Viscometer Facility

1 :  g a s  p u r i f  i e r  
2 :  r e s i s t a n c e  f u rn a c e  
3t g u id e s
4 .  r e c o rd in g  d e v ic e  
5 :  d a ta  p r o c e s s in g  

com puter  

6 :  M irro r  

7 : C ru c ib le

Fig.2. Iterative Calculation 
Of Viscosity Table 1. Eutectic Viscosity: 

Measured Values.

T
(K)

Viscosity 
(mPa *s)

922.6 8.058
972.2 6.326
1021.9 5.090
1071.5 4.290
1122.1 3.635
1172.1 3.148
970.9 6.184
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Fig.3. Comparisons Of NaCl 
Measurements

Shown: cu rv e  1 , ( 6 , 8 ) ;  cu rv e  
2 , ( 7 ) ;  c u rv e  3 ,  t h i s  w ork ; 
c u rv e  4  [ i n s e t ] ,  p r e d ic te d  

(9).
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ULTRASONIC AND HYPERSONIC SPECTROSCOPY OF ALKALI 
NITRATE SINGLE AND BINARY MELTS
T. Ejima, T. Yamamura and K. Zhu

Department of Metallurgy, Tohoku University 
Sendai 980, Japan

ABSTRACT

Sound propagation in the molten alkali n itrate single salts,LiN03, NaN03, 
RbN03 and CsN03and the binary me 1 ts,NaN03~LiN03, -RbN03 and ~CsN03 , have 
been studied over the frequency range of 5-25 Mhz and 3-8 GHz by means of 
pulse and Brillouin scattering methods, respectively. A dispersion of sound 
propagation is observed at the frequency between u ltra- and hyper-sound 
region for KN03, RbN03 and CsN03. The thermodynamic properties derived  from 
the sound velocity are approximately additive for the binary melts 
investigated. The bulk v iscosity , v&  was derived from the
absorption coeffic ien t determined. The value of d /dT is negative and
temperature dependence of rj B /  rj s is insignificant for the molten 
alkali nitrate single sa lts. The bulk viscosity  of the binary melt 
decreases rapidly with the addition of the component having smaller bulk 
viscosity  in pure sa lt.

INTRODUCTION
Molten alkali nitrate mixtures have been considered as one of the 

most promising candidates for a heat storage medium at high temperatures 
because of its  wide temperature range of chemical s ta b ility . However, the
structure of molten alkali nitrate is not as simple as a typical ionic
melt such as an alkali halide because of the existence of asociated
species. Sonic spectroscopy is one of the most effective methods of
detecting the existence of associated species which cause the structural
relaxation in sound propagation. In the present study, sound v e lo c itie s  in 
the molten alkali n itrate single sa lts , LiNCh , NaN03 , KN03 , RbN03 and 
CsN03 and binary s a lts , NaN03 ~LiN03 , NaN03 -RbN03 , NaN03 -CsN03 have 
been measured over the frequency ranges of 5-25MHz and 3-8GHz by means
of pulse and Brillouin scattering methods, respectively. Ultrasonic and
hypersonic ve loc ities  measured are compared with each other to elucidate 
the relaxation process of sound propagation in the melts. Ultrasonic
absorption coeffic ien ts have been measured to determine the bulk
v isco s it ie s  for the binary melts. Relaxation times have been derived from the 
hypersonic and ultrasonic ve locities  and bulk viscosity  on the basis of 
a relaxation theory with a single relaxation time. Thermodynamic
properties such as adiabatic compressibility , constant pressure heat
capacity, isothermal compressibility and internal pressure were obtained .
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EXPERIMENTAL

ULTRASONIC SPECTROSCOPY
The propagation velocity of ultrasound in molten alkali nitrate has been 

measured by the use of a pulse method. Details of the pulse method was 
described elsewhere*1 \  The sound pulses p iezoelecrically  generated by a 
X-cut quartz crystal are introduced into the melts through a lower conduction 
rod made of fused quartz. The sound pulses propagated through the melt 
are received by an upper conduction rod made of fused quartz and is 
transduced into e lectr ica l signals by a quartz crystal attached to the 
end of the upper conduction rod. The sound velocity and absorption 
co effic ien t are determined from the measured delay time and the amplitude 
change accompanying the displacement of the spacing between the upper and 
lower conduction rods. The measurement was carried  out over the 
temperatures ranging from the melting point of the sa lt to about 150K 
above it. The maximum of the error is estimated to be less than 0.2% 
for the sound velocity and 3% for the absorption coefficient determination.
BRILLOUIN SCATTERING METHOD

As predicted by Brillouin, the light scattered by a homogeneous liquid 
consists of a central Rayleigh line with the same frequency as that of a 
exciting light, and a doublet of which the components are shifted in
frequency symmetrically from the frequency of the exciting light. The 
latter is induced by the co llision  of a photon and a phonon in the 
liquid under thermal equilibrium. The frequency sh ift  A v  between the
Brillouin peak is expressed as follows:

A v = t  2 v i n (V, /c )s in  0 (1)
where v 4 is the frequency of the exciting light, n is the refractive 
index of the liquid, Vs and c are the ve lo c ities  of sound wave and light 
respectively, and 0 is the scattering angle. The frequency sh ift is also 
equal to the frequency of sound wave which induces the light scattering. The 
sound velocity can be obtained from the frequency sh ift  and the scattering  
angle.

A schematic diagram of the experimental apparatus used for the
measurement of Brillouin scattering is shown in F ig .1. The system is 
composed of a light source, a high temperature c e ll , and a Fabry-Perot 
interferometer. The light from the He~Ne gas laser is modulated to 225Hz 
by the use of an optical chopper. The modulated light is then focused 
upon the ce ll placed in an e lectr ic  furnace. The light scattered at an 
angle of 0 is focused on a pin hole with a co llecting lens and is 
collimated with a lens. The light passed through the interferometer is
focussed and is changed into e lectr ica l signals with a photomultiplier. 
Reagent grade alkali n itrate is dried at 393K for 24 h in vacuo, melted 
in argon atmosphere and filterd  through a sintered Pyrex glass disk 
to remove small suspended inclusions. The f iltr a te  is poured into a 
cylindrical c e ll made of Pyrex glass and the ce ll is sealed under vacuo.
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RESULTS AND DISCUSSION

SOUND VELOCITY AND ABSORPTION OF ALKALI NITRATE SINGLE SALTS
Frequency sh ifts  of Brillouin peaks for molten alkali n itrates were 

measured over the temperature range of their melting points to 820K at 
scattering angles of 45, 90 and 135 deg. The velocity of hypersound was 
determined from the observed frequency sh ifts  in the sound frequency ranges 
of 7-8 GHz for LiN03 , 2-7 GHz for NaN03 , and 3~8 GHz for CsN03 . In
these frequency ranges sound velocity appears to be independent of
frequency.

Ultrasonic velocity were measured in the frequency range of 5-25 MHz 
for LiNQ3 , NaN03 and KN03 ,and 5-15 MHz for RbN03 and CsN03 . The ultra­
sonic velocity does not exhibit frequency dependence for these sa lts.

The ultrasonic and hypersonic ve loc ities  obtained were plotted against 
temperature and are shown in Fig. 2. It can be seen from Fig. 2 that both
ultrasonic and hypersonic ve lo c ities  monotonously decrease with increasing 
temperature. However, in case of ultrasonic velocity a curve linear
relation is found for a ll the single sa lts  investigated. As shown in F ig .2
both ultrasonic and hypersonic ve loc ities  decrease with increasing 
cation-size except for LiN03 . When the hypersonic and ultrasonic
v e locities  are compared with each other for each alkali n itrate ,both 
v e locities  agree well within the limit of the experimental error for molten 
LiN03 and NaN03 . On the contrary, the difference between hypersonic and 
ultrasonic ve lo c ities  clearly exceeds the limit of the experimental error 
for KN03 , RbN03 and CsN03 . The observed dispersion of the sound 
propagation indicates that the relaxation frequency of KN03 , RbN03 and 
CsN03 are more than the highest of the ultrasonic measurement and less
than the lowest frquency of the Brillouin scattering measurement. The
relaxation frequencies of LiN03 and NaN03 are more than the highest
frequency of the Brillouin scattering measurement. Relaxation behavior of 
the single sa lt w ill be examined in detail later in this section.

The absorption coeffic ien t, a of the ultrasound was determined over 
the frequency range of 5~25 MHz for molten alkali nitrate single sa lts. The 
ratio of the absorption coeffic ien t to the square of the frequency,f are 
plotted against temperature and shown in Fig. 3. The value of a / f 2
decreases monotonously with increasing temperature. The bulk viscosity  was 
determined from the absorption coeffic ient measured by the use of the 
following equation,

V B = . ( ( a .x ,  /  a . ) -  l) /3 (2)
where y , is the shear v iscosity , a . , ,  is the observed absorpt ion
coefficient and a , is the absorption coeff ic ient due to shear viscos i ty
expressed by Eq. (3).

a ,  = 8 %2 f 2 9« /3  p v3 (3)
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where f is the frequency, p , the density, v,the velocity of ultrasound.
As shown in Fig. 4 showing the temperature dependence of the bulk viscosity , 
the bulk v iscosity  decreases with increasing temperature and cation-size for 
alkali nitrates. Figure 5 shows the temperature dependence of the ratio of 
V b /  . The values of  V b /  V* are approximately constant with
temperature change for LiNO$ and NaN03. Even in maximum case of KN03 the 
change of the value is less than 15 % with the temperature change of 150 K. 
As the origin of the bulk v iscosity  in the molten alkali n itrates 
thermal relaxation and structural relaxation are possible. The former 
arises from the slow interchange of energy between the external and 
internal degrees of freedom and is typical for nonassociated liquids. On 
the other hand, the latter is the case for the associated liquids which has 
structural order due to strong interraoiecular bonding. According to the 
cla ss ifica tion  of Higgs and L itov itz<2> in the associated liquid d v &  /dT 
is negative, and v b /  V « is approximately constant with temperature and 
rarely has a value above 5. As described above, negative d v B/dT and 
constancy of V B /  V s with temperature observed in this study suggest 
that the bulk viscosity  of the alkali nitrate originates in the 
structural relaxation and the molten alkali nitrate appears to be an 
associated liquid. However, it  should be noted that the values of v b /  V s 
of KN03 , RbN03 and CsN03 exceed by far 3.5 which is the maximum for the 
hydrogen bonded associated liquids. This fact suggests that the long range 
coulombic interaction among the constituent ions in the molten alkali nitrates 
causes the structural relaxation more than the hydrogen bond does.

Since the dispersion of sound propagation was observed in the alkali 
nitrates, detailed consideration has been given to the relaxation behavior 
under the assumption that relaxation with a single relaxation time, which 
has been successfully applied to some molten sa lts  by Knape and Torellc3> 
can also be applied to the present results. On the assumption that 
relaxation has a single relaxation time % , an equation for a sta tic  
bulk v iscosity  *?B has been derived by Montrose et a l . <4\

V b = p -  Va2)T (4)
where p is the density of the medium, v  ̂ and v̂  are sound v e lo c ities  at the 
lim iting high and low freq u en cies respectively. The relaxation time was 
calculated from the ultrasonic velocity for v0 , the ultrasonic bulk 
viscosity  for V b and hypersonic velocity for v̂  . The relaxation times 
determined at 700 K are listed  in Table 1, The relaxation time increases
with increasing cation-size in accord with the behavior of bulk viscosity
with cation-size.
SOUND VELOCITY AND ABSORPTION IN ALKALI NITRATE BINARY MELTS

Sound velocity of NaN03 —LiN03 , -RbN03 and -CsNQ3 binary melts have 
been measured over the frequency range of 5~25 MHz by means of the pulse
method. Figure 6 shows the composition dependence of the adiabatic 
compressibility at 650 K and 6Q0 K for NaN03 '-RbNOs binary melts. In Fig. 6, 
thin solid  line represents the adiabatic compressibility calculated on the
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basis of the volume additivity. The observed ccompressibility deviates 
p ositively  from the additive line. But the extent of the deviation is as 
small as 2 % even at the maximum. The composition dependence of such 
thermodynamic properties as isothermal compressibility, constant pressure 
heat capacity and internal pressure have been examined, and it  has been 
found that these thermodynamic properties of the alkali nitrate mixtures 
do not deviate much from the values calculated on the basis of the additive 
rule.

On the contrary to the thermodynamic properties, the bulk v isco s it ie s  of 
NaN03 —LiN03 ,-RbNOa ,and -CsN03 binary melts deviate from the linear 
additivity as clearly shown in Fig. 7 showing the relation between the bulk 
viscosity  and composition. As shown in Fig. 7, the bulk v isco s it ie s  of
NaN03 -CsN03 and NaN03 -RbN03 binary melts decrease rapidly with increasing 
NaN03 content upto 20 rool%NaN03 . Further addition of NaN03 decreases the 
bulk v iscosity  sligh tly . As for NaN03 -LiN03 binary melts, bulk v iscosity  
decreases monotonously with increasing LiN03 content. Since the difference 
between the bulk v isco s itie s  of NaN03 and LiN03 is small, a change in the 
bulk v iscosity  with composition is slight. However, the same composition
dependence of the bulk viscosity  as that of NaN03 -RbN03 and NaN03 -CsN03
can be s e e n ,i .e . , the bulk viscosity  of the binary melt decreases rapidly to 
approach that of the pure additive on addition of a component which has 
smaller bulk viscosity  in pure melt. The observed behavior of the 
composition dependence of the bulk viscosity  may be explained in terms of 
relaxation time in the following manner. The relaxation of the sound 
propagation in the binary melts seems to be structural one in analogy with 
the relaxation process of the pure component melts. The relaxation time of 
the binary melts may be controlled by the motion of the constituent having 
shorter relaxation time in pure component melt because the relaxation time 
is related to the time in which rearrangement of the constituent particles  
occur upon the passage of sound wave. Therefore, the v iscosity  of the binary
melts decreases rapidly with the addition of the component having smaller
bulk v iscosity  in the pure melt and approach the value of the pure melt 
of the additive.
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Scattering angle

Fig. 1 Experimental arrangement for Brillouin scattering 
measurement.
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Temperature / K

Figure 2 Temperature Dependence of Ultrasonic and Hypersonic 
V elocities  for Molten Alkali Nitrate Single Salts.
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Table 1 Relaxation Time of Alkali Nitrate 
at 700 K

Salt Relaxation Time/l0"^s
kno3 0.045
RbN03 0.085
CSNO3 0.23
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SUPERCOOLING PHENOMENA IN ELECTROLYTE-AMIDE BINARY 
MIXTURES. ULTRASONIC AND D IELECTRIC  STUDY SHOWING THE 

PRESENCE OF POLYMERIC STRUCTURES IN SUPERCOOLED
MIXTURES : NaCNS, Li NO , KCNS/CH CONH .3 3 ^

G i a n fr a ncesco B erchiesi , G iovanni V ita l i,
G ian carlo  G ioia Lobbia and R yszard  Plowiec

D ip artim ento  di Scienze Chim iche del I 'U n i vers ita  
Via S .A gostino  1 ,62032 Cam erino ; I t a ly

ABSTRACT

Cryoscopy, u Itra s o n ic  and d ie le c tr ic  m easurements  
on E lectro lyte -A m  ide b in a ry  systems show t h a t  a t  

an am ide mole fra c tio n  o f  about 0 .8  com plex s tru ­
c tu res  are  b u i l t .  These s tru c tu re s  a re  resp o n s ib le  
fo r h igh  va lu es  o f  d ie le c tr ic  con s ta n t.

INTRODUCTION

B in ary  m ix tu res  o f s a lts  and o rg a n ic  compounds re p re s e n t an 
in te rm ed ia te  s itu a tio n  between a ty p ic a l ionic m elt, where th e  
in te ra c tio n  is p re v a le n tly  e le c tro s ta tic  and a m o lecu lar m elt, 
where th e  in te ra c tio n  is Van der W aals, hydrogen bond or d i­
p o le -d ip o le . The systems we are  s tu d y in g  ( am ide s + s a It) a re  re ­
la ted  to  these problem s and are  o f g re a t in te re s t because the  
in te ra c tio n s  y ie ld  re m a rk a b ly  com plex s tru c tu re s  in a concen­
t r a t io n  and tem p e ra tu re  ra n g e  around  th e  e u te c tic  p o in t ,f ig u ­
re  1.

RESULTS AND DISCUSSION

Cr yoscopy (1 -9 )  : s a lts  d e riv ed  from s tron g  ac ids  m ixed w ith  
amides g ive  h ig h ly  viscous liq u id s  t h a t  supercool e a s ily  
in th e  eu te c tic  zone.

In  some cases (p r in c ip a l ly  w ith  Na ion) th e  l iq u id  su­
percools spontaneously  and reaches th e  g lass  t ra n s it io n  tem­
p e ra tu re  ; in o ther cases (w ith  o ther ions) th e  liq u id  su p er­
cools b u t can also c r y s ta ll iz e ;  and sometimes th e  c r y s ta l­
l iz a tio n  tem perature depends on th e  coo ling  r a t e  as  w e l l  as
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on th e  th e rm a l h is to ry  o f th e  liq u id  ( 3 ) .
V is c o e la s tic ity  (1 0 -1 2 )  : Some o f  these m ix tu res  have been s tu ­
d ied  w ith  u ltra s o n ic  tec h n iq u e s . Using shear waves and the  
method o f  reduced  v a r ia b le s , th e  v is co e la s tic  re la x a tio n  spec­
trum  has been determ ined  fo r th e  m ix tu res  NaCNS-Acetam ide 

^N aC N S =^ ' ^ ^  an<  ̂ LiNO^-Acetam ide = 0 .2 0 4 ) - In  both
th e  sp e c tra  a s h if t  tow ard s  h igh  f r e q u e n c i^  in com parison  
w ith  th e  M axw e ll model has been observed; th e  s h if t  is more 
accen tuated  in th e  system w ith  NaCNS. The s h if t  ind ica tes  the  
presence o f re ta rd a tio n  phenomena, whose n a tu re  is p ro b a b ly  
re la te d  to  th e  fo rm atio n  o f po lym eric  s tru c tu re s  in these l i ­
q u id s , as th e  h igh  va lues  o f  v is co s ity  (10 ) also a llow  us to  
hypoth es ize . M athem atica l a n a ly s is  o f th e  re s u lts  ind ica tes  
t h a t  th e  po lym eric  s tru c tu re s  are  la rg e r  in th e  NaCNS m ix­
tu r e  (1 2 ) ;  f ig u re  2 shows th a t  in th e  NaCNS m ix tu re  the  s h if t  
is h a l f  a decade, in th e  LiN0_ m ix tu re  the  s h if t  is 1 /5  o f  a 
decade. T h a t is, in the  NaCNS3 m ix tu re  20-40% o f th e  visco­
s ity ,  and in th e  LiNO^ system 62% o f  th e  v isco s ity  is invo lved  
in  th e  v isco e las tic  process; th e  re m a in in g  p a r t  is invo lved  in 
re ta rd a t io n  phenomena.
U ltra s o n ic  spectrum  (1 1 -1 3 ) : A n alys is  o f th e  u ltra s o n ic  r e la ­
x a tio n  s p ec tra  shows th a t :
1) in th e  system w ith  Na s tru c tu ra l as w ell as chem ical e -  
q u i l ib r ia  a re  p resent.
2 ) in th e  systems w ith  Li and K o n ly  chem ical e q u i l ib r ia  
are  e v id e n t.

I t  is s ig n if ic a n t  t h a t  th e  s tru c tu ra l process in th e  NaCNS 
system is p resen t in th e  u ltra s o n ic  ra n g e  w h ile  in many l i ­
quids it  occurs in a h ig her freq u en cy  ra n g e ; th is  fa c t  may 
be re la te d  to  th e  presence o f po lym eric  s tru c tu re s  which are  
la rg e r  in com parison to  o ther m ix tu res .

The chem ical process d is tu rb s  both s tru c tu ra l and viscoe­
la s tic  processes and may be ascrib ed  to the  ro ta tio n  o f p o la r  
groups (CONH^) as also observed  w ith  d ie le c tr ic  methods.

F ig u re  3 shows th e  tre n d  o f th e  reduced  im a g in a ry  p a r t  
o f  th e  com plex lo n g itu d in a l modulus fo r the  NaCNS m ix tu re .
In  th e  o ther m ixtures  a reduced  p lo t was not o b ta in e d .
( n / n  )= 2 /3  fo r th e  NaCNS m ix tu re  in a l l  tem p e ra tu re  ra n ­
ges in v e s tig a te d  (s tr u c tu r a l process); ( n / n  ) depends on 
te m p e ra tu re  , fo r th e  o th er m ix tures  (chem ica l p ro c e s s ),ta ­
b le 1.
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D ie le c tr ic  re la x a tio n  (14 ) : The m ix tu re  NaCNS-Acetam ide (X ^  
= 0 .225 ) has also been in v e s tig a te d  using  th e  d ie le c tr ic  r e la x a ­
t io n  te c h n iq u e . Two re la x a tio n  phenomena have been fou nd .

The ra d io fre q u e n c y  phenomenon may be ascrib ed  to  th e  ro ­
ta t io n  o f p o la r g roups, th e  low freq u en cy  phenomenon (whose 
re la x a t io n  tim e  is o f the  o rd er o f a second) is p ro b a b ly  due 
to  ionic m ig ra tio n , c o o p era tive  in n a tu re , th a t  is ju s t if ie d  by  
th e  polym eric  n atu re  o f th is  m ix tu re . The c o o p era tive  motion 
o f  ions may e x p la in  th e  h igh  v a lu e  o f th e  d ie le c tr ic  co n s tan t  
(~106).

CONCLUSIONS

As a re s u lt  o f  th is  research , we b e lieve  t h a t  th re e  im p ortan t 
points can be made:
1) E xp erim en ta l ev idence in d ica tes  th a t  th e  s a lt-a m id e  m ix tu re  
may b u ild  po lym eric  s tru c tu re s  in th e  eu te c tic  zone.
2 ) The s ta b i l i ty  o f these s tru c tu re s  and th e ir  s ize  do not o n ly  
depend on th e  p o la r iz in g  power o f th e  ions. The a lk a l i  s a lts  
stud ied  w ith  u ltra s o n ic  tech n iq u e  e x h ib it  th e  fo llo w in g  o rd e r:  
NaCNS > L iN 03 > KCNS.
3 ) These s tru c tu re s  promote c o o p era tive  motion o f th e  ions 
t h a t  is the  cause o f th e  mega v a lu e  o f th e  d ie le c tr ic  co n s ta n t.

T ab le  1. Ratio n / n a t  d if fe re n t  tem p era tu res  
v s

Sa It T /K ( n / nv
K cfe 3 0 0 .2 0 .1 6

304 .1 0 .6 6
3 0 8 .3 0 .9 0

LINO, 283 .2 15 .40
6 298.2 1.73

3 0 8 .3 1 .27
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F igure  1. Schem atic tre n d  o f L iq u id -S o lid  e q u ilib r iu m  cu rv e  
in b in a ry  systems E lectro! yte-Am ide . Supercool ing  
phenomena occur in th e  dashed lin e s . The arrow s  
ind ic a te  th e  in c re as in g  s tru c tu ra l com p le x ity  o f  

th e  m ix tu re .
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F ig u re  2. V ertica l a x is ; reduced  re a l p a r t  o f  th e  m echanical 
im pedance. H orizonta l a x is : logarithm o f th e  red u ­
ced a n g u la r  fre q u e n c y . Upper p a r t:  NaCNS-Aceta- 
mide m ix tu re ; a ,M a x w e ll model; b ,c u rv e  o b ta in ed  
a t  31 a n d 87 MHz; c, cu rve  o b ta in e d  a t  10 MHz. 
Lower p a r t:  Li NO^-Acetam i de m ix tu re ; a, M axw ell 
model; b ,e x p e rim e n ta l c u rv e .
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F ig u re  3- V e r t ic a l  a x is : reduced  im a g in a ry  p a r t  o f  the  longitu-^ 
d in a l m odulus. H orizonta l a x is :  logarithm  o f  th e  red u ­
ced a n g u la r  fre q u e n c y . Curve a , s tru c tu ra l process; 
Curves b ,c  chem ical processes concern ing  th e  m ix tu re  
NaCNS-Acetam ide ,
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SPACE THERMAL DIFFUSION EXPERIMENT IN A MOLTEN Agl-KI MIXTURE 
"Theoretical Convection Approach 

and Relation with in situ Measurement Results"

J. Bert, D. Henry,* H. Mellon, J. Dupuy

Universite Claude Bernard, Departement de Physique des Materiaux 
69622 Villeurbanne Cedex

*Ecole Centrale de Lyon, Laboratoire de Mecanique des Fluides
B.P. 163, 69631 Ecully Cedex

ABSTRACT

The first measurement in Space of a Soret effect with an 
Agl/KI molten mixture is discussed as a new method of 
evaluating transport properties of molten salts without the 
perturbations of convection. The possibilities and 
requirements for this Space experiment are analyzed 
theoretically and experimentally, and new results are given 
dealing with wetting, interfacial properties of molten 
salts, and variations of the thermoelectric power with 
time. In each case, the comparison is made between the 
behavior of the molten salt on Earth and in Space, and the 
conditions for the theoretical convective stability are 
given. As a conclusion, the authors show that the 
interdiffusion coefficient in Space is significantly 
smaller than measured on Earth. This confirms some recent 
other Space diffusion experiments on liquid metals. It 
also confirms that the Soret coefficient corresponds to Agl 
migrating towards the cold end of the cell.

I. INTRODUCTION

The study of the liquid transport properties— electrical 
conductivity, diffusion, viscosity and thermal diffusion— should 
improve our understanding of the physical and chemical phenomena from 
a thermodynamic and dynamic point of view. In the case of ionic 
molten salts, the problem is simplified because of the absence of the 
usual dipolar solvent and because of the relative simplicity of these 
compounds. When a temperature gradient is applied throughout a 
binary mixture, a diffusion phenomenon appears, which leads to the 
partial separation of the constituents; this effect is called thermal 
diffusion or Soret effect. The separation created by the thermal 
diffusion expressed with a coefficient D' is limited by a back- 
diffusion with a coefficient D. An equilibrium state is reached in 
the system and is characterized by the Soret coefficient ST = D'/D, 
which will be considered positive when the "heaviest" component 
migrates towards the cold side.
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The Soret effect was intensely studied for molten salts in the 
sixties, either by direct analysis or by thermoelectric power 
measurements, see, for example, references (1) to (8). After 1970, 
most of these investigators left these studies for two reasons: 
first, they encountered theoretical difficulties interpreting their 
results; the problem was complex compared to the theoretical 
knowledge of the processes involved. Second, a great dispersion in 
the experimental results was generally obtained and attributed to 
convective disturbances (3), which could not be controlled and 
impeded further experimentation. Since this time, numerous 
computations, for instance molecular dynamics simulations, have been 
performed, thus offering a renewal of the interpretation 
possibilities. An important improvement for performing scientific 
experiments in new conditions has been offered by the multiplication 
of Space flights. This led to a new development of the transport 
properties studies in the liquids because the microgravity conditions 
allow one to assume complete disappearance of convection. However, 
the flight conditions only diminished quite notably the gravity 
levels, but did not annul them. It was then necessary to develop new 
kinds of calculations in order to know the influence of such reduced 
gravity levels.

In the case of molten salts, it is impossible to measure a Soret 
effect in normal gravity conditions (9). In a perfectly vertical 
situation, which should be the best situation, an equilibrium state 
is reached, which could be destabilized if the parameters of the 
system exceed the critical values corresponding to the onset of the 
instabilities. During an Earth experiment, the parameters correspond 
to the unstable domain where a convective motion is generated, except 
in the case of top heating with a positive Soret coefficient, which 
is an unconditionally stable situation. In fact, the perfectly 
vertical situation is impossible to obtain and small experimental 
imperfections cannot be avoided. In the case of top heating and a 
positive ST, small departures from verticality will generate 
convective motions strongly perturbative if ST is small. In 
addition, the thermal boundary conditions can create radial thermal 
gradients that will also generate convective perturbations. The 
complete numerical study (9) that we performed has permitted us to 
explain those problems encountered by experimenters, as mentioned 
above. Whatever the situation on Earth, the separation created by 
the thermal diffusion is always reduced, compared to the perfect one 
mentioned above, which only takes in account diffusive phenomena.
This led us to perform our experiment on a molten Agl/KI mixture 
during the Sl-Spacelab flight of October 1985 and also to control the 
convection effects in such a microgravity environment by simultaneous 
numerical simulations.
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2. DEFINITION OF THE SPATIAL EXPERIMENT

2.1 Important Experimental Parameters

As has been seen above, the main problems encountered when 
measuring processes related to the diffusion in liquids are those 
coming from usual convection. However, this is not the only cause, 
and perturbations can be generated for at least two more reasons:

1. The surfaces, which are necessary because the experimental 
cell cannot have infinite dimensions, thus, in addition to 
the volume convection, a surface convection must be 
considered.

2. The free volumes existing inside the cell create bubbles, 
which will involve a continuous remixing of the molten 
mixture since their mobility could be much larger than that 
of the diffusion species. A supplementary surface effect 
can be added to the bubbles if they exist (Marangoni 
effect). The eviction of the free volumes is one of the 
most difficult problems that we had to solve, but we were 
helped by the salt expansion upon melting; all the excess 
volume could be absorbed by a porous material during the 
melting operation, if the material wetting and interfacial 
properties are known.

These first studies were performed during 1976-78 by Mellon (10), 
who defined the best conditions necessary for a successful Space 
experiment. He then calculated theoretically the isotherm surface 
tension for several molten mixtures with a model which had been 
successfully applied to binary and ternary metallic systems. In this 
model, the surface parameters are analogous to those of regular 
solutions proposed by Guggenheim (11) and by Defay and Prigogine (12) 
(quasi-structure of the liquid phase with no long distance 
interaction and separation of the degrees of freedom). Then the 
volumetric phase is related to the thermodynamic properties and the 
surface tensions when the physicochemical equilibrium is reached. It 
is concluded that, in contrast to liquid metals, the simple 
statistical model is not sufficient to explain the deviation from 
ideality observed for the surface tension measurements in molten salt 
mixtures. This study was then followed by calculations of the 
contact angles and shapes of the equilibrium meniscus as a function 
of the gravity values. Experimental 1-g determinations of the 
wetting properties (contact angles and surface tensions) of a molten 
Agl/KI mixture were also made by Mellon; he concluded that such an 
equimolar mixture wets imperfectly all materials with various contact 
angles (4O°<0<9O°). The evolution with temperature is slight, but 
usual. We are now able to state that no fundamental change of these 
values appears under microgravity conditions.
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2.2 Choice of the Experiment
The Space experiment consists of the measurement of the 

separation coefficient in a molten Agl0 75KI0 2$ submitted to a 
strong temperature gradient. The choice of the type of molten salt 
has been discussed earlier (13, 14). Let us only mention that this 
salt has valuable characteristics from the thermal point of view 
(small thermal diffusivity compared to that of a liquid metal), as 
well as from the electrical point of view (very good ionic 
conductor). This led to a theoretical study for which we obtained a 
decoupling between the mass flux and the heat flux (9), and for which 
the microgravity will be of great interest, thus permitting the mass 
transfer created by the temperature gradient. Another reason for 
using this salt involves the method which can be used for the 
detection of the diffusion phenomenon in real time: the measurement 
of thermoelectric power. This type of measurement is greatly 
facilitated by using a silver salt, which allows the use of silver 
electrodes without being impeded by Space charge capacitance effects 
induced by blocking electrodes. The mixture composition (eutectic) 
has been determined while taking into account the minimum electrical 
power requirements (melting point 260°) as well as the probable 
maximum separation effect (related to the interdiffusion 
coefficient). In Figure 1, we give the most recent Agl/KI phase 
diagram obtained by Claudy and Letoffe (15), which is slightly 
different from others given in the literature, especially around the 
eutectic area.

The choice of the experimental cell takes into account the 
various problems, which are:

- no free volume (100% cell filling)
- electrically insulated cell with the possibility of measuring 

the thermopotential with silver electrodes
- chemical inertia and tightness at all temperatures
- maximum temperature gradient obtained by the heat flux inside 

the furnace
- flight security.

We chose to absorb the salt volume increase when melting occurs (10%) 
by use of a porous material cylinder (special variety of alumina) 
surrounding the salt. The choice of porous material was guided by 
its thermal characteristics, its wetting by the liquid, and its 
chemical reactivity. Some preliminary experiments helped us in the 
choice of the porosity (18% volume and 30 pm pore diameter) (16).
The cell was made of an impervious alumina tube, this material having 
the best qualities for solving the problems mentioned above. For 
flight security, we were obliged to enclose the total cell inside a 
stainless steel tube. The experimental cell design inside the Space 
cartridge is given in Figure 2.
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2.3 Determination of the Experiment Duration
The furnace used was the Gradient Heating Facility designed by 

the C.N.E.S. for a great number of users and mounted inside the 
Spacelab Material Science Double Rack. It is composed of three 
identical 22 mm diameter cartridges. The heating program has been 
carefully calculated as well as the thermal and geometric 
characteristics of the cartridges in order to obtain, in the shortest 
time, a stable temperature gradient (about 70°C/cm) combined with a 
minimum electric consumption (Space requirements). Successive trials 
on Earth combined with calculations gave a good value for the thermal 
coupling between the cell and diffusers. The thermal kinetics curve 
is given in Figure 3, which shows that the stable gradient is 
obtained within less than one hour. It can be maintained with a 
precision better than two degrees during several hours of 
experiments. The experiment duration was determined based on a 
preliminary result of Mellon (10), who measured the self-diffusion 
coefficients of the silver and potassium ions on Earth. He then 
calculated the interdiffusion coefficient of Agl/KI as a function of 
the mole fraction of KI and different temperatures. The curves given 
by Mellon clearly show that the interdiffusion coefficient is maximum 
for the eutectic composition (22% KI, according to Claudy and 
Letoffe). The maximum obtained D value is about 27.10“5 cm2/s. The 
evolution of the Soret effect separation with time can be 
approximated to the first order, by an exponential form. The time 
constant T of this evolution is bound to L, length of the 
experimental cell, and to D, interdiffusion coefficient:

I*
*2 „

A quick calculation indicates that x  approaches one hour when 
L = 3 cm.

One of the important problems of Space experiments is the 
experiment duration, for two reasons. The first comes from the 
economics of a Space flight, which encourages completing the maximum 
number of experiments. The second comes from the energy, which is 
necessary for an experiment to be undertaken. Both the flight 
organizers, as well as the experimenters, have to take into account 
these problems. According to these requirements, it has not been 
possible for us to maintain isothermal conditions during a sufficient 
time for equilibrium or to use the total cartridge volume in order to 
complete two different experiments in each of the three cartridges. 
Other problems come from the fact that, because the maximum number of 
experiments must be performed in a minimum volume, some perturbations 
can be induced by other experiments working at the same time. These 
perturbations can come from the vacuum system, which is common to 
several racks, as well as from movements (astronauts or experiments) 
inducing residual accelerations, as well as from astronauts
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themselves who have to undertake considerable work, sometimes when 
being space-sick, or more simply missing some experiments despite 
their long training on Earth before the flight.

We thus fixed our experiment^duration to five hours, with stable 
gradient, assuming that the stationary state is obtained. This adds 
up to about six hours with the furnace working, and seven hours when 
taking into account the checking of the cartridges and the heating 
program, plus the time necessary to obtain a sufficient vacuum. We 
must add that the total experiment was automatic after the astronauts 
had closed the furnace door (the heating program had been prepared on 
memories, which could not be modified when running, except for the 
total break off of the experiments).

3. RESULTS

3.1 Thermoelectric Potential Evolution

This first Soret-effect Space experiment on a molten salt was 
fully successful. We were able to measure a thermoelectric emf in 
the three closed impervious cells containing the molten salt. In 
addition, it was decided during the flight itself that another ruir 
with three cartridges could be performed at the end of the_]p^§lon, 
when all other experiments had been made. This supplementary 
experiment was made with the Space cartridges, which had been loaded 
on board the Spacelab. This second run further confirmed, with three 
new cartridges, the possibility pf measuring thermoelectric power 
under good conditions in Space. ;In fact, these two runs were 
performed under quite different conditions: during the first run, 
there were continuous activations-deactivations coming from other 
experiments, thus creating vacuum problems involving temperature 
variations. On the other hand, the second run was made during very 
quiet conditions, with no resulting temperature problems. In each 
experiment, we used two sizes of porous tubes:

- small salt diameter; inside 3 mm, outside 7 mm 
(2 mm thickness)

- large salt diameter; inside 5 mm, outside 7 mm 
(1 mm thickness)

These two different geometries should permit us to vary the 
convective stability conditions.

Figure 4-a gives the thermoelectric signal obtained on Earth 
(vertical cell), and Figure 4-b the signal obtained in Space with 
large diameter cells, together with the chromel-alumel thermocouple 
indication of the temperature difference. We see that the Earth 
signal, which started quite smoothly, shows perturbations after three 
hours of experiments. These perturbations are probably due to 
contact problems or oxidation on the top electrode.
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Figure 10 gives the x-ray photographs of these last cells: (a) 
before salt melting, (b) after melting on Earth, (c) after melting in 
Space. It should be noted that all the x-ray photographs given in 
this paper have been made after complete cooling down to ambient 
temperature. In these three photographs, the porous tube is almost 
invisible, which tends to prove that the salt did not penetrate 
inside the porous material. The remainder of the cell-free volume 
before melting was sufficient for the expansion. The problems 
appearing during the Earth experiment are not visible on the 10-b 
photograph.

Figure 5 gives the thermoelectric signal and temperature 
difference signal obtained on Earth, with two other cells maintained 
vertical (small diameter cells). Note that the thermoelectric signal 
5-a is perturbed, with no contact at the beginning of the experiment. 
This signal then starts with a lower value and maintains a low value 
all during the experiment. Oppositely, curve 5-b looks quite normal. 
Figure 11 shows the corresponding x-ray photograph. One can see the 
great differences between these three photographs. The second 
photograph shows the liquid level after a shrinkage, which is due to 
a large liquid absorption by the porous alumina tube, clearly visible 
here. On the third photograph, no problem occurred, the liquid 
absorption being very slight. This shows that the contact concerning 
Figure 5-a appeared after the salt had been absorbed by the porous 
material toward the top electrode. The small potential value can be 
explained by the temperature difference, which is smaller than 
expected in the diffusion zone of the molten salt.

As a conclusion for these thermoelectric measurements, one can 
say that measurement is possible in Space with a completely filled 
cell and with a reproducibility of 100# over six cells. Second, the 
porosity combined with the interfacial salt properties never resulted 
in the salt absorption being under the sole influence of capillarity. 
However, some supplementary absorption is obtained on Earth under the 
influence of the salt weight. In space, one always obtains a 
thermoelectric potential, which corresponds to complete cell filling.

3.2 Theoretical Stability Conditions * 10

We undertook numerical simulation of the convection for long, 
differentially heated cylinders corresponding to our experimental 
cells. We were mainly concerned with microgravity situations 
characterized by a gravity (g), yhich is reduced by a factor 103 to
104 with regard to the Earth gravity (gQ), but with an unknown 
orientation. The equations, the dimensionless parameters, and the 
numerical method are given in previous papers (9, 17). This study 
has been performed for various values of the parameters. Various 
temperature differences and gravity levels were taken into account 
with the use of the Grashof number GrH (0.01 < GrH < 10). We
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consider all the possible cell orientations with regard to gravity 
(y, angle between the gravity and the cell axis, 0° < y < 180°). The 
Soret coefficient appears in the separation parameter S (-0.75<S<1). 
Finally, the physical properties of the molten salts are used to 
determine the Prandtl and Schmidt numbers (Pr =0.6, Sc = 60). For 
such a system, the convective motion corresponds to a single regular 
roll, which has no influence on the isotherm contours (small Pr 
value). On the contrary, the deformation of the isomass fraction 
contours can be important, particularly when GrH increases (Figure 
6). The influence of the motion on the separation, an important 
result for the experimenters, is given by the variable Xbot, mean 
mass fraction at the end of the cylinder, normalized to one for the 
perfect Soret separation (purely diffusive without convective 
motion). For different S values, we present the variation of Xbot as 
a function of GrH (for y = 90, Figure 7) and as a function of y 
(Figure 8): the separation is almost perfect for small GrH values or 
for certain vertical situations, but decreases quite strongly outside 
this domain. These curves will allow the experimenters to estimate 
the degree of perturbation of their experiment. Another interesting 
result is that the diminution of cell radius, which decreases the 
perturbations induced by convection, can be used to improve the 
experimental conditions. These theoretical results applied to the 
acceleration values measured during the flight have permitted us to 
ensure that our experiment was not perturbed by convection.

4. CONCLUSION

In conclusion, our first Soret-effect experiment in Space has 
shown the possibility of measuring thermoelectric power under low 
convective conditions. The evolution with time of this 
thermoelectric power measured in Space is given in Figure 9 and 
compared with the corresponding Earth variation.

The observed variation seems characteristic of a diffusion 
process, but the phenomenon is much slower than expected; after five 
hours, the stationary state had not been reached. This corresponds 
to a smaller diffusion coefficient in Space than measured on Earth. 
This fact has also been noticed by other authors using liquid metals
(18), with a factor of four between Earth and Space coefficients.
The Soret coefficient cannot be calculated because the stationary 
state is too far from being obtained, but the variation indicates 
that the Soret coefficient is positive, corresponding to the 
migration of Agl towards the cold side of the cell. The Earth 
variation given in Figure 9 is at least two times smaller than the 
Space variation; it then confirms the impossibility of a correct 
measurement on Earth, although the system is theoretically stable, 
the hot side of the vertical cell being up.
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ABSTRACT

A new infrared measuring system for extended appli­
cation of the laser flash method to the determination 
of the thermal conductivity of molten salts at high 
temperature with a remote sensing germanium detector 
has been developed. This system detects the temper­
ature response curve of a thin platinum disk in 
contact with a semi-infinite column of molten salt 
sample. Its data processing is presented with 
measurements for molten sodium carbonate at 1132K. 
This modification minimizes the effects of elec­
trical noise frequently observed in the previous 
experiments that were conducted with thermocouples.

INTRODUCTION

The importance of thermal properties such as thermal con­
ductivity or diffusivity of molten carbonates at high 
temperature has been well recognized in parallel with 
recent progress in fuel battery technology at high 
temperature and solar energy storage systems. There have 
been various attempts at thermal conductivity measurements 
for relatively low conductivity melts such as oxides and 
nitrides. However, at sample temperatures above 1000K, 
these measurements were not successful, mainly due to 
experimental difficulties and did not permit quantitative 
discussions for several reasons. For example, the 
radiative heat flow is known to play a significant role 
at higher temperatures, but the effect of radiation is 
difficult to evaluate. The volatilized species from the 
sample liquid sometimes are known to cause electrical 
or electrochemical problems such as induced noise or short- 
circuit of the temperature measuring system in the high 
temperature region.

The use of a two-layered laser flash method first 
developed by Tada etal. (6 ) appears to reduce these diffi­
culties. However, the full potential of this relatively
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n e w  t e c h n i q u e  has b e e n  a s s e s s e d  on l y  recently, due to the 
coexistence of the radiative and conductive components in 
the m e a s u r e d  t e m p e r a t u r e  r e s p o n s e  curve. Ohta eta-1, ( 7,8) 
p r o p o s e d  t h e  m e t h o d  f o r  t h e  s e p a r a t i o n  of r a d i a t i v e  
component that is significant at high temperatures above 
1000 K from the measured temperature response curve which 
i n v o l v e s  b o t h  r a d i a t i v e  and c o n d u c t i v e  heat flows. The 
b a sic idea of t h eir data p r o c e s s i n g  is to e v a l u a t e  
thermal conductivity (A) of a Sample liquid as well as the 
radiative component parameter, denoted by Rn in this paper, 
and the i n i t i a l  t e m p e r a t u r e  rise of the plate (TQ ) by 
c o m p a r i n g  the m e a s u r e d  t e m p e r a t u r e  r e s p o n s e  cur v e s  w i t h  
t h e o r e t i c a l  v a l u e s  u s i n g  the l e a s t - s q u a r e  curve f i t t i n g  
technique. The u s e f u l n e s s  of their m e t h o d  has b e e n  w e l l -  
r e c o g n i z e d  but the data p r o c e s s  for d e r i v i n g  t h e r m a l  
conductivity of liquid sample is rather complicated and 
r e q u i r e s  long c a l c u l a t i o n  t i m e  by the h i g h  s p e e d  large 
computer.

In the p r e v i o u s  e x p e r i m e n t a l  a s s e m b l y (7,8) to o b t a i n  
the t e m p e r a t u r e  r e s p o n s e  curve a t h e r m o c o u p l e  has b een 
successfully used at relative low temperature or in high 
v a c u u m  ( l e s s  t h a n  1 0 - 4  Pa ) at h i g h  t e m p e r a t u r e .  
H o w e v e r ,  w h e n  the c e r t a i n  v o l a t i l i z e d  or g a s e o u s  s pecies  
i n c r e a s e  at h i g h  t e m p e r a t u r e ,  m o s t  l i k e l y  in t h e  
m e a s u r e m e n t s  for m o l t e n  salts, the s i g n i f i c a n t  noise 
prevents us from accurate measurement due to the ionization 
of the v o l a t i l i z e d  s p e c i e s  by f l a s h e d  laser b e a m , a n d  such 
e f f e c t  a p p e a r s  to be a c c e l e r a t e d  by t h e  o s c i l l a t o r y  
e l e c t r i c  fi e l d  i n d u c e d  in the h e a t i n g  element. In such 
case, the n o ise f r e q u e n t l y  o v e r c o m e s  the t e m p e r a t u r e  
r e s p o n s e  signal e ven w h e n  the r e c t i f i e d  a l t e r n a t i n g  
c u r r e n t  wa s  s u p p l i e d  to the h e a t e r  b e c a u s e  of the s m a l l  
r e s i d u a l  r i p p l e  current. Since the v a p o r  p r e s s u r e  of m o s t  
m o l t e n  salts is r e l a t i v e l y  high, the inert gas to 
prevent from volatilization is frequently required for the 
thermal conductivity measurements. Thus, the experimental 
a s s e m b l y  w i t h  a t h e r m o c o u p l e  is k n o w n  to be s t r i c t l y  
l i m i t e d ,  p a r t i c u l a r l y  fo r  t h e  m e a s u r e m e n t s  at h i g h  
t e m p e r a t u r e .  The m a i n  p u r p o s e  of this w o r k  is to p r e s e n t  
the improved temperature response acquisition system with 
a i n f r a r e d  r a y  d e t e c t o r  of g e r m a n i u m .  T h e  n e w  d a t a  
processing not required the high speed large computer has 
also been developed for separating the radiative component 
from the measured temperature response curve.

The usefulness of the present improved system and data 
p r o c e s s i n g  is d e m o n s t r a t e d  by m e a s u r i n g  t h e r m a l  
conductivity of molten sodium carbonate at 1132K.
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EXPERIMENTAL
The s c h e m a t i c  d i a g r a m  of the l a s e r - p u l s e  a p p a r a t u s  for 
m e a s u r i n g  t h e r m a l  c o n d u c t i v i t y  of l i q u i d  and its cell- 
a s s e m b l y  are g i v e n  in f i g u r e s  1 and 2, r e s p e c t i v e l y .  The 
entire cell-assembly is enclosed by a bell jar under vacuum 
of the o r d e r  of 1 0 “ 4 Pa (10 “ 6 Torr).

The t w o - l a y e r e d  cell s y s t e m  c o n s i s t s  of t w o  parts: a 
detector metal plate for measuring the temperature response 
cur v e  and a c o l u m n  of s a m p l e  l i q u i d  a d h e r e d  to the m e t a l  
plate. A p l a t i n u m  p l a t e  (0.2 m m  in t h i c k n e s s  and 6 m m  in 
d i a m e t e r )  is e m p l o y e d  as a d e t e c t o r  p l a t e , w h i c h  is 
s u s p e n d e d  by three fine p l a t i n u m  w i r e s  a t t a c h e d  to the 
s u r f a c e  of the s a m p l e  melt. A p l a t i n u m  s a m p l e  v e s s e l  is 
p l a c e d  on the t a n t a l u m  pedestal, w h i c h  has an e l e v a t o r  
mechanism to precisely adjust its position. The cell system 
is placed in a tungsten mesh heating element.

In this work, a 45°half m i r r o r  w a s  i n s e r t e d  in the 
laser beam path, for accurate monitoring the incident beam 
i n t e n s i t y  by a s i l i c o n  p h o t o  detector. To e v a l u a t e  the 
i n i tial t e m p e r a t u r e  rise of the p l a t i n u m  d i s k  and the 
thermal radiation heat loss from its disk, the temperature 
response curve without touching sample liquid were measured 
at various temperatures.

The g e r m a n i u m  i n f r a r e d  d e t e c t o r  w a s  e m p l o y e d  in this 
w o r k  to m e a s u r e  the t e m p e r a t u r e  r e s p o n s e  c u rve e x c l u d e d  
from external noises in the reasonable level. The schematic 
d i a g r a m  for this m o d i f i c a t i o n  is s h o w n  in fig u r e  3. The 
infrared ray emitted from platinum plate passed through the 
upper quartz window and was reflected by a 45°gold mirror 
w i t h  a hole in its center, w h e r e  the hole is u s e d  for the 
laser beam path. The infrared ray focused on the screen by 
quartz lens and the image of platinum plate by transmitting 
through quartz fiber-optic guides to a germanium infrared 
detector. To p r e v e n t  m u l t i p l e  r e f l e c t i o n  of the f o c u s i n g  
e q u i p m e n t ,  its inner s u r f a c e  was c o v e r e d  w i t h  b l a c k  felt.

At the d e s i r e d  t e m p e r a t u r e ,  a p u l s e d  laser b e a m  is 
f l a s h e d  on the top s u r f a c e  of a d e t e c t o r  p l ate and its 
temperature response curve is stored in a digital transient 
m e m o r y  f r o m  w h i c h  the data is r ead by a m i c r o  c o m p u t e r  
system for evaluating thermal conductivity.

Samples were prepared from powder of high grade sodium 
carbonates. They are premelted in platinum crucible in air 
at 1 200K. Ab o u t  one g r a m  of p r e m e l t e d  s a m p l e  is put into 
the s a m p l e  v e s s e l  and m e l t e d  and h eld for a b o u t  t w o  hours 
under vacuum to remove bubbles.

After removal of bubbles, the sample vessel is elevated
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to t o u c h  the s a m p l e  s u r f a c e  to the p l a t e  and a l i q u i d  
column of sample is made by lowering of the holder by 0.65 
m m .

RESULT AND DISCUSSION

A system composed of thin metal plate and transparent 
l i q u i d  as s h o w n  in f i g u r e  2 is c o n s i d e r e d  to the t h e o ­
retical heat transport equations. Before heating by a laser 
beam, the t e m p e r a t u r e ,  TQ , of a d e t e c t o r  pla t e  is in 
thermal equilibrium with the liquid layer. At t = 0, a pulse 
of laser b e a m  is f l a s h e d  on the p l a t e  and the a b s o r b e d  
heat of the pl a t e  d i s c h a r g e s  into b o t h  s a m p l e  l i q u i d  and 
surroundings by conduction and radiation as schematically 
i l l u s t r a t e d  by f i g u r e  2. As is g i v e n  by Ohta etal. (8,9), 
the theoretical temperature decay of the platinum plate in 
this s y s t e m  is s h o w n  as fig u r e  4 . This f igure a l s o  s h o w  
the c a l c u l a t e d  t h e o r e t i c a l  v a l u e  of T ada e t a l . (6 ) for the 
c a s e  w h e r e  t h e  e f f e c t  of r a d i a t i v e  h e a t  t r a n s f e r  is 
n e g l i g i b l e  (Rn =0). The p l a t i n u m  p l a t e  is thin and has 
large t h e r m a l  d i f f u s i v i t y  as c o m p a r e d  w i t h  s a m p l e  l i q u i d 
layer. Thus, in deriving these temperature response curves 
of p l a t i n u m  disk, we can c o n s i d e r  l i q u i d  layer is s e m i ­
infinite and the temperature in the metal plate is uniform 
at any moment.

The initial temperature rise of the platinum plate, TQ , 
and the ratio in the non dimensional form of radiative and 
conductive heat transfers, Rn , are expressed as follows.

To = Q/(pdCPdZd)
d )

Rn = 4 (l+ n 2)eae^(pdCpdZd/Xs PsCps) (2)

h = 1 XsCPsps / pdCPdZd) 1 (3)

t = h2t (4)

w h e r e  the s u f f i x e s  s and d i n d i c a t e  the s a m p l e  and the 
d e t e c t o r  plate, t is time, l ^ is the t h i c k n e s s  of the 
d e t e c t o r  plate, T^ is a t e m p e r a t u r e  rise of the p l ate at 
t i m e  t f r o m  the e q u i l i b r i u m  t e m p e r a t u r e ,  and C p , P and X 
d e n o t e  s p e c i f i c  h e a t  c a p a c i t y ,  d e n s i t y ,  t h e r m a l  
c o n d u c t i v i t y ,  res p e c t i v e l y ,  a is the S t e f a n  — B o l t z m a n n  
c onstant, eis the total h e m i s p h e r i c a l  e m i t t a n c e  and n is 
t h e  r e f r a c t i v e  i n d e x  of t h e  s a m p l e  l i q u i d .  Q is th e
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absorbed heat of detector plate from a laser beam.

B a s e d  on these f u n d a m e n t a l  eq u a t i o n s ,  the f o l l o w i n g  
useful relation for the quantity of h corresponding to the 
thermal conductivity may be readily obtained.

h “ J t l / 2/KRn <5 >

w h e r e  ^^\/2 i s the t i m e  f r o m  the i n i t i a t i o n  of the pulse 
until the detector plate temperature decrease reaches one 
half of its ini t i a l  value, T Q , and K Rn is a c o n s t a n t  value 
r e l e v a n t  to t h e  r a d i a t i v e  c o m p o n e n t  of R n . F i g u r e  5 
p r o v i d e s  the n u m e r i c a l  e x a m p l e s  for K Rn as a f u n c t i o n  of 
Rn . The values of h can be evaluated from the measured t-j ̂  
value coupled with the results of figure 5.

The i n i t i a l  t e m p e r a t u r e  rise, T Q , can not be d i r e c t l y  
measured because of the noise at t = 0  caused by electricity 
s u p p l i e d  to laser. How e v e r ,  the i n i t i a l  t e m p e r a t u r e  rise 
and the r a d i a t i o n  heat t r a n s f e r  c o m p o n e n t  c o n c e r n i n g  
d e t e c t o r  p l a t e  c a n  be d e t e r m i n e d  by m e a s u r i n g  the 
temperature response without liquid sample. The essential 
point of this process is as follows(9).

The t e m p e r a t u r e  r e s p o n s e  of th i n  p l a t e  h e a t e d  by a 
laser pulse is expressed by eq.(6 ).

_ d ln(T - Tq ) = H (6)

where

H - - S e o e L
pdC P d Zd

(7)

F i g u r e  6 s h o w s  the o b s e r v e d  l o g a r i t h m i c  t e m p e r a t u r e  
response with time. The slope corresponds to the value of 
H and the TQ value can be obtained by the extrapolation to 
t = 0 Since the laser energy of each shot appears frequently 
to s h o w  the s light fluctuation. Thus, such e f f e c t  was 
c o r r e c t e d  in this w o r k  by the f o l l o w i n g  procedure. The 
initial temperature rise,TQ ,is directly proportional to the 
laser beam intensity as expressed in eq.(1). Therefore, the 
i n itial t e m p e r a t u r e  rise for e ach t h e r m a l  c o n d u c t i v i t y  
m e a s u r e m e n t  of s a m p l e  liqu i d  m a y  be d e t e r m i n e d  by the 
following equation.
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T0 = (I/I1)T* (8)

w h e r e  I is the i n t e n s i t y  of laser b e a m  m e a s u r e d  by the 
laser i n t e n s i t y  monitor. I* is the v a l u e  d e r i v e d  f r o m  the 
run w i t h o u t  t o u c h i n g  s a m p l e  liquid. T 1 is the v a lue 
evaluated by the extrapolation for each run. The following 
relation may also be noteworthy in practice.

The v a l u e  of h is d e r i v e d  as follows. At first, the 
p r e l i m i n a r y  h v a l u e  is e v a l u a t e d  f r o m  the m e a s u r e d  ^  
value and result of figure 5 with the assumption of R^ = 0. 
Next, the v a l u e  of R n is c a l c u l a t e d  by eq.(9) c o u p l e d  w i t h  
the r e f r a c t i v e  ind e x  n and H. The e v a l u a t i o n  of h f r o m  the 
results of figure 5 is repeated so as to get the reasonable 
convergence by iteration. Then the thermal conductivity of 
s a m p l e  l i q u i d  can be e v a l u a t e d  u s i n g  the r e l a t i o n  of 
e q . (3).

By applying the new infrared detection system and its 
data p r o c e s s i n g ,  the t h e r m a l  c o n d u c t i v i t i e s  of m o l t e n  
s o d i u m  s i l i c a t e  and c a r b o n a t e  have b e e n  d e t e r m i n e d .  The 
v a l u e s  are 0.428 W m “ ' K~ ' for s o d i u m  s i l i c a t e s  at 1133K 
and 0.478 W m~' K - ' at 1 273K for s o d i u m  c a r b o n a t e  at 1132 
K, respectively. The former is found to agree well with the 
literature value( 8 ). It would be interesting to extend the 
p r e s e n t  m e t h o d  to d e t e r m i n e  the t h e r m a l  c o n d u c t i v i t y  of 
various molten salts at high temperature.

T h e  a u t h o r s  a r e  g r a t e f u l  f o r  t h e  s u p p o r t  a n d  
encouragement by Professors A.Yazawa , Y. Shiraishi (SENKEN, 
T o h o k u  Univer s i t y ) ,  R.Suzuki and Y.Tom o d a  ( D e p a r t m e n t  of 
M e t a l l u r g i c a l  E n g i n e e r i n g ,  I b a r a k i  U n i v e r s i t y ) .  T h e  
f i n a n c i a l  s u p p o r t  f r o m  the K a w a s a k i  Steel Corpor a t i o n ,  
T e c h n i c a l  R e s e a r c h  D i v i s i o n  in 1 9 8 6 / 1 9 8 7  s h o u l d  al s o  be 
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Ruby Laser

Figure 1. Block Diagram of Experimental Apparatus for The 
Thermal Conductivity Measurement by The Laser-Flash Method.

F i g u r e  2. (a) S c h e m a t i c  D i a g r a m  of a Cell in The T w o -  
L a y e r e d  L a s e r - F l a s h  Method; (b) S c h e m a t i c  D i a g r a m  of the 
Sample-Cell Assembly.
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Laser Beam
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Quartz
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Platinum
Plate

Figure 3. Optical Temperature Response Acquisition System 
employed in this work.

Reduced time tn

F i g u r e  4. C a l c u l a t e d  T e m p e r a t u r e  R e s p o n s e  Cur v e s  w i t h  
Various Radiative Effect of Rn (7).
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Figure 5. Half Decay Time of The Temperature Response as a 
Function of Rn .
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Figure 6. Observed Logarithmic Temperature Response Without 
Liquid Sample.
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GENERATION OF CATIONIC SPECIES IN CHLOROALUMINATE MELTS : STRATEGIES 
BASED ON PROTONIC SUPERACID CHEMISTRY

T.A. O'Donnell

Department of Inorganic Chemistry, University of Melbourne,
Parkville, Victoria, 3052, Australia.

ABSTRACT
Initially this paper provides a quantitative basis for the levels of acidity in 

protonic superacids above which individual homopolyatomic cations of 
non-metals and metals are capable of stable existence and below which they are 
unstable through disproportionation. It relates these reactions in superacids to 
similar behaviour of these cations in chloroaluminate melts of varying acidity or 
basicity. Monatomic cations of d- and f- transition metals in unusually low 
oxidation states, e.g. U^+ , Ti2+, Sm 2+ etc., are shown to be stabilized in 
superacids, the acidity of which has been enhanced by Lewis acids. Again, the 
parallel with chloroaluminate melt chemistry is demonstrated. The novel feature 
of this presentation is the postulate that, in acidic media, whether superacids or 
melts, cations are the normally expected species and that these disproportionate 
with increase in basicity. Finally, strategies are outlined for generation of cationic 
species in melts. These strategies give a more specific synthetic approach than 
that adopted in much past work.

HOMOPOLYATOMIC CATIONS OF HALOGENS AND CHALCOGENS IN HYDROGEN
FLUORIDE, FLUOROSULFURIC ACID AND ACIDIC CHLOROALUMINATES
In recent work at Melbourne (1) we have established the thresholds of acidity in the 

solvent anhydrous hydrogen fluoride (AHF), as defined by values of the Hammett Acidity 
Function H0, above which the homopolyatomic cations 15+, I3-*- and l2+ are stable in 

solution. Some 15+, together with I3+ is observed by UV-visible spectroscopy in 

"natural" HF, i.e. triply-distilled HF which has been stored in KelF containers.

Gillespie and Liang (2) have determined a value of -15.1 for H0 for pure anhydrous 

HF. This value was not determined directly for the “pure" liquid itself. SbFs (the Lewis 

acid of the solvent system) and F- (the base) were added in concentrations that 
"swamped" any impurity effects. H0 values were obtained for a range of acid 

concentrations and for a range of base concentrations and H0 for pure HF was determined 

by interpolation. "Natural" distilled HF will contain minute concentrations of impurities 
which will be protonated. The concentration of F* will then be slightly enhanced and H0 
may be about -1 1 .

When H0 is about -12 (saturated PF5 in HF) 13+ is the only cationic species 

observed spectroscopically. At H0 = -15.17 (0.05 NbF5 in HF), some l2+ is observed and
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l2+ is the only species detected for HF solutions more acidic than H0 «-15.7 (0.11 M 

NbFs). The most acidic solution investigated in this part of the work was 0.2 M SbFs in HF, 

for which H0 = -20.2, l2+ being the only cationic species present.

When excess F" — the base of the HF solvent system —  is added to a solution 
containing any of the polyatomic cations of I2, the cations disproportionate to elemental I2 
(as indicated by UV-visible spectroscopy) and IF5 (shown by Raman spectroscopy). 

Gradual additions of F“ to solutions containing l2+ would yield l3+ , 15+ and I2 in turn in 

accordance with the equations :

9 13+ + IF5 
7 15+ + IF5 

12 12 + IF5

Acidity was shown to be the major, if not the sole determinant of the nature of the 
cations formed in some experiments in which I2 and IF5 were allowed to mutually reduce 

and oxidize in HF of fixed acidity. It did not matter whether oxidant or reductant was in 
excess. The flow-sheet below summarizes the dependence of cation formation on the 
basicity or acidity of the medium. IF5 is a good fluoride donor. When it is slightly in excess of 

SbFg, the strong Lewis acid of the system, IF ^ S b F g " is formed and the residual IF5 gives 

a slightly basic solution. When SbFg is slightly in excess the solution is weakly acidic.

1412+ + 5 P — >
12l3+ + 5F- -- >
515+ + 5 F- — >

Excess ^  + F2

H,=-12<a>

Excess SbF5
F" ^ (0.009 molal)

l2 + IFg <------------------------------- lg+ <------------------------------- l2 + IF5(0.011 molal)®

^ , = - 15.7 ®

Excess SbF5
F" ^ (0.013 molal)

l2 + IFg <------------------------------  l2+ <------------------------------  l2 + IFg (0.011 molal)

(a,b) H0 values for (a) PF5/HF, (b) NbF5/H F : Reference 2.
(c) The amount of solid elemental l2 was such that IF5 was in a ten-fold excess relative to l2 

in the experimental volume of HF solution which was 0.011 molal in IF5.

In other Melbourne work, we have investigated the levels of acidity in HF above 
which the cations S-jg2+, S q2+ and S 42+ become stabilized. The absolute acidities at
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which these cations are formed are "compressed" into a much higher range than for the 
cations of I2 and so acid-base dependent discrimination is much less. Consequently we 

have put the I2-HF system forward as the best "indicator" system yet reported.

There are no reports to suggest that the ability to discriminate within protonic 
solvents other than HF or in melts is as great as in the HF solvent system. This is not 
surprising when it is recognized that, for each protonic solvent, the approximate range of 
H0 values in going from 0.1 mole %  base to 0.1 %  mole acid is «  0.5 for H2SO 4 (3), 3 for 

HSO3F (4) and 9.5 for HF (2). Unfortunately there is no relatively simple acidity scale, 

comparable with the Hammett scale, to define acidity-basicity conditions in melts.

Despite these difficulties, a very recent review (5) correlates initially the conditions 
of acidity under which polyatomic cations of the halogens and of the chalcogens are 
stabilized in the protonic solvents, HF, H SO 3F and oleums, and in chloroaluminate melts.

It is reported there that Gillespie generated I5+ 13+ and l2+ in H SO 3F by oxidizing I2 with 

the strong oxidant S 2O 0F2. By controlling the ratio S 2O 6F2 : 12 he found that 15+ and 13+ 

were stable in H SO 3 F (H0 «-14) but that l2+ slowly decomposed in that medium, but was 

stable in H SO 3F— SbFs (H0 = -18). Bromine cations are less stable. Wheres 13+ is stable 

in H SO 3F at H0 «-14, Br3+ decomposes slowly and needs a more acidic medium 

SbFs 3SO 3— H S0 3F(H0 *  -19). Cl3+ cannot be generated in protonic solvents.

For molten salt chemists, it is highly significant that 15+ and 13+ (as chloroaluminates) 

are stable in neutral melts (6) i.e. when C l ': AICI3, 1:1. l2+ was generated in acidic AICI3 
and disproportionated as the medium was made more basic (7). This system will be 
discussed later.

For polyatomic cations of the chalcogens, the same trends apply. For example 
S 42+, S 82+ and S iq 2+ can be stabilized in oleums with H0 values of -14.1, -13.2 and 

-12.7 respectively. That is, stabilization of sulfur cations with higher charge-to-element 
ratios require progressively higher acidities. An alternative statement is that as the acidity 
of the medium is increased the complexity of the cation decreases. On the other hand, 
the cations S 42+, Se42+ and Te42+ can be stabilized in H2S 04-based media of 

decreasing acidity, the respective H0 values being -14.1, -11.9 and -11. Ease of 

stabilization of "high-charge" cations increases with increasing atomic number of the 
chalcogen, as was the case with the halogens.

HOMOPOLYATOMIC CATIONS OF METALLIC ELEM EN TS IN CHLOROALUM INATE 
MELTS AND ACIDIC FLUORIDE MEDIA

The experimental evidence for homopolyatomic cations of metals is much less 
comprehensive than for non-metals and, in the main, is drawn from molten salt chemistry. 
An important difference from the polyatomic cations of non-metals is that the 
charge-to-element ratio decreases, i.e. the complexity of the cation increases, as the
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acidity of the medium increases, whether that medium be a molten salt or a protonic 
superacid.

The only diatomic cation of a metal to exist in water is Hg22+ and that 

disproportionates as base is added to an aqueous solution. Mamantov and coworkers 
obtained spectroscopic and polarographic evidence for Hg32+ in AICI3 and determined 

the structure of Hg32+ in Hg3 ( A IC I^  isolated from the melt (8). Gillespie's group (9) 

generated Hg3 (AsFg)2 and Hg3 (Sb2F*| 1)2 in the weakly basic solvent S O 2 and these 

compounds disproportionated slowly even in H SO 3F. H g ^ A sF g ^  was generated in the 

weakly basic solvent ASF3 in equilibrium with Hg3 (AsFe)2> but Hg42+ disproportionated in 

S 0 2.

Although there are several sketchy reports of generation of cations such as M 22+ 

by reduction of metal dichlorides by the metal in melts —  often the molten dichlorides 
themselves —  the polyatomic cations other than those of Hg which have been well 
characterized are those of Cd and Bi. Corbett reported that reduction of CdCl2 by Cd was 

at a maximum in acidic melts, when the A lC^CdCfe ratio was beyond about 3:1 i.e. when 

there was at least one mole of AICI3 in excess of the amount required to form AICI4'  with 

the chlorides released from CdCl2. He isolated Cd2(AICl4)2 from these melts (10). He 
observed a Raman band at 183 cm-1 ascribed to Cd22+ in the melt which can be related to 

a band at 175 cm' 1 in the isolated solid. Cutforth, Gillespie and Ummat synthesized more 
complex cations of Cd by oxidizing excess Cd with ASF5 in liquid ASF3 and isolating the 

solids Cd3 (AsF6)2 and Cd4(AsFg)2 (1 1 ).

Corbett (12 ) isolated compounds containing polyatomic cations of Bi by adding 
metallic Bi to stoichiometric, i.e. neutral, melts where the BiCl3 :AICl3 ratio was 1:3. These 

compounds had formulae Bi4AICl4, which presumably contains the cation Big2+, and 

Bi5(AICl4)3 - The latter compound appears to be related to his compound 

Bi+Bi95+(HfCl6)3 which he characterized crystallographically by reducing the neutral 3:2 

mixture of HfCl4 and BiCl3 with Bi (13). The Bi cation system would appear to warrant 

further investigation in acidic melts in which, to use the fundamental concept of this paper, 
polyatomic cations would be stabilized more easily.

MONATOMIC CATIONS OF AND f*TRANSITION METALS IN VERY  LOW OXIDATION 
STATES IN HF AND IN MELTS.

Treatment of metallic uranium, previously chemically cleaned of all surface oxide, 
with a solution of BF3 in HF yielded a stable lilac-colored solution of HF-solvated U3+, 

with H2 being evolved through reduction of HF (14). This contrasts with attempts to 

prepare U3+ in aqueous solution. U3+ reduces water to H2 and is itself oxidized to U(IV). 

However, continuous electrolytic reduction during recording of the spectrum, gives a
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spectrum for aquo-U3+ which is very similar to that for U3+, solvated by HF, in HF solution. 
When excess F“ as a solution of NaF in HF, was added to U3+ in BF3— HF, the solution 

became colourless and the insoluble solids were U and UF4 (15). Disproportionation had 

occurred:
4U3+ + 12F- — > U° + 3UF4

In molten salt work in 1963 (16), it was reported that UCI3 was produced in situ in 

fused salts in sealed tubes and reduced by metallic Al, the volume of Al being comparable 
with that of the melt phase in each case. After quenching, the immiscible melt and metallic 
phases were analyzed for U and the ratio of U in each phase interpreted in terms of 
reduction of U(lll) by Al. The AICI3/KCI ration in the melt was varied from 0.39 (basic) to 2.0 

(acidic) in different experiments. It was observed that the ratio of U in the metallic phase to 
that in the melt was very small in acidic and in basic melts but had a value of 10 or greater in 
near-neutral melts. In a second paper (17) the experimental results were reported as 
showing that the extent of reduction depended on whether the predominant anionic 
species in the systems investigated were AI2CI7', AICI4" or Cl". It will be shown latter in this 

paper that it is more reasonable to interpret the results in terms of the stable cation U3+ in 
acidic media, stable chloro-uranate (III) anions in basic systems and disproportionation of 
U3+ near neutrality.

Following the generation of U3+ in HF, metallic Cr and V reacting with HF acidified 
with the weak Lewis acid BF3 were shown to yield, not surprisingly, solvated Cr2+ and V2+. 

Whereas Ti was expected to give Ti3+, comparison of HF spectra with those in molten 
AICI3 and In crystalline NaCI (with Ti2+ doped at 1%  level) showed that solvated cations 

Ti2+ were stable in solution when cleaned Ti was reacted with 2-3M SbF s in HF (18). SbF5 
is a very strong Lewis acid of the HF solvent system. Increasing the basicity of this solution 
by adding the base F" as NaF in HF caused disproportionation of Ti2+ to Ti and TiF4.

This work on Ti2+ in HF has direct relevance to spectroscopic studies of Ti(ll) in 
molten chloroaluminates. 0ye and Gruen (19) interpreted their spectrum for Ti(ll) in pure 
AICI3 as indicating an octahedral chloride environment for Ti(ll). Lever (20) states that this 

spectrum is "presumably derived from the [TiClg]4" ion". In passing, it can be noted that 

Lever states explicity that the spectrum recorded by 0ye and Gruen (19) for V(ll) in AICI3 is 

that of octahedral [VGIel4-* Based on discussion later In this paper it seems that it is much 

more reasonable to postulate that the absorbing species in that case is AICl3-solvated 

V2+. Sorlie and 0ye (2 1) recorded spectra for Ti(ll) and Ti(lll) in melts ranging from 100% 
AICI3 through melts with AICI3 K C I ratios of 51 ;49 to those of 49:51, i.e. from strongly 

acidic to weakly basic. The Ti(lll) spectrum shows little change to A IC^KC I, 67 :33. but 

appears to change to an anionic species, namely tetrahedral TiCl4", at the ratio 51:49 and 

is mainly octahedral TiClg3- at 49:51. A new peak grows into the Ti(ll) spectrum as Cl" is 

introduced into the melt and continues to grow in intensity with increasing Cl‘ fraction, but 
then remains essentially unchanged until neutrality. At AICI3 : KCI, 49:51, i.e. in a slightly 

basic melt, the spectrum appears to be that of Ti(lll) as TiClg3" and it is reported that metallic
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Ti is deposited from the melt. This system will be discussed below in terms of Ti3+ and 
Ti2+ as the species present in acidic melts.

In the Melbourne program, cations of other metals in unusually low oxidation states 
stabilized in HF include Zr3*, Eu2+, Yb2+ and Sm 2+ (22). The zfi+ spectrum in HF 
correlates nicely with spectra for Zr(lll) in AICI3 , AIBr3 and AII3 (23).

POSTULATION OF CATIONIC SPECIES IN INTERPRETATION OF SOME ACID/BASE 
DEPENDENT REACTIONS IN MELTS

The Melbourne work on stabilization of the HF-solvated cations U3+ and Ti2+ can 
be used directly to re-interpret or to simplify earlier interpretations of some reported 
reactions in molten salts, using as a basis for the new interpretation the postulation of the 
existence in acidic melts oicationic species which disproportionate with increase in 
basicity of the melts. Comparison of the U(lll) systems in both media provides an excellent 
example of this approach.

Spectroscopic and direct chemical evidence supports the proposition that U(lll) is 
present in HF made slightly acidic with BF3 as HF-solvated U3+ and that, as the base of 

the solvent system F" is added, U3+ disproportionates as indicated above.

Morrey and co-workers (16,17) observed an apparent direct reduction of U(lll) by Al 
in nearly-neutral chloroaluminate and stated that such reduction was slight in both the 
acidic and the basic melts. They appear to have rationalized these observations by 
analysis of their results, using the changing concentrations of UCIq3-, AI2CI7", AICI4" and 

Cl" as the basis for their analyses. They do not appear to offer chemical explanations for the 
acid/base dependence of "reduction" of U(lll) on the nature of the different anions.

It appears much more satisfying to postulate, as they have done, that U(lll) is 
present in the basic melt as an anion [UCl3+n]n‘, where n may or may not be 3, but that it is 

present in the AlC^-rich melt as U3+ solvated by AICI3 , or better, by the bidentate A^CIg. 

This need not be a shocking postulate. Morrey himself published spectra for U(IV) in 
various choride melts (24). He recorded spectra of UCI4 in the acidic melts AICI3 and 

ZnCl2, of pure UCIg2'  and of UCI02" and UCI4 in basic (chloride-rich) melts. His spectra in 

basic media all resembled that of UCIg2". So  U(IV) must be expected to be anionic in basic 

melts. His acidic spectra are very similar to that of aquo-U4+ in acidified H20  and so it can 

be postulated that U(IV) is present in acidic meits as solvated U4+. It is then even more 
reasonable to postulate that the cation of lower positive charge U3+ would be in solution 
as solvated U3+. Unfortunately, no spectra for U(lll) in acidic melts appear to be available. It 
is highly significant that Morrey and co-workers reported that "on moving to the AlC^-rich 

region the absorption spectrum, typical of UCIg3" is no longer observed" (16).
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Once it is postulated that the U3+ cation exists in acidic melts it is easy to see that as 
the melt system approaches neutrality, U3+ will disproportionate :

41)3+ — > U° + 3UIV.

U(IV), probably present as UCIg2’, would then be reduced by Al to U3+ which would 

disproportionate giving a cyclic process for production of metallic uranium, in which it is not 
necessary to propose that U(lll) is reduced by Al at all.

The Ti(lll) and Ti(ll) system in chloroaluminate melts (21) requires much less drastic 
reinterpretation than the U(lll) system. Ti(lll) is probably present as solvated or 
partly-complexed Ti3+ in acidic melts. The spectra suggest that, slightly on the acidic side 
of neutrality, the dominant species is the tetrahedral anion TiCl4~ and that this is largely 

replaced by octahedral TiClg3" on the basic side. The spectrum for Ti(ll) in pure AICI3 is 

best interpreted, on the basis of the spectra in HF and in doped NaCI, as indicating 
solvated Ti2+. With increase in basicity of the melt (67% AICI3 —  33 %  KCI) a new peak 

starts to grow in at about 22,000 cm-1. This could be due to a lowering of symmetry 
because of replacement of AI2Cle ligands by AI2Cl7“ or, more likely, due to some 

chlorocomplexation yielding solvated TiCI+ , with the high-energy band resulting from a 
charge-transfer process. The important observation is that, with slight modification, these 
spectral features are retained until the melt contains 5 1 %  AICI3 and 49 %  KCI. At 51 %  KCI, 

the spectrum is that of Ti(lll) in TiClg3" and Sorlie and 0ye reported metal deposition on the 

cell windows. This is consistent with disproportionation of the cationic species, whether 
partly complexed or not:

3Ti2+ + 12CI" ---- > Ti + 2TiCI63-.

Corbett's observation that Cd22+ is stable in acidic chloroaluminates is consistent 

with the general proposition put forward in this paper. If the acidity were to be reduced, 
Cd22+ would disproportionate in accordance with the equilibrium :

Cd22+ + 2Cr Cd + CdCI2
AICI3

It is this writer's opinion that Corbett complicates the interpretation of his observations 
unnecessarily by discussing preferential isolation of Cd2(AICl4)2 or Cd(AICl4)2 in terms of 

the lattice energies of the compounds isolated (25). It is sufficient to postulate that Cd22+ 

is formed by reduction of Cd2+ by Cd if the melt is sufficiently acidic and that this reaction is 
reversible on increase of the basicity of the melt. The isolation of the product is an 
unrelated matter. Corbett would probably be better to have used the anion HfCle2-, that 

he used so profitably in the isolation of Bi cations, for the reasons given below.
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It is significant within the framework of this paper that the two iodine cations 15+ and 

l3+ were generated in neutral melts, i.e. when stoichiometric amounts of I2, ICI and AICI3 
were melted together to give C l ' : AIC^, 1:1 (6). Using anodic oxidation or chemical 

oxidation by CI2, Mamantov (7) generated l2+ in acidic melts (AICI3 : NaC!, 63:37) but not 

in neutral melts. This indicates that l2+, stable in acidic AlC^-rich melts, disproportionates 

as the base Cl" is added :

2L+ + 2C r U + 2ICI
AICI3

Mamantov couched the explanation of his observed reactions in terms of 
disproportionation of ICI. This is unlikely since there is nothing to suggest that I111 is forming 
by the disproportionation of I1 in ICI.

Mamantov's work with iodine cations suggests that if acidic rather than neutral melts 
had been used in the work with Cd and Bf, cations species such as Cdn2+ (with n > 2) and 

Bi cations with lower charge-to-metal ratios than those isolated, may have been generated.

STRATEGIES FOR GENERATION AND ISOLATION OF COMPOUNDS CONTAINING 
UNUSUAL CATIONS FROM MOLTEN SALTS.

All-too-often in the synthesis of cationic compounds in melts and in other media, 
the roles of acids or bases, oxidants or reductants and counter-ions for isolation of the 
required cations have been confused or "telescoped" inefficiently.

An example drawn from fluoride chemistry has been that in the generation of 
cations, SbFg has been used to fix the acidity of the System, as an oxidant (thereby 

producing SbF3) and as the source of anions such as SbFg" or Sb2F*| 1 ". Not only has this 

multiple use of a single reagent limited synthetic control, but the solid products have often 
been impossible to characterize properly because they contain involatile SbF3. Similarly in 

work with oleums and fluorosulfuric acid, SO 3 and H SO 3F have have used as oxidants and 

to Increase the acidity,

In work in chloroaluminates, AICI3 has been used to control the acidity and to be 

the source of the AICI4" counter-anion to the cation sought. One particular implication, 

deliberate or otherwise, is that "neat" or stoichiometric reacting proportions of oxidant, 
reductant and acid have been used, e.g. I2, ICI and AICI3 to give I5 AICI4 and I3AICI4. 

Under these conditions the reacting system is always neutral, precluding the possibility of 
obtaining cations of higher charge for polyatomic non-metals or of lower charge for metallic 
ions. Mamantov obtained Ig * in acidic chloroaluminate. Bi cations were generated in 

neutral melts. New Bi cations might be possible in acidic melts.

To overcome these problems synthetic strategies based on at least three steps 
seem to be necessary:

370



(a) Adjust the acidity — It may be necessary to work In AICI3 (or some other acidic 
melt) which, at the completion of the reaction, will contain only that amount of 
chloride ion which is unavoidable from the reaction conditions.

(b) Use a simple, specific oxidant or reductant—  In the case of polyatomic metal 
cation generation, use of the metal itself is usually acceptable as a reductant for a 
cation of that metal in a higher ("normal") oxidation state. However cathodic 
reduction and anodic oxidation are employed all-too-infrequently. In general, 
electrons are the cleanest and best oxidants or reductants. Voltammetric oxidation 
and reduction are often used to characterize species in the melt —  or, at least, near 
the electrode. This has dangers in that species generated in the electrode 
diffusion zone may not be capable of existence in the bulk of the melt because of 
the level of its acidity or basicity. In chloroaluminates, elemental chlorine is a simple 
oxidant, easy to control quantitatively.

(c) Provision of a neutral counter-ion —  A s experience builds up, selective 
precipitants can be identified e.g. we have established in HF chemistry that SiFg2'  
and GeFg2" and, to a less extent Ta2F11“, are excellent precipitants for cations, 
particularly dispositive ones. Thus we isolated Sm GeFg as a solid so insoluble that 
it did not react with atmospheric moisture over a period of several hours. Not 
surprisingly, from a lattice-energy point of view, it seems that di-negative anions and 
di-positive cations yield very insoluble compounds.

If Cd32+ or Cd42+ or polyatomic cations of Bi or other metals were to be sought, it 
would appear to be profitable to reduce the "normal" chlorides with the metal in 
almost pure AICI3 and then to add an anion such as HfGIg2', SnClg2*. or TiClg2" to 
isolate the solid containing the new cation.

CONCLUSION

The primary aim of this paper has been to establish that solvated cations are 
the normal species in protonic superacids and in acidic chloroaluminates and that, as the 
media are made progressively more basic, the cations undergo disproportionation. 
Discussion of the acid-base dependence of the stability of cations has been restricted 
deliberately to protonic superacids and to chloroaluminate melts. It seems highly probable 
that the same general principles apply to other melts, e.g. fluorides, nitrates, sulfates, 
silicates, etc.

One final point that is vitally important is the recognition that the corrollary of 
what has been written here is that, just as the generation of unusual cationic species is 
favoured by increasing the acidity of the medium, formation of unusual stable anions 
occurs in basic media,

The best-known homopolyatomic anions are the so-called Zintl ions, e.g. 
Sng4*, Pb74", Pbg4", Sby3 ', Bis3", Bis3" and Bi73". Many of these were postulated from 

analysis of the solids obtained when alloys of Na and the appropriate metal were dissolved
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in liquid NH3 . Subsequently many of them were recovered more efficiently from the basic 

medium ethylenediamine using cryptated Na+ or K+ as the counter-ion, to sequester the 
cation and prevent electron-transfer from the anion to the cation (27). Polychalconide 
chain anions have been isolated from extremely basic aqueous solution with (CH3)4N+ as 

the counter-cation. The extreme case is Na', identified in NH3 and ethylenediamine, and 

crystallized from ethylamine with cryptated Na+ as the counter-cation (28).

The known existence of S x2* and S 3" in amides is consistent with reports 

that stable sulfur-containing species in basic melts are anionic. Future investigation of 
anionic species in melts would appear to call for strongly basic media.
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INFLUENCE OF THE ACIDO-BASICITY AND OF THE CATIONIC 
COMPOSITION ON THE CHEMICAL PROPERTIES IN MOLTEN HYDROXIDES

P. Claes, G. Peeters and J. Gilbert 
Catholic University of Louvain, Department of Chemistry
Place L. Pasteur, 1 - B1348 Louvain-la-Neuve, Belgium

ABSTRACT
The chemical behaviour of Sn(IV) in the molten 

NaOH-KOH eutectic mixture at 483 K and in pure m o l ­
ten sodium hydroxide at 623 K has been investigated.
In the molten eutectic mixture, Sn(IV) is soluble 
(s < 10“1M) as SnO2- in basic medium; in acidic so­
lution, SnO?” is in equilibrium with solid Na^SnO- 
(s = 6 1 8±0T6.10” 4M) or with Sn0 2 ([ SnO2”] [ H 2 0] =
2.9.10 ^ m o l 2 / L 2 ) depending on the water concentra­
tion. In pure sodium hydroxide Sn(IV) is only scar­
cely soluble as Sn04” in basic solutions, the solid 
phase being N a 4 Sn0 4 (s < 10” 3M) ; in acidic melts 
the solid phase is*Na 2 SnC>2 probably in equilibrium 
with very low concentrations of SnO2” and Sn04~ . A 
particular solubility effect has been observed in 
the molten eutectic mixture, N a 2 Sn0 3 is significantly 
more soluble in basic than in acidic melts.

1. INTRODUCTION
Recently, the chemical and electrochemical properties of 

various solutes in molten hydroxides have been extensively 
studied in our laboratory. Particularly, we succeeded in 
carefully analysing the properties of various solutes con­
taining zinc or carbonide elements in two solvents : NaOH- 
KOH (49 M%) eutectic mixture at 483 K and sodium hydroxide 
at 623 K.

The investigated chemical properties are the stoichiome­
try and the solubility of the dissolved species, as well as 
their dependence on the acido-basicity of the melts. The 
data described and discussed in this paper are part of the 
results reported in a very recent Ph.D. thesis (1) which 
will be published in the near future. In this contribution, 
we would like to present the chemistry of Sn(IV) containing 
species which gives a good illustration of the dependence 
of chemical properties on the acido-basicity of the melts 
and on their cationic composition.

2. EXPERIMENTAL
2.1. Reagents

Sodium hydroxide and potassium hydroxide used as sol­
vents were Merck analytical grade reagents. Potassium h y ­
droxide contains 15.2 weight% water with a remarkable co n ­
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stan c y .
Sn(IV) was introduced into the melt as SnC>2 (A.G. Merck 

reagent) or as CaSnC>2 .3H20 synthesized in our laboratory.

2.2. Acido-basic properties of the melts
The acido-basicity of the molten eutectic mixture was 

measured by determining the concentration of oxide or w a ­
ter by linear sweep voltammetry. At 483 K and under a light 
stream of dry nitrogen, the water concentration remained 
constant during the experiments.

In the case of molten sodium hydroxide, sodium oxide may 
still be used in order to get basic media but the acidity 
of the melt must be controlled by equilibrating the liquid 
with a gaseous atmosphere with a known partial pressure of 
water (2). Equation [ 1] relates the concentration of water 
to its partial pressure in the gas phase.

P H 2 0  =  k H 2 0  C H 2 0  1 11

The Henry's coefficient k 0  used in this work was determi­
ned by Hoyt (3) and yields2u l95 mm.Hg.M "'1 at 623 K. Experi­
ments confirm this value.

2.3. Experimental device
The melts were contained in glassy carbon crucibles(Car­

bone Lorraine V N 2 5 ) . The electrochemical determinations 
were carried out with a PRG5 Tacussel polarograph coupled with a 
XY733 Goer* recorder.

The counter electrode and the reference electrode were 
coiled platinum wires. The working electrode was either a 
plane bright platinum electrode welded to a low diameter 
conductor or a cylindrical electrode (0.5 mm and 1 mm d i a ­
meter platinum wire respectively in NaOH and in NaOH-KOH) 
with a variable immersion depth (4).

2.4. Measurement of the solubilities
The solubilities were either measured in situ by means of electro­

chemical techniques or determined by analyzing aqueous solutions of 
samples taken from the melt.

2.5. Determination of the stoichiometries
The stoichiometries were characterized by accurately 

measuring the amounts of water produced in acidic media or 
the amounts of oxide ions consumed in basic media during 
the dissolution of given quantities of Sn0 2 according to 
equations [ 2] and [ 3] (5) .
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S11O 2 + n OH ^

Sn 0 2 + n 0

SnO” n + §  H.O 
2 + 2  2 2

[ 2 ]

<-> Sn 0 2 +n [ 3]

The determination of water and oxide ions have been carried out 
by linear sweep voltammetry (6).

3. COMPARISON OF THE STOICHIOMETRIES IN THE MOLTEN 
EUTECTIC MIXTURE AND IN MOLTEN SODIUM HYDROXIDE

3.1. Eutectic mixture
The dissolution of tin dioxide in the basic eutectic 

mixture is a slow process; it takes about 30 hours to dis­
solve a quantity of 1 0 0  mg Sn 0 2 in 1 0 0  ml of the molten 
eutectic mixture. Figure 1 shows the dependence of the con­
centration of oxide ions on the number of moles of tin d i ­
oxide added for 1 liter of melt. A consumption of 1.04 mole 
of oxide ions for 1 mole of Sn 0 2 is calculated from the 
slope of the experimental straight line. According to equa­
tion [ 4] , the dissolved species is found to be trioxostan- 
nate (IV) :

Sn0 2 + 0 2~ <-> SnO2- [ 4]

The solubility of tin dioxide in acidic eutectic mixture 
is too slow in order to yield reliable quantitative results: 
the electrochemical detection of Sn(TV) is impossible even 
twenty days after the addition of SnC>2 . Therefore, two d i f ­
ferent experiments have been carried out :

-2
1. Acidification up to a concentration of water of 10 M of a 

solution of stannate (IV) in a basic eutectic mixture. The results 
are shown in figure 2.

2. Dissolution of CaSn03.3hL0 in an acidic eutectic mixture. The 
time dependence of the concentration of water is shown in figure 3.

The rapid diminution of the water concentration in figu­
re 2 is due to the neutralization of oxide ions; the slow 
disappearance of Sn(lV) from the solution is explained by 
the formation of a clearly observable insoluble phase. As 
shown in figure 2 , the precipitation does not consume or 
produce any water; it must be concluded that the insoluble 
product is sodium or potassium stannate (IV). In fact, a n ­
hydrous sodium stannate (IV) was unambiguously identified 
by X ray diffraction.

The increase of the water concentration in figure 3 
exactly corresponds to the amount of water contained in the quantity 
of CaSnCL.3H20 introduced into the melt. As shown by x-ray 
diffraction/the solid deposit was again Na2Sn03. indicating an
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exchange reaction of sodium ions for calcium ions.

3.2. Sodium hydroxide
Tin oxide is only scarcely soluble in basic sodium hy ­

droxide. Even when Sn0 2 is added to a previously saturated 
solution, it reacts with the solvent as shown by the ion 
oxide consumption. The molar concentration of oxide ions 
is plotted as a function of the added amount of tin dioxi­
de per liter in figure 4. The number of moles of oxide ions 
consumed per mole of tin dioxide introduced into the melt 
is 1.95 clearly indicating the formation of tetraoxostanna- 
te (IV) in the liquid phase (s(Sn(IV)) < 10” ^M) and in the 
precipitate.

Sn0 2 + 2 0 2- <-> SnO^- Na^SnO^ [ 5]

The formula of the tin (IV) species in acidic sodium h y ­
droxide was determined from a water balance calculation ap­
plied to the acidification of a basic solution of Sn(IV).
If the stoichiometry of this species is the same in acidic 
and basic solutions, then the excess concentration of water 
may be directly calculated from the number of moles of w a ­
ter added to 1 liter of melt (C™ q ) and from the initial 
concentration of oxide ions C 9 2U :

cr
.Add
'h 2°

JExc
H2 ° [ 6 ]

If the number of oxygen atoms bound to the Sn atom is 
reduced during the shift from the basic solution to the 
acidic melt, a complementary number of water molecules will 
be consumed and the excess concentration of water will be 
reduced to an extent related to the change of coordination:

SnO^- + n H 20 S n ^ " 2n) + 2n OH

n may be calculated from equation [ 8 ] .
nExcAdd _ r 

H 2 ° 0 2- 'H20
C 4- SnO*

[ 7]

[ 8]

where C- Q 4- is the initial concentration of tetraoxostan- 
nate (IVyU 4 ions in the basic melt.

The experimental result for n is 0.82 suggesting that 
SnO^ is transformed to SnO^“ when the melt is acidified. 
Trioxostannate (IV) is only very scarcely soluble in the 
acidic melt and a solid phase identified as N a 2 SnC>3 preci­
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pitates. However, owing to the weak solubility of Sn(IV) in 
acidic solution, it is impossible to state whether the dis­
solved species is SnO2- or SnO^" or a mixture of these ions.

3.3. Discussion
With regard to a comparison of the investigated solvents, 

the results described in this section point out that oxo- 
anions with a higher coordination number are generated in 
sodium hydroxide. This is summarized in figure 5.

As far as an isolated complex or molecular species is 
concerned, a temperature increase is favourable to a reduc­
tion of the coordination number. Thus, a larger coordina­
tion number at a higher temperature implies that the abso­
lute basicity is stronger in sodium hydroxide than in the 
molten eutectic mixture.

The difference of absolute basicity between both sol­
vents is due either to the temperature difference or to the 
cationic composition of the melts. It is worthy of note 
that if the cationic composition of the liquid is the rea­
son for the coordination change, then the acido-basic p r o ­
perties of molten hydroxides would exhibit a mixed alkali 
effect. Indeed, although the acidity of molten alkali h y ­
droxides increases from cesium to lithium, the molten eu ­
tectic mixture, instead of having an intermediate acidity, 
would be more acidic than its two pure molten c o m p onents.

Chemical properties in the molten eutectic mixture at 
623 K are now being investigated in our laboratory, and we 
hope that a definite answer to this question might very 
soon be available.

4. SOLUBILITY OF SN(IV)
4.1. Eutectic mixture

2 -Sn(IV) is soluble as SnO- in the basic eutectic mixture 
(s >  10“^ M ) ? when the solution is acidified, precipitation 
occurs. The peak intensity of the linear sweep voltammogram 
for the reduction of Sn(IV) was measured as a function of 
the water concentration of the melt. The results are shown 
in figure 6 ; the concentration of Sn(IV) remains constant 
up to a concentration of water C„ g = 4.10~ 2M, afterwards 
the peak intensity decreases 2_ 2 U with the water concen­
tration. The solubility of SnO~ was measured by analysing 
samples taken from the solution. A  value of (6 .8 ± 0 .6 )10” 4M 
was found for the low water concentration region.

4.2. Molten sodium hydroxide
Sn(IV) is only slightly soluble as Snol in basic molten 

sodium hydroxide (s < 10”^ M ) . When the melt was acidified,
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SnO^ and solid Na^SnO^ were changed into insoluble N a 2 SnC>3. 
The concentration of Sn(IV) in acidic solution was lower 
than the limit of detection of the analytical technique 
(s < 1 0” °M) ; it was impossible to state whether Sn(IV) was 
dissolved as Sn02“ or as SnC>4 .

4.3. Discussion
The p H 20 independence of the solubility of Sn(IV) in the 

slightly acidic region (fig. 6 ) indicates that SnO?” is in 
equilibrium with solid Na~SnO~ in the molten eutectic m i x ­
ture . ^ J

2 -The equilibrium concentrations of Sn 0 3 and H 20 in the 
non-constant solubility region are in good agreement with a solubil­
ity constant defined by:

4-

K s = [ SnOg-] [ H 2 0] [ 9]

Consequently, the following precipitation equilibrium occurs:

SnOg- + HgO <-> Sn0 2 + 2 0H~ [ 10]

The mean value of the K calculated for the experimental 
points is (2 .9 ) 1 0 ” ^ m o T 2 /L2 . Depending on the pH 20 of the 
liquid, the dissolved SnO?” ion is thus in equilibrium with 
two different solid phases : S n 0 2 at C„ n > 4.10“ 2M  and 
N a 2 Sn0 3 at CR < 4.10“ 2 M. H 2U

In the case of sodium hydroxide, the shift from the 
Na^SnO^ solid phase in acidic melts to the Na.SnO. precipi­
tate in basic melts implies an equilibrium between SnO?~ 
and Sn 0 4 species in the liquid phase with limiting concen­
trations prescribed respectively by the solubilities of 
N a 2 Sn0 3 and N a 4 Sn04 . The low solubilities of these com­
pounds preclude an accurate determination of the limiting 
concentration and hence a more quantitative description of 
these phenomena.

Another point of interest is the much higher solubility 
of sodium trioxostannate in the basic eutectic mixture than 
in the acidic melt. Similar trends in solubility involving 
the same dissolved and precipitated species have been o b ­
served in both solvents for various solutes (1). Such chan­
ges which, at our knowledge, have never been described in 
the literature mightof course not be explained by classical 
equilibrium laws. A  tentative explanation might eventually 
be found in a destabilization of the liquid quasi-lattice 
by water molecules leading to the precipitation of the most 
labilized species. Such a mechanism is to be compared with
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the "salt effect" which occurs in molecular solvents and 
might be called a "reverse salt effect".
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ABSTRACT

The o p t ic a l  b a s ic i t ie s  in  some h a lid e  compounds and in  
oxide -  h a lid e  systems such as CaO -  CaF£ » CaO -  CaC l2 
system s have been measured u s in g  photoacoustic  spectro ­
scopy in  order to examine an a p p lic a t io n  of the o p t ic a l  
b a s ic it y  concept fo r  oxide -  h a lid e  system s. The o p t ic a l  
b a s ic i t ie s  measured in  t h is  study were compared w ith the 
va lue s of the th e o re t ic a l o p t ic a l  b a s ic it y  based on the 
concept of the average e lec tron  d e n sity  (D ) . The o p t ic a l  
b a s ic i t ie s  mesured were in  agreement w ith  the th e o re t ic a l 
o p t ic a l  b a s ic i t ie s  in  CaO -  CaF£ and CaO -  C aC l2 system s. 
On the other hand, two va lue s of the o p t ic a l  b a s ic it y  
were obtained from the sample in  CaO -  NaCl system. One 
of them was considered to correspond to the o p t ic a l  
b a s ic it y  o f CaO.

INTRODUCTION

The b a s ic it y  in  s la g s ,  s a l t s  and g la s s e s  i s  an im portant concept 
when con s id e r in g  the r e a c t iv it y  of those m elts from a p o in t o f view  
ac id  -  base behaviour. A number of expre ssion s and models fo r  
b a s ic it y  have been proposed over the y e a r s ( l ) - ( 3 ) . The concept of 
cap ac ity  summarized by Wagner p layed a d is t in c t  ro le  in  understanding  
the b a s ic it y  o f m e ta llu r g ic a l s l a g s (4 ). D u ffy  and Ingram  t r ie d  to 
define  the b a s ic it y  o f oxyacid s and s a l t s  from the concept o f Lewis 
b a s ic it y  and proposed the o p t ic a l  b a s i c i t y ( 5 ) - ( 8 ) .

The sc a le  of the o p t ic a l  b a s ic it y  was se t up by the nephelauxetic  
e ffe c t  in  the outer s and p o r b it a ls  o f probe ion s such as T l+ ,Pb^+ 
and B i^+ and was norm alized w ith  the o p t ic a l  b a s ic it y  of CaO which 
i s  u n ity . The th e o re t ic a l o p t ic a l  b a s ic it y  based on the P a u lin g  
type e le c tro n e g a t iv it y  and a c a lc u la t io n  method of i t  in  the m u lt i­
components were a lso  proposed by D u ffy  and Ingram ( 6) .  S ince the 
va lue s o f the th e o re t ic a l o p t ic a l  b a s ic it y  showed a good agreement
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w ith  the va lue s of the o p t ic a l  b a s ic it y  measured in  oxyacid s, the 
th e o re t ic a l o p t ic a l  b a s ic it y  has been ap p lied  to the m e ta llu r g ic a l  
s l a g s (9 )—(11). However, the va lue s of the th e o re t ic a l o p t ic a l  
b a s ic it y  o f t r a n s it io n  m etal ox ides could not be ca lcu la te d . A new 
sca le  o f the th e o re t ic a l o p t ic a l  b a s ic it y  was defined by two o f  th e  
authors u s in g  the concept o f the average e lec tron  d e n s it y ( 12 ) to 
overcome t h is  d i f f i c u l t y  (13). I t  i s  a lso  p o s s ib le  to c a lc u la te  the 
th e o re t ic a l o p t ic a l  b a s ic i t ie s  of the multi-component systems 
con ta in in g  even h a lid e s  u s in g  a new sc a le . Therefore, the o p t ic a l  
b a s ic i t ie s  o f a l k a l i  h a lid e s  and a lk a lin e  earth  oxide -  h a lid e  
systems were measured to d e te r m in e  w h e th e r  the new th e o re t ic a l  
o p t ic a l  b a s ic i t y c a n  be u se d  a s  a s c a l e .

EXPERIMENTAL

Sample P rep artion

A l l  samples were made from extra  h igh  p u r ity  grade a l k a l i  or 
a lk a lin e  carbonates and h a lid e s  which were anhydrous. The pre­
p a ra tion s such as m ixing the samples were ca rr ie d  out in  the dry  
box.

The g la s s y  samples doped w ith  1.0x10”  ̂ -  1.0x10”3 mass% PbO 
were prepared fo r  measuring the o p t ic a l  b a s ic it y .  These g la s s e s  
were melted in  Pt or alum ina c ru c ib le  at 1273 -  1873K, depending
on the m e ltin g  p o in t. A fte r  m e ltin g, the m elts were quenched by 
d o u b le -ro ll technique.

Photoacoustic  Spectroscopy

UV spectra  of samples due to Pbs-p  t r a n s it io n  were measured 
on an edt-OAS 400 photoacoustic  spectrom eter. The wavelength of 
t h is  spectrom eter ranges from the u lt r a v io le t  to fa r  in fra re d  reg ion. 
A schematic diagram  i s  shown in  F ig . l .  I t  has two lo ck e d -in  
a m p lif ie r s  and a m echanical chopper which covers the m odulation  
frequency from 20 Hz to 240 Hz. The c e l l  i s  constructed  from 
aluminum, w ith  a fused s i l i c a  widow. The photoacoustic  s ig n a l  
i s  detected w ith  a h igh  se n s it iv e  microphone which i s  lo ca ted  at 
the back of the c e l l .  The photoacoustic  s ig n a ls  are recorded w ith  
a m icro computer and d isp laye d  on a X-Y recorder.

RESULTS AND DISCUSION

T h eore tica l O p t ic a l B a s ic it y  Based on The Average E lec tro n  D en sity

A new sca le  of the th e o re t ic a l o p t ic a l  b a s ic it y  was e s ta b lish e d  
by means of the concept of the average e lec tron  de n sity  in ste ad  of 
the P au lin g  type e le c tro n e g a t iv ity .  The b a s ic it y  moderating  
parameters o f the new th e o re t ic a l o p t ic a l  b a s ic it y  have a l in e a r  
re la t io n sh ip  w ith  the average e lec tron  d e n sity  va lu e s, as shown in

383



equation (1)(13).

y = 1 . 3 4 - (  D + 0 .6  ) (1)

The average e lec tron  d e n sity  was defined as equation (2 ). (13)

Z
D = a ------  (2)

r 3

where a : a parameter due to anion  
Z : valence of ca t io n
r : in te r io n ic  d istan ce  between anion and ca tio n

The se lected  va lu e s of the th e o re t ic a l o p t ic a l  b a s ic it y  are shown 
in  Table 1. The o p t ic a l  b a s ic it y  va lu e s o f t r a n s it io n  metal ox ides  
could be found in  Table 1, which were not ab le to be ca lcu la te d  
from the P a u lin g  type e le c tro n e g a t iv ity .  The va lue s of a c id ic  ox ides 
such as S i02 and P2O5 in  Table 1 are very c lo se  to the va lue s of the 
th e o re t ic a l o p t ic a l  b a s ic it y  by D u ffy  and Ingram. On the other hand, 
the va lue s o f K2O, Na20 and BaO in  Table 1 are lower than those by 
Du ffy  and Ingram. A lthough the o p t ic a l  b a s ic it y  of Ge02 i s  h igher  
than that o f S i 02 in  the th e o re t ic a l o p t ic a l  b a s ic it y  sca le  by Duffy  
and Ingram, the con trary  order i s  obtained in  the new sc a le . The 
o p t ic a l  b a s ic it y  va lue s in  germanate systems measured by Sumita 
et a l(1 4 ) were sm alle r than those in  s i l i c a t e  systems. Therefore, 
i t  i s  considered that the th e o re t ic a l o p t ic a l  b a s ic it y  based on the 
average e lec tron  d e n sity  i s  be tte r  than that based on the P a u lin g  type 
e le c tro n e g a t iv ity .

O p t ic a l B a s ic it y  in  Oxide -  H a lid e  Systems

The concept of the o p t ic a l  b a s ic i t y  could app ly to not on ly  
o x ia c id  systems but a lso  h a lid e  sy stem s(5 ). A n g e ll and Benett 
measured the o p t ic a l  b a s ic it y  o f choride m elts and reported that 
the change of o p t ic a l  b a s ic it y  va lue s corresponded to that of 
a c t i v i t y (15). Bruce and Duffy  a lso  measured the o p t ic a l  b a s ic it y  
in  f lu o r id e  systems and demonstrated a p o s s ib i l t y  to use the 
o p t ic a l  b a s ic it y  fo r  a b a s ic it y  sc a le  in  f lu o r id e  -  oxide system s. 
However, they have not presented the th e o re t ic a l o p t ic a l b a s ic it y  
va lue s of h a lid e  compounds which are ab le  to use even in  the oxide  
-  h a lid e  system s(1 6 )(17 ).

The th e o re t ic a l o p t ic a l  b a s ic it y  va lu e s of a lk a lin e  earth  
f lu o r id e  and ch lo r id e  compounds were obtained u s in g  equations ( 1 ) 
and (2 ). S ince the va lu e s of a were necessary  to c a lcu la te  the 
o p t ic a l  b a s ic it y  va lu e s in  the system s, those va lue s were decided 
by the o p t ic a l  b a s ic it y  va lue s of CaF2 and CaC l2 re sp e c t iv e ly  which 
were ca lcu la te d  from the Pbs-p sp ectra  peaks measured by photoacoustic  
sp e c tro sco p y .(13) The r e s u lt s  are shown in  Table 2. G enera lly  
speaking, the o p t ic a l  b a s ic it y  va lue s o f ch lo r id e  systems are la rg e r  
than those of f lu o r id e  system s. The o p t ic a l  b a s ic it y  in  oxide -  
h a lid e  systems were ca lcu la te d  u s in g  the same technique in  the m u lt i-
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A = U  Ai*Xi) (3)
i
(Vi/2) • nj_-Ni

Xi = ------------------  (4)
Z (Vi/2) -rii-Ni 
i

Xi : theoretical optical basicity of i component 
Vi : valence of anion in i component 
ni : number of anion in i component 
Ni : mole fraction of i component

The values of the optical basicity in CaO - CaF2 system were 
measured in order to compare with the theoretical optical basicity. 
Pbs-p spectra of glassy samples in CaO - CaF2 systems are shown in 
Fig.2. X-ray diffraction technique was used for a confirmation of 
glassy state of the samples. 250 nm was obtained as a peak wave 
length of pure CaF2 » Although the Pbs-p spectra were not sharp, 
the peak shift was clearly observed. The wave length of peak shifted 
to long-wave length side when increasing the CaO content in the CaO 
CaF2 system. The change of the measured optical basicity values with 
CaO content is shown in Fig.3 with that of the theoretical optical 
basicity. Both of them increase with an increase of CaO content. The 
measured values show a good agreement with the theoretical values.
The same plots in CaO - CaCl2 system are shown in Fig.4. Although 
the differences between both measured and theoretical values increase 
with increasing CaO content, both values increase also with increasing 
CaO content as in Fig.3. It is understood from the results of Fig.3 
and 4 that the theoretical optical basicity calculated from the 
average electron density can work as a basicity scale in CaO - CaF2  

and CaO - CaCl2 systems.
The optical basicity values of alkali chloride compounds were 

measured by the same method. The results are shown in Table 3 with 
the theoretical values calculated by equations (1) and (2) using a = 
4.9. Although a difference of absolute value between the measured 
and theoretical values exists, the theoretical values qualitatively 
correspond to the measured values as the basicity increases in order 
of LiCl< NaCl< KC1. It also indicates a possibilty of the application 
of the theoretical optical basicity in alkali chloride system. 
Furthermore, the optical basicity in CaO - NaCl system as measured. 
Samples were melted at 1673 K and quenched by double-roll technique 
since no phase diagram is available for this system. After checking 
the samples by X-ray diffraction method, a broad diffraction pattern 
of CaO was obtained even in NaCl + 5 mol% CaO sample. It is suggested 
that a solubility of CaO in NaCl melt is very small at 1673 K.
A typical Pbs-p spectrum is shown in Fig.5 with Pbs-p spectrum of 
pure NaCl. Two peaks were observed in the range of 200 - 400 nm, a 
lower peak at 266 nm and a higher one at 343 nm. The lower peak is 
considered to correspond to the basicity of NaCl rich melt, while

components oxide systems, by means of equation (3) and (4).
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the h igher peak to the b a s ic it y  of CaO which i s  about u n ity . I t  i s  
estim ated that the probe ion s, Pb^+ , occupy two s i t e s ,  one i s  
the p o s it io n  which expresses the b a s ic it y  of NaCl r ic h  melt and the 
other i s  the b a s ic it y  o f CaO.

CONCLUSION

The o p t ic a l  b a s ic it y  in  CaO -  CaF2 , CaO -  CaC l2 > a lk a l i  ch lo r id e  
and CaO NaCl systems was measured u s in g  photoacoustic  spectroscopy. 
The measured va lue s of the o p t ic a l  b a s ic it y  showed a q u a lit a t iv e  
agreement w ith  the ca lcu la te d  va lue s from the average e lectron  
de n sity . Therefore, the th e o re t ic a l o p t ic a l  b a s ic it y  based on 
the average e lec tron  de nsity  could work as a wide range b a s ic it y  
sca le  in  some oxide -  h a lid e  system s.
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Table 1. The se le cted  va lue s of the b a s ic it y  moderating parameter and 
the th e o re t ic a l o p t ic a l  b a s ic it y  in  oxide compounds.

Compound Y A Compound Y A
Li 20 0.95 1.05 CuO 1 . 1 2 0.89
Na20 0.91 1 . 1 0 B2O3 2.40 0.42
k 2o 0.87 1.15 a i 2o 3 1.47 0 . 6 8
Rb20 0 . 8 6 1.16 Fe203 1.44 0.69
Cs20 0.85 1.18 Cr203 1.44 0.69
MgO 1.09 0.92 As 2C>3 1.39 0.72
CaO 1 . 0 0 1 . 0 0 Sb203 1.25 0.80
SrO 0.96 1.04 Bi2°3 1.14 0.87
BaO 0.93 1.08 co2 2.49 0.40
MnO 1.05 0.95 Si02 2 . 1 1 0.47
FeO 1.07 0.93 Ge02 1.64 0.61
CoO 1.07 0.93 T i ° 2 1.56 0.64
NiO 1.14 0.87 p2o5 2.60 0.38
ZnO 1.13 0.89 SO3 3.48 0.29

Table 2. The va lue s of the th e o re t ic a l o p t ic a l  b a s ic it y  in  a lk a lin e  
earth  f lu o r id e  and ch lo r id e  compounds.

Compound Y A
MgF2 1.82 0.55
CaF2 1.49 0.67*
S r F 2 1.33 0.75
BaF 2 1.25 0.80
MgCl2 1.59 0.63
C a C l 2 1.39 0.72*
S r C l 2 1.28 0.79
B a C l 2 1.20 0.83
♦measured

Table 3. The va lue s of the th e o re t ic a l o p t ic a l  b a s ic it y  in  a l k a l i  
ch lo r id e  compounds.

Compound measured
A

calculated
A

LiCl 0.67 0.83
NaCl 0.72 0.91
KC1 0.79 1 . 0 2
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Dual-Grating
Monochromator

F igure  1. Schematic diagram  of the double beam photoacoustic  
spectrom eter.

-9Wave length / 10 m

F igure  2. Pbs-p spectra  in  CaO -  CaF£ system.
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F igure  3. Change of the o p t ic a l  b a s ic it y  w ith  CaO mol% in  CaO -  CaF2 
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Figure  4. Change of the o p t ic a l  b a s ic it y  w ith  CaO mol% in  CaO -  CaC l2 
system.
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F igure  5. Pbs-p spectra  in  CaO -  NaCl system.
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INFRARED REFLECTION SPECTRA OF AICI3 -  MC12 
(M = Mg, Ca, Sr, Ba, Mn and Zn) AND OXOCHLOROALUMLNATE MELTS

Mari-Ann Einarsrud and Erling Rytter

Institute of Inorganic Chemistry, The Norwegian Institute of Technology, 
University of Trondheim, N-7034 Trondheim-NTH, Norway.

ABSTRACT
Infrared (IR) reflection spectra have been recorded of melts 
in the systems MgClj-AlClj, CaCl^-AlC^, SrC^-AlClj, BaCl2-AlCl3, MnC^-AlC^, ZnCl2-AlCI3 as well as of 
molten oxochloroaluminates. In mixtures of AlClj with MgCl2 or MnCl2, AICI4 acts as both a tri- and bidentate ligand towards M , whereas in the ZnCl2-AlCl3 system only C2v perturbation of AICI4 has been found. These 
melts are considered to contain essentially neutral species. In 
the more ionic CaCl2, SrCl2 and BaCl2 systems, both 
perturbed and unperturbed AICI4 are present. Themagnitude of the observed splitting of the antisymmetric 
stretching vibration, V3(F2), for both C2v and C3Vperturbation of AICI4 show an approximately linear
dependence on the ionic potential of the cation, z/rc. 
Splitting of the antisymmetric stretching vibration of the symmetric AICI3 top for A12C12 indicates a bent C1-A1-C1 
bridge, probably stabilized by interactions with the divalent cations. The oxochloroaluminate compound NaAl2OCl5 has 
been synthesized. Infrared spectra have been recorded of 
molten NaAl2OCl5 and mixtures with AICI3. The complex ion A1402C1jq is proposed to be present in molten NaAl2OCl5,

INTRODUCTION

From previous spectroscopic and electrochemical measurements chloroaluminate 
melts are considered to contain the species: AICI4, Al2Cl7, higher polymers as for instance A^CIjq and A12C1̂  as the concentration of AICI3 increases (1-4). 
Due to experimental difficulties only a few infrared measurements of high 
temperature molten salts are reported in the literature (1,5). A number of 
Raman measurements, however, have been carried out (6).
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The four fundamental frequencies observed for tetrahedral AICI4 in CSAICI4 by Raman spectroscopy are (2):
V|(Aj) = 344 cm" 1 (symmetric stretch)
v2(E) = 120 cm”1 (bend)
v3^ 2  ̂ = ^83 cm”1 (antisymmetric stretch)
V4(F2) = 178 cm”1 (bend).

From infrared measurements the following frequencies are observed by Hvistendahl 
et al. (1,7) 182, 346 and 474 cm"1. The Vj(Aj) mode is observed even though 
it should be inactive in the infrared for a regular tetrahedron.
A correlation diagram for the activation and splitting of the fundamental 
frequencies from AICI4 (T^) to C2v and C$y symmetry is given in Table 1. Only one of the two F2 fundamentals for the regular tetrahedron is included in 
the table.
Table 1. Correlation diagram applicable to the vibrational modes of AICI4 with 

Td» ^ 2v ancl ^ 3v symmetry.

If two of the chlorines in AICI4 are different from the other two the ion will 
have C2v symmetry. From the table it is seen that the v^(F2) frequency will 
split into three frequencies (Aj, Bj and B2) and the Vj(Aj ) frequency will be 
activated in the infrared. On the other hand, if only one of the chlorines in 
AICI4 is  different from the others, the symmetry of the anion is C3V, and the 
v^(F2) mode will split into two species (Aj and E) and the totally symmetric 
Vj (Aj ) frequency will be activated. From Raman (6) and infrared (1,5) measurements on AlkCl-AlC^ (Aik = alkali) melts only small p ertu rb a tio n  from 
the ideal tetrahedral structure of AICI4 is found. Rytter et al. (2) have proposed 
a symmetry for Al2Cly in these systems, However, Hvistendahl et al. (1)
observed a splitting of the v ^ E ^ )  band for Al2Cly (D3d)in  molten LiAl2Cl7 .The 
splitting was interpreted as a stabilization of a bent bridge for Li+Al2Cl7.
For the melts studied in this work large perturbations of the AICI4 and Al2Cly 
anions are expected due to interactions with the divalent cations present. Higher 
polymers as AI3CIJ0 are not likely to be present in these melts as cations with a 
large ionic potential probably are able to distort any polymers.
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This assumption is verified by the Raman spectra of ZnC^-AlC^ melts where mainly ZnCl2 and A^Cl^ were considered to be present (8). In SnC^-AlC^ 
melts a Raman splitting of V3(F2) has been reported (9,10).
The spectra were recorded on a Bruker 113v FTIR Interferometer employing a 
closed diamond windowed cell as described previously (11). The nominal 
resolution of the spectra is 8 cm" .

ALKALINE EARTH CHLORIDE OR TRANSITION METAL CHLORIDE -  
ALUMINIUM CHLORIDE SYSTEMS

M n C l2- A lC l3

In analogy with the Mg system (12) Fig. 1 indicates that both the C2V and C3V 
configurations of AICI4 are present in the Mn system. The frequencies 400, 488 and 574 cm- 1  are supposed to reflect the splitting of the antisymmetric stretch, 
V3(F2) of the tetrahedral AICI4, upon perturbation from T^ to C2v symmetry, and the strong bands at 574 and 450 cm"1 have their origin in descent in symmetry 
from T^ to C3V symmetry. The appearance of the totally symmetric stretch, 
V|(Aj), at 339 cm" 1 verifies that distortions do take place.
The degeneracy at 574 cm"* deserves a comment. A parallel situation was found for molten MgC^-AlC^ mixtures (C2v: 573, 498 and 404 cm" 1 and C3V: 573 and 
452 cm"1) (12) and for solid TiA^Clg and TiA^Clg • 6C^H^ with known 
structures (C2v: 554, 504 and 442 cm"1) and (C3V: 552 and 446 cm"1) (13). It is 
intriguing, however, that the degeneracy is found for all MCI2-AICI3 mixtures and 
that the resulting band is fairly sharp.
For the Mn system, it is proposed that the strong polarizing power of the 
manganese cation stabilizes a bent (Cs) structure rather than a linear (0 3^) 
structure of AI2C7.

This interaction is manifested by the observed splitting of Vn(Eu) from 530 cm"1 
for molten KA12C17 (Fig. 4) to 589 and 493 cm"1 upon perturbation from to 
Cs symmetry. The observed splitting for Mg -AI2CI7 is 596 and 500 cm“^ and for Li+-Al2Cl7 570 and 506 cm" 1 (Fig. 4). Thus, the counterions with high 
charge/radius ratio strongly perturb both the symmetric CI-AICI3 tops of A^Cly. 
An alternative structure to the figure above is that two cations perturb each -entity of A^Cly. At higher aluminium chloride concetrations, strong 
bands of A^Cl^ at 617, 475, 412 and 318 cm"1 appear.
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ZnCl2-AlCl3
The Z11CI2 system (Fig. 2) is distinctly different from other chloroaluminates 
investigated in our laboratory. The spectra are interpreted in terms of 
superpositions of the spectra of perturbed AICI4 and A^Clg. For AICI4 the 
V3(F2) is split into three dominant bands (389, 483 and 589 cm”1), indicating only 
a C2V perturbation from the tetrahedral model. Due to the almost equal Lewis 
acidity of AICI3 and ZnC^, the molecular species Zn(AlCl4)2 and Al^Cl^ probably are present in the melts. The proposed structure for the Zn-complex is:

Begun et al. (8) have recorded Raman spectra of the same mixtures. They 
interpreted the spectra as ZnC^ aggregates and A^Cl^, and they concluded that 
no appreciable amounts of the anions AICI4, A^Cl^ or ZnCl^" were formed in any of the samples. The authors found two bands in the Al-Cl stretching region 
at 592 and 490 cm"1 (608 and 512 cm"1 in pure AICI3) and assigned them to A^Clfl. These frequencies correspond to the bands at 589 and 483 cm" 1 observed in this work.
The authors also observed the following trends which they could not explain: (1) 
The intensity of the band at 119 cm"1 attributed to A^Cl^ decreased with the 
concentration of AICI3 in the melts (2). The disproportionate decrease in the 
intensity of the 341 cm"1 band relative to the 512 cm" 1 peak. These two
observations are expected when the melts are considered to contain Zn(AlCl4)2 
(with local symmetry C2V for AICI4) and A^Clg. A reassignment of the Raman data is included in Table 2.
Only two of the three antisymmetric stretching bands originating from C2v perturbed AICI4 are observed in the Raman spectra. The band at 490 cm 1 has a 
higher intensity in the Raman spectra than the band at 592 cm" 1 and probably is the symmetric mode Aj. This interpretation has been verified by normal 
coordinate calculations (15). The band should be polarized in Raman as observed 
by Begun et aL ( 8), As further verification of the new melt model for the Zn system a band at ca. 310 cm"1 has been reported, even in a basic melt. This
band is in agreement with the dominant v^(Ajg) kancl ^or A12 ^ 7  (2). Thepresence of AI2CI7 in a formally basic melt indicates almost equal Lewis acidity 
of ZnC^ and AICI3.

SnCl2-AlCl3
Taulelle and Gilbert et al. (9,10) have measured Raman spectra of SnC^-AlCbpmixtures. From a spectrum of an acidic melt (71 mol%) they
concluded that the V3(F2) of AICI4 was split into three frequencies at 425, 480 
and 575 cm"1. Only the band at 425 cm"1 was shown to be polarized.
An alternative interpretation (see Table 2) is supported by the polarized band at
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ca. 310 cm" 1 present in the reported spectrum. In previous Raman investigations
(2) of chloroaluminate melts polarized bands at ca. 310 and 430 cm"1 were
assigned to AI2CI7. Thus an alternative interpretation of the band observed at 425 cm" 1 is Vj(Alg) of AI2CI7 . This conclusion is confirmed by the fact that 
the B2 antisymmetric stretching component of C2V perturbed AICI4 was not 
observed by Begun et al. (8) for the ZnC^-system, but was found in the 
corresponding IR spectrum. The polarized band of the three V3 components in 
C2V symmetry (Bj, Aj and B2) is predicted from theoretical calculations (15) to be the one in the middle. The polarization observed by Taulelle and Gilbert et 
al. (9,10) appears not to be in agreement with this prediction. However, as the 
origin in the unperturbed AICI4 is a depolarized band, the Aj component is 
expected only to be slightly polarized.
Table 2. Assignment of IR and Raman frequencies observed in the ZnC^-AlC^ 

and SnC^-AlC^ systems.
IR Raman*3 Raman* IR Ramanc

ai2ci6 Zn Zn Sn ai2ci6 ai2ci667 % 80 % 70 % 90 % 71 %
AICI3 AICI3 Aici3 A1C13 AICI3

v18(B2u) 
v7 (Blg)

144
165 165

145
166

v9 (Blu> 
v3 (Ag> 
v17<b3u)

173
218 218 178

218312 316
340 339

316
341v2 (Ag)

V13̂ b2u) 409 408 500 410 512V1 (Ag)
Vl6(B3u) 474 473
vn(B2g) 605 610
V] (A 1 
v8 (Bfu) 612 614

M(A1C14)2
v4(E) 170 170 165
VjCÂ 335 334 340 340 341
v3(B2>C2v) 389 385
v3(a i ,C2v) 483 492 490 480
v3(bi ,C2v) 589 590 592 575

flBegun et al. (8),, ^Taulelle and Gilbert et al. (9,10), cTomita et al. (14).

Perturbations of AICQ
Perturbations of A1C1T and AI2CI7 by interactions with the cations K+, Li+, Ba^+, Sr , Ca , Mg^+, Mn^+ and Zn^+ are studied as the ionic potential of 
the cations changes. Introduction of polarizability gave poorer correlations,
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whereas shielding only has been considered qualitatively.
Spectra of AlkAlCl4 (Aik * Li, K), M(A1C14)2 (M = Ba, Ca, Mn and Zn) and 30 mol% MgCl2:70 mol% AICI3 are compared in Fig. 3. For the Ca, Sr and 
Ba mixtures the spectra are interpreted in terms of unperturbed A1C14 observed 
as the intense bands at 459, 470 and 471 cm"1, respectively, in addition to 
A1C14 perturbed by the cation. In analogy with the Mg and Mn systems a C3V type of perturbation dominates, cf. Table 3.

Table 3. Observed frequencies for C2V and C3V perturbed A1C14 in MCI2-AICI3 melts.
Ba Sr Ca Mg* Mn Zn

b2 470 vsa
C2v< ____Ai 508 sh

559 m
____ E 471 vs 470 vsac 3v -  Aj 556 sh 559 m

459 vsa 404 sh 400 sh 389 m514 sh 498 sh 488 sh 483 vs558 s 573 vs 574 vs 589 vs459 vsa 452 s 450 vs558 s 573 vs 574 vs
“These bands are also interpreted as due to AlCl^Tj). ^From Einarsrud et al. (12).

Observed splitting of v3(F2) for C2V (Bj and B2 species) and C3V (Aj and E species) perturbed A1C14 given as a function of the ionic potential of the cation, gives essentially straight lines in Figs. 5 and 6. The cation radii used are the 
crystal radii from Shannon (16) with coordination number of six for Li+ and the 
alkaline earth metal cations, both six and four for Mn^+ and four for Zn .
A better fit to the line was obtained using the radius for coordination number 
four for Mn . This observation may be an artifact due to a larger effective ionic potential for a transition metal.
The Bj antisymmetric stretching component of V3(F2) for C2v perturbed A1C14 in SnCl^-AlC^ is observed at 575 cm- 1  (9,10). If Sn(AlCl4)2 , with four coordination for Sn , is present in the melts, the B2 component of the 
antisymmetric stretching vibration i estimated to be at ca. 390 cm"1. Indeed, a shoulder appears to be present at ca. 390 cm ".
To summarize, increased interactions between Mn+ and A1C14, i.e. increased 
splitting of V3(F2), are observed in the series

K+<Na+<Li+<Ba2+<Sr2+<Ca2+<Mg2+<Mn2+<Zn2+.

Perturbations of A^Cly
Spectra of AlkA^Cly (Alk=K and Li) and M(A12C17)2 (M=Ba, Ca, Mg, Mn and 
Zn) are compared in Fig. 4.
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For all the cations in the systems investigated, except K+, the Vj j (Eu) band is split into two frequencies, indicating a perturbation of AI2CI7 from 0 3^ to Cs 
(bent structure) symmetry.
Increased interactions, i.e. splitting of Vn(Eu), are observed when going from 
K+ to Ca . For Mg(Al2Cl7)2 and MnCA^Cly^ the picture is more complicated 
because the spectra are superpositions of M(A1C14)2 , M fA ^C ^^ and A^Cl^. For Zn(Al2Cl7)2 no bands attributable to AI2CI7 were detected.

Coordination of M^+ in MClj-AlCl3 melts
Bands which cannot be attributed to AICI4, AI2CI7, ... or A^Cl^ are interpreted as a direct observation of interactions between the divalent cation and the chloroaluminate complexes, j.e., M—Cl vibrations (Table 4).
Table 4. Observed M ”C1 frequencies, M = Mg (12), Ca, Sr, Ba, Mn and Zn, 

relative half-widths of the strongest bands and M-Cl stretching force constants.
M Frequencies

(cm-1)
Half-width 

(cm-1) £m -C1 1 (10zN m -1)

Mg 288 120 0.66Ca 223 60 0.55Sr 209 35 0.61
Ba 203 20 0.63Mn 232, 250 sh 70 0.64
Zn 288 80 1.10

For the alkaline earth systems a broad band for the M--C1 stretchings isobserved which shifts to higher frequencies and larger band-widths when the 
polarizing power of the cation increases. The force constants show that the shift is not only a mass effect, but r e f le c ts  the s tren g th  of the in te ra c tio n .
The IR spectra of MnC^-AlClo mixtures (Fig. 1) contain two peaks assigned to 
M^’Cl stretching vibrations of four and six coordinated manganese. The spectra 
show a decrease in the intensity of the band at 250 cm"*, whereas the band at 
232 cm“l seems to become more intense with increasing MnC^ content. The
presence of coordination number four, contrary to only six coordination reported 
earlier (17) is supported by the following arguments:(a) The observed splitting of ^ ( F ^  for AICI4 is larger than can be predicted 

from the ionic potential for Mrr+ in octahedral coordination (see Fig. 3 and
4)* 9+(b) The pale yelow colour of the melts indicates that some Mnz+ is four
coordinated, because the characteristic colour of MnX4 is yellow-green 
while six coordinated manganese usually is pink (18).

(c) Structural changes do occur for compositions above 30 mol% MnC^,
manifested by a steep rise of the melting point (19).
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(d) The presence of some AICI4 which is perturbed to C2V symmetry.
The spectra of the ZnC^-AlC^ (Fig. 2) system show a broad band at about 288 
cm" 1 which is attributed to Zn-*C1 stretching for Zn2+ in tetrahedral 
coordination. A tetrahedral coordination for Zn2+ in these melts is expected for the following reasons:
(a) A C2V perturbation of AICI4.
(b) Raman bands at 288 and 298 cm" 1 observed for Cs2ZnCl4(s) (with tetrahedral configuration) and 277 cm"1 for Cs2ZnCl4 correspond to the 

Zn-’-Cl stretching frequency observed in this work (8).(c) Zn2+(d10) has no octahedral site stabilization energy (OSSE) (20).
(d) The observed splitting of ^ ^ 2) for AICI4 is in agreement with a four coordination for Zn (see Fig. 5).
The following structural models for the alkaline earth melts are proposed:
I. For the Mg-system the chloroaluminate species are bonded to the cation 

with almost equal M-Cl bond strengths as demonstrated for c 3v perturbation of AICI4:

Cl—Al^Cl^M g^Ct^Al—Cl
\ l ^

Mobility of the chloroaluminate anions is possible. The presence of c 2v 
distorted AICI4 in these melts indicates an intermediate structure for the exchange of AICI4 where one of the Mg-Cl bonds above is broken.

II. For the Ba-system one AICI4 is attached tightly to Ba , whereas only weak 
interactions occur with other AlCl^-entities (giving unperturbed AICI4):

Ck /C K  / C1\
> l (  >Ba^-Cl-^Al—Cl 

cr X Ck'
Dynamics in the melt is possible by migration of Ba2+ from one AICI4 to 
another.

Apart from the found distortion of the anion, these models are supported by the 
following observations:
(a) Both perturbed and unperturbed AICI4 are supposed to be present in the Ca 

Sr and Ba systems, while only perturbed AICI4 is found in the Mg system.(b) The relative band-widths for the observed M-Cl stretching vibrations 
decrease in the series Mg, Ca, Sr and Ba, indicating a more 
well-coordinated complexation around Ba2+ than Mg . Although this 
observation does not contain information on the proposed structures, per se, it at least is compatible with a gradual shift in the structure of the melts.

(c) There is only a slight decrease in the observed M-Cl stretching frequency when going from Ca to Sr and Ba. A larger decrease is expected when 
only the mass effect is considered.(d) Mainly molecular species are expected to be present in the Mg-system, 
particularly as no immiscibility gap is present (12), whereas the Ca, Sr and
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Ba systems are more ionic.

OXIDES IN CHLOROALUMINATE MELTS

The compound NaA^OC^ has been prepared by reacting AICI3 , NaCl and 
AICI3 6 H2O in a quartz ampoule at 120°C. A metastable melt phase is 
formed. Jentsch et al. (21) have prepared the disilver 
decachlorodioxotetraaluminate salt (Ag2 [Al4Q2Clio]) by a similar procedure. This salt is built up by Ag+ and AMI^CIiq ions. The anion also was found 
in the complex l(C6(CH3)6)2 Nb2 Cl4]2+lAl4O2CU0l 2- .2CH2C12 by Thewalt and Stollmaier (22). The structure of the AI4O2CI10 ion as determined by single crystal X-ray crystallography (21,22), is

and shows a four coordination for aluminium, oxygen in a three coordinated 
position and only terminal chlorines. This structure is likely to be present in 
solid NaA^OC^ as well.
When the compound NaA^OCl^ is heated to 200 °C for several hours a white 
solid starts to precipitate, confirming the metastability of the melt. This solid 
was separated from the rest of the liquid. IR transmission spectra of the solid 
and the remaining liquid are compared with spectra of NaA^OCl^s) and AlOCl(s) in Fig. 7. The precipitated solid is determined to be A10C1 (with 
impurities of NaAlC^) and the remaining liquid is NaAlC^. Thus, it is verified that NaA^OC^ is a stoichiometric complex, which decomposes at 200 °C, 
following the scheme:

NaAlCl4(l)
NaAl2OCl5(l)

AlOCl(s)

The spectra of NaA^OC^ in the molten and solid state are very similar (Figs. 7 
and 8) and the same complex probably is present in both phases. The bands are 
of course sharper for the solid and two of the most prominent bands are split 
into two, and therefore may belong to a degenerate species.
In infrared spectra of molten alkali chloroaluminates (1,5,7) two weak bands at 
ca. 680 and 790 cm"* are assigned to combination bands. But from the present 
spectra it is apparent that these two bands are due to oxide species in the melt.
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The intensity and position of the two bands are very stable for all the melt 
compositions studied (Fig. 8), and therefore probably are due to the same 
structural entity. In solid NaA^OClj the band with the highest frequency is 
split into 787 and 809 cm" 1 and the lowest oxide band is observed at 676 cm"1. 
Because of the degeneracy, the highest frequency is assigned as an antisymmetric stretching of Al-O and the lowest to a symmetric stretch of the parent AI3O entities.
These assignments can be justified as follows:
In an analysis of the Al-O vibrations, the AI4O2 entity may as a first 
approximation be considered as composed of two regular triangles of 0 3 ^ symmetry. As they combine to a D2h skeleton, the stretching modes can be 
classified as

Local Symmetry Site symmetry Skeletal symmetry

2 vAl-0 
2 vAl-0

°3h C2v ° 2h

Ag 2 vAj _q sym. stretch
A 1 ^  Ai < ^ Blg vA l-0  rlng stretcl1
E b2 < < B 2 u

2 va 1_q a.sym. stretch
^ b3u vA l -0  rlng stretcl1

The more detailed nature of the fundamental vibrational modes in this fairly complex skeletal structure will be disclosed through a normal coordinate analysis.
In AlOCl the oxygen also is in a three coordinated position, and Al-O stretching frequencies are observed at 680, 713 and 826 cm" 1 (Fig. 7). Apparently, the 
semi-degeneracy seems to be in the lowest frequencies in this case. A pyramidal compared to a planar entity may explain the difference.
In the Al-Cl stretching region two intense bands are observed for NaA^OCl^l) 
(493 and 558 cm"1) and in the solid state the lowest one of them is split into 
495 and 512 cm"1. The band at 493 cm" 1 is assigned as the antisymmetric 
degenerate Al-Cl stretching of the axial AlC^-groups, whereas the band at 558 
cm"1 consequently is the antisymmetric Al-Cl-stretching in the equatorial AlC^-groups. The equatorial frequency is higher than the axial because of one 
compared to two bridging ligands on aluminium, cf. the corresponding 614 cm" 1 
band of A12C16 and 520 cm" 1 of molten NaAl2Cl7.
The frequency reduction from the chlorine to the oxygen bridged entities (614 
558 cm"1 and 520 -* 493 cm"1) may be due to the larger electron affinity of 
oxygen. Indeed, the Al-Clterminal frequency reduction is twice as large for the entities with two adjacent A l-O ^^ge bonds.
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Figure 1. Infrared reflectance spectra 
of molten mixtures in the 
MnCU-AlCla system at 
200 to 300'C.

WAVENUMBER (CM'1)

Figure 2. Infrared reflectance spectra 
of molten mixtures in the 
ZnC^-AlCU system at 
200 to 250 °C.
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Figure 3. Infrared spectra of molten
AlkAlCl4, Aik = K, Li, 
M(A1C14)2, M = Ba, Ca, Mn and Zn, and 30 mol% MgCl2:70 mol% AICI3. The emission spectra are repro­
duced from Hvistendahl (7).

Figure 4. Infrared reflectance spectra of 
AlkAl2Cl7, Aik = K and Li, 
and M(A12C17)2, M = Ba, Ca, Mg, Mn and Zn.
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Figure 5. Observed splitting of for AICI4 (C2V) i&t0 Bl an<* speciesby interactions of the cations: Li+(2), Sr , Ca , Mg2+, Ti^+(13), 
Mn2+ and Zn2+.

Figure 6. Observed splitting of V3(F2) for AICI4 into Aj and E species by 
interaction of the cations: Ba2+, Sr2+, Ca2+, Mg2+(12) and Mn2+.
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200 °C.
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THE CHEMISTRY OF WATER IN AMBIENT-TEMPERATURE CHLOROALUMINATE 
IONIC LIQUIDS: NMR STUDIES 

by Thomas A. Zawodzinski Jr. and R. A. Osteryoung 
Department of Chemistry 

State University of New York at Buffalo 
Buffalo, NY 14214

ABSTRACT
170 NMR spectroscopy has been used to study the 

species formed upon addition of water to room-temperature 
molten salts composed of mixtures of A1C1_ with 1-methyl,
3-ethyl imidazolium chloride (imCl) at various mole ratios.

In basic melts, a single resonance peak is observed; 
in acidic melts, 3 separate peaks are observed and the 
nature of the various 0 sites can be deduced.

2H NMR has been employed to study the chemistry of 
protons in these melts. DC1 interacts with a second 
chloride ion in basic melts whereas it interacts only 
weakly in acidic melts.

INTRODUCTION

Room-temperature ionic liquids composed of mixtures of A1C1 and 
organic chloride salts, RC1 (R = N-(1-butyl)-pyridinium cation 
(BuPy ) or 1-methyl, 3-ethyl imidazolium cation (Im )), have been 
used as solvents for a wide variety of chemical studies (1). These 
molten salts have several desirable properties including a high 
chloride ion activity for basic (molar excess RC1) melt compositions, 
high Lewis acidity, and nearly aprotic conditions. However, residual 
protons and oxide present in the melt have been found to have 
significant effects on the chemistry of certain solutes (2,3,4,5,6). 
Since these impurities are nearly always present, it is important to 
understand their chemistry.

A titration procedure for the determination of oxide impurities 
in melts (1,6) has been developed using Ti(IV), which shows two 
voltammetric reduction waves, the first due to the reduction of the 
hexachlorotitanate anion and the second to the reduction of the 
titanium oxytetrachloride anion. Surprisingly, the addition of water 
to a solution of Ti(IV) w^th a known ojjide content shifted the 
equilibrium between TiCl^ and TiOCI^ away from the oxychloro- 
complex (5). This was believed to be due to the formation of an A1- 
OH containing species. Subsequent infrared work (7) indicated that 
an -OH moiety is indeed formed upon addition of water to both basic 
and acidic melts.
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the reduction on a Pt electrode of protons from water added to 
melts was studied (8) and it was shown that limiting currents 
increased linearly with increasing wateh concentration in basic 
melts. Less current was observed for an equivalent amount of water 
added to an acidic melt. Finally, the addition of water to nearly 
neutral melts apparently results in a release of 2 protons per water 
molecule (9).

As part of an ongoing effort to study the chemistry water^in
the room-temperature chloroaluminate melts, we have used 0 and H 
NMR of water added to the melt to obtain information on the 
speciation of oxide arid protons. We find that these techniques allow 
a qualitative description of water chemistry in chloroaluminate 
melts.

EXPERIMENTAL

The preparation, purification, and handling of melt components 
and solutions are fully described elsewhere (10). Water enriched to 
20 or 30% 0 was obtained from Cambridge Isotope Labs and was us^d
as received. The synthesis of ImDCl^ was similar to that of the H 
analog, (11).

17 20 and H NMR spectra were measured using a JE0LC0 FX-270 NMR 
spectrometer operating at 36.5*1 or 41.7 MHz. Proton decoupling was 
carried out using broad-band, pseudo-random noise decoupling. All 0 
spectra were obtained at 90°C since baseline resolution of all 
spectral lines could be obtained at this temperature.

RESULTS AND DISCUSSION 
170 NMR spectra of solutions of water in acidic melts consist 

(generally) of three peaks as shown in Figure 1. The relative 
intensities of these peaks vary with Composition (Figure 1) and 
concentration (Figure 2). As the mole ratio of A1C1~ to imCl is 
increased, the peak furthest downfield (Peak C) increases in relative 
intensity. The peak at 49.7 ppm (Peak A) is the most intense peak in 
the spectrum in melts less acidic than approximately 1.5:1.0. The 
intensity of the peak at 73 ppm (Peak B) decreases as the melt 
composition is made more acidic and is nearly negligible in very 
acidic melts.

Figure 3 is a plot of the total integrated intensity of the 
three lines observed in a 1.2:1.0 melt with various concentrations of 
added H^O. The linearity of the plot implies that peaks A, B, and C 
account for all of the water added. The relative intensity of Peak A 
increases sharply with increasing concentration while that of Peak B
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increases gradually with concentration. The relative intensity of 
Peak C decreases as the concentration of water is increased.

The spectrum shown in Figure 4 is that which results when HC1 
gas is bubbled through the solution whose spectrum is shown in Figure 
1a. Addition of this proton donor results in the disappearance of 
peaks B and C, implying that peak A corresponds to oxygen present in 
a hydroxy-chloroaluminate species. The highly acidic nature of the 
medium leads us to infer that protons and Aid- units (from AlpCl- ) 
compete for oxide sites and that peaks B and Crare for oxygen atoms 
in bridging environments between aluminum atoms. This is further 
supported by the downfield chemical shift of these two lines relative 
to peak A, due to additional "A1C1 M moieties surrounding the 0 
nucleus, and by the observed composition dependence of their 
intensities. By the same token, Peak C must correspond to a more 
highly substituted environment than Peak B.

O-bridging oxychloroaluminate species have been proposed for 
high temperature chloroaluminate melts (12) and have been shown to 
exist by crystallographic investigations of inorganic salts formed 
with the oxychloroaluminate as a counterion (13). Preliminary 
attempts at fitting the 0 data discussed above to models which take 
into account the stoichiometry of all species formed suggest that 
species similar to those in references 12 and 13 are formed and 
concur with the qualitative conclusions reached above.

Spectra of dissolved water at several concentrations in a basic 
melt are shown in Figure 5. In all cases, a single line is observed. 
However, the position of the peak shifts with increasing water 
concentration. The effect of bubbling HC1 through a solution of 
water in a basic melt is to shift the peak upfield. As in the acidic 
melts, the peak which results is inferred to be due to an "A1-0HM 
moiety. Fast chemical exchange between two or more oxygen 
environments, probably "Al-O" and "Al-OH" moieties, is indicated by 
the presence of a single peak with a variable chemical shift. The 
observed concentration dependence then indicates that the "A1-0M 
moiety is the predominant oxide environment at low concentrations 
while "Al-OH"-containing species are more important at higher 
concentrations. This suggests that the discrepancy between the 
infrared (7) and electrochemical (9) results is due to the higher 
water concentrations used in the former case relative to those 
typically employed in the neutral melt amperometric titration 
technique utilized in the latter case. These results also provide 
direct evidence for the type of equilibrium used to explain the 
behavior of the Ti(lV) system upon addition of H^O. In the latter 
experiment, relatively large H2O concentrations were added to the 
titanium solutions.

Further information on^water chemistry in the chloroaluminate 
melts can be obtained from H NMR studies of D^O added to the melt.
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We have also synthesized the DC1 salt of ImCl, (11^hereafter 
referred to as ImDClp, for use as a proton donor. H spectra of 
ImDClp solutions in basic and acidic melts are shown in Figure 6.
The "DCl" resonance peak, the major peak in the spectrum, shifts 
downfield as the melt is made more basic. This is due to the 
interaction of DCl with a second chloride ion in basic melts, 
probably in an H-bonding interaction, effectively forming DCl^ ions. 
The proton chemical shift of the corresponding HCl^ ion in the ImHCl2 
liquid is 13 ppm relative to TMS. In acidic melts; protons are 
present as free or weakly complexed HC1.

2The H spectrum of a 50 mM solution of D^O in an acidic melt is 
shown in Figure 7. In addition to the DCl peak, there is a second D- 
containing species present. This is the "A1-0H" species discussed 
above. Spectra of D20 in basic melts have but a single peak. This 
is probably due to fast chemical exchange, as discussed above.

17 2In conclusion, 0 and H NMR studies have enabled us to deduce 
the nature of the speciation in H^O solutions in melts. In acidic 
melts, three oxygen containing species are formed; one 
hydroxychloroaluminate and two 0-bridged oxychloroaluminate species. 
In basic melts, rapid exchange precludes determination of the exact 
number of species formed, but we can qualitatively conclude that an 
oxychloroaluminate, probably in a terminal environment, and a 
hydroxychloroaluminate are present, with the latter species being the 
predominant form at high water concentrations. H NMR studies of 
protonic environments suggest that protons are present as DCl in 
acidic melts, but are strongly associated with a second chloride in 
basic melts.
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Fig. 3. Plot of total integrated 
intensity (sum of integrated 
intensities for individual peaks 
in spectrum) as a function of 
concentration of water added to a 
1.2:1.0 AlCl3:ImCl melt.

Fig. A. Spectrum of 
solution from Figure 1(a) 
after bubbling HC1 through 
it.

water at various 
0.8:1.0 melt (a)
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Ionic Structure and Interactions in 1-Methyl-3-Ethyl 1 midazol1 urn 
Chloride/AlCl3 Molten Salts

Kenneth M. Dieter, Chester J. Dymek, Jr., Norman E. Heimer,
John H. Rovang, and John S. HI Ikes

Frank J. Seiler Research Laboratory 
United States Air Force Academy 
Colorado Springs, CO 80840-6528

ABSTRACT

Room temperature chloroaluminate molten salts formed by 
mixing 1-methyl-3-ethylimidazolium chloride (MEICl) with 
A1 Cl 3 are of Interest as electrolytes and non-aqueous 
reaction media. He have done NMR, IR, and theoretical 
studies on this system to elucidate the still unresolved 
picture of ionic structure and interactions in these melts.
NMR studies of MEI+ in melts of various composition 
(determined by the mole fraction, N, of AICI3 used in 
forming a melt) were originally explained by a stack model.
In this model, the anions (Cl" and A1C14~ in basic melts and 
A1C14“ and AI2CI7” in acidic melts) are located between 
stacked "parallel" MEI+ ring planes. However, IR and Raman 
spectra were interpreted as evidence that Cl" formed ion 
pairs with MEI+ by a H-bonding interaction through the H on 
the C-2 in the ring, disputing the stack model. Our IR
studies now indicate that while the hydrogen on the C-2 does 
interact with the Cl", it is clearly not the only point of 
interaction. It appears that the Cl" affects the hydrogens 
at C-4 and C-5 members of the ring as well. Semi-empirical 
molecular orbital calculations support a model 1n which Cl" 
interacts with two MEI+,s while occupying an equilibrium 
position approximately equidistant between the C-2's of 
adjacent near parallel MEI+ 's.

INTRODUCTION

One of the most widely studied room temperature melt systems is 
the 1-methyl-3-ethylimidazolium chlor1de-AlCl3 (MEIC1-A1C13) melt 
which is liquid at room temperature for compositions between 33-67 
mole% AICI3 (1,2). This melt exhibits acid-base chemistry which can 
be controlled by varying the composition. Hhen the mole fraction of 
AICI3 (N) used in preparing the melt is less than 0.5, it contains 
an excess of Cl" and is basic. For compositions N > 0.50, the melt 
is considered acidic because it contains an excess of AI2CI7". In N 
* 0.50 melt the melt is neutral, containing only AICI4" anions.
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This melt exhibits several attractive features such as a large 
electrochemical window and high conductivities. The structure of 
MEI+ is shown below: . .

A better understanding of the physical and chemical properties 
of these melts has been sought through investigation of the ion-ion 
interactions In these melts. The crystal structure of the iodide 
analog, MEII, has been reported, and based upon the C-2 
hydrogen-iodide distance, an interaction involving hydrogen bonding 
through the C-2 hydrogen has been suggested (3). Previous 
investigations have used this model to explain variations in the IR 
spectra of basic MEICI-AICI3 melts (4). In this work we studied 
both normal and deuterated MEI+ in melts of various composition. We 
studied the effects of solvent addition and replacement of the C-2 
hydrogen with methyl. Our studies indicate that the changes in the 
IR spectra may not be attributed entirely to hydrogen bonding 
interactions between the MEI+ and Cl" anion. Semiempirical 
molecular orbital calculations have been used to support our 
experimental evidence for this conclusion. Other possible 
structures in which the interaction is not a hydrogen bond have been 
considered.

General Procedures: The preparation of the melts has been 
presented earlier(l). Benzene-dg (Aldrich) and dichloromethane-d2 
(Aldrich) were used as received. Benzene (Aldrich, HPLC grade) and 
dichloromethane (Baker, HPLC grade) were purified by refluxing over 
P2O5 for several days followed by fractional distillation.

The IR spectra were recorded on an IBM model 32 FTIR 
spectrometer. The solutions were run between two NaCl plates 
(Wilmad, 41 x 32 x 6 mm) as thin films or with lead spacers of 
appropriate size. All loading of IR cells was done in a He-filled 
dry box with less than 10 ppm H20/air.

Preparation of 2-di-MEICl: A solution of 4 g of MEIC1 was
allowed to stand in 10" mL of d2-H20 for 3 days. The water was
evaporated under reduced pressure and then, to remove the remaining 
water, the resulting material was suspended in benzene and distilled 
until the distillate was clear. Analysis (IR) of the material dried 
by this procedure showed that there was still a small amount of
water present so the material was suspended in about 30 mL benzene 
and treated with about 0.5 mL of thionyl chloride. After standing 
for 0.5 h, the benzene and thionyl chloride were removed under 
reduced pressure and the resulting semi-solid was stored under 
vacuum overnight. The material prepared in this manner showed no

f = \

H

EXPERIMENTAL
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water when analyzed by IR, and its ^-NMR spectrum showed only a 
small peak, c.a. 0.04 proton for the hydrogen at C-2.

Theoretical Considerations: Theoretical calculations were
carried out using the standard AMI (5) and MNDO (6) models as 
incorporated in the MOPAC program (7). Geometries were fully 
optimized using the OFP method (8 ) and refined by minimizing the 
scalar gradient of the energy (9). True minima were characterized 
by the absence of negative force constants (9), and vibrational 
frequencies were calculated for the normal modes (10).

AMI was preferred over MNDO due to the problem of excessive long 
range repulsions associated with MNDO and the capability of AMI to 
reproduce hydrogen bonding (5,11). Unfortunately, there are, as of 
yet, no AMI parameters for aluminum. Consequently, the MNDO 
parameters for aluminum were used in AMI calculations involving the 
interaction of AlCl/f" ions with MEI+. This less than ideal 
procedure is justified in this study since the AMI results for 
AICI4” are similar to MNDO results (12) and the interaction between 
AICI4” and MEI+ is primarily electrostatic in nature or involves 
only the chlorine atoms. There is no direct interaction of aluminum 
with the MEI+ and essentially no change in bonding to aluminum is 
involved.

RESULTS AND DISCUSSION

I. Experimental

The vibrational spectra of the MEICI-AICI3 ambient temperature 
melts carried out by Tait and Osteryoung (4) were re-examined. They 
found that the IR spectra of MEI+ in acidic and neutral melts were 
the same, but that in basic melts some bands were apparently 
shifted. They proposed that Cl“ forms a hydrogen bond with the C-2 
hydrogen of the MEI+ cation to explain this shift. In other work
(3) the crystal structure of MEII suggested that an interaction 
occurs between the I” and the C-2 hydrogen.

In NMR studies the proton chemical shifts of the C-2 hydrogen 
show the largest changes as the composition of the melt is changed. 
This provides supportive evidence for the hydrogen bonded complex, 
but it was noted that the chemical shifts of the hydrogen at 4 and 5 
ring positions are also affected by melt acidity (Fig. 1). Our 
results suggest that Cl~ is interacting with the 1r orbitals of the 
imidazolium ring instead of hydrogen bonding at the C-2 hydrogen.

Our conclusions are based on an analysis of the CH and CD 
stretching bands in the IR spectrum, in particular the behavior of 
the rather broad band at 3049cm*-1. The intensity of this band 
decreases as the mole fraction of AICI3 in the melt is Increased 
(Fig. 2). It also decreases with the addition of benzene-dg and 
dichloromethane-d2 (Fig. 3). In neutral melt, this band does not 
appear (Fig. 2). Its frequency appears at higher wavelengths in the
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MEIBr-AlBr3 basic melt (Fig. 4). The IR spectrum of N=0.50 
MEIC1-A1Cl3 melt is unaffected by the addition of benzene-dg or 
dichloromethane-d2 and is identical to the neutral MEIBr-AlBr3 
melt. Thus, we conclude that the 3049cm-1 band is due to MEI+ which 
is interacting with Cl-. Since the tetrahaloaluminate ion is the 
predominant ion in neutral melt, the IR spectra give no information 
on the interaction between the ions at this melt composition.

To determine whether the band previously assigned to the C-2 
hydrogen stretch perturbed by a bonding interaction is a correct 
assignment, melts were prepared using the 1,2-dimethyl-3-ethyl 
imidazolium chloride salt (MMEIC1). This salt is similar to MEIC1 
except the C-2 proton has been replaced with a CH3 group —  a group 
with which no hydrogen-bonding interaction is expected. The IR 
spectrum of an N = 0.33 melt prepared from MMEIC1 shows the 3049cm-1 
band (Fig. 5). The intensity of this band decreases as the melt is 
titrated to neutrality (Fig. 5). This is the same behavior as was 
found for the 3049cm- ' band observed in the IR of MEICI-AICI3 basic 
melts. These results indicate that the 3049cm-1 band cannot be due 
solely to the C-2 proton stretch perturbed by hydrogen bonding but 
must involve other vibrations. The spectrum of the N=0.50 
MMEIC1-A1C13 melt differs from the MEIC1-A1C13 melt. In the IR 
spectrum of MMEIC1-A1Cl3 neutral melt, the band centered around 
3119cm-1 seen in the MEIC1 -A 1 Cl3 melts is not observed. We thus 
conclude that this band in MEI+ results from the C-2 proton stretch 
(Fig. 6).

Another band appears at 1595cm-1 whose intensity increases as 
the melt is titrated from basic toward neutral (Fig. 7). The change 
in intensity of this band is opposite to what is observed for the 
3049cm-1 band. This band has been assigned to an imidazolium ring 
stretch vibrational mode. The changes in the band intensity 
indicates that the interaction of MEI+ with Cl- inhibits this 
vibrational mode. The intensity of this band increases as the melt 
is neutralized because of the conversion of Cl- to AICI4- which 
appears to interact weakly with the MEI+ cation (1).

If the interaction between Cl- and the hydrogen at C-2 hydrogen 
were due to hydrogen bonding, this should be readily observable by 
examination of the IR spectrum of material with a deuterium at C-2. 
The C-2 deuterium vibration will shift away from the vibrations of 
the other C-H bonds in the molecule so that changes in its 
vibrational frequencies would be easy to see. The IR spectrum of 
pure 2-di-MEICl, N=0.0, in which hydrogen bonding might be 
important, showed an IR peak at 2267cm-1 for the C-2 deuterium bond 
and C-H vibrations as a broad band in the region from 2990 to about 
3200cm-1 with a maximum at 3058cm-1. The IR spectra of N=0.33 and 
N=0.50 melts of 2-d 1 —MEIC1 /A1C13 are shown in Fig. 8 . The IR 
spectrum of the N=0.50 melt shows the C-2 deuterium stretch at 2350 
cm-1. In the spectrum of the N=0.33 melt, this band is reduced in 
intensity and a new band at 2283cm-1 has appeared, presumably due to 
an interaction of the C-2 deuterium with Cl- . However, this shift
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in frequency due to Cl" interaction also appears for the vinylic O-H 
stretching frequencies. If the interaction were due to only 
hydrogen-bonding, no significant shifts would be expected in the C-4 
and C-5 hydrogen stretching frequencies. In the spectrum of the 
N=0.50 melt, the C-4 and C-5 hydrogen stretching bands appear at 
3170 and 3149cm"1. In the spectrum of the N=0.33 melt, these bands 
are reduced in intensity and the broad Cl"-interaction band at 
3079cm-1 appears. Thus the C-H stretches on C-2, C-4, and C-5 are 
all being affected by Cl" in essentially the same way. We conclude 
that this non-specific interaction cannot be characterized as 
hydrogen bonding.

II. Theoretical

While AMI and MNDO are parameterized using gas phase data, MNDO 
results were previously shown to be consistent with the experimental 
IR spectra of the AI2CI7" in molten KAI2CI7 (14). For the isolated 
MEI+ ion, AMI results (Fig. 9) again provide a reasonable model of 
the 2900-3300cm"1 region of the experimental IR spectrum results for 
the N=0.50 AICI3 melt, in which there is no Cl" to interact with the 
MEI+ . While the intensity of the C-2 hydrogen stretch is 
overestimated, its position, as well as the positions and relative 
sizes of alkenyl and alkyl C-H stretches, are well represented.

When a Cl" was positioned to hydrogen bond to the C-2-hydrogen 
and the geometry optimized, the C-2-hydrogen bond was almost totally 
broken, the C-2-hydrogen and H-Cl distances optimizing at 1.56 and 
1.40 A, respectively. Consequently, the C-2-hydrogen stretch was 
strongly coupled with the H-Cl stretch; two vibrations appearing at 
1565 and 711cm"1. These results are no doubt exaggerated due to AMI 
underestimating the stability of the chloride anion (AHf -37.7 
kcal/mol calcd, -55.9 kcal/mol exptl [15]). Interestingly, however, 
when an A1 Cl4" was substituted for the Cl", the interaction between 
one chlorine atom and the C-2 hydrogen was strong enough to shift 
the C-2-hydrogen stretch from 3118cm"1 in the isolated MEI+ to 
2492cm"1 in the complex. This shift is too large to be explained 
fully by the change in reduced mass. While this result is again 
exaggerated due to the treatment of the complex as a totally 
isolated ion pair, it is reasonable to expect that a hydrogen bond 
between a Cl" and the C-2 hydrogen would cause a larger red shift in 
the C-2-hydrogen stretch than to 3049cm"1.

According to AMI calculations, the pir orbital of the C-2 
contributes 50% of the lowest unoccupied molecular orbital (LUM0) of 
the isolated MEI+ . When a Cl" was centered above the ring and the 
geometry optimized, the Cl" shifted to form a covalent bond with the 
C-2. The heat of formation for this covalent species was 4.6 
kcal/mol less than that for the "hydrogen bonded" complex, and the 
frequency of the C-2 hydrogen stretch was predicted to be 2951cm"1. 
When a second MEI+ was positioned parallel to the first MEI+ , with 
the Cl" centered between the two rings, and the geometry fully 
optimized, a minimum was located with the Cl" located slightly in
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front of the two C-2's and nearly equidistant from both (C-2-H 
2.48A, C-2 1-H 2.42A). This complex was predicted to be 8.4 kcal/mol 
more stable than the covalent CgHn^Cl species plus an isolated 
MEI+. The C-2-hydrogen stretch for the complex was red shifted 
relative to that of the isolated MEI+, its frequency being 
3107cm”1. It is not unexpected that this is higher than the 
3049cm-1 observed experimentally, since calculated vibrational 
frequencies are typically too high <10).

CONCLUSION

In basic melts of MEIC1 and AICI3 , Cl” interacts with MEI+ to 
cause similar shifts in the frequencies of the C-2, C-4, and C-5 
hydrogen stretches. This nonspecific interaction cannot be 
characterized as hydrogen bonding. In fact, it is consistent with a 
stack model for the interaction of MEI+ with the anions in the melt.
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Fig. 1: Proton chemical shifts in 
MEICI-AICI3 melt vs N at 30°C (•) H-2, ( A )
H-4 and H-5 (average of unresolved doublet), 
(■) N-CH2 protons, (o) N-CH3 protons, (A) CH3  
protons. The chemical shifts were referenced 
to Me2 S0 external reference (13).

WAVENUMBER, cm "'
Figure 2: IR spectra of CH bands of 
H E I +  in MEICI-AICI3 melt at:
(a) N=0.50, (b) N=0.40, (c) N=0.33.

Figure 3: IR spectra of CH bands of MEI+ in 
N=0.33 melt and nonaqueous solutions of this 
melt. (a) dichloromethane-d2 ,
(b) benzene-d^, (c) neat melt.
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Figure 4: IR spectra of CH bands 
of MEI+ in two different N=0.33 
room temperature melts.
(a) MEIBr-AlBr3, (b) MEICI-AICI3 .

Figure 5: IR spectra of CH bands 
of MMEI+ in MMEICI-AICI3 melt at: 
(a) N=0.33, T=140°C, (b) N=0.50, 
T=100°C.

Figure 6 : IR spectra of CH bands 
of (a) MEI+ and (b) MMEI+ both in 
N=0.50 melt.
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Figure 7: IR spectra showing 
the 1595cm-1 band as function of 
N for a MEICI-AICI3 melt:
(a) N=0.50, (b) N=0.40,
(c) N=0.33.

Figure 8 : JR spectra of 
2-d1 -MEICl-AlCl3 melt at: 
(a) N=0.33, (b) N=0.50.

Figure 9: IR spectra of 
MEICI-AICI3 of different 
compositions. The bands 
obtained using AMI calculations 
for the gas phase MEI+ are shown 
as straight lines.
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NUCLEAR SPIN RELAXATION OF CESIUM-133 IN THE MOLTEN 
LITHIUM NITRATE - CESIUM NITRATE SYSTEM

Yoshio Nakamura, Jun Funaki, and Shigezo Shimokawaf

Department of Chemistry, Faculty of Science, and 
fNMR Laboratory, Faculty of Engineering, 
Hokkaido University, 060 Sapporo, Japan.

ABSTRACT

The spin-lattice relaxation times of cesium-133 
nuclei in the molten (Li-Cs)N0 3  system have been 
measured as a function of composition and temper­
ature. The relaxation rates, 1/T]_, decrease with 
increasing LiN 0 3  concentration. The rates decrease 
also with increasing temperature. These results 
are interpreted by the quadrupolar interaction of 
the nuclei with the surrounding nitrate ions, which 
changes with composition and temperature.

INTRODUCTION
In previous papers (1,2) we have reported that the chem 

ical shifts of thallium-205 in some binary molten salt m i x ­
tures with common anions can be interpreted in terms of the 
anion polarization due to the difference in ionic radii of 
the constituent cations. This anion polarization effect 
has further been examined in a study of the quadrupolar re­
laxation of lithium-7 in the molten binary system, (Li-Cs) 
NC>3 (3 ). In binary molten salt mixtures with common anions, 
the anions are polarized toward the smaller cation, which 
causes an increase of the electric field gradient at the 
smaller cation. Thus, the quadrupolar relaxation rates are 
expected to increase for the smaller cation and to decrease 
for the larger cation by mixing. The relaxation rates of 
lithium ions in the (Li-Cs)NO3 system have been found to in 
crease with increasing CSN O 3 concentration in accordance 
with this expectation (3). The purpose of the present 
study is to confirm this anion polarization model by m e a s ­
uring the relaxation rates of cesium-133 (1=7/2) in the 
same system, in which the quadrupolar interaction is pre­
dominant .

EXPERIMENTAL

The salts used were obtained from Wako Pure Chem. Co.
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Ltd. and their stated purity was 99.9% for LiN 0 3  and 99% 
for CS N O 3 . Sample mixtures were prepared by mixing p re­
cisely weighed amounts of the respective components in an 
NMR cell of 6 mm i.d., drying under vacuum at 110°C, and 
then melting throughly. Prior to sealing the cell, the 
samples were degassed by freeze-pump-thaw cycles just 
above the melting temperature of each sample.

NMR measurements were made with a Bruker CXP pulse FT 
spectrometer, operating at 5.107 MHz for Cs-133. The spin- 
lattice rglaxation times, T^, were determined by the usual 
180 - t - 90 pulse sequence method. The temperature range of 
measurements was from the melting point of the samples to 
425 C. Temperatures were controlled within + ± C .  The d e ­
tails of the high-temperature NMR probe have been described 
elsewhere (2 ).

RESULTS AND DISCUSSION

Figure 1 shows the temperature dependence of the relax­
ation time of Cs-133 for the mixture with 30 mol% LiN 0 3 , or 
^LiNO 3 = 0 •3• The relaxation time increases with increasing 
temperature. Circles and triangles in the figure denote 
different runs with different samples. It is noted that 
the slight decomposition of nitrate ions at high temper­
atures yields paramagnetic impurities such as NO or O 2 , 
which reduces the relaxation time with the additional m e ­
chanism due to the paramagnetic interaction (3,4). There­
fore, the measurements were limitted to the temperature 
range where the observed relaxation time was reproducible 
during heating and cooling cycles. The decomposition 
effect was found above 400UC for the sample with • 3.

Figure 2 shows the composition dependence of the relax­
ation rates, 1/Ti, of Cs-133 at 325 C. The relaxation 
rates decrease with increasing the content of LiNC>3 , in 
contrast to those of lithium-7, which increase with in­
creasing the content of CsN 0 3 (3 ). At 325 C, CsN 0 3 -rich 
samples were solidified and measurements were limitted to 
the samples with X l -l n o 3 ^ 0  • 3 •

The spin-lattice relaxation rate due to the electric 
quadrupolar interaction, (1 /T i )q , in a molten salt may be 
written as (4)

( __3
40

21+3
I 2 (21-1)

U - Y j e 2qQ
H

2
TC ( 1 )
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I is the nuclear spin number, Q is the electric quadrupole 
moment, and q is the electric field gradient at a nucleus 
by the surrounding ions. ( 1 - Y o o )  denotes the additional 
contribution arising from the polarization of the electron 
shells of the ions under study. t c  is the correlation time 
of the field gradient fluctuation. It is estimated that 
the fluctuations of the field gradient occurs in much 
shorter time scale as rattling motion of the first shell 
composed of nitrate ions than the diffusion time of the 
ions over an average interionic distance (3,5). We sup­
pose, therefore, that the values of t c are not very depen­
dent on composition, and that the change in the field gra­
dient, q, mainly contributes to the composition dependence 
of the relaxation rates.

In the polarization model, the ratio of the relaxation 
rate at the composition X L 1N O 3 / to that of the pure C S N O 3 
is given by (3)

(l/T1 )x /(l/T 1 ) 0 = 1 -12aARXLiN0 3 /R^do , (2)

where a is the polarizability of N O 3 , and dQ are dis­
tances Cs-N and Cs-O, respectively. AR is the difference 
in the ionic radii of the cations, AR=R(Cs+ )-R(Li+). The 
calculated results from eqn (2) are given in Figure 2 by a 
dotted line, which is in reasonable agreement with the ob­
served results.
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Figure 1. Temperature dependence of the spin- 
lattice relaxation time of Cs-133 in the molten 
(Li-Cs)NO^ mixture with xLiN 0 3 =0,3,

Figure 2. Composition dependence of the relax­
ation rate of Cs-133 in the molten (Li-Cs)NO3 
system at 325QC. ---------:calculated from e q n . (2).
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SPECTROSCOPICAL STUDY OF ANODIC 
MICRO-PLASMAS OBSERVED DURING 

ANODE EFFECT IN MOLTEN LiCl-KCl 
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ABSTRACT
The values of the main parameters of am anodic 
plasma obtained by electrolysis of a molten 
LiCl-KCl equimolecular mixture ara stated, under 
a theoretical computation of the 4f4d4p-*2p Li ( I) 
lineshape, using Magnus frame for electronic per­
turbation and taking into account the effect of 
dynamic ion broadening : electric radial field
intensity | E I = 160 kV cm \  electronic density 

17 -3N ~ 1*2x10 cm , temperature between 5000 and 
5§00 K. For the chosen composition of the electro­
lytic bath, the runaway of electrons is inhibited 
by the fact that the micro-plasmas are both very 
thin (5Um) and partially ionised, but for a pure 
LiCl electrolytic bath, there is runaway.

INTRODUCTION
In 1963, our laboratory began the spectroscopical study of 
the light emitted at the anode during anode effect (A.E.), 
in the prupose of obtaining data about the gaseous ©heath 
surrounding the anode (1,2,3). As a matter of fact, in well- 
chosen electrolytic bathes, electrodes, electrolytic cell 
feed voltages, the light emission is intense enough during 
a time long enough to permit a spectroscopic study. As is 
shown by using a high-speed cine-camera, there are only one 
or two electrical discharges on the anode surface at the 
same time (4), but they follow one another at random in
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such a way that the whole surface seems to emit light with 
the same average brightness, provided the electrolytic vol 
tage is great enough and has been applied between the elec 
trodes after a lapse of an adequate period of time (a few 
seconds). Moreover, the short life created micro-plasmas 
locally vaporize the electrolytic bath and the heat they 
radiate is sufficient to maintain the gaseous sheath exis­
tence .

The life of the emission is only limited by the anode 
erosion, which depends on the electrolytic bath composi­
tion. Diagnostic methods of plasma spectroscopy are well 
suited to study the anodic plasma, because they do not 
modify the state of the sheath, neither in space, nor in 
time.Thus, theoretical spectroscopic line profiles are 
computed and compared with experimental data until they 
agree reasonably well.

EXPERIMENTAL RESULTS AND MAIN 
COMPUTATION HYPOTHESIS

The chosen method is better for very broad lines and, 
after several experiments (1,3,5,6), we have chosen to 
study the semi-degenerate 4f4d4p->2p Li(l) lines, using a 
molten equimolecular LiCl-KCl mixture as an electrolytic 
bath. A first computation of theoretical profiles in the 
frame of the impact approximation of the relaxation theory 
(7,8), considering an important self-absorption led (9) 
to a result close to experimental profiles (fig. 1). Howe­
ver, there were differences between experimental and theo­
retical profiles and we thought that a uniform electric 
field could be one reason for these differences; it was 
then necessary to modify the computation in order to ac-:■ . 
count for this field (9,10).

The uniform electric field E is polarized along the 
direction of observation (perpendicular to the anode axis) 
so, one observes only the O' components of the lines. Fur­
thermore, it is necessary to take the splitting of atomic 
energy levels into account in the theoretical computation, 
before the electronic and ionic microfields perturbations.
At last, the electric field E can produce an inhomogeneity 
of the micro-plasmas.
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A thermodynamic study of' the m in ru-p l asmas (11,12) 
was carried out under the followinq assumptions:

- stationary micro-plasmas
- micro-plasmas submitted to the atomic pressure
- the validity of the Saha law
- a concentration of each element of the micro-plasma 

equal to the ionic concentration in the electrolytic bath.
A computation of temperature distributions was made by

solving, for various values of E, the energy balancing 
equation. The anodic micro-piasmas were shown to be cold
(electronic temperature T ^ 7000 K) and, from the values 
obtained for the correlation factor :

r1/3 -1/6 m 1/6 / e
r = 6 n Ne y ~ r " k f

(N : electronic density - e : electronic charge) 
it became obvions that the hypothesis of a quasi-static 
ionic microfield was not suitable (12), whatever the value
of E may be.

The computation of theoretical electronic profiles based
on the Griem-Baranger theory (7.8) and taking E into account
permitted us to evaluate f| E i| to be of the order of 160 kV-. "
cm . For this value, the optical depth of the micro-plas­
mas is very weak and thus, self-absorption is negligible.

THEORETICAL PROFILES COMPUTATION
We computed again' the theoretical profile of the 4f4d4p_>2p 
Li ( I) line by taking into account the effect of dynamic ion 
broadening-Then , the total profile is a sum of convolution 
products :

T(u>)- 2_ J  I(w; o.,oJ) I dc;'
. . . t

r  (cj; J e f r b l i  x
i y  * c I V % J V

yL <o.j d I C- X  ^ I t) | c ? -C.C- | j d  > dt ] ill
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r ( « , * V ) .  i  \ \ l  l 3 l

i(where y ^  is the thermal average of the evolution
operators, the dipolar moment operator, I a >, I a ’ >, | c > 
Li(l) energy levels of main quantum number n = 4, perturbed
by the field E. At last :

operator )V
where fit) is the atomic density

The partial ionic profiles I. (u); a, a') are computed 
by using the adiabatic solutions (13) of the equation :

iVdy-it) *\ H, ► v ct>] 
a t

In a first study, we computed the partial electronic 
profiles 1̂  (w ; a f, a) in the frame of the impact approxi­
mation of the relaxation theory (7.8), just as in our for­
mer studies (9.10.12). So, we did the computations of
I. (̂  ; a, a ’), I (U>; a 1, a) and of I (w ) for several values 1 Bof E, N and the corresponding values of r emerging from 
the thermodynamic study.

The theoretical profile showing the best agreement with 
the experimental one was so obtained for :
N = 1,2 x 1017 cm*3 (T = 5200 K) and tl Ell =- 160 kVcm-1e e

A posteriori, the obtained value of II Eli justifies the 
use of the adiabatic solutions in the computation of the 
partial ionic profiles (̂  ; a, a f), since it sufficiently
separates the forbidden line from the permitted one, even for 
the relatively great value of N ,

One can also notice that
critical electric field E :c

t =u
e & iA

> n e. £
where

Debye radius),

If E( is twice greater than the

in
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but one can reasonably suppose that the runaway pheno­
menon (14) is probably inhibited by the fact that the plas­
ma is both very thin (5 |lm) and partially ionised (neutral 
atoms are ten times as numerous as the electrons) (15).

However, the great value of E sets the problem of the 
nature of the electrons-atoms collisions, questioning again 
the computation of the partial electronic profiles.

It was then necessary to go through the study by using 
a better representation of the electronic perturbation, 
which permits :

- to introduce chronologic effect
- to take into account the strong electronic collisions, 

in another way than using a correcting term as in the pre­
vious studies (9.10.12.15).

With this object, we chose to evaluate the electronic 
perturbation in the Magnus frame, which has the property to 
give for every term of the development a unitar operator.
As a matter of fact, writing the evolution operator T (t ) 
under the form :

Tit) = ult;

where: V I Q  * ,
Magnus showed (16) that the equation :

v(t)Ulb)

vlfc). ev j »( i Vf c)  (~-i |rC)

(with, as V (t ), the electronic perturbator potential), 
is equivalent to the equation

JjL(tr)
dt ' i v a*.) --------  -

where A(t)as V-ifl
(B : BernouilJi numbers), n

Jth/
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One has, for SL (D ; Sltk)z
with,1 for the two first terms of the development :

f t
si (t)= J Mt*) It*

® (strong or weak collisions)
t  ^

J  S  * (chronologic effect)
^ -v - "C 0

We did a systematic computation of the matrix elements 
of the operator Jl(t) , for every alkaline, for strong or 
weak electronic collisions.

Then, the impact approximation leads to the thermic 
average :

, Jtffe) , , f ™  rfwB* /  r
J <if> J \ e  -4! \ K

fa

(where we take for f(v) a maxwellian velocities distribu­
tion ) .

The width and the distance between peaks of the expe­
rimental profile lead, for the N^ values which are to be
considered, to the impact limit :

At last, the total theoretical profile (computed by 
using the formula [ 1 *] , i2\ > [3 ] ) giving the best agre­
ement with the experimental profile is obtained for (17) :

H e ! = 1 50 kV cm  ̂ and N = 10^ cm values which 
are very near to those obtained by the latter study (15).

CONCLUSIONS
The Magnus profiles corrected with dynamic ion broade­

ning have a greater width than the corrected Griem profiles 
(from 50 to 80%), but the widthes of all the computed pro­
files are less important than the experimental widthes. 
According to us, the main cause of this difference is the 
rapid evolution in time of the sheath geometry, which cer­
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tainly. produces during the life of each micro-plasma, a
rapid evolution of E . Experimental profiles are the re- : 
suit of an integration, in space and time, of profiles 
which correspond to several numerical values of the parameters 
of A.E., when the computed profiles correspond to the avera^ 
ge values of these parameters.

However, one can assert that the ’’anodic plasma” is 
cold (T 5200 K ), with a strong electronic density

f i >| j _ 3( N- 10 cm ), highly correlated, and perturbed by a 
polarized electric field of the order of 160 k V// cm.

Furthermore, one pan note that the local thermodynamic 
equilibrium (L.T.E.) is bounded to the electrolytic bath 
composition. As a matter of fact, for an equimolecular mix­
ture of LiCl and KC1, as here, since K is ten times as 
ionisable as Li, the electronic density is great enough to 
prevent the runaway of electrons (since the critical field 
is proportional to N , l| E |l is only twice greater than E ) ; 
but, if one uses a pure LiCl bath and the same voltage 
as before between the electrodes, jll̂ll will be twenty times 
as great as E , and the number of neutral atoms (practical­
ly the same as in the precedent case) will not be suffi­
cient to prevent the electrons runaway; then, there will 
not be L.T.E, .This is experimentally observed, since the 
anode is quickly vaporized when A.E. is obtained in an elec­
trolytic bath of pure LiCl (18),
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Fig.1-Experimental profile of the semi-degenerate 
4f4d4p 2p Li(l) line (no perturbed frequency: 4602.9 %) .
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Fig.2-Comparison between the typical experimental profile 
find?;- the best * theoretical profiles-1 : Experimental profile; 
2 : Correcjj^d-Gr jem theoretical profile (||E|| = 160 kV/cm , 
I\!e=1.2xl0 cm ); 3 : Corrected-Magnus theoretical profile
( ||eH=150 kV/cm , N =101' cm"3 ) •
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ABSTRACT

The chem istry o f  tungsten  hexach loride  in  an a c id ic  sodium  
ch loroa lum inate  (63 mole % A IC I3 ) has been in v e s t ig a te d  by 
e lectrochem ica l and sp e ctro sco p ic  techniques a t  tem peratures o f 150 
and 175°C. Tungsten hexach lo ride  undergoes se v e ra l red uction  step s  
in  the m elt, the f i r s t  o f which i s  s e n s it iv e  to  the presence o f  
oxide co n ta in in g  im p u r it ie s .  U V -v is ib le  ab so rp tion  measurements 
in d ic a te  th a t  tungsten  hexach loride  re a c ts  w ith  ox ides in  the m elt 
to  form the oxide te tra c h lo r id e  VJOCI4 . Comparison between 
sp e ctro sco p ic  r e s u lt s  and e lectrochem ica l data in d ic a te s  th a t  the  
f i r s t  voltam m etric wave i s  due to  the reduction  o f WClg. The 
i n i t i a l  amount o f ox ide in  the m elt as w e ll as the e q u ilib r iu m  
constant fo r  form ation  o f WOCI4 can be obtained from a p lo t  o f  
reduction  current o f WClg v s. the form al concentration  o f W (V I).

INTRODUCTION

The determ ination  o f oxide im p u r it ie s  in  molten c h lo ro a lu -  
m inates has been the su b jec t o f se v e ra l s tu d ie s  du ring the l a s t  ten  
years (1 -5 ).  These im p u r it ie s  are very  d i f f i c u l t  to  avo id  in  such  
m elts ( 6) and may have pronounced e f fe c t s  on the behavior o f other 
so lu te  sp ec ie s o f in te re s t  (7 -9 ).  Moreover, understanding the  
oxide chem istry in  h a lid e  m e lts i s  o f con side rab le  importance to  
in d u s t r ia l  e le c t r o ly t ic  p rocesse s fo r  the production  o f aluminum. 
Most o f the methods reported fo r  q u a n tify in g  oxide le v e ls  in  
ch loroa lum inate  m e lts are based on e le c t r o a n a ly t ic a l techniques and 
use a t r a n s it io n  m etal ion  as a probe so lu te  (such  as T i ( lV )  (3 )  
and Ta(V) (4 ) ) .  They are  lim ite d  to  b a s ic  m elts on ly  (3 ,4 ).  On 
the con trary , the most recent method developed in  our la b o ra to ry  
employs in fra re d  measurements and i s  u se fu l fo r  a c id ic  as w e ll as 
b a s ic  m elts (5 ).
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The chem istry o f tungsten  in  an a c id ic  molten sodium  
ch loroa lum inate  (63 mole % A IC I3 ) i s  cu rre n t ly  be ing re in v e st ig a te d  
in  our la b o ra to ry . R e su lt s  obtained se v e ra l years ago (10) 
in d ica te d  tha t t h is  element e x h ib it s  a wide v a r ie ty  of s ta b le  
o x id a t io n  s ta te s  in  the a c id ic  m elt (+ 6 , +3, +2, +11/6 and 0) some 
o f which in vo lve  c lu s te r  sp e c ie s such as WgClg^+ . Recent r e s u lt s  
have shown tha t in  the presence o f oxide im p u r it ie s , hexavalent  
tungsten  i s  invo lved  in  an e q u ilib r iu m  between two e le c tro a c t iv e  
sp e c ie s, the hexach loride  WClg and the oxide te tra c h lo r id e  WOCI4 .
In  t h is  paper, an e le c t r o a n a ly t ic a l  method fo r  determ ining oxide  
le v e ls  based on the p rev ious e q u ilib r iu m  i s  proposed.

EXPERIMENTAL

The p re paration  o f the m elts has been reported p re v io u s ly  (11 ). 
However, no aluminum m etal was added to the m elts and no 
e le c t r o ly s is  between aluminum e lec trod es was performed in  order to  
p u r ify  the m elts.

The p u r i f ic a t io n  o f com m ercially a v a ila b le  tungsten  
hexach loride  (A lf a  P roducts) has been described  e a r l ie r  (10 ). 
Tungsten oxide te tra c h lo r id e  (from  A lf a  Products) was sublim ed once 
a t 110°C p r io r  to use.

Anhydrous sodium carbonate (F ish e r  S c ie n t i f i c )  was d r ied  under 
a CO2 stream a t 300°C fo r  one day p r io r  to use.

Aluminum oxide c h lo r id e  was syn thesized  fo llo w in g  the method 
described  by Hagenm uller, et a l . (12)

The e lectrochem ica l experim ents were conducted u s in g  a PAR 17A 
p o la ro grap h ic  ana lyzer, a PAR 175 U n iv e rsa l Programmer and a 
Houston 2000 X-Y  recorder.

M o lecu lar ab so rp tion  sp ectra  in  the v i s i b le  and u lt r a v io le t  
re g io n s were obtained u s in g  sea led  c e l l s  and a Cary 14 
spectrom eter. Spacers were used to reduce the absorbance of the 
so lu t io n s  when necessary. N e u tra l d e n s ity  f i l t e r s  were used in  the 
reference compartment to record sp ectra  w ith  absorbances h igher  
than 2 .

X -ra y  powder p a tte rn s were obtained u s in g  sea led  
c a p i l la r ie s  and a P h i l l ip s  U n it ,  Model XR9-2600.
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RESULTS AND DISCUSSION

F igu re  1 shows a t y p ic a l  c y c l ic  voltammogram fo r  a so lu t io n  of 
WClg in  a 63/37 A lC ^ -N a C l m elt. Seve ra l reduction  step s were 
observed before the cathod ic  l im it  o f the m elt, the f i r s t  o f which 
i s  under in v e s t ig a t io n  in  t h is  study.

A n a ly s is  o f c y c l ic  voltammograms recorded a t d if fe re n t  scan  
ra te s  (0.01 to 0.5 V / s )  and fo r  d if fe re n t  con centrations (up to  20 
mM WClg) in d ic a te s  tha t the reduction  i s  a re v e rs ib le  one -e lectron  
d if fu s io n -c o n t ro l le d  step . A p lo t  o f the fu n c tio n  l o g ( i (j - i / i )  v s.  
E, where i^  i s  the l im it in g  reduction  current o f the normal p u lse  
voltammogram and E i s  the p o te n t ia l,  i s  l in e a r  w ith  a s lope  in  
agreement w ith  the p rev ious con c lu sion  . The ha lf-w ave  p o te n t ia l  
was found to be +1.650 V vs the p o te n t ia l o f aluminum in  the same 
melt.

The l im it in g  current o f the wave increa se s w ith the formal 
concentration  o f WClg as shown in  F igu re  2. At low WCl^ le v e ls  
(below 3.5 X 10”  ̂ m o le -L "^ ), the curren t i s  unexpectedly low but i t  
then increase s l in e a r ly  w ith  the concentration  as the la t t e r  
becomes h igher than 5.5 X 10"^ mole^L”^. The in te rcep t o f t h is  
s t r a ig h t  l in e  w ith  the concentration  a x is  has a p o s it iv e  va lue , 
in d ic a t in g  tha t something hais to be n e u tra liz e d  before appearance 
of the voltam m etric wave.

F igu re  3 shows the change o f the U V -v is ib le  ab so rp tion  spectrum  
o f a WCl^ so lu t io n  as the tungsten  con centration  i s  va r ied . For 
the most concentrated s o lu t io n s ,  the sp ectra  e x h ib it  one in tense  
abso rp tion  band a t 333 nm. When the so lu t io n  i s  d ilu te d , tha t band 
d isapp ears, and two new ones are observed a t  355 and 230 nm, 
su gge st in g  tha t hexavalent tungsten  i s  invo lved  in  an e q u ilib r iu m  
between d if fe re n t  sp e c ie s. I t  i s  w orthw hile p o in t in g  out tha t  
these changes occur in  the same concentration  range as fo r  the 
voltam m etric cu rren t-con ce n tra tio n  p lo t .

I t  i s  known tha t WCl^ e a s i ly  re a cts  w ith  o x id e -co n ta in in g  
sp ec ie s (13) to produce tungsten  oxide te tra c h lo r id e , WOCl^. S ince  
the m elt was probab ly  contaminated w ith  oxide ( 2 , 6) ,  i t  was assumed 
tha t W (V I) was invo lved  in  an e q u ilib r iu m  between an oxych loro - and 
a ch lo ro - sp e c ie s.

The U V -v is ib le  ab so rp tion  sp ectra  o f WClg and WOCI4 in  the 
vapor phase (where both compounds are known to be monomeric (1 3 ))  
are represented in  F igu re s 4 and 5. WOCI4 has ab so rp tion  bands a t  
460, 355, 270 (shou lde r = sh ),  250 (sh ) ,  and 220 nm, w h ile  WClg 
e x h ib it s  bands a t  430 ( s h ) ,  375 (sh ) ,  328, 275 (sh ) and 255 nm. 
Comparison w ith  the sp ectra  of WClg so lu t io n s  in d ic a te s  c le a r ly  
that a t low form al tungsten  con ce n tration s, the oxide te tra c h lo r id e  
i s  the on ly  tungsten  e n t it y  present in  the m elt, w h ile  a t  h igh er  
con ce n tration s, WClg a ls o  e x is t s .  T h is  su gge sts  tha t d is so lv e d  
WClg reacts w ith  o x id e -co n ta in in g  im p u r it ie s  i n i t i a l l y  p resent in  
the m elt. The in te rce p t  o f the lin e a r  p a rt  o f the curren t-
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concentration  curve w ith  the concentration  a x is  should g iv e  
d ir e c t ly  the i n i t i a l  concentration  of oxide in  the m elt (expressed  
as "O^”" ) .  Va lues ob ta ined from three d if fe re n t  experim ents were 
in  the range 2.6 to  3.3 X 10"^ mole/1 o f M0^”n .

In  order to  confirm  the p rev ious deductions, oxide was 
d e lib e ra te ly  added to  a concentrated WClg so lu t io n  (F igu re  6) by 
su cce ssive  a d d it io n s  o f Na2C0 3. The voltam m etric wave decreased in  
in te n s it y  a f t e r  the f i r s t  a d d it io n  o f oxide (F igu re  6b) and then 
van ished when the amount o f oxide exceeded th a t  o f WClg (F igu re  
6c ). C a lc u la t io n s  based on the decrease of the voltam m etric  
current and on an i n i t i a l  amount o f oxide obtained from the 
ex trapo lated  c a l ib r a t io n  curve (F igu re  2, curve obtained a t  175°C) 
are in  agreement w ith  a one to  one re a c t io n  between WClg and 0^’ .

F igu re  6d shows th a t  WOCl^ i s  a ls o  e le c tro a c t iv e  in  the m elt 
but a t more cathod ic  p o te n t ia ls  th a t WClg, as the wave below +1.6 V 
in c rea se s upon a d d it io n  o f WOCI4 .

The fa c t  th a t  WClg appears to  be a stron ger oxoacid than A IC I3 
was confirm ed by re a c t in g  WClg w ith  A10C1 a t  180°C. The re actio n  
produced q u a n t ita t iv e ly  WOCI4 and A IC I3 as shown by X -ra y  
d i f f r a c t io n  a n a ly s is  o f the products.

From the l in e a r  and n o n -lin e a r  p a r ts  o f the c a l ib r a t io n  curve  
a t  150°C (F igu re  2 ), we have estim ated the va lue  o f the apparent 
e q u ilib r iu m  constan t fo r  the fo llo w in g  re a c t io n  (the  con centrations  
o f A IC I4” and A ^ C l y ” have been assumed con stan t)

2 WC16 + [(A10+ )2(A1C14‘)2] + 4 a i c i4~

= 2 W0C14 + h Al2ci7*

A va lue  o f 7.3 104 1/mol was found.
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Fig. 1. Cyclic voltammogram for W(VI) at a g lassy  
carbon electrode at 175 °C in A lC^-N aC l (63-37 
mol%). Electrode area, 0.07 cm ;̂ concentration, 
1.38 X 10"^ F; reference electrode, A 1 (III)/A 1  in 
the same melt; scan rate, 0.1 V/s.

F o rm a l c o n c e n t r a t i o n  «=»f 
WG1« < X O 3 X in o le /1  > -

Fig. 2. Normal pulse voltammetric lim itin g  
current vs. formal concentration of WC16 in 
A lC l3-NaCl (63-37 mol%).
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SPBCTROBLECTROCHEMISTRY IN ROOM TEMPERATURE HALOALUMINATE
IONIC LIQUIDS
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ABSTRACT

A fiber optic based, microprocessor controlled spectroelectrochemistry 
system suitable for the remote acquisition of transmission spectroelectrochem- 
ical data is described. This system utilizes a commercial fiber optic spec­
trophotometer and employs a reticulated vitreous carbon optically transparent 
electrode. It can be used to collect data in reactive liquids that are iso­
lated in a glove box or other controlled atmosphere environment. The system 
is completely controlled by two linked microprocessors that collect both 
electrochemical and spectral data simultaneously. The application of this 
system is demonstrated through experiments with the tris(2,2'-bipyridine)ru- 
thenium(II)/(III) and hexachloroiridate(III)/(IV) redox systems in the alumi­
num chloride-1-methyl-3-ethylimidazolium chloride room temperature ionic 
liquid.

INTRODUCTION

The application of spectroelectrochemical techniques to investigations in 
molten salts has been reviewed (1). Research in this area has been conducted 
in both high temperature melts (2-5) and in ionic liquids that are molten at 
or near room temperature (6,7). Research in our laboratory is concerned with 
transition metal halide and oxide halide complex chemistry in room temperature
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haloaluminate ionic liquids (8) like aluminum chloride-l-methyl-3-ethyl- 
imidazolium chloride (AlClg-MeEtimCl) (9). In order to fully explore this 
chemistry, we have constructed a microprocessor controlled, fiber optic 
based spectroelectrochemistry system and a cell with a reticulated vitre­
ous carbon optically transparent electrode (RVC-OTE) (10). The latter was 
constructed from Teflon and fused silica. This cell is designed specifi­
cally for use with these reactive solvents. The properties of reticulated 
vitreous carbon or glassy carbon foam electrodes have been discussed (11).

The main advantage of the spectroelectrochemistry system described 
herein is that it can be used to acquire data directly inside a controlled 
atmosphere glove box while the spectrophotometer and electrochemical 
instrumentation remain outside and accessible. Some of the techniques 
that can be carried out with this system are chronoamperometry, chrono- 
coulometry, chronoabsorptometry, voltammetry, voltabsorptometry, and 
spectropotentiostatic experiments. In this article we describe this 
spectroelectrochemical system and illustrate the implementation of these 
techniques in room temperature haloaluminate melts.

SPECTROELECTROCHKM1STRY SYSTEM

The construction of the RVC-OTE cell and cell holder have been descri­
bed (10). The major instruments that comprise the spectroelectrochemistry 
system are a Guided Wave Model 100-2 optical waveguide spectrum analyzer, 
a Tandy Model 1000 microcomputer, a 16-bit microcomputer (1BM-PC/AT 
equivalent), an AMEL Model 552 potentiostat, an AMEL Model 566 function 
generator, and a PARC Model 379 digital coulometer with a BCD output.

The Guided Wave spectrophotometer was equipped with both tungsten and 
deuterium light sources, a silicon diode detector, and a 1200 lines mm‘* 
concave holographic grating. The Tandy computer was equipped with 128 Kb 
RAM on the mother board, an RS-232 serial communications board, and a 
TanPak 512 Kb RAM expansion card (Hard Drive Specialist) with an addition­
al serial port, and quartz clock. The 16-bit microcomputer was equipped 
with 1 Mb RAM, a 20 Mb hard disk, a serial interface card, a parallel I/O 
BCD card (MetraByte), and an ADALAB-PC (Interactive Microware) interface 
card. This card was furnished with both differential integrating and
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successive approximation 12-bit analog/digital converters, two 12-bit 
digital/analog converters, and a four channel multiplexer. A schematic 
diagram of the system is shown in Figure 1.

The Tandy computer was used to control the Guided Wave spectrophoto­
meter and acquire spectral data through a proprietary interface card and 
software supplied by the instrument manufacturer. The 16-bit computer, 
which served as the master unit, was used to control the start of an 
experiment by simultaneously triggering the AMEL function generator 
through a digital trigger and initiating spectral acquisition by the Tandy 
1000/Guided Wave spectrophotometer through a serial communications link.
The sweep voltage from the function generator was monitored with one 
channel of the four channel multiplexer by using the integrating A/D 
converter. The second channel was used to sample the current at the 
coulometer during an experiment. The BCD link was used to monitor the 
charge. Alternately, one of the digital/analog converters was sometimes 
used in place of the analog function generator to generate waveforms. 
Processing of both spectral and electrochemical data was carried out with 
LOTUS 123 software.

A unique aspect of the RVC-OTE cell is the positioning of a porous 
barrier between the OTE cavity and the reference and counter electrode 
compartments (10). This barrier virtually eliminates the edge currents 
common to many OTE cells, especially those constructed from minigrids, 
where one or more edges of the OTE electrode are exposed to the bulk 
solution containing the electroactive solute. No bulk solution containing 
electroactive solute need be present in this cell. In addition, the 
solution for analysis can be weighed directly into the OTE compartment; no 
prior calibration of the volume of this compartment is necessary.

SPECTROELECTROCHEMISTRY EXPERIMENTS

Room temperature haloaluminate melts are relatively viscous compared to 
conventional solvents. As a consequence, the diffusion coefficient for a 
given electroactive species in these melts is usually one or more orders 
of magnitude smaller than in conventional solvents like water or aceto­
nitrile. Hence, the current observed during an electrochemical experiment
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with the melt is much less than that observed with most conventional 
solvents, and longer times are required to accumulate the charge cor­
responding to complete electrolysis of a given number of moles of solute. 
Consequently, sweep experiments like cyclic voltammetry must be undertaken 
at very slow voltage scan rates.

Chronocoulometry and Chronoabsorptometry.- Chronoabsorptometric techni­
ques involve selective monitoring of the absorbance arising from one or 
more of the species consumed or produced during an electrode reaction 
initiated with a potential step. Chronocoulometric charge-time and chron­
oabsorptometric absorbance-time plots for the oxidation of tris(2,2’-

2+bipyridine)ruthenium(II) cation ([Ru(bipy)̂ ] ) in the 60 mole % AlCl̂ - 
MeEtimCl melt, which resulted from stepping the potential of the RVC-OTE
from 0.70 to 1.50 V versus A1 in the 66.7 mole % AlCL-MeEtimCl melt, are

2+ / 3 + ^shown in Fig. 2. The [Ru(bipy)̂ J electrode reaction has been found
to be reversible and uncomplicated by coupled homogeneous chemical steps 
in a similar molten salt system, aluminum chloride-l-butylpyridinium 
chloride (12). The chronoabsorptometric plot was obtained by monitoring 
the [Ru(bipy)̂ ]6 absorbance maximum located at 454 nm. The theoretical 
charge expected based on the exhaustive one-electron oxidation of the 
[Ru(bipy)g]2+ cation in the solution that was weighed into the RVC-OTE was
0.01221 coulombs. An uncorrected experimental value of 0.01224 coulombs 
was recorded during this experiment, and this value suggests that n - 
1.00. These results illustrate the complete retention of the electro­
active solute in the RVC-OTE, and they suggest that [Ru(bipyL]̂ + under-

3+ 6goes the expected one-electron oxidation to [Ru(bipy)̂ ] . The chronoab­
sorptometric plot is essentially a mirror image of the chronocoulometric 
plot. The flat response of the latter plot (Fig. 2), which is observed 
after approximately 2800 s have elapsed, illustrates the absence of edge 
effects associated with this cell.

Voltammetry and Voltabsorptometry.- Voltabsorptometric techniques 
involve the simultaneous acquisition of both potential and absorbance data 
during a potential sweep experiment (13). These techniques are especially 
useful for selective monitoring of an electrode reaction in the presence 
of large background currents or currents arising from other electroactive 
solutes that are oxidized or reduced in the same potential region as the
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species of interest. In order to apply these techniques, an accessible 
spectral region must be available in which either the oxidized or reduced 
form of the redox couple of interest exhibits absorption and in which 
there is no absorption by any species that may be participating in para­
llel redox reactions.

The cyclic voltammetric and voltabsorptometric responses that were 
obtained from the application of a 0.2 mV s'* potential sweep program to 
the RVC-OTE, which contained the same [Ru(bipy) ]̂^+ solution used in Fig.
2, are shown in Figs. 3 and 4, respectively. The triangular potential 
sweep program that was used for these experiments extended from 0.90 to 
1.50 and back to 0.90 V. The wavelength was monitored at 454 nm in order 
to record the voltabsorptometric response.

The differential voltabsorptometric wave (Fig. 4b) was obtained by dif­
ferentiation of the data in Fig. 4a, and it matches Fig. 3 closely for 
this reversible, uncomplicated electron transfer reaction. Half-wave 
potentials of 1.24 V were calculated from both Figs. 3 and 4b. These 
values are in good agreement with the estimate of E .^  * 1.22 V that was 
determined with cyclic voltammetry at a glassy carbon disk electrode in a 
separate experiment.

Spectropotentiostatic Experiments.- The spectropotentiostatic technique
involves the measurement of absorption spectra after Nernstian equilibrium
has been attained at the OTE following steady-state potential steps (14).
This technique is useful for obtaining estimates of iR free formal cell
potentials, E0’ (14). Significant potential errors due to uncompensated
cell resistance are sometimes present in formal potentials originating
from voltammetric measurements. The spectropotentiostatic technique
provides a viable non-potentiometric method for estimating E°\ In these
experiments the applied potential, E , is used to control the ratioa
[Red]/[Ox]; when equilibrium has been achieved in the solution entrained 
in the OTE, the absorption spectrum is recorded. Both E0’ and n for a 
redox reaction can be calculated from a series of absorption spectra 
recorded at different E& by monitoring the absorbance of the electroactive 
species in the OTE at a selected wavelength and then plotting the data 
according to the following equation (14):
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^Red’ ^Ox’ an<* ^ correspond to the absorbance of the completely reduced
solution, the absorbance of the completely oxidifced solution, and the
absorbance of the solution at some E value intermediate between thosea
used to establish A^ê  and Aqx, respectively.

A series of spectropotentiostatic experiments for the [IrClgĴ ’̂ ’ 
redox system in the 49.0 mole % AlCl̂ -MeEtimCl room temperature ionic 
liquid are shown in Fig. 5. In each experiment, the RVC-OTE was held at 
E until current ceased to flow and the optical response at 494 nm became

a

constant. A plot of versus log([Â e(j - A]/[A - Aq x1), which was der­
ived from the series of spectropoteritiostatic experiments shown in Fig. 5, 
is shown in Fig. 6. The slope of this plot is 0.062 V at 40.0 °C (0.062 V 
is expected for n - 1), and the intercept is E0, * 0.37 V. The latter 
compares favorably with a value of E0, - 0.37 V that was calculated from 
voltammetric data obtained with a glassy carbon rotating disk electrode.
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Figure 3. Cyclic voltammetric wave for the solution described in Fig. 2 
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Figure 4. (a) Cyclic voltabsorptometric and (b) differential cyclic
voltabsorptometric waves for the solution described in Fig. 2 at the RVC- 
OTE. The scan rate was 0.20 mV s and the absorbance was monitored at 
454 nm.
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SPECTROCHEMICAL AND ELECTROCHEMICAL PROPERTIES OF SOME 

LANTHANIDES AND ACTINIDES IN ROOM-TEMPERATURE MELT

Shyama P. Sinha
Department of Chemistry, University of Dayton 

Dayton, Ohio 45469, U.S.A.

Spectroscopic and electrochemical behavior of melts consisting of
l-methyl-3-ethylimidazolium chloride and A1CL and solutions of 
Ce(III), Tb(III) and U(V) in 0.4 (basic) melt have been investigated. 
The predominant species in solution was found to be [MCl^] ~. The 
melt has been modified by treating it with gaseous HC1 to increse 
the conductivity. NMR data shows the presence of a highly acidic 
proton, and a melt:HCl ratio of 1:1.

The family of ambient temperature melts resulting from 1,3-dialkylimidazolium 
chloride and AlCl^ was discovered at the Frank J. Seiler Laboratories of the 
U.S. Air force Academy in Colorado Springs [l]. The most extensively 
investigated room temperature melts consist of a mixture of
1-methyl-3-ethylimidazolium chloride (ME1C) (I) and AlCl^ in various mole 
ratios. These melts possess very interesting solvent properties. Some of the 
typical advantages and disadvantages are:

Typical Advantages

* Stable and relatively easy to prepare 
*Low liquidus temperature
^Liquid over a wide temperature range (+80 to -70°C)
*Large variability of Lewis acid/base properties
* Anhydrous aprotic solvent
*Large electrochemical window (2.6 V)
*Good UV/VIS spectral transparency (down to 250 nm)
*Conductivities of the ambient temperature melts are 
comparable to that of the molten salts and aqueous electrolytes

* Miscibility with organic solvents

Disadvantages

* High sensitivity to air and moisture 
•Corrosive
•High viscosity

MEIC MELT
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The hydrated chloride ion [(Cl X ^ O )  ] absorbs in the far UV region. In 
aqueous solution the first band appears around 194 nm possibly due to the 
charge transfer transition. The alkali metal ions that do not absorb in this 
range has virtually no effect on the position of this band. Aqueous solution of 
1-methyl-3-ethylimidazolium chloride (MEIC) (I) showed p brĉ ad band at 208 
nm (Fig. 1) with molar absorbtivity of 4.33 x 10 M cm agreeing with 
previous measurements [2]. The high absorbance peak is due to the organic 
chromophore of the MEIC cation (I).

The melts containing less than 0.5 mole fraction of AlCl^ (i.e. basic 
melts) exhibit an absorption edge cut off at 250 nm. The AlCl^ species present 
in these melts probably absorbs strongly around 246 nm and excludes the 
possibility of observing the peak due to MEIC cation moiety. However, as the 
mole fraction of A^Cl^ is increased, the acidic melts are found to absorb 
strongly around 280 nm (Fig. 2). The sample containing virtually 100% A1«C1  ̂
(N= 0.6665) also showed a broad band at 335 nm beside the peak at 28(7 nm. 
The high wavenumber shoulder is probably due to other oligomeric forms of 
chloroaluminate, [(AlCl^J^].

We have examined a solution of LiAlCl^ in acetonitrile. The spectrum is 
shown in Fig. 3. The band at 240 nm in this spectrum is due to [AlCl^] anion 
agreeing with the strong absorbtion edge observed for the basic melts 
containing the same species. On hydrolysis, the peak at 240 nm is displaced by 
a peak at 260 nm (Fig. 3) possibly due to the hydrolysis of the chloroaluminate 
anion to produce Al(III) aquo ion, [A ^O ^ L]. It is found that Al(III) aquo ion 
at a pH 0.9 exhibits the same spectrum profile with a peak at 258 nm. Recent 
spectroscopic investigation of McIntyre et al. [3] on the hexaaquo-Al(III) ion 
confirmed the presence of other equilibria involving the aquo ion, hydroxide 
ion and the counter anions.

The excitation and emission spectra of 1-methylimidazole (MIM), MEIC  
and 0.4 melt were investigated. Both MIM and MEIC show a strong and sharp 
excitation peak at 245 nm and a broad photoluminescence peak at 445 nm. 
This luminescence is due to rf transition of the imidazolium moiety. The 
excitation spectrum of the melt (0.4) consisted of three peaks at 270, 355 and 
395 nm. On excitation with 270 and 355 nm radiation, we were able to observe 
a strong emission band at 445 nm similar to that observed for MIM and MEIC  
solutions (Fig. 4). However, excitation of the melt (0.4) with 395 nm radiation 
produced a new luminescence peak at 470 nm, which is tentatively assigned to 
the coexcited chloroaluminate species. Fluorescence studies on other melt 
compositions are in progress and will be reported elsewhere.

Further characterization of the melts may be carried out from the ob­
served difference in the far IR spectra due to the prescence of different 
chloroaluminajte species (AlCl^, A^Cl^) (Fig. 5). The spectral difference in the 
600-200 cm region is due to the difference in symmetry of the two 
prominent chloroaluminate species described earlier. We were also able to 
observe characteristic difference in the hydrogen bonding region (3300-2900 
cm ) between a 0.4 and a 0.6 melt. This region is complicated by the 
presence of CH vibrations from the methyl and ethyl groups and definite 
conclusion have to wait further analysis. The present author, however, strongly

1.1 Spectroscopic P roperties o f the C hloroalum inate Melt
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believes that a considerable amount of hydrogen bonding exists between the 2 H 
of MEIC moiety and the chloride ion or the AlCl^ anion in the basic melts.

1.2 Electrochemical Properties

The electrochemical window of the chloroaluminate melt is limited by the 
reduction of imidazolium cation and the oxidation of Cl", AlClT, and A^Cl^ an­
ions. Below 0.5 mole fraction the anodic potential is governed oy the oxidation 
of Cl and is limited to about 1.0V. Our basic melt (0.4) exhibited an 
electrochemical window 1.4V with respect to a A1 in 0.6 melt, at a scan rate 
of 50 mV/s agreeing well with that determined by Wilkes et al. [1]. The 
electrochemical windows are:

0.4 melt: 0.97 t o -1.6 V 
0.6 melt: 2.35 to -0.05 V

Other physical properties like the transport numbers [2], densities, phase 
trasitions, conductivities, viscosities [4] have been measured. Comprehensive 
NMR studies [5] and theoretical molecular orbital calculations [6] have also 
been carried out.

2 Properties of Some Lanthanides and Actinides in Chloroaluminate Melt

Lanthanides and actinides are groups of very similar elements which 
exhibit a wide variation of oxidation states. The aqueous redox potentials of 
several of these ions are summarized below. In certain lanthanides these redox 
potentials show drastic change due to complexation and/or change in solvent 
polarity (cf. Ce(III)). Added advantages in working with the lanthanides and 
actinides are that UV/VIS and/or fluorescence spectra may be used for 
identification of the species present in melt solution.

2.1 Ce(III) Ion (4f!):

The redox behavior of Ce(III)/Ce(IV) couple is strongly dependent on the 
nature of the counter ion present in aqueous solution. While the 
non-coordinating anion like perchlorate results in a E° value of 1.70V, the 
strongly coordinating carbonate anion is found to produce a drastic change in 
the redox potential value (0.05V) [7]. The following anion dependence E° values 
are observed: 1.70V (1M HC10J, 1.61V (1M HNOA- 1.44V (1M h LSO A  1.28V 
(2M HC1) and 0.05V (5.5M K 2C&3). J L 4

oxid.state

1— ----------0 .32--------------1
« ia2^ . 1̂.+ «i4+U02 U0<5

0.063 1 0.58
u

VI V IV
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The redox behavior of Ce(III)/Ce(IV) couple in MEIC-AICI^ melt (0.4) has 
been extensively studied by us [8] using a glassy carbon electrode. The redox 
process is found to be quasi-reversible with a E value of 0.79V against a 
reference electrode consisting of A1 in 0.6 MEICJAiCl- melt. Fig. 6 shows the 
variation of the cyclic voltammetric profile for Ce(IIIj in 0.4 melt with scan 
rate. The calculate^ rate constant(k°) for this one electron transfer redox 
process is 1 .2 0  x 10  cm/sec.

The species present in the melt was found to be the hexachloro complex 
of cerium from its charge transfer spectrum between 310 and 350 nm and the 
Ce-Cl stretching frequency at 280 cm in the infrared region (Fig. 5) [9]. 
The final confirmation of the tervalency of cerium in 0.4 melt, before the 
electrochemical oxidation, came from the observation of ionic fluorescence at 
370 nm for the cerium containig melt (Fig. 7). The Ce(IV) solutions do not 
exhibit this type of ionic fluorescence. Combining the electrochemical and 
spectroscopic data jwe find the electroactive species to be hexachloro- 
cerium(III) ion, [CeCl^ ].

2.2 Tb(HI) (4f®) Ion:
It is tempting to assume that Tb(III) ion with one more electron than the 

half-filled configuration, 4f7, will easliy loose an electron. Unfortunately, it 
has not been possible to oxidize Tb(III) to Tb(IV) in aqueous solution. The 
estimated E° value for Tb(III)/(IV) couple is above 2.8V, and Tb(IV), if present, 
in aqueous solution will tend to oxidize water.

Attempts to measure the Tb(III)/(IV) couple in 0.4 melt (MEIC-AICI^) has 
also been unsuccessful. However, we were able to observe the characteristic 
green ionic fluorescence from Tb(III) in 0.4 melt. Excitation of the Tb(III) 
solution at the ligand (MEIC) absorption band (348 nm) resulted in a very broad 
fluorescence band of the organic moiety with a maxima at 450 nm. No sharp 
fluorescence due to Tb was noticeable. A time-resolved fluorescence study 
(Fig. 8) revealed a^rise time of -~50ps for the ionic florescence. The sharp 
fluorescence from level of Tb(III) to the ground Fj multiplets became
evident.

We were interested in measuring the lifetime^) of the excited D. level 
by monitoring th^ time dependent decay of the green fluorescence at 550 nm 
due to the F^ transition of Tb(III). An average value of t  = 2.34 ms was
observed. A comparison of this data with that of the aquo ion agd Tb(III) in 
other anhydrous solvents is presented below. The lifetime of the level in 
0.4 melt is about five times that of the aquo ion and it is higher than that of 
TbCL in A1C1- vapor phase complex. The t -  value is very close to that of the 
anhydrous laser liquid, POClySnCI^. It is conceivable that 0.4 MEIC-AICI^  
melt may compete favorably with anhydrous POCL:SnCl. solvent as a laser 
liquid. From a series of spectroscopic measurements ana a charge transfer 
band of Tb(III) in 0.4 melt, it is concluded that the active species present in 
solution is probably [TbCl^-] ion.
Comparison of the Lifetime (msec) Data:

Levels
5D3
5D4

Aquo ion TbCl3-(AlCl3)x 
0.29(250°C) 

0.43(25°C) 1.52(250°C)

Tb:POCl3:SnCl4
0.29(25°C)
2.75(25°C)

Tb-MEIC-AlCl3
0.40(25°C)
2.34(25°C)
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2.3 Sm(III) Af5, Eu(III) 4f6, Yb(III) 4 f13 Ions:

Trivalent Sm, Eu and Yb could be easily reduced in aqueous solution. We 
have recently measured the M(III)/(II) redox couple in aqueous solution (1M 
KC1). The E values(V) obtained from the cyclic voltammograms are -0.5 
(Eu), -1.6 (fm) and -1.2 (Yb). These values are in agreement with those 
predicted by Nugent et al. [10]. Recently, Schoebrechts et al. [11] have 
conducted cyclic voltammetric studies on these ions, but using 1 -butyl- 
pyridinium chloride (BPC) and AlCl^ melt. Electrochemical and spectroscopic 
studies were carried out in acidic BPC-A1CL melt (0.6). These authors 
reported the following E values(V): +1.86 (ECO, +0.66 (Sm) and +1.23 (Yb). 
They proposed the gresen<Pe oj^species like MCi (Sm, Yb), YbCl^, YbCl* 
beside the free M + and M z+ ions. It is, however, difficult to see how the 
acidic melts have contributed to the formation of the lower chloro-species, 
unless these species have resulted from the dissociation of the lanthanide 
trichlorides used in these studies. We are at present systematically studying 
these systems in MEIC-AICI^ melts and the results will be reported in the near 
future.

2.4 U(V) 5 f] Ion:

Uranium present an interesting challange to the electrochemists. The 
oxidation state may vary between 3 and 6. In aqueous solution "naked" U(V) 
and U(VI) are rare. We were interested in preparing a solution of U(IV) by 
dissolving UCl^ in 0.4 MEIC-A1CL melt. The resulting solution was green in 
color, showing the presence of U(iV) ion in solution. However, within a few 
hours the green solution bleached to a clear yellow color. Spectroscopic 
examination of this yellow liquid showed no absorption bands due to U(IV) nor 
did it exhibit the characteristic peaks of the UO^ ion in the visible region. 
The spectrum profile (Fig. 9) [11], however, corresponded closely to the 
reported [12] U(V)-chloro complex, UC1,, in nitromethane solution. The species 
resposible for causing oxidation of U(Iv) to U(V) is believed to be the proton 
(H ) generated from the minute amount of water present as water of 
crystallization in MEIC and acting as a strong oxidizing agent in 
almost-anhydrous chloroaluminate melt.

Cyclic voltammetric studies were performed on this unusual solution of 
UC1, by scanning the glassy carbon electrode between 0.6 and -1.2V. In dilute 
solution a cathodic peak (U(V)-^(IV)) was observed around -0.7V but no anodic 
peak was found. It was apparant that reoxidation of the reduced U(IV) species 
is taking place before the anodic potential is reached. In a more concentrated 
solution (0.04 M) strong hysteresis (Fig. 10) was observed and the cathodic 
peak occured at -0.55V. This system is being further investigated.

3 Modification of Chloroaluminate Melts:

Arising from the preivious work that a proton (H+) may coexist in 
chloroaluminate melts, the author has conducted preliminary experiments to 
increase the conductivity of these melts by treating the melts with dry HCl 
gas. Fig. 11 shows the measured specific conductivities of a 0.36 melt at 27°, 
-23° and -64° C. Treatment of this melt with dry HCl gas noticeably increased
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(3-fold) the conductivity of the melt both at 27° and -23° C. The conductivity 
of the HCl-treated melt at -23° (melt remains fluid, although slightly more 
viscous) is comparable to that of the untreated melt at 27° C. The very low 
conductivity of the melt and the HCl-treated melt at -64° is due to the glassy 
transition of the melt at this temperature with significant increase in internal 
resistivity.

To gain further insight and have some idea of the nature of the species 
present in the HCl-treated melt, we have examined the HCl-treated melt by 
H-nuclear magnetic resonance (NMR) spectroscopy. The presence of a highly 
acidic proton at 0.6 ppm downfield from 2H of the imidazolium ring (2H is 
the most acidic proton in MEIC) is detected (Fig. 12). A semi-quantitative 
analysis of the intensities revealed the composition to be 1:1 MEIC:HC1. This 
composition did not seem to alter over a period of at least two weeks at room 
temperature. Further investigation on the composition, conductivities and 
electrochemical properties of the HCl-treated melt is under progress.
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Fig. 1. Ultraviolet absorption spectrum of aqueous l-methyl-3-ethylimidazo- 
lium chloride (1 cm pathiength).

Fig. 2. Ultraviolet absorption profile of M EIC-A IC I3 melts containig varied 
amount of A IC I3 mole fractions(N) (3mm pathiength).

Fig. 3. Ultraviolet absorption spectra of (a) said. L 1AIC I4 in acetonitrile,
(b) hydrolyzed solution of (a), and (c) Al(III) aquo ion of pH 0.9.
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Fig. 4. Fluorescence/excitation spectrum of 0.4 (basic) M EIC -A IC I3 melt. 
Fig. 5. Far IR spectra of (a) 0.4, (b) 0.4 melts and (c) Ce(III) in 0.4 melt. 
Fig. 6. Variation of cyclic voltammograms of Ce(III) solution (0.08 M) in 

0.4 (basic) melt at a glassy carbon electrode at 25°.
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Fig. 7 . Excitation and emission spectra of Ce(III) in 0.4 (basic) melt.
Fig. 3* Time resolved fluorescence spectra showing (a) rise time (exc. 348) 

and (b) fluorescence decay (exc. 384) of 5D4'-*7F5 band of Tb(III).
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Fig. 9. Ultraviolet absorption spectrum of the yellow solution resulted after
oxidation of a UCI4 solution in 0.4 melt and exhibiting charge trans­
fer bands of UCl^ species.

Fig. 10. Cyclic voltammogram of the yellow UCl^ solution in 0.4 M EIC -A IC I3 
melt (0.04 M) at glassy carbon electrode and showing strong hystere­
sis.
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Sysfem:

5 1 + 
H3C-N̂ - ^

14
1 + AlClf, 
N'CH2CH3

H 2 + HCl(g)

Q
MEIC

Fig. 1 1 . Variation of electrical conductivity of a 0.36 M EIC -A 1C 13 melt and
the same melt after treatment with HCl(g) as a function of temoera- 
ture.

Fig. 12. H-NMR spectrum of the HCl-treated melt showing the presence of 
an acidic proton at <~0.6 ppm upfield of 2-proton in MEIC (melt).
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POTENTIOMETRIC STUDIES OF SOME OXYANIONS 
IN MOLTEN FLUORIDES

Kurt H. Stern 
Chemistry Division 

Naval Research Laboratory 
Washington, D.C. 20375

ABSTRACT
2 -  2 -The dissociation of several oxyanions: WO4 , Si03 ,

Tao5, and TiO^ in molten FLINAK has been studied
potentiometrically with a stabilized zirconia electrode.
The interaction of these melts with 02~ has similarly been
studied. All of these ions appear to be stable in FLINAK,
but SiO§~ and TaO^ take up o2~ to form higher oxides,4- 3~probably 3104 and Ta04 , respectively. A method for 
determining the equilibrium constant of these reactions is 
presented.

The behavior of the Pt electrode in these melts is 
quite complex. Its potential varies with ln[02“], the 
slope being RT/F or larger.

INTRODUCTION

The process whereby refractory metals can be
electroplated from molten fluorides, invented by Senderoff
and Mellors (1) in the 1960's, is well known. More
recently we have tried to combine this process with
carbonate reduction to electroplate refractory carbides.
Tantalum carbide was electroplated by this procedure (2)
from molten FLINAK at 750°C but the coatings tended to
consist of mixtures of TaC, Ta2C, and Ta. On the other
hand, excellent adherent coatings of W2C were obtained by

2 -  2 -the simultaneous reduction of WO4 and CO3 (3).
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In the course of reinvestigating the tantalum carbide 
problem and attempting to extend the general procedure to 
the plating of other carbides, we noticed gas evolution 
from FLINAK melts containing either K 2 T a F 7 or K 2 C O 3 to 
which the other reagent had been added (4). Mass- 
spectrometric identification of the gas as C O 2 showed that 
the reaction was of the acid-base type:

K 2 TaF 7 + 3 K 2 C 0 3  = KTa0 3 + 7KF + 3C0 2

The carbide can then be plated only if this reaction does 
not go to completion, or if T a 0 3 can be reduced* Since 
similar results were obtained with K 2 SiF 6 and I^TiF^, v i z :

K2 SiF g  + 3K2CO3 -  K2 S i0 3  + 6KF + 3C02

K2TiFg + 3 K2CO3 = K2T i0 3 + 6KF + 3C02

we have begun on electrochemical study of oxyanion
2 -reduction in molten FLINAK to see if T a 0 3 , Sio 3 can 

2 -be reduced as W O 4 can be.
As a preliminary step we have investigated possible 

oxide equilibria involving these ions, using a stabilized 
zirconia (SZ) electrode as a specific 0 2~ electrode. In 
addition, we have studied the behavior of the platinum 
electrode in these melts, since it would be useful as a 
quasi-reference electrode if its potential were in­
dependent of melt composition.

EXPERIMENTAL PART

All experiments were carried out in a glovebox with 
recirculating helium atmosphere in which 0 2  and H 2 O were 
generally below 1 ppm. A Teledyne (Model 311) trace
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oxygen analyzer was used to measure the oxygen pressure in 
the glove box* All melts were contained in nickel 200 
crucibles, a 99% nickel alloy.

Reagents. The alkali metal fluorides were vacuum-dried 
individually at 500°. The FLINAK mixture was then melted 
under vacuum before use. Reagent grade Na20 (Alfa), KTiC>3 
(Atomergic), K2Si03 (Puratronic), and RTaC>3 (puratronic), 
were used without purification. Na2W04 was prepared by 
dehydration of the dihydrate (Fisher Scientific).

Electrodes. A NilNi(II) reference electrode consisting of 
NiF2(sat) in FLINAK, contained in a boron nitride 
envelope, as described by Jenkins, Mamantov, and Manning 
(5) was used. By increasing the BN wall thickness 
slightly over that used by these authors, the electrodes 
could be used for several runs, and they were easily 
replaced. An intercomparison of Several showed that they 
differed by < lOmV from each other and from a more 
elaborate reference electrode which utilizes a LaF3 
crystal to make contact with the melt (6).

A Corning 1372 0% yttria-stabilized zirconia tube 
was loaded with a Ni-Nio mixture. A nickel wire was 
pushed into this mixture which was covered with powdered 
soft glass which, on softening, covered the Ni-NiO mixture 
to exclude air.

A coiled platinum wire served as secondary indicator.

All electrodes were suspended in the melt through 
holes in a lava block over the top of the crucible.
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RESULTS

Oxide Melts

Before proceeding with the various oxyanion studies, 
the behavior of SZ and Pt electrodes in FLINAK melts, to 
which Na20 had been added, was studied. The SZ electrode 
is now well established as an 02~ ion specific electrode 
in various molten salts (7). in molten FLINAK, as in the 
other salts, the potential-determining electrode reaction 
is 1/202 + 2e = 02“ (0). Thus, at constant P02' tile S1°P® 
of an E vs In a02-plot has a slope of RT/2F. In the 
present study p02 is fixed by the equilibrium Ni + 1/2 O2 
* NiO. In dilute solutions activity coefficients are 
constant and the dependence of E on concentration (mole 
fraction in this paper) should be RT/2F also.

A complicating factor is the possible transformation
of the added oxide (02~) to other oxide species such as

2 -  -O2 (peroxide) and O2 (superoxide). In NaCl (9) and 
Na2SC>4 (10) reactions such as 02“ + 1/2 02 55 02~ are known
to occur at temperatures used in this study, although 0“ 
is almost certainly negligible. At the extremely low
09 pressures in this work, the equilibrium

^  2 — constants are such that very little (< 1% 0 ) is
transformed to 02-:.

2

Pt is "inert" in molten fluorides and therefore
constitutes an attractive and easy-to-use quasi-reference
electrode. However, the potential-determining reaction(s)
on the Pt surface are not known. In a previous study (0) 

2-of CO3 in FLINAK using a Pt reference, we noticed that 
the cathodic limit of the melt became less negative with 
added K2CO3 concentration (at 500°C) and surmised that
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this was due to increased 02“ resulting from the thermal 
2 -dissociation of CO3 . A plot of the cathodic limit vs 

In [003“] is linear with a slope of RT/F. A plot of E 
vs log X02- at 500° is also linear with a slope of 2.3RT/F 
at lower concentrations (< 10~3) but with a tendency 
toward increasing slope at higher concentrations (Fig. 1). 
A repetition of this experiment at 750° using both SZ 
(Fig. 2) and Pt indicator (Fig. 3) electrodes vs. a 
Ni/NiF2 reference, showed an RT/2F dependence for the 
former and ~RT/F dependence for the latter at lower 
concentrations, and larger slopes at higher concen­
trations. At the conclusion of this experiment it was 
noted that bright orange vapor emanated from all the 
electrodes when they were lifted out of the melt and that 
all relatively cool surfaces, e.g. the lava block, reacted 
with water to produce copious amounts of gas, and the 
resulting solution was highly alkaline. All of these 
observations are consistent with the formation of alkali 
metal. In this experiment 03 was virtually absent (p02 < 1 
ppm) and therefore it is likely that added oxide undergoes 
an auto-oxidation-reduction:

2 M2O = M202 + 2M° [1]

When M * Na the equilibrium constant of this reaction (11) 
is:

K = 1.34 = - I 2-2 P^a [2]
aNa20

Results are similar for Li and K. Unfortunately we do not
2 -have an independent measurement of 02 and so Pmo cannot 

be calculated, but the rather large value of K suggests 
that reaction [1] is not insignificant. We conclude that
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at 750° the SZ electrode is reversible to 02~ at least at 
lower concentrations. However, the behavior of the Pt 
electrode is more complex. The RT/F slope at lower 
concentration requires a one-electrode process, in terms 
of reaction [1] the equilibrium

202~ + 2e = O2

requires two electrons unless the peroxide ion functions 
as cr. Whatever the potential-determining equilibrium on 
Pt is, the shape of the E vs In Xq 2- plot clearly 
increases with concentration above 0.1 mol% at very low 
oxygen pressures to values which have no clear meaning in 
terms of simple reversible oxidation-reduction reactions. 
This behavior also occurs when Na20 is added to a FLINAK 
melt already containing various oxyanion species (see 
below). Similar conclusions about the complexity of the Pt 
electrode behavior were also expressed by Brookes and 
Inman (7c). It is thus clear that Pt can not be used as a 
reference in molten salts unless it can be shown that it 
remains constant with respect to a thermodynamically 
reversible reference in a particular system.

Oxyanion Melts

Before discussing the individual oxyanion systems, 
the rationale underlying this study is outlined. From the 
preceding section it is clear the emf of the cell

Pt or |
Ni) NiOj SZ | FLINAK Melt j BN |NiF2 (sat) | Ni [A]
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becomes more negative (i.e. the SZ indicator electrode 
becomes more negative) with increasing 0 2~. This is also 
true if Pt is used as indicator, although the functional 
dependence of E on log Xq 2~ then becomes more complex.

We can then distinguish the following possibilities, 
keeping in mind that the 0 2“ concentration in a "clean" 
melt is ~ 10~2 mol%.
A. Addition of oxyanion to "clean" melt

Implies
AE = 0 a. material is

insoluble
or

b. material does 
not react with 
02~ .

AE < 0 anion dissociates
to yield 02~

AE > 0 anion reacts with
impurity 0 2~

B. Addition of 02~ to melt containing oxyanion - SZ 
electrode

AE < 0, slope * RT/2F no reaction of 02~
with oxyanion

AE < 0, slope <RT/2F 02~ reacts with
oxyanion

Results with the individual systems are now described.
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(1) Na2WC>4

This compound is known to be quite soluble in FLINAK 
(3)* Higher tungstates, such as Na4W(>5 (Na2W04/Na20 * 1), 
are also well known in the solid state, but have not been 
studied in molten salts.

Figure 4 shows the effect of adding Na2WC>4 and Na20 
on the emf of cell A. The emf becomes only slightly less 
negative on adding Na2WC>4, while the subsequent addition 
of Na20 yields a slope of RT/2F. Both of these results 
indicate that the equilibrium

2- , 4-W04 + 02' = W05
2 -lies far to the left, i.e. WO4 is quite stable in 

FLINAK. When a Pt electrode is substituted for the SZ 
indicator electrode, the results on addition of Na2o 
results in a slope several times RT/F.

(2) KTa03

The addition of KTa03 to FLINAK changes the emf of
cell A in the direction indicating lower oxide, with a
slope < RT/2F (Fig. 5). This is consistent with the3-formation of TaC>4 5

Ta03 + 02~ * Ta04

but at a rate indicating only partial conversion. Above
0.075 mol% Ta03 the emf becomes independent of added 
tantalate. The most likely explanation is that this 
represents the solubility. When oxide is added to the
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melt containing both dissolved and undissolved tantalate 
the slope is less than RT/2F, indicating some uptake of 
02~ by the tantalate in suspension and/or solution.

(3) K 2Si03

Visual observation showed that K 2Si03 is quite
soluble in FLINAK. Figure 6 shows that the emf of cell A
becomes more positive with the addition of this compound,
with both SZ and Pt indicator electrodes, consistent with
a decrease of 02~ with addition of Si03~. Below 0.1
mol% this decrease occurs with a slope of < RT/2F,

2- 4-indicating a partial conversion of Si03 to Si04 , but 
above 0.1 mol% the slope is 1.8 RT/F which indicates that 
more than one mole 02~ is removed for every mole SiO§~. 
However, no silicate fitting such a requirement is known, 
at least in the solid state. Thus the most likely 
reaction is:

Si03~ + 02~ = Siof [3]

Interestingly, both SZ and Pt electrodes show similar 
dependence in this part of the experiment. When Na20 is 
added to the silicate-containing melt, however, the slopes 
are quite different: RT/2F for the SZ electrode, 1.77RT/F 
for Pt. Even the first result is unexpected, unless 
whatever silicate is in the melt prior to oxide addition 
is the highest oxide-containing silicate.
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( 4 )  KTi03

The results for this compound resemble those for 
N a 2 WC>4 , i.e. addition of KT I O 3 produces no change in emf. 
However, whereas N a 2 W 0 4 is so soluble that it can easily 
be observed to dissolve, KTiC>3 seems, by visual e x ­
amination, to be insoluble. The subsequent addition of 
oxide produces a slope somewhat larger than RT/2F.

DISCUSSION

The results presented in this paper constitute an 
exploration of how potentiometric measurements might be 
used to determine oxide equilibria involving various 
oxyanions in molten salts. Oxide-ion~specific stabilized 
zirconia electrodes have been used to solve a wide variety 
of problems of which those described in references 7-9 
constitute only a portion.

For example, the equilibrium constant for a reaction 
of the type

AV- + 0 2~ a a <v -2>- [4]

where A v ~represents an oxyanion and a (v ~2 )~ represents an 
oxyanion with one more 0 2~, can be determined by the 
titration of A v ~ in the melt with 0 2~. If 0 2~ does not 
react with A v ~ then

E th « E° - RT/2F In [02-)a [5]

where [0 2~]a represents added 0 2~.
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In general
RT

E = E° - n ---- In [02 _ ] [6]
2F

where n measures the fraction of the expected RT/2F slope. 
Substracting [5] from [6] yields

E - Bth _ [02~]a
(RT/2F) [0 2“ ]n

Since all quantities except [02~] are known, the latter 
can be calculated. The equilibrium constant for reaction
[3] can be written as:

[A v " ] [0 2~ ] 
[ A < v - 2 ) - ]

Also tAv " 2-] + [ A v ~ ] = [Av -]a

[ 0 ]

where [Av ~]a represents the originally added concentration. 
Also

[0 2-]a - [0 2-] [9]

a -([o2-]a - [0 2 -]) [10]

Substituting [9] and [10] into [0] yields

[Av ~]a - ( [ o 2~la~ [o2~))[o2~]K = [02-]a- [02~]
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From each emf a value of K can be determined, and 
therefore the method lends itself to a statistical 
treatment.

The data obtained in this work are only semi- 
quantitative and therefore do not justify such elaborate 
treatment.

SUMMARY

1. The measurement of oxide activity on successive 
addition of oxyanions and oxide can be used to gain 
information on the dissociation of the oxyanion and/or 
its reaction with oxide.

2 -2. WO4 is a stable ion in FLINAK. It does not
dissociate nor does it take up 02~ to form tungstates 

4-such as WO5 .
2-3. K2S103 is quite soluble in FLINAK. 8103 appears to 

react with 02~ to form S io * * " .

4. The solubility of KTa03 in FLINAK is - 0.075 mol%.
Ta03 appears to react with 02~ to form TaO^.

5. The solubility of KT103 is too low to measure.

6. The potential of the Pt electrode in FLINAK varies as 
RT/F with ln[02] up to 0.1 mol% and 2-3 times RT/F 
above that concentration.
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. 7 -

Mol%Na20
Figure 1. Emf of cell A with Pt indicator electrode. 

500° C, Na2 0  solute.

Figure 2. Emf of cell A with SZ indicator electrode. 750°C •  Based
on weighed Na20. o Corrected for Na20 impurity.
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Figure 3. Emf of cell A with Pt indicator electrode. 
750° C, Na20 solute.

Mol%Na2W04 , Na20
Figure 4. Emf of cell A with SZ indicator electrode.

750° C, •  Na2W 04, o Na20.
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Figure 5. Emf of cell A. 750° C , SZ  indicator electrode, 
• KTa0 3 , o Na2 0 .

Figure 6. Emf of cell A. 750°C, SZ indicator electrode: •  K2Si03 , o Na20;
Pt indicator electrode: ■ K2Si03 , □  Na20.
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REDOX POTENTIAL OF Pb2+/Pb° IN BORATE AND SILICATE MELTS
Miyuki Shimizu, Katsuyuki Kawamura, and Toshio Yokokawa

Department of Chemistry, Faculty of Science 
Hokkaido University, Sapporo 060, Japan

ABSTRACT

Among redox pairs in borate and silicate melts, 
Pb2+/pb0 is important; the reduced species are 
metallic and reactive with the Pt in the solid in 
linear sweep voltammetry. Since Pb metal is
soluble in solid P t , and any excess deposit of Pb 
over the solid solubility limit yields a liquid 
alloy on the electrode, the current-potential 
curve bends at that point. A computer simulation 
of the process confirmed this interpretation. The 
application of this technique seems quite valuable 
to compare the basicity of various melts. The 
effect of alumina on the basicity of sodium 
silicate melts is discussed .

INTRODUCTION

Linear sweep voltammetry has been applied to oxide melts 
for redox equilibrium measurements (1-4). The usefulness 
of this technique in spite of difficulties due to high 
operating temperature lies evidently in this direct 
measurement compared with chemical analyses of reduced and 
oxidized species in quenched melts. Thus, Ce^+/Ce^+ and 
Fe^+/Fe2+ equilibria in sodium borate melts were measured 
as functions of solvent basicity and temperature (3,4). In 
the course we met with the problem when the couple 
Pb2+/Pb° was to be measured. The current-potential curve 
showed an abrupt bending and a large anodic peak which was 
characteristic of a system of the reduced species adsorbing 
on the electrode. In this report, the electrode process is 
discussed and the application to sodium aluminosilicate 
melts is described.

EXPERIMENTAL

Linear sweep v o l tammetry. The working electrode is a 
platinum wire of 0.4 mm diameter whose end has been coiled 
in order to provide a large surface area. This electrode 
is assumed to be reversible with respect to the reaction

Pb2+ + 2e = Pb (1)
The current due to the unavoidable reaction

1/202 + 2e = o2- (2)
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at the gas-electrode-oxide melt coexisting phases was 
minimized and disregarded. The reference electrode is a 
folded platinum wire of 0.4 mm diameter and was positioned 
to just contact the melt surface. It is reversible with 
respect to the reaction (2). The platinum crucible 
functioned as the counter electrode. The measurement was 
carried out in pure oxygen.

Sample melts. The sample melts were prepared in the 
following procedure. Sodium, lead and aluminum nitrates of 
nominal compositions were dissolved in nitric acid, and 
ethyl silicate with ethanol is added. The latter was 
hydrolyzed by adding ammonium hydroxide solution. The 
resultant gel mixture was dried and heated to powder 
aggregate. It was finally melted in a platinum crucible, 
then the cell assembly was immersed. The content of lead 
oxide was fixed to one mole % in finally established runs.
Experimental results. Examples of the current- potential 
curves are shown in Fig.1. It is noted that the curves are 
quite different from those in ordinary redox couples. 
Thus, The cathodic current rises abruptly after being 
low and the anodic curve shows a large peak characteristic 
of adsorption of reduced species on the electrode.
Computer simulation of 1.s.v . process. The mode of the 
voltammetry will be described as follows.
(1) Before the bending point is reached, Pt-Pb solid
solution is formed on the electrode. The current is very 
low because of the low diffusivity and the low
concentration of Pb in the solid solution.
(2) When the concentration of Pb reaches the solubility 
limit, a liquid metal phase starts to appear. The current 
increases because the diffusivity of Pb is quite high and 
Pt dissolves in the liquid keeping the activity of Pb 
constant at the solid-liquid boundary, and the current is 
governed by the diffusivity of Pb^+ in the oxide melt.
(3) In the reverse sweep, a large cathode peak appears 
because the reduced species is concentrated near the 
electrode surface and because of the large diffusivity of 
Pb in the liquid alloy.
(4) The current suddenly approaches zero when the liquid 
phase disappears.
(5) The electrode reaction is reversible and Nernst 
equation gives the activity ratio at the electrode surface.

The computer simulation was carried out to solve the 
difference equation in place of the differential equation 
of Fick's 2nd law. The system is divided into sufficiently 
small parts (1x10-5 cm in the melt and 2x10“7 cm in the 
electrode) in the direction perpendicular to the electrode



surface. The concentration of each part is calculated at 
each time increment of 1x10”5 sec. An example of the 
simulated current-potential curve is shown in the left part 
of Fig. 2. The agreement is satisfactory. Instead of the 
simplified Laplace transform method, where the 
concentration at the electrode surface is given, the 
concentration profile near the surface is visualized. The 
right side of Fig. 2 shows the concentration profiles at 
the times denoted on the voltammogram. Here the vertical 
axis is the concentration of Pb^+or of Pb in a conventional 
scale. The far right side of the figure shows those of 
the liquid alloy phase, whose height is much lowered for 
drawing convenience.

Fig. 2 shows that at the bending point the Pb2 + 
concentration is not much lower than the original level 
(the straight line) and the Pb content in the liquid alloy 
is approximated by that in solid-liquid equilibrium of 
Pt-Pb system at the experimental temperature. The activity 
of lead in this system has been measured by Schwerdtfeger 
(5). Therefore, at the potential of the bending point, 
Edep> the following reaction is in equilibrium,

Pb^+ + C)2~ = Pb( liquid alloy) + 1/2 O2 (3)
-2EdepF = AG°(3) + RTln(aPbP021/2/aPb2+ao2-> (4>

where AG°(3) is the standard free energy change of reaction
(3). One must note that the standard state of the left 
hand side is not pure PbO, since O^- here is the component 
of the solvent.

If the activity of Pb^+ is a function of only the 
basicity of the solvent irrespective of the solvent 
component and if the basicity is properly expressed by the 
activity of Na2 0 , E $ e p will be a function of the latter. 
Fig, 3 shows an example of the potential in silicate and 
aluminosilicate melts, where alumina content ranged 5 to 15 
mole %. The activity of Na20 in these melts has been 
measured previously (6,7). Fig. 3 shows the above 
prediction is fulfilled. The experimental results 
including those of other redox pairs will be discussed in 
more detail.
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Figure 3. Potential at the bending point in sodium silicate 
and aluminosilicate melts as function of their basicity.
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AN INVESTIGATION OF THE DISSOLUTION OF NEODYMIUM 
IN MOLTEN NEODYMIUM TRICHLORIDE

Q. T. Lu, S. X. Li, R. L. Yu, S. G. Chen 
Department of Metallurgical Engineering 

Shanghai University of Technology, Shanghai, China

ABSTRACT
In the temperature range 780-950°C, the relationship between tem­
perature and EMF is reported for the concentration cell:

Nd(s)|NdCl3 -  NdCl(3_n)sat. MS||NdCl3 -  xNdCl(3_n)MS|Mo

where MS refers to a molten salt. Also given are (1) the solubility of 
Nd in molten NdCl3, (2) the temperature dependence of the solubility 
of Nd, and (3) the equilibrium constant K, as well as AG° of the 
reaction:

Nd(s) + 2NdCl3( )̂ -  3NdCla(/)

INTRODUCTION
In recent years, the methods for producing Nd and its alloys have received 

special attention because neodymium is the material for making a new permanent 
magnet Nd-Fe-B (1). The molten salt electrolysis of chloride, or oxide, is one of 
the main methods for producing rare earth (RE) metals. However, the current 
efficiency of electrolysis is usually as low as 20-50% due to the high solubilities of 
RE metals in their own halides. The interaction between La or Ce, with its own 
chloride, has been studied (2-4); however, the dissolution of Nd in its molten chlo­
ride has seldom been investigated. The aim of the present paper is to investigate 
the reaction of Nd with NdCl3 by an electrochemical method.

EXPERIMENTAL
In order to investigate the mechanism of the dissolution of metals, the fol­

lowing cell has been designed

Nd(s)|NdCl3 -  NdCl(3_n)sat. MS||NdCl3 -  xNdCl(3_n)MS|Mo
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where a molybdenum rod is used as conductor and stirrer for the molten salt (MS). 
A schematic of the cell is given in Fig. 1. The half-cell consists of a Nd electrode 
and neodymium trichloride molten salt saturated with Nd; it is an equilibrium 
system of Nd metal with NdCl3-NdCl2 melt. The right half-cell is composed of a 
Mo electrode and NdCl3 molten salt in which the dissolved amount of Nd changes 
from zero to saturation and the Mo rod is used as the indicating electrode for 
measuring the redox potential $Nd*+/Nd2+ > where

_ _o RT. [Nd3+]
®Nd»+/Nd’+ -  ®Nd*+/Nd’+ + nF "  [Nd2+] (1)

From the value of n, the dissolution mechanism of Nd (2-3) may be determined. 
In agreement with the reaction of the concentration cell:

Nd(3-n)+ 4 -  Nd3+ — Nd3+ 4- Nd(3~n)+iNCl(left) +  iNa(right) ~  1N a(left) +  iNa(right) (2)

and equation (1), the EMF equation of the concentration cell can be expressed

E = ~ ^ l n ^  + ^ l n ^  
n F  a Nd?+ n F  a Nd’+ht

By knowing the values of R, F, n and substituting the concentration of Nd for 
activity, we obtain:

E = 1.984x10~4T log [Nd3+]eq
[Nd2+]eq + 1.984xlO~4T log [N d 3 + ] right

[Nd2+]right (3)

When the dissolved amount of Nd in the right half-cell increases from zero to sat­
uration, measuring E = f(T) will yield by regression analysis a series of equations:

E = a + bT (4)

for various amounts of dissolved Nd. From equations (3) and (4), the following 
equation:

[Nd3+]eq _ .  [Nd3+1 right 104b 104a
[Nd2+]eq °g [Nd2+]right 1.984 1.984T (5)

[Nds+]
can be obtained. The value for f(T) ~  logjNd2+]~a was determined using the
coefficients a and b defined in equation (4). From equation (5), the solubility of 
Nd in NdCl3 can be calculated using various temperatures.
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RESULTS AND DISCUSSION
In the temperature range 780-950° C, the temperature dependence of the 

EMF’s was determined for different neodymium compositions, i.e., with neodymium 
additions, by mole percent (m%) of Nd, of 2.98, 7.13, 12.4, 16.7, 21.3, 28.4, 31.2, 
and 33 m%. The E = f(T) relationships are shown in Fig. 2. It is obvious that 
the experimental points of the same Nd addition all fall on a straight line. By 
mathematical treatment, we have derived the following relations:

1. NdCl2.9i(2.98 m% Nd) Ei = -0.123 + 9.03 x 10"4T

2. NdCl2.79(7.13 m% Nd) E2 = -0.119 +  8.02 x 10“4T

3. NdCl2.63(l2.4 m% Nd) E3 =  -0.116 +  7.03 x 10“4T

4. NdCl2.50(16.7 m% Nd) E4 = -0.627 +  9.60 x 10"4T

5. NdCl2.36(21.3 m% Nd) E5 =  -0.123 + 3.32 x 10"4T

6. NdCl2.i5(28.4 m% Nd) E6 = -0.149 + 3.50 x 10"4T

7. NdCl2.o6(31.2 m% Nd) E7 = -0.123 + 3.13 x 10"4T

8. NdCl2.o3(33 m% Nd) E8 = -0.211 + 3.00 x 10"4T
The isotherms at temperatures of 800, 850, and 900° C were consequently calcu­
lated and are shown in Fig. 3. From Fig. 3, it can be seen that, except for the 
compositions ranging from NdCl2.so to NdCl2.i5, in which the electronic conduc­
tivity increases (2-3), the remaining experimental points for various concentrations 
lie on the relevant isotherms.

By mathematical treatment of the relative data of E =  f ^log | ^ +] ̂ , the 

following equations of the EMF isotherms were obtained:

fNd3+l
E800oc = 0.563 +0.29 lo g L ^ T J  (6)

fNd3+l
E850oc =  0.595 + 0.309 log (7)

E ^ o c  =  0.627 + 0.322 l o g j ^ j -  (8)

The coefficients in front of the logarithmic term of the above equations indicate 
that n «  1. It is obvious that the dissolution mechanism for Nd in NdCl3 molten
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salt is in agreement with the following reaction:

2NdCl3(£) + Nd(s) = 3NdCl2( )̂ (9)

and that NdCl3-NdCl2 is a normal solution, i.e., rNd3+/rNd2+ — const. Therefore, 
we can substitute concentration for activity, putting the coefficients (a and b) of 
equation E = f(T), as well as the corresponding composition of molten salt, in 
equation (5); the following equation was thus derived:

[Nd3+]eq 
[Nd2+]

-2.75 + 620 (10)

In the temperature interval, 780-950°C, the solubility of Nd in NdCl3 molten salt 
is roughly 32.9 m% Nd, in agreement with chemical analysis results of 31.7 m% 
Nd. This value also agrees with the 31-33 m% Nd based on the phase diagram of 
Nd-NdCl3 (5).

Using equation (10), the temperature dependence of the equilibrium constant 
and of the Gibbs energy of the dissolution reaction was derived:

log K = 5.52 (11)

AG£ = 24172.4 — 105.6T J/mol (12)

According to these results, it is obvious that:
(1) In the temperature range, 850-900° C, the equilibrium constant of the in­

teraction between Nd and NdCl3 varies from 2.2 x 104 to 2.44 x 104; the 
enthalpy and entropy of reaction have positive values, which indicate that 
the reaction is endothermic. Therefore, high temperature would further pro­
mote the interaction between Nd and NdCl3, and low temperature would 
decrease the solubility of Nd in NdCl3.

(2) According to references (4,6), in the temperature range, 805-1000°C, the 
solubility of the other rare earth metals is in m% units:

La, 12-17; Ce, 9; Pr, 22-26; Sm, 33.3.
It is clear that the solubility of Nd is close to that of Sm. Thus, in the molten 
salt electrolysis of Nd, the dissolution loss of Nd is inevitable.

CONCLUSION
1. In the temperature range, 780-950° C, the thermodynamics of Nd in solution 

in NdCl3 were derived and can be summarized by

log
[Nd3+]
[Nd2+]

-2.75 + 620
^ F
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and

log K = 2.52 1264.1
T

AG£ = 24172.4 -  105.6T J/mol

2. The dissolution mechanism of Nd in NdCl3 consists of chemical interaction of 
Nd with NdCl3. The solubility of Nd in NdCl3 is roughly 32.9 m% Nd in the 
temperature interval, 780-950°C.
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Fig. 1 Schematic Drawing of the Concentration Cell for Measuring EMF.
1. DWK-702 temperature controller.

2.,3. PZ-8 direct current digital voltmeter for measuring temperature and EMF 
of the cell.

4. Pt-Pt.Rh thermocouple.
5. Molybdenum electrode and stirrer.
6. Mo conductor for connecting Nd metal melt.

7., 12. Porcelain test tubes, the latter contains NdCl3.
8. Joint bast.
9. Inlet for argon and vacuum.

10. Rubber cover.
11. Carbon screen.
13. Porcelain crucible (left half-cell).
14. Stainless steel crucible.
15. Resistance-type furnace.
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T(K)

Fig. 2 Temperature Dependence of the EMF’s.

Fig. 3 The EMF Isotherms.
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THE ACTIVITY OF LANTHANA IN 
NaF-AlF3-Al203~La203 MELTS

Liu Xujiang; Shen Shiying
Northeast University of Technology, 
Shenyang, Liaoning, P.R. of China

ABSTRACT

The concentration cell was assembled by using 
MgO-stabilized Zr02 solid electrolyte. The high 
precise regression equation of lanthana activity
( a)  was obtained according to results of the 
electromotive force of cell.

The paper also discussed the influence of 
several factors on the activity of lanthana.

I . INTRODUCTION
Al-RE alloys are widely used in several areas because of 

their high strength and good properties. It is remark­
able that the Al-RE alloys of lower and higher contents and 
the Al-Mg-Si-RE alloy of the high strength were produced 
in aluminum cells by’ rare earch oxide addition jointly 
by Northeast University of Technology and several aluminum 
reduction plants . The Al-RE alloy was also produced by 
rare earth carbonate addition to aluminum cells.

Recently, the research work on physical properties of 
cryolite-aluminum fluoride-alumina-rare earth oxide melts 
has been done*1'**3* . But activity measurements of rare 
earth oxide in these melts has not been published.

Lanthana activity in the melts was obtained in the present 
work by using the concentration cell assembled with MgO- 
stabllized Zr02 solid electrolyte.

II. EXPERIMENTAL
1. Consideration of cell design
The following concentration cell was designed for use with 

MgO-stabilized Zrt^ solid electrolyte.
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Pt rNaF*AlF^ Zr(>2 Pt Zr0 2
rNaF«AlF 3

(0 2 , +A120 3 (C1 ) (MgO) (o2 , (MgO) +Al 2 0 3 (C^)
n 2 ) +La 20-j (s a t ) n 2 ) +La 2 0 3 (C2 )

Theoretically the cell (l) is equivalent to the 
cells

pt rNaF-AlF3 Zr0o rNaF*AlF3

(021N2 ) +Al203(C1 ) c.
(MgO) )

+La203 (sat) + 1 ^ 0  3 (C2)

( I )

(II)

However, the structure of the cell (i) is simpler than that 
of the cell (II), and the cell (I) is also assembled easily.

In order to prove that the EMF of two cells are equal,we 
did seven contrast experiments (with different melts at 
different temperatures). The results for the same conditions 
show that the differences of the EMF of two cells ( A E) are 
smaller than 1 2 mv. This result proves that the cell (I) is 
the same as the cell (II) electrochemica11y .

Besides, the adopted oxygen electrode has many advan­
tages. For example, it is easily assembled and there is 
no interaction between molten salts and container.

In the past several decades, oxygen electrode has widely 
been appled in measuring physical chemistry and electroch­
emistry properties of melts.

Sterten ^ 1 et al. used the cell (III) in order to study 
the behavior of oxygen electrode in cryolite-alumina melts.

Pt(02, latm) Na3AlF6 , Na3A 1F6»
Al203(sat) Al203(sat) (02 ,Ar)Pt ( H I )

The results showed that Pt((>2) in the melts is a reliable 
and reversible oxygen electrode.

Shen Shiyingl^I obtained alumina activity in cryolite- 
alumina melts (with different content of alumina) by measur­
ing EMF of the cell (IV)

Pt Na^AlF^ Zr02 Na3AlF^
(o2) +Al2°3(sat) (+CaO) +a i 2o 3(n 2 )

Pt

(o2)
(IV)

Esinf̂  used oxygen bridge connecting two chemical cells
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in order to form a concentration cell when researching the 
state of the silica in liquid slags.

Fe, Si CaO, Si02 C or MgO CaO, Si02
Al203,Mg0 °2 A1203 , MgO

FeSi (V)

The research results showed that C (or MgO) contacting air 
and molten slags is an oxygen electrode. Esin also pointed 
out that the electric potential of oxygen electrode depends 
on the activity ratio oxygen on electrode to oxygen ions in 
melts. This is the reason that oxygen electrode was adopted 
in the present work.

The electrochemical reaction of the cell (II) is:

ka2^3^a* — 2^2^2^==̂ a2^3^a^̂ — 5""®2^l) ( 1)

According to Nernst Equation, the EMF of the cell is 
a p,3/2

E— RT in ______ 1 tE- - 6F ln a ’P23/2 '2 '

Where P^ and P^ are oxygen pressures on the surfaces of two 
electrodes, a is the activity of lanthana in the melts 
which is not saturated, and a r is the activity of lanthana 
in the melts saturated with lanthana. Setting the activitv 
of the melts saturated with lanthana equals to unity 
(a'=l), and considering that the two electrodes of the cell 
(II) are in air, so P^ equals to P2. We obtain the equation:

In aLa203= -69628 E/T (3)
If EMF of the cell is determined at a temperature, T* 
equation (3) can be used to calculate the activity of lan­
thana in the melts.

2. Experimental Method
MgO-stabilized Zr02 solid electrolyte tubes used in 

present work were produced by Shenyang Ceramic Plant.
The experimental apparatus consists of an electric re­

sistance furnace controlled by DWK-702, a PZ8 digital vol­
tmeter and a LY4 digital printer (See Fig. l). Before ex­
periment, it was proved that the temperature field is
uniform about 60 mm above the furnace bottom when the 
temperature is between 1200K and 1300K. In order to prove 
that MgO-stabilized Zr02 solid electrolyte tubes can resist 
the corrosion of cryolite-alumina melts, two tubes were
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1. LB-3 thermocuple,
2. Pt electrode wire,
3. Solid electrolyte 

cell,
4. Pt wire,
5. Electric resistance 

furnace,
6. Alumina powder,
7. LL-2 thermocuple.

soaked in the melts for eight hours at 1273K. The experi­
mental results showed that the tubes do not show visible 
corrosion.

The EMF of the cell (II) was recorded by PZ8 digital 
voltmeter with LY4 digital printer, six times a minute.The 
average of the EMFs for 3 minutes was considered as an 
experimental datum. The experimental reagents are as follows: 
Lanthana, La20;3 is more than 99.99% (wt), Yuelong Chemical 
Plant, Shanghai; Alumina, analytically pure, Shenyang the 
Third Reagent Plant; NaF, analytically pure, Dandong the 
Fourth Chemical Plant; Cryolite, r=3.0, Shanghai the Third 
Reagent Plant and r=2.05, Fushun Aluminum Reduction Plant,

III. RESULTS AND DISCUSSION
1. Regression Equation and its Precision 
The combinatorial design with orthogonal regression was 

adopted and experimental plan and results are given in 
table 1. The regression equation (4) was obtained on the 
basis of the experimental data.

a=-80.1885-t-0.5274C1+0.2574C2-2.8452r+0.13192T
-0.005298C1C2-0.0002937CiT-0.0001862C2T-0.01904cf 
-0.001436C|+0.5141r2*5.1889x 10"5t 2 (4)

Where a is the activity of lanthana, C^ and C? are concen­
trations ($wt) of alumina and Lanthana respectively, r is 
cryolite ratio, and T is temperature (K).
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Table !• Experimental plan and results

No. Al203$(vt) La20 3/»(wt) T T L ^ O ^  activity

1 2 2 2.4 1233 0.00976
2 2 2 2.4 1293 0.02708
3 2 2 3.0 1233 0.01193
4 2 2 3.0 1293 0.01419
5 2 10 2.4 1233 0.1649
6 2 10 2.4 1293 0.09629
7 2 10 3.0 1233 0.1393
8 2 10 3.0 1293 0.07703
9 6 2 2.4 1233 0.1197

10 6 2 2.4 1293 0.09552
11 6 2 3.0 1233 0.1041
12 6 2 3.0 1293 0.03512
13 6 10 2.4 1233 0.4762
14 6 10 2.4 1293 0.3214 '
15 6 10 3.0 1233 0.3974
16 6 10 3.0 1293 0.2521
17 1.172 6 2.7 1263 0.04674
18 6.828 6 2.7 1263 0.1741
19 4 0.344 2.7 1263 0.00679
20 4 11.656 2.7 1263 0.4267
21 4 6 2.276 1263 0.4027
22 4 6 3.124 1263 0.3078
23 4 6 2.7 1220.6 0.2975
24 4 6 2.7 1305.4 0.04113
25 4 6 2.7 1263 0.1954

T

The analysis of variance (F=17.87> ^0.0l^*» 13)=4.X>3) 
showed that the regression equation is very precise. In 
order to examine the reliability of the equation again, we 
did eight contrast experiments at random. The deviations 
of lanthana activity calculated and measured is smaller 
than +0.02 in the same condition. The result proves that
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the equation is very precise and reliable.
2. Influence of Several Factors on Activity of Lanthana
According to the equation (4), the influence of several 

factors on lanthana activity was given in Fig. 2-Fig. 5.
Fig. 2. Shows clearly that the activity of lanthana in­

creases with increasing concentration when other fac­
tors do not change. The gradient of increase relates to the 
concentration of alumina. The reason is that AIOF2 ions 
increase with increasing the concentration of alumina.

When cryolite ratio is equal to 2.7, the influence of 
the concentration of alumina on the activity of lanthana is 
plotted in Fig. 3, As can be seen from this figure, when

Fig.2 Variation of activity 
of lanthana (a) with its 
concentration (La20 3?£(wt)) 
at 1248K
a—r=2.5, A 120^=6^; 
x-rr=2.9, Al203=6$;
.-r=2.5, Al20 3=2$.

Fig.3 Variation of acti­
vity of lanthana (a) 
with concentration of 
alumina (Al203$(wt))
(r=2.7)
a -T=1248K, La 2 0 3 =9^; 
x-T=1263K, La203=9^; 
•-T=1248K, La20 3=3%.

the concentration of alumina is smaller than 5$(wt), the 
activity of lanthana increases with increasing the concen­
tration of alumina, and when the concentration of alumina 
is higher than 6%(wt), the slope reverses. The 
results may be that complicated complex ions is formed by 
combination of A1-0-F ions f so the concentration of 
A10F2 ions decreases.
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Cryolite ratio (r)
Fig.4 The influence of cryolite 

ratio on the activity of 
lanthana (a) at 1263K

x —A 1203=6%, k a203=9$;
a -A120 3= 4 L a 203=9%; 
•-Al203=4^, La203=3^.

T(K)
F ig.5 The influence of 

temperature on the 
activity of lanthana 
(A) (Al20 3=4# (vt))
A-r=2•6, La203=9^j
x-r=2.8, La20 3=9^5
•- r = 2 .6, La203= 3̂ *

The influence of cryolite ratio on the activity of lan­
thana is illustrated in Fig* 4. It is shown that the acti­
vity of lanthana decreases slightly with increasing cryolite 
ratio*

Fig. 5 shows the influence of temperature on the activity 
of lanthana. The curves in the figure show that the activity 
of lanthana first increases and then decreases slightly with 
increasing the temperature* This is the results of two re­
asons. First, increasing temperature causes complex ions 
to decompose, and this increases the activity of 
lanthana. Second, the solubility of lanthana in melts in­
creases with increasing temperature, so its activity decre­
ases •

3. The Isogram of Lanthana Activity

In order to examine the influence of several factors on 
the activity, the isogram of lanthana activity is illustra­
ted in Fig. 6 . The figure shows that when the concentration 
ratio lanthana to alumina is equal to some datum, the acti­
vity of lanthana is the highest. Cryolite ratio has little 
influence on this result .
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A 1 20 3 %(wt)
Fig. 6 Iso-activity lines of lanthana in

r NaF.AlF3-Al203-La203 melts at 1253K
--- r=2 .5; - - - r = 2 .7

IV. CONCLUSION

1 * A highly precise regression equation of lanthana 
activity was obtained*

2 . The experimental results show that the activity of 
lanthana in melts increases with increasing its concentra- 
tion,and the concentration of alumina has a large influ­
ence oh the activity of lanthana. When the concentration 
of alumina is about 5%, the activity of lanthana reaches
a maximum.

3. The Isogram shows that the activity of lanthana 
reaches a maximum as a function of the 1anthana/alumina 
ratio.
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E L E C T R O C H E M I C A L  S T U D I E S  ON D I S P R O P O R T I O ­
N A T I O N  R E A C T I O N  OF T I T A N I U M  AND T I T A N I U M  

I O N S  I N K C L - N A C L  MO L T E N  S A L T S

Takeo Oki, Masazumi Oki do and Chen Guang-sen 
Faculty of Eng., Nagoya University, Furo-cho, Chikusa-ku,Nagoya,464,Japan

ABSTRACT

The reaction between titanium and titanium ions was investigated by 
means of electrochemical and physical methods in KCl-NaCI molten 
salts with K2TiFe or TiCh at 973K. The reactions were considered 
as follows.

2Ti3+ + Ti = 3Ti?+ in KCl-NaCI with TiCls
Ti<* + Ti = 2Ti*< in KCI-NaC! with Kj>TiFe less than O .Sm \%
3Ti*+ + Ti = 4Ti3+ in KCl-NaCI with K2TiFe more than 2.7mol%

And also, it was clarified that the fluorine ions affected on the 
reduction reaction of titanium ions (Ti4+) by the electrochemical 
and physical measurements in the molten salts with KF.

INTRODUCTION

The e le c tro d e p o sit io n  of t itan ium  from molten s a l t  systems has been 
in v e st ig a te d  by many re se a rc h e rs (1 -6 ). However, the process i s  very com­
p lic a te d  due to lower va len t compounds of t itan iu m (T i2 + ,T i3+) which 
e x is t  in  the e le c t r o ly t ic  bath and the reaction s between m e ta llic  t it a n ­
ium and te t r a -  or t r iv a le n t  t itan ium  io n s (7 -1 0 ).  There are cu rren tly  a 
number of papers concerning the e q u ilib r iu m  between titan ium  metal and 
c h lo r id e  molten s a l t s  co n ta in in g  T iC l4 or T iC l3 (10-13) but few reports  
concerning the mechanism and k in e t ic  behavior of the in te ra c t io n  between 
titan ium  metal and titan ium  ion s in  v a r io u s  com positions of molten 
s a l t s .  Th is i s  of importance, not only fo r  the e le c tro d e p o sit io n  of 
titan ium  from molten s a l t  system s, but a lso  fo r  the a p p lic a t io n s  of the 
d isp ro p o rtio n a t io n  reaction  to the form ation  of th in  f i lm s (1 4 ).  In  t h is  
paper, the in te ra c t io n  re a c tio n  of t itan ium  and titan ium  ion s was inve s­
t ig a te d  and d iscu ssed  by the use of the immersion te st  and the e le c tro ­
reduction  of Ti io n sC l^ T iF g ) by lin e a r  sweep voltammetry,chronoamperome- 
try  and Faradaic  impedance measurements in  NaC l-KCl molten s a l t s .  A lso ,  
the e f fe c t s  of F“ ion s on the reaction  and behaviour of e lec tro re du ction  
of Ti*t+ ions were in v e st ig a te d .

EXPERIMENTAL

The experimental cell for electrochemical measurements is shown in Fig.l. 
All experiments were carried out in a protective purified argon atmosphere at a 
temperature of 973±2K. The reference electrode consisted of Ag-O.lNAgCI in equi 
molar KCl-NaCI molten salts and a very thin mullite tube as diaphragm. A Ti wire
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(1.6mm0) or a Pt wire(O.5mm0) was used as a working electrode. The counter 
electrode was Pt wire with a large surface area.

As a supporting electrolyte, an equimolar KCI-NaCI mixture was used after 
holding at their melting point in a vacuum enough to dehydrate. K2TiFe and TiCl3 
were both used as a source of titanium ions. Also, KF was added into the molten 
salts to examine the effects of fluorine ions on the reaction behaviour of tita­
nium ions* Linear sweep voltammetry and chronoamperometry were achieved 
by means of a conventional potentiostat. The impedance measurements 
were performed using a digital frequency response analyzer(15). Alter­
nating voltage with an alternate y^Ep of about 10 mV was superimposed.

Also, the weight changes of Ti plates with 10X10X2mm were measured after 
being immersed in the molten salts with various compositions of K2TiFe,TiCl3» KF 
and so on. The molten salts after experiment were cooled in the inert atmosphere 
and solidified salts were leached with boiled distilled water to dissolve the 
alkali chlorides and to separate the insoluble products formed by the reaction 
between titanium and Ti4+ ions (toTiFe). The separated products were analyEed by 
X-ray diffraction to obtain the information about the valency state of Ti.

RESULTS AND DISCUSSION

1.React ion between Ti metal and Ti ions

Typical potential changes of titanium plates of 10X10X2(mm) in KCI-NaCI 
with TiCb or K2TiFe are shown in Fig.2. It was found that the mixed potential E 
increased with the increase of TiCl3 or K2TiFe concentration in the molten salts 
and a steady state was obtained in about 30-60 minutes. Then, the immersion time 
was taken as 70 minutes to determine the weight change of Ti plates in the molten 
salts. The Ti weight changes associated with the reaction between Ti metal and 
Ti ions in KCI-NaCI molten salts with TiCl3 or K2TiFe are demonstrated in Fig.3. 
The lines represent the theoretical weight change in accordance with various 
possible interaction mechanisms. The experimental results in the bath with TiCh 
was in good agreement with the theoretical line, which follows this reaction.

2Ti3+ + Ti = 3Ti2+. [1]
But the interaction between titanium metal and the molten salts with K2T1F6 was 
not simple. The experimental values in the bath with lower concentrations of 
K2TiFe agreed with the theoretical line of reaction[2] and those in the bath 
with higher concentrations of K2TiFe appeared to agree with reaction[3].

Ti4* + Ti = 2T i2+ [2]
3Ti4+ + Ti = 4Ti3+ [3]

From the results shown in Fig.3, the mechanism of the interaction between tita­
nium metal and the molten salts containing K2T1F6 appears complex, so it was 
necessary to determine the products of the interaction in order to clarify the 
reaction mechanism.

2*X-ray analysis
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Typical results of the X-ray diffraction of insoluble materials through wa­
ter leaching of the solidified salts are given in Fig.4. Besides the fluorides 
of trivalent titaniumCK2NaTiFe,KTiF4,NaTiF4,K3TiFe»Na3TiFe)» the lines for tita­
nium metal were very strong in Fig.4(a), less stronger in Fig.4(b) and very weak 
in Fig.4(c).

3.Impedance characteristics

Fig.5 shows typical complex impedance diagrams(Z=R+jX, j^-1) for the int­
eraction reactions between titanium metal and the KCI-NaCI molten salts contain­
ing TiCl3 or faTiFe at mixed potentials. And it is the result of Ti electrode in 
the molten salts with 1.37mol%K2TiF6 or 0.276mol%TiCl3. It is evident that the 
complex impedance diagrams consist of two parts for both TiCh and fcTiFe, the 
loop on the higher frequency side is due to a charge transfer reaction, and the 
straight line with a slope of about 45° on the lower freqency side is attributed 
to diffusion of reactants or reaction products.

Fig.6 shows a relation between the reaction resistance(l/Rt*) obtained from 
the impedance data and the average weight change rate(/4W mg/hr.cm2) of titanium 
immersed in KCI-NaCI molten salts with TiCh or ^TiFg. There was a straight 
line relation for titanium metal in the molten salts with TiCl3, but in the case 
of K2TiFe a straight line relation was not observed. The implication is that the 
mechanism of the reaction between titanium metal and the molten salts containing 
K2TiFe changed with the K2TiFe content.

4. Reaction between Ti and K?TiFfi

From the results in Fig.3,4 and 6, the interaction between titanium metal 
and the molten KCI-NaCI-K2TiFe was different from the reaction between titanium 
metal and the molten KC!-NaCI-TiCl3. When the content of K2TiFe was higher than 
2.76mol.%(about 9.1wt.%), the weight change of the titanium specimen agreed well 
with the theoretical values calculated as the reaction of eq.[3], where the pro­
ducts were determined as titanium trifluoride group in Fig.4(c). These results 
were consistent with those obtained by many researchers(15-18). Therefore, the 
interaction between titanium metal and the molten salts with higher than about 
9wt.% K2TiFe content can be indicated as the eq.[3].

When the concentration of K2TiFe was less than approximately 0.8mol%, the 
experimental results were in close agreement with the theoretical values calcu­
lated by the reaction of eq.[2]. However, only titanium trifluoride compounds 
and titanium metal in the products were detected according to X-ray diffraction 
analysis results. This may be because of the decomposition of Ti2+ (fluoride) 
during cooling(19-20). The reaction of titanium metal in the molten salts with 
less than about 0.8mo1.% K2TiFe content proceeded according to reaction[2]. And 
from the results in Fig.3 and 4(b), the interaction reaction between titanium 
metal and the molten salts containing K2TiFe of 0 .8— 2.7mol.% was represented by
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reactions [2]*[3].

5.Effects of F~ ions on the reaction between Ti and Ti.ions

The behaviour of the reaction between Ti metal and Ti ions in equimolar KC1 
-NaCl molten salts with K2TiFe was more complex in comparison with the case of 
TiCl3* Therefore, the experiment was made to clarify the effects of F_ ions on 
the reaction. Fig.7 shows Ti weight changes with the concentration of KF in KCl- 
NaCl-KF-3wt%(or lOwWK^TiFe. The dashed lines present the theoretical weight 
changes in accordance with various possible mechanisms provided that these reac­
tions proceed completely. In KC1~NaCI -3wt%K2TiF6» the Ti weight changes in the 
bath with below 3wU KF were in close agreement with the reaction of eq.[2]. 
However, the weight changes decreased with the increase of KF concentration. It 
was caused that the reaction changed from eq.[2] to eq.[3]. In KCl-NaCl-10wt.% 
K̂ TiFe molten salts with various composition of KF, the Ti weight changes were 
independent of the KF concentration. These values agreed well with the theoreti­
cal those calculated from the reaction of eq.[3].

As discussed above, it can be concluded that the reaction of Ti and Ti4 + 
ions with less fluorine ions occured to act like that in alkali chloride melts. 
Also, there existed an intermediate fluorine ion range in which reactions of eq. 
[2 ] and eq.[3] occurred simultaneously and were in  equilibrium.

6.Polarization.behavLQr ofTi and Ti4+

It was observed that fluorine ions played a important role in the reaction 
as shown above. The cathodic reactions of Ti4+ ions and anodic reactions of Ti 
will be presented in this section. Typical linear voltammograras for electrore­
duction of Ti4+ ions in KCI-NaC!-3wt%K2TiFe and anodic reaction of Ti metal in 
KCl-NaCl molten salts are given in Fig.8. Curve(l) in this figure is the cathod­
ic current density-potential curve for the redution of Ti4+. According to this 
result and the result obtained at the same Pt electrode in pure KCl-NaCl molten 
salts,it was found that the current increased from less potential than -2.0V cor­
responded to the reduction of alkali cation ions. Then, the reduction of Ti4 + 
ions consisted of four steps(discussed later in this paper). This differed from 
the results published in the Iiterature[15-18] in which it was pointed that the 
reduction of Ti4* ions in fluoride or chloride-fluoride mixed melts (teTiFe > 10 
wt.X) had following steps: Ti4+ + e=Ti3+, Ti3+ + 3e =Ti(Pt alloy).

Curve(2) in Fig.8 presents the anodic behavior of Ti metal in pure KCl-NaCl 
molten salts. It was composed of three different straight relations between 
log(i) and potential(V). According to standard potential of Ti/Ti4+(or Ti 3* or 
Ti2+) system, it was reasonably considered that they corresponded to the follow­
ing three different anodic reactions.

Ti = Ti2+ + 2e
Ti = Ti3+ + 3e
Ti = Ti4+ + 4e
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Also it was noted that part (A) of the anodic curve, which corresponds to eq.(4), 
intersected with part(b) of the cathodic one.

A typical linear voltammogram for the rediction of Ti4+ in KCI-NaCl molten 
salts with 10wt.%K2TiFs is shown in Fig.9. It differed from the electroreduction 
of Ti4+ ions in the molten salts with 3wt%K2TiFs. In this case, three steps were 
observed. Fig.10 showed typical linear voltammograms for electroreduction of 
Ti4+ ions in KCI-NaCl-3wt.%K2TiFe molten salts with lOwt.XKF and anodic reaction 
of Ti metal in KCI-NaCl melts containing lOwt^KF. In comparison with the results 
in Fig.8 and 9, the cathodic behaviour of Ti4+ ions were close to that in KCI- 
NaCl molten salts with 10 wt.%K?TiF6 and the anodic characteristics were similar 
to that in pure KCI-NaCl melts. However, part (B) of the anodic curve intersect­
ed with part (c) of the cathodic one. This point was different from that shown 
in Fig.8 .

It was shown that the reduction of Ti4 + ions at a Pt electrode was (quasi) 
reversible process and mainly diffusion controlled. Therefore,the following equ­
ation can be used for estimation of the electron number involved in the electro­
chemical reduction steps, if both the reactants and products are soluble.

EP-Ei/2 P=EP c-EP a=-2.20RT/(nF) [7]
The electron numbers were also obtained from the slope [RT/(nF)] of the propor­
tional relations between log[(id-i)/i] for a steady voltammogram. Table 1 and 2 
showed the mean values calculated by these two methods. X-ray diffraction analy­
sis was used to determine the products obtained on a Pt electrode after electro­
lysis at various potentials. The electrochemical reduction of Ti4+ ions on a Pi- 
electrode in fluoride-chloride mixed melts with higher fluorine ions was sugges­
ted as follows.

Ti4+ + e = Ti3+ [8]
Ti3+ + 3e = Ti(Pt alloy) [9]
Ti3+ + 3e = Ti(pure) [10]

When the concentration of F~ ions in the molten melts was less, the reduction 
reaction was proposed as the following four sequential steps.

Ti4+ + e = Ti3+ [11]
Ti3+ + e = Ti2* [12]
Ti2* + 2e = Ti(Pt alloy) [13]
Ti2* + 2e = Ti(pure) [14]

The reaction between Ti metal and the molten salts containing Ti ions can be 
deduced from the cathodic reaction and anodic reaction at the intersection point 
of these(cathodic or anodic) voltammograms. According to the results shown in 
Fig.8 , the cathodic reactions was eq.[ll] and eq.[12] and the anodic one was eq.
[4] at the mixed potential which was approximately equal to that at the inter­
section point. Then, the reaction between Ti metal and KCI-NaCl-3wt% K2TiF6 were 
the same with reaction of eq.[2].

CONCLUSION

The reaction between titanium and titanium ions was considered to proceed 
at 973K as follows.
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2Ti3+ + Ti = 3Ti2+ in KCI-NaCI with TiCI3
Ti4+ + Ti = 2Ti2+ in KCI-NaCI with K2TiFe less than 0.8mo1X
3Ti4+ + Ti = 4Ti3+ in KCI-NaCI with K2TiFe wore than 2.7mol%

The effects of the fluorine ions on the reduction reaction of titaniuw ions(Ti4+)
have been clarified. The reduction of Ti4+ ions changed frow Ti4+ + e = Ti3+, 
Ti3+ + e = Ti2+ and Ti2+ + 2e = Ti three step process to Ti4+ + e = Ti3+,
Ti3+ + 3e = Ti two step process with the increase of F“ concentration.
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Fig.l Electrolysis cell. (1) sili­
cone rubber; (2) quartz tube; (3) cru­
cible; (4) CA thermocouple.
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Fig.2 Time dependence of mixed potential of Ti plates in KCI-NaCl 
melts with various compositions of (a) TiCl3» (b) K2TiFe at 973K

cell (moles * 10‘* )

Fig.3 Weight changes of the Ti specimens 
in KCI-NaCl(15g) with TiCl3 or «2TiFe for 
70 minutes at 973K. The lines represent 
theoretical weight changes with various 
possible reactions.
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Fig.4 X-ray diffraction of the products of the reaction between 
Ti metal and Ti ions in KCI-NaCI melts with teTiFe: (a) 0.276mo1*; 
(b) 1.37moI %; (c) 3.99mol%.

Fig.5 Complex impedance diagrams 
of a Ti electrode in KCI-NaCI 
melts at mixed potential at 973Kt 
(1) 0.276moI%TiC13; (2) 1.37mo^ 
K2TiFe.

Fig.6 Relation between Ti weight 
change rate and the charge transfer 
resistance of Ti electrode at mixed 
potential in KCI-NaCI melts with 
TiCI3 or K2TiFe.
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Fig.7 Effects of KF conce- 
tration on the Ti weight 
changes in KC1-NaCl-KF(30g) 
melts with K2TiFe for 3hrs.

Fig.8 (1) Cathodic polari­
zation curve for Ti4+ ions 
in KCI-NaC! melts with 3wt.!t 
K2TiF6; (2) Anodic one for 
a Ti electrode in KCI-NaCI 
at 973K. Scan rate.* 50mv/s.

Fig.9 (1) Cathodic polari­
zation curve for Ti4+ ions 
in KCI-NaCI melts with 3wt.%
K2TiFe and lOwt.XKF*, (2) Ano­
dic one for a Ti electrode in 
KCI-NaCI-lOwt.W at 973K. Scan 
rate: 50mv/s

Fig.10 Linear sweep voltammo- 
gram for reduction of Ti4+ ions 
in KCI-NaCI-lOwt.^TiFe at 973K 
Pt: 0.159cm2; scan rate: 50mV/s.
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Table 1 Mean values of electron number for 
reduction of Ti4+ in KCI-NaCl with IteTiFe on 
a Pt electrode at 973K

Reduction step (a) (b) (c) (d)

lwt.%K2TiF6 0.99 1.10 1.89 1.91
10wt.%K2TiF6 1.01 2.82 3.02

Table 2 Mean values of electron number for 
reduction of Ti4+ in KCI-NaCl-3wt.%K2TiFe 
melts with KF on a Pt electrode at 973K

Reduction step (a) (b) (c) (d)

Owt.SKF
3vt.XKF
lOvt.XKF
20vt.Z

0.92 0.95 2.01 1.94 
1.02 0.90 1.86 
1.01 2.99 
0.92 2.96
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IN LiCI-KCI EUTECTIC MELT AT 743 K.
D.M. Ferry, G.S. Picard and B.L. Tremillon 
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assode au C.N.R.S. (U.A 216)
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ABSTRACT
The electrochemical system s of titanium in LiCI-KCI eutectic melt 
have been investigated by means of pulse techniques and A.C. 
impedance measurements. Ti3+/Ti(IV) electrochemical system 
appears reversible while Ti3+/Ti2+ is quasi-reversible and metallic 
titanium deposition from Ti2+  is irreversible. Kinetic constants 
related to these redox systems have been determined a s also the 
thickness of the diffusion layer, the double layer capacitance and the 
electrolyte resistance.

1. INTRODUCTION
The electrodeposition of metallic titanium from titanium (IV) chloride in molten 

chlorides melt aroused a lot of investigations since the early fifties. Nevertheless the 
important discrepancies between the various results available in literature led us to 
perform a systematic study of the thermodynamic stability of titanium chlorides and 
oxides in a particular bath, the molten eutectic LiCI-KCI at 743 K.

First we determined the standard potentials of the three different redox systems 
of titanium [Ti(0)/Ti(ll), Ti(ll)/Ti(lll) and Ti(lll)/Ti(IV)] and the solubility products of all 
the titanium oxides (1). Secondly, because of the lack of information on the kinetic 
parameters of the electrochemical system s of titanium, we have undertaken their 
determination by using pulse and A.C. impedance techniques. This is the subject of this 
paper.

2. TECHNICAL
2.1. Preparation of melt and apparatus.
The eutectic melt (45 wt %  LiCI - 55 wt %  KCI) was contained in a pyrex crucible 

placed inside a pyrex reactor. This mixture was fused under vacuum as was described 
earlier (2), and then maintained at the working temperature (743 K) under an inert 
atmosphere of dry argon. Heating was achieved by means of a Renat furnace connected 
to a temperature-controlled device Microcor Chauvin-Arnoux.

2.2. Products and electrodes.
Lithium and potassium chlorides (minimum purity 99% ) were supplied by Merck. 

Solid titanium(lll) chloride (purity > 98%), from Alpha Ventron, was kept in a dry 
glove-box until its use. TiCI3  was added into the melt by means of a "powder burette" (3).
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The working and counter electrodes were tungsten wires (surface area S  = 0.24 
cm 2 ) and the reference electrode was the silver-silver chloride (0.75 mol.kg"1) 
reference previously discribed (3). Metallic wires were supplied by Johnson-Matthey (W 
purity : 99.98 %  ; Ag : 15 ppm of impurities). Silver chloride was a Merck product 
(99 % ). Potentials are referred in this paper to the chlorine (1 atm)-chloride electrode 
whose potential is + 1.023 V  versus our reference electrode.

2.3. Pulse techniques.
Chronoamperograms and chronopotentiograms have been recorded by using a PAR 

Model 176 potentiostat-galvanostat connected, yia an interface Model 273, to an Apple lie 
microcomputer. Experimental data have been stored onto 5"1/4 flexible disks and 
then plotted with a 7470 A  Hewlett-Packard plotter.

2.4. A.C. Impedance measurements.
Experiments were performed with a Z Computer system Tacussel coupled to a 

Hewlett-Packard 9826 microcomputer. Measurements have been carried out using a 15 
nt/ anplitude sine wave signal and a frequency range from 100 kHz to 50 mHz. The 
usual operating precautions (Faraday cage surrounding the electrochemical cell, con­
necting screened wires,...) were taken. Interpretation of experimental data was 
realized by conparina them with conputerized curves according to a mechanism model. 
An HP 90&J ̂ Series 30CT microconputer and a 7470 A HP plottc 
purpose.

plotter was used'for that

3. RESULTS AND DISCUSSION
3.1. Chronoamperometrlc studies of the oxidation and reduction of
titan ium (lll) solutions.
From E = -2.5 V  to E *  0 V, it was experimentally observed that chronoamperograms 

exhibit a current constant value, due to thermal convection, for each potential when times 
are greater than 10  s. These steady state potential-dependent current values were used 
for obtaining the i-E curves represented in figure 1a.

We can notice on figure 2a that the diffusion limiting current of the oxidation wave is 
pratically equal to the one of the first reduction wave and to the half of the second 
reduction wave. Besides, a logarithmic analysis of the i-E oxidation curve (figure 1 b) 
indicates a bilogarithmic behavior when potential is lower than the half-wave potential 
(current densities less than 13 mA. cm"2 ) corresponding to a reversible charge transfer 
involving one electron suggesting the formation of soluble Ti4+ ions. For potentials 
greater than the half-wave potential, we observe a deviation from the bilogarithmic 
behavior which can be explained by considering the solubility of gaseous TiCI4 . By such an

analysis, we can verify that the number n of exchanged electrons is close to the unity (n *  
1.2 ±  0.1). From these results, we can deduce that the first step of the Ti^+ ion reduction 
leads to titanium(ll), followed by the reduction of Ti(ll) into metallic titanium.

By plotting the variation of the current versus the reciprocal value of the square 
root of time at a potential corresponding to the diffusion limiting current of the i-E 
oxidation curve (point P on figure 1a), we demonstrate that experimental data obey

518



Cottrell's law (figure 1c). The straight line obtained has a Slope of 45 ±  6 mA.crrf2 .s' 1/2 
from which the diffusion coefficient D of Ti3+ ion has been calculated by using for the 
number of exchanged electrons the value n = 1 determined above. We found D = (1.9 ±
0.5).10"^ cm2 s ’1 . By using (i) this value of D, (ii) the one of the thickness 5 of the 
diffusion layer deduced from the limiting current density, and (iii) those of the standard 
potentials of the electrochemical system s Ti3 + / T r + and Ti2+ /Ti(0) [previously 
determined potentiometrically (1,5,6)], it was possible to obtain a simulated curve (solid 
line on figure 1 a) which fits well the experimental points, thus verifying the consistency 
of the proposed electrochemical reactions. From this analysis, we have obtained the 
values of the intrinsic rate constants k0 and of the transfer coefficients a  of these two

redox system s (Table 1). Ti3 +/Ti2+ can be considered as quasi-reversible whereas 
titanium deposition appears irreversible.

3.2. Chronopotentlometrlc analysis of the titanium electrochemical
systems.
Ti3+/Tinvr> electrochemical system.

Figure 2a gives typical chronopotentiograms obtained at a tungsten electrode for 
imposed anodic current density values ranging from 29 to 42 mA.cm '2 . We observe 
waves whose quarter wave potentials Et/4 are very close to the value of the Ti3+/Ti(IV) 

standard potential (itself equal to the half wave potential E*j/2 of the oxidation curve of

figure 1a)< For times higher than the transition times x, potentials reach values relative to 
the oxidation of chloride ions into chlorine. Analysis of the variation of the transition time 
as a function of imposed current density values j0 (figure 2b) confirms that the

electrochemical reaction is diffusion-controlled (Sand 's law). From the slope of the 
straight line obtained by plotting j0 versus x "1/2, we obtained for the diffusion

coefficient D of Ti3+ the value D = (1.0 ±  0.1).1Q’ 5 cm2 .s' 1 which is slightly lower than 
the value determined by chronoamperometry.

Current reversal ch ronopotentionetry has given the following additional infonma- 
tion. By reversing the current at various times of electrolysis (and for several 
current values) as shown in figure 2c, we have been able to demonstrate that titan- 
iun(IV) is produced as a soluble species. In fact, the ratio of t red (transition 
time corresponding to the rediction of part of the species fonred during electroly­
sis of duration tox) to tox is close to 1/3 whatever the inposed current values 
(figure 2d).

Ti3+ reduction.

Concerning the reduction of Ti3+ , chronopotentiometric transients show that this 
reduction effectively occurs in two successive steps (figure 3a). By measuring the 
corresponding transition times x-j and x2 , we observe thatx2 is about eight times higher

than t-j. This result is in good agreement with an exchange of one electron for the first 

reduction step, and of two electrons for the second one (7a).

By using current reversal techniques (figure 3b), we can prove the formation of
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soluble titanium(ll) species during the first electrochemical reaction followed by the 
electrodeposition of metallic titanium. In fact, the ratio of the reoxidation transition time 
xox to the global reduction electrolysis time tre(j takes the value of 1/3 for potentials

ranging from -1.95 to -2.15 V, and takes the value 0.6 for potentials lower than -2.3 V. A  
value close to 0.6, and not unity which is generally observed for a one step 
electrochemical deposition, is obtained because of the intermediate step leading to Ti2+ 
tons.

3.3. A.C. Impedance measurements.
The analysis of the i-E reduction curves performed above allowed us to determine 

the kinetic characteristics of the electrochemical reactions of the Ti3+  reduction. 
Concerning the Ti3+/Ti(IV) redox system, which appears reversible from i-E  oxidation 
curve, we had to use another technique for obtaining the corresponding value of the 
in trin sic  rate constant and that of the transfer coefficient. Because of the large 
frequency range which can be explored, A.C. inpedance measurements had proved to  be 
the best method for that study.

Experimental data resulting from measurements performed at a potential equal to 
-0.50 V  are reported in the complex plane (Nyquist plot) in figure 4a and as a function of 
frequency (Bode plots) in figures 4b and 4c. These spectra clearly show one capacitive 
loop at high frequencies (from 100 to 5 kHz) and a Warburg behavior for frequencies 
ranging from 5 kHz to about 0.1 Hz (the phase angle tends towards -45*). Below this last 
frequency value, as indicated by the Bode phase plot (figure 4c), we can observe a 
decrease in the phase angle due to the thermal convection leading to a finite thickness 
diffusion layer 5 (already determined).

Relying on the results obtained by pulse techniques, impedance spectra have been 
computerized by using a  simple model involving two m ass transfer steps (Ti3+  and 
produced Ti(IV) diffusions) and one electron charge transfer step. Simulated curves are 
represented as solid lines in figures 4. The good fit obtained corresponds to the kinetic 
parameter values given in Table 1, to a double layer capacitance Cd of (125 ±  40).10"6
F.cm ' 2 and to an electrolyte resistance Re of (0.08 ±  0.01) Q (for a working electrode 
surface area equal to 1 cm2 ).

4. CONCLUSION.
By using both pulse and A.C. impedance techniques, it was possible to accurately 

determine the kinetic parameters characterizing the m ass and the charge transfers 
occuring, in the electrochemical oxidation and reduction reactions of Ti3+ ions.

Dahl et al. had estimated the diffusion coefficient of Ti2+ ion at 723 K  from their 
study on electrodeposition of titanium from TiCI2 solutions (8). They considered that this

diffusion coefficient is in the range of (1-3)10‘ 5 cm2 .s*1 . By comparing with our work 
we can assert that the diffusion coefficients of Ti3+  and T r + are close to each other. 
Moreover, we have been able to put a figure to the effect of thermal convection by 
determining the resulting thickness 8 of the diffusion layer. The value obtained is in good 
agreement with that which can be estimated by using the relation 8 « V2Dt (7b) knowing
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the value of the diffusion coefficient of Ti3+  and that of the duration t for which 
steady-state diffusion conditions due to thermal convection are reached. In fact from the 
corresponding value of t (~ 10 s  ) deduced from the chronoamperometric

measurements, we find 8 = 0.017 ±0 .005 cm.

Concerning the intrinsic rate constants k0 of the electrochemical system s of

titanium, only the one related to the Ti2 +/Ti(0) redox system is available in the 
literature. Haarberg et al. (9) considered that the electrodeposition of titanium from Ti2+ 
is irreversible, a s  we have demonstrated in this work. The value of k0 which can be

calculated from their work (1.5 10"6cm_1) is very close to ours.

The results described in this paper complete those of our previous work concerning 
the thermodynamic properties of titanium and its compounds with iron and oxygen (1,4).
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Figure 1 : a) i-E curves in the steady-state conditions due to thermal convection 
(concentration of Tp+  *  0.11 mol.kg"1).

b) Bilogarithmic analysis of the oxidation wave.
c) Verification of Cottrell's law at a potential corresponding to the diffusion 

limiting current (point P in figure 1a).
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Figure 2 : a) Typical chronopotentiograms for the oxidation of Ti3+ ions (concentration
of these ions : 8.10"2 mol.kg”1). Current densities : j = 29,33 and 42 mA.cnT2.

b) Verification of Sand 's law.
c) Chronopotentiograms with current reversal, j = 62 mA.cm '2 .
d) Ratio of xrecj (transition time corresponding to the reduction of the species 

formed during electrolysis of duration tQX) to t^x for various current densities.
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Figure 3 : a) Typical chronopotentiogram for the reduction of Ti3+ into Ti2+ and metallic 
titanium (concentration of Ti3+ : 7.5 10‘2 mol.kg-1).

b) Chronopotentiograms with current reversal at potentials corresponding to the 
first reduction step (formation of Ti2+ ions) and to the second reduction step 
(leading to the electrodeposition of metallic titanium).

c) Variation of the ratio xox/trec| versus reversal potential.
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Figure 4 : Nyquist (a) and Bode (b-c) diagrams of the oxidation of Ti3+
(imposed potential: -0.5 V) and corresponding simulated curves.

525



Electrochemical

system

F  (V)

ref: C I7C I2 (1 atm)
*0

(cm .s'1)

a

Ti3+/Ti(IV) - 0.44 ±  0.02 0.2 ±  0.1 0.70 ±  0.05 (ox)
Ti2+/Ti3+ -1.94 ±0.01 (2 ±  1)10-3 0.50 ±  0.05

Ti(0)/Ti2+ -2 .05±0 .01 (3 ±1)1  O '6 0.60 ±0 .05  (red)

Table 1 : Kinetic characteristics of the different redox systems of 
titanium in LiCI-KCI eutectic melt at 743 K.
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ABSTRACT
The large overpotential on carbon anode in fluoride 

melt is due to a strong chemical interaction of discharged 
fluorine with carbon, which provides graphite fluoride film 
having an extremely low surface energy. When carbon anode 
is somewhat covered by thin graphite fluoride film, the 
wettability of anode by electrolyte decreases and anode 
effect occurs. Graphite fluoride film is directly detected 
by ESCA. Graphitization of carbon anode significantly 
affects the critical current density for anode effect.
Namely amorphous carbon gives a higher critical current 
density than high quality graphite because graphite fluoride 
film easily decomposes to fluorocarbon gases. Recent inves­
tigation has revealed that a small amount of water contained 
in KF2HF melt gives serious effect to the formation of 
graphite fluoride film on carbon anode. The effect of LiF 
addition to the melt first appears when water content is 
less than 0.02%. The role of LiF is the catalytic action 
for fluorine intercalation in graphite to give a highly 
conductive intercalation compound.

INTRODUCTION
The study on the mechanism of anode effect in fluoride 

melts had already started at the end of 19th century, being 
concerned with the electrolytic production of aluminum metal 
in cryolite melt. The first theory was that a high resis­
tivity film was formed on the carbon anode by discharge of 
fluoride ion(1). This is similar to the passivative state 
of metal, which was supported for 20 years. However, it was 
found in 1916 that voltage increase is not so high as that 
experimentally observed when calculated from the resistivity 
of the film. Second theory was that gas film was formed 
between electrode and electrolyte by vaporization of molten 
salt due to to abnormal generation of Joule heat(2). This
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view had an advantage that anode effect was understandable 
from charged gas bubbles, surface tension of molten salt, 
viscosity , density and so on.

The authors proposed a new interpretation on the basis 
of the studies on wettability of carbon electrode by elect­
rolyte (3) and overpotential in fluorine evolution reaction
(4). Carbon anode reactions including anode effect are under­
stood by the formation and properties of graphite interca­
lation compound on the anode surface. This paper summarizes 
carbon anode reactions in KF2HF melt.

RESULTS AND DISCUSSION
1. Overpotential for the discharge reaction of fluoride 

ion on carbon electrode
Two kinds of overpotentials are always observed on 

carbon anode reaction in KF2HF melt(Fig.l). One increases 
rapidly as soon as the circuit is closed <*v ), but another 
increases slowly with time (1T$ ). Tafel equation is appli­
cable at a current density less than 2 Adm where 1Tp is 
under 1 V(Fig.2). However, 7T$varies with time and reaches 
such a high potential at which anode effect occurs as the 
current density increases. Fig.2 shows that TT+ obeys the 
Tafel relation, however, 7T$ is strongly dependent on the 
crystallinity of carbon electrode, i.e. being different 
between carbon and graphite electrodes. Fig.3 is the 
variation of cell voltage and a contact angle of electrolyte 
on anode as a function of time. Variation of the contact 
angle is very large compared with that of cell voltage.
This phenomenon is interpreted as follows. Discharge of 
fluoride ion on carbon electrode is given by equation (1).

HF” -------> 1 /2F2 + HF + e (1 )
nC + nHF~------* (CF)n + nHF + ne (2)

However, (CF)n film formation proceeds at the same time by 
the reaction of discharged fluorine with carbon. If this 
film has a low surface energy, it becomes gradually diffi­
cult that carbon electrode is wetted by electrolyte. With 
increasing contact angle, a real current density also 
significantly increases, which would facilitate the reaction 
of discharged fluorine with carbon. The low surface energy 
of (CF) is demonstrated by contact angle measurement of 
(CF)n prepared by direct fluorination of graphite at a high 
temperature(Table 1). Fig.4 is a cyclic voltammogram of 
carbon electrode in KF2HF melt containing a small amount of 
water. The solid line indicates the first scan, in which 
peak B shows the discharge of OH ion(oxygen evolution) and 
peak F is the discharge of F ion(fluorine evolution). The
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dashed line is the second scan, in which the peak corres­
ponding to oxygen evolution disappears and only fluorine 
evolution is observed. A shoulder D is observed only in the 
first scan. This has not been clarified for a long time. 
However, a recent study suggests that peak D corresponds to 
the formation of graphite oxide film, which is decomposed 
by the attack of fluorine. If a low surface energy film is 
partly formed on the anode after first scan, the surface 
energy of anode might be decreased. This would result in 
the difficulty in water adsorption on anode surface. However, 
the adsorption of fluoride ion is possible because of the 
lower surface tension of HF than water. A large overpotential 
observed on carboneous anode is thus understood by postula- . 
ting a low surface energy film on anode. Anode effect is 
considered to be such a state that anode potential extremely 
increases with decrease in the wettability of anode by 
electrolyte. The film on carbon anode cannot be detected by 
X-ray diffraction probably because it is too thin to be 
detected. (CF) film is confirmed by ESCA measurement. Fig.
5 shows ESCA spectra of pyrolytic graphite anode which is 
obtained immediately after anode effect. C. peak around 
288-289 eV indicates C-F covalent bond and another peak at 
284.3 eV corresponds to C-C bond of graphite.
2. Several factors influencing anode effect

Occurrence of anode effect is strongly affected by 
crystallinity of carbon anode and fluoride additives. Fig.6 
is the critical current density(the highest current density 
just before anode effect happens) as a function of graphi- 
tization degree of carbon anode. Critical current density 
remarkably decreases when graphitization degree exceeds 
50%. This is more clearly observed in the melt containing 
NiF2 • Amorphous carbon reacts more easily with fluorine 
than high quality graphite. However, since the reaction of 
amorphous carbon with discharged fluorine proceeds more 
faster than graphite, it produces fluorocarbons such as 
CF^ and C-F^, giving new carbon surface with high roughness. 
0n4the otner hand, the reaction of graphite with fluorine 
gives a more stable (CF) film. This is similar to the 
behavior of layer plane and edge plane of pyrolytic graphite 
as shown in Fig.5.
3. Effect of a trace of water and solid LiF on anode effect

LiF is often added to the electrolyte so that fluorine 
evolution may be continued at a high current density . The 
solubility of LiF in KF2HF melt is 0.6-0.8 wt% at 100 °C.
The addition of LiF over the solubility gives a colloidal 
solution of KF2HF melt, in which the increase in the elect­
rolytic current is first observed. The impregnation of LiF 
in carbon electrode is more effective than the addition of 
LiF to the melt for preventing the anode effect. This is
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shown in Fig.7, which suggests that solid LiF acts at anode 
/electrolyte interface.

The following explanation was proposed concerning the 
role of LiF suspended in KF2HF melt. Fluorine gas bubbles 
having a negative charge are strongly attracted to anode 
surface by anodic polarization. LiF particles having a 
positive charge are adsorbed onto the surface of fluorine 
gas bubbles at anode/electrolyte interface. Neutralization 
of the charges facilitates the separation of gas bubbles 
from anode surface(5). Based on this interpretation, it was 
attempted to measure the potential of LiF particles in 
liquid hydrogen fluoride. However, no potential was 
detected by such an experiment(6).

Recently, a new fluorine-graphite intercalation 
compound was successfully synthesized in the presence of 
metal fluoride such as LiF, CuF^ or AgF(7-9). It shows high 
electrical conductivity and stability. The intercalated 
fluorine has a nearly ionic bond with graphite, and the 
carbon layer is still plane after intercalation of 
fluorine. Based on the formation of fluorine-graphite 
intercalation compound in the presence of LiF, a new proposal 
was given on the role of solid LiF suspended in KF2HF melt 
or impregnated in carbon electrode(10). It is that the 
occurrence of anode effect may be suppressed by the 
formation of graphite intercalation compound(GIC) which 
gives a high electrical conductivity to carbon anode and 
ensures the wettability of anode surface by electrolyte.

Fig.8 is the variation of anode potential under various 
conditions as a function of quantity of electricity. When 
water content in KF2HF melt is relatively large, that is, 
ca. 0.05%, anode effect occurs in a short time compared 
with the case that water content is less than 0.02%, almost 
independently of whether LiF is added to the melt or not. 
Anode effect occurs only slightly later in the melt con­
taining 3 wt% LiF, However, when water content is less than
0.02%, the effect of LiF added to the melt distinctly 
appears as shown in Fig.8. In this case, it is required that 
addition of LiF is made after water content is decreased to 
less than 0,02% by preelectrolysis. When preelectrolysis is 
done after addition of LiF to the melt, LiF give no effect 
on the suppression of anode effect probably because water 
in the melt is adsorbed by LiF particles. This is supported 
from the fact that water content decreases from 0.05% to
0.03% by addition of 3 wt% LiF.

Fig.9 shows the GIC and graphite fluoride film formed 
during electrolysis under various conditions. In the melt 
containing ca. 0.05% I^O, GIC is not formed but graphite 
fluoride film is easily prepared and anode effect occurs 
by a small quantity of electricity.
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xC + 2OH (3)■> CxO(graphite oxide film) + H2O + 2e
Cx0 + 3F~ ------► Cx /F(graphite fluoride film) + COF2 + 3e (4)
However, when water content is less than 0.02%, stage 6 and 
4 GIC's are formed even in the melt without LiF, giving 23.7 
A and 16.2 A as the repeat distance. Since no LiF is 
contained in the melt, this would be due to the electro­
chemical intercalation of HF2 into graphite.
nC + HF“ -----* C+HF~ + e (5)2 n Z

The repeat distance(d ) of this GIC is expressed as follows 
as a function of stage number, n.
d (A) = 6.05 + 3.35(n - 1 ) (6)
When LiF is added to the melt containing a trace of water 
less than 0.02%, the lower stage GIC(stage 3) is formed 
without occurrence of anode effect. This would be due to 
the intercalation of fluorine in graphite by the catalytic 
action of solid LiF in addition to the electrochemical 
intercalation of HF2 .
nC + mF LlF > C*F~ (7)n m
As the product is a mixture of C+HF0 and C*F, it is 
described as CxF(HF) .

There are two roles of solid LiF in KF2HF melt. One is 
the adsorption of water in the melt which contains a 
relatively large amount of water. Water-adsorbed LiF 
particles have no function to suppress the occurrence of 
anode effect. The film of adsorbed water on LiF particles 
would prevent the interaction of fluorine with LiF. LiF 
should be added to the melt after water content is decreased 
by preelectrolysis. When water content in KF2HF melt is less 
than 0.02%, water adsorption by suspended LiF can be 
neglected because the peak ratios for oxygen and fluorine 
evolution in cyclic voltammograms are the same before and 
after addition of LiF to the melt.

Another effect is the intercalation of fluorine in 
graphite as indicated in equation (7). This appears when 
water content is small, less than 0.02%. The reaction (7) 
occurs together with the electrochemical intercalation of 
HF2 in graphite, giving a lower stage GIC than that formed 
in the melt without LiF. The formation of GIC having a high 
electrical conductivity would ensure the sufficient 
wettability of anode by KF2HF melt.
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Fig.l Overpotentials of carbon 
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Fig.3 Change in cell voltage and contact 
angle as a function of time

Anode potentidl/Vvs Hj 
Sweep rate; 1/5 V/sec

Fig.4 Polarization curves of carbon anode in 
KF2HF melt at 100°C
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Fig. 5 ESCA spectra of pyrolytic graphite anodes im­
mediately after the anode effect 
I : Layer-plane,
II: edge plane.

T a b l e  1 Surface Free Energies Obtained form Contact Angles
Solid d i ~2a

7s /erg cm Surface Composition
Graphite fluoride, (CF]„ 6±3 ^CF for basal plane;
Perfluorododecanoic acid 10.4

^CF2, -CF3 for edge plane
- c f3(on Pt)

Poly(hexafluoropropylene) 18.0 - cf3,> cf2,> cf
Poly(tetrafluoroethylene) 19.5 ^ cf2

al erg = 10-7J.
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Graphitization degree/%
Fig.6 Effect of graphitization degree on critical 

current density

LiF added/wt%
Fig.7 Effect of LiF added to KF2HF melt

and impregnated in carbon electrode
added to KF2HF, £ : impregnated in electrode
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Fig . 8 Variation of anode potential with electrolysis 
A r H2O=0,05%,LiF:0 wt%, B, H ^ O = 0 ,05%,LiF:3 wt%, 
C, H2 0<0.02%,LiF:0 wt%, D. H2 O<0.02%,LiF:3-6 wt%

Fig . 9 Stage number of GIC formed in grafoil anode
A, H20<0.02%,LiF:0 wt%, B, H2O<0.02%,LiF:3-6 wt%, 
C, H2OS0.0.5%,LiF:0 wt% , D, H20=0.05% , LiF : 3 wt% 
Gsgraphite, CFigraphite fluoride film,
A.E.ranode effect
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ELECTROCHEMICAL AND CHEMICAL INTERCALATION 
OF FLUORINE IN GRAPHITE IN THE KF2HF MELT
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ABSTRACT
Effect of a trace of water on graphite anode reaction 

has been investigated in the KF2HF melt at 100°C. Cyclic 
voltammetry shows that with increasing water content from
0.01% to 0.05%, anode potential for the formation of 
graphite oxide and graphite fluoride film on graphite 
electrode is shifted to a lower potential. This would be 
due to the increase in anode surface area by the decompo­
sition of graphite oxide film, which is caused by the 
reaction with discharged fluorine.

When water content is ca. 0.05%, anode effect occurs 
in a short time, namely graphite fluoride having a low 
surface energy is easily formed on graphite. However, when 
it is 0.01%-0.02%, stage 4 intercalation compound of 
graphite, C+HF2 is prepared. Addition of 3-6 wt% LiF to the 
KF2HF melt gives stage 3 C F(HF) without occurrence of 
anode effect. X y

INTRODUCTION
Fluorine gas is generally produced by electrolysis of 

KF2HF melt at 100°C. It is difficult due to anode effect to 
electrolyze KF2HF melt at a high current density. Anode 
effect is caused by a low surface energy of graphite 
fluoride film formed on carbon anode, i.e. the wetta­
bility of anode surface by electrolyte extremely decreases 
owing to the low surface energy of graphite fluoride film. 
Addition of a metal fluoride such as LiF having a low solu­
bility to KF2HF melt is effective for preventing anode 
effect. However, the role of LiF suspended in the melt or 
impregnated in anode has not been clarified for a long time

Recently we synthesized a new fluorine-graphite inter­
calation compound in the presence of a metal fluoride such 
as LiF, CuF2 or AgF(1-3). The metal fluoride is considered 
to act as a catalyst for fluorine intercalation in graphite 
Among metal fluorides examined, AgF shows the highest
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catalytic ability because of the strong chemical interaction 
with fluorine and the low melting point. Based on the forma­
tion of fluorine-graphite intercalation compound, a new 
interpretation was proposed on the role of solid LiF(4). It 
is that the occurrence of anode effect may be suppressed by 
the formation of graphite intercalation compound(GIC) which 
gives a high electrical conductivity to carbon anode and 
ensures the wettability of anode surface by electrolyte. 
Recent investigation on this problem has revealed that not 
only LiF but also a trace of water contained in the melt 
give serious effects to graphite anode reaction(5). In this 
paper, we report the effect of a trace of water on graphite 
anode reaction and intercalation of fluorine in graphite in 
the KF2HF melt.

EXPERIMENTAL
The electrolytic cell is made of polytetrafluoroethylene 

and polytrifluorochloroethylene. Working electrode and 
counter electrode are grafoil (graphite sheet, 35X6 mm) and 
nickel plate with a large surface area, respectively. 
Reference electrode is Pt wire. Fluorine evolution is made 
by cyclic voltammetry and galvanostatic electrolysis at 33 
mAcm . The water content in the melt was estimated by the 
same method reported previously(5). After electrolysis, 
graphite anode was analyzed by X-ray diffractometry.

RESULTS AND DISCUSSION
1. Effect of a trace of water on the anode reaction

Fig.1 shows the cyclic voltammograms for graphite anode 
in the KF2HF melts containing different amounts of water.
All the voltammograms were obtained at first scan. It has 
been pointed out in a previous paper(5) that a small amount 
of water (less than 0.1%) significantly influences the fluorine 
evolution reaction on graphite anode. It is known that peak 
A corresponds to oxygen evolution reaction by electrolysis 
of water contained in the melt.
Peak A: 20H~ ------ > 1/2°2 + H20 + 2e (1)
With decreasing water content from 0.05% to 0.01%, the 
intensity of peak A decreases. Peak A disappears after 2nd 
scan because the wettability of anode by electrolyte 
decreases due to graphite fluoride prepared at 1st scan.
Peaks B and C, however, move to higher potentials with 
decreasing water content. Peak B, observed as a shoulder in 
most cases, also disappears after 2nd scan. This has not 
been identified for a long time. When the water content is 
relatively large, anode effect immediately occurs, i.e. 
graphite fluoride is easily prepared on graphite anode(5).
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It has been also found that graphite oxide is easily fluo- 
rinated to be graphite fluoride at 100-200°C because 
graphite oxide is more unstable than fluoride. From these 
facts, peak B would be the formation of graphite oxide on 
the anode surface.
Peak B: xC + 20H~----- » C 0(graphite oxide film)

x + H20 + 2e (2)
Graphite oxide has a covalent bond as well as graphite 
fluoride, therefore it is an electric insulator. After peak 
B, since fluorine evolution occurs vigorously, graphite 
oxide is attacked by discharged fluorine, which would give 
the anode more active and larger surface than that of 
pristine graphite. This facilitates the reaction of graphite 
anode with discharged fluorine, i.e. the formation of 
graphite fluoride film. Thus the following reactions would 
occur between peak B and peak C.
F"------ >1 / 2 F 2 + e (3)
Cx0 + 2F~------> x 'C + COF2 + 2e (4)
x'C + F~ ------» Cx,F(graphite fluoride film) + e (5)
Therefore with increasing water content, the formation of 
graphite oxide and graphite fluoride are both accelerated. 
This would be the reason why the peaks B and C are shifted 
to higher potentials with decreasing water content.
2. Intercalation of fluorine in graphite

When water content in the melt is ca. 0.05%, anode 
effect occurs in a short time, i.e. anode surface is 
covered with graphite fluoride at least to some extent 
without formation of ionic intercalation compound of 
graphite. This is almost the same even when LiF is added 
to the melt(4). However, with decreasing water content,
GIC having an ionic bond is prepared electrochemically 
while the formation of graphite fluoride becomes difficult.
nC + HFl ------ > C+HFl + e (6)2 n 2
Fig.2 is the X-ray diffraction patterns of pristine grafoil 
and GIC's prepared in KF2HF melt containing 0.01-0.02% 
water.- GIC formed was a mixture of stage 4-6 till 100 
C-cir\ (Fig.2 (C) (D)), after which stage 4 GIC was observed
until anode effect occurred(Fig.2 (E) (F)), though the 
crystallinity of GIC increased as shown in the figure. On 
the other hand, when LiF was added to the melt by 3-6 wt%, 
intercalation of fluorine was considerably accelerated 
without occurrence of anode effect. This is due to the
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catalytic intercalation of fluorine in graphite by solid 
LiF suspended in the melt as reported previously(5).
nC + F — ---- > C*F~ (7)

GIC of stage 4+5_gas first formed and stage number remained 
4 till 100Q C*cnT . When quantity of electricity reached 
3000 C*cm , stage 3 GIC became a main component. Fig.3 (G) 
shows the typical stage 3 GIC obtained at 4000 C cm
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anode in KF2HF melt
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Scan rate:10 mV/sec
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Fig.2 Change in X-ray diffraction patterns 
obtained in the melt containing 0.01- 
0.02% water as a function of quantity 
of electricity

_2Quantity of electricity(C•cm ):(A)0, 
(B)20, (C)60, (D )100, (E)200, (F)380
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Fig.3 Change in X-ray diffraction patterns 
obtained in the melt containing 0.01 
-0.02% water and 3-6 wt% LiF as a 
function of quantity of electricity

_2Quantity of electricity(C*cm ):(A)20,
(B )60, (C)100, (D )200, (E)400, (F)1000, 
(G)4000
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ABSTRACT
The electron transfer for fluorine evolution reaction on carbon anodes takes 

place through a non-homogeneous film of solid graphite fluoride. The deep layers are 
characterized by a good electrical conductivity whereas the external layers Constitute a 
thin insulating film which acts as an energy barrier through which the current flows by 
tunnel effect. The consequence is that very low values are found for the 6 transfer 
coefficient. Chronopotentiometry experiments confirm the existence of two kinds of 
CFX, depending on the potential of the working electrode. The reversibility of the 
redox system is discussed ; then, the behavior of the CFX formed on graphite and 
carbon anodes in the 2HF-KF melt is interpreted by an electrochemical formation 
reaction coupled with both diffusion and thermal decomposition processes.

INTRODUCTION
Fluorine is produced by the electrolytic decomposition of molten anhydrous 

2HF-KF, according to the equation :
2 HF (liq) -> H 2 (g) + F2 (g) [1]

Although it does not appear in this equation, the nature of the anodic material has a 
great influence on the overall mechanism. In all industrial cells, the evolution of 
fluorine takes place on graphite-free carbon anodes at about 100°C. The 
thermodynamic potential of decomposition of HF was demonstrated to be equal to 
2.90 V, taking into account the activity of HF in the melt (1). However, a voltage of
8 to 12 volts is necessary in order to obtain the working current density i = 10 

_2to 15 A dm . About 3 volts are required to overcome bath resistivity and more than 3 
volts correspond to the electrode overvoltage. It results a poor energy efficiency and a 
considerable quantity of heat needing to be eliminated : nearly 150,000 joules per hour 
for an output of 4 kg of fluorine (2).
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Since other electrolytes which have higher conductivity (such as NH^F-nHF melts) 
generate more corrosion, it seems that progress can be obtained in lowering the anodic 
overvoltage by a better understanding of the overall electrochemical mechanism.
It has been shown (1) that the thermodynamic potential of decomposition of HF 
leading to the formation of a layer of solid graphite fluoride CFX on the anode surface 
is equal to 1.45 V whereas the fluorine evolution reaction only occurs at 2.90 V. 
Experimental evidence of the formation of graphite fluoride, starting at 2 V versus a 
platinum reference electrode, was given by E.S.C.A. measurements performed by 
Professor N. Watanabe and co-workers (3), and by mass-spectrometry experiments 
performed in our laboratory (4).

Among the properties of graphite fluoride, we must first consider the surface 
properties : graphite fluoride has a very low surface energy ; so, the carbon anodes 
covered with CFX are not "wetted" by the melt ; it means that the contact angle at the 
electrode/electrolyte interface is high, and thus the fluorine bubbles are lenticular and 
adherent to the electrode. In consequence, the electroactive surface of the anode is 
small since the gaseous layer acts as a very insulating barrier. One may partially solve 
this problem by using porous carbons for which the evolution of the gas takes place 
through the matrix of the electrode ; the fragility may be avoided by using composite 
anodes which comprise a cylinder of dense carbon covered with a layer of porous 
carbon (5).

Now, let us consider the electrical properties of graphite fluoride ; the electrical 
conductivity strongly depends on the stoichiometry of the compound : for example,

nBartlett and co-workers (6) have shown that the conductivity is divided by 10 when x 
increases from 0.3 to 0.5. When x is greater than 0.5, the compound may be considered 
as an insulator. Due to its insulating properties, the CFX film acts as a high potential 
barrier, which is responsible for the large energy loss in the electron transfer reaction at 
the interface. It has been suggested that the discharge of fluoride ions, leading to 
fluorine evolution, involves electron tunneling across the passivating film (7,8). The 
main characteristics of such a process are recalled in the next paragraph, as well as 
experimental results which support this hypothesis.

MECHANISM OF ELECTRON TRANSFER BY TUNNEL EFFECT
The general aspects of the Gurney-Gerischer theory have been reviewed in 

reference 9 . In this theory, an electrochemical oxidation reaction is treated as an
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elastic tunnel transition of the electron from an occupied level in the electrolyte to an 
unoccupied term in the other phase, i.e.,the conduction band of the metallic anode for 
example. It is important to bear in mind that the intensity of the current strongly 
depends on the thickness d of the insulating layer since the probability W of the 
quantum-mechanical tunnel transition is expressed as follows :

W ( d ,E ) ~ exp [ -4 itd (2m£)* /h ] [2]
where E is the mean height of the potential barrier and m the electron mass.

Gerisher (10) has shown that the expression of the current may be simplified as 
follows :

I = IQ [ exp BnF/RT - exp-(1-13)tiF/RT ] [3]
where r\ is the overpotential.

A simple law identical to Tafel’s law is obtained, but its meaning is quite 
different ; the 3 coefficient may be much lower than 0.5.

In Table 1, we have reported experimental values of the transfer coefficient 13, 
calculated from classical steady-state current-potential curves (13,14) or from potential 
decay curves (7,11,12), following the method developed by Busing et al.(15). We have 
determined 6 from this last method for graphite-free carbon C205 electrodes produced 
by Le Carbone Lorraine. It consists in applying a long galvanostatic pulse to the 
electrode ; the decreasing potential immediately following an interruption in the circuit 
is recorded ; 3 is extracted from the slopes b = - 2.3RT/3F of the linear diagrams 
E = f(log t). It depends on the anodic material and on the final value of the potential 
E p  obtained at the end of the galvanostatic oxidation step. We think that only the 
electrochemical CFX formation reaction occurs, but not the evolution of fluorine when 
E < 4V. This explains the differences between the results obtained for the same 
electrodes by ourself and (13) on one hand (3 < 0.14 if E > 4 V) and by (12) and (14) 
on the other hand (3 > 0.21 if E < 4 V). It may be noticed that all the values obtained 
for the fluorine evolution reaction are consistent with the electron tunneling mechanism 
since they are generally much lower than 0.5.

We have mentioned that, for a tunnel effect process, the probability of electron 
transfer depends on the thickness and the height of the potential barrier. Therefore, it 
is important to study the characteristics of the CFX layers, in relation to the electrode 
material, the operating voltage, the electrolyte composition, and so on.
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ELECTRICAL PROPERTIES OF CFX LAYERS ON CARBON ANODES
In a previous paper, we showed that the capacitance of the interface 

anode/electrolyte decreases very sharply in the 2HF-KF melt, in consequence of the 
increase of the thickness of insulating CFX layers (16). Cyclic voltammetry is also a 
convenient technique for investigating the electrochemical behavior of different kinds 
of carbonaceous anodes (1). Further quantitative investigations have led to the 
conclusion that the passivation of carbon or graphite in the fluoride melt obeys the law 
of formation of a low-conducting film under ohmic-resistance control (17).

The shape of the voltammograms obtained with graphite is very typical : for 
small values of £, / = f(E ) is a straight line ; for increasing values of is, the curve 
deviates from the linear behavior ; after the current peak, / decreases sharply as the 
degree of coverage tends to 1. As expected, the magnitude of the current peak and the 
corresponding potential increase linearly with the square root of the potential sweep 
rate (v). The charge Qa required to cover the whole surface area may be calculated by 
integrating the I  vs  E curves. It depends on v : larger values of Qa are obtained for 
slow sweep rates. Values as large as 0.3 coulomb may be found for scans performed at 
v  =  0.4 Vs -1 with G208 graphite produced by Le Carbone Lorraine, corresponding to 
thicknesses about one micrometer, on the assumption that a homogeneous film of 
carbon-monofluoride (CF)n is formed. These too large values are not compatible with 
the classical theory of the tunnel effect since the overpotential derived from Eq. [2] 
would be extremely high. However, our results may be interpreted if we consider that 
the electrodes are covered with a non-homogeneous film (18) in which the deep layers 
should be characterized by a good electrical conductivity, i.e., a stoichiometric 
coefficient x lower than 0.4, and a thickness being about one micrometer. Then, the 
external layers should constitute the thin dielectric film, a few angstrbms thick, 
through which the current flows by tunneling effect. This hypothesis of a non- 
homogeneous film of CFX has been proposed by other authors studying the anode 
overvoltage in fluorine cells (19).

For graphite-free carbon electrodes, the quantity of passivating compounds is at 
least divided by ten ; thus, quantitative investigations are more difficult to perform and 
experiments must be carried out in a pure electrolyte free of oxidable impurities such 
as water which give residual currents needing to be taken into account.
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Chronopotentiometric behavior of graphite and carbon anodes
Chronopotentiometry experiments confirm that it is necessary to distinguish the 

formation of several kinds of CFX compounds, depending on the final potential E j  

reached by the working electrode at the end of the oxidation pulse.
We present hereafter the results obtained with G208 graphite :
1) if Ej- remains lower than 2.2 volts during the oxidation step, the compound 

may be easily reduced by means of a reverse electrochemical pulse (figure 1). The 
uncompensated resistance R u between the working electrode and the reference 
electrode includes the resistance of the electrolyte, negligible in our case, and the 
resistance of the passivating layer. When the current is reversed, one can notice a 
negligible ohmic drop I R U, proving that the CFX previously formed has a high 
electrical conductivity. A cathodic transition time t is observed on the 
chronopotentiogram when the reduction of the compound is achieved. After this 
process, hydrogen evolution occurs.

The reversibility of the redox system leads us to assume that the conducting 
fluorinated compound may correspond to the graphite intercalation compound 
Cx+HF2~ chemically prepared by other authors (6,20). However, as shown in the first 
part of Table 2, the charge Qc used during the reduction step (Qc =t CIC) is always 
smaller than the charge Qa consumed during the oxidation step (Qa = taIa). In addition, 
the ratio Q c/Qa increases for consecutive identical experiments with the same electrode 
(sample 1).

2) when very long oxidation steps at low current or larger intensity pulses are 
imposed to the electrode (figure 2), a sudden increase of the potential is observed after 
a transition time t&. We assume that this phenomenon corresponds to the irreversible 
formation of a second kind of graphite fluoride, according to Equation [4] :

CFX + (x’-x) F~ = CFX, + (x’-x) e" [4]
After the transition time, the evolution of fluorine may also begin to occur since Ej- 
reaches values greater than 4 volts. The very large value of the ohmic drop observed 
when the current is reversed proves that the new compound acts as an insulator ; it 
cannot be reduced easily and the evolution of hydrogen immediately takes place during 
the cathodic pulse.

The charge Qa needed to "saturate" the whole electrode with the first kind of 
CFV (Q0 = x_I_) decreases when L increases as shown in the second part of Table 2

X d  d  d  d
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(samples 2-5). These values are in good agreement with those obtained from cyclic 
voltammetry experiments.

For graphite-free carbon electrodes, a quantitative interpretation of the 
experiments is more difficult. Instead of a reversible redox behavior, a more rapid 
increase of the potential, attributed to a continuous variation of the stoechiometric 
coefficient x, is observed. After the ohmic drop, it is scarcely possible to reduce the 
CFX compounds even when they are formed at about 4 volts. See figure 3 (C205 
carbon - Le Carbone Lorraine) and figure 4 (vitreous carbon V25 - Le Carbone 
Lorraine).

Piscusston
It is obvious that the hexagonal structure of graphite allows the formation of 

large quantities of intercalation compounds. When the potential is made more anodic, 
they are partially transformed into insulating perfluorinated CFX ; the consequence is 
that graphite is not a suitable material for fluorine-cell anodes. On the other hand, 
graphite-free carbons have an amorphous structure,which does not allow the formation 
of thick layers of insulating compounds ; as a matter of fact, the electron transfer in 
the fluorine evolution reaction by tunneling process is easier. With vitreous carbon, Qa 
values are very small and partial reduction of the CFX is observed. However, the 
material completely lacks porosity and passivation by fluorine bubbles makes it 
unsuitable for further studies (see Introduction).

Several hypothesis may be proposed to explain the oxido-reduction behavior of 
the CFX compounds of the first kind especially the value of the ratio Q c/Qa for the 
experiments reported in Table 2 :
(i) a fraction of the oxidation current is used by side reactions : evolution of fluorine, 
evolution of oxygen or oxygen fluoride due to the oxidation of traces of moisture in 
the melt. However, in highly purified electrolytes the concentration of water is too low 
to support this idea, and for the investigated potentials lower than 4 volts the 
evolution of fluorine does not take place.
(ii) the reduction of CFX is an incomplete process and all the carbon active sites cannot 
be restored especially those which have been perfluorinated (4). It is often observed 
that the reversibility is obeyed for active materials used in electrochemical generators if 
the compounds are non-stoichiometric ; if the sto chiometry is reached, irreversible 
oxidation transformations occur.
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(iii) a consumption reaction of the passivating compound is coupled with the 
electrochemical process ; in a previous paper (16), devoted to the interpretation of 
cyclic voltammetry experiments with graphite electrodes, we concluded that thermal 
decomposition of CFX according to Equation [5] must be taken into account :

CFX --> aj C + CF4 + â  ̂ 2^6 * ••• [5]
This hypothesis is supported by the results of the analysis of the anodic gases evolved 
from laboratory or industrial cells : trace amounts of gaseous fluorocarbons are always 
present even at low potentials for which the evolution of fluorine does not occur, 
showing that these gases do not result from the combustion of the carbon electrode
with elemental fluorine (4). We have developed a theoretical model including the
electrochemical growth of an insulating layer under ohmic resistance control coupled 
with a first order decomposition of the passivating compound ; it gives a quantitative 
interpretation of voltammograms and chronopotentiograms but leads to too large values 
of the first order rate constant when it is applied to graphite electrodes : for example, 
k = 0.05 s" 1 for the experiment presented in figure 1. This means that thermal 
decomposition must be taken into account, but it is not the major phenomenon.
(iv) if, during the anodic pulse at low potentials, slow diffusion of the fluorinated
intercalation compound occurs in the matrix of the graphite electrode, one may
understand that Q c/Qa is always lower than 1 since the electroactive species have 
diffused too far in the matrix of the electrode to be reduced entirely. In the scope of 
this hypothesis, increasing values of Q c/Qa are obtained for consecutive oxido- 
reduction cycles as well as smaller values of Qa for increasing values of Ia (or high 
sweep rates in cyclic voltammetry) : for slow experiments, Qa is more important 
because the compound may diffuse deeper in the matrix of the electrode. On the other 
hand when Ia increases, the final value of the potential E j increases, leading to the 
formation of perfluorinated compounds more and more difficult to reduce ; this means 
that Qc/Qa decreases for the experiments reported in Table 2 (samples 2-5).

CONCLUSION
Previous results lead to the conclusion that, during the fluorine evolution, the 

carbon electrodes are covered with a non-homogeneous film of graphite fluoride. The 
deep layers (thickness greater than one hundred angstroms), which are directly in 
contact with the carbon matrix, are characterized by a high electrical conductivity. The 
external layers form a thin dielectric film, a few angstrbms thick, through which the
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current flows by tunnel effect. This solid compound acts as a high potential barrier and 
is responsible for the large energy loss in the electrochemical process, but its presence 
is effective to prevent the combustion of the carbon electrode in contact with elemental 
fluorine.

We think that the oxido-reduction behavior of the CF^ formed on graphite 
anodes in the 2HF-KF melt may be interpreted by an electrochemical formation 
reaction coupled with both diffusion and thermal decomposition processes.

A better comprehension of the fundamental phenomenon of electron transfer by 
tunnel effect is necessary in order to find the most suitable anodic material which will 
make this transfer easier and thus contribute to lower the energy consumption during 
the fluorine production process.
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Figure 1 : C hronopotentiogram  on G 208 G raph ite  

(S  = 0.6 cm 2)

- anodic pulse : Ia = 2 mA

- ca thodic pulse : l £ = 1 mA

Figure 3 : C hronopotentiogram  on C205 C arbon 

(S  = 1 cm 2)

- anodic pulse : I fl = 2 mA

- ca thod ic pulse : Ic = 1 mA

Figure 2 : C hronopotentiogram  on G208 G raph ite  

(S = 0.6 cm 2)

- anodic pulse : l.t = 40 in A

- ca thodic pulse : I = 20 mA

Figure 4 : C hronopotentiogram  on V25 V itreous Carbon 

(S = 0.6 cm 2 )

- anodic pulse : \ & -  0.4 mA

- ca thodic pulse : Ic = 0.2 mA
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Electrolyte Temperature anodic material 13 Ref.
(K)

KF 0.7 M in 273 nickel, E<4V 0.068 (7)
anhydrous HF nickel, E>4V 0.043

HF-KF 525 carbon, graphite 0.18 (U )

2HF-KF 373 carbon, I<lA/dm 0.225 (12)
graphite 0.21
platinum, I<2A/dm2 0.23

2HF-KF 354 carbon, E<4.5V 0.10 (13)
carbon, E>4.5V 0.14
carbon with a 
shielded top

0.14

2HF-KF 357 carbon C205 LCL 
E<4V, I<lA/dm2

0.27 (14)

2HF-KF 357 carbon C205 LCL 
E f  = 4.2V 
E f  = 4.4V 
EJf  = 5.9V

0.080 this
0.060
0.077

work

Table 1 : Transfer Coefficient 13 for the F~/F2 System
(i) For ref.(11), average value of 13 for carbon and graphite electrodes
(ii) reference electrodes : graphite (11), Cu/CuF2 (7), C-H2 (12), Pd-H2 (13), Pt-H2 
for (14) and for this work.
(iii) E s  is the potential reached by the electrode at the end of the galvanostatic pulse, 
prior to the interruption in the circuit.

Electrode
sample & (m^) lb Ta

(s) (mb) Ic(mA) Tc
(S)

<VQ5

1 2.00 2 20 _ 40 1 10 0.25
1 2.02 2 20 - 40 1 14 0.35
1 2.06 2 20 - 40 2 11 0.55

2 3.9 2 _ 2100 4200 2 231 0.110
3 4.3 6 - 570 3420 6 48 0.084
4 4.48 8 - 360 2880 8 21 0.058
5 4.5 10 - 245 2450 10 12 0.049

Table 2 : Galvanostatic Experiments on G208 LCL Graphite Electrodes (S = 1 cm ) 
Qa = Iata for the three consecutive experiments with sample 1 
Qo = L To for the experiments with samples 2-5
_ d  d  d

Qc = *cTc*

556



KINETIC STUDY OF 02~/l/20o ELECTRODES 
IN MOLTEN SALTS
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D e p a r t ment of M et a1111 rgi cai Engi n e e ring 
Tokyo institute of Technology 2-12-1 O-okayama,Meguro-ku,

Tokyo I 52,Japan

ABSTRACT
The k i net i cs of the 0^ /I/20o react i on on fully 
and partially i mmers ed Au £1ect rod es i n mo11 en 
c: h1o r i d e and ca r bon at e h a ve be e n s t u d i ed wi th t h e 
galvanostatic double pulse and a.c. impedance 
methods. The cathodic reduction of oxygen in both 
the melts proceeds via a two-step mechanism and 
the rate of the rapid charge transfer step was 
found to be of the order of i04A*m “ from the gal- 
v a n o s t a t i c d o u b1e pulse m ea s u r e me n t. The Co1e-Cole 
Plot of the impedance of the oxygen electrodes 
exhibited a semicircle at high frequencies and a 
Warburg behavior at low frequencies. The exchange 
cur rent ob t. a i ned f r om t he d i a me t er o f t he s cm i - 
circle was one order magnitude less than that ob- 
t a i ned f rom galvanos t at i c doub1e pu1se me t hod and 
probably corresponds to that of the slower reac­
tion step. The Cole-Cole plot of the impedance on 
a part i a11 y i mmer sed e 1 ec1rod e exh i bi ted a sli g h t- 
ly deformed semicircle, which corresponds to the 
slower reaction step, without exhibiting Warburg 
i mpedance.

INTRODUCTION
Mo11 en salts have much interest as med i a for fue1 

cells, heat storage systems and molten salt nuclear and 
chemical reactors. Studies of the kinetics of oxygen 
electrodes in molten salts are of great; importance for 
understanding electrochemica 1 processes in these devi ces. 
Although the reversibility arid the standard electrode 
potential of oxygen in LiCl-KCl and NaCl-KCl melts have 
been ext ens i ve 1 y s t ud i ed w i t h po t e n t i orne i r i c a nd cu r r en t - 
potential measurements, much remains uncertain regarding 
the kinetics (1).

O -In this paper, the kinetics of 0" /l/20o electrode
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reaction on fully and partially immersed electrodes in 
molten chloride and carbonate have been studied with 
galvanostatic double pulse and a.c. impedance methods. 
Emphasis was placed on the kinetics at the
three phase boundary.

EXPERIMENTAL
Electrode Working electrodes (Pt, Au and Pd) for NaCl- 
KC1 melt were prepared by sealing platinum, gold and 
palladium wires 5xl0~ m in diameter into a pyrex tube, 
which were inserted into an alumina tube. The gap between 
glass and alumina tubes was clogged with alumina or 
zirconia cements in order to minimize the contact of pyrex 
glass with the melts. The electrode was polished with 
emery paper #1500 and washed with methanol. A Au 
electrode prepared by casting Au wire into an alumina tube 
(1.0x10" m in inner diameter) was also used in Na9C09- 
K2C03 melt. All the electrodes were fixed into an altlmina 
Stem JWhich was f ixed + tO a Si 1 icon rubber stopper. The reference 
electrode was Ag/Ag (0.05 m.f.) electrode (NaCl-KCl melt) 
and Ag/Ag (0.1 m.f.) electrode (Na9C09-K2C03 melt) with
a mull it e membrane.' Electrode potentials are referred to the
Ag/Ag+ (0.05) and Ag/Ag (0.1) electrodes.
Apparatus Experimental cell was an alumina cylinder 
which was placed at the center of the furnace.
Temperature was kept at 1023 ± 3 K except as otherwise noted 
The partial pressure of 02 , C02 and Ar was controlled by 
the ratio of the flow rates of these gases. The mixture of 
Ar-09 gas was dried through silica gel, CaCl9 and P90Rtand 
C02 gas through P205 . z ^ D
Polarization curves Measurement of current-potential 
curves was made with an electronic potentiostat using a 
potential sweep of 1x10" V*s~ .
Saiyaposiatie double pulse method The double pulse 
method consists of polarizing the electrode by two 
consecutive rectangular pulses. The first pulse current,
i. is chosen so that the derivative of the potential is 
zero at its end and h is the overpotential for charge 
transfer correspondinguto the second pulse current, i2 . 
In order to separate a residual contribution of diffusion 
from the overpotential, the data were treated by the 
following equation proposed by Matsuda, Oka and Delahay
( 2 ).

rip =(RTi2/zF) [l/iQ + (4N/3/n") /Tj] Cl]
N =(1/zF)(1/Cq/D^ + 1/Cr/BTr ) C2]
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where C represents bulk concentration, D the diffusion 
coefficient, and suffixes o and R denote oxidant and
reductant, respectively.

The exchange current density increases with increasing 
the concentration of either oxide ion or the partial 
pressure of oxygen. Thus

( l - a )
iQ = zFksP02 ccr i C31

thewhere k indicates the standard rate constant and a 
transferscoefficient. Therefore, log iQ-log p02 and 
log i0-logC02-] plots yield straight lines, the slope of 
whichugives the transfer coefficient.
AiCi IQiPgdSnce method Impedance measurements were made 
with the Frequency Response Analyser (NF Circuit Co.Ltd.) 
over the frequency range between 100 K and 0.01 Hz. The 
impedance data were plotted on a complex plane (Cole-Cole 
plot). When the electrode process consists of charge 
transfer and diffusion, the complex plane plot of the 
interfacial impedance exhibits a semicircle at high 
frequencies and a straight line with the slope of 45 
degree at low frequencies. The exchange current density 
iQ and double layer capacitance 
diameter r. and the frequency 
semicircle, respectively . Thus

"dlU> m

rt = RT/zFi0’ ID

are obtained from the
at the top of the

1/rtcdi [43

RESULTS and DISCUSSIONS
1. Reversibility of 02~/l/202(Pt, Au and Pd) electrode

The reversible potential of oxygen electrode in 
molten salts is written as

l/202+2e“ £  O2" C51
E = E* + (RT/2F)ln[(p02)1/2/t02“]} C61

where E° represents the standard potential and CO2”] is 
molar concentration (mol*ni ). The activity of oxide ion 
in Na2C03-K2C03 melt is known to respond to the partial 
pressure of C02 according to the following reaction (3);

COg" C02 + 02_ [7]
In order to confirm the establishment of the reversible
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oxygen potential, the electrode potentials in NaCl-KCl 
melt were measured while varying t,h$_partial pressures of 
0o and the concentrations of 0"" . The stationary
Potentials were obtained within several minutes after 
changing the partial pressures of 09 and some ten minutes 
after the addition of Na.̂ COo. Figdre 1 shows the change 
in the electrode potential of Pt with time after changing 
the partial pressures of 0o. Similar behavior was
observed on Au and Pd electrodes (4).

Figure 2 (a) and (b) shows the Nernst ian plots of the 
stationary potential of Au and Pd e1ectrodes, where the 
slopes of the graphs are 0.10, 0.09 for Au and 0.085,
0.075 for Pd respectively. The slope for Au is 
consistent with the theoretical value, while that of Pd 
e^hibitsa s1ightly lower value. Nernstian plots of
0^”/l/202 (Au ) electrode in Nâ CÔ -K.̂ CO,. were remarkably 
similar to those observed in mot ten chloride.
2. (rathod i c r ed uc t i on o f oxy g en i n ino 11, en s alts

The cathod i c reduc t i on of oxygen in mo11en sa 11 s was 
studied at first by sweep voltammetry. Figure 3 

shows the current-potential curves for the reduction of 
oxygen at the Pt electrode in the molten chloride containing 
Cr (23 mol- m~J ) under different partial pressures of 0o. 
The cathodic currents increase steeply with the start 6 f  
the cathodic scanning, showing the poIarographic waves. 
This behavior is characteristic of a reversible electrode,

i.e. a M/Mz elec tr od e i n mo11 en sa 1t s. T he ca t hod i c 
polar i za t ion curve up to -0.4V exh i bi ts a 1i m i t ing 
cur r ent. F i gur e 4 s hows t ha t the ca t hod i c curr en t s a t 
-1.0V are approximately proportional to the partial 
pressures of 09. Similar proportionality was observed on 
Au and Pd. Occurrence of the diffusion limiting 0current 
indicates that the charge transfer step of the Q‘~ ~ / \ / 2 0 o 
electrode is very rapid and the current is controlled bS7 
mass - t r ans f er . I hits, due to the strong hindrance by
diffusion, only poor information regarding the mechanism
of cathodic reduction of oxygen can be obtained from the 
st a t ionar y po1ar i za t i on exper i ment.

0n the basis of t he resuIts of t he non-sta t i onary 
experiments, however, it is widely believed that, in 
mo11en ch1or i de. mo1eeular oxygen is quite stable and the
ca t hodi c reduct i on of oxygen proceeds via a two-step
mechanism, thus

2-09 ♦ 2e“ — °2 s 1 ow 18 J
0“~ + 2e~ — 202' rapid C9 1
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0 Figure 5 shows cathodic polarization curves of a 
0"~/l/209(Au) electrode in the molten carbonate under 
different partial pressures of 0o. The cathodic currents 
in molten carbonate are much lofoer than those in chloride 
me Its, exh i b i 11 ng ne i t her a Taf e 1 r eg i on nor a 1 i iri i t i ng 
current. It has been well established that the increase 
in current at the potentials b^low -1.5 V is attributable 
to the cathodic reduction of C0.3~(5), thus

COg'+ 4e~ ---> C + 302” U0)
C + C0o 2CO n n

The cathodic current at the potentials noble to -1.5 V 
is weakly dependent on the partial pressures of either 0o 
or C09. With increased potential sweep rates,"
howevef*. the vol tammogr ams exhibit two current waves 
arround -0.9 and -1.4 Irrespectively. The potentials at 
the wave maxima shift in the less noble direction with 
increasing sweep rates(Fig.6). The square root of the 
shift of the maximum potentials was proportional to the 
logarithm of the sweep rate and the slopes of the graphs 
are close to RT/F (0.200V/decade). The maximum currents of
both waves were proportional to the square root of the 
sweep rate. These observations indicate that the two 
current waves correspond to different reaction processes, 
both of which are controlled by diffusion as was suggested 
by Appleby et a1.(7). It is widely accepted from 
thermodynamic considerations 0(6) that the oxygen molecule is 
transformed to 0o and 09*~ in Na^CO^-l^CO,, melts. 
Therefore, the cathodic reduction of oxygen"taxes place 
via the peroxide or superoxide ions. Appleby et al. (7) 
reported that the reaction orders for
0.30 and 0.33, respect i vely f or the f i rst 
-0.50, respec;t i ve 1 y for* the second wave. 
t h e r e act i o n m e c h a n i s in for e a c h wave a s

09 and C0o are 
waveband 0.75 and 

They proposed

first wave 0o + 2COg" * 202"+2C02

02~blllk — O _— >  09 electrode

02"+2C02 + 2e~ — >  2C02-

second wave 02” + e~ — > O2" + (O')

(O') + C0o +e- ^ c o 2- ^

[121

r 13i

[141 

[ 1 5  1 

[161
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Cl 7]O2" + C02 ---►  COg'
The reaction step C143 can be split into charge transfer 
and chemical reaction steps, as

02“+ 2e" ---- 202- U 8]

02_ + C02 ---- COg" [19]

2 -3, Impedance and double pulse studies of 0 /l/202
electrode in molten salts 4
2_ The measurements of the charge transfer rate of the 

04”/l/202 reaction on Pt were made in NaCi-KCl melt under 
different partial pressures of oxygen by the galvanostatic 
double pulse method. The % values measured are plotted 
against the square root of the pulse width t. in Fig.7 . 
As was expected from E q .C1], is proportional to the 
square root of ^  . Similar graphs were obtained by the 
for different concentrations of 0^ ~ .
Extrapolation of the graphs to the intercept of the vertical 
axis yields the exchange current density of the charge 
transfer step shown as Eq. 191. The exchange current 
densities thus obtained are plotted against2_the partial 
pressures of 02 and the concentrations of 04"’ in Fig.8 
The graphs exhibit straight lines as was expected from 
Eq.C33 > and the transfer coefficients for Pt, Au and Pd 
electrodes were 0.25, 0.20 and 0.14 ± 0*04, respectively.
The exchange current densities of the 04”/l/202 electrode 
in the chloride melts are of the same order of4 magnitude 
as those of the reversible metal electrode in chloride 
melts hitherto reported (8).

Complex plane plots of the impedance on the Pd electrode 
in NaCl-KCl melt are shown in Fig.9 . The diagram 
consists of a semicircle at high frequencies and a much 
depressed semicircle at low frequencies. The depressed 
semicircle is attributable to the Warburg impedance under 
Nernst diffusion layer limitation. The transfer 
resistance that corresponds to the diameter of the 
semicircle at high frequencies decreases with increasing 
partial pressures of 02 (Fig,9 (b)). The exchange
current densities obtained4 from the diameter of the 
semicircle and galvanostatic double pulse method in NaCl- 
KC1 melt are summarized in Table 1,

As was mentioned above (Eq. [8] and Eq. [9]), the
cathodic reduction of oxygen in molten chloride proceeds 
via a two-step mechanism strongly inhibited by diffusion.
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The exchange current densities obtained from the transfer 
resistance are an order of magnitude less than those 
obtained by the double pulse method and probably 
correspond to the slower transfer step shown as Eq,C83.

Thus, the equivalent circuit for the impedance of the 
oxygen electrode in molten chloride can be written as 
Fig.10 where C.. represents the double layer capacitance, 
R. the transfer resistance corresponding to Eq.C93, C the 
pSeudo capacitance, R /  the transfer resistance 
corresponding to Eq.C83, rand W the Warburg impedance. 
Since the R. value is very small, the semicircle
The R. value is obtSined only by the galvanostatic 
pulse1 method. Similar results were obtained 
and Pd electrodes in NaCl-KCl melt.

double 
on Au

Figure 11 shows the complex plane plots of the 
impedance on Au electrode in the molten carbonate under 
different partial pressures of oxygen. The graphs consist 
of a depressed semicircle at high frequencies and a 
somewhat deformed Warburg impedance at low frequencies. 
The diameter of the semicircle decreases with increasing 
partial pressures of oxygen and probably corresponds 
to the chemical reaction resistance shown as Eq.Cl93. The 
equivalent circuit in this case is similar to that of 
Fig.10 , where R^ indicates the chemical reaction 
resistance.
4. Cathodic reduction of oxygen on partially immersed Au 
electrode

Cathodic polarization experiments were made on a 
partially immersed Au electrode in the molten carbonate 
under different partial pressures of 02 and C02 . The 
partially immersed electrode has a very^thin liquid layer 
at the meniscus and simulates an
electrode which has a three phase boundary, as reported for an
aqueous fuel cell (9).

Figure 12 shows the polarization curves of the 
cathodic reduction of 02 on the partially immersed Au 
electrode under differenx partial pressures of 02 . The 
current on the partially immersed electrode Ts much 
greater than that on the fully immersed electrode, 
exhibiting a Tafel region and a limiting current. Therefore, 
it is likely that most of the current flows in the 
vicinity of the three phase boundary, where the inhibition 
by diffusion is greatly eliminated. The cathodic currents 
on the partially immersed electrode increase with 
increasing the partial pressures of either 02 or C02 .
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Similar J esul 1 .s were obtained m
( K 0 C 0 o : L i C 0: L i A10 0 = 3 2:28:4 0 w t % ) I > y 0 g u r a e t. a i . (10).
Th£ sloped of the 1 Geariihmic plots of the current against 
the partial pressures of 0,. and CO., a)• e found to be 0.401 
and “0.131 respectively.  ̂ The finpedanoe of the oxygen 
reaction on the partially immersed electrode under 
different partial pressures of 09 and C0o is plotted on a 
complex plane (Cole-Cole plot) ill Fig.lSTa) and (b). The 
d i a g r a in s e x h i b i t a d e f c> r m e d s e rn i c i r c: l e a n d t h e W a r b u r g 
impedance is not observed. The deformed portion of the 
s ern i c i r c 1 e i nd i ca t es t he ex i s t ence of a not her s em i c j r c 1 e 
at high frequencies, although it is barely discerned. 
The diameter of the semicircle, which probably corresponds 
to the die ini cal reaction step shown as Eq.119], decreases 
with either increasing the partial pressure of 0o or 
d e c r e as i ng t h e pa r t i a1 p re s s u re of CO 0. The re a £tion 
orders regarding the partial pressures Of 0o and C09 are
0.413 and -0.15 9, r es pec t i v e1y. T h es e v a 1d e s ar e " 
consistent with, the reaction orders obtained from the 
current-potential measurement, although the value of the 
exdiange cur rent dens i ty i s sev(?ra 1 t i ines 3 a rger t han t he 
latter. Further studies are needed on the oxygen electrode 
reaction at the three phase boundary.

CONCLUSION
Cathodic reduction of oxygen on Au, Pd and Pt 

electrodes in molten salts proceeds via a two-step 
mechanism. The rate of the rapid charge transfer step 
measured with the gal vjanos t a t i c double pulse method was of 
the order of 1 (j A • m ~. The Cole-Cole plot of the impedance 
of the oxygen electrode exhibited a semicircle at high 
frequencies and a Warburg behavior at low frequencies. 
The exchange current obtained from the diameter- of the 
semicircle was one order of magnitude less than that 
obtained from galvanostatic double pulse method and 
probably corresponds to that of the slower reaction step.

The r at e of cat hod i c r educt i on of oxygen i ncr eased 
greatly on a partially immersed Au electrode. The Cole-Cole 
plot of the impedance on the partially immersed electrode 
exh i b i t ed a s1i gh11y def orrned semi c i rcle. t he d i ame(er of 
which corresponds to the rate of the slower reaction step, 
w i t h o u t e x h i b i t i n g W a r b u r g i m p e d a n c e.
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Figure 1. Change in Potential (vs,Ag/Ag+ (0.1) with 
Time after Changing the Partial Pressure 
of 02, [02"]=130mol-m“3. Numbers in the 
Figure:Partial Pressure of 02 (Pa)«
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Figure 2. Nerns|_Plots of Potential (vs.Ag/Ag (0.1)) 
for O ~/l/20 (Au) Electrode in NaCl-KCl 
Melt at 1023R. (a) p02=0.05xl05 
(b) [02-]=25mol*m-  ̂.

Nernst Plots of Potential (vs.Ag/Ag (0.1)) 
for 02_/l/20 (Pd) Electrode in NaCl-KCl 
Melt at 1023K. (a) p02=0.012xl05 
(b) [02-]=25mol-m-3 .

Figure 3. Polarization Curves for 02 /l/202 (Pt)
Electrode in NaCl-KCl Melt Having Differ­
ent Partial Pressures of 02 at 1023K,
[0 2 -  ] ~ 1 3 0m o !• m " 3 .

566



Potential , E /  V vs. Ag/Ag+(O.I)

Figure 6 Sweep Voltammogram of O^-/1/2C>2 (Au)
Electrode in Na2C03-K2C03 Melt at 1023K, 
pO2=0.9, pC02=0.1xl05.
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Table 1 Exchange current density measured by the galvano- 
static double pulse and a.c. impedance methods

[c r  ] D ouble p u l s e  
mol-m 3 X I0 4 A»m 2

pO« A .C .im p e d a n c e  
X l03Pa X103 A»m-2

P t  6 .2  5 .6  
pO?= 1 3 .3  6 .3  

>•
Au 6 .9  2 .0  
pO,= 1 3 .8  2 .2
0 2X105 2 3 ' °  2 ' 3 0.2X10 6g2 2 .5

Au 0 .0 1  0 .1 1  
[CT ] = 1 .0  0 .5 9
25molm 3

Pd 6 .9  6 .9  
pO = 1 3 .8  9 .0
0 .2X 105 2 3 ,0  15#0

P d9 0 .0 5  0 .0 6 4  
[O ]= 0 .2  0 .0 8 8
0 c , -3  1 .0  0 .2 6  2 .5mol*m

Cdl

Figure 10. Equivalent Circuit of the Oxygen 
Electrode in Molten Chloride.
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ig i1Hz I3J 100mHz g ] 1OmHz

r<t:U
KO - 
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100 -
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<*0.1-0.2 
oO. 1-0 .1  a 0.1—0.05
PcOa“  0̂2 atm

N

J t * a "
20 < 0  CO 100 120 KO ICO 100 200  220

Impedance. Z(Re) /  ohm cm2
Figure 11. Cole-Cole Plots of 02”/l/202 (Au)

Meniscus Electrode in Na2 C0 3 -K2 C0 3  
Melt at 1023K.Having Different 
Partial Pressure of 02. 
pC02=0.1x10.
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2—Figure 12 Cathodic Polarization Curves of 0 /
1/2C>2 (A u ) Meniscus Electrode in Na2C03~ 
K2C03 Melt at 1023K, pCO2=0.1xl05

@  1kHz 
Q] lOmHz

100Hz 
□  1«Hz

PI 10Hz 
B) O.lpMz

(b) pO2=0.1xl0D
Figure 13. Cole-Cole Plots of O /l/2C>2 (Au) Meniscus 

Electrode in Na2C03-K2C03 Melt at 1023K 
Having Different Partial Pressure of 0_ 
and CC>2 *> (a) pC02=0.1xl05 ,
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KINETIC STUDY OF HYDROGEN OXIDATION 
IN MOLTEN ALKALI CARBONATE

Isamu Uchida, Tatsuo Nishina, and Masaya Takahashi
Department of Applied Chemistry,Faculty of Engineering,

Tohoku University 
Aramaki-Aoba, Sendai 980, Japan

ABSTRACT

The hydrogen oxidation reaction in (62+38)mol% 
(Li+K)C03 at 650°C has been studied at Au, Ag, Cu,
Pt, Ir, Pd, Ni, Co, and Fe electrodes by using 
cyclic voltammetry, ac impedance and potential-step 
methods. Impedance data were analyzed by computer 
fitting with an equivalent circuit taking into 
account the hydrogen adsorption. The exchange 
current density increased with the following series 
under the gas composition of P(H2)/P(C02)/P(H20)=
0.691/0.236/0.013; Pd(118.9 mA/cm?)>Ni>Pt>Ir>Au>Ag 
(16.1 mA/cm^). The effect of the nature of metals 
on the electrode kinetics is discussed.

INTRODUCTION

The hydrogen oxidation in molten carbonates is an 
important process in the development of molten carbonate 
fuel cells. It has received renewed attention recently from 
the electrode kinetics[1-4] because extensive work is 
needed to improve the anode efficiency and the performance 
degradation. Ang and Sammells obtained kinetic parameters, 
including the exchange current density, on nickel and cobalt 
electrodes in Li/K, Li/Na and Li/Na/K carbonates by using a 
potential step method[l]. The potential step has been used 
for other systems such as conducting ceramic electrodes [2] 
and copper electrodes[3] in the Li/K carbonate. Throughout 
the previous studies[l-4]} including early work on 
polarization data for various metals[5], the kinetic 
features, especially for iQ values, are little dependent on 
the nature of the electrode materials. Apparently, there is 
not drastic variation in iQ values with the metal as is 
observed in the aqueous system. The present work was 
undertaken to examine extensively the influence of metals 
on hydrogen oxidation by using an ac impedance method and 
potential step techniques,including chronocoulometry.
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EXPERIMENTAL
The eutectic mixture of alkali carbonate,(62+38)mol% 

(Li+K)CC>3, was used as a solvent at 650°C. Experimental 
techniques, melt purification, apparatus, and the cell 
assembly were described elsewhere[6-8]. Electrode 
potentials were given with respect to the oxygen gas 
reference electrode of P(O2)/P(CC>2)=0.33/0.67,
i .e ..(1:2)0o/C02. Inlet fuel gases were initially 
(7:3;H2/C02 and (3:7)H2/C02. They were fed into the cell 
after moistening with water vapor.

The working electrodes were fully immersed flag type 
electrodes with a geometrical area of 0.4 cm^. They were 
commercially available, smooth and thin foils(3N-up purity,
0.05 mm thickness) cut out with a paper punch(0.5 cm in 
diam.). Fine gold wire was welded to the punched foils as 
electrical leads in order to minimize the meniscus effect 
bringing about a high local current at the metal/gas 
boundary. Selected metals were Au, Ag, Cu, Pt, Ir, Co, Ni, 
Fe and Pd.

Cyclic voltammetry and potential step experiments were 
carried out by using a PAR model 273 potentiostat coupled 
with a Nicolet 4094 digital oscilloscope. Solartron 1186 
and 1286 potentiostats were also used for this purpose. For 
pulse experiments the resultant transients were recorded 
with the microprocessor-controlled oscilloscope and were 
stored on floppy disks for subsequent signal conditioning 
and analyses. Impedance measurements were carried out using 
a Solartron 1250 frequency response analyzer coupled with 
the 1186(or 1286) electrochemical interface. Frequencies 
were changed from 1 Hz to 60 kHz and the signal amplitude 
was 5 mV rms. Data were transferred to microcomputers(HP 85 
and NEC PC-9800) and subjected to the faradaic impedance 
analysis.

RESULTS AND DISCUSSION 
Voltammetric behavior

Cyclic voltammograms(CV) for hydrogen oxidation yield 
characteristic waves for anode metals as shown in Fig. 1. 
Hydrogen oxidation takes place at the rising portion of CV. 
However, metal dissolution follows the hydrogen oxidation 
for the Ni, Co, and Cu cases. At Co and Fe electrodes, the 
onset potentials of metal dissolution are very close to the 
hydrogen oxidation, and the current peak can not be 
distinguished as observed in the Ni and Cu cases. The 
single peaked wave observed at Ni, Cu, Au, Ag, Pt, and Ir 
electrodes are ascribed to the hydrogen oxidation process. 
It is noted here that the peak height depends on the nature
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of the metal. Whereas the peak potential seems almost 
independent of scan rates up to 0.5 v/s as reported for Cu 
electrodes[3].

Pd electrodes showed extraordinarily large peaks as 
shown in Fig. 2. The peak shape indicates an adsorption­
like behavior. Considering a quite large amount of charge 
passing during the scan, this behavior can not be ascribed 
to a surface redox process of monolayer adsorption, 
suggesting that a hydride-like compound formed inside the 
electrode surface participates in the anodic process.
AC impedance behavior

Figures 3 to 5 show impedance plane plots for different 
metals measured at the rest potential. Inlet gas 
composition was PH2:PCO2 :PH2O =0.691:0.296:0.013 atm and the 
frequency range selected here was 1 Hz to 6 kHz.

As shown in Fig. 3, the Cole-Cole plots for Au and Ag 
electrodes were very similar, indicating circular arcs at 
high frequencies. Copper showed a somewhat different locus 
and the diffusion impedance observed usually at low 
frequencies was not well defined. Ni and Co electrodes gave 
very linear plots as shown in Fig.4. The diffusion 
impedance was predominant throughout the measured 
frequencies. Comparing the two, the latter was more 
resistive in the diffusion impedance. Fig.5 shows the 
comparison between three metals of the Pt family. The behavior 
of Pd was almost identical with that of Ni. Pt showed a 
small circular arc at high frequencies while Ir had a 
large arc comparable to that of Au.
Faradaic impedance analysis

The overall hydrogen oxidation reaction is
H2 + CO3"-* C02 + H20 + 2e" (1)

The process involves adsorption intermediates
H2 + 2M = 2MH (2)

The reaction mechanism following Eq.(2) has been discussed 
recently[l,3,9]. Taking into account the adsorption step, 
we searched several equivalent circuits capable of well 
interpreting the impedance data. Using a curve fitting 
program[6,7J with postulated circuits, we found that the 
circuit shown in Fig.6 gave good results. Examples of the 
computational results are shown in Fig.7 in comparison with 
the experimental results, and parameters thus determined
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are summarized in Table 1 together with iQ values 
calculated from the activation resistance!, 0 =RT/nFi0 ) . 
Parameters for Cu and Co electrodes are omitted in the 
table because fitting accuracy was poor for the^circuit of 
Fig.6. We simply note the iQ values; 43.8 mA/cnr for Cu and 
32.9 mA/cm^ for Co.

The double layer capacity shows little dependency on the 
nature of metal (60 to 80 tiF/cm2) except for Ni and Pd. 
Although there are no data about the true C^ values at 
various metals under a hydrogen atmosphere, the above 
values seem to be reasonable. Smirnov et al. reported the 
double layer capacity on Pt electrodes at 650°C under a CO2 
atmosphere[10]. Although their results showed a large 
scatter of absolute values depending on the 
prepolarization, the C^ values were about 10 to 60 jjF/cm 
at the corresponding potential region.

The Warburg coefficient, g , changed with the nature of 
metals. The g value represents the magnitude of diffusion 
impedance, being related to the reciprocal of C/U[ll]. 
Therefore, the observed dependency is curious because the 
hydrogen partial pressure and the melt composition were 
identical through the experiments. This unexpected 
behavior, which was also noted in the peak height of 
voltammograms, can be attributed to the hydrogen 
incorporation into metals or hydride formation on electrode 
surfaces. The small a values and the large and Cad 
values noticed at Ni and Pd electrodes suggest complicated 
kinetics caused by a transport process taking place inside 
the electrode. Vogel et al. described the effect of hydrogen 
diffusion through Ni and Pd metals on hydrogen oxidation 
kinetics at meniscus electrodes [4].
Potential step experiments

Potential step measurements were carried out to 
determine iQ values with Allen-Hickling plots. Results are 
shown in mA/cm^ as follows; Pd(75.7) >Ni(61.0) >Pt(43.9) 
>Cu(37.3) >Au(20.5).

In order to get further insight to the mixed transport 
process of metal side and melt side, chronocoulometry was 
employed. Potential was stepped from the rest potential to 
a potential positive by 0.2 V. Typical chronocoulometric 
responses for different metals are shown in Fig.8. When the 
potential step is sufficiently large to attain the 
diffusion-limited condition, the transient is given by the 
integral of the Cottrell equation, showing a linear plot 
with a slope providing the C^tllj. As shown in Fig.8, the 
variation of slopes with the kind of metal confirms the 
difference in transport process between the metals. The
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trend of kinetic behavior is in agreement with that of 
values mentioned in Table 1. Qualitative analysis of 
chronocoulometric data is in progress.
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Fig. 1. Cyclic voltammograms 
for hydrogen oxidation at 
various metal electrodes. 
P(H2)/P(C02)/P(H20)= 
0.691/0.296/0.013, 
v=0.2 V/s.
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Z p e / ft Fig. 3. Impedance plane plots
for Ag, Au, and Cu electrodes 
at the rest potential. 
f=l Hz to 6 kHz,
Gas composition as in Fig. 1.
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Experimental conditions as 
in Fig. 3.

Cd

Fig. 6. Equivalent circuit for hydrogen electrode.
Cd: double layer catacity, 0: charge transfer tesistance, 
Cad: adsorption pseudo-capacity, Rad: adsorption resistance, 
a : Warburg coefficient.
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BEHAVIOUR OF HF/H2 ELECTRODE IN A MOLTEN LiF-KF SYSTEM
Keiko Ema, Yasuhiko Ito, Toshihide Takenaka 
and Jun Oishi

Department of Nuclear Engineering 
Faculty of Engineering 
Kyoto University 
Sakyo-ku, Kyoto 606, Japan

ABSTRACT

Cathodic behaviour of HF in a molten LiF-KF 
system has been investigated in detail by using 
both immersion type and semi-immersion type 
platinum electrodes, in the case of immersion 
type electrode, clear current peak due to the 
reduction of HF dissolved in the melt:

HF + e" = 1 / 2H2 + F“
was observed on a potential sweep voltammogram, 
at the potential of 1.5-1.6 V ( vs. Li,K / Li+, K+ 
electrode ). The dependence of peak current on 
the square root of scan rate as well as on the 
partial pressure of HF in the atmosphere suggests 
a diffusion controlled reaction. In the case 
of semi-immersion type gas electrode, equilibrium 
potential of the above reaction has been 
determined to be:
E = (2.019 ± 0.024) + 2.303(RT/F) log Ph f/(pH2)1/2
( V. vs. Li,K/Li+,K+ electrode ) on the platinum 
gauze as an electrode at 570°C. And at this 
electrode, cathodic polarization was very small 
even at the apparent current density of 0.15 
A/cm^, which is interesting from the technological 
viewpoint.

INTRODUCTION
Molten fluoride is a useful material for use in many 

future engineering applications. Thus, systematic studies 
of molten fluoride systems are to be conducted 
extensively. From this viewpoint, in the authors’ 
laboratory, LiF-KF eutectic melt has been selected as an
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example of fluoride melt, and a series of electrochemical 
studies has been conducted. However, in these studies, it 
is very difficult to find stable and reliable reference 
electrode with thermodynamic significance, so that 
thermodynamic considerations of experimental results are 
very difficult to achieve . Then the authors 
conventionally have been using Li,K/Li+, K+ electrode as  a 
reference electrode. This electrode is reproducible when 
it is used as a dynamic reference electrode. As mentioned 
later, this electrode can be easily obtained by a constant 
current electrolysis immediately before the potential 
measurement. But thermodynamic significance of its 
potential is not so clear yet. So, in this paper, 
relation between potential of this dynamic reference 
electrode and HF/H2 gas electrode has been measured to 
make certain of the potential value of this dynamic 
reference electrode. Since the thermodynamic significance 
of the potential of HF/H2 electrode is clear, the 
potential measured against the Li,K/Li+,K+ electrode can 
be easily converted to the potential value with 
thermodynamic significance.

EXPERIMENTAL METHOD AND APPARATUS

The experimental cell is shown in Fig.l, and the whole 
experimental system is shown in Fig.2. Commercial LiF and 
KF ( Reagent Grade, Wako Chemicals Co., Ltd ) were mixed, 
and the eutectic mixture was vacuum dried for over two 
nights at 200°C, after which it was placed in a carbon 
crucible ( ibigawa Denko Co., Ltd., T-5 ) and kept further 
for 20 hours at 350°C under vacuum condition in the cell 
assembly, and then it was melted and kept at a finite 
experimental temperature such as 5709c under vacuum. As 
counter and quasi-reference electrode, glassy carbon rods 
( Tokai Carbon Co., Ltd., GC30-S ) were used. The 
potential of the quasi-reference electrode was calibrated 
versus the Li-K/Li+,K+ dynamic reference electrode before 
use. By means of a constant current electrolysis between 
the glassy carbon anode and the nickel rod cathode, Li-K 
alloy of a finite composition ( Li : K - 2 : 1 ) was 
deposited on the cathode. By each measurement, this alloy 
deposition has been newly conducted and very stable and 
reproducible value ( equilibrium potential of this alloy 
electrode ) could be obtained. Fig.3 schematically shows 
an example of potential build-up and decay of this 
electrode during constant current electrolysis. The 
problem of this alloy electrode is that the thermodynamic 
significance of the equilibrium potential of the reaction:
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Li+, K+ + e“ Li, K [ 1 ]
is not so clear. In order to clarify this, the potential 
of this alloy electrode should be calibrated versus the 
potential of the electrode which has very clear 
thermodynamic significance. For this purpose t HF/H2 gas 
electrode has been constructed by using platinum gauze or 
perforated platinum cylinder as electrode material. These 
electrodes are expected to show equilibrium potential of 
the reaction :

HF + e_ = 1/2 H2 + F~ [2]
Total experimental system is composed of three main 

parts, ie., electrolytic cell, HF gas supplying part and 
HF gas recovering part. Pipes and valves in the system 
are made of nickel or stainless steel, and the system was 
kept gastight.

After melting the salt, pure hydrogen gas ( purity 
99.9999% ) was introduced into the cell at first, then 
mixture of H2 and HF of a finite composition was 
introduced into the cell. Partial pressure of the mixture 
was controlled by passing H2 gas over NaF-HF pellet 
( Morita Kagaku Kogyo Co,, Ltd. ) which was kept at a 
finite temperature. After the equilibrium has been 
reached, rest potential of this electrode was measured.

The rest potential was obtained by extrapolating both 
cathodic and anodic polarization curves to the point of 
zero current. And in order to clarify the influence of 
contaminants and the existence of the side reaction, as 
well as to clarify the cathodic reduction behaviour 
itself, potential sweep method was also applied.

RESULTS AND DISCUSSION
1. Cathodic Behaviour of HF by Voltammetry

Before measuring the equilibrium potential, in order to 
get the whole understanding of the cathodic reduction 
of HF as well as to investigate the influence of the 
contaminants and the existence of the side reaction, 
voltammogram of the dissolved HF was investigated in a 
wide potential range, by the use of immersion type 
electrode. Gold wire was used as a working electrode. 
Fig.4 shows a sample voltammogram. In the figure, three 
peaks are observed: at 1 . 5 - 1 . 6  V  ( Peak 1  ) ,  around 1  V 
(Peak 2 ), and around 0.7 V ( Peak 3 ), respectively. And 
at about 0 . 5  V ,  sharp current increase can be observed. 
These are the peaks due to the reaction:
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HF + e" = 1/2 H2 + F“,
the peak due to the reduction of H20, and the peak due 
to the reduction of 0H~ ion or the formation of the alkali 
metal-gold alloy. Sharp current increase at about 0.5V is 
due to the deposition of alkali metal alloy.

Fig.5 shows dependence of the peak current of Peak 1 on 
the potential scanning rate, and Fig.6 shows relation 
between this peak current and the square root of scanning 
rate. From the linear relation on the figure, this 
reaction is suggested to be diffusion controlled.

Though there can be seen a linear relation between peak 
current and partial pressure of HF in the atmosphere at 
very low partial pressure range, as it increases, the peak 
current tends to deviate from linearity and to become 
saturated. This suggests the very low solubility of HF in_ 
the melt. Thus it is clear that by the measurement of the 
equilibrium potential, gas diffusion type electrode is 
absolutely necessary to assure three phase zone among gas, 
molten fluoride, and electrode material.
2. Measurement of Polarization Curve and Equilibrium 
Potential by the Use of Semi-Immersion Type Gas Electrode

Two kinds of semi-immersion type electrode have been 
used to measure polarization characteristics and 
equilibrium potential, ie., perforated cylinder electrode 
and platinum gauze electrode.
2-1. Perforated Cylinder Electrode

Fig.7 shows cathodic and anodic polarization 
characteristics obtained at several partial pressures of 
HF, by the use of perforated platinum cylinder electrode. 
Both polarization curves coincide at the current of 0 mA. 
And the polarization characteristics depend on the partial 
pressure of HF. Fig.8 shows cathodic polarization curves 
obtained in a wide potential range. Three plateaus are 
observed in the figure. Taking into consideration three 
peaks observed in the voltammogram of the dissolved HF 
described above, these three correspond to the reduction 
of HF, the reduction of H20 and the alkali metal
deposition, respectively, in the order from noble to base 
potential. If we change the current from high to low 
value, here we observed four plateaus, as seen in the same 
figure, the reason of which is not clear yet. From the 
plateau due to the reduction of HF, limiting current i^ of 
the cathodic reduction of HF is rather high, which is 
interesting from the technological viewpoint. That is, 
there is some possibility to use this cathodic reaction
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for an electrolytic reaction of producing some useful 
material at an anode.

Rest potentials measured at several HF partial
pressures are plotted against log PHF/( pH2)1^2 with open 
circles in Fig.9. From this figure, relation between rest 
potential and the partial pressure of gases is given by 
the following equation :

E = (2.015 ± 0.078 ) + 2.303(R T / F )log P h f /(p H 2 >1 / 2  [3]

In the root mean square calculation, the slope of the 
line is fixed at the value of Nernst relation. This 
equation [3] gives the equilibrium potential of reaction 
[ 2 ].

2-2. Platinum Gauze Electrode
Fig.10 shows examples of cathodic and anodic 

polarization curves obtained by the use of platinum gauze 
electrode. For this electrode, platinum gauze was rolled 
to form gauze cylinder and the bottom of the cylinder was 
closed by flattening and spot welding. When ohmic1loss is 
corrected, both cathodic and anodic polarizations are 
almost zero. Rest potentials at several HF partial 
pressures are plotted with closed circles in Fig.10. From 
this figure, relation between rest potential and partial 
pressures of gases is given by the following equation :
E = ( 2.019 ± 0.024 ) + 2.303(R T / F )log PH F / (PH 2 ) t 4 ]

In the calculation, the slope of the line is fixed at 
the Nernst relation. This equation [4] gives the 
equilibrium potential of reaction [2]. Equation [3] and 
equation [4] are almost coincident and the results of both 
experiments described above are considered to be 
reasonable. However, taking into consideration that .the 
platinum gauze electrode is more suitable for the direct 
gas reaction and in fact the precision is higher in equation
[4] than in equation [3], the equilibrium potential of 
HF/H2 electrode expressed versus alkali metal electrode is 
concluded to be given as in equation [4].
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Fig.3 Schematic Representation of the Potential 
Response of Alkali-Metal Electrode ( Potential Decay 
after the Constant Current Electrolysis; Potential is 
referred to the Glassy Carbon Quasi-Reference-Electrode )

Fig.4 Voltammogram ( Phf = 2.56x10  ̂ ataf 
Sweep Rate lOOmV/s, Au Electrode )
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GALLIUM SPECIES ELECTROCHEMISTRY IN ROOM TEMPERATURE 
CHLOROALUMINATE MELTS
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ABSTRACT

Constant potential and current electrolyses have been 
used to study Ga(I) ions in room temperature chloroaluminate 
melts. A potentiometric analysis of Ga(I) ion, produced by 
anodization in 1.5:1 mole fraction A1C13:1-butylpyridinium 
chloride (BPC) system, 35°C, gave E° Ga(I)/Ga(0)=+0.339 V 
vs. Al(2:l) reference and one-electron Nernst slope. 
Potentiometry of Ga(I) species, produced by anodization and 
by reduction of added GaCl3, as a function of melt acidity, 
indicates that GaCl2~ ion may be the predominant lower 
valence gallium species in the basic regime. Little, if 
any, dependence of Ga(I) was found on melt acidity at acidic 
melt compositions. Deposition of Ga(0) was possible from 
acidic but not basic melts. A small voltammetric wave, 
assigned to A1 underpotential deposition on Ga, is reported 
for slow scans in acidic melts. Prospects for depositing 
pure films of the compound semiconductor GaAs are discussed 
briefly.

INTRODUCTION

Though the electrochemistry of Ga has received much attention in 
aqueous media, relatively little is known concerning the 
electrochemical kinetics of Ga species reduction in nonaqueous media
(1) . Verdleck and Yntema reported that solutions of Ga(III) in an 
A!Cl3-NaCl-KCl molten eutectic at 156°C showed a reduction process at 
+0.83 V and deposition at about +0.2 V vs. A1 reference electrode
(2) . Anders and Plambeck have investigated the electrochemistry of Ga 
in an AlCl3-NaCl-KCl melt at 135°C (3). Using potentiometric and 
voltammetric techniques, they demonstrated that chloroaluminate melts 
favored the existence of the lower valence Ga(I) ionic species more 
than aqueous media or chloride melts. Shafir and Plambeck reported 
that the stable oxidation states of gallium in a LiCl-KCl eutectic at 
450°C are the metal and the trivalent ion (4). Tremillon and 
coworkers have investigated the acidobasic properties of molten 
potassium tetrahalogenogallates (5). They reported that molten 
tetrahalogenogallates were chemically similar to tetrahalogeno- 
aluminates, however, the existence of the Ga(I) lower oxidation state 
complicated the determination of melt acidity. More recently, von
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Barner has reported the results of potentlometric investigations of 
the complex formation of Ga(III) in KC1-A1C13 melts at 300°C (6).

As part of an investigation of the prospects of electrodepositing 
films of the commercially important III-V semiconductor gallium 
arsenide, of useful quality, we have attempted to better understand 
the electrochemistry of gallium species in room temperature 
chloroaluminate melt systems (7). GaAs films have potential 
applications for high efficiency solar cells cf. (8,9) or other 
semiconductor devices.

EXPERIMENTAL

Preparation of melts and equipment for cyclic voltammetry have 
been reported elsewhere (7). Constant potential and current 
electrolyses were made with cells in a dry box under a purified argon 
atmosphere. Controlled potential couloraetric investigations were 
performed with a PAR 173 Potentiostat/Galvanostat equipped with a PAR 
179 Digital Couloraeter or an EG&G 273 Potentiostat/Galvanostat.
Working electrode cells consisted of a Pt crucible with a maximum melt 
capacity of about 15 ml and a C crucible which could accommodate about 
50 ml of melt. Electrolyses were usually with stirred melts 
containing less than 75 mg of electroactive species. Crystalline, 
anhydrous GaCl3 of 99.999% purity (Aesar) was obtained in sealed 
ampoules and used as received. Constant current coulometry was 
performed with a Brinkman (E524) coulostat. Gallium working 
electrodes were prepared from ingots of Ga metal of 99.99% purity 
(Alfa). A Keithley 179 TRMS digital voltmeter was used for 
potentlometric measurements.

RESULTS AND DISCUSSION 

Potentiometric Investigations

In order to understand better the formation and stability of 
Ga(I) ion species in low temperature melts, constant potential and 
current electrolyses were performed on acidic melts. Earlier cyclic 
voltammetric measurements had shown that an exhaustive (theoretical) 
two-electron reduction depleted the melt entirely of Ga(III) species, 
added as GaCl3, thereby allowing electrochemical or spectroscopic 
examinations of the Ga(I) ion species (7). It has been reported 
previously that Ga(III) species in a KC1 melt at 300°C could not be 
reduced directly to Ga(0) (5). Although gallium chlorocomplexes 
behave in many respects similar to aluminum chlorocomplexes, unlike 
the Ga(I) ion, the A1(I) species has not been shown to be prevalent in 
either acidic or basic chloroaluminate melt media at 175°C (10). In 
low temperature basic chloroaluminate melts, it was not possible to 
reduce the Ga(I) species prior to reduction of the butylpyridinium 
cation, e.g., cyclic voltammetric studies did not produce current
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responses for Ga(I) species (produced by constant potential 
electrolysis and added to a basic melt). Thus, attempts to 
electrodeposit gallium in basic melts, similar to the chloride system, 
were unproductive. In our voltammetric studies of Ga(III) species in 
low temperature chloroaluminate melts, glassy carbon, tungsten and 
platinum working electrodes were employed. However, the best 
electrochemical responses were achieved at platinum. Thus, similar to 
the case for A1 in acidic and basic chloroaluminates, it appears that 
Ga may be deposited from acidic gallium species but not from the basic 
complexes which form in the presence of an excess of Cl“ ion in these 
systems•

Anodization of a pure gallium electrode can be used to determine 
the standard reduction potential, EQ, of the Ga(I)/Ga(0) couple. The 
Nernst plot, shown in Figure 1, was obtained by varying the Ga(I) 
activity, produced by anodization of Ga at low current densities in a 
1.5:1 AlCl3:BPC melt, and measuring the emf of the Ga(I)/Ga(0) half­
cell vs. Al(2:l) reference electrode. The least squares slope was 
calculated to be 59 ±  2 mV (theory value for n = 1 at 35°C is 61 mV) 
and the intercept value for the standard electrode potential on the 
mole fraction scale is EQ ■ 0.339 ± 0.005 V vs. A1 (2:1) reference. 
This value may be compared to the EQ value of 0.199 V obtained at 
135°C for Ga(I)/Ga(0) in a ternary A1C13-NaCl-KCl melt (3). No 
corrections for liquid junction potentials (likely insignificant), nor 
reference electrode temperature differences are available.

The form of the Ga(I) ion species also may be studied with 
potentiometry by varying the Lewis acidity (Cl” ion activity) of the 
melt. Note that the above Nernst plot of Ga(I)/Ga(0) was uncorrected 
for any melt acidity change for the Ga(I) ion mole fraction range 3.27 
x I0~k to 2.04 x 10-2. Such a correction requires a knowledge of the 
competitive equilibria with free melt Cl” ion in the acidic regime and 
the implicit assumption is that the Ga(I) is essentially noncomplexed. 
Potentiometric titrations of AlCl3:BPC melts containing a fixed Ga(I) 
mole fraction were performed by addition of BPC. The potentiometric 
measurements involving the Ga(I)/Ga(0) couple were carried out using 
the cell formally depicted by

A11(2:1) A1C13:BPC|fritted disk|A1C13:BPC, Ga(I)|Ga(0)

Emf measurements were made versus an A1 (2:1) reference as a function 
of melt composition with a high impedance voltmeter. Typical data are 
illustrated in Figure 2. It may be noted that in the acidic 
composition range the Ga(I) ion potential is practically unaffected by 
the melt acidity which may mean that Ga(I) is noncomplexed or in a 
complex form which does not vary with the melt acidity.

The formatijn^of various types of mononuclear chloro complex ions 
of the type GaCl was considered in the basic composition regime. 
Information concerning the identity and stability of these complex 
ions can be obtained by curve fitting basic melt titration data to the
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expression
E *■ Eq + (RT/F) lnXGaC1l-m + (RT/F)lnK - (mRT/F)lnX - + E

m **
where the equilibrium constant, K, is defined by

K Ga(I) (XC1_) / XGaCl1-1,1 m
Ej, the cell liquid junction potential, can be assumed small and 
neglected. The Ga(I) ion mole fraction in the basic composition range 
can be calculated at each of the measured emf values from the Nernst 
equation,

E - Eq + (RT/F) In aGa(I)

using the standard electrode potential and assuming that the activity 
of Ga(I) approximates the mole fraction of Ga(I). Representative data 
associated with the ion mole fractions for the potentiometric 
titration of Ga(I) are contained in Tables 1 and IX. Analysis of the 
potentiometric titration data indicated that Ga(I) is complexed mainly 
as GaCl2” ion in the basic melt.

Table I contains data obtained after the reduction of Ga(XII) to 
Ga(I) in an initial 1.5:1 A1C13:BPC melt. The data contained in Table 
II was obtained after the anodization of a gallium electrode in a 
1.25:1 AlCl3:BPC melt, to produce Ga(I). Figure 3 contains a plot of 
E vs# log X ^ -  constructed from the data shown in fables I and II 
(indicating a second-power dependence on chloride ion). For the basic 
emf values obtained from Table I, a graph of emf vs. log gave a
line of slope 0.110 ± 0.01 V (theory value at 35°C is 0.122 V) with a 
correlation coefficient of 0.95. The least squares slope of the data 
from Table II, plotted in Figure 3, is 0.106 -k 0.008 V (theory value 
at 40°C is 0.124 V) with a correlation coefficient of 0.99. Deviation 
from ideality with respect to the second-power dependence on Cl” ion 
mole fraction might arise from an inadequate model or the presence of 
adventitious oxidants. The presence of these oxidants caused 
difficulties in obtaining accurate emf values, however, it is 
reasonable to infer from these results that GaCl2_ ion is the 
predominant species in the basic regime.

Voltammetric Investigations

As mentioned above, platinum proved to be the best substrate 
electrode material for resolving voltammetric waves. Unfortunately, 
as reported earlier (7), even with platinum, the reduction waves 
Ga(III)/Ga(I) and Ga(I)/Ga(0) had quasi-reversible characteristics and 
showed evidence of complications as a function of acidity in the 1:1 
to 2:1 melt composition range.

Cyclic voltammetric studies also have been performed using A1C13*. 
l-methyl-3-ethylimidazolium chloride (MEIC) melts at various melt
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compositions. The Ga(III), added as GaCl3 to the A1C13:MEIC melts, 
exhibited behavior similar to that obtained when added to AlCl3:BPC 
melts. Two poorly defined reduction waves, Ga(III)/Ga(I) (or Ga(0)) 
reduction followed by Ga(I)/Ga(0) reduction, occur in the acidic 
regime. However, an oxidation peak in the acidic AlCl3:MEIC melts, at 
approximately +1.3 V vs. A1 (1.5:1) reference (Figure 4) is sharper 
than the oxidation peak in the corresponding AlCl3:BPQ melts. The 
sharp anodic peak at circa +1.3 V presumably is the Ga(0) stripping 
peak and the shoulder at positive potentials may be due to 
Qa(I)/Ga(III) oxidation. Especially at scan rates below 100 mV/s, 
stripping peaks were obtained which possessed shoulders. Broad 
stripping peaks or stripping peaks with shoulders are likely to be 
indicative of composite behavior of two or more species being 
oxidized. The consequence of slow electron transfer kinetics has 
meant that a large excess of gallium species over arsenic species is 
required to obtain codeposited films of GaAs. For this reason, we 
have recently commenced a study of chlorogallate melts from which, it 
is hoped, more favorable electron transfer kinetics can be achieved 
(11).

Aluminum Underpotential Deposition

A second reason to use chlorogallate media would be to reduce the 
possibility of unwanted A1 codeposition, possibly as AlAs, in GaAs 
films. Deposition of metals at potentials more positive than their 
thermodynamic reversible potentials is a phenomenon termed 
underpotential deposition (UPD). This phenomenon precedes the bulk 
deposition of the metal, which occurs negative to the reversible 
potential. Metal ion adsorption occurs in an area described as the 
underpotential range, which may extend over a potential of a few 
hundred millivolts positive of the equilibrium potential. The 
underpotential, Eu, may be expressed by

Eu > Eq + (RT/zF)ln aMz+/aM

In this expression, EQ is the equilibrium potential of the deposited 
metal-metal ion electrode.

The deposition of a metal at potentials significantly positive to 
that of bulk deposition has been observed in aqueous systems for 
Ag(I), T1(I) and Cu(II), e.g. (12), on Au. In addition, this same 
phenomenon is well known with regards to the formation of monolayers 
of atomic hydrogen on Ir, Pt and Rh electrodes (13). Similar behavior 
occurs in molten salt systems. For example, using a LiCl-^KCl molten 
salt systems, Schmidt investigated the deposition of Ag(I), Cd(II), 
Ni(II) and Pb(II) ions and briefly addressed monolayer formation 
processes (14). Hills et al. have studied the deposition of Ag and Ni 
on Pt from the LiCl-KCl eutectic at 400°C (15) and they observed 
predeposition of Ni at 0.5 V positive to the equilibrium potential, 
and predeposition of Ag at 0.1 V positive to the reversible potential.
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During investigations of the electrochemistry of gallium in the 
room temperature chloroaluminate melts, cyclic voltammograras were 
obtained that perhaps indicate the presence of the UPD phenomenon. 
Figure 5 contains a voltammogram of Ga(III) at a slow scan rate (5 
mV/s) in a very acidic, AlCl3:BPC melt. After the second reduction 
wave, G a ( I)Ga(0), a third, sharp reduction wave was obtained. This 
reduction peak at circa +0.16 V vs. A1 (2:1) reference is presumably 
the underpotential deposition of A1 onto Ga. After reversing the 
direction of the voltammetric sweep, an anodic peak (A1 stripping) was 
obtained at approximately +0.24 V. Successive scans past 0.0 V showed 
that bulk deposition of A1 occurred at potentials near -0.1 V vs. A1 
(2:1) reference. Thus, the underpotential deposition occurs at a 
potential about 150 mV positive of the equilibrium potential. 
Integration of the currents, for the UPD of A1 and the subsequent 
stripping, showed that the charge for A1 predeposition on the cathodic 
sweep is nearly equal to the charge on the anodic sweep. The UPD 
phenomenon has been explained in terms of the existence of stronger 
attractive forces between atoms of the depositing metal and foreign 
atoms of a substrate than between similar atoms of the bulk metal 
(16). It is difficult to state if a GaAl intermetallic compound is 
responsible for this effect. This appears to be the first reported 
case for aluminum underpotential deposition.
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Table I. Ion Mole Fractions and Potentials for Titration of 4.64 x 
10~3 M Ga(I) in a 1.5:1 Al,Cl3»BPC Melt at 35°C.

E, V Ga(I) Cl in excess to 1:1 GaCl2~ Cl a

-0.963 5.21 X 10“22 1.63 X 10“2 4.39 X 10”l+ 1.55 X 10" 2
-0.968 4.28 X 10“ 2 2 3.99 X 10" 2 4.28 X 10"*+ 3.90 X 10" 2
-1.026 4.76 X 10“23 7.23 X 10"2 4.14 X 10"1* 7.15 X 10” 2
-1.049 2.02 X 10" 2 3 1.11 X 10” 1 3.97 X 10" * 1.11 X 10" 1
-1.065 1.12 X nr23 1.64 X 10” 1 3.73 X 10”f+ 1.63 X 10” 1

a) Excess chloride ion fraction less the amount complexed with Ga(I).

Table II. Potentials and Ion Mole Fractions for Titration of 5.93 x
10"2 M Ga(I) in a 1.25:1 AlCl3:BPC Melt at 40°C.

E, V Ga(I) Cl” in excess to 1:1 GaCl2~ Cl' a

-0.920 2.57 X 10'21 1.02 X 10" 2 6.01 X 10” 3 6.16 X 10“ 3
-0.983 2.32 X 10'22 2.94 X 10"2 5.94 X 10'3 1.75 X 10“ 2
-1.002 1.15 X 10~22 4.53 X 10" 2 5.88 X 10” 3 3.33 X 10“ 2
-1.021 5.69 X 10'23 6.54 X 10"2 5.72 X 10” 3 5.39 X 10“ 2
-1.037 3.069 X 10'23 8.90 X 10" 2 5.58 X 10" 3 7.78 X 10“ 2
-1.054 1.65 X 10'23 1.06 X 10"1 5.47 X 10“ 3 9.52 X 10“ 2

a) Excess chloride ion fraction less the amount complexed with Ga(I)

598



E
M

F
/V

----- I I I------------1-----1------1----- 1----- 1----- 1----- 1----- 1----- 1------1----- 1-----L .

- 3.0 - 2.0 - 1.0

Log  X Ga ( I )
Figure 1. Nernst plot of Ga(I)/Ga(0) vs. Al(2:l) ref. for a 1.5:1 

A1C13:BPC melt, 35°C.

Figure 2. Potentiometric titration of Ga(I) as a function of 
AICI3:BPC melt acidity, 35°C.
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Figure 3. Variation of the cell potential with the calculated 
chloride ion mole fraction in basic AlCl3:BPC.(A) Basic emf values at 35°C, Ga(I) produced by 
reduction of Ga(III).
(•) Basic emf values at 40 °C, Ga(I) produced by 
anodization of Ga(0) working electrode.

Figure 4. CV of ^30 mM Ga(III) at 50 mV/s, W electrode area 
7.06 mm2, in (1.1:1) AlCl3:MEIC, 25°C.
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Figure 5. CV of ~15 mM Ga(III) at 5 rnV/s, Pt button area 0.810 mm2, 
in (1.87:1) AlCl3:BPC, 40°C.
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ON THE INITIATION OF ANODE EFFECT IN CHLORIDE MELTS

Ulf Erikson and Reidar Tunold

Institutt for Teknisk Elektrokjemi 
Norges Tekniske Hogskole (NTH) 

Universitetet i Trondheim 
7034 NTH, NORWAY

ABSTRACT

The gas evolution process and the initiation of anode 
effect (AE) have been studied in chloride melts 
on different shapes of electrodes made of various 
materials. The critical cd (ccd) has been 
determined as a function of composition. The value 
of ccd varied from about 1 A cm" 2 in pure NaCl melts 
to 20-35 A cm” 2 in melts containing 20-30wt% MgCl2.

The formation and detachment of bubbles have been 
studied by visual inspection and by short film 
sequences.

A mechanism for the initiation of anode effect is 
proposed.

INTRODUCTION

The anode effect (AE) which manifests itself as a blocking of the 
anode surface inhibiting current transfer, is a well-known phenomenon 
especially occurring in molten salt systems such as in 
cryolite/alumina and other halide based melts. It is even found in 
aqueous solutions where it also occurs in connection with the cathodic 
hydrogen evolution, making this phenomenon a general electrode effect. 
The mechanism for initiation of AE may however be different in 
different systems. Several possible causes for AE have been proposed, 
which can be summarized briefly as follows:

i) Formation of an insulating solid compound on the anode surface 
(1-4)

ii) Deteriorating wettability between the anode and the melt due to:
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a) changes in surface tension (5,6)
b) formation of surface-compounds (7-12) or gaseous anode

products (13,14)

iii) Mass transfer problems due to

a) transport of gas bubbles away from the anode surface
becoming rate controlling, resulting in gas blanketing of 
the surface (15,16)

b) spontaneous formation of a gas film from a supersaturated
melt in the vicinity of the anode surface (17,18)

iv) Electrostatic attraction of negatively charged gas bubbles to the 
anode (19,20)

v) Thermal effects, IR-heating of the anode/electrolyte interface 
resulting in vapourization of the electrolyte close to the anode 
(21).

A main problem in proposing a comprehensive theory is the rather large 
differences in critical cds observed in different melts, from about
0.1 A cm~ 2 in some fluoride melts (22) to 20-35 A cm“ 2 in some 
chloride melts and in aqueous solutions, as found in the present 
investigation.

In the present work we have studied AE in chloride melts. The critical 
cd for the onset of AE has been studied as a function of the 
MgCl2-content in the binary mixture with NaCl and in quaternary 
mixtures with NaCl KC1 and CaCl2 in the temperature range of 
750-830°C. The gas evolution process including bubble formation and 
detachment, and the formation of a gas film, was studied visually and 
by making film sequences. A mechanism for the initiation of AE is 
proposed.

EXPERIMENTAL

Cell, melts and electrodes

Most of the experiments were carried out in a transparent gold film 
silica furnace (Trans Temp. Inc., USA).

Alkali chlorides were purified by heating in vacuum, melting and 
recrystallization. Magnesium chloride and calcium chloride were 
heated by slowly increasing the temperature to about 400°C in 
HC1-atmosphere. The magnesium chloride was thereafter distilled in 
vacuum. Calcium chloride was finally melted under HC1 atmosphere and 
then filtrated through a silica frit. All handling of the purified 
salts was performed in a dry box atmosphere. The final salt mixture 
was contained in a transparent silica-tube (55 mm $) with bottom.
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The following types of anodes were used:

- Spectrographic graphite, Grade II (4,56 in 0 ) from Johnson, Matthey 
Chemical Ltd., England, encapsulated in boron nitride. These 
electrodes were conically shaped with the active anode area facing 
downwards and with a typical area of 0.5 cm2

- Glassy carbon rods, 3mm <i>, type GC-30 from Tokai Carbon Co., Ltd., 
Japan

- Spectrographic graphite rods, same quality as above

- A tungsten rod, 1.8 mm 4> (99.9% purity), from Tungsten Manufacturing 
Co. Ltd., England

As a counter electrode, a Mg/Ni alloy rod shielded by a quartz tube 
was employed.

Measuring procedures

The ccd was measured by using a voltage sweep method at two different 
sweep-rates, v = 0.33 Vs" 1 and v - 3.44 Vs"1.
Occasionally a "semi-potentiostatic" method was employed, where the 
cell voltage was kept constant allowing the cell current to stabilize 
before proceeding to a higher voltage.

The gas evolution process and the onset of AE was filmed by a 16 mm 
movie camera.

Melt samples were taken after each addition of MgCl2 and analyzed by 
atomic absorption spectrometry.

RESULTS AND DISCUSSION 

The critical cd

Values for the critical cd as a function of MgCl2-content are shown in 
Fig. 1 and 2, measured by the voltage sweep method. In Fig. 1 results 
from the measurements in the binary system MgCl2-NaCl are shown. The 
ccd seems to increase from values of 1-4 A cm" 2 in pure NaCl to about 
30 A cm" 2 at 25 wt% MgCl^, with no further increase at higher content. 
The same general trend is found in the quaternary system as shown in 
Fig. 2, but with a somewhat lower ccd. The reproducibility of the
current values at different electrodes was not good and was even
slightly worse at lower sweep rates. At lower sweep rates the
measured ccds were somewhat reduced.

The main difference between the pure alkali chloride melts (and in
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mixtures with CaCl^) and melts with MgClo, is the interfacial tension 
which is reduced ny adding MgCl2 to tne melts. Pure CaCl^ has a 
surface tension of 147 dyn cm"1 at 800°C and pure NaCl 116 ayn cm" 1 
(T=850°C)/Whereas the surface tension of MgCl2 is 62 dyn cm" 1 (23). 
The contact angle between a graphite surface and chlorine bubbles in 
molten chlorides have been determined to 120 - 175°C in pure NaCl and 
to 36 - 40°C in pure MgCl2 (24). This means that the melt is wetting 
the surface better the more MgCl2 is added, leading to smaller contact 
angles between the electrode and the gas bubbles and therefore to 
smaller bubbles.

Visual observations

Visual observations reveal large differences in the gas evolution 
process in NaCl melts and in melts with low MgCl2 content, compared 
with melts with more than about 5 wt% of MgCl2. The difference is 
shown in Fig. 3 and 4. The effect of anode geometry is also 
pronounced.

Gas evolution and the initiation of AE on rod-shaped anodes

Visual observations show that the gas evolution process in pure NaCl 
and in melts with a low MgCl2-content (<*5 wt%) is distinctly 
different from how it appears in melts with higher MgCl2-content, as 
shown in Fig. 3 compared to Fig. 4. The arrows in the figures 
indicate bubble movements. The numbers (1) to (3) are showing stages 
in the gas evolution process during a continuously increasing cell 
voltage/current sweep.

Fig. 3 shows gas evolution in pure NaCl.

(1) : The gas evolution has started and a few bubbles coalesce. The
bubbles, having a large contact area with the anode, are 
nonsymmetrical and rather flat. This means the contact angle © 
is large (see Fig. 5). No bubbles leave the anode surface 
directly, but move upwards in a ,,creepingM manner still 
adhering to the electrode, until they meet the boundary 
atmosphere/melt, where they disappear into the gas phase.

(2) : The situation is similar except that the cd (and cell voltage)
is higher, giving a faster growth of the bubbles. At the same 
time more bubbles coalesce, giving as a total effect, an 
increasingly larger area covered by gas bubbles.

(3) : Ultimately a few large bubbles coalesce suddenly, resulting in
AE. A thin continuous gas film covering the entire anode 
surface appears. The current immediately drops to a very 
small value of about 0.01 A cm"2. The ccd in such cases is 1-3 
A-cm"2.
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In fig. 4, 5-10 wt% MgCl2 has been added to the melt.

(1) : The reaction has started, producing small circular bubbles
having a much smaller contact area with the anode than the 
bubbles in fig. 3. This is probably due to the improved 
wetting conditions at the melt/anode-interface, resulting in a 
smaller contact angle e (Fig. 5).
At this stage (i.e. at low cd) the bubbles move upwards on 
the surface and a few coalesce, still adhering to the
electrode.

(2) : When the cd is increased, more and more bubbles start to leave
the electrode surface directly to the melt.

(3) : After a while the gas evolution process becomes quite vigorous
at very high cds. Then, suddenly, the gas evolution stops and 
a thin gas film is observed at the anode surface,
corresponding to the onset of AE. The ccd in this case is
very high, - 10-35 A-cm“2.

The interfacial potential seems to stabilize the gas film. When the 
potential sweep is reversed to a value somewhat lower than the voltage 
at the moment of initiation, the gas film disappears and normal gas 
evolution starts. The film vanishes from the lower end of the 
electrode and upwards, during a period of one to two seconds.

Conically shaped anodes, encapsulated in boron nitride

Figure 6 shows a corresponding sequence from (1) to (3) as in Fig. 3 
observed in melts with a low MgCl2 content.

In this case, however, the interface boron nitride/graphite seems to 
hinder the upward motion of the bubbles. Ultimately a few large 
bubbles coalesce, forming one large bubble covering the entire anode 
surface. This bubble remains at the electrode in the same way as the 
gas film observed on rod shaped electrodes, until the voltage is 
reduced to a value below the critical cell voltage necessary for 
inititating AE. Then the gas evolution will start as prior to AE.

At higher MgCl^-content (>=*5 wt%) gas bubbles will leave also this 
electrode directly to the melt. The critical cd is very high (10-35 A 
cm“2) and the gas evolution becomes vigorous. The detachment of 
bubbles, however, seems not to be hindered by the edge between the 
graphite and the encapsulation. The AE occurs in the same manner as 
with the rod shaped electrodes. A thin gas film is formed 
spontaneously with a corresponding abrupt fall in the cd.
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Chancres of electrode materials and electrolyte 

Tungsten anode

When using a tungsten rod as an anode in the chloride melt, the same 
development of AE was observed as with graphite rod electrodes. Gas 
evolution took place at the same time as tungsten dissolved 
anodically. The total ccd was about 15 A cm” 2 in a NaCl-MgCl2 melt 
containing 10 wt% MgCl2 In this value the anodic dissolution current 
is also included. This means that the mechanism of the AE is probably 
independent of the electrode material.

Aqueous solutions

The anode (electrode) effect was also studied in an alkaline aqueous 
solution where oxygen was evolved on a conically shaped graphite 
electrode encapsulated in boron nitride and a Pt wire electrode. The 
critical cd was very high, 30-40 A cm”2, on both types of electrodes. 
Very small bubbles were detached from the electrode surface in the 
same manner as shown in Fig. 4. The gas evolution became very vigorous 
with increasing cd. No large bubbles could be observed on the surface 
before the anode effect took place. The anode effect was initiated 
very suddenly also in this case. In case of the encapsulated graphite 
electrode one large bubble covering the whole surface was formed. On 
the Pt wire AE resulted in a thin gas film, as on the graphite rod 
electrode in the melt.

That this film really was a hydrogen film and not water vapour could 
be seen by the fact that the film was stable while the potential was 
kept constant or increased. With the reduced heating any water vapour 
should then condense. When reducing the potential, the film 
disappeared in the same way as in the molten salt systems.

GENERAL DISCUSSION

If only physical properties of the electrode/electrolyte interface are 
determining the initiation of AE, one should anticipate rather 
reproducible ccds. It seems, however, that the ccd is rather 
irreproducible and that geometrical factors are participating. This 
indicates that the gas evolution process and the detachment of bubbles 
are the main determining factors.

We have earlier shown that AE can occur during very high current 
pulses before any bubble formation (17). In that case a thin gas film 
is probably formed from the supersaturated melt in the vicinity of the 
interface. Calculations have shown that in such a transient, 
concentration of chlorine might become thousand to ten thousand times 
the equilibrium saturation value in a film of thickness 10“ 4 cm. A gas 
film from such a layer would have a volume that is
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about ten times the corresponding melt volume (17).

In melts with good wetting properties, i.e. in melts with a high 
content of MgCl2, there seem to be no large effects of geometry. 
Bubbles detach readily from the surface. The active surface becomes 
smaller with increasing cd due to the increasing amount of bubbles on 
the surface. At the onset of AE a gas film is suddenly formed at the 
active surface area, covering the whole electrode. In this case the 
ccd is very high.

In melts with inferior wetting properties the bubbles stick to the 
electrode and coalesce to large bubbles with irregular shapes and 
which move along the electrode surface, adhering to it. The movements 
of the bubbles will depend on geometrical factors. The active area 
becomes very small with increasing current and AE occurs either by the 
coalescence of all existing bubbles or also here, by the sudden 
formation of a gas film from the supersaturated melt between the 
bubbles. This effect will bring about total coalescence of all 
bubbles.

If the active electrode surface continues into the atmosphere, the 
bubbles disappear into the gas phase and only a thin gas film is 
retained at the electrode. If an edge or another obstacle hinders the 
bubble movement, the electrode seems to be covered by a gas blanket. 
This probably also depends on the size of the electrode.

CONCLUSIONS

The critical cd for the initiation of anode effect depends on the 
wetting properties of the melt/electrode interface, being large in 
melts with good wetting properties and rather small in melts with high 
interfacial tensions.

The wetting properties as well as geometrical factors, decide the size 
of gas bubbles and the coalescence, detachment and transport of 
bubbles away from the surface. The AE is probably created by the 
sudden formation of a gas film from the supersaturated melt. The 
magnitude of the ccd then depends on the active, bubble free 
interface.
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Critical Current Density (CCD) vs 
MgCl^ Content, Binary System 
NaCl-MgCl^, Voltage Sweep 
Measurements, v=3.44 V ,
T = 830 ± 5°C.

2B

2U

0 r  V  12 ~ 16 20 24 28 32 36 40"

wt% MgCl2

Figure 2.
CCD vs MgCl? Content, Quaternary 
System NaCl“KCl-CaCl2-MgCl2. Voltage 
Sweep Measurements, v=3.44 Vs ,
T = 750°C.

AE

Figure 3.
Gas Evolution on a Rod Shaped 
Anode in Pure NaCl, Low CCD.

TTj (2) (l)

Figure 4.
Gas Evolution in MgCl2“NaCl Melt, 
High CCD.
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-(1)

Figure 5.
Gas Bubble and Contact Angle, 
Melt/Solid/Gas in Melts with
a) Good Wetting Properties,
b) Inferior Wetting Properties.

Figure 6.
Gas Evolution on Conically Shaped 
Anodes Encapsulated in Boron 
Nitride, in Melts without MgCl^ 
or with a Low MgCl^-Content.
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CONCEPTS AND REALITIES OF CHEMICAL AND 
ELECTROCHEMICAL REACTIONS IN MOLTEN SALTS

Keith E. Johnson and F. Wayne Yerhoff
Department of Chemistry/ University of Regina 

Regina/ Saskatchewan/ Canada S4S 0A2

ABSTRACT
Our present knowledge of the electrolytic 
reduction of molten nitrates is reviewed.
Direct and catalytic reductions may both occur 
and the former is particularly sensitive to the 
cations present. This may arise because of the 
different structural energetics of oxide, 
peroxide and superoxide coordination by cations. 
Such considerations are extended to other 
solvents. Acid-base equilibria pertinent to 
nitrate, chloroaluminate and antimony chloride 
melts are discussed with emphasis on acidity- 
oxidative power relations. The usefulness of 
the silver(I)-silver potential and of transition 
metal ion coordination site detection are 
pointed out.

INTRODUCTION
During the last 40 years molten salt chemistry 

developed against a background of (a) aqueous chemistry, 
including acid-base equilibria and a transformation and 
rationalization of coordination chemistry; (b) a pot- 
pouri of inorganic chemical facts; and (c) a developing 
mechanistic approach to first organic, and later 
inorganic reactions. It should come as no surprise to 
find molten salt chemistry and electrochemistry explained 
in a variety of ways: either along the lines that a new 
field allows for other chemistries to be forgotten, or in 
terms of fitting all the results to models derived from 
the extant science.

It is the purpose of this paper to discuss several 
molten salt chemistry results in terras of thermodynamics, 
coinplexation, acid-base equilibria, kinetics, 
electrochemical studies and spectroscopy. We shall 
attempt: (a) to distinguish between concepts, useful or
otherv/ise, and established realities; and (b) to comment 
on mechanisms and postulates consistent with observations
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and species identification. The systems considered 
include molten nitrates, oxygen anions, the stabilization 
of silver ions in melts and the chemistry of aluminum, 
zinc and antimony chloride systems.

MOLTEN NITRATES

The oxidative power of molten alkali nitrates is well 
known; it suggests that few metals or non-metals should 
be stable in contact with the melts, and it is consistent 
with their decomposition into oxygen and nitrite at 
moderate temperatures with some peroxide formation at 
higher temperature (1). It was no surprise therefore to 
find nitrate as one electroreduction product of alkali 
nitrates (2 ), but what else was produced was not so 
obvious. Hittorf in 1847 (3) proposed that peroxide was 
formed at platinum electrodes in sodium and potassium 
nitrates. Several groups observed the inhibition of 
electro-reduction of nitrate in lithium- or sodium-based 
melts and ascribed it to alkali monoxide precipitation 
(2,4,5). Eventually, Zambonin and Jordan (6,7) 
identified peroxide and superoxide in addition to nitrite 
in electrolysed NaN 0 3 -KN 0 3 , provided the melts were dry, 
and suggested that water catalysed the reduction of 
nitrate in wet melts. NO 2 (or N 2 O 4 ) has not been 
isolated in molten nitrate reductions.

The oxygen chemistry of the alkali metals features 
Li 2 0 , Na 2 C>2 and KO 2 as the most stable compounds, with 
Li 2 C>2 and Na 2 0  also being formed on burning the metals in 
air. Na 2 0  (and K 2 O) are best obtained by the reduction 
with Na(K) of the peroxide, hydroxide or nitrite.

Voltammetric studies of water and several metal ions 
(e.g. Pb2 + ) in solution in alkali nitrates show reduction 
waves prior to the solvent wave. The reduction currents 
are proportional to solution concentration, but the 
temperature dependence of these currents (8 ) indicates a 
process with activation energy comparable to that of the 
solvent reduction (2,4). The original assumption was 
that water was reduced to hydrogen, but that metal ions 
were reduced to metal which then reacted with the nitrate 
to yield metal oxide (9) and nitrite (not identified). 
Attempts to anodically oxidize such metals to the ions 
in solution failed: the metal grew an oxide co$t.

From these summarized observations we can conclude 
that the following processes occur when molten nitrates 
are electrolysed.
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(a) Nitrate itself is reduced to nitrite and oxidic
species by one or more of the followings

NQj” + 2e~ ---- *■ N02- + 0 2 ~ [1]

NOj- + e" — — ► N02 " + [0- J [2]

2[0- ] ---- > 0 22- [3]

N03" + [O- ] — -N02 " + 02 " [4]

N03" + 02“ N02“ + 022- [5]

2N03" + 022' y ■> 2N02“ + 202" [6]

The observation that: (i) after a bulk electrolysis of 
NaNC>3 -KNQ 3 , superoxide concentration slowly increases at 
the expense of peroxide (7); (i i ) NaNC>3 electrolysis 
yields more peroxide than superoxide and KN O 3 
electrolysis yields the reverse (1 0 ); and (iii) the 
reduction peaks occur at more negative potentials in the 
sequence LiNC>3 -KN 0 3 f NaN 0 3 “KN 0 3 f NaNC>3 (20% w/w) in KN O 3 
(1 1 ), make it appear that, as in the thermal combustion 
of the metals, formation is favoured by Li+ , 02^”
formation by Na+ and 02“ formation by K + . This 
necessarily implies that the oxidic species in solution 
is cognizant of its alkali metal ion environment. One 
could then imagine reactions [1], [5] and [6 ] occurring
in mixed melts, reaction [1 ] only in LiN 0 3  and reactions
[2], [4] and [3] in KN O 3 .

(b) The reduction of nitrate is catalysed by species 
which can form stable insoluble (e.g. PbO, Na 2 0 , Li 2 0 ) or 
soluble (OH- ) oxides:

N03" + 2e~ + 2Na+ ----- >■ N02” + Na 2 0+ [7]

N 0 3” + 2e" + Pb2+ ----->  N02" + PbO+ [8 ]

N 0 3“ + 2e“ + H20 ----- N02" + 2 OH~ [9]
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Reactions [7], [8] and [9] could be considered as a 
combination of reaction [1] followed by Na2°# PbO and OB” 
formation, but then the potentials should be identical 
and this is not found. The recent postulate of metal ion 
catalysis (12) is energetically simpler. It has yet to 
be determined how many reactions from schemes (a) and (b) 
can occur simultaneously, e.g. is the nitrate peak 
reaction [7] the sole electrode process in a dry melt?
It is established that [7] and [9] can both occur in a 
wet one (2,4,11) .

We note in passing that there have been numerous 
a11empts to es tab 1 .i sh oxygen elect rodes in molten sa 11s 
including chlorides, nitrates, sulfates and carbonates. 
The electrodes based on solvent oxidation - CI2/CI",
NO2 O2/NO3 , SO3 + 02/304^” and CO2 + 02/003^” have 
been shown to function reasonably, but C^/O^” electrodes 
have caused numerous problems and controversies, mainly 
because the cation role was not always realized. The 
suggestions of Appleby and Nicholson (13) should be 
considered for all solvents: the monoxide, peroxide or 
superoxide preferences of the cations likely determine 
either the electrode reaction or the following chemical 
reaction, or both.

ACID-BASE CONCEPTS
The I.ux-Floocl acid-base concept for molten salt 

equilibria is centred upon the idea of oxide ion as the 
reference base and species such as N02 + r CO2 and SO3 as 
the corresponding acids in oxyanion melts, e.g.:

C032- C02 + o2~

It is a particular example of the Lewis concept which 
again finds application in aluminum halide based systems, 
where A.ICI3 is the acid:

A1C13 + Cl” A1C14”

Further, oxidants are of course Lewis acids and 
reductants Lewis bases. The difference between an actual 
redox reaction and an acid-base reaction is then one of 
degree: in the former case electron transfer between 
species is complete while in the latter a mere sharing or
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redistribution of electrons originating within a species 
takes place.

ACID-BASE REACTIONS IN MEETS
When either pyrosulfate or dichromate and lead ions 

are added to a nitrate melt, nitrogen dioxide and oxygen 
are liberated (14) :

S2°72- + 2N03~ ■— 2S042_ + 2NC>2 + l/20?

One can postulate, as did Duke (15), that the process 
involves the acid NC>2 + / rather than N2O5, and write an 
acidity sequence S2O72- > Cr2072~  ̂N2O5(^02+) .
However, N02 + has not been observed directly in melts and 
there is no reason per se for N2O5 to ionize in ionic 
nitrates the way it does in N2O4 and other non-aqueous 
solvents (16).

Although some of the active participants in SbCl.3- 
based melts require better definition, the acidity and 
oxidative power are purported to be related but not 
necessarily identical (17). SbCl3 itself is a molecular 
liquid which can either donate Cl" to acidic molecules 
such as AICI3 to form A.ICI4" or accept Cl" from alkali or 
quaternary ammonium chlorides to form 5bC.14“ (or 5- or 6- 
coordinate species as found in isolated complexes). The 
identity of the Lewis acid formulated as SbCl2+ is no 
more certain than is the existence of N02+ in nitrates. 
Two different modes of action (acid-base and redox) have 
been cited in the transalkylation and radical cation 
production from diphenylethane and di-9-anthylethane, 
respectively (17).

Whether the reduced form of antimony produced is the 
metal (n - 3) or some oxidation state n less than 3, the 
antiraony redox reaction will have a potential

E E,
RT

+ —  In 
nF

[SbCl3J
[Cl ]n [sbci3_n3

E0 *
acidic

RT
+ —  In 

nF
[SbCl2+]

[Cl ]n 1 [SbCl3_n]

617



where E°'acidic E 0 'basic
RT
nF ln and is the

dissociation constant of SbCl 3 . It appears that radical 
cation production requires a lesser oxidant than does 
transalkylation since the latter occurs more readily in 
the A l C l 3 -dominated system. Hydride abstraction, if it 
occurs in the latter case, does not necessitate the 
formation of an intermediate such as HSbCl 3 containing 
H~.

METAL ION STABILIZATION IN MELTS

Many years ago (18) we carried out or collected 
together measurements of the e.m.f.'s of cells such as

Ag/AgX in MX//AgY in MY/Ag M = alkali metal(s)

and constructed an e.m.f. series of anions, X“ ,Y” . 
Disregarding the small uncertainties of liquid junction 
potentials, the e.m.f.'s may be seen to express several 
things: (a) the different activities of silver ions in 
the two media; (b) the Gibbs free energy change (or 
equilibrium constant) of the exchange reaction

MX + AgY MY + AgX

(c) the preference of Ag+ for X” and Y“ ; (d) the relative 
"acidity” or oxidizing power of Y “ vs. X” . The results 
of these measurements were a preference order for Ag + of 
Cl” > CC>3 2“ ^ N02- > SC>4 2“ ^ NC>3 “ . The inclusion of cell 
e.m.f. data (17) involving the oxidation of common anions 
led to the development of a sequence of anion oxidation 
potentials in alkali metal salt melts

S042- > Cl~ -V. N 0 3" > C 0 32-

If we extend the comparison of silver potentials to 
the chloraluminate systems we find a 2 0  mv difference 
between E ^ + values in A 1 C 1 4 - and A 1 2 C 1 7 - melts.

However, the A1^+/A1, Fe^+/Fe2 + , Fe 2 +/Fe, Cu 2 +/Cu+ and 
Cu+/Cu potentials differ by 455, 450, 320, 496 and 61 mv, 
respectively (19), always with the electrode in the 
A I 2 C I 7 system the more positive. Referring to LiCl-KCl 
as solvent (20) we find E° + - EA1^+ A1 = v
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compared to 1.086 V for NaAlCl 4 and E£ u+ Cu “ E ^ 3 +  A1 =

0.805 V compared to 1.073 V for NaAlCl 4 . Thus A g +/Ag can 
be considered a good reference electrode in acid-base 
melts with Cu+/Cu a fair second choice. The A g +/Ag 
potential reflects only the nearest neighbor's presence. 
The usual bidentate inclination of the d ^  ions Ag+ and 
Cu + compared to the tetrahedral and higher coordinations 
of the other ions is probably the primary determining 
factor* The transition metal ions possess their own 
acid-base character which confuses the picture*

Transition metal ions do offer probe characteristics 
because of coordination preference and thus coordination 
detection through spectral (color) properties. Co 2 + ions 
are particularly useful since they take on tetrahedral 
(blue), octahedral (pink) or dodecahedral (purple) 
coordination in various molten salts (2 1 ) whereas Cr^+ 
ions either find octahedral s i t e s , an unusual but 
possible situation in LiCl-KCl (22) or no sites as in 
ZnCl 2 where the tetrahedral network makes CrCl 3 virtually 
insoluble (23). One must be careful to distinguish 
between the behavior of melts such as A I C I 3 and ZnCl 2 due 
to their acidity and the behavior due to their structure, 
which two characteristics need not be totally correlated.

REFERENCES

1. B.D. Bond and P.W.M. Jacobs# J. Chem. Soc. A # 1265 
(1966).

2. H.S. Swofford and H.A. Laitinen, J. Electrochem. 
Soc., 1 1 0 , 814 (1963) .

3. W. Hittorf, Poggendorfe Ann. P h y s ., 7 2 , 481 (1847).
4. G.J. Hills and K.E. Johnson, "Advances in 

Polarbgraphy", p. 974, Pergamon Press# London 
(1961).

5. H . E . Bartlett and K.E. Johnson, J. Electrochem.
S o c . , 1 1 4 , 64 (1967) .

6 . P.G* Zambonin and J. Jordan, J. Amer. Chem. S o c .,
89, 6365 (1967); 91, 225 (1969).

7. P.G. Zambonin, J. Electroanal. C h e m ., 2 4 , 365
(1970) .

8 . N. Nachtrief and M. Steinberg, J. Amer. Chem. S o c ., 
72, 3558 (1950) .

9. D* Inman and J. O'M. Bockris, J. Electroanal* C h e m ., 
3, 126 (1962).

10. K.E. Johnson and P.S. Zacharias, J. Electrochem. 
Soc., 1 2 4 , 448 (1977).

619



11. K.E. Johnson/ Ph.D. Thesis, London (1959).
12. M.H. Miles, G.E. McManis and A.N. Fletcher, J. 

Electrochem. Soc., 134, 614 (1987).
13. A .J . Appleby and S.B. Nicholson, J. Electroanal. 

Chem., 38# App. 13 (1972); 53, 105 (1974); 83# 308
(1977); 112, 71 (1980); J, Electrochem. Soc.# 127, 
759 (1980).

14. F.R. Duke and M.L. Iverson, J. Amer. Chem. Soc., 80, 
5061 (1958).

15. F.R. Duke and S. Yamamoto, J. Amer. Chem. Soc., 81, 
6378 (1959).

16. N.N. Greenwood and A. Earnshaw, "Chemistry of the 
Elements", p. 526, Pergamon Press, Oxford (1984).

17. A .C . Buchanan, D.M. Chapman and G.P. Smith, J. Org. 
Chem., 50, 1702 (1985) .

18. L.G. Boxall and K.E. Johnson, J. Electroanal. Chem., 
30, 25 (1971) .

19. L.G. Boxall, H.L. Jones and R.A. Osteryoung, J_... 
Electrochem. Soc., 121, 212 (1974).

20. H.A. Laitinen and C.H. Liu, J. Amer. Chem. Soc.# 80, 
1015 (1958).

21. K.E. Johnson and J.R. Dickinson, "Advances in Molten 
Salt Chemistry II", p. 135 (1973).

22. G. Harrington and B.R. Sundheim, Ann. N.Y. Acad.
Sci., 79, 950 (1960) .

23. D.H. Kerridge and I.A. Sturton, Inorg. Chem. Acta#
8, 27 (1974) .

620



EVALUATION OF LiCl-LiBr-KBr ELECTROLYTE 
FOR Li-ALLOY/METAL DISULFIDE CELLS
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ABSTRACT

The physical properties of a new molten salt 
electrolyte for lithium-alloy/metal disulfide cells,
25 mol % LiCl-37 mol % LiBr-38 mol X  KBr, were investigated. 
In earlier cells, a LiCl-KCl electrolyte was used. Cyclic 
voltammetry of FeS2 in the new molten salt at 375-425°C 
indicated improved electrochemistry and stability of the 
reaction on the upper voltage plateau (1.75 V vs. LiAl).
The new electrolyte provides an opportunity to operate an 
upper-plateau (U.P.) FeS2 electrode at a lower temperature, 
400°C, and with a higher activity of lithium ion in the 
electrolyte. The broad liquidus of this molten salt at 
400°C also supports operation at high current density. 
Testing of 24- to 48-Ah cells indicated greater than 50% 
improved energy and power density over the conventional two- 
plateau FeS? cell with LiCl-KCl electrolyte. The 
conventional FeS2 cells would lose 50% of their upper- 
plateau capacity within 200 cycles. The elimination of this 
capacity decline problem was demonstrated by 400 cycles and 
5400 h of stable operation with a dense U.P. Fe$2 electrode 
cell, which maintained 89% utilization of theoretical 
capacity throughout the test.

INTRODUCTION

A new molten-salt electrolyte is a key component of a 
substantially improved LiAl/FeS2 cell. With this electrolyte, the 
cell's energy and power density were increased by at least 50% and 
cycle-life stability problems were alleviated (1). This electrolyte, 
25 mol % LiCl-37 mol % LiBr-38 mol % KBr (m.p. 310), has many 
interesting properties which give it preference over the commonly used 
58 mol % LiCl-42 mol % KC1 (m.p. 352°C). The LiCl-LiBr-KCl-KBr system 
was initially examined by investigators in the U.S.S.R. (2) for 
crystallization of solid solutions in reciprocal ternary systems. The 
properties of the above LiCl-LiBr-KBr composition are currently being 
investigated at Argonne National Laboratory in its development of 
high-performance battery cells. This paper will report on the 
physical properties of the electrolyte, the electrochemistry of the 
FeS2 electrode, and the LiAl/FeS2 cell performance with the LiCl-LiBr- 
KBr electrolyte.
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A second feature of the improved LiAl/Fe$2 cell is its exclusive 
operation on the higher of two discharge voltage plateaus, along with 
an increased loading of active material in the FeSo electrode from 
32 vol 2 FeSo (1.5 Ah/cm**) to 50 vol X  FeSo (2.4 An/cm3). The energy 
density of this "dense U.P. Fe$2 electrode" is potentially greater 
than that of the two-plateau (T.P.) FeS2 electr<>de— with the added 
advantage of a 0.3 V increase in cell voltage at 802 depth of 
discharge (DOD), Fig. 1.

The discharge reaction of the dense U.P. FeS2 electrode (1.75 V 
vs. LiAl) can be written as:

FeS2 + 2Li+ + 2e' %  Li2FeS2, [1]
although it is a series of three consecutive reactions (3), as will be 
seen later. In the conventional T.P. FeS2 ceH >  the lower-voltage 
reaction (1.33 avg V vs. LiAl) is also used. This reaction is:

Li2FeS2 + 2Li+ + 2e" %  2Li2S + Fe. [2]

The discharge product of the U.P. FeS2 reaction, LinFeS2 > **as § much 
higher density (2.8 g/cm3) in comparison to the Li2* (1 .6  g/cm3) 
produced in the T.P. FeS2 electrode operation. Consequently, a higher 
loading of active material for the dense U.P. FeS2 electrode develops 
higher electrode energy density, Wh/cm3.

The earlier T.P. FeS2 ce*ls with LiCl-KCl electrolyte were 
operated at 425-450°C and had unacceptably high capacity decline rates 
of 0.10-0.252 per cycle. Approximately 502 of the upper-plateau FeS2 
capacity would be lost in the first 200 cycles of operation. This 
phenomenon was explained by sulfur migrating from the positive 
electrode into the separator region of a cell and depositing there as 
Li2S (4). Therefore, a U.P. FeS2 cell design was not a practical 
approach for development of a high-performance cell with the LiCl-KCl 
electrolyte. The LiCl-LiBr-KBr molten salt offers physical properties 
that allow stable operation of the dense U.P. FeS2 electrode without 
degrading cell performance. Several unique characteristics of the
U.P. FeS2 cell with LiCl-LiBr-KBr electrode were identified. As 
related to FeSo cell design and fabrication, some of the physical 
properties of the LiCl-LiBr-KBr were determined directly and some were 
observed. The FeS2 electrode electrochemistry was investigated by 
slow-scan cyclic voltammetry in a temperature range of 375-425°C. 
Compact prismatic cells were operated to demonstrate the improved 
performance of the LiAl/LiCl-LiBr-KBr/FeS2 system.

EXPERIMENTAL

The electrolyte was polarographic grade LiCl-LiBr-KBr of the 
eutectic composition (25 mol 2 LiCl-37 mol 2 LiBr-38 mol 2 KBr, m.p. 
310°C), which was obtained from Anderson Physics Laboratory (APL). 
Melting point and cooling curves were determined by APL in the course 
of producing this melt. The FeS2 was purchased from the University of
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Minnesota as purified mineral and was determined to be approximately 
95% pure by x-ray diffraction analysis. The LiAl electrodes used 
23 wt % lithium-aluminum particles from Foote Mineral Co.

The cyclic voltammetry experiments were conducted in cells 
consisting of FeS2 working electrodes and Li-Al reference (about 1-Ah 
capacity) and counter (about 10-Ah capacity) electrodes. The Fe$2 
electrode (25 mg FeS2) was positioned in proximity to other electrodes 
in about 200 g of electrolyte. The LiAl electrodes employed 
cylindrical stainless steel housings which were covered with 325-mesh 
stainless steel screens. The Li-Al powder was mixed with aluminum 
powder to reduce the lithium concentration to about 35 at. % Li. The 
working electrode employed a molybdenum housing for 0.25-cm2 electrode 
area and 0.6-mm depth and is faced by 100-mesh molybdenum screens.

The cyclic voltammograms were generated with a PAR 175 universal 
programmer, a PAR 173 potentiostat, a PAR 179 coulometer, and a 
HP 7045A X-Y recorder. Steady-state voltammograms were obtained from 
repeated cathodic and anodic sweeps at a sweep rate of 0.02 mV/s with 
a potential range of no greater than 1.1 to 2.15 V vs. Li-Al.

Cell performance characteristics were assessed in sealed 
prismatic bicells of 24- to 48-Ah capacity. The electrodes (8.7-cm 
high x 6.3-cm wide) were contained behind perforated-sheet current 
collectors— molybdenum for the central FeS2 electrode and 1008 steel 
for the two Li-Al electrodes. The electrode area, based on the area 
of the BN felt separator (0.2-cm thick, 10 vol X  BN, Kennecott Corp.), 
was 100 cm2. The positive electrodes contained FeS? with 15 mol X  
CoS2 additive for a theoretical capacity of either 24 or 48 Ah on the 
upper plateau. The slurry-formed negative electrodes (5) contained 
53 at. X  Li-Al alloy of either 35- or 70-Ah capacity with 0.9 Ah/cm3 
loading density. Cells were assembled with a BN-powder feedthrough 
seal and were operated in an argon glovebox. Cycle-life testing at an 
8-h charge rate (25 or 50 mA/cm2) and 4-h discharge rate (50 or 
100 mA/cm2) was controlled between voltage cutoffs of 2.10 and 1.25 V, 
respectively. A Ni/Ni2S* reference electrode indicated working- 
electrode potentials during the deep discharge cycling.

RESULTS AND DISCUSSIONS
The physical properties of LiCl-LiBr-KBr were investigated 

relative to the design, fabrication, and operation of LiAl/U.P. FeS2 
cells. As reported earlier (2), the new electrolyte has a melting 
point of 310°C. Also, its liquidus range of 1.25 to 2.6 Li+/K+ ratio 
at 400° C is of particular interest to the dynamic conditions of 
electrode operation at high current density. For LiCl-KCl, the 
liquidus range at 400°C is only 1.25 to 1.81 Li+/K+ ratio. The 
broader liquidus for LiCl-LiBr-KBr would tend to prevent salt 
crystallization from the Li+ ion flux of current conduction. Melting 
point and cooling curve determinations at APL (6) indicated a melting 
point of 312±1°C, but once liquid, this molten salt exhibits a lower 
freezing point of 296±4°C. Accordingly, test cells begin to exhibit
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voltage at 310±10°C. With regard to the expanded liquidus range of 
the LiCl-LiBr-KBr, the improved performance of the Li-Al/U.P. Fe$2 
cell at 400°C (reported below) is supportive of this property.

Determinations of the density of LiCl-LiBr-KBr correlated well 
with the calculated density based on component densities. At 400°C, 
the liquid density is about 2.2 g/cm . (Room-temperature density is 
2.7 g/cm”5.) The liquid density was determined from the weight of an 
established volume of electrolyte in a graphite crucible at 400±5°C. 
The liquid meniscus is dealt with by placing a graphite cap having a 
small hole (to take up excess melt) on the top of the crucible. It 
was observed that the LiCl-LiBr-KBr electrolyte wets electrode 
materials (LiAl, FeS2 , C0S2) and cell components (MgO-treated BN felt, 
steel, and molybdenum) quite well. Generally, a vacuum was required 
to fully infiltrate LiCl-KCl electrolyte into the cell. The cells 
with LiCl-LiBr-KBr have attained full cell capacity without vacuum- 
assisted infiltration. This good wetting characteristic is important 
for the development of "electrolyte-starved" cells.

The specific resistivity of the molten salt and solubility of the 
metal disulfide electrode materials are linked to Li+ ion activity and 
temperature. An added consideration is the thermal stability of Fe$2 . 
It has been determined (7) that thermal decomposition of Fe$2 at 400°C 
is rather slow and that thousands of hours would pass before a 
significant amount of decomposition would occur, whereas at 500°C 
decomposition would occur within a few hours. Earlier studies have 
documented the increased solubility of Li2S in molten salts due to 
higher Li+ ion content (8). Solubility at 450°C is 1860 ppm Li2S for 
65 mol X LiCl-35 mol X  KC1 and 840 ppm Li2S for 55 mol X  LiCl-45 mol X  
KC1. The all-Li+ ion salt, LiCl-LiBr-LiF, at 465°C has a much higher 
Li2S solubility (9), 6840 ppm. Generally, a 50°C temperature rise in 
the range of 400-500°C will approximately double Li2S solubility for 
all of these molten salts. The solubility of Li2S in LiCl-LiBr-KBr at 
400°C based on a 62 mol X  Li+ content is approximated at 1100 ppm 
Li2S. The specific resistivity of LiCl-KCl eutectic at 400°C, which 
is approximately 0.8 ohm-cm, decreases as the LiCl mole fraction is 
increased, but the melting point rapidly increases to 400°C for the 
LiCl-rich composition of 65 mol X  LiCl-35 mol X KCl.. It is apparent 
that, compared with LiCl-KCl eutectic, the LiCl-LiBr-KBr electrolyte 
provides lower temperature operation (~400°C), which minimizes thermal 
decomposition and solubility of electrode material, and higher Li+ ion 
activity, which enhances FeS2 electrode performance. *

The electrochemistry of FeS£ in LiCl-LiBr-KBr was examined by 
cyclic voltammetry, as shown in Fig. 2 , at three temperatures: 375, 
400, and 425°C. The potential sweep rate was 0.02 mV/s, and the 
potential range was 1.10 to 2 .10  V. These conditions generated about 
one cycle per day. Achieved capacity, based on summed areas of either 
anodic or cathodic peaks, exceeded 80% of the theoretical capacity.
The dominant features of these voltammograms are consistent with those 
of FeS2 *n LiCl-KCl eutectic, which were reported by Preto et al. (3). 
Roman numerals label the peaks, with "a" for anodic and "c" for 
cathodic. The corresponding sequence of phases at the various states
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of charge are assigned according to the work of Tomczuk et al. (10) as 
follows:

ivc m c
FeS2 fva Li3Fe2s4 m a Li2.2Fe0.8S2 and

Fel_xS Li2FeS2 i~ Fe and Li2S [3]

These are equilibrium phases and do not imply reaction mechanisms. Of 
particular interest for this study is the separation of the anodic and 
cathodic high-voltage peaks (IVa and IVc), which indicates 
irreversibility of this reaction. A notable difference between the 
cyclic voltammograms of Fig. 2 and those of Fe$2 in LiCl-KCl is that 
this peak separation (difference in leading edge potentials, LEP) is 
less— 95 mV vs. 120 mV, respectively. Also, the leading edge of peak 
IVa does not exhibit the shoulder found for FeS2 in LiCl-KCl (3).
These differences indicate improved reversibility from a molten salt 
with higher Li+ ion activity. As seen in Table 1, peak separation 
between IVa and IVc (LEPa-LEPc) lessens with increased operating 
temperature.

A unique characteristic of the high voltage reactions 
(FeS2 to Li2FeS2> is their strong entropic cooling. The potentials of 
the leading edges of peak IVc at 375, 400, and 425°C (Fig. 2) exhibit 
a positive temperature coefficient, which correlates well with the 
change in the equilibrium potentials of these peaks due to 
temperature. The emf for the Fe$2 -> Li^Fe2S^ phase transition has 
been reported by Tomczuk et al. (II) as:

Emf = 1.542 + 0.0005231 T(°C) [4]

As shown in Table 1, a 50°C change in temperature raises the potential 
of the leading edge of peak IVc by 20 mV. Calculating the difference 
between the equilibrium potentials of the reaction peaks with their 
leading-edge potentials, LEP, for peaks IVa and IVc (Table 1) 
indicates the overpotentials for these reactions. The cathodic 
overpotentials are quite small (4-14 mV), while the anodic 
overpotential of peak IVa is about 85 mV at 400°C. Most 
significantly, the overpotential of charging the high voltage reaction 
of FeS2 (IVa) in LiCl-LiBr-KBr at 400°C is 20 mV less than it is in 
LiCl-KCl eutectic.

The cyclic voltammograms indicate rather good stability of FeS2 
in LiCl-LiBr-KBr. At 425°C or less, soluble polysulfides are not 
generated, as evidenced by the lack of activity in the voltage region 
1.95 to 2.10 V vs. LiAl. Generation of soluble polysulfides would 
lead to electrode capacity loss. Unlike FeS2 , C0S2 and NiS2 generate 
Li^S in charging their high voltage reaction, which can be further 
oxidized to soluble Li2$2 (3). In Fig. 2, the diminution of peaks IVa
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and IVc at 425*>C may be attributed to lengthy operating times (200 h) 
for the 25-mg FeS2 electrode and/or physical loss of active material.

Tests of the LiAl/LiCl-LiBr-KBr/dense U.P. FeS2 cell at 400°C 
demonstrated at least a 50% improved energy density in comparison to 
that of the LiAl/LiCl-KCl/T.P. FeS2 cell at 427 ®C (12). As seen in 
Fig. 1, capacity utilization is about 50% greater, along with a 10% 
higher average discharge voltage. Cell power density was improved by 
at least 100% because of two factors. First, the cell voltage at 90% 
D0D was about 0.3 V higher than that of a T.P. FeS2 cell. Second, 
cell resistivity was lower for the dense U.P. FeS2 cell at 400°C, 
ranging from Q.65 to 0.85 ohm-cnr for 5-80% POD compared with 1.2 to
1.6 ohm-cnr for the T.P. FeS2 cell at 427°C. The higher voltage and
lower resistivity of the U.P. FeS2 cell increased power density from
0.3 to 0.8 W/cm2 of separator area at 80% DQD.

The high utilization, about 80% at the higher current densities 
of 100-150 mA/cm, attests to extremely good electrode kinetics for 
the U,P. FeSo electrode in the LiCl-LiBr-KBr electrolyte. As seen in 
Fig. 3, utilizations at these high current densities are approximately 
double those of the T.P. FeS2 system* Cells have been operated at
temperatures as low as 380°C, but as seen in Fig. 3, sensitivity to
cell operating temperature begins to show at temperatures less than 
400®C. At a 1-h discharge rate (150 mA/cm2), 78% utilization is 
achieved at 400°C.

Stable cycle life is a particular concern for the dense U.P. FeS2 
cell in that cell capacity loss for earlier cells was exclusively due 
to loss of upper-plateau (high sulfur activity) capacity. The cell 
capacity vs. cycle number for the U.P. FeSo cell is shown in Fig. 4. 
(Its coulombic efficiency was +99%.) At 50 mA/cm2, the upper-plateau 
FeS2 capacity utilization was 89%. The cell capacity remained 
constant through 400 cycles and 5400 hours, after which problems with 
the test facility terminated the test. During this test, the cell was 
charged at 25 mA/cm2 to a charge cutoff of 2.05 V. These values are 
greater than those that could be used with the LiAl/LiCl-KCl/T.P. FeS2 
and still maintain stable capacity (12). This is further indication 
of improved FeS2 electrode kinetics. Electrode potentials (vs. the 
tU/Nio$2 reference electrode) indicated that discharge cell capacity 
was limited by the upper-plateau Fe$2 capacity of the positive 
electrode. The 89% utilization of the upper-plateau FeS2 capacity 
provided quite good accounting of the sulfur capacity throughout the 
cycle-life test. Apparently, both time- and cycle-related capacity 
loss mechanisms have been eliminated in this advanced cell.

CONCLUSION

The physical characteristics of the molten salt LiCl-LiBr-KBr 
provide a unique opportunity to operate a U.P. FeS2 cell at a 
substantially lower temperature (400 vs. 450°C) along with a higher 
Li+ ion activity (62 vs. 58 mol % Li+ ion) than is possible with LiCl- 
KC1. Additionally, its broad liquidus at 400°C supports high current
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odensity (100-150 mA/cnr) operation at high utilization (about 80% of 
the U.P. FeS^ capacity). The electrochemistry of U.p. FeS£ in LiCl- 
LiBr-KBr exhibits increased reversibility, as indicated by reduced 
peak separation of the high-voltage reaction peaks in the cyclic 
voltammograms. The capacity stability of the dense U.P. FeS2 is aided 
by improved electrode kinetics at the lower operating temperature of 
400°C. Thermal decomposition and solubility of the FeS2 electrode are 
held in check at this temperature. Also, generation of soluble 
polysulfides at potentials of 1.95-2.1 V was not indicated in cyclic 
voltammograms for this electrpde/electrolyte system*

Based on the improved U.P. FeSo electrode performance, we expect 
to develop sealed monopolar cells with specific energy of ISO- 
175 Wh/kg at a 3-h rate and specific power of 200-300 V/kg at 80% OOP 
for the electric-vehicle application. The dense U.P. FeS2 electrode 
and LiCl-LiBr-KBr electrolyte have resulted in a cell with very stable 
cycle life. The expected cycle life is greater than 1000 cycles. The 
unique feature of strong entropic cooling for the U.P. FeS2 discharge 
reaction provides an additional incentive for development of this 
system for high-po^er applications. A bipolar battery design for the 
production of intense power could be operated adiabatically.
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Figure 1. Voltage/Capacity Curves at a Discharge 
Rate of 50 mA/cm2.

Table 1. Equilibrium and Lead-Edge Potentials (LEP)
for FeS2 t  I ^ F e ^ i n  LiCl-LiBr-KBr (310° m.p.)

Electrolyte
Temp.
(°C)

LEP.
(V)

Emf
(V)

LEP.
(V) /—v.

i > 
P

m
 

O

a
S

LiCl-LiBr-KBr 375 1.730 1.734 1.835 0.105
400 1.740 1.751 1.835 0.095
425 1.750 1.764 1.835 0.085

LiCl-KCl(a> 400 1.735 1.751 1.855 0.120
^a^From References 3 and 11.
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Potential, Volts vs. Li-Al

Figure 2. Cyclic Voltairanograms of FeS2 in LiCl-LiBr-KCl 
(310 m.p.) Electrolyte at Three Temperatures: 
375, 400, and 425°C (sweep rate, 0.02 mV/s).
The peaks are labeled according to the reactions 
of Eq. (3).
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Figure 3. Utilization vs. Temperature of Operation for 
Li-Al/FeS2 Cells of lOO-cm^ Separator Area.
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OVERCHARGE PROTECTION IN Li-ALLOY/METAL DISULFIDE CELLS

Laszlo Redey

Argonne National Laboratory 
Chemical Technology Division 

9700 S. Cass Avenue, Argonne, IL 60439

ABSTRACT

Charge and overcharge reactions of FeS2 > NiSo> and (Fe-Ni)S2 
electrodes were studied in half-cell and full-cell 
experiments to investigate the electrochemical stability of 
these materials at high charge potentials. In Li2S-saturated 
(LiCl-KCl, LiF-LiCl-LiBr, and LiCl-LiBr-KBr) electrolytes, a 
new plateau appeared at 2.05-2.1 V vs. Li-Al and was 
associated with polysulfide anion formation. The polysulfide 
seems to stabilize the transition-metal sulfides against 
overcharge-related dissolution, even at 2.2 V. The anodically 
formed polysulfide provides overcharge tolerance for Li- 
alloy/MS2 cells by an electrochemical-chemical 
sulfide/polysulfide cycle.

BACKGROUND

The present Li-alloy/metal sulfide cells require voltage-limited 
charge termination. An experimentally determined limit (about 1.9 to
2.05 V for the Li-alloy/FeS2 cells [1,2]) is set to prevent unwanted 
electrode reactions. Although both the negative and the positive 
electrodes are affected by this problem, only those problems that are 
associated with the latter are discussed in this paper. Above the 
voltage limit, if the charge is continued, detrimental overcharge 
reactions occur, such as soluble transition-metal salt formation from 
the active material and anodic dissolution of the current collector. 
Overcharge reactions of the metal sulfide electrodes have been studied 
extensively [3-6], and a review on this topic is available [7]. The 
overcharge reactions shorten cell life to a great extent by decreasing 
capacity and causing metal to precipitate in the separator, which then 
short circuits the electrodes. The deleterious effect of the 
overcharge reactions is proportional to the charge applied abovO the 
critical voltage limit.

Overcharge of the weak cells of a battery is a serious problem 
whenever the utilizable capacities of the cells become uneven. 
Maintaining the charge voltage at or below the voltage limit and 
simultaneously reaching equal capacity in each serially connected cell 
of a metal sulfide battery over many cycles are difficult tasks. To 
overcome this difficulty, a special integrated charger-battery system
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has been developed [8]. This system, which has interconnections 
between each cell and the charger, removes any cell from charge 
individually that reaches the charge voltage limit.

Ideally, the battery overcharge control, however, should rely on 
a built-in chemical mechanism that furnishes the cells with an 
inherent overcharge tolerance. A similar mechanism is available in 
lead-acid and Ni-Cd cells.

EXPERIMENTS AND RESULTS
To explore the possibility of chemical overcharge protection, 

charge and overcharge reactions of FeSo> NiSo, and (Fe-Ni)So 
electrodes in 58% LiCl - 42% KC1 eutectic, 22% LiF - 31% LiCl - 47% 
LiBr all-Li+-cation, and 25% LiCl - 37% LiBr - 38% KBr "low melting" 
electrolytes (composition in mol%) were studied by intermittent 
galvanostatic cycling. The electrolytes were Li2S-saturated, i.e., 
they contained more sulfide than the stoichiometrically needed 
quantity to form the heavy-metal disulfides from their respective 
metals.

Two sets of experiments were carried out: (i) half-cell 
experiments to study the charge properties of the sulfides and (ii) 
full-cell experiments to investigate the interaction between the 
positive and negative electrode in an arrangement that simulates the 
conditions of the compact engineering cells. Details of the cell 
design and the method used in the half-cell study are described 
elsewhere [9,10]. For the full-cell study, a sulfide electrode was 
combined with a Li-alloy negative electrode into a cell sandwich; this 
cell was designed for performing experiments under a wide variety of 
conditions, including open and sealed operations. Both types of cells 
were cycled, at least, 50 to 150 times before the experiment was 
terminated.

The half-cell experiments revealed a new plateau at about 2.05-
2.1 V vs. Li-Al (IR-free closed-circuit value). This potential range 
had been considered to be beyond the safe charge voltage limit and 
subject to detrimental overcharge reactions. The half-cell experiments 
suggested an electrode reaction at 1.95-2.1 V potential that was not 
directly related to the transition-metal sulfide process because (i) 
the charge passed during this plateau was not recoverable in the 
subsequent discharge, (ii) the recoverable useful discharge capacity 
of the transition-metal sulfide was hardly affected by the length of 
the overcharge plateau, and (iii) the useful discharge capacity did 
not decline in the following cycles, even after several overcharging 
cycles. The results in Table 1 show the charge and discharge 
capacities of an FeS2 electrode before, during, and after "overcharge" 
(i.e. when the electrode potential is higher than 1.9 V).
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Similar results were obtained in the full-cell experiments with 
the three listed metal disulfides. Figure 1 shows the voltage 
variation of a Li-Al-Si/(Fe-Ni)S^ sealed cell when cycled between 
discharge and charge voltage limits of 1.0 and 2.1 V, respectively.
The voltage oscillations seen on the curve are traces of the voltage 
excursions during 15-s current interruptions, which were applied 
regularly to measure area-specific cell impedance [10]. In the 21st 
charge (C-21), when the voltage limiter relay was inactivated, the 
cell was overcharged with a current density of 50 mA/cnr to 
approximately 2.5 times the theoretical capacity. In spite of this 
unusual treatment, no damage occurred in the electrodes. This 
observation is substantiated by the fact that the plot recorded in the 
pre-overcharge cycle is unaltered from that obtained in the subsequent 
cycles. Furthermore, the cell showing good capacity retention 
performed many more cycles and several overcharges.

DISCUSSION
Both the half-cell and full-cell experiments suggested that 

transition-metal disulfide electrodes in I^S-saturated electrolyte 
will undergo beneficial overcharge reactions that provide overcharge 
tolerance.

The mechanism of the overcharge tolerance can be explained by the 
action of an electrode reaction-chemical reaction (ER-CR) cycle. At 
high positive potentials, the abundant S^“ ions of the electrolyte are 
oxidized to polysulfide on the sulfide electrode in the electrode 
reaction

xs2" — > Sx2‘ + 2(x - l)e~ (1)

where x < 2. Then, the polysulfide, after having been diffused to the 
negative electrode, is reduced back to sulfide on the Li alloy in the 
chemical reaction

Li2Sx + 2(x - l)Li° — > xLi2S (2)
The symbol Li° in Eq 2 represents the excess lithium content of the 
alloy that is produced during the overcharge. The sulfide produced in 
Eq. 2 diffuses and migrates back to the positive electrode and short 
circuits the ER-CR cycle. Although the polysulfide and the excess 
lithium in the alloy are produced continuously during overcharge, they 
do not accumulate to an unacceptably high level because the 
counteracting chemical reaction, when steady state is reached, 
consumes them at the same rate as that of their formation. The high 
solubility of the polysulfide assures a high diffusion rate and, 
therefore, fast consumption at the negative electrode. Consequently, 
the ER-CR cycle can maintain a self-regulated charge voltage limit, 
which is set by the current density and temperature.
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A key element of the proposed ER-CR cycle is that the polysulfide 
formation takes over the charge transfer from the transition-metal 
sulfide electrode reactions, thus providing an electron source for the 
inert-metal current collector while the overcharging current is 
flowing.

Previous findings support the polysulfide formation under the 
conditions of our experiments. Cyclic-voltammetric experiments 
indicated that I ^ S  was readily oxidized in various complicated anodic 
reactions on inert electrodes to various polyanions of sulfur in the 
potential range of 1.9 to 2.2 vs. Li-Al [11,12]. The lower end of this 
range coincides with the potential of the FeS2 formation [1 2 ].
However, because the FeS^ formation takes place at high overpotential
[1 2 ], the polysulfide anion formation is energetically favored 
relative to the transition-metal disulfide formation. The polysulfide 
may eventually help the FeS2 formation from the lower sulfur activity 
phases in a chemical interaction. This reaction mechanism would 
explain the observed [13] good charge acceptance and high utilizations 
of the disulfide electrodes in I^S-saturated electrolytes.

The term disulfide is used in this paper only in the generic 
sense, indicating the transition-metal sulfide phase(s) of highest 
sulfur activity; the actual compound present at the end of the charge 
is not known. The surplus of I ^ S  in the described experiments may 
dictate a phase transformation sequence that is different from the 
presently known one [12] that is valid for the disulfides at 4Li:Fe:2S 
atom ratio.

CONCLUSION

Identified in this work was an effective overcharge mechanism 
that protects the transition-metal disulfide electrodes in Li2S- 
saturated electrolyte against anodic dissolution and sets a self- 
regulated charge voltage limit. The resulting overcharge tolerance of 
the cells, which is believed to be due to the ER-CR cycle, should 
eliminate the need of voltage-limited cell charge and allow the use of 
standard cyclers for charge equalization in cells of the battery. This 
would reduce the initial and operating cost of Li-alloy/MS2 batteries.
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Table 1. Charge/Discharge Imbalance of FeS2 Electrode8

Cycle
No.

Chargedb
(mAh)

Overcharged0
(mAh)

Cut-off 
V vs. Li-Al

Discharged^
(mAh)

128 325 0 1.90 320
129 322 0 1.90 321
130 320 215 2.15 327
131 315 280 2.20 325
140 323 170 2.15 317
141 325 310 2.20 330
142 321 0 1.90 317
150 325 0 1.90 315

8 All-Li+-cation electrolyte, 100 mA/cm̂ , 475° C 
b Charged to 1.90 V 
0 Measured above 1.90 V 
d Discharged to 1.5 V

Figure 1. Evidence of Overcharge Tolerance in Cycle 21
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MOLTEN SALT ELECTROCHEMISTRY FOR HIGH TEMPERATURE 
THERMOCHEMISTRY AND KINETICS OF THE SYSTEM Li-Fe-S

A. Rabenau, B. Schoch, and W. Weppner
Max-Planck-Institut fur Festkorperforschung 

D-7000 Stuttgart 80, Germany

ABSTRACT
LiCl-KCl eutectic molten salts are employed as 
high temperature electrolytes for the electroche­
mical investigation of phase equilibria and fun­
damental thermodynamic and kinetic properties of 
the ternary system Li-Fe-S. Emf measurements in 
comb ination with electrochemical variations of 
the composition shows the presence of the phases 
Li3Fe2SM and Li2FeS2 with wide ranges of stoi­
chiometry. The standard Gibbs energies of forma­
tion of L i 2 FeS 2 and Li3Fe2Slf are determined by 
integration of the cell voltage to be -543 and 
-894 kO/mol at 420°C, respectively. The electro­
chemical reaction of lithium with Li-FeS2 elec­
trodes is rate determined by diffusion. The che­
mical diffusion coefficients are of the order of 
10"5 cm2sec"1 at 420°C for both phases Li2FeS2 
and Li3Fe2SH. The diffusion is enhanced by inter­
nal electrical fields.

INTRODUCTION
The application of molten salt electrolytes shows many 
advantages for studying phase equilibria, thermodynamics 
and kinetics in high temperature chemistry. Electrochemical 
techniques (1-4) do not require quenching the samples for 
characterization in contrast to most other (e.g., metallo- 
graphic or diffraction) methods. The equilibration process 
may be directly monitored by the change of the cell voltage 
with time. An analysis before the sample has equilibrated 
or after annealing for an unrequired long period of time is 
avoided. Thermodynamic data, phase equilibria and kinetic 
parameters may be obtained from the same experiment without 
destruction of the sample from reading conveniently measur­
able electrical quantities such as currents and voltages. 
A comparatively small number of sample preparations is re­
quired since the composition may be varied by electroche­
mical titration. Precision and resolution are extremely
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high. Voltages may be readily measured within an error bar 
of 1 mV which corresponds to an uncertainty in the Gibbs 
energy of formation of 100 J/mol. Electrical charge trans­
fers smaller than 1 yAsec may be readily applied which 
corresponds to a mass change of about 10"10 g or a varia­
tion in stoichiometry of the order of 10'9 assuming a samp­
le mass of 1 g. The electrochemical reactions may be also 
easily studied in-situ by X-ray or neutron diffraction 
while the sample is inserted into the molten salt which 
does not contribute to the diffraction pattern (5).
There are, however, several problems related to the appli­
cation of molten salts. Besides high volatility, problems 
may be caused by the solubility of the solid electrode 
in the electrolyte and by chemical reactions. Stability may 
be generally not supported by kinetic impedances because of 
the high mobility of all electrolyte components. Thermody­
namic stability requirements have to be taken into consi­
deration in most cases.
The merits and problems of application of molten salt elec­
trolytes will be illustrated by the investigation of the 
ternary system Li-Fe-S. This material is of special practi­
cal interest in combination with LiCl-KCl(e) molten salts 
because of the application in lithium-sulphur cells for 
high energy and power density secondary and thermally acti­
vated batteries (6-8). In spite of the large amount of work 
on this system, several fundamental questions on the ther­
modynamics, phase equilibria and kinetics are still open or 
debatable. Most phase diagram studies were performed by 
meta11ographic examination, X-ray and chemical analysis on 
samples cooled to room temperature. A variety of ternary 
phases is reported, e.g., LiFeS2 (9), Li. o3FeS2 (9), 
Li1#5FeS2 (7), Li 2 F e S 2 (7,10-12), Li^Fe.S,, (7), and 
Li7F*e2S6 (7). Emf measurements are described as a function 
of temperature for several plateaus in the discharge curve 
(13,14).

MOLTEN SALT ELECTROLYTE/ELECTRODE STABILITY
Stability of the molten salt electrolyte against reaction 
with the electrodes is required for any state of discharge 
of the galvanic cell. The salt should have a large decompo­
sition voltage for battery type applications and should be 
stable at high activity of the electrochemical 1y active 
component. In the case of solids it is difficult to combine 
these requirements with the condition of high ionic conduc­
tivity since the activation enthalpy for the motion of ions 
and the Gibbs energy of formation of the compound tend to
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be inversely proportional. Molten salt electrolytes show 
advantages in this regard. The conductivity is generally 
very high. However, the melting point of the salt tends to 
increase in temperature with increasing thermodynamic sta­
bility.
Binary lithium compounds with high negative Gibbs energies 
of formation in the lowest oxidation state are suitable 
from a thermodynamic point of view. E.g., LiCl has a decom­
position voltage of 3.4 V at 650°C, but the melting point 
is as high as 614°C. Various ternary chlorides show much 
lower melting temperatures, e.g., as low as 146°C in the 
case of LiAlCl M. This material has a very wide stability 
range ( Edecojnp = 2*38 v at 200°C) but only at very low 
lithium activities (15). The much lower stability of A1C13 
(Edecomp = 2*03 V at 200°c ) as compared to LiCl (3.84 V, 
20u°C) leads to reaction with Li to form the more stable 
lithium chloride. To avoid this problem, a thermodynamical­
ly more stable chloride than LiCl needs to be added to form 
a ternary molten electrolyte. The choice is very limited, 
however. KC1 is one exception and forms a eutectic melt 
with LiCl (molar ratio LiCl/KCl = 1.38; melting point 
352°C ).

ELECTROCHEMICAL TECHNIQUE
Methods that were developed for the investigation of com­
plex systems (3) were employed to bring clarification in 
several details of the phase diagram of the ternary system 
Li-Fe-S and to obtain thermodynamic and kinetic informa­
tion. The emf E is related to the chemical potential y of 
the electroactive component Li and the Gibbs energy AGf of 
the virtual cell reaction by

E = -AGr/6q (1)
q and 6 are the elementary charge and the variation of the 
lithium content by the considered cell reaction. Including 
the variation of E with temperature, comprehensive thermo­
dynamic information may be derived.
Phase equilibria are determined from the variation of E as 
a function of composition (3). The cell voltage is indepen­
dent of the composition as long as only the relative
amounts of the existing compounds are changed by the cell 
reaction. This is the case when the maximum number of pha­
ses, i.e., 3 in the case of a ternary system, is present.
The emf is in this case related to the standard Gibbs ener­
gies of formation AG| of all present phases according to
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(2)

d is the determinant formed by the stoichiometric numbers 
of all three compounds in equilibrium; d n ̂ is the minor of 
d formed by eliminating the column of the stoichiometric 
numbers of the conducting ions (i) and the line of the 
running number ( n ) . The minor dn  ̂ is zero if the corres­
ponding phase is not involved in the cell reaction. The 
cell voltage is then determined by 2 phases. This means, 
the ratio of the stoichiometries of two components remains 
unchanged for any phase during a reversible cell reaction.
The presence and extension of the various regions of the 
phase diagram are also obtained by varying continuously the 
composition by coulometric titration using various starting 
compositions along the binary Fe-S leg or within the terna­
ry field. Single and two-phase regions are recognized by a 
drop in voltage. If originally a sample without any Li 
content is brought in contact with the electrolyte, the 
latter will be decomposed and the available Li will react 
with a sample as long as the Li activity of the sample 
exceeds the decomposition voltage. Vice versa, this amount 
of Li in the sample may not be removed e1ectrochemica11y by 
titration, but this error may be neglected in most cases. 
An important check of the correctness of the phase diagram 
is to prove the monotonous increase of the voltage for any 
direction of the phase diagram with increasing Li content.
The electrical work of a reversible electrochemical reac­
tion corresponds to the difference of the chemical energy 
which is the change of the Gibbs energy of formation bet­
ween the starting and the final composition. The Gibbs 
energy for any composition of the sample is therefore ob­
tained by integration of the emf along the path of varia­
tion of lithium content (3)

This allows to determine the Gibbs energy of formation for 
any composition and along any direction of the phase dia­
gram, e.g., also along quasi-binary sections which are not 
directed toward the Li corner.
An electrochemical transfer of ions through the galvanic 
cell produces compositional inhomogeneities in the elec­
trodes. The current describes the flux of ions in the elec­
trode at the interface with the electrolyte. The cell vol­
tage indicates the concentration of Li at the same position

AGf(Li6FeyS2 ) = q | E(x)dx + AG?(Li6Q FeySz ) (3)
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but superimposed by polarizations. The time dependence of 
the cell voltage and current may be employed to analyse the 
effective chemical diffusion under the influence of elec­
trochemical potential gradients. In principle, any initial 
and boundary condition may be used to solve Fick's second 
law. It is convenient to start with a homogeneous composi­
tion and to fix either the voltage or the current, or to 
provide a short current pulse (4,16). The technique of 
constant currents is employed in the present investigation 
of the Li-Fe-S system. The cell voltage changes with the 
square root of time in this case:

dE/d = a iQ dE/d« D ~ 1/2; a = 2VM /q V5 (4)

( i 0 : current density, D : chemical diffusion coefficient, 
Vm: molar volume, N^ : Avogadro's number) The variation of 
E with the stoichiometry, dE/d6, is obtained from the dif­
ference of the equilibrium cell voltages before and after 
the current flux. This quantity is proportional to the 
enhancement factor

W = 31na/31nc = - ( q<5 / k T ) dE / d<S (5)
(a: activity, c: concentration, k: Boltzmann’s constant) 
which relates to the diffusivity D, electrical mobility u, 
and tracer diffusion coefficient Dy (4). This electroche­
mical technique has been developed for binary systems (16) 
and is extended to ternary systems in the present work. 
Complications arise from the fact that the additional com­
ponent produces an additional degree of freedom. Variation 
of the stoichiometry of one component results in changes of 
the chemical potentials of both other components. The pre­
dominantly mobile component will move and may drive the 
composition locally away from the path of equilibrium com­
positions.

EXPERIMENTAL
Molten salt electrolytes were prepared from eutectic mix­
tures of LiCl (purum p.a., >98%) and KC1 (puriss. p.a., 
>99%), both from Fluka, Buchs CH. Crucibles made of alumina 
(Haldenwanger, Berlin, 4 cm wide and 6 cm high) and resis­
tance furnaces were employed. All preparations and expe­
riments were performed in an argon filled dry box. The melt 
was heated over night at 400°C before the electrodes were 
inserted. The counter and reference electrode were prepared 
electrochemically from aluminum wire (Ventron, Karlsruhe D,
0.1 cm in diameter) which was wound to a spiral to accom­
modate easily to the large expansion by the uptake of li­
thium without breaking apart. Molten lithium (Cerametals,
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New York, 99.9 X) adherent to a molybdenum sheet was em­
ployed as anode using molten LiCl-KCl(e) electrolytes at 
400°C. The electrochemical reaction proceeded under con­
stant current until an equal molar amount of LiA1 (3-phase) 
and A1 (a-phase) was obtained. The samples were prepared 
from Fe (Merck, Darmstadt, > 99*5%), FeQ gS, FeS2 and L12S 
(all from Cerac, Driebergen NL, > 99.9%).* The appropriate 
mixtures of the powders were pressed to pellets (pressure: 
30 kN) of 6 mm in diataeter and 1-2 or 2-5 mm in thickness 
for samples employed for coulomet r ic titration or static 
emf measurements, respectively. The pellets were annealed 
in small evacuated sealed glass ampoules at 420°C for 10 
hours before they were inserted into small pockets made 
from molybdenum Sheet (Ventron, > 99.9%; 0.1 mm in thick­
ness). These sample holders were open to the melt from the 
top. If part of the sample should break off, this material 
is collected within the pocket and participates further in 
the titration process. Molybdenum wires were used as elec­
tronic leads to all electrodes.
Currents of the order of 7-15 mA/cm2 electrode surface area 
were provided by constant current sources (Keithley, models 
220/227). Emfs were measured by Electrometers (Keithley, 
models 616/619, input impedance > 2 x 10lHQ). The coulome- 
tric titfatiohs and kinetic transient measurements were 
computer controlled. Generally 50 steps were taken for a 
full forward and backward titration. The operating tempera­
ture was kept within the regime of 420 ± 20°C at the posi­
tion of the sample.

RESULTS AND DISCUSSION
Fig. 1 shows one of the results of the coulometric titra­
tions. FeS2 is used as starting material in this case. 
Three voltage plateaus are observed indicating the presence 
of ternary or quasi binary equilibria. The results for 
forward and backward titration are in good agreement except 
for the intermediate small plateau which shows a value 
which is 20 mV higher if lithium is taken out of the sample 
rather than inserted. Also, the voltages are smaller close 
to 6=4 when lithium is added rather than taken out of the 
sample. This may be understood by kinetic impedances due to 
the formation of Li2S (besides Fe) which is an ionic con­
ductor and equilibrates very slowly. Wide intermediate 
regimes of dropping voltages indicate the presence of large 
single- and two-phase fields.
The information obtained from the coulometric titration 
curves is transferred into the phase diagram as shown in 
Fig. 2. In addition, the results of static emf measurements
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are included. Identical cell voltages are indicated by the 
samfc symbol. the other investigated compositions fall with­
in single- and two-phase regions. The results are in agree­
ment which shows that the exposure of the sample to the 
molten salt for extended periods of time does not give rise 
to uncontrolled variations of the composition, e.g., by the 
loss of sulphur or electronic conductivity of the electro­
lyte. Areas of identical plateau voltages and static emfs 
are combined in triangles of three-phase equilibria. The 
presence of 2 ternary phases, Li2FeS2 and Li3Fe2Slf, is 
confirmed* The ranges of non-stoichiometry are, however, 
much Wider than assumed previously, these are indicated by 
the Shaded areas. The static emf measurements indicate the 
equilibrium of Li3Fe2S„ with Li2S. Discrepancies with ear­
lier work may be due to the present in-situ investigation 
at 420°C while other examinations were performed at room 
temperature.
The Gibbs energy of the reaction of lithium with FeS2 is 
plotted in Fig. 3 employing equation (3) through all 1-, 2- 
and 3-phase regions up to the formation of 2Li2S + Fe (4=4) 
The ternary and quasi binary regions are indicated as 
straight lines. Taking into account literature data (17) 
for the Gibbs energy of formation of FeS2 (-138 kJ/mol), 
the standard Gibbs energy of formation of stoichi ometri c 
Li2FeS2 from the elements is found to be -543 kJ/mol . The 
corresponding value for the compound Li3Fe2SH is -894 
kJ/mol. The compositional dependence of the standard Gibbs 
energy of formation of the compounds along the quasi binary 
section FeS-Li2S is obtained from integration of the emf 
between the Fe-S leg and the final composition. The results 
are shown in Fig. 4. A literature value of -419.5 kJ/mol 
for the formation of Li2S at 420°C (17) is used.
The galvanostatic currents produce variations of the cell 
voltage with the square root of time in the initial stage 
as long as a semi-infinite sample may be assumed (Fig. 5). 
This shows that this reaction process is rate determined by 
diffusion in the bulk of the sample. Deviations from the 
linear E - V t behaviour are also due to non-linearities of 
the slope dE/d6 of the coulometric titration curves which 
causes changes of the enhancement factor and chemical dif­
fusion coefficient with the variation of the composition at 
the interface with the molten salt. Fig. 6 shows the time 
dependence in the reverse direction. The slope is in agree­
ment within the limits of experimental error. Similarly, 
linear E - Vt relations are obtained in the case of the 
presence of Li3Fe2SH (Fig. 7). A plateau is observed after 
the sample has polarized at the interface with the molten 
salt enough so as to form the 3-phase region Li3Fe2S„- 
Li2FeS2-FeQ gS. The reaction is sufficiently fast in this
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case and equilibrium is maintained until only L i 2 F e S 2 is 
present at the interface. The variation of the chemical 
diffusion coefficient for the various phases crossed in the 
course of discharge of an F e S 2 electrode is given in Fig.
8. The diffusion process is fast and shows a chemical dif­
fusion coefficient of the order of 10"5 cm2/sec for solid 
Li2FeS2 and Li3Fe2S4. The diffusion of lithium in FeS2 is 1 
- 2 orders of magnitude slower but still higher than typi­
cally in metallic systems. This enhanced diffusion is rela­
ted to internal electrical fields to drive the ions in 
addition to the concentration gradient.
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Fig.l. Coulometric titration 
curve for the reaction of Li 
with FeS2 in molten LiCl-KCl
(e) salts at 420°C

Fig.2. Phase diagram of the 
ternary systems Li-Fe-S at 
420°C (from coulometric ti­
tration and static e m f - 
measurements)

Fig.3. Gibbs energy of re­
action of Li with FeS2 a s a 
function of composition at 
420° C

Fig.4. Variation of the 
standard Gibbs energy of 
formation along the 
quasibinary section FeS- 
L i 2 S
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of time for taking Li out of 
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Fig.7. Variation of the cell 
voltage with the square root 
of time for the electroche­
mical reaction of Li with 
Li3Fe2S„. The plateau indi­
cates the formation of a 
3-phase equilibrium

Fig.8. Chemical diffusion 
coefficient of Li in Li^FeS2 
as a function of composition 
at 420°C
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A COMPARATIVE STUDY OF THE ELECTROCHEMISTRY OF 
THE L iA l ANODE IN  MOLTEN SALT AND ORGANIC MEDIA

Y . S . Fung,
Department o f  Chem istry,
U n iv e rs ity  o f  Hong Kong,

Hong Kong

ABSTRACT

The e lectrochem istry  o f  the L iA l anode in  molten s a l t  and 
o rgan ic  media was in v e s t ig a te d  u s in g  c y c l ic  voltammetry, 
chronopotentiom etry and chronoamperometry. E lectrochem ica l 
form ation o f  the (3-LiAl phase was shown h ig h ly  dependent 
on the n u c le a tion  p o la r is a t io n  in  both media and the 
d iffe re n ce  observed i s  a ttr ib u te d  to  the d iffe re n ce  in  the 
operation  temperature. Development o f  the anode as in d ica te d  
by low ering p o la r is a t io n  p o te n t ia l and expanding e lectrode  
stru c tu re  was observed upon c y c lin g .  The im p u r it ie s  was 
shown to  have a g re a te r  e f fe c t  on the c y c lin g  e f f ic ie n c y  
u s in g  the o rgan ic  so lv e n t. Moreover, an u nstab le  p a ss iv e  
f i lm  was formed a t the e lectrode  su rface  as a r e s u lt  o f  the 
in te ra c t io n  w ith  the o rgan ic  so lv e n t, which occurred  
con tinu ou sly  over a wide span o f  the cathod ic  p o te n t ia l.
On the o ther hand, the anode/solvent in te ra c t io n  under the 
molten s a l t  medium was a ffe c te d  by the lib e r a t io n  o f  
potassium  as a vapour, which on ly  occurred a t  a h ig h ly  
cathod ic  p o te n t ia l.

INTRODUCTION

Due to  the h igh  e le c tro n e g a t iv ity  and low atom ic w eight, lith iu m  and 
i t s  a l lo y s  p rovide p ro m ising  anode m a te r ia ls  fo r  v a r io u s  advanced 
b a tte ry  system s (1 ,2 ). The a l lo y in g  o f  lith iu m  w ith  aluminium in  the 
form o f  L iA l  anode i s  a t  present the most p rom ising  anode due to  the 
good re ten tion  o f  the co rro s iv e  lith iu m  m etal and a moderate low ering  
o f  the v o lta g e  o f  the c e l l  (3 -5 ). The L iA l  anode has thus been used 
in  the molten s a l t  b a t te r ie s  and in  the o rgan ic  lith iu m  c e l l s .  The 
use o f  an o rga n ic  medium has the advantage o f  o p era tin g  the c e l l  under 
ambient temperature, whereas the use o f the molten s a l t  medium p ro ­
v id e s  a c e l l  w ith  h igh  current d ra in . I t  could be in te r e s t in g  to  
compare the e lectrochem ica l behaviour o f  L iA l in  these two media so as 
to id e n t if y  the l im it in g  areas in  each system and to  p rovide  a d ir e c t ­
ion  fo r  se arch in g  new media to  be used in  the secondary lith iu m  
b a tte ry . In  the present study, L iC l.K C l e u te c tic  system was chosen 
as the molten s a l t  medium and methyl ace tate  as the o rgan ic  medium.
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Three electrochemical techniques, the cyclic voltammetry, chronopotent- 
iometry and chronoamperometry, were employed for the investigation of 
the electrochemical kinetics for the formation of the LiAl anode in 
the two selected media.

EXPERIMENTAL

The LiCl.KCl eutectic mixture was prepared by mixing appropriate 
amounts of LiCl and KC1 and purified by fusion under vacuum, preelectro­
lysis and filtration. Methyl acetate was purified by first shaking 
with anhydrous potassium carbonate to remove acidic impurities, then 
refluxed with acetic anhydride (85 mL/L) for 6 hours before fractional 
distillation to remove methanol, finally refluxed and distilled with 
phosphorus pentoxide under argon atmosphere to reduce the moisture 
content and only the middle 60% was collected after distillation. The 
purified solvent was kept in the dry box with dehydrated molecular 
sieve. All the lithium salts used were finely ground and dried under 
vacuum at 160°C for 48 hours before use. The experiments were per­
formed inside the dry box.

Aluminium wire or aluminium rod encased in tygon tubing was used 
as the working electrode for the molten salt and the organic system.
The electrode was first degreased with acetone, then mechanically 
polished to a mirror shine surface with alumina powder, followed by 
cleaning in an ultrasonic bath with methyl acetate. Electrochemically 
formed LiAl (50 a/o) electrode was used as the reference electrode 
for the molten salt study, whereas 0.1 M Ag /Ag electrode in acetonitrile 
was used as reference electrode for the organic medium. Lithium metal 
or thermally preformed LiAl alloy was used as the counter electrode 
to provide a source of lithium for the electrochemical experiment,

A Princeton Applied Research (PAR) 175 Universal Programmer, a 
PAR 173 Potentiostat/Galvanostat and a PAR 179 Digital Coulometer/ 
Current-to-Voltage Converter was used for cyclic voltammetric studies 
and chronoamperometric studies, while a PAR 363 Potentiostat/Galvano­
stat was used to provide constant currents for chronopotentiometric 
studies. For fast transient signal, Datalab DL 501 transient 
recorder with a Tektronix 564 oscilloscope attachment was used for 
recording, whereas Houston Instrument Omniscribe Y-t recorder or 
Esterline Angus (Model 575) X-Y recorder was used for recording slow 
signal. In the cyclic chronopotentiometric studies, a self-constructed 
electronic automatic switching unit was used to limit the coulomb of 
charges plated onto the electrode surface, as well as to reverse the 
current direction at the end of the deposition process. The adjustable 
timing trigger was supplied by the Chemical Electronic Model 01 
Waveform Generator.
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RESULTS AND DISCUSSION

Electrochemical formation of the Li/Al intermetallic phases

The appearance of a critical potential (6) for the electrochemical 
formation of the $-LiAl phase indicates the occurrence of nucleation 
polarisation, which is clearly shown to occur in freshly prepared 
aluminium electrode. The occurrence of a potential spike and large 
polarisation potential during charging and discharging were attributed 
to the nucleation polarisation, as both of them are markedly decreased 
in the use of nonalloying substrate such as nickel metal (7). The 
nucleation of the 8-LiAl on aluminium substrate was studied using 
chronoamperometry and the results are shown in fig. 1. The normal 
i-t curves were obtained upon small potential step. However, a current 
minimum, followed by a current growth curve was found to occur after 
the potentials were stepped above a critical value in both the molten 
salt and the organic media.

The growth in the current growth region for the 8-LiAl formation 
was shown (8) to follow a three-dimensional growth of the lithium in 
the direction from surface to the bulk of the aluminium. As the 
charge transfer rate for metal deposition is generally high, the 
current observed will be limited by mass diffusion. Under such 
conditions, the current density for a fixed number of crystallites, 
NQ , growing by hemispherical diffusive flux, is given by the follow­
ing equation (9): 3 1 1 1

I (t) = nFN07T(2DC) 2M2t2d 2

where I (t) 
n 
F 
D

C

M

and d

current at time t in Ampere; 
number of electron transferred;
Faraday constant in Coul. equival. ; 
the diffusion coefficient o£ tlje 
electroactive species in cm s ; 
the concentration_jf the electroactive 
species in mol cm ;
the molecular weight of the electroactive 
species in gram;
the density of the deposited species in 
g cm-~*.

The 1/t2 as indicated to be constant by the above equation 
was verified (10) in the LiAl system. The constancy of i/t% was 
further shown to be dependent on potential and a change in the nucl­
eation growth mechanism was shown to occur during the electrochemical 
deposition of lithium at aluminium at intermediate potential (10).

The difference in the nucleation behaviour under molten salt and 
organic media is mainly due to the difference in temperature (fig. 1).
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Both systems exhibit the existence of a critical potential and the 
change in the nucleation growth mechanism at a given stepping potent­
ial. The chronoamperograms differ in the response time and the charge 
density. Under molten salt media,the nucleation rate is more affected 
by potential and it is in general much faster than the use of the 
organic solvent.

Cycling studies

The cyclability of the LiAl anode is shown in fig. 2. The polar­
isation potential between charging and discharging is shown to be 
much less in the molten salt medium. Moreover, well defined plateaus 
for other lithium rich intermetallic phases are clearly shown using 
the molten salt system and only one plateau was observed under the 
organic medium. This is due to the occurrence of numerous lithium 
rich intermetallic phases and the chemical reactivities of the anode 
towards the organic solvent at ambient temperature.

The LiAl anode is shown to develop upon cycling under both high 
and low temperature systems. The polarisation potential was shown 
(10,11) to decrease upon cycling and the morphology of the electrode 
was expanded and developed into a well characterised structure under 
cycling with suitable c.d. The nucleation polarisation was also 
decreased upon cycling. However, impurities like H20 or oxide was 
shown (10) to have a more marked influence on the cycling efficiency 
for the organic than the molten salt system.

Anode/solvent interaction

The interaction between the anode and the solvent was studied 
using the cyclic voltammetric technique, as the system can be tempor­
arily exposed to high activity lithium alloys during the cathodic 
scan. The results are shown in fig. 3. Cyclic voltammograms for the 
high lithium activity alloys are well characterised in the molten salt 
study and scanning into very cathodic potential leads to the appear­
ance of oscillating current in the stripping voltammogram due to the 
liberation of potassium as a vapour from the LiCl.KCl eutectic. More 
interesting interaction was observed for the organic system. Three 
cross-over points are observed in the cyclic voltammogram upon succ­
essive cathodic scan* The first cross-over is due to the activation 
of the electrode surface by the deposition of the 8-LiCl. Thus, the 
electrode can accept more lithium at the reverse scan. The second 
cross-over is due to the formation of a passive film at the electrode 
surface, leading to a reduction in current. Further cathodic scan leads 
to a breakdown of the passive film with subsequent increase in current 
and the appearance of a wavy voltammogram. Based on the evidence from 
the identification of the reaction products by the i.r. and N.M.R. 
techniques (10), the following reaction mechanism is proposed with a 
two step reaction initiated by the abstraction of an acidic a hydrogen 
from methyl acetate.
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step 1:
II

H2C-C-OCH3

O
Li

O ^ i

-> H C = C-OCH + %H

Step 2:

(Methyl acetate) 

^1

(Lithium adduct) 

O
IIC-OCH_

: = c -o ch - •) 3
— *  f i

[ -C-OCH-

i l

* r yCH -C-OCH-
V i  3

O OII 11CH3-C-CH2-C-OCH3

(Methyl acetoacetate) 

^  + Li®%CH3
or polymerization

CONCLUSION

The formation of the 3-LiAl is shown to be strongly affected by the 
nucleation of the 3 phase, which grows rapidly three-dimensionally 
after the potential was stepped above a critical value. The differ­
ence in the nucleation polarisation under molten salt and organic 
media is mainly due to the difference in temperature, which affects 
the nucleation rates and the current density. The LiAl anode is 
shown to develop upon cycling under both high and low temperature 
system. The polarisation potential was found to decrease while the 
electrode structure was developed upon cycling. However, only one 
plateau was observed under the organic solvent while other lithium 
rich alloy phases were suppressed due to their activities with the 
solvent. For the same reason, impurities in the solvent affect the 
cycling efficiency more under the organic solvent. The anode/solvent 
interaction as studied by cyclic voltammetry indicates a continued 
interaction of the solvent with the anode over a wide potential span 
in the organic medium, whereas the molten salt medium only deterior­
ates at highly cathodic potential with the liberation of potassium 
vapour. The formation of an unstable passivated film in the organic 
medium leads to further interaction of the anode and the solvent. 
Although a better passive film can be made by the use of LiAsF^ (12, 
13), the reactivity between the anode and the organic solvent is a 
major problem facing the use of the organic solvent. The recent 
development of the room temperature molten salt system may provide a 
medium with suitable conductivity and inertness towards lithium and 
its alloys. Initial promising results were obtained in the prelimin­
ary work (14,15) and the compatibility of various room temperature 
molten salt systems towards lithium and its alloys is at present 
investigated in our laboratory.
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Fig. 1. Chronoamperometric study of the nucleation of B-LiAl
A) Organic Solvent
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A NOVEL INORGANIC LOW MELTING ELECTROLYTE 
FOR SECONDARY ALUMINUM-NICKEL SULFIDE BATTERIES.

H.A. Hjuler* , S. von Winbusht , R.W. Berg* and N.J. Bjerrum*.
*Molten Salts Group, Chemistry Department A, Building 207, 
The Technical University of Denmark, 2800 Lyngby, Denmark.

tState University of New York at Old Westbury,
New York, USA.

A B S T R A C T

A new, inorganic low melting electrolyte with the com­
position LiAlCl -NaAlCl 4 -NaAlBr „ -KA1C1 h (3:2:3:2) (or 
equivalently LiAlBr ̂ -NaAlCl,,-KA1C1 ̂ (3:5:2)) has been de­
veloped. The melting point for this neutral melt is 86°C; 
the decomposition potential is approximately 2.0 Volts; the 
ionic conductivity is measured in the range 97-401°C and is 
at 100°C 0.142 ohm”lcm”l and the density is 2.07 g cm” 3 .
The conductivity seems to be an almost linear combination 
of the conductivities of the four individual halo salts 
which form the melt. The electrolyte is employed in the re­
chargeable battery system Al/electrolyte/Ni3S2 at 100°C.
The open circuit voltage of this system with the low melting 
electrolyte is from 0.83 to 1.0 Volts. Dendrite free alu­
minum deposits are obtained. The cycling behaviour of the 
battery system is reported.

I N T R O D U C T I O N
The need for better rechargeable batteries is well-known, 

but most authors have been working with alkali metal anodes. 
In the last few years, aluminum has instead been investi­
gated for battery suitability, especially in Denmark (1-3), 
Japan (4) and other countries. Melts of NaCl-AlCl3 or KC1- 
NaCl-AlCl3 have been the most popular electrolytes in the 
temperature range from 130 to 240°C, but room temperature 
molten salts, like imidazolium-or butylpyridinium-chloride 
aluminum chloride mixtures, have also been used in a number 
of cases (see ref. 5 for a recent survey).

The advantage of electrolytes that can be used at room 
temperature is obvious, but unfortunately the above men­
tioned large-cation organic melts have low ionic conducti­
vities and high weights compared to the inorganic medium-
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or high-temperature melts. Further the organic melts are 
less stable - depending on composition * in contact with 
aluminum metal.

Therefore, it is desirable to develop an inorganic elec* 
trolyte which is molten at room temperature. So far NaAlCl»* 
has been used at 175°C in most of our battery work (1-3). 
When pure it melts at 1§6,7±0.1°C (6). If NaCl is mixed with 
KC1 and sufficient AICI3 is added, it is possible to reach 
very low melting acidic compositions; melting points down 
to 70°C have been reported (7). Unfortunately the ionic con­
ductivity is low and the vapor pressure is not vanishing. 
This makes acidic melts (i.e. excess of A1C13) undesirable 
as battery electrolytes.

We adopted another policy in trying to find a low-tempe­
rature electrolyte, mixing alkali tetrahalo-aluminate salts 
which are neutral. By careful purification of the chemicals, 
followed by mixing various amounts, we have so far succeeded 
in obtaining an electrolyte with a rather low melting point, 
as described elsewhere (8). Here, preliminary determinations 
of some physicochemical properties are reported.

Finally, to examine the applicability of the melt, three 
test batteries have been constructed in a new cell design. 
The batteries were tested at 100°C and compared to earlier 
(1-2) measurements on a similar battery system with a 
NaAlCli* electrolyte at 175°C.

E X P E R I M E N T A L
All manipulations with the chemicals were performed in 

nitrogen-filled glove^boxes.
The alkali halides were made from analytical grade re­

agents purified in the molten state by flushing with dry, 
analytical grade hydrogen halide gas (6). The aluminum 
halides were purified by distillation (6).

The individual alkali aluminum halide salts were made 
from the above mentioned salts and purified by recrystalli* 
zation or zone refining, as described recently (9). The 
electrolyte was finally made by weighing the three salts in the 
wanted ratios and sealing the ampoule. After equilibration 
at 125oc in a rocking furnace, the electrolyte was taken out, solidified and ground in a glove box. This material was kept 
in sealed ampoules until used.

The nickel sulfide electrodes were made from Ni3$2 (from
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Cerac 99,9%), active carbon powder (Darco G60 from Fluka) 
and a teflon dispersion (from Dupont)* As separator a boron 
nitride felt obtained from Atgonne Natl. Lab., USA, was used.

The conductivity measurements were performed as earlier 
described (10).

Determination of the particular mixture having the lcwest 
possible melting point was done as described elsewhere (8).

The density was determined visually, using an ampoule 
with markers immersed in a thermostated oil bath.

The quality of electrolytically deposited aluminum was 
examined in the cell shown in Figure 1. Of special interest 
is the question whether or not dendrites will be formed 
during charging (i.e. the plateability). For the cell in 
Figure 1, square pyrex tubing was used to facilitate obser­
vations of the electrodes. The cell, filled with electrolyte, 
was placed such that it could be observed and photographed 
directly while inside an overt of our own construction, 
heated with circulated air and controlled by a PID regulator. 
The electrodes of the cell were observed using a Zeiss Jena 
Technical 2 Stereo Microscope equipped with an Olympus OM-2 
SLR-camera and a Schott KL 1500 cold light source. For cyc­
ling of the cell, a high-precision chronoamperostat, built 
in this laboratory (11) was used, connected to a chart re­
corder. The same cell and experimental set-up was used alsc 
to determine the electrochemical window of the electrolyte.

The testing of the batteries was performed using a oil 
bath with mechanical stirring and a PID-regulator. The 
battery test equipment has been described elsewhere (1).
The battery test cell design is shown in Figure 2.

R E S U L T S  A N D  D I S C U S S I O N
Melting point. By observing the melting points of a large 

number of mixtures (8)/is was found that the 3:5:2 LiAlBr^- 
NaAlCli*-KAlCli* melt was the one which remained totally liq­
uid down to the lowest temperature: 86±1̂ C.

Density, The density p of the mixture was measured at ca. 
100°C to be 2.07±0.02 g*cm“3.

Plateability. In the cell shown in Figure 1, aluminum 
was deposited on the carbon electrode (D) by electrolysis. 
Cathodic current densities from 1.4 to 706 mA/cm^ was used. 
The time was chosen so that the passed total charge was ca.
2 C in each case, i.e. 30 C/cm2. This amounts to an aluminum
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layer of 0.01 mm. During electrolysis the potential was 
recorded.

After formation, the aluminum deposit was photographed. 
In all experiments with 1 .4-70 mA/cm^ a dense layer of alu­
minum was obtained. This corresponds to a high plateabili- 
ty, in contrast to what was found previously for NaAlCli* 
melts (12). At the highest current densities 0.14-0.7 A/cm2 
the deposits were, however, more porous (i.e. the layer 
appeared thicker and less dense) but absolutely no dendrites 
nor other well-defined crystals were seen, (in contrast to 
what was seen in NaAlCli* electrolytes, cf. Figure 3).

No passivation phenomenon was observed.
After each plating, the aluminum was stripped off again, 

by reversing the potential. The glassy carbon electrode 
was made perfectly smooth (mirror-like) before a new depo­
sition electrolysis was started.

Anodic decomposition potential. Reverse electrolysis 
(electrode stripping) was used to determine the "electro­
chemical window" of the electrolyte. The anodic current 
was measured as a function of the applied potential. At the 
same time the cell was being observed for finding the po­
tential at which evolution of a brown gas started. By plot­
ting the current versus voltage and extrapolating to­
wards zero current and comparing to visual observation of 
bromine evolution, a decomposition value of 2.0±0.1 Volts 
at 100°C was obtained.

This value should be compared to a value of 2.5±0.1 Volt, 
obtained at 175°C by extrapolation of similar measurements
(13) on a near neutral NaCl-AlCl3 molten salt in the tem­
perature range 300-660°c. Our own determination of the de­
composition potential of molten NaAlCli* at 175°C was 2.4±
0.1 Volt (12). In this case, a yellow gas evolved (accord­
ing to the reaction 4A1CU -► CI2 + 2AI2CI7 + 2e~) . The 
lower decomposition potential of the low-temperature elec­
trolyte is not to be ascribed to a temperature phenomenon, 
since decomposition potentials normally increase at lower 
temperatures (13). Instead, it is due to Br2 formation.

Conductivity of the low melting electrolyte. The results 
of our measurements are presented in Figure 4. The known 
conductivity k ., i =  1,2,3,4, of the four tetrahalo com­
pounds (10,1 4-1b) from which the low melting system can be 
made (i.e. LiAlClit -NaAlCltt -NaAlBri* -KAlCli+ (3: 2:3: 2)) are 
also included. It can immediately be seen that the conduc­
tivity of the low melting mixture cannot be far from a 
weighted average based, on the molar fractions Xi of the
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four individual salts.
A quantitative examination of this idea in the tempera­

ture range 267-349°C where comparison can be made shows 
that the difference between the weighted average conductivity 
(Kmodei = KlXl + k 2X 2 + k 3X 3 + K4X4 ) and the measured
conductivity Kobs v a r -̂es between 0.8-3.0%. In this respect we are dealingwith almost ideal liquids.

The conductivity of the low melting system naturally de­
creases with decreasing temperature but even at the melting 
point of the mixture, a fairly high conductivity is found 
(extrapolated value of Kot)S = 0.117 ohm“1 cm“  ̂ at 8 6°C) .
The measured conductivities are given in Table 1.

Test of batteries. The battery cell design is shown in 
Figure 2. A representative number of cycles are shown in 
Figure 5. Cell A, B and C differed by the shape of the ca­
thode: a flat circular-, a cylinder wall- and a thick cy- 
linder-wall-cathode, respectively. The open circuit voltage 
was - after assembly - 0.87V, 1.0V and 0.83V, respectively. 
The cell testing conditions were the same for cell A and B 
whereas for cell C, the charge/discharge currents were in­
creased successively after cycle no. 39, as described in the 
caption of Figure 5.

A graphical presentation which helps evaluation of the 
results is shown in Figure 6 . The charge efficiency is de­
fined as (mAh, discharge)/ (mAh, charge) and the energy ef­
ficiency is defined as the charge efficiency times (aver­
age discharge voltage)/ (average charge voltage). The cell 
performance seems not good compared to the Al/NaCl-AlCl3/ 
Ni3S2 system at 175°C (1-2). The lower temperature may be 
causing some of the difference.

The metal housing excludes visual observation of the 
interior of the battery. The highly fluctuating efficien­
cies are probably related to shorting problems at the glass 
feed-through (Figure 2B), which in principle can be solved. 
The fact that the cells can exhibit high efficiencies can 
be interpreted to show that the battery system is promis­
ing. More work has to be done in this field.
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Table I. Specific Conductivity of LiAlBr^-NaAlClu-KAlCli* 
(3:5:2) as a Function of Temperature:

t,°C <obs'“ ' 1-  1
97.0
108.0
127.8
151.3
177.3
200.8
248.3
297.3 
324.0
346.5 
375.8
400.5

0.136
0.155
0.198
0.252
0.313
0.367
0.472
0.572
0.623
0.662
0.709
0.747
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Figure 1. Electrolysis cell for plate- 
ability experiments: A, conical joint;
B, tungsten wire; C, square pyrex glass 
tubing; D, electrode fused into pyrex 
glass; E, electrolyte; and F , Al-counter- 
electrode.

A

Figure 2. Vacuum-tight battery 
housing of test battery: A, alu­
minum disc to hold kovar disc 
(B) in its place; B, kovar disc 
with glass feed-through and 
stainless steel wire as positive 
terminal; C, filling tube cap;
D, o-ring; E, electrolyte fil­
ling tube; F, cell lid; G, alu­
minum cell house (negative 
electrode).
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Figure 3. Photographs showing typical deposits obtained 
during plateability experiments, using A: The new low 
temperature melt at 100°C, B: The NaAiCli* electrolyte at 
175°C, in both cases using a current density of 1.4 mA/cm2. In A a dense Al plate, in B Al dendrites are formed.
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Figure 4 . Conductivity of the LiAlBr^-NaAlCl^-KAlCl* (3:5:2) 
system as a function of temperature compared with the con­
ductivity of the four tetrahalo compounds which alternatively 
can form this low melting' neutral system: -: LiAlCli* data (14) r 
0: NaClAl* data (10), o: NaAlBr* data (15), A:KA1C1* data (16) 
(taken from graph), +: present measurements.
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KLA 67 0403

T IM E . hours

Figure 5. Charge/discharge curves for three experimental 
battery cells: (A) theoretical cathode capacity 204 mAh; 
charge/discharge conditions 5 mA and 5 h. (B) theoretical 
cathode capacity 1133 mAh; charge/discharge conditions 5 mA 
and 5h. (C) theoretical cathode capacity 7586 mAh; charge/ 
discharge conditions 5 mA and 5 h until cycle 39, 10 mA and 
5 h until cycle 6 8, 15 mA and 5 h until cycle 89, 20 mA and 
5 h until cycle 108, 25 mA and 5 h until cycle 128 and 50 mA 
and 5 h until test was terminated.
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Fiqure 6 . Experimental batteries: results calculated for every 
tenth cycle. Charge efficiency: 0 and energy efficiency: • 
for cell A, B and C.
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PERFORMANCE OF Na/Se(IV) MOLTEN CHLOROALUMINATE BATTERIES

Morio Matsunaga and Kunisuke Hosokawa

Department of Industrial Chemistry 
Kyushu Institute of Technology 
Tobata, Kitakyushu 804, JAPAN

ABSTRACT

This paper describes recent progress in the 
development of a new rechargeable cell, sodium/ 
tetravalent selenium in A lCl 3 ~NaCl melts. From 
the theoretical consideration of the energy 
density of sodium/molten chlorides battery the 
utilization of basic chloroaluminate melts is 
discussed. A cell with current collector of 
carbon felt shows high energy density (%415 
Wh/kg), when it operates within both acidic and 
basic melts. The design of the positive compart­
ment is also discussed.

INTRODUCTION

Several kinds of batteries, which utilize aqueous, 
organic, molten salt, and solid electrolytes, have been 
extensively studied for the load leveling and electric 
vehicle applications. A new rechargeable Na/X cell is one 
of the most attractive batteries because of high voltage, 
high energy density, and high energy efficiency. This type 
cell is composed of sodium anode, molten salt cathode, and 
a separator conductive to sodium ions. Several kinds of 
molten salts could be utilized in this type cell, in which 
only sodium ions could permeate the solid electrolyte. 
Especially, acidic melts such as haloaluminates offer many 
advantages for the battery applications;i.e., low liquidus 
temperature and high conductivity.

Several kinds of Na/X type cells with a molten chlo­
roaluminate electrolyte have been reported; e.g., N a / S b C l 3
(1), Na/S(IV) (2-4), N a / S e (IV) (5,6), Na/Cl2 (7), and 
Na/Fe(II) (8 ). Among them the cells which utilize tetra­
valent sulfur or selenium show quite high open circuit 
voltage and high energy density. This report describes the 
theoretical consideration on energy density of Na/X cells 
and the improvement of positive mix composition of a 
Na/Se(IV) cell as well as the material and design of 
positive current collector.
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EXPERIMETAL

Commercial reagents of AICI 3 and NaCl were purified 
as follows. AICI 3 was sublimed through a glass filter after 
reaction with aluminum metal(m5N) for one day. NaCl was 
dried under vacuum for several days at 400°C. Commercial 
grade of selenium(m 6N ) was used without pretreatment. Salt 
mixtures were prepared with purified chemicals in a glove 
box filled with high-purity nitrogen. Sodium metal was 
purified by double filtration.

Typical cell arrangements used in this study are 
shown in Fig.1. Each cell consisted of a Pyrex glass 
compartment filled with positive mixture, which was 
separated from the sodium electrode by means of a beta"- 
alumina tube (NGK Spark Plug Co.). Carbon felts(GF-20, 
Nippon Carbon C o . ) and tungsten spiral were used as the 
cathode and anode current collectors, respectively.

RESULTS AND DISCUSSION

High energy density is one of the most important 
characteristics required for new batteries which will be 
applied for load leveling and electric vehicle. To develop 
high performance sodium/molten chlorides cells, the theo­
retical energy density is discussed in relation to the 
range of melt composition changed during a charge- 
discharge cycle. As an example we consider the following 
cathode reaction for a Na/X cell,

MeCljjj + ze —- MeCl^m— 2 ) ^ z Cl [ 1 ]

here MeClm and M e C l m _ z correspond to the positive active 
species at charged and discharged states, respectively. 
Although these species usually exist as anions in melts, 
we will treat all the species as neutral molecules to 
simplify the discussion. From Eq.[1] the total cell 
reaction with z electron transfer becomes as follows

z Na + MeClm = z NaCl + MeCl(m_ z ) [2]

Here we will consider the cells which use molten AICI 3 - 
NaCl as the positive solvent. In this cell the sodium 
chloride content increases and the melt becomes basic with 
discharging. The range of melt composition changed during 
the cycle, therefore, relates to the energy density of a 
Na/X cell. When the molar ratio, N(AlCl 3 )/N(NaCl), is 
x / ( 1 -x) at fully discharged and y / ( 1 -y) at fully charged 
state, the energy density of the cell will be
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ED/Whkg
2.68 x 10 (1/x -1/ y )(Eave/V)

[3]
74.90 + 58.44/x + (M/z)(1/x -1/y)

In this equation M is the molecular weight of discharged 
product MeCl(m_z) and E ave is the avera9e cell voltage. 
Fig.2 represents the relations between equivalent weight 
of the positive active mass and the theoretical capacity 
density of a cell which operates within four ranges of 
melt composition. In this figure the scale to estimate the 
theoretical energy density from the average cell voltage 
is also shown. These results suggest that there are two 
ways to improve the energy density of Na/X batteries. One 
is utilization of the positive material of which 
equivalent weight is low. The other method is to operate 
the cells within wider range of melt composition. Although 
a Na/S(IV) cell has quite high electromotive force and 
good charge-discharge behavior (2-4), this cell can work 
only in an acidic region such as between 80/20 and 50/50 
of AlCl^/NaCl molar ratio. On the other hand, tetravalent 
selenium and tellurium are stable in both acidic and basic 
AlClg-NaCl melts. In this study the performance of 
Na/Se(IV) cells has been investigated to demonstrate this 
consideration on the energy density of Na/X cells.

At first the performance of two kinds of Na/Se(IV) 
cells were studied, of which the positive current collec­
tors were simple tungsten spiral. The positive melt in one 
cell kept basic during the operation, and the other 
utilized both acidic and basic melts. The Na/Se(IV) cell 
can discharge smoothly, when the melt composition is in an 
acidic region. When the melt is saturated with sodium 
chloride, the cell voltage at discharging abruptly changed 
and the tungsten electrode is covered with transparent 
solid which might be sodium chloride. These results 
suggest that the Na/Se(IV) cell operating in basic melt 
region requires new positive current collector of which 
surface area is quite large.

To find the discharging limit of melt composition in 
basic region, the performances of three cells, CS-52, CS- 
53 and CS-54, have been studied which utilize carbon felt 
current collector as shown in Fig.1. The melt composition 
and the amount of A1C1 -NaCl melt at fully charged state 
are almost the same in these cells as shown in Table 1. 
The typical charge-discharge curves observed in these 
cells are shown in F ig.3. Each cell shows stable 
discharging voltage before the AlCl3 /NaCl molar ratio in 
melts approaches 35/65, and sodium chloride content at the 
discharging limit becomes richer with an increase of theo­
retical capacity. The dependence of energy density and

671



percent utilization of tetravalent selenium on discharge 
current density is shown in Fi g . 4. This figure depicts 
also the energy efficiency observed when the charging 
current is a half of discharging. Each cell shows high 
energy density more than 300 Wh/kg with lower discharging 
current density at 225°C, and the highest value was 
obtained for a cell CS-54. On the other hand, the percent 
utilization decreases with an increase of the theoretical 
capacity. In these cells the discharge limit relates to the 
coverage of the carbon felt with solid sodium chloride. 
The results obtained here, therefore, suggest that the 
AlCl 3 /NaCl molar ratio at full discharge should be 
in the range between 35/65 and 30/70. Of course this melt 
composition depends on the ratio of the surface area of 
current collector to the amount of positive mixture. The 
electric conductance of carbon felt and the design of the 
positive compartment also influence the capacity.

The cell CS-54 shows lower polarization than the 
other two cells as observed in F ig.3. Especially the cell 
voltage at charging is quite flat in this cell. The cell 
design of these cells was similar, since that of CS-52 and 
CS-53 was A-I type in Fig.1, and CS-54 was B-I. However, 
the carbon felt was wholly dipped in the positive melt in 
the cell CS-54, although only impregnated with melt in the 
cells CS-52 and CS-53. This difference influences the 
polarization especially at the charging. In cells CS-52 
and CS-53 the distribution of melt compositon is not uniform 
because of the low viscosity of the melt. At charging the 
melt in the upper part of carbon felt easily changes to be 
acidic, although that in the lower part keeps basic. As it 
is known that higher polarization is observed at charging 
in an acidic melt, the high voltage at the end of charging 
as shown in F ig.3 might be due to the above phenomenon. On 
the other hand, cell CS-54 has an uniform distribution of 
melt composition, and then flat voltage at charging was 
observed.

It has become apparent that a Na/Se(IV) cell could 
discharge even if the positive melt would be saturated 
with sodium chloride. To improve the energy density we 
prepared an experimental cell CS-61 which would work theo­
retically within the melt composition range between 65/35 
and 30/70 as shown in Table 1. The structure of this cell 
corresponds to C-II type in Fig.1, and the positive 
current collector is wholly dipped in the melt similar to 
cell CS-54. The typical charge-discharge curves observed 
in this cell are shown in Fig.5. The dependence of the 
energy density, percent utilization, and energy efficiency 
on discharge current density is shown in F ig.4 together 
with the results in the above three cells. This cell shows
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relatively low polarization at charging and discharging. 
Only at the end of charging the polarization had increased 
due to the change of melt composition to be acidic. The 
energy density obtained at 1.0 A discharging is quite high 
such as 415 Wh/kg in this cell. The percent utilization of 
tetravalent selenium, however, becomes low with higher 
current than 2.0 A. This poor performance at high current 
densities might relate to the design of positive current 
collector. Then it would be necessary to improve the 
design and material of the current collector in order to 
obtain better performance at high current density.

We have reported a Na/S(IV) cell with tungsten posi­
tive current collector had run for 17 months at nearly 
1 0 0% depth of discharging with no significant rate of 
degradation (4) . For Na/Se(IV) cells with carbon felt 
current collector, however, the degradation of percent 
utilization and energy efficiency was usually observed as 
shown in Fig .6 . When graphite powder is suspended in 
chloroaluminate melts with tetravalent chalcogens, gra p ­
hite intercalation compounds are formed. Then the above 
degradation of performance might relate to the formation 
of intercalation compounds. The other materials such as 
porous vitreous carbon should be used for this type cell.
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Figure 2 . Theoretical Capacity and Energy Densities 
of Na/X Cells Which Utilize A I C I 3 - NaCl Melts

© © ©

Figure 1 . Schematic Diagrams of Experimental Cells, 
(a) Tungsten Wire (b) Sodium Inlet (c) Positive 
Mix Inlet (d) Pyrex Glass (e) Sealing Glass 
(f) Sodium (g) Beta"-Alumina (h) Carbon Felt 
(i) Molybdenum Sheet (j) Tungsten Spiral
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AlCI3/NaCI
55/45 50/50 40/60  35/65

Figure 3. Charge-Discharge Curves of Three 
Na/Se(IV) Cells at 225°C.

V  a

Figure 4. The Dependence of Cell Performance 
on Discharge Current Density for Na/Se(IV) 
Cells at 225°C.
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Table 1 Specifications for Four Na/Se(IV) Cells
A1C13 /NaCl molar ratio weight of 

active masses
theoretical

capacityfully charged fully discharged

CS-52 55.30/44.70 35.04/64.96 175.0 g 17.32 Ah 
(98.95 Ah/kg)

CS-53 54.91/45.09 29.89/70.11 195.3 g 24.58 Ah 
(125.8 Ah/kg)

CS-54 54.95/45.05 24.98/75.02 224.5 g 35.04 Ah 
(156.1 Ah/kg)

CS-61 65.07/34.93 30.00/70.00 196.6 g 28.91 Ah 
(147.1 Ah/kg)

AlCI3/NaCt 
50/50 40/60

Figure 5. Charge-Discharge Curves of A High Energy 
Density Na/Se(IV) Cell at 225°C.
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Figure 6 . Change of Performance of A Na/Se(IV) 
Cell with Number of Cycles
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ON THE TECHNOLOGICAL STATUS OF MOLTEN CARBONATE FUEL CELLS

Nguyen Quang Minh 
Garrett/AiResearch 
2525 190th Street

Torrance, California 90509, USA

ABSTRACT

Molten carbonate fuel cells (MCFCs) are
presently under development for electric 
utility power generation. Much progress has 
been made in the MCFC technology during the 
last ten years. This paper examines and
summarizes the technological status of the 
MCFC. Emphasis is placed on discussion of 
technical issues such as cathode dissolution 
corrosion, electrode deformation, electrolyte 
loss, sulfur contamination, and internal 
reforming. A brief discussion of the 
importance of electrolyte basicity in MCFCs 
is also given.

INTRODUCTION

The molten carbonate fuel cell (MCFC) represents one 
of the most important applications of molten salts. The 
fuel cell employs molten carbonates as the electrolyte. 
Carbonate mixtures are the only electrolytes which are 
invariant with respect to the electrochemical combustion of 
hydrogen and carbon monoxide, thus providing the basis for 
the fuel cell. The overall reactions are as follows:

Anode: H 2 + C 0 3 2“ = H 20 + C 0 2 + 2e

CO + C 0 3 2” = 2C02 + 2e 

Cathode: l/202 + C 0 2 + 2e = C0^2-

[ 1 ]

[ 2 ]
[3]

The state-of-the-art MCFC consists of a porous 
stabilized nickel anode (fuel electrode) and a porous 
lithium-doped nickel oxide cathode (oxidant electrode), 
separated by a lithium aluminate matrix filled with lithium 
and potassium carbonates (62-70 mol% Li2C 0 3 ) as the
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electrolyte. The cell is operated at a temperature of 
about 925 K and at a pressure of 1 to 10 atm; the fuel gas 
is a humidified mixture of H2 and CO, and the oxidant is a 
mixture of O2 and C02 which may contain water vapor.

Present MCFC designs are based on a planar 
geometrical configuration. Practical electrical power 
generation is achieved by stacking a series of cells to 
build voltage, A bipolar plate carries electrons from the 
anode of one cell to the cathode of the next in electrical 
series. The essential components of a MCFC stack is shown 
in Fig. 1.

The MCFC operating temperature (about 925 K) is high 
enough to produce valuable waste heat. The waste heat can 
be used to supply heat for bottoming cycles and/or 
cogeneration purposes (process or space heat). In an MCFC 
power plant using natural gas fuel, the most important 
process heat use will be for the reforming of methane. For 
MCFCs, internal reforming of methane is possible (i.e., the 
waste heat is directly available within the fuel cell for 
the conversion of methane directly to hydrogen and carbon 
monoxide in a driven reforming reaction in the anode region 
of the fuel cell). The internal reforming capability of 
the MCFC offers higher system efficiencies.

The MCFC, following a very intensive development 
effort during the last ten years, may be approaching the 
threshold of commercialization. The MCFC market includes 
electric utility, cogeneration, and on-site applications. 
This paper examines and summarizes the technological status 
of the MCFC. A brief discussion of the importance of 
electrolyte basicity in MCFCs is also given.

TECHNOLOGICAL STATUS OF MOLTEN CARBONATE FUEL CELLS
Commercial MCFCs are expected to range in cell area 

from 0.J7 to 1.5 m 2 (4 to 16 ft2). The number of cells per 
stack is expected to range from 75 to 700, giving a total 
stack height range of 0.46 to 5.1 m (18 to 200 inches). An 
electrical generating plant will contain one or more of 
these stacks, each of which will have an output of 5 kW to 
1 MW (1). Recent MCFC developments in the U.S. are focused 
on stack design and operation and development of a 
fundamental understanding of reactions, materials, 
kinetics, and processes in an operating fuel cell.
Although there are as yet no stacks in operation of the 
size envisioned for commercialization, results on subscale 
stacks [ 20 cells with 930 cm2 (1 ft2 )/cell] are very
encouraging. A subscale stack was operated for 5000 h (1).
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The average cell performance of the stack met prediction 
and duplicated the single cell data (Fig. 2) (2). Testing 
of an 0.74-m2 (8-ft2) short stack (20 cell) is in progress
(2). Several major technical issues have been identified, 
and the status of each of these issues is discussed below.

* Cathode dissolution; The instability of NiO during 
cell operation is now considered one of the major technical 
difficulties facing MCFC development (3). Nickel oxide has 
a small degree of solubility in the carbonate electrolyte 
in the fuel cell cathode environment (about 10-15 ppm). 
However, the dissolved nickel ions diffuse, under a 
concentration gradient, from the cathode toward the anode. 
At some location between the two electrodes and under the 
influence of reducing conditions caused by the anode gas, 
the disolved nickel precipitates as nickel metal. The 
precipitation of nickel creates a sink for the nickel ions, 
which facilitates further NiO dissolution. Thus, the 
dissolution of NiO can be a major life-limiting factor for 
the MCFC, The present industrial efforts attempt to 
prolong NiO life by employing low partial pressure of CO2 
and high-Li2C03 electrolyte. Additives (e.g., MgO) to the 
carbonate electrolyte to lower NiO dissolution are also 
attempted. Although the lifetime of NiO can be extended 
under those conditions, it is not clear whether lowering 
the CO2 partial pressure or changing other operating 
conditions will make the NiO cathode endure 40,000 
operating hours required for commercial applications. 
Alternative cathode materials are being developed. Two 
materials, LiFe02 and Li2Mn03, have been identified as 
potential MCFC cathode materials. These materials were 
extensively tested and meet the requirements of stability, 
low solubility, and nonmigration. Adequate conductivities 
under realistic cell conditions can be achieved by doping 
the materials (4,5). The emphasis has now shifted toward 
fabricating appropriate cathode microstructures with doped 
materials, then testing them in cells (5). *

* Corrosion: Another important question being 
addressed in MCFC technology concerns resistance to 
corrosion of current collectors/bipolar plates. In MCFCs, 
the bipolar plates are coated with a thin film of molten 
carbonate electrolyte and in contact with the cathode and 
the oxidant gas on one side and with the anode and fuel gas 
on the other side. They are therefore susceptible to hot 
corrosion attack (6,7). Corrosion of bipolar plates causes 
decline in cell performance and can lead to cell failure by 
allowing direct reaction of oxidant and fuel. The 316 
stainless steel (SS) specified in the past for bipolar 
plates in laboratory cells was found not to be suitable for 
full-scale cells which have a life goal of 40,000 h.
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Severe attack of the bipolar plate made of 316 SS, 
especially the anode side of the plate, was frequently 
observed in cells operated for a few hundred to a few 
thousand hours (8). Nickel cladding for protecting the 
anode side of 316 SS was attempted (8-10). However, there 
was still significant amount of corrosion on the cathode 
side of the plate. Corrosion and cell tests with 310 SS 
and INCO 825 indicated that plates made of these materials 
had better corrosion resistance in the fuel cell 
environment. These materials, however, did not show 
sufficient corrosion resistance to meet endurance goals on 
the anode side. In current MCFC stack tests, plates made 
of 310 SS or INCO 825 are nickel-coated on the anode side 
for corrosion protection. At present, a satisfactory 
bipolar plate material has not yet been identified.

* Electrode deformation: In MCFCs, the anode and 
cathode structures should be dimensionally stable. Any 
compaction of the structures not only decreases the active 
surface area but also may cause loss of contact and high 
resistances between components. Compaction may also cause 
significant tolerance requirements for stack hardware 
design. The porous nickel anode sinters at the cell 
operating temperature and compresses somewhat as a result 
of the cell holding force. Nickel anodes have been 
stabilized by dispersing small amounts of certain oxides 
such as chromia and alumina in nickel. Stack tests 
verified that the anode compaction goal has been attained 
with this stabilization method (1). Metal-coated ceramic 
anodes with good compaction resistance are also being 
developed (1). Recently, with the advent of dimensionally 
stable anodes, the compaction of the NiO cathode has been 
observed. For example, the average compaction of NiO 
cathodes in one stack test was found to be approximately
0.09 mm (3.5 mils) per cell (cell thickness of about 2.54 
mm or 100 mils) (11). This degree of compaction is 
believed to be unacceptable for stacks used in commercial 
applications. Recent efforts to improve cathode compaction 
resistance emphasize heat treating and oxidation (1). *

* Electrolyte loss: Long-term stability of cell and 
stack performance is, to a large extent, dependent on 
limiting electrolyte loss by corrosion and volatilization. 
Corrosion loss is largely limited to the first 2,000 h of 
operation. Loss by volatilization is a slow but continuing 
process. These two losses are considered to be manageable 
(excess electrolyte is stored or added), at least up to
10,000 h. Another problem is electrolyte leakage through 
the wet seal. This leakage occurs because the ambient 
oxygen which surrounds the cell is reduced to form 
carbonate ions on the outer surface of the cell (Fig. 3)
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(12). More carbonate ions are produced on the anode than 
on the cathode because the anode is at a lower potential. 
Some of the carbonate ions migrate and react at the anode. 
The remainder of the charge necessary for neutrality is 
transferred by the migration of alkali ions to the outer 
surface of the cell. The leaked electrolyte then migrates 
along the manifold gaskets to the top of the stack. 
Several engineering approaches to minimize electrolyte 
migration have been developed, and encouraging results have 
been obtained in subscale stack tessts that operated over
5,000 h.

* Sulfur contamination: It is generally acknowledged 
that even ppm levels of sulfur may cause an unacceptable 
loss of cell voltage. Performance loss of a MCFC due to 
the presence of sulfur in the fuel and oxidant gases occurs 
primarily at the anode. The sensitivity of the nickel 
anode to hydrogen sulfide has been demonstrated in many 
studies and cell tests (13). The presence of sulfur 
dioxide in the oxidant (due to recycling of burned fuel to 
the cathode or in air) does not affect cathode polarization 
but affects anode performance, because sulfur dioxide in 
the oxidant will react to produce sulfate in the 
electrolyte and then be transported to the anode. In a 
cell, a concentration gradient of sulfate ions between 
cathode and anode is established, as hydrogen in the anode 
reduces sulfate to hydrogen sulfide. While there is a 
general agreement on the negative impact of hydrogen 
sulfide on fuel cell performance, the exact mechanism 
responsible for the performance loss is not clearly 
defined. Several possible mechanisms exist which may 
account for the decrease in cell performance: (a) Hydrogen 
sulfide can poison the hydrogen oxidation reaction by 
adsorbing on anode active sites and thereby blocking the 
desired molecules from adsorbing. (b) Adsorbed hydrogen 
sulfide can poison the water shift reaction, causing a 
hydrogen deficiency in the fuel cell, which in turn causes 
a drop in cell voltage (14). (c) Recently, it has been 
suggested that poisoning of the Ni anode is the result of 
electrochemical formation of a layer of nickel sulfide on 
the anode. The layer forms by reaction between the Ni 
electrode and dissolved sulfide ions in the electrolyte 
(15). Sulfur tolerant anode materials are being 
investigated. *

* Internal reforming: It has been demonstrated that 
internal reforming in MCFCs is technically feasible (16). 
Internal reforming MCFCs can operate up to 5,000 h without 
performance decay. The performance of internal reforming 
cells is identical to that obtained with cells using 
simulated reformed fuels. However, the nickel reforming
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catalyst used for internal reforming in MCFCs can be 
affected by one or another form of deactivation. To date, 
MgO-supported catalysts have demonstrated the best 
stability in the fuel cell (17). However, the catalyst 
slowly decays at longer times. The cause for the decay is 
physical blockage of catalyst active sites by the carbonate 
electrolyte. The electrolyte on the catalyst was found to 
be rich in potassium, indicating electrolyte transfer to 
the catalyst by vapor phase as well as creepage. Recent 
work on internal reforming emphasizes on developing a way 
to control electrolyte vapor transport and electrolyte 
creepage from the anode to the catalyst. It appears that 
finding a means to prevent both electrolyte vapor transport 
and electrolyte creepage for long periods of time is a 
major technical challenge.

IMPORTANCE OF ELECTROLYTE BASICITY IN 
MOLTEN CARBONATE FUEL CELLS

As discussed earlier, two of the critical issues in 
the development of MCFCs are cathode dissolution and 
bipolar plate corrosion. In cathode dissolution, the most 
important factor which determines the rate of NiO 
dissolution and transport (and, thus, the cathode lifetime) 
is the magnitude of the NiO solubility under fuel cell 
operating conditions. Therefore, knowledge of NiO
solubility under various conditions is essential for 
evaluating NiO cathode endurance. In bipolar plate
corrosion, accelerated corrosion of stainless steels in the 
anode gas atmosphere is due to oxide scale fluxing. The 
protective qualities of the scale is destroyed by the 
dissolution of the oxide in the carbonate electrolyte and 
precipitation of the oxide elsewhere as a non-protective 
porous mass. Thus, understanding the solubility of oxides 
in molten carbonates is important. In this respect, the 
electrolyte basicity plays an important role.

The solubility of an oxide depends on the basicity 
of the molten salt, and, in some cases, on oxygen partial 
pressure as well. The theory of the acid/base behavior of 
oxyanion salts is analogous to the Bronsted theory for 
aqueous solutions. In molten oxyanion salts, the oxide 
activity defines the basicity of the system. Thus, for a 
solvent such as Li2C03-K2C03 under a partial pressure of 
CO2 , the basicity of the molten salt is given by the 
equilibrium

C032- = 02_ + C02 [4]
The basicity of the melt may be altered by varying

682



the partial pressure of CO2 and by varying the mole 
fraction of the components.

The dissolution of oxides in molten carbonates can be 
classified as basic and acidic. In basic dissolution, the 
solubility increases as the basicity increases. In acidic 
dissolution, the solubility decreases as the basicity 
increases. Plotting the logarithm of the concentration of 
a dissolved oxide in the molten salt (assuming an ideally 
dilute behavior corresponding to a concentration- 
independent activity coefficient) versus the basicity of 
the melt yields two straight lines, one corresponding to 
the acidic dissolution and one corresponding to the basic 
dissolution, and a minimum solubility is observed (Fig. 4).

In the case of NiO cathodes, for example, NiO is an 
amphoteric oxide and can dissolve as a base or as an acid 
(18,19). In a relatively acidic melt, NiO dissolves by 
dissociation

NiO = Ni2+ + 02_ [5]
In a basic melt, NiO reacts with oxide to produce one 

of two forms of nickelate ions
NiO + 0 2_ = Ni022- [6]

or 2NiO + O2- + l/202 = 2Ni02" [7]
In the MCFC cathode environment, the melt is 

relatively acidic and the acidic dissolution is important.
For the acidic dissolution of NiO in molten 

carbonates, the solubility of the oxide decreases with 
increasing basicity of the melt. Therefore, making the 
MCFC cathode environment more basic is a means to lower the 
solubility of NiO and prolong the life of the NiO cathode. 
Basicity of the molten carbonate can be altered by (i) a 
change in the gas phase in equilibrium with the melt (e.g., 
lowering the partial pressure of CO2 increases basicity), 
and (ii) a change in the carbonate melt composition (e.g., 
increasing the lithium content in Li2C03“K2C03 or adding 
basic oxides increases basicity).

The basicity of the molten carbonate can also play 
an important role in determining the properties of
materials synthesized in the molten salt via its influence 
on the material stoichiometry. An example is the 
alternative cathode material LiFe02 . The electronic
resistivity of LiFe02 synthesized in carbonates was found 
to be dependent on the partial pressure of CO2 above the
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carbonate melt (thus the basicity of the melt). Synthesis 
with partial pressure of CO2 < 0.005 atm produced LiFe02 
with lower resistivity and the resistivity decreased with 
decreasing CO2 partial pressure (20). This observation can 
be explained as follows. The partial pressure of CO2 will 
affect the basicity of the carbonate melt (the activity of 
lithium oxide) and, in that way, can affect the cation 
ratio (Li/Fe) of the lithium iron oxide synthesized in the 
melt. Low partial pressure of CO2 enhances the activity of 
lithium oxide, which tends to result in a more lithium-rich 
compound, i.e., a LiFeC>2 compound with a Li/Fe ratio > 1. 
Therefore, LiFeC>2 synthesized in more basic electrolyte is 
nonstoichiometric. As a result, a lower resistivity is 
observed.
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A B S T R A C T

Research objectives which fit into the prospect of promoting the 
applications of molten nitrates are to reduce their thermic 
unstableness and define conditions which favor the passivation of 
metallic materials at their contact. Quantitative considerations 
about the decomposition reactions of the nitrate melts lead to 
establish that two essential conditions must be fulfilled in order to 
obtain an optimal stability allowing the utilization of these melts at 
temperature up to about 500-550‘C  : i) The addition of a certain 
percentage of nitrite ; ii) The control of the melt acidity (pO2") by 
means of a proper pO2’ buffer system (0H"/H20). Concerning the

corrosion of metallic materials, the acidity has also to be 
controlled, generally, in order to achieve the formation of oxidized 
layers (due to the strong oxidizing power of the nitrate anion) 
showing the best passivating properties. In the case of iron (and 
steel) considered in this study, the formation of ferrate N a Fe 02 ,

which occurs in an intermediate pO2'  range corresponding again to 
the O H 7 H 2 0  buffer system, leads to a maximal passivation 

effect.

1. INTRO D U C T IO N

It is likely that no other melt has been concerned by so  many fundamental works 
as the alkaline nitrates, in spite of their small number of applications. The latter may be 
explained on one hand by the thermic unstableness of these melts and on the other hand by 
their corrosive power towards metals and alloys, related to the strong oxidizing 
character of the N O q " ion. Therefore, reducing the thermic unstableness and defining

conditions which favor the passivation of metallic materials are research objectives 
which fit into the prospect of promoting the applications of melted nitrates.
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In our laboratory, we were led to work towards these objectives some years 
ago, within the framework of a research to adjust the use of the so-called "H ITEC " 
mixture (KN O 3 53% , NaNO g 40% , N a N 0 2 7 %  w/w) as a heat transfer liquid in the

experimental solar power station "Themis" built by Electricity de France. A s  a matter of 
fact, the normal working of this power station supposed the possibility that the 
temperature of the melt rises to over 500’C, which required an optimisation of the 
stability conditions of the melted mixture. The corrosion effects on the iron alloy 
containers and tubing in contact with the 500 tons of molten salts at temperatures 
varying between about 250 and 500‘C  was at the same time an important matter of 
concern which justified a thorough study.

The work realized to reach these objectives consisted in making a serie of 
experimental determinations by electrochemical methods whose results, in combination 
with thermodynamical data, allowed to predict the reactions which may occur, using an 
analytical reasoning.

I shall here describe the principal results we obtained -  without insisting on 
technical aspects of the study which have already been described elsewhere [8,2 1 ] 
mainly with the purpose of pointing out the successive steps of the reasoning.

At this point, some general characteristics of molten nitrates must be redefined 
in order to make the whole description clear.

2. REACTIONS OF DECOMPOSITION

Because the anion NO 3" can be considered theoretically as an oxobase (donor of

O 2'), the first explanations of the behavior of the molten alkaline nitrates postulated the 
intervention of the following autodissociation system I1 1 :

N 0 3‘ ^  N 0 2+ + O2'  (1 )

considering the nitronium cation N 0 2+ as the strongest oxoacid existing in solution in 

these media. But two facts came to jnvalide this assumption :

(i) The cation N 0 2+ (and nitrogen hemipentoxide N20 5 , originated by N 0 2+ + N 0 3‘) is

unstable and undergoes a decomposition if set in the conditions leading to its formation 
(acidificating the melt). A s this decomposition produces nitrogen oxide and oxygen, it 
corresponds to a redox reaction which follows the dissociation of NO 3 '.

(ii) The anion 0 2 “ cannot stay in a free state at an appreciable concentration (in 
NaNC^-KNC^) because of the oxidizing power of the N O 3 " ion : peroxide ions 0 22 '  and

superoxide ions 0 2" (already observed in NaOH-KOH  PJ, are formed as well as nitrite 

ions N 0 2" (as the product of the reduction of NO 3”) PI.

Hence, in order to specify the "oxoacidobasic" characteristics and especially the 
size of the aqidobasicity range actually accessible in molten nitrates, it is convenient to 
Start examinating these chemical unstablenesses, related to the redox properties of the 
nitrate ipn.

Independently of the above-mentioned decompositions, which correspond to 
acidity or basicity effects, the decomposition of the nitrate ion according to the following 
reaction (independant of the acidity) also occurs W  :
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n o 3" ̂  N 0 2‘ + 1/2 o 2(g) (?)

This redox reaction corresponds to both systems that fix the lirpits of the electrochemical 
stability of the solvent.

A s  a matter of fact the two limits are caused by oxidation and reduction of the 
N 0 3 " ion. The reduction leads to the formation of nitrite N 0 2", with the liberation of an

oxide ion O2 ". The oxidation leads to the formation of oxygen (as the nitrogen of N 0 3 '  is 

already in its maximal oxidation state), the initial step being the liberation of the cation 
N 0 2+ that decomposes into N 0 2 and oxygen. So, the whole electrochemical reaction is :

2NO 3- - 2e" -  0 2(g) + 2 N 0 2(g) (3)

But the formation of N 0 2 doesn't take place any longer if the melt is kept at a sufficient 

basicity level (by the presence of an oxobase) ; a  simple release of oxygen is then 
observable, corresponding to the system :

O(-ll) - 2e“ 0 2(g) (4)

In a strongly basic melt, the free O^" ion becomes o*idizable to peroxide 0 22'  or 

superoxide 0 2', before 0 2 is formed (in N a N 03, K N 0 3 and their mixtures).

Thermochemical calculations, completed by experimental results, allow to 
establish the equ ilibrium  potential-acidity d iagram  E -p O 2” that co r re sp o n d s  
to the stability area (from the thermodynamical point of view) limited by these 
different reactions. A s an example, figure 1 presents thjs diagram, in the case of 
equimolar NaN03-KN03 at 23CTC and N aN 03 at 470*C.

With respect to the straight line giving the variation of the equilibrium potential 
of the oxygen electrode (system 0 (-ll)/0 2 (g)), it is possible to place the line that 

represents the variation of the equilibrium potential of the system N 0 37 N 0 2 ', which 

has the same slope 2.3RT/2F, by calculating the e.m.f. that corresponds to the reaction :

M N 0 2(l) + 1/2 0 2 (g) -►  M N Q 3 (I) : A E* = A G 7 2F  (5)

A s  it has been shown that the nitrate-nitrite mixtures behave ideally P I, the equilibrium 
potential difference between the systems 0(4l)/02 (1 atm) and N 0 37 N 0 2 '  (dissolved in

N 0 3')  is then obtained from the simple relation :

A E  *  AE* + 2.3RT/2F log N (N 02")

= AE* + 2.3RT/2F [log m (N02“) - 1.026] (6)

(N : molar fraction ; m *. molality). Thus one predicts that the the rm odynam ica l 
stab ility range  on ly  co r re sp o n d s  to a very sm all potential interval (only 
120 mV at 470*C with m (N 02 ')  = 1 mol.kg'1) and that the molten nitrate cannot be 

free from nitrite : according to the calculation, the equilibrium concentration under
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P(02) * 0.2 atm must be about 6.10"2 mol.kg"1 at 470*C (a value the experience 
appreciably confirms).

A similar calculation leads to the variation of the equilibrium potential 
corresponding to the system N037N02(g) [i.e. NO3" + e' ^ N02(g) + O2", (7)] as well as
to the system N037N0(g) [i.e. N03" + 3e" ^  NO(g) + 2 O2', (8)], for it is known that 
N02 is unstable (which is confirmed by the respective positions, in the E-pO2" diagram, 
of the achieved straight lines : the reduction of N03‘ into NO appears to be 
thermodynamically easier that the one into N02).

Then, to complete the stability diagram, it is possible to process experimental 
data from electrochemical studies :

(a) The unstableness of the free O2" ion is demonstrated by the voltammogram (2) of 
figure 2 A, given by a diluted solution of Na20 (in NaN03-KN03 at 230*C &)) : jn fact the
solution contains a mixture of peroxide 0 22' (oxidizable into 02' and further into 02) and 
superoxide 0 2" (reducible into 0 22' and oxidizable into 0 2) that comes from the 
reactions :

O 2'  + N O g ' ^  0 22‘ + N 0 2 0 )

O 2'  + 3N O g ' ^  2 0 2" + 3 N 0 2 (10)

The voltammogram also shows the presence of N02" through the appearence of 
an anodic wave that corresponds to the oxidation N02' - e" N02 [notice that, in the 
absence of a donor of O2’, the oxidation of the nitrite can only occur by this reaction. But 
due to the presence of an oxobase this oxidation may produce again N03" ions : see for 
example voltammogram (5) of figure 2 B, that corresponds to the oxidization reaction in 
presence of the oxobase OH":

N02" + 20H" - 2e" -» N03" + H20 (11)

This reaction occurs at a lower potential than the reaction N02" - e" -> N02, 
voltammogram (4)].

Owing to the determination (from voltammetric measurements) of values of 
standard potentials and equilibrium constants for the disproportionation reactions of 
superoxide and peroxide ions into oxide and oxygen, the E-pO2" diagram can be completed 
for basic media as shown in figure 1 .

(b) Further, to complete it on the acidic side, it is sufficient to obtain the coordinates of a 
point like P that corresponds to the chemical equilibrium :

2NO3* ^1/2 02(g, 1 atm) + 2N02(g, 1 atm) + O2' (12)

Such a point is located on the straight line that gives the variation of the 
equilibrium potential of the system 0 (-ll)/0 2 (g, 1 atm) and consequently it is only
necessary to measure its potential (potential of a platinum electrode in molten nitrate
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under bubbling of a gaseous mixture N 0 2 + 0 2), as it has been done at about 230*C ^  

(see figure 1 A). It is also possible to use the point P ' (see figure 1 B) that corresponds to 
the chemical equilibrium:

NO 3- + 2NO(g, 1 atm) + O 2'  ^  3 N 0 2" (13)

and whose pO2 '  value has been experimentally measured with a stabilized zirconia 
membrane indicator electrode (*).

Electrochemical decomposition
From the point of view of electrochemical decomposition, som e important 

observations have to be made.

1 ) The oxidation of O(-ll) into oxygen and that of N 0 2" into NC^" depend, as far as the 

potentials at which they occur are concerned, on the presence of an oxobase and on its 
strength (0 2“ donor power). On the opposite, the reduction of N O 3 '  into N 0 2‘ depends on

the presence of an oxoacid (acceptor of O2") and on its strength. A s a matter of fact, such 
an oxoacid as H20  fixes the O 2'  ion liberated by the reduction of NO3" and this reduction

turns e a s ie r: thus on the voltammogram (curve (6), figure 2 B), a cathodic wave whose 
current is limited by the diffusion of H20  (* **) appears before the reduction of the pure

nitrate. The same thing happens in presence of the oxoacid C 0 2 , and the difference in 

half-wave potentials E-j/2, with respect to the diffusion wave of H20, corresponds to a 

greater oxoacidic power for C 0 2 than for water (curve (7), figure 2 B).

Other oxoacids act in the same way : they are metallic cations. With the 
exception of Ag+ which is cathodically reduced into metal most of the metallic ions 
lead to a cathodic reduction wave which has been shown (for example for Ca2+ and Ba2+ 
I12!, as well as Cd2+, ln3+ , Pb2+, Tl+ , Zn2+ l13 l) not to correspond to the formation of 
a metal but to the reduction of NO 3 '  into N 0 2‘ in the presence of the oxoacid (acceptor of

0 2_) M 2+ :

N 0 3'  + M2+ + 2e ' -> N 0 2'  + M O i (15)

O  At 230-250’C  the decomposition of N 0 2 into NO  + 1/2 0 2 is slow enough for 

equilibrium (12) to be realized. This no longer occurs at 470’C, in that case the possible 
equilibrium is : 2NO 3V  3/2 0 2 (g) + 2NO(g) + O 2", (14).

The use of the stabilized zirconia membrane p 0 2'-indicator electrode (ZME) in 
molten nitrate has been described in previous papers I9!

(**) Though the limiting current corresponds to the diffusion of water, here this one 
plays the role of an oxoacid and not that of a reducible substance, because no production of 
hydrogen is observed
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This interpretation is consistent in so far as only cations of high oxidizing power 
(Ag+ , Hg2+ ...) can lead to metal formation, for the reduction of a metallic ion can only be 
observed if it is easier than that of the anion NO3 ".

2) In a mixture of pure molten nitrates, the potential range between the two limits due to 
reduction and oxidation of NOg* (non-electroactivity range of the pure solvent) has an

extent of over Volts at 230*C, which the E-pO2 '  diagram can explain. A s  the 
oxidation produces oxygen and N 0 2 , it takes place in medium conditions, near the

electrode, that correspond to point P. On the contrary, the reduction produces oxygen and 
N 0 2 , it takes place in medium conditions, near the electrode, that correspond to point P.

On the contrary, the reduction produces nitrite and O 2'  ions (and 0 22 " or 0 2") and thus 

occurs in the conditions of the strongest basic medium next to the cathode. According to 
the E-pO2" diagram, this leads to a difference of over 2 V  between the anodic and cathodic 
potentials (plus the overpotentials related to the kinetics of both electrochemical 
processes).

On the other hand, if in the molten nitrate there is a pO2’ buffer system that 
forces anode and cathode to work in the same medium conditions, the non-electroactivity 
range of the N0 3 ~ ions reduces to the potential difference between the two (parallel) lines 

limiting the stability diagram (lines which correspond to the formation of oxygen and 
nitrite), that is (including overpotentials) less than 1 Volt. This change appears on figure 2 
C  where curve (8) corresponds to the presence of the buffer system H20 / 0 H ' (in this

case, the formation of N 0 2 at the anode and that of 0 22 ’ or 0 2 " at the cathode are 

suppressed).

3. CONDITIONS FOR OPTIMAL STABILITY
Starting from the foregoing thermodynamic considerations, it is now possible to 

discuss the optimal stability conditions of molten nitrates.
The previously established E-pO2” diagrams point out that the pO2" scale in 

molten nitrates is limited at both ends by the intervention of the described decomposition 
reactions. Quantitative data concerning these reactions allpw to define these limits 
precisely. Thus, in the case of the equimolar mixture NaN0 3 -KN0 3  at 230*C in equilibrium

with air [P (02 ) « 0.2 atm], if one wishes to limit the formation, on one side, of 0 2 " at a 

maximal molality of 10-2 mol.kg-1 and, on the other side, of N 0 2 at a maximal pressure 

of 10”2 atm, it is foreseen that pO2" must remain in the range :

6.6 < pO2- < 34

(the maximal value is even lowered to 27 if the formation of NO  instead of N 0 2 is

contemplated, with the same partial pressure limit of 10~2 atm). At 470*C, the data 
connected with the diagram in figure 2 B point out that the limits are only about 2.5 and
12.

In fact, adding a strong oxoacid which has a tendency to rise the pO2'  over the
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maximal value defined in this way produces decomposition of the nitrate into N 0 2 or NO. 

This happens for example with dichromate (at 470‘Cj :

Cr2° 72'  + 2 N 0 3‘ -» 2C r042'  +  3/2 0 2(g) + 2NO(g) (16)

Therefore, two a ction s favor the stability of molten nitrate :

1 *) The addition of a certain proportion of nitrite, which by shift of equilibrium
(2) lowers the equilibrium oxygen pressure and thus slows down the progressive thermic 
decomposition by oxygen release.

From the values of equilibrium constants given in ref. I14!, in the case of the 
melt N a N 0 3 + N a N 0 2 1 mol.kg' 1 (nitrite proportion very close to that of the H ITEC

mixture) the equilibrium oxygen pressure remains under 1 0'2 atm until a temperature of 
about 500*C is reached (with the equimolar mixture NaN 0 3 -NaN0 2 , this temperature

would rise up to 630'C).
Through lowering of the redox potential of the melt, the presence of nitrite also 

reduces the formation of 0 22 and 0 2" and permits to reach the most oxobasic media

(lowest values of pO 2 '). Per contra, the upper limit of pO 2 " is lowered by the 
intervention, at high pO2", of the disproportionation of N 0 2" according to the reaction :

3N 0 2 ^  N 0 3’ + 2NO(g) + O2" (17)

In the case of the melt N a N 0 3 + N a N 0 2 1 mol.kg"1, figure 3 A  (curve 1 ) shows

how this upper limit varies with the temperature (according to ref. t14 l) so  that the 
partial pressure of NO  should remain under 10' 2 atm.

2*) By means of a proper p O 2" buffer system , pO2- is kept in the stability range 
previously defined. A s  it is practically very difficult to avoid the presence of moisture, 
the oxoacid/oxobase system which one can most naturally think about is the system 
H20 / 0 H \  The measured values I14l of the constant (K-j) of the equilibrium 2 0 H V

H20(g) + O 2 '  show that this system is quite convenient for the required buffer effect: 

according to the values of P(H20 ) and m(OIT), the value of pO 2" fixed by the buffer 

varies within 2 units around pK-j, which varies according to the temperature from 4.4 at 

310*C  to 2.3 at 500*C. Curves 3, 3', 3" in figure 3 A  show that the addition of 1 %  
(w/w) soda to the melt N a N 03 + N aN 02 1 mol.kg"1 is convenient to avoid an appreciable 

decomposition of the melt up to T  = 500*C, taking in account a partial pressure of steam 
above 10"2 atm.

In the absence of OH", the single oxoacid H20  imposes high pO2" values that 

produce, when temperature rises, the decomposition of N 0 2" with release of nitrogen

oxide vapors, as indicated by curve 4 of figure 3 A.
Conclud ing, to stab ilize  nitrate m elts in o rder to heat them  to 

tem peratures a s  h igh  a s  p o ss ib le  (about 500-550 'C ), it is  ne ce ssa ry , on
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one hand to add a certain proportion of nitrite (*), and on the other hand 
to add a sm all proportion of so d a  (about 1 %  w/w) and to keep a sufficient 
percentage of moisture so as to realize the buffering of p0 2"at a convenient level.

4. CORROSIVE ACTION. THE CASE OF IRON
It has been shown experimentally that the strong oxidant nitrate ion attacks 

metals, with the exception of the noblest among them (Ag, Au, Hg, Pt). Generally, an 
insoluble oxide forms in the neutral melt (the end of the attack on the metal depends on the 
passivating power of this oxide)..

It is easy to predict this property by means of the E-pO2'  diagrams, as on these 
diagrams the position of the variations of the equilibrium potentials E eq of the systems

M(s)/metal oxide (s) can be established by thermochemical calculations which connect 
this position to that of the straight line corresponding to the system 0(-ll)/02. Thus, for

example, at 230*C, the system Ni(s)/NiO(s) gives an Eeq variation located 0.1 Volt under 

the straight line corresponding to the reduction system of N 0 3~ into N 0 2 '  (1 mol.kg"1), 

which implicates the oxidizability of nickel by N 0 3“.

Th is oxidizability of metals corresponds to the previously mentioned 
irreducibility of metallic cations in nitrate melts.

This does happen in the case of iron which will be detailed now.

The attack of iron and its alloys by nitrate melts and nitrate + nitrite mixtures, 
with the formation of a superficial iron oxide layer, has already been observed and 
pointed out several times [** 5-18] Generally the formation of Fe20 3 (hematit a-Fe20 3) 

is considered ; but other compounds may also play a role, according to the acidobasicity 
level of the melt, especially the ferrate F e 0 2" whose formation has already been

demonstrated for other melts (hydroxides alkali chlorides I20 !). Hence an 
experimental study proved to be necessary to clear up the nature of the (stable) oxidation 
products of iron in molten nitrates as a function of pO 2 ". This study, quite recently 
published l2 1 l, led to the following main results.

It has been observed that the addition of ferric nitrate to the neutral melt leads 
to the precipitation of Fe20 3 (22»23 l, which can be identified by X-ray diffraction. 

Besides, the simultaneous apparition of nitrogen oxide induces to assign the formation of 
Fe20 3 to the decomposition of the nitrate caused by the oxoacidic character of the Fe3+ 

ion :

O  Diagram 3 B points out that in order to keep both partial pressures of the gaseous 
decomposition products 0 2 and NO smaller than 1 0“2atm it is necessary to choose a 

mixture of optimal composition close to N a N 03 + N a N 0 2 2.5 mol. kg’ 1 (about 1 5 %  w/w)

to be able to reach the maximal temperature of 550‘C, buffering pO2’ at a lower value 
than 1.5. A  mixture containing more nitrite involves a decomposition of the latter at 
lower temperature.
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6N0(g) + 9/2 0 2(g) + Fe20 3i (18)6 N 0 3'  + 2Fe3+

On the other hand, the addition of ferric nitrate to a melt which has been made 
basic by a previous addition of O H ' (and dissociation 2 0 H ' O2'  + H20  through bubbling

of dry nitrogen) gives a reaction between the O 2'  and Fe3+ ions without the decomposition 
of N O 3 '  (except after the total consumption of the O 2" ions). This reaction has been

studied quantitatively realizing the titration of O 2'  through progressive addition of Fe3+ 
and following the variations of pO 2 '  during the titration with a ZM E. Typical curves are 
represented in figure 4.

One can observe on these curves that a steep rise in pO 2 '  occurs, which 
corresponds to an end point ■  0.4. The reaction that corresponds to this value is :

5 0 2" + 2Fe3+ Fe20 54'  (or Na4Fe20 54) (19)

This reaction occurs during the first step of the titration, between a ■  0 and a  *  .

Notice that, if the decomposition (18) occurred before the consumption of O 2 '  
ions and the latter combined further with the Fe2 0 3 formed, the end point would

correspond, for the sam e compound Fe20 54 ‘, to the value a « 1 , very far from the 

observed one.
In the second place, pO2'  remains invariable from a2 « 0.5 on. This invariance 

must correspond to an equilibrium between two precipitated forms of iron (III) : a - 
Fe2C>3 , which appears (by decomposition of NO 3 ')  at the end of the reaction due to the 

initial free O 2", and a form of scarcely soluble ferrate obtained from the reaction of Fe3+ 
on Fe20 54 '. Identified by X-ray diffraction, this ferrate is N a F e 0 2 (allotropic form p, 

although the stable form at the temperatures of the experiments is the a one ; but it has 
been shown previously that atT > 300’C  the reaction between Fe20 3  and NaOH gives the p 

form whose allotropic transformation p -> a is very slow I24l). It can be deduced that, 
in the range [a  ̂ ■  0.4 ; a2 *  0.5], the following reaction must o ccu r:

2Na4Fe20 5-l+ Fe3+ -> 5NaFe02i  + 3Na+ (20)

The value « 0.5 corresponds indeed to the end point of the global reaction :

2 0 2'  + Fe3+ + Na+ -> NaFe02 l  (21)

A s  a matter of fact, the mathematical analysis of the variation of pO2’ in the 
interval [a^ ; a 2] induces to admit that both the identified ferrates have non negligible 

solubilities whose orders of magnitude, in the range of temperature 420-520‘C, are 0.02 
mol.kg-1 for Na4Fe2C>5 and 0.03 mol.kg' 1 for NaFe02 12 11.

Thus it appears possible to form three compounds of iron (III) by a contact with
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molten nitrate, each being stable in a different acidity range : Fe20 3 in an acidic melt, 

N a 4Fe 2 0 5 in a strongly basic one, N a F e 0 2 at middle basicity. The pO2 " values 

corresponding to the successive equilibria between two solid forms (Fe20 3/NaFe0 2 and 

NaFe0 2/Na4Fe205) which have been deduced from this experimental study, in combination

with the standard potential values of the redox systems formed by iron and its solid 
oxides, calculated with respect to the system of oxygen by means of the values of the 
Gibbs energies of formation given in the litterature f25!, allow to establish the E-pO2- 
diagram of iron, shown on figure 5. Through the superposition of the variations of the 
potentials imposed by the systems of the melt (N0 3 '/N0 2 '  or NC^'/NOfe), according to

the p0 2“ range), thus it is confirmed that the only stable species of iron in contact with 
molten nitrates can be those of iron(lll).

But from the point of view of the corrosion of the metal, besides the existence of 
insoluble oxidation products forming a well-adhesive layer at the surface of the metal, the 
important point is the passivating power of this layer which fixes the velocity of 
corrosion. A s  it is possible to postulate that the part of the oxidized layer which is in 
contact with the melt is made out of the compound in equilibrium with the latter, whose 
nature depends on the acidity, and as a priori the passivating power of different insoluble 
compounds must be different, one can expect that the velocity of corrosion varies with 
the acidity of the melt. Hence, for the applications, it is convenient to fix the acidity (by 
means of a proper pO2'  buffer system, as in the case of the stabilization of the melt) at a 
level that corresponds to the formation of the oxidized compound which has the areatest 
passivating power. The results of the experimental works of EL  H O SA R Y  et al H and 
SP IT E R I Ho] agree with this hypothesis : they show that the corrosion velocity is the 
lowest in a moderately basic medium and that in these conditions sodium ferrate N aFe02
forms as the corrosion product of iron. Our quite recent electrochemical study with 
impedance measurements, described by G. P IC A R D  in another paper presented at this 
meeting, corroborates this conclusion precising the attack mechanism. It appeared that the 
layers formed in the conditions of acidity corresponding to the stability area of N a F e 0 2
(that is pO 2 " about 4.5 to 5 at 420*C) present the greatest resistance to charge 
transfer, which allows to assign the lowest porosity and further the lowest corrosion 
velocities to this compound.

Hence, in conclusion, the best protection layer of iron (and in all probability of its 
alloys) is obtained fixing the pO2’ of the melt, for which the use of the buffer system 
0H"/H20  is again the easiest way. The positionning of the stability area of N aFe02(s) on

the diagram in figure 3 A  shows that, in the case of the melt N a N 03 + N a N 0 2 1 mol.kg"1,

the choice of the conditions m(OH“) « 0.06 mol .kg"1 (that is 0 .25%  of NaOH w/w) and 
P(H2 0 ) = 0.1 atm would be consistant with the seek for both an optimal stabilization

effect of the melt and the best protection of the steel elements in contact with the melt.

Note. Experimentally, it has been possible to put in evidence a nitruration of the steels 
in contact with a nitrate melt. A s a matter of fact the formation of compounds like Fe4N

may be originated by the presence of nitrogen oxide (NO) coming from the decomposition 
of N 0 2" or from the reduction of N 0 3_ (in a very acidic medium), or from that of N 0 2\
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Yet a thermodynamical diagram, log P (0 2)/log P(NO), in which the stability areas of the

different iron oxides and nitrides, as well a s the area corresponding to the molten 
mixtures NaNOg-NaNC^ could be represented (figure 6), shows that no nitride may have a

stable existence in contact with these mixtures. Hence it appears that the effective 
formation of such a compound must be interpreted putting forward the diffusion of 
nitrogen oxide into the lower layers of the oxidized film, next to the metal, where a tiny 
partial pressure of oxygen helds.

5. C O N C LU S IO N

To conclude, at the end at this talk, I think I showed the importance of controlling 
the acidity (or basicity) level of a melt to achieve the optimal conditions of use of this 
medium (for the same reason that it is important to control the pH when working on 
aqueous solutions). This appears to be quite important in the case of molten nitrates at 
relatively high temperature because of the decomposition reactions that they undergo, 
whose effects nevertheless can be minimized by a sensible control of the pO 2 '  with the 
buffer system 0 H 7 H 20.
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(1) pure solvent ;

(2) addition of Na20  1 mmole/kg ;

(3) oxidation of OH~ ions ;
(4) oxidation of N 0 2 In the pure solvent ;

(5) oxidation of N 0 2 in the presence of OH“ ;

(6) reduction of NO^ in the presence of H20 ;

(7) reduction of NO“ in the presence of

C O 2 (1 atm) ;

(8) oxidation and reduction in the presence of 

H20 /0 H "  buffer.

[from ref. (3) and (10)]
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A  B
P ( N O ) -  P ( 0 2 ) .

Fig. 3. Diagrams showing the variation of the values of pO z” which correspond to 

different limiting or buffering conditions, in molten NaNO^ + N aN 02 (under an inert 

atmosphere : P (0 2) < 0.01 atm), as a function of temperature.

A -  NaN03 ♦ 1 mol kg-1 NaN02 B - a_N aN 03 + 1 mol kg*1 NaN02

b -N a N 0 3 + 2.5 mol kg-1 NaNQ2
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Fig. 5. Potential-pO2” and potential-log [P(H20) • /n(OH~)~2] diagrams: 
--- iron systems
--- NaNO;,- NaN02-N0 system and---02/02~ system.
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T = 693 K. E2 Stability area of the sodium nitrate-nitrite mixtures.
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The Solubilities of Metal Oxides In Fused NaoS0. Solutions2 4
Y.S. Zhang and Robert A. Rapp*

Shanghai Institute of Metallurgy# Shanghai PR China 
*Department of Metallurgical Engineering# The Ohio State University 

116 West 19th Ave.# Columbus# Ohio 43210 USA

ABSTRACT

The basicity-dependent solubilities of NiO# # Iron oxides# and

SIO2  In fused f^SO^j at 1200K are presented and explained In terms of
high temperature Pourbalx-type diagrams. The activity coefficients of 
solute species In Na2S0^ melt are summarized. A comparison of the

solubilities of Ce02 In a pure Na2S0^ melt and In a 0.7 I^SO^-

0.3NaVO^ solution Is also reported.

INTRODUCTION

Metals and alloys may be subjected to accelerated oxidation when 
covered with a thin condensate or deposit of fused salt In an 
oxidizing gaseous environment this type of attack Is called hot 
corrosion. Because of Its high thermodynamic stability# Na2S0^ Is the

most usual or dominant salt Involved. As Indicated In much work# 
dissolution of metal oxides comprising the protective scale Is 
Involved In hot corrosion processes. Therefore# a knowiedge of the 
solubility behavior of metal oxides Is Important In understanding any 
fluxing mechanisms of hot corrosion. Likewise# the subject serves to 
characterize better our thermodynamic knowledge for these systems. In 
this paper# the basicity-dependent solubilities of NIO# Cr^Oy Iron

oxides# and SI0o In fused NaoS0. at 1200 K# as well as the solute 2 2 4
activity coefficients are presented and Interpreted In terms of high- 
temperature Pourbalx-type phase stability diagrams. The solubility of 
Ce02 In a pure Na2$04 melt Is compared to that In a 0.7 Na2S0^-

0.3NaVO^ solution.

1. Solubilities of Metal Oxides In Pure Fused Na2S04

Fused Na2$04# like any other oxyanlon fused salt# exhibits an 

acid-base chemistry the basicity of pure fused Na2 S0 ^ can be defined 

as log a^a q # which can be measured by using a sodium sensor combined
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with an oxygen probe (1). At 1200 K# the Na^O^ melt basicity Is 

related to the voltage between these two reference electrodes:

E(V) = 1.4943 + 0.1 19 log aNg Q (1)

The oxygen activity In the melt Is determined from the voltage between 
a platinum working electrode and the oxygen probe:

E(V) = 0.0403 + 0.0595 log Pn (2)u2
As expected thermodynamically# the solubility of NIO In fused 

Na^SO^ at 1 atm 02 Is basicity-dependent# as shown In Figure 1 (1).

The basic and acidic solutes were Inferred from the experimental 
2+slopes to be NI02 and NI # respectively.

As Indicated by the phase stability diagram for the Na-Cr-S-0 
system In Figure 2# the measurement and explanation of the solubility 
of Cr20^ In fused Na2$0^ offered a special challenge because of the

possibility of forming four solute species# dissolved Na^rO^# NaCr02# 

CrCSO^)^ and CrS# depending upon melt basicity and Pq . The

solubility of Cr20^ at 1200 K was measured as a function of basicity
5 -9for two different oxygen activities (1.01x10 and 3.19x10 Pa) the 

experimental results are shown as solid lines In Figure 3 (2). The 
experimental slopes demonstrate the existence of all four solute 
species In the Na2S0^ melt. The dashed lines In Figure 3 represent

the calculated solubility for a+ several other oxygen

activities# assuming that the activity coefficient for each dilute 
solute Is constant.

Figure 4 (3) shows the solubilities of the two oxides Fe^^ anc*
Fe,0, In NaoS0, at 1200 K as four solutes Fe(S0>, ) 1 K# FeSO.# FeS# and 3 4 2 4  4 1 . 5 4
NaFe02 for the entire range of stability for the two oxides. The

measured solubilities at three different oxygen activities are shown 
as solid lines In Figure 4. This solubility behavior Is In excellent 
agreement with the theoretical expectations from the Pourbalx-type 
diagram for the Na-Fe-S-0 system In Figure 5. As Is frequently done 
for aqueous solutions# Figure 6 divides the field of oxide stability 
Into regimes of dominance for the several solutes of the Iron oxides.

The solubility of SI02 In Na2S04 was also measured at 900C# and 

It was found that the solubility Is not dependent upon melt basicity
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(4). A stability diagram also shows that molecular SIC^/ and not any 

Ionic solute* Is stable. The presence of a slightly soluble SIC^

molecular solute Is consistent with the known excellent resistance of 
S1O2 to acidic fluxing In hot corrosion.

A compilation of measured solubilities In fused I^SO^ at 1200 K 

and 1 atm O2 for the oxides of principal Interest to high temperature 

alloys and coatings Is presented In Figure 7 (5).

2. Solutes and Their Activity Coefficients

From solubility measurements* the solutes and their activity 
coefficients In fused I^SO^j at 1200 K are derived* as summarized In

Table 1 (1-3* 6 ). As mentioned earlier* some uncertainty. In these 
activity coefficient values may result from the uncertainties in the 
thermodynamic formation energy data for compounds* and from 
experimental errors.

3. Solubility of Ce02 In Fused Na2S04-NaV05

Recently* the solubilities of CeC^* HfC^ and Y205 In fused 

Na2S04-30 mol.% NaVO^ and* for comparison* of Ce02 In pure Na2$04 were

measured at 900 C (7). Figure 8 Is a plot comparing the solubilities 
of Ce02 In pure and In 0.7 Na2S04-0 .3 NaVO^ at 900 C and 1 atm

02. Although the basic solubilities do not differ Importantly* the

magnitude of the acidic solubility Is Increased greatly over a wide 
regime of melt basicities. At the minimum solubility for Ce02 In pure

Na2S04* the solubility Is Increased by three orders of magnitude In

the vanadate solution. The dependence of acidic solubility upon4+
basicity Implies that the Increase does not result because Ce 
cations complex Importantly with vanadate anions* but rather because 
the metavanadate anions strongly complex oxide Ions to form 
orthovanadate anions. For this reason* the Increase In acidic 
solubility should be observed generally for all oxides In vanadate 
solutions. The effect Is significant In explaining the highly 
corrosive attack by vanadate solutions.
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Teble I: Actlvltly ooeff Iclerrts of Solutes In N^9D4 at 120CK

solute NaFe02 NaQoĈ  NaNIC  ̂NaCr04 NaCK^ FefSO^ 5 FeS04 FeS OoSÔ  NIS04 Q~(S04)U5 CrS

activity 430 50 50 4.6 2.3 3.6*10~3 0.83 180 2.5 0.12 5.8 20
coefficient
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Figure 1. So lub i l i t y  of NIO In fused Na?S04 at 1200K
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Figure 2. Na-Cr-S-0 phase stability diagram for 1200K
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Figure 3. Measured and calculated solubilities of Cr^O^ In fused 

Na^SO^ at 1200K for several oxygen activities
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Figure 4.
fused Na^SO^ at 1200K for several oxygen act I

and Fe^O^
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Figure 5. Na-Fe-S-0 phase stability diagram for 1200K
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Figure 6. Dominant Iron solute species In the Na-Fe-*$-0 system 
at 1200K.
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CORROSION OF HOT-PRESSED SILICON NITRIDE 
IN ALKALI CARBONATE MELTS

Koji Tajiri, Toshiyuki Nishio, Tadashi Asahina, 
and Mineo Kosaka

Government Industrial Research Institute, Nagoya 
1-1 Hirate-cho Kita-ku Nagoya 462, Japan

ABSTRACT

The corrosion behavior of hot-pressed Si3N4 i*1 alkali 
carbonate melts was investigated under air, N2 , and CO2 
environments. The rate of corrosion could be shown by 
weight loss per unit surface area of Si3N4 . From the 
experiments at 800-1000°C, the apparent activation ener­
gies of the reactions in Li2C03, NaoC0 3, an<i K2C03 were 
163,138, and 153 kJ/mol, respectively. The rate of corro­
sion in Li2C(>3 was about twenty times faster than that in 
Na2C03 and about two-hundred times faster than that in 
K2CO3 . The rates of corrosion in Li2C03~Na2C03 or LioC03- 
K 2CO3 mixtures were in the middle of the rates in each 
pure carbonate. The rate became faster with the increase 
in the mole fraction of Li2C03« From the above results 
and SEM observations, the corrosion mechanism was dis­
cussed. Under CO2 environment, the rate of corrosion was 
slower than that under atmosphere. Thus, it was suggested 
that the basic oxide concentration in molten carbonate had 
an effect on the rate of corrosion.

INTRODUCTION

Non-oxide ceramics, such as Si3N4 and SiC, are being considered 
as structural materials to be used in corrosive environments at high 
temperature. This consideration also includes the applicability of 
such ceramics to structural materials in the molten carbonate fuel 
cell. However, relatively little work has been done on the corro­
sion of such ceramics in molten salts.[1-3] Moreover, quantitative 
analysis of the reaction rate is very limited.[4]

Therefore, for the first step of the study on the reaction of 
ceramics with molten salts, we selected hot-pressed Si3N4 as a non­
oxide ceramics and the alkali carbonates as molten salts. We inves­
tigated the effects of parameters such as temperature, kinds of 
alkali carbonates, and environment, on the corrosion behavior of 
this material in alkali carbonate melts.
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EXPERIMENTAL

Ceramic samples were prepared as commercial hot-pressed Sig^ 
(Toshiba Co. Ltd., 7%(Y203-Al2C>3). 3.25 g/cm3) cut into 5.2 x 4.4 x 
1.8 mm3 sizes by a diamond cutter. The carbonates used were analyt­
ical grade (Wako Chemical Co.).

Figure 1 shows a schematic diagram of the reaction apparatus. 
About 0.1 mole of specified carbonate, pure or mixed, in a Pt cruci­
ble was heated by an electric furnace. After the temperature of the 
carbonate reached a fixed value, a Si3N4 sample, which was weighed 
and measured precisely, was put into the crucible. After heat 
treatment, the crucible was taken out and quenched in air. The 
sample was washed in water and HC1 solution, rinsed, dried, weighed, 
and measured.

The corrosion experiments in N2 or CO2 environments were the 
same as that mentioned above only with 250 ml/min. of gas flow from 
the gas inlet.

Scanning Electron Microscopy (SEM) was carried out with an 
Akashi Alpha-10.

RESULTS AND DISCUSSION

(1) Reaction Kinetics
As an example, the weight loss of a Si3N4 specimen in Li2C03 

melt is shown in figure 2. By measuring of dimensional change of 
the specimen, this reaction was considered to proceed isotropically. 
Therefore, the relation between the reaction time and the weight 
loss of the specimen per unit surface area was plotted. The plots 
of the reaction in Li2C03 and of that in Na2C03 are shown in figures 
3 and 4, respectively. The relations were approximately linear. 
Consequently, the reaction could be regarded as being controlled by 
surface reaction. Then, the factor of the rate of corrosion, k, 
would be defined as a unit of the speed of weight loss per unit 
area. The k value would be used in subsequent analyses.

(2) The Effects of Reaction Temperature
As shown in figures 2-4, the rates of corrosion varied signifi­

cantly with changes in the temperature. Figure 5 shows the 
Arrhenius plots of these reaction rates. From these plots, apparent 
activation energies of the hot-pressed Si3N4 with molten Li2CC>3 » 
Na2CC>3 * and K2CO3 were obtained as 163, 138, and 153 kJ/mol, respec­
tively. It has been reported that the value of the corrosion of 
Si3N4 in K2SO4 melt was 724 kJ/mol. Comparing these values, it 
could be postulated that the apparent activation energy was strongly 
effected by the kind of anion constituting each melt.

(3) The Effects of the Kinds of Carbonate
Figure 5 also shows the effects of the kind of alkali Carbonate 

on the rate of corrosion. As shewn in figure 5, at the same temper-
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ature, the rate of corrosion in Li2C03 was about twenty times faster 
than that in Na2C03» and about two-hundred times faster than that in 
K2CO3 . It seemed that the smaller the radius of the alkali ion, the 
faster the rate of corrosion.

When binary mixtures, Li2C03-Na2C03 or Li2C03~K2C03, were used 
as the melts, the relations between the composition of carbonate and 
the rate of the corrosion are given in figure 6. The values of the 
rate of corrosion in the mixture are in the middle of that in each 
pure carbonate. The logarithm of the value of the rate of corrosion 
had a linear relation with the mole fraction of Li2C03 on the 
Li2C03-Na2C03 system.
(4) SEM Observations

The microstructures of the surface and the section of the Si3N4 
samples, both original and corroded, are shown in figure 7. Because 
of corrosion, the surface of the sample became rough with the 
appearance of Si3N4 grains. This means that the grain boundary of 
the sample was eroded faster than the Si3 N4 grains in the sample.

The microstructure of the section of the corroded sample 
indicates that the region, where structural change by the corrosion 
occurred, is limited only near the surface.

From these observations, it could be supposed that the reaction 
of the Si3N4 samples with carbonate melts was not completed on the 
surface of the samples, but proceeded by the mechanism that Si^^ 
grains in the samples were eliminated with the erosion of the grain 
boundary.

If this assumption was accepted, the difference of the rate of 
corrosion of the Si3N4 sample by the kinds of carbonates could be 
explained partly as the difference of the diffusivities of alkali 
ions into the grain boundary of the Si3N4 sample by the difference 
of the ion radius. However, the determination of the reaction rate 
of pure Si3N4 with carbonate melt, the composition analysis of the 
carbonate in the reacting crucible, and other factors are needed in 
order to verify this assumption.

(5) The Effects of Environment
Some of the results of the experiments, which were carried out 

under N2 or CO2 environment, are also shown in figures 2-4. The 
rate of corrosion in carbonate under N2 environment was fast, and 
that under CO2 environment was slow, compared with that under air 
environment.

The following explanation has been reported [2,4] on the corro­
sion behavior in each environment. Under an air environment; Si02 
film is formed on the surface of the Si3N4 , and the film surpresses 
the reaction. But under an N2 environment, Si02 film is formed; 
therefore, the reaction proceeds rapidly.

It seems that the results of the experiments under a CO2 
environment suggests that the basic oxide concentration in the 
carbonate melt affects the rate of corrosion of the Si3N4 sample. 
Under an air environment, some of the carbonate would decompose to
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basic oxide. But under a CO2 environment, the decomposition would 
be surpressed. It might be considered that the higher the basic 
oxide concentration in the carbonate melt, the faster the rate of 
corrosion. This also was suggested from the result that the corro­
sion of the sample occurred faster when the amount of carbonate 
initially in the crucible was decreased.

Hcwever, more precise experiments under a controlled environ­
ment are needed to assure the above suggestion.

SUMMARY

The corrosion behavior of hot-pressed Sigjfy in alkali carbon­
ates melts was investigated, and the following results were obtained

a) The corrosion was apparently controlled by surface reaction.
b) Apparent activation energies were obtained. These energies did 

not vary greatly for different alkali carbonates.
c) The differences in the rates of corrosion among the alkali 

carbonates were large and increased in the order Li2C03 > Na2CC>3
> k 2co3 .

d) The rate of corrosion of the hot-pressed Si3ify in carbonates 
under an N2 environment was fast, while that under a CO2 environ­
ment was slow, compared to the rate under an air environment.
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gas inlet 
quartz tube 
PR thermocouple 
electric furnace 
Pt crucible 
carbonate melt 
Si3 N4 sample

3

Figure 1. Schematic Diadram of 
the Reaction Apparatus. Figure 2. Weight Loss of Si3 N4  

Samples in Li2 CC>3 Melt under 
Air Environment. (except • 
at 900°C, under C02 environment)

Figure 3. Plots of the Reaction 
time vs. Weight Loss per Unit 
Area for the Reaction in Li2 CC>3 

under Air Environment, (except •

Figure 4. Plots same as Figure 3 
for the Reaction in Na2 CC>3 .
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Figure 5. Arrhenius Plots for 
the Reaction

Figure 6. Effects of the Composi­
tion of Carbonate Melt to the Reaction Rate.

Figure 7. Microstructure of the Sig^ sample.
(a) the Surface of the Original Sample„ (b) the Surface after
Corroded. (c) the Section of Original Sample. (d) the Section after 
Corroded.
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HOT CORROSION OF HEAT-RESISTANT ALLOYS INDUCED 
BY MOLTEN FLUORIDE MIXTURES

Masahiro Kawakami, Masato Kawabe ,
*2Masaru Okuyama and Koin Ito

Toyohashi University of Technology 
Hibarigaoka, Tempaku-cho, Toyohashi 440 JAPAN

ABSTRACT

Heat resistant alloys have been heated with the coating of 
molten fluoride mixture at 500 - 700 °C, either in air or in 
Ar. The weight change was monitored with a thermo- 
gravimetric balance for 20 hrs.. The air oxidation of 
Hastelloy-N, Inconel 625 and N-155 was accelerated 
significantly with NaBF^-NaF coating. The electrochemical

polarization revealed that the corrosion current 
corresponded well to the rate of accelerated oxidation. 
With LiF-BeF2 coating, some volatile materials are
formed, and oxidation is accelerated.

INTRODUCTION

It is well known that high temperature oxidation of heat 
resistant alloys are accelerated by the adhesion of molten salts(l,2). 
The accelerated oxidation of nickel base allys by molten Na^SO^ has

been investigated extensively by many researchers (3-6). Those by 
molten Na^CO^, NaNO^T-Q) and NaCl-KCl(IO) have also been reported.

But it is not known whether molten fluorides do induce the accelerated 
oxidation of alloys. Molten fluoride mixtures, such as NaBF^-NaF and

LiF-BeF^, are considered as candidates for heat transfer media in
molten salt reactors. Therefore, it might be of some interest to 
examine the hot corrosion of alloys induced by such salts, although 
the accelerated oxidation can be avoided in the practical reactor design even if it happens.

In the present work, hot corrosion (including accelerated 
oxidation) of several heat resistant alloys have been investigated 
with coating of the above fluoride mixtures. The experimental 
methods are thermogravimetric measurements and electrochemical 
polarization measurements.

Present address; *1 Suzuki Motor Co. Ltd., Sototakatsuka, Hamamatsu 
432-29 JAPAN, *2 Oyama National College of Technology, 771 Nakaguki, 
Oyama 323 JAPAN.
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EXPERIMENTALS

(1) Materials
Composition of the fluoride mixtures are 92mol%NaBF^-8mol%NaF and 

66mol%LiF-34mol%BeF2, which are considered as the heat transfer media

in the secondary cooling loop of molten salt reactors.
The heat resistant alloys are commercial Hastelloy-N(M.M.), home­

made Hastenoy-l\l(h.m.), commercial Inconel 625 and commercial N—155. 
Compositions of the alloys are shown in Table 1.

Table 1. Composition of the alloys.(wt%)
Elements

Alloys Cr Fe Co Mo Si Mn Ni

Hastelloy-N (M.M.) 7.0 4.0 — 16.7 0.3 0.5 Bal.

Hastelloy-N (h.m.) 7.1 — — 16.7 0.3 0.4 Bal.

Inconel 625 23.9 3.5 — 11.7 0.5 — Bal.

N-155 22.0 30.5 19.3 3.7 1.9 — 19.8

(2) Thermogravimetric measurements
Test pieces of 5mmx10mmxlmm were cut out from the alloy stock and 

polished with dry abrasive paper of #1000. The fluoride mixtures 
were pre-fused in Ar. The test piece coated with the salt mixture 
was set in a thermogravimetric balance, and heated up to the desired 
temperature either in air or in Ar. The weight of the test piece was 
continuously measured for 20 hrs. After the measurement, the scale 
formed on the test piece was examined by EPMA.

(3) Electrochemical polarization measurements
Figure 1 shows the schematic diagram of experimental apparatus. 

The working electrode was cut out from the alloy stock and graphite 
rod in the form of plate or cylinder. The reference electrode was a 
kind of Ag-AgF electrode. The counter electrode was made of platinum 
net. NaBF^ and NaF powders of reagent grade were mixed in the

composition shown above and kept in a dry box for 24 hrs. before the 
experiment. The salt mixture was put in a high alumina crucible, 
fused at 400 °C and dehydrated with Ar for 10 min.; then, the salt 
mixture was heated up to the experimental temperature. Three
electrodes were dipped into the fused salt. The rest potential of 
the working electrode was measured with a potentiometer. After
getting a stable rest potential, the working elecrode was polarized in 
noble direction down to -1.6 V in order to reduce oxide film on the 
electrode surface. Then, polarization in less-noble direction was
carried out. The potential was raised 25 mV every 30 sec up to 
+2.0 V.
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RESULTS AND DISCUSSION

(1) Thermogravimetric measurements with NaBF^-NaF mixture

(1)-1 Decomposition of the salt mixture
Figure 2 shows the heating pattern and the weight change with 

time. The test piece of HasteTloy-N(M.M.) was heated with 43.3 
2

mg/cm of the salt mixture in Ar. Temperature was raised linearly up 
to 700 °C for 30 min., and kept constant. When the temperature 
reached 400 °C, the weight began to decrease remarkably. The
weight change per unit surface area, AW/S, reached down to -

2 217.1 mg/cm for 40 min. and -20.2 mg/cm for 1200 min.. No change was 
observed in the appearence of test piece. Thus, the weight loss was 
attributed to the decomposition of NaBF^ to NaF and BF^ which had very

high vapor pressure. Assuming that the whole weight loss should 
correspond to the amount of evaporated BF^f the composition of salt

mixture changed to 31mol%NaBF^-69mol%NaF, after 1200 min. Refering

to the phase diagram, this composition was in solid-liquid two phase 
region at 700° C. The fractions of weight loss during heating in Ar 
were nearly the same in all experiments. Thus, the salt mixture was 
considered to be in solid-liquid co-existing state in all oxidation 
experiments. The rate of weight loss after 40 min. was not high 
and could be negligible, compared with the oxidation rate as will be 
shown later. Thus, the air was introduced at 40 min. from the 
beginning of heating to start the oxidation experiment.

(l)-2 Oxidation curve of alloys
Figure 3 shows the oxidation curves of Hastelloy-N(M.M.) with and 

without salt coating at 700 °C. The air oxidation was very much 
accelerated with the salt coating. The accelerated oxidation curve 
could be divided into three time periods, namely, an incubation 
period in which the oxidation was very slow, a catastrophic period 
and a moderate acceleration period. With larger amount of salt 
coating, the catastrophic oxidation started later and lasted 
longer. But, the rate of oxidation in the moderate acceleration
period was the same, regardless of the amount of salt coating.

Figure 4 shows the oxidation curves of Hastelly-N(h.m.) at 
different temperatures. The oxidation was very much accelerated by 
the salt coating at 700 °C. The shape of oxidation curve with the 
salt coating was similar to that shown in Figure 3. At 600 °C, the 
weight decreased initially due to the salt decomposition and increased 
after 800 min.. At 500 °C, the weight decreased monotonously. From 
microscopic observation of the test piece heated at 500 °C, no oxide 
film could be found on the surface. From these, it can be said that 
the oxidation was significantly accelerated at 700 ° C, but no 
accelerated oxidation was observed at a temperature lower than 600 °C. 
Figure 5 shows the effect of amount of salt coating on the oxidation 
curve. The amount of oxidation was larger with larger amount of salt
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coating, although crossover was observed with the curve of 6.8 and 4.8
2

mg/cm from 500 to 800 min.*

Figure 6 shows the curves of Inconel 625 with and without salt 
coating at different temperatures. The accelerated oxidation did 
occur from 600 °C. The amount of accelerated oxidation was larger at
higher temperature. The shape of accelerated oxidation was different
from those of Hastelloy-N. Neither incubation nor catastrophic 
periods were observed, although the initial oxidation rate was very 
fast.

Figure 7 shows the oxidation curves of N-155 at different 
temperatures. The accelerated oxidation was observed at every 
temperature. The shape of the oxidatioh curves are nearly the same 
as those of Inconel 625.

(1)—3 Comparison of the accelerated oxidation behavior among alloys
The amount of oxidation is sometimes expressed as the following 

function of time,

AW/S = a tk ......... .................... (1)
where, t is time, a and b are parameters. In figure 8, the 
accelerated oxidation curves of alloys at 700 °C are replotted in log- 
log form. From the slope of lines, the value of b was estimated. 
The oxidation is called "catastrophic", when b is larger than unity, 
and "moderate acceleration", when b is less than unity. In the cases 
of Hastelloy-N(M.M.) and Hastelloy-N(h.m.), b was about 2 in an early 
period of time and 0.36-0.4 in later period. But the absolute amount 
of oxidation was larger in Hastelloy-N(M.M.) than in Hastelloy- 
N(h.m.). In the case of Inconel 625, b was slightly less than unity 
initially and almost constant at 0.1 in later periods. This small 
value of b=0.1 shows very slow oxidation and is favorable from the view 
point of hot corrosion resistance. In the case of N-155, b changed 
from 0.7 in early periods to 0.4 in later periods. It can be said from 
the figure that Hastelloy-N(h.m.) should be the best with respect to 
hot corrosion resistance, among the present alloys.

The effect of chromium content on the accelerated oxidation can 
be seen by comparing the result of Hastelloy-N(M.M.) to that of 
Inconel 625, because compositions of the two alloys are similar to each 
other, but chromium content in Inconel 625 is more than 3 times larger 
than in Hastel1oy-N(M.M.). Significant differences can be seen in 
later periods. The value of b in Inconel 625 was very small. Thus, 
chromium can be considered effective for hot corrosion resistance. 
The effect of iron content can be seen by comparing the result of 
Hastelloy-N(M.M.) to that of Hastelloy-N(h.m.). The amount of 
oxidation of Hastelloy-N(M.M.) was always larger than that of 
Hastelloy-N(h.m.). Since Hastelloy-N(h.m.) contains no iron* iron 
can be considered detrimental with respect to hot corrosion 
resistance. This detrimental effect can also be seen by comparing
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the result of Inconel 625 to that of N-155. Protective effect of 
chrgmiunv seen in Inconel 625 was cancelled by the detrimental effect 
of iron in N-155, because the latter contained a much larger amount
of iron.

(1) -4 Morphology of the scale formed by accelerated oxidation
Photo. 1 shows microscopic picture of the scale formed on

Hastelloy-N(M.M.) at 700 °C and distribution map of elements. The 
scale was of 500 urn thickness and had a kind of multi-lamellar 
structure. Map of elements shows that the scale was mainly composed 
Of nickel oxide and contained some amounts of iron, chromium and 
molybdenum oxides uniformly. Sodium was concentrated in the outer 
layer. Thus, the outer layer might be a mixture of oxides and salt. 
No concentration gradient of elements was observed in the alloy phase, 
showing no preferential oxidation. The feature of scale fofmed by the 
accelerated oxidation with NaBF^-NaF mixture was similar to that

shown in Photo. 1, in all alloys.

(2) Thermogravimetric UneasUrements with LiF-BeF^ mixture

(2)-l Vaporization of salt and hot corrosion of Hastelloy-N(h.m.)
Triangles in Figure 9 show the weight loss of salt coated on 

platinum net. The vaporization of the salt occured during heating at 
700 °C, but its rate was not so fast. Circles in the figure show the
weight change of Hastelloy-N(h.m.) with the salt coating heated in 
air. The weight decreased till 1000 min. and increased later. 
Squares in the figure show the weight change when the alloy with the 
salt coating was heated in Ar. The weight decreased faster in the
initial period of time than heated in air and continued to decrease 
throughout the heating time. Therefore, it can be said that two 
kinds of reaction occured simultaneously, when the alloy was coated 
with LiF-BeF^ and heated in air. The one might be the formation of

some volatile material, and the other is the accelerated oxidation.

(2)-2 Weight change of Inconel 625 and N-155
Figure 10 shows the weight change of Inconel 625 with the salt 

coating heated in air at different temperature. The weight decreased 
initially and increased later. The formation of some volatile 
material and the accelerated oxidation occured simultaneously, also in 
the case of Inconel 625. The rate of both reactions were faster at 
higher temperature.

Figure 11 shows the weight change of N-155 with the salt coating 
heated in air at different temperature. No weight loss was observed, 
contrary to the other two alloys. The oxidation was significantly 
accelerated. The amount of oxidation was larger at higher
temperature. The oxidation curve was not smooth but stepwise.
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(2)—4 Morphology of the scale
Photo. 2 shows the microscopic picture of the scale formed on 

Inconel 625 with the salt coating heated in air at 700 °C. The 
feature of scale was globular and very different from that in the case 
of NaBF^-NaF mixture. Although the weight change was negative at the

end of experiment, oxide phase was found in the scale. Oxide phase 
was composed of chromium and iron oxides with a small amount of 
molybdenum oxide. Nickel oxide was scarcely found in the oxide 
phase. Porous layer was found in the alloy phase, just beneath the 
salt-alloy interface. The layer was deficient in chromium and iron 
contents. Outside of the layer, some precipitates were found, which 
might be the intermetal lie compound of nickel and molybdenum. The 
morphology of the scale on the other alloys was nearly the same as 
that shown in Photo. 2.

(3) Electrochemical polarization measurement in NaBF^-NaF

Figure 12 shows polarization curves of Inconel 625 and N—155 in
Ar at 600 °C. I and I are anodic and cathodic currents, a c
respectively. The polarization curves were similar to each other, 
although the anodic current of Inconel 625 was smaller in higher 
potential region than that of N-155. The anodic current had an 
active dissolution peak at -0.3V and showed the passivation around 0
V. Figure 13 shows polarization curves of a graphite electrode at 600 
°C, in air and in Ar. The cathodic current in air was larger than 
that in Ar. Thus, the cathodic current can be attributed to the 
reduction of dissolved oxygen in the salt, in the potential range from 
-0.4 to 0.3 V.

02 + 4 e = 2 02“ .............................. (2)

This potential range coincided with that where active dissolution of 
alloy electrode occured, as shown in Figure 12.

M = Mn+ + n e .............................. (3)
Thus, it can be postulated that the accelerated oxidation might occur 
electrochemically by the coupling of reactions (2) and (3).

Figure 14 shows polarization curves of the alloys at 700°c. The
anodic current of Hastelloy-N(h.m.) was much smaller than those of 
others, in the above potential range. This accorded with the result 
of thermogravimetric measurement, where the amount of accelerated 
oxidation of Hastelloy-N(h.m.) was the smallest among the alloys. 
Figure 15 shows the polarization curve of Hastelloy-N(h.m.) in air at

o 2700 °C. The corrosion current was estimated as 1.32 mA/cm by
extrapolating cathodic and anodic currents with the aid of the Tafel 
relation. The rate of accelerated oxidation of Hastelloy-N(h.m.)was 
estimated from the slope of the curve shown in Figure 4, between 400

2
and 1000 min. and converted to the current density of 1.7 mA/cm , 
assuming di-valent electrode reaction and tne mean atomic weight of
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60. These two current densities seem to be in accordance with each 
other.

CONCLUSION

The air oxidation of the present alloys is significantly 
accelerated by the adhesion of NaBF^-NaF. The amount of accelerated

oxidation is larger with larger amount of the salt mixture and at 
higher temperature. The result of electrochemical polarization 
measurement indicates that the electrochemical mechanism, in which the 
anodic dissolution of metallic element is coupled with the cathodic 
reduction of oxygen, plays an important role. When the nickel based 
alloys are heated with LiF-BeF^ coating in air, the weight decreased

initially and increased later. Thus, it is seen that some kind of 
volatile material might be formed simultaneously with the accelerated 
oxidation.
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Figure 1. Schematic diagram of tho 
apparatus in electrochemical polar­
ization experiment.

Figure 2. Weight change of 
Hastelloy-N(M.M.) heated in Ar.

Figure 3. Oxidation curves of 
Hastelloy-N(M.M.) with and without 
NaBF^-NaF coating at 700°C.

Figure 4. Oxidation curves of 
Hastelloy-N(h.m.) with and without 
NaBF^-NaF coating at different 
temperature.

time (min)

Figure 5. Effect of the amount 
of NaBF.-NaF on the oxidation 
curve of Hastelloy-N(h.m.) 
at 700°C.
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Figure 6. Oxidation curves of 
Inconel 625 with and without 
NaBF^-NaF coating at different 
temperature.

Figure 8. Comparison of acceler­
ated oxidation among alloys.

Figure 7. Oxidation curves of 
N-155 with NaBF^-NaF coating at 
at different temperature.

Figure 9. Weight change of Pt net 
and Hastel!oy-N(h.m.) with LiF-BeF^ 
coating in Ar and air.

Figure 11. Weight change of N-155 Figure 10. Weight change of 
heated in air with LiF-BeF« coating.Inconel 625 heated in air with

LiF-BeF^ coating.
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Figure 12. Polarization curve of 
alloys in NaBF^-NaF at 700°C.

Figure 13. Polarization curve of 
oxygen in NaBF^-NaF at 600°C.

Figure 14. Polarization curve of 
alloys in NaBF^-NaF at 700°C.

Figure 15. Polarization curve of 
Hastenoy-N(h.m.) in NaBF.-NaF 
at 700°C in air flow.
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a) SEN Image b) Fe Image c) Cr Image d) Ni Image

e) Mo Image f) 0 Image g) Na Image
Photo. 1 Microscopic picture of the scale formed on Hastelloy-N(M.M) 

with NaBF^-NaF coating at 700 °C, and map of elements.

Photo. 2 Microscopic picture of the scale formed on Inconel 625 with 
LiF-BeF^ coating at 700 °C, and map of elements.
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A DESIGN PRINCIPLE OF BIPOLAR ELECTRODES 
FOR ELECTROWINNING CELL FROM CHLORIDE MELTS

Tatsuo Ishikawa, Shoichi Konda and Toshio Narita
Department of Metallurgical Engineering, 

Faculty of Engineering, Hokkaido University, 
Kita-13, Nishi-8, Kita-Ku, Sapporo 060, Japan

ABSTRACT

A design principle of bipolar electrodes for liquid metal 
electrowinning cell was discussed theoretically. By taking 
into consideration of volume balance and homogeneous 
circulation of the chloride melt, general equations were 
deduced for determination of each sectional area of the 
bipolar electrodes. The values of design parameters were 
checked experimentally by operating the laboratory-scale 
cells constructed with the proposed design principle in 
which following variables were supposed to be known ; the 
number of the inter-spacing reaction zones and a total 
sectional area of the cell, an average surface area and 
thickness of the bipolar eletrodes, a distance between 
electrodes, specific conductivity of the chloride melts and 
decomposition voltage of aluminum chloride in the melt at 
various concentrations at operational temperatures.

INTRODUCTION

Experimental studies on the electrowinning of liquid aluminum from the 
chloride melts containing aluminum chloride in the bipolar electrode 
cells have been carried out for many years in our laboratory to develop 
a novel process for electric energy saving (1)—(3). This electowinning 
process is the same in principle as that opened by Aluminum Company of 
America in 1973.
As well known, in the ALCOA bipolar electrode cell, all electrodes 
having a horizontal surface are stacked and also both products from the 
anode and the cathode move counter-currently in the cell. On the other 
hand, in the bipolar electrode cell developed in our laboratory the 
surfaces of the electrodes have a slope to the horizontal plane and 
so the anodic and the cathodic products can be separately moved in the 
cell.

In this paper, the prerequisite was firstly discussed for homogeneous 
circulation of the melts through the center holes, the inter-spacing 
reaction aDnes, and the periphery clearances in the bipolar electrode 
cell. The general equations were derived for determination of the
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sectional areas of the bipolar electrodes stated above. According to 
these equations, nine kinds of bipolar electrode cells were constructed 
and the values of design parameters were checked by the laboratory-scale 
tests.

THEORETICAL

Prerequisites for homogeneous circulation of melts

At first, let us consider a circulating path of the chloride melt in the 
bipolar electrode cell under steady state conditions during 
electrowinning of liquid aluminum.

The chloride melt,replenished with aluminum chloride in the upper part 
of the cell,is flowing down through the center hole of the electrodes 
and enter into each of the inter-spacing reaction zones wherein aluminum 
chloride decomposes to liquid aluminum at the cathode and chlorine gas 
at the anode surface. The residual melt and the chlorine gas evolved 
will move toward the cell wall and then rise up as bubbles through the 
periphery clearance between the electrodes and the cell wall. Finally, 
the chlorine gas as bubbles transfer from the melt into gas phase at 
the upper part of the cell.

Driving force for such circulation of the melt is owing to the gas lift 
effect in the periphery clearance. Accordingly, in order to supply a 
fresh melt containing aluminum chloride into each of the inter­
spacing reaction zones between the electrodes without any delay in all 
bipolar electrodes, it is necessary for the melt to move at a constant 
velocity by means of a gas bubble lift force irrespective of levels 
of the melt. For the prerequisite of a constant volume ratio of 
the melt and the gas , bubbles have to be maintained at any level 
of the melt within the periphery clearances. As shown in Fig.l, this 
condition can be satisfied by making decreases of both sectional areas 
of center holes and periphery clearances in integer series. However, it 
is not so easy to determine practically these values because each of 
the electrode surfaces , which gives directly the gas volume from the 
anode, has to be determined from difference between the sectional area 
of the cell and the area summation of the center hole and the periphery 
clearance. The latter area is also dependent upon the gas volume. 
Therefore, it seems that an universal design principle for construction 
of the bipolar electrode cell is essential and will be discussed in the 
next paragraph.

Design rules of bipolar electrodes

The volume of chlorine gas evolved from anode surface is proportional to 
the effective current Ig through the bipolar electrode. This gas volume 
seems to be almost independent of the bipolar electrodes because the 
effective current is expressed to be nearly the same as those for all of 
the electrodes. Since the value of Ig can not be measured directly ,
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the value of an applied current 1 -j. was used tentatively instead of the 
Ijj. value.

Taking the gas volume evolved from the anode surface into consideration, 
the following relationship should be obtained at the lowest bipolar 
electrode.

sg x ig = sE x iT (1 )

In this equation Sg is a sectional area occupied by the gas bubbles in 
the periphery clearance at the lowest bipolar electrode. i is a 
current density which is defined as the current through the bipolar 
electrode divided by the cross sectional area of the gas bubbles , which 
can move upward smoothly in the periphery clearance. Sg is an average 
surface area of the electrodes, and i-j. is an applied current density.
The value of Sg in equation (1), which can be finally obtained after 
decision of all parameters, might be assumed to equal that at the middle 
level of the bipolar electrodes, namely, the n/2 bipolar electrode, 
because the bipolar electrodes have a similar shape to each other and 
vary their sizes systematically.

At the n/2 bipolar electrode at the middle level, a total sectional area 
of the cell vessel S.p is given by the following relationship,

ST = Sg/ 2 + (n/2)•( S° + S° + S| ) (2)

where S® and S° are sectional areas for the center hole and for the 
melt in the periphery clearance, respectively, at the lowest bipolar 
electrode as defined for Sg.

In order to represent these areas of S£ and S° as a function of S° two 
additional parameters were newly introduced, namely,

and

s° / s 

S? / s

(3)

(4)

In these equations V denotes the sectional area ratio of the melt to 
the gas bubbles in tne periphery clearance and Vm the sectional area 
ratio of the melt in the center hole to that of the periphery clearance. 
Substitution of the equations (3) and (4) into the equation (2) yields a 
following relationship.

ST = Sg/ 2 + (n/2)-( Vg-Vm + vg + 1 )*S°
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(5)

= Sg/2 + (n/2)-( V g*Vm + Vg + 1 ) 

x Sg/2'( iT / ig )

Providing the values of n, i-p, i , V and Vm, the values of SS^2 can be 
determined for the cell with a total? sectional area of S.j. as follows :

Sg/2 = ST / [ 1 + (n/2)•( Vg-Vm + Vg + 1 )

x( iT / ig )] (6)

Sg = s§/2 • ( iT / ig ) (7)
By using the equation (7), sectional areas for the electrode surface Sg, 
the center hole S|?,and the periphery clearance ( Sg+S™ ) can be 
determined by following equations and schematically shown inrig.2.

= ST - »•< V Vm + v 8 + 1 >’Sg (8)

= --Vg-V.-SO (9)

;p + S“ ) = nr( Vg + 1 )-S® (10)

In these equations m is positive integer and denotes the number of 
bipolar electrodes stacked, that is, the electrode with number m- 1 is 
the lowest bipolar electrode,which was opposite to an end-cathode 
connected with a DC supplier, whereas the electrode of number m-n is an 
end anode. The aluminum particles are falling down through the center 
hole and nitrogen gas as a carrier gas is introduced along with 
aluminum chloride vapor. In the above consideration these effects of 
volume of aluminum particles and carrier gas were ignored for the 
volume and lifting velocity of the melt. Furthermore, it was assumed 
that the gas bubbles were completely separated from the melt into the 
gas phase at the top level of the melt.

EXPERIMENTAL

Electrode

The bipolar electrodes , both end-anode and end-cathode and terminals 
were cut from a graphite rod to posses fifty four kinds of the electrode 
shapes specified according to the design rule stated in the preceeding 
section. The parameters adopted for the cell design are as follows:
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Total sectional area of the quartz cell vessel, ST, is 100.3 cm ; number 
of the inter-spacing reaction zones, n, is five. The applied current 2 
density, i T, is 1.0 A/cm and the value of i is supposed to be 75 A/cm .

Two parameters of V and Vm are variable, i.e., 2, 3, and 5 for V as 
well as 0.4, 0.7, ana 1.0 for Vm, respectively.
As one of the examples,the horizontal sections of each electrode 
designed for V =3 and Vm=0.4 are given in Fig. 3. In the cell design, 
a diameter for the smallest center hole was determined to allow aluminum 
particles drop from the cathode surface without any interference, and 
also the largest bipolar electrode limited its diameter within the 
allowable difference between thermal expansion coefficients of the cell 
wall and electrode materials. The electrolytic cell consisted of a 
transparent quartz tube, 113 mm in diameter and 1 m in lengthy and is 
heated externally by a nichrome wire wound furnace with an electric 
power capacity of 4 kw. To look at the inside of the cell during 
electrolysis a long rectangular window was scooped through the furnace 
bricks. Further, this furnace is possible to be divided into four 
blocks and surrounded by the separable walls for heat-insulation. The 
structure of the cell and the furnace are represented schematically in 
the center region of Fig. 4.

2

Melt preparation and supply of aluminum chloride
The mixture of magnesium chloride and sodium chloride in the proportion 
of 25 and 75 mol% was used as a solvent melt with a melting point of 
660°C. The solvent melt was firstly melted in additional furnace and 
then poured into the cell at about 700°C. The bottom of the quartz tube 
cell was self-sealed by freezing of the melt and sodium chloride 
granules at relatively low temperatures. The total amount of the 
solvent melt is about 4.5 Kg in each run.

From the results obtained in our previous studies, it was found that the 
concentration of aluminum chloride in the melt has to be kept as low as 
possible during electrolysis at 750°C in order to establish high current 
efficiency and low bath voltage. In this investigation an automatic 
supplier of aluminum chloride was developed after several modifications. 
This new equipment consisted of a large glass container for aluminum 
chloride and a vibrational rotary feeder. As shown in Fig. 4, solid 
particles of aluminum chloride first fall down through the rotary feeder 
into the melt composed of sodium chloride and aluminum chloride 
mixtures. The aluminum chloride is able to vaporize and is purified 
at the same time since the impurities accompanied by the aluminum 
chloride remain in the melt in the boiler. Aluminum chloride vapor can 
be. transferred by nitrogen gas stream into the melt in the electrolytic 
cell. The amount of aluminum chloride supplied in this way can be 
precisely determined by monitoring the weight of whole system of 
aluminum chloride supplier; also the supply rates were controlled easily 
by using the rotary feeder with various revolution rates.
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Exhaust of chlorine gas
As shown in Fig. 4, chlorine gas evolved during electrolysis will move 
toward the 10% sodium hydroxide solution through the exhaust systems by 
pumping with an aspirator under nitrogen gas stream used for supply of 
aluminum chloride into the cell. Aluminum chloride from the cell and 
other volatile matters were collected in glass condenser and plastic 
separator connected to the exhaust system.

Electrolytic procedures
■prior to the start of electrolytic experiment, pre-electrolysis was
carried out for 30 minutes in order to remove the impurities contained 
in the solvent melt. Then aluminum chloride was supplied into the 
melt, according to the procedures described. After the concentration of 
aluminum chloride in the melt reached an appropriate level, 
aluminum electrolysis was commenced and continued for five hours.
During the electrolytic experiment, bath voltage was recorded every 3 
minutes,and the relationships between applied currents and bath voltages 
were measured every 30 minutes. At the same time,a small amount of 
the chloride melt was sampled for chemical analysis of aluminum chloride, 
and also the sodium hydroxide solution was exchanged to determine the 
total amounts of chlorine gas evolved during electrolysis in the 30 
minute intervals. After a run, the melt was exhausted from the 
bottom of the cell by melting down the self-sealed salt.

RESULTS

Several examples of the relationship between the applied current and 
bath voltage are given in Fig.5 for different design parameters. From 
the results shown in the figures, it was clearly observed that every 
bipolar electrode can be operated in a so-called multi-cell when the 
bath voltages are larger than about 10 V.
In the intermediate range of the applied current the bath voltage is 
directly proportional to the applied current whereas with increase in 
the applied current the deviation of the bath voltage from the linear 
relationships was demonstrated, shifting toward higher values. It seems 
that this deviation is due to the gas bubbles that can not rise 
smoothly through periphery clearance due to its great volume.

DISCUSSION

The linear relationship between the applied current density and the bath 
voltage could be determined theoretically according the calculative 
procedures (3,4), providing physico-chemical properties of the chloride
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melt. As shown in Fig.5, the calculated bath voltages for various 
applied current densities obey the linear relationship between them. The 
linear relationships calculated for nine kinds of the bipolar electrode 
cells were compared with the experimental results obtained for fifty 
four cases. From these comparisons it was found that the calculated 
relationships were in fairly good agreement with the experimental ones 
for the cases of relatively small values of Vg and Vm.
Meanwhile, with increases in these values of V and Vm,the calculated 
results tended to deviate from the experimentally determined ones as 
demonstrated in Fig.5 for the case of V = 5 and Vm =0.4. It can be 
considered to arise from the heterogeneous distribution of the by-pass 
current through the periphery clearance.
As shown in Fig.5, in the large values of the applied current the 
deviation of the bath voltage was observed from the linear relationship 
between them. The upper current density, at which the deviation was 
initially observed, was denoted as the iJp in the present investigation.
Figure 6 shows the dependencies of on the upper current density 
obtained for various values of Vm. The effective current, I-g, which 
corresponds to the rate of gas evolution at the lowest Dipolar 
electrode, was calculated with the modified equivalent circuit (3) at 
the upper applied current iJp. The value of Ig was firstly divided by 
the area of the periphery clearance at the lowest bipolar electrode and 
further divided by the value of iJp. In order to reexamine the value of 
i , which was 75 A/crâ  at i«p=1.0 A/cm , the current densities for 
smooth gas lift obtained above, i°, were calculated for various values 
of V . It was found that the values of i° varied from 50 to 60 A/cm^11 5 p
with increase o f  V , ir re sp e c tiv e  o f  the values o f  V . Therefore, the value o f  60 A/cm 
should be used f o r % ie  design  o f  the b ip o la r  e le ctroae  c e l l .

CONCLUSION

In the present study the design principle was first considered for the 
bipolar electrode cell. In the experimental study the bipolar electrode 
cells with five units were constructed with the proposed design 
principle and then operated for electrowinning of liquid aluminum from 
the chloride melts at 750 °C.

It was demonstrated for the moderate values of V and Vm that the 
calculated and observed relationships between the bach voltage and the 
applied current density are fairly in good agreement. However, with 
increases in both the values of V and Vm,the calculated relationships 
tend to deviate gradually from the observed ones. This means that the 
by-pass resistance ,Rg , in the equivalent circuit (3) might be changed 
because of the heterogeneous distribution of by-pass current in the 
periphery clearance of the bipolar electrode cell .
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It is worthwhile to note from the point of view for saving energy that 
the applied current should exist within the linear relationships 
between the bath voltage and the applied current, and the cell 
design parameters such as V , , i and i.p should be selected as low 
as possible to avoid decrease in the cell efficiency of the bipolar 
electrode cell and increase in the bath voltage.
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Figure 1 Circulating Path of Melt 
and Cas in the Bipolar 
Electrode Cell.

Figure 2 Consitution of Total 
Sectional Area in the 
Bipolar Electrode Cell.

Vg » 3, Vm ■  0.4 d iam e te r  o f c e ll  • I I 3 mm 

ir  • I.O A/cm 2 lg • 7 5  A/cm2, S§  - 1 . 1 4  cm2

Figure 3 An Example of Horizontal 
Sections of the Bipolar 
Electrode Design.

Figure A Schematic Diagram of 
Experimental Apparatus.
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Figure 5 Relationship between Bath 
Voltage and Applied Current 
Density for the Design 
Cell.
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A STUDY OF THE ELECTROCATALYTIC ACTIVITY OF DOPED 
CAKBON ANODES IN CRYOLITE-ALUMINA MELTS
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Dept, of Metallurgy 
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Changsha, China

ABSTRACT

The anodic overvoltage of a carbon anode in the 
existing aluminium electrolysis process is 0.4-0.6V. This 
paper aims at reducing the anodic overvoltage for saving 
energy by increasing the catalytic activity of the carbon 
anode with dopants. The anodic overvoltage of carbon 
anodes in Na3AlF^-Al203 (sat) melt was measured by using a 
steady state technique. Obvious electrocatalytic activi­
ties were observed on the carbon anodes with Ru, Cr, and 
Li dopants. The anodic overvoltage was reduced more than
0.2V under the industrial current densities. The 
estimated energy saving will be 6.0% when using this 
technique. A primary discussion related to the function 
of dopants in the carbon anode and the mechanism of the 
aforementioned electrochemical process is given also.

INTRODUCTION

Carbon is almost the only material employed for anodes in the 
production of aluminium by electrolysis in a bath of cryolite alumi­
na melt. The major cell reaction is

A1203(s ) + 3/2 C(s) = 2A1(1) + 3/2 C02 (g) (1)
with a standard reversible potential of 1.13V at 1273K. According 
to the results obtained from laboratory tests and industrial cells, 
the counter electromotive force (cemf) of the cell is 1.6-1.7V 
higher than the standard reversible potential. The difference 
between the cemf and the reversible potential, i.e., the polariza­
tion potential, equals the sum of the cathodic overvoltage and the 
anodic overvoltage. Many measurements have shown that the cathodic 
overvoltage of the existing aluminium reduction cell is very low, 
around 40-80 mV(4). Therefore, the polarization potential is mostly 
attributed to the anodic overvoltage (q&) and is as high as 0.4-
0.6V. The later results in a great deal of electrical energy loss. 
How to reduce the anodic overvoltage in the Hall-Heroult process is 
very interesting, but very few reports on investigations of this 
aspect have been published. According to the electrocatalytic prin­

744

DOI: 10.1149/198707.0744PV



ciple in aqueous solution, it is possible to reduce the qa by doping 
the carbon anodes for aluminium electrolysis with electrocatalysts. 
The effects of some dopants on the electrocatalytic activity of the 
carbon anode in cryolite alumina melts was studied.

EXPERIMENTAL

Preparation of anodes with dopants
Pure spectrographic graphite rods <<>10 mm) were employed as 

anodes. Catalysts were (A.R.) CrClj, MnCl2 » C0CI2 , NiCl2 , RuClj* 
LijCOs, and NaCl. After cleaning and drying, the graphite rods were 
treated by a special doping method so that the catalysts were dis­
persed not only on the surface, but in the bulk of the graphite 
electrode. The same kind of graphite electrodes but without dopants 
were also used in measurements for comparison. The effective area 
of the graphite anode tested was 0.78-0.79 cn£.

Measurement technique
Steady state polarization curves were recorded on a X-Y re­

corder by using a potential step generator (XFD-8) and a JH-2C 
potentiostat. Scan rates of 10-20 mV/sec were found to be suitable 
for increasing as well as decreasing the potential. The reference 
electrode was a graphite electrode, which was protected by an alumi­
na tube. A graphite crucible containing 100 g of cryolite alumina 
melt was the counter electrode (3).

Reference electrode
Many workers (4-6) have reported that the graphite electrode, 

when equipped properly, is stable and can be used as a reference 
electrode. The graphite electrode, which does not require flushing 
with gas, is very convenient and simple. We adopted it in this 
work. It is necessary to evaluate the stability of the electrode. 
Two identical graphite electrodes were dipped into cryolite melt and 
the deviation of the potential difference between them versus time 
was measured. The results showed that the potential deviation is 
within 8 mV for a long time (5 hours), which proved that this kind 
of reference electrode was reliable.

RESULTS AND DISCUSSION

Typical steady anodic polarization curves for graphite elec­
trodes with different dopants are presented in Fig. 1 and Fig. 2.

At the beginning of a measurement prior to electrolysis, it was 
found that the open circuit potential of the working electrode and 
counter electrode vs the reference, respectively, was very close. 
After polarization, the potential of the counter electrode vs the 
reference electrode still remained unchanged. Due to the large area
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Fig. 1 Typical polarization curves for 
graphite anodes with different dopants*

Fig. 2 Typical polarization curves for 
graphite anodes with different dopants*

746



of the counter electrode (graphite crucible), much polarization 
occurred only on the anode during electrolysis*

To obtain the anodic overvoltage (na), the standard reversible 
potential at the temperature tested for reaction (1) (1.13V) was 
substracted from the polarization data (anode-reference). The 
overvoltage data for graphite anodes with different dopants under 
industrial current density are presented in Table I.

Table I Overvoltages on graphite anodes with 
different dopants at industrial current densities

(Na^AlPg - 12% (wt) A1205 , 1000 + 5°C)
2Current Densities (A/bm )

dopingSjv} 0.70 , 0.85 1.00 . 1.15 H 1.30

none 0.147 0.286 0.424 0.562 0.690

RuCl^ 0.064 0*138 0.212 0.286 0.360

CrCl3 -0.112 0.011 0.135 1.258 0.382

MhCl2 0.099 0.229 0.357 0.486 0.615

NiCl2 0.339 0.487 0.636 0.788 0.903

NaCl 0.176 0.283 0.390 0.497 0.694

CoCl2 0.487 0.730 0.917 1.215 1.459

Li^CO^ -0.038 0.105 0.249 0.393 0.537

* Ohmic voltage drop was not eliminated*

Electrocatalytic activity of the carbon anode
Oxygen and fluorine containing ions discharged on a carbon 

anode in the aluminium electrolysis reaction process would produce 
various intermediate compounds such as cxo. Because of the mecha­
nism of this anodic process is quite complicated, it is not suitable 
to identify the electrocatalytical activity of the electrodes by 
means of the reaction kinetic parameters obtained from the above 
tests. In order to evaluate the electroca taly tic activities of 
various anodes, a comparison of the anode overvoltage at constant 
current density is a better criterion. The lower the anodic over­
voltage the better the electrocatalytic activity.
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I t  i s  ev id en t from the data in  Table I as w e ll as from Fig. 1 
and F ig. 2 that some of the doping agents have a remarkable e le c tr o -  
c a ta ly t ic  e f f e c t  on the anodic reactio n . In p a r ticu la r , CrCl^, 
L i 2 C(>3 and R u C I q have a strong p o s it iv e  e f f e c t ,  the anodic o v e rv o lt-  
age a t  1.0 A/cm^ being reduced by 0.2V compared w ith  no dopant in  
the electrod e . MnCl2 and NaCl are * lso  b e n e f ic ia l.  Doping w ith  
NiCl2 and C0CI2 has a n egative in flu en ce . The e le c tr o c a ta ly t ic  fu n ctio n  of carbon anodes w ith  dopants may r e s u lt  from changes in  
the sto ich iom etry , valence, cr y sta l stru ctu re  nature of conduction  
and surface s ta te s . G eneration of more a c tiv e  s i t e s  in  the bulk 
carbon a f te r  doping would be favorab le to  the adsorp tion  and d is ­
charge of oxygen conta in ing ion s, which may r e s u lt  in  a higher ra te  
of anodic re a c tio n  or low er overvoltage. Follow ing Rao's (6) studying on the burning process of carbon and the c a ta ly s is  of the 
Boudouard rea ctio n , Li2 (X>3 had a strong c a ta ly t ic  e f f e c t  on the  
burning of carbon. This agrees w ith  the e f f e c t s  of doping I^COg in to  carbon anodes in  present work. In fa c t ,  the anodic re a c tio n  on  
carbon anodes in  the aluminium e le c t r o ly s is  process i s  an e le c tr o ­
o x id a tio n  re a c tio n  o f carbon (7).
The l i f e t im e  o f the e le c tr o c a ta ly t ic  a c t iv i t y  o f doped carbon anodes

The l i f e t im e  of the e le c tr o c a ta ly t ic  a c t iv i t y  of a doped car­bon anode i s  important for i t s  a p p lic a tio n  and worthy of study. The r e s u lt s  obtained are shown in  F ig. 3.
Both anodes w ith  dopants and w ithout dopants were p o la rized  a t

t  ( m in  )

Fig.3 The lasting time of electrocatalytic 
activity of doped carbon anode (B = 1.4 v)

the same p o te n tia l (E = 1.4V). A higher current d en sity  was 
observed to  pass through the doped anode. As shown in  Fig. 3, no 
e le c tr o c a ta ly t ic  a c t iv i t y  d ec lin e  was observed on the w e ll prepared 
doped anodes w ith in  the te s t  period. With a few excep tion s, the
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e le c tr o c a ta ly t ic  a c t iv i t y  of some doped carbon anodes began to  
d eclin e  a f te r  several m inutes. This may be ascrib ed  to  both degen­
era tio n  of the e le c tr o c a ta ly s t  and to  the low p ro b a b ility  that the 
c a ta ly st  could remain in  the anode during the consumption o f the 
carbon anode. E sp e c ia lly , when the doping agents were not d is t r ib ­
uted homogeneously in sid e  the bulk of the e lectro d e  or d is tr ib u ted  
mainly on the surface of anode, the e le c tr o c a ta ly  t i c  a c t iv i t y  of the 
anode obviously  d e c lin e s . In t h is  case, adopting an in e r t  anode to  
rep lace the e x is t in g  carbon anodes in  aluminium e le c t r o ly s is  w i l l  be 
advantageous, because the anodes w i l l  not be consumed and the cata­
ly s t s  w i l l  be present for  a longer tim e. Although carbon anodes are 
consumable, th is  doping techn ique, which i s  sim ple and can be adapt­
ed to  in d u str ia l use w ith  ease, i s  a v a ila b le  and e x h ib its  good 
p rospects as a technique for saving energy.
E stim ation of the power saving r e su lt in g  from reduction  o f  the 
overvoltage on carbon anodes

In aluminium e le c t r o ly s i s ,  the power required per ton o f  metal 
produced i s  ca lcu la ted  as:

P = 2980 - 1  (KWH/T) (2)CE

where CE = current e f f ic ie n c y  (decim al);
Vc * average pot v o lta g e s , ( v o l t s ) .

Vc = E° + na + U0 + EKfi
where E° i s  standard r e v e r s ib le  p o te n tia l;  qa and i\c are anodic and 
cathodic overvo ltage, r e sp e c t iv e ly ;  I i s  the current; Xlfo i s  the sum 
of ohmic r e s is ta n c e s  of e le c tr o n ic  and io n ic  conductors in  the c e l l .  
When a l l  other con d ition  are kept constan t, energy saving can be 
re a lized  by reducing the qa . The estim ation  o f energy saving per  ton  of aluminium produced a t  0 .85 A /cn? i s  presented in  Table I I .
I t  can be seen th a t, as a consequence of adopting doped carbon 
anodes, the amount of e le c t r ic a l  energy used can be reduced. The 
h ig h est e f f ic ie n c y  of saving energy i s  6.0%.

Since the co n cen tra tion  of doping agents in  the carbon anodes 
was very low, the aluminium produced would not be contaminated by 
them, e s p e c ia l ly  in  the case of doping w ith  L i2COg. Lithium s a l t s  were always used as a d d it iv e s  in  H all baths and there was no contam­
in a tio n  problem.

The doping technique used in  th is  t e s t  i s  very simple and can 
be r e a liz e d  in  the anode workshop. N either ad d ition a l expense nor 
other equipment i s  needed. I t  i s  pred icted  th a t employing these  
techniques in  the aluminium e le c t r o ly s is  industry w i l l  be b en e fi­c ia l  . However, the doping technique s t i l l  needs study in  order to  
s e le c t  doping elem ents w ith  a more extended range and to  look  fo r
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Table II Estimation of energy saving by the
reducing of anodic overvoltage when 
using doped carbon anode

Doping
agent

anodic over 
-voltage at
0.85 A / c m ^

anodic over 
-voltage at
reduced )

D.C.
CTH/T 1

energy saving

CWH/T %
none 0.286 0 T 5 ? 3 8 0 0
RuCl^ 0.139 -0.147 14740 497 5-3

CrCl^ 0.011 -0.275 14507 930 6.1

Li2C05 0.105 -0 .£81 14625 612 4.0

MnCl2 0.229 -0.057 15045 192 1.3

NaCl 0.283 -0.003 15228 10 0.06

* Estimated from Eq. (2) as Vc = 4.5 V, CE = 0.88

fa c to r s  which prolong the l i f e t im e  of the e le c tr o c a ta ly t ic  a c t iv i t y  
of the doped carbon anodes. Meanwhile, the mechanism of the e le c ­
t r o c a ta ly t ic  e f f e c t  of dopants and the consumption o f carbon anodes 
must a lso  be considered.
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STUDIES OF THE ANODIC PROCESS AT Sn02-RASED ELECTRODES IN ALUMINIUM ELECTROLYSIS

Liu Yexiang and Xiao Haiming 
Dept, of M etallurgy  

The Central South Univ. of Technology 
Changsha, ehina

ABSTRACT
The use of in e r t  anodes and stab le cathodes in  the aluminium 

e le c t r o ly s is  industry i s  o f important s ig n if ic a n c e  for saving  
energy.

The electroch em ical c h a r a c te r is t ic s  o f Sn02-based  e le c tro d e s  in  aluminium e le c t r o ly s is  are in te r e s t in g  not only for  understanding 
the mechanism of the anode process and in fe r in g  in d ir e c t ly  the 
structure of cry o lite-a lu m in a  m elt, but a lso  for developing new 
techn iques for aluminium m etallurgy with in e r t  anodes.

The anode process on Sn(>2“based e le c tro d e s  in  aluminium e le c ­
t r o ly s is  has been stu d ied  by several electroch em ical methods and 
some i n i t i a l  r e s u lt s  have been obtained .Prior to the above mentioned s tu d ie s , a new reference e lectrod e  
that i s  i t s e l f  a Sn(>2~based e lectrod e  has been te s te d  and in sp ected  a t  the same time an aluminium reference e lectrod e  was employed. I t  
was d iscovered  that the p o ten tia l of a Sn(>2 “based electrod e dipped 
in to  cryo lite-a lu m in a  m elt was sta b le  for a long time and flu c tu a ted  
w ith in  a few mV (+8mV). The performance of a Sn02-based e lectrod e  was reproducible and r e v e r s ib le . As a referen ce e le c tro d e , i t s  
co n stru ction  was sim ple, and i t  was convenient to  use. The poten­
t i a l  r e la tio n sh ip  between a Sn02-based e lectro d e  and an aluminium referen ce e lectrod e could be expressed as fo llo w s:

Egn0 = 1 .8062-0 .3332  logNA1 0 -5 .1 4 0 9  x 10-4  T+Ejy 2 2 3
The anode overvoltage on a Sn02-based  e lectro d e  was found to  be0 .1 -0 .2 V  a t in d u str ia l current d e n s it ie s  by the steady sta te  tech n i­

que. The occurrence of two s tr a ig h t segments on the anodic T afel p lo t im plied a tw o-step  oxygen discharge re a c tio n .The lin ea r  p o ten tia l sweep curves obtained  from a Sn02-based  
anode showed that oxygen and flu orin e discharged sep arate ly . No 
anode e f f e c t  appeared at high current d e n s it ie s  ( i  = 12 A/cm”^ ), 
which could be exp lained  from the good w ettin g  of Sn(>2 m ater ia ls  by 
the m olten e le c t r o ly t e .According to  chronogalvanic measurements, oxygen ev o lu tio n  on a 
Sn02“based anode was a ir r e v e r s ib le  p rocess. The current-tim e r e la ­
t io n  could be described  as fo llo w s
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Kf 2 tI = nFAKC exp(___ H I  -  /Kf t l / 2 / Dl / 2 e -y2 dy)
D

where Kf -  0 .001  cm s""1 .
I t  has been d iscovered  from chronopotentiom etric measurements 

that the oxygen ev o lu tio n  on a SnOj-based e lectro d e  was an ir r ev er s ­ib le  process preceded by a chem ical reaction . The va lu es of K, 
and Kt involved  in  th is  chem ical rea ctio n  could be ca lcu la ted  (K =
0 .6 , K̂  = 750.8 s"1 , K̂  s  1251.5 s“ *) where Kwas  th e  e q u il ib r  ium 
constant of the rea c tio n , Kf was the rate constant of the forward  
reaction , and K̂  was th a t of the backward reactio n . Also 0na = 0.85 was obtained from the chronopotentiom etric technique. In the case 
of 0nft = 0 .5 , thus na = 1.7 -  2 . I t  ap peared  th a t  th ere  were  two e le c tro n s  tran sferred  in  the ra te-d eterm in in g  step.

Based on a l l  the r e s u lt s  obtained from d iffe r e n t  e lectroch em i­
cal measurements, the mechanism of oxygen ev o lu tio n  on the Sn02~based anode was thought to be

AlOFl"* A1F|-* + O2" (A)
02 -  ---- > 0(ad) + 2e (B)

0(ad) + O(ad) ——> 02 ( ad) (C)
02 -  + 0(ad) - 02^*^) + 2e (D)

®2<ad) — >  02(g) (E)

(B) was the ra te-determ in ing step .
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ELECTRIC FIELD IS CALCULATED BY SOLVING LAPLACE’S EQUATION 
ON A CYLINDRICAL GRAPHITE ANODE IN MOLTEN NaF AND NaaAlFe.

Christiane Brunet and Pierre Mergault
Laboratoire de Physique des Liquides Ioniques, 

University Pierre et Marie Curie, Tour 15,
4, Place Jussieu, 75252 PARIS CEDEX 05, FRANCE.

ABSTRACT

Ve have shown repeatedly in our laboratory (1.9) and it is 
confirmed by some recent papers (10.13) that the surface of 
the graphite anode available for electrolysis diminishes when 
time increases; this produces a growing resistance R in the 
cell and an increasing current density (the role of fluorine in 
the insulation phenomenon of the anode is of prime importance). 
To calculate R, Laplace’s equation is numerically resolved to 
have a potential map of the cell, whence E, T = xlf,I = f T.cSf, R 
= V/I. In any case, the ultimate step before anode effect 
occurs, is the insulation of the anode by vaporization of the 
liquid near the surface of the not yet insulated anode.

EXPERIMENTS AND RESULTS

Ve showed (5,7) that the ohmic drop R« on an anode measured at the 
interruption of the current, is greater after an electrolysis of molten 
NaF or NaaAlFe between graphite electrodes (in our case, the crucible and 
a central electrode with a symmetry of revolution around a common 
vertical axis, see fig.l) and even before anode effect (AE) occurs; the 
anode may be one of these two electrodes. This anodic ohmic drop is not 
a constant and can reach very high values whereas on the cathodic side, 
the ohmic drop Rc is small and constant: this last result permits to 
assert that the bath does not significantly change.

When AE occurs, the current intensity I observed for example on a storage 
oscilloscope display, decreases down to zero or almost. A discussion of 
this experimental result shows that I = 0 if the anode is completely
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surrounded by an insulating sheath and then, R = Ra, + Rc is infinite (2). 
As a consequence of these experiments, we may interpret the high values 
of the ohmic drop on the anode side as due to a partial coverage of the 
anode by an insulating sheath. This first supposition is quite logical and 
does not imply any hypothesis concerning the nature of this sheath 
(adsorbed sheath, gaseous sheath, and so on..)

RESOLUTION OF THE LAPLACE’S EQUATION

Then it is necessary to have a relation between the insulating coverage 
of the anode, 0 = Si/S (with S = Si+Sf, where S is the whole surface of 
the anode, Si the surface of the insulated part and Sf the ’’free” surface 
of the anode,that is to say the surface allowing the passage of the 
current between bath and graphite) and R. Since there is no analytical 
solution of Laplace’s equation, AV = 0, for the geometry we used, we 
calculate R for a given coverage 8 by numerically solving AV = 0 in order 
to obtain a potential map with the V values at every point of a regular 
network. Then we can deduce the electric field E, andr by assuming y 
constant in the whole bath, we have J by Ohm law, J = yB, I = /s J.dS and 
R s V/I.

Some more assum ptions are yet necessary  to s im p lif y  the c a lc u la t io n :
1 -  Thermal and e le c t r ic a l  c o n d u c t iv it ie s  are constant throughout the

bath.
2- The electrical conductivity of the bath Ys being very much smaller

than the graphite one y«> - 500, we may consider Y«j as infinite.
This hypothesis permits to have E and J perpendicular to the ’’free” 
surface of the anode (the electric field in the bath near the insulated 
surface of the graphite is tangential to this surface).

3- Si is an increasing function of time, that is to say that we do not 
take account of the usual statistical aspect of the coverage phenomenon.

4- The increase dSi of the insulated graphite surface part Si at a 
given time occurs to the detriment of Sf, Si+Sf = S leads to dSi+dS* = 0, 
on those parts of St- where iTl is maximal. This hypothesis permits to 
keep the symmetry of revolution of the problem.

5- This ’’mechanism” of anode coverage is quite different from that 
observed by T.Utigard and J.M.Toguri (11) wherein the underside of the 
anode is first insulated from the bath by a large gas bubble. To take 
account of this experimental result, we take a S value which does not 
comprise the anode underside surface.

Even in this framework, the solution of Laplace’s equation is analytically 
impossible and we have resorted to numerical calculations.
These calculations are carried out for different values of the coverage in 
a frame of cylindrical coordinates with the z axis coinciding with the 
symmetry axis. Then the Laplace’s equation becomes:

AV = (1 /r) (dV/dr) + (d:;2‘V/dr:S:) = 0.
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In doing so, we used the Frankel-Young method while using an optimisation 
factor determined by the Gauss-Seidel method (14,15) and with a network 
of 3744 pointy (the distance between two nearest points is 0.5mm in the 
bath): thus we obtain the curve of figure 2, In a recent paper (16), we 
showed that even if the surface of an electrode is progressively 
insulated by an electrochemical process, as is the case for a graphite 
anode in molten fluorides or chlorides, there is always a time after 
which the Joule effect gets to play a leading role in making up the layer 
needed for a complete insulation of the electrode (electrode effect (EE) 
onset). It is straightforward in the case of electrode effects (EE) 
without electrochemical (or chemical) insulating of the electrode and the 
demonstration is very easy in the case of an electrochemical insulating 
coverage proportional to the quantity of electricity:

dQ = I.dT = -k.dSi,
where k and I are constant (this condition fulfills the hypothesis 3- and
4- above): this demonstration is also valid for a<2 when we have:

Q = k.(Si-S)<* = I.(t-ti),
although it is very difficult to think up an electrochemical process with
£X > 1 .

DISCUSSION

At first view, it seems that it is necessary to take into consideration 
the heat of vaporization of the bath in the calculation of the induction 
time of EE, But in the case wherein there is no gaseous emittance on the 
considered electrode, the constitution of an insulating gaseous layer 
around the electrode in question corresponds to the theoretical and 
experimental intervals of induction time of the EE. This shows that we 
do not have to take into account the vaporisation heat (17). This 
interpretation remains valid for fused salts (4) and, in particular, for 
fluorides baths.
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Fig. 1. Crucible:
$ = 50-40 mm. 
Central anode: 
$ = 16 mm.
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THE INFLUENCES OF MgO ON THE DIFFUSION OF 
MAGNESIUM ION IN MAGNESIUM ELECTROLYSIS

Zhang Yueqiang, Lin Qingfu

Department of Non-ferrous Metallurgy 
Northeast University of Technology, 
Shenyang, Liaoning, CHINA

ABSTRACT

The influences of different sorts of magnesium ox­
ide on the diffusion rate of magnesium deposition 
in the MgCl^-NaCl-KCl-CaCl^ molten salt system

have been investigated with a multiple electroche­
mical measuring system.

The variances of the limiting current density 
of the deposition of magnesium ion with the amount 
of MgO added have been measured with linear vol­
tage scan methods. The diffusion coefficient and 
the diffusion reactivity energy of magnesium ion 
have been determined and the effects of MgO on 
them have also been studied.

It was shown that different sorts of MgO have 
different influences on the diffusion coefficient, 
and the MgO obtained from the hydrolysis of MgCl^* 
6 ^ 0  has the most obvious effects on it.

INTRODUCTION

Magnesium oxide has unfavourable effects on the electrolysis 
process of magnesium production. As a result of its tiny 
particles and strong reactivity, MgO, from the hydrolysis of 
the magnesium electrolyte in the electrolysis process, is 
prone to being absorbed by the cathode and causing the cath­
ode to be polarized.

The present paper refers to the magnesium electrolyte 
system in industrial electrolysis and applies linear voltage 
scan electrochemical technique to study the influences of 
MgO on the diffusion coefficient and the limiting current 
density of the deposition of magnesium ion.
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EXPERIMENTAL

Conditions

The chlorides used in the experiments were predried in 
oven, then in predried gaseous HC1 until they were melted. 
The experiments were performed in atmosphere of argon at am­
bient pressure and at the temperature of 700°C.

Electrodes

The electrode system involved anode, working electrode 
and reference electrode. A stable Ag/AgCl reference 
electrode with ceramic diaphragm was used. The anode was 
made of spectral purity carbon and the working electrode of 
molybdenum.

The electrolyser was set in a quartz glass container.

RESULTS AND DISCUSSION

The Influences of MgO on the Diffusion Coefficient and the 
Limiting Current Density

Fig. 1 and Fig. 2 are respectively the linear voltage 
scan voltammograms at different scan rate with the electro­
lyte containing 0% (wt.) and 0.6% (wt.) MgO.

From the voltammograms we know that, at the same scan 
rate, the peak current density is obviously reduced after 
adding a small amount of MgO into the electrolyte, and the 
deposition voltage of Mg++ is also reduced a little vs. Ag/ 
AgCl electrode. These all show that the MgO is absorbed by 
the cathode. Therefore, the diffusion of Mg++ to the ca­
thode surface is impeded, the diffusion rate and the diffu­
sion current density is lowered, and the cathodic concentra­
tion polarization is more obvious.

On the curves, it is also noticed that the peak current 
decreased correspondingly with the decrease of the scan 
rate. Based on the fundamental electrochemistry, the peak 
current (Ip) and the scan rate (V) satify the following ele­
ctrochemical equation:

Ip = 0.661 (nF)3,/2(DoV/RT)1/2ACo (1)
Where A is the area of the cathode, Do is the diffusion 

coefficient (cm /sec) of reactant, and Co is the bulk
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concentration (raol/cm^) of reactant.
1 /2The plots of Ip vs. V 7 are shown in Fig. 3. The slope 

(tgA) of a plot is derived from the equation (1).

tgA = 0.661 (nP)5,/2(Do/RT)1//2ACo (2)

From the equation (2), the diffusion coefficient Do can 
be determined. The results are shown in Fig. 4.

Fig. 4 shows that the smaller the amount of MgO is, the 
more obvious the influences on the diffusion coefficient 
are. The similar effects on the limiting current density 
are shown in Fig. 5. With the adding amount of MgO increas­
ing from 0% (wt.) to 0.3% (wt.), the diffusion coefficient 
Do and the limiting current density Id decrease rapidly. 
Then, the amount increasing further, there is only a little 
decrease of Do and Id. That is, the effects of MgO become 
weaker and weaker.

According to the analysis above, it is assume that the 
increase of the absorbed MgO film on the cathode ceased when 
the M«0 increased to a certain amount. On one hand, the 
Film obstructs the diffusion of magnesium ion to the cathodic 
surface. On the other hand, it also obstructs the further 
absorbtion of the cathode.

The Diffusion Activation Energy

Generally, the diffusion coefficient Do increases with 
the temperature, and they observe the following equation:

InDo - A - (W/RT)

Here A is a constant, W is the diffusion activation en­
ergy. With the electrolyte containing 0.3% (wt.) MgO, the 
magnesium diffusion coefficients were measured with linear 
voltage scan method at different temperatures. And the plot 
of InDo vs. 1/T is shown in Fig. 6. From the slope of this 
plot, the diffusion activation energy was calculated to be 
3200 cal/mol.
The Influences of Different Forms of MgO

The reactivity of MgO is related to the method and pro­
cess of its production. The experiments of the influences 
of agent MgO, hydrolysis MgO and MgOHCl on the diffusion of 
magnesium ion have been made. The results are shown in 
Fig. 7.
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Like the preceding discussion, all the magnesium oxides 
have apparent influences on Do with the amount of MgO rang­
ing from 0% to 0.3% (wt.). At the same amount, the influ­
ence of hydrolysis MgO on the Do is the most, the MgOHCl in­
fluence is smaller, and the agent MgO one is the smallest. 
The differences of the influences show that there are dif­
ferent reactivities with different sources of MgO.

The apparent reactivity of MgOHCl is smaller than the 
hydrolysis one. Actually, MgOHCl will rapidly decompose and 
produce MgO at the experimental temperature when it is added 
into the electrolyte so that the influences really are per­
formed by MgO. The weight ratio of MgO to HC1 is about 1:1. 
If MgOHCl is almost completely decomposed, 0.3% (wt.) MgOHCl 
will produce 0.15% hydrolysis MgO. Based on this hypothesis, 
the curve of Do (MgOHCl) vs. MgO (produced from the decompo­
sition of MgOHCl) have been made out. As shown in Fig. 8, 
it is very closed to the curve of hydrolysis MgO within 0.6% 
(wt.) MgOHCl. The similarity of the two curves shows that 
most of the MgOHCl decomposes into MgO instead of the MgOH+ 
ion. The fact that there is only a small current peak of 
MgOH+ on the wide range linear voltage scan voltammogram is 
one of the evidences for the hypothesis, too.

CONCLUSION

MgO, the impurity in the electrolyte, is absorbed on the 
cathode and cause it to be polarized. Therefore, the limit­
ing current density and the diffusion coefficient are 
lowered.

At the electrolysis temperature, with the content of MgO 
increasing from 0% (wt.) to 0.3% (wt.), the diffusion coef­
ficient Do and the limiting current density Id are decreased 
rapidly. Then, with the further increasing of the content 
of MgO, the decrease of Do and Id disappears gradually.

MgO from different sources possesses different reacti­
vity. The hydrolyzed electrolyte (MgOHCl) is probably mostly 
decomposed into MgO, and there is very little to be dissolved 
into MgOH+ in the molten salts.
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D I S P R O P O R T I O N A T I O N  R E A C T I O N  IN M O LT EN  SALTS AND THE IR  A P P L I C A T I O N  TO S URFACE C OA T I N G  T R E A T M E N T
Takeo Oki

Faculty of Eng.,Nagoya University,Furo-Cho,Chikusa-ku, 
Nagoya,464,Japan

ABSTRACT
Surface coating treatment by chemical transport using dispro­portionation reaction in molten salts was studied comprehen­
sively. The metal such as Si,Cr,Ti,V,Zr,Ta and etc. was 
deposited to form alloy and compound coating on the surface by 
application of the disproportionation reaction in molten halide 
salts KC1-BaCl2-NaF-Me-Me salt system. The overall reaction can be represented as follows.

M(ai:in source)— >M(a2:in metal or compounds) (ai>a2) 
Various films were coated on steels by this method; ferro- 
silicon and ferrosi1 icon-graphite composite, chromium carbide, titanium carbide, vanadium carbide, tantalum carbide and boride 
films of these metals. The surface hardness( Hv) of these films ranged from 1000 to 3000 and they had very high wear resistance.

INTRODUCTION
Many surface treatments have been done in an attempt to improve 

the performance characteristics of material surfaced). The diffusion 
treatment is well known as a representative one. The 
disproportionation in molten salts can precipitate an active metal on 
the surface, which is able to alloy and compound by reaction with the 
component of substrate. In this investigation, activity change of metal at the same temperature was used for the surface coating of 
alloy and compounds. This method by means of disproportionation is one of the chemical transport process in molten salts.

The disproportionation reaction is defined as the redox reaction 
of metal ions with the same metal, like the following disproportionation reaction of A1(2)(formula [lj and [2]). 
Disproprotionation reaction can be performed by two kinds of driving 
force; the one is the difference in temperature between reaction system and production system, and the other is that in activity. The 
former has been utilized for refining Aluminium(2). The reactions can 
be described as follows.

>1373K
2A1(crude)(1) + AlCl3(g) 3A1C1(g) [1]
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<973K
3A1C1 (g) -> 2A1 (Pure)( 1) + AlCl3(g) [2]

Temperature difference should be requisite to proceed this reaction, Al(source) -> A1(production).
On the other hand, the latter can be applied to coating of substrate
by precipitation in molten salts. For example, Gay and his
coworkers(2) found that nickel can be siliconized by dipping into molten KC1 -NaCl-NaF-Na2SiF6 salts containing silicon powder. The 
reaction was described as follows.

Si (powder in molten salts) + Si4+ -*■ 2Si2+ [3]
4Si2++ 5Ni 2Si4+ + Ni5Si2(material surface) [4]

The difference in activity of silicon between powder and intermetal 1ic 
compound should be requisite to perform these disproportionation 
reactions [3]and [4] at the same temperature. Here in this paper the 
latter disproportionation will be applied to produce the coated films 
on substrate.

RESUSLTS AND DISCUSSION
1.Pre-consideration about the mechanism of precipitation in molten salts

The mechanism of precipitation in molten salts was suggested as
the following processes.
(1) Collision mechanism

Me + Substrate Me-Substrate [5]
(2) Exchange mechanism

MeCln + Substrate (Substrate component)Cln + Me [6]
Me + Substrate —► Me-Substrate [7]

(3) Disproportionation mechanism
MeCln MeCln-a + MeCln+b [8]or
MeCln -* Me + MeCln+m , MeCln-a Me + MeClm [9]
Me {  Substrate ->• Me-Substrate [lOj

Me(Source) + MeClm+n MeClm , Me(Source) + MeClm MeCln-a [11]
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There were many discussions about these mechanisms(3)-(10), where there are many results for which the collision mechanism cannot give 
an explanation. This experiment was performed in order to evaluate 
the disproportionation mechanism and apply it to preparation of 
surface coating on substrate.

2.The formation of ferrosilicon and ferrosi1 icon-graphite composite 
film on steel as alloy film formation(ll),(12)

Table 1 shows the chemical composition and the original hardness of the specimens. It was immersed into the molten salts NaCl-KCl-NaF 
at 973^1173K, which contained Na2SiFe and silicon powder as additiv­es. After dipping of 3.6 ^~10.8ks, the specimen was taken out of the 
crucible, washed with water, dried and used in several tests. In this 
treatment, the following disproportionation was speculated.

Si(powder) + 6F “+ SiF62" -> 2SiF64" [12]
2SiF64” Si-Fe(on substrate) t 6F~ + SiFe2- [13j

Silicon which deposits on the meterial surface diffuses into the material and forms intermetal 1ic compounds. Therefore the activity of 
deposited silicon is lower than that of silicon powder. Then the
reactions [12],[13] occurred steadily.

Fig.l shows the relationship between the amount of coating and 
the molar ratio of silicon powder to Na2SiFe. The amount of coating increased with added silicon powder.

Fig.2 shows the relationship between the amount of coating and NaF or Na2SiF6 quantity, while the amount of silicon powder was 
constant. The amount of coating increased with increasing these 
components. Also the lack of either Si or silicon salts resulted in 
non-coating. All these results suggest that Si precipitation occurs through the disproportionation reaction.

And X-ray analysis confirmed that the ferrosilicon films were 
formed inwardly from surface to reduce silicon ratio in this order: 
FeSi2, FeSi, Fe3Si. The hardness Hv at the vicinity of the surface 
was about 700.

3.Chromium carbide and other(TiC,VC,ZrC and TaC) films on 
steel as metal carbide film formation(12)-(14)

In this experiment, CrF3 and chromium powder were added into 
fused NaCl-KC1-NaF. The specimen was dipped into the molten mixture salt at 1173K for 10.8ks.

Fig.4 shows the profile of Vickers hardness in the surface area
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of the specimen. It was about 1200 — 2000. O 7C3 and Cr2C were con­firmed in surface films by X-ray analysis. The amount of coating was 
influenced by the concentration of NaF, O F 3 and chromiumpowder.(Fig.5) It increased with increasing concentration of each 
element under constant concentration of the others. These resultssuggest also the following disproportionation.

Cr(powder) + F" + CrF7" -* 2CrF4" [14]
2CrF4" -* Cr-C(on C-contaning substrate) + F“ + CrF7“ [15]

In addition, it was proved that the proportion of chromium ions before 
the treatment(44%Cr3++56XCr6+) changed with reaction, and that the relative concentration of Cr3+ increased. (After the treatment, 
96.1%Cr3+, 3.9%Cr6+). This change suggests that the reaction [14] 
proceeds faster than the reaction [15] at last stage. In other words, the formation of chromium carbide may be controlled by consumption of 
precipitated chromium.

The other carbide films could be formed on steel by the same 
method. The molten KCl-BaCl2-NaF salts were used as main supporting 
salts in all cases. K2TiFe and sponge titanium for titanium carbide, VCI3 and Fe-V alloy for vanadium carbide, K2ZrF6 and Fe-Zr alloy for 
zirconium carbide, K2TaF7 and tantalum for tantalum carbide were used as additives, respectively. SKDll(JIS) (1.5XC) was used as 
C-containig substrate for all cases and moreover S55C(JIS)(0.5%C) and SKD3(JIS)(1.0XC) especially for TaC film.

Fig. 6 shows the effect of the treatment temperature on the 
amount of coating for TiC, VC and ZrC(treatment time:3.6ks). In 
either case, the amount of coating increased with increasing 
temperature. The each film thickness at 1273K are indicated in Fig.6.

The effects of additives on the amount of coating for ZrC, TiC 
and VC are showed by Fig.7 and Fig.8 . And the lack of either metallic salt or metal made it difficult to form carbide films. These results 
suggest the following disproportionation for each carbide films.

TiC: Ti(sponge) + 6F“ + TiF62" -> 2TiF64~ [16]
2TiF64~ Ti-C(on substrate) + 6F" + TiF62~ [17]

VC: V(in Fe-V alloy) + 2VC163"-^ 3VC142' [18]
3VC142~ -* V-C(on substrate) + 2VC163" [19]

ZrC: Zr(Fe-Zr alloy) + 6F“ + ZrF62"-* 2ZrF64~ [20]

2ZrF64~ Zr-C(on substrate) + 6F" + ZrFe" [21]
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TaC: 2Ta(metal) + 4F~ + 3TaF72'-* 5TaF52" [22]
5TaF52' ^  2Ta-C(on substrate) + 4F" + 3TaF72' [23]

Fig.9 shows the profiles of vickers hardness in surface areas for 
ZrC, TiC and VC coating. The hardness at the immediate vicinity of 
surface for each film is 1490, 1750 and 3400, respectively. Fig.10 
represents the profiles of hardness for TaC film coating. It reached 
about 2800— 3000 (Hv) at the immediate vicinity of the surface.

4.The formation of boride film on steel(15) as boride film formation
The boriding of metal substrate in molten salts was investigated 

by means of disproportionation reaction, too. B2O3 and ferroboron 
were added as additives into the molten KCl-BaCl2-NaF salts. The reaction temperature ranged from 973 to 1173K. 10.8ks was adopted as
treatment time.

The dipping of SKD11 in these molten salt resulted in the forma­
tion of Fe2B film, which was confirmed by X-ray analysis. It is indi­
cated in Fig.11 — 13 that the amount of coating depends on the concen­tration of NaF, B203 and ferroboron. This suggests the following dis­
proportionation reaction for film formation.

B(powder) + 2B3+ 3B2+ [24]
3B2+ -► 2B3+ + Boride of metal(on substrate) [25]

Fig.14 shows the profiles of vickers hardness in surface areas. 
When austenitic stainless steel(A1SI304,316) were dipped, CrB film 
were formed on its surface.

On the other hand, dipping Cr plated steel resulted in the 
formation of Cr2B film, which showed high corrosion resistance.

Besides, other various boride films on steel were formed by combination of carbide formation and boriding. The specimen with TiC, 
VC and ZrC film were immersed in boride forming molten salts, and TiB2 , VB and ZrB films were made. This indicates that the affinity of 
metal-boron is much greater than that of metal-carbon. The Vickers 
hardness of all these boride films ranged from 1200 — 3000.

5 .Crystal orientation of the produced films
The crystal orientation of various carbide films were 

investigated by X-ray analysis. The special orientation could not be found for TiC, WC and ZrC films. On the contrary, (002) plane was 
preferentially oriented for VC film and (421) plane for Cr7C3 film. The orientation of Cr7C3 film could not be found under the lack of



NaF. The orientation of film is intimately and complicatedly connected with it’s formation process, and it is supposedly of great 
value to examine it furthermore.

7 .Conclusion
It was turned out that ferrosilicon and ferrosi1 icon-graphite 

composite film, various carbide films and boride films could be formed 
by utilizing the useful disproportionation reaction in molten salts. 
The specimen was immersed into molten salts at high temperature, which contained the metal for coating (M) and its salt. In general, 
the following reaction occurred.

M(additives) + Mn+ Mraf ( m < n ) 126]
Mra+ - +  Mn+ + M(in metal, alloy and compound) [27 j

M(in source;activity at) M(in fi lm;activity a2) ( at > a2 )
[28]The precipitated M onto the specimen diffused immediately inward 

to form various type films. These forward and backwarddisproportionation reactions proceeded at the same temperature. This 
method can be called one of the chemical transportation method in molten salts.
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Table 1 Chemical composition(mass%) 
and hardness(Hv) of the specimens

c Mn P S Si H v
A 0 .1 0 .2 9 0 .0 1 3 0 .0 1 9 _ 149
B 0 .8 < 0 .5 0 < 0 .0 3 0 < 0 .0 3 0 < 0 .3 5 210
C 3 .5 0 .3 0 0 .0 1 0 .0 2 0 .5 162

Fig.3 The profiles of Vickers 
hardness(Hv) in ferrQsi1 icon-graphite 

composite film

Fig.l The relationship between the 
amount of coating and molar ratio 
of si 1 icon

NaF,Na2SiFe /  moIX
Fig.4 The profiles of Vickers 

hardness(Hv) in cromium carbide film
Fig.2 The relationship between the 
amount of coating and NaF,Na2SiF6 

concentration
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Fig.5 The effect of NaF, Cr and O F 3

concentration on cromium carbide 
coating

Fig.7 The effect of K2ZrF6 , 
K2TiF6 and V C U  concentration 
on ZrC, TiC and VC coating, 
respectively

Fig.6 The effect of treatment 
temperature on ZrC, TiC and VC 
coating

Fig.8 The effect of added Zr, Ti 
and V quantity on ZrC, TiC and VC 
coating respectively
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Fig.9 The profiles of Vickers 
hardness in ZrC, TiC and VC films Fig.11 Relation between 

deposit and NaF

Fig.10 The profiles of Vickers 
hardness in TaC film

Fig.12 Relation between
deposit and metal oxide
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Fig.13 Relation betweendeposit and ferro-alloy
Fig.14 Vickers hardness

profiles from surface
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ELECTRODEPOSITION OF TITANIUM 
FROM CHLORIDE MELTS

Willy Rolland, Asmund Sterten and Jomar Thonstad
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The Norwegian Institute of Technology, 
7034 Trondheim NTH, Norway

ABSTRACT
Electrodeposition of titanium from alkali chloride 
melts containing TiCl2/TiCl3 was studied in a 
small laboratory cell in the temperature range 
450-850 °C, The reduction step and the subsequent 
anodic dissolution of the deposit gave well 
defined voltammetric peaks, while the red-ox 
reaction Ti(II) <=> Ti(III) + e_ gave broadened, 
ill-defined peaks. The diffusion coefficient for 
the metal deposition step in KCl-LiCl eutectic at 
456 °C was 1.1*10" 5 cm2/s. Potential step measure­
ments gave indications of instantaneous nucleation 
of titanium on stainless steel cathodes. The 
nature of the titanium deposit varied considerably 
with the cd, the composition of the melt and the 
temperature.

It is more than 80 years since preparation of 
titanium by fused salt electrolysis was reported for 
the first time by Huppertz (1). He claimed to have 
obtained a reasonably pure product by electrolysis of Ti02 
dissolved in CaCl2. At present, TiCl4 seems to be the most 
suitable raw material for electrowinning of titanium. A 
stepwise reduction to the intermediate stages TiCl3 and 
TiCl2 is expected before Ti metal is deposited at the 
cathode. This process could be performed in either 
alkali chloride or alkali fluoride/chloride based systems 
at temperatures from 450 to 850 ° C. In fluoride/ 
chloride mixtures, Ti(III) is supposed to be reduced 
directly to the metal (2). In chloride melts the 
temperature can be lowered substantially (to ~120 °C) by 
addition of A1C13 (3), which allows application of low 
melting apparatus.

The fact that titanium is present in different 
valences involves the risk of red-ox, disproportionation 
and reoxidation reactions leading to severe losses in 
current efficiency. Although there are a large number of 
patents and papers suggesting various solutions to the
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multi-valency problem, there is still no process adapted 
for industrial application. The use of various types of 
diaphragms to separate the anolyte and catholyte or 
circulation of the electrolyte between two separate cells 
have been proposed. In the latter case prereduction of 
Ti(IV) to Ti(II) is performed in one cell and reduction to 
metallic titanium in the other (4).

The melting point of titanium is very high (1670 °C), 
so the metal is deposited in the solid state. The cathode 
product can have different forms:

- powder
- dendritic crystals
- thin sheets

This necessitates periodic removal and stripping or 
replacement of the cathode. If it is equipped with more 
than one cathode, the electrolyzer can still be adapted 
for continuous operation. A continuous process is one 
reason why electrolysis looks attractive compared to 
today's batch processes, such as the Kroll process 
which is based on metallothermic reduction. However, 
steady improvements of the Kroll process using batches of 
up to 10 tons of titanium makes this process more 
competitive as the time passes.

A technical break-through is not the only factor 
leading to success for a new process. The price and the 
demand for titanium products must also be considered. 
Earlier the main applications of titanium were found in 
the military, aircraft and aerospace industries and to 
some extent in the chemical industry. However, new
applications are developing. One example is the 
replacement of special steel alloys by titanium in the 
offshore oil industry (eg. seawater piping application). 
The medical application of titanium as an implant material 
is also well known.

The purpose of the present work was to determine 
electrochemical properties of titanium in selected 
chloride melts, and to study the nature of the titanium 
metal deposit as a function of the operating parameters. 
It is believed that some of the difficulties encountered 
in process development can be overcome by a proper 
understanding of the chemistry of the process.

776



EXPERIMENTAL
The e x p e r im e n ts  w e re  c a r r i e d  o u t  i n  a t r a n s p a r e n t  

g o ld  f i l m  f u r n a c e  (T r a n s  Temp I n c . ,  U SA). Two t y p e s  o f  
c e l l  c o n t a i n e r s  w e re  u s e d ;  i e .  t r a n s p a r e n t  s i l i c a  t u b e s  
and s i n t e r e d  a lu m in a  c r u c i b l e s .  The c e l l  was p r e h e a t e d  
u n d e r  an a r g o n  a tm o s p h e r e ,  f i l l e d  w i t h  s a l t s  i n s i d e  a 
d r y -b o x  and t h e n  p la c e d  i n  t h e  f u r n a c e  w i t h o u t  e x p o s in g  
t h e  p u r i f i e d  s a l t s  t o  a i r .  A rgon  g a s  w h ic h  w as p a s s e d  
th r o u g h  t h e  f u r n a c e  was p u r i f i e d  b y  p a s s i n g  th r o u g h  
m agn esiu m  p e r c h l o r a t e  t o  rem ove m o is t u r e  and  
o v e r  t i t a n i u m  s p o n g e  a t  6 0 0 -7 0 0  °C t o  rem ove o x y g e n .

The m e lt  c o n s i s t e d  o f  m ix t u r e s  o f  KG1, L iC l and N aC l. 
T ita n iu m  w as in t r o d u c e d  by  a d d in g  s o l i d  T iC l3 . I t  was 
a l lo w e d  t o  e q u i l i b r a t e  w it h  t i t a n i u m  m e ta l  i n  t h e  form  o f  
s h e e t  w h ic h  w as p r e s e n t  i n  t h e  m e l t ,  a c c o r d in g  t o  t h e  
h e t e r o g e n e o u s  r e a c t i o n :

2 T iC la  + T i = 3 T iC l2  (1 )
The t o t a l  t i t a n i u m  c h l o r i d e  c o n t e n t  in  t h e  m e l t  was 
d e te r m in e d  by  a to m ic  a b s o r p t io n  s p e c t r o p h o t o m e t r y  o f  m e lt  
s a m p le s  d i s s o l v e d  i n  a c i d i c  a q u e o u s  s o l u t i o n s .  The 
te m p e r a tu r e  o f  t h e  m e l t  was v a r i e d  i n  t h e  r a n g e  4 5 0 -8 5 0  
°C . T h ree  d i f f e r e n t  c a th o d e  m a t e r i a l s  w ere  t e s t e d ;  
s t a i n l e s s  s t e e l ,  t u n g s t e n  and i r o n .  The a n o d e  m a t e r i a l s  
w e re  t i t a n i u m  and c a r b o n  ( s p e c .  p u r e )  and t h e  r e f e r e n c e  
e l e c t r o d e  w as a t i t a n i u m  ro d  ( o r  a p l a t e l e t ) .

The e l e c t r o d e  r e a c t i o n s  w ere  s t u d i e d  u s i n g  l i n e a r  
sw ee p  v o lta m m e tr y , ch ro n o a m p ero m e tr y  and c o n s t a n t  c u r r e n t  
e l e c t r o l y s i s .  The m e a su r em en ts  w e re  c a r r i e d  o u t  w i t h  a 
PAR M odel 173 p o t e n t i o s t a t / g a l v a n o s t a t  w i t h  an IR 
c o m p e n s a t io n  u n i t  and a PAR M odel 175 u n i v e r s a l  
p rogram m er. S lo w  r e s p o n s e s  w e re  m ea su r ed  b y  a x - y  r e c o r d e r  
w h e r e a s  f a s t  r e s p o n s e s  w e re  r e c o r d e d  and s t o r e d  on a 
N i c o l e t  E x p lo r e r  I I I  A o s c i l l o s c o p e .

RESULTS AND DISCUSSION 
V o lta m m e tr ic  S t u d i e s .

L in e a r  sw eep  v o l t a m m e t r ic  c u r v e s  w ere  r e c o r d e d  a t  
s p e e d s  r a n g in g  from  0 .0 0 1  V /s  t o  1 V /s  ( i n  e x tr e m e  c a s e s  
up t o  75 V / s ) .  A voltam m ogram  r e c o r d e d  in  t h e  lo w e r  ra n g e  
o f  sw eep  r a t e s  i s  show n i n  F ig u r e  1 . The d e p o s i t i o n  
r e a c t i o n  t o o k  p l a c e  a t  a m ore n e g a t i v e  p o t e n t i a l  th a n  
e x p e c t e d .  A lth o u g h  t h e  c a th o d e  p ea k  had a lo w e r  p eak  
c u r r e n t  th a n  t h e  a n o d ic  p e a k , t h e  r a t i o  o f  c a t h o d i c  t o
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anodic charges during a full cycle is close to unity.This 
indicates that deposition of titanium metal (insoluble 
product) and stripping of the same (soluble product) was 
taking place. In certain cases the cathodic charge 
exceeded the anodic charge, probably due to the background 
current or nucleation or pre-peak reactions. The values of 
the cathodic peak potential, the cathodic half peak 
separation and the total peak separation were considerably 
higher than the theoretical values for purely diffusion 
controlled processes, indicating some irreversibility of 
the system Ti(II)/Ti.

The zero current potential with respect to the 
titanium reference electrode occurred in the range from 
+10 to +100 mV when operating between the potential limits 
shown in Fig.l (-250 to +150 mV). When the potential scan 
was extended to more positive limits, the diagram 
exhibited a new and rather broad anodic peak, represented 
by wave (B*) in Figure 2. The peak current of this wave 
(B*) increased when the charge transferred in the wave 
(A’) was increased by depositing more titanium metal 
cathodically and then reoxidizing it. An increase in the 
cathodic current in a broad range (B) was also observed. 
As shown in Fig.2, the peak potential of (A) shifted to 
more negative potentials in the third cycle. The process 
that takes place during the upper part (anodic potentials) 
of the diagram is probably the oxidation of Ti(II) to 
Ti(III) (at B ’), with the corresponding reduction back to 
Ti(II) at (B). This process seems to be rather 
irreversible, as shown by the extensive broadening .of the 
waves. A significant cathodic pre-shoulder sometimes 
occurred at a potential of -50 mV. Figure 3 shows more 
distinct waves for (B) and (B*), probably caused by a 
higher content of TiCl3 in the bulk of the melt.

Plots of the cathodic peak current of peak (A) vs. 
the square root of the sweep rate were linear, but they 
exhibited positive intercepts. These plots indicated pure 
diffusion control and did give some indication about slow 
nucleation taking place prior to the deposition peak. The 
results of the voltammetric studies show that in the 
presence of Ti(III) the metal deposition reaction occurs 
in two steps.

Potential Step Amperornetry Studies.

Figure 4 shows transients typical of a diffusion 
controlled process. Linear I-t~i/2 relations were 
obtained. As the steps were increased to an overpotential 
of about -300 mV, a significant change in the I-t 
transients occurred, as shown in Figure 5. After the
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initial double layer charging the current dropped to a 
minimum and then rose with time. At even more negative 
overpotentials the current still passed through a minimum, 
and then attained a maximum before finally decaying in the 
usual way with time. This behavior indicates that nucle- 
ation and growth phenomena play a part in the overall 
deposition process. Such behavior was difficult to detect 
below about 590 °C and at concentrations lower than a few 
weight percent TiCl2. After every run the deposited 
titanium was removed from the surface by polarizing the 
working electrode anodically. The rising part of the I-t 
transients obeyed an I vs. t1/2 linear relationship which 
shows that instantaneous nucleation of titanium occurs on 
a stainless steel surface.

Diffusion Coefficients.

For the determination of diffusion coefficients the 
melt was equilibrated with a large titanium sheet to 
ensure that equilibrium (1) was established. In the 
calculation it was assumed that all TiCl3 was converted to 
TiCl2. The diffusion coefficients were determined from 
voltammetric and potential step measurements at relatively 
low concentrations (1.0*10'4 mol/cm3 ). From linear plots 
of vi/2 vs. ip and t"*/2 vs. ii im the value of Dri(li) was 
calculated to be 1.1*10'5 cm2/s in KCl-LiCl eutectic at 
456 °C for both methods. The temperature dependence of the 
diffusion coefficients showed a linear relationship 
between logD and 1/T for both voltammetric and potential 
step measurements. The diffusion coefficients determined 
from the voltammetric studies increased more rapidly with 
temperature, mainly due to a rise in the background 
current. This could be corrected for in the potential step 
measurements, and the activation energy of diffusion was 
calculated to be about 50 kJ/mol from Fig.6. (Uncorrected 
voltammetric measurements gave about 70 kJ/mol).

Constant Current Electrolysis Using a Consumable Anode.

During "long time" electrolysis ( 2 - 2 0  hrs) titanium 
metal was deposited at the cathode while the titanium 
anode dissolved. The cathode was a stainless steel rod of 
6 mm diameter and about 2.5 cm2 surface area. The rods 
were pretreated by wet rubbing with waterproof emery 
paper (silicon carbide plOOOB). After a run the cathode 
was replaced by a new rod without admitting air to the 
system. Most of the experiments were carried out at 
current densities between 20 and 400 mA/cm2 .

Results of visual inspection of the deposited metal 
are given in Table 1 . These data might be summarized as
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follows concerning the effect of melt composition and 
temperature:

KCl-LiCl eutectic, 450 oQ 
KCl-LiCl eutectic, 830 °C 
KCl-NaCl eutectic, 700 °C 
NaCl 850 oc

small crystals, low 
coverage.
larger crystals (than 
above), better coverage, 
large crystals, good adhe­
rence and good coverage, 
large crystals, good adhe­
rence and low drag-out 
ratio.

LiCl-KCl-NaCl (20:40:40 mol%), 630 °C :
poorly reproducible results.

In KCl-LiCl at 450 °C it was observed that an initial 
current pulse of up to 400 mA/cm2 for a few seconds 
resulted in a considerably better coverage on the cathode.

The current efficiency was usually low, i.e. no 
better than about 30%. At the highest current densities 
the current efficiency sometimes reached 90%. Experiments 
with KCl-NaCl at 750 °C indicated better current 
efficiency than at 700 °C. The reproducibility of current 
efficiency determinations became poor after a period of 
one week using the same melt. The lack of repro­
ducibility was usually observed for the kinetic experi­
ments as well if the measurements lasted for more than one 
week.

Appreciable amounts of blackish powder and flakes 
were formed in the melt during the experiments. It tended 
to settle at the bottom of the cell and to deposit on the 
walls. It was identified by x-ray analysis as titanium 
with some oxygen in the lattice. This dark product has 
been reported earlier by Baboian et al. (5) and by 
Straumanis and Chiou (6) who identified it as being TiOx 
(~TiOo.i98) initially which later was oxidized to TiO and 
Ti02 in the presence of oxygen. The oxygen might originate 
from the salt itself, from the walls of the cell or it 
could be introduced during replacement of the cathode.

In the electrowinning of titanium an inert chlorine 
evolving anode will be used. In experiments using a 
graphite anode for chlorine evolution it was observed 
that the anode chamber was free from black deposits. In 
the beginning of the experiment the anolyte acquired a 
bluish color which is indicative of Ti(III) and 
subsequently a yellow color due to chlorine. The melt in 
the cathode chamber was greenish, typical of Ti(II). A
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cathodically polarized nickel diaphragm was used to 
separate the two chambers.
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Figure 1. Cyclic VoItammogram at a Tungsten Electrode 
during the Reduction of Ti(II) (A) and the Oxidation of Ti 
(A') in KCl-LiCl Eutectic at 456 oC. Sweep Rate: 5 mv/s, 
Electrode Area 0.4 cm2 , Concentration of TiCl2: 1.0*10~4 
mol/cm3 .

E /  mV

Figure 2. Repeated Voltammograms on a Tungsten Electrode 
with Increasing Upper Limit (more anodic) in KCl-LiCl 
Eutectic at 456 °C. The Same Conditions as in Fig.l.
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Figure 3. Voltammogram Showing the Same Waves as in 
Fig.2. Tungsten Electrode With Surface Area 0.40 cm2 at 
450 °C. LiCl-KCl Eutectic. Total Titanium Content Calcu­
lated as TiCl2 (3.2*10-4 mol/cm3). Sweep Rate 100 mV/s.

Figure 4. Cathodic Current vs. Time Obtained at Different 
Potential Steps (Potentials are Indicated on the Curves) 
for the Deposition of Ti on Tungsten (0.45 cm2) in 
KCl-LiCl Eutectic with 0.7 wt% TiCl2 at 511 °C. Initial 
Potential +30 mV.
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Figure 5. Potentiostatic 
Current Transients for 
the Electrodeposition of 
Titanium on Stainless 
Steel (0.45 cm2 ) in 
KCl-LiCl Eutectic with
4.0 wt% TiCl2 at 602 
°C. (Potentials are 
Indicated on the Curves). 
Initial Potential +10 mV.

Figure 6. The Logarithm 
of the Diffusion 
Coefficient of TiCl2 
vs. the Inverse Tempera­
ture in the Range 456-598 
°C. Tungsten Electrode. 
KCl-LiCl Eutectic With 
1.0*10-4 mol/cm3 TiCl2. 
Potential Step Measure­
ments .

1 /T  * 1 0 3 /  K " 1
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T H E  S Y N T H E S I S  OF 3 - V A N A D I U M  B R O N Z E  AND  
V A N A D Y L  P H O S P H A T E  BY M O L T E N  S A L T  E L E C T R O L Y S I S

Y o s h i k a z u  K a n e k o ,  H i r o a k i  H a s h i d a  a n d  
Hi  r o n a o  K o j  i ma

F a c u l t y  o f  E n g i n e e r i n g ,  Y a m a n a s h i  U n i v e r s i t y  
K o f u ,  Y a m a n a s h i ,  4 0 0 ,  J a p a n

A B S T R A C T

T h e  g o o d  e l e c t r i c a l  c o n d u c t i n g  c o m p o u n d s  o f  
a l k a l i  v a n a d i u m  b r o n z e  a n d  t h e  l a y e r e d  v a n a d y l  
p h o s p h a t e  w e r e  o b t a i n e d  f r o m  m o l t e n  L i  V 03 +

P2 07 a n d  V2 0 5 + L i 3 P 0 lt s y s t e m s  by  e l e c t r o l ­
y s i s .  T h e  e x p e r i m e n t a l  c o n d i t i o n s  o f  e l e c t r o l ­
y s i s  w e r e  d e t e r m i n e d  f r o m  t h e  r e s u l t s  o f  
c a t h o d i c  p o l a r i z a t i o n  c u r v e s  a n d  c y c l i c  v o l t a m -  
m o g r a m s  o f  m e l t s  a t  7 0 0 - 8 0 0 ° C .  T h e  s i n g l e  
c r y s t a l s  o b t a i n e d  w e r e  L i x V ^ 0 5 a n d  L i x V O P O ^  a n d  
s h o w e d  s e m i c o n d u c t i n g  b e h a v i o r .  T h e  a c t i v a t i o n  
e n e r g i e s  w e r e  c a l c u l a t e d  f r o m  t h e  l i n e a r  
d e p e n d e n c e  o f  e l e c t r i c a l  r e s i s t i v i t y  on t h e  
t e m p e r a t u r e .

I N T R O D U C T I O N

T h e  l i t h i u m  v a n a d i u m  b r o n z e s  ( L i x V2 05 ) h a v e  a t t r a c t e d  
m u c h  a t t e n t i o n  b e c a u s e  o f  t h e i r  e l e c t r i c l  p r o p e r t i e s .  T h e
3 - L i x V2 05 ( 0 . 2 2 < x < 0 . 6 2 )  s h o w s  o n e - d i m e n s i o n a l  i o n  c o n d u c ­
t i v i t y  b e c a u s e  L i + i on r e s i d e s  i n  t u n n e l s  o f  t h e  d i s t o r t e d  
V2 0*  l a t t i c e .  T h e y  ma y  be  o f  u s e  f o r  t h e  c a t h o d e  o f  a 
l i t h i u m  c e l l [ l ] .  T h e  l i t h i u m  v a n a d i u m  b r o n z e s  h a v e  a ,  3 , 
a n d  y p h a s e s  d e p e n d i n g  on t h e  a m o u n t s  o f  L i + i o n  t h e y  
c o n t a i n .  T h e  v a n a d i u m  b r o n z e s  h a v e  b e e n  s y n t h e s i z e d  
m a i n l y  by  s o l i d  s t a t e  s i n t e r i n g  o f  V2 0 5 , V2 0 3 a n d  M V 0 3 
m i x t u r e s ,  b u t  t h e  C z o c h r a l s k i  m e t h o d  h a s  b e e n  r e p o r t e d  f o r

786

DOI: 10.1149/198707.0786PV



3 p h a s e  s o d i u m  v a n a d i u m  b r o n z e [ 2 ] .

E l e c t r i u c a l  c r y s t a l l i z a t i o n  f r o m  m o l t e n  s a l t s  i s  
a d v a n t a g e o u s  i n  t h a t  t h e  c o m p o u n d s  h a v i n g  u n s t a b l e  a t o m i c  
v a l e n c e  s t a t e  c a n  b e  s y n t h e s i z e d  a t  e l e v a t e d  t e m p e r a t u r e .  
T h i s  i s  b e c a u s e  t h e  e l e c t r i c a l  t e c h n i q u e s  f a c i l i t a t e  
c o n t r o l  o f  t h e  a t o m i c  v a l e n c e  s t a t e  t h r o u g h  o x i d a t i o n - r e ­
d u c t i o n  r e a c t i o n s  on t h e  e l e c t r o d e s .  A l i m i t e d  n u m b e r  o f  
c o m p o u n d s ,  s u c h  a s  s o d i u m  t u n g s t e n  b r o n z e ,  N a B 6 , a n d  
m o l y b d e n u m  b r o n z e s  h a v e  b e e n  s y n t h e s i z e d  u s i n g  m o l t e n  s a l t  
e l e c t r o l y s i s [ 3 - 5 ] . T h e  3 - L i x V2 05 c r y s t a l s  w e r e  
s y n t h e s i z e d  f r o m  m o l t e n  s u l f a t e  a n d  c a r b o n a t e  m e l t s  by  
e l e c t r o l y s i  s [ 6 ] .

I n  t h i s  r e p o r t ,  a t t e m p t s  w e r e  m a d e  t o  s y n t h e s i z e  $
L i  V2 05 u s i n g  m o l t e n  s a l t  e l e c t r o l y s i s  f r o m  v a n a d a t e  a n d  
p h o s p h a t e  m e l t s .  I n  a d d i t i o n ,  t h e  s y n t h e t i c  c o n d i t i o n s  
n e e d e d  a n d  t h e  p r o p e r t i e s  o f  v a n a d y l  p h o s p h a t e ,  w h i c h  w a s  
f o r m e d  d u r i n g  t h e  e l e c t r o l y s i s  o f  m o l t e n  v a n a d a t e  a n d  
p h o s p h a t e  b a t h s ,  w e r e  i n v e s t i g a t e d .

E X P E R I M E N T A L

T h e  s y s t e m s  o f  L i  V 0 3 + P2 0 7 , KVCL  + P 2 0 7 , L i  V 0 3 + 
L i 3 P 0^ a n d  V2 0 5 + L i 3 P 04 we r e  u s e d  a s  t h e  e l e c t r o l y t i c  
b a t h s .  T h e  e l e c t r o l y t i c  c e l l  w a s  c o n s t r u c t e d  w i t h  a 
M u l l i t e  t u b e  w i t h  o n e  e n d  s e a l e d  ( d i a .  8 c m,  d e p t h  40  c m ) ,  
a n d  a c o p p e r  f l a n g e ,  w h i c h  w a s  w a t e r - c o o l e d  t o  p r o t e c t  i t s  
r u b b e r  0 r i n g  s e a l .  A p p r o x i m a t e l y  2 0 0  g o f  m o l t e n  s a l t  
w a s  p l a c e d  i n  t h e  P t  c r u c i b l e  ( d i a .  5 . 5  c m,  d e p t h  12 c m ) ,  
a n d  a P t  w i r e  ( d i a .  0 . 5  mm)  w a s  u s e d  a s  t h e  c a t h o d e ,  a P t  
w i r e  ( d i a .  0 . 5  mm) o r  a g l a s s y  c a r b o n  r o d  ( d i a .  5 mm)  w a s  
u s e d  a s  t h e  a n o d e  a n d  a P t  w i r e  ( d i a .  0 . 5  mm)  w a s  u s e d  a s  
t h e  r e f e r e n c e  e l e c t r o d e .  T h e y  w e r e  i n s e r t e d  i n t o  t h e  
m o l t e n  e l e c t r o l y t i c  b a t h  a n d  h e l d  a t  1 cm b e l o w  t h e  m e l t  
s u r f a c e .  P r i o r  t o  e l e c t r o l y s i s ,  t h e  c y c l i c  v o l t a m m o g r a m s  
w e r e  r e c o r d e d  i n  o r d e r  t o  f i n d  t h e  o x i d a t i o n - r e d u c t i o n  
p o t e n t i a l  o f  v a n a d y l  i o n  i n  t h e  m e l t  u s i n g  a H o k u t o  D e n k o  
m o d e l  H A 3 0 1 .

T h e  e l e c t r o l y s i s  w a s  c a r r i e d  o u t  a t  6 0 0 - 8 0 0  °C w i t h  
c o n s t a n t  c u r r e n t  o r  c o n s t a n t  v o l t a g e  i n  an  a t m o s p h e r e  o f  
N2 g a s .  A t  t h e  e n d  o f  t h e  e l e c t r o l y s i s ,  t h e  c a t h o d e  w a s  
r a i s e d  a b o v e  t h e  m e l t  a n d  t h e  c r y s t a l s  f o r m e d  w e r e  
r e c o v e r e d  f r o m  t h e  e l e c t r o d e  s u r f a c e .  T h e  p r o d u c t s .
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c o n t a i n i n g  i m p u r i t i e s  l i k e  t h e  s o l v e n t ,  w e r e  w a s h e d  w i t h  
a c i d s  a n d  d i s t i l l e d  w a t e r .  I n  t h e  c a s e  o f  t h e  p r o d u c t s ,  
w h i c h  w e r e  d e p o s i t e d  n o t  on t h e  c a t h o d e  b u t  i n  t h e  
e l e c t r o l y t e ,  t h e  m e l t  w a s  c o o l e d  t o  a s o l i d ,  a n d  t h e n  t h e  
s o l v e n t  w a s  r e m o v e d  b y  w a s h i n g s  t o  o b t a i n  t h e  c r y s t a l s .

T h e  e l e c t r i c a l  r e s i s t i v i t y  w a s  m e a s u r e d  i n  t h e  r a n g e  
o f  r o o m  t e m p e r a t u r e  t o  4 0 0  °C b y  u s i n g  a c o m p l e x  i m p e d a n c e  
m e t h o d .

R E S U L T S  AND D I S C U S S I O N

C y c l i c  V o l t a m m o g r a m

T h e  c a t h o d i c  p o l a r i z a t i o n  c u r v e s  o f  L i V 0 3 + P 2 0 7 
( 3 3  m o l % )  m e l t  a t  6 5 0  °C a r e  s h o w n  i n  F i g u r e  1 .  T h e  p e a k  
a t  - 0 . 6 V  c o u l d  be  a s s i g n e d  t o  t h e  r e d u c t i o n  o f  V 5+ t o  V ^ + . 
T h i s  v a l u e  c o r r e s p o n d s  t o  t h e  v a l u e  o f  - 0 . 3 5  V f o r  L i ^ S O ^
+ L i V 0 3 m e l t  a n d  - 0 . 4  V f o r  M2 SO^ + L i V 0 3 m e l t  a l r e a d y  
r e p o r t e d [ 6 ] .  T h e  r e d u c t i o n  p o t e n t i a l  o f  t h e  p h o s p h a t e  
b a t h  w a s  s l i g h t l y  n e g a t i v e  o f  t h e  s u l f a t e  b a t h .

C y c l i c  v o l t a m m o g r a m s  o f  t h e  p h o s p h a t e  m e l t  ( L i V 0 3 +
K4 P2 0?  ) a r e  s h o w n  i n  F i g u r e  2 .  T h e  p o t e n t i a l  w a s  s c a n n e d  
b e t w e e n  - 1 . 2  V a n d  1 . 2  V .  T h e  s c a n  r a t e s  w e r e  a p p l i e d
b o t h  a t  1 0 0  m V " 1 ( c u r v e  a )  a n d  3 0 0  m V " 1 ( c u r v e  b ) .  F r o m  
F i g u r e  2 ,  i t  w a s  o b s e r v e d  t h a t  t h e  r e d u c t i o n  p o t e n t i a l  a t  
t h e  r a p i d  s c a n  w a s  - 0 . 7  V c o m p a r e d  t o  - 0 . 6  V a t  l o w e r  
r a t e ,  a n d  t h e  c u r r e n t  w a s  i n c r e a s e d .  S i m i l a r  p o t e n t i a l  
c h a n g e s  d e p e n d i n g  on  t h e  s c a n  r a t e  w e r e  o b s e r v e d  i n  t h e  
K V 0 3 + P 2 07 m e l t  a t  7 5 0  °C s u c h  a s  - 9 . 5  V a t  1 0 0  m V / s ,  
- 1 0 . 0  V a t  3 0 0  m V / s ,  - 1 0 . 8  V a t  6 0 0  m V / s  a n d  - 1 . 5  V a t  
1 0 0 0  m V / s .  T h e  p o t e n t i  a l  c h a n g e s  d e p e n d e n c e  on t h e  s c a n  
r a t e  i n  t h i s  s t u d y  s e e m e d  t o  s h o w  t h a t  c h e m i c a l  r e a c t i o n s  
f o l l o w e d  t h e  c h a r g e  t r a n s f e r  on  t h e  c a t h o d e [ 7 ] .  A l s o ,  t h e  
l i n e a r  r e l a t i o n  b e t w e e n  t h e  r e d u c t i o n  p e a k  c u r r e n t  a n d  t h e  
s q u a r e  r o o t  o f  t h e  s c a n  r a t e  w a s  o b t a i n e d  i n  K V 0 ? + Kt+P 2 0 7 
m e l t  a t  7 5 0  °C a n d  i s  s h o w n  i n  F i g u r e  3.  F r o m  t h e s e  
r e s u l t s ,  t h e  f o r m a t i o n  m e c h a n i s m  o f  v a n a d i u m  b r o n z e s  w a s  
p o s t u l a t e d  t o  be  c h a r g e  t r a n s f e r  t o  p r o d u c e  V + f o l l o w e d  
b y  r e a c t i o n  w i t h  s p e c i e s  c o n t a i n i n g  L i + i o n  i n  t h e  m e l t .
I t  w a s  c o n f i r m e d  t h a t  t h e  d i f f u s i o n  w a s  r a t e  d e t e r m i n i n g  
f o r  t h e  c a t h o d i c  r e a c t i o n .

T h e  a n o d i c  p o l a r i z a t i o n  c u r v e  o f  L i  V 0 3 + P 2 0 7 m e l t
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a t  6 5 0  °C s h o w e d  a p e a k  a t  + 0 . 2  V.  T h i s  p e a k  s e e m e d  t o  be  
t h e  o x i d a t i o n  d i s s o l u t i o n  o f  t h e  v a n a d i u m  b r o n z e ,  w h i c h  
w a s  f o r m e d  b y  t h e  c a t h o d i c  p o l a r i z a t i o n  a n d  i n  c o n t r a s t  
t h e  d i s s o l u t i o n  p o t e n t i a l s  f o r  o t h e r  m e l t s  w e r e  - 0 . 1 5  V 
f o r  L i V 03 + L i 2 S 0 lf m e l t  a n d  - 0 . 2  V f o r  L i  V 0 3 + ^ SOh 
m e l t .  F r o m  t h e s e  r e s u l t s ,  t h e  v a n a d i u m  b r o n z e s  f o r m e d  b y  
e l e c t r o l y s i s  s e e m e d  t o  be  m o r e  s t a b l e  i n  t h e  p h o s p h a t e  
m e l t  t h a n  i n  t h e  s u l f a t e  m e l t .  A l s o ,  t h e s e  r e s u l t s  
s u g g e s t  t h e  k i n d s  o f  e l e c t r o l y t i c  b a t h s  t h a t  s h o u l d  be  
c h o s e n  t o  o b t a i n  $ -  v a n a d i u m  b r o n z e .

C r y s t a l  D e p o s i t i o n

T h e  e x p e r i m e n t a l  c o n d i t i o n s  a n d  r e s u l t s  a r e  s u m m a r ­
i z e d  i n  T a b l e  1 .  I t  w a s  o b s e r v e d  t h a t  t h e  c r y s t a l s  w e r e  
d e p o s i t e d  on t h e  c a t h o d e  e a s i e r  i n  t h e  p h o s p h a t e  m e l t  t h a n  
i n  t h e  s u l f a t e  m e l t .  A l s o ,  t h e  c r y s t a l s  o f  $ - v a n a d i u m  
b r o n z e  w e r e  o b t a i n e d  e a s i l y  f r o m  L i  3 PO^ + V 2 0 5 m e l t  
c o m p a r e d  w i t h  n o n - p h o s p h a t e  m e l t s .  T h e  f o r m a t i o n  r e a c t i o n  
o f  v a n a d i u m  b r o n z e  a c c o m p a n y i n g  t h e  f o r m a t i o n  o f  v a n a d y l  
p h o s p h a t e  ( V O P C ^  ) f r o m  t h e  m e l t  c o n t a i n i n g  p h o s p h a t e  i o n  
i s  b e l i e v e d  t o  be  a s  s h o w n  i n  t h e  f o l l o w i n g  e q u a t i o n :

( 6  + x ) V 2 0 5 + 2 x L i 3 P 0. . . . . . . . >
6 L i  x V2 0 5 + 2 x V  OPO^  + 3 / 2 x 0 2 ( 1 )

When  l i t h i u m  m e t a - v a n a d a t e  w a s  u s e d  f o r  t h e  
e l e c t r o l y t i c  b a t h ,  t h e  f o r m a t i o n  r e a c t i o n  o f  v a n a d i u m  
b r o n z e  w a s  e s t i m a t e d  b y  t h e  f o l l o w i n g  e q u a t i o n [ 6 ] .

( 1 - x / 2 ) V 2 0 5 + x L I V 0 3 . . . . . . . > LixV2 05 + x/4 ° 2  (2)
W h e n  t h e  e l e c t r o l y s i s  o f  p h o s p h a t e  m e l t s  w a s  c a r r i e d  

o u t  a t  8 0 0  °C f o r  9 h o u r s  w i t h  a c o n s t a n t  v o l t a g e  o f  1 . 5  
V ,  t h e  c r y s t a l s  o b t a i n e d  w e r e  2 cm ( l e n g t h )  x 0 . 8  cm 
( w i d t h )  x 0 . 2  cm ( t h i c k )  a n d  t r i g o n a l  p r i s m  s h a p e d .  
H o w e v e r ,  t h e  c r y s t a l s  o b t a i n e d  f r o m  L i  V 0o + V2 0 5 m e l t  w e r e  
p l a t e - l i k e  i n  s h a p e  a n d  a p p e a r e d  a s  n e e d l e s .  T h e  c r y s t a l  
h a b i t s  w e r e  c h a n g e d  b y  t h e  m e l t  c o m p o s i t i o n .  Wh e n  we 
c o n t i n u e d  t o  e l e c t r o l y z e  t h e  p h o s p h a t e  m e l t  ( L i ^ P O ^  + 9 9 . 1  
V2 0 5 ) ,  t h e  c o n c e n t r a t i o n  o f  o x i d e  i o n  i n  t h e  m e l t  w a s  
d e c r e a s e d  t h r o u g h  t h e  e v o l u t i o n  o f  o x y g e n  g a s  a t  t h e  
a n o d e ,  a n d  t h e n  V 0 2 + a n d  P 0 3 ■  w e r e  f o r m e d  t h e s e  i o n s  
c o m b i n e d  t o  f o r m  V 0 P 0 tf a t  t h e  a n o d e  a c c o r d i n g  t o  t h e  
f o l l o w i n g  e q u a t i o n s :

V? ^5 . . . . . . . > v o 3 -  + V,°2 + ( 3 )
v o 3 . . . . . . . . > V 0 2 + + o 2 - ( 4 )
P O , 3 -  •. . . . . . . > P 0 3 -  + o2 - ( 5 )
V 0 2 + + P 0 3 - . . . . . . . > V0P0, , ( 6 )
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F o r m a t i o n  o f  L i x V O P O ^  w i t h  t h e  l a y e r e d  VOPOt* i n t e r c a l a t i n g  
t h e  L i + i o n  i n  t h e  m e l t  s e e m e d  t o  be  f a v o r e d .

E l e c t r i c a l  R e s i s t i v i t y

E l e c t r i c a l  r e s i s t i v i t i e s  w e r e  m e a s u r e d  i n  t h e  r a n g e  
1 2 - 4 5 0  °C f o r  t h e  0 - L i  V2 0 5 ( x = 0 . 2 5 ,  0 . 3 0 )  a n d  
L i  0 . 6 8 VOPO^  . T h e  r e s i s t i v i t i e s  w e r e  o f  t h e  o r d e r  o f  101* ft 
• c m * f o r  0 - L i o . 2 5 V2 ° 5 » n • cm f o r  0 - L i o . 3V2 0 5 , a n d  30  
ft • c m  f o r  L i g ^ g V O P O ^  a t  r o o m  t e m p e r a t u r e .  A t  h i g h e r  
t e m p e r a t u r e s , * t h e  e l e c t r i c a l  r e s i s t i v i t i e s  w e r e  l o w e r e d  t o  
50 ft - c m ,  25 ft . c m  2 ft . c m ,  a t  3 5 0  bC , r e s p e c t i v e l y .
T h e s e  c o m p o u n d s  s h o w e d  t y p i c a l  s e m i c o n d u c t i n g  b e h a v i o r .
T h e  r e s i s t i v i t i e s  w e r e  l i n e a r l y  t e m p e r a t u r e  d e p e n d e n t .  
T h e i r  a c t i v a t i o n  e n e r g i e s  w e r e  0 . 3 5 ,  0 . 1 9  a n d  0 . 1 2  e V ,  
r e s p e c t i v e l y .  T h e  r e a s o n  wh y  t h e  r e s i s t i v i t y  o f  l i t h i u m  
v a n a d y l  p h o s p h a t e  w a s  l o w e r  t h a n  t h a t  o f  t h e  o t h e r  
v a n a d i u m  b r o n z e s  c o u l d  be  d u e  t o  t h e  d i f f e r e n c e  o f  t h e  
l i t h i u m  c o n t e n t  b e c a u s e  t h e s e  c o m p o u n d s  h a v e  t h e  l a y e r e d  
s t r u c t u r e .
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Figure 1. Cathodic Polarization Curve of 
LiV03 + K4P207 melt at 650°C.

Figure 2. Cyclic Voltammograms of LiV03 + K4P20y 
at 657°C. Scan Rate (a)lOOmV/sec,(b)300mV/sec
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Figure 3. Relationship between Peak Current(Ip) 
and Squre Root of Scan Rate(//7 ) in Cyclic Volt- 
ammograms of KVO3 + K4P2O7 at 750 C.
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Table 1. Experimental Conditions and Results.

Electrolytic bath Conditions Crystals
(Composition) Temperature

(°C)
Vo 1tage 
(V)

obtained

UVO3 + K4P2O7 700 1. 2 r -Li x V2 Os
(33.3molX) 650 1. 2 "

L i VO3 +Na4 P2 O7 650 0. 7 T -LixV205
(25. Omo 1 X) 650 1. 2 "

650 2. 0 "
NaV03+Na4PsO7

(25.OmolX)
700 0. 6 Na4 V2 O7 

NaxVaOs 
Nax VOPO4

700 1. 5 "
600 1. 5 ”

KVO3+K4P2O7
<25.OmolX)

700 1. 5 K4V2P4O1 7 
K(VO2)2 PO4 
V0P04

750 0. 9 "
L i VO3 +L i 3 PO4 700 1. 5 r -Lix V2Ob

(16.7 mo 1 %)
750 2. 0 "
800 1. 0 "

U 3PQ4+V2O5
(66. 7 m 01 %)

750 1. 5 V0P04 
L i x VOPO4 

0 - L i x V 2 0 5
U 3PO4+V205 750 0. 4 0 -LixV205

(90. 9mo 1X)
750 0. 6 "
750 1. 0 11
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SMOOTH ELECTRODEPOSITS OF MOLYBDENUM FROM 
K F-B 20 3 -Li 2M o 0 4 MELT

Koichiro Koyama and Yasuhiko Hashimoto

Department of Metallurgy and Materials Science, Himeji 
Institute of Technology, 2167 Shosha, Himeji 
6 7 1 - 2 2 (Japan).

ABSTRACT

Adherent and visually smooth deposits of 
molydenum have been electrolytically deposited on 
copper, nickel, molybdenum, and graphite sub­
strates in a K F - B 20 3 - L i 2M o 0 4 melt at temperatures 
in the range 1023-1173 K and current densities in 
the range 110-880 A m ” ^. The use of a graphite 
anode also gave a smooth deposit of molybdenum 
although its h a r d n e s s ( Hv: 274 at 200 g load) was 
higher than t h a t ( Hv: 157 at 200 g load) of the 
deposit obtained when using a molybdenum anode.

INTRODUCTION

Molybdenum metal has good physical properties at high 
temperatures and excellent corrosion resistance against 
molten salts, especially against sulfur-containing molten 
s a l t s (1). However, it is very expensive and is difficult to 
fabricate. Therefore, it is a good idea to coat an 
inexpensive metallic substrate with molybdenum metal or to 
obtain molybdenum metal in the form of a sheet or rod. 
Previous papers have revealed that visually smooth coatings 
of molybdenum can be obtained electrolytically on metal 
substrates such as copper and nickel substrates in
KF - B 20 3 -Mo03 , K F - B 20 3 -Na 2M o 0 4 , K F - B 20 3 - K 2M o 0 4 , KF-Li2-
B 4O 7 —Li 2M o 0 4 , K F -Na 2B 40 y - N a 2M o 0 4 , K F —K 2 B 4 0 ,7—K 2M o 0 4 and
K F -Na 2B 40 7 - K 2M o 0 4 salt m e l t s (2-8). Analogous to these
melts, a K F - B 20 3 - L i 2M o 0 4 melt was expected to give visually 
smooth coatings of molybdenum. Thus, this work was
undertaken to study the electrodeposition of molybdenum in 
a K F - B 20 3 - L i 2M o 0 4 melt and, in particular, to determine the 
ranges of bath composition, temperature and current density 
that give a visually smooth and adherent deposit of 
molybdenum. This salt was found to give molybdenum 
deposits with lower hardness than that of commercially 
available molybdenum metal. The literature on the
electrodeposition of molybdenum from fused salts has been 
reviewed in a previous p a p e r (2 ).
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EXPERIMENTAL

Figure 1 shows schematic diagrams of the electrolytic 
cell assemblies. The preparation of electrodes were the 
same as described p r e v i o u s l y (7). The fused salts were 
prepared from KF(guaranteed reagent grade), B 2O 3 (guaranteed 
reagent grade) and L i 2M o 0 4 (9 9 % purity). The method for 
preparation of the bath was also the same as described 
p r e v i o u s l y (7). The electrolysis was carried out at 
constant current d e n s i t i e s (110, 220, 330, 440, 550, 660, 
770, 880 and 990 A m “ 2) and at constant temperatures(998, 
1023, 1073, 1123, 1153 and 1173 K ) . The procedures for 
electrolysis and the examination of electrodeposits were 
also the same as described previously(7). The current 
efficiencies were calculated trom the changes in the mass 
of electrodes by assuming the anodic dissolution of M0 6 + 
and the cathodic deposition of Mo from M o ^ + .

RESULTS AND DISCUSSION

1) Effects of bath composition on the molybdenum deposition
To determine the optimal bath composition range, which 

gave a visually smooth deposit of molybdenum, 15 different 
baths were used for the electrolysis. Figure 2 shows the 
results of the visual examination and X-ray diffraction 
analysis for the electrodeposits. The KF-Li2Mo04 binary 
baths of series I and II gave no cathodic deposit of molyb­
denum metal nor of a molybdenum-containing compound. The 
addition of B 2O 3 to the KF-Li2Mo04 binary baths of series I 
and II gave visually smooth deposits of metallic molyb­
denum without dendrites at the edges of the substrates. 
However, the addition of a large amount of B 2 O 3 resulted in 
the deposition of powdery molybdenum or a black matter. 
Figure 3 shows the X-ray diffraction pattern of the black 
matter. This matter was composed of M 0 O 2 and the unknown 
compound A, which has been described in a previous 
p a p e r (3). On the other hand in series III the addition of 
B 2O 3 to the K F -Li 2Mo 0 4  binary bath did not give a deposit 
of metallic molybdenum, but gave a codeposit of M 0 O 2 and 
the compound A.

Figure 4 shows the variation in cathode current effi­
ciency with the concentration of B 2O 3 . The cathode current 
efficiencies were almost 1 0 0  % when molybdenum metal was 
deposited.

Figure 5 shows the variation in anode current 
efficiency with the concentration of B 2 O 3 . The anode 
current efficiencies were almost 1 0 0  % except for the 
K F - L i 2MoC>4 binary melts.
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Figure 6 shows the variation in cell voltage with the 
concentration of B 2 O 3 . The cell voltage varied with the 
concentration of B 2O 3 in a way similar to that in the other 
KF-borate-molybdate systems reported pr e v i o u s l y (2-8).
2) Effects of bath temperature and current density on the 
molybdenum deposition

To study the effects of bath temperature and current 
density on the molybdenum deposition, a K F ( 8 0 )-B 2 C>3 -
(1 0 ) -Li 2MoC>4 ( 1 0 mol%) bath was selected as a represent­
ative bath because, as can be seen from Fig.7, it had the 
lowest melting p o i n t (926 K) among the baths that gave 
smooth deposits of molybdenum under the electrolytic
conditions described above. Table 1 lists the electrolytic 
conditions used and the results obtained. The lowest
temperature which gave a visually smooth deposit without 
dendrites at the edges of the substrate was 1023 K(750°C).

The upper limits of the cathode current density that 
gave visually smooth deposits without dendrites at the 
edges of the substrates were 330 A m“2 at 1023 K,
550 A nT2 at 1073 K, 770 A m“2 at 1123 and 880 A m"2 at 
1173 K. Figure 8 shows the comparison of these values with 
those of the other KF-borate-molybdate systems reported 
p r e v i o u s l y(3-8), indicating that the present system is 
superior to the other KF-borate-molybdate systems with 
regard to the upper limit of the cathode current density at 
low temperatures.

3) Deposition of molybdenum on different substrates
Copper, nickel, molybdenum, stainless steel(SUS304), 

mild steel(S20C) and graphite were tested as substrate 
materials. All the deposits were visually smooth without 
dendritic formation at the edges of the substrates. The 
deposits were of columnar structure, and firmly attached 
to the copper, nickel, molybdenum, and graphite substrates. 
In the case of the stainless steel and mild steel
substrates, the adherence was good in appearance, but a 
black matter, which looked like an oxide under an optical 
microscope, was present here and there at the interfaces of 
the substrates and the molybdenum coatings. However, when 
the mild steel and stainless steel substrates were immersed 
in the bath with an applied voltage, the adherence was 
greatly improved.

The use of a graphite anode also gave a smooth and 
adherent deposit on a nickel substrate.
4) Hardness of the deposits

Table 2 lists the values of the Vickers microhardness 
of the deposits on the nickel, copper, molybdenum, 
stainless steel and mild steel substrates(a graphite
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container was u s e d ) . The hardness varied with changing 
substrate, indicating that the substrate metals somewhat 
diffused into the molybdenum coatings. Figure 9 shows the 
variation in the Vickers microhardness of the molybdenum 
deposits on the molybdenum substrates with the bath 
container material and the electrolytic temperature. The 
hardness of the deposits from the graphite container was a 
little higher than that of the deposits from the platinum 
container. This fact indicates that the use of a graphite 
container only a little contaminates the deposits that are 
obtained from the present fused salt system. Furthermore, 
the hardness of the deposits from the graphite container as 
well as the platinum container at 1073 K, 1123 K, and 
1153 K was much lower than the hardness(Hv:198) of a molyb­
denum button that was prepared by plasma arc melting the 
commercially available Mo sheet that was used as an anode, 
while the hardness of the deposit at a low temperature of 
1023 K was comparable with that of the molybdenum button. 
Therefore, it was found that the present fused salt system 
gives a molybdenum deposit with higher purity than or 
purity comparable with that of the commercially available 
molybdenum metal. The hardness of the deposit decreased 
with an increase in electrolytic temperature; for the 
explanation for this fact, further investigations are 
necessary. Table 3 lists the values of the Vickers 
microhardness of the deposits obtained at differnt cathode 
current densities; the hardness did not vary with cathode 
current density.

The value of the Vickers microhardness of the deposit 
obtained at 1153 K when using a graphite anode was 274 and 
much higer than t h a t (152) obtained when using a molybdenum 
anode under otherwise identical conditions. This is 
probably due to the carbon(M 0 2 C) in the deposits.

CONCLUSION

To find a fused salt giving a smooth, adherent 
deposit of molybdenum, KF-B 2 0 3 ~Li 2M o 0 4  fused salt baths 
were subjected to electrolysis. The results are summarized 
as follows:

(1) Visually smooth deposits of molybdenum were 
obtained from K F - B 2 0 3 -Li 2M o 0 4  fused salt baths.

(2) The upper limits of the cathode current density
that gave a visually smooth deposit in the KF-B 2O 3 (10)-Li 2 ~ 
M o O4(10 mol%) fused salt bath were: 330 A m~2 at 1023 K, 
55 0 A m“2 at 1073 K, 770 A m-2 at 1123 K and 880 A m“ 2 at
1173 K.

(3) The adhesion of the smooth deposits of molybdenum 
to copper, nickel, molybdenum and graphite substrates was
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very good.
(4) The Vickers microhardness of the smooth deposits 

was lower than or comparable with that of commercially 
available molybdenum metal even when a graphite crucible 
was used as a container of the bath.

(5) The use of a graphite anode also gave a smooth 
molybdenum deposit although its hardness was higher than 
that of the smooth deposit obtained when using a molyb­
denum anode.
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1. inlet or outlet for argon gas,
2. SUS304 vessel, 3. porcelain tube,
4. anode, 5. platinum dish,
6. alumina brick, 7, electrolyte,
8. cathode, 9. graphite tube,
10. graphite crucible.
F ig . l  Schematic Diagram s of 
E le c t r o ly t ic  C e ll  A ssem blies

KF

A : no deposit, ®:smooth adherent Mo,
© : smooth adherent Mo with powdery Mo,
® :smooth adherent Mo with black compound, 
#: black compound.

F ig . 2 R e su lts  o f V isu a l Exam ination  
and X -ray  D if f r a c t io n  A n a ly s is .

------------1------- ---- L------ ------ I____________ |___________
10 20 30 40 50 60

2 6 /deg
F ig . 3 X-Ray D if f r a c t io n  Pattern  fo r  B lack  Compound(CuKa).
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F ig . 4 V a r ia t io n  in  Cathode 
Current E f f ic ie n c y  w ith  B2O3 
C o n ce n tra tio n (Se rie s I :  KF:
L i 2Mo04 =9:1; S e r ie s  I I :  KF: 
Li2Mo0 4 =8 :2).

0 5 10 15 20 25
Concentration of B203/raol%

F ig . 5 V a r ia t io n  in  Anode Current 
E ff ic ie n c y  w ith  B2O3 Concentration  
(S e r ie s  I :  KF:Li2MoC>4=9: 1; KF: 
L i 2Mo04=8 : 2).

F ig . 6 V a r ia t io n  in  C e l l  Vo ltage  
w ith B2O3 C on ce n tra tio n (Se rie s  
I :  K F :L i2Mo04 =9:1; K F :L i2Mo04 
=8 :2).

KF

F ig . 7 Com positiona l Area g iv in g  
Smooth D ep osits  and Com position  
of Repre sentative  Bath.
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T/K

Fig.8 Upper Limits of Cathode Current 
Density giving Smooth Deposits without 
Dendrites at Edges of Substrates.

(°c)

Fig.9 Variation in Vickers Micro­
hardness with Bath Container 
Material and Electrolytic Temper­
ature.
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Table 1 Effects of Temperature and Current Density on Deposition of 
Molybdenum from KF-B2 0 3 (1 0)-Li2Mo0 4 ( 1 0  mol%) Bath.

Temp.
(K)

Current
density
(Am-2)

Morphology of deposit X-ray
diffraction
analysis

Cathode 
current 
eff.(%)

Cell
voltage
(V)

998 1 1 0 Smooth deposit, Lamellar Mo, M0O2 , _ 0.14
deposit Unknown

compound(B)
1023 1 1 0 Smooth deposit Mo 95.3 0 . 1 2

330 Smooth deposit Mo 98.5 0.26
440 Smooth deposit, Dendrite Mo 99.6 0.31

1073 1 1 0 Smooth deposit Mo 93.2 0 . 1 0
550 Smooth deposit Mo 100.7 0.30
660 Smooth deposit, Dendrite Mo 100.7 0.36

1123 1 1 0 Smooth deposit Mo 98.5 0.07
770 Smooth deposit Mo 1 0 2 . 8 0.32
880 Smooth deposit, Dendrite Mo 101.4 0.37

1173 1 1 0 Smooth deposit Mo 98.5 0.05
880 Smooth deposit Mo 1 0 2 . 2 0.33
990 Smooth deposit, Dendrite Mo 1 0 0 . 6 0.37

Electrolytic conditions: Molybdenum anode, Nickel cathode, Amount of 
electricity of l.lxlO^ Cm-2, and Platinum container.

Table 2 Vickers Microhardness of Deposits on 
Several Substrates(200 g load)

Substrate Mo Ni Cu Stainles steel Mild steel

Hardness 157 152 185 179 184
Electrolytic conditions: KF-B2 0 3 (1 0)-Li2Mo0 4 ( 1 0  mol%) bath,
1123 K(850°C), 330 Am” 2 ,  Amount of electricity of 5.6X106 Cm“ 2, 
Molybdenum anode, and Graphite container.

Table 3 Vickers Microhardness of Deposits Obtained at
Different Cathode Current Densities(200 g load)
Current density(Am~2) 2 2 0 330 440
hardness 169 168 169

Electrolytic conditions: KF-B2O3 (10)-Li2Mo0 4 (10 mol%) bath, 
1073 K(800°C), Amount of electricity of 5 . 6 x 1 0 ^  Cm- 2,  
Molybdenum anode, Molybdenum sustrate, and Platinum container.
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ELECTRODEPOSITION OF TUNGSTEN AND TUNGSTEN CARBIDE 
FROM MOLTEN HALIDE
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ABSTRACT

The behavior of tungstate ion, such as its 
reduction nntentials and dissociation equilibria 
i n  s e v e r a l  m o l t e n  h a l i d e  s y s t e m s ,  h a s  b e e n  i n v e s ­
t i g a t e d ,  a n d  u s i n g  t h e s e  d a t a ,  e l e c t r o d e p o s i t i o n  
o f  t u n g s t e n  a n d  t u n g s t e n  c a r b i d e  h a s  b e e n  c o n ­
ducted. The reduction potentials of tungstate 
ion in a molten LiF-KF eutectic system at 973K 
were about 0.8V and 0.3V ( vs. Li,K/Li+ ,K+ ).
And dissociation constant K of the reaction;

2 K 2 W O ^  = w( V I ) + 40
_ 1 owas K=5(+/I)x10 ( mole fraction unit ). Taking

these data into consideration, tungsten and 
tungsten carbide have been electrodeposited from 
b o t h  m o l t e n  f l u o r i d e  a n d  c h l o r i d e .  T h e  e l e c t r o ­
d e p o s i t  f r o m  t h e  f l u o r i d e  w a s  d u m p y  o r  m o s s y .

INTRODUCTION

In this study, at first, oxyanions of tungsten, or 
t u n g s t e n  a n d  c a r b o n ,  w e r e  d i s s o l v e d  i n  a m o l t e n  L i F - K F  
system, and the dissociation constant and behavior of 
oxyanion were investigated by potential sweep method( 1 ), 
chronopotentiometry(2 ) and zirconia sensor m e t h o d (3)(4). 
Next, using these results, electrodeposition of tungsten 
m e t a l  a n d  t u n g s t e n  c a r b i d e  h a s  b e e n  c o n d u c t e d .  T u n g s t e n  
a n d  c a r b o n  w e r e  a d d e d  t o  t h e  m o l t e n  s a l t  a s  o x y a n i o n s  
b e c a u s e  o f  t h e i r  s t a b i l i t y  a n d  s i m p l i c i t y  o f  t h e  
e x p e r i m e n t a l  p r o c e d u r e .

In this field, several experimental results have 
been reported, eg., electrodeposition of tungsten etc. 
from molten fluoride by Senderoff et al.(5)(6),
electrodeposition of tungsten bronzes from molten alkali 
polytungstates by Meites et al.(7), electrodeposition of 
tungsten carbide from sodium tungstate, graphite anode 
serving as the source of carbon in molten sodium chlorides 
by Gomes et a l . ( 8 ), and electrodeposition of tungsten
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carbide etc. from molten fluoride by Stern et al.
(9)(10)(11). But reference electrode used in these 
studies d i d n ’t have stability and reproducibility. So, 
their results can not be regarded as standard reference in 
considering electrolytic conditions quantitatively. For 
example, Ni/NiF^ electrode, which was used by Senderoff et
al., doesn't nave a stability because of occurrence of 
Ni/NiO potential by contaminated oxide ion. While 
platinum electrode, which was used by Stern et al., lacks 
reproducibility, as well as thermodynamic significance.
So, in this study, to avoid such difficulties, alkali 
metal electrode M/M (M:Li,K)(12) was used as a reference 
electrode, which had good reproducibility and has 
thermodynamic significance. Furthermore, in their 
studies, relation between ion concentrations and 
morphology of electrodeposit was not considered. Then, 
to make it clear, dissociation constant of tungstate ion 
in a melt was determined by using a zirconia-air oxide ion 
indicator. By this experiment, it has become possible to 
conduct electrodeposition by monitoring concentration of 
oxide ion and of all other ions in the melt.

EXPERIMENTAL

Experimental apparatus is shown in Fig.1. As an 
electrolyte, LiF-KF eutectic or LiCl-KCl eutectic was 
used. Then, it was contained in a high purity alumina or 
carbon or nickel crucible, and was dried under vacuum at 
just under the melting point for a few days. Alter that, 
it was melted under an argon atmosphere and kept at 
experimental temperature. A nickel wire was dipped into 
the eutectic salt saturated with nickel oxide contained in 
a mullite tube (Nippon Kagaku Togyo Co., Ltd.), which was 
used as a Ni/NiO reference electrode. As an Ag/AgCl 
electrode, a silver wire was dipped into the eutectic salt 
containing silver chloride in a pyrex glass tube whose tip 
was very thin. Moreover, for potential calibration, 
alkali metal electrode M/M+ (M:Li,K)(12) was used, for 
which alkali metal was electrodeposited on the nickel wire 
in molten salt. The electrode thus prepared showed good 
reproducibility. As an anode, glassy carbon was used, 
and as a cathode, a nickel plate which was placed inside 
the alumina tube was used. Besides, zirconia-air 
electrode(4) (Nippon Kagaku Togyo Co., Ltd.) was used as 
an oxide ion indicator or as a reference electrode.

After melting the salt, vacuum dried potassium 
tungstate, or potassium tungstate and potassium carbonate 
of about 0 .0 2 ^ 2 .0mol% were added, and the electro­
deposition was conducted on thg cathode at 823^973K with 
current density of 20'x'500mA/cm . The potential was kept
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more negative than redaction potential of tungsten determined 
from voltammogram. For analyses of. the samples, Sh;M, 
EPMA, E D X , ESCA, RBS and X-ray diffraction were used.

RESULTvS AND DISCUSSION
1, The behavior of tungstate ion

At first, the reduction potentials of tungsten were 
investigated both by potential sweep method and
chronopotentiometry. A typical voltammogram at 973K in a 
LiF-KF is shown in Fig.2. This figure was obtained when
0 .1mol% potassium tungstate was added, and the scan rate 
was 0.3V/sec. The peak indicating the reduction of
tungstate ion can be seen at about 0.8V and 0.3V against 
the alkali metal electrode, respectively. And an example 
of chronopotentiogram is shown in Fig.3. In this case, 
also, plateau which indicates the reduction of tungstate 
ion is observed at about 0.8V.

Next, dissociation constant K of tungstate ion 
dissociation,

2 -  K 2 -W04z = W(VI) + 40 [1]
at 973K in a molten fluoride, can be determined as 
follows: Equation [1] was used as a basis of calculation, 
though there are some possibilities of partial
dissociation. After careful estimation, it was concluded 
that the assumption of e g . [1 ] is satisfactory enough. 
Then, from eq.[1], the dissociation constant in mole 
fraction unit is written as

„ tW(VI)b u l k ] [° 2 ' b u l k ]4t' — ' <2 _ . • l ̂  J
[ W O /  , .. ]4 bulk

2 _As the tungstate ion concentration ( [WO^ ] ) is
increased, the oxide ion concentration and rh§a a tungsten 
ion concent rat i on in bulk vary according to the 
following equations:

[° 2 'bu l k ] = 

[W0 42 _b u l k ]

[° 2 "initial] + 4 tW(VI)b u l k ] 

= [W0 42 ‘a d d ] - [W(VI)b u l k ]-

[3]

[4]

Substituting these relations into e g . [2], and using the 
theoretical equation

RT RT ^
E = E 0 -2 . 3 0 3  — log[0 + 2 .3 0 3  — log( 1 +K * [O

[5]
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E q shows 
zirconia-air electrode.

of the zirconia-air electrode which we derived before(4), 
the relation between the potential of zirconia-air 
electrode and added tungstate ion can be deduced. Here, 

characteristic nature of the individual
While K' is a constant

reflecting deviation from the Nernst line at high oxide 
ion concentration. These constants ( called zirconia 
constants in our previous paper(4) ) depend on individual 
zirconia-air electrode, which can be evaluated by 
experiments. Then, from the curve fitting similar to 
that described in our previous p a p e r (4), K can be 
determined. The alternate method for determining K value 
is to titrate definite amount of tungstate

( tW0 42 "add(initial)] > wlth oxide ion < [° 2 "add] >'
Oxide ion, tungsten ion and tungstate ion concentration 
vary according to;

[° 2 * b u l k 5 ~ [° 2 bulk(initial ) 5 + [ ° 2 a d d 5 "4 [w(VI)d e c 5 [6] 

5w(VI)b u l k 5 = tW(VI)bulk(initial ) 5 - [W<VI)d e c 5 [ 7 5

tW0 4 2 ' b ulk 5 = [W0 42 "bulk(initial > 5 +[W(VI,d e c 5 [8]
Substituting these relations into e g . [2], and using 
eq.[5], K can be determined by computer curve fitting.
Here, [WO.2 ", ,, , . ... , , ] , [W(VI), , . . . , , , ]' 2 4 bulk(initial) ' 'bulk(initial)
and f°^*"bulk ( initial) ̂  are ^ec^uce<^ from eq.[2], [3] and
[4], And, [W(VI)^e c ] is a decreased concentration of
W (V I ) by addition of oxide ion. Fig.4 shows relation 
between the potential of zirconia-air electrode against 
the alkali metal electrode, and the concentration of 
tungstate ion, where open circles and solid line show 
experimental values and calculated values, respectively. 
For the calculation, zirconia constants of E q =2.17V ( vs.
Li,K/Li+ ,K ) and K ’=0, and dissociation constant of

-1 2K=5x10 , and the initial oxide ion concentration of
2- -4[0 . ... ,]=1.3x10 mole fraction were used. Theinitial

measured and calculated values are very close to each 
other in a wide concentration range. Fig.5 shows 
relation between the potential of zirconia-air electrode 
and concentration of oxide ion. Open circles show 
experimental data when the concentration of initial

2- -3tungstate ion was [WO^ a d d (initial)^= 1 '78x1^ mole
fraction, and solid line shows calculated values. For 
the calculation, zirconia constants of E q =2.00V ( vs.
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Li,K/Li+ ,K+ ) and K'=350, and dissociation constant of_ 1 oK=6x10 , and initial oxide ion concentration of
2 - -4[0 i n i t i a l ^ m o l e  fraction were adopted. The

measured and calculated values almost agreed k. And the 
equilibrium constants estimated by these two different 
ways were almost consistent. From the results of
several experiments, the dissociation constant of the 
tungstate ion in LiF-KF eutectic melt has been calculated
to be 5(+1)x1(T 1 2 at 973K.

2. Electrodeposition of tungsten
Tungsten was electrodeposited under several

conditions, in which concentrations of three ionic species 
in eq . ( 1 ) were monitored and the reduction potential was 
controlled. F i g . 6 shows SEM of sample electrodepositedo
at 973K, by a current density of 50mA/cm in a LiF-KF,
containing 1 .0 mol% of K 2 W 0 4 ( [W 0 4 2 “ ]=6 .3x10 “ 4 ,
[W (V I )]=3.7x10"~4 , [02 ~ ]=1.7x10“ 3 mole fraction ). In the 
figure, mossy deposit can be seen. From EDX spectrum, 
the deposition of tungsten could be observed. X-ray 
diffraction was clearly recognized that tungsten metal 
alone was deposited. By ESCA and R B S , also, the 
deposition of tungsten was confirmed.

3. Electrodeposition of tungsten carbide
Fig.7 shows a SEM sample electrodeposited at 973K by

2a current density of 1OOmA/cm from LiF-KF containing 
1 .0 mol% of an(  ̂ 2 .0 mol% of K^CO^. in this figure,
uniform coating is observed, which main component was 
concluded from EDX to be tungsten. ESCA analyses show 
that tungsten and carbon are contained in the sample. 
X-ray diffraction spectrum is shown in Fig. 8 . From the 
spectrum, it is clear that WC and W^C were electro­
deposited. Peak of nickel and lithium fluoride on the
spectrum came from the cathode plate itself and salt on 
the surface, respectively. Fig.9 shows an influence of 
deposition potential on the morphology of deposits. 
These samples in the figure were all obtained by
electrodeposition containing 1 .0 mol% of K 2 W 0 4 and
of K^CO-^ at 973K from LiF-KF, and (a) is a sample
electrodeposited at 0.8V against alkali metal electrode, 
while (b) and (c) are obtained at 0.6V and 0.4V, 
respectively. X-ray diffraction showed that they were
all tungsten carbide. These SEM show that the more noble 
the potential is, the more uniform become the deposits.
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4. Electrodeposition from molten chloride
Electrodeposit Lon of tungsten and tungsten carbide 

from molten chloride was also conducted in order to find 
dependence of morphology and composition of the deposit on 
anion and on a small amount of additive element in a melt. 
These results will not be described here for want of 
space, and will be described in detail in our separate 
paper "ELECTROCHEMICAL REACTION OF WO^ ~ ION IN LiCl-KCl 
EUTECTIC MELT" appearing in this proceedings.
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Fig.1 Experimental Apparatus.
A: Thermocouple, B: Zirconia Electrode, C: M/M+ 
(M:Li,K) Electrode, D: Counter Electrode (Anode), 
E: Working Electrode (Cathode), F: Reference
Electrode, G: Gas Inlet

J___________ I__________ I____________ L_
0 0.5 1.0 15

Potentia l ( V vs. Li,K/Li+,K+ )

Fig.2 Typical Voltammogram of Molten LiF-KF 
Containing 0,1mol% of K ?W 0 4 . ( 973K, Scan Rate
0.3V/sec )
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2.0

Time ( sec  )

Fig.3 Typical Chronopotentiogram of Molten LiF-KF 
Containing 0.1mol% of K^wo,. ( 973K, Current
Density 100mA/cm^ )

Fig.4 Potential-log[W042-a d d J Curve of Molten 
LiF-KF. ( K=5x10 - 1 2 , Co 2 “ initlal1=1•3x10 - 4  mole
fraction, Zirconia Constents: EQ=2.17Vf K'=0, 973K )
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Fig.5 Potential-log[0
LiF-KF. ( K=6x10

2 - Curve
-1 2 [WO 4 add(initial)

i a r \ . . *  r \ ~  4  1

O f

]=1.78x10
Molten 

-3

mole fraction, [Oz ^n itial ̂ ^ mole fraction,
Zirconia Constants: E q =2.00V, K'=350, 973K )

F i g . 6 Scanning Electron 
Micrograph of Tungsten. 
( LiF-KF, K 2 W 0 4 :1.0mol%,
Current Density 50mA/cm^, 
97 3K )

Fig.7 Scanning Electron Micro­
graph of Tungsten Carbide. 
( LiF-KF, K 2 W 0 4 :1.0mol%,
K 2 CO 3 :2.0 m°l%, Current Density 
48.2mA/cm^, 973K )
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F i g . 8 X-ray Diffraction Pattern ( Cu K-a ) of 
Tungsten Carbide Sample ( Fi g . 7 ).

(c)

Fig.9 Scanning Electron 
Micrograph of Tungsten 
Carbide. ( L i F - K F f K^WO^:
0 . 1mol%, K 2 c O 3 :0.1mol%,
973K, Deposition Potential: 
(a )0.8V (b )0.6V (c )0.4V 
vs. Li,K/Li+ ,K+ )
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ELECTRODEPOSITION OF TUNGSTEN FROM 
ZnBr2-NaBr MELTS
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Kyoto University, Kyoto 606, JAPAN
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ABSTRACT

The possibility of tungsten electrodeposition from 
ZnBr2-NaBr melts at 350-450 °C was examined mainly 
by means of constant potential method and pulse 
potential method. The morphology and quality of 
the deposits were closely related to the acidity 
of the melt. In basic melts, the deposits were 
thick and coarse, while in the acidic melts, the 
deposits were fine but thin. These results are 
interpreted based on the stability of a possible 
tungsten cluster species.

INTRODUCTION

For many years, a lot of useful refractory metals have been 
produced by means of molten salt electrolysis (1-5). Most 
of them are obtained by the electrolysis of molten fluoride 
systems, where the working temperature is relatively high 
(700-850°C, approximately ), and therefore the corrosion 
of container materials and electrode materials is serious.

The authors have tried to find alternative solvent 
materials for electrowinning of refractory metals and 
mainly have been studying the molten Z n B ^ - N a B r  systems. 
These melts exhibit so-called Lewis acidity and have a 
concentration dependent acid-base character as in the case 
of sodium chioroaluminate melts. The acid is defined as 
bromide ion acceptor, while the base is defined as a 
bromide ion donor. The acidity is indicated by using pBr- 
value, which is equal to -logtaBr- ]. So called "basic" melts 
ate melts where the NaBr mole fraction is larger than 0.5 
and vice-versa for "acidic" melts.

°present address: Department of Synthetic Chemistry,
Faculty of Engineering,Okayama University,700,Okayama,JAPAN
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So, "neutral" means that NaBr and ZnBr 2 are equimolar. In 
acidic melts, some kinds of oxyanions or complex ions that 
have an unusual oxidation state can be stable (6 ),
because the concentration of "free" halide ion is very low 
(7-9). Therefore it is possible to obtain some metallic 
elements by the electroreduction of these unusual oxidation 
state ions. In the bromide systems, metal-halogen bond 
increases their covalent character compared with chloride 
systems, so the acidity of the bromide system is higher 
than that of the chloride system with same cation ratio.

The liquidus temperature of ZnBr2-NaBr system is about 
300°C for compositions ranging from 30% NaBr (acidic melts) 
to 70% NaBr (basic melts). Although the working 
temperature of electrolysis should be higher by 1 0 0  150
degrees than that of aluminum containing melts, it is very 
interesting to investigate these melts as potential solvents in 
refractory metal deposition and to study the chemistry 
of most refractory metal species in this melt. From this 
point of view, we have studied the electrodeposition of 
tungsten in ZnBr2~NaBr melts.

EXPERIMENTAL

A nickel plate (square shape 2.0cm^) was used as the 
substrate for tungsten electrodeposition. It was 
electropolished in a mixed solution of sulfuric acid and 
phosphoric acid for 1 minute before use. A tungsten spiral 
was used as the counter electrode. In the case of cyclic 
voltammetry, a zinc wire was used as the reference 
electrode whichwas separated from the bulk electrolyte by a 
glass frit. The zinc wire (99.99% Rare Metallic) was dipped 
in a dilute hydrochloric acid solution in order to remove 
oxide films on the surface. All chemicals used were of 
reagent grade quality. Zinc bromide (Wako Chemical) and 
sodium bromide (Wako Chemical) were dried individually at 
300°Cfor morethan 24 hours under vacuum. Tungsten trioxide 
(Wako Chemical) and tungsten(V) bromide (Alfa Product) were 
used without any purification. The electrolysis was 
performed by means of constant potential method and 
constant potential pulse method. During the electrolysis, 
dry argon gas was bubbled through the melt for stirring. 
After electrodeposition , the substrate was taken out from 
the cell , washed by distilled water then dried in vacuo. 
The electrode surface was examined by SEM and EPMA. X-ray 
diffraction pattern was also obtained for the 
identification of deposits.
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RESULTS

Fig.1 shows an example of cyclic voltammogram at a platinum 
micro electrode in Z n B ^ - N a B r  plus W O 3 solute. In the case 
of cathodic scan, the cathodic current starts to flow at 
the potential of 0.1V vs. Zn/Zn^+ . A cathodic current peak 
is observed at the potential of 50mV, which is considered 
to correspond to tungsten deposition. Therefore, potentials 
from 0 to 1 0 0 mVwere employed in subsequent controlled 
potential experiments. The peaks around 1.35V correspond to 
the bromine evolution and its reduction.

Photo 1 shows the morphology of the deposits obtained in a 
controlled potential electrolysis at 50mV in neutral Z n B ^ -  
NaBr (NaBr 50 mol %) with W O 3 solute. The deposits were 
composed of small particles of different sizes. Many cracks 
between the particles were observed. Although some amount 
of tungsten species was detected by E P M A , the existence of 
metallic tungsten was not confirmed by the X-ray 
diffraction pattern. In order to obtain metallic tungsten, 
pulse electrolysis at constant potentials was tried. The 
pulse wave described in Fig.2 was used for electrolysis. 
Photos 2-4 show the morphology of deposits in cases of basic 
(NaBr 60 mol%), neutral (NaBr 50 mol %) and acidic (NaBr 
40 mol %) compositions , respectively. Xray diffraction 
pattern and EPMA chart for each sample are also described 
in Figs.3-5, which clearly indicate that the deposition of 
metallic tungsten occurred. By changing the Z n B ^ - N a B r  melt 
condition from basic to acidic, the size of deposited 
particles decreases and the deposits become compact. In 
basic composition , it is clear from Fig.3 that the 
deposited tungsten film is relatively thick. On the other 
hand in neutral and acidic compositions, the deposited film 
is thin.

The solubility of W O 3 in Z n B ^ - N a B r  melt is very small, 
although it is easy to handle W O 3 as a solute. Therefore, 
W O 3 was replaced by WBr^ as a solute. Photos 5 and 6 show 
the morphology of deposits by using WBr^ solute in basic 
and acidic m e l t s ,respectively. The morphology and the 
quality of deposits are also dependent on the melt 
composition, as in the case of W O 3 solute. Photo 7 shows 
the morphology of tungsten deposit obtained by constant 
current method at 450°C. The deposited particles are cubic 
shaped and the deposited film is rather thick.
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D IS C U S S IO N

As described above, the acidity of the melt, i.e. its 
composition affects the morphology and quality of the
tungsten deposits. The deposited particle is fundamentally 
cubic shaped (Photo 7). Going from acidic to basic the 
deposited particle increases its size and becomes coarse. 
The following explanation can be given to the effect of 
melt acidity. Thus, in basic composition, the deposit grows 
faster in the direction perpendicular to the electrode 
surface and most of the overvoltage component is used for 
crystal growth. In acidic melt, the overvoltage component 
is used for crystal nucleation and a lot of fine particles 
are formed on the electrode surface, although the thickness 
is small.

As pointed out by Mamantov et. al.(10), some 
refractory metal halogen clusters exist in acidic melts, 
for example, WgClg^+ species in AlClg-NaCl. According to 
the study on electroplating of chromium from fluoride 
melts( 1 1 ), chromium metal is not formed directly from Cr^+ 
but from Cr^+ intermediate species. This intermediate 
species is insoluble below 850°C but becomes soluble at 
temperatures higher than 893°C. By taking into account 
the above results, some tungsten cluster species may exist in 
ZnBr^-NaBr melts during the tungsten deposition process. In 
acidic melts, the tungsten cluster species may be stable in 
the melt, so that the rate determining step may be its 
reduction process. Therefore, fine but thin deposits can be 
obtained. In basic melts, the cluster species may not be 
stable, then the growth rate of the crystal may be large. 
By increasing the working temperature, also the stability 
of the cluster species seems to decrease. This explains 
that relatively thick deposits were obtained at 450°C even 
in acidic melts.
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(ZnBr 2 :NaBr=40.1:59.9) pulse potential method

(cf.Photo 2 )

820



In
te

ns
ity

 
Int

en
sit

y

Fig.4 EPMA chart (a) and X-ray diffraction pattern (b) 
of the deposits; WO^ solute in neutral composition 
(ZnBr2 :NaBr=50.1 :49.9) pulse potential method

(cf.Photo 3)

821



Int
en

sit
y 

In
te

ns
ity

0 E n e r g y  / keV 20

40 50 60 70 80 90
2 0

Fig.5 EPMA chart (a) and X-ray diffraction pattern (b) 
of the deposits; WO^ solute in acidic composition 
(ZnBr 2 •NaBr = 5 9 .8:40.2) pulse potential method

(cf.Photo 4)

822



Photo 3 Photo 4

Photo 1-4 SEM picture of electrodeposits obtained 
by constant potential method(1 ) and pulse potential 
method(2-4) with WO^ solute at 350°C
melt composition 
(ZnBr2 :NaBr)

1 -- 50.5:49.5
2 -- 40.1 :59.9
3 -- 50.1 : 49.9
4 -- 59.8:40.2
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Photo 5 Photo 6

Photo 7

Photo 5-7 SEM picture of electrodeposits obtained 
by pulse potential method(5-6) and constant current 
method at 450°C(7) with WBr^ solute
melt composition 5 -- 40.4:59.6 
(ZnBr2 :NaBr) 6 -- 60.0:40.0

7 -- 40.3:59.7
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ELECTROCHEMICAL REACTION OF W O 4 2 - ION 
IN LiCl-KCl EUTECTIC MELT

Yasuhiko Ito, Takashi Shimada, Hideki Yabe and Jun Oishi
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Sakyo-ku, Kyoto 606, Japan

ABSTRACT

The electrochemical reduction of \ 1 0 ^ ~  ion to 
tungsten metal in LiCl-KCl eutectic melt has been 
studied, in order to find the optimum electrolytic 
condition to obtain desirable tungsten metal film 
on the cathode. Tungsten metal was actually 
obtained on the nickel substrate and its surface 
state depends on the electrolytic condition. In 
some condition it is flower-like and in the other 
condition it is scale-like. High pure cubic 
tungsten crystal could be obtained when the 
electrolyte contained very small amount of silver 
ion.

Tungsten ion was reduced to metallic tungsten 
through several steps, which include not only 
electrode reactions but also disproportionation 
reactions. In order to obtain good and adherent 
tungsten film, deposition by disproportionation 
reaction should be avoided. For this purpose it 
seems desirable to supply HC1 gas into the melt 
after dissolving tungstate ion and to keep 
potential more negat i ve than 0.5V (vs. Li ,K/Li+ ,K + )

INTRODUCTION

Tungsten metal is a useful high temperature material 
which has superior properties concerned with corrosion 
resistance and electric conductivity, etc., and tungsten 
carbide is used as a super hard material. In order to 
obtain these materials by electrodeposition from molten 
halide system, a series of electrochemical studies has 
been conducted by the authors(1). This work has been done 
as a part of them and has been conducted to clarify 
electrochemical reduction of W O 4 2 - ion to tungsten metal 
in LiCl-KCl eutectic melt.
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The tungsten film obtained by this reaction has 
various surface states depending on electrolytic 
conditions, such as concentration of tungstate ion, 
temperature, potential and current density, etc. Adherence 
between tungsten film and substrate is also to be taken 
into consideration.

Thus, in order to find the optimum electrolytic 
condition to obtain desirable tungsten metal film on the 
cathode, relation between surface state and electrolytic 
condition, effect of a small amount of additives on the 
crystal structure as well as reduction mechanism of 
tungstate ion have been investigated.

EXPERIMENTAL

Experimental apparatus is shown in Fig.1. As an 
electrolyte, LiCl-KCl eutectic system was used, which was 
contained in a high purity alumina or quartz glass 
crucible. All chemicals were reagent grade ( Wako 
Chemicals Co., Ltd. ). In order to remove contaminated 
water, it was dried under vacuum at 200 °C for three days. 
Then, after it was melted, HCl-Ar gas mixture was bubbled 
into the melt for an hour. Finally, Ar gas was bubbled to 
remove HC1 entirely. Insides of both experimental 
apparatus and glove box were kept under argon atmosphere 
at 823-973K.

As a reference electrode ( Fig.1-E ), an Ag/AgCl 
electrode was used, for which silver wire was dipped into 
the eutectic salt containing silver chloride in pyrex 
glass tube whose tip was very thin. For potential 
calibration, alkali metal electrode Li,K/Li+ ,K + ( Fig.1-B 
) was used, for which alkali metal was electrodeposited on 
the nickel wire in the molten electrolyte. The electrode 
thus prepared showed good reproducibility. As an anode 
(Fig.1-B), glassy carbon was used, and as a cathode 
(Fig.1-D), nickel, gold, platinum and glassy carbon were 
used. After melting the salt, potassium tungstate of 
0 .0 1 - 1 . 0  mol% was added, and electrodeposition was 
conducted on the nickel substrate that was placed inside 
the alumina tube.

For analyses of the electrodeposited samples, SEM, 
EPMA, EDX and X-ray diffraction were used.

In order to observe how the electrodeposition was 
going on, transparent electric furnace ( Ishikawa Sangyo 
Co., Ltd. ) was used.
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R ESU LTS  AND D IS C U S S IO N

1 . Electrodeposition of tungsten
Fig. 2 and 3 show SEM of tungsten electrodeposited at 

823K by a potential of 0.5V and 0.8V (against Li,K/Li+ ,K), 
respectively, in LiCl-KCl containing 1.0 mol% of potassium 
tungstate. The figure of the electrodeposit is flower-like 
in Fig.2 and scale-like in Fig.3, respectively. Fig.4 
shows SEM of tungsten electrodeposited at 973K by a 
current density of 100 mA/cm^ in LiCl-KCl containing 1.0 
mol% of potassium tungstate, when a very small amount of 
silver ion was added in the melt. Cubic crystal could be 
obtained. By X-ray diffraction ( Fig.5 ) and EDX (Fig.6 ), 
it was concluded to be high pur i t y  tungsten crystal. Thus, 
surface state of an electrodeposited tungsten film is 
strongly dependent on the electrolytic condition.

2 . Direct observation of the electrodeposition reaction
Fig.7 shows schematic illustration of the electro­

deposition reaction observed by using transparent electric 
furnace. As the cathodic current flowed, small particles 
appeared in the electrolyte near the electrode, which then 
deposited on it. These particles almost fell down from 
the substrate as soon as the current was cut-off. But 
they could be recovered as powders. By X-ray diffraction, 
they were proved to be metallic tungsten. So, tungsten is 
reduced not only by electrode reaction but also by 
disproportionation in the electrolyte due to the reaction 
of, for example, Eq.[1].

2W(II)---- — » W(0)+W(IV) [1]
3. Voltammetric s tud ies

Fig. 8 shows voltammograms obtained with the use of 
gold, platinum, glassy carbon and nickel, at 823K in LiCl- 
KCl by potential sweep method. Among them, as seen in the 
figure, t he  mos t  n e g a t i v e  p o t e n t i a l s  can

be r e a c h e d  w i t h  n i c k e l .  Then nickel was used as a 
working electrode in the following experiments.

Fig.9 shows a typical voltammogram obtained at 823K in 
LiCl-KCl containing 0.4 mol% of potassium tungstate. The 
peak indicating the reduction of tungsten ion can be seen 
at about 1.2V and 0.5V against the alkali metal electrode, 
respectively. That is, tungstate ion is reduced to 
metallic tungsten through two steps. Number of electrons n 
at each step calculated using Nicholson's equation (2):

n = -2.20 x (RT/F) / (Ep -Ep /2 ) [2]

both are nearly equal to 2 .
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When II Cl gas was supplied to the melt after the 
dissolution of potassium tungstate, ( We call it W-Cl 
system ), drastic change of voltammogram has been observed 
as shown in Fig.10. That is, current peaks can be seen at 
about 1.2V, 1.05V, 0.8V and 0.5V, respectively. Thus, by 
supplying HC1 into the melt, the peaks newly appear at 
1.05V and 0.0V. Number of electrons n of the reduction 
corresponding to each peak can be calculated from Eq.[2], 
to be 2, 1, 1 and 2, respectively. Then the reaction at 
each peak can be assigned as E q . [3]-[6],respectively.

1 .20V W ( V I ) — ► VI (IV) + 2e- [3]
1 .05V W(IV) W(III) + e “ [4]
0.80V W ( I I I ) — ► W(II) + e~ [5]
0.50V W(II) — ► w(0) + 2e “ [6]

Taking into consideration that the reduction of tungsten 
ion can proceed not only by electrode reaction but also by 
disproportionation reaction, the difference of number of 
peaks between W-0 system ( the system into which HCl was 
not supplied ) and W-Cl system can be understood by 
assuming that disproportionation occurs more easily in W-0 
system than in W-Cl system. That is, in W-0 system, the 
possible reactions are Eq.[7]-[9]

W (V I ) 
2W(IV) 
W (1 1 )

W (I V )+2e“ [7] 
W(II)+W(VI) [8] 
W(0) +2e~ [9],

and only two peaks, concerned with the reactions of 
Eq.[7] and [9], appear in the voltammogram. On the other 
hand, in W-Cl system, four peaks concerned with the 
reactions of Eq.[3]-[6] are to be observed.

Sometimes, also in W-0 system, four peaks appear 
depending on the experimental condition. This can be 
explained by the shift of the dissociation equiliblium :

VJ042- = VI(V I ) + 402- [10]

to the right hand side due to the very small concentration 
of oxide ion in LiCl-KCl by some reasons. In this case, 
the ligands of tungstate ion are changed from oxide ion to 
chloride ion, and the disproportionation reaction may no 
longer occur.
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CONCLUSIONS

The electrodeposition of tungsten in LiCl-KCl eutectic 
system was investigated. The results are summarized as 
follows:

1 . Tungsten metal was obtained on the nickel substrate 
by electrodeposition from LiCl-KCl eutectic system 
containing tungstate ion.

2. Surface state of the electrodeposited tungsten 
depends on the electrolytic condition. Some of them 
are flower-like and some are scale-like. High purity 
cubic tungsten crystal could be obtained by electro­
deposition from the electrolyte which contained very 
small amount of silver ion.

3. Tungstate ion in LiCl-KCl was reduced to metallic 
tungsten through several steps, which include not 
only electrode reactions but also disproportionation 
reactions.

4. Disproportionation reaction occurs more easily in 
W-0 system. Tungsten obtained by disproportionation 
is powder. In order to obtain good and adherent 
tungsten film by electrodeposition in LiCl-KCl 
eutectic system containing tungstate ion, deposition 
by disproportionation should be avoided. The most 
desirable way to obtain good and adherent tungsten 
film is to supply HC1 gas into the melt after 
dissolving tungstate ion, and to keep potential more

negative than o.5V ( vs. Li,K/Li+,K+ ).

ACKNOWLEDGEMENTS

We would like to thank Mr.Teruyoshi Unezaki of the 
Kyoto University for EPMA and Mr. Seiji Terada of the 
Kawasaki Heavy Industries, Ltd. for SEM, EDX and EPMA.

This work was carried out under support from a 
Grant-in-Aid from the Japanese Ministry of Education, 
Science and Culture.

REFERENCES
1 . H. Y a b e , Y. Ito, K. Ema and J. Oishi, to be published.

2. R. S. Nicholson and I. Shain, Anal. C h e m . , 36,
704 (1 964) .

829



Fig.1 Experimental Apparatus 
A : Thermocouple 
B : Li,K/Li + ,K+ Electrode 
C : Counter Electrode ( Anode )
D : Working Electrode ( Cathode ) 
E : Reference Electrode

Fig. 2 SEM of Tungsten 
( LiCl-KCl, 823K, 
K2WO4 : 1 . 0  mol %,
Deposition 
Potential: 0.5 V )

Fig. 3 SEM of Tungsten 
( LiCl-KCl, 823K, 
K2WO4 : 1 .0mol%, 
Deposition 
Potential: 0.8 V )
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Fig. 4 SEM of Tungsten 
( LiCl-KCl, 97 3 K , 

K2VJO4 : 1 . 0 mol% , 
Small Amount of Ag+ , 
Current Density:

100 mA/cm2 )

HO.5 I  POINT

PR- IM S  I MSEC 44711 INT 
0-S12 H-tlKEV t i l l  M-ltKiV IS

Fig. 6 EDX Spectrum of
Tungsten Sample (Fig.4) 
( Three white peaks 
indicate tungsten )

29 / deg

Fig.5 X-ray Diffraction Pattern ( Cu K-a ) 
of Tungsten Sample ( Fig. 4 )
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(4) End of electrolysis
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(5) After electrolysis
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Falling off of the deposit layer 
leaving thin surface film

Fig. 7 Schematic Illustration of The 
Electrodeposition Reaction
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PREPARATION OF NEODYMIUM-IRON MASTER 
ALLOYS FROM NEODYMIUM (III) SALTS AND 
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FLUORIDE MIXTURES
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ABSTRACT
Four years ago, the need for neodymium showed a steep in­
crease because of the development of neodymium - iron - boron 
magnets with very high magnetic properties. Today, metallic 
or alloyed neodymium is mainly manufactured using the calcio- 
thermic reduction technique. Flere the results are presented of 
our lab-scale investigations into a promising route : low 
melting point master neodymium - iron alloy electrowinning 
from NdCl^-based melts using consumable iron cathodes. A 
comparison between this method and the calciothermic prepar­
ation is given.

INTRODUCTION
The first permanent magnets, Alnicos (aluminum - nickel - iron 
alloys) were developed in the 1930's. About twenty years later, fer­
rites (compounds of iron and barium or strontium oxides) appeared on 
the market. These two kinds of magnets have a maximum energy product 
(BH max) of about 5 M Gauss - Oersteds (MGOe). More than twenty years 
later (in the 1970's) rare earth and cobalt magnets made their appear­
ance. Their strength is four times higher than Alnicos and ferrites, 
and they have a Curie temperature in the range of 600-800°C. Finally, 
in 1983, General Motors and Sumitomo Special Metals publicly revealed 
the new possibilities offered by neodymium - iron - boron (Nd2Fe-ĵ B) 
magnets, which have very high BH max (̂ \>50 MGOe) but a low Curie 
temperature (close to 300°C) (1 - 6).

The need for metallic neodymium, which was only a few hundreds kg 
in 1983, increased up to 50 T last year and is forecast to be 800 - 
1100 T by 1990, a figure that should double by 1996.

Today, metallic or alloyed neodymium is mainly produced by using 
the calciothermic reduction route (7 - 12). The purpose of this paper 
is to report the results of our lab-scale investigations into another 
route for obtaining low melting point master neodymium - iron alloys 
whose compositions are close to the eutectic point, 88 wt % Nd (13) 
(see Fig. 1). This technique is based on electrolysis of Nd Cl~ con­
taining melts using consumable iron cathodes. A comparison or these 
two routes indicates that the electrolytic process is a very promis- 
ina Dreoaration techniaue.

EXPERIMENTAL
Reagents.

The products used for calciothermic reductions and electrolysis
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are grouped in Table 1, where suppliers and purity of the compounds are 
summarized. NdCl^-GH^O, C a C l ^  I-LO and lithium halides were dehydra­
ted and dried by neating under reduced pressure. Their maximum water 
content was ax 1 wt %. Other products were used in their commercially 
available form.
Electrolysis operating procedure.

The experiments were carried out in either alumina or glassy 
carbon crucibles placed in an Inconel-made reactor. Heating was car­
ried out by means of an electric furnace. Two types of electrodes, 
vertical or horizontal,were investigated, as shown in Fig. 2. The 
anode was a graphite rod, and the consumable cathodes were iron rods. 
The anode-cathode distance depended on the runs. The electrolytic bath 
was made up of a mixture of the neodymium chloride to be electrolyzed 
and alkaline halides. _ 2

Values of the cathodic current density (ccd) were 100 - 250 A.dm , 
and the voltage was 4^- 10 volts. For each electrolysis operation, 
the metal produced was recovered after hot pouring into a cast iron 
ingot mold.
Calciothermic reduction operating procedure.

Iron chips, calcium grains, neodymium fluoride and anhydrous cal­
cium chloride to constitute the loading were intimately mixed to­
gether.

The amount of CaCl^ added was adjusted so as to obtain, after 
reduction*a CaClo-CaF^ molten slag. The amount of the reducing metal 
(Ca) was above trie stoichiometric quantity, and the amount of iron 
depended on the desired composition of the alloy to be produced.

The mixture described above was introduced into a tantalum cru­
cible (whose capacity was approximately one liter) placed at the bot­
tom of an Inconel-made reactor, itself placed in an electric-resist­
ance furnace. After reducing pressure (1 cm Hg), the temperature was 
raised to 1000-1100°C. Then the reaction was conducted at this temper­
ature, under atmospheric pressure, in an inert gas atmosphere (argon) 
maintained throughout the reduction. During heating , two phases were 
formed in the reaction medium : a metallic phase constituted by the 
rare earth - iron alloy, on top of which floated a CaClo-CaF2 slag. 
After a reaction time ranging from 30 min to 2 hours, tne alloy was 
separated from the slag by hot pouring into a cast iron ingot mold.

RESULTS AND DISCUSSION
Solubility of metallic neodymium in various molten alkaline halide + 
neodymium (III) chloride mixtures.

The solubility of neodymium in chloride melts is a complex 
process involving both physical dissolution as a metal fog, and 
chemical dissolution according to the following equilibrium :

Nd + 2 NdCl3 3 NdCl^ [l]
We take into account the overall solubility by defining it as the 

weight loss of a metal sample occurring when- it is immersed in the 
melt.

Effect of NdCI^ content and temperature in pure chloride melts.
It is first to be noted that neodymium "dissolves" in a melt 
which does not contain NdCl^ because of a metal dispersion phenomenon
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(e.g. after 3 hours, we observed that 2 wt % metal dissolves in a BaCl? 
(78 wt %) - NaCl bath at 940°C). Metal solubility strongly depends on 
NdCl^ content in the melt. At 800°C»for example, solubility equal to 
7 w c %  in a melt containing 30 wt % NdCl^ is at least tripled when NdCl̂  
content reaches 80 wt %. Moreover, temperature has a great influence 
on solubility : solubility (7 wt % at 800°C) becomes unacceptable 
(/v22 wt %) beyond 1000°C, which is close to neodymium's melting 
point. These results explain why Kurita (14) obtained only yields 
lower or equal to 2 0  % for the electrowinning of neodymium from a 
NdCl3 —KC1 bath.

Benefit due to the presence of alkaline fluorides and lithium 
salts. Our experiments have shown that solubility is always lower in 
chloride-fluoride media than in pure chloride melts when temperature 
is less than 1000°C. For example, solubility is equal to 4 wt % at 
800°C in a chloride-fluoride bath containing 30 wt % NdClo» that is, 
twice lower than in pure chloride melts (7 wt %). This effect of 
fluoride salts may be explained by their complexing role, causing the 
oxidation state + III of neodymium to stabilize. This, in turn, leads 
to the disproportionation of neodymium (II) (displacement of equili­
brium [l] to the left), thus decreasing the "chemical" solubility.

We also observed that lithium salts give a similar effect ; 
compared with melts without lithium, solubility is always lower in 
melts containing LiC1 or LiF. The major impact of lithium salts will 
be seen in electrolysis yields.

Impact on the choice of electrolytic bath composition. Our expe­
rimental results described above can be summarized as follows: (i) 
metal solubility strongly depends on neodymium (III) content of the 
bath ; (ii) whatever the bath composition, neodymium solubility 
steeply increases when temperature reaches 1000°C; (iii) for a given 
neodymium (III) content of the bath, solubility is higher in pure 
chloride melts than in chloride-fluoride melts. Thus, for the elec­
trowinning of neodymium - iron alloys, chloride-fluoride baths con­
taining lithium salts with a low amount of neodymium chloride are 
preferable to pure chloride melts in order to minimize the yield loss 
due to metal solubilization.
Neodymium - iron alloy electrowinning on consumable iron cathodes.

The master alloy under study was the eutectic neodymium - iron 
composition ( 8 8  wt % Nd - 12 wt % Fe), which melts at 640°C (see 
Fig. 1) ; it can be electrolyzed at a low enough temperature for neo­
dymium solubility to remain sufficiently low.

Effect of several operating parameters on metal yield. In the 
following, the metal yield R^ designates the ratio of the neo­
dymium obtained with respect to the neodymium in the NdClg introduced 
in the electrolytic bath. In addition;the duration of electrolysis t 
is given with respect to t , which is the time theoretically re­
quired for reduction of a 1 *P the NdCK at 100% current efficiency Rp.

Fig. 3a indicates the effect of temperature on the metal yield of 
alloys electrowon on consumable vertical cathodes in a melt containing 
25 wt % NdCl^and Fig. 3b gives the corresponding neodymium content of 
these alloys? It is observed that the metal yield reaches 75 %
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at 850°C. becomes very low 25 %) for temperatures close to 
1000°C, at which metal solubility is predominant. In the temperature 
range from 800 to 1000°C, the electrowon metal composition can be 
deducted from the Nd/Fe phase diagram (Fig. 1). On the contrary, when 
temperature is lower than 800QC, a Nd/Fe alloy is difficult to obtain 
because of the decreasing of the diffusion rate of neodymium into 
i ron.

Jhe influence electrolyzing t ime on metal yield and current 
efficiency has been studied by electrolyzing neodymium chloride at 
850°C on horizontal iron cathodes in the melt described above. Values 
of ccd have been respectively 220 to 250 A.dm_2. Depending on the runs, 
the recovered nodules titrated 85 to 8 8  wt % neodymium. An analysis of 
Fig. 4, which specifically gives the metal yield - current efficiency - 
electrolysis time relationship, shows that aiming at high productivity 
(high metal yield) leads to weak current efficiency. In order to 
optimize the batch operating conditions, by reaching a compromise bet­
ween productivity and energy consumption, we have considered the cumu­
lative yield Rc* defined as the product of R^ and R̂ . We can see from 
Fig. 4 that R cpresents a maximum for an electrolysis time t = 1.5t*. 
For this set of experiments a metal yield of 75 % and a current effi­
ciency of 50 % are obtained.

Concerning Nd/Fe electrowinning from a NdCl^ 25 wt %—Li Cl—Li F 
bath at 850°C with an electrolysis time of 1.5 t , we have observed 
that there is practically no ccd dependence of tRe metal yield when 
the anode-cathode distance is sufficiently large.

It has been considered desirable to confirm that using a lithium 
bath for neodymium - iron electrowinning is advantageous. A NdCK 
25 wt % - Li Cl — Li F bath has been used as a reference. Other batn 
compositions have been chosen containing 25 wt % of neodymium chloride. 
Electrolysis has been carried out at 800°C on vertical iron cathodes, 
with a ccd of 100 A.dm-2. Their electrolysis time t was equal to 1.5 
t . Fig. 5 positively shows that replacement of Li Cl by NaCl is unfa­
vorable as metal yield falls when the amount of Li Cl in the bath de­
creases. R̂ p which is equal to 70% with a melt containing LiCl only, 
falls to 22 % with a NaCl - containing bath. Flowever, it is preferable 
to replace LiCl completely with KC1 rather than NaCl, as the metal 
yield is almost twice as high (Fig. 6 ). The role of the kind of fluo­
ride salt used in LiCl-based melts (Fig. 7) has been analyzed, and it 
is shown that metal yield decreasesas follows :

Li F >  NaF >  CaF^

Electrolysis carried out on horizontal cathodes at 850°C with 
NdCl o~Li Cl —Li F baths containing varying amounts of NdCK (ccd :
250 'Vdm - 2  ; t = 2 tQ) unequivocally demonstrated (Fig. 8 .) that metal 
yield falls when NdClo content goes over 40 wt %. Between 2 0  and 35 wt%, 
R^ has a nearly constant value of 80 - 84 %.
Comparison of the electrolytic process and calcium reduction to obtain 
neodymium - iron alloys.

Typical example of a calciothermic reduction of NdFg in the pre­
sence of iron chips. By using the following loading :27.5 g of iron 
chips, 101.0 g of Ca grains, 281.4 g of NdF^ and 382.2 g of anhydrous
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CaCl~, 188.0 g of neodymium iron alloy has been recovered with a 
composition of 87.4 wt % Nd, 12 wt % Fe and almost 0.6 wt % Ca, with 
a metal yield equal to 81 % (15). In general, metal yields were always 
better than 80 %.

Electrolysis compared with chemical reduction.
Both preparation methods make it possible to produce the desired 
master alloy, with a good purity levels as is seen in Table 2. Yet, the 
main impurities are different in each case. Electrowon alloys gener­
ally contain 0.2 wt % A1 (due to a slight corrosion of the crucible) 
and 0.2 wt % Cl. Calciothermic alloys have an average calcium level of
0.4 wt %. This can, however, be decreased to 200 ppm by distillation 
in a HF furnace at 1300°C under reduced pressure. Metal yields are 
Quite similar 80%).

CONCLUSION
Operating conditions for optimum efficiency are now known for 

both processes. In particular, the halide/metal percentage of conver­
sion (or yield) is virtually the same in both eases, and contamination 
of the alloy by the crucible is slight. In conclusion, the respective 
features and advantages of the two processes have been compared. Cal­
cium reduction of neodymium fluroide is a good technique because, if 
the required procedure is followed, slag separation is easily accom­
plished (15). Although available for an industrial process, calcium 
(which has to be used in excess) is a costly reductant . Finally the 
calciothermic preparation is a batch process, while electrolysis of 
neodymium chloride is a continuous method. The molten alloy is pro­
duced at the bottom of the electrolytic cell whence it can be drained 
off (16). In addition, electrowinning offers great flexibility with 
respect to the amount of metal to be produced and potential low cost 
in the preparation of master iron - neodymium alloys to be used in 
obtaining the desired composition (30 - 37 wt % Nd, 1 - 7 % B, Fe) for 
permanent magnets.
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Table 1 : Suppliers and purity level of the main reagents used.

Products Suppliers Purity

Rare earth halides 
and oxides

Rhone-Poulenc 
La Rochelle 
Plant

Halides (*) : 96 %
Oxides (*) : 99.0 or 99.9 %

Metallic Calcium China Nuclear 
Energy Indus­
try Corporat­
ion

Ca grains >, 99. 5 % 
main impurities /A1 : 0.01 % 

\Mg : 0.02 %

Calcium chloride Rhone-Poulenc
(Prolabo)

CaCU, 2 H20 RP 
(furtner dehydrated under 
reduced pressure).

Iron Hoganas Iron chips ̂ 99 % 
main impurities Si : 0.2 % 

C,P,S each ̂  0.01 %

Lithium halides Parker LiCl : 99.3 % 
Li F : 99.5 %

(*) Ratio of neodymium/rare earth.

Table 2 : Average analyses (wt %) of typical alloys resulting from 
either a calciothermic reduction or an electrolysis.

Elements Calciothermic
reduction

Electrolysi s 
production

Nd 86.0 88.2
Fe 13.0 11.7
Ca 0.4 0.002
Li - 0.02
Mg 0.02 0.01
A1 0.001 0.20 (*)
Si 0.05 0.01
C 0.06 ^ 0.02
Mn 0.07 0.03
Cr - 0.02 (*)
F £ 0.02 0.04
Cl * 0.01 0.2

0.04 0.08

4 ^ 0.01 0.004

(*) Crucible corrosion

841



WEIGHT •/. Nd

Figure 1 • Binary phase diagram Nd/Fe Rafter (13)]-

Alumina
tube

Figure 2 : Electrochemical cell

842



Nd
Y
I
E
L
D

m

100-1 
90 
00- 
7 0 .

60- 
50*
40—
SO­
SO* 
lo ­
o­
se s

Figure 3

900
(a)

1000
(Temperature °C)

10O-
SO­
SO-
7 0 -
60—
50-
4 0 -
30-
20-

10-

0-
800

m

90i
Nd/Fe electrowinning on consumable iron cathode. 
Effect of temperature on :
a) metal yield
b) neodymium content of resulting alloys 
(NdCU 25 wt % - Li Cl - Li Fj ccd 220 to 250 A. dm
electrolysis time t = 1.5 tQ).

I
108 0

Relationships between metal yield R,
ciency Rp, cumulative yield (R| 
time (given with respect to t 
(NdCU 25 wt % - LiCl - LiF ; 
250 Ardm"2).
------ : current efficiency
-— -— — : cumulative yield .

x Rp)
current effi- 
and electrolysis

T - 850°C ; ccd = 220 to

843



Figure 5 : Variation of metal yield as a function of melt 
composition. Replacement of Li Cl by NaCl.

2 » NDCL3-KCL-LIF 
3*■ NDGL3-NACL-LIF

Figure 6 : Variation of metal yield as a function of 
melt composition - complete replacement of 
LiC1 by NaCl or KC1.
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METALLOTHERMIC REDUCTION OF Nd2 03  WITH 
Ca IN CaClg-NaCl MELTS

R. A. Sharma and R. N. S e e fu r th  
General Motors Research L a b o ra to r ie s  

Warren, MI 48090-9055

ABSTRACT

Neodymium m etal was produced by m eta l lo th erm ic  reduc­
t i o n  o f  Nd2 03  w ith  ca lc ium  in  a CaCl2-NaCl m elt  by the  over ­
a l l  r e a c t io n  Nd2 03  + 3 Ca ♦ 3 CaO + 2 Nd a t  temperatures  
between 983 and 1063 K. Neodymium was recovered  from the  
s a l t  m elt  by d i s s o l u t i o n  in  a molten metal pool  o f  e i t h e r  
Nd-Zn or Nd-Fe. The r e d u c t io n  p r o c es s  was observed to  pro­
ceed  through the  f o l lo w in g  r e a c t io n s

Nd2 03  ( S o l id )  + CaCl2 ( S o lu t io n )  + CaO (S o l id )
+ 2 NdOCl ( S o lu t io n  + S o l id )

2 NdOCl ( S o lu t io n  + S o l id )  + 3 Ca (S o lu t io n )  2 Nd 
( S o l id )  + 2 CaO ( S o l id )  + CaCl2  (S o lu t io n )

Nd ( S o l id )  + NdxFey (Pool)  •> Ndx+1 Fey (Pool)

To o b ta in  good y i e l d s  i t  was n e c es sa ry  t o  keep the  concen­
t r a t i o n  o f  CaCl2 in  the  molten s a l t  phase a t  l e a s t  70 w /o .

The y i e l d  (percentage  o f  neodymium o x ide  recovered  as  
m etal)  was *95% in  the  case  o f  a Nd-Zn e x t r a c t io n  p o o l .  
Neodymium m eta l ,  f r e e d  o f  z in c  by vacuum d i s t i l l a t i o n ,  was 
o f  high p u r i ty  (>99% Nd). The y i e l d  was a l s o  *95% fo r  the  
ca se  o f  a Nd-Fe e x t r a c t io n  p o o l .  The Nd-Fe a l l o y  produced  
was o f  h igh  q u a l i t y  and can be d i r e c t l y  used in  producing  
MAGNEQUENCH a l l o y  f o r  permanent magnets.
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INTRODUCTION

General Motors has deve loped  a p r o c es s  known as MAGNEQUENCH™* ( 1 ,2 )  
fo r  producing Nd-Fe-B a l l o y s  f o r  permanent magnets. To make MAGNEQUENCH™ 
more c o s t - e f f e c t i v e ,  a sy s t e m a t i c  study  was undertaken t o  develop a 
p r o c es s  fo r  producing lo w - c o s t  neodymium m eta l .  F i r s t  o f  a l l ,  most o f  
the  e x i s t i n g  methods o f  produ ction  were c r i t i c a l l y  e v a lu a ted  and a new 
method o f  produ ct ion  was proposed ( 3 ) .  Experim ental work was i n i t i a t e d  
on the  new p r o c es s  ( 4 ) .  In t h i s  p r o c e s s ,  neodymium o x id e  powder 
suspended in  a CaCl2 based s a l t  medium i s  reduced by ca lc ium , and the  
neodymium m etal produced i s  e x t r a c t e d  by d i s s o l u t i o n  in  a neodymium-zinc  
or neodymium-iron m e t a l l i c  poo l  o f  approxim ate ly  e u t e c t i c  com posit ion  a t  
-1025  K. The new p r o ces s  o f  chem ica l  r e d u c t io n  and e x t r a c t io n  i s  
d i f f e r e n t  from e x i s t i n g  neodymium produ ction  p r o c e s s e s  in  t h a t  i t  i s  a 
combination o f  both produ ction  and r e f i n i n g  p r o c e s s e s .

THEORETICAL BACKGROUND

The m eta l lo th e rm ic  r e d u c t io n  o f  Nd2 Q3  by ca lc ium  i s  rep re se n te d  by 
the  f o l lo w in g  r e a c t io n

Nd2 03  + 3 Ca -► 3 CaO + 2 Nd [1]

The standard f r e e  energy change o f  t h i s  r e a c t io n ,  AG*, i s  n e g a t iv e  a t  
a l l  tem peratures o f  i n t e r e s t  (F igure  1 ) .  To s e p a r a te  Nd from CaO and 
a l s o  t o  keep CaO from i n t e r f e r i n g  w ith  the  r e a c t io n ,  the  r ed u c t io n  i s  
c a r r ie d  out in  CaCl2 -NaCl m e lt s .  The phase diagram o f  the  CaCl2-NaCl 
system (6) shows a broad l i q u i d  range s u i t a b l e  fo r  conducting  the  
r e a c t io n  o f  i n t e r e s t .  The standard f r e e  e n e r g ie s  o f  form ation of  
CaCl2  ( 7 ) ,  NaCl ( 7 ) ,  NdClg (8 ) ,  and NdCl2 ** are shown in  F igure  2.  The 
standard f r e e  e n e r g ie s  o f  form ation  o f  both CaCl2  and NaCl are fa r  more 
n e g a t iv e  than th o se  o f  NdCl2  and NdClg. Thus, CaCl2 and NaCl should  not  
r e a c t  w ith  Nd t o  form neodymium c h l o r i d e .

However, in  the  p resence  o f  CaCl2 based s a l t  media, neodymium 
o x y c h lo r id e  should  form by th e  r e a c t io n

* MAGNEQUENCH i s  a trademark o f  General Motors.

**The v a lu e s  o f  AG* fo r  NdCl2 were c a l c u l a t e d  u s in g  the  enthalpy  o f  f o r ­
mation a t  298 K, AH2gg = -1 6 8 .9 3  ± 1 k ca l  per mole (9) and the  entropy  
of  form ation  a t  298 K, AS2gg = - 4 0 .2 9  ± 1 .5  eu. The AS2gg was c a l c u ­
l a t e d  u s in g  S2gg fo r  NdCl2 = 3 0 .1  eu c a l c u l a t e d  by L at im er ’s method
( iO ) ,  S2g8  f o r  Nd = 17 .1  eu ( 1 1 ) and S2 gg f o r  Cl2 = 5 3 . 2 9  eu (1 1 ) .
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Nd2 03  + CaCl2  «• 2 NdOCl + CaO [2]

The standard f r e e  energy change o f  t h i s  r e a c t io n  i s  n e g a t iv e  a t  a l l
tem peratures o f  i n t e r e s t  (F igure  1 ) .  The neodymium o x y ch lo r id e  so
formed i s  su bseq uently  reduced t o  neodymium m etal by th e  r e a c t io n

NdOCl + 1 .5  Ca ■» Nd + CaO + 0 . 5  CaCl2  [3]

The standard f r e e  energy change o f  t h i s  r e a c t io n  i s  a l s o  n eg a t iv e  as
shown in  F igure 1 . T herefore ,  r e a c t io n  [ 1 ] r e p r e s e n t s  the  o v e r a l l  
red u c t io n  in  the  presence  o f  CaCl2  based s a l t  media.

I t  i s  b e l ie v e d  t h a t  th e  red u c t io n  o f  Nd2 03  i s  e f f e c t e d  by calcium  
d i s s o l v e d  in  the  molten s a l t  phase.  The f a c t  t h a t  calc ium  metal i s  
a p p rec ia b ly  so lu b le  (12) in  CaCl2~NaCl m e lt s  i s  c r i t i c a l  to  the k i n e t i c s  
of  th e  p ro c es s .

The next  s t e p  in  a c h ie v in g  complete se p a r a t io n  o f  neodymium metal  
from th e  s a l t  phases i s  t o  d i s s o l v e  i t  in  a l i q u i d  m e t a l l i c  pool o f  
Nd-Zn or Nd-Fe, the  com posit ion  o f  which can be s e l e c t e d  us in g  the  
corresponding  phase diagrams ( 5 ) .  The d e n s i t y  o f  th e  m e t a l l i c  pool w i l l  
be about 7 g / c c  (1 3 ) ,  t h a t  o f  s a l t  " 1 .9  g / c c  (14) and th a t  o f  CaO 
" 3 .0  g / c c  (1 3 ) .  This  su g g e s t s  t h a t  th ere  should  be no d i f f i c u l t y  in  
s e p a r a t in g  the  m e t a l l i c  pool  from the  molten s a l t .  Neodymium which 
m elts  a t  1294 K (5) can be sep a ra ted  from z in c  which b o i l s  a t  1180 K
(11) by vacuum d i s t i l l a t i o n  a t  "1325 K. The vapor pressu re  o f  neodymium 
a t  th e  temperature req u ired  f o r  d i s t i l l a t i o n  i s  n e g l i g i b l e  (2 .5  x 
10”® mm Hg, ( 1 5 ) ) .  In  th e  ca se  o f  a Nd-Fe p o o l ,  th e  a l l o y  produced can  
be d i r e c t l y  used in  making MAGNEQUENCH™ a l l o y s .

EXPERIMENTAL
M a ter ia ls

Random c u t t i n g s  o f  neodymium metal (99% p u r i ty )  and z in c  metal 
s t i c k s  o f  99.9+% p u r i ty  were used t o  make the  Nd-Zn e x t r a c t io n  p o o ls .  
Neodymium-iron a l l o y  p i e c e s  o f  e u t e c t i c  (8 8 . 1  w/o rare  earth) composi­
t i o n  (99% p u r i ty )  and iro n  metal o f  99% p u r i ty  were used to  make the  
Nd-Fe a l l o y  e x t r a c t io n  p o o l s .

Sodium c h lo r id e  o f  99+% p u r i t y ,  calc ium  f l u o r id e  o f  99.9+% pu r ity  
and anhydrous calc ium  c h lo r id e  o f  99.9+% p u r i ty  were used to  prepare the  
v a r io u s  s a l t  ba ths .  P r io r  to  u se ,  each s a l t  was oven baked for  " 2  h a t  
773 K t o  remove m o is ture .  Calcium metal g r a n u le s  o f  99.5% pu rity  and 
sodium metal o f  99.9+% p u r i ty  were used as the  r e d u c ta n ts ,  and neodymium
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o x ide  (Nd20g) powder o f  a t  l e a s t  95% p u r i ty  (up t o  5% praseodymium 
o x ide )  was used as the  source  o f  neodymium. Before  r e d u c t io n ,  the  oxide  
was oven d r ie d  fo r  "2 h a t  1273 K t o  remove m oisture .

Apparatus

A l l  experim en ta l  procedures were c a r r ie d  out in  a helium-atmosphere  
( t y p i c a l l y  l e s s  than 1 ppm O2 , N2 , or E^O) drybox having a 1 2 .7  cm ID by
5 4 .6  cm deep furnace  w e l l  ex ten d ing  beneath i t s  f l o o r .  The furnace w e l l  
was heated  by means o f  a tu b u la r  th r e e -z o n e  c la m s h e l l  h e a t in g  element  
fu rn a ce ,  1 3 .3  cm ID by 4 5 .7  cm long .

A schem atic  diagram of  the  apparatus i s  shown in  F igure  3 .  The 
r e d u c t io n  r e a c t io n  was c a r r ie d  out in  a tantalum c r u c ib le  1 0 .2  cm OD by
12 .7  cm deep having a 0 .1 5  cm th ic k  w a l l .  Experiments were a l s o  con­
ducted in  mild s t e e l  r e a c t io n  v e s s e l s  (1 0 .2  cm I .D .  x 17 .8  cm deep x 
0 .1 5  cm w a l l ) ,  and in  some in s t a n c e s ,  mild s t e e l  s t i r r e r s  were used.

Procedures

The molten a l l o y  pool  (enough t o  make "300 g o f  e u t e c t i c  a l l o y )  fo r  
recovery  o f  reduced neodymium metal from the  molten s a l t  was prepared by 
f u s in g  the  z in c  and neodymium m eta ls  t o g e th e r  in  the  preweighed tantalum  
r e a c t io n  v e s s e l .  The i r o n - r i c h  molten a l l o y  pool was prepared by fu s in g  
the  neodymium-iron e u t e c t i c  in g o t  and iro n  metal t o g e th e r  in  the  pre­
weighed mild s t e e l  r e a c t io n  v e s s e l .  Then the  preweighed s a l t  components 
were added i n t o  the  cup and a llow ed  t o  f u s e .

A preweighed amount o f  ^ 2 6 3  was added t o  the  molten s a l t  bath . The 
s t i r r e r  was immersed and used t o  enhance mixing o f  the  ox ide  in t o  the  
m elt .  Predeterm ined w e ig h ts  o f  the  r ed u c ta n ts  were added t o  the  m elt .  
With b a f f l e - s p l a s h  guard assembly in  p la c e ,  the  s a l t  bath and i t s  
c o n te n t s  were f a s t - s t i r r e d  fo r  an a s s ig n ed  time i n t e r v a l  and then s low -  
s t i r r e d  f o r  an a d d i t io n a l  per io d  o f  t im e.

A f te r  s t i r r i n g ,  the  s t i r r e r  b lade  was c a r e f u l l y  removed from the  
m elt ,  and the  r e a c t io n  v e s s e l  p u l le d  from the  furnace w e l l  and quenched.  
The c o o l  cup was removed from th e  drybox and radiographs were taken .
The s a l t s  were washed out  o f  the  cup w ith  warm-running water.  A f te r  
oven d ry in g ,  the  cup and a l l o y  product were weighed and the  recovered  
neodymium was determined by the  d i f f e r e n c e s  in  w e ig h ts .  Core samples of  
the  neodymium-iron a l l o y  product were s e n t  fo r  chemical a n a ly s e s .  The 
y i e l d s  were o b ta ined  from the  w e ig ht  g a in  o f  the  m e t a l l i c  pool d iv id ed  
by th e  t h e o r e t i c a l  amount o f  Nd a v a i la b le  from the  o x id e .
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RESULTS AND DISCUSSION

The experim enta l  param eters,  such as co n ta in er  m a te r ia l ,  tempera­
t u r e ,  e x t r a c t io n  p o o l ,  r ed u c ta n t ,  r e a c ta n ts  and s t i r r i n g  d e t a i l s ,  are  
g iv e n  in  Table 1 w h ile  the  r e s u l t s  are presented  in  the  subsequent  
t a b l e s  and in  the  f o l lo w in g  two s e c t i o n s .  The f i r s t  s e c t i o n  d e s c r ib e s  
the  r e s u l t s  o b ta ined  us in g  Nd-Zn e x t r a c t io n  p o o ls  and the  second s e c t i o n  
d e s c r ib e s  the  r e s u l t s  ob ta in ed  us in g  Nd-Fe e x t r a c t io n  p o o l s .  A l l  
experim ents s t a r t e d  w ith  2 3 3 .3g o f  ^ 2 6 3  t o  produce 200g o f  Nd m eta l ,  
e x cep t  as noted below.

Nd-Zn E x tr a c t io n  Pool

The r e s u l t s  o f  M 2 O3  r ed u c t io n  with Ca a t  ~1000 K are g iv en  in  
Table 2 . Low recovery  of  Nd in  Expts.  1  and 2 was observed.  In th e  
f i r s t  experiment Ca was added in  increments to  observe the  com plet ion  o f  
the  red u c t io n  r e a c t io n  which was presumed to  be in d ic a te d  by the  f l o a t ­
ing  o f  e x c e s s  Ca-Na m elt  on th e  CaC^-NaCl m elt .  This d id  not happen 
because most o f  the  Ca was consumed by the  r e a c t io n  Ca + 2NaCl + CaC^ + 
2Na (7) t o  g e n era te  sodium which evaporated. In the second experim ent,  
Nd metal recovery  was low because o f  entrainment as nodules in  the  s a l t  
phase. The good recovery  o f  Nd in  three  o f  the next  four experiments  
was ach ieved  by in c r e a s in g  the  amount o f  s a l t  and s t i r r i n g  the  m e t a l l i c  
pool a t  a speed o f  60 rpm f o r  one hour a t  the  end o f  the  four  hour 
r ed u c t io n  p e r io d .  The recovery  was g r e a te r  than 96% in  th e se  e x p e r i ­
ments.  This recovery  was a ch ieved  us in g  a Nd-Zn pool and a s a l t  phase  
c o n ta in in g  g r e a t e r  than 70 w/o CaC^. The recovery dropped d r a s t i c a l l y  
when a s a l t  m elt  c o n ta in in g  l e s s  than 70 w/o CaC^ was used (Figure 4 ) .  
Two f a c t o r s ,  i . e . ,  s low s t i r r i n g  o f  the m e t a l l i c  pool a t  the  end and a 
s a l t  phase having g r e a te r  than 70 w/o CaClg appear to  be e s s e n t i a l  f o r  
good Nd reco v ery .

Rinck r e p o r t s  t h a t  calcium-sodium m elts  of  higher calc ium  concen­
t r a t i o n  (>86 w/o Ca) can c o e x i s t  on ly  w ith  CaC^-NaCl m elts  o f  £70 w/o  
CaC^ (1®) * Therefore  a CaC^-NaCl melt o f  70 w/o CaC^ i s  required  t o  
m aintain a Ca-Na m elt  o f  h igh  Ca c o n c en tra t io n  which appears e s s e n t i a l  
fo r  c a rry in g  out  the  r e d u c t io n s  a t  accepta b le  r a t e s  and o b ta in in g  good 
y i e l d s .

The chem ical a n a l y s i s  o f  the  r e p r e s e n t a t iv e  samples of the  s o l i d i ­
f i e d  m e t a l l i c  poo l  o f  each experiment in d ic a te d  the  impurity l e v e l  in  
each case  to  be very  low. Chemical a n a ly s i s  o f  Nd a f t e r  removing z in c  
by vacuum d i s t i l l a t i o n  showed Ca = 0 .0 1  w/o and Zn 0 .0 0 2  w/o which are  
s a t i s f a c t o r y  f o r  magnetic  a p p l i c a t io n s .  A scanning e le c t r o n  microscope
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photograph o f  a sample from the  s o l i d i f i e d  m elt  o f  experiment 4 showed 
no i n c lu s i o n  o f  any kind. This has a l s o  been observed in  the  ca se  o f  
samples from the  s o l i d i f i e d  m elts  from the  o th er  experim ents .

Nd-Fe E x tr a c t io n  Pool

The r e s u l t s  o f  Nd20g red u c t io n  w ith  calc ium  u s in g  a, Nd-Fe e x t r a c t io n  
pool are g iv e n  in  Table 3. Most o f  the  experim enta l  c o n d i t io n s  ^re 
g iv en  in  Table 1. Neodymium y i e l d s  rea ch in g  95% were a ch ieved  in  one 
hour a t  a s t i r r i n g  r a te  o f  600 rpm. However, i t  appears the  s a l t  r a t io  
(grams o f  s a l t  per gram of  Nd a v a i la b le  in  the  o r i g i n a l  o x id e )  must be 
g r e a te r  than 4 t o  o b ta in  y i e l d s  g r e a t e r  than 90%, and once again  the  
s a l t  phase must have g r e a t e r  than 70 w/o CaC^ fo r  good Nd r eco v ery .
The y i e l d s  in  th e s e  experim ents were e s s e n t i a l l y  as good as th o se  
ach ieved  u s in g  a Nd-Zn e x t r a c t io n  p o o l .  However, to  o b ta in  high y i e l d s  
when u s in g  a Nd-Zn p o o l ,  th e  experim enta l  c o n d i t io n s  are l e s s  s t r i n g e n t  
( e . g . ,  300 rpm fo r  the  ca se  o f  Nd-Zn p o o ls  and 600 rpm f o r  the  ca se  of  
Nd-Fe p o o l s ) .

Clear s e p a r a t io n  between the  s a l t  phase and a l l o y  pool  was observed  
from th e  radiographs o f  the  s o l i d i f i e d  pro d u cts .  The c le a r  se p a r a t io n  
of  the  a l l o y  from the  s a l t  phase was a l s o  in d ic a t e d  from the  su r fa c e  of  
the  s o l i d i f i e d  a l l o y  a f t e r  the  s a l t  was washed away. Examination by 
o p t i c a l  m icroscope and by a scanning  e le c t r o n  m icroscope o f  the  samples  
taken from the  s o l i d i f i e d  m e t a l l i c  p o o l s  d id  not  r e v e a l  any s a l t  i n c l u ­
s i o n s .  Chemical a n a ly se s  o f  the  s o l i d i f i e d  m e t a l l i c  p o o ls  showed the  
high q u a l i t y  o f  the  Nd-Fe a l l o y s  produced. These a l l o y s  co n ta in  from
8 5 .5  t o  8 7 .5  w/o Nd, from 11 t o  1 3 .7  w/o Fe and l e s s  than 0 . 3  w/o Ca,
The c o n c e n tr a t io n s  o f  the  o ther  im p u r i t i e s  are a l s o  very  low.

I t  appears t h a t  the  y i e l d  in c r e a s e s  w ith  in c r e a se  in  a g i t a t i o n  r a te  
(Table 3: 2 and 3 ) ,  and temperature (Table 3: 8 , 11 and 1 2 ) .  Data  
(Table 3: 5 ,  7 -10)  a l s o  in d ic a t e  t h a t  the  y i e l d  in c r e a se d  w ith  an 
in c r e a se  in  the  r a t i o  o f  s a l t  t o  neodymium produced. Duration o f  reduc­
t i o n  time improved se p a r a t io n  and a l s o  in c r e a se d  y i e l d  in  the  a l l o y  pool  
(Table 3: 1 - 4 ) .  The s a l t  phase in  experim ents 1 , 2 ,  and 3 co n ta in ed  
525 g o f  67 w/o CaC^, 28 w/o NaCl and 5 w/o CaF2 > w h ile  fo r  e x p e r i ­
ment 4 i t  was 500 g o f  70 w/o CaC^ and 30 w/o NaCl. In experim ents 1,
2 ,  and 3 ,  the  s a l t  was m elted p r io r  t o  adding the  a l l o y  pool  m a te r ia ls  
(8 6 .8  w/o Nd and 1 8 .2  w/o Fe) and they  were two s t e p  r e d u c t io n s  w ith  
F e-m eta l  added between s t e p s ,  w h ile  fo r  experim ent 4 ,  th e  a l l o y  pool  
(~425 g o f  8 3 .2  w/o Nd and 1 6 .8  w/o Fe a l l o y )  was prepared p r io r  to  
adding s a l t  and the  r e d u c t io n  was completed in  a s i n g l e  s t e p .
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As p o in ted  out  e a r l i e r ,  neodymium o x y c h lo r id e  forms by the  r e a c t io n  
o f  Nd20g w ith  CaC]^ in  the  s a l t  phase by r e a c t io n  [2 ] .  The presence o f  
NdOCl was confirmed by an x -r a y  a n a l y s i s  o f  th e  s a l t  sample from one o f  
th e  experim ents and comparison w ith  d a ta  r ep o rted  in  the  l i t e r a t u r e
( 1 7 ) .  In such experim ents,  im m ediately upon a d d i t io n  o f  Nd20g, the  m elt  
v i s c o s i t y  in c re a se d  and th e  m elt  turned gra y .  This means the  r e a c t io n  
o f  Nd20g w ith  CaC^ to  form NdOCl i s  v ery  f a s t ,  and Nd20g mostly g e t s  
co nverted  i n t o  NdOCl be fo re  i t s  r e d u c t io n  w ith  Ca. Calcium metal be ing  
l i g h t e r  f l o a t s  on the  s a l t  phase .  The NdOCl formed s e t t l e s  on the  top  
o f  the  m e t a l l i c  pool so  r ed u c t io n  o f  NdOCl should  take  p la c e  by the  Ca 
d i s s o l v e d  in  the  CaC^-NaCl m e lt .  On th e  b a s i s  o f  t h e s e  o b ser v a t io n s  
th e  f o l lo w in g  r e a c t io n  scheme i s  proposed f o r  th e  red u c t io n  o f  ^ 2 8 3  
w ith  Ca in  CaC^-NaCl m elts

^ 2 ^ 3  (S o l id )  + CaCl2  ( S o lu t io n )  + CaO (S o l id )
+ 2 NdOCl (S o lu t io n  + S o l id )  [4]

2 NdOCl ( S o lu t io n  + S o l id )  + 3 Ca (S o lu t io n )  + 2 Nd (S o l id )
+ 2 CaO (S o l id )  + CaCl^ (S o lu t io n )  [ 5 ]

Nd (S o l id )  + NdxFey (Pool)  + Ndx+ 1 Fey (Pool)  [ 6 ]

In  th e  above r e a c t io n  scheme, one o f  th e  produ cts  i s  always leached out  
so  th e  r e d u c t io n  r e a c t io n  w i l l  not  be hampered by form ation o f  a s o l i d  
product  c o a t in g  on any o f  th e  r e a c t a n t s .  Nd20g w i l l  be converted in t o  
NdOCl which w i l l  be on the  m e t a l l i c  poo l  in  th e  s a l t  phase and so w i l l  
be e a s i l y  reduced by ca lc ium  d i s s o l v e d  i n  th e  s a l t  phase.  The m e t a l l i c  
p o o l  w i l l  no t  be contaminated w ith  Nd20g because  o f  i t s  convers ion  i n t o  
NdOCl, and the  Nd produced should  be f r e e  from oxygen t y p i c a l l y  found as 
Nd20  ̂ i n c lu s i o n s  in  the m e t a l l i c  phase.
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f a b l e  1 . Operating Parameters o f  th e  Experiments Described  
in  Tables 2 , and 3

Parameter Table 2 Table 3

Container Ta mild s t e e l  w ith  f i n s

Temperature, K 1000 1020 ex cep t  980 fo r  
e x p t .  1 1  and 1060 fo r  
e x p t .  1 2

E x tr a c t io n  pool ~300 g o f  8 8 .2  
1 1 . 8

w/o Nd* 400-500  g o f  ~8 3 .5  w/o Nd* 
w/o Zn 16 .5  w/o Fe

Reductant S I . 8 g Ca ( 10% 
+ ~20  g Na*

e x c e s s )  9 1 .8  g Ca (10% e x ce ss )  
+ ~20 g Na

S t i r r e r Tantalum —

S t i r r i n g  Rates 300 rpm fo r  
60 rpm fo r

4 h 
1  h

* Some e x c e p t io n s  noted e lsew here  in  t a b l e s  or t e x t .

Table 2 . D e sc r ip t io n  o f  the  Experiments o f  Nd20g Reduction  
With Ca Using a Nd-Zn E x t r a c t io n  Pool

S a l t  Phase
I n i t i a l Nd Recovery
Amount I n i t i a l Composition Amount Y ie ld

Expt. (g) w/o CaCl2 w/o NaCl (g) (w/o)

1 740 6 5 .5 3 4 .5 6 5 .3 6 5 .3
2 785 90 10 170 .5 8 5 .3
3 1178

(1219)*
90 10 195 .7 97 .9

4 1116 75 25 194 .9 9 7 .5
(7 1 .1 ) ( 2 8 .9 )

5 1066 60 40 99 .1 4 9 .6
(6 8 .5 ) ( 3 1 .5 )

6 1098 70 30 192 .2 9 6 .0

( ) I n d i c a t e s  f i n a l amount or co m p o sit io n  o f the  s a l t  phase.
* A d d i t io n a l  NaCl added in  an a ttem pt t o  l i q u i f y  the  m elt .
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Figure 1. Standard free energy change, AG*, of the reduction reactions as a 
function of temperature (7,8).

Figure 2. Standard free energy of formation, AG*, of the compounds of 
interest as a function of temperature.
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Figure 4. Yield versus CaC^ content of the salt phase.
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THE STUDY ON THE DISSOLVING LOSS OF HARE 
EARTH METALS IN THE HECL3 -.KCL-.CaF2 MELT

Xu X i u z h i ;  Wei X u j u n ;  C hen Yong

N o r t h e a s t  U n i v e r s i t y  o f  T e c h n o l o g y ,  
S h e n y a n g ,  C h in a

ABSTRACT

The d i s s o l v i n g  l o s s  o f  t h e  m ix e d  r a r e  e a r t h  
m e t a l s  (RE) i n  t h e  RECI3 -KCI m e l t  was i n v e s t i ­
g a t e d  u n d e r  l a b o r a t o r y  c o n d i t i o n s  w i t h  CaF2 a s  
an  a d d i t i v e .  The e f f e c t s  o f  b o t h  t h e  CaF2  c o n ­
t e n t  and t h e  m e l t  t e m p e r a t u r e  on t h e  d i s s o l v i n g  
l o s s  w e r e  d i s c u s s e d .  The r e s u l t s  sh ow  t h a t  t h e  
a d d i t i o n  o f  CaF2 t o  t h e  RECI3 -KCI m e l t  c a n  r e ­
d u c e  t h e  d i s s o l v i n g  l o s s  o f  RE, and t h a t  t h e  
minimum d i s s o l v i n g  l o s s  o c c u r s  a t  a b o u t  4 i n  
w e i g h t  o f  CaF2 w i t h i n  t h e  s t u d i e d  r a n g e .

I .  INTRODUCTION

D u r i n g  t h e  e l e c t r o l y s i s  p r o c e s s  i n  m o l t e n  s a l t s ,  i t  i s  
c om m on ly  fo u n d  t h a t  t h e  e l e c t r o l y t e  c o l o u r  i n  t h e  v i c i n i t y  
o f  c a t h o d e  t u r n s  d a r k ,  v i s c o s i t y  i n c r e a s e s ,  t r a n s p a r e n c y  
decreases and current efficiency is lowered. This is 
because of the dissolution of t h e  metals which are t h e  ca­
t h o d e  p r o d u c t s  in  t h e  m o l t e n  s a l t s .  The m e t a l s  d i s s o l v i n g  
l o s s  i n  t h e  e l e c t r o l y t e  i s  o ne  o f  t h e  m a jo r  r e a s o n s  w h ic h  
c a u s e  t h e  c u r r e n t  e f f i c i e n c y  t o  be low.

A c c o r d i n g  t o  a p r e v i o u s  r e p o r t ^ , t h e  s o l u b i l i t y  o f  
r a r e  e a r t h  m e t a l s  i n  m o l t e n  s a l t s  i s  p r e t t y  h i g h .  T h e r e ­
f o r e ,  i n  o r d e r  t o  r a i s e  t h e  c u r r e n t  e f f i c i e n c y  d u r i n g  r a r e  
e a r t h  e l e c t r o l y s i s  i n  m o l t e n  s a l t s ,  i t  i s  n e c e s s a r y  t o  t r y  
t o  e x p l o r e  and c r e a t e  s u c h  c o n d i t i o n s  u n d e r  w h ic h  o n l y  m i ­
nimum d i s s o l v i n g  l o s s  o c c u r s .

On t h e  b a s i s  o f  p r e v i o u s  w ork  in  t h e  p r e s e n t
study we chose the REC1--KC1 system, which is now commonly 
used in industry; with caF9as an additive, we studied the 
p a t t e r n  o f  RE d i s s o l v i n g  l o s s  i n  t h e  RECl3 - K C l - C a F 2  m e l t ,  
s o  t h a t  i t  w i l l  p r o v i d e  u s e f u l  i n f o r m a t i o n  f o r  t h e  d e t e r ­
m i n a t i o n  o f  t h e  op t im um  p r o c e s s  c o n d i t i o n s  o f  rare e a r t h  
e l e c t r o l y s i s  i n  m o l t e n  s a l t s .
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I I .  EXPERIMENTAL

1 .  M a t e r i a l s  and R e a g e n t s
The m ix e d  r a r e  e a r t h  was b o u g h t  f r o m  S h a n g h a i  Y u e l o n g  

P l a n t  o f  C h e m ic a l  E n g i n e e r i n g ,  w i t h  p u r i t y  o f  99%. The  
m ix e d  r a r e  e a r t h  c h l o r i d e s  w e r e  p r e p a r e d  and d e h y d r a t e d  
i n  v a c c u m .  K C l,H C l and C a l^  a r e  a l l  o f  a n a l y t i c a l  g r a d e .
A r g o n  i s  o f  99 .9 9 %  p u r i t y  and was f u r t h e r  p u r i f i e d .

2 .  E x p e r i m e n t a l  m e th o d  a nd  a p p a r a t u s
The e x p e r i m e n t a l  a p p a r a t u s  was d e s c r i b e d  p r e v i o u s l y 1-2' . 

The s a m p le  o f  t h e  m ix e d  r a r e  e a r t h  m e t a l s  ( 2 . 2  i  0 . 2 g )  
t o g e t h e r  w i t h  t h e  m ix e d  s a l t s  o f  2 5 g was p u t  i n  a m o lybdenu m  
c r u c i b l e  w h ic h  was i n a n  a i r - t i g h t  s t a i n l e s s  s t e e l  c o n t a i n e r .  
U nder  t h e  p r o t e c t i o n  o f  a r g o n ,  t h e  c o n t a i n e r  was m a i n t a i n e d  
a t  a c o n s t a n t  t e m p e r a t u r e  f o r  1  h o u r ,  t h e n  c o o l e d  n a t u r a l l y .  
The l o s s  a m o u n t  was o b t a i n e d  by  w e i g h i n g  t h e  s a m p le  b e f o r e  
and a f t e r  t h e  a b o v e  p r o c e d u r e .

3 .  E x p e r i m e n t a l  d e s i g n  and d a t a  p r o c e s s i n g
I n  t h i s  p a p e r ,  t h e  r e s e a r c h  p l a n  was a r r a n g e d  by  a d o p t e d  

c o n b i n a t o r i a l  d e s i g n  w i t h  o r t h o g o n a l  r e g r e s s i o n .  A c c o r d i n g  
t o  t h e  1 i t e r a t u r e  r 3 V  and t h e  p r a c t i c e  i n  i n d u s t r y ,  t h e  K e C l3 
c o n t e n t s  o f  4 0  wt%> was c h o s e n .  V a r i a t i o n  r a n g e s  o f  t h e  tw o  
e x p e r i m e n t a l  f a c t o r s  a r e  2 - 6  wt% f o r  CaF2  and 8 2 0 - 9 0 0 ° C  f o r  
t e m p e r a t u r e .

The e x p e r i m e n t a l  d a t a  a r e  g i v e n  i n  t a b l e  1 . H a v in g

T a b l e  1 .  EE l o s t  am o u n t  u n d e r  d i f f e r e n t  c o n d i t i o n s .

O r d e r D e s i g n m a t r i x EE l o s t  a m o u n t  i n  2 5 g  m ix e d  
m e l t s  ( g ) A v e r a g e

*
*1

**
x 2 ml m2 nri'j m

1 - 1 - 1 0 . 7 9 3 8 0 . 8 7 3 2 0 . 8 0 8 3 0 . 8 2 5 1

2 0 - 1 0 . 8 6 8 6 0 . 8 6 6 9 0 . 9 1 3 2 0 . 8 8 2 9

3 1 - 1 1 . 2 5 0 5 1 . 2 4 7 6 — 1 . 2 4 9 1

4 - 1 0 0 . 6 4 4 9 0 . 7 3 9 3 0 . 7 2 7 5 0 . 7 0 3 9

5 0 0 0 . 6 3 7 2 0 . 6 6 2 9 0 . 6 0 5 2 0 . 6 3 5 1

6 1 0 0 . 9 9 7 6 1 . 0 2 3 2 — 1 . 0 1 0 4

7 - 1 1 0 . 6 9 4 2 0 . 7 5 1 9 — 0 . 7 2 3 1

8 0 1 0 . 7 8 2 6 0 . 7 4 0 1 0 . 7 9 6 0 0 . 7 7 2 9

9 1 1 1 . 1 0 2 5 0 . 9 8 1 3 0 . 9 3 9 5 1 . 0 0 7 8

* is temperature (820-900°C)
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**  i s  C a l^  c o n t e n t  ( 2 - 6  w t $ )

p r o c e s s e d  t h e  e x p e r i m e n t a l  d a t a ,  we o b t a i n  t h e  f o l l o w i n g  r e ­
g r e s s i o n  e q u a t i o n :

y = 6 8 . 4 5 2 9 - 0 . 1 6 2 0 t + 0 . 0 8 2 5 C - 4 . 3 5 0 0 x l 0 _ 4 C t  
+ 9 . 7 6 8 7 x l O “ 5 t 2 + 3 . i 7 2 5 x l O - 2 c 2

w h e r e  y  i s  t h e  l o s t  w e i g h t  and C i s  t h e  CaF2  c o n t e n t  i n  t h e  
m ix e d  m e l t  o f  2 5 g ,  and t  i s  t e m p e r a t u r e  ( ° C ) .

In  o r d e r  t o  e x a m in e  t h e  a p p l i c a b i l i t y  o f  t h e  r e g r e s s i o n  
e q u a t i o n  w i t h i n  t h e  e x p e r i m e n t e d  r a n g e ,  t h e  c o n t r a s t  t e s t s  
w e r e  m a d e .  The c o m p a r i s i o n  b e t w e e n  t h e  v a l u e s  o f  m e a s u r e d  
and c a l c u l a t e d  i s  g i v e n  i n  t a b l e  2 ,  I t  i s  known fr o m  t a b l e  
2 , t h a t  t h e  maximum e r r o r  o f  s u c h  many f a c t o r y  a f f e c t e d  d i s ­
s o l v i n g  l o s s  i s  l e s s  t h a n  5 . 3$ ,  w h i c h  i s  s a t i s f a c t o r y .

T a b l e  2 .  C o n t r a s t  t e s t  r e s u l t s

O r d e r
CaF'2

( w t $ )

t

(°c)
M ea su r ed RE l o s s M e a s u r e d

a v e r a g e
s(g)

C a l c u l a t e d
v a l u e
y ( f? )

E r r o r
(%)mi (g ) m2 ( 8 )

1 3 8 2 0 0 . 7 3 3 0 0 . 7 6 8 9 0 . 7 5 1 0 0 . 7 6 0 6 - 1 . 2 6

2 5 8 4 0 0 . 6 6 4 8 0 . 6 6 3 3 0 . 6 6 4 0 0 . 6 7 9 5 - 2 . 2 7

3 5 8 8 0 0 . 8 0 9 3 0 . 7 C 9 5 0 . 7 8 9 4 0 . 8 3 3 3 - 5 . 2 7

By p a r t i a l l y  d i f f e r e n t i a t i n g  t h e  a b o v e  e q u a t i o n , w e  o b t a i n  
t h e  minimum RE d i s s o l v i n g  l o s s  a t  CaP’2  c o n t e n t  o f  4 . 4 5 $  and  
t e m p e r a t u r e  o f  8 3 9 ° C .

I I I .  RESULTS AND DISCUSSION

1 .  E f f e c t  o f  t e m p e r a t u r e  on RE d i s s o l v i n g  l o s s
The r e l a t i o n s h i p  b e t w e e n  t e m p e r a t u r e  and RE d i s s o l v i n g  

l o s s  i s  sh ow n i n  F i g .  1 . T h a t  i s ,  t e m p e r a t u r e  t  i s  q u a d r a -  
t i c l y  r e l a t e d  t o  RE d i s s o l v i n g  l o s s  y .  From F i g  1 , we c a n  
a p p a r e n t l y  s e e :  t h e  minimum RE d i s s o l v i n g  l o s s  o c c u r s  a t  
t e m p e r a t u r e  o f  8 3 5 - 8 4 5 ° C .  A t  l o w e r  t e m p e r a t u r e ,  r a i s i n g  
t e m p e r a t u r e  m akes RE d i s s o l v i n g  l o s s  d e c r e a s e  a  l i t t l e ,  
w h i l e  a t  h i g h e r  t e m p e r a t u r e ,  r a i s i n g  t e m p e r a t u r e  m akes  RE 
d i s s o l v i n g  l o s s  i n c r e a s e  a p p a r e n t l y .  T h i s  i s  m a i n l y  b e c a u s e :  
A t  h i g h e r  t e m p e r a t u r e ,  t h e  d i f f u s i o n  c o e f f i c i e n t  i s  l a r g e r ,  
w h ic h  h e n c e  h a s t e n s  t h e  d i s s o l v i n g  r a t e  o f  m e t a l s .

2 .  E f f e c t  o f  CaF2 c o n t e n t  on  RE d i s s o l v i n g  l o s s
The r e l a t i o n s h i p  b e t w e e n  RE d i s s o l v i n g  l o s s  and CaF2
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F i g  1 . R e l a t i o n s h i p  b e t w e e n  RE d i s s o l v i n g  
l o s s  and t e m p e r a t u r e

F i g  2 . R e l a t i o n s h i p  b e t w e e n  RE d i s s o l v i n g  
l o s s  and CaF2 c o n t e n t

c o n t e n t  i s  sh ow n i n  F i g .  2 ,  fro m  w h ic h  o n e  c a n  s e e :  
c e r t a i n  t e m p e r a t u r e s ,  when CaF2  i s  s m a l l e r  t h a n  4 $ ,  
d i s s o l v i n g  l o s s  d e c r e a s e s  g r a d u a l l y  w i t h  i n c r e a s i n g  
c o n t e n t .  A t  CaF2  c o n t e n t  4 -5% , RE d i s s o l v i n g  l o s s

A t
RE

CaF 2  
i s
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minimum a t  g i v e n  t e m p e r a t u r e s .  The minimum v a l u e  i s  a t  t e m ­
p e r a t u r e  o f  8 4 0 °C  and  CaF 2 o f  4 . 5 $ .  When C a l ’2  c o n t e n t  i s  
l a r g e r  t h a n  5 $ ,  RE d i s s o l v i n g  l o s s  t e n d s  t o  i n c r e a s e .

I V .  CONCLUSION

1 .  The a d d i t i o n  o f  C a ^  i n t o  t h e  RE C l^ -K Cl m e l t  a p p a r e n ­
t l y  r e d u c e s  t h e  HE d i s s o l v i n g  l o s s  i n  t h e  m e l t .  U n der  t h e  
e x p e r i m e n t e d  c o n d i t i o n s  and w i t h i n  t h e  s t u d i e d  r a n g e ,  t h e  
minimum RE l o s s  o c c u r s  a t  CaF^ o f  4 . 5 $  and  t e m p e r a t u r e  o f  
8 4 0 ° C .

2 .  A r e g r e s s i o n  e q u a t i o n  o f  HE d i s s o l v i n g  l o s s  i n  t h e  
r n e l t  i s  o b t a i n e d ,  w h ic h  i s  a p p l i c a b l e  w i t h i n  8 2 0 - 9 0 0 ° C  f o r  
t e m p e r a t u r e  and 2 - 6$  f o r  CaF2 c o n t e n t .
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THE ROLE OF OXIDE SOLUBILITY IN  THE ELECTROCHEMICAL 
EXTRACTION OF RARE EARTH ELEMENTS FROM FUSED FLUORIDES

A. M it c h e ll and B. Thomas 
Department of M e ta ls and M a te r ia ls  Eng ineering  

The U n iv e rs ity  of B r i t i s h  Columbia 
Vancouver, B .C ., V6T 1W5, Canada

ABSTRACT

The major problems of operation  in  o x id e /f lu o r id e  c e l l s  fo r  the 
production  of ra re -e arth  elements have been those of ba lan c in g  the low 
d e p o sitio n  ra te s n e ce ss ita te d  by low oxide s o lu b i l i t y  a ga in st  the c e l l  
heat balance. U n like  the H a ll-H e ro u lt  e le c tro ly te ,  the su ita b le  
e le c t r o ly te s  fo r  ra re -e arth  d e p o sitio n  have a very lim ite d  s o lu b i l i t y  
fo r  the ox ides. We have used an e le c t r ic a l  co n d u ct iv ity  technique to 
a n a ly s e  the ox id e  s o l u b i l i t y  as a fun ction  of temperature for CeC^, 
L a 20  ̂ and Nd20  ̂ in  the app ropria te  f lu o r id e  so lv e n ts . The sa tu ra t io n  
s o lu b i l i t y  in  a l l  cases i s  in  the range of 1-2  wt% oxide over the 
temperature range of in te re s t .  However the e ffe c t of oxide so lu t io n  
on the f lu o r id e  c o n d u ct iv ity  i s  great enough to permit the device we 
have used to be employed as a process monitor c o n t r o l l in g  oxide  
a d d it io n s .  We are thus able to avo id  both ove r-feed ing and anode- 
e ffe c t  d i f f i c u l t i e s  in  the c e l l  op eration . The im p lic a t io n s  of th is  
technique in  the o v e ra ll c e l l  op eration , p a r t ic u la r ly  in  the thermal 
regime, are d iscu sse d .

INTRODUCTION

The operation  of commercial fu s e d -sa lt  e le c tro -e x tra c t io n
processes u su a lly  in v o lv e s  e ith e r  e le c t r o ly s is  of an anhydrous 
c h lo r id e , w ith or w ithout a c a r r ie r  e le c tro ly te ,  or a lte r n a t iv e ly  the 
e le c t r o ly s is  of an oxide d is so lv e d  in  a su ita b le  f lu o r id e  so lv e n t.  
Although the former case has been p ra c tise d  for many years in  r a re -  
earth  metal e x tra c t io n , there are obvious economic ga in s to be made in  
developing an oxide-based p rocess.

The ra re -e arth  elements have many s im i la r i t i e s  to aluminum and we 
might a n t ic ip a te  that such a process would operate in  a manner ak in  

to the H a l l  c e l l .  The fundamental chem ical reasons fo r the success of 
t h is  c e l l  are s t ro n g ly  connected to the fac t  that c ry o l it e  w i l l  
d is s o lv e  a su b s ta n t ia l amount of alumina at a reasonable op era tin g  
temperature. Th is fa c t  in  turn  perm its c e l l  operation  at economic 
temperatures w ith in  the oxide concentration  l im it in g  ranges defined by 
ov e rsa tu ra tio n  and anode e f fe c t .  In  a d d it io n , the penalty  fo r  
o v e rsa tu ra tin g  the c e l l  in  oxide by m isc a lc u la t io n  of the alumina  
fee d -ra te  i s  not severe sin ce  the excess alumina f lo a t s  (p = 1.56) on 
c ry o l it e  (p = 2 . 10 ) rather than f a l l i n g  to the sa lt/ca th o d e  in te rfa ce  
and o p e n -c irc u it in g  the c e l l .  Th is sequence of fortunate  chem ical 
circum stances i s  met w ith in  on ly a very few other element system s, and
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although a p a r a l le l  fo r the H a ll c e l l  has been sought fo r  Mg, Ca, 
T i and Zr, none has yet been developed.

The ra re -e a rth s  have been prepared by u s in g  o x id e /flu o r id e  
c e l l s .  Gray used an e x te rn a lly -h e a te d  carbon c e l l  w ith a graph ite  
anode and a molybdenum cathode and succeeded in  producing Ce metal 
from  CeC^ d i s s o lv e d  in  an e le c t r o ly t e  of CeFo+ LiF  + BaF2 * T h is  
work was a lso  the f i r s t  a p p lic a t io n  of e le c t r o ly s is  under an in e rt  
(a rgon ) atmosphere fo r  ra re -e a rth  preparation . S im ila r  c e l l s z have 
been operated more recen tly  but on a sm all sc a le , making up to 350 
g /h r of Ce metal at a current e f f ic ie n c y  of up to 90%. Attempts to 
operate such c e l l s  fo r  the p ro tracted  periods necessary in  
com m ercia l p ro d u c t io n  have h ig h l i g h t e d  s e v e r a l  fun dam e nta l 
problems. The most im portant of these i s  that any a d d it io n  of 
oxide in  excess of the s o lu b i l i t y  l im it  in  the f lu o r id e  so lven t  
w i l l  cause a "s lu d g e ” to form in  the c e l l  on top of the liq u id  Ce 
cathode. Th is "s lu d ge " then causes ir re g u la r  d e p o sition  of Ce, 
reduces the current e f f ic ie n c y ,  changes the c e l l  heat balance and 
u lt im a te ly  stop s the c e l l  op era tion . The com position  of the 
deposit i s  v a r ia b le ,  but appears to c o n s is t J of cerium se squ iox ide , 
cerium o x y -flu o r id e  and cerium m etal. I t  does not form when the 
cerium oxide content of the e le c tro ly te  i s  le s s  than the s o lu b i l i t y  
l im it .

1 2 3Gray , M o rr ice  et a l  and Porter a l l  made in d ire c t  estim ates  
o f the s o l u b i l i t y  o f CeCU in  the e le c t r o l y t e  they used (73 wt% 
CeF^, 12 wt% BaF 2 » 15 wt% L iF )  u s in g  oxygen a n a ly s is  of quenched 
samples to determine the oxide content. Their values were a lso  
lin ke d  to v isu a l ob serva tion s of the so lu t io n  rate  of fu rther oxide 
a d d it io n s .  The values found range from 2-3 wt% at 800°C to 2-5 wt% 
at 850°C. W h ilst  there may be inaccuracy in  these determ inations, 
the r e s u lt s  h ig h lig h t  the important fa c t  that cerium oxides are 
r e l a t i v e l y  i n s o l u b l e  in  f lu o r id e s  as compared w ith  A I 2O3 in  
c r y o l it e .  I t  i s  c le a r  that an u n r e a l is t ic a l ly - h ig h  c e l l  opera tin g  
temperature would be requ ired to reproduce the H a l l c e l l  co n d ition s  
and therefore  that we must have a p rec ise  knowledge of oxide 
s o lu b i l i t y  in  order to operate the c e l l  su c c e s s fu lly .  The 
ob jec tive  of the present work i s  to define  the oxide s o lu b i l i t y  and 
to in d ica te  how i t  may be c o n tro lle d .

EXPERIMENTAL

S o lu b i l i t y  Determ inations

The s t a r t in g  m a te r ia ls  used are l i s t e d  in  Table I  and were 
dried  under argon at the in d ica te d  temperature. Any subsequent 
exposure to a i r  was kept to a minimum and the experim ental c e l l  was 
held under argon du ring a l l  operation s in v o lv in g  oxide or 
f lu o r id e s .

864



The e le c tro ly te  com position  used in  e a r l ie r  work had not been 
defined and as a p re lim in ary  in v e s t ig a t io n  we attempted to define  
an e le c t r o l y t e  com p osit io n  as having the maximum CeF^ content and 
the minimum m elting temperature. D i f f e r e n t ia l  thermal a n a ly s is  on 
a r a n g e  o f  C e F ^ - r i c h  CeF^ + BaF2 + L iF  te rn a ry  c o m p o s it io n s  
co n firm e d  th a t  the c o m p o s it io n  73 wt% CeF3+ 12 wt% BaF2 + 15 wt% 
L iF  was the optimum com position  fo r  th is  d e f in it io n .

TABLE I

Com position and Sources of M a te r ia ls

D rying Temp.

Ce02 99.9% Unocal In c. 850 °C (24h)
CeF3 99.9% 400 °C (24h)
BaF 2 99.5% A lfa  Chemicals 400 °C (24h)
LiF 99.5% Lith ium  Corp. of 

America In c .
400 °C (24h)

Chemical a n a ly s is  of quenched samples of th is  e le c tro ly te  a fte r  
f u s i o n  f a i l e d  to re v e a l any Ce^ co n te n t  above the l i m i t s  o f  
a n a ly s i s  (0 .1  wt% Ce^+ ). The determ ination  method chosen was that 
of e le c t r ic a l  c o n d u ct iv ity .

The experim ental apparatus (F ig *  1) c o n s is t s  of a 50mm 
diameter by 80mm h igh  grap h ite  c ru c ib le  which is  placed in  a 
v e r t ic a l  tube furnace. The furnace c o n s is t s  of a 54mm diameter 
s t a in le s s  s te e l pipe which i s  surrounded by two 650 watt chromel 
elements. The elements are in su la te d  w ith approxim ately 100mm of 
f ib e r fa x  in s u la t io n .  The pipe i s  sealed  at both top and bottom  
w ith water cooled copper p la te s  which are held in  p lace by 
tube clamps. Argon i s  fed in  through the bottom of the
furnace to m aintain  an in e rt  atmosphere. A 25mm diameter fused 
q u a rtz  tube ex te nd s v e r t i c a l l y  from  the fu rn a ce . The
c o n d u ct iv ity  probe re s ts  in th is  tube when not in  use. A 15mm 
diameter fused quartz tube is  attached h o r iz o n ta lly  to the
v e r t ic a l  tube. Th is i s  used as the feeding port for the cerium  
oxide. The co n d u ct iv ity  probe ( F i g . 2) c o n s is t  of a 1mm diameter 
molybdenum wire as one e lectrode  and a 16mm diameter concentric
molybdenum tube as the other e lectrod e . A Hewlett Packard 4328A 
milliohmmeter i s  used to measure the re s is ta n ce  between the 
e lec trod es.

A four lead probe c o n s is t in g  of separate leads for current and 
vo ltage  measurements is  used. Two of the leads are used to impose 
an a lte rn a t in g  current between the e lecrodes, and two separate  
leads are used to measure the vo ltage  drop of the imposed curren t.
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Th is enables the voltm eter to have a very h igh  in te rn a l re s is ta n c e ,  
and thus e lim in a te s  e rro rs  due to lead re s is ta n c e  and contact 
r e s is ta n c e .

T h is m illiohmmeter uses a h igh  frequency (lKH z) low amperage 
current (5mA). Th is ensures that there are no measurement e rro rs  
due to e le c t r o ly t ic  p o la r iz a t io n  and capacitance e f fe c t s .  A 
concentric  tube c o n d u ct iv ity  c e l l  i s  used in stead  of the u sua l 
p a r a l l e l  p la t e  c e l l  to  p re ven t in t e r fe r e n c e  from  p a r a l l e l  
e le c t r ic a l  paths through the fused s a lt  bath4 *

The c y l in d r ic a l  geometry of the co n d u ct iv ity  c e l l  r e s u lt s  in  
a c e l l  constant that is  independent of the c ru c ib le  geometry of the 
c e l l - c r u c ib le  d istan ce . The c e l l  constant is  dependent s o le ly  on a 
reproducib le  immersion depth. Th is method i s  more p re c ise  and 
e a s ie r  to operate than a p a r a l le l  p la te  c e l l .  A p latinum -p latinum  
10% rhodium thermocoule was used to measure the s a l t  temperature.

EXPERIMENTAL RESULTS

The s a t u r a t io n  s o l u b i l i t y  of cerium oxide in  a CeF^-LiF-BaE^  
melt was determined by noting the point at which a d d it io n a l amounts 
of cerium oxide did  not decrease the co n d u ct iv ity  of the melt. 
F igure  3 shows the re la t io n sh ip  between co n d u ct iv ity  and amount of 
cerium oxide added. From th is  f ig u re  the sa tu ra t io n  S o lu b i l i t ie s  
were obtained. Thus, the amount of cerium oxide in  the c e l l  can be 
co n tro lle d  by m onitoring the co n d u ct iv ity  of the bath* At 8006C, 
the sa tu ra t io n  s o lu b i l i t y  occurs at a co n d u ct iv ity  of 2.15 t 
0.05  ohm 1 cm~ . The oxide content of an e le c t r o ly t ic  c e l l  could  
be c o n tro lle d  by keeping the c o n d u ct iv ity  between £.20 and 2.40 
ohm"*1 cm .

The in flu ence  of the com position  w ith respect to f lu o r id e , was 
a lso  determined by vary in g  the bath com position. I t  was observed  
that when the cerium f lu o r id e  content is  increased there i s  a sm all 
increase  in  the s o lu b i l i t y  of approxim ate ly 0.1 wt% fo r  a bath 
co n ta in in g  80% CeF^.

At the oxygen p o te n t ia l in  eq u ilib r iu m  w ith s o l id  grap h ite ,  
we w o u ld  n o t  e x p e c t  a s i g n i f i c a n t  r e d u c t io n  o f Ce4 to  Ce . 
However, to examine the in flu e nce  of th is  fa c to r , a se r ie s  of 
experiments p a r a l le l  to the above was ca rr ie d  out w ith cerium  
metal added to the c ru c ib le . We did not observe any detectab le  
change in  the s o lu b i l i t y  behaviour. The oxide p re c ip ita te d  on 
f r e e z i n g  in  b o th  c a s e s  w as i d e n t i f i e d  as 0620  ̂ a s  w ould be 
expected from the r a t io  of Ce4/Ce ‘ in  the e le c tro ly te .

D e t e r m in a t io n s  of the s a t u r a t io n  s o l u b i l i t y  o f La20^ and 
Nd203 have been c a r r ie d  o u t, u s in g  the equ ivalent s a l t  so lu t io n s  
in  temperature ranges appropriate  fo r e le c t r o ly t ic  c e l l  operation .
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As w i l l  be seen from F ig s .  4 & 5, the so lu t io n  behaviour i s  
s im ila r ,  but w ith  a more r e s t r ic te d  s o lu b i l i t y  range.

DISCUSSION

I t  i s  seen from the above re s u lt s  that the s o lu b i l i t y  range 
of ra re -e arth  oxides in  appropriate  f lu o r id e  e le c tro ly te s  i s  very  
sm a ll. We may re a d ily  see why the problem of overfeeding has been 
so p e rs is te n t  in  these e le c t r o ly t ic  c e l l s *  The sm all p o te n t ia l  
op era tin g  range between the onset of anode e ffe c t  and over^  
sa tu ra t io n , combined w ith the severe problem of heat balance  
co n tro l im p lie s that c e l l  operation  w i l l  be p o ss ib le  on ly  w ith  
very good o n -lin e  c o n tro ls  of oxide concentration  and oxide  
temperature. To th is  end We would propose to operate such a c e l l  
w ith an o n -lin e  p re d ic t iv e  heat balance to c o n tro l temperature and 
an immersion re s is tan ce  device s im ila r  to that of F ig . 2 to co n tro l 
oxide content. These opera tin g  stru c tu re s  have been constructed  
and have been shown to operate s a t i s f a c t o r i ly  at the lab o ra to ry  
sca le  .
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F ig  1. C on du ctiv ity  Measuring  
Apparatus
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F ig  2. C on du ctiv ity  Probe D e ta il



Wt.% Lq203

F ig  3. C on du ctiv ity  o f "CeQo" 
S o lu t io n s  in  l iq u id  1 
F lu o rid e  E u te c tic .

Wt.% Ce02

F ig  4. C on du ctiv ity  of

S o lu t io n s  in  l iq u id  
F lu o rid e  E u te c tic
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F ig  5. C on du ctiv ity  of Nd^O^

S o lu tio n s  in  l iq u id  
F lu o ride  E u te c tic
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APPLICATIONS OF MOLTEN SALTS IN PLUTONIUM PROCESSING

D. F. Bowersox, D. C. Ch risten sen , and J. D. W illiam s  
Los Alamos N a t io n a l Laboratory, Los Alamos, NM 87545

ABSTRACT

Plutonium  i s  e f f i c ie n t ly  recovered from scrap a t  
Los Alamos by a se r ie s  o f  chem ical re a c t io n s  and 
se p a ra t io n s  conducted a t  temperatures ran g in g  from 700° 
to 900°C. These processe s u su a l ly  employ a molten s a l t  
or s a l t  e u te c tic  as a heat s in k  and/or re a c t io n  medium. 
S a lt s  fo r  these opera tion s were se le cte d  e a r ly  in  the 
development cyc le . The se le c t io n  c r i t e r i a  are be ing  
reevaluated. In  t h is  a r t i c le  we describe  the processes  
now in  use a t  Los Alamos and our stu d ie s  o f  a lte rn a te  
s a l t s  and e u te c t ic s .

INTRODUCTION

Pyrochem ical p roce sse s are de fined  as nonaqueous opera tion s conducted 

a t e leva ted  tem peratures. Records in d ic a te  tha t crude methods fo r  

producing some m etals e x iste d  as e a r ly  as 3000 BC . Copper, s i lv e r ,  t in ,  

lead, go ld , iro n , and s te e l were made p yrochem ica lly  by 1000 BC. 

Pyrom eta llu rgy  i s  s t i l l  employed to make iron , copper, z inc , and n ic k e l;  

however, the modern a p p lic a t io n  most s im i la r  to the plutonium  process i s  

tha t used to produce aluminum.

Reductions o f  uranium and p lutonium  te t ra f lu o r id e  to metal were 

developed by R. D. Baker and co-w orkers du ring  the Manhattan P r o je c t .1’2 

However, most recovery o f p lutonium  has been by aqueous methods developed  

a fte r  W orld War I I .  In  the 1950s, p ro p osa ls  to b u i ld  m e ta l-fu e le d  fa s t  

re a c to rs  le d  to s tu d ie s  o f  p yrop rocess in g  spent fu e ls .  In  such cases, 

uranium and plutonium  cou ld  be p u r if ie d  w ithout a lt e r in g  th e ir  m e ta llic  

s ta te s .  W ith adoption  o f the concept o f  oxide fu e ls ,  development o f  

pyrochem ical re p ro ce ss in g  was no longer emphasized. However, the r e s u lt s  

from these e a r l ie r  s tu d ie s  were adapted in to  our pyrochem ical scrap  

recovery program. The recent p ro posa l by Argonne N a t io n a l Laboratory  o f  

the In te g ra te d  F ast Reactor, which u t i l i z e s  a m e ta ll ic  fu e l,  in c lu des  

pyrochem ical p ro ce ss in g  o f spent fu e ls  and the spent b la n k e t .3
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At Los Alamos, h igh  p u r ity  p lutonium  metal i s  prepared from process  

re s id u e s by the flow  diagram  shown in  F ig . 1. The two major p rocess steps  

to produce metal (u su a lly  s t i l l  impure) are d ire c t  red uction  o f p lutonium  

d iox ide  and con version  o f  oxide to f lu o r id e  by h y d ro f lu o r in a t io n  fo llow ed  

by reduction . I f  the americium content i s  h igh , e ith e r  step  i s  fo llow ed by 

molten s a l t  e x tra c t io n . The impure metal i s  then vacuum c a s t  to shape and 

converted to h igh  p u r ity  metal by e le c t r o r e f in in g .  The com plex ity  o f  the 

process i s  in creased  because re s id ue s and w astes must be tre ated  to recover 

a l l  o f  the plutonium .

The pyrochem ical research  and development se c t io n  a t  Los Alamos was 

formed to demonstrate an in te g ra te d  scrap recovery p rocess and, as a r e s u lt  

o f t h is  dem onstration, to p rovide h igh  p u r ity  metal fo r  other programs. In  

our s tu d ie s , we a lso  study methods to:

• Develop and demonstrate improved pyrochem ical p roce sse s,

• Decrease waste generation  w h ile  in c re a s in g  p ro d u c t iv ity ,

• E s t a b l is h  and m ain ta in  an ex pe rtise  in  p lutonium  chem istry  and in  
pyrochem ical o p e ra t io n s , and

• T ran sfe r  a p p lic a b le  technology to others in  the n uc le ar community.

In  t h is  report, the fou r major step s in  p ro ce ss in g  plutonium  by our 

methods w i l l  be described. S a lt s  and e u te c t ic s  in  use and prom ising  

a lte r n a t iv e s  w i l l  be d iscu sse d .

MAJOR PROCESSES

H y d ro flu o r in a t io n  and Plutonium  T e tra f lu o r id e  R edu ction . In  the

h y d ro f lu o r in a t io n  and p lutonium  te t r a f lu o r id e  reduction  p rocess, plutonium  

peroxide, oxa la te , or lo w -f ire d  (under 800°C) oxide i s  converted to the 

t e t r a f lu o r id e  by hydrogen f lu o r id e  g a s . Plutonium  metal i s  produced at  

h igh  pre ssu re  by the h igh  temperature re a c t io n  between the f lu o r id e  and 

calcium  m etal. A booster, such as iod in e , in i t ia t e s  the re a c t io n

Pu F4 + 3Ca + I 2 -+ Pu + 2CaF2 + C a l2 (1)
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at about 600°C. W hile the s la g  residue  remains molten, the more dense 

plutonium  s in k s  to the bottom o f the c ru c ib le ,  and, upon c o o lin g , the metal 

s o l i d i f i e s  in to  a button.

The waste streams from t h is  p rocess are a calcium  iod id e -ca lc iu m  

f lu o r id e  s la g ,  the re a c t io n  c ru c ib le ,  and m agnesia sand (which i s  reused). 

Any p lutonium  rem ain ing in  the s la g  or c ru c ib le  i s  recovered by aqueous 

p ro ce ss in g . O ff-g a se s  from the f lu o r in a t io n  are scrubbed and d iscarded.

The r e la t iv e ly  sm all volume o f re sidue  and waste c o n st itu te s  a major 

advantage o f t h is  p roce ss. L i t t l e  or no p u r i f ic a t io n  occurs du ring  the 

p ro ce ss in g . On the other hand, no im p u r it ie s  are introduced from the 

process. Therefore, i f  the feed m a te r ia l i s  s u f f ic ie n t ly  pure, the product 

metal i s  s a t is f a c t o r y  fo r  h igh  p u r ity  a p p lic a t io n s .  Y ie ld s  are u su a lly  

h igh , v a ry in g  from 97 to 99%.

The h igh  neutron r a d ia t io n  f ie ld  generated by the (a lpha, neutron) 

re a c t io n  i s  a major d isadvantage  in  the process because i t  c o n s t itu te s  a 

hazard fo r  the personnel. The h igh  p ressu re  system, the h igh  temperatures 

o f re a c t io n , and the h ig h ly  c o rro s iv e  gas are a lso  p o te n t ia l hazards. 

F in a l ly ,  h ig h - f ir e d ,  re fra c to ry  oxide does not h y d ro flu o r in a te  and cannot 

be reduced to metal by t h is  p rocess.

From a lo n g-ran ge  view, a major change in  t h is  p rocess would be 

replacement by a method em ploying p lutonium  t r ic h lo r id e  as the interm ediate  

reactan t. Such a p rocess m ight use c o n tro lle d  p o te n t ia l fo r  metal 

se p a ra t io n  by d e p o s it io n  rather than by chem ical reductant. The new 

process would y ie ld  h ig h -p u r it y  metal and e lim in a te  the h igh  ra d ia t io n  

f ie ld .

In  work a t  Hanford in  the e a r ly  s ix t ie s ,  the t r ic h lo r id e  was produced 

and te ste d  as an a lte rn a te  p ro ce ss in g  route. However, co rro s io n  problems 

and d i f f i c u l t y  in  o b ta in in g  h igh  y ie ld s  w ith  re fra c to ry  ox ides le d  to 

adoption  o f a n it r a te ,  aqueous sy stem .4 We have produced plutonium  

t r ic h lo r id e  from oxide on a 100 g sc a le  and reduced the product to metal 

w ith  ca lc ium  under se ve ra l c o n d it io n s .5

In  the pyroredox p ro c e ss ,6 p lutonium  t r ic h lo r id e  i s  produced in  a 

potassium  c h lo r id e  melt by the re a c t io n  o f z inc  ch lo r id e  w ith  impure 

plutonium  m etal. The re a c t io n  i s
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2Pu + 3ZnCl2 -► 2PuC13 + 3Zn. (2)

The z inc  button, which con ta in s the le s s  re a c t iv e  im p u r it ie s , i s  

m echan ica lly  separated from the s a l t  and tra n sfe rre d  to waste. The s a l t  i s  

then contacted w ith  calcium  to produce metal:

The s a l t ,  which con ta in s the im p u r it ie s  more re a c t iv e  than calcium , i s  

d iscard ed  or recycled. The impure m etal, which con ta in s s ig n i f ic a n t  

amounts o f  calcium , i s  fu rth e r  treated  and e le c tro re fin e d  to produce h igh  

p u r ity  p lutonium . T h is  p rocess would be a p p lic a b le  to lean  plutonium  

streams; a t  p resent, i t  i s  used fo r  recoverin g  p lutonium  from spent anodes 

produced by e le c t r o r e f in in g .

D ire c t  Oxide R edu ction . Most scrap  c o n ta in in g  pluton ium  can be 

coverted to oxide by bu rn in g in  a i r  a t an e levated  temperature. In  the 

d ire c t  oxide red uction  process (DOR), t h is  o x id a t io n  i s  c a r r ie d  out at  

800°C to ensure removal o f  carbon and o rgan ic  im p u r it ie s . T h is  produces 

h ig h - f ir e d  oxide which cannot be h yd ro flu o rin a te d . However, the oxide can 

be reduced to metal in  a so lv e n t  s a l t  system by the a d d it io n  o f a strong  

reducing a ge n t.7 In  the DOR, the re a c t io n  i s

The re a c t io n  be g in s a t  about 825°C in  a la rge  excess o f  molten calcium  

c h lo r id e  s a l t .  The s a l t  m elt p rov ide s both a heat s in k  and a so lv e n t  fo r  

the calcium  oxide produced as a by-product. As shown by the phase diagram, 

F ig . 2, the oxide i s  so lu b le  up to about 20 mol percent (m /% ).8 The metal 

button, c o n ta in in g  97-99% o f the feed plutonium , i s  m echan ica lly  separated  

from the s a l t .

2PuC13 + 3Ca -  3CaCl2 + 2Pu. (3)

Pu02 + 2Ca -> Pu + 2CaO. (4)
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The fused s a l t  b lo c k  i s  counted to ensure a low p lutonium  content and 

d isca rd e d  as low le v e l waste. The metal bu tton  i s  tra n sfe rre d  to the next 

p ro c e ss in g  step. The volume o f spent s a l t  i s  the la r g e s t  re sid ue  formed in  

the in te g ra te d  p ro c e s s . S tu d ie s have been shown tha t i t  can be regenerated  

to ca lc ium  c h lo r id e  and recycled. The c h lo r id e -o x id e  m ixture i s  m elted and 

m aintained  at 850°C w h ile  ch lo r in e  i s  bubbled through the l iq u id  melt. 

Under our o p e ra tin g  c o n d it io n s, the re action :

C l2 + 2CaO*CaCl2 -► 3CaCl2 + 02 (5)

proceeds u n t i l  the s a l t  con ta in s le s s  than 0.1% oxygen . 9 Approxim ate ly 5 kg  

o f  spent s a l t  i s  converted to u sab le  c h lo r id e  in  le s s  than two hours. The 

regenerated m elt i s  purged w ith  argon, t ra n sfe rre d  and c a st  fo r  recyc le .

Plutonium  metal produced w ith  the regenerated s a l t  i s  comparable to 

tha t produced w ith  f i r s t - p a s s  s a l t .  By re c y c lin g ,  very  l i t t l e  p lutonium  i s  

d isca rd e d  in  spent s a l t  and residue  volumes are s i g n i f i c a n t ly  decreased. 

S a lt  has been cyc le d  up to ten tim es w ith  no de tectab le  bu ildu p  o f  

im p u r it ie s .  Y ie ld s  averaged 98%. P o te n t ia l waste reduction s o f  80% are 

c a lc u la te d  by u t i l i z i n g  regen era tion  and recyc le .

The standard  DOR process produces an impure button  co n ta in in g  

magnesium, which may be caused by the re a c t io n  o f the magnesia c ru c ib le  

w a ll w ith  calcium  in  the melt:

MgO + Ca -»• CaO + Mg ( 6)

T h is  re a c t io n  can be m inim ized by a d ju s t in g  the process parameters such as 

s t i r r i n g  ra te , excess calcium , and o p era tin g  temperature. T e sts  em ploying 

boron n it r id e  c ru c ib le s  have a lso  been p rom ising.

The calcium  c h lo r id e  s a l t  was i n i t i a l l y  chosen, a long w ith  calcium  as 

the reductant, because the oxide by-product i s  so lu b le  in  the s a lt .  

S im ila r  s o lu b i l i t y  has been reported in  the lower m e lt in g  calcium  c h lo r id e - 

ca lc ium  f lu o r id e  e u te c tic . We are c u rre n t ly  comparing data such as y ie ld s  

from experim ents em ploying e ith e r  regenerated calcium  c h lo r id e  or a
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f lu o r id e  e u te c t ic  w ith  the r e s u lt s  o f  the reference DOR u t i l i z e d  in  the 

in te g ra te d  p ro ce sse s. M e ta l has been produced in  the f lu o r id e  e u te c tic  

system a t  tem peratures below the m e lt in g  p o in t  o f  calcium . A t these  

temperatures re a c t io n  w ith  the c ru c ib le  w a ll i s  m inim ized and thus 

magnesium m etal generation  i s  reduced . 10 The lower temperature shou ld  a lso  

in crease  furnace l i f e .  The sa lt /m e ta l in te r fa c e  i s  a ls o  very  w e ll 

d e lin e ate d  and s a l t  o c c lu s io n  in  the m e ta ll ic  phase has not been observed. 

A d d it io n a l data  are be ing  co lle c te d .

M o lten  S a lt  E x t r a c t io n . The more re a c t iv e  elements such as americium, 

the rare  e a rth s , a l k a l i  m etals and a lk a lin e  earth  m etals can be separated  

from pluton ium  by the molten s a l t  e x tra c t io n  p rocess (M SE ). A te rnary  s a l t  

composed o f  a c a lc u la te d  q u a n tity  o f  an o x id iz in g  agent and a e u te c tic  s a l t  

i s  contacted w ith  impure m e ta l. 11 The more re a c t iv e  elements, such as 

americium, a lon g  w ith  some o f the plutonium , are o x id ize d  in to  the s a l t  

phase. Most o f  the p lutonium  remains in  the heav ie r metal phase, and upon 

c o o lin g  forms a metal button. A t Los Alamos, the MSE p rocess i s  employed 

when the americium would not be s u f f ic ie n t ly  reduced by e le c t r o r e f in in g  

[g e n e ra lly  g re a te r  than 1000 p a rts  per m i l l io n  (ppm)]. Magnesium ch lo r id e  

i s  used as the o x id iz in g  agent in  a sodium ch lo r id e -p o ta ss iu m  ch lo r id e  

e u te c tic . The major re a c t io n s  are

2Am + 3MgCl2 -> 2AmCl3 + 3Mg (7) 

2Pu + 3MgCl2 2PuC13 + 3Mg, and (8) 

Am + PuC l3 AmCl3 + Pu. (9)

The americium and p lutonium  con centrations in  the s a l t  are dependent on the 

amount o f  ox idan t added, the con cen tration s o f  the elements in  the impure 

metal feed, the o p era tin g  temperature, the number o f c o n ta c t in g  sta ge s  and 

the mode o f operation . Under our o p e ra tin g  c o n d it io n s, 90% o f  the 

americium and 1-3% o f the p lutonium  are tra n sfe rre d  in to  the s a l t . 12 Th is  

plutonium  must be recovered before  the s a l t  i s  d isca rd ed  to waste. The 

r e la t iv e ly  h igh  americium content o f  the s a l t  i s  a r a d ia t io n  hazard. The
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americium i s  p o te n t ia l ly  va lu a b le , and, i f  i t  were recovered, the s a l t  

cou ld  be recycled .

In  e x tra c t io n s  where plutonium  t r ic h lo r id e  was su b s t itu te d  fo r  

magnesium c h lo r id e  as the o x id iz in g  agent, more americium was e x tra c te d . 12 

In  a d d it io n , magnesium was not introduced by the process. The re a c t io n  i s

3Am + 2Pu C13 -  2Pu + 3AmCl2 . (10)

The b la c k  s a l t  formed du ring  the e x tra c t io n  has been reported as c o n ta in in g  

d iv a le n t  am ericium . 1 2 ’ 13 We p lan  to c a lc u la te  the d is t r ib u t io n  constan t fo r  

t h is  re a c t io n  as a fu n c tio n  o f con ce n tration  and temperature. The 

americium and plutonium  in  the s a l t  w i l l  be recovered e ith e r  by aqueous or 

pyrochem ical methods; fo r  example, by c o n tro lle d  p o te n t ia l d e p o sition .

C a s t in g . Impure metal buttons from DOR or MSE are c o lle c te d , p laced  

in  a tantalum  pour c ru c ib le , and vacuum c a s t  to f i t  in to  the anode 

compartment o f our e le c t r o r e f in in g  c e l l . 13 The buttons are heated  

in d u c t iv e ly  under vacuum u n t i l  l iq u id  and then bottom poured in to  a 

gra p h ite  mold. Under the op era tin g  co n d it io n s, m e ta ll ic  im p u r it ie s  such as 

sodium, calcium  and magnesium are p a r t i a l l y  v o la t i l iz e d .  A d d it io n a l 

magnesium and calc ium  evaporate and form a dark c o a t in g  on the con ta iner  

w a lls  d u rin g  c a s t in g .  Thorium, americium, a l k a l i  m eta ls, a lk a l in e  earth  

and rare  earth  m eta ls o x id ize  p r e fe r e n t ia l ly  and remain in  the pour 

c ru c ib le .  In so lu b le  im p u r it ie s , such as ox ides, carb ide s and some m etals, 

f lo a t  on the m elt su rface  and a lso  remain in  the c ru c ib le  as residue . 

These re s id u e s are burned in  a ir  and cyc led  back in to  the recovery stream.

Experiments w i l l  te s t  the f e a s i b i l i t y  o f  re p la c in g  the c a s t in g  

op era tion  w ith  e ith e r  a s a l t  e x tra c t io n  or d i s t i l l a t i o n  se p a ra t io n  step. 

The e x tra c t io n  would be conducted in  a v e s se l w ith  a diameter su ita b le  fo r  

form ing a r ig h t  c y lin d e r  o f  metal to f i t  in  the anode cup o f the 

e le c t r o r e f in in g  c e l l .  Calcium  ch lo r id e  and v a r io u s  s a l t  e u te c tic s  are 

be ing  te ste d  in  e x tra c t io n  experiments and r e s u lt s ,  to date, are qu ite  

encouraging.
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E le c t r o r e f in in g . At Los Alamos, e le c t r o r e f in in g  i s  the major process  

fo r  con ve rtin g  impure p lutonium  metal to a h igh  p u r ity  p ro d u c t . 14 Impure 

metal i s  p laced  in  the anode compartment w ith in  an e le c t r o r e f in in g  c e l l  

(F ig .  3 ), and a sodium ch lo r id e -p o ta ss iu m  c h lo r id e  e u te c tic  c o n ta in in g  

magnesium c h lo r id e  i s  added. The c e l l  i s  assembled, p laced  under argon, 

and heated. The s a l t  e u te c tic  se rves as an e le c t ro ly te  fo r  tra n sp o rt  o f 

io n ic  sp ec ie s. The magnesium c h lo r id e  p ro v ide s pluton ium  ion  in  the 

e le c t r o ly te  p r io r  to e le c t r o ly s is  by the re a c t io n

2Pu + 3MgCl2 -> 3Mg + 2Pu C13 . (11)

Current i s  passed through the c e l l  and pluton ium  i s  o x id ize d  in  the anode 

compartment:

Pu (impure, i )  -> = Pu+3 + 3 e ' (12)

The p o s it iv e  ion s are tran spo rted  through the molten e u te c t ic  to the 

cathode, where red uction  occurs:

Pu+3 + 3 e ' = Pu (pure, i ) . (13)

The o v e ra ll  re a c t io n  i s

Pu (impure, i )  = Pu (pure, i ) , (14)

and pure l iq u id  p lutonium  m etal c o l le c t s  d ir e c t ly  below the cathode sh ie ld  

in  the annulus between the outer c e l l  w a lls  and the w a lls  o f  the anode 

compartment. The elements le s s  a c t iv e  than plutonium  remain in  the anode 

compartment, combining w ith  re s id u a l p lutonium  to form a s o l id  anode hee l. 

T h is  spent anode must be fu rth e r  p rocessed to recover plutonium .
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In  e le c t r o r e f in in g ,  the elements more re a c t iv e  than plutonium  

concentrate  in  the s a l t ,  a long w ith  t r iv a le n t  p lutonium  and p lutonium  shot  

(b e lie v e d  to be sm a ll uncoalesced m etal p ro d u c t ). T h is s a l t  re s id ue  i s  

heated to 800°C w ith  calcium  present as a reducing agent. The r e s u lt in g  

pluton ium -am eric ium -calc ium  button  i s  recyc led  in to  the p roduction  stream  

and the spent s a l t  i s  d iscarded.

The p u r ity  o f  e le c tro re fin e d  bu ttons under our op era tin g  co n d it io n s  i s  

t y p ic a l ly  g re a te r  than 99.95%, and one-pass y ie ld s  range from 75-80%. The 

y ie ld  depends on the p u r ity  o f the anode m etal. The p rocess has been used 

to produce h igh  p u r ity  metal fo r  a number o f y e a r s . 15

Our research  has been concentrated on deve lop ing a so lv e n t  anode such 

as cadmium, bism uth or le ad  in  which the p lutonium  in  the anode d is s o lv e s  

and i s  o x id ize d  to d e p le t io n . 16 Experiments have been q u ite  su c c e ss fu l w ith  

l i t t l e  or no p lutonium  rem ain ing in  the spent anode. However, a t  

tem peratures above the m e lt in g  p o in t  o f  the sodium ch lo r id e -p o ta ss iu m  

c h lo r id e  e u te c tic  the cadmium in  the anode i s  v o la t i l iz e d .  Some o f  t h is  

m etal condenses in  the product, and a d d it io n a l cadmium i s  lo s t  to the w a lls  

o f the re a c t io n  v e s se l.  In  a d d it io n  to experim ents w ith  le ad  and bism uth  

so lv e n t  anodes, su b s t it u t io n s  o f  lower m e lt in g  e u te c t ic s ,  such as lith iu m  

c h lo r id e -p o ta ss iu m  c h lo r id e , are be ing eva luated. O perating temperatures 

can then be dropped in to  the 675-700°C range.

Magnesium c h lo r id e  i s  used to provide  t r iv a le n t  p lutonium  in  the 

e le c t r o ly te  upon i n i t ia t io n  o f e le c t ro re f in in g .  T h is  e lim in a te s  some, but 

not a l l ,  o f  the generation  o f  sodium and potassium  du rin g  e le c t r o ly s is .  

However, t h is  step  adds magnesium to the anode, which i s  an im purity  that  

may in te r fe re  w ith  the maintenance o f a l iq u id  anode. T e sts  show that  

plutonium  t r ic h lo r id e  i s  a su ita b le  su b s t itu te  fo r  magnesium c h lo r id e  in  

the c e l l .

Residues would be reduced by re c y c lin g  the spent anode ( i f  i t  i s  a 

so lv e n t  anode) and the e u te c tic  s a l t .  Im p u r it ie s  would probab ly  b u i ld  up 

w ith  recyc le , and a regen era tion  step should  be evaluated. S ince  the co st  

o f sto rage  o f  d isc a rd s  and re s id ue s i s  e s c a la t in g ,  such a re cyc le  cou ld  be 

q u ite  b e n e f ic ia l .
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SUMMARY AND CONCLUSIONS

The p re sent in te g ra te d  pyrochem ical p roce ss fo r  p roducing h igh  p u r ity  

metal from plutonium  scrap  has been used q u ite  su c c e s s fu l ly  a t  Los Alamos. 

Y ie ld s  from a one-pass system are about 65-75%, and the re s id u a l p lutonium  

i s  e f f i c ie n t ly  recovered by a se r ie s  o f  secondary op era tion s. However, 

y ie ld s  can be s i g n i f i c a n t ly  increased  and resid ue  generation  reduced by 

a lt e r in g  the o p era tin g  c o n d it io n s. Many o f these changes are re la te d  to 

the s a l t s  employed in  the op era tion s.

C on sid e ra tio n s  o f  other m olten s a l t s  and e u te c t ic s  are p a r t ic u la r ly  

in te r e s t in g  and p o te n t ia l ly  u se fu l in  the DOR p rocess. The a d d it io n  o f  

calcium  f lu o r id e  to the p resent calcium  c h lo r id e  system to form a lower 

m e ltin g  e u te c t ic  produces a metal bu tton  th a t  does not adhere to the s a l t .  

The re a c t io n  can apparently  be c a r r ie d  out a t  lower tem peratures, thus, 

p o s s ib ly ,  reducing calcium  re a c t io n  w ith  the c ru c ib le  w a ll.  Further study  

o f  re a c t io n  param eters i s  underway.

A second area of concerted study in the DOR system is regeneration of 
the spent salt followed by recycle. Development tests are complete, and a 
demonstration has been initiated.

Further changes in casting could evolve from the present study of the 
DOR process. If DOR were combined, or followed by a salt extraction step 
or distillation process to remove magnesium and excess calcium from the 
impure metal button, casting might become unnecessary. This is 
particularly valid if a solvent anode operation, with no dimension 
requirements for the anode materials, is adopted.

Lith ium  ch lo r id e -p o ta ss iu m  c h lo r id e  has been su b s t itu te d  fo r  sodium  

ch lo r id e -p o ta ss iu m  c h lo r id e  in  e le c t r o r e f in in g ,  and p lutonium  t r ic h lo r id e  

has been used in  p lace  o f  magnesium ch lo r id e . R e su lt s  have been 

encouraging, but more study w i l l  be needed.

Recycle o f  both the so lv e n t  anode and the s a l t  in  e le c t r o r e f in in g ,  and 

plutonium  t r ic h lo r id e  has been used in  p lace  o f  magnesium c h lo r id e .  

R e su lts  have been encouraging, but more study w i l l  be needed.

Recycle o f  both the so lv e n t  anode and the s a l t  in  e le c t r o r e f in in g  i s  

fe a s ib le ,  and te s t s  are planned. As im p u r it ie s  b u i ld  up in  both s a l t  and 

the anode, some method o f regen era tion  or p u r i f ic a t io n ,  perhaps 

d i s t i l l a t i o n ,  w i l l  be needed. Sem icontinuous opera tion  and remote c o n tro l
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o f  p ro ce ss in g  are a lso  areas o f  in te re s t .  F in a l ly ,  n on destru ctive , in - l in e  

a ssay  would be very  u se fu l in  these system s and work has been in i t ia t e d  in  

t h is  f ie ld .

O n-go ing research  and development programs in  pyrochem istry  a t  Los 

Alamos have been de scrib ed  in  t h is  report. As data are c o lle c te d  and 

evaluated, areas o f  concern, and concepts o f  the processe s, w i l l  change. 

We are p re se n t ly  em phasizing development, but we are a lso  in te re ste d  in  

re a c t io n  mechanisms, s a l t  p u r i f ic a t io n  and equipment design . We hope to 

le a rn  more through in te ra c t io n  w ith  the s c ie n t i f i c  community through  

re la te d  s tu d ie s ,  and we p lan  to continue to report upon our programs.
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F ig . 2. C aC l2 *CaO Phase Diagram.
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F ig . 3. E le c t ro re f in in g  C e ll.
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STATUS OF PLUTONIUM PURIFICATION BY BISMUTH SOLVENT ANODE ELECTROREFINING
K e ith  W. F ife ,  David  F. Bowersox, Lynn E. McCurry, 

Peter C. Lopez, and C e c il Brown

Los Alamos N a t io n a l Laboratory, Los Alamos, NM 87545

ABSTRACT

Recent in v e s t ig a t io n s  in to  p lutonium  p u r i f ic a t io n  
by e le c t r o r e f in in g  from a molten secondary-m etal 
so lv e n t  anode poo l (m etal so lve n t: Pu > 1) have 
concentrated on bism uth and bism uth • ga lliu m  
so lv e n ts  conta ined in  sha llo w  tantalum  c ru c ib le s .  
E le c t ro re f in in g  i s  reversed from our standard  LAMEX 
c e l l  d e s ign  and occurs v ia  p lutonium  o x id a t io n  from  
a h ig h -su r fa c e -a re a  anode, u s in g  e ith e r  molten  
NaCl»KCl or L iC l» K C l e le c t r o ly te s  and red uction  on 
a c y l in d r ic a l  tungsten  cathode. We are recoverin g  
h ig h -p u r it y  p lutonium  from e le c t r o r e f in in g  anode 
resid ue  and from PuC^ red uction  product. Recently, 
we have been re c y c lin g  the spent so lve n t and are 
a ch ie v in g  o v e ra ll  p lutonium  recoverie s s im i la r  to 
those obta ined  from con vention al e le c t r o r e f in in g .

INTRODUCTION

Impure pluton ium  m etal i s  c u rre n t ly  p u r i f ie d  a t  Los Alamos by molten  
s a l t  e le c t r o r e f in in g  (1 -3 ). The procedure in v o lv e s  plutonium  ox id a t io n  
from an impure (> 95% Pu) molten plutonium  anode, t ra n sp o rt  through an 
equim olar N aC l*K C l e le c tro ly te ,  and red uction  a t  a tungsten  cathode. 
O v e ra ll p lutonium  recovery from the p rocess ranges between 70% and 75%, 
co n s id e r in g  a l l  types o f  process feed. The technique i s  e f fe c t iv e  fo r  
producing pure p lutonium  m etal (> 99.95%). O v e ra ll p lutonium
re co v e r ie s , however, are d ir e c t ly  re la te d  to the p u r ity  o f  the feed 
m a te r ia l.  H ig h -p u r ity  feed e x h ib it s  h igh  o x id a t io n  and reduction  
(c o l le c t io n )  e f f ic ie n c ie s  r e s u lt in g  in  h igh  o v e ra ll  recovery. With  
impure feed, h igh -m e lt in g  plutonium  a l lo y s  tend to form as p lutonium  i s  
depleted from the anode and the im p u r it ie s  concentrate. The form ation  
o f  these h ig h -m e lt in g  a l lo y s  reduces p lutonium  o x id a t io n  and d i f fu s io n  
ra te s , p ro h ib it s  good m ixing in  the anode compartment, and e f fe c t iv e ly  
term inates the run le a v in g  s i g n i f i c a n t  q u a n t it ie s  o f  p lutonium  in  the 
spent anode.

To rep rocess t h is  r ic h  residue , a v a r ia t io n  o f molten s a l t  
e le c t r o r e f in in g  i s  be ing  developed. So lven t anode e le c t r o r e f in in g  
in co rp o ra te s a secondary-m etal so lve n t added to the p lutonium  (so lv e n t  
m etal: Pu > 1) in  s u f f ic ie n t  con ce n tratio n s to keep the r e s u lt in g
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m ixture l iq u id  throughout a l l  a n t ic ip a te d  p lutonium  con cen tration  
ranges. W ith the anode rem ain ing l iq u id  throughout the p ro ce ss, the 
op po rtu n ity  fo r  increased  o x id a t io n  e f f ic ie n c ie s  and, the re fore , 
in creased  o v e ra ll  reco ve r ie s  i s  p o s s ib le  from e le c t r o r e f in in g .  By 
extend ing the so lv e n t  anode concept to r ic h  residue  treatm ent, these  
con ven tion a l spent e le c t r o r e f in in g  anodes can be tre ated  by a s in g le -  
step  so lv e n t  anode e le c t r o r e f in in g  p rocess.

I n i t i a l  experim ents were conducted w ith  cadmium as the 
so lv e n t  (4 ), but su ffe re d  from cadmium contam ination  o f  the product 
caused by the h igh  vapor p ressu re  o f cadmium at c e l l  tem peratures of 
690-720°C (cadmium b o i l s  a t  765°C). O v e ra ll product recovery fo r  the 
cadmium experim ents was 65% to 75%, depending on the o r ig in  o f  the 
feed.

In  a d d it io n  to cadmium, we have in v e s t ig a te d  other so lv e n ts  and 
now have some experience w ith  bism uth and lead. W ith a l l  so lv e n ts  in  
th e ir  pure form, the amounts necessary  to form a su sta in e d  l iq u id  
throughout a l l  p lutonium  con ce n tration s o f  in te r e s t  are norm ally  
gre ate r than 2:1. By adding sm all amounts o f  g a lliu m  to  the system, 
however, the l iq u id  range has been extended down to 1 : 1  r a t io s .

EQUIPMENT AND PROCEDURE

I n i t i a l  experim ents were performed in  the standard  Los Alamos or LAMEX 
e le c t r o r e f in in g  c e l l  (F ig .  1 ). T h is  c e l l  i s  constructed  o f v i t r i f i e d  
magnesia, and the genera l procedure c o n s is t s  o f  p la c in g  an in go t  o f 
impure p lutonium  metal (< 6 kg) in  the inner cup, then lo ad in g  
equim olar N aC l*KC l w ith  approxim ate ly 100 g M gC ^  in to  the c e l l .  When 
the system i s  molten a t  about 750°C, the s t i r r e r ,  anode rod, and 
cathode are lowered in to  p o s it io n  and s t i r r i n g  i s  begun. S t i r r in g  i s  
necessary  to  in su re  re a c t io n  o f  the M gC ^  w ith  the p lutonium  and to 
charge the e le c t r o ly te  w ith  Pu+3 be fore  e le c t r o ly s is  b e g in s. Once 
in i t ia t e d ,  e le c t r o ly s is  continues u n t i l  the s t a t ic  c e l l  p o te n t ia l  
(back-em f) in c re a se s to a p re se t va lue . Back-emf i s  a u to m a tica lly  
measured throughout the run by in te r ru p t in g  the d .c. power and 
m easuring the in stantaneous c e l l  p o te n t ia l.  T h is  c e l l  p o te n t ia l 
in c re a se s  as im p u r it ie s  concentrate in  the anode d u rin g  e le c t r o ly s is  
and i s  used as a q u a li t a t iv e  to o l to m onitor p rodu ction  runs. 
Term inating the run a t  a predeterm ined va lue  in su re s  th a t the q u a lit y  
o f the product m etal w i l l  be h igh  a lthough  the q u a n tity  may be 
v a r ia b le .  By ig n o r in g  back-em f, we can extend the p rocess to maximize 
plutonium  o x id a t io n  but then create  the p o s s i b i l i t y  o f  c o -o x id iz in g  
im p u r it ie s  and contam inating the product m etal.

So lven t anode experim ents performed in  the LAMEX c e l l s  used 
e le c t r i c a l l y  in su la te d  tantalum  s t i r r e r s  and fo llow ed  standard  
e le c t r o r e f in in g  o p era tin g  gu id e lin e s.  The lim ite d  anode compartment 
volume o f  the LAMEX c e l l  presented a sca le -u p  problem, so we designed a 
m odified  c e l l  w ith  a large-volum e anode compartment (F ig .  2 ). Th is
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m odified  c e l l  i s  a lso  constructed  p r im a r ily  o f  v i t r i f i e d  MgO but 
w ithout an a ttached  anode compartment. The anode pool i s  lo ca te d  at  
the bottom o f the c e l l  and i s  conta ined in  a sha llo w  tantalum  v e s se l to 
e lim in a te  MgO c ru c ib le  breakage by so lv e n t  expansion du rin g  furnace  
heat-up  or cool-down. The p lutonium  product c o l le c t io n  cup i s  a lso  
m agnesia and i s  conta ined  in  a s t a in le s s  s te e l or tantalum  basket  
assem bly suspended in  the molten s a l t .  A c y l in d r ic a l  tungsten  cathode 
i s  suspended above the c o lle c t io n  cup and in su la te d  from a c c id e n ta lly  
touch ing the basket w ith  a magnesia sleeve .

We f e l t  t h is  r a d ic a l  change in  c e l l  de sign  was necessary  to 
accommodate la r g e r - s c a le  so lv e n t  anode runs and a lso  to f a c i l i t a t e  a 
sem icontinuous mode o f operation . In  the m od ified  c e l l ,  a l l  hardware 
( s t i r r e r ,  thermocouple, anode rod, and cathode/product assem bly) i s  
suspended in  the m elt. When the anode pool i s  depleted o f  p lutonium , 
the hardware can be removed, the product cooled  and c o lle c te d , hardware 
rep laced  as necessary , and a d d it io n a l p lutonium  feed charged to the 
so lv e n t  w ithout h a v in g  to shut the furnace down.

Back-emf c o n tro l i s  more com plicated fo r  so lve n t anode runs than  
fo r  the con vention al e le c t r o r e f in in g  p rocess. The a d d it io n  o f  la rge  
amounts o f  so lv e n t  metal and the change in  c e l l  de sign  have caused us 
to re-examine back-em f behavior du rin g  e le c t r o ly s is .  A lthough  we s t i l l  
use back-em f to term inate so lve n t anode experim ents, we have not been 
ab le  to r e ly  on back-em f fo r  c o n s is te n t  e le c t r o r e f in in g  performance.

EXPERIMENTAL RESULTS WITH BISMUTH

Bism uth was se le c te d  as a so lve n t because o f  i t s  la rge  l iq u id  range. 
I t  m e lts a t 271°C and b o i l s  a t  1560°C. W ith plutonium , bism uth forms 
h ig h -m e lt in g  compounds (F ig .  3) tha t apparently  can be suppressed by 
the a d d it io n  o f  sm a ll amounts o f  ga lliu m . The m e lt in g  p o in t  o f  a l l  
b ism u th -g a lliu m  m ixtures i s  s u f f ic ie n t ly  low (F ig .  4) to apparently  
exert a s y n e r g is t ic  e f fe c t  on both the Pu*B i and Pu*Ga (F ig .  5) systems 
and reduce or e lim in a te  the form ation  o f  h igh -m e lt in g  p lutonium  
compounds. By add ing g a lliu m , we have been ab le  to e le c tro re f in e  a t  
so lv e n t-to -p lu to n iu m  r a t io s  approaching 1. W ith pure bism uth, however, 
a r a t io  > 2 . 0  (a t  70 mol% B i)  was used to  m a in ta in  a two-phase anode 
through the p lutonium  con cen tration s o f  in te re s t .

I n i t i a l  experim ents w ith  bism uth were d isc o u ra g in g  because o f  
c ru c ib le  f a i lu r e  du rin g  the run. We su spect tha t bism uth was expanding 
a n is o t r o p ic a l ly  d u rin g  heat-up or cool-down, r e s u lt in g  in  a broken  
anode cup in  the LAMEX c e l l .  In  c o n tra s t  to the LAMEX c e l l ,  the 
product compartment in  the m odified  c e l l  i s  unaffected  in  the event o f  
a broken anode v e s se l.  W ith tantalum  l in e r s ,  both LAMEX and m odified  
c e l l  experim ents have been completed w ithout c ru c ib le  breakage from 
bism uth expansion.

890



Table 1 summarizes our so lve n t anode experiments w ith  bism uth and 
b ism u th -ga lliu m  m ixtures w ith  both spent con vention al e le c t r o r e f in in g  
anodes (PMA) and PuC^ red uction  product (XO P). The PMA feed had 
ga lliu m  added fo r  c r i t i c a l i t y  c o n tro l before  the o r ig in a l
e le c t r o r e f in in g .  The XOP feed was the product from red uction  o f h igh -  
p u r ity  Pu02 w ith  d e n s it ie s  between 17.5 and 18.0 g /cc  (pure a  phase 
plutonium  has a d e n s ity  o f  approxim ate ly 19.7 ). Table 1 i l lu s t r a t e s  
v a r ia b le  o x id a t io n  and reduction  (c o l le c t io n )  e f f ic ie n c ie s  caused by 
changes in  c e l l  d e s ign  and operation . In  a l l  cases, however, product 
p u r ity  was h igh  (Table 2) but not as h igh  as conventional 
e le c tro re fin e d  p lutonium  (> 99.95% pure ). We are con tam inating our 
product m etal w ith  magnesium and to some extent, w ith  bism uth,
tungsten , and other m eta ls. The source o f  the magnesium i s  our feed  
(PMA and XOP) and the M gC ^  we use to i n i t i a l l y  charge the e le c tro ly te  
w ith  Pu+ 3 . The redox p o te n t ia l o f  magnesium i s  very  s im i la r  to tha t o f  
plutonium  in  both L iC l* K C l and N aC l*K C l system s and tends to fo llo w  
plutonium  to the cathode. F in a l se p a ra tio n  o f  magnesium from the 
plutonium  shou ld  be s tra igh t fo rw a rd  because o f th e ir  vapor pressure  
d iffe re n c e s. At 800°C, magnesium has a vapor p re ssu re  about nine  
orders o f  magnitude gre a te r  than th a t o f  p lutonium  and shou ld  be 
e f fe c t iv e ly  removed by vacuum d i s t i l l a t i o n  or vacuum c a s t in g  (7 ).

The e r r a t ic  presence o f other im p u r it ie s  in  the product may be a 
r e s u lt  o f  any com bination o f the fo llo w in g :

• un favorab le  c e l l  curren t d is t r ib u t io n ,

• m e ta ll ic  hardware p a r t ic ip a t in g  in  or in tro d u c in g  e lectrochem ica l 
s id e  re a c t io n s  in  the melt,

• p o te n t ia l fo r  o c c a s io n a l c e l l  opera tion  a t  la rg e  n ega tive  v o lta g e s ,

• an u n favorab le  cathode/anode su rface  area r a t io  in  the m odified  
c e l l .

In  a d d it io n  to continued experim entation  w ith  the m od ified  c e l l ,  
we are b e g in n in g  to reuse so lve n t metal in  m u lt ip le  r u n s . Our approach  
has been to keep the so lv e n t  and e le c tro ly te  molten, remove the head 
assem bly in  a c ir c u la t in g  argon glovebox, rep lace  the a ffe c te d  hardware 
(basket assem bly and ca th od e ), add new feed to the molten system, 
e q u ilib ra te ,  and r e s ta r t  e le c t r o ly s is .  We have completed se ve ra l 
experim ents u s in g  recyc led  so lve n t and XOP feed. In  t h is  s it u a t io n ,  i t  
appears tha t so lve n t recyc le  i s  not adverse ly  a f fe c t in g  operation , 
o v e ra ll  recovery, or product q u a lity .  A na ly se s, however, to determine 
product p u r ity  and im purity  b u ild -u p  in  the so lv e n t  are not yet 
a v a i la b le .
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FUTURE DIRECTION
In  so lv e n t  anode e le c t r o r e f in in g ,  we p lan  to continue stu d y in g

• c e l l  d e s ign  and op era tion  to achieve co n siste n cy  in  our performance*

• back-em f behav ior in  d if fe r e n t  so lv e n t  plutonium  system s,

• lead  and cadmium in  a d d it io n  to bism uth as so lv e n ts ,

• use o f  g a lliu m  in  the so lv e n t,

• p o te n t ia l o f  so lv e n t  metal re cyc le , and

• d i f fe r e n t  e le c t r o ly te  com positions and the p o te n t ia l fo r  
e le c t r o ly te  re cyc le .

We are con fid e n t tha t so lv e n t  anode e le c t r o r e f in in g  can be 
developed and demonstrated as a technique fo r  recoverin g  p lutonium  from 
many types o f  r ic h  re s id u e s. Once developed, t h is  procedure may 
supplement the con vention al e le c t r o r e f in in g  p rocess and provide  recycle  
o f p luton ium  w ith  lower generation  o f  re s id u e s and waste.
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Table 1. Bismuth Solvent Anode Electrorefining from Modified Cell

Feed
Run Typea

Plut' nium 
Feed
(*Pu)

Bi/Pu Temp 
Ratio (°C) 
(g/g)

Electrolyteb
Oxidation
Efficiency0

(%)

Reduction
Efficiency^

(%)

Product
Recover'1

(%)

ER56 PMA 931 2.2 850 NaCl-KCl 67.6 47.9 32.4e
ER57 PMA 947 2.1 850 NaCl-KCl 84.3 69.7 58.8e
ER71 XOP 943 1.1 850 NaCl-KCl 99.6 54.3 54.1
ER74 XOP 944 1.1 880 NaCl-KCl 87.0 75.0 65.3
ER76 XOP 895 1.4 880 NaCl-KCl 93.0 83.0 77.2
ER79 XOP 1210 0.95 885 LiCl*KCl 99.3 89.5 88.9
ER80 XOP 1321 0.90 860 LiCl-KCl 87.5 79.5 69.6

a PMA is a spent conventional electrorefining anode; XOP is PuC>2 reduction 
product.

b Equimolar NaCl«KCl, LiCl«40 m/o KC1, 100 g MgCl2 added to each run. 

c Calculated from (initial Pu in Bi - final Pu in Bi)/(initial Pu in Bi). 

d Calculated from (Pu in product)/(initial Pu in Bi - final Pu in Bi). 
e Early modified cell had a hemispherical anode container and an offset stirrer 

which resulted in poor mixing.

Table 2. Bismuth Solvent Anode Electrorefining Product Purity Results

Run !Product Product Product Impurities. (ppm)
Density
(g/cc)

Purity
(%Pu)

Al Bi Cr Fe Ga Mg Mn Ni Si Ta W

ER56 19.7 99.94 60 150 15 40 <100 300-
3000

100 6 7 <100 70

ER57 19.5 99.99 50 300-
3000

9 <20 <100 300-
3000

100 <5 25 <100 30

ER71 19.6 -- 40 300 <5 -- 45 50 8 <5 15 <100 500

ER74 19.3 99.86 <5 300 90 270 104 300-
3000

40 20 20 <100 500-
5000

ER76 19.2 99.83 210 100 65 150 245 300 20 55 50 <100 500-
5000

ER79 19.4 99.86 55 80 25 70 450 300 50 15 10 <100 500

ER80 19.1 99.83 <5 35 <5 <20 33 300-
3000

10 <5 20 <100 250
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COMPACT MOLTEN-SALT FISSION POWER STATIONS (FUJI-series)
AND THEIR DEVELOPMENTAL PROGRAM

ABSTRACT

The design studies of Compact Molten-Salt Power Stations 
(Th- ^(J fueled molten-fluoride fission converters) were 
presented in the two directions: [class I ](50~300MWe) and 
[class 11 ](2~30MWe). Both have several advantages on safety, 
simplicity, easy operation & maintenance, trans-U elements 
and nuclear proliferation resistance, due to the non-exchange 
of core elements and the non-continuous chemical processing.
In class I, very high conversion ratio more than 95% might be 
expected in low fissile inventory. In class II, very small 
but high performance could be achieved in small fissile 
supply. Their inherent safety, simplicity and smaller capa­
city would be useful for developing countries, ship-propoul- 
sion, and generating electricity on ships etc., improving the 
world environment.

INTRODUCTION

Considering the environmental impact from fossil fuel burning all 
over the world, a rational nuclear energy system should be established 
for the next century in the following ways (1):
[A] thorium resources utilization,
[B] simple and practical breeding fuel cycle integration,
[C] separation of f i s s i l e  p roducing  breeders(process plants) and

fiss io n  power sta tion s(u ti1ity facilities).
[D] f i s s i le  producing breeders development till the next century (2)(3),
[E] smaller fiss io n  power stations development among this century.

The last [E] is a main problem to be discussed, and the thorium con ta i­
ning molten fluorides are technological key-materials in here.

All proven-type solid fuel nuclear reactors are principally 
favoring the larger size, even though keeping some potentials toward 
minimizing in size (4). These reactors have potential problems, such as 
the safety aspects and nuclear proliferation issues. It has been clari­
fied by the recent reactor design study that the Compact Molten-Salt 
Fission Power Stations might be helpful for improvement of all the 
above, and recommendable for further reactor development. A brief 
review will be given including a developmental program.
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DESIGN PRINCIPLE OF COMPACT MOLTEN-SALT POWER STATIONS
(FUJI-series) AND THEIR MAIN BENEFITS

The design study and technological development of molten fluoride 
fueled fission reactors were intensely and comprehensively performed by 
the Molten-Salt Reactor Program (1960^1976) in ORNL, USA. They present­
ed remarkable results on the development of fission breeder, MSBR 
(Molten-Salt Breeder Reactor) (5). The large fission converter, MSCR, 
also examined (6 ). However, they had focused only on the lOOOMWe class 
reactors but not on the small reactors, and their excellent proposal was 
not pursued due to the non-nuclear proliferation policy of former Presi­
dent Carter, not due to any technological reason (7).

Four years ago, the design study of Compact Molten-Salt Power 
Stations was started by us principally following a similar direction as 
MSRP of ORNL; the essential reactor feature was clarified in the follow­
ing two classes of power size :

[class I] : 50^300 MWe,
[class II] : 2a/ 30 MWe.

The reactors of both classes have essentially the same design principles 
explained below. Therefore, they are named "FUJI-series" in all. The 
real examples are "FUJI-I (compact high conversion type) and "FUJI-II" 
(fuel self-sufficient type) of 155 MWe size in class I, and "mini-FUJI- 
I" of 4.2 MWe and "miniFUJI-II" of 7 MWe in the class II.

The main design principle chosen for FUJI-series (Compact 
Molten-Salt Fission Power Stations) is as follows:

1) single-fluid multi-region type, graphite moderated, and molten 
fluoride fueled fission converter.

2) reactor inlet and outlet temperatures : 560A#580°C and 700^725°C.
3) thorium contained in a fluoride mixture:
4) graphite core: no exchange thus a weld-sealed reactor vessel (simple 

tank without big flanges, can be used which has:
a) low power density of about lOkWth/liter in core and blanket

regions, and of flat distribution, [possibly 15 20 Kwth/liter
in miniFUJI].

b) 99% removal of fission gases (Xe, Kr), and no continuous chemical 
processing, which is one of the most difficult R & D items.

c) high conversion ratio and low fissile inventory.

From the above design principles, the following significant 
advantages might be expected:
(A) Excellent Safety Aspects: low pressure; no chemical reaction of 

reactor materials (no gas generation); no core melt-down; and no fear of 
re-criticality accident due to the automatic isolation of leaked-fuel 
and moderator (graphite).
(B) Simple Structure, and Easy Operation and Maintenance: no fuel 

assembly fabrication and handling; short graphite size; few control rods 
due to the low excess-reactivity in fluid fuel reactors in general; 
self-controllable, load-following and easy restarting characteristics; 
and no continuous chemical processing facility.
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(C) High Reactor Performance: high conversion ratio inherent in Th- U 
cycled thermal reactors but unusual in small converters; and high ther­
mal efficiency (42 46%) by (ultra-) ultra-super critical steam cycle.
(D) Advantage in Resource Problem, thorium utilization: non-1ocalized 

and 3^4 times more abundant than uranium.
(E) Trans-U elements (Pu,Am,Cm) burnup: essentially no production can 

burnup trans U elements from other reactors.
(F) High NuclearxProliteration Resistance: intense hard-y radiation 

from impurities (^^U) inherently produced with ^*11; very few supply 
(transportation) of fissile materials due to the high conversion ratio.
(G) Finally Excellent Economy: originated from all of the above items, 

and from the feasibility of simple rational fuel-cycle System in future.

233

MAIN FEATURE AND PERFORMANCE OF SOME EXAMPLES 
OF COMPACT MOLTEN-SALT POWER STATIONS (FUJI-series)

For the neutronic core calculation, the two-dimensional diffu- 
sion-burn-up code, CITATION, was used applying 9 group reactor constants 
produced by ORNL (8*9). The calculations were performed by FACOM M*380 
machine. The neutron irradiation limit of core graphite will be 3x10^ 
nvt (>50keV) following MSBR design criteria 15,10). Therefore, the maxi­
mum core flux should be less than BxlO1 n/cnrsec in 30 year life and 50% 
load (as local power stations). Graphite volume fractions (G) are 
chosen 93-85% in core-zone, 65-75% in blanket-zone and 99% in reflec­
tor-zone. The low power density will allow to choose a high G value such 
as 93%. This is a big advantage for intensifying neutron-moderation, 
which is followed by an improved fuel conversion ratio. The reflector 
thickness was determined by the neutron irradiatiojj limit in modified 
Hastelloy N of reactor vessel, which is l^xlCrn/cirr.sec (>0.8MeV), and 
6.5xlCr n/cnr.sec (<Q.l8eV) at temperatures less than 650°C.

A lot of model calculations have been performed. Among them the 
following four cases are shown as significantly interesting examples. 
Their main character!*sties are presented in Table 1, with MSBR and MSRE 
(Molten-Salt Reactor Experiment Operated in 1965^1969) of ORNL.

FUJI-I [155MWe:Compact High Conversion type]
This reactor has two-core zone arrangement of maximum diameters: 

1.4 and 3.4m, and of G: 93 and 90% (cf. Table 1). This was highly effec­
tive for achieving a flat power distribution in core/blanket region, a 
comparatively compact size, a lower fuel inventory and a higher conver­
sion ratio 0.98 after 1000 days burn according to the calculations.

The maximum salt flow velocity is about 0.8m/sec only. The net 
thermal efficiency for generation of electricity is kept in very high 
44.3% by ultra supercritical steam cycle, which will be improved more to 
46% by ultra-ultra supercritical cycle only changing the fuel inlet/out- 
let temperature to 585/725°C. The conceptual model of FUJI-I was shown 
in Fig. 1, and the primary system is accommodated in the high-tempera- 
ture containment (500°C) of 12m in diameter, as shown in Fig. 2.
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™  The initial fissile inventory is 304 kg, and additional supply of 
 ̂u in early transient stage is^shout 43kg. This reactor could be 

continuously operated by adding 6 Uo\6g/day (=5.8kg/year) and Th 
400g/day only. The total demand of in full life will be 444kg, of 
which 322 Kg will be recovered. Semi-annual transport of 2.9kg of 
fissile materials will not be enough even for one nuclear weapon owing 
to the dirty isotope mixture. More detailed description will be found 
in ref. (4).

FUJI-IUI [155MWe: Fuel Self-Sufficient type— "near-breeder"— ]
The blanket thickness and G of FUJI-I were modified for the 

improvement of conversion ratio resulting in a slightly bigger size and 
a fissile inventory as shown in Table 1. After about 500 days of opera­
tion, the conversion ratio settled to 1.002 from initial 1.044, and 
essentially no fissile transport is required, which is significantly 
safer in terms of reactivity and resistance to nuclear proliferation.

This reactor would be an ideal small power station, and one of 
the best partners for fissile breeding facilities such as AMSB 
(Accelerator Molten-Salt Breeder) or IFMSB (Impact Fusion Molten-Salt 
Breeder) due to the surprisingly small demand (392 Kg) of fissile 
materials in full life (1,2,3). More details are given in ref. (4).

It will be possible that the above mentioned reactor performances 
are weakened after the detailed design is developed. However, the 
conversion ratio might be kept higher than 0.95, which will be still an 
ambitious value.

miniFUJI-I [4.2 MWe:mini-size type]
Initially this was studied as a pilot-plant for developing the 

Compact M.S. Power Stations [FUJI-series], The design result was sur­
prisingly good and useful for practical mini-size power stations. In- 
mini-FUJI-I, the core is a single zone, keeping a more flat power densi­
ty distribution. The total volume of core/blanket zones^is lm , and the 
reactor size is 1.7m in diameter, 2m in height and 4.5nr in volume.

The conceptual model of this reactor was shown in Figs. 3 and 4. 
The horizontal cross sections of graphite moderators are shown in Fig.
5. In the center of the reactor core, 2 ^ 3  control rods are inserted, 
and W 2 rods of the center area are able to be used for materials-irra- 
diation tests, as required. This is nearly the same as for MSRE, which 
was successfully operated in 1965^ 1969 without any severe troubles. 
The high-temperature containment of the primary system will be only 3.5m 
in inner diameter, fairly smaller than 5.8m of MSRE. The wall-thickness 
of the reactor vessel is about 8cm (15cm in MSRE). The total weight of 
the reactor vessel is about 10 ton, except for 1 ton of salt.

The consumption of fertile Th is about 13 g/day corresponding to 
4.7kg/year. This reactor has a conversion ratio of 0.55 due to its very 
small size. However, this is nearly the same LWR (Light Water Reac­
tors) of 250 times larger power capacity, and supply is only about
2.1 kg/year, which is not enough for one nuclear weapon.

899



mi niFUJI-11 [7 MVIe : super compact mini-size type]
The above miniFUJI-I has an average density of 9.8MWth/l iter, 

which is nearly the same as for FUJI-I and -II, and suitable for a 
pilot-plant. However, its neutron flux is about half of FUJI-I; nearly 
two times larger power capacity (7MWe) could be achieved without chang­
ing the size of any reactor component except for the reflector whose 
thickness should be increased by about 5cm. If this miniFUJI-II develop­
ment had been pursued, it would have been attractive for ship-propulsion 
engines or for generating electricity on ships.

DEVELOPMENTAL PROGRAM FOR FUJI-series REACTORS

As shown in the above preliminary design study of FUJI-series re­
actors, the complete shift from U-Pu solid to Th-U fluid fuel cycle will 
be attractive since it improves the economy, safety, trans-U elements
burnup and non-nuclear proliferation.

233As the total demand of U is not big and less than 400Kg for 10
years in our program, its supply could be satisfied by irradiation of Th 
in LWR, for example, as MSRE. In the future, the dry chemical process­
ing (molten fluoride) method originated by the French and now being 
developed at Demitrovgrad, USSR, will be more attractive (12). Until the 
beginning of the next century, some useful breeders such as AMSB or
IFMSB would be developed establishing the Molten-Salt Nuclear Energy 
Synergetics (1)(13).

Already the basic R & D has been comprehensively established by 
ORNL except for the data base of modified-Hastelloy N, which specifica­
tion has been settled. The pilot-plant program could accept immeasurable 
contributions from MSRE. The bigger components and high temperature
molten material technologies could greatly benefit from the recent
Na-cooled reactor development. The general ideas in our program will be 
presented below suggesting the bigger test rigs (cf. Table 2) :

A. General R & D
Fuel-salt chemistry loop (impurity monitor, F.B.behab., mass transfer) 
Coolant-salt chemistry loop(imp.monitor,tritium behab., mass transfer) 
Integral steam generator test loop(material test, electric generation) 
Materials development (Hastelloy N, Graphite and the others)
Salt preparation, chemical analysis, and batch chemical processing.

B. Pilot-plant (miniFUJI-I) Program
Reactor mock-up test loop(pump, heat exchanger, instrumentations,etc.) 
Reactor remote maintenance mock-up
Reactor : l)long term endurance test, 2)materials test,
3)F.P.(tritium) behavior test, 4)power-up for miniFUJI-II project.

C. Compact Molten-Salt Power Station (FUJI-I) Program
Full size small reactor engineering development (2 MWe loop)
Long term endurance test of the reactor
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D. Medium-, and Large-Molten-Salt Power Stations Program
E. F iss ile  Producing Breeder Development (AMSB or IFMSB etc.)
F. Establishment of Molten-Salt Nuclear Energy Synergetics

The time schedule in general was shown in Tab le  2, and the 
personnel plan for the initial 7 years (A+B+C) was shown in Table 3. The 
total cost for the initial 7 years would be about #100~150 millions.

CONCLUSIONS

Compact Molten-Salt Power Stations with excellent performances 
were successfully designed promising a wider social applicability of 
Th-U fuel cycled fission reactors by miniaturization. These small reac­
tors would not compete with inherently larger sized solid-fuel power 
reactors, and could end several useful applications in developing coun­
tries and isolated areas, and especially for ship-propulsion engines or 
generating electricity on ships, improving the world environment.

Now we have to start the developmental program of FUJI-series re­
actors, and should establish the rational Th molten-salt breeding fuel 
cycle (Molten-Salt Nuclear Energy Synergetics) for the next century.

ACKNOWLEDGEMENTS
The authors are very much indebted to Dr.J.R.Engel of ORNL for provi­

ding the nine group reactor constants for the molten-salt reactors. They 
also acknowledge Dr.T.Oosawa of Kyushu Univ. and the members of MSR 
working group in MSTT (the society of molten-salt thermal technology).

REFERENCES
(1) K.Furukawa,:Proc.7th Miami Int.Conf.Alt.Energy Sources(Decem. 1 985)
(2) K.Furukawa, f K.Tsukada and Y.Nakahara: J.Nucl.Sci.Tech.18 79(1981);

K.Furukawa: Atom kern./Kern tech. 44 42(1984)
(3) K. Ikuta, and K.Furukawa: another report presenting in this Sympo.
(4) K.Furukawa, K.Mi nami,T.Oosawa, M.Ohta,N.Nakamura,K. Mitachi,Y.Katoh:

4th Int.Conf. Emerging Nucl.Energy Sys.(June/July 1986, Madrid)^
(5) M.W.Rosenthal, P.N.Haubenreich and R.B.Briggs: ORNL-4812 (1972)
(6 ) A.M.Perry: Ann.Nuclear Energy 2 809(1975)
(7) H.G.MacPherson: Nuclear Science & Enqi. 90 374(1985)
(8 ) R.J. Engel, W.R.Grimes, H.F.Bauman, E.H.McCoy, J.F.Dearing, and

W.A.Rhoades: 0RNL/TM-7207( 1980)
(9) T.Oosawa, H.Matsuoka, M.Ohta and K.Kudo: Memoirs Fac. Enq. Kyushu

Univ. 43 193(1983)
(10) R.C.Robertson ed.: 0RNL-4541 (1970)
(1 1) D.E.Li 1 ienthal: "Atomic Energy: A New Start", Harper & Row, 1981 

[trans. to Japanese by K.Furukawa, pub.Japan Productivity Center,1982]
(12) MacLachlan: Nuclear Fuel 14 14 June 4, 1984
(13) A.A.Harms & M.Heindler: "Nuclear Energy Synergetics", plenum, 1982 

[transrated to Japanese by us, pub.Baifuu-kan, 1986]

901



Ta
bl

e 
1 
. 

Im
po
rt
an
t 

ch
ar
ac
te
ri
st
ic
s 

of
 s

ev
er
al
 
mo
lt
en
-s
al
t 

re
ac
to
rs
 
in
cl
ud
in
g 

ou
r 

FU
JI
-s
er
ie
s 

Re
ac

to
rs

, 
an
d 

MS
BR

fM
ol
te
n-
Sa
lt
 B

re
ed
er
 R

ea
ct
or
) 

an
d 

MS
RE
 

(M
ol
te
n-
Sa
lt
 
Re
ac
to
r 

Ex
pe
ri
me
nt
) 

of
 O

RN
L,
 
US
A.

I
m

s
r

e
-

o
r

n
l

 
I

S i  l

CNJ LO *3"
*  -  | —  —  >3-

cnj J lo  o  o  lo  
1 * —  —  lo  

X  LO CNJ A
1 X  X  *  I

LO —  1 *3- Nj-
| c -  on lo  co —  lo  —  in  1

•  -  ............................................. CNJ
—  —  1 CNJ o  o  O  O  CNJ «3" CO

LO

T
1 ro  1 co 

o

o

: 
m

in
iF

U
J

I-
n

cd

o  re
• •  •  L

LO C*. CNJ 4-

—  CTYtq- <3-
.  o  o  —  —  

cnj cr> r-v. *3- o  o
CNI —  —  =

~  1 x  x  t
00 LO CO ID  S O L O C J N  

• .  O  O  * ID  N  CO *3" LO I
—  O  CNJ «a- LO • • • • • 1

—  o  o  O  O  —

«3-

LO LO
— » l—i LO 00 
LO ■" •  •
LO N O C 0  

• CNJ 
<3 O

O

m
ln

lF
U

J
I-

I

to

CNJ fO 
• • i_

O  *3" CNJ 4-> 
—  «3" r— 

3 1.
7 

X 
2.
0 

0.
6

90
20

70
35 9.

8—
14
.9

 
0.

35
x 

I0
jj
 

0.
45

x 
10

ia

0.
47

*1
0.

29
0.

44
0.

95
ii 

»
 

it

CO

LO

LO *3- 
LO • *> LO *3"

C? CNJ CD cS 
'—  O

o

! 
F

U
J

I-
II

 
|

=*fc
*  *

—  t o — —
• .  o  o

NT = = LO N . —  —  r

~  « T *  x  I ,  t
to  lo  n t  oo cnj r-«. 1 

• s s i o c o  .......................................1
LO CO LO ON CNJ O  O  ON CO r

r*N
*3"

CNJ
—'  \_ J—  LO 
CNJ • •
o  - ~ o  —
O  Cv. CNI LO 

CO —

'—  o

| 
F

U
J

I-
1

 
!

=P=-*
to

as  atfc 3  
—  LO 3  
LO -----

-  CO to
O  LO • • 
LO LO *3- 4->
co — • w  *—•

3

*  *  LO—  —
CD ■NS- C2> • CD CD O  

.  .  ON CO —  —  —  O  
«3- co co cnj *  r^

x  10 1 *  *  £  t
• •  >3- ON CO CNI —  —  CNJ

r s - ^ - c o  . . .  . . . . |
• • ON O  CO 0  —  0  O  CO CNJ CO o  

L O —  C O L O  —  —  COLO
LO

ro

CNJ

CO N O  
ON . . . .

* PNJ C«- CO 
o  LO

o

| M
SB
R-
OR
NL
 
|

S_
U

s_
^3- CD 

O O  • Cl 
i n o < f  3  
CNJ O  -ST CO 
CNJ —

•O-Q- <3-

• fs. CO o  o  o  o  
LO CO ID  c^ —  —  o -
X  1 X  X  —  t  

*8- + TS- fN
co • co lo co • • • 1

• • O  LO C N I * *  • O  CO CO LO 
ID  «3" *3- IN. CNJ CO CO O  CO —  LO

CNJ LO

LO ON 
o  i n  i n

—  —  o  < r

th
er

ma
l 

ca
pa

ci
ty

 
(M

Wt
h)

 
ne

t 
el

ec
tr

ic
 
ge

ne
ra

ti
on

 
(M
We
) 

th
er

ma
l 

ef
fi

ci
en

cy
 

( 
%

 
)

Re
ac

to
r 

Ve
ss

el
: 

( 
m 

) 

in
ne

r 
di

am
et

er
 
X 

he
ig

ht
 

Co
re

:m
ax

im
um

 
di

am
et

er
 

(
m
)
 

Gr
ap

hi
te

 
fr

ac
ti

on
 

(
vo

1 
%

) 

Bl
an

ke
t:

 
th

ic
kn

es
s 

( 
cm

 )
 

Gr
ap

hi
te

 
fr

ac
ti

on
 

(
vo

1 
%

). 
Re

fl
ec

to
r:

 t
hi

ck
ne

ss
 

(
c
m
)

Co
re

/B
la

nk
et

 
po

we
r 

de
ns

it
y:

 
av

er
ag

e—
pe

ak
 

(K
Wt

h/
li

te
r)

 
n 

fl
ux

: 
ma

x.
th

er
ma

l(
n/

cm
^s

ec
) 

ma
x.

Gr
ap

hi
te

 d
am

ag
e(

 
50

KW
e)

 
Fu

el
 
Sa

lt
: co

nc
en

tr
at

io
n 

(m
ol

%)
 

vo
lu

me
: 

re
ac

to
r 

( 
m

3 
)

: 
pr

im
ar

y 
(s

um
) 

( 
m
3 

) 
fl

ow
 
ra

te
 

(m
3/

mi
n)

 
in

le
t-

*o
ut

le
t 

te
mo

er
at

.(
°C

) c  c  c
3  3  3

QJ
o  3 :

—  s :
4-> O  
rt) 3  
L- O

E  ',~  
o  >-

•r- QJ
ID Cl
i -  w
0J • •  0J 
>  X  •»  -LJ 
C L .  —  
O  O  JC XI 
O  4D ro  (*- Cl  

C  co CNJ fC
—  CDPO CO L- 
QJ >CNJ CNJ C5 
3  C
Ll. -r-

fcr <DU T—
L- U  — Va> >> E O)O. U  -M c  3  t o o  to ^ N
L? jQ co £! 
^ h o
«o E co c 
S- ro on o  

+-> QJ LO <_)

E
«  LO

CNJ LO

I

CNJ ! —

I I °
CNJ CNJ ID
LL Lu 3
CD (D O
20 CD 3
I I =

•r -  *rr C—J —I or>. N. o

—  CNJ co

902



Table 2. Developmental Program of Molten-Salt Fission Power System 
( ? = = = >  construction; — — > operation )

1991 1994 1997 2000

A. General R & D..
Fuel-salt loop = > ----------> -------------- -
Coolant-salt loop = > --------- > -----•—  ---'—
Electric generating --- -------------> ---- ---->

test loops (200KWe) --- = = = = > --- -— -----— >
(2 MWe)

Hastelloy N ------ — >-->
Graphite, etc. mechanical data

B. P ilot-p lant (m iniFUJI-I) Program
Reactor design = = > —-----
Reactor mock-up = = = = = > -----
Reactor remote mainte. •• -•••-• >-----  operation
Reactor const.& ope. =========>-- -— -— — -------- --------- >

const, crit. mini FUJI — 11 test
C. Compact Molten-Salt Power Station ( FUJI—I ) Program

Reactor design ------- = = = = = = > ----—
Reactor mock-up * = = = = > ------
Reactor remote mainte. *=*=>—  ----  operation
Reactor const.& ope. = = = = = = > ---- --- ------->

const, crit.
D. Medium-, and Large-Molten-Salt Power Stations Program

E. F is s ile  Producing Breeder Development (AMSB or IFMSB etc.)
Prelimi.R & D --------- — — — — — --- — --
Integral exp.fac. -------- --------->---- ---------- ----->

design const, low power ope.— >high power ope.
Prototype fac. ------------>— --------^===========>--------->

design study design const. ope.

F. Establishment of Molten-Salt Nuclear Energy Synergetics
System design study -- — ---- -— — --------— — --------------->

Table 3. Personnel Plan for Compact Molten-Salt Power Station
(FUJI-series) Development Program (among initial 7 years)

administration 4 chem.processing dev. 5
reactor design study 7 chemi stry 10
heat transfer 
components & system dev.

3
,14

analytical chem.dev. 5

instruments & control 4 operation 30
physics
materials

3
15

in total
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IMPACT-FUSION MOLTEN-SALT BREEDER (IFMSB)
USING SHAPED-PROJECTILE AND AXIALLY SYMMETRIC MASS DRIVER

Kazunari Ikuta and Kazuo Furukawa

Nagoya University, Institute of Plasma Physics, 
Chikusa, Nagoya, Japan 464

•&
Tokai University, Institute of Research & Development, 

Hiratsuka, Kanagawa, Japan 259-12

ABSTRACT

A new design concept for fissile material production 
breeder is proposed. The key technologies are (1) a shaped- 
projectile, which has a built-in imploding mechanism with a 
DT fuel-pellet eliminating a fuel target injection in fine 
alignment, (2) an axially symmetric mass driver, which is 
based on a rapid Z-pinch discharge between the cylindrical 
electrodes expecting positionally stable acceleration of the 
projectile, and (3) a molten-salt target/blanket tec­
hnology, which is similar to that of Accelerator Molten-Salt 
Breeder having a big salt bath with deep voltex but now 
adding He bubbles. The target salt including ^ U  prepared 
in IFMSB could be supplied to Molten-Salt Fission Power 
Stations, integrally constituting an idealistic molten salt 
fuel cycle system.

INTRODUCTION

In the rational, economical and safer nuclear fission energy 
system, the power stations of several sizes (utility facilities) and the 
fissile-fuel breeders (process plants) should be separated and coupled 
by a simple molten-fluoride fuel cycle. Already Accelerator(Spallation) 
Molten-Salt Breeder(AMSB) and Inertial-confined Fusion Molten-Salt Bree- 
der(IHMSB) were proposed (1)(2), and now another idea will be presented.

Impact fusion (3) is one of the approaches to produce controlled 
thermonuc1 ear power using hypervelocity impact of a target made of 
deuterium-tritiurn (DT) ice. This concept is as follows: Small projec­
tiles with a mass of O.lg designed by appropriate materials are accele­
rated to a velocity of V^IO8 cm/sec, They collide with a DT target, 
and their kinetic energy is abruptly converted into thermal energy (~10 
keV per nucleon, temperature ^10° K) which is inertially-confined in 
the shocked region. To achieve an uniform acceleration# of a small 
projectile, a non-relativistic accelerator will have a length

= V V 2<£.

bub

[ 1 ]
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The differential or tidal stresses caused by an accelerating force F 
acting on a projectile with characteristies of size L are in the order 
of ~F/L . If these stresses are not to exceed the yield stress S of the 
projectile, the minimum length of the accelerator must be

xmin — /“L'r/S [2]
for a projectile of density^ and mass /> L , because the relation bet­
ween S and oc is

p\.cc = S. [3]
The criterion C3) for a net gain in impact fusion is approximately 
Ip ̂  0.1 g/cm . I/Tith a reasonable value for the yield stress of 
S ^  10 udyne/cm , it is found that the minimum accelerator length is 
xmin ^  1 km. This result is generally acceptable and applicable to any 
kina of accelerators. A shorter accelerator would require a material 
with a larger yield stress S.

In order for impact fusion to have a reasonable hope of practical 
application, the maximum length of the accelerator should be of the 
order of 10 m. This can be achieved by adopting shaped-targets, as 
proposed in the literature (4)^ In this case, the necessary velocity of 
the small projectiles is V^IO'cm/sec, which gives an accelerator length 
xmin described by [2] as

xm i n - 1 0 m - t4]

even taking a standard value of the yield stress,

S~s 1010 dyne/cm2.

In this report* the following three key technologies are applied 
for the breeding of utilizing neutrons generated from the impact
fusion.

[I] The first is the choice of the shaped-projectile (5) instead of the 
shaped-target (4). It has a built-in imploding mechanism with a fuel- 
pellet, and now a fuel target pellet injection in fine alignment is not 
necessary.

[II] The next is the development of the mass driver system. By the 
choice of the shaped-projectile the aspect ratio ,d/h, of the shaped- 
projectile must be as small as possible in order to reduce the mass of 
the projectile. In this case, the positional stability of the projectile 
becomes an important problem in the course of accelerating the projec­
tile. This means that the position of accelerating disk-like projectile 
should be stabilized by its spinning motion and that the accelerator 
must be axially symmetric in order to minimize the perturbation to the 
spinning disc. We are thus naturally lead to the investigation of the 
totally axial-symmetric accelerator system developed by one of the 
authors (K.I.)(6).

[III] The third is the application of the molten-salt target/blanket 
techno!ogy,which is similar to that of the Accelerator (Spallation) 
Molten-Salt Breeder(AMSB), which was developed by one of the authors
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(K.F.)(1). A big molten-salt bath including Thorium fluoride will effec­
tively work for the several purposes such as

(a) non-destructive permanent target system,
(b) collision- and reaction-heat removal system,
(c) blanket material for fissile production by the neutron absor­

ption of ^^Th in salt, and
(d) chemical processing medium.

In chap.II we review the accelerator system. In ch a p . II I  the 
functions of the components composing the breeding system including the 
shaped-projectile are analyzed in order to decide the breeder parame­
ters. The necessary data base for the impact fusion breeder will be 
discussed in chap. IV.

A REVIEW OF THE AXIALLY SYMMETRIC ABLATION MASS DRIVER

The electro-magnetic acceleration of projectile in axially symme­
tric geometry is thoroughly described in the literature (7). The mecha­
nism for accelerating the projectile is based on a rapid Z-pinch discha­
rge between the cylindrical electrodes shown in Fig.l.

Consider a Z-pinch between a pair of long hollow electrodes whose 
axes of symmetry are on a common straight line. We can expect a plasma 
column between the electrodes like that in an ordinary Z-pinch in a 
plane electrode geometry. In the case of a Z-pinch in the hollow elec­
trode geometry, however, a pair of plasma disks are formed at both ends 
of the plasma column which propagate along the cylinder axis, down to 
both ends of the cylindrical electrodes because of the force unbalance 
across the plasma disk, where the disk plasma is called the "plasma 
brim". If the projectile with an ablator is loaded in a cylindrical 
electrode in front of a plasma brim, as shown in F ig.l, the projectile 
will be accelerated by the interaction of the current through the disk 
with the self-magnetic field.

The equation of motion of the projectile in the barrel is

where I is the total current in the plasma brim, M is the mass of the 
projectile including ablator and the plasma brim, and g is a constant of 
the order unity, depending on the current distribution in the plasma 
brim. The quantity is the magnetic permeability of the vacuum.

The acceleration of projectiles to hypervelocity in a single pair 
of long cylindrical electrodes is questionable from various view points, 
such as the stability of the long plasma column, the energy dissipation 
by the resistive loss in the long cylindrical electrode, etc.. These 
problems are reduced if the accelerator is formed by many short cylin­
drical electrodes. A schematic diagram of the accelerator system with a
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segmented electrode is shown in Fig.2. An important point for mentioning 
in this case is that it may not be necessary to use switches to close 
the circuit because the switching is automatically provided by the 
plasma brim following the projectile.

The two-stage accelerator was built to test this accelerator 
concept at Texas Tech University in 1986 (8), and it was confirmed that 
the automatic switching mechanism worked.

The advantages of this axial-symmetric accelerator compared with 
the standard rail gun are as follows: In the axial-symmetric case, (a) 
the plasma spilling over the nose of the projectile is inhibited because 
there is no gap for the plasma to penetrate past the projectile in the 
cylindrical electrode arrangement, (b) there is another acceleration 
force by the rocket effect from the flowing-out plasma through the 
field-null-1ine of the azimuthal magnetic field in the direction oppo­
site to the projectile acceleration, and (c) the break-down voltage 
along the insulator surface between the electrodes does not depend on 
the size of the projectile, although the diameter of the projectile is 
the distance of the rails in the case of rail gun so that the small 
projectile is rather hard to accelerate by the rail gun because of the 
low flash-over voltage along the short insulator surface.

In the next section we consider the Impact Fusion Molten-Salt 
Breeder (IFMSB) under the assumptions that every stage of the Z-pinches, 
except the first one, is triggered automatically by Z-pinch following 
after the projectile, and that the velocity of the projectile is at­
tained over a value required for the impact fusion to be triggered by 
the hypervelocity impact of the shaped-projectile.

IMPACT FUSION MOLTEN-SALT BREEDER (IFMSB)
WITH A SHAPED-PROJECTILE

In order to trigger the thermonuclear fusion based on the hyper­
velocity impact of the shaped-projectile with the molten salt, the 
structure of the shaped-projectile should have a built-in imploding 
mechanism as schematically shown in Fig.3.

Once the velocity of the projectile becomes over 200 km/sec, the 
implosion of thermonuclear fuel-pellet in the cavity could be expected 
by black body radiation generated by the hypervelocity impact of a thin 
and high-atomic-weight material covering in front of the cavity with the 
1 iquid(molten salt) target.

The schematic drawing of the Impact Fusion Molten-Salt Breeder 
(IFMSB) is shown in F ig .4 with a shaped projectile made of the frozen 
salt and thorium metal. The hypervelocity shaped-projectile is injected 
into the center of voltex of molten salt target/blanket bath, and the 
generated neutrons by the thermonuc1 ear fusion penetrate deep in the
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target salt to produce from (or from ^®U).

This molten-salt system is essentially similar to AMSB (1) except 
the addition of He bubbler, which is not clear about suitable length 
yet. He bubbles will be helpful for the relaxation of mechanical and 
thermal shock by injection and reaction (cf.Fig.4). The size of target 
salt bath is about 4 m in diameter and 10 m in depth. Inside of the 
reactor vessel made by Haste!loy N (Ni-Mo-Cr alloy) is covered by thick 
graphite blocks for neirtron reflection. The target salt is circulated in 
flow-rate of about 5 m'Vsec by a free-surface type centrifugal pump. The 
inlet and outlet temperatures of salt in reactor vessel will be 560 and 
680 °C. The generated heat is transferred to the coolant salt NaF-NaBF4  

through the intermediate heat exchanger from target salt circuit, and is 
used for electric power generation applying essentially same technology, 
which is developed for Molten-Salt Breeder Reactor by ORNL USA (9), 
except the improvement of the electric conversion efficiency to 46% or 
more by the application of recent ultra-supercritical steam turbine 
technology.

The composition of target/blanket salt is chosen from the several 
candidates of Th or U containing fluoride salts, as presented in the 
papers of AMSB or IHMSB (1) (2). At moment one of the most interesting 
composition wi11 be

LiF-BeF2-ThF4-233UF4 (64-18-17.5-0.5 molZ), [6]
which has the melting point of about 540 °C.

The shaped-projectile is composed of frozen glassy salt such as 
LiF-BeFp-ThF, (64-18-18 mol%) [7]

eluded by Th metal. The DT fuel-pellet accommodated in it will be a Th 
metal sphere of inner diameter 8 mm.

ESTIMATION OF IFMSB PERFORMANCE

We are not understanding yet the detailed phenomena in impact 
fusion in practice. However, the following scenario will be predicted: 
The fuel-pellet of about 10 g including 67 mg DT will be injected into 
target salt once in every 2.5 sec. The electric power required for 
projectile acceleration will become about 820 MWe, assuming the conver­
sion efficiency of about 10 %.

Assuming the thermonuc1 ear reaction efficiency of 10 %, the 
annual yield of neutron is about 33,800 mol/year. If the isotope compo­
sition of Li in target salt of composition [7] is chosen as about 40 % 
■Li* the production of tritium will become self-sufficient for conti­
nuous reaction operation, and the production of will be about 3.0 
ton/year, by the estimation from the neutronic calculation results in 
the case of IHMSB (2). However, if .the salt composition is changed to 
the composition shown in [6], the production will become about 4.4 
ton/year increasing about 50 % [cf.(1)].
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The heat generations in target salt are (1) thermal i zati on of 
kinetic energy of projectile : about 82 MW correspond i ng to 10 % of 
electric power consumed for acceleration is and (2) thermonuclear reac­
tion heat: 1820 MW produced from 10 % burning. The total 1902 MWth will 
reproduce the electric power of 874 MWe, which will be able to compen­
sate the consumed electric power.

DISCUSSIONS

Already the three ideas on the fissile breeder facilities have 
been proposed:

[A] AMSB : Accelerator(Spallation) Molten-Salt Breeder (1 )(2),
[B] IHMSB : Inertial-confined Fusion Hybrid Molten-Salt Breeder (2),
[C] IFMSB : Impact Fusion Molten-Salt Breeder.

A is the most reliable concept depending on the sound theoretical 
bases. However, we have to widely search the alternative methods. B is 
more ambitious but not clear on technological feasibility. Many injec­
tion holes are necessary, which will introduce several engineering 
difficulties. C has only one injection hole as same as A, and is based 
on further ambitious, simple but crude technologies. Their technical 
parameters were chosen in some conservative side as shown in previous 
chapter, expecting the higher performances of IFMSB from the following 
reasons.

(1) Many Molten-Salt Fission Power Stations will be operated by the
direct supply of the target salt including from IFMSB. Careful
design of Molten-Salt Converter Reactors(MSCR) could guarantee its self- 
sufficient operation, that means the no fissile consumption in stationa­
ry operation except the initial stage (10) (11). For example, even the 
small 155 MWe MSCR (named FUJI-I, -II) has the conversion ratio of about 
95 % or more. The possible shortage of electric power for acceleration 
will be solved by the electric power from these power stations.

(2) The recovery of electric power from the electric loss of about 
737 MWe in the accelerator should be expected in the amount of 150^250 
MWe.

(3) The separation technology of tritium from molten-fluoride system 
was experimentally established by 0RNL. This is depending on the tritium 
trapping by the water content of secondary coolant salt after permeating 
through the tube wall of intermediate heat exchanger. However, the total 
tritium amount handling in reactor system is huge such as 2.3 Kg/day. 
IFMSB is connected with the accelerator vacuum through the injection 
hole. To minimize the tritium inventory in IFMSB, the improvement of 
tritium burning efficiency is essential, and the production 
participation in outside of breeder will be preferable. IFMSB can choose 
the lower isotope concentration of °Li, and the partial tritium oroduc- 
tion will be performed in the other closed MSCRs consuming ^^U(or 
239Pu) (12), in which ^Li composition is increased than the ordinary 
MSCR, and the tritium permeation to atmosphere will be perfectly protec­
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ted by Mo or oxide plating of vessel and components.

(4) The Th content in the projectile is useful for compensation of^Th 
consumed in target salt, and the excess Th tips will be collect^by 
strainer. IFMSB has not any fine structures feasible for blockage.

(5) The engineering of injection port is one of the most ambiguous 
problems. However, the number of injection port is only one as same as 
AMSB and might be closed among the interruption of injection.

CONCLUSIONS

The concept of the Impact Fusion Molten-Salt Breeder (IFMSB) is 
outlined. The key technology of IFMSB is to develop highly efficient 
accelerators, one of which is being developed by one of the 
authors(K.I.). Once the required velocity is attained, the molten salt 
target/blanket concept developed by modification of that of the Accele­
rator Molten-Salt Breeder (AMSB) will provide an ideal technology for 
breeding or other fissile materials.

Many unknown phenomena exist in this concept, and the estimation 
of several important technical parameters is in low reliability still. 
However, if these points are solved in sound basis, IFMSB might be 
expected to become one of the most powerful fissile breeder, which 
target salt would be supplied as the fuel salt of Molten-Salt Fission 
Power Stations, integrally constituting one of the most idealistic 
energy systems for the next century.
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Fi g . 2 . Schematic drawing of the ablation mass driver system. In 
order to give the initial velocity to the projectile with­
out the use of an additional injection system, the second 
ablator, i.e. ablator 2, is loaded in the first electrode 
with length L0.

SHAPED-PROJECTILE

FOIL

F i q . 3 . A shaped projectile with built-in thermonuclear pellet and 
the liquid target. Heavy metal foil is a thin and high- 
atomic weight material covering the cavity.
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Impact Fusion Molten-Salt Breeder

Fi g . 4 . Impact Fusion Molten-Salt Breeder system with a projectile 
made of frozen salt.
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ABSTRACT

Compositional changes of weld metal from welds made by submerged 
arc flux welding of steel using CaF2-Ca0-Si02 fluxes are consistent 
with an electrochemical mechanism in which the filler wire is anodi- 
cally oxidized to form oxides and fluorides, and metals are cathodically 
deposited at the weld pool-flux interface. This speculative mechanism, 
if proven by further detailed studies, could make it possible to predict 
fluxes which will improve the quality of welds.

BACKGROUND

The control of the chemistry of weld metal is important for producing high 
quality welds. An understanding of the mechanisms which alter the compositions 
of weld metal would be a primary aid in such control. Much prior work has focused 
primarily on kinetically limited thermodynamically driven reaction mechanisms. 
Such a pyrometallurgical approach has proven to be useful in analyzing some data 
on weld metal chemistry. However, such analyses have not yet led to methods for 
predicting the chemistry of weld metal. In this paper, we consider the possible 
importance of electrochemical effects on the chemistry of weld metal produced in 
submerged arc welding (SAW) with CaF2-Ca0-Si02 fluxes.

Thermodynamic models have been proposed to predict the final composition 
of submerged arc welds (1-3). In view of the very high temperatures involved and 
small molten volumes, some investigators (1) assume that equilibrium is attained. 
Davis and Bailey (1) propose that the transfer of elements between the slag and
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the weld metal depends on the oxide activities in the slag, which are directly 
connected to the basicity index (B.I.) of the slags. Limited measurements have 
indicated that the higher the basicity indexes, the lower the oxygen content of 
the weld metal. However, it is probable that equilibrium is not attained and 
that kinetic factors are important. For example, Thier and Dring (2) proposed 
a diffusional model to predict the final content of elements in the weld metal. 
Thier and Dring concluded that the slag composition where an element was not 
transferred to the metal, the neutral point, is affected only by the current, but not 
by the voltages changes and that the neutral point is characteristic for a specific 
type of flux.

Ekstron and Olson (4) reported that the change in Si in weld metal is influ­
enced by the basicity of the slag and that this influence is higher when the basicity 
index is less than two. Dallam et al. (5) found that while the Si level in the weld 
metal was correlated with the basicity index, the Mn content of the weld depends 
on the amount of MnO in the slag. Indacochea et al. (6) showed qualitatively the 
same correlation between flux and weld metal composition.

Despite qualitative agreement among researchers regarding the flux type and 
direction of elemental transfer, there is no precise determination of a “neutral 
point,” even though very similar types of fluxes were used in several of these stud­
ies. These discrepancies may be attributed to the different welding parameters 
used, as well as to wire and flux compositions. Consideration of such parame­
ters, primarily current and voltage, could lead to a better understanding of the 
elemental transfer.

It is clear that essentially all prior studies have been relatively narrowly de­
fined. A more comprehensive approach is needed in which the diverse kinetic and 
thermodynamic factors involved in SAW (6,7) are examined and which also ex­
plores the possibility of mechanistic factors which have not been considered. Such 
an approach is made difficult by the complexity of the processes in SAW. The
D.C. voltages and currents are very high (e.g., 30 V, 400 A) and lead to a system 
containing the four principal phases, a weld wire, a molten flux, a plasma arc and 
a weld pool with five interfaces among them. Most of the current is transported 
by electrons in the plasma from the generally cathodic weld pool to the generally 
anodic weld wire (or filler wire). The electrons heat the continuously fed wire to 
melt it and form droplets which fall through the molten flux and the plasma. In 
addition, not only are the temperatures high, but there are also large temperature 
gradients, as well as, large temporal changes in temperature as the weld wire po­
sition is moved along the weld. An attack on such a complicated problem requires 
some simplification.

One way to simplify the approach to such a complex system is to isolate the 
different parts of the problems. For example, in this paper we chose to examine 
electrochemical effects, which have not been considered before. All welding fluxes 
when molten are, at least in part, ionic and the number of coulombs passed per
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mole of metal is very large. If even a small fraction of the total current (<0.0l) 
is involved in a FarUdaic process, electrochemical effects at metal-flux interfaces 
could be a major factor controlling the chemistry of weld metal (8). In addition, 
because the very hot plasma is essentially electrically neutral and in contact with 
the relatively volatile fluxes, there have to be at least as many positive ions as there 
are electrons. In addition, there could be stable negative ions formed from flux 
evaporates. Thus, there could also be electrochemical reactions at the plasma- 
metal interfaces (8).

In this paper, we examine the possibility that the changes in chemistries of 
weld metal with changes in the composition of CaF2 containing fluxes might be 
related to an electrochemical mechanism.

EXPERIMENTAL WORK
Experimental reagent-grade fused fluxes at differing compositions of the CaF2- 

Ca0-Si02 system were used. The different fluxes used are summarized in Table 1. 
The base metal and filler metal compositions and the welding process parameters 
are summarized in Tables 2 and 3, respectively. All the welds were automatically 
programmed in a microprocessor-controlled welding apparatus. The welds were 
single-pass bead-on-plate. The chemistries of the welds and base plate were mea­
sured by x-ray spectrometry and those of the filler weld wires were measured by 
an atomic absorption method. The contents of silicon, manganese, and oxygen in 
weld metal are given in Figures 1-3 for measurements on these different mixtures.

ELECTROCHEMICAL MECHANISMS
In SAW, the filler wire is generally anodic and the weld pool is cathodic. 

Current is carried between these metals by the plasma-arc and by the molten flux 
with the plasma-arc carrying most of the current.

At the interface between the flux and the cathodic weld pool, the metals in 
the flux tend to deposit by reactions such as

Ca2+ (flux) +2e—►Ca(metal)
Si4+(flux)+4e-»Si(metal) (l)

The products, which are formed metastably at the interface, tend to simultane­
ously diffuse into the metal and back react with the slag components by reactions 
such as

Si02 + Ca^2CaO + Si (2)

Thus, the balance between the different elements, which might be deposited 
is controlled by the relative kinetics of the electrodeposition process, of the back
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reactions (or volatilities), and of the diffusive processes which carry the interfacial 
materials away from the interface. Because of the high volatility of Ca and its 
relative insolubility in steel, Ca is likely to vaporize through the flux and to partly 
react according to Eq. (2).

The most important anodic reaction is

nO2” + M(metal)—►MOn + 2ne (3)

where M is a metal at the Weld wire-flux interface and 2n is the Valence of the 
metal in the oxide. Fluoride is probably also involved in an anodic reaction, but 
forms relatively volatile products, which need not be considered here. Because of 
large overpotentials, all of the metals at the interface, principally Fe, will oxidize. 
The less noble metals in the alloy, such as Mn and Si, will diffuse towards the 
interface and react with the FeO by reactions such as

FeO +  Mn<=±MnO +  Fe
2 FeO + Si±±Si02 +  2 Fe (4)

In addition, some oxides will diffuse into the metal and some will dissolve in the 
flux. The overall effect is to greatly increase the oxygen content ef the weld wire 
tip and to decrease the less noble metals, such as Mn and Si somewhat. When 
heated sufficiently, the tip forms a droplet, which will have a high oxide content 
near the surface and which will tend to lose some of its less noble metals to the 
flux. Measurements of such droplets by Lau ei al. (9,10) in CaO-A^Os based 
fluxes have demonstrated their very high Oxygen contents.

When these oxide rich droplets fall into the weld pool, the oxides can react 
with the more active metals, including those which have been electrodeposited. 
In the measurements of Lau et al. (9,10), a large fraction of the oxide associated 
with the droplets is removed before being incorporated in the weld, probably by 
back reactions with the most active metals in the weld, such as Ca or Si (or Al in 
their measurements).

An understanding of the electrochemistry of the plasma is limited by the 
sparsity of information on plasma species. Most of the current is carried by 
electrons. However, because of the constraint of electroneutrality of the dense 
plasma, the number of positive ions is at least as large as the number of electrons 
and these ions can carry a small, but significant, fraction of the current. Metals 
such as Fe, Ca, and Mn are relatively volatile and are probably ionized to form 
positive ions. Oxygen can be present as 0 + and possibly as O-  and the presence 
of some oxyions derived from SiO, Si02, FeO, or MnO vapor molecules is likely, 
but there is no information on the numbers or distributions of such positively and 
negatively charged ions. All of these ions can participate in Faradaic processes, 
which will, to a first approximation, parallel the Faradaic processes involving the 
slag.

919



INTERPRETATION OF THE EXPERIMENTS
As can be seen in Fig. 1, the silicon contents of the weld metals are generally 

higher than the nominal values expected from simple mixing of roughly equal 
amounts of the base metal and filler wire and increases with an increase in the Si02 
content of the CaF2-Ca0-Si02 mixtures, but decreases with an increase in the 
current density. Since the silica in the fluxes tends to form anionic species (chain 
silicates or fluosilicates), it is probably that the kinetics of direct electrochemical 
deposition of silicon is not as favorable as that for the deposition of the volatile Ca. 
Consequently, a small amount of Si would be directly formed electrochemically, 
but more is likely to form by the evaporation of Ca, which would then reduce SiC>2 
in the flux to Si. Back reactions of the Si with the oxides on weld wire droplets 
would reduce the total amount of metallic Si produced by this mechanism. The 
higher the ratio of CaO to CaF2 in the melt, the greater the amount of oxide 
which is produced at the weld wire tip and the greater the amount of Si which 
would be reoxidized and redissolve in the flux. Of course, one also expects that 
the amount of metallic Si produced would be larger the greater the Si02 content 
of the flux. This is consistent with the results in Fig. 1. The increase of Si content 
in weld metal with an increase of current could be understood by any one of a 
number of possible mechanisms, which are too numerous to discuss here. Further 
work on the effect of current is needed to completely define the mechanism.

As can be seen from Fig. 2, the manganese content of the weld metal is 
fairly close to that expected for mixtures of weld wire and base plate metal for 
the lowest contents of SiC>2 in the flux. With an increase in the concentration of 
SiC>2, one would expect an increased amount of oxide produced at the anode and 
a larger loss of Mn from the filler wire, which contains the majority of the Mn 
expected in the weld. This can thus lead to the observed decrease in Mn with 
increased SiC>2 in the flux.

The compositional changes of most concern are those related to oxygen. The 
physical properties and quality of welds is strongly influenced by the amount 
of oxygen. Fig. 3 exhibits the changes in oxygen content for the different flux 
compositions. It is obvious that the concentration of oxygen in the weld decreased 
with a decrease in the amount of silica in the flux. For the lowest concentrations 
of silica, the concentration of oxygen differs little from that of the original metals 
(~200 ppm). This difference is consistent with the electrochemical mechanism we 
propose.

DISCUSSION
The measurements we present are consistent with the speculation that an 

electrochemical mechanism is important in altering the chemistry of weld metal 
in SAW. In prior work (8), examination of the effects of this mechanism on weld 
metal compositions measured by Indacochea et al. (6) have indicated that the
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contents of Mn, Si, 0 , and other elements in welds produced from SiCVFeO- 
MnO fluxes were also consistent with an electrochemical mechanism. However, a 
thermo dynamic ally-driven kinetically-constrained mechanism may also be possi­
ble if the slag-metal interface is at very high temperatures (> 2200 K). Heat flow 
considerations make this high a temperature unlikely. A test of the correctness of 
our speculations will ultimately require much more detailed measurements. One 
set of such measurements has been made by Lau et al. (9,10) who have shown 
that metal droplets from the filler wire are very high in oxygen, which is largely 
present as FeO, MnO, and Si02 containing inclusions in the metal (10); these 
could not have been formed by a thermodynamic mechanism. We are planning 
measurements of analogous microscopic compositional details to test the validity 
of our speculations.

The long term goal of our work is to integrate our finding on this electrochem­
ical mechanism with a comprehensive analysis of the important thermodynamic
(6) and kinetic (7) factors. Although consideration of these factors and of all the 
welding parameters (currents, voltages, wire-feed rate, welding speed) simultane­
ously is very difficult and too complex for quantitative predictions, our results to 
date have led to useful qualitative predictions on flux compositions which should 
improve the properties of welds. If an electrochemical mechanism can be shown 
to be important, the deduction of methods for predicting weld chemistry would 
be greatly simplified.
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Table 1. Nominal Flux Compositions w/o

Si02 CaF2 CaO

40 10 50
40 20 40
40 30 30
40 40 20

30 30 40
30 40 30
30 50 20
30 60 10

20 40 40
20 50 30
20 60 20
20 70 10
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Table 2. Base Metal and Filler Metal Compositions (w/o)

Material C Mn P S Si Ti A1
ppm

Base Metal 0.04 0.37 0.012 0.022 0.03 0.003 0.001 220

Filler Metal 0.09 1.18 0.007 0.013 0.58 0.002 <0.008 195

Table 3. Welding Process Parameters

Voltage 33 volts 31 volts
Current 600 amps 330 amps
Travel Speed 12.2 in/min 12.2 in/min
Wire Speed 75 in/min 40 in/min
Heat Input 97.4 kJ/in 50.3 kJ/in

3.83 kJ/mm 1.98 kJ/mm
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Fig. 1. Silicon Content in the Welds Produced with the Si02-Ca0-CaF2 Sub­
merged Arc Welding Fluxes for Two Heat Inputs.
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Fig. 2. Manganese Content in the Welds Produced with the SiC>2-CaO-CaF2
Submerged Arc Welding Fluxes for Two Heat Inputs.
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Fig. 3. Oxygen Content in the Welds Produced with the Si02-Ca0-CaF2 Sub­
merged Arc Welding Fluxes for Two Heat Inputs.
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ABSTRACT
The submerged arc welding process uses a D.C. arc under a protec­
tive slag cover to melt a consumable wire electrode. The purpose of 
this work is to investigate the relative influence of electrochemical and 
thermochemical reactions at the surface of the electrode of the com­
position on the liquid metal droplet. Chemical analyses were carried 
out on the melted wire electrode tips and on the detached droplets for 
both reverse polarity (wire is anodic) and straight polarity (wire is ca­
thodic) polarities. The results suggest that both thermochemical and 
electrochemical reactions are important in altering the composition of 
the detached droplet.

INTRODUCTION
The submerged arc welding process consists of a consumable electrode, an 

electrically conducting slag and a work piece. Figure 1 shows a schematic draw­
ing of the submerged arc welding process, which is complex and characterized by 
large currents, large gradients of temperature, and four complex phases. The flux 
is fed to the plate surface ahead of the weld, and the arc and weld pool are pro­
tected from the atmosphere by a molten flux layer. The welding current is carried 
largely by the submerged arc and to some extent by conduction in the molten flux 
layer. The overall composition of the weld is controlled by the composition of the 
metal droplets which enter the weld pool, by the amount of dilution of the weld 
pool by the parent plate, and by electrochemical and thermochemical reactions at 
the weld pool/slag and electrode/slag interfaces before solidification takes place. 
Three chemical reaction sites and two generic reaction mechanisms are available
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for modification of the weld metal composition by reaction with the slag. Both 
thermochemical and electrochemical reactions are expected to occur at the elec­
trode tip. The electrochemical reactions would result from ionic conduction of a 
portion of the welding current through the molten slag layer. Only thermochem­
ical reactions are expected to occur at the surface of the detached droplets since 
the droplets are no longer carrying current. The molten metal in the weld pool 
is influenced by both electrochemical and thermochemical reactions with the slag 
before solidification occurs.

The most important chemical considerations for submerged arc welding in­
clude the control of oxygen, oxidation losses of alloy elements, and the pickup of 
undesirable elements from the slag. The objective of this work was to understand 
the nature and extent of electrochemical and thermochemical reactions at the 
electrode tip and in the detached droplets.

A number of investigations have been made concerning the nature of chem­
ical reactions at the electrode tip and in the detached droplets. These include 
work by Pokhodnya and Kostenko (l), Potapov and Lyubauskii (2), Norin and 
Malyshev (3), Grong and Christensen (4), Mitra (5), and Lau et al. (6). However, 
few investigators have considered the electrochemical reactions that occur when 
direct current is used in welding. Frost et al. (7) considered the different chemical 
effects at the anode and cathode in electroslag welding. Blander and Olson (8) 
postulated an electrochemical mechanism for the alteration of weld metal chem­
istry in submerged arc welding. The purpose of this research is to investigate the 
importance of electrochemical reactions in controlling the chemistry of weld metal 
in submerged arc welding.

The possible anodic reactions include the oxidation of iron and alloy elements, 
and the discharge and pickup of oxygen anions from the flux

M (metal) + nO^~(slag)!MOn + 2ne (1)

where M is iron or an alloy element at the electrode tip/slag interface. The 
possible cathodic reactions include the reduction of metal ions from the flux, and, 
to some extent, the refining of nonmetallic elements such as oxygen and sulfur

M ^ slag ) + 2e_ — M(metal) (2)

Si"*~1(slag) + 4e_ = Si(metal) (3)

O (metal) + 2e_ — 0^~(slag) (4)

where M and Si represent electrodeposited metals at the interface.
The thermochemical reactions at the electrode tip are rapid because of the 

high temperatures in the vicinity of 1800 to 2000%!. These include deoxidation
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reactions, such as those encountered in steel making, and reactions which lead to 
a closer approach to equilibrium between the flux and metal phase. Examples of 
such reactions would be silicon pickup from a high silica flux or the oxidation loss 
of transition elements through a deoxidation reaction

Si02(slag) + 2M(metal) = Si(metal) H~ 2MO(slag) (5)

FeO(slag) + M(metal) = Fe(metal) + MO (slag) (6)

where M can be A1 or Ca in reactions (5) and (6) and Mn in reaction (6) for the 
flux system used in this research. Once the molten droplet separates from the 
electrode, the electrochemical reactions stop, and compositional changes occur 
only by thermochemical reactions. The objectives of this research are to evaluate 
the nature and relative extent of the electrochemical and thermochemical reactions 
which occur at the electrode and in the molten droplets in the submerged arc 
welding process.

EXPERIMENTAL PROCEDURE
Straight (cathodic electrode wire) and reverse (anodic electrode wire) polarity 

submerged arc “welds” were made with a commercial low-carbon steel Welding 
wire (2.38 mm) on a pure copper plate. The compositions of the welding wire and 
the commercial flux are given in Table I.

The welding process was operated in both straight and reverse polarity at a 
constant welding current of 585 amperes and a constant potential of 28.5 volts. 
The constant current was obtained by adjustment of the wire electrode velocity 
which was 170 inches/minute for the anodic wire and 235 inches/minute for the 
cathodic wire. The electrode tips were collected by stopping the welding process 
and pulling the electrode away from the weld pool. The separated droplets were 
collected by magnetic separation after running the weld at a high velocity over a 
water cooled copper plate so that the droplets remained suspended in the molten 
flux.

Chemical analyses of the alloy elements in the electrode tips were carried 
out by rolling the tips to produce flat specimens and analyzing with an emission 
spectrograph. The compositions used for comparison are averages of the compo­
sitions for several electrode tips. The separated droplets were analyzed using the 
wave length dispersive analyzer on a JEOL scanning electron microscope. The re­
ported analyses are an average of the compositions for several droplets. Analyses 
for oxygen were carried out using a LECO interstitial analyzer.
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RESULTS AND DISCUSSION
The purpose of this investigation was to consider the relative influence of 

thermochemical and electrochemical reactions on the composition of the liquid 
metal droplet. Electrochemical reactions are expected because of the high current 
densities, and thermochemical reactions are expected because of the high temper­
atures and the generally large and temperature dependent differences in chemical 
potentials of the various reactants and products in the flux and metal phases. 
An examination of the metal and flux compositions in Table I. shows that the 
electrode has very low silicon and oxygen concentrations, and a relatively high 
manganese concentration, while the flux has a high silica activity and a relatively 
very low manganese oxide/iron oxide ratio, which is far from equilibrium with 
the wire. Thus, the manganese content of the metal would be expected to drop 
through thermochemical oxidation losses to the flux, and the silicon and oxygen 
content in the metal would be expected to increase through reaction with the flux.

Figure 2 shows a plot of the average oxygen contents of the wire, the elec­
trode tip, and the separated droplets for both straight (cathodic wire electrode) 
and reverse (anodic wire electrode) polarity welds. The data show a very low 
oxygen content in the electrode (20 ppm) and very significant oxygen pickup in 
the electrode tip from both thermochemical and electrochemical reactions. The 
influence of electrochemical reactions is shown by the fact that the oxygen content 
of the anode tip in the reverse polarity power mode (591 ppm) is over twice that of 
the cathode in the straight polarity power mode (277 ppm). The real difference is 
somewhat less since more wire is fed and melted at the cathode for a fixed current, 
thus diluting the total electrochemical and thermochemical effect at the cathode. 
The influence of thermochemical oxygen pickup is shown by the fact that signifi­
cant oxygen pickup is observed in both electrode positive and electrode negative 
configurations. Since the electrode tip is, on the average, halfway to becoming a 
droplet, the droplets should start with, very roughly, twice the oxygen content of 
the tip.

If the electrochemical and thermochemical reactions were considered as sep­
arate steps, the average electrode tip oxygen concentration for the two polarities 
could be considered to crudely represent the thermochemical contribution, and the 
separation of the two concentrations from this mean would represent the electro­
chemical effects. However, the different wire feed rates cloud this interpretation. 
The average oxygen concentration for the two electrode tips is 434. This can 
only crudely represent the substantial thermochemical pickup above the 20 ppm 
oxygen present in the initial electrode.

Figure 3 shows the silicon contents in the initial electrode, the electrode tip, 
and the separated droplet. The analyses suggest significant contributions from 
both thermochemical and electrochemical reactions. The wire electrode has a
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very low oxygen content of around 0.002 wt %, while the flux has a SiC>2 content 
of about 11.22 wt %. This causes the thermochemical pickup of around 0.19 wt % 
silicon from the flux. The electrochemical influence is significant, as is indicated 
by the fact that the cathodic tip silicon content is about 0.06 wt % higher than 
that of the anodic tip and by the fact that the cathode feed rate is higher than 
the anode feed rate which means that the total amount of Si in the cathodic 
tips and droplets is relatively much higher than is indicated in Figure 3.. The 
change in the silicon concentration from the electrode tip to the detached droplet 
is mostly thermochemical. With silicon, however, there is a decrease rather than 
the expected increase in silicon content of the droplet compared to the electrode 
tip indicating that a large fraction of the silicon in the droplet has back reacted 
with more noble metal oxides in the flux (e.g., Fe203). One of the possible driving 
forces for this reaction is related to the probability that the droplet is at a lower 
temperature and has a higher oxygen content than the tip.

Figure 4 shows similar behavior for the manganese contents in the electrode, 
the electrode tip, and the detached droplet. Both thermochemical and electro­
chemical reactions are indicated; however, the high manganese content in the 
electrode and low MnO/iron oxide ratio in the flux lead to a thermochemical 
manganese loss at the electrode tip. The average manganese content is further 
decreased by thermochemical reactions with more noble metal oxides in the flux 
in going from the electrode tip to the separated droplet, which falls through and 
reacts with the flux.

Figure 5 compares the droplet compositions for the various alloy elements to 
the initial electrode contents. Significant electrochemical reactions are present for 
most of the alloy elements. Silicon, aluminum, and manganese show higher con­
centrations in the cathodic droplets than in the anodic droplets. This is largely 
caused by oxidation losses to the flux at the anode, and electrochemical reduction 
from the flux at the cathode. The differences for nickel, titanium, and chromium 
are of the order of the analytical uncertainties and are thus inconclusive. Molyb­
denum shows the opposite trend. That is, the concentration in the anode is higher 
than that of the cathode. This behavior may be caused by the fact that molyb­
denum is more noble than iron, and the apparent concentration changes are the 
result of iron oxidation losses at the anode and reduction from the flux at the 
cathode. Figure 5 suggests significant thermochemical contributions only in the 
cases of silicon, aluminum, and manganese.

CONCLUSIONS
1. Composition changes at the electrode tip and in the separated droplets in 

submerged arc welding appear to be the result of both thermochemical and 
electrochemical reactions.
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2. The thermochemical reactions are caused by expected reactions between the 
flux and metal. The electrochemical reactions at the anode include oxidation 
losses of alloy elements to the flux and the discharge and pickup of oxygen 
anions from the flux. The electrochemical reactions at the cathode include 
the reduction of metal ions from the flux and the refining of oxygen.

3. Composition changes in the droplets after separation from the submerged arc 
electrode are primarily thermochemical in nature.

Further experiments with synthetic fluxes, which are chosen to minimize ther­
mochemical reactions, are planned and should help to better define the relative 
importance of electrochemical reactions.
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Table I. Compositions of Weld Wire and Welding Flux (wt %)

Weld Wire Welding Flux

c 0,06 Si02 11.22
Mn 1.38 AI2O3 18.14
si 0.05 MgO 33.23
Mo 0.33 CaF2 25.26
Cr 0.07 CaO 6.92
Ni 0.11 MnO 1.15
A1 0.02 T i02 0.90
Cu 0,77 Na20 0.82
Ti 0.03 Fe2C>3 1.99
P 0.012 c 0.37
S 0.015
o 0,002
N 0,004
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Fig. 1. Schematic of the submerged arc flux welding process.
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ABSTRACT

We investigated and developed a practical and continuous 
production of monosilane via parallel reactions in a single 
molten salt bath consisting of electrolysis of LiCl, hydro­
genation of Li and a chemical reaction of LiH and SiCli*. In 
the normal electrolysis, a bypass current is generated due 
to Li attached at the anode chamber and at the diaphragm. 
This bypass current caused production problems and effi­
ciency degradation. We were able to substantially minimize 
this current by moving the attached Li away from these sur­
faces electrolytically and by blowing chlorine aimed at the 
displaced Li during electrolysis. When the electrolysis was 
performed at 1000 A, this method yielded current effi­
ciencies of electrolysis and eventual monosilane generation 
of 97.5% and 92%, respectively.

INTRODUCTION

Photovoltaic electric power generation has been receiving atten­
tion as a source of clean energy which could replace oil. Among 
silicon photocells, amorphous silicon cells, as compared to single 
crystal silicon cells, use far less material and are better suited for 
mass production. For this reason, Japan's Sunshine Project placed a 
great emphasis on development of amorphous silicon photocells. As a 
part of the effort, this project was conducted to develop a monosilane 
production method; monosilane being the raw material for amorphous 
silicon films. Continuous monosilane production employing molten salt 
electrolysis was proposed by W. Sundermeyer some 25 years ago (1,2), 
and L.M. Ritz, et* al. attempted development for commercialization 
which was not successful(3,4).

When the oil shock hit the world in 1974, we re-examined the pro­
cess because of its low energy and low natural resource consumption. 
Our basic research started in 1975. The process we employed is given
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in Figure 1. Each of three reactions requiring a molten salt bath 
takes place in a sealed molten salt vessel. The main feature of the 
present investigation is that the reactions take place continuously 
and in parallel (5) . As compared to the work carried out by past 
investigators, the present process and apparatus possess many 
advantageous features such as: safety when equipment is broken or 
fails functionally, ability to handle pressure variations, reliable 
material transport, and ease of start-up and or maintaining operation. 
This project was supported by the Sunshine Project since 1980 
as a commercialization research effort.

This commercialization research was carried out with the closed 
cycle apparatus, consisting of a monosilane generation apparatus 
shown in Figure 2, plus a silicon chlorinator, a silicon tetrachloride 
separaiton and recovery unit, and a monosilane purifier. The initial 
design had a problem with a valve operation in transporting the 
molten salt. This problem was solved by employing an overflow 
transport method and a simple pump with no moving parts actuated 
by gas pressure. This modification made it posible to reliably run 
the hydrogenation and monosilane generation reaction, and it clearly 
exposed the electrolysis problems.

When the electrolysis is performed at 2000 to 3000 A, the current 
efficiencies of electrolysis and of monosilane generation were 90 and 
80%, respectively. These are essentially satisfactory numbers for 
production of metals by molten salt electrolysis in general. However, 
there were signs which gave doubts about long-term opeability, such 
as erosion of the anode, a sudden drop of the anode chamber pressure, 
accumulation of Li on the salt bath surface, etc.

We discovered that, as shown in Figure 3 (Left), a bypass current 
is generated through the anode chamber caused by Li in the Li 
collector and by Li attached on the diaphragm. In the case of the 
anode chamber which is separated and electrically isolated from the 
rest, another bypass current is generated caused by Li attached on the 
anode chamber as shown in Figure 3 (Right). And the bypass current 
causes electrolysis between the anode chamber and the anode, depos­
iting Li on the inside surface of the anode chamber wall. Thus, if the 
bypass current is eliminated, we believe that the various problems 
preventing commercialization will be solved and that the current 
efficiencies would approach the theoretical values.

THE EXPERIMENT

In order to eliminate the bypass current in the apparatus shown 
in Figure 2, the following steps were attempted:
(a) By raising the voltage potential of the anode chamber and the 
diaphragm with respect to the cathode and by means of dissolution and 
deposition of the attached Li, the Li can be transferred to the 
cathode and to other surfaces.
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(b) Some Li, which moves to places other than the cathode by the above 
process, may float on the molten salt and may reattach itself to the 
anode chamber. In order to prevent this phenomenon from happening, the 
Li is eliminated by injecting chlorine and forming LiCl.

In order to carry out the above corrective measures, the 
following revisions to the apparatus were made:

(a) The anode chamber equipped with the diaphragm was separated 
from the collector and electrically isolated from the rest.

(b) A "Li transport power source" was installed between the anode 
chamber equipped with the diaphragm and the cathode.

(c) A chlorine blow-in tube was installed below the molten salt 
surface at a place between the anode chamber and the closestj equipment to it, which are the outer jackets covering three 
cathode leader rods. This location is expected to be the main Li 
transfer point.
(d) A chlorine recovery chamber was added which is electrically 
isolated and which surrounds the anode chamber and the cathode 
leader rod outer jackets. This addition is a safety measure to 
prevent the outside of the reaction chambers from filling with 
reactive chlorine.

Figure 4 shows the cross-sectional view of the monosilane generation 
test set-up after the modifications.

The following steps are used to run the test apparatus. First, 
introduce the raw material, salt, into the molten salt vessel. Cover 
the vessel with a simple lid, dry the material, melt and dehydrate. 
Next, replace the lid with the one from which all equipment is hung, 
and then start the electrolysis. As Li begins to appear at the 
cathode, it will float as droplets, be collected in the collector, and 
be transferred via a transfer tube to the hydrogenator. The hydro- 
genator is filled with hydrogen, and the hydrogen is added as it is 
consumed to maintain the hydrogenator pressure. Moreover, the molten 
salt is fed at a constant rate from the moten salt vessel by a over­
flow mechanism. Li, which enters the hydrogenator, is hydrogenized 
to form LiH, is immediately dissolved in the molten salt and is fed to 
the silane generation chamber. Since an excess amount of SiCli* is 
continually fed into the chamber, the LiH which flows in will react to 
produce SiCli* and LiCl. The latter will flow out to the molten salt 
vessel dissolved in the salt. Thus, the Li cycle is completed and it 
is possible to operate the electrolysis continuously for a long period 
of time.

The following test parameters were employed:
The electrolysis current was automatically controlled at 1100 A. 
The maximum voltage potential at the anode chamber was set at
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2.6 V above the cathode potential. This voltage was applied at 
the start of the electrolysis. This potential takes into account 
the 0.5 V margin against the apparatus corrosion, and the figure 
was computed in the following way. Also, when the Li transport 
current exceeded its maximum value of 100 A, the voltage was 
adjusted to keep the current at around 100 A.

Vmax = {vt-Ix(Ra+Rc)-E0 }x(Ri/R2 )+(Eo-Ei)~Vp

Where,
Vt: Applied electrolysis voltage 
Ra, Rc: Anode and cathode resistance 
Is Electrolytic current
Eo: Decomposition Voltage of LiCl at 400°C
Ei: Electrolytic potential of Ni/NiCl2 against C/CI2 at 400°C 
Ri: Molten salt resistance between the cathode and the diaphragm 
R 2 : Molten salt resistance between the anode and the cathode 
Vp: Voltage margin for corrosion prevention.(Voltage drop due to 

the anode chamber and the cathode leader rods, etc.)

From the start of the electrolysis, chlorine was blown in through 
three nozzles at the rate of 0.5 1/min. Chlorine was diluted with 
twice the volume of argon. This volume is about one tenth of chlorine 
generated at the anode during electrolysis.

Main dimensions in the electlolysis area are: the anode: 30cm OD 
by 60cm long; the cathode: 42cm ID by 60cm long (crown shaped); the 
diaphragm: 35cm ID by 65cm long (10 mesh screen made of Ni) . The 
salt bath temperature was maintained at 400°C in the molten salt 
vessel and at 570°C in the hydrogenator.

Since it is difficult to directly measure the bypass current, the 
effect was compared by computing the electrolysis efficiency and the 
monosilane production efficiency and also by observing the test 
apparatus during and after the operation. The efficiencies were 
computed by the following definitions.

The current efficiency 
of electrolysis

Li(mol) calculated from H 2 consumed 
Theoretical Li(mol) Value based on 

the electrolysis current

The current efficiency 
of monosilane production

SiHtt (mol) actualy collected 
Theoretical SiHi* (mol) production 
baced on the electrolysis current

RESULTS AND DISCUSSION

Test operations were made at a constant electrolysis current of 
1100 A. The Li transport power source was turned on and chlorine was
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injected to minimize the bypass current. Test results are given in 
Table 1. Observation of the electrolysis section was made after test 
runs with the Li transport power source (total electrical consumption 
was 1 . 1 X 1 0 9  coul.). There was no corrosion on the anode surface near 
the salt level which normally is the most susceptible to corrosion. 
Even tool marks were still visible. The diaphragm and the anode cham­
ber were also quite healthy.

For a comparison, tests were conducted without the Li transport 
power source and without chlorine injection. Results are given in 
Table 2. These test results have not changed much from those obtained 
in the past with a similar set-up. On the other hand, table 1 shows 
that there were no phenomena observed which preclude commercialization 
and that the electrolysis efficiency increased substantially and 
approached that of the theoretical values. Thus, we believe that these 
improvement are due to minimization of the bypass current and are not 
due to hardware or its arrangement.

The same conclusion can be reached by observing the voltages(the 
cathode as the base) vs. elapsed time at key equipment. When the 
bypass current is present, a large drop in electrolysis voltage is 
observed (Fig.6 ) in the early stage of the electrolysis when the 
electrolysis current is kept constant. On the other hand, when the 
bypass current is eliminated by the use of the Li transport power 
source and the chlorine injection, the electrolysis voltage stays 
constant throughout as shown in Fig.5. Also, when the bypass current 
was present, the voltage at the anode chamber decreased and the Li 
collector increased. Since these voltage values approach the short 
circuit values when the electrical pass is from the anode chamber to 
the Li collector via the salt bath surface, the main bypass current is 
thought to be flowing from Anode - Anode Chamber - Li Collector 
- Cathode (the bypass current II) rather than from Anode - 
Anode Chamber - Diaphram - Cathode (the bypass current I).

The reason for the above is that the bypass current I is constant 
because it is only created by attaching around the diaphragm of a 
portion of Li freed from the cathode during electrolysis. On the 
other hand, the bypass current II is created mainly by Li attached on 
the exterior surface of the anode chamber. In other words, during 
electrolysis between the anode and anode chamber due to the bypass 
current I, Li is freed which is transferred out to the molten salt 
bath. The Li then floats on the surface of the bath and is attached to 
the anode chamber. The bypass current II does not flow until this 
happens. This floating Li causes an undesirable process cycle. Namely, 
it will create the bypass current II and the Li moves to attach itself 
to the nearest equipment. Since the floating Li is replenished 
continually, the attached Li will refloat and reattach to the anode 
chamber creating more bypass current II. This cycle is repeated. The 
bypass current deposits Li on the inside surface of the anode chamber, 
which subsequently increases the floating Li, and which further 
increases the bypass current II. This vicious cycle continues and the
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bypass current increases until the limit is reached which is deter­
mined by the resistance of the molten salt and the voltage of electro­
lysis. The result is that during a long-term operation, a large amount 
of Li is accumulated on the molten salt surface.

Figure 7 and 8  show the relationship between the current con­
sumption for Li transport during operation and the relative voltage 
potential of the anode chamber(diaphragm) or of the Li collector. The 
anode chamber voltage and the resistance to Li transport vary 
depending on the location and amount of Li attached. However, in 
comparison with the early stage of operation, the current drops and 
the voltage stabilizes toward the end of the run. The early 
fluctuation may be due to the floating Li left over from the earlier 
run.

Table 3 shows the current and power consumed for transporting Li. 
This indicates that about 2% of the total Li was attracted to the 
anode chamber in the normal operation. The maximum current used to 
transport Li in the test was 100 A. So, the objective was accomplished 
below one-tenth of the electrolysis current. When a Ni-made apparatus 
shown in Figure 4 is used to perform electrolysis at 5000 A, the 
electrolysis voltage will be 8.5 V, and the maximum voltage and 
current required to transport Li would be about 5.5 V and 500 A, 
respectively.

CONCLUSION

Tests were conducted to commercialize a new monosilane production 
method which utilizes electrolysis of a molten salt. The main 
objective of the investigation were to remove undesirable phenomena 
during electrolysis and to improve the efficiency by eliminating the 
cause of the problems, ie., by minimizing the bypass current flowing 
through the anode chamber.

It was possible to sufficiently remove the bypass current by the 
following method: raise the voltage potential of the anode chamber and 
the diaphragm with respect to the cathode, transport Li from the 
diaphragm to the cathode, and attract Li at the anode chamber to the 
nearest equipment and then blow in chlorine to remove Li as LiCl. 
A further finding is that the anode chamber can be protected from 
corrosion by selecting the proper voltage potential.

The overall effect of the elimination of the bypass current was 
that the current efficiency of electrolysis increased from 90% to 
97.5%. Also, it became possible to make a long-duration run while 
maintaining high efficiency. Moreover, we found that there is no 
danger of floating Li after shutdown and that it is easy to maintain 
the equipment.
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TABLE 1. Test Run Data with Li Transport Power Source and 
Chlorine Injection.

Electrolytic Current (A avg.)................ 1104
Quantity of Electricity (106 Coul.)..........  23.8
Hydrogen Consumed (mol.).....................  120.4
Monosilane Produced (mol.)...................  56.6
Current Efficiency of

Electrolysis (%)................ 97.5
Monosilane Production (%)......  91.8

Li Accumulation on the Bath................... NO
Sudden Pressure Drop in the Anode Chamber....  NO

TABLE 2. Test Run Data without Li Transport Power Source and 
Chlorine Injection, befor and after Modifications. 
(Conventional Electrolysis)

Apparatus Used 
Fig.2 Fig.4

Electrolytic Current (A avg.)................ 2104 2000
Quantity of Electricity (106 Coul.)..........  468.5 215.4
Hydrogen Consumed (mol.).....................  2230 1019
Monosilane Produced (mol.)................... 1027 455
Current Efficiency of

Electrolysis (%)................ 91.8 91.3
Monosilane Production(%)......  83.8 81.5

Li Accumulation on the Bath...................  YES YES
Sudden Pressure Drop in the Anode Chamber....  YES YES

TABLE 3. Electric Current and Power Consumption 
in Transporting Li.

Mean Current Power
Current Ratio Ratio
(A) (%) (%)

electrolysis 1104 1 0 0 1 0 0

Li 1 st half 53.1 4.8 2.3
Trans- 2 nd half 25.1 2.3 1 . 1

p°rt__ Mean 41.4 3.7 1 . 8
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c Si Hi, Purifier

> -*[(7) Chrolinator

Electric Power'*:*-:
(1) 4LiCl

(2) 4Li + 2H2

(3) 4LiH + SiCli, ■

(4) 2C12 + Si

4Li + 2C12 
4LiH
4LiCl + SiHit 

SiCli,______

Si + H2 Si Hi,
Tv

Q)

<$•-

I!(3)

SiH„
SiCli,

VLiCl-t-KCl Molten Salt J

SiHj+ Generation 
Apparatus

Figure 1. Principle of our Monosilane Generation Method.
1. Molten Salt Vessel
2. Heater
3. Anode
4. Cathode
5. Diaphragm
6 . Anode Chamber
7. Outer Jacket
8 . Li Collector
9. Transport tube

10. Hydrogenator
11. Salt Pump
12. Monosilane Generation 

Chamber
13. Salt Bath Lid
14. Electrolysis Power 

Source
Figure 2. The Original Monosilane Production Apparatus Design Used in 

This Investigation. (Cross-sectional Veiw)

Generation. ( 1 = LiCl electrolysis, 2 = Movement of Li by 
dissolving and Depositing, 3 = Current Path through 
Metal, 4 = Li - Cause of Bypass Current Generation.)
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1. Molten Salt Vessel
2. Heater
3. Anode
4. Cathode
5. Diaphragm
6 . Anode Chamber
7. Outer Jacket
8 . Li Collector
9. Transport tube
10. Hydrogenator
11. Salt Pump
12. Monosilane Generation 

Chamber
13. Salt Bath Lid
14. Electrolysis Power Source
15. Li Transport power source
16. Chlorine Injection Tube
17. chlorine Recovery Chamber

Figure 4. Revised Monosilane Production Aparatus to Prevent Bypass 
Current (Cross-Sectional View).

Figure 5. Voltages of each parts 
during the Test Run 
to prevent the Bypass 
Current.

Voltage of the electrolysis 
Collector voltage (Vco) are

Figure 6 , Voltages of each parts 
during a Conventional 
Run with the Apparatus 
shown in Figure 4.

rt), Anode chamber voltage (Vw) and 
given with respect to the Cathode.

947



Figure 7. Relationship between the Current for Li Transport and the 
Li Collector Voltage above the Cathode.

The current readings are the maximum and the minimum over time. 
The proportional relationship is maintained only at the stable 
minimum current for a short duration as the current drop. It 
appears that the main Li transport comes from Li attached 
around the diaphragm.

-p ft GCD +J 
U UUPU
CD
g

100

50

••

Symbol
1 St 2 nd
Half Half

Max. Current 
Readings • ■
Min. Current 
Readings c □

w
■ 14
■ ■■

i

2.5 3.01.5 2.0
Anode Chamber Voltage above the Cathode, [V]

Figure 8 . Relationship between the Current for Li Transport and the 
Anode Chamber Voltage above the Cathode.

The current readings are the maximum and the minimum over time. 
Since the proportional I-V relationship is maintained, it is 
believed that the large current is due to the movement of Li 
attached around the anode chamber. The main current is believed 
to be flowing in the bypass current II path.
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EFFECT OF METAL COMPLEX ION ADDED INTO A MOLTEN NH F-nHF 
ON THE CURRENT EFFICIENCY OF NF3-FORMATION 4
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Doshisha University, Department of Applied Chemistry 
Imadegawa, Karasuma, Kamigyo-ku, Kyoto 602 JAPAN

Hidetoshi NAKAYAMA

Showa Denko Co. Ltd., Chemical Research Laboratory 
Oogi-machi 5-1, Kawasaki-ku, Kawasaki 210 JAPAN

ABSTRACT

The anodic reaction on nickel electrode was carried out at 120°C 
in the molten NH F-2HF by a few kinds of electrochemical methods.
AlF^, NH^NiF^ and (NH^) FeF^ containing a small amount of (NH^)^FeF^ 
were added into the melr in order to investigate the effects of these 
additives on the current efficiency of NF^-formation and the anodic 
dissolution of Ni electrode. A Pt-rod was used as the reference elec­
trode. The anode gas was quantitatively analyzed by both gas chroma­
tography and infrared spectroscopy. With nickel anode, the passiva­
tion didn't occur and the amount of anodic dissolution was about 4 %.
In electrolysis under the controlled current, the anode gas was compos­
ed of N , 0 , NF , N O ,  N^F and so on. The current efficiency was 
calculated from the flow rate of anode gas and its composition. The 
maximum current efficiency of NF^ on Ni anode reached at 6 6  % and then 
the anodic dissolution of Ni was only 3 %. In the case of the addi­
tion of 0.1 mol% NH^NiF^ into the melt, the anodic dissolution of Ni 
electrode was about 1 % and then the decrease in the current efficiency 
of NF^ was only 6  %. The greatest decrease in the current efficiency of 
NF occurred in the melt added (NHj^FeF^. The addition of AlF was 
not effective for the prevention or anodic dissolution of Ni. These 
results indicate that the addition of 0 . 1  mol% NH^NiF^ is favorable for 
the electrolytic production of NF^.

INTRODUCTION

Nitrogen trifluoride (NF^) is a stable gas at room temperature and 
has a strong oxidising action at higher temperature (1). Therefore, 
it has been already used as an oxidising agent for rocket fuels and a 
stable fluorinating agent (2^8). It may be also used as a welding 
agent for metals and a gas filler in order to increase the life and the 
brightness of lamps (9). Recently, a few researches have been attem­
pted to develop the use of NF as a laser gas (10^12), an etchant gas 
for a dry etching process (13^16) and a cleaner gas for apparatus used
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in the CVD technique (17).
Some processes for the preparation of NF^ have been proposed up 

to date, and the electrochemical process is better than the chemical 
process in the view point of the purity of NF , especially, free of CF 
(18 ̂  2 1 ). J 4

In earlier papers, we have reported on th£ electrolytic production 
of NF^ from ammonium fluoride, urea and amides dissolved in a molten 
KH^F^ with a carbon electrode, and clarified the mechanism of electro­
chemical fluorination in this melt. But, in this procedure, NF. is 
contaminated with CF^, because of the decomposition of (CF)n and/or 
(CxF)n [x> 2 ] film formed on the carbon electrode. On the contrary, 
nickel was the best material for the anode from the View point of both 
the production of NF^ free of CF^ and the anodic dissolution. However 
even a small amount of the loss of Ni anode increases the cost of the 
production of NF^ and hence it is very important to preverit thb anodic 
dissolution of Ni for the industrial production of NF . The addition 
of a metal fluoride or ammonium metal fluorides into the melt was 
attempted in order to prevent the anodic dissolution of Ni, and then 
the effect of additives oh the current efficiency of NF^-formation and 
the anodic dissolution of Ni was also investigated.

EXPERIMENTAL
3One electrolytic cell of 1.5 dm in capacity was made of copper as 

shgwn in earlier papers (21^23) and another electrolytic cell of 0.45 
dm in capacity made of polytetrafluoroethylene resin (teflon) gs shown 
in Fig. 1. The rod of nickel with the surface area of 0.07 cm was 
used as the anode for determination of polarization curves by the 
cyclic voltammetry and the anodic dissolution by the galvanosta^ic 
method. The plate nickel with the surface area of 10 or 6 6  cm were 
also used for determination of the anodic dissolution of Ni and for the 
electrofluoiination, respectively. The inside wall of the cell made 
of copper and a platinum wire were used as the cathode arid the refer­
ence electrode, respectively. The inside wall of cell bottom was 
masked by teflon and the anode compartment of the cell was separated 
from the cathode compartment by a skirt of copper or teflon welded to 
the gas cover. The anode gas was passed through the absorption tube 
of gaseous HF filled with tablets of sodium fluoride (NaF) and then led 
to a gas-sampler. The sample gas was fractionated by gas chromato­
graphy and the fractionated samples, each corresponding to a distirict 
peak on the gas chromatogram, were identified by infrared spectroscopy.

The electrolyte was pre-electrolyzed at a low current density un­
till NF^ was detected, and then anodic polarization curves were deter­
mined by the cyclic voltammetry.
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RESULTS AND DISCUSSION

The cyclic voltammograms on nickel in the molten NH^F*2hF were 
shown in Fig. 2. Two current peaks at about 0 V were observed on the 
anodic polarization curve. At the potential range between 0 and 6 V,
the current density was very small. And then it increased again at 
the potential over 6 V. But the cathodic current peak was not observ­
ed at the potential below 3.0 V and the anodic current at potentials 
over 5 V increased with the number of cyclic scanning. From this re­
sult, it is concluded that nickel difluoride (NiF^) formed on hickel 
dissolves in the electrolyte^to form complex ions, for example, NiF̂ _
[n = 3 or 4] and/or Ni(NH^)^ [m = 2 or 3] and no atomic fluorine 
adsorbs on nickel and/or nickel difluoride<

Figs. 3 and 4 showed the effects of added AlF^ and fifH NiF^ on the 
anodic polarization curves on nickel in the molten NH^F•2HF, respec­
tively. In the addition of AlF^, the change in the shape of wave was 
not observed. On the contrary, the addition of NH^NiF^ changed dras­
tically the shape of wave; i.e., the first current peak at about -0.3 V 
disappeared on the anodic polarization curve after the addition of 
NH^NiF^, while the second current peak at about 0 V increased with in­
creasing the concentration of the additive. These results indicate 
that nickel anode ^ould be dissolved at the first peak to form Ni and 
that th^+formed Ni would be further oxidized at the second peak to 
form Ni

Fig. 5 showed the anodic polarization curves obtained by scanning 
the potential to the lower side from 9 V. The anodic current at the 
potential range between 5 and 8 V increased with increasing the con­
centration of NH^NiF^.4 3

Fig. 6 showed the effect of the additive on the weight loss of Ni 
anode. In no additive, the same behavior as that in the addition of
AlF was observed. The effect of the NH.NiF -concentration added into 3 4 3the melt on the weight loss of Ni anode during electrolysis was given
in Table 1. From the figure and the table, it was found that the 
addition of only 0.1 mol% NH NiF^ was effective enough for the preven­
tion of anodic dissolution of Ni and that the ratio of quantity of 
electricity dissipated by anodic dissolution of Ni electrode to total 
quantity of electricity (Q /Q ) decreased from 3 % to only 1 % by the 
addition of 0 . 1  mol% NH^Nif^.

Fig. 7 showed the change of an^de gas composition in electrolysis 
at the current density of 25 mA*cm as a function of time. NF was 
already detected in the anode gas after electrolysis for only 7 hours 
and its composition ratio of anode gas, i.e. yield, increased with the 
lapse of time and reached the constant value of about 65 %.

The flow rates of cathode gas composed of hydrogen only and anode 
gas composed of N^, O , NF^, N^O, N F^ an<̂  an un^nown substance (N^F ?) 
during electrolysis at the current density of 25 mA-cm were shown in
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Figs. 8  and 9, respectively. Both flow rates didn't decrease in the
andaddition of AlF^, while they decreased in the addition of NH^NiF^

(NH4 )^FeF containing a small amount of (NH^)^FeF^. This f|jt indi-+ 
cates that the ions with the higher valence metal such as Ni or Fe 
would be reduced^on the gathode to form the ions with the lower valence 
metal such as Ni or Fe and that the formed ions would be oxidized 
on the anode to form the original ions.

Table 2 showed the effect of NH^NiF -concentration on the yield of 
each product in the anode gas. This table revealed that the addition 
of NH NiF^ decreased the yield of NF . It is concluded, therefore, 
that the concentration lower than 0 . 1  mol% NH^NiF^ is favorable for the 
electrolytic production of NF^ in the view point of both the increment 
of the yield of NF^ and the prevention of anodic dissolution of Ni.
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W: Working electrode 
C: Counter electrode 

(Ni plate)
Ref: Reference electrode 

(Pt rod)
Th: Thermometer 
A : HF absorber 

(NaF pellets)
FG: Function generator 
R: Recorder 
T: Thermostatic box

Fig. 1 Experimental apparatus for determination of anode polarization 
curve

Fig. 2 Anodic polarization curves on nickel electrode at 120°C in 
NH^F•2HF by potential sweep method with sweep rate of 0.2 V-s
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1: No addition of AlF^ 
2 : 0 . 2  mol% AlF3  

3: 0.4 mol% AlF3

Fig. 3 Anodic polarization curves on nickel electrode in electrolyte 
of NH^F•2HF + AlF3 at J20°C by potential sweep method with 
sweep rate of 20 mV*s (First run)

1: No addition of NH.NiF_ 4 3
2: 0.1 mol% NH.NiF_4 3
3: 0.2 mol% NH .NiF_4 3

Fig. 4 Anodic polarization curves on nickel electrode in electrolyte 
of NH^F•2HF + NH^NiF3 jt 120°C by potential sweep method with 
sweep ra,te of 20 mV*s (First run)
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Potential / V vs. Pt

Fig. 5 Effect of added AlF^, NH^NiF or (NH^) FeF^ on anodic polari­
zation curves on nickel electrode at 120°C in NH„F•2HF by

4 — ipotential sweep method with sweep rate of 0.2 V-s (30th run)
Is No additive, 2: 0.8 mol% A1F , 3: 0.4 mol% NH NiF ,
4: 0.8 mol% NH.NiF_, 5: 0.06 mol% (NH .)_FeF_. 4 34 3 4 3 6

Concentration of AlFj / mol%

0 1.0 2.0

1: Addition of AlF^
2: Addition of NH^NiF^

0 0.4 0.8
Concentration of NH^NiF^ / mol%

Fig. 6  Relationship between ratio of quantity of electricity dissi­
pated by anodic dissolution of nickel electrode to total 
quantity of glectricity (Qa/Qt) at 120°C and current density
of 25 mA*cm and concentration of AlF. or NH.NiF. in NH.F-2HF3 4 3 4
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Table 1 Effect of added NH^NiF^-molar concentration on weight loss of 
nickel anode in electrolysis

NH4 NiF3 C.D.
_2

E.D. Potential number of
(mol%) (mA • cm ) (hrs.) (V vs. Pt) electron

0 25 97 4.4^ 5.1 2

3
0.1 25 74 4.2^ 6.9 2

3
0 . 2 25 76 5.0^ 5.5 2

3
0.4 25 74 5.2^ 5.9 2

3
0 . 8 25 50 5.2 ̂  5.9 2

3

Calculation weight 
loss of anode (g)

Observed weight 
loss of anode (g)

R.D.
(%)

26.161 0.7330 2.80
17.387 0.7330 4.20
20.260 0.1636 0.81
13.507 0.1636 1 . 2 1

20.990 0.1391 0 . 6 6

13.993 0.1391 0.99
20.594 0.1693 0.82
13.729 0.1693 1.23
18.860 0.1180 0.63
12.573 0.1180 0.94

Headings; C.D.: Current density, D.E.: Duration of electrolysis,
R.D.: Ratio of quantity of electricity dissipated by anodic 

dissolution of nickel electrode to total quantity of 
electricity (Q /Q )
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100

l(o) : NF3, 2 (d ) : N 2 ,
3 (• ) : 02, 4(A) : K^O,
5 ( 3 ) :  N 2 F 2

Conditions: 2

Anode; nickel ( 6 6  cm ) , 
Current density; _ 2

25 mA*cm , 
Cell voltage;

4.8 ^ 6.2 V, 
Temperature; 120°C

Time / hour

Fig. 7 Change of anode gas composition in electrolyte of NH^F• 2HF 
as a function of time

1 (0 ): no additive,
(O): 1 .Omol% A 1 F3,
(•): 2 .Omol% A 1 F3,

2(B): 0.2mol% NH4NiF3# 

3(A): 0.05mol% (NH4)3FeF6

0 50 100
Time / hour

Fig. 8 Change of current efficiency of H evolution in electrolyte of
NH.F-2HF containing added AlF . NH.NiF_ or (NH .)_FeF. as a , 4 , . _ . . 3 4 3  4 3 6function of time
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1 : calculated curve,

2 (0): no additive,
(®): 1.Omol% A1F3,
(•): 2.Omol% AlF^,

3 (D): 0.1mol% NH4NiF3, 

4(B): 0.2mol% NH4NiF3, 

5(A): 0.05mol% (NH4)3FeFg

0 50 100
Time / hour

Fig. 9 Change of flow rate of anode gas in NH F-2HF containing added 
A1F3, NH4NiF3 or (NH4)3FeF6 4

Table 2 Effect of AlF3, NH4NiF3 and (NH4)3FeF -molar concentration on 
each current efficiency of anode gas products

Current efficiency of anode gas products(%)
Additive mol%

NF3 N2 °2 n 2° N2F2 x (n 2f 4?) Total

- - 65.5 20.1 3.3 3.5 2.9 0 .8 96

A1F3 1 .0 68.3 2 2 .2 0.3 1 .4 3.2 1 . 1 97

A1F3 2 .0 66.7 21 .8 0 .2 2.9 4.1 1 .0 97

NH.NiF. 4 3 0.1 59.8 20.9 3.8 1 .0 3.1 0.9 90

NH.NiF- 4 3 0 .2 36.0 17.0 5.8 1 .0 1 .6 0.7 62

<NH4>3FeF6 0.05 49.8 15.3 2.9 0.5 2.9 1 .2 73

2 -2Conditions: Anode; nickel( 66cm ), Current density; 25mA*cm , 
Temperature; 120°C
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A REVIEW OF THE CHEMICAL AND PHYSICAL PROPERTIES OF MOLTEN ALKALI 
NITRATE SALTS AND THEIR EFFECT ON MATERIALS USED 

FOR SOLAR CENTRAL RECEIVERS
R. W. Bradshaw and R. W. Carling

Sandia National Laboratories 
Livermore, CA 94550

ABSTRACT

Sandia National Laboratories, Livermore (SNLL), has been 
responsible for developing thermal energy collection and storage 
technologies for solar central receiver (SCR) applications as 
the lead laboratory designated by the U. S. Department of Energy.
The focus of one of these efforts has been the evaluation of the 
properties of a mixture of sodium nitrate and potassium nitrate 
as a single-phase working fluid for SCR systems. This paper 
summarizes the results of a comprehensive research program that 
was established by SNLL to address issues relevant to the use 
of molten nitrates at temperatures up to 600°C. It was concluded 
that molten nitrate salt is technically feasible as a working 
fluid for advanced SCR and offers a number of advantages 
compared to alternative fluids.

Introduction

The selection of a molten salt, consisting of a mixture of sodium 
nitrate and potassium nitrate, as a heat transfer fluid for high- 
temperature solar central receivers (SCR) was initially derived from a 
systematic screening process which identified several favorable 
characteristics, such as a low melting point (222°C), the availability 
of large quantities at low cost, and the minimal hazards associated with 
its use [1,2]. Low cost is particularly important if the fluid is to 
serve as the thermal energy storage media as well as the receiver 
coolant [3]. Although molten nitrate salts have been used extensively 
for heat transfer in industrial processes [4] and compilations of some 
of their properties are available [5], the maximum temperature intended 
for SCR systems is 600°C, which is significantly higher than previous 
applications. For this reason, a research program was undertaken to 
establish a data base describing the properties of a molten mixture of 
NaN0~ and KN0~ over the complete range of temperatures relevant to 
advanced SCRsT

The majority of the research efforts were conducted at SNLL, 
although several industrial, university, and national laboratories 
participated as well. The program included studies of chemical 
stability, physical properties, corrosion of metallic materials, 
environmental effects on the mechanical properties of alloys, and 
compatibility of non-metallic materials with the molten salt. A 
comprehensive group of studies has been completed and this review *
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summarizes those research activities and the results obtained. The 
technical issues which motivated the studies in each area are described 
and their impact on engineering concerns are discussed. This review 
includes results obtained during the operation of large-scale 
demonstration experiments.

Chemical Properties

The important issues concerning the chemical properties of molten 
nitrate salt mixtures were choosing the composition, verifying chemical 
stability at high temperature, determining the effects of cover gas 
composition and atmospheric contamination on the melt and assessing any 
hazards which might arise when using molten salt in an SCR.

The liquidus line in the phase diagram reported in a previous study 
does not indicate a eutectic, but rather a broad band of low-melting 
mixtures surrounding the minimum melting point of 222°C at 50 NaN0«-50 
KN03 (mol. X ,  46-54 wt. X )  [5]. The phase diagram was re-examined using 
differential scanning calorimetry (DSC) and its important features were 
confirmed [6]. The data suggested that a mixture enriched in NaN0« 
relative to KN0~ would be desirable since the significant reduction in 
cost would easily offset the disadvantages of a slightly increased 
melting point. The composition 44 NaN03-56 KN03 (mol. X , 60-40 wt. X ) ,  
which melts at 238°C, was chosen for advanced SCR applications and was 
successfully used in several engineering projects [7-9].

A key consideration in qualifying this molten salt mixture for 
long-term use was chemical stability, since molten nitrate salts may 
undergo a variety of reactions depending on the temperature and the 
composition of the cover gas. The primary reaction is the decomposition 
of nitrate to nitrite and oxygen.

n o" = m ~  + 1/2 02 (1 )

Experimental investigations of the equilibrium of reaction (1), at 
temperatures up to 600°C, determined the equilibrium constant [10,11] 
and the enthalpy change (23.03 Kcal/mol [10]). Figure 1 compares the 
equilibrium constant of the mixed salt, as a function of temperature, 
with published results for the pure components. The concentration of 
nitrite in melts in equilibrium with air is about 3 wt.% at 565°C and 7 X  
at 600°C. The equilibrium data have been used to calculate the amount of 
nitrite expected to form in either open or closed systems covered with a 
variety of gases [11]. It was concluded that air at atmospheric pressure 
is more than adequate to minimize nitrite formation.

Thermochemical equilibrium calculations were used to predict the 
behavior of nitrate melts over a wide range of conditions. The 
thermodynamic model included reactions of nitrate and nitrite which 
yield alkali oxides and gases, such as oxygen, nitrogen and NO . The 
result of these studies was the construction of the phase stability 
diagram of the Na-O-N system at various temperatures [12]. The study 
determined that the concentration of oxide ions was negligible at SCR
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temperatures, but increased rapidly above 600°C. This is an important 
finding because oxide ions are known to be very corrosive (a later 
section discusses rapid corrosion above 600°C). A comparison of the 
oxide ion concentrations measured in equilibrium melts with predictions 
of the thermodynamic calculations suggested that oxide ions behave non- 
ideally in nitrate melts [13].

The stability of the melt with respect to the major constituents of 
air is an obvious benefit for an SCR system. However, a concern that 
atmospheric carbon dioxide and water vapor might cause the salt to 
deteriorate during long-term use was also addressed. The interactions of 
C0„ and H«0 with nitrate melts were studied using electrochemical and 
chemical techniques [14]. It was found that C0« can cause minor chemical 
changes by reacting to form carbonate. Althougn DSC studies showed that 
the solubilities of alkali carbonates in the nitrate salt were large 
[1 ], the carbonates of metallic impurities might precipitate in the 
coolest sections of heat exchangers. However, problems related to 
carbonate precipitation are not expected because the availability of C02 
is very limited. The solubility of water vapor was found to be 
completely reversible up to 600°C and no hydrolysis was observed [14]. 
Procedures are available for removing anionic contaminants, such as 
nitrite and carbonate, if needed [11,15]. No adverse effects on the 
molten salt were observed during approximately 1000 hours of testing of 
a one-megawatt SCR electric power generating system at the Central 
Receiver Test Facility in Albuquerque, NM [9].

Two reports were prepared which discuss loading, operating and 
maintaining SCR systems that contain large quantities of salt [15,16]. 
Hazards management related to the use of molten nitrate salt has also 
been discussed, although in an SCR the necessary precautions are those 
associated with any hot fluid, since oxidizable materials will not be 
present [15,16]. A comprehensive review of the hazards associated with 
molten salts has been published by Allen and Janz [17].

Physical Properties
A knowledge of the physical properties of the working fluid in a 

SCR is essential for design calculations involving heat transfer and 
fluid flow in such components as receivers, heat exchangers, pumps, and 
thermal energy storage subsystems. Although data on most of the 
important properties (for example, viscosity, density, thermal 
conductivity and heat capacity) are available in the literature for 
single alkali nitrate salts [5], the properties of the SCR mixture were 
not available over the operating temperature range. Experimental 
measurements of these properties were made at temperatures which 
significantly extended the range of existing data. The measured values 
are presented in Figure 2.

Viscosity, density and surface tension (not shown) were determined 
from 250°C to 600°C using a single apparatus [18]. Viscosity decreased 
from about 5 gm/cm/sec at 250 C to 1 at 600 C, while density decreased 
moderately with temperature and was nominally 1.8 gm/cm . These data

961



agree with literature values at lower temperatures where comparisons can 
be made. Thermal conductivity was found to be weakly dependent on 
temperature from 250°C to 400°C and the measured values were nominally
0.5 W m K~ [19]. Minor additions of Nat^ and/or ^ 2^ ^  to the melt 
had a negligible effect. The heat capacity of the molten mixture was 
determined bydifferential scanning calorimetry and found to be about 
140 J K 1 mol 1 [20,21]. Difficulty in containing the salt in the 
thermal conductivity and heat capacity apparatus limited the accessible 
temperature range. The equations expressing the temperature dependence 
of each property are available in the above references.

Corrosion of Metallic Materials

It was necessary to resolve two issues before selecting suitable 
alloys and metals for containment of the molten salt. These were the 
corrosion rates at operational temperatures and the solubility of 
metallic oxides in the molten gait. Although the corrosion behavior of 
various metals and alloys has been reported previously, the data have 
been derived from short-term tests and were not considered adequate for 
engineering design. The concern with regard to solubility behavior was 
that dissolved corrosion products might precipitate in the coldest parts 
of the fldw system and foul or plug them, a phenomena called thermal- 
gradient mass transfer.

Corrosion and mass transfer behavior were investigated using 
thermal convection loops, which operated at temperatures spanning the 
range of a SCR, 300°C to 600°C [22]. The alloys tested were Alloy 800, 
304SS and 316SS. The rates of metal loss of these alloys were 5-12 
micron/year at 600°C [23-26]. Measurements of metal losses by chemical 
descaling revealed that the majority of metal consumption was due to 
oxidation [26]. Chemical analyses of the salt in the loops established 
that chromium was soluble, whereas iron and nickel were negligibly 
soluble. The solubility of chromium, as chromate ion, in molten 
nitrates is quite large; accordingly, thermal-gradient mass transfer was 
not observed.

Corrosion data for a wide variety of alloys and metals were 
obtained from long-term experiments in isothermal crucibles. Materials 
for the complete range of operating temperature environments were 
tested, including stainless steels (austenitic and ferritic), chromium- 
molybdenum steels, carbon steel, aluminum diffusion-coated steels, 
nickel, aluminum and titanium. Representative results from these studies 
are summarized in Table 1. In general, alloys with at least 9 % chromium 
were quite corrosion resistant up to 600°C [27]. A nickel-base alloy, 
IN600, was somewhat more corrosion resistant than Alloy 800, although it 
underwent internal oxidation, which the iron-base alloy did not. Cr-Mo 
steels with 1 to 5% Cr experienced metal loss rates as high as 100 
micron/year over a restricted temgerature range [28]. Aluminized Cr-Mo 
steels were very resistant at 600°C [29]. Similarly, aluminum was 
negligibly affected at 565°C. Titanium oxidized more rapidly than 
ferrous alloys, but formed an adherent surface oxide layer, while nickel 
experienced severe intergranular corrosion [30].
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A better understanding of corrosion mechanisms was obtained by 
studies of the kinetics of oxidation and depletion in crucible tests.
The rate laws for both processes in most Cr-containing alloys were 
parabolic up to 600°C [27,32]. At these temperatures, the corrosion 
products were spinels of iron and chromium and Fe20,>. Above 615 C, 
sodium ferrite was formed [31], corrosion rates increased markedly, and 
kinetics were observed that indicated the formation of a non-protective 
surface film [32], as shown by the plot of Cr depletion from Alloy 800 
in Figure 3. The relatively rapid oxidation of Cr-Mo steels was 
associated with the formation of ip-Fe^CL [28]. Electrochemical 
polarization studies of Alloy 800 confirmed the passivation of Alloy 800 
in the melt [33] and the surpression of galvanic corrosion of Alloy 
800/mild steel couples by surface films [1]. Some of the chemical and 
electrochemical factors relevant to corrosion in molten nitrates, 
including the inadvisability of cathodic protection, have been discussed 
by Smryl [34].

Since the oxide scales on high-temperature alloys were very 
adherent, no thermal cycling tests were done. Examination of scale 
layers on the inside surface of Alloy 800 receiver tubes, that had 
operated for about 1000 hours in a cyclic solar radiation environment, 
revealed adherent oxides that grew somewhat faster than isothermally- 
grown scales [35]. Operation of a forced-convection loop did not reveal 
any obvious erosion damage to surface scales [1 1 ].

Environmental Effects on the Mechanical Properties of Alloys
The receiver tubes of SCRs present unusual problems in materials 

selection and design because of the stresses which arise from one-sided 
heating, as well as from the thermal cycling inherent in solar receiver 
operation [36]. A key concern was whether the molten salt, in 
conjunction with the thermomechanical environment, would promote 
cracking of alloys used for receiver tubes and other components or 
otherwise degrade their mechanical properties. The complexity of 
mechanical testing in a molten salt environment limited studies to the 
most favored alloys, Alloy 800, 316SS and HT-9 (receiver tubes) and 2- 
l/4Cr-lMo steel (steam generator tubes).

Slow strain rate tests and creep tests in the molten salt at 600°C 
established that neither environmentally-induced cracking nor 
significant acceleration of oxidation due to deformation occurred in 
Alloy 800 [37,38]. Figure 4 shows the insensitivity of the ductility of 
Alloy 800 to strain rate during prolonged immersion in the molten salt, 
as compared to air. Slow strain rate tests showed that the strength and 
ductility of 316SS were unaffected, but a measurable loss of the 
ductility of HT-9 was observed [39]. No significant reduction in 
lifetime was found during fatigue and creep-fatigue tests of Alloy 800 
in molten salt at 650°C when compared to tests in air [40]. 2-l/4Cr-lMo 
steel experienced a loss in ductility at temperatures up to 525°C, due 
to the acceleration of oxidation by deformation over a range of strain 
rates [41]. However, this does not preclude its use in heat exchangers 
at lower temperature.
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Compatibility of Non-metallic Materials
Other compatibility questions which were investigated concerned the 

selection of non-metallic materials for several important functions, 
including fluid seals for valves, thrust bearings in pumps, and internal 
insulation and solid ballast for thermal energy storage.

A comprehensive study was conducted to evaluate materials for valve 
stem seals in flow control valves [42]. Compression packings were 
emphasized because this type of seal offers economic advantages in large 
valves. Below 300°C, good compatibility was observed with 
polytetrafluoroethylene (PTFE) and graphite. Other materials commonly 
used to fabricate packings for high temperature, including asbestos, 
borosilicate glass, aramid fiber and perfluoroelastomers, were not 
suitable. PTFE is not mechanically acceptable at higher temperature, and 
graphite began to oxidize rapidly above 400°C, as shown in the 
thermogravimetric analysis plot in Figure 5. Thus, valve designs must 
limit the temperature of the packing to 300°C.

Compatibility tests were conducted with a variety of ceramics. 
Silicon carbide, proposed as an thrust bearing in pumps, displayed good 
resistance to the molten salt, resulting in a corrosion rate of 7 
micron/year at 565°C, due to dissolution of SiC as silica or silicate 
[30]. Boron nitride was relatively inert in the melt below 300°C [42], 
while dense alumina was unaffected up to 630°C [32]. Many refractory 
insulating materials were evaluated as internal insulation for large 
salt storage tanks, where wetting by the molten salt at 565°C would be 
necessary [43]. Dissolution of the silica phases in these materials 
caused unacceptable deterioration. Experiments were also conducted with 
materials which would be useful as inexpensive ballast for thermal 
energy storage. Taconite pellets (mainly iron oxide) were relatively 
stable in contact with the salt at 565°C, but granite was not [44].

Conclusions

A comprehensive data base on the properties of molten nitrate salts 
has been established that allows SCR systems to be designed with 
confidence in their performance. The data base includes information on 
the chemical and physical properties of molten mixtures of NaNCL and 
KN0~ and the effects of the molten salt on many metallic and non- 
metallic materials commonly used in high-temperature applications.

Molten nitrate salt was shown to be chemically stable in air at 
temperatures up to 600°C, the upper design limit. Higher temperatures 
should be avoided because decomposition yields high concentrations of 
nitrite and alkali oxides. The effects of atmospheric C0„ and H„0 on the 
melt appeared to be minimal as a practical matter. The important 
physical properties of the melt were determined and are available to 
designers. Although values of thermal conductivity and heat capacity at 
maximum temperatures would be desirable, extrapolations of available 
data are suitable for design purposes.
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Materials are available to fabricate all the components needed for 
an SCR system. Good corrosion resistance was demonstrated by Alloy 800, 
300-series stainless steels, and 9Cr-lMo at 600°C during long-term 
tests. Corrosion rates of ferrous alloys increased rapidly at higher 
temperatures and these temperatures should be avoided. Chromium was 
slowly leached from some alloys by the salt, but thermal gradient mass 
transfer was not observed. The oxide layers on high-temperature alloys 
were adherent, although oxidation was somewhat faster during the thermal 
cycling experienced in receiver demonstration tests. Corrosion 
allowances of up to 100 micron/year may be necessary for 2-l/4Cr-lMo at 
460°C. The molten salt did not cause cracking of receiver tube alloys. 
Among non-metallic materials, graphite and PTFE were resistant at 300°C, 
but silica-containing refractories deteriorated at 565°C.

The fundamental conclusion of this research program is that the use 
of molten nitrate salts for energy collection, transfer and storage in 
SCR systems is technically feasible. This conclusion is supported by 
demonstrations in multi-megawatt receiver tests and electric power 
generation experiments.
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Table 1. Corrosion rates of selected alloys and metals
in molten NaNO3-KNV
Alloy Temp.

(°C)
Corrosion rate 
(microns/year)

Reference

Alloy 800 565 5 24,25
600 6-10 25,26
630 75 32

316SS 600 7-10 24,25
630 106 32

304SS 600 12 23,27

IN600 600 24 30
630 60 30

12Cr steel 600 22 27

9CrlMo 550 6 28
600 23 27

2-l/4CrlMo 460 101 28
500 26 28

carbon steel 460 120 30

nickel 565 >500 30

titanium 565 40 30
aluminum 565 <4 30

aluminized 
Cr-Mo steel 600 <4 29
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Figure 1. Arrhenius plot of the equilibrium constants for 
the decoapositlon of sn equiaolar nixture of NaNO^ and KNO. 
and the pure salts. J

Figure 3. Kinetics of the loss of soluble chroaiua 
oxidation products froa Alloy 800 iaaersed in the 
aolten salt.

Vlacotity

Temperature (°C)

Figure 2. Experimental values of viscosity, density, 
theraal conductivity and heat capacity of a aolten 
nitrate salt aixture at temperatures up to 600°C.
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Figure 4. The effect of strain rate on the ductility of 
Alloy 800 exposed to aolten nitrate salt at 600°C.

a) total elongation (strain to fracture)
b) reduction in area (R.A.)
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Figure 5. Theraograviaetric analysis of the oxidation 
of graphite by aolten nitrate salt.
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ABSTRACT

In the frame of the beneficiation program of an anatase titanium ore, a 
carbo-chlorination process of very fine particles of high Ti02 content (80%) in 
molten NaCl at 880°C has been developped at a kilogram pilot scale. Titanium 
tetrachloride, 99% pure, has been obtained with yields as high as 98% and a 
mean velocity of 1000 mol.m'2h_1. Mass balance-sheets, performed on melt, 
residue and gas samples, have demonstrated the following facts:
-the stoichiometry is two C and two Cl2 for one Ti,
-the alkaline-earth and rare-earth impurities contained in the ore are completly 
chlorinated (>99%) and dissolve in the melt enabling a subsequent recuperation.

INTRODUCTION

Anatase, an allotropic variety of rutile, can be found in "Minas Gerais" state 
in the center of Brazil under the form of huge and high Ti02 content deposits
(reserves over 109t with a 25% average content), and are being beneficiated by 
the top brazilian mining company "CVRD", through a wide program called 
"Projeto Titanio".

In the present phase, this program is mainly aimed toward a 4xl05t/y 
production of a 90% Ti02 concentrate for the chlorine route pigment industries. 
An original up-grading process has been developped by CVRD (1) in order to 
take into account the specificity of this world unique titanium ore deposit, and a 
15000 t/y pilot plant has been running for 3 years producing a concentrate with 
the characteristics collected in table 1-A. In this process, quantities, as high as 4 
times the production, are evolved as sub-product under the form of fine particles 
(>400 mesh) of high titanium oxide content, as shown in table 1-B.
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These particles, which are much too small to be used in the fluidized bed 
chlorine process for pigment production (2), are, on the contrary, an excellent 
material for reactions in molten salt media due to the high specific surface of 
exchange (3,4).

The work presented here describes the batch production of titanium 
tetrachloride at a kilogram pilot scale by chlorination of these anatase fine 
particles, and the subsequent recuperation of rare-earth impurities of much higher 
financial interest.

CHOICE OF PARAMETERS

Though chlorination of titanium oxide ores be widely described (5) , few 
processes have been developped in molten salts (6 to 17) and none for the 
anatase variety. Consequently, parameters such as temperature, medium and 
chlorinating agent have been chosen as undermentionned.

-Temperature : for kinetics reasons, most of reactions described in molten salts 
have been undertaken at temperatures higher than 700°C, even with lower 
melting point melts, as it has been shown that below this temperature the rate of 
reaction drops sharply (11,18).

-Melt : for the above mentionned kinetics reasons, as well as for economical 
ones, molten sodium chloride has been used as solvent at a temperature ranging 
10° around 880°C.

-Chlorinating agent : as shown in table 2, chlorination by Cl2 or by HC1 is 
thermodynamically impossible for the major part of the oxides present in the 
anatase concentrate at 1150K (19). At this temperature, the most efficient 
chlorinating mixture, carbon and chlorine, has been used, the former being 
obtained from charcoal in-situ decomposition during the heating step of the 
whole charge. In fact, thermogravimetric studies have shown that carbon is 
obtained with a yield of 90%, while 9 to 9.5% volatile compounds are expelled 
around 300°C, the balance being obtained with ashes.

-Granulometry : though this parameter be settled at less than 400 mesh by the 
fabrication process, attempts to evaluate its influence on kinetics have been made 
by sintering fine particles up to 3 mesh and chlorinating them respectively.

EQUIPMENT

The pilot unit is composed by four main parts, such as heating device, 
reactor, condensation set, and scrubbing device, as represented in fig.l.

-The heating device is a 13 kw furnace composed by two hemi-cylindrical parts 
separable by moving them along a rail track. It is thermoregulated in three 
different regions.

971



- T h e  r e a c t o r  i s  a s i l i c a  v e s s e l ,  2.8m h i g h  and  0.1m  i n  d i a m e t e r ,  
com posed  o f  a  j a c k e t  t h e r m o r e g u l a t e d  t o p ,  a c e n t r a l  b ody  in  w h ic h  i s  
i n t r o d u c e d  a tu b e  w i t h  a p o r o u s  s i l i c a  d i s k ,  and a b o t t o m  c o n t a i n i n g  
a c r u c i b l e  f o r  c o l l e c t i n g  th e  m o l t e n  s a l t  a f t e r  o p e r a t i o n .  The w h o le  
s e t  i s  o p e r a t e d  a s  i n  th e  p i c t o g r a m  r e p r e s e n t e d  i n  f i g .  2 .

-T h e  c o n d e n s a t i o n  s e t  i s  com posed  o f  two v e s s e l s .  The f i r s t  o n e ,  
f i l l e d  w i t h  N a C l , i s  m a i n t a i n e d  a t  200°C  i n  o r d e r  t o  t r a p  N b C l s and  
F e C l3 i n  t h e  f o r m  o f  l i q u i d  c h l o r i d e  c o m p le x .  The se c o n d  v e s s e l  i s  
c o o l e d  down in  o r d e r  t o  c o n d e n s e  th e  e v o l v e d  t i t a n i u m  t e t r a c h l o r i d e .

-T h e  d e s t r u c t i o n  o f  e x c e s s  c h l o r i n e  i s  o b t a i n e d  by  s c r u b b i n g  o u t l e t  
g a s e s  w i t h  a c o n c e n t r a t e d  s o d a  sh o w e r ,  r e c i r c u l a t e d  f r o m  a 1001 . t a n k .

R ESULT S  AND D I S C U S S I O N

The f u n c t i o n  a n a l y s i s  o f  t h e  w h o le  p r o c e s s  i s  a s  r e p r e s e n t e d  in  
f i g .  3 and g a v e  th e  f o l l o w i n g  r e s u l t s :

- C h l o r i n a t i o n  p r o c e e d s  a c c o r d i n g  t o  th e  r e a c t i o n
T i 0 2 + 2 C l 2 + 2 C = T i C l 4 + 2 CO

a s  th e  mean v a l u e s  o f  C / T i  and C l 2 / T i  r a t i o s  f o r  12 r u n s  a t  880°C  
have  been f o u n d  e q u a l  t o  2.0 w i t h  an u n c e r t a i n t y  o f  0.1 r e s p e c t i v e l y .  
T h i s  r e s u l t  i s  i n  a g r e e m e n t  w i t h  p r e v i o u s  w o rk s  in  th e  same 
t e m p e r a t u r e  r a n g e  ( 4 , 9 ) .

-T h e  maximum c h l o r i n a t i o n  y i e l d  f o r  t i t a n i u m  d i - o x i d e  h a s  been fo u n d  
a r o u n d  98% a t  880°C ,  w h ic h  i s  i n  good  a g r e e m e n t  w i t h  th e  r e s u l t s  o f  
B a i k o v a  i n  m o l t e n  c a r n a l i t e  a t  900°C ( 6 ) ,  and s i g n i f i c a n t l y  h i g h e r  
th an  i n  a c l a s s i c a l  p r o c e s s  ( 2 ) .

-T h e  r a t e  o f  c h l o r i n a t i o n  was f o u n d  r e s p e c t i v e l y  e q u a l  t o  104 , 
1 . 3 x l 0 3 , 7 . 5 x l 0 2 , and 4 x l 0 2mol .m- 2h- 1 , f o r  4 00 ,  32,  9, and 3 mesh  
f e e d  m a t e r i a l  g r a n u l o m e t r y .  T h e se  v a l u e s  a r e  h i g h e r  t h a n  t h o s e  
a v a i l a b l e  in  l i t e r a t u r e ,  p r o b a b l y  t h a n k s  t o  a n a t a s e  h i g h  r e a c t i v i t y  
and low  g r a n u l o m e t r y .  F o r  e x a m p le ,  S u l t a n o v a  and c o l . ( 1 6 )  o b t a i n e d  
r a t e s  in  t h e  r a n g e  3 t o  6 x l 0 -2 m o l .m - 2h- 1 . a t  t e m p e r a t u r e s  a r o u n d  
700°C  i n  m o l t e n  c a r n a l i t e .  A n o t h e r  r e s u l t ,  c l a i m e d  i n  a J a p a n e s e  
p a t e n t ( 9 ) ,  i s  0 . 2 5  m o l . h - 1 . f o r  a 0 . 4 5  k g  NaC l  m e l t  a t  900°C ,  w h ic h ,  
a s s u m in g  a r e a s o n a b l e  c y l i n d r i c a l  s h a p e ,  w o u ld  c o r r e s p o n d  t o  a r a t e  
o f  a b o u t  100 m o l .m - 2h- 1 . A v e l o c i t y  o f  0 . 1 3  m o l . h - 1 . i s  g i v e n  in  th e  
e x am p le  o f  a F r e n c h  c h l o r i n a t i o n  p a t e n t ( 1 7 )  i n  a  10 kg  r e a c t o r ,  
w h ic h ,  w i t h  th e  same a s s u m p t i o n s  a s  a b o v e ,  w o u ld  l e a d  t o  a c h l o r i n a ­
t i o n  r a t e  o f  20 mol .m- 2h- 1 . , a v a l u e  t h a t  can  be e x p l a i n e d  by th e  low  
t e m p e r a t u r e  u se d  ( 4 7 0 ° C )  and  th e  g r a n u l o m e t r y  ( 1 0 0  m e s h ) .

-T h e  c h e m ic a l  a n a l y s i s  o f  T i  C l 4 o b t a i n e d  f o r  two d i f f e r e n t  y i e l d s  a r e  
r e p o r t e d  i n  t a b l e  3 and d e m o n s t r a t e  t h a t  t h e  p u r i t y  i s  o v e r  99%,  
w h i l e  th e  one  o b t a i n e d  by th e  f l u i d i z e d  bed p r o c e s s  i s  a r o u n d  9 8 .5 %  
( 2 0 , 2 1 ) .  T h i s  can  be e x p l a i n e d  by  a t r a p p i n g  and  f i l t e r i n g  e f f e c t  o f  
th e  m o l t e n  s a l t  b a t h .
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-The impurities contained in the feed material (see table 1) are chlorinated more or 
less according to the order of AG indicated in table 2. Non-volatile ones, such as 
alkaline-earth and rare-earth, are completly dissolved in the melt, as shown in 
table 4. Their recuperation under the form o f chloride compounds is possible by 
reversing the chlorine flow and filtering the melt through the porous silica disk.

CONCLUSION
The set of results obtained on a dozen runs of this pilot unit demonstrated 

the feasability of production of high-grade titanium tetrachloride by molten salt 
chlorination. The advantages of this process with respect to the fluidized-bed one 
are, on one side, the use o f a sub-product that is too fine and too rich in compounds which give clogging non-volatile chlorides, and on the other side, 
the purity of the obtained product and the possible recuperation o f high-value 
rare-earth compounds.

For these reasons, a prototype plant of 1000 t/y capacity is to be built at 
CVRD's for early 1988, by "Extramet", a french company specialized in molten 
salts process engineering.
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Table 1: Chemical analysis of concentrated anatase ore (1-A) and anatase fines (1-B), in weight percent.

Oxide Concentrate A Fines B

Ti02 89.20 82.01
Fe2°3 4.80 3.77
A120 3 1.40 2.33
Si02 3.50 0.83
P2O5 1.22 3.66
Nb20 5 0.56 0.78
CaO 0.20 0.85
BaO 0.10 0.15MgO 0.10 0.07
Ce02 0.39 1.45
La2°3 0.16 0,92
Y20 3 0.01 0.09

Table 2: Free energy values (kcal/mol) for chlorination reactions at 1150 K, according to (19).

Oxide Ti02 Fe2^3 A120 3 Si02 P2O5 CaO BaO MgO
AG for Cl2 24.38 17.70 66.17 47.44 55.29 -29.30 -56.51 2.46
AG for HCI 31.57 28.49 76.96 54.63 66.07 -25.71 -52.90 6.05
AGforCl2/C -75.61 -132.2 -83.82 -52.51 -94.60 -79.32 -106.50 -47.52

974



Table 3: TiCl4 chemical analysis (weight %) for anatase fines chlorination yields of 97.5 
and 70.0 % respectively.

Chlorination yield 97.5 70.0

TiCl4 99.39 99.32
FeCl3 0.08 0.04
A1C13 0.18 0.28
SiCl4 0.07 0.05
POCI3 0.01 0.04
NbCl5 0.05 0.05
CaCl2 0.02 0.01
BaCl2 0.02 0.02
MgCl2 0.01 0.008
CeCl3 0.15 0.15
LaCl3 0.02 0.02
YC13 0.008 0.006

Table 4: Chlorination yields and mass percentages of remaining elements in the melt at 880°C.

Element Ti Fe A1 Si- P Nb Ca Ba Mg Ce La C
Chlorina­ 97.5 99.5 86.5 79.0 89.0 96.5 99.5 99.5 96.0 99.5 99.9 94.0tion yield
% 6.0 33.0 74.5 95.0 39.0 6.5 100 100 100 90.0 99.2 _
in melt
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Ei-g-Urg l: Pilot unit for batch kilogram scale chlorination of anatase in molten salt.
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Figure 3: Fonction analysis of the chlorination process of anatase in molten salt.

-Qi(Cl2) (0

Perturbations - 
Input

-chlorine-*-----flow
Reactor

-resistance—----- Vreactor (t)
voltage
Top jacquet
voltage
FeC13 condensor 

-resistance —>—-\ 
voltage
TiC14-condensor- -TTiC14 (0temperature 

-Inlet quantities—N/0)

Qi(Cl2) (0-----  Input chlorine flow —
3Pinf (t)--- —  Pressure under the —porous disk
9PSUp (0—----Pressure in the ——reactor top

sup (0------- -̂Temperature in the-’reactor top
reactor (0— Reactor temperature-

•TCOnd. ( 0 ------ FeC13 condensor-temperature
’Reaction “ -Reaction time -
(C^NaOH ——Scrubbed chlorine- quantity
N|(f)----_------Oulet quantities —

978



CATALYSIS AND REACTIVITY OF ELECTROPHILIC REACTIONS 
IN ROOM TEMPERATURE CHLOROALUMINATE MOLTEN SALTS
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ABSTRACT

The m o l t e n  s a l t  com posed  o f  l - m e t h y l - 3 - e t h y l i m i d a z o l i u m  
c h l o r i d e  and a lu m in u m  c h l o r i d e  may be u se d  a s  a medium f o r  
s e v e r a l  t y p e s  o f  e l e c t r o p h i l i c  a r o m a t i c  s u b s t i t u t i o n  
r e a c t i o n s .  The m e l t  i s  l i q u i d  a t  room t e m p e r a t u r e  and i t s  
a c i d i t y  may be r e a d i l y  a d j u s t e d .  The t y p e s  o f  r e a c t i o n s  
f o u n d  t o  be c a t a l y z e d  by th e  m e l t  were F r i e d e l - C r a f t s  
a l k y l a t i o n s  and a c y l a t i o n s ,  c h l o r i n a t i o n s  and n i t r a t i o n s .  
I n  some c a s e s ,  th e  r e a c t i v e  e l e c t r o p h i l e  i n t e r m e d i a t e  c o u l d  
be i s o l a t e d  f r o m  th e  m e l t -

INTRODUCTION

O r g a n i c  r e a c t i o n s  in  m o l t e n  s a l t s  have  a l o n g  b u t  n o t  p a r t i c u l a r l y  
e x t e n s i v e  h i s t o r y .  R e a c t i o n s  o f  o r g a n i c  s o l u t e s  in  g e n e r a l  ( 1 )  and  
c h l o r o a l u m i n a t e  m o l t e n  s a l t s  in  p a r t i c u l a r  ( 2 )  have  been r e v ie w e d .  A 
v e r y  t h o r o u g h  t r e a t m e n t  o f  o r g a n i c  c h e m i s t r y  i n  m o l t e n  s a l t s  up t o  
1986 h a s  been p r o v i d e d  by P a g n i  ( 3 ) .  O r g a n i c  s o l v e n t s  a r e  
j u s t i f i a b l y  th e  medium o f  c h o i c e  f o r  m ost  r e a c t i o n s  i n v o l v i n g  o r g a n i c  
r e a c t a n t s  and p r o d u c t s .  How ever,  i n  some c a s e s  m o l t e n  s a l t s  o f f e r  
a d v a n t a g e s  o f  f a s t e r  r e a c t i o n ,  im p ro ve d  y i e l d  and e a s i e r  p r o d u c t  
r e c o v e r y .  Fo r  e x a m p le ,  some i n t e r e s t i n g  r e d o x  p r o p e r t i e s  o f  
S b C l3~ b a s e d  m o l t e n  s a l t s  were e x p l o i t e d  by S m i t h  e t  a J .  t o  f a c i l i t a t e  
some h y d r o g e n  t r a n s f e r  r e a c t i o n s  t h a t  w ou ld  be h i g h l y  u n u s u a l  in  
norm al o r g a n i c  s o l v e n t s  ( 4 ) .

C h l o r o a l u m i n a t e s  a r e  an i n t e r e s t i n g  c l a s s  o f  m o l t e n  s a l t s ,  due t o  
t h e i r  r e l a t i v e l y  low  m e l t i n g  p o i n t s  and r i c h  a c i d - b a s e  c h e m i s t r y .  
N a C l -A 1  C l 3 h a s  a e u t e c t i c  a t  107°C, and may be a b a s i c  medium ( i n  a 
L e w is  s e n s e )  when NaCl i s  i n  e x c e s s  o r  i t  may be an a c i d i c  medium  
when A 1 C l3 i s  i n  e x c e s s .  M ore  r e c e n t l y ,  c h l o r o a l u m i n a t e s  com posed  o f  
1- m e t h y l - 3 - e t h y 1 i m i d a z o l i u m  c h l o r i d e  and a lu m in u m  c h l o r i d e  
( M E I C - A 1 C l3 ) have  d e m o n s t r a t e d  s i m i l a r  a c i d - b a s e  p r o p e r t i e s ,  b u t  a r e  
l i q u i d  a t  room t e m p e r a t u r e  ( 5 ,  6 ) .  The b e lo w  room t e m p e r a t u r e  
m e l t i n g  p o i n t s  f o r  th e  M E I C - A I C I 3 s a l t s  and t h e i r  a b i l i t y  t o  r e a d i l y  
d i s s o l v e  many o r g a n i c  com pounds  p e r h a p s  j u s t i f i e s  c o n s i d e r i n g  them  
more a s  n o n - a q u e o u s  s o l v e n t s  r a t h e r  th a n  m o l t e n  s a l t s .

979

DOI: 10.1149/198707.0979PV



M E I C - A 1 C l3 m i x t u r e s  w i t h  e x c e s s  A I C I 3 p r o v i d e  a medium t h a t  i s  v e r y  
a c i d i c  b u t  a r e  r a t h e r  e a s i l y  p r e p a r e d  and h a n d l e d .  The c o m p o s i t i o n  
i s  d e n o te d  a s  t h e  a p p a r e n t  m ole  f r a c t i o n  o f  A I C I 3 , N. Fo r  N > 0 .5 ,  th e  
m e l t s  a r e  a c i d i c ,  and th e  s p e c i e s  r e s p o n s i b l e  f o r  the a c i d i t y  i s  
A 12C 17~ . I n  v e r y  a c i d i c  m e l t s  ( N O . 7 5)  t h e r e  i s  m o u n t in g  e v i d e n c e  
t h a t  A 12C I g  and A 13C I 1q ~ maY be i m p o r t a n t .  I t  i s  im p o r t a n t  t o  
e m p h a s i z e  th e  n a t u r e  o f  th e  s p e c i e s  i n  the  a c i d i c  m e l t s  b e c a u s e  the  
n a i v e  r e a d e r  may be te m p te d  t o  i n t e r p r e t  th e  r e s u l t s  o f  th e  o r g a n i c  
r e a c t i o n s  d e s c r i b e d  b e lo w  a s  s i m p l y  due t o  d i s s o l v e d  A I C I 3 .

T he se  v e r y  a c i d i c ,  and o f  c o u r s e  n o n - a q u e o u s ,  m ed ia  a r e  q u i t e
a t t r a c t i v e  f o r  c e r t a i n  t y p e s  o f  o r g a n i c  r e a c t i o n s .  The k e y  t o  t h e i r  
g r e a t  u t i l i t y  i s  t h a t  t h e y  have  c a t a l y t i c  a c t i v i t y  s i m i l a r  t o  A I C I 3 
i n  more c o n v e n t i o n a l  m e d ia ,  b u t  th e  c a t a l y t i c  a c t i v i t y  may be r e a d i l y  
c o n t r o l l e d  t h r o u g h  th e  A I 2C I 7-  c o n c e n t r a t i o n ,  w h ic h  i s  d e t e r m in e d  by  
th e  m e l t  c o m p o s i t i o n ,  N. I n  g e n e r a l  th e  t y p e  o f  o r g a n i c  r e a c t i o n  
p rom o ted  by a c i d i c  c o n d i t i o n s  a r e  t h o s e  where e l e c t r o p h i l i c  
i n t e r m e d i a t e s  a r e  g e n e r a t e d .  The m o s t  n o t a b l e  o f .  t h e s e  a r e
e l e c t r o p h i l i c  a r o m a t i c  s u b s t i t u t i o n s  ( E A S ) ,  w h ic h  i n c l u d e s  th e  b r o a d  
c a t e g o r y  known a s  F r i e d e l - C r a f t s  r e a c t i o n s .  Scheme 1 shows a g e n e r a l

RX + A I C I 3 -> R+ + A I C I 3X -

R+ + ArH  H - A r + - R  -► RAr  + H+

H+ + A I C I 3X -  -►  A I C I 3 + HX

Scheme 1. M e c h a n i sm  o f  E l e c t r o p h i l i c  A r o m a t i c  S u b s t i t u t i o n

m e c h an ism  f o r  EAS,  i n  t h i s  c a s e  c a t a l y z e d  by A I C I 3 . The " R " , " X " ,  
" A r "  and " A I C I 3 " a r e  v a r i a b l e s  t h a t  may be s e l e c t e d  by the  c h e m i s t .  
" R "  i s  n o t  n e c e s s a r i l y  a l k y l ,  " X "  i s  n o t  n e c e s s a r i l y  a h a l i d e ,  and
" A I C I 3 " i s  n o t  n e c e s s a r i l y  a s  s i m p l e  a s  i t  a p p e a r s .  I n  t h i s  r e p o r t
we w i l l  d e s c r i b e  th e  u t i l i t y  o f  th e  room t e m p e r a t u r e  o r g a n i c  
c h l o r o a l u m i n a t e  m e l t s  a s  m ed ia  f o r  EAS.  I n  p a r t i c u l a r ,  we w i l l  show  
t h a t  a v a r i e t y  o f  " R X "  r e a c t a n t s  may be u se d  in  th e  m e l t s ,  and t h a t  
some o f  th e  " R + " i n t e r m e d i a t e s  a r e  s u r p r i s i n g l y  s t a b l e .  We w i l l  a l s o  
su m m ar iz e  some e a r l i e r  w ork  r e g a r d i n g  th e  t r u e  p a r t i c i p a t i o n  o f  
" A I C I 3 " f o r  o r g a n i c  r e a c t i o n s  i n  th e  M E I C - A 1 C l3 i o n i c  l i q u i d s .

E XPER IM ENT AL

M A T E R IA L S
The l - m e t h y l - 3 - e t h y l im id a z o l i u r n  c h l o r i d e ,  a lu m in u m  c h l o r i d e  and  th e  
m e l t s  d e r i v e d  f r o m  t h e s e  m a t e r i a l s  were p r e p a r e d  a n d / o r  p u r i f i e d  a s  
d e s c r i b e d  e a r l i e r  ( 5 ) .  A c e t o n i t r i l e ,  d i c h l o r o m e t h a n e ,  c a r b o n  
t e t r a c h l o r i d e  and c h l o r o f o r m  were d r i e d  by r e f l u x i n g  o v e r  P2O5 f o r  
two d a y s  and d i s t i l l e d  i n t o  o v e n - d r i e d  b o t t l e s .  The m o n o -a c y l  
c h l o r i d e s  ( a c e t y l ,  p r o p a n o y l  and b u t a n o y l )  were r e f l u x e d  o v e r  P2O5 , 
th e n  vacuum  d i s t i l l e d .  The d i - a c y l  c h l o r i d e s  ( m a l o n y l , s u c c i n y l ,
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g l u t a r y l  and a d i p y l )  were u se d  a s  r e c e i v e d  ( F l u k a  purum g r a d e ) .  

INSTRUMENTAL METHODS
M e l t s  were p r e p a r e d  and r e a c t i o n  v e s s e l s  were l o a d e d  i n  H e - f i l l e d  
g l o v e  b o x e s  m a i n t a i n e d  a t  l e s s  t h a n  lOppm com b in e d  O2 and  H2O. 
I n f r a r e d  s p e c t r a  were o b t a i n e d  on an IB M  model 32 F T IR
s p e c t r o p h o t o m e t e r .  N u c l e a r  m a g n e t i c  r e s o n a n c e  s p e c t r a  were o b t a i n e d  
on e i t h e r  a JEOL  model FX -9 0 Q  o r  IB M  model N R -8 0  s p e c t r o m e t e r .  GC/MS  
a n a l y s i s  o f  th e  r e a c t i o n  p r o d u c t s  was p e r f o r m e d  on a H e w l e t t - P a c k a r d  
model 5985 G C/M S  u s i n g  a 3 f t  co lum n  p a c k e d  w i t h  2% 0 V - 1 0 1 .

AC Y L IUM  IN T E R M E D IA T E S
The s o l i d  c r y s t a l l i n e  r e a c t i v e  i n t e r m e d i a t e s  were a l l  p r e p a r e d  in  a 
s i m i l a r  m an ner.  The a c e t y l i u m  i n t e r m e d i a t e  i s  d e s c r i b e d  a s  an
e x a m p le .  A c e t y l  c h l o r i d e  ( 1 9 . 3 5  g )  was added  s l o w l y  t o  an N=0 .67
M E IC -A 1  C l 3 m e l t  ( 1 0 0  g ) ,  and th e  m i x t u r e  was a l l o w e d  t o  s t a n d  f o r
1 2 -24  h r s .  H h i t e  n e e d le  c r y s t a l s  fo rm e d  d u r i n g  th e  r e a c t i o n .  The 
m i x t u r e  was vacuum  f i l t e r e d  t h r o u g h  a f r i t t e d  g l a s s  f i l t e r ,  w ashed  
w i t h  1/1 ( v / v )  c h l o r o f o r m / c a r b o n  t e t r a c h l o r i d e ,  d r i e d ,  t h e n  s t o r e d
un d e r  d r y  He.

GENERAL PROCEDURE FOR C H L O R IN A T IO N  R EAC T IO N S
Benzene  (1 mL) was add e d  t o  5 .0  g o f  m e l t  ( N==0.33  o r  0 . 5 5 ) .  C h l o r i n e  
g a s  was s l o w l y  b u b b le d  i n t o  th e  m i x t u r e  f o r  1 h r  i n  an i n e r t
a t m o s p h e r e .  A 1 mL a l i q u o t  was rem ov ed ,  h y d r o l y z e d ,  and e x t r a c t e d  
i n t o  3 mL o f  e t h e r .  The e t h e r  was d r i e d  o v e r  M gS04 and a n a l y z e d  by  
GC/MS.

GENERAL PROCEDURE FOR N IT R A T IO N  R EAC T IO N S
A c i d i c  m e l t  ( N = 0 . 6 7 ,  1 .5  mmol) was p l a c e d  in  an o v e n  d r i e d  50 mL 
f l a s k ,  c appe d  w i t h  a sep tum ,  and rem oved  f r o m  th e  g l o v e  b ox .  The 
a r o m a t i c  r e a c t a n t  ( 1 . 0  mmol) was added  v i a  s y r i n g e .  The m i x t u r e  was  
s t i r r e d  w i t h  a m a g n e t i c  s t i r  b a r .  The d r y  n i t r a t i n g  a g e n t  ( 1 . 5  mmol)  
was added  v e r y  s l o w l y .  The m i x t u r e  t y p i c a l l y  c h a n g e d  t o  a r e d d i s h  
c o l o r  upon a d d i t i o n  o f  th e  n i t r a t i n g  a g e n t  and th e  s o l i d  d i d  n o t  
c o m p l e t e l y  d i s s o l v e .  The r e a c t i o n  was a l l o w e d  t o  c o n t i n u e  a t  room
t e m p e r a t u r e  f o r  up t o  3 h r .  The r e a c t i o n  was q u en ched  w i t h  w a t e r  ( 1 0  
m L),  e x t r a c t e d  w i t h  e t h e r  and a n a l y z e d  by GC/MS  a s  d e s c r i b e d  ab o ve  
f o r  c h l o r i n a t i o n  r e a c t i o n s .

R ESULT S  AND D I S C U S S I O N  

AK LY L A T IO N S  AND A C Y LA T IO N S
The a l k y l a t i o n  and a c y l a t i o n  o f  a r o m a t i c  com pounds c a t a l y z e d  by A I C I 3 
a r e  th e  a r c h e t y p a l  F r i e d e l - C r a f t s  r e a c t i o n s .  I n  an e a r l i e r  r e p o r t
( 7 )  we showed t h a t  num erous  c h l o r o a l k a n e s  w i l l  v e r y  r a p i d l y  a l k y l a t e  
th e  a r o m a t i c  r i n g  o f  a v a r i e t y  o f  com pounds  i n  a c i d i c  M E I C - A 1 C l3 
m e l t s .  The a c y l a t i o n  o f  a r o m a t i c  com pounds  by a c e t y l  c h l o r i d e  a l s o  
o c c u r r e d  i n  th e  same m e d ia ,  a l t h o u g h  a t  a s l o w e r  r a t e .  I n  t h e s e  
r e a c t i o n s  th e  m o l t e n  s a l t  was a c t i n g  a s  b o th  th e  s o l v e n t  ( b e n z e n e  i s
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s o l u b l e  in  th e  m e l t s  up t o  a b o u t  50 w e i g h t  %) and th e  c a t a l y s t .  An 
im p o r t a n t  f e a t u r e  o f  the  u se  o f  th e  M E I C - A I C I 3 m e l t s  a s  r e a c t i o n  
m e d ia  was th e  a b i l i t y  t o  c o n t r o l  e a s i l y  th e  c a t a l y t i c  a c t i v i t y  o f  th e  
s o l v e n t ,  and t h u s  th e  r a t e  o f  r e a c t i o n .

The e a r l i e r  w ork  a l s o  r e v e a l e d  some d e t a i l s  a b o u t  th e  m ech an ism  o f  
th e  e l e c t r o p h i l i c  r e a c t i o n s  i n  th e  room t e m p e r a t u r e  m e l t s .  The 
r e a c t i o n  r a t e  f o r  a c y l a t i o n  o f  ben ze n e  c o r r e l a t e d  p r e c i s e l y  w i t h  th e  
A 12C I 7“ c o n c e n t r a t i o n  in  th e  m e l t ,  w h ic h  was v a r i e d  by v a r y i n g  th e  
p r o p o r t i o n s  o f  M E IC  and A 1 C l 3 . T h u s ,  i n  m e l t s  w i t h  N < 0 .5  t h e r e  was  
no r e a c t i o n ,  w h i l e  f o r  N > 0 .5  th e  i n i t i a l  r a t e  i n c r e a s e d  a s  N 
i n c r e a s e d .  N u c l e a r  m a g n e t i c  r e s o n a n c e  (NMR)  s p e c t r a  o f  the  p r o t o n s  
i n  a c e t y l  c h l o r i d e  in  the  a c i d i c  m e l t s  i n d i c a t e d  a r e a c t i o n  betw een  
CH3COCI and A 12C I 7“ w i t h  a 1:1 s t o i c h i o m e t r y .  The m ech an ism  in  
Scheme 2 was p r o p o s e d .

0 0
II II

RC-C1 + A 12C 17-  RC+ + 2A1C14
I I I  I I I

0 0
II II

RC+ + A r - H  +  H - A r + - C - R
IV

0 0
II II

H - A r + - C - R  + A I C I 4-  ♦  A r - C - R  + HC1 + A I C I 3
V

AICI3 + A1C14“ ■> AI2CI7-

0 0
II II

RG-C1 + A r - H  -► A r - C - R  + HC1

Scheme 2 . M e c h a n i sm  f o r  a c y l a t i o n  in  c h l o r o a l u m i n a t e  m e l t .

M ore  r e c e n t l y  some e l e c t r o c h e m i c a l  e x p e r i m e n t s  have  been c o m p le t e d  
t h a t  show d e t a i l s  a b o u t  some o f  th e  r e a c t a n t s ,  i n t e r m e d i a t e s  and  
p r o d u c t s  p r o p o s e d  in  Scheme 2. The e x p e r i m e n t s  t o o k  a d v a n t a g e  o f  th e  
f a c t  t h a t  n e u t r a l  M E IC - A 1 C l  3 m e l t  h a s  an e x t r a o r d i n a r i l y  w ide  
e l e c t r o c h e m i c a l  w indow  ( 8 ) .  As  l o n g  a s  A I 2C I 7"  was p r e s e n t  in  
r e l a t i v e l y  low  c o n c e n t r a t i o n ,  i t  was p o s s i b l e  t o  o b s e r v e  th e  
r e d u c t i o n  o f  I ,  I I ,  I I I  and  V by c y c l i c  v o l t a m m e t r y .  F i r s t ,  c y c l i c  
v o l t a m m e t r y  o f  a c e t o p h e n o n e  ( p r o d u c t  V in  Scheme 2, where R=CH3> 
showed an i r r e v e r s i b l e  r e d u c t i o n  a t  a b o u t  - 0 . 5 2 V  in  a s l i g h t l y  a c i d i c  
m e l t ,  and an i r r e v e r s i b l e  r e d u c t i o n  a t  - 1 . 8 0 V  in  a s l i g h t l y  b a s i c  
m e l t .  I n  th e  a c i d i c  m e l t  th e  r e v e r s i b l e  r e d u c t i o n  o f  A 12C I 7“ a t
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- 0 . 0 4 0 V  d i s a p p e a r e d  a s  th e  V was a d d e d .  I f  e x c e s s  A l 2C l 7~ was  
p r e s e n t ,  b o th  a r e v e r s i b l e  A K I I D / A l  p e a k  and an i r r e v e r s i b l e  
r e d u c t i o n  o f  V were se e n .  T hese  e x p e r i m e n t s  s i m p l y  show t h a t  k e t o n e s  
c om p le x  L e w is  a c i d s ,  w h ic h  i s  w e l l  known in  c h l o r o a l u m i n a t e  m e l t s  ( 9 ) .

A s i m i l a r  s e t  o f  e x p e r i m e n t s  p r o v e d  t h a t  a c e t y l  c h l o r i d e  ( I )  d o e s  in  
f a c t  r e a c t  w i t h  A I 2C I 7*  a s  p r o p o s e d  in  Scheme 2. F i g u r e  1 show s t h a t  
when I i s  added  t o  a s l i g h t l y  a c i d i c  m e l t ,  th e  r e v e r s i b l e  c o u p l e  due  
t o  It d i s a p p e a r s  and a b r o a d  i r r e v e r s i b l e  wave a p p e a r s  a t  a b o u t  
- 0 . 6 0 V .  A c o n t r o l  e x p e r i m e n t  o f  I  in  n e u t r a l  m e l t  showed t h a t  
u n r e a c t e d  a c e t y l  c h l o r i d e  i s  i r r e v e r s i b l y  re d u c e d  a t  - 2 . 0 8 V .  
U n f o r t u n a t e l y ,  b o th  III and V have  b r o a d  i r r e v e r s i b l e  r e d u c t i o n  waves  
c l o s e  t o  ea ch  o t h e r ,  h o w ev er ,  th e  c o n v e r s i o n  o f  III t o  V can  be seen  
in  F i g u r e  1 a s  benzene  i s  a d d e d .  No te  t h a t  a f t e r  c o m p le t e  r e a c t i o n  
o f  III, A 12C I 7“ d o e s  n o t  r e a p p e a r .  T h i s  i s  a l m o s t  c e r t a i n l y  due t o  
the  c o m p l e x a t i o n  o f  th e  A 12C I 7“ by th e  k e t o n e .  E l e c t r o c h e m i s t r y  doe s  
n o t  p r o v i d e  s t r u c t u r a l  i n f o r m a t i o n ,  s o  III may have  a s t r u c t u r e  such  
as

0 » •* A 1 C l 3

RC-C1

w h ic h  s h o u l d  have  a s i m i l a r  r e a c t i v i t y .

C y c l i c  v o l t a m m e t r y  p e r f o r m e d  b e f o r e ,  d u r i n g  and a f t e r  a l k y l a t i o n  o f  
benzene  by c h l o r o c y c l o h e x a n e  a l s o  showed some i n t e r e s t i n g  d e t a i l s .  A 
m ec h an ism  f o r  t h a t  r e a c t i o n  a n a l o g o u s  t o  Scheme 2 i s  shown in  Scheme
3.

Scheme 3 i s  s o m e t h in g  o f  a s i m p l i f i c a t i o n ,  s i n c e  GC/MS a n a l y s i s  o f  
th e  p r o d u c t s  p r o v e d  t h a t  d i -  and t r i - c y c l o h e x y l  benzene  were a l s o  
fo r m e d .  The c y c l i c  v o l  tamm ogram s in  F i g u r e  2 show t h a t  the  
i n t e r m e d i a t e  VII i s  seen  d u r i n g  the  r e a c t i o n  o f  VI w i t h  benzene  in  
s l i g h t l y  a c i d i c  M E I C - A 1 C l 3 m e l t ,  th e  a l k y l a t i o n  i$  d i f f e r e n t  th an  
th e  a c y l a t i o n  in  t h a t  a f t e r  the  r e a c t i o n  i s  c o m p l e t e ,  the  
r e g e n e r a t i o n  o f  A 12C I 7“ i s  c l e a r l y  shown. T h i s  i s  u n d o u b t e d l y  due t o  
th e  l a c k  o f  k e t o  g r o u p s  p r e s e n t  t o  com p le x  w i t h  th e  A 12C I 7“ . N e i t h e r  
th e  r e a c t a n t  VI n o r  th e  p r o d u c t  VIII a r e  e l e c t r o a c t i v e ,  s o  t h e y  a r e  
n o t  see n  i n  F i g u r e  2 .

R - C l  + A12C 17“ -►  R+ + 2A1 C l  4-
VI VII

R+ + A r - H  -» H - A r + - R  R = c y c l o h e x y l
A r - H  = benzene

H - A r + - R  + A I C I 4-  -►  A r - R  + HC1 + A I C I 3 
VIII
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A 1 C 13 + A I C I 4-  *  A 12C 17-

R—C 1 + A r - H  -► A r - R  + HC1

Scheme 3. A l k y l a t i o n  in  C h l o r o a l u m i n a t e  M e l t s  

I S O L A T IO N  OF AC Y L IU M  IN T E R M E D IA T E S
D u r i n g  th e  c o u r s e  o f  th e  s t u d y  o f  a c y l a t i o n  r e a c t i o n s ,  we o b s e r v e d  
t h a t  so m e t im e s  a s o l i d  p r o d u c t  w ou ld  f o r m  in  th e  a c i d i c  M E I C - A 1 C l 3 
m e l t  b e f o r e  th e  a d d i t i o n  o f  an a r o m a t i c  s u b s t r a t e .  Fo r  e x a m p le ,  
a c e t y l  c h l o r i d e  was added  t o  an N = 0 .6 7  M E IC - A  1 C l 3 m e l t  s o  t h a t  i t  was  
e q u i m o l a r  w i t h  th e  A I 2C I 7-  p r e s e n t .  O v e r  a p e r i o d  o f  s e v e r a l  h o u r s  a 
m ass  o f  l a r g e  n e e d le  c r y s t a l s  f o r m e d ,  w h ic h  c o u l d  be f i l t e r e d  and  
i s o l a t e d  f r e e  o f  m e l t .  T hese  c r y s t a l s  a r e  a p p a r e n t l y  th e  R - C 0+A 1C 14“ 
fo rm ed  i n  th e  f i r s t  s t e p  shown in  Scheme 2, where R i s  CH3 . T here  
was no a r o m a t i c  r e a c t a n t  p r e s e n t  t o  consume th e  R - C 0 + and th e  
t e t r a c h l o r o a l u m i n a t e  s a l t  was s u f f i c i e n t l y  i n s o l u b l e  in  th e  m e l t  t o  
a l l o w  i t s  i s o l a t i o n .

I t  i s  d i f f i c u l t  t o  p r o v e  t h a t  th e  c r y s t a l l i n e  m a t e r i a l  i s  a c t u a l l y  
R -C 0 + A1 C 14” . W h i le  th e  c r y s t a l s  a r e  s t a b l e  f o r  a l o n g  p e r i o d ,  t h e y  
a r e  v e r y  r e a c t i v e .  T r a c e s  o f  m o i s t u r e  p r o d u c e  a c e t i c  a c i d  and the  
m a t e r i a l  r e a c t s  w i t h  many o r g a n i c  s o l v e n t s .  The R - C 0+A 1C 14“ c r y s t a l s  
r e a c t  v e r y  r a p i d l y  w i t h  a r o m a t i c  com pounds t o  p r o d u c e  the  a c e t y l a t e d  
p r o d u c t ,  a s  e x p e c t e d  i f  th e  c r y s t a l s  a r e  in  f a c t  an i s o l a t e d  fo rm  o f  
the  r e a c t i v e  i n t e r m e d i a t e  in  Scheme 2. The e le m e n t a l  a n a l y s i s  i s  
c o n s i s t e n t  w i t h  R -C0+ A 1C 14“ , a l t h o u g h  th e  C l  a n a l y s i s  i s  e x p e c t e d l y  
o f f  f r o m  th e  t h e o r e t i c a l  v a l u e .  I n f r a r e d  and NMR a n a l y s i s  o f  
s o l u t i o n s  o f  the  c r y s t a l s  were a m b ig u o u s  due t o  s u s p e c t e d  r e a c t i o n  
w i t h  th e  s o l v e n t s .  S o l i d  s t a t e  I R  g a v e  the  C - 0  s t r e t c h i n g  f r e q u e n c y  
r e p o r t e d  f o r  the  R - C 0 + io n  ( 1 0 ) .  D e t e r m i n a t i o n  o f  th e  c r y s t a l  
s t r u c t u r e  by X - r a y  d i f f r a c t i o n  i s  now in  p r o g r e s s .  The re  i s  
p r e c e d e n t  f o r  compounds o f  th e  t y p e  R - C O ^ A l C l4“ ( 1 1 ) ,  a l t h o u g h  t h e i r  
p r o p e r t i e s  a r e  n o t  w e l l  d e s c r i b e d .

P r o p a n o y l  and b u t a n o y l  c h l o r i d e s  d i d  n o t  p r o d u c e  c r y s t a l s  when added  
t o  the  a c i d i c  M E I C - A 1 C l3 m e l t ,  how ever  in  b o th  c a s e s  a se c o n d  p h a se  
s e p a r a t e d  a s  an o i l .  We were u n s u c c e s s f u l  i n  c r y s t a l l i z i n g  th e  
o i l s .  B o th  o f  th e  o i l s  were v e r y  r e a c t i v e  and g a v e  p r o d u c t s  e x p e c t e d  
f r o m  m a t e r i a l  w i t h  th e  c o m p o s i t i o n  R - C 0+A l C l 4“ , where R i s  e t h y l  o r  
p r o p y l .

The a c y l  c h l o r i d e s  d e r i v e d  f r o m  d i a c i d s  a l s o  so m e t im e s  p r o d u c e  a 
s o l i d  i s o l a t a b l e  m a t e r i a l  f r o m  th e  m e l t s  i n  th e  a b s e n c e  o f  an  
a r o m a t i c  r e a c t a n t .  S u c c i n y l  c h l o r i d e ,  C IC O C H2CH2C O C I , and a d i p o y l  
c h l o r i d e  C IC O C H2CH2CH2CH2C O C I , p r o d u c e d  s o l i d  c r y s t a l l i n e  m a t e r i a l s  
IX and X f r o m  a c i d i c  m e l t .  G l u t a r y l  c h l o r i d e ,  C 1C0CH2CH2CH2C0C 1 , 
g a v e  an i s o l a t a b l e  m a t e r i a l  XI a s  an o i l  p h a s e .  The m a t e r i a l s  
d e r i v e d  f r o m  th e  d i a c i d  c h l o r i d e s  have  n o t  been c o m p l e t e l y
c h a r a c t e r i z e d ,  b u t  t h e i r  p r o d u c t s  o f  r e a c t i o n  w i t h  ben ze n e  s u g g e s t
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t h a t  t h e y  a r e  n o t  t h e  s i m p l e  t e t r a c h l o r o a l u m i n a t e  s a l t s .  The 
p r o d u c t s  o f  th e  r e a c t i o n s  shown in  E q u a t i o n s  1, 2 and 3 s u g g e s t  t h a t  
r e a r r a n g e d  c y c l i c  e l e c t r o p h i l e s  a r e  f o r m e d .

C

IX

+

Cl

X

CL jo

X I

§ ( 1 )

( 2 )

( 3 )

C H L O R IN AT IO N  REAC T IO N S
C h l o r i n a t i o n  o f  o r g a n i c  com pounds  can  o c c u r  v i a  e l e c t r o p h i l i c ,  
n u c l e o p h i l i c  and  f r e e - r a d i c a l  m e c h a n i s m s .  We have  o b s e r v e d  w h at  we 
b e l i e v e  t o  be e l e c t r o p h i l i c  c h l o r i n a t i o n  r e a c t i o n s  i n  t h e  M E I C - A 1 C l 3 
m e l t s ,  a l t h o u g h  t h e s e  r e a c t i o n s  a r e  n o t  a s  w e l l  c h a r a c t e r i z e d  a s  th e  
a l k y l a t i o n s  and  a c y l a t i o n s  d e s c r i b e d  a b o v e .  The p o s s i b i l i t y  t h a t  th e  
c h l o r i n a t i o n s  d e s c r i b e d  b e lo w  p r o c e e d  by f r e e - r a d i c a l  m e c h a n i s m s  have  
n o t  been r i g o r o u s l y  e x c l u d e d ;  h o w e v e r ,  c o n t r o l  r e a c t i o n s  done in  th e  
d a r k  m i t i g a t e  t h a t  m ec h an ism .

We p r e v i o u s l y  r e p o r t e d  t h a t  c h l o r i n e  g a s  w i l l  c a u s e  th e  s u b s t i t u t i o n  
o f  the  h y d r o g e n s  a t  t h e  4 and 5 p o s i t i o n s  on  th e  i m i d a z o l i u m  r i n g  o f  
th e  l - m e t h y l - 3 - e t h y l i m i d a z o l i u m  c a t i o n  o f  t h e  m e l t  i t s e l f  ( 1 2 ) .  The 
c h l o r i n a t i o n  p r o c e e d s  i n  b o th  a c i d i c  and b a s i c  m e l t s ,  b u t  n o t  i n  th e  
p u re  m o l t e n  M E IC .  T h i s  s u g g e s t s  t h a t  c h l o r o a l u m i n a t e  i o n s  a r e  
r e q u i r e d ,  b u t  th e  d e t a i l s  m ust  be d i f f e r e n t  in  th e  a c i d i c  v e r s u s  th e  
b a s i c  c o m p o s i t i o n  m e l t s .

We r e p o r t  h e re  f o r  th e  f i r s t  t im e  t h a t  b en ze n e  i s  c h l o r i n a t e d  by  
c h l o r i n e  i n  b o t h  a c i d i c  and b a s i c  m e l t s .  F i g u r e  3 show s th e  r e s u l t  
o f  th e  r e a c t i o n  o f  c h l o r i n e  w i t h  ben ze n e  i n  b a s i c  and a c i d i c  m e l t s .  
I n  b o th  r e a c t i o n s  th e  p r i n c i p a l  p r o d u c t  i s  c h l o r o b e n z e n e  ( r e t e n t i o n  
t im e  3 .2  m i n ) .  I n  a c i d i c  m e l t  s u b s t a n t i a l  am o u n t s  o f  a t  l e a s t  two  
d i c h l o r o b e n z e n e  i s o m e r s  a r e  fo r m e d  ( 4 . 3  and 4 . 5  m in )  and  some
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t r i c h l o r o b e n z e n e  p r o d u c t s  a r e  s e e n .  I n  b a s i c  m e l t  no
p o l y c h l o r o b e n z e n e s  a r e  o b s e r v e d ,  b u t  s u b s t a n t i a l  f o r m a t i o n  o f
t e t r a c h l o r o c y c l o h e x e n e  i s o m e r s  ( 6 - 7  m in )  and h e x a c h l o r o c y c l o h e x e n e  
i s o m e r s  ( 7 . 5 - 8 . 5  m in )  o c c u r s .

E l e c t r o p h i l i c  r e a c t i o n s  c o u l d  be o c c u r i n g  in  b o th  b a s i c  and a c i d i c  
m e d ia .  I n  th e  a c i d i c  m e l t s ,  c l e a r l y  a v e r y  r e a c t i v e  e l e c t r o p h i l e  i s  
f o r m e d ,  a s  shown by th e  e x t e n s i v e  p o l y c h l o r i n a t i o n .  I n  a  p r o c e s s  
a n a l o g o u s  t o  th e  f o r m a t i o n  o f  the  e l e c t r o p h i l e  in  the  F r i e d e l - C r a f t s  
r e a c t i o n s  d i s c u s s e d  a b o v e ,  i t  i s  r e a s o n a b l e  t o  s u g g e s t  th e  m e c h an ism  
d e p i c t e d  in  Scheme 4.

C l 2 + A I 2C I 7-  -►  C l + + 2A1C l  4-

C 1+ + A r - H  *  H - A r + - C l  A r - H  = benzene

H - A r + - C l  + A I C I 4-  *  A r - C l  + HC1 + A I C I 3

A I C I 3 + A I C I 4-  -►  A 12C 1 7-

C 12 + A r - H  A r - C l  + HC1

Scheme 4. C h l o r i n a t i o n  in  A c i d i c  C h l o r o a l u m i n a t e  M e l t s

I t  i s  more d i f f i c u l t  t o  im a g in e  e l e c t r o p h i l i c  c h l o r i n a t i o n  in  the  
b a s i c  m e l t s  b e c a u s e  the  b a se  w ou ld  i n e v i t a b l y  d e s t r o y  the  
e l e c t r o p h i l e .  The e x p l a n a t i o n  l i e s  in  th e  f a c t  t h a t  c h l o r i n e  r e a c t s  
w i t h  C l "  ( t h e  b a se  in  b a s i c  M E I C - A 1 C l 3 m e l t )  t o  f o r m  th e  t r i c h l o r i d e  
i o n  ( C l  3” ) ( 1 3 ) .  T h i s  in  e f f e c t  n e u t r a l i z e s  the  m e l t ,  and the  
t r i c h l o r i d e  c o u l d  c o n c e i v a b l y  a c t  a s  an e l e c t r o p h i l e .  A m e c h an ism  i s  
p r o p o s e d  in  Scheme 5.

C l 2 + C l -  *  C l 3-

C I 3-  + A r - H  -> H - A r - C l 2 + C l "  A r - H  = benzene

H - A r - C l  2 -> A r - C l  + HC1

C l 2 + A r - H  -> A r - C l  + HC1

Scheme 5. C h l o r i n a t i o n  i n  B a s i c  C h l o r o a l u m i n a t e  M e l t s

The m e l t  i t s e l f  d o e s  n o t  c a t a l y z e  th e  c h l o r i n a t i o n  in  b a s i c  m e l t s ,  
and  th e  r e a c t i o n  s h o u l d  p r o c e e d  o n l y  w h i l e  t h e r e  i s  e x c e s s  c h l o r i n e  
a v a i l a b l e .  I n  f a c t ,  th e  r e a c t i o n s  i n  b a s i c  m e l t  were ru n  w i t h  
c h l o r i n e  g a s  b u b b l i n g  t h r o u g h  th e  r e a c t i o n  m i x t u r e .

The m ec h an ism s  p r o p o s e d  in  Schem es 4 and 5 a r e  l a r g e l y  s p e c u l a t i v e ,  
and t h e r e  i s  l i t t l e  h a rd  p r o o f  f o r  e i t h e r  on e .  They  do e x p l a i n  the
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r e l a t i v e  r a t e s  o f  c h l o r i n a t i o n  and the  f a c t  t h a t  c h l o r i n a t i o n  can  
o c c u r  a t  a l l  i n  b a s i c  m e l t s .

N IT R A T IO N  R EAC T IO N S
The n i t r a t i o n  o f  a r o m a t i c  com pounds i s  th e  c l a s s i c  t e x t b o o k  e x am p le  
o f  EAS. The r e a c t i o n  i s  u s u a l l y  run  in  v e r y  s t r o n g  m i n e r a l  a c i d ,
w i t h  HNO3 a s  the s o u r c e  o f  th e  p u t a t i v e  N02+ e l e c t r o p h i l e .  The h i g h  
L e w is  a c i d i t y  a v a i l a b l e  in  th e  M E I C - A I C I 3 m e l t s  s u g g e s t e d  t h a t  
n i t r a t i o n  r e a c t i o n s  may be p o s s i b l e  in  th e  room t e m p e r a t u r e  m e l t s .
N i t r i c  a c i d  was r e j e c t e d  a s  th e  s o u r c e  o f  th e  e l e c t r o p h i l e ,  s i n c e  we 
w ish e d  t o  a v o i d  th e  i n t r o d u c t i o n  o f  p r o t o n s  i n t o  th e  medium. T here  
i s  m e n t io n  i n  th e  l i t e r a t u r e  ( 1 4 )  t h a t  n i t r a t e  can  a c t  a s  a n i t r a t i n g  
a g e n t  f o r  a r o m a t i c  com po un d s ,  a l t h o u g h  NO3” i t s e l f  c a n n o t  be th e  
e l e c t r o p h i l e  r e s p o n s i b l e .

When benzene  i s  p l a c e d  in  an a c i d i c  ( N = 0 . 6 7 )  m e l t  c o n t a i n i n g  KNO3 
( 1 . 5 : 1 ) ,  n i t r o b e n z e n e  (5 5 % )  r e s u l t s .  T o lu e n e  g i v e s  an e x p e c t e d  
i n c r e a s e d  y i e l d  ( 7 7 % ) ,  w h i l e  n i t r o b e n z e n e  showed no r e a c t i o n .  The
amount o f  m e l t  was c a r e f u l l y  m e a su re d  t o  have  a t  l e a s t  a 1 .5 :1  m o la r  
e x c e s s  o f  A 12C I 7“ , s i n c e  t h i s  L e w is  a c i d  s p e c i e s  m ust  r e a c t  w i t h  KNO3 
t o  p r o d u c e  an NC>2+ e q u i v a l e n t .  U n f o r t u n a t e l y ,  s i n c e  o x i d e  i s  
s c a v e n g e d  f r o m  th e  KNO3 by the A 12C 17“ , th e  m e l t  i s  a r e a g e n t ,  and
n o t  a c a t a l y s t  a s  i t  was in  th e  a l k y l a t i o n  r e a c t i o n s .  F u r t h e r  
s t u d i e s  a r e  b e i n g  p e r f o r m e d  t o  f i n d  a c a t a l y t i c  n i t r a t i o n  s y s t e m .  
O t h e r  i o n i c  n i t r a t i n g  a g e n t s  t e s t e d  t o  d a t e  i n c l u d e  NH4NO3 and  
NO2BF4 . T hese  g a v e  r e d u c e d  y i e l d s  w i t h  b enzene  ( a b o u t  10% ) .

As f o r  th e  o t h e r  e l e c t r o p h i l i c  r e a c t i o n s  d e s c r i b e d  in  t h i s  r e p o r t ,  we 
p r o p o s e  a m e c h an ism  t o  a i d  in  th e  v i s u a l i z a t i o n  o f  th e  r e a c t i o n s .
Scheme 6 shows a m e c h an ism  f o r  n i t r a t i o n  f r o m  n i t r a t e  i n  a c i d i c  m e l t s .

NO3-  + A12C 17-  -> N02 + + A 10 C 132 ~ + A I C I 4-

N02+ + A r - H  -> H - A r + - N 02 A r - H  = benzene

H - A r + - N 0 2 + A I C I 4-  ■> A r - N 0 2 + HC1 + A I C I 3

A I C I 3 + A I C I 4-  + A 12C 17-

NO3-  + A r - H  + A I C I 4-  -> A r - N 02 + A I O C I 32-  + HC1

Scheme 6 . N i t r a t i o n  in  A c i d i c  C h l o r o a l u m i n a t e  M e l t s

The c r u c i a l  s t e p  in  Scheme 6 i s  th e  f o r m a t i o n  o f  th e  N02+ 
e l e c t r o p h i l e  f r o m  th e  n i t r a t e  i o n ;  the  f i r s t  s t e p  shown a b o v e .  A 
s i m i l a r  e x t r a c t i o n  o f  o x i d e  by th e  A 12C I 7”" in  a c i d i c  c h l o r o a l  umi n a t e  
m e l t  i s  known f o r  c a r b o n a t e .  The A 10 C 132“ p r o d u c t  may n o t  be the  
t r u e  a lu m in u m  o x y c h l o r i d e  s p e c i e s ,  s i n c e  o x i d e  i s  known t o  t a k e  many 
f o r m s  in  c h l o r o a l u m i n a t e  m e l t s .
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SUMMARY

S e v e r a l  e l e c t r o p h i l i c  r e a c t i o n s  i n  a c i d i c  room t e m p e r a t u r e  
c h l o r o a l u m i n a t e  m o l te n  s a l t s  have  been d e s c r i b e d .  They a l l  have  i n  
common th e  r a p i d  f o r m a t i o n  o f  an e l e c t r o p h i l e  by the  m e l t  i t s e l f .  
The u se  o f  th e  room t e m p e r a t u r e  m o l t e n  s a l t s  a s  r e a c t i o n  medium f o r  
t h e s e  o r g a n i c  r e a c t i o n s  ha s  s e v e r a l  a t t r a c t i v e  f e a t u r e s .  F i r s t ,  th e  
m e l t s  have  s u r p r i s i n g l y  g ood  s o l v e n t  p r o p e r t i e s  f o r  o r g a n i c  
com poun ds .  S e c o n d ,  th e  r e a c t i o n s  a r e  e n t i r e l y  ho m o g e n e o u s ,  u n l i k e  
m o st  s i m i l a r  r e a c t i o n s  c a t a l y z e d  by su s p e n d e d  A 1 C l 3 . T h i r d ,  th e  
r a t e s  a r e  v e r y  r a p i d ,  and may be c o n t r o l l e d  e a s i l y  by a d j u s t i n g  th e  
m e l t  c o m p o s i t i o n .  F o u r t h ,  th e  i s o l a t i o n  o f  th e  p r o d u c t s  i s  f a s t  and  
e a s y ,  s i n c e  th e  m e l t  can  be h y d r o l y z e d  and th e  o r g a n i c  p r o d u c t s  
e x t r a c t e d  f r o m  th e  a q u e o u s  p h a s e .  One f e a t u r e  o f  th e  m o l t e n  s a l t  
s o l v e n t s  n o t  ex am in ed  he re  i s  th e  t e m p e r a t u r e  e f f e c t .  The m e l t s  a r e  
l i q u i d  a t  v e r y  low  t e m p e r a t u r e s ,  y e t  can  a l s o  be r a i s e d  t o  h i g h  
t e m p e r a t u r e s  w i t h o u t  s i g n i f i c a n t  v a p o r  p r e s s u r e  o r  d e c o m p o s i t i o n .
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ABSTRACT

An a m b ie n t  t e m p e r a t u r e  m o l te n  s a l t ,  2 :1  p y r i d i n i u m  c h l o r i d e -  
a lu m in um  c h l o r i d e ,  was u se d  a s  th e  r e a c t i o n  medium and c a t a l y s t  f o r  
t h e  F r i e d e l - C r a f t s  a c y l a t i o n  o f  c o a l s  and model c o a l  com p o u n d s .  The  
s o l u b i l i t i e s  o f  th e  a c y l a t e d  c o a l s  were i n c r e a s e d  s u b s t a n t i a l l y  o v e r  
t h e  s o l u b i l i t i e s  o f  t h e  u n r e a c t e d  c o a l s ,  b u t  w i t h  r e l a t i v e l y  l i t t l e  
m o d i f i c a t i o n  o f  t h e  s u b - u n i t s  o f  th e  c o a l  m a c r o m o l e c u l e .  A c y l a t e d  
c o a l  was t h e n  o x y - a l k y l a t e d  and t h e  o x y - a l k y l a t e d  c o a l ' s  s o l u b i l i t y  
was s u b s t a n t i a l l y  g r e a t e r  th a n  t h a t  o f  th e  a c y l a t e d  c o a l .  B o th  a c y ­
l a t i o n  and o x y - a c y l a t i o n  show g r e a t  p r o m i s e  as  t e c h n i q u e s  f o r  
m o d i f y i n g  c o a l  p r i o r  t o  l i q u i f a c t i o n  o r  d e s u l f u r i z a t i o n .

INTRODUCTION

I t  ha s  become a p p a r e n t  t h a t  g a s e o u s  b i p r o d u c t s  o f  t h e  com­
b u s t i o n  o f  c o a l  a r e  a m a j o r  c o n t r i b u t o r  t o  a c i d  r a i n .  B e c a u s e  a 
g r a d u a l  c h a n g e  f rom  a p r i m a r i l y  p e t r o le u m  b a s e d  economy t o  a c o a l  
b a s e d  economy i s  v i r t u a l l y  i n e v i t a b l e ,  c l e a n i n g ,  l i q u i f y i n g ,  
g a s i f y i n g ,  and g e n e r a l l y  m o d i f y i n g  c o a l  have  become m a j o r  g o a l s  o f  
c h e m i s t r y  and c h e m ic a l  e n g i n e e r i n g .  I d e a l l y ,  t h e  way t o  m o d i f y  c o a l  
i s  t o  d e v i s e  c h e m ic a l  s c i s s i o n  r e a c t i o n s  w h ic h  remove d e s i g n a t e d  
p o r t i o n s  o f  t h e  c o a l  o r  a l t e r  s p e c i f i c  c h e m ic a l  b on d s  in  a known 
w ay .  U n f o r t u n a t e l y ,  c o a l  i s  e x t r e m e l y  c om p le x  and v e r y  h e t e r o g e ­
n e o u s .  W i t h  t h e  p o s s i b l e  e x c e p t i o n  o f  I l l i n o i s  #6 , no i n d i v i d u a l  
c o a l ' s  s t r u c t u r e  i s  even r e m o t e ly  w e l l  en o ugh  u n d e r s t o o d  t o  b e g in  t o  
d e v i s e  c o a l - s p e c i f i c  s c i s s i o n  r e a c t i o n s .  N e v e r - t h e - l e s s ,  t h e r e  a r e  
s e v e r a l  r e a c t i o n s  t h a t  show p r o m i s e  f o r  m o d i f y i n g  many c o a l s  in  a

991

DOI: 10.1149/198707.0991PV



known way,  and may, i n  f a c t ,  be q u i t e  g e n e r a l .  Among t h e s e  a re  
F r i e d e l - C r a f t s  ( F - C )  a l k y l a t i o n s  and a c y l a t i o n s  ( 1 , 2 , 3 )  and  
O x y a l k y l a t i o n s  ( 4 , 5 ) .

I n  an e a r l i e r  i n v e s t i g a t i o n ,  we F -C  a l k y l a t e d  PSOC 244 h i g h  
s u l f u r  c o a l  [ C : 5 5 . 8 % ,  H : 7 .5 % ,  N : 0 .9 5 % ,  S : 7 .5% ( t o t a l ) ,  a s h : 1 9 . 5 % ,  
0 : 12% (b y  d i f f e r e n c e ) ]  w i t h  2 - p r o p a n o l  i n  an a m b ie n t  t e m p e r a t u r e  
m o l t e n  s a l t ,  2 :1  a lu m in u m  c h l o r i d e - p y r i d i n i u m  c h l o r i d e  ( p y r C l - A 1 C 1 3 )
( 3 ) .  We fo u n d  t h a t  t h i s  a l k y l a t e d  c o a l ' s  s o l u b i l i t y  i n  3 :1  b e n z e n e -  
m e th an o l  was a p p r o x i m a t e l y  2 8% ,  a f i v e - f o l d  i n c r e a s e  o v e r  t h a t  o f  
t h e  u n t r e a t e d  c o a l .  The i n c r e a s e d  s o l u b i l i t y  i s  m ost  l i k e l y  due t o  
t h e  b r e a k i n g  o f  m e t h y le n e  c h a i n s  h o l d i n g  t h e  s u b - u n i t s  o f  th e  c o a l  
m a c r o m o l e c u le  t o g e t h e r .  The  m o l t e n  s a l t  s e r v e d  a s  b o th  c a t a l y s t  and  
s o l v e n t  f o r  t h e  r e a c t i o n .

L i o t t a  and c o w o r k e r s  fou n d  t h a t  o x y - a l k y l a t i n g  s e v e r a l  c o a l s ,  
i n c l u d i n g  I l l i n o i s  #6 , c a u s e d  a f o u r  t o  f i v e - f o l d  i n c r e a s e  i n  th e  
c o a l ' s  s o l u b i l i t y  i n  a v a r i e t y  o f  s o l v e n t s .  The r e a s o n  f o r  t h e  
i n c r e a s e d  s o l u b i l i t y  seems t o  be t h a t  t h e  a l k y l  g ro u p  r e p l a c e s  a 
l a b i l e  h y d r o g e n  on an h y d r o x y l  g r o u p  t h e r e b y  p r e v e n t i n g  h y d r o g e n  
b o n d i n g  and c a u s i n g  t h e  c o a l  t o  " d e n a t u r e " ,  a s  i t  w ere .  The d e n a ­
t u r e d  c o a l  i s  more e a s i l y  s o l v a t e d  o r  l i q u i f i e d  th a n  t h e  u n t r e a t e d  
c o a l .

F - C  a l k y l a t i o n  a l t e r s  t h e  c o a l ' s  p r i m a r y  s t r u c t u r e  and o x y -  
a l k y l a t i o n  a l t e r s  i t s  s e c o n d a r y  s t r u c t u r e  m a k in g  i t  p o t e n t i a l l y  more  
s u s c e p t i b l e  t o  f u r t h e r  m o d i f i c a t i o n ,  b u t  w i t h  minimum dam age t o  th e  
s u b - u n i t s  o f  t h e  c o a l  m a c r o m o l e c u l e .  F - C  a c y l a t i o n  o f  c o a l  i s  
e x p e c t e d  t o  ha ve  a s i m i l a r  e f f e c t  t o  t h a t  o f  a l k y l a t i o n ,  b u t  b e c a u s e  
o f  t h e  a c i d - b a s e  e q u i l i b r i u m

A12C 1“ + C l "  = 2A1C1” [1]

may be a more e f f i c i e n t  p r o c e s s  i f  a c e t y l  c h l o r i d e  i s  t h e  a c y l a t i n g  
a g e n t .  The c h l o r i d e  i s  e a s i l y  removed f o r m in g  t h e  v e r y  r e a c t i v e  
1 - o x o e t h y l i u m  i o n  ( v i d e  i n f r a ) .  T h e r e f o r e ,  i n  t h e  p r e s e n t  i n v e s t i ­
g a t i o n ,  we i n i t i a l l y  a c y l a t e d  s e v e r a l  c o a l s  and model c o a l  com pounds  
i n  p y r C l - A l C l  m e l t .  We t h e n  c om b in ed  F - C  c h e m i s t r y  w i t h  o x y -  
a l k y l a t i o n  c h e m i s t r y  by o x y - a l k y l a t i n g  p r e v i o u s l y  a c y l a t e d  c o a l s .
The r e a c t i o n s  were m o n i t o r e d  by n o t i n g  c h a n g e s  i n  t h e  c o a l ' s / S o l u b i ­
l i t y  i n  3 :1  b e n e z e n e - m e t h a n o l  ( b e n z - m e t h )  and by v a r i o u s  i n s t r u m e n ­
t a l  and a n a l y t i c a l  t e c h n i q u e s .

R ESULT S  AND D I S C U S S IO N

F - C  A c y l a t i o n  o f  Model C o a l  Compounds
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The model c o a l  com pounds  1 , 2 - d i p h e n y l e t h a n e  ( b i b e n z y l )  and b e n -  
zoph en on e  were s e p a r a t e l y  i n t r o d u c e d  i n t o  t h e  p y r C l - A 1 C l3 m e l t  and  
a l l o w e d  t o  r e a c t  a t  40°C f o r  f o u r  h o u r s  u n d e r  a n i t r o g e n  a t m o s p h e r e .  
T h i s  was done t o  t e s t  t h e  e x t e n t  o f  a u t o - a l k y l a t i o n .  B i b e n z y l  
r e a c t e d  t o  fo rm  t h e  m o l e c u l e s  shown b e lo w .  ru

c 6h5c h 2c h 2c 6h5
p y r C l - A l C l 3

■c h 2c h 3

Each  o f  t h e s e  s p e c i e s  was i d e n t i f i e d  by GC/MS  o r  by HPLC o r  by HNMR. 
I n  a d d i t i o n ,  a p o l y m e r i c  m a t e r i a l  o f  i n d e t e r m i n a t e  s t r u c t u r e  was  
f o r m e d .  B en z oph en on e  d i d  n o t  r e a c t  w i t h  i t s e l f  and c o u l d  be 
r e c o v e r e d  f rom  t h e  m e l t .  A c e t y l  c h l o r i d e  d i d  n o t  p o l y m e r i z e  in  t h e  
m e l t .  T h e s e  d a t a  i n d i c a t e  t h e  i n i t i a l  s t e p  in  t h e  a u t o a l k y l a t i o n  
r e a c t i o n  i s  t h e  rem ova l  o f  a H“ io n  f ro m  t h e  b i b e n z y l  t o  fo rm  t h e  
c a r b o n iu m  io n :

- H -
C6H5CH2CH2C6H5 . . . . . . . > C6H5- C H -C H 2C6H5 [ 3 ]

+

A n o t h e r  b i b e n z y l  t h e n  a t t a c k s  t h e  c a r b o n iu m  io n  and e v e n t u a l l y  f o rm s  
t h e  i d e n t i f i e d  p r o d u c t s  v i a  th e  " t r a n s a l k y l a t i o n "  m e c h an ism  
d e s c r i b e d  by R o b e r t s  and c o w o r k e r s  ( 6 ) .  The b e n z op hen on e  d o e s  no t  
r e a d i l y  e l i m i n a t e  a h y d r i d e  io n  t o  fo rm  a c a r b o n iu m  io n  and c o n ­
s e q u e n t l y  d o e s  n o t  p o l y m e r i z e .  A c e t y l  c h l o r i d e  p r o b a b l y  r e a c t s  w i t h  
t h e  h e p t a c h l o r o a l u m i n a t e  t o  fo rm  t h e  1- o x o e t h y l i u m  io n  ( 7 ) :

CH3C0C1 + A12C 1“ = CH3C0+ + 2A1C1” [ 4 ]

b u t  t h e  p y r i d i n i u m  io n  i s  t o o  i n e r t  and p o s i t i v e l y  c h a r g e d ,  and  
t h e r e  i s  no o t h e r  s u b s t r a t e  f o r  th e  c a t i o n  t o  a t t a c k ,  s o  no f u r t h e r  
r e a c t i o n  o c c u r s .
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B ib e n z y l  and ben z op h en on e  were th en  a c y l a t e d  i n  th e  p y r C l - A 1 C l3 
m e l t s  t o  g i v e  t h e  p r o d u c t s  shown b e lo w :

C6 H5 CH2CH2 C6 H5 + CH3COCI  
( b i b e n z y l )

C6 H5 CH2 CH2 C6 H5 + CH3COCI

, c h 2c h 2
0 -

§
CCH,

40° C 

4 h r >0av,<Qr“
+ r e s i

/ nnl v

0
II
CCHn

[ 5 ]

CCH .
11 J
0

40° C
-■---- >

1 5 h r s

0H
CCH~

nous  
p o ly m e r s

+ r e s i n o u s  [ 6]  
p o ly m e r s

40°C r e s i n o u s  p o ly m e r
C6H5COC6H5 + CH3COCI — ----- > (n o  a c y l a t e d  com pounds  [ 7 ]
( b e n z o p h e n o n e )  4 h r , 2 0 h r  c o u l d  be i d e n t i f i e d )

C u r i o u s l y  e n o u g h ,  i d e n t i f i e d  p r o d u c t s  o f  th e  a c y l a t i o n  r e a c t i o n  
o f  b i b e n z y l  n e v e r  c o n t a i n e d  more th a n  one a c y l  g r o u p  p e r  benzene  
r i n g .  T h i s  i s  th e  same r e s u l t  W i l k e s  and c o w o r k e r s  f o u n d  f o r  t h e  
a c y l a t i o n  o f  benzene  i n  a c i d i c  1 - m e t h y l - 3 - e t h y l i m i d a z o l i u m  c h l o r i d e -  
a lu m in u m  c h l o r i d e  ( M E IC 1 - A 1 C 1 3 ) a m b ie n t  t e m p e r a t u r e  m o l t e n  s a l t  ( 7 ) .

The m ech an ism  f o r  t h e  a c y l a t i o n  i s  p r o b a b l y

CH3COCI + A12C 17-  - - - - - > CH3C 0+ + 2A I C I 4-  [ 8 ]

CH3C 0+ + R -H  = [ H - R - C 0 - C H 3 ] + [ 9 ]

[ H - R - C 0 - C H 3 ] + + A I C I 4-  = R - C 0 - C H 3 + HC1 + A1C13 [ 1 0 ]

A1C13 + A I C I 4- . . . . . . > AT 2C 17-  [ 1 1 ]

The n e t  r e a c t i o n  b e i n g

CH3C O -C I  + R - H . . . . . . . > HC1 + R -C O -C H3 [ 1 2 ]
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w i t h  th e  f i r s t  and l a s t  s t e p s  in  t h e  ab o ve  m ech an ism  b e i n g  v e r y  
r a p i d  ( 7 ) .

F -C  A c y l a t i o n  o f  Coa l

The c o a l s  u se d  in  t h i s  s t u d y  were I l l i n o i s  #6 and  P S 0 C - 1 1 0 3 .  
T h e i r  c h e m ic a l  a n a l y s e s  b e f o r e  and a f t e r  d e m i n e r a l i z a t i o n  a r e  l i s t e d  
i n T a b l e  I .

TABLE I

% C o m p o s i t i o n  o f  C o a l s  

I L  m  P S0 C -1 1 0 3
Raw D e m i n e r a l i z e d Raw Demi n e r a l i  zed

c 5 8 .7 6 8 .5 7 76.8 7 9 . 5

H 4 .1 4 .9 1 5 .2 5 .4

N 1 .1 1 .36 1.4 1.69

S 4 .4 7 5 .2 2 2 .1 8 1 .89

Ash 5 .5 8 3 .7 8 4 .9 1 .6 4

0 1 5 .78 1 6 .19 9 .5 2 9 .9 4

B o t h  c o a l s  a re  b i t u m i n o u s  w i t h  th e  P S 0 C -1 1 0 3  b e i n g  o f  h i g h e r  ran k  
t h a n  t h e  I L  #6 . A l l  o f  th e  s u b s e q u e n t  c o a l  c h e m i s t r y  was done  
w i t h  HF/HC1 d e m i n e r a l i z e d  s a m p le s  ( v i d e  i n f r a ) .

The c o a l s  were s l u r r i e d  i n t h e  m e l t  f o r  16 h o u r s  a t  40°C  w i t h  
no a c y l a t i n g  a g e n t  p r e s e n t  and t h e i r  s o l u b i l i t i e s  i n  3 :1  benz^rneth  
w ere com pared  w i t h  t h e i r  o r i g i n a l  s o l u b i l i t i e s .  The P S 0 C -1 1 0 3  had an 
i n i t i a l  s o l u b i l i t y  o f  4 . 9 2  wt% and  a f i n a l  s o l u b i l i t y  o f  6 . 8 3  w t% .
The I L  #6 had an i n i t i a l  s o l u b i l i t y  o f  2 .6 5  wt% and a f i n a l  s o l u b i ­
l i t y  o f  2 .6 0  w t% .  T h e s e  d a t a  i n d i c a t e  t h a t  th e  c o a l s  were no t  
r e a c t i n g  w i t h  th e  m e l t  to  any  s i g n i f i c a n t  e x t e n t .  T h i s  was f u r t h e r  
v e r i f i e d  by c o m p a r in g  th e  F T - I R  s p e c t r a  o f  each  o f  th e  c o a l s  b e f o r e  
and a f t e r  c o n t a c t  w i t h  th e  m e l t .

The e f f e c t s  o f  t i m e ,  t e m p e r a t u r e  and a c y l a t i n g  a g e n t  on each  o f  
t h e  c o a l s '  s o l u b i l i t y  i n  3 :1  b e n z -m e th  were m e a su r e d .  T a b l e  I I  
show s t h e  r e s u l t s  o f  v a r y i n g  t h e  a c y l a t i n g  a g e n t ,  b u t  k e e p in g  tem ­
p e r a t u r e  and t im e  c o n s t a n t ,  on b o th  s o l u b i l i t y  and w e i g h t  i n c r e a s e .
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TABLE II

The E f f e c t  o f  A c y l a t i n g  A g e n t  on S o l u b i l i t y  and W e i g h t  I n c r e a s e  

P S 0 C -1 1 0 3  ( 4 h r ,  40°C )

A c y l a t i n g  A g e n t

A c e t y l  C h l o r i d e  

A c e t i c  A n h y d r i d e  

P r o p i o n i c  A n h y d r i d e

% wei g h t  %
n c r e a s e s o l u b i 1i t y

12.11 1 4 .2 8

8.20 12.10

9 . 1 8 1 2 .9 0

IL  #6 ( 1 5 h r , 4 0 ° C )

% w e i g h t %
i n c r e a s e s o l u b i 1i t y

1 4 .63 1 6 .46

1 2 .1 8 1 1 .16

1 2.16 1 4 .0 8

T h e s e  d a t a  i n d i c a t e  a ro u g h  c o r r e l a t i o n  betw een  w e i g h t  i n c r e a s e  
and s o l u b i l i t y  i n c r e a s e ,  w h ic h  i s  n o t  u n e x p e c t e d  b e c a u s e  a c y l  g r o u p s  
a r e  r e p l a c i n g  h y d r o g e n s  on t h e  c o a l  m a c r o m o l e c u l e .  The d a t a  a l s o  
i n d i c a t e  t h a t  a c e t y l  c h l o r i d e  i s  t h e  m ost  e f f i c i e n t  a c y l a t i n g  a g e n t .

The f i r s t  s t e p  o f  t h e  p r o b a b l e  m ech an ism  f o r  th e  F -C  a c y l a t i o n  
and c o n c o m i t a n t  d e p o l y m e r i z a t i o n  o f  t h e  c o a l  i s  E q .  [ 8 ] f o l l o w e d  b y :
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The f i n a l  s t e p  i s  t h e  f o r m a t i o n  o f  t h e  a c y l a t e d  d e p o l y m e r i z e d  c o a l  
and H C 1 •

The e f f e c t  o f  t e m p e r a t u r e  on w e i g h t  i n c r e a s e  and s o l u b i l i t y  i s  
shown i n  T a b l e  I I I

TABLE I I I

The E f f e c t  o f  T e m p e ra t u r e  on W e i g h t  I n c r e a s e  and S o l u b i 1 i t y

R e a c t i o n 40° C 60° C
C oa l T im e ( h r s ) % wei g h t  % s o l u b i l i t y % w e i g h t % s o l u b i l i t y

P S 0 C - 4 12.11 1 4 .2 8 1 1 .9 8 1 4 .5 0
1103 8 8 .6 0 11.20 9 .2 0 1 3 .9 0

I L  #6 15 1 4 .6 3 1 6 .46 1 4 .8 0 1 5 .1 5
30 1 3 .8 3 1 4 .76 14 .10 1 4 .2 0

T h e s e  d a t a  i n d i c a t e  t h e r e  i s  l i t t l e  o r  no a d v a n t a g e  t o  a c y -  
l a t i n g  a t  h i g h e r  t e m p e r a t u r e s .  I n  t h e  c a s e  o f  th e  30 h r  I L  #6 
e x p e r i m e n t ,  t h e r e  m i g h t  even be a s l i g h t  d i s a d v a n t a g e  b e c a u s e  S c h o l l  
r e a c t i o n s  may p o l y m e r i z e  t h e  c o a l  f a s t e r  th a n  t h e  a c y l a t i o n  
d e p o l y m e r i z e s  i t  ( 8 ) .  How ever ,  t h e  e x p e r i m e n t a l  e r r o r s  i n v o l v e d  a re  
su c h  t h a t  th e  t e m p e r a t u r e  d e p e n d e n t  d i f f e r e n c e s  i n  s o l u b i l i t i e s  
shown i n  T a b l e  I I I  may be i n s i g n i f i c a n t .  S i n c e  we were i n t e r e s t e d  
i n  f i n d i n g  t h e  m i l d e s t  c o n d i t i o n s  p o s s i b l e  f o r  c o a l  m o d i f i c a t i o n ,  
t h e  l o w e r  t e m p e r a t u r e  was u se d  i n  m ost  r e a c t i o n s .  The d a t a  a l s o  
i n d i c a t e  PSOC c o a l  g a i n s  l e s s  w e i g h t  a f t e r  r e a c t i n g  f o r  8 h r s  th a n  
i t  g a i n s  a f t e r  r e a c t i n g  f o r  4 h r s .  Why t h i s  o c c u r s  i s  no t  c l e a r ,  
b u t  i t  hap p e n s  a t  b o th  40°C and 6 0 ° C .
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TABLE IV
E f f e c t  o f  R e a c t i o n  T im e on S o l u b i l i t y

R e a c t i o n  T im e ( h r ) P S O C - 1103 S o l u b i l i t y I L  #6 S o l i

4 1 4 .2 8 4 .1 0

8 11.20 6 .9 0

15 1 1 .4 8 16.46

30 10.21 14.76

The d a t a  i n  T a b l e  IV  s t r i k i n g l y  i l l u s t r a t e  t h e  d i f f e r e n c e s  
fo u n d  betw en c o a l s  o s t e n s i b l y  t r e a t e d  i n  i d e n t i c a l  f a s h i o n f The  
s o l u b i l i t y  o f  P S 0 C -1 1 0 3  c o a l  r e a c h e s  a maximum a f t e r  r e a c t i n g  b e t ­
ween 4 and 5 h r s , w h e re a s  th e  s o l u b i l i t y  o f  I L  #6 i s  m a x im iz e d  a f t e r  
r e a c t i n g  betw een  15 and 16 h r s .  The i n c r e a s e  i n  w e i g h t  o f  each  c o a l  
f o l l o w s  t h e  same p a t t e r n .  A p o s s i b l e  r e a s o n  f o r  t h i s  i s  t h a t  th e  
a r y l  s i t e s  u se d  f o r  a c y l a t i o n  a r e  n e a r  t h e  s u r f a c e  o f  th e  PSOC c o a l  
m a c r o m o l e c u l e ,  b u t  a re  b u r i e d  in  th e  i n t e r i o r  o f  th e  I L  #6 c o a l  so  
t h a t  th e  a c y l a t i n g  a g e n t  ha s  t o  s l o w l y  d i f f u s e  t h r o u g h  t h e  c o a l  t o  
t h e  a p p r o p r i a t e  s i t e  t o  r e a c t .  The PSOC s y s t e m  seems t o  r e a c h  a 
s t e a d y  s t a t e  in  a b o u t  7 - 8  h r s  and th e n  n e i t h e r  i n c r e a s e s  in  w e i g h t  
n o r  d e c r e a s e s  i n  s o l u b i l i t y  s i g n i f i c a n t l y .  I L  #6 t a k e s  a p p r o x i m a ­
t e l y  16 h r s  to  r e a c h  a s t e a d y  s t a t e .  The d e c r e a s e  i n  t h e  c o a l s  
s o l u b i l i t y  i s  p r o b a b l y  c a u se d  by S c h o l l  t y p e  r e a c t i o n s  r e p o l y -  
m eri  z i  ng t h e  c o a l .

a i 2c i 7-
2 A r - H  A r - A r  + H2 [ 1 3 ]

O x y ^ A l k y l a t i o n  o f  A c y l a t e d  C o a l

P S O C - 1103 and I L  #6 c o a l  were o x y ^ a l k y l a t e d  in  t e t r a h y d r o f u r a n  
(THF)  by a method s i m i l a r  t o  t h a t  u sed  by L i o t t a  ( 4 , 5 )  and t h e  s o l u ­
b i l i t i e s  o f  t h e  o x y - a l k y l a t e d  p r o d u c t  m e a su r e d .  The method i s  sum­
m a r i z e d  by t h e  e q u a t i o n s :

THF
C o a l - O H  + ( C4H9 ) 4N0H ---- > C o a l - 0 ~ N + (C4H9 )4 + H20 [ 1 4 ]

C o a l - 0 ' N + ( C4H9 )4 + CH3 I ---- > C o a l - O - C H 3 + ( ^4H9 ) 4N+ I ’  [ 1 5 ]

S i n c e  t h e  a l k y l  ammonium h y d r o x i d e  q u a n t i t a t i v e l y  a t t a c k s  o x y g e n s
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w i t h  a c i d i c  h y d r o g e n s ,  o x y - a l k y l a t i o n  s h o u l d  n o t  be d i r e c t l y  
a f f e c t e d  by a p r i o r  a c y l a t i o n .  I n  o t h e r  w o r d s ,  th e  F -C  a l k y l a t i o n  
s h o u l d  b r e a k  m e t h y le n e  c h a i n s  and t h e  o x y - a l k y l a t i o n  s h o u l d  b r e a k  
h y d r o g e n  b o n d s .  We t h e r e f o r e  o x y - a l k y l a t e d  F - C  a c y l a t e d  c o a l s  and  
m e a su re d  t h e i r  s o l u b i l i t i e s .  The r e s u l t s  o f  th e  o x y - a l k y l a t i o n  
e x p e r i m e n t s  a r e  su m m ar iz e d  i n  T a b l e  V .  I t  i s  i m m e d i a t e l y  o b v i o u s  
f r o m  t h e s e  d a t a  t h a t  o x y - a l k y l a t i o n  a l o n e  i s  a t  l e a s t  a s  e f f i c i e n t

C oa l

P S 0 C - H 0 3  

IL #6

TABLE V

% S o l u b i l i t y  o f  O x y - a l k y l t e d  C o a l

0 - a l k y l a t e d  A c y l a t e d  A c y l a t e d  + 0 - a l k y l a t e d  +
0 - a l k y l a t e d  a c y l a t e d

16.1

1 7 .4

1 4 .2 8

1 6 .46

2 0 .5 2

2 2 .2 5

1 4 .62

1 6 .81

a c o a l  s o l u b i l i z i n g  t e c h n i q u e  a s  i s  F -C  a c y l a t i o n .  I t  i s  a l s o  
a p p a r e n t  t h a t  o x y - a l k y l a t i n g  and th e n  a c y l a t i n g  i s  i n e f f e c t i v e .  I n  
t h e  l a t t e r  c a s e ,  t h e  e t h e r  and e s t e r  l i n k a g e s  fo rm ed  d u r i n g  o x y -  
a l k y l a t i o n  o f  th e  c o a l  a r e  c o n v e r t e d  t o  a l c o h o l s ,  a c i d s ,  and m ethy l  
c h l o r i d e ,  i n  t h e  a c i d i c  m e l t s ,  and h y d r o g e n  b o n d i n g  o c c u r s  a l l  o v e r  
a g a i n .  A c y l a t i o n ,  f o l l o w e d  by o x y - a l k y l a t i o n ,  i s  s u b s t a n t i a l l y  
b e t t e r  a t  s o l u b i l i z i n g  t h e  c o a l s  th a n  i s  e i t h e r  t e c h n i q u e  a l o n e ,  but  
n o t  a s  e f f i c i e n t  as  t h e  two m eth od s  s h o u l d  be i f  t h e y  f u n c t i o n e d  
t o g e t h e r  a s  w e l l  as  e a ch  d i d  s e p a r a t e l y .  A p l a u s i b l e  r e a s o n  f o r  
t h i s  a p p a r e n t  n e g a t i v e  s y n e r g i s m  i s  t h a t  we have  no t  o p t i m i z e d  c o n ­
d i t i o n s  f o r  o x y - a l k y l a t i n g  a c y l a t e d  c o a l  and t h e s e  c o n d i t i o n s  a re  
c o n s i d e r a b l y  d i f f e r e n t  th a n  f o r  raw c o a l .  Our  o x y - a l k y a t i n g  s o l u b i ­
l i t i e s  were a l w a y s  1 5 -2 0 %  l o w e r  t h a n  t h o s e  r e p o r t e d  by L i o t t a  u s i n g  
t h e  same c o a l  i n  t h e  same s o l v e n t ,  w h ic h  i s  n o t  u n u s u a l  i n  c o a l  
r e s e a r c h .  T h i s  means o u r  o x y - a l k y l a t i o n  t e c h n i q u e  i s  e f f e c t i v e l y  
" c a l i b r a t e d "  f o r  u n r e a c t e d  c o a l s .  A l t e r n a t i v e l y  t h e  c o a l  i s  somehow  
p o l y m e r i z e d  d u r i n g  t h e  o x y - a l k y l a t i o n .  Why t h i s  w ou ld  o c c u r  i s  no t  
c l e a r  a t  t h i s  p o i n t .

CONCLUS ION

The 2 :1  p y r i d i n i u m  c h l o r i d e - a l u m i n u m  c h l o r i d e  a m b ie n t  tem ­
p e r a t u r e  m o l t e n  s a l t  i s  an e x t r e m e l y  good  medium f o r  F - C  a c y l a t i o n s  
and a l k y l a t i o n s  o f  c o a l  and model c o a l  com p o u n d s .

M o d i f i c i a t i o n  o f  t h e  c o a l ' s  p r im a r y  s t r u c t u r e  ( F - C  r e a c t i o n s )  
and s e c o n d a r y  s t r u c t u r e  ( o x y - a l k y l a t i o n s )  a r e  p o s s i b l y  i m p o r t a n t
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f i r s t  s t e p s  i n  d e s i g n i n g  s c i s s i o n  r e a c t i o n s  t o  s o l u b i l i z e  c o a l  and  
remove u n d esirab le  m o i e t i e s  f r o m  t h e  c o a l  m a c r o m o l e c u l e .  F o r  
e x a m p le ,  d e m i n e r a l i z a t i o n  f o l l o w e d  by a c y l a t i o n ,  f o l l o w e d  by o x y -  
a l y l a t i o n  m i g h t  s u b s t a n t i a l l y  im p ro v e  t h e  c o a l s  d e s u l f u r i z a b i 1 i t y .

E XP ER IM E N T AL  D E T A IL S

E ac h  c o a l  was g ro u n d  i n  a s h a t t e r  box f o r  15 m i n u t e s  and th e n  
d e m i n e r a l i z e d  u s i n g  an aq u e o u s  HF/HC1 s o l u t i o n  ( s e e  r e f  3 f o r  
d e t a i l s ) .  R e a g e n t  g r a d e  A I C I 3 ( C e r a c  9 9 . 9 9 9 % )  and p y r i d i n i u m  
c h l o r i d e  w h ic h  had been d i s t i l l e d  a t  219°C  were u se d  t o  fo rm  t h e  2 :1  
m e l t  w h ich  was s t o r e d  i n  a d r y  box and n o t  p u r i f i e d  f u r t h e r .
W e igh ed  am o un ts  o f  c o a l ,  a c y l a t i n g  a g e n t s ,  model c om po un d s ,  e t c . ,  
w ere  added  t o  t h e  m e l t  w h ic h  had been pou re d  i n t o  a r e a c t i o n  v e s s e l .  
The v e s s e l  was removed f ro m  t h e  d r y  box ,  p l a c e d  i n  a c o n s t a n t  tem­
p e r a t u r e  b a t h  and t h e  r e a c t i o n  m i x t u r e  s t i r r e d  w i t h  a m a g n e t i c  
s t i r r e r  and m a i n t a i n e d  un d e r  a n i t r o g e n  a t m o s p h e r e .

A f t e r  t h e  r e q u i s i t e  amount o f  t im e  had e l a p s e d ,  t h e  r e a c t i o n  
was c a r e f u l l y  qu en ched  by f i r s t  c o o l i n g  t h e  c l o s e d  r e a c t i o n  v e s s e l  
and t h e n  d r o p p i n g  s m a l l  p i e c e s  o f  i c e  i n t o  t h e  r e a c t i o n  v e s s e l  s o  a s  
n o t  t o  r a i s e  t h e  t e m p e r a t u r e  s u b s t a n t i a l l y .  A f t e r  a l l  o f  t h e  
A I C I 3 had r e a c t e d  w i t h  w a t e r ,  t h e  a q u e o u s  s l u r r y  was f i l t e r e d ,  and  
t h e  r e a c t e d  c o a l  d r i e d  and w e i g h e d .  T h e s e  o p e r a t i o n s  a r e  sum m ar iz ed  
s c h e m a t i c a l l y  b e lo w .  F o r  more e x p e r i m e n t a l  d e t a i l  se e  r e f .  2 , 3 .

D e m i n e r a l i z e d  c o a l  + CH3C O -C I

A c y l a t e d  C o a l ,  wt i n c r e a s e  8 -1 6 %

1 h20 e x t r a c t

f
W a t e r  i n s o l u b l e  a c y l a t e d  c o a l
1 . d r i e d  i n  v a c u o
2 . b e n z -m e th  

s o l u b i l i z e d
V

I n s o l u b l e  (80% )
r

S o l u b l e  ( 1 4 -1 6 % )

1 00 0
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SOME AROMATIC REACTIONS 
USING A1C13-RICH MOLTEN SALTS

E . Ota
College of Technology, Gunma University 

Kiryu, Gunma 376 Japan

ABSTRACT Alkylation, acylation, condensation, 
and alkyl- and aryl-migration were studied using 
two acidic molten salts with compositions of 
[AlCl--KCl-NaCl](MS-A) and [A1C1--ethylpyridinium 
bromiae](MS-B). In MS-B 3-methylnaphthalene was 
methylated with Mel and Me2S0^ yielding mixtures 
of 1,2-, 2,6-, and 1,3-dimethylnaphthalenes, par­
ticularly in a high yield of the 1,3-isomer with 
Me2S0 .. a- and 3-Binaphthyls both gave perylene 
as the main product when heated in MS-A. Benzoyl- 
ation and acetylation of naphthalene in MS-B 
resulted in a very high a-selectivity of 97 and 
981, respectively. At high temperatures a-ben- 
zoylnaphthalene was proved to isomerize to the
3-isomer through intermolecular mechanism. Anth- 
raquinone was successfully produced from benzene 
and phthalic anhydride in a yield of 941 by a one 
pot synthesis involving Friedel-Crafts9 acylation 
and successive intramolecular condensation in 
MS-B as an acid catalyst and a dehydrating agent.

Friedel-Crafts * and related aromatic reactions were 
conveniently studied using two kinds of acidic AlCl^-rich 
molten salts shown below as MS-A and MS-B.
[A1C13 60- KC1 13.7- NaCl 26.3 mol%], mp 95 °C ...MS-A (1)
[A1C13 66.7- N-ethylpyridinium bromide 33.3 mol%],

liquid at room temperature........ MS-B (2)

1. ISOMER DISTRIBUTION IN METHYLATION OF 3-METHYLNAPHTHA- 
LENE USING MS-A

In connection with our earlier study (3) on isomeriza­
tion and other reactions of methylnaphthalenes in MS-A, a 
supplementary study was carried out on methylation of 3- 
methylnaphthalene with interest of orientation(Scheme 1).
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EXPERIMENTAL
A mixture of 0.01 mol of 3-methylnaphthalene arc! 0.01 

mol of Mel or 0.005 mol of Me^SO. was added all at once to 
MS-A, containing 0.6 mol of AiCl^, at 100°C in an argon 
stream. After given periods of time specimens of the mix­
ture were taken out, poured into an ice-IICl mixture, ex­
tracted with benzene, and subjected to analysis of the pro­
ducts by gas chromatography.

RESULTS AND DISCUSSION
In both reactions quick isomerization of the starting 

B-methylnaphthalene to the a-isomer was observed and the 
amounts of both isomers decreased quickly within the first 
5 min and then gradually. The methylating agents, especial­
ly Mel, seemed to be lost partially by evaporation. The 
main products were 1,2-, 2,6-, and 1,3-dimethylnaphthalenes 
commonly in both reactions, but the isomer distribution was 
different from each other as shown in Fig.1. The high yield 
of 1,3-dimethylnaphthalene in the reaction with Me2S0  ̂ is 
remarkable.

It is known that a- and 3-methylnaphthalene isomerize 
very fast to each other reaching to the equilibrium(3/ct 
ratio= 4.4) and 1,4-dimethylnaphthalene similarly isomerizes 
to the 1,3-isomer, both within 2 min under the same reaction 
conditions as employed in the present experiments (3). From 
these facts and general rules of orientation of methylnaph- 
thalenes shown in Scheme 2, the reaction path should be as 
shown in Scheme 3.

According to the orientation rules, such a large 
amount of the 1,3-compound as observed cannot be produced 
by direct substitution of both methylnaphthalenes. Forma­
tion of the 1,3-isomer from the 1,2- and 2,6-isOmers is 
possible but it is by slow intermolecular rearrangement. 
Therefore, the major part of the 1,3-compound must be form­
ed by fast intramolecular rearrangement of the 1,4-dimethyl 
compound, which can be directly formed from a-methylnaph- 
thalene. This indicates that the higher yield of the 1,3- 
isomer in the reaction with Me2SO- than in the reaction 
with Me.I is attributable to the larger formation of the 
1,4-compound in the former reaction than in the latter.
This difference should be ascribed to the characteristics 
of the methylating agents and/or the molten salt used.
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2. FORMATION OF PERYLENE .FROM BINAPHTHYLS IN MS-A
In connection of our earlier work (1) on condensation 

of naphthalene as a new way leading aromatics to pitch and 
carbon, the reaction of binaphthyls was studied. Binaphthyls 
are the first condensation products from naphthalene and, 
therefore, their reaction is just the key step in a series 
of complicated reactions.

EXPERIMENTAL
A tenth m mol of binaphthyl was added to 0.05 mol of 

MS-A, kept at 100°C in a test tube, and the mixture was 
stirred well. After a given reaction time(l and 10 min) 
the test tube was immersed into an ice bath to quench the 
reaction by solidification of the mixture. Then the mixture 
was dissolved in an ice-HCl mixture and extracted with 
chloroform. The extract was subjected to analysis of the 
products by HPLC and UV.

RESULTS AND DISCUSSION
From the results shown in Table 1 it is obvious that 

perylene was formed from both binapKthyls as the main pro­
duct after the 1 0 -min reaction and that a very quick iso­
merization of 1 , l’-binaphthyl to the 2 ,2’-isomer took place. 
These facts are, of course, important for the purpose of 
this study mentioned above, and also interesting from view­
point of aromatic reaction mechanism.

If a working hypothesis that the perylene observed was 
produced only through the intramolecular condensation of 
1 ,1 '-binaphthyl is acceptable, the formation of perylene 
from 2 ,2 ’-binaphthyl demands the reversed isomerization of 
2,2’-binaphthyl to the l,lf-isomer. The absence of 1,1’- 
isomer among the products from 2 ,2 ’-binaphthyl can be ex­
plain by assuming that the change of 1 ,1 ’-binaphthyl to 
perylene is faster than its formation from 2 , 2  *-binaphthyl. 
Based on these facts and consideration, the reaction path 
should be given as shown in Scheme 4.

3. ISOMER DISTRIBUTION IN ACYLATION OF AROMATIC COMPOUNDS 
AND RELATED REARRANGEMENT IN MS-B (5)

Some aromatic compounds were acylated with acid chlo­
rides in MS-B with interest of isomer distribution and 
related isomerization. Solvent effect on isomer distribu­
tion is an unsolved problem in Friedel-Crafts’ acylation.
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To a solution of an aromatic compound in MS-B, kept in 
a flask at a given temperature, an equimolar amount of acy- 
lating agent was added dropwise. After planned periods of 
time, specimens were taken out, poured into an ice-HCl mix­
ture, and extracted with benzene. The extracts were sub­
jected to analysis of the products by GCMS. Some of the 
results were given in Table 2.

RESULTS AND DISCUSSION
The results of the reactions of naphthalene are 

noticeable because of the very high selectivity of substi­
tution to the a-position. According to Gore (4), the 
Friedel-Crafts acylation in organic solvents shows a widely 
ranging a-selectivity depending on the nature of solvent; 
i.e.,38-961 in benzoylation and 25—91% in acetylation. Com­
pared with these values, the a-selectivity of 97 and 98% 
observed here presents newly the highest ones.

In contrast to naphthalene, phenanthrene showed a 
fairly dispersed isomer proportion. This is also interesting 
since phenanthrene usually shows a similar reactivity to 
naphthalene in substitution reaction. This difference shall 
be studied in relation to the characteristics of MS-B.

The ot/B-isomer ratio in benzoylation of naphthalene 
did not change at reaction temperatures between -15 and 
20°C, while a-benzoylnaphthalene was found to isomerize to 
the B-isomer at temperatures above ca. 130°C. To examine 
the mode of this isomerization an equimolar mixture of the 
a-isomer with phenanthrene was heated at 170°C in MS-B and 
as a result, at least, three isomeric benzoylphenanthrenes * 
were detected as the cross-rearrangement products as shown 
in Fig. 2. This indicates that the isomerization proceeds 
through intermolecular mechanism. In Fig.2 formation of 
benzanthrones is also shown, which must be produced from 
a-benzoylnaphthalene and benzoylphenanthrnes by the Scholl 
peri-condensation. This is under investigation now.

4. ONE-POT SYNTHESIS OF ANTHRAQUINONE IN MS-B (6 )
Among others there is a commercial preparation method 

of anthraquinone which consists of two steps of reaction; 
i.e., preparation of o-benzoylbenzoic acid from benzene and 
phthalic anhydride by usual Friedel- Crafts’ reaction and 
its condensation to anthraquinone in sulfuric acid. Here an 
improved one-pot process(Scheme 5) shall be reported.
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First, phthalic anhydride (0.11—0.2 mol) was dissolved 
in MS-B at room temperature and then 0.1 mol of benzene 
were added dropwise under well-stirring. The mixture was 
heated up to a given temperature in 1 h and kept there for 
another 1 h. The mixture was poured into an ice-HCl mixture 
and the resulting precipitate was filtered and washed. The 
fil.tercake was treated with a Na-CO^ solution to separate 
into alkali-soluble and -insoluble matters. The former con­
tained mainly the intermediate o-benzoylbenzoic acid and 
the latter the final product anthraquinone.

RESULTS AND DISCUSSION
As shown in Table 3, anthraquinone was obtained in 

fairly good yields. The success of this one-pot synthesis 
is attributable to the dehydrating ability of MS-B in the 
second step of the reactions. Another point of this process 
is in the sequence of adding the raw materials to MS-A.
When benzene was first added and then phthalic anhydride, 
the main product was o-dibenzoylbenzene, which rarely 
changed to anthraquinone even after a prolonged reaction 
time.
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Table 1. Naphthalene Dimers* in the Products from Biphenyls

Binaphthyls Reaction 
Time(min)

Yields of Dimers(moll) 
2,2'- Perylene

i,i'- 1 35.0 59.0 6 . 0
1 0 0 . 0 2 . 1 44.0

1 0 .0 94.0 5.5
1 0 0 . 0 1.7 38.0

*Other products were mainly polymers of naphthalene.

Table 2. Isomer Distribution in Acylation*

Aromatics Acylating 
agent

Reaction Conditions Isomer Ratio 
Temp.(°C) Time(h) (moll)

Toluene Ph-COCl 30 0.5 o- 4, m- 1, p- 95
Naphthalene Ac-COCl 20 0.5 a- 98, 3 - 2

Naphthalene Ph-COCl 20 0.5 a- 97, 3- 3
Phenan- Ac-COCl 
threne

20 0.5 1- 20, 2- 9, 3- 27, 
4- Trace, 9- 44

a-Benzoyl- Ph-COCl 
naphthalene

1 0 0 3 1,5- 67, 1,8 (?) - 8 , 
1,6 (?) - 25

*The yields were usually high or almost quantitative.

Table 3. One-pot Synthesis of Anthraquinone using MS-B

Raw Materials Reaction Conditions Anthraquinone
Benzene Phthalic MS-B Temp . Time Yield mp**

Anhydride 
(mol) (mol)

(unit*) (°C) (h) m  rc)

0 . 1  0 . 2 5 160 1 88 283-4
0 . 1  0 . 1 1 3 160 1 53 283—4
0 . 1  0 . 1 1 3 170 3 94 279-80

*One "unit” means an amount of MS-B consisting of 0.1 mol 
of ethylpyridinium bromide and 0 . 2  mol of AlClg*

**Pure anthraquinone melts at 286°C.
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Fig.l Product distribution in Methylation of 3-Methylnaphthalene

Fig. 2 GC-MS Chromatogram of the Products of Reaction of
a Mixture of a-Benzoylnaphthalene and Phenanthrene in MS-B
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SPECTROSCOPIC AND ELECTROCHEMICAL STUDIES OF MOLTEN SALT ELECTROLYSIS 
OF ALUMINUM AND MAGNESIUM

Seok-Yeol Yoon and Donald R. Sadoway 
Department of Materials Science and Engineering, 

Massachusetts Institute of Technology,
Cambridge, Massachusetts 02139.

ABSTRACT
Chloride based electrolytes employed in the el ec­
trolytic production of aluminum and magnesium have 
been investigated by laser Raman spectroscopy and 
cyclic voltammetry. In solutions of composition 
approximating industrial conditions, aluminum and 
magnesium exist as tetrahedrajly coordinated 
chloro-complexes, A1C1. and MgCl^ , respectively.
For both elements the electrodeposition of liquid 
metal was found to be quasi-reversible.

INTRODUCTION
The extraction of light metals is achieved for the most part by 

molten salt electrolysis, a very energy-intensive process. The p r o ­
duction of primary aluminum and magnesium is estimated to have co n­
sumed 2.1% of total generated electric power in the United States 
during the year 1985 (1).

The characteristics of laboratory-scale aluminum and magnesium 
cells were investigated by spectroscopic and electrochemical tech­
niques. The electrolytes were constituted to be representative of 
industrial conditions. Aluminum cells operated at a temperature of 
700PC with an electrolyte of composition 5 wt % AlCl^, 42 wt % LiCl, 
and 53 wt % NaCl. Magnesium cells operated at a temperature of 750°C 
with an electrolyte of composition 11 wt % M g C l ^ , 65 wt % NaCl, 1^ wt 
% KC1, and 6 wt % C a Cl ^. The maximum current density was 2 A cm .

As part of a study of the causes of poor power efficiency, Raman 
spectra of laboratory-scale aluminum chloride and magnesium chloride 
electrolysis cells were measured. Commercially available laser Raman 
scattering instrumentation was adapted to permit i n  s i t u  real-time 
investigation of melt chemistry and to establish the basis for "fast 
Raman" specfroelectrochemistry in this and other melt systems (2).
The results of the Raman work were combined with those of cyclic 
voltammetry in an attempt to reveal the mechanisms and kinetic p a t h ­
ways that decrease power efficiency in aluminum and magnesium cells 
and also to understand the nature of such phenomena as metal fog, 
streamers, and melt coloration, all of which were observed in these 
laboratory-scale cells.
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LITERATURE

Reasons for the loss of current efficiency in aluminum cells 
(3,4) and magnesium cells (5,6) have been discussed in the litera­
ture .

Raman spectra of pure MgCl2 and solutions of M g Cl2 in alkali 
chlorides have been measured (2,7-13). In contrast, in the analogous 
aluminum chloride systems spectra have been taken of AlCl^ only in 
solution in alkali chlorides as pure AlCl^ sublimes without melting 
under an applied pressure of 1 atmosphere (14-18).

Over the years, magnesium electrodeposition has rarely been the 
topic of electrochemical analysis. In the last decade there have been 
only two reports, one by Tunold (19) and one by Duan, Dudley, and 
Inman (20). As for aluminum chloride, it has been found primarily as 
a constituent of supporting electrolytes for use in electrochemical 
studies of other ions, particularly those of refractory metals (Groups 
4,5, and 6). However, there have been some studies of the electrode­
position of aluminum in chloride melts (21-23).

EXPERIMENTAL
A detailed description of the Raman instrumentation and the 

laboratory-scale electrolysis cell can be found in previous reports 
(2,12,24).

Cyclic voltammetry was conducted in a fused quartz cell, 52 mm 
<f>. The stainless steel cap had 7 fittings, 2 gas ports, and one 3/8”
O.D. tube which accessed the cell by means of a 3/8" valve. The fi t­
tings were used for a thermocouple, a reference electrode, cathode and 
anode for pre-electrolysis, and for voltammetry a counter electrode 
and two working electrodes. The valved tube allowed melt composition 
to be regulated and sampled as well as the introduction of a new elec­
trode, all without interruption of the experiment.

The preparation of anhydrous salts for electrolyte formulation 
has been described previously (12).

In a typical experiment, the cell was charged with salt and 
assembled with the cap and electrodes in the glove box. The charged 
cell was placed in an electrical resistance furnace with windows (12), 
and the salt was melted under high purity argon.

For pre-electrolysis, a platinum plate, 4 mm x 8 mm, and a 
glassy carbon rod, 1/8” <f>, served as cathode and anode, respectively. 
For the working electrode, each of silver, gold, glassy carbon, tung­
sten, titanium diboride, and platinum was employed. The reference

1012



electrode was a silver wire immersed in a solution of AgCl (5 weight 
percent) in the appropriate supporting electrolyte: for magnesium 
electrolysis, CaCl2 -KCl-NaCl in the ratio of 6:18:65 by weight, and 
for aluminum electrolysis, NaCl-LiCl in the ratio of 50:40 by weight.

Cyclic voltammetry was conducted with an EG&G PARC Model 173 
potentiostat/galvanostat and Model 175 universal programmer. Slow 
scan responses were recorded on an X-Y recorder, while fast scan 
responses were recorded on a digital computer.

RESULTS AND DISCUSSION
Figure 1 shows the Raman spectrum of aluminum chloride in its 

supporting electrolyte at a temperature of 700°C. Excitation was 
caused by radiation of wavelength, A = 5J4.5 nm. Jour distinct jeaxs
have been identified: 125 cm , 183 cm , 349 cm , and 483 cm
The peak at 349 cm is polarized; the others are depolarized. Such a 
pattern of peaks is indicative of tetrahedral coordination and sug­
gests the presence of the tetrachloroaluminate complex, AlCl^.

Figure 2 shows the Raman spectrum of magnesium chloride in its 
supporting electrolyte at a temperature of 750°C. Excitation was 
caused by radiation of wavelength, A — 5J.4.5 nm. Jour distinct jeaks
have been identified: 107 cm , 142 cm , 249 cm , and 351 cm
The peak at 249 cm is polarized; the others are depolarized. As was 
the case above with the aluminum chloride system, such a pattern is 
indicative of tetrahedral coordination^and suggests the presence of 
the tetrachloromagnesate complex, MgCl^ .

Figure 3 shows a cyclic voltammogram for the deposition of al u­
minum on gold at 70 0°C from a melt containing 1.5 wt % AlCl^ in NaCl- 
LiCl in the ratio of 50:40 by weight. The reference electrode was 
silver wire immersed in a melt of AgCl-NaCl-LiCl (5:53:42 by weight). 
The counter electrode ^as glassy carbon. The area of^the working 
electrode was 0.173 cm . The scan rate was 0.05 V s . In Figure 3 
the reduction and oxidation peaks are clearly evident and are separat­
ed by 56 mV which is close to the theoretical value of 62 mV for a 
simple reversible 3-electron reduction process (25). However, the 
ratio of the anodic peak current to the cathodic peak current is much 
greater than unity, so the process cannot be considered strictly r e ­
versible. The peak potentials did not change with scan rate. Thus, 
the reduction process of aluminum on gold appears to be quasi- 
reversible.

Figure 4 shows a cyclic voltammogram for the deposition of m a g ­
nesium on silver at 800°C from a melt containing 2 wt % MgCl^ in 
CaCl^-KCJ.-NaCl in the ratio of 6:18:65 by weight. The scan jate was 
0.4 V s , and the area of the working electrode was 0.08 cm . The 
well defined trace shows clearly the reduction and oxidation process­
es. The residual current was extremely low and did not decrease with
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pre-electrolysis. The value of the potential difference between peak 
potentials for the cathodic and reoxidation processes is greater than 
would be expected for a simple reversible process (25). The scan rate 
had essentially no effect on the peak potential: if anything, both 
peaks seem to shift very slightly in the cathodic direction as scan 
rate increases.

For both the aluminum and the magnesium studies the cathodic 
peak current is linear in the square root of scan rate: over the 
range of experiments conducted in the present cell configuration, the 
current was mass transfer controlled by diffusion.
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ELECTRODEPOSITION OF MICROCRYSTALLINE CHROMIUM 
FROM FUSED SALTS

T. Vargas, R. Varma, and A. Brown

Chemical Technology Division 
Argonne National Laboratory 

Argonne, IL 60439

ABSTRACT

Chromium can be conveniently electroplated from fused 
chloride electrolytes. The deposition from LiCl-KCl 
(eutectic)-CrCl2 melts is known to produce large crystal 
grains. Large grain size and other problems encountered 
in the electrodeposition of microcrystalline chromium from 
fused salt are discussed. The results indicate that 
combined use of forced electrolyte convection and a 
nucleating pulse in conjunction with a periodic reverse 
pulse produces fine-grained deposits.

INTRODUCTION

Chromium metal has been shown to offer good corrosion resistance 
in sulfur/polysulfide environments and, therefore, constitutes a 
suitable material for use as a protective coating in sodium/sulfur 
batteries (1). The protective action of chromium can be fully 
utilized only if such coatings are coherent, have good adhesion, and 
provide a thorough coverage of the substrate. Chromium electro­
deposition from aqueous solutions produces deposits which may have 
microcracks and incorporate hydrogen during plating. Hence, coatings 
thusly derived have not fully utilized the protective action of 
chromium (2).

In principle, the use of molten salt electrolytes (e.g., 
chlorides, fluorides) represents an attractive alternative for the 
production of chromium electrodeposits. Such electrolytes are 
oxygen-free, hydrogen-free, highly conductive media by which it is 
possible to deposit the pure metal at high current efficiencies. The 
electrodeposition of chromium from fluorides has received some 
attention, and the production of coherent, well-adhered deposits has 
been successfully demonstrated (3-6). However, the disadvantage of 
fluorides is that the systems are generally considered to be toxic 
and corrosive, and their utilization implies the use of relatively 
high temperatures (800-1000°C) (4). Chloride melts are a more 
suitable alternative for the following reasons; they can be operated
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at relatively low temperatures (400-600°C), they offer high 
conductivity, and they are not considered too toxic or corrosive. In 
this work chromium was electrodeposited from (LiCl-KCl)eutectic-CrCl2 
melts. This melt is an adequate refining media for chromium, which 
can be obtained with total impurity contents of less than 70 ppm at 
average current efficiencies of 96% (7). Under single 
galvanostatic/potentiostatic conditions, the electrodeposition of 
chromium from (LiCl-KCl)eutectic-CrCl2 melts usually resulted in the 
production of highly dendritic or crystallized noncoherent coatings 
(8). Clearly, a different approach was needed.

APPROACH

A notable improvement in the morphology of chromium 
electrodeposits obtained from these melts has been achieved by 
introducing an initial nucleation pulse (8) followed by periodic 
reverse current. These steps enable the production of coherent, 
crack-free, well-adhered, and fine-grained deposits. Further work 
related to the characterization and understanding of the chromium 
electrocrystallization mechanism was undertaken, and the result was 
better control of the grain size of the deposits.

EXPERIMENTAL

The experiments were conducted in a helium-purified glove box 
(Sherman Reynolds Model B5935) which has two cylindrical furnace 
wells (each with a 7-cm dia and a 40-cm length). The furnace wells, 
which are provided with removable sealed tops, can be evacuated by a 
Duo Seal Vacuum Pump Model 1397. The electrochemical cell is placed 
in one of the wells. The heat is provided by a Marshall tubular 
furnace, and the temperature is controlled by a West S.C.R. stepless 
control unit. The melt is contained in a 80-mL Pyrex beaker that is 
placed within a 6.5-cm-dia by 17-cm-long stainless steel protective 
container resting on the bottom of the well. The cell is capped by a 
three-inlet glass head, which provides a centered stable base for the 
electrodes and enables their quick interchange. The preparation and 
weighing of the different salt mixtures were done within the same 
glove box, which is equipped with a Sartorius balance.

To generate the different potential and current programs needed 
for the tests, a Princeton Applied Research Model 273 Potentiostat/ 
Galvanostat and a PAR Model 175 Universal Programmer were used. The 
output signals (current/voltage transients) were recorded on a 
Tektronik Model R5103N Oscilloscope and on a Hewlett Packard 7044A X- 
Y Recorder or a Hewlett Packard 7100B Strip Chart Recorder. 
Coulometric measurements were done using the PAR Model 379 Digital 
Coulometer.
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A conventional three-electrode system was used; the reference 
and the counter electrodes were made of chromium pieces (purified, 
carbon-free, fused) from Fisher Scientific Co. and were spot-welded 
to platinum wire for electrical contact. The chromium-melt contact 
areas were approximately 2 cm^ and 0.5 cm^, respectively. The 
working electrodes were Type 304 stainless steel (SS) coupons made of
0.5-mm thick plate spot-welded to 1.6-mm-dia Type 308 SS rods for 
electrical contact (1-2 cm^ melt-substrate area). In some 
experiments, the working electrodes were held in a motor-driven 
stirrer, with variable speed in the range of 20-300 rpm. The SS 
electrodes were anodically cleaned before use in a H2SO4 solution 
(0.53 specific gravity) at 6 V for 1 min, according to a procedure 
recommended for improved deposit-substrate adherence (9). The 
morphology of surfaces and sections of the electrodeposits on steel 
substrate were examined by scanning electron microscopy (SEM).

The electrolyte consisted of LiCl-KCl (41.5-58.5 mol %, 
purified, Li contacted) eutectic from Anderson Physics Laboratories 
and chromium (II) chloride (98%, anhydrous) from Alfa Products. The 
working temperature was 450°C.

RESULTS AND DISCUSSIONS 

Characterization of the System

Figure 1 shows some typical cyclic voltammograms obtained with 
the (LiCl-KCl)eutectic-CrCl2 system. Two reversible waves are 
observed when scanning on tungsten electrode (curve a). A small pair 
of waves are on the anodic side at approximately +0.2 V, and a large 
pair are on the cathodic side at approximately -0.7 V. These 
potentials correspond to the reduction of Cr(III) to Cr(II) and 
Cr(II) to Cr(0), respectively. Studies of similar cyclic 
voltammograms obtained in the LiCl-KCl-CrCl3 system at 500°C 
confirmed the number of electrons associated with each wave (10).
The Cr(III)/Cr(0) wave does not appear in the cyclic voltammograms 
for tungsten or Type 304 SS (curve b). This is precluded by the 
early wave related to the anodic dissolution of the substrate. The 
waves corresponding to the Cr(II)/Cr(0) pair are observed in both 
substrates, and they exhibit the typical shape associated with a 
deposition/dissolution process on an inert substrate (11-13).
Instead of increasing smoothly with the overpotential change, the 
current on the cathodic branch rises abruptly (curve a, Fig. 1) 
resulting in a sharp cathodic peak. An equally sharp fall in current 
occurs after the anodic peak; this is consistent with the stripping 
of a finite quantity of metallic deposit from the electrode surface. 
The rising part of the cathodic wave is cathodically displaced with 
respect to the equilibrium potential (E°) for Cr(II)/Cr(0). This 
delay in starting the cathodic process is related to the Initial
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resistance involved in the formation of the new chromium phase on a 
foreign substrate. This process requires the application of an extra 
overpotential related to the extra work necessary for the initial 
creation of critical chromium nuclei.

The chromium electrodeposition for low-concentration melts 
(0.931 mol dm“3) has been observed to be controlled by mass transfer 
(9). Several facts suggest that, at very high CrCl2 concentrations, 
the chromium electrodeposition process in this melt is controlled, to 
a large extent, by ohmic resistance in the melt. Figure 2 shows 
cyclic voltammograms obtained on Type 304 SS at 2.12 mol dm“3 
concentration. The rising cathodic branch shows a practically linear 
current-voltage relation for the case of still and rotated 
electrodes. The rotation of the electrode introduced only a slight 
increase in the current-voltage slope, indicating a slight degree of 
mass transfer control. Previous work on electrorefining chromium 
from similar melts reported a decrease of the conductivity of the 
electrolyte with an increase in the CrCl2 concentration (7).

Chromium Electrodeposits

Chromium deposits were obtained by different controlled- 
potential techniques at various CrCl2 concentrations. The most- 
frequent deposition technique used at this stage is the initial 
nucleation pulse (INP) technique, shown in Fig. 3. In this 
technique, the deposition process is started with a high, short 
overpotential pulse, where a large number of isolated chromium nuclei 
are formed to secure a thorough initial coverage of the substrate.
The deposit is then grown at a low overpotential, precluding the 
growth of dendrites and ensuring the development of a coherent 
morphology.^

Figures 4 and 5 show the dramatic influence of CrCl2 
concentration on the morphology of chromic electrodeposits produced 
by the INP technique. At the highest concentration 2.12 mol dm”3, 
Fig. 4), the deposit consists of large crystals that have not merged 
into a continuous layer, leaving large spaces between them. Between 
the large crystals, a lower layer of small crystals were formed 
during the initial nucleation stage these do not fully cover the 
substrate. At the low concentration (1.5 mol dm"3, Fig. 5), the 
deposits obtained show a noticeable decrease of the grain size and a 
very compact structure (deposits of this kind already show some 
metallic shine on their surface). The coatings were found to be well 
adhered to surface, as shown by optical microscopy of the chromium- 
substrate interface. Also, no microcracks were observed.

The observed morphological changes with CrCl2 concentration can 
be explained mainly based on the cyclic voltammograms. With the 
CrCl2 concentration variation from high to low, there is a
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displacement in the electrodeposition-controlling mechanism from 
ohmic control in the melt toward mass-transfer control given by the 
diffusion of active species toward the electrode surface. This 
effect is also shown (Fig. 6) by the observed I vs. f j plots for 
tungsten electrodes that were rotated at two different speeds. When 
the electrogrowth occurs under ohmic control, the formation and 
growth of nuclei involve the simultaneous development of large 
deactivating zones around each nuclei. These originate in the 
potential drop arising in the melt around growing centers^ and 
preclude the formation of a large number of nuclei and the 
development of a compact structure. This effect explains the 
morphological characteristics observed in deposits obtained at very 
high concentrations. The decrease in CrCl2 concentration reduces the 
effect of the ohmic control. This results in the initial formation 
of larger nuclei numbers and development of compact structures, 
provided that the development of dendritic structures is precluded by 
growing at overpotentials sufficiently low.

The application of both higher rotational speeds and a 
continuous potentiostatic pulse contributes to further reduction of 
the grain size. The results are shown in Fig. 7.

CONCLUSIONS

The electrodeposition of chromium from (LiCl-KCl)eutectic-CrCl2 
melts using the INP technique enabled the production of coherent 
well-adhered as chromium coatings on Type 304 SS probes. The 
resultant morphology in the deposits seems to be the product of a 
delicate balance between the different mechanisms that control the 
electrocrystallization mechanism at different stages. These 
mechanisms are very dependent on the CrCl2 concentration present in 
the melt. The choice of very high CrCl2 concentrations, which would 
be, in principle, desirable with regard to the use of higher 
deposition currents, is restricted in practice by the decrease in the 
melt conductivity, which has deleterious effects on the electrogrowth 
process. On the other hand, the choice of very low CrCl2 
concentrations is also not advisable because the mass transfer then 
becomes too important, resulting in the production of very 
crystallized deposits and enhanced dendritic growth. The 
experimental results obtained so far suggest 0.9-1 .5 mol dm” 3 as a 
convenient working range at 450°C.

The current state of the art enabled us to produce a set of 
chromium-plated Type 304 SS probes. A melt with 1.5 mol dm” 3 CrCl2 
concentration produced the most-coherent deposits with small grain 
size.
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Further work will focus on the electrodeposition of chromium 
using forced mass-transfer conditions and more-complex pulsing 
current/voltage regimes and will be reported later. The desired 
result is to reach a more accurate control on the grain size 
distribution and morphology of the deposit.
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Figure 1. Cyclic Voltammogram for the (LiCl-KCl) eut-CrCl2 System.
CsO.931 mol dm~3 , V:0.1 s'*. a: on Tungsten, b: on 304 SS.

Figure 2. Cyclic Voltammogram Figure 3. 
for the CrCl2 on 
304 SS. C-.2.12 mol dm"3, 
v:0.1 V s’1. asStill 
Electrode, b:Rotated 
Electrode (24 rpm).

Initial Nucleation Pulse 
Method; r j ^ z Nucleation Over- 
Potential, Growth Over- 
Potential, tjji Nucleation 
Pulse Width, tQ:Growth Time.
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Figure 4. SEM of Chromium Electro­
deposit on 304 SS. C:2.12 
mol d m "^, r)^:-0.6V, 
tfl:2 s, ?/g : “0 • 0 5 V , 
iG :0.025 A cm"2 ,
1 :~40 jiM.

Figure 5. SEM of Chromium Elec- 
deposit on 304 SS.
C:1.5 mol dm"3,
-1.0V, tN :l s, rjG : 
-0.09V, iG :0.07 A cm"2 , 
1:~25 f M .

Figure 6. I v s . r] Plot for
Chromium Deposition at 
Different Rotation Rates 
for Tungsten Disc Elec­
trode (Area = 0.0707 cm2 , 
C=1.0 M/cm3 ).
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THE EFFECT OF ACIDITY ON THE CORROSION OF IRON 
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ABSTRACT

The iron corrosion process in the molten equimolar 
NaN03-NaN02 mixture was studied as a function of melt 
acidity. A reaction model has been proposed from analysis of 
impedance spectra and was compared with earlier thermodynamic 
and kinetic results. This model which accounts for 
experimental data has allowed us to show the importance of 
the diffusion phenomena through the various iron oxide layers 
constituting the corrosion products. Besides, the acidity 
dependence of impedance spectra and more precisely of charge 
transfer resistances has revealed the existence of a narrow 
range of acidity (relative to NaFeC^ stability) for which 
iron corrosion is minimized.

INTRODUCTION

Corrosion of iron and iron alloys in molten nitrate-nitrite 
mixtures has been studied primarily because of the application of 
these salts as both a heat transfer fluid and a thermal energy 
storage medium. Results in the literature for salts without 
contaminants indicate the formation of iron oxides (1-11). It has 
been observed that the corrosion products are Fe203(s), which forms 
the external layer in contact with the salt, and Fe30^(s), the 
internal layer in contact with the metal. For temperatures greater 
than 600°C, it has been shown that a highly basic species of 
iron(lll), the sodium ferrate, NaFeC^, appears in the external layer 
(8). Studies on steel behavior in molten sodium-potassium nitrate- 
nitrite mixtures at 450°C reported by Spiteri (6) indicate that there

^present address:S.A.F.T./GTA, rue Georges Leclanche, 
86009 Poitiers-FRANCE
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are different corrosion rates depending on the (oxo)acidity level 
[defined by pO^’ = -log m(0^")]. In particular, a decrease in the 
corrosion rate has been observed in moderately basic media, jointly 
with the formation of sodium ferrate as one corrosion product. A 
similar result has been observed by Baraka et al. (1) in sodium- 
potassium nitrate for temperatures between 250°C and 400°C.

In previous work (9,10) we have demonstrated the relationship 
between the nature of iron oxide species and the oxide anion content 
in the melt. Stability constants of iron oxides have been determined 
by means of potentiometric titrations and equilibrium potential-pO^" 
diagrams have been deduced from them in the temperature range from 
420 to 500°C. The main result of this thermodynamic study is that 
different compounds of iron(lll) may be formed according to the 
acidity of the nitrate-nitrite mixtures. In strongly basic media, 
■̂e2^5^~ or Na^Fe205(s) are stable in contact with the melt. In 
moderately basic media, the stable iron oxide species are Fe02~ or 
Naj-e02(s), and in acidic media Fe203(s).

From the previously quoted authors' works and ours, we can assert 
that the iron corrosion in molten nitrate-nitrite mixtures leads to 
the formation of a multilayered product. The outer layer in contact 
with the melt is constituted by iron(lll) oxides whose surface 
composition depends on the melt acidity, and the deepest layer 
consisting of F ^ O ^ s )  [and perhaps FeO(s)] in contact with metallic 
iron. Moreover, knowing after Spiteri (6) that alkali ions are 
contained in the iron(lll) oxide layer, suggests penetration of melt 
inside the outer layer, we can predict for the latter a structure 
formed by several secondary layers constituted by iron(lll) compounds 
all the more acidic the deeper they are because of the oxide ion 
concentration gradient in the layer (Fig. 1).

The purpose of this paper is to study the iron corrosion process 
in the molten equimolar nitrate-nitrite mixture from a kinetic point 
of view, thus completing our work on the stability of iron(lll) 
oxides. This was undertaken by using chronopotentiometry and 
especially A.C. impedance techniques. The latter allow us to obtain 
in situ information on the mechanism and kinetics of the steps 
involved. This electrochemical technique has been successfully used 
in aqueous solutions (12-14). However, relatively few studies have 
been carried out in media where corrosion leads to the formation of 
insoluble products adhering to the metal surface (15-17).

EXPERIMENTAL RESULTS AND DISCUSSION

Technical.

Preparation of the melt, procedure, and apparatus have been 
described in detail in previous papers (18-20). For each experiment,

1029



lOOg of an equimolar sodium nitrate-nitrite mixture were introduced 
into a platinum crucible. p0^“ was imposed by using the buffer 
couple HoCKgVOH" whose acidity constant, given by 
K(j=P(H20).m(0^")/m(0H")2, takes the value 10~3*1 at 42Q°C (20). 
[concentrations m of the dissolved species are given in the molality 
scale and partial pressure of water P(H20) is given in atm].

The working electrode was a high purity iron wire (1 mm diam.) 
supplied by Johnson-Matthey, with a dipped surface area in the melt 
of 60mm^. The platinum crucible was used as a counter electrode.
The reference electrode is described elsewhere (20).

The chronopotentiograms were recorded with the help of a three 
pen Y/T Servofram SRM recorder (Sefram).

Impedance measurements have been performed over the frequency 
range 100 kHz-10mHz using the Z computer system (Tacussel) composed 
of a Tacussel electronic unit and of a Hewlett-Packard 9826 
microcomputer. Measurements have been carried put under linear 
conditions using a small amplitude sine wave signal of lOmV. In 
order to avoid external perturbations on the electrical measurements, 
the cell was surrounded with a ground connected Faraday cage, and 
screened wires were used for connecting electrodes with the 
electronic unit. Fifteen minutes are necessary to perform 
measurements over the whole frequency range considered. Data were 
stored on standard 51/4 inch flexible disks and further analyzed by 
means of the HP 9826 microcomputer and HP 7470 A plotter.

Chronopotentiometric evidence for a first transient phase followed by 
a quasi steady-state second phase in iron corrosion.

The potential of an iron electrode under open circuit conditions 
was followed as a function of time for different values of pO^- 
(Fig.2). In all cases, the iron electrode potential increases at the 
beginning of corrosion, involving the formation of iron oxides. This 
transient phase was observed until the potential reaches a steady- 
state value depending on melt acidity, which corresponds to the 
potential of the NO3V N O 2" redox couple as indicated by comparison 
with the potential of an inert platinum electrode (Fig. 2). The 
stabilization of the iron electrode potential does not exceed 2 hours 
and is shorter at lower pO^" values. Impedance measurements were 
performed at the stabilized rest potential of the iron working 
electrode.

A.C. Impedance studies of the second phase of the iron corrosion 
process.

Variation of impedance spectra as a function of oxide ion 
bulk concentration at a given immersion time (t = 3.5 h). Fig. 3
gives in the complex plane typical impedance spectra obtained in the
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molten equimolar NaNC^-NaNC^ mixture at 420°C, for four p0^~ values: 
1.4 and 2.9 corresponding to basic media where the stable iron(lll) 
oxide is Na^FeC^C^, p0^“ ^4.3 which is the value for which the 
latter ferrate transforms into NaFe02 (moderately basic media) and 
the last, pQ^" = 5.2, which corresponds to the transformation of 
NaFe02 into Fe2C>3 (acidic media).

These spectra are constituted, whatever the p0^~ values, by two 
composite capacitive loops. They show (i) that the different 
phenomena involved during iron corrosion have time constants close to 
each other, resulting in a convolution of capacitive loops and (ii) 
that the effect of p0^“ is characterized by a frequency shift of the 
capacitive phenomenon (Fig. 5) and by a maximum of impedance (and so 
a minimum in the corrosion rate) for a p0^“ value equal to 4.3, which 
corresponds to the formation of the ferrate, NaFeC^.

Variation of impedance spectra as a function of immersion time at 
a given oxide anion bulk concentration. Two values of p0^“ were 
considered: 1.4 and 4.3 for which a maximum impedance was observed. 
Analysis of Fig. 4 clearly shows the opposite corrosion behavior of 
iron for the two media considered. In the first case (pO^- = 1.4), 
impedance decreases when immersion time increases, to reach a low 
value indicating a fairly constant corrosion rate. On the contrary, 
for pO^” = 4.3, impedance increases with immersion time indicating 
the formation of a passivating film. Iron corrosion is then strongly 
limited.

Somewhat different behavior, depending on melt acidity, is 
observed for impedance spectra toward the lpw frequency region. 
Contrary to that which is observed for a pO^" value equal to 4.3, 
experimental data obtained at pO^" = 1.4 present a large scattering 
for frequencies lower than 1 Hz (Fig. 5). This fact suggests that 
iron corrosion products can flake off the metal for this melt 
acidity.

MODELLING OF THE IRON CORROSION PROCESS

Thermodynamic and kinetic experimental studies have shown that 
after the transient phase of iron corrosion (during which NO3” and/or 
NO2” oxidize the metallic iron which is quickly recovered by an oxide 
layer), corroded iron can be schematically represented as follows: 
metallic iron is coated by a layer of magnetite, which is itself 
covered by a layer of iron(lll) oxides (whose surface is in contact 
with the melt), thus defining four zones and three interfaces as 
indicated in Fig. 6. It should be noticed here that the sequence 
Fe/Fe30A/Fe203 has been reported as the thermodynamically most stable 
system (2 1) and is often referred as the passive film on iron in 
aqueous solutions (2 1,22).
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Proposed reaction mechanism.

The iron corrosion process in the molten equimolar NaNC>3-NaN02 
mixture can be described by the following steps:

(i) diffusion of the oxidizing species (NO3 and/or N02~) and 0^~ 
anions through the outer iron (III) oxide layer from its interface I 

melt to the interface II (Fig. 6):

NOz -
(interface 1) 

with z = 3 or 2,

D2(NOz-)_ NOz-
(Interface 1!)

m

O2- —  
(interface 1)

D2(02‘) - ---- O2'
(Interface II)

[2]

(ii) the occurrence of two electrochemical reactions at the 
interface II: the N0Z" species, which have diffused, can be reduced 
when they contact the magnetite [which is known to have excellent 
semi-conductive properties (23,24)] with the production of oxide 
ions:

NOz>  ze' ------ k1 — NO + (z -1) O2' [3]

(diffusion of NO has been assumed to be sufficiently fast so as not 
to be a limiting step).

The oxidation of Fe30^ to Fe202, which consumes a part of both 
0^" produced by reaction [3] and 0*~ coming from the melt by 
diffusion [2 ], according to:

2 Fe30 4 + O2'—  k2 — >  3 Fe20 3 + 2e' [4]

(iii) diffusion of the oxide anions not consumed by reaction [4] 
through the magnetite layer:

O2" ----- d3(02')— 5- o2' [5]
(Interface II) (Interface III)

and finally,

(iv) oxidation of metallic iron into magnetite (Interface III):

0.75 Fe + O2' ----- k3 0.25 Fe304 + 2 e' [6]

We can state here that nitriding is a result of isolating the 
surface of the metallic iron from the melt by oxide layers. Metallic 
iron is in fact in contact with nitrogen monoxide under a very low 
partial pressure of oxygen; conditions are favorable for further 
nitriding (10,1 1 ).
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Determination of the faradaic impedance.

In order to test the reaction model, we have calculated the 
corresponding impedance Z f  by the classical method. The details of 
the calculation of Z f  have been given elsewhere (25). The following 
expression for the faradaic impedance was obtained:

R 1 R2R3(1 +a)(1 +b)(1 +C)
Z f  = — ------------------------------------------------------  [7]

R lR 2(1+a)+R iR3(1+a)(1+c)+R2R 3(1-0.33b)(1+c)

where: = charge transfer resistance of the ith electrochemical
reaction:

Rx = [3FS k1b1 mn (N03 ' ) ] ' 1 for [3],
R2 = [2FS k2b2 mjiCO^ ' ) ] ' 1 for [4], and 
R3 = [2FS k3b3 u n t o 2' ) ] ' 1 for [6]

F = 9.6487.104 C mol' 1
S = surface area of the iron electrode (0.6 cm^)
K^= rate constant for the ith electrochemical reaction = 

k°i expC-bjq)
(k°^ = intrinsic rate constant; b^ = Tafel slope; n = overpotential).

mjj(N03_) and mjj(02_) are the concentrations of NC^- and 02~ at the 
interface II, respectively.

a = k1 th [8 2  V jco /D2 (Naj)] / V jcoD2 (N03') 

b = k2  th [52  V jco /P2( q 2-T] / V jco D2 (02') 

c = k3  th [8 3  V jco /D3( O2' )] / V jco D3 (02')

where: 63 and 63 are the thicknesses of the iron(HI) oxide layer and 
that of the magnetite layer, respectively; D2(N03~) and D2(02~) are 
the diffusion coefficients of NO3” and 02" in the iron(lll) oxide 
layer, respectively, and 03(0^") is the diffusion coefficient of 02" 
in the magnetite layer.

The overall impedance was obtained by taking into account the 
contribution of electrolyte resistance Re and double layer 
capacitance Cd, as well as, the resistance R and the capacitance C of 
the iron(HI) oxide layer, which appears as indicated in the 
equivalent electrical circuit represented in Fig. 7. Such a circuit 
has been successfully used in aqueous solution to describe the 
corrosion of iron(26) and mild steel(27) coated with organic 
compounds. The overall impedance Z is given by the following 
expression:
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Z=  Re + z [1+jcoCz]'̂ [8]

with:
z = R + Zf [1 +jcoCdZj]'1 [9]

Testing of the proposed reaction mechanism

Impedance spectra have been simulated from the expression of the 
overall impedance (Eq.[8]). A good fit has been observed (Fig. 8) 
with the values of the considered parameters collected in Tables 1 
and 2. This confirms that the proposed reaction model accounts well 
for all the experimental data.

Moreover, information about the electrical properties of the 
iron(IIl) oxide layer and the charge transfer resistances were also 
obtained. In particular, the charge transfer resistances determined 
at p0^“ - 4.3 are quite obviously higher (low corrosion rate) than 
those determined at pO^" = 1.4. This is consistent with the fact

HiUI^aLlllg CX puUL UU.£> illi ll)  Wli-L̂ il id  11UL L-litr LCldC IUL _L • H

(Table 1).

Iron corrosion in the molten equimolar NaNC^-NaNC^ mixture 
involves complex processes in which diffusion phenomena play an 
important role. A reaction model accounting for impedance 
measurements has been proposed and has led to the acquisition of 
electrical parameters characterizing the outer iron(HI) oxide layer, 
which is one of the corrosion products. The composition of this 
layer depends on melt acidity. Only NaFe02, formed in the very 
narrow domain ranging from pO^" = 4.3 to 5.2 has passivating 
properties.

We are grateful to Electricite de France Company for the 
financial support of this study. We express thanks especially to P. 
Saint-Paul, P. Spiteri, and J. M. Gras of this Company for their 
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Figure 1: Predicted compositions of iron corrosion products as a function of the 
bulk oxide ion activity in the molten equimolar NaN03 -NaN02 mixture.

Figure 2 :Chronopotentiometric study of iron corrosion in the mojten equimolar 
NaN0 3 -NaN0 2 mixture at 420°C for given values of pO^.cologarithm
of the bulk oxide ion activity [(J) iron electrode;(»)platinum electrode]
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Figure 3: Potential-acidity diagram of iron and Nyquist plots obtained at given 
p 0 2“values in the molten equimolar NaNOg-NaNC^ mixture at 420°C.
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p02*= 1.4 p02‘= 4.3

Figure 4: Immersion time dependence of impedance spectra for two values of melt 
acidity : p 0 2“= 1.4 and pO2" = 4.3 [ equimolar NaN0 3 -NaNC>2 mixture 
at 420°C].
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Figure 5: Bode phase plots and Bode amplitude plots for iron 
corrosion in the molten equimolar NaNC^-NaNC^ mixture at 420°C, 
obtained with an iron electrode immersion time of 20 hours at two 
given pO^" values: showing experimental data scattering for 
frequencies lower than 1 Hz when p02~ =1.4 (strongly basic medium).

Bulk oxide Ion activity

of the proposed reaction 
mechanism for iron corrosion 
in the molten equimolar 
NaNC^-NaNC^ mixture.

overall impedance relative 
to iron corrosion in the molten 
equimolar NaN03-NaN02 
mixture.

1040



N
O)ecc

N
mo

Figure 8: Comparison of the Bode phase plots and Bode amplitude plots calculated 
from Eq [8] (solid lines) and experimental data (points) for iron 
corrosion in the molten equimolar NaNOg-NaNC^ mixture at 420°C and
for an immersion time equal to 3.5 h showing the consistency of the 
reaction mechanism proposed.
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Table 1 : Immersion time dependence of impedance model parameters for iron 
corrosion in the molten equimolar NaNOg-NaNC^ mixture at pO^‘ = 1.4
and T = 420°C.

t 1,25 3,5 23 69
1,1 1 0,7 0,5

R 1,8 3 0,2 0,8
C 25 50 66 16
cd 30 60 100 55

f»1 20Q 280 100 100
r 2 400 200 3 3

k2N i b 2(o2-) 2 2,25 26 26
f 2'/2 /D2 (0i ) 1 1,2 1,2 1.2

r3 1 1 0.1 0,2
k3N i b 3 (Qi-) 400 400 100 150
S3V 2/D3 (o*-) 0,4 0.4 0,8 0,6

Table 2 : Immersion time dependence of impedance model parameters for iron 
corrosion in the molten equimolar NaNOg-NaNC^ mixture at pO^" = 4.3
and T = 420°C.

t 1 3,5 20,5 44 69

Re 1 0,4 0,4 0,4 0,4

R 9 11 17 16 20
C 27 13 9 8,5 7,5

Cd 15 4,5 2 3 2,5

R 1 350 700 750 750 780

r 2 2000 3000 4000 4000 5000

k 2/V 5 0 2 (0 ^ ) 0,4 0,15 0,15 0,1 0.1

J2v i / u 2 (Qt-) 1,7 3 4 6 6

f>3 5 20 20 20 20

k 3/V 2 £) 3 (o * ‘) 160 110 125 160 160

2/D3 (0*) 1 2 3 4 3

[ In Table 1 and Table 2, all parameters have their usual units ].
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