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PREFACE

The Seventh International Symposium on Molten Salts was held May 6-11, 1990, at 
the Queen Elizabeth Hotel in Montreal, Quebec, Canada in conjunction with the 177th 
Meeting of the Electrochemical Society. Financial support for the symposium was 
provided by the Physical Electrochemistry and High Temperature Materials Divisions of 
the Society and by the U. S. Air Force Office of Scientific Research. The co-organ- 
izers of this symposium were Prof. Charles L. Hussey, University of Mississippi; Dr.
John S. Wilkes, United States Air Force Academy; Prof. Spiro N. Flengas, University 
of Toronto; and Prof. Yasuhiko Ito, Kyoto University. These same individuals also 
serve as the co-editors of this volume.

One of the highlights of the meeting was the presentation of the Max Bredig 
Award to Dr. G. Pedro Smith, who received the award for his many important 
contributions to field of molten salt chemistry. A short biographical sketch of Dr.
Smith is provided on the next two pages by Prof. Gleb Mamantov of the University of 
Tennessee and is followed by a text of Dr. Smith’s award address.

The Seventh International Symposium on Molten Salts was truly international in 
that symposium participants originated from Belgium, Canada, China, Czechoslovakia, 
Denmark, England, France, Germany, Greece, Italy, Japan, the Netherlands, Norway, 
and the U.S. Sixty-nine of the seventy papers presented at this symposium are 
included in this volume. These papers cover a diverse range of topics, including 
batteries and fuel cells, electrochemistry, structure, theory, thermodynamics^ transport 
properties, and both inorganic and organic synthesis.

I wish to extend my appreciation to Dr. Wilkes, Prof. Flengas, and Prof. Ito for 
their help with the planning and administration of the symposium and for their editorial 
assistance during the preparation of this volume. I also wish to acknowledge the 
assistance of Ms. Harriet D. Hearn.

Charles L. Hussey 
University of Mississippi
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FACTS ABOUT THE ELECTROCHEMICAL SOCIETY, INC.

The Electrochemical Society, Inc., is a nonprofit, scientific, 
educational, international organization founded for the advancement of 
the theory and practice of electrochemistry, electrothermics, 
electronics, and allied subjects. The Society was founded in 
Philadelphia in 1902 and incorporated in 1930. There are currently 
over 5000 scientists and engineers from more than 40 countries who 
hold individual membership; the Society is also supported by more than 
100 corporations through Patron and Sustaining Memberships.

The technical activities of the Society are carried on by 
Divisions and Groups. Local Sections of the Society have been 
organized in a number of cities and regions.

Major international meetings of the Society are held in the 
Spring and Fall of each year. At these meetings, the Divisions and 
Groups hold general sessions and sponsor symposia on specialized 
subjects.

The Society has an active publications program which includes the 
following.

JOURNAL OF THE ELECTROCHEMICAL SOCIETY - The JOURNAL 
is a monthly publication containing technical papers 
covering basic research and technology of interest in 
the areas of concern to the Society. Papers submitted 
for publication are subjected to careful evaluation 
and review by authorities in the field before acceptance, 
and high standards are maintained for the technical 
content of the JOURNAL.
EXTENDED ABSTRACTS - Extended abstracts of all technical 
papers presented at the Spring and Fall Meetings of the 
Society are published in serialized softbound volumes.
PROCEEDINGS VOLUMES - Papers presented in symposia at 
Society and Topical Meetings are published from time to 
time as serialized softbound Proceedings Volumes. These 
provide up-to-date views of specialized topics and 
frequently offer comprehensive treatment of rapidly 
developing areas.
MONOGRAPH VOLUMES - The Society has, for a number of 
years, sponsored the publication of hardbound Monograph 
Volumes, which provide authoritative accounts of 
specific topics in electrochemistry, solid state science 
and related disciplines.
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G. Pedro Smith - 1990 Recipient of the Max Bredig Award

The Max Bredig Award was established in 1984 by the Physical 
Electrochemistry Division of the Electrochemical Society. This award is 
granted to a scientist working in the area of molten salt chemistry to 
recognize important scientific contributions to molten salt chemistry. 
The first such award was given to Milton Blander in 1987 at the time of 
the 6th International Molten Salt Symposium in Honolulu. This award is 
financed from the income of the Max Bredig Award Fund established for this 
purpose by contributions from ARCO Metals Co. and the Aluminum Co. of 
America.

The award is named in honor of Max Bredig, a member of the Chemistry 
Division, Oak Ridge National Laboratory, during 1946-77. Max Bredig is 
best remembered for his pioneering studies on phase equilibria, electrical 
conductivity and thermodynamic properties of alkali metal-alkali metal 
halide systems. As a student in Haber's Institute in Berlin and as a 
research associate in Gottingen in the 1920's, he had contact with Nernst, 
Planck and other scientific giants of that era. He was probably 
influenced by his father, Professor Georg Bredig of Karlsruhe, who is the 
originator of the Bredig arc method for preparing colloidal suspensions 
of metals. I remember Max as a key contributor to a number of Gordon 
Conferences, including the one he chaired in 1965, and as a lecturer in 
a course on molten salt chemistry that I organized in 1965. Another 
lecturer in that course was this year's award winner, G. Pedro Smith.

Pedro was born in Norfolk, VA in 1923; he received his BS, MS, Ph.D. 
(1950) from the University of Virginia. His graduate research dealt with 
the chemistry of single metal crystals. In 1950 he joined ORNL where he 
first headed a group studying corrosion at high temperatures.

In mid - 1950's he organized a group to investigate optical spectra of 
molten salts; this pioneering researbh was continued until 1970. At that 
time Pedro started exploring possibilities for using molten salts as 
catalysts in the manufacture of synthetic fuels from coal.

In 1972-73 he was a Visiting Professor, Technical University of Denmark. 
He also served as a visiting lecturer at the Norwegian Institute of 
Technology in 1970 and 1978. In 1975 he and his colleagues began 
mechanistic studies of the reactions of aromatic compounds in molten 
metal halides. In addition to his ‘ work at ORNL, Dr. Smith has had an 
active teaching career at the University of Tennessee, as a lecturer in 
Metallurgy (1951-63), UT-ORNL Professor of Chemistry (1963-76), and 
Adjunct Professor of Chemistry (1982 - present). He has supervised the 
research of several UT graduate students.
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He has served as the chairman of the 1971 Gordon Research Conference on 
Molten Salts, program chairman, SE ACS Regional Meeting, 1976, coeditor 
of the first 3 volumes of Advances in Molten Salt Chemistry, and as a 
lecturer at the NATO Advanced Study Institute on Molten Salt Chemistry 
(1986).

Dr. Smith has made key contributions to several areas of molten salt 
chemistry. A central theme of his work has been the discovery and 
spectroscopic characterization of unusual chemical species that can be 
stabilized in molten salts, including halide coordination complexes of 
transition metal ions, subvalent ions and clusters of Group V elements, 
and conjugate acids and cation radicals of aromatic hydrocarbons.

Dr. Smith retired from ORNL at the end of 1988. His involvement in molten 
salt chemistry is profoundly missed by all of us.

Gleb Mamantov 
University of Tennessee, 
Knoxville
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THE SEARCH FOR UNUSUAL REACTIONS 
AND SPECIES IN MOLTEN METAL HALIDES

G. Pedro Smith 
7925 Chesterfield Drive 

Knoxville, Tennessee 37909, USA

Thank you Professor Mamantov for your introduction. I also wish to 
thank the Organizing Committee of the Seventh International Symposium on 
Molten Salts for having so thoughtfully arranged tonight's award banquet 
- good food and drink, old friendships renewed - it is an evening to savor 
and remember.

For me it is especially meaningful that this banquet is being held 
here in the city of Montreal. A generation ago, in 1961, Montreal was host 
to a symposium on molten salts held in conjunction with the International 
Congress of Pure and Applied Chemistry. At that time molten salt research 
was in the midst of a renaissance that had been gathering momentum for over 
a decade. I had only recently begun work in this field and for me that 
meeting was an exhilarating experience.

A leader in that renaissance and a prominent personality at that 
meeting was the late Max Bredig in whose honor the award in molten salt 
chemistry was established. Max was the foremost experimentalist of his 
time and a gem of a person. I had the good fortune to know him well. His 
encouragement and advice did much to shape my career.

This week, here in Montreal, we are once more attending an outstand
ing symposium on molten salts at a time when this field is in the midst of 
a new period of growth and accomplishment under the leadership of a new 
generation. I like to think of tonight's banquet as a time to remember the 
old while we celebrate the new.

In that context it is now incumbent upon me to deliver an "award 
address", a response to the honor bestowed on me for research that was in 
fact the result of collaboration with many scientists over the years. To 
them I say, Thank you; without your scientific insight and hard work I 
would not be here tonight. To the rest of you gathered here there is 
little about our research that I haven't recounted many times in the past. 
Perhaps one last retelling of a bit of it will do no harm.

Much of the research that my colleagues and I did had the character 
of a treasure hunt. It was a search for unusual solute species and 
reactions in molten salts. Such a search could not be planned in any 
detail. Usually we set forth with only a sketchy notion of where we were 
going and what it was we were looking for. Although a risky venture, it 
was not a frivolous one. On the contrary, the occurrence of unusual solute 
species in stable or persistent states tells us important things about the 
chemical environments that favor their presence. And when one happens upon 
a species that is new to science, one is blessed with a unique opportunity
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to characterize it and learn something new about chemical structure and 
behavior.

Much of our research was done with anhydrous, molten metal halides 
and their mixtures. These liquids encompass a diverse array of chemical 
types, most cf them quite different from the solvents familiar to chemists, 
many remain liquid at very high temperatures where few chemists venture. 
What more likely place to look for uncommon chemistry?

Tonight I shall tell of two treasure hunts that took place at 
different times and that began with completely different objectives but 
that in the end proved far more closely related than we could ever have 
guessed.

Once upon a time a very hot topic in molten salt research was the 
solubility of metals in their molten halides. Max Bredig, Sam Yosim and 
their colleagues were the leading investigators. By the time of the 1961 
Montreal meeting the very difficult task of determining the phase diagrams 
of metal/metal halide systems was in an advanced state and research was 
increasingly being directed toward describing these melts on an atomic 
scale. In many cases, especially in the case of metal-rich melts, an 
appropriate description was best formulated in terms of concepts drawn from 
solid state physics. However, some dilute solutions of metals seemed to 
be something a chemist might sink his teeth in (figuratively, that is). 
Solutions of bismuth in its molten trihalides became the objects of a 
particularly intense debate. Bismuth in its 3+ state is very stable and 
no state inbetween this and the metal had been identified. Perhaps the 
solute was in the zero oxidation state. Among solute species proposed were 
Bi atoms and their dimers, Bi2. However, phase diagrams of the bismuth/ 
bismuth trihalide systems showed the presence of compounds with the 
approximate composition "BiX" (X - Cl, Br, I). Although these compounds 
decomposed on melting and nothing was known about their structures, they 
provided a basis for supposing that the 1+ oxidation state of bismuth might 
be stable in the right environment. Thus the Bi+ ion and some of its 
polymers, (Bi+)2 and (Bi+)4, were suggested as possible solute species.

While this was going on, my colleagues and I were using UV-VIS 
spectroscopy for other purposes but we decided to have a look at solutions 
of Bi in BiCl3. We found, not one but two solute species. However, we were 
unable to identify them. There were several problems. One was inter
ference from a very broad intervalence bond due to the presence of Bi3+ in 
high concentration. Well, half a loaf is better than none, so we presented 
this result at the 1961 Montreal meeting.

Very soon after that Leo Topol and Bob Osteryoung presented electro
chemical evidence that convincingly supported the identification of these 
two solute species as Bi+ and (Bi+)4 in equilibrium, thus

4Bi+ <----> (Bi+)4

Now, the presence of Bi3+ at a high and virtually constant concentration 
precluded an experimental determination of its role. For example, the 
equilibrium
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4Bi <- (Bi3) + + Bi3+

also fitted the data, at least in a formal way. But one could reject this 
reaction as implausible because metal ions with fractional oxidation states 
were unknown to chemistry.

Then John Corbett determined the correct formula and crystal structure 
of "BiCl". Its formula was Bi6Cl7 and it contained an extraordinary ion, 
Bi95+, a homopolyatomic cluster ion with a fractional oxidation state. 
Although this ion did not appear to survive in the melt, its existence 
completely changed our assumptions about the solution chemistry of Bi and 
sent us off on a treasure hunt.

Any further research in Bi-BiCl3 melts seemed pointless. We needed 
solvents that mimicked the ability of bismuth trihalides to provide 
hospitable environments for lower oxidation states but in which Bi3+ need 
be present only at a low and controllable concentration. Working on the 
surmise that Lewis acidity was the controlling factor, we found that molten 
halozincates and haloaluminates served our purpose well.

Using these melts we found three solute species in low oxidation 
states: Bi+, Bi53+ and Bi82+. All had distinctive spectra. The formulas 
of these solutes were determined by changing the solvent composition and 
temperature in such a way as to change their relative stabilities and, 
thereby, shift their chemical equilibria. Subsequently, other investi
gators confirmed our identifications by preparing compounds containing 
these ions and determining their crystal structures.

The Bi+ ion might have seemed quite ordinary by comparison with the 
exotic cluster ions, but, in fact, it was quite extraordinary. Its optical 
spectrum showed that its electron configuration was . . .6p2, that is, it had 
an incomplete p shell in exactly the same sense that many transition metal 
ions are said to have incomplete d shells. Although ions with incomplete 
p shells are quite plentiful in stellar atmospheres and lightning bolts, 
they are most unusual as stable species in condensed matter.

During the last decade of my career as a molten salt chemist, my col
leagues and I investigated organic reactions in molten metal halides. We 
often used molten SbCl3 as a solvent. This substance is a chemical relative 
of BiCl3 and, as you will see later, this relationship will tie my two 
stories together. But don't jump to conclusions, Sb metal is virtually 
unsoluble in molten SbCl3, a fact that was established during the hay day 
of metal/metal halide chemistry.

Molten SbCl3 is also a weak Lewis acid and a leveling solvent for 
strong Lewis acids and bases so that the acidity of the melt can be con
trolled over a moderate range by additions of acidic or basic chlorides. 
We made much use of this fact because many organic reactions are sensitive 
to melt acidity.

In our first experiments we simply dissolved polycyclic aromatic 
hydrocarbons (PAHs) in SbCl3 under very clean conditions and watched what 
happened by using various in situ techniques as well as conventional

3



quench-and-separation. Many of the PAHs underwent a well-known type of 
reaction, called a Scholl condensation, in which two PAH molecules con
dense to form a higher molecular weight PAH with the loss of two atoms of 
hydrogen for each carbon-carbon bond formed. Figure 1 shows some Scholl 
reactions for anthracene.

Scholl reactions are usually carried out in molten metal chlorides 
with a high Lewis acidity, typically A1C13. Thus, the ease with which they 
occurred in mildly acidic SbCl3 was somewhat surprising but not nearly so 
surprising as what happened to the hydrogen that was released. No one had 
ever bothered to find out where this hydrogen went. The usual assumption 
was that it was liberated in elemental form and that may be true in A1C13 
melts but in SbCl3 we found it had a quite different fate; it quantitatively 
hydrogenated unreacted substrate PAH. An example of this reaction is shown 
in Fig. 2 where anthracene is again used as the substrate.

Since SbCl3 is not usually thought of as a hydrogenation catalyst, 
this reaction posed a mechanistic puzzle. But an even more unexpected 
reaction took place when we increased the acidity with a small addition of 
A1C13. The reaction is illustrated in Fig. 3 with anthracene as the 
substrate. The hydrogen liberated by Scholl reactions quantitatively 
protonated the substrate with the release of an electron. The protonated 
PAHs (i.e. , arenium ions) formed in this reaction are usually very unstable 
as solutes except in the presence of very strong protic acids. However, 
in these melts under essentially aprotic conditions they were formed in 
massive amounts and were quite stable. How they got there and why they 
were stable proved to be questions with important answers, but tonight I 
wish to focus attention on the fate of the electrons released by this 
reaction.

At first we thought the reduced product was Sb metal. Following 
quench we recovered the metal in the amount required by the reaction 
stoichiometry. However, there were some strange things about this reduc
tion process. For one we could not recover any Sb metal by filtering the 
hot melt. For another, the metal recovered following quench was amorphous 
but quickly crystallized when heated.

Given our experience with Bi, it was tempting to suppose that the 
reduced form in the melt was an Sb species in a low oxidation state. In 
iodide melts Sb is known to form a catenated species, I2Sb-SbI2, in the 
formal oxidation state 2+ but nothing of that sort had been found in 
chloride melts and it was not likely to be stable in an acidic melt. 
Furthermore, in pure SbCl3 the metal was virtually insoluble, as had been 
demonstrated long ago.

Then a happy accident occurred. While preparing an Sb electrode in 
SbCl3 containing CsCl, we found the metal to be moderately soluble in such 
melts although the solubility rapidly diminished as the CsCl concentration 
was decreased. In this case the solute species clearly required a basic 
environment and was possibly related to I2Sb-SbI2. Since we were old- 
fashioned chemists, we were familiar with the phenomenon of amphoteric 
behavior and so we tried SbCl3 acidified with A1C13. The metal was very 
soluble. We had stumbled upon a class of low oxidation state species that 
had been overlooked by prior investigators. When the melt was frozen,
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these species did not survive as stable entities and they have not been 
observed in other media. Their presence as solutes in molten SbCl3 provides 
the basis for some quite unusual homogeneous reactions. Subsequently, we 
found similar organic reactions in molten Ga2Cl6 where the soluble reduced 
form was Ga+, a species with a very limited stability range except in molten 
metal halides.

This research also had a frustrating side: We never pinpointed the 
identity of the low oxidation states of Sb. But time catches up with us 
all; in 1988 I retired from the Oak Ridge National Laboratory and from 
research on molten salt chemistry.
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Fig. 1. Examples of Scholl condensation reactions in acidic melts.
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Fig. 2. Hydrogenation in molten SbCl3.

Fig. 3. Protonation/oxidation in SbCl3 containing 5 mol % A1C13.
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STRUCTURE OF MOLTEN SALTS

Marie-Louise Saboungi, M. A. Howe,* and D. L. Price
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ABSTRACT

A brief review of the structure of molten salts is given with special 
emphasis on structural features in reciprocal space. Selected diffrac
tion results on halide salts containing monovalent and divalent cations 
are presented, along with recent results on salts containing trivalent 
cations. Different models and computational techniques, such as ran
dom packing of structural units, the reference interaction site model, 
and reverse Monte Carlo are used to derive structural information at 
the partial level.

INTRODUCTION

Improvements in pulsed neutron sources, reactors, and x-ray sources have re
sulted in an increased accuracy in the determination of structure factors, especially 
at small wave vectors. New facets in the structure of liquids have been revealed, 
especially in molten salts and their solutions. The present paper highlights progress 
achieved in the determination of the structure of some halide molten salts contain
ing a trivalent cation. In the first section, we briefly review diffraction results on 
monovalent and divalent molten salt (1-3). In the second section, we present re
cent diffraction results obtained on molten salts containing trivalent cations, which 
can be classified into two classes, the low-melting and high-melting salts. Several 
models available in the literature have been used to further our understanding of 
the structure. For liquids containing complex structural entities, two models were 
used, random packing of structural units (4) (RPSU) and the reference interaction 
side model (5) (RISM), which have been found to adequately represent the main 
features of the structure; in the case of salts where an ionic character is observed, 
the reverse Monte Carlo (RMC) method was used to extract structural information 
at a partial level (6).

The most fundamental information about the structure on an atomic scale is 
obtained from diffraction measurements, with either neutrons or x-rays. The wave

•Present address: Clarendon Laboratory, Parks Road, Oxford OXl 3PU, 
England.
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nature of a beam of particles is used to measure the interference pattern of the 
intensity I(Q) of the waves coherently scattered from the ions in the liquid:

m  = exp iQ • (rj -  ri) (1)
ij

where the scattering vector Q is the difference between the wave vectors of the 
incident and scattered beams and b{ is the coherent scattering length. For neutron 
diffraction, the b{ are generally constant, while for x-ray diffraction they are a 
function of Q through the form factor of the target atom. A single diffraction 
experiment yields the total structure factor S(Q), which is related to I(Q) by:

/(<?) = tf [< 6)2 [S (C ?)-l] +  <62) ] .  (2)

For a salt containing a cation M and an anion X, the total structure factor is a linear 
combination of three partial structure factors, Sxx> $MMi and Sji/x- In terms of 
these, the measured intensity reads;

I(Q) =  N ^ 2  xaxj8b*ab|gSot/j(Q) -  (b)2 +  (b2) (3)

where a , (3 =  M or X and xa and x^ are the atomic fractions of the ions a  and /?. 
The pair correlation functions ga;g(r) are related to Sa^ through the relation:

S«/3(Q) = 1 +  J [g«/j(r) -  1] i  sin Qr dr. (4)

The most crucial information about the structure is contained in the partial 
structure factors, which are still difficult to measure directly with as good an ac
curacy as the total structure factor. In order to experimentally determine the 
partials, several independent measurements of I(Q) must be done. For neutron 
diffraction, this can be achieved by using different isotopes when applicable, and 
for x-ray diffraction, by using differential anomalous scattering, or a combination 
of x-ray and neutron diffraction can be made if the scattering lengths are favorable 
(1). Most of the problems associated with the isotopically substituted samples stem 
from the high amount of impurities present in the isotopes, impurities that are diffi
cult to remove, such as hydroxides, and from the limited contrast in the scattering. 
Differential anomalous scattering is a promising technique, but is limited to those 
compounds where the K edges do not overlap; in practice, results obtained for liq
uids, such as GeBr4 (7), have not been as accurate as those obtained from neutron 
diffraction. Thus, a theoretical approach to the structure is still essential if one is 
to extract detailed information.
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MOLTEN SALTS WITH MONOVALENT AND DIVALENT CATIONS
An excellent review of the structure of molten alkali halides and salts contain

ing divalent cations was published by Enderby and Biggin in 1983 (1). Careful 
work done by the British groups of Enderby (1) and Mitchell (8) have shown that 
alkali halides have similar radial distribution functions for the cation-cation and the 
anion-anion pairs. A characteristic peak in the partial structure factors Sm m  and 
Sjrjr and a corresponding dip in Sm x  is present; the peak and dip are due to the 
coulomb interactions and usually located in the vicinity of 2 A"1. Finally, Enderby 
and Biggin (1) pointed out that a small amount of penetration of the cation-cation 
and anion-anion pairs into the first coordination shell is observed in all of the mono
valent salts. Interestingly, the measurements confirm findings obtained by molec
ular dynamics simulations based on rigid ions (9). A notable exception is molten 
CuCl where the radial distribution functions of Cu-Cu and Cl-Cl are remarkably 
dissimilar (10). CuCl remains an exceptional salt whose properties are not fully 
understood.

In the molten salt containing divalent cations, the three radial distribution 
functions are quite different, especially the anion-anion and cation-cation. Big
gin and Enderby have shown that the anion-anion peak position and coordination 
number change little with cation, but the height decreases significantly for larger 
cations. An increased penetration of like ions into the first coordination shell is also 
observed as the cation size increases. In most cases, the coordination number of 
the unlike ions changes very little from that in the solid; a remarkable exception is 
MgCl2 where Biggin et a / .( ll)  found a decrease in the coordination number from 
six to four upon melting, implying a rearrangement of the ions from octahedral to 
tetrahedral sites.

In some of the divalent salts, e.g., ZnCl2 (12), NiX2 (3), an interesting feature 
is observed in the total structure factor, the appearance of a peak at a small wave
length, Q ~1  A-1. This first diffraction peak is present in either the three partial 
structure factors or in the like partial structure factors. The signature of this first 
peak in the radial distribution functions is not significant. However, its presence in 
reciprocal space implies that ordering in these salts is rather of intermediate range 
and could have a different origin than the coulomb alternation of charges. The for
mation of complex species in most of the melts, such as MgClJ- , which are usually 
inferred to from Raman spectroscopy measurements might be responsible for the 
manifestation of the low-Q diffraction peak. Using isotopically substituted samples, 
the partial structure factors thus obtained show this peak only in the cation-cation 
structure factor for CaCl2, but in the cation-cation and cation-anion structure factor 
for ZnCl2 and the nickel halide salts.
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MOLTEN SALTS WITH TRIVALENT CATIONS

There have been very few studies of molten trivalent salts, particularly at the 
partial structure level. We have initiated a systematic experimental study of the 
total structure factor of these salts including those with high melting points, e.g., 
NdX3, LaX3, YCI3, and those with low melting points, e.g., AIX3 and GaX3, where 
X =  Cl, Br, I. The purpose of this study is to establish trends, derive informa
tion related to the atomic distribution, and deduce radial distribution functions by 
combining experimental results with models and/or molecular dynamics simulation. 
Finally, the availability of Nd and Cl isotopes makes it possible to obtain partial 
structure factor information for salts containing one of these ions.

In what follows, we compare the results obtained for NdCl3 and AlBr3, con
trasting the behavior of a high-melting salt with that of a low-melting salt. In 
Table I, we have compiled some properties of trivalent molten salts. Note the rel
atively small values of ASm for the low-melting salts with the exception of AICI3 
where the entropy is quite large, implying a^major change in structure upon melting. 
For the high-melting salts, the entropy takes normal values reflecting the increased 
degree of disorder.

Experimental

The samples were contained in thin walled SiC>2 ampoules. The chemicals were 
prepared by APL Engineered Materials, Inc., Urbana, Illinois, and were analyzed for 
H2O contamination; typically less than a few ppm of H2O were detected using Carl- 
Fisher titration methods. No evidence of any etching or attack of the silica tubes 
was detected. The samples were maintained in the liquid state for less than five 
hours, sufficient to collect diffraction data. The experiments on the low-melting 
salts were carried out on the Special Environment Powder Diffractometer at the 
Intense Pulsed Neutron Source, Argonne National Laboratory, using time-of-flight 
diffraction. The experiments on the neodymium and lanthanum halides were carried 
out using the D20 diffractometer of the Institute Laue-Langevin, Grenoble, France, 
with monochromatic neutrons of wavelength 0.94 A. On both machines, spectra 
were obtained for the liquid sample, an empty silica ampoule, room background, 
and a vanadium rod. The measurement of the scattering from the vanadium was 
used to calibrate the instrument and put the scattering on an absolute scale.

Data reduction is discussed elsewhere (13). In the case of the neodymium salts, 
a correction for the magnetic scattering from the neodymium ion was applied using 
the magnetic form factor of the free Nd3+ ion.

Structure of a Low-Melting Trihalide Salt, AlBr3

The total structure factor of AlBr3 at T =  413 K is shown in Figure 1. The 
main features of S(Q) are the presence of a first sharp diffraction peak at low wave 
vector, Q «  1 A-1 , and the long range of oscillations at high Q. In real space, the
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pair correlation function g(r) obtained from S(Q) via Fourier transformation shows 
a prominent sharp peak at r «  2.3 A, which can be ascribed to M-X correlations 
within the molecules. The cation coordination numbers are 4.0 for AlBr3, 3.8 for 
GaBr3, and 3.7 for Gal3. The coordination number of four, which is expected 
for the M2X6 molecules, contrasts with three, which is expected of MX3 and so 
indicates that the AlBr3 consists of A^Bre molecules in the melt, and that the 
gallium salts are dimerized only up to «70-80%, in agreement with earlier Raman 
scattering studies (14). We have used the Reference Interaction Site Model (RISM) 
to calculate S(Q) under the assumption that the melt consists entirely of M2X6 
interacting via site-site hard sphere potentials. The parameters needed are the 
molecular geometry, the density of the liquid, and the hard sphere diameters of the 
atoms in the molecule. The good agreement obtained between measurements and 
calculations (the dashed line in Figure 3) can be considered as further proof of the 
dimerization of AlBr3. The RISM calculations might be improved by considering 
different potentials.

Structure of a High-Melting Trihalide Salt, NdCl3

Figure 2 shows the total structure factor, S(Q), corrected for the magnetic 
scattering of the Nd3+ ions. Here there is less structure at high momentum transfer, 
but the first diffraction peak at Q «  1 A-1 is still present and is a common feature 
to all the trivalent molten salts that we have examined. In the case of NdCl3, x-ray 
data were made available to us (15) and were used in conjunction with the neutron 
results to obtain a model structure using the Reverse Monte Carlo method (6). 
This method enables one to obtain a three-dimensional structure that reproduces 
the measurements; from the ionic distributions, one can further probe the ionic 
arrangements in a system and compute partial structure factors and the radial 
pair distribution functions. Such calculations were carried out for NdCl3 and the 
correspondence between measurements and calculations are illustrated in Figure 2. 
The computations carried out on a system containing 1024 ions inside a box of 
length 31.52 A yielded the three partial functions in real and reciprocal space. 
Furthermore, triplet correlation functions were calculated. In the solid state, NdCl3 
crystallizes in the Y(OH)3 (UCI3) structure, a hexagonal lattice composed of chains 
of MX3 trigonal pyramids. Figure 3 shows six triplet correlation functions for both 
liquid and crystalline states, the former calculated using RMC, the latter from a 
distorted lattice.

The remarkable similarity between the crystalline and liquid triplet correlations 
suggests that the local structure in the melt, although considerably more disordered 
than in the solid, still retains some characteristics of the solid phase.
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CONCLUDING REMARKS

In conclusion, the structures of trivalent molten salts show interesting differ
ences. In high-melting salts such NdCl3, the short-range order of the crystal struc
ture is present in the melting process where the long-range order is destroyed. In 
low-melting salts such as AlBr3, the melt is characterized by M2X6 dimers. In all 
the salts studied, the presence of first diffraction peaks at Q ~  1 A-1 indicates a 
substantial degree of intermediate-range order.
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Figure 1. The structure factor for molten aluminium bromide. 
The points are the experimental data and the dashed line is the 
result of the RISM calculations.

Figure 2. The total structure factor obtained by RMC (dashes) 
compared with the experimental neutron diffraction data.
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CALCULATION OF THE SOLUBILITIES OF OXIDES 
IN MOLTEN CARBONATES*

Milton Blander and Arthur Pelton*

Argonne National Laboratory 
9700 South Cass Avenue 
Argonne, Illinois 60439

^Ecole Poly technique 
P.O. Box 6079, Station‘A’

Montreal, Quebec, Canada II3C 3A7
ABSTRACT

Analyses of data on the solubilities of NiO in molten alkali carbonates, 
M2CO3, provides values of thermodynamic parameters of the solution 
constituents NiC(>3, NiO, and M2Ni02 in an alkali carbonate solution. 
These data and data on the free energies of mixing of alkali carbonate 
mixtures permit one to calculate solubilities of NiO in the mixtures 
using molten salt solution theories. This procedure avoids the inconsis
tencies inherent in correlating oxide solubilities with intuitive acid-base 
concepts and is general enough to be used with other solvents (e.g., 
alkali sulfates and halides) and solutes (other oxides).

INTRODUCTION

An understanding of the dissolution (i.e., the fluxing) of oxides by molten salts 
is important in understanding hot corrosion phenomena,1-9 and the degradation of 
oxide cathodes in carbonate fuel cells.10-15 One aspect of hot corrosion is a mode of 
corrosion in which molten sulfates formed from combustion effluents dissolve pro
tective oxide coatings of structural alloys and accelerate degradation of the alloys. 
Although most experimental studies have focused on Na2SC>4, calculations have 
shown that sulfates from e.g., coal combustion are composed of variable composi
tions of Na2SC>4, CaSC>4, and MgSG4 (and K2SO4 as well if potassium is present 
in the coal).16 In fuel cells, the solubility of NiO cathodes in molten carbonates is 
a major factor limiting the lifetime of the cells.

It is the purpose of this paper to deduce a fundamental formalism for the ther
modynamics of the dissolution of oxides that would permit one to more readily 
understand the chemistry and to make useful predictions at temperatures and com
positions outside the range of measurements. Such predictions can be important in 
minimizing hot corrosion and in optimizing the performance of molten carbonate 
fuel cells. In addition, as will be shown, even a simple qualitative understanding of 
the chemistry in the range of compositions and temperatures of operation of fuel
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cells defines the particular parameter that will most likely control the solubility of 
NiO. In this paper, we focus on the solubilities of NiO in molten carbonates because 
of the availability of a broad range of d a ta .14’15 Insights gained in this study should 
apply to the analogous phenomenon in sulfates relevant to hot corrosion.

Of particular significance is the framework for our discussion, which is based 
on thermodynamic and statistical mechanical concepts and theories that have been 
developed for molten salts. Acid-base concepts have been applied to molten sulfates 
and carbonates.14,15 There are fundamental inconsistencies in such concepts* that 
make it difficult to deduce clear interrelationships among thermodynamic properties 
in different solvents. As we will show, our methods clarify the chemistry and suggest 
methods for improving performance of NiO cathodes. Our analyses will be based 
on a particularly complete set of measurements by Orfield and Shores14’15 of NiO 
solubilities in four alkali carbonate melts and in binary mixtures of Li2C03 -K2C03 
and Na2C03-K2C03 at 910°C. Their results provide clear insights into the total 
chemistry and help to define an approach for decreasing the solubility of NiO in 
fuel cell electrolytes.

MEASUREMENTS AND THEIR ANALYSIS

The measurements of Orfield and Shores for the NiO solubilities are given in 
Figure 1 plotted as log [(Xni x 106) mol ppm] (where X ^  is a mole fraction) versus 
the negative of the logarithm of the activity of M2O in the melt at 910°C, which 
varies with the partial pressure of CO2 according to the relation

aM20  =  K m ss /p C 0 2 (1)

^D?SS ls ^ le equilibrium constant for the reaction

M2C 0 3(s) M20 ( s) + C 0 2 M -  Li, Na, K, Rb

and the standard states for the activities of the oxides are the solids. Orfield and 
Shores defined a basicity scale for the pure carbonates as log am20- The values of log 
^D?SS ôr the f°ur alkali carbonates are 2.503 for Li2C0 3 , 6.776 for Na2C0 3 , 9.865 
for K2CO3, and 10.578 for Rb2C03.14 One does not see any particular regularity 
of the solubilities as a function of basicity in the plot in Figure 1.

Orfield and Shores followed a procedure of Rapp and coworkers in analyzing 
these data. In the relatively acid melts (higher pco2) for a given carbonate, the

*In carbonates, for example, there exist compositions in the Li2C03 -Li20  system 
in which both the acidity and basicity are higher than compositions in Na2C03 - 
Na20  melts when acidity is defined as pco2 and basicity is the activity of the 
alkali oxide.
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solubility should rise linearly with a slope of -f 1 due to the formation of NiC03 (the 
Ni2+ ionic species with carbonate being the only anionic nearest neighbors) by the 
reaction

NiO(s) + C 0 2 ^  N iC 03(soln) (2)

For a fixed C 0 2 pressure, reaction (2) leads to a constant activity of NiC03 . We 
can gain insight into some of the results by shifting from the negative of the basicity 
scale as the abscissa in Figure 1 to log pc o 2 • This can be accomplished by adding 
the appropriate values of log Kj^jgg to all the values of -log am20- This brings the 
curves very close to each other. There is a significant observation on the high pco 2 
side of the “V”-shaped curves. The solubility of NiO at a fixed pco 2 on this Par! 
of the curve decreases in going from Rb2C03 to Na2C03 , and from the data given 
for Li2C0 3 , it can be deduced that the solubility of NiO caused by its dissolution 
as NiC03 in Li2C 0 3 must be the lowest of the four salts. Obviously, the activity 
coefficient of N iC 03 is lowest in Rb2C03 and increases as one goes through the series 
to Li2C03 . This result is consistent with expectations from the known relationships 
between solvent alkali cation radii and the activity coefficients of divalent transition 
metal solute salts with the same anion as the alkali salt.17 Since fuel cells operate 
near 650°C at partial pressures of C 0 2 where the most important solute species 
is Ni2+, this result suggests a method for improving the performance of the NiO 
cathode by the use of additives to the electrolyte that raise the activity coefficient 
of N iC 03

Orfield and Shores14,15 ascribed, with reservations, the parts of the plots in 
Figure 1 that have a negative slope (at higher log b,m30  and lower pc o 2) 1° the 
formation of NiO2-  species by the reaction

NiO(s) +  O2" NiO2- (3a)

In order to define this reaction thermodynamically in a self-consistent manner that 
will apply to binary and higher order carbonate solvents, one must do so in terms of 
components in the melts since it is not possible to define single (an)ion (O j- , NiOg- ) 
activities in any melts, or even the ratios of single (an)ion activities in reciprocal 
systems with at least two cations and two anions.18 In a one-component alkali 
carbonate melt, one can write

NiO(s) -f M20(soln) ^  M2N i02(soln) (36)

If one uses the fact that binary mixtures of two molten salts with the same cation, 
but different anions, generally deviate little from ideal behavior,19 one can deduce 
details of the chemistry of formation of nickelate species. For example, if molten 
M20 -M2CC>3 solutions are ideal mixtures, the calculated activity of M20  is then 
the mole fraction. Recalculating KDISS with liquid oxides as the standard state
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using known data ,20 one obtains values of log KpjgS at 910°C o f -3.410 for IJ2CO3 
and -7.130 for Na2CC>3. We estimate that the free energy of fusion of K2O at 910° C 
is -117 cal mol-1 (i.e, pure K2O melts somewhat below 910°C), and we deduce a 
value of -9.843 for log Kpj^s with molten K2O as standard state. It seems likely 
that this quantity for Rb2C03 will be somewhat higher than -10.578. Values of 
&M2 O calculated from these values of KDISS  make it clear that the concentration 
of oxide at any fixed partial pressure of CO2 is highest in Li2CC>3 and decreases 
considerably with an increase in the radius of the alkali cation.

Before analyzing the data, we will have to understand anomalies in the data 
that are inconsistent with the presence of only the two nickel species Ni2+ and
NiO»".

The reaction in Eq. (3) should lead to a contribution to the total solubility, 
which should have a slope of -1 when plotted in Figure 1. Examination of the data 
indicates that the apparent slope is essentially unity for Li2CC>3 as solvent. The 
slope is somewhat less than unity for Na2CC>3 and becomes progressively smaller 
for K2CO3 and Rb2CC>3. Orfield and Shores14 have shown that a nickel species 
with a different valence could not account for this oddity. These anomalous slopes 
can be understood when one considers the possibility of a solution species, NiO. 
The contribution of this species to the total concentration of nickel in an NiO(s) 
saturated melt is a constant. Thus, based on the apparent slopes discussed above, 
one expects very little of the NiO species in Li2C03 and progressively higher con
centrations of this species as one goes from Na2C03 to Rb2C0 3 . Therefore, the 
formation constants for the nickel containing solution species are for the reactions 
(4) and (5)

Ni2+ +  O2-  ** NiO Kn  (4)

NiO + O2-  NiO2- K12 (5)

Analysis of the data of Orfield and Shores was performed by fitting the data to the 
equation

XNi(mol ppm) =  AajjjO + Baj^ 0  +  C (6)

where am20  is the activity of the appropriate alkali oxide based on the solid as the 
standard state. The abscissa in Figures 1 and 2 are the logarithms of this activity. 
Values of A, B, and C and the dissociation constant used by Orfield and Shores, 
Kmss, are giyen in Table I. Of the terms in Eq. (6), Aam20  is the concentration 
of NiOg- , Ba^ 2q ls the concentration of Ni2+, and C is the concentration of the
NiO species. From the values of A, B, C, and log Kpj^s , we can calculate values 
of the concentrations of all the species in solution at any fixed CO2 concentration, 
as well as of K n , K12, and the solubility product, Ksp =  X^p+Xo2-* where X_/vj2+ 
is a cation fraction and X q2- is an anion fraction. As can be seen in Table II, the 
values of K n and the ratios of K11/K 12 increase with an increase in alkali cation
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radius. This general trend was also observed for the associations of silver and halide 
ions in molten alkali nitrates.17 Of particular note are the extremely large values of 
K n and K12 deduced for the Na2C0 3 , K2CO3, and Rb2C03 solvents. Values for 
both K n and K12 are uncertain for the Li2C03 solvent and K12 is uncertain for the 
Rb2C03 solvent because the data were inadequate in the range of log pc o 2 or log 
b>m20 where the NiO^-  species is most evident. Because of a lack of data on the free 
energy of fusion of Rb2C0 3 , there is also a small independent uncertainty in K5P, 
K n , and K12 in Rb2C0 3 . This uncertainty is noted by the parentheses about these 
three quantities in Table II. We exhibit a comparison of our calculated values of the 
NiO solubility with the measured data in Figure 2. The correspondence of the solid 
curve to the measured points is very good. There are significant deviations from 
our calculated values due to the scatter in the data or to the possible precipitation 
of a solid nickelate species. For example, at the highest values of log am 20 (lowest 
values of -log am2o ) for M =  Na and K in Figure 1, there are three points that 
were left out of our fit, which may be related to the precipitation of a solid alkali 
nickelate (Na2Ni02 , K2N1O2). The value of A for Rb2C(>3 is very uncertain because 
of too few points at low pc o 2 • One of the points lies far from our fit and might be 
related to a solid precipitate; there are not enough data to fully define the constant 
A in this solvent. At and near the minimum in the measured solubility, some of 
the measured solubility points lie below our calculations. This is not related to our 
model and must be related to scatter in the data since such deviations would occur 
even when the NiO species is not considered; with no NiO species, the measured 
solubility is log (Xjvi2+ + X jy^a-) where log XJ|y*a+ is proportional to a 0 and log 
XNiO2'  0̂ aM20 - Thus, the miuimum in the curve for this case must lie 0.3 units 
above the point of the V formed by the individual plots of log X ^ 2+ and log X Ni0i-  
and the bottom of the solubility curve must be rounded off. The points that lie 
below our calculated plots would defme a “V” shape, which is too sharp even in 
this case, which is limited to two species. It should be emphasized that the lines in 
Figure 1, which were taken from Orfield and Shores,14 are drawn to represent the 
data and were not calculated.

BINARY ALKALI CARBONATE SOLVENTS

Modern theories of molten salts permit one to calculate the properties of solu
tions containing Ni2+, NiO, and NiO^-  solution species from the properties of lower 
order systems, often with more than one method being possible. In this section, we 
will very briefly discuss some of the theories that could be used. As has been pointed 
out, some of the data concerning Ni2+ and NiO in molten Li2C03 and NiO2- in 
molten Rb2C03 could not be deduced adequately from the measurements. Let us 
consider a binary carbonate mixture A2CO3-B2CO3 and the dissolution reaction 
(2) for the formation of NiC03 in solution. One can deduce an expression for these
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solubilities based on the Conformal Ionic Solution Theory21 or the Coordination 
Cluster Theory.22

From the Conformal Ionic Solution Theory up to third order term s,21 one 
deduces the equation for the activity coefficient of NiCC>3 in the A2CO3-B2CO3 
mixture:

In 7NiCOa= XA In 7Nico3 +  X b In 7fBC03 ~ &Ab X a X b +  bNiA(l -  X i)
+ bNiB(l -  x | )  + 2bABXAXB(XB -  XA) + AXaXb (7)

where the X’s are mole fractions, a.yy» is the second order interaction parameter in 
the binary carbonate of the cations j f and j and byy» is the analogous third order 
coefficient of the term XjXj»(Xj» — Xj). The activity coefficients 7NiC03 in Eq. (6) 
can be substituted by the reciprocals of the solubility of N1CO3, XjVtCCV A is a 
ternary interaction parameter defined in terms of the byyi parameter for the three 
biliary systems. An analogous expression can be deduced from the Coordination 
Cluster Theory

XNicc, = £  ^ ) i i i  ( XA (41 ôsTa) 1/Z) Z ‘ (x B (x^ o.tb) 1/”)' exp ( ^ )  (8)

where Xy, 7y are the mole (ion) fraction and activity coefficient of the component 
j, Z is a next nearest neighbor coordination number, taken as 6, xj^Q^ is the 
concentration of Ni2+ in equilibrium with solid NiO at a given pressure of CO2 in 
the pure component j and gf  is a parameter (which is likely to be negligible for this 
case) that represents the excess free energy of mixing of A+ and B+ cations in the 
next nearest neighbor coordination shell of the Ni2+ cations.

For the NiOj-  species in the A2CO3-B2CO3 binary solvent, we can utilize the 
Gonformal Ionic Solution Theory applied to the reaction

M2CO3(/) +  NiO(S) M2N i02(soln) + C 0 2 (9)

with an equilibrium constant KNi02 related to the standard free energy change for 
the reaction (9), AG^i02 =  —RT In Kn k v  In the binary solvent, M can be either 
A or B, and the difference between the free energy for reaction (9) with B2CO3 and 
A2CO3 as solvents is the standard free energy change for the metathetical reaction,

B2CO3 +  A2N i02 ?=* A2CO3 -f B2Ni02 (10)

From the Conformal Ionic Solution Theory for reciprocal systems,23,24 one can de
duce the ratio of the activity coefficients of A2N i02 to those of A2CO3 in dilute
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solutions of A2Ni(>2, which allows one to calculate the XNi02- /X C02- ratio that in 
dilute solution is equal to the anion fraction of NiOj-

ln 7A2NiQ2
7 a2c o 3

X BA G ° b a'A , y  aB
RT + X a RT + X bRT

, v  V ( aNi02 -  aco3 ^+XaXb ̂ ^ ---J - X AXB ( ^ g ab)
4ZRT

(11)

where a* is the molar regular solution interaction parameter for the binary mixture 
containing two salts with k as the common ion. Quantities, such as a, a and aBi which 
are for mixtures of A2WO2 with A2CO3 and B2Ni02 with B2CO3, are generally 
small and can be assumed to be negligible; of all these parameters,the only unknown 
is aNi02i which is likely to have the same sign (negative) as ac o 3-

One could also use an equation that applies to reciprocal systems deduced from 
the Coordination Cluster theory.25 Similar calculations could be carried out for the 
activity coefficients of alkali oxides in binary carbonate melts, as well as for the 
concentrations of oxide ions in solution.

The most difficult species on which to perform calculations is NiO. An extension 
of the coordination cluster theory25 could be applied to deducing the concentration 
dependence of K n and K12 in binary mixtures. In general, the concentration de
pendence of In K u  and In K12 in binary nitrate solvents has been approximately 
linear and the concentration dependence of K n in the binary carbonate mixtures 
is not likely to deviate much from linearity.

In essence, the theoretical framework exists for the calculation of the total 
solubilities of NiO in binary carbonate melts, such as Li2C03 -K2C0 3 . There are 
some necessary data that are unavailable and some for which the precision is not 
adequate. One method that should be useful would be to utilize the equations 
outlined above to perform a global analysis of all the available data on a given 
binary solvent (including measurements in the pure carbonate end members). In 
such a calculation, the small number of unknown data could be used as parameters 
to be determined by the global analysis. The advantage of such an analysis is 
that the results should permit one to extrapolate and interpolate reliably to make 
predictions outside the range of measurements.

CONCLUSIONS

Our analyses indicate that the experimental data of Orfield and Shores on the 
solubility of solid NiO in pure alkali carbonates can be represented by a model that 
postulates the formation of Ni2+, NiO, and NiOj-  species. About three measured 
points in the Na2C03 and K2CO3 systems are consistent with the precipitation
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of a solid nickelate compound. In the Rb2C03 system, the deduced values of the 
solubility of nickel as NiO^-  ions have a large uncertainty because there are too few 
data to determine the coefficient A in Eq. (6) or to judge whether the measurement 
at the highest value of am20 could be due to the precipitation of a solid phase. In 
any case, the possible presence of the NiO solution species in other solvents, such 
as the sulfates, should be considered.

Fuel cells operate on the high pc o 2 side of the type of “V” shaped curves we 
are discussing where MCO3 is the major solution species.26 In order to decrease the 
solubility of NiO, we have to alter the solvent to increase the activity coefficient of 
NiC0 3 . There are several approaches one could take to change the solubility based 
on this idea.

Perhaps the most important point is that our approach has provided fundamen
tal insights into the chemistry of NiO(s) solubilization. In addition, analyses of the 
data based on fundamental solution theories provides a means for ultimately predict
ing relevant thermodynamic properties of multicomponent solvents. By contrast, 
acid-base concepts are fundamentally flawed and cannot lead to a self-consistent 
description nor can they be used to make reliable predictions in such systems.
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Table I. Dissociation Constants of Alkali Carbonates and
Parameters Deduced from Measured Oxide Solubilities in 
Alkali Carbonates14 by Fits to the Equation 
XNi = AaM2o +  BaM' 0  +  C (mol ppm)

Solvent A B c 1°6 K DJSS * log K % %  *

IU2CO3 3.33 x 103 — — -2.503 -3.410

Na2C 0 3 1.61 x 107 2.57 x 10“8 1.8 -6.776 -7.7130

K2CO3 2.95 x 108 4.00 x 10“7 30.0 -9.865 -9.843

Rb2C 0 3 5.55 x 1010 5.16 X 10~8 109.0 -10.578 (-10.578)

‘Log Kyjsg and log are the dissociation constants for the reaction
M2CO3 <=± M2O -f CO2, with solid or liquid M2O as standard states, re
spectively. The fits to the equation above were made with am20  defined with 
solids as standard state .14

Table II. Values of the Solubility Product for NiO (Solid), Ksp , and the 
Formation Constants for the NiO and NiOj-  Solution Species, 
K11 and K12

Solvent K Sp K11 K |j

Na2C03 3.0 x 10~13 6.1 x 106 7.7 x 107

K2CO3 4.2 x 10-13 7.1 x 107 9.4 x 106

Rb2C 0 3 (5.2 x 10~14) (2.1 x 109) (5.1 x 108)
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Figure 1. Solubilities of NiO at 9.10°C in Li2C0 3 , Na2CC>3, K2CO3, and Rb2C03 
as a function of basicity, at a.(02 ) = p(02 ) = 0.25, where basicity is 
defined as -log a(M2 0 )  with M being, Li, Na, K, or Rb.
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- l o g ( a M 2 o )

Figure 2 . The logarithm of the solubility of NiO versus the logarithm of the activ
ity of the alkali oxide. The lines were calculated from Eq. (6) using the 
parameters in Table I. The points are from Orfield and Shores. Those 
points that are likely to be related to the formation of a solid phase were 
not used in the fit of the data.

29



ORDERED IONIC LIQUIDS: 
CIILOROALUMINATES AND SILICATES

Milton Blander, Peter Tumidajski,1 
Ira Bloom, and David Newman2

Argonne National Laboratory 
Argonne, Illinois 60439-4837

ABSTRACT

Ordering in NaCl-AlCl3 melts leads to sharp minima in the solubility of 
divalent chlorides MCI2 (e.g., C0CI2, FeChs, and NiC^) near the 50-50 
mole % composition. The composition dependence of these solubilities 
in acid melts can be described by using either the coordination cluster 
theory or the solubility product principle. The magnitudes of the sol
ubility products are largely related to the fact that the standard free 
energy of formation of 2NaAlCl4 from 2NaCl and 2AICI3 is consider
ably more negative than the corresponding free energy for M(A1C14)2. 
In basic melts, solubilities are largely related to the formation of the 
associated species MC1+ , MCI2, MCI3 , and MCI2 - , which appear to 
have very large formation constants.

INTRODUCTION

Molten chloroaluminates and silicates belong to a class of ordered ionic solu
tions that have striking physicochemical properties. In this paper, we will examine 
the influence of ordering on solubilities in molten chloroaluminates to explain the 
very steep minima that have been observed near the most ordered composition. 
These minima in solubilities (and maxima in activity coefficients in dilute solu
tion) are predicted by physical solution theories1-4 and concepts. Solubilities in 
very highly ordered solutions can also be described in chemical terms5 that provide 
clarifying insights into these phenomena.

The properties of molten chloroaluminates parallel those of silicates. For ex
ample, addition of AICI3 to NaCl produces the tetrahedral AlClJ anion in the melt. 
Beyond the 50-50 (neutral) composition, the addition of AICI3 produces AI2CI7 and

1 Present address: University of Western Ontario, Department of Materials 
Engineering, London, Ontario, Canada N6A-5B9.

2Prcsent address: Bowling Green State University, Department of Chemistry,
Bowling Green, OH 43403-0213.
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Al3Cl]"0 ions in which the aluminum pairs are connected by a bridging chloride ion 
to form a bent A1-C1-A1 triplet. Similar molecular ions (SiO*- , Si20®~, SisOjg) 
are formed in silicates at silica mole fractions less than 0.43. The last two ions 
have bridging oxygens with Si-O-Si bridging angles analogous to those for the cor
responding chloroaluminate ions. Because of the low temperatures of the liquids, 
there is a considerable body of very accurate data, for the chloroaluminates. On the 
other hand, because of generally high liquidus temperatures, data for silicate melts 
are not as accurate. Thus, one can perform much more precise and detailed analyses 
of chloroaluminates than one can for the silicates, and studies of chloroaluminates, 
in addition to being significant in their own right, also can provide insights into the 
properties of silicates.

ORDERING

Because there are different types of ordering phenomena in different liquids, 
one needs to examine the particular liquids under study. In this section, we discuss 
ordering in NaCl-AlCl3 mixtures to illustrate the phenomenon and its thermody
namic consequences. The most ordered composition in this binary melt is at 50-50 
mole % where Na.01 and AICI3 combine to form a low melting liquid, which largely 
contains Na'f cations and AlClJ" anions. Except for the structural complexity of 
the polyatomic anion, this liquid is a simple molten salt analogous to alkali halides
exhibiting coulomb ordering represented in one dimension as • • • 4------1------1—  • • • .
Since the tetrahedral AlCl^ ions, which are the nearest neighbors of Na+ cations, 
have their four chlorides on their periphery, the coulomb order leads to topological 
order of the next nearest neighbor sodiums and aluminums, which can be written 
in one dimension as • • -Na-Al-Na-Al-Na-Al* • •, where the order is defined in terms 
of repetitive Na-Al pairs in sequence. In addition, there is a chemical order related 
to the definitiveness of the structures of the molecular ions (AlClJ here and AI2CLJ" 
and/or Al3ClJ"0 at higher concentrations of AICI3). Addition of NaCl or AICI3 to 
the 50-50 mixture decreases the topological order by decreasing the range of repe
tition of the Na-Al pairs by the substitution of Cl" or AI2CI7 ions for AlClJ ions 
in the ordered array.

Such solutions cannot be perfectly ordered and one must consider the degree of 
disorder. One measure of disorder is the extent of disproportionation of the AlCl^” 
anions according to the reaction

2AICI4 c r  + Ai2c ii  ( 1)

with a disproportionation constant, K/>, of 1.06 X 10“7 at 175°C.6 When one 
considers that a number of Na+ cations are next nearest neighbors to any one A1
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2Na -  Al <=t N a -  N a + Al -  Al (2)

The very small value of Kp indicates very little disorder (i.e., the melt is highly 
ordered). By this measure, the organic chloroaluminates (e.g., metliyletliylimid- 
azolium tetrachloroaluminate) are considerably more ordered than NaAlCl4. This 
order is dramatically reflected in the thermodynamic properties of the binary NaCl- 
AICI3 solutions shown in Figure 1, in which are plotted FE/RT, In aNaCh and In 
aAlCh versus the mole fraction of AICI3. The activities of the two components, 
aNaCl and aAlChi were deduced7 from the electromotive force measurements of 
Boxall and Osteryoung6 (plotted as FE/RT) for the concentration cell Al|Na.Cl- 
AlCl3||NaCl(saturated) - AICI3IAI. The activities are plotted for the solids as the 
standard states. The salient feature of this plot is the extremely steep change in 
the activities at the 50-50 composition. This steepness is related to the dispropor
tionation constant (Kd ) and to the Darken excess stability function8

E S  = R T  ( d ln lNaCl\
1 -  X NaCi \  d X NaCi J

which lias been correlated with the degree of order. A plot of this function, directly 
calculated from the data by numerical differentiation, is shown in Figure 2 and 
shows an exceptionally high narrow peak. Because of the narrowness of the peak, 
the error in the peak height is relatively large. One can determine the peak height 
more accurately by calculation from the value of Kp, which, in effect, uses all the 
data near the 50-50 composition for the calculation; this leads to a value for the 
peak height of 1.1 x 106 cal mol-1 (4.7 x 106 joules mol-1 ). This solution is indeed 
highly ordered.

in A1C14 or AlaCly and are nearest neighbors to  Cl , disproportionation can be
re-expressed in terms of the disordering reaction

(3)

SOLUBILITIES OF SOLUTES

How does ordering manifest itself in the thermodynamic properties of solutes? 
The coordination cluster theory1’2 for the activity coefficients of a solute G dissolved 
in the solvent A-B can be used to illustrate these properties. The theory leads to 
the expression for the activity coefficient of C, 7<7, in terms of the coordination 
number Z (for additive molten salt systems, this is for the coordination of next 
nearest neighbors), the mole fractions and activity coefficients of the solvent com
ponents, Xa ,X b , 7a 57Bj the activity coefficients of the solute in pure A and pure 
B, 7 c (a )?7c (B)> a parameter gf ,  which represents the excess free energy of mixing 
of A and B in the next nearest neighbor shell of solute ions (cations in the case we
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d ie) containing (Z-i)A + cations and iB+ cations, and a parameter t, which is 1/Z 
for this case

J _  _  Zl ( ^A 7a ^  (  X b 7b

™ & < * - < > “ ' U ’J  ^
exp ( - g f  IR T } (4)

Examination of the ratios of the activity coefficients of NaCl(A) and A IC ^B ) 
(essentially the same as the activity ratios near Xazc73 — 0.5) in Figure 1 pro
vides insights into the solute properties. At concentrations below Xa/cz3 — 0.5, 
iNaCl/lAlCh *s very large and, with a small change of concentration to Xa/C73 > 0.5, 
this ratio becomes very small. As a consequence, only two of the Z terms in the 
summation on the r.li.s. of Eq. (4) are important, with the term for i =  0 being 
predominant in basic solutions (Xa/C73 < 0.5) and that for i =  Z being predomi
nant in acidic solutions (Xazc/3 > 0.5). For both these terms, the value of gf  =
0. Calculations of the activity coefficients in the NaCl-AlCl3 solvent at 175°C for 
a hypothetical solute C, for which l c { A )  and 7c ( B )  are both unity, and for Z = 4 
are illustrated in Figure 3. There is a steep maximum in the activity coefficients 
at about Xazc/3 — 0.5. For a relatively insoluble material, a sharp maximum in 
the activity coefficient denotes a sharp minimum in the solubility. This property 
should be common with strongly ordered solvents for a solute that interacts much 
more weakly with the two solvent components than the solvent components interact 
with each other. Recent measurements at 175° C of the solubilities of solid C0CI2 in 
NaCl-AlCl3 solutions at X aici* > 0.5 have been well fitted by Eq. (4) for a value of 
the activity coefficient of solid C0CI2 in molten AICI3 of 0.35.5 This derived value 
indicates that C0CI2 interacts relatively weakly with AICI3.

Because ordering in this melt is very strong, one can also describe this solubility 
in chemical terms. In basic melts, the solvent can be considered to be primarily a 
binary mixture of NaCl with N&AICI4 with very small concentrations of N&AI2CI7. 
On the acid side, not very far from the 50-50 composition, the melt can be considered 
to be an essentially binary mixture of N&AICI4 with N&AI2CI7 with very small 
concentrations of Cl~. The solubility of C0CI2 in acidic melts can be described in 
terms of the solubility product, K5P

K SP = XCo,+ X 2cl.  = Xc**  (K b /X 2Ahcl;)  (5)
where X.c0*+ and Xai2ci, are cali°n and anion fractions, respectively, in the recip
rocal system Na+ , C o ^ /A lC lJ , AI2CI7 , Cl- . At 175°C, the solubility product was 
found to be 4.66 x 10-15.5 The values of the standard free energy of solution of 
C0CI2 at infinite dilution is given by -RT In Ks p  (29.39 kcal mol-1 ) and is exactly 
given by the sum of the standard free energies for the following reactions9’10

CoCl2{s) +  N aA lC h{l) 2NaCl(£) + C o(AICIa)2{1) (6a)
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2N aC l(l)  2N aC l (infinite dilution) (66)

C o{AICIa)2{1) Co(AlCl4) (infinite dilution) (6c)

A value of -5.2 kcal mol-1 lias been deduced for tlie free energy of formation of 
Co(A1C14)200 from CoCl2(^) and AlCl3(^).5 This small value again reflects the 
weak interactions of C0CI2 with AJC13. In fact, the insolubility of solid C0CI2 in 
acid melts is directly related to the fact that the standard free energy of formation 
of Co(AlCl4)2(^) from solid CoCl2 and liquid AICI3 (-5.2 kcal mol-1 ) is much larger 
than the free energy of formation of 2 N aA lC l^ ) from 2 NaCl(-f) -f 2 AlCl3(£). An 
analogous conclusion is deduced from the coordination cluster theory where RT In 
7CoCl2(AlCh) (0.35) is considerably larger than the very small values of the activity 
coefficients of 2 NaCl (based on liquid as the standard state) in the acid melts.

Both the coordination cluster theory and the chemical concept of K sp  lead to 
the conclusion that other insoluble divalent salts (such as solid FeCh and NiCl2, 
which are reactants in the “Zebra” batteries under development for automobile 
propulsion) will, in all likelihood, have the same dependence of their solubilities 
on concentration, but with a different magnitude. Thus, the general behavior of 
solubilities of divalent salts in somewhat acidic haloaluminate melts of any one basic 
halide is universal and requires knowledge of but a single constant for each salt at a 
given temperature. Differences between the solubility products for different divalent 
salts in any one solvent are largely related to differences in the standard free energies 
of formation of the tetrachloroaluminate from the pure divalent chloride and AICI3.

Solubilities in basic compositions are not this simple unless one considers com
positions where there is only one species, e.g., for 00++, the CoCl2- species, which 
was spectroscopically observed by 0ye and Gruen in KCI-AICI3 solutions.11

These authors observed another species at low chloride ion concentrations. At 
somewhat higher concentrations where the very large majority of cobalt ions are 
present as CoCl2 - , one can represent the solubilities of CoCl2(s) and their depen
dence on the solvent composition with but a single parameter. Using the coordi
nation cluster theory, this parameter is the activity coefficient of C0CI2 at infinite 
dilution in molten NaCl. For the chemical description, this is the formation con
stant of CoCl2” from Co2+ and four Cl" ions. However, at smaller concentrations 
of chloride one must consider all four of the constants for the reactions to form 
CoCl2-n ,n  =  1 - 4 .

Co2+ + C r  CoCl+

CoCi+ + c r  CoCi2 
C0CI2 + C l- <± CoCls 

CoClJ + C l ' t± CoCl\~

K n (7 a )

K u (7b)

K n (7c)

K U (7d)
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where the formation constants are related to bond free energies, AAin, through the 
statistical mechanical relations12

K u  = Z(fi 11 -  1) (8a)

K n  K lt =  — ^ --(/?n/3i2 -  ty i  + 1) (8b)

K u K u K u  =  Z (Z  ~  y,(Z ~-2) (/?n/?i2/?i3 -  3/3„0i2 + 3/?„ -  1) (8c)

^11^12^13^14— —---------41-------- ----------"(/?ll/3l2/?13/5l4 ~4/3ii/3i2/3l3 +  6^u/3i2 —4/?n 4-1) (8rf)

where f3in — exp (—AAin/RT) and Z is a coordination number for Co2+.12 Values 
of the bond free energies for each of the four successive chloride additions to the 
coordination shell of Co2+ can all be different. In the coordination cluster theory, 
the analogous differences are contained in the term gp in Eq. 4. When we use the 
simple approximation for gp

g? =  (Z —i)(i)h (9)

then values of the analogue to AAin differ by Z2h according to the relation AAfln = 
AA'n  -  (n -  l)Z 2h. An approximation for values of AAin can be made crudely
from the expression13 AAj„ ~  where AG° is the standard free energy change 
for reaction (6a) and Z is a coordination number. For a value of Z of 4, we estimate 
a value of K n of the order of 50,000. Thus, even at the neutral composition (50-50 
mole % NaCl-AlClj), where the concentration of chloride in the solvent is 3.3 X 10~4 
at 175°C, one expects that a large fraction of the cobalt ions in solution would be 
present as CoCl'1" and some of the other species. In fact, examination of the natural 
logarithm of the apparent solubility products at 175°C in Table II of Ref. 5 indicates 
a value that is 0.2-0.3 larger than those at higher acidity at = 0.513 and
3.0-3.1 larger at Xaici3 = 0.502. If K n is of the order of 5 x 104, the magnitude of 
the difference at 0.513 is correct for the presence of CoCl+ and at X juci3 = 0.502, 
there would have to be more than one species. Thus, at ~  0.502, about 95%
of the solubilization of C0CI2 is caused by the formation of chlorocobalt species, 
which are present at a much higher total concentration than Co2+ ions with 110 
Cl-  as a near neighbor. Measurements are underway to investigate this point, and 
preliminary data confirm this phenomenon at 255°C.

CONCLUSIONS

Both a physical theory (coordination cluster theory) and chemical concepts 
(solubility product principle and the formation of associated species) lead to useful
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descriptions of the concentration dependence of the solubilities of divalent chlo
rides in chloroaluminates. Both points of view provide insights into the strikingly 
sharp minima in the solubility of solutes in the highly ordered molten NaCl-AlCl3 
solutions. Further work is underway to investigate the formation constants for 
chlorocobalt species in basic melts in this system.

In addition, these results provide valuable insights into the properties of other 
ordered liquids, such as silicates. Largely because of the much higher temperatures 
of stabilities of molten silicates, the thermodynamic properties of silicates14,15 in
dicate that the relatively more ordered binary silicate systems, such as Na20 -Si02 
and Ca0 -Si02 are considerably less ordered than the NaCl-AlCl3 system. This im
plies that the chemical description of the thermodynamic properties of silicates will 
not be as well defined and as simple as those in the NaCl-AlCl3 system discussed 
here. Despite this, there is a clear maximum near 33 mole % SiC>2 in the activity 
coefficients of a solute, such as FeO, in either the Na20 -Si02 or CaO-SiC>2 system 
and, for example, the phase diagram of the ternary Fe0 -Ca0 -Si02 system exhibits 
minima in the concentration of FeO for different FeO liquidus isotherms near a line 
connecting the FeO composition corner with the composition at the 33.3 mole % 
Si02 in the Ca0 -Si02 binary line. The thermodynamic data for, e.g., Ca0 -Si02 , 
are consistent with a larger degree of disproportionation of the SiO4- anion that are 
likely to be present at 33 mole % Si02 , and there is probably a broader distribution 
of different species at all compositions where the nominal average composition of the 
species parallels those of chloroaluminates. For one of the least ordered binary sili
cate systems, Fe0 -Si02 , the degree of disproportionation of SiO^-  is undoubtedly 
considerable.
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X AICIS

Figure 1. Plots of the EMF (as FE/RT) of the measurements of Boxall et a/.5 and 
of values of In ajyaCl and In &AIC13 deduced from these measurements, 
aNaCl and aAlCh are ^ ie activities based on solid as the standard state.
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Figure 2. The Darken excess stability function8 calculated directly from the data 
of Boxall et a/.5 The actual peak height calculated from the dispropor
tionation constant is 1.1 x 106 cal mol-1 .
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X A I C I ,

Figure 3. Activity coefficients of a hypothetical solute C in a binary NaCl-AlCl3 
solvent calculated from the Coordination Cluster Theory, where the ac
tivity coefficient of C is unity in NaCl and AICI3.
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EM PIRICAL RULES FOR SOLUTE-SOLVENT INTERACTIONS IN  
FUSED SALTS AND CONCENTRATED AQUEOUS SOLUTIONS

Reiko Notoya and Akiya Matsuda

Catalysis Research Center 
Hokkaido University 
Sapporo, 060, Japan

ABSTRACT

It was found that the same empirical rules con
cerning the relative standard free energies for 
solvation of monoatomic ions referred to a defi
nite ion as recently found for solvation in usual 
solvents, also hold for that in fused salts. Using 
these rules, we could found the absolute values of 
solva t i o n  energies, the a b solute a c i dities and 
basicities of fused salts, and some linear rela
tionships also in concentrated aqueous solutions 
concerning the activity coefficients of ions and 
water. On the basis of these facts, the solute 
- s o l v e n t  i n t e r a c t i o n s  in f u s e d  s a l t s  a n d  the 
concentrated aqueous solutions of salts were also 
found to be eluc i d a t i v e  by the el e c t r o n  donor- 
acceptor c o n c e p t .

INTRODUCTION

The aim of this paper is to provide an empirical method for 
estimating the standard chemical free energy of solvation 
^°i(x),g*-s a ca’ti°n i( anion x) in a fused salt solvent s 
a n d  to* eluci d a t e  the electron d o n o r - a c c e p t o r  interaction  
between ions and species in fused salts or in concentrated 
aqueous solutions, where g means the gas phase. In dif
ferent fused salts, there is a difficulty in comparing the 
electrode potential due to the absence of a common standard 
reference electrode, comparable to the hydrogen electrode in 
aqueous solutions. This problem had remained unsolved till 
recently even for usual non-aqueous solvents. Resently, we 
found two empirical rules concerning the standard chemical 
free energy of solvation of ions in aqueous and non-aqueous 
solvents; namely A G ° i ^g^ s/zi= (AG ° i l7 z i )=ei *Pa g for an 
individual cation, w h e r e ° z - , e ^ , (3S ana p> s , denote respec
tively, valence, a constant characteristic of the cation i,
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of solvent s, w means water (1) . 
- 0.8) were

constants characteristic
On the other hand, AG°X =6SAG° (pe
found to hold for the solvation or an individual anion. On 
the basis of these rules we can estimate the absolute values 
of chemical free energies of solvation of ions. Also we 
have successfully obtained the absolute standard EMF 
of the following el e c t r o d e  react i o n  in solvent s, if tlie 
surface potential of solvent X s is known;

M izi + z ± e" = [1]

By this method, we have determined the g and
^°i(x) s ^or more than 70 species of monoatomic ions in 15 
solvents, such as organic solvents, and liquid hydrazine and 
ammonia. Furthermore, this method has been applied to fused 
salt systems with two or three components. In 10 systems, 
AG°i(x )>g ^ s and $ ° i ( x )fS monoatomic ions from 5 to 45 

species have been determined (2).

These empirical rules have been established on the basis of 
the electron donor-acceptor concept. This paper is concerned 
with the electron donating and accepting properties, that 
is, the absolute basicity pa g and absolute acidities and 

which affect the interactions between monoatomic ions and 
surrou n d i n g  species in fused salts and in c o n c e n t r a t e d  
aqueous solutions.

BASIC CONSIDERATION

Recently, we have found a empirical method for estimating 
the standard chemical free energy of solvation AG°^ s of 
an ion in any solvent, by use of the relative standard 
free energy of solvation, i/\j(AG°g /z) of an ion i referred 
to that of a def i n i t e  ion j in the same solvent s and an 
extrathermodynamic assumption as described in the latter.
The relative quantity i A j ( A G ° g ^ g / z ) can be defined by the 
following equation;

iAj(AG0ĝ s/zfe(AG0i>̂ s/Zi)-(AG0j)g^s/zj) [2]
w h e r e  A G ° ^ g ^ g /z^ a nd AG°j - ^ g /zj d e n o t e  the s t a n d a r d
electrochemical free energy^ o f  solvation of ions i and j. 
The e l e c t r o c h e m i c a l  one AG°^ g ^ g /z^ may be given by the 
chemical part of the solvation energy AG°^ g^ g/z^ and the 
surface potential x s of the solvent; *

-  FXS - [3 ]
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The last term in eq.[3] for an ion i equals that in a simi
lar equation for j. Therefore, eq.[2] can be rewritten by 
the chemical ones;

i ^ < AG0 g ^ s / ^ < A GOi f g ^ s / Zi ) - ( A G 0 j ) g ^ s / 2 j ) [ 4 ]

As seen from the thermodynamical cycle shown in Fig.l, the 
standard electrochemical free energy of solvation Ag °^ g 
of an ion i can be expre s s e d  in terms of the standard 
electrochemical free energy_ of formation of an ion i M ^ zi 
and the e lectrons z^e” , AG° • , and the a bsolute standard 
electromotive force, g of the ion/pure substance elec
trode in solvent s;

AG° i , g ^ s  = AG° i  -  z i F$° s  [5 ]

w h e re  ^ i s  g iv e n  b y  t h e  d i f f e r e n c e  in  t h e  s t a n d a r d
e l e c t r o c h e m ic a l  p o t e n t i a l s  "p°_ and  II °_ m o f  th e  e l e c t r o n

c   ̂ K  c  |  IIIe in the gas phase and in the electrode m;

F i , s y o
e,g y e ,m * [6 ]

The value of AG°^ is also given by the standard free ener
gies of atomization of and the ionization 1^ of Mj^g 
in the gas phase;

A G ° i = A A + IA [7]

Using the eqs.[2] and [5] for ions i and j, we obtain;

i Aj(AG°g ^s /z) = (AG°i/zi )-(AG0 j /zj )-FE°ij>s [8]

where A G ° • denotes the standard free energy of formation of 
an ion j M j Zj and electrons Zje“ in the gas phase from its 
pure substance Mj , and E°^ j ̂ g = $° •  ̂g - $°j g and its numerical 
value can be known as the ’standard potential of the elec
trode reaction expressed by eq.[l] of i species referred to 
that of a similar reaction of j species in the same solvent. 
In this way iAj( Aq ° g /z) can be expressed in terms of the 
well-defined measurable thermodynamic quantities AG°j , AG10,
and E ° • i .

Using the values in thermodynamic tables in the literature, 
we c o u l d  obtai n e d  the quantities i A j ( A G ° g ̂ _s /z ) for many 
species of m o n o a t o m i c  ions in 15 solvents, as described 
above. We have found three linear relationships between 
the relative quantities iAj( AG°g /z) and the ionization 
energy of cations divided by z^, I-zz^. Monoatomic cations 
are divided into three groups (a, b and c) and the cations 
in each group are classified by the electronic configura
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tion. In these relationships, the absolute value AG°j^g^g/ 
z • could be obtained on the extrathermodynamic assumption 
tnat the electronic configuration of the ideal ion is a rare 
gas type, its ionization energy 1^ equals zero and such an 
ion has no chemical interaction with any solvent. In this 
way, we could know the absolute value of AG°^ g ^ g/z^ for 
all ions available here and it could be expressed as the 
function of I^/z^. In this way, we have found two empirical 
rules named the first(I) and second(II) ones, and further 
have found to be applicable to the bond energy of gaseous 
di- and tri-atomic metal halides if we c °nsider the 
bond strength of the mo l e c u l e  as defined by the energy 
required to separate the constituent atoms into the cation 
Mn and the anion X “ . These empirical rules and the related 
correlations are summarized in Table I.

Table I. Summary of Empirical Rules and Related Correla
tions for Solvation of Ions and Bond of MXn .

S o l vation(cation i) Bond of MXn Solvation(anion x)

Rule I

^  i , g ^  
Rule II

= B^AG0 ,l , g+-w D MXn “ exD ’MCl AG x,g-<-s= ®sAG x,g-*-w

AG° i , g ^ / z i= e i D ’MXn/n=eipax
3a s / p a w=Pb s / P b w=PC« /P C^ Bx=px/Pci

A G ° x , g ^ r £s<pV ° - 0 8 >

6s = es / ew

= 0 . 0 9 9 ( DN+8. 8 3 ) , eV £S =0.30(AN+211.2)

e^=I-/z^(electronic configuration of i; rare gas type) 
=0.936[(Ii/ z i )-0.93}(d3 ;^0 in outer shell) 
=0.862[<Ii/ z i )-1.42](5d10+ 4 f 1 4 ).

In Table I, the parameters P a g or eg and or e. mean the 
a b solute b a s i c i t y  or aci d i t y  of a solvent and that of an 
anion or a cation. pa g and £g were found to be regarded as 
the absolute values of G u t m a n n 's and Mayer's electron donor 
and acceptor numbers, DN and AN (3), respectively. It is 
obvious from Table I that the solvations is due to the 
electron donor-acceptor interaction.

44



RESULTS
Applying the donor-acceptor concept to fused salt systems on 
the basis of the following equation at T°K where the temper
ature effect was taken into account, instead of eq.[8], we 
have found the same two empirical rules in 10 fused salt 
systems with two or three co m p o n e n t s  as o b tained in the 
non-aqueous solvents;

i Aj< AG°g ^ / z )  (T) = ( AG°i/ z i ) <T)-( AG°j/zj )(T)- FEC 1J , S (T) [9]

The relative quantities for various ions were estimated by 
use of the quantities of A g °^(T) and E°-j^s (T) mainly quoted 
the data in (4) and (5). The empirical rule I was found to 
hold for fused salt systems as exemplified in Fig. 2. The 
value of - j^g^g/z^(T)in fused salt was given by the inter
section of this line with the vertical one in Fig. 2 on the 
basis of the empirical rule I and eq.[4]. The empirical rule 
II was also found to hold for fused salt systems as shown in 
F i g . 3. In this way, A G ° i ̂ / z i (T ) , 3 g and P a g for 10

which are summaris ' ~systems were d e t e r m i n e d ized in Table II
with the standard deviation from the rule I.

Table II. Values of A g °- /z -(T) and $ ° . (T ) of j=Ag+ and
Zn2+ in Fused Salts, J J ’

Fused Salt Temp.
°K

j 4GV -
$ o

1 V J ’
s *s ±6

eV

LiCl-KCl 723 Agt 5.50 4.43 0.970 0.919 0.23
MgCl2-NaCl-KCl 748 Ag+ 5.11 4.69 0.937 0.887 0.23
AlClo-NaCl-KCl 423 Ag + 5.53 4.62 0.957 0.906 0.30
LiN03-KN03 450 Ag + 4; 86 5.30 0.997 0.944 0.11
NaN03-KN03 523 Agt 5.18 4.95 0.968 0.917 0.13
LioSO^-K^SO^ 898 Agt 5.45 3.50 1.035 0.980 0.30
NaSCN-KSCN 435 A g «  , 4.80 5.14 0.911 0.863 0.33
CH3COOLi-CH3
COONa-CH3COOK

495 Zn2 + 11.28 3.23 1.013 0.950 0.05

NaP03-KP03 973 Agt 4.51 4.12 0.923 0.874 0.03
L i 2C03—Na2 C03 823 Ag + 4.82 4.29 0.972 0.920 0.02

It is s u r p rizing that 3<, is qui te close to u n ity in any
fused salt available. Tne absolute standard EMFs $ ° i (T )
are also summ a r i z e d  in Table II. The value of * (T) 
were determined by use of AG°^ g /Zj(T)on the basis of eq.[3] 
and the assumption of Xs =0> d\fe to a random distribution for 
the surface dipoles of fused salts at higher temperatures as 
compared with the aqueous solution (2). This assumption
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seems to be permissible, because an experimental result has 
shown that the surface potential at mercury-aqueous solution 
interface d e c r e a s e s  with an increase of t e m p e r a t u r e  and 
vanished at 85°C (6).

In order to reveal the effect of the c o m p onents of fused 
salts on the ab s o l u t e  b a s i c i t i e s  pa ^ ob t a i n e d  thus, we 
determined the values of p a g or £ g of single component fused 
salts by use of the standard potentials E°ij s of the fol
lowing electrode reactions [ID and 11];

T i 2+ + 2 e ~ = Ti, [10]

2C1~ = C l 2 + 2 e ~ , [11]

in various molten alkali metals and alkaline earths chlo
rides at 1300°K. F i g .4 showed the linear dependence of the 
absolute basicity p a g of fused salt upon the absolute acidi- 
ty e M n+ °f the component cation of fused salt. The value 
of p g became smaller in the greater value of £^n+ of the
component cation of fused salt. On the other hand, it was
shown in F ig.5 that the absolute acidity £ g of fused salt 
also became s m a ller in the g reater value of the absolute 
acidity e^nt of the component cation of fused salt. Conse
quently, the interaction between solute ion and fused salt 
b e came less in the greater value of the a b solute aci d i t y  
£j^n+ of the component cation of fused salt, in any case that 
the solute is a cation or an anion. At the point of view 
of the micro structure of such a system, it seems that the 
interactions are very complicated. But, it was found that 
the thermodynamical consideration on the basis of the elec
tron donor-acceptor concept may be a useful method to obtain 
the knowledge concerning even multiple interactions among 
ions and molecules as shown above.

It was found that the solute-solvent interactions in concen
trated aqueous s olution are also r e lated to the elect r o n  
donor-acceptor nature. The Sechenov factor K y = 9 l o g Y + /^m 
and the activity coefficient Yw of water quoted from (87 and 
(9) showed linear relations with the absolute acidity eM n+ 
of the component cation of various solute salts, as shown in 
Figs.6 and 7, respectively.

SUMMARY

The standard chemical free energy of solvation of a cation 
in fused salt is given by the product of the absolute acidi
ty of the cation and the absolute basicity of fused salt.
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The empirically obtained linear relationships between the 
absol u t e  b a s i c i t y ( a n d  acidity) of single comp o n e n t  fused 
salt and the abs o l u t e  a c i d i t y  of the compo n e n t  c ation of 
fused salt are useful to estimate the absolute basicity(and 
acidity) of any kind of single compo n e n t  fused salt and 
furt h e r m o r e  the s tandard free ene r g y  of the solva t i o n  of 
ion, whose exp e r i m e n t a l  data of E° —  s are absent in the 
literature. *

It was found that the solute-solvent multiple interactions 
in c o n c e n t r a t e d  aqueous s o lution affec t i n g  the activ i t y  
c o e f f i c i e n t s  of ions and water, are due to the electron  
donor-acceptor interaction.
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Ij -  z;
Mi,g  *  Zj eg  +  M j,g

Z|R>j,s AG°i,g«-s

Mi Zj em +  Mi,s
Figure 1. The Thermodynamic Cycle for the Formation of a 
Gaseous Ion from Its Pure Element.

Figure 2. Relation 
(mol% 59:41) at 723 
Taken as j .

between i Aj ( AG°g  ̂ g/z ) (T ) for LiCl-KCl 
°K and A G ^ ^ / Z i  at 298°K, A g + being
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Figure 3. R e l a t i o n  between k G ° ±  ̂ s / z i (T } for the Same
System as Exemplified in Figure 2 ana

Figure 4. Relation between Pa g at 1300°K and £j^n+ at 0°K of 
the Component Cation of Fused Salt.

49



7.0-

*s,eV

Figure 5. Relation between eg at 1300°K and e Mn+ at 0°K of 
the Component Cation of Fused Salt.

Figure 6. Relation between the Sechenov Factor K y  of M^Cln 
ande^m-of the Cation, in Concentrated Aqueous Solution.
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Xoi (60)

Figure 7. R e l a t i o n  b ewteen A c t i v i t y  C o e f f i c i e n t  Y w of 
W a t e r  a n d  of t h e  C a t i o n ,  in A q u e o u s  S o l u t i o n s  of 
M^(N03)n (®) or eh-Estimated as the Mean Value of the Compo
nent Cations on the Basis of the Component Ratio in Mixed 
S o l u t i o n s  of T w o ( O ) ,  T h r e e ( ^ )  or F o u r (□) S p e c i e s  of 
M^(NC>3)n , at the Total Mole F r a c tion=0.1, T=60°C.
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MULTICOMPONENT PHASE EQUILIBRIUM CALCULATIONS 
IN MOLTEN SALT SYSTEMS

Y v e s  D e s s u r e a u lt  and A r t h u r  D. P e lt o n

C e n tr e  de R e c h e rc h e  en C a lc u l  T h e rm o ch im iq u e  
E c o le  P o ly t e c h n iq u e

P .O . Box 6079, S t a t io n  " A " ,
M o n t r e a l,  Q ue b ec, Canada H3C 3A7

ABSTRACT

Therm odynam ic and p h a se  d ia q ra m  d a ta  f o r  a la r g e  
num ber o f  b in a r y  m o lte n  s a l t  sy s te m s  h ave  been  f u l l y  
o p t im iz e d  and th e  r e s u l t i n g  p a ra m e te rs  s t o r e d  i n  a 
co m p u te r d a ta b a s e .

Therm odynam ic p r o p e r t i e s  and p h a se  d ia g ra m s  o f  
m u lt ic o m p o n e n t s a l t  s o l u t i o n s  can  be c a lc u l a t e d  fro m  th e  
b in a r y  p a ra m e te rs  b y  means o f  s o l u t i o n  m o d e ls . To t h i s  
e n d , th e  s u b l a t t i c e  m odel o f  r e c i p r o c a l  s a l t  sy s te m s  h as  
b e en  m o d if ie d  t o  a c c o u n t  m ore c o r r e c t l y  f o r  non-rando m  
d i s t r i b u t i o n  when th e  exchan g e  G ib b s  e n e rg y  i s  l a r g e .

INTRODUCTION

A th e rm o d yn a m ic  d a ta b a s e  f o r  m u lt ic o m p o n e n t m o lte n  s a l t  
s o l u t i o n s  i s  b e in g  d e v e lo p e d  f o r  u se  w it h  th e  f *A*C*T 
( F a c i l i t y  f o r  th e  A n a ly s is  o f  C h e m ic a l Therm odynam ics) o n 
l i n e  co m p u te r s y s te m ( 1 ) .  O v e r 200 b in a r y  and t e r n a r y  s a l t  
sy s te m s  h ave  a lr e a d y  been  f u l l y  o p t im iz e d  t o  y i e l d  b in a r y  and  
t e r n a r y  p a ra m e te rs  f o r  th e  d a ta b a s e . Much o f  t h i s  w ork h as  
been  s u p p o r te d  by  th e  A m e ric a n  C e ra m ic  S o c ie t y  a s  p a r t  o f  th e  
"P h a se  D ia g ra m s f o r  C e ra m is ts "  p r o j e c t ( 2 ) .

In  o r d e r  t o  u s e  th e  o p t im iz e d  b in a r y  and t e r n a r y  
p a ra m e te rs  t o  c a l c u l a t e  a c t i v i t i e s  in  m u lt ic o m p o n e n t s a l t  
s o lu t io n s /  we h ave  em ployed  a s u b l a t t i c e  m odel ( 3 ,4 ) .  
I n t e r a c t iv e  G ib b s  e n e rg y  m in im iz a t io n  p ro g ra m s, w h ich  form  
p a r t  o f  t h e  F*A*C*T s y s te m , and w h ich  h ave  a u t o m a t ic  a c c e s s  
t o  th e  d a ta b a s e , ca n  be u se d  t o  c a l c u l a t e  t e r n a r y  and h ig h e r -  
o r d e r  p h a se  d ia g ra m s  and t o  c a l c u l a t e  co m p lex  m u lt ip h a s e  
e q u i l i b r i a  i n v o l v in g  m u lt ic o m p o n e n t m o lte n  s a l t  s o l u t i o n s  w ith  
o t h e r  p h a s e s  ( g a s e s , o x id e s ,  m e t a ls ,  e t c . )  f o r  w h ich  e v a lu a t e d  
d a ta b a s e s  h ave  a l s o  been  p r e p a r e d .
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In  th e  c a s e  o f  r e c i p r o c a l  t e r n a r y  s a l t  s y s te m s , i t  was 
fo u n d  t h a t  th e  s ta n d a rd  s u b l a t t i c e  m odel (5 -7 ) g iv e s  
u n s a t i s f a c t o r y  r e s u l t s  in  sy s te m s  w ith  s t r o n g  i o n i c  
in t e r a c t i o n s .  An e x te n d e d  q u a s ic h e m ic a l m odel h a s  th u s  been  
d e v e lo p e d  w h ich  t a k e s  in t o  a c c o u n t  th e  n o n -ra n d o m n e ss  in h e r e n t  
i n  su ch  s y s te m s .

The p r e s e n t  a r t i c l e  o u t l i n e s  o u r  a c t i v i t i e s  i n  d e v e lo p in g  
th e  m o lte n  s a l t  d a ta b a s e  and d e s c r ib e s  th e  e s s e n t i a l  f e a t u r e s  
o f  th e  m odel f o r  r e c i p r o c a l  s a l t  s o l u t i o n s .

I t  i s  assum ed t h a t  in  a m o lte n  s a l t  s o l u t i o n ,  th e  c a t io n s  
A ,B ,C ,  . . .  r e s id e  on a c a t io n  s u b - l a t t i c e  w h i le  th e  a n io n s  
X, Y , Z . . .  r e s id e  on an a n io n  s u b - l a t t i c e .  The c a t i o n i c  and  
a n io n ic  s i t e  f r a c t i o n s  a r e  d e n o te d  by  . F o r  e x am p le :

XA = nA / ( nA+nB+nC+ • • •) t 1 ]

Xx = nx / (nx +nY +nz + . . .)  [ 2 ]

w here n i i s  th e  num ber o f  m o le s  o f  io n  i  in  s o l u t i o n .

BINARY COMMON-ION SYSTEMS

In  a com m on-anion b in a r y  sy ste m  A X -B X , th e  m o la r  G ib b s  
e n e rg y  o f  th e  l i q u i d  p h a se  ca n  be w r i t t e n  a s :

9 = (x a 9a x +x b 9 b x ) + R T(X A ln X A+XBln X B ) + g E [3]

w here gAX and gBX a r e  th e  s ta n d a rd  m o la r  G ib b s  e n e r g ie s  o f  
th e  p u re  s a l t s  and th e  c a t i o n i c  f r a c t i o n s ,  XA and XB , a re  
e q u a l,  i n  t h i s  com m on-ion s y s te m , t o  th e  com ponent m ole  
f r a c t i o n s ,  X^x and XBX . The se co n d  te rm  in  Eq [3] r e p r e s e n t s  
th e  i d e a l  m ix in g  o f  c a t io n s  on th e  c a t io n  s u b l a t t i c e .  The  
e x c e s s  G ib b s  e n e rg y , gE , may be expanded a s  a p o ly n o m ia l:

gE = XAXBWA,B/X (Xb ) [4]

w here: wA B / x (XB )= (h0+h, XB+h2 XB + . . . )

- T (s o +S1 XB + s 2 XB +. . .)  [5]

w here h i and s i a r e ,  r e s p e c t i v e l y ,  c o e f f i c i e n t s  f o r  th e  e x c e s s  
e n t h a lp y  and e n t r o p y .  A l t e r n a t i v e l y ,  wA ?/x c o u ld  be expanded  
a s  a R e d l i c h - K i s t e r  o r  L e g e n d re  p o ly n o m ia l( 8 ) .  F o r  common- 
c a t io n  s y s te m s , A X -A Y , e x p r e s s io n s  a n a lo g o u s  t o  E q s  [3 -5 ]  can  
b e w r i t t e n .  F o r  c h a rg e -a s y m m e tr ic  sy s te m s  ( c o n t a in in g  c a t io n s  
and a n io n s  o f  d i f f e r e n t  c h a r g e s , e . g .  N aF-N a2 C03 ) ,  e q u iv a le n t  
i o n i c  f r a c t i o n s  a re  u se d  in  p la c e  o f  th e  i o n i c  f r a c t i o n s  f o r  
th e  e x c e s s  te rm s . T h is  i s  d is c u s s e d  in  ( 3 ,4 ) .
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In  a q u a s ic h e m ic a l  a p p ro a c h , wA B/x ca n  be c o n s id e r e d  t o  
be th e  e n e rg y  o f  fo r m a t io n  o f  s e c o n d - n e a r e s t - n e ig h b o r  A -B  
p a i r s  a c c o r d in g  t o :

A -X -A  + B -X -B  = 2 A -X -B  [6]

w here A - X - A , B -X -B  and A -X -B  r e p r e s e n t  s e c o n d - n e a r e s t - n e ig h b o r  
c a t io n  p a i r s  i n  a s o l u t i o n  in  w h ich  th e  o n ly  a n io n s  a r e  X ’ 
a n io n s .

The  c o e f f i c i e n t s  o f  Eq [5] ca n  be d e te rm in e d  by  
o p t im iz a t io n  o f  th erm o d yn a m ic  and p h a se  e q u i l i b r iu m  d a t a .  As  
an e x a m p le , c o n s id e r  th e  K F - L iF  s y s te m . E x p e r im e n ta l l iq u i d u s  
p o i n t s (9) a r e  shown i n  F i g . l .  S e v e r a l  o t h e r  in v e s t i g a t i o n s ,  
su m m arized  b y (1 0 ) , i n d ic a t e  a e u t e c t i c  i n  th e  ra n g e  487° t o  
4 9 3 °C a t  XL - F = 0 .5 0  ± 0 .0 1 . G ib b s  e n e r g ie s  o f  f u s io n  o f  KF 
and L i F  w ere ta k e n  f ro m (1 1 ) . In  a d d i t i o n ,  th e  e x c e s s  e n t h a lp y  
o f  t h e  l i q u i d  h a s  been  m easured  c a l o r i m e t r i c a l l y (1 2 ) . T h e se  
d a ta  w ere o p t im iz e d  s im u lt a n e o u s ly  (10) in  one le a s t - s q u a r e s  
a n a ly s i s  t o  o b t a in  th e  f o l lo w in g  e x p r e s s io n  f o r  gE :

gE = X KXLi [(-1 5 7 2 4 -8 2 5 9 X L j+4732X^ ; )
-  T ( —1 .3 7 5  - 3 .1 4 6 X L j )] J/ m o l [7]

The p h a se  d ia g ra m  in  F i g . l .  was c a lc u l a t e d  fro m  E q . [ 7 ] .  The  
l i q u i d u s  p o i n t s (9) a r e  re p ro d u c e d  w it h in  5° and a t  th e  same 
t im e  t h e  e x c e s s  e n t h a lp y  d a ta  a r e  re p ro d u c e d  w it h in  
e x p e r im e n t a l e r r o r  l i m i t s .  The c o u p le d  th e rm o d yn a m ic/ p h a se  
d ia g ra m  o p t im iz a t io n  m ethod i s  d is c u s s e d  in  ( 1 3 ) , and th e  
r e l a t i o n s h i p s  betw een  p h a se  d ia g ra m s  and th e rm o d yn a m ics  a r e  
t r e a t e d  i n  (1 4 ) .

A s  a f u r t h e r  i l l u s t r a t i o n ,  th e  c a lc u l a t e d  o p t im iz e d  (15) 
p h a se  d ia g ra m  f o r  th e  K2 S04 - L i 2 S04 sy ste m  i s  com pared  w ith  
some e x p e r im e n t a l d a ta  p o in t s  (1 6 ,1 7 ) in  F i g . 2 . F u l l  d e t a i l s  
o f  th e  a n a ly s i s  a r e  g iv e n  in  ( 1 5 ) . The e x c e s s  G ib b s  e n e rg y  
o f  t h e  l i q u i d  was e x p re s s e d  w ith  two e x c e s s  e n t h a lp y  and two 
e x c e s s  e n t r o p y  c o e f f i c i e n t s  in  E q . [ 5 ] .  The e x p e r im e n ta l  
e x c e s s  l i q u i d  e n t h a lp y  (18) was s im u lt a n e o u s ly  o p t im iz e d .  
S o l i d  p h a s e s  w ere t r e a t e d  a s  H e n r ia n  s o l u t i o n s .

A l i s t  o f  some o f  th e  sy ste m s w h ich  h ave  b een  o p t im iz e d  
in  a s y s t e m a t ic  m anner i s  g iv e n  in  T a b le  1 . A l l  t h e s e  h ave  
been  p u b l is h e d  i n  Phase Diagrams for Ceramists, v o l .  7 (2) and e ls e w h e re  
( 1 0 ,1 5 ,1 9 ,2 0 ) .  We h av e  a ls o  o p t im iz e d  many o t h e r  b in a r y  s a l t  
s y s te m s .
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The t e c h n iq u e  o f  c o u p le d  th e rm o d yn a m ic/ p h a se  d ia g ra m  
o p t im iz a t io n  p r o v id e s  a s e t  o f  s e l f - c o n s i s t e n t  th erm o d yn am ic  
e q u a t io n s  w h ich  s im u lt a n e o u s ly  re p ro d u c e  th e  th erm o d yn am ic  
p r o p e r t i e s  and th e  p h a se  d ia g ra m  o f  a sy s te m . The t e c h n iq u e  
y i e l d s  a th e rm o d y n a m ic a lly  c o r r e c t  "s m o o th in g "  o f  th e  
e x p e r im e n ta l d a t a .  D is c r e p a n c ie s  among v a r io u s  s e t s  o f  d a ta  
can  o f t e n  be r e s o lv e d  in  t h i s  w ay, and e r r o r  l i m i t s  ca n  more 
e a s i l y  be a s s ig n e d .  F u r th e rm o re , su ch  a th erm o d yn a m ic  
a n a ly s i s  i s  th e  f i r s t  s t e p  in  e s t im a t in g  t e r n a r y  and h ig h e r -  
o r d e r  p h a se  d ia g ra m s  from  b in a r y  d a ta  a s  d is c u s s e d  in  th e  
f o l lo w in g  s e c t io n s .

TERNARY COMMON-ION SYSTEMS

F o r  a com m on-anion t e r n a r y  s y s te m , A X -B X -C X , th e  m o la r  
G ib b s  e n e rg y  o f  th e  l i q u i d  may be w r i t t e n  a s :

g = (XAgAx+XBgBX+xcg cx )  + R T(X A ln X A+XBin X B+Xc ln X c ) + gE
[ 8 ]

An a n a lo g o u s  e x p r e s s io n  can  be w r i t t e n  f o r  co m m o n -ca tio n  
s y s te m s .

F o r  a la r g e  num ber o f  t e r n a r y  com m on-ion m o lte n  s a l t  
s y s te m s , we h ave  had  much s u c c e s s  in  e x p r e s s in g  g E b y  th e  
f o l lo w in g  e x p r e s s io n  f i r s t  p ro p o s e d  by  K o h le r  (2 1 ):

gE= xAxBwAB/x (xb/(xa+xb ))+xbxcwb c/x (xc/(xb+xc)) +
x c x a w c , a / x (XC/ ( X C+XA )) + ( T e rn a ry  te rm s) [9]

w here wA B/x (XB/ ( X A+XB )) i s  th e  v a lu e  o f  wA B/x fro m  th e  A X - 
BX b in a r y  sytem  a t  th e  same r a t i o  XB/ (X A+XB )' a s  in  t h e  t e n a r y  
s y s te m . F o r  a more c o m p le te  d i s c u s s io n ,  s e e  ( 3 ,4 ) .

A s an ex a m p le , th e  l i q u i d u s  s u r f a c e  o f  th e  K F - L iF - N a F  
s y s te m , c a lc u l a t e d  s o l e l y  from  o p t im iz e d  b in a r y  p a ra m e te rs  by  
means o f  E q . [9] w ith  no " t e r n a r y  te r m s " , i s  shown in  F i g . 3 . 
The c a lc u l a t e d  t e r n a r y  e u t e c t i c  a t  4 6 3 °C a g re e s  w ith  th e  
m easu red  (22) e u t e c t i c  p o in t  t o  w it h in  6° and 2 m ol %.

I f  a c c u r a t e  t e r n a r y  d a ta  a r e  a v a i l a b l e ,  th e n  s m a ll  
o p t im iz e d  " t e r n a r y  t e r m s " , su ch  a s  aXAXBXc w here a i s  an  
a d j u s t a b le  p a ra m e te r , ca n  be added t o  E q . [9] in  o r d e r  t o  b r in g  
th e  c a lc u l a t e d  and r e p o r t e d  t e r n a r y  p h a se  d ia g ra m s  in t o  
c o in c id e n c e .

A s shown in  T a b le  1, a l l  p o s s ib l e  com m on-ion t e r n a r y  
a l k a l i - h a l i d e  p h a se  d ia g ra m s  have  been  c a lc u l a t e d  and
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p u b l i s h e d ( 2 ) .  F o r  47 o f  t h e s e ,  p h a se  d ia g ra m s  h av e  been  
r e p o r t e d .  In  o n ly  5 sy ste m s was a t e r n a r y  te rm  r e q u ir e d  in  
o r d e r  t o  re p ro d u c e  th e  m easured  d ia g ra m  w it h in  e x p e r im e n ta l  
e r r o r  l i m i t s .

We h av e  s i m i l a r l y  a n a ly z e d  many o t h e r  t e r n a r y  common- 
io n  s y s te m s . F o r  c h a rg e - a s y m m e tr ic  s y s te m s , e q u iv a le n t  i o n i c  
f r a c t i o n s  a r e  u se d  in  th e  e x c e s s  te rm s  ( 3 ,4 ) .  M o d e ls  o t h e r  
th a n  E q .[ 9 ]  ca n  a ls o  be u se d  t o  e s t im a t e  g  ̂ o f  t h e  t e r n a r y  
s o l u t i o n  fro m  b in a r y  p a ra m e te rs .  T h e s e  in c lu d e  o t h e r  m od els  
b a s e d  on r e g u la r  s o l u t i o n  t h e o r y  su ch  a s  th e  "T o o p " and 
"M u g g ian u " t e c h n iq u e s  and th e  C o n fo rm a l I o n ic  S o lu t io n  
T h e o r y (2 3 ) . A l l  th e s e  t e c h n iq u e s  ca n  be g e n e r a l iz e d  f o r  
q u a t e r n a r y  and h ig h e r - o r d e r  sy ste m s ( 3 ,4 ) .

RECIPROCAL TERNARY SYSTEMS

A r e c i p r o c a l  t e r n a r y  sy ste m  A ,B / X ,Y  i s  one in v o l v in g  two 
c a t io n s ,  A and B, and two a n io n s ,  X and Y . C o m p o s it io n s  a re  
u s u a l l y  p lo t t e d  on a s q u a re  a s  in  F i g s .  4 , 5 , w ith  c a t i o n i c  
f r a c t i o n s  a lo n g  one a x is  and a n io n ic  f r a c t i o n s  a lo n g  th e  
o t h e r .

The m o la r  G ib b s  e n e rg y  o f  th e  l i q u i d  i s  commonly 
e x p re s s e d  by  th e  f o l lo w in g  e q u a t io n :

9  + X B XX 9 b X + X A X Y 9 a Y + X B XY 9 b Y )

+RT (XA ln X A +XB ln X B +Xx ln X x +XY ln X y )

+ X A X g XX WA , B /  X + X A X B X Y WA , B /  Y + X A XX X Y WA /  X , Y 

+ X B X X X Y WB / X , y ) -  XA X B X X X Y A C1 Q ]

w here t h e  f i r s t  te rm  c o n t a in s  th e  s ta n d a rd  m o la r  G ib b s  
e n e r g ie s  o f  th e  p u re  s a l t s ;  th e  se co n d  te rm  i s  e q u a l t o  th e  
G ib b s  e n e rg y  o f  an i d e a l  m ix t u r e  o f  A and B c a t io n s  on th e  
c a t io n  s u b - l a t t i c e  and o f  X and Y a n io n s  on t h e  a n io n  s u b 
l a t t i c e ;  th e  t h i r d  te rm  in v o lv e s  th e  e x c e s s  te rm s  fro m  th e  
f o u r  l i m i t i n g  b in a r y  s y s te m s ; and th e  f i n a l  te rm  i s  a non 
i d e a l  m ix in g  te rm . F o r  c h a r g e - a s y m m e tr ic a l s y s te m s , 
e q u iv a le n t  i o n i c  f r a c t i o n s  may be u s e d , and th e  e q u a t io n  can  
be e x te n d e d  t o  r e c i p r o c a l  q u a te r n a r y  and h ig h e r - o r d e r  sy ste m s  
(3 ,4 )  .

I t  was shown by  B la n d e r  and Yosim  (5) t h a t  an  e q u a t io n  
o f  t h e  fo rm  o f  E q . [10] r e s u l t s  from  C o n fo rm a l I o n ic  S o lu t io n  
T h e o ry . The e q u a t io n  can  a ls o  be d e r iv e d  fro m  q u a s ic h e m ic a l  
t h e o r y  (2 4 ,2 5 )  a s  w i l l  be d is c u s s e d  b e lo w .
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The s ta n d a rd  m o la r  G ib b s  e n e r g ie s  g ° x , g ° x ,g](Y an<  ̂ 9 b y 
E q . [10] a r e  r e la t e d  b y  th e  G ib b s  e n e rg y  ch a n g e , AgE X , o f  th e  
e x ch a n g e  r e a c t io n  among th e  p u re  s a l t s :

BX + AY = AX + BY AgEx = (g°x ’+ g°y - g°x - g°y) [11]
I f  AgEX <0, th e n  AX and BY a r e  c a l l e d  s t a b l e  p a i r .  By 
d i f f e r e n t i a t i o n  o f  E q . [1 0 ] , e x p r e s s io n s  f o r  th e  a c t i v i t i e s  o f  
th e  n e u t r a l  s a l t s  AX, AY , BX and BY can  be o b t a in e d  ( 3 ,4 ) .  
F o r  th e  s t a b l e  p a i r ,  p o s i t i v e  d e v ia t io n s  r e s u l t ,  w h ile  
n e g a t iv e  d e v ia t io n s  a r e  c a lc u l a t e d  f o r  th e  s a l t s  w h ich  form  
th e  u n s t a b le  p a i r .  The m a g n itu d e  o f  t h e s e  d e v ia t i o n s  v a r ie s  
a s  th e  m a g n itu d e  o f  AgE x .

In  th e  N a ,K / F ,C l  s y s te m , F i g .  4 , NaF and KC1 form  th e  
s t a b l e  p a i r .  The r e s u l t a n t  p o s i t i v e  d e v ia t io n s  i n  t h e i r  
a c t i v i t i e s  i s  m a n ife s te d  b y  f l a t  l i q u i d u s  s u r f a c e s  w ith  
w id e ly - s p a c e d  is o t h e r m s ,  w h ile  th e  n e g a t iv e  d e v ia t io n s  in  th e  
c a s e  o f  KF and N a C l a r e  m a n ife s te d  by  s te e p  l iq u i d u s  s u r f a c e s .

In  th e  L i , K / F ,B r  sy s te m , F i g . 5 , AgEx i s  so  la r g e  t h a t  a 
l i q u i d  m i s c i b i l i t y  gap i s  form ed  a lo n g  th e  " s t a b le  d ia g o n a l"  
j o i n i n g  th e  s t a b l e  p a i r ,  L i F  and K B r.

In  q u a s ic h e m ic a l te rm s , i f  AgEX<0, th e n  a c o n f ig u r a t io n  
w it h  A —X and B -Y ’ n e a r e s t - n e ig h b o r s  i s  e n e r g e t i c a l l y  
f a v o r a b le  t o  one w it h  A -Y ’ and B-X" n e a r e s t  n e ig h b o r s .  When 
th e  p u re  s a l t s  AX and BY w h ich  form  th e  s t a b l e  p a i r  a r e  m ix e d , 
some e n e r g e t i c a l l y  u n f a v o r a b le  B-X" and A-Y" p a i r s  a r e  form ed  
a t  th e  e x p e n se  o f  th e  m ore f a v o r a b le  A -X ’ and B-Y" p a i r s .  
H e n ce , t h i s  p r o c e s s  i s  e n e r g e t i c a l l y  u n f a v o r a b le  and p o s i t i v e  
d e v ia t io n s  o c c u r  a lo n g  th e  s t a b l e  d ia g o n a l .  On th e  o t h e r  
h an d , m ix in g  o f  th e  p u re  s a l t s  AY and BX, w h ich  form  th e  
u n s t a b le  p a i r ,  r e s u l t s  in  th e  f o r m a t io n  o f  e n e r g e t i c a l l y  
f a v o r a b le  A-X" and B-Y" p a i r s  in  s o l u t i o n ,  and so  n e g a t iv e  
d e v ia t io n s  a r e  o b s e rv e d  a lo n g  th e  u n s t a b le  d ia g o n a l .

From  t h e s e  c o n s id e r a t io n s  i t  ca n  a ls o  be se e n  t h a t  t h e r e  
w i l l  be  a te n d e n c y  t o  non-random  m ix in g  w ith  A-X" and B -Y ’ 
p a i r s  t e n d in g  t o  p re d o m in a te . The d e g re e  t o  w h ich  su ch  
c l u s t e r i n g  o c c u r s  w i l l  v a r y  a s  AgE x .

The f i n a l  te rm  i n  E q .[ 1 0 ]  a r i s e s  b e ca u se  o f  t h i s  non-random  
m ix in g .  From  a f i r s t - o r d e r  q u a s ic h e m ic a l a p p r o x im a t io n ,  i t  
may be shown (24) t h a t :

A = (AgE X ) 2/2ZR T [12]

w here Z i s  a c o o r d in a t io n  num ber u s u a l l y  ta k e n  a s  6 .
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In  q u a s ic h e m ic a l  te rm s , th e  t h i r d  te rm  i n  E q . [ 1 0 ] ,  w h ich  
in v o lv e s  th e  b in a r y  e x c e s s  te rm s , s t a t e s  t h a t  th e  e n e rg y  o f  
fo r m a t io n  o f  s e c o n d - n e a r e s t  n e ig h b o r  A -B  c a t io n  p a i r s  v a r i e s  
l i n e a r l y  w it h  t h e  a n io n ic  f r a c t i o n s  Xx and XY betw een  th e  
v a lu e  wA B/x f o r  t h e  f o r m a t io n  o f  A -X -B  g r o u p in g s  i n  t h e  A X -  
BX b in a r y  sy ste m  and t h e  v a lu e  wA B 7 Y f o r  t h e  f o r m a t io n  o f  
A -Y -B  g r o u p in g s  in  th e  AY-BY s y s te m . A l s o ,  th e  e n e rg y  o f  
fo r m a t io n  o f  s e c o n d - n e a r e s t  n e ig h b o r  X -Y  a n io n  p a i r s  v a r i e s  
l i n e a r l y  w ith  th e  c a t i o n i c  f r a c t i o n s  XA and XB betw een  th e  
v a lu e s  wA/x Y and w B , x Y f o r  X -A -Y  and X -B -Y  g r o u p in g s  
r e s p e c t i v e l y  i n  th e  A X -A Y 'a n d  BX-BY b in a r y  s y s te m s .

The l i q u i d u s  s u r f a c e  o f  t h e  N a ,K / F ,C l  sy s te m  was 
c a lc u l a t e d  from  E q .[ 1 0 ]  w ith  AgEx and th e  G ib b s  e n e r g ie s  o f  
f u s io n  o f  th e  p u re  s a l t s  ta k e n  from  th e rm o d yn a m ic  t a b l e s  (11) , 
w ith  t h e  v a lu e s  o f  w M , F , wN a K / c l , w „ . / F  cl  and w K / F  cl  
ta k e n  fro m  o u r  o p t im iz a t io n s  o f  th e  b in a r y  sy s te m s  ( 2 ,1 0 ) ,  and  
w it h  A g iv e n  b y  E q .[ 1 2 ]  w ith  Z=6. The c a lu la t e d  d ia g ra m ,  
shown in  F i g .4 b ,  a g re e s  v e r y  w e l l  w ith  th e  m easured  d ia g ra m  
(26) in  F i g .4 a .

H ow ever, when th e  same c a l c u l a t i o n  was p e rfo rm e d  f o r  th e  
L i , K / F ,B r  sy s te m , th e  d ia g ra m  o f  F ig .5 b  r e s u l t e d .  A g reem e nt  
w ith  th e  e x p e r im e n ta l d ia g ra m  (27) in  F i g .5 a  i s  p o o r .  The  
c a lc u l a t e d  m i s c i b i l i t y  gap i s  s p l i t  in  tw o.

C a l c u la t io n s  w ere p e rfo rm e d  f o r  s e v e r a l  o t h e r  r e c i p r o c a l  
s y s te m s . I t  was fo u n d  t h a t  w henever AgE x i s  la r g e  enough  t o  
g iv e  r i s e  t o  a m i s c i b i l i t y  gap an d , a t  th e  same t im e ,  wA B/x 
and wA B/Y a r e  q u i t e  n e g a t iv e ,  s i m i l a r l y  p o o r  r e s u l t s ' a r e  
o b t a in e d  fro m  th e  c a l c u l a t i o n s ,  w ith  th e  m i s c i b i l i t y  gap  
t e n d in g  t o  s p l i t  in  th e  m id d le .

C l e a r l y ,  th e  m odel i s  p r e d ic t i n g  a G ib b s  e n e rg y , g , o f  
th e  l i q u i d  w h ich  i s  to o  n e g a t iv e  in  th e  c e n t r e  o f  th e  
c o m p o s it io n  s q u a re . T h is  a p p e a rs  t o  be r e la t e d  t o  th e  te rm s  
XAXBX^wA B/x and X^XBXywA B/Y in  E q .[ 1 0 ]  p r o v id in g  two 
n e g a t iv e 'a  c o n t r ib u t io n  t o  g ' s in c e ,  when wA B/x and wA B . Y a re  
s m a l l ,  t h e  p ro b le m  d o e s  n o t  a r i s e .  ( I t  may be n o t e d 't h a t  in  
th e  m a j o r i t y  o f  s im p le  com m on-anion m o lte n  s a l t s ,  wA B/x i s  
n e g a t iv e ,  w h i le  in  th e  m a j o r i t y  o f  s im p le  co m m o n -ca tio n  m o lte n  
s a l t s ,  wA/x Y i s  v e r y  s m a l l . )

T h is  same o b s e r v a t io n  was made b y  S a b o u n g i and B la n d e r
(6 ,7 )  who a tte m p te d  t o  c o r r e c t  th e  m odel b y  c a l c u l a t i n g  A a s :

A =  (|AgEX l+(wA(B/x+wA B / Y +wA/XfY+WB/X|Y)/ 2 )2/2ZRT [13]

The p h a se  d ia g ra m  o f  th e  L i , K / F , B r  sy s te m , r e c a l c u la t e d  w ith  
E g . [ 1 3 ] , i s  shown in  F i g . 5 c .  R e s u l t s  a r e  im p ro v e d .
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A lth o u g h  th e  m o d if ie d  v a lu e  o f  A in  E q . [ 1 3 ] ,  u s u a l l y  
g iv e s  b e t t e r  r e s u l t s  th a n  th e  u n m o d if ie d  e x p r e s s io n  in  
E q . [ 12 ] ,  t h i s  i s  n o t  th e  c a s e  f o r  a l l  s y s te m s . F u r th e rm o re ,  
th e  c o r r e c t io n  i s  n o t  b a se d  upon a c l e a r l y  d e f in e d  t h e o r e t i c a l  
m o d e l.

AN EXTENDED QUASICHEMICAL MODEL FOR RECIPROCAL TERNARY SYSTEMS

In  o r d e r  t o  u n d e rs ta n d  why th e  m odel f a i l s ,  th e  f o l lo w in g  
e x p la n a t io n  i s  p ro p o s e d .

wA B/x and wA B f Y a r e  th e  e n e r g ie s  o f  f o r m a t io n  o f  
A -X -B  and A -Y -B  s e c o n d - n e a r e s t - n e ig h b o r  p a i r s .  In  E q .[ 1 0 ]  a 
random  d i s t r i b u t i o n  o f  c a t io n s  and a n io n s  on t h e i r  r e s p e c t iv e  
s i t e s  i s  assum ed su ch  t h a t  th e  p r o b a b i l i t y  o f  A -X -B  and  
A -Y -B  g r o u p in g s  a r e  XAXBXx and XAXBXY r e s p e c t i v e l y .  H ow ever, 
when AgEx i s  l a r g e ,  t h e r e  i s  a te n d e n c y  t o  form  A -X  and B-Y  
c l u s t e r s .  T h is  re d u c e s  th e  num ber o f  A -X -B  and A -Y -B
g r o u p in g s  and in c r e a s e s  th e  num ber o f  A -X -A  and B -Y -B  
g r o u p in g s .  T h is  e f f e c t  i s  g r e a t e s t  n e a r  th e  m id d le  o f  th e  
c o m p o s it io n  s q u a r e . The te rm s  XA X̂  Xx wA B 7 x and XA XB Xy wA  ̂/ y 
in  E q .[ 1 0 ]  a r e  th u s  to o  n e g a t iv e  m  t h i s  c o m p o s it io n  r e g io n  
and so  E q .[ 1 0 ]  o v e r e s t im a t e s  th e  s t a b i l i t y  o f  t h e  l i q u i d .

In  th e  c a s e  o f  a random  d i s t r i b u t i o n  o f  c a t io n s  and  
a n io n s  on t h e i r  r e s p e c t iv e  s u b l a t t i c e s ,  th e  p r o b a b i l i t y  t h a t  
a g iv e n  n e a r e s t - n e ig h b o r  c a t io n - a n io n  p a i r  i s  an A -X ‘ p a i r  i s  
e q u a l t o  XAXx . In  th e  non-random  m ix t u r e ,  f o l lo w i n g  th e  
n o t a t io n  o f  F o r la n d  (2 5 ) , t h i s  p r o b a b i l i t y  i s  in c r e a s e d  t o  
(XAXx +y) w here y  i s  a p o s i t i v e  num ber. S i m i l a r l y ,  th e  
p r o b a b i l i t i e s  o f  B -Y , A -Y  and B -X  p a i r s  a r e  (XBXY+ y ) , (XAXy -  
y) and (XBXx - y ) .

The m o la r  G ib b s  e n e rg y  o f  th e  s o l u t i o n  i s  w r i t t e n  a s  
f o l lo w s :

g = [ (XA Xx +y) gA x + (XB Xy -f-y) gB y + (XA Xy —y ) gA y + (XB Xx —y ) gB x ] 

-T A S c o n f ig

+ [Xx (XA +y/Xx ) (XB -y / X x ) wA f B ,  x +X, (XA -y / X Y ) (XB +y/Xy ) wA # B ,  Y

+xa (xx +y/xA ) (Xy y/xA) wA 7 x t y +xB (xx —y/xB) (xY +y/xB ) wB 7  ̂  ̂ Y ]

[14]
The te rm  in v o l v in g ,  f o r  ex a m p le , gAX i s  now w r i t t e n  a s  
(XAXx + y)gAX in  o r d e r  t o  ta k e  a c c o u n t  o f  t h e  in c r e a s e d  
f r e q u e n c y ,  in  th e  non-random  c a s e ,  o f  A -X ” n e a r e s t - n e ig h b o r  
p a i r s .
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F o r  th e  s e c o n d - n e a r e s t - n e ig h b o r  i n t e r a c t i o n s ,  t h e  e n e rg y  
o f  fo rm in g  an A -B -X  g r o u p in g ,  wA B/x , i s  now m u l t i p l i e d  b y  th e  
p r o b a b i l i t y ,  P (A X B ) , o f  f in d in g 's u c h  a g r o u p in g .

T h is  p r o b a b i l i t y  i s  g iv e n  b y :

P(AXB)= P(X) P(A|X) P(B|X) = xx (-
xAxx+y XBXx - y

(--------------- )
Xx

[15]

w here P(X) i s  th e  p r o b a b i l i t y  t h a t  an a n io n  s i t e  i s  o c c u p ie d  
b y  an X ’ io n ,  P(A|X) i s  th e  c o n d i t i o n a l  p r o b a b i l i t y  t h a t  a 
c a t io n  s i t e  i s  o c c u p ie d  by  an A+ c a t io n  g iv e n  t h a t  th e  
n e ig h b o r in g  a n io n  s i t e  i s  o c c u p ie d  by  an X' io n ,  and P(B|X) 
i s  d e f in e d  s i m i l a r l y .

A S’c o n f i g i s  th e  m o la r  c o n f i g u r a t io n a l  e n t r o p y .  T h is  i s
g iv e n  b y  t h e  f o l lo w in g  a p p ro x im a te  e x p r e s s io n  ( e x a c t  f o r  a 
o n e - d im e n s io n a l l a t t i c e )  f o r  th e  d i s t r i b u t i o n  o f  th e  A -X , A -  
Y, B -X  and B -Y  "b o n d s"  o v e r  th e  Z bond p o s i t i o n s  in  one m ole  
o f  s o l u t i o n :

ASc o n f ig  _ _R (xA ln X A+XB ln X B+Xx ln X x +Xy ln X Y )

-R Z [ (XA Xx + y )In
XAXx +y

+(XBXY+ y)In
X „X Y+y

XAXY- y  XBXx - y
+ (XAXY - y ) l n  -----------------  + (XBXx - y ) l n  ----------------] [16]

XAXY XBXx

N o te  t h a t  f o r  random  m ix in g , when y=0, E q .[ 1 6 ]  re d u c e s  t o  th e  
i d e a l  e n t r o p y  e x p r e s s io n  in  E q . [ 1 0 ] .

In  o r d e r  t o  s o lv e  E q . [1 4 ] , we m ust c a l c u l a t e  y .  The  
v a lu e  o f  y  a d o p te d  by  t h e  syste m  w i l l  be  t h a t  w h ich  m in im iz e s  
t h e  G ib b s  e n e rg y . S e t t in g  dg/dy=0 we o b t a in  th e  f o l lo w in g  
e x p r e s s io n :

w here

(XAXx +y) (Xg XY+y) 

(XBXx -y )  (XAXY -y )

e - ( A g E X t O ) / Z R T [17]

Q - (X „-X A 2y/X„ ) wA i B i x + (XA -X B -2 y / X y ) wA > B y Y

+ (XY -X x -2 y / X A ) wA , x ( y + (Xx -X Y -2 y / X B ) wB ,  x < y [ 18 ]
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E q u a t io n s  [1 7 ,1 8 ]  ca n  be s o lv e d  f o r  y  b y  an i t e r a t i v e  
t e c h n iq u e .  On th e  f i r s t  p a s s ,  Q i s  assum ed e q u a l t o  z e r o  and  
E q . [ 1 7 ] , w h ic h  i s  now q u a d r a t ic ,  i s  s o lv e d  f o r  y .  T h is  v a lu e  
i s  th e n  s u b s t i t u t e d  in t o  E q .[ 1 8 ]  t o  o b t a in  a se c o n d  e s t im a t e  
f o r  Q, and so  o n .

A lth o u g h  th e  e q u a t io n s  o f  th e  e x te n d e d  m odel a r e  le n g t h y ,  
t h e i r  s o l u t i o n  w ith  a co m p u te r i s  s t r a ig h t f o r w a r d .  I t  m ust 
be s t r e s s e d  t h a t  th e  m odel in t r o d u c e s  no new a d j u s t a b le  
p a r a m e te r s .  A s  was th e  c a s e  w ith  E q . [ 1 0 ] ,  o n ly  v a lu e s  o f  AgE x 
and o f  t h e  b in a r y  e x c e s s  te rm s , wA B / x , e t c .  a r e  r e q u ir e d .

When AgEX i s  s m a l l  E q .[ 1 4 ]  re d u c e s  E q . [ 1 0 ] .  The p h a se  
d ia g ra m  o f  th e  N a ,K / F ,C l  sy s te m , c a lc u l a t e d  w it h  t h e  e x te n d e d  
m o d e l, i s  v i r t u a l l y  i d e n t i c a l  t o  F i g .4 b .

F o r  th e  L i , K / F , B r  s y s te m , in  w h ich  AgE x a s  w e l l  a s  
wL . K , F and wL . K/Br a r e  n e g a t iv e  and la r g e ,  th e  p h a se  d ia g ra m  
c a lc u l a t e d  w it h  th e  e x te n d e d  m odel i s  shown in  F i g .5 d .  
A g reem e nt w it h  th e  m easured  d ia g ra m  i s  b e t t e r  th a n  t h a t  
o b t a in e d  w it h  E q .[ 1 0 ]  and th e  m o d if ie d  e x p r e s s io n  o f  E q .[ 1 3 ]  
f o r  A , and i s  much b e t t e r  th a n  t h a t  o b t a in e d  w it h  E q .[ 1 2 ]  
f o r  A .

E q u a l ly  good r e s u l t s  h ave  been  o b t a in e d  f o r  s e v e r a l  o t h e r  
t e r n a r y  r e c i p r o c a l  m o lte n  s a l t  s y s te m s .

DISCUSSION

The e x te n d e d  q u a s ic h e m ic a l m odel f o r  r e c i p r o c a l  m o lte n  
s a l t  s o l u t i o n s  w i l l  be d e v e lo p e d  and d is c u s s e d  i n  m ore d e t a i l  
i n  a fo r th c o m in g  a r t i c l e .  The i n c l u s i o n  o f  c h a rg e -a sy m m e try  
th ro u g h  t h e  u se  o f  e q u iv a le n t  i o n i c  f r a c t i o n s  and th e  
e x t e n s io n  t o  q u a te r n a r y  and h ig h e r - o r d e r  sy s te m s  w i l l  be  
t r e a t e d .

W ith  th e  e x te n d e d  m o d e l, t e r n a r y  and h ig h e r - o r d e r  
r e c i p r o c a l  s a l t  p h a se  d ia g ra m s  ca n  be c a lc u l a t e d  w ith  
s a t i s f a c t o r y  p r e c i s i o n  from  th e  th erm o d yn a m ic  p r o p e r t i e s  o f  
th e  p u re  s a l t s  and from  o p t im iz e d  p a ra m e te rs  f o r  t h e  b in a r y  
s u b -s y s te m s . Thu s i t  i s  now p o s s ib l e  t o  s e t  up d a ta b a s e s  o f  
su ch  p a ra m e te rs  f o r  p u rp o s e s  o f  c a l c u l a t i n g  th e  th erm o d yn a m ic  
p r o p e r t i e s  and p h a se  d ia g ra m s  o f  m u lt ic o m p o n e n t s a l t  s y s te m s .
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Table 1 LIST OF EVALUATED SYSTEMS(2)
L iF - N a F N a C l- K C l K B r- C s B r LiOH-NaOH
L iF - K F N a C l- R b C l R b B r-C s B r LiO H -KO H
L iF - R b F N a C l- C s C l L i l - N a l NaOH-KOH
L iF - C s F K C l- R b C l L i l - K I L i 2 C03 -N a2 C03
N aF-K F K C l- C s C l L i l - R b I L i 2 C03 -K , C03
N aF-R bF R b C l- C s C l L i l - C s l Na2 C03 -K 2 C03
N a F -C sF L iB r - N a B r N a l- K I L i 2 S04 -N a2 S04
K F-R b F L iB r - K B r N a l-R b I L i 2 S04 -K , S04
K F -C s F L iB r - R b B r N a l- C s l Na2 S04 -K 2 S04
R b F -C sF L iB r - C s B r K I-R b I
L iC l - N a C l N a B r-K B r K I - C s I
L i C l - K C l N a B r-R b B r L iN 0 3 -NaN03
L iC l - R b C l N a B r-C s B r L iN 0 3 -KN03
L i C l - C s C l K B r-R b B r NaN03 -KN03

L i F - L i C l L i C l - L i 2 S04 N aCl-N aO H K C 1 -K I
L i F - L i B r L i B r - L i l N a C l-N a 2 C03 k c i - k n o 3
L i F - L i l N a F -N a C l N a C l-N a 2 S04 KC1-KOH
L iF - L iN 0 3 N aF-N a B r N a B r-N a l k c i - k 2 c o 3
L iF - L iO H N a F -N a l K F -K C l k c i - k 2 s o 4
L i F - L i 2 C03 NaF-NaN03 K F -K B r K B r-K I
L iF - L ip  S04 NaF-NaOH K F -K I
L i C l - L i B r N aF-N a2 C03 k f - k n o 3
L i C l - L i l N aF-N a2 S04 KF-KOH
L i C l - L i N 0 3 N a C l-N a B r k f - k 2 c o 3
L iC l - L iO H N a C l- N a l k f - k 2 s o 4
L i C l - L i 2 C03 N aC l-N aN 0 3 K C l- K B r

L iF - N a F - K F L iC l - N a C l L iB r - N a B r - K B r L i l - N a l - K I
L iF -N a F -R b F L iC l- N a C l- R b C l L iB r - N a B r - R b B r L i l - N a l - R b I
L iF - N a F - C s F L iC l - N a C l- C s C l L iB r - N a B r - C s B r L i l - N a l - C s l
L iF - K F - R b F L iC l - K C l - R b C l L iB r - K B r - R b B r L i l - K I - R b l
L iF - K F - C s F L i C l - K C l - C s C l L iB r - K B r - C s B r L i l - K I - C s I
L iF - R b F - C s F L iC l - R b C l- C s C l L iB r - R b B r - C s B r L i l - K I - C s I
N a F -K F -R b F N a C l- K C l- R b C l N a B r-K B r-R b B r N a l- K I - R b I
N a F -K F -C s F N a C l- K C l- C s C l N a B r-K B r-C s B r N a l- K I - C s I
N a F -R b F -C sF N a C l- R b C l- C s C l N a B r-R b B r-C s B r N a l- R b l - C s l
K F -R b F -C s F K C l- R b C l- C s C l K B r-R b B r-C s B r K I - R b l- C s I

L i F - L i C l - L i B r  N a F -N a C l-N a B r K F - K C l- K B r  R bF- R b C l-R b B r
L i F - L i C l - L i l N a F -N a C l-N a l K F - K C l- K I  R bF- R b C l-R b I
L i F - L i B r - L i l N a F -N a B r-N a l K F -K B r-K I  R bF- R b B r-R b I
L i C l - L i B r - L i l  N a C l- N a B r- N a l K C l- K B r - K I  R b C l -R b B r-R b I

C s F - C s C l- C s B r
C s F - C s C l- C s I
C s F - C s B r - C s I
C s C l- C s B r - C s I
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Fig- 1; Optimized KF-LiF phase diagram. 
Experimental points from (9)

Fig- 2; Optimized K SO^-Li^SO^ phase diagram. 
Experimental points from (16,17)
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Fig. 3 : KF-NaF-LiF phase diagram calculated 
solely from binary parameters

NoF NaCi NoF NaCI

Fig, 4 : Liquidus of the Na,K/F,Cl System
(a) As reported by (26)
(b) Calculated
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LiF KF

Fig. 5: The Li,K/F,Br phase diagram.
(a) As reported by (27)
(b) Calculated from Eqs. (10) and (12)
(c) Calculated from Eqs. (10) and (13)
(d) Calculated from the extended

quasichemical model
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T H E R M O D Y N A M IC  T R E A T M E N T  O F M U LT IC O M PO N E N T  FUSED  SALT  
SO L U TIO N S: C O M M O N  A N IO N  REA CTIV E SY ST E M S A PPR O X IM ATIO N

S.N. Flengas

Department o f  Metallurgy and Materials Science 
University o f  Toronto 

Toronto, Ontario 
Canada M5S 1A4

Abstract

From a m odified F.F.G.(1) thermodynamic cycle, equations have been 
developed from which the molar and partial molar excess thermodynamic 
properties o f  j-component molten salt solutions may be predicted from binary 
data.

The theory is applicable to reactive molten salt systems and particularly 
to charge asymmetric fused salt solutions with com m on anions.

It is shown that for a system having j- f l components, such as, 
M Xq-A X -BX  ••• ••• JX, any molar or partial molar property o f mixing for 
M Xq, may be calculated from available data on corresponding j-binary 
systems, such as M Xq-A X, M Xq-BX  and ••• M Xq-JX.

The equations are o f  the general form,
x2 J l

i - x, 1 - X x

The latter is applicable only when the multicomponent and the binary 
solutions have the same M Xq content, and same temperature.

The theoretical expressions have been found to predict quite w ell 
available data on ternary and quartemary systems.

N ew  composition parameters for expressing the compositions in 
quartemary and quinary systems have been established.
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INTRQPU.CTIQH
The thermodynamic properties o f  binary fused salt solutions have been the object o f  

several systematic investigations and extensive compilations o f  thermodynamic data are 
available.

However, similar information for ternary solutions is very limited and for quartemary 
systems there is hardly any information at all. Yet systems o f  industrial and o f  metallurgical 
importance are usually multicomponent, and the application o f thermodynamics to the 
calculation o f  equilibria and to the efficiency o f  chemical reactions is usually restricted by 
the lack o f  the appropriate experimental data.

Regarding binary systems, an activity isotherm is usually obtained from about five  
experimental measurements. In a ternary system, the Gibbs isothermal surface may be 
covered with about 25 separate experiments on activities, and, for a quartemary system a 
minimum o f  about 200 experiments are needed in order to cover adequately the entire 
composition range. It is evident that the large number o f experiments required have 
discouraged researchers from undertaking the systematic investigation o f  multicomponent 
systems.

Because o f  the shortage o f  experimental data, there is considerable theoretical and 
practical interest in the establishment o f  expressions from which the thermodynamic 
properties o f  ternary and quartemary molten salt systems may be predicted from available 
data on the corresponding binary solutions.

For ternary metallic solutions several such equations have been proposed. These 
include the analytical expressions by Kohler,a) Bonnier and Caboz,(3) and by Muggianu et 
al.,(4) and those derived by A lcock and Richardson,(5) and by Toop.(6)

The relative merits o f  each o f  these expressions have been compared by Spencer et 
al.^  and by Ansara(8> and by H illert(9)

In general, these expressions include terms representing the thermodynamic properties 
o f  the three binary component systems and differ mainly in the kind o f  composition  
parameters used and in the composition path to be follow ed within the ternary isothermal 
composition surface.

Saboungi and Blander*10* have extended the Conformal Ionic Solution theory to 
additive ternary molten salt solutions. However, the derived expressions were rather 
complex, and, even for mixtures o f  monovalent salts, they required fourth order terms. Their 

'applicability to a large number o f  ternary charge asymmetric systems has not been 
demonstrated.

The thermodynamic properties o f  charge asymmetric molten salt solutions are o f  
considerable theoretical and practical interest, as they are characterized by very low  activity 
values and by highly exothermic enthalpies o f  mixing. This behaviour is usually interpreted 
as indicating strong interactions between the ionic specie in solution, and to the formation
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o f  com plex species. To interpret such systems Pelton and Thompson(11) have proposed a 
Discrete Complex Anion M odel which has been applied to systems such as binary 
M gCl2-containing systems and to the system MgCl2NaCl-CaCl2. ° 2)

In previous publications from this laboratory03"175 a "hybrid” regular solution model 
representing the combination o f  a reaction mechanism follow ed by the regular m ixing o f  
the products o f  reaction, has been applied to the derivation o f  equations which allow the 
calculation o f  the thermodynamic properties o f  ternary and quartemary charge asymmetric 
fused salt solutions from the properties o f  the component binary systems. However, this 
m odel was based on the assumption that all com plex forming reactions proceeded to 
com pletion and the thermodynamic requirement o f  equilibrium between specie in solution 
was not considered.

In the present publication, equations relating thermodynamic properties o f  
multicomponent, common anion charge asymmetric fused salt solutions to the properties 
o f  the component binary system, are derived in a rigorous manner. To this and a modified  
form o f  the F.F.G. thermodynamic cycle05 which is ideally suited to mixed equilibria, has 
been developed. The theoretical treatment makes use o f  w ell established thermodynamic 
relationships and should not be described as a "model".

For the treatment it is necessary to consider solutions that contain at least one charge 
asymmetric component, M Xq, as in the system, MXq - A X  - BX - ••• JX in which the 
components AX and BX etc. are acting as ligand donors for reactions like,

M X q +  M X ->  A rM X q+r (1)

An exact knowledge o f  the type or the stoichiometry o f  the complex specie formed is not 
required for the derivation o f  the thermodynamic relationships.

Thermodynamic Treatment o f  Multicomponent Molten Salt Solutions

For the thermodynamic treatment o f  a j +  1 component, common anion and charge 
asymmetric molten salt system, like the solution o f  M Xq-A X -B X  ••• jX , w ill be considered.

The derivation is based on a modified form o f a thermodynamic cycle for successive 
reactions first proposed by Flood, Forland and Grojtheim05. The steps considered are given  
in Table 1.

The cycle consists o f  chemical reactions a, b ••• j and o f  two m ixing reactions 1 and
2. Standard states are chosen as the pure molten salts at all temperatures. M ole numbers 
are taken as,

«2 + «3 + ••• + «; = 1

and the summation,

70



TABLE I
EQUILIBRIA IN MIXED SYSTEMS

CHEMICAL REACTIONS

a - n2MXq(l) + n2rAX(l) = ri2ArMXq + r(l)

b- n3MXqa) + n3r®X(t) = n3BrMXq + ra) 
! ! | 

j — n j MXq(j) + n j  r JX( | j =  n jJ rMXq + ra)

GIBBS FREE ENERGY

" 2a g ;

n,AG!

njA G j

MIXING REACTIONS

I "  n2rA X (U + n3rB X U) + ....... nJr J X U) =  r [ (A X )n2-(BX)n3 ■■(JX)n . ]so|ut.on

2 -  n2ArMXq+r(l) + n3BrMXq+r(l) +......njJrMXq+r(l) »

=[(Ar MXq+r) • (B r MXq+r)  ...... (Jr MXq+r )n. ]
cl+ r ,n j  ■'solution A G m ( 2 )

Where : n2 + n3 +

From Equations : a + b + •
'" j  “  1

I +2 ,

..... “ - i U  -
. [ ( A rM X ,„ ) n !-(BrM>C,„)„s .......<J,MXq, r)„j ]ioiijtionll£ • "3

( Standard State Reaction )

(3 )

A gI  = n. AG° •+* nK AG! + ......n ; AG? -  r AG,.,. + AG,
j r , m 2 ‘“ '~ a  

=  RT In K,M

'b^ 2  

(4 )
M (I) M(2)

For, A X , BX, • JX , The Standard State

is The Solution [ (A X )n ,(BX)n̂ ,....... (JX)n. ]

rAGM(l
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From : A G | =  R Ttna,- (5a)

nJ "j « .

A g m x q = A G R(M) + ? 2nj A G , My Jr Mxq+r •  A ojx

c_ II > CD c_ and j  = a,b,,.......j )

For The Mixed System 
At A Given 
Composition

(Solutions
As
Standard 
States)

In Mixed System With 
Respect To Pure 
Molten JX Or 
Jr MXq+r

As
Standard
States

In Solutions Having 
Compositions, *
a) (AX) *(BX) ■••• (JX)

2 And 3
b) (A r MXq+r)n2-(Br MXq+r)n3

•(Jr MX,q + r ' n ;

> ip X

II

A G JX AG^x ( in a ) ( 7 )

AG . My
^r^Xq+r A-Gj'x "^r^Xq+r

AG! M y
^r^xq +r ( in b )

( 8 )

-£■ Pure Molten JX And 
JrMXq+r As

Standard States

From : 3 , 4 ,  6 , 7 ,  8

A G MXq = " J AGR(a)

( In nj +■ 1 
Component + *̂ 3  ̂A G R (b )
System )

+ nj  C A G r ( j  )

For Binary. Solutions Having The Same

rAGIx + AGArMXq +r ^

^ B X  + A G B r MXq + r̂  +

rAGJx + A g " mx ]
^ r ^ X q + r

( 9 )

:MXql from  e q . 9

AG,MXq(y)
( i n  nj + I

Component 
System )

Also: rij =

n2(A G MXa) + n3(A G MXg) + ' ’ 'J
MMXq-AX(y) HMXq-BX(y)

n;(AG:MxJ (10)

VZn Xi

.....V l n
X2 + X3 +....Xi

q Mxq- jx (y )

where Xs (11)
y are mole 

fractions

MXq(y) X2 + X3- * x; v .... x/ A<SmxJ  *•
J q /MXq-AX(y) 2 3 J 4 MXq-BX

<A§mxJM'm'

( in  nj + I 
Component 
System )

X;

X2+X3H..... X; (12)

MX.-JX are b in a ry  system s
MXq-JX(y)
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n^JXq +  n fifXq +  ••• +  rijMXq
represent 1 g.m ole o f  pure molten M Xq. Through addition o f  reactions in the sequence 
a + b + ••• +  j - 1  + 2, the overall reaction o f  M Xq with a mixed melt is obtained as reaction
3. Reaction 3 may be taken as "standard" if  the two solutions

[(AX )^• and ■ (BrM X ,+r) ^ - - ( / rM X ,+r) J ,

are chosen as the "standard states" for the mixed system containing all species at their 
equilibrium compositions.

In Table 1 the "Standard free energy" for reaction 3 is given by equation 4  and it defines 
the mixed equilibrium constant K*, as in equation 5. The "standard state" for MX„ is still 
the state o f  pure molten M Xq at all temperatures. For the other compounds JX and JrMX^ 
etc, their standard states, respectively, are the above mentioned "mixed" solutions (Appendix 
1).

From the w ell known relationships, 4  and 5a in Table 1, equation 5 may be written in 
terms o f  the partial molar free energies o f  mixing, AG„ and is given as equation 6. The 
latter may be simplified through conversion o f the standard states using equations 7 and 8, 
which are derived in Appendix 1.

From equations, 3,4,6,7,8 and appendix 1, equation 9  is readily derived. In the latter 
the quantities AG jx and AGj rm q r̂ represent partial molar Gibbs free energies o f  mixing;

expressed with respect to pure molten JX and pure m olten JJA X q + r as standard states, 
respectively, where J stands for A , B ••• J.

Considering reactions a, b, c ••• j in Table 1, the equilibrium constant for a j-type 
reaction may be written in terms o f  activities as,

aW <+r 

&MXq * a JX
O '-D

Following the same general method, as for the derivation o f  equation 9 in Table 1, it is 
readily shown that for a binary system,

A = A G Z - r ^ + A G ^  ( / - 2 )
(tfXq-JX)

In this equation AG jx and AG JrhfX + refer to the binary solution J X  -  M Xq at 

equilibrium. Standard states o f  reference are the pure molten salts.

From Table 1 equations similar to j-2  may be derived for all the other com plex forming 
reactions in binary solutions and are designated, respectively, as a-2, b-2, etc.
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Considering solutions representing the same mole fraction for M X-, it w ill be assumed 
that the partial molar Gibbs free energies o f  mixing for pairs like AX  - ArMXq + r, B X  - 
BrMXq+r, —  JjMXa+r, in the multicomponent system, have approximately the same values 
as in the corresponding binary solutions.

The combination o f equation 9 with equations like a-2, b-2 ••• J-2, yields equation 10. 
Also, by introducing equation 11, the final expression 12 relating Gibbs free energies o f  
mixing o f multicomponent to binary systems is obtained.

This expression allows the calculation o f the activities o f  M Xq in a multicomponent 
system, from their values in the component binary systems, when the m ole fraction o f  M Xq 
is the same throughout

From the w ell known van’t H off expression

(13)
at same Xi

it is readily seen that partial molar enthalpies o f mixing are also expressed by equations 
similar to eq. 12 in Table 1.

a (AG,) AW,
R

In general it may be shown that any molar or partial molar solution property for M X , 
in a multicomponent system, may be written as:

A %MXq 
(1,2- /  + 1) 1 -X i (AZjm )x,2 + -^-(AZ w ) +-X| "Vl.3

Xj
1-X i (AZ- A , (14)

where X m<i and temperature are the same for the multicomponent as for the binary mixtures.

The assumptions that the Gibbs partial molar free energies o f  m ixing for components 
like JX and J^MX,*,, are '’frozen” at their levels in the binary solutions for compositions 
representing the same MX- content, have important structural and theoretical implications. 
They can only be valid if  the cations A T, BT ~  and T  are randomly distributed when short 
range interactions o f  the next neighbour type, like in a sequence A+ X' M ^, are significant.

Ternary Charge Asymmetric Fused Salt Solutions

The composition o f a ternary system is usually represented by points within a Gibbs 
equilateral triangle. Pure components are situated at the comers, as shown in Fig. 1.

Any composition point P is found by drawing through P lines parallel to each o f  the 
three sides. The complement o f  the distance from each com er to the respective line through 
P gives the amount o f  the particular component. If the composition variable is the mole 
fraction, then the values thus calculated must satisfy the relationship
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Figure 1. Composition paths in a ternary system t  =  and y  = 1 - X.

Figure 2. Isothermal composition diagram in a quartemary system represented by an 
equilateral tetrahedron, t, y, S are composition parameters. Equilateral triangle 
QRK represents a section o f  the quartemary having the same MClq content.
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1 (15)

where 1 ,2  and 3 are components MXq, A X  and B X  respectively.

A  tie-line from 1 to the 2 ,3  binary represents compositions for which,

, *3r =  —  =  constant 
X 2

but since t' goes to infinity as X 2 goes to zero, it is more convenient to define

, = — 5 —x2 + X,
which varies from 0  and 1.

Xx + x2 + x 3 =

(16)

(17)

At constant X t, the parameter y is defined as y = I - Xj. In the binary 1-2, t = 0, and 
in the binary 1-3, t =  1. For pure component 1, y = 0, and for all values o f  t in the 2-3 binary 
y = l .

It is also readily calculated that

1▼-HII (19)

II 1 (20)

II (21)

from equation 12 in Table 1, and equations 19, 20, 21, the corresponding expressions for 
the activities and for the other molar and partial molar properties in ternary solutions are 
derived, respectively, as,

and as,

*0.2.3), *0.3),

^ M X  ”  (1 OAZmx. +
*0.2.3), *0.2), *0.3),

(22)

(23)

where, 1,2 and 1,3 refer to the binary systems, AX-MX^ and BX-M Xq, respectively. AZ 
could represent, molar volumes, enthalpies or Gibbs free energies o f  mixing.
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Ouartemarv Charge Asymmetric Fused Salt Solutions

Compositions in a quartemary system are represented(18) by points within the volume 
o f  an equilateral tetrahedron, as shown in Fig. 2. The four vertices correspond to the pure 
components M Xq, A X , B X  and D X , and the edges represent the six binary systems MXq-AX, 
MXq-B X , M Xq-D X, A X-BX , B X-DX  and DX-AX.

The triangular faces represent the four ternary system s M Xq-A X-BX , M Xq-AX-DX, 
MXq-B X -D X  and A X-BX -DX .

It is a property o f  all equilateral tetrahedra that lines originating from any internal point 
P, drawn parallel to the four different faces, have a total length equal to one edge, and each 
o f  these segments may be taken to define the mole fraction o f a particular component 
occupying an apex.

In view  o f  the complexity o f  such three-dimensional plots, useful composition paths 
have been defined mathematically, and the composition parameters, y, t, and S have been 
defined in terms o f  mole fractions by the following expressions:(17)

y = l-*i (24)
where 1 . 0  >  y  > 0

t
XA

X 3+ X A
(25)

where 1.0 > t > 0, t = 1 along the M Xq-D X  binary, and t =  0  along the M Xq-B X  binary.

S
X 2

X 2+ X 3+ X A
(26)

where, 0 > S > 1 ,  S = 1 along the M Xq-AX binary and S = 0  for all compositions in the 
ternary M Xq-BX-DX.

Considering Fig. 2, in which M Xq is placed at the apex o f  the tetrahedron, constant 
"t" represents the pseudo-quartemary composition surface LMN. A ll compositions along 
that surface have in common the constant ratio o f  X J X 3 +  X 4.

A lso, constant "y" represents compositions along a pseudotemary surface parallel to 
the base o f the equilateral tetrahedron having a constant X m  ̂content.

The intersection o f  the planes, t and y, defines the line "S".

The relationship between primary m ole fractions and the composition parameters y, 
t, and S, is readily found as,
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MXq( l )

x2 X4+X5

y = 1 ’ X| f| = x 2+ x 3 R = "x2 + x 3 + x 4 + x 5

_ X 5

2  X4 + X 5

X| + V X3 + X4 +X5 = '

Figure 3. Representation o f compositions in a quinary system, y, t2, R are 
composition parameters.
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X, i - y (27)1 = Xu

x 3 =  y ( l - r ) ( l - S )  (28)

* 2  =  y s  (29)

X ,  =  r y ( l - S )  (30)

Considering the S path QT, within the quartemary tetrahedron shown in Fig. 2, all 
compositions along QT have the same content and the same ratio o f  D X  to BX.

However, as S changes from 0 (point T) to 1 (point Q), the amount o f A X  in the quartemary 
changes in proportion to S (eq. 26) and the value o f any thermodynamic property measured 
along the S-composition path should reflect the reactivity o f  A X  towards M Xq. In this melt, 
the ratio o f  D X /BX  remains constant, but the absolute amounts o f these two components 
decrease as they are replaced by AX.

It follow s that the y, S, and t parameters, proposed in this paper, define quartemary 
composition paths along which it is possible to follow  the relative contributions o f  the various 
salt components to the magnitude o f the thermodynamic properties o f  the solutions.

When expressions 27-30 are applied to the general expressions 12 and 16, the 
corresponding equations for a quartemary system are derived as,

,(1-5 X 1 - o „*<1 - S )

*(1,2.3.4) (31)

and

AZ„
*0,2,3,4)

s a z m (1 -S )[ td Z u + (1-0AZ, 1 (32)

Extension pf thfi-Thcpiy to Quinary, Molten Salt Solutions

For a five component system there is no simple geometric method for the graphic 
representation o f  the composition. In general, a j+1 component system requires plots in J 
dimensions(18,19).

For the purpose o f  this treatment the composition o f  a five component system is 
represented on the surface o f  a Gibbs equilateral triangle in which the apex is occupied by 
the reactive molten MClq component and the other two vertices are occupied by solutions 
having fixed ratios o f  ligand donors,5 as in Figure 3.

For the system M Xq-A X-BX -D X-EX  having the m ole fraction composition defined 
by Xj, x2, x3, x4, and x5, respectively, the composition parameters are defined as,
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y (33)= I - *

*1
*3

x2+ x 3
(34)

h
*5

x4 + x s
(35)

R = *2+*3
X2 +  X 2 + X 4 + X s

(36)

The relationship between conventional mole fractions and the above composition 
parameters are readily derived as,

X\ =  i - y (37)

* 2 (38)

*3 =  yR h (39)

* 4 =  ( 1 - % ) ( ! - * & (40)

*5

>>1r-Hll (41)

Through introduction o f  equations 37-41, into equations 12 and 16, the quinary system  
expressions are derived as,

Similarly,

aMXq
(In quinary),

”  aMX*0.2),
(I-/,). (I-/?)

“MX
*0.3),

R(i-g Rh
a MX. ’ a M X. 

*0.4), *0.3),

AZ„A .*(quuwy)y

Limiting values for the y, t1? tj and R terms are, 

y = 1 for pure M Xq
y = 0 , in the quartemary A X-BX -DX -EX .
tj = 1, in pure A X  R = 0, in A X -B X  binary, and
q = 0, in pure B X  R = 1, in D X -E X  binary.
^ = 1, in pure EX  
^ = 0 , in pure D X

(42)

(43)
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Figure 4. Comparison between calorimetric and electrochemical 
NaCl-RbCl-AgCl.
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TERNARY SYSTEM 
AgCI-KCl-LiCI—  xs 

^ GAgCI
at 500°C  
( cal. mole)

X KC1

X KCI + X LiCI

AgCl-UCI AgCI-KCI

Figure 5. Plots o f  A v e r s u s  t for the ternary system AgCl-KCl-LiCl.(26) Points are 
experimental. Straight lines have been calculated from equation 23.
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|O
U

J • UK) ) A

35 I-------------- 1-------------- 1------------ 1-----------------
0 0.25 0.50 0.75 1.0

t ---------- ►
MnCI2 -NaCI-CsCI

Figure 6 . Plots o f  the molar volumes V  versus 
t for various y values in the ternary 
system MnCl2-NaCl-CsCl(2̂  
calculated from equation 23.

Figure 7. Plots o f  the molar volumes versus t 
for various y values in the ternary 
system PbCl2-LiCl-KCl.(27) Points 
are experimental. Straight lines have 
been calculated from equation 23.
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3 -

RbCI

X MnCI2 = 0 0 1  ------------- <»5>

T = 8I0°C

o coCi2-N qCi - k c i , xCoCI =
0.001 at 8 0 0 °C  — --------- (2 4 )

•  coci2- n q c i - k c i , xCoCI =
0 .4 0  at 8 0 0 ° C ------ — (2 4 )

a  NiCi2-N a d  -KCI, X NjC| =
0.001 at 80 0 °C  ------ — (2 5 )

A NiCI2-N a C I -K C I ,X NjC, =
0 .4 0  at 8 0 0 °C  -------—  (2 5 )

□  AgCI-NaCI -  RbCI, XAgC| =

0 .0 3  at 8 I0 °C  ------— (2 2 )
■  AgCI-NaCI- RbCI, XAgC| = 

0 .5 0  at 8 10°C ----------- (2 2 )

Figure 8 . log yMciq plotted as function o f t, for various systems. Points are experimental

while straight lines have been calculated from equation 2 2  expressed in terms 
o f activity coefficients.
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Equation 43 implies that the partial molar free energies o f  mixing for the reactive M q 
component are linear functions o f  R, when y has a comm on value for the binary and the 
quinary solutions and tt and t2, are fixed to represent given ratios.

Agreement with Experimental Evidence
There is overwhelming evidence for the validity o f  the expressions 22-23, for "reactive" 

or charge asymmetric ternary systems, for which there is reliable information on the 
corresponding binaries.

Table 2, lists some o f  the ternary systems for which agreement between theory and 
experimental values is excellent

For example, the binary systems AgCl-NaCl and AgCl-CsCl have been investigated 
by the em f method01* and by calorimetry.0203* Enthalpy o f  m ixing information on the binary 
NaCl-CsCl is also available04* and the electrochemical and the calorimetric data are in very 
good agreement. The ternary system AgCl-NaCl-CsCl has been investigated by the em f 
method01* and the comparison between experimental and calculated excess free energies o f  
mixing is excellen t

The binary systems AgCl-NaCl and AgCl-RbCl have been investigated in this 
laboratory01* and by Kleppa and associates0203* calorimetrically.

These data indicate that the NaCl-AgCl system exhibits exothermic enthalpies o f  
mixing, while the RbCl-AgCl system mixes endothermically and should be described as a 
"reactive system". The ternary system AgCl-NaCl-RbCl has also been investigated by the 
em f method in this laboratory02* and, as shown in Fig. 4, there is excellent agreement between 
experimental and calculated molar enthalpies o f  m ixing, over the entire composition range.

Plots o f  AG^ci versus t, for the system AgCl-KCl-LiCl investigated by Gruner and 
Thompson06* shown in Fig. 5, are also linear, indicating the compliance o f  this system with 
equation 2 2 .

The MnCl2-alkali chloride systems are o f  interest as they demonstrate negative 
deviations from ideality, which increase dramatically from the MnCl2-NaCl to the 
MnCl2-CsCl binary.

For these systems the agreement between the calorimetric04* and the electrochemical05* 
enthalpies o f  mixing is very good. For the ternary M nC^-NaCl-CsCl03* molar volumes 
calculated from the corresponding expression

=  ( 1 - 0 V (1>2) +  fV(li3) (44)
1,2,3 1 1
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are shown in Fig. 6 , and indicate excellent agreement with the experimental data.

Molar volum es for the system PbCl2-LiCl-KCl, measured by Gutierrez and Toguri075  

and shown in Fig. 7 are in excellent agreement with calculated values from binary data using 
equation 23.

Figure 8  demonstrates the validity o f  equation 22 to a number o f ternary systems.

Agreement between experimental and calculated partial molar free energies o f  mixing 
is also found for the systems MgCl2-NaCl-KCl and PbCl2-LiCl-KCl, as shown in Fig. 19.

The recently reported NaCl-CaCl2-MnCl2 system is o f  interest as it represents a ternary 
containing two ligand acceptors, e.g. CaCl2 and MgCl2, and NaCl as the single ligand donor.

X M g C l2

1 f t  =  j ^ —  and NaCl is placed at the apex o f  the Gibbs triangle, the calculated
CaCL  ̂ MgCL^

and experimental enthalpies o f  mixing shown in Table 3 are in good agreement with theory, 
considering that the ternary Gibbs-Duhem had been used for the calculation o f  the activities 
for the three components.02*

Sim ilar agreement between experimental data and theory is demonstrated by all the 
systems given in Table 2.

Regarding quaternary systems, the only system which has been systematically 
investigated by the em f method is the system MnCl2-N aQ -K C l-C sC l.(17)

From available data on binary systems05*, the theoretical plot o f  AG MrtCLi as a function

o f S, for a number o f  t values which cover entire y-planes within the quaternary, has been 
calculated from equation 31.

Figures 10a, 10b, 10c, and lOd show the actual comparison between experimental07* 
and calculated values o f  AG Mna2 for four different y compositions.

It is seen that all compositions along a constant y-plane, which are obtained when t is 
changed from 0  to 1 , are represented by a family o f curves which are terminated in the three 
component binary systems, as shown on the graph.

Equations 31 and 32 are applicable only if  the ligand acceptor component MnCl2 is 
placed at the apex o f  the tetrahedron, while the three ligand donors, namely the NaCl, KC1 
and CsCl, are located at the three remaining vertices.

In a recent publication08* from this laboratory "formal" formation potentials in the 
dilute solutions o f  the binary systems C aQ 2-A Q , N iQ 2-ACl, FeCl2-ACl, FeCl3-ACl, 
CrCl2-ACl, CrCl3-ACl, CaCl-ACl, CaCl2-ACl and ThCl^-ACl where, A , was respectively
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TABLE 2

List of ternary and quarternary fused salt solutions which are in agreement with the 
present thermodynamic treatment of the "Reactive Systems Approximation"

Ternary System Method/Property Temp.
CC)

Authors

AgCl-NaCl-KCl EMF/yAg(a 650-850 Flengas and Ingraham ^

AgCl-NaCl-KCl EMF/AG AgCI 650-850 Guion, Blander, 
Hugstenberg and 
Hagemark(2”

AgCl-NaCl-CsCl EMF/AGa c1 700-850 Guion, Blander and 
Hagemark*21*

AgCl-NaCl-RbCl EMF/yAga

A //Aga

500-900 Pelton and F len g a s^

MnCl2-NaCl-CsCl EMF/activities 700-900 Sadoway and Flengas(15)
MnCl2-NaCl-CsCl Molar Volumes (Vm) 

(Density)
550-1050 Carmichael and 

F le n g a s^
MnCl2-NaCl-CsCl Electrical

Conductivities
510-1054 Carmichael and 

F le n g a s^

NiCl2-NaCl-KCl Q  j EMF/yNiCl2 700-900 Hamby and Scott*24*

CoCl2-N a C l-K C l(j) EMF/yCoCl2 650-900 Hamby and Scott*25*

AgCl-KCl-LiCl E M F/A G ^c 500 Gruner and 
Thompson*26*

NaCl-CaCl2-M gCl2 EMF/AHm 700-850 Karakaya and 
Thompson(12)

PbCl2-LiCl-KCl Molar Volumes (VM) 
(Density)

700 Gutierrez and Toguri*27*

PbCl2-LiCl-KCl (y j EMF/AG pbĉ 750 Takahashi*28*

MgCl2-N aQ -K C l Q ) EMF/AG Mgcij 800 N eil, Clark and 

Wiswall*29*

AlCl3-NaCl-CsCl EMF/y”^ 850 Tumidajski and 

Flengas*30*
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A1C13-KC1-CsC1 EMF/y^o, 850 Tumidajski and 

Flengas*305

Quartemary System

MnCl2-NaCl-KCl-CsCl EMF/E-E* 650-850 Flengas and Pickles075

TABLE 3

Integral Enthalpies of Mixing in the System 
NaCl-MgCl2-CaCl2<26>

XCaCl}
for’ '  =

y

(J/mole)

t Experimental* Theoretical**

0.40 0.50 -5,820 -5,820

0.60 0.67 -4.064 -4,574

0.62 0 . 2 0 -5,864 -6,032

0.75 0.33 -3,448 (-4,034)

0.77 0 . 1 0 -4,397 -4,290

0.80 0.75 -1,700 (-2,515)

0.85 0.18 -2.509 -2,748

* From ternary Gibbs-Duhem integration/ 125 Only the aMgCLi in the ternary was 

measured electrochemically.

** From calorimetric data on the binary systems NaCl-M gCl2 and NaCl-CaCl2.
=  ( l - o  AHu  +  t  * H m ( 3 2 - * )

(NaCl-M gCLj) (ftaCl-CaClz)
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Figure 9. Plots o f A v e r s u s  XMCll for t = 0.5, for the systems PbCl2-LiCl-KCl(28) and 

MgCl2-N  aCl-KCl.(29)
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10-a. 10-b

10-c
s
1 0 -d

Figures 10a Excess partial molar free energies o f  mixing for the quartemary system  
to lOd MnCl2-NaCl-KCl-CsCl(17) as functions o f s and for various t-values. Points 

are experimental. Straight lines are theoretical.
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NaCl, KC1 or C sQ , were investigated by e.m.f. measurements. A lso, "formal” potentials 
were measured in the corresponding ternary systems in which the solvents were respectively  
the equimolar mixtures NaCl-KCl, NaCl-CsCl and KCl-CsCl.

In all cases it was shown that the "formal" formation potentials o f  the ternary systems 
were in good agreement to within 2 to 5 per cent with values calculated from the theoretical 
expression,

£ /(l,2 ,3 )  =  (1 — 0 £ /( l ,2 ) , “  '£ /( l ,3 ) ,  (45)

which, is equivalent to equation 32 written for an excess partial molar free energy.

Standard "formal" potentials, E®, are related to the usual "standard" potentials, £ ° , by 
the w ell known relationship

Ef  =  Es -  ^ In Y *  (46)

which, yn is the Henrian activity coefficient for a salt in solution. In such dilute solutions 
the formation o f a complex specie and its coordination, is expected to have reached a limiting 
value and a complex should remain unchanged over the entire "Henrian" concentration 
range.

Therefore, dilute solutions ought to be ideally suited for investigating relationships 
between multicomponent and their component binary systems.

Conclusions

It has been shown that the thermodynamic properties o f  non-ideal and non-regular 
charge asymmetric fused salt systems may be predicted from data on the component binary 
systems, along isothermal composition paths representing a constant content o f  the charge 
asymmetric or reactive component M Xq.

Although the derivation o f  equations 22 and 23 for ternary systems, 31 and 32 for 
quartemary systems and o f  equations 42 and 43 for quinary systems, have been based on 
assumptions that com plexes are formed, such assumptions are not really necessary. Any 
kind o f  internal reactivity should satisfy the theoretical treatment and the derived expressions 
should be applicable.

Regarding quartemary systems, the introduction o f  the composition parameters y , t, 
and S serves in the planning o f  experiments and in reducing the large number o f  compositions 
to be studied in order to adequately characterize a quartemary system. The use o f  these 
composition parameters makes it possible to plot thermodynamic data along well-defined
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composition paths and to identify the effects o f  competing interactions on a charge 
asymmetric cation. For example, the different complexing effects o f  CsCl or KC1 on MnCl2 

become evident as the quartemary solutions become richer in CsCl, or in KC1, respectively.

The successful application o f  eqns. 2 2 ,2 3 ,3 1  and 32 to nonideal charge asymmetric 
fused-salt solutions indicates that in ternary, quartemary, and possibly even in higher order 
systems, reactions within the binary solutions account for most o f  the internal reactivity 
which is responsible for deviations from ideality.

In quartemary systems which may deviate from equation 31 or 32, plots such as Figures 
10a, 10b, 10c and lOd are useful in that they display the thermodynamic data in a systematic 
way. For example, isoactivity paths are readily obtained, and activity plots covering an 
entire S-com position surface are readily constructed.

Regarding five component systems, an experimental verification o f  the derived  
expressions could not be made, at this time, because o f  the lack o f  the appropriate 
experimental data. However, in systems for which the ternary and the quartemary 
approximations have been found to be applicable, it is reasonable to expect that the 
corresponding five component systems should also obey approximately to equations 42 and 
43.

The present treatment takes into account that reacting systems reach equilibrium and 
it should not be described as a "model". The formulation o f  specific complex species is not 
required except in a most general way.

The assumptions that the partial molar properties for the alkali chlorides and for the 
com plex compounds are "frozen" at their levels in the corresponding binary solutions at 
same MCL content, are expected to be valid only if  short range coulombic interactions are 
truly significant and if  the cations A , B, ••• J are randomly distributed in the multicomponent 
mixed melt.

Although an exact knowledge o f  the structure o f  com plexes is not necessary for the 
thermodynamic treatment, there are certain indirect indications regarding their probable 
configuration. For example, structural evidence(39) as w ell as measurements o f  electrical 
conductivities and o f molar volum es,(23) suggest that solutions o f  MnCl2 in alkali chloride 
melts appear to contain tetrahedrally coordinated complexes o f  the type MnCl/*. Similarly, 
thermodynamic evidence indicates that the solutions o f  ZrC^, HfCl4, NbCl5 and TaG^ 36**75 

in alkali chlorides contain octahedrally coordinated com plexes o f  the type MCI*2* or MCI*'. 
In all these systems, the negative deviations from ideality increase as the size o f  the alkali 
metal cation increases as in the sequence, LiCl-NaCl-KCl-RbQ-CsCl.06,37*

These trends reflect the effects o f  competing interactions between the M4* and alkali 
metal cations for the same Cl* anions, in which the alkali chloride acts as a ligand donor and 
the reactive metal chloride MClq is the ligand acceptor. Alkali metal cations like Li+, because 
o f  their small ionic radius are strongly attracted to their chloride anions and effectively the 
LiCl salt is less "dissociated" than other alkali metal chlorides containing larger cations like 
K*, Rb* or Cs*. The difference in the strength o f  the com plexes which are formed when a
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reactive metal chloride MClq is m ixed with either o f  the alkali chlorides AC1 or BC1 should 
be reflected by the difference in the bond distances in configurations o f  the type M -Cl-A or 
M -Cl-B.
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SUMMARY
For A Multicomponent System ■ MXq ~ M^X - n3BX..njJX

where : n 2 + n 3 + .........n j =  I

W  Xj = l-X,

Az,MX„ I -X. lAZMX, ) +'AV.UY i-x , ( A z m x , HX;(AZMXr

for XM values which are the same in the binary and in the multicomponent systems.MXq
AZ is Any Partial Or Molar Solution Property.

For A Ternary System: MXq-n2AX~n3BX
y s | ‘ XMX; l‘ Xl

t =

MX

X3
A h = ( i-t) A hmy + tA H MY

MXq(y) MXq(lf2)(y) MXq(l,3)(y)
(1,2,3)

_ H ,  ,t
M xq{l,2,3)(y) MXqJl,2(y) MXq/l,3(y)

X, =l-y -  x2 = y(l-t) x3=ty
For A Quarternary System: MXq - n2AX - n3BX - n̂ CX
y=l-X,

X3+X4
S = -

A h = s (Ah ) + (l-S)[t(AHUY ) +{l-t)(AHMY \
MXq(y) MV | , 2(y) 1 MXqi,.4(v) MXq/|

(1,2,3,4)
c*/ i,4(y) l'i,3(y)

s (i-s)d-t) to-s)
MXq(y) ^ Xqd,2)(y) MXq(l,3)(y) MXq(l,4)(y)

(1,2,3,4)

X,  - l - y  ^X2=ySX3 = y(l-t)(l-S)X4 = yt(l-S)
For A Quinary System : MXq-n2AX-n3BX -n4CX -n5DX
y = i-x,
t = _^2_
1 X2+X3

t = - ^ 2 -2 V X5
R=-
.. . WIX, = l-y X2 =y(l-t,)R X3 = yRt, X4=y(l-t2)(l-R) 
X5*yt2(l-R)

(1,2,3,4,5)

r [M A h mx ) + <| - tM HMX )
MXq/|,3(y) q/'

l,4(y) 

q/l,2(y)

_(l-R)(l-t2) (l-R)t2Rd-t) Rt. „ ............. n..
Q = Q  • Q ■ 1 • Q * • 0

MXq(y) M xq ( i ,2 )(y) MXq(l,3)(y) MXq(l,4)(y) MXq(l,5)(y)

X.,v = Common MXq

(S-l)
I

(S-2)

(S-3)

(S-4) 

(S-5) 

(S—6)

(S—7)
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APPENDIX 1

Standard state conversion.

Considering reaction 3 at equilibrium, the "overall" mixed system contains species 
such as M Xq, A X, ••• JX and ATM Xq+r, ••• JjMXa + p at their equilibrium concentrations 
which are determined by the condition that AGR = 0.

Reaction 3 could also be taken as "standard", i f  the solutions

are taken as the "standard states" in the "overall mixed" system which contains all o f  the 
above species.

For components AX, BX  ••• JX in this "overall mixed" melt, the standard state is the 
solution o f  fixed composition given as [(A X )^  • (B X )^--- (JX )n] ,  at all temperatures.

Similarly, the standard state for either ATMXa + r, BrMXq + r ••• and JrMXq + r, is the 
solution containing n2 moles, AjMXq+p n3 moles BIM Xq+r ana ••• n< moles JrM Xq+r The 
terms r A G ^  and AGM(2) in equation 4  o f  Table 2  are readily eliminatea during the conversion  
o f the standard states to those representing the pure liquids at same temperatures. A G m ^  

represents the partial molar Gibbs free energy o f mixing for pure molten M Xq, as before.

Activities are defined by relationships like

(djx) =  (PA)over "mixed" melt (A - 1 )
(in "mixed” melt)

KA X \  ■ (B X )h  . . .  (J X \ ) ,

and,

where,

n2 +  + ••• + itj = 1

(P lo v e r  "standard" solution [ ( A X ) ^  ( B X \ - ( J X ) n]

and,

a j s a ,„  =  (/ V * ,„ ) over "mixed” melt (A -2 )
(in mixed melt)

(/>̂ MV,)over "standard" solution [(ArA/X,+r)— ( /rM X ,+r)]

For conversion purposes Gibbs free energies w ill be defined as follows:
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G jx, for JX in the "overall" m ixed system at the equilibrium
composition (reaction 3 at equilibrium).

for pure molten JX.
and, _

G 'jx, for JX in the "standard" solution
[ { A X \  • ( B X \  -  (JX )Hj\

Gibbs free energies o f  m ixing may be expressed in terms o f the two different standard states 
given. These are:

AGjx -  G jx -  Ĝ x
(in mixed system)

A - 3

A G jx -  G j x ~ G jx A — 4
(in "standard" solution)

and,

A G jx -  G j x ~ G jx A 5
(in mixed system)

From equations A-3, A-4 and A -5,

A  G jx =  A G j x - A G jx a ~ 6

Similarly, considering the standard states for pure molten JrMXq+n as c w  an d of JrMXqfr 

in the standard solution

* & M X q+r)n3 -  (JrM Xq+r)nJ

as, G JfMX'+r, it is possible to relate the partial molar Gibbs free energy o f  mixing for JjM X^, 

by the expression

AG'rMX,„ = A ~ 5
(A - 5)

where AG JfMX 9 is the Gibbs free energy o f mixing for J,MXq+r with respect to the state o f  

JrM Xq+r in the "standard" solution.

Equations A -4 and A-5 in this appendix are also listed as equations 7 and 8  in Table
1.
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E V ID E N C E  F O R  H Y D R O G E N -B O N D IN G  IN SO LU T IO N S O F  
1 -M E T H Y L -3-E T H Y L IM ID A Z O L IU M  H A L ID E S, AS D E T E R M IN E D  

B Y  1H , 3 5 Q  A N D  12 n  N M R  SPEC TR O SC O PY , A N D  ITS IM PLICATIONS  
F O R  R O O M -T E M P E R A T U R E  H A L O G E N O A LU M IN A TE (IH ) IONIC U Q U ID S

A n thon y  G . A ven t, P en elop e  A . C haloner, Martin P . D ay , K enneth  R. Seddon and
T hom as W elton

School of Chemistry and Molecular Sciences, University of Sussex, Fainter, Brighton BN1 9QJ, UK.
ABSTR A C T

Over the past five years, the perception of the ability of 
the 1-methyl-3-ethylimidazolium cation, [MeEtim]+ , to enter 
into hydrogen-bonds with halide ions has developed from not 
possible, through controversial, to widely accepted. However, 
the strongest evidence for these claims has always rested 
upon X-ray crystallographic determinations of the structure 
of [MeEtim]+ salts. Although many first class studies have 
been reported, no incontrovertible evidence has yet been 
presented that the [MeEtim]+ cation is capable of forming 
hydrogen bonds in solution. Here, we demonstrate, using 
multinuclear NMR spectroscopy and conductivity measurements, 
that [MeEtim]+ not only forms strong hydrogen bonds (using 
al1 three ring protons; H2, H4 and H5) with halide ions in 
polar molecular solvents (e.g. ethanenitrile, MeCN) and ionic 
liquids, but that it exists in a q u a s i-molecular state, 
[(MeEtim)X], in non-polar solvents ( e . g . trichloromethane and 
dichloromethane), showing a conventional aromatic stacking 
phenomenon.

IN T R O D U C T IO N

O ver the past five years, the perception o f  the ability o f the 1 -m e th y l-  
3-ethylim idazolium  cation , [M eEtim ]+ (1 ,2 ), to enter into hydrogen-bonds with halide 
ions has developed  from  not possible (3 ), through controversial (4 ), to w idely accepted  
(5 ,6 ). H ow ever, the strongest evidence for these claim s has always rested upon solid  
state X -ra y  crystallographic determ inations o f  the structures o f  both [M eEtim ]+ (4 ,7 )  
and [M e2E tim ]+ ([M e 2E tim ]+ = the 1 ,2 -d im eth y l-3 -eth y lim id azo liu m  cation) salts (8). 
Although m any first class solution studies have been reported (5 ,6 ,9 ), no  
incontrovertible evidence has yet been presented that the [M eEtim ]+ cation is capable 
o f  form ing hydrogen bonds in solution. W e dem onstrate here, using principally the 
techniques o f  m ultinuclear NM R spectroscopy and conductivity m easurem ents, that 
[M eEtim ]+ not only form s strong hydrogen bonds (using a]l three ring protons; H 2, 
H 4 and H 5 ; see  Figure 1) with halide ions in polar m olecular solvents (e.g. 
ethanenitrile, M eC N ) and ionic liquids, but that it exists in a gw asf-m olecular state, 
[(M eE tim )X ], in n on -p o lar  solvents (e.g. CHC13 and C H 2C12), showing a conventional 
arom atic stacking phenom enon.
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EXPERIMENTAL

NM R STU D IES
A  series o f  [M eE tim ]C l-A lC l 3 ionic liquids o f differing com position  were 

prepared, and treated with phosgene as described elsew here (10). 'H  and 1 KZ NM R  
spectra were recorded at 303 K, on a Bruker W M 360 spectrom eter.

D euterium  oxide (99 % ) was distilled in vacuo before use. C D 3CN and
C D 2C12 were distilled from  calcium  hydride under dry dinitrogen. Sam ples of 
[M eEtim ]X  (X  = C l, Br or I) were weighed and solutions in C D 3CN and C D 2C12
were prepared in a glove box through which dry dinitrogen was passed.

1H  and 1 3C N M R spectra were recorded using tetram ethylsilane (TM S) as the  
reference, at 360.13  and 90.55  M H z, respectively. 35C1 NM R spectra were recorded  
using 2 M  aqueous KC1 as a reference, at 35 .29  M H z. 1 2 71 NM R spectra were
recorded using 2 M  aqueous KI as the reference, at 72 .08  M H z. A ll NM R spectra
were recorded at 303 K.

CO N D U CTAN C E M EASUREM ENTS  

Solution Preparation
C onductivity water was obtained from  the Centre for M edical Research  

(U niversity o f  Sussex); it had been purified by reverse osm osis in a M illipore Milli 
RO 60 system  follow ed by passage through a M illipore M illi Q  Super C system  
(consisting o f two ion exchange cartridges and an O rgan ex-Q  cartridge). It was used 
without further purification.

A queous solutions were prepared by w eighing sam ples o f [M eEtim jCl into  
volum etric flasks in a Faircrest glove box with an atm osphere o f  dry dinitrogen, 
rem oving the sam ple from  the box, and adding water. O nly 'A '-grad e  volumetric 
flasks w ere used.

Ethanenitrile and dichlorom ethane were tw ice distilled from  calcium  hydride 
under an atm osphere o f dry dinitrogen. T he distillate was transferred to a Faircrest 
glove box, through which dry dinitrogen was passed. Solutions were prepared inside 
this glove box.

Calibration and Background Conductivities o f  Solvents
A ll conductivity m easurem ents were m ade at 25 *C, with continuous stirring o f  

the solution , using a Phillips PW 9506 digital conductivity m eter. T h e ce ll, fitted with 
platinum  electrodes, was calibrated using aqueous 1 0 ” 3 M  KC1 solutions. Background  
conductivities w ere m easured for all solvents ( H zO , 1 .8 ; C H 3C N , 2 .0 ; C H 2C12,
1 .4  /xS cm ” 1).

SYN T H E SIS  OF 1 -M E T H Y L -3-E T H Y L IM ID A Z O L IU M  H A LID E S  

1 -M eth y l-3 -e th y lim idazolium  Chloride
1 -M ethylim idazole (20 c m 3, 0 .3 6  m ol) was distilled in vacuo from  potassium  

hydroxide (1 g) directly into a dry pressure vessel fitted with a Rotaflo greaseless tap
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and a B19 Q uickfit ground glass socket. Chloroethane (70 c m 3, 0 .4 3  m ol) was added  
by distillation in vacuo from  phosphorus(V) oxide (1 g) while the pressure vessel was 
m aintained at -7 8  *C. T he pressure vessel was then sealed , transferred to a vacuum  
line and further evacuated whilst being m aintained at -1 9 6  *C for 1 h. T he pressure 
vessel was then sealed , placed inside a steel bom b, and heated in an electric furnace 
at 76 *C for 72 h . A fter this tim e, two im m iscible layers had form ed; w hen cooled  
to -1 3  *C, a white precipitate form ed. T he pressure vessel was opened  in a fum e 
cupboard, and the excess chloroethane allowed to evaporate through a drying tube 
containing calcium  chloride. W hen the evaporation was nearly com p lete, the solid  
was dissolved in dry, hot ethanenitrile (50 c m 3) and the m ixture filtered using 
standard Schlenk techniques. Dry ethyl ethanoate (100 c m 3) was added to the 
filtrate. T he m ixture was left overnight at -1 3  C and the resulting precipitate was 
isolated by Schlenk filtration. T he solid was redissolved in a m inim um  of  
ethanenitrile (20 c m 3) and the m ixture filtered. T he filtrate was coo led  at -1 3  *C 
for 48 h . T h e resulting precipitate was isolated by Schlenk filtration, dried in vacuo 
for 36 h and transferred to the dry box. T he yield was 36 .5  g (69 .2  % ).
C alculated for C 6H M C1N2: C , 49 .15; H , 7 .56 ; N , 1 9 .1 0 % . Found: C , 48 .68;  
H , 7 .43 ; N , 18 .69  % .

1 -Methyl-3-ethylimidazolium Bromide
1 -M ethylim idazole (35 c m 3, 0 .63  m ol) was distilled in vacuo from  potassium  

hydroxide (1 .5  g) into a round bottom ed flask (250 c m 3) fitted with a side arm.
Brom oethane (90 c m 3, 0 .69  m ol) was added by distillation in vacuo from  
phosphorus(V) oxide (1 g). The m ixture was heated under reflux under dry 
dinitrogen for two hours and left to cool overnight. T he resulting white solid was 
dissolved in hot ethanenitrile (50 c m 3) and the solutions was filtered under dry
dinitrogen. D ry ethyl ethanoate (100 c m 3) was added to the filtrate and the mixture 
cooled  to -1 3  *C. T he resulting precipitate was isolated by Schlenk filtration and 
recrystallized from  a m inim um  o f ethanenitrile (20 c m 3). T h e resulting white 
precipitate was isolated by Schlenk filtration, dried in vacuo for 36 h , and transferred  
to the dry box. Yield: 69 .3  g (57 .6  % ). Calculated for C 6H 11B r N 2: C , 37 .71; 
H , 5 .8 0 ; N , 1 4 .66  % . Found: C, 38 .91; H , 5 .70 ; N , 13 .79  %.

l-Methyl-3-ethylimidazolium Iodide
1 -M ethylim idazole (25 c m 3, 0 .45  m ol) was distilled in vacuo from  potassium  

hydroxide (1 g) directly into a round bottom ed flask (250 c m 3) fitted with a side 
arm . Iodoethane (60 c m 3, 0 .49  m ol) was added by distillation in vacuo from  
phosphorus(V ) oxid e. H eat was evolved and the solution becam e pale yellow . The  
solution  was heated  under reflux, under dry dinitrogen, for two hours. A fter this
tim e, two im m iscible layers had form ed, the upper o f  which becam e a yellow  solid on  
cooling to  room  tem perature. T h e lower layer was rem oved by Schlenk filtration and 
the solid  was dissolved in dry ethanenitrile (40 c m 3) and then recrystallised by 
addition o f  tlry ethyl ethanoate (80 c m 3). T his recrystallisation procedure was 
repeated tw ice before the white precipitate was finally recrystallized from  a m inim um  
o f  hot, dry ethanenitrile (20 c m 3) whilst protecting the product from  light. T h e solid  
was dried in vacuo for 36 h and transferred to the dry box. Yield: 63 .0  g 
( 7 9 .7 % ) .  Calculated for C 6H 11I N 2 : C, 30 .27; H , 4 .65 ; N , 1 1 . 7 6 % .  Found: 
C , 30 .06 ; H , 4 .68 ; N , 11 .22  %.
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RESULTS

'H  NM R Spectra o f  [ M eE tim ]C l-A lC l3 Ionic L iqu ids
T h e 'H  NM R spectra are presented for one series o f eight [M eE tim ]C l-A lC l 3 

ionic liquids (Table 1 , Figure 2). T hese spectra clearly dem onstrate the dependence  
o f the chem ical shifts o f  the protons H 4 , H 5, H 2, C H 2C H 3 and N C H 3 on the  
com position  o f the ionic liquid. T he im plications o f this behaviour for in ter-ion ic  
interactions in the ionic liquids will be discussed later.

T ab le 1 . T h e  'H  N M R  Spectra (360 .13  M H z; 303 K) o f  a S eries o f  [M eE tim ]C l-A lC l3 
Ionic Liquids.

X( A1 C1 3 )

P a r a m e te r s

0 . 3 0  0 . 3 5  0 . 4 0  0 . 4 5  0 . 5 0  0 . 5 5  0 . 6 0  0 . 6 5

6 (CH2CH 3) / p . p . m. 0 . 9 2 0 . 9 2 0 . 9 1 0 . 9 1 0 . 9 0 0 . 9 0 0 . 8 9 0 . 8 9
6 (NCH3 ) / p . p . m. 3 . 4 3 3 . 4 2 3 . 3 8 3 . 3 3 3 . 3 0 3 . 2 9 3 . 2 6 3 . 2 6
6(CH2CH3 ) / p . p . m . 3 . 7 5 3 . 7 4 3 . 7 0 3 . 6 6 3 . 6 2 3 . 6 1 3 . 5 8 3 . 5 8
S ( H 5 ) / p . p . m . 7 . 3 2 7 . 2 1 7 . 0 2 6 . 8 1 6 . 7 3 6 . 7 1 6 . 6 6 6 . 6 5
S ( H 4 ) / p . p . m . 7 . 4 3 7 . 3 1 7 . 0 9 6 . 8 6 6 . 7 8 6 . 7 6 6 . 7 0 6 . 6 9
6 ( H 2 ) / p . p . m . 9 . 3 1 9 . 1 2 8 . 6 8 8 . 0 0 7 . 7 7 7 . 7 3 7 . 6 4 7 . 6 1

3J ( C H 2Ctf3 ) / H z 7 . 3 7 . 3 7 . 3 7 . 3 7 . 3 7 . 3 7 . 3 7 . 3
3J(CH 2CH3 ) / H z 7 . 3 7 . 3 7 . 3 7 . 3 7 . 3 7 . 3 7 . 4 7 . 4
4J ( H 4 > 5 , H 2 ) / H z 1 . 6 - - 1 . 7 - -
3J ( H 4 , H5 ) / H z 1 . 7 1 . 8

T h e 1H  NM R signals o f the protons H 4, H 5 and H 2 are broadened under the  
influence o f the ring nitrogens; hen ce, the H 2 signal is unresolved in all of the 
spectra and resolution o f the H 4 and H 5 signals has only been  achieved in two o f  
the spectra recorded. A n expanded spectrum  o f the [M eE tim ]C l-A lC l 3 ionic liquid 

*{2f(A lC l3) = 0 .6 0 } shows the H 4 and H 5 signals resolved into two asym m etric triplets 
(Figure 3 ), which result from  a doublet o f doublets in which the innerm ost lines  
coalesce. C lose exam ination o f the H 2 signal reveals that it is broad and 
n on -L orentzian  in shape, suggesting that the H 2 proton is coupled  with the other ring 
protons. U pon  irradiation o f the H 2 proton o f [MeEtimJI (11), the H 4 and H 5 
signals b ecom e doublets, confirm ing that the H 2 proton is indeed coupled with the  
other ring protons.

Irradiation o f the protons o f the N -m eth y l group o f an ionic liquid
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(.Y(A1C13) = 0 .6 0 , Figure 4} leads to an enhancem ent o f the m ost dow nfield  signal 
( H 2) o f  3%. O f the signals attributed to the other ring protons ( H 4 and H 5), the 
upfield signal is enhanced by 2%  whilst the dow nfield signal shows only very slight 
enhancem ent (<1% ). T he nuclear Overhauser effect (N O E ) is such that the
decoupling o f  a signal leads to enhancem ent o f signal intensities with those nuclei 
which are closest (through space) showing the greatest effect (12). T herefore, the 
assignm ents o f  H 5 to the upfield signal and H 4 to the dow nfield  signal is confirm ed.

13C NMR Spectra of [MeEtimJCI-A1CI3 Ionic Liquids
Proton coupled 1 3C NM R spectra are presented for a series o f

[MeEtimJC1-A1C13 ionic liquids (Table 2 , Figure 5). As with the 1H  NM R chem ical 
shifts, the 1 3C N M R  spectra show  a dependence on the com position  o f  the ionic 
liquid, although it is m uch less pronounced for 1 3C chem ical shifts. The
carb on -proton  coupling constants show  little change with the com position  o f the ionic  
liquid.

Table 2 . T h e 1 3C N M R  Spectra (90 .55  M H z; 303 K ) o f  a Series o f  
[M eE tim ]C l-A lC l3 Ionic Liquids.

X ( A1 C1 3 )

P a r a m e te r s  -------------------------------------------------------------------------------------------------------------

0 . 3 0  0 . 3 5  0 . 4 0  0 . 4 5  0 . 5 0  0 . 5 5  0 . 6 0  0 . 6 5

6 (CH2CH3 ) / p . p . m .
5(NCH3) / p . p . m .
S(C7H2CH3 ) / p . p . m .
6 ( C 5 ) / p . p . m .
S ( C 4 ) / p . p . m .
5 ( C 2 ) / p . p . m .

1J (C H 2CH3 ) /H z  
U (N C H 3 ) /H z  
1J ( C H 2CH3) / H z 
1J ( C 5H ) / H z  
1J ( C 4H ) / H z  
1J ( C 2H ) / H z

15, . 6 4 15. . 5 9
3 6 . . 58 36 , . 63
4 5 . . 08 45 . . 16

122 . . 07 122 , . 0 2
1 2 4 . .31 124 . . 26
1 3 6 . . 8 4 136 . .61

128 . .7 129 . .0
143 . .6 143 . .6
144 , .1 144 , .1
132 , .7 138 . .4
132 , .5 136 . .9
2 2 0 , .4 2 2 0 , .1

15 . 4 9 15 . 3 9
36 , . 77 36 . . 9 8
45 , . 3 3 45 , . 53

122 . 0 2 122 , . 05
124 . . 2 6 124 . . 2 8
136 . . 1 0 135 . . 2 9

128. .9 128 , .7
143 , .8 144 , .1
144 , .2 144 , . 0
140, . 8 150, .7
141 .7 151 , .7
2 2 0 . 0 2 2 0 , . 0

15, . 3 6 15 . 3 2
3 7 . ,01 37 , . 0 0
4 5 . , 58 45 , .61

122 , , 03 122 . 1 0
1 2 4 . , 23 12 4 , .31
1 3 4 . .91 134 , . 7 0

129 . ,1 129 , .2
1 4 4 . ,1 144 , .2
144 . .4 144 .3
154 . .1 155 , . 9
1 5 4 , ,5 153 , .9
2 1 9 . .3 2 1 9 . 4

15, . 27 15. .23
36 . . 97 3 6 . 98
45 , . 6 4 4 5 . ,70

122 , . 1 4 1 2 2 , ,25
124 . . 3 8 1 2 4 . ,48
134 , . 3 8 1 3 4 . , 30

129 , .2 1 28 . ,9
144 , .2 1 4 4 . ,4
144 , .4 1 44 , .5
153 , .2 148 . .9
154 , .3 1 48 . .0
2 1 9 .1 2 1 8 , .7

1H  and 1 3C  NMR Spectra of [MeEtim]X (X = Cl, Br or I) in 2 M Solution
T h e 1H  and 1 3C NM R spectra o f the [M eEtimJX (X  = C l, Br or I) salts were 

recorded in C D C 13; these spectra show  a distinct concentration dependence which will 
be discussed later. T he spectra reported in this section  were recorded using 2 M
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solutions o f  the salts. T he 1H and 1 3C NM R spectra are presented in Figures 6 and 
7 , and Tables 3 and 4 , respectively. Assignm ents o f  these spectra fo llow  those found  
in the [M eE tim ]C l-A lC l 3 ionic liquids, and are in accord with those found in the  
literature (3 ,1 1 ,1 3 ).

T he im idazolium  ring proton H 2 is shifted dow nfield under the in fluence o f the  
two nitrogen atom s o f  the ring. T he protons H 4 and H 5 are shifted less under the  
in fluence o f  only one neighbouring nitrogen atom . T he spectrum  o f [MeEtimJI in  
D 20  (11) shows a broad singlet for the H 2 signal and a m ultiplet integrating to two 
protons, attributed to the H 4 and H 5 protons. In addition, irradiation o f  the H 2 
signal results i n ' a  sim plified m ultiplet for the H 4 »5 signal, showing that H 2 is coupled  
to H 4 and H 5, and that the H 4 and H 5 are not equivalent. T he irradiation o f  the  
N C H 3 signal (vide supra) o f  a [M eE tim ]C l-A lC l 3 ionic liquid shows that the H 5 
signal is upfield o f the H 4 signal.

T able 3 . T h e  1H  N M R  Spectra (360 .13  M H z; 2  M , C D C 13; 303  K) o f  [M eEtim ]X  
(X  =  C l, Br or I).

X

P a r a m e te r s Cl Br A8c l  a  I A$c l  a

5 ( CH2C//3 ) / p . p . m . 1 . 3 9 1 . 3 4 0 . 0 5 1 . 3 0 0 . 0 9 t r i p l e t
8 (NCH3) / p . p . m. 3 . 9 3 3 . 8 8 0 . 0 5 3 . 8 2 0 . 0 9 s i n g l e t
6( Cf f 2CH3) / p . p . m . 4 . 2 4 4 . 2 0 0 . 0 4 4 . 1 3 0 . 0 9 q u a r t e t
8 ( H5 ) / p . p . m . 7 . 6 9 7 . 6 1 0 . 0 8 7 . 4 6 0 . 2 3 s i n g l e t
$ ( H 4 ) / p . p . m . 7 . 7 2 7 . 6 7 0 . 0 5 7 . 5 1 0 . 2 1 s i n g l e t
6 ( H 2 ) / p . p . m . 1 0 . 2 0 9 . 8 6 0 . 3 4 9 . 5 6 0 . 6 4 s i n g l e t

3J ( C H 2Cff3) / H z 7 . 2 9 7 . 2 2 7 . 3 0
3J ( C / / 2CH3) / H z 7 . 3 1 7 . 2 0 7 . 2 8

a A8cl = 6(Cl) -  S(X).

T he different values o f the chem ical shifts for the analogous protons in each o f  
the three salts suggest (as shown by A5C1) that there is significant cation -an ion  
interaction in solution in CDC13. This is m ost pronounced at the proton H 2, but 
detectable at H 4 and H 5 .

T he 1 3C NM R spectra o f the salts (Table 4) show  qualitatively similar 
behaviour to the ’ H NM R spectra, although changes are m uch less pronounced. 
Chem ical shifts particularly indicate the acidity o f  the C 2 site.
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Table 4. The 13C{1H} NMR Spectra (90.55 MHz; 2 M , CDC13; 303 K) of
[MeEtim]X (X = Cl, Br or I).

X

Parameters Cl Br aaCI a I dacl

a(CH2CH3)/p p.m. 15.37 14.76 0.61 14.32 1.05
a(NCH3)/p.p m. 36.26 35.73 0.53 35.72 1.15
5(CH2CH3)/p p.m. 44.93 44.25 0.68 43.92 1.01
a(C=)/p.p.m 121.74 121.30 0.44 120.90 0.84
6(C4)/p.p.m 123.51 122.90 0.61 122.41 1.10
6(C2)/p.p.m 137.38 135.69 1.69 134.56 2.82

a A8c l = 6(Cl) - 5(X).

1H  N M R  Spectra o f  [ M eE tim JC l in  D 20
The 'H N M R  chemical shift data of 2.0 M  and 0.005 M  solutions of

[MeEtim]Cl in D 20  are presented in Table 5. The change in chemical shift of the
proton signals is negligible, indicating that there is little interaction between the cation 
and anion in aqueous solutions. The proton integrals for a 2.0 M  solution of 
[MeEtimJCl are compared to those of the same solution with added Na[OD]
(Table 6). All ring protons exchange with deuterium in both solutions, but the

T ab le 5 . ’ H  N M R  C hem ical Shift D ata for Solutions o f  [M eEtimJCl in  D zO  
(3 6 0 .1 3  M H z, 303 K ).

S/p.p.m.

Concent rat i on/M

H2 H4 >5 CH2CH 3 NCH3 CH2CH3

2.0 8.63 7.35 4.09 3.76 1.35
0.005 8.65 7.38 4.16 3.82 1.43
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Table 6. ’H NMR Integrals for Solutions of [MeEtim]Cl in D 20  and CD3CN.

Solut ion H2 H4 > 5 c h 2c h 3 n c h 3 CH2CH3

D20 0.89 1.92 2.0 3.0 3.0
D20 + NaOD 0.05 0.13 2.0 3.0 3.0
c d 3cn 1.0 2.0 2.0 3.0 3.0

degree of exchange is significantly greater when the solution is made basic. 
Deuterium exchange is faster for the proton H 2 than for the protons H 4 and H 5. 
Hence, it may be concluded that all protons of the imidazolium ring are acidic, and 
that the proton H 2 is more acidic than the protons H 4 and H 5.

Table 7. 1H  N M R  (360.13 MHz; 303 K) Chemical*Shift Data for Solutions of 
[MeEtim]Cl in C D 3CN.

5/p.p. m.

H2 H4 H5 c h 2ch 3 n c h 3 CH2CH3

3.5596 10.54 8.49 8.35 4.61 4.26 1.68
1.7798 10.67 8.50 8.39 4.78 4.43 1.89
0.8899 10.76 8.47 8.37 4.89 4.54 2.04
0.4450 10.73 8.40 8.31 4.94 4.60 2.13
0.2225 10.63 8.33 8.26 4.97 4.62 2.17
0.1112 10.52 8.28 8.21 4.98 4.62 2.19
5.561xl0-2 10.37 8.24 8.18 4.97 4.62 2.20
2.781xl0-2 10.19 8.20 8.14 4.97 4.61 2.21
1.391xl0-2 10.01 8.18 8.12 4.95 4.60 2.21
6.952x10-3 9.81 8.16 8.10 4.94 4.59 2.20
3.476x10-3 9.67 8.15 8.09 4.93 4.58 2.20
1.738x10-3 9.51 8.14 8.08 4.92 4.58 2.20
8.690xl0“4 9.38 8.13 8.07 4.90 4.57 2.20
4.345xl0-4 9.28 8.12 8.07 4.90 4.56 2.20
2.173xl0“4 9.22 8.12 8.06 4.90 4.56 2.20
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'H  N M R  Spectra o f  Solutions o f  [M e E tim JX  (X  =  C l, B r  o r I )  in  C D 3C N
T he 1H  NM R  chem ical shift data for solutions o f [M eEtimJX (X  = C l, Br or I) 

in C D 3C N  are presented in Tables 7 - 9 ,  and Figures 8 -1 4 .

Table 8 . ' H  N M R  (3 6 0 .1 3  M H z ;  303 K )  C h e m ic a l S h ift  D a t a  f o r  S o lu tio n s  o f  
[MeEtimJBr in  C D 3C N .

Conc/M

6/p.p.m.

H 2 H4 H5 CH2CH3 NCH 3 c h 2c h 3

1.7598 10.23 8.33 8.32 4.75 4.40 1.87
0.8799 10.28 8.34 8.25 4.88 4.52 2.04
0.4400 10.23 8.31 8.24 4.93 4.58 2.12
0.2200 10.14 8.27 8.20 4.95 4.60 2.16
0.1100 10.01 8.24 8.17 4.96 4.61 2.19
5.499xl0-2 9.88 8.21 8.15 4.96 4.60 2.20
2.750xl0-2 9.72 8.18 8.12 4.95 4.60 2.20
1.375xl0-2 9.58 8.16 8.11 4.95 4.59 2.20
6.874x10-3 9.46 8.15 8.09 4.93 4.58 2.20
3.437x10-3 9.34 8.13 8.08 4.92 4.57 2.20
1.719x10-3 9.27 8.13 8.07 4.91 4.56 2.20
8.593xl0-4 9.21 8.12 8.07 4.90 4.56 2.19
4.296xl0-4 9.18 8.12 8.07 4.85 4.55 2.19
2.148xl0“4 9.16 8.11 8.06 4.84 4.55 2.19
1.074xl0“4 9.13 8.11 8.06 4.82 4.56 2.18

T he NM R  spectra o f [M eEtimJX (X  = C l, Br or I) show  qualitatively similar 
behaviour. It can be seen  (Figures 8 -1 0 )  that, when com pared to the ring protons, 
there is negligible change in the chem ical shifts o f the m ethyl and ethyl protons o f  
the cation . T he H 2 signal (Figure 11) shows a marked change in chem ical shift to  
higher field  as the solution is m ade m ore dilute (after a sm aller change to lower field  
at high concentrations). T he H 5 (Figure 12) and H 4 signals show  a similar but less 
pronounced behaviour. This is also true, but to a very m uch lesser exten t, for the 
C H 2C H 3 and N C H 3 signals (Figure 13). T he signal for the C H 2C H 3 protons 
(Figure 1 4 ), which are the m ost rem ote from  the im idazolium  ring, at higher 
concentrations m oves to lower field as the solutions are m ade m ore dilute, then  
changes very little at low  concentrations.
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Table 9. ’ H NMR (360.13 MHz; 303 K) Chemical Shift Data for Solutions of
[MeEtim]! in CD3CN.

C onc/M

S / p . p . m .

H2 H4 H5 CH2CH3 n c h 3 CH2CH3

1.9575 9.67 8.08 7.99 4.62 4.27 1.78
0.9788 9.75 8.18 8.10 4.81 4.45 2.00
0.4894 9.73 8.20 8.13 4.88 4.52 2.09
0.2446 9.66 8.20 8.13 4.91 4.56 2.14
0.1223 9.57 8.18 8.12 4.93 4.58 2.17
6 . 1 1 7 x l 0 - 2 9.51 8.17 8.11 4.93 4.58 2.19
3 .059x l0 -2 9.41 8.16 8.10 4.92 4.58 2.20
1 . 5 2 9 x l 0 - 2 9.33 8.14 8.09 4.92 4.57 2.20
7 . 6 4 6 x l 0 - 3 9.27 8.13 8.08 4.91 4.56 2.20
3.823x10-3 9.20 8.12 8.07 4.90 4.56 2.19
1.912x10-3 9.17 8.12 8.06 4.90 4.55 2.19

The  1H NM R data show  that cation -an ion interactions occur at the H 4 and H *
ring protons, but are strongest for the proton H 2. T he change in chem ical shift with 
concentration is indicative o f the form ation o f  a hydrogen bond (14).

It is w ell known that the form ation o f a hydrogen bond will cause a proton  
chem ical shift to  m ove to lower field (12). T he solution species present may be 
described by the equation (1).

(A H + .. .X ~ ) solvent ,----------* (A H + ) solvem + ( X - )solvem (1)

A lthough, at low  tem peratures, the hydrogen-bonded  and n on -h yd rogen -b on ded  
protons m ay show  separate signals (15), m ore usually only one signal is seen . The  
chem ical shift o f the signal is the population-w eighted  m ean o f the chem ical shifts o f  
the hydrogen-bonded  and the n on -h yd rogen -b on ded  protons (14). W hen the 
cation -an ion  interaction is weak, as the conductivity data (vide in fra )  dem onstrates is 
the case for [MeEtimJCl in ethanenitrile, the equilibrium  (1) is very sensitive to 
changes in solute concentration. As the solution becom es m ore dilute, the right-hand  
side o f  equilibrium  (1) is m ore favoured, the population o f the m ore shielded proton  
increases and the signal m oves upfield. This is the behaviour observed for the H 2 
and, to a lesser exten t, for the H 4 and H 5 signals o f [M eEtimJX (X = C l, Br or I) 
in C D 3C N. T he behaviour o f the C H 2C H 3 and N C H 3 signals is best attributed to 
changes in electronic distribution in the cation.
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1H  N M R  o f  Solutions o f  a F ixed  Concentration o f  [ M eE tim JC l in  C D 3C N , w ith  
added [N E t J C l

The 1H  N M R  chemical shift data for solutions of a fixed concentration of 
[MeEtimJCl in C D 3CN with added [NEt4]Cl are presented in Table 10 and 
Figure 15, and show qualitatively similar behaviour to that of increasing the 
concentration of [MeEtimJX (X = Cl, Br or I). It has been shown that when a base 
{X“, in the case of [MeEtimJX (X = Cl, Br or I)} is in excess, this behaviour is 
indicative of hydrogen bond formation (16). As the concentration of the Cl” ion is 
increased, the population of the more deshielded proton is increased, and the signal 
moves downfield. It is also noted that the range of chemical shifts found is similar 
to that found for the [MeEtim]Cl-AlCl3 ionic liquids (see Figure 2, Table 1, and 
ref. 3).

Table 10. 1H  N M R  (360.13 MHz; 303 K) Chemical Shift Data for Solutions of a 
Fixed Concentration of [MeEtimJCl a in C D 3CN, with added [NEtJCl.

Cone of Cl" 
/«•

6/p.p.m.

H 2 H4 H5 CH2CH3 n c h 3 CH2CH3

1.0307 10.58 8.40 8.33 4.90 4.54 2.05
0.5254 10.62 8.36 8.29 4.96 4.60 2.13
0.2727 10.58 8.31 8.24 4.98 4.62 2.17
0.1464 10.50 8.27 8.21 4.98 4.63 2.19
0.0833 10.37 8.23 8.17 4.98 4.62 2.20
0.0517 10.23 8.21 8.15 4.97 4.62 2.21
0.0359 10.13 8.19 8.14 4.96 4.61 2.21
0.0280 10.04 8.18 8.13 4.96 4.61 2.21
0.0201 9.87 8.16 8.11 4.95 4.60 2.20

a 0.0201 M

35C l N M R  Studies o f  Solutions o f / N E tJ C l  in  C D 3C N
It has been reported that at low concentrations (<1 M), the value of 35C1 

N M R  chemical shifts of solutions of [NEtJCl in water and ethanenitrile show little 
dependence on the concentration of the salt (17,18). In order to reaffirm this under 
our experimental conditions, the 35C1 N M R  spectra of solutions of [NEtJCl in 
C D 3CN have been recorded (Table 11, Figures 16 and 17). This demonstrates that 
the effect of concentration, in a given solvent, on the chemical shift of a fully 
solvated unassociated chloride ion is negligible. The line width changes show that the 
nuclear relaxation becomes slower as the solution becomes more dilute, as expected.
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Table 11. 35C1 NMR (35.29 MHz; 303 K) Spectral Data for Solutions of [NEtJCl
in CD3CN.

Conc/M S / p . p . m . A ^ / H z

1 . 6 9 4 5 4 0 . 0 90
0 . 4 2 3 6 3 9 . 5 55
0 . 1 0 5 9 3 9 . 5 47
0 . 0 2 6 5 3 9 . 7 30
0 . 0 0 6 6 3 9 . 2 30

35C/ NM R Spectra o f  Solutions o f  [M eEtim JCl in C D 3C N
T he 3 5 Cl NM R chem ical shift data for solutions o f [M eEtim ]Cl are presented  

in Table 12 and Figures 16 and 17. T he dissociation o f [MeEtimJCl in C D 3CN is 
described by the equilibrium  (1), and dilution o f  the solution is accom panied by a 
change in 3 5Cl chem ical shift to higher field, indicating that hydrogen bonds are 
being broken. Exam ination of Figure 16 also suggests that the chem ical shift at 
infinite dilution will be close to that o f [N E t4]Cl.

Table 12 . 35C1 N M R  (35 .29  M H z; 303 K) Spectral D ata  for Solutions o f
[M eEtimJCl in  C D 3C N .

Conc/M 5 / p . p . m . Av ^/Hz

3 . 2 1 2 7 5 8 . 5 1 3 6 . 0
1 . 6 0 6 3 5 5 . 9 7 3 . 1
0 . 8 0 3 2 5 4 . 0 5 2 . 8
0 . 4 0 1 6 5 2 . 3 4 4 . 8
0 . 2 0 0 8 5 0 . 6 3 8 . 2
0 . 1 0 0 4 4 9 . 0 3 0 . 7
0 . 0 5 0 2 4 7 . 7 3 1 . 1
0 . 0 2 5 1 4 6 . 0 3 6 . 5
0 . 0 1 2 5 4 4 . 7 3 6 . 8

It is well known (19) that the breaking o f a hydrogen bond causes 35C1 NM R  
chem ical shifts to m ove upfield. As the hydrogen bond is broken, the electron
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density o f  the chloride ion becom es m ore located around the ion itself, and so its 
nucleus becom es m ore shielded.

T he changes in the line width o f the 3 5Cl NM R signals o f solutions o f  
[M eEtimJCl in C D 3CN shadow those o f  [N E tJ C l in C D 3CN; hence it m ay be 
deduced that the sam e m echanism s are involved (i .e . viscosity/m obility) (19).

35C7 NM R Spectra o f  Solutions o f  a Fixed Concentration o f  [ MeEtimJCl in  
C D 3C N , w ith  added [ N E tJ C l

T h e 35C1 N M R chem ical shift data for solutions o f a fixed concentration  o f  
[M eEtimJCl in C D 3C N , with added [N E t4]Cl, are presented in Table 13 and 
Figure 18 , and dem onstrate a marked dow nfield change in chem ical shift as the  
concentration o f  chloride ion is reduced.

T able 13 . 35C1 N M R  (3 5 .2 9  M H z; 303 K ) D ata for Solutions o f  a F ixed
C oncentration  o f  [M eEtim JCl a in  C D 3C N , w ith  added [N E t4 ]Cl.

C one o f  CI - / M 5 / p . p . m . A v j / H z

1 . 0 3 0 7 3 2 . 5 6 0 . 8
0 . 5 2 5 4 3 3 . 7 3 9 . 0
0 . 2 7 2 7 3 4 . 9 2 7 . 8
0 . 1 4 6 4 3 6 . 6 2 1 . 6
0 . 0 8 3 3 3 8 . 6 1 8 . 0
0 . 0 5 1 7 4 0 . 6 1 7 . 8
0 . 0 3 5 9 4 1 . 8 1 8 . 5
0 . 0 2 8 0 4 2 . 6 1 6 . 0
0 . 0 2 0 1 4 3 . 7 2 1 . 1

a 0.0201 M

A s chloride ion is added to the solution, the equilibrium (1) m oves to the left, 
as indicated by the ’ H  NM R results (see Table 10 and Figure 15), increasing the 
population o f  the deshielded 35C1 nuclei. H ow ever, there is a concom itant increase 
in the concentration  o f  chloride ion , and so the increase in the population o f  the 
m ore shielded unassociated solvated ion  is greater than that o f the ion -p aired  3 5 C l”  
ion . H en ce, the 35C1 NM R signal o f the solution m oves upfield as [N E t4]Cl is 
added. T he change in the line width o f  the 35C1 signal (Table 5 .1 2 ) is again  
indicative o f  changes in physical, rather than chem ical, phenom ena.
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12  7I  N M R  S p e c tra  o f  S o lu tio n s  o f  [ M e E t i m ] I  in  C D 3C N
T o ensure that the effect o f changing concentration on halogen chem ical shifts 

is not restricted to 3 5C1 NM R m easurem ents, and to establish that the weaker 
hydrogen bond acceptor, I~ , behaves in the sam e way as C l~ , the 1 2 T NM R spectra 
o f  solutions o f [MeEtimJI in C D 3CN were recorded, and are presented in Table 14 
and Figures 19 and 20.

T a b le  1 4 .  1 2 7 I  N M R  ( 7 2 .0 8  M H z ;  303 K )  S p e c tra l D a t a  f o r  S o lu tio n s  o f  [ M e E t i m ] I
in  C D 3C N .

Conc/M S / p . p . m . Av^/  Hz

0 . 9 7 8 8 1 3 7 . 1 5 2 5 0
0 . 4 8 9 4 1 2 8 . 8 3 6 0 9
0 . 2 4 4 6 1 2 0 . 5 3 1 0 7
0 . 1 2 2 3 1 1 2 . 7 2681
0 . 0 6 1 2 1 0 9 . 9 2 5 4 4
0 . 0 3 0 6 1 0 4 . 7 17 8 7
0 . 0 1 5 3 1 0 1 . 7 2 9 3 0
7 . 6 5 x l 0 - 3 1 0 0 . 6 1 1 2 5
3 . 8 2 x l 0 - 3 9 6 . 5 1 0 5 9
1 . 9 1 x l 0 - 3 9 5 . 6 6 8 9

As with 3 5C1 NM R chem ical shifts, the 12 7I chem ical shifts m ove to higher 
field with dilution o f  the solutions. This behaviour indicates, again, that the 
equilibrium  betw een a hydrogen-bonded  ion -p a ir  and unassociated solvated ions is the 
dom inant factor in the dissolution o f  [M eEtimJX (X  = C l, Br or I) in ethanenitrile  
( c / .  R ef. 18).

'H NMR Spectra of Solutions of [MeEtimJX (X = Cl, Br or I) in CD2Cl2
T h e 'H  N M R chem ical shift data for solutions o f [M eEtimJX (X  =C1, Br or I) 

in C D 2C12 are presented in Tables 1 5 -1 7  and Figures 2 1 -2 3 .

T h e N M R spectra o f  all three salts show  qualitatively sim ilar behaviour, 
although quantitative differences are seen . T he 1H chem ical shifts o f the m ethyl and 
ethyl protons o f  the cation show  little dependence on  the concentration o f  the 
solution in C D 2C12. In contrast to the behaviour in C D 3C N , the H 2 proton signal 
m oves dow nfield  and the H 4 >5 proton signal m oves upfield as the solution is diluted  
(Figure 24). T he reasons for this will be considered in the D iscussion section .
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Table 15. ’ H NMR Spectral Data for Solutions of [MeEtimJCl in CD2C12.

5 / p .p .m .

Conc/M

H 2 H4 > 5 c h 2ch 3 n c h 3 CH2CH.

2.0722 10.31 7.87 4.19 3.87 1.29
1.0361 10.45 7.73 4.23 3.91 1.36
0.5181 10.54 7.63 4.25 3.93 1.41
0.2590 10.62 7.53 4.25 3.93 1.43
0.1295 10.70 7.44 4.27 3.96 1.45
0.0648 10.76 7.35 4.26 3.95 1.46
0.0324 10.87 7.27 4.27 3.96 1.47
0.0162 10.88 7.19 4.26 3.95 1.47
0.0081 10.95 7.13 4.26 3.95 1.47

Table 16. ’H  N M R  Spectral Data for Solutions of [MeEtimJBr in C D 2C12.

6/p.p.m.
Conc/M

H2 H4 > 5 c h 2ch 3 n c h 3 CH2CH.

2.0217 9.96 7.81 4.15 3.74 1.24
1.0109 10.09 7.69 4.19 3.87 1.32
0.5054 10.23 7.63 4.25 3.93 1.40
0.2527 10.32 7.55 4.26 3.94 1.44
0.1264 10.41 7.47 4.29 3.98 1.47
0.0632 10.46 7.41 4.28 3.97 1.48
0.0316 10.51 7.35 4.28 3.98 1.49
0.0158 10.71 7.19 4.27 3.97 1.50
0.0079 10.65 7.14 4.26 3.96 1.49
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Table 17. 1H NMR Spectral Data for Solutions of [MeEtim]! in CD2C12 .

Conc/M

5/p.p.m.

H2 H4>* c h 2ch 3 n c h 3 CH2CH3

1.3442 9.47 7.49 4.09 3.77 1.23
0.6721 9.59 7.48 4.15 3.83 1.32
0.3361 9.74 7.45 4.22 3.91 1.41
0.1680 9.77 7.42 4.23 3.92 1.42
0.0840 9.85 7.37 4.24 3.93 1.45
0.0420 9.90 7.32 4.25 3.94 1.47
0.0210 9.96 7.26 4.25 3.94 1.48
0.0105 10.02 7.20 4.24 3.94 1.49
5.251xl0-3 10.07 7.16 4.24 3.94 1.49
2.625xl0-3 10.09 7.15 4.24 3.94 1.49
1.313x10-3 10.13 7.12 4.23 3.94 1.49
6.563xl0“4 10.66 7.10 4.23 3.94 1.50

Table 18. 3 5 Q  N M R (35.29 MHz; 303 K) Spectral Data for Solutions of
[MeEtimJCl in C D 2C12.

Conc/M S/p.p.m. A p ^/Hz

2.0722 47.1 189
1.0361 43.8 134
0.5181 41.8 99
0.2590 40.3 91
0.1295 38.8 77
0.0648 37.6 68
0.0324 35.8 85
0.0162 35.0 58
0.0081 34.5 61
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3SC l N M R  Spectra o f  Solutions o f  [M eE tim JC l in  C D 2C l2
The 35C1 N M R  data for [MeEtimJCl in C D 2C12 are presented in Table 18 and 

Figures 25 and 26. The 35C1 N M R  chemical shifts of [MeEtimJCl solutions in 
C D 2C12 show a marked change in chemical shift as the solution is diluted. The 
reasons for this will be considered in the Discussion section.

1 2 71 N M R  Spectra o f  Solutions o f  [M e E tim J I in  C D 2C l2
The 12 7I N M R  data for solutions of [MeEtimJI in C D  2C12 are presented in 

Table 19 and Figures 27 and 28. The effect of dilution on the 12 T N M R  chemical 
shifts is qualitatively similar to the behaviour of 3 5C1 N M R  chemical shifts of 
solutions of [MeEtimJCl in C D 2C12.

Table 19. 127I N M R  (72.08 MHz; 303 K) Spectral Data for Solutions of [MeEtimJI
in C D 2C12.

Conc/M 5/p.p.m. Av ^/Hz

1.3442 139.3 6660
0.6721 128.1 5580
0.3361 122.2 4900
0.1680 118.4 4490
0.0840 110.5 3790
0.0420 106.5 3740
0.0210 104.4 3250

C onductiv ity  o f  Solutions o f  [ M eE tim JC l
The conductivities, K, of solutions of [MeEtimJCl in water, ethanenitrile and 

dichloromethane were measured at 25 *C. Their molar conductivities, Am , were 
calculated from equation (2), were c is the molar concentration (20).

Am = K/C (2)

Am = (Am)0 -  oc* (3)

Equation (3) gives a common form of the Onsager limiting law, where (Am)0 is the 
limiting molar conductivity, and a is the Onsager coefficient, and this equation was 
used to fit the experimental data by a conventional least-squares linear regression 
procedure, as shown in Figure 29. The limiting conductance of the solutions at 
infinite dilution and the molar conductance at a concentration of 10“ 3 M  are 
presented in Table 20.
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Table 20. The limiting and molar conductances of solutions of [MeEtimJCl.

Solvent (Am)0/S cm2 mol 1 Am/S cm2 mol-1 a

h 2o 111 ± 4 109 ± 4
c h 3cn 168 ± 4 164 ± 4
c h 2c i 2 2.4 ± 0.3 1.6 ± 0.3

a At 10-3 M .

The values of (Am)0 for solutions of [MeEtim]Cl in H 20  lie within the range 
found for tetraalkylammonium salts (95-122 S c m 2 mol-1) (20), unambiguously and 
unsurprisingly identifying the solution species as a 1:1 electrolyte. The value of (AjJ q 
for solutions of [MeEtim]Cl in ethanenitrile also lie within the range found for 
tetraalkylammonium salts (162-196 S c m 2 mol-1) (21,22), again identifying the 
solution species as a 1:1 electrolyte. The difference in the slope of the plots of the 
conductance of [MeEtimJCl in water and ethanenitrile {gradient(H 20)/gradient(CH 3CN) 
= 0.39} indicates that cation-anion association is greater in solutions in ethanenitrile 
than in aqueous solutions. Hence, the solvation of [MeEtimJCl in ethanenitrile can 
be described by the equilibrium between the solvated ion pair and the solvated 
unassociated ions, equation (4).

([MeEtim]+. • -Cl- )MeCN ([MeEtim]+)MeCN + ( C D MeCN (4)

The value of (Am )0 for tetraalkylammonium salts in dichloromethane could not 
be found in the literature, and so (Am)0 for tetraethylammonium chloride was 
measured {(Am)0 =28 ± 2 S c m 2 mol-1; Am (10-3 M ) -  26 ± 2 S c m 2 mol-1}. 
The value of (Am )0 for solutions of [MeEtimJCl in dichloromethane is significantly 
lower than that for tetraethylammonium chloride, indicating that the solution species is 
not a 1:1 electrolyte, but probably contains non-conducting quasi -molecular ion-pairs.

DISCUSSION

S Y N T H E S IS  O F  1 -M E T H Y L -3 -E T H Y L IM ID A Z O L IU M  H A L ID E S
The 1-methyl-3-ethylimidazolium halides ([MeEtimJX; X = Cl, Br, or I) are 

white, crystalline solids at room temperature. [MeEtimJI was first prepared by the
addition of iodoethane to a solution of 1 -methylimidazole in dry ethanenitrile (11). 
Preparation of the salts by the addition of the appropriate haloethane to a solution of 
1-methylimidazole in dry benzene has been reported (23). However, although the 
bromide and iodide salts were successfully isolated as solids, [MeEtimJCl was originally 
reported as a liquid (23).
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[MeEtimJCl was successfully prepared as a solid by the reaction of 
1 -methylimidazole with chloroethane in a pressure vessel at 70 *C (2). Subsequently, 
both [MeEtimjBr (24) and [MeEtim]I (4) have been prepared by direct combination 
of the haloethane and 1-methylimidazole. The crude products from these 
preparations were recrystallised from solution in ethanenitrile by the addition of ethyl 
ethanoate.

The principal difference between the previous successful preparations (2,23) of 
the [MeEtimJX (X = Cl, Br or I) salts and those reported here is the method of 
recrystallisation. Ethyl ethanoate was used as a co-solvent in the recrystallisation to 
ensure that all of the unreacted 1-methylimidazole was removed from the product. 
However, removal of ethyl ethanoate from the product proved to be difficult. 
Therefore, the final recrystallization was from ethanenitrile alone. [MeEtimJI is 
photosensitive, turning yellow on exposure to light. Hence, the preparation was 
protected from light at all times.

N M R  S PEC TR A O F  [M e E tim J C l-M C I z IO N IC  L IQ U ID S
1H  N M R  spectra of room temperature [MeEtim]Cl-AlCl 3 ionic liquids are 

known to be very composition dependent, particularly in the basic regime (3,25). In 
particular, the H 2 proton is very sensitive, moving significantly upfield with increasing 
acidity. This has been widely interpreted in terms of a stacked oligomeric model 
(3,5) in which anions and cations alternate, the anions being associated with the 
imidazolium ring both directly above and below its plane. The presence of
hydrogen-bonds was dismissed, "since no hydrogen bonding is possible {s ic)" (3). 
Nevertheless, a ’H  N M R  study (26) of several imidazole and imidazolium derivatives 
in C D 2C12 has shown that the chemical shift of the H  2 proton was sensitive to the 
nature of the anion present, and hydrogen-bonding between discrete ion pairs was 
postulated to explain this result (26). We thus decided to undertake a definitive study 
of the N M R  characteristics of [MeEtimJX (X = Cl, Br or I) in molecular solvents, 
free of the aporia associated with ionic liquids.

As a preliminary to this study, we reexamined the 1H  and 13C N M R  spectra 
(at high field) of the ionic liquids themselves. We  find ourselves in total accord with 
the published data (allowing for differences in referencing technique), and have used 
this study to definitively assign the spectra (for the first time), using the nuclear 
Overhauser effect.

N M R  S P EC TR A O F [M eE tim JC l IN  D 20
The strong hydrogen-bonding ability of water ensures that the cations and 

anions of [MeEtimJCl remain solvent-separated, irrespective of concentration. Thus, 
the 1H  N M R  chemical shift data are essentially concentration independent (see 
Table 5). However, evidence of H/D exchange at H 2, H 4, and H 5 was obtained, 
and this effect was markedly enhanced by the addition of Na[OD] (see Table 6).

[M e E tim JX  I N  E T H A N E N IT R IL E
Conductivity measurements (20) show that [MeEtimJCl behaves as a classical 1:1 

electrolyte in MeCN (and in water); see Fig. 29. Concentration dependent 1H  N M R  
spectra were recorded for [MeEtimJX (X = Cl, Br or I) in C D 3CN, and the N C H 3,
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- C H 2C H 3 (Fig. 13) and - C H 2C H 3 (Fig. 14) signals show the expected insensitivity 
towards concentration; the H 2 proton shift moves to lower field as the concentration 
of the solution increases (Fig. 11), and the H 4/H5 signals behave in a similar 
manner, though with a smaller overall effect (Fig. 12). This is the change in 
chemical shift with concentration which has long been recognized as being indicative 
of hydrogen bond formation (27). The effect decreases in the order Cl > Br > I, 
again consistent with their relative hydrogen-bonding abilities. The simplest 
equilibrium which can be written to describe this situation is that given in equation 
(1). Thus, at high solution concentrations, the halide ion is very effectively 
hydrogen-bonded to the cation, and this is nicely illustrated by the concentration 
dependence of the 35C1 (Fig. 16) and 12 7I (Fig. 19) N M R  spectra of [MeEtim]Cl 
and [MeEtim]I in C D 3CN, respectively. The contrast between the behaviour of
[MeEtimJCl and [NEtJCl (Fig. 16) is particularly important in illustrating the 
effectiveness of the hydrogen bonds formed between [MeEtim]+ and Cl“.

There can be no doubt that the combined evidence of conductivity 
measurements and multinuclear N M R  spectroscopy overwhelmingly argues that all three 
of the ring protons are involved in hydrogen bonding with halide anions. The
position that "no hydrogen bonding is possible" is no longer tenable.

The implications of these observations for the structure of basic ionic liquids is 
clear. They must now be considered not as statistical aggregates of anions and 
cations, but as a three-dimensional network of anions and cations, linked by a
network of fragile hydrogen bonds; each cation will be hydrogen bonded to three
anions, via H 2, H 4 and H 5, and their affinity for Cl~ will be much greater than 
that for [A1C1J".

[M e E tim JX  IN  D IC H L O R O M E T H A N E
In contrast to the situation found in ethanenitrile, with increasing concentration 

in dichloromethane, the H 2 proton signal of [MeEtimJX moves to higher field, whilst 
the H 4/H5 signal moves to lower field (Fig. 24). Moreover, the solution is 
essentially non-conducting (Fig. 29). This suggests a system in which the imidazolium 
rings are so strongly hydrogen-bonded to the halide ions that they form a 
quasi-molecular species, [(MeEtim)XJ. These then stack parallel to each other (in 
the manner of conventional neutral aromatic systems in a low dielectric constant 
medium) with the H 2 proton inside, and the H 4/H5 protons outside, the shielding 
cone of the neighbouring ring (Fig. 30). The existence of such a stacking 
phenomenon has recently been confirmed in the solid state, as it was observed in the 
X-ray crystal structure of [Me2Etim]Cl.H20  (28).

The evidence for stacking will now be considered in more detail. The effects 
of magnetic anisotropy of conjugated systems in N M R  spectroscopy are well known 
(29): the 1H  N M R  signal of benzene is significantly downfield of that of ethane. 
This behaviour has been attributed, classically, to the formation of an electronic ring 
current in the x-orbitals, which produces a secondary magnetic field which opposes 
the applied magnetic field, so increasing the field outside the ring and deshielding the 
benzene protons (30). This is a general effect, and is demonstrated in heterocyclic 
compounds such as pyridine, although the electronegativity of the ring nitrogen and its 
lone pairs reduce the symmetry of the induced magnetic field so that the 2,6-protons 
are more deshielded than the 4-protons, which in turn are more deshielded than the
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3,5-protons (31).

The ring current effect also operates within a conjugated ring, decreasing the 
magnetic field which gives rise to the high field chemical shifts of internal protons 
such as is seen in the ’H  N M R  spectra of some porphyrins (32). The ’H  N M R  
spectra of 1,4-polymethylene benzenes demonstrate that this behaviour extends beyond 
the plane of the ring, since the methylene protons which lie close to the benzene 
ring and above it experience a strong upfield shift (33). This effect may also be 
intermolecular, as is demonstrated by the effect of adding benzene to N M R  samples 
in non-aromatic solvents to produce shifts to high field (34). The effects of ring 
currents may be visualised as shielding cones above and below the plane of the ring 
(35).

The crystal structure of [MeEtimJI (4) reveals that the imidazolium ring is 
conventionally aromatic and, therefore, capable of sustaining a ring current. It is the 
effects of this ring current which are observed in the N M R  chemical shift data of 
solutions of [MeEtimjX (X = Gl, Br or I) in C D 2C12. At high concentration, the 
discrete [MeEtimjX (X = Cl, Br or I) ion-pairs are in close proximity to each other, 
and protons which lie inside the shielding cone of the imidazolium ring of 
neighbouring ion-pairs experience an upfield chemical shift whilst protons which lie 
outside the shielding cone (but close to the ring) experience a downfield chemical 
shift. As the solution is diluted, the separation of neighbouring ion-pairs becomes 
greater, and the intermolecular ring current effects diminish. Therefore, the chemical 
shifts of protons lying inside the shielding cone of neighbouring ion-pairs move 
downfield with dilution of the solution and protons lying outside the shielding cone 
(but close to the ring move) upfield with dilution. This identifies the H 2 proton as 
lying inside, and the H 4 and H 5 protons as lying outside, the shielding cone of 
neighbouring ion-pairs. All other protons are sufficiently distant from the ring that 
the ring current effects are negligible.

This suggests a model for the structure of [MeEtimjX (X = Cl, Br or I) in 
C D 2C12 in which the imidazolium rings arrange in a stack with the rings parallel and 
staggered (Fig. 30). This type of stacking behaviour is seen in the crystal structure 
of imidazolium dihydrogenphosphate (36), in which columns of stacked imidazolium 
rings, with any two adjacent rings related by a centre of symmetry (staggered), are 
seen.

It should be noted that the stacking of [MeEtimjX (X = Cl, Br or I) ion-pairs 
in C D 2C12 is not the same as the oligomeric stacks of alternating cations and anions 
in the model of the [MeEtim]Cl-AlCl3 ionic liquids proposed by Wilkes and 
coworkers (3). Firstly, the ion-pairs in C D 2C12 have no nett charge, and so may
approach each other without large coulombic repulsion; secondly, the large anion 
sandwiched between two rings would prevent the rings from coming close enough for 
intermolecular ring current effects to be seen.

The 35C1 N M R  data for [MeEtimjCl solutions in C D 2C12 show a marked 
change in chemical shift as the solution is diluted. This was somewhat surprising 
since, although some evidence for ring current effects in 1 3C N M R  spectroscopy has 
been reported (37-39), these are rarely unambiguous (40,41), and discussion of ring 
currents has been almost entirely in terms of their effect on proton N M R  chemical 
shifts.
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The change in 35C1 chemical shifts, of solutions of [MeEtim]Cl from lower to 
higher field with decreasing concentration (Fig. 25) indicates that the Cl” ion of the 
ion-pair lies outside the shielding cone of neighbouring imidazolium rings. Clearly, 
then, the Cl” ion cannot lie directly above the imidazolium ring, but must be 
positioned closer to the plane of the ring, as suggested in Fig. 30.

Analogous results (Fig. 27) for [MeEtimJI in C D 2C12 indicate that the I” ion 
lies outside the shielding cone of neighbouring imidazolium rings, and close to the 
plane of the imidazolium ring in the [MeEtim]+...I” ion-pair. This is in agreement 
with the X-ray crystal structure of [MeEtimJI (4).
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5

Figure 1. The 1-Methyl-3-ethylimidazolium Cation.
Z(A1C13)

&  H* w chzch3 nch3 cr2ch3

Figure 2. The 1H  N M R  (360.13 MHz; 303 K) Spectra of a Series of
[MeEtimJCl-AlClg Ionic Liquids.
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Figure 3. Partial 1H  N M R  Spectrum (360.13 MHz; 303 K) of an Acidic
(X  = 0.60) Ionic Liquid (Above L e f t ) .

Figure 4. Partial 1H  N M R  Spectra (360.13 MHz; 303 K) of (lower) Acidic
(X  = 0.60) Ionic Liquid and (upper) the N O E  Spectrum of the Same Liquid with the 
NCH„ Protons Irradiated (Above R igh t).

c2 tyc5 X(A\ Cl3) 

0.65

ch2c h3 nch3 ch2ch3

J J J IL __ J
0.55

JXjU

,JLJ

J 11LUJ_  —A—iJX 
0 .45

0.35

100 60 5/p.p.m . 20
Figure 5. The 13C N M R  Spectra (90.55 MHz; 303 K) of a Series of
[MeEtim]Cl-AlCl3 Ionic Liquids.
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F ig u r e  7 .  T h e  1 3C  N M R  S p e c tra  o f  ( A )  [ M e E t i m ] C l ,  ( B )  [ M e E t i m ] B r  a n d  ( C )
[ M e E t i m ] !  (9 0 .5 5  M H z ;  2  M ,  C D C 1 3 ; 303 K ) .
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chemical shift /  p.p.m.

—  X -  C l X  -  B r X -  I

- e> x -  C l X -  X  -  B r X -  I

Figure 13 . T h e E ffect o f  C oncentration  upon  th e  C H 2C H 3 and N C H 3 C hem ical
Shifts for  [M eE tim ]X  (X  = C l, Br or I) in  C D  C N .

chemical shift of -CH2CW3 /  p.p.m. Chemical shift /  p.p.m.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

cone, of chloride ion / M

H<2)
-CH2-
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-CH2CH3
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Figure 14 . T h e E ffect o f  C oncentration  upon th e C H 2C H 3 C hem ical Shift for  
[M eE tim ]X  (X  = C l, Br or I) in  C D 3C N  {Above L e ft) .
Figure 15 . ’H  N M R  (360 .13  M H z; 303 K) C hem ical Shifts o f  Solutions o f  a
F ixed  C oncentration  o f  [M eEtimJCl in  C D 3C N , w ith A dded [N E t4 ]C l, as a Function  
o f  the C hloride Ion C oncentration  (Above R ight).
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chemical shift/p.p.m.

F igure 16 . T h e E ffect o f  C oncentration  on  th e 3 5C1 C hem ical Shift for
[M eEtim ]C l or [N E tJ C l in  C D 3C N .

line width /  Hz

chemical shift /  p.p.m.

F igure 17 . T h e E ffect o f  C oncentration  on  the L ine W idth o f  th e  3 5Cl NM R  
Signal o f  [M eEtimJCl or [N E t4 ]Cl in  C D 3C N  (Above L e ft) .
F igure 18 . 35C1 N M R  (3 5 .2 9  M H z; 303 K) C hem ical Shifts o f  Solutions o f  a
F ixed  C oncentration  o f  [M eEtimJCl in  C D 3C N , w ith A dded [N E t4 ]C l, as a F unction  
o f  th e  C hloride Ion C oncentration  (Above R ight).
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F igure 2 1 . T h e  ’ H  N M R  (360 .13  M H z; 303 K ) C hem ical Shifts o f  Solutions o f  
[M eEtim JCl in  C D 2C12 as a F unction  o f  C oncentration .
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Figure 2 2 . T h e 'H  N M R  (360 .13  M H z; 303 K) C hem ical Shifts o f  Solutions o f  
[M eE tim ]B r in  C D 2C12 as a F unction  o f  C oncentration  (Above L e f t) .
Figure 2 3 . T h e 1H  N M R  (360 .13  M H z; 303  K) C hem ical Shifts o f  Solutions o f  
[M eE tim ]! in  C D 2C12 as a F unction  o f  C oncentration  (Above R igh t).
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Figure 24 . T h e E ffect o f  C oncentration  upon th e H 2 and H 4>5 C hem ical Shifts
for [M eE tim ]X  (X  = C l, Br or I) in  C D  2C 12.

Figure 2 5 . T h e E ffect o f  C oncentration  upon the 35C1 C hem ical Shift o f  
[M eE tim ]C l in  C D 2C12 (Above L e f t) .
Figure 2 6 . T h e E ffect o f  C oncentration  upon th e L ine W idth o f  th e 35C1 NM R  
Signal o f  [M eEtim JCl in  C D 2C12 (Above R ight).
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Figure 29. The M olar Conductivity (units o f  S c m 2 m ol- 1 ) o f  [MeEtimJCl as a
F unction o f  c i  (units o f m o l i  1“ £ ) .
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Figure 30 . T he Proposed Structure for the Stacks o f Q uasi-m o lecu les  o f
[(M eEtim )X ] in  Solution in D ichlorom ethane.
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STRUCTURAL ANALYSIS OF AN AMBIENT TEMPERATURE MOLTEN SALT 
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General Motors Research Laboratories 

Warren, MI 48090-9055
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ABSTRACT

Ambient temperature ionic melts with high ionic conductivity 
are very attractive electrolytes for batteries and for 
electroplating of technologically important alloys. We 
studied the ion-ion interactions in a melt containing
1-methyl, 3-ethylimidazolium chloride (MEIC1) and A1C1« using 
vibrational spectroscopy. In basic melts (AlCl^ < MEIC1) 
there appears to be ion gair formation involving strong 
interaction of Cl with MEI . The Cl interacts with the 
methyl and ethyl C-H bonds presumably through hydrogen-type 
bonding. The vibrational spectra of the acidic melt (AlCl^ > 
MEICl)^ can be interpreted as a stacked model of type 
A1C1. /MEI+/Al^Cly /MEI+ . We also obtained some previously 
unpublished NMR data for a strongly basic composition. The 
FTIR data can be shown to be in agreement with the NMR data 
regarding the chemical shifts of the different C-H bonds, 
assuming that chemical shifts result from loss of aromaticity 
of the imidazole.

INTRODUCTION

Imidazolium chloride/AlCl^ mixtures form ionic melts which are 
liquid at ambient temperature over a wide composition range. The ionic 
conductivities of these melts are comparable to high temperature molten 
salts (1). They are promising electrolytes for batteries and for the 
electrodeposition of metals, semiconductors and alloys. In this work, 
we investigate the molecular structure of the 1-methyl,
3-ethylimidazolium chloride (MEIC1) melt. An understanding of the 
structure will be useful to further application of the melts.

Aluminum chloride reacts with MEIC1 to provide an ionic melt which
is liquid at ambient temperatures 
The ionic melt of A1C1«/MEIC1 has 
the ratio of the AlCl^ to MEIC1. 
contains the Lewis base, Cl , and 
contains the Lewis acid, AlgCl^ .

in the range of 30 to 70 mole% AlClg. 
acid - base character depending upon 

At A1C1«/MEIC1 < 50 moleft the melt 
for AICI3/MEICI > 50 molefl the melt 
The melt is neutral when equal moles
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of AlClg and MEIC1 are mixed. The ionic species in the basic, neutral 
and aciaic melts are postulated as the following;

* < y
x A1C13 + y M E I C l ------------------x A l C l ^  + yMEI + (y-x)Cl“

Basic

A1C1,/MEIC1 = 1
A1C1, + M E I C 1 ----------------------------A 1 C 1 + MEI+

Neutral

x > y _ _
x A1C1q + yMEICl ---------------  (2y-x)AlCl. + (x-y)A10C1„ + yMEI+

u  i  • j  • 4  A  4A c id ic

The relative concentrations of each anion species has been 
summarized in the literature (2).

The Cl fraction decreases smoothly from unity in the most basic 
condition to essentially zero at the neutral point and remains at this 
value through the acid range. The tetrachloroaluminate fraction 
reaches essentially unity at the neutral point and the sum of the 
tetrachloroaluminate and heptachloroaluminate fractions remains 
essentially unity through the acid range.

The molecular structure of MEI+ , AlCl^ and AlgCl-” are shown 
below. We will refer to the subscripts shown for tne atoms of the 
imidazole ring. Note that the methyl groups may rotate freely in the 
MEI molecule.

The molecular structure of the basic MEIC1/A1C1^ has been treated 
theoretically by Dieter et al. (3) using AMI and m NDO calculations. 
According to them, the optimized configuration of the A1C1. -MEI -Cl” 
system tends to be a sandwich type, with Cl located Between two
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parallel MEI+ and with two A1C1. ; one located above a n done below the 
two MEI+ . This stack model can Be shown as AlCl^ /MEI+/C1 /MEI /AlCl^ . 
However, NMR studies show that the nature of the interaction of Cl and 
AlCl^ with the MEI ring is more complex (4). A crystal structure 
analysis of the iodine analog suggests hydrogen bond type interaction 
of iodine with the Cg hydrogen (5^. IR studies of the melt also 
suggest the interaction of the Cl anion with the CL-H through a 
hydrogen bonding interaction (6). We have studied the ionic 
interaction of the negatively charged species with the MEI ring and 
with the substituted aliphatic branches (methyl and ethyl groups) over 
the entire composition range.

EXPERIMENTAL

Materials

The 1-methyl, 3-ethylimidazolium chloride was prepared from methyl 
imidazole (Aldrich Chemicals) following the procedure described by 
Wilkes et al. (7). The salt was precipitated twice from ethyl acetate 
under a nitrogen atmosphere, dried and stored in an argon atmosphere 
dry box. The molten salt mixtures were prepared from this MEIC1 by 
careful addition of Alfa puratonics AlClg in the required amount. (The 
strongly exothermic reaction can increase temperatures to where 
decomposition or polymerization reactions can occur.) Compositions are 
provided as the mole ratio of MEIC1 to AlCl^.

IR Spectroscopy

A diffuse reflectance (DRIFT) accessory from Spectra Technology, 
Inc. (model 30103) was used. The throughput of the IR spectrometer was 
reduced by a factor of 20 when this accessory was used. The sample 
preparation was done inside a dry box filled with argon. A drop of the 
liquid was placed on a polished, mirror surface of a platinum disk and 
spread to form a uniform film. The platinum disk was sealed in the 
DRIFT accessory before transfer to the IR spectrometer. This procedure 
prevented any exposure of the sample to air and allowed purging and 
evacuation of the spectrometer during data collection. The spectra 
were obtained on an IBM - 98 spectrometer with the sample chamber under 
vacuum. A glowbar IR source and a liquid nitrogen cooled mercury- 
cadmium- teluride (MCT) detector were used. The DRIFT accessory with a 
platinum disk without the sample was used as a reference. Spectra were 
collected at room temperature and at 500 scans.

NMR Spectroscopy

*H NMR spectra of the 1-methyl,3-ethylimidazolium chloride - A1C1« 
mixtures were recorded with a Bruker FT-NMR spectrometer. The NMR 
measurements were carried out for a composition of 30 mole% A1C1~ 
between 27°C and 75°C using a Bruker BVT-1000 temperature controller: 
The sample was in a sealed NMR tube under He atmosphere. The chemical
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shifts were referenced Jo an external dimethyl sulfoxide solution. The 
resonance frequency of AH NMR was 270 MHz.

RESULTS AND DISCUSSIONS

The IR spectra are shown in Figures 1, 2-and 3 which encompass the 
range 400-1200, 1100-2200, and 2500-3300 cm , respectively. The band 
assignments are shown in Table 1. These assignments were made using 
Tait and Osteryoung (6) as the primary source and empirical structure 
assignments (8) as a secondary source. Notably differences from Tait 
and Osteryoung are: the assignment oj 705 cm to a bending mode and 
not an impurity ayd the 1550-1840 cm region to aromatic modes. The 
peak at 3049 cm discussed by Dieter et al. (3) was not readily 
observed. It may be seen in the figures that the intensity ratios of 
the IR bands are changed markedly as a function of A1C1« salt 
concentration. We will first discuss the characteristics of the AlCl^ 
symmetric vibrational mode, then the C-H bending and stretching modes 
of the aliphatic carbons and the ring carbons, and finally the bending 
and stretching modes of the aromatic ring.

The IR band at 680 cm * is assigned to the symmetric vibration of 
the A1C1. anion. The intensity of this band increased to a maximum at 
the neutral composition of AlCl^/MEICl = 1. Further addition of AlCl^
into the neutral melt resulted in a sharp decrease in the intensity of 
the band. This observation is in agreement with the postulated 
equilibrium conditions which exist between AlCl^ and MEIC1 salts. At 
A1C1« concentrations less than MEIC1 concentration— basic melts— all 
the ^AlClg interacts _with the Cl anion to form AlCl^ . The 
concentration of AlCl^ anion reaches a maximum at the neutral point. 
According to the well-established equilibrium described in the molten 
salt literature (9), AlCl* in excess of MEICl--acid melts— interact^ 
with the A1C1. anion to form a dimer anion, AlgCl^ . The 680 cm
symmetric vibrational mode is not present in the dimer and the 
intensity of this band is very low in acid compositions.

The frequency of the C-H out-of-plane bending mode of the^methyl 
and ethyl groups is located around 705 cm and 830 cm . The 
intensity of these bands was very low in the basic melts and increased 
in the acidic melts. The methyl^ and ethyl C-H rocking modes are
observed in the 1100 to 1200 cm region. These rocking modes are
relatively stronger in the acidic melt compared to those in the basic 
meljs. The methyl and ethyl C-H in-plane bending modes (around 1400 
cm ) are weak in the basic melt and the intensity of this band
increased significantly in the acidic melts. These observations 
suggest that, in the basic melt, with Cl present, the methyl and ethyl 
hydrogens are interacting strongly with Cl . This can be due to 
hydrogen type bonding between C-H and Cl in the basic melt.

An effect opposite to that for the aliphatic part of the mol|cule 
was observed for the C-H ring in-plane bending mode at 790 cm . A
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strong IR band was observed in basic melts and a very weak IR band in 
the acidic melts.

Thejliphatic C-H stretching vibrations are observed in the 2800 - 
3200 cm . These bands are stronger in the acidic melts compared to 
those in the basic melts and are consistent with the observations of 
the aliphatic C-H bending modes.

The aromatic and ^ring C-H stretching modes are observed in the 
range 3200 - 3400 cm . These bands are stronger in the basic melts, 
also in contrast to the aliphatic modes.

The ring breathing mode was observed at 1470 cm This IR band is 
relatively strong in both basic and acidic melts and suggests that the 
ring breathing mode is not affected ^by the various anions. The C=C 
stretching mode appeared at 1520 cm . This band is strong in basic 
melts but weak in acidic melt. The^aromatic C-C stretching vibration 
is usually in the 1700 - 1850 cm range. The IR bands at these 
frequencies are weaker in the acidic melt compared to in the basic 
melts. This result, along with the ring C-H bending and stretching 
modes suggests loss of ring aromaticity in acid. This conclusion was 
also reached by Tait and Osteryoung (6). This can be interpreted as 
the interaction of the chloroaluminate anions in the acidic melts with 
the ir electrons of the imidazole.

The changes in the intensity of the methyl and ethyl C-H bending 
and stretching modes clearly show that in the basic melt there is a 
strong interaction between methyl and ethyl C-H with the anion. This 
interaction is much less in the acidic melts. The Cl apparently 
interacts more effectively with the C-H of the methyl and ethyl groups 
and the Cg-H of the ring than AlCl^ . There is also indication of 
slight changes in the intensity and4 frequency of the C^-H and C--H 
vibrational modes in the basic melts. These observations indicate tnat 
the Cl” is n o t i n  the plane of the MEI ring. This slight out-of-plane 
geometry of Cl may also cause charge delocalization on one of the 
nitrogens which may provide a resonance stabilization in the basic 
melts. A striking observation is the lack of aromaticity in the acidic 
melts compared to the aromaticity in the basic melts. We interpret 
this as an indication that the chloroaluminate anions are stacking 
above and below the plane of the imidazole cation and interacting with 
the w electrons to destroy the aromatic character of the ring.

The NMR spectrum of a strongly basic melt (30 mole% A1C1») at 
ambient temperature, and at 50°C is shown in Figure 4. The hydrogens 
of the ethyl group form a triplet centered (downfield) at 1.5 ppm for 
the CHq and a quartet at 4.5 ppm for the CHg attached to the nitrogen 
atom of the imidazole ring. The hydrogens oi the GH^ group attached to 
the nitrogen of the imidazole form a singlet at 4.2 ppm. The and C- 
hydrogens of the imidazole ring are located at 8.1 ppm ana the C? 
hydrogen at 10.1 ppm. We note that the resonances are broad for this 
composition at ambient temperatures because of the high viscosity. A
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temperature oi 50°C is required for the resonances to be as yarrow as 
observed for more acid compositions at room temperature. The H NMR of 
these melts has been extensively studied by Fannin et al. (4), but they 
did not include a melt as basic as the one shown. These authors 
pointed out the strong shift of the ring hydrogens as a function of the 
basic nature of the melt. The spectrum shown here is consistent with 
the observed shifts which they observed. It was observed that the NMR 
resonance of these hydrogens shift upfield as the basic melt approaches 
the neutral composition, and that there is almost no further shift of 
the resonances in the acid region. This result is consistent with the 
loss in aromaticity of the ring on going from basic to acidic 
compositions. However, it was interpreted by the authors (4) as an 
interaction of Cl with the hydrogens on the ring. In our view a 
preferred explanation is that the Cl is interacting only to a small 
extent with the ring and that the AlCl^ has a dominant effect on the 
ring aromaticity. However, the IR changes in the aliphatic part of the 
molecule do not agree with the NMR data. Only small shifts in the 
hydrogen on the aliphatic carbons are observed in the NMR whereas large 
effects are observed in the IR. We must postulate that shielding of 
the Cl does not affect the spin relaxation of the NMR but does affect 
the vibrational modes observed in the IR.
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Table 1. IR Frequencies and (cm-1) Band Assignments 
for A1C13/MEIC1 Mixtures

Assignments Composition

40/60 50/50_________55/45_________60/40
Al-Cl 480 m 480 m
ring def. 520 s 510 m 520 s 520 s
ring def. 580 s 580 w 580 m

660 w 630 m
A 1 C 1 / 680 m 680 s
CH0 , 0Ho o/p bend 705 m 705 s
ring o/p bend 750 m 745 m
C-H ring i/p bend 790 s 790 s

C-H, CHOJ CH0 o/p 830 m 835 m 835 s
bend. °
Meth. C-N 870 sh 870 s-sh
C-H i/p bend 970 m 970 m
CH„-N rock 1040 w-sh 1040 m 1035 w 1040 w
CHgCHg-N rock 1100 sh 1100 sh 1100 w 1110 m.
CH rock + comb. 1190 m 1190 m 1180 m 1170 s

*************************************************
CH3-N def-bend 1350 s
methyl C-H bend 1420 w 1420 w 1420 w 1400 s
ring sym. str. 1470 s 1470 s 1470 s 1460 s
C=C str. 1520 s 1510 s 1510 s
ring sym. str. 1530 s 1540 s
C-C=N, 1560 s 1580 s

1600 s
combination 1640 s 1650 s 1650 s
C=N ring 1680 s 1695 s 1700 s 1700 m
C=C aromatic 1720 w 1740 s 1735 m
C=C aromatic 1840 w 1840 w 1840 w

*************************************************
C-H, CHo str. 2830 w
C-H, CBZ str. 2890 m
C-H, CHo str. 2930 w 2940 w
C-H, CH« str. 2960 m 2960 so 2995 s

3030 m 3020 w
Cg-H str 3115 s
C-H ring str. 3190 w 3170 w 3160 s
ring C-H str. 3260 w 3260 w 3260 w
combination 3300 w 3300 w 3390 s
? 3420 m

Note: s- strong, m- medium, w weak, sh- shoulder, i/p b- in plane 
bending, o/p b- out of plane bending, str.- stretching vibration, 
def.- deformation mode, comb, combination modes.
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Figure 4. Proton NMR spectra of 
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temperature (lower curve) and 
the sharp peaks obtained at 50°C 
(upper curve).
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REFRACTIVE INDICES AND ELECTRONIC POLARIZABILITIES 
OF ALKALI HALIDE SINGLE AND BINARY MELTS

Mamoru Endo, Masayuki Ishizuka, Toshiaki Hayasaka, 
Yuzuru Sato, Tsutomu Yamamura, Tatsuhiko Ejima

Department of metallurgy, Tohoku University, Sendai 980 JAPAN

ABSTRACT

The refractive indices of alkali halide single and 
LiCl-CsCl, LiBr-CsBr, NaCl-CsCl, NaCl-Nal, KC1-KI 
and CsCl-CsI binary melts have been measured with 
high accuracy at the wave length of 470 to 670nm. 
The electronic polarizabilities of the melts have 
been determined from the measured refractive
indices by the Lorentz-Lorenz equation. The 
relation between the electronic polarizability and 
the structure of the salts has been examined. The 
electronic polarizabilities of the melts have the 
positive temperature dependence and those of the 
binary melts deviate slightly from the additive 
rule. Factors which affect the electronic 
polarizabilities of the melts have been
investigated.

NOMENCLATURE

A apex angle of prism
Smin minimum deviation angle
n refractive index
a electronic polarizability
V molar volume
N Avogadro’s number
rs first neighboring distance of the crystal at m.p
ri first neighboring distance of the melt
vs molar volume of the crystal at m.p.
Vl molar volume of the melt
CNg coordination number of the crystal at m.p.
CNi coordination number of the melt
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INTRODUCTION

The refractive index is indispensable for the optical 
measurements such as the Brillouin scattering. Furthermore, 
the electronic polarizability derived from the wave length 
dependence of the refractive index gives us the information 
about the extent of the electronic polarization of ions under 
applied electric field.

The alkali halide melts are comprised completely spherically 
symmetric halide anions and alkali cations. Therefore, the 
alkali halide melt has been considered as a simple ionic 
liquid. But, it. should be noted that electronic polarization 
of the ions exists even in such a typically ionic melt as 
alkali halide melts, and may influence the transport and 
thermodynamic properties of the ionic melts. Therefore, it is 
interesting to determine the electronic polarizability of the 
melts and to clarify the effect of the electronic 
polarization on physicochemical properties.

This paper reports the results of the measurements of the 
refractive index at the wave length of 470 to 670 nm for the 
single melts and the binary LiCl-CsCl, LiBr-CsBr, NaCl-CsCl, 
NaCl-Nal, KC1-KI and CsCl-CsI systems. The electronic 
polarizabilities of the melts have been derived from the 
refractive indices observed, and the relative importance of 
the factors which control the electronic polarization has 
been investigated.

EXPERIMENTAL

The refractive index was measured at the wave length of 4 70 
to 670nm and at the temperatures ranging from the m.p. up to 
1200K. The schematic diagram of the experimental apparatus is 
shown in Fig.l. It consists of a halogen lamp, a 
monochromator, an oven, a collimator, a prism cell and a 
telescope. The prism cell was constructed of the optical 
parallel plates of transparent quartz. The purified salts 
were sealed under vacuum into the cell.

The refractive index was determined by the minimum deviation 
angle method. The deviation angle takes minimum value when 
the incident beam and the refracted beam are symmetrical 
about the axis of the prism cell. The refracted beam was 
observed by the telescope. The prism cell was turned so as to 
minimize the deviation angle. The refractive index is
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calculated by eq.l 
observed.

from the minimum deviation angle

( 1 )

^min,

The apex angle, A was measured by means of an auto- 
collimation method. Therefore, this measurement is an 
absolute method without a calibration process.

RESULT AND DISCUSSION

I. Error Sources of The Measurement

The factors of the error involved in the measurement of the 
refractive index and their contribution to the results have 
been evaluated. Three factors being important as the error 
sources are as follows:
1. The error involved in the measurement of the apex angle 
and the minimum deviation angle.
2. Deviation of the incident angle from right angle.
3. Parallel of the out side and inside of the windows of the 
optical cell.
Taking account of the error sources discussed above, the 
total error involved in the determination of the refractive 
index is estimated to be less than 0.08%.

II. Refractive Index

The refractive indices of CsCl-CsI binary melts decrease 
linearly with increasing temperature. The same temperature 
dependence has been observed for all the melts measured. 
According to the Lorentz-Lorenz eq.2, refractive index 
depends on the number density and the electronic
polarizability of the constituent ions of the melts.

n2 -  1 4rcN<x , „,
n2 + 3"  3V ( ]

We consider that the negative temperature dependence of the 
refractive index of the melts is mainly due to the decrease 
in the number density of the melts with an increase in 
temperature.

The isotherm curves of the refractive indices for the binary 
melts are shown in Fig.3. There are curve-linear relations 
between the refractive index and composition. As mentioned
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above, refractive index is a function of electronic 
polarizability and number density. Assuming the additive rule 
for electronic polarizability of salts, refractive index of 
the mixture can be reproduced within a few percent.

The dispersion curves of the refractive index for CsCl-CsI 
binary melts are shown in Fig.4. The refractive indices of 
the melts decrease monotonically with increasing wave length 
at the wave length range of 470 to 670nm. These dispersion 
curves are typical of normal dispersion. The same normal 
dispersion curves have been observed for the other melts. The 
dispersion observed is considered to be due to the electronic 
polarization of the constituent ions of the melts.

III. Electronic Polarizability

The electronic polarizabilities of the melts have been 
determined from the refractive index and the molar volume by 
the Lorentz-Lorenz eq.2. The molar volumes of the single 
melts and the binary melts except LiBr-CsBr system are quoted 
from Janz (1). The molar volume of LiBr-CsBr binary melts is 
quoted from Smirnov et al (2).

IfiTOftrafcttEft. Dependence..of El.ej?.tronig.^ol^.rizablU t_y_

The temperature dependence of the electronic polarizabilities 
of CsCl-CsI binary melts is shown in Fig.5. The electronic 
polarizabilities of the melts increase slightly but more than 
the limits of the experimental errors with increasing 
temperature. The same positive temperature dependence of the 
electronic polarizability has been observed for the other 
melts investigated. The electronic polarizability is a 
parameter expressing the extent of the polarization of ions 
under the applied electric field, and is proportional to the 
ionic volume if the electronic structure is the same. 
According to the quantum mechanical calculations and the 
calculations of the atomic scattering factor for X-ray of 
crystalline alkali halides (3-6), the electronic 
polarizability of the anion decreases, on the contrary, that 
of the cation increases somewhat in passing from the free 
ionic state into the condensed state (7). The extent of the 
variation accompanying the change in state is larger for the 
anion than the cation (3-8). Wilson (8)pointed out the 
correlation between the electronic polarizability of ions and 
the inter-ionic distance of crystalline alkali halide. On the 
other hand, in molten state, the volume expansion induced by
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the temperature increase is mainly due to the decrease in
coordination number, and the first neighboring ionic-distance 
is almost kept constant upon an increase in temperature. 
Therefore, the positive temperature dependence of the 
electronic polarizability observed in the present 
investigation are considered to be due to the decrease in
coordination number upon temperature increase. The 
contribution of the coordination number to the electronic 
polarizability has not yet been examined for the case of 
crystalline state. So, the relative importances of the inter
ionic distance and coordination number in molten and solid 
station have been investigated taking the cesium halide as a 
sample substance, because cesium halides show a structural 
transformation from CsCl type, whose coordination number is 
8, to NaCl type, whose coordination number is 6.

The electronic polarizabilities of the cesium halides are
plotted against inter-ionic distance and shown in Fig.6. The 
electronic polarizabilities of the CsCl type and NaCl type
crystals are quoted from Tessman et al. (9) and Jaswal et al.
(10) , respectively. The coordination numbers are cited in
parentheses for the reference. As shown in Fig.6, the 
correlation between the electronic polarizability and the
inter-ionic distance of each salt at constant coordination 
number can be examined only for the case of coordination 
number, 8. In this case, the electronic polarizability 
increases with increasing inter-ionic distance. However, if 
the electronic polarizabilities of different coordination 
number of each salt are compared, there is no systematic
correlation between the electronic polarizability and the
inter-ionic distance. The electronic polarizabilities of 
cesium halide melts and crystals are plotted against 
coordination number and shown in Fig.7. The coordination 
number of the melts are determined by the Furukawa's eq.3
(11) .

As shown in Fig.7, the electronic polarizability of each salt 
decreases with increasing coordination number. Two plots of 
each salt at the coordination number 8 represent the values 
measured at different temperatures. The same coordination 
number dependence of the electronic polarizabilities are 
observed for the other salts investigated.
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Composition Dependence of , Electronic Jtolarizabi.li.tv

The electronic polarizabilities of the binary melts observed 
are plotted against composition and shown in Fig.8. The 
electronic polarizabilities of the binary melts, except LiBr- 
CsBr binary melts, agree well with the additive values. But 
the electronic polarizability of LiBr-CsBr binary melts 
deviates from the additive values by 1% at 50 mol% CsBr 
exceeding the limits of experimental error. As discussed 
above, the coordination number and the inter-ionic distance 
are the important factors for the electronic polarizability 
of the melts. In case of the binary melts of LiBr-CsBr, the 
molar volume deviates significantly from additive rule by 
maximally 3% at 10~40 mol3> CsBr. This may be because of the 
difference of the ionic sizes of LiBr-CsBr binary melts, Li+, 
Cs+ or Br“, is the largest of the binary melts investigated. 
Composition dependence of electronic polarizability will be 
discussed in detail in the following. It seems that the 
volume expansion is due to the decrease in the mean 
coordination number or the increase in the inter ionic 
distance. So it is considered that the positive deviation of 
the electronic polarizability of LiBr-CsBr binary melts is 
due to the decrease in the mean coordination number, because 
the electronic polarizabilities of the salts are mainly 
influenced by the change in the coordination number.

CONCLUSION

The refractive index of the single and the LiCl-CsCl, LiBr- 
CsBr, NaCl-CsCl, NaCl-Nal, KC1-KI and CsCl-CsI binary melts 
have been measured with high accuracy at the wave length 
range of 470 to 670 nm. The electronic polarizabilities of 
the melts have been determined from the measured refractive 
indices by the Lorentz-Lorenz equation. The factors which 
affect the electronic polarizabilities of the salts have been 
investigated. The conclusion to be drawn from these results 
is as follows:
1. The electronic polarizability varies with the change in 
coordination number and inter-ionic distance.
2. The coordination number is the most important factor of 
the electronic polarizabilities of the salts.
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Figure 1. Schematic Diagram of Apparatus.

Figure 3. Isotherms of Refractive Index for Alkali 
Halide Binary Melts.
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ABSTRACT

The ultrasonic velocity and absorption coefficient in molten 
alkali chlorides and zinc chloride have been measured by a 
pulse transmission method. The hypersonic velocity in ZnCl2, 
ZnCl2-NaCl and ZnCl2-KCl melts have been measured by means 
of a Brillouin scattering method. A dispersion of sound wave 
propagation occurs in ZnCl2 single melt, ZnCl2-NaCl and 
ZnCl2-KCl binary melts. The effects of the increases of tem
perature and the addition of an alkali chloride on the 
relaxation phenomenon in the melt have been clarified.

INTRODUCTION

Among the molten salts, zinc chloride has unusually high viscosity. This 
is due to the presence of the network structure in the melt. But as tem
perature increases the network structure breaks, and polymeric species 
becomes to a low degree’s one, finally to ZnCl4=. So, the structure of 
ZnCl2 melt varies with temperature. On the other hand, molten alkali 
chlorides are typical ionic melts, they are almost completely ionized 
with the species M+ and Cl-. They act as a Cl- donor when added to ZnCl2 
melt, and causes the variation in the structure of the melt. The sonic 
spectroscopy is one of the most effective method for the detection of 
the change in the structure. From the sonic spectroscopy the relaxation 
phenomenon which is connected with structure change can be also 
elucidated.

In the present study, ZnCl2 single melt, ZnCl2-NaCl and ZnCl2-KCl binary 
melts have been studied by the sonic spectroscopy. The sound velocity 
and absorption coefficient in pure ZnCl2 and alkali chloride melts have 
been measured by pulse transmission method in the frequency range of 5~ 
55MHz. By means of a Brillouin scattering method, the sound velocity in 
pure ZnCl2 and ZnCl2-NaCl, ZnCl2-KCl binary melts have been measured 
over the frequency range of 3 to 9GHz. The relaxation phenomenon in the 
melts has been clarified. The structure variation of ZnCl2 melt with in
creasing temperature and with the addition of alkali chlorides has been 
investigated.
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EXPERIMENTAL

Pulse Transmission Method
The ultrasonic velocity and absorption coefficient were measured by a 
pulse transmission method. The experimental arrangement was described 
elsewhere(l). The sound pulses piezoelectrically generated by a X cut 
quartz crystal are introduced into the melt through a conduction rod 
made of fused quartz. The sound pulses propagated through the melt are 
received by an upper conduction rod, and are transduced into electrical 
signals by a quartz crystal attached to the conduction rod. The sound 
velocity and absorption coefficient are determined from the measured 
delay time and the amplitude change accompanying the displacement of the 
spacing between the upper and lower conduction rod. The sound velocity 
and absorption coefficient in alkali chlorides and ZnCl2 were determined 
over the temperatures ranging from the melting point of the salts to 
about 150K above it. The measurement was carried out over a frequency 
range of 5 to 55MHz.

Brillouin Scattering Method
The hypersonic velocity of pure ZnCl2 melt, and ZnCl2~NaCl and ZnCl2-KCl 
binary melts were measured by a Briflouin scattering method. Details of 
the Brillouin scattering method was described in the previous paper(2). 
The light source was a He-Ne gas laser operated in single mode at a wave 
length of 632.8nm. The laser beam was modulated into 225Hz and focused 
at the center of a scattering cell placed inside a furnace. The scatter
ing cell was made of fused quartz. The light scattered into the angle 
6  was focused on a pin hole with a collecting lens, was collimated with 
a collimating lens and was analyzed by a Fabry-Perot interferometer. The 
light scattered by a homogeneous liquid consists of the central Rayleigh 
line with the same frequency as that of the incident beam, and a doublet 
whose components are shifted symmetrically from the frequency of the in
cident beam. The latter is induced by the collision of a photon in the 
liquid under thermal equilibrium. The frequency shift, A  v  between the 
Brillouin peaks and the Rayleigh peak is expressed as follows(3):

A v =  2 y i n  ( V / C ) s i n 0  (1)

where y  i is the frequency of the exciting light, n  is the refractive 
index of the liquid, V and C are the velocities of sound wave and light, 
respectively, and 8  is the scattering angle. The frequency shift is 
also equal to the frequency of the sound wave which induces the light 
scattering. The sound velocity can be obtained from the frequency shift 
and scattering angle.

Sample
The moisture absorbed by ZnCl2 would affect the viscositic property of 
the melts by modifying the melt structure as well as by forming 
hydroxides or oxychlorides. Therefore, the reagent grade ZnCl2 was 
pretreated to remove the moisture and inclusions which would cause the 
spikes in the spectrum obtained by the Brillouin scattering experiment. 
The dried salt was loaded into a reaction tube made of quartz, and was
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melted. Then dried HC1 was bubbled into the melt for 20ks to remove the 
residual trace amount of moisture, and melt was filtered to remove the 
inclusions. For the Brillouin scattering measurement, the purified ZnCJ2 
was distilled further. Alkali chlorides were also purified by the bub
bling of HC1.

RESULTS AND DISCUSSION

Sonic Spectroscopy in Pure Alkali Chloride and ZnCl2 Melts 
The ultrasonic velocity and absorption coefficient in pure alkali 
chloride melts were measured by the pulse transmission method. Fig.l 
shows the temperature dependence of ultrasonic velocity in alkali 
chlorides. The ultrasonic velocity decreases linearly with increasing 
temperature over the temperature range measured. The ultrasonic velocity 
is not dependent on frequency in the frequency range investigated (5~ 
55MHz) for alkali chloride melts.

The absorption coefficient was measured as a function of frequency at 
each temperature. The value of a  /f2 ( a  : absorption coefficient, f: 
frequency) did not exhibit frequency dependence . The value of a / f2 is 
plotted against temperature and is shown in Fig.2. The absorption coef
ficient decreases with increasing temperature. In the series of alkali 
chloride, absorption coefficient increases as the cationic size in
creases with the exception of LiCl.

The fact that the ultrasonic velocity and the value of a  /f2 don’t ex
hibit frequency dependence indicates there is no dispersion in the 
frequency range investigated. In Fig.l, the hypersonic velocities deter
mined by the Brillouin scattering method are represented by dotted lines 
for NaCl, KC1 and CsCl. The hypersonic velocities were reported by 
Torell et al.(4) and Qiu et al.(5). As shown in the figure, ultrasonic 
and hypersonic velocities agree well within the limits of the experimen
tal error, accordingly no dispersion was found at the frequencies lower 
than the frequencies covered by Brillouin scattering method (several 
GHz).

The absorption coefficient of ultrasound in ZnCl2 was determined over 
the frequency range of 5~55MHz. The value of a  /f2 is plotted against 
temperature and frequency, and shown in Fig.3. At the temperatures near 
the melting point (591K), the value of absorption coefficient is very 
high , and the value of a / f 2 depends on frequency obviously in the low 
temperature region. This fact indicates the presence of a sound wave 
disperssion in the melt. On the basis of the single relaxation theory, 
the value of a  / f2 at a constant temperature may be represented as a 
function of frequency as follows(6):

a/t2=uukT2+B <2>
where A and B are frequency-independent quantities, f r  is the relaxa
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tion frequency. The value of a  /f2 at different temperatures, are 
plotted against log f  in Fig.4. One can see that the plots agree well 
with the single-relaxation curves. The relaxation frequencies where the 
values of a / f2 decreases steeply, are a few ten’s maga Hertz (107Hz) at 
590, 600 and 610K. It is clear in Fig.4, that the relaxation frequency 
increases with increasing temperature, and go beyond the range of the 
pulse method at temperatures higher than 650K.

The Brillouin scattering measurement of ZnCl2 was done at the tempera
ture range of 570 to 980K. The hypersonic velocities were determined 
from the observed Brillouin shifts by Eq.(l), and are plotted against 
temperature in Fig.5. The Brillouin scattering studies on molten Z11CI2 
have been also done by Soltwisch et al.(7) and Knape(8), their results 
are also shown in Fig.5 for comparison. The temperature dependence of 
hypersonic velocity can be classified into three temperature regions: 
the hypersonic velocities determined at three different angles agree 
within experimental error both in the low temperature region (570K< T< 
620K) and high temperature region (880K<T). In these temperature 
regions, the hypersonic velocity decreases linearly with increasing tem
perature. On the other hand, the hypersonic velocity in the intermediate 
temperature region depends on the scattering angle, the velocities 
measured at a scattering angle of 140° being the highest, and those 
measured at 70° being the lowest. The scattering angles of 70° , 90° and 
140° correspond to the sound frequency ranges of 4.5~5.7, 5.6~7.1 and 
6.9^9.5GHz, respectively. That is to say the hypersonic velocity in the 
intermediate temperature region depends on the frequency of the sound, 
accordingly a dispersion of sound wave propagation occurs in the 
frequencies around 5GHz.

According to the single relaxation theory, the sonic velocity, F is 
given by Eq.(3) as a function of the frequency, f,

12 = Fo2 + (lfco2-Vo2) 
l  + ( f r / f ) 2 (3)

where Ibo and Fo are the velocities of limiting high and limiting low 
frequency, respectively. We consider that the hypersonic velocities 
determined at temperatures lower than 620K can be regarded as Ibo , on 
the other hand , the hypersonic velocities determined at the tempera
tures higher than 880K can be regarded as Fo, because there are linear 
relations between velocity and temperature at the respective temperature 
ranges. On the basis of the single relaxation theory, the relaxation 
frequency can be given as follows:

f r  = (*bo2-Fo2 )/AFoF)o2 (4)

where A is given by Eq.(2). Assuming that the values of and Fo can 
be extrapolated from the hypersonic velocities obtained in the low and 
high temperature regions, respectively, the relaxation frequency were 
calculated by Eq.(4) from the ultrasonic absorption coefficient. The 
dispersion curves determined are shown in Fig.6. It is clear that the
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relaxation frequency increases with increasing temperature. At the tem
peratures near 600K the relaxation frequency is the order of 10MHz 
(107Hz), and 10GHz (1010Hz) at 700K. This agrees well with the results 
of ultrasonic and hypersonic velocity in the present study, as shown in 
Figs.4 and 5.

The structural study of molten Z11CI2 have been done by several 
researchers(9),(10), (11). It has been considered that molten ZnCl2 con
sists of polymeric (ZnCl2)n species of various sizes. These species are 
made up of ZnCl4 tetrahedra joined at the corners to give a three dimen
sional network. With increasing temperature the degree of polymerization 
lowers.

The sound absorption is due to the delay of the response of the internal 
variables to the sound wave, and the relaxation frequency can be taken 
as a measure of the speed of the response. In the low temperature ZnCl2 
melt, the response to the sound wave is very slow because of the 
presence of large sized polymeric species. This is the reason of low 
relaxation frequency. The response speed increases with increasing tem
perature because the depolymerization in the melt. Therefore the relaxa
tion frequency increases with increasing temperature.

Sound Spectroscopy in ZnCl2-NaCl and ZnCl2-KCl Binary Melts
The Brillouin scattering measurement was also carried out for ZnCl2-NaCl 
and ZnCl2-KCl binary melts. Figs.7 and 8 show the temperature dependence 
of hypersonic velocity in these binary melts. Filled circles represent 
the data on 12.5mol% NaCl(KCl). The hypersonic velocity of 12.5mol% NaCl 
decreases steeply upto 650K, then reduces its slope gradually until 
780K, and decreases linearly from 800K with increasing temperature. As 
we have discussed on the relaxation behavior of pure ZnCl2, the curve 
linear dependence of the velocity on temperature is associated with the 
sound wave dispersion. In this temperature region the relaxation 
frequency is around the frequency of hypersound (several GHz). At tem
peratures higher than the transition region, the relaxation frequency is 
higher than the frequency range of present measurements. So the hyper
sonic velocities in high temperature region which have a linear tempera
ture dependence, can be considered as the velocities of limiting low 
frequency.

As proposed by Moyer et al.(9), the addition of alkali chloride to ZnCl2 
induces the depolymerization reaction.

(ZnCl2)n + Cl- = (ZnCl2)n-m + (ZnCl2)mCl" (m< n) 

and further addition of the Cl- donor will cause a second process,

(ZnCl2)mCl- + Cl" = ZnCl4= + (ZnCl2)m-i
Therefore, it is reasonable to consider that the addition of NaCl or KC1 
causes the breaking of network structure in ZnCl2 and results in the in
crease of the relaxation frequency of the binary melts. On the other
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hand, the breaking of network structure occurs due to a temperature 
rise, too. So, the addition of chloride ion donor has the similar effect 
as the increase of temperature for the relaxation frequency of Z11CI2 
melt. As shown in Figs.7 and 8, the temperature region where a transi
tion from the steep curve linear to the linear occurs decreases with in
creasing the composition of NaCl (or KC1). That is to say, the relaxa
tion frequency increases with the addition of NaCl (or KC1) at a con
stant temperature.

CONCLUSION

The ultrasonic velocity and absorption coefficient in molten alkali 
chlorides and zinc chloride have been determined by means of a pulse 
transmission method. The hypersonic velocity in ZnCl2, ZnCl2-NaCl and 
ZnCl2-KCl melts has been determined by a Brillouin scattering method. 
The absorption coefficient of molten ZnCl2 takes high values at the tem
peratures near the melting point because of the presence of large sized 
polymeric species. A dispersion of sound wave propagation has been ob
served in ZnCl2, ZnCl2~NaCl and ZnCl2-KCl melts. The relaxation 
frequency increases sharply with increasing temperature and an addition 
of NaCl or KC1 due to the breaking of the network structure in ZnCl2.
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Figure 1 Temperature dependence 
of sound velocity in molten 
alkali chloride.

Figure 2 Temperature dependence 
of sound absorption coefficient 
in molten alkali chlorides.

Figure 3 Temperature and frequency dependence of a  / f2 
in molten ZnCl2.
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Figure 4 Frequency dependence of a  /f2 in molten ZnCl2.

T/K

Figure 5 Temperature dependence of 
hypersonic velocity in molten ZnCl2 
determined at various scattering angles.
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Figure 6 Temperature and frequency dependence of sound 
velocity in molten ZnCl2.
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Figure 7 Temperature dependence 
of hypersonic velocity in molten 
ZnCl2-NaCl binary system.
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Figure 8 Temperature dependenc of 
hypersonic velocity in molten 
ZnCl2-KCl binary system.
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ABSTRACT

Raman spectra o f liquid mixtures o f Hg-HgX 2  (X=F, Cl, Br, I) and o f Cd-CdX2  and Cd- 
Cd (A1X4 ) 2  (X=C1, Br, I) with metal mole fractions up to 0.30 for the mercury systems 
and excess o f  metal for the cadmium system s have been measured at -5 00-900K . 
Experimental difficulties arising from the darked colored mixtures were overcom e by 
backscattering techniques and the use o f the red Kr+ laser lines. The dissolution o f Hg in 
H gX 2  and in m ixed HgXX' (X,X=F, Cl, Br, I) m elts gave rise to new  Raman bands 
which were assigned to metal-metal vibrations. The frequencies o f these bands exhibit a 
red shift as the fluoride is substituted by chloride, bromide and iodide.The data indicate 
that the dissolution o f  H g in "molecular” like H gX 2  m elts forms linear tetratomic 
molecular subhalides H g2 X 2  and Hg2 X X ’. Raman spectra o f  the Cd-CdX2melts show  
the presence o f broad but w ell defined bands which were blue shifted as chloride was 
substituted by bromide and/or iodide. Diatomic subvalent cations are argued to exist in 
these "ionic" CdX2  m elts mixed with Cd metal. In contrary the Raman bands observed 
in the Cd-Cd(AlX 4 ) 2  mixtures indicate the presence o f subvalent cadmium forming 
Cd2 (AlX 4 ) 2  type molecules.

INTRODUCTION

The electronic and thermodynamic properties o f metal- metal halide melt mixtures have 
been extensively studied and comprehensive reviews are available (1-5). Spectroscopic 
studies related to the structure o f the "metal species" formed as w ell as the overall 
structure o f the mixture are limited. Neutron scattering experiments have been carried out 
in certain alkalim etal-alkalihalide system s (6 ) and Raman measurements have been 
reported for the In-InX3  and Ga-GaX3 (X=C1, Br, I) systems (7). In the latter systems 
the formation o f In+, InX 4  and Ga+, GaX 4  ions has been established.

The purpose o f  the present work is to investigate by means o f Raman spectroscopy 
the structural properties o f  the mercury and cadm ium  m etals d isso lved  in  the
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corresponding metal halides and haloaluminate m elts. The solubility o f  H g in the 
"molecular" H gX 2  melts (8 ) is high, leading finally to the formation o f  the solid Hg2X 2  

compounds which have been investigated by X-ray diffraction (9) and vibrational (10) 
spectroscopy. Cadmium metal is  dissolved in the "ionic" CdX2  m elts (11) forming 
saturated solutions at metal m ole fractions less than 0.1. Similar appears to be the 
behavior o f  the solution o f Cd in Cd(AlX4 ) 2  m elts (12). The main reasons for choosing 
these sets o f  systems were: ( 1 ) the high solubility o f  the metal in the solvent melt which is 
expected  to g iv e  appreciable concentration o f  species to be detected by Raman 
spectroscopy and (2 ) the structural differences o f  the solvents which are either molecular 
[ (HgX2, H g2 XX", Cd(AlX 4 )2 ] or ionic (CdX2).
The results reported in this paper indicate a dual behavior for these metal-molten salt 
systems. It appears that the dissolution o f  metal (Hg or Cd) in a "molecular" melt leads to 
the formation o f subvalent molecular species having metal-to-metal bonds (i.e X-Hg-Hg- 
X* or Cd2 (A lX 4)2) w hile the dissolution o f  Cd in the "ionic" CdX2  melts leads to the 

formation o f  subvalent ionic species Cd^2.

EXPERIMENTAL

The chem icals H gX 2, CdX2, A1X3 , 1 2, A l, H g and Cd were purchased from  
com m ercial sources (Merk, Riedel-de Haen and /or Cerac Pure). The metals, I2, and 
anhydrous HgF2  were used without further purification. The iodides were prepared by 
reacting I2  with the metal in evacuated and sealed "quartz" (fused silica) tubes. Aluminum  
chloride and bromide and the HgX 2  and CdX 2  (X=C1, Br) salts were purified by slow  
vacuum  sublimation in sealed "quartz" tubes. The haloaluminate salts o f  cadmium, 
C d(A lX 4)2, were prepared by melting together equimolar quantities o f  the component 
salts. The anhydrous materials were handled in sealed pyrex or "quartz" tubes or in a N2- 
atmosphere glove box with a water content o f  less than 1 ppm.

The Raman spectroscopy system, the optical furnace and the techniques for preparing 
the Raman cells were the same as before (7,13). A  total amount o f  -1 8 0  mg o f salts were 
contained in round "quartz" Raman cells (3 mm ID, 4  mm OD). Pure HgF2  m elt reacts 
with the silica container and the Raman spectra could not be obtained directly. It was 
possible however to measure indirectly the spectra o f  the mercuric fluoride solutions by 
m ixing H gF 2  with HgX^ (X=C1, Br, or I) salts at ratios -  2:3 and then dissolving the 
metal in the mixed halide melt. These mixtures attacked slow ly (l-2h ) the container thus 
permitting "fast" (-1 5  -30 min) Raman spectral measurements.

A s described in the follow ing sections m ost metal-molten salt mixtures are deeply  
colored, from red to black-red to black, and thus all the Ar+ and many o f the Kr+ laser 
lines are absorbed by these melts. Exemptions were the red (647.1 and 676.4 nm) lines o f  
the Kr+ laser which for dilute mixtures could be used for measuring the spectra in a 90° 
configuration. For the strongly absorbing concentrations the same red lines and back 
scattering Raman techniques were used.
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THE MERCURY SYSTEMS: H g-H gX 2  (X=F, Cl, Br, I ) , Hg-HgCl2 -AlCl3

Pure HgCl2  is a colorless transparent melt. Progressive additions o f H g metal causes a 
light coloration o f the melt without any loss o f  its transparency. At about mole fraction o f  
Hg, X Hg~0.04, the melt is tint green and with further metal additions becom es yellow  
(X Hg -  0 .07), yellow-orange (X Hg -  0 .15), black-red (XHg ~  0.20) and black (XHg -
0.29). The addition o f  H g in HgBr2  melts g ives color changes similar to those observed 
in the chloride system. Pure H gl2  is a transparent deep red melt which turns to black-red 
at com positions X Hg > 0.03. Opaque deep black-red to black m elts were observed at 
mercury m ole fractions from -0 .0 7  to -0 .2 9  . The colors o f the HgF2 -HgX2-Hg melts as

w ell as the colors o f  a variety o f  HgX2 -H gX 2-H g (X,X'=C1, Br, I) mixtures investigated  
were combinations o f the colors described above for the HgX2-Hg systems.

Figures 1-3 show the Raman spectra o f  the H gX 2-Hg (X=C1, Br, I) m elt mixtures at 
metal m ole fractions up to 0.30. The spectra o f  pure H gX 2  melts have been also measured 
(the low est spectrum in Figures 1-3) and the observed vibrational frequencies and a 
tentative assignment is given in Table I. The assignment is based on a molecular type 
melts containing X -H g-X  linear m olecules as it has been suggested by electrochemical
(14) and Raman spectroscopic studies (15). Further evidence for this assignment is given 
by temperature dependence measurements o f  solid and melt HgCl2  (Fig 4). The Cl-Hg-Cl 
vibrations in the m olecular solid (16) appear to be preserved in the melt. The Raman
inactive v 2 (Ilu-) and v 3 (Zu') modes o f  the linear gaseous m olecule (17) presumably 
become active in the solid (and in the melt) from a breakdown o f the selection rules due to 
environmental perturbations.

The addition o f Hg into the HgX 2  melts gives rise mainly to a strong and well defined 
polarized band at frequency below the H g-X  stretching o f the pure melt. The frequency o f  
the new band measured for each halide system  is similar to that reported for solid Hg2X 2

(10) and is assigned to the symmetric stretching o f the Hg-Hg bond in the linear tetratomic 
X -H g-H g-X  m olecule. The red shift observed from chloride to iodide (Table I) arises 
from the increase o f  the halide mass which increases the reduced mass o f  the H g-X  side 
and thus diminishes the Hg-Hg stretching frequency.

The existence o f  linear H g2X 2  m olecules is further verified by the Raman spectra o f  
m ixed H gX 2 -H gX 2  -Hg melts. A series o f  bands is  observed (see Figs. 5 and 6 ) with 
frequencies in a sequence expected for mixed linear X-Hg-Hg-X' molecules. Table II lists 
the vibrational frequencies o f  the Hg-Hg stretching for all these tetratomic molecules.

Mercury is easily soluble in HgX 2 -A lX 3  melts with composition 1:2. Figure 7 shows 
the spectra o f  the HgCl2 :2AlCl3  melt with or without addition o f Hg. The spectrum o f the 
pure solvent is complicated and can be regarded as a superposition o f the Raman bands o f  
different species, such as HgCl2, Hg(AlCl4)2, present in the melt. The dissolution o f Hg  
m etal is fo llow ed  by the appearance o f  a strong polarized band at -  157 cm ' 1 

superimposed on the pure solvent bands. The proximity o f the frequency o f this band to
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that measured for the Hg-HgCl2  melts indicate the presence o f Cl-Hg-Hg-Cl molecules in 
the chloroaluminate m elts. By adding Hg at ratios 2Hg:HgCl2 :2A lC l3 the compound  
H g 3 (A lC l4 ) 2  is formed which is known (18) to contain linear H g3  units bound A1C14  

tetrahedra. The Raman spectra o f the H g3 (AlCl4 ) 2  melt are dominated (see insert in Fig. 
7) by a band at -  90 cm ' 1 which is assigned to the stretching o f the Hg3  unit.

Raman band having their origin from species containing H g3 have been also seen in 
the H g-H gX 2  systems with metal m ole fractions above 0.15. Figures 1 and 2 show the 
presence o f  these bands at 100 and 87 cm ' 1 for the chloride and bromide m elts 
respectively. For the iodide melts (Fig. 3) a weak shoulder band at ~  80 cm ' 1 appears in 
the X Hg ~  0.29 melts. A s in the case o f  the H g2 X 2  m olecules the symmetric stretching 
frequency o f  the X-H g-H g-H g-X  m olecules shifts to lower energies by increasing the 
mass o f  the end atoms.

THE CADM IUM  SYSTEMS: Cd-CdX2, Cd-Cd(AlX4 ) 2  (X=C1, Br, I)

At temperature 50-100° above the melting points o f  the cadmium halides the solubility 
o f cadmium metal reaches a maximum m ole fraction o f 0.1-0.15. Increasing amounts o f  
metal change the color o f the mixture from red to dark -red. Due to these deep colors the 
Raman measurements were limited to X Cd ~  0.02 contents.
Figure 8  shows the spectra o f the Cd-CdX2  mixtures and o f  the pure solvents CdX2. The 
676.4 nm Kr+ laser line and backscattering Raman techniques were used. For each system  
the dissolution o f  the Cd metal gives rise to a new polarized Raman band superimposed 
on the solvent spectra . The position o f the new band is at 158 and 183 cm ' 1 for the 
chloride and iodide melts respectively, while for the bromide melt the band is not easily 
recognized since it overlaps with the 142 cm " 1 broad band o f CdBr2. In contrast to the 
corresponding mercury melts a "blue” shift is observed on going from chloride to iodide. 
The strong and broad polarized band (Table III) o f  each o f the pure CdX2  melts has been 
attributed (19) to a Cd-X vibrations o f a variety o f  halide geometries distributed around 
the Cd+ 2  ion. In other words the covalent forces between cadmium - halogen are rather 
weak, no definite geometry is formed and the m elts prevails an ionic character. In such

melts the dissolution o f  Cd is more likely to yield  CdJ2  ions having a "diatomic ion" 
frequency in the range where the new bands are measured in our spectra (158-183 cm '1). 
The nearest neighbours to Cd2 2  are the halide anions which by their ionic strenght ( J —) 
influence the Cd-Cd bonding and vibrational frequency. By substituting Cl' by Br' ancf /  
or by T the Cd-Cd covalent bonding is increasing and thus a blue shift is expected for the 
vibrational frequency. The experimental data are in accordance with this v iew  and give a

further support for the presence o f CdJ2  ions in these melts.
The Cd-Cd(AlX 4 ) 2  melts are slightly colored and Raman spectra could be obtained 

rather easily in a 9 0 °  scattering configuration. The main features o f the Cd(AlX4 ) 2  solvent 
(Fig. 9-11) are four bands - two polarized and two depolarized - which are attributed to
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A1X4  distorted tetrahedra bound by an edge to the Cd atom (20). The same bands prevail 
in the spectra o f the Cd-Cd(AlX4 ) 2  melts (Fig. 9-11) plus new bands at 168, 123 and 91 
cm "1 for the chloride, bromide and iodide salts respectively. A predominant band at 168 
cm ' 1 overcomes the solvent bands o f the Cd-Cd(AlCl4 ) 2  spectra (Fig. 9). The 123 cm ' 1 

band o f the bromide mixture (Fig. 10) is weak but its relative intensity increases as the 
laser excitation line changes to higher frequencies (preresonance enhancement). Two 
bands at 91 and 186 cm ’ 1 are observed (Fig. 11) for the Cd-Cd(AlI4 ) 2  melts. One o f  
these bands at 91 cm ' 1 as w ell as the 168 and 123 cm "1 bands measured in the chloride 
and bromide melts respectively , are assigned (Table IE) to the Cd-Cd vibration in the 
Cd2 (A lX 4 ) 2  m olecule. The chloride to iodide red shift is similar to that seen for the Hg- 
HgX 2  melts and is a consequence of the Hg2 X 2  like structure i.e.:

(A1X4) - C d -C d  - (A1X4)
Finally the additional band at 186 cm "1 o f  the Cd-Cd(AlI4 ) 2  spectra is very close to the

183 cm ' 1 band o f  the Cd-Cdl2  system  and is assigned to Cd22. Presumably an 
equilibrium o f the type:

C d f  +2A1I4  = Cd2 (AlI4 ) 2

is established which depends on the acid-basis properties o f the solvent.

CONCLUSIONS

Raman spectroscopic measurements o f  metal-molten salt systems involving mercury 
and cadmium have shown that:
1. New bands due to metal - metal vibrations are present in the spectra.
2 . For the molecular m elts H gX 2  and Cd(AlX 4 ) 2  (X= halide) the dissolution o f metal 
leads to the formation o f linear type Y-M -M -Y m olecules (M=Cd, Hg; Y=X, A1X4) .
3 . At high metal contents in the Hg-HgC^ m elts trinuclear in mercury H g3Cl2  molecules 
are formed.
4 . For the CdX2 (X=Cl, Br, I) ionic like melts the dissolution o f cadmium metal yields 

ionic Cd2 2  subvalent species.
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TABLE I: Observed Raman Frequencies (in cm"1) for the Hg-HgX 2  melts

Hg-HgCLj Hg-HgBr2 H g-H glj Assignement

375 dp 260 dp 205 dp H gX 2  antisym. stretch.
322 (dp) 2 0 0  (dp) (145) (dp) H gX 2

310 p 194 p 138 p H gX 2  sym. stretch.
( 1 0 0 ) dp (70) dp H gX 2

(50) dp (35) dp (25) dp HgX 2  or Rayleigh wing
154 p 124 p 1 0 0  p Hg-Hg stretch
1 0 0  p 87 p (80) p Hg-Hg-Hg stretch

TABLE II: Symmetric Stretching Frequency (in cm"1) o f the linear X-Hg-Hg-X
Molecules

Molecule V H g -H g Molecule V H g -H g

F-H g-H g-F 180 F-H g-H g-I 128
F-Hg-Hg-Cl 170 Br-Hg-Hg-Br 124
Cl-Hg-Hg-Cl 154 Cl-Hg-Hg-I 118
F-H g-H g-Br 142 Br-Hg-Hg-I 1 1 2

Cl-Hg-Hg-Br 137 I-Hg-Hg-I 1 0 0

TABLE IQ: Observed Raman Frequencies ( in cm"1) for the Cd-CdX2  (X=C1, Br, I)
Melts

Cd-CdCl2 Cd-CdBr2 Cd-Cdl2 Assignement

50 dp CdX2  or Rayleigh wing
2 1 0  p 142 p 107 p Cd-X stretch, o f  CdX^

158 p (170) 183 p Cd2+ sym. stretch.
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Figure 2. Raman spectra o f  
H gB r2-Hg m olten system. 
P =50 mW  (X Hg=0; X Hg~
0.06); P =100  m W  (X Hg ~
0.15; X Hg~ 0.29); SSW  ~ 2 
(SSW -3.5  for X Hg ~  0.29).

Figure 1. Raman spectra o f  
H g C l2  -H g m olten system . 
0 < X H g <0.15 : P=40 mW; 
S S W -1 .5 .  X Hg~  0 .29  : 
P=50 mW; SSW  ~ 3.5.

200 0 
R A M A N  S H IF T (c rrr1)
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F ig u r e  4 . T e m p e r a tu r e  
dependence o f  the Raman 
spectra o f polycrystalline and 
liqu id  H gC l2. P =60 mW; 
SSW  -  2. T=77K : P=200  
m W ;SSW ~l.

Figure 3. Raman spectra o f  
H g l 2-H g m olten  system . 
X Hg=0: P=30 mW; S S W -2 . 
X Hg -  0.02: P=75 mW; SSW  
-  2 X Hg ~  0.10: P=75 mW; 
SSW  -  2 .5 . X Hg -  0 .29: 
P=100 mW; SSW  ~  3.5.

169



R
E

L
A

T
I

V
E

 
I

N
T

E
N

S
I

T
Y

T

HgCI2-HgBr2-  Hg

T=570 K
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R A M A N  S H I F T  (cnrr1)

Figure 5. Raman spectra o f  
the m ixted HgCl2 -HgBr2-Hg  
m olten system . P =60 mW  
(XHg= 0 );P = 160 mW  (XHg~  
0.05); SSW  ~1.5.

Figure 6 .Raman spectra o f  
the m ixted H gF 2 -H g X 2-H g  
(X =C 1, B r, I) m o lten  
system s. X=C1: P=90 mW; 
SSW  -  1. X=Br: P=120 mW; 
SSW  -  2.5. X=I: P=140  
mW; SSW  ~  3 .5 . Insert 
X=C1: P =140 mW; SSW  ~  
0 .5 .
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Figure 7. Raman spectra of 
liquid Hg3(AlCl4)2 and of 
H g C l2-A lC l3 (1:2) - Hg 
molten system . P=80mW; 
SSW ~ 2 [SSW-3 for insert 
Hg3 (A1C14)2]

Figure 8. Raman spectra of 
C d X 2-Cd (X=C1, Br, I) 
molten systems. XCd=0: 
X0=647.1 nm (X=C1, Br) ;

XQ = 676.4 nm (X=I); T=888 
K (X=C1, Br); T=719 K 
(X=I); P= 350 mW (X=C1); 
P=200 mW (X=Br); P=180 
mW (X=I); SSR~ 2 (X=C1, 
Br); SSR ~2.5 (X=I). XCd-

0.02 : X0 = 676.4 nm; 
T=878 K (X=C1, Br); T=686 
K (X=I); P=180 mW; SSW 
-3 .5 .
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Figure lO.Raman spectra o f  
C d (A lB r 4)2 - Cd m olten  
sy s te m s  o b ta in e d  w ith  
d if f e r e n t  la s e r  l i n e  
frequencies. SSW  -  2.

X0= 488.0  n m : P =100m W . 

X,0=514.5 nm: P=40 mW.
= 647.1  nn : P = 60  mW . 

X0=676.4 nm : P=70 mW.

Figure 9. Raman spectra o f  
C d ( A l C l 4) 2 - Cd m olten  
system . P=60 mW  (P=140  
mW for X rd  = 0); 
SSW  ~ 2.

RAMAN SHIFT (cm-)
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Figure 11 .Raman spectra o f  
C d ( A l I 4 ) 2 - C d  m o l t e n  
system s. P=50 mW  (P=110  
mW  for X Cd=0); SSW  ~2.
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ELECTRICAL CONDUCTIVITY MEASUREMENTS OF MOLTEN ALKALINE-EARTH FLUORIDES

Kwangbum Kim and Donald R. Sadoway

Department of Materials Science and Engineering 
Massachusetts Institute of Technology 

Cambridge, Massachusetts 02139

ABSTRACT

The electrical conductivities of molten CaF2 and SrF2 were 
measured in a double capillary cell by complex impedance 
spectroscopy.

INTRODUCTION

As part of an investigation of the physical properties of fluxes 
for use in electroslag welding of titanium, the electrical conductivi
ties of binary solutions containing CaF2 and other alkaline earth 
fluorides are being measured. This paper describes results for pure 
one-component melts of CaF2 and SrF2~.

LITERATURE

The database for electrical properties of molten fluorides is 
poor. Not only are there wide gaps in information, but there are 
serious discrepancies in much of what has been reported. Previous 
measurements of the electrical conductivity of CaF2 have been reviewed 
by Mills and Keene (1). Missing from that review was a study by 
Voronin, Prisyazhnyi, Khizhnyak, and Kompan (2). As for SrF2, it 
appears that the only report in the literature is the article by 
Voronin et al. (2), cited previously in connection with CaF2.

EXPERIMENTAL

Electrical conductivity was measured by complex impedance spec
troscopy. The instrumentation consists of a potentiostat1 driven by a

1 1286 Electrochemical Interface, Schlumberger Instruments, 
Burlington, Massachusetts
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frequency spectrum analyzer.2 The heart of the apparatus is the con
ductance cell comprising twin capillaries, 5 mm I.D. x 10 cm long, 
made of pyrolytic boron nitride tubing,3 electrodes of spectroscopic 
grade graphite, and a molybdenum crucible. Prior to deployment the 
electrodes were chlorinated for 4 hours at 800°C with thionyl chloride 
in helium carrier gas. The conductivity apparatus is heated by a 
carbon block resistance furnace. Temperature is measured by a 
thermocouple, ASTM Type B, protected by a closed-one-end molybdenum 
tube immersed in the melt. The melt is protected by an atmosphere of 
argon. Measurements are made over the frequency interval spanning 
1 kHz to 100 kHz. The amplitude of the excitation signal is 5 mV peak 
to peak. The entire data acquisition process is controlled by 
computer using code written in house expressly for this investigation. 
Solution resistance is taken as the value of complex impedance at 
which the imaginary component is zero. This occurs at a frequency of 
10 to 20 kHz, typically, the exact value varying with temperature, of 
course, as well as with the actual dimensions of the electrodes em
ployed. In addition, measurements are made at different values of 
electrode separation. Linearity in resistance with respect to elec
trode separation validates the data. The measurements showed no evi
dence of induced emf caused by the ac power to the furnace. The cell 
constant is determined by measuring the electrical conductivity of 
pure molten NaCl and further checked by measuring that of pure molten 
KC1. Salts4 are of the highest commercially available purity and are 
treated prior to experiment by vacuum drying at 300°C for 12 hours.

RESULTS AND DISCUSSION

The measured values of specific electrical conductivity have 
been fit by least-squares regression to an Arrhenius-type equation and 
can be represented as follows:

where /c is in 0

KCaF2 " - 1548 / T + 2.750

i n K SrF2 - - 1155 / T + 2.391

cm-1 and T is in Kelvins.

2 1255 Frequency Spectrum Analyser, Schlumberger Instruments, 
Burlington, Massachusetts

3 Union Carbide Corp., Cleveland, Ohio

4 Cerac, Inc., Milwaukee, Wisconsin
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The measured values of the specific electrical conductivity of 
CaF2 along with selected data from the literature are plotted in 
Figure 1. There is excellent agreement with the results of Voronin et 
al. (2). For example, at 1500°C the values differ only by 3%. As 
well, the present results are in good agreement with those of Mitchell 
and Cameron (3), Ogino, Hashimoto and Hara (4), and Sveshkov,
Kalmykov, Kamenetskii and Nasrednikov (5). The data from these five 
studies lie within a bandwidth of 10%. The other data in the litera
ture differ by substantially more than this and are not compared with 
the present results. The last three studies (3,4,5) all employed a 
crucible-type conductance cell. In contrast, Voronin et al. and the 
present authors employed a capillary-type conductance cell and 
obtained values of k greater than those measured in crucible-type 
cells. One of the attributes of a capillary-type conductance cell is 
its relatively high cell constant compared to that of a crucible-type 
conductance cell. As for possible impurity effects, it is known that 
oxides, carbides, and other halides all decrease the specific electri
cal conductivity of molten CaF2. Accordingly, the fact that the CaF2 
results of this study are the highest values of k cannot be explained 
by contamination of the melt.

The measured values of the specific electrical conductivity of 
SrF2 along with data reported by Voronin et al. (2) are plotted in 
Figure 2. The agreement is excellent. At 1500°C the values differ by 
less than 0.7%.
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STUDY OF PHASE DIAGRAMS OF SOME BaB204 BASED SYSTEMS* 
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ABSTRACT

The b i n a r y  p h a s e  d i a g r a m s  o f  BaB204-BaF2 ,  BaB204-  
Na2B204, BaB204-K2B2O4 and K2B204-Na2B204 h av e  
be en  c o n s t r u c t e d  by c o m b i n i n g  l i m i t e d  DTA and 
XRD e x p e r i m e n t a l  m e a s u r e m e n t s  and c o m p u te r  c a l c u 
l a t i o n .  B as ed  on t h e  p h a s e  d i a g r a m s  and t h e r m o d y 
namic  d a t a  o f  t h r e e  s u b s y s t e m s ,  th e  t e r n a r y  p h a s e  
d i a g r a m  of  t h e  BaB204( A)-Na2B204(B)-K2B204(C)  
s y s t e m  h a s  bee n  c a l c u l a t e d  and p a r t l y  m e a s u r e d .
The a g r e e m e n t  b e t w e e n  them i s  good .

INTRODUCTION

The s i n g a l  c r y s t a l  o f  t h e  low t e m p e r a t u r e  p h a s e  o f  b a r iu m  
m e t a b o r a t e ,  (3 -BaB204 i s  an e x c e l l e n t  u l t r a v i o l e t  SHGCSe- 
oond Har monic  G e n e r a t o r )  c r y s t a l  and i t  was f i r s t l y  d e v e 
lo p e d  in  C h i n a .  As a s y s t e m a t i c  s e a r c h  f o r  a p p r o p r i a t e  
f l u x  t h a t  c o u l d  lo w er  t h e  g r o w t h  t e m p e r a t u r e  o t  ft -BaB204 
s i n g l e  c r y s t a l ,  t h e  p h a s e  d i a g r a m s  o f  some BaB204 b a s e d  
b i n a r y  and t e r n a r y  s y s t e m s  h a v e  b ee n  c o n s t r u c t e d .

EXPERIMENTAL

1. Sample  s p e c i m e n s
Al l  u s e d  m a t e r i a l s  were  l a b o r a t o r y  a g e n t s .  The p u r e  com
p o n e n t s  BaB204 , Na2B204 and K2B204 were  s y n t h e s i z e d  by mi
x i n g  BaC03,Na2C03 and K2C03 w i t h  H3B03, r e s p e c t i v e 1y ; s i n -  
t e r i n g  a t  1000°C f o r  3 - 4  h ,  th e n  c o o l i n g  to 700°C and 
m a i n t a i n i n g  a t  t h i s  t e m p e r a t u r e  f o r  10 h f o r  c r y s t a l l i z a 
t i o n ,  a f t e r w a r d s  c o o l i n g  to room t e m p e r a t u r e  s l o w l y .  The 
s y n t h e s i z e d  p r o d u c t s  were  c o n f i r m e d  to t h e  c o n g r u e n t  
m e l t i n g  compounds by DTA and to be p u r e  p h a s e  o f  BaB204,  
Na2B204 and K2B204 by X - r a y  d i f f r a c t i o n  a n a l y s i s  r e s p e c 
t i v e l y .

The s p e c i m e n s  f o r  p h a s e  d i a g r a m  d e t e r m i n a t i o n  were 
p r e p a r e d  by t h e  same h e a t  t r e a t m e n t ,  p r o c e d u r e . I n  o r d e r  to

* The P r o j e c t  S u p p o r t e d  by N a t i o n a l  N a t u r a l  S c i e n c e  
F u n d a t i o n  o f  C h i n a
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c o n f i r m  th e  s p e c i m e n s  to  be w e l l  i n  e q u i l i b r i u m ,  th e  pow
d e r s  o f  t h e  p r e p a r e d  s p e c i m e n s  were  a n n e a l e d  a t  400°C f o r  
10 d a y s .

2.  E x p e r i m e n t a l  me tho ds
The th e r m a l  a n a l y s i s  was c a r r i e d  o u t  w i t h  home-made CR-G 
t y p e  DTA a p p a r a t u s .  The a c c u r a c y  o f  t h e  m e a s u r e d  t e m p e r a 
t u r e  was *3°C.  B e c a u s e  t h e  s p e c im e n  was h y d r a t e d  even  a t  
room t e m p e r a t u r e , th e  p h a s e  a n a l y s i s  was made by h i g h  tem
p e r a t u r e  G u n i e r - L e n n e  m o n o c h ro m a t i c  f o c u s i n g  c a m e ra ,  CuK 
r a d i a t i o n .  The powder  o f  s p e c im e n  was wra pp ed  by A1 f o i l ,  
which  was a l s o  u s e d  as  i n n e r  s t a n d a r d ,  and h e a t e d  a t  e x 
p e c t e d  t e m p e r a t u r e  f o r  24h to  r e a c h  e q u i l i b r i u m ,  th e n  
s u b j e c t e d  to  X - r a y  i r r a d i a t i o n .

CALCULATION

1. O p t i m i z a t i o n  and c a l c u l a t i o n  o f  b i n a r y  p h a s e  d i a g r a m s  
As p o i n t e d  o u t  in  R e f . [1 3 ,  f o r  m o l t e n  s a l t  s y s t e m  th e  

i o n i c  and e q u i v a l e n t  f r a c t i o n s  were  i n t r o d u c e d  to r e p r e 
s e n t  i d e a l  m i x i n g  e n t r o p y  and e x c e s s  G ib b s  f r e e  e n e r g y .  
Fo r  b i n a r y  s y s t e m ,  u s i n g  t h e  n o t a t i o n  DmQp=A and EnQr=B, 
Gm i s  e x p r e s s e d  a s :  A
Gm=X/GA+ XBeG6 +RT[mXA lnYA + nXB 1 nYd ] + (pXA +rX8 )XX(h^-TS^)ZAZJ

w h e r e ,  XAand XBa r e  mole f r a c t i o n s  o f  A and B , r e p e c t i v e l y ; 
and a r e  p o s i t i v e  i n t e g r a l  p o w e r s ;  

h ^  and a r e  c o e f f i c i e n t s  which  a r e  a s sumed  to be 
i n d e p e n d e n t  o f T  and r e l a t e d  to  e n t h a l p y  of  m i x i n g  and 
e x c e s s  e n t r o p y  o f  m i x i n g :  .

Hni=(pXA+rX4 z \

ESm=(pXA+rX# >22S,(/jZ ;< z \
The e x p e r i m e n t a l  l i q u i d u s  was f l i t t e d  in  t h e  form of  T = V
b, Xg +b2 X* + .............  by l e a s t  s q u a r e  me thod  a t  f i r s t ,  a s e t
o f  l i q u i d u s  d a t a  c a l c u l a t e d  a f t e r  t h e  f i t t e d  l i q u i d u s  
e q u a t i o n  were  u s e d  to c o m p u t e EGM and GM, t h e n  to  o b t a i n  h ^  
and Sg(|| .
2 .  C a l c u l a t i o n  o f  t e r n a r y  p h a s e  d i a g r a m
Based  on t h e  p h a s e  d i a g r a m s  and t h e  th e rm o d y n am ic  p r o p e r 
t i e s  o f  t h r e e  s u b - b i n a r y  s y s t e m s ,  t h e  t e r n a r y  p h a s e  d i a 
gram of  t h e  BaB204( A)- Na2B204(B>- K2B204CC) s y s t e m  h a s  
be en  c a l c u l a t e d  by T oo p[ 2 ]  model and L i - Q i a o  m o d e l [3 3 .  
Then ,  t h e  t e r n a r y  p h a s e  d i a g r a m  of  A-B-C s y s t e m  can  be 
c a l c u l a t e d  by CALTER p r o g r a m .

RESULTS AND DISCUSSION

1. BaB204-BaF2 s y s t e m
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As shown in  F i g . l ,  t h e r e  e x i s t e d  a c o n g r u e n t  compound,  
BaB02F, in  t h i s  s y s t e m .  The e u t e c t i c  t e m p e r a t u r e  f o r  L £ 
f*BaB204+BaB02F and L *BaB02F + BaF2 r e a c t i o n s  a r e  7 4 9 . 1*C 
and 8 7 5 . 4 * C , r e s p e c t i v e l y .  The a g r e e m e n t  b e t w e e n  me as u re d  
and c a l c u l a t e d  r e s u l t s  i s  good en oug h .
2.  BaB204-Na2B204 and BaB204-K2B204 s y s t e m s
U s i n g  t h e  same e x p e r i m e n t a l  me thod  m e t i o n e d  ab o v e ,  t h e  
p h a s e  d i a g r a m s  o f  t h e s e  two s y s t e m s  h av e  bee n  me as u re d  
by Huang e t  a l . ( 4 . 5 ) ,  as  shown in  F i g . 2 and F i g . 3.  The 
m e as ur ed  p h a s e  d i a g r a m s  a g r e e d  w e l l  w i t h  c a l c u l a t e d  o n e s .
3.  Na2B204-K2B204 s y s t e m
The p h a s e  d i a g r a m  of  Na2B204-K2B204 b i n a r y  s y s t e m  was 
d e t e r m i n e d  by means of  DTA and X - r a y  d i f f r a c t i o n  me thods  
to  be c o m p l e t e  s o l i d  s o l u t i o n  s y s t e m  w i t h  minimum m e l t 
i n g  p o i n t  :T„;a =836 *C, XM;n= 0 . 375mo 1K2B204 . The s o l i d u s  was 
c a l c u l a t e d  f rom m e as u r ed  l i q u i d u s  by g e n e r a l i z e d  K o h le r  
and P e l t o n  me thod  ( 6 ) .  The m i s c i b i l i t y  gap  o f  s o l i d  s o l u 
t i o n  was p r e d i c t e d  t h e r m o d y n a m i c a l l y  and c o n f i r m e d  by 
h i g h  t e m p e r a t u r e  X - r a y  d i f f r a c t i o n  e x p e r i m e n t s .
4 .  The BaB204-Na2B204-K2B204 s y s t e m
As shown in  f i g u r e  5 , i t  i s  a s i m p l e  e u t e c t i c  s y s t e m  w i t h  
a e u t c e t i c  p o i n t  a t  T =788*C and x!' = 0 . 769 , xf '= 0 . 2 3 1 ,  xj*=0. 6 
81 ,  xf=0.319,  x£ = 0 . 4 3 6 ,  x £ = 0 . 2 4 5 ,  where  SI and S2 d e n o t e  
Na2B204 and K2B204 r i c h  s o l i d  s o l u t i o n ( N a , K)2B 20 4 , r e s p e c 
t i v e l y .  In t h e  l i q u i d u s  s u r f a c e  f o r  s a t u r a t i o n  w i t h  th e  
(Na ,K)2B204  s o l i d  s o l u t i o n  a u n i v a r i a n t  l i n e  s t a r t s  from 
a p o i n t  xjj = 0 . 5 3 4 ,  X j = 0 . 260,  x£ = 0 . 2 0 6  a t  7 9 5 . 2 °C. In o r d e r  
to c h e c k  t h e  c a l c u l a t e d  r e s u l t s , t h e  l i q u i d u s  o f  t h e  v e r 
t i c a l  s e c t i o n  t h r o u g h  A and X j / X ^ l  h ave  bee n  m e a s u r e d .  
The e x p e r i m e n t a l  l i q u i d u s  d a t a  w e l l  a g r e e d  w i t h  c a l c u l a 
t e d  o n e s .

The r e s u l t s  showed t h a t  t h e  BaF2 , BaB02F,Na2B204 , K2B204 
c o u l d  be p o s s i b l e  f l u x  c o n d i d a t e s  f o r  g e t t i n g  f l -BaB204 
s i n g l e  c r y s t a l .
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F i g . 1 .
B a f ^ O ^ - B a F ^  
Phase Diagram
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Fig.2.
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P i g . 3.

B a B 2 ° 4 - K2 B2 ° 4  
P h a s e  D ia g r a m

--------  C a l c u l a t e d

o M e a s u r e d
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B*aF20 4

F i g - . 5 .  B aB 2 0 4 - N a 2 B 2 0 4 - K 2 B 2 0 4  P h a s e  D ia g r a m

C a l c u l a t e d :

E x p e r i m e n t a l :  °C

+ 1 0 0 1 ,  *  9 3 4 ,  *  6 9 4 , - •  8 2 9 ,  

o 8 4 4 ,  a  8 5 9 ,  0  8 5 1 , ♦  8 6 0
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Electronic Conduction In Molten Cryolite 
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Abstract
The Wagner polarization technique was used to study the elec

tronic conduction in the melt Na3AlFe +’ Al20z  at 1000°C. Cells of 
the following type were employed

TaC(s) | Na3AlF6 + Al20z(sat.)(l) | Na -  B i(l)XNa=0.05 (J)

Currents were measured at applied potentials lower than those which 
would decompose the melt. In this way ionic currents are suppressed 
and only electronic currents flow. The electronic conductivity is de
termined from the current versus potential relation. Transient mea
surements taken on cell (I) yield the diffusion coefficient of electrons 
in the melt.
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INTRODUCTION AND THEORY
The Wagner polarization technique is usually used to study electronic con
duction in solids with both ionic and electronic conductivity, especially in 
systems where the electronic part is low. The theory has been treated in 
the literature by Wagner (1) and Kroeger (2). The method has also been 
employed to determine electronic conductivity of molten salts equilibrated 
with metal (3,4). In this work the method is applied to molten N a3AlF6 
saturated with A l20 3. This melt is close in composition to that used for 
the production of aluminum metal in the Hall-Heroult process, so the results 
have application to the study of the current efficiency in this process. In the 
cryolite-alumina-aluminum system, it is believed that any electronic compo
nent of the total conductivity is caused by the presence of sodium due to the 
following equilibrium

Al -f 3N aF  =  3Na  +  AIF3 (1)

Polarization measurements were applied on cells of the following type

TaC(s) | N a3AlF6 +  Al20 3(sat.){l) | Na -  JB»(0.*.=o.o5 (7 )

where the Na-Bi alloy serves as a reference electrode with known activity 
of sodium and the tantalum carbide serves as an inert electron conductor 
electrode. The TaC electrode is made negative by applying potentials across 
the cell. The current through the cell is entirely electronic provided that 
the potentials are lower than the decomposition potential of the electrolyte 
and no impurities are present. There is no gradient of electrical potential 
within the bulk of the electrolyte since ions do not move. The concentration 
of electrons will build up at the negative electrode, and the current through 
the cell is caused by the concentration gradient of electrons. Under these 
conditions the electronic conductivity can be calculated from the steady state 
current versus the potential using the following equation

*e = G m
dE (2)

where G is the cell constant. Since the measured potential corresponds to a 
certain activity of Na at the negative electrode, the electronic conductivity
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can be determined as a function of the activity of Na in the salt using the 
following equation

dNa ~  exp
(E  -  E °)F  

R T (3)

where E° is the potential of the Na-Bi electrode versus pure sodium taken 
from thermodynamic data for Na-Bi alloys (5,6,7). The diffusion coefficient 
of electrons in the melt may be measured during transient experiments using 
the same cell. When a potential is imposed on the TaC electrode, a chemical 
potential of Na is produced in the salt at this point corresponding to a certain 
concentration of electrons. These electrons will diffuse toward the reference 
electrode according to Fick’s second law. By solving the necessary equations 
[see Crank(8) or ref.(4)] the following equation is obtained

3(Q -  It)

where 1 is the length of the cell. By measuring the total number of coulombs Q 
passed through the cell until steady state the diffusion coefficient of electrons 
D can be determined. The mobility of electrons can be calculated from the 
Nernst-Einstein equation

(4)

«e =  (D F )/(R T ) (5)

EXPERIMENTAL
The experimental cell is shown in Figure 1. The cell consists of an alumina 
tube containing the Na-Bi alloy (5 mole % Na) and the cryolite-alumina 
electrolyte. A sapphire capillary (4.2 cm long, 3 mm bore) with a TaC 
electrode is dipped into the melt forming a cell of known geometry. The 
TaC electrode and the sapphire form a vacuum tight seal which is necessary 
to prevent sodium evaporation from this electrode. A constant potential is 
impressed across the cell making the Na-Bi electrode positive and the TaC 
electrode negative. A tantalum rod coated with TaC and protected by an 
alumina tube serves as the current lead to the alloy. The current through the 
cell is measured as a function of time, and the steady state value recorded. A 
series of corresponding current versus potential data is measured so that the
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electronic conductivity can be calculated as a function of potential according 
to equation (2). The cell constant is determined by the geometry of the 
sapphire capillary. The value of the cell constant is also controlled by AC 
resistance measurements between the two electrodes.

A transient technique is applied to the same cell in order to measure the 
diffusion coefficient of electrons. The current time relation is measured until 
steady state is attained. The number of coulombs passed is recorded and the 
diffusion coefficient is obtained from equation (4).

RESULTS AND DISCUSSION
The steady state currents measured at various applied potentials are shown 
in Figure 2 for N a3AlF6 — Al20 3 at 1000°(7. The experimental points were 
fit to an exponential equation using a least squares program. The fit of the 
data was good at potentials above 0.3 V, so the derivative of the I-E curve 
was used to obtain the electronic conductivity as a function of Na activity 
using equations (2) and (3). Results are shown in Figure 3. Results from 
transient measurements are given in Table 1.

Measurements were not extended to high potentials because aluminum 
starts to deposit. The activity of Na in liquid aluminum in contact with 
molten cryolite-alumina at 1000°C was determined by separate emf measure
ments (to be published), yielding a ^a = 0.06. The transport number of elec
trons can be calculated from the obtained results, giving 0.2 at a ^ a =  0.06. 
This indicates that electronic conduction may cause a significant reduction 
of the current efficiency during Al production. Industrial electrolysis is usu
ally performed at lower temperatures (950°C) with excess AIF3 and CaF2, 
causing a decrease of the activity of Na. A gradient of dissolved metal near 
the cathode also reduces the electronic conduction.

Initial attem pts to apply the polarization technique in pure fluoride melts 
(N aF  and N a3AlF6) failed due to the lack of inert materials. It was found 
that sapphire was not attacked significantly in N aF  — AIF3 melts saturated 
with alumina. Tantalum carbide was found to be the only satisfactory elec
trode material. Iron and tantalum, which have been used sucessfully in other 
alkali halide systems (3,4), formed alloys when polarized in cryolite melts.

Preliminary experiments indicate that the electronic conductivity versus 
the Na activity is not sifnificantly affected by addition of excess AIF3 corre
sponding to a NaF to AIF3 molar ratio of 2.5.
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Figure 1 . Experim ental Arrangement and D etails of the Sapphire Capillary.
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Table 1. Results of Transient Measurements on Cell (I).

T =  1000°C E° =  0.875

E [volts] D[cm2sec *] I,teady[fiamps] ue[cm2volt 1sec J]
0.400 0.037 210 .337
0.450 0.039 328 .356
0.480 0.036 408 .328
0.500 0.038 487 .347
0.550 0.029 752 .265?
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ABSTRACT

The electrical conductivity and its temperature dependency 
was measured for the coexisting systems of Alz03 powder and a 
hydrated melt of CaClz, and on the basis of those results, the 
extent of vicinal liquid phase which was influenced by the sur
face of solid phase was discussed. The measurements were made 
on the systems ranging in liquid content from 17.1 to 42.9 
vol%. Plots of the apparent activation energy versus the 
apparent average thickness, [volume of liquid phase]/[surface 
area of solid phase], indicate that the apparent activation 
energy decreased with increasing average thickness, until 30- 
40 nm, and it became constant for higher values. This behavior 
indicates the existence of a finite liquid layer of 30-40 nm 
thickness.

INTRODUCTION

In the solid-liquid coexisting system in which the solid phase is a f- 
ine powder, the chemical and physical properties depend on the content 
of solid phase. If the solid content is very low, the system is called a 
suspension and considered to be a kind of liquid. On the other hand, if 
the solid content is much higher, the system is called a slurry or a 
paste and considered a kind of solid. In the latter system, the re
stricted liquid layer near the solid phases relatively increases and in
fluences remarkably the physical and chemical properties. The pow
der-liquid coexisting system with a high solid content is of great tech
nical interest and an very important system for the industrial inorganic 
chemistry. Especially, with respect to the industries of batteries, ce
ramics, metal refining and so on, the heterogeneous system takes an im
portant role in their chemical reaction mechanism.

We have been studying the physico-chemical properties of the liquid 
phase in the powder and electrolyte aqueous solution coexisting sys
tems. (1)

On this paper, the electrical conductivity and its temperature de
pendence was measured and discussed as a function of solid content for 
the coexisting systems of aluminum oxide powder and hydrated melts of 
calcium chloride.
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EXPERIMENTAL

As a solid phase in this study, a -A1203 powder which had various 
particle size from 0.4 to 100 p m and specific surface area from 0.6 to 
25.3 mz/g . A hydrated melt of CaCl2, in which [H20]/[CaCl2] ratio was in 
the range from 6.00 to 7.35, were used as a liquid phase. For the mea
surement of conductivity, aluminum oxide powder was mixed with the hy
drated melt and pressed into a tablet. The measurements were made on 
the systems ranging in liquid content from 17.1 to 42.9 voI%. The e- 
lectrical conductivity was measured at various temperatures by the AC 
impedance method with an impedance analyser. The range of frequency 
was from 5 Hz to 13 MHz.
A constant temperature Teflon cell with Pt electrodes, shown in Fig.l, 
was designed and used to investigate the temperature dependence of the 
electric conductivity. The complex plane plot of the variation of im
pedance with frequency showed semi-circles and/or a spike. The con
ductivity was determined from the intercept of the semi-circle or the s- 
pike to the real axis.

RESULTS AND DISCUSSION

A typical complex impedance plots is shown in Fig. 2. Different types of 
plots were obtained with the variation of measuring temperature.

The observed electrical conductivity can be regarded as that of liq
uid phase, which is called the effective medium of conductivity (2), be
cause a -AI2O3 is a typical electric insulator and its own conductivity 
is negligibly small. As shown in Fig.3 and Fig.4, the conductivity var
ied with the content of the liquid phase and remarkably increased with 
the liquid content at ca. 30 vol.% in which it is considered that alumina 
powders of the solid phase are randomly packed. This variation of con
ductivity with the liquid content could be explained by a percolation 
model(3).

The temperature dependence of conductivity for the system A1203 - 
CaCl2 • 6.00HZ0 and CaCl2 • 7.35H20 are shown as the plots of In a vs. 
1/T, shown in Fig. 5 and Fig. 6. Linear relationships were observed be
tween the logarithmical conductivity and the reciprocal temperature in 
the temperature region above ca. 30 °C. Below the temperature, the 
conductivity rapidly decreased with lowering temperature and deviated 
from the linear relationship. Those plots frequently showed tem
perature hysteresis during heating-cooling arising from supercooling, 
as shown in Fig. 8. It indicates that the deflection point, T*, is at
tributed to the phase transition of liquid phase which is caused by a 
solidification of the liquid phase.

The temperature of the deflection point was lowered with a decrease 
in the liquid phase content and with an increase in [H20]/[CaClz] ratio 
of the liquid phase, [Fig. 9]. In the system containing less liquid p- 
hase, T-t was lowered and was not observed in our measuring temperature 
range, though the liquid phase gave a certain melting point, at 29.8 °C
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for CaCl2 • 6H20, in a state of bulk liquid, as shown in Fig.6. The melting 
point depression may be larger than that estimated by the capillary 
condensation theory (4), which was derived only from the change in the 
radius of curvature of capillary liquid.

The apparent activation energy for the conductivity was determined 
from the temperature dependence by using the Arrhenius equation. It 
varied from 32 to 50 kJ/mol with the decrease of the liquid content and 
also with increase of the surface area of solid phase, [Fig. 10, 11]. 
The apparent average thickness of the liquid phase layer was calculated 
by dividing the total volume of the liquid phase with the surface area 
of powder in the system. It has a linear dimension and indicates the av
erage distance from the surface of solid phase. Plots of the apparent 
activation energy versus the apparent average thickness, which could 
be varied with the variations of either the surface area or the volume, 
showed to be related in Fig. 12 and Fig. 13. With increasing the average 
thickness, the activation energy decreased rapidly at ca. 30-40 nm, and 
it gave a constant value beyond that thickness. These results suggest 
the existence of the restricted liquid zone, as proposed by 
Drost-Hansen (5), having a certain thickness in the powder - hydrated 
melt coexisting systems. It is considered that this surface zone is 
created by structural changes in water as reported by Perscell, 
Israelachvili and Etzler et.al.(6),(7),(8).
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ELECTRICAL CONDUCTIVITY OF MELTS IN THE 
SYSTEM Fe203-Fe0-Ca0

Jaroslav Fedor and Ludovft Bobok

Research Institute of Metallic Materials 
Technical University Kosice

ABSTRACT

The paper discusses the mechanism of the electri
cal conductivity of the slags consisting of Fe203, 
FeO and CaO. From the experimental results the con
tributions of individual ionic species and of elec - 
trons to the overall transfer of charge were deter
mined. The ionic component of the conductivity has 
been considered and discussed in terms of the assu
med structure of the melt. The discussion of the 
electronic conductivity is carried out from the 
point of view of the mechanism of exchange of elec
trons between Fe2 + and Fe3 + cations.

INTRODUCTION

As a result of an increasing interest in the possibility 
of the application of the calcium-ferrite slags in pyro- 
metallurgical extraction processes it has become nece - 
ssary to know their physical properties and to better 
understand the structure of this unconventionl type of 
slag. The electrical conductivity of the conventional 
electrolytic melts is very sensitive to their structure. 
The conductivity depends on the amount of the charge 
carriers present in the melt and on their mobilities.lt 
is well known that in the melts of oxides the transfer 
of charge is carried out exclusively by simple cations 
(e.g.Na+ , K+ , Ca2 + ate.) Other cations (e.g. Si^+ , p5+, 
B3 + ) create long structural units that have extremely 
low mobility. Oxides of amphoteric metals (e.g. Al3 + ,
Fe3 + ) may behave either as network formers or as net
work modifiers. Their participation in the transfer of 
charge in the melt depends on the type of their beha
viour. Slag systems containing polyvalent metals in two 
different valency states (e.g. Fe2 + and Fe3+ or Bi+ and 
Bi3+) exhibit also an electronic conductance. This is 
the reason why it is virtually impossible to arrive at 
any definite conclusion concerning their structure in
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the molten state simply on the basic of experimentally de
termined electrical conductivities.

In an attempt to describe the mechanism of the electronic 
conductivity two different approaches have been used. The 
first is based on the band theory of electronic structure. 
Due the disturbances in the stoichiometry of a chemical 
compound free electrons appear in a conductive band or va
cancies are being created in a valency band. In the case 
of the slag system investigated in this work this theory 
has only limited validity as it can describe the behaviour 
of the slag at the extremely high or extremely low oxygen 
potentials. Moreover, the band theory is based on the pe
riodicity of a lattice potential which implies the existen
ce of a longe-range order in a solid. When the solid melts, 
band boundaries become distorted and broadened and new 
energy levels may appear in the so far forbidden zones 
shich is why it is virtually impossible to find an analy
tical expression for the description of the electrical 
conductivity (1).
The melts investigated in this paper behave in accordance 
with the polaron theory according to which electrons and 
electron holes are localized on the ions. Electronic con
ductivity of the melts is direct consequence of the jump 
of an electron from a cation in its lower valency state to 
the one in the higher one. The exchange of electrons may 
occur between cations with different valencies and the 
electrons can be exchanged at appreciably high frequencies 
even in the case that the distance between the pair of ions 
between which the electron is being exchanged is several 
times longer than the atomic radius, particularly when the 
bridging groups are present in the melt (2).

The objective of this investigation was to assess the con
tribution of individual ions and electrons to the transfer 
of charge in the melt, to find a correlation between the 
structure of the melt and its ionic conductivity and, last 
but not least, to verify the applicability of the jumping 
electron model of the electronic conductivity to the melts 
of the Fe202"Fe0-Ca0 system.

EXPERIMENTAL

As the calcium ferritic slags are highly corrosive with 
respect to the refractory oxides and alloys of the metals 
of platinum group and also because the composition of the 
melt was strongly dependent on temperature and oxygen po
tential, the electric conductivity measurements were rat
her elaborate. The final version of the experimental as
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sembly and the range of temperatures that have been finally 
adopted should therefore be considered as a compromise bet
ween what was available in terms of equipment and what was 
necessary from the point of view of what we intended to 
achieve.
A bridge circuit method was used for measurements. The sim
plified schematic diagram of the circuit is depicted in Fig 
1. The most important unit of the circuit was the RCL radio- 
-frequency Wayne-Kerr bridge. Two platinum electrodes 2 mm 
in diameter situated 12 mm apart were used. The melt was 
held in platinum or magnesia under purified nitrogen at tem
peratures between 1550-1600 K. The composition ot the fur
nace gas was monitored by using gas chromatography. Samples 
of melts were quenched and chemically analysed for Fe2 + and 
Fe^+ contents, other constituents of the slag were analysed 
by Atomic absorption spectrometer.

RESULTS

The chemical composition of the melts and the corresponding 
results of their electrical conductivities are summarized 
in Tab . 1.

Table 1: Chemical analysis and specific conductivity in the
F e0 -CaO system at 1573 K

Chemical analysis (mol.%) specific conductivity (S .nT1)
FeO Fe2°3 CaO total reg

3i<
tun

52.12 18.43 27.8 2440 2250 1927
54.47 21.52 22.21 2505 2326 2689
26.31 22.96 50.71 1591 1436 1475
25.82 28.04 46.12 1651 1512 1267
20.36 29.39 50.24 1479 1347 834
18.72 33.81 47.46 1442 1324 659
11.92 40.30 47.77 1022 923 330
49.01 16.19 33.63 2194 1997 2068
49.88 15.82 33.15 2252 2053 1972
52.21 15.07 31.42 2425 2221 1889
6.85 43.72 45.3 686 602 143
6.74 49.33 43.91 680 604 145

56.45 19.08 24.45 2537 2346 2482
23.35 33.89 42.75 1727 1606 972
7.96 45.09 46.93 812 726 183

30.74 24.78 44.46 m i 1625 1724
26.11 29.83 44.04 1648 1515 1404
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The variation of the conductivity of the melt with the com
position can be fitted to the following equation:

= 2 1  zi . F . ui . ci (1)
i = l

where c. is the concentration of the conductive particles 
having The charge z., u. is the mobility and F Faraday’s 
constant.
Concentrations of individual ionic species were determined 
from the results of the density measurements and calcula - 
ted as the ratio of molar fraction and molar volume. The 
number of electrons that participated in the transfer of 
charge in the melt was estimated on the basis of assumption 
that and electron may jump from Fe^ + ion as long as the Fe^+ 
ion is present (3). The concentration of cations in the 
melt can be calculated from the relation:

C(e ) 2 XFe203 • XFeO/ Vm ( 2 )

We used multiple regression method for the determination of 
the coefficients of the following equation:

$£ = - A+B^ C (Ca2+) + B2 . C (Fe2+) + Bj. C (Fe3+) +
+ B4 . C (02‘) + Be. c (e") (3)

^ D 2 + Best correlations were obtiained on the assumption that Ca ,
Fe2+ and e“ were the only species that participated in the 
transfer of charge. The mobilities of the charge transfering 
species were calculated from the coefficients B. ( u=B./z^F) 
and the diffusion coefficents calculated from 1 the Nernst/ 
Einstein’s equation. The results are summarized in Tab.2.

Table 2: Regression coefficients, mobilities and difusion 
coefficients of the particles Ca2+, Fe2+ and e- 
in the the Fe20-^-Fe0-Ca0 system at 1573 K

Parameter Ca^+ Fe^+ e~

B
S . m’2 . mol" J-

3.6369.10 3 5.8252.10 3 0,2739

u.lOB
m2.s-l.V-1

1,88 3,02 283.9

D.109
m2.S-l 1,3

rHCM 384,8
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DISCUSSION

The magnitudes of the calculated coefficients of the equa
tion (3)allow us to assume that C a 2 + ,  F e 2  + ions and elec
trons have the highest contributions to the transfer of 
charge. The size of 02- ion is relatively large hence it 
exhibits low mobility. Statistical insignificance of the 
coefficients B-, of equation (3) stems from tendency of F e 2  + 
cation to create larger structural units which can be re
presented by the general formula Fex0yz“ . This property 
depends on the magnitude of the ratio Fe^+/02-. Any in
crease in the concentration of 02- anion in the melt 
brings about a gradual change in the coordination number 
of the Fe^ + ion which can be represented in a following 
manner:

Fe3+ (6)-* FeO+ -* FeO^ -* F e ^j " -* Fe03~(4) (4)

This assumption has been inderectly confirmed at our labo
ratory by the result obtained from the density viscosity 
and surface tension measurements. Mobilities of large fe
rrite anions are small and the contribution of Fe^ + ion 
to the overall conductivity is insignificant.
Mobilities of Ca2 + and Fe2 + cations are very similar and 
their diffusion coefficients are higher than in the sili
cate melts. These conclusions are in a good agreement with 
low viscosities that were measured in calcium ferrite slags. 
To our surprise, both the mobility and the diffusion coe
fficient of Fe2+ cation exceed those of Ca2+ cation.

The mobility of electrons is by two orders of magnitudes 
higher than the mobility of any other charge transferring 
specie. For this reason the electronic conductivity may 
greatly exceed the contribution -of ions to the overall con
ductivity. The magnitude of the electronic component of 
conductivity depends however on the concentration of Fe2+ , 
Fe^+ ion in the melt. According to the electron jumping 
model (1), the frequency of an electron jump may be expre
ssed in the following manner:

p r = ue • 6 • kT / ( . e . r 2) (5)

where e is the charge of an electron, ue the mobility of 
electron, r-the distance between Fe2 + and Fe^+ ca
tions, k-the Boltzmann constant, T-temperature.

The applicability of this model has been tested by calcula
ting the frequency of electron jump from the experimentally 
determined conductivities and by comparison with the results 
calculated from the theory. The frequencies determined from 
the experiments were expressed as the ratio K ^ l F C(e~) whe-
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re as the electronic conductivities were determined after 
subtracting ionic portion of conductivity from the overal 
conductivity and applying the regression coefficients from 
equation (3).
The fact that the plot logl)rvs r is linear (Fig.2) is 
in accord with the electron jump model. The slope of the 
line corresponds to the effective potential energy barrier 
of the exchange of one electron between the ions.
If /  = 0,2510-lO m“l is substituted to the equation (7) 
which assumes the transfer of an electron by its tunneling . 
through the effective energy barrier

= ( 2 me . H)1 / 2  / ft (7)

where mg is the mass of an electron
H is the height of the energy barrier 
?i = h/2‘7T and h is the Planck’s constant 

The calculated value of H is equal to 0,3 eV and its mag
nitude is similar to 0.373 eV found in wustite on the ba
sis of quantum theory approach (4).
Mott (3) expressed the electronic conductivity in the 
melts that consisted of transition metals in the following 
manner: 7

~\1 X (1-x) . F / (R . T . N . r)exp (-2 r).exp (-W/RT) (8)
where is the phonon frequency, X, (1-X) are the mole 
fractions of the two valency states of a metal and W is 
the activation energy. The electronic conductivities cal
culated from the Mott’s model were then compared with the 
electronic conductivities calculated as a product:

die = B5 . c (e-) (9)
Satisfactory agreement has been found between the results 
calculated by two methods. The existing disciepancies may
have been caused by the fact that the term exp (-W/RT) in 
equation (8) was approximate. Nevertheless one can assume 
that the activation energy of the electronic conductivity 
is small in system rich in Fe2Q3•(Fig.3)

CONCLUSION
2+ 2 +In oxidic melts comprising Fe20^, FeO and CaO, Fe , Ca 

and free electrons have been found to be the main carriers 
of the charge. Fe^+ cations may create the ferrite anions 
that do not participate in the transfer of charge. Mobili
ties of electrons are by two orders of magnitudes higher 
than those of cations. Electronic conductivity occurs 
through the exchange of electrons between Fe^+ and Fe^+ 
ions. According to quantum theory tunneling phenomenon, the
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height of an effective potential energy barrier is lower 
than 0.5 eV. We have found satisfactory agreement between 
the electronic conductivity calculated on the basis of the 
electron jump model and the one determined from the regre- 
sion analysis.
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CONDUCTIVITY,  VISCOSITY ,  HNMR SPECTRA AND DENSITY OF 
MIXTURES OF 2-METHYLPYRIDINIUM CHLORIDE AND 
p-HYDROGENBIS( 2-METHYLPYRIDINIUM) IODIDE.

David S. Newman and Yong Zhang
Department of Chemistry- 
Bowling Green State University 
Bowling Green, OH 43403

ABSTRACT

The viscosity, electrical conductivity, and density of 
binary solutions of 2-methylpyridinium chloride and 
p-hydrogenbis(2-methylpyridinium) iodide were measured as a 
function of composition and as a function of temperature.
It was found that the transport properties showed an 
Arrhenius temperature dependence and that the densities 
were linear in temperature. However, the isothermal 
variation of density with composition showed a fairly sharp 
maximum at Xi =0.9 which is accounted for by a model in 
which the u-hydrogen bond breaks as the Cl* ion 
concentration increases.

INTRODUCTION

Correlating transport properties of binary molten 
organic salt solutions with thermodynamic properties and 
molecular structure allow inferences to be drawn regarding 
the interionic forces extant in the liquid and the 
microscopic changes in melt structure that cause these 
transport and thermodynamic phenomena (1). A particularly 
interesting system in this respect is the binary solution 
of 2-methylpyridinium chloride (2-MPC1) and p- 
hydrogenbis(2-methylpyridinium) iodide (p-H-I). p-H-I is 
shown in Fig. 1.

In an earlier study, it was found that the reaction 
between 2-methylpyridine and HI(g ) produced ju-H-I rather 
than the expected 2-methylpyridinium iodide (2-MPI) (2).
The p-H-I melt has unusual transport properties as well as 
an exceptionally low liquid density compared to the other 
methylpyridinium iodides. This low density is attributed 
to the p  compound’s inability to pack tightly in the liquid 
state so that if the p-hydrogen bond were to break, the 
liquid structure might "collapse”, causing a precipitous
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increase in melt density accompanied by changes in 
transport properties. This bond might be cleaved by adding
2-MPC1 to the p-H-I because the Cl* ion would compete with 
the ring nitrogen for the hydrogen and is also capable of 
forming strong hydrogen bonds. Therefore, it was decided 
to vary the composition of a binary mixture of 2-MPC1 and 
l̂i-H-1 and observe the changes in density and transport 
properties that resulted. In addition, the low liquidus 
temperatures of these binary solutions make them easily 
accessible to NMR measurements so that structural 
properties might be correlated with transport properties.

EXPERIMENTAL DETAILS

2-MPC1 was synthesized by passing HCl(g) through 2- 
methylpyridine that had been dried over CaO and distilled 
at 128-129 °C. The reaction is
HCl(g) + 2-CH3 C5 H5 N (1) -- > 2-CH3 C5 H6 NCI(s) [1]
The melting point of 2-MPC1 was 88-89°C which is in exact 
agreement with literature values (1,3). The ju-H-I was 
synthesized by a reaction similar to Eq. [1] except that 
gaseous HI was bubbled through 2-methyl pyridine and the 
reaction vessel was covered with aluminum foil so as to 
prevent light from reaching the jj-H-1. The final 
recrystallized product had a melting point of 93-94°C. 
which is in agreement with our earlier result (2).

A capillary cell with cylindrical platinum electrodes and 
a Jones bridge were used to measure the ac conductivity at 
1000 Hz. The variable temperature probe of a Varian XL-200 
NMR machine was used to obtain the NMR spectra. DMSO was 
used as an external standard. A Lipkin bicapillary arm 
pycnometer was used to measure melt densities and a Cannon- 
Fenske viscometer was used to measure viscosity. All 
transfer operations were done in a controlled atmosphere 
dry box in which the "boil off" from liquid nitrogen was 
circulated.

RESULTS

Figure 2 shows a plot of the natural log of the 
equivalent conductance (/\) vs. 1000/T for various 
compositions, and Fig. 3 shows a graph of the natural log 
of the melt viscosity (^) vs. 1000/T for the same 
compositions. Figure 4 shows a graph of density vs T for
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the different melt compositions. It is clear that, within 
experimental error, these curves are all linear. It is 
also obvious from Fig. 4 that the pure p-H-I is n o t the 
most dense melt. Figure 5 is a plot of density vs 
composition at three different temperatures; 373 K, 393 K, 
and 408 K. The dashed curve is the "measured” density vs 
composition behavior at 408 K if our proposed model were 
correct ( v i d e  i n f r a ). Figure 6 is a plot of the specific 
conductance- vs mole fraction at three different 
temperatures and it is clear there are two maxima in each 
of the curves. Figure 7 shows the equivalent conductance 
vs composition at the same three temperatures and, at least 
at the two lower temperatures, there seems to be an 
inflection point. To calculate the /\ values in Fig. 7, 
the equivalent weight of the u-H-I was used. Figure 8 is 
the HNMR spectrum of pure 2-MPC1 at 102°C. The HNMR 
spectrum for the pure ju-H-I is given elsewhere (2). Figure 
9 is a graph of the nitrogenic and u-proton chemical shifts 
as a function of composition at 102°C. The lower curve in 
this figure shows the chemical shifts of the gamma proton 
as a function of composition. At 200 MHz, the machine 
could not resolve the two gamma peaks. Figure 10 shows the 
isothermal changes in viscosity as a function of 
composition.

DISCUSSION

The conductivity and viscosity at each melt composition 
shows strict Arrhenius behavior over the relatively narrow 
temperature range investigated. However, isothermal 
measurements of /\ and rry show a negative deviation from 
ideality as a function of composition, the deviation 
decreasing with increasing temperature. Moreover, the 
negative deviation is considerably more pronounced for 
viscosity than it is for conductivity. Although the 
density at each composition is a linear function of 
temperature, the isothermal changes in density as a 
function of composition go through a sharp maximum at 
around Xi =0.9. This maximum becomes less pronounced as 
the temperature increases.

The model we propose to account for these results is 
one in which the /i-H-I dissociates into 2-MPI and 2- 
methylpyridine as Xi ‘varies from 1 to 0. In other words, 
at all concentrations other than Xi = 1 and Xi = 0 there is 
some 2-methylpyridine in the solution, and there are four 
constituents in the mixture: 2-MPC1, 2-MPI, ju-H-I and 2- 
methylpyridine. Therefore, the densities of the 2-MPI and
2-methylpyridine have to be considered when calculating the
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density of the mixture at all intermediate compositions 
between Xi = 1 and Xi =0. The density of 2-MPI is not 
known, but the density of 3-MPI is known (2), and it is 
expected to be within +/- 1% of the density of 2-MPI 
because this is the case with 2-MPC1 and 3-MPC1 as well as 
with 2-MPBr and 3-MPBr (1). The density of 2- 
methylpyridine is easily measured as a function of 
temperature. Using these data and the additional 
assumption that £\Vmix = 0, the dashed curve in Fig. 5 was 
calculated. It is obvious that the measured density vs 
mole fraction curves exhibit a sharper and more complex 
maximum than the model density vs mole fraction curve does. 
But, considering that the actual x is almost certainly
not zero and that hydrogen bonded species like 
[>N-H..Cl..H N <]+ form between two 2-methylpyridinium ions 
and a Cl“ ion (3), the fact that the calculated maximum is 
near the measured maximum and the calculated curve has the 
same general shape as the measured curve is very 
reassuring.

This simple model also predicts one broad maximum in the 
specific conductance vs composition curves. Since the 
total number of charges is constant, as the density 
increases the number of charge carriers per unit volume 
must increase. In addition, the mobility of these charge 
carriers would be expected to increase at first because the 
2-methylpyridine molecules formed by the dissociation of 
the ju-H-I acts as a sort of lubricant and reduces the 
viscosity. The combination of these two phenomena 
increases the specific conductance. As the melt becomes 
richer in Cl-, hydrogen bonding between Cl“and 2-MP+ ions 
begins to control the transport mechanism (that is why the 
pure 2-MPC1 is a poorer conductor than the pure ^i-H-I) and 
the specific conductance would be expected to decrease 
monotonically until the pure 2-MPC1 conductance is reached. 
Although the measured specific conductance vs composition 
roughly approximates this behavior, the observed shallow 
minimum or second maximum cannot be explained by this 
simple model alone. In a future study we will offer a more 
detailed explanation for the "second maximum" in these 
curves.

A further indication that this model is essentially 
correct arises from the equivalent conductance vs. 
composition curves. In Fig. 7, if the equivalent weight of 
jj-H-1 (314 amu) is used to compute the equivalent 
conductances from the specific conductances (which is 
correct way to proceed if the ju-H-I did not dissociate) 
an inflection point arises in the /\ vs composition curve 
(Fig.6). If, on the other hand, the equivalent weight of 
2-MPI (221 amu) is used with the appropriate mole

214



f r a c t i o n s  of 2-MPC1 an d  p-H-I, e.g. , at a n o m i n a l  Xi = 0 . 5  
only the e q u i v a l e n t  w e i g h t  of 2-MPI a n d  2-MPC1 wer e  use d  to 
c o m p u t e  the e q u i v a l e n t  c o n d u c t a n c e  from the spec i f i c  
c o n d u c t a n c e  b e c a u s e  there is no l o n g e r  any ju-H-I present, 
the t y p i c a l  sm o o t h  /\ vs c o m p o s i t i o n  c u rves shown in Fig.
11 are o b t a i n e d  an d  the i n f l e c t i o n  p o i n t  vanishes.

Our p r e l i m i n a r y  H N M R  curves i n d i c a t e  that some ju-H-I 
p e r s i s t s  at Xi = 0 . 4  whe r e a s  our m o d e l  pr e d i c t s  it s h o u l d  
all be g o n e  at Xi = 0 . 5 .  This sm a l l  d i s c r e p a n c y  is a l m o s t  
c e r t a i n l y  due to the fact that som e  of the Cl" ions are 
h y d r o g e n  b o n d e d  to the 2 - M P + ions a n d  are not free to 
c o m p e t e  for the ju-hydrogen.

CONCLUSION

The b i n a r y  m i x t u r e  of 2-MPC1 a n d  ;u-H-I e x h i b i t e d  unusual 
d e n s i t y  vs. mole frac t i o n  b e h a v i o r  at each of three 
d i f f e r e n t  tempe r a t u r e s .  This u n u s u a l  b e h a v i o r  is explained 
to a first a p p r o x i m a t i o n  by a m o d e l  in wh i c h  the ju-H-I 
d i s s o c i a t e s  into 2-MPI a n d  2 - p i c o l i n e  as the s y s t e m  becomes 
ric h e r  in 2-MPC1. In a future study, this model will be 
r e f i n e d  to inc l u d e  n o n i d e a l  m i x i n g  a n d  h y d r o g e n  b o n d i n g  
b e t w e e n  the Cl~ ions and the 2 - M P + ions.
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Figure 1. Structure of u- hydrogenbis (2 - methylpyridinium) Iodide
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Figure 6.
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Viscosities 
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T H E R M O P H Y S I C A L  p r o p e r t i e s  o f  h i g h  t e m p e r a t u r e  m e l t s  
-  A C T I V I T I E S  OF a  J A P A N E S E  R ES E AR C H  GROUP

A k i r a  N a g a s h i m a  1 , N o b u y u k i  A r a k i 2 , T a t s u h i k o
E j i m a 3 , S h o i c h i r o  F u k u s a k o 4 , M a m o r u  H a r a d a  5 ,
K i y o s i  K o b a y a s i ®  , T o s h i r o  M a k i n o 5 , Y u j i  N a g a s a k a  , 
H i r o y u k i  O z o e  * a n d  T s u t o m u  Y a m a m u r a  3

1 K e i o  U n i v e r s i t y ,  H i y o s h i ,  Y o k o h a m a ,  2 2 3 ,  J a p a n .
2 S h i z u o k a  U n i v e r s i t y , 3 T o h o k u  U n i v e r s i t y , 4 H o k k a i d o  
U n i v e r s i t y ,  5 K y o t o  U n i v e r s i t y ,  6 T o y o t a  T e c h n o l o g i c a l  
I n s t i t u t e ,  7 K y u s h u  U n i v e r s i t y .

A B S T R A C T

M o l t e n  s a l t  i s  o n e  o f  t h e  s o - c a l l e d  h i g h  t e m p e r a 
t u r e  m e l t s  w h i c h  i n c l u d e  m o l t e n  s e m i c o n d u c t o r  m a t e 
r i a l s ,  l i q u i d  m e t a l s ,  m o l t e n  g l a s s e s  a n d  s o  on .  
R e l i a b l e  I n f o r m a t i o n s  o n  t h e i r  t h e r m o p h y s i c a l  p r o 
p e r t i e s  a r e  e x t r e m e l y  l i m i t e d  d u e  t o  e x p e r i m e n t a l  
d i f f i c u l t i e s  common t o  t h e s e  m a t e r i a l s .  P u r p o s e s  
o f  t h e  p r e s e n t  p r o j e c t  w e r e  t o  d e v e l o p  new m e a s u r e 
m en t  t e c h n i q u e s  f o r  h i g h  t e m p e r a t u r e  m e l t s ,  t o  
s t u d y  s u c h  e f f e c t s  a s  t h e r m a l  r a d i a t i o n  a n d  c o n v e c 
t i o n  i n  f l u i d  l a y e r ,  a n d  t o  p r o d u c e  new d a t a  s e t s .

INTRO DUC TIO N

H i g h  t e m p e r a t u r e  m e l t s  a r e  m a t e r i a l s  w h i c h  a r e  s o l i d  
a t  r oo m  t e m p e r a t u r e  a n d  t u r n  t o  l i q u i d  o n l y  a t  h i g h  
t e m p e r a t u r e s .  M o l t e n  s e m i c o n d u c t o r  m a t e r i a l s ,  l i q u i d  
m e t a l s  , m o l t e n  s a l t s ,  m o l t e n  g l a s s e s  a n d  v o l c a n i c  
l a v a  a r e  t y p i c a l  e x a m p l e s .  M a n y  o f  th em  h a v e  common  
c h a r a c t e r i s t i c s  a n d  t h e r e f o r e  common t r e a t i s e  i s  
p o s s i b l e .  T h e y  a r e  c h e m i c a l l y  a n d  e l e c t r i c a l l y  
a c t i v e .  T h e r m o p h y s i c a l  p r o p e r t i e s  o f  h i g h
t e m p e r a t u r e  m e l t s  a r e  i n f o r m a t i o n  s t r o n g l y  n e e d e d  
f o r  s u c h  a d v a n c e d  t e c h n o l o g i e s  a s  s i n g l e  c r y s t a l  
p r o d u c t i o n  f o r  s e m i c o n d u c t o r  i n d u s t r y ,
h i g h - t e m p e r a t u r e  f u e l  c e l l  d e v e l o p m e n t ,  h i g h  
t e m p e r a t u r e  h e a t  s t o r a g e  t e c h n o l o g y ,  a n d  s o  on .  
A l t h o u g h  t h e r e  e x i s t  i n c r e a s i n g l y  s t r o n g  d e m a n d s  f o r  
r e l i a b l e  i n f o r m a t i o n s  o n  t h e r m o p h y s i c a l  p r o p e r t i e s  
o f  t h e s e  m a t e r i a l s ,  s u c h  d i f f i c u l t i e s  a s  
c o r r o s i v e n e s s  t o  c o n t a i n e r  w a l l ,  r a p i d  d e g r a d a t i o n  
o f  t h e  s a m p l e  a n d  e l e c t r i c a l  c o n d u c t i v i t y  p r e v e n t  
a c c u r a t e  e x p e r i m e n t a l  m e a s u r e m e n t  a n d  e v e n  
e s t a b l i s h m e n t  o f  m e a s u r e m e n t  m e t h o d .  A s  p o i n t e d  o u t
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b y  o n e  o f  t h e  p r e s e n t :  a u t h o r s  [ 1, 2 ] ,  t h e  p r e s e n t  
s t a t u s  o f  t h e s e  i n f o r m a t i o n  i s  f a r  f r o m
s a t  i  s f a c t o r y .

Among  v a r i o u s  h i g h  t e m p e r a t u r e  m e l t s ,  m o l t e n  
s a l t s  a r e  m o s t  s y s t e m a t i c a l l y  s t u d i e d  a s  s e e n  i n  
c o m p r e h e n s i v e  r e v i e w s  b y  J a n z  a n d  c o l 1a b o r a t o r s [ 3 ] .  
H o w e v e r ,  e v e n  a f t e r  t h e s e  d e v o t i n g  e f f o r t s ,
i n f o r m a t i o n s  o n  s u c h  p r o p e r t i e s  a s  t h e  t h e r m a l  
c o n d u c t i v i t y  a n d  t h e  t h e r m a l  d i f f u s i v i t y  i s  q u i t e  
l i m i t e d .  D i s c r e p a n c i e s  a m o ng  a v a i l a b l e  d a t a  a r e  
o f t e n  c h a o t i c  a n d  n o  s t a n d a r d  r e f e r e n c e  d a t a  a r e  
a v a i l a b l e .  I n  t h e  c a s e  o f  o t h e r  p r o p e r t i e s ,  
s u b s t a n c e s  a n d  t e m p e r a t u r e  r a n g e  a r e  n o t  f u l l y  
c o v e r e d  b y  a v a i l a b l e  r e f e r e n c e s .

A C T I V I T Y  OF THE P R E S E N T  R ES E AR C H  GROUP

I n  1 9 87 ,  a  r e s e a r c h  p r o j e c t  w a s  s t a r t e d  w i t h  t h e  
t h r e e - y e a r s  g r a n t  f r o m  t h e  M i n i s t r y  o f  E d u c a t i o n  i n  
o r d e r  t o  d e v e l o p  m e a s u r e m e n t  t e c h n i q u e s  s u i t a b l e  f o r  
h i g h  t e m p e r a t u r e  m e l t s  a n d  t o  p r o d u c e  r e l i a b l e  d a t a  
s e t s .  T h e  r e s e a r c h  t e a m  w as  c o n s i s t e d  o f  n i n e  
r e s e a r c h e r s  (A.  N a g a s h i m a  a s  t h e  c h a i r m a n )  f r o m  
e i g h t  u n i v e r s i t i e s  i n  J a p a n .  T h e i r  nam es  w i t h  
p r i n c i p a l  c o w o r k e r s  a r e  l i s t e d  i n  t h e  T a b l e  1.

T a b l e  1 R e s e a r c h e r s  a n d  s u b j e c t s  o f  t h e  p r o j e c t

A.  N a g a s h i m a ( K e i o  
K. K o b a y a s i ( T o y o t a

Y.  T a k a n o  I n s t i t u t e )
N. A r a k i ( S h i z u o k a  U n i v e r s i t y )

T .  M a k i n o ( K y o t o  U n i v e r s i t y )
T .  E j i m a ( T o h o k u  U n i v e r s i t y )

T .  Y a ma mu ra  
Y.  S a t o

S.  F u k u s a k o ( H o k k a i d o  
M. T a g o  

M. H a r a d a ( K y o t o  U n i v e r s i t y )

H. O z o e ( K y u s h u  U n i v e r s i t y )
Y.  N a g a s a k a ( K e i o  U n i v e r s i t y )  

A.  N a g a s h i m a

c h a i r m a n  
s p e c i f i c  h e a t  
& h e a t  o f  f u s i o n  
t h e r m a l  d i f f u s i v i t y ,  

s p a c i f i c  h e a t  & d e n s i t y  
r a d i a t i o n  p r o p e r t i e s  
v i s c o s i t y ,  s u r f a c e  
t e n s i o n  & s o u n d  
v e l o s i  t y
m e l t i n g  t e r a o e r a t u r e  
& s u p e r c o o l i n g  
t h e r m a l  c o n d u c t i v i t y  

& t h e o r e t i c a l  p r e d i c t i o n  
c o n v e c t i o n  c o n t r o l  
t h e r m a l  c o n d u c t i v i t y  
& s u r f a c e  t e n s i o n

U n i v e r s i t y )
T e c h n o l o g i c a l

U n i v e r s i t y )

T h e  s u b j e c t s  c o v e r e d  w e r e  t h e  t h e r m a l  c o n d u c t i v i t y ,  
t h e  s p e c i f i c  h e a t ,  t h e  d e n s i t y ,  t h e  v i s c o s i t y ,  t h e  
s u r f a c e  t e n s i o n ,  t h e  m e l t i n g  p o i n t ,  t h e  h e a t  o f

222



f u s i o n ,  t h e  r a d i a t i o n  p r o p e r t i e s ,  a n d  a l s o  s u c h  
e f f e c t s  a s  c o n v e c t i o n  i n  f l u i d  l a y e r  a n d  
s u p e r c o o l i n g  b e h a v i o r s .  T h e  g r o u p  met t h r e e  t o  f o u r  
t i m e s  e v e r y  y e a r  a n d  h a d  d i s c u s s i o n s  o n  m e a s u r e m e n t  
t e c h n i q u e s  a n d  c r i t i c a l  e v a l u a t i o n s  o n  m e a s u r e d  a s  
w e l l  a s  c o l l e c t e d  d a t a .  O u t l i n e  o f  t h e  
a c c o m p l i s h m e n t s  o n  m o l t e n  s a l t s  a r e  s u m m a r i z e d  i n  
t h e  p r e s e n t  r e p o r t .

R E S U L T S  ON T RA NS PO RT P R O P E R T I E S

T h e  v i s c o s i t y  o f  a l k a l i  c a r b o n a t e s  w e r e  
e x p e r i m e n t a l l y  s t u d i e d  b y  E j i m a ,  Y a ma mu ra  a n d  S a t o  
a t  T o h o k u  U n i v e r s i t y  u s i n g  a n  o s c i l l a t i n g  c u p  
v i s c o m e t e r .  T h e  c u p  w as  made o f  g o l d - p l a t e d  n i c k e l  
f o r  c o r r o s i v e  c a r b o n a t e s .  By  b l o w i n g  a r g o n  g a s  i n  
t h e  s a m p l e ,  t h e  v i s c o m e t e r  was  i m p r o v e d  f o r  m i x t u r e s  
a n d  m e a s u r e m e n t  o f  c a r b o n a t e s  m i x t u r e s  w e r e  
p e r f o r m e d .  T h e y  h a v e  d o n e  d e t e r m i n a t i o n  o f  a l s o  t h e  
b u l k  v i s c o s i t y  o f  n i t r a t e s  a n d  c a r b o n a t e s  b y  
m e a s u r i n g  t h e  u l t r a s o n i c  a b s o r p t i o n  c o e f f i c i e n t  i n  
t h e  t e m p e r a t u r e  r a n g e  u p  t o  1300 K [ 4 , 5 ] .

T h e  t h e r m a l  c o n d u c t i v i t y  a n d  t h e  t h e r m a l  
d i f f u s i v i t y  o f  m o l t e n  s a l t s  w e r e  s t u d i e d  a t  t h r e e  
i n s t i t u t i o n s  u s i n g  d i f f e r e n t  e x p e r i m e n t a l  m e t h o d s .  
T h e  f o r c e d  R a y l e i g h  s c a t t e r i n g  m e t h o d  f o r  t h e  
t h e r m a l  d i f f u s i v i t y  a n d  t h e  t r a n s i e n t  h o t - w i r e  
m e t h o d  f o r  t h e  t h e r m a l  c o n d u c t i v i t y  w e r e  u s e d  
N a g a s a k a ,  N a g a s h i m a  a n d  c o w o r k e r s  a t  K e i o  
U n i v e r s i t y .  T h e  t h e r m a l  c o n d u c t i v i t y  o f  n i t r a t e s  i n  
t h e  t e m p e r a t u r e  r a n g e  5 8 4 - 7 1 2  K w e r e  m e a s u r e d  b y  t h e  
t r a n s i e n t  h o t - w i r e  m e t h o d  u s i n g  a  c e r a m i c - c o a t e d  
p r o b e [ 6 ] . I n  t h e  much  h i g h e r  t e m p e r a t u r e  r a n g e  u p  t o  
1441 K, t h e  f o r c e d  R a y l e i g h  s c a t t e r i n g  m e t h o d ,  a new  
h i g h - s p e e d  o p t i c a l  m e t h o d ,  was  u s e d  t o  m e a s u r e  t h e  
t h e r m a l  d i f f u s i v i t y  o f  a l k a l i  h a l i d e s [ 7 ]. T h e s e  
t r a n s i e n t  m e t h o d s  h a v e  s i g n i f i c a n t  a d v a n t a g e s  a t  
h i g h  t e m p e r a t u r e s  s i n c e  t h e y  c a n  g e t  r i d  o f  e r r o r s  
d u e  t o  c o n v e c t i o n ,  t e m p e r a t u r e  v a r i a t i o n  a n d ,  i n  
many  c a s e s ,  r a d i a t i o n .  T h e  m o s t  s t r i k i n g  t h i n g  a b o u t  
t h e  p r e s e n t  r e s u l t s  i s  t h a t  t h e  t e m p e r a t u r e  
d e p e n d e n c e s  o f  a l l  t h e  s a l t s  m e a s u r e d  w e r e  n e g a t i v e  
o n  c o n t r a r y  t o  m o s t  o f  p r e v i o u s  s t u d i e s .  A t y p i c a l  
r e s u l t s  a r e  s h o w n  i n  F i g u r e  1. P r e v i o u s l y  a v a i l a b l e  
d a t a  s h o w e d  s c a t t e r  a s  l a r g e  a s  400  H. I n  a d d i t i o n ,  
m o s t  o f  p r e v i o u s  s t u d i e s  g a v e  s t r o n g  p o s i t i v e  
d e p e n d e n c e  a g a i n s t  t e m p e r a t u r e .  Two d i f f e r e n t  
m e t h o d s  b y  N a g a s a k a  a n d  N a g a s h i m a  g a v e  q u i t e  s i m i l a r  
n e g a t i v e  d e p e n d e n c e s  f o r  a l l  o f  s a l t s  m e a s u r e d .
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A r a k i  and. c o w o r k e r s  a t  S h i z u o k a  U n i v e r s i t y  s t u d i e d  
t h e  e f f e c t  o f  r a d i a t i o n  i n  t h e  f l u i d  l a y e r  a n d  
a p p l i e d  t h e i r  m e t h o d  t o  e s t i m a t e  t h e  m a g n i t u d e  o f  
c o r r e c t i o n  t o  m e a s u r e d  t h e r m a l  c o n d u c t i v i t y  b y  t h e  
s t e p w i s e  h e a t i n g  m e t h o d [ 8 ] .  T h e  r a d i a t i o n  d a t a  f o r  
m o l t e n  s a l t s  w e r e  o b t a i n e d  f r o m  t h e  r e s u l t s  b y  
M a k i n o  a n d  c o w o r k e r s  i n  t h e  p r e s e n t  p r o j e c t .  T h e  
t h e r m a l  c o n d u c t i v i t y  o f  n i t r a t e s  b y  s t e p w i s e  h e a t i n g  
m e t h o d  b y  A r a k i  a n d  c o w o r k e r s  s h o w e d  n e g a t i v e  
t e m p e r a t u r e  d e p e n d e n c e .  One  e x a m p l e  o f  r e s u l t s  i s  
s h o w n  i n  F i g u r e  2 w h i c h  i n d i c a t e s  t h e  m a g n i t u d e  o f  
r a d i a t i o n  c o r r e c t i o n  f o r  m o l t e n  n i t r a t e s .

A t  K y o t o  U n i v e r s i t y ,  H a r a d a  a n d  c o w o r k e r s  h a v e  
d o n e  r e s e a r c h e s  o n  m e a s u r e m e n t  m e t h o d  o f  t h e  t h e r m a l  
c o n d u c t i v i t y  o f  m o l t e n  s a l t s  a n d  a l s o  o n  t h e  
c o r r e s p o n d i n g  s t a t e s  c o r r e l a t i o n  o f  t r a n s p o r t  
p r o p e r t i e s .  T h e  t h e r m a l  d i f f u s i v i t y  o f  n i t r a t e s  a n d  
a l k a l i  h a l i d e  w e r e  m e a s u r e d  b y  t h e  m o d i f i e d  l a s e r  
f l a s h  m e t h o d ! 9 ] .  A  m e t a l  d i s k  o n  t h e  f l u i d  l a y e r  was  
h e a t e d  b y  a r u b y  l a s e r  a s  a  f l a s h  s o u r c e .  I n  t h e  
c o r r e s p o n d i n g  s t a t e s  c o r r e l a t i o n ,  H a r a d a  a n d  
c o w o r k e r s  s h o w e d  t h a t  t h e  e l e c t r i c a l  c o n d u c t i v i t y ,  
t h e  v i s c o s i t y  a n d  t h e  s e l f  d i f f u s i o n  c o e f f i c i e n t  o f  
a  w i d e  v a r i e t y  o f  m o l t e n  s a l t s  c a n  b e  c o r r e l a t e d  i n  
a  g e n e r a l i z e d  e q u a t i o n  b a s e d  o n  t h e  c h a r a c t e r i s t i c  
m a s s .  I n  t h e  c a s e  o f  t h e  v i s c o s i t y ,  a l l  t h e  
e x p e r i m e n t a l  d a t a  o f  17 s a l t s  w e r e  e x p r e s s e d  b y  
t h e i r  c o r r e l a t i o n  w i t h i n  t h e  r o o t - m e a n - s q u a r e  e r r o r  
o f  1 1 96.

R E S U L T S  ON THERMODYNAMIC P R O P E R T I E S

T h e  s p e c i f i c  h e a t  a n d  t h e  h e a t  o f  f u s i o n  w e r e  
s t u d i e d  b y  K o b a y a s i ,  T a k a n o  a n d  c o w o r k e r s  a t  T o y o t a  
T e c h n o l o g i c a l  I n s t i t u t e  u s i n g  a  d i f f e r e n t i a l  
c a l o r i m e t e r [ 1 1] .  T h e i r  i n t e r e s t  i s  o n  s a l t s  p r o p o s e d  
f o r  t h e r m a l  e n e r g y  s t o r a g e .  M e a s u r e m e n t s  w e r e  
c a r r i e d  o u t  o n  c a r b o n a t e s ,  s u l f a t e s ,  c h l o r i d e s  a n d  
t h e i r  b i n a r y  a n d  t e r n a r y  m i x t u r e s .  A n  e x a m p l e  o f  
s p e c i f i c  h e a t  o f  Na 2 C 0 3 -  L i a C 0 3 s y s t e m  i s  s h o w n
i n  F i g u r e  3.

D e n s i t y  o f  a l k a l i  c a r b o n a t e s  w e r e  m e a s u r e d  b y  
A r a k i  a n d  c o w o r k e r s  w i t h  t h e  i n s t r u m e n t  b a s e d  o n  
A r c h i m e d e s  p r i n c i p l e ! 12,13] .  A l t h o u g h  d e n s i t y  d a t a  
a r e  n o r m a l l y  a v a i l a b l e  f o r  m o s t  o f  s u b s t a n c e s  e v e n  
a t  h i g h  t e m p e r a t u r e s ,  o n l y  f e w  a r e  a v a i l a b l e  f o r  
c a b o n a t e s  m i x t u r e s .  F o r  L i  z C 0 3 - K a C 0 3 -
N a 2 C 0 3 s y s t e m ,  t h e  l i n e a r  d e p e n d e n c e  o f  d e n s i t y  o n  
t h e  m o l e  f r a c t i o n  was  c o n f i r m e d .  T h e y  a l s o  m e a s u r e d
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■ the s p e c i f i c  heat.  o f  a l k a l i  c a r b o n a t e s  a n d  t h e i r  
m i x t u r e s  u s i n g  a n  a d i a b a t i c  s c a n n i n g  
c a l o r i m e t e r [ 1 2 , 1 4 ] .

T h e  m e l t i n g  t e m p e r a t u r e  was  m e a s u r e d  b y  F u k u s a k o  
a n d  c o w o r k e r s  a t  H o k k a i d o  U n i v e r s i t y [ 1 5 ] .  F o u r t e e n  
s a m p l e s  w e r e  n e w l y  m e a s u r e d .  V a r i o u s  a f f e c t i n g  
f a c t o r s  s u c h  a s  c o o l i n g  r a t e  a n d  s a m p l e  q u a n t i t y  
w e r e  s t u d i e d .  T h e y  a l s o  o b s e r v e d  s u p e r c o o l  b e h a v i o r  
o f  m o l t e n  s a l t s  w h i c h  w e r e  s e r i o u s  p r o b l e m s  i n  s u c h  
a p p l i c a t i o n s  a s  t h e r m a l  e n e r g y  s t o r a g e  u n i t .

R A D I A T I O N  AND OTHER P R O P E R T I E S

T h e r m a l  r a d i a t i o n  p r o p e r t i e s  w e r e  i n v e s t i g a t e d  b y  
M a k i n o  a n d  c o w o r k e r s  a t  K y o t o  U n i v e r s i t y  [1 6 ,  1 7 ] .  
R e f l e c t a n c e  s p e c t r a  o f  t h e  s a l t  l a y e r  was  m e a s u r e d  
i n  t h e  w a v e l e n g t h  r a n g e  0 . 5  -  1 3 . 0  pi m. T h e  r e s u l t s  
w e r e  t h e n  a n a l y z e d  t o  e v a l u a t e  t h e  s p e c t r a  o f  
r e f r a c t i v e  i n d e x  a n d  a b s o r p t i o n  c o e f f i c i e n t .  
M e a s u r e m e n t s  w e r e  p e r f o r m e d  f o r  n i t r a t e s ,  c h l o r i d e s  
a n d  c a r b o n a t e s .  A n  e x a m p l e  o f  a b s o r p t i o n  c o e f f i c i e n t  
a s  w e l l  a s  r e f r a c t i v e  i n d e x  f o r  c h l o r i d e s  i s  s h o w n  
I n  F i g u r e  4.

T h e  r e f r a c t i v e  i n d e x  was  m e a s u r e d  f o r  m i x t u r e s  
a l s o  a t  T o h o k u  U n i v e r s i t y .  T h e  mi n i mum  d e v i a t i o n  
a n g l e  m e t h o d  w i t h  a t r i a n g l e  c e l l  made o f  q u a r t z  was  
u s e d  f o r  Z n C l - N a C l  b i n a r y  m e l t s  a n d  some o t h e r  
m e l t s [ 1 8 ,  19] .

S t u d i e s  o f  t h e  s u r f a c e  t e n s i o n  o f  m o l t e n  s a l t s  
w e r e  d o n e  a t  T o h o k u  U n i v e r s i t y  a n d  K e i o  U n i v e r s i t y .  
E j i m a  a n d  c o w o r k e r s  a t  T o h o k u  U n i v e r s i t y  u s e d  t h e  
c a p i l l a r y  m e t h o d  f o r  m e a s u r e m e n t  o f  c h l o r i d e s  a n d  
c a r b o n a t e s l 2 0 , 2 1 ] .  T h e  f i n a l  a i m  o f  t h e  s t u d y  b y  
N a g a s h i m a  a n d  c o w o r k e r s  a t  K e i o  U n i v e r s i t y  was  
m e a s u r e m e n t  o f  m o l t e n  s e m i c o n d u c t o r  m a t e r i a l s  w h i c h  
w e r e  v e r y  s e n s i t i v e  t o  m a t e r i a l  o r  g a s  i n  c o n t a c t .  
So t h e y  s e l e c t e d  t h e  s u r f a c e  w a v e  m e t h o d  a n d  some  
c h e c k  m e a s u r e m e n t s  w e r e  made u s i n g  m o l t e n  s a l t s .

T h e  u l t r a s o n i c  v e l o c i t y  a n d  t h e  a b s o r p t i o n  
c o e f f i c i e n t  o f  m o l t e n  s a l t s  w e r e  m e a s u r e d  b y  m ean s  
o f  t h e  p u l s e  m e t h o d  a n d  t h e  h y p e r s o n i c  v e l o c i t y  w as  
m e a s u r e d  b y  m e a n s  o f  B r i l l o u i n  s c a t t e r i n g  
s p e c t r o s c o p y  b y  E j i m a  a n d  c o w o r k e r s  [ 4 , 5 ] .  I n  
a d d i t i o n  t o  t h e  b u l k  v i s c o s i t y  d e s c r i b e d  e a r l i e r ,  
o t h e r  t h e r m o d y n a m i c  p r o p e r t i e s  s u c h  a s  t h e  
c o m p r e s s i b i 1 i t y  a n d  t h e  i n t e r n a l  p r e s s u r e  w e r e  
d e r i v e d .
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STU DY  OF C O N V E C T I O N  CONTROL

C o n v e c t i o n  i n  t h e  f l u i d  l a y e r  i s  o n e  o f  t h e  m o s t  
s e r i o u s  e r r o r  s o u r c e s  i n  m e a s u r e m e n t  o f  t r a n s p o r t  
p r o p e r t i e s  o f  f l u i d s ,  n a m e l y  c o n v e c t i o n  h e a t  l o s s  
i n  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  a n d  s e c o n d a r y  
f l o w  e f f e c t  i n  v i s c o s i t y  m e a s u r e m e n t .  T h e y  a r e  m o r e  
s i g n i f i c a n t  a t  h i g h e r  t e m p e r a t u r e s .  F u r t h e r m o r e ,  i n  
t h e  c a s e  o f  s i n g l e  c r y s t a l  f o r m a t i o n ,  c o n v e c t i o n  i n  
t h e  m e l t  a f f e c t s  t h e  q u a l i t y  o f  t h e  p r o d u c t .  I n  t h e  
p r e s e n t  r e s e a r c h  p r o j e c t ,  a s t u d y  o f  c o n v e c t i o n  
c o n t r o l  f o r  h i g h  t e m p e r a t u r e  m e l t s  was  i n c l u d e d .  
O z o e  a n d  c o w o r k e r s  a t  K y u s h u  U n i v e r s i t y  s t u d i e d  t h e  
e f f e c t  o f  m a g n e t i c  f i e l d  o n  c o n v e c t i o n  [ 2 2 - 2 4 ] .  
N u m e r i c a l  c a l c u l a t i o n s  w e r e  p e r f o r m e d  o n  l i q u i d  
m e t a l s  a n d  t h e y  g a v e  i n f o r m a t i o n s  a l s o  f o r  m o l t e n  
s a l t s .  One  o f  t h e  r e s u l t s  a r e  g i v e n  a s  F i g u r e  5 
w h i c h  s h o w s  c h a n g e  o f  f l o w  p a t t e r n  i n  a  v e r t i c a l  
f l u i d  l a y e r  d u e  t o  c h a n g e  o f  m a g n e t i c  f i e l d .

CO NC LUD IN G REMARKS

I n  t h e  p a s t ,  h i g h  t e m p e r a t u r e  m e l t s  m e a n t  m e t a l  
s l u g s  a n d  l i q u i d  m e t a l s  f o r  m e t a l l u r g y  a n d  s t e e l  
p r o d u c t i o n ,  o r  m o l t e n  s a l t s  f o r  a l u m i n u m  p r o d u c t i o n .  
H o w e v e r ,  now much m o r e  i n t e r e s t  i s  o n  m o l t e n  
s e m i c o n d u c t o r  m a t e r i a l s ,  h e a t  s t o r a g e  m a t e r i a l s  a n d  
s o  o n .  T h e r e  a r e  o n l y  f e w  r e l i a b l e  i n f o r m a t i o n s  o n  
t h e r m o p h y s i c a l  p r o p e r t i e s  o f  t h e s e  s u b s t a n c e s .  A s  
sh o w n  f o r  t h e  t h e r m a l  c o n d u c t i v i t y ,  many  o f
e x p e r i m e n t a l  d a t a  p u b l i s h e d  i n  1 9 6 0 - 1 9 7 0  a r e  n o t
r e l i a b l e  a n d  new m e a s u r e m e n t s  a r e  s t r o n g l y  n e e d e d .  
A s  p r e v i o u s l y  d o n e  f o r  m o l t e n  s a l t s  b y  J a n z  a n d  
c o w o r k e r s ,  i n t e r n a t i o n a l  e f f o r t s  b y  e x p e r t s  a r e  
n e e d e d ,  e s p e c i a l l y  f o r  c r e a t i o n  o f  i n t e r n a t i o n a l l y  
a g r e e a b l e  d a t a b a s e s .
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THE TEMPERATURE DEPENDENCE OF THE 
THERMAL CONDUCTIVITY OF MOLTEN SALTS

Y u ji N agasaka and A k ira  Nagashima

D epartm ent o f  M echan ica l E n g in e e r in g  
K eio U n iv e r s i ty ,  H iy o sh i, Yokohama 223 JAPAN

ABSTRACT

By u s in g  n ew ly  d e v e lo p e d  t r a n s i e n t  m e th o d s , nam ely  t r a n s i e n t  
h o t-w ire  m eth o d  w ith  c e ra m ic -c o a te d  p ro b e  a n d  fo rc e d  
R a y le ig h  s c a t t e r in g  m eth o d , th e  th e rm a l c o n d u c t iv i t ie s  of tw o 
m olten  n i t r a t e s  (NaN03 a n d  KN03 u p  to  a b o u t  440 °C) a n d  fiv e  
m olten  a lk a li m eta l c h lo r id e s  (LiCl, NaCl, KC1, RbCl a n d  CsCl u p  
to  a b o u t  1200 °C) h a v e  b e e n  d e te rm in e d . T he p r e s e n t  th e rm a l 
c o n d u c t iv i ty  r e s u l t s  show  a  w eak  n e g a tiv e  t e m p e ra tu r e  
d e p e n d e n c e  a n d  o n e  of th e  sm a lle s t  v a lu e s  am ong o th e r  
p r e v io u s  d a ta  o b ta in e d  by  s t e a d y - s ta te  m eth o d s; th e  d if f e re n c e  
is  a  f a c to r  o f f o u r  a t  m ost.

INTRODUCTION

R eliab le  d a ta  fo r  th e  th e rm a l c o n d u c t iv i ty  o f m olten  s a l ts  a r e  r e q u i r e d  fo r  
th e  th e rm a l d e s ig n  of l a t e n t - h e a t  th e rm a l s to r a g e  s y s te m , m olten  s a l t  fu e l 
c e ll a n d  so  on . H ow ever, t h e r e  h a v e  b e e n  a  v e r y  lim ited  n u m b e r o f 
e x p e r im e n ta l  s tu d ie s ,  w ith  d is c r e p a n c ie s  o f te n  f a r  b e y o n d  th e i r  c la im ed  
a c c u ra c y .  I t  seem s q u i te  d i f f ic u l t  to  ju d g e  w h ich  d a ta  a r e  re lia b le  from  
th e  e x p e r im e n ta l  r e s u l t s  s c a t t e r in g  b y  a f a c to r  o f tw o to  fo u r .  We e v e n  
do  n o t  know  th e  t e m p e ra tu r e  d e p e n d e n c e  of th e  th e rm a l c o n d u c t iv i ty  of 
m olten  s a l ts .  T h is  is  m ain ly  d u e  to  th e  f a c t  t h a t  th e  th e rm a l c o n d u c t iv i ty  
m e a su re m e n t of m olten  s a l ts  is  v e r y  in t r i c a te ,  ow ing  to  t h e i r  c o r ro s iv e n e s s  
a n d  h ig h  m eltin g  te m p e ra tu r e s .  M o reo v er, b y  u s in g  c o n v e n tio n a l  m e th o d s  
s u c h  a s  th e  s t e a d y - s ta te  c o n c e n tr i c - c y l in d e r  a n d  th e  p a ra l le l  p la te , i t  is  
e x tre m e ly  d if f ic u l t  to  av o id  th e  e f f e c ts  o f n a tu r a l  c o n v e c tio n  a n d  r a d ia t io n  
w h ich  c o n s id e r a b ly  in c re a s e  th e  a p p a r e n t  m e a su re d  th e rm a l c o n d u c t iv i ty  
u n d e r  h ig h  t e m p e ra tu r e  c o n d it io n s .

In  o r d e r  to  o v e rco m e  a b o v e -m e n tio n e d  p ro b le m s on  th e  m e a su r in g  
t e c h n iq u e s  fo r  th e  th e rm a l c o n d u c t iv i ty  o f m olten  s a l ts ,  we r e c e n t ly  h a v e  
d e v e lo p e d  tw o new  m eth o d s: th e  t r a n s ie n t  h o t-w ire  m ethod  w ith  c e ra m ic -  
c o a te d  p r o b e s  a n d  th e  fo rc e d  R ay le ig h  s c a t t e r in g  m eth o d . E m ploying  
th e s e  m e th o d s , we h a v e  o b ta in e d  th e  r e s u l t s  fo r  tw o m o lten  n i t r a t e s  (NaN03 
a n d  KN03) a n d  f iv e  m olten  a lk a l i  m etal c h lo r id e s  (LiCl, NaCl, KC1, RbCl a n d  
CsCl). All th e s e  th e rm a l c o n d u c t iv i ty  r e s u l t s  do n o t  e x h ib it  a  p o s i t iv e  
t e m p e ra tu r e  d e p e n d e n c e  a s  p r e v io u s ly  b e lie v e d  b u t  a  w eak  n e g a t iv e  
d e p e n d e n c e  lik e  o th e r  common l iq u id s .
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EXPERIMENTAL

Transient hot-wire method with ceramic-coated probe:
The most valuable feature of the transient hot-wire method when applied 
to fluids is its capability to experimentally eliminate the convective error 
; this is a great advantage, especially for high-temperature conditions. 
In order to apply this method to molten salts, however, a bare metallic wire 
has to be insulated. We have developed ceramic-coated probes which can 
be appropriate up to about 440 °C (1,2). It has to be noted that the most 
essential element of the present apparatus is an insulated probe which 
possesses enough electrical resistivity in corrosive atmosphere at high 
temperature. It is therefore very important what kind of insulation 
materials are used and also which insulation techniques are applied both 
on thin metallic wire and thick struts which are electrical leads at the 
same time.

Figure 1 illustrates the present ceramic-coated probe and the cross- 
sectional view of the insulated strut which has been developed through 
many trials and errors. The construction of the probe is as follows. 
Titanium rods (<|> 3 mm) (6) coated with plasma sprayed A120 3 of thickness
0.2 to 0.4 m m  (7) and with protective layer (8) are fastened to the ceramic 
disc (3) by means of titanium screw (1). The reason for using titanium as 
a strut material is that the thermal expansion coefficient of titanium is 
very close to that of platinum (which is a material for wire) thus we can 
avoid slacking or tightening of the wire during the course of temperature 
cycles. The electrical resistivity of the insulated struts is high enough 
by employing high purity (99.9 %) small particles (16 p,m) of Al20 3 for 
plasma spray. The thickness of the plasma-sprayed layer is chosen so as 
not to make any cracks at high temperatures. Furthermore, in order to 
fill small pores in the sprayed layer, Si-Ti-C-0 ceramic paint (Ube : 
Tyranno coat) is used as extra protective layer (thickness is 0.2 to 0.3 
mm). These insulating materials and insulating techniques were chosen 
by examining their heat-resisting properties and insulating resistance in 
molten salts at high temperatures. The thin platinum hot-wire (<l> 30 p,m) 
(5) is insulated also by A120 3 produced with the aid of ion plating. The 
coyering ability of ion plating is excellent with fine structure and the 
layer thus produced sticks tightly enough on the wire. After assembling 
the probe with insulated struts, a bare platinum wire is spot welded to the 
struts whose insulation layer at the ends are removed with diamond-cutter. 
Then the entire probe is brought into the ion plating chamber. It took 
six hours to produce ion plating coating layer of about 4 |im thickness.

The experimental apparatus is 'shown in Fig. 2. The main part of this 
apparatus was previously developed (3). All data acquisition and 
instrument control can be performed using a computer (HP-9000 model 310) 
communicating via the IEEE-488 interface. In order to apply this apparatus 
to molten salts, the sampling period of a digital voltmeter (Advantest : TR- 
6861) was improved to be much shorter (25 ms). The temperature of the 
electric furnace is controlled by three separate heaters. Upper and lower 
heaters are used to keep a temperature gradient preventing initial natural 
convection in the sample. Also a sheathed heater (1) is attached above
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the probe to reduce the heat loss through the leads. A sample container 
(4) is made of high purity alumina (SSA-S) in order to avoid unexpected 
electrical combinations with the molten salts. The temperature of the sample 
is measured with the aid of a sheathed thermocouple (3)(<|> 1.6 Type K) 
inserted into a alumina tube. The thermocouple was calibrated with a 
standard resistance thermometer on IPTS-68 from about 100 °C - 200 °C 
and with three fixed points, namely, tin (231.968° C), zinc (419.5S°C) and 
aluminum (660.40° C).

Forced Rayleigh scattering method:
The forced Rayleigh scattering method is a contact-free optical technique 
for the thermal diffusivity measurement. The distinguishing features of 
this method are summarized as follows. (1) The method has an advantage 
in the case when it is difficult to insert sensors in a sample such as high- 
temperature corrosive melts because of its basic feature of contact-free 
measurement. (2) The influence of natural convection is negligible, since 
the measuring time is very short (typically within 1 ms). (3) The
temperature rise during measurement is very small (less than 0.1 K), thus 
the error due to radiation may not be significant even at high 
temperatures. (4) A sample volume of only a few cubic millimeters is 
required, which is also advantageous at high temperatures. The detailed 
theory and apparatus have been described elsewhere (4-8).

Figure 3 displays the present experimental apparatus. The heating laser 
is a single-mode argon-ion laser (wavelength : 514.5 nm, 1.8 W) and its 
continuous light is chopped by a rotating mechanical chopper into a short 
pulse. The heating pulse duration time can be changed from 40 to 1200 
|is. The heating lasers, divided into two beams of equal intensity by 
means of a beam splitter, intersect in the sample to produce interference 
pattern. A He-Ne laser (wavelength : 632.8 nm, 5 mW) is employed for 
probing the relaxation of the temperature distribution. The first order 
diffracted beam is detected by a photomultiplier through a pinhole of 500 
|im diameter and an interference filter. The output from photomultiplier 
is recorded by a digital memory (12 bits, sampling time : 5 p,s) and is 
transferred to a computer.

A sample cell is made of two quartz glasses (15 m m  x 18 m m  thickness 1 
mm) with spacers. The thickness of the sample layer is fixed about 1 m m  
by employing quartz glass spacers which are welded onto cell walls with 
the aid of a micro-torch. The amount of sample needed for this cell is only 
0.2 - 0.3 grams. An infrared furnace is utilized for the measurement at 
high temperatures because it readily heats up small amount sample and also 
ensures the optical path of the laser beams. It is to be noted that the 
surface of cell wall is painted by a high emissivity coating excluding the 
laser spot area in order to secure enough absorption of infrared light from 
the furnace. The temperature is measured by a thermo-couple (Type K) 
enclosed in a cell holder, since it is difficult to insert the thermo-couple 
directly into the sample Thus the accuracy of the temperature is 
estimated to be ±15°C, which is not so inferior taking into account the 
weak temperature dependence of the thermal diffusivity of molten salts.
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Finally, the grating period is determined by means of a CCD image sensor 
which has been written in Ref. 6.

RESULTS

Molten nitrates:
The results for molten NaN03 and KN03 are compared with earlier works in 
Figs. 4 and 5, respectively. The measurements have been performed with 
the aid of the transient hot-wire method with ceramic-coated probes 
(1,2). The results have an estimated accuracy of ±3%. In these figures, 
the references of earlier works are omitted for the sake of space. In the 
case of NaN03, the present results agree with the data of Omotani e t a l. 
obtained by the liquid-metal-probe transient hot-wire method near melting 
point. The results of Bloom e t  a l. , White and Davis, and McDonald and 
Davis, measured by the steady-state concentric cylinder method, are about 
5% to 10% higher at the melting point and show a positive temperature 
dependence of the thermal conductivity. However, the results of Tufeu e t  
aL> obtained by the same method with a thin fluid layer (0.2 mm) to 
minimize the error due to the heat transfer by convection and radiation, 
have a weak negative temperature dependence, and their results agree well 
with the present results within the estimated accuracy. From a comparison 
of the present results with other data, it may be concluded that the past 
experimental data for molten NaN03 and KN03, mainly measured by steady- 
state methods, contain systematic errors owing to radiation and convection.

Molten alkali metal chlorides:
Figure 6 shows the present thermal conductivity for molten NaCl derived 
from the measured thermal diffusivity by the forced Rayleigh scattering 
method and the density with the heat capacity (8). The accuracy of the 
thermal conductivity is estimated to be ±8%. It should be particularly 
noted that the previous thermal conductivity values of molten NaCl scatter 
from about 0.4 to 1.5 W/(m-K) and their temperature coefficients are 
considerably large positive values. In contrast, the present results are 
the one of the smallest of all and agree with the data of Golyshev e t a l. 
obtained by the concentric-cylinder method with careful radiation 
correction. Moreover, the temperature dependence of the thermal 
conductivity exhibits a weak negative. We may conclude these significant 
differences attribute to the systematic error caused by radiation and 
convection which become more serious as the temperature goes higher.

Figure 7 displays the thermal conductivity of molten alkali metal chlorides 
measured by the forced Rayleigh scattering method. Again, all of them 
exhibit weak negative temperature dependence and their absolute values 
are smaller than the ones obtained by the steady-state method.
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Figure 1. Ceramic-coated
probe for the transient hot
wire method: 1, titanium screw;
2, drilled hole for thermocouple;
3, ceramic disc; 4, insulated 
strut; 5, insulated platinum 
wire (<J>30 |im); 6, titanium rod 
(<j>3); 7, plasma-sprayed A120 3; 
8, protective layer of painted 
Si-Ti-C-0 ceramic.

Figure 2. Experimental apparatus for the transient hot-wire method: 1, 
sheathed heater: 2, probe; 3, thermocouple; 4, alumina sample container; 5, 
thermocouple for temperature control; 6, radiation shields.
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Figure 4. Thermal conductivity of molten NaN03;--- White and Davis (1967),
----McDonald and Davis (1970),----Santini e t  a l. (1984), 0  McLaughlin
(1964), Q  Bloom e t  a l. (1965), ̂ Gustafsson e t  a l. (1967), 0  Omotani e t  a l. 
(1982), ^7 Tufeu e t  a l. (1985), Present work ; £  probe 1, probe 2,
|  probe 3.
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kno3

Figure 5. Thermal conductivity of molten KN03;----White and Davis (1967),
----McDonald and Davis (1970),----Santini e t  ah (1984), 0  Bloom e t  al,
(1965), A Gustafsson e t a l. (1967), ^  Tufeu e t  ah (1985), Q] Karasawa e t  
ah (1986), Present work ; £  probe 4, A  probe 5.

Figure 6. Thermal conductivity of molten NaCl;--- Bystrai e t  ah (1976),
--- Smirnov e t  ah (1987),-----Fedorov e t ah (1970), ^  Golyshev e t  ah
(1983), 0  Present work.
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Temperature, T / K

Figure 7. Temperature dependence of the thermal conductivity of five 
molten alkali metal chlorides.
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A NEW METHOD FOR DETERMINING SORET COEFFICIENTS 
IN MOLTEN SALTS,EMPLOYING FIBRE-OPTIC SPECTROSCOPY

Trevor R. Griffiths and Nicolas J. Phillips

School of Chemistry, The University of Leeds,
Leeds, LS2 9JT England

ABSTRACT

Soret coefficients are conventionally determined 
electrochemically from concentration measurements at two 
positions in a column of liquid exhibiting a thermal gradient.
These concentration changes with temperature have not 
previously been recorded using absorption spectroscopy 
measurements and Beer’s Law. Such measurements can be 
achieved with a fibre optic spectrophotometer and an 
accurately calibrated thermal gradient furnace, and many 
readings were taken, yielding statistically significant Soret 
coefficient values for Fe(III), Cr(III), and Ni(II) in molten LiCl- 
KC1 eutectic and for Ni(II) in molten Li2S04-Na2S04-K2S04 
eutectic. The results were comparable to those obtained in 
aqueous systems. The necessary precautions are assessed 
and described. The high temperature systems chosen are 
probably the most severe test possible for this new technique 
for determining Soret coefficients.

INTRODUCTION

The Soret effect, the coupling of heat and material transport, is 
observed as diffusion. The presence of a temperature gradient within a 
solution gives rise to thermal diffusion processes such that the 
concentration becomes non-uniform with temperature, with usually the 
cooler regions becoming the more concentrated. This separation develops 
until it is exactly balanced by the thermal diffusion process and the 
system reaches a steady state, referred to as Soret Steady State: thermal 
diffusion is thus exactly balanced by ordinary diffusion. The Soret 
coefficient, a, may be defined as

a = 1 dm (1)
m dT

where m is the molality of the ionic complex, to overcome the effect of 
concentration change with increase in volume, and T is the temperature 
(K). Upon integrating we have
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Thus a plot of In m against temperature will give a straight line of 
gradient a, the Soret coefficient.

The Soret coefficient of a species in solution can be determined, in 
principle, by analysis of the concentration of the species in regions of 
known temperature. Sampling may disturb the system, and so the 
change in concentration is often monitored by following some physical 
property until the Soret Steady State is reached. Such properties include 
change in thermoelectric power, refraction indices or, most commonly, 
electrochemical measurements. Also, because the temperature must be 
known accurately the general practice is to have two containers, carefully 
thermostatted, with the two solutions therein directly linked. The Soret 
coefficient is therefore usually determined from repetitive measurements, 
but only between two fixed temperatures.

Since concentration is directly related to absorbance by the well- 
known Beer-Lambert Law it occured to us that a vertical column of 
liquid, under an applied thermal gradient, could be sampled at many 
temperatures, using a spectrophotometer, to give more statistically 
significant Soret coefficients. Moreover, the measurements would be 
simple and applicable to a wide range of ionic species.

We were interested in obtaining the Soret coefficients of transition 
metal ions in sulphate and chloride melts as part of a study on the hot 
corrosion of stainless steels, and therefore our choice of conditions for 
developing and establishing a new technique for measuring Soret 
coefficients is probably the most testing and severe possible.

An extensive literature survey revealed that Soret coefficients had not 
previously been determined by spectrochemical techniques and the 
application of the Beer-Lambert law. Also almost all previous 
determinations were made between ambient temperatures and 100°C at 
most, the majority employing electrochemical measurements. There were 
no determinations using temperatures below ambient and only two at 
elevated temperatures. Backlund et al (1), using a conventional 
electrochemical cell, measured thermal diffusion in molten binary 
mixtures of silver nitrate with alkali nitrates, obtaining Soret coefficient 
values ranging from 2 x 10'3 to 5.5 x 10'3 K'1. More recently Williams 
and Philbrook (2) used a vertical column held at a known linear 
temperature gradient until a steady state for the distribution had been 
achieved. The melt was then rapidly quenched, and chemically sampled 
at intervals along its length. Using this approach Soret coefficients at 
three silver concentrations were found to range from a minimum of 0.08 
x 103 to 1.03 x 10'3 K 1, but with an estimated error of up to 50% and 
were obtained for Ag-Te solutions previously held molten in the range

oT = -  In m (2)
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899 to 1239 K. The only comprehensive survey of methods employed for 
the determination of Soret coefficients is still that of Tyrell, published in 
1961 (3).

THEORETICAL AND PRACTICAL CONSIDERATIONS

There are some features of our approach which are inherent and 
others which appertain to spectroscopic measurements at temparatures 
of around 1000 K.

(a) The Soret coefficient is defined in terms of molality but the Beer- 
Lambert law employs molarity units: specifically the law states that A  = 
Eel where A is the measured absorbance, 8 the molar absorbance, at the 
wavelength of interest, in dm3 mol'1 cm'1, c the concentration in mol 
dm 3, and l is the path length in cm. In principle a correction factor 
could be applied to absorbance measurements, but if a small temperature 
range is employed, and we have used around 25°C, then the correction 
factor is negligible.

(b) Absorbance spectral profiles can change with temperature change, 
some more than others. Charge transfer to solvent spectra shift and 
broaden, some quite dramatically over a 25°C range, with a consequent 
progressive decrease in peak height with temperature increase (4,5): 
anions such as iodide which exhibit such spectral changes cannot 
therefore be investigated by our technique. Charge transfer bands arising 
from intra-electronic transitions between transition metal ions and ligands 
are much less temperature sensitive, with d-d  transitions even less 
sensitive, and J-f transitions probably almost temperature insensitive: we 
have examined d-d  transitions, recording changes at peak maxima to 
minimise any broadening contiributions, and the charge transfer edge of 
Fe(III). Since this last is a d 5 species, and since its d-d  transitions are 
now all Laporte and spin-forbidden, they are thus of low intensity and 
scarcely discemable on the charge transfer absorption edge.

(c) Normally electronic absorption spectra are recorded through cross- 
sectional areas around 8 x 10 mm. If solutions are to be held in 
standard 1 cm silica cells, themselves in a temperature gradient, then a 
mask must be placed in the light beam in front of the cell. With our 
instrumentation the light beam could be reduced from 10 mm to 1mm 
high and still allow sufficient light throughput so that the 
spectrophotometer could perform within an acceptable response range.

(d) The temperature profile within the solution must be accurately 
known. A common problem for spectrophotometric measurements, 
particularly at high temperatures, is the need for two relatively large 
opposing light ports in the hot zone of a furnace, and hence problems 
with uniform temperature control. Using thermal gradient furnaces, with
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separate heating elements above and below the molten salt sample, does 
not produce a linear (with distance) temperature gradient in the sample. 
The sample must first have its temperature profile accurately mapped 
with a calibrated and preferably miniature, thermocouple.

Other problems and precautions were more specific to the apparatus 
used and the systems examined and will be included in the next section, 
but it may be here concluded that absorbance can replace molality in the 
Soret coefficient eqn. (2) and we can investigate the relationship

In A = -oT (3)

EXPERIMENTAL

Preparation and handling of materials. Chemicals were stored, weighed 
and handled in a drybox maintained at ca. 2 ppm moisture. The eutectic 
LiCl-KCl, mole cation %, Li, 58.5; K, 41.5, (Unichem Ltd) was used 
directly from ampoules. The Li2S0 4-Na2S0 4-K2S04 eutectic (78, 13.5, 8.5 
mole cation % respectively) was prepared by weighing the pre-dried 
sulphates. The chlorides of iron(III), chromium(III) and nickel(II), and 
NiS04, were prepared and dried by standard methods.

Aliquots of these eutectic mixtures, corresponding to a final melt 
volume of 4.5 cm3 were weighed into a standard 1 cm silica optical cell 
to which a neck had been attached (so that it would protrude outside the 
furnace). The cell was sealed before removal from the diybox, and 
subsequently connected to the dried gas supply. The iron, chromium 
and nickel salts were either weighed out into sealed vials for later 
transfer into the molten eutectics, or added with the eutectic mixture in 
the optical cell.

The gas supply. The ingress of atmospheric moisture to the molten 
eutectics was prevented by the slow passage of a dried gas over the melt: 
the velocity of the gas was insufficient to cool or otherwise affect the 
melt. For the chloride melts argon was used, which had been dried over 
self-indicating silica gel and 4A molecular sieve columns, and a synthetic 
flue gas mixture was used for the sulphate melt. This gas was similarly 
dried and its compostion was, by volume, 16% C02, 3% 0 2, 4000 ppm 
S02, balance N2. Some of the S02 was oxidised to S03 by passage over 
a platinised Kaowool catalyst at 400°C, and an average concentration of 
50 ppm S03 was obtained. The S03 was required to prevent the 
decomposition of the sulphate melt, which otherwise occurs above 600°C.

Furnaces. Two types of furnaces were used, one was an isothermal 
furnace and the other a thermal gradient furnace, with separately 
controlled heating elements above and below the optical ports, to create
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the desired temperature gradient in the melts. The former was used in 
the conventional way to record the spectra of the iron, chromium and 
nickel complexes as a function of temperature, to determine the 
temperature range over which any band broadening was insignificant. 
Both types of furnace have been described elsewhere (6,7).

Temperature profile. Our approach demands an accurate knowledge of 
the temperature at all points over which spectra are to be measured. 
The thermal gradient furnace was therefore carefully calibrated. A cell 
containing molten salt was secured in place in the furnace, and the 
furnace in the light beam of the spectrophotometer. A mask with an 8 
x 1 mm aperture was located in the middle of the beam and close to the 
front surface of the cell. The furnace could be raised and lowered 
precisely, via a 1 mm pitch screw thread. A thermocouple was fixed so 
that its tip was in line with the aperture and in contact with the side of 
the cell. A second thermocouple, which had previously been accurately 
calibrated, was placed in a thin silica protective sheath and then in the 
melt so that its tip was in the centre of the light beam. The dried gas 
was also passed slowly over the melt to replicate as far as possible the 
experimental conditions. When thermal equilibrium had been attained, 
and the temperature readings had been constant for at least one hour 
the readings of both thermocouples were recorded, and the furnace 
position raised 3 mm and the process repeated. It was established that 
raising and lowering the furnace to a previous position reproduced the 
previous readings. A calibration plot is shown in Fig. 1.

The calibrated thermocouple was also located at both ends of the 
aperture and nearer and further from the mask and the above procedure 
repeated: there was no lateral thermal gradient within experimental 
error. Spectral determinations of concentration changes could now be 
made. No change in the temperature profile occured during these 
measurements and this was confirmed since the reading from the 
thermo- couple adjacent to the cell was still the same as that at the 
same furnace positions during the calibration.

Spectroscopic measurements. A key-board controlled fibre optic 
spectophotometer was employed (Guided Wave Analyser, Model 200). The 
fibre optic probes were set up either side of the furnace and on an 
optical bench. The single fibres, 0.5 mm diameter, terminated in 
stainless steel sheaths and against a collimating lens, which produced an 
only slightly diverging beam. The masked beam therefore entered the cell 
1.13 mm high and was 1.30 mm high on exiting. The probes were 
placed as close to the hot sample as possible without allowing the tip to 
be overheated, (and thus degrade the fibre coating). The optimum 
alignment was achieved using a supplied computer program which 
indicated the light level received by the detector.

Spectra take around 30 sec to collect, and when thermal equilibrium
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had been attained five spectra were taken and averaged. Reference 
spectra were first recorded at selected positions in the thermal gradient, 
before addition of the transition metal salt. A total of eight baseline 
spectra were always taken, at 3 mm vertical intervals, and from 400 to 
1200 nm at 0.5 nm sampling intervals. Normally this attention to detail 
is not generally required but it does eliminate any unforseen errors, 
including possible minor imperfections in the optical faces of the cell.

Addition of solute. Normally in molten salt spectroscopy, after the 
baseline spectra have been recorded, the transition metal solute is tipped 
carefully into the cell and the cell contents stirred or rocked gently until 
the solute has dissolved. In this work the cell could not be moved as the 
same thermal gradient would not be obtained again, since some of the 
melt would be withdrawn on the stirring rod or left higher up on the 
walls of the cell. Two methods of adding the solute were investigated.

First, the solute was dropped, in the form of a lightly compressed 
pellet, directly on to the surface of the melt. Second, the cell containing 
eutectic only, after the baseline spectra had been taken, was removed 
from the furnace, the melt tipped out, and after cleaning and drying, was 
refilled in the drybox. The anhydrous transition metal salt was first 
weighed into the cell and the same weight of eutectic used for the 
baseline spectra was added. The cell was then sealed and transferred to 
the furnace as before.

The first method is in principle the better but in practice the rate 
of dissolution was too slow, in excess of 48 h, and by the end of the 
experiment the cell windows would be etched, due to the temperatures 
involved. The second method was therefore used. It also has the 
advantage that because the transition metal salt is largely at the bottom 
of the cell initially it diffuses upwards upon dissolving in the eutectic 
melt, and therefore it was possible to monitor this diffusion process 
spectroscopically. For this study it enabled the time when equilibrium 
had been reached to be determined. The method was to record spectra 
at a fixed position some distance above the base of the cell. The upward 
diffusion was seen as a continual increase in the recorded absorbance 
spectra: when the spectra did not increase further in absorbance the 
system was considered at equilibrium. The time taken to attain 
equilibrium was now 10 - 15 h, and thus spectra could be recorded for 
Soret coefficient determinations before any detrimental effects on the 
silica windows occured.

Problems encountered. When salts melt they often contain initially small 
gas bubbles, from the air trapped between the powder particles. These 
generally rise very slowly to the surface, but may need encouraging by 
applying a little vibration to the cell. Thus before finally locating the cell 
(containing molten salt) precisely in the thermal gradient it was inspected
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for absence of bubbles.

When chromium(III) chloride was added to the LiCl-KCl eutectic 
under dried argon the spectrum at first was not stable, and after 20 
minutes had changed from that of the octahedral CrCl6'3 species to that 
of the tetrahedral., species CrCl*.' Further, a comparison of published 
Cr(III) spectra in molten chlorides showed considerable variation (and the 
investigation this engendered will be published elsewhere). This reduction 
is well known in aqueous and alcoholic solutions when a catalytic 
amount of Cr(II) is present. The source of the reductant here must be 
water in CrCl3 or in the argon gas. The CrCl3 was analysed and found 
to contain 11 ppm moisture, which would produce sufficient HC1 to bring 
about complete reduction of the Cr(III). A fresh, dried sample of CrCl3 
gave a stable spectrum, with no evidence of CrCl4a'formation after two 
hours.

However, the bands then began to decrease in height, and after ten 
hours the spectrum of Cr(III) had disappeared: a green precipitate was 
observed at the bottom of the cell, and this was later confirmed by X- 
ray diffraction as Cr20 3. Oxide ions arising from decomposition of the 
silica cell is not feasible thermodynamically, even at the temperatures of 
870-1070 K involved.

Attention was therefore focussed on the oxygen content of the argon, 
reported as 4-10 vpm by the supplier, but calculations showed this 
insufficient to precipitate all the chromium, over a ten hour period, at the 
flow-rate employed. However it is now considered that oxygen had 
permeated through the plastic tubing used.

The problem was finally eliminated by connecting a vacuum pump 
to this cell, and pumping continually during the melting of the eutectic: 
this also rapidly and effectively removed gas bubbles in the melt. After 
two hours the cell was sealed, and a constant check performed during 
the experimental run to ensure that the vacuum was constant. Melts so 
prepared were completely stable for one week and more.

RESULTS

Effect of temperature on spectral profiles. An isothermal furnace was 
employed to record the spectra of Fe(III), Cr(III) and Ni(II) in the LiCl-KCl 
eutectic, and Ni(II)' in the Li2S0 4-Na2S0 4-K2S04 eutectic as a function of 
temperature. Spectra were recorded at regular temperature intervals and 
compared with one another by superimposition and by difference. Small 
variations could be seen between spectra taken around 100°C apart, 
generally some slight band broadening with temperature increase, as 
expected. Careful examination showed that the minimum absorbance 
decrease was around peak maxima, and that over a 25°C range the
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absorbance change is negligible. This range was therefore chosen as the 
maximum for the Soret coefficient determinations. However, for the Fe(III) 
containing solutions, as indicated earlier, the spectral profile consists 
essentially of a charge transfer absorption edge containing very weak 
spin-forbidden bands. This edge was slightly temperature dependent over 
a 25°C range, and therefore Soret coefficient determinations were made 
at two wavelengths. The wavelengths chosen were ones at which spin- 
forbidden peak maxima had been previously identified by fourth derivative 
analysis (8).

Spectral changes across the thermal gradient. Figs 2-5 show the spectra 
recorded for the four systems under investigation in the thermal gradient 
furnace, at 3 mm vertical intervals, after the systems have reached the 
Soret steady state condition. The spectra were recorded first upon 
progressively lowering the furnace in the light beam and then raising it, 
and each pair of spectra were identical within experimental error, 
confirming no disturbance to the thermal equilibrium.

Soret coefficient determinations. Figs 6-9 show plots of ln(absorbance) 
against temperature (eqn. 3) for each of the four systems, and a good 
linear relationship is seen, as now expected. The value of the Soret 
coefficient is obtained from the slope of these plots, and the results, and 
their standard derivations are collected in the Table, together with some 
selected published values. Also as expected the results for the band edge 
studies of Fe(III) have more scatter than those for Cr(III) and Ni(II), 
obtained around peak maxima.

DISCUSSION

An examination of the Table shows that the results obtained here 
are comparable with those found at elevated temperatures, as well as 
those reported for transition metal ions in aqueous solutions. We have 
therefore shown that, with due care and attention to detail, Soret 
coefficients can be obtained from absorption spectra for species around 
900 K. This new technique is therefore viable and has great potential. 
There are however several observations which should be made concerning 
this study and concerning future applications.

(a) Although each Soret coefficient has been determined from eight data 
points, instead of the normal two, much more data are in principle 
available for use. With each spectrum digitised at 0.5 nm intervals there 
are several hundred data points, and hence wavelengths at which Soret 
coefficients may be determined, and with greater precision. Computer 
programs could be written to extract progressively absorbance data from 
a set of spectra at one wavelength; calculate a least squares fit to 
ln(absorbance) against temperature; and prepare a plot like Figs. 6-9. 
A plot of Soret coefficient, with its standard deviation, against wavelength
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would then be expected to be linear and independent of wavelength, but 
to have the largest, and probably unacceptable standard deviations either 
side of peak maxima. Soret coefficients determined this way would thus 
be definitive, compared with the more common approach of making 
concentration measurements at only two temperatures. It was not 
considered appropriate to extend our high temperature data in this way 
but, having established this new method for determining Soret 
coefficients, that it should next be applied to aqueous systems.

(b) The fibre optic spectrophotometer system has certain advantages over 
more conventional spectrophotometers. Normally samples have to be 
enclosed in a light-tight housing, but the optical arrangement of a fibre 
optic spectrophotometer, together with the light collecting properties of 
optical fibres, means that the absorption spectra of samples can be 
recorded in daylight, and hence of hot glowing samples. Molten salt 
spectroscopists have generally used a reversed beam optical system which 
eliminates unwanted light (this is only commercially available on the Cary 
14H spectrophotometer). We initially used this instrument in an attempt 
to determine Soret coefficients, but the optical system required too high 
an aperture in the mask for adequate spectra, and hence the temperature 
of the section examined contained too large a temperature gradient for 
acceptable Soret coefficients. The investigation did however define the 
problems to be overcome, and indicated that Soret coefficients were 
potentially available from absorbance measurements and the Beer- 
Lambert law.

This present study therefore made use of furnaces with large optical 
ports, designed to admit a light beam of standard cross-sectional area for 
use with 1 cm cells. As indicated earlier this necessitated detailed 
assessment and calibration of the temperature profile in the melt. In 
future, furnaces with much smaller optical parts could be used, since 
optical fibre probes fitted with collimating lenses are only a few 
millimeters in diameter. Thus better thermal gradients will be available, 
and if taller cells were used, the maximum usable temperature difference 
could be employed over an extended vertical distance, and larger mask 
apertures (or possible no masks) could be used, all features that would 
make Soret determinations easier and more accurate. In addition, the 
fibre optic spectrophotometer manufactured by Guided Wave now has a 
photo multiplier detector which records absorbance values to the seventh 
decimal place. We have conducted tests which have shown that data are 
reliable to the fifth and probably to the sixth decimal place. 
Conventional spectrophotometers normally are restricted to the fourth 
decimal place. Thus absorbance changes and differences can now be 
resolved to an accuracy more than an order of magnitude better than 
previously.

For making measurements at high temperatures the necessary
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separation between the fibre optic probes (to prevent decomposition of the 
organic coating on the silica fibres, which is required for total internal 
reflection within the fibre walls) means that a photomultiplier detector 
must be used; a silicon detector is not sufficiently sensitive under these 
conditions. However, developments are expected in fibre optic technology 
and that in future alternative heat-resisting coatings may become 
available, and the probes could be located closer to the molten salt 
solution, and silicon detectors employed.

(c) There are fibre optic spectrophotometers commercially available which 
use photodiode array detectors. These instruments could also be used 
for Soret coefficient determinations. They have the advantage that 
spectral scans are more rapid, generally less than one per second, 
compared with around 30 seconds which the Guided Wave Analyser 
needs to record a spectrum. However, speed is not essential when 
measuring a system at equilibrium. Currently photodiode arrays do not 
cover the same spectral range as photomultiplier, silicon and germanium 
detectors, but again developments are expected. Photodiode arrays have 
inherently less resolution than can be obtained with grating instruments, 
though this does not significantly reduce the number of wavelengths at 
which absorbance measurements may be made.

(d) When our results in Table 1 are compared with other published data 
some interesting conclusions may be drawn. Our extensive literature 
survey also revealed that Soret coefficients have been determined for 
atoms, molecules and electrolytes, but not for specific ions. This is 
largely because of the techniques used which, unlike absorption 
spectroscopy, do not specifically focus on only one ionic species, for 
example the emf technique for the thermoelectric power of an electrolytic 
thermocouple (8). However there are points in common.

Soret coefficients are by definition temperature independent, and our 
results are certainly not atypical. Our results were not obtained at the 
highest temperatures employed, which is around 1200 K for molten Ag- 
Te solutions by Williams and Philbrook (2), but they are for concentration 
measurements of the system while hot. Soret coefficients are also often 
reported as appertaining to a particular temperature, but this is the 
mean of the high and low temperatures employed. Thus our results 
could be described as applying to around 878 K.

Soret coefficients, according to the standard definition, eqn. 2, are 
negative, but can be obtained as positive if calculated by other ways. Of 
course, when electrolytes are not considered but, say, two organic 
solvents, then one will have a negative Soret coefficient and the other a 
positive.

We would draw attention to a possible correlation, not remarked
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upon previously. When a series of electrolytes is studied, sometimes a 
trend may be seen. For example, in Table 1 we include the data for a 
series of chlorides in water, reported by Ikeda and Miyoski (9). These 
results are for concentrations of 1 x 10'2 mol'1 dm'3 and a mean 
temperature of 25°C. The datum for LiCl is in brackets because it was 
used as a reference. The data for the other electrolytes appear to 
increase with increasing cation size. The quaternary ammonium ions are 
hydrophobic and hence are not solvated whereas the proton in HC1 in 
these dilute solutions will be solvated and thus effectively much larger 
than its crystallographic radius. When we look at our data for the 
transition metal complexes we can detect a similar trend. For example, 
the octahedral [Ni(S04)3]4' complex ion is larger than the tetrahedral ion 
[NiClJ2', which has a more negative Soret coefficient, and the tetrahedral 
ion [FeClJ', with the central ion at a higher oxidation state, will therefore 
be smaller still, and this ion has an even more negative Soret coefficient.

When we examine the molten nitrate data of Backlund et a l  (1) 
reproduced in Table 1 we would point Qut that these are selected data, 
and that the proposals for the identity of the species present are ours. 
The concentration of the alkali ion is the 10 mole per cent value, except 
for caesium, where the lowest concentration given was 17.5 mole per 
cent. It is reasonable to suppose that these cations, except lithium, have 
an approximately octahedral arrangement of six oxygen atoms 
surrounding them, supplied by three planar nitrate ions in approximately 
the locations expected if they were acting as bidentate ligands: such an 
arrangement is well known for transition metal ions in nitrate melts (10). 
Further, the Soret coefficients are essentially the same at all 
concentrations of alkali metal ion, around 1.3 ± 0.3 x 103 K 1, including 
lithium, except at the 5 and 10 mole per concentrations where they are 
around 5.5 x 10'3 K'1. This leads us to speculate that under these 
conditions the smaller lithium ion has four essentially monodentate 
nitrate ions about itself, and is therefore larger, and thus has a higher 
Soret coefficient. At the higher lithium concentrations there is a greater 
competition for the nitrate ions, the species becomes smaller as the 
cation is less ‘solvated’ and so its Soret coefficient in these mixture drops 
to around 2.2 x 10'3 K 1.

We finally note that the only transition metal salt for which a Soret 
coefficient has been determined is NiCl2 in water at 5 x 10'3 mol'1 dm'3 
at 25°C, with values reported of 2.67 x 10'3 K'1 (11) and 3.20 x 10'3 K'1
(12). These values apply to octahedral [Ni(H20)6]2+ and are numerically 
very close to our values for NiCl42 in molten chloride around 600°C. 
This gives us further confidence in the validity of our data, and 
demonstrates further that Soret coefficients for the other transition metal 
ions can conveniently and accurately be determined in aqueous and other 
room temperature media by our approach.
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CONCLUSION

At this time we content ourselves with pointing out a possible trend 
with the size of the diffusing ion, and which might not be unexpected.

The majority of the data available was recorded in the 60’s and little 
has been published recently. If Soret coefficients can be determined with 
greater precision then the validity or otherwise of this and other trends 
can be established, and their implications examined. We believe that this 
new approach, of measuring Soret coefficients from absorbance data, has 
been shown to work under extreme conditions and now should be applied 
systematically to, in particular, transition metal ions in aqueous and 
other room temperature systems. The improved accuracy thereby 
anticipated to result will permit genuine correlations to emerge.
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Table. A List of Soret Coefficients a

Species Solvent TemperatureWavelength 
Range/K /nm

Soret
Coefficient 
/ 1 0 3K 1

Correlation Reference 
Coefficient

[FeClJ- (Li,K)Cl 867-892 532 -5.45 0.988 (a)

548 -4.80 0.965 (a)

[CrCl6]3' (Li,K)Cl 866-890 555 -5.08 0.995 (a)

800 -4.70 0.994 (a)

[NiClJ2- (Li,K)Cl 866-891 627 -3.15 0.999 (a)

703 -3.91 0.989 (a)

[Ni(S04)3]4- (Li,Na,K)S04 865-890 456 -2.83 0.996 (a)

980 -3.35 0.999 (a)

Low High

[Li(NCy4]3- (LiAg)N03 496 521 5.5±0.7 1

[K(N03)3]2 (K,Ag)N03 537 612 1.4±0.2 1

[Rb(N03)3]2 (Rb,Ag)N03 531 605 1.2±0.1 1

[CslNO^f (CS2Ag)N03 464 564 1.3±0.2 1

Solute

HC1 h2o 290 305 8.95 9

LiCl h 2o 290 305 (-0.01) 9

KC1 h2o 290 305 1.58 9

Me4NCl h 2o 290 305 5.17 9

Et4NCl h2o 290 305 8.61 9

h-Pr4NCl h 2o 290 305 10.91 9

n-Bu4NCl h2o 290 305 13.27 9

NiCl2 H20(b) 290 305 2.67 11

NiCl2 H20(b) (c) 3.20 12

(a), This work, (b), Concentration of NiCl2 was 5 x 103 m ol1 dm 3, (c) No temperature 
range given but Soret coefficient reported at 25°C (298 K). The selected molten 
nitrate data, ref. (1), is for alkali ion concentrations of 10 mole per cent, 
except for caesium where it is for 17.5 mole per cent.

251



REFERENCES

2.

3.

4.

5.

6.
7.

8.
9.

10 . 

11.

12 .

1. V. Backlund, J. Dupuy, S. Gustafsson and A. Lunden, Z. 
Naturforsch., A22, 471 (1967).

R.K. Williams and W.O. Philbrook, J. Electrochem. Soc., 138m 1034
(1981) .

H.J.V. Tyrell, Diffusion and Heat Flux in Liquids, Butterworths. 1961.

T.R. Griffiths and R.H. Wijayanayake, Trans. Faraday Soc., 66, 1563 
(1970).

M.J. Blandamer and M. Fox, Chem. Rev., 70, 59 (1970).

T.R. Griffiths and P.J. Potts, Inorg. Chem., 14, 1039 (1975).

T.R. Griffiths. K. King and d. Mortimer, Power Ind. Res., 2, 79
(1982) .

T. Ikeda and H. Kimura, J. Phys. Chem., 69, 41 (1965).

T. Ikeda and H. Miyoshi. J. Phys. Chem.. 70, 3361 (1966).

C.H. Liu, J. Hasson and G.P. Smith, Inorg. Chem., 7, 2244 (1968).

T. Ikeda. H. Ohe and S. Kawamura, Bull. Chem. Soc. Jap., 41, 2858 
(1968).

C.J. Petit, M. -H. Hwang and J. -L. Lin, Ini. J. Thermophys., 7, 687 
(1986).

TC\F CAL IB'N
630

620

590 0 3 8 9 12 15 18 21 24 27 30
DISTANCE MM

Figure 1. Plot of temperature against distance in an optical 
silica cell containing molten salt in the thermal gradient furnace, 
showing the thermal profile obtaining therein.
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WAVELENGTH/n m
Figure 2. Charge transfer absorption edge for Fe(III) in molten 
LiCl-KCl eutectic recorded at different positions within the 
thermal gradient when the system was at the Soret Steady State.

WAVELENGTH/nm
Figure 3. Ligand field spectrum of Cr(III) in molten LiCl-KCl 
eutectic recorded at different positions within the thermal 
gradient when the system w as at the Soret Steady State.
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Figure 4. Ligand field spectrum of Ni(II) in molten LiCl-Kcl 
eutectic recorded at different positions within the thermal 
gradient when the system was at the Soret Steady State.

WAVELENGTH/nm
Figure 5. Ligand field spectrum of Ni(II) in molten L i,S 0 4- 
Na2S 0 4-K2S 0 4 eutectic recorded at different positions within the 
thermal gradient when the system was at the Soret Steady State.
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Figure 6. Plot of ln(absorbance) at 539 and 549 nm against 
temperature from the spectra in Figure 2. Slope of the least 
square linear fit to the data is the Soret coefficient. The 
goodness of fit is indicated by the correlation coefficient.

IFHI’EHA TUflE "C

Figure 7. Plot of ln(absorbance) at 555 and 800 nm against 
temperature from the spectra in Figure 3. Slope of the least 
squares linear fit to the data is the Soret coefficient. The 
goodness of fit is indicated by the correlation coefficient.
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Figure 8. Plot of In(absorbance) at 6 27 and 703 nm against 
temperature from the spectra in Figures 4. Slope of the least 
squares linear fit to the data is the Soret coefficient. The 
goodness of fit is indicated by the correlation coefficient.

Figure 9. Plot of ln(absorbance) at 456  and 980 nm against 
temperature from the spectra in Figure 5. Slope of the least 
square linear fit to the data in the Soret coefficient. The 
goodness of fit is indicated by the correlation coefficient.
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THE FREE ENERGY OF FORMATION OF CeF3,
AND ITS ACTIVITY COEFFICIENT IN CRYOLITE.

Ernest W. Dewing and Paul Desclaux

Alcan International Laboratory,
P.O. Box 8400, Kingston, Ont., Canada, K7L 5L9.

Alcan International Laboratory,
P.O. Box 1250, Jonquiere, Que., Canada, G7S 4K8.

ABSTRACT

Measurements were made of the equilibrium:

Al(l) + CeF3(s) = A1F3(s) + Ce (Al)

from which AfH°29g of CeF3 = -1701 kJ mol'1. Values of the partition 
coefficient of Ce between Al and molten cryolite then give activity coefficients 
of CeF3 in solution. These activity coefficients decrease as the NaF/AlF3 ratio 
is raised, showing acid behaviour of CeFr  It appears to dissolve mainly in 
the form of Na2CeF5.

INTRODUCTION

A recent paper by Walker, Kinoph, and Saha(l) has given some details of the 
chemistry of the deposition of solid CeO on oxygen-evolving anodes in cryolite melts 
containing dissolved cerium compounds. The phenomenon was first observed by workers 
at ELTECH Electrosearch(2), and has led to a patent(3), since the coatings of cerium oxide 
may have applications in dimensionally-stable anode technology. The present work arose 
from a joint program between ELTECH and ALCAN, and is intended to develop some of the 
thermodynamic quantities involved.

Measurements have been made of the equilibrium

Al(l) + CeF3(s) = A1F3(s) + Ce(Al) (1)

with the two fluorides and the aluminum present at essentially unit activity; with literature 
data on the activity coefficient of Ce in Al ( yCe) the standard free energy of formation of CeF3 
is established. Data on the partition coefficient of Ce between Al and cryolite melts then 
yields values for the activity coefficient of CeF3 in the molten salt.
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THE ACTIVITY COEFFICIENT OF Ce IN A1

The data from which the activity coefficient of Ce in A1 is derived were obtained by 
Kober et al.(4). An analysis, differing in some details from theirs, is being published 
elsewhere(5), and leads to

log10 yCe = -11 356/T + 4.261 (2)

T H E  F R E E  E N E R G Y  O F  F O R M A T I O N  O F  C e F ^

To measure equilibrium (1), 5 g samples of super-pure A1 were put in closed graphite 
crucibles with 5 g of a cryolite - A1F3 - CeF3 mixture of overall composition NaF.2AlF3.CeF3. 
At the temperatures used, this mixture forms a liquid phase, which facilitates mass-transfer, 
but remains saturated with solid A1F3 and solid CeF3. After holding at temperature for about 
1 h, the crucibles were lifted from the furnace and chilled by standing on a cold surface.

XRD analysis of the salt phase showed, as expected, chiolite (5NaF.3AlF3), A1F3, and 
CeF3. The metal was cleaned of adhering salt, and analyzed for Ce with an Inductively- 
Coupled Plasma atomic-absorption apparatus.

The results are shown in Table 1. It can be seen that the agreement of duplicates is 
excellent. With the values of yCe from equation (2) the activity of Ce is calculated, and, since 
Al, CeF3, and A1F3, are all present at essentially unit activity, values of AG follow.

By means of a third-law calculation, each value of AG can be converted to a value of 
AfH°29g CeF3. The thermodynamic functions for Al and A1F3 are taken from the JANAF 
Tables(6), for Ce from Hultgren et al.(7> and the standard entropy and high-temperature 
enthalpy capacity of CeF3 from King and Christensen(8). The mean value of AfH°298 CeF3 
is -1701.4 kJ m ol1, with a standard deviation of ±4.6 kJ mol-1.

In itself, this mean value of AjH0 CeF3 is very satisfactory. Johnson et al.(9) have 
determined, by fluorine-bomb calorimetry, values of -1699.5 ± 2.0 kJ mol-1 for LaF3 and - 
1689.1 ± 2.6 kJ mol-1 for PrF3; CeF3 lies between them in the periodic table, and should be 
very similar. Moreover, Kholokhonova and Rezukhina(lO) have measured essentially zero 
emf for the cell

La + LaF3ICaF2l CeF3 + Ce

at 850 - 960 K, so that the supposition that CeF3 should be very close in properties to LaF3 
seems verified. (Earlier work on the enthalpy of formation of the rare-earth trifluorides has 
been reviewed by Johnson et al.(9).) The only disconcerting circumstance is the obvious
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trend with measurement temperature of the values of AfH°29g CeF3 shown in Table 1. If it 
were caused simply by a wrong entropy, then the mean value would also be wrong. No 
explanation can be offered.

With the mean value of AH0 from Table 1, the free energy for reaction (1) can be
written

AG°= 183 360+ 19.456 T J  (3)

THE ACTIVITY COEFFICIENT OF CeF3 IN CRYOLITE

When cerium is added to a system consisting of a molten NaF - A1F3 mixture and 
molten Al, it partitions itself between the two phases. The equilibrium constant for reaction
(1), when the A1F3 and CeF3 are no longer at unit activity, is

K:
ĈeFv y

A1F„ . Nr *V CeF,
Ce | Jce, 

- F3^CeF,, (4)

(The Al is essentially at unit activity, and is omitted.) K is determined from equation (3), the 
activity of A1F3 is taken from a recent review of the thermodynamics of the binary NaF - 
A1F3 system(l 1), together with a correction for the effect of dissolved Al20 3((12), and see 

Discussion below), yCe comes from equation (2), and the weight partition coefficient yields 
(NCe /NCe F ). The only quantity not known is ĈeF- , and it can be calculated with respect 
to either a sblid or a liquid standard state, since the free energy of fusion is available(8). In 
the following discussion the liquid standard state is taken.

Figures 1 and 2 show, respectively, the partition coefficients and the activity 
coefficients calculated from them. Some values are taken from Walker, Kinoph, and 
Saha(l). All the data came from tests in which Ce02 was deposited anodically on an inert 
substrate from a cryolite bath; the bath and cathode metal pool were sampled and analyzed 
for Ce. Walker et al., report values at the end of a 10 h run; only values beyond 48 h have 
been used from our work. Our cathode pool was larger, and took longer to come to 
equilibrium. Nominal temperature was 1250 K (977C), although it was not closely 
controlled in any of the work. The partition coefficients are weight ratios (Ce in Al)/(Ce in 
cryolite). Concentration of CeF3 in cryolite is calculated as mol fraction, based on NaF, A1F3, 
1/3 A120 3, and CeF3 as constituents. The small quantity of CaF2 present in some melts is 
ignored.
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DISCUSSION

The symbols in Figure 1 distinguish between melts with a low (2-5 wt%) and a high 
(5-8 wt%) alumina content. (Melts for which the A120 3 content was determined to be >8% 
were considered to be saturated, and the level was taken as 8%.) Within the scatter of the data, 
alumina content does not seem to influence the partition coefficient, and neither does ratio, 
contrary to the expectation of Walker et al. The reason will be discussed below. The mean 
coefficient is 7.7 ± 1.5 (standard deviation).

Figure 2 shows that, unlike the partition coefficient, the activity coefficient is a very 
strong function of ratio. This arises because the activity of A1F3, which enters the calculation, 
is itself a function of ratio. Although a correction for the effect of the A120 3 concentration 
on aA1Fci was applied, there is again no statistically significant effect of alumina concentration 
on YceF (It should be noted that the correction applied is strictly applicable only at a weight 
ratio or 1.5 (molar ratio 3), and in this work weight ratios as low as 0.86 were encountered. 
The magnitude, and even the direction, of the error thereby introduced is unknown.)

It is quite apparent from Figure 2 that CeF3 is, in this system, behaving as an acid, and 
combining with NaF rather than with A1F3. As NaF is added to the melt, YCeF drops. The 
invariance of the partition coefficient arises because the activity coefficients of CeF3 and 
A1F3 respond in the same manner to varying NaF concentrations in the melts. CeF3 is, 
however, a much weaker acid than A1F3. At a weight ratio of 1.4, for example, its activity 
coefficient is around 4, while that of A1F3 is about 3 x 10'3.

One can take speculation further. If CeF3 is forming a complex nNaF.CeF3, and if 
that complex is dissolving ideally (i.e. its activity coefficient is constant), then a plot of log 
YCeF3 against log should have a slope of -n. Figure 3 shows the plot, and it can be 
represented by:

log YCcf3= -(2.27 ± 0.12) log a ^  - (0.66 ± 0.09) (5)

with a standard deviation of ±0.10. The uncertainties given are standard errors.

The value of n of 2.27 ± 0.12 strongly suggests that the predominant complex species 
in the melts is Na2CeF5. This is not surprising, since there is spectroscopic evidence that 
Na2AlF5 is a major species in the NaF - A1F3 binary system(13). The constant in equation 
(5) suggests that YceF3 in dilute solution in NaF at 1250 K should be about 0.2. The liquidi 
in the binary diagram(14) certainly show negative deviations from ideality, but it is not 
possible to make any reliable estimate of YCeF in dilute solution and as a function of 
temperature. All that can be said is that it is probably between 0.01 and 0.1 at 1250 K. 
Agreement is thus qualitative, but not quantitative.

Figure 4 shows a comparison of the activity coefficients in cryolite melts of the
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relatively few substances for which data are available. It is interesting that, at an NaF/AlF3 
ratio of 3, the four solutes investigated have coefficients close to unity.
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TABLE 1
The Equilibrium Al(l) + CeF3(s) = Ce(l) + A1F3(s)

T
K

Ce in A1 
wt% Mean 10\ * yCc AG°

J
AH°

J
A ^ C e F ,

J

977
0.093

0.093
0.093

1.79 4.34 x 10'8 207 790 188 780 -1 706 770

1098
0.100

0.099
0.099

1.92 8.29 x 10'7 205 960 184 600 -1 702 590

1196
0.093

0.095
0.096

1.82 5.83 x 10’6 205 470 182 204 -1 700 200

1288
0.110

0.110
0.110

2.12 2.78 x 10 5 202 920 177 862 -1 695 860
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0 5-8 wt% AI2O3
16 H a 2-5 wt% AI2O3

1 Ref (1) with standard 
T deviation. 8%  AI2O 3

--Mean of all data

1oO ---------------- Q ---------------------------------------------------------------

0.8 1.0 1.2 1.4
wt ratio NaF/AIF3

1 .Partition coefficient of Ce between 
A1 and cryolite melts.

'tceFa 

10 -

O  5-8 W t %  AI2O3 

a 2-5 wt% AI2O3 

}  Ref (1). 8% Al20 3

\

0.8 1.0 1.2 
. wt ratio NaF/AIF3

2.Activity coefficient of CeF3 in 
cryolite melts. (Liquid standard state.)

3.Activity coefficient of CeF3 as a 
function of activity of NaF.

4.Activity coefficients in cryolite 
melts.
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CORRELATIONS BETWEEN STRUCTURE, SPECTRA, AND THERMODYNAMICS 
IN SOLUTIONS OF COBALT CHLORIDE IN SODIUM 
TETRACHLOROALUMINATES.

D a v id  S .  Newman, P e t e r  J .  T u m id a . js k i ,  and M. B l a n d e r .

C h e m ic a l  T e c h n o lo g y  D i v i s i o n  
A rgonne  N a t i o n a l  L a b o r a t o r y  
A rg o n n e ,  I I  60439

ABSTRACT

An EMF t e c h n i q u e  u s in g  the  c e l l  
C0 /C0 C I 2 -N a A lC l*  // (A g C l )*- N a A lC l*  (x f i x e d )/Ag 
was used  to  m easure the  s o l u b i l i t y  o f  C 0 C I 2 i n  N a C l . A l C l 3 
m e l t s .  The cha n g e s  i n  EMF as  a f u n c t i o n  o f  cha n g e s  i n  m e lt  
c o m p o s i t io n  were c o r r e l a t e d  w it h  ch a n g e s  i n  the  U V - V is  
s p e c t r a  o f  th e  d i s s o l v e d  c o b a l t  s p e c i e s .  From these, d a t a  
the  m i c r o s c o p i c  s t r u c t u r a l  c o n t r i b u t i o n s  to  the  m a c r o s c o p ic  
therm o dynam ic  p r o p e r t i e s  o f  th e  s o l u t i o n s  were e s t i m a t e d .

INTRODUCTION

In r e c e n t  y e a r s  o r g a n i c  and i n o r g a n i c  
t e t r a c h l o r o a l u m i n a t e s  have become the f o c a l  p o i n t s  o f  a 
c o n s i d e r a b l e  amount o f  r e s e a r c h . { 1 , 2 , 3 , 4 )  The s o l u t i o n  
c h e m is t r y  o f  th e  c h l o r o a l u m i n a t e s  i s  t h e o r e t i c a l l y  
i n t e r e s t i n g  b e ca u s e  the  therm odynam ic  p r o p e r t i e s  a r e  h i g h l y  
d e p e n d e n t  on c o m p o s i t i o n .  In a d d i t i o n  t h e r e  i s  th e  
p o t e n t i a l  to  g e n e r a t e  p r a c t i c a l  a p p l i c a t i o n s  i n  the a r e a s  
o f  e n e rg y  s t o r a g e  b a t t e r i e s , ( 5 , 6 )  c o a l  l i q u e f a c t i o n ,  and  
c o a l  d e s u l f u r i z t i o n . ( 7 )

Sodium t e t r a c h l o r o a l u m i n a t e  ( N a C l - A l C l 3 ) may be v ie w e d  
as  th e  p r o t o t y p e  f o r  t h e s e  m e l t s ;  th e  50% -  50% m ix t u r e  i s  
b e s t  d e s c r i b e d  as  a h i g h l y  o r d e r e d  l i q u i d , (8) c o n s i s t i n g  o f  
Na4 and A l C l i "  i o n s .  I t  i s  w e l l  known t h a t  th e  
t e t r a c h l o r o a l u m i n a t e  syste m  d i s p r o p o r t i o n a t e s  o n ly  
s l i g h t l y . ( 9 )  V a lu e s  f o r  th e  d i s p r o p o r t i o n a t i o n  c o n s t a n t :

2A1C14- = C l -  + A I 2 C I 7 - [1]

v a r y  from  1 .06  x 1 0 -7 a t  175°C t o  5 .8 3  x 10-« a t  3 5 5 ° C .( 1 0 )

An a c i d  -  b a se  c h e m i s t r y  f o r  th e s e  m e l t s  a r i s e s  by  
c o n s i d e r i n g  th e  50% - 50% m ix t u r e  a s  n e u t r a l ,  a s o l u t i o n  
w it h  more th a n  50% A I C I 3 as  a c i d i c  and a s o l u t i o n  w it h  l e s s
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than 50% AICI3 as basic. In the acidic melts, up to 66.6% 
AICI3 , the dominant anionic species are AlCli* and AI2CI7” 
while in the basic melts they are Cl- and A1C1«“ . In 
addition, the liquid's topological order decreases as the 
composition varies in either the acidic or basic direction 
from the neutral point.

Topological order may be defined as follows. Designating 
Na* as A, Al+3 as B, and Cl* as C, a pure NaAlCl4 melt can 
be described topologically in one dimension as 
. . . A - C - B - C - A - C - B - C  ... and coulombically as

+ - + - + -  ...., where Na* = f and AlCli" = -• When 
some excess NaCl is added, for example, we have an excess 
of A and C so that the c.oulombic order ( ...+ - + - ..) is
preserved, but not the topological order. A particular 
sample of the liquid might be . . . A - C - A - C - B - C - A  
-C ... which is of lower topological order than ... A - C- 
B- C -A- C- B- C where the A-C-B-C unit is repeated 
endlessly. From this it can be deduced that the degree of 
topological order at the 50 - 50 m% composition is larger 
the smaller the value of the disproportionation constant 
for Eq. [11. For NaAlCl4 (and undoubtedly for almost all 
other ordered liquids), topological ordering decreases with 
an increase in temperature.

Since the rate? of change in order is large at the 
neutral point (because of the very small disproportionation 
constant), a striking minimum in the solubility of metal 
chlorides and maximum in solute activity coefficients occur 
at, or near, this c o m position.(8) Both the chemical and 
spectroscopic properties of an appropriate solute should 
reflect this change in order as a function of composition. 
Moreover, since the solubility is a thermodynamic property 
which to a great extent reflects the magnitude of the 
disproportionation constant and the ordering, there is the 
possibility" of an unambiguous correlation of topological 
ordering with spectroscopic and thermodynamic properties.

Cobalt chloride was chosen as the probe molecule in 
this preliminary study since its spectra in a similar salt, 
KCI.AICI3 , are well known (12) and its solubility in 
NaAlCl4 has recently been directly measured by an 
analytical technique in which aliquots of the saturated 
melts are removed and Na, Co, and A1 contents measured by 
inductively coupled plasma atomic emission spectroscopy 
(ICP - A ES).(8) These data, in effect, serve to calibrate 
the simpler EMF measurements.

E X P E R I M E N T A L  D E T A I L S
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Polarograph i c grade NaAlCl4 and AIC I3 were obtained from 
Anderson Physics Laboratory (Urbana II).

The electrochemical cell used in our experiments is a Co 
- Ag Galvanic cell which can be described schematically

Co/ C0CI2 - NaAlCl* // (AgCl)x - NaAlCl4 (X fixed) /Ag 
asbestos 
diaphragm

The anodic and cathodic cell compartments were separated 
by an asbestos diaphragm scaled into pyrex glass as 
described p r eviously.(11) The fibers allow electrical 
contact, but minimal mass diffusion. Junction potentials 
were minimized by using dilute solutions of C0CI2 and AgCl 
on either side of the diaphragm. The reference electrode 
composition was fixed at X = 1 . 2 5 2  x 10"4 . Fig. 1 
represents data for the reference electrode. It should be 
noted that at 175°C the solution of AgCl in NaAlCl4 is 
Nernstian up to approximately X = 1.0 x 10"2 . In addition, 
the solubility of AgCl in NaAlCl4 is relatively high with X 
approximately equal to 1.87 x 10“ 2 .

Temperatures were measured with a sheathed K-type 
thermocouple directly immersed into the melt and the 
solutions were continuously stirred. All experiments were 
conducted in a controlled atmosphere glove box filled with 
anhydrous He and with a moisture content around 1 ppm. EMF 
measurements were made with a high impedance electromotor. 
Compositions were changed by adding C0C I2, N a C l , or A I C I 3 
to the electrode compartment. Cell voltages were stable to 
within + 2 mv approximately 30 minutes after each addition. 
The measured cell potential is related to the activities of 
the solutes by the Nernst equation in the form:

/\E = (RT/2F)ln[acoci 2/a2 c 1 } [2]

= E - E° c o + E" Ag [3]

The UV-yis spectra of the C0CI2-NaCl-AlCl3 solutions 
were obtained with a Carey 17 H spectrophotometer using a 1 
mm quartz cell. A Carey 17 H has the optics reversed so 
that black body radiation does not interfere with the 
s p e c t r u m .(12) Solutions of known C0CI2 composition were 
made by dissolving carefully weighed amounts of the 
compound in NaCl.AlCl3 in a furnace inside of the glovebox 
and filling the cell inside of the box.

RESULTS AND DISCUSSION
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The UV-Vis spectra of six C0CI2 - NaAlCla - AI C I3 
solutions are shown in Figures 2 - 5 .  Two salient features 
of these spectra are immediately obvious. The first is 
that on the basic composition side of the melt,(Fig. 2), 
the spectra of saturated solutions of crystalline C0CI2 are 
indicative of a tetrahedral s t r ucture,(12) and the second 
is that the height of the three peaks (absorption) 
increases with increasing temperature. This is consistent 
with the fact that N a C l ’s solubility increases with 
increasing temperature. The greater the Cl- concentration, 
the more tetrahedral C0CI4- species and the more intense the 
spect r u m .

In the 50.17 m% AlCls melt (Just barely acidic) the 
c o b a l t ’s spectrum (Fig.3) is distinctly different than it 
is in the basic melts and is probably due to octahedrally 
coordinated C o 44 ions having AICI4- and/or AI2C I7- nearest 
neig h b o r s .(12,5,14) At the 50.00% composition (Fig. 4,5) 
the spectra seem to derive from a mixture containing some 
octahedral and some tetrahedral character, but with reduced 
intensity and with the ‘tetrahedral species favored.
However, since the extinction coefficient of a species with 
tetrahedral symmetry is generally much greater than the 
extinction coefficient of the same species with octahedral 
symmetry, the fact that the spectrum looks more tetrahedral 
than octahedral does not necessarily mean that the 
tetrahedrally coordinated species has a higher 
concentration than the octahedrally coordinated species.
In fact, these spectra may represent neither symmetry, but. 
represent species coordinated by different combinations of 
Cl- and AICI4 “ .

Table I lists the EMFs for the 50.00 m% mixture as C0CI2 
is added and also lists the EMF for the saturated solution 
after enough A 1C 13 is added to change the composition of 
the solvent to 50.17 m%. The temperature was 175 0C .

These data indicate that saturation occurs somewhere around 
X c o c i 2 = 3 x 10” 4 , which is consistent with the value of 
2 x 10-4 obtained by Wai ot.al.(8), but the striking 
feature is the sign reversal and magnitude of the EMF that 
results from the addition o f  A I C I 3  to the neutral melt.
The explanation for this unusual behavior is the following. 
Cobalt chloride solubilities reach a very low minimum near 
the 50%-50% NaCl-AlC.l3 composition and increase rapidly 
with increase in the concentration of either AI C I3 or 
NaC-1. (8) Such steeply rising solubilities are predicted by 
the coordination cluster theory (13) which has been shown 
to represent the concentration dependence of the 
solubilities of C0CI2 at concentrations of A I C I3 above 50 
m%. However, these changes can be described more clearly
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with a chemical description. On the acid side, the 
solubilities have been described in terms of the solubility, 
product of C0C I2 in NaAlCl4 •

K SP = X c o m F c i  -  [4]

where lnKsp was found to be -33 at 175 °C, and where Xco*+ 
and Xci - are the cation and anion fractions in the 
reciprocal system Na* ,Co** /AICI4“ »A I2CI7',C l - . With an 
increase in the concentration of AI C I3 » the anion^fraction 
of A I2 Cl? “ increases (according to E q .[1]), that of C.1- 
decreases and Xco** increases rapidly according to Eq.[4].

Adding NaCl to a 50%-50% solution increases the 
solubility of C0C I2 for a very different reason. At the 
50%-50% composition, with the dissolution of C0CI2 and just 
enough AICI3 to form C o (A1C14 )2» a pseudobinary solution of 
C o (A1C14 )z in NaAlCl« is formed. Additional NaCl will lead 
to association reactions of the C o f* and the Cl- ions to
form a series of species

Co* * + Cl- = CoCl* [5 ]
CoCl* + Cl- = C0CI2 [6 ]
C0CI2 + Cl- = CoCla- [7 ]
C0CI3- + Cl- = C0CI4" [8 ]

where the coordination of C o ’* ions with 
tetrachloroaluminate anions is not specified. The 
appropriate values for the formation constants of these 
species can be estimated. For example, the average bond 
free energy for forming a Co - Cl "bond” can be estimated 
from the negative of the standard free energy of the 
metathetical reaction

C0CI2 + 2NaAlCl4 = C o (A1C14 )2 + 2NaCl [9]

This free energy is - 141.7 +/- (10.5) kj/mol (8) which, 
when divided by 4, the assumed coordination number, gives a 
value of - 35.4 kj/mol, the negative of which is the 
average ’’bond energy” , /\ Ei . Knowing this bond energy 
allows the corresponding formation constant for the CoCl* 
species to be calculated from the equation

Ki = Z [e x p (-/\Ei/RT) - 1] [10]

where Z is a coordination number of C o * f for Cl- and here 
presumed to be 4. From this we estimate the value of Ki to 
be about 50,000. For silver halides this procedure
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underestimates values of Kj . With a value this high, or 
higher, there should be a significant amount of CoCl* even 
at the neutral composition; the disproportionation reaction 
of A I C I 4 " leads to a Cl ” ion concentration (anion fraction) 
of about 3.3 x 10"4 . With Ki = 50,000, the ratio of the
concentration of 0001* to that of Co'* is about 17. With 
the addition of modest amounts of C0CI2, a major fraction 
of the cobalt is tied up in the four complex species and 
the apparent solubilities will be considerably higher than 
that predicted from the solubility product. If tke bond 
energies of C 0 C I 3 ” and CoCl«= are large enough, the 
solubility will increase with increasing Cl" concentration. 
Moreover, the unusual reversal in sign of the EMF shown in 
Table I is accounted for. As C0CI2 is added to the neutral 
melt, the activity of the Co(AlCl4)2 (free Co*♦ no 
complexing Cl” as nearest neighbors) d e c r e a s e s  because of 
complex formation, e.g.,

Co** + 2C o C 12 = 2CoCl* [11]

and the EMF increases as long as the average complex formed 
by the addition of C0CI2 has less than two chlorides. Upon 
addition of AICI3, the reaction:

CoCl* + AI2CI7- = Co** + 2A 1 C 14- [12]

causes the Co*♦ concentration and the activity of 
Co(AlCl4)2 (sensed by the cobalt electrode) to rise 
sharply, thus reversing the sign of the EMF. We plan to do 
more detailed measurements of EMF and solubilities in order 
to deduce the individual formation constants of the 
different chlorocobalt species present in the melt.

CONCLUSION

In very basic NaCl-AlCls melts, Co** ions are 
tetrahedrally coordinated by Cl- ions with large UV-Vis 
absorption. In the 50.00% -50.00% melt, the spectra are 
indicative of a mixture of species which cannot be uniquely 
defined without independent information. In the slightly 
acidic 50.17% A ICI3 melt the Co** environment is apparently 
octahedral. At this composition the Cl" ion concentration 
is so low that the species whose formation is described by 
Eq[5] - Eq[8] which have relatively small extinction 
coefficients are not present at a high enough concentration 
to be readily detected and distinguished from the 
octahedral species.
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T a b le  1. EMF a s  a F u n c t i o n  o f  C0 C I 2 M ole  F r a c t i o n  

50,00 m%

Xc 0 c 1 2 X C 0 c 1 2/X2 A g c 1 E M F (m v )

17 x 10-= 5205 122.5
46 x 10-4 15703 138.1
65 x 10-4 23291 148.6
21 x 10-4 26810 14 9.9
50.17 m%

4.1 x 10-  ̂ 2500 - 44,7
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F ig u re  2. —  CoCI* In basic malt *  CoCI* t  4.21 x 10 4
T = 190* C Saturated with NaO

Fig u re  3. CoCI, in N a A IC I, 50.17 m % A IC I, (slightly acid)
T .  180* C  Saturated with NaQ
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Low Temperature Molten Salt Electrolytes Containing 
Ternary Alkyl Sulfonium Salts
S.D. Jones and G.E. Blomgren

Eveready Battery Company, Inc.
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25225 Detroit Road 

Westlake, Ohio 44145

Abstract
A new family of low temperature molten salts 

has been found. These electrolytes are based on 
the ternary alkyl sulfonium salts in mixtures with 
inorganic metal halides. A typical composition is 
the mixture of trimethylsulfonium chloride (TMSC) 
and AlClo in a 1:2 mole ratio. This melt has a 
conductivity of 5o. 5 mS/cm, remains fluid until 
somewhat below -50°C, and can plate and strip alu
minum. TMSC has the same electrochemically stable 
window as l-methyl-3-ethylimidazolium chloride.

Introduction
In recent years, considerable attention has been given 

to low temperature molten salt electrolytes, particularly 
those that are liquid at room temperature and below. Room 
temperature melts made from mixtures of inorganic salts 
such as aluminum chloride with certain organic salts such 
as N-(n-butyl) pyridinium chloride (BPC), 1-methyl-3-ethy1- 
imidazolium chloride (MEIC), or trimethylphenylammonium 
chloride (TMPAC) have been disclosed (1-3).

Unfortunately, the above melts all have inherent prob
lems associated with them. Melts containing BPC have a 
foreshortened electrochemically stable window due to reduc
tion of the pyridinium cation. Melts containing MEIC have 
a significantly larger electrochemically stable window than 
those containing BPC, however, MEIC is not commercially 
available and must be specially synthesized. Also, melts 
containing MEIC are somewhat difficult to prepare due to 
the rapid and highly exothermic reaction between the MEIC 
and AlCl^ that will decompose the MEIC unless special 
precautions are taken to control the reaction rate. Melts 
containing TMPAC have the same electrochemically stable 
window as those made with MEIC and TMPAC is commercially 
available, however, the conductivity of this melt is con
siderably lower than the other melts.
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Because of the shortcomings of the known melts, an 
investigation of new compounds capable of forming a low 
temperature melt with AlCl^ was undertaken. The family 
of sulfonium salts was chosen for study. One of these 
salts, trimethylsulfonium chloride (TMSC), may prove to be 
a useful battery electrolyte (4).

Experimental
The chemicals were dried under vacuum at low heat 

except for the A1C1- (Fluka) which was used as received. 
The TMSC was synthesized from dimethyl sulfide and methyl 
chloroformate by the method of Byrne et al. (5). The 
synthesized TMSC was characterized using a Digilab FTS-80 
Infrared Spectrometer with Csl pellets, a Finnigan Model 
4021 Automated GC/MS using a glass column packed with 0.2% 
Carbowax 1500 on 80/100 Carbopack C with the injection port 
temperature set at 175°C, and a Varian Nuclear Magnetic 
Spectrometer. A sample of TMSC dissolved in water was 
obtained from the Stauffer Chemical Company. Trimethyl- 
sufonium iodide (TMSI-Aldrich), which sublimes at 213 C, 
was dried at 70-80°C under vacuum. The melts were prepared 
and tested in a Vacuum/Atmospheres stainless steel dri- 
lab. An MO-40 dri-train kept the moisture content of the 
dri-lab below 1 ppm and the oxygen content below 20 ppm.

Conductivities of the melts were measured using an ESI 
253 Impedance Meter with YSI 3403 Conductivity Cells. 
Cannon-Fenske viscometers were used for the kinematic 
viscosity determinations while the densities were deter
mined by the weighing of 5 ml graduated cylinders. All of 
the above physical properties were measured in the dry box 
without thermostating. The temperature of the dry box was 
approximately 27°C.

Cyclic voltammetry measurements were made on a PAR 173 
potentiostat equipped with a 276 interface and controlled 
by an H-P 9816 computer. The working and counter elec
trodes were glassy carbon. The reference electrode for use 
with molten salts was an aluminum wire in MEICsAlCl- 
(0.60 mole fraction AlCl^) that was separated from the 
melt by a fine glass frit?. The reference electrode for 
use with acetonitrile solutions was a silver wire in 0.1M 
tetramethylammonium perchlorate in acetonitrile solution 
separated from the sample by a fine glass frit.
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Results and Discussion
The analytical characterizations of the synthesized 

TMSC show that it is indeed TMSC. The infrared spectra is 
shown in Figure 1 with the major peaks assigned. If the 
methyl groups are assumed to be freely rotating, the cation 
assumes a C^v symmetry for the molecular vibrations. In 
this case, cfnd considering the large disparity in mass 
between the proton and carbon, a separation into skeletal 
S-C modes (in the point group) and vibrations charac
teristic of the methyl group can be reasonably expected. 
With this assumption, we would expect four allowed S-C^ 
vibrations in the infrared. Because of the cationic nature 
of the ion, the degenerate v~ C-S stretching vibration 
would be expected to be at a higher frequency than the C-S 
stretching frequency in dimethyl sulfide, assigned at 
around 700 cm” by Trotter and Thompson (5) and by Shep
pard (6). Therefore, we assigned this vibration to the 
peak at 930 cm” . We assign the two lower frequency 
peaks at 710 and 640 cm” to the symmetric stretching 
vibration, v.. , and the degenerate bending vibration, 
v. . The symmetric bend, v2, probably occurs at lower 
frequencies than our obseolations. The rest of the 
assignments, due to the methyl group vibrations, are as 
shown in Figure 1. Several additional small peaks were 
identified in the as-prepared sample as due to the dimethyl 
sulfide starting material and were easily removed with a 
water wash.

The proton NMR exhibits a single peak as would be 
expected from the symmetrical shape of TMSC, again assuming 
free rotation of the methyl groups. A literature reference
(7) indicated that the single peak would be at 2.88 ppm in 
D^O but we found that the peak occurred at 3.12 ppm in 
either D20 or trifluoroacetic acid. The TMSC appears to 
thermally degrade into methyl chloride and dimethyl sulfide 
when subjected to either solid probe/mass spectroscopy or 
gas chromatography/mass spectroscopy. However, these would 
be the expected decomposition products and the technique 
shows no difference in the TMSC that was synthesized in- 
house and that obtained from Stauffer.

The newly discovered melts are made up of a mixture of 
an inorganic metal halide such as AlCl^ and a ternary 
alkyl sulfonium salt such as trimethylsulfonium chloride or 
iodide. We believe that the relatively large sulfur atom 
with its hybridized 3p electrons can be easily polarized 
and acts similarly to an aryl group with its pi electrons
(8) . This increases the interaction between the cation and 
the easily polarizable chloroaluminate anions and lowers 
the melting point of the mixture. Other factors which
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contribute to melting point lowering are the delocalized 
nature of the interaction (induced dipole-induced dipole) 
and the low lattice energy of the crystalline salts (8). 
The striking fact in this work is that small methyl rather 
than large aryl substituents can accomplish the melting 
point lowering if the central atom is large and polariz
able.

DSC measurements failed to show a freezing point or 
melting point for the TMSCsAlCl^ (1r 2) melt. Visual 
observations of the melt showed that solidification occured 
somewhat below -50°C. On warming, the mixture stayed solid 
until about -5°C where it became a thick, viscous liquid. 
This indicates that on cooling, the melt becomes a super
cooled liquid that probably has a glass transition point 
rather than a freezing point. The TMSIsAlCl^ (X:2) 
mixture required gentle heating to become molten, but then 
remained a light yellow liquid at ambient temperature. It 
is assumed that the light yellow color comes from a small 
amount of iodine or triiodide ion present in the solution.

The TMSC:AlClo melt shows a conductivity of 5.5 mS/cm 
at the temperature of the dry box, while the TMSIsAlCl^ 
melt conductivity was 4.5 mS/cm. These values are inter
mediate between TMPAC (or BPC)/aluminum chloride melts, and 
the cyclic MEIC/aluminum chloride melt, and they are much 
higher than the large aromatic sulfonium ions discussed 
previously (see (8) for data comparisons and discussion). 
The measured viscosity for the TMSC melt was 39.3 cP and 
the density 1.40 g/cm , both at dry box temperature. The 
viscosity is higher than MEIC, BPC or TMPAC in combination 
with aluminum chloride, while the density is comparable 
with MEIC and slightly larger than TMPAC or BPC. Clearly, 
there is an interaction of effects since the TMSC has the 
lowest molecular weight of the four salts and might there
fore be expected to have the most mobile cation of the 
four, giving rise to higher conductivity and lower vis
cosity. Although only one of the atoms on the aluminate 
anion is iodide in the TMSI case, one might expect a larger 
effect compared to TMSC if the anion mobility were con
trolling. Therefore, we conclude that the cation mobility 
is more important.

The cyclic voltammogram of the TMSCsAlCl^ (0.67) melt 
is shown in Figure 2. It can be seen that aluminum will 
plate and strip from this acid melt in a manner very simi
lar to acid melts made with MEIC or TMPAC (8). The plating 
and stripping of aluminum has also2been done by cycling two 
aluminum electrodes at 0.5 mA/cm , but shape change due 
to electrolyte stratification was a problem as seen before 
(8). Figure 3 shows the cyclic voltammetry results for 20
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mM solutions of TMSC and MEIC in acetonitrile. It can be 
seen that the inherent electrochemical stability of TMSC is 
nearly identical to that of MEIC and TMPAC on both anodic 
and cathodic sides and considerably better than BPC. Fig
ure 4 shows a cyclic voltammogram for the TMSIsAlCl^ 
(0.67) melt. The aluminum deposition and stripping look 
similar to the other solutions, but the anodic sweep shows 
high currents at much lower potentials. Subsequent sweeps 
show interference with aluminum deposition unless the 
region of anodic current (higher than 1400 mV) is avoided, 
in which case the peaks are normal. Figure 5 shows the 
voltammetry of TMSI in AN which indicates that the low 
voltage oxidation is inherent in the TMSI. Figure 6 shows 
voltammograms for successive sweeps with this solution 
where cycling limits are +500 and +1500 mV. We attribute 
the two anodic peaks at 800 and 1100 mV to the reactions:

respectively. The cathodic peak at about 900 mV is the 
reverse of [2]. It is smaller in size than the anodic peak 
because the following reaction occurs in solution:

[3] accounts for the decrease in the anodic peak at 800 mV 
and the growth of the anodic peak at 1100 mV with subse
quent scans. The reverse of [1] is not observed in the 
region which was scanned. Similar voltammetry effects have 
been observed on platinum electrodes in iodide solutions of 
organic solvents with a supporting electrolyte (9). In the 
cited work, however, a side reaction with tetrahydrofuran 
complicated the results. One of the surprising results 
from our work on TMSI is that, although the iodide ion is 
undoubtedly complexed to aluminum in the melt, the solution 
behaves very much like the simple iodide, iodine, triiodide 
system seen with the uncomplexed salt in organic solvents. 
The narrower voltage range of the TMSI solutions and the 
effects on aluminum deposition and stripping limit the 
usefulness of this salt compared to TMPAC and MEIC, but the 
work illustrates the usefulness of these media for studying 
electrochemical reactions.

The authors would like to thank Susan Humphrey for her 
assistance in conducting the experimental portion of this 
work. We would also like to thank Zorica Bubnick for

31“ — > I3“ + 2e 
2I3" — > 3I2 + 2e

[ 1]

[ 2 ]

[3]
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carrying out the synthesis of TMSC, and our analytical 
group for infrared, DSC and mass spectrometric measure
ments .
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TMSC:A1C13 (0.67)

VOLTAGE (mV) 
Sweep rate “ 10 mV/i

Figure 1 Figure 2

CYCLIC VOLTAMMETRY COMPARISON
20 m llolar in a solution of 0.1 Molar TMAP in AN TMSI:A1C13 (0.67)

Figure 3 Figure 4



CYCLIC VOLTAMMETRY COMPARISON
20 mlfolar in solution of 0.1 Molar TMAP in AN

TMSI in TMAP/AN
20 mMolar in a solution of 0.1 Molar TMAP in AN

Figure 5 Figure 6

280



Novel Ambient Temperature Ionic Liquids 
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Chloride and Anhydrous Metal Chloride Salts 
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ABSTRACT
The reactions of several anhydrous metal chlorides 
with l-methyl-3-ethylimidazolium chloride were stu
died. In most cases, low temperature (< 90 °C)
molten salts were formed according to: MCln + mCl“ ^ 
MCln+mm~- Generally, the metal chloro complexes 
formed were of lowest stoichiometry. Ionic inter
actions occurring in chlorolithate molten salts were 
studied by multinuclear NMR techniques.

Introduction - True ionic liquids that are molten at or below 
room temperature were first reported nearly forty years ago
(1). Since then, a large number of reports appeared, 
detailing these unique materials (2). The chloroaluminates 
are the most widely studied and best understood example. 
These are typically a mixture of a quaternary ammonium salt, 
such as l-methyl-3-ethylimidazolium chloride, and an anhy
drous metal chloride salt, such as aluminum chloride (2) . 
However, there are a number of closely related melts that are 
much less studied, but no less interesting or potentially 
useful. Recently, reports appeared detailing the use of 
other metal chlorides in place of aluminum chloride (3,4). 
The present study details some of our investigations of ionic 
liquids formulated fromAgCl, CuCl, LiCl, CdCl2, CuCl2, SnCl2, 
ZnCl2, LaClg, YC13, SnCl4, and TiCl4, used with l-methyl-3- 
ethylimidazolium chloride (MEIC). Nearly all of these mix
tures produced ionic liquids at or near room temperature, at 
least at some compositions.

Experimental - All experimental manipulations were performed 
inside a Kawaunee Scientific Equipment Corp. dry box, which 
recirculated a dry nitrogen atmosphere containing < 5 ppm H 20 
and 0 2. The metal salts used were of at least reagent grade 
purity, and dried at 110 °C for several days. Some were 
obtained as hydrated salts; these were dried by refluxing in 
thionyl chloride. All NMR spectra were obtained on a JEOL
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FX90Q spectrometer equipped with a multinuclear, variable 
temperature probe. Spectra were recorded at 30 and 90 °C, as 
indicated. The NMR reference materials were hexamethyldisi- 
loxane for all proton studies, and aqueous lithium chloride at
0.5 or 2.0 mol/dm3. In all cases, external references were 
used. Melting points were obtained with a Meltemp apparatus 
that was modified to allow cooling with LN2-cooled dry 
nitrogen. Melting points were spot verified with a DuPont 
model 910 differential scanning calorimeter.

Results and Discussion - Figures 1 and 2 are compilations of 
NMR data obtained for a variety of melts at 30 (A1C13, CuCl, 
CdCl2, and ZnCl2-based mixtures) or 90 °C (all others) . From 
these figures, several different behaviors were indicated: 1) 
melts which saturated or underwent compound formation at the 
1:1 mole fraction (AgCl and LiCl); 2) melts which appeared to 
saturate at the 2:1 RCl/MCln composition (CdCl2 and ZnCl2); 
and the familiar Lewis acid-base melts based on CuCl and A1C13
(2) . Of special note is the behavior of SnCl2/MEIC mixtures. 
This formulation appeared to undergo compound formation at 
both the 2:1 and 1:1 RCl/MCln compositions.
Chlorocuprates

Chlorocuprate melts were first obtained during studies of 
the reactions of copper(I) and copper(II) chlorides with 
triethylamine (5) . An equimolar mixture of CuCl and tri- 
ethylammonium chloride results in triethylammonium dichloro- 
cuprate:

(C2H 5)3NHC1 + CuCl # [ (C2H 5) 3NH + ] [CuC12“] (1)
which is liquid at room temperature. Recently, studies were 
made of the CuCl/MEIC system, with similar results (6) . 
Figures 1 and 2 contain comparisons of the C-2 proton 
chemical shift of the imidazolium ring observed in chloro- 
aluminate and chlorocuprate melts. The chlorocuprates, also 
display Lewis acid base behavior similar to the chloro- 
aluminates, however, the appropriate autosolvolysis is not as 
large. Qualitatively, the systems are quite similar, al
though comparison of the dependencies of their respective 
physical properties on composition reveal marked differences
(6,7) . Unlike the chloroaluminates, the exact anionic nature 
of the chlorocuprates is unknown. Due to the extremely broad 
NMR resonances observed for 63Cu complex ions, multinuclear 
magnetic resonance studies of this system were not performed.
Chloroarqentates

Mixtures of silver(I) chloride and MEIC also formed room 
temperature melts. Figure 1 shows proton chemical shift data 
over the 0.0 to 0.45 AgCl mole fraction composition range. Of
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particular interest in both the chlorocuprate and chloro- 
argentate system is the discrepancy of behavior of these salts 
as one half of a binary system and as a solute in the 
chloroaluminate system. Laher and Hussey reported that very 
stable chloro complexes are formed by these salts in the 
AlClg/MEIC system, i.e., CuCl43” and AgCl43” (8,9). Forma
tion of these ions would result in compound formation at the 
3:1 or 0.25 mol% composition. Clearly, this was not the case 
and these formulations require further study.
Chlorocadmiates and chlorozincates

Anhydrous CdCl2and ZnCl2 each formed binary ambient tem
perature fused salts when mixed with l-methyl-3-ethylimida- 
zolium chloride. Figure 1, again contains chemical shift 
data for these systems. These melts were clear, colorless 
liquids, with relatively low viscosities, comparable to the 
chloroaluminates. Little physical data has been tabulated 
for these systems, however, these melts appeared to saturate 
at ca. 0.333 mol% metal chloride composition indicating that 
the principal anionic species in these melts were CdCl42" and 
ZnCl42”. Of particular note is the fact that these data were 
obtained at room temperature over a limited (0.2 - 0.3 MCln 
mole fraction) composition range.
Chlorostannates and chlorotitanates

Anhydrous tin(IV) chloride and titanium(IV) chloride, 
which are liquids at room temperature, did not make ambient 
temperature fused salts until at or just beyond the 0.50 mole 
fraction composition. We have only preliminary data on these 
systems, having synthesized melts from ca. 0.0 to ca. 100 mol% 
metal chloride. Their melting points appeared to go through a 
maximum near the 0.333 mol% point to another maximum just 
before the 0.5 mol% composition, indicating two distinct 
regions of differing behavior, giving rise to the speculation 
of two melts systems comprised of SnCl62“ or TiCl62“ before 
the 0.333 mole fraction composition and SnCl5” or TiCl5” 
between mole fractions 0.333 and 0.50. Most surprisingly, 
these systems saturated at or just beyond the 0.50 mol% point, 
forming ambient temperature melts at that point, with very low 
liquidus temperature (< 0 °C). Beyond the 0.50 composition, a 
bi-phasic system was formed, with the lighter, undissolved 
metal chloride salt above the saturated melt. These saturat
ed melts had low viscosities, comparable to the pure anhydrous 
metal salt. Both of these melts required careful synthesis, 
as they were the only other examples, other than the 
Chlorocuprates and chloroaluminates, wherein the reaction 
between the quaternary ammonium salt and the metal chloride 
was exothermic. Charring of these melts occured very easily. 
Additionally, the titanate melts were a deep, pure orange, 
while the stannate melts had little or no native color.
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Chlorolithates
As the behavior of lithium salts as solutes in the 

chloride ion-rich chloroaluminate fused salt was well studied 
via NMR and other means (10), LiCl/MEIC mixtures were chosen 
for detetailed study. Figure 3 is a phase diagram obtained in 
this melt over the 0.0 to 0.55 mol% composition range. 
Compositions between ca. 0.28 and 0.45 mol% LiCl were liquid 
below room temperature. Also of note is the fact that these 
compositions did not crystallize on cooling, they underwent 
glass transitions (as shown by the open circles in the 
figure.) In fact, at any composition beyond ca. 0.30 mole-%, 
the melts could be caused to form glasses, if cooled slowly 
enough.

Figure 4 is the composition dependent chemical shift (at 
90 °C) of the C-2 proton of the imidazolium ring. The solid 
line is a calculated fit using the stacked trimer ion 
association model proposed by Wilkes (11). Though this model 
has caused some controversy, it appears to be an adequate 
representation of these melts. The dashed line is a linear 
least squares fit, included for comparison.

Figures 5, 6, and 7 are the results of 7Li NMR studies 
performed using aqueous Li* as an external reference. Figure 
5 shows a typical response obtained for a mole fraction = 0.250 
melt. Of note here are the large positive chemical shift and 
the relatively broad resonance. These observations indicat
ed the presence of a large amount of negative character 
associated with the lithium nucleus, as well as suggested that 
the lithium center was in fast exchange.

Figure 6 is the composition dependent chemical shift of 
the lithium resonance. This dependence was obviously linear, 
which was in contrast to other reports (10) of lithium ion in 
similar melts, wherein the lithium resonance showed a marked 
curvature with composition, which was interperated in terms of 
a dinuclear lithium species. We found no evidence to support 
dinuclear lithium complexes or higher chloride coordination 
of the lithium nucleus (vide infra).

Figure 7 is a plot of the observed relaxation time (T|) of 
the lithium center as a function of melt composition. For a 
system in fast exchange, the relaxation time of the exchanging 
nucleus was shown to be inversely proportional to the maximum 
probability of encounter of the exchanging moieties (12) . 
For a melt which displays compound formation at the equimolar 
composition, such as A1C13/MEIC or LiCl/MEIC, the maximum 
probability of encounter occurs at the 0.333 mole fraction, 
that is, when the anion fractions of the metal chloro complex 
and free chloride ion are equal, as indicated with the solid 
and dashed lines in the figure, which are proposed anion
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distribution curves for Cl“ and a lithium chloro complex, such 
as the dichlorolithate ion, LiCl2“, respectively.

Taken together, these data indicated that LiCl reacted 
with MEIC according to:

LiCl + MEIC ^ LiCl2~ + MEI+, K f > 1 (2)
However, K f in the chlorolithate system was apparently smaller 
that that observed for the aluminum chloride-based melts. 
Therefore, it was most likely that the ionic species present 
in chlorolithate melts at less than the 1:1 composition were 
the imidazolium cation, free chloride ion, and a lithium 
chloro complex, such as LiCl2“. The minimum in relaxation 
time near the 0.333 mole fraction composition is strong 
evidence for the preponderence of a lithium chloro complex, 
such as LiCl2“. We are presently performing electrochemical 
and vibrational spectroscopic studies to confirm the presence 
of the dichlorolithate ion LiCl2" in these melts, and are 
attempting to extract information on the magnitude of K f from 
the chemical shift and relaxation time data.
Other systems

Several other systems were given cursory examination. 
Barium chloride, copper(II) chloride, lanthanum chloride, and 
yttrium chloride did not readily form low melting fused salts 
over an appreciable composition range, either because the 
melts did not form or because their liquidus temperatures are 
above room temperature. However, all of these salts did form 
melts at elevated temperature (60 - 100 °C) , though the
barium, ytterium, and lanthanum systems formed fused salts 
over a very restricted composition range (< 0.20 mol% metal 
chloride). Of these systems, the barium chloride melts are 
the most interesting, as barium is known to form complex ions 
only with some difficulty, and the nature of the ionic species 
present in these melts may be interesting.

Summary
Many anhydrous metal chlorides react with l-methyl-3- 

ethylimidazolium chloride to form fused salts, some of which 
were liquid at room temperature. The probable formation 
reaction was:

MCIn + mCl- # MCln+mm- (3)
The exact nature of the metal chloride complexes in such melts 
is unknown, however available evidence indicated that complex 
ion of the lowest coordiantion was commonly formed.
We wish to acknowledge the University of South Florida
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Figure 4 - Chemical shift of C-2 
proton as a function of the 
apparent mole fraction LiCl. 
The solid line is a fit to the 
ion-trimer associative model 
of Wilkes. The dashed line is 
a linear fit, included for com
parison.

Figure 3 - Phase diagram for 
LiCl/MEIC melts. The open 
circles are glass transitions. 
For data points without error 
bars, the observed varience for 
replicate measurements was 
smaller than the symbol size.

Apparent Mol* Fraction LX3

Figure 5 - 7Li resonance line 
for a melt of mole fraction
0.2503 obtained at 90 °C. The 
reference was LiCl, 0.5 mol/dm3 * •

* «____I_____I----- 1---- 1----- L• 4 2 o -a -4 -•
O w n o a l  S h ift, p p m
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Figure 6 - 7Li chemical shifts 
as a function of the apparent 
mole fraction LiCl at 90 °C, 
using an aqueous Li* external 
reference. The straight line 
is a linear least squares fit to 
this data.

Figure 7 7Li relaxation time 
(Tj) as a function of the appa
rent mole fraction LiCl at 90 
°C, compared with the proposed 
anion fraction of chloride ion
(-----) an<i dichlorolithate
ion (---- ) , based on eqn. (2) .
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PROTONS IN AMBIENT TEMPERATURE CHLOROALUMINATE MOLTEN SALTS: 
ELECTROCHEMICAL AND NMR STUDIES OF THEIR INTERACTION WITH 

DIMETHYLANILINE

Soo-Gil Park, Paul Trulove, Richard T. Carlin and 
Robert A. Osteryoung

Department of Chemistry 
State University of New York 

Buffalo, NY 14214

ABSTRACT

The Brdnsted acidity of protons in the ambient 
temperature molten salt, A1C1~:1-ethyl-3-methylimidazolium 
chloride (ImCl), can be varied by changing the underlying 
acidity of the molten salt. We have examined the 
electrochemistry and NMR spectroscopy of dimethylaniline,
DMA, in a basic melt, where the mole ratio of AlCl~:ImCl is 
less than 1, and in an acidic melt, where the mole^ratio of 
AlCl~:ImCl is greater than 1, with and without the addition 
of protons. The oxidation of DMA in the acidic melt is ca 
1.5 V more positive than in the basic melt, indicating A1C1- 
adduct formation. On addition of proton to either melt, the 
DMA oxidation wave is shifted outside of the melt 
electrochemical window, indicating formation of protonated 
adducts in both acidic and basic melts. ^C and *H NMR 
spectra show the presence of both the protonated and 
unprotonated species and, in the acidic melt, the presence of 
both an AlCl^ adduct and a protonated adduct.

INTRODUCTION

In prior work in ambient temperature molten salts, consisting of 
aluminum chloride mixed with an organic chloride, either N- 
butylpyridinium chloride or 1-ethy1-3-methylimidazolium chloride, ImCl, 
we noted that very large shifts in the potential for proton reduction, 
of the order of +1.5 V, were observed as the melt composition was varied 
from acidic (excess A1C1~), to basic (excess organic chloride) (1).
These shifts in potential could be correlated by donor-acceptor theory 
to imply large changes in the donicity of the underlying solvent (2,3). 
Recent work by Smith and co-workers determined the value of the Hammett 
acidity function, H , for protons, added as HCl(g), in the ImCl-AlCl- 
melt. In slightly acidic ImCl-AlCl^ melts, an H value of -12.6 was'* 
found, while in a melt saturated with A1C1-, -67°mol % A1C1-, the H 
value was -18 (4,5). Thus, protons in these melts are more^acidic 8han 
100£ H^SOjj, where Hq = -12, which is arbitrarily assigned as the lower 
limit For superacidity. Therefore, protons in the ambient temperature 
melts may be considered Brdnsted superacids.
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Prior work in our laboratory on the electrochemistry of a variety 
of amines in these molten salts had indicated the possible formation of 
A1C1~ adducts, particularly in acidic melts (6). We concluded, at that 
timef that dimethylaniline formed an aluminum chloride adduct in the 
acidic melt. A similar conclusion regarding the formation of A1C1- 
adducts was arrived at from studies of quinones in the molten salts
(7,8).

Here we report on the effect of quantitative proton addition on the 
chemistry and electrochemistry of dimethylaniline.

EXPERIMENTAL

All experiments, were carried out in a Vacuum Atmosphere dry-box 
under a Helium atmosphere. 1-ethyl-3-methylimidazolium chloride was 
synthesized following reported procedures (9); aluminum chloride (Fluka, 
iron free) was purified by sublimation.

The molten salt ImHCl^ was prepared from direct reaction of ImCl 
and HCl(g) (10). Methylaluminum sesquichloride (MAC), Me^Al^Cl^, was 
obtained from Aldrich and used without further purification. ^

Cyclic voltammetric studies were performed with an EG&G PARC Model 
175 Universal Programmer with a Model 173 Potentiostat/Galvanostat. 
Voltammograms were plotted on a Houston Instruments Model 2000 X-Y 
recorder. All other electrochemical studies were carried out using am 
EG&G Model 273 Potentiostat/Galvanostat controlled by a DEC PDP-8/e 
computer (11). An LN03 Plus laser printer was used to obtain plots from 
the computer experiments.

For cyclic and pulse voltammetric studies, Pt disc (radius 0.08 cm) 
or glassy carbon, GC, electrodes, (radius 0.15 cm) were used. The 
electrodes were obtained from Bioanalytical Systems. For all melt 
electrochemical measurements the reference electrode was an A1 wire (5N 
Alfa Inorganics) immersed in a 1.5:1 AlCl~:ImCl melt in a separate 
fritted glass compartment. The counter electrode was a coiled wire of 
Al.

Rotating disc voltammetric experiments were carried out with a 
three electrode system consisting of a Pine Instruments Pt-Pt ring-disk 
electrode (r1 = 0.09 in, r2 = 0.097 in, r~ = 0.101 in), a Pine 
Instrument's RDE-4 potentiostat, and an Al wire counter and reference 
electrode.

^H NMR experiments were performed using either a Varian Gemini-300 
or a Varian VXR^400 S spectrometer operating at 300.075 or 399-952 MHz, 
respectively. NMR experiments were performed using broad-band
proton decoupling on the instruments indicated above operating at 75.462 
and 100.57 MHz, respectively. H and samples were prepared in the 
dry-box and pipetted into 5-mn tubes fitted with precision coaxial 
inserts (Wilmad Glass Co.). All NMR samples were capped and sealed with
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1 13Parafilm prior to removal from the dry-box. H and C chemical shifts
are reported relative to 0.1% TMS in CDCl^ in the coaxial insert.

RESULTS AND DISCUSSION

I. Electrochemistry and NMR of DMA and protonated DMA in 0.8:1.0 
AlCU:ImCl.

Staircase cyclic voltammetry was performed to obtain an overview of 
the DMA electrochemical behavior in the presence and absence of 
deliberately added protons. Figure 1 shows a staircase cyclic 
voltammogram of DMA at a Pt electrode in a basic melt. An oxidation 
wave at 0.75 V is observed which is near the melt’s anodic limit. No 
reduction waves associated with products of DMA oxidation are observed 
upon scan reversal. Based on previous work, we assume that the DMA 
oxidation is a 2-electron process (6).

Normal pulse, NP, voltammograms were obtained as a function of 
pulse width and DMA concentration. In these NP experiments the initial 
surface boundary conditions were reestablished after each pulse by 
holding the electrode at the open-circuit potential and stirring the 
solution for 2 s, followed by a waiting period of 5.9 s, prior to each 
new pulse application. The relevant parameters obtained from these 
experiments for a solution 53 mM in DMA are summarized in Table I for Pt 
and GC electrodes. As t is decreased, E. is observed to shift 
anodically. Plots of i^p vs [DMA], for 50 and 100 ms pulse widths, are 
linear but have a non-zero intercept; this is the result of the presence 
of an initial protonic impurity, most likely arising from water, which 
protonates DMA, forming DMAH (1). This species (see below) cannot be 
oxidized in the melt window. The level of protonic impurities in the 
basic melt can be estimated from the intercepts of such plots, and 
experiments to be described below, and is of the order of 4 mM.

A diffusion coefficient for DMA can be calculated from the limiting 
current (Cottrell equation) for the NP voltammograms,

1 /2ilim = nFAC(D/nt ) [1]
where n is the number of electrons involved in the process, F is the 
Faraday constant, A the area of the electrode, C the concentration of 
the diffusing species, and t is the pulse width. A plot of log i,. vs 
log t is linear with slopespof 0.49 and 0.52 for the Pt and GC im 
electrodes, respectively, indicating a diffusion controlled reaction. 
Because the exact concentration of DMA undergoing oxidation in these 
experiments is somewhat less than that added, as discussed above, plots 
of ij. vs C, which have slopes independent of C, should provide more 
accurate values for the deterioration of the diffusion coefficient of 
DMA than plots of i,. vs t " . Diffusion coefficients, using the
plot of^the[DMA] vs ?lim> at Pt were found to be 1.92 x 10- ' and 1.60 x 
10 cm s” for pulse widths of 100 and 50 ms, respectively, assuming 
an n value of 2.
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A C NMR spectrum for the methyl carbons is shown in Figure 2 for 
neat DMA, 2-a, and DMA in the basic melt, 2-b; the chemical shifts are 
identical and show that DMA does not form an A1C1- adduct in the basic 
melt. ^

Staircase cyclic voltammograms at a Pt electrode for a melt 
containing no DMA, added DMA, then proton, added as ImHClp, are shown in 
Figure 3. ImHClp is a quantitative source of protons (10;. Figure 3-a 
shows voltammograms of the melt with no added DMA; a cathodic wave at ca 
-0.4V is seen, and is due to the presence of protonic impurities (1). 
Upon addition of DMA, Figure 3-b, the wave at -0.4V disappears, a new 
cathodic wave, at -0.7V, appears, and the anodic DMA oxidation wave can 
be seen. The wave at -0.7V appears to be due to the reduction of proton 
from the protonated DMA (see below). On addition of ImHClp in excess of 
the amount of DMA present, Figure 3-c, the DMA oxidation wave 
disappears, and, on a cathodic going scan, reduction waves for "free” 
proton and an increase in the protonated DMA wave is seen. In a basic 
melt, "free” protons exist largely as HClp” (10).

Although DMA oxidation is found at a GC electrode, no cathodic 
waves are seen. Protons cannot be reduced in the melt at the GC 
surface, and apparently the DMAH is also not reducible on this surface
( 1) .

13

To further investigate the reaction between DMA and proton, an 
amperometric titration was carried out. The change of the NP limiting 
current for the DMA oxidation wave was examined as a function of added 
ImHClp. ImHClp was added to a solution initially 53 mM in DMA. The 
results are shown in Figure 4. The DMA oxidation limiting current is 
seen to decrease linearly with added HClp~, indicating a quantitative 
reaction with the DMA. The current goes^to zero after the solution is 
ca 55 mM in HClp”.

Staircase cyclic voltammetrie reduction waves following the 
addition of trimethylaluminum sesquichloride, MAC, to the DMA solution 
containing excess proton, result in marked changes. MAC, like 
ethylaluminum chloride, is an effective reagent for proton removal (12). 
The staircase voltammograms initially show only one reduction wave at a 
potential characteristic of the free proton; as more MAC is added, two 
reduction waves, corresponding to the free proton reduction and the 
proton on the DMAH+, appear. As still more MAC is added, the free 
proton reduction wave disappears, leaving only the DMAH reduction wave. 
The DMAH+ wave decreases slowly with time, indicating a sluggish 
reaction of the DMAH+ with MAC.

To further examine the DMAH+ reduction, reverse pulse, RP, 
voltammetry was carried out at a Pt electrode (13). In this experiment, 
the potential of the Pt electrode was stepped from an initial value, E., 
of +0.2, to -1.1 V for a generation time, x. It was then stepped in 20 
mV increments to increasingly positive potentials for a time, t , the 
analysis pulse, to examine the oxidation of products generated curing 
the DMAH reduction. After each generation and analysis pulse, the
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solution was stirred for 2.1 s, and then maintained in a quiet state for 
5.9 s to renew the surface concentrations to their initial state. An NP 
oxidation wave for a DMA containing solution, and an RP wave for the 
same solution, as shown in Figure 5. As should be the case if t values 
for the NP and RP experiments are the same, the two oxidation wa$es 
coincide. Also shown is the RP voltammogram resulting when the mole 
ratio of DMA to ImHClp was 1:1. At the -1.1V generating potential, the 
DMAH* is reduced, as discussed above. A slight Mdc" cathodic current is 
seen on the reverse pulse voltammogram. We assign the first oxidation 
wave at ca 0.2 V to the oxidation of H? generated during the reduction, 
while the second oxidation wave is at the same potential as that for the 
DMA oxidation. Since no excess HCl̂ "" is present, the Hp arises from the 
DMAH+ reduction; the DMA is liberated from the proton-aaduct at the same 
time, and its oxidation is seen as well. The reaction taking place 
during the DMAH reduction, therefore, may be written as:

DMAH* + e == DMA + 1/2 H2 [2]

It was not possible to quantitative the reverse pulse voltammetry due to 
the absence of theory and the lack of quantitatively reproducible 
voltammograms. Qualitatively, however, similar behavior was always 
observed.

Some rotating ring-disc voltammetry was carried out to confirm the 
above observations. A series of ring disc voltammograms at a Pt-Pt 
electrode are shown in Figure 6 for an experiment in the basic 0.8:1.0 
melt. Comparison is made between a ring scan, with the disc being open- 
circuited, and with the disc held at various cathodic potentials to 
reduce the protonated DMAH . The melt contains an excess of DMA over 
proton added as ImHClp. Two features are noted. First, as the 
potential of the disc is made increasingly negative, an increase in the 
DMA oxidation current is clearly noted. The increase in current also 
becomes approximately constant for disc potentials more negative than 
-0.9 V. Secondly, a slight anodic current is noted in the vicinity of 
zero+volts, which we attribute to the oxidation of formed during the 
DMAH* reduction. These results are in reasonable agreement with the 
results of the RP experiment, indicating the regeneration of the DMA and 
the presence of hydrogen.

13The C spectrum for the methyl carbons on addition of proton to 
DMA in a basic melt is shown in Figure 7. Under conditions where an 
excess of proton is in solution, i.e., only DMAH is in solution, the 
line is at 46 ppm (vs TMS), compared to 41 ppm for DMA in the basic 
melt. The H spectrum shows a line for HCl^”, at 13.55 ppm, and a line 
at 13.4 ppm which we attribute to proton on che amine nitrogen; this 
indicates exchange between the two species is slow on the NMR time 
scale. However, only a single line, at 3.01 ppm, is observed for the 
methyl protons, although a doublet is expected, and is seen in the 
acidic melt (see below); this single line indicates some exchange and an 
approach to the slow exchange limit.- In basic melts containing both DMA 
and the protonated DMAH*, a single ~*C line is found, the position of 
which is proportional to the population weighed average of the species
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present. This indicates that the exchange between the protonated and 
unprotonated DMA is fast on the NMR time scale.

II. Electrochemistry and NMR of DMA and protonated DMA in acidic
AlCljSlmCl.

A staircase cyclic voltammogram for the oxidation of DMA at GC is 
shown in Figure 8-a. The peak current occurs at 2.5 V, near the acidic 
melt anodic limit at a GC electrode. The overpotential for the 
oxidation of Cl” from AlCl^” , the limiting reaction in an acidic melt, 
is much larger on GC than on Pt, by ca 0.5V, thus forcing these studies, 
at least in the examination of the DMA oxidation, to be carried out at 
GC electrodes.

The oxidation potential of DMA in the 1.2:1.0 AlCl~:ImCl melt is ca 
1.75 V more positive than in the basic melt. This effect was 
attributed, in our previous study on this system, to the formation of a 
DMA:A1C1^ adduct in the acidic melt, and this has also been verified by 
NMR spectroscopy, which show marked changes in the "X NMR chemical 
shift in going from basic to acidic melts (see below). Thus, in the 
acidic melt, the reaction:

A12C1?" + DMA === DMA:A1C13 + AlCl^” [3]

takes place. No such complexation is observed in the basic melt. The 
Lewis acid, A1C1-, removes electron density from the DMA molecule, 
making it more difficult to oxidize.

Addition of ImHCl^ to the acidic melt containing DMA results in a 
marked decrease in the DMA oxidation wave at +2.5 V; we assume this is 
due to the replacement of the A1C1~ by a proton on the DMA. Cyclic 
staircase voltammograms for this are shown in Figure 8-b through 8-e. 
However, in the acidic melt the DMA oxidation wave does not disappear 
upon addition of an amount of ImHCl^ equivalent to the DMA.

The DMA limiting current was monitored as a function of DMA 
concentration, and,' as in the basic melts, plots of i .̂ vs [DMA] had 
non-zero intercepts. From the x-intercept, the concentration of an 
impurity, proton, was estimated as ca 7.4 mM. The higher impurity level 
in the acidic melt may result from a difference in the quality of the 
reagents or from the greater scavenging ability of the acid melt for 
advantitious water in the dry box. From the slope of i,. vs [DMA] the 
diffusion coefficient^of DMA in the acidic melt is calculated to be 8.4 
and 9.1 x 10” cni s” for 50^agd 100 ms pulse widths, respectively.
From the slope of i, . vs t plots? the diffusion coefficient is 
calculated to be 5.5Xand 6.§ x 10” ' an s” , for 30.3 and 50.5 mM DMA, 
respectively. If these were corrected for the 2.4 mM DMA initially tied 
up with proton, the values of 9.7 and 9.5 x 10”r cni s”1 for the 30 and 
50 mM solutions, respectively, were obtained. The values are about five 
times greater than those in the basic melt. Based solely on viscosity 
effects, we would anticipate that the diffusion coefficient of the DMA 
would be two to three times larger in the acidic melt than in the basic
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melt (14). However, in view of the formation of the A1C1- adduct, we 
also might anticipate a larger diffusing entity in the acidic melts.

Normal pulse parameters in the 1.2:1 n^Jt for a 30 and 51 mM DMA 
are summarized in Table II. Values of it are tabulated for the
[DMA] corrected for the protonic impurity^and are quite constant. The 
value of the ratio of the limiting currents for the two concentrations 
of DMA are also in good agreement with the ratio of the concentrations 
of DMA if these concentrations are corrected for the ca 7 mM protonic 
impurity which effectively removes the DMA from the melt as discussed 
above.

A plot of the i ^  for a normal pulse voltammogram of DMA oxidation 
vs [ImHCl2 ] added issfiown in Figure 9. The DMA oxidation current 
initially shows a linear decrease, but then shows marked curvature, and 
an extrapolation to the [ImHClp] axis yields an intersection well in 
excess of the amount (51 mM) or DMA present in solution. This indicates 
the presence of an equilibrium between a DMA:A1C1~ adduct and a 
protonated DMA adduct, DMAH+ . In more acidic melts the extent of the 
curvature seen during such a titration increases.

13The C spectrum of the methyl carbons in the acidic melt are shown 
in Figure 2-c. A shift to 47 ppm is seen, compared to 41 ppm in the 
basic melt. We take this to show the presence of an A1C1- adduct. In 
melts containing mixtures of free DMA and the A1C1- adduct a single 
peak for the methyl carbons is found. The position of this line is 
proportional to the population weighted average of the species present. 
This indicates that the exchange between the free DMA and the AlCl- 
adduct is fast on the NMR time scale. 6

If excess proton is added to an acidic melt containing DMA, i.e., 
to the DMA:A1C1~ species, the methyl peak shifts down-field by 1.5 
ppm, to 48.5 ppm, and a new H line at 7.8 ppm, vs TMS, is seen. A 
split in the methyl protons, indicative of coupling, is also seen. 
(Irradiation of the 7.8 ppm line results in a collapse of the doublet, 
clearly indicating coupling of the two peaks.) These results are shown 
in Figure 10. A comparison of the chemical shift for the H peak for 
DMAH in the basic and acidic melt indicates it is at 13 ppm (vs TMS) 
and 7.8 ppm, respectively. We believe the large difference is the 
result of the interaction of the proton on the DMA with chloride ion in 
the basic melt.

NMR spectra for a melt containing both DMAH+ and the DMA:A1C1~ 
adduct are shown in Figure 11. Lines for both the protonated and BlCl~ 
species are clearly evident. This indicates that the exchange between^ 
the protonated DMA and the DMA-A1C1- adduct is slow on the NMR time 
scale. To our knowledge this is the first NMR observation of a mixture 
of both a Brdnsted and Lewis acid adduct of an organic base.

Of concern in this work is the relative acidity of protons and 
A12C1^~ in the melts. To compare relative acidities, it is necessary to
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remember that the concentration of the Al^Cl ~ is ca 0.86 M in the 1.2:1 
melt. Since DMA is complexed by A1C1- in^th& acidic melt, the proton 
versus Al^Cl^” competition reaction is represented by:

DMA:AlClj + HC1 == DMAH+ + AlClj,' [4]

Since only small additions of ImHCl2 are required to produce significant 
decreases in the DMA concentration, the proton competes very effectively 
for DMA despite the high concentration of Al^Cl”. While the DMA-proton 
reaction may not be quantitative, it appears that the equilibrium 
constant for Equation 4 is large.

SUMMARY

The results presented indicate that DMA is not complexed in the 
basic melt, but forms an A1C1- adduct in the acidic melt. The formation 
of protonated DMA takes plaee^in both basic and acidic melts; the 
reaction of DMA with proton in the basic melt appears quantitative, 
while in the acidic melt, where a DMA:A1C1~ adduct is formed, an 
equilibrium between the protonated species^and A1C1~ adduct exists.
Both electrochemistry and NMR support these conclusions.
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Table 1

E. /0 and Limiting Current Variation with Pulse Width for 52.8 mM
DMA in 0.8:1.0 

1

A1C13:

Pt

:ImCl melt at Pt and GC Electrodes 

GC

fcP -1, . lim E1/2 -1., . lim 1/2
(ms) (uA) (V) (uA) (V)
1000 45.1 0.74 140 0.76
750 51.3 0.77 162 0.76
500 65.7 0.78 209 0.77
250 91.5 0.79 297 0.79
100 140 0.81 472 0.81
75 164 0.83 527 0.82
50

1. it 1/2 =p
2. it 1/2 =P

233

46.1 ± 2.7 

145 ± 4

0.84

Table 2

E 1/p and Limiting Current Variation with Pulse Width for 30.3 and 
'  50.5 mM DMA in 1.2:1.0 AlCl^ImCl melt at GC Electrode

t 1
"’'lim E1/2

2
”1lim E1/2 W ^ - ^ W 30-3**

(ms) (uA) (V) (uA) (V)
1000 162 2.27 309 2.29 1.90
750 187 2.28 361 2.30 1.93
500 224 2.29 449 2.31 2.00
250 346 2.31 664 2.34 1.92
100 520 2.34 993 2.37 1.91
75 621 2.36
50 751 2.37
25 993 2.40

Ratio of concentrations added (50.5/30.3) = 1.66; ratio of
concentrations corrected for loss of initial :DMA due to ca 7.4 mM
proton impurity (see text) ((50.5 - 7.4)/30.4 - 7.4)) = 1.88.

1. it 1/2/C = 7.18 ±p corr

2. it 1/2/C = 7.35 ±p corr
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Figure 1. Staircase cyclic voltammogram for DMA in 0.8:1 melt at a Pt 
electrode, A = 0.02 cm . Scan rate 250 mV s~ (step height 10 mV, step 
width 40 ms). [DMA], mM: a) 10.4; b) 29.7; c) 52.8.

111111111 i p  | i 'i • i n
80 40

Figure 2. spectrum of methyl carbons in a) neat DMA; b) basic melt
and c) acidic melt.
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Figure 3. Staircase cyclic voltammograms for DMA in 0.8:1 melt^ 
conditions as in Figure 1. Pt electrode. Sweep rate 100 mV s” : (step 
height 10 mV, step width 100 ms), a) Melt background; b) 17 mM DMA 
added; c) as b, but 30 mM ImHC^ added.

Figure 4. Normal pulse voltammetric limiting current for oxidation of 
DMA vs [ImHCl0 ] added to a 0.8:1 melt, t , 100 ms. [DMA]. . . , =5 3  
mM. Pt electrode. ^ 101 la
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Figure 5. Normal and reverse pulse voltammograms for 0.8:1 melt 
containing DMA and DMA + ImHClp. Pt electrode. Pulse width 50 ms; 
delay time between pulses 8s (2.1 s stirred, 5.9 s quiescent); a) NP - 
37 mM DMA; b) RP on same solution from -1.1 V, t = 5s; c) RP from -1.1V 
on same solution but after 37 mM ImHClp added; t = 5s.

Figure 6. Rotating disc ring voltammograms for DMA.in basic melt; [DMA] 
= 54 mM; [ImHClp] = 31 mM. Ring scan rate 10 mV s~ . a, b, etc are 
ring voltammograms with disc at open circuit. Ring voltammograms with 
disc at: a ’) -0.5V; b') -0.7V; c*) -0.9V; d') -1.1V; e') -1.3V; f ’) - 
1.5V; g ’) -1.7V.
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13 1Figure 7. C and H NMR of DMA in basic melt following addition of 
ImHCl^ to basic melt.
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Figure 8. Staircase cyclic voltammogram for DMA in acidic, 1.2:1, melt. 
GC electrode, A = 7.07 x 10“^ cm. Scan rate 250 mV s , (step height 
10 mV, step width kO ms). With and without addition of ImHClp. [DMA] = 
51 mM. [ImHCl2], mM: a) 0; b) 8; c) 29; d) 52; e) 81.
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Figure 9. Normal pulse limiting currents for DMA oxidation versus 
[ImHCl'] added. GC electrode. Initial [DMA], 51 mM. t , ms: a) 50 
b) 100t p

PMAH+

1 1 3Figure 10. H NMR(a,b) and C(c) spectra for DMA in acidic melt 
containing proton well in excess of DMA present.
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1^C(a) and 1H(b) NMR spectra for DMA in acidic melt 
DMA in excess of proton.
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INTERACTION OF PROTONS WITH SOLUTES IN AMBIENT 
TEMPERATURE CHLOROALUMINATE MOLTEN SALTS: 

ELECTROCHEMISTRY AND NMR SPECTROSCOPY 
OF PROTONATED AND UNPROTONATED 

ANTHRACENE

Paul C. Trulove, Richard T. Carlin* and Robert A. Osteryoung

Department of Chemistry 
State University of New York at Buffalo 

Buffalo, NY 14214

ABSTRACT

The Bronsted acidity of protons in an ambient 
temperature molten salt, AlCl3:l-ethyl-3-methylimida- 
zolium chloride (ImCl), can be varied by changing the 
underlying acidity of the molten salt. In a basic melt, 
where the mole ratio of AlCl3 :ImCl is less than 1, the 
proton is a relatively weak acid, whereas in an acidic 
melt, where the mole ratio of AlCl3 :ImCl is greater than 
1, its acidity increases enormously. Electrochemistry has 
been employed to study the interactions of protons with 
anthracene in the acidic melt. It was found that 
anthracene is protonated to give the anthracenium ion, 
which cannot be oxidized within the melt electro
chemical window; however, it can be reduced to yield H2 
and free anthracene. NMR spectra show anthracene to 
be unprotonated in the basic melt, whereas in the acidic 
melt it forms a proton adduct.

INTRODUCTION

Ambient temperature organic chloroaluminate molten salts, 
A1C13 :MC1, where MCI is either l-ethyl-3-methylimidazolium chlo
ride (ImCl) or ri-butylpyridinium chloride (BuPyCl), are excellent 
solvents for studying the electrochemistry of organic compounds. 
These molten salts are liquids at room temperature over a wide range 
of A1C13:MC1 ratios. Melts are acidic, neutral, or basic when the

* Present Address: Department of Chemistry, University of Alabama, Tuscaloosa, 
Alabama.
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AlClgiMCl molar ratio is greater than, less than, or equal to unity, 
respectively (1). The acidic melts contain heptachlorodialuminate 
ion, A12C17~, which is a strong Lewis acid, while the basic melts 
contain chloride ion, a Lewis base.

Recent work by Smith and co-workers (2,3) has shown that 
the value of the Hammett acidity function for protons in acidic 
AlClgilmCl melts is in the range of a Bronsted superacid. 
Furthermore, their work demonstrated that the relative superacidity 
of protons in acid melts can be varied by changing the underlying 
melt Lewis acidity.

Anthracene has been shown to be protonated to the 
anthracenium ion in acidic AlC^dmCl melts containing proton (3). 
We had demonstrated much earlier that the electrochemically 
generated cation radical of anthracene is somewhat stable in an 
acidic AlC^rBuPyCl melt, but did not study this quantitatively (4).

Here we report on the investigation of the electrochemistry 
and NMR spectroscopy of anthracene in this mixed Lewis-Bronsted 
acid system.

EXPERIMENTAL

The preparation and purification of the AlCl3 :ImCl melts was 
performed as previously described (5). The source of protons for all 
experiments, l-ethyl-3-methylimidazolium hydrogen dichloride 
(ImHCl2), was prepared by reaction of ImCl with HCl(g) (6). 1-ethyl- 
3-methylimidazolium deuterium dichloride (ImDCl2) was obtained by 
substituting DCl(g) for HCl(g). Anthracene-Axo (99.9%, Aldrich), 
an thracene-d io  (98% D, Cambridge Isotope), and 9,10-dihydro- 
anthracene (97%, Aldrich) were used as received. Methylaluminum 
sesquichloride (MAC), Me3Al2Cl3 (Aldrich), was used as appropriate 
to remove protonic impurities from the melts.

All electrochemical experiments were performed under a 
purified helium atmosphere in a Vacuum Atmospheres dry-box. 
Electrochemical experiments were performed using an EG&G PARC 
Model 273 Potentiostat/Galvanostat controlled by a DEC PDP-8/e 
computer (7). Working electrodes, obtained from Bioanalytical 
Systems, were either Pt disc (area = 0.02 cm2) or glassy carbon, GC, 
(area = 0.071 cm2). The reference electrode consisted of an A1 wire 
(5N Alfa Inorganics) immersed in a 1.5:1 AlCl3 :ImCl melt in a 
separate fritted tube. The counter electrode was a coiled A1 wire.
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2H NMR experiments were performed on a Varian VXR-400 S 
spectrometer operating at 61.395 MHz with broad-band proton 
decoupling. Samples were prepared in the dry-box and pipetted into 
10-mm tubes (Wilmad Glass Co.). The tubes were then capped and 
sealed with Parafilm prior to removal from the diy-box. The *H NMR 
experiments were performed with the spectrometer unlocked. 
Natural abundance D2O in water was used as the reference and 
assigned a value of 0 ppm. Referencing was performed by 
substitution.

RESULTS AND DISCUSSION

I. Anthracene in proton free acidic AlClgilmCl melts.

Anthracene in acidic AlC^ImCl melts is oxidized in two one- 
electron oxidation steps as shown by the cyclic staircase voltam- 
mogram (CSV) in Figure la  for a scan positive from 1 V at GC. A CSV 
for a negative scan from 1 V (Figure lb) reveals a small wave at ca 0.3 
V corresponding to the reduction of anthracenium ion produced 
from the protonation of anthracene by adventitious protonic 
impurities (vide infra). The first one-electron oxidation produces a 
cation radical which is sufficiently stable for the corresponding 
reduction wave to be observed, even at relatively slow scan rates. The 
second oxidation wave is due to the formation of a dication for which 
there is no associated reduction wave.

Normal pulse voltammograms were obtained as a function of 
pulse width for anthracene oxidation in a 1.2:1.0 melt with a small 
excess of MAC. Table I summarizes the normal pulse parameters 
pulse width (tp), half-wave potential (E ^ ) ,  diffusion-limited current 
(ij), and the slope of E vs. log[i/(ij -  i)] which has a theoretical value 
of 59 mV for a one-electron process at 25 °C. The values for the 
slope in Table I for the first oxidation vary; however, they are con
sistent with a one-electron process. The EX/2 values for the first oxi
dation are essentially constant and independent of tp. The second 
anthracene oxidation wave appears much more complex than the 
first. The EX/2 values for the second wave remain relatively constant 
at shorter pulse widths but shift to less positive potentials at longer 
pulse widths. The limiting currents for the second oxidation are 
approximately the same as those for the first oxidation indicating that 
the second oxidation wave is also a one-electron process. This is in 
contrast to previous work on anthracene oxidation in more 
conventional solvents, such as acetonitrile, where the first wave, ex
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cept at very high scan rates at microelectrodes, is a two-electron 
process (8,9).

The diffusion coefficient for anthracene was calculated from the 
normal pulse limiting currents using the Cottrell equation

1/2
ij = nFAC(DMp) (1)

where n is the number of electrons, F is the Faraday constant, A is 
the area of the electrode, C is the concentration of the diffusing 
species, and tp is the pulse width. A plot of ii vs tp-1/ 2 for the first
oxidation is linear (R = 0.999) with a slope of 39.2 \iA s-1/ 2. From 
this slope a diffusion coefficient of 1.1 x 10_6 cm2 s_1 was calculated 
for anthracene in a 1.2:1.0 melt at 27 °C.

The 2H NMR spectra of anthracene-djo in benzene and in a 
1.2:1.0 melt are shown in Figure 2. The observed spectra in both 
solvents are essentially identical to that previously reported for fully 
deuterated anthracene (10). The spectrum for the 1.2:1.0 melt 
indicates that anthracene does not form an A1C13 adduct in acidic 
melts. This contradicts conclusions made in previous work in the 
acidic AlC^BuPyCl melts (4), but it is in agreement with more 
recent work in the acidic AlClgfimCl melts (3). To obtain the 
spectrum in Figure 2b great care was taken to remove all protonic 
impurities.

Kinetics of Anthracene Radical Cation Decomposition. The first 
oxidation wave was examined in more detail using cyclic staircase 
voltammetry. Theoretical curves were fit to voltammograms 
assuming an initial reversible one-electron transfer followed by an 
irreversible homogeneous reaction, i.e. a classic ErCi case (10,12). 
The E 1/2 value for the electron transfer and the first order rate 
constant, k, were obtained using a non-linear least squares program 
developed in this laboratory (13). The fitted voltammograms were 
collected for several melt compositions. These melts were made by 
starting with 20 mM anthracene in a 2.0:1.0 melt and adding ImCl to 
produce the less acidic melt compositions; consequently, the 
anthracene concentration decreased to ca. 15 mM for the least acidic 
melt.

Representative values for E ^  and k for various melt com
positions and scan rates are shown in Table II. Characteristic 
voltammograms at various scan rates and two different melt acidities 
are shown in Figure 3. The dots are the experimental data, and the
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solid line is the fit of the data. In general the ErCi model fits the data 
quite well. Apparent in Table II, however, is the decrease in the 
homogeneous rate constant with increasing melt acidity. This would 
seem to indicate the stability of the cation radical is enhanced in 
melts of greater Lewis acidity. Also apparent in Table II is an 
increase in the rate constant and a slight shift of E \/2 tow ards 
positive potentials with increasing scan rate. Ideally, the same k and 
E 1/2 values should be obtained for all scan rates for a particular melt. 
There is no obvious reason for these shifts with scan rate, and we can 
offer no explanation for this trend at this time.

When rate constants for anthracene concentrations of 7, 20, 
and 35 mM in a 1.5:1.0 melt were determine for a scan rate of 100 
mV s-1 values of 0.17, 0.22, and 0.27 s-1, respectively, were obtained. 
The increase in pseudo first-order rate constant with increasing 
anthracene concentration may indicate a higher-order process such 
as coupling of radical cations to form bianthracenes (14). The 
relatively small change in the rate constant with concentration does 
not alter the discussion of the rate constant as a function of melt 
composition since the concentration of anthracene varied only from 
20 to 15 mM for the experiments summarized in Table II.

In the acidic melts the anthracene radical cation is much more 
stable than in conventional organic solvents (8,15). In rigorously 
dried acetonitrile, for example, a value for the first-order rate 
constant of 125 s_1 has been determined (8). Although no rate 
constant was determined, the radical cation in dichloromethane over 
alumina was found to be quite stable, judging from the fact that a 
reverse peak for the reduction of the radical cation was seen at a scan 
rate of ca. 100 mV s-1 (16).

II. Anthracene in acidic AlC^ImCl melts containing proton.

It has been shown recently that proton in acidic AlCl3:ImCl is a 
Bronsted-superacid which readily protonates anthracene forming the 
anthracenium cation (3). Figure 4 shows both anodic and cathodic 
scans at GC starting from 1 V in a 1.5:1.0 melt containing 18 mM 
anthracene and 28 mM of the proton source, ImHCl2. The 
anthracenium ion is not oxidized in the melt window. On the other 
hand, the anthracenium ion reduction at ca. 0.3 V is the major 
electrochemical process in this solution. The oxidation waves for 
unprotonated anthracene are also seen, albeit at much lower 
currents, indicating that anthracene is not quantitatively protonated 
even in the presence of an excess of protons. No proton reduction is 
observed because protons are not electroactive at GC within the melt
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window (17). However, when a cathodic scan from 1 V is performed 
on Pt, reduction waves for both proton and anthracenium ion are 
seen. Normal pulse voltammograms for anthracenium ion reduction 
in this solution were performed at various pulse widths. Table III 
summarizes the relevant parameters. Although anthracene is not 
quantitatively protonated at 28 mM ImHCl2, it is more than 90% 
protonated. Thus, the anthracenium ion concentration can be 
approximated as 18 mM. From the slope of a plot of ii vs. tp-1/ 2 (R =
0.997) an estimate for the anthracenium ion diffusion coefficient of 4 
x 10-7 cm2 s"1 was obtained assuming an n value of 1. Unfortunately, 
at high proton concentrations the mechanism of anthracenium ion 
reduction changes (vide infra), and n approaches two. Consequently, 
it was not possible to add a large excess of protons to quantitatively 
protonate the anthracene without changing the reduction process.

The 2H NMR spectrum of 15 mM anthracene-dio with 30 mM 
ImDCl2 in a 1.2:1.0 melt is shown in Figure 5a. The observed spec
trum is consistent with a fully deuterated anthracenium ion (18), 
confirming the conclusions made from the electrochemical 
experiments. Unfortunately, due to the inherent broad nature of 2H 
peaks it was not possible to determine the completeness of deuter- 
ation. Interestingly, the 2H spectrum of 15 mM anthracene-hx q 
with 30 mM ImDCl2 in a 1.2:1.0 AlC^dmCl melt (Figure 5b) is 
essentially identical, except for peak intensities, to that for the fully 
deuterated anthracenium ion (Figure 5a). The presence of a 
deuterium spectrum indicates that H-D exchange occurs at all 
positions on the anthracene ring. This is not entirely surprising 
when considering the highly acidic nature of proton in acidic melts 
and the fact that Lewis acids have been shown to catalyze H-D 
exchange on anthracene (10).

A cyclic staircase voltammogram of anthracene oxidation at Pt 
in the presence of excess I111HCI2 is shown in Figure 6a. A significant 
increase in the anthracene oxidation wave was observed when the 
potential was held at 0.7 V before scanning through the wave (Figure 
6b). At 0.7 V "free" protons are reduced but anthracenium ion is not. 
These results strongly suggest that, at the electrode surface, the 
equilibrium

H H
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is followed by

H+ + e" -» l H 2 (3)

As the proton concentration at the electrode surface is reduced by 
the reduction of "free" proton, the anthracenium ion dissociates (Eq.
2) producing anthracene.

An attempt was made to determine the equilibrium constant 
for Eq. 2. Aliquots of ImHCl2 were added to an acidic melt 
containing anthracene and the decrease in the first anthracene 
oxidation wave and the concomitant increase in the anthracenium ion 
reduction wave were monitored at GC by normal pulse voltammetry. 
Unfortunately, evaluation of the equilibrium constant proved difficult 
due to the slow decomposition of the anthracene/anthracenium 
solution. Consequently, an equilibrium constant was obtained for only 
one melt composition. For a 1.2:1.0 melt with 31 mM anthracene a 
value of 0.02 mol Lr1 was obtained for the equilibrium constant. The 
observed trend for other melt acidities was toward greater proton
ation with increasing melt acidity.

The reduction of the anthracenium cation was examined at GC 
and Pt electrodes. Figures 7b and 8b show cyclic staircase 
voltammograms at GC and Pt, respectively, for anodic scans recorded 
in a 1.5:1.0 melt containing 18 mM anthracene and 28 mM ImHCl2 
after holding the potential at 0.1 V (reducing the anthracenium ion) 
for 5 s. These are compared to anodic scans starting at 1 V where 
small amounts of unprotonated anthracene are observed (Figures 7a 
and 8a respectively). At GC, where the H+/H2 couple is inactive, re
duction of anthracenium takes place and produces unprotonated 
anthracene as indicated by the large increase in the anthracene 
oxidation wave at 1.3 V. At Pt, reduction of anthracenium ion and 
free proton takes place and produces both H2 (oxidation wave at ca.
0.9 V) and unprotonated anthracene.

Cyclic staircase voltammograms of anthracenium ion reduction 
showed a shift of the reduction wave to more negative potentials and 
and an increase in the peak current with increasing proton 
concentrations. With a large excess of protons the peak current 
reached a relatively constant value approximately twice that of the 
anthracenium cathodic current at lower proton levels. At high 
proton concentrations the anthracene oxidation wave at 1.3 V 
disappears, and on the reverse anodic scan, a new oxidation wave at 
1.9 V is observed. Figure 9 compares the oxidation wave following an 
anodic scan from a potential hold at 0.1 V with the oxidation wave
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observed upon addition of 9,10-dihydroanthracene to a 1.5:1 melt. It 
appears that at high concentrations of proton, the anthracenium ion 
is reduced to form 9,10-dihydroanthracene.

The reduction scheme we see in the molten salt for the 
anthracenium ion is shown in Scheme I. We do not understand the 
details of the process; however, in view of the fact that we see the 
anthracenium reduction at both GC and Pt, and at about the same 
potentials, whereas on GC we do not see reduction of "free" proton 
(nor H2 oxidation), it is reasonable to conclude that the electron 
interacts initially with the ring system and ultimately ends up 
reducing the proton.

III. Anthracene in basic AlClgilmCl.

Anthracene oxidation is not observed in the basic AlCl3 :ImCl 
melts because the anodic window is limited to ca. 1 V by chloride 
oxidation. Furthermore, in basic melts containing anthracene and a 
large excess of ImHCl2 , there was no evidence of a reduction wave for 
anthracenium ion. Figure 10a shows a 2H NMR spectrum of 15 mM 
a n th ra c e n e -d 10 in a 0.7:1.0 melt. The spectrum is essentially 
identical to that found in benzene and in a 1.2:1.0 melt (Figure 2). 
When 30 mM of ImDCl2 was added to this melt the spectrum in 
Figure 10b was obtained. The only observable change is the 
appearance of a new peak at 8 6.1, which is due to the DCl2_ ion. This 
indicates that anthracene does not protonate in basic melts. Finally, 
unlike the acidic melt, the 2H NMR spectrum for 15 mM 
anthracene-hio and 30 mM ImDCl2 in a 0.7:1.0 melt (Figure 10c) 
shows no evidence of H-D exchange.

SUMMARY

In acidic, proton free, melts anthracene is oxidized in two one- 
electron steps. The first oxidation forms a cation radical that is rela
tively stable, and the second oxidation produces a dication which is 
unstable. In acidic melts containing proton, anthracene is 
protonated in an equilibrium process to form the anthracenium 
cation. The reduction of the anthracenium ion produces anthracene 
and H2. In basic melts anthracene exhibits no electrochemistry. 
However, NMR experiments show that anthracene does not form a 
proton adduct in basic melts.
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Table I. Normal Pulse Param eters for Oxidation of 9.6 mM
Anthracene in 1.2:1.0 AlCl3 :ImCl; GC Electrode at 24 °C.

First Oxidation Wave

tp, ms El/2> V il. 1-tA Slope,b mV

25 1.304 -233 55.7

50 1.306 -168 62.5

100 1.303 -144 68.8

250 1.306 -68.9 51.8

500 1.296 -39.4 46.8

Second Oxidation Wave

tp, ms El/2> V il, pAa Slope,b mV

25 1.934 -210 86.5

50 1.942 -136 73.9

100 1.937 -89.8 52.6

250 1.921 -56.9 60.0

500 1.898 -27.4 34.8

aMeasured from plateau of first oxidation. bReciprocal slope of 
E vs. log{(id -  i)/i}.
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Table II. Kinetic Parameters from Staircase Cyclic 
Voltammetiy for Anthracene Oxidation in various melt 
compositions: GC electrode at 26 °C.

Scan Rate, mV/s El/2-V k, s_1

2.0:1.0 Melt (0.8 1.7 V)a
50 1.310 (0.002) 0.10 (0.01)
100 1.313 (0.002) 0.12 (0.01)
250 1.317 (0.002) 0.14 (0.03)

1.78:1.0 Melt (0.8 1.7 V)a
50 1.306 (0.002) 0.12 (0.01)
100 1.309 (0.002) 0.17 (0.02)
250 1.312 (0.002) 0.23 (0.03)

1.46:1.0 Melt (0.8 -» 1.6 V)a
50 1.304 (0.002) 0.18 (0.02)
100 1.305 (0.002) 0.25 (0.03)
250 1.308 (0.002) 0.35 (0.04)

1.21:1.0 Melt (0.8 -» 1.6 V)a
50 1.300 (0.003) 0.19 (0.03)
100 1.302 (0.003) 0.29 (0.04)
250 1.304 (0.002) 0.41 (0.06)

1.0:1.0 Melt (0.8 -> 1.5 V)a
50 1.318 (0.004) 0.16 (0.04)
100 1.316 (0.003) 0.52 (0.10)
250 1.316 (0.005) 0.74 (0.14)

aPotential range scanned.
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Table III. Normal Pulse Param eters for Reduction of ca.
18 mM Anthracenium  in 1.5:1.0 AlCl3 :ImCl a t GC.

tp, ms E 1/2.V il. iltp1/2» nAms1/2

25 0.353 269 1345

50 0.379 177 1251

100 0.385 124 1240

250 0.400 78.5 1241

500 0.423 51.6 1153
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Figure 1. Cyclic staircase voltammograms for 18 mM anthracene in 
1.5:1.0 AlCl3 :ImCl at GC electrode, a) cathodic scan from 1 V, 500 
mV s-1; b) anodic scan from 1 V, 500 mV s_1. On addition of MAC 
wave at 0.4 V was eliminated.

Figure 2. 2H NMR spectra of 15 mM anthracene-d10 in a) benzene; 
b) 1.2:1.0 AlCl3:ImCl.
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Figure 4. Cyclic staircase voltammogram for 18 mM anthracene and 
28 mM ImHCl2 in 1.5:1.0 AlClgilmCl at GC electrode, a) cathodic 
scan from IV ; b) anodic scan from 1 V. Scan rate 500 mV s_1. No 
MAC was added so actual proton concentration is greater due to 
protonic impurities. I

Figure 5. 2H NMR of 1.2:1.0 AlCl3:ImCl 30 mM ImDCl2 a) 15 mM 
anthracene-d io  b) 15 mM anthracene-hxo. Peak at 8 2.5 is the 
acidic form of proton.
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Figure 6. Cyclic staircase voltammograms for 18 mM anthracene and 
28 mM ImHCl2 in 1.5:1.0 AlClgdmCl melt at a Pt electrode, a) anodic 
scan from IV ; b) anodic scan after a 5 s hold at 0.7 V. Scan rate 
500 mV sr1.

Figure 7. Cyclic staircase voltammogram for 18 mM anthracene and 
28 mM ImHCl2 in 1.5:1.0 AlC^dmCl melt at a GC electrode, a) 
anodic scan from 1 V; b) anodic scan after a 5 s hold at 0.1 V. Scan 
rate 500 mV s-1
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Figure 8. Cyclic staircase voltammogram for 18 mM anthracene and 
28 mM ImHCl2 in 1.5:1.0 AlC^ImCl melt at a Pt electrode, a) anodic 
scan from IV ; b) anodic scan after a 5 s hold at 0.1 V. Scan rate 
500 mV s-1.

Figure 9. a) Cyclic staircase voltammogram for 18 mM anthracene 
and 177 mM ImHCl2 in a 1.5:1.0 AlCl3:ImCl melt at a GC electrode. 
Anodic scan from a 5 s hold at 0.1 V, 500 mV s-1. Epa = 1.95 V. b) 
cyclic staircase voltammogram for 11 mM 9,10-dihydroanthracene in 
same melt. Epa = 1.96 V.
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ELECTROCHEMICAL REDUCTION OF FLUORENONE 
IN A

ROOM-TEMPERATURE MOLTEN SALT

Graham T . Cheek 
Chemistry Department, Stop 9b 
United States Naval Academy 
Annapolis, Maryland 21402

ABSTRACT

The electrochemical reduction of fluorenone in the aluminum 
chloride : 1-methyl-3-ethylimidazolium chloride molten salt 
system has been studied. As with other carbonyl compounds, 
fluorenone undergoes complexation by aluminum chloride in 
the acidic melt. In addition to changing the usual yellow 
color of fluorenone to red, this complexation shifts the 
reduction potential by +1.1 V. Comparative studies have 
been carried out in acetonitrile solutions by adding small 
amounts of sulfuric acid, resulting in similar shifts in 
reduction potential caused by protonation of the fluorenone. 
In both acidic and basic melts, a one-electron reduction is 
involved, giving rise to an anion radical which is rapidly 
complexed by the chloroaluminate species in the melt. 
Subsequent coupling of these radicals produces the pinacol 
in both acidic and basic melts. The coupling rate of the 
anion radicals in the melt has been found to be 500 times 
faster in the basic melt than in the acidic melt. This dif
ference in coupling rates is attributed to the higher degree 
of complexation of the anion radicals in the acidic melt 
compared to the basic melt.
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INTRODUCTION

Chloroaluminate molten salt systems have been employed as useful 
media for the electrochemical investigation of organic compounds, 
beginning with the sodium tetrachloroaluminate system (1). With the 
discovery of lower-temperature systems based on the butylpyridinium 
cation (2), a more convenient solvent system for this work became 
available, leading to studies of such compound types as aromatic 
amines (3), quinones (4,5), and ketones (6). Further investigations 
into the effect of cation structure on melt properties led to the 
aluminum chloride : 1-methyl-3-ethylimidazolium chloride (MEIC) sys
tem (7), which is particularly attractive because work can be carried 
out at room-temperature while maintaining the acid/base characteris
tics of earlier systems.

One of the most intriguing properties of the low-temperature sys
tems is the wide range of acidity available in the melt. The solvent 
system is characterized by the equilibrium (7):

2 AICI4 " f= ± A12C17“ + Cl".

Melt acidity is usually reported as the ratio of aluminum chlo
ride to MEIC, with acidic melts having ratios greater than one and 
basic melts having ratios less than one. The acidic species 
(A12C17") is capable of forming aluminum chloride complexes with 
electron-donating species such as amines (3) and quinones (4,5) by 
displacement of tetrachloroaluminate. Such interactions have an 
enormous effect on the electrochemical behavior of such compounds 
(4-6). Recent studies have further defined the "superacid" character
istics of the acidic melt (8,9).

The reduction of ketones has been studied in a wide variety of 
solvent systems (10). Considering that the solvent acidity can pro
foundly change the course of reduction (1 1 ,12), the product distribu
tion for electrochemical reduction of ketones can give valuable 
information about the solvent characterisitics of the medium. With 
these considerations in mind, the present study of fluorenone reduc
tion was begun.

EXPERIMENTAL

1-Methyl-3-ethylimidazolium chloride (MEIC) was prepared accord
ing to the procedure of Smith (8), except that all operations were 
carried out in a Vacuum Atmospheres glovebox. A different Vacuum 
Atmospheres glovebox was used for electrochemical studies. Aluminum 
chloride (Fluka puris.) was purified by sublimation. Melt purifica
tion involved small additions of ethyl aluminum dichloride where nec
essary to remove traces of protonic impurities from the melt (13). 
Voltammograms were obtained using a PAR 174A Polarographic Analyzer 
with a Bioanalytical Systems CV-27 instrument for potential scanning.
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A PAR Model 170 Electrochemistry System was used for fast-scan cyclic 
voltammetry (>500 mV/s). Preparative electrolysis/coulometry was 
carried out using a PARC Model 273 Electrochemistry System. Glassy 
carbon (3 mm rod, Tokai GC-30 sealed in Pyrex) was used as electrode 
material for recording voltammograms unless otherwise indicated. 
Potentials are given with respect to an aluminum wire immersed in 2:1 
aluminum chloride : MEIC melt.

RESULTS AND DISCUSSION

Initial investigations of fluorenone electrochemistry were car
ried out by cyclic voltammetry, the results of which are shown in 
Figure 1. The effect of melt acidity on fluorenone reduction is evi
dent, considering that the peak potential for the reduction process 
shifts from -1.00 V in the basic melt to +0.10 V in the acidic melt. 
This shift in electrochemical characteristics is accompanied by a 
color change from yellow, the usual color for fluorenone, in the 
basic melt to red in the acidic melt. Studies of anthraquinone (4) 
and chloranil (5) in chloroaluminate molten salt systems have shown 
that these changes are brought about by the complexation of the car
bonyl oxygen by aluminum chloride, thereby substantially altering the 
electron energy levels of this part of the molecule. Fluorenone is 
stable in the acidic melt (1 . 2 : 1 .0 ) for at least several days, 
indicating that the interaction is not strong enough to actually 
remove oxygen from the molecule.

The complexation of fluorenone in the molten salt system was com
pared with protonation in a nonaqueous solvent by adding increasing 
amounts of sulfuric acid to a fluorenone solution in acetonitrile. As 
seen in Figure 2, fluorenone reduction in acetonitrile itself 
involves two one-electron processes, the first of which occurs at a 
potential approximately the same as that for fluorenone reduction in 
the basic melt. Reduction in dimethylformamide solution gives a simi
lar value for the potential of the first reduction step (14). Addi
tion of acid results in the appearance of a peak due to the proto- 
nated ketone at -0.45 V, giving a shift of 0.85 V. The voltammograms 
in Figure 1 indicate a shift of 1.1 V for complexation of fluorenone 
with aluminum chloride. These shifts indicate a somewhat higher 
degree of interaction of fluorenone with the acidic melt than that 
which occurs upon protonation. To further explore the role of chlo
roaluminate species in fluorenone electrochemistry, an interesting 
study was carried out in which fluorenone was added to a melt con
sisting of pure MEIC (no added aluminum chloride). Even at 95°C, 
required because the melting point of MEIC is 87-88°C (8 ), the first 
reduction process is reversible (Figure 3), with the second electron 
transfer clearly showing as a separate peak. Due to the absence of 
chloroaluminate species in the melt, the anion radical remains uncom- 
plexed upon formation and the voltammogram greatly resembles those 
obtained in nonaqueous solvents such as dimethylformamide (14) or 
acetonitrile (Figure 2).
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Coulometric studies of fluorenone reduction in the 0.8 : 1.0 
basic melt show that a one-electron process is involved. In the 
acidic melt, the situation appears to be somewhat more complicated, 
there being two reduction processes and at least two subsequent oxi
dation processes. Coulometric reduction at 0.00 V (first process) 
reveals that this step is also a one-electron process. Coulometric 
results for the second reduction step were invalidated by the even
tual deposition of aluminum at -0.25 V, but this step apparently is a 
one-electron process as well, as suggested by the similar peak 
heights of the reduction steps. The anodic processes, not seen in the 
basic melt, give valuable clues concerning the reduction mechanism 
and will be discussed in some detail.

For convenience in discussing the fluorenone electrochemistry 
occurring in the acidic melt, the various redox processes are 
labelled in Figure 4. Upon scanning past the first reduction process 
(Ic), two anodic peaks (la and Ila) are evident (solid curve). Fol
lowing coulometric reduction at 0.00 V, cyclic voltammetry showed 
that only Ila was present at a peak height approximately 45% of the 
initial Ic peak height. The negative-going sweep showed that fluore
none is regenerated from the Ila process, confirmed by the coulomet
ric oxidation of the Ila process to give Ic and lie with peak heights 
at 45-50% of the original values. These results indicate that the 
pinacol (dimeric coupling product) is formed during the reduction of 
fluorenone in the acidic melt, with Ila corresponding to pinacol oxi
dation (Figure 5). Variation of the scan rate shows that the species 
corresponding to la is also involved in the reduction pathway. At 1 
V/s, only la is present, while lower scan rates give increasing 
amounts of Ila at the expense of la. Pinacol formation is, then, 
rather slow in the acidic melt. According to the scheme given in Fig
ure 5, la is due to the oxidation of the fluorenone anion radical 
which undergoes subsequent coupling to give the pinacol. The signifi
cant peak separation between Ic and la indicates that the anion radi
cal undergoes very rapid complexation by the melt during reduction, 
causing the shift of the corresponding oxidation to la instead of 
appearing as the oxidative component of a true reversible system 
involving Ic. No such oxidation process was observed at scan rates up 
to 200 V/s.

The second reduction step in the acidic melt, lie, evidently 
involves the further reduction of the complexed anion radical to give 
the alcohol (dianion). At scan rates of 100 mV/s and higher, the peak 
heights for Ic and lie are nearly the same; however, at lower scan 
rates it is expected that coupling of the anion radical produced in 
Ic to form the pinacol should result in less of the anion radical for 
further reduction in lie. This is indeed found to be the case; for 
instance, at 10 mV/s the peak height of lie is only half that of Ic.

Reduction of fluorenone in the basic melt is also a one-electron 
process, although no product responses are visible after exhaustive 
electrolysis. Scanning 0.1 V into anodic background, however, results
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in the appearance of the fluorenone reduction process at approxi
mately 5% of the original value. This observation suggests that the 
pinacol is formed in the reduction but is not oxidizable in the 
potential range normally employed. Pinacol formation is also indi
cated by the isolation of fluorenone from a hydrolyzed melt (aqueous 
solution). Air oxidation during the workup procedure, carried out in 
air, is apparently responsible for formation of fluorenone from the 
pinacol.

From the absence of a process corresponding to la in the acidic 
melt at 100 mV/s (Figure 1), it would appear that the coupling pro
cess leading to pinacol formation is much faster than it is in the 
acidic melt. This was confirmed by voltammetric experiments at high 
scan rates (up to 1000 V/s) at a small-diameter (0.25 mm) platinum 
electrode. At scan rates above 200 V/s, a peak corresponding to la in 
the acidic melt appeared, and above 500 V/s the peak current ratio of 
this peak to the initial reduction peak was approximately the same as 
the limiting value in the acidic melt. Considering that the latter 
value is reached at 1 V/s, this indicates that pinacol formation 
occurs 500 times faster in the basic melt than it does in the acidic 
melt. One interesting consequence of this rapid coupling is that the 
anion radical does not exist long enough in solution for significant 
further reduction to take place, as is observed in the acidic melt as 
process lie. Only a very small indication of such a process is seen 
in the basic melt at -1.15 V. Finally, the complexation of the anion 
radical in the basic melt, depicted in Figure 6 , occurs quite rap
idly, as inferred again from the potential separation of the redox 
processes even at 1000 V/s. Similar behavior has been observed for 
benzoquinone reduction in the basic melt (15).

The rather remarkable difference in coupling rates in pinacol 
formation between the acidic and basic melts evidently involves the 
degree of complexation of the anion radical, since both species have 
the same overall charge (-1) and electron configuration (radical). 
Two possible explanations of this rate difference are simple steric 
hindrance around the oxygen atoms and alteration of electron density 
at the coupling site. In the acidic melt, the more highly complexed 
anion radical would be more crowded around the vicinity of the cou
pling carbon atom than it would be in the basic melt, and the elec
tron density at this atom would also be less due to the electron- 
withdrawing effect of the complexation. Both effects would be 
expected to lower the rate of coupling in the acidic melt compared to 
the basic melt.
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CONCLUSIONS

Fluorenone reduction occurs as a one-electron process in both 
acidic and basic l-methyl-3-ethylimidazolium chloride chloroaluminate 
melts. The anion radical formed in the initial reduction is rapidly 
complexed by the melt and then couples to form the pinacol in both 
cases, although the rate of coupling in the basic melt is 500 times 
faster than it is in the acidic melt. This rate difference is appar
ently due to the greater extent of complexation of the anion radical 
in the acidic melt.
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BASIC

E, V vs 2 : 1  acidic melt

Figure 1. Cyclic voltammograms of fluorenone in aluminum chloride : 
1-methyl-3-ethylimidazolium chloride molten salt. Composition ratios 
are 1 . 2 : 1 . 0 for acidic melt, 0 . 8 : 1 . 0 for basic melt.
Scan rate: 100 mV/s Temperature: 40°C

Concentrations: Acidic melt, 27 mM 
Neutral melt, 24 mM 
Basic melt, 29 mM
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FLUORENONE IN Cl^CN 
h2so4 ADDITIONS

+ 1.00 0.00 -1.00 -2.00

E, V vs SCE

Figure 2. Cyclic voltammograms of fluorenone in acetonitrile/0.1 M 
tetraethylammonium perchlorate, with additions of sulfuric acid as 
indicated.
Scan rate: 100 mV/s Temperature: 25°C
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50 uA

f

+2.00 +1.00 0.00

E, V vs A1 wire> immersed in melt

Figure 3. Cyclic voltammogram of fluorenone (21 mM) in molten MEIC. 
Scan rate: 100 mV/s Temperature: 95°C

l i e

E, V vs A1 (2:1 reference melt)

Figure 4. Cyclic voltammogram of fluorenone (23 mM) in 1.2 : 1.0 
acidic melt. Dashed curve represents scan beyond second reduction 
process.
Scan rate: 100 mV/s Temperature: 40°C
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( a i c i 3 ) 2 - o  ' T  0 .. . ( A i c i 3 ) 2
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Figure 5. Reaction pathway for fluorenone reduction in acidic melt.

e“ AlCl^

f a s t

0 " A 1 C 1 3

+ Cl"

(2)

Figure 6. Reaction pathway for fluorenone reduction in basic melt.
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ABSTRACT

The electroreduction of perylene and phenazine in basic mixtures of 
A1C13 and 1-ethyl-3-methyl-lH-imidazolium chloride (EMIC) (44.4 mol % 
AICI3) has been investigated by electrochemical and spectroelectrochemical 
(SE) techniques using a fiber optics based rapid scanning spectrometer for 
SE experimentation inside of a dry box. Although initial results 
indicated that the reduction of perylene and phenazine proceeds through 
a two-electron process coupled with two protonations to form a dihydro
species of the parent, further investigation, using authentic 
dihydrophenazine, indicated that these reduction products may not be the 
result of proton exchange reactions but rather the A1C1<," ion may be acting 
as the acidic species in these melts.

INTRODUCTION

The use of molten salts as solvents for organic chemistry is an 
interesting and largely unexplored area. An excellent review of the 
current state of this field was reported by Pagni in 1987 (1). One class 
of molten salts which is particularly attractive for organic chemistry is 
the room temperature molten salts (2). Their low liquidus temperatures 
allow for easier handling and milder reaction conditions. In order to 
further develop this field, investigation into the interactions between 
organic species and the room temperature melts is essential.

Several classes of ambient temperature ionic liquids have been 
reported in the literature (2). Among these are the chloroaluminates. 
These consist of mixtures of A1C13 and an organic halide, usually N- 
butylpyridinium chloride (BPC) (3,4) or 1-ethyl-3-methyl-(1H)-imidazolium 
chloride (EMIC) (5). The EMIC-containing basic (EMIC/A1C13 mole ratio > 
1) mixtures have a significantly larger electrochemical window and all 
compositions have a lower UV cut-off than BPC-based melts. They are also 
less viscous than the BPC-based melts.
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The properties of room temperature chloroaluminate melts have been 
discussed in a number of articles (6-8). One of the more common 
interactions between the melt and solute species is Lewis acid 
complexation involving A1C13 (9) . While this is particularly prevalent in 
the acidic melts where the acidic species A12C17‘ is present, there have 
also been reports of Lewis acid complexation involving the A1C14' species 
in basic melts (9). Identification of these complexes often relies on 
their similarity to protonated species; however, since the danger of 
proton contamination is always present in these very hygroscopic melts, 
additional proof is warranted. The following work describes the 
investigation of the reduction chemistry of phenazine and perylene in 
basic room temperature chloroaluminate melts. Attempts at eliminating 
possible sources of protons, and comparison of the phenazine reduction 
product with authentic dihydrophenazine are also reported.

EXPERIMENTAL

Due to their hygroscopic nature, A1C13, EMIC and 1,2-dimethyl-3- 
propylimidazolium chloride (DMPIC) were handled in an argon atmosphere dry 
box in which the levels of water vapor and oxygen were maintained below 
2 ppm. Melts were prepared by slowly adding weighed amounts of A1C13 to 
weighed amounts of EMIC or DMPIC while stirring.

Organic reactions involving hygroscopic or air sensitive materials 
were performed using a dual manifold vacuum line and Schlenk-type 
glassware.

Cyclic voltammetry (CV) was performed in the dry box using cells 
which have been previously described (10). The working electrodes used 
for CV were made of tungsten (area=0.126 cm2). In all experiments, the 
reference electrode was an aluminum wire (Alfa, puratronic, 4N8) immersed 
in a 2:1 A1C13-EMIC (or A1C13-DMPIC) melt saturated with solid A1C13 and 
separated from the bulk solution by a fine quartz frit.

The instrumentation used for the CV and bulk coulometry consisted 
of a Princeton Applied Research Model 175 Waveform Generator and a Model 
173 Potentiostat/Galvanostat with a Model 179 Digital Coulometer.

UV/visible absorption spectroscopy of stable solutions was performed 
using a Cary 14 spectrophotometer. The cells used have been described 
previously (11).

Spectroelectrochemical (SE) experiments were performed using a 
Princeton Applied Research Model 273 Potentiostat/Galvanostat. The 
spectroscopy for the spectroelectrochemical experiments was performed with 
a diode array based multichannel spectrograph. This consisted of a EG&G 
Princeton Applied Research Model 1460 OMA-III multichannel analyzer which 
used a Model 1461 remote interface to operate a Model 1463 detector 
controller. The detector used was a Reticon (EG&G Model 1412) 1024- 
channel, unintensified linear diode array detector, thermoelectrically
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cooled to -20 °C to reduce thermal noise. The light sources used were a 
10-watt halogen/tungsten lamp (Oriel Model 6323) for visible spectroscopy, 
and either a 35-watt deuterium lamp (Oriel Model 6312) or a 75-watt xenon 
arc lamp for ultraviolet work.

For most SE experiments (12-15) the spectrometer was interfaced to 
a dry box using fiber optics to minimize the possibility of atmospheric 
contamination and to provide additional flexibility. Silica clad silica 
fibers with a core diameter of 600 microns were employed. Fused silica 
lenses were used to direct the light into and out of the fibers. A 
detailed description of this setup and of a short pathlength SE cell 
needed for solutes with high molar absorptivities may be found in 
reference 16. Due to light losses at the various coupling points in the 
fiber optic setup along with the increased absorbance of the fibers in the 
ultraviolet, it was necessary to use a 75-watt xenon arc lamp powered by 
an Oriel Model 8510-1 power supply. In the transmission UV/visible SE 
performed in this work, an optically transparent electrode (OTE), usually 
constructed from a platinum screen, was employed. The SE cell was 
constructed using a 1-mm quartz cuvette (17). The reference electrode was 
the same as that used for CV.

ESR spectrometry was performed using a Varian Model E-109 
spectrometer. NMR spectroscopy was performed using a Nicolet Model NT200, 
200 MHz, XH spectrometer.

Aluminum chloride (Fluka puriss. grade) was purified in a manner 
similar to that previously described (11). Ethyl chloride (Matheson) was 
used as received. Acetonitrile (Burdick and Jackson) and 1- 
methylimidazole (Chemical Dynamics Corp.) were purified as previously 
described (10). 1-Chloropropane (Aldrich, 99%) was first washed with 
sulfuric acid, water, saturated sodium carbonate and finally water (18). 
It was then dried over magnesium sulfate. After filtering, the 1- 
chloropropane was refluxed over calcium hydride (under an argon 
atmosphere), and distilled onto 4-A molecular sieves. 1 ,2-Dimethyl- 
imidazole (Aldrich, 98%) was purified in the same manner as the 1-methyl- 
imidazole. Perylene (Aldrich Gold Label, 99+%) was recrystallized from 
ethanol. Phenazine (Aldrich, 98%) was used as received.

EMIC was prepared as previously described (10). DMPIC was prepared 
by combining 250 g of a dimethyl imidazole- acetonitrile mixture (25 wt% 
acetonitrile) with 390 g of 1-chloropropane in a three neck reaction flask 
(all procedures were done under an argon atmosphere). This mixture was 
then refluxed under argon at approximately 50°C. This is a modification 
of the procedure described by Gifford and Palmisano (18). During the 
refluxing, crystals formed in the reaction mixture. These crystals and 
the solution were slightly yellow. After refluxing for one week, the 
excess propyl chloride was removed by applying a vacuum to the reaction 
flask. The product was then worked up in the manner described for the 
EMIC (10). The identity of the product was confirmed using Hi-NMR 
spectroscopy.
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Dihydrophenazine (H2PN) was synthesized using a modification of the 
methods of Scholl (19) and Wheaton, et al. (20).

The level of protic impurities in melts composed of mixtures of 
A1C13 and EMIC was determined spectrophotometrically using the 9H- 
anthracenium ion (10). When anthracene was added to an acidic melt it 
reacted with the protic impurities to form the anthracenium ion. The 
concentration of this ion was determined spectroscopically using the molar 
absorptivity obtained from anthracene in an HC1-saturated melt. In all 
cases, the level of protic impurities was found to be between 0.3 and 0.5 
mM.

RESULTS AND DISCUSSION

A. Phenazine in A1C13-EMIC (0.8/1)

Phenazine (PN) was dissolved in the basic A1C13-EMIC melt at a 
concentration of 10 mM to give a light yellow solution. The UV/visible 
spectrum was similar to that reported in the literature for PN in methanol 
(see Table I) (20) which indicates that there is no detectable interaction 
between the PN and the melt (i.e. A1C13 does not appear to form a Lewis 
acid adduct with the lone electron pair of one of the nitrogens). Cyclic 
voltammetry at a tungsten electrode (Figure 1) exhibited one reduction 
wave at -1.3 V (all potentials are vs Al in AlCl3(sat) A1C13-EMIC) . This 
wave was totally irreversible even at scan rates of 10 V/s. After 
sweeping through this reduction wave, several oxidation waves appeared 
with the first (and most prominent) being at -0.16 V. This large 
oxidation wave was irreversible at all scan rates (up to 10 V/s) . If this 
region of the CV was cycled several times without sweeping through the 
original reduction wave of PN, the predominant irreversible oxidation wave 
disappeared, and two small "reversible" waves with oxidation peak 
potentials of -0.18 and 0.17 V appeared. As stated above, the large 
oxidation wave at -0.16 V only occurs after sweeping through the reduction 
wave of the PN, indicating that it is the result of a product formed 
during that reduction. If the reduction wave of the PN is cycled without 
sweeping through this oxidation wave, the height of the reduction wave 
decreases with each cycle. If the scan is then allowed to sweep through 
the oxidation wave, the height of the reduction wave increases. This 
indicates that the oxidation occurring at -0.16 V is regenerating the 
original PN.

Bulk coulometry was performed on a 11.11 mM solution of PN in A1C13- 
EMIC (0.8/1) at -1.60 V using a glassy carbon crucible as the working 
electrode. After the passage of 1.63 equivalents of charge the 
electrolysis was stopped and a UV/visible spectrum of the nearly colorless 
solution was obtained. The resulting spectrum was similar to that 
reported in the literature for dihydrophenazine (H2PN) which is produced 
by a 2-electron reduction of PN in the presence of an acid (20-22). If 
an n-value of two is therefore used to determine the contribution of
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Superficial examination of the results above would lead to the 
conclusion that PN is reduced in a 2-electron process involving chemical 
reactions with some proton source to produce H2PN. The concentration of 
protic impurities in these melts, however, was below 0.5 mM which is too 
low to account for the amount of H2PN formed. Another possible source of 
protons in the melt is the imidazolium cation. The hydrogen in the 2- 
position of this cation has been shown to be acidic under certain 
conditions (23). In order to test this theory, another imidazolium 
chloride was used in which the hydrogen on the 2-carbon is replaced by a 
methyl group. Gifford and Palmisano reported that the methyl substituted 
imidazolium chloride (DMPIC) produces an ambient temperature molten salt 
with A1C13 (18) . DMPIC was therefore synthesized and used to study the 
reduction of PN.

unreduced PN to the spectrum and subtracted, the resulting spectrum is
close to that reported in the literature for H2PN (see Table I) .

B. Phenazine in A1C13-DMPIC (0.9/1)

Cyclic voltammetry and bulk coulometry of PN in the basic DMPIC melt 
produced results which were identical to those obtained in the EMIC 
experiments. Apparently the acidic species reacting with the reduced PN 
does not arise from the EMIC cation.

C. Dihydrophenazine (H2PN) in A1C13-EMIC (0.8/1)
In order to determine if the product of the reduction of PN in the 

basic melt is H2PN, authentic H2PN was synthesized and added to the melt. 
This produced a solution with UV/visible spectrum qualitatively similar 
to that of the reduction product of PN, but with the maximum shifted 
toward longer wavelengths by 18 nm (Table I). A CV of a 7.03 mM solution 
of H2PN in an A1C13-EMIC (0.8/1) melt at 100 mV/s is shown in Fig. 2. This 
CV is quite different from that of the PN reduction product and consists 
of two oxidation waves of approximately equal height at -0.18 and 0.12 V. 
A single reduction wave occurs at -0.25 V; it corresponds to the first 
oxidation wave. No reduction wave was observed at -1.3 V, indicating that 
PN was not produced during the oxidation of H2PN. The peak separation of 
the first oxidation wave is close to that of a one-electron process (59 
mV at 25°C) at scan rates from 5 to 500 mV/s, and the anodic to cathodic 
peak ratios are close to one even at 5 mV/s indicating that the product 
of the one-electron oxidation is stable on the time scale of the CV's. 
A plot of ip vs vh was linear with an intercept near zero indicating a 
diffusion controlled oxidation (24).

Bulk coulometry was performed at -0.15 V on the H2PN solution 
described above. After passing 0.75 equivalents of charge, the coulometry 
was stopped; the resulting solution was green. The spectrum of this 
solution was identical to that reported for the radical cation of H2PN (25) 
(Table I) which would be the result of the one-electron oxidation of H2PN. 
This solution was stable for a minimum of several days.
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In order to confirm the identity of the product from the coulometry 
at -0.15 V, ESR spectroscopy was performed on the solution. The spectrum 
contained only the seven major bands of the radical cation. The number 
of bands along with the spectral width is in agreement with that reported 
in the literature (26-28). In an attempt to increase the resolution, the 
temperature of the cell was raised to 100 °C in order to increase the 
molecular tumbling of the PN (29). This resulted in a much more highly 
resolved spectrum in which the hyperfine splitting was observable. Table 
II lists the coupling constants and spectral widths from the above 
experiments along with those reported in the literature.

The results obtained for the oxidation of H2PN in the basic A1C13- 
EMIC melt clearly indicate that the species produced during the reduction 
of PN in this melt is not H2PN. The similarity in the UV/visible spectra 
of the reduction product and H2PN does, however, support the hypothesis 
that the reduction product of PN is a Lewis acid adduct involving the 
dianion of PN and two Lewis acid species. The most obvious Lewis acid 
present in these melts is A1C13 (9) .

In Figure 1 two small "reversible" oxidation waves were observed 
under certain conditions (see above) for the reduction product of PN in 
the basic A1C13-EMIC melt. The peak potentials of these waves were -0.18 
and 0.17 V. These values are very close to those observed for the 
oxidation of H2PN in the basic melt. It is very likely that these two 
waves were caused by the oxidation of H2PN produced by the reaction of the 
reduced PN with trace protic impurities.

D. Perylene (PE) in A1C13-EMIC (mole ratio 0.8/1)

In order to further investigate interactions between the melt and 
reduced species, the reduction of PE was investigated. CV was performed 
on solutions of PE in basic A1C13-EMIC with PE concentrations of 4 to 5 
mM. The PE dissolved slowly (usually overnight) to give a yellow solution 
with blue fluorescence. This solution had a UV/visible absorption 
spectrum similar to that reported for PE in other solvents (Table III) 
(30), and was stable for a minimum of several weeks. As shown in Fig. 3, 
the reduction of PE in this melt occurs in two steps. The first reduction 
step has a peak potential of -1.83 V and the second -2.17 V (all 
potentials are vs. Al in AlCl3(sat) A1C13-EMIC). Upon reversing the scan, 
the second wave shows no anodic wave even at very high scan rates, while 
the first wave exhibits a reverse wave at all scan rates studied (5-500 
mV/s). The potential of the first cathodic wave is consistent with that 
reported for the one electron reduction of PE to the radical anion 
(31,32). The potential of the second wave is considerably less negative 
than that reported for the reduction of the radical anion to the dianion 
(32). This type of shift has been reported for the reduction of aromatic 
compounds when there was a source of protons present (i.e. decreased 
stability of the anion and dianion) (33,34). Due to the close proximity 
of the melt limit to the second reduction wave, only the first cathodic 
wave was studied in detail.
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A study of the first wave on a tungsten electrode at various scan 
rates revealed that the ratio of the anodic to cathodic peak currents was 
approximately unity at scan rates of 20 mV/s and greater, and less than 
one at scan rates below 20 mV/s. This indicates that the product is 
unstable and that the decay is slow enough to be observed at the lower 
scan rates (24$. At scan rates above 20 mV/s the peak separation is 75 
mV which is somewhat higher than the value reported for a one electron 
process, namely 59 mV (24). The value of ip/v^ increases at low scan 
rates. This is consistent with the presence of a catalytic follow-up 
reaction (EC') (24). The large peak separation at slow scan rates is also 
expected for an EC' process. In a catalytic EC' process, the species 
being reduced is regenerated by a following chemical reaction. At slower 
scan rates, more of the reduced species is converted back to the parent 
causing the current function (ip/v%) to increase (24). The decrease in 
ip a/ip c with decreasing scan rate is, however, not expected for a 
catalytic follow-up reaction (24). This inconsistency will be discussed 
below.

Bulk coulometry at -1.85 V was performed on 14.34 grams of a 4.632 
mM solution of PE in the basic melt using a glassy carbon crucible as the 
working electrode. After the passage of 4.843 coulombs, a spectrum was 
taken of an aliquot of the solution. Four of the new bands observed (352, 
334, 319 and 305 nm) were similar to those reported for dihydroperylene 
(H2PE) (see Table III) (32). Based on the decrease in the concentration 
of the PE during the coulometry (determined from the absorption spectra 
of PE taken before and after the coulometry) and the number of coulombs 
passed, the number of electrons per PE molecule was calculated to be 2.01. 
This result is consistent with the ECEC process producing an H2PE analog. 
The mechanism for this process will be discussed below.

During the coulometry, the solution turned blue. An attempt was 
made to obtain the absorption spectrum of this solution; however, the blue 
color disappeared before the optical cell could be removed from the dry 
box. It was thought that this color was due to the radical anion which 
is reported to be blue (35). It was, therefore, decided to obtain SE data 
for the PE reduction to observe this intermediate.

SE (1-mm cell) was performed on a 0.2304 mM solution of PE in the 
basic melt. Due to the fact that the PE has a molar absorptivity of 
3.22x10* M”1 cm"1 at 440 nm, and the pathlength of the SE cell is 1 mm, it 
was necessary to use such a low concentration to produce a UV/visible 
spectrum of the parent with maxima below 1.0 absorbance units. This 
solution was made by diluting the 4.588 mM solution with neat melt of the 
same composition. The light source used for this experiment was a 
tungsten lamp in order to observe any bands in the visible and therefore 
the species absorbing below 400 nm (i.e. the final product) could not be 
observed. The potential of the working electrode (40-mesh platinum 
screen) was stepped from -1.5 V to -1.85 V and spectra were taken every 
15 seconds.
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During the electrolysis, the PE bands decreased with time and a 
small band grew in at 580 nm reaching approximately 0.05 absorbance units 
at its maximum. When the circuit to the cell was opened, this band 
disappeared. The wavelength of this band was very close to that of the 
main band of the radical anion of PE (30,35).

In order to better observe this intermediate, the experiment was 
performed using the undiluted solution (4.588 mM). Due to the high 
concentration, the bands from PE were off-scale. Fig. 4 shows the result 
of this experiment. The positions and relative heights of the new bands 
(Table III) correspond very well with those reported in the literature for 
the radical anion of PE (30,35). When the circuit to the cell was opened, 
these bands decayed back to the original base line. A plot of the log of 
the absorbance (A) (open circuit) of the main band at 580 nm vs time was 
nearly linear indicating that the decay of the radical anion is first 
order in PE (36). From the slope of the first order plot, the half-life 
of the radical anion was calculated to be 1.7 minutes.

In order to observe the final product, a deuterium lamp was used for 
SE of the dilute PE solution. Fig. 5 shows the results for this 
experiment. As can be seen, there is a well-defined isosbestic point at 
approx. 367 nm indicating an uncomplicated conversion of PE to the 
dihydro-like product.

As mentioned above, very low concentrations of PE were necessary to 
keep the bands of the parent and final product on scale. This low 
concentration was below that determined for the protic impurities, and 
therefore makes interpretation of the data uncertain. The thin layer SE 
cell (0.05 mm) was therefore used in order to work at a PE concentration 
greater than 4 mM. Fig. 6 shows the results of this experiment. Due to 
the more rapid electrolysis of the starting material, a higher 
concentration of the radical anion was generated. This allowed all three 
PE species (neutral, radical anion and dihydro) to be observed 
simultaneously.

In order to positively confirm the identity of the intermediate 
formed during the reduction of PE, ESR spectroscopy was performed. The 
radical was generated in the ESR cavity using a modified SE cell. A 
constant potential of -1.85 V (vs. Al in an AlCl3(sat) A1C13-EMIC melt) was 
applied to the working electrode. The slow electrolysis time of the cell 
(approx. 1 hr) allowed ample time for the optimization of the ESR 
parameters and the collection of the spectrum. Fig. 7 shows the ESR 
spectrum obtained from this experiment. Table IV lists the coupling 
constants, spectral width and g-value determined from the data; all 
parameters agree well with those reported in the literature (37,38).

From the information obtained above, it was assumed that the final 
product formed during the reduction of PE in the basic EMIC melt was the 
dihydro-like species (H2PE) (32) formed by two successive 
reduction/complexation steps (ECEC) with the radical anion being the 
product of the first reduction and responsible for the single electron
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reduction wave observed at -1.8 V in the cyclic vo It ammo grams. Once 
complexed, the radical has a reduction potential less negative than PE and 
will, therefore, be reduced to the dianion at potentials negative enough 
to reduce the neutral PE (32). The reduction of this radical is the 
second reduction process in the ECEC mechanism and accounts for the n- 
value of 2 observed during the bulk coulometry. Fig. 8 shows this 
reaction scheme along with a possible disproportionation reaction which 
would give the same final product along with the same total charge 
transfer (39). Since the only intermediate observed is the radical anion, 
and it is the initial product in both pathways, it is not possible to 
determine which of the pathways is responsible for the production of the 
dihydro species. The lack of an ESR signal from the neutral radical even 
when the radical anion is allowed to decay with no potential applied to 
the cell supports pathway 2; however, it is possible that both pathways 
are occurring simultaneously during the electrolysis.

The above conclusion is supported by the CV data. The reduction of 
the neutral radical at the same potential as the unreduced PE should give 
results similar to that for a catalytic follow-up reaction (increasing 
ip c/v* with decreasing scan rate), while the fact that the final product 
(H2PE) is not electroactive should cause ip a/ip c to decrease with 
decreasing scan rate (24), as was observed.

CONCLUDING REMARKS

The acidic properties of A1C14” in basic room temperature melts are 
of interest and should be investigated further. These investigations 
could include use of neat EMIC (or DMPIC) as the solvent (the radical 
anion of PN has been observed to be stable in neat EMIC) along with 
millimolar additions of A1C13 in order to study the reaction kinetics of 
the PN complexation. Another area of future interest is the stability of 
the radical cation of H2PN in the basic melt as this is the first time it 
has been shown to be stable in something other than a highly acidic 
solvent.
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TABLE I

ABSORPTION MAXIMA OF PHENAZINE AND 

ITS DERIVATIVES IN VARIOUS SOLVENTS

species solvent A, nm (log eCM"1 cm'1))

PN AlClg-EMIC (0.8/l)a 364(4.13)

MeOHb 362.5(4.12)

AICI3-EMIC (0.8/l)a,c 335(3.81)

h 2pn AICI3-EMIC (0.8/l)a 353(3.84)

MeOHb 350(3.87)

MeOHd 325(3.8)

h2p n *+ AICI3-EMIC (0.8/l)a 314(3.20) 379(3.76) 436sh 444(3.90)

EtOH+O.lM HCle 370 434sh 444

a. This work.

b. Ref. 20.

c . Product from reduction of PN at -1.60 V.

d. Ref. 21.

e . Ref. 25.
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TABLE II

ESR PARAMETERS FOR H2PN+* IN VARIOUS SOLVENTS

solvent #ia a H/i° a N/i g spectral
width®

AlCl3-EMICb 1 2.00297 56.97
(0.8/1) 2 --
25 °C 9(N) 6.6 6.6
AlCl3-EMICb 1 0.6 2.00311
(0.8/1) 2 1.1
102 °C 9(N) 6.2 6.2
DMF+HC104d 1 0.66 47.02

2 1.71
9(N) 6.49 6.14

Aqueous acid® 1 0.6 46.8
2 1.2
9(N) 6.6 6.6

a. /i is the position of the magnetic nuclei in the compound.

b. 7.033 mM solution of H2PN in A1C13-EMIC (0.8/1) at 25°C, 
electrolyzed at -0.15 V.

c . In gauss

d. Ref. 27.

e . Ref. 28.

349



TABLE III

ABSORPTION MAXIMA OF PERYLENE AND 

ITS DERIVATIVES IN VARIOUS SOLVENTS

species solvent A, run
(log e (M-1 cm"1))

PE AlCl3-EMICa
(0.8/1)

254 373
(3.64)

392
(4.05)

413
(4.39)

440
(4.51)

DMF/24mM HAb 366 385 405 428

THFC 253
(4.56)

363
(3.58)

387
(4.01)

406
(4.33)

431
(4.38)

AlCl3-EMICa,d
(0.8/1)

305
(3.93)

319
(4.04)

334
(4.11)

352
(4.06)

h2pe DMF/24mM HAb 287 297 310 328 343

PE-" AlCl3-EMICa
(0.8/1)

580
(1 .00)e

682
(0.16)e

737 771 809

THFf 581
(4.63)

675
(3.77)

725 758 800

a. This work.

b. Ref. 32.

c. Ref. 30.

d. Product from reduction at -1.85 V

e . Relative peak heights.

f. Ref. 35.
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TABLE IV

ESR PARAMETERS FOR PE"* IN VARIOUS SOLVENTS

Solvent a  b 
a H3

a  b 
a Hl

a  b 
a H2 g spectral

widthb

AlCl3-EMICa 3.52 3.07 0.47 2.00270 28.28
(0.8/1)

A1C13-DMPICc 3.52 3.07 0.47 2.00262 28.24
(0.9/1)

THFd 3.53 3.09 0.46 -- 28.32

DMEe,f -- -- -- 2.00267 --

a. 4.488 mM solution of PE in A1C13-EMIC (0.8/1) at 25° C, 
electrolyzed in the ESR cavity at -1.85 V.

b. In gauss.

c. Ref. 16

d. Ref. 38.

e. Ref. 37.

f. DME is 1,2-dimethoxyethane.
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F igu re  I .  CV o f I t . 11 mM 1 " A lC lj-E H IC  ( 0 .8 /1 ) .
T un g s te n  w o rk in g  e le c t ro d e , area -  0 .126 cm", t  -  25*C.
Reference e le c tro d e  - A l In  A lC l j f s a t )  A lC lj-E M IC . Sweep ra te  -  
0.020 V /s .

- 0.8
VOLTS

F igu re  2 CV o f  7.033 mg l l2PM In  A lC lv E H lC  ( 0 .8 /1 ) .  
T un gs te n  w o rk in g  e le c t ro d e , area -  0 .126 cm*, t  -  25*C.
R e lerence e le c t ro d e  - A l In  A lC l3 (a a t )  A lC lj-E M IC . Sweep ra te  -  
0.100  V /s .
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E M

F ig u re  3 . CV o f  4 .4 8 8  mH p e ry le n e  i n  A IC I 3 -EH IC ( 0 . 8 / 1 ) .  
T u n g s te n  w o r k in g  e le c t r o d e ,  a re a  -  0 .1 2 6  cm^, t  -  25 *C .
R e fe re n ce  e le c t r o d e  - A1 in  A lC l3 ( s a t )  A iC l 3 -EM IC. Sweep r a te  -  
0 .1 0 0  V /s .  I n i t i a l  p o t e n t ia l  -  - 0 .5  V.

F ig u re  4 . A b s o rp t io n  s p e c t ra  measured e v e ry  90 9  d u r in g  a
6 0 -m in  e l e c t r o l y s i s  a t  -1 .8 5  V o f  4 .5 8 8  mil p e ry le n e  in  A IC I 3 -EMIC  
( 0 . 8 / 1 ) .  40-mesh p la t in u m  s c re e n  e le c t r o d e ,  p a th le n g th  -  0 .1 0
cm. (a )  I n i t i a l  s p e c trum , e l e c t r o l y s i s  t im e  -  0 m in . (b )  F in a l  
s p e c trum , e l e c t r o l y s i s  t im e  -  60 m in .
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F ig u re  5. A b s o rp t io n  s p e c t ra  m easu red e v e ry  2 m in  d u r in g  a
f 30 -m ln  e l e c t r o l y s i s  a t  -1 .8 5  V o f  0 .2 3 0  mM p e ry le n e  I n  A IC I 3 -EMIC 

( 0 . 8 / 1 ) .  40-mesh p la t in u m  s c re e n  e le c t r o d e ,  p a th le n g th  -  0 .1 0
cm. (a )  I n i t i a l  s p e c trum , e l e c t r o l y s i s  t im e  -  0  m in . ( b )  F in a l
s p e c trum , e l e c t r o l y s i s  t im e  -  28 m in .

0.30

0.85

0.20

0.13

0.10

0.03

F ig u re  6 . A b s o rp t io n  s p e c t ra  m easu red e v e ry  A a d u r in g  a 
1 4 0 -s e le c t r o l y s i s  a t  -1 .8 5  V o f  A .632 mg p e ry le n e  I n  A lC l j- F H lC  
( 0 . 8 / 1 ) !  2 0 0 -mesh g o ld  m ln t g r ld  e le c t r o d e ,  p a th le n g th  -  0 .0 0 5
cm. (a )  I n i t i a l  s p e c trum , e le c t r o l y s i s  t im e  - 0  s. (b) Final
s p e c trum , e le c t r o l y s i s  t im e  -  1A0 s .
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F ig u re  7. ESR s pe c trum  o f  PE ' • I n  A IC I 3 -EMIC ( 0 . 8 / 1 ) .  
A p p lie d  p o t e n t l . i l  -  - 1 .8 5  V . (a )  Hod. amp. -  44 mG, f i e l d  -  
32 49 .0  G, f r e q .  -  9 .4 7 4  GHz, m ic row ave  power -  0.5mW, scan  r a te  -  
1 C /m ln . (b )  Im p ro ved  s ig n a l l e v e l ,  mod. amp. -  184 mG,
m ic row ave  power -  1  mW.

Pe + e- —  

Pa" + AlCir 

Pe(AlCl3)" ^

Pe(AlCls )** i

- Pe"

- V  Pe( AlCls T  + Cl"
e- -- ►- Pe(AlCl3 )*“

AlCir ---►  Pe(AlCl3)V + Cl

OR

Pe" + Pe(AlCla)- ---►  Pe + Pe(AlCl3 f

Pe(AlCl3 )*” + AlCir ---►  Pe(AlCl3 )V + Cl

F ig u r e  8 . P ro p o s e d  r e a c t i o n  m echan ism  f o r  p e ry le n e  
r e d u c t io n  a t  -1 .8 5  V I n  A IC I 3 -EMIC ( 0 . 8 / 1 ) .
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ELECTROCHEMISTRY AND SPECTROSCOPY OF BISMUTH CLUSTERS 
IN ACIDIC ROOM-TEMPERATURE CHLOROALUMINATES

Luc Heerman and W. D'Olieslager

Laboratorium Radiochemie, K.U.Leuven 
Celestijnenlaan 200 G, B—3030 Heverlee, Belgium

ABSTRACT

In 2 :1  mole ratio AICI3—BuPyCl melts, the electrochemical reduction 
of [Bi5p + ion to the metal is the sum of two processes : 1 ) the 
reversible two-electron reduction of the closo—trigonal bipyramid 
with the formation of a closed shell nido—square pyramid and 2 ) the 
further reduction of this instable intermediate to the metal. On glassy 
carbon electrodes both processes give raise to separate waves because 
the deposition of the metal is retarded by nucleation phenomena. 
Anodisation of the metal or reaction of the metal with BiCl3 produces 
fBis]3+ ion (or its solid salt Bi5(AlCU)3  ) and minor traces of another 
low—valent species, probably "BiAlCU".

INTRODUCTION

Bismuth possesses a number of unusual low oxidation states, i.e. lower than that of 
the familiar Bi(III), which include Bi+ and a series of homopoly atomic ions ; in fact, 
bismuth has become the classical exemple of an element forming "naked” metallic 
polycations (1 ,2 ).

Early investigations were concerned mainly with solutions of bismuth metal in 
BiCl3—melts. The results of emf studies and spectroscopic measurements are 
consistent with the presence of Bi+ and [Bi3]+ (3-6). The solid phase Bi24Cl28 
(originall formulated as "BiCl" (7)) which can be separated from these melts has 
been shown by X-ray diffraction studies to be ([Bi9]5+)2([BiCl5]2')4 ([Bi2Clg]2') (8,9) 
(more recent work however suggests that the anionic part is better described as 
polymeric instead of the idealized ([BiCls]2-)([Bi2Cls]2-) structure (10)).

Several workers investigated the reaction between bismuth metal and dilute 
solutions of BiCU in acidic (AlCl3-rich) chloroaluminate melts which are 
particularly good solvents for the stabilisation of low oxidation states (11). Bjerrum 
et al. (12—15) characterized the products of this reaction in molten AICI3—NaCl 
eutectic (63 mole % AICI3 -  37 mole % NaCl) by UV-visible spectroscopy. These 
workers studied quantitatively the equilibria

2 Bi iiq +  Bi3+soi *1 ■

4 Bi iiq -f Bi3+soi *—   

6 Bi+soi ’’— —  - Bi3+soi

356

+

3 Bi+ sol

[Bi5]3+sol
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(3)
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In addition to Bi+ and [Bis]3+, the poly cation [B\$]2+ was characterized in the 
presence of excess liquid metal (no information was obtained on the number of 
ligands, chloride or chloroaluminate ions, attached to these entities). Corbett 
(16,17) subsequently isolated the solid phases Bi5(AlCU)3  and Big(AlCl4 )2  from the 
pseudo—binary system Bi—(BiCl3—3 AICI3). In view of the absence of a salt of the 
[Bi9]5+ cation in the chloroaluminate system, Corbett (18) also investigated the 
system Bi—( 2  BiCl3 +  3 HfCU) to explore the effect of a large cation of relatively 
high stability and obtained a product with composition BiioHf^Clis. An X—ray 
diffraction study showed that actual the composition of this compound is 
([Bi9]5+)(Bi+)([HfCl6 ]2‘ )3  and not ([B y 3+)2([HfCl6p ')3 - The structure of the [Bi5p + 
ion was investigated by infrared and Raman spectroscopy (19). More recently, the 
preparation of single crystals and the full structural analysis of Bi5(AlCU)3  (1 0 ) and 
Bi8 (AlCU)2  (20) was reported.

Torsi and Mamantov (21) investigated the reduction of Bi3+ at solid electrodes in 
molten AICI3—NaCl eutectic at 175°C and reported a reversible reduction of Bi3+ to 
Bi+ (spectroelectrochemical experiments with a rather high concentration of BiCl3 , ~
0.3 M BiCl3 , also indicated the formation of [Bi5p + ) ; however, the further 
reduction of Bi+ is complex and involves an intermediate oxidation state which was 
not characterized electrochemically. Three reduction waves were observed for the 
electrochemical reduction of Bi3+ on glassy carbon electrodes in 2:1 mole ratio 
AICI3—BuPyCl melts (BuPyCl : N—(n—butyl)pyridinium chloride) : the first wave 
corresponds with the reduction of Bi3+ to [Bis]3+ but again the further reduction of 
the cluster ion to the metal was not well understood (2 2 ). The AICI3—BuPyCl 
molten salt system belongs to a class of chloroaluminates, including AICI3—MEIC 
melts (MEIC : 1—methyl—3-ethylimidazolium chloride) which exist as ionic liquids 
at ambient temperatures (23,24). A comparison of available literature data indicates 
that these (AICI3—rich) room temperature chloroaluminate melts are by far more 
acidic solvents than systems such as (AICI3—rich) AICI3—NaCl melts (25,26). This 
probably explains why the reduction of Bi3+ in the room temperature molten salt 
results in the formation of [Bis]3+ and not Bi+ as was observed in AICI3—NaCl melts 
since acidic conditions and low temperatures generally enhance the stability of 
homopoly atomic ions. This paper reports some results on the electrochemistry and 
spectroscopy of bismuth in 2 :1  mole ratio AICI3—BuPyCl melts and specifically on 
the reduction/oxidation of [Bi5p + in these melts.

EXPERIMENTAL

The synthesis and purification of BuPyCl, the sublimation of AICI3 (Fluka) and the 
preparation of the melts was described previously (27). Anhydrous BiCl3 (99.999 % ; 
Alfa Inorganics) was used as received ; a pure bismuth rod (99.999 % ; Goodfellow 
Metals) was used for anodisation experiments. Solid Bi5(AlCU)3  was prepared by 
fusing the stoichiometric quantities of bismuth powder, AICI3 and BiCU (19).

All experiments were carried out under a purified nitrogen atmosphere (VAC 
dry box ; HE-493 Dri Train). The temperature of the melts (25°C, unless indicated 
otherwise) was controlled by circulating oil, from a thermostat outside the dry box, 
through the jacket of the conventional Pyrex cell used for the electrochemical 
measurements.
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A rotating disk electrode (Bruker ER—5 ; speed control E—RS—1) with 
interchangeable tips (glassy carbon/platinum ; geometrical area : 0.282 cm2) was 
used for the voltammetric measurements ; for cyclic voltammetry, the electrode was 
used in the non—rotating mode. A glassy carbon crucible was used as the working 
electrode for controlled—potential electrolysis experiments. The reference and 
counter electrodes consisted of 1 mm diam. aluminum wire spirals, immersed in a 
melt of the same composition and separated from the working electrode 
compartment by fine porosity glass frits. A bismuth indicator electrode, prepared by 
electrodeposition of the metal on a gold wire from aqeous perchlorate solution, was 
used for emf measurements. The electrochemical instrumentation includes a PAR 
173/179 potentiostat/digital coulometer, a PAR 175 function generator and a 
Houston 2000 XY—recorder. Potentials were measured with a Beckman 4500 digital 
pH meter.

UV—visible absorption spectra were obtained using 1-cm  rectangular quartz cells 
and were recorded on a Beckmann Acta MIV instrument against a reference cell 
containing solvent. X—ray powder diffraction data were obtained from samples in 
thin—walled Pyrex capillaries using a Philips Debye—Scherrer camera (diameter : 
5.73 cm) with Ni-filtered CuKcv radiation.

RESULTS AND DISCUSSION

A cyclic voltammogram of a~  1.0-10"3 M BiCl3 solution at glassy carbon electrode 
(25°C) (fig.la) exhibits three cathodic peaks at 0.95 V, 0.71 V and 0 .2  V for the 
reduction of Bi3+ to the metal *. The cyclic voltammogram also exhibits three 
anodic peaks : a sharp peak at 0.92 V which evidently corresponds to the stripping 
of the metal with formation of a solute species and two peaks at 1.45 V and 1.65 V 
for the oxidation of this species to Bi3+ as is shown by the fact that successive scans 
are identical with the first. Cyclic voltammograms of the same solution but with 
different cut-off potentials (fig.lb,c) reveal the presence of other anodic peaks at
0.74 V and 1.05 V which are clearly associated with the first two reduction 
processes. Increase of the temperature (80°C) (fig.2 ) has no effect on the cyclic 
voltammograms beside the normal increase oi the current exception made on two 
points : the stripping peak is much more narrow and is shifted slightly to less 
positive potentials and the small anodic peak at 1 .0 0  V is now observed directly.

The first cathodic peak corresponds to the reduction of Bi3+ to [Bis]3+ as was shown 
earlier (2 2 ) (the peak current of the first reduction process is rather large when 
compared with the peak currents of the subsequent reduction reactions : this 
immediately suggests the formation of a low-valent species). Thus, [Bis]3+ was 
prepared by exhaustive electrolysis (0.85 V) : the solution, initially colorless, turned 
red—brown during the experiment and the spectrum of the solution, recorded after

* Controlled—potential electrolysis (0 .2  V) results in the formation of a finely 
divided, powdery deposit of bismuth metal. However, the metal reacts slowly with 
an impurity in the melt with formation of [Bis]3* ion. A similar observation was 
reported by Habboush and Osteryoung (28) who noted a slight oxidation of 
antimony metal in acidic melts and suggested that the metal reacts with a proton 
containing species which is present as an "hidden" impurity in these melts (29).
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completion of the electrolysis, is in good agreement with the spectrum of [Bis]3* 
reported by Bjerrum et al. (12,13). Furthermore, the spectrum is identical with tne 
spectrum of a solution prepared by dissolving a solid sample of BisfAlCL^ in the 
melt. However, the actual mechanism of the reduction of Bi3+ to [Bis]3* no doubt is 
more complex. This is shown by the presence of the small peak at 1.05 V which does 
not correspond to the reverse anodic reaction, i.e. oxidation of [Bi5]3+ to Bi3+ (vide 
infra) but which must be attributed to the oxidation of an intermediate species 
formed in the reduction reaction. Therefore, it seems logical to assume, in 
concordance with the work of Torsi and Mamantov (21), that Bi3+ is reduced in a 
first step to Bi+ (or another Bi(I) species) and that the oxidation peak at 1.05 V 
corresponds to the oxidation of this species : the cluster ion can then be formed by a 
follow-up chemical disproportionation step (reaction 3). The results obtained in this 
study did not provide any conclusive evidence for this mechanism : thus, a variation 
of the scan rate over the range 0.020-0.500 V /s has no effect on the general shape of 
the cyclic voltammograms, the relative heights of the peak currents or the position 
of the peak potentials (however, application of a 30-60 second potental hold at
0.85 V before scan reversal results in the disappearance of the small anodic peak). 
Therefore, the actual mechanism of the reduction of Bi3+ to [Bis]3+ must be left open 
for further investigation.

The cyclic voltammogram of a [Bis]3+ solution, started from 1.0 V in the cathodic 
direction, exhibits cathodic peaks at 0.71 V and 0.2 V and, after scan reversal, the 
stripping peak at 0.92 V and the anodic peaks at 1.45 V and 1.65 V ; a second scan, 
after a scan reversal at 1.80 V, exhibits again the large reduction peak at 0.95 V. A 
cyclic voltammogram started from 1.0 V in the cathodic direction but with the scan 
reversed at 0.5 V, i.e. after the first reduction peak, shows the corresponding anodic 
peak at 0.74 V, thus revealing the presence of a reversible oxido—reduction couple 
(which was shown already in fig. lc). Voltammograms for the reduction/oxidation of 
[Bis]3* at glassy carbon rotating disk electrodes (fig.4) exhibit two reduction and 
two oxidation waves as is expected on the basis of the results of cyclic voltammetry. 
The half-wave potential of the first reduction wave, 0.75 V, is in good agreement 
with the position of the corresponding peaks in the cyclic voltammogram. The 
deposition of the metal on carbon however requires a rather large nucleation 
overvoltage as is shown by a reverse scan, started after the deposition of the metal 
was initiated. The reverse scan shows that deposition of the metal is observed at 
potentials as positive as 0.83 V, i.e. slightly more positive than the half-wave 
potential of the first wave (but slightly negative with respect to the position of the 
first reduction peak in the cyclic voltammogram of BiCU solutions). This 
observation implies that the first wave is observed as a separate reduction step only 
because the deposition of the metal is retarded by nucleation phenomena (in fact, on 
platinum rotating disk electrodes both waves strongly overlap so that the reduction 
of [Bis]3* to the metal almost appears as a single wave). As a consequence, the 
product of the first wave is not a stable species; this is confirmed by the fact that 
controlled—potential electrolysis on the limiting current plateau of the first wave (on 
carbon electrodes) simply results in the deposition of the metal. Therefore, it was 
impossible to obtain any spectral information on this intermediate species.

The exact measurement of the ratio of the limiting currents of both reduction waves 
is obscured by the fact that the limiting current plateau for the deposition of the 
metal is not well-defined. The increase of the current in the limiting current region 
must be due to the predeposition of aluminum with formation of intermetallic
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compounds and not to roughening of the electrode surface since the current 
decreases again during the reverse scan. Therefore, the ratio of the limiting currents 
was measured at 0.55 V, i.e. the limiting current of the first wave was obtained from 
the forward scan whereas the limiting current of the second wave was obtained from 
the reverse scan. The results obtained this way at different rotation rates (fig.5) 
indicate a 2 :1  ratio ** so that the reduction of [Bis]3+ can be written as :

[Bi5]3+ +  2e_ —̂ —  [Bis]* (4)

[Big]+ +  e- ----------► 5 Bi (5)

The conclusion that the first wave corresponds to a two-electron reduction is also 
supported by the separation of the cyclic voltammetric peaks, 0.030—0.035 V, in 
good agreement with the theoretical value (0.030 V). The [Bis]3+ ion has a trigonal 
bipyramidal structure with 12 bonding electrons. However, for main group elements 
there exist no naked trigonal bipyramidal clusters with 1 2  4 - 2  bonding electrons : 
the two-electron reduction of a closo-trigonal bipyramid always results in the 
formation of a closed shell nido-square pyramid (31). The results of cyclic 
voltammetry indicate that the couple [Bis]3+/Bi is reversible so that the rate of the 
intramolecular rearrangement must be fast with respect to the time window of the 
measurements. At the same time, the observed reversibility virtually excludes any 
complicated stoichiometry of the reaction and thus indirectly supports the proposed 
mechanism.

Anodisation of a metallic bismuth rod at low current densities (typically < 1 0 0  //A, 
with an exposed electrode surface of 2-3 cm2) such that the potential of the 
electrode was less than 0.95 V results in the formation of red—brown solutions of 
[Bis]3+ (although there is some other minor component in the solution ; vide infra). 
In a series of experiments, the equilibrium potential of a bismuth indicator electrode 
was measured after each charge addition. A plot of E vs. log([Bi5p +) has a slope 
close to 0.020 V/decade, in excellent agreement with the theoretical value for a 
3-electron electrode reaction (fig.6 ). The standard potential of the [Bi5]3+/Bi-couple 
was estimated as E°([Bi5]3 +/Bi) =  0.925 ± 0.015 V (this value roughly corresponds 
with the position of the stripping peak in the voltammetric experiments). Anodic 
dissolution of bismuth at higher current densities results in a red—brown solution 
with the concomitant formation of a peach-colored film on the electrode. This film 
was identified by X—ray diffraction as solid Bi5(AlCU)3  (excess melt adhering to the 
electrode was removed by repeated washings with dry toluene). The solution is a 
mixture of [Bis]3+ (and the minor component) and rather high concentrations of 
Bi3+—ion : this was evidenced by the presence of a reduction wave at 0.95 V in the 
rotating disk electrode voltammograms (besides the waves for the reduction of 
[Bis]3+ ). During the anodisation experiments at higher current densities strong 
potential oscillations were observed although apparently the potential never became 
more positive than 1.10 V : this seems to indicate that the standard potential of the 
Bi3+/[Bi5]3+ —redox couple is in the range 1.00—1.10 V and that the oxidation of

** The diffusion coefficient of [Bi5p + was estimated from the data of fig.5 using 
Levich’s equation (30) as D ~ 2.0xl0"7 cm2/s.
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[Bi5]3+ on carbon (or platinum) electrodes is an irreversible process.

The absorption spectrum of [Bis]3* solutions prepared by anodisation of the metal 
(or by reaction of bismuth metal with BiCl3 solutions) always exhibits an 
absorption band at 730 nm (fig.7), indicating the presence oi another species in the 
solution. Bi3+ —ion does not absorb in the spectral region of interest whereas Bi+ (in 
AICI3—NaCl melts) has its strongest absorption peaks at 585 nm and 663 nm (13). 
However, a species with a strong absorption band at 723 nm (e =  5.4xl04 1 
mole^cm-1) and identified as BiAlCU was observed by Lynde and Corbett (32) in 
the gaseous ternary system Bi—BiCl3—AICI3 (at temperatures above 400-450°C). 
Therefore it is suggested that small amounts of Bi(I) exist in these solutions as a 
chloroaluminate complex, "BiAlCU" (it is not clear whether the weak absorption in 
the region 610-660 nm can be attributed to Bi+—ion). As noted earlier, the 
occurence of the small anodic peak at 1.05 V in the cyclic voltammograms at higher 
temperatures (fig.2 ) provides further, albeit indirect, evidence for the formation of a 
Bi(I) species during the anodisation of the metal.

Two anodic waves are observed in the voltammograms for the oxidation of [Bis]3+ to 
Bi3+ at carbon rotating disk electrodes (fig.4) but the actual electrode reactions no 
doubt are complicated. Thus, the total height of both anodic waves equals four 
times the sum of both reduction waves, as expected from the stoichiometry of the 
reactions. However, the ratio of the anodic wave heights varied from one experiment 
to another, almost at random (the height of the first wave is never less than about 
one half of the total wave height). A similar observation was made with platinum 
electrodes but the reason for this behavior is not understood at present. Apparently, 
the oxidation initially occurs only at preferred sites on the electrode surface : once 
these sites are saturated (or poissoned), the reaction can occur on the rest of the 
electrode surface but only at more positive potentials. It is not clear however what 
species is responsible for this saturation (or poissoning) or what is the reason for the 
observed non—reproducibility of the relative wave heignts.
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Figure 1 . Cyclic voltammogram for the reduction/oxidation on glassy carbon 
electrode of ~ l  mM BiCU solution in a 2 :1  mole ratio AlCl3:BuPyCl melt with 
different cut-off potentials (scan rate : 0 .1  V/s ; 25°C).

Figure 2 . Cyclic voltammogram for the reduction/oxidation on glassy carbon 
electrode of ~ 1 mM BiCl3 solution in a 2 :1  mole ratio AlCUiBuPyCl melt (scan 
rate : 0 .1  V / s ; 80<>C).
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Figure 3. Electronic absorption spectrum of [Bis]3* in a 2 :1  mole ratio 
AlCl3:BuPyCl melt.

Figuur 4. Voltammogram for the reduction/oxidation of [Bis]3* on glassy carbon 
rotating disk electrode in a 2 :1  mole ratio AlCl3 :BuPyCl melt ; also shown is the 
reverse scan started after the deposition of the metal was initiated.

Figure 5. Plot of ii vs. -fa; for the reduction of [Bis]3* on glassy carbon rotating disk 
electrode in a 2 :1  mole ratio AlCl3:BuPyCl melt : 1 ) first reduction wave 2 ) sum of 
first and second reduction waves. Both limiting currents were measured at 0.55 V 
(see text).
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Figure 6. Plot of E ((Bi5]3+/Bi) vs. log ([Bis]3+). Experimental points were 
obtained by measuring tne potential of a bismuth indicator electrode after each 
charge addition during the anodisation of bismuth metal (filled circles are values 
measured when the experiment was continued the next day after standing 
overnight).

Figure 7. Absorption spectrum (part) of a solution prepared by anodisation of 
bismuth metal (see text).
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A B S T R A C T

The electrochemistry and spectroelectrochemistry of several metal-metal 

bonded transition metal cluster complexes, including [(Mo6Clg)Cl6]2', 

[(Nb6Cl12)Cl6]2", [Re2Clg]2“, and [Re3Cl12]3", were investigated in the "basic" 

aluminum chloride-l-methyl-3-ethylimidazolium chloride room-temperature 

chloroaluminate molten salt. All of these complexes are electroactive in 

this solvent; however, the oxidation of [(Mo6Clg)Cl6]2' can be seen only in 

the neutral-basic melt. The one-electron reduction products of both of the 

rhenium(III) clusters are stable in basic AlCl3-MeEtimCl in contrast to 

results found in molecular solvents.

I N T R O D U C T I O N

Combinations of aluminum chloride and certain quaternary ammonium chloride 

salts such as l-(l-butyl)pyridinium chloride (BupyCl) and l-methyl-3-ethylimidazolium 

chloride (MeEtimCl) are molten at room temperature (1, 2). These mixtures have 

proven themselves to be particularly useful solvents for the characterization of transition 

metal chloride complexes because processes such as solvolysis and solvation, which can 

alter the chemistry and electrochemistry observed for these species in conventional 

solvents, are avoided (3). One of the major advantages in using these ionic liquids is 

their adjustable Lewis acidity. Melts that contain < 50 mol % A1C13 are said to be basic
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due to the presence of unbound chloride ion; those that contain > 50 mol % A1C13 are 

acidic due to the presence of A12C17', which is a chloride ion acceptor. When melts are 

prepared with equal amounts of A1C13 and organic chloride salt, R +C1‘, then the 

resulting melt is said to be neutral, and it contains small amounts of C1‘ and A12C17' due 

to the following self-ionization reaction:

2R+A1C14- r +a i2ci7- + R +Cr [1]

This equilibrium is analogous to the autosolvolysis of water.

Transition metal halide clusters are distinguished from classical polynuclear Werner 

complexes by their metal-metal bonding; the latter contain metal atoms that are joined 

only by ligands. In a true cluster, the metal-metal bonding is of sufficient strength to 

contribute significantly to the heat of formation of these species. Metal clusters are of 

great interest due to their unusual structures, reactivities, and the unique properties 

imposed upon them by the metal-metal bonding as well their potential application as 

catalysts. Due to its proven ability to stabilize transition metal chloride complexes (4), 

the basic AlCl3-MeEtimCl molten salt was chosen as a medium in which to study the 

anionic transition metal chloride clusters [(Mo6C18)C16]2_, [(Nb6Cl12)Cl6]2“, [Re2Cl8]2‘, and 

[Re3Cl12]3".

EXPERIMENTAL

Apparatus. The experimental procedures and equipment used to collect 

electrochemical and spectroscopic data as well as the glovebox system used for those 

experiments have been described (5, 6). A description of the instrumentation used for 

spectroelectrochemistry experiments has also been presented (7). All experiments were 

carried out at 40 °C unless otherwise stated.

Chemicals. The preparation and purification of the components of the 

AlCl3-MeEtimCl ionic liquid were carried out as previously reported (8). Molyb- 

denum(II) chloride, (Mo6C18)C14, (Cerac, 99.5 %) was used as received. The niobium 

salt, [MeEtim]2[(Nb6Cl12)Cl6], was supplied by Dr. Kenneth R. Seddon of the Univer

sity of Sussex, U.K. Tetrabutylammonium octachlorodirhenate(III), [Bu4N]2[Re2Cl8], was

368



prepared according to the method described by Barder and Walton (9). Rhenium(III) 

chloride, Re3Cl9, (Johnson Matthey, 99.9 %) was also used as received.

R E S U L T S  A N D  D IS C U S S IO N

[(M c^Cl^Cy2'. (Mo6C18)C14 dissolved in the basic AlC^-MeEtimCl ionic liquid 

to produce intense yellow solutions of the complex, [(Mo6C18)C16]2\  Temperatures of 

90 °C were required for dissolution; however, no precipitate formed upon cooling to 52 

°C. The identity of this cluster was confirmed through results obtained from absorption 

spectroscopy and amperometric titration experiments (10, 11); UV-vis spectral data for 

this cluster in this ionic liquid are in good agreement with data for the same species in 

12 M HC1 (10). The use of the titration method developed by Osteryoung and Lipsztajn

(11) confirmed the uptake of two chloride ions per cluster unit upon dissolution of 

(Mo6C18)C14 into neutral-basic melt.

Figure 1 shows cyclic voltammograms of a neutral-basic melt containing 

[(Mo6C18)C16]2‘ at 52 °C. A reduction wave without reverse current is evident at about 

-1.20 V. Even at very fast scan rates, no reverse current is observed. Controlled 

potential electrolysis experiments conducted at potentials negative of this wave resulted 

in the destruction of the cluster. It was necessary to use neutral-basic melt, i.e., melt 

that is 50 mol % in A1C13 containing only enough extra chloride ion to convert the 

added (Mo6Cl8)Cl4 to [(Mo6C18)C16]2‘, in order to observe the oxidation of 

[(Mo6C18)C16]2', which takes place at potentials more positive than the oxidation of 

chloride ion in the basic melt. A reversible redox couple corresponding to the electrode 

process

with a voltammetric half-wave potential, E1/2, of 1.56 V was observed. The product of 

this oxidation appears to be stable on the voltammetric time scale. The Stokes-Einstein 

product for [(Mo6C18)C16]2" is 1.6 X 10‘10 g cm s"2 K'1, and the oxidation product 

appears to be stable on the voltammetric time scale. Bulk oxidative electrolysis 

experiments that were carried out at a potential of 1.80 V were not successful in

P]
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producing solutions of the oxidized species. The current decayed only slightly during the 

electrolysis, and the color of the solution changed from yellow to orange and finally to 

a brown color with the appearance of a precipitate. Termination of the bulk oxidative 

electrolysis experiment for only a short period of time or the addition of a drop or two 

of basic melt to the electrolyzed solution caused the solution to revert back to its 

original yellow color, indicating that the electrolysis product probably oxidizes a 

component of the melt and becomes reduced.

Spectropotentiostatic experiments performed on a solution of the molybdenum 

cluster yielded the results shown in Figure 2. Because the electrode area to solution 

volume ratio is quite large in this cell, it is possible to maintain a large steady-state 

concentration of electrogenerated product for simultaneous spectral analysis. The 

absorption band appearing at 480 nm along with the shoulder at 420 nm (obtained by 

subtracting the original spectrum from that for the oxidized product) are indicative of 

the formation of [(Mo6C18)C16]\ This species is known to be a powerful oxidant (12).

[ ( N b ^ l ^ c y 2-. [MeEtim]2[(Nb6Cl12)Cl6] dissolved in the basic AlCl3-MeEtimCl 

ionic liquid to produce dark green colored solutions of [(Nb6Cl12)Cl6]4', i.e., the former 

species oxidizes a component of the melt and becomes reduced in the process (13). 

Temperatures of ca. 100 °C were required for dissolution of this salt, and this 

temperature was maintained during all experiments.

Cyclic voltammograms of a solution of f(Nb6Cl12)Cl6]4' in the 49.0 mol % melt are 

shown in Figure 3. These are similar in appearance to cyclic voltammograms obtained 

in dichloromethane for species containing the {Nb6Cl12}2+ cluster unit (13). Two 

successive one-electron reversible oxidation waves were observed in these basic melts, 

corresponding to the

[(Nb6Cli2)C y 4- ^  [(Nb6Cl12)C y 3- + e- [3]

and

[(Nb6Cl12)C y 3- ^  [(Nb«Cl12)C y 2- + e- [4]
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electrode reactions. The E1/2 values for these two oxidation processes are -0.010 and

0.391 V, respectively, in the 49.0 mol % melt. The Stokes-Einstein products for the 

[(Nb6Cl12)Cl6]4" and [(Nb6Cl12)Cl6]3- clusters are 1.12 X 10'10 and 1.19 X 10’10 g cm 

s’2 K'1, respectively. It was possible to produce stable bulk solutions of the first 

oxidation product, [(Nb6Cl12)Cl6]3", but it was not possible to produce solutions of the 

one-electron oxidation product of this complex due to interference from oxidation of the 

melt. Transmission spectroelectrochemistry was also used to monitor these two oxidation 

processes as shown in Figure 4. The applied potential was stepped in small increments 

and an absorption spectrum was taken at each potential after the current had decayed 

to the background level. The transition from one oxidation state to another is clearly 

seen in this figure.

Solutions of [(Nb6Cl12)Cl6]4‘ also exhibited a single one-electron reversible 

electrode process centered near -1.30 V (Figure 3), corresponding to the following 

reaction:

[(Nb6CI12)CI6]4- + e- ^  [(Nb6Clu )C y 5- [5]

Efforts to electrolytically produce a bulk solution of the reduced species failed due to 

reduction of the melt since the reduction of the melt cation occurs much sooner at 100 

°C than at room temperature. It was not possible to investigate this reduction process 

with the spectroelectrochemistry system because a black "sludge'’ was produced at the 

working electrode during the reduction process. Similar electrochemical and spectro

scopic results were found for this cluster in the 44.4 mol % melt.

[RejClg]2'. Dissolution of [Bu4N]2[Re2Cl8] into the basic melt produced blue- 

green solutions. Comparison of absorption spectroscopic data obtained for these 

solutions with literature values for this species verified that [Re2Cl8]2‘ was indeed the 

complex present in the melt (14). The dimer was found to be very stable in the melt, 

even at high temperatures.

A cyclic voltammogram taken of a solution of [Re2Cl8]2" in the 49.0 mol % A1C13- 

MeEtimCl ionic liquid, covering the nominal electroactive window of the melt, is shown
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in Figure 5a. The first redox couple is due to the reversible, one-electron electrode 

reaction

[Re2Cl8]2' + e- [Re2Cl8]3' [6]

The E1/2 value of this reaction is -0.557 V. The Stokes-Einstein product for [Re2Cl8]2' 

was found to be 1.9 X 10"10 g cm s‘2 K"1. A navy-blue solution of [Re2Cl8]3‘ was 

produced when controlled potential electrolysis was performed on this solution at -0.71

V. This species is very sensitive to oxidation by oxygen and is very difficult to produce 

even in the supposedly oxygen-free environment of a nitrogen-filled glovebox. Figure 5b 

is a cyclic voltammogram of this reduced solution. The E^2 value for the oxidation 

process is indistinguishable from that for the reduction process. The Stokes-Einstein 

product for this species is 1.1 X 10"10 g cm s'2 K 1. Further confirmation of the identity 

of the reduced species was made possible through spectropotentiostatic experiments like 

the one shown in Figure 6 and from near infrared spectral data. A Nernst plot that was 

constructed from the set of spectral data in Figure 6 had slope of 0.066 V, in good 

agreement with the predicted slope of 0.062 V at 40 °C for a one-electron reversible 

reaction. A near-infrared spectrum that was recorded for a solution of the reduced 

dimer contained an absorption band centered around 1460 nm as predicted (15). Similar 

electrochemical and spectroscopic results were obtained in the 44.4 mol % melt.

[Re^Cl 12! The addition of Re3Cl9 to the basic ionic liquid produced deep red

solutions of [Re3Cl12]3' as confirmed by UV-vis spectrophotometry experiments (16). 

This trimeric cluster was stable in the melt at low temperatures, but was converted to 

[Re2Cl8]2' in situ in a 1:1 ratio at temperatures exceeding 175 °C (17).

Figure 7a shows a cyclic voltammogram of a solution of Re3Cl9 in the 44.4 mol 

% melt. This voltammogram exhibits characteristics similar to that of [Re2Cl8]2', i.e., it 

appears to be a one-electron reversible process. The voltammetric half-wave potential 

of the first redox process is -0.439 V, and it shifts about 0.095 V/pCl unit as the melt 

composition is changed. For a reduction process in which the reduced species exhibits 

the same chloride coordination as the oxidized species, the shift in E1/2 should be around

0.020 V/pCl unit (18). However, the shift in E1/2 with pCl found during the reduction
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of [Re3Cl12]3" suggests that this process results in the loss of chloride ion and that x is 

probably 1:

[Re3Cl12]3- + e- ^  [Re3Cl12.x]<4-x)- + xCl' [7]

The Stokes-Einstein product for [Re3Cl12]3‘ is 1.3 X 10"10 g cm s-2 K’1. Bulk potential 

electrolysis of a solution of [Re3Cl12]3‘ at an applied potential of -0.55 V caused the 

color of the solution to change from red to purple. A cyclic voltammogram of the 

reduced solution is shown in Figure 7b. The E1/2 value for the first redox couple is the 

same as that for the unreduced solution, indicating that [Re3Cl12_x]̂ 4"x̂ ' is indeed the 

species produced. The Stokes-Einstein product for this species is 1.0 X 10"10 g cm s'2 

K_1. Figure 8 illustrates the results of a spectropotentiostatic experiment performed on 

a solution of [Re3Cl9]. A Nernst plot constructed from the spectral data in this figure 

had a slope of -0.066 V at 40 °C, confirming the reaction shown in Eq. [7].
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Figure 1. Cyclic voltammograms of a 5.34 x 10'3 M solution of molybdenum(II) 

chloride in 50.0 mol % AlCl3-MeEtimCl at a glassy-carbon electrode at 53 °C: (a) 

positive-going sweep and (b) negative-going sweep. The scan rates were 100 mV
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Figure 2. Visible absorption spectra recorded in the RGC-OTE cell at 40 °C 

during controlled potential oxidation of a 1.97 x 10"3 M solution of [(Mo6C18)C16]2'

in 50.0 mol % AlCl3-MeEtimCl at an applied potential of 1.80 V: (-----) open

circuit, (----- ) at some intermediate time during the electrolysis, (------ ) after

steady-state conditions were achieved, and (....... ) difference between the latter

spectrum and the background spectrum.
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Figure 3. Cyclic voltammograms of a 4.70 x 10"3 M solution of [MeEtimCl]2- 

[(Nb6Cl12)Cl6] in 49.0 mol % AlCl3-MeEtimCl at a glassy-carbon electrode at 97 

°C: (a) positive-going sweep and (b) negative-going sweep. The scan rates were 

100 mV s'1.
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Figure 4. Visible absorption spectra of a 5.4 x 10'4 M solution of [MeEtimCl]2- 

[(Nb6Cl12)Cl6] in 49.0 mol % AlCl3-MeEtimCl ionic liquid recorded in the 

RGC-OTE cell at 40 °C at various potentials (V): (a) -0.30, (b) 0.24, (c) 0.27,

(d) 0.30, (e) 0.33, (£) 0.51, (g) 0.54, (h) 0.57, and (i) 0.63.
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Figure 5. Cyclic voltammograms of dimeric rhenium chloride complexes at a 

glassy-carbon electrode in 49.0 mol % AlCl3-MeEtimCl at 40 °C: (a) 3.55 x 10'3 

[Bu4N]2[Re2Cl8] at a scan rate of 50 mV s'1; (b) solution in (a) after exhaustive 

reduction at -0.71 V (note: the scan rate was the same as in (a)); and (c) 5.73 

x 10'3 M [Bu4N]2[Re2Cl8] at a scan rate of 20 V s'1.
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Figure 7. Cyclic voltammograms of trimeric rhenium chloride complexes at a 

glassy-carbon electrode in 44.4 mol % AlCl3-MeEtimCl at 40 °C: (a) 3.80 x 10'3 

M RejClp and (b) solution in (a) after exhaustive reduction at -0.60 V. The scan 

rates were 50 mV s'1.
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MECHANISM OF CADMIUM DEPOSITION FROM AN A CID IC  
CHLOROALUMINATE MELT

R a je e v a  R. A g a rw a l

Department of Chemical Engineering 
University of Connecticut 

Storrs, CT 06269

ABSTRACT

Cyclic voltammetry was applied to study cadmium 
deposition on nickel from purified AlCl3-NaCl-BaCl2 
(Eut., 50°C) containing 2,1 and 4.25 wt.% CdCl3. Both 
diffusion and adsorption peaks formed between 1-1000 
mV/s and 95-175°C. Whereas cadmium deposition gave three 
peaks, its dissolution involved three to five peaks. 
Based on the formation of Cd2+ and Cd22+ ions in 
chloroaluminate melts, a mechanism involving step-wise 
electrochemical reactions,intermediates, adsorption, 
disproportionation, and lattice incorporation is deduced 
for cadmium deposition.

INTRODUCTION

Molten solutions of cadmium chloride in aluminum chloride or 
chloroaluminates (A1C13 melts) form the complexes, Cd(AlCl4)2 
and Cd2(AlCl4)2 (1-2). Acidic melts (> 50 mole % A1C13)
stabilize the cadmium subhalide as Cd2(AlCl4)2 (2). During 
cadmium deposition from such melts, one expects to note the 
above and the overall chemical (3) and electrochemical 
reactions (4-5). In this work (6‘), (in mole percent) 63.5 
AlCl3-34 NaCl-2.5 BaCl2 (mp= 50°C) (7) containing (in weight
percent) 2.1 and 4.25 CdCl2 was studied between 95-175°C under 
a helium atmosphere.

EXPERIMENTAL

Cadmium electrochemistry was studied in the following 
electrochemical cell:

Cd/ AlCl3-NaCl-BaCl2 (Eut.), CdCl2/ Ni
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where an excess 8.8 wt. % A1C13 was added. The melt was 
purified by constant potential electrolysis between aluminum 
electrodes, and then CdCl2 (99.995%) was added to the 
chloroaluminate melt. A cadmium (99.998%) counter electrode 
was used, and the working electrode consisted of a 5 mm dia. 
nickel disc electrode in teflon. The working electrode was 
replaceable between the experiments.

The electrolyte was contained inside a thick-walled pyrolytic 
coated graphite crucible. A well-fitted teflon cover carried 
the electrodes and a chromel-alumel thermocouple. The nickel 
working electrode was typically polished to 0.05 microns. The 
actual melting point of the melt varied from 66 to 83°C.

Cadmium deposition and dissolution was studied by cyclic 
voltammetry in 2.1 and 4.25 wt.% CdCl2 solutions. Experiments 
were carried out at 1-1000 mV/s and at constant temperatures 
between 95-175°C. Typically, potentials were first scanned 
between nickel dissolution and aluminum deposition. Then 
cadmium peaks were individually separated from these and the 
background peaks. All potential scans were carried out after 
steady-state rest potentials were achieved.

RESULTS AND DISCUSSION

Figure 1 shows the cyclic voltammetric cadmium peaks soon 
after the addition of CdCl2 (2.1% by wt.) to the melt, at 100 
mV/s and 172°C. Peaks 1-2-3 and l'-2'-3' appeared during 
cadmium deposition and dissolution, respectively. With an 
increase in the scan rate ( 1000 mV/s) , 3' decreased, 2' 
increased and became symmetrical, and the apparent peak 
current ratio ip2'/ip3, >1. At lower temperatures, peaks were 
smaller (lower fluxes) and 3' appeared at smaller scan rates 
(20 mV/s) . In 4.25% CdCl2, the ratio ip2,/ip3r reduced to <1 as 
the scan rate was decreased from 1000 to 100 mV/s at 170- 
119°C. Based on the redox potential range, it was concluded 
that 1-1' was the Cd2+/Cd22+ couple; 2-2' and 3-3' were due to 
the cadmium monolayer and its bulk deposition-dissolution, 
respectively.

Further, in 4.25% CdCl2 melt the peak currents 3-3' increased 
but 1 remained about the same. Moreover, the Eequ> became more 
cathodic, the concentration overpotentials (Ep-Eequ-) for 1 
decreased and for 1' increased. Thus, the Cd22+ ions appeared

384



to stabilize when Cd2+ ions were added. This was an indication 
of complexation. Also, 1' became symmetrical and was composed 
of a pair of pre and post peaks.

Figure 2 shows the CV in 2.1% CdCl2 melt at 1 and 4 mV/s and 
119°C. At low scan rates (1-10 mV/s), resolution of peaks 2- 
2' was weak, thus other peaks could be studied. The peak 
current of 1 was diffusion limited, but "z" based on Ep-Ep/2 
increased from 2 to 2.8 between 172-118°C. Further, peak 3 was 
diffusion limited with z=l [8] and only 72-78% of the cadmium 
was recovered in peak 3' at 118°C. Finally, the peak current 
of 3' varied with scan rate according to the product-adsorbed 
CV theory (9).

In 4.25% CdCl2 melt, the peak currents and potentials for 3 
showed quasi-reversible form between 2-100 mV/s (the effect 
of convection became appparent at 1 mV/s and at the higher 
temperature) and 170-120 °C. But ip/v1/2 decayed with an 
increase in scan rate (10) , which indicated disproportionation 
at the cadmium surface during slow scan rates. Also, as 
expected from the disproportionation reaction, there was an 
excess of dissolved cadmium in the melt.

From the above studies, a mechanism for cadmium deposition 
from an acidic chloroaluminate melt would be expected to 
involve step-wise electrochemical reactions, adsorption, 
disproportionation, and lattice incorporation steps. This is 
described below:

Cd2* + e" ---> Cd+ (ad) [1]

2Cd"h (ad) i i i V Q a t2]

Cd* (ad) + e"-- > Cd (ad) [3]

Cd22* + e' — > Cd2+ (ad) [4]

Cd2+ -- > Cd (ad) + Cd+ (ad) [5]

Cd (ad) -— > Cd (incorp.) [6]

Cd2+ + Cd i i i V Q a [7]

Further, one would expect that the cadmium adsorption, surface 
diffusion, and lattice incorporation are affected by 
temperature and substrate.
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SUMMARY

The deposition and dissolution of cadmium was studied from a 
new acidic chloroaluminate melt, AlCl3-NaCl-BaCl2 (Eut., 50°C) 
containing 2.1 and 4.25 wt.% CdCl2, by cyclic voltammetry on 
nickel electrode and against the cadmium reference. Multiple 
diffusion and adsorption peaks formed between 1-1000 mV/s and 
95-175°C. Based on the formation of Cd2+ and Cd22+ ions in the 
chloroaluminates, a step-by-step mechanism is deduced for the 
cadmium "deposition” onto nickel from the cyclic voltammograms 
obtained.
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F i g u r e  1 .  C y c l i c  v o l t a m m o g r a m  a f t e r  t h e  a d d i t i o n  o f  C d C l 2 ( 2 . 1  
Wt . %)  t o  p u r i f i e d  A l C l 3- N a C l - B a C l 2 ( E u t . ,  5 0 ° C )  m e l t  c o n t a i n i n g  
8 . 8  Wt . % e x c e s s  A 1C 13, a t  10 0  m V / s  a n d  1 7 2 ° C  o n  n i c k e l  ( 0 . 3 0 6  
cm2) ,  a g a i n s t  a  c a d m i u m  r e f e r e n c e .  P e a k s  1 - 2 - 3  a n d  l ' - 2 ' - 3 '  
a p p e a r e d  d u r i n g  c a d m i u m  d e p o s i t i o n  a n d  d i s s o l u t i o n  
r e s p e c t i v e l y .

F i g u r e  2 .  C y c l i c  v o l t a m m o g r a m  i n  p u r i f i e d  A l C l 3- N a C l - B a C l 2 
( E u t . ,  5 0 ° C ) , C d C l 2 ( 2 . 1  Wt . %)  m e l t  c o n t a i n i n g  8 . 8  Wt . % e x c e s s  

A 1C 13, a t  1 m V / s  a n d  4 m V / s ,  a n d  1 1 9 ° C  o n  n i c k e l  ( 0 . 3 0 6  cm2) ,  
a g a i n s t  a  c a d m i u m  r e f e r e n c e .  P e a k s  1 - 2 - 3  a n d  l ' - 3 '  f o r m e d  
d u r i n g  c a d m i u m  d e p o s i t i o n  a n d  d i s s o l u t i o n  r e s p e c t i v e l y .
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KINETIC AND TRANSPORT PROCESSES FOR FeCL AND CuCL POSITIVE 
ELECTRODES IN LOW TEMPERATURE MOLTEN SALTS

Sarah E. Mancini and Francis M. Donahue

Chemical Engineering Department 
The University of Michigan 
Ann Arbor, MI 48109-2136

ABSTRACT

The transport and kinetic properties of FeCl3 and CuCl2 in acidic 
mixtures of 1-methyl-3-ethylimidazolium chloride and aluminum 
chloride were determined at a rotating glassy carbon disk electrode. 
These properties are necessary for evaluation of a model of battery 
positive electrodes which has been developed. Development of a 
quantitative analytical technique for determination of the metal 
chloride species in the melt would have been helpful for monitoring 
the distribution of active material within the electrode. 
Quantitative analysis for FeCl3, FeCl2, CuCL, CuCl in acidic melts 
was attempted using UV-Vis spectroscopy. Quantitative analysis for 
FeCl3 in acidic melts was also attempted using chronopotentiometry.

INTRODUCTION

Recently secondary Al/FeCl3 and A1/C uC12 batteries were tested using 
acidic mixtures of l-methyl-3-ethlyimidazolium chloride (MEIC) and A1C13 as the 
electrolyte (1,2). Reticulated vitreous carbon was used as the positive current 
collector. The positive reactant (FeCl3 or CuCl2) was introduced into the current 
collector by an evaporative impregnation process. The overall reactions for these 
batteries are

and
A1 + 3FeCl3 = A1C13 + 3FeCl2 

A1 + 3CuC12 = AICI3 + 3 CuCl

1

2.

Figure 1 shows the discharge curves for an Al/FeCl3 battery at discharge currents 
of 20, 50, and 70 mA. One observes that utilization of the positive reactant is 
dependent upon the discharge current (decreases with increasing current).

The reactions occurring at the positive electrode in these batteries are:

FeCl3 + A12C17- + e- = FeCl2 + 2A1C14‘ 3
and

CuCl2 + A12C17- ’+ e“ = CuCl + 2A1C14" 4

where the iron and copper chlorides are assumed to be present as solids. 
Improvements in polarization and utilization of the positive electrode materials 
were observed when the specific area of the positive current collector was 
increased (2). Further, cycling of the batteries (charging and discharging at

389

DOI: 10.1149/199017.0389PV



constant current) has shown an improvement in cell capacity as the cycling 
progresses (2). It is believed that there may be redistribution of the active material 
within the RVC matrix through a dissolution/precipitation mechanism. Cell 
polarization and utilization are believed to be associated with the coupled effects 
of kinetics and transport of the active species within the positive current collector. 
The kinetic processes are enhanced by the available surface area of the collector 
matrix while the transport processes are facilitated by the open pore structure.

A  mathematical model of the steady state electrochemical behavior of 
metal chlorides in porous electrode matricies has been developed in terms of the 
kinetic and transport properties of the metal chlorides, the electrolyte, and the 
physical properties of the porous electrode (3). This model is an extension of one 
developed by Austin (4). The solution to the mathematical model of the porous 
electrode will be included here to highlight the important parameters of porous 
electrode operation. Two forms of the solution exist, the current density 
distribution in the electrode, i (mA/cm2):

i = nFk°( [ A]bexp$c-2[B]bexp$a)

(exp(zP) + exp(-zP)/(exp(LP) + exp(-LP)) 5

where the P is:

(k°Av/D Am£ )1/2(4exp$a + exp$)1/2.

and the total current, I (mA), the equation which describes the macroscopic 
polarization behavior of the electrode:

I = (nFk°AvAxs/P)([A]bexp$c-2[B]bexp$a)

(exp(LP)-exp(-LP) /  (exp(LP) + exp(-LP)) 6.

Definitions of the parameters appearing in these equations are given in Table 4.
The current or electrode potential are the adjustable parameters of the 

model. The electrode potential appears in equations 5 and 6 in the dimensionless 
potential terms, $c and $>a:

$ c  =  (cp° - <p) /P c 1

$a =  (cp° -  < p . ) /£ a 8

where <p. is the perturbed potential, <p° is the standard electrode potential, and p is 
the anodic or cathodic Tafel slope. Modeling and analysis of the discharge-charge 
behavior of the metal chloride positive electrodes requires the evaluation of the 
parameters appearing in equations 5 and 6. The current density distribution equa
tion permits calculation of the reaction distribution in the electrode. Development 
of a quantitative analytical technique for the determination of metal chloride spe
cies in the melt would be useful to evaluate the distribution of FeCl3/FeCL, and 
CuCl2/CuCl in the porous matrix as a function of the history of the electrode. ~

The electrochemical and spectrochemical properties of the electrolytes and 
redox systems under consideration here have been studied by others, e.g. the

390



binary electrolyte (5), iron chloride (6-8), copper chloride (9, 10), and A12C17* 
reduction (11,12).

This paper focuses on the estimation of the- appropriate chemical and 
physical properties for evaluation of the model.

EXPERIMENTAL

The synthesis and purification of the MEIC was conducted in a manner 
similar to that of Wilkes and coworkers (5). Aluminum chloride (Fluka) was 
purified by vacuum sublimation. Anhydrous FeCL (Fisher), FeCl2 (Cerac), CuCl9 
(Cerac), and CuCl (Cerac) were not purified further. All experiments were 
conducted under a helium and nitrogen atmosphere in a Vacuum Atmoshperes 
Company glove box at ambient temperature. The moisture level was maintained 
below 1 ppm and the oxygen level was maintained below 10 ppm. The 
temperature within the dry box was measured daily.

The binary mole fraction of A1C13 in the test electroyte was 0.58 except for 
the aluminum transport experiments which were conducted in a 0.505 electrolyte. 
The iron and copper chlorides were introduced into the test electrolyte as the 
anhydrous solids. Viscosities of several of the ternary and binary solutions were 
measured using a Brookfield Model LVTD plate and cone viscometer. These 
measurements were conducted at 25°C. UV-Vis spectra of the binary and ternary 
solutions were obtained with a Hewlett Packard 845IA Diode Array 
Spectrophotometer using a 1 cm path length.

The FeCL and CuCl2 transport and kinetic experiments were conducted 
with a rotating glassy carbon disk electrode, RGCDE (Pine Instruments). The 
A12C17‘ transport experiments were conducted using an aluminum disk electrode 
fabricated in-house consisting of a 6.25 mm aluminum rod (Alfa Products, m5N) 
which was insulated on the sides by a PTFE sleeve 3.25 mm thick. Rotation of the 
working electrodes was provided by a Pine Rotator (Model MSR). The reference 
electrode was an aluminum plated platinum wire immersed in a 0.505 melt and 
separated from the working electrode compartment by an ultra-fine porosity glass 
frit (Witeg Scientific, Anaheim, CA.; Catalog #  2.350.P5). The aluminum cylinder 
counter electrode (Alpha Products, m5N) was also separated from the working 
electrode compartment by a fine porosity glass frit (Catalog #  2.350.P5). The 
electrochemical measurements were made using a PARC Model 273 Potentiostat- 
Galvanostat equipped with a current interrupt IR compensation device. The data 
were collected and stored on an IBM PC/XT using the PARC Headstart software.

RESULTS

UV-Vis spectroscopy was chosen as the quantitative analytical technique 
for determination of the metal chloride species in the melt. Absorption data for 
the metal chloride species (FeCl3, FeCL, CuCl2, and CuCl) in the melt was 
obtained by pointwise subtraction of the binary melt spectrum from the ternary 
melt spectrum for each of the metal chlorides. The resulting absorption peak was 
attributed to the metal chloride. Table 1 shows the absorbance wavelength regions 
for each of the metal chloride species and the binary melt. The spectroscopic 
results indicate that the metal chlorides and the melt absorb in the same 
wavelength region. While UV-Vis spectroscopy proved unsuccessful as a
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quantitative analytical technique, chronopotentiometry of FeCl3 ternary solutions 
indicated that this technique may be useful.

Figures 2 and 3 are linear sweep voltammograms (scan rate = 5mV s'1, 
1000 RPM) for FeCl3 reduction and CuCl2 reduction, respectively, at a RGCDE in 
the test electrolyte. In the case of FeCl3, both kinetic (charge transfer) and mass 
transport controlled regions are observed. The Tafel slope and exchange current 
density for this redox reaction were obtained from slow potential sweeps (scan 
rates 0.5 to 0.25 mV s'1) in the kinetic controlled region (see Table 2). The linear 
sweep voltammogram for CuCL reduction indicates that this reaction is 
immediately transport controlled. In this case the limiting current provides a lower 
bound for the exchange current density of this reaction.

Diffusion coefficients for FeCl3 and CuCL species and Al^Cl/ were 
computed from limiting current measurements at RDE. The computed diffusivi- 
ties and the D/z/T quantities for the species are presented in Table 3.

DISCUSSION

The exchange current densities cannot be used directly in the model while 
the Tafel slopes can. The exchange current densities are used to compute the 
standard specific rate constant used in the model. For example the standard 
specific rate constant for FeCl3 reduction can be estimated from

k° = io/{nF[FeCl3]} 9.

The mean value, based on the data in Table 2, is 8« 10'6 cm/s. Other investigators 
have reported values on the order of 10^ (6) and 10'5 (7), at 30 and 40 °C, 
respectively. These data were obtained by using a technique proposed by Galus 
and Adams (13).

Since there were no Tafel data for the copper system, i.e. cupric ion 
reduction was immediately mass transport limited, neither exchange current 
density nor Tafel slope could be determined. The limiting current density, 49* 10'3 
mA/cm2, was used as a lower bound for the exchange current density in the 
calculation of the standard specific rate constant. The mean value was 3*10'4 
cm/s. Nanjundiah and Osteryoung found values on the order of 3« 10-4 at 40 ° C in 
basic BPC melts (9). Since the Tafel slope obtained for ferric chloride reduction 
was consistent with a one electron transfer process, this value was used as a basis 
for the Tafel slope for the cupric/cuprous reaction in the model.

The diffusivity of A12C1?' is required for the model (see Eq. 3-6). The value 
of the D/z/T quantity computed here is approximately twice that reported by 
Donahue and Wilkes, 1.3 • 10'10, in similar melts (11). Robinson and Osteryoung, 
using multiple techniques and three different electrodes, obtain diffusivities in the 
range 3.5 - 10 *10'7 cm2/s  (12).

The remaining D/z/T groups, while not necessary for the model, permit 
direct comparison with these measurements and those of others. D/z/T for the 
FeCl3 species is in agreement with that obtained in n-butyl pyridinium 
chloride/aluminum chloride (BPC/A1CL) melts using limiting current 
measurements (7). The D/z/T quantities for the iron and copper species are 
smaller than those reported by others in similar systems (8) and (9, 10), 
respectively. Nevertheless, these D/z/T data are consistent with suggestions that
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the Cu(II) is complexed as Cu(AlCL)4'2 (9) while the Fe(III) complex is suggested 
to be FeCl; (7).

Using the estimated kinetic and transport parameters and the physical 
properties for 80 ppi RVC, the total current equation can be revised for the 
specific cases of the FeCl3 and CuCl2 porous electrodes using a 0.58 electrolyte. 
The evaluated model parameters specific for each reaction are shown in Table 5. 
The revised equation for the FeCl3 electrodes is:

I = (1.95* 10s/P)(2[Bb]exp«a - [AJexp^)

(exp(LP)-exp(-LP)/(exp(LP) + exp(-LP)) 10

where P is:

(26.7)(4exp$a + exp$c)1/2.

The revised equation for the CuCl2 electrodes is:

I = (7.30 • 106/P)(2[Bb]exp$a - [AJexps)

(exp(LP)-exp(-LP)/(exp(LP) + exp(-LP)) 11

where P is:

(163)(4exp$a+exp$c)1/2.

The remaining parameters in the model are the operating parameters - either 
current or potential.
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Table 1. Spectroscopic Data for Copper Chlorides and 
Iron Chlorides in 0.58 AlC^/MEIC.

System ^abs-(QHl)
Blank Binary 183-244
FeCL Ternary 258,358
FeCL, Ternary 244
CuCE, Ternary 248334
CuCT Ternary 249

Table 2. Tafel Slopes and Exchange Current 
Densities for FeCL, in X=0.58 
AICI3/MEIC

106 FeClg 
(mole/cm3)

lO6^
(A/cm2) (n k )

4.15 6.2 132
4.70 1.6 133
7.62 3.S 143

AVERAGE 136

Table 3. D and Dm/T  for FeCL, CuCL, and 
Al2Cl7*inA ia3/MEIC

106 FeClj 107 D 1010 DnJT
(mole/cm3) (cm2/s) (gcm/s2K)

3.18 7.4 3.6
11.9 7.6 3.7
18.3 7.3 3.6
32.7 6.0 2.9

AVERAGE 7.1 33

106 CuCL, 
(mole/cm3)

107 D 
(cm2/s)

1010 Du/T 
(gcm/s2K)

1.51 2.0 1.0
1.53 25 12
1.54 13 0.6
1.57 1.8 0.9

AVERAGE 1.9 0.9

105 ALCL/ 
(mole/cm3)

107D
(cm2/s)

1010 Du/T 
(gcm/s^K)

9.26 5.7 3.2
9.26 5.1 2.8

AVERAGE 5.4 3.0
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Table 4. Model Parameters

Adjustable Parameters
*a
?c1
I

Anodic dimensionless potential 
Cathodic dimensionless potential 
Current density (mA/cm2)
Total apparent current (mA)

Constant Parameters
n Number of electrons transferred in

electrochemical reaction (eq/mole) 
F Faraday’s constant, 96,500 (coul/eq)
k° Standard specific rate constant (cm/sl
Ab Bulk concentration ALCL‘(mole/cm3)
Bb Bulk concentration A1C14 (mole/cm3)
L Electrode thickness (cm)
Dam Diffusion coefficient of ALCL/ with

respect to mixture (cm2/s)
A^ Cross-sectional area of electrode

perpendicular to current flow (cm2) 
Av Specific area of electrode (cm2/cm3)
e Porosity of electrode

Table 5. Model Parameters for X =0.58 A1CL/MEIC 
and 80 ppi RVC.

Parameters F e d , CuCL

n
F
k°

A ^
V

'eq/mole) 1 1
coul/eq) 96,500 96^00
^ / s ) 8*10^ 3-104
mole/cm3) 1.54.10-3 144.10*3
mole/cm3) 241* 10-3 241* 10’3
>cm) 0.48 0.48
cmr/s) 
>cm2) ,

5.96* 10’7 5.96* 10*7
4.9 4.9

cnr/cm3) 51.5
0.97

51.5
0.97
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a / aeynoA too 
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Figure 1. Discharge curves 
for an Al/FeCl3 battery at 
discharge currents of 20, 50, 
and 70 mA.

Figure 2. Linear sweep vol- 
tammogram for Fe(III) reduction 
at a RGCDE in 0.58 A1CL/MEIC 
(3.0 mM Fe(IH) scan rate =
5 mV/s, 1000 RPM).

ELEETO jicwSSlLf  mV

Figure 3. Linear sweep vol- 
tammogram for Cu(II) reduction 
at a RGCDE in 0.58 A1C13/MEIC  
(1.5 mM Cu(II) scan rate =
5 mV/s, 1000 RPM).

1.10 2.10

397



MEMBRANE POTENTIALS ACROSS MULLITE IN MIXTURES OF 
MOLTEN BROMIDES 

M.L. Orfield
University of Wisconsin-Stout 
Menomonie Wisconsin 54751

ABSTRACT .
At high temperatures Mullite functions as an ionic conductor of alkali metal 
cations. Two mullite membanes, M30 and MV33, were investigated. The 
membrane potentials of each were measured in mixtures of the alkali metal 
cations. The selectivity of MV30 for each of the alkali metal cations, Li+ Na+, 
and K+ and the selectivity of MV33 for Na+ were evaluated. The range of 
composition over which the behavior of each mullite may be predicted is 
discussed.

INTRODUCTION

Glassy membranes, sensitive to a single ion, form the basis for many 
separators and ion selective electrodes in use in aqeous systems. The 
success of such electrodes depends upon an understanding of the relationship 
between the composition of the solution and the potential generated across the 
membrane. In aqueous systems this relationship has been thoroughly 
examined and exploited to prepare glasses selective for a variety of ions.

Since glassy membranes are known to conduct ions well in molten salt 
solutions, it seems likely that they may obey the same kind of mathematical 
relationships applicable in aqueous systems. A few investigators have 
explored this area. Doremus measured the potentials across silica and pyrex 
glasses in molten nitrates. (1,2) Notz and Keenan also measured potentials 
across pyrex in molten nitrates. (3,4) Reenan et al, and Stern investigated 
potentials across silica in molten chlorides to a limited extent. (5-7) However 
potentials across these glasses could not be measured in higher melting salts 
because all except silica softened below the melting points of the salts or were 
quickly degraded in the harsh environment.

As a result most separators, and solid electrolytes used today in molten 
salt cells are ceramics. Mullite, a cation conductor and zirconia an oxide ion 
conductor are the most common. Mullite is useful in molten salt systems and 
other corrosive environments because of its high thermal stability and 
resistance to corrosion. It is believed to conduct alkali metal cations via a 
glassy phase at the grain boundaries. Its selectivity might be thought to obey 
the same mathematical relationships as those employed for glassy 
membranes in aqueous systems. It is the purpose of this work to investigate 
the relationship between potential developed across a mullite membrane and 
the activity of the alkali metal ions on either side of it; to determine if mullite
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does obey the same relationships established for glassy membranes in 
aqueous systems

THEORETICAL BACKGROUND

When two solutions, each containing a unique activity of cation N+, are 
separated by a membrane which conducts only cation N+ a potential develops 
across the membrane. The magnitude of the potential is determined by the 
gradient in the activity of N+ across the membrane. It is described

Emem= RT/nF In [ a(N+), / a(N+)0 ] (1)
where R is the gas constant, T is temperature, n is the absolute value of the 
charge on the cation, F is Faradays constant, and a(N+)i and a(N+)o are the 
activities of cation N+ on side I and side O of the membrane respectively. A 
membrane described by this equation is said to be perfectly selective for cation 
N+ It conducts only that cation.

Most glassy solid electrolytes are not exclusive conductors of one 
cation. In general they conduct the alkali metal cations, Li+, Na+, and K+ and 
some other small univalent cations such as Ag+. If a membrane separates two 
solutions, each of which contains two conducting cations, the potential is 
desribed by the equation. (8)

Emem = RT/nF In
a(N+)| + C  a(M+)| A 

a(N+)0 + C T a(M+)0 .
(2)

where the meaning of all terms used in Eq. 1 is the same, M+ is the second ion
POTconducted by the electrolyte, and KNM is the potential selectivity coefficient

which describes the the relative conductivity of each ion in the electrolyte. 
POTKnm is a measure of the preference of the membrane for M+ over N+ as a

POTmeans of moving ionic current. Obviously, if KNM =0, the membrane is perfectly
selective for N+ and will function as an ion selective electrode for that ion. Eq. 
2 has been used extensively in characterizing the conductivity of glassy 
membranes in aqueous solutions, and in formulating those membranes to be 
highly selective for a single ion. Since mullite is believed to conduct via a 
glassy phase at the grain boundaries, it seems reasonable to assume that this 
material may also be characterized by the equation 1 or 2.
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EXPERIMENTAL

The experimental apparatus is diagrammed in Fig. 1. A 7.0 cm. 
diameter mullite tube, 30.48 cm. long, with a stainless steel cap and fittings 
contained the cell used for membrane potential measurements. A mixture of 
of alkali metal bromides, M1BrandM2Br, with an activity of AgBr which was 
maintained at the same value as the activity of AgBr in the reference melt, was 
placed in a silver crucible inside the chamber. All salts were Baker Reagent 
grade. A silver wire, 99.99%, dipped in the melt formed the indicator electrode. 
The atmosphere in the chamber was dry Argon of 99.99% purity. The 
membrane was a mullite tube 0.95 cm. in diameter and 45.7 cm. long 
composed of mullite crystals with 15% by weight additional Si0 2 found as a 
glassy phase at the grain boundaries. It was purchased as MV30 from 
McDanel Refractory. The tube contained a reference melt of alkali metal 
bromides and the same activity of AgBr as found in the indicator melt. The 
reference electrode was also silver wire dipped into this melt making the cell:

Ag|AgBr(N=Y), M1Br(N=X), M2Br (N=1 -X-Y)|mullite|M1 Br(ref), M2Br(ref), 
AgBr(ref)|Ag
where M1Br and M2Br define one of the combinations, NaBr-KBr, LiBr-KBr, or 
NaBr-LiBr, and N is the mole fraction of each component in the mixture. The 
mole fractions of the alkali metal bromide components in the indicator melts 
were varied from 0.10 to 0.90 for each cation series. The mole fraction of AgBr 
in the indicator melt was adjusted to maintain equivalent activities of Ag+ at the 
electrodes.

The reference melt composition, ref, was constant for each specific 
series of M1Br-M2Br melts. The reference melt compositions were (mol 
fractions) 0.81 LiBr, 0.11KBr, 0.08AgBr for the LiBr-KBr series, 0.085NaBr,
0.835KBr, 0.08AgBr for the NaBr-KBr series, and 0.83NaBr, 0.08LiBr, 0.09AgBr 
for the NaBr-LiBr series. The reference electrode melt was prepared by 
premelting the appropriate mixture, grinding it, and storing it in an Ar purged 
dessicator. A small amount was placed in the membrane tube and then 
maintained under Argon continuously throughout the time it was used.

The salts were weighed, placed in the silver crucible, and dried in the 
Lindberg furnace under a flowing Argon atmosphere for 30 minutes at 
approximately 250°C. The temperature was raised to 755°C and maintained 
at that temperature ±2°C until the system equilibrated. Equilibration time was 
usually about 10 minutes. The potential was measured with a Simpson 
voltmeter and recorded. Individual experiments were repeated with the same 
mullite membrane and with other tubes. The potentials were reproducible 
within 5 mv. under all circumstances, and usually within 2 mv.
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Some additional experiments were performed using a membrane of 
stoichiometric mullite. ( MV33 from McDanel Refractory). Although this product 
is sold as non glassy phase mullite, in reality it contains about 2-3% glassy 
Si02 phase at the grain boundaries. (9) A tube, 1.90 cm. OD and 7.62 cm. 
high, was placed in the molten salt and supported by a gas inlet tube as shown 
in Fig. 2. The experimental apparatus was similar to that used with the MV30 
membranes. The experimental procedure was the same.

CALCULATIONS

Since the membrane potential was to be measured,the Ag|Ag+ indicator 
and reference electrodes were maintained at the same potential throughout 
the experiments. The activity coefficient for AgBr in each indicator melt was 
calculated using the equation for a ternary solution, (10)

RTInyx = k12N1N2+ (kxiNxNi + kx2NxN2)( Ni + N2) (3)
for a ternary solution where x indicates AgBr and 1 and 2 the alkali metal 
bromide components of the mixture, yx is the activity coeficient of AgBr, and k 
is the interaction coefficient of the pair of components indicated by the 
subscript. Activity coefficients for the alkali metal bromides were calculated 
with the same equation using appropriate interaction coefficients. (11-15)

The potential selectivity coefficient was calculated from equation 2, 
using the measured values of the membrane potential and the calculated 
activities as described above.

RESULTS AND DISCUSSION

T>OTA KNa_K has been calculated from each measured potential using 
equation 2 as written for these experiments

(
= RT/nFIn

V

a(Na+), + C k a(K*), ^
POT

a(Na+)ref + ^ Na_K a(K+)ref.
(4)

where I now refers the indicator melt being measured; ref. describes the 
reference melt and Emem indicates the measured cell potential. The activites 
of each salt are calculated from Eq. 3.
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The average of the KNa_K values so calculated was 0.048+0.010,
indicating that the mullite behaves reasonably like a glassy membrane which 
conducts both Na+ and K+ ions.

The experimental membrane potentials E(meas) generated across the 
mullite membrane (MV-30) are plotted in Fig. 3 as a function of the activity of

POTNaBr in the melt. In addition, the average KNa_K has been employed in Eq. 4
to plot a curve of E(calc) vs a(NaBr). Agreement between the experimental 
data and the theoretical curve substantiates the idea that the potentials 
generated by a membrane in molten salts may be described by equation 2 
similarly to membrane potentials in aqueous systems.

The value of the KNa_K for this system suggests that, as an ionic
conductor, MV30 is highly selective selective for Na+ over K+. It suggests 
further that if the activities of K+ in a melt, and reference melt, are sufficiently 
low with respect to the activity of Na+, the second terms in the numerator and 
denominator of Eq. 2 will become insignificant; Eq. 2 will approximate Eq. 1 
and the mullite may be characterized as membrane perfectly selective for 
Na+ with little error. For example, if both salt mixtures were in excess of 0.90 
mol fraction Na+ the difference between Eq. 1 and Eq.2 would be only a few 
tenths of a millivolt. However, at the compositions used in this experiment 
significant error would result from using Eq. 1. Fig. 4 shows a comparison of

POTpotentials calculated using KNa_K = 0.048 in Eq. 2 and those calculated 
assuming the electrode is perfectly selective for Na+ using Eq. 1.

A further refinement of Eq. 2 has been suggested by Eisenman et. al. 
They have included a factor, n, used to account for nonideality of the activity of 
sites of conduction in the glass membrane. (16)

Emem = RT/nF In
(a(Na+)i)1/n + ( C - k a(K+), )1/n ^

D Q T

(a(Na+)ref )1/n + (KNa.Ka(K+)ref)1/n (5)

Equation 5 was used, in conjunction with a least squares iteration program, to
POT POTcalculate simultaneously a KNa_K and an n value for the system. The KNa_K

and the n calculated using this method were 0.066 and 0.77 respectively. The
POTcurve calculated from this KNa_K and n is plotted in Fig. 5 with the 

experimental potentials. The agreement between experimental and theoretical
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is good. Comparison of these two curves with the two curves in Fig. 4 
indicates that very little congruence is gained with the use of the more 
complicated equation. It suggests that any difference between experimental 
data and a theoretical curve is not due to non ideality of activity of sites in the 
glass membrane.

The membrane potentials measured at a(NaBr)>0.90 are not as 
reproducible as the others. At a(NaBr) < 0.90 the error was ±0.002 volts. It 
was much greater at a(NaBr) > 0.90, as can be seen from the two repeated 
measurements shown on the plot. These potentials result from very large 
differences in composition between indicating and reference melts, and seem 
to suggest that the useful range of MV30 as a predictable conducting 
membrane does not extend to this differential in composition.

POTThe average KLi_K for a series of KBr-LiBr melts was calculated in
manner similar to that described for the NaBr-KBr system. The average value 
was 0.034 ± 0.017. It varied systematically with the composition of the melt, 
becoming larger with increasing a(LiBr). The variation resulted in a large error

POTfor the average value. Again the KLi_K indicates that the electrode is highly
selective for Li+ over K+. Apparently the glassy phase of MV30 is of a 
composition which conducts Li+ ions equally as well as Na+. It could be used 
as a perfectly selective electrode for Li+ if the activity of the K+ were sufficiently 
low in both melt and reference melt, and no gradient in Na+ was present.

The potentials generated in the KBr-LiBr system are plotted in Fig. 6 in 
a manner similar to that described for the NaBr-KBr system. The agreement 
between the measured potentials and calculated curve is not as satisfactory as

POTin the NaBr-KBr system because of the systematic variance of KLi.K with 
a(LiBr).

POTA KLi_K and n were also calculated using Eq. 5 and found to be 0.0018
and 2.56 respectively. The curve of this equation is plotted in Fig. 7 with the 
experimental values. The agreement between the experimental and the 
theroretical is much better with this calculation. Since n is fairly great and this 

POTvalue of Ku_k differs greatly from the average value calculated, one might
conclude that the activity of sites for conduction of Li+ is far from ideal where 
that for Na+ ions is much closer to ideal as evidenced by the NaBr-KBr plots.
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POTA value of KNa_Li , calculated in a manner similar to that described for
the NaBr-KBr melts, was found to be 3.20±0.50. The value suggests that 
mullite conducts both Na+ and Li+ but has a slightly greater selectivity for Li+. 
Because of the similarity of selectivity between Na+ and Li+ no composition of 
these salts will result in a negligible potential for either ion and Eq. 1 cannot

POT POTbe used for any composition. Unlike Ku_k the K Na_Li does not vary 
systematically with composition.

POTExperimental data and a theoretical curve using KNa_Li = 3.20 are
plotted in Fig. 8. Agreement between experimental data and theoretical curve

POTis modest. The error in these data appears to be random. When the KNa_u
and n are calculated ( 2.787 and 0.685 respectively) and plotted with the 
experimental data in Fig. 9 the agreement between the theoretical and the 
experimental does not improve much over that in Fig. 8.

As previously stated, the conduction of ions by MV30 has been 
commonly believed to be accomplished via the glassy SiC>2 phase at the grain 
boundaries of the crystalline mullite. With this fact in mind a second series of 
experiments, similar to those described, was performed using MV33 as the 
membrane. This material, while marketed as a stoichiometric mullite, ie. no 
glassy phase, has approximately 2-3% residual glassy Si02, as opposed to 
15% in the MV30. It was assumed that the MV33 would behave like an 
insulator and no meaningful potentials could be measured. However this was 
not the case.

POTPotentials were measured across MV33 and an average KNa_K = .153
± 0.02, The measured potentials and a theoretical curve using the average 

POTKNa-K are Pitted in Fig. 10. Not only do these appear consistent with Eq. 2, the
POTaggreement is good. While the variation in KNa_K is not large, it is systematic

POTwith composition of the melt. A KNa_K and n were computed to be 0.170 and
0.787 respectively. The curve calculated using these values and the 
experimental data are plotted in Fig. 11. With the small correction for 
nonideality the agreement between experimental and theoretical is excellent. 
In fact the MV33 behaves in a more predictable manner than the the MV30.

POTThe KNa_K is approximately 3 times that of the MV30 membrane 
indicating that the glassy phase in the MV33 is less selective *or Na+ over K+
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than the MV 30. The difference in selectivity may be due to the differences in 
composition between the two glassy phases. The bulk composition of 
impurities in the MV30 differs from that in the stoichiometric mullite. Because of 
this and processing differences, the final glassy phase composition is likely to 
differ as well.

The measurements across MV33 are consistent and the percent error 
small suggesting that the amount of glassy phase necessary to provide good 
conduction is small. If the grain boundary is very narrow in both mullites and 
the excess glassy phase is found in the pockets where three or more grains 
meet then 2 or 3% Si02 may be enough to provide a continuous glassy phase 
for conduction.

Alternatively, one might speculate that an second mode of conduction: 
directly across the crystalline mullite is active in these membranes . If so each

POT POTmode of conduction would have a unique KNa_K and the measured KNa_K
would be some combination of the two. If one assumes that the much smaller 
amount of glassy phase in the MV33 means that the grain boundary 
conduction is negligible, the excellent convergence with theory is explained.

SUMMARY

The behavior of an MV30 membrane may be predicted by equations 
used for membranes in aqueous solutions. NaBr-KBr mixtures are well 
described by equation 2 , where n=1. The potential selectivity coefficient 
suggests that the activity of KBr may be ignored when it is less than 0.10. LiBr- 
KBr melts may be accurately described by the Eisenman modification of 
equation 2, where n does not equal 1. Again the membrane may be treated 
as perfectly selective for Li+ when the activity of K+ is less than 0.10 and no 
other alkali metal cations are present. Melts composed of NaBr-LiBr are not as 
well described which may be due to the small potentials measured in these 
melts. The potential selectivity suggests that both ions are conducted well and 
neither may be ignored in calculating the membrane potetial when both are 
present.

The MV33 membrane is very well characterized by equation 2 and its 
modification. The potential selectivity coefficient for this membrane in NaBr- 
KBr melts differs from that for MV30. The variation may be due to differences 
in composition between the glassy phases in MV33 and MV30.
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a(NaBr)
Fig. 3. Measured and calculated membrane

potentials across MV30 in KBr-NaBr mixtures.
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Fig. 5. Cell potentials across MV30 

in NaBr-KBr melts.
K = 0.0669, n=0.77

a(LiBr)
Fig. 6. Cell potentials across MV30 

in LiBr-KBr melts.
K = 0.034, n=1

a(LiBr)
Fig. 7. Cell potentials across MV30 

in LiBr-KBr melts.
K = 0.0018, n=2.56
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Fig. 9. Cell potential across MV30 

in NaBr-LiBr melts.
K = 2.79, n = 0.685.
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Fig. 10. Cell potential across MV33 
in NaBr-KBr melts.
K = 0.152, n = 1.

Fig. 11. Cell potential across MV33 
in NaBr-KBr melts.
K = 0.170, n = 0.787.
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ABSTRACT

The therm odynamic behaviour o f A gC l, CoCl2, N iC l2, F eQ 2, CuCl, 
FeC l3, CuCl2, CrCl2, CrCl3 and ThCl4 was investigated in N aCl, KC1, CsCl 
or the equim olar m ixtures o f these salts between 700-900°C , using galvanic 
or redox cells. The results indicate solutions are reactive and non-ideal. 
A  therm odynam ic m odel is presented w hich allow s the calculation o f  
therm odynam ic properties. The m odel has only one adjustable parameter.

INTRODUCTION

In previous publications from  this laboratory, the therm odynam ic properties o f 
solutions o f m etal chlorides in  alkali chloride solvent m elts have been investigated by em f 
m easurem ents (1-9). The data have been used for the calculation o f activities and other 
partial m olar properties. The m easurem ents also provide valuable inform ation on em f 
series in  m olten salt solutions, on the feasib ility o f new  processes for the recovery o f m etals 
by fused salt electrolysis, and on high temperature batteries and energy storage devices. 
In this publication, the therm odynam ic properties o f dilute solutions o f A gC l, CoCl2, N iC l2, 
FeCl2, FeCl3, CuCl, CuCl2, CrCl2, CrCl3 andThCl4 in binary solvent m elts lik e N aCl, KC1, 
and C sC l, and ternary com binations like N aCl-K C l, N aC l-C sC l, and K C l-C sC l, are 
reported. In addition, the therm odynam ic properties o f ThCL* in the m ore concentrated 
ThC V C sC l solutions are presented.

EXPERIM ENTAL

A ll the m etal chlorides and CsCl were anhydrous. They were received in sealed  
am poules packed under argon gas. C onsequendy, these chem icals w ere used w ithout 
further purification. The A gC l, N aC l, and K Q , were reagent grade and w ere purified and 
treated in an anhydrous HC1 atm osphere at 400'C . The N aCl-CsCl, K C l-C sC l, and 
NaCl-K Cl binary solvent m elts w ere prepared by m ixing the com ponent salts, then m elting  
under vacuum  for 24 h. The resulting solutions were cooled , crushed, and stored inside a
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drybox. B efore use, m etal electrodes were polished with fipe em ery paper, and then washed 
several tim es w ith a 10 v /o  HF solution, d istilled  water, and finally acetone. W eighing, 
handling, and the transfer o f all chem icals were conducted w ithin a drybox filled  with 
anhydrous argon gas.

The basic design o f the em f cell used for the m easurem ents is show n in Figure 1. 
D etails have been reported elsew here (8-10). The ce ll consisted  o f tw o half cell 
compartments separated by an asbestos diaphragm made by tightly rolling a sm all strand 
o f asbestos fibers, firing to a w hite ash and then collapsing 6  mm quartz tubing around it. 
A s a result, very fine capillaries were form ed w hich allow ed for electrical contact, but 
m inim al m ass d iffusion. In addition, the resistance o f such diaphragm s was very large 
and all m easured electrode potentials were totally reproducible and rem ained stable over 
long periods o f tim e.

D ilute Solutions

Three types o f electrochem ical cells were em ployed for the dilute solution 
experim ents. The A gC l form ation cell can be described as,
(- )  A g  / A g C l - A C l  H asbestos d iaphragm  H A g C l - A C l  /  C , C l2

(X) (X) c*. i W +)

C ell A
where, AC1 represents the salt com ponents N aC l, KC1, C sC l, or the binary equim olar 
m ixtures o f these salts. The overall ce ll reaction is ,

* l cK. - *  M S . V  <>)

where, the line under A gC l denotes A gC l in solution w ith the alkali chloride. The 
corresponding N em st equation is,

^  2 .3 0 3 * 7 , 2 .3 0 3 * 7 , v
E  -  EAgCl ~  P  ^AgCl p  l ° g  ^AgCl 0 )

where, F is Faraday’s constant o f 96,487 J V ' 1 m ol'1, and R is the universal gas constant 
given as 8.3144 J K ' 1 m ol'1. T is the absolute temperature. The standard state in all cases 
is the pure liquid m etal chloride at the temperature o f the experim ents. EAgCl is the "standard 

formation" potential for the form ation o f pure liquid A gC l. V alues for EAgCl were obtained 
from  a previous investigation (5). For dilute solutions obeying H enry’s law , yAgCJ is 
com position independent. A ccordingly, a "formal formation" potential can be defined as 
representing the free energy o f form ation o f unit m ole fraction o f a salt behaving 
therm odynam ically as if  it were in fin itely diluted in a given so lv en t The "formal 
formation" potential is defined by the expression,

2 .3 0 3 * 7 , .
Ef(AgCi) -  E AgCl p  l o g  (Ya«c /)z _ ,0 (3 )
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where, E J ^ ^  represents the "formal formation" potential. Substitution o f Eq. (3) into Eq. 
(2 ) yields the sim plified expression for dilute solutions,

E  =  E°mgCl) -  ^ ^ L \ 0%XAgCl (4)

The galvanic type cells em ployedtin this investigation may be described by,
(- ) M  /  M C lz - A C l  If a sb e s to s  d iaph ragm  H A g C l - A C l  / A g  (+)

fly Sj)
C ell B

where, M  is Co, N i, Fe, Cu, Cr or Th, respectively. MC^ is CoCl2, N iC l2, FeCl2, CuCl, 
CrCl2 or ThCl4 and AC1 has the sam e m eaning as for the A gC l form ation ce ll described  
above. The A gC l concentration (X J  was fixed  at 0.05 m ol fraction. The spontaneous ce ll 
reaction is ,

M {s) +  z A g C l

The corresponding N em st equation is,
M C I.

E  =  E t’MClt
r0  2 3 0 3 R T , 7mci,

-  -  — lo s ^ ;  -

+

2.303R T

zF

X mciz

(5)

lo g -------
A AgCl

(6 )

where, T , R, and F have been defined earlier. The standard state for a ll salts w as the pure 
m olten m etal chloride at the experim ental temperature. F ollow ing the sam e developm ent 
as for the A gC l form ation cells, when solutions are dilute and H enry’s law  is obeyed, then 
Eq. (6 ) sim plifies to,

=  [Ej‘M C l j  * f(AgCl\,] -
2.303R T  , x u a ,

logF ~ZF A AgCl
(7)

From Eq. (4) and Eq. (7), E°m cx^  m ay be calculated w ith respect to the standard chlorine

electrode as reference. The latter represent reactions o f the type,
z

CO + -C L  2 <*• CM C I J (8)
w here, the superscript0 indicates an hypothetical solution o f unit m ole fraction o f MCI* 
but w hich has the properties extrapolated from  an in fin itely  diluted MCI* - AC1 solution.

The redox cell em ployed in this investigation may be described schem atically as, 
(~ )A g  /  A g C l - A C l  II asbestos diaphragm  I I M C lz -  M C lz+1 -  A C l / P t  (+) 

w  C*2) <x3)
C e ll C

MCI* w as FeCl2 or CuCl, and MCl*^ was FeCl3 or CuCl2. The ce ll reaction is ,
+  M C l^ i  M C I. +  A g C l  (9)a 8(s) + MClr+i 

The corresponding N em st expression is , 

r  — \  p °  4 . p °  __ p °  1 2 3 0 3 R T log

M C I .

Yajc/Ywc/,

Ya/c/i+1

+  A g C l  

2 3 0 3 R T
lo g

%AgCl %MCIZ

*A/C/I+1
(10)

In dilute solutions where H enry’s law  is applicable, Eq. (10) sim plifies to
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2 3 0 3 k T , X Agci x m ciz 

F  l0 g  X (11)

<~Em a (12)

where,

E°r represents the form al redox potential for reaction (9). The form al redox potential for 
the reaction,

(M CI,)0 +  -»  (M C l,+iy  (13)

written as, E?(mciz+umCIi)’ is readily calculated from  Eq. (12) by subtracting the formal 

potential for A gC l from m easurem ents on C ell A . H ence, Eq. (12) allow s the calculation  
o f w hich is generally not directly measurable because o f the extrem e reactivity

o f MCI*.! solutions w ith m etal M . The "formal redox" potential for the reaction o f Eq.
(13) can also be expressed as,

E r(MClx+l, MClt) =  (Z +  W E /(MClt+ l) ~  z E f(MClt) ( 1 4 )

Concentrated Solutions

The ce ll design was sim ilar to the chloride form ation ce lls  described elsew here (8-10). 
The ce ll consisted  o f a thorium m etal indicator electrode im m ersed in  the ThCl4-CsCl 
m olten solution o f known com position, and a graphite chlorine electrode, w hich also dipped 
into a m olten solution o f the sam e com position. The tw o ce ll com partm ents were separated 
by an asbestos fiber diaphragm fused into silica glass. The spontaneous ce ll reaction is, 

T \ s) +  2 =  T h C L  (15)
The N em st equation is,

_ _o 2 3 Q 3 R T , ,
^cell ~  E ThClA 1 ° £  (Yl%C/4)  ( 1 6 )

RESULTS

The interpretation o f the em f results from  the galvanic and redox ce lls, through Eq. 
(6) and Eq. (10), respectively, and the calculation o f solution properties are entirely 
dependent upon the accuracy o f the m easured standard form ation potentials for the pure 
liquid m etal chlorides and o f the form al form ation potentials o f A gC l in  the various solvent 
m elts used in  this investigation. The standard form ation potentials for pure m olten AgCl 
have been m easured previously in  this laboratory (5), and are in  good agreem ent w ith other 
electrochem ical m easurem ents (11-13) and therm ochem ical data (14). The expression for 
E°AgcKiiquid) calculated through the third law  m ethod is g iven  as,

E ^ a  =  1227.0 -  1.5973T  +  0 .1 8 2 r in r  -  4 .48 x  10'57’2 (m V ) (17) 
w ith a standard deviation o f 0.57 m V.
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Potentials m easured for the system s A gC l-N aC l, A gC l-K C l, A gC l-C sC l, 
A gCl-N aC l-C sC l, and A gCl-K C l-CsC l have been reported previously (9) and the results 
are sum m arized in  Table 1. Tables 2 to 10 contain the em f results, as functions o f 
tem perature, for all the rem aining dilute system s investigated, expressed as linear functions 
o f temperature. Table 11 sum m arizes the results for the ThCl4-C sl form ation cell. A lso  
included in Table 2 to 11 are the correlation coefficien ts for the linear least squares analysis 
for E versus T. It can be seen that the coefficien ts are alm ost one indicating an excellen t 
fit o f the experim ental data to a straight line. Potentials recorded in Tables 2 to 11, represent 
spontaneous cell reactions and are given positive signs in  order to conform  w ith the 
therm odynam ic requirem ent o f a decrease in reaction free energy. H ow ever, if  it is desired  
to tabulate the em f values in  the format o f a series against a com m on reference electrode, 
such as the silver chloride or the chlorine reference electrodes, then it is necessary to 
conform  with the IUPAC sign convention and assign negative values to the m ore reactive 
electrode system s.

N em st plots fo llow in g Eq. (6) and Eq. (10) for the dilute galvanic and redox ce lls, 
respectively, were linear as expected for solutions that obeyed Henrian behaviour. Slopes 
for a one or tw o electron transfer reaction were in excellen t agreem ent w ith theoretical 
values.

DISCUSSIO N

Form al potentials corresponding to the reactions o f Eq. (8) and Eq. (13) are 
sum m arized in Tables 12 and 13, respectively. The potentials have been corrected to  
correspond to the chlorine gas reference electrode in  a manner described previously (8 ,9). 
The potentials represents an em f series in  various solvent m elts. It can be seen that the 
m agnitude o f the form al potentials in the binary solutions increase in  the order 
N aCl-K C l-CsC l. The trend shows the pronounced effect o f CsCl in creating 
therm odynam ically stable solutions. Furthermore, the m agnitude o f the form al potentials 
decreases as the temperature is increased, which indicates a decrease in therm odynam ic 
stability at the higher tem peratures. Tables 12 and 13 also includes the form al potentials 
in the ternary system s calculated from the previously proposed relationship (15),

is) (18)
Ternary solutions are denoted by the subscript (123), w hile the binaries are denoted by
(12) and (13). The t parameter is a com position variable defined as,

* =  Xcsci I (XcsCl ^^NaCl) (19a)
or,

* =  X csa I QLcsci+XKCl) (19b)
for the CsCl containing solutions, and

t  =  X KCl / (XKa + X NaCl)  (19c)
fortheN aC l-K C l solutions. It can be seen from  Tables 12and 13 thatEq. (18) approxim ates 
the experim ental results to w ithin five percent at the m ost
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A  com parison o f the previous experim ental results for form al potentials shows that 
there is good agreem ent for the FeCl2 (16,17), CuCl (3 ,18), N iC l2 (2 ,16 ,18 ,19 ,20), CoCl2 
(1 ,18 ,21), CrCl2 (3^22) and T hQ 4 (23) binary system s, but there are very few  data available 
on ternary and for redox system s.

"Standard" potentials are only known w ith confidence for the salts A gC l, CuCl, and 
F eQ 2. Table 14 contains a linear least squares fit o f £ £ c/j. Table 14 also includes the

uncertainty in  the standard potential values where available (5 ,24). It follow s that 
enthalpies o f m ixing and activity coefficients can only be reported for the solutions o f the 
above m entioned salts. T hese have been calculated previously (9). The results are given  
in Table 15. It should be m entioned that for the A gCl solutions there is good agreem ent 
between the lim iting partial enthalpies o f m ixing calculated from  electrochem ical and 
calorim etric (25) data. The latter were only obtained from  solutions containing 10 m /o o f  
A gC l, and therefore are not strictly com parable w ith the electrochem ical work which  
represents true Henrian conditions, where the partial properties reach truly constant lim iting  
values.

For the binary solutions b f A gC l in N aCl, KC1, and CsCl respectively, the partial 
enthalpies o f m ixing over the entire com position range are presented in Figures 2 ,3 ,  and
4. The figures include data obtained from  both electrochem ical (5 ,11 ,26,27) and 
calorim etric (25) work. The agreem ent is generally good particularly for the A gCl-CsCl 
solutions. In all cases, for com positions containing less than fiv e  m ole percent A gC l, 
where solutions becam e Henrian, partial enthalpies are a lso  taken to having reached a 
constant lim iting value. L im iting enthalpy values indicate that interactions affecting solute 
species have reached saturation. The strong exotherm ic enthalpies o f m ixing found in KC1 
and CsCl solvents indicate the form ation o f therm odynam ically highly stable com plex 
species. The endotherm ic m ixing reaction in the presence o f N aCl could indicate cluster 
form ation due to repulsive interactions.

Com plex Ion Formation

Charge asym m etric m olten salt solutions are known to exhibit highly exotherm ic 
enthalpies o f m ixing, and the activities indicate pronounced negative deviations from  
ideality. The behaviour is  indicative o f strong interactions betw een the ion ic specie in  
solution leading to the form ation o f com plex species.

The concept o f com plex form ation in  m olten salts has been described elsew here 
(6 ,30-32). A  com plex lik e (M ClI+r)r~ should be understood as a loca l configuration 
represented by a cation N f+ surrounded by (z + r) CT anions. W ithin the com plex itself, 
the M -Cl bond distances and, accordingly the corresponding bond energies, should be 
different from  the M -Cl bond distances in the non-com plexed state, w hich is usually taken 
to be the pure m olten MCI* sa lt H ow ever, because o f the requirem ent o f  overall electrical 
neutrality, it is a lso necessary that the anions and cations w hich form  the com plex should 
occupy single anionic and cationic lattice sites w ithin the quasi-lattice structure o f the ionic 
solution. Thus, it w ould be m eaningless to consider the (M C lt+r)r" entities as discrete ions
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occupying single anionic sites and the only evidence o f the presence o f a com plex specie 
should be a perturbation in the cation to anion bond distance w ithin the continuum  o f the 
m olten ion ic phase.

Considering solutions o f MCI* in AC1, it is possib le that the co-ordination w ithin a 
com plex could vary as the com position changes. H ow ever, w ithin the concentration range 
for w hich Henry ’ s law  is applicable, the co-ordination is expected to have reached a lim iting  
value and the structure o f the com plex should remain unchanged. This structure represents 
the final form  o f a com plex specie w hich is realized only in  dilute solutions when the few  
m etal cations present are surrounded by a large excess o f anionic ligands.

Therefore, dilute solutions o f charge asym m etric system s should be ideally  suited  
for investigating the effects o f com plex form ation in m olten salts and for understanding 
the relations betw een their structure and the corresponding therm odynam ic properties.

In previous publications (29), it has been shown that for reactive and non-ideal 
system s the activity o f any com ponent MCI* may be given as,

a MClt =  k 2+ * equilibrium

where, N M,+ and N c r  are respectively the ionic fractions o f cations Mz+ and anions N c r , 

corresponding to a specific com plex ion form ation reaction such as,
M C lx +  rA C l ->  [M Cl2+rT  +  rA*  (21 a )

or

M t+ +  (2 +  r ) C r  [ M C ^ r  (21 b )

w here, the value for r determ ines whether the com plex is  branched (r=2), tetrahedrally 
(i*=4) oroctahedrally (r=6) co-ordinated. Considering a solution which in itia lly  contained  
nx m oles o f MCI* and n2 m oles o f AC1, and if  a  represents the degree o f reaction (or the 
amount o f MCI* reacted per m ole), then the m ass balance at equilibrium  is given in Table 
16. The activity coefficien t for MCI*, which is readily derived from Eq. (20), is,

(1 -q ) I" nxz +n2r -a n l(z +r) T
lMa- ( l - a )  + r [n,(2( l - a )  + a ( l- r )+ / y )J

The equilibrium  constant for the com plex form ing reaction is given as,
N,

K  = <P*W
, jy<2+r)iycr

(22)

(23)

D egrees o f reaction for various MCI* m ole fractions m ay be calculated from  experim entally 
m easured activity coefficien ts using Eq. (22). For truly Henrian solutions, the equilibrium  
constant calculated from  Eq. (23) should be constant, at constant tem perature, for all 
concentrations for w hich the activity coefficient rem ains constant The application o f the 
theory is  only p ossib le for A gC l-K C l and A gC l-C sC l system s because these system s have 
exotherm ic enthalpies o f  m ixing and w ell established values for their activity coefficien ts. 
Both the degree o f reaction (a ) and equilibrium  constant (K ) values calculated over a 
com position range o f about 10 m /o A gQ  are shown in Table 17. For this calculation z = l 
and r=2 for a branched type com plex.
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CONCLUSIONS

R eversible em f m easurements have been used to establish the therm odynam ic 
behaviour o f a number o f m etal chlorides in  binary and ternary fused alkali chloride 
solvents. For dilute solutions, Henrian behaviour is observed. Em f series in  a number o f  
solvent m elts based on the form al standard state were developed. The m agnitude o f the 
form al potentials indicates negative deviations from ideality except for the A gC l-N aC l 
system . The deviations becom e increasingly negative as the size o f the alkali m etal cation 
in the solvent increases from sodium  to cesium . The results support the hypothesis for 
com plex form ation particularly for the charge asym m etric solutions o f m etal chloride in  
alkali chlorides.
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Table 1. Formal Formation Potentials of the Molten Dilute Solutions of AgCI in Alkali Chlorides.

System E°f = A + BT (V)* p,(V) ±AE (V)

A Bx10* 1073 K 1173 K

Aga-NaCI 1.0445 -2.400 0.785 0.763 0.004

AgCI-KCI 1.1420 -2.450 0.879 0.855 0.002

AgCI-CsCI 1.2230 -2.600 0.944 0.920 0.001

AgCI-NaCI-KCI 1.0883 -2.500 0.820 0.795 0.004

AgCI-NaCI-CsCI 1.2550 -3.700 0.858 0.821 0.002

AgQ-KCl-Csa 1.2834 -3.500 0.908 0.873 0.001

* Equations are applicable to the temperature range 973 K to 1173 K except for the NaCI solvent.
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Table 2. E versus temperature for the CoCI2 galvanic cell.

Solvent XcoClj E = 

Bx 10*

BT + A (V)

A

CCoeff. Range (K)

NaCI 2.02x1 O'3 -0.471 0.343 -0.999 1108-1178

3.88x10‘3 -7.550 0.344 -0.999 1101-1166

6.56 x Iff3 -0.984 0.344 -0.999 1111-1186

855 x10 s -1.096 0.344 -0.999 1107-1181

KCI 3.55x10‘3 -1.272 0.426 -0.996 1081-1174

5.63x10‘3 -1.504 0.430 -0.999 1091-1174

7.61 x Iff3 -1.627 0.429 -0.998 1100-1197

1.03 x10 s -1.753 0.428 -0.999 1075-1181

CsCI 6.11 x10'3 -1.804 0.497 -0.999 961-1118

1.01 x 10 s -2.023 0.498 -0.999 965-1107

1.31 x10'2 -2.137 0.498 -0.999 937-1104

1.87 x10 s -2.291 0.498 -0.999 941-1096

NaCI-KCr 1.72 xlff3 -1.207 0.453 -0.999 985-1101

3.04 x 10'3 -1.454 0.453 -0.999 957-1096

5.20 x Iff3 ■ 1.678 0.452 -0.999 957-1109

7.87 x Iff5 -1.865 0.453 -0.999 946-1105

NaCI-CsCI* 2.98 x Iff3 -0.929 0.406 -0.999 966-1103

7.35 x 10'3 -1.320 0.406 -0.999 968-1102

1.02 xIO* -1.453 0.405 -0.999 969-1092

1.26 x 10's -1.545 0.405 -0.999 961-1105

KCI-CsCI* 4.91 x Iff5 -2.334 0.538 -0.999 990-1136

8.11 X10-3 -2.550 0.538 -0.999 974-1109

1.05 x10 s -2.664 0.538 -0.999 960-1109

1.43 x 10’2 -2.800 0.539 -0.999 960-1102

‘ Equimolar.
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Table 3. E versus temperature for the NiCI2 galvanic cell.

Solvent ■ ^AKO, E* 

Bx 10*

BT + A (V)

A

CCoeff. Range (K)

NaO 1.36 X10-3 -0.050 0.120 -0.972 1131-1189

2.00 x 10J -0.206 0.118 -0.999 1128-1185

3.94x1 O'3 -0.495 0.118 -0.999 1123-1186

4.61 x 10'5 -0.559 0.117 -0.998 1126-1191

KCJ 2.00 xIO-5 -0.041 0.106 -0.985 1078-1152

3.43 x 10'3 -0.256 0.104 -0.998 1068-1110

5.23x10’ -0.440 0.104 -0.999 1048-1105

6.78 x 10 s -0.565 0.106 -0.994 1077-1107

CsCI 5.25 x10 s -1.016 0.170 -0.999 968-1100

8.19 xIO-5 -1.211 0.171 -0.999 937-1106

1.19x102 -1.374 0.172 -0.999 937-1094

1.51 xIO-2 -1.476 0.172 -0.999 940-1094

NaCI-KCI* l^xlO-5 -1.801 0.335 -0.999 978-1093

2.92 xIO-5 -2.209 0.340 -6.997 973-1098

4.46 xIO-3 -2.353 0.336 -0.999 976-1101

6.06 xIO4 -2.479 0.335 -0.998 970-1095

Naa-cscr 3.23x1 O'3 -1.229 0.210 -0.999 953-1087

6.96x10'’ -1.555 0.209 -0.999 950-1087

9.52 xIO-3 -1.699 0.210 -0.999 954-1091

1.27 x10* -1.817 0.209 -0.999 916-1091

Kci-cscr 3.88 x 10J -0.389 0.134 -0.998 947-1109

7.60x10-’ -0.680 0.134 -0.998 934-1109

1.05 x10 s -0.813 0.133 -0.999 934-1100

1.32 xIO* -0.917 0.134 -0.999 940-1100

‘Equimolar.
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Table 4. E versus temperature for the FeCI2 galvanic cell.

Solvent F̂tCl2 E = 

Bx 10*

BT + A (V)

A

CCoeff. Range (K)

CsCI 3.41 x 10*3 -1.713 0.683 -0.992 969-1044

8.46x1 O'3 -2.105 0.683 -0.999 967-1070

1.26x10* -2.231 0.678 -0.997 958-1053

1.68x10* -2.400 0.683 -0.994 968-1051

NaCI-CsCI* 2.79x10* -1.279 0.614 -0.995 966-1029

6.25 x 10* -1.779 0.629 -0.998 953-1033

9.18 x 10* -1.849 0.619 -0.998 965-1036

1.18x10* -1.875 0.611 -0.998 957-1035

kci-csci* 3.06x10* -1.789 0.679 -0.997 974-1036

6.25x10* -2.119 0.682 -0.998 967-1036

9.70x10* -2.184 0.669 -0.999 962-1036

1.26x10* -2.438 0.684 -0.998 962-1031

‘Equimolar.
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Table 5. E versus temperature for the CuCI galvanic cell.

Solvent X a * E = 

Bx 10*

BT + A (V)

A

CCoeff. Range (K)

NaCI 1.01 x 10J 2.687 0.335 0.999 1090-1176

1.93 x Iff3 2.121 0.335 0.999 1087-1171

2.84x1 O'1 1.780 0.336 0.999 1082-1178

3.68 x 10-3 1.563 0.335 0.999 1084-1178

KCI 958 x 10"* 2.228 0.432 0.999 1057-1156

1.91 x10'3 1.623 0.433 0.999 1072-1181

3.34x1 O'3 1.150 0.432 0.999 1075-1173

4.68x1 O'3 0.858 0.432 0.998 1068-1181

CsCI 9.54x10'* 1.642 0.511 0.998 962-1172

1.91 x 10'3 1.042 0.511 0.998 965-1175

3.05 x10’3 0.633 0.512 0.997 986-1176

4.94x1 O'3 0.186 0.515 0.978 944-1181

NaCI-KCi' 9.00 x 10" 1.036 0.548 0.999 983-1181

1.80 x 10* 4.370 0.549 1.000 994-1177

3.09 x Iff3 -0.025 0.548 -0.999 954-1173

4.24x1 O'3 -0.301 0.549 -0.999 942-1175

NaCI-CsCr 9.25 X10-* 1.659 0.419 0.999 976-1175

1.70 x Iff3 1.140 0.418 0.999 966-1173

2.77x1 O'3 0.712 0.419 0.999 976-1173

3.84x1 O'3 0.432 0.419 0.999 964-1171

Kci-cscr 1.02 x Iff3 1.661 0.497 0.999 979-1174

2.04 X10-3 1.068 0.496 0.999 980-1169

3.05 x Iff3 0.714 0.497 0.999 975-1174

4.40 x 10-3 0.395 0.497 0.985 976-1180

'Equimolar.
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Table 6. E versus temperature for the CrCI2 galvanic cell.

Solvent %CraJ E = BT + A (V) 

Bx 10* A

CCoeff. Range (K)

NaO 6.90x10“ 1.234 0.660 0.999 1115-1172

1.24 x 10“ 1.356 0.619 0.999 1122-1173

2.16x10“ 1.035 0.630 0.999 1117-1175

2.80x10“ 1.105 0.609 0.999 1110-1166

KCI 7.01 x 10“ -2.695 1.076 -0.999 1082-1173

1.21 X10*3 -1.552 0.925 -1.000 1086-1166

1.72x10“ -1.611 0.914 -0.999 1092-1169

2.29x10“ -2.234 0.970 -0.999 1084-1172

CsCI 1.65x10“ -3.459 1.071 -0.999 980-1114

3.29x10“ -3.768 1.072 -0.999 980-1109

5.03x10“ -3.949 1.072 -0.999 980-1107

6.99x10“ 4.088 1.071 -0.999 981-1107

Naa-KCI* 6.67x10“ -1.152 0.929 -0.993 984-1122

1.09x10“ -1.416 0.935 -0.998 984-1122

1.76x10“ -1.691 0.940 -0.998 984-1131

2.36x10“ -1.833 0.940 -0.998 978-1131

NaCI-CsCI* 1.48x10“ -1.951 0.925 -0.998 1010-1132

251 x 10“ -2.166 0.924 -0.999 977-1136

3.38x10“ -2.269 0.921 -0.984 979-1118

4.24x10“ -2.398 0.925 -0.999 978-1118

Kci-cscr 9.76x10“ -2.758 1.016 -0.999 981-1105

1.76x10“ -3.007 1.015 -0.999 978-1129

253x10“ -3.217 1.016 -0.999 981-1118

3.60x10“ -3.321 1.016 -0.999 979-1110

‘Equimolar.
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Table 7. E versus temperature for the ThCI4 galvanic cell.

Solvent % T k C l 4
E = BT + A (V) 

Bx 104 A

CCoeff. Range (K)

KCI 7.75 x 10' -2.230 1.750 -0.999 1100-1179

1.53 x104 -2.387 1.752 -0.999 1071-1174

2.12 x 10J -2.455 1.751 -0.999 1072-1173

2.70 x10'3 -2.510 1.752 -0.999 1067-1173

CsCI 2.64x1 O'3 -5.981 2.207 -0.999 981-1087

4.13 x10J -6.082 2.208 -0.999 972-1085

5.52x1 O'3 -6.144 2.208 -0.999 955-1080

7.74 x10‘3 -6.207 2.206 -0.999 960-1079

NaCI-KCI* 6.73x10'' -4.007 1.936 -0.999 1009-1111

8.22x10'‘ -4.064 1.937 -0.999 982-1092

2.09 x10'3 4.260 1.937 -0.999 982-1101

2.88 x 10"3 4.324 1.936 -0.999 982-1101

3.87 x10'3 4.392 1.937 -0.999 981-1100

NaCI-CsCI* 1.71 x 10-3 -0.489 1.590 -0.999 953-1083

4.18 X10-3 -0.663 1.588 -0.999 948-1079

6.81 x 10"3 -0.777 1.589 -0.999 950-1085

8.85 x10'J -0.836 1.589 -0.999 896-1085

KCI-CsCI* 1.84x1 O'3 -3.614 1.903 -0.999 961-1095

3.68 x10J -3.769 1.904 -0.999 963-1092

5.65 x10'3 -3.861 1.904 -0.998 963-1093

8.35 X10-3 -3.944 1.903 -0.996 948-1093

‘Equimolar.
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Table 8. E versus temperature for the FeClz * FeCIa redox cell.

Solvent E =

Bx 104

BT + A (V) 

A

C Coeff. Range (K)

CsCI 3.46 x10J 2.58 xIO-3 1.010 0.666 0.997 955-1024

3.45 x 10'3 6.29 x 10"3 1.897 0.655 0.997 950-1024

3.44 x10‘3 9.73x1 O'5 2.344 0.649 0.999 950-1026

3.43 x 10J 1.21x10* 2.430 0.659 0.998 960-1026

NaCI-CsCI' 3.17 xIO4 4.33 x10J 1.433 0.643 0.998 962-1026

3.16 xIO"3 8.73 x 10'3 2.065 0.641 0.999 953-1031

3.14 x10J 1.31 x 10* 2.452 0.637 0.998 953-1021

3.13 x10J 1.53x10* 2.532 0.643 0.998 945-1017

Kci-cscr 3.57 x10'3 2.79 x10'3 0.425 0.714 0.969 953-1024

3.56 x 10-3 4.94 x10J 1.208 0.685 0.997 948-1024

3.55 xIO-3 7.19 x 10'3 1.409 0.697 0.996 948-1019

3.53 x10J 1.20x10* 1.937 0.689 0.998 950-1019

‘Equimolar.
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Table 9. E versus temperature for the CuCI - CuCI2 redox cell.

Solvent x
A C t d

E =

Bx 104

BT + A (V) 

A

CCoeff. Range (K)

NaCI 8.57x10'' 4.86 x 10"* 1.642 0.633 0.999 1096-1183

8.56 x 10J 9.71 x 10"4 2.260 0.631 0.999 1101-1174

8.56 X10-4 150x10"’ 2.625 0.632 0.999 1092-1177

855 x 10"4 2.23x10’ 2.977 0.631 0.999 1093-1179

KCI 8.84x1 O'4 9.40x10'' -0.556 0.986 -0.999 1079-1171

8.83x10'' 1.73 X10"3 -0.031 0.986 -0.995 1071-1169

8.82 x10-* 2.82 xIO"3 0.394 0.985 0.999 1069-1165

8.81 x 10"* 3.68x10"’ 0.621 0.986 0.999 1068-1163

CsCI 1.48 xIO"3 1.72x10"’ -3.866 1.401 -1.000 988-1170

1.48 xIO"5 4.04 X10"1 -3.121 1.400 -1.000 985-1166

1.48 x 10 s 6.36x10"’ -2.727 1.400 -0.999 990-1162

1.47x10’ 8.98x10"’ -2.435 1.401 -0.998 987-1164

NaCI-KCI‘ 4.03 x 10"* 3.46x1 O'1 4.048 0.440 0.999 985-1171

4.03x10'' 7.16x10'' 4.678 0.439 0.999 984-1164

4.02x10'' 1.11x1(7* 5.053 0.440 0.999 998-1167

4.02 xIO4 1.51 xIO"3 5.318 0.439 0.999 989-1172

NaCI-CsCI* 1.13x10'’ 1.25x10"’ -0.840 1.014 -0.999 962-1099

1.13 x10J 2.60x10"’ -0.205 1.014 -0.996 963-1105

1.12x10'’ 4.05 X10"3 0.186 1.013 0.992 963-1103

1.12x10’ 5.49x10"’ 0.440 1.014 0.999 962-1103

KCI-CsCI‘ 1.06 x Iff1 1.33 X10"3 -2.096 1.197 -0.999 953-1095

1.06 X10"1 2.80 xIO"3 -1.454 1.197 -0.999 948-1102

1.06 xIO"1 4.25x10"’ -1.094 1.197 -0.999 961-1099

1.06 x10J 5.69 x10"* -0.832 1.196 -0.999 961-1100

‘Equimolar.
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Table 10. E versus temperature for the CrCI2 - C1CI3 redox cell.

Solvent •^C/CZj ^C/CZ, E*

Bx 10*

BT + A (V) 

/A

CCoeff. Range (K)

NaCI 1.11 xlff3 1.72 x Iff3 10.98 -0.491 0.999 1098-1181
1.10 xlff3 3.51 xIO-3 11.60 -0.492 0.999 1093-1180
1.10 xlff3 5.13 xIO-3 11.91 -0.490 0.999 1093-1184
1.10x10J 6.95x1 O'1 12.18 -0.491 0.999 1091-1182
2.41 X10-5 6.94 x10‘3 11.51 -0.491 0.999 1091-1187

KCI 6.75 x 10'* 1.31 X10-3 6.286 -0.034 0.999 1097-1184
6.72 x Iff4 454 xIO'3 7.374 -0.036 0.999 1089-1179
6.71 x 10~* 652 X10-3 7.731 -0.036 0.999 1088-1181
6.69 x Iff* 8.93 xIO-3 7.958 -0.035 0.999 1083-1180
1.67 xlff3 8.92x1 O'3 7.169 -0.035 0.999 1076-1175

CsCI 2.21 x Iff3 3.06 x10'3 3.618 0.178 0.999 996-1103
2.20 xlff3 6.11 x 10-3 4.220 0.178 0.999 976-1103
2.19 xlff3 9.85 x10'3 4.619 0.180 0.999 983-1109
2.18 x10*3 1.49 xIO-2 5.000* 0.177 0.999 983-1115
3.74 xM'3 1.48 xIO* 4.531 0.178 0.999 979-1109

NaCI-KCI* 9.68 xlff4 2.39x1 O'3 10.83 -0.484 0.999 986-1126
9.66 xlff4 4.03x1 O'3 11.30 -0.485 0.999 985-1126
9.65 xlff4 5.20 x103 11.52 -0.485 0.999 985-1130
9.63 X10-4 7.80 x 10"3 11.86 -0.484 0.999 978-1130
2.40 x10'3 7.78 xIO'3 11.08 -0.485 0.999 978-1135

NaCI-CsCI* 7.80 xIO"4 3.48 X10-3 8.189 -0.145 0.999 902-1098
7.76x10'* 8.65x1 O'1 8.978 -0.145 0.999 917-1098
7.73 xIO4 1.18 x 10'* 9.248 -0.145 0.999 925-1131
7.70x1 O'4 1.56x1 O'3 9.501 -0.146 0.999 923-1127
3.36 xIO"3 1.55 xIO-2 8.223 -0.145 0.999 893-1127

KCI-CsCI' 1.46 xlff3 4.22x1 O'3 5.500 0.055 0.999 924-1118
1.45 xlff3 8.34 X10*3 6.082 0.056 0.999 905-1086
1.44 x 10J 1.34 xIO4 6503 0.055 0.999 943-1086
1.43 xIO"1 1.70 x Iff2 6.704 0.058 0.999 943-1120
3.25 x 10-5 1.70 x Iff2 5.995 0.056 0.999 923-1120

'Equimolar.
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Table 11. E versus temperature for the ThCI4 •• CsCI formation cell.

XnaA E = A + BT (V) CCoeff. Range (K)

A Bx10*

0.0513 3.583 -8.010 -0.999 940-1097

0.0979 3.527 -7.685 -0.999 916-1092

0.1846 3.487 -7.477 -0.998 963-1083

0.2696 3.435 -7.198 -0.999 886-1034

0.3413 3.370 -6.892 -0.998 908-1025

0.4408 3.307 -6.782 -0.999 898-1029
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Table 12. Formal Formation Potentials of the Molten Dilute Solutions of Metal Chlorides in Alkali
Chlorides.

System E”f(V)* ±AE(V)

1073 K 1173 K

ThCI4-KCI 2.502 2.465 0.002
ThCI4-CsCI 2.649 2.603 0.002
ThCI4-NaCI-KCI 2.434 2.379 0.001
ThCI4-NaCI-CsCI 2.576 2.534 0.001
ThCI4-KCI-CsQ 2.555 (2.576) 2.496 (2.534) 0.001

CrCI2-NaCI 1.519 1.503 0.006
CrCI2-KCI 1.605 1.562 0.004
CrCI2-CsCI 1.624 1.562 0.004
CrCI2-NaCI-KCI 1.563 (1.562) 1.520 (1.533) 0.006
CrCI2-NaCI-CsCI 1.550 (1.572) 1.491 (1.533) 0.006
CrCI2-KCI*CsCI 1.590 (1.615) 1.530 (1.562) 0.005

CrCla-NaCI 1.151 1.107 0.007
CrCIrKCI 1.262 1.215 0.005
CrCI3-CsCI 1.311 1.259 0.006
CrCI3-NaCI-KCI 1.209 (1.207) 1.147 (1.161) 0.007
CrCi3-NaCI-CsCI 1.213 (1.231) 1.147 (1.183) 0.007
CrCI3-KCI-CsCI 1.273 (1.287) 1.214 (1.237) 0.007

CoCI2-NaCI 1.070 1.040 0.008
CoCI2-KCI 1.185 1.149 0.006
CoĈ -CsCI 1.289 1.251 0.004
CoCI2-NaCI-KCi 1.126 (1.128) 1.087 (1.095) 0.008
CoCI2-NaCI-CsCl 1.172 (1.180) 1.127 (1.146) 0.006
CoCI2-KCI-CsCI 1.227 (1.237) 1.171 (1.200) 0.006

NiCI2-NaCI 0.870 0.846 0.008
NiCI2-KCI 0.970 0.944 0.006
NiCt-CsCI 1.040 1.010 0.004
NiCI2-NaCI-KCI 0.930 (0.920) 0.882 (0.895) 0.006
NiCI2-NaCI-CsCI 0.948 (0.955) 0.904 (0.928) 0.006
NiCI2-KCI-CsCI 1.020 (1.005) 0.983 (0.977) 0.006

FeĈ -CsCI 1.456 1.418 0.004
FeCt-NaCi-CsCI 1.339 t.289 0.006
FeCI2-KCI-CsCI 1.407 1.357 0.006

CuO-NaCI 1.047 1.018 0.006
CuQ-KCI 1.185 1.148 0.006
CuCI-CsCI 1.267 1.223 0.004
Cua-NaCI-KCI 1.096 (1.116) 1.059 (1.083) 0.006
CuCI-NaCI-CsCI 1.086 (1.157) 1.031 (1.121) 0.008
CuCI-KCl-CsCI 1.223 (1.226) 1.170 (1.186) 0.006

FeCI3-CsCI 1.110 1.081 0.007
FeCI3-NaCI-CoCI 1.015 0.974 0.007
FeCI3*KCI-Csa 1.072 1.033 0.009

OA-NaC! 0.624 0.601 0.007
CuCI2-KCI 0.711 0.696 0.007
CuCI2*CsCI 0.758 0.757 0.005
CuCI2-NaCI-KCI 0.653 (0.668) 0.614 (0.649) 0.007
CuCI2-NaCI-CsCI 0.654 (0.691) 0.625 (0.679) 0.009
CuClj-KCl-CsQ 0.729 (0.735) 0.709 (0.727) 0.007

* Values in brackets refer to values calculated with Eq. (18).
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Table 13. Formal Redox Potentials of the Molten Dilute Solutions of Metal Chlorides in Alkali Chlorides.

System E°,(V)*

1073 K 1173 K ± E

CrCl2-CrCI3-NaCI 0.416 0.314 0.001
CrCIg-CrClj-KCI 0.577 0.522 0.001
CrCt-CrCla-CsCI 0.685 0.653 0.002
CrCIg-CrCIrNaCI-KCI 0.502 (0.497) 0.402 (0.418) 0.001
CrCI2-CrCI3-NaCI-CsCI 0.539 (0.551) 0.459 (0.484) 0.001
CrCI2-CrCI3-KCI-Csa 0.638 (0.631) 0.583 (0.588) 0.002

FeCIrFeCIrCsCI 0.418 0.406 0.003
FeCl2-FeCI3-NaaCsCI 0.367 0.344 0.001
FeCI2-FeCI3-KCI-CsCI 0.402 0.384 0.003

CuCI-CuCI2-NaCI 0.200 0.183 0.001
CuCI-CuCIz-KCI 0.236 0.244 0.001
CuCI-CuCI2-CsCI 0.249 0.290 0.001
CuCI-CuCIg-NaCI-KCI 0.209 (0.218) 0.168 (0.214) 0.001
CuCI-CuCI2-NaCI-CsCI 0.221 (0.225) 0.219 (0.237) 0.001
CuCI-CuCI2-KCI-CsCI 0.234 (0.243) 0.247 (0.267) 0.001

* Bracketed values correspond to calculated potentials using Eq. (18).
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Table 14. Standard Potentials for Pure Molten Metal Chlorides as a Function of Temperature.

E° = A0 + B̂ "* E°

(Volts) (Volts)

System

A Bx 104 1073

fK)

1173

(•K)

±AE

(mV)

Melting

point

(*K)

Reference

AgCr 1.0828 -2.405 0.8243 0.8005 2.0 728 5

CuCI 1.2400 -3.000 0.918 0.888 - 703 24

FeClg 1.4500 -3.000 1.128 1.097 21.7 950 24

* Calculated In the temperature range 973*K to 1173’K.

** The expanded expression Is given as:
E° (mV) = 1227.0 -1.5973 T + 0.182 T In T - 4.48 x 10*5 T2
which is applicable to the temperature range 728*K to 1173‘K. The linear equation given in this table represents 
only the temperature range 973*K to 1173*K.

Table 15. Thermodynamic Properties of the Molten Dilute Solutions of Metal Chlorides in Alkali Chlorides.

System 7uat at (Xtfa, 0) (KJmor')

1073 K 1173 K This work: Calorimetric* Reference

AgCI-NaCI 1.530 1.449 3.70±0.40 (4.77) 25

AgCI-KCI 0.553 0.583 -5.70t0.30 (-6.47) 25

AgCI-CsCI 0.273 0.306 -13.65±0.30 (-16.90) 25

AgCI-NaCI-KCI 1.048 1.056

AgCI-NaCI-CsCI 0.694 0.816 -16.85±0.40

Aga-KCl-CsQ 0.404 0.488 -13.46±0.40

CuO-NaCI 0.247 0.276 -13.45

cuo-kci 0.056 0.076 -32.55

cua-csci 0.023 0.036 -47.95

CuCI-NaCI-KCI 0.146 0.118 -38.22

CuCI-NaCI-CsCI 0.162 0.213 -41.27

CuCi-KCI CsCI 0.037 0.061 -54.39

FeĈ -CsCI 0.00083 0.00174 -88.07 (-83.46) 28

FeĈ -NaCI-CsCI 0.01042 0.02239 -79.58

FeCI2-KCI-CsCI 0.00239 0.00583 -100.7

* Calorimetric data are reported uniformly only to a concentration of metal chloride of 10 mole % because solution
calorimetry is unable to accurately measure very dilute solutions.
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Table 16. Mass Balance for the MCI2 - ACI System.

MCl2+r • ACI (MCl2+ry~+r • A +

or

M 2++(2+r)Cl~ (MClI+rr

a =degree of reaction per mol MCIZ

INITIAL IONIC COMPOSITION AFTER REACTION HAS REACHED EQUILIBRIUM

COMPOSITION

Compound mols (n, are ion numbers)

MCI2 n.

ACI n2

*x + = «2*r

£(+ve) = nx • (1 -  a) + • r

ncr = ni * z + n2 9r~a%ni * (2+r) 

/1(«aI+r)r -  ~ a * 'h

I(-ve) = /ij • (2(1 -  a) + oc(l-r)) + ^  r

r  ■ m w >

N:*s = ion fractions=̂ r-2.nt
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Table 17. Model Calculations for the AgCI systems at 1073 K.

XAgCI a
N * C - A* N<r K

C s C i ss iyen i; 

s . i s x i o ® 0.7270 3.758x10'® 1.411x10® 9562x10' 2.68

1 .0 2 x 1 0 ® 0.7270 7.471x10® 2.806x10® 9.925x10-' 2.70

4.98x10® 0.7266 3.754x10-® 1.413x10-® 9.625x10' 2.86

1.00x10' 0.7253 7.820x10® 2.962x10® 9.218x10' 3.10

Avg = 2.84 ±0.26

KQ solvent; 

1.14x10® 0.4470 5.098 xIO4 6.307 x 10"4 9.995x10-' 0.809

9.89x10-® 0.4470 4.440x10® 5.494 x 10® 9.956x10-' 0.815

5.00x10® 0.4467 2.284x10® 2.829x10® 9.772x10-' 0.845

1.00x10' 0.4458 4.666x10® 5.800x10® 9533x10' 0.885

Avg = 0.84 ± 0.05
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Figure 3. Partial molar enthalpies o f  m ixing in the KCl-AgCl system. 
Comparison between calorimetric and electrochemical data.
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ABSTRACT

A model is presented to describe the behavior of a gas 
electrode: the chlorine gas, introduced inside the electrode, 
flowed through the porous wall of the electrode made of carbon 
or graphite. The model takes into consideration the main 
parameters which influence the electrolysis : the properties 
of carbon and graphite (density, porosity, pores 
distribution), the wetting properties of the electrode 
process, the chlorine pressure and the temperature.

INTRODUCTION

Electrochemical couples such as Li-Cl2 or A1-C12 offer a 
possibility of obtaining high energy capacity electrochemical 
generators. Their future depends mainly on the control of the 
efficiency of the chlorine electrode. The aim of the present work is 
the study of parameters leading to a high current density chlorine 
gas electrode.

The reduction of chlorine at the cathode level occurs through a 
three-phase reaction which involves the liquid electrolyte, the solid 
electrode and the gaseous reagent. The behavior of such systems is 
often critical. A model was recently developed (1) to describe the 
reduction of a gaseous reagent present in bubbles attached at the 
electrode surface. It was shown that the main part of the reaction is 
concentrated in the region very close by the triple contact around 
the bubble. This behavior is similar to that of a static gas 
electrode-gas electrolyte system. Bockris and Cahan (2) showed that 
in the region very near the tip of the meniscus the charge transfer 
is the primary limiting factor; then starts a second region which has 
a mixed diffusion and activation limitation up to a third zone where 
the meniscus is so thick that negligible additional currents can be 
drawn.
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To obtain high current densities the active surface had been 
increased using porous electrodes where the gaseous component is 
spread through the electrode material. We were led to use an 
injection electrode (3) constituted by a porous graphite tubing 
closed at one end; the chlorine gas was sent under pressure in the 
inner part of the tubing.

The primary objective of the present work was to elucidate the 
behavior of the chlorine electrode based on the results of transient 
electrochemical techniques. The fused electrolyte used was an 
eutectic mixture lithium chloride - potassium chloride with eventual 
additions of aluminum chloride. Special attention was paid to the 
influence of the chlorine pressure, of the temperature and of the 
structure of the electrode material.

EXPERIMENTAL

The electrochemical cell consisted of an outer Pyrex envelope at 
the bottom of which rested the Pyrex vessel with molten bath. The 
experiments were carried out at about 450°C under an argon 
atmosphere. The LiCl-KCl eutectic mixture was purified according to a 
procedure of high vacuum dessication, chlorine bubbling, argon 
flushing, electrolysis and filtering (4). The introduction of 
aluminum chloride was carried out by anodic dissolution of a rod of 
pure aluminum, the cathode being a chlorine electrode.

In order to observe the formation of gas bubbles a transparent 
electrical furnace was used. For more details concerning the cell, 
the electrolyte preparation and the atmosphere purification see 
ref.(5).

Table I . Technical characteristics of various graphite and carbon 
samples.

Sample

Graphite 
N°208 (a) 
Pyrolytic(a}

3780
5501
PG60

( a ) 
( a ) 
(b )

Carbon
p 2 p < ° >

msity Porosity Gas Electrical
permeability 
cm s atm

resistivity 
10 cm

1.68 0.20 0.15 1.3
2.25 0 0 0.4 // 

-50 -L
1.6 0.24 0.38 1.3
1.6 0.25 0.60 1.2
1.05 0.49 250. —

1.5 0.15 not measured 4

Manufacturer: <a)Le Carbone Lorraine,(b^nion Carbide,(c)Societe des 
Electrodes et Refractaires de Savoie.
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The counter electrode and the reference electrodes were chlorine 
electrodes similar to that already described (3). The working 
electrodes consist in an hollow rod of porous graphite sealed at the 
end of an Inconel tubing; the chlorine gas was introduced under 
pressure in the tubing and diffused through the electrode wall. 
Different graphite or carbon grades were used (Table I) : graphite 
grades N° 208, N° 3780, N° 5501 Le Carbone Lorraine, PG60 Union 
Carbide, and carbon P2P Societe des Electrodes et Refractaires de 
Savoie. The chlorine gas was injected through the Inconel tubing at 
overpressures varying from a few mmHg to one and a half atmosphere.

For the generation of different potential or current programs a 
Tacussel PRT 20/10 potentiostat and a Tacussel GSTP4 programmer were 
used. The transient responses were collected on a Sefram X/Y 
recorder, unless stored in a digital Nicolet 3091 as an intermediate 
stage.

RESULTS

A sufficient pressure of chlorine inside the hollow electrode is 
applied to maintain gas bubbles at the electrode surface. For not too 
large current density which depends on the nature of the electrode 
and on the sweep rate (generally less than 1 A/cm ) the observed 
cyclic voltammograms are straight lines the slope of which 
corresponds to the ohmic resistance of the electrical circuit. For 
higher current departures appear from the straight line which show 
that additional limitations occur. To obtain a better view of the 
efficiency of the electrode its behavior was examined under 
galvanostatic conditions. A representative chronopotentiogram is 
drawn in Fig. 1 . First a rapid change of the potential is observed. 
Then, for high current densities or when the chlorine flux through 
the electrode is not high enough to satisfy the reduction reaction, 
the electrode potential decreases continuously down to the reduction 
of alkali ions and formation of intercalation compounds alkali 
metals -graphite. To avoid this disadvantage the current intensity 
should be reduced or the chlorine pressure increased. A stationary 
state can then be reached which corresponds to a stable potential of 
the electrode (Fig. 2). This potential and thus the electrode 
efficiency depends mainly on four factors : the current density, the 
electrode material, the chlorine pressure and the temperature.

In Figs. 3 and 4 the curves rj vs. i are reported for various 
electrodes, i is the current density at the steady state. These 
curves show the decisive influence of the nature of the graphite. The 
porous graphites such as PG60 or 3780 Carbone Lorraine appear to be
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the most interesting materials. Moreover the influence of the 
temperature is detected (Fig. 4); for a given overpotential a 
temperature changes from 420 to 470°C increases the current density 
by a factor about 2.5 .

The chlorine pressure plays also an important role; in general the 
current increases when the pressure increases . However for thin 
walled electrodes large pressures have a negative effect on the 
electrode performance (Fig. 3) . Probably as revealed by the 
fundamental studies of Dukovic and Tobias (6) the high gas flux 
increases the ohmic obstruction within the electrolyte and induces a 
masking effect which reduces the active area of the electrode.

In addition to these investigations duration tests of 
aluminum-chloride cellswere performed. It is observed that the carbon 
electrodes has a short life-time, whereas prototypes using graphite 
3780 or PG60 exhibit a stable behavior during several days. One of 
the best result was obtained using a graphite electrode PG60 (wall 
thickness : 2 mm, chlorine overpressure 0.54 atm., temperature : 
470°C) , the stable emf of the Al-Cl battery was 0.58 V and the

- £ - 2 current 1.93 A cm , i.e. a power density of about 1 W cm .

DISCUSSION

When a flow of chlorine is maintained through the wall of an 
hollow electrode, bubbles are continuously present at the electrode 
surface; the electrolyte remains saturated with chlorine gas. Large 
current densities can only be maintained with high overpotentials, 
intense chlorine feed and active triple contact.

The efficiency of the gas electrode depends on the volume 
distribution of the three phases : solid, liquid and gas. Amongst the 
most important factors to be considered are the size of the pores, 
their repartition and their state (filled or not with the 
electrolyte). Different models were used to take account of these 
factors. Here, in a simplifying assumption the porous material is 
represented by a set of cylindrical capillaries perpendicular to the 
electrode surface. It is considered that the distribution of the 
diameters of the capillaries is non-uniform. The electrode being used 
as cathode in the aluminum-chlorine batteries the electrolyte 
contains always a certain amount of aluminum chloride and, in this 
case, it has been shown (7) that the electrolyte wetted the graphite. 
As a consequence the pores of small diameter are completely filled 
with the electrolyte and, then, are electrochemically inactive. The 
larger pores are filled with the gas; their wall being wetted by the 
electrolyte, they promote a strong electrochemical activity since, at 
their level, exists a triple contact between the active components : 
the electrode, the gas and the electrolyte. Our aim is to calculate 
the number of active pores for a given material and to determine the 
current coming from the whole set of these pores. To perform this
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calculation we introduce the concept of critical radius ro which 
depends on the surface tension <7 , on the contact angle 8, and on the 
chlorine pressure AP .

rQ= 2a cos 8 /AP [1]

The pores whose radius is lower than ro are filled with the 
electrolyte and are inactive. The current density coming from the 
contribution of active pores (r > r ) is

i = J / K r )  [<ty(r)/»rr2clr]dr [2 ]

where I(r) is the current coming from a capillary of radius r. In the 
above expression the quantity d<̂ (r)/7rr represents the number of 
capillaries whose radius lies between r and r+dr. <£(r) is the 
distribution of the pore size expressed as the porosity due to the 
pores whose radius is equal or greater than r .

The problem of the wetted capillary was examined by de Levie (8). 
For a given overpotential 77 = E-E ( 77 < 0 ) and when the thickness 
of the liquid layer which covers surface of the capillary is small 
with respect to the radius r of the capillary, the current I(r) obeys 
the equation

I(r) = -27rr{2RTDc*/p}17 2 {-1 - Ftj + exp[Frj]}1/2 [3]

p is the electrical resistivity of the electrolyte. Here for a 
battery working at atmospheric pressure E=E° and c = co ; for the 
reduction process the current I(r) is negative. By introducing [3] in 
[2 ] it is obtained

i = -2(2RTDc*/p)1/2 [f(>?)]1/2[ " (1/r) [d^(r)/d(r) ]dr [4]

with f(77)= -F»7-l+exp(Fr7) and 77 < 0

From this equation, it is possible to calculate the current 
density of the chlorine electrode for a given overpotential and 
chlorine pressure, ro being deduced from [1]. The physicochemical 
parameters required for this calculation are indicated in Table II. 
Moreover, to achieve this calculation it is necessary to know the 
function <f>{r) . In a general way the porosity measurements indicate 
that the distribution of pore size <f>(r) can be represented by a 
sigmoid function (7)

<f>(Tc)=<f>0 {1-[l-u]exp[u] } [5]

with u=$*log(r/A) . This function exhibits an inflexion point for u— 1.
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<j>o is the total porosity of the material. A and f are two parameters 
which define the function <j> (r) ; A is a length which corresponds to 
the maximum radius of the pores : for r > A, <^=0. The dimensionless 
parameter f characterizes the shape of the curve

f-l/log(A/r ) [6]
C

r is the pore radius at the inflexion point where 0(r )=0.265 <f>0 .
c c

The values of these parameters used in our calculations are shown in 
Table II for three graphite samples.

For a given overpotential the current density was deduced from [4] 
by numerical integration using the Simpson's method. In order to 
compare these results with experiments the power density of an 
aluminum-chlorine battery was calculated; it was considered that the 
overpotential on the aluminum electrode remained negligible (7) . In 
Fig. 5 are represented the dependence of power densities of A1-C12 
batteries on the chlorine pressure for different types of graphite 
cathodes; these values correspond to * the discharge through a 
resistor. The theoretical curves deduced from the model developed 
above are in agreement with the experimental behavior. These 
calculations correctly predicts the behavior of the gas electrode; 
they take into account the crucial influence of the gas overpressure; 
As deduced from [1] this is attributed to the increasing number of 
active capillaries at higher pressures.

Table II. Data used in the calculations [1,4 and 5],

-Literature data concerning the physicochemical properties of the 
electrolyte.
Temperature Electrical Concentration of Diffusion surface

resistivity dissolved chlorine coefficient tension
T (9) (PC1 =1 atm) (10, 11) D (9) * (9)
°C p / Q cm

2
c0/mol cm 2 -1  cm s dyn cm 1

420 0.72 1.35 1 0 " 7 1 . 0  10"A 131
470 0.58 1.60 10"7 1.6 10"4 128

-Parameters used in equation [5] to describe the porosity
distribution of some graphite samples used for the injection
electrodes.
Sample Porosity a r

0 0 pm

PG60 0.48 50 1.6
3780 0.24 50 1.3
P2P 0.15 200 1.6
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Table III. Power density P and voltage E of the aluminium-chlorinew
battery vs.cathodic current density i and chlorine overpressure P .
Experimental results in the steady regime, after at least one hour 
working; the external electrical circuit is a resistance R; S is the 
area of the chlorine electrode and Ri the internal resistance of the 
battery (including the resistance of the carbon material).

Battery N°1 : Graphite sample 3780, S=4 cm2, R =0.42 Q,i T= 420° C .
Battery N°2 : Graphite sample 3780, S=2.5 cm2, R =0.42 Q,i T= 470° C .
Battery N°3 : Graphite sample PG60, S=14 cm2, R =0.214 Q,i T= 420° C .
Battery N°4 : Graphite sample PG60, S=3 cm2, R =0.2 Q ,i T= 470° C .
Battery N°5 : Carbon sample P2P, S=10 cm2, R =0.472 U,i T= 425°C.

R/Q i/A cm • 2
Pci /mmHS E/V ]P /W cm2w

Battery 0.1 0.300 10 0.12 0.036
N° 1 0.1 0.375 14 0.15 0.056
E°=2.17 V 0.1 0.425 16 0.17 0.072

0.1 0.525 25 0.21 0.110
1.0 0.137 10 0.55 0.075
1.0 0.280 25 1.12 0.313

Battery 1.0 0.468 10 1.17 0.547
N° 2 1.0 0.540 25 1.36 0.729
E°=2.17 V

Battery 0.1 0.364 4 0.51 0.185
N° 3 1.0 0.107 4 1.51 0.162
E°=2.16 V 10. 0.015 4 2.11 0.032

Battery 0.1 0.666 8 0.20 0.133
N°4 0.1 0.866 12 0.26 0.225
E°=2.12 V 0.1 1.533 17 0.46 0.703

0.1 1.670 30 0.50 0.833
0.1 1.933 43 0.58 1.120

Battery 0.1 0.121 15 0.121 0.014
N° 5 0.1 0.152 25 0.152 0.023
E°=2.15 V 0.1 0.163 33 0.163 0.027

1.0 0.070 9 0.70 0.047
1.0 0.080 15 0.80 0.064
1.0 0.090 23 0.90 0.081
1.0 0.095 32 0.95 0.090
10. 0.018 11 1.77 0.031
10 0.018 14 1.82 0.033
10 0.019 19 1.90 0.036
10 0.020 32 1.96 0.038
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It is also observed that the battery works better at high 
temperatures. This behavior is predicted by the model which shows 
that the current density is proportional to the square root of the 
product TDc /p. From the literature data (Table II) it is calculated 
that, for a given overpotential, a temperature rise of 50°C should 
increase the current by about 60% . This deduction is in good 
agreement with the experimental results (Table III and Fig. 4). 
Moreover at low temperatures (<400°C) some battery failures may occur 
as a consequence of the vicinity of the freezing point and of the 
composition change resulting from transport processes.

Our experiments indicate the decisive influence of the structure 
of the graphite electrode. For example, as a result of the high 
current density obtained in our experiments, the resistivity of the 
graphite electrode itself is an important parameter. The efficiency 
of the battery is improved when materials having a large porosity and 
thin pores such as the PG60 are used. This effect is taken into 
account in the theoretical model through the factors <f>o, A and f . 
Roughly, for a given porosity <f>o, the smaller A (maximal pore radius) 
and f (related to the position of the inflexion point, eq. 6) the 
thinner are the pores.

In conclusion the theoretical analysis developed above may be 
useful in contributing to the choice of materials for the gas 
electrode. This study confirms that the highest power densities are 
obtained using graphites with large porosities and small pore radii. 
Moreover as a consequence of the gas flow required by the 
electrochemical reaction a pressure gradient exists through the 
capillaries. This pressure drop should be taken into account to 
calculate the pressure AP in [1] . In most of our experiments this 
pressure drop remains negligible (7) . This effect should increase 
rapidly as the capillaries become thinner than a few //m. The present 
experiments indicate that the best performances are obtained with 
graphite having a porosity of 50% and a mean pore size of 50 jim\ 
under a chlorine overpressure of about 40 mmHg, power densities of 
1.1 W cm can be reached with a current density of about 2 A cm . 
In this laboratory cell the heat loss remains high, about 10 W for a 
cathode area of 3 cm and a cell volume of about 30 cm . The 
temperature increase at the steady state is about 15°C.
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Fig. 1. Potential variation of 
an injection electrode vs. time. 
Working electrode: graphite 
sample N° 5501. Wall thickness: 
1.2 mm. T= 420° C. Constant 
current density: 0.38 A cm”2 
during 6.3 s, APci2- 10 mmHg.

Fig. 2. Potential variation of 
an injection electrode vs. time 
for two chlorine overpressures 
APci^. Working electrode:
graphite sample N° 5501. Wall 
thickness: 1.2 mm. T= 420°C.
Constant current density: 0.088 
A cm .

Fig. 3. Polarisation of chlorine electrodes vs. the current density, 
graphite sample 5501; data after one working hour. Wall thickness 5. 
Chlorine overpressure: APci2. Temperature: T. Curve a: 5=0.8 mm, 
APci2=40 mmHg, T-470°C; curve b :5=0.8 mm, APci2=5 mmHg, T=470°C; 
curve c: 5= 1.2 mm, APci2=40 mmHg; T=470°C; curve d: 5—1.2 mm, 
APci2—5 mmHg, T-470°C; curve e: 5-2.5 mm,APci2-40 mm Hg. T-450°C.
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Fig. 4. Polarisation of chlorine electrodes vs. the current 
density, data after one working hour. Wall thickness 5. Chlorine 
overpressure: APcl2 . Temperature : T.- Graphite sample PG60 -
Curve a: 8=2 mm, APci2=4 mmHg, T=420°C; curve b :8=2 mm, APci2=4
mmHg, T=470°C. - Graphite sample 3780 - Curve c: 6= 2.5 mm,
APci2=10 mmHg, T=420°C; curve d: 8=2.5 mm, APci^lO mmHg,
T=470°C; curve e: 5=2.5 mm, APciz=25 mmHg, T=470°C.

Fig. 5. Power density Pw of aluminum-chlorine batteries.
Influence of the chlorine overpressure AP ; comparison with
the theoretical model. Full line: theorical curves deduced from 
equation [4]. Circles: experimental points. a) chlorine
electrode sample PG60 (Battery N°4 in Table III), b) chlorine 
electrode sample N°3780 (Battery N°l, R=0.1fi, in Table III), c) 
chlorine electrode sample P2P (Battery N°5 in Table III), the 
curves correspond to three values of the external resistance R.
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NUCLEATION OF DROPLETS AND METAL FOG DURING DEPOSITION 
OF LIQUID Mg FROM MOLTEN CHLORIDES
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N o rg e s  T e k n is k e  H 0 g s k o le ,  

U n i v e r s i t e t e t  i  T ro n d h e im ,
N -7 034 T ro n d h e im , Norw ay

ABSTRACT

C a t h o d ic  d e p o s i t io n  o f  l i q u i d  m agnesium  fro m  
N a C l- K C l m e lt s  c o n t a in in g  M g C l2  was exam in ed  
b y  e le c t r o c h e m ic a l  t e c h n iq u e s  and v i s u a l  
o b s e r v a t io n s .  N u c le a t io n  and g ro w th  o f  Mg 
d r o p l e t s  w ere s t u d ie d  d u r in g  p o t e n t i o s t a t i c  
c u r r e n t  t r a n s i e n t s ,  on e le c t r o d e s  o f  g la s s y  
c a rb o n , g r a p h i t e  and p u re  i r o n .  M e ta l fo g  
was p ro d u c e d  a t  t h e  c a th o d e  d u r in g  
e l e c t r o l y s i s .  The m echanism  o f  n u c le a t io n  
a s  w e l l  a s  v i s u a l  o b s e r v a t io n s  o f  th e  
a p p e a ra n c e  o f  th e  f o g ,  a r e  d is c u s s e d .  The  
in f l u e n c e  o f  a d d i t io n s  o f  h y d r o x id e  t o  th e  
m e lt  on th e  c a th o d e  p r o c e s s  was s t u d ie d .

INTRODUCTION

S o c a l le d  m e ta l fo g  and m e ta l s t re a m e rs  may fo rm  a t  th e  
c a th o d e  d u r in g  m o lte n  s a l t  e l e c t r o l y s i s .  T h e s e  phenomena 
h ave  a n e g a t iv e  in f l u e n c e  on th e  m e ta l d e p o s i t io n  p r o c e s s  
and 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  r e d u c e . O b s e r v a t io n s  o f  
fo g  fo r m a t io n  h ave  b e en  made i n  s e v e r a l  sy s te m s  a s  r e p o r t e d  
i n  th e  l i t e r a t u r e  ( 1 , 2 , 3 ) .  How ever t h e  n a t u r e  o f  t h e  fo g  
and th e  v a r io u s  f a c t o r s  a f f e c t i n g  th e  fo g  f o r m a t io n  a r e  n o t  
f u l l y  u n d e r s to o d .

L iq u id  Mg d r o p l e t s  a r e  form ed  d u r in g  e l e c t r o l y s i s  o f  m o lte n  
c h l o r id e s  c o n t a in in g  M g C l2 - In  th e  i n d u s t r i a l  p r o c e s s  b o th  
p r o d u c t s  (Mg d r o p l e t s  and c h l o r in e  b u b b le s )  a r e  l e s s  d e n se  
th a n  th e  e l e c t r o l y t e .  I t  i s  o f  im p o rta n c e  t h a t  la r g e  d r o p l e t s  
a r e  form ed  in  o r d e r  t o  m a in t a in  a h i" *  c u r r e n t  e f f i c i e n c y .
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A better understanding of the mechanism of nucleation and 
growth of Mg droplets on different substrates could lead to 
improvements of the process.
The presence of impurities in the electrolyte may influence 
nucleation and growth of droplets as well as fog formation.

EXPERIMENTAL

The experiments were carried out in a transparent gold film 
silica furnace. High quality NaCl and KC1 were dried under 
vacuum and filtered through a silica frit. MgCl2 was heated 
in HC1 atmosphere and thereafter distilled under vacuum. 
Experiments were performed in pure salts, binary and ternary 
mixtures of NaCl-KCl-MgCl2 at 670-750 °C, which is above 
the melting point of Mg. All handling of the chemicals was 
carried out in a dry-box with argon atmosphere. A transparent 
silica tube was used as the salt container during the 
experiments. Rods of pure iron, graphite and glassy carbon 
were used as the cathode (working electrode). Graphite or 
glassy carbon served as the counter electrode. A platinum 
wire placed in the molten salt served as the reference 
electrode. The potential for deposition of Mg was determined 
from cyclic voltammograms, and the measured potentials were 
corrected according to this potential.
Visual observations of the formation of metal fog and Mg 
droplets were made during constant current electrolysis 
(5-400 mA/cm2) . Linear sweep voltammetry and potential step 
chronoamperometry were employed to study deposition and 
nucleation of Mg.
In separate experiments a glassy carbon indicator electrode 
was placed above and near a larger graphite electrode. During 
electrolysis in NaCl-MgCl2 (10 wt%) the larger electrode 
acted as a cathode producing Mg droplets and metal fog. The 
indicator electrode was polarized anodically in order to 
oxidize components of the fog.
The experimental cells used for visual observations and 
oxidation of metal fog are shown in Fig. 1 and lb.

450



RESULTS AND DISCUSSION

Visual observations during electrolysis

Formation and growth of magnesium
Electrolysis was performed in the molten eutectic NaCl-KCl 
mixture with 5-10 wt% MgCl2 - The density of this melt is 
very close to the density of Mg. Thus the droplets did not 
detach from the cathode. Chlorine evolution caused some 
coloration of the melt; yellow at low concentrations and 
dark, brown at high contents of dissolved Cl2 * Magnesium 
droplets formed on iron became visible some time after the 
electrolysis started, with a time lapse varying from a few 
seconds at high cd (4Q0 mA/cm2) to several minutes at low 
cds (5-20 mA/cm2). At the beginning of electrolysis small 
spherical droplets covered the entire cathode. The growth 
of Mg droplets, which also occurred by coalescence, led to 
a non-uniform size distribution of droplets. The wetting 
angle between Mg and Fe was found to be a little more than 
90°.
In some cases, during long time electrolysis, formation of 
small droplets on top of existing droplets was observed. 
This could be due to precipitation of a thin film of MgO on 
the larger droplets. The solubility of MgO is very low in 
this melt. Addition of Mg (OH) 2 (0.05 wt%) caused gas evolution 
(probably H2 ) on the cathode before droplets were formed. 
In this Case the droplets became smaller and more spherical 
due to deterioration of the wetting between Mg and Fe.

The m e ta l fo g

Socalled metal fog of lower density than the melt was formed 
cathodically from the very start of electrolysis. The fog 
was produced both when using carbon and iron electrodes. 
The amount of fog which was formed at the cathode decreased 
after an initial period, but fog was also observed after 
the electrode was covered with Mg droplets. The behaviour 
and appearance of the fog were dependent on the melt 
composition, and visual observations indicate that different 
kinds of fog could be produced.
Electrolysis of pure NaCl or KC1 led to formation of a blue, 
transparent melt near the cathode which gradually spread in
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th e  e l e c t r o l y t e .  T h is  i s  p r o b a b ly  due t o  d i s s o l u t i o n  o f  
a l k a l i  m e t a ls .  S i m i l a r  o b s e r v a t io n s  h av e  b e en  r e p o r t e d  in  
th e  l i t e r a t u r e  (3 ) .

In  m e lt s  c o n t a in in g  M g C l2  b o th  t r a n s p a r e n t  and opaque fo g  
w ere o b s e rv e d  d u r in g  e l e c t r o l y s i s .  In  t h e  t e r n a r y  m ix t u r e  
N a C l-K C 1 -M g C l2  (5 -1 0  wt%) a g r e y - l i k e  t r a n s p a r e n t  fo g  was 
o f t e n  o b s e rv e d  a t  th e  b e g in n in g  o f  e l e c t r o l y s i s .  D u r in g  
p o t e n t i a l  s t e p  e x p e r im e n ts  (se e  la t e r )  fo g  was o b s e rv e d  
b e f o r e  t h e  c a t h o d ic  c u r r e n t  s t a r t e d  t o  in c r e a s e  due t o  
n u c le a t io n  o f  d r o p l e t s .  The fo g  g r a d u a l ly  t u r n e d  d a r k  and  
op aque and f i l l e d  th e  u p p e r  p a r t  o f  th e  e l e c t r o l y t e  n e a r  
t h e  c a th o d e . An a b r u p t  ch an g e  o f  t h e  p o l a r i t y  o f  t h e  c u r r e n t  
c a u s e d  th e  fo g  t o  move away fro m  th e  e le c t r o d e  and upw ards  
a t  a h ig h  v e l o c i t y  ( 3 cm/s) . In  m e lt s  c o n t a in in g  m ore th a n  
50 wt% M g C l2  a brow n t r a n s p a r e n t  fo g  was o b s e r v e d , th e  fo g  
b e in g  l e s s  in t e n s e  i n  p u re  M gCl^ . In  K C l- M g C l2  (10 wt%) two 
d i f f e r e n t  fo g s  w ere o b s e rv e d ;  d a r k  (g re y  o r  b la c k )  and brown  
f o g .  No movement o f  t h i s  fo g  c o u ld  be d e t e c t e d  when c h a n g in g  
t h e  p o l a r i t y .

An a n o d ic  c u r r e n t  was r e c o r d e d  on a s e p a r a t e  g la s s y  c a rb o n  
i n d i c a t o r  e le c t r o d e  d u r in g  e l e c t r o l y s i s  i n  N a C l-M g C l2 (10 
wt%) . F i g .  2 show s th e  c u r r e n t  v e r s u s  t im e  r e l a t i o n s  o b t a in e d  
on t h e  i n d i c a t o r  e le c t r o d e  due t o  o x id a t io n  o f  s p e c ie s  form ed  
on t h e  l a r g e r  c a th o d e  d u r in g  e l e c t r o l y s i s  a t  d i f f e r e n t  c d s .  
The in c r e a s e  o f  th e  c u r r e n t  seem s t o  o c c u r  in  two s t e p s .  
The a n o d ic  c u r r e n t  was fo u n d  t o  be much g r e a t e r  th a n  th e  
c a lc u l a t e d  c u r r e n t  c o r r e s p o n d in g  t o  o x id a t io n  o f  d is s o lv e d  
Mg, t h e  s o l u b i l i t y  b e in g  0 . 0 1  wt%.

The r e p o r t e d  o b s e r v a t io n s  s u g g e s t  t h a t  two d i f f e r e n t  t y p e s  
o f  fo g  may be p ro d u c e d  d u r in g  d e p o s it io n  o f  Mg. In  a d d i t i o n  
d is s o lv e d  m e ta ls  may fo rm . I t  i s  l i k e l y  t h a t  s m a l l  Mg d r o p le t s  
a r e  in v o lv e d  i n  b o th  c a s e s .  N u c le a t io n  o f  d r o p l e t s  m ig h t  
o c c u r  fro m  a s u p e r s a t u r a t e d  s o l u t i o n  i n  th e  e l e c t r o l y t e .  
A d s o r p t io n  o f  a l k a l i  m e ta l c a t io n s  (Na+, K+) on t h e  s u r f a c e  
o f  t i n y  Mg d r o p l e t s ,  w h ich  h a s  b een  r e p o r t e d  (4) , c o u ld  
e x p la in  th e  a p p a re n t  p o s i t i v e  c h a rg e  o f  th e  g r e y / d a r k  fo g  
i n  t h e  N a C l- K C l- M g C l2  (10 w t% )m elt. A t  h ig h e r  M g C l2  c o n t e n t s  
t h e  te n d e n c y  o f  a d s o r p t io n  d e c r e a s e s .  The brow n fo g  o b s e rv e d  
i n  M g C l2 - r i c h  m e lt s  seem ed t o  be u n c h a rg e d .

Nucleation of magnesium droplets
D e p o s it io n  o f  Mg fro m  N a C l- K C l- M g C l2 (1 -1 0  wt%) was fo u n d  
t o  be d i f f u s i o n  c o n t r o l l e d .  A voltam m ogram  r e c o r d e d  w it h  an  
i r o n  e le c t r o d e  i s  g iv e n  i n  F i g .  3 , sh o w ing  c a t h o d ic  and a n o d ic
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c u r r e n t  p e a k s  f o r  r e d u c t io n  and o x id a t io n  o f  m agnesium . 
C a t h o d ic  c u r r e n t  a t  p o t e n t i a l s  m ore a n o d ic  th a n  th e  
d e p o s i t io n  p o t e n t i a l  o f  Mg i s  due t o  u n d e r p o t e n t ia l  
d e p o s i t io n  o f  a l k a l i  m e t a ls .

T y p i c a l  c u r r e n t  t r a n s i e n t s  o b t a in e d  on g la s s y  c a rb o n  and  
i r o n  d u r in g  p o t e n t i a l  s t e p  e x p e r im e n ts  a r e  shown in  F i g .  4 
and 5 . The  c h a r a c t e r i s t i c  c u r r e n t  in c r e a s e  a f t e r  a few  
s e c o n d s  in d ic a t e s  f o r m a t io n  and g ro w th  o f  a new p h a se  on 
th e  c a th o d e . The c u r r e n t  was fo u n d  t o  be p r o p o r t io n a l  t o  
t 1/ 2 i n  t h e  r e g io n  w here th e  c u r r e n t  in c r e a s e s .  T h is  
m echan ism , w h ich  means t h a t  m ost o f  th e  n u c l e i  a r e  form ed  
when Mg s t a r t s  t o  d e p o s it ,  was o b t a in e d  f o r  b o th  g la s s y  
c a rb o n , p y r o l y t i c  g r a p h i t e  and i r o n .  G la s s y  c a rb o n  e le c t r o d e s  
g a ve  th e  b e t t e r  r e p r o d u c i b i l i t y .  The num ber o f  n u c l e i  was 
fo u n d  t o  in c r e a s e  w ith  in c r e a s in g  o v e r v o lt a g e .  The c u r r e n t  
v e r s u s  t im e  r e l a t i o n  a t  th e  v e r y  b e g in n in g  o f  th e  e x p e r im e n t  
was d i f f e r e n t  f o r  g la s s y  c a rb o n  and i r o n  a s  shown in  F i g .  
4 and 5 . T h is  c o u ld  be due t o  th e  d i f f e r e n c e  i n  th e  
c o d e p o s it io n  o f  a l k a l i  m e t a ls ,  w h ich  i s  much m ore p ro n o u n ce d  
on g la s s y  c a rb o n . M e ta l fo g  was o b s e rv e d  a t  th e  c a th o d e  
s u r f a c e  a l s o  d u r in g  th e  s h o r t  p e r io d  b e f o r e  th e  c u r r e n t  
in c r e a s e d .
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F i g . l a
E x p e r im e n ta l c e l l  u se d  f o r  
o b s e r v a t io n  o f  m e ta l f o g .

3 4

1: Working cathode 
2: Indicator electrode 
3: Counter electrode 
4: Anode
F i g . l b
E x p e r im e n ta l c e l l  u se d  f o r  
o x id a t io n  o f  m e ta l f o g .

in d i c a t o r  e le c t r o d e .  P o t e n t ia l  a p p l ie d  on i n d i c a t o r  
e le c t r o d e :  1740 mV r e f e r r e d  t o  th e  Mg p o t e n t i a l .  C a t h o d ic  
c u r r e n t  on th e  fo g  p r o d u c in g  c a th o d e  i s  in d ic a t e d  on th e  
f i g u r e .
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Fig. 3
Voltammetry(10 mV/s) on iron in NaCl-KCl-MgCl, (1.5 wt%) 
at 750°C.

on glassy carbon at different overpotentials (from -150 to 
-190 mV/s in steps of 10 mV) in NaCl-KCl-MgClj(5wt%) at 
700°C.
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F i g .  5 t/s
C u r r e n t  v e r s u s  t im e  d u r in g  p o t e n t i a l  s t e p  ch ro n o am p e ro m e try  
on i r o n  a t  d i f f e r e n t  o v e r p o t e n t ia ls  ( in  mV) in  N a C l- K C l-  
M g C l2 (5 wt%) a t  700°C.
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ABSTRACT

Electrochemical reduction of Ti(III) and Ti(II) in eutectic 
LiCI-KCl melt has been investigated in three different modes 
of linear sweep voltammetry, cyclic voltammetry and 
potentiostatic voltammetry. Reduction of Ti(III) to Ti(II) 
took place from -0.6 V against the Ag/AgCl(10 mole%) 
reference electrode,' whereas that of Ti(II) to metallic Ti, 
from -1.1V. Those reactions were reversible near the 
respective potential. The electrode deposit obtained at 
-1.2 V was metallic titanium of fine globular shape.

INTRODUCTION

Titanium has superior properties, such as high specific strength and 
high corrosion resistance. Its availability, however, is limited 
because of its relatively high production cost. One possible way to 
reduce the production cost might be the direct electrochemical reduction 
of titanium from a molten salt. Many papers have been published on the 
electrolysis of titanium from molten alkali or alkaline earth chlorides. 
Bockris et al.(l) and Dean et al.(2) reported that the alkaline earth 
cations were first electrochemically reduced and then the alkaline metal 
so formed reduced the titanium cations to produce metallic titanium. 
Nardins et al.(3) and Quemper et al.(4) reported the respective stepwise 
reduction potentials of Ti(IV) to Ti(III), Ti(III) to Ti(II) and Ti(II) 
to metallic Ti. From a practical view point, electroplating of 
titanium from molten salts has been investigated by several 
investigaters(5,6). Cobel et al.(7) recently reported that metallic Ti 
of high purity was obtained in their pilot plant scale experiment. The 
reduction potentials reported by many investigators, however, 
disaccorded with each other (3, 4, 8-11). Therefore, it can be said 
that the reduction mechanism is still not well understood.

It is the intent of the present work to clarify the reaction 
mechanism associated with the electrochemical reduction of Ti(III) to 
Ti(II) and Ti(II) to metallic Ti in the LiCI-KCl eutectic melt.
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EXPERIMENTAL

Figure 1 shows the schematic diagram of experimental apparatus. The 
atmosphere in the apparatus was kept inert by the flow of highly 
purified Ar gas deoxidized by using a titanium trap at 1073 K. 
Chlorine or hydrochloric acid gas was used for purification of the melt. 
Figure 2 shows the schematic diagram of electrolytic cell and the 
reference electrode. Reagent grade powders of Li Cl and KC1 were mixed 
to the composition of 59 mole% Li Cl and 41 mole% KC1 in a glove box. 
These salts were preheated for 24 hours at about 473 K in a purified Ar 
flow and then were melted together in an alumina crucible. Chlorine or 
HC1 gas was injected into the melt for three hours to purify the melt 
and then purified Ar was injected to remove dissolved chlorine or HC1 
gas for another three hours. A certain amount of TiClg, and Ti chips
in the case of Ti(II) reduction, were added to the melt. Then, three 
electrodes were dipped into the melt. The working electrode was either 
a nickel rod of 5 mm in diameter or a 8 mm x 15 mm nickel plate of 0.5 
mm thickness, which was polished with dry abrasive papers down to 
# 1000. The reference electrode was Ag/AgCl(10 mole%). The 
construction of the latter is shown in Fig. 2. The counter electrode 
was either a graphite rod of 11 mm in diameter or Ti rods that were 2 or 
5 mm in diameter. The experimental temperature was mainly 773 K, but 
occasionally 873 and 973 K were used. The experiments were carried out 
in three different modes, namely linear sweep voltammetry, cyclic 
voltammetry and potentiostatic voltammetry. In the former two, the 
sweep rate was mainly 0.0017 V/s, and occasionally 0.005, 0.017 and 0.05 
V/s. After the experiments in the last mode, the electrode deposit was 
examined with SEM and EPMA.

RESULTS

Figure 3 shows the result of linear sweep voltammetry before adding 
Ti C l T h e  residual current density of the melt was effectively
lowered by chlorine gas injection. It was especially lower at 
potentials higher than -1.5 V, which made the reduction wave of Ti(II) 
clearer, as will be shown later. The increase in current density at
potentials higher than -2.5 V was attributable to the reduction of Li+ 
to metallic lithium. So, most of the experiments were carried out 
after purification by chlorine gas injection.

Figure 4 shows the results of linear sweep voltammetry, after the 
addition of 1.2 mole% of Ti Cl^ to the melt. Figure 5 is the
magnification of Fig. 4 near -0.6 V. The rest potential was about -0.2 
to -0.3 V. The reduction waves appeared at -0.6 and -1.1 V at 773 K. 
The broken line in this figure shows the residual current density. The 
increase in current density, and hence, the reduction wave due to the 
formation of titanium metal can be seen clearly following the addition
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of TiCl2 to the melt. The same reduction waves were obtained at 873 Kf
although the current density was higher in magnitude. The reduction 
waves at -0.6 and -1.1 V were considered to correspond to the reduction 
of Ti(III) to Ti(II)f and to the reduction of Ti(II) to metallic Ti, 
respectively, as follows:

Ti3+ + e = Ti.2+ ( D

Ti3+ + 2e = Ti (2)

In order to reduce Ti(III) to Ti(II) in the melt prior to the 
experiment, metallic Ti chips were added to the melt simultaneously with 
the addition of TiCl^. Thermodynamic calculations show that the
equilibrium of equation (3) is shifted far to the right(12).

2T i Cl3 + Ti = 3Ti612 (3)

Therefore, the melt must contain mostly Ti(II) when TiC1  ̂and Ti chips
are simultaneously added to the melt. Figure 6 shows the result of 
linear sweep voltammetry in the Ti(II) containing melt. The rest
potential shifted to -0.8 or -0.9 V. The reduction wave corresponding 
to equation (1) disappeared and only the wave at -1.1 V can be seen. 
The current density increased with an increase in temperature, but the 
reduction potential did not change much regardless of the temperature. 
The increase in current density seen close to the rest potential has not 
been clarified yet. It might be attributable either to the reduction
of impurities in the melt such as Al^+or to the reduction of residual

2+Ti(III). Figure 7 shows the effect of the Ti content on the current 
density. The current density increased with an increase in the amount 
of Ti Cl^ and Ti chips added. The current density at -1.2 V is plotted
in Fig. 8. The current density increased linearly with the amount of 
added TiCl^. Figure 9 shows the effect of sweep rate on the
polarization curve. The current density increased with an increase in 
sweep rate. But the reduction potential was unchanged, regardless of 
the sweep rate. Figure 10 shows the result of cyclic voltammetry near 
-1.1 V. Both the reduction and oxidation current densities started to 
increase at -1.1 V, regardless of the sweep rate. The oxidation
current is due to the oxidation of the metallic Ti electrode deposit 
which is formed in cathodic sweep. This shows that the reduction 
reaction of equation (2) is reversible.

In potentiostatic voltammetry, a Ti rod was used as the counter 
electrode. Figure 11 shows the change in current density with time in
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potentiostatic voltammetry at -1.2 V in which a nickel rod was used as 
the working electrode at 773 K. The amount of TiCl^ and Ti chips added
(mole%) were respectively, a)2.01 and 1.27, b)3.88 and 2.11, c)4.03 and 
2.32, d)5.55 and 2.76. The current density increased in a), c) and d), 
but was almost constant in b). Except for a), the current increased 
with an increase in the amount of added Ti Cl^ and Ti chips. Figure 12
shows the change in current density with time in similar potentiostatic 
voltammetry experiments in which a nickel plate was used as the working 
electrode. The amount of added TiC1̂  and Ti chips were 3.83 and 2.04
mole%, respectively, in all experiments. The current density was 
almost constant and of the same order of magnitude in all experiments. 
However, it was smaller than in the experiments with the nickel rod as 
the working electrode. Photogragh 1 shows the SEM image of the 
electrode deposit. Although at low magnifications the electrode 
surface was smooth, the photo shows that the surface was actually the 
agglomeration of small globular particles that were several microns in 
diameter. Table 1 shows the composition of electrode deposit. The 
electrode deposit was mainly composed of metallic Ti, which showed that 
the reduction wave at -1.1 V was attributable to the reduction reaction 
of equation (2). The deposit also contained a certain amount of 
aluminum. This is because the Ti Cl^ powder originally contained
25 mole% of AlCl^. Both Ti and A1 were homogeneously distributed over 
the surface.

Table 1 Composition of the electrode deposit

a b c d e f g

Ti (wt%) 86.4 93.5 91.5 73.7 71.7 70.6 72.2

A1 -(wt %) 13.6 6.5 8.5 26.3 28.3 29.4 27.8

The symbols correspond to those in Figs. 11 and 12.

DISCUSSION

As shown above, the reduction of Ti(II) to metallic Ti was reversible 
and the current density increased linearly with the concentration of 
Ti(II) cation. This suggests that the reduction is controlled by mass 
transfer in the melt. Generally, if the electrode reactions are 
controlled by mass transfer, the electrode potential can be represented 
in terms of the chemical potential difference of the anion-forming 
species between the reference and working electrodes, namely, the
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chemical potential difference of chlorine in the present case.

Pn  (W.E.)
c _ RT , ul2 ____
E ~ 2F 1n PrrCl, (R.E.) (4)

where, (R.E.) and Pri 
u 2

(W.E.) are the partial pressures of chlorine

at the reference and working electrodes. At the reference electrode, 
the following equilibrium can be considered.

Ag + 1/2C12 = AgCl (5)

AG°(5) = - RT In
aAgPCl,

(6)

Therefore, Pri (R.E.) can be calculated, using the datum of AG°(5)(12) 
U 2

and taking a^ = 1 and â ^-j = 0 . 1. Similarly at the working
electrode, the following equilibrium must be considered in order to 
calculate the potential of the Ti(III) to Ti(II) reduction process.

T i C12 + 1/2C12 = T i C13 (7)

aTiCl,
AG°(7) = -RT In ------ fjj- (8)

aTiCl2PCl2

Using the datum of AG° (7)(12), and assuming -/aTiCl„ " ^  PCl,
(W.E.) can be calculated. Putting these partial pressure of chlorine 
at the two electrodes into equation (4), the Ti(III) to Ti(II) reduction 
potential was calculated as -0.62 V at 773 K. This value is in good 
accord with the experimental value of -0.6 V. In order to calculate the 
potential for the reduction of Ti(II) to metallic Ti, the following 
equilibrium must be considered.

Ti + Cl2 = T i C12 (9)

aTiCl,
AG°(9) = -RT In ---(10)

aTiPCl2
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Using the datum of AG°(9)(12), and taking a-̂  = 1 and =0.1,

for the reduction can be calculated. Putting this partial pressure of 
chlorine into equation (4), the reduction potential of Ti(II) to 
metallic Ti was calculated as -1.10 V. This value is also in good 
accord with the experimental value. In the same way, the reduction
potential of Li+ to metallic lithium was calculated to be as -2.5 V, 
which is in good accord with the experimental value.

Many investigators have reported the reduction potentials of the 
different Ti electrode reactions. They are listed in Table 2, together 
with the present results.

Table 2 Comparison of the reduction potentials resulting from the 
present work with those of other workers.

authors melt electrode sweep rate reduction potential

present LiCl-KCl WE: NI 0.0017
authors (TiCl3) CE: graphite Ti(III) to Ti(II) -0.6 \

(Ti Clg ) RE: Ag/AgCl 0.05 V/s Ti(II) to Ti -1.1 \

A BaCl2- WE: Ni 0.0017 Ti(IV) to Ti(III) 0.0 1
ref.
(3)

LiCl-KCl
(TiCl4)

CE: graphite 
RE: Ag/AgCl 0.0034 V/s

Ti(III) to Ti(II) -0.5 1 
Ti(II) to Ti -1.2 1

B
ref.

LiCl-KCl
(nci4)

WE: graphite 
CE: graphite

0.001 V/s Ti(IV) to Ti(III) +0.4 \ 
Ti(III) to Ti(II) -0.6 \

(4) RE: Ag/AgCl Ti(II) to Ti -1.4 1

C
ref.

LiCl-KCl
(HCI3)

WE: W 
CE: W ?

Ti(IV) to Ti(III) +0.6 1 
Ti (III) to Ti(II) -0.9 1

(8) RE: Ag/AgCl Ti(II) to Ti -1.1 1

D
ref.

LiCl-KCl
(T1C14)

WE: Pt
CE: graphite ?

Ti(IV) to Ti(III) -0.9 1 
Ti(III) to Ti(II) -1.0 1

(9) RE: Ag/AgCl Ti(II) to Ti -1.5 1
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Table 2 (continued)

authors melt electrode sweep rate reduction potential

E
ref.
(10)

LiCl-KCl
(TiCl3)

WE: Pt 
CE: Pt
RE: Ag/AgCl

0.001 V/s
Ti(III) to Ti(II) -1.2 ' 
Ti(II) to Ti -1.5 1

F
ref.

(ID

KCl-NaCl
(K2TiF6)

WE: Pt 
CE: Pt
RE: Ag/AgCl

0.001 V/s Ti(IV) to Ti(III) -0.4 ' 
Ti(III) to Ti(II) -0.8 '
Ti(II) to Ti -1.4 '

The potentials of the data in C (8) were originally given with respect 
to the Cl2/Cl reference electrode. This data were converted to the 
Ag/ACl reference electrode by considering the potential difference of 
1.0 V between the Ag/AgCl and Cl2/Cl electrodes obtained in the present
work. Further, Ti(IV)/T i(111) potential given by the authors in C is 
the oxidation potential, rather than the reduction potential, because 
they used TiC1̂  as the starting species. The Ti(111)/Ti(11) reduction
potential measured by the present authors is in good accord with those 
measured by authors A and B. The Ti(II)/Ti reduction potential 
measured by the present authors is in good accord with those measured by 
authors A and C. Many authors reported the latter reduction potential 
to be less positive than that found by the present authors.
Presumably, they noticed that the wave positive to that for Li+ 
reduction arises from the reduction of Ti(II) to metallic Ti. 
Actually, the wave appeared near -1.5 V in the present experiments also. 
But the electrode deposit composed mainly of Ti was obtained at -1.2 V, 
and the theoretical calculations showed that this reduction can take 
place at -1.1 V. Thus, it can be said conclusively that the Ti(11)/Ti 
reduction potential is -1.1 V with respect to the Ag/AgCl reference. 
The reduction process is reversible, although Ferry et al.(8) reported 
to be irreversible process based on impedance measurements.

The current efficiency in the potentiostatic voltammetry experiments 
with the nickel plate as the working electrode was calculated as 
follows. Since the electrode deposit was composed of Ti and Al, the 
efficiency was calculated for each metal and summed up to obtain the 
total efficiency,

Eff.(i) = (W./W.o)xl00 (%) O D
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where Eff.(i) is the efficiency for metal i, W.. is the mass of the

deposit of metal i obtained from the total amount of deposit and the 
composition of the deposit, is the theoretical mass of the deposit

of metal i calculated with the following equation.

M.
W.o - j y - y  I dt (12)

where NL and z.. are molar mass and balence of i, respectively, F is the

Faraday constant, I is the total current, and t is time. Table 3 shows 
the calculated results.

Table 3 Current efficiency

specimen Eff.(Ti) % Eff.(Al) % Eff. total %

e 6.9 7.3 14.2

f 5.5 6.0 11.5

g 6.4 6.6 13.0

The symbols for each specimen correspond to those shown in Fig. 12.

The current efficiency was very low. This is partly because some part 
of electrode deposit was lost during washing with water before weighing. 
But also, it is likely that some of the deposit was lost during the 
electrolysis, considering the fluctuation of current density with time. 
From careful observation of Photo. 1, the slow increase in current 
density seems attributable to an increase in the interfacial area and, 
the sudden drop in current density seems to result from the loss of the 
deposit.

CONCLUSION

The electrochemical reduction of Ti(III) to Ti(II) and the reduction 
of Ti(II) to metallic Ti was investigated in LiCl-KCl melt. The
reduction wave of the former appeared at -0.6 V, whereas that of the 
latter appeared at -1.1 V against the Ag/AgCl(10 mole%) reference. 
These experimental potentials are in good accord with the calculated 
ones based on thermodynamic considerations. The latter reduction was
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shown to be reversible by cyclic voltammetry. An electrode deposit was 
obtained by potentiostatic voltammetry at -1.2 V. The deposit was 
composed of metallic Ti and A1 with a globular shape. The currents
efficiency was as low as 15 %, because of the loss of material during 
washing before weighing and presumably due to the loss of material 
during the electrolysis.

ACKNOWLEDGEMENT

The present work is financially supported by Chubu Electric Power Co. 
LTD.

REFERENCES

1. J. OM. Bockris, G. J. Hills, I.A. Menzies and L. Young, Nature, 
178, 654 (1956).

2. R. S. Dean, Metal. Ind., 90, 143 (1957).

3. M. Nardin, E. Chassing and G. Lorthioir, Instn. Min. Metal, 35 
(1977).

4. F. Quemper, D. Deroo and M. Rigaud, J. Electrochem. Soc., 119, 1353 
(1972).

5. M. E. Sibert and M. A. Steinberg, J. Electrochem. Soc., 102, 641
(1955).

6. B. J. Fortin, J. G. Wurm, L. Gravel and R. J. A. Potvin, J. 
Electrochem. Soc., 106, 428 (1959).

7. G. Cobel, J. Fisher and L. E. Snyder, Titanium1 80, proc. 4th Inti. 
Conf. on Titanium, Kyoto, 1969 (1980).

8. D. M. Ferry, G. S. Picard and B. L. Tremillon, Proc. Joint Inti. 
Symp. on Molten Salts, 517 (1987).

9. S. Mori, T. Koroda and K. Kawamura, Denki Kagaku, 42, 175 (1974).

10. H. Numata, I. Oono and S. Haruyama, Proc. Annual Meeting, Japan 
Inst. Met., 474 (1988).

11. T. Oki, M. Okido and G. Chen, Proc. Joint Inti. Symp. on Molten 
Salts, 507 (1987).

12. Denki-kagaku-binran, ed. by Denki-kagaku-kyoukai, Maruzen, 26
(1984).

465



Fig. 1 Schematic diagram of the experi
mental apparatus; 1. Ar cylinder,
2. chlorine or HC1 gas cylinder, 3. calcium 
chloride, 4. silica gel, 5 activated Ti 
tower, 6. gas lfow meter, 7. mass flow 
controller, 8. electric furnace,
9. electrolytic cell, 10. NaOH trap.

Fig. 2 Schematic diagram of the 
electrolytic cell and construction 
of the reference electrode.

1. Working electrode
2. Reference electrode
3. Counter electrode 
4  Thermocouple
5. Pyrex tube
6. Alumina crucible
7. Rubber plug

-01 Ag wire 
| — £6 Alumina 

tube

.AgCKO.1) 
'00.5 Hole

Reference electrode

Fig. 3 Effect of purifica
tion on the residual current 
density.
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Fig. 4 Cathodic polarization

curves in Ti^+ containing 
melt.

g. 5 Magnification of Fig. 4 near 
.6 V.
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Fig. 6 Cathodic polarization 
2+curves in Ti containing 

melt.
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Fig. 7 Effect of the Ti 
content on the cathodic 
polarization curve.

Fig. 8 Effect of the Ti^+ 
content on the current density 
at -1.2 V.

Fig. 9 Effect of sweep rate on the
2+cathodic polarization curve in Ti 

containing melt.
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Fig. 10 Cyclic polarization curve in 

Ti^+ containing melt near -1.1 V.

Fig. 11 Change in current 
density with time during the 
potentiostatic polarization 
at -1.2 V with a nickel rod 
electrode.

Fig. 12 Change in current 
density with time during the 
potentiostatic polarization 
of a nickel plate electrode 
at -1.2 V.

469



Photograph 1. Surface morphology of the deposit 
obtained at -1.2 V on a nickel plate electrode.
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STUDY OF SOME RHENIUM ELECTROCHEMICAL 
PROPERTIES IN THE FUSED LiF-NaF-KF EUTECTIC.
A. Affoune, J .Bouteillon* and J.C. Poignet* 

CREM GP/ ENSEEG UA CNRS 1212, BP 75 
38402 St Martin d ’Heres France

* Universite Joseph FOURIER, Grenoble

ABSTRACT
The electrochemical properties of K2 ReCls and KRe04 
dissolved in molten flinak at 700°C were studied.
K2 ReCls decomposed to a Re(II) species which could 
be reduced to Re in one reversible step, or it could 
be oxidized to a soluble Re(III) species. KRe04 was 
reduced to Re via a two step mechanism.

INTRODUCTION

Few studies (1-5) have been published on the chemical 
or electrochemical properties of rhenium in fused salts. 
Some electrochemical properties of K2 Reels dissolved in 
the molten LiCl-KCl eutectic have been studied by Nobile 
and Bailey (3). These authors observed that Re(IV) was 
quite stable once in solution, although some decomposition 
reaction yielding the metal occurred during the dissolution 
process of K2 ReCls. From potentiometric experiments they 
gave some evidence for the reversibility of the Re(IV)/Re 
exchange and measured the corresponding standard potential. 
Using solid electrode polarography, they showed that the 
half-wave potential was very close to the standard 
potential, but they could not unambiguously demonstrate 
that the number of electrons exchanged was four. Rhenium 
metal was deposited by potentiostatic electrolysis in the 
vicinity of the reversible Re(IV)/Re equilibrium potential. 
Galvanostatic electrolysis ultimately yielded Li 
predeposition because of the formation of a Re-Li solid 
solution. The same authors obtained rather similar results 
in the case of KRe04 solutions.

Russian authors (5) have obtained W-Re solid solutions 
from a NaCl-KCl melt containing 15 to 20 mol% WFs, 1 to 
3 mol% ReCl3 , and 20 mol% NaF.

To our knowledge, the electrochemistry of rhenium 
compounds has not been investigated in molten fluoride 
solvents, and this paper deals with the study of K2 ReCls 
and KRe04 solutions in the LiF-NaF-KF molten eutectic.
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EXPERIMENTAL TECHNIQUES

The experimental setup has been described previously 
(6). The electrolyte was contained in a graphite crucible 
situated inside an air-tight stainless steel cell. In order 
to dehydrate the melt, 1.5 mol% KHF2 were added to the 
salts.. The mixture was heated to 200°C under vacuum then 
melted under argon flow. foReCle or KReF4 were then added 
through a lock-chamber and proved to be quite soluble in 
the melt. Voltammetric and chronopotentiometric studies 
were performed using platinum, silver, tungsten or rhenium 
electrodes. Owing to the difficulties in obtaining good 
reference electrodes in molten fluorides, we used a 
platinum wire or the graphite crucible as a comparison 
electrode.

RESULTS AND DISCUSSION

A- PURE SOLVENT
Reference potential.- Our results were referred 

to the K+/K limit of the solvent, which could be reached 
with the whole set of electrodes used, whereas oxidation of 
the electrode was the anodic limit. In order to compare our 
results to literature data, we have determined the standard 
equilibrium potential E°n i<1 1 >/n i versus our K+/K 
reference, after having proved the reversibility of the 
Ni(II)/Ni exchange by making a convolutional analysis of 
nickel oxidation voltammograms. The result was :

E°Ni<ii)/Ni = + 2.20 V vs K+/K [1]
Electrochemical window at a rhenium electrode.- On 

the voltammogram of Figure 1, rhenium oxidation occurs at 
+ 2.8 V vs K+/K (value taken for i = 10 mA/cm2 ) . The shape 
of the curves corresponding to various sweep rates (Figure 
2) suggests that the oxidation product is soluble in the 
melt and shows the irreversible character of the reduction 
wave (peak A). Further anodic polarization resulted in gas 
evolution.
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B -  K2 R e C l6  SOLUTIONS

Figure 3 shows a typical voltammogram on a silver 
electrode, with two well-characterized couples : in the 1.2 
to 1.6 V potential range, the B/B' couple corresponds to 
reduction of the rhenium species yielding an insoluble 
product, followed by a stripping reoxidation peak of this 
product; in the 2.0 to 2.5 V potential range, the C/C' 
couple is related to the oxidation of the rhenium species 
yielding a soluble product, followed by reduction of this 
product.

Study of the B/B' couple.- Figure 4 presents 
several voltammograms obtained on a silver electrode in a 
0.014 M K2 ReCls solution. Due to the ohmic drop, the 
voltammograms were subsequently analysed by convolution 
procedures (8,9). The reversibility test was the comparison 
of the semi-integral- curves obtained for different sweep 
rates (Figure 5). These curves were' similar and for any 
given curve the direct and the reverse scans were identical 
within a large potential domain. These results indicate 
that the B ’/B exchange may be considered as reversible in 
the sweep rate domain studied.

Figure 6 presents cathodic chronopotentiograms obtained 
on a silver electrode in a 0.014 molar foReCle solution. A 
single transition is observed, and the shape of the curves 
reveal a soluble-insoluble exchange. The transport of the 
rhenium species is governed by linear diffusion since 
Sand's law is obeyed (Figure 7). The potential measured at 
the quarter of the transition time is independant of the 
current density (Figure 6), which confirms the 
reversibility of the exchange. Figure 8 shows the 
logarithmic analysis of the chronopotentiograms in the case 
of an insoluble product (curve a) and of a soluble product 
(curve b). The best fit is obtained in the case of the 
insoluble product.. The insoluble character of the reaction 
product is confirmed by the equality of the reduction and 
reoxidation transition times on current reversal 
chronopotentiograms (Figure 9). We therefore postulated 
that the product was rhenium metal. From the slope of the 
straight part of curve a (Figure 8), we calculated the 
number of electrons exchanged as n = 2 . From the value of 
the potential at the quarter of the transition time, we 
calculated the value of the apparent standard potential :

E°b/b ’ = 1.97 V vs K+/K [2]
Study of the C/C' couple.- A few voltammograms 

restricted to the C/C' exchange are presented in Figure 10. 
In spite of a large residual current in this potential 
range, we could analyse the curves and concluded that the

473



exchange was reversible. Firstly, the anodic and cathodic 
peaks potentials are independant of the sweep rate. 
Secondly, the ipa/ipc ratio remains close to one for all of 
the sweep rates studied. Moreover, the value of Epa-Epc is 
about 200 mV and not too far from the theoretical value 
corresponding to a one-electron exchange, which is 183 mV 
at 650°C. The semi-integral curves (Figure 11) do not yield 
a decisive reversibility criterion in this case, possibly 
because of the high residual current already mentioned. We 
can, however, observe that for a given sweep rate the 
direct and forward curves are identical.

Finally, assuming that the exchange is reversible, we 
can calculate the C/C'apparent standard potential from the 
half-peak potential by using the relation :

Ep / 2  = E i / 2 + 1 . 0 9  R T / F  [ 3 ]

Assuming that the diffusion coefficients of both species 
are equal, we obtained E°c/c» = 2.14 V vs K+/K

Interpretation of the results.- The K2 ReCle 
solutions appear to be cathodically reduced to rhenium(0) 
by a two-electron reversible exchange step and anodically 
oxidized to a soluble species by a one-electron reversible 
exchange process. This suggests that some divalent rhenium 
species could be present in the solution. Looking into the 
literature, we found that Rel2 can be obtained by heating 
K2 ReIs to 350°C (10). In fact, two divalent rhenium 
halogenides seem to be known : ReF2 and Rel2 . At the 
present state of our study, we assume that, in molten 
flinak at 650 °C, K2 ReCle is, like the corresponding 
iodide, decomposed to a stable Re(II) species. The B/B' and 
C/C’ exchange reactions may then be formulted as :

Re (II) + 2 e Re (B/B') [4]
Re (II) Re(III) + e (C/C’) C5]

KReO« SOLUTIONS
Figure 12 presents a typical voltammogram obtained on a 

platinum electrode. The characteristic features of the 
volmtammograms did not depend on the nature of the 
electrode (Pt, W or Re). The cathodic part of the 
voltammogram shows two steps : waves D and E. The heights 
of these waves increase with the KRe04 concentration. When, 
during the direct scan, the potential reaches the domain of 
wave E, a shoulder F appears on the reverse scan in the 
vicinity of the generalized electrode oxidation domain. 
The potential domain of this shoulder is close to the 
potential at which rhenium was oxidized in the pure solvent
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(Figure 1). Potentiostatic and galvanostatic electrolysis 
in the region of wave E yielded metallic rhenium, 
characterized by X ray analysis (Figure 13). We can 
therefore conclude that the Re04" solutions undergo a two 
step reduction process according to the following
reactions:

Re04- + (7-x) e- Re (x) + 4 02- (wave D) [6]
Re(x) + x e~ Re (0) (wave E) [7]
The anodic oxidation of Re can be written as :
Re + 6 F” —V 1 ReFs + 6 e- ( shoulder F, [8]

wave A/A' )

CONCLUSION

From electrochemical studies of foReCle solutions in 
the fused LiF-NaF-KF eutectic, it appears that the solute 
is first decomposed to give stable Re(II) solutions. This 
situation is different from the case of molten LiCl-KCl at 
lower temperatures, where Re(IV) is quite stable.

The Re(II) species is cathodically reduced to rhenium 
metal through a reversible two-electron step. This species 
can be anodically oxidized to a soluble Re(III) species in 
a reversible reaction.

The apparent standard potentials, referred to the 
standard Ni(II)/Ni couple are :

E°Re ( i i i ) / Re ( i i ) = -0.06 V and E°Re ( i i ) / Re -=! —0.23 V
The reduction of KReC>4 solutions to metallic rhenium 

proceeds through two electrochemical steps :
ReCL ~ + (7-x) e~ Re (x)
Re (X) + x e- Re(0)

By comparison of the voltammograms resulting from Re04~ 
solutions and those resulting from Re in pure solvent, we 
can postulate that in both cases the metal is passivated 
and can only be oxidized to ReFe at very anodic potentials.
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Figure ! lYOltammetric study 
in the pure L iF-N aF-K F solvent 
at a rhenium electrode. 
Temperature:700C‘;Y**0.2 V/s.

Figure 2:voltammetric study
in the pure LiF-NaF-KF solvent
at a rhenium electrode.
T emperature:700C';a)0.Q5V/s. 
b)0.1V/s.c)0.2V/s,d)0.5V/s  
e)1 V/s.

Figure 3:K2ReC!6 voltammetry. 
T emperature:650C*; Working 
electode:silver:v»Q.2V/s.

Figure 4:Yoltamm8tric 
transients related to K2ReCI6. 
reduction.Temperature:650C‘: 
Working eiectrod8:silver; 
C0*0.014 mol/l:a)0.1 V/s: 
b)0.2V/s;c)0.5V/s;d)1 V/s: 
e)2V/s\
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Figure 5:Sem»-integral curves 
related to the vottammograms 
o( figure 4.

c 1 Y, k*/W

1.25

Figure 6:K2ReCIS chronoooten- 1.7 -I
tiometry. Ml
T emperature:S50C*;Working I|1L _ ________
eiectrode:silverC0“ 0 .0 1 <imol/t: i 55 
i (mA/cm2):a)6Q.b)38.c)2S.o. ..........

d)t 9.

l.<Ttv̂ l
iilx/TCm A.s172)

A
3 0 -

2 5 -

"l5 2 l j l  30 47.4 • Km A )

Figure 7:K2ReC16 chronopoten- 
tiometry. Verification of the 
SANO's relation
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Figure 8:K2ReCI6 chronopoten- 
tiometry.Logarithmic analysis 
of cnronopotentiograms.

Figure 1 OrYottammetric 
transients related to K2ReCtS 
osida tion. Tempera ture:650C*; 
Working electroda:siiver:
CQ-0.01 4m olA*a)0.2V/s.b)0.SV/s, 
c)l V /s ,d )2V /s ,e )5V /s .
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Figure ! I .'Semi-integral curves 
related to the voltammograrns or 
the figure 10.

Figure 13:rhenium deposit 
X ray analysis.
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ANODIC BEHAVIOR OF NICKEL IN A MOLTEN CsF-HF SYSTEM

Akimasa TASAKA, Yorihito OHANA, Nobuhiro SHINKA 
and Hiroki NISHIMOTO

Doshisha University, Department of Applied Chemistry 
Imadegawa, Karasuma, Kamigyo-ku, Kyoto 602 JAPAN

ABSTRACT

In order to seek after the metal anode for the electrolytic produc
tion of fluorine (F^), the anodic behavior of nickel (Ni) in comparison
with those of some metals such as copper (Cu), iron (Fe) and palladium 
(Pd) was investigated at 50 °C in a molten CsF-HF system by a few kinds 
of electrochemical methods. The platinum (Pt) wire was used as the 
reference electrode and the Ni-plate with a large surface area as the 
cathode.

In the cases of Cu and Fe electrodes, every anodic polarization 
curve in the 1st run obtained by the cyclic voltammetry had a current 
peak due to the anodic dissolution of metal at about 0 V vs. Pt and then 
a very small current flowed at the potentials over this peak because of 
the passivation of electrode. In the second run after, no current at 0 
V was observed in the case of Fe electrode, but a current peak at 0 V was 
again observed in the case of Cu electrode. On the other hand, in the 
case of Ni electrode, an anodic current peak at 0 V was also observed on 
the cyclic voltammogram in the 1st run and it disappeared on them after 
the second run. At the potentials over 4 V, the anodic current flowed 
again and it increased with increasing both the potential and the number 
of cyclic scanning. The ratio of the amount of electricity of anodic 
dissolution on Ni to total amount of passing electricity during the 
potentiostatic electrolysis at 5.5 V was only 1.6 % or 3.2 % in the 
calculation from the electron number in the discharge of 2 or 4, respec
tively. Pd was also available as the anode in this system, but the ratio 
of its anodic dissolution of 9.7 % was larger than that of Ni. These 
results indicate that Ni is also the best material for the anode in this 
system. The ratio of anodic dissolution of Ni was dependent on the ratio 
of HF to CsF in the melt and the temperature of electrolyte. The mecha
nism on the anodic dissolution of Ni will be also discussed.

INTRODUCTION

Recently, gaseous fluoro-compounds such as nitrogen trifluoride 
(NF^) / sulphur hexafluoride (SF̂ .) and tungsten hexafluoride (WF̂ _) have
been in quantities used in the japanese electronics industry. Highly 
pure (99.99 %) nitrogen trifluoride, especially free of CF^, is at
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present produced by the electroytic process in the molten fluorides 
such as NH^F-HF and NH^F-KF-HF system (1^6). Sulphur hexafluoride and
tungsten hexafluoride are formed by the reactions of sulphur and tungsten 
with fluorine, respectively. However, fluorine is also produced by the 
electrolytic process in the molten KF•2HF. Hence, fluorine electrolysis 
and electrochemical fluorination are very useful processes for the 
production of the gaseous inorganic compounds containing fluorine.

Carbon is mainly used as the anode material in the molten fluorides 
due to no anodic dissolution, but it has a few disadvantages, especially 
the occurrence of anode effect and the breakdown of anode. Besides, the 
gaseous compounds obtained in electrolysis with the carbon anode may be 
always contaminated with CF^.

The use of a metal anode enables to perform fluorine electrolysis 
and electrochemical fluorination at the higher current density, and to 
obtain the gaseous fluoro-compounds free of CF^. Nickel (Ni) was the
most favorable material for the anode from the viewpoint of both the 
production of NF^ free of CF^ and the anodic dissolution (6^8). The
ratio of the anodic dissolution of Ni to total amount of passing elec
tricity was about 3 % at 120 °C in the molten NH^F * 2HF, and it increased
with increasing the content of potassium fluoride (KF) in the molten 
(NH^F + KF)•2HF to reach the value of 14 % in the molten KF-2HF. For
the purpose of decreasing the anodic dissolution of a metal electrode, a 
new electrolyte such as a CsF-HF system was used at 50 °C, and the anodic 
behaviors of some metals were investigated in this melt.

EXPERIMENTAL

The electrolyte was a molten CsF-HF system ans a diagram of this 
system was shown in Fig. 1 (9). On the basis of this figure, the ratio 
of HF to CsF in the range between 2 and 3 was selected as the composition
of melt. An electrolytic cell of 0.45 cm^ in capacity was made of poly- 
tetrafluoroethylen (PTFE) resin as shown in Fig. 2. The rods of some

2metals with the surface area od 0.07 cm and their plates with the sur- 
2face area of 1 cm (W) were used as the anode for determination of polar

ization curves by the cyclic voltammetry and the anodic dissolution by 
the potentiostatic and galvanostatic methods, respectively. The platinum 
wire (R) was used as the reference electrode and the plate nickel with a 
large surface area (C) as the cathode. The cell was put in the glove box 
in order to eliminate the moisture as shown in Fig. 3 and the cell tem
perature was kept at 50 °C.

The electrolyte was pre-electrolyzed at a low current density for 
the duration of 7 ̂ 10 days, and then the anodic polarization curves and 
the anodic dissolution of some metals were determined by a few kinds of 
electrochemical methods.

482



RESULTS AND DISCUSSION

The cyclic voltammogram on copper in the molten CsF*2.7HF was shown 
in Fig. 4. An anodic polarization curve in the first run had a current 
peak due to the anodic dissolution of Cu at about 0 V vs. Pt and then a 
small current flowed at the potentials over this peak because of the 
passivation of electrode. Fig. 5 showed the cyclic voltammogram on iron 
in the first run in the same melt, and it seemed to be similar to that on 
Cu. After the second run, no current at about G V was observed in the 
case of Fe electrode, but a current peak at 0 V was again observed in the 
case of Cu electrode. So, these metals are unfavorable for the anode 
material in the electrolytic process in the molten fluoride.

Fig. 6 showed the cyclic voltammogram on nickel in the molten CsF* 
2.7HF. An anodic current peak at about -0.5 V in the first run was also 
observed and it disappeared on the cyclic voltammograms after the second 
run. At the potential range between 0 and 4 V, the current density was 
very small and this seemed to mean that the nickel anode would be coated 
with the oxide and/or fluoride films. At the potentials over 4 V, the 
anodic current flowed again, and it increased with increasing the poten
tial. Furthermore, the anodic current at the potentials over 4 V in
creased with increasing the number of cyclic scanning and this seemed to 
mean that the roughness factor of anode surface would increase with the 
course of time. Therefore, it is concluded that a small amount of nickel 
and/or fluoride film on the anode would be also dissolved in this melt.

The weigh losses of metal anodes during the potentiostatic electro
lysis at 5.5 V and 50 °C in the molten CsF*2.7HF were given in Table 1.
In the cases of Cu and Fe electrodes, the current density was very small, 
and all amount of passing electricity was due to the anodic dissolution 
of metal electrode. In the case of palladium electrode, the current 
density was higher and the ratio of the anodic dissolution of Pd to total 
amount of passing electricity during electrolysis (Q&/Q ) was 9.7 %. In
the case of Ni electrode, the current density was very high and the ratio 
of the anodic dissolution of Ni to total amount of passing electricity 
(Q /Qt) was only 1.6 % or 3.2 % in the calculation from the electron
number in the discharge of 2 or 4, respectively. Hence, it is concluded 
that Ni is also the most favorable material for the anode in the molten 
CsF-HF system.

Fig. 7 showed the effect of the current density on the ratio of the 
anodic dissolution of Ni to total amount of passing electricity during
the galvanostatic electrolysis (Q /Q ) at the current density range -2 a tbetween 0.1 and 1 A*cm in the molten CsF*2.5HF. The ratio of Q /(I wasa t
independent of the current density, and its value was about 1.3 %. Figs. 
8 and 9 showed the effects of the composition of melt and the temperature
on the ratio of Q /Q during the galvanostatic electrolysis at 500 mA*

-2 a tcm . The ratio of Q^/Q^ increased with increasing both the content of
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HF in the melt and the temperature, and however, the value was under 2.5 
% at 100 °C in the molten CsF-2.5HF.

Fig. 10 showed the chronopotentiograms on nickel at 50 °C in the
-2molten CsF*2.5HF. At the current density of 2 mA*cm (Curve 1), the 

anode potential stayed at about 0 V vs. and increased suddenly after
8.5 hours to reach the value of 6 V. And it decreased gradually through 
the maximum value of anode potential and then reached the value of about

-25 V. At the current density of 5 mA*cm (Curve 2), the anode potential
-2change as a function of time was similar to that at 2 mA*cm , but the 

acute increase of anode potential occurred after electrolysis for the 
much shorter time. These chronopotentiograms could be analyzed as 
follows. At about 0 V vs. , the nickel anode was dissolved and the
concentration of dissolved nickel near the anode increased with the 
course of time. When the concentration of dissolved nickel reached the 
solubility, nickel oxide was at first deposited on the anode, and then 
nickel fluoride as well as nickel oxide was deposited on the anode, so 
that the anode potential increased suddenly. After electrolysis for 8.5 
hours in the curve 1, the anode potential decreased gradually from 6 V to 
5 V according to the exchange of nickel oxide for nickel fluoride, 
because of the lower resistivity of nickel fluoride than that of nickel 
oxide. At the potentials over 4 V, fluorine would also evolve on the 
nickel anode covered with nickel fluoride containing a small amount of 
nickel oxide and the anodic dissolution of Ni would occur through this 
film.

On the basis of our results, the mechanism on the anodic dissolution 
of Ni was proposed as follows:

.2+Ni ---- -► Ni + 2e [1]
Ni2+ + H20 NiO + 2H+ [2]
.2+Ni + 2HF = NiF2 + 2H+ [3]
. 2+Ni + 2F = NiF2 [3']

+HF = H + F [4]
2+ —■NiF2 + nH20 = [Ni(H20)n] + 2F [5]

.2+ + —Ni + nH20 -----► NiOn + 2nH + 2 (n - l)e [6]
(1 < n ^ 2)

NiO + 4F~ -----► NiF4 + 1/2 02 + 4e~ [7]

NiOn + 4F~ -----► NiF^ + n/2 C>2 + 4e [8]

2F~ ------ F2 + 26 [9]
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NiF2 + 2F [ 10 ]

or

NiF2 + 4F

NiF + 2HF 4
NiF . + 2F~ 4

NiF + 4 2e
2-NiF6 + 2e“

. 2- +NiF6 + 2H
2-NiF6

[11]

[12]

[ 12 ' ]

Fig. 11 showed the current efficiency of hydrogen evolved on the 
cathode. The current efficiency decreased with the course of time and 
reached the value of about 90 %. This fact indicated that any species 

+ 2+ 2-except hydrogen ion (H )- e.g ./ Ni or NiF^ , would be discharged on 
the cathode.
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Fig. 2 Electrolytic cell 
for determination of 
polarization curve and 
anodic dissolution.
W: Working electrode,
C: Counter electrode,
R: Reference electrode, 
S: Skirt,
T: Thermometer.
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Fig. 3 Experimental apparatus 
C: Cell
M: Mantle heater 
G: Glove box
F.G.: Function generator 
R: Recorder 
D: desicator

T: Thermoregulator 
B: N2 bomb 
S: Sampler
P.G.: Potentio-Galvanostat 
A1: HF absorber (NaF pellets)
A.: HF absorber (NaF pellets and alumina)

Potential / V vs. Pt

Fig. 4 Anodic polarization curve on copper electrode at 50 °C in the 
molten CsF*2.7HF by the cyclic voltammetry with sweep rate of
200 mV*s 1 (1st run).
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Fig. 5 Anodic polarization curve on iron electrode at 50 °C in the
molten CsF*2.7HF by the cyclic voltammetry with sweep rate of
200 mV-s 1 (1st run).

Potential / V vs. Pt

Fig. 6 Anodic polarization curve on nickel electrode at 50 °C in the 
molten CsF-2.7HF by the cyclic voltammetry with sweep rate of
200 mV-s 1 (1st run).
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Table 1 Ratio of quantity of electricity dissipated by anodic 
dissolution of various metal electrodes to total 
quantity of electricity (Qa/Qt> in electrolysis at
5.5 V vs. Pt and 50 °C in the molten CsF*2.7HF.

Anode
material

Current density 
-2(mA*cm )

Electron number 
of discharge / n

Total quantity of 
electricity / C V 2t

(%>
Copper 2.5 2 108 97
Iron 2.7 2 37 110
Palladium 75.0 2 384 9.7
Nickel 1400.0 2 5420 1.6
Nickel 1400.0 4 5420 3.2

Heading; Q /Q : Ratio of quantity of electricity 
dissipated by anodic dissolution 
of electrodes to total quantity 
of electricity.

Fig. 7 Effect of current density on ratio of anodic dissolution of 
nickel to total quantity of electricity (Q /Q ) in electro
lysis at 50 °C in the molten CsF*2.5HF;

-2Total quantity of electricity = 5000 C«cm
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Fig. 8 Effect of composition of melt on ratio of anodic dissolution of
nickel to total quantity of electricity (Q /Q ) in electrolysis 2 9 t
at 500 mA-cm and 50 °C.

Fig. 9 Effect of temperature on ratio of anodic dissolution of nickel
to total quantity of electricity (Q /Q ) in electrolysis at

-2 a 500 mA'cm in the molten CsF*2.5HF;
- 2Total quantity of electricity = 5000 C»cm
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Fig. 10 Chronopotentiograms on nickel electrode during galvanostatic
electrolysis at various current densities and 50 °C in the
molten CsF•2.5HF;

- 2 - 2  1 ; 2 mA'Crn , 2 ; 5 mA*cm 1 2

Time / h

Fig.11 Change of current efficiency of hydrogen evolution on copper
-2cathode during electrolysis at 100 mA*cm and 50 °C in the 

molten CsF*2.6HF as a function of time;
1 ; Obtained line,
2 ; Corrected line for the maximum value as 100 %.

491



ELECTROCHEMICAL BEHAVIOR OF NICKEL 
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E.N.S.C.P., 11 rue Pierre et Marie Curie 
75231 Paris Cedex 05 - France

ABSTRACT

The electrochemical process of fluorine 
electrowinning may be improved in replacing the usual 
carbon anode which generally limits the cell life-time 
with a nickel anode. Therefore, we have investigated the 
electrochemical behavior of nickel in the 2HF-KF 
mixture at 80°C, using cyclic voltammetry and 
a.c.impedance measurements. A four step reaction 
pathway involving two adsorbed species has been 
proposed to account the experimental data, and its 
consistency was checked by a computerized simulation 
procedure taking into account the electrical properties 
of the corrosion layer formed.

INTRODUCTION

Industrial-scale fluorine electrowinning is nowadays performed from 
2HF-KF mixture at 80°C. The current trends are to improve the 
electrochemical process in replacing the carbon anode which is responsible 
for an important anodic overpotential, and also, due to its fragility, to a 
severe limitation of the cell life-time. Knowing that before each electrolysis 
run with carbon anode, the electrolyte is electrochemically dehydrated 
using a nickel anode, it would be attractive to use also metallic nickel anode 
for the electro winning of fluorine. In fact, nickel and platinum seem to be 
the only metals that can be used for this purpose! h 3!.

Therefore, we have investigated the electrochemical behavior of nickel 
in a strictly fundamental point of view. A preliminary thermodynamic 
study!3! has shown that nickel oxide NiO can only be formed for very high 
and unrealistic water concentrations. So we have further only considered
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the nickel fluoride formation, because the water content of our mixture is 
about 50 ppm.

TECHNICAL

The lab-scale electrolysis cell and the experimental procedure have 
already been described in detail elsewhere!4!. The working and the counter 
electrodes were respectively a pure nickel wire supplied by Johnson 
Matthey (0=1 mm) and a carbon rod (0=3mm) from Carbone Lorraine 
(carbon for spectrography 205). The reference electrode was constituted by 
a copper rod (Weber, 0=3mm) electrochemically coated by CuF2.

Voltammetric experiments were performed with a EG&G PAR Model 
176 potentiostat-galvanostat connected to an Apple II microcomputer via a 
Model 273 interface. Chronoamperograms and impedance spectra were 
obtained using a Tacussel Z Computer System coupled to a Hewlett-Packard 
9826A microcomputer. For a.c. impedance measurements, frequency 
ranged from 10^ Hz to 10_2 Hz and the sinewave amplitude was 10 mV. The 
acquired experimental data were analysed (simulation curves) using a HP 
9000 'series 300' microcomputer.

VOLTAMMETRIC STUDY :
REACTION STEPS OF THE OXIDATION OF NICKEL

ExR(grim£n |al remits,

Steady-state voltammetry at a nickel electrode.
Fig. lb shows a typical sampled-current voltammogram obtained from 

chronoamperograms (Fig.la) with a sample time of 20 mn. We observe that 
anodic current density increases from - 0.150 V to 0.057 V to reach a 
maximum value close to 0.26 mA.cm’2, and then deeply decreases for 
reaching a constant value of 0.039 mA.cm-2 from 0.4 V. The shape of this 
steady state voltammogram can be explained by considering that two main 
electrochemical reaction steps occur!**] as it was further confirmed by the 
Linear Sweep Voltammetry ( L.S.V.) study. The limiting current density 
observed for potential values higher than 0.4 V is due to either a desorption 
or solubilization process of an adsorbed high oxidation state species of 
nickel. This is consistent whatever the nature (adsorbed or soluble) of the
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intermediate nickel species formed. In order to clarify the reaction 
mechanism, a L.S.V. study was undertaken.

Linear Sweep Voltammetry study at low sweep rates.
The shape of the cyclic voltammograms depends on the sweep rate (Fig. 

2 and 3). For values lower than 0.1 V.s’ l , we can observe during the 
forward scans two oxidation current density peaks respectively at about 0 V 
and 0.2 V. They are followed by a fairly constant low curent density value. 
During the reverse scan, one oxidation peak of lower current density is 
only observed.

Forward scans. The two oxidation peaks observed in the forward scans 
can be attributed to two electrochemical subsequent reaction steps. This 
confirms the steady state voltammetry results. The sharp decrease of the 
current density after the first oxidation peak for 0.005 V.s’ l (Fig. 2a) 
clearly evidences the blockage of the nickel electroactive sites, which 
suggests the formation of an adsorbed species of nickel in the first 
electrochemical step. Moreover, this intermediate species has to be 
electrical conductive because a second oxidation peak is observed. 
Similarly, this latter corresponds to the formation of an adsorbed species of 
nickel of higher oxidation state, the desorption of which is responsible for 
the low limiting current observed at potential values higher than 0.4 V.

Reverse scans. The value of the oxidation current density relative to the 
oxidation peak observed in the reverse scans, decreases with an increase of 
the sweep rate (Fig. 2). This peak is observed in the potential range for 
which there is no oxidation of the intermediate species. In fact, this peak 
corresponds to the oxidation of metallic nickel, which requires regenerating 
of electroactive sites by desorption of the intermediate and the ultimate 
species. So, this peak can only be exist for low sweep rates in order to allow 
the electroactive sites to be regenerated. This peak does not appear for 
sweep rates higher than 0.1V.s~l (Fig. 3). In fact for high sweep rate 
values, the reverse oxidation peak cannot be observed because the 
desorption of this species is impossible during the scan-time. Moreover, the 
desorption rate of the intermediate species of nickel must be higher than the 
one of the ultimate oxidized species of nickel. In fact, otherwise a 
decreasing current density would be expected for potential values for which 
the second electrochemical oxidation reaction does not occur[3].
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Linear Sweep Voltammetry study at high sweep rates.
For very high values of the sweep rate, the shape of the voltammograms 

is quite different (Fig. 3). Only one oxidation peak is observed and there is 
no current flow during the reverse scan. This type of voltammogram was 
first studied by Calandra et alt5! which explained the shape observed by the 
formation of an insulating layer. They proposed a pure resistive model to 
analyze this type of curve. This model was further extensively used and 
improved especially by Devilliers et alt6] for accounting their experimental 
results relative to the oxidation of carbon in HF-KF melts, and by 
Lamiraultt7! in her study on the electrochemical properties of copper in the 
2HF-KF mixture. The obtention of this type of voltammogram proves the 
insulating character of the ultimate species of nickel electrochemically 
formed.

BifiCttssiQJL
Proposal of a reaction pathway.

This electrochemical behavior of nickel can be explained by considering 
the following reaction mechanism :

- oxidation of metallic Ni into an adsorbed nickel species :
Ni - ni e- = Ni(Ni)ads

- desorption (or solubilizing) of Ni(Nl)ads :
Ni(Nl)ads = Ni(Nl)

- oxidation of adsorbed Ni(Ni) into adsorbed Ni(N2):
Ni(Ni)ads - (n2 - n i) e" = Ni(N2)ads

- desorption (or solubilizing) of Ni(N2)ads :
Ni(N2)ads = Ni(N2)

N i(N i)ads beeing an electrical conductive species and Ni(N2)ads an 
insulated species.

In anhydrous HF and HF-NaF mixtures!2*8-11] oxidation of metallic 
nickel seems to lead to the formation of NiF2, analysed by Hackerman et 
alt8]. This compound is an electrical conductorf12*13!. On contrast, in 
potassium fluoride containing media, the analysis of the compound formed 
during electrochemical oxidation of nickel is K2NiF6t14] which is an 
insulating compound. Based on these literature data, we can assume that 
n i = n2 = 2, i.e. the formation of Ni(II) (probably NiF2) and Ni(IV) 
(probably K2NiF6).
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Kinetic constants (regression analysis of the steady state 
j-E curve).

The simplest mechanism corresponds to the oxidation of Ni into Ni(II) 
and subsequently into Ni(IV) coupled with the desorptions of this two 
species. The four kinetic steps may then be written as follows :

Ni, s
kbi
<=> Ni(II), s + 2e-

(1- 01 - 0a) kfi F0i

Ni(II), s
kb2

Ni(IV), s + 2e-
F01 kf2 re2

Ni(II), s
Ki
-> Ni(II) + s

F0i Ci ra -e j-e ,)

Ni(IV), s
k2
-» Ni(IV) + s

re2 c2 rd-ex-ez)

where Cl and C2 are respectively the electrode concentrations of Ni(II) and 
Ni(IV) ,kbl, kb2, kfi and kf2 are the forward and reverse rate constants for 
the two electrochemical steps; they are connected to the intrinsic rate 
constants k°l and k°2 by:

kbl= k° i exP 

kfi = k° i exp

(1- a 2) nF 
k RT
- OCinF

( E - E°!)

RT
( E - E°!)

( 1 )

(2)
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(1-oc^nF -o^ n F  ( l -a ^ n F  - a 2nF

where a i and a2 are the charge transfer coefficients, E°i and E°2 the 
standard potentials, respectively for the two electrochemical reactions, and 
E the applied potential.

T is the electroactive site number and 0 i? 02  are the fractional coverage of 
the electrode surface by Ni(II)ads and Ni(IV)ads respectively.

Because of the very large number of parameters involved (nine) to be 
determined, we have preferred instead of a direct simulation , to use a 
simplest and more systematic procedure for obtaining estimates of constants 
under consideration.

It was demonstrated elsewheret ]̂ that the steady state j-E curve may be 
approximated by the following expressions :

applying respectively to the increasing-current part, the decreasing-current 
part and to the constant-current part of the curve, when neglecting the 
reverse electrochemical reactions.

j = n F S T kbi 
j = nFSTKi K2/ kb2 
j = 2 n F S K2

(5)
(6) 
(7)
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Defining k*i and k*2 as:

*
kj =  k ^ e x p

/ ( l - c t ^ n F
RT

*
k2= k°2exp

(1 - a ^ n F  

RT

\

/
(8)

( - e °2 ) (9)

and from (1) we can write :

* / ( l - a t ) n F  
j = n F S T k 1 exp —  ̂ E

or

j = A exp (BE)

By fitting the first part of the experimental curve, we have found for A and 
B the values 2.12.10’4 and 15.44 which led for Tk*i and a i  to the 
following values:

Tk*i = (1.10 ± 0.05 ).10-9 s^.mol.cnr2. 
and

a i = 0.765 ± 0.001

In a similar manner, fitting the last part of the curve by applying (7) 
gives:

TK2 = (10.0. ± 0.2).10-H s-l.mol.cm~2.

and, the second part of the curve by applying (6) allows us to obtain the 
ratio Ki/k*2 = (77 ± 2 ) and 0C2 = 0.720 ± 0.01

Using these kinetic parameters, the steady state j-E curve was simulated 
(Fig. 4) . We can observe a good fitting of the experimental data with the 
calculated curve, confirming the consistency of both the mechanism and the 
method used for obtaining the various parameters.
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A.C. IMPEDANCE SPECTROSCOPY

Experimental data.

Impedance spectra were then performed in the three potential areas 
previously defined. For potential values ranging from -0.150 to 0.057 V the 
j-E curve exponentially increases and the impedance spectra show one or 
several capacitive loops (Fig.5a). When potentials ranged from 0.057 to
0.2 V (decreasing part of the j-E curve) the impedance spectra show a 
negative polarisation resistance (Fig.5b), and for potentials higher than 0.2 
V (constant current density part) the spectra are characterized by a 
capacitive loop followed by a vertical line which corresponds to an infinite 
value of the polarisation resistance (Fig.5c).

In order to make easier the interpretation of the impedance spectra, we 
have considered the equivalent electrical circuit given in Fig.6 which takes 
into account the electrical properties of the Ni-layer (capacitance Cc and 
resistance Rc) as usually consideredt15-17!, the faradaic impedance Zf and 
the double layer capacitance Cd as well as the electrolyte resistance Re.

Electrical properties.of the, NiJay^nJoxmsdt

Analysis of impedance spectra at high frequencies :
Ni-lay.er capacitance Cc.

The overall impedance Z corresponding to the considered equivalent 
electrical circuit is given by:

Z = Re + Z,\ + Z2

Z = R  + + ^
1 + jcoCJRc 1 + jcoĈ Zf

When the angular velocity co -> <*>, it is easy to demonstrate that the 
opposite of the imaginary part Zi of the impedance is practically equal to 
1/co.Cc when Cd is higher than Cc which has been verified a posteriori. In 
that case, the high frequency response has to be attributed only to the 
Ni-layer capacitance. A plot of -Zi vs. 1/co for the experimental data 
obtained at high frequencies leads to a straight line the slope of which (equal 
to 1/Cc) giving the Ni-layer capacitance. Such plots obtained as a function of
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potential are given in Fig.7. The values so derived for the Ni-layer 
capacitance were the reported in Fig.8a vs. the applied potential. We can 
notice a sharp decrease of the capacitance value when potential becomes 
higher than 0.1 V. From the potential dependence of the fractional 
coverages 0i and 02 giving by the following expressions^]:

0 k blK 2_____________
1 K2(Kj + kb2 + kbl) + kblkb2

0 = ____________ k b i k b2______________
2 K2(Kj + kb2 + kbl) + kbl kb2

(— 9 , - e j -  , K *<K ' + kf>____
K2(Kl + kb2 + kbl) + kblkb2

we can notice (Fig.9b) that the nickel electrode is covered both by NiF2 (0i) 
and K2NiF6 (02) for potential values ranging from -0.30 V to 0.15 V. On 
the contrary, when the applied potential is higher than 0.15 V, the fractional 
coverage 02of K2NiF6 tends to unity and the average value observed 
(5.3.10-6 F .cm -2) may be attributed to the K2NiF6 layer. The average 
capacitance value obtained for potentials lower than 0.15 V is higher 
(2.4.10-5 F.cm -2) and by comparing with the Fig.8b, we can deduce that the 
capacitance of the NiF2 compound is likely higher than that of K2NiF6.

Simulation of the experimental overall impedance :
Ni-layer resistance Rc and double layer capacitance.

The electrolyte resistance was determined by regression analysis of 
experimental data acquired at high frequencies. The value obtained is 
3.85 Q.cm2. The calculated faradaic impedance is given by P ]:
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1 1 1 0 0

0 -1 0 a b
0 0 -1 c 0
0 1/nFT - 1/nFT e
0 0 1/nFT 0 f

0 1 1 0 0
1/Rti -1 0 a b
1/R q 0 -1 c 0
0 1/nFT -1 /n F T e
0 0 1/nFT 0 f

with:

n i r j b b j k ^ i - e i - e ^ )

nFr(bb2kb20i)

a = - n F T kbi 
b = - n FTkbi 
c = n FTkb2 
ê = -(ico + K i ) 
f = - ( ico + K2 )

The expression of Zf is then function of T, k*i, k*2, Ki, K2 , a i, <X2, and 
E. We have noticed that the faradaic impedance value depends on all the 
preceeding parameters itselves excepted for Ki and k*2 which intervene 
only by their ratio Ki/k*2. Besides, as the quantities Fk*i, FK2 , Ki/k*2, a i
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and (X2 are known (see above), only T  remains to be varied for fitting the 
faradaic impedance.

For simulating the overall impedance we need also to know the values of 
the double layer capacitance Cd and the Ni-layer resistance Rc ( the Ni-layer 
capacitance Cc and the electrolyte resistance Re are known). Therefore, we 
have considered the three unknown parameters T, Cd and Rc as variables 
and determined their values leading to the best fitting of the experimental 
impedance spectra as a function of the applied potential E. This was 
obtained for the values reported in Table 1.

The resulting simulated spectra are represented Fig.9 to 11 and 
compared with the experimental data. Thus, we see that the simple 
mechanism we envisaged accounts pretty well for all our experiments 
performed at various potentials proving the consistency of the proposed 
model.

CONCLUSION

The electrochemical behaviour of nickel in the 2HF-KF mixture at 80°C 
may be described by a simple four step mechanism involving two adsorbed 
species and two desorption steps. Values of kinetic constants and electrical 
parameters have been determined by analysing both the steady state 
voltammogram and impedance spectra. Works are in progress to use these 
values for simulating the experimental cyclic voltammograms.
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Table 1 : Values of Cd and Rc derived from the simulation of 
experimental impedance spectra.

E ( V ) C d  ( F /  c m 2) R c  ( £ 1  c m 2 )

-0.25 2.9. 10-f 1350

-0.15 2.6. 10-4 1800

-0.1 1.3. 10-4 720

0.1 3 . 1(H 160

0.12 1.25. 10-4 250

0.14 7.10-5 700

0.5 4. 10-3 3100

0.8 3.7. 10-3 3600
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Fig.l : a) Typical chronoamperograms obtained on a nickel electrbde
in the 2HF-KF mixture at 80°C. (curve A : E = -0.250 V; curve 
B : E = -0.100 V; curve C : E = 0.020 V) 
b) Sampled-current voltammogram derived from 
chronoamperograms represented Fig.la, with a sample time of 
20 mn.
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Fig.2 : Linear sweep voltammograms obtained on a nickel electrode in
the 2HF-KF mixture at 80°C with various voltage sweep rates : 
a = 0.005 V.s‘l, b = 0.02 V.s-l, c = 0.05 V.s-1.
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Fig.3 : Linear sweep voltammograms obtained on a nickel electrode in
the 2HF-KF mixture at 80°C with various voltage sweep rates:
1 = 0.4 V.s - l ,  2 = 0.8 V .s '1, 3 = 1 V.s-l ,
4 = 4V.s-i , 5 = 6.5 V.s*1.
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Fig.4 : Steady state j-E curve of Ni electrochemical oxidation in
the 2HF-KF mixture at 80°C :

• : experimental data.
—  : simulated curve (see text).
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Fig.5 : A.C.Impedance spectroscopy in the 2HF-KF mixture at 80°C :
Nyquist plots obtained with a working Ni electrode at various 
applied potentials.
1st frequency : 105 Hz, Q * 10Hz, <> : 1Hz,
A : 0.1 Hz ; last frequency: 0.01 Hz.
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Fig.6 : Equivalent electrical circuit.

q
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Fig.7 : Determination of the Ni-layer capacitance. Plots of -Zi vs. 1/co
for high frequency data obtained at various applied potentials 
(S = 1 cm2).
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a) Plot of the Ni-layer capacitance vs. applied potential.
b) Potential dependence of the fractional coverages 0i and 02.
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Fig.9 : Impedance spectrum obtained on a nickel electrode in
the 2HF-KF mixture at 80°C ( applied potential: -0.1 V) 

• : experimental data.
— : simulated curve.
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Fig. 10 : Impedance spectrum obtained on a nickel electrode in 
the 2HF-KF mixture at 80°C ( applied potential: 0.1 V) 

• : experimental data.
— : simulated curve.
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F ig .ll : Impedance spectrum obtained on a nickel electrode in 
the 2HF-KF mixture at 80°C ( applied potential: 0.5 V) 

• : experimental data.
— : simulated curve.
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ABSTRACT
The polarization curve of iron (v = 1 mV s”-1-) in 
molten Ca(NC>3 ) 2 *4 H20 at 80°C showed two peaks of 
activation on a motionless electrode and only one 
peak on a rotating electrode ; in the two cases, 
this behaviour is characteristic of multiple steady 
states. If on a rotating electrode that is due to 
ohmic drop, in the case of a motionless electrode, 
it is the simultaneous effect of ohmic drop and of 
an electrochemical reduction reaction which is 
responsible for this multivocal behavior.
From electrochemical impedance measurements 
associated to electrochemical tests, it is possible 
to propose a mechanism for iron passivation in 
molten tetrahydrate calcium nitrate at 80°C.

I INTRODUCTION
Multiple steady states behavior was observed for example 
with iron in nitric acid (1,2,3) and in sulphuric acid 
(2,4,5,6 ), with tin and zinc in basic solutions (7,8,9,10), 
with gold in KC1 1M, H2 S0 4 0,25 M (12), with cobalt in
sulphuric acid (13) and with titanium in fluorhydric 
solutions (14).
In molten salt, this kind of behavior was observed in molten 
cryolite with graphite polarized anodically (15,16,17).

II EXPERIMENTAL APPARATUS AND TECHNIQUES
The glass electrochemical cell had a water-jacket for 
circulation of hot water to maintain the temperature at
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80°C. The counter electrode was a gold plate (5 cm^) . Two 
types of iron working electrode (J.M.C. quality) were used : 
a rotating electrode (0 , 2  cm^) and a motionless electrode ( 1  
cm^). All potentials are reported to Ag/Ag+ reference 
electrode (18). The impedance measurements were carried out 
from lO4 Hz to 1 0 ” 2 Hz by a Solartron Schlumberger apparatus 
interface 1186 and analyzer 1250. The polarization curves 
were obtained by the interface 1186 and a signal generator 
(G.S.T.P. Tacussel).

Ill THE IRON BEHAVIOUR UNDER POLARIZATION
111.1 Motionless electrode

The polarization curve (fig. la) was plotted in 
quasi-stationary conditions (v = 1 mV s”-*-) ; it showed two
activation peaks. The transition between the first and the 
second peak occured suddenly at a potential E = - 0,40 V. It 
was shown that a gas evoluted at the electrode. During the 
backward scanning, the polarization curve did not exhibit 
any reactivation phenomenon.
When the polarization curve (fig. lb) of the same electrode 
in the same conditions was obtained with an internal 
negative resistance regulator, the transition between the 
two activation peaks occurred continuously exhibiting a 
multiple steady states behaviour.
After the polarization test, the observation of the 
electrode surface using a scanning electronic microscope 
(JEOL 540) showed the existence of oxidized grains and 
non-oxidized grains (fig. 2 ) .

111.2 Rotating electrode
The polarization curve (v = 1 mV s“l (fig. 3a) of a rotating 
electrode (CO = 2000 rpm) showed only one activation peak. 
The transition from the activation to the passivation domain 
yet occurred suddenly. The polarization curve (fig. 3b) 
plotted with an internal negative resistance regulator 
showed that the transition between the two states occured 
continuously. Then, even in the case of a rotating 
electrode, the polarisation curve is under a multiple steady 
states control. During the backward scanning potential, the 
polarisation curve did not exhibit a reactivation 
phenomenon. This was probably due to a change in the 
structure of the oxide layer. After the polarization test, 
the electrode surface was black and bright.
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The observation in the scanning electronic microscope of a 
passivated iron electrode did not indicate the presence of a 
passivation layer. So the thickness of this layer is lower 
than the microscope detection limit (about 1 Jllm.) . The 
surface analysis of the same electrode by XPS (fig. 4) 
showed the presence of iron, oxygen and calcium even after a 
300 A thick by ionic bombardment erosion. So, the 
passivation layer was a mixed oxide of iron and calcium, its 
thickness was between 300 A and 1 |lm.

III.3 Surface observation and analysis

IV IMPEDANCE MEASUREMENTS
The electrochemical diagrams (fig. 5) plotted under linear 
conditions (alternative signal 10 mV) at different 
potentials on the polarization curve showed a high frequency 
capacitive loop, a medium frequency inductive loop and a low 
frequency capacitive loop. The size of the inductive loop 
decreased when the potential increased. In A and B domain of 
the polarization curve, the impedance diagrams were not 
reproductible because of the instability of experimental 
conditions.

V. DISCUSSION
The multiple steady state can be caused by (9,19) :
- the ohmic drop
- the diffusion in solution phenomenon
-an autocatalytic or a supplementary electrochemical 
reaction
The "Z" form of polarization curve was obtained both on a 
motionless or a rotating electrode. In the case of rotating 
electrode, the rotation speed did not involve a significant 
modification on the polarisation curve shape ; so the 
diffusion phenomenon is not responsible for the observed 
behavior.

V.l. Electrolyte resistance measurement
The iron current dissolution in molten calcium nitrate 
tetrahydrate was more important with a rotating than with a 
motionless electrode ; so the ohmic drop could be more 
important and it was necessary to measure this term to 
correct the polarization curve.
The resistance of the electrolyte between the reference 
electrode and the working electrode was determined by
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impedance measurements. The extrapolation to high 
frequencies of the impedance diagrams gave the value Re = 4 
£2. cm^ 80°C.

V.2. Phenomenon responsible for the multiple steady- 
states behavior

In the case of a rotating electrode, after ohmic drop 
correction (Ecorr = Eexp - Re x I), the polarization curve 
did not show the multiple steady states behavior (fig. 6). 
The "Z" form was then assigned to ohmic drop.
In the case of a motionless electrode for which the ohmic 
drop is less important (lower current density) , the 
corrected polarization curve remained multivocal (fig. 7). 
The gas evolution at the electrode indicated that multiple 
steady states must be attributed to the simultaneous effect 
of the ohmic drop and of an electrochemical reduction 
reaction which led to the gas evolution.

V.3. Identification of the gas formed
On a rotating platinum electrode, the addition of H+ ions 
(as HC1 or HNO3 ) in the melt gave a reduction wave at - 0,35 
V (fig. 8b) which did not exist in the pure melt (fig. 8a). 
The reduction limiting current was proportional to H+ 
concentration. This reduction wave could not be attributed 
to H2 evolution which appeared at a potential more cathodic 
(20) . So the electrochemical reaction involves the 
intervention of NO3 ” species. The study by cyclic 
voltamperometry with convolutional analysis and by impedance 
measurement showed that the reduction wave corresponded to 
an electrochemical reaction with one exchanged electron 
according to :

N03“ + 2 H+ + le” ====> NO2 + H20 -1-

For this reaction to occur on iron in the pure melt, H+ ions 
had to be in a sufficient quantity near the electrode ; they 
are produced by iron oxidation according to

Fe + XH2 O ====> Fe(OH)x + xH+ + xe- -2-

As the molten salt at 80°C is viscous (16 cp), the H+ ions 
formed remain near the electrode to react according to 
reaction -1 -.

/For impedance measurements, if the high frequencies 
capacitive loop is assimulated to a parallel R-C circuit,
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the deduced Cjjf value was higher than the normal value of 
double layer capacitance in molten salts ; Chf varied 
linearly and Rfjp varied exponentially with electrode 
potential (fig. 9) . The product RHp*i = 50 mV was 

( independent from the set-on potential if E < - 0,25 V ; so 
RHF can be simulated to a charge transfer resistance and
the constant product Rh .F. * i = R*T/(aJ}sn*F) at 80°C gave an
(X*n value equal to 0.66.

In the case of a rotating electrode, the Tafel 
representation E = f(log i) of the polarization curve 
corrected for ohmic drop showed a linear portion in the 
activation domain with a slope equal to 47 mV (fig. 10).
The low frequencies capacitive phenomenon corresponds to the 
limiting step in the passivation process. The Rgp resistance 
associated to this loop and the product Rgp *i increased 
linearly with the potential. The slope of the straight line 
Rgp *i = f(E) was equal to 0.7, value near the unity. This 
phenomenon should be attributed to the conduction and the 
growth of semi-conducting passive layer (21).
The medium frequencies inductive loop and the lower 
frequencies capacitive loop was associated in literature to 
different phenomena; in particular they were attributed to 
the oxide layer properties of valve metals (22). It was also 
showed that it is necessery to have at least two different 
adsorbed species in a reaction mechanism for having an 
inductive loop with double point (23) . We have then 
introduced the adsorbed species Fe(OH) and Fe(OH)2 in the 
following mechanism

Fe + H20 ====> Fe(OH)ads + H+ + le“

Fe(OH)ads + H2° <====> (Fe(OH)2)ads + H+ + le“

Fe(OH)ads ====> Fe(OH)+ + le"

The numerical simulation of this mechanism behavior allowed 
us to determine the characteristic kinetic constants which 
gave us a general description of experimental results (24) .

SUMMARY
The polarization curve of iron showed a multiple steady
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states behavior in molten Ca(NC>3)2 *4 H2O at 80°C. In the 
case of rotating electrode, ohmic drop is essentially 
responsible for this kind of behavior. On the other hand for 
a motionless electrode, the multivocal behavior was 
attributed to a simultaneous effect of ohmic drop and a 
supplementary reduction reaction which lead to NO2 gas 
evolution.
The reduction reaction was :

H+ + NO3- + le" ====> n o2 + H20

H+ ions were produced during iron oxidation as follows :
Fe + xH20 ====> Fe(OH)x + xe' + xH+

The impedance measurements allowed us to propose the 
following dissolution passivation mechanism :

Fe + H20 ====> Fe(OH)ads + H+ +le“

Fe(OH)ads + H 20 <====> (Fe(OH)2)ads + H+ + le“

Fe(OH)ads + H20 ====> Fe(OH)+ + le-

The numerical simulation of the mechanism behavior allowed 
us to determine the caracteristic kinetic constants which 
gave a general description of experimental results.
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Figure 3. Polarization curve of 
rotating iron electrode 
(v = 1 mV s”1, w = 2000 rpm). 
a: without internal negative resi
stance regulation, b: with internal 
negative resistance regulation.

Figure 4. XPS analysis of oxide layer, a: not oxidized iron, b: 
oxidized iron in the melt.
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Figure 5. Impedance measurements at different potentials of iron 
rotating electrode (w = 2000 rpm). a: S = -0.55 V. b: E = -0.5 V. c: 
E = -0.4 V. d: E = -0.35 V. e: E = -0.25 V. f: E = -0.15 V. g: E = 
0.1 V. logarithmic parameter frequencies.
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Figure 6. Polarization curve 
of iron in the melt, a: motidnless 
electrode, b: rotating electrode.
(------) as recorded. (--) with
ohmic drop correction.
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Figure 7. Polarization curve of platinum rotating 
electrode (v = 100 mV.s“l, w = 2000 rpm) . 
a: in pur2 melt, b: in melt with HNO3,.
[HNO3] = 1.06.10-2 M
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Figure 8 . Evolution of Rhf an<b Chf with potential.

Figure 9. Tafel plot of 
iron electrode polarization 
curve (w = 2000 rpm).
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ELECTRODEPOSITION OF YTTRIUM  
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ABSTRACT

In this paper, the electrochemical reduction o f Y(III) on Mo elec
trode in LiCl-KCl eutectic in the temperature range of 723—803K has 
been studied by using cyclic voltammetry and chronoamperometry. The 
results show that the electroreduction of Y(III) on Mo electrode is a dif
fusion controlled and very close to reversible process. The reaction equa
tion is Y(III)+3e = Y, and the initial stage of deposition involves instan
taneous three dimensional nucleation, followed by the growth of nuclei 
controlled by diffusion of inos in the melt.

INTRODUCTION

The metal Yttrium as an alloy element is widely used in ferrous based alloy 
and also in non-ferrous alloy. Nowadays, the methods of producing metal 
Yttrium are mainly the calsium heat reduction and the combination o f molten salt 
electrolysis o f floride system and distillation*1*. But the operating temperature for 
electrolysis is too high, many non-rare elements are carried into the substrate 
during electrolysising. However, fewer researchers have investigated the technolo
gy and the mechanism of how to produce metal Yttrium directly from raw mate
rials by molten salt electrolysis under low temperature. This paper deals with the 
cathode processing of YC13 electrolysis in LiCl-KCl system under 730~  803K 
temperature range, so as to provide heeded data and parameters for the 
technological investigation of electrolysis.

EXPERIMENTAL

LiCl and KC1 are all of analytical pure. Yttrium chloride is obtained from 
the reaction of pure Y20 3(99.9%) and HC1 (of analytical pure). In order to pre
vent the hydrolysis o f YC13 during concentration, a little bit o f NH 4C1 is added. 
The dehydration of YC13 is obtained by heating it slowly when dry HC1 existed*2*.

Molybdenum wire of 1.5mm. in diameter is used as the working electrode. 
Ag /  AgCl is used as the reference electrode. The graphite of spectroscopic pure is 

,used as the counter electrode.
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RESULTS AND DISCUSSION

The typical cyclic voltammogram (Figure 1.) shows that the Y(III) reduction 
is with one step to Y under -2.1V at 723K (corresponding to the Ag /  AgCl lwt%)
and the ratio o f reduction current peak potential /* to reoxidation current peak

potential I*  is less than one. And the reoxidation curve is very sharp, which 
shows that the nature and shape of voltammogram is typical to that expected for 
the deposition and reoxidation of an insoluble product. Figure 2. shows the 
voltammogram is at 803K.

From the cyclic voltammogram at different scanning rates, (Figure 3.) we 
found the cathodic peak potential slightly moves toward negative potential direc
tion. It means that the elctrochemical reduction reaction of Y(III) is a quasi rever
sible processing, but it is very close to a reversible processing. By using the follow
ing formula(3):

E e — E c, = — QJ7RT/ nF
p  p / 2

n = 3 can be calculated out, it further proves that Y(IH)+3e = Y, and Y(III) 
reduction is a simple one step reaction.

Figure 4. shows that the plot of peak current of cathode I with the square
root of scanning rate v1/2 is linear relation, so the cathodic electrodeposition of 
Yttrium ion is a diffusion controlled process.

Chronoanperometry (I-t, transients at constant potential) was used to study 
the nucleation and growth phenomena per se. Figure 5 shows that the typical I - t  
transient curve obtained on Mo electrode indicates that the transient depends on 
the applied overpotential. At the beginning the current rises to very high values 
that is due to double layer charging and initial cluster formation. The current de
cays during the induction time and then increases again that is because the 
nucleation and subsequent growth o f isolated stable nuclei which increases the 
area for deposition.

The rising parts o f these I - t  transient curves, the current I versus the square
root o f transient time t, (Figure 6.) ( I — t W2) shows the expected linear depen
dency. The result indicates that the initial stage o f Yttrium deposition on 
molybdenum cathode involves the instantaneous three-dimensional nucleation, 
followed the growth of the nuclei controlled by diffusion of ions in the melt.

526



CONCLUSIONS

In this paper, the electrochemical reduction of Y(III) on Mo cathode in 
LiCl—KC1 eutectic in the temperature range of 723~803K has been studied by us
ing cyclic voltammetry and chronoamperometry. The results show that the 
electroreduction of Y(III) on Mo electrode is a diffusion controlled and very close 
to reversible process. The reaction equation is Y(III)+3e = Y, and the initial stage 
of deposition involves instantaneous three dimensional nucleation, followed by 
the growth of nuclei controlled by diffusion of ions in the melt.
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for the reduction o f  Y 3+ion s in  
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ten salt, T  =  723°K , W .E :M o, 
s =  0 .0 18cm2.

F ig.2. Cyclic voltam m ogram  
for the reduction o f  Y 3+ ions 
in L iC l-K C l-Y C 1 3(3 w t% )
m olten  salt, T  =  803K, 
W .E :M o ,s  =  0 .0 18cm2.

F ig. 3. D ifferent sw eep rate 
voltam m ogram  for the reduc
tion  o f  Y 3+ ion s in  
L iC l-K C l-Y C l3(3w % ) m ol
ten salt, T  =  723°K , W .E :M o, 
s =  0.018cm 2. scan  rate: Vj

=  7 0 V / s ,  v2 = 5 0 m V / s ,  

v3 =  30 m V  /  s.

W 3  1 . 5  1 . 7  1 . 9  2 . t  2 . 3
- B ( V )

528



3

0 .2  0 .4  0 .6  
y'l/2 (v /s)1/2 </

Fig.4. R elation  betw een  

/ '  and V U1  T  =  723°K , 
W .E .M o. s =  0.018cm 2

Fig. 5. C hronoam perogram  
for reduction o f  Y 3+ ions in
L i C l - K C l - Y C l 3 ( 3 w t% )  
m olten  salt, T  =  803°K , 
W .E :M o, s =  0 .018cm 2, R.E: 
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T H E  E L E C T R O D E  PR O C E SS O F  C H R O M IU M  
IN  L iC l-K C l F U S E D  SA L T S

Shuzhen D u an  X ingjiang Liu

D epartm ent o f  Physical Chem istry  
U niversity o f  Science and T echnology Beijing 

Beijing, 100083, C hina

A B ST R A C T

The electrode process o f  C r ( ] I ) has been investigated by m eans o f  
cyclic voltam m etry, chronopotentiom etry and ac im pedance in m olten  
L iC l-K C l eutectic system . The results show  that, C r(II )+2e =  Cr is a 
sim ple electrochem ical reaction, close to  reversible process. U nder w eak  
polarization  conditions, the reaction is controlled  by charge transfer and  
ion  d iffusion in the m elt,but at stronger polarization  conditions the reac
tion  is controlled  by ion  diffusion com pletely. T he diffusion coefficients 
o f  C r(3I) have been calculated.

IN T R O D U C T IO N

The chrom ium  electroplating in m olten  salt has its specific advantages*1,2*, 
but there is also its prom inent d ifficulty(3). One is needed to understand the Cr( 
II ) electrode processing before perform ing electroplating. D r. Inm an et.a l(4). 
show ed that the reaction o f  Cr(III)+e->*Cr(II); Cr(II )+ 2 e-* C r(0 ) o f  w hich the 

first step is the diffusion control, w hile the second step is the absorption control 
which is an irreversible reaction. D u an  et.al. have investigated it by m eans o f  
voltam m etry and chronoam perom etry. T hey consider the reaction o f  C r(H  )+2e-^  
Cr(0) is a d iffusion  controlled  processing and a reversible one. This paper further 
deals w ith  the investigation  o f  the reaction o f  C r(H  )+ 2 e -* C r(0 ) by using the  
m ethod o f  cyclic voltam m etry, chronopotentiom etry and A C  im pedance tech
niques.

E X P E R IM E N T A L

T he electrochem ical bath is m ade o f  Pyrex, the w orking electrode is o f  plati
num plate. T he counter elctrode is a graphite rod o f  spectroscopic pure. The 
reference electrode is an 0.5M  A g C l /A g  electrode. LiCl, KC1, CrCl2 are all o f  
analytical pure. L iC l-K C l eutectic salt is stricktly purified before using and is 
checked by the residue current o f  the cyclic voltam m etry. The concentration  for  
Cr(H ) is 0 .0 5 7 M ---0 .2 2 M  and the tem perature range is 7 2 0 —823K . The scanning  
rate is 0 .04V — IV  /  s for the cyclic voltam m etry. T he density o f  the current is 
25m A  /  cm 2 <i < 100m A /  cm 2, for the chronopotentiom etry. T he fluctuation  o f  
alternating current EAC= 5m V is for the A C  im pedance m ethod.
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R E SU L T S A N D  D IS C U S S IO N

Figure 1. T he typical cyclic voltam m ogram . Figure 2. The cyclic 
voltam m ogram  in different scanning rate show ed that there is no  evident 
absorption and p re-reaction  at the reduction peak. The peak current with the

square ro o t o f  scanning rates f ------ V W2 (Figure 3.) show s a straight line pas
sing through the origin, w hich satisfies the R an d le-S ev ick  equation . It also indi
cates that the reduction process o f  C r (I I ) is d iffusion  controlled , and w hen in

creasing the scanning rate the reduction peak E ep slightly m oves tow ards the neg
ative direction. Therefore it is allow ed to  consider that the reduction  reaction o f  
C r(II) is close to a reversible processing.

Figure 4. T he typical po ten tiaM im e curve is obtained  by using  
chronopotentiom etry m ethod(5) and Figure 5, the chronopatentiogram m , in in

creasing the applied current w hen p lot the 7t 1/2 w ith I, a straight line is obtained

which parallel to  the X -a x is , as show n in Figure 6. W hich show s the Jt 1/2 is in
dependent w ith I and is a constant. It also indicates that C r(II )+ 2e =  Cr is a d iffu
sion controlled  sim ple electrochem ical reaction and the p lo t o f

E ~ ln ( r 1/2 — *1/2 ) / t 1/2 is a straight line (Figure 7.). M eans that the C r(H ) re
duction reaction should  be a reversible electrochem ical reaction and the product 
is insoluble.

By the Sand equation, the coeffients o f  d iffusion o f  C r (II ) can be calculated  
out as follow :

T  =  743K  D  =  6.93 x  1 0 ~ W  /  s
T  =  778K  D =  1.17 x  10-5cm 2 / s
T  =  798K  D  =  1.27 x  10"5cm 2 /  s
T  =  813K  D  =  1 .4 9 x lO ”W / s

The d iffusion  activity energy can also be found out. E== 54 k J /  M ole.

W hen the ac im pedance m ethod(6) is used under near equilibrium  potential 
position  o f  the C r (II ) reduction, the im pedance curve (Figure 8.) show s that the  
C r (H ) reduction is charge transfer and diffusion com bined control, bu t under 
polarization conditions the im pedance curve (Figure 9.) show s it is a d iffusion  
controlled  process. T he exchange current density io is calculated , i0= 3 .6 x  
10"3 /  cm 2, this value show s it approaches the high speed electrochem ical reac
tion. H ence it is allow ed to  consider the C r ( n ) reduction reaction is a reversible 
or close to  a reversible electrochem ical reaction.
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C O N C L U S IO N

The electrode process o f  Cr(II ) has been investigated by m eans o f  
voltam m etry, chronopotentiom etry and A C  im pedance in m olten  L iC l-K C l  
eutectic system . The results show  that, C r(II)+ 2 e-^ C r is a sim ple electrochem ical 
reaction, and is a n o n -a b so rp tio n  and prechem ical reaction w hich approaches a 
reversible electrochem ical reaction, the product is insoluble. U nder polarization  
conditions, the reaction is controlled  by ion  d iffusion com pletely. The d iffusion  
coefficients and d iffusion activity energy o f  C r (II ) at different tem peratures can  
be calculated out from  the Sand equation.
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T = 743°K , s = 0.23cm 2, t =  5s.

2.0 3.0 
t(sec)
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F ig.8. A C  im pedance studies o f  
C r (I [ ) ion s under equilibrium  p o
tential cond itions, T  =  813°K ,
W .E :P ts =  0.30cm 2,
(c) =  0 .057M , f = 0 .0 1 ~  lOOOKHz, 
Edc =  -8 4 0 m V .

F ig.9. A c  im pedance studies o f  Cr( 
II ) ions underpolarization  condi
tions, T  =  723°K , (C ) =  0 .11M ,
Edc =  —850m V , W .E :Pt, R.E: 
A g-A gC l(O .O lM ), f  =  5 H z ~  
lOOOKHz.
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THERMOCHEM ISTRY AND MODELS  
OF IONIC AND NON-IONIC MELTS

Marcelle Gaune-Escard
SETT, UA 1168, Universite de Provence,

Centre de St Jerome, Av. Escadrille Normandie Niemen 
13397 Marseille Cedex 13 (France).

ABSTRACT
Most molten salt industrial processes , for instance electrolytic elaboration of metals from melts, involve compromise between 
several parameters to be optimized.Thermodynamic properties play an important role and the choice 
both of suitable electrolyte and molten salts to be electrolyzed is 
directely related to the operation temperature and to the "average 
valency" of the electrolytic bath.Experimental thermochemical investigations conducted by high 
temperature calorimetry, differential enthalpic analysis, differential 
scanning calorimetry can provide information on phase equilibria 
in the melt. From a theoretical point of view, the molten salt 
mixtures considered in those investigations are not simple since 
they involve i) ions with different valency, ii) ionic and non-ionic 
components and iii) several components. Classical models used for the most simple molten salt mixtures cannot be used and suitable modelling involving complex species, should be developed.

INTRODUCTION
For years the chemical industry has recognized the importance of the 
thermodynamic and physical properties of solution in design calculations 
involving chemical separations, fluid flow and heat transfer. The development 
of techniques has enabled the experimental investigation of melts with 
convenience and accuracy. But even with modern instrumentation, experimental measurement of thermodynamic properties has become progressively more expensive and time-consuming with each additional component beyond binary mixtures. In the chemical literature, properties for 
binary systems are relatively abundant, properties for ternary systems are scarce and properties for higher order multicomponent systems are virtually 
nonexistent. Naturally, one of the primary goals of research in the area of 
solution thermodynamics has been the development of expressions for predicting the thermodynamic properties of multicomponent mixtures.

1 . EXAMPLE OF APPLICATION
Most molten salt industrial processes , e.g. electrolytic elaboration of metals
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from melts, involve compromise between several parameters to be optimized. Electrolysis has many advantages over conventional pyrometallurgical 
processes employing metallic reducing agents (C, Si, ..) :

- it is selective since potential, electrode overvoltages and valency state (complexing) of the electrolyte can be adjusted.
- it allows elements either very electropositive or very 

electronegative to be obtained- it is a quasi-continuous process and can be easily automated. 
These advantages outweigh some drawbacks such as high capital and 
operation costs related to energy use (electricity), limitation of productivity by 
current density.As a result, the design and engineering of an electrolytic process rises a 
number of technological challenges for the cell itself but also for the electrolyte 
and the salt to be electrolysed:

ELECTROLYTE
- Phase diagram
- stability/hygroscopy
- vapor pressure- complexing ability
- viscosity
- conductivity
- etc...

Thermodynamic properties play an important role and the choice of a suitable molten salt solvent is directely related to the operation temperature and also to 
the "average valency" of the electrolytic bath. For the elaboration of niobium, 
for instance, from NbClg (m.p. 478 K, b.p. 520 K) the choice of a chloride melt 
as a a solvent induces appreciable losses by evaporation (eutectic chloride 
mixtures generally melt at temperatures higher than 650 K). The problem is 
therefore to find a suitable solvent including anionic species, like F“> 
corresponding to a higher stability of the niobium species in the melt.
Another example is the production of rare eath metals. Neodymium, for 
instance, is used for the fabrication of magnets ; alloys of neodymium can be 
obtained either by reduction with calcium or by electrolysis. In the electrolytic 
process a compromise had to be found between the following features :

- in molten chloride baths, a poor current efficiency is obtained because of the two coexisting valence states (II and III). Adding fluorides to the 
bath results in a stabilization of the III valence but also induces formation of 
neodymium oxychlorides and related operating problems.

- in molten fluoride melts, electrolysis of NdFg is easier but costs 
are higher ; electrolysis of oxides would not pose any problem of anodic 
reaction but is not promoted by the low solubility.Nevertheless a compromise had been found and a process successfully 
developed [1 ] : a derivative of the industrial product, hydrated neodymium 
carbonate, is dissolved and electrolysed in a mixture of molten fluorides at 
900°C.
Refining of elements is also an important application in the molten salt area, 
e.g. aluminium electrorefining by the "3-layer" Gadeau process which is a

SALT
- solubility
- stability/hygroscopy
- vapor pressure
- etc...
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sequential refining employing more than one electrolyte [2] . This process uses chloride/fluoride melts, which involve lower energy consumption than required 
for fluoride-only melts and of adjustable complexing ability with respect to the impurities to be removed.
Experimental thermochemical investigations conducted by high temperature 
calorimetry, differential enthalpic analysis, differential scanning calorimetry can provide information on phase equilibria in the melt.
From a theoretical point of view, the molten salt mixtures considered in those investigations are not simple since they involve i) ions with different valency, ii) 
ionic and non-ionic components and iii) several components. Classical models 
used for the most simple molten salts mixtures cannot be used so far and a 
suitable modeling involving complex species, should be developed.

2 . MODELING OF HIGH TEMPERATURE MELTS
The main problem when modeling is to account for the actual nature of the 
solution. In most actual cases, the melts involved are multicomponent systems; 
complete experimental studies are time-consuming and/or cannot be performed on the entire composition range .The strategy generally adopted to obtain the thermodynamics of such systems is :

- either purely estimative : a p rio ri prediction from the properties of 
lower order systems (components and binary limiting systems).

- or "estimation-assisted" experimental : a restricted number of 
selected experiments is decided from the a  p r io r i estimations.
Suitable models should be used both for binary mixtures and multicomponent 
systems; of course, they have to take into account the nature of the species 
present in the melt and the magnitude of the interactions between these species.
A considerable amount of experimental thermodynamic investigations made 
evident that all melts do not behave identically and , therefore, also evident that specific thermodynamic models should be developed and used to describe their features[3] .
Though any classification usually is somewhat arbitrary, for the sake of clarity it 
will be distinguished between simple melts and complex melts in the following 
Simple mets are those molten salt mixtures in which no new species arise from 
the mixing of components. By opposition, complex melts include formation of 
new species (complexes) which did not exist in the constituting salts..
Two distinct types of molten salt solutions can be defined according to the 
nature and the number of involved components. These ad d itive  and re c ip ro ca l systems parallel two distinct types of metallic systems, su b s titu tion a l alloys and 
in te rs tit ia l alloys .Taking into account the nature of these different mixtures, appropriate relationships have been proposed for the ideal entropy of mixing. 
These are of primary importance to measure the deviation from ideality of the other functions of mixing.
Another distinction among ionic melts lies in the possibly different valencies of 
the ions involved.
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Also those solutions obtained from at least one covalent salt have different features, generally characterized by the formation of complex species (e.g. 
AICI^, AI2CI72', ...in the aluminum chloride-based mixtures).

3. SIMPLE MELTS
3. 1. B ina ry  m ixtu res

3. 1. 1. symmetrical mixturesCommon-ion molten salt symmetrical mixtures ( AX+BX or AX2+BX2) are often 
described by quasi-lattice models, the main distinction lying in the interaction 
range of the species of the same nature, cations A+ and B+.
For an ideal solution, the energetic interactions of A+ and B+ with their environments are the same and these species mix randomly . Then the molar 
free energy of mixing is -TASmjx and

ASidmi* = - R [xA In xA + xB In x j  (1)
where nA , nB are the number of moles of atoms (or ions) in the mixture and the x's are the molar (or ionic) fractions definepl as :

X A ^ A ^ A + n B )  an d  XB =  nB /(  nA+ n B> (2)

For molten salt mixtures, this relationship was proposed by Temkin [4] for the 
ideal entropy of mixing and the x-s are the so-called (Temkin) ionic fractions.
Deviations from ideality ( AGex*  0 , 1) arise from a lack of balance in the
interionic forces between the different species. If the components are similar in 
chemical nature (e.g., sodium chloride + potassium chloride), the mixture is 
nearly ideal. If they differ, the forces are usually greater between the cations . 
For those melts exhibiting small deviations from ideality, e.g. weak interactions, in principle any simple model, based on a pair-wise interaction concept, can 
be used (regular or quasi-regular models).
The Surrounded Ion Model (SIM) [5] [6] [7] , which is a statistical model, gives 

a more realistic description of a melt since it takes into account all the possible 
energetic interactions of A+ and B+, depending on the local environment of 
each ion.The ideal entropy of mixing is given by a relationship identical to 
(1).The most interesting feature of this model lie in the fact that it is able to account for the asymmetry of the thermodynamic excess functions with only 
two energetic parameters having a physical meaning. The previous models 
based on a pair-wise interaction concept, generally failed in the description of 
such asymmetries which are observed experimentally.At this stage most authors arbitrarily assumed a linear dependance of the "interaction parameter" 
against composition (Hardy's [8] quasi-regular model) or used polynomial expansions whose parameters have no physical meaning. Also the more 
elaborated Guggenheim's "quasichemical model" [9] , though able to account 
for the temperature dependence of the thermodynamic excess functions, failed 
in describing experimental asymmetries.The SIM is generalization of the 
above binary models and has also been extended to other kinds of molten salt 
mixtures.
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3. 1 .2. Asymmetrical mixtures
In asymmetrical molten salt mixtures of the type AX~ + BX, the same lattice description of the melt implies that the substitution to tne A++ divalent cation of 
the B+ monovalent cation creates one vacancy on the corresponding 
sublattice.Several relationships have been proposed for the ideal entropy[10] 
[1 1 ] ; they differ in the assumptions made on the vacancies.
The S.I.M.[12 ] [13] provides, from different theoretical grounds, a relationship 
for the ideal entropy which is identical to the one by Forland [10]:

ASidmi* = - R[ 2 xa In xA’ + (1 -xA) In (1 -xA')] (3)where
xA = nA / ( nA + n B) and xA = 2lV ( 2 n A + n B) (4 )

The Xj's have been defined previously and the Xj"s are the so-called equivalent 
ionic fractions.
It should be stressed that many authors do not take into account this charge- 
dependent expression for the ideal entropy of mixing but arbitrarily use the 
e q u iv a le n t io n ic  fra c t io n s  defined by Forland [10] in the relationships expressing the other functions of mixing and Temkin’s ideal entropy (1). It has 
been shown[14] that this may lead to some inconsistencies .
3. 2. Ternary m ixtures

Models have been developed to permit the properties of common-ion and 
reciprocal ternary molten salt systems to be calculated from the binary coefficients. Empirical ternary coefficients may also be included in these 
equations.

3. 2 . 1 . Additive ternary mixtures
It is common to predict the properties of a ternary solution phase by a simple summation of the binary expressions, when they obey the regular solution 
model. Several "geometric" models have proposed which differ in the 
geometric weighting factors of the binary contributions. The binary models 
provide reasonable estimates for several systems of practical importance and 
they also address the problem of how to report experimental data.
This paragraph will be devoted to several of the empirical equations or models 
hat have been suggested ter parametrizing and predicting mixture data.
Redlich and Kister [15] proposed an expression for the excess Gibbs free energy of mixing of a ternary mixture

AGex = x1x2X (Gnex)12 (x, - x2)n + x^gX  (Gnex)13 (x, - x3)"
+ x2x3X(Gnex)23(x2 -x3)n (5)

which provisions for additional ternary parameters.
Kohler [16] proposed an equation for the excess Gibbs free energy of mixing
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of a te rna ry solu tion

AGex = (x-j + x2 )2 AG*j2 ex  + ( X 1 + X3 ) 2  AG-|3ex + (x2 + X3 ) 2  AG23ex (6)

in which AGj:ex refers to the excess Gibbs free energies of the binary mixtures 
at a composition (x0-,, x°j) such that x°: = 1 - x0: = x, / (Xj + x{).
Kohler's equation is symmetrical in ihat all three binary systems are treated 
identically. Its numerical predictions do not depend on the arbitrary designation 
of component numbering.
Colinet [17] established a slightly more complex relationship for expressing 
the thermodynamic excess properties of multicomponent systems

AGex =  YZ x, ( 1 - Xj )-■» [ A G f ] Xj (7)

in which {AGexj:}X|'s are calculated from the binary data at constant mole 
fraction x= . This equation, although perfectly symmetrical, requires the addition 
of the thermodynamic properties at six different binary compositions for a 
ternary mixture.
Muggianu [18] also developed a geometric model with different weightings of 
the binary contributions :

AG6X =  X X  Xj ( 1 - Xj ) ' 1 [ AG|X ]X1; x2 ,8>

So far all the three methods that have been discussed treat the components in 
the same way and may thus be characterized as symmetric methods.
Other asymmetric "geometric" numerical methods have been proposed by 
Toop[19] and Hillert[20] .
Very recently, Z.C. Wang et al.[21] reviewed nine regular-type ternary models 
models with different weight factors and proposed a new generalized model. 
The analytical expression of this general model may be given by :

W  ABC (XA> XB> xc) = Y j  T ,  I  Pi j'^
Xj Xj

where
or

i = A 
i = B 
i = C

i iij

[ = B  J = c  
j = A

x<;u> x('ijj
i(u) j(*j)

w f (*!

k = C 
k = A 
k= B

KU) ’ j(ij)
(9)

I y = 1, 2 ,..., I y ; Xj and W ^ b c  (x a > x b » x c  ) are respectively the mole fractions 
of component / in the A-B-C ternary system and the ternary excess molar free 
energy or excess molar enthalpy ;

x i(ij)a n d  w  if (
.(•ip
K>j) ’

x ■/ MXj(ij)' are the corresponding binary properties at the lyth
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point along the i- j binary comosition line . Here :
,  Cij)

xCij) = 1 . ,.(■») 1 +x, + xi + ^ij) xk
i(ij) j(ij) 2

The weight factors of X\
Oij)
«J still depend on the regular solution assumption, while those

of (31 are independant from it and only follow the conditions 0<py <1 Z e ij= i

This proliferation of similar expressions becomes confusing especially when 
the equations are encountered for the first time. There is no preferred way of knowing which method will provide the best predictions for a given system. The 
fact that so many empirical equations have been developed suggests that no single equation can describe all types of systems encountered.
Differing from the previous empirical equations in that they are based on a 
physical description of the melt and on statistical mechanics principles, some 
models also provide expressions able to predict multicomponent properties in terms of lower-order interactions.
The Surrounded Ion Model (SIM) [22 ] [23] yields an equation for the excess enthalpy of mixing of the symmetrical ternary mixture AX-BX-CX (or AXo- BX?- 
CX2) :
AH “  XAXB { XA AH B(A)+ 0  ’  XA) AH A(B) )

XAXc | XA AH C(A)+ (1 - XA) AH
xBXc t XC AH B(C)+ 0  '  xc) AH A(C)l  C(B) / (10)

where AH A(BJs the limiting partial enthalpy of AX in the AX-BX binary mixture 
and the ideal vBibbs energy of mixing is always
AGmix jd = RT { xA In xA + xB In xB + xc In xc }

For additive assymetrical ternary mixtures (A X 2 + B X + CX), Equation 
becomes :

AH 
1 +xA x 'a x 'b { x 'b ^ - A ( B )  +(l-x'B)AHB(A)j 

x 'a x 'c { x 'c A H B  (C) + (1 - x'c) A H C  (B)| 

x 'Cx 'a {xaAHC(A) + ( 1 - x 'a)A H A ( C ) |

(10)

(11)
with

x A=
2 xa

1 + XA 1 +  X  A
' xc
c  1 + XA ’

The Conformal Ionic Solution model [24] also gives a relationship for the
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excess en tha lpy of m ixing of a te rna ry solution :

AH = I I  ay Xj Xj + I I  bjj xf Xj + I I  Cjj xf x f + P xA xB xc + I I  Qj xf Xj xk
(12)

The coefficients a:: by and Cy are evaluated from data on the three binary subsystems. The coenibients P and Qj of the "ternary" terms being calculated from 
the binary data.
Very recently, Hoch and Arpshofen developped a model which is applicable to 
binary, ternary and larger systems [25] [26] .It was derived originally by looking 
at the complexes in the solution, and the A-B bond strength ( between species A and B) made dependent on the presence of other atoms in the complex.The 
model was applied to metal-salt [27] , metal-metal oxide[28] [29] , silicate[30][31] , metallic systems[32] and ZrF^-based fluoride mixtures[33]. For a binary 
system the basic equation for the enthalpy of mixing is :

AH = W n (x - xn) (13)

The term n is an integer (2 , 3, 4, etc..), W is the interaction parameter and x is 
the mole fraction of the component so that the maximum of AH (either positive 
or negative) is at x> 0.5. The quantity n is chosen such that W, determined from thermodynamic data, is independent of the composition.
The signs of the limiting partial enthalpies obtained from equation (13) are determined by W. In other words one interaction parameter describes one type 
of interaction or reaction in a system. If two reactions exist in the binary system 
such as the Mg0 -Si0 2  [34] , where a strong compound- forming tendancy 
exists on the magnesium-rich side (Mg2 -Si0 4 ) and a miscibility gap exists on the Si0 2 -rich side, then two interaction parameters, an attractive W and 
repulsive M, are needed.Each has its major effect at different compositions with 
different dependency on composition (n and x in one case, m and y and the 
other). Thus

AH = W n ( x - x n) + Mm(y - ym) (14)

W and M are determined by least square analysis; confidence limit and error in W and M are also calculated .
This model was extended to ternary or larger system by evaluating the effect of 
each limiting binary system in the multicomponent mixture.

3. 2 . 2 . Reciprocal mixtures
The A+, B+// X-, Y- reciprocal mixture is also a ternary mixture ; there are four 
constituent salts, (AX, BX, AY, BY), but only three of them can be chosen as 
independent components.
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The free energy of mixing of such systems was first deduced by Flood, 
Forland, and Grjotheim [35].

AGmix = RT {xA In xA + xB In xB + xx In xx + xY In xY}
± XjXj AG° (15)

where AG° is the standard free energy change for the metathetical reaction 
AX + BY <=> AY + BX (16)
and where i j is the salt which is not a component. This last term expresses the 
idea that the three components, in effect, "react" to form the last constituent. 
The + sign is for the case when ij is AY or BX and the - sign is for AX or BY. 
Everything beyond the last term given in Eq. (15) is the same no matter how 
the solution was made up.Forland [36] improved the original FFG theory by including four binary 
interaction terms in (15)
AGmix = RT {xA In xA + xB In xB + xx In xx + xY In xY} ± XjXj AG°

+ xAxBxxXx + XAXBXy\ y + XxXyXAXA + XxXyXBX B (17 )

with ^  the interaction parameter in the / common ion binary mixture.
Later, Blander and Yosim [26] generalized the Conformal Ionic Solution 
theory [37] [38] which has been applied to binary molten salt mixtures by Reiss, 
Katz and Kleppa [39] They found for the free energy of mixing a relationship 
identical to (17) and added a nonrandom term to this equation ; this correction term was only taken by analogy with the one obtained from the quasi-lattice 
theory[40] developped for binary mixtures.
AGmix = RT {xA In xA + xB In xB + xx In xx + xY In xY} ± XjXj AG°

+ xAxBxx A,x + xAxBxy Xy + xxxyxA XA + xxxyxB Xs 
+ XAXBXXXY A  0 ® )

with A = - (-AG0)2/ zRT and z the cation-anion coordination number.
The Surrounded Ion Model (SIM) was also applied to ternary reciprocal mixtures [41] [42] .The equation found for the Gibbs free energy of mixing is :

AGmix = RT {xA In xA + xB In xB + xx In xx + xY In xY} ± XjXj AG°
+ xA AGexA + xB AGexB + xx AGexx + xY AGexY
+ xaxbxxxy a  ( 19)

with AGexj the excess free energy of mixing in the / common ion binary mixture, 
A = - (-AG0)2/ 2 zRT and z the cation-anion coordination number.
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It should be stressed that Eq.(19) is able to take into account experimental assymetries in binary systems and contains the non-random term A which has been calculated, and not estimated by formal analogy, as previously.
The Surrounded Ion Model has also been extended to quaternary reciprocal 
molten salt solutions [43] and to.asymmetrical ternary reciprocal mixtures 
(A2+,B+//X-, Y")[44].

4. COMPLEX MELTS
Under this category we have classified those mixtures in which the mixing 
process gives rise to species different from those in the pure components. For instance, the molten salt mixtures made from a ionic salt and of a covalent salt. Mixtures obtained from alkali halides AX (e.g. fully ionic salts) and transition, 
rare-earth, actinide,.... metal halides MjX; (e.g. covalent salts), are examples of 
such melts, generally characterized bv rhe formation of heterogeneous ionic 
complexes such as AICI4" and AI2CI72", etc..
Very few exists on the thermodynamics of such systems.The reason is two-fold : because of the very different physical and chemical properties of the 
components , experimental investigations of the mixture are not easy and, 
similarly, also the theoretical approaches are not simple.Some advances are being made for systems containing alkali halides and halides of aluminum, 
rare earth, niobium, tantalum, bismuth, zirconium and also for the very novel 
low melting systems containing aluminum chloride and organic chlorides. Most 
of these investigations are related to industrial interests and are parts of national research programs in France, China, Germany, India, Norway, 
Poland, USA .The applications fields are mainly the production of the metals from electrolysis of the melts, fabrication of halide glasses for optical fibers, 
elaboration of new materials...
A proper description of such melts can be given by models based on "associated solution" concepts. Very similar models have been developed, 
recently and independently, in Marseille [45] and in Trondheim [46] which are 
equally successful in describing the thermodynamics of BiCI3- and AICI3-based 
mixtures.
The existence of complexes in molten salt mixtures has been the subject of lively discussions in the molten salt community [47]. The development of investigation methods of structure brought new arguments to the controversy 
and provided bases for the stuctural description of melts. The complexes 
contribute to the entropy of the mixture and should be taken into account when modeling the solution.
We recently have proposed an ideal associated model to describe the 
mixtures of alkali chlorides with bismuth chloride [45] or the mixtures of alkali 
fluorides with zirconium fluoride [48] . The excess thermodynamic quantities of 
the melt are assumed to only arise from the formation of complex ionic species. 
For the ZrF^-based mixtures, for instance, the enthalpies and the constants of 
formation refer to the reactions :
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(M)+ (F)- + ZrF4 = (M)+ (ZrF5)- : (h,, Kn) (20)
3(M)+ 3(P) + ZrF4 = (3M)3+ (ZrF7)3- : (h2. K2) (21)
and the enthalpy of mixing is obtained as :

AH = 4 u 5  h7-------------- r h i  +  t-------------- r h p(n 1 + n 3) (n i+n3)

AH = x (1 - x ) - K-j h -| + K2 h2 x

(22)

(23)

1 +K-| x* (2-x* ) +K 2 x* 3 (4 - 3x* )

with x = x(MF) :

x = x
1 +K 1 + K2 x (3 - 2x (24)

1 + K-jX ( 2 - X g )  + K2 x ^ ( 4 - 3 x
«>]

The four parameters Kv K2, h.. and h2 are obtained by numerical calculation. 
From the experimental enthalpy data it is possible to evaluate two 
approximative values for h1 and h2 ; they are used as the initial parameters 
h10 and h20 in the iterative procedure. Two arbitrary values are set for the initial parameters K1Q and K2Q.
For each experimental data set [x, AH(x)], the programme solves equation (24) 
and calculates the solutions x*.A non-linear regression programme, applied to equation (23), yield optimized

h91, K< < and KQvalues of the parameters hn 
initial values, the programme Iterates with h \ v  h21, Kn  
values. Convergence is attained after a few iterations.

If these values differ from the 
and K21 as initial

CONCLUSION
Suitable modeling of high temperature melts has a crucial importance in the 
present context of thermochemical databanks and information systems. A few 
groups have developed such services which are currently used by scientists 
but also by industrial engineers. The service provided is firstthe access to all the data relative to a system but also the assessment of these data. 
Assessment is made through suitable modeling and numerical procedures, 
and results in thermodynamically consistent data and phase diagrams and in 
quantitative prediction of phase equilibria in multicomponent melts.The principle of phase diagram calculation is the minimization of the Gibbs 
free energy of the mixture under investigation. Several numerical calculation
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programs exist so far in Europe and North-America. These programs, 
developed by specialized research groups, differ in :- the method of description of the system considered ; the 
thermodynamic functions of mixing are described either by empirical 
polynomial expansions or by equations deduced from theoretically based 
models - the mathematical methods worked out in the search of a
minimum.
For metallic systems, for instance, a very efficient program has been 
elaborated , and successively improved, by H.L. Lukas [49] (Max- 
Planck-lnstitute, Stuttgart). Least-square methods were developed, which enable all the thermodynamic and phase diagram data to be simultaneously 
optimized and thus to provide optimized coefficients in polynomial expansions 
of thermodynamic functions of mixing.
We have developped in Marseille THERMOSALT [50] [51] which is a 
thermodynamic data bank for molten salt mixtures.The previous optimization 
program has been satisfactorily used to calculate the phase diagrams of common-ion binary [52] or multicomponent [53] molten salt mixtures.
But modifications were necessary to deal with the less-simple melts.For instance, the numerical procedure has been adapted to asymmetrical ionic 
systems [54] [55] This was made according to the theoretical developments 
quoted above [12-13,44].
Advances are also being made in the numerical procedures for complex 
systems.
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A B S T R A C T

The aim o f  this work was to study the possibility o f  an 
electrorefining process in alkaline chloride-fluoride m elts, for 
obtaining high purity aluminum from raw material containing 
magnesium, zinc, copper and iron as major impurities.

In order to determine the optimizing conditions for refining 
aluminum, w e have investigated the fundamental parameters 
related to the chemical and electrochemical reactions involved in 
such a process.

Based upon these fundamental data, an electrorefining  
process was proposed. Its originality com es from the use o f  (i) a 
two compartment cell, w ith a liquid alloyed m etals bipolar 
electrode as the separator, and (ii) anolyte and catholyte  
compositions which differ eachother so that the efficiency o f the 
electrorefining process is favoured. Som e electrorefining tests 
were performed in order to demonstrate the consistency o f the 
conceived process.

IN T R O D U C T IO N

Aluminum is produced throughout the world using the Hall-Heroult 
processn,2]# The metal so obtained has a purity close to 99.9% which is 
better than the purity of metallurgical A1 (99.7%), but not sufficient for 
some applications for which high purity, and sometimes ultra-high purity 
aluminum, are needed.
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It is beyond the scope of this paper to give an historical overview of the 
aluminum refinement. Readers are invited to refer to the quoted references- 
We only give hereafter a very brief survey of the currently used techniques 
of A1 refinement and applications of high purity aluminum.

M A I N  I N D U S T R I A L  T E C H N I Q U E S  F O R  P U R I F Y I N G  A L U M I N U M .

Three-layer process.
At the moment, industrial-scale electrorefining of aluminum is realized 

using the well known ’’three liquid layers” processt3' 7], the principle of 
which was first given by Bettst4] in 1905. In 1925, Hoopes, Frary and 
Edwardst5! obtained in fluoride mixtures metal whose purity approaches 
99.98% t4l and, in 1932 Pechiney process (mixed chloride-fluoride 
mixtures)^7] permitted to produce aluminum with a purity of 9 9 .9 9 5 %.

In this well-known electrorefining process, the anode is constituted by a 
dense layer of aluminum-copper alloy (the anode) upon which an 
aluminum(III)-containing electrolyte (fluorides or chlorides-fluorides 
mixtures) rests. This electrolyte (intermediate layer) has a density midway 
that of the dense alloy and that of the aluminum . So, the cathode constituted 
by the refined aluminum forms the upper layer. This process suffers from 
the disadvantage of a relatively high energy consumption (~15000 kWh/T) 
and of being not always effective for removing certain elements as especially 
magnesium, iron, copper and zinc (see Table 1).

Some improvements concerning the cell technology in order either to 
minimize the energy consumption or to increase the purity of aluminum 
were proposed.

Segregation or fractional crystallization .
Another important technique used for the purification of aluminum is 

segregation or fractional crystallization.
This process is based on liquid-solid equilibria and is described!8*9] as 

comprising effecting cooling to cause partial crystalization of a molten 
impure aluminum, then separating the solid phase (which is purified in 
respect of certain elements - the eutectic elements) from the liquid phase 
which is enriched in respect of the same elements.

Such a process has a low energy consumption compared with that of the 
three-layer process but requires an important manpower and does not 
remove Mn, Zn, Si, Ga, Mg and peritectic metals as Ti, V, Cr, Zr,..(i.e.
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IVa,Va and Via groups of the periodic table). Moreover, the yield reaches 
only 70% in the best cases.

A P P L T C  A T I O N S  O F  H I G H  P U R I T Y  A L U M I N U M  A N D  W O R L D  M A R K E T .

Standard purified aluminum (~4N).
The major application of standard purified aluminum is the 

manufacture of high voltage aluminum oxide capacitors. Other applications 
are the realization of substrates for computer disks and at a lesser extent 
those based on the reflecting power of pure aluminum (mirrors and 
decoration).

Fig.l gives the distribution of the average production of refined 
aluminum in the world (—36 kT in 1988), the Eastern countries excepted. We 
can see in particular that Europe is the first producer of A1>4N with a total 
of about 20 kT/year, followed by Japan with 13 kT/year. Refined aluminum 
is nearly produced at 90% by using the 3-layer process in Europe (only 
Pechiney has a production of A1 by segregation way); in the USA, aluminum 
is purified by segregation, and the Japan production is ensured at 70% by 
fractional crystallization, the balance by electrorefining. The price of the A1 
4N is about twice the one of the Hall-Heroult aluminum.

Ultra-high purity aluminum (>5N).
For some special applications (aluminum magnets operating at 

cryogenic temperature, cryomagnetic devices, integrated circuit 
metallization), extremely high purity aluminum or ultra-high purity 
aluminum is required.

The world market is yet pretty low (~150 T/year), but partially 
compensated by the interest of its applications and by die price of this very 
purified metal (about ten or even hundred times the price of H-H aluminum, 
depending on the requirements of the trading customer).

Unfortunately, none of the previously described process individually 
remove all of the undesirable impurities. So, other processes were 
p r o p o s e d U 0 , l l ]  but ultra-high purity aluminum is nowadays prepared by 
improving the purity of the 3-layer or segregation aluminum either by 
combining the two main processes described aboveU2,13] or by using a 
subsequent purification step.

The technique generally used and very effective for improving the 
purity of A1 4N is zone melting refining  t 1 4 l. This technique is very
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effective but it is not easy to realize it in a large scale. Other techniques have 
been proposed as alternatives (formation of a boron-containing 
compound!45!, refining by gas purging and vacuum treatment or with 
reactive gasesi16!, and so on).

P R O P O S E D  C O M P L E M E N T A R Y  L O W - T E M P E R A T U R E  E L E C T R O C H E M I C A L  
P R O C E S S E S  ( T < T f ( A l l  F O R  I M P R O V I N G  T H E  P U R I T Y  O F  P R E R E F I N E D  
A L U M I N U M .

Alkaline chloride-AlCl3 mixtures.
More than one century after the early works of D e v i l l e t 17! and 

Bunsen!48! a lot of papers deals with the electrodeposition of solid aluminum 
from the aluminum chloride-alkaline chloride (sodium, potassium and 
lithium) mixtures enriched in AICI3 (i.e. acidic media)!49-22!. The 
compositions are generally comprised between 50 and 66.7% of AICI3 . The 
most investigated media are NaCl-AlCl3 or NaCl-KCl-AlCl3 mixtures. For 
the major part, these works concern the A1 electroplating and few of them 
the purification of this metall49*20’27’28*20’22!. In these studies, current 
densities is one of the major factors which governs the deposit quality. For 
avoiding the growth of dendrites one has to use a current density lower than 
a limiting current density which depends on the melt composition and the 
nature of the cathode used[20>20>22!.

As early as 1955, Midorikawat2^22] used these media with AlCb>50% 
to produce aluminum deposits. According to his works, the best results are 
obtained when a lead cathode is used. For improving the quality of the 
deposits, he studied the influence of a superimposition of pulsed currents and 
adding of ions as Pb2 +[2 1] .For avoiding the formation of dendrites , only 
very small currents were used (1-3 mA.cnr2).

Before 1960, Aluminum Industry A .G i22! tried to electrorefine A1 
from a NaCl(15-18%)-KCl(10-12%)-AlCl3(70-75%) mixture with a 
current density of 5-15 mA.cnr2 and a voltage of 0.15-0.30 V. This process 
was given up because of the formation of dendrites leading to short-circuits. 
Other experiments were performed!44-26! . Electrorefining of contaminated 
aluminum scrap from a NaCl-AlCl3 electrolyte was examined by Pemsler et 
a l[2 5 ,2 6 ] . Stable organic compounds were added to promote dense and 
adherent deposits.The higher current density used was 100 mA.cnr2.

Pemsler and Dempseyt25! gave the purity of the metal obtained from the 
electrorefining of A1 83.81% in the NaCl-AlCl3(64 mol%) melt with a
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current density of 70 mA.cnr2. The resulting metal for three subsequent 
refining at 190°C with an electrolysis time of 2h30 reached a purity equal to 
99.98%(see Table 1).

O rganom etallic electrolytic refining process.
Hein et alt34! have studied in 1926 the mixtures of sodium alkyls or 

tetraalkylammonium salts with trialkylaluminum, in which complex 
organoaluminum anions of the type AIR4 - are present. They observed that 
these media exhibit a noticeable ionic conductivity. A sodium fluoride- 
triethylaluminum medium, NaF-Al(C2H5 )3 , was the first envisaged. Ziegler 
and Lehmkuhlt35! expected that this method might be substitute the 
three-layer process because of its efficiency and its low energy consumption 
(3000 kWh/T). In fact these media seem to be more adapted either for 
producing high purity aluminum (see Table 1) in a small scale or for 
realizing electro-coatings. Yet, use of NaF-Al(C2H5 )3  , alone or with an 
organic solvent, for purifying aluminum at a pilot-scale was
described[3 8 >39].

Obtention of ultra-high purity aluminum (99.9995%) with a yield close 
to 1 0 0 % was reported!38].

QBXEO m flEnflS£AEER.
This paper concerns the investigation of a low-temperature 

electrorefining process to be used for converting standard purified 
aluminum into ultra-high purity aluminum, i.e. as an alternative to the 
alkaline halide-AICI3 or AlEt3 electrolyte based-processes described above 
which suffer from high vapor pressure and chemical reactivity .

The aim of this work was to study the possibility of an electrorefining 
process in alkaline chloride-fluoride melts, for obtaining high purity 
aluminum from raw material containing magnesium, zinc, copper and iron 
as major impurities which are the remaining impurities' of the three-layer 
process - see Table 1).

Numerous factors and phenomena are involved in an electrorefining 
process. In spite of the importance of melt chemistry on the efficiency of a 
process with respect to given impurities and also in the limitation due to its 
eventual corrosiveness (c.a. Mg content in the three-layer aluminum comes 
from the corrosion of the magnesia bricks of the cell walls), very few studies 
were undertaken on the influence of melt composition, and at our knowledge 
no study exist on the possibilities brought by reaction chemistry
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(complexation in particular) for improving the efficiency of a refining 
process.

So, we present in this paper a work in this topic in laying emphasis on 
complexation reactions in order to modify the melt properties with respect 
to impurities, and hence to demonstrate the possibilities offered by chemistry 
to conceive an electrorefining process.

Because in our study we considered only one factor, although one of the 
more important, we have been obliged to test the feasibility of the process 
we have conceived from our fundamental-type results by performing some 
refining tests.

C H E M IST R Y  O F T H E  A L U M IN U M  A N D  IT S M A JO R  IM P U R IT IE S IN  
T H E  (L iC l+ K C l)E U T E C T IC  + LiF  M IX T U R E S A T  470°C .

MELT GENERAL PROPERTIES AND TECHNICAL.

Melt density.
The melt density was investigated by Artsdalen and Yaffet42>43l who 

found for the temperature dependence of the density the following 
expression:

d = 1.8851 -5.275.10-4 t(°C) 
from which we can calculate : d = 1.637 at 470°C.

Aluminum chloride and lithium fluoride solubilities in pure 
LiCl+KCl eutectic melt.

The phase diagram of the LiCl+KCl+AlCl3 system was widely 
studiedt44-47]. In the LiCl+KCl eutectic melt, AICI3 can unmixt with the 
formation of a KAlCU-rich phase when AICI3 reaches a temperature 
dependent concentration which is pretty low. This was also observed by 
Lantelme et alt48! in a study realized in LiCl+KCl melt at 450°C. They 
determined the concentration of AICI3 from which unmixing occurs as being 
equal to 0.22 mol.kg-1. From Schulze and Engel I46!, this concentration can 
be estimated to 0.44 mol.kg-1 at 525°C. Interpolation between these two 
values led to a AICI3 solubility equal to 0.28 mol.kg-1 at 470°C.

The LiF solubility can be derived from the phase diagram of the 
LiCl+KCl+LiF+KF quaternary system studied by Berezina et alt49!.The 
value so obtained is equal to 1.4 ± 0.2 mol.kg-l at 470°C.
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The knowledge of the AICI3 and LiF solubility values allowed us to fix 
the concentration ranges inside which our experiments were performed.

T echnical.
The electrochemical cell, electrodes and apparatus for potentiometric 

and voltammetric studies have already been described in detail 
elsewheret19,43,50-52] #

POTENTIOMETRIC STUDY.

S tandard  potentials of the m etal/cation electrochemical systems 
relative to alum inum , copper, iron, zinc and magnesium in the 
pure LiCl+KCl eutectic melt.

The standard potentials of the electrochemical systems under 
consideration have been potentiometrically determined. The experimental 
concentration ranges are indicated in Fig.2 for each redox couple 
investigated. They are generally comprised between 1.6.10"3 and 1.6.10"1 
mol.kg-1. The standard potential value for the A1/A13+ electrochemical 
system [(-2.095 ± 0.010)V] obtained in this study is in good agreement with 
the value previously determined by Picard et alt50! [(-2.089 ± 0.002)V]. 
Therefore we have considered in the following, the value (-2.090 ± 0.005)V.

Considering the impurities, the standard potentials of the Mg/Mg2+, 
Zn/Zn2+ and Cu/Cu+ redox couples have been determined. Their values are 
respectively : (-2.863 ± 0.010)V, (-1.840 ± 0.015)V and (-1.210 ± 0.010)V 
at 470°C. The two latter values are respectively 0.032 and 0.026 V higher 
than the values obtained by Laitinen and Lhd55] at 450°C. The standard 
potential of the Fe/Fe2+ electrochemical system was previously determined 
by Picard et alt51] who gave the value : (-1.447± 0.010 )V.

Fig.2 gives also the potential for which Li-Al alloys are 
electrochemically formed (~-3.32 V) when the cathodic current density is 
around 310 mA.cnr2.

We can notice that in pure LiCl+KCl eutectic melt, zinc and especially 
iron and copper are more noble than aluminum. On the contrary, 
magnesium is a much more reducing species than aluminum.

The efficiency for a good removal of an impurity depends on the 
potential gap between aluminum and this said impurity. One mean for 
modifying this gap is using of complexation reactions. Possibilities 
concerning ligands in molten salts are yet limited because of the high
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working temperature. One of the widely used ligand in molten chlorides is 
fluoride anion. So we have studied the complexation of aluminum(III) and its 
impurities with this ligand.

Aluminum(III)-F(-I) compounds.
Form ation constants o f  the soluble fluoro-com plexes o f  

alum inum (III). The formation of aluminum(III) fluoro-complexes was 
studied potentiometrically in LiCl+KCl eutectic melt at 470°C. Assuming 
several successive complexes AlFi3-i [i.e. AlFiClj(i+j-3)-], we can introduce 
the classical a  function defined by the relation!54’55] : 

oc A1(F) = [A1(III)]T/[A13+]
in which [A1(III)]t  denotes the total concentration of aluminum(III) under 
all its forms (Al3+, A1F2+, ...AlFi3 _i), and [Al3+] the concentration of 
aluminum(III) not complexed by fluoride ions, a  A1(F) is connected to the 
cumulative formation constants Pi of the different fluoro-complexes AlFi3"i 
( Pi = [AlFp-i]. [A13+] -1. [F-] - i), by the expression :

a  A1(F) = 1 + 2  i=in Pi .[F-] -i
From the a  a 1(F) values vs. the fluoride concentration, the constants can be 
obtained c.a. by means of a polynomial regression analysis!56] .

Experimentally, the function a  a1(F) vs. fluoride ion concentration was 
obtained by measuring the equilibrium potential of an aluminum electrode. 

According to the Nemst relation, the expression is the following : 
log a  ai(F) = 3F(E-E°)/(2.3RT)

where E° is the initial potential value when all the aluminum(III) is under 
the Al3+ form ([F'] = 0) and E the potential value measured when [F-] is 
different from 0 .

Typical experimental values of lag a  A1(F) obtained in function of 
log [F-]t , for an aluminum(III) concentration of 9.10-3  mol.kg-1, are 
represented on a logarithmic plot (Fig.3). As shown by the values of log Pi 
collected in Table 2, the fluoro-complexes appear very stable and thus 
would greatly decrease the apparent potential of the A1/A13+ redox couple. 
The values we have determined are in very good agreement with those 
previously obtained by Seon!43] and Picard et al!5°] in the same 
experimental conditions. So, we have used in the following the average 
values reported in Table 2.

We can redetermined the LiF solubility from the variation of logoc as a 
function of log [F“]t  for a given concentration of Al3+. In fact, no more 
variation is observed when the LiF solubility is reached (Fig.3). This value
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is in good agreement with the one which was obtained from Berezina's 
work.

Fluoro-complexes of cations relative to alum inum  im purities.
The fluoro-complexes of magnesium, zinc and copper were determined 

by performing experiments analogous to those carried out in the case of the 
study of the aluminum complexes stabilities.

Fig.3 and Fig,4 show that the complexing effect of fluoride anion is 
lesser on these cations than on aluminum(III). We found for the cumulative 
constants the following values :

log Pi = 0.7 ± 0 .2  and log P2 = 1.5 ± 0 .1  
for the magnesium(II) fluoro-complexes, 

log pi = -0.5 ±0.2
for the zinc(II) fluoro-complexe, and 

log pi = -1 .0  ± 0 .2
for the copper(I) fluoro-complexe. Because of the scattering of the 
experimental data (Fig.4), these values are not very accurate.

L IN E A R  S W E E P  V O L T A M M E T R IC  S T U D Y .

Diffusion coefficient of Al3+.
Fig.Sa shows cyclic voltammograms obtained on a tungstene electrode 

in the pure (LiCl+KCl)eutectic melt. The A1/A13+ electrochemical system is 
not reversible as indicated by applying the classical reversibility criteria^19]. 
In fact the charge transfer is quasi-reversible. Yet, the peak current density 
jp varies linearly with the square root of the sweep rate (Fig.5b) indicating a 
diffusion-controlled process. An estimate of the Al3+ diffusion coefficient 
DaI(CI) in the eutectic melt was obtained from the expression of jp vs. v l /2  
corresponding to a reversible charge transfer^8] . The slope p of the straight 
line is then given b y :

p = 1.979.10-3 . [Al3+] .D a 1(C1) 1/2
when the cathodic current density jp is expressed in mA.cnr2, the [Al(III)] 
concentration in mol.kg-1, the diffusion coefficient D a I(CI) in cm2 .s“l and 
the voltage sweep rate v in V.s-1. The value obtained i s :

E>A1(C1) = (1.1 ± 0.2). 10-5 cm2.S"l.
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D iffusion coefficient of A l(III) and  so lubility  p ro d u c t of 
U 3 AIF6  in fluoride containing media.

During our investigations, the low solubility of Li3AlF6 was 
evidenced. In fact, it was observed, in particular in LiF-saturated melt, the 
formation of a precipitate when the concentration of aluminum(III) was 
sufficiently high. After decantation, most of the bath was eliminated by 
melting and the residue was rinsed with water and subsequently dryed. A 
RX-diffraction pattern of the recovered product is represented in Fig.6 . 
Besides the lithium fluoride, we can so identified the presence of lithium 
cryolithe in the recovered product.

The solubility of U 3AIF6  corresponds to the equilibrium :
U 3AIF6  (s) = A13+ + 6  F- + 3 Li+ 

and the solubility product is defined as :
Ks = [Al3+].[F-]6 

and can be rewritten:
Ks = [ Al(III)]. [F~] 6 .ocA1(F)‘ 1.

The solubility product Ks was experimentally determined by measuring the 
concentration of dissolved Al(III) from the peak current densities of cyclic 
voltammograms (c.a. Fig.5c) performed at various voltage sweep rates as a 
function of Al(III) added in a LiF-saturated melt (the amount of LiF in 
excess was ranged from 2.5 to 3 mol.kg-1). After verifying that the cathodic 
peak current density jp varies linearly with v 1/2 (Fig.5d), we have examined 
the experimental variation of jp /v i / 2  vs. Al(III) concentration in a 
logarithmic plot (Fig.7). In fact, we have!58! :

log{jp/vl/2} = 6.2964 + 0.5 log D Al(F) + log [Al(III)] 
when the cathodic current density jp is expressed in mA.cnr2, the voltage 
sweep rate v in V.S’l, the diffusion coefficient D A i(F) in cm2 .s-l, and the 
[Al(III)] concentration in mol.kg-1 . From the cumulative formation 
constants of the aluminum(III) fluoro-complexes that we have determined 
above, we can show that soluble Al(III) is essentially under the forms of 
AIF52- (<20%) and A1F63- (>80%) when the free fluoride ion concentration 
is equal to the LiF solubility. The apparent diffusion coefficient D a i (F) may 
then be assumed constant and a linear plot of slope unity has to be expected. 
Fig.7 shows this is practically the case in spite of a certain scattering of the 
experimental data. From the intercept, we can calculate for the diffusion 
coefficient D a i (F) the value : (3.2 ± 1.5). 10-6 cm2 .s-l.

Moreover, when the solubility of the lithium cryolithe is reached, the 
Al(III) concentration becomes constant. Fig.7 shows that appears for a
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concentration equal to (3.0 ± 0.9).10-2 mol.kg-1. Knowing t̂he values of [F-] 
and o c a I ( F )  from the LiF solubility and the cumulative constants of the 
aluminum(III) fluoro-complexes, we can deduce an estimate of the solubility

product Ks of U 3A1F6. The value obtained is given by : 
log{Ks / mol? kg-?} = -10.6 ± 0.8.

DISCUSSION.

Distribution diagrams of the different complex species vs. fluoride 
anion concentration has been established for aluminum and impurities 
metallic cations (Fig.8 ) considering a total cation concentration of 0.1 
mol.kg’1. From them, we can deduce that whatever the fluoride 
concentration may be several fluorocomplexes are always coexisting.

However for aluminum, only A1F2+, AIF4 - and Li3AlF6 can reach 
percentages higher than 50% as it is more visible in the predominance area 
diagram given in Fig.9, and for magnesium, only MgF2 can also reach 
percentages higher than 50%. Zinc and copper are very few complexed by 
F’ (only 30% of zinc cation and 20% of copper cation are under the form of 
fluoro-complexes in LiF-saturated melt).

When the fluoride concentration is lower than 10“3 mol.kg-1, none of 
the impurity cations is bonded by fluoride ion, and aluminum(III) cation is 
very weakly complexed. On contrast, for [F’]t higher than 
3.10‘1 mol.kg-1 Al(III) is strongly complexed by F- (and Li3AlF6 
precipitates), magnesium becomes complexed by fluoride ion and zinc and 
copper are practically not complexed (less than 30%).

Application of these results allowed us to establish the principle of an 
aluminum electrorefining process.

ELECTROREFINING OF ALUMINUM

PRINCIPLE OF THE CONCEIVED ELECTROREFINING PROCESS.

What are the most favourable media for refining aluminum with respect 
to Mg, Zn, Fe and Cu ? We have shown that, contrary to the strong 
complexation observed for aluminum (in good agreement with previous
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resultst50*57!) and the low stability of the magnesium(II)-fluoride 
complexes, zinc(II) and copper(I) cations are weakly bonded to the fluoride 
anion. Fe(II)-F(-I) complexes were not investigated because it was assumed, 
after the study of zinc(II) complexes that, if they exist, their stabilities are 
very low and, given the high standard potentials of the iron electrochemical 
systems[43>5l], in any case not strong enough for making iron more 
reductant than aluminum.

From Fig. 10 representing the conditional electrode potentials for the 
various redox couples considered, we can remark that the representative 
curves E = f ( lo g [F _]T ) are never crossing whatever the fluoride 
concentration. In particular, zinc never becomes more reductant than 
aluminum, nor aluminum more reductant than magnesium. Moreover, 
Fig. 10 clearly evidences the differences of the potential of the element to be 
refined (aluminum) and the potentials of its impurities, on which depends 
the efficiency of an electrorefining process . The best efficiency with 
respect to magnesium may then be expected with a LiF-poor medium for 
which the highest difference for the two conditional potentials is observed 
(~800 mV). On the contrary, such a medium is not adequate for purifying 
aluminum with respect to zinc (AE~250 mV). The best removal should be 
obtained for the highest fluoride concentration which can be reached (LiF 
solubility).

Moreover another factor may influence the choice of the melt 
composition : If we wish to use sufficiently high current density, a 
noticeable Al(III) concentration is required; so we have to take care of 
avoiding the lithium cryolithe precipitation for fluoride-rich media.

From the solubility curves of U 3AIF6 (F ig .ll), we can notice that for 
Al(III) = 0.1 mol.kg‘l, Li3AlF6 precipitates when [F-]t reaches 0.63 
mol.kg’1, this allows us to increase the AE's between (1) the zinc, copper 
and iron redox systems and (2) the aluminum redox system of about 270 
mV compared with the value observed in pure chloride medium. So a good 
purification with respect to zinc, copper and iron may be expected.

This discussion above showed that optimizing conditions for aluminum 
electrorefining would be the use of two different media : a medium very 
poor in LiF for a good removal of magnesium, and a fluoride-concentrated 
medium for a good removal of zinc, copper and iron. It would be 
interesting to realize these two operations with only one cell, therefore we 
suggested the process whose a scheme is given in Fig. 12 . The refining cell 
is constituted by two separated compartments, connected via a bottom Al-
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based liquid alloy acting as a bipolar electrode. The anodic compartment is 
filled with a melt containing very few or no LiF, the anode being the 
aluminum to be refined. In this compartment, magnesium and aluminum 
are oxidized. But only aluminum(III) is reducible at the melt-alloy 
interface, magnesium(II) concentrates in the melt, and the other metallic 
elements (not oxidized) coming from a possible breaking up of the anode, 
may reach the bottom alloy by gravity and penetrate into it. The second 
compartment is filled with a melt containing LiF the concentration of which 
corresponds to the beginning of the Li3 AlF6  precipitation. At the second 
interface, only A1 is oxidized (no magnesium exists in the alloy) and so only 
Al(III) are reduced at the cathode (refined metal).

We remark that with such a process, the impurities which are less noble 
than aluminum are removed in a first time in the anodic compartment in 
which they concentrate as cations, and the impurities which are more noble 
concentrate in the bottom alloy as alloying metals. Then, in the cathodic 
compartment, only aluminum is oxidized and this occurs with all the highest 
efficiency than the catholyte is richer in lithium fluoride.

ELECIBQREFD ^^G-PEy iC E AND PROCEDURE,

Laboratory aluminum refining cell.
Fig.13 gives the schematic cross-section of the laboratory aluminum 

refining cell realized in Pyrex. This cell is constituted in two parts forming 
a confined environment for controlling atmosphere. The first one is a Pyrex 
pot ((j)~100 mm, h~230 mm) ended with a plane O-ring, inside which a 
Pyrex crucible (<|>~80 mm) is introduced. The second part is a lid having 7 
openings in order to allow the setting of the anode, the argon inlet and 
outlet, the material feed pipe and the chromel-alumel thermocouple (housed 
in a Pyrex tube).

The "double compartment" is realized by the setting up of a bell-shaped 
tube (<|)~40 mm) through the central opening of the lid. This tube is 
immersed halfway down into the bottom liquid alloy.

The central compartment so realized is the cathodic compartment. A 
stopper allows us to hold the cathode. Some holes permit to balance the 
inside pressures of the two compartments. The bottom surface of the 
cathodic and anodic compartments are respectively 10.7 and 34 cm2.

Temperature is maintained constant by means of a furnace Renat (3.3 
kW) thermoregulated by a Gulton West 3200 device.

The design of thisacell makes easier the refining procedure which is the 
following.
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Procedure for electrorefining and operating conditions
The bottom alloy (prepared apart), is put in the crucible as well as 500g 

(LiCl+KCl)eutectic. The bell-shaped tube is then set in but not introduced 
into the alloy. The eutectic and alloy are melted under vacuum. An argon 
flow is then realized and the bell-shaped tube is immersed down through the 
alloy. The required amount of lithium fluoride and aluminum chloride are 
added in the central compartment so formed, and aluminum chloride is 
introduced in the ring anodic compartment. With the design of our cell, the 
anodic compartment contains 380g eutectic and the cathodic compartment 
120g eutectic. The alloy height is 2.5 cm.

Three sets of experiments : A, B and C were performed. The first set 
was realized with a binary liquid alloy (A15wt%-Zn) melting at 382°C and 
the other two with a ternary liquid alloy (A1 15.5wt%-Zn 74wt%-Cu) 
melting at 396°C.

Electrolysis were realized in an unstirred melt. The duration of the two 
first sets were 15 days and the third one 21 days. The operating conditions 
are reported in Table 3. Fig. 14 gives the distribution of the aluminum(III) 
species near the operating conditions as well as the aluminum anode 
potential which allows us to calculate the theoretical voltages of the refining 
experiments (Table 3). The changes from one test to the other one (liquid 
alloy, cathodic electrolyte composition, current density,...) were decided 
from analysis of the deposits resulting from each run.

The deposits were obtained sequentially (three times a run) during one 
run of A1 electrorefining (three runs by each set). The recovered metal 
amounts (after several aqueous washings) ranged between 1 and 2  g, 
depending the case for each run. The deposits were analysed after their 
recovering.

Recovering and analysis of the samples.
The resulting materials were scraped off with an alumina knife, then 

weighed and washed to dissolve the dragged out salts. About 20 washings in 
50ml of water for 2 0  mn under ultrasonic vibrations are necessary to 
eliminate the salts.

The lithium contents of the deposits were determined by Flame Atomic 
Absorption Spectroscopy (A.A) and the contents of the other elements 
under consideration by Inducted Coupled Plasma Absorption Electron 
Spectroscopy (I.C.P).
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RESULTS AND DISCUSSION.

Current efficiency
The current efficiency was very high but difficult to determine with 

accuracy because of the metal loss due to the numerous washings necessary 
for extracting the high amount of dragged out salts. For all the sets of 
experiments, the metal yield was always higher than 90%.

Morphology of the deposits.
The resulting deposits relative to two runs belonging to the first and the 

third sets of experiments are shown in Fig.l5a and 15b. respectively. 
Fig. 15a shows a 38250 coulomb aluminum deposit obtained at 
10 mA.cnr2 (set A). This sample shows that we obtained a mossy, non
adherent deposit, the size of which is given by the A1 5N cathode (ruler
shaped with side~l cm) visible in this photograph. The sample resulting 
from the set C (57000 C) shown in Fig. 15b is porous and friable.

Effect of the bottom liquid alloy composition on Zn amount of 
the refined aluminum.

Fig. 16a gives the Zn amount of the samples recovered in typical runs 
for each set. The Zn impurity content of the cathodic deposits appears to 
decrease with time (or charge amount). The first 17000 coulombs serves to 
pre-electrolyse the melt. After the third one (i.e. after 50000 coulombs), no 
variation is observed . This is reproducible as shown in the case of the first 
set.

The limiting values obtained after each run is represented in Fig. 16b 
for the three sets A, B,and C. We can observe that the Zn level is higher in 
samples resulting from the first set corresponding to the use of a Zn-rich 
liquid alloy than in the samples recovered from the sets B and C (ternary 
liquid alloy). Moreover, in the latter case, a decrease in the current leads to 
a decrease in the zinc amount. This was attributed to diffusion-controlled 
process in the alloy leading to a depletion of A1 at the interface with the 
melt.

Results obtained with the ternary liquid alloy.
The efficiency of the Fe and Mg removals is not current dependent. 

Fig. 17 shows that these impurities are well removed in runs of the second 
set (10 mA.cnr2) . Iron content dropped from 1300ppm to 2ppm, and Mg
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from 36ppm to < 2ppm.
For refining runs realized at 10 mA.cnr2 (set B), the average value of 

the copper content was about lOppm (Fig. 18). But when the cathodic 
current density is decreased from 10 to 5 mA.cnr2, the copper amount 
decreased rapidly to 2ppm. This result, as well as in the case of Zn, is 
attributed to the limitation due to the diffusion of A1 in the ternary alloy.

At last, concerning the lithium content, we observe also a drastically 
decrease with the c.c.d.

CONCLUSION

From a pretty bad starting material containing 0.14 wt% of impurities 
(A1 99.86%), it was possible to obtain A1 99.995% thus demonstrating the 
possibilities of such an electrorefining process comparing with the three- 
layer process (Fig. 19). Moreover, it appears from analysis of the results 
obtained with the organic electrolyte purification (Table 1) and ours that 
this new method may be an effective alternative process without the 
problem of handling high reactive material.

Yet, some improvements concerning the morphology of the deposits 
and the value of the current density are required. They can be acquired by 
increasing the working temperature (but remaining lower than the melting 
temperature of aluminum), modifying the nature of the meld59], stirring 
the melt and the bottom alloy, using alternative or pulsed currents!3!],...
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Table 3 : Operating conditions for electrorefining 
experiments (T = 470°C).

1st set 2nd set 3rd set
A B C

Anolvte composition 
fmol.kgJO

AICI3 0.1 0.1 0.1
Catholvte composition 

Cmol.keJ-')

AICI3 0.1 0.1 0.066
LiF 0.63 0.63 0.56

Liquid allov composition(wt%l

A1 5 15.5 15.5
Zn 95 74 74
Cu 0 10.5 10.5

Current intensity CmAI 107 107 50

Current density (mA/crm2l 10 10 5

Average voltase (V) 0.30 0.23 0.17

571



36 kT  in 1988

F ig . l  : Production o f refined aluminum in the
world (Eastern countries excepted).

■  France 
S3 Europe(w.Fr.) 
13 USA 
0  Japan
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log ( [M] / mol.kg-1)

Fig.2 : Potentiometric determination of the standard potentials
of some metallic cation / metal redox systems in the 
LiCl+KCl eutectic melt at 470°C (potentials are given vs. 
theCl2(latm)/Cl- electrochemical system).
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-3 - 2 - 1 0  1
log [F-]t

Fig.3 : Determination of the cumulative formation constants of
Al(III) and Mg(II) fluoro-complexes in the LiCl+KCl 
eutectic melt at 470°C. Plot of log otAl(F) and log otMg(F) 
vs.log {[F‘]t I mol.kg*1}. ([Al(III)] = 9.10'3 m ol.kg-1; 
[Mg(II)] = 2.10-2 mol.kg-1).

0.001------1------t a , ,r  1 “— 1— 1
-3 - 2 - 1 0  1

log [F-]t
Fig.4 : Determination of the cumulative formation constants of

Zn(II) and Cu(I) fluoro-complexes in the LiCl+KCl 
eutectic melt at 470°C. Plot of log azn(F) and log acu(F) 
vs.log {[F-]t / mol.kg-l}. ([Zn(II)] = 8.7.10-2 mol.kg-1; 
[Cu(I)] = 7.10-2 mol.kg-l).
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Fig.5 : Linear sweep voltammetric study of the A1/A1(III)
electrochemical system. Typical voltammograms obtained on a tungstene 
electrode (Surface area : 0.17 cm2) : a) in the pure LiCl+KCl eutectic melt 
([Al(III)] = 6.10-2 mol.kg-i; v = 0.3, 0.5 and 0.8 V.s-l); c) in LiF and 
Li3AlF6 saturated melt (v = 0.3, 0.8 and 1.5 V.s-1); plots of cathodic peak 
current density vs. v1/2 :b) [Al(III)] = 1.84.1 O'2 ,6.1 O'2 and 0.13 mol.kg-1; 
d) [Al(III)] = 1.84.10"2 mol.kg-1 and equal to the solubility of Li3AlF6.
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Fig.7 : Determination of the diffusion coefficient of Al(III) in LiF-
saturated melt and of the solubility of Li3AlF6. Logarithmic plot of jp / v1/2 
vs. [Al(III)]t (molality scale, jp in mA.cnr2 , v in V.s-l)
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Fig.8 : Distribution diagrams of the metallic cations fluoro-complexes
in the LiCl+KCl eutectic melt at 470°C
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Fig.9 : Predominance area diagram for aluminum(III) species
in the LiCl+KCl eutectic melt at 470°C as a function of total 
fluoride ion concentration.
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Fig. 10 : Conditional potential-log[F-]t equilibrium diagram for 
aluminum, magnesium, iron, zinc and copper 
in (LiCl+KCl)eutectic+LiF mixtures at 470°C.
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F ig .1 2  : Principle o f  the electrorefining cell.

F ig .13: Laboratory aluminum refining cell (see text for explanation).
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Fig.14: Theoretical potentials of the cathode and Al(III) species
distributions around the fluoride ion concentration relative to 
the U 3AIF6 precipitation, for total Al(III) concentrations of 
0.1 and 0.066 mol.kg‘1.
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Fig.15: Photographs of aluminum deposits.
a (upper) : a 38250 Coulomb deposit obtained at 10 mA.cnr2 

(set A).
b (lower): a 57000 Coulomb deposit obtained at 5 mA.cnr2 

(set C).
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F ig .16: Comparison of metallic impurity levels.
a) zinc content of electrorefining samples as a function of 

charge amount or (time) for the three sets of 
experiments.

b) typical values for zinc content in samples recovered after 
each electrolysis run for the three sets of experiments.
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Fig.17:

Fig.18:

A o 'K Charge amount / C

Average maximum values observed for Fe and Mg impurities 
in A1 deposits obtained with the ternary liquid alloy (set B).
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Fig.19: Comparison of metallic impurity levels found for Hall-Heroult
aluminum (■) and purified aluminum ( S : three-layer, u  new 
process).
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ELECTROLYTIC PRODUCTION OF CALCIUM METAL
J. J. Lukasko and J. E. Murphy

Reno Research Center
U.S. Bureau of Mines

1605 Evans Avenue, Reno, Nevada 89512-2295

ABSTRACT
The Bureau of Mines developed an alternative electrochemical 
process for the production of calcium metal. The current 
industrial practice is costly, complex, and inefficient. 
The Bureau method involves electrowinning of a calcium-tin 
alloy followed by electrorefining to produce calcium metal. 
In the electrowinning cell, calcium chloride was fed to a 
potassium chloride-calcium chloride electrolyte. The 
calcium was electrowon at 650° c into the pure molten tin 
cathode until the cathode contained 7.5 wt pet Ca. current 
efficiency for electrowinning averaged over 90 pet. The 
resulting tin-calcium alloy served as the anode for the 
electrorefining cell which employed a calcium chloride- 
calcium fluoride fused salt as the electrolyte. Calcium 
metal was electrorefined at 850° C with a current efficiency 
of 85 pet based on calcium metal recovered. The calcium 
metal analyzed 99.2 pet, which is purer than commercially 
produced calcium.

INTRODUCTION
The Bureau of Mines has investigated the electrolytic production of 

calcium metal. The procedure has low energy requirements and may lower 
the cost of producing calcium. Lower cost calcium metal would promote 
wider use.

Before adoption of the present commercial process, calcium metal was 
manufactured by the direct electrolysis of calcium chloride (1). In this 
batch process, a "carrot" of solid calcium was electrowon which contained 
a large amount of occluded salt. The process was difficult to control and 
operated at only 60-pct current efficiency (2). Aluminothermic reduction 
of lime to produce calcium metal, which was commercialized in the 1940's, 
is the only process currently used for calcium production in the United 
States (3). Calcium oxide and aluminum powder are briquetted and then 
retorted at 1,200° C under vacuum. Purity of the calcium metal is 98.8 
pet, and the purity can be improved to 99.5 pet by redistillation (4-7). 
The major impurity of the redistilled calcium is magnesium at 0.5 wt pet. 
High-energy consumption and a labor intensive, batch operation are 
disadvantages of the process. Moreover, powdered aluminum metal is an 
expensive reductant, and aluminum utilization is only about 60 pet.

The proposed electrochemical process depicted in Figure 1 is simple, 
energy efficient, and could be made continuous. Calcium chloride was fed 
to the electrowinning cell which had a molten tin cathode. The
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electrowinning cell produced Ca-Sn alloy and byproduct Cl2. After 
electrowinning calcium into the tin cathode, the Ca-Sn alloy became the 
anode for the electrorefining cell. Calcium metal analyzing 99.2 pet pure 
was recovered from the electrorefining cell. The calcium electrowinning 
cell was modified to produce Pb-Ca alloys by electrowinning calcium into 
a molten-lead cathode.

EQUIPMENT AND MATERIALS
Analyses of the reagent grade chemicals employed in the 

electrowinning-electrorefining tests are shown in Table 1. The salts were 
dried in an oven and stored in a desiccator prior to use. Before 
electrolysis, the tin cathodes and electrolytes were melted in graphite 
crucibles with induction heating.

A proportioning controller and wire wound resistance furnace 
maintained the electrolytic cell at the desired temperature for all 
experiments. Type K inconel-clad thermocouples encased in alumina sheaths 
were used to monitor temperature. A Hewlett Packard 6264B rectifier 
provided electric current for electrolysis. A Curtis Model 1002 
integrator was used to measure electrolysis current, and a Fluke Model 
8026B multimeter was used to monitor electrolysis voltage.

Figure 2 depicts the electrowinning cell. A 250-mL alumina crucible 
served as the cell container. One-hundred-twenty grams of pure tin was 
placed on the bottom of the crucible to serve as the cathode. The salt 
charge containing 170 g of well mixed chlorides (75 mol pet KCl-25 mol pet 
CaCl2) was added to the crucible. The thermocouple assembly was placed 
into the powdered salt. When the salt became molten, the cathode current 
feeder and anode assemblies were positioned. The cathode current feeder 
was a 0.6-cm-diam by 30.5-cm-long tungsten rod which was encompassed by 
a 1.8-cm-diam ID open-ended alumina tube. The anode assembly consisted 
of a 0.6-cm-diam by 30.5-cm-long graphite rod which was inserted into the 
middle of a 1.8-cm-ID alumina tube and submerged 2.5 cm into the molten- 
salt electrolyte. The open-ended alumina tube served as an anode sheath 
which vented chlorine gas and prevented both oxidation of the graphite rod 
and backreaction of the calcium in the cell. Upon completion of 
electrowinning, all the components werfe removed and the metal cathode and 
electrolyte were poured into a graphite mold. After cooling, the tin 
alloy button was separated from the electrolyte.

The electrorefining cell is shown in Figure 3. The apparatus was 
housed in a glove box to prevent oxidation of the calcium metal at the 
cathode. The glove box was evacuated to approximately 100 microns and 
backfilled with 99.995 pet pure argon that had been passed through a 
Drierite desiccant column and an oxygen getter assembly. The getter 
assembly consisted of a 2-cm-ID by 33-cm-long Vycor1 tube filled with 
minus 4 plus 40 mesh titanium sponge which was heated to 850° C in a tube 
furnace. The Ca-Sn cathode alloy from the electrowinning step was placed

Reference to specific products does not imply endorsement by the 
Bureau of Mines.
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Table 1. Analysis of Reagent-Grade 
Chemicals, parts per million

CaCl2 KCl Sn CaF2
Al. . <500 <200 <600 *0.43
Ca.. *34.45 <200 <600 *49.5
K. . . <150 *44.8 <100 <1,000
Mg.. 740 <50 <200 *0.20
Na.. 10.29 <200 <600 *1.1
Sn.. 170 <10 *99.9 <20
Sr.. 150 <0.5 < 2 400
1Percent.

at the bottom of a 250-mL alumina crucible. An alumina sheathed 1.5-mm- 
diam thermocouple and an alumina sheathed 3-mm-diam stainless steel rod 
were placed between a 4-cm-diam by 5-cm-tall molybdenum foil liner and the 
crucible wall. The stainless steel rod served as the anode bus and was 
positioned to ensure electrical contact with -the Ca-sn alloy anode. The 
bottom of the thermocouple sheath was positioned 2 cm below the 
electrolyte surface. The bottom of the foil liner was approximately 1 to 
2 cm above the salt-alloy interface. The molybdenum foil liner contained 
the calcium metal that floated during production and prevented attack on 
the alumina. One-hundred-seventy grams of electrolyte (52 mol pet CaCl2- 
48 mol pet CaF2) was placed on the alloy. Once the electrolyte was 
molten, a 6-mm-diam tungsten rod, which served as the cathode, was 
immersed 1 cm into the molten-salt bath.

EXPERIMENTAL PROCEDURE AND RESULTS
The results of preliminary tests dictated the parameters of the 

electrowinning operation. Several pure metals, including cadmium, lead, 
tin, and zinc, were tried as liquid cathodes. Tin accepted the highest 
calcium loading. Several runs were performed to identify acceptable 
ranges for temperature, voltage, and current density. Different molten- 
salt baths composed of CaCl2, and one or more of KCl, Licl, BaCl2, and 
SrCl2 were tested as electrolytes. Lithium, barium, and strontium were 
electrowon with calcium into the cathode. As a result, only the KCl-CaCl2 
bath was suitable. Feeding calcium chloride at approximately the same 
rate that decomposition occurred provided for steady operation and 
prevented freezing of the molten-salt bath.

Electrolysis was initiated after the temperature reached 650° C. 
The applied current was adjusted to 8 A (0.4 A/cm2 cathode current 
density) and the voltage monitored to determine if the cell was shorted 
or if the circuit was open. The rectifier was controlled in a constant 
current mode. Electrowinning started at approximately 2.7V. Ammonia gas 
was passed over the anode vent to verify electrolysis by forming white 
ammonium chloride. Once steady operation was obtained, the 
stoichiometrically required amount of calcium chloride was fed to the cell 
to replace electrolyte depleted during electrowinning. This 
semicontinuous feeding provided for very smooth operation with little
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Table 2. Calcium Metal Production operating Data
Electro
winning

Electro
refining

Feed.............. CaCl2 CaSn3
Electrolyte, pet:

KCl............. 67 NAp
cacl2.......... 33 60
CaF,............ NAp 40

Cell:
Material....... Alumina ( ')Atmosphere..... Air Argon
Operating temp...... °C.. 650 850
Applied current. 8 4
Voltage........ 4.5 1.6
Current efficiency..pet.. 91 85

Anode:
Material....... Graphite casn3
Size, cm:

Height....... 30 1.0
Diameter..... 0.6 5.4

Active area.... 4.8 21
Current density. ..A/cm2.. 1.7 0.2

Cathode:
Material....... Tin Tungsten
Size, cm:

Height....... 0.7 30
Diameter..... 5.4 0.6

Active area.... 21 2.2
Current density. ..A/cm2.. 0.4 1.8

NAp Not applicable.
1Alumina, molybdenum liner.

voltage fluctuation. Each test was continuously monitored and operating 
data were recorded. Immediately after terminating a test, the apparatus 
was disassembled and the contents of the crucible were poured into a 
conical graphite mold. After cooling,' the tin alloy button could be 
easily separated from the salt phase. Examination of the apparatus showed 
there was no corrosion or chemical attack. Table 2 shows typical 
electrowinning data.

An investigation of operating parameters was undertaken to determine 
optimum conditions and to model cell characteristics. Temperature, 
current density, calcium loading, and cathode additives were examined to 
evaluate their effect on current efficiency.

Figure 4 depicts the relationship between anode current density and 
cell voltage for a 0.6-cm-diam graphite rod anode. The voltage was 
measured from the top of the anode to the top of the cathode. The cell 
was operated at 650° C with standard conditions. The graphite anode was 
immersed 2.5 cm into the molten-salt bath. When the data are projected 
to zero amperes, the decomposition voltage is approximately 2.7 V. This
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The effect of cell temperature on current efficiency is shown in 
Figure 5. The electrowinning tests which were run for 16 A*h 
(approximately 5.6 pet Ca loading) show that current efficiency decreases 
linearly with increasing temperature. The lowest possible operating 
temperature was 635° C. Below 635° C, additions of cacl2 would initiate 
localized freezing and upset operation of the cell.

Current efficiency decreased with calcium loading of the cathode. 
Table 3 relates current efficiency and calcium loading in percent calcium. 
Current efficiency was decreased because the calcium activity in the 
cathode was increased, and the melting point of the alloy was increased 
causing viscosity and surface tension of the cathode to increase. The 
increased viscosity and surface tension impeded the transfer of the 
calcium metal into the tin cathode.

Current efficiency decreased linearly with increasing cathode 
current density as shown in Figure 6. The cell was operated at 655° C for 
9 A*h (approximately 5.1 pet Ca) for these experiments. Increasing 
cathodic current density caused calcium to build up at the cathode 
surface.

The data in Table 4 show that the addition of copper, lead, zinc, 
and silver metals to the tin cathode decreased the current efficiency. 
The conditions for these experiments were the same as for the experiments 
with the tin cathode. The purpose of adding metals was to increase 
calcium solubility, to reduce tin content by partial substitution of a 
cheaper metal, and to improve loading and current efficiency. The 
predicted efficiency is the average efficiency that was obtained with a 
pure tin cathode. The addition of another metal to the tin cathode 
decreased the current efficiency.

A scanning electron microscope picture of the tin-calcium alloy 
showed that CaSn3 was the predominant species with trace amounts of CaSn. 
The CaSn3 grains could easily be seen in the tin matrix. An X-ray 
diffraction analysis of the cathode indicated major CaSn3 and minor tin. 
The electrolyte was determined to be KCl and KCaCl3 by X-ray diffraction. 
Table 5 shows an analysis of the electrolyte and the tin-calcium cathode.

voltage is lower than the theoretical decomposition voltage for CaCl2 at
650° C which is 3.45 V (8) because of the exothermic reaction in forming
the compound, CaSn3.

Table 3. Current Efficiency Versus Percent Calcium 
Loading of the Cathode for the Electrowinning Cell

Run Efficiency,
pet

Calcium,
pet

_n----------
|| Run
II

Efficiency,
pet

Calcium,
pet

20.. 93.0 8.5 II
II 39.. 95.9 5.1

27.. 82.0 11.9 II 40.. 91.2 8.4
29.. 93.0 6.9 II 41.. 91.5 8.4
37.. 94.5 5.1 II 47.. 92.5 8.5
38.. 96.9 5.2 II 49.._ll______ 91.0 8.3
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Table 4. Effects of Metallic Additions to the Cathode in the 
Electrowinning Cell upon Current Efficiency

Alloy
Weight
percent

Ampere
hour

Current
efficiency

pet
Predicted
efficiency,

pet
Percent
change

Sn-Cu 80-20 9.0 75.0 96.4 -22.2
sn-cu 90-10 9.0 88.0 96.4 -8.7
Sn-cu 95- 5 9.0 91.5 96.4 -5.1
Sn-Pb 50-50 12.0 86.0 94.1 -8.6
Sn-Zn 50-50 14.0 19.0 92.6 -79.5
Sn-Ag 90-10 4.5 90.0 99.8 -9.8

Table 5. Analysis of Electrowon Alloy 
and Electrolyte, parts per million

Cathode Electrolyte
Al.. <400 <500
Ca.. J7.3 *11.8
K... 50 137.6
Mg.. <200 <200
Na.. <400 1 0.23
Sn.. 193 <20
Sr.. 400 1,000
1Percent.

Electrorefining
The electrorefining cell was initially used in air with an argon gas 

blanket, but excessive oxidation of calcium at the melt surface resulted. 
Subsequent electrorefining was done in a glove box with an argon 
atmosphere which permited visual examination and adjustments during cell 
operation.

Table 2 summarizes typical electrorefining data. A calcium 
chloride-calcium fluoride (52-48 mol pet) electrolyte was determined to 
be satisfactory. Other electrolytes tested included mixtures of LiF, 
BaF2, CaCl2, CaF2, and BaCl2. Because calcium reduced these salts in the 
cell, significant metallic contamination of the product occurred. The 
CaCl2-CaF2 electrolyte melted at 800° C, was fluid, exhibited 2 pet Ca 
solubility, and had no detectable tin solubility.

The cell was operated at 850° C to ensure that the calcium product 
was molten. Higher temperatures would have increased calcium 
volatilization and calcium solubility in the electrolyte. Cell voltage 
was adjusted to a maximum of 2 V to prevent electrolysis of the calcium 
chloride. The anode current density at 0.2 A/cm2 was near the operating 
level in aluminum and magnesium molten-salt electrorefining cells which 
ranges from 0.3 to 0.8 A/cm2 (9-10).
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Periodic inspection of the cell during electrorefining revealed that 
calcium was oxidizing at the electrolyte surface. A major oxygen source 
was probably outgassing of the furnace refractories. After the initial 
adjustment of the rectifier, fluctuations of output voltage and applied 
current were small. Fuming of the electrolyte was not visible. After the 
desired ampere hour was reached, heating was terminated and the cell 
contents froze within 5 min. The voltage was maintained to provide 
cathodic protection which prevented dissolution of calcium metal at the 
cathode. Once the electrolyte was frozen, it could be easily separated 
from the calcium deposit which was free of occluded salt. The electrolyte 
remained clean and white and exhibited a sharp interface with the tin- 
calcium anode. The calcium product was analyzed as soon as possible to 
limit oxidation. The apparatus showed no signs of chemical attack or 
corrosion upon disassembly.

A plot of anode current density versus cell voltage is depicted in 
Figure 7. A potential of 0.6 V was required before electrorefining would 
proceed.

Several tests were performed to examine the influence of cell 
parameters on current efficiency and product purity. Electrorefining 
experiments ranged between 30 and 190 min. Current densities were varied 
from 0.07 to 0.29 and from 0.58 to 2.52 A/cm2 for the anode and cathode, 
respectively, calcium loading of the anode feed ranged between 4.9 and 
9.2 wt pet with an average of 7.36. Removal of calcium from the anode 
varied from 40 to 70 pet in these experiments. Within the above tested 
ranges, varying the parameters had no discernible effect on purity or 
current efficiency.

The measured current efficiencies which were based on calcium 
recovery ranged from 75 to 88 and averaged only 85 pet. Normally, 
electrorefining operates at very high current efficiencies. However, when 
the calcium metal floats on the electrolyte, there is significant 
oxidation and some evaporation. Also, calcium is 2 wt pet soluble in the 
electrolyte, and the solubility limit must be reached before the 
solubility loss is zero. In short duration tests, the solubility loss is 
significant, but it was not taken into account.

Typical analyses of the calcium metal product and spent electrolyte 
are found in Table 6. Examination of the calcium metal by scanning 
electron microscopy (SEM) showed one continuous phase of calcium. Thus, 
impurities in the calcium did not form separate phases and could not be 
seen by SEM. According to inductively coupled plasma and atomic 
absorption analysis, approximately 0.15 wt pet tin transferred during 
electrorefining. SEM inspection of the calcium found tin contamination 
to be uniform. The tin analyzed less than 20 ppm (detection limit) 
throughout the electrolyte. The calcium could be distilled to remove the 
tin if desired. Other impurities found in the calcium metal were 
aluminum, sodium, and magnesium. The impurities were present in the 
electrolyte reagents and reported to the calcium product. Thus, 
eventually a purer product would be obtained because the electrorefining 
operation removed the impurity metals from the electrolyte. After 
sustained operation with clean feed, the recovery of a high-purity calcium 
metal product should be possible.
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Table 6. Analysis of Calcium Product and 
Electrolyte from the Electrorefining Cell, percent

Calcium Electrolyte
AJL . . .
Ca...

U . 40
99.2

U . J.O
44.4

K ___ *<1,000 *1,000
Mg... 0.16 1690
Na... 0.15 ' 0.47
Sn... 0.15 *<20
Sr... *200 0.11
1Parts-per-mi11ion.

Proposed Electrorefining Cell
Figure 8 is a schematic of a proposed electrorefining cell for the 

large-scale, continuous production of calcium. The cell would have an 
alumina or other refractory liner to contain the Ca-Sn alloy feed and 
electrolyte. Steel proved to be suitable for electrodes and lining where 
calcium metal may be contacted. The levels of CaSn3, electrolyte, and 
calcium metal would be controlled by monitoring feed and tapping flows. 
An inert atmosphere above the molten calcium would be required. Cell 
voltage, temperature, and anode current density should be similar to those 
of the electrorefining cell in present work.

Lead-Calcium Alloys
Lead-calcium alloys were produced by electrowinning calcium into a 

molten lead cathode. Table 7 contains lead-calcium alloy cell data. 
Calcium chloride was fed to a KCl-Cad2 molten-salt electrowinning cell 
to make Pb-Ca alloys containing up to 6.1 pet Ca with 94 pet current 
efficiency. Also, Pb-Sn-Ca and Pb-Sn-Ca-Al alloys were made in the 
electrowinning cell with current efficiencies above 90 pet. These alloys 
could be blended with lead to produce other desired alloys. Pb-Ca alloys 
have application as electrowinning anodes and battery grids.

Table 7. Lead-Calcium Alloy Cell Data
Feed............................  CaCl2
Electrolyte, pets
KCl.....................
CaCl, ........

66.9
33.1

Cell:
Temperature............ 650
Amperage................
Voltage.................
Anode current density... 
Cathode current density.

,.A/cm2.. 
,.A/cm2..

8
3.7

1.7
0.4

Current efficiency.....
kW-h/kg...............2 pet Ca..

98
0.24
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SUMMARY AND CONCLUSIONS
The two-step electrochemical process for the production of calcium 

metal is simple and efficient. The electrowinning step entails controlled 
feeding of CaCl2 to a KCl-CaCl2 molten-salt at 650° C. The molten tin 
cathode is loaded to 7.5 wt pet (18.7 mol pet) calcium. The Ca-Sn alloy 
cathode from electrowinning serves as the anode for the electrorefining 
cell. Electrorefining is performed at 850° C in a caCl2-CaF2 electrolyte. 
Calcium metal collects at the cathode on the surface of the electrolyte. 
The recovered product analyzed 99.2 wt pet calcium. The electrowinning 
cell should be easily scaled up. On the other hand, the electrorefining 
cell needs further development to determine what current efficiency can 
be expected and what recovery problems will be encountered in handling 
molten calcium metal, in scale-up, and in longer term cell operation.
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Figure 1. Flowsheet.

597



Therm ocouple

Figure 3. Electro
refining Cell.

Figure 4. Voltage Versus Anode Current Density for Electrowinning Cell.

o

TEMPERATURE, °C

Figure 5. Temperature 
Versus Current Effi
ciency.

598



Figure 6. Cathode 
Current Density Versus 
Current Efficiency.

Figure 7. Anode 
Current Density 
Versus Voltage for 
the Calcium Elec
trorefining Cell.

Figure 8. Proposed 
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ABSTRACT

This paper describes the design and construction of a 
stacked-type bipolar electrode cell for electrowinning 
liquid magnesium from chloride melts. The laboratory-scale 
electrolysis was carried out with a bipolar electrode-type 
cell operated at 50 A current at about 750° C. During 
electrolysis the metallic particles of magnesium move to the 
melt surface together with gas bubbles of chlorine. The 
experimental results are discussed considering the 
collection of magnesium particles from chlorine gas and the 
circulation of chloride melt.

INTRODUCTION

Nearly half of the metallic magnesium produced in Japan today is being 
used as a reducing agent in a Kroll process for the titanium production. 
Magnesium dichloride as a reaction product in the titanium manufacturing 
process is used again as a raw material for electrowinning metallic 
magnesium. It is worth noting that the electric energy consumed in the 
magnesium process accounts for a large part of the total energy 
consumption in the titanium manufacturing process.

In order to achieve energy-saving during the electrowinning of aluminum 
we have developed over a period of ten years a stacked-type bipolar 
electrode cell and carried out laboratory-scale experiments in NaCl- 
M g d .2 fused salts containing aluminum chloride.(1) In the course of 
the investigation we proposed a principle for the design of such 
stacked-type bipolar electrode cells in order to attain homogeneous 
melt circulation.(2)

In the present paper, the progress in design and construction of the 
stacked-type bipolar electrode cells for electrowinning liquid magnesium 
from mixtures of chloride melts is described. The results of 
laboratory-scale electrolysis using cells composed of four anode- 
cathode units are also presented. In the electrowinning process 
described above, metallic magnesium particles deposited on cathode 
surfaces move upward in the melts with chlorine gas bubbles evolved on 
anode surfaces. The experimental results are discussed taking into
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account the separation of metal particles from the chlorine gas and the 
circulation of melts in the cells, and an optimum cell construction for 
high current efficiency is proposed.

EXPERIMENTAL MATERIALS AND PROCEDURES

Electrolytic cell and bipolar electrodes

A transparent quartz tube with an inner diameter of 95 mm and a length 
of 700 mm was used as the electrolysis cell. It was placed in an 
electric furnace which had a window for the observation of the inside of 
the cell during electrolysis. The electric furnace wound with nicrome 
wire was composed of two parts. The frozen salts at the bottom of the 
container was melted at the lower part and the fused salts were 
discharged after an experiment. An end cathode, an end anode, and three 
bipolar electrodes made of graphite were cylinders with thick walls and 
with a hole each in the center. The upper and lower surfaces of the 
columns function as a cathode and an anode, respectively, and they have 
an inclination of 30° to the horizontal. The thickness of the bipolar 
electrodes is 30 mm. Each'electrode has six projections made of 
graphite on the side to fit in the center of the container. The five 
electrodes were separated by three alumina rods (3 mm in outer diameter) 
each placed between electrodes to construct the four anode-cathode 
units. The distance between electrodes was kept at 15 mm. Two graphite 
rods,18 mm in diameter, were attached to the end anode and the end 
cathode each and one was used. for measurements of bath voltage and the 
other was used for applying current. The rods to the cathode were 
covered with alumina tubes. All electrodes were supported at the 
bottom of the end anode by three alumina rods with a diameter of 15 mm 
and a length of 100 mm.

Determination of electrode sizes

Some preliminary experiments of magnesium electrowinning by using an 
anode-cathode pair cell showed that the sizes of chlorine gas bubbles 
were larger than that in aluminum electrowinning. It appears that it 
would be difficult to circulate the chloride melts in the cell, if the 
cell was designed according to the same design principle as for aluminum 
electrowinning. Accordingly for magnesium electrowinning, the cross- 
sectional area of the clearances between electrode peripheries and the 
container wall and the cross-sectional area of the center holes of 
electrodes were determined so as to enlarge such cross-sectional areas 
from the bottom to the top, keeping the ratio of both cross-sectional 
areas constant. The values of those sizes are presented in Table 1.

Preparation of melts and supplement of raw materials

A mixture of NaCl 90 m/o-BaC^ 10 m/o was employed as a supporting 
electrolyte; the specific gravity of the melt is enough large to float 
metallic magnesium produced by electrolysis. Magnesium chloride as a
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raw material was supplied into the cell during electrolysis continuously 
in a solid state and intermittently in a liquid state and its 
concentration was kept between 20 and 25 m/o. The cross section of the 
electrolytic cell with the feeder of solid magnesium chloride is 
presented schematically in Fig.l.

A liquid mixture of Mg C l2 25m/o-NaCl 75 m/o was added to the 
electrolysis cell, pre-heated at 700° C and pre-electrolysis was 
carried out at 30 A for 30 minutes, to remove impurities such as 
moisture. The BaClo predried was added to make up the concentration of 
10 m/o to NaCl. In order to supply magnesium chloride in a solid state 
anhydrous magnesium chloride was melted and solidified as small 
particles. These were added to the melt by using a rotary valve (see 
Fig. 1) at a fixed rate from the top of the cell under nitrogen carrier 
gas.

Discharge of chlorine gas and sampling method of melts for chemical 
analysis

As shown in Fig.l, the chlorine gas evolved during electrolysis was 
trapped into the 10 % sodium hydroxide solution by driven by the 
pumping action of an aspirator. The container of sodium hydroxide was 
replaced every 30 minutes and the amount of chlorine gas absorbed in it 
was determined by iodometry. From this the current efficiency for 
magnesium electrowinning was calculated.

In order to determine the concentration of M gC^ in the course of an 
experiment a small amount of the melt was taken at fixed time intervals, 
carefully, so as not to contain metallic magnesium. The samples were 
dissolved into twice-distilled water and the concentration of M gC^ was 
measured by I CP spectroscopy.

Electrolysis procedures

After addition of B aC^ to the melts electrolysis was carried out at a 
current of 50 A for seven hours. During the experiment applied 
current, bath voltage, and temperature were recorded by a computer 
system. In the course of electrolysis, the relation between current 
and voltage was determined at every 30 minutes by lowering current 
stepwise for short time. The replacement of the sodium hydroxide 
c o n t a i n e r  and sa m p l i n g  of the melts were also carried out 
simultaneously. If necessary, liquid magnesium chloride prepared in 
other vessels was poured in 100 or 200 gram portions to the melts. 
After electrolysis for a given time, the frozen salts in the bottom of 
the container were melted to discharge the electrolyte.

RESULTS AND DISCUSSION

Calculation of net current efficiency from the relationship between 
current and voltage
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As reported elsewhere (2), the current efficiency(gross current 
efficiency) in operation of a bipolar electrode cell is represented as a 
product of a cell efficiency, ric ,̂ and a net current efficiency, rinet. 
The former is determined in terms of dimensional factors of the bipolar 
electrode cell and the latter is concerned with electrochemical 
reactions and/or chemical reactions.

The cell efficiency is estimated by using the decomposition voltage, Vj , 
and the relation between applied current, Im, and the bath voltage, Vg 
under the multi-working state of the cell; the slope, c', and the 
intercept on the ordinate, d!, of the Vg-Irp relations are used for the 
calculations. In Fig.2, the procedure obtaining ric  ̂ from the Vg-I-j. 
relations is described. n is the number of the inter-spacing reaction 
zone between electrodes. 3'is a constant corresponding to the 
resistance ratio and 1^ is the minimum applied current for electrodes 
to work in bipolar manner. Thus ric^ is given as a function of applied 
current.

Fig.3 shows an example of the Vg-Irp relations obtained during 
electrolysis and r|c^ is calculated as 0.818 ‘from c 1, d1, and given 
as 2.65 V. The values of• rinet shown in the following figures were 
obtained by dividing the gross current efficiency by r)c^; the gross 
current efficiency was determined from chemical analysis of evolved 
chlorine gas.

Results in a stacked funnel-type electrode cell

In the present experiments two kinds of bipolar electrode cells were 
investigated, one is a cell where funnel-type electrodes are stacked and 
the other, conical-type electrodes are stacked.

A vertical section of the funnel-type cell is schematically described in 
Fig.4. In this figure the arrows indicate the flow of the melts in the 
cell, and magnesium particles deposited on cathode surfaces also move 
upward through the periphery clearances with chlorine gas evolved on 
anode surfaces.

As shown in Fig.5, the net current efficiency remains in the range 
between 40 and 60 %, though it increases a little with time. During 
the experiments, it was observed that a lot of magnesium particles were 
caught in the descending flow of the melts through the center holes of 
the electrodes and were circulating in the system. Therefore the low 
current efficiency is attributed to the recombination of magnesium with 
chlorine and/or the electrochemical dissolution on anode surfaces. In 
order to reduce the descending flow rate of the melts, the diameters of 
the center holes were enlarged. Also, by supplying liquid MgCD^ to the 
melts the sizes of chlorine gas bubbles became smaller probably due to 
impurities like moisture, and it resulted in the increase in the 
circulation rate of the melts. The net current efficiency obtained in 
such experiments, as shown in Fig.6, has very small values.
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As indicated in the previous paragraph, in order to achieve high current 
efficiency, it is required to lower the descending flow rate of the 
melt. For this purpose, a cell composed of conical-type electrodes 
(funnel-type electrodes stacked upside down) was constructed in which 
the descending flow passed though the periphery clearances.

The vertical section of the upper part of the cell is presented in 
Fig.7. As shown in the figure, magnesium particles and chlorine gas 
come together in the center holes. An alumina tube attached to the top 
of the end cathode works as a guide for magnesium particles so as not to 
be caught by the descending flow at the periphery clearances. The 
magnesium particles floating on the melt surface settle as a ring 
around the inner wall of the container, as shown in the figure.

Fig.8 shows the time variation in net current efficiency and the M gC^  
concentration in the course of the electrolysis experiments at 700° C, 
using the cell shown in Fig.7. During the experiments solid MgC^ was 
added continuously. For the first five hours of the electrolysis the 
level of the melts was kept at 5 cm above the top of the guiding alumina 
tube and for the next two hours it was kept at nearly same height as the 
top. As seen from the figure, the net current efficiency stays in the 
range from 40 to 50 % for high level of melts, but by keeping the melt 
level low it reaches nearly 70 %.

Taking into account the above results, electrolysis experiments at low 
melt levels were carried out at 750° C. The results are presented in 
Fig.9. The arrows in the figure indicate that a liquid MgCln of 200 g 
was added at that points. From this figure it is shown that a net 
current efficiency over 70 % is attained by keeping the melt levels 
nearly same as the top of the guiding tube, though it decreases a little 
just after the addition of liquid Mg C ^  which causes the acceleration 
of the melt circulation. In order to improve the net current 
efficiency further, it is preferable not to add M gC^ to the melts 
frequently.

Results in a stacked conical-type electrode cell

CONCLUSIONS

A stacked-type bipolar electrode cell was developed for energy-saving 
electrowinning of liquid magnesium from magnesium chloride. The cell 
was composed of three bipolar electrodes, an end cathode, and an end 
anode; those electrodes were stacked at equal intervals of 15mm from the 
end anode at the bottom to the end cathode in the top. The active 
surfaces of the bipolar electrodes have an inclination of 30° to the 
horizontal.

A cell efficiency was calculated from analysis of the linear relation 
between applied current and bath voltage under the multi-working state 
of the cell, and a gross current efficiency was determined by the amount
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of evolved chlorine gas, A net current efficiency at the electrode 
surfaces was calculated from both current efficiencies. The 
performance of the constructed cells was evaluated from the time 
variation of the net current efficiency.

The constructed cells are classified into two groups by the type of 
stacking of the bipolar electrodes; the first is the stacked funnel-type 
electrode design and the second is a stacked conical-type cell. 
Judging from the net current efficiency obtained from both these cells, 
the conical-type cells are superior to the funnel-type cells. In order 
to improve the current efficiency further, it is essential to separate 
effectively magnesium particles from chlorine gas bubbles and prepare a 
gentle circulation of melts.
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Table 1 Dimension of Graphite Electrode Stacked

Electrode Outer- diameter 
(mm)

Center Hole- diameter 
(mm)

E. Cathode CO00 23 — ►  (30)
Bipolar 3 86. 5 20 --► (26)
Bipolar 2 00 16 — ► (21)
Bipolar 1 92. 2 11 --► (15)
E. Anode 89. 4 1 6 --(21)

Fig.l Schematic Diagram of Experimental Apparatus.
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Fig.2 Calculation of Cell Efficiency from Linear Relation 
between Applied Current and Bath Voltage.

Fig.3 An Example of Linear Relation between Applied Current 
and Bath Voltage.
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Fig.4 Circulating Path of Chloride Melt in the 
Funnel-type Bipolar Cell.
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Fig.5 Time Variation of the Net Current Efficiency Calculated 
and Magnesium Chloride Content in the Melt. Smaller 
Center-hole and Solid Continuous Feeding.
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Fig.6 Time Variation of the Net Current Efficiency Calculated 
and Magnesium Chloride Content in the Melt. Larger 
Center-hole and Molten Intermittent Charging.

Fig.7 Circulating Path of Chloride Melt in the 
Conical-type Bipolar Cell.
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Fig.8 Time Variation of the Net Current Efficiency Calculated 
and Magnesium Chloride Content in the Melt. Melt 
Level Changing and Solid Continuous Feeding.

Fig.9 Time Variation of the Net Current Efficiency Calculated 
and Magnesium Chloride content in the Melt. Melt 
Level Controlling and Molten Intermittent Charging.
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A B S T R A C T

The process presented in this paper was developed to 
commercially produce neodymium-iron alloy by molten salt 
electrolysis for the first time in the world; the alloy is used 
principally for manufacture of magnets.

Since rare earth metals combine readily with oxygen, it has been 
a conventionally c o m m o n  practice both in molten salt 
electrolysis and metal reduction to reduce them in vacuum or 
inert atmosphere. On the contrary, however, this process 
features electrolysis performed intentionally in oxidizing 
atmosphere.

With this process, concentrations of carbon and oxygen, each of 
which adversely affects the quality of magnet, decrease so 
markedly compared with other manufacturing processes that the 
purity of the alloy reaches 99.9% minimum as RE-Fe.

The process enables the continuous production at high current 
density and efficiency, and more than twelve months of the 
stable operation was confirmed.

INTRODUCTION

First of all, neodymium is compared with samarium as raw material for 
permanent magnets in this paper. Figure 1(1) gives a history of development of 
permanent magnets.

As seen in the figure, samarium-containing magnets, which represent the 
rare earth magnets, replaced ferrite magnets and the excellent advantages of 
samarium-containing magnets such as smallness and strong magnetic force have 
helped expand their applications to such areas as O A  equipment, camera, 
camcorder and small-sized audio equipment. The magnets, however, have a 
drawback as well, that is, insufficient samarium resources, hence its high price.

Under the circumstances, therefore, development of a strong magnet from 
raw material that is more easily available was hoped for and a neodymium-iron- 
boron magnet was developed to satisfy such hope.
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Not only the neodymium-iron-boron magnet is stronger than samarium- 
containing magnets but also neodymium resources are about nine times as much, 
hence the price is about one quarter. Demand for the magnet, therefore, is 
expected to soar in the foreseeable future.

Figure 2 (2) gives forecast of magnet production until 1997. Production of 
neodymium-containing magnets is expected to rapidly increase to boost 
requirement of neodymium as much as 1,500 tons a year in 1992 and 3,000 tons a 
year in 1997.

The purpose of the study presented in this paper was development of a 
process by which neodymium of high quality can be commercially manufactured 
as is or in the form of neodymium-iron for application to neodymium-iron-boron 
magnets.

Table 1 (3) shows two representative physical properties, melting and boiling 
points, of transitional and rare-earth metals. As seen in the table, the melting 
and boiling points of one transitional metal are similar to those of another 
whereas those of one rare-earth metal are quite different from those of another.

In the case of rare-earth metals, therefore, the manufacturing process is 
different from one metal to another. The following briefly explains the 
manufacturing processes of samarium and those of neodymium, in each case of 
which the metal is manufactured as is or in the form of ah alloy.

Samarium is manufactured either by the reduction and diffusion process or 
by the reduction and vaporization process.

In the reduction and diffusion process, a samarium oxide is reduced by 
calcium and diffused in cobalt to obtain samarium in the form of an alloy.

Sm203 + 3Ca + lOCo -------2SmCo5 + 3CaO

A  drawback of this process is incapability of recovering high-purity 
samarium from the alloy.

In the reduction and vaporization process, which takes advantage of a low 
boiling point of samarium, samarium is reduced by a misch metal and vaporized 
under high temperature and reduced pressure to deposit and cool on a condenser.

1,300°C~1,400°C
S1X12O3 +; 2R ---- ----------------— ^  2S111T + R 2O3

10'3 —10'5mmHg

In general, SmCog is manufactured by the reduction and diffusion process 
and Sm^Co^, from samarium manufactured by the reduction and vaporization 
process.

612



Unlike samarium, however, the reduction and vaporization process cannot be 
applied to manufacture of neodymium because of its high boiling point.

Neodymium can be manufactured by the following three processes.

One is the reduction and diffusion process, in which a neodymium compound 
is reduced by calcium and diffused in iron.

Nd20 3 + Ca + Fe-B + CaCl2

-------------^  Nd-Fe-B + CaO + CaCl2

Note that stoichiometry is disregarded in this chemical formula.

Another is the one in which a neodymium compound is reduced by a metal 
such as calcium or sodium.

NdF3 + 3Ca + mFe + nCaCl2

-------------^ 2Nd-mFe +  3CaF2 + nCaCl2

Last but not least is the manufacturing process by molten salt electrolysis 
that is the subject of this paper.

The first and second processes are generally adopted to commercially 
produce neodymium. No success, however, has so far been reported in 
commercial production of neodymium or its alloy by molten salt electrolysis 
except the case presented in this paper, though there are some cases where the 
metal was produced by molten salt electrolysis on a laboratory scale. 
Furthermore, no success has ever been reported even on a laboratory scale in 
obtaining by that method neodymium of such a high purity as required of 
magnetic material.

Molten salt electrolysis, however, is expected to be the most economical 
method of all for mass production of neodymium in the future for the following 
two reasons.

1. It enables continuous operation, hence suitability to mass production.

2. It does not require any expensive metals as reducing agent.

Table 2 (4, 5) compares three typical cases of electrolysis of neodymium or 
its alloy, thereby enabling the differences to be easily recognized. As seen in 
the table, the raw material is different in each case and so are the electrolytic 
conditions, indicating that the three electrolytic processes are basically 
different from one another.
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In the electrolysis conducted by Dr. Shiokawa and Dr. Morrice, the electric 
current was small and the electrolytic time, short, which fact proves that the 
electrolysis was of a laboratory scale in their cases.

Figure 3 (4) shows Dr. Morrice's experimental apparatus.

In his experiment, an electrolytic cell is placed in a chamber at first and an 
inert atmosphere is generated around the cell. Then, direct current is applied to 
the cell for electrolysis and alternating current, for maintenance of the molten 
salt temperature. The molten salt is held in a graphite crucible and neodymium 
is solidified by means of a heat exchanger to precipitate and deposit on the 
bottom of the crucible.

Although his process is marvelous in that it enables electrowinning of 
neodymium, the following problems are yet to be solved for continuous 
commercial production.

One of the problems is discharge of the metal from the crucible, the second, 
replacement of the electrodes by new ones, the third, continuous feeding of raw 
material, last but not least, considerable amount of investment on plant and 
equipment.

From the viewpoint of commercial production, therefore, the processes 
developed on a laboratory scale by Dr. Shiokawa and Dr. Morrice independently 
cannot be considered more economical than what is called a metal reduction 
process. It should also be noted that even if neodymium production by molten 
salt electrolysis is successful on a laboratory scale, it cannot be always possible 
on a commercial scale.

In production of a metal, there is always a side reaction to some extent.

In the case of the reduction and diffusion process or metal reduction process, 
any side reaction product can readily be removed from the reactor because it is 
basically a batch-by-batch production process, thereby posing no significant 
problem to commercial production.

Production by molten salt electrolysis, however, is different in that the side 
reaction product cannot be readily removed from the electrolytic cell because it 
is basically a continuous operation. If the side reaction product is produced in 
the amount of 2% of total production every day, the electrolytic cell will be 
filled up with it within 50 days of operation.

The following are prerequisite for commercial production of neodymium by 
molten salt electrolysis.

1. Development of the basic technology to produce the metal or its alloy

2. Continuous operation over a long period of time

3. Stable and economical production of high-purity neodymium
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Researches were conducted on molten salt electrolysis, aiming at the 
prerequisite and a proprietary process that enables economically feasible 
commercial production was f inally developed.

Figure 4 shows the experimental apparatus used in the researches. As seen 
in the figure, an external heating furnace was installed to melt salt as well as to 
maintain the temperature of the molten salt at a given degree. A  graphite 
anode and an iron cathode, both shaped like a plate, were placed in the 
electrolytic cell and moved to a given position by means of an electrode lift and 
carrier. Electrolysis was performed in an oxidizing atmosphere like in the air 
and not in an atmosphere of inert gas as generally accepted. With this apparatus 
in use, it has been confirmed that stable and highly efficient electrolysis is 
possible for production of neodymium.

As for the raw material, an attempt was made to electrolyze a molten salt 
of lithium fluoride and neodymium fluoride, as Dr. Morrice did, by adding 
neodymium oxide as raw material.

Since the theoretical voltage for electrolysis of neodymium oxide at 1,000 
degrees in Celsius is 2.64 volts and that of neodymium fluoride, 4.84 volts, 
neodymium oxide was believed to be the electrolytic raw material.

During the experiment, however, something strange was noticed.

Firstly, neodymium was produced in larger quantities than theoretically 
expected to be derived from neodymium oxide, which fact indicates that the raw 
material is not neodymium oxide but neodymium fluoride.

Secondly, the graphite anode was consumed, which fact indicates that the 
raw material is an oxide. It was presumed that such consumption cannot take 
place if the raw material is a fluoride.

In electrolysis of magnesium chloride, for example, it does not react on the 
graphite anode and only generates chlorine gas. It was supposed, therefore, that 
the same must be true of neodymium fluoride because it is a halogenous 
compound as is magnesium chloride.

Recognition of neodymium fluoride as the raw material, however, 
contradicts consumption of the graphite anode.

Then, it was judged that the anode gas had a clue to the solution of the 
contradiction and the gas was analyzed to prove that it is fluorocarbon.

In other words, it was made known that the neodymium fluoride of the 
molten salt reacts on the graphite anode to generate fluorocarbon, which means 
that although neodymium fluoride and magnesium chloride are halogenous 
compounds, their respective reactions on graphite are different from each other. 
That is, although they are both halogenous compounds, chloride does not react 
oh graphite but fluoride does.
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The third phenomenon that seemed strange to us was formation of a strange 
layer in the bottom of the molten salt. That layer was different in color from 
the rest of the molten salt.

The layer was checked to find neodymium oxyfluoride in large quantities in 
it. That explains the neodymium oxide added to the primary molten salt reacted 
on neodymium fluoride of the molten salt to produce neodymium oxyfluoride 
that cannot be electrolyzed.

Nd20 3 + NdF3 ------^  3NdOF

As a matter of course, the iron cathode was consumed because of its 
reaction on the neodymium in the molten salt.

From all those facts mentioned above, it was presumed that it is the 
neodymium fluoride of the molten salt that was electrolyzed and not the 
neodymium oxide.

On that presumption, an oxide-free molten salt of lithium fluoride and 
neodymium fluoride was prepared and combined with additional neodymium 
fluoride that was to be consumed as raw material and then the oxide-free 
solution was electrolyzed. The electrolysis was smoothly conducted and 
neodymium-iron alloy was obtained without formation of the layer of a different 
color in the molten salt.

The electrolysis conducted presumptively proved the presumption to be right. 
In other words, it was misunderstood that the raw material of the alloy was 
neodymium oxide despite the fact that it was one component of the electrolytic 
solution, that is, neodymium fluoride.

As for the electrolytic atmosphere produced for the process introduced in 
this paper, it is unique and completely different from the one produced for any 
other processes of refining rare-earth metals.

In general, rare-earth metals are refined in a vacuum or inert atmosphere. 
The reasons are as follows.

1. Metals in the molten state burst into flame when exposed to the air.

2. Graphite, molybdenum or tungsten, which is commonly used as raw material 
of electrodes, is consumed by oxidation in process of refining by electrolysis 
when exposed to the air.

There are, however, some problems with electrolysis of rare-earth metals in 
an inert atmosphere, as follows.

1. A  closed apparatus is required to maintain an inert atmosphere, hence more 
investment.
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2. The closed apparatus makes it difficult to feed raw material into the 
electrolytic cell, to take out the product metal and to replace the electrodes 
with new ones.

3. Part of the graphite anode changes into powdery carbon during the 
electrolysis, which then gets into the electrolytic solution.

It was then presumed that the powdery carbon causes unstable electrolysis as 
well as increase of carbon concentration in the product alloy.

It was intended, therefore, to eliminate the powdery carbon by oxidation by 
positively creating an oxidizing atmosphere instead of an inert atmosphere. 
Positive creation of an oxidizing atmosphere, however, raised other problems 
already referred to above in connection with refining of rare-earth metals in a 
vacuum or inert atmosphere, that is, intense combustion of molten metals and 
electrode consumption by oxidation in the case of electrolysis.

The following measures were taken, therefore, to solve those problems.

1. Use of the electrolytic solution to protect the alloy from exposure to the air

2. Faster consumption of the graphite anode by electrolysis than that by 
oxidation, which means an increase of the density of electric current through 
the anode.

As for elimination of the powdery carbon by positively creating an oxidizing 
atmosphere, it depends on oxygen concentration in the oxidizing atmosphere. 
Therefore, a test was conducted by changing the concentration, the result of 
which is as follows.

Oxygen concentration

0% 10% 20% 30% 40%

More carbon powder Fall of anode from holder

The test revealed that the lower the concentration, the more the powdery 
carbon and the higher the concentration, the more the consumption to such an 
extent that the anode will come off from the holder.

The density of the electric current applied to the anode was so satisfactory 
that stable electrolysis could be conducted in the natural atmosphere, proving 
that the biggest problem in development of this new process was solved.

Carbon concentration markedly decreased in the alloy, as expected, that is, 
from several thousands of ppm to about 100 ppm.
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One of the features of the process is that although the alloy is produced by 
electrolysis in an oxidizing atmosphere, oxygen concentration in it is about 100 
ppm, which is extremely low compared with that in the alloys produced by other 
processes.

It is certain, however, that the alloy produced by this process is partially 
oxidized because there is a partial pressure of oxygen in the electrolytic 
solution.

The following are prerequisite, therefore, to implement the process in which 
growth of the alloy by electrolysis is overwhelmingly faster than its oxidation.

1. The current density must be sufficiently high.

2. The growth of the alloy per surface of the electrolytic solution must be high.

3. The efficiency of the electric current must also be high.

The best shape and placement of the electrodes were also studied to produce 
the largest possible quantity of the alloy in one electrolytic cell.

It is a generally accepted practice to place tubular electrodes in an 
electrolytic cell as seen in Figure 5 (A). In this case, however, electric current 
takes the shortest way to the anode to minimize resistance, thereby developing 
uneven current density over the entire reactive surface of the anode.

As shown in Figure 5 (B), therefore, the electrodes were formed like a plate in 
such a manner that the same size of the reactive surface of the anode will be 
maintained as in the case of a tubular electrode and they were so placed in the 
electrolytic cell as to make the density even over the entire reactive surface. 
As a result, current efficiency and quantity increased as given in the figure.

Another improvement was made, which can be seen in comparison of Figure 
5 (B) and (C). The electrodes were enlarged, making the best use of room 
available in the case of (B). The striped ends in (C) shows enlargement, which 
doubled the total reactive surface as well as the alloy production.

The process was further improved by installing another anode on the other 
side of the cathode as seen in Figure 5 (D), thereby increasing the alloy 
production more than twofold once again.

It is noteworthy that the alloy production was increased to as much as 7.5 
times in the same electrolytic cell.

After a series of improvements like those given above, a commercial 
electrolytic cell was constructed, which has been in stable operation for more 
than twelve months now.

Table 3 compares electrolysis of the alloy with that of aluminum which is 
most advanced of all as commercial molten salt electrolysis.
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Although the current capacity is 3 kA for the alloy production electrolysis as 
against 100 kA for aluminum production, an excellent result is obtained as seen 
in the table. The current efficiency is 85%, which is larger than the value given 
in literatures and similar to that for aluminum production. The anode current 
density is about two times that for aluminum production, which fact proves a 
high efficiency of the process described in this paper.

This process also has some other advantages over electrolysis for aluminum 
production. That is, capability of production adjustment and operation without 
operator at night.

S U M M A R Y

A  new commercial process for production of neodymium-iron alloy by molten 
salt electrolysis has been described. The production has been continuously under 
way for more than twelve months with a high productivity as proved by current 
efficiency of 85% as well as anode current density of 1 A/cm .

The process enables production of the alloy, the main component neodymium 
of which is more than 99.9% in purity. Although carbon and oxygen adversely 
affect the alloy as magnetic material, the concentration of each element in it is 
100 ppm, which is markedly low compared with the alloys produced by other 
processes.

It should be noted that the raw material to produce neodymium from a 
molten salt of lithium fluoride and neodymium fluoride plus neodymium oxide is 
not the neodymium oxide but the neodymium fluoride.

This new process enables electrolysis in an oxidizing atmosphere, which in 
turn produces a variety of excellent effects. Change in the shape of the 
electrode combined with installation of an additional electrode has markedly 
improved the productivity.
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Table 1. Melting and Boiling Points of Transitional and Rare-Earth 
Metals

Transitional metal Rare-earth metal

Fe Co Ni Ce Pr Nd Sm Eu

M.P. 1535 1493 1452 797 935 1024 1072 826
B.P. 3000 3100 2900 3468 3017 3210 1670 1430

Table 2. Three Cases of Molten Salt Electrolysis

Shiokawa1} E. Morrice1} Showa Denko1 2)

Raw material NdC13 Nd20 3 NdF3
Product Nd Nd Nd-Fe
Electrolytic bath KCl-NdCl3 LiF-NdF3-Nd20 3 LiF-NdF3
Anode C (crucible) C (tubular) C (plate-shaped)
Cathode W (tubular) W (tubular) Fe (plate-shaped)
Electrode place
ment Anode/Cathode Anode/Cathode Anode/Cathode/Anode

Atmosphere Ar He Air
Cell material Graphite Graphite Stainless steel
Current, A 5~10 55 3,000
Electrolytic time l~ 3 h r 2 hr >200 days

Heat source -
Internal heating 
by alternating 
current

Internal and external 
heating

1) Laboratory scale
2) Commercial scale
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Figure 3 Dr. Morrice’s experim ental apparatus

Power feedthrough

FIGURE 1. - Protective Atmosphere Chamber.

FIGURE 2. * Electrowinning Cell With Alternating Current 
Applied to Two Anodes.
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Figure 4 Showa Denko’s Experimental Apparatus
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Table 3. Electrolysis for Nd-Fe and A1

Nd-Fe (as Nd) A1

Current capacity, kA 3 1 0 0

Current efficiency, % 85 8 0 -9 0

Anode current density, A/cm2 1 . 0 0 . 6

Production adjustment Possible Impossible

Overnight operation Unmanned Manned
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ON THE MECHANISM OF THE PRODUCTION OF ZIRCONIUM 
AND HAFNIUM METALS BY FUSED SALT ELECTROLYSIS

G J . Kipouros* and S.N. Flengas

Department of Metallurgy and Materials Science, 
University of Toronto, Toronto, Ontario, Canada 

M5S 1A4

Abstract

The electrochemical and thermodynamic behaviour of the molten 
solutions of ZrCl4 and HfCl4 with alkali metal chlorides or fluorides, has 
been investigated- These solutions should be considered as potential 
electrolytes for the recovery of the reactive metals Zr and Hf by fused salt 
electrolysis. Solubilities of Zr in melts containing, the higher valence 
chloride ZrC^, have also been investigated. The measurements included 
the determination of parts of the corresponding phase diagrams, equilibrium 
vapour pressures and of the solubility of Zr metal in various electrolytes. 
With respect to the recovery of metals by fused salt electrolysis it is shown 
that the thermodynamic behaviour of the solutions has a pronounced effect 
on the mechanism of the electrode reactions.

introduction

Because of their ability to withstand high temperatures, corrosive environments and 
of their characteristic mechanical and physical properties, metals like Zr and Hf and their 
alloys with other metals, are becoming increasingly important in nuclear metallurgy. 
Nuclear-grade, hafnium-free zirconium metal is used in atomic reactors for structural 
purposes and for containing the nuclear fuel. Zirconium is irreplaceable because of its very 
low neutron-capture-cross section. Nb-Zr alloys are also used in the nuclear industry, whilst 
Hf, which is impermeable to fission neutrons, could be used to suppress ongoing fission 
reactions.

Compounds of these elements exist over several oxidation states and their chloride or 
fluoride s its  hydrolyze in water. Chlorides like ZrC^ and HfCl4 are predominantly 
covalently bonded, sublime at low temperatures and have very low electrical conductivities. 
Fluoride salts are more ionic but very corrosive towards ceramic containers. Metal-metal

* Present address: Department of Mining and Metallurgical Engineering, Technical 
University of Nova Scotia, Halifax, N.S., Canada.
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salt reactions leading to compounds at lower oxidation states are known to be taking place. 
Zirconium metal at high temperatures reacts with oxygen, nitrogen, hydrogen and carbon. 
Because of their complex chemical behaviour Zr and Hf are still produced by the batch type 
Kroll process which involves, respectively, the reduction of ZrCl̂  or HfCl4 by Mg metal in 
a closed reactor (1,2,3). The oxygen content for nuclear grade zirconium is critical as 0.7 
wt % oxygen make the metal unworkable and more than 500 p.p.m. oxygen reduces the 
efficiency of the neutron flux in the reactor. In this respect the closed ’’airtight" reactor used 
in the Kroll process ensures that oxygen carried into the zirconium sponge product depends 
on the oxygen impurity levels present in the ZrCl4 and Mg reagents. Recent advancements 
in the extraction of Zr have been reviewed elsewhere (3).

For any high temperature electrolytic process to be truly competitive with Kroll, it 
should be continuous, contamination with oxygen should be avoided at all costs and the 
metal produced should be in'the form of dense coherent ductile deposits, without salt 
occlusions and to be free of impurities. With regard to Zr and Hf, high temperature 
electrolysis from molten salt baths appears to be an attractive alternative to Kroll, or to other 
thermite type processes, all of which are expensive batch operations.

For reasons of thermodynamic stability the choice of electrolytes seems to be restricted 
to solutions of metal chlorides like ZrCl4 and HfCl4 in alkali metal chlorides, alkali metal 
fluorides, or their mixtures. The world’s production of zirconium metal is based almost 
entirely on the treatment of two minerals; zircon a zirconium silicate, accounts for the bulk 
of production, although baddeleyite, an impure zirconium oxide is also treated. Zircon is 
also available in Canada as a by-product of the Athabasca tar sands. These ore minerals, 
like all zirconium minerals, contain between 0.5 to 3 percent by weight hafnium which 
substitutes for zirconium in the mineral’s lattice. So great is the chemical similarity between 
zirconium and hafnium that unless special and costly techniques, like low temperature 
solvent extraction are followed to remove the hafnium impurity, the zirconium metal will 
contain hafnium. It is therefore necessary to develop new separation techniques which will 
be compatible with the high temperature electrolytic process in which Hf-ffee ZrCl4 will be 
used as the feed material. Separation of ZrCl4 from HfCl4 in the Zr(Hf)Cl4 mixture by 
anhydrous processes should be considered as part of any successful high temperature 
electrolytic process (4,6,7).

The current successful efforts (8 ) on the direct electrolytic reduction of titianium metal, 
have sparked renewed efforts to replace the conventional Kroll process for the production 
of zirconium and hafnium metals or their alloys (3 .0 .). Some properties of Zr and Hf metals 
and of compounds of metallurgical interest are shown in Table 1.
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Table 1. Metals of Group 4-B and Their Compounds of Metallurgical Interest

Metals
and

Compounds

Melting 
Temp. °C

Boiling 
Temp. °C

AH°f
KJ. mole1 
at 298 K

Oxidation
States

Complex
Compounds

Melting 
Temp, of 
Complex 

Compounds 
CO

Zr
ZrCk
ZrF4

1857
(437)
(932)

(4300)
335(s)
904(s)

0
-980
-1910

1 ,2 ,3,4

LijZrCl*
Na2ZrCl6
K2ZrCl«
Rb2ZrCl*
Cs2ZrCl$

A2ZrF6

535
646
799
812
817

Hf 2230 (4600) 0 2,3,4 _ _
HfCl4 316(s) -990
HfF4 -1930 Li2HfCl<5 557

Na2HfCl6 680
K2HfCl6 800
Rb2HfCl^
Cs2HfCl6 825

A2HfF6

The work reported in this paper is the culmination of a series of experiments conducted 
in our laboratory for the purpose of understanding the mechanism of reactive metal recovery 
and of the thermodynamic and electrochemical behaviour of the appropriate electrolytic 
solutions.

Thgimodynamig Stability of Potential Efeg.tmlyl.ea
It has been shown that the volatile vapours Z1CI4 (s.t 607 K) and HfCl4 (s.L 589 K) 

react with alkali metal chlorides, or alkali earth metal chlorides and form stable complex 
compounds which are stoichiometric and congruently melting. The corresponding reactions 
may be written as:
2 A C U d  + M C l4(vtpouritLfT) = A jM C l* (solidi t) (1)
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where AC1, is an alkali metal chloride like LiCl, NaCl, KC1, RbCl and CsCl.
BC12 (solid, T) + h4Cl4 (vapour laL, T) = BMCl  ̂(solidiT) (2)
where BC12, represents the alkaline earth chlorides SrCl2 and BaCl2.
M for both reactions 1 and 2 was Zr or Hf.
The methods for the preparation of these compounds have been given in previous 
publications (9-12).

The ZrCVAC1 and HfCl4-AC1 binary systems have been investigated in several 
laboratories, including ours, by the cooling curve technique. Congruently melting 
compounds have been identified by X-ray diffraction and by chemical analysis. The 
ZrCVACl and HfCl4-ACl binary systems indicate two eutectics and congruently melting 
compounds such as, A2ZrCl6 and A2HfCl6, respectively. For the pseudobinary systems 
A2ZrCl6-A2HfCl6 a continuous series of solid-liquid solutions of nearly ideal behaviour is 
indicated. The formation of stable hexachloro-complex compounds was also verified by 
Raman spectroscopy (13).

Vapour pressures of the reactive MCI* vapours in equilibrium with the various complex 
compounds were measured using high temperature quartz Bourdon type gauges, including 
a hollow spiral quartz gauge. The latter was able to sustain sudden decompression without 
breakage and to be inert towards the reactive metal vapours at high temperatures.

The results for the pure compounds Li2ZrCl6, Na2ZrCl6, K̂ ZrCl* and Cs2ZrCl6 are 
plotted in Figures 1 and 2. Log Phjcia versus ~ for the corresponding hafnium compound are 
also included in these figures.

The In PMCl4 versus 1/T curves for the pure compounds inflect at the corresponding 
eutectic and melting temperatures, as predicted from theory (9,11,14). In Pmci* versus 1/T 
curves are linear only below the eutectic temperatures of the corresponding binary solutions.

Tdec. is defined as the temperature at which the equilibrium MC^ vapour pressure over 
a given compound becomes 1 at. Plots of T ^  versus the ionic radius of the alkali metal 
cation are given in Fig. 3. The decomposition temperature is a measure of the thermal 
stability of a compound. The higher its decomposition temperature, the more stable is the 
compound. It is evident that the hafnium complex compounds are more stable 
thermodynamically than the corresponding zirconium compounds. Between reactive metals 
the order of thermodynamic stability for the alkali chloride series increases as in the order 
of Li to Cs. The difference in thermodynamic stability between the Zr and Hf complex 
compounds has been used as the basis for separating Z1CI4 from HfCl4 (5,6).
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Considering the overall MC14-AC1 binary which is characterized by the formation of 
the congruendy melting compound A2MC1<s at 66.6 mole % AC1, there are two important 
composition ranges to be considered.

1 -The ACl-rich solutions which are in the concentration range representing the 
pseudobinary ACl-AjMCl*, for which 0.67 ^X AC1 £ 1 .

2 -The MCI4 rich melts which are in the concentration range representing the 
A2MCVMC14 pseudobinary, for which 0.67 > XAC1 > 0.

For MC14 rich melts the decomposition pressures are expected to be very high. The solutions 
in this composition range may be considered as molecular mixtures of AzMCl* and MC14 
and as such are of no consideration for electrolysis purposes.
For A Cl rich melts the decomposition pressures of MCI* are defined by the equilibrium, 
2ACl<insoln) + MCl^y) c- A2MCl6(insoln) (3)
and by the magnitude of the equilibrium constant K, where

r MCl4 aJaK
(4)

aAC1 and are respectively, the activities in the molten solutions. It should be noted
that the activity of AC1 is not zero at the composition representing the pure A2MC16 
compound, because AC1 is also part of the overall AC1-MC14 system. The activity of AC1 
is zero only at XAa = 0. For compounds having large K values the solutions are expected 
to be thermodynamically stable and to exhibit low decomposition pressures of MCI*.

Pressures of ZrCl4 vapour in equilibrium with molten solutions of ACl-A2ZrCl6, at 
various compositions are given in Fig. 4.
Pressures decrease dramatically as the alkali chloride changes from LiCl to CsCl. These 
results are in agreement with the theoretical expectations. The addition of an alkali metal 
fluoride into a solution containing Cs2ZiCl6 and CsCl will further enhance the 
thermodynamic stability of the system due to an exchange reaction which results in the 
formation of fluoro-complex compounds, as required by,

6 F~ + ZrC£' = 6 CF + ZrF«' (5)

Thus, dilute solutions of AjZrCl* in AC1 represent stable potential electrolytes for the 
recovery of zirconium metal. Similar trends are expected for the HfCl4 solutions.
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TABLE 2

Electrolytic solutions for electrorefining at 750*C*

1. Chloride Rich Melts (in wt %)

(a) (b) (C) Current densities
XcsCl 0.890 0.839 0.795 0.5 - 6  A/dm2

X k f 0.062 0.061 0.063 Current efficiency

X Cs2Z*C1(5 0.048 0 . 1 0 0 0.142 about 30 %.
1 .0 0 1 .0 0 1 .0 0

2. Fluoride Rich Melts (Binary) (in wt %)

(a) (b) (C)
X zrF4 0.05 - -

X K2ZtC16 - " 0 . 1 0 Current densities 
2 -2 0  A/dm2

X Cs2Z*a6 - 0.05 - Current efficiency 
0-95%

(Conditioning was an important 
factor)

X ^N*F-LiFj 0.95
1 .0 0

0.95
1 .0 0

0.90
1 .0 0

3. Fluoride Rich Melts (Multicomponent) (Mole fraction composition)

& h £ &
KF-N«F-LiF 'j 

(o.45 0.10 0.45
0.975 ~ - Potassium metal 

evaluation

KF-NaF-LiF j - 0.943 0.95 0.925 otherwise excellent Zr 
deposits

KjZiCl* 0.025
1 .0 0

0.057
1 .0 0

0.05
1 .0 0

0.025
1 .0 0

* A total of 51 electrowinning and electrorefining deposition experiments have been 
conducted. (2 0 ,2 1 )
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Zirconium metal was recovered by fused salt electrolysis in our laboratory, in both 
electrowinning (20) and electrorefining (21) experiments. The experimental cells were 
operated under purified inert gas atmospheres of argon or helium. A system of vacuum 
sliding gates allowed the withdrawal of a cathode and its isolation after deposition, into a 
cooling compartment, for subsequent removal without contaminating the melt. This allowed 
the continuation of electrolysis, using a different zirconium electrode each time, without 
changing the molten electrolyte in the crucible in the lower hot section of the cell. 
Electrolytes were made using high purity chemicals and were contained in zirconium or 
nickel crucibles. Alumina containers or silica were found to be highly reactive towards 
reduced zirconium species which were always formed during electrolysis. The electrolytic 
solutions were chosen following the guidelines provided by our previous work on 
thermodynamic stability, and on metal solubility. Against expectations the electrolysis from 
all chloride electrolytes yielded disappointing results (20,21). Metal was produced from 
melts containing various mixtures of ZrCl4 and alkali metal chlorides, but it was dendritic, 
contained large amounts of salt occlusions and there was evidence of excessive zirconium 
metal solubility. Best deposits were been obtained with melts containing alkali fluorides. 
A summary of the most successful melt compositions investigated are given in Table 2.

In all experiments involving all chloride electrolytes the presence of a black material 
was observed, the nature of which could not be identified. From literature reports (3) it 
resembles the black pyrophoric material observed in the Kroll reduction. It also appears as 
"mud" which has been attributed to the production of zirconium powders in a size range of 
1 0  to 2 0  jjuii.

Solubility of Zr metal in melts containing Zi** specie

Reduced zirconium species may form either electrochemically or by the direct 
chemical reaction between a zirconium metal electrode and an electrolyte containing 
tetravalent zirconium. The chemical reduction reaction may be written as,

where n could have values like 1,2,3 or 4. Anodic current efficiencies greater than 100% 
during electrolysis should be an indication of such metal solubility reactions. In addition, 
the formation of ions in lower oxidations states should create redox couples like Zr4* /  Zr“* 
where, n < 4 and the mechanism of the overall reduction process could be altered.

Reaction (6 ) describes the formation of subhalides and it has been used by various 
investigators for the preparation and characterization of zirconium and hafnium 
subchlorides. Recently, non-stoichiometric and cluster-type compounds have been prepared 
in the solid state. There is generally disagreement regarding the stability of the various 
subchlorides of the products of the disproportionation reactions. Unknown also remain the

(6)
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solubility of the zirconium subchlorides in molten salts. It has been reported that ZrCl is 
insoluble and behaves like an electronic conductor. ZrCl2 has been reported as a 
semiconductor.

It is difficult to determine the nature of the reduced Zr species in solution due to the 
limitations of analytical techniques and the impossibility of isolating the various reduction 
reactions. The reducibility of tetravalent zirconium by zirconium metal and the appearance 
of zirconium species lower than tetravalent were confirmed in separate experiments (2 0 ,2 1 ) 
and the results are summarized in Figure 5.

The results are given as number of moles of dissolved Zr metal versus the initial number 
of moles of ZrCl4 present in the solution. Dashed lines in Figure 5 represent theoretical 
solubilities in accordance with various possible reduction mechanisms. The results indicate 
that the solubility of zirconium metal is related to the degree of reduction of tetravalent 
zirconium in solution. The latter is affected by the size of the alkali metal cation of the 
alkali chloride present. For example, solutions of ZrC  ̂ in mixtures of NaCl-KCl, or in 
molten KC1, appear to have been reduced to monovalent zirconium with a corresponding 
high solubility of zirconium metal. Solutions of ZrCLj in molten CsCl are reduced 
approximately to a mixture of di- and tri-valent zirconium species. The addition of KF or 
CsF further reduces the solubility of zirconium metal and the zirconium in solution appears 
to be a mixture of tri- and tetravalent species.

The effect of metal solubility on the potential of a zirconium electrode immersed in a 
solution of ZrClt in the equimolar melt of NaCl-KCl, was also investigated (22). The initial 
mole per cent of ZrC^ was 0.85. A second platinum redox electrode was inserted in the 
same melt and the potentials of these two electrodes were recorded as functions of time. 
The results are given in Figure 6 .

The potential of the zirconium electrode appears to be changing very slowly with time. 
The shape of the potential versus time curve for the platinum electrode resembles a 
potentiometric titration curve. Pt acts as a redox electrode and responds to the presence of 
the reduced zirconium specie which appear during the chemical reduction of Zr4* by the 
zirconium metal electrode. When equilibrium is reached, the various possible redox 
potentials and the metal-metal ion potentials representing the equilibrium composition of 
the melt, are expected to reach a common value. Unfortunately a further thermodynamic 
analysis with the zirconium system was not possible because of the existence of several 
simultaneous reduction reactions and of the unknown position of equilibrium.

The effect of metal electrode solubility on the electrode potential was also observed 
on the Cr/CrCl3 system (23) for which at high temperatures only the Cr2+ and Cr3* specie 
are known to exist The cell consisted of the Cr metal indicator electrode and a Pt redox 
electrode both immersed in the same solution of CrCl3 in molten KC1.

The metal solubility reaction may be written as
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(7)

Potential versus time curves for the reacting Cr-electrode, and the Pt-redox electrode were 
similar to those in Figure 6  and showed that the cell reached equilibrium after several days. 
At equilibrium both the Cr and the Pt electrodes indicated the same potential.

At this point the Cr/Cr2*, Cr/Cr3* and Pt, Cr2+/Cr3+ potentials converged to the same 
value indicating that reaction 7 had reached equilibrium.

W *  +  \<>. =  \(CrCl̂

Electrode Potential Measurements in Reacting Cells 

Considering the cells,

Zr / ZrCl4(xJ H AgCl{xx) / Ag
(-) CsCl Asbestos Fibre Diaphragm CsCl (+)

Cell A
and,

Zr / ZrCl4QcJ H ZrCl4(fr) / CfiU
(-) CsCl Asbestos Fibre Diaphragm CsCl (+) ^

Cell B
the corresponding cell reactions are given respectively as,

Zrw + 4(AgCl\okL = (ZrC/4)sobL + 4Ag(t) Cell A

Z'co + = W U  Cell B

In Cell A, the Ag/AgCl was the reference electrode with silver chloride having the mole 
fraction of xAgC1 = 7  x 1 0 *3.

The cell construction is given in Figure 7.

The Zr indicator electrode was of reactor grade metal, having a 4 mm diameter, 
connected to a steel rod which served as the electrode lead connection. The electrode could 
be raised or lowered into the melt through an Edwards vacuum sliding seal.

The reference electrodes were Ag/AgCl, or the standard chlorine electrode, shown in 
Cells A and B, respectively. These electrodes have been extensively used in previous 
investigations (24-26). The diaphragm separating the two half-cell compartments was the 
fused in quartz asbestos strands also described earlier. Because of the reactivity of quartz 
glass towards the reduced zirconium species, the container was a crucible of Inconel alloy. 
The cells were operated in the temperature range 700 to 850*C, and all measurements were

634



taken under an inert atmosphere of purified, oxygen free, Helium gas. ZrCl4 in its stable 
form as Cs2ZrCl6 was compressed into pellets in an argon filled dry box and was introduced 
in the cell through a closed end side feeding tube. Pellets were preweighed and were pushed 
into the cell by a steel rod magnetically operated. If the dilute solutions are taken as Henrian, 
the Nemst equation for cell A may be written as

£ ceU “  { E f,ZrClA E f,AgCl)  -  ^
RT, (X *cOEItl

Y 4 A AgCl
(8)

where, (X ^ ^ ,  represent the mole fraction of ZrCI4 in a solution in which reaction 6  is at 
equilibrium.

E/C&aj and Ef(AgCl) in equation 8 are, respectively, "formal”, formation potentials with 
reference to the infinitely diluted solution "standard state", of unit mole fraction. (Xzk:i) e
could be significantly different from the initial mole fraction of ZrCl* in solution due to the 
metal solubility reactions. However, from Figure 6  it is evident that such metal solubility 
reactions have very slow rates and ( X ^ ) could be taken to be almost identical to the initially
Xz^i, if the immersion time for the Zr electrode could be kept to a minimum. Such
"instantaneous" potentials were obtained by the following procedure. With the Zr-electrode 
raised, a pellet of CsjZrCl* was fed into the CsCl melt The zirconium electrode was then 
immersed into the melt and the emF s were measured for about 15 minutes until they appeared 
to have stabilized. Then the Zr electrode was withdrawn and the same procedure was

feed
repeated. The Nemst plot, at 700°C, of log *-7-^ is given in Figure 8 .*A|C*

The slope of the linear curve is 0.051 as compared with 0.0487 for a 4-electron reduction 
process at 700°C.

The results indicate that under the chosen experimental conditions no appreciable 
reduction of Zr4* had taken during the time of a measurement. Furthermore, Henrian 
behaviour is confirmed from the linearity of the curve. The "formal" formation potential 
for ZrCl4 in CsCl was calculated against the "standard" chlorine electrode from the "formal" 
formation potential of AgCl in CsCl, reported elsewhere (26) as 0.972 Volt at 700°C. Thus, 
the formal potential of ZrCl* in CsCl, with respect to the chlorine reference electrode, is
calculated from equation 8  as £/(zrc/4in c*c/) -  2.218 V.

Plots of versus temperature, for various "initial" ZrC^ compositions are also given
in Fig. 9 and 10 and were found to be reproducible during cooling and heating. Such 
potentials should not be described as "reversible" and their values cannot be used for 
constructing proper Nemst plots. However, they are useful as representing "threshold" 
potentials for Zr metal recovery at the indicated compositions and temperatures. Similar 
plots are also given for the HfCl4-CsCl melts.
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TABLE 3

Summary of Formal Potentials For ZrCI3 and ZrCl4 Alkali Chloride Melts (in Volts)

Temperature (*C)

Cell Reaction
Solvent
Melt 670 700 750 800 900 Reference

(ZrCQ  + = (ZrCQ
KC1 - NaCl 
1:1

1.266 1.240 1.205 - 17

or
(ZrC/3) + 2(ACl) + \ci^^ = (A&Cld 
Zr« + 2C/^ ,i.)  = KC1

1.319 1.292 1.271 1.228 

1.994 1.917

28

29

or
Zr(i) + 2C ^ 1m) + 2(AC/) = (^C/,)

" /«  + = ( w o

KC1 - NaCl 
1:1
KCl-NaCl
1:1
CsCl

1.888 1.863 1.830 -

1.843 1.809 1.777 1.714 

2.218 -

17

28

This work.

or
»/„ + 2Ĉ . l i 0  + 2(AC/) = oyz/cy

CsCl (2.2) - - This work.

where AC1 is KC1, KC1 - NaCl (1:1 mole) or CsCl.
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Deviations from Nemst behaviour for a 4-electron reduction process are evident in 
Figure 11 which represents a Nemst plot at 700°C obtained from all the emf measurements 
given in Figures 8,9 and 10.

The ’'formal" potential of ZrCl4 in the CsCl-ZrCl4 system is located at = 1,
and the straight line representing the A electron slope is constructed using 2.218 V as the 
starting point.

It may be seen that the dilute solutions of ZrCl4 or HfCl4 are in better agreement with 
a 4-electron slope than the more concentrated solutions. This behaviour indicates that the 
tetravalent states are more stable in dilute solutions in which the activities of ZrCl4 or HfCl4, 
respectively, are also lower, as expected.

There are very small differences between the "threshold" potentials for ZrCl4 andHfCl4 
in CsCl melts, as expected from the chemical similarity between Zr and Hf compounds. It 
follows that the separation of Zr from Hf, by electrolysis of dilute solutions of 
ZrCVHfCVCsCl in which HfCl4 content is only 1 to 3 wt% may be possible.

Table 3, presents a summary of measured formal potentials for ZrCl4 in alkali chloride 
melts and for the redox ZrCl3 - Zifcf* potential. The data obtained by various authors appear 
to be in substantial agreement. In the KC1 - NaCl melts they indicate that trivalent zirconium 
may be produced electrochemically at a potential of about 1.2 to 1.3 Volts, which is much 
lower than the potential of about 1.8 to 1.9 Volts which is required for zirconium metal 
recovery. The formal formation potential of ZrC  ̂in a CsCl solvent melt is much higher, 
and has the value of 2.218 V., because of the increased stability of tetravalent zirconium in 
CsCl.

Conclusions

The process for the successful recovery of Zr and Hf metals by fused salt electrolysis 
should be described as being overwhelmingly controlled by thermodynamic considerations. 
The solubility of Z1CI4 or HfCl4 in alkali chloride melts and the thermodynamic stability of 
the resulting solutions are determined by equilibria involving the formation of complex 
species in solution according to reactions like:

2 (AC/) + MC/4 = (AJACls) (9)

where, A, is an alkali metal, and M is Zr or Hf.

The thermal stability of the pure A2ZrCl6 compounds and of the solutions of A2ZrCl6 
and ACl at comparable concentrations increases with the size of the alkali-metal cation. In 
this sense, the solutions of Z1CI4 in LiCl are the least stable, and solutions of ZrC^ in CsQ  
are the most stable in this series. It should also be noted that the solutions of Z1CI4 in 
alkaline-earth chlorides are even less stable than those in LiCl.
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It is evident that in high temperature electrolytic cells in which the parts outside the 
furnace are at room temperature and act as a condenser, equilibrium conditions cannot be 
maintained, and industrially useful electrolytic solutions should have escaping pressures of Z1CI4 of no more than 1-2 mm Hg. This requirement restricts the optimum bath compositions 
to those that contain about less than 10 mole percent A2ZrCl6 and to solvent melts that 
contain alkali-metal cations such as K+ and Cs+ and anions like C l' and F \

The thermodynamic stability of the A2ZrCl̂  complex compounds in solution also 
affects the solubility of zirconium metal. In consideration of the possible equilibria between 
Zr metal and Zr4* species in solution, such as those given in reaction (6 ), it is reasonable to 
expect that the position of equilibrium for each reaction will be determined primarily by the 
state of the zirconium species having the highest valency. Melts that contain ZrCl4 at low 
activity levels should also be expected to contain the least amounts of zirconium of lower 
valency. This is in agreement with the trends indicated by the reducibility results where 
solutions containing cesium chloride, in which the activity of ZrC^ is very low, were reduced 
to a lesser extent that those containing NaCl or KC1.

With regard to melts containing fluoride salts, the latter introduce an additional element 
of stability. Again, within the alkali fluoride salt series, the thermodynamic stability of the 
compounds A2ZrF6 where A is an alkali metal cation should increase as in the order Li+ —> 
Cs+. From such considerations, the expected sequence of thermodynamic stability of Zr4* 
ions in solution in alkali halide melts should be as follows
2 AOfcjj + ZrCl^y) = A2ZtC1̂ Si1)

Li2ZrCl6
Na2ZrCl6 ALL CHLORIDE SYSTEMS
KjZrCl*
Cs2ZrCl6 AC1 - A2ZrCl*

MIXED CHLORIDE- 
FLUORIDE SYSTEMS

2 AF(S>1) + ZrF^j) = A2ZrFg(Sil) A22jC1̂  - A2ZrF6 - AC1 or AF

Li2ZrF6
Na2ZrF6 ALL-FLUQRIDÊ YSIEMS
K2ZrF6
Cs2ZtF6 AF - A2ZrF6

The probable anodic and cathodic reactions in an electrorefining cell may be written 
as follows.

1. For a chloride type electrolyte, the cathodic reaction is

Z rC ll'  + 4e" -> Zr*, + 6CT" (10)
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and side reactions which could lower current efficiencies may be written schematically as

Zr+
Zr[s) + Zr4+ -* Zr2+ (11)

Zr3+

Redox electrode reaction also causing lower current efficiencies could also be considered, 
such as

Zr** + e~ -» Zr3+ (12)

and so on. Disproportionation reactions of the type

2 (ZrCy (ZrC/4) + Zr° (13)

which are thought to be responsible for producing metal powders, could also be part of the 
overall equilibrium process.

The anodic reactions are the opposite of the cathodic processes. In the absence of 
diaphragms, mass transfer of reduced zirconium species should be taking place and could 
result in their oxidation to tetravalent zirconium at the anode. In this manner, electrons are 
consumed without gaining any useful metallic deposit, creating a "redox loop".

2. For a fluoride-type electrolyte, the main cathodic reaction may be written as

ZrF\- + 4e~ -> Zr°t) + 6 F~ (14)

and the side reaction, in addition to possible Zr metal solubility and other redox schemes, 
may include the potassium evolution reaction

Zr + 6KF -> ZrF\ + 2K  (15)

All these equilibria depend upon the activity levels of the zirconium species in solution 
and could be controlled through choice of a solvent electrolyte having the appropriate salt 
components.

The potassium metal producing reaction was found to be predominant in the 
all-fluoride electrolytes, containing potassium ions, because in such electrolytes Zr4* ions 
are present at a very low activity state in the form of ZrF2'6 and reaction 15 is driven to the 
right

To avoid potassium metal evolution, it is necessary to add an alkali chloride, which, 
in effect, increases the activity of Zr+ ions, probably by an exchange reaction like,

ZrF\- + 6 C r ZrCl\- + 6 F ' (16)
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which, however, could introduce some zirconium metal reducibility side reactions. Thus, 
the conditioning of the electrolytes prior to electrodeposition which was observed 
experimentally is necessary for obtaining good zirconium metal deposits.

It appears that conditioning contributes to the purification of the melt and allows the 
formation of zirconium species having a high mean valence, from which successful 
electrodeposition becomes possible.

A promising electrolytic process for Zr-deposition has been reported earlier by Mellors 
and Senderoff.(27) Their solutions contained ZrF4 in a ternary solvent melt of NaF - KF - 
LiF at 750°C. The results confirm the need for a high mean valence state for zirconium and 
for the absence of reduced zirconium species.

The present results and, particularly, the chemical and electrochemical behavior of the 
molten salt electrolytes investigated in our laboratory appear to be consistent with these 
general comments.

The measured "formal” potential of ZrCl4 in CsCl indicates that zirconium metal 
deposition should be taking place at much lower potentials than the breakdown of the alkali 
metal chloride electrolyte. Furthermore, in a mixed chloride-fluoride electrolyte the anodic 
product should be gaseous chlorine.
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I / T *  !03 (K”1)

Figure 1. Equilibrium vapour pressures for the pure compounds Na2ZrCl6, Na2HfCl ,̂ 
KjZrCl* and K2HfCl* (15,16), representing the reactions,

so in) =  2 A C l ^  soin) +  M C l ^
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Equilibrium vapour pressures for the pure compounds LijZiCl*, LifHfCl ,̂ 
Cs2ZrCl6 and Cs2HfCl6, representing the reactions, A2MCl^puresolid,Uq>orsohl.) = 
2ACLnsohL) + MCl̂ .pour), (11,17,18,19), where, A is an alkali metal and M is 
ZrorHf.
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0.0  0.5 1.0 1.5 2.0 .2.5

r V A
Decomposition temperatures plotted versus the alkali metal cation radii 
(Pauling radii) for all the complex compounds investigated. Decomposition 
temperatures for the alkaline earth compounds SrZrCl$ and BaZrCl6 are also 
included. (14)
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Figure 4. Pressures of ZrCl4 vapour in equilibrium with molten solutions of 
ACl-A2ZrCl6 at various compositions. Pressures have been calculated at the 
melting temperatures of the pure complex compounds. A is an alkali metal, 
like Li, Na, K and Cs. (14,21)
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Figure 5. Solubility of Zr metal in various molten salt solutions containing Zr4* specie. 
(20,21)

Curve 1- KCl-ZrClt molten solution at 827#C. Boron nitride container.
KCl-NaCl-CsCl-ZrCl4 molten solution at 700°C. A120 3
container.

Curve 2- CsCl-ZrCl4 molten solution at 700* C Boron nitride container.

Curve 3- CsCl-ZrCl4 molten solution at 700* C in A120 3 container.
CsCl-KF-ZrCU molten solution at 675°C, in an inconel alloy 
container.
CsCl-CsF-KF-ZrC^ molten solution at 675#C, in an inconel 
alloy container.
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Time (H)

Figure 6 . Potential measurements of Zr and Pt electrodes which are immersed in the 
same solution of ZrC  ̂ in KCl-NaCl at 711*C. The appearance of a redox 
potential due to the reduction of Zr4* by the Zr metal is indicated by the rapid 
potential changes of the Pt electrode. Potential curve is typical .of a 
potentiometric titration. (2 2 )
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Figure 7 .

EMF cell for measuring Zr electrode potentials.

1.00

w 0.90-

C e l i :

(-
ZrCI4(X2
CsCI

AgCI (X,) 
CsCI

Ag

(+)
Temperature : 700°C

Figure 8 .

5.5 6.0 6.5 7.0
,o9 x2/ x ;

Nemst plot for "Instantaneous emf" measurements at 700° C, of a Zr electrode 
immersed in solutions of Cs2ZrCl6 in CsCI.
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Figure 10.
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EMF versus temperature for the cell
Zr / Cs^rCllx) // Cs^ZrCl^x) / C,C / 2

CsCl asbestos fibre CsCl 1 at

EM versus temperature for the cell
Hf / CsJifClfc) U Cs^HfCllx)

CsCl asbestos fibre CsCl
C,C12

1 at
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0 -1.0 -2.0 -3.0 -4.0
!°g XMC|̂  (M = Zr or Hf)

Figure 11. Plot of E ( V )  versus log Xmc1a for systems CsCl-Cs2ZrCI6 and
CsCl-Cs2HfCl<5. Dotted line starting from 2.218 V has a slope close to a
4-electron electrode reaction, (s = 0.040 instead of 0.049)
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ELECTROPLATING AT HIGH TEMPERATURE.
METAL INTERDIFFUSION AT THE SOLID STATE.

FAST TRANSPORT IN THE FIRST LAYERS.
Marius CHEMLA and Frederic LANTELME

Laboratoire d 'Electrochimie, UPMC, 4 Place Jussieu, 
F 75252 PARIS CEDEX 05 FRANCE.

ABSTRACT
The interdiffusion of metals in the solid state 
was studied by transient electrochemical 
techniques at high temperature using molten 
salts. The method was applied to several binary 
metal systems and proved to be efficient to 
determine the diffusion coefficient D as a 
function of temperature and composition of the 
generated alloys. The electrochemical response 
at short time showed a net departure from usual 
diffusion laws and could be interpreted as 
revealing a very fast transport in the first 
layer of the metal interface.

INTRODUCTION
Electrodeposition from fused electrolytes has been used 

to form protective metallic coatings with good anti
corrosion properties. Three electrolytic deposition 
processes were developed :-(i) electroplating which 
produces a constant composition layer of metal coating on 
the substrate,- (ii) metalliding which involves deposition 
and solid state intermetallic diffusion,- (iii) alloy 
deposition by simultaneous electroreduction of two or more 
cations. When deposition is carried out at high temperature 
the kinetics of formation of a diffusion layer is fast and 
it results in the growing of an intermediate alloy and in a 
good adhesion of the deposited coating to the substrate 
metal [1].

These technical applications of electrocoating from 
molten salts involve the study of electrochemical reactions 
which are under the control of diffusion of electroactive 
species : diffusion of ions in the liquid electrolyte and 
of metallided atoms into the solid substrate. These two 
kinds of diffusion in the electrolyte and in the solid 
state intervene also when coating is built up by
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codeposition of several elements; the composition of the 
coating depends on the diffusion fluxes in the electrolyte 
and on the interdiffusion in the coating [2].

These mechanisms can be studied quantitatively by use of 
transient electrochemical techniques. The response is 
dependent on the time scale under consideration. Most 
generally, as a consequence of the elementary electro
chemical reaction and the high temperature, the electron 
transfer is fast enough to give a reversible response, and 
then the surface activity of deposited metal is controlled 
by the electrode potential.

On the other hand, at very short time • the response 
contains additional terms such as double layer capacity 
charging or electroreduction of adsorbed species. Moreover, 
we could find, in most cases, that the current density 
shows an excess with respect to the computed values at very 
short time. This result could be assigned to a rapid motion 
of the deposited atoms in the very first layers of the 
interface.

EXPERIMENTAL
The method involves the use of polarization cell which 

have the general configuration
Alloy electrode / Liquid or solid electrolyte / Pure M 
M-M* containing Mn+ (1)

The electrochemical cell for molten salt study was built 
to be sufficiently tight to sustain a residual pressure of
0.1 torr at 500 °C. In most of our experiments the electro
lyte was a eutectic LiCl-KCl mixture whose component salts 
were of analytical reagent grade Merck. Before each 
experiment, the mixture was heated in the cell at 130°C 
under vacuum for 4h, and then heated at the experiment 
temperature (400 - 540°C) under HC1 atmosphere for 6h.
Finally, argon gas was kept flowing for a few hours to 
eliminate HC1.

A special electronic device built in the laboratory was 
used to deliver potentiostatic or galvanostatic pulses. The 
pulse and the electrode responses were recorded on double
trace digital oscilloscope Nicolet 310.

The purity of the bath is examined by cyclic voltam
metry. The residual current density measured on a platinum 
electrode was less than 0.1 mA cm”2. In these experiments
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the metal ions Mn+ are generated by anodic dissolution of a 
rod of pure M, the counter electrode being a chlorine 
electrode [3] set in a separated compartment adapted with a 
porous connecting tube. The chlorine electrode is also used 
as reference electrode. For the measurements using cell (1) 
secondary reference electrode and counter electrode were 
made of a rod of pure M.

BASIC PRINCIPLE OF THE METHOD
When diffusion is the rate determining step, the 

concentration changes of electroactive species j (Mn+ ions 
or metal atoms M) in the bulk of the two phases 
(electrolyte and metal) obey the equation
dC-:(x,t) d dC.*(x,t)
— ------  = ----- ( D-j—  ------- ) (2)

dt dx J dx
where and C-: are the diffusion coefficient and the
concentration ojr electroactive species; x is the distance 
normal to the electrode. The initial boundary condition is
Cj(x,0) = Cj (3)
C? is the concentration of electroactive species at equi
librium. The thickness of the diffusing medium is 
considered to be large compared with the diffusion 
penetration depth; the condition of semi-infinite diffusion 
is fulfilled

Cj (“ft) = C$ (4)
The flow of metal away from the cathode surface into the 

interior of this electrode by diffusion is limited by the 
flow of metal, JM , by electrodeposition and equal to it. 
Therefore the current density, i, associated with the 
perturbation is (i being positive for an oxidation process)

dCj(x,t)
i=-nFJM=-6nFDj (— J-------) x=0 (5)

dx
with B=+l for j=Mn+ and B=-l for j=M. The concentration 
profile C-:(x,t) is calculated by integrating the rate 
equation J(2) for boundary conditions expressing the 
electrochemical constraints arising from the experimental 
conditions.
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For example, using the potentiostatic method, the 
variation of current versus time should obey the Cottrell 
law following the expression:
i = nF (Cj - c!j) (DjA t ) 1/2 (6)

This expression is available as well for the 
determination of D in the liquid phase as in the solid 
metal. However the concentration changes in the metal and 
the electrolyte are interrelated at any time by:

' C", - (7,
CMn+ “C Mn+

The diffusion coefficient in the solid metal being 
smaller by a factor 1 0 5 than in the melt, the potential 
step is easily adjusted to values such as the current is 
only dependent on the solid state interdiffusion.

The values of C? and are determined by the values 
of imposed potentials provided that the activity 
coefficients of the components are known. In most cases, 
thermodynamic data are obtained in the literature and then 
expressed in a polynomial expansion such as:
log 7 = a + b(l-x) + c(l-x) 2 + .... (8 )

x being the molar fraction of the species j.
The linear relationship of i versus t - 1 / 2 remains 

available even if D is c-dependent and whatever the 
variation of D as a function of c is (Figure 1) . This 
property of the potentiostatic method could be demonstrated 
by using the Boltzmann transformation, since the limiting 
conditions of the method can be expressed with the 
adimensional variable x.t”1'2. The calculation shows that 
the slope of the linear variation of i versus the 
reciprocal of square root of t leads to the a value of D 
nearly equal to that corresponding to the concentration 
near the metal surface [4].

The potential step can be chosen either positive or 
negative with respect to the equilibrium value, in order to 
measure D when diffusion phenomenon takes place "in" or 
"out” the sample material. Most generally for a given 
composition, the experimental D value does not depend on 
whether the diffusion take place "in" or "out" the 
substrate. Moreover the variation of the amplitude of th^
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p o t e n t i a l  p e r t u r b a t io n  p e r m it s  t o  g e n e r a t e  s u p e r f i c i a l  
a l l o y s  w it h  d i f f e r e n t  c o m p o s it io n s .  The m ethod th e n  
p r o v id e s  an e f f i c i e n t  t o o l  f o r  th e  d e t e r m in a t io n  o f  D 
v a lu e s  as  a f u n c t io n  o f  c o n c e n t r a t io n .

O th e r  e le c t r o c h e m ic a l  p u ls e  t e c h n iq u e s  a r e  u se d  i n  t h i s  
i n v e s t i g a t i o n .  C h ro n o p o te n t io m e try  and c y c l i c  v o lta m m e try  
a r e  u s e f u l  f o r  o b t e n t io n  o f  th e  same in f o r m a t io n s  in  th e  
fo rm  o f  s i g n a l s  w h ich  a r e  o f t e n  m ore r e a d i l y  in t e r p r e t e d  
[ 5 ] .

T h re e  m a th e m a tic a l d i f f i c u l t i e s  a p p e a r  i n  th e  r e s o l u t i o n  
o f  th e  d i f f u s i o n  e q u a t io n  c o r r e s p o n d in g  t o  a g iv e n  
t e c h n iq u e .  1) The d i f f u s i o n  c o n s t a n t  o f  d e p o s it e d  m e ta l may 
be q u i t e  d i f f e r e n t  fro m  t h a t  o f  th e  s u b s t r a t e .  T h is  
p r o p e r t y  in d u c e s  a K i r k e n d a l l  e f f e c t  and le a d s  t o  a 
movement o f  th e  in t e r n a l  r e f e r e n c e  fra m e . Then  o n ly  an  
i n t e r d i f f u s i o n  c o e f f i c i e n t  D i s  o b s e r v e d . 2) The i n t e r 
d i f f u s i o n  c o e f f i c i e n t  o f  m e ta l i s  s t r o n g ly  d e p e n d e n t on th e  
c o m p o s it io n  o f  a l l o y ,  th u s  a v a r i a b l e  D s h o u ld  be  
in t r o d u c e d  a lo n g  th e  c o n c e n t r a t io n  g r a d ie n t .  3) The  
d e p o s i t io n  o f  m e ta l b y  i t s e l f  makes th e  vo lu m e o f  th e  
s u b s t r a t e  t o  grow . I t  r e s u l t s  in  a s h i f t  o f  th e  i n t e r f a c e  
w h ic h  m ust be a c c o u n te d  f o r  a s  a t r a n s l a t i o n  o f  th e  
a b s c is s a e  o r i g i n .

F o r  t h e s e  r e s u l t s  th e  e q u a t io n s  o f  ch ro n o am p e ro m e try  
and c h r o n o p o te n t io m e t ry  o f t e n  u se d  b y  e le c t r o c h e m is t s  a re  
n o t  a v a i l a b l e  in  t h e s e  c o n d i t i o n s .  We h av e  t o  d e v e lo p  new 
m a th e m a t ic a l e x p r e s s io n s  t o  a c c o u n t  m a in ly  f o r  c o n d i t io n
3 ) .  M o re o v e r  e x p e r im e n t a l r e s u l t s  w ere c h e ck e d  b y  n u m e r ic a l  
s im u la t io n  o f  th e  e le m e n ta ry  t r a n s p o r t  p r o c e s s e s  u s in g  a 
c o m p u te r. F ig u r e  2 shows th e  a d ju s tm e n t  o f  com puted v a lu e s  
o f  th e  p o t e n t i a l  a g a in s t  t im e  i n  a t y p i c a l  c h ro n o p o te n -  
t io g r a m  sh o w in g  th e  b e s t  v a lu e s  o f  th e  p a ra m e te rs  f o r  
a d ju s tm e n t  o f  e x p e r im e n t a l d a t a .

RESULTS

S e v e r a l  sy s te m s  fo rm in g  a s o l i d  s o l u t i o n  w ere in v e s 
t ig a t e d :  c o p p e r - g o ld ,  l i t h iu m - a lu m in iu m , lith iu m -m a g n e s iu m ,  
a lu m in iu m - ir o n ,  a lu m in iu m - n ic k e l ,  a lu m in iu m - s i lv e r  and
i r o n - n i c k e l .  The f i r s t  m e ta l i s  th e  d e p o s it e d  m e t a l,  th e  
se c o n d  one fo rm s th e  s u b s t r a t e .  E x p e r im e n t a l v a lu e s  show  
t h a t  f o r  m ost o f  t h e s e  s o l i d  s o l u t i o n s  th e  i n t e r d i f f u s i o n  
c o e f f i c i e n t  D d ep en d s on th e  a l l o y  c o n c e n t r a t io n  a c c o r d in g  
t o  th e  e x p a n s io n  :

lo g  D = lo g  D'+  Ax + Bx2 . (9)
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I t  i s  a l s o  p o in t e d  o u t  t h a t  th e  t r a n s i e n t  e l e c t r o 
c h e m ic a l t e c h n iq u e s  a r e  c o n v e n ie n t  and p r o b a b ly  a u n iq u e  
m eans t o  i n v e s t ig a t e  t h e  t r a n s p o r t  p r o c e s s e s  a t  v e r y  s h o r t  
t im e .  E x p e r im e n t a l r e s u l t s  e x h i b i t  a la r g e  d e p a r t u r e  fro m  
c l a s s i c a l  la w s  and in d i c a t e  t h a t  t h e  r a t e  o f  t h e  e l e c t r o 
c h e m ic a l r e a c t io n  becom es f a s t e r  a t  s h o r t  t im e ,  i . e .  a t  
v e r y  s h o r t  d is t a n c e s  fro m  th e  m e ta l s u r f a c e  ( F ig u r e  3 ) .  F o r  
e x a m p le , t h e  p r e d ic t e d  v a lu e  o f  c o n c e n t r a t io n  n e a r  th e  
i n t e r f a c e ,  a s  com puted  fro m  ' d i f f u s i o n  e q u a t io n s ,  o f t e n  
le a d s  t o  m o la r  f r a c t i o n  x  la r g e r  th a n  u n i t y .  In  f a c t ,  t h i s  
e r ro n e o u s  c o n c lu s io n  ca n  be e x c lu d e d  b y  c o n s id e r in g  th e  
r e a l  c o n c e n t r a t io n  p r o f i l e  n e a r  th e  i n t e r f a c e  w h ich  i s  a 
d i r e c t  c o n se q u e n ce  o f  th e  R e le v a n t  R a p id  D i f f u s i o n  
T h ic k n e s s  [2] ( F ig u r e  4 ) .  V a r io u s  m echan ism s ca n  b e  in v o k e d  
t o  a c c o u n t  f o r  t h i s  o b s e r v a t io n  : d o u b le - la y e r  c h a r g in g ,  
a d s o r p t io n  o f  e l e c t r o a c t i v e  s p e c ie s ,  s u r f a c e  r o u g h n e s s .

How ever c a r e f u l  e x a m in a t io n  o f  th e  r e s u l t s  le a d s  t o  
a n o th e r  i n t e r p r e t a t i o n ,  b a se d  on a n e t  in c r e a s e  o f  th e  
d i f f u s i o n  c o e f f i c i e n t  i n  th e  r e g io n  c lo s e  t o  t h e  s u r f a c e ,  
w h ich  t a k e s  i n t o  c o n s id e r a t io n  t h e  m echanism  o f  d i f f u s i o n  
i t s e l f .  The t h e o r ie s  o f  s o l i d  s t a t e  p h y s ic s  i n d i c a t e  t h a t  
t h e  atom  d i f f u s i o n  i s  c o n t r o l l e d  b y  th e  c o n c e n t r a t io n  Nd o f  
l a t t i c e  d e f e c t s .  A c c o r d in g  t o  th e  S c h o t t k y  t h e o r y ,

Nd = A ex p (-A G d/RT) (10)

w here A i s  t h e  f re q u e n c y  f a c t o r  d e p e n d in g  on t h e  c r y s t a l  
s t r u c t u r e .  In  th e  t h e o r y  d e v e lo p e d  b y  S c h o t t k y  t h e  e n e rg y  
o f  d e f e c t  f o r m a t io n  AGd i s  t h e  sum o f  s e v e r a l  te rm s  
c o n t a in in g  m a in ly  t h e  c o u lo m b ic  i n t e r a c t i o n ,  t h e  r e p u ls io n  
te rm , Van d e r  W aa ls  and p o l a r i z a t i o n  i n t e r a c t i o n s ,  and th e  
r e s id u a l  e n e rg y  a t  z e ro  p o in t .  In  t h e  c l a s s i c a l  l a t t i c e  
d e f e c t  t h e o r y ,  AGd i s  d ed u ced  fro m  t h e  sum m ation  o f  th e  
p o t e n t i a l  te rm s  c a r r i e d  o u t  on th e  w h o le  s p a c e  (4n- s o l i d  
a n g le ) . The im p o r ta n t  co n se q u e n ce  o f  o u r  r e s u l t s  i s  t h a t ,  
i n  t h e  v e r y  f i r s t  a to m ic  la y e r s ,  th e  num ber o f  l a t t i c e  
d e f e c t s  s h o u ld  b e  d i f f e r e n t  o f  t h a t  i n  th e  b u lk  o f  th e  
s o l i d ,  s in c e  t h e  in t e g r a t io n  o f  p o t e n t i a l  te rm s  i s  
p e r fo rm e d  on a s m a l le r  s o l i d  a n g le .  In  th e  e x tre m e  c a s e  o f  
th e  f i r s t  l a y e r ,  t h e  sum m ation i s  made on a 2n s o l i d  a n g le  
and t h u s  AGd (s) = 1/2 AGd (b) . Then  t h e  m o la r  f r a c t i o n  o f  
d e f e c t s  a t  th e  s u r f a c e  c o u ld  r e a c h  t h e  v a lu e  
Nd (s)=Nd ( b ) 2 , and c o u ld  b e  r e s p o n s ib le  f o r  a s te e p  
in c r e a s e  o f  t h e  d i f f u s i o n  c o e f f i c i e n t .
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F i g u r e .  1 . A n a l y s i s  o f  
chro n o am p ero g ra m s a f t e r  
p o t e n t i a l  s t e p s  on a 
c o p p e r - g o ld  a l l o y .
T e m p e ra tu re : 4 0 2 0C .

CCut= 91 10~3 M  i n
L i C l - K C l .  A l l o y  compo
s i t i o n :  ĉ c u = 13 .7
mmol cm "3 . E le c t r o d e  
a r e a :  1 . 1 1  cm2 . V a lu e s  
o f  t h e  p o t e n t i a l  s t e p  : 
a , a* ±200 mV; b ,  b* 
±100 mV; c ,  c* ±50 mV; 
d , d '  ±20 mV; e ,  e* 
±10 mV.

U
F ig u r e  2 . A n a l y s i s  o f  a 
c h r o n o p o te n t io g r a m  f o r  
t h e  r e d u c t io n  o f  A l 111 
i n  L i C l - K C l  a t  5 0 0 °C on  
a n i c k e l  e le c t r o d e ;  I= -  
18 a A , C * ™ -  10-*
m ol cm . 3= 0 . 4 4  cm^.n v s , U = lo g [ ( r / t ) 1/2- i ] ; 
r?=E-E , E i s  t h e  e q u i
l ib r iu m  p o t e n t i a l .  I n f 
lu e n c e  o f  t h e  com puted  
v a lu e  o f  t h e  t r a n s i t i o n  
t im e  r : C o n t in u o u s
l i n e ,  r = 6 . 2 2  s .
D ashed l i n e ,  r= 5 .9 1  s .  
D o tte d  l i n e ,  r= 6 .5 3  s .
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F ig u r e  3 . A n a l y s i s  o f  a 
ch ro no am p erog ram  a t
s h o r t  t im e  a f t e r  
p o t e n t i a l  s t e p s  on a 
c o p p e r - g o ld  a l l o y .
T e m p e ra tu re : 5 5 4 °C
c £ , = 64 1CT3 M in
L i C l - K C l .  A l l o y  com po
s i t i o n :  £cvT 10 . 5
mmol c itT 3 . E le c t r o d e  
a r e a  : 0 .3 72  cm2 .
V a lu e s  o f  t h e  p o t e n t i a l  
s t e p  : a ,  500 mV;
b , 200 mV; c ,  80 mV; 
d , 40 mV; e ,  20 mV; 
f ,  -8 0  mV.

F ig u r e  4 . Com puted  
r e l a t i v e  c o n c e n t r a t io n s  
a t  t h e  s u r f a c e  o f  a 
n i c k e l  e le c t r o d e  d u r in g  
th e  r e d u c t io n  o f  N i 2* 
and F e 2+ i n  L i C l - K C l  a t  
5 0 3 °C.  R e le v a n t  R a p id  
D i f f u s i o n  T h ic k n e s s  : 
7 .2  10~8 cm [ 2 ] .  r1 =
0 . 93  s .  C o n s ta n t  
c u r r e n t  ^ I= -3.4  mA,

7 ^ 2 10~3 ^ e2S^=0.78 cm2 . 
A t  th e  end o f  th e  p u ls e  
(when c Fe2+”  °) t h e  
c u r r e n t  was s w itc h e d  
o f f .  a= N i 2+; b= Fe2+; 
c= Fe .
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ABSTRACT

Room temperature molten salts baths of AICI3 -BPC (1- 
butylpyridinium chloride) and AICI3 -EMIC (l-ethyl-3-methyl- 
imidazorium chloride) were found as an electrolyte to 
obtain an excellent and high purity A1 plating. These 
are inflamable and are easily operated at room tempera
ture.

The properties of the molten salts and the plated A1 
film were investigated. The most suitable electrolyte compo
sition was 67mol%AlCl3-33mol%BPC or EMIC. The EMIC bath was 
better than the BPC bath as an A1 plating electrolyte.

The A1 plated carbon steel showed high corrosion resis
tivity.

A continuous A1 plating process was developed.

INTRODUCTION

Electroplating of aluminum has been hoped as a surface treatment to 
improve a corrosion resistance of metals. Because the electroplating of 
aluminum from an aqueous solution is impossible, non aqueous solution 
must be used to carry out it. However, organic solvent systems are 
flamable(l-4), and molten salt systems should be operated at high tem
perature (5) Therefore, an ambient temperature molten salt electrolyte 
has been examined to enable a low temperature and safe operation to 
plate aluminum(6,7).

EXPERIMENTAL

Molten salts baths were prepared by mixing of AICI3  and BPC or EMIC. 
Experimental were done in the dry box under N2  atmosphere. A polariza
tion curve was mesured by using the Al, Cu, Pt electrodes. Counter 
electrode was 99.99% Al, and a reference electrode was an aluminum wire
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in a 67mol%AlCl3-33mol% BPC bath. Sweep rate was 50mV/sec.
The salt spray test was done to evaluate a corrosion resistance of 

the A1 plated sample. The solution was 5%NaCl and the temperature was 35 
°C. Surface and cross section of the sample was investigated by SEM.

RESULTS AND DISCUSSION

As an ambient temperature molten salt, a mixture of aluminum chlo
ride and onium halide was investigated. The conductivity of the mixture 
is shown in Table 1. When imidazorium salts are used, high conductivity 
is obtained. However, when an alkyl group becomes large, the conductivi
ty is close to that of pyridinium salt. In the case of ammonium salt 
that does not have a double bond, the conductivity is low. Then, a 1- 
butylpyridinium chloride (BPC) system and a l-ethyl-3-methylimidazorium 
chloride (EMIC) system were selected for an A1 plating bath.

Some characteristics for these AlClo-BPC systems are investigated. 
The results are shown in Fig.l. Specific gravity became large with the 
A1C13  concentration. It was 1.34 for the 67mol% AICI3  bath. Viscosity 
and conductivity became low with the AICIq concentration. When the 
viscosity decrease, the conductivity usually increases. However, in this 
case the conductivity decreased, although the viscosity decreased. This 
was considered to depend on a change of ionic species in the bath. 
Similarly, a change of some characteristics of EMIC system was also 
studied (Fig.2). The specific gravity was larger than that of BPC sys
tem. The viscosity was smaller and the conductivity was larger than 
those for the BPC. Furthermore, melting point of EMIC system was lower 
than that of BPC system.

Cathodic polarization curves for various BPC baths are shown in 
Fig.3. The potential, where a flow of a cathodic current begins, became 
noble when the AICI3  concentration goes up. The curves showed 2 peaks. A 
peak current of b increased with increasing the AICI3  concentration. 
Then, ionic species in the bath was investigated. Fig.4 was obtained by 
the computer simulation from the equilibrium potential data and the 
equilibrium constants. In the acidic melt, a major A1 ion is AI9 CI7 " and 
in the basic melt, a major A1 ion is A1C14~. The A1C14" ion decreases 
gradually with increasing the AICI3  concentration, while A^Cly" ion 
increases suddenly from 50mol% AICI3 . In Fig.3, curve (1) has no peak b. 
Moreover, the peak current of b is going up with AICI3  concentration. 
Therefore, it was considered that A12 C17~ is reduced at the potential 
range of b. Moreover, the reaction of A1C14~ and 1-butylpyridinium 
cation may occur simultaneously at the range of a.

Next, anodic polarization curves were measured(Fig.5). When the AICI3  

concentration increased, a peak current of an anodic reaction decreased. 
A dissolution reaction of aluminum is an opposite reaction of the depo
sition. It was conceivable that the peak current became small with AICI3  

concentration as an activity of A1C1*" becomes small with AICI3  concen
tration. Same tendency was obtained for the EMIC bath. Then, the reac
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tions of aluminum dissolusion and deposition were considered as follows.

(Cathodic reaction) 4Al2 Cly~ + 3e A1 + 7A1C14“ (1)
(Anodic reaction) A1 + 7A1C14“ 4A12 C1y“ + 2e ^

From above facts, the A1 plating bath composition was decided on 67mol% 
AICI3  baths.

First, maximum current densities of the plating and the dissolving 
were actually studied at various temperature as shown in Fig.6 . The 
current densities go up together with temperature for both EMIC and BPC 
baths. The value for the EMIC was double of the BPC. It was consequently 
known that the EMIC bath is better than the BPC bath for the A1 plating 
electrolyte. On the other hand, the dissolving current density is about 
1/3 of the plating current density. Therefore, the positive electrode 
area needs 3 times of the negative electrode. SEM photographs of a 
surface and a cross section of the A1 plating were observed. Very smooth 
coating was obtained.

The corrosion resistance of the A1 plated sample was investigated by 
SST(Table 2). The substrate was a carbon steel precoated with Ni of
0.3um thickness. The chromate processing was not carried out. In the 
case of 5um plating thickness, 700 hours was required to rust occur
rence. It was 1800h and 3000h at lOum and 30um, respectively. It was 
known that the aluminum plated material gives high corrosion resistance.

Next, a manufacturing process of the A1 plating was examined. The 
flow chart is shown in Fig.7. The degreasing and also washing with acid 
were carried out. Both of the BPC melt and the EMIC melt strongly react 
with moisture. As the susbstrate is generally covered with oxides after 
drying, an adhesive A1 plating can not be obtained. Then, the "activa
tion” process was devised as follows. First, an anodic dissolution of 
the oxides in the BPC bath was attempted. In the case of Pt anode, a 
current was not observed up to 2.1V(Fig.8). In the case of stainless 
steel(SUS430), an anodic current flowed. Namely, a possibility of the 
dissolution of oxides was shown. The "activation” was studied at various 
electricities at anodic current of 0.4A/dm2  in the BPC bath(Fig.9). It 
was expected that the activation of surface completes over 1.3 
coulomb/cm2 . Relationship betwen the activation and the adheasion were 
studied(Fig.lO). It was known that a sufficient adhesion for the A1 
plating is obtained, when the substrate is dissolved in 2  coulombs and 
then A1 is plated on it. As a results, the industrialized A1 plating 
line was completed. The A1 plated coil and wire were made by the con- 
tineous plating line. The A1 plated bolts were made by the barrel type 
line.

CONCLUSION

Room temperature molten salts of AICI3 -BPC and AICI3 -EMIC were inves
tigated as an A1 plating electrolyte. The results are as follows.

1) The most suitable electrolyte composition was 67mol%AlCl3-33mol%BPC
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or EMIC.
2) In the case of the EMIC bath, the highest plating current density 

was 4 and 17 A/dnr at 25 and 100°C, respectively.
3) The anode surface area must need 3 times of the cathode.
4) The morphology of the A1 plating was dense and smooth.
5) The high corrosion resistivity of the A1 plated sample was proved.
6 ) A continuous A1 plating process was developed.

Consequently, many applications of the A1 plating are expected.
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9

Fig.l Some characteristics for AlCl^-BPC baths. 
O  • Specific gravity, 25‘ C, #  : 30 *C
A  •* Specific conductivity, 25 *C, A 30*C
□  : Viscosity, 20* C, ■  : 30* C

Fig.2 Some characteristics for AlClg-EMIC baths.
O  • S p e c ific  g r a v i t y , 2 5 * C  
A  l S p e c ific  c o n d u c tiv it y , 25 ’ C  
□  :  V is c o s ity , 2 0 *C
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Fig.3 Polarization curves for AlClg-BPC baths.
S w e e p  r a t e :5 0 m V / s
( 1 )  5 0 m o l % A l C l 3 - 5 0 m o l % B P C
(2 ) 58 m o\%  A l C l j  -  42 m o\%  B P C '
(3) 60 m o]%  A l C l j  -  40 m o\%  B P C
(4 ) 6 2 m o l % A l C l 3 - 3 8 m o l % B P C
(5) 64 m o\%  A 1 C 1 3 -  36 m o l%  B P C
(6) 6 7 m o l % A l C l 3 - 3 3 m o l % B P C

Fig.4 Mole fraction N of the species in the melt 
at 60 C as afunction of AICI3  content.
----: cr, ----; A12C17’, ----: AlCl^,
--- : A12C16, ----: AICI3, ---- : BP*
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Fig.5 Polarization curves for AlClg-BPC baths.
Sweep rate: 50 mV/s
(1) 58 mol% A1C13 -  42 mb\% BPC’
(2) - 60 mol% AICI3 -  40 mol% BPC
(3) 62mol%AlCl3-38mol%BPC
(4) 64moI%AlCl3-36mol%BPC
(5) 66mol%AlCl3-34mol%BPC
(6) 67mol%AICl3-33moI%BPC

Fig . 6  Maximum A1 plating and A1 dissolving current densities 
vs. temperatures.
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Fig.8 Anodic polarization curves for 67mol^AlCl3-33mol%BPC bath.
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E l e c t r i c i t y  /  coulomb

Fig.9 Rest potential after anodic polarization of various 
electricities at 0.4Adm-2 in the BPC bath.

Fig.10 Adhesion of A1 plating for various activation 
conditions.

669



Table 1 Conductivity of MCl/2AlClg.
(lit)

Table 2 Results of salt spray test.

Su bttr » te:S I ee 1 Temperature:3STPrecoat ingINi 0.3/rm Spray: 5X N«CI
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D E S I G N  AND P E RF O R M A N C E  OF  S I M P L I F I E D  T E S T  LOOP  
FOR M O L T E N - S A L T  FLOW

&
H.Hashimoto, K.Amagai, H.Hiyama and K.Yamamoto

Institute of Fluid Science, Tohoku University, 
l^tahira 2-1, Sendai, Japan 
Ebara Research Co., Ltd.,

Honfujisawa 4-2-1, Fujisawa, Japan

ABSTRACT

Therma1-f1uid dynamic data are essential for es
tablishing the practical application of molten- 
salt. A simplified test loop was designed for ob
taining highly accurate fundamental data on 
molten-salt flow. Flow rate calibration, pressure 
loss measuring and temperature control methods 
were also examined. Furthermore, assessments were 
made on flow rate fluctuation, temperature fluc
tuation and velocity distribution.

INTRODUCTION

Molten-salts have several important industrial applications. 
Molten-salt loops have been designed for developing molten- 
salt nuclear reactors (1,2,3). Molten-salts are also used 
as a substitute for other high temperature molten materials 
( molten slags, molten rock = lava, and other such high tem
perature flowing molten systems ) in simulation tests. 
However, very few basic fluid dynamic research data on 
molten-salt flow are available.

The simplified test loop for molten-salt ( hereinafter 
termed as 'test loop'), designed and developed by the 
authors, has made it possible to carry out experiments on 
fluid dynamic properties of molten-salt and to accumulate 
the much sought basic data on molten-salt flow. To confirm 
the operational performance of the test loop, studies were 
made on fluctuations in the flow rate and temperature of the 
molten-salt. The simple calibration systems of the flow 
meter and the pressure gauge were also studied. In the fol
lowing design factors and operational performances of the 
test loop are presented. Data on the treatment of molten- 
salt, based on actual flow data, are also introduced.

FEATURES OF SIMPLIFIED TEST LOOP
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The design of the test loop includes the following: [1] A 
test section for carrying out various thermal-fluid dynamic 
experiments, [2] A compact design, enabling manually con
trolled operation and easy maintenance, for using the test 
loop in a relatively small laboratory, [3] Ability to use 
the molten-salt ( KNOg-NaNC^-NaNOo; 7-44-49 mol% ) as the 
test medium, [4] Ability to calibrate the flow rate measure
ment devices, and [5] Guarantee of a safe operation up to 
400 °C maximum.

Figure 1 and 2 show cross sections and a schematic diagram 
of the test loap, respectively. The total volume of molten- 
salt was 0.14m . The 304 stainless steel was used for all 
part of the test loop as the corrosion rate of SUS304, ex
posed to molten NaNOq-KNO^ and under a temperature of 600 
°C(5), is approximately 2.5xl0“^mm/year. In an attempt to 
avoid the thermal stress, a pump, tanks and pipes were 
mounted in such a way so that they could slide on their 
fixed support tables. The safety of the operation was con
firmed by preliminary tests in which water was used as the 
medium for checking the cover gas pressure control and the 
valve behavior for the test loop operation under various 
pump speed ranges. Water was also used as the medium for in
vestigating the pump and flow meter p e r f o r m a n c e s . Some 
details on the components of the test loop are discussed in 
the following.

Figure 3 shows a cross-sectional view of the test loop 
storage tank. The storage tank had an inner diameter of 
600mm and a height of 600mm, and could hold 0 . 1 4 m ̂ of 
molten-salt. A 6 k W power electric resistance heater coils 
was applied around the tank for melting solid salt. Lagging 
materials, 150mm in thickness, were wrapped around the ex
terior tank as well. To enable visual observation of the 
molten-salt, the tank was equipped with some heat resistance 
glass windows ( 60mm diameter and 8mm thickness ). Nitrogen 
was made to flow into the tank as the cover gas for prevent
ing the molten-salt from absorbing impurities from the air. 
Molten-salt was transported from the storage tank, shown as 
(D in Figure 1, into a pressure control tank, shown as ©  in 
the same figure, by the pressure force of the cover gas. 
Figure 4 shows a cross-sectional view of the pressure con
trol tank. It was the same in size as the storage tank and 
had the function of preventing pressure surges due to tem
perature and velocity changes in the main loop. The fluctua
tion of the molten-salt flow rate was realized to be less 
than 1%. A stainless steel wire mesh was installed in the 
tank for degassing. Nitrogen gas was used here as a cover 
gas. The bulk pressure in the main loop molten-salt flow 
could be adjusted by simply adjusting the cover gas pres-
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sure.

A magnetic coupling centrifugal pump, shown as ©  in Figure 
1, was installed for molten-salt circulation in the main 
loop. Figure 5 shows a cross-sectional view of this pump. 
For cooling the motor and sealing off the molten-salt, the 
motor torque was indirectly transmitted to the impeller 
shaft by a magnetic -force. The pump performance was set at 
lO^Pa and 1.67xl0_^m^/s at 1 4 6 0 r p m ( see Figure 6 ). A good 
correlation between water and molten-salt, over a wide tem
perature range, was confirmed experimentally with regard to 
pump performance. The relation between the pump delivered 
pressure and the flow rate, at various temperature settings, 
was established as the physical properties of the molten- 
salt strongly depended on temperature. The total length of a 
main loop was 5 meters. The piping was covered with electric 
resistance heating coils and 70mm thick lagging materials. 
The main loop was also equipped with a 1.5m test section, 
shown a s ®  in Figure 1. All pipes, with the exception of the 
test section, were set at an angle of approximately 2 de
grees in an effort to prevent any residual molten-salt from 
remaining in the test loop after drainage. Asbestos sealing 
materials were used at the pipe flange. Results of a chemi
cal compatibility test between asbestos packings and molten 
KNOg-NaNO^ confirmed its applicability at temperature ranges 
below 400 °C (6). The test loop was equipped with several 
manually controlled ball-type valves for controlling the 
flow rate. Inconel type metal sealings were applied on the 
moving parts of the valves. The maximum heat resisting tem- 
perature.of the valve was up to 500 °C. The pipes and tanks 
were wrapped with electric resistance heating coils for con
trolling the temperature. Figure 7 shows the temperature 
control system. Thermal cement was applied around each 
heater to enable fast heat conductivity into the wall. 
Figure 8 shows a cross-sectional view of the insulation 
materials. Chromel-alumel thermocouples were installed on 
the pipe and tank walls. A mixing chamber ( see Figure 9 ) 
was installed in the test section for checking the mean tem
perature of the flow. Figure 10 shows an example of tempera
ture fluctuation and of input power supply by the heater. It 
was found that molten-salt temperature can be controlled 
within an error of 1%.

TEST SECTION

Two contraction nozzles, shown as ©  in Figure 1 were in
stalled upstream the test section to enable a uniform flow. 
Figure 11 shows geometrical data of the nozzles. Nozzle-1 
had an exit dia. 37.6mm while Nozzle-2 had that of 21.7mm. A 
high temperature pressure gauge was used to measure the
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pressure, while a turbine flow meter was used to measure the 
mean flow rate. Accurate measurement on the velocity profile 
of high temperature molten-salt is considered to be very 
difficult. However, using the convenient analytical method, 
developed by one of the authors, in which the analytical 
results agree well with actual water velocity profiles(7), 
it was possible to estimate the velocity profile at the test 
section of the loop. Thus, highly accurate velocity dis
tribution data at the inlet of the test section can be ob
tained through this convenient method with no need to 
measure the velocity. This analytical estimate, based on the 
potential flow, can be used for each specific nozzle 
geometric configuration. Cross-sectional velocity profiles 
at the nozzle inlet and outlet are assumed to be expressed 
in simple mathematical curves. If u represents the maximum 
velocity and U represents the cross sectional mean velocity, 
and the subscripts i and o indicate the nozzle inlet and 
outlet, respectively ( see Figure 12 ), the relation be
tween the outlet uniformity, defined by z4u0/UQ = u"0/U0-1, 
and the inlet uniformity, defined by Zlu^/U^ = u" ̂ / U n- — 1 , 
where A u means the deviation from the mean velocity U, can 
be expressed as in the following equation:

4 u 0/U0 = ( Di/D0 )-4 ^jui/Ui + b. (1)

TJje constant b is determined from Figure 13. The parameter 
X is x /L, wherein x is the distance from the nozzle inlet 
to the inflection point of the nozzle and L is the length of 
tĵ e nozzle. For the 36.7mm exit dia. nozzle, Dn-/D0 = 4 and 
X =0.5. b is then determined as b=-0.001. Whereby a rela
tively great non-uniformity Zlu^/U^ = 1 leads to z4u /UQ =
0.003. This analysis finally reveals that the velocity 
profile at the nozzle outlet was approximately uniform, ex
cept in the area just adjacent to the pipe wall. It was con
firmed through many examples of inlet velocity profiles that 
the use of the nozzles enables uniform and stable flow at 
the entrance of the test section.

The test section is used for carrying out various thermal- 
fluid experiments systematically and for measuring systems 
which require careful operational procedures. It can also be 
used in the research for developing high temperature pumps, 
for investigating high temperature gas-liquid multi-phase 
flow, for investigating the forced convection flow which ac
companies local solidification for'developing solidification 
va1ves, and so on.

SYSTEMATIC MEASUREMENT OF MOLTEN-SALT FLOW 

Calibration System by Volumetric Flow Meter; For engineering



applications of molten-salt, accurate measurements of flow 
rates are essential. Such accurate measurements were made 
possible by a volumetric flow meter shown in Figure 14. The 
mean flow rate in the test loop was measured by this flow 
meter through the following procedure. The molten-salt was 
first introduced to the volumetric flow meter tank by con
trolling a valve. The ascending time of the molten-salt sur
face in the tank was then measured by two electric probes 
set at different levels. The- volume corres ponding to the 
distance between the edges of the two probes was then 
measured taking into consideration the thermal expansion of 
the tank. One problem that had to be solved was an error by 
the volumetric flow meter which is caused by the liquid sur
face disturbances. Introducing a baffle plate solved this 
problem and the ascending surface of the molten-salt in the 
tank was stable and completely smooth. The flow rate was ad
justed by a valve and by controlling the pump rotational 
speed for the purpose of minimizing fluctuations in the flow 
due to shift in the liquid level in the pressure control 
tank. Such fluctuations were caused by the changes in pump 
suction head. A 12V, 60Hz alternate current was applied on 
the electric probes to prevent electrolysis. The maximum er
ror in the flow rate measurement was estimated to be less 
than 1%. The molten-salt was transported back into the main 
loop utilizing the nitrogen gas pressure. The experimental 
results indicated that the calibration system by the 
volumetric flow meter should be installed in the test loop 
for the high accuracy measurements.

The turbine flow meter was calibrated by the volumetric flow 
meter using both molten-salt and water. The rotating speed 
of the magnetized impeller of the turbine flow meter was 
measured by a frequency counter. Data on molten-salts in 
various temperature were in agreement with water within 3%. 
As can be seen in Figure 15., rmeas.urement error in the large 
flow rate ( 6x10“4 ^  3x10-3 m3s“ ‘ ) was +/-2%. If the tur
bine flow meter is correctly calibrated using water, it can 
also be used for measuring the molten-salt flow, i.e. 
calibration using molten-salt becomes unnecessary.

D i f f e r e n t ial Pressure Measuring Sy s t e m ; Two molten-salt 
manometers were designed and developed for measuring pres
sure losses between two points in the flow ( see Figure 16 
). The differential pressure was determined by molten-salt 
levels in these manometers. Heat resisting glass was used 
for the tubes in the manometers and fluoridate rubber 0- 
rings were used for sealing off the molten-salt and the gas. 
Nitrogen gas was added into the manometers as a pressure 
force. This measuring system is also useful when applied 
with an orifice, or a ventuli flow meter, o r a  solidifica
tion valve, and the like. Figure 17 shows an example of the
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measurement data of orifice flow meter obtained through this 
measurement system(4). Measurements on molten-salt using 
this pressure difference system, show good agreement with 
those in water. It is suggested that data on water obtained 
through this system can be used directly for making es 
timates on the flow rate of molten-salts.

SUMMARY

Various experiments using the simplified molten-salt test 
loop, which was designed and developed for carrying out 
thermal-fluid experiments, showed relatively satisfactory 
results due to simplicity of operation and accuracy in 
measurement. The test section was found to be adequate for 
enabling stable flow and temperature. The volumetric flow 
meter was also found to be effective for use with calibra
tion devices for other molten-salt flow meters. All in all, 
the molten-salt test loop, including its measurement and 
control systems discussed in this paper, is useful for ob
taining basic data in regard to high temperature molten sys
tems .
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©  Storage tank ©Test section
©Pressure control tank ©Contraction nozzle
©Pump ©Volumetric flowmeter

©  Turbine flow meter
Figure 1. Molten-Salt Test Loop
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(D Storage tank © Test section

©  Pressure control tank ©Contraction nozzle 

®  Pump © Volumetric flow meter

© Turbine flow meter

Figure 2. Schematic Diagram 
of Test Loop

Pressure
control tank Contraction Volumetric

Figure 3. Storage Tank Figure 4. Pressure Control Tank

678



Outlet 0)
Ol
Q.
Ea

CL

oCL
£

xIO5
' . 4  1l........ ' " i  i i i i

1 .2  *
v  [& v  Design

1 .0 1460 r.p.m. P° lnt “
0

0 .8 A  HTS 201 °C cm
O 1 7 7  °C ^

0 .6 V 1 6 4  °C ^
□  1 53  °C

0 .4
•  Water 1 9 °C

0 .2

0 1 1 1 1 1
0 0 .5  1.0 1.5 2 .0  2.5 3.0

0  mVs Flow rate *10 3

Figure 5. Magnetic Coupling 
Pump

Figure 6. Pump Performance

-Ceramic wool 

-Rock wool

-Aluminum cloth

| Lagging material

-Heater ^Thermocouple 

-Wall ( S U S 3 0 4 )  

Thermal cement

Figure 7. Temperature Control 
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Mixing plate ' Lagging material

Figure 9. Mixing Chamber Figure 10. Temperature
Fluctuation

N o z z le  I

X 0 3 .7 7 .3 1 1.0 1 4 .7 10 .0 2 2 .0 2 5 .7
Y 7 3 .4 7 3 .3 7 3 .3 7 3 .0 7 2 .9 7 2 .5 7 2 .2 7 1 .7

X 2 9 .4 3 3 .0 3 6 .7 4 0 .4 4 4 .0 4 7 .7 5 1 .4 5 5 .0

Y 7 1.1 7 0 .3 6 9 .4 6 0 .3 6 6 .9 6 5 .3 6 3 .5 6 1 .5
X 5 0 .7 6 2 .4 6 6 .1 6 9 .7 7 3 .4 7 7 .1 0 0 .7 8 4 .4

Y 5 9 .3 5 7 .0 5 4 .6 5 2 .1 4 9 .5 4 6 .9 4 4 .4 4 1 .0

X 0 8 .1 9 1.0 9 5 .4 9 9 .1 1 0 2 .0 o cn 110.1 11 3 .0

Y 3 9 .5 3 7 .2 3 5 .1 3 3 .0 3 1 .1 2 9 .4 2 7 .6 2 6 .2
X 117.4 121.1 124.0 120.5 132.1 1 3 5 .8 139.5 143.1
Y 2 4 .7 2 3 .5 2 2 .4 2 1 .4 2 0 .6 1 9 .0 1 9 .3 1 9 .0

X 1 46 .0 150.5 154.1 157.0 161.5 165.2
N o z z le  1Y 1 0 .7 1 0 .5 1 0 .5 1 0 .4 1 0 .4 10.35

A " 0 2 .2 4 .5 6 .7 8 .9 1 l . l 1 3 .3 1 5 .6

Y 10.35 10 .3 1 8 .2 10.1 1 8 .0 1 7 .6 1 7 .2 1 6 .6
X' 1 7 .0 2 0 .0 2 2 .2 2 4 .4 2 6 .7 2 8 .9 3 1 .1 3 3 .3
Y 1 5 .9 1 5.1 1 4 .2 1 3 .3 1 2 .4 1 1 .7 1 1 .0 1 0 .4
X' 3 5 .5 3 7 .0 4 0 .0 4 2 .2 4 6 .6 5 0 .0

N o z z le  2Y 9 .9 9 .5 9 .  1 0 .9 0 .0 8 .7 5

Figure 11. Data on Contraction Nozzle

680



Inflection point

Maximum velocity

K
o \:Q id

/

Inlet Nozzle

Mean velocity 
Uo

Outlet

Figure 12. Flow Model

Figure 13. Relation between 
b and Di/Do

Figure 14. Volumetric Flow Meter
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Figure 17. Data on Orifice Flow Meter

A and Re were defined by Q(7td^/4)“  ̂(2 A p / p ) ~ ^  ^  and 
4 P Q/(7C/A D ) , respectively, where, Q-flow rate, 
<dp=di f ferenti al pressure, />=density and /x*vi scos i ty.
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Sakyo-ku, Kyoto 606, Japan

ABSTRACT

The distribution behaviours of actinides and fission 
products in a molten chloride/1iquid cadmium system have 
been investigated in support of the development of a 
pyrochemical group partitioning process. The different 
distribution behaviours due to different group elements were 
clearly observed, indicating that the group partitioning is 
essentially feasible. However, the actinide and lanthanide 
elements were found to be less soluble in the cadmium phase 
and to form their solid intermetal1ics on reduction. A 
reductive exraction process combined with filtration of such 
intermetallics is proposed on the basis of the observations.

INTRODUCTION

Molten salts and liquid metals are highly radiation resistant and 
serve as high-density fluids at elevated temperatures. The use of 
these fluids makes it possible to develop the more compact processes 
and to decrease the amount of low-level radioactive wastes. The 
pyrochemical separation systems of these fluids are thus considered to 
be much useful for future nuclear engineering. A number of 
applications have been proposed and some of them are now being 
developed for the reprocessing of nuclear reactor fuels (1,2) and for 
the group partitioning of radioactive wastes (3,4).

In the present study, the distribution behaviours of actinides and 
fission products in a molten chloride/1iquid cadimium system have been 
investigated in support of the development of a pyrochemical 
partitioning process. The results are analyzed by comparing with a 
theoretical prediction (5) and the feasibility of group partitioning 
of radioactive wastes is discussed on the basis of the distribution 
behaviours observed. The results obtained in the present study will 
also be important for the reprocessing of fast breeder metallic fuels 
0 .2).
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EXPERIMENTAL

All the reagents were of reagent grade obtained from Nacalai Tesque, 
Co. The LiCl-KCl mixture of 50 mole% LiCl was prepared by melting 
the known amounts of LiCl and KC1. The reductant Li was prepared in 
the form of a Li-Cd alloy(25 mole% Li) to make the addition into the 
Cd phase easy. The radioactive tracers of Np-239, Pa-233, La-140, 
Ce-143, Eu-152m, Pd—109 and Zr-97 were produced by thermal neutron 
irradiation of U, Th, La, Ce, Eu, Pd and Zr metals, respectively, in 
Kyoto University Research Reactor. Non-irradiated metals were also 
used as solutes in some runs.

The experimental apparatus and general procedures employed in this 
study are much the same as in the previous ones for the salt/Bi 
systems (6-8). In a typical experiment, 1 mol of the LiCl-KCl, 2 mol 
of Cd metal and small amounts (less than 100 mg each) of the solute 
elements were loaded in a graphite crucible and dried by vacuum at 450 
K in the extraction vessel of stainless steel. The system was then 
heated under an inert-atmosphere. In order to ensure the purifica
tion of the system, a H^-IO vol% HC1 gas was bubbled for about 10 
hours in some runs.

The distribution of the solutes was controlled by the incremental 
addition of the Li-Cd alloy to the system. After some equilibra
tions, the samples were taken out from each phase with a stainless 
steel sampling tube under a reduced pressure. The concentrations of 
the radioactive solutes were measured by direct Y-spectroscopy, and 
those of the reductant Li in the Cd phase and of non-radioactive 
solutes were determined by atomic absorption spectrophotometry.

RESULTS AND DISCUSSION

1. Mechanism of equilibrium distributions

Fig. 1 shows a typical result of the measurement of distribution 
coefficients. The distribution coefficients are defined as

DM = AM(Cd) /AM(salt) (1)

DLi = XLi(Cd)/XLiCl(salt) (2)

where A^ is the molar radioactivity of the element M, X^. and 
X, .p-, are the mole fractions of Li and LiCl, respectively, and the 
subscripts (Cd) and (salt) denote the Cd phase and the salt phase, 
respectively. Fig. 1 also shows the distribution coefficients which 
are predicted with a thermodynamic model (5) by taking the reaction 
mechanism:

6 8 4



( 3 )

where *-im_nMClm and MCdx represent the complex compound formed in the 
salt phase and the intermetallic compounds in the Cd phase, res
pectively. The similar mechanisms have well been established in the
salt/Bi systems by observing the effects of salt and metal composi
tions on the equilibrium distributions (6-8). According to the 
model, the extractabi1ity D^/D^11 of each element is represented by

log(DM/DLin) = -(2.3RT)-1[ &G°(MAX) + m AG°(LiX) - AG°(Lim_nMXm) ]

+ x log XA - (m-n) log XLlX - log YMAx - m log YLiX

+ log ^Lim-nMXm + n log YLi + x log ya (4)

The terms in the right hand side in Eq. (4) are constant at a given 
temperature and composition and then the logarithm of is propor
tional to that of D. . with a slope of n. The thermodynamic data in 
Eq. (4) are taken from the literatures and estimated theoretically 
(5). Fairly good agreements between the experimental and predicted 
values are observed for lanthanide elements. The above mechanism is 
thus supported. However significant disagreements are found for 
acti nides.

2. Effect of intermetallic compounds on equilibrium distributions

In order to know the behaviour of actinides, a careful measurement was 
made with uranium as a solute. The changes of uranium concentration 
in both phases with time are shown in Fig. 2 and the distribution 
coefficient is plotted in Fig. 3. Fig. 2 indicates that the uranium 
concentration in the salt phase rapidly decreases with the addition of 
reductant but that the concentration in the Cd phase does not increase 
so rapid. This suggests that most of the reduced uranium forms 
another phase in the system.

After the melt was frozen, the interface layer between both phases was 
inspected and the presence of a solid intermetallic compound, possibly 
UCdp, was inferred by a chemical analysis. The reduced uranium seems 
to remain at the interface as the solid intermetallics rather than to 
be dissolved into the Cd phase. Since a much higher solubility has 
been reported of uranium in liquid cadmium (9), this may be due to a 
very slow kinetics of dissolution of the compound or to an entrainment 
effect in the salt phase. A similar phenomenon has been observed in 
the salt/Bi system although the formation of solid intermetallics for 
a few hours is only temporary in that case (8). The distribution 
coefficient of uranium in Fig. 3 seems to be lowered by the entrain
ment of the solid intermetal1ics in the salt phase. The disagree
ments observed for the actinide elements in Fig. 1 can similarly be 
explai ned.

+  n L i  +  x Cd = MCdx +  m L i C l
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3. Systematics of equilibrium distributions

For applications, it is important to know some regularities in the 
equilibrium distributions. Fig. 4 shows the temperature dependences 
of the D^/D^ value for each element. The values have been 
evaluated in several measurements for the species homogeneously 
dissolved into both phases. The datum of Nd is taken from the 
literature (10). All the ^^/D. .n values decrease with the increasing 
temperature.

Fig. 5 shows the atomic number dependence of the normalized ex- 
tractabi1ity, (D»/D,n) , which are calculated from the ex
perimental data in a LiF-BeF^/Bi system (6,8,11). The analysis of 
this type is very useful not only to discuss the svstematics of 
extractabi1ity but also to estimate the unknown (D^/D. • ) 'n values. 
Some regularities, possibly due to the f-electrons, can be seen for 
the actinide and lanthanide elements; it is interesting to note that 
such a tetrad effect(12) is observed for the actinide elements in Fig. 
5. The data for the present system of LiCl-KCl/Cd are plotted in 
Fig. 6 and the similar regularities can be expected. As seen in 
Figs. 5 and 6, the extractabi1ities of the actinide elements are 
systematically different from and higher than those of the lanthanide. 
This supports the partitioning of both group elements in liquid-liquid 
extraction systems.

4. Group partitioning process

Fig. 7 shows the fractional distributions of typical solute elements 
in the molten LiCl-KCl, liquid Cd, and intermetallic compound phases. 
Palladium is always found in the Cd phase and cesium and strontium are 
in the salt phase. In the studied range, on the other hand, the 
distributions of actinide and lanthanide elements are much sensitive 
to the lithium concentration in the Cd phase, which is a measure of 
the redox potential of tlje system. In the case of the lower lithium 
concentration of 5x10 , most of uranium was reduced to form the
intermetallic compound phase while only a part of^lanthanum was 
reduced. At the higher lithium concentration of 9x10 , on the other
hand, almost all of the lanthanide elements were reduced into the 
intermetallic compound phase. The actinide elements are reduced more 
easily than the lanthanide and most of both group elements seems to 
form thier solid intermetallics on reduction.

In the present system, the actinide and lanthanide elements seem to be 
less soluble into the Cd phase and to form their solid intermetallics 
on reduction. The intermetallics would be dispersed into the salt 
phase, or sometimes into the metal phase, and then the recovery yields 
and separation/decontamination factors might be affected. This might 
be a problem for the development of the liquid-liquid extraction 
systems. In order to improve the situation, for example, it is 
suggested to combine the reductive extraction process with the
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filtration of solid intermetallics as shown in Fig. 8. Sufficiently 
high separation factors may be achieved in such a combined process 
although those factors are much dependent on the efficiency of 
filtration.

CONCLUSIONS

The following conclusions can be drawn on the feasibility of the 
present pyrochemical separation system:

(1) Different distribution behaviours due to different group elements
were clearly shown. The reduction of metal chlorides occurs in the 
order of platinum group elements, actinides, lanthanides, and
strontium and cesium. The group partitioning in the system is thus 
essentially feasible.

(2) The actinide and lanthanide elements were less soluble in the Cd 
phase and remained at the interface as solid intermetallics on 
reduction. When the system is used for a liquid-liquid extraction, 
the recovery yields and separation/decontamination factors will be 
affected by the intermetal1ics.

(3) The performance might be improved significantly by combining the 
extraction process with the filtration of the solid intermetal 1ics. 
Sufficiently high separation factors are expected in this case from 
the present distribution data.
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Fig. 1.
Distribution coefficient of 
some typical elements in the 
LiCl-KCl/Cd system at 873K. 
Marks are experimental and 
curves are predicted (5).
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Fig. 2.
Changes of uranium concentra
tion in molten LiCl-KCl and 
liquid Cd phases at 840K.
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Distribution coefficient of
uranium in the LiCI-KCl/Cd 
system at 840K. Marks are 
experimental and curve is
predicted (5).

Fig. 4.
Temperature dependence of 
equilibrium distributions in 
LiCI-KCl/Cd system. Open
marks are of the present study 
and closed is from the litera
ture (10).

690



lo
g 
DM
1/
n/
DL
i 

lo
g 
DM
1/
n/
Du

5 Ac Th Pa U Np PuAmCmBkCf EsFmMd No Lr
“ i i i i i i i i  i i m r r

La Ce Pr Nd PmSmEu Gd Tb Dy Ho Er Tm Yb Lu

Fig. 5.
Atomic number dependence of 
equilibrium distributions in 
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Fig. 6.
Atomic number dependence of 
equilibrium distributions in 
LiCl-KCl/Cd system at 873K. 
Marks are taken from Fig. 4 
and curves are for LiF-BeF^/ 
Bi system.
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Temperature : 800K

Temperature : 973K

Fig. 7. Fractional distributions of typical solute elements among 
LiCl-KCl, Cd and intermetal1ic compound phases.
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Fig. 8. A reductive extraction process combined with filtration of 
solid intermetal1ic compounds. PGM: platinum group
elements; An: actinides; Ln: lanthanides.
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SURFACE MODIFICATION OF NICKEL ELECTRODES 
BY MOLTEN SALT ELECTROLYTIC PROCESSES
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Sakyo-ku, Kyoto 606, Japan

ABSTRACT

The surface of a porous nickel electrode
has been modified by electrodeposition of either 
tungsten or tungsten carbide from molten halides. 
The electrode thus obtained shows high perfor
mance as an MCFC anode. The bare nickel electrode 
also operates well when a small amount of K2 WO4 
is added to the carbonate electrolyte, which is 
due to the result of in situ modification. High- 
performance hydrogen evolution cathode is also 
obtained by a similar modification process.

1.INTRODUCTION
It is well known that tungsten or tungsten carbide can 

be electrodeposited from molten halides [1 - 6 ]. In
particular, electrodeposition of tungsten or tungsten 
carbide from halide melts containing WO4 - ion or the 
mixture of W0 ^2~ ion and CO3 ~ ion seems so promising that 
several experimental studies of this reaction have been 
reported [7 - 9]. One of the applications of this electro
deposition reaction has been the surface modification of 
electrode materials, e.g., MCFC anode and hydrogen evolution 
cathode.

2.POROUS NICKEL ELECTRODE FOR MOLTEN CARBONATE FUEL CELLS
The molten carbonate fuel cell (MCFC) constitutes the 

second-generation of fuel cell technology and has many 
advantages in terms of fuel flexibility and system 
designt10-13]. The technology is directed towards large 
scale power generation that can utilize a wide variety of 
fossil fuels (including gasified coal, natural gas and 
alcohol) with high efficiency and low pollution.

In order to develop MCFC systems, many technological 
problems have to be solved through conducting strategic 
research programs. The development of suitable electrode
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materials is vital: present materials severely limit both 
the lifetime and the performance of the cell. As a 
consequence, many investigations have been devoted to this 
area of endeavor. In order to develop an appropriate anode 
material for MCFCs, it is necessary to consider many 
factors, e.g., electrocatalytic activity, corrosion 
resistance, sintering resistance, creep resistance, etc. To 
date, Ni-Cr, Ni-Co, or Ni-Cu alloys have been 
considered as possible anode materials. A different 
approach, described here, is to modify the surface of the 
nickel anode by the electrodepositon of tungsten or 
tungsten carbide from molten halides [14].

2-1.EXPERIMENTAL
The experimental apparatus used to effect the 

electrodeposition is shown in Fig. 1. A gastight 
vessel, made of stainless steel, contained a high 
purity alumina or nickel crucible that could be raised or 
lowered. By this arrangement, electrodes that were fixed on 
the upper flange could be immersed in the molten electro
lyte contained in the crucible. The electrolyte consisted 
of a LiCl-KCl eutectic melt(59 mol% LiCl, 41 mol% KCl)that 
was prepared under an argon atmosphere. All chemicals were 
of reagent grade (Wako Chemicals Co., Ltd.) and were dried 
under vacuum for several days at a temperature just below 
the melting point of the mixture. An Ag/Ag+ electrode or a 
platinum wire was used as the reference electrode. The 
former electrode comprised a silver wire and chloride that 
were both contained in a pyrex glass tube, which had a very 
fine tip. The potential of the electrode was calibrated 
against an alkali metal electrode, Li/Li+, that was electro- 
deposited on a nickel wire [15]. The electrode thus prepared 
exhibited good reproducibility. Unless otherwise stated,all 
potentials are reported with respect to the Li/Li+ reference 
electrode. The anode was made from glassy carbon. 
Sintered nickel-powder or nickel-fiber (porosity: 60-80%, 
mean pore size: 8 urn), placed inside an alumina tube, was 
employed as the cathode.

After melting the salt, vacuum-dried potassium 
tungstate or a mixture of potassium tungstate and potassium 
carbonate was added to a concentration of 0.02-0.1 mol%. The 
electrodeposition was conducted on the cathode at a 
temperature of 973 K and at a potential of 0.1-0.5 V or a 
current density of 100-300 mA cm-2. After the electrolysis, 
2 - 1 0 0  mg cm- 2  of tungsten or tungsten carbide was deposited 
on the electrode surface. The electrodeposited samples were 
removed from the vessel after several hours, washed with 
distilled water, dried, and kept in a desiccator. The 
samples were subjected to analysis using SEM, EPMA, EDX,
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ESCA, RBS and X-ray diffraction techniques.
The experimental apparatus used for polarization 

studies is shown in Fig. 2. The electrolyte comprised an 
Li2 C0 ^-K9 C0 3  eutectic melt (62 mol% Li^CC^, 38 mol% K2 CO3 ) 
contained in a high-purity alumina crucible. The electrolyte 
was dried under vacuum at just under its melting point for a 
few days. It was then melted under an argon atmosphere and 
maintained at the temperature of the experiment. An "oxygen 
electrode" [16] (02 :C02 =1:2) or platinum wire was employed
as a reference electrode. The counter electrode was also an 
oxygen electrode. The' working electrode (anode) was made 
from nickel (see above) and was housed in an alumina tube. 
Fuel gas (H2 :C02 = 4:1 , after passing through water at 323 K) 
was introduced through the alumina tube. In order to effect 
in situ surface modification of the working electrode, K2 W0 4 
was added to the molten carbonate electrolyte.

2-2.RESULTS AND DISCUSSION
Figure 3 shows an electron micrograph of a typical 

tungsten-coated electrode obtained at 0.1 V in a LiCl- 
KCl melt containing 0.1 mol% of K2W04 at 973 K. Analysis 
showed that 13.2 mg cm- 2  of tungsten was deposited on the 
surface. An EPMA investigation revealed that small 
amounts of tungsten were uniformly deposited on the nickel 
substrate (Fig. 4). The deposit was identified as 
tungsten by X-ray diffraction analysis.

Figure 5 presents an electron micrograph of a typical 
tungsten carbide sample obtained at 0.2 V in a LiCl-KCl melt 
containing 0.1 mol% of K2W04 and 0.1 mol% of K2 C0 3  at 973 K. 
A coating of 2.6 mg cm- 2  was found on the surface. EPMA 
studies showed (Fig. 6 ) small amounts of tungsten and carbon 
to be uniformly dispersed across the surface. Using X-ray 
diffraction, it was found that the deposit was composed of 
W2 C, WC and W. The results from EDX and RBS further 
confirmed that both tungsten and tungsten carbide were 
electrodeposited from the chloride melt onto the porous 
nickel substrate.

The results of polarization measurements conducted on 
an MCFC anode, modified by tungsten and tungsten carbide and 
immersed in molten carbonate, are presented in Fig. 7. In 
this figure, the apparent current density is plotted along 
the abscissa and the potential of the MCFC anode (vs. the 
oxygen electrode) on the ordinate. Curve (a) was obtained on 
a bare, sintered nickel-powder substrate (porosity: 60%), 
curve (b) on a sintered nickel-powder substrate (porosity: 
60%) coated with tungsten, and curve (c) on a sintered 
nickel-fiber substrate (porosity: 80%) coated with tungsten. 
It can be seen that when modified by tungsten the MCFC 
exhibits good performance.
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The polarization characteristics of a bare, sintered 
nickel-powder substrate (porosity: 60%) in molten carbonate 
containing 0 . 1  mol% tungstate ion are given by curve (d) in 
Fig. 7. This system was examined in order to study the 
effects of in situ surface modification in the MCFC electro
lyte. The data show that this very simple treatment enhances 
the performance of the electrode.

After this in situ surface modification, a small amount 
of tungsten is deposited on the nickel powder substrate as 
shown in Fig 8, which might explain the high performance of 
the electrode.

Curve (e) represents the polarization characteristics 
of the MCFC anode when modified by tungsten and tungsten 
carbide by adding 1 . 0  mol% of tungstate ion to the molten 
carbonate. This anode was obtained at 0.2 V in a LiCl-KCl 
melt containing 0.1 mol% K9WO4 and 0.02 mol% K2 CO3 at 973 K. 
After the electrolysis, about 10 mg cm“  ̂ of tungsten plus 
tungsten carbide were deposited on the surface. This anode 
shows good electrical performance, greater durability, and 
enhanced resistance to corrosion. Other studies demonstrated 
that the electrodeposition of turfgsten ' carbide alone 
increased the electrode - durability, but did not improve the 
polarization characteristics.

2-3.COUNCLUSIONS
The principal results obtained from the above 

experiments are summarized as follows.
(i) The electrodeposition of tungsten and tungsten carbide 
from molten chloride on porous nickel substrates has been 
achieved.
(ii) Polarization measurements show that the performance in 
molten carbonate electrolyte of an MCFC anode modified by 
tungsten is superior to that of its bare, porous nickel 
counterpart. However, similar improvement was not observed 
when the anode was modified by tungsten carbide.
(iii) The porous nickel electrode itself gives excellent 
performance as an MCFC anode when K2 WO4 is added to the 
electrolyte. This may be due to the exertion of a catalytic 
effect by tungsten

The above electrodes showed similar improvements in 
polarization and durability when tested with tile electro
lyte over a period of more than several hundred hours.
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3.HYDROGEN EVOLUTION CATHODE

The development of a low overvoltage hydrogen evolution 
cathode is still an important research subject in the field 
of hydrogen energy systems, as well as the soda electrolysis 
industry. Namely, the development of a hydrogen cathode 
which shows low overvoltage and high corrosion resistance at 
high temperatures in high concentrations of caustic soda is 
still desired. In order to obtain new-type low overvoltage 
hydrogen evolution cathode, we have tried to apply our 
molten salt electrodeposition method to the surface 
modification of a cathode to be used for the hydrogen 
evolution reaction.

3-1.EXPERIMENTAL
The experimental apparatus used to effect surface 

modification is almost the same as that described before. 
Nickel and mild steel were used as electrode substrates onto 
which tungsten or tungsten carbide were electrodeposited. 
LiF-KF eutectic melt was used as the electrolyte. For an 
electrodeposition experiment, 0 . 1  mol% K2 WO4 or a mixture of
0 .1mol% K2 WO4 and 0 . 1  mol % K2 CO3 were added to the
electrolyte. Furtheremore, for some experiments, 0.001
0 . 0 1  mol % of K^PtClg was added in an attempt to lower the 
hydrogen overvoltage. The experimental temperature was 
973K.

The electrolytic cell used for overvoltage 
measurements is shown in Fig. 9. Aqueous 9N-NaOH was used 
as the electrolyte and the experimental temperature was kept 
at 60 - 80 °C. To minimize the concentration change or the 
effect of contamination, 50 % of the electrolyte was changed 
every few days.

3-2.RESULTS AND DISCUSSION
Figure 10 shows the overvoltages measured with 

bare nickel and mild steel electrodes. The results are 
in fair agreement with the results reported by other 
researchers. In this figure, large overvoltages of about 
300 or 400 mV are observed in the high current density 
range.

Figure 11 shows the scanning electron micrograph of 
tungsten electrodeposited on the mild steel substrate. 
With this electrode, hydrogen overvoltage was measured. 
The result is shown in Fig. 12.

Compared with the results shown in Fig. 10, a drastic 
decrease of overvoltage is realized. Figure 13 shows the 
result obtained with the use of nickel electrode modified by
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tungsten carbide. This modification was conducted by 
electrodepositing tungsten carbide from LiF-KF eutectic 
melt containing 0.1 mol% K2 WO4 and 0.1 mol% K?CO-d at 200 
mA/cm2. The polarization characteristics are better than 
those obtained with the use of bare nickel substrates but 
worse than those obtained with mild steel substrates. From 
these results, although some improvement can be effected 
by surface modification with tungsten or tungsten carbide, 
much more improvement is still required. So, in 
anticipation of some significant improvement in over
potential, a small amount of I^PtCl^ was added to the 
electrolyte. As shown in Fig. 14, a drastic change in 
morphology is observed. Hydrogen overvoltage was measured 
by using this electrode. The result is shown in Fig. 15.

Much improvement in performance is observed in this 
figure. From a duration test, the high performance of the 
tungsten-platinum modified electrode was confirmed for a 
longer-term electrolysis. Figure 16 summarizes the 
polarization characteristics obtained by using electrodes 
prepared by several methods.

The practical effect of platinum addition (1/100 of 
tungsten) is significant even though the mechanism leading 
to this improved performance is not so clear yet.

3-3.CONCLUSIONS
The principal results obtained from the * above 

experiments are summarized as follows.
(i) The polarization characteristics of nickel and mild 
steel cathodes were improved by electrodepositing tungsten 
film on the surfaces of the materials from LiF-KF eutectic 
melt containing WO4 ~.
(ii) A drastic morphology change was observed when very 
small amounts of platinum are codeposited during the electro
deposition of tungsten.
(iii) The tungsten-platinum modified electrode thus obtained 
showed significantly improved performance as a low 
overvoltage hydrogen evolution cathode.

4.CONCLUSIONS
As described above, the surface modification of electro

des by molten salt electrolytic processes (including in- 
situ surface modification in a molten salt system) is 
promising, though there remains further problems for the 
implementation of this process on an industrial scale.
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Fig. 1. Experimental apparatus for electrodeposition studies. 
A: thermocouple; B: zirconia electrode; C: Li/Li+ electrode; 
D: counter el ec tr od e(a n o d e ); E: working el ec tr od e(c a t h o d e );
F: reference electrode; G: gas inlet; H: gas outlet.

Fig. 2. Experimental apparatus for polarization studies in 
molten carbonate. A: thermocouple; B: zirconia electrode; C: 
counter e l ec tr od e("oxygen electrode"); D: platinum wire;
E: nickel wire; F: reference el e c t r o d e ("oxygen electrode"); 
G: working el ec t r o d e (MCFC anode); H: gas inlet;
I: gas outlet

Fig. 3. Electron micrograph of electrodeposited 

tungsten on sintered nickel powder substrate.
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Fig. 4. EPMA of the electrodeposited tungsten sample shown 

in F i g . 3.

(a) (b)

Fig. 5. Electron micrograph of electrodeposited tungsten 

carbide on sintered nickel powder substrate.

Fig . 6 . EPMA of the tungsten carbide sample shown in Fig. 5.
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Fig. 7 Polarization curves for 
electrodes in the LinC O^ -K 2C0  ̂
eutectic,923K.
(a) Sintered nickel powder; 

Sintered nickel powder 
modified by t u ng st en(F i g .3) 
Sintered nickel fiber 
modified by tungsten; 
Sintered nickel powder; 
Sintered nickel powder 
modified by tungsten and 
tungsten carbide.

(b)

(c )

(d)
(e )

(a) Sintered nickel powder (b ) After in situ surface 
substrate (porosity 60%, modification 
mean pore size: 8um).

Fig. 8 . Electron micrograph of the electrode

A: Ar Outlet
B: Stirrer
C: Thermometer
D: Counter Electrode
E: Reference Electrode
F: H 2 Outlet
G: H 2 Inlet
H: Working Electrode
I : Ar Inlet
J: Water Bath

Fig. 9. Schematic diagram of the cell used for hydrogen 
overvoltage measurements.
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Fig. 11. Electron micrograph of tungsten

( LiF-KF, K 2W O 4 : 0.1m o l % R e p o s i t i o n  potential: 

0.2V vs. Li, K/Li+ ,K+ , 973K).
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Fig. 12. Hydrogen
modified by tungsten 
Fig. 13. Hydrogen 
modified by tungsten

overvoltage of the nickel 
under various conditions, 
overvoltage of the nickel 
carbide(9N NaOH, 80°C).

electrode
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Fig. 14. Electron micrograph of tungsten-platinum 
(LiF-KF, K2WO4:0.1mol%, K2PtCl6 :0.001mol%, 
deposition potential:0.2V vs. Li,K/Li+,K+
9 7 3 K ).

Current Density ( A/dm2 )
Fig. 15. Hydrogen overvoltage of the nickel electrode 
modified by tungsten-platinum under various conditions (9N 
N a O H , Fig. 13. sample).

Current Density ( A /d m 2 )
Fig. 16. Hydrogen overvoltage at several electrodes (9N 
NaOH, 80°C).
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EFFECT O F 0 2/C 0 2 GAS PARTIAL PRESSURES  
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ABSTRACT

The effect o f  0 2 and C 0 2 gas partial pressures on oxygen reduction path at 
Au flag electrode has been investigated in a (62+38)mol% (Li+K )C 03 melt at
600-800°C. W e carried out precise measurements o f  the Warburg coefficient 
o f  the ac impedance at the rest potential, using a Randles'-Ershler equivalent 
circuit. Taking into account three possible diffusing species, i.e., 0 2 , 0 22 
and C 0 2, a graphical reaction order analysis was made, using the Warburg 
coefficients. Only the case o f  mixed diffusion o f  0 2~ and C 0 2 was found to 
result in a satisfactory linear relationship. Therefore, w e conclude that 
simultaneous diffusion o f  0 2 and C 0 2 is the dominant feature o f  the oxygen  
reduction process in bulk (L i+K )C 03 melt.

IN TRO DU CTIO N

Recent work has shown that the exchange current density, i0, o f  oxygen reduction in
molten carbonate at 650°C is o f  the order o f  10 m A/cm2. However, the reaction 
mechanism is still not w ell understood. According to Appleby and Nicholson (1-3), the 
oxygen reduction follow s the superoxide path(SOP) or the peroxide path(POP), where 
these oxygen species are chemically formed in the carbonate melts as follows.

(A) Superoxide Path(SOP)

3 0 2 + 2 C 0 32" = 4 0 2 + 2 C 0 2 [1]
t02 ] = iq P o ^ P c o j-o 5 [2]
0 2- + 2 C 0 2 + 3e =  2 C 0 32- [3]

(B) Peroxide Path(POP)

0 2 + 2 C 0 32- =  2 0 22- + 2 C 0 2 [4]

706

DOI: 10.1149/199017.0706PV



1022 ]  = K2Po205PCO2"10 

Oo2 + 2 C 0 2 + 2e =  2 C 0 32_

[5]

[6]

It has been pointed out that experimental 0 2 and C 0 2 reaction orders in (L i+K )C 03 melt 
do not agree with the predictions according to the SOP and POP mechanisms (4). Also, it 
has been demonstrated that the rate at which oxide ion, which is an intermediate reduction 
product o f  peroxide or superoxide according to Equations [3] and [6], is neutralized by 
C 0 2 may be limiting the overall reduction process (5). This neutralization rate in turn may 
be limited by C 0 2 diffusion.

In this work, a reaction order analysis is applied to ac impedance results obtained for 
moderate partial pressuies(0.1-0.9 atm) at temperatures o f  600-800°C. The objective is to 
elucidate the reaction mechanism by identifying the species which dominate the mixed 
diffusion process, i.e., any or all o f  die following: 0 2 , 0 22 and dissolved C 0 2.

(62+38)mol% (I i+ K )C 0 3 melt was used as solvent. Electrochemical cell assembly, 
melt purification and gas handling have been described previously (4). The working 
electrode was a fully-immersed Au flag electrode(0.4 cm2). In the present study, w e  
concentrated precise measurements o f  the Warburg coefficient at the rest potential, using 
an ac impedance analysis based on the Randles'-Ershler equivalent circuit, and w e present 
a reaction order analysis based on these coefficients. Impedance measurements were 
carried out using a Solartron 1250 frequency response analyzer (FRA) coupled with the 
Solartron 1186 (or 1286) electrochemical interface. Frequencies were varied from 1 Hz to 
60 kHz and the signal amplitude was 5 mV rms. Data were transferred to microcomputers 
(Hewlett Packard 85 and NEC PC-9800) for faradaic impedance analysis.

In the present study, the precise measurements o f  CD1/2 is the most important things 
to be done. This may be done using standard electrochemical methods such as cyclic  
voltammetry, potential step, chronopotentiometry and chronocoulometry. However, 
these methods require relatively higher overvoltage than ac impedance method, and this 
may changes the local basicity o f  carbonate melt at the electrode surface (5). On the other 
hand, ac impedance method uses small perturbation amplitude (5 mV rms) at the rest 
potential in the measurement, the l o c i  basicity change may be negligib lly  small. 
Furthermore, it is possible to obtain quite reliable impedance data over a w ide frequency 
range (1 Hz to 60 kHz), because well-designed electronic apparatus, e.g., a recent FRA, 
are available and this can lead to a detailed view  o f  the electrode process together with 
interfacial parameters such as the double layer capacitance, using well-established  
impedance theory. Thus, the ac impedance method seems to be most promising method

EXPERIM ENTAL

ANALYSIS O N  W A RBUR G  COEFFICIENT
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for our purpose and applied to this study. Detailes of the analysis on impedance data were 
described in the previous paper (4).

According to the theory of ac impedance in the presence of semi-infinite diffusion, 
the Warburg coefficient, a, is

0 - — ^ ~ f -----1 =  + ------ 7 = )
c rv d ; j  [7]

In the case of reactions [3] and [6], 1/CRDR1/2 is negligible compared with 1/C0D01/2, 
because the product is C 032~, i.e., the melt itself, and CQ<<CR. When the electrode 
processes take place at the electrode surface simultaneously, we have to take into account 
three diffusing species, i.e., 0 2 , 0 22 and C 02, in the interpretation of the reaction order. 
In the Randles-Ershler circuit adopted in this study, the diffusion impedance is simply 
represented by a single element, W, as shown in Figure 1.

W =  (1 + j)
aPP

Voo [8]

However, in the case of multiple (parallel) reaction pathes the observed a values are to be 
regarded as effective values, not necessarily reflecting the reaction orders deduced from 
either the SOP and POP mechanism. Considering that the 0 2 and 0 22 reactions both 
involve C02, the apparent diffusion impedance can be divided into three components as
illustrated in Figure 2. According to this scheme, the apparent a value may be expressed 
as follows.

ffapp A [0 -]  + B[022"] + C[C024 ] + D [co 2] [9]

where A, B, C and D are constants, and [ ] means the bulk concentration of a species in 
the melt.

Using equations [2] and [5] for [0 2“] and [0 22 ] respectively, and Henry's law for 
[C02],

[ ° °  J -  K hPco2 [101
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the apparent value of o may be expressed as a function of Pq2 and pco2- To simplify the 
analysis, three limiting cases are considered as follows.

(I). A [02 ] > B[022 ], C[C042 ] ; 0 2VC02 mixed diffusion case.

a P = aP1 P + b a app^CC) aPCO F C> D9 2 2
_0.75-0.5 ,0.75-1.5

a appP o P CO a + b P 0 P CO
2 2 2 2

(II). B[022-] > A [02 ], C[C042 ] ; 0 22 /C02 mixed diffusion case.

2 -0.5
® aPPPco -aPco po + b

2 2 2
^0.5-1 ,_0.5 -2

® aPPP0 PCC) a +bP0 PC0.

(III). D[C02] > A [02 ], B[022 ] > C[C042 ] ; 0 2 /0 22- mixed diffusion case.

-1 _ -0.5 ^0.25^0.5
aaPPP co v  =aPo pc o / b2 2 2 2

If any of these three limiting cases applies, it will show up as linear relationship of the 
Warburg coefficient in combination with the appropriate powers of Pq2 and PCOv

[ 11]

[12]

[13]

[14]

[15]

REACTIO N O R D ER  PLO TS O F W ARBURG COEFFICIENTS

Based on the above analysis, we have made reaction order plots for the Warburg
coefficients, obtained at 650°C, according to equations [11]-[15]. The results are shown 
in Figures 3-5.

(I) . A [02 ] > B[022 ], C[C042 ] ; 0 27C02 mixed diffusion case.

Figure 3 shows the reaction order plot using equation [11]. The linearity was fairly 
good. This suggests that the oxygen reduction in (Li+K)C03 melt is dominated by the
mixed diffusion of 0 2 and C02.

(II) . B[022 ] > A [02 ], C[C042 ] ; 0 22VC02 mixed diffusion case.
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Figure 4 shows the reaction order plot using equation [13]. The plot did not show a 
linear relationship. This suggests that the oxygen reduction in (L i+K )C 03 melt is unlikely
to involve mixed diffusion o f  0 22 and C 0 2.

(III). D i c e y  > A [0 2 ], B [0 22 ] > C [C 042 ] ; 0 2 / 0 22 mixed diffusion case.

Figure 5 shows the reaction order plot using equation [15]. Again, the plot did not 
show a linear relationship. This suggests that the oxygen reduction in (L i+K )C 03 melt is
unlikely to involve mixed diffusion o f  0 2 and 0 22 .

Consequently, w e find that only one case, i.e., mixed 0 2 /C 0 2 diffusion, results in 
a satisfactory linearity, and the other tw o cases do not produce a consistently linear 
dependence for bulk melt at 650°C. These results suggest that the simultaneous diffusion 
o f  0 2~ and C 0 2 in the melt is the dominant feature o f  the oxygen reduction process at the 
fully-immersed Au flag electrode.

EFFECT OF TEM PERATURE

The above results apply only at the temperature o f  650°C. The concentrations o f  
0 2 , 0 22 and C 0 2 are strong functions o f  temperature. Therefore, the reaction path o f  
oxygen reduction may change with temperature. Thus, w e have studied the reaction order 
correlation o f the Warburg coefficients as a function o f  temperature, and the results are 
shown in Figure 6.

In this figure, only case (I), i.e., the mixed diffusion o f  0 2~ and C 0 2, is shown. 
The other two cases did not produce a consistently linear dependence over the temperature 
range used in this study. Therefore, we conclude that simultaneous diffusion o f  0 2 and 
C 0 2 is the dominant feature o f the oxygen reduction process in bulk (Li+K )C03 melt over 
the temperature range o f  610-800°C.

C O NCLUSIO NS

The effect o f  0 2 and C 0 2 partial pressures on 0 2 reduction at a Au flag electrode in 
(62+38)mol% (L i+K )C 03 melt has been analyzed in the temperature rage o f  600-800°C. 
W e carried out precise measurements o f  the Warburg coefficient o f  ac impedance at the 
rest potential, using a Randles'-Ershler equivalent circuit. Taking into account three 
possible diffusing species, i.e., 0 2“, 0 22 and C 0 2, a graphical analysis o f  reaction order 
was made, using the Warburg coefficients. W e found that only the case o f  mixed
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diffusion o f  0 2" and C 0 2 results in a satisfactory linear relationship over the entire 
temperature rage o f  600-800°C. Therefore, w e concluded that the simultaneous diffusion 
o f  0 2- and C 0 2 is the dominant feature o f oxygen reduction in (62+38)mol% (Li+K )C 03 
melt used in this study.
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C d

Figure 1. Randles'-Ershler Equivalent Circuit for AC Impedance o f Oxygen Electrode in 
Molten Carbonate.

- w -

Figure 2. Equivalent Circuit for Diffusion Impedance, Taking into Account M ixed  
Diffusion o f  0 2', 0 22 and C 0 2.
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C> p co  /atm

0.75

Figure 3. Reaction Order Analysis o f  Warburg Coefficients Assuming M ixed Diffusion  
o f O a n d  CO9 in (62+38)mol% (Li+K )C 03 Melt at 650°C.

713



p-0° V  /a tm
2 2

1.5

Figure 4. Reaction Order Analysis o f  Warburg Coefficients Assuming M ixed Diffusion  
o f 0 22 and C 0 2 in (62+38)mol% (L i+K )C 03 Melt at 650°C.

Figure 5. Reaction Order Analysis o f  Warburg Coefficients Assuming M ixed Diffusion  
o f  0 2- and 0 22- in (62+38)mol% (I i+ K )C 0 3 M elt at 650°C.
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Figure 6. Reaction Order Analysis o f  Warburg Coefficients Assuming M ixed Diffusion  
o f  0 2‘ and C 0 2 in (62+38)mol% (Li+K )C 03 Melt for Various Temperature.
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COz PRESSURE DEPENDENCE OF OXYGEN REDUCTION

IN MOLTEN CARBONATE
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ABSTRACT

Cyclic voltammetry on gold electrode has been 
used to study the dissolved oxygen species in 
alkaline molten carbonate.lt has been found tl/at 
the peak current per square root of the potential 
aweep rate, Ip/v1/2 is the function of square root 
of the concentration of the dissolved oxygen 
species.The slopes of CO2 dependence were explained 
neither by peroxide formation or superoxide 
formation high CO2 pressure region. Since the 
slopes of CO2 and O2 dependence, in high CO2 
p r e s s u r e  region, were nealy 0 and 0.5, 
respectively, percarbonate ion, CO4 2' might coexist 
with another ion.

The cathodic oxygen reduction on Au has been 
studied by the potential sweep method in several 
alkaline carbonate melts. The first reduction 
current peak that was near the reversible oxygen 
potential was proportional to the square root of 
the sweep rate. The ratio Ip/v1/2 corresponds to 
P0 2 0•5 . The dependence of the ratio on Pco2 was 
different by the melt compositions. Generally, the 
factor of the dependence of the ratio on Pco2 was 
larger at lower COz pressure. At high CO2 pressure 
region, the ratio did not depend on Pco2 so much. 
The percarbonate ion may exist in the melt.

INTRODUCTION
On the cathode of a molten carbonate fuel cell(MCFC), 

oxygen is reduced to carbonate ion(C032-).
O2 + 2C02 + 4e = 2C032“

In the study of the reaction mechanisms of oxygen 
reduction, the pressure dependence of the reduction 
current gives an important information. Although several
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reports1'13) have been published on this matter, the 
reaction mechanism of the oxygen reduction has not been 
clearly understood especially on the oxygen species in the 
carbonate melt. In this study the CO2 and the O2 pressure 
dependences of the reduction current of O2 have been 
studied in Li2C03, (Li-K)C03 and (Na-K)C03 melts.

Appleby3~5> measured the oxygen reduction current on 
a gold electrode in alkaline carbonate melts by the 
potential sweep method. The following two reactions on 
the oxygen reduction have been proposed in the reports.
i) Peroxide formation

20032- + O2 = O2 2- + 2002
[ 02 2 - ] = Ki Po 2 0 • 5 Pc 0 2 - 1

ii) Superoxide formation
20032- + 302 = 402- + 2002 
[ 02 “ ] = K2 Po 2 0 • 7 5 Pc 0 2 " 0 • 5

The peroxide ion has been reported to dominate in Li-rich 
melt and the superoxide ion is dominant in K-rich melt. 
Vogel et al7 > measured the limiting current of oxygen 
reduction on gold and claimed that the superoxide ion was 
dominant at low CO2 pressures region in 62 mol% Li2C03- 
38 mol% K2 CO3 melt.

If the formation of the peroxide ion and the 
superoxide ion follow the above reactions, the 
concentration of the peroxide ion should be proportional 
to Pc 0 2 ~1 and also to Po2 0•5 and the concentration of the 
superoxide ion should be proportional to Pco2 "0-5 and to 
Po 2 0 • 7 5 .

Although the factor of the oxygen pressure dependence 
is usually 0.5, the factor of CO2 pressure dependence 
varies with CO2 pressure. At low CO2 pressure region, the 
concentration of oxygen species in the carbonate melt has 
been reported to be proportional to Pc 0 2 ~1 , and at high 
CO2 pressure region, the concentration was less dependent 
on Pc 02 and sometimes independent of the CO2 pressure. 
There might be another reaction present at high CO2 
pressure region,i.e, percarbonate formation.
iii) Percarbonate formation

O2 + 2C032 " = 2C042 "
[ C04 2 '  ] = K3 Po 2 0 • 5 Pc 0 2 0
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F i g u r e  1 s h o w s  t h e  r e l a t i o n  b e t w e e n  Pc o 2 a n d  t h e  
c o n c e n t r a t i o n  o f  th e  oxygen  s p e c i e s  i n  a c a r b o n a t e  m e l t .  
A t  lo w  CO 2 p r e s s u r e  r e g i o n ,  p e r o x i d e  i o n s  m i g h t  be  
d o m i n a n t  a n d  t h e  c o n c e n t r a t i o n  s h o u l d  be  i n v e r s e l y  
p r o p o r t i o n a l  t o  P c o 2 . A t  h i g h  CO2 p r e s s u r e  r e g i o n  t h e  
p e r c a r b o n a t e  io n  m ig h t  be d o m in a nt  and th e  c o n c e n t r a t i o n  
s h o u l d  b e  i n d e p e n d e n t  o f  C O 2 p r e s s u r e .  I n  t h e  
i n t e r m e d i a t e  p r e s s u r e  r e g i o n  t h e  f a c t o r  o f  t h e  CO 2 
p r e s s u r e  d ependence  ch a n g e s  from  1 t o  0.

I n  t h i s  s t u d y  t h e  o x y g e n  r e d u c t i o n  c u r r e n t  was  
m easured  on Au e l e c t r o d e  i n  o r d e r  t o  d e t e c t  th e  d i s s o l v e d  
oxygen  s p e c i e s  i n  t h e  a l k a l i n e  c a r b o n a t e  m e l t .

EXPERIMENTAL

F i g u r e  2 shows t h e  s c h e m a t i c  d r a w in g  o f  t h e  c e l l .  
T h e  r e a g e n t  g r a d e  a l k a l i n e  c a r b o n a t e s  ( L i 2 CO3 , Na2 CO3 , 
K2 CO3 ) w ere  u s e d .  The  c a r b o n a t e  po w d er  was p l a c e d  i n  a 
p u re  a lu m in a  c r u c i b l e .  The c e l l  was e v a c u a t e d  and d r i e d  
a t  623K f o r  12 h o u r s .  A f t e r  t h a t ,  th e  c e l l  was h e a te d  up 
t o  923K and CO2 gas  was b u b b le d  f o r  24 h o u r s .

An Au d i s k  (lOmm0 xlmm) was u t i l i z e d  f o r  th e  c a t h o d e .  
The s u r f a c e  a r e a  was 2cm2 . The c o u n t e r  e l e c t r o d e  and th e  
r e f e r e n c e  e l e c t r o d e  w ere  Au w i r e s  (2mm0 ) i n  t h e  same 
m e lt .  T h i s  r e f e r e n c e  e l e c t r o d e  s h o u ld  show th e  p o t e n t i a l  
o f  t h e  r e v e r s i b l e  o x y g e n  e l e c t r o d e  (R O E )  a n d  t h e  
d i f f e r e n c e  from  th e  p o t e n t i a l  c o r r e s p o n d s  d i r e c t l y  to  th e  
oxygen  o v e r p o t e n t i a l  o f  th e  e l e c t r o d e .

In o r d e r  t o  o b t a i n  th e  oxygen  r e d u c t i o n  c u r r e n t  th e  
p o t e n t i a l  s w e e p  m e t h o d ( e y e 1 i c  o r  s i n g l e  s w e e p )  was  
u t i l i z e d .  The sw eep r a t e  was v a r i e d  f ro m  0 .1  t o  l V / s .  
T he  t e m p e r a t u r e  r a n g e  was f ro m  923 t o  1123K. The O2 
p r e s s u r e  was from  0 .1  t o  0 .9 a tm  and th e  CO2 p r e s s u r e  rang e  
was from 1 0 "5 t o  0 .9  atm.

RESULTS AND DISCUSSION

A t y p i c a l  p o t e n t i a l  sweep voltammogram i n  ( L i - K ) m e l t  
i s  shown i n  F i g . 3. The O2 r e d u c t i o n  p e a k s  a p p e a r  n e a r  th e  
t h e o r e t i c a l  p o t e n t i a l ( ~  30mV v s  R O E )  a n d  show  t h e  
r e v e r s i b l e  c h a r a c t e r i s t i c .  The peak c u r r e n t s  were p l o t t e d  
a g a i n s t  t h e  s q u a r e  r o o t  o f  t h e  sweep r a t e ,  a s  shown i n  
F i g . 4 . The  l i n e a r  r e l a t i o n s  w ere  o b s e r v e d .  T h i s  means  
t h a t  th e  oxygen  r e d u c t i o n  was c o n t r o l l e d  by th e  d i f f u s i o n  
p r o c e s s .  The s l o p e s  o f  th e s e  l i n e s  c o r r e s p o n d  th e  CD1/ 2 , 
where C i s  th e  c o n c e n t r a t i o n  o f  th e  r e a c t a n t  and D i s  th e  
d i f f u s i o n  c o e f f i c i e n t .

The v a l u e ,  I p / v 1/2 was p r o p o r t i o n a l  to  P0 2 0 •5 i n  62 
mol% L i2 C 0 3 - 3 8  mol% K2 CO3 a t  th e  f i x e d  CO2 p r e s s u r e .  T h i s
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t e n d e n c y  was a l s o  o b s e r v e d  i n  any  c a r b o n a t e  m e lt  o f  t h i s  
s t u d y .  F i g u r e  5 sh o w s  t h e  d e p e n d e n c e  o f  t h e  v a l u e ,  
I p / v 1/2 on CO2 p r e s s u r e .  The r e l a t i o n  i s  c o m p l i c a t e d .  A t  
lo w  CO2 p r e s s u r e  r e g i o n ,  t h e  s l o p e  o f  t h i s  l i n e  i s  
0 .3 ~  0 . 4 .  A t  h i g h  CO2 p r e s s u r e  r e g i o n ,  t h e  s l o p e s  a r e  
0 .1 ~  0 . 2 .  I f  th e  d i f f u s i o n  c o e f f i c i e n t ,  D do es  n o t  depend  
on th e  CO2 p r e s s u r e  a t  a f i x e d  t e m p e r a t u r e ,  th e  s lo p e  o f  
t h e  l i n e  m i g h t  show t h e  r e l a t i o n  b e t w e e n  t h e  o x y g e n  
s p e c i e s  ( r e d u c t a n t )  i n  th e  m e lt  and th e  CO2 p r e s s u r e .  I f  
t h e  p e r o x i d e  i o n  o r  t h e  s u p e r o x i d e  i o n  i s  d o m in a n t ,  th e  
s lo p e  s h o u ld  be -1 o r  - 0 . 5 ,  r e s p e c t i v e l y .  Our r e s u l t  can  
be e x p l a i n e d  n e i t h e r  by  t h e  p r e s e n c e  o f  p e r o x i d e  n o r  
s u p e r o x id e  s i n c e  th e  s lo p e  i s  s m a l l  e s p e c i a l l y  a t  h ig h  CO2 
p r e s s u r e s  r e g i o n .  T a k in g  i n t o  a c c o u n t  o f  t h e  O2 p r e s s u r e  
de p e n d e n ce ,  th e  p e r c a r b o n a t e  io n  m ig h t  be p r e s e n t  i n  the  
m e lt .  I f  th e  p e r c a r b o n a t e  io n  i s  do m in ant  i n  t h e  m e l t ,  th e  
c o n c e n t r a t i o n  s h o u l d  n o t  d e p e n d  on CO2 p r e s s u r e .  Our  
r e s u l t s  c a n  be e x p l a i n e d  by  t h e  t r a n s i t i o n  r e g i o n  f ro m  
p e r c a r b o n a t e  t o  p e r o x i d e .

F i g u r e  6 shows th e  c y c l i c  voltamm ograms on Au a t  low 
CO 2 p r e s s u r e  r e g i o n  ( 0 . 0 0 9  atm  CO2 , 0 . 1  atm  O2 ) i n  
( L i - K ) m e l t .  A l t h o u g h  t h e  CO2 p r e s s u r e  i s  v e r y  lo w ,  th e  
f i r s t  r e d u c t i o n  peak was c l e a r l y  o b s e r v e d  n e a r  0V v s  ROE. 
The r e s u l t  o f  t h i s  f i r s t  p e a k  i s  g i v e n  i n  F i g . 5. F i g u r e  
6 (a)  shows th e  r e s u l t  o f  th e  p o t e n t i a l  sweep a t  th e  same 
c o n d i t i o n s .  The p o t e n t i a l  was sweeped c a t h o d i c a l l y  from  
th e  oxygen p o t e n t i a l .  The seco n d  r e d u c t i o n  peak  a p p e a re d  
a t  - 0 .6 V  v s  ROE. T h i s  seco n d  peak was c l e a r l y  o b s e r v e d  a t  
t h e  s lo w  sweep r a t e .  The  s e c o n d  p e a k  i n  ( L i - K ) m e l t  has  
been r e p o r t e d  b e f o r e  by U c h id a  e t  a l 10 >.

F i g u r e  7 shows th e  p o t e n t i a l  sweep voltamm ograms f o r  
oxygen r e d u c t i o n  i n  43 mol% Na2C03-57 mol% K2 CO3 a t  1073K. 
T h e re  i s  n o t  much d i f f e r e n c e  i n  th e  shape from  ( L i - K ) m e l t .  
The second  r e d u c t i o n  p e a k s  were n o t  o b s e r v e d .  The v a l u e ,  
I p / v 1/2 was o n l y  1 .4  t im e  l a r g e r  when th e  CO2 p r e s s u r e  was 
d e c r e a s e d  f ro m  0 . 9  t o  O . l a t m .  T h i s  d i f f e r e n c e  i s  v e r y  
s m a l l .

F i g u r e  8 shows t h e  r e s u l t  i n  low  CO2 p r e s s u r e  and  
h i g h  O2 p r e s s u r e  i n  t h e  same m e l t .  The  sh a p e  i s  q u i t e  
d i f f e r e n t  from  t h o s e  a t  F i g . 7. The f i r s t  r e d u c t i o n  peak  
i s  no more c l e a r .  The  s e c o n d  p e a k  be co m es v e r y  l a r g e .  
The second  peak  d e c r e a s e d  w i t h  d e c r e a s e  o f  O2 p r e s s u r e .

G e n e r a l l y  t h e  c o u n t e r  d i f f u s i o n  o f  O2 _ io n  formed on 
t h e  c a t h o d e  i s  c o n s i d e r e d  t o  be v e r y  f a s t ,  s i n c e  t h e  
s o l u b i l i t y  o f  CO 2 i n  a l k a l i n e  c a r b o n a t e  i s  t e n  t i m e s  
l a r g e r  t h a n  t h a t  o f  O2 . H o w e v e r ,  when t h e  r a t i o  o f  th e  
p a r t i a l  p r e s s u r e s ,  P 0 2 / P c o 2 i s  h i g h ,  t h e  n e u t r a l i z a t i o n  
a n d  t h e  d i f f u s i o n  o f  0 2 " i s  n o t  f a s t  a n d  t h e  l a r g e  
p o t e n t i a l  s h i i t  m ig h t  be o b s e r v e d .

The  r e a s o n  why t h e  s e c o n d  r e d u c t i o n  p e a k  a p p e a r e d  
e a s i l y  i n  ( N a - K ) m e lt  i s  n o t  due to  th e  low s o l u b i l i t y  o f
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C 0 2 , but the high solub i l i t y  of N a 2 0 or K 2 0. Since the 
s o l u b i l i t i e s  of  N a 2 0 a n d  K 2 O a r e  h i g h  a n d  t h e  
concentration of 02 ~ on cathode becomes high, the cathode 
c a n  e a s i l i y  p o l a r i z e  u p  to - 0 . 6 V .  A f t e r  t h e  O 2 ~ 
concentration becomes saturated, the diffusion controlled 
current peak appears at -0.6V.
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Fig.l Relation between the total concentration 
of the dissolved oxygen species and C O2 pressure 
in the coexistance of peroxide and percarbonate 
ions (arbitrary scale).
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TH ERM OCOUPLES

Fig.2 Experimental apparatus.
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Fig.3 Potential sweep voltammogram for oxygen 
reduction. Li/K=62/38 melt, 923K, 0.9atm C O2, 
O.latm O 2.

Fig.4 Relation between peak current and sweep 
rate. Li/K=62/38 melt, 873K, 0.1atm O 2.
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Fig.5 Relation between peak current per square 
root of potential sweep rate and CO2 pressure. 
Li/K=62/38 melt, O.latm O 2.

Fig.6 Potential sweep voltammogram for oxygen 
reduction. Li/K=62/38 melt, 823K, 0.009atm C O2, 
O.latm O2.
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E /  V vs ROE

Fig.7 Potential sweep voltammogram for oxygen 
reduction. Na/K=43/57 melt, 1073K, 0.9atm C O2, 
O.latm O 2.

Fig.8 Potential sweep voltammogram for oxygen 
reduction. Na/K=43/57 melt, 1073K, O.latm C O2, 
0.9atm O2.
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A b s tr a c t

Effects of partial pressure of carbon dioxide and tempera
ture on oxygen reduction kinetics in lithium carbonate melt were 
examined using a electrochemical impedance spectroscopy (EIS) 
and cyclic voltammetry. The impedance spectra were analyzed 
by a  Complex Nonlinear Least Square (CNLS) method, using the 
Randles-Ershler equivalent circuit model, to estimate the electrode 
kinetic and mass transfer parameters such as the charge transfer 
resistance and W arburg coefficient. The cyclic voltammetric mea
surements indicated that the oxygen reduction process in lithium 
carbonate melt is “reversible” up to 200 mV/s. Values of the dif
fusion parameter, D j/2Co, determined by cyclic voltammetry con
curred with those estimated by the EIS method. The reaction 
order with respect to carbon dioxide and the activation energy for 
the exchange current density were determined to be —0.52 and 132 
k j/m o l respectively. Also, the reaction order with respect to car- 
bon dioxide and the activation energy for D0' C o were calculated 
to be —0.8 and 185 kJ/m ol respectively.

In tr o d u c t io n

The oxygen reduction reaction in molten alkali carbonate electrolytes has 
been studied for the past 25 years because of its vital role in the molten carbonate 
fuel cell. Appleby and Nicholson (1-4) examined this reaction on a submerged
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gold electrode using steady state and potential sweep techniques. They observed 
tha t oxygen reacts with carbonate ions and forms peroxide and /o r superoxide 
ions and the concentrations of these species depend on the cations present in 
the melt. In a pure Li2C03  or a Li-rich melt the peroxide species is dominant, 
whereas in a K-rich melt the superoxide species is dominant. Hence, the mech
anism of oxygen reduction strongly depends on the cations present in the melt. 
Further, they also concluded that the molecular oxygen does not participate 
in the electrochemical reduction process, directly. They proposed the following 
reaction mechanism for oxygen reduction in pure lithium carbonate melt:

1 / 2 0 2  “t- CO3 0 \ -  + co2 [1]

O2 +  e (0 - )  +  O2- [2]

( 0  ) +  CO2 +  e ^ CO2- [3]

O2" +  C 0 2 ^ CO2- [4]

I / 2O2 "I- CO2 2e t—— CO3 [5]

where ( 0 “ ) is a transient species. According to this reaction mechanism, the first 
charge transfer reaction is the rate determining step for an immersed electrode. 
Andersen (5) carried out a thermodynamic study on the chemical equilibria in 
molten alkali carbonate electrolytes and demonstrated the presence of perox
ide ions in quenching experiments followed by chemical analyses. Appleby and 
Van Drunen (6) determined the total solubility of oxygen (mainly in the form of 
peroxide and superoxide ions) in molten carbonate electrolytes as a function of 
tem perature using quenching method. Vogel et al. (7) studied the (Li-K)COs 
eutectic melt a t 650 °C, using a rotating gold wire and concluded tha t superox
ide is dominant in this melt and the concentration of molecular oxygen in the 
melt is negligible. Smith et al. (8) determined the total solubility of oxygen in 
(Li-Na-K)COa eutectic melt as a function of gas composition a t 650 °C, using a 
chemical method. They concluded that oxygen reacts with (Li-Na-K)C03  melt 
at 650 °C to form superoxide ions and the concentration of physically dissolved, 
molecular, oxygen is negligible. Lu (9) investigated the oxygen reduction process 
in pure Li2CC>3 and a Li-K (62 mol%:38 mol%) carbonate eutectic mixture using 
a potential step method. The exchange current density, determined by Lu, is 
two orders of magnitude higher than that reported by Appleby and Nicholson 
who used the potential scan technique. But the dependence of oxygen reduction 
kinetics on partial pressures of oxygen and carbon dioxide observed by Lu could 
not be explained by any of the mechanism proposed in the literature. Uchida 
et al. (10) determined the electrode kinetic parameters for oxygen reduction 
in a (Li-K)C03  (42.7 mol%:57.3 mol%) eutectic melt on a gold electrode using 
impedance analysis, potential step, and coulostatic relaxation techniques. They
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found tha t the exchange current density was about the same order of magni
tude as tha t of Lu. In addition, they concluded that of the three methods for 
the determination of the electrode kinetic parameters for oxygen reduction in 
molten carbonates the impedance analysis is the most reliable. They (11) also 
determined the tem perature dependence of the electrode kinetic parameters for 
oxygen reduction on gold in (Li-K)C03.

The previous studies show that the presence of physically dissolved molec
ular oxygen in molten carbonate electrolyte is insignificant. Oxygen reacts with 
the molten alkali carbonates to form peroxide and /o r superoxide ions; the con
centrations of these species depend on the cations present in the melt. The 
mechanism of oxygen reduction in molten carbonate is not well understood and 
the results reported in the literature are not consistent. Consequently, in the 
present work, we used pure lithium carbonate melt to avoid the complexity of 
simultaneous formation of peroxide and superoxide ions. The influence of partial 
pressure of oxygen on the oxygen reduction kinetics was investigated by elec
trochemical impedance spectroscopy (EIS) and cyclic voltammetry. Also, the 
tem perature dependence of oxygen reduction kinetic was determined.

E x p e r im e n t a l

The experimental setup for high temperature electrode kinetic study and 
methodology are as described in a previous publication (12). The working elec
trode was made of a submerged gold flag (0.025 mm thick), with a geometrical 
area of one square centimeter, connected to the gold current collector (0.5 mm di
ameter) by a thin gold wire to minimize the meniscus effect (2, 13). The counter 
electrode was a large gold foil circumscribing the working electrode to ensure 
uniform current distribution. The reference electrode was also made of a gold 
foil, but encased in an alumina tube which was pressed against the bottom of 
the electrochemical cell. The Puratronic grade (4 N) gold foils and wires were 
obtained from Johnson M atthey/iESAR Group.

Digital mass flow controllers/meters manufactured by Teledyne-Hastings 
Raydist were used to provide the gas mixtures of the desired compositions (O2, 
CO2 and Ar) with high precision (±  1% Full Scale). The high purity gases were 
obtained from Matheson Gas Products and the traces of water were removed by 
passing the blended gas through a column of 5 A molecular sieves and Drierite 
(Fisher Scientific). The gas mixture was bubbled into the melt in the vicinity of 
the working electrode at a flow rate of 50 cm3 m in-1 through a long alumina tube 
with four holes. The composition of the gas mixture supplied to the reference 
electrode compartment was the same as the one used for the working electrode, 
but at a lower flow rate (5 cm3 m in-1 ). In this study, P c o 2 was varied from 0.02 
to 0.4 atm., while P o 2 was maintained constant at 0.6 atm. The total pressure 
was 1 atm., by varying the partial pressure of argon. The high purity (5 N) 
lithium carbonate (Alfa Products) was carefully weighed in an alumina crucible
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(90 ml capacity)and the electrochemical cell was slowly heated (50 °C /hr) to 
350 °C in an inert environment. The electrochemical cell assembly was dried at 
350 °C in a carbon dioxide environment for 24 hours before heating to 800 °C.

The data acquisition set-up consisting of a potentiostat/galvanostat (Model 
273), lock-in-amplifier (Model 5301A), personal computer (IBM PS/2), and soft
ware (Model 378) supplied by EG&G Princeton Applied Research was used 
for the cyclic voltammetric and electrochemical impedance spectroscopic exper
iments. For the EIS, measurements were made over a wide range of frequencies 
(0.05 Hz to 10 kHz) for the sinusoidal excitation signal, because the capacitive 
effect, attributed  to the double layer, is significant at high frequency, and the 
diffusional (Warburg) impedance is dominant at low frequency. The impedance 
measurements for frequencies higher than 5 Hz were carried out by the Phase 
Sensitive Detection (PSD) technique using the lock-in-amplifier and the poten- 
tiostat. For frequencies below 5 Hz, the cell impedance was measured by the 
Fast Fourier Transform (FFT) technique using, the personal computer and po- 
tentiostat. The results of low frequency measurements (below 5 Hz) represent 
the average values of 15 data cycles, which was done to improve the accuracy of 
the data by averaging out the noise interference. The amplitude of the excitation 
signal was kept at 5 mV to ensure a linear electrochemical response.

R e s u lt s  a n d  D is c u s s io n

Impedance Measurements and Analyses

The impedance spectra were obtained for oxygen reduction on the sub
merged gold electrode in lithium carbonate melt at the equilibrium potential 
as a function of Pco2 and temperature. As described in the previous work (12), 
the absence of a semicircle in the complex plane impedance plot indicated fast 
oxygen reduction kinetics (14). In the region of low frequency, the complex plane 
plot showed a linear behavior with a slope of 45° due to the Warburg impedance
(15). The effect of partial pressure of carbon dioxide on the Bode plot, phase an
gle vs. log w, at 800 °C is shown in Fig. 1. In a high frequency region, the phase 
angle approached 0° for all plots, indicating a purely resistive behavior of the 
cell impedance. The impedance at 0° phase angle is a measure of the uncompen
sated electrolyte resistance, Rs, between the working and reference electrodes. At 
frequencies below 30 Hz, the phase angle approached —45°, indicating that the 
diffusional impedance is significant. The influence of partial pressure of carbon 
dioxide on oxygen reduction kinetics was evident at the intermediate frequencies, 
showing the increased charge transfer resistance with an increase in P c o 2- The 
sharp deviations in the Bode plots at about 120 Hz (second harmonic frequency 
of the line) are due to the measurement system.

The impedance spectra were resolved by using the Randles-Ershler equiv
alent circuit (16, 17) model shown in Fig. 2. The Randles-Ershler equivalent
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circuit reflects two parallel process occurring at the electrode-electrolyte inter
face, namely, the double layer charging and the faradaic reaction. The faradaic 
impedance consists of the charge transfer resistance which is in series with the 
W arburg (diffusional) impedance. The uncompensated electrolyte resistance be
tween the working and reference electrodes, Rs, is connected in series with the 
interfacial impedance. A Complex Nonlinear Least Square (CNLS) parameter 
estimation program (18-20), based on Levenberg-Marquardt algorithm, was used 
to resolve the impedance spectra. In our analysis, we found that the weighting 
factor (inverse of the error variance) considerably influenced the accuracy of the 
parameters estimated from the impedance data (21). Here, we have used the 
proportional and functional proportional weighting factors (22) to determine the 
electrode kinetic and mass transfer parameters This analysis yields parameters 
such as the charge transfer resistance, double layer capacity, Warburg coefficient, 
and uncompensated electrolyte resistance.

The influence of partial pressure of carbon dioxide on real part of impedance 
(Z') vs. inverse square root of angular frequency (a;” 1/2) for 800 °C tempera
ture is shown in Fig. 3. In a low frequency region, Z' vs. a;-1 /2 plots showed 
a linear behavior with a slope proportional to the Warburg Coefficient (<r). As 
demonstrated in Fig. 3, the Warburg coefficient increased with an increase in 
P c o 2 5 which is mainly due to the decrease in the peroxide ion concentration 
(Eqn. [1]). As shown in Fig. 3, the model impedance data, calculated using the 
estimated parameters and the Randles-Ershler equivalent circuit model, agreed 
with the experimental data. The electrode kinetic and mass transfer parameters 
as function of P c o 2 f°r temperatures 750, 800 and 850 °C are presented in Ta
bles 1-3 respectively. These tables show that a decrease in P c o 2 from 0.4 to 0.02 
atm., causes a ten fold decrease in the magnitude of the Warburg coefficient. A 
similar effect was observed when temperature was increased from 750 to 850 °C. 
The charge transfer resistance also decreased with an increase in temperature 
and a decrease in partial pressure of carbon dioxide. The double layer capacity 
increased with the decrease P c o 2* The change in the uncompensated electrolyte 
resistance with temperature and P c o 2 was negligible. The effect of partial pres
sure of carbon dioxide on log |Z| vs. log uj plot is shown in Fig. 4. The log |Z| vs. 
log u  plot converged to the value of uncompensated electrolyte resistance at high 
frequencies. In the low frequency region, complete relaxation due to the charge 
transfer process was not observed due to the diffusional impedance. Also, it is 
evident from Fig. 4 that the experimental data concurred with the model data 
for the entire frequency range of the experiment. Since impedance measurements 
were obtained at the rest potential, the following expressions can be used for the 
charge transfer resistance and the Warburg coefficient (23):

RT
nFi0 [7]
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a  = RT 1 1
[8]

n ’ F ’ A V S ^ D o ^ C o  +  D r/2C r:)
For peroxide reduction in Li2C03 melt, Co is much smaller than C r  because the 
final product is carbonate ion. Therefore 1 /D ^ 2Cr is negligible compared with 
1 /D J/2Cq - Thus Eqn. [8] can be approximated by the following expression:

RT

n2F 2A \/2 ' 'D j/2Co ) W

1 / 2The calculated values of the exchange current density and product, D0' Co, as a 
function of Pco2 and temperature are given in Tables 1-3. The dependence of the 
exchange current density on Pco2 was determined to be —0.5 from the slope of 
log io vs. log Pco2 shown in Fig. 5. The Arrhenius plots for the exchange current 
density are shown in Fig. 6, for various partial pressures of carbon dioxide, and 
the activation energy was calculated to be 131.8 kJ/m ol; this value is consistent 
with the value obtained in the previous work (12). The plots of log Dq C o 
vs. log Pco2, for three temperatures, are shown in Fig. 7, and the value of the 
reaction order with respect to carbon dioxide calculated from these plots is —0.8. 
The Arrhenius plots for Dq 2C o  for four partial pressures of carbon dioxide are 
shown in Fig. 8; the average value of the apparent activation energy was 185 
kJ/m ol.

Cyclic Voltammetry

Cyclic voltammetry measurements were made for oxygen reduction on gold 
electrode in quiescent Li2C03 melt as a function of scan rate, temperature, and 
P Co 2. The working electrode potential was scanned between the rest potential 
and —0.5 V vs. the potential of the reference electrode; the scan rate was varied 
from 10 to 200 mV/s. The effect of P c o 2 on the cyclic voltammogram, recorded 
at the scan rate of 100 m V/s at 800 °C tem perature is shown in Fig. 9. During 
the forward scan, a diffusion-limited peak followed by a limiting plateau was 
observed. The peak potential (Ep) was found to be independent of the scan rate 
(up to 200 m V/s) and the position of this peak was 40-45 mV negative to the rest 
potential. As shown in Fig. 9, an increase in partial pressure of carbon dioxide, 
decreased the cathodic peak current density. The current densities in the reverse 
scan were less cathodic than those obtained in the forward sweep. At the end of 
the sweep, a large anodic current was observed which subsided slowly and reached 
zero in a few minutes. This phenomenon is attributed to the local accumulation 
of the unneutralized oxide ions which shifts the reversible electrode potential in 
negative direction (24). The effects of P c o 2 on the peak current density (ip) 
vs. square root of the scan rate (v1/2) plot at 800 °C are shown in Fig. 10. 
A linear behavior of ip vs. v1/2 and invariance of Ep with respect to the scan
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rate indicate that oxygen reduction in L^COs melt is “reversible” up to 200 
m V /s (25). An increase in partial pressure of carbon dioxide decreased the slope 
of ip vs. v1/2 plot, which is directly proportional to D j/2Co, where Do is the 
diffusion coefficient and Co is the bulk concentration of the diffusion limiting 
reactant species. As suggested by Appleby et al. (2), the diffusion-limited peak 
for O2 reduction in Li2C03 can be described by the theory developed by Berzins 
and Delahay (26) for the reversible diffusion controlled peak where the product 
activity is considered to be invariant and equal to unity (e.g. metal deposition). 
According to Berzins et al., the peak current density is given by the following 
expression:

ip =  0.61(nF/RT)1/2nFDo/2C ^v1/2 [9]

The transport parameter, Dq 2Co , was calculated from the slope of ip vs. v1/2 
plot using equation [9]. The calculated values of the transport param eter for 
various P c o 2 and temperatures are compared with those estimated by the elec
trochemical impedance spectroscopy. An increase in partial pressure of carbon 
dioxide decreased the product, DQ' Co , which is mainly due to the decrease in 
peroxide ion concentration. Temperature has a significant effect on the product, 
Dq/ 2C0 , e.g for 0.02 atm. partial pressure of carbon dioxide, more than an eight 
fold increase in D0' Co was observed when temperature was increased from 750 
to 850 °C. However, the influence of temperature on Dq' Co was less significant 
a t higher P c o 2- The reaction order and apparent activation energy for D j/2Co, 
estimated by cyclic voltammetry technique concurred with those obtained by 
impedance analysis.

C onclusions

The kinetic and mass transfer related parameters for the oxygen reduction in 
pure Li2C03 were determined as a function of P co 2 and tem perature by electro
chemical impedance spectroscopy and cyclic voltammetry. The impedance spec
tra  were analyzed by the complex nonlinear least square method. The diffusion 
param eter Dq Co obtained by impedance analysis and by cyclic voltammetry 
showed excellent agreement. The reaction order with respect to carbon dioxide 
and the activation energy for the exchange current density were determined to 
be —0.52 and 132 kJ/m ol respectively. Also, the reaction order with respect to 
carbon dioxide and the activation energy for D j/2Co were calculated to be —0.8 
and 185 kJ/m ol respectively.
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Table 1. Parameters Estimated by Impedance Analysis Using
CNLS Program: Temperature 750 °C and 0.6 atm. Pq2.

Q O to 6 to > <7

n s 1/2

Ret
ft

io
m A /cm 2

Cdi Rs
a

2 : 60 : 38 27.3 0.53 84.0 558.0 0.51

4 : 60 : 36 47.2 0.62 71.7 388.6 0.50

8 : 60 : 32 82.9 1.05 41.9 312.5 0.38

20 : 60 : 20 158.6 1.55 28.5 255.9 0.36

Table 2. Param eters Estim ated by Impedance Analysis Using 
CNLS Program: Tem perature 800 °C and 0.6 atm . P q2.

C02:02:A r <7

t o 1/2
Ret
ft

io
m A /cm 2

Cdi R.
a

2 : 60 : 38 10.4 0.23 205.7 1209.2 0.50

4 : 60 : 36 18.4 0.40 115.9 715.0 0.53

8 : 60 : 32 31.7 0.58 79.4 508.6 0.37

20 : 60 : 20 63.2 0.83 55.7 329.5 0.37

40 : 60 : 00 103.3 1.28 36.2 277.8 0.40
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Table 3. Parameters Estimated by Impedance Analysis Using
CNLS Program: Temperature 850 °C and 0.6 atm. P q2.

C02*02*Ar C7
n s 1' 2

Ret
ft

io
m A/cm 2

Cdi R.
a

2 : 60 : 38 4.3 0.14 358.5 3161.8 0.51

4 : 60 : 36 6.9 0.18 273.4 1874.2 0.59

8 : 60 : 32 13.3 0.27 179.3 883.7 0.39

20 : 60 : 20 27.0 0.47 102.8 510.8 0.37

40 : 60 : 00 47.7 0.59 81.6 376.6 0.40
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Electrode in Li2C 0 3 Melt at 0.6 8tm P q 2 and 800 °C; Symbols: 
Experimental data; Lines: Model Data.
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A CHLORIDE ION CONDUCTING MEMBRANE FOR USE IN 
AMBIENT TEMPERATURE MOLTEN SALT BATTERIES

D a v id  S .  Newman and Chomin Lee

D e p a rtm e n t  o f  C h e m is t r y  
B o w lin g  G reen  S t a t e  U n i v e r s i t y  
B o w lin g  G re e n ,  OH 43403

ABSTRACT

N a f io n  901 was m o d i f i e d  by  f i r s t  s u b s t i t u t i n g  a C l  atom f o r  
th e  OH g ro u p s  o f  th e  c a r b o x y l l i c  and s u l f o n i c  a c i d  
p e n d e n t s .  The a c e t y l  and s u l f o n y l  c h l o r i d e  g ro u p s  th e n  
r e a c t e d  w it h  d i b e n z o - 1 8 - c r o w n - 6 - e t h e r  i n  m o lte n  p y r i d i n i u m  
h e p t a c h l o r o a l u m i n a t e  w hich  added th e  e t h e r  t o  th e  p e n d e n t s .  
The e t h e r a t e d  membrane was th e n  co m p lex ed  w it h  L i C l  w hich  
c o n v e r t e d  th e  e s s e n t i a l l y  c a t i o n i c  c o n d u c t o r  to  an a n i o n i c  
c o n d u c t o r  w it h  th e  C l “ as  th e  m o b i le  s p e c i e s .

INTRODUCTION

A m a jo r  d e t e r r e n t  t o  th 6  d e v e lo p m e n t  o f  a p r a c t i c a l  
im id a z o l iu m  c h l o r o a l u m i n a t e  m o lte n  s a l t  b a t t e r y  i s  t h a t  
g a se o u s  C I 2 f rom  th e  c a th o d e  a t t a c k s  th e  i m id a z o l iu m  r i n g  
o f  th e  e l e c t r o l y t e :(1 )

H H

V=f
N +,N 
/ V A  

Me Et

+ 2CI2
v r
: n v + n  

/ V A  
Me Et

+ 2H+CP r n

The c h l o r i n a t e d  m e l t s  a r e  p o o r e r  c o n d u c t o r s ,  have a h i g h e r  
m o le c u la r  w e ig h t  and a n a r r o w e r  e l e c t r o c h e m i c a l  window than  
th e  o r i g i n a l  m e l t s .  A way t o  p r e v e n t  t h i s  a t t a c k  i s  to  
i s o l a t e  th e  e l e c t r o l y t e  f ro m  th e  C I 2 gas by  means o f  a C l -  
i o n  c o n d u c t in g  membrane. The d i f f i c u l t y  w it h  t h i s  a p p ro a ch  
i s  t h a t  b o th  th e  g a se o u s  c h l o r i n e  and th e  m o lte n  s a l t  
e l e c t r o l y t e  a r e  c h e m i c a l l y  v e r y  h a r s h  e n v ir o n m e n t s  and th e  
membrane i t s e l f  must be a good i o n i c  c o n d u c t o r  so  t h a t  th e  
number o f  m a t e r i a l s  t h a t  may be u sed  f o r  t h i s  p u rp o s e  i s  
s e v e r e l y  l i m i t e d .  One m a t e r i a l  t h a t  has many o f  th e  
r e q u i r e d  p r o p e r t i e s  i s  N a f i o n , (2) b u t  N a f io n  i n  i t s  u s u a l  
s t a t e  i§  a c a t i o n  c o n d u c t o r .  We t h e r e f o r e  d e c i d e d  t o  
m o d ify  N a f io n  by  c o n v e r t i n g  i t  to  an a n io n  c o n d u c t o r .
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F o r  t h i s  p r e l i m i n a r y  i n v e s t i g a t i o n  we u sed  N a f io n  901 
w h ich  i s  a  c a r b o x y l l i c  a c i d  -  s u l f o n i c  a c i d  p e r f l u o r i n a t e d  
membrane shown s c h e m a t i c a l l y  be lo w :

F F F F F  F F
- C - C - C - C - C - C - C -  

F F F F O F F
Rf
COO-H* ( o r  S03-H + )

In an e a r l i e r  s t u d y ,  we p r o d u c e d  a s o l i d  e l e c t r o l y t e  
w it h  a m o b i le  C l “ io n  by  r e a c t i n g  L i C l  w it h  th e  crown e t h e r  
d ib e n z o - 1 8 - C r - 6  t o  form  th e  compound shown i n  F i g .  l . ( 3 , 4 )

Our o b j e c t i v e  i n  th e  p r e s e n t  i n v e s t i g a t i o n  was t o  a t t a c h  
t h i s  compound to  th e  N a f io n  backb on e  i n  p l a c e  o f  th e  OH 
g ro u p s  on th e  c a r b b x y l l i c  a c i d  o r  s u l f o n i c  a c i d  p e n d e n t s .
I f  t h i s  c o u l d  be done s u c c e s s f u l l y ,  and th e  a n i o n i c  
c o n d u c t in g  p r o p e r t i e s  o f  th e  s o l i d  e l e c t r o l y t e  m a i n t a in e d  
i n  th e  N a f io n  membrane, an a n i o n i c  c o n d u c t o r  would  be  
p r o d u c e d .  The t e c h n i q u e  we u se d  was t o  t u r n  th e  c a r b o x y l l i c  
a c i d  o r  s u l f o n i c  a c i d  i n t o  a c e t y l  o r  s u l f o n y l  c h l o r i d e s  and  
th e n  do a F r i e d e l  -  C r a f t s  (F -C )  a c y l a t i o n  o f  th e  crown  
e t h e r  by th e  a c y l  c h l o r i d e  p e n d e n t  o f  th e  N a f io n  i n  m o lte n  
p y r i d i n i u m  h e p t a c h l o r o a l u m i n a t e . T h i s  c h e m i s t r y  s h o u ld  be 
somewhat s i m i l a r  to  th e  a c y l a t i o n  o f  be nzen e  i n  
m e t h y l e t h y l i m i d a z o l i u m  c h l o r i d e  r e p o r t e d  by  Boon and  
c o w o rk e rs  (5) o r  th e  a c y l a t i o n  o f  c o a l  and model c o a l  
compounds done b y  Newman and coworkers* ( 6 , 7 ) .  In  o r d e r  to  
d e m o n s t r a te  t h a t  F - C  c h e m i s t r y  w orks on N a f io n  901, be nzene  
was u se d  as  th e  model compound.

E X P E R I M E N T A L  D E T A I L S

A 1 cm2 p i e c e  o f  N a f i o n  901 s h e e t  was r e f l u x e d  i n  
t h i o n y l  c h l o r i d e  f o r  s e v e r a l  h o u rs  f o r m in g  th e  a c y l  o r  
s u l f o n y l  c h l o r i d e  compound:

O  O
N a f - R f - C - O H  + S O C l i ---- > Naf-R# - C - C l  + S02 + HC1 [2]

O O
Naf-R#-S-OH + SOCla — > Naf-R#-S-Cl + SOt + HC1 [3]

O O

The c h l o r i n a t e d  N a f io n  was th e n  im mersed i n  50 ml o f  
m o lt e n  p y r i d i n i u m  h e p t a c h l o r o a l u m i n a t e  m e l t  s a t u r a t e d  w ith  
d i b e n z o - 1 8 - C r - 6 - e t h e r  and a l lo w e d  t o  r e a c t  f o r  24 h o u rs  a t  
25°C u n d e r  n i t r o g e n  gas  i n  a g lo v e  b o x .  A s e co n d  s e r i e s  o f
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e x p e r im e n t s  were p e r fo r m e d  i n  w h ich  the  t e m p e r a tu r e  was 
r a i s t u  t o  8 0 °C , th e  o t h e r  v a r i a b l e s  b e in g  k e p t  c o n s t a n t .  A 
c o n t r o l  e x p e r im e n t  was p e r fo rm e d  i n  w hich  th e  N a f io n  was 
im mersed i n  a C 5 H6N+A l a C I 7 “ s o l u t i o n  f o r  24 h o u rs  w it h  no 
be nzen e  o r  crown e t h e r  p r e s e n t .  The crown e t h e r  c o n t a i n i n g  
N a f io n  was th e n  so a k e d  f o r  24 h o u rs  i n  5 wt% L i C l - m e t h a n o l  
s o l u t i o n  a t  65 °C a f t e r  w hich  most o f  the  m ethano l was 
a l lo w e d  t o  e v a p o r a t e .  The L i C l  c o n t a i n i n g  N a f io n  was 
r i n c e d  i n  w a te r  f o r  s e v e r a l  m in u te s  t o  e n s u re  re m o v a l o f  
any a d h e r i n g  L i C l  o r  m e tha n o l and d r i e d  under  vacuum a t  
80«C.

The r e s u l t s  o f  th e s e  e x p e r im e n t s  were m o n it o r e d  by  
m e a s u r in g  th e  N a f io n  c o u p o n ’ s FTIR  s p e c tru m  u s in g  a N i c o l e t  
20 FTIR  m ac h in e .  In  a d d i t i o n ,  th e  w e ig h t  i n c r e a s e  o r  
d e c r e a s e  o f  each  coupon  was m easu red .

M o d i f i e d  and u n m o d i f ie d  N a f io n  co u p o n s  were im mersed f o r  
f o u r  d a y s  i n  C I 2 gas t h a t  was m a i n t a in e d  a t  one a tm o sp h ere  
p r e s s u r e  and a m b ie n t  te m p e r a t u r e .

The p y r i d i n i u m  h e p t a c h l o r o a l u m i n a t e  was p r e p a r e d  by  
m ix in g  A I C I 3 ( C e ra c  99,999%) w it h  p y r i d in u m  c h l o r i d e  
( A l d r i c h  98% t h a t  had been  d i s t i l l e d  a t  219°C and whose 
p u r i t y  was 99.9%) i n  a two t o  one m o la r  r a t i o .  The  
d i b e n z o - 1 8 - C r - 6 - e t h e r  was s u p p l i e d  by  A l d r i c h  C h e m ic a l  Co .  
A l l  t r a n s f e r  o p e r a t i o n  were c a r r i e d  on i n  a n i t r o g e n  f i l l e d  
d r y  b o x .  N a f io n  901 s h e e t  was s u p p l i e d  by  E . I .  du P o n t  &, 
Co. And was a p p r o x im a t e ly  0 .5  mm t h i c k .

The a c  c o n d u c t i v i t y  o f  th e  N a f i o n  membrane was m easured  
w ith  a J o n e s  B r i d g e .  The d i r e c t  c u r r e n t  and dc c o n d u c t i v i t y  
were m easured u s in g  th e  c e l l  shown i n  F i g .  2.

RESULTS AND DISCUSSION

The s u l f o n i c  a c i d  g ro u p  d i d  n o t  c h l o r i n a t e  as r e a d i l y  as 
th e  c a r b o x y l l i c  a c i d  g ro u p  d i d  so  t h a t  i n  the  su b se q u e n t  
d i s c u s s i o n  o n l y  th e  a c y l a t i o n  r e a c t i o n  w i l l  be c o n s i d e r e d  
i n  d e t a i l .  How ever,  th e  r e a c t i o n  between N a f - S O a C l  and an 
a r y l  s i t e  i s  e x p e c t e d  t o  be somewhat s i m i l a r  t o  th e  
r e a c t i o n  between N a f - C O C l  and an a r y l  s i t e .

In o r d e r  to  d e m o n s t ra te  th e  f e a s i b i l i t y  o f  the  
t e c h n i q u e ,  a coupon o f  c h l o r i n a t e d  N a f io n  was immersed i n  
p y r i d i n i u m  h e p t a c h l o r o a l u m i n a t e  and p h e n o la t e d  a t  room 
t e m p e r a t u r e .  The FTIR  s p e c t r a  o f  th e  c h l o r i n a t e d  N a f io n  
and o f  the  p h e n o la t e d  N a f io n  a r e  shown i n  F i g .  3 and 4 
r e s p e c t i v e l y .  Two new p eaks  a p p e a re d  a t  1489 and 1539 cm*1
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i n  th e  sp e c tru m  o f  th e  p h e n o la t e d  N a f i o n  w h ich  a r e  
i n d i c a t i v e  o f  th e  a r o m a t i c  c a r b o n - c a r b o n  bond i n  b e n z e n e .  
T h e s e  p eaks  p e r s i s t e d  a f t e r  th o ro u g h  w ash in g  i n  w a te r  and  
i n  m e th a n o l i n d i c a t i n g  t h a t  be nzen e  d i d  in d e e d  add t o  th e  
N a f  i o n .

The r e a c t i o n  
most l i k e l y :

m echanism  f o r  th e  a c y l a t i o n o f  benzene  i s

0
N a f - R f - C - C l  + A I 2 C I 7 - ---- > 2 A 1 C 1 4 - +

0
N a f- R f - C *  [4]

0
N a f- R f -C *  C«H6

0
---- > N a f - R f -C-CeHs + H* [5]

H+ + A I C I 4 - — > HC1 + A I C I 3 [6]

A I C I 3 + A I C I 4 - ---- > A I 2 C I 7 - [7]

The c h l o r i n a t e d  N a f i o n  r e a c t e d  w it h  d i b e n z o - 1 8 - C r - 6 -  
e t h e r  A c c o r d in g  t o  th e  e q u a t io n :

[ 8 ]

The a v e ra g e  w e ig h t  g a in e d  by  th e  N a f io n  cou pon s  as a 
f u n c t i o n  o f  t e m p e r a tu r e  a r e  sum m arized  i n  T a b le  I .  I t  i s  
o b v io u s  fro m  t h e s e  d a t a  t h a t  t h e  r e a c t i o n  go es  more r e a d i l y  
a t  8 0 °C th a n  a t  25° C ,  w h ich  i s  c o n s i s t e n t  w i t h  th e  r e s u l t s  
o f  F - C  a c y l a t i o n s  g e n e r a l l y , i . e . ,  t h e y  go more r e a d i l y  a t  
h i g h e r  t e m p e r a t u r e s  th a n  a t  lo w e r  t e m p e r a t u r e s .  F i g .  5 
shows th e  FTJR  s p e c tru m  o f  th e  crown e t h e r - N a f i o n  membrane 
form ed  a t  80oC. The p e a k s  a t  1456, 1503, and 1596 cm*1 
r e p r e s e n t  th e  a r y l  g r o u p s  i n  d i b e n z o - 1 8 - C r - 6 - e t h e r  bonded  
to  th e  membrane. N ea t  N a f i o n  901 d i d  n o t  r e a c t  a t  a l l  w it h  
th e  crown e t h e r  d i s s o l v e d  i n  C#H*N+A I 2 C I 7 ~.

The c o m p le x a t io n  o f  L i C l  w it h  t h e  N a f io n - c r o w n  e t h e r  
r e s u l t e d  i n  an a v e r a g e  w e ig h t  g a i n  o f  0 .0 0 3 2 g  w hich  i s  
e q u i v a l e n t  t o  0 .0 0 6 7  g L i C l / g  N a f io n - c o m p le x  o r  0 .0 0 1 6  
m o l L i C l / g  N a f io n - c o m p le x .  T h i s  means t h a t ,  w i t h i n  
e x p e r im e n t a l  e r r o r ,  a l l  o f  th e  c row ns a r e  co m p lex ed  and th e  
r e a c t i o n  i s  q u a n t i t a t i v e .  The FTIR  sp e c tru m  o f  th e  
d i b e n z o - 1 8 - C r - 6 - e t h e r - L i C l  o l i d  e l e c t r o l y t e  i s  shown i n  
F i g . 6 .  A l l  b u t  two o f  t h e  p e a k s  a r e  th e  same as  th o s e  o f  
th e  p u re  crown e t h e r  and  a r e  i n  agreem ent w it h  P e d e r s o n ' s  
c l a s s i c a l  r e s u l t s . (8) The peak a t  1635 cm*1 r e p r e s e n t s  th e  
L i C l  "b o n d ” and i s  v i r t u a l l y  a t  th e  same e n e rg y  r e p o r t e d  i n
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t h e  l i t e r a t u r e  (9) and o b t a i n e d  by  us f o r  p u re  L i C l . The  
s e c o n d  peak a t  759 cm"1 s h i f t e d  from  746 cm -1 where i t  was 
b e f o r e  th e  crown was co m p le x e d .  T h i s  i n c r e a s e  i n  e n e rg y  i s  
due t o  th e  C l"  o r  L i + r e s t r i c t i n g  th e  m o t io n  o f  th e  C-H  
g ro u p s  i n  th e  crown and i s  c o n s i s t e n t  w ith  P e d e r s o n ' s  
o b s e r v a t i o n  t h a t  th e  c o m p le x a t io n  o f  d i b e n z o - 1 8 - C r - 6 - e t h e r  
w it h  KCNS r e s t r i c t s  th e  m o t io n  o f  th e  C-H g ro u p s  and moves  
t h e i r  sp e c tru m  t o  h i g h e r  e n e r g i e s .  S in c e  th e  u n iq u e  peaks  
o f  th e  com plex  a p p e a r in g  a t  1635 cm "1 and 759 -  746 cm-1 
a r e  masked by th e  N a f i o n ' s  sp e c tru m  i t s e l f ,  th e  L i C l - c r o w n -  
e t h e r - N a f i o n * s  s p e c tru m  c a n n o t  be u se d  to  p r o v e  
c o m p le x a t io n ,  b u t  th e  w e ig h t  i n c r e a s e ,  th e  r e a c t i o n  o f  th e  
n e a t  crown e t h e r  w i t h  L i C l ,  and th e  s u b s e q u e n t  i n c r e a s e  i n  
e l e c t r i c a l  c o n d u c t i v i t y ,  make i t  a v i r t u a l  c e r t a i n t y  t h a t  
th e  membrane form ed  a c o m p le x .

The ac r e s i s t a n c e s  o f  the  d r i e d  N a t io n  membranes, w hich  
were t r e a t e d  i n  d i f f e r e n t  w ays, a r e  sum m arized  i n  T a b l e  I I .  
I t  i s  c l e a r  from  t h e s e  d a t a  t h a t  th e  L i C l - c r o w n  e t h e r  
com plex  i s  a much b e t t e r  c o n d u c t in g  s o l i d  e l e c t r o l y t e  th a n  
th e  o t h e r  membranes. The r e a s o n  f o r  p r o d u c in g  t h e  N a C l - C r -  
e t h e r - N a f i o n  co m p lex  was t o  com pare i t s  c o n d u c t i v i t y  t o  
t h a t  o f  th e  L i C l  c o n t a i n i n g  membrane. The N a C l- c ro w n  e t h e r  
s o l i d  e l e c t r o l y t e  i s  n o t  a s  good a c o n d u c t o r  o f  e l e c t r i c i t y  
as th e  L i C l - c r o w n  e t h e r  s o l i d  e l e c t r o l y t e . ( 3 )  From t h e  
d a t a  i n  T a b le  I I ,  i t  ca n  be se e n  t h a t  th e  same b e h a v i o r  
o c c u r s  i n  th e  membranes.

In  o r d e r  to  c o n f i r m  t h a t  t h e  L i C l - N a f - C r - e t h e r  com plex  
i s  a  C l -  io n  c o n d u c t o r ,  a dc  was a p p l i e d  a c r o s s  th e  
membrane u s in g  th e  c e l l  shown i n  F i g .  3. G reen  c o p p e r  
c h l o r i d e  form ed  a t  th e  anode and L l  (and p r o b a b ly  H2 ) 
form ed a t  th e  c a t h o d e .  The L i  was d e t e c t e d  by  w e t t in g  th e  
c a th o d e  and m e a s u r in g  th e  pH. S i n c e  L i  r e a c t e d  w it h  w ate r  
to  form  L iO H ,  th e  pH was a lw a y s  b a s i c .  When 3 v o l t s  were  
a p p l i e d  f o r  s e v e r a l  h o u r s ,  o n l y  a s m a l l  amount o f  g re e n  
form ed  a t  th e  anode and no L i  was d e t e c t e d  a t  th e  c a t h o d e .  
The c a t h o d i c  r e a c t i o n  was p r o b a b l y  1/2 O2 + 2e - - - > ‘ 0= o r  
2H* + 2e --> H2 . When 10 v o l t s  were a p p l i e d ,  th e  c o p p e r  
t u r n e d  g re e n  im m e d ia t e ly  and L i  was d e p o s i t e d  a t  th e  
p la t i n u m  e l e c t r o d e .  In  a l l  l i k e l i h o o d ,  10 v o l t s  i s  enough  
to  c a u s e  th e  L i + t o  b r e a k  l o o s e  fro m  th e  crown e t h e r  and  
d e p o s i t .  In  any  c a s e ,  an e s s e n t i a l l y  C l "  i o n  c o n d u c t in g  
membrane was p r o d u c e d .

N a f io n  901 membrane d i d  n o t  g a in  w e ig h t  o r  change  c o l o r  
a f t e r  r e a c t i n g  w it h  C I 2 gas  f o r  f o u r  d a y s .  The c r o w n - e t h e r  
c o n t a i n i n g  N a f io n  d i d  r e a c t  w it h  C I 2 gas and  i n c r e a s e d  i t s  
w e ig h t  a p p r o x im a t e ly  0.2%. The c o l o r  t u r n e d  fro m  w h it e  t o  
a l i g h t  o ra n g e  and  th e n  b a ck  t o  n e a r l y  w h it e  a f t e r  s e v e r a l  
d a y s  c o n t a c t  w i t h  a i r .  On th e  o t h e r  han d ,  th e  N a f i o n -
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c r o w n - e t h e r - L i C l  i n c r e a s e d  i t s  w e ig h t ,  on th e  a v e r a g e ,  
0.25%, chan ged  c o l o r  a lm o s t  im m e d i a t e ly ,  and d i d  n o t  t u r n  
b a ck  t o  th e  o r i g i n a l  w h i t e  c o l o r  a f t e r  s e v e r a l  d a y s .  The  
i n t e r p r e t a t i o n  o f  t h e s e  r e s u l t s  i s  somewhat am biguous  
b e c a u s e  th e  FTIR  s p e c t r a  o f  th e  co u p o n s  b e f o r e  and a f t e r  
r e a c t i n g  w it h  C I 2 gas d i d  n o t  d i f f e r  s i g n i f i c a n t l y ,  b u t  i t  
i s  r e a s o n a b l y  c e r t a i n  some s o r t  o f  r e a c t i o n  d i d  o c c u r  w ith  
each  membrane. P l a u s i b l e  r e a c t i o n s  o f  N a f io n - c r o w n  e t h e r  
w it h  C I 2 a r e :

[ - 0 - (CH2 ) 2 - 0 - ]  + C l2 -----> { [ - 0 -CHCI-CH2 - 0 - ] / H * C l - } [9]

{ [ - 0 - C H C l - C H 2 - 0 - ] / H * C l - } + C l 2 — >

{ [ - 0 - ( C H C l- C H 2 ) - o - ] / h *c i 3- } [10]

{ [ - 0 - C H C l - C H 2 - 0 - ] / H * C l3 -  — > C l 2 (g) + H C l(g )  +

[ - 0 - ( C H C lC H 2 )-0 ]  [11]

R e a c t i o n  [11] p r o c e e d s  s l o w l y  and i s  l a r g e l y  r e s p o n s i b l e  
f o r  th e  N a f i o n  r e t u r n i n g  t o  i t s  o r i g i n a l  c o l o r .  The 
c h l o r i n a t e d  crown e t h e r  i s  p r o b a b l y  c o l o r l e s s  l i k e  th e  
o r i g i n a l  crown e t h e r .  P l a u s i b l e  r e a c t i o n s  o f  L i C l - N a f -  
Crown e t h e r  w i t h  C I 2 a r e :

[ - 0 - ( C H 2 )2 - 0 - L i * C l - ] + C l i  — > [-0-< C H 2 ) 2 - 0 - L i * C l 3- ] [12]

[ - 0 - ( C H 2 ) 2 - 0 - L i * C l 3- ]  + TJ12 ---- >

[ -O -CH 2 - C H C 1 - L i + C l 3-/ H + C l “ ] [13]

R e a c t i o n  [12] i s  p r o b a b ly  r e s p o n s i b l e  f o r  p r o d u c in g  C l 3“ 
w h ich  c a u s e s  th e  N a f i o n  coupon^ to  t u r n  o ra n g e  and f o r  th e  
20% g r e a t e r  w e ig h t  i n c r e a s e  o f  th e  f i n a l  co u p o n .  R e a c t io n  
[13] form s th e  s p e c i e s  t h a t  a r e  r e s p o n s i b l e  f o r  the  
i n c r e a s e d  c o n d u c t i v i t y  o f  th e  membrane ( T a b le  I I )  b e ca u se  
th e  C I 3 - and H+ a r e  a l s o  c a p a b le  o f  c a r r y i n g  c u r r e n t .  The  
l i k e l i h o o d  o f  E q . [ 1 3 ]  a c t u a l l y  o c c u r r i n g  i s  f u r t h e r  
i n c r e a s e d  by  the  f a c t  t h a t  th e  pH o f  w a te r  i n  w hich  the  
r e a c t e d  coupon was so a k e d  was a lw a y s  lo w e r  ( u s u a l l y  between  
2 and 3) than  the  pH o f  an e q u i v a l e n t  amount o f  w ate r  i n  
w hich  th e  o r i g i n a l  L i C l - N a f - C r - e t h e r  com plex  had been  
im m ersed. T h i s  o b s e r v a t i o n  i m p l i e s  t h a t  some o f  th e  HC1 
fo rm ed  by E q . [ 1 3 ]  had  d i s s o l v e d  i n  th e  w a t e r .  I t  may even  
be th e  c a s e  t h a t  i f  th e  number o f  m oles  o f  c h l o r i n e  gas  
e n t e r i n g  th e  membrane can  be k e p t  e q u a l  to  o r  l e s s  th a n  th e  
number o f  m oles  o f  C l "  io n  i n  th e  membrane, th e  membrane 
ca n  be made t o  l a s t  i n d e f i n i t e l y .  T h i s  id e a  w i l l  be
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e x p l o r e d  i n  more d e t a i l  i n  a f u t u r e  s t u d y ,  b u t  i t  s h o u ld  be 
r e c a l l e d  t h a t  when B r 2 com bined  w it h  C l -  t o  form  B r 2 C l - , i t  
d i d  n o t  r e a c t  w i t h  M e t h y l e t h y l i m i d a z o l i u m  i o n s . (10)

CONCLUSION
Com plexes  o f  L i C l  w ith  N a f io n - c r o w n  e t h e r  seem t o  be C l -  

i o n  c o n d u c t o r s  t h a t  may e v e n t u a l l y  be d e v e lo p e d  i n t o  u s e f u l  
C l -  i o n  s e l e c t i v e  s e p a r a t o r s  i n  th e  A l / M e E t I m C l - A l C l 3 / C I 2 
b a t t e r i e s .  A s c h e m a t ic  d ia g ra m  o f  how th e  membrane m ig h t  be  
used  i s  shown i n  F i g .  7. S i n c e  c a r b o x y l l i c  a c i d  r e a c t s  
more r e a d i l y  th a n  do es  s u l f o n i c  a c i d ,  an a l l  c a r b o x y l l i c  
a c i d  membrane m ig h t  be more u s e f u l  th a n  a membrane w it h  
b o th  c a r b o x y l l i c  a c i d  and s u l f o n i c  a c i d  p e n d e n ts  and t h i s  
id e a  i s  a l s o  b e in g  i n v e s t i g a t e d  and w i l l  be r e p o r t e d  on i n  
th e  f u t u r e .
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Table I : Quantitative results of Nafion-Crown ether experiment

Reaction
Temperature

Weight
Nation

Weight
Nafion-CE

Weight
Gained

Crown ether 
Nation

25°C .4904g .5095g .0191g .0389(g/g)=.00010(mole/g)

80°C .4798g .5084g .0286g .0596(g/g)=.00016(mole/g)

Table tl : The ac resistances of various membranes

Membranes ac resistances

(1). Unmodified Nation membrane: -40,000 Ohms
(2). Complex of NaCI with crown ether modified

Nation membrane: 36,000 Ohms
(3). Complex of LiCI with crown ether modified

Nation membrane: 7,300 Ohms
(4). Complex of LiCI with crown ether modified

Nation membrane after chlorine test: 1,900 Ohms
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Fig. 3. FTIR spectrum of Nafion-Rf-COCl

j.i.m* n .» ,>.|LO " IOOO 0 1500 0 M O M  >• flhO 00 Crl 00 400 CO
tVAvrNllMflFRS ((M l)

Fig. 4. FTIR spectrum of Naf-Rf-COCgH^
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Figure i : Application of modified Nation membrane as 

a chloride ion-selective separator in the cell.
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Tobata, Kitakyushu 804, Japan

ABSTRACT

The charge-discharge behaviors of sodium/$M-alumina/tetra- 
valent selenium in a basic chloroaluminate melt have been 
investigated with porous vitreous carbon and nickel as the 
positive current collector. The discharging capacity of the 
cells with the vitreous carbon current collector was limited 
by the deposition of solid sodium chloride, which often 
caused the breakage of reticulated vitreous carbon. The 
redox reaction of Se(IV)/Se(0) could occur on the nickel 
current collector covered with nickel chloride film. Thick 
nickel chloride film, however, made the polarization higher 
at discharging, whereas the voltage at charging unchanged.

INTRODUCTION

A rechargeable cell, sodium/|3"-alumina/tetravalent selenium in chlo
roaluminate melt, is one of the most attractive batteries for the load 
leveling and electric vehicle applications, since this cell has high 
voltage such as 3.8V at 150-250°C, and high energy density higher than 
400Wh/kg (1-3). The composition of AlCl3-NaCl melt changes with 
charging and discharging in this cell, which indicates the cell 
operates within wider range of melt composition to obtain high energy 
density (2,4). When the melt is basic, it is necessary to use porous 
materials as the positive current collector, since sodium chloride 
deposits and covers the electrode at discharging (2,3). The degrada
tion of the percent utilization and energy efficiency was, however, 
usually observed after several decades cycles in the cells with the 
carbon felt current collector (2,3). In this study porous nickel and 
vitreous carbon have been utilized for the positive current collector 
to improve the cell performance , especially life time.

EXPERIMENTAL

Commercial reagents of AICI3 and NaCl were purified as follows. A1C13 
was sublimed through a glass filter after reaction with aluminum metal 
(m5N) for one day. NaCl was dried under vacuum for a few days at 
400°C. Commercial grade of selenium(m6N) was used without pretreat
ment. Salt mixtures were prepared with purified chemicals in a glove
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box filled with high-purity nitrogen. Sodium metal was purified by 
double filtration.

A schematic representation of an experimental cell is shown in Fig.l. 
The cell consisted of a Pyrex glass compartment filled with positive 
mixture, which was separated from sodium electrode by mean of a 3”- 
alumina tube (NGK Spark Plug Co.). Open pore "foam” nickel (Sumitomo 
Denko Co.) or reticulated vitreous carbon (Fluoro-carbon Ltd.) was 
used as a positive current collector, which was bound with tungsten 
spiral lead. An experimental cell was kept under vacuum at 400-450°C 
for a few weeks before the loading of sodium and positive mixture in 
order to remove moisture adsorbed on the 3"-alumina tube.

RESULTS AND DISCUSSION

Typical charge-discharge curves of a cell, No.RS-807, are shown in 
Fig.2, which utilized reticulated vitreous carbon (RVC) as a positive 
current collector, of which specific surface area was 6700m2/m3. In 
this cell the molar ratios of AlCl3/NaCl in the melt were prepared to 
be 50/50 and 30/70 at fully charging and discharging, respectively. 
The voltage during charging and discharging in this cell was quite 
stable, comparing to those with a carbon felt current collector (2,3). 
The RVC electrode has uniform open pore structure, and better electro
nic contact to tungsten lead because of its hardness. Therefore, the 
current distribution might be uniform on the current collector, which 
would make the charging and discharging voltages stable. In the cells 
with a RVC current collector the second voltage plateau was usually 
observed at the end of the discharging. This second plateau corres
ponds to the reduction of lower oxidized selenium (5,6), whereas the 
first long plateau is the discharging of tetravalent selenium. The 
oxidation number of this low oxidized species might be less than 
unity, since the coulombs passed for the second plateau was much less 
than those for the first step.

Three kinds of RVC were utilized in this study to investigate the 
effects of the surface area on discharging capacity. Typical charge- 
discharge curves observed in the cells, No.RS-901 and RS-808, are 
shown in Fig.3 and Fig.4. The specific surface areas of RVC were 4000 
and 1100m2/m3, respectively. In these cells the specifications were 
the same of the cell No.RS-807, such as the volume of RVC current 
collectors, the weight of melt and the melt compositions at fully 
charging and discharging. These results suggested the discharging 
capacity depended on the surface area of the RVC current collector. It 
has become apparent that the discharging capacities in these three 
cells were almost identical with same current densities for the unit 
surface area of the RVC current collector as shown in Fig.5. These 
results suggest the discharging limit in these cells relates to the 
coverage of the RVC with solid sodium chloride, like that in the 
carbon felt current collector (2). The values of polarization in these 
three cells were quite different as shown in Figs.2, 3 and 4, which
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Although Na/Se(IV) cells with the RVC current collector showed high 
energy density and high energy efficiency at early cycles, the abrupt 
change of performance was often observed especially for the cells with 
high capacity as shown in Fig.6. It has become apparent that the RVC 
electrodes were partially or wholly fractured after the degradation of 
performances. The observation of segments by SEM indicated the mecha
nical stress caused the breakage of vitreous carbon. In high capacity 
cells larger amounts of sodium chloride deposited during the dis
charging in a basic chloroaluminate melt. This deposit occupied the 
open pores in the RVC, and the compressive stress by the deposit might 
cause the cracking. These troubles suggest the elastic materials are 
preferred for the positive current collector of a sodium/tetravalent 
selenium cell which utilizes the basic chloroaluminate melts.

It is well known that nickel chloride is insoluble in basic chloroalu
minate melts, which is utilized as the positive of a Na/NiCl2 battery
(7,8). It will be possible to use nickel for the positive current 
collector of a sodium/tetravalent selenium cell, since no higher 
oxidation state than divalent is stable in AlCl3-NaCl melts. Fig.7 
shows the first charge-discharge curve of an experimental cell with a 
porous nickel current collector of which specific surface area is 
2500m2/m3. The cell voltage at discharging was clearly divided into 
two region. One corresponded to the reduction of tetravalent selenium 
above 3.5V, the other to the reduction of nickel chloride at 2.5V. 
This result suggests that redox reaction between Se(IV) and Se(0) can 
reversibly occur on the nickel electrode covered with nickel chloride 
film.

The discharging capacity above 3.5V, however, decreased with charge- 
discharge cycles as shown in Fig.8. In 73rd cycle new plateau at 3.2- 
3.3V appeared, although the charging curve changed little. This second 
plateau was different from those observed in the cells with the RVC 
current collector, since the cell voltage was not the same and the 
discharging period of this plateau increased with the number of 
cycles. To explain the cause of this low voltage at discharging, 
selenium was loaded into the cell which had operated more than one 
hundred cycles as a Na/NiCl2 cell. The typical charge-discharge curves 
of this cell No.NS-905 are shown in Fig.9. In this type of experimen
tal cells the discharging period of the high voltage region, first 
plateau, was quite short even at the early cycles. The charge- 
discharge curves observed in this cell have changed little at cycles 
more than one hundred. The discharging capacity at the first plateau 
decreased with an increase of current density and with lowering the 
temperature, whereas the voltage drop was less than the cells with 
carbon current collectors.

The ohmic drop and polarization at discharging were measured with 
current pulses to elucidate the change of the discharging curve. 
Fig.10 depicts typical results measured with 1A pulses, of which on-

mainly depended on the resisitivity of the RVC current collector.
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time and off-time were 10ms. The ohmic drop measured from the abrupt 
voltage change at switching off was constant during the discharging. 
The polarization increased with the change of cell voltage, which was 
determined as the difference of the cell voltage at the ends of on- 
time and off-time. The dashed line in the discharge curve indicates 
the cell voltage compensated by the ohmic drop, which could not ex
plain the polarization at the second plateau. The values of polariza
tion measured with longer pulses were quite different from those shown 
in Fig.10. The variation of cell voltage with lmin pulses are shown in 
Fig.11. The voltage drastically changed except the early stage of 
discharging. The cell voltage observed at the ends of on-time and off- 
time are depicted in Fig.12. These results suggest the open circuit 
voltage measured at the end of off-time gradually changed, which 
corresponds to the reduction of tetravalent selenium for both pla
teaus. The difference between the voltages at on-time and off-time in 
Fig.12 is the polarization at discharging, which has never been 
observed in the cells with carbon current collectors. The reason of 
this large polarization would depend on the nickel chloride film which 
covered the nickel current collector. The diffusion of tetravalent 
selenium ions in this solid film must be the rate determining step at 
the discharging of the cell, which induced the large polarization.

The variations of turnaround energy efficiency and percent utilization 
of tetravalent selenium with the number of cycles are shown in Fig.13. 
In spite of the larger polarization at discharging, the performance of 
Na/Se(IV) cells changed little with the number of cycles in the cells 
prepared with the same manner as No.NS-905. These results suggest the 
porous nickel will have longer life as the current collector of 
Na/Se(IV) cells, although the polarization due to the nickel chloride 
film should be reduced.

SUMMARY

Charge-discharge behaviors of sodium/tetravalent selenium cells with 
reticulated vitreous carbon or nickel as the current collector have 
been described. The discharging capacity of the cells with vitreous 
carbon depends on the surface area of the current collector, and is 
limited by the deposition of sodium chloride on the current collector 
in basic AlCl3-NaCl melts. The vitreous carbon has, however, often 
broken by deposited sodium chloride especially in the cells with high 
capacity. The redox reaction of Se(IV)/Se(0) can occur on nickel 
electrode covered with nickel chloride film. Thick nickel chloride 
film induces higher polarization at discharging, since the diffusion 
of tetravalent selenium species in the film is the rate determining 
step. The performance of the cells with a porous nickel current 
collector changes little with the number of cycles, when the nickel 
chloride film becomes relatively thick.
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Fig.1 Schematic Diagram of an Experi
mental Na/Se(IV) Cell 
(A) Tungsten Wire (B) Sodium Inlet
(C) Positive Mixture Inlet
(D) Pyrex Glass (E) Sealing Glass 
(F) Sodium (G) $"-Alumina Tube
(H) Reticulated Nickel or RVC
(I) Tungsten Spiral
(J) Molten Salt Mixture
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N C A F O R  A L U M I N A  E L E C T R O L Y S I S

Vittorio de Nora
Moltech S.A. - Geneva - Switzerland

Abstract

Attempts to replace carbon anodes in aluminum production have failed 
mainly because oxides are the only materials which resist to the attack o f  
oxygen at high temperature and all oxides are more or less soluble in 
cryolite.

Stable non-carbon anodes (NCA), developed by Moltech, consist o f  a 
metal structure protected by an oxygen barrier and a conductive ceramic 
substrate which in turn, is protected form the attack o f  the cryolite by a 
dense cerium oxyfluoride coating (Cerox) stable in cryolite baths containing 
small constant given amounts o f  cerium ions.

Aluminum was first produced in 1886 by the electrolysis o f alumina dissolved in 
molten cryolite. The first commercially successful cell, which came to be known as the 
Hall-Heroult cell, used anodes fabricated from petroleum coke and pitch and a cathode 
o f  carbon covered with a pool o f  aluminum.

Although significant technological refinements in the cell design and construction 
have been made, the process remains basically the same as it was one hundred years 
ago.

Carbon is still the only material used today as an anode, in spite o f  the fact that the 
carbon is consumed during electrolysis and anode blocks must be replaced after about 
four weeks o f operation.

The oxygen which is formed at the anode surface as the electrochemical product of 
the decomposition o f  alumina, bums the carbon at a rate o f  approximately one-half ton 
per ton o f aluminum produced and this results in the emission o f carbon oxides, sulfur 
oxides and other undesirable gases or vapors and fumes.
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D I S A D V A N T A G E S  O F  C A R B O N  A N O D E S

The use o f carbon anodes in the Hall-Heroult process presents a number o f  
disadvantages which provide incentives for the developm ent o f a non-carbon, Non- 
Consumable Anode referred to as NCA™.
Som e o f  these are :

Table I - Disadvantages o f Carbon Anodes

1. High investment in plants for the manufacture o f carbon anodes.

2 . Consumption o f carbon anodes represents a major operating cost.

3 . Disturbing polluting gases escape from furnaces during the fabrication o f  
prebaked anodes or from cells  during operation, particularly from the old  
fashioned cells with S0derberg anodes.

4 . Extensive bubble effect. The shape and size o f  the present anodes prevent the free 
escape o f gas bubbles from the surface facing the cathode. This causes shielding 
o f a good part o f  the active anode surface area with a consequent increase o f  the 
overvoltage and o f the gap required between the anode and cathode.

5 . Irregular gas release. The thick layer o f the aluminum cathode fluctuates due to the 
irregular gas release.

6. Uneven magnetic field resulting from non-uniform current distribution.

7 . Frequent replacement is a difficult and unpleasant operation for the workmen with 
consequent high operating costs and plant investments.

N E E D  F O R  A N  N C A

For many years, the aluminum industry has searched for possible substitutes 
which would eliminate the disadvantages o f  carbon anodes. However, all attempts 
made so far by both the aluminum industry and outside investigators have been 
unsuccessful in identifying new anode materials meeting all the requirements. These 
efforts som etim es involved sporadic interest and only small investments in research 
and development. Perhaps more sustained efforts and perseverance were required to 
find a solution to this difficult problem. Without an acceptable new solution, carbon 
has continued to be the only anode material in use, and this has lim ited the 
improvements in basic cell design.

To find a substitute for carbon for aluminum electrolysis is certainly an unique and 
difficult problem. The hurdles to arrive at a solution are many, and often appear 
unsurmountable. H ow ever, a sustained major research effort by dedicated and 
enthusiastic experts should give hope that a technically and econom ically acceptable 
solution w ill be found.
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N C A  D E V E L O P M E N T
R E Q U I R E M E N T S  F O R  A  S U C C E S S F U L  N C A

The requirements for a stable anode can be readily defined.
However, to specify the requirements is a necessary step but only the first o f  many 
more towards the goal o f solving the problem which remains insurmountable

Table II - Requirements for a Successful NCA

1. Stable to the cryolite electrolyte.
2 . Stable to oxygen.
3 . High electronic conductivity.
4 . Negligible ionic conductivity
5 . Low oxygen overvoltage.
6. Good mechanical strength.
7 . Resistance to thermal shock.
8. Easy electrical connections.
9 . Readily fabricated into the right shapes and sizes.
10. Non-polluting in manufacture, use and disposal.
11. Acceptable contamination o f the aluminum produced.
12. Economically attractive.

Anodes in aluminum cells must resist the corrosive action o f  the cryolite at the 
operating temperature o f almost 1000°C. There is no known material insoluble in 
cryolite which, at the same time, resists the attack o f the oxygen generated during 
electrolysis on the surface o f the anode. Only oxides would be expected to resist the 
oxygen attack but all oxides are more or less soluble in cryolite.

Even those oxides which are less soluble and might be considered as possible 
candidates for NCA, contaminate the electrolysis bath and the aluminum produced to 
such an extent that the purification o f the metal is difficult or costly or both.

Another important required characteristic o f  the anode is the electronic 
conductivity which unfortunately is very low in most oxides, some o f which may also 
have an undesirable ionic conductivity. To increase the electronic conductivity o f  
oxides, doping agents can be added which, when w ell chosen, may improve 
considerably their electronic conductivity. These doping agents must also be oxides 
because oxygen would rapidly oxidize any metal added to increase conductivity.

It is important to mention also that the surface o f  the anode must be a good  
electrocatalyst for oxygen evolution to be able to operate with a low  overvoltage at the 
high current densities utilized.

The mechanical characteristics, which include resistance to mechanical stress and 
to thermal shock and the possibility o f  producing anodes having the right shapes and 
sizes w ill additionally limit the choice o f the materials the economically attractive for 
the fabrication and operation o f NCA.

A  large number o f materials have been evaluated by the various investigators, but 
none has yet met, in a satisfactory manner, all the difficult requirements for a stable 
anode.
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P R E V I O U S  D E V E L O P M E N T  W O R K

The Oronzio de Nora Company was probably one o f the first companies from  
outside the aluminum industry to be active in the search for a substitute for carbon. 
Intensive work started in 1972, and a strong incentive was provided by the successful 
experience in the development and application o f D imensionally Stable Anodes as a 
substitute for graphite in the electrolysis o f  brine for the production o f chlorine and 
caustic, hypochlorite and chlorates.
More recently a new company, Moltech Systems Limited, has been established with 
the specific object to develop new molten salt technology with non-carbon, Non- 
Consumable Anodes (NCA) and non-carbon, Non-Consumable Cathodes (NCC).

In this difficult and challenging endeavor, Moltech has obtained the valuable co
operation o f the de Nora Permelec Group, Permascand AB, Heraeus Elektroden and 
Eltech System s Corporation in addition to the indispensable co-operation o f certain 
aluminum producers (Alcan o f Canada and Aluminia o f  Italy).
This important international group o f  companies is proceeding successfully toward the 
developm ent and production o f  NCA and to the design and engineering o f  cells with 
Non-Carbon Cathodes (NCC) to utilize efficiently NCA o f new geometry which will 
permit improved operating conditions and cells performance.

M O L T E C H *  S D E V E L O P M E N T  W O R K

Over the years, Moltech and its predecessors had tested many materials, including 
anodes made o f  ferrites o f  various compositions, as w ell as o f tin oxide doped with 
different agents including oxides o f  copper, antimony and others.

Different ferrites, particularly doped nickel ferrites, were tried and their solubility 
in cryolite was among the lowest. However, the high electrical resistance (more than 
5x 10“2 ohm cm at 1000°C) o f  this material did not permit its utilization even when 
m etallic additions were introduced because metals were rapidly oxidized during 
electrolysis and the anode had an unacceptably short life.
The resistivity o f  doped tin oxide was reduced to less than 2x10"3 ohm cm at 1000°C. 
However, the solubility o f  tin oxide in cryolite, even if  very low , contaminates the 
aluminum to an extent too high to be acceptable and tin cannot be eliminated.

More recently, M oltech has tried successfully these and other materials in 
combination with a special coating.
In fact, the first indication o f  success arose when Moltech discovered that by adding 
cerium to the melt, a cerium oxide containing som e cerium fluoride formed on an 
oxygen-evolving anode which seemed to protect the substrate on which it formed.
This proprietary coating system, which was named Cerox™, opened up a number o f  
new possibilities. With a coating that was sufficiently conductive and resistant to 
cryolite, many substrates which did not meet all the requirements as an anode material 
could now be reconsidered in combination with a Cerox Coating.
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A  N E W  C O N C E P T  
T H E  C O M P O S I T E  A N O D E  S Y S T E M

Based on past experience with ceramic materials and coatings, M oltech has 
developed a new  type o f  non-carbon Non-Consum able A node based on a new  
concept. Recognizing that it was unlikely that any single material could m eet all the 
difficult requirements for a successful non-carbon anode, the new NCA developed is 
based on combining several materials for the best combination o f required properties. 
The composite anode system is formed by a Structure, a Substrate and a Coating.

Table HI - The NCA System

1. The M etal Structure for more convenient geometries o f  anodes, for mechanical 
resistance, better conduction o f current and easy electrical connections,

2 . The Ceramic Substrate for protection o f the Metal Structure and

3 . The Cerox Coating, for protection o f the Ceramic Substrate from the cryolite 
attack.

T H E  M E T A L  S T R U C T U R E

It has been determined that, due to the relatively high electrical resistance o f the 
oxides, it is  necessary to have a core o f metal in the NCA system for current feeding 
and distribution.
The M etal Structure must have good electrical contact with the Substrate without 
subjecting it to stresses due to the differences in coefficients o f thermal expansion. 
Anodes have been prepared having a metal core protected by the oxide Substrate, or an 
oxide Substrate in which a metallic core has been provided.

Table IV - NCA Metal Structure

When metals are used as structures, their composition is important because the 
oxygen formed at the anode surface w ill diffuse through the Cerox and the substrate 
which are not impervious barriers to oxygen.
The presence o f  chromium in the metal structure is important, because chromium 
oxide, which is readily formed at the surface o f  the metal, is an excellent barrier to 
oxygen penetration.

Steels containing high percentage o f  chromium or a lloys containing high 
percentage o f  nickel and chromium seem to be among the best alloys to be utilized as 
Structures.
Nickel copper alloys are also possible candidates for the Metal Structure.

The search for the best metal to form the Structure or the core o f  the Ceramic 
Substrate continues, and the results so far obtained are very encouraging.
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T H E  C E R A M I C  S U B S T R A T E

Cerox alone is not sufficient to protect the metal and an intermediate Ceramic 
Substrate is required.

The choice o f  the Substrate has been guided mainly by the electric conductivity 
and the corrosion resistance o f the material.

Table V -NCA Ceramic Substrates

Different oxides have been produced and tested with dopants added in various 
concentrations, in order to increase the conductivity and resistance to corrosion by the 
cryolite. Optimization o f the sintering process has provided dense samples with a low  
residual porosity.

Doped ceramic oxides remain the major anode Substrate candidates. Therefore, it 
is important that their quality standards and performance be controlled and tested.

In addition to the chem ical composition and the thermal cycle o f  the sintering 
process, the ceramic oxides must be adherent to the Metal Structures and have special 
surface characteristics for obtaining adherent dense and impervious Cerox Coatings.

Som e o f the doped ceramic oxides had previously been tried as anode materials 
without success, but surprisingly, when combined with the Cerox Coating, they 
performed well.

C E R O X
T H E  C R Y O L I T E - R E S I S T A N T  C O A T I N G

In the NCA developed by M oltech, the Cerox Coating is the most important 
material, because under proper conditions, provides an impervious protective coating 
for the Ceramic Substrate.

Table V I-N C A  Coating

Dense, impervious Cerox coatings have been deposited electrochemically. Other 
coating techniques such as plasma spray, flame spray, dip coating, co-sintering, have 
also been used to produce Cerox top coats or intermediate ceramic layers.

The first layer o f  Cerox coating, however formed, must be o f good quality as a 
first requisite for any additional formation and the maintenance o f a protective layer 
during the subsequent electrolysis for the production o f aluminum. The chemical 
composition and physical characteristics o f  the Substrate surface are important factors 
influencing the quality o f the first Cerox layer

Coarse-grained coatings may contain cracks and may not be com pletely  
impervious to cryolite.

It is advisable to keep the Cerox thickness at a value sufficient to protect the 
underlining structure without creating a too high resistance to the passage o f current.
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E L E C T R O C H E M I C A L  F O R M A T I O N  A N D  
M A I N T E N A N C E  O F  C E R O X  C O A T I N G S

The mechanism o f  formation and maintenance o f Cerox during electrolysis is not 
clearly known. The Cerox is probably deposited on the anode because Ce^+ ions in 
the molten cryolite are oxidized by either elimination o f electrons to form Ce^+ ions or 
by the atomic oxygen formed. This w ill depend upon the concentration at the anode 
surface o f  Ce^+ ions and o f O^' ions and upon the anodic potential.

Som e o f  the factors influencing the physico-chem ical characteristics o f  Cerox 
obtained by electrochemical deposition have been identified and include the fo llow ing:

Table VII -Factors Influencing the Characteristics o f  Cerox

Chemical composition o f the Substrate surface.
Physical characteristics o f  the Substrate surface.
Bath composition, in particular AI2 O 3  concentration and NaF/AlF3  ratio as well 
as the presence o f  other ions.
Cerium concentration in the bath, particularly the concentration o f Ce^+ and Ce^+ 
ions in the vicinity o f  the anode surface.
Doping agents such as tantalum and niobium which improve the density and the 
conductivity o f  Cerox.
Current density and current density distribution over the active surface o f  the 
anode.
Overpotential o f oxygen evolution.

During electrolysis, bath composition, and particularly a constant concentration o f 
cerium, is critical to maintain a permanent dense, impervious coating o f the desired 
thickness. A  high concentration o f cerium will increase the thickness o f  C erox .
On the other side, the change in current density has probably no major effect on the 
solubility and stability o f Cerox in cryolite. However, it is to be expected that when the 
current density and overvoltage increase, the Cerox solubility may be reduced.

Cerox, which during stable conditions is in equilibrium with the electrolyte 
containing cerium, during electrolysis may undergo modifications and go into solution 
at one site and crystallize at another site. Recrystallization may also take place with 
formation o f  crystals o f  larger size or different structure, if  there is sufficient difference 
in free energy to drive the change.

The diffusion phenomena o f  oxygen, metals and metal oxides com plicate the 
equilibrium among the different layers o f  the NCA System and influence its stability.

The high resistivity o f  Cerox, (2 to 5 ohm cm at 1000°C) lower however than that 
o f  cerium oxide due to the co-deposition o f  cerium fluoride, is one o f  the factors 
influencing the thickness o f  the deposit. It w ill in fact facilitate the concentration o f  
current at thin spots in the coating with a consequent increase o f  the oxygen  
overvoltage and a local decrease o f the alumina concentration thus providing a 
favorable stabilizing effect in the maintenance o f the Cerox Coating.

1.
2 .
3 .

4 .

5 .

6 . 

7 .
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R egardless o f  the initial method o f  form ation o f  Cerox Coatings, their 
maintenance and their quality during the electrowinning o f aluminum is influenced by 
the operating conditions . Som e o f these, such as temperature and current density, 
cannot be m odified at w ill unless the basic conditions o f the commercial electrolysis 
process are changed. Other factors, such as alumina concentration and NaF/AlF3 ratio 
can be slightly modified while others, like the presence o f other elements which do not 
influence the efficiency o f the process or the purity o f  the aluminum produced, may be 
modified to a large extent if  required to maintain a good Cerox Coating.

O f course, with the use o f  a non-carbon anode, the electrochemical reactions take 
place at an anode surface which has different characteristics such as anode potential, 
overpotential, and may permit drastic changes in the electrolyte composition and in the 
operating conditions.

The requirements for the maintenance o f an initially good Cerox Coating are still 
being optimized and most o f  the important factors which influence the stability and 
maintain the thickness and imperviousness o f  the Cerox Coating have been identified.

The cerium  in the electrolyte is also in equilibrium with the cerium in the 
aluminum produced from which it can be removed to acceptable levels. It is recovered 
as cerium fluoride which can be returned to the bath to keep its cerium concentration 
constant.

E L E C T R O L Y S I S  T E S T I N G  O F  N C A

Ceramic Substrates with Cerox coatings have been operating at current densities 
up to more than 100 amps/dm^. The problems which have been encountered are being 
resolved in order to have NCA with a geometry and size suited to the operation o f  
commercial cells and having a life o f sufficient duration.
Som e o f the operating problems include:

Table VIII - Operating Problems

1. Resistance o f metal structures to the attack o f oxygen.
2 . Resistance to thermal shock o f the Substrate and o f the Cerox coatings.
3 . Adherence o f  the Ceramic Substrate to the Metal Structure and adherence o f the 

Cerox Coating to the Substrate.
4 . Conductivity o f  the Ceramic Substrate for more uniform current distribution.
5 . Chemical stability o f  Cerox coatings during electrolysis and maintenance o f its 

imperviousness.

Progress has been made to overcome the hurdles.

The key to the current approach to the development o f  an NCA is the ability o f  
Cerox to provide complete protection to a Ceramic Substrate and to be self-healing in 
the spots where thickness decreases or cracks are formed. To establish the feasibility 
o f  this, the availability o f  good quality cryolite-tight Cerox coatings is indispensable.
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Hopefully, current efforts w ill soon give a reliable and reproducible process to 
provide near-perfect Cerox coatings on Ceramic Substrates o f  various sizes and 
shapes.

It is w ell recognized that, i f  a Cerox Coating rearranges its structure during 
electrolysis, it might lose its protective properties. In order to assess and attack the 
problem, good quality initial coatings are needed in order to have Cerox stable under 
conditions o f electrolysis so that long-term tests can be carried out.

The current rod-shaped anodes, while useful in much o f  the initial test work, are 
not satisfactory for scale up. It is likely that some o f the problems w e are now facing 
may be unique to the rod anode. Therefore, anodes o f improved geometry are being 
developed.

The discovery o f  Cerox form ation has been a great contribution to the 
development o f  non-carbon, Non-Consumable Anodes, particularly if  one thinks that 
all oxides are more or less soluble in cryolite and only a continuous self-forming  
process would permit the realization o f what has been considered a dream.

C U R R E N T  S T A T U S  O F  T H E  N C A  D E V E L O P M E N T

The work o f M oltech and its Partners has advanced beyond the identification o f 
promising candidate materials for NCA.
Testing is now being carried out in pilot scale cells.

The composite anode concept has been developed and several promising materials 
have been identified for the Metal Structure and the Ceramic Substrate. Various 
methods o f applying the Ceramic Substrate have been demonstrated.

The cryolite protection offered by Cerox is a key element. Procedures have been 
developed to deposit near-impervious Cerox coatings on Substrates. Anode design, 
scale-up and fabrication are progressing to a model more closely related to commercial 
practice.

Combining all these elements in some long term testing at the pilot scale, w ill lead 
to further tests in commercial cells in the near future.
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O U T L O O K

Considerable progress have been made, however, the very difficult operating 
conditions and requirements o f  the Hall-Heroult cell present a still formidable 
challenge. Cerox, which is unique in its ability to resist cryolite, is the key to success 
where so many other materials have failed.

To attack the problem, Moltech has brought together a group o f companies, which 
include knowledgeable individuals and outside consultants, representing expertise in 
all phases o f  material science, electrochemistry, ceramics, coatings technology, and 
aluminum production. This team, with its enthusiasm, determination, necessary  
experience and resources is w ell positioned to develop the first successful NCA.

H opefully, N CA w ill soon revolutionize the aluminum industry and lead to 
innovations that w ill permit the construction o f more efficient electrolytic cells o f  new  
designs, with savings in capital investment and manufacturing costs, but above all 
with non-polluting and long-lasting anodes.
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ABSTRACT.

The r e c h a r g e a b le  m o lte n  s a l t  b a t t e r y  sy s te m  
N h / N a s ic o n / N a A lC l4/ N i3S 2 ( o r  F e S 2 ) h a s  b een

in v e s t ig a t e d  a t  1 7 5 °C . N a s ic o n  i s  a c e r a m ic  
N a - io n i c  c o n d u c t o r .

The c h a r g e / d is c h a r g e  p e rfo rm a n c e  o f  e x p e r im e n t a l  
c e l l s  a r e  p r e s e n t e d .  F u r t h e r ,  th e  c o r r o s io n  o f  
N a s ic o n  i n  N a C l - A lC l3 m e lts  (4 9 .8  ( s a t u r a t e d

w it h  N a C l)  o r  66 m ol % A1C13 ) i s  e x a m in e d .

INTRODUCTION.

A t  th e  T e c h n ic a l  U n i v e r s i t y  o f  Denmark we h a v e  p e rfo rm e d  
an in t e n s iv e  in v e s t i g a t i o n  on r e c h a r g e a b le  m o lte n  s a l t  
b a t t e r i e s  d u r in g  th e  l a s t  n in e  y e a r s .

M o lte n  c h lo r o a lu m in a t e s  h ave  b een  u se d  a s  e l e c t r o l y t e s  and  
a lu m in iu m  a s  anode m a t e r i a l ,  w h ile  th e  p r e f e r r e d  c a th o d e s  
h av e  b e en  t r a n s i t i o n  m e ta l s u l f i d e s  ( 1 ) .

F u r t h e r ,  d u r in g  th e  l a s t  few  y e a r s  so d iu m  b a t t e r i e s  u t i l i 
z in g  t h e  same e l e c t r o l y t e  and c a th o d e s  a s  t h e  a lum inum
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b a t t e r i e s  b u t  w it h  N a s ic o n  c e ra m ic  a s  s e p a r a t o r  t o  th e  
anode h av e  b een  s t u d ie d .  T h e se  sod ium  b a t t e r i e s  a re  in  
p r i n c i p l e  a c o m p e t it o r  t o  th e  sod ium  m e ta l c h l o r id e  
(Z e b ra ) b a t t e r i e s  (2) . T h e i r  a d v a n ta g e s  com pared  w ith  th e  
s o d iu m - s u lf u r  b a t t e r i e s  a r e  h ig h e r  v o l t a g e  (2 .6  v e r s u s  2 .0  
V o l t s )  and a much lo w e r  o p e r a t in g  te m p e ra tu re  (1 7 5 -2 5 0 °C 
c o n t r a  3 0 0 -3 5 0 °C) r e s u l t i n g  in  l e s s  c o r r o s io n  o f  th e  
sod ium  i o n i c  c o n d u c t o r .

EXPERIMENTAL.

The  p r e p a r a t io n  o f  th e  m o lte n  s a l t  e l e c t r o l y t e  h a s  been  
d e s c r ib e d  p r e v io u s l y  (1) . The c a th o d e s  a r e  p re p a re d  from  
c a .  90% N i 3S 2 o r  F e S 2 (b o th  from  C e ra c , USA) , 5% t e f l o n

(as a d i s p e r s i o n  fro m  Dupont) and 5% a c t i v e  c a rb o n  (D arco  
G60 fro m  F l u k a ) . T h is  c a th o d e  m a t e r ia l  was p r e s s e d  o n to  a 
n i c k e l  mesh c u r r e n t  c o l l e c t o r .

The  e x p e r im e n t a l c e l l s ,  F i g .  1, 2 , and 3 , w ere f i l l e d  w ith  
f r e s h l y  c u t  sod ium  ( a n a l y t i c a l  g ra d e  fro m  M e rck  e x c e p t  
c e l l s  N a / N i-6  and 8 w here Na from  F lu k a ,  p r a c t .  w ere used)  
i n  a Vacuum A tm o sp h ere  C o . m odel HE-553 g lo v e  box w ith  
a rg o n  a tm o sp h e re  w it h  a m easu red  oxygen  c o n t e n t  o f  c a .  <
5-1 0  ppm (D a n se n so r  m odel T IA -2  oxygen  m o n it o r ) . The p r e 
p a r a t io n  and p r o p e r t i e s  o f  N a s ic o n  h a s  b een  d e s c r ib e d  in  
r e f .  3 - 4 . The w a l l  t h ic k n e s s  o f  th e  tu b e s  was a p p ro x . 1 
mm, w h i le  t h a t  o f  th e  N a s ic o n  d i s c s  w ere c a .  0 .2  mm. The  
c o m p o s it io n  o f  th e  N a s ic o n  i s  shown in  T a b le  I .

The b e t a - a lu m in a  tu b e  was o b t a in e d  from  A se a  Brown B o v e ry ,  
H e id e lb e r g ,  W est G erm any.

The  f i l l e d  c e l l s  w ere t r a n s f e r r e d  t o  te m p e ra tu re  c o n t r o l 
le d  o v e n s  and t e s t e d  w ith  a b a t t e r y  c y c l i n g  eq u ip m e n t as  
d e s c r ib e d  e a r l i e r  ( 1 ) .

C o r r o s io n  o f  N a s ic o n  in  th e  N a C l - A lC l3 E l e c t r o l y t e .

S t a t i c  c o r r o s io n  o f  th e  N a s ic o n  c e ra m ic  h a s  been  exam ined  
i n  s l i g h t l y  b a s i c  o r  s t r o n g ly  a c i d i c  N a C l - A lC l3 m e lts  a t

1 7 5 °C . The  a c t u a l  m e lts  w ere e i t h e r  s a t u r a t e d  w ith  N a C l 
(4 9 .8  m ol % A 1C 13 ) o r  c o n t a in e d  66 m ol % A1C13 , r e s p e c 

t i v e l y .  A f t e r  e x p o s u re  t o  th e  m e lts  i n  s e a le d  P y re x  am
p o u le s ,  th e  c e r a m ic  N a s ic o n  d i s c s  w ere r in s e d  in  d i s t i l l e d  
w a t e r ,  d r ie d  and th e  w e ig h t  lo s s  was d e te rm in e d  a s  a f u n c 
t i o n  o f  t h e  p e r io d  o f  t im e  th e  d i s c s  w ere im m ersed in  th e  
m e lt .
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The s u r f a c e / m e lt  r a t i o  ( i . e .  cm d i s c - s u r f a c e  a r e a  d iv id e d
3 . . .

by  cm o f  m e lt-v o lu m e )  was 0 .2 0  f o r  th e  a c i d i c  e x p e r im e n t ,
w h ile  two b a s i c  s e r i e s  o f  e x p e r im e n ts  w ere  p e r fo rm e d  w ith  
s u r f a c e / m e lt s  r a t i o s  o f  0 .1 0  and 0 .2 0 ,  r e s p e c t i v e l y .

R e a c t io n  betw een  c e ra m ic  and m e lt  ca n  i d e a l l y  a p p e a r  
e i t h e r  a s  b u lk  d i s s o l u t i o n  o r  a s  d i f f u s i o n  c o n t r o l l e d  
p r o c e s s e s .  A c c o r d in g ly ,  th e  w e ig h t  l o s s  d e p ic t e d  a s  a 
f u n c t io n  o f  im m e rs io n  t im e  in  a lo g - lo g  p l o t  i s  e x p e c te d  
t o  f o l lo w  s t r a i g h t  l i n e s  w ith  s lo p e  1 o r  0 .5 ,  r e s p e c t i v e l y  
(5) .

In  b a s ic  m e lt s  -  w ith  a s u r f a c e / m e lt  r a t i o  o f  0 .2 0  -  th e  
c o r r o s io n  s lo w s  down a f t e r  200-250 h o u r s ,  s e e  F i g .  4 . The

2w e ig h t  lo s s  m  t h i s  c a s e  i s  a p p ro x . 3 mg/cm . The maximum 
w e ig h t l o s s  a f t e r  th e  f o l lo w in g  1800 h o u rs  was c a .  6

2mg/cm , a f t e r  w h ich  th e  e x p e r im e n ts  w ere t e r m in a t e d .

In  th e  f i r s t  250 h o u rs  th e  s lo p e  o f  th e  c o r r o s io n  c u r v e  in  
a lo g - lo g  p l o t  i s  0 .7 7 ± 0 .0 8  ( c o r r e l a t io n  c o e f f i c i e n t  0 .9 7 )  
i n d i c a t i n g  t h a t  th e  c o r r o s io n  r a t e  i s  c o n t r o l l e d  p a r t l y  by  
b u lk  d i s s o l u t i o n  and p a r t l y  by  d i f f u s i o n  p r o c e s s e s .

W ith  a s u r f a c e / m e lt  r a t i o  o f  0 .1 0  th e  c o r r o s io n  a l s o  s lo w s  
down a f t e r  200-250 h o u rs ,  se e  F i g .  5 . H e re  t h e  w e ig h t

2lo s s e s  a r e  c a .  4 and 8 .5  mg/cm , r e s p e c t i v e l y .  In  t h i s  
c a s e ,  h o w e ve r, th e  s lo p e  i s  0 .5 0 ± 0 .1 0  ( c o r r .  c o e f f i c i e n t
0 .9 5 )  in d i c a t i n g  a m ore c l e a r  d i f f u s i o n  c o n t r o l l e d  p r o c e s s  
(p e rh a p s  due t o  r e s t r i c t i o n s  t o  m e lt  m o vem en ts).

F o r  a c i d i c  m e lt s  -  w it h  s u r f a c e / m e lt  r a t i o s  o f  0 .2 0  -  th e  
c o r r o s io n  a ls o  seem s t o  s lo w  down a f t e r  a p p ro x . 200-250  
h o u rs ,  s e e  F i g .  6 . We h a v e , h o w ever, n o t  s u f f i c i e n t  mea
su re m e n ts  w it h  m ore th a n  1000 h o u rs  o f  t e s t i n g  t im e  t o  
d e te rm in e  t h i s  w it h  c e r t a i n t y .  The  w e ig h t  l o s s  a f t e r

2200-250 h o u rs  i s  c a .  4 mg/cm , and th e  s lo p e  i s  0 .7 3 ± 0 .1 0  
( c o r r .  c o e f f i c i e n t  0 .9 6 ) .

A l l  th e  abo ve  m e n tio n e d  e x p e r im e n ts  w ere p e r fo rm e d  by  
r o c k in g  th e  am p o u les  d u r in g  im m e rs io n  o f  t h e  N a s ic o n  c e r a 
m ic s  ( th e  r o c k in g  p e r io d  was 4 s e c  and  t h e  r o c k in g  a n g le  
c a .  3 0 ° ) .  R o c k in g  c a u s e s  s t i r r i n g  o f  t h e  N a C l - A lC l3 m e lt ,

w h ich  may h ave  im p a c t  on th e  r a t e  and m echan ism  o f  c o r 
r o s io n .  In  o r d e r  t o  in v e s t ig a t e  t h i s  p o s s i b i l i t y  a n o th e r  
s e r i e s  o f  e x p e r im e n ts  ( in  b a s ic  m e lt s  w it h  a s u r f a c e / m e lt

2
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r a t i o  o f  0 .2 0 )  w ere p e rfo rm e d  w it h o u t  r o c k in g  t h e  am
p o u le s .  In  t h i s  c a s e  t h e  s lo p e  o f  t h e  c o r r o s io n  c u r v e  f o r  
t im e s  l e s s  th a n  200 h o u rs  was 0 .4 7  (b a se d  on t h r e e  d a ta  
p o in t s )  -  i n d i c a t i n g  a d i f f u s i o n  c o n t r o l l e d  c o r r o s io n  
p r o c e s s .  T h e r e f o r e ,  r o c k in g  seem s a s  e x p e c te d  t o  in c r e a s e  
c o r r o s io n  b y  a b u lk  d i s s o l u t i o n  p r o c e s s .

F i n a l l y ,  a num ber o f  e x p e r im e n ts  w ere p e rfo rm e d  i n  o r d e r  
t o  f i n d  a way t o  a v o id  o r  c o n t r o l  t h e  c o r r o s io n .  The m ost 
l i k e l y  c o r r o s io n  p r o d u c t s  a r e  A lP O ^ , S i C l 4 and Z rC l^  w h ich

w ere added  i n d i v i d u a l l y  t o  th e  m e lt s  b e f o r e  im m e rs in g  th e  
N a s ic o n  d i s c s .  G r e a t  c a r e  was ta k e n  t o  w e ig h  o u t  th e  c o r 
r e c t  am ount o f  N a C l and A1C13 g iv i n g  t h e  same a c i d i t y / -

b a s i c i t y  a s  b e f o r e  ( a d d i t iv e s  a f f e c t s  t h e  a c id - b a s e  e q u i
l i b r i a  o f  th e  e l e c t r o l y t e ) .

I t  w as, h o w e v e r, n o t  p o s s ib l e  t o  f i n d  any  p o s i t i v e  i n f l u 
e n ce  on th e  r a t e  o f  c o r r o s io n  w it h  e i t h e r  A 1 P O ., S i G l .  o r

4 ' 4
Z r C l . .4

A t  p r e s e n t ,  t h e  o n ly  known way t o  re d u c e  t h e  c o r r o s io n  o f  
N a s ic o n  in  N a C l - A lC l3 m e lts  i s  t o  s a t u r a t e  th e  e l e c t r o l y t e

w it h  N a s ic o n  pow der b e f o r e  a s s e m b lin g  th e  b a t t e r y .

C o n t a c t  A n g le  M e a su re m e n ts .
I t  i s  o f  i n t e r e s t  t o  know how w e l l  N a s ic o n  i s  w e tte d  by  
t h e  l i q u i d  anode and l i q u i d  e l e c t r o l y t e .  The w e t t in g  p r o 
p e r t i e s  w ere s t u d ie d  b y  m e a s u r in g  c o n t a c t  a n g le s  betw een  
N a s ic o n  and d r o p l e t s  o f  th e  l i q u i d  m a t e r i a l s  by  a p h o to 
g r a p h ic  t e c h n iq u e .  The N a -N a s ic o n  c o n t a c t  a n g le  was mea
s u re d  in  a p y re x  g la s s  am poule  a t  1 7 5 °C t o  b e  129±4° 
(a v e ra g e  o f  th e  r i g h t  and l e f t  a n g le s  f o r  4 e x p e r im e n ts )  
i n d i c a t i n g  t h a t  sod ium  o n ly  s l i g h t l y  w e ts  N a s ic o n .  T h is  
v a lu e  ca n  b e  com pared  w it h  a v a lu e  o f  128° fo u n d  a t  2 6 5 °C 
b y  V is w a n a th a n  and V i r k a r  ( 6 ) .  The c o n t a c t  a n g le  betw een  
N a A lC l4 and N a s ic o n  was m easured  in  t h e  same way g iv i n g  a

v a lu e  o f  0° in d i c a t i n g  t h a t  N a s ic o n  i s  c o m p le t e ly  w e tte d  
b y  N a A lC l4 . F u r t h e r ,  th e  c o n t a c t  a n g le  betw een  N a-K  (5 0 :5 0

atom  %) a l l o y  and N a s ic o n  c e ra m ic  was m easured  due t o  th e  
i n t e r e s t  f o r  b a t t e r i e s  t h a t  ca n  be o p e ra te d  c lo s e  t o  room  
t e m p e r a tu r e . The  a l l o y  i s  l i q u i d  down t o  3 .6 ° C  and th e  
c o n t a c t  a n g le  was m easured  a t  room te m p e ra tu re  t o  be  
119± 1°C, s e e  F i g .  7 , th u s  in d i c a t i n g  a s l i g h t l y  b e t t e r  
w e t t in g  a b i l i t y  th a n  f o r  p u re  so d iu m . I t  w as, h o w e ve r, 
l a t e r  d is c o v e r e d  t h a t  N a s ic o n  ca n  n o t  b e  u se d  i n  d i r e c t
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c o n t a c t  w it h  m o lte n  N a -K . P r o b a b ly ,  due t o  s o l i d - s t a t e  io n  
ex ch a n g e  t h e  c e r a m ic  ex p a n d s and i n  t h i s  way c a u s e s  f r a c 
t u r e s  i n  th e  m a t e r i a l .

Sodium  b a t t e r i e s .
Many so d iu m  b a t t e r i e s  w ith  N a s ic o n  c e r a m ic ,  N a A lC l4 e l e c 

t r o l y t e  and F e S 2 o r  N i 3S 2 c a th o d e s  h ave  been  c o n s t r u c t e d

and t e s t e d  a t  175°C w ith  c o n s t a n t  c h a r g e / d is c h a r g e  c u r 
r e n t s .  Some, r e s u l t s  a r e  p r e s e n t e d  i n  T a b le  I I  and i n  F i g .  
8-11.
The g e n e r a l  t r e n d  i s  t h a t  h ig h  c a th o d e  u t i l i z a t i o n s  ca n  be  
o b t a in e d ,  t h a t  h ig h  p e rfo rm a n c e  c e l l s  ca n  be c y c le d  1500 
t im e s  o r  m ore , and t h a t  th e  c h a r g e / d is c h a r g e  v o l t a g e s  
u s u a l l y  a r e  2 .8 / 2 .0  V o l t s  -  s l i g h t l y  h ig h e r  f o r  t h e  n i c k e l  
c o n t a in in g  c e l l s  th a n  f o r  i r o n  c o n t a in in g  c e l l s .

I t  s h o u ld  be n o te d  t h a t  s in c e  th e  anode i s  c h e m ic a l ly  
s e p a r a t e d  fro m  th e  e l e c t r o l y t e ,  th e  r e l a t i v e l y  h ig h  s o l u 
b i l i t y  o f  F e S 2 i n  N a A lC l4 m e lt s  do n o t  c a u s e  a ny  p ro b le m s .

A s  se e n  fro m  th e  F ig u r e s  no o b v io u s  d i f f e r e n c e s  w ere  fo u n d  
betw een  c e l l s  c o n t a in in g  N a s ic o n  o r  c o n t a in in g  b e t a -  
a lu m in a  .

F l a t  c e l l s  o f  th e  N a / N a s ic o n / N a A lC l4/ N i3S 2 sy s te m  h ave

a ls o  b e en  c o n s t r u c t e d .  A f t e r  many p r a c t i c a l  d i f f i c u l t i e s  
i t  h a s  now been  shown t h a t  t h e s e  c e l l s  ca n  b e  c y c le d  ( a t  
le a s t )  750 t im e s  w it h  v o l t a g e s  a s  a b o v e , s e e  F i g .  11.

The c h a r g e / d is c h a r g e  c u r v e s  o f  a l l  c e l l s  w it h  N i 3S 2 r e v e a l

up t o  t h r e e  v o l t a g e  p la t e a u s ,  i n d i c a t i n g  t h a t  t h r e e  d i f 
f e r e n t  c a th o d e  r e a c t io n s  a r e  t a k in g  p la c e  d u r in g  c h a r g in g  
and d is c h a r g in g .

The o v e r a l l  c e l l  r e a c t io n  d u r in g  th e  lo w e s t  p la t e a u  
( 2 .0 - 2 .1  V) in v o lv e s  fo r m a t io n / d e c o m p o s it io n  o f  e s s e n 
t i a l l y  N i 3 S 2  (7 ' 8 )* The e le c t r o d e  r e a c t io n s  a r e  a c c o r d in g 

l y :

d is c h a r g e
A no de: Na ..........—  > Na+ + e "  (1)

c h a rg e

775



Cathode: 3 N i + 2S ( 2)
discharge

N i3S 2 + 4 e ’  < = >  
charge

2 -

Since the sulphide ions are complexed in the electrolyte
(9) the cathode reaction becomes:

discharge
N i^ S „ + 2A1C17 + 4e” -------- > 3 N i + 2A1SC1I + 4C1 (3)3 2 4 <------------  2 ' '

charge
Thus the total reaction is

discharge
4Na + N i^ S„ + 2 N a A lC l , ----------- >3 2 4 <----------

charge
3 N i + 2 N a A lS C l2 + 4N aCl 

(4)
According to (7) the second plateau is associated with a 
compound containing both sodium and sulfide, presumably a 
NaxNiySzCl2y_2z+x-type compound. Most probably x=z. The
reaction taking place during the third plateau has not 
been identified yet.

CONCLUSION.
The cycling performance and the voltages of Na/NaAlCl4/- 
Ni3S2 batteries are high. They seem to be very promising 
candidates for future high energy density rechargeable 
battery systems.
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Table I. Composition of the used Nasicon Ceramic (NZPS-82-1BC) and 
the Observed Phases, Sintered for 10 h at 1200°C. The Nasicon Phase 
is Determined by XRD and the Glass Phase is Examined by Electron 
Microprobe.

P2°5
- wt% - 

Si02 Zr02 Na2°
atoms in 

Na Zr
formula
Si

unit
P 0

NZPS-
82-1BC 12.25 28.51 39.60 19.64 2.94 1.49 2.20 0.80 10.85
Nasicon- 
X = 2.14* 10.73 24.30 46.58 18.39 3.14 2.00 2.14 0.86 12.00
Glass
phase 16.67 38.50 19.37 25.46

Nal+xZr2SixP3-x°12 *
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Table II. Testing Results of Sodium Batteries

Cell no. Type Cathode Open
circuit
voltage
Volts

Cycle
no.

Current Test Current Energy densi- time efficiency (b) 
ty (a)
mA/cm2 h % %

Na/Ni-6 Beta- Ni3S2 2.65 5 1 5 100 87
alu- 50 1 5 100 88
mina 100 1 5 100 89
tube 200 1 5 100 83500 1 5 100 831000 1 5 100 801500 1 5 100 79

2000 1 5 100 86
Na/Ni-8 Nasi- FeS2 2.7 (c) 5 3 5 100 78

con 50 3 5 100 80tube 100 3 5 100 92200 3 5 100 79
Na/Ni-26 Nasi- Ni3S2 2.63 5 4 5 100 87

con 50 4 5 100 86tube 100 4 5 100 87200 4 5 98 70500 4 5 96 761000 4 5 92 75
Na/Ni-48 Nasi- Ni3S2 2.72 5 5 3 100 85

con 50 5 3 100 70disc 100 5 3 100 71200 5 3 100 72500 5 3 100 81

(a) Actual test currents for the four cells are 25, 20, 25, and 
5 mA, respectively.
(b) Cathode material utilization in each cycle was ca. 21%, 31%, 23% and 18%, respectively.
(c) Measured after cycle no. 1.
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Figure 1. (Left) Nasicon tube test cell. A) Terminal 
(tungsten wire); B) Pyrex glass; C) Nasicon tube; D) 
NaAlCl4 electrolyte; E) Cathode; F) Sodium anode.

Figure 2. (Center) Beta-alumina tube test cell. A) Termi
nal (tungsten wire); B) Glass tube for addition of Na; C) 
Glass tube for addition af NaAlCl4 electrolyte; D) Pyrex 
glass body; E) Beta-alumina tube; F) NaAlCl4 electrolyte; 
G) Sodium anode; H) Cathode.

Figure 3. (Right) Nasicon disc test cell. A) Sodium Anode; 
B) Aluminum housing; C) NaAlCl4 elektrolyte; D) Cathode; 
E) Stainless steel housing; F) Teflon O-ring; G) Nasicon 
disc; H) Mounting screw.
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Figure 4. Corrosion of Nasicon as a function of time in 
basic NaCl-AlCl3 at 175"C with a surface/melt ratio of

Figure 5. Corrosion of Nasicon as a function of time in 
basic NaCl-AlCl at 175"C with a surface/melt ratio of 
0 . 10 .

TIME hours

Figure 6. Corrosion of Nasicon as a function of time in 
acidic NaCl-AlCi3 at 175°C with a surface/melt ratio of 
0 .2 0 .
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Figure 7. Sodium-potassium (50:50 atom %) drop photo
graphed on a Nasicon disc at room temperature. The dia
meter of the disc is ca. 19 mm.

Figure 8. Charge/discharge curves for the testing of cell 
Na/Ni-6 with 0-alumina separator and Ni3S2 cathode. Other 
experimental details are given in Table II.
C = Charge; D = Discharge and P = Pause.
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Figure 9. Charge/discharge curves for the testing of cell 
Na/Ni-8 with a Nasicon tube and FeS2 as cathode material. 
The experimental details are given in Table II.
C = Charge; D = Discharge and P «= Pause.

Figure 10. Charge/discharge curves for the testing of cell 
Na/Ni-26 with a Nasicon tube and Ni3S2 as cathode mate
rial. The experimental details are given in Table II.
C = Charge; D = Discharge and P = Pause.
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Figure 11. Charge/discharge curves for the testing of cell 
Na/Ni-48 with a Nasicon disc and Ni3S2 as cathode mate
rial. The experimental details are given in Table II.
C = Charge; D = Discharge and P = Pause.
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ALUMINUM/POLYANILINE BATTERIES WITH 
AMBIENT TEMPERATURE MOLTEN SALT ELECTROLYTES

Nobuyuki Koura and Hirokazu Ejiri

Department of Industrial Chemistry 
Tokyo University of Science 

Yamazaki, Noda, Chiba 278, Japan

ABSTRACT

Polyaniline electrodes and ambient temperature molten 
salts electrolytes have been studied to develop a new type 
Al/polyaniline secondary cell. The AICI3-EMIC melt was 
much better than the AICI3-BPC melt as the cell elec
trolyte. The reason was attributed to that the former con
ductivity is large and the viscosity is small. The poly
aniline was synthesized in a non-aqueous electrolyte to 
reduce bad effect of a small amount of H2O in the poly
aniline synthesized in an aqueous solution. An electro
active and stable polyaniline was obtained from a BPC bath 
at about 2.0V vs.Al. The polyaniline was porous. In the 
case of the cell used polyaniline synthesized at 2.2V 
vs.Al in the BPC bath, the open circuit voltage, the dis
charge capacity, and the charge/discharge efficiency was 
1.6V, 68Ah/kg, and 99%, respectively.

INTRODUCTION

An application of conductive polymers to positive electrode 
materials for the secondary cells has been investigated(l). Among 
these polymers, a polyaniline (PAn) is most strongly expected and 
commercialized in part(2), because it has a relatively high doping 
level per polymer unit and a large discharge capacity(3,4).

Moreover, from the ambient temperature molten salts electrolytes, 
i.e., an AlCl3-l-butylpyridinium chloride (BPC) system and an AICI3- 
l-ethyl-3-methylimidazolium chloride (EMIC) system, a dense and 
smooth A1 plating can be obtained(5,6,7). Therefore, the recharge- 
ability of A1 electrode in these electrolytes is very good. Then, we 
have investigated a new type Al/PAn secondary cell(8) with the 
above electrolytes, where a PAn powder(9) is used as the positive 
electrode material.

An electroactive PAn is usually synthesized by the elec
trochemical polymerization method in an acidic aqueous solution. A 
small amount of H2O in the PAn should attack the ambient temperature 
molten salt which is very active against water. It was attempted 
that a PAn is synthesized in a non-aqueous electrolyte, because the
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PAn must show good charge/discharge characteristics in the molten 
salt electrolyte.

EXPERIMENTAL

Synthesis of PAn --  In the case of the polymerization from an
aqueous electrolyte, the PAn was electrolytically synthesized from a 
0.5M aniline + 1.0N HC1 aqueous solution as a powder. On the other 
hand, in the case of the polymerization from non-aqueous elec
trolyte, the PAn was prepared from an AICI3-BPC (mole ratio: 2/1) +
benzene (50vol.%) + aniline (0.5M) bath.

Electrolyte --- Anhydrous AICI3 and BPC or EMIC (mole ratio: 2/1) 
were mixed, then purified by the substitution method with A1 
wire(10).

Batteries --  A PAn powder and film were used as the positive
electrode(9). An A1 rod (99.99%) was used as the negative electrode. 
Batteries were operated in N2 atmosphere at room temperature.

RESULTS AND DISCUSSION

1) Cell with ambient temperature molten salts electrolytes.
The characteristics of the AICI3-BPC and AICI3--EMIC melts as the 

cell electrolyte was studied. The charge and discharge curves for 
the PAn powder electrode at O.AmA/cm^ in the melts are shown in Fig. 
1. Obviously, the EMIC bath is better than the BPC bath. The reason 
may be attributed to high conductivity and low viscosity of the EMIC 
bath. These data as shown in Table 1 prove the reason. Moreover, it 
was known that these data for the EMIC bath are near to those of 
aqueous solution.

Figure 2 shows the discharge capacity and coulombic efficiency 
versus charge capacity. The discharge capacity increased linearly up 
to 50Ah/kg of charge capacity. An oxidation decomposition of PAn due 
to the overcharging may occur from 60Ah/kg. The reason may be 
attributed to that the electric contact of PAn powder and the elec
tric conductivity of electrolyte are not so good. It was also known 
that a performance for the EMIC bath is much better than that for 
the BPC bath.

2) Synthesis of PAn from non-aqueous electrolyte
A small amount of H2O in the PAn synthesized in an aqueous elec

trolyte should be poisonous, because H2O reacts strongly with the 
ambient temperature molten salts. Then, a synthesis of PAn from a 
non-aqueous electrolyte, i.e., aniline-AlCl3-BPC-benzene bath, was 
attempted. Under 1.7V, no reaction occurred as shown from 1st to 
10th cycle in Fig.3. When the sweep range was widened, some reaction 
occurred. The reaction current increased with increasing cycle
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number. We considered that this peak current is of both a CI2 
evolution and a polymerization of aniline. The first peak of anodic 
current may be a doping current for PAn, and that of cathodic 
current may be the undoping current. On the other hand, when the 
return potential of anodic side is lowered to 1.7V, the curve was 
constant as shown from 31st to 40th cycle. This means that the 
polymerization of aniline dose not occur in the potential range of 
0.6 to 1.7V.

Figure 4 shows cyclic voltammograms for the PAn synthesized from 
the non-aqueous BPC bath and from the aqueous bath. In the case of 
the BPC bath, the reaction current is large. Moreover, after 10th 
cycle, the current is still same level. Namely, the PAn is very 
stable. In the case of the aqueous bath, the current is very small. 
Even at the 2nd cycle, the current becomes very small. These 
tendencies were strongly cleared when the sweep range was widened up 
to the CI2 evolution potential. The PAn from the BPC bath was still 
stable, however, that from the aqueous bath was broken.

The PAn film surface deposited on a Pt plate from the BPC bath at 
1.0mA/cm^ was observed by the SEM. The grain size of PAn was about 1 
to 2pm. On the other hand, in the case of the polymerization at 
constant potential at 1.9V is fairly smooth. The PAn at 2.0 or 2.2V 
have about 2 to 3pm grain. In particular, at 2.2V the surface is 
very porous. These differences among the morphologies are considered 
to influence to the cell performance. Then, the in-cell cycling test 
was done.

3) In-cell test of PAn
The cells with the PAns synthesized at l.OmA/cm^, at 1.9V, and at 

2.2V were operated at a constant current density of O.lmA/cm^ as 
shown in Fig.6. All of them showed larger capacity than that from an 
aqueous bath. In particular, by using the PAn synthesized at 2.2V, 
the largest capacity was obtained. Figure 7 shows the relationships 
between the charge capacities and the charge/discharge efficiencies. 
In the case of the PAn at 2.2V, when it was charged under 70Ah/kg, 
the coulombic efficiency showed about 100%.

The charge an^ discharge curves are shown in Fig.8. For the PAn 
cell at 2.2V, the open circuit voltage, the discharge capacity, and 
the charge/discharge efficiency were 1.6V, 68Ah/kg, and 99%, respec
tively.

In conclusion, it was known that the Al/PAn cell with the PAn 
synthesized from the non-aqueous BPC bath has an excellent perfor
mance .

REFERENCES

1. M.Hishinuma and T.Yamamoto, Kagakukogyo, 40, 241(1989)
2. H.Daifuku, T.Kawagoe, and T.Matsunaga, Denkikagaku, 57,

787



557(1989)
3. A.F.Diaz and J.A.Logan, J.Electroanal.Chem., 111, 111(1989)
4. A.G.MacDiarmid, J.C.Chiang, M.Halpern, W.S.Huang, J.R.Krawczyk, 

R .J .Mammone, S.L.Mu, N.L.Somasiri, and W.Wu, Poly.Prepr.,
25, 248(1984)

5. Y.Kato, S.Ts.kahashi, and N.Koura, Jpn.Kokai Tokkyo Koho 
JP 60,208,144; 60,208,145(1985)

6. A.Morita and S.Takahashi, Hyomengijutsu, 40, 56(1989)
7. S.Takahashi, K.Akimoto, and J.Saeki, ibid., 40, 134(1989)
8. N.Koura, T.Kijima, and H.Ejiri, Denkikagaku, 56, 1024(1988)
9. N.Koura and T.Kijima, ibid., 55, 386(1987)
10. S.Takahashi and N.Koura, J.Electroanal.Chem., 188, 245(1985)

788



Fig. l Charge and discharge curves for the Al/PAn powder secondary cell.

-------  : 66. 7molUlCl3-33. 3molSEMIC electrolyte
------- : 66.7b o 1XA1C13-33. 3molXBPC electrolyte
PAn : Synthsized in the aqueous bath-

Fig- 2 Change of the discharge capacity and the

charge/discharge efficiency with the charge 

capacity for the Al/PAn secondary cell. 

Electrolyte : 66. 7molXAlCl3-33. 3molXEMIC. 
PAn : Synthesized in the aqueous bath.
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T a b l e  1 Specific conductivity and viscosity of the electrolyte (25°C).

Electrolyte
Conductivity 
( mScm-1 )

Viscosity 
( cP )

66. 7fflolXAlCl3-33. 3molXBPC 6. 99 22. 5

66. 7molUlCl3-33. 3molSEMIC 15. 0 6. 0

- (a) 1 ~ io
- i i i 1 i i ! 1 1 1 • • • i

°  0.5 1.0 1.5 2.0

E / V vs. A1

Fig. 3 Cyclic voltammograms for the polymerization of aniline 

in a 66. 7molXAlCl3-33.3molXBPC-benzene(50vol. X) bath.
(a) Sweep range 0. 6--1. 7 V vs- A1

(b) Sweep range 0. 6--2. 0V vs. A1

(c) Sweep range 0. 6--1. 7V vs. A1
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1— 10 Cycle

Fig- 4 Cyclic voltammograms for PAn in an A1C13-BPC(2:1) melt at 25*C.
(a) PAn film synthesized in an AICI3-BPC bath.
(b) PAn film synthesized in an aqueous bath-

WE. : PAn film (Pt substrate. 5C/cm2. 1cm2)
C. E. : A1 < 99- 99X)

Fig. 5 Cyclic voltammograms for PAn in an A1C13-BPC(2:1) melt at 25°C. 
(Polarized up to a Clg evolution potential. )

(a) PAn film synthesized in an AICI3-BPC bath.
(b) PAn film synthesized in an aqueous bath.

W E- : PAn film(P,t substrate, 5C/cm2, 1cm2)

C. E. : Al( 99. 99X)

RE . :  A1 (99. 99X) 

v : lOmV/s
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g. G Change of the discharge capacity with the charge 

capacity for the Al/PAn secondary cell.

C. D- : 0- lmAcnf2, PAn was synthesized at (1) 1. OmAcm' 

(2) 1. 9. and (3) 2. 2V vs. A1

Fig. 7 Change of the charge/discharge efficiency with the 

charge capacity for the Al/PAn secondary cell- 

C. D. : 0. lmAcra"2. PAn was synthesized at (1) 1. OmAcm-2 

(2) 1. 9, and (3) 2. 2V vs. A1
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Fig. 8 Charge and discharge curves for the Al/PAn film 

secondary cell. The PAn film was synthesized at 

(1)1. OniA/cni2, (2)1. 9, and (3)2.2 V vs. A1
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ABSTRACT

Two aspects of chemistry in alkali chloroaluminate melts are 
discussed. The first topic involves in situ spectroscopic studies of 
IrCl(C0)3 and IrA(C0)12 during the catalytic hydrogenation of CO in an 
AlCl3-NaCl (63-37 mole %) melt. Infrared, UV-visible, Raman, and XH NMR 
data indicate that similar monomeric species are generated from both 
precursors during catalysis. Infrared investigation of the introduction 
of IrCl(C0)3 into molten AlCl3-NaCl under C0:H2 (1:3) and the reaction 
between IrCl(C0)3 and CO in the melt suggest the initial formation of an 
iridium-carbonyl species followed by the generation of a hydridocarbonyl 
complex. The second topic involves infrared, Raman and UV-visible 
spectroelectrochemical studies of the reduction of chloranil in A1C13- 
NaCl melts.

INTRODUCTION

This paper describes two studies in AlCl3-NaCl melts. The first (A) 
involves in situ spectroscopic studies of catalyst precursors IrCl(C0)3 
and IrA(C0)12 in the AlCl3-NaCl (63-37 mole% ■ 63/37) melt under 
different conditions. The second part (B) deals with 
spectroelectrochemical (SE) studies of the reduction of a model 
compound, chloranil, using UV-visible, infrared and Raman 
spectroscopies. The two parts are only indirectly related and will be 
discussed separately.

Part A. Catalytic activity of IrA(C0)12 under C0:H2 (1-2 atm) at 160- 
180°C in an acidic (AlCl3-rich) Na chloroaluminate melt was first 
studied by Demitras and Muetterties(l) who observed the formation of
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saturated hydrocarbons. The ethane to methane ratio varied 
significantly with reaction time, from a 10:1 after 3 hr to 1:2 after 
several days. Evidence for homogeneous Fischer-Tropsch synthesis was 
presented. This reaction was studied further by Muetterties and 
coworkers(2) who obtained as the major products isobutane and propane, 
and by Collman et al. (3) who obtained methane, ethane and methyl 
chloride as the major carbon-containing products. Collman and coworkers 
found that a mononuclear "precatalyst", IrCl(CO)3, shows similar 
chemistry, indicating that the presence of a metal cluster was not 
essential as implied initially (1). The results of Collman et al. (3) 
were sufficiently different from those of Muetterties and coworkers 
(1,2) that Collman et al. (3) concluded that a different active catalyst 
was involved in their work.

The major difference between the procedures employed by the two 
groups was the method of introduction of Ir4(CO)12 i-nto the melt. 
Muetterties and coworkers premixed the iridium complex with the frozen 
melt before heating (pre-melt addition), whereas Collman et al. added 
the iridium complex to the melt at 175°C (post-melt addition).

In this paper the results of in situ spectroscopic studies of A1C13- 
NaCl(63/37) melts containing IrCl(C0)3 or Ir4(C0)12 under various 
atmospheres are summarized in an effort to obtain additional information 
on the catalytically active species in this complex chemical system.

Part B. Spectroelectrochemistry involves the study of the redox 
chemistry of solute species through the simultaneous use of 
electrochemical and spectroscopic techniques. This approach can be 
utilized to obtain spectra and redox potentials of electrogenerated 
species and to study chemical reactions involving the products (4).

In this study spectroelectrochemical techniques involving UV-visible 
transmission, infrared transmission, and Raman spectroscopy were used to 
examine a model compound, tetrachloro-p-benzoquinone (chloranil), 
dissolved in both acidic and basic alkali chloroaluminates. In this way 
a comparison among three spectroelectrochemical approaches applied to a 
solute dissolved in an ionic melt, became available.

EXPERIMENTAL

Part A . Ir4(C0)12 and IrCl(C0)3 were obtained from Strem Chemicals. 
High purity nitrogen (99.998%), carbon monoxide (99.8%), hydrogen 
(99.9%), and deuterium (99%) were used as received. Anhydrous 
AlCl3(Fluka) was purified as described previously (5). Reagent grade 
NaCl was vacuum dried at 400°C before use. The sodium chloroaluminate 
melts were prepared as previously described (5). Infrared 
instrumentation and the cell used to obtain spectra of melts have been 
described previously (6). Proton NMR spectra were obtained with a JEOL 
FX90Q spectrometer using tetramethylammonium bromide (TMAB) as the 
internal reference. All manipulations involving melts were performed in
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a Vacuum Atmospheres dry box (moisture level < 2ppm). Iridium carbonyls 
were introduced to the melts either prior to melting by mixing the two 
solids or afterwards by means of a FLICKET valve (Ace Glass).

Part B . Spectroelectrochemical techniques used to study molten salt 
solutions have been previously described (4). The infrared 
spectroelectrochemical results for chloranil have been published 
recently (6). Raman spectroelectrochemical instrumentation included a 
SPEX Triplemate spectrograph, a Tracor Northern (TN) intensified array 
detector coupled to a TN Model 6500 computer data station, and UV 
excitation (333.6-363.8 run) from a Coherent Innova Model 1-100-15 argon 
ion laser. Backscattering geometry was used; the details are described 
elsewhere (7). UV-visible transmission experiments involved a 
reticulated vitreous carbon (RVC) optically transparent electrode (OTE). 
Most of the experiments were performed in a dry box equipped with quartz 
fiber optics (8) using a TN diode array spectrometer.

RESULTS AND DISCUSSION

Part A . Infrared spectrum of IrCl(C0)3 in AlCl3-NaCl(63/37) under CO 
at 150°C exhibits a single intense band at 2125 cm-1; the intensity of 
this band remained constant over a 24 hr period. The spectrum of this 
solution in the carbonyl stretching region (2250-1600 cm-1) becomes more 
complex either under N2 or under CO:H2(l:3 mole ratio) (see Table 1 for 
a summary of infrared results for IrCl(C0)3). It should be noted that 
some spectral differences were observed with time when the solute was 
added to the melt (as was done by Collman et al. (3)) compared to the 
"pre-melt” addition (the technique used by Muetterties and coworkers 
(1,2)). The infrared results for IrA(C0)12 are summarized in Table 2.
The spectra varied with time and were dependent on the atmosphere 
(either CO or C0:H2; under N2 the cluster decomposes to Ir metal) and 
the method of addition of the solute. The time dependence of several 
infrared bands of IrA(C0)12 solutions is shown in Fig. 1. Infrared 
spectra of IrCl(C0)3 and Ir4(CO)12 in the 63/37 melt under C0:D2 (1:3 
mole ratio) exhibited some frequency shifts relative to the hydrogen 
systems suggesting that the species produced are hydrido (or deuterido-) 
carbonyls (see Tables 1 and 2).

Solutions of IrCl(C0)3 and IrA(C0)12 in a 63/37 melt under 1 atm of CO 
at 150°C yielded similar UV-visible spectra with maxima at 278, 326, and 
430 nm. The intensity of these bands increased with time. After 10 hr 
the ratio of the molar absorptivities of the cluster to the monomer was 
4:1, indicating that the iridium cluster reacted to form a mononuclear 
complex. The rate of this conversion was shown to follow first-order 
kinetics. A rate constant of 1.32 ± 0.26 x 10"4 s"1 was obtained.

Raman spectra of IrA(C0)12 a 63/37 melt (post-melt addition) under 
1 atm CO at 150°C exhibited a weak band at 202 cm'1, which disappeared 
within one hour after introduction of the cluster to the melt. This 
band is within the region expected for a metal-metal stretch, and its
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dependence upon the polarization state of the exciting radiation 
suggests that it is a symmetric vibration. Under identical conditions, 
this band was not observed with IrCl(CO)3.

XH NMR spectra of IrCl(CO)3 (pre-melt addition) in a 63/37 melt under 
1 atm of CO:H2 (1:3 mole ratio) at 130°C exhibited one major peak at 
-10.7 ppm vs. TMAB (internal reference, 3.21 ppm vs. tetramethyl silane) 
over the 36 h time period examined; this feature was observed 
immediately after melting. Two much weaker proton resonances at -19.5 
(0.9% the intensity of the peak at -10.7 ppm) and +5.4 ppm (1.3% the 
intensity of the peak at -10.7 ppm) appeared about 2 h after melting.
No significant change in the intensity of these resonances was observed 
throughout the experiment.

1H NMR spectra of Ir4(CO)12 in a 63/37 melt (pre-melt addition) under 
1 atm of C0:H2 at 130°C exhibited a major resonance at -10.7 ppm, which 
appeared roughly 1.5 h after melting and remained throughout the 24 h 
period the reaction was monitored. Weaker proton resonances were 
observed at -19.5 and +1.4 ppm. The peak at +1.4 ppm, first observed 
about 3 h after melting, was initially flanked by two other resonances 
at +0.9 and +0.3 ppm which disappeared after 4 h. The relative 
intensities of the two weaker features at -19.5 and +1.4 ppm increased 
roughly twofold during the 24 h reaction period. Toward the end of the 
experiment a proton resonance appeared at +5.3 ppm (28% the intensity of 
the peak at -10.7 ppm). When the NMR spectra of Ir4(C0)12 were 
acquired with TMAB as an external reference, an additional peak at +3.6 
ppm was observed about 5 h after melting. Spectral interference from 
the TMAB prevented the observation of this resonance when TMAB was used 
as an internal reference. During the course of the experiment, the 
intensity of the resonance at +3.6 ppm increased while the intensity of 
the major resonance at -10.7 ppm decreased.

A NMR spectrum of a 63/37 melt under hydrogen chloride atmosphere 
at 130°C exhibited a proton resonance at +1.6 ppm.

The following tentative conclusions have been drawn from the 
spectroscopic results described above (a more detailed description of 
the results and of the reasoning leading to the conclusions will appear 
elsewhere (9)).

1. A Lewis acid adduct between the iridium species and A1C13 in 
which aluminum is joined to the iridium atom, is formed in the 
melt.

2. The likely iridium carbonyl complex in the 63/37 melt formed 
from xrCl(C0)3 under a CO atmosphere is trans-(AlCl3)2Ir (C0)4.

3. Under a C0:H2 atmosphere a similar monomeric hydridocarbonyl 
iridium complex is generated from IrCl(C0)3 and Ir4(C0)12 
precursors. Other unstable complexes may also be formed, 
particularly in the case of Ir4(C0)12.
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We speculate that the active homogeneous Fischer-Tropsch 
catalyst in the experiments of Muetterties, Collman and 
coworkers (1-3) is a monomeric hydridocarbonyl iridium adduct 
with A1C13 formed under a CO-H2 atmosphere. This complex is 
converted to either (AlCl3)2Ir(CO)A under excess CO or 
irreversibly to iridium metal under excess hydrogen.

4. The acidic chloroaluminate melt serves as the oxide sink
(arising from the reaction between CO and H2) to form A10C1 and 
related species in the melt.

Part B . The redox behavior of chloranil in molten AlCl3-NaCl has 
been examined by Bartak and Osteryoung (10). They concluded that the 
reduction of chloranil proceeds via the ECEC mechanism in which the 
radical anion formed initially reacts with a Lewis acid (presumably 
A1C13 from A12C17~). The complexed radical anion is reduced at the same 
potential as the chloranil. At very fast scan rates (in cyclic 
voltammetry) or for short pulses (normal pulse voltammetry) the 
uncomplexed radical anion is reduced further to the dianion which is 
complexed by the Lewis acid.

The chloranil reduction was studied in our group by infrared SE (6). 
Evidence for closely spaced stepwise one electron reductions in acidic 
melts was obtained by both infrared SE and differential pulse 
voltammetry. In basic melts no evidence for the formation of a radical 
anion was obtained. We decided, therefore, to examine chloranil by In
visible SE since the molar absorptivities are frequently much higher in 
this spectral region compared to the infrared region. A weak band at 
512 nm was found to reach a maximum at intermediate potentials; this 
band was not present at potentials corresponding to either chloranil or 
the dianion of chloranil. The Nernstian plot constructed from the 
variation of absorbance with potential results in an n-value of 1.2.
The uncomplexed radical anion of chloranil exhibits absorption bands at 
422 and 448 nm (11). The shift of these bands to a broad band at 512 
nm, upon the complexation of the radical anion by A1C13, is probably not 
unreasonable.

To obtain additional information on the existence of the radical 
anion in chloroaluminate melts, Raman SE j performed. Using UV (363.8 
nm) excitation (in order to minimize problems with fluorescence) the 
controlled potential electrolysis using Pt foil electrode at potentials 
corresponding to the formation of the radical anion in acidic melts, 
resulted in the decrease of Raman bands of chloranil observed at 1576 
and 593 cm'1 (7) and the growth of Raman bands at 1338 and 1076 cm'1. 
After further electrolysis at potentials corresponding to the formation 
of the dianion of chloranil, only solvent bands were visible. Upon 
reoxidation, the bands at 1338 and 1076 cm"1 appeared at intermediate 
potentials followed by the reappearance of chloranil bands at very 
positive potentials. The Raman bands at 1338 and 1076 cm'1 are in the 
same spectral range as the infrared bands previously attributed to the 
chloranil radical anion (980-1486 cm"1) (6). Further work is needed to
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determine whether the above Raman and infrared bands are due to the 
radical anion complexed by A1C13.

Very recent work in our group using NaCl-saturated AlCl3-NaCl melts 
has resulted in the observation of weak Raman bands at 1071 and 1350 
cm"1 which are observed only at potentials corresponding to the radical 
anion. Further work in this area is in progress.

In summary, this study illustrates the usefulness of a combined SE 
approach for the characterization of electrochemical intermediates in 
molten salt solutions. UV-visible absorption SE is frequently a more 
sensitive technique than vibrational (infrared and Raman) SE methods. 
On the other hand, the latter techniques, if applicable, can result in 
an unambiguous characterization, particularly if independent standards 
are available.
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TABLE I

CO STRETCHING FREQUENCIES OBTAINED FROM 

THE IR SPECTRA OF IrCl(CO)3

IrCl(CO)3 i/co> cm

KBr 2141(m), 2078(s) , 2053(s)

AlCl3-NaCl 
(63-37)-N2

2178(m), 
2107(m),

2168(w), 
2085(w)

2143(m), 2125(s),

AlCl3-NaCl 
(49-51)-N2

2170(w), 
1985(s)

2153(w), 2126(w), 2087(s)

AlCl3-NaCl 
(63-37)-CO

2125(s)

AlCl3-NaCl 
(63-37)-C0:H2 
(pre-melt addition)

2230(w), 2187(m), 2157(s), 2125(m)

AlCl3-NaCl 
(63-37)-C0:D2 
(pre-melt addition)

2187(m), 2176(sh), 2157(s), 2125(m)

AlCl3-NaCl 
(63-37)-C0:H2 
(post-melt addition) 
t=0 h

2187(vw) 
2125(s),

, 2178(vw), 2157(vw), 2168(vw), 
2085(vw)

AlCl3-NaCl 
(63-37)-H2

2125, 2107 (decay) 
2178, 2168, 2157, 2143 (growth-decay)
2075(w), 2041(w) (growth)

s=strong, m=medium, w=weak, sh=shoulder
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TABLE II

CO STRETCHING FREQUENCIES OBTAINED FROM 

THE IR SPECTRA OF IR4(CO)12

Ir4(CO) 12 ^CO > CHl

KBr 2112(w), 2090(wsh), 2056(s), 2023(m),
2006(wsh)

AlClg-NaCl 2157(w), 2143(s), 2125(m), 2107(sh)
(63-37)-CO, t=0 h 2083(w)

AlClg-NaCl 2156(w), 2125(s), 2110(sh), 2083(w)
(63-37)-CO, t=4 h

AlClg-NaCl t=l h t=10 h t=24 h
(63-37)-C0:H2 2187(m) 2187(m) 2187(w)
(Pre-melt addition)

2157(s) 2157(s)

2178(s) 
2168(sh) 
2157(m) 
2143(s) 
2132(m)

2125(m) 2125(m) 
2114(m)

2107(m) 
2085(w)

2107(sh) 2107(w)

1656(w) 1656(m)

AlClg-NaCl-CO:D2 t=l h t=10 h t=24 h
(63-37)
(Pre-melt addition) 2176(w) 2178(m)

2182(s)

2168(vw) 2168(w)
2157(m) 2157(s)

2143(s)
2125(s) 2131(s) 2125(m)
2107(s) 
2085(m)

2107(m) 2107(m)

1639(w) 1639(m)

AlCl3-NaCl-(63-37) 2164(sh), 2157(w), 2140(s), 2134(s), 
CO:H2, t=0 h 2125(s), 2105(m), 2085(sh), 2043(vw) 
(Post-melt addition)
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TABLE II (CONTINUED)

AlCl3-NaCl-(63-37)
CO:H2, t=4 h 
(Post-melt addition)

2187(sh), 2180(m), 2170(sh), 2154(m) 
2143(m), 2125(s), 2107(s), 2085(m), 
2043(w)

AlCl3-NaCl-(63-37)
CO:H2, t=9 h 
(Post-melt addition)

2230(w), 2187(m), 2157(s), 2125(m)

s=strong, m=medium, w=weak, vw=very weak, sh=shoulder
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Figure l. Plots of absorbance versus time after melting for several 
prominent features from the Infrared spectra of lr4(CO),2 In A1C1S- 
NnCl(63/37) melts (pre-melt addition) under 1 atm of CO:Hs obtained ea. 
1 h (upper), 10 h  (middle), and 1 U  h (lower) after melting; 
llr»(C0)M )-2 mH, 175*C.
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FR IED EL-CR AFTS ALKYLATION REACTIONS 
IN A ROOM TEMPERATURE MOLTEN SALT

Bernard J. Piersma and Melinda Merchant

Houghton College, Houghton, NY 14744

ABSTRACT

Room temperature molten salts have found 
usefulness as solvents for electro-organic studies 
because of their aprotic properties, wide 
electrochemical windows and reasonable 
conductivities as ionic liquids. The
l-methyl-3-ethylimidazolium chloride - aluminum 
chloride system was chosen for this study for its 
ease of preparation, its wide range of Lewis 
acidities and its carbocation stabilizing 
properties. We have studied the alkylation of 
benzene using the seven stable chloropentane 
isotopes. Cyclic voltammetry at a glassy carbon 
rotating disk electrode indicates carbocation 
formation from the chloropentanes only in acidic 
melts and no oxidation peaks are observed without 
prior reduction. Multiple reduction peaks and 
product analyses indicate that significant 
rearrangement occurs in the carbocations. 
Stabilization of carbocations probably results 
from compexation with the A^Cl'y ion and this is 
strongly indicated by the delay of Al deposition 
in the presence of carbocations.

INTRODUCTION

The Friedel-Crafts reaction using anhydrous aluminum 
chloride as catalyst has been the most important method 
for attaching alkyl side chains to aromatic rings. The 
role of aluminum chloride is to abstract the halogen from 
the alkyl halide generating a carbocation which then acts 
as an electrophile attacking the aromatic ring. Friedel- 
Crafts systems are best considered as generalized acid- 
base systems with the electron deficient catalyst as the 
acid and the electron donor ability of the reagent as the 
base. Chloroaluminate.room temperature molten salts 
provide a unique solvent system for Friedel-Crafts 
alkylations since the melts function as both solvent and 
catalyst. In the l-methyl-3-ethylimidazolium chloride - 
aluminum chloride system, the catalyst has been
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identified as the heptachloro-aluminate ion (4), the 
Lewis acid in the equilibrium:

2A1C1^ ^  —  A 1 2 C1"7 + Cl'

Thus carbocation formation and alkylation reactions have 
not been observed in basic or neutral melts but only for 
acidic melts (mole fraction of AlCl^ is greater than
0.500). J

In alkylation reactions with a series of alkyl 
halides the long established sequence of reactivity is: 
tertiary halide > secondary halide > primary halide, 
which follows carbocation stability (2). Olah has also 
noted that Friedel-Crafts reactions are notoriously 
irreproducible, being traced to the presence of 
impurities which serve as co-catalysts without which 
Friedel-Crafts halides are often inactive (3). Following 
Olah, the carbocation generated as the alkylating species 
is most likely the classical trivalent carbenium ion 
rather than the penta- or tetracoordinated carbonium ion. 
Alkylation of benzene may proceed through a 
tetracoordinated aronium ion or tt - complex or the 
trivalent arenium ion or a - complex (4):

Olah has suggested that most Friedel-Crafts reactions 
probably do not involve formation of a free carbenium 
type reagent that reacts with the substrate. The 
alkylation of benzene with 1 -chloropropane has shown an 
absence of isomerization of the alkylating agent 
indicating an SN 2 type displacement reaction (5):
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Wilkes, et.al. have recently shown that in the MEIC-AICI^ 
melt system, 1-chloropropane does isomerize with 57% of 
the alkylation product being isopropyl benzene and 24% 
n-propylbenzene with the remainder of product being 
di - and tri substituted benzenes (1). This is a strong 
indicator that these melt systems stabilize carbocations 
and that Friedel-Crafts alkylations may proceed somewhat 
differently than in conventional organic solvent systems.

EXPERIMENTAL

Procedures for melt preparation and general 
experimental conditions were those described by Wilkes, 
et.al. (1) All experiments were carried out in a helium 
environment in a Vacuum Atmosphere glove box system. 
Cyclic voltammetric measurements were made with a glassy 
carbon rotating disk electrode (normally with a rotation 
rate of 1 0 0  rpm), a tungsten counter electrode and an 
aluminum wire in 0.60 melt as reference. The 
chloropentane isomers were either Pfaltz-Bauer or Kodak 
and used as received.

Alkylation reactions for product analyses were 
generally run with 1 0  g melt / 1 g chloropentane / 1 0  g 
benzene, with the excess benzene to limit multiple 
substituted benzene products. After 48 hours in closed 
containers with magnetic stirring inside the glove box, 
each reaction sample was removed, reacted with 25 g 
crushed ice and then made basic with 6N NaOH. The liquid 
was added to a separatory funnel and extracted with 25 ml 
of diethyl ether. The ether samples were dried with 
anhydrous N a£S 0 4 , then concentrated by evaporation of 
ether to final volumes of 1 0  ml which were then retained 
for analyses. Separation of various components was 
accomplished with GC on a fused glass capillary column 
with a stationary phase of SupelcoWax-10 and identified 
frith MS using a HP model 5992 GC/MS instrument. (The 
GC/MS analyses were performed under contract with an 
independent analytical laboratory.)

RESULTS AND DISCUSSION

Cyclic voltammetry in acidic melts with the seven 
chloropentanes (1-C1-, 2-C1-, and 3-Cl-pentane, 
l-Cl-2-methyl-, l-Cl-3-methyl-, 2-Cl-2-methylbutane and 
neopentyl chloride) show two characteristic and consistent 
reduction peaks which are slightly dependent on melt 
acidity as follows:
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melt composition 
0.505 
0.515 
0.550

redn. peak # 1  
-0.16V 
-0.26V 
-0.37V

redn. peak # 2  
-0.38V 
-0.53V 
-0.57V

No significant differences were observed for reductions 
with any of the seven isomers. With anodic sweeps, no 
oxidation was observed without prior reduction. Fig. 1 
illustrates typical CV behavior in the M E I O A I C I 3 melts 
with Al deposition occurring at about -0.37V in 0.515 
melt and at -0.26V in 0.55 melt. In following diagrams 
with added chloropentanes, we observe that Al deposition 
is either significantly delayed or prevented altogether. 
Formation of the carbenium ion results in a buffering 
action in the melt shifting it toward the neutral 
composition:

A 1 2 C1" + Cl ^ -->■ 2A1C1"

For a typical CV experiment with 1 g of Cl-pentane in 
20 g of 0.55 melt, there should be approximately twice 
as many heptachloroaluminate ions as Cl” ions resulting 
from carbenium ion formation, assuming complete reaction. 
Thus we should still observe Al deposition based on melt 
acidity. That no deposition is observed is indicative of 
complex formation between the carbenium ion and Al^Cl” .

Figures 2-8 present representative CV behavior for 
the chloropentanes with varying melt acidity. Compounds 
were selected to demonstrate the range of carbocations 
that should be formed, thus 1 -chloro-pentane and 
neopentyl chloride should form primary carbenium ions, 
3-chloropentane a secondary ion and 2“Cl“ 2-methylbutane 
a tertiary ion. Essentially identical CV behavior was 
observed, not only for these four isomers, but in fact, 
for all seven of the chloropentane isomers studied. 
Figures 9-11 give qualitative comparisons of reaction 
rates of the alkylation reactions as a function of 
alkylating agent and melt acidity. These results show 
that the alkylation rate is strongly dependent on melt 
acidity (compare Figures 9 and 10). In addition, 
alkylation by a tertiary carbenium ion (assuming
2-Cl“ 2-methylbutane forms a tertiary ion as the most 
stable species) occurs much faster and to a greater 
extent than by a primary carbenium ion (which would be 
the initial species formed from neopentyl chloride).

Product analyses were performed for products from 
alkylation reactions of benzene in 0.515 and 0.55 melts 
with 1—C 1— and 3-Cl-pentane, 2-Cl“ 2-methylbutane and
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neopentyl chloride. Very little product could be isolated 
from reactions in the 0.515 melt and no reliable 
information can be reported. Results for 0.55 melt were 
as follows:

alkylating agent 

neopentyl chloride

2- C l - 2-methylbutane

3- Cl-pentane

1-Cl-pentane

products identified

isopentylbenzene

n-pentyl- and 2 -pentylbenzene

n-pentyl-, 2-pentyl- and
3-pentylbenzene

5 products as follows:

Benzene alkylation products with 1-Cl-pentane

product percent

1,2-dimethyl-propylbenzene 78.5%
3-pentylbenzene 13.5
2-pentylbenzene 4.5
isopentylbenzene 2.5
n-pentylbenzene 1 . 0

Using a 10/1 benzene / chloropentane ratio effectively 
limited multiple alkylation products. Neopentyl chloride 
resulted in only a relatively small amount of alkylated 
benzene product. 1-Cl-pentane which should form the least 
stable carbocation and hence lead to the greatest degree 
of rearrangement resulted in the greatest variety of 
products as expected. The major product from 1-Cl-pentane 
alkylation of benzene (compound 1 )

H

H 3C H (2)

( 1 )

is not one we would have predicted. The isopentylbenzene 
(compound 2) is likewise an unexpected product. While 
- C H 3 group migration is not as common as -H migration in 
carbocation rearrangements to form more stable ions, it is 
not unusual.
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The products observed are not easily correlated with 
the electrochemical observations. The presence of two 
reduction peaks at essentially the same reduction 
potentials for each of the chloropentane isomers strongly 
suggests that the same two carbocation species are present 
in each case. The variety of products observed may be the 
result of rearrangements after alkylation has occurred.
At present we cannot answer this question.

SUMMARY

Cyclic voltammetric studies of chloropentane isomers 
in MEIC-AICI 3 acidic melts indicate the presence of two 
reducible species formed with each of the seven isomers 
studied. Similarity of the reduction potentials in every 
case suggests that significant rearrangements of the 
carbocations occur to produce similar carbenium ions from 
each of the isomers. Retardation and in some cases 
preventation of aluminum deposition indicate complex 
formation between the carbenium ions formed and the 
heptochloroaluminate ions of the acidic melt. 
Identification of several alkylation products suggest that 
rearrangements occur after the carbocation has attacked 
the benzene ring.
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-2.0V2 . 6 V ____ — ^

0.500 melt

2.65V- V J -0.39V

£ -0.37V

-0.35V

0.515 melt

2.70V t -0.275V

^  -0.25V

-0.20V

0.550 melt

Figure 1. E lec trochem ica l windows o f  MEIC/A1C1- melts , 
v = 100 mV/sec. J
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Figure 2. Cyc l icvo ltammetry o f  neopentyl c h lo r id e  in 
0.5067 melt. Anodic sweep l im i t :  2.4V.
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0.500 melt

Figure 3. Cyc l icvo ltammetry o f  neopentyl c h lo r id e  as a 
func t ion  o f  melt a c id i t y .
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0.500 melt

0.503 melt

anodic sweep f i r s t

T  r
.0.505 melt

0.50/ melt

Figure 4. Cyc l icvo ltammetry o f  3 -C l-pentane as a funct ion  
o f  melt a c id i t y .
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2.6 V -1.0V

0.504 melt

prepared from prev ious 0.511 melt

Figure 5. Cyc l icvo ltammetry  o f  3 -Cl-pentane as a func t ion  
o f  melt a c id i  t y .
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c. 2-Cl-2-me-butane d. neopentyl chloride

Figure 6. Comparisons of cyclicvoltammetric behavior in 
0.515 melt. Voltage ranges: +2.6 to -1.6V; except (c) with 
+2.65V to -1.3V.
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IT
a. 3-C1-pentane b. 1-Cl-pentane

Figure 7. Comparisons of cyclicvoltammetric behavior in 
0.515 melt with extended cathodic sweep. Voltage ranges: 
2.65V to -2.3V; except (d) to -2.4V.
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a. 3-Cl-pentane b. 1-Cl-pentane

c. 2-Cl-2-me-butane

d. neopentyl chloride

Figure 8. Comparisons of cyclicvoltammetric behavior in 
0.55 melt. Voltage ranges: 2.6V to -0.75V.
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anodic sweep only

2.6V -0.70V

a. no benzene

-0.70V

b. 1 minute after addition of benzene

c. 10 minutes after addition

2.1V T -0.9 V

d. 210 minutes after addition

Figure 9. Time dependence of cyclicvoltammograms for reaction 
of benzene with 2-Cl-2-me-butane in 0.55 melt.
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a .  no b en zen e

Figure 10. Time dependence of cyclicvoltammograms for reaction 
of benzene with 2-Cl-2-me-butane in 0.52 melt.
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a . -0 .7 V no benzene

b.

c.

d.

e.

f.

■0.7V

-0.6V

-0.6V

-0.6V

-0.6V

20 minutes 
after addition

40 minutes

60 minutes

150 minutes

15 hours

Figure 11. Time dependence for reaction of benzene with 
neopentyl chloride in 0.52 melt. Anodic limit: 2.0V.
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CATALYTIC DIMERIZATION OF OLEFINS 
BY NICKEL COMPLEXES

IN ORGANOCHLOROALUMINATE MOLTEN SALTS

Yves Chauvin,*a Bernard Gilbert6 and Isabelle Guibarda

“Institut Frangais du Petrole, BP 311, 92506 Rueil-Malmaison, France 
6Laboratoire de Chimie Analytique, Universite de Liege, 4000 Liege, Belgium

ABSTRACT

O rg a n o c h lo ro a lu m in a te  m o lte n  sa lts  based on  a lu m in u m  t r ic h lo r id e  
o r  a lu m in u m  e th y l d ic h lo r id e  a n d  1 -m e th y l 3 -b u ty l im id a z o liu m  ch lo -  
r id e , 1 -b u ty lp y r id in iu m  c h lo r id e  o r  te t ra b u ty lp h o s p h o n iu m  c h lo r id e  
can be used as so lve n ts  fo r  th e  c a ta ly t ic  d im e r iz a t io n  o f  p ro p y le n e  to  
isohexenes b y  n ic k e l com p le xes ; th e  s t ru c tu re  o f  th e  n e w  m o lte n  s a lts  
has been d e te rm in e d  b y  R a m a n  a n d  1H  n .m .r .  spec troscop ies .

INTRODUCTION

Molten salts have already been used in organic synthesis either as sol
vents or acidic catalysts (1,2). However it seems that no attem pt has been made 
to take advantage of the solubility of an organometallic catalyst and of the insol
ubility of the reaction products of the catalytic reaction in these solvents. That is 
what we have tried to do by dissolving, in organochloroaluminates (3), nickel com
plexes already known to catalyze the dimerization of olefins when used in aromatic 
or chlorinated hydrocarbons (4). From this point of view chloroaluminate molten 
salts are all the more interesting in that it is possible to make their Lewis acidity 
vary within a wide range, while still remaining liquid below ambient temperature. 
If the mole fraction of A1X3 in the melt is higher than 0.5, the medium is acidic; if 
lower, the medium is basic. Complexes such as ?73-allylnickel bromide are soluble 
(and stable) in, e.g., 1-methyl 3-butylimidazolium chloride (M BIC)/A1C13, whereas 
olefins are not.

Figure 1 illustrates the mechanism generally assumed for e.g. the dimer
ization of propylene by nickel complexes. The formation of dimers results from a 
series of insertions into the Ni-H and Ni-C bonds, thus affording various structures: 
n-hexenes, methyl pentenes, dimethylbutenes. The presence of basic trialkylphos- 
phines can modify the repartition of dimers by increasing the dimethylbutene con
tent.
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EXPERIMENTAL PART

All experiments were performed under nitrogen or argon atmo
sphere by standard Schlenk techniques or in drybox. MIBC/AICI3 molten salt was 
prepared as described previously (5). AlEtCl2 based molten salts: the calculated 
volume of freshly distilled AlEtCl2 was transfered to the solid quaternary salt at 
room temperature.

Dimerization o f propylene. In a typical experiment NiCl2. 2PiPr3 
(0.009g; 0.02 mmol) was placed in a 60 ml double-walled glass reactor with a mag
netic bar. The reactor was purged from air and moisture, connected to a propylene 
supply and cooled at -15°C. Then 3ml heptane and 2 ml 0.7 M AlEtCl2/MBIC 
molten salt were successively added and stirred. When the reactor was nearly full 
of liquid, the hydrocarbon phase was decanted and withdrawn by syringe through 
a septum without releasing the pressure. The product was weighted and analyzed 
by conventional VPC techniques. The yellow molten salt, containing the catalyst, 
can be used several times.

RESULTS

Selected results obtained for the oligomerization of propylene are given 
in Table 1. As commonly observed in two-phase systems, the reaction rate (hence 
the yield) strongly depends on the stirring efficiency, so the figures herein in no way 
represent a chemical limitation. In the absence of any nickel complex acidic melts 
catalyze the formation of oligomers, the molecular weight of which is characteristic 
of a cationic reaction (entry 1). This can be probably ascribed to the presence of 
traces of protons. In 0.45 M melts, rj3- methallyl nickel bromide is not active (entry
3), wvhereas in the 0.60 M melt, nickel complexes catalyse the formation of dimers 
and trimers in mixture with cationic oligomers (entry 2).

To overcome the drawback of cationic side reactions, we have developed 
new salts based on aluminum ethyl dichloride (AlEtCl2 was already known as a 
proton scavenger in organochloroaluminates (6)) and conventional quaternary salts 
such as pyridinium and imidazolium chloride. These mixtures proved to be liquid 
at low temperature. Their eutectic points are lower than these of the correspond
ing AICI3 based melts, permitting to obtain liquid compositions for several other 
quaternary salts, e.g. tetrabutylphosphonium chloride. Not only cationic side re
actions were suppressed (entry 4), but catalytic activity could also be extended to 
nickel complexes not containing a metal-carbon bond, such as Ni(acac)2 (entry 5) or 
NiCl2.2P iPr3 (entries 6,7,8 ,9,). In these latter experiments the 2,3-dimethylbutene

823



content in the dimer fraction is high, thus demonstrating the effectiveness of the 
”phosphine effect” (4) in molten salts (there is no displacement of trialky lphos- 
phine bonded to  nickel by any anionic species present in the medium).

Although we were, up to now, unable to characterize the active 
species during the reaction, it is likely to be cationic nickel complexes as in chlori
nated solvents (4).

The structure of AlEtCl2 based molten salts was elucidated by Ra
man spectroscopy. Raman spectra of the pure compounds, MBIC and AlEtCU 
are given Figure 2. No strong vibration appears in the frequencies range 100-800 
cm- 1.Thus,the strong band at 367 cm-1 observed in basic and neutral melts (Fig
ure 3.) can be assigned to an aluminum ionic species. When the acidity of the 
melt increases (N>0.5) the intensity of the 367 cm-1 band decreases with parallel 
appearance of two new strong bands at 349 and 420 cm-1 (Figure 4.), the intensity 
ratio of which is nearly constant (I349/ I 421 =  1.20) (Table 2.), thus proving that 
these two bands are characteristic of a single species. These band positions may 
be compared to the assignements which have been made for A1C14- (351 cm-1) 
and for AI2CI7-  (315 and 434 cm-1) in AICI3 based molten salts (7). Assuming 
that the mole fractions of the ionic species are proportional, approximately, to the 
intensity of the strongest bands for each species we have compared the intensity 
ratio for the peaks at 349 and 367 cm-1 for different compositions with the ratio 
of the concentrations of the species calculated by supposing the existence of the 
quantitative reaction:

AlEtCla" +  AlEtCla ----- > Al2E t2Cl5-

The straight-line confirms this assumption (Figure 5)
Table 3 summarizes the Raman vibrational frequencies (cm-1) of AlEtCl3-  and 
Al2E t2Cl5- . In Figure 6 are given spectra obtained for a very acidic melt (0.7 N) 
before and after removal of contributions of other species. Three characteristic 
bands at 272, 337 and 404 cm-1 may be assigned to a third species that we tenta
tively formulate as A bE tsC b-  and which compares with AI3CI10-  (8).

Up to now, there has not been any accurate method for the deter
mination of the charge on the metal atom in chloroaluminate molten salts. Due 
to the presence of an aluminum-carbon bond in MBIC/AlMeCl2 we were able to 
determine the n.m.r. shift of the Al-Me protons. The downfield shift is all the 
greater as the molar fraction of aluminum is high (less negatively charged): 0.45 M 
(-0.240); 0.55 M (-0.145); 0.65 M (+0.034). The use of ethyl aluminum dichloride 
based melt would allow to calculate the electronegativity of the aluminum atom
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by the Dailey-Shoolery equation:

X = 0.62 A + 2.07

This relationship between the electronegativity of a central metal atom of a com
pound CH3-CH2M and its internal chemical shift A c h 2-c h 3, a difference in proton 
chemical shifts of CH2 and CH3, has been previously applied to ethylaluminum 
halides and their complexes (9,10). This opens up a way to the quantitative deter
mination of the charge on the aluminum atom in such liquids.

CONCLUSION

Chloroaluminate molten salts seem to be useful solvents for coordi
nation catalysts, mainly for the dimerization of olefins. W ith such a solvent the 
separation between the reaction products and the catalyst becomes easy.

The new molten salts containing AlEtCl2 prove to be all the more in
teresting as:
- they are liquid within a wide range of composition and temperature;
- they can remove protons impureties and thus suppress the cationic side reactions;
- they allow to use nickel complexes not containing metal carbon-bonds.

From a fundamental point of view, the main feature of these new molten 
salts is the possible determination of the charge of the aluminum atom by 1H NMR.

REFERENCES

1. R.M.Pagni, in Advances in Molten Salt Chemistry, G.Mamantov, C.B. Maman- 
tov, and J.Braunstein, eds., Elsevier, 1987.

2. J.K.Knifton, in Aspect of Homogeneous Catalysis, R.Ugo, ed.,D.Reidel Pub
lishing Company, 1988.

3. R.A.Osteryoung, in Molten Salt Chemistry, G.Mamantov and R.Marassi, eds.,
D.Reidel Publishing Company, 1987.

4. P.W.Jolly and G.Wilke, in The Organic Chemistry of Nickel, F.G.A.Stone and

825



R.W est, eds., Academic Press, 1975.

5. J.S. Wilkes, J.A.Levisky, R.A.Wilson, and C.L. Hussey, Inorg.Chem., 21. 1263 
(1982).

6. T.A.Zawodzinski,R.T.Carlin, and R.A.Osteryoung, Anal.Chem. , £9, 2639
(1987).

7. R.J. Gale, B.Gilbert, and R.A. Osteryoung, Inorg.Chem. , 17. 2728 (1978).

8. B.Gilbert, unpublished results.

9. B.P.Dailey, and J.N.Shoolery, J.Am.Chem.Soc.. 77. 3977 (1955).

10. T.Takeshita, and W.E.Frankie, Tetrahedron Letters. 56. 5913 (1968)

826



nn
sr 

ins
er

tio
n 

se
co

nd
 in

se
rt

io
n 

rni
MA

nY
 rn

nn
iirr

s 
iso

me
rij

er
 n

io
ou

ct
s

827

Le
riz

at
io

n 
ot

 P
ro

py
le

ne
 b

y 
N

ic
ke

l 
C

om
pl

ex
es

.



828

T
ab

le
 1

. 
D

im
er

iz
at

io
n*

 o
f 

Pr
op

yl
en

e 
by

 N
ic

ke
l 

C
om

pl
ex

es
 

in
 M

ol
te

n 
Sa

lts



RANGE- 50 - 1850 04-1

RANGE- 100 -  1800  0 4 -1

Figure 2. Ram an Spectra of Pure Compounds:
-upper: Ethyl Aluminum Dichloride
-lower: 1 -Methyl 3-Butyl Imidazolium Chloride Molten
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RANGE- 100  -  8 0 0  CK-1

Figure 3. Ram an Spectra: - upper: AlEtCl2-MBIC 0.50 N
- lower: MBIC Molten

RANGE- 100 -  80 0  CM-1
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N I349

0.541 184 150 1.23

0.556 226 181 1.25

0.574 587 490 1.20

0.598 854 709 1.20

0.625 1057 919 1.15

0.641 1535 1216 1.23

Table 2. Intensity Ratio of the Vibrations at 349 and 421 cm'

C alculated R atio  
[Al>Ett C ls1 /lA lE tC l3-]

Figure 5. Variation of the Intensities Ratio of Vibrations of
A lE tC V  ( 367 cm" 1 ) and of Al2E t2Cl5~ (349 cm - 1  )
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Figure 6 . Ram an Spectra: - upper AlEtCl2-MBIC 0.70 N
- lower AlEtCl2-MBIC 0.70 N 

after removal of contributions of Ai2E t2Cl5~

AlEtCl3' Al^Et^CU

150 (m, dp) 166 (m, dp) 349 (s, p) 621 (m, p)
182 (m, dp) 178 (m, dp) 398 (m, p) 635 (m,dp)
273 (m, dp) 253 (m, p) 420 (st,p) 696 (w,dp)
349 (sh, p) 271 (m, p) 494 (s, p)
367 (st, p) 305 (br, p) 550 (s, p)
450 (w, dp) 321 (m, p) 600 (m,dp)
621 (m, p)

st =  strong, br = broad, m = medium, sh = shoulder, s = small, w = weak 

do =  depolarized, p = polarized

Table 3. Raman Frequencies (cm-1) of AlEtCls-  
and of Al2Et2Cl5-
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CHLORINATION OF CaO IN CaCl2 BASED MELTS

Ram A. Sharma and Randall N. Seefurth

General Motors Research Laboratories 
Physical Chemistry Department 

Warren, Michigan 48090

ABSTRACT

The CaO in synthetic mixtures of CaClo and KC1 was 
successfully converted into chloride by chlorination at 
temperatures between 750 and 850°C. The chlorinations were 
carried out with chlorine, or mixtures of chlorine and argon 
containing up to 50 volume percent (v/o) argon, at flow 
rates ranging between 100 and 350 milliliters per minute 
(ml/min). Conversion rates of 0.23, 0.57 and 0.80 g CaO/min 
were successfully obtained. The stoichiometric amount of 
chlorine was sufficient to reduce the CaO content of the 
salt to ~1 weight percent (w/o) at 800*C.

INTRODUCTION

New processes for the production of the Actinide and Rare Earth 
metals are being developed (1-11). In these processes, metal oxide, 
fluoride or chloride is reduced by calcium in the presence of a salt 
medium such as molten calcium chloride. The metal produced is then 
trapped in a molten alloy pool consisting of the metal and another 
suitable metal such as zinc. General Motors has also developed such a 
process for the production of neodymium metal (6-11). In this process, 
fine Nd20o particles are suspended in a CaCl2~based salt media by 
mechanical stirring at temperatures between 725 and 850°C. The 
suspended Nd20g reacts with CaCl2 to form CaO and NdOCl which in turn 
is reduced by calcium to produce fine neodymium powder and additional 
CaO. The calcium reductant can either be added directly, or generated 
in situ by the reaction of less costly sodium with CaCl2 . The 
neodymium is extracted from the salt phase by dissolving it in a Nd-Zn 
or Nd-Fe pool at the bottom of the reactor.

The flow diagram for the neodymium production process is given in 
Figure 1. As shown in this diagram, the salt is presently being 
discarded, but may be regenerated for recycling. The amount of salt 
discarded is approximately four times the weight of neodymium 
theoretically produced.

In all the above processes, regeneration of the spent salt can 
further reduce the metal production cost and high temperature 
chlorination of the CaO by-product appears to be a promising method. 
Therefore, feasibility studies on this high-temperature chlorination 
process to regenerate the spent salt were conducted and the results of 
preliminary tests are communicated in this report.
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THEORETICAL CONSIDERATIONS

Chlorination of CaO in the spent salt is proposed to be carried out 
by the following reaction

CaO + Cl2 + CaCl2 + \  02 ( 1)

The standard free energy change of this reaction, AG*, as shown in 
Figure 2, is negative at all temperatures of interest indicating it 
should proceed spontaneously in the forward direction. In addition, 
the magnitudes of this negative standard free energy change (-26.5 kcal 
at 1000 K) should be sufficient to overcome the effect of lower CaO 
activity in the final stages of chlorination.

The standard free energy change of the reaction 

MgO + Cl2 - MgCl2 + \  02 (2)
is positive at chlorination temperatures (Figure 2). In addition, MgO 
does not form any solid solution or compound with CaO and is 
practically insoluble in the salt phase. Likewise, the standard free 
energy change of the reaction

3 A12°3 + C12 + 3 A1C13 + 2 °2 (3)

is positive at the temperatures of interest (Figure 2) , and A ^ O g  is 
also practically insoluble in the salt. Therefore, containers of 
either MgO or A ^ O g  (if CaO does not appreciably react with A^Og) can 
be used for the chlorination process.

EXPERIMENTAL

Materials

Potassium chloride of 99.7% purity, anhydrous calcium chloride of 
99.9+% purity and calcium oxide of 98% purity were used to make the 
synthetic spent salt mixtures. Prior to use, the chlorides were oven 
baked for 2 h at 500*C and the oxide for 2 h at 1000*C to remove 
moisture and other volatiles.

High purity chlorine (99.9%) and argon (99.999%) were used for the 
chlorination reactions and to purge the reactor, respectively.

Apparatus

The synthetic salt mixtures were prepared inside a helium- 
atmosphere drybox furnace well (9). The chlorination reactions were 
carried out in alumina crucibles (5.5 cm OD by 18 cm deep by 0.3 cm 
wall thickness) inside closed quartz containers (7 cm OD by 65 cm deep
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by 0.2 cm wall thickness) fitted with gas and outlet ports (Figure 3) . 
A tubular clam-shell heating element furnace (7.5 cm ID by 46 cm long) 
regulated by means of a programmable temperature controller was used to 
heat the test reactor. The temperature was monitored by a calibrated 
thermocouple positioned adjacent to the furnace wall at mid-melt level. 
Alumina sparge tubes (0.6 cm OD by 76 cm long by 0.15 cm wall 
thickness) were used to bubble the gases through the salt mixtures, 
while a mass flow controller and a dual tube mixing rotameter were used 
to regulate the chlorine and argon flow rates, respectively.

Procedures

The preweighed chloride salt mixture was melted at 850*C in an 
alumina crucible. The calcium oxide was slowly stirred into the molten 
salt, and then the mixture was slowly cooled (O^/min) overnight.

The alumina crucible was positioned inside the closed quartz 
container. Quartz felt thermal insulation was wrapped around the 
crucible to protect the quartz from splashing of the salts. The 
alumina sparge tube was positioned above the solid salt surface and 
sealed into the inlet port with a rubber stopper. This assembly was 
positioned in the furnace and hooked up to the facilities gas lines. 
The unit was purged with argon (~50 ml/m) as it was slowly heated 
(~3*C/min) to the reaction temperature.

Upon reaching thermal equilibrium, the sparge tube was lowered to 
within 1 cm of the crucible bottom. The chlorine was turned on at the 
required flow rate and allowed to pass through the melt for a 
predetermined time interval. At the completion of the chlorination 
reaction, the melt was purged with argon at 200 ml/m for ~15 min, the 
sparge tube was lifted out of the melt and the reactor was slowly 
cooled (~2.S^C/min) under a reduced argon purge rate (~25 ml/min) 
overnight.

The reactor was disassembled and the alumina crucible was 
transferred into a drybox where a 1 cm diameter core sample (~20 g) was 
taken for chemical analysis. The remaining salt was dissolved in 
~3.5 liters of deionized water and the residual solids were filtered 
out, calcined weighed and reported as gravimetric CaO. In all cases, 
the alumina crucibles were not noticeably attacked by CaO during these 
experiments.

RESULTS AND DISCUSSION

The results of initial chlorination experiments are given in 
Table I. Synthetic salt mixtures consisting of 270 g of CaC^, 30 g of 
KC1 and 50 g of CaO (14.3 w/o CaO) were used in these experiments. The 
effects of chlorine flow rate, temperature, excess chlorine (over the 
stoichiometric amount) and dilution of chlorine were studied. As can 
be seen from the first five experiments in Table I, the results appear 
to be fairly reproducible.
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Effect of Chlorine Flow Rate

As shown in Table I, the CaO content of the synthetic salts was 
reduced to ~1 w/o at 800*0 using the stoichiometric amount of chlorine 
at flow rates ranging between 100 and 350 ml/min. On the average, the 
amount of CaO remaining in the salt was ~4 g, which agrees with the 
solubility of CaO in CaClo at 800°C (13). Apparently the soluble CaO 
was not easily chlorinated under these experimental conditions. 
However, the suspended particles of CaO were converted into C a C ^  at 
conversion rates of 0.23, 0.57 and 0.80 g/min. As shown in Figure 4, 
the rate of CaO conversion is proportional to the chlorine flow rate. 
This means the rate of chlorination, within the flow rates studied, is 
controlled by the availability of chlorine gas.

Effect of Temperature

Chlorination with the stoichiometric amount of chlorine at a flow 
rate of 100 ml/min reduced the gravimetric CaO content of the synthetic 
salt mixtures to 0.57, 0.98 and 1.09 w/o as indicated by the 
gravimetric analysis at 750, 800 and 850*C, respectively. At the 
corresponding temperatures, the amount of residual CaO remaining in the 
salt increased from 2.29 to 3.89 to 4.13 g. Since the solubility of 
CaO in C a C ^  also increases with temperature, it appears that the 
soluble CaO is comparatively more difficult to chlorinate than the CaO 
particles suspended in the salt.

Effect of Excess Chlorine

The effect of the amount of chlorine on CaO conversion was studied 
at 800°C at a chlorine flow rate of 100 ml/min. The CaO in the salt as 
indicated by gravimetric analysis decreased from 0.98 to 0.58 w/o when 
the amount of chlorine was increased from the stoichiometric amount to 
10% excess, while the CaO was 1.23 and 1.98 w/o when the amount of 
chlorine was 10 and 20% less than stoichiometric, respectively. This 
trend is as expected, however, the average rate of CaO conversion 
increased slightly with a decrease in the amount of chlorine from the 
stoichiometric amount (Figure 5). This indicates when the amount of 
chlorine supplied is less than the stoichiometric amount, it is more 
efficient in converting CaO into chloride.

Effect of Diluting Chlorine

The effect of diluting chlorine with argon on CaO conversion was 
studied at 800°C using the stoichiometric amount of chlorine at a total 
flow rate of 250 ml/min. The CaO content of the salts was reduced from 
14.3 to ~1 w/o (Table I), while the rate of CaO conversion was found 
proportional to the volume percent of chlorine in the gas phase 
(Figure 6). This again indicates the rate of CaO conversion is 
controlled by the availability of chlorine in the gas phase.
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The chlorination reaction can be basically represented as

0= + Cl2 - 2C1% \  02 (4)

However, in the chlorination process, three phases exist; gaseous 
chlorine with oxygen, solid CaO (during most of the process), and a 
liquid solution of CaO in the CaC^ based salt. As the chlorine gas is 
bubbled through the melt, reaction (4) most likely takes place at the 
interface between the gas bubble and the melt. Oxide ions react with 
chlorine at this interface; the chloride ions formed pass into the 
melt, while the oxygen formed passes into the bubble. Due to high 
interfacial surface energy and agitation provided by gas bubbling, CaO 
particles will probably collect at the gas bubble-melt interface. In 
this way, the melt at the interface will be saturated with oxide ions 
and they will be available to react with chlorine until all the solid 
CaO particles are consumed. On the other hand, after a certain period, 
the oxide ions dissolved in the melt will have to migrate to the bubble 
surface to react with chlorine. The rate of oxide ion migration may be 
slow and could be the reason that it is comparatively more difficult to 
chlorinate the CaO in solution than CaO particles in suspension. To 
facilitate the chlorination of the dissolved CaO, it may be necessary 
to agitate the melt.

Since the melt at the bubble interface remains saturated with oxide 
ions when CaO particles are present, it may then be concluded that the 
rate of chlorination is not limited by the transport of oxide ions. In 
other words, the rate of reaction is controlled by the rate at which 
chlorine is available. Under such conditions, the amount of chlorine 
passed can be totally consumed due to sufficient residence time 
(determined by the chlorine flow rate and melt height) in the molten 
salt. Therefore, with proper design of experiments, all the chlorine 
can be used to convert CaO to CaC^, and chlorine corrosion problems 
can be avoided. This will require a reactor having the proper aspect 
ratio and chlorine flow patterns. However, oxygen corrosion problems 
must still be faced.

Further Interpretation of Results
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Fig. 1 Flow diagram of the Nd^O^ reduction process.

0 -

-40
0 400 600 800 1000 1200

Fig. 2 Standard free energy change of reactions, AG°, 
versus temperature (12).

Fig. 3 Schematic diagram of the chlorination apparatus.
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Fig. 4 Rate of CaO conversion
versus chlorine flow rate

Fig. 5 Rate of CaO conversion
versus chlorine in excess 
of stoichiometry.

Fig» 6 Rate of CaO conversion versus volume percent chlorine 
in the gas phase.
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APPENDIX

Determination of the CaO Content in the Chlorinated Salt

The synthetic salt mixtures contained 270 g of CaC^, 30 g of KC1 
and 50 g of CaO before chlorination.

After chlorination, a 20 g core sample of the salt was taken for 
chemical analysis of CaO. The results of these analyses on the core 
samples are reported in Table I as Core-S CaO (w/o).

The remainder of the chlorinated salt sample was dissolved in water 
and the precipitate calcined and weighed. The calcined precipitate is 
reported in Table I as Gravimetric CaO (w/o). These values were 
calculated as follows:

Grav. CaO (w/o) ________________100 fx)
300 e + (50 g - x) (110.99) 
duu g 56.08 - 20 g + x

where x = the amount (g) of calcined CaO precipitate, and 20 g is the 
portion of the salt mixture used for chemical analysis.

The residual CaO reported in Table I is the sum of the CaO obtained 
from the gravimetric analysis (calcined precipitate) and the chemical 
analysis, or

Residual CaO (g) 20 g (Core-S CaO)
100
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CHARACTERIZATION OF OXYGEN SYSTEMS IN MOLTEN 
BARIUM HYDROXIDE. APPLICATION TO OXIDATIVE 

CONVERSION OF METHANE

J. Devynck, M. Cassir, C. Moneuse and B. Tremillon
Laboratoire d' Electrochimie (URA 216 du CNRS) 
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ABSTRACT
Molten barium hydroxide at 800°C is investigated for oxidative coupling 
of methane by oxygen to form ethane and ethylene.
The characterization of oxygen species by voltammetry in basic (BaO 
saturated) and acidic- (under P(H2 0 ) = 1 atm.) media shows that 
peroxide ion, involved in the catalytic effect, is stable in the whole 
acidity range.
Catalytic activity of Ba(OH)2 is tested by bubbling mixtures of CH4 and 
oxygen in molten phase at various acidity levels. Methane conversion 
of 20% and C2 yield of 7% are obtained. Results are compared with 
those of solid oxide catalysts.

INTRODUCTION
The conversion of methane into more easily transportable fuels (ethane and 
ethylene) is a potentially important process [1]. The oxidative coupling of 
methane by molecular oxygen involves active species as peroxide ions in a 
diatomic (O22') [2 ].or a monoatomic form (0“)[3] and peroxide ions O2 " [3]. 
These species, characterized on solid catalysts at high temperatures (800°C to 
900°C), can also be stabilized in homogeneous phases (molten salts) at the 
same temperature. The most common molten salts in which peroxide ion have 
been characterized are molten carbonates [5] and molten hydroxides [6].
The aim of this study was to describe the thermodynamic behaviour of oxygen 
species in molten Ba(OH)2 , comparing it to experimental data based on a 
voltammetric study at Pt and Ni electrodes and to test the catalytic properties 
for the methane oxidation by oxygen in this medium.
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THERMOCHEMICAL DATA
Theoretical studies based on thermochemical data allow to predict the redox 
properties of oxygen species and their evolution with the acidity of the medium. 
Thermochemical data of the different species in molten barium hydroxide are 
given in the Kubashewski and Alcock tables [6], or in the case of Ba(OH)2 in 
Janaf thermochemical tables [7].
The autodissociation equilibrium of molten barium hydroxide is :

Ba(OH)2 (l) «  BaO(s) + H2O (g)
(where (I), (s) and (g) refer to the liquid, solid and gas phases respectively). 
This equilibrium can be expressed in term of ionic species :

2 OH- <=> 02- + H2O 
the expression of the autodissociation constant is :

K * = a(02 -) P(H2 0 ) = ([O2'] / SBa0 ).P(H2 0 ) 
where a(o2 -) is the activity of oxide ions, P(H2 0 ) the water vapour pressure 
and [O2"] the concentration of oxide ions. This constant characterizes the limits 
of the acidity range which are fixed by the saturation of the molten salt by BaO 
(the most basic medium) and by a water vapour pressure of 1 atmosphere (the 
most acidic medium).
The oxidation of Ba(OH)2 (oxygen in the oxide form) yield oxygen or peroxide 
(Ba02) • The oxidation reactions are as follows :

2 Ba(OH)2 - 4 e- O2 + 2H2O + 2Ba2+
2 Ba(OH)2 , 2e- «  Ba0 2 + 2H2O + Ba2+ 

the acidity range in which peroxide species are stabilized can be predicted 
from the variations of equilibrium potentials of both systems versus acidity, 
characterized by - log P(H2 0 ). The oxidation potentials of these systems have 
been calculated for various water vapour pressure at different temperatures.
Figure 1 shows the evolution of these potentials under the following conditions 
P(02) = 10 '2 atm and [Ba02] = 10 ' 1S (where S is the solubility of Ba02 in 
mol.Kg"1). The broken lines part (a) and (b) fix the limit between hydroxide ion 
(lower domain) and its oxidized form (upper domain). The vertical line part (c) 
indicates the limit of the acidity range, fixed by the solubility of BaO. The 
corresponding acidity level (- log P (H2 O) is reported on the X axis. At 
temperatures lower than 550°C, the stable form of oxidized Ba(OH)2 is oxygen 
in acidic media (low p(H2 0 ) values). Oxygen is not stable in neutral and basic 
media and reacts with oxide ion to form peroxide ion.
When temperature increases Ba02 is stabilized over the whole acidity range. 
The increase in the autodissociation constant with temperature (pK* = 0,19 at 
800°C) shows that the acidity shift between the most acidic and the most basic 
medium is rather small : molten Ba(OH)2 appears to be quite buffered at this 
temperature.
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These calculations allow to predict that the peroxide ion is stable in the molten 
salt and that its stability increases with basicity and temperature.

ELECTROCHEMICAL STUDY OF OXYGEN SYSTEMS
Electrochemical measurements were carried out with Tacussel Instruments 
PRGS and GSTP connected to a Sefram recorder. The cell was a compact 
alumina crucible with an alumina cap. The working electrodes were platinum 
and nickel wires sealed into an alumina jacket.. At 500°C, the reference 
electrode was a nickel wire dipped into molten Ba(OH)2 saturated with NiO in 
a pyrex tube (its potential is attributed to 0 2”/0 2 2' system ; O2 in the molten 
salt, due to a permanent contact with atmosphere reacted with O2' ions 
producing O2 2'). At higher temperatures a platinum pseudo reference 
electrode was used ; potentials were adjusted in relation to the pyrex 
reference electrode.
Voltammetric studies showed that the extent of the electrochemical stability 
range of the molten salt was independent of the acidity level. Figure 2 shows 
that a rise of temperature provoked a decrease in the electrochemical stability 
range according to theoretical predictions and an increase of the oxidation 
current located at a potential close to OV/ref.
Voltammograms obtained at a Pt electrode under the conditions described in 
Figure 3 show a first oxidation wave at a potential of -0,2 V/ref due to the 
following oxidation reactions of Pt :

Pt + 2 O2- - 2 e‘ <=> Pt O22" 
and Pt + Pt022" - 2  e~ <=>2 PtOl

and a second wave at a potential of + 0,03 V/ref. probably due to the oxidation 
of 0 2~ into 0 2 2“(in agreement with the results previously obtained in NaOH 
and NaOH-KOH [5])*.This oxidation step was not followed, as in molten 
NaOH, by a second oxidation step of peroxide ions into superoxide ions, which 
are thermodynamically unstable in this medium. Reduction waves overlap and 
are probably due to the reduction of PtO and Pt022" and to the species formed 
when oxidizing O2" and OH".
Voltammograms obtained at a Ni electrode (fig. 4) show a system due to the 
following redox reaction of Ni : Ni + 0 2“ - 2 e‘ «  NiO i  ( Ep anodic = -0,60 
V/ref. and Ep cathodic = -0,95 V/ref) and an oxidation current due to 
O2' - 2 e ’ «  0 2 2‘ at a potential of -0,01 V/ref ; confirming the results 
obtained at Pt electrode. The reduction current at a potential of -0,2 V/ref

* As it was mentioned, a rise in temperature provoked an increase in the diffusion current 
o f O2' ions due to a decrease in the viscosity of the molten salt.
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corresponds to 02^' formed by the oxidation of O2" and OH", or by the reaction 
of molecular oxygen with O2". This current can overlap with a reduction current 
due to molecular oxygen.
The calibration of the voltammetric wave corresponding to the oxidation of O2" 
allowed to obtain the solubility of BaO: SBaO = 3.10‘3 mol/kg.

CATALYTIC APPLICATION
Oxidative conversion of methane was performed by bubbling a mixture of 
methane and oxygen (with argon as diluent) in liquid barium hydroxide at 
800°C. The reactor was a sintered alumina cell closed by a stainless steel cap 
equiped with an air-cooled Viton O-ring (the temperature of the cap did not 
exceed 150°C). Water produced by the reaction or introduced to fix the acidity 
level was collected in a cold trap (0°C) before the gases were introduced into a 
chromatograph equipped with TCD and F/D, coupled to a recorder integration 
used for product analysis. The column was a carbosphere (3 m, 80-100 Mesh).
The C2 selectivity and the yield of methane conversion have been determined 
as a function of the acidity of the medium and temperature.
The results reported in table 1 show that the empty reactor exhibits a catalytic 
activity (assay 1 ) which is significantly increased by the presence of the molten 
phase (assays 2, 3, 4, 5 and 6).

Table 1 - General conditions : 90 g catalyst., initial pressures of 
125.0 Torr CH4, 41.5 Torr 02, 593.5 Torr He, total flow rate of 128 
ml/min, gas bubbling, dry gas. (a) P(H20) = 17.5 Torr; (b) 
empty reactor; (§) present in gas outlet, 
t (hours) is the reaction time (reactant gas in contact with the 

catalytic phase); h (hours) is the time spent from the beginning of 
the fusion of the melt; (h - 1) is the time during which the melt is 
maintained under an inert gas (helium) at atmospheric pressure.

ASSAY t h Selectivity %
CO C02 C2H4 c2h 6

conv.%
O2

Yield,%c2
Conv.,%

c h4
ia,b 0 0 51.5 20.4 (§) 21.0 6.9 21.6 3.1 11.0

2a’c 1 1 8.0 64.2 20.8 6.9 73.2 4.6 16.8

3a 3 4.75 0 70.3 24.3 5.4 95.9 6.1 20.7

4a 3.75 23 0 66.9 26.8 6.2 97.3 7.2 21.7

5 5.75 25 0 65.2 30.1 4.6 95.9 7.5 21.7

6 9.50 95 0 61.8 29.9 8.2 73.2 6 .6 17.3
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In an acidic medium (under a water vapour pressure of 17,5 Torr, the methane 
conversion was about 21% and the C2 selectively was 31% (assays 3 and 4). 
When the acidity level was shifted towards basic level by dehydration (and 
precipitation of BaO), the conversion was not changed but the selectivity 
increased up to 35% - 38%. Thus, despite a small acidity variation, a higher 
selectivity can be correlated with an increase in the stability of peroxide ions.

CONCLUSION
A catalytic effect on the oxidative coupling of methane is observed in molten 
barium hydroxide, at 800°C, as previously mentioned in other molten salts (8). 
Even though the selectivity (formation of ethane and ethylene) was not very 
high, the reproducibility of the results was good enough to establish that a 
significant increase in selectivity can be obtained by a shift in the acidity level 
from acidic media (under a fixed water vapour pressure) where the ethane + 
ethylene selectivity was about 31%, to a strongly basic medium (BaO saturated 
solution), where the corresponding value was about 38%. This effect can be 
correlated with the stabilization of the peroxide form of oxygen, in agreement 
with thermodynamic studies which have shown that peroxide is the stable form 
of reduced oxygen in basic medium. However, at 800°C, the narrow acidity 
range of Ba(OH)2 (less than 0,2 p02‘ unit) limits the possible variation of 
acidity.
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Figure 1 - Oxidizing properties of oxygen in molten barium hydroxide at various 
temperatures : evolution of the oxidation limit of the molten salt with acidity for 
P (0 2 ) = 10*2 atm and Ba02 = 10*1 S (S : solubility, mol/kg). Redox potential 
of ( a ) : system 0 2 /0 2' ; (b ) : system 0 2 27 0 2’ ; ( c ) : precipitation of BaO.

Figure 2 - Evolution of voltammograms of molten Ba(OH)2 (under argon) with 
temperature, Pt electrode ; Pt pseudo ref. electrode ; V « 30 m V.S 'V
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Figure 3 - Voltammogram of Ba(OH)2 at 500°C under argon Pt electrode, Ref. 
electrode Ni in Ba(OH)2 saturated with NiO; V = 30 mV.S'1.

Figure 4 - Voltammogram of Ba(OH)2 at 500°C under argon Ni electrode, Ref. 
electrode Ni in Ba(OH)2 saturated with NiO ; V = 30 mV.S'1.
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EQUILIBRIUM CONSTANTS OF THE NITRATE/NITRITE/OXYGEN REACTION 
IN MOLTEN TERNARY NITRATE SALT MIXTURES

R. W. Bradshaw and D. E. Meeker 
Sandia National Laboratories 

Livermore, CA 94551-0969

ABSTRACT

We have evaluated the chemical equilibria of the 
decomposition reactions of ternary mixtures of molten nitrate 
salts consisting of sodium and potassium nitrate with 
additions of either calcium, barium or lithium nitrate. The 
equilibrium constant of the initial reaction, nitrate = 
nitrite + oxygen, was relatively insensitive to the 
composition of the mixtures. The extent to which subsequent 
decomposition reactions proceeded was dependent on the type 
and amount of the additions to the binary alkali nitrate 
mixture and was related to the charge and size of the added 
cationic species.

Introduction

Ternary mixtures of NaN0« and KNO^ with other alkali and alkaline 
earth nitrates have much lower melting points than the binary alkali 
salt mixture (equimolar, m.p. 238 C). For example, the eutectic of 
LiN0~, NaN0~ and KNO,, (30:18:53, wt.%) melts at 120°C, while the 
mixture 30 C a ^ O ^ ^ - ^  NaNO^-46 KNO^ (wt.%) melts at approximately 
160°C [1]. Salt mixtures with lower melting points have potential 
applications as energy collection and storage fluids in advanced solar 
thermal energy systems [2].

The chemical equilibrium of the binary alkali mixture has been 
Studied at high temperature and the mixture is quite stable, in the 
presence of oxygen, up to 600 C [4]. The stability of ternary mixtures 
containing calcium or lithium nitrate additions is expected to be less 
than that of the binary mixture because pure C a ^ O ^ o  and LiNO^ are 
less stable at high temperature than NaNO^ and KN0~ [5]. No 
quantitative measurements of the equilibria of mixtures containing 
calcium or lithium nitrate appear to have been made, although some 
incidental observations of decomposition of mixtures of Ca(N0~)„ and 
KNO^ [6,7,8] and a mixture of Li/Na/K/NO^ [9] have been reported.

The purpose of this study was to evaluate the chemical stability 
of ternary mixtures of alkali and alkaline earth nitrates. The approach 
taken was to determine the extent of decomposition, with respect to the 
formation of nitrite and oxide ions, of oxygen-saturated, ternary salt
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mixtures at equilibrium. Experiments were conducted with mixtures of 
Li/Na/K/N03, Ca/Na/K/NC>3 and Ba/Na/K/N03.

EXPERIMENTAL

The ternary nitrate mixtures were prepared from reagent grade 
salts without further purification. Melts were allowed to equilibrate 
for at least 48 hours after establishing the temperature of each 
experiment. Several samples of salt were withdrawn, using a quartz 
pipet, at various times during the next 24 hours or more, which was 
sufficient to attain constant composition. The temperature of a given 
mixture was raised in increments until insoluble decomposition products 
were observed or a temperature of 600°C was reached. The details of the 
experimental procedure can be found in Ref. [3].

Melts containing lithium nitrate were studied using the apparatus 
described by Nissen and Meeker [4]. Salt mixtures were prepared in a 
glove box to avoid water absorption by LiNO,,. The melts were contained 
in platinum crucibles, enclosed within a hermetically-sealed vessel, 
and were sparged with oxygen at one atmosphere total pressure. This 
apparatus had a provision for removing traces of carbon dioxide from 
the inlet gas stream, which eliminated the possibility of reactions 
between C02 and oxide ions formed in the melt.

Experiments with melts containing alkaline earth nitrates were 
conducted in a furnace open to the atmosphere. Mixtures totaling 300 to 
400 grams were melted in aluminum oxide crucibles. Water was readily 
evolved from the salts upon melting, with visual indications ceasing 
after a few hours. The melts were sparged with air from the laboratory 
compressed air supply at a rate of 100-200 seem. Air was passed through 
a Drierite (calcium sulfate) column to dry and filter it before 
bubbling through the melt. CO2 was not removed from the inlet gas 
stream. A small amount (<0.03 wt.%) of a reddish-brown precipitate, 
apparently derived from calcium nitrate, formed upon heating to about 
300 C. The insoluble material was filtered out by passing the melt 
through Pyrex-glass wool, after which the melts became water-clear. The 
residue was analyzed by X-ray diffraction and infrared spectroscopy and 
found to consist of CaO and a silicate.

RESULTS AND DISCUSSION

The equilibrium chemistry of molten nitrate salts has been 
reviewed elsewhere [10,11]. Metal nitrates decompose to yield the 
corresponding nitrite in equilibrium with the ambient oxygen activity, 
according to Eq. 1.

(1) N03~ = N02~ + 1/2 02

The equilibrium constant for the above reaction, K^, is given by
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(2) K. [NO ](P )
Z U2

1/2 / [n o3 ]1

where the molal concentrations of the anions and the partial pressure 
of oxygen are substituted for the activities of the compounds.

Nitrite, formed by Eq. 1, and nitrate may subsequently decompose 
to yield various oxide ion species (oxide, peroxide and superoxide). 
The equilibrium chemistry of oxide ions in nitrate/nitrite melts is 
rather complicated and somewhat controversial [10,11]. Common 
impurities, such as water vapor and carbon dioxide, which behave as 
Lux-Flood acids in these melts, have marked effects on the 
concentrations of oxide ion species in nitrate melts [10,11]. For 
example, the carbon dioxide in air may convert oxide ion species to 
carbonate,

In this study, the decomposition behavior of ternary nitrate melts 
was characterized by the amount of nitrite ion formed and by the 
concentrations of oxide ions or derivative species, such as carbonate.

Lithium-Sodium-Potassium Nitrate Mixtures

A number of ternary mixtures of LiNO^ with NaNO^ and KNO^ were 
studied at temperatures between 500°C ando00°C. These values of 
were comparable to those of the binary mixture of NaNO^ and KN0~ over 
the temperature range studied, as shown in Figure 1. A small but 
systematic increase in was observed as the mole fraction of LiNO^ 
increased (neglecting variations in the amounts of NaNO^ and KNO^). The 
enthalpy change of reaction 1, obtained from the slope of the Arrhenius 
plot, was essentially independent of composition. The average slope of 
the five LiNO^-containing mixtures was 22.9 kcal/mol, essentially equal 
to that of the binary mixture, 23.0 kcal/mol [4].

Ternary mixtures containing LiN0~ formed much larger 
concentrations of oxide ions at high temperature than the binary 
mixture, which was reported to have less than 10 micromolal total oxide 
%under these conditions [4]. The formation of oxides was very sensitive 
to the amount of LiNO^ in the mixtures, as shown in the semi-log plot 
in Figure 2. Below about 40 mol.% LiNO^, the concentration of oxide 
ions increased sharply as the LiNO^ content increased. A further 
increase in LiNO^ content resulted in a much smaller increase in oxide 
concentration. Solubility may have been limiting the amount of oxide in 
the melt.

The equivalent concentration of oxide ions attained a maximum 
value at 550 C, regardless of the initial composition. Increasing the 
temperature from 550 C to 600 C caused a small decrease in the total 
oxide concentration of all the ternary mixtures analyzed. This behavior 
may be due to conversion of oxide or peroxide ions to superoxide at

(3) CO,’3
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high temperature [14], thereby reducing the equivalent amount of 
hydroxide measured during titrations by half.

Calcium-Sodium-Potassium Nitrate Mixtures

Molten salt mixtures containing calcium nitrate behaved quite 
similarly to the binary alkali mixture with respect to nitrite 
formation. The Arrhenius plot in Figure 3 shows values of K- for 
several mixtures of CaCNO^)^, NaNO^ and KNO^ and compares tnem to the 
data in the literature for the binary mixture [4], NaNO^ [12] and KNO^ 
[13]. Although calcium-containing mixtures displayed slightly lower"3 
values of than the binary salt, the effect of Ca(N0^>2 concentration 
on was negligible over the range studied. The data for all ternary 
mixtures were fitted to a single Arrhenius equation and a slope 
corresponding to an enthalpy change of 16.4 kcal/mol for Eq. 1 was 
obtained, somewhat less than that reported for the binary mixture, 20.3 
kcal/mol [4].

The most obvious indication of decomposition at high temperature 
was the formation of a solid phase. Typically, the melts were 
maintained at each successively higher temperature for several days, 
without discoloration or other visible deterioration, over a cumulative 
period of several weeks. At the highest temperature of each experiment, 
solid formation was observed. In one experiment, a mixture containing 
30 mol% C a ^ C U ^  was kept at 462 C for more than two weeks without a 
significant change in the chemical analysis or any visible changes in 
the melt.

The solid phase that formed in the melts was identified as calcium 
carbonate by X-ray diffraction analysis. The amount of each precipitate 
was not measured but was less than a few percent of the total mass of 
the melts in all experiments. The temperature at which the precipitate 
appeared decreased as the concentration of Ca(N0^>2 increased. The 
temperatures attained show that although CaCNO^^ reduces the stability 
of the mixture, the reduction is not as drastic as might be expected 
from the behavior of the pure salt [5].

Carbonates are formed by the reaction of carbon dioxide, in the 
air passed through the melts, with oxide ions produced by decomposition 
of nitrite and nitrate. No free oxide ions were detected in these 
mixtures, which indicates that the equilibrium constant for Eq. 3 is 
large, just as it appears to be in the binary alkali salt [15].

Barium-Sodium-Potassium Nitrate Mixtures

Equilibrium experiments were conducted with two ternary mixtures 
comprised of barium nitrate in sodium/potassium nitrate. Barium- 
containing mixtures were more stable than calcium-containing mixtures 
at the same concentration of alkaline earth nitrate. With respect to 
the nitrate-nitrite-oxygen reaction, barium-containing mixtures behaved
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similarly to the binary alkali mixture, as shown by the values of 
plotted in Figure 4. The differences between mixtures in which the mole 
fractions of BaCNO^^ were 0.2 or 0.3 were quite small. The enthalpy 
changes for Eq. 1 for these two mixtures were 27.4 and 25.6 kcal/mol 
respectively, somewhat larger than the values for the binary mixture or 
calcium-containing ternary salts.

Decomposition of barium-containing ternary salts at high 
temperature produced a solid phase. This phase was not analyzed but it 
was assumed to be barium carbonate, since the titrimetric analysis 
showed carbonate but no free oxides. The temperature required to 
produce visible quantities of decomposition products decreased as the 
concentration of BaCNO^^ increased analogous to ternary mixtures 
containing CaCNO^)^. However, the temperature required to cause 
decomposition was higher than for mixtures with added Ca(N0^>2 at the 
same mole fraction of the alkaline earth nitrate.

Effect of Composition on Stability of Mixtures

The trend of stability of ternary salt mixtures, as indicated by 
the maximum temperature at which decomposition products became 
appreciable, is approximately Ca < Li < Ba. This order is somewhat 
arbitrary for Li and Ba since the cover gases were not the same. 
Regardless of this distinction, the stability of ternary salts followed 
the correlation for single salts established by Stern [5J. This 
correlation is based upon a parameter of the cationic specie consisting 
of the square root of the covalent metallic radius, r, divided by the 
effective nuclear charge, Z. Stability increases as the cation 
parameter increases, which implies that electrostatic effects between 
the cations and the polyatomic anions are important. The values of this 
parameter for the alkali and alkaline earth metals of interest are 
given below [5].

The stability of ternary mixtures appears to be determined 
primarily by the least stable constituent since the nitrates of sodium 
and potassium are much more stable than the other nitrates. However, 
molten mixtures of nitrates appeared to be more stable than the least 
stable individual salts. Lithium nitrate has been reported to decompose 
to nitrite and oxide just above its melting point of 258 C [5], but 
ternary mixtures of Li/Na/K/NO^ were relatively stable in the presence 
of oxygen. Similarly, barium nitrate reportedly decomposes upon melting 
[5], but its mixtures were fairly stable.

Ca
Li
Ba
Na

K

0.38
0.45
0.46
0.53
0.62

855



The types of cations in the salt mixtures had relatively little 
effect on the nitrate/nitrite reaction (Eq. 1) over the range of 
compositions investigated. The equilibrium constants for this reaction 
were quite similar for all the ternary mixtures, although a systematic 
increase in the enthalpy change of Eq. 1 was observed in the order Ca < 
Li < Ba. This order follows Stern's correlation for the pure salts [5], 
although the relative differences in enthalpies were less for mixtures. 
This observation suggests that nitrate ions are surrounded by a group 
of cations corresponding to the composition of a given ternary mixture 
and that clustering of one type of cation does not occur. It is also 
possible that the larger sodium and potassium ions may shield njtrate 
anigns somewhat from the smaller, more polarizable cations (Ca , Li , 
Ba ) and thereby stabilize the ternary mixtures.

In contrast, decomposition of the ternary mixtures beyond the 
nitrate/nitrite/oxygen reaction was strongly influenced by the types of 
cations present. This suggests that cations may interact with nitrite 
or oxide ions, which are smaller than nitrate, by clustering, rather 
than randomly. Clustering is a possible explanation for the marked 
dependence of oxide ion formation on the concentration of LiNO^ in 
ternary salts discussed above.

CONCLUSIONS

The high temperature chemical stability of molten mixtures of 
sodium and potassium nitrates were reduced somewhat by the addition of 
either calcium (or barium) nitrate or lithium nitrate. The ternary 
mixtures behaved quite similarly to binary (sodium and potassium 
nitrate) mixtures with regard to the nitrate/nitrite/oxygen reaction. 
The equilibrium constant of this reaction was relatively insensitive to 
the composition of the ternary salt mixtures over the range studied. 
Oxide ion equilibria in ternary nitrate melts appear to exert a strong 
influence on the formation of insoluble material, which is a limiting 
factor with regard to the maximum useable temperature in applications.
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