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PREFACE

The Joint International Symposium on Molten Salts is a joint
effort between the Electrochemical Society and the Electrochemical
Society of Japan. Since 1976 the Electrochemical Society has
sponsored five international symposia on molten salts; the current
symposium is the sixth symposium in this series. In 1983 the Molten
Salt Committee of the Electrochemical Society of Japan chaired by
Pr;ﬁessor N. Watanabe sponsored the First International Symposium on
MoIten Salt Chemistry and Technology; the current symposium is also
the second symposium in that series. This collaboration between the
two societies has resulted in one of the largest meetings ever
devoted to molten salts; 123 papers will be presented at this
Symposium of which over 807 are included in the proceedings volume.
The presence of many papers from countries other than the U.S. and
Japan is a good indicator of the increased interest throughout the
world in molten salt chemistry and its applications to areas such as
batteries and fuel cells, production of light metals,
electrodeposition of refractory metals, synthesis of new materlals,
thermal energy storage as well as other uses.

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

Gleb Mamantov
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DEDICATION
PROFESSOR HAKON FLOOD

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

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

Flood spent the year 1930-1931 in Berlin at the famous institute
of Professor Max Volmer. Returning home in 1932, he became a
research associate at his alma mater. In 1933 he was granted a leave
of absence and returned to Volmer's institute to finish his Doctor's
Thesis. The topic was: Trdpfchenbildung in Ubersattigten D3mpfen.
Pridikat: Mit Auszeichnung bestanden. H8kon Flood was appointed
Docent (associate professor) in inorganic chemistry at The Norwegian
Institute of Technology in 1935 and held this position until he was
appointed full professor in inorganic chemistry at the same
university in 1953.

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

Later in the forties Professor Flood turned toward the area of
research for which he has become best known: High-temperature and
molten salt chemistry. In this field he has won widespread
international recognition, and he has created what may be called a
Norwegian school in the field of the chemistry of molten salts. The
first part of Professor Flood's high-temperature chemistry period is
mainly devoted to acid-base reactions in oxide systems. In this
field he has made contributions to the elucidation and definition of
fundamental concepts, which have resulted in 7ext books on inorganic
chemistry referring to "The Flood-Lux" concep: of acid base reactions
in oxide systems. In 1949 The Norwegian Institute of Silicate
Chemistry was established through funds granted from The Royal
Norwegian Council for Scientific and Industrial Research. 1In
recognition of his achievements in this field of research, Flood was
appointed the director of this institute in addition to continuing in
his position in inorganic chemistry at The Technical University of
Norway. At this time Professor Flood's research facilities were
greatly improved and his inspiring leadership attracted a number of
students and young scientists to work with him.



A major problem which engaged Flood's group in the following
years was the thermgdynamics of molten salt mixtures. Some of the
early papers on activity-composition relations in molten salt
mixtures by Flood and his co-workers are now considered classic
contributions to the literature in this field, and a large number of
later publications by Flood and his co-workers have served to test
and further elucidate some of the theories formulated in the earlier
papers.

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

Professor Flood's success in ¢reating an internationally-known
Norwegian school of molten salt chemistry testifies to his rare
combination of intellectual capacity with the inspiring personality
which ignites in his students and associates the enthusiasm and
scientific curiosity which are so typical of Flood. The stimulating
atmosphere in Flood's iAstitute in Trondheim not only has provided an
excellent starting point for many young Norwegians who are now
engaged in research and teaching in the field of high-temperature
chemistry, but has also provided for foreign visitors the kind of
surroundings in which they worked happily and productively and from
which they emerged with renewed scientific enthusiasm.

vi
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MAX BREDIG AWARD ACCEPTANCE SPEECH

CREATING A CRYSTAL BALL FOR MOLTEN SALT SOLUTIONS

Milton Blander
Argonne National Laboratory
Chemical Technology Division
Materials Science and Technology Program
Argonne, Illinois 60439-4837

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

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



of concepts and theories which makes them importaiit, it is the ability to use
them to make scientifically and technologically useful predictions a priori.

In my early work at ORNL I became intrigued by the propertiés of a par-
ticular class of ternary molten fluoride phase diagrams of interest for nuclear
reactors. These contained two alkali fluorides mixed with ZrF4, BeF3, UF4 or
ThF4. Figure 1 exhibits the topology of one of these phase diagrams, that for
the LiF-RbF-BeF! system. The liquidus isotherms (which are also isoactivity
cutves) for LiF are strongly bowed in a manner which clearly indicates strong
positive deviations from ideal solution behavior, whereas the RbF liquidus in-
dicates somewhat negative deviations from ideal solution behavior. Thus, in a
single system, two different compornents exhibited opposite deviations from ideal
behavior. This property was contrary to common beliefs of solution chemists.
A cursory investigation uncovered many systems like this. The closeness of the
properties of the LiF-BeF; system to those of silicates led to the realization that
many important silicate and oxide systems, ¢.g., CaQ-FeO-Si03, behaved in a
similar manner. In an éxtreme case, the positive deviations of FeO were so large
in the Ca0-FeO-P,0;5 system that a miscibility gap was present. I was to return
to silicates twenty-five years later. The magnitude of the effect seemed to be
related to the differénces in the stabilities of the compounds such as, RbyBeF,
and Li;BeF4. It became obvious that the controlling factor was the sign and
magnitude of the free energy change of thé corresponding metathetical reaction,
AGY

LiF(t) + Ry BeFy(()=ROF(8) + ; LisBeFy(t) 1)

which is positive and large. The dissolution of LiF in RbyBeF4 can be defined in
terms of reaction (1) and the standard free energies of solution of RbF (£) (AG%)
and %LizBeF4(l)(AG2'-)'in RbyBeF,. If AGY is positive and very large and the
values of AG} and AG7, for the corresponding binary systems are relatively
small (which is commonly true), then LiF will have large positive deviations
from ideal behavior. Correspondingly, RbF would exhibit negative deviations
from ideal behavior. This sort of analysis provided a rationalization of the odd
behavior of these systems.

Another observation was that these systems resembled reciprocal systems,
which have at least two cations and two anions. For example, we see in Figure
2 that some of the characteristics of the phase diagram for the Lit, K*/F~,
Cl~ reciprocal system? parallel those of the lower portion of the LiF-RbF-BeF,
system in Figure 1. In fact, the deviations from ideality are so large in the
Agt, K¥/NO7, Cl™ reciprocal system that there is a low solubility of AgCl in

. KNOj; and a liquid-liquid ternary miscibility gap. For this latter type of system I
deduced a simple method for calculating the enthalpy and standard free energy
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of solutioh by consideration of three steps.3* For solid AgCl in KNOj, these
steps are

AgCl(s) + KNO3(£)=KCl(f) + AgNO3(¢) (2)
KCl(£)—~KCl(oo diln in KNO3) (3)
AgNO3(8)—AgNO3(oo diln in KNO3) (4)

Thus, the free energy and enthalpy would be

AGS + AGY + AG, = AGE, = —RTInKsp (5)
AHY + AH} + AH} = AH, o1, (6)

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

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

AGE =X1,Xc1AG® + X1 Xk XpAr + XpiXk Xc)he
+XrXaXpidni + XrpXa1 Xk Ak (7)

where AGP is the standard free energy change for the metathetical reaction LiF
+ KCl 2 KF + LiCl, and J; is a “regular” solution interaction parameter for
the binary system containing two salts with the common ion i. Equation (7),
although inexact, contained within it all the concepts implicit in the exact Egs.
(5) and (6). More important, it showed promise for calculating thermodynamic
properties at all concentrations. When calculating the ratios of activities of
components, the authors were successful. However, Eq. (7) did not work for the
calculation of absolute values of activities of components. They considered the
use of quasichemical theory (QCT) to explain discrepancies between the phase
diagram for the Lit, K*/F~, Cl~ system and that predicted by Eq. (7). For
example, Eq. (7) leads to the prediction of a nonexistent miscibility gap and
to higher liquidus temperatures than those measured. Flood et al. calculated
the magnitude of the correction to the total excess free energy of mixing from
the QCT and found it to be small. As a consequence, they did not explore the
QCT further. After considerable study, we® realized that the phase relations



considered are not controlled by the magnitude of the total excess free energy,
but by the magnitude of the first derivatives related to the activity coefficients
of a component and to.the second derivatives which define an inflection in the
free energy of mixing and miscibility gaps. A series expansion of the equations
deduced from the QCT led to a term which can be added to Eq. (7) in an ad
hoc manner

o0y 2
ot 8

2ZRT (&)
where Z is a nearest neighbor coordination number. From the empirical combi-
nation of the QCT theory and the four binary terms containing XA; in Eq. (7),

one can obtain a useful approximation? for the upper consolute temperature
(the temperature below which one has a miscibility gap)

AGE = AGF (BEq. T) - XXk XrXc

AG®  Xg++ A+ + Ac- + Ap-
R T 2R ©)

5.5T¢c =

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

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

A* +nCc 2ac; 7Y (10)

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

Ky =2Z(Bu—-1) (11)
Ky = —Z(—Zz_—l)(Bllﬂlz -2 +1) (12)



In the above equations, B1, is exp (—AA1,/RT), where A A;, is a specific bond
free energy for the n’th C~ ion bonded to an At ion. These association constants
can be defined exactly by the limit of derivatives of activity coefficients at infinite
dilution. For example, for a solution of the salts AD (AgNO3) and BC (KCl) in
the solvent BD (KNOj3)

. dlnvap\ _
N C R

where X 4+ is the cation fraction of At and X¢- is the anion fraction of C~.
Equation (13) and analogous equations for other species involving higher deriva-
tives serve to define association or “complexing”constants and provided insights
into the meaning of this class of “complex ions.” For example, the -1 in paren-
theses in Eq. (11) leads to unusual properties for K;; when (13 is not much
larger than unity. In addition, when A A;; is positive (denoting repulsion be-
tween A* and C~) and B is less than unity, one obtains a negative value of
Ki:1. This leads to problems in defining the standard free energy of association.
These peculiarities are due to the fact that, in an ideal solution, K;; is zero
even though AC species are formed by random encounters of A* and C~ ions
and that fewer than this number of AC pairs are formed when A A;; is positive.
An analogous peculiarity is present for virial coefficients of gases (which can be
defined as the negative of an association constant) and, indeed, there is a posi-
tive second virial coefficient for helium because of the predominance of repulsive
forces.

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

Perhaps the most important development in molten salt solution chemistry
was the conformal ionic solution (CIS) theory!! by Reiss and coworkers. This
statistical-mechanical perturbation theory uses the most fundamental property
of a simple salt; that is, that it is composed of spherical ions which interact



with a spherically symmetric pair potential. In the original paper, only hard
sphere ions in a binary salt were considered in deducing an equation for the first
polynomial term for excess free energies of mixing of two salts AX and BX

2
AGE = T(T,V)XaxXpx ( do _ -‘i) o (14)
dax dBx

where T'(T,V) and d, are constants and d; is an interionic distance. It was
later shown that the theory was valid for a much more general potential 12:1%
and that the next two higher order terms were proportional to a function of
interionic distances. The importance of the CIS theory stems from the fact that
it demonstrated that one could represent the excess solution properties of ionic
systems by a polynomial similar to that used for nonionic mixtures. The theory
provided fundamental support for many of the intuitive ideas which had been
developed for molten salt chemistry without specifically including the charge-
charge interactions between ions.

Despite its importance, the CIS theory for binary systems could never lead
to predictions a priori because no ionic pair potential is accurate enough to
reliably evaluate the coefficient I'(T,V). This failing concerned me for about
a year before I realized that a way around this problem for multicomponent
systems is to express the thermodynamic properties of such solutions in term of
the properties of the lower order systems without identifying the pair potential.
In collaboration with S. J. Yosim, this was done for ternary reciprocal systems,!?
and it was shown that (for example, in the Lit, K*/F~, Cl~ system) the CIS
theory led to all the terms in Eq. (7) as well as to a term proportional to
X7 Xk XrXci(AG®)? similar to that in Eq. (8). The proportionality constant
is related to a large number of complex integrals, which have not yet been
evaluated. However, because of its similarity to the term deduced from the
QCT, we felt it safe to approximate this constant by the same proportionality
constant as that in Eq. (8). The equation was used to calculate the phase
diagram of the Lit, K*/F~, Cl~ system (Figure 3),2 which reproduces the
features and complex topology of the measurements surprisingly well (Figure
2).

Little was done on this subject until my collaboration with M.-L. Saboungi
starting in 1971, which led to some of the most important papers on molten
salts in which I have been involved. Our work, which created a major part of
the “crystal ball,” was concerned with testing and generalizing the CIS theory
for various applications and for making predictions a priori. The use of the CIS
theory for reciprocal systems led to excellent correspondence with measured
phase diagrams for simple systems,'%!5 and empirical extensions of the theory
were used to calculate phase diagrams for the more complex charge asymmetric



systems.!® Of course, in addition to phase diagrams, the theory provides a pre-
diction of all the chemical properties of all the solution components. We also
extended the CIS theory for additive ternary systems (A*, BY, Ct/X7)7 to
obtain the equation

AG,,E,; :Z Z ainin + z Z b,‘jX?Xj + Z Z C,‘jX,?X}
i<y 1#£] <y
+AXaXpXc+ ) BiX!X,;X; (15)
i#)<k

where it was shown that the ternary interaction terms are related to the terms
a;5, bsj, ¢;; by the expressions

a= (o5 +042) (oia +v4e) (o5 +8) (16)
B; = (Cijcik)l/2 (17)

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

One class of systems which has proven to be difficult to characterize are the
ordered solutions. Examples of such systems are the chloroaluminates, silicates,
and fluoroberyllates (e.g., NaCl-AlCl3, CaO-SiO,, and NaF-BeF3). These have
often been characterized by the formation of complex jons (e.g., AICI, Sin_,
and BeF2~) in basic melts and clusters and chains in acid melts. Our molecu-
lar dynamics calculations have been used to characterize some of the structural
properties of these ordered or complex ion forming melts.!®20 However, theo-
ries for such solutions are inadequate for characterizing their thermodynamic
properties, which eannot be represented at all by the use of polynomials for the
excess free energies, This difficulty arises from the tendency to have “V” shaped
enthalpies of mixing and “m” shaped entropies of mixing. In collaboration with
Pelton,?122 an empirical extension of quasichemical theory has led to a unique,



but preliminary, method for accurately describing the thermodynamic properties
of a number of binary silicates as a function of concentration and temperature
using only a small number (3-7) of parameters. More important, we have de-
veloped an empirical combining rule that leads to predictions of the solution
properties of multicomponent systems from the subsidiary binaries. This rule
is (1) consistent with the predictions of the CIS theory in basic solutions and
(2) consistent with all available data. Thus, we have developed a method for
predicting the properties of such multicomponent solutions a priori from data on
lower order systems. Much more work on ordered solutions is needed to reduce
the empiricism.

In conclusion, because of time and space limitations, I have glossed over
many details and ignored work which I feel is important. In particular, I have
not discussed my own applications of some of these concepts to submerged arc
flux welding?? and pyrometallurgical chemistry.?* These concepts have also been
helpful in understanding the high temperature condensation processes in coal
combustion,? as well as in the formation of meteorites and all other condensed
matter in our solar system?6. These applications underscore my belief that more
“crystal balls” are needed to permit us to predict the properties of scientifically
and technologically important materials. The urge for precision and care which
Max Bredig displayed is a precursor to creating such “crystal balls.”
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Fig. 1. Measured Phase Diagram of the LiF-RbF-BeF;y Ternary System.!
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Fig. 2. Measured Phase Diagram of the Li,* K*/F,~ Cl~ Ternary Reciprocal
System.?

AA=16.3 kcal./mole Z=6

Fig. 3. Phase Diagram of the Li,t K*/F,” Cl~ Ternary Reciprocal System
Calculated from the Conformal Ionic Solution Theory.2
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ABSTRACT

Thermodynamic properties and phase diagrams of over 200
binary and ternary molten salt systems have been critically
and systematically evaluated to obtain binary and ternary
coefficients of polynomial expansions for the excess
thermodynamic properties. An equation is presented which
permits the thermodynamic properties of multicomponent
molten salt solutions to be calculated from these binary and
ternary coefficients which are stored in a computer
database. An interactive free-energy minimization program,
which permits automatic access to these data as well as to
extensive stored data on other compounds and solutions,
allows the calculation of compiex multiphase equilibria
involving mul ticomponent molten salt solutions. The data
base is publicly accessible through the F*A*C*T computer
system.

INTRODUCT I ON

For a great many binary molten salt solutions, simple
polynomial expansions in the ionic fractions provide a good
representation of the excess Gibbs energy. Least-squares
techniques have been developed (1) which permit coefficients
of such empirical expansions to be determined by a
simul taneous optimization of all available thermodynamic and
phase diagram data.

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

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

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

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

CALCULATION METHOD

A notation similar, but not identical, to that of
Saboungi (7) will be used.

Cations are denoted by A, B, C, ... (or alternatively c,

>, ¢") and anions by X, Y, Z, ... (or alternatively a, a’,

c .,
a"). lonic charges are denoted by gp, ag, ax., Qay.

Cationic and anionic site fractions are denoted by X
and X5. For example:

XA = nA/("A + ng + ng + c.l) [11
Xy = rlx/(nx +n,+ 0,4+ o) [2]
where nj is the number of moles of ion i in solution.

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

YA = qAnA/(qA"A + qghg + --- ) [3]

Y

X = qxnx/(qxnx + anY + ...) [4]
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All thermodynamic properties in this article are
expressed per equivalent of solution. One equivalent of
solution contains

(T chc)'1 moles of cations and (Z qaxa)'1 moles of anions
c a

The Gibbs energy per equivalent of solution may be
written as:
g = ¥ X YcYa g
c a

;/a + Ag(ideal) + gE 5]
where the summation is over all cation-anion pairs and ro/a
represents the standard Gibbs energy per equivalent of the
neutral salt consisting of cations, ¢, aEd anions, a.
Ag(ideal) is the ideal mixing term, and g is the excess
Gibbs energy.

Ide ixing term

The expression for the ideal Gibbs energy of mixing is

obtained from the Temkin model. The number of cation and
anion sites ate always equal to the numbers of cations and
anions. All cations and anions mix randomly on their
respective sites regardless of their charges. This gives,

for the ideal Gibbs energy of mixing per equivalent:

Ag(ideal)/RT = (zqcxc)'1(zxc|nxc) + (zqaxa)'1(zxa|nxa) [61]
[+ Cc a a

Binary common-ion systems

In a binary common-anion system A,B/X containing one
anion and two cations, the excess Gibbs energy per
equivalent is expressed as a polynomial in the equivalent
cationic fractions:

of= 5 = AB/X yi  v] (71
ix1 j21 ij A B

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

g = = x QA/XY yi vy]
i> j21 ij X v
For example, in the system K,Li/CO3 a least-squares

optimization of available phase diagram and thermodynamic
data (9) gives, for the liquid solution:

[8]
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gF = Y, Y, . [(-13780+8.197T)+(-5500-2.320T)Y, ;] J/equiv. [9]

That is:

KL1/C03 - (-13780+8.197T) and ¢§;|/co3 = (-5500-2.329T)

In this example, the data considered by the
least -squares optimization program were calorimetric data
for liquid-liquid mixing (10), and the measured phase
diagram (11, 12). Gibbs energies of fusion of the
components were taken from (13). The resultant optimized

equation [9] reproduces the measured phase diagram very well
as can be seen in the computer-generated diagram in Fig. 1.
The measured enthalpy of mixing (10) is also reproduced very
closely by eq [9].

The least-squares optimization technique also gives
properties of solid compounds and solutions in the system.
In the present example, the Gibbs energy of formation of the
compound KLiCO3z from the pure liquid carbonates was given
as:

AG = -89654 + 78.136 T J/mol [10]

o
form

Ternary common-ion systems

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

E _ 2 oE 2 4E 2 E
9= = (Yy*Yy)® g xy * (YW*Y2)% 95 vz + (Yy*Y2) gy xz [17]

where gE is the excess Gibbs energy in the ternary solution
at point p in Fig. 2a, and gk/,xy. ORk/yz and gk ,xz are the
excess Gibbs energies in the three bigary systems at points
z, x and y. The factors (Y5 + Y5°')“ in eq [10] are obtained
from regular solution theory. Eq [10] is exact if the
solution is strictly regular.

I f the binary excess Gibbs energies are expressed as
polynomials as in eqs [7, 8] then eq. [11] can be written as
follows. In eq [12] "ternary terms" have also been added.

E_ A ’ 2 i
9 —afa'[i§1 ]?1 iéaa (Ya*¥a') (Ya/(va+Ya'))'(Ya'/(Ya+Ya'))']

+ % = % %A/XYZ vi v] vk ' [12]
i1 121 k21 ijk X + p4
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The ¢A/XYZ are ternary coefficients obtained by fitting
experimental ternary data. All the ternary termE become
zero in the binary sub-systems. An expression for g of a
common-anion system A,B,C/X can be written similarly.

As an example, the computer-generated liquidus surface
of the K/F,Br,| system is shown in Fig. 3. Binary terms
were first obtained by least-squares optimization of all
available binary thermodynamic and phase diagram data (14).
Application (15) of eq [12] with no ternary terms then gave

a calculated ternary liquidus sur face which agreed
everywhere within 10° with the reported (16) liquidus. This
is approximately equal to the experimental error limits.
The calculated minimum in the univariant line was 536°C. In
order to make this minimum coincident with the measured
minimum at 529°C, a small ternary term.

¢§4§B" YpYg, Y, = - 6500 Y_Yg Y, J/equiv.

was included.

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

ok = (YY/(YY+YZ))QE/XY + (Y (Yy¥Y2))GE iy + (Yy + Yz’zgf/vz

[13]
As in the case of the Kohler equation, eq [13] is exact if
the solution is strictly regular. If the binary excess

Gibbs energies are expressed as polynomials, then eq [13]
can be expanded in terms of the binary coefficients and
ternary terms can be added as was done in eq [12] for the
Kohler equation.

The asymmetric Toop equation (Fig. 2b) is generally more
appropriate than the symmetric Kohler equation (Fig. 2a)
when one of the three components is chemically different
from the other two. For example, in the K/SO4, F, Cl system
one might choose the divalent sulphate as the “"asymmetric
component " A1/qAX1/qX in Fig. 2b. However, because eqs [11]

and [13] become identical when the solutions are regular,
for a arge number of molten salt systems in which the
binary g~ functions are well represented by 2- or 3-term
polynomials the use of either eq [11] or [13] will give very
similar results for the ternary system.

16



Other ‘"geometric_ equations”, such as the "Muggianu
equation” in_which gE in the ternary solution is related to
values of gE in the three binaries at the ends of
perpendiculars dropped from the ternary composition point,

are discussed by (17).

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

Again, for most simple molten salt solutions which dg
not require more than 3 parameters in the binary g
expansions, all these ternary equations yield very similar
and equally good results.

Multicomponent common-ion systems

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

o = = ,IF ? ﬁ?éaa,(va+ya')2(Ya/(Ya+Ya’))i(ya'/(va+Ya'))l]
a>a’ i

+ b T % % @QA/aata’(y 4y, +Y_ . )3(Y_/(Y_+Y_,+Y_.))}
a>a’>a“[i21 i>1 k21 ¢"k Ya*Ya'*'a a/a*¥ar*¥a"))

(va,/(va+va,+va“))l (Ya"(Ya+Ya'+Ya"))k] [14]

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

Similar multicomponent versions of the Toop and other
ternary equations can also be derived. In particular, we
have devised a consistent “"multicomponent Kohler /Toop"
equation for the case in which some of the ternary
sub-systems have been expressed by means of the Kohler



equatiaoan while others have been expressed via the Toop
equation. Essentially, the method consists in dividing all
components into two groups (for example, all divalent salts
in one group and all monovalent salts in the other). A
ternary sub-system in which all three components are members
of the same group is treated by means of the Kohler
equation, while a ternary sub-system with two components
from one group and one from the other is expressed via the
Toop equation. For the sake of brevity, the general
expression will not be reproduced here.

Reciprocal ternary systems A B/X.Y

For common-ion systems, the terms containing g°c/a in eq
[6]1 have no influence upon the activities of the salts in
the solution. This is no longer true in the case of a
reciprocal ternary system which is defined as one containing
two cations and two anions.

Writing eq [5] for the system A,B/X,Y, substituting eq
[6] for Ag(ideal), and differentiating to obtain the
activity of the salt By q Yq1/q VYields:

RTinag = “Ya¥x (9g,y*8a/x 9a/y 9/x) * (RT/q,)InXg
1/ag 1/ay
+ (RT/qY)InXY + gg Y [15]
1/ag 1/ay
The term ig parentheses in eq [15] is the Gibbs energy
(34
change Ag~", for the "exchange reaction"”:

B1/q3x1/qx+A1/qAY1/qY = A‘l/qAx1/qx+B1/qBY1/qY (6]

X AgEx < 0, then Aqy/q Xq/q_ and B1/qBY1/qY are called the
A X

"stable pair”. From eq [15] it is seen that in this case

there will be a positive contribution to RTlnapg Y

/gy " 1/qy
which varies directly with AgEX. Hence, for the two salts
forming the stable pair, positive deviations will be
observed. Similarly, for the other two salts which form the
unstable pair, negative deviations will be observed. These
deviations are gengrally larger than the deviations

resulting from the g term.

The composition of a reciprocal ternary system is most
conveniently represented on a square as in Fig. 4. The
excess Gibbs energy per equivalent may be written by summing
the excess Gibbs energies of the four binaries, each
weighted by the appropriate ionic fraction, and including
reciprocal ternary terms:

18



gE =Y, = #AB/X Yivh+v, #AB/V Yiovd

i1 |>1 .>1 j>1
A/XY yi i B/XY yi
+Y, = ﬁ YiYE vy = ¢ / (a2
i1 ]>1 i”1 ]>1
XY yi yj vk y¢ ,
+ T % n g BIXY v} vl vk ve [17]

i21 j21 k>1 t>1

The CIS theory (5, 6) predicts thi iB/§§pressipn for gE
with one reciprocal ternary term ¢1111 which is usually
denoted by A. Since the formation of a 'reciprocal ternary
solution involves changes in the number of cation-anion

pairs, whereas the formation of a common-ion terpary
solution involves only changes in the number of
second-nearest- neighbor cation-cation or anion-anion pairs,
it is expected that non-random mixing effects will pe
greater in the former, and consequently the importance of
ternary terms will be greater. The first term in a Taylor
expansion of an expression resulting from simple

quasichemical theory (18) gives the following approximate
expression for A resuiting from non-random effects:

A =~ -(AgEX)2/2ZRT [18]
where Z is a coordination number.

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

As an example, the computer-generated liquidus surface
for the Na,K/F,Cl system is compared with the reported phase
diagram (19) in Fig. 4. Binary terms were first obtg*ned by

least-squares optimization of binary data. was
obtained from tabulations (13) of data for the pure salts,

and A was estimated from eq [18]. Agreement between the
calculated and reported diagrams is good. Positive
deviations along the "stable diagonal” between the stable
pair, NaF and KCI, are clearly seen in Fig. 4, while

negative deviations for NaCl and KF are also evident.
Calculated reciprocal tergﬁry phase diagrams are very
sensitive to the value of Ag

19



In general, we have found that good calculations of
re %procal ternary phase diagéims can be obtained as long as
Ag is not too large. As Ag becomes larger, the tendency
to non-randomness becomes greater, and a simple Ag(ideal)
term with a polynomial correction term no longer provides a
sufficient description. We are currently working on a model
involving a more complete application of the quasichemical
theory to reciprocal Eilt solutions. As a rule of thumb, we
have found that if Ag is so large that a miscibility gap
appears along the stable diagonal, then the simple model can
no longer be expected to provide a quantitatively correct
description.

General multicomponent system

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

-1 -1
g = E : YcYa gc/a+RT [(iqcxc) (ixclnxc)+(§qaxa) (:Xalnxa)]

cc’/a i j 2-i-]
XY [ (X b ¢. YY (Y +Y_,)
a @ c>c’ i21 j21 i cec c ¢
cc’'c”/a iJ k 3-i-j-k
+ x x X #. YY ;Y " Y +Y ;+Y "
i21 j21 k21 ijk cc’ ¢ ( c ¢ c ) )]
c/aa’ i | 2-i-j
+EY I (E T 0, Y Y (Y 4Y )
c a>a’ i>1 j21
c/aa’a" i J k 3-i-j-k
+ X = z #. Y_Y_ . Y_W(Y_+Y_,+Y_,
i1 j21 k21 ijk aa a ( a a a ) )]
cc’/aa’ i j k ¢
+ 8 T (=T = % +”kl YY_YY..) [19]

c>c’ a>a’ i>1 j>1 kX1 £21
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Eq [19] incorporates the Kohler equation [14] for the
mul t i component common- ion systems. The more general
expression incorporating the Kohler/Toop formalism mentioned
above is actually used in our database but, for the sake of
brevity, will not be reproduced here.

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

DATABASE DEVELOPMENT

Least-squares optimizations have been systematically
performed for all common-ion binary systems involving the
alkali halides AX (A = Li, Na, K, Rb, Cs; X = F, Cl, Br, 1)
(14) as well as for all binary common-ion systems involving
the cations (Li, Na, K) and the anions (F, Cl, NOz, OH, COj3,
S04) (9) for a total of 124 binary systems. Exhaustive
literature surveys of all thermodynamic and phase diagram
data were performed. The optimizations provided the binary
parameters of eqs [6, 7] for all binary liquid phases as
well as expressions for the thermodynamic properties of all

solid phases. This work was supported by the American
Ceramic Society. All evaluations are scheduled to appear in
"Phase Diagrams for Ceramists". Many other binary salt

systems have similarly been evaluated (20).

The 60 common-ion ternary systems involving the alkali
halides have been systematically evaluated (15). For the
approximately 40 systems for which ternary liquidus surfaces
have been reported, eq [12] with no ternary terms reproduced

the liquidus surface within experimental error limits in
nearly every case. One small ternary term, O449, was
included in 8 systems for which the |liquidus measurements

were very accurate. The other common-ion and reciprocal
ternary systems involving the 124 binary systems mentioned
above are being systematically evaluated. Results are
invariably very good for the common-ion systems andEﬁre also
very good for the reciprocal systems as long as Ag is not
so large as to provoke liquid immiscibility. Many other
ternary systems have also been evaluated (20).

All evaluated binary, ternary and reciprocal ternary
coefficients are being stored in a computer database which
forms part of the F*A*C*T (Facility for the Analysis of

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

SAMPLE CALCULATION

A sample calculation using the program EQUILIB is shown
in Tables | and 11I. Interactive input and output are shown
for a calculation involving a gas/molten salt equilibrium
similar to that encountered in a carbonate fuel cell.

In Table |, the reactants are entered as a gas phase
consisting of 9.8 mol CO, 7.5 mol COo, etc. along with a
small amount of LioCO3, KoCO3 and NasCOz which will form the

molten salt phase. The reactants are to be equilibrated at
973 K at a pressure of 10 atm.

The "possible products” are then listed. These are
simply all compounds and solutions containing the input
elements for which there are data in the F*A*C*T database.
In Table | the list has been abbreviated, but we see that
there are data for 289 pure compounds as well as for the
mul ticomponent salt solution Li,Na,K/OH,S04,C03. The user
has chosen to consider species 1 to 120 (all gaseous

species) the molten salt solution (species 290-298) as well
as speciés 243, 268, 281 which are the solid carbonates.

Data are then automatically retrieved from the
databases. The calculated equilibrium compositions are
shown in the output of Table 1l1. There are 85.697 moles of

gas phase formed containing 41.727% Hp, 37.732% HoO, etc.
The amounts of volatile Li- and K-containing gaseous species
such as KOH(H20), LiOH(H20), KOH and LiOH can be read from
this output. (There were actually 120 species in the
calculated gas phase. The output list in Table |l has been
shortened.) There are also 0.22375 moles of a molten salt
solution formed whose composition can be read from the
output listing. It can be see how much hydroxide and
sul fate enters the molten salt phase. Finally, we see that
zero moles of the solid carbonates precipitate.
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Fig. 1: K,Li/CO, Phase Diagram Calculated from Eqs [o, 10].

Points are experimental.

LYPRIV™ A g X1 ey
(a) (b)
r4
y
/X
AvaYiay X Aylvay A, ¥ ApZin,

Fig. 2: Common-Ion Ternary Systems Illustrating the Geometrical

Relationships Involved in (a) the Symmetric Kohler Eq. ﬁl]
and (b) the Asymmetric Toop Eq. [13].
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Fig. 3: Calculated (15) Liquidus
Surface of the K/F,Br,I System
(T = °C)

X ’
681° 7340
Kl KBr
Mole %
a) b)
NaF NaCl NoF NaCl
(801°) (990°) s76° (800%)
o
606"
[~~——=s00 in.
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6s7° 210°
6e8®
-~
A 100 ]
\‘ 583° 570°
¢ KF ] €06 KCI
(8s7%) ,-',(-f .'., (850°) (7729
Mol. % Mol. %

Fig. 4: Liquidus of the Na,K/F,Cl System (T = °C).
(a) Calculated via Eqs [17, 18]
(b) As Reported by (19)

25



TABLE I

Input to the F*A*C*T Program EQUILIB for an Equilibrium Gas-Salt
Calculation Involving a Multicomponent Molten Salt Solution.

:‘4’#"‘# ENTER REACTANTS #Xkkkx(OR PRESS *RETURM® FOR LAST ENTRY) (21FERar;

9.8 CKO 4 7.5 Cx02 + 59,4 12 + 28:3 H20 + 0,3 RIS + 0.1LIZCH03 + 0.1 K2CH03 + 0,02 NAZLHCS =
lﬂﬂﬂ"ﬂ”ﬂ"#H""Hﬂﬂﬂlﬂ“*HHHHIHHHHHH*HHHHHIH' X

T FRO P(AT&? FE?’ DELTA H it DEL 6 DELTA & TELTA L [E LT: Z”*
ntnt‘ﬁtﬁﬂﬂnrnunﬁnni KEKELREEY ggiﬁ ﬁi?ﬁ gﬂﬁiiﬁgyiﬁﬂ ¥ 1
9"3 10
YOU DO(1) OR YOU 00 NOT(2} WISH TO SEE THE LIST OF POSSIBLE FROZUCTS

i

1 LIORH(H2D) come GBS

2 KKOKH(H20) - B GAS :

3 K2(0MH)2 Gl GAS i3

4 KKOHHTH] Gl GAZ 353

5 K(OKH) Gl 6AS s

& Kaar-1 Gl GAS 2

7 Kkd Gl GAS 2980 K - 20660 K

8 KK 61 6AS e0 k- Ry

§ K2 Gi 6AS 98,0 K - 2000,0 K
10 K 61 GAS 298,0 K - 2000.0 K
11 (CHH325K02 61 GAS 295, K - 300,0 K
12 (CHHI)25K0 Gl GAS 25,0 K- 300,0
13 Croxs 61 GAS 298.0 K - 18020 K
14 H25K04 Gl GAS 2980 £ - 2000, K
15 520 61 GAS 298,0 K - 2000, K
16 Skoz 61 GAS 2980 k - 2000.0 K
17 Sta2 61 GAS 298,0 K - 1800,0 K
18 540 G1 643 2980 K - 2000, K .
Ld

$
243 K2CK03 S1SOLID 298.0 K - 1174, K
244 K(OKH) §1 S0LID-A 298.0 K - 522,0 K
245 K(DWH) 2 SOLI-B S22.0K-  473.0 K
25 K202 §1 soLID 298.0 K - 74L0K
247 KX §1 SOLID 29,0 K - 1150,0 K
248 Kao2 S1SoLIn 280K - £75.6 L
49 KH §1 SoLID 298.0K - a90.0 K
250 K §1 SoLIp 298.0 K - 33,0 K
251 NA2sa4 S1 THENARDITE  298.0 K - 5220 K
252 NA2SK04 2 SOLII-B 522,0 K - 980.0 K

o

»
HOLTEN SALT SOLUTION
290 LIAORH
251 NARDRH

KiO#H

293 LI2CHD3

294 NA2CYO2

25 KiCks

B¢ Lz

297 NAZSKO4

5 K

ENTER. COLE NUKRERS OF SPECIZS 70 BE CONSIDERED OR ENTER HELF"

. /1 120/290-298/243, 268,22

26



TABLE 1II

OUTPUT RESULTING FROM THE INPUT IN TABLE I

9.8 CKO + 7,5 C*02 + 59,4 H2 + 23.3 H20 + 0.3 H2S + 0.1 LI2CR03 + 0.1 K2CX03 + 0,02 NAZCKO3 =

85497 sol ( 0.41727 2
t+ 0.37732 H2A
+ 0.85199E-01 CH4
+ 0,67281E-01 co2
+ 0,49418E-01 o0
+ 0,348126-02 H28
+ 0,19443E-04 cos
+ 0.1368%E-05 KOH{H20)
t 0,77637E-06 L10H(H20)
+ 0,75659E-06 C2hé
+ 0.34233€-06 K(OH)
+ 0,29490E-06 CH20
+ 0.27313E-06 C4Hg
+ 0,13951E-06 C2H4
+ 0.49322E-07 Li0H
.
t 0.17672E-43 03
+ 0,10943E-43 c4
+ 0.41322E-44 €3
¢ 973.00 10,0 +B)
t+ 0,233 sol  ( 0.43900 Li2C03
+ 4 Kace3
+ 0.87832E-01 Na2C03
+ 0.15606E-01 LiOH
+ 0.15600E-01 KOH
+ 0,31224E-02 NaOH
+ 0.55912E-07 112604
+ 0.95891E-07 K2504
t+ 0.11186E-07 Na2504)
( 973,05 10,0  »SOLN 2)

0.00000E400 mol K2C03

( 973.05 10,0

1S1y 0,25389 )

0,00000£+00 mol Li2C03

( 973.0» 10,0

1835 0,98781E-01)

0,00000E+00 mol Na2C0I

( 973,00 10,0

1825 0.12001E-01)
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ABSTRACT

The concentration dependence of the partial molar properties
of binary silicate melts is predicted by means of a thermodynamic
model based on the change in short-range bonding energies which is
taking place when MO reacts with Si0,. The model may be considered
as an extension of the treatment by Toop and Samis.

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

The model has been applied to available data on the systems
Pb0-8i0,, Fe0-Si0,, Ca0-Si0,, Mn0-Si0, and Sn0-Si0,, and was found to
predict the activity isotherms over the available composition range,
including the Si0, rich melts for which other theoretical models are
insensitive. The derived expressions also predict the concentration
dependence of the partial molar enthalpy and entropy of mixing of PbO

in the Pb0-Si0, system. The latter is the only system for which such
data have been accurately obtained.

INTRODUCTION

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

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

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

[ | l
0o 0 0 0
I l |
—0—31|—o—s:?-o— + M0+ -0-51-0% .uu M ... *0-511— 0 (0
0 o 0
L |

0
l

Reaction (1) has been represented by Fincham and Richardson
(1) as a reaction between the doubly bonded oxygen O**, found within
1 1
the sequence -S1-0-Si-, with "ionic" oxygen 02~ supplied by the
dissociating MO, which creates "semi-ionic" singly bonded oxygen
atoms 0* found in the sequence Si~0* ... M. Reaction (1) has also
been written as (1,2)

o** + 027 » 2 0% (2)

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

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

Masson and co-workers (3-7) applied the concept of equilibrium
to the calculations of the concentration of linear or branched poly-
2(n+1) "~
3n+l
"free'" oxygen ion concentration which remains after the proposed
poly-anions have reached equilibrium.

silicate anions of the general formula Sino and calculated the

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

Ao = No2- (3)

which was derived on the assumption that Temkin's (14) ideal solution
model was applicable.
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In this paper it is shown that the concentration dependence of
the thermodynamic properties of binary silicate melts such as activi-
ties, enthalpies and entropies of mixing may be predicted from a
simple thermodynamic model which is based on the equilibrium between
the characteristic oxygen species proposed by Toop and Samis (2).

The agreement between activity isotherms calculated from theory, with
the experimentally obtained values, for a number of metal oxide-
silica binary systems 1s excellent, even for silica rich compositions
where other thermodynamic models are in poor agreement with the
experimental data.

THERMODYNAMIC TREATMENT

According to reaction (1), the addition of a metal oxide to
pure silica results in the disruption of the continuity of the
Si-0-Si covalent type bonds which are responsible for the three
dimensional network structure of silica. Each 02~ supplied by the
metal oxide disrupts two Si-0 bonds in Si0, and causes the localiza-
tion of paired electrons with the result that the two Si-0* bonds
produced upon reaction acquire a more "ionic" character.

One important characteristic of reaction (1) is that the
810, coordination which exists in pure molten SiO, is also preserved
in the M0-Si0; melts.

Considering reaction (1), because of the characteristic tetra-
hedral coordination of silicon and the well established strength of
the covalent and semi-ionic bonds between silicon and oxygen, it will
be assumed that the interactions between any oxygen species and the
surrounding atoms are determined primarily by short range forces bet-
ween nearest neighbours. Bonding energies representing pairs of the
type Si-0**, M-0, S10* and M-0* which are present, respectively, in
the configurations Si-0-Si, M-0-M, and Si-0-M will be taken as
constant and as being concentration independent. Thus the changes in
bonding energy which take place during the mixing of MO with Si0,,
are localized to the type of atomic pairs which are directly affected
by the reaction, and should be independent of the detailed structure
of the possible polysilicate anions created during reaction.

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

For the evaluation of the activities the standard states are
established at unit oxygen species fractions. Thus, for doubly
bonded oxygen O**, the standard state is the state of oxygen in pure
$i0,, for which N ** = 1. Similarly, the standard states for 0* and
02" are, respect?vely, their states in the stoichiometric orth-
silicate melt M,Si0,, and in pure metal oxide MO.
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Under the previously stated assumptions the species activity
coefficients should be constant for all compositions, and activities
could be equated to oxygen species fractions, except for compositions
very near to pure metal oxide and to pure silica where deviations
from the assumptions underlying the model should be expected.

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

N2
*
K = —9 %)
NO** B NOZ_
where, N 's are specie fractions and the equilibrium constant K
should beé constant and composition independent at constant
temperature.

The species fractions N and N o~ may be calculated by
following the mass balance introducgd by Toog and Samis (2) and the
results are shown in Table 1.

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

By substitution in equation (4) of the corresponding species
fractions Ni’ the expression for the equilibrium constant is obtained
as

2
o XMO

(-« (K, = Xy

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

K = 4

(5)

From equation (5)

K. (1+X ) 8X X 1/2
$i0, 1 - (1 _ __ Mo "sioj (K ;‘4)) 6)

2Kyy (K= 4) K (L + X0

where 0 < o < 1.

a

Plots of a versus composition generated for selected values of
K are shown in Fig. l. It may be seen that very large K values
correspond to totally reacted silicate systems in which the maximum
amount of the orthosilicate species SiO*, is present. K values bet-
ween 100 and 1 represent various equilibrium conditions, while

smaller values of K indicate a tendency towards immiscibility.
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TABLE 1

Number of Various Oxygen Species Present
in 1 g mole of Melt at Equilibrium

Before mixing After mixing
%% -
© 2 X540, + N (2 X540, = HyN
* -
0 ZGXMO « N
2= -
0 X0 + N (1 = &)Xy, « N

(N is the Avogadro number)

Number of characteristic bonds at equilibrium

Bond Type Before mixing After Mixing Bond Energy
$1-0 10,V (4¥g10,72 Xy )N €51-0
M-0 zXMON z(1 - u)XMON &-0
si-o% ) 2yoN £510-0%
M- B 20N -0

(N is the Avogadro number)

* and XMO are initial moles of Si0, and MO per mole of solu-

X, .
$10, tion

The degree of reaction a may also be used to determine the
number of the different kinds of bonds present in a system at
equilibrium. Thus, each doubly bonded oxygen O** corresponds to two
Si-0 type bonds, and each "free" oxygen ion 02" determines the
existence of z M-0 type bonds. The coordination number z for oxygen
in the metal oxide is taken to remain unchanged in the molten solu-
tion. Finally, each singly bonded oxygen O* creates one M-0* and one

Si0* type bonds.

The numbers of the different kinds of bonds at equilibrium per
mole of silicate containing XMO moles of MO and XSiO moles of
810, are also shown in Table 1l. 2
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Fig. 1. Plots of the degree of reaction a versus
composition (XMo for selcted values of K.

CONCENTRATION DEPENDENCE OF THE SOLUTION PROPERTIES

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

S$i-0 + M - 0 +» M-0* + Si-O* n
(as in pure (as in the
S$i05 and MO) reacted system)

The internal energy change during mixing AE ix» per gram-mole
of solution may be written as m

AE = E

- 0 -
mix xMOE MO X

0
solution $10,° 810, (8)

where E , EC . and E , are respectively, the internal
energy gkptien pengole, and 2% are mole fractions.

If it is considered that the mixing process affects only the

energy of the bonds shown in Table 1, then equation (8) may be writ-
ten as
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Fig. 2. Plots of AH . /b versus composition (XMO) at

selected vaT%és of K.

AE < = N[(lo)(si - 20X e + z(1 - G)XMO

€
0, Mo’ ®s1-0 M-0
*2Kyo e ox t 2y gy on!
= N%g6,%51-0 * 2o 0!
which is readily reduced to

BE 1 = HyolNZey gu + 2egy_on = 2655 o T 289)]

34

(€))

(10)



Under the postulates of this model the term in parentheses is
constant for a given temperature and independent of concentration,
and may be replaced by an interaction parameter b which is charac-
teristic of the metal oxide added. b can also be interpreted as the
heat of reaction when 1 g mole of MO reacts totally with 8102
according to reaction (1).

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

AHmix = baXMO (11)

where AH, is the enthalpy change for the mixing process. Combination
of equations (6) and (11) yields,

K(1 + X )
510
BRy = by (- B) (12)
where
N 8XM0X81022 C k-4 |2 (13
(1 + XSioz) K

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

To calculate the partial molar heat of mixing for MO, the

right hand side of equation (11) is multiplied by o +n 10, and
then partially differentiated. The resulting expression 15, 2
thyy = 3 : (oo * Mg10,) Mgy n (14)
"Mo 2 X Tfsi0,

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

K sk - 4)  ¥s10, (2 7 3Ky,)

My = dsw-w |t T -X %

(15)

Plots of AH / for various selected values of K are included in Fig.
3. It is seen that for a totally reacted system, AHMO becomes zero
at x¥ > 0.667, and for all concentrations where XMo < 0.667, AHMO is
equal to b.

For a reacting system, the total entropy of mixing is also due
to reaction (1) and may be calculated following the same treatment as
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for the enthalpy of mixing, with the main difference that the inter-
action parameter b should now be replaced by an entropy parameter.
If § is taken to represent the entropy change when one mole of MO
reacts totally with Si0, following reaction (1), then

88 iy = @Xyol (16)

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

K by A =8 Xs10,0% = Xy

By = S3m=-ay |}~ KB Q=% )?

(17)

The values calculated from equation (17) which is similar in
form to to expression (15), represent the change of entropy due to
reaction (1) when the number of reaction units is proportional to the

36



degree of reaction a. The latter is defined by the value of the
equilibrium constant K for a given system at a given temperature.

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

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

4G, = RT In N, (18)
and the corresponding partial molar entropies of mixing are given by
expressions of the type,

- dln Ni

48, = - R1n N, - RT —gz (19)
The latter expression contains the configurational term for entropy,
in which Ni is a temperature and composition dependent quantity.

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

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

8Gy, = AHy, - TAS (20)
From equations (15) and (17) the following expresion is
obtained.

s - &) | Ss10, 2 X)) ¢
KB 2 - )< 2(K - 4)
o (21)

AGMO = (b - 6T) [ 1 -B+

The term b - 6T represents the "standard” free energy change
for reactions (2) and therefore it can be equated to - RT 1ln K.

The expression for the activity of the metal oxide in the
solution, a o» referred to the pure liquid MO as the standard state,
is readily gerived from equation (21) as,

X (2 - 3% )
K [1 g MK =B $10, MO

Inay, = 3@ -4 KB TR’

1

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

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

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

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

Thus, at compositions representing very dilute solutions of MO
in Si0,, all the oxygen anions supplied by MO should be trapped
within the Si~-0*-M type configurations and the "free" oxygen anion
population should be approaching zero.

COMPARISON WITH EXPERIMENTAL RESULTS

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

These two values for K and b may be used in equation 15 to
predict the partial mole heats of mixing over the entire con-
centration range. In Fig. 4a the points are experimental and the
solid line represents the calculated partial molar heats of mixing.
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Fig. 4. (a) Plot of AT{P o Versus XP 0 for the Pb0-Si0, system.
Solid line ?s calculateg from theory (Eqn. (15)).
Points are taken from experimental data.

(b) Plot of S, - versis X, . for the Pb0-5i0, system.
Solid line ?3 calculateH from theory (Eqn. (17)).
Points represent experimental data.

(c) Plot of a, versus xE for the PbO Si0, system.
Solid line is calcula 39 from theory (Eqn. (22)).
Points represent experimental data.
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It should be emphasized that the Pb0-Si0, binary system is the
only system for which complete thermodynamic data are available in
the literature. Partial molar enthalpies of mixing measured both
calorimetrically (16) and electrochemically (15) are in good
agreement. Also recent activity data for PbO reported by various
authors (15,17,18) are in good agreement.

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

Accordingly, the partial molar entropies of mixing for PbO
have been calculated with confidence and the results are included in
Fig. 4b. 1In Fig. 4b the points represent the experimentally obained
entropy values while the line is calculated from the thermodynamic
model.

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

~-RT InK = b-T§ (22)

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

Activities of FeO referred to the pure liquid FeO as the stan-
dard state have been determined in the temperature range 1250-1400°C
by equilibrating CO-CO, (19) and Hy-H,0 (20) gas mixtures with melts
contained in iron crucibles. More recently, activities of FeO have
been measured in the range 1785-1960°C (21) by equilibrating molten
levitated beads of iron with liquid Fe0-5i0, slags and by analyzing
for the oxygen content in the iron.

Because of the non-stoichiometry of Fe0O, the system is not a
true binary and may be considered as a ternary containing FeO,
510, and small amounts of Fej03. Several attempts (3,22) have been
made to correct the published data for the effect of the non-
stoichiometry of FeO but it is felt that such corrections could
introduce deviations larger than the inherent uncertainty in the
experimental data.

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

From the expression

d 1In K b
5 = w2 (23)
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Fig. 5. Plots of a versus X for the Fe0-S5i0p"
system at f785°c and 1558°C, respectively.
Points are experimental, solid lines are
calculated from equation (22).

and the available K values at two different temperatures, an approxi-
mate value of the parameter b for this system is given as -6,270
cal/mole. The corresponding approximate value of $1is 0.2 e.u.

The activities of CoO in Co0-Si0, melts have been measured at
1500°C by equilibrating melts held in Pt-Rh containers with known
oxygen potentials (23). The original data are given with respect to
the solid Co0 as the standard state and have been recalculated with
reference to pure supercooled liquid CoO (23). For this conversion
the entropy of fusion of CoO has been taken (4) to be the same as
for FeQ, as 4.25 e.u. The experiments could only cover the con-
centration range between 55 and 70 mole % CoO.

Figure 6 shows a comparison between the experimental activi-
ties at 1500°C (referred to liquid CoO) and those predicted by
equation (22) with K = 7. 1In view of the apparent uncertainty of
these data, the agreement is acceptable.
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is calculated from equation (22) with K = 7.

Activities of the MnO at 1600°C referred to pure solid Mn0O as
the standard state, have been determined by equilibrating various gas
mixtures of H,-C0,-N, with solid Mn and liquid slags containing MnO
and S5i0y (24). The accurate conversion of these data to activities
referring to pure supercooled MnO at 1600°C is difficult because of
the lack of knowledge on the heat of fusion of Mn0 and the uncer-
tainty regarding the melting point of the oxide. However, it has
been assumed (4), that the entropy of fusion of MnO is the same as
for FeO, e.g. 4.5 e.u., and that the melting point is 1875°C (25).
The activities with regard to molten Mn0O as the reference state have
been calculated from the well-known expression.

(
(

aMnO)liq. - . Abfusion

aMnO)sol. RT

In

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

1.00
o Richardson et al‘2*les0°C
0.80 | x from phase diagram
— calculated , K=19
0.60 o
(o)
= o
2 0.40
(@]
0.20
| | 1 1

o]
O 0.20 0.40 0.60 0.80 1.00
><MnO

Fig. 7. Plot of versus for the Mn0~Si0; system
at 1650°Z¥n0Points afgngxperimental. Solid line
is calculated from equation (22) with K = 19.

Activities of Ca0 have not been experimentally determined with
respect to the pure liquid oxide as the reference state. The only
data available representing the mixing of supercooled Ca0 are the
free energles of mixing at 1600°C estimated by Darken and Gurry (26)
from which activities for both components may be obtained (21,23). A
comparison between these approximate activities of Ca0 and those
obtained from equation (22) with K = 200 is shown in Fig. 8.

The Ca0-8i0, binary is a highly reacted system in which the

almost complete formation of the orthosilicate configuration is
observed at 67 mole 7% CaO.
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is calculated from equation (22) with K = 22,

The activities of Sn0O in the binary Sn0-Si0, system have been
obtained (27) in this laboratory from emf measurements.

Figure 9 shows a comparison between the experimental activi-
ties of Sn0 at 1000°C, with respect to molten SnO as the state of
reference, and those calculated from equation (22) using a K-value
equal to 2.7.

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

The energy released during the mixing of a metal oxide with
silica according to reaction (1) is represented by the interaction
parameter b. The magnitude of b depends upon the ability of the
metal oxide to release its oxygen, which reacts with silica in order
to form the Si0-0*-M type configurations. The overall energy for a
configuration of the type Si-0*-M depends upon the competing interac-—
tions of the oxygen with the surrounding Si and M atoms and is
expected to decrease proportionally with the formation potential of
the metal-oxygen atom pair.

Metal oxides having strong metal to oxygen interactions are
less effective as oxygen donors than those in which the interactions
are weak. Since the strength of the metal to oxygen bond is expected
to be inversely proportional to the interatomic distance d, the .
interaction parameter b should change in proportion to-1/d.
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If the entropy change associated with reaction (1) is taken to
be small, the “standard" free energy change, which is equal to =-RT 1ln
K, could be approximated by b. Then, the value of the quantity -RT
1n K should also be proportional to the reciprocal of the metal=-
oxygen distance d in the pure solid metal oxide. This assumption
appears to be valid in the case of the Fe0-Si0, system for which the
available data indicate an entropy § parameter of only 0.2 e.u. Low
values of § can also be expected for the remaining metal oxides
having the same NaCl cubic structure.

The plot of =RT ln K versus 1/d shown in Fig. 10 includes only
cubic metal oxides like Ca0, FeO, MnO and CoQ, and the relationship
appears to be linear.

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

Approximate K values for the binary silicates containing other
cubic oxides like NiO, MgO, Sr0O and Ba0O, for which experimental acti~
vities are not available, may be obtained by extrapolation in Fig.
10. Such K-values may be used in equation (22) to predict the acti-
vities of the metal oxides with respect to pure liquid oxides as the
reference states.

Thus, estimated activity isotherms for the systems Ba0-Si0,
and Sr0-S10, at 1900°C, are shown in Fig. 1ll.

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

Scale of Basicity of Cubic Metal Oxides Towards Silica

Metal Inter-atomic  Metal-oxygen  =RT 1ln K,
oxides Equil. constant distance attraction or b,
K d(A0) 22/d cal/mole
BaO 11,000 (1873K) 2,771 l.44 -34,500
Sro0 1,300 (1873K) 2.560 1.54 -26,600
Ca0o 200 (1873K) 2.406 1.66 -19,700
MnO 19 (1923K) 2.218 1.80 -11,300
FeO 6.5 (1873K) 2.148 1.84 -6,700
Co0 7 (1773K) 2,127 1.87 -6,800
NiO 2 (2000K) 2,071 1.93 -2,600
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Table 2 also includes a list of interatomic distances and of
atom-pair potentials, expressed as z2/d, where z is the valence of a
metal cation. The last column, which represents either b or = RT 1ln
K, may be taken to represent a "basicity” or "reactivity"” scale for
the various metal oxides listed. This scale is a measure of the abi-
lity of a given metal oxide to disrupt the silicate network.
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Fig. 1l. Actvity isotherms for the molten systems BaO-
810, and Sr0-Si0; at 1900°C estimated from the
K-values shown in Fig. 10.

CONCLUSIONS

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

The partial molar entropies of mixing are then readily
calculated.

In comparison with available experimental data the present
thermodynamic model has been found capable of expressing, within the
limits of experimental error the concentration dependence of the
molar and partial molar properties in binary silicate melts over a
wide composition range, including the S$i0, rich regions for which
most polymeric type thermodynamic models are non-applicable. The
present model should be unrealistic for dilute solutions particularly
in systems which are characterized by low K-values. In composition
ranges near pure MO and near pure Si0, the assumption that K is a
concentration independent quantity should not be expected to be
valid.

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

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

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

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

Ni-N10/Ca0 - Zr0,/Pb0 - PbCl,/Pb

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

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

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

X Yy
= + . -
2\ B (Ng+ * Ng=) o uilibrium

Xy
where N,+ and N~ are respectively the cation and anion fractions in
a solutlon whicﬁ has reached the ionic composition representing a
specific reaction mechanism at equilibrium.

From the activity data, the limiting experimental conditions
for removing the oxygen impurity from PbCl, melts, and for recovery
of Pb and 0, by fused salt electrolysis have been established.

INTRODUCTION

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

* Cyanamide of Canada, Niagara Falls, Ontario, Canada.



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

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

In the present investigation the reversible emf of the cell,

(+)Pb Pbo_ - PbClzl_x)/Zroz - CaO/NiOS, Nis(-)

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

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

EXPERIMENTAL

The design of the cell for the emf measurements is given in
Fig. 1. The reference electrode consisted of a Ca0 stabilized zir-
conia tube containing 13 mole 7 Ca0O, closed at one end, having a
total length of about 30 cm. To make this electrode, nickel wire 1
mm in diameter having a spiral end was inserted into the zirconia
tube and was covered with 2 to 3 cm of a compacted mixture of Ni and
Ni0 powders. The open end of this tube was closed with a glass bell
cemented into place and the entire system could be evacuated and
sealed under vacuum. During its operation the thermal decomposition
of NiO at the temperature of the experiment established the oxygen
gas pressure and the emf measurements did not contain errors due to
mixed potentials which are created by non-equilibrium oxygen pressure
conditions (5).

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

The entire electrode assembly, including the crucible with the

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

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

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

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

RESULTS AND DATA TREATMENT

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

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

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

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

E = (E

- o — 9
Nio EPbO) RT/2F 1ln a

Pbo (2)
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TABLE 1

emf Measurements Representing the Overall Cell Reaction

Ni + (PbO) Nio + Pb

L (s) in PbO-PbCl, = (s), 1

Note: Negative emf values imply a reversal in the electrode reactian,

E = A - BT
T Standard Maximum
Xob0 Tetip. Range A B deviation déviation
(°K) (mV) (V) (mv)
0.01 778-914 -15,933 0.15322 * 0.90 t 1.5
0.05 778-873 -39.228 0.05184 t1.16 £ 2.5
0.1 762-874 -32.380 0.02944 + 1.34 + 2.9
0.2 775-874 -14.103 0.00106 + 0.:92 t 1.6
0.3 474-926 19.579 0:01716 + 2.08 t 3.6
0.4 781-935 29.452 0.000066 - 0.3Q + 0.5
0.5 921-1010 78.821 0.01374 £ 0.88 t 1.6
0.6 956-1062 117.207 0.02322 t 0.51 1.3
0.7 967-1064 158.435 0.03938 £ 0:34 £ 1.2
0.8 1016-1094 204,462 0.06705 +1.03 t 1.7
1.0 160-1371 222.98 0.05052 * 0.57 + 1.0
TABLE 2
Standard Electrode Potentials
Cell Poténtial
Electrode Temp., E° = A®° - B°T Standard Makimum
Range A° B° Deviation Deviation
(°K) (mv) (mV) (mv)

. - o +
Ni gy + 1/2 0200 100 91; 1,210.83 0.43993 £ 0.57 + 1.0

= o, 1376

(s)

' + - : . £ 0, +0.8
Pb(l) 1/2 Oz(g,lat) 1160 987.5 0.38941 0.51 0.8

= Pb

PPO(1)

Pheyy * Clac, 1ao 773-  1,742.5  0.602 - -

= PbClz(l)
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where a is the activity of PbO calculated with respect to pure
molten BE8 as the standard state. R and F have the values of 1.987
cal.mole ! and 23,066 cal.volt !, respectively. E is given in volts
and Eﬁ and E? are respectively the formation potentials of pure
solid ﬁ?o and pure molten PbO at the same temperature as T. T is
given in degrees Kelvin.

The formation potentials for pure solid NiO at various tem-
peratures have been established in previous investigations (5-11).
With regard to pure molten PbO the standard Gibbs free energies
reported by several investigators (12-14) and by Charette and Flengas
(5) are in substantial agreement to within 2 to 4 mV. Accordingly,
the standard formation potentials for NiO and for PbO used for the
calculation of the activities from equation (2) are those reported in
our previous work (5). The latter were obtained by emf measurements
in closed cells similar to those used in the present investigation.
The data for the standard potentials of NiO and PbO are given in
Table 2.

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

TABLE 3
750°¢C 850°C
Xpbo By o**
2pb0 3pbcl,  2PbO 3ppcr,  Keal/mol

0.1 0.005  0.890 0.008 0.899 -11.80
0.2 0.010  0.765 0.020 0.796 -10.90
0.3 0.022  0.620 0.035 0.660 -9.40
0.4 0.045  0.440 0.065 0.475 -8.90
0.50  0.085  0.240 0.115 0.300 -6.60
0.60  0.160  0.110 0.200 0.150 -4.80
0.7 0.280  0.035 0.325 0.060 -2.90
0.8 0.450  0.010 0.480 0.018 -0.80
0.9 - - (0.760)*  (0.001)*

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

AHPbo = 46,132 (A - 0.2233) (3)
These values are given in cals.mole_1 and may be converted to S.I.
units by multiplication with 4.184 Joules.

Activities of PbO in this system reported by Sugawara et al.
(4) are in disagreement with the present results, particularly at
high PbO contents. For solutions containing more than 80 mole 7% of
Pb0, the reported activities are greater than unity, which is ther-
modynamically impossible for the chosen reference states which were
the same as in the present calculations. For compositions lower than
30 mole % PbO, there is better agreement with the present results,
although the temperature dependences of the emf's differ.

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

DISCUSSION

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

The result of such interactions could be the formation of
complex oxychloride configurations of the general type,
(Pprqut)(ZP T2 o
similar to the incongruently melting compounds 3PbCl,.2PbO,
PbCl,«Pb0, PbCl.2Pb0 and PbCly.4PbO, which have been identified as
existing in a solid state within the phase diagram of the system
(1-3).

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

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

MH = nja AHY (4)
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where AH® is the enthalpy change for the formation of one mole of
oxychloride species containing one gram-atom of oxygen, such as in
(2p - 2q - ©)/qt

(Pbp/q'OOClr/q)

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

The total entropy of mixing is considered to consist of two
ma jor contributions; the entropy for the formation of the amount of
oxychloride complex present at equilibrium and the configurational
contribution for the random mixing of the various species 1 preosat
at equilibrium.

The total entropy of mixing may be written as:
ASm = nja AS‘;—anan Ny (5)
where n, and N, are, respectively, the number of moles and the ionic

fractioiis of species i present in the mixture at equilibrium.

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

= o _ o H
AGm nja (AHr TASr) +RT In

In N (6)
n i

i

where

o o = -
AHr TASr RT 1n K (7)

K 1s the equilibrium constant for a given oxychloride formation reac-
tion, which is specific to each system.

The expression for the activities of PbO 1s obtained by par-
tial differentiation of equation (7) with respect to n; at constant
n; and under the restriction that:

z Ni = 1, at equilibrium (8)

The final equation takes the form:

dni
Ina, = E In N, ( o, )

n2
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It is readily seen that the expression for the activity of PbO
contains the equilibrium constant K as the only adjustable parameter

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

(N * N

=) (10)

2pbo sz+ 02 ‘at equil.
In equatio& (10), N, o+ and N o~ are respectively the ionic

fractions for Pb2" and 02 ?n a molten mixture of PbO and PbCl, which

has reacted internally in accordance with a specific reaction mecha-

nism and has reached a state of equilibrium.

From similar considerations it may be shown that the activity
of PbCl,; is given by the expression:
=)

(N (11)

+ « N2

an012 Pb2 NCl at equil.
For the PbO-PbCl; solutions several reaction mechanisms have

been cgnsidere , such as the formation of the complex oxychlorides,

Pb,0oC1l , Pb202 , PbClzoz‘, as well as the compositions representing
the various incongruently melting compounds mentioned earlier.

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

2pb2t + 027 + c1” = pbjoct’ (12)

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

K = =7 . -
NPb2+ N02 NCl

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

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

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

. 1 - 2aX, . X;(1 - a)
2pbo 1 - aX, T+ X, - 2aX,

(14)

and



TABLE 4

Ionic Composition of the PbO-PbCl, Molten Solutions
Representing the Reaction

2pb?t + 027 + 2c1° = pboc1t + c1”

UNREACTED MELT

Melt composition when reaction has
reached equilibrium

Compo-  No of Mole Mole numbers
sition moles fractions at equilibrium Ion fractions
PbO n) X1 nPb2+ = NPb2+ =
n1+n2-2an1 1 -ZaXI
1 - aX,
PbCl n X n + = an N N —> S
2 2 2 Pb,0C1 1 Pb ,0C1 1 - aX,
no2- = ny(l - a) Ny =
X)(1 - a)
1 + X, - Zaxl
- = 2ny - an) NCl— =
25 = aX,
1 + X5 - 2aX
1 - 2aX, , 2Xp - aXy |2
2pbcl, 1 - aX; T + X; - 2aX, (15)

where X; and X, in these expressions are respectively the primary
mole fractions of PbO and PbCl; in the "unreacted” mixture.

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

The isotherm at 1123K was calculated from
the a-values based on K = 10.

It should be noticed that at constant composition the activity

of an

o increases as K decreases.
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TABLE 5

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

Pb2t + 027 + c1” * pbjocl’

K 1 10 15 100 1,000 10,000 ©

X
PbO [+ [+1 o a [+ a a

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

0 0 0 0 0 0 0

N
o e e

HOOOOOQOOOOOO

CVwoONOTULPWNFHCO

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

M, = Xy Mpyy + Xp Mpygy, (16)

For the calculation the partial molar enthalpies of mixing for
PbCl, were obtained from the partial molar enthalpies of mixing of
PbO using the Gibbs—Dubem relationship.

The results of these calculations are given in Fig. 5. On

this graph points are experimental, while the dotted line has been
derived from equation (4) written in the form:

= o
B aX) M7 17)
which represents the enthalpy of mixing per mole of solution.

For the calculation the degrees of reaction, based on reaction

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

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

ELECTROLYTIC BEHAVIOUR OF THE PbO-PbCl, MELTS

From equation (2) and its equivalent for PbCl,, it is possible
to calculate the reversible potentials for the electrochemical
separation of Pb and 0,, or of Pb and Cl,, from a molten solution of
PbO and PbCl,.

For the reactions:

Pbyya. * Gl (PbC1

liq. 1 at) 2)1n solution (18)
and

in solution (19)
the reversible electrode potentials at 850°K and at 1023°K, respec-
tively, were calculated using the previously derived activity values,
and the standard potentials given in Table 2.

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

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

CONCLUSIONS
The thermodynamic properties of the PbO-PbCl, molten solutions

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

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

A B B )

xy

= X . NY-
a N+ N3~ Jequilibrium

In this exﬁression N,+ and N - are the respective cation and anion
fractions in a solutéon whicg has the ionic composition corresponding
to a specific reaction mechanism at equilibrium.

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

In this treatment non-ideality is attributed to changes in the
composition of a solution as the result of complex forming reactioms.
The theory does not account for secondary interactions between the
reaction products. Equilibrium ion fractions of the assumed ionic
forms are used throughout, the basic assumpgion being that the reac-
tivity of the simple ionic species like PbZ", 02 or C1 has been
satisfied through the formation of the complex and that all other
interactions are not too significant.

Under such circumstances, the equilibrium constant K is
expected to be composition independent and to depend only on tem-
perature over the composition range within which the above assump-
tions are valid.
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Fig. 1. Schematic drawing of the experimental emf cell.
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lines are calculated from equations (10) and
(11). x's are experimental activity data for
PbO reported by Sugawara et al. (4).
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ABSTRACT

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

INTRODUCTION

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

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

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

CALCULATIONAL PLAN

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

To illustrate our method, high-sulfur Illinois #6 coal was chosen for the
present work. Table 1 gives the composition of this coal which has 3.41 wt% S. The
theoretical oxygen requirement for combustion is the amount of oxygen required
to convert the carbon, sulfur, and hydrogen to carbon-dioxide, sulfur-dioxide, and
water, respectively, minus the free oxygen present in coal. In our calculations,
30% excess and 30% deficient O3 as dry air is supplied to deduce the chemistries
for oxidizing and reducing conditions, respectively. Table 2 shows the selected
species in the solution phases under oxidizing and reducing conditions. These
solution phases are chosen by performing several trial calculations, with several
possible combinations of components of solution phases, based on a knowledge
of solution chemistry and the tendency of components to form. Ideal solutions
are assumed for the present illustrative calculations. Solution components were
chosen in a manner which best illustrates the chemical properties and simultane-
ously formed solutions that do not deviate greatly from ideality. This procedure
was a reasonably good approximation for most of the temperatures for which we
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performed calculations. Nonideality of the solutions will be considered in future
work.

RESULTS AND DISCUSSIONS

Oxidizing Conditions: Figures 1 and 2 and Table 3 show the results for
oxidizing conditions. Of the 120 gaseous species in the results of these calcula-
tions, only the most important species are shown in Figure 1. Under equilibrium
conditions, very sharp changes in the partial pressures of several species occur
around 1390 K in Figure 1 (continuous lines ). This is the temperature where the
glassy Aly03-Nay0-65i0y(s) forms by reaction of solids with the solution phase.
Figure 2 shows that the solution phase disappears at this temperature (at about
1390 K) and NaySO4(s) or an NaySOy rich liquid solution does not form under
equilibrium conditions to temperatures as low as 1100 K (Table 3). However, in
real systems the formation of glassy Al;03-Na30:6Si0;(s) from two or more con-
densed phases is probably very slow because the two phases have to be in contact
to react. Hence calculations were repeated for the non-equilibrium case where
the glassy Al;03-Nag0-68i03(s) does not form. Such a case simulates one kinetic
constraint in a realistic practical environment. Figure 2 shows that, under this
constraint, the corrosive solution phase extends to temperatures as low as 1160 K.

The major gaseous carriers of sodium and chlorine are NaCl and HCl under
all conditions (Figure 1). Under nonequilibrium conditions, the concentration of
NaCl{g) below 1390 K is higher than those under equilibrium conditions. The
relative concentrations of Na;0-258i05(1) and NazSO4(1) in the solution phase
(Figure 2) vary drastically as the temperature of the solution phase changes from
1800 K to 1100 K. The solution is high in Na;0:2810,(1) and 'FeOQ-8i0}(1) above
1600 K;; at 1250 K the solution phase is largely NagSO4(1). Within the temperature
range of 1600 K to 1160 K (under nonequilibrium conditions), the concentration
of NazS04(1) increases from a mole fraction of less than 0.01 to almost 1, with a
corresponding decrease of Na30.28i0;(1) to less than 0.01. The concentration of
NaCl(l) stays around 0.001 below 1350 K. It may be noted that the condensed
phases are saturated with SiO3(s) at all temperatures. Because of the assumption
of ideal solution of species in the solution phase, the exact values of concentrations
in the real nonideal solution phase is likely to be somewhat different. The con-
centrations are least accurate from about 1350-1500 K because of the deviations
from ideality expected. However, the general nature of results at the temperatures
where Nap0-28i0;(1) or NazS04(l) is in dilute solution will be very similar in both
ideal and nonideal solution phases. Consequently, the general pattern of varia-
tions in the concentrations of silicates and sulfates as a function of temperature
will be similar to Figure 2 in practical cases.
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These results present an approximate, but general, behavior of solution phases
under oxidizing conditions; the solution phase becomes progressively more con-
centrated in Na;SOy(l) as the temperature of the gaseous and condensed phase
decreases from 1800 K (1323°C) to around 1200 K (923°C). The compositional
changes reflect differences in the corrosive behavior. The silicate liquid may be
even more corrosive than sulfates because of the high temperatures and because
the solubility of protective oxide coatings of metals of construction in combustion
systems is likely to be higher in silicates than in sulfates. Owur results make it
clear that for coal combustion, the corrosive liquids are not just simple sulfates,
but are much more complex liquids than have been considered heretofore.

Reducing Conditions: Results of calculations under reducing conditions
are presented in Figure 3 and Table 4. Again, only the most important gaseous
species are shown in Figure 3. Calculations are repeated for nonequilibrium condi-
tions where the glassy Al03-Nay0-6Si0,(s) is not allowed to form below 1390 K.

The condensed phases are saturated with SiO;(s) at all temperatures (Ta-
ble 4). The partial pressure of NaCl(g) in the gaseous phases at 1100 K (923°C)
is almost one order of magnitude higher under reducing conditions (Figure 3)
than for oxidizing conditions (Figure 1). At high temperatures the solution phase
is largely 'FeQ-SiO}(1) and Nay0-28i05(1) and is largely FeS(1) at low tempera-
tures. Considerable amounts of S as FeS(l) or NazS(l) are present in the liquid
phase at all temperatures. The concentration of S bearing species under reduc-
Ing conditions in the solution phase is much higher (0.1 at 1800 K) than the S
bearing species NagSO4(l) (less than 0.001 at 1800 K) under oxidizing conditions.
At 1300 K, the concentration of S as FeS(l) in the solution phase is 0.33 under
nonequilibrium conditions. For 1800-1400 K, the concentration of “Fe” in the
solution phase increases with a decrease in temperatures. The solution phase is
present below 1100 K (923°C) under nonequilibrium conditions, and even under
equilibrium conditions, the solution phase exists down to temperatures as low as
1260 K (987°C).

SUMMARY AND CONCLUSIONS

Corrosive molten condensates from the combustion of coal under oxidizing
conditions are much more complex than has been considered previously. Mixtures
of silicates and sulfates are probable; these could be more corrosive than sulfates.
Under reducing conditions, molten sulfides appear to be present down to very
low temperatures. Such chemistries would have to be dealt with in coal conver-
sion processes. Thus, our preliminary calculations provide us with the ability to
calculate the global chemistry in the oxidation of coal. Further work, which ac-
curately represents the complex nonideal solutions, which includes silicates, and

75



which incorporates kinetic effects on the chemistry will greatly enhance our abil-
ity to analyze the global chemistry in coal combustion and conversion and aid in
developing methods for minimizing corrosion.
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Table 1. The Composition of High Sulfur Illinois #6 Coal
Used For the Present Work
Wt % Ash

C 60.15 SiOg 45.57
H 4.25 Fey03 15.80
N 0.97 Al;O3 17.99
S 3.41 CaO 6.88
cl 0.05 MgO 1.09
H;0 10.54 SO3 4.22
(6] 7.33 NazO 4.84
Ash 13.30

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

Solution Phase for
Oxiding Conditions

Solution Phase for
Reducing Conditions

1.

2.

Na;0-25i0,(1)
NagS04(1)
NacCl(l)
NasS(l)

'Fe0-Si0}(])

1.

2.

Naz0-25i0,(1)
MgO-Si0,(l)
'Fe0-Si0}(1)

NagS(1) or FeS(l)
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Table 3. Approximate Amounts and Temperature Ranges of Stability of
Solid Condensed Phases Under Oxidizing Conditions*

1800 K 1400 K 1100 K
Si03(s) 75.0 68.5 52.7
52.2
A1203-Na20-65i02(s) 1.7
0
NazSO4(S) _0
7.4
Al;03-2Ca0-Si04(s) 8.1 8.3
CaS04(s) 13.3
11.4
Al;03-8i04(s) 17.9
16.7
3A1203-2Si02(s) 3.9 5.4
Al;03-MgO (S) 4.2
MgO-8iO3(s) 4.2 3.4
2.9
Fe304(s) 8.8
F6203(S) 13.6 11.0
9.4

*The numerical values are % moles of the corresponding species in the mixture of
all the condensed phases excluding the solution phase. Equilibrium and nonequi-
librium (see text) values at 1100 K are above and below the lines, respectively.
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Table 4. Approximate Amounts and Temperature Ranges of Stability of
Solid Condensed Phases Under Reducing Conditions*

1800 K 1400 K 1100 K
SiO2(s) 77.0 79.2 28.5
56.2
Al;03-Naz 0-6510;(s) 13.7
0
FeS(s) 35.0
15.2
Aleg-SiOz(S) 6.8
17.0
3A1203‘ZS.102(S) 9.0 8.2
Al303-2Ca0-5i04(s) 14.0 12.6 10.6
8.8
MgO-SiOy(s) 5.5
2.8

Al;03-FeO(s)

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

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

For interpretation of experimental data a thermodynamic
model was developed, the key parameter being the ''excess
entropy-enthalpy function", positive values of the excess
function produce greatest effect. Results gave for 4-
components 640 K; for S5-components 631 K; for 6-components
596 K; and 7-components 593 K.

INTRODUCTION

The Ammonium-Hydrogen-Sulfate (AHS) energy storage cycle was pro-
posed 11 years ago by Wentworth and Chen (1), followed by process con-
figurations proposed by Prengle and coworkers (2,3). The duplex modi-
fication of the cycle proposed by Prengle in 1984 is based on conduct-
ing the two endothermic chemical reactions (4) in a compatible molten
salt (CMS) mixture. The first reaction (450-600 K) produces NH3, H,O0,
and 8207_2 by reaction of ammonium hydrogen sulfate with an alkali
metal sulfate, and the second (650-950 K) produces SO3 by decomposition
of the pyrosulfate. The duplex version of the cycle contemplates using
the sensible energy in the excess CMS immediately; whereas the exo-
thermic recombination of the three product molecules would be accom-
plished for later use of the stored energy.

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

LITERATURE SEARCH

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

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

s =2 X, - ) (1)

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

ATy = L X (Tg - Tgy) (2)

and, X (Tg = Tgy)/ ATp = T XE, = 1 (3)

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

The remaining eighteen mixtures of alkali metal sulfates with
Group IB, IIB and VIB, VIIB and VIII were analyzed similarly. As a
preliminary guide to further experimental work, the final ranking of

the components, based on all thirty-two mixtures, in descending order
with some overlap was,

E(Li)>E (K)>E (Zn)>E (Mg)
E(Pb) > £(Cd) > E(Ca) > E(Na) > E(Ba)
g(Cu) > E(Co) > E(Mn)
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Table 1 - Ei Contributions of Alkali Metal and Alkaline Earths

Mixture g, (Li) &, (Na) £.(K) £4(Mg) §,(Ca) €¢(Ba)

L1 0.636 0.364 - - - -
L2 0.748 - 0.2523 - - -
L3 - 0.345 0.655 - - -
14 0.744 0.084 0.172 - - -

Conclusion: Ea > Ec > ;b

L12 - - 0.623 0.377 - -
L8 - - 0.482 - 0.518 -
L7 - - 0.520 - - 0.480
L20 0.657 - - 0.343 - -
L17 0.687 - - - 0.313 -
L16 0.502 - - - - 0.498
L28 - - 0.483 - 0.392 0.125
L30 - - 0.186 0.748 0.066 -
L29 - 0.255 - - 0.585 0.160
L32 - 0.320 0.334 0.342 - -

Conclusion: Ea > Ec > Ed > Ee > gb > Ef

EXPERIMENTAL

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

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

Ty~ LOWERING MODEL

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

T * M Te
z chpClln —; ¥ ASm +AS; + E i leﬂ ¥;~ -85 =0 (4a)
ZXE * T * E * Al = 4b
iipci(T_f)+AHm+HL Elle(Tf'T)_Hm_o (4b)

* * *
where ASm E3) XiASmi, AH =X X AH , and T AHm / ASm . Solving
for ASm and AHm gives,

*

. _ * M T
ASm(at Tf) = Asm + ASL + <ACp>£n T; (4¢)
ey A E *
AHm(at Tf) = AHm +H o+ <ACP>(T - Tf) (4d)
where, <AC_>= I X.C__. - £ X.C_.., the difference between the crystal
P ipci i pLi
and liquid heat capacities. Combining by TfASm = AHm gives,
M T % F L
TfASm + TS| + Tf<ACP>£n T, = AH + Hf + <ACP>(T 1 (52)
The two heat capacity terms can be combined, letting
- T (T - Tp)
g = Tg<AC p>£n T - <ACP> £ o
£ Tf f
T. + AT
_ £ Te + AT - Tg
= Tf<ACp>L€n( T ) - ( T )]
= Tg<aC,> [on a4 oy (5b)
Te f
also letting, y = %1 ;g = Tf<ACp>[£n(1 +y) -yl; y=0.10 to 0.50,
£
2 2 AT 2
1’—"(1+y)-y=y—ay-y=—ay=—a(—T—f—) (5¢)

where a = 0.422 +*0.037, and g = —ay2<ACP> T (5d)

£
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Substituting into 5a and solving for Tg gives,

M+ HE A )
+
T m L m (5¢)

foasT 1o« L st - ayrac »)]
m L P
AS
m
. e Bt L M AT ., *
Letting u; = HL/AHm 3 up = [ASL - a( T ) <ACP>] / ASm

. *
then, T = A (1 + w)/8S; (1 +up) = T (1 +u)/(1+up) = T8

T
or, 6 = ~£ = (L+u;)/(l+uz) = 1 + u; - up + [higher order terms]
o *
The quantity of interest is the fraction depression of T , called
o = (1-8). Neglecting the higher order terms gives,
*
o= up - up = L s}l - ay?ac >) - K / aw (6a)
P L m
ASm
Inserting the ideal entropy of mixing and the excess entropy, y? in
terms of o, and defining ¢E = (SE - HE/T*) gives the model équation,
R E nc*
o = —5 (-2 Xiﬂnxi) + ¢ /ASm = a(
ASm

o

e > /as] (6b)

The magnitude of the excess property function, ¢E, being determined
primarily by the liquid phase excess entropy, which can be pesitive or
negative depending on the liquid phase molecular configuration. For a
given experimental mixture, knowing a, <AC_>, and AS*, the value of
the excess function can be obtained, P m

¢E

= * @ 42
= aAS + RI XilnXi +a(3— a) <ACp> (6c)
It is obvious that a positive excess function is desirable to obtain

larger a-values.

THE CORRELATION PAIR

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

- * - E *
w = ASm/<ACp>, and z = (¢ - RI XiﬂnXi)/ASm (7a)

followed by mathematical simplification of 6b leads to the dimension-
less form,
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o = 7(zw)%/9 - w/6 (7b)

or the linearized form,
a/w = 7(z/w)%9 - 1/6 (7¢)

Neither equations 6c or 7a,b are predictive of ¢E, both requiring
experimental data; however, once a few values of the excess function
are known as a function of composition for a particular group of
mixtures, a pseudo-binary Scatchard (9) function can be used to
correlate the values,

68 = XiXpAg[1 + a1 (Xq - Xp) + ap(X; - X2)% + ...] (7d)

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

RESULTS

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

positive ¢E values negative ¢E values

barium 75% cadmium 78%

calcium of all cobalt of all

lead positive copper negative

zinc values magnesium values
manganese

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

The positive ¢E—va1ues were correlated as suggested by a Scatchard
function giving,

85(I/gmol K) = AoX X [1 + a1 (X_ - X,) + a2 (X_ - Xp)?]
X9)?] (82)

(r = 0.990)

= 3.064Xde[1 + 1.559(Xm - Xd) + 16.99(Xm

Plots of ¢E/Xde VER (Xm - Xd) and ¢E vs. Xm are shown as Figures

S5a,b, the latter plot indicating that greatest temperature lowering
should occur in the vicinity of X = 0.20 and 0.80.

As regards our experimentally measured freezing temperatures, two
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ternary mixtures reported in the literature (4,6) served as the lowest
temperature starting point: 1) -an alkali metal sulfate mixture,

X(Li) 0.780, X(Na) 0.085, X(K) 0.135, T 785 K; and 2) -a mixture
with zinc sulfate, X(Na) 0.190, X(K) 0. 558 X(Zn) 0.552, Tf = 661 K,
the effect of zinc being rather striking. Table 2 summarizes the
'best' 4,5 and 7 component mixtures, and Figure 6 is a plot showing
the convergence of 6-component mixtures to eutectic compositions.

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

*
N  Composition Xi Xm o T ,K Tf

4 (Li) 0.3247 (Na) 0.1579 0.5567 0.4123 1103 649
(K) 0.0741 (Zn) 0.4433

5 (Li) 0.3268 (Na) 0.1586  0.5602 0.4550 1158 631
(K) 0.0746 (Zn) 0.3556
(Ca) 0.0842

7 (Li) 0.1600 (Na) 0.2600  0.6800 0.5220 1221 593
(K) 0.2600 (Ca) 0.0150
(Ba) 0.0100 (Mg) 0.0885
(zn) 0.2065

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

DISCUSSION

Three items are believed to be significant from the work, the fact
that: 1) -the mixture freezing point can be reduced more than 50% of
the linear combination freezing point, 2) -the proposed model can be
used to guide the search to the composition regions where greatest
lowering can be expected, and 3) -statistically the mono- and divalent
sulfate mixtures involved showed significant excess entropy and en-
thalpy. Concerning the latter matter, Lumsden (11) and Bloom (12),
following Hildebrand (10) have viewed molten salt mixtures as 'regular'
solutions; however, it was expected that the mixtures investigated in
this work would show excess entropy. The choice of the definition of
the excess function, ¢E = SE - HE/T*, was a matter of mathematical
convenience, as individually SE and HE can not be separated. Those
mixtures with p051t1ve excess function showed values of 0 < ¢E < 4,
J/gmol K, which is con51dered to be primarily entropy, as enthalpy is
small when divided by T
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THERMODYNAMICS OF 1-METHYL-3-ETHYLIMIDAZOLIUM
CHLORIDE -- ALUMINUM CHLORIDE MIXTURES

C. J. Dymek, Jr., C. L. Hussey, J. S. Wilkes and H. A. Qye*
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Colorado Springs CO  80840-6528

ABSTRACT

A thermodynamic model for liquid mixtures of 1-methyl-3-
ethylimidazolium chloride - aluminum chloride is presented.
The model is based on EMF and vapor pressure measurements.
It assumes the presence of the anions, C1-, AIClg~, AlCly—,
Al13Cl10~, as well as AlClg and equilibria between them.

The most remarkable feature of this system is the strong
dependence of Al1Cl3 activity on composition in the acidic
region and the presence of Al3Clig~ as a dominant species
around 75 mol % AlCl3

INTRODUCTION

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

Recently the melts have been characterized thermodynamically
between 46 and 68 mole % AICl3 by EMF measurements using aluminum
electrodes (2). A study extended further into the acidic range is of
importance to obtain a complete thermodynamic description of the
melts and to clarify which species are present throughout the
composition range. Using a vapor pressure method, activities with
respect to liquid aluminum chloride can be calculated and a thermo-
dynamic model can be constructed which predicts vapor pressure,
activities, and the EMF's of galvanic cells.

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

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

o2
-w = cr(Eexpw/By" 5o M

1-exp(w/A) f

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

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

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

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

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

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

-W = Cl[Pgyp (W/BJ2 - P£2] )
neglecting diffusive gas flow.

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

AXp = k' Aw (3)

Xa(1-Xp) + (1-Xp)2 (MMEICT/MATCTS)
w

where k' =

where M is the molecular weight of the subscripted species, Xa
denotes the stoichiometric mole fraction of AlCI3 = naic13/(na1CI3 +
NMEIC!?, and w is the sample weight.

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

d In P =k" dXp (4

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

. 2
—w=CIpT W e p.2) (%
o

where Py is the pressure at the start of the experiment at time t=o0
and Aw=0, a=2k'k" and a=2/B. This equation can only be solved for

|aw| < 1, so that

eaw =1+ aW
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This gives

2 LaAw |- cp2
CPO e | CPf

- = (6)
1+ aCPZ ealw
and integration of Eqn. 6 gives:
2 2
PS eddw _ p
L LR I8 PN o flet %
2 2 2 2
CPf a CPf Po - Pf

The quantities P, and a can be obtained in an iterative fashion
and the constants C and « by fitting of Eqn. 5, 6 or 7. A two point
fitting is most easily done by the use of Eqn. 5 as the experiments
give both w and Aw and no approximation is involved. The fitting is
done for t=o0 where Aw=0 and for the end time, t.

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

In the second modification, the initial external pressure was
again lowered below the equilibrium vapor pressure resulting in
boil-off of AICl3. But the external pressure was increased in steps
until boiling stopped as indicated by the levelling off of the rate
of weight loss. The composition at that point corresponded to a melt
which had the vapor pressure Pg. For both methods, melt mixtures
from 80 to 66 mol % could be studied with a single experimental
sample. It was however necessary to raise the temperature when the
vapor pressure became too low for easy measurements (< 0.05 atm).

III. THERMODYNAMIC MODEL AND CALCULATIONAL PROCEDURES
The model assumed the following melt species to be present in the

melt: 1-methyl-3-ethylimidazolium (MEI*), C1-, Al1Cl4~, AloCly-,
A13C110~, and AloClg.
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Three independent equilibria are formuiated between the species:

ay ag0-5
AlCl4~ = C1— + 0.5 AlpClg — =KI (8)
aq
ag ag0-5
AToCl7~ = AICI4~ + 0.5 Al Clg — = K11 9
a7
a7 ag0-5
A13C1y9~ = Al1oC17~ + 0.5 AlpClg — = K[II o)
a10
where
ai = Yi Xy, an

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

AH{9 (To) AS© (To) ACp04 T To - T
Ki = exp 13- + + n — + 12)
R To T

RT R

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

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

Xga + 2X7 + 3X30 + Xg€2 - Xp) /€1 - Xa) = Xa/(1 - Xp) a3
and X1+ Xg+ X7+ X190+ Xe =1, 14)
where Xp is defined as at Eqn. 3.

Presently the activity coefficients Y; in Egn. 5 are set equal to
unity. This is equivalent to setting them to be constant and
incorporating them into the equilibrium constants. The ACp®; in Egn.
12 is set equal to zero. Knowing Ky, Ky, and Kyrr, as functions of

temperature, Eqns. 8-14 can then be used to calculate the five ion
fractions as well as the activity ag.
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The program MODFIT (8) programmed for a personal computer was
used to determine the equilibrium constants Ky, Kir, and Kirp, . by
minimizing

F = £(log ag [expl - log ag [calcD?

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

The experimental total vapor pressures were converted to
activities utilizing data from the JANAF tables (9) as well as
considering the small amount of A1Cl3 in the vapor phase:

AIC13 (1) = AICI3 (g) (18)

Kis = exp {76.65 - 13159.6 T-1 - 9.474 InT + 7.93 10737
- 3.903.10672 + 1.3.10-973 - 0.1929.10- 1214}

2 AICl3 (g) = ATpClg (@) 16)

Kig = exp {-23.6162 + 15588.4.T-1 + 0.5482 InT + 3.32.10-37
- 1.96.10-6 72 4 0.774.10-973 - 0.137.10-1214}

The activity ag is then given as:
B - /B2 - 4p?
7T T 7 tet an
K16 - K52

where B = 2P¢ot + 1/Kyg. As the internal transport number of MEIt* is
unity (10,11), the EMF data can be transferred to activity by the
relationship (12):

6F |1 - Xa
dInag= - - | —00-|dE 18)
RT |7+ 2Xa

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

36 = Par,c1g PTAT,C06

Although Egns. 8-14 are a straightforward set of equations to
solve for the anion fractions and the ag activity in an iterative
fashion, the solution may easily diverge if proper starting values
and restrictive conditions are not introduced, especially near the
equivalence points, Xa(eq) = 0.50, 0.667 and 0.75. The following
procedure was successful. Close to the equivalence points, Xp =
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Xa(eq)20.02, the majority species was first calculated for the
equivalence composition assuming only the three most prominent
species present. Then the second most prominent species was
calculated for the same composition. The three remaining species
were calculated from Eqns. 8-10. A better value for the second
species was then calculated from Eqn. 13 by requiring the ratio
between the two most prominent species to be unchanged, and an
improved value was then obtained for the first species from Egqn. 14.
The process was repeated until all mole fractions changed with less
than £0.00001. Further apart from the equivalence point, the
iteration procedure was less critical and the starting values were
calculated considering only the two major species. Using this
procedure the final result for each composition was usually obtained
with less than 10 iterations. To find the best set of Ky, Ky, and
Kiy1, the constants were first varied one at a time and afterwards
all constants were varied simultaneously.

IV. RESULTS

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

40°C

XA 0.4745 0.4798 0.4853 0.4903 0.4952
log ag -29.983 -29.755 -29.446 -29.085 -28.533

0.5204 0.5310 0.5415 0.5504 0.5595 0.5691
-1.869 -1.465 ~-1.168 0.902 -0.696 -0.506
0.5798 0.5904 0.6003 0.6102 0.6205 0.6308
-0.324 -0.141 0.041 0.209 0.430 0.689
0.6411 0.6511 0.6612 0.6714
1.039 1.435 2.036 2.873
50°C
Xa 0.4850 0.4906 0.4948 0.5211 0.5288 0.5387
log ag -29.222 -23.567 ~28.048 -1.806 -1.541 -1.283

0.5509 0.5598 0.5698 0.5791 0.5897 0.5999
-0.972 -0.767 -0.562 -0.372 -0.175 0.002
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60°C

XA 0.4648 0.4691 0.4751 0.4800 0.4852 0.4902
log ag -29.205 -29.082 -28.854 -28.597 -28.279  -27.890

0.4952 0.5198 0.5312 0.5410 0.5512 0.5597

-27.263 -1.852 -1.442 -1.176 -0.926 -0.736
0.5711 0.5784 0.5867 0.6001 0.6103 0.6212
-0.4858 -0.3416 -0.1898 0.0046 0.2353 0.4782
0.6296 0.6410 0.6503 0.6605 0.6713 0.6804
0.683 1.009 1.397 1.898 2.505 3.120
0.6909
3.871
The vapor pressure data were transformed into_ag by Eqn. 17
ignoring the presence of AlCl3 i1.e. ag = Ptot/KgKge:
t°c 206 236 267 191 191 191
XA 0.7572 0.7281 0.7114 0.7788 0.7665 0.7383
log ag -0.611 -0.961 -1.360 -0.427 -0.552 -1.030

219 219 265
0.7233 0.7118 0.7049
-1.278 -1.676 -1.701

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

I 1I III
AR (kJ) 55.40 2.81 6.21
as (J/K) -191 -53 0.9
log K (40°C) -19.2 -3.2 -1.0

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

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

2. Not only is the activity change tremendous around 50 mol %
A1Cl3, but the AICl3 activity changes much more strongly with
composition in the acidic region than for alkali chloroaluminate
melts.

3. Substantial amounts of higher polymers like Al3Cl19~ must be
present to explain the strong change in AICT3 activity around Xp =
0.75.

Raman spectroscopic studies are under way to clarify the presence
of higher polymers.
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ABSTRACT

Vapor pressure of hydrous melts and very concentrated
electrolyte aqueous solution were measured with the sys-
tems ZnCl:-H20 and CaCl:-H:0. The measurements were
made at various temperatures in the composition range of
r(water/electrolyte)=1.27-20.0 for ZnCl:-H:0, or r=4.23-30.0
for CaCl:-H:0 by the transpiration method. From the
temperature dependence of the wvapor pressure, the en-
thalpy and entropy of vaporization were determined. The
correlation between them showed two different types of
linearity indicating Barclay-Butler rule for each system.
To explain these resulls , the existence of different kinds
of ion-water interactions were proposed.

INTRODUCTION

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

For the purpose of studying the physico-chemical properties

of water in hydrous melts and very concentrated aqgueous solutions,
the vapor pressures of water for the systems ZnCl:-H:0 and CaClz-
H20 were measured over a complete conceniration range, as far as
they were stable liquids at various temperatures of 30-145 °C, by
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using the transpiration method.

EXPERIMENTAL

The preparation of hydrous melts and the concentrated solu-
tions was reported earlier(2).

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

RESULTS AND DISCUSSION

Transpiration measurements were made mainly on the systems
of 7ZnCl:-H:0 and CaCl:~H:0 in the temperature ranges of 30-145 °C
for the former systems and 30-120 °C for the latter. Their com-
position ranges were 1.27-20.0 for ZnCl-~H:0 and 4.23-30.0 for CaClz-
H:0 of water/electrolyte ratio (r). On being measured under these
conditions, all the samples were stable as liquids. However, not all
compositions could be investigated at all temperatures because of
the limitations of their melting point or solubility. Before and
after the measurement, the change of the composition was negligible.

The variations of vapor pressure with the composition are
shown Fig.2. For CaCl:-Hz0 system, the linearity of vapor pressure
in the mole ratio of water were kept up to r=b5. For ZnCl:~Hz20 sys-
tem, the linearity could not be recognized, as had been reported
with nitrate-water systems by Tripp (4). The relationship between
activity coefficient of water and composition for the hydrous melts
was shown in Fig.3. The activity coefficient was so small that it
indicated water molecules intensively restricted with ions, and that
of CaClz~Hz0 was smaller than that of ZnCl:~H20 by a factor of
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;about two at corresponding mole ratio in the composition range up
. to ca. r=6.

From the data on the temperature dependence of vapor pres-

, sure, average enthalpy and entropy of vaporization were determined
- by the ordinary method. The plots of the enthalpy of vaporization
. v.s., composition are given in PFig.4 and 5. In spite of being
. determined in different temperature ranges, the plots for each sys-
. tems are correlated by a single line. However, the correlation for

CaClz~H20 remarkably differs from that for ZnCl:~H20. It has a maxi~

.mum at ca. r=6 in the plots. For ZnCl:-H20, the enthalpy increases
. with the decrease of water content and the correlation shows a dis~
, cernible shoulder at rz=3-4.

The entropy of vaporization for these systems showed similar
correlation with their composition to that of the enthalpy. The plots
of entropy v.s. enthalpy of wvaporization, Barclay-Butler plots, are

. shown in Fig.6. With both systems, they give two different straight
- lines distinguished by the composition ranges. In the range of
. those composition, each correlation shows the Barclay-Butler rule
. which expresses the similar process of vaporization, and it is sug-

gested that water molecules in those composition ranges are under

jsimilar restriction (5). In other words, it seems that water-ion in-
. teraction changes at r=2.8 for ZnCl:-H20 and r=5 for CaClz-Hz20.

From these results, it is concluded that the ion-water interac-—

. tions in the CaCl:-H20 system are weakened by increasing cation-
, anion interaction at a water content region less than r=5-6 and
. the water molecules in the 4nCl~H:0 system are trapped among in-

creased aggregated species of ZnCl: at a water content region

.less than rz3-4.

+ 2. S.Deki and Y. Kanaji, Rep.
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ABSTRACT

Vapour pressure measurements had been performed in the ternary
system xKCI + (1-x)(MgClz + R H20) up to a maximum tempera-
ture of 523 K. The investigated compositions varied between
02x <0.3and 4.6 = R = 6.0. From the experimental vapour
pressures water activities, enthalpies of evaporation, and partial
molar excess entropies of water were calculated. The present re-
sults confirm the appearance of direct cation-anion contacts within

the concentration range of molten hydrates due to H,0 «> CI~ ex-
change reactions in the first coordination sphere of Mg

1. Introduction

Molten salt hydrates represent a class of liquids interconnecting features of
aqueous solutions and molten salts. Recently, we proposed to define the con-
centration range of molten hydrates more generally as a range, which is
characterized by a quantitative predominance of ion-water tontact interac-
tions /1,2/. A peculiar transition behaviour in the concentration dependence
of thermodynamic properties is observed within this range. The sharpness
of this transition is related to the strength of ion-water and cation-anion
interactions. Its position on the concentration scalé corresponds to the
average hydration number of the strongest hydrating ion.

In this respect, MgCI2 can be considered as a model substance, consisting
of a strongly hydrating cation with almost no tendency to associate with the
anion in aqueous solutions /3,4/. In agreement with the primary hydration
number of Mgh, at a molar HZO/MgCI2 ratio R = 6, distinct changes in the
partial molar quantities of water were revealed from vapour préssure mea-
surements in the binary system MgClz-Hzo 12,5,6/.

On the other hand, the properties of the anhydrous molten mixtures MgCIz-
ACl (A=K,Rb,Cs) are governed by the formation of tetrahedrally coordinated
chlorocomplexes of magnesium /7,8/.

There arises the question, whether chlorocomplex formation becomes important
in the range of molten hydrates of MgClz. A ligand exchange H20¢—+CI_ at
the Mg2+ ions should be reflected in a relative increase of the water activity.
Thus, in this work the influence of KCI on the vapour pressure of molten
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magnesium chloride hydrates has been investigated for molar HZOIMgClz
ratios between six and four. Tab. 1 gives a summary of the compositions,
which are covered by our measurements.

2. Experimental

The preparation and analysis of magnesium chloride hydrates have been
described previously /9/. Reagent grade KCI (VEB Jenapharm Laborchemie
Apolda) was recrystallized and dried to constant weight at 473 K.

Aliquots of magnesium chloride, potassium chloride and water were weighed
directly into the teflon vessel of the autoclave to give a sample of the
desired bulk composition.

A detailed description of the apparatus for vapour pressure measurements
and the procedure used is given in /9/.

In this study some improvements were introduced increasing the accuracy
of the experiments. Two-wire circuits of the Pt-100 resistance thermometers
were replaced by four-wire arrangements and all measurements of voltage
were performed in both current directions to compensate thermoelectric
effects. The samples were homogeneously melted before
evacuating the apparatus. Likewise, for the correction of
slight shifts in bulk composition (< 0.5 per cent) the quantity of water va-
pour, exhausted during the evacuation,was weighed after freezing-out at
liquid nitrogen temperature.

For all compositions given in Tab. 1 a vapour pressure polytherm was deter-
mined with temperature steps of about 12 K until a maximum temperature of
523 K. The experiments were started at a temperature about 10 K above the
crystallization temperature according the phase diagram of D'ANS and
SYPIENA /10/.

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

3. Calculation of the water activity from vapour pressure

For the calculation of the water activities from the measured vapour pressures
Py Eq. (1) was applied.

Py Py
Ina,(p*) = In(p,/pY) + k7 f (Ve -Vo") dp + k= v, dp (1)

Py Pw
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Eq.(1) yields the water activity a, at the vapour pressure of pure water p:v
at the given temperature, where Vw is the partial molar volume of water, T the
absolute temperature and R the general gas constant (8.3144 J mol_1 K_1). The
subscripts have the following meaning: ° standard state; * pure water;

" liquid phase and; " gas phase.

For a satisfactory accuracy in the analytical solution of the first integral of
Eq.(1) up to 523 K - our upper limit in the experiments - it was necessary to
take into account the third virial coefficient of water steam (Eq.(2)),

Va: RT/pW + B+ C Pw (2)

where B and C is the second and third virial coefficient, respectively. The
numerical values of B and C as a function of temperature were determined by
means of multilinear regression of the PVT-data of water steam /11/ from 373
to 573 K. The obtained power series are given by Eq.(3) and (4).

3 PO 2 3 4 5

Bm“/kg] = ay * allT + ale + 33/T + a“/T + a5/T (3)
3y = -3.14697 E-1 a; = 3.37919 E 8
a, = 7.63194 E 2 a, = -7.71229 E10
a, = -7.26904 E 5 ag = 6.78403 E12
3 - 2

Cm’/(kg bar)] = ap +a}/T + a/T (4)
ab = -1.03334 E-3 a'l = 1.26910 a'z = -3.97580 E 2

At temperatures £ 523 K Eq.(2) to (4) represent the original data /11/ within
error limits of 0.15%.

From Eq.(1) it follows that the partial molar volume of water in the liquid
phase has to be included into the calculation. Different approximations were
used for this quantity in the literature. The reason has to be seen in a lack
of precise and extensive volumetric data of water-salt systems at temperatures
above 373 K and high concentrations. At lower concentrations the most reliable
approach consists of the use of the molar volume of pure water V;" (e.g./12,
13,14/).

The relative contribution of the second integral in Eq.(1) increases with rising
vapour pressure difference between salt solution and pure water. In the case
of a magnesium chloride hexahydrate melt, with its low water activity, it amounts

113



to only 0.3 per cent at 423 K, but 1.5 per cent at 523 K already. Accordingly,
at higher temperatures the necessary attention has to be directed to the

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

For molten hydrates, containing strongly hydrated cations as Mgh, a vigorous
decrease of the partial molar volume of water should be expected. AKSMANOVIC
and KREY /15/ reported an equation for the density of MgCl,-H,0, which
we used to calculate the partial molar volume of water. A general plot is

given in Fig.1. With rising temperature, the influence of the salt concentra-
tion on \I:” increases, but its maximum variation remains smaller than 10%. At
the end of the compited concentration range (45 wt$ = 8.6 mol MgCIZ/kg HZO)
the uncertainty in the density derivative with respect to composition increases.
Consequently, the crossing-point at about 9 mol r49612/kgH20 is not significant.
In the ternary system, KCI—MgCIz—HZO,the partial molar volume of water was
considered as to be not influenced by the added KCI.

4. Resuits and discussion

The experimental results are summarized in Tab.2. The molalities in column 1
and 2 are corrected for the amount of water in the vapour phase.

The temperature dependence of the vapour pressure can be described by means
of relation (5),

Inp, = Ay + AT (s)

where Pw is the vapour pressure in kPa. The numerical values of Aoand A1
together with the standard deviation obtained from a linear regression are
listed in Tab.3.

Column 6 of Tab.2 contains the water activities aaorr

, recalculated to con-
stant compositions of the sample and rounded molar ratios H20/MgCI2.
For the temperature dependence of the water activity at constant composition,

relation (6) was applied
corr _ a4
Inalmt o= Ay + AYT (6)
The coefficients Ab and A'l are reported in Tab 4.
Fig.2 exhibits a graphical representation of the results at a molar HZOIMgCl2

ratio R=6.0. The logarithm of the water activity In a:lorr

was plotted against
the reciprocal absolute temperature, 1/T. The four polythermal data sets given

in Fig.2a scatter within £ 1.1 per cent around the regression line. This value
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can be considered as the reproducibility of our vapour pressure measure-
ments. In Fig.2b, the regression function from the present work (Fig.2a) is
plotted together with previous data /9,16/. The comparison between the two
figures points oyt the higher accuracy of the recent data.

Fig.2 reveals also an unexpected result. Within the experimental uncertainty
the water activity of a magnesium chloride hexahydrate melt is not changed
after addition of anhydrous potassium chloride. The experimental results at
lower water contents are shown in Fig.3. Filled circles and their regression lines
(drawn as continuous lines) refer to a KCl content of x = 0.3, whereas the
dashed lines represent the water activities in the binary system MgCIz—HZO
at the same molar (H,0/MgCl, )ratio R.

At R < & an increase of the water activity becomes evident after addition of
KCl. In Fig.4 the effect of composition varjation is presented in form of iso-
thermal plots. At a temperature of 473 K the relative increase of the water
activity referred to the corresponding pure magnesium chloride hydrate melt
is plotted. Figsa demonstrates the effect of the addition of 30 mol-% KCI in
regard to the molar HZO/MgCI2 ratio, whereas in Fig.4b the variation
of the water activity in regard to the KCI content is given for constant
R = 4.6.

The most distinct effect was found at the lowest water content (Fig.4a) and
after addition of the largest amount of KC| (Fig.4b). In spite of the higher
total salt content the water activity is increased by 14.5 per cent. This re-
sult is in contrast to the common behaviour of aqueous solutions, where the
vapour pressure decreases with growing total salt concentration.

Returning to the question formulated in the introduction, from our results
it can be stated that in molten magnesium chloride hydrates ligand exchange
processes HZOHCI_ become ;Tportant. At R < 6 the release of water from
the coordination sphere of Mg” ions reaches such an extent that the water
activity is not only relatively increased, but absolutely.

Reactions of type (1) can be formulated to describe the coordination competition
between H,0 and cr

2- - 2-n-
[Mg(H,00_ €1 14" + mCI” ==[Mg(H,0),___ci_ ]*""™+ mH,0 (1)

This agrees with a recent raman spectroscopic investigation /17/, which proves
the existence of direct cation-anion contacts in melts of magnesium chioride
hydrates.
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A displacement of equilibrium (1) to the right-hand side enhances the water
activity and should become large as the total ratio of cn'/Hzo in the melt

is changed. Tab.5 gives the variation of this ratio in comparison to pure
magnesium chloride hydrate meit A. With decreasing R we find increasing
values of A, which explains the enlargement of the effect observed in this
direction. At the instance of molten magnesium chloride hexahydrate, the
water activity increasing effect by reaction (I) is just compensated by the
simultaneous increase in total salt content. At still lower molar ratios
HZO/MgCI2 reaction (1) produces an absolute enhancement of vapour pressure.

The libration of coordinated water according to (1) is also clearly reflected
in the molar enthalpy of evaporation Ava as well as in the partial molar
excess entropy of water Amsa". For the calculation ofthese quantities Eq.(7)
and (8) were used, respectively.

Ava = T(V;-V:ﬂ) dpw/dT (7)

ex_ _ corr _ _ corr
Amsw = -R(In a, In xw) RT din a, 1dT (8)

where X is the mole fraction of water on an ionized basis. The needed
vapour pressures and water activities as well as their temperature depen-
dencies were derived from Eq.(5) and (6), respectively.

In Fig.5 both Ava and Amsax are plotted against the KCI content at a
l-'lZO/MgCIz ratio,R = 4.6 and 473 K.

The deviation of the points at x = 0.15 (run 8) from the general tendency
exposes the sensitivity of these quantities to relative small errors in the
activity data. In preparation of run 8 obviously rest gas was not removed
completely from the reference system resulting in a slightly larger siope in
the temperature dependence of the water activity.

With increasing KCl concentration the absolute values of Ava as well as
of Amssvx decreases, which is adequate to a decrease of the ion-water
interactions.

The present results confirm our general view of the concentration range of
molten hydrates as to becharacterized by dominant ion-water contacts and the
appearance of direct cation-anion contacts due to coordination competition.
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Tab.1: Bulk compositions of the investigated samplés in the system
{xKC1 + (1-x)(MgCl, + R H,0)}

R X =

0.05 0.10 0.15 0.20 0.25 0.30
6.0 * *
5.5 *
5.0 *
“6 * * * * * *




Tab.2: Experimental vapour pressures Py and water activities a,

corr
m(MgClz) m(KCl) T pw ay ay
[mot/kgH,0] [mol/kgH,0]  [K] [kPal
1 2 3 ) 5 6
MgCl2 + GHZO (run 1)
9.253 433.60 103.6 0.1731 0.1732
9.286 502.95 686.2 0.2738 0.2756
9.308 524.02 1104.7 6.3119 0.3148
MgCI2 + 6H20 (run 2)
9.2u8 402.42 33.9 0.1315 0.1313
9.250 422.83 70.9 0.1560 0.1560
9.256 448,04 159.9 0.1896 0.1899
9.266 473.74 333.2 0.2283 0.2291
9.283 500.04 639.7 0.2685 0.2701
0.85(MgCl, + 6H,0) + 0.15KCl (ruhi 3)
9.267 1.635 434.09 103.8 0.1714 0.1722
9.270 1.636 446.65 153.9 0.1884 0.1894
9.274 1.637 459.09 222.3 0.2064 0.2076
9.280 1.638 472,04 317.8 0.2254 0.2269
9.287 1.639 484.75 441.8 0.2446 0.2466
9.297 1.641 497.44 602.0 0.26u4 0.2668
9.309 1.643 510.51 816.2 0.2865 0.2895
9.324 1.646 523.51 1089.6 0.3102 0.3138
0.70(MgCl2 + GHZO) + 0.30KCI (run 4)
9.281 3.977 469.23 294.1 0.2208 0.2224
9.287 3.980 481,68 407.2 0.2391 0.2410
9.294 3.983 494,26 553.3 0.2573 0.2596
9.305 3.988 507.41 751.1 0.2778 0.2806
9.318 3.993 520.67 1005.3 0.2995 0.3028
0.90(MgCl, + 4.6H,0) + 0.10KCl (run 5)
12.099 1.345 462.35 127.6 0.1113 0.1121
12.105 1.346 475.08 188.8 0.1271 0.1281
12.113 1.347 487.85 272.9 0.1441 0.1454
12.138 1.349 513.76 538.6 0.1819 0.1840
12.155 1.351 526.51 730.9 0.2021 0.2948
12.124 1.3u48 500.55 387.2 0.1630 0.1647
0.70(MgClz + H.GHZO) + 0.30KCl (run 6)
12.100 5.177 458.67 123.9 0.1167 0.1176
12.105 5.179 471.72 183.9 0.1323 0.1333
12.112 5.182 485.08 269.4 0.1496 0.1509
12.122 5.186 497.94 379.8 0.1672 0.1688
12.133 5.191 510.80 524.7 0.1857 0.1878
12.147 5.197 522.25 688.2 0.2030 0.2055
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Tab.2: continued

1 2 3 4 5 6
().95(MgClz + Q.SHZO) + 0.05KCI (run 7)
12.126 0.637 459.28 13.1 0.1053 0.1067
12,131 0.637 471.61 166.2 0.1199 0.1216
12.139 0.638 484.13 240.2 0.1360 0.1379
12.151 0.638 497.44 347.2 0.1544 0.1567
12.165 0.639 510.37 484.2 0.1729 0.1757
12.183 0.640 523.03 655.7 0.1914 0.1948
0.85(MgCl, + 4.6H,0) + 0.15KCl (run 8)
12.081 2.130 459.53 117.5 0.1088 0.1092
12.086 2.131 472.67 178.2 0.1258 0.1263
12.094 2,132 485.41 257.9 0.1425 0.1432
12.104 2.134 498.77 371.6 0.1613 0.1624
12.116 2.136 511.24 512.4 0.1802 0.1817
12.134 2.139 523.85 706.3 0.2033 0.2053
0.80(MgCIz + Q.GHZO) + 0.20KCl (run 9)
12.084 3.022 459.26 122.6 0.1142 0.1146
12.090 3.023 473.33 188.1 0.1311 0.1317
12.097 3.025 486.57 273.8 0.1479 0.1488
12.107 3.027 498.95 383.4 0.1659 0.1671
12.120 3.031 512.38 538.1 0.1857 0.1873
12.135 3.034 523.94 708.3 0.2035 0.2056
0.75(MgCI2 + Q.GHZO) + 0.25KCI (run 10)
12.086 4.031 458.33 121.1 0.1150 0.1155
12.091 4.033 471.83 182.9 0.1312 0.1319
12.099 4.035 485,36 268.9 0.1486 0.1495
12.108 4.038 498.58 383.2 0.1668 0.1681
12.120 4.042 511.12 524.4 0.1847 0.1863
12.134 4,047 522.86 695.0 0.2030 0.2051
0.70(MgCI2 + 5.0HZO) + 0.30KCI (run 1)
1.1 4,783 460.78 152.5 0.1372 0.1385
11.146 4.785 473.06 218.3 0.1526 0.1540
11.152 4.788 485.38 306.6 0.1690 0.1708
11.161 4.792 497.83 423.3 0.1863 0.1883
11.172 4,797 511.67 594.4 0.2069 0.2094
11.184 4.802 522.82 770.5 0.2245 0.2275
0.70(MgCl2 + S.SHZO) + 0.30KC! (run 12)
10.074 4,325 458.54 179.1 0.1687 0.1679
10.078 4.327 470.21 249.7 0.1843 0.1837
10.083 4.329 482.94 350.1 0.2014 0.2010
10.092 4.333 497.55 505.9 0.2228 0.2228
10.101 4.337 510.90 692.8 0.2430 0.2434
10.112 4.341 522.71 902.3 0.2619 0.2626
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Tab.3: Regression coefficients of Eq.(5)

run A, A, [k} eV
1 and 2 18.518 -6026.5 0.014
3 18.395 -5966.7 0.005
4 18.117 -5833.0 0.002
5 19.183 -6624.3 0.007
6 18.918 -6464.3 0.005
7 19.172 -6630.5 0.007
8 19.322 -6686.0 0.005
9 19.027 -6528.0 0.004
10 18.952 -6485.3 0.005
1 18.676 -6287.4 0.003
12 18.357 -6036.7 0.003

1 @ = [Z0n p,lexp) - In p,(cal)) / (n-2)] /2

with n = number of experimental points
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Tab.4: Regression coefficients of Eq.(6)

run Al A} [K] eV
1 and 2 1.7050 -1504.4 0.008
3 1.7346 -1518.0 0.004
4 1.6109 -1461.7 0.002
5 2.7616 -2287.9 0.003
6 2. 4465 -2104.1 0.001
7 2.7174 -2275.1 0.002
8 2.8751 -2338.8 0.005
9 2.5789 -2180.1 0.002
10 2.4895 -2130.5 0.001
1 2.1993 -1925.0 0.002
12 1.8503 -1667.1 0.002

16 = [Z0n al° " (exp) - In 2" (can) / (n-2)]""2
with n = number of experimental points
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Tab.5: The change of the CI"/H,0 ratio in the system
{xKCI + (1-x)(MgCI2 + R HZO)} in comparison to the pure
magnesium chloride hydrate melt

R x =

0.15 0.30
6.0 0.030 0.072
5.5 0.032 0.078
5.0 0.035 0.086
4.6 0.038 0.093
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Fig.1: Concentration dependence of the partial molar volume of water
V,, at several temperatures [K] in the system MgCl,-H,0
(473 K = max. compiled temperature; dashed straight line = limit
of the compiled concentration range /15/)
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Fig. 2a: Experimental results for Ixkc1 + ('l-x)(Mg(I'I2 + 6.0 H20)’
(continuous 1line refers to the regression line of runs i and 2)
Present work: + x=0 (run 1 and 2)
e x=0.15 (run 3)
o x=0.30 (run 4)

In G&orr T
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Fig. 2b: Experimental results for {xKC1 + (1-x)(MgCl, + 6.0 H20)§
(continuous line refers to the regression line of runs 1 and 2)
Previous data: + x=0 (from /9/)
e x=0.10 (from /16/)
o x=0.20 (from /16/)
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Fig.3: Experimental results for {xKCI + (1—x)(MgCI2 + R HZO)J
(filled circles and continuous lines refer to x = 0.3, whereas
dashed lines represent the binary system (MgCl2 + R H20)
taken from /9/)
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Fig.4: Isothermal representation of the variation of water activity in
the system {xKCI + (1—x)(MgCI2 + R HZO)) at T = 473 K

a) Dependence on the molar b) Dependence on the KCI
ratio HZO/MgCI2 at x = 0.3 content at R = 4.6
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Fig.5: Dependence of the molar enthalpy of evaporation Ava and the
partial molar excess entropy of water Amsax on the KCI content
in the system {xKCl + (1-x)(MgCl, + R H,0)} at R = 4.6 and

T =473 K
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ABSTRACT

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

INTRODUCTION

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

Figure 1 represents part of the phase diagram of CaCl,-H,0,
showing the existence of two compounds: hexahydrate A (CaCl,, 6H,0)
and tetrahydrate B (CaCl,, 4H,0). The tetrahydrate exists under
three allotropic forms, the stable one being the « variety.

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

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

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

Another method, referred to as the "extra water principle,"
simply consists of adding some water in order to operate with the P
composition. This addition lowers the melting temperature by 1-2°C
and reduces the latent heat by 20-30%, but does not give complete
freedom from the segregation phenomenon. Many thickening agents have
been claimed as effective for preventing this phenomenon. A critical
examination shows very little to moderate success of the solutions
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proposed for another attractive salt hydrate, the Glauber’s salt
(sodium sulfate dodecahydrate) (9). We have been lucky enough to
find a successful agent for calcium chloride hexahydrate, consisting
of a special variety of diatomaceous earth, conjaining mainly
acicular "synedra," vith a needle form of 5000 A length with arrays
of regularly matched holes of 50 A diameter. The effectiveness of
such stabilizing agent - 10% by weight of calcium chloride - has been
clearly demonstrated over thousands of cycles, and solar houses
equipped with this storing material - patented under the trade name
of chliarolithe (from Greek: warm stone) - in different
configurations have been operating without any alteration of the PCM
for nine years. How the stabilizing agent works is not yet
completely understood, but the role of diatomites is generally
thought of as being twofold:

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

2. The microporous properties, favoring preferential nucleation of
hexahydrate and orienting crystalline growth of this compound.
This is quite difficult to prove. Ve tried some experiments with
crystallization of calcium chloride hexahydrate solutions, in x-
ray Guinier-Simon cells, equipped for work in controlled
atmospheres and varying temperatures with time. While the
thermal properties evaluated from slow heating rates with DSC
calorimetry - 3°C per hour - showed a reversible melting-freezing
transition process according to the typical curve of Figure 2,
for the same sample of chliarolithe the x-ray diagrams did not
showv any lines before we reached a temperature of -11°C. The
only compound identified is CaCl,, 6H,0, but these observations
occurred far below the interesting melting zone.

SOLUTIONS RICH IN CALCIUM CHLORIDE WITH AMMONIUM AND POTASSIUM
CHLORIDE ADDITIVES

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

After several experiments involving the "extra water principle"
(8) and following one observation about two not well-defined
compositions of CaCl,, 6H,0, KCl, and NH,Cl mixtures (10), we pursued
the exploration of this pseudo-ternary system. Working in the corner
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of a rich CaCl,, 6H,0 component, within the estimated maximum
solubilities area of both NH,Cl and KCl, either along constant CaCl,
compositions or constant KC1/NH,Cl molar ratio lines, we were able to
correlate the variations of C, curves that were very sensitive to
even slight composition changes, to the possible existence of a
smooth eutectic valley. On Figure 2, we represented two C, signals
and their relative contents, which may be compared to the values
observed for pure CaCl,, 6H,0 and the technical chliarolithe. The
curves are highly reproducible, and the melting temperatures obtained
from intersection of the basis line with the extrapolated tangent at
the first inflection point - onset temperature - gives 22.5°C for the
eutectic "temperature." Figure 3 shows the C, signal corresponding
to the eutectic composition (MU 124, Meac1pr6m,0 = 1, n“Hqu = 0.242,
ngc, = 0.096), for which the total AH transition value i§ 190-200
J/g.

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

Observations, related to the experiments where the exact ratio of
wvater to calcium chloride was not correctly adjusted to get the
hexahydrate compound, led us to explore a small part of the
quaternary system CaCl,, H,0, KCl and NH,Cl. Surprisingly, within a
narrow composition domain, we observed again the probable formation
of an eutectic compound, with a melting temperature of 23.9°C and a
heat content of 190-200 J/g (see C, curve for the compound MU 106 on
Figure 3, n..,, = 0.430, ny,, = 2.44, ng,; = 0.040, and ny,
0.101). This composition has been tested for stability towards
segregation; with a water deficit of 5.3% compared to hexahydrate
composition, we could not trigger any undesirable tetrahydrate, even
by introducing external germs of this last compound. It is to be
noted that the total AH content of 190-200 J/g is quite similar to
that of chliarolithe, and this fact may be related to the high
endothermic effect observed on solubilization of NH,Cl and KCI1.

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

Starting from the eutectic composition related to CaCl,, 6H,0,
NH,Cl, KCl, ve added various quantities of either ammonium or
potassium nitrate. The corresponding C_ versus temperature curves
generally showed two peaks, sometimes three, more or less separated.
The onset temperatures were difficult to determine, for the shape of

133



the C, signals was similar to that in solutions where an excess of
water as compared to hexahydrate was introduced (8); this resulted in
observation of a pronounced drag effect before the first melting
peak, reducing the latent heat content of these solutions.

Ve systematically analyzed the influence of the different
parameters governing the behavior of these reciprocal solutions where
the water content is critical. All these solutions were prepared
with diatomites as a stabilizer and with pure CaCl,, 2H,0.

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

Figure 5 shows the influence of the number of moles of NOj for a
given initial deficit of water of 3%, nc,c;.s Nyy,c1r Dgcy being
fixed. This influence is also illustrated 4n Fiéﬁre 6, corresponding
to solutions with an initial water deficit of 8%, for the evolution
of the C, signals. S 59 with no nitrate is very near the eutectic
(Om = 23,9°C) already mentioned; increasing the nitrate content
results in the decrease of this peak and the progressive formation of
an intermediate peak (S 57, ng,z = 0.02). Both peaks decrease
gradually from S 56 (ny,- = 0.0%) to S 58 (ny,z = 0.12), while the
eutectic compound (Om = ﬁ9.7°C, OH = 170 J/g) growth becomes more
pronounced. Variations of ammonium chloride initial content, or
potassium chloride/ammonium chloride ratio, other parameters being
held constant, show that the drag effect is constant, and that the
relative importance of the two peaks may vary.

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

._)
CaCl,, 6H,0 + 2NH,NO, ¢ Ca(NOy)2, 4H,0 + 2H,0 + 2NH,Cl

4

The formation of the calcium nitrate tetrahydrate is accompanied by
the formation of two water molecules. This may explain the drag
effect observed and its correlative reduction when the initial water
content of the solutions is decreased. This evidently holds if KNO,
is used instead of NH,NO,. The above reaction leads also to the
formation of NH,C1 (or KCl), thus modifying the KC1/NH,Cl ratio,
vhich is critical for reaching the exact eutectic composition
(11,12). Such solutions have been actually tested in full-scale
greenhouses and have worked well for two years, thus, allowing 40%
energy savings.
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Fig. 3. C_ signals for the two

eutectic compositions
Mu 124 and Mu 106.
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ABSTRACT

The exchange intearals of the crystal salts were investigated making
use of Fourier Method.The mathematical relations between the exchange
integrals were found out by determining the stability conditions for the
magnetic modes,following the requirement for which the quadratic form
must be definite positive. The magnetic modes and the exchange integrals
which are the solutions of an eigen value problem,were studied theoreti-
cally in case of magnetite crystal,

INTRODUCTION

The signs and magnitudes of the exchange integrals are extremly
important in determining the transition temperature, the magnetic struc-
tures and indeed practically all of the fundamental properties of the
substances.In principle, the exchange integrals are of course calculable
but in practice most calculations can claim only qualitative accuracy,
although the methods and approaches are steadily improving.In this paper,
we discuss the problem of determining the relations between exchange
integrals of (4e)Fer3 1ions of magnetite crystal by what might be called
Fourier Method(1). The values are established by combining theoretical
relations between the exchange integrals and various physical properties
such as the Néel Point, with experimental data on these properties,

The exchange integrals of substances may be obtained by diverse
methods. Many substances are studied by theoretical methods such as Fourier
method(2), spin-dispersion method(3) or by experimental methods like
neutron diffraction,heat capacity measurement(4) etc. In Fourier method
one writes just the second order terms in the hamiltonian expression.

In other words,one considers an hamiltonian expression as follows:
—p ——P

c2 = oR R
H= -2 ,{’R.f’-?A,,P(.\,R )¢ (R)S5(R")

In this study, we have used this form of Hamiltonian in which all inva-
riants of the second order are just the scalar product of the two base
vectors having the same representation,The spins being considered as
axial vectors,one writes down the Hamiltonian expression invariant under
spin reversal and symmetry operations of the crystal group.

ANALYSIS OF FOURIER METHOD
The most general expresgion of the second order of jhe ig;eraction
R

energy between spins S and S' located at the positions R and is given
in dyadic notation(5) by
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tp o= ~BERRROS (R M
- i”
Here the dyadic A(R:E‘) is defined as
—‘—’—7 ..
TRRY = F,wFmF; (hi=129) ()

where w” are scalar coefficients, '5’. and'B" are vectors having the
following property

a b.- 5]] (3)

The nine-component dyadic A(R R ) may be decomposed into a- symmetr1ca]

part and an antisymmetrical part, and then may be expressed in the
following form:

g o7 -23p g S (05T (R1)+T y TR BIRAS (77 DR RS (/) ()

The interaction symbolised by g is called " 1c or scalar interaction"
Since g is a scalar and the scalar product (R) (R } is invariant under
the action of rotation operations.The energy -2g is just the difference bet-
ween_the singlet state energy and triplet state energy. The second term
results from spin-spin orbit 1nteract10n,denotes antisymmetric coupling
t 15 alsg, ¢ 11ed "antisymmetric exchange" because of the fact when the spins
? and S (R') are exchanged,this term change the sign,It is 1ntroducg%
DZ]a]OShlnSkl and Moriya(6§ The third term denotes the anisotropy.Here ,R")
is a second order dyadic.

1 Ay -, =
IRA) - 5 ] JwiJ 3903 < Bjaag) - ):1'”"3' (5)
Vhen P (if we neglect the constant terms) we obtain for wR
= ZS(R) (“,R )s (R ) (6)

W, is crystaline f1eld energy of the spin at the position-ﬁ? This energy
ig proportional to crystaline field tensor and has the symmetry elements of
point R, So we can write the Hamiltonian for the system:

H= Z W, o (7)
R.r' PR

’
We now consider isotropic exchange energy which is also known as Heisenberg-
Néel energy HN'

Hy = -zi , 9, R.S(R) SR (8)
Let us write again the above expression in terms of unitary spins:
A— A
Hy= 2 o 0 GIR).O (R (9)
A - = RyRA 7 s ——
Where O~ (R)= S(R)/S(R) and 9p.R"= S(R)gR R.s'(R')
’ ’
On the other hand,the equation of the spin motion:

B®. ~
Mt 2 g st ROAT(R) (10)

In static equilibrium the first term of the Eq. (10) must be zero. This
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— - .
indicates that_S"(.qu must be parallel to = 9,R' S'{R'). So using the

unitary spins we may write: R'
A g
>\R0(R)= E gRR‘ &R an
Where>\R is a constant of proportionality. By using Eq.(11), the Eq.(9) be-
comes
A2
= - >\. O = =23
Hy= 2= A0 = =230 (12)

It follows from Eq.(12} that Ap may be thought of as the contribution to
the exchange energy arising from they interaction of Sp with all neigbouring
spins.On the other hand, because of R is the same ¥or every crystallo-
graphically equivalent atoms.

Let us number i (or j)=1,2,3...n the different Bravais lattices of
magnetic ?\:%S.'.Here n is the numbey, of independent sub-lattices.Multiplying
iV

the term by the term exp2Tik and summing over all R;, we get:

- -,

113 (€)= ey TkT; (€) (13)
here T, @)= R eon, (14)
G 2 A . . D =
Since Ti(k) is the Fourier transformation of the unit spin O{(Ri) and g
depends ‘only on the distance l'l? = R%, one has:

—_
LK) Z . - drd
(k) = %, R; expaik. ;- 7)) (15)

J
This sum is evaluated by fixing the atom at the position?i and by summing
on all atoms R. of lattice j, The equation system (13) may be rewritten as
matrix equatiod as follows:

EW) -N\JT®)=0 (16)

where E(k) is a hermitian matrix of which elements.are defined by the
Eq.(15). O\) is a diagonal matrix with elements gf¥ T T(k) defined
by the Eq,(14) is a couomb vector %f n component.c\i(?{) i given by the
Fourier inyerse transformation of ].(k):

By®)= X T, (Kexp(-2nikR,) (17)

In reso]ving the equation(16), we obtain the information about spins orien-
tation from the eigen vectors.By means of the eigen values, we obtain the
propagation vectors which corresponds to every magnetic mode.Finally,using
the stability conditions, we obtain the relations in the form of inequalities
between the exchange integrals, The spins having the same phase are located
on the same crystallographic planes. The phase expression of the spins
located on such planes is given by the term exp2 ik.R. Vector k(h,k,1) which
defines. the direction of propagation of the spins waves is a solutions of

the equation:

g dh . dh 18
Pegh=g 70 e

In order to study the stability conditions of the system, the quadratic
form the coefficient of which are the second derivatives of )\, must be
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positive.This requirement yields the relations between the exchange integ-
rals.

APPLICATION TO (4&)F€"3 IONS OF MAGNETITE CRYSTAL
Firstly,we shall discuss the solid phase i.e, crystal phase rather

than molten phase. Our test material is faggus magnetite crystal. Magnetite
crystal belogs to the space group I . «(D E) and the (4e)F& > jons are(7 )
spread out in the following manner.” "
9(0,1/4,1/4) 10(1/2,3/4,3/4) 11(0,3/4,3/4) 12(1/2,1/4,1/4)  (19)
The matrix elements for these ions defined by the Eq.(15) are:

9,92 ©9,95t €9 9b+ €9,9c (20)
Where e9‘9a= Zgg’ga!CUSZX

&g 9p= Zgg’gbCOSZY

e9,9c= Zgg,QCCOSZZ
and the other matrix elements are:

eg,10= 299’10COSXCOSYCOSZ

e9’11= 299,]]C05YCosZ (21)
The interaction matrix defined by the Eq.(16) takes on the form:
®9,9 3,10 9. ®9,12
9,10 9,9 €912 &1
Bipp = (22)
&1 8,12 ®9,9 .10
8,12 €9,11 9,10 9,9

The reader may check that the matrix:

1 1 1 1

- 23
\’z[‘ (23)
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completely diagnolizes E
Wy =n(N)

where qﬁf 4 and (&) is the diagonal matrix formed by the following values:
F= 9,9+ ©9,10%%9,11+%9,12

\G = 9,9 —%g 107 €9 11~ 3,12

hY

N, = €99~ ©9,10—%9,11%%9,12

(24)
C= %9,9% ©9,10—%9,11- %9,12

The corresponding eigen vectors which are the columns of the matrix
are To(1,1,1,1), Ta(1,-1,1,=1), To(1,1,21,-1), T,(1,-1,-1,1) respectively.
It shoﬁld be considgred the ground“state eigen va$ues\F:of the system,

\F = ®9,9+% 10+% 11789 12

and equating jts differentials with respect to X,Y,Z to zero, one obtains
the respective solutions for the various modes which are summarized in
Table 1. As seen in the table, in the G-mode, spins of the same phases
parellel to (110) planes.The phase of each spin being given by Cos2k(x-y).

The quadratic form,the coefficients of which are the second derivati-
ves of must_be positive or zero.Another method states the matrix
[)\5 E(Rd+ d ﬂ must have positive roots for small but arbitrary variati-
ons of dk. - Heré and k. are the eqilibrium values of £ and k.respectivly.
To that end one writes th8 second order differentials of F . We finally
find following inequlities for A-mode and G-mode respectivly.

(839,95t 299 10~ 299,12) (B39 95, +29g 10+99,17) (899 9c+ 2% 10+99,113 0
(89g, 95+ 299 19% 299 12) (899 gy* 299 10~ 99,11) (899 gc+ 299,10~ 99,1707 ©
CONCLUDING REMARKS

It is not possible to obtain exact solution of Eq.16 for three-
dimensional crystal, even if we restrict ourselves to the simplest case
of nearest-neighbour-interactions only,Some form of approximation must be
used and it is difficult to estimate the approximation, as there is no
exact solution as a standard of comparison.

In general, we may say that the molecular field is used when there
is more than one set of interactions though considerably more sophisticated
and accurate methods are avaible for only the case of nearest-neigbour-in-
teractions only, There are a number of examples in the literature where
nearest-neigbour approximation are applied to systems which have two or more
sets of interactions.
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Propagation Vector Modes Phases

000 F 1

100 A Cos2 x
010 C Cos2 y
110 G Cos2 (xry)

Table 1. Propagation Vectors and Corresponding Modes with Phases

145



DOI: 10.1149/198707.0146PV

APPLICATION OF A MODIFIED LINDEMANN'S MELTING FORMULA
TO ISENTROPIC AND ISOTHERMAL GOMPRESSTIBILITIES OF
MOLTEN SALTS AT THEIR MELTING POINTS
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ABSTRACT

Simple equations for the isentropic and isothermal compres-
sibilities of molten salts at their melting points have been
derived by combining Einstein's formula for the compressi-
bility of a solid with a modified version of Lindemann's
melting formula by the authors. These equations are similar
to both expressions derived on the basis of a statistical
fluctuation theory, i.e. Cahn-Hilliard theory, and a hard-
sphere model.

INTRODUCTION

The motions of molecules in liquids are very complicated, since
they are time dependent. It would appear, however, that some properties
of liquids are mainly dominated by the simple oscillatory motion of
molecules. For example, the viscosity of simple liquids (1), the com-
pressibility and thermal conductivity of non-metals (2,3) are, respec-
tively, expressed in terms of the fundamental frequency of intermolec-
ular vibration. In calculating the above properties of liquids,
Lindemann's melting formula (4) has frequently been used for the fre-
quency of vibration (1-3). Unfortunately, Lindemann's formula provides
only rough values for the average frequency of vibration of selids at
their melting points (4-7). Therefore, to evaluate the intermolecular
frequencies of liquids at their melting points, we have modified
Lindemann's formula using the surface tension of a liquid (8-10).

In this paper, simple equations for the isentropic and isothermal
compressibilities of molten salts at their melting points have been
derived by combining Einstein's compressibility formula and a modified
Lindemann's formula of the authors. In addition, the equation for iso~
thermal compressibility is compared with both expressions derived on
the basis of a statistical fluctuation theory, i,e. Cahn-Hilliard
theory (10-13), and a hard-sphere model (10,11,12).
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DERIVATION OF LIQUID COMPRESSIBILITY
EQUATIONS AT THE MELTING POINT

Einstein proposed a simple relation between the compressibility of
a solid and the characteristic frequencies of molecules (14,15). The
relation may be written as

C1
v = (1)
M3 p1/6 Kg 72

where v is the mean frequency of intermolecular vibration, M the molec-
ular weight (formula weight), p the density, kg the isentropic compres-
sibility, and Ci (i=1, ..., 5) a constant which is roughly the same
for all materials.

According to Lindemann, the intermolecular frequency of solids at
their melting points is given by

v = oy ) V2 @)

where Tp is the absolute melting temperature, and Vy the molar volume
at temperature Tp.

Combining eqns. (1) and (2), we have an expression for isentropic
compressibility.

CSVm
Kg = =0 — (3)
S Tn

This simple relationship has long been known (7). Figure 1 indicates
this relationship for various molten salts. As can be seen from Figure
1, this relationship is not satisfactory at all, though it is said that
the relationship holds approximately for liquids at or near their melt-
ing points (7). Incidentally, on the basis of the relationship in Fig-
ure 1, molten salts can be divided into some groups. For example,
alkali halides lie on their own straight line. The need for this clas-
sification can be attributed to the types of intermolecular forces pres-
ent within these molten salts.

Since Lindemann's melting formula is inadequate, eqn.(l) would, as
a result, also seem to be inadequate. The average frequency of inter-
molecular vibration of liquids at their melting points is reasonably
given by Lindemann's formula as modified by the authors (8-10), The
modified Lindemann's formula is

v = Gy 12 (4)

where Y is the surface tension of a liquid at its melting point. (The
value of Cy is approximately 6.8 x 1011 for pure liquid metals (16)).
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Combining eqns. (1) and (4), we have a simple expression for the
isentropic compressibility of a liquid at its melting point.

. CsVnl/®

Kg = (5)
Y

Figure 2 shows this relationship. As is clear from Figure 2, eqn.(5)

provides good results for various molten salts with a slope of 6.0 x10~10

(m01Y3) as the constant of proportionality between isentropic compres-

sibility and the grouping (VyY/3/Y).

It may be expected that the compressibility of molten salts is
:roughly given as a function of the recifrocal of surface tension, since
molten salts have similar values of Vm13. Figure 3 indicates a correla-
tion between the isentropic compressibility and the reciprocal of sur-
face tension of molten salts at their melting points. As can be seen,
the expected correlation is roughly true for molten salts.

The isothermal compressibility kp can easily be calculated using the
well-known thermodynamic relationship (17)

ep = (G2 kg )

where C, and Cy are heat capacities at constant pressure and constant
volume, respectively. As exhibited in Figures 4 and 5, the values of
C,/Cy are approximately equal to 1.45 for all molten salts at or near
their melting points. (The values of Cp/CV are about equal to 1.15 for
all liquid metals (17,18).)

Substituting eqn. (5) into eqn. (6), we have an expression for the
isothermal compressibility of molten salts at their melting points.

CsCpVp /3 o 827X 10-10y, 1/3
Y

kp = & , (in SI units) @

or
kpY = 8.7 x 10710y, 1/3 (8)
According to Cahn-Hilliard theory based on a statistical fluctua-
tion in number density, the product of the isothermal compressibility
and surface tension of a liquid near its triple point is expressed as
(10-13)
kpY & 7% 10721 (9

where L is the surface (interface) thickness.

An analogous expression to eqn. (9) has been proposed on the basis
of a hard-sphere model, and is given by (10-12)
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. a(2-3n+1%
TS TR IE (o

where a is an effective molecular diameter, and n the packing fraction.
Near the triple point, with n taken as 0.45 (it would appear that the
value of n for liquids is roughly equal to 0.45 over a wide range of
temperature (19-21), eqn. (10) yields approximately

KTYzSXIO‘Za (1D

Eqn. (8) by the authors is similar to independently derived relatioms,
eqns. (9) and (11).

From eqns. (8), (9), and (11), we have simple expressions for L and
a, respectively.

L & 1.2x 10-8v,1/3 (12)
a = 1.7x10"8y,1/3 (13)

Using these equations, the surface thickness and the effective molecular
diameter can be evaluated from the molar volume, which can be measured
experimentally.

CONCLUSIONS

(1) Simple equations for the isentropic and isothermal compressi-
bilities of molten salts at their melting points have been derived by
combining Einstein's formula and a modified Lindemann's melting formula
by the authors. These equations are similar to the relations derived
from dissimilar routes.

(2) The surface thickness and the effective molecular diameter of

molten salts can be evaluated from the molar volume obtained experimen-
tally.
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Figure 1. The isentropic compressibilities of molten salts at

their melting points as a function of (Vy/Ty).
Identification numbers are:

1. LiF

2. NaF

3. KF 4. LiCg 5. NaC® 6. KCL 7. CsCt
8. Nal 9. KI 10. LiBr 11. NaBr 12. KBr 13. CsBr
14, MgCf, 15. MgBr, 16. MgI, 17. CaClp 18. CaBrs
19. CaIl, 20. SrCep 21. SrBrp, 22. SrI, 23. BaCil,
24, BaBr,  25. Balp,  26. ZnCls;  27. ZnI,  28. CdC4,
29. CdBr, 30. CdI, 31. HgCfp  32. HgBr, 33. Hgl,
34, PbCl, 35. LiNO3  36. NaNO3y 37. KNO3  38. AgNOj

Open circles represent alkali halides in Figures 1 to 5.

Data,

except for those for MgC%,, are taken from Janz (G. J. Janz,
Molten salts handbook, 252 (1967), Academic Press, New York).

Data for MgCl,; from Ejima and Ogasawara (T. Ejima and M. Ogasawara,
J. Japan Inst. Metals, 41, 778 (1977)).
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in Figure 1.
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The constant of proportionality between kp and kg, i.e. CP/CV,
is equal to 1.42.
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Figure 5. Isothermal compressibilities vs. isentropic compres-
sibilities for various molten salts at or near their melting
points. The constant of proportionality between ky and kg, i.e.
CP/CV, is equal to 1.46.

Open and closed circles denote alkali halides and nitrates at
their melting points, respectively.

Squares denote other salts at 1073K (the ratios of 1073K to
their melting temperatures, i.e. 1073/Tp, are between 1.0 and
1.2).
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ABSTRACT

Sulfide capacities of NapO-SiO3 melts at 1473 and 1623 K were calcu-
lated a priori from a model using free energies of formation of Na,S
and Na;O and the activities of NagO in the binary Na;0-SiO2 melts.
Our calculations are in excellent agreement with available experimen-
tal data and appear to be more more accurate than currently used
empirical predictions of sulfide capacities, based on correlations with
optical basicities using Pauling electronegativities.

INTRODUCTION

Recently, in industrial steelmaking, there has been increasing interest in treat-
ing hot metal with soda ash because it provides the possibility of removing sulfur
and phosphorus from hot metal simultaneously. More attention has been paid to
desulfurization than to dephosphorization. Sulfide capacities (which are a mea-
sure of the ability of a slag to remove sulfur from metal) of Na;O-SiO; melts were
experimentally determined by several investigators.(1-10) Comparison of the ex-
perimental data showed poor agreement among the various investigators, and also
data are available only in a limited range of slag composition and temperature.
A number of empirical correlations have been proposed between sulfide capacity
and the basicity of slags. Very recently, we showed that sulfide capacities can
be calculated a priori, based on a simple solution model and on a knowledge of
the chemical and solution properties of sulfides and oxides. (11,12) Predictions of
sulfide capacities, based on empirical correlations with basicity or optical basicity
are far less accurate than those deduced from our method. In this paper, we
present calculations of sulfide capacities of NagO-SiO2 melts at the temperatures
1473 and 1623 K.
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THEORETICAL CONSIDERATIONS

The sulfide equilibrium reaction can be written as
NapO(€) + 1/28;(g) = NapS(¢) +1/20;(g) (1)

The equilibrium constant for reaction (1) is given by

Po )l/ ? aNass
Kna = 2 . 2 2
Na (PSz aNa;0 2)

Fincham and Richardson (13) defined the sulfide capacity, Cg, in terms of mea-
surable quantities

Po. \ /2
Cg = (wt%S) ( °’> (3)
Ps,
Combining equations (2) and (3}, the following relation can be obtained
wt%S
CS = KNa . aNagO . L—Ol (4)
a'NazS

Equation (4) can be used to calculate Cg with the knowledge of K g, ang,0, and
a method of obtaining the relation between ayg,5 and (wt % S). The method of
obtaining this relationship and calculating Cg has been fully discussed. (11, 12)

For basic melts in the composition range 0 < Xg;0, < 0.335i0; in the NayO-
SiO2 binary system, the solution is considered to be a ternary mixture of Na,O,
Na4SiOy4, and NagS. The equation for Cg can then be written as

1- 2XSiOg)

Cs = 100 Ws - Kya - am,o( = (5)

where W is the average molecular weight of the solution and where W; is the
molecular weight of the compound i.

For the composition range 0.33 < Xgjo, < 0.5 SiO3 in the NayO-SiO; system,

the solution is a mixture of sulfide anions with silicate polymer anions. Using
polymer solution theory, we obtain an equation for Cg written as

Cg =100 Wg - KNa * aNag0 * @ (&) (6)

W\ aNa,$
where ®g is the volume fraction of S?~ sites defined here as ®s ~ ng/ng;, ng
is the number of monomer sulfide sites and ng; is the number of polymer sites.
The relationship between ®g and apg,s was obtained from the adaptation of
Flory’s approximation for polymer-monomer mixtures to silicate melts. (14) One
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parameter in the Flory theory is m, the average polymer chain length. For finite
values of m, we obtain the expression

In aNa,s =~ In $g + (1 - %) ®p (7)

where ®p is (1 - $g) and is generally close to unity.

Two conditions were considered, m = 1 at the neutral composition 2Na30-SiO9
and a large value approaching m = oo (or m>>1) near the Nay0-5i0Oy composi-
tion.

Case 1. When melts contain only monomers, i.e., m = 1, equation (7) reduces to

aNa.;S _
=1 ®)

Case I, For melts containing mostly polymers, m>>1 and ®p ~ 1. Under these
conditions, equation (7) reduced to

aNazS

=2.7183 (9)
S

The sulfide capacities of binary Nas0-SiO3 melts were calculated by substituting
equation {8) and (9) into equation (6).

CALCULATION OF Cg FOR Nay0-SiO3 MELTS

The calculated sulfide capacities in the binary NayO-SiO; system at 1473 and
1623 K are presented in Figure 1. The activity of NazO was deduced from the
experimentally measured data of Goto et al. (15). The free energy of formation
of NagS(£) and NayO(f) were taken from standard tables of data, (16), and are
presented in Table I at 1473 and 1623 K.

From the calculated values of the equilibrium constant Ky, for reaction (1)
and ang,0, Cg was calculated using equations (5) and (6) for the range of slag
composition from Xpyg,0 = 1.0 to 0.5 and for the two temperatures 1473 and
1623 K. The calculated values of Cg and experimental data of Nagashima and
Katsura, (6) as compiled by Turkdogan (17) at 1623 K are shown in Figure la.
the calculated values of Cg and the experimental data of Chan and Fruehan (9) at
1473 K are shown in Figure 1b. As can be seen, the agreement between the theo-
retically calculated and experimentally determined sulfide capacities is very good.
For a given temperature, the sulfide capacity increases with an increase in the
concentration of NagO in the NayO-SiO2 melt. It is also interesting to note that,
for the composition Xna,0 > 0.9, the sulfide capacity increases with a decrease in



temperature and for Xna,0 < 0.9, the sulfide capacity increases with an increase
in temperature. However, the effect of temperature on sulfide capacity is not very
large. This observation can be explained by considering two independent factors,
Kna and ayg,0. At higher concentrations (i.e., ana,0 = 1), the equilibrium con-
stant, Kna, governs the temperature dependence of the sulfide capacity; whereas,
at low concentrations of Na;O in NayO-SiO; melts, the differences of the activity
of NayO predominately control the temperature dependence of sulfide capacities
(i-e., the activity of Na;O increases with an increase in temperature).

A comparison of these sulfide capacities with the sulfide capacities of other
binary systems, which were calculated in our previous publications, (11,12} is
presented in Table II. Although these cannot be compared directly because of
temperature differences, it is clear that the sulfide capacities of hypothetical pure
molten NayO is higher than all the other oxides. However, for a composition
of Xgio, > 0.33, the sulfide capacities are higher than those in the Ca0-SiO;
and MgO-SiO; systems and lower than those in the MnO-Si0O; and FeO-SiO;
systems. With an increase in the SiO2 concentration, the sulfide capacities of
Na,0-Si0; solutions decrease very significantly because of the very large decrease
in the activities of NagO.

From our results, it is clear that sulfide capacities of slags are directly related
to two independent quantities, (1) the equilibrium constant, Kn,, and (2) the
activity of NayO. This leads to the conclusion that sulfide capacities cannot be
empirically correlated using a single parameter, such as basicity, but needs to
be predicted in a more fundamental manner, using known thermodynamic data
and data on solutions. This point can be illustrated by a comparison of the
available data and our predicted sulfide capacities of NagO-SiOq, with those based
on empirical concepts of optical basicity proposed by Sosinsky and Sommerville.
(22) These are given at 1623 and 1473 K in Figures la and 1b. As can be seen
from the figures, empirical optical basicity values differ significantly from the
experimental data and from our results at the compositions and temperatures
considered.

CONCLUSIONS

The method we propose for calculating Cg in slags a priori is shown to be
in very good agreement with available experimental data. The sulfide capacities
of Nay0-8i04 melts are directly proportional to two independent factors (a) the
equilibrium constant Ky, and (b) the activity of NagO, and cannot be empirically
correlated with any single parameter, such as basicity.
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Table I.  Free Energy of Formation of NayS and NagO

(AGYP) cal/mole

1473 K 1623 K
Nag$S -49,105 -31,137
NazO 41,013 -33,257
AG® (reaction (1)) -7,282 -6,609
Kna 12.03 7.76
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Table II.

Sulfide Capacities of Binary Silicate Slags

System Mole Percent Basic Oxide
100 50 50 (expt)
1923 X
Ca0-8Si0, 0.476 1.45x10* 2.01x107%(19,20)
MnO-5i0; 0.146 4.21x1073 3.35x1073(18)
FeO-Si0, 8.63x1072 7.52x1073 —
MgO-SiO; 1.41x1072 6.09x10~° 8.65x1075(21)
MgS(solid)
1773 K
Ca0-8i0, 0.290 4.18x107° 7.80x1075(17,19,20)
MnO-8i0, 7.91x1072 2.35x1073 2.11x1073(18)
FeO-Si0q 4.56x1072 3.73x1073 3.80x1073(18)
(51.67 mole %)
Mg0-Si0, 7.76x10~3 4.02x1075 —
MgS (solid)
1623 K
Nay0-8i0; 401 9.52x10~* 3.98x1073(16)
1473 K
Nap0-5i0; 622 3.81x10~4 3.75x107% (9)
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Figure 1. Plot of Sulfide Capacities Calculated Based on the Model Presented in
This Paper, and on the Optical Basicity Concept (22), and Measured
Sulfide Capacities (6,9,17) at (a) 1623 K and (b) 1473 K for NazO-
SiO3 Melts. The Upper Lines Calculated From the model Are For m
= 1 and the Lower Lines are for m>>1.
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ABSTRACT

The structures of molten KF-KX(X=Cl, Br, and I)
systems with the common cation were investigated by
an X-ray diffraction method and the short range
structures obtained were compared with those found
in the pure melts and the molten alkali halide
mixtures with the common anion. The nearest neigh-
bor configurations of the unlike ion pairs were
similar to those in the pure melts. On the other
hand, the nearest distances between like ions changed
by mixing, as well as the systems with the common
anion.

1.INTRODUCTION

In recent years, molten alkali halide mixtures have
been proposed for use as heat transfer medium and as elec-
trolyte in molten salt batteries. The structure of the
melt is dimportant information. However, although there
have been many studies on the structures of the pure melts,
only a few studies on the structures of the mixture melts
have been carried out. Therefore, there are few data to
discuss the properties of the melts based on microscopic
observation.

Okada et al.(1) investigated the structure of molten
LiC1l-KCl(eutectic compositioé% system by the X-ray diffrac-
tion analysis with the aid of molecular dynamics simula-
tion. According to the report, the nearest neighbor dis-
tances of the unlike ion pairs such as Li*-Cl~ and K*-C1-
were almost the same as those in the pure melts. On the
other hand, ,the nearest distances of the like ion pairs
such as K¥-k* and C17-Cl~ etc. changed by mixing. Recent-
ly, Igarashi et al.(2)(3) investigated the structures of
molten LiF-NaF(3:2), LiF-KF(1:1), and LiF-KF-NaF(eutectic
composition), called FLINAK, systems by the X-ray diffrac-
tion analysis and obtained & similar conclusion. They
were all the mixtures with the common anion. The similar
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results can also be expected in the mixtures with the
common cation.

In this work, we chgse molten KF-KX(X=Cl,Br, and I)
systems, which contain K* ion as the common cation. The
mole ratios were 1:1 for KF-KCl and KF-KBr systems, and 1:2
for KF-KI system, which were close to each eutectic compo-
sition.

2 .EXPERIMENTAL

Chemicals KF, KCl, KBr, and KI were of analytical
reagent grade and were dried at 400 °C under reduced pres-
sure for 10 hours. They were weighed to the prescribed
composition in an atmosphere of dried Ny gas, and fused in a
platinum crucible. Experimental temperatures were 660 ©°C
for KF-KCl system, 700 °C for KF-KBr system, and 600 °C for
KF-KI system.

Prior to the measurement, the moisture was removed
thoroughly from the air-tight sample chamber. The measure-
ment was carried out in an atmosphere of dry He gas. The
temperature was controlled to maximum error of 10 °C. X-
ray scattering intensity was measured on a diffractometer
having 6-6 type parafocusing reflection geometry usingMoKx
beam. Scattering beam was monochromatized with a curved
graphite crystal. 1Intensity data were collected over the
range of scattering an%Ie 30 to 54° for KF-KCl and KF-KBr
systems, and 4° to 45° for KF-KI system, respectively.
These values correspond to 14.3 and 12,5 as the maximum S
value defined by the following equation.

S = 4w sin §/4,

where 20 is the scattering angle, and 1 is the wavelength.

The corrections for background, polarization, absorp-
tion, and Compton radiation were applied to the observed
data by usual methods(5). Corrected data were scaled to
the independent scattering factor for stoichiometric unit
by the combined use of the high angle region method and
Krogh-Moe~Norman method. The reduced intensity function
Si(S) and the correlation function G(r) were calculated by
the following.equations.

Z‘ (Km)z S mox
G(I‘) = 14 E;ETQ_TJ‘

0 0

S+ i(S) = S[ILS)/Y, £2(S)~1],

S - i(S) sin (rS) dS,

and



g()‘ = (Z Km)zpos

m

where pPo 1is the number of stoichiometric unit per A'3, Kn
the effective electron number in the atom m, £f_ the inde-
pendent scattering intensity, I®N(S) the total coherent
intensity, and S the maximum value of S reached in the
experiment.

Parameters used in the calculations are listed in Table

max

3.RESULTS
(1)KF-KC1(1:1) system

Si(S) and G(r) curves for molten KF-KC1(1:1) system at
660 °C are shown in Figs. 1(a) and 2(a), respectively.
G(r) has the peaks at r=3.10, 3.70, and 4.05 A, and the
shoulder at near 2.60 A.

Zarzycki(6) investigated the structure of the pure KF
melt and reported that the nearest neighbor distance of K'-
F~ interaction was 2.65 A. Takagi et al.(7) reported that
the nearest neighbor distance of K'-Cl™ interaction was
3,05 A in the pure KCl melt. From those results, the
shoulder at near 2.60 A and the peak at 3.10 A seem to
correspond to the nearest K¥-F~ and K¥-C1~ interactions,
respectively. The peaks at 3.70 and 4.05 A seem to duye to
the interactions of the like ion pairs such as K -k* and
Cl™-Cl”. 1In order to separate and determine those contri-
butions, the following equation proposed by Narten et
alfS) was applied to the observed Si(S) curve beyond S$=2.0
AT,

s«s{ﬁl ff(S)] - ): T JCSVS) exp (= buS™) sin (St rueNog

=1 &

where Nj, represents the number of interaction between
ions i and k, b;y the temperature factor, and rjy the
average distance:%etween ions i and k.

Structural parameters were obtained by the least
squares method,, Those are listed in Table 2. The nearest
distances of K*-F~ and K¥-Cl~ interactions were 2.62 and
3.13 A, and these values were almost the same as those in
the pure melts. On the other hand, the nearest distances
of K'= and C1l™~Cl” interactions were 4.02 and 3.69 A, and
these values were shorter than those in the pure melts.

The calculated Si(S) curve is shown in Fig. 1(a).

(2)KF-KBr(l:1) system
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Si(S) and G(r) curves for molten KF-KBr(l:1) system at
700 °C are shown in Figs. 1(b) and 2(b), respectively.
G(r) has the peak at 3.25 A, and the shoulders at near 2.70
and 4.15 A.

The shoulder at 2.70 A seems to correspond to the
nearest K7=F~ interaction. According to the study on the
structure of the pure KBr melt by Ohno et al.(9), the
nearest distance of K'-Br~ interaction was 3.18 A in the
G(r). The peak at 3.25 A seems to correspond to that
interaction. The shoulder at near 4.15 A seems to due to
the interactions of the like ion pairs.

As well as the foregoing system, the least squares
fitting was applied to the observed $i(S) curve beyond
$=2.0 A'l, and the structural parameters were obtained.
Those are listed in Table 3. The nearest distances of K'-
F" and K™-Br~ interactions were in good agreement with
those in the pure melts, while those of K*-K* and Br~-Br~
interactions were 4.12 and 4.23 A, and these values were
shorter than those in the pure melts.

The calculated Si(S) curve is shown in Fig. 1(b).

(3)KF-KI(1:2) system

$i(S) and G(r) curves for molten KF-KI(1:2) system at
600 °C are shown in Figs. 1(c) and 2(c), respectively.
G(r) has the peak at 3.55 A, and the shoulders at 2.65 A and
near 4.70 A.

The shoulder at 2.65 A seems to correspond to the
nearest K'-F~ iq}eraction. The peak at 3.55 A seems to
correspond to K'-I" interaction. The distance of this
interaction reported by Antonov(10) was 3.52 A. The shoul-
der at near 4.70 A seems todue to the interactions of the
like ion pairs.

The curve fitting for the observed Si(S) as well as
the foregoing two systems was cqfried out. In the calcula-
tion, the contribution of KT-K* interaction to the total
intensity was so small that it was neglected and only I™-I"
interaction was considered as the interaction of the like
ion pair. The structural parameters obtained are listed in
Table 4. The nearest distances of the unlike ion pairs
were almost the same as those in the pure melts, while that
of I7-17 interaction was 4.64 A, This value was slightly
shorter than that in the pure melt.

The calculated Si(S) curve is shown in Fig. 1(c).

4 .DISCUSSION

Some experimental studies on the structures have been
performed for alkali halide pure and mixture melts, and are
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listed in Table 5. The nearest neighbor distances of K'-X"
(X=F, Cl, Br, and I) interactions obtained were found to be
almost the same as those in the pure melts and the mixture
melts with the common anion such as LiCl1-KCl and LiF-KF
systems. The distances of the like ion pairs were found to
be slightly shorter than those in the pure melts. These
results show that the conclusion reported for the mixture
melt of alkali chlorides by Okada et al. and for the mix-
ture melts of alkali fluorides by Igarashi et al. applied
well to the present systems. The nearest neighbor struc-
ture of the unlike ion pair unchanged by mixing, while the
nearest distance of the like ion pair changed.

Moreover influence of temperature should be consid-
ered in connection with the results in this work, because
the experimental temperature in each system is considerably
lower than the melting point of the constituent salt. As
shown in Table 5, it seems that the nearest neighbor struc-
tures between unlike ions were not appreciably influenced
by the temperature, while the nearest distances between
like ions obviously became shortened with a decrease of
temperature. Molar volume of the melt is relatively sensi-
tive to the structure, and generally decreases as tempera-
ture drops. The decrease of the second interionic dis-
tance seems to be occurred with the decrease of the molar
volume.

5.CONCLUSION

(1)In the mixture melts with the common cation, as well as
the melts with the common anion the nearest neighbor struc-
tures between unlike ions were similar to those in the pure
melts.

(2)The nearest distances between like ionswereslightly
shorter than those in the pure melts. This fact is asso-
ciated closely with the temperature, and parallels the
decrease of the molar volume.
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Table 1 Parameters used in the calculations of r.d. f.

KF-~KC1 KF-KBr KF—-KI
1:1 1:1 1:2
Temperature/°C 660 700 600
Density/g-cm-? 1. 7531 2. 0883 2. 4094
o o/A"® 0.00796 (0. 00710(0.00620
Effective
electron number
K« 19. 7889 118.6415(117. 6950
Ke 7.1749 6. 7714 6. 6380
Kx 17. 2454 ]137.9440{56. 1370
Snax/A™! 14. 3 14. 3 12.5
X=C1,Br, and I

The densities used

were given by Smirnov et al. (4)
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Table 2 Structural parameters of KF-KCl system
n.j iy {Ary g 2ytre

K*—F- 4. 0 2. 62 0. 289
K*—-Cl- 3. 4 3.13 0. 326
Cl-—Cl- 6. 1 3. 69 0. 4914
K*-—K* 9. 4 4. 02 0. 640
Table 3 Structural parameters of KF-KBr system
n,; iy CAr, g 2>t72

K*—-F- 3.9 2. 59 0. 322
K*—Br- 4. 0 3. 23 0. 381
Br- —Br- 5. 7 4. 23 0. 623
K*—-K* 7. 9 4. 12 0. 643
Table 4 Structural parameters of KF-KI system
iy . <ArlJ2>1/2

K*—-F- 4 . 2. 60 0. 3214
K*-=1- 4 . 3. 48 0. 4309
I-—-1- 4 . 4. 64 0. 670
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Fig.1 Observed(solid line) and calculated(dotted line)

reduced intensity functions S$i(S)
(a) KF-KC1(1:1) system at 660°C
(b) KF-KBr(1:1) system at 700°C
(c) KF-KI (1:2) system at 600°C
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(c) KF-KI (1:2) system at 600°C
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ABSTRACT

Structure of molten CaCl,-KCl mixtures with the
compositions of 1:1, 1:2, an% 1:3 as mole ratio of
CaCl, to KCl was investigated by the radial distribu-
tion“function based on X-ray diffraction intensities
and was analyzed by the correlaiion _method. The
nearest mneighbor distances of Ca” -Cl and K -Cl

pairs in the three melts were 2.76-2.78 and 3.08 A,
respectively. The first coordination number of the
K -Cl pair was ca. 4 in the three mixtures. On the
other hand, the coordination number of the nearest
Ca® -Cl pair increased from 5.5 for the 1:1 melt to
5.8 for the 1:3 melt._ Similarly, a slight increase
of the nearest Cl -Cl distgpce was observed. These
results suggest that the Ca ions surrounded octahe-
drally by the Cl1 1ions increase with increasing KC1
concentration.

INTRODUCTION

A number of physicochemical properties on molten CaCl,-
KCl system have been investigated[1-13], but a concordafit
conclusion on the structure of the melt has not yet obtain-
ed from their studies. Emons et al.[1-4] have suggested
the xistence of the complex species such as CaClj and
CaCl ions in the melt. On the other hand, GrjotHeim et
al.[é-S] have considered that the molten CaCl,-KCl system
does not deviate significantly from random cation mixture.
A similar conclusion has also been reported by Ejima et
al.[9,10].

Brooker[14] has studied the structure of molten
CaCl,-CsCl(1:2) system by Raman spectroscopy and reported
the éxistence of tetrahedrally shaped species.

Raman spectrum for molten CaCl,-KCl(1:2) mixture at
600 °C has been measured by Umesaki[lgl1 in which the Raman
bands have been observed at 110-300 cm ~. He has suggested
that these bands observed are attributable to an octahedral
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complex species formed in the melt.

In the previous study[16], we analyzed b an X-ray
diffraction method the structure of the (CaCl § -(NaCl)l_
melts with the compositions of X=2/3, 1/2, nd 1/3, i
these moltgg mixtures, the coordination number of Cl ions
around a Ca ion was found to be about six.

In the present paper, the structures of molten CaCl,-
KCl(mole ratios 1:1, 1:2, and 1:3) mixtures were invest%-
gated by the X-ray diffraction analysis.

EXPERIMENTAL

CaCl, and KCl of analytical reagent grade were used
and dried®by heating under reduced pressure for 7-8 hours.
Prescribed amounts of CaCl, and KCl were weighed in a dry
box and melted 1in a fuse% silica crucible under argon
atmosphere at temperature above melting point according to
the phase diagram[17]. After mixing for 10 min., the melts
were quenched to prevent the segregation.

X-ray scattering intensities were measured by an X~-ray
diffractometer having a parafocusing reflection geometry,
with a curved graphite monochromator6 ThS observable
ranges of the scagtering angle were 3 =0=50" for the 1:1
mixture and 3°=0=48" for the otbfrs, corresponding to the
ranges from 0.93 to 13.5(13.0)A™" in 8(S=4msin@/A) for MoK.
radiation(A=0.7107 A). The measurements were made by using
a step-scanning technique w%th fixed count. The experimen-
tal temperatures were 7§5 C for the 1:1 melt, 750 “C for
the 1:2 melt, and 650 “C for the 1:3 melt and were main-
tained within maximum error 8 “C by a temperature con-
trolled device.

The experimental intensity data were corrected for
background, polarization, absorption, and Compton radiation
by the usual methods[lBj and were normalized to the inde-
pendent scattering factor for the stoichiometric unit using
both the Krogh-Moe-Norman[19,20] and high angle region
methods. The radial distribution function D(r%, average
correlation function G(r), and intensity function i(S) are
given by the following expressions,

S,

D(r)=47tr2po( > 1?,") +3 (Xm)ZZr/nS ™ 5+i(S) sin (5) dS,

Sax
G(H=1+3; (1?".)2/ (27[27‘170 > Km)g S+ #(S) sin (rS) dS,
m m 0
US)=IL" )/ D faS)—1,

where Po is the average electron density, Km the effective
electron number in the atom m, fm(S) the independent atomic
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scattering intensity, and I€ON(S) the total coherent inten-
sity. The densities of “Phese melts .yere taken from
Lillebuen’s density data[21]; 1.793 g cm ~(785 “C) for the
1:1 melt, 1.725(750) for the 1:2 melt, and 1.726(650) for
the 1:3 melt.

RESULTS AND DISCUSSION

Reduced intensity curves S.i(S) are shown in Fig. 1
together with those of molten KC1[22] and CaClz[16]. A
slight shift to the lower angle side and a faster“decay of
amplitude of the S.i(S) curves occurred with_}ncreasing KC1
concentration, The small peak at about 3 A found in the
KCl melt have appeared as the shoulder at almost the same
position in the S.i(S) curves of the mixtures.

Figure 2 shows D(r) curves and functions D(r)/r ob-
tained by Fourier transformation of the reduced intensities
$.i(S). The G(r) curves are shown in Fig. 3 together with
those of molten KCl1 and CaCl, as well as S.i(S) curves.
The first peaks in G(r) for“the mixtures changed to a
slightly longer position with increase of KCl concentra-
tion. And their peak heights became progressively lower.

(1) 1:1 system

The first and second peaks in G(r) as shown in Fig.
3(b) were observed at r=2.85 and 3.55 A, respectively. It
seems that the first peak at_2.85 A contains contributions
from both Ca“ -Cl and K ~Cl pairs. Analysis of the first
peak of D(r) for pure melt gives the nearest neighbor
distance and coordination number of unlike ion pair. How-
ever, in a multi-component system with the similar nearest
neighbor distances of unlike ion pairs it is difficult to
separate these correlations from the analysis of D(r). In
order to determine these correlations quantitatively the
correlation method based on Debye equation was applied to
the observed S.i(S) curve. It has been known[23,24] that
in molten binary systems, the nearest neighbor distances
and coordination numbers of unlike ion pairs are little
affected by mixing. We, thus, set initial values in this
calculation on the basis of the short range structure of
molten CaC12[16,25,26] and KCl[22,27-29]2+ The cglculation
wag perform&d for the correlations of Ca®" -Cl , K -Cl , and
Cl -Cl” pgirs using the range of the observed S.i(S) beyond
$=3.5 A ~ because other correlations have little contribu-
tions in this region of S. The structural parameters were
determined by the least squares fit and were shown in Table
1. The fit between the calculated values and observed ones
was evaluated by R factor, which was 0.33 in this calcula-
tion. Comparison of the calculated S.i(S) with the ob-
served one is shown in Fig. 4(a).
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The nearest neighbor distancg and coordination number
of K -C1 pair and the nearest Ca” -Cl distance in the 1:1
melt were found to be almost equal to those in pure KCl QQd
CaCl, melts. But the first coordination number of Ca”™ -
Cl pair seems to be slightly larger than that of the pure
melt. The second peak position in G(r) is considerably
shorter than the analyzed distance of the Cl -Cl pair.
This is so because the second peak has contributions from the
unlike ion pairs. A small fall between the first and second
peaks suggests this.

(2) 1:2 system

The first and second peaks in G(r) as seen in Fig.
3(c) are observed at 2.90 and 3.60 A, respectively. These
are slightly longer than those in the 1:1 system.

The three correlations as well as the 1:1 mixture were
analyzed by the same method. The structural parameters
obtained were listed in Table 2. The R value in this calcu-
lation was 0.28. The comparison of the observed §.i(S)
with calculated one is ghown in Fig. 4(Db)

Surroundings of K ions in the 1:2 melt were the same
as those in,the 1:1 melt. But the first coordination
number of Ca® -Cl pair tends to increase with increasing
KCl concentration.

Emons et al.[1-4] have suggested from studieg_of the
physical properties that species such as (aCl anion
exists predominsutly in the melt of this composition.
Brooker[14] has studied the structure of molten CaCl,-
CsCLl(1:2) system by Raman spectroscopy and reported the
existence of tetrahedrally shaped species. The result was
expected the formation of similar species in the molten
CaCl,-KC1(1:2) mixture. If the complex anion as was ex-
peigéd exists in the melt, the number of Cl ions around a
Ca ion is four and the second_peak corresponding to the
contribution of the nearest Cl -Cl pair is predicted to
appear to the position at r=4.5 A from the distance ratio
of the tetrahedral arrangement. However, the assumed re-
sult differs from the measured one. This means that

very few of tetrahedral complex species are formed in
this melt. Our result suggests the existence of octahed-
rally shaped species rather than tetrahedral species
as reported by Umesaki[15]. '

(3) 1:3 system

As seen in Fig. 3(d), G(r) has the first peaks at 2.95
A and broad second peak at about 3.95 A. The short range
structure of this melt was analyzed the same way. The
structural parameters determined are shown in Table 3. The
R value was 0.28 in this calculation. The comparison of
the observed S.i(S) with calculated one is shown in Fig.
4(c). The result has revealed that the surroundings of the
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kKt ions did not change with the inc§gase of KCl concentra-
tion, but the surroundings of Ca ions became more
octahedral.
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Table 1 Structural parameters of molten CaCl.-KCl
(1:1) system at 785°C

i—-3J niy raiy CAr 272
Ca®*— Cl- 5.5 2. 77 0. 24
K* — Cl1- 3.9 3. 08 0. 35
Cl- — Cl1- 6. 8 3. 80 0. 45

Table 2 Structural parameters of molten CaCl.-KCl
(1:2) system at 750°C

i'—j niy riy <A1’142>‘/2
Ca?*— Cl-| 5. 6 2.76 0. 23
K* —-Cl-| 3.9 3.08 0. 33
Ci- = C1-] 7. 4 3.79 0. 48
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Table 3 Structural parameters of molten CaCl.-KCl
(1:3) system at 650°C

i—j niy riy <Ar._,2>‘/2
Ca?*— Cl-| 5. 8 2.78 0. 24
K* -Cl-| 4. 0 3.08 0. 33
Cil- —Ci-} 8.1 3. 85 0. 50

— |
E::> |

>
D
D

>
%
4

si(s)/A*

?<
>
> €

Fig. 1 Reduced intensty curves S.i(S) of molten
CaC12(16), CaClz-KCl mixtures, and KC1(22).

a; CaClz, b; 1:1, c; 1:2, d; 1:3, e; KCl.
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D(r)

6 ) 10

Fig. 2 Radial distribution functions D(r) and
functions D(r)/r.

a; l:1, b; 1:2, c; 1:3.
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Fig. 3 Correlation functions G(r).

a;s CaClz, b; 1:1, c; 1:2, d; 1:3, e; KCl.
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o

Si(s)/ A’

Fig. 4 Observed(—) and calculated(e®) intensity
curves S.i(S).

a; 1l:1, b; 1:2, c;1:3.
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ABSTRACT

The structures of Al,F; and Al;Cl; have been investigated using ab
initio molecular orbital theory including the effects of polarization
functions in the basis sets. The Al;F; ion is found to have a linear
or nearly linear Al-F-Al bridge while Al;Cl; is found to have a bent
Al-Cl-Al bridge with a significant barrier to inversion (4 kcal/mol).
Structures with two and three halogen atoms in the bridge were also
investigated and found to be less stable than the structures with one
halogen atom in the bridge.

INTRODUCTION

The existence of the Al;Cl; ion in chloroaluminate melts has been investi-
gated both experimentally (1-5) and theoretically (6). From Raman spectroscopic
studies (1-3) it has been concluded that Al;Cl; consists of two AICI; tetrahe-
dra sharing one corner. Infrared studies (4) have indicated that Li* stabilizes a
bent Al-CI-Al bridge while a linear (or slightly bent bridge) is preferred with the
larger alkali cations. In solids containing Al;Cly, the bent bridge is preferred (7).
A theoretical study (6) using the semiempirical MNDO method has found the
isolated Al;Cl7 ion to have an Al-Cl-Al bridging angle of 125°. Introduction of
counterions about the anion in the calculations led to little change in the bridging
angle. No spectroscopic evidence has been reported for the existence of A;Fy
in fluoride melts as AIF; has been found to be in equilibrium with octahedrally
coordinated AIFg_.

In the work reported in this paper we have used ab initio molecular orbital
theory to investigate the structure of the Al;F; and Al,Cl; ions. A previous ab
initio study (8) on a series of AX"™ anions (A = Be, B, Mg, Al; X = F, Cl)
has given a good account of the structural and vibrational properties of these
ionic species. We have considered configurations with the AX tetrahedra having
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corner, edge, and face bridging, i.e., of the type Al-X-Al, Al-X3-Al, and Al-X3-Al,
respectively. The purpose of this work was to determine at a first principles level
whether the Al-Cl-Al bridge in Al;Cl; is linear or bent in the absence of any
counterions and the relative energies of the different bridging configurations. The
AlF7 anion was included in this study to determine the effects of the smaller
anion size on the bridge structure. Comparison is made with the results of the
MNDO calculations and the spectroscopic studies on the structure of the bridge
in Al,Cl;.

THEORETICAL METHODS

All of the calculations were done at the Hartree-Fock (HF) level of calculation
(9). Three basis sets were used. They are the minimal STO-3G basis set (10),
the split-valence 3-21G basis (11), and the polarized split-valence 6-31G* basis
set (12). The geometries of the AF; and Al;Cl; anions were optimized at the
STO-3G and 3-21G basis set levels. The more accurate 6-31G* basis set was
used to calculate the energies of the 3-21G equilibrium structures (referred to
as HF/6-31G*//HF /3-21G). The STO-3G and 3-21G basis sets have previously
given reasonable structures for other aluminum halide anions and neutral metal
halide complexes (8,13).

The structures for A F; and Al;Cl; are illustrated in Fig. 1. Five corner
bridged Al;X; structures, 1 , were optimized: (a) a D34 structure with a linear
Al-X-Al bridge and a staggered arrangement of the terminal -AlX3 groups, (b)
a Dgp structure with a linear Al-X-Al bridge and an eclipsed arrangement of
the terminal -AlX3 groups, (c) a C, structure with a bent Al-X-Al bridge and
a “staggered” arrangement of -AlX3 groups, (d) a Cj, structure with a bent Al-
X-Al bridge and an “eclipsed” arrangement of the -AlX3 group, and (e) a C;
structure obtained from the Cjy, structure by rotation of the -AlX3 groups about
the Al-X, axes (X, = bridging X atom) in opposite directions. An edge-bridged
structure having a C, configuration [Fig. 1, 2(C,)] and a face-bridged structure
having a Cy, configuration [Fig. 1, 3(C3y)] were also geometry optimized to assess
the energies of these other bridging possibilities relative to that in the structures
of type 1. All of the Al;X, structures were fully optimized within the given
symmetry constraints with the exception that the angles between the X-Al-X,,
planes were held fixed at 120° for each of the terminal X3Al- groups in the C,,
Cj, and Cjyy structures. Relaxation of this constraint led to little change in the
energy when tested.

RESULTS AND DISCUSSION

The total energies of the STO-3G and 3-21G optimized structures of ALF;
and Al;Cl; are given in Table I. This table also contains 6-31G* energies at the
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3-21G geometries (HF /6-31G*//HF /3-21G). The relative energies of the different
structures are tabulated in Table II. Optimized geometries for the 1(D3q) and
1(C,) structures of AlyCl7 and the 1(Dsg) structure of AlzF; are given in Fig. 2.
We now discuss the results for the two anions.

AlyFy . The calculations indicate that a linear or nearly linear Al-F-Al bridge is
favored for AL F;. At the 3-21G level no minimum in the potential energy surface
was found for the nonlinear bridge structure 1{C4). The geometrical parameters
of the equilibrium 1(D34) structure are given in Fig. 1. The eclipsed form 1(D3)
is 0.4 kcal/mol less stable (see Table II, 6-31G*) indicating a small barrier to
rotation. The smaller basis set, STO-3G, gives a minimum for the nonlinear Al-
F-Al structure (Al-F-Al angle of 158°), but it is only 0.1 kcal/mol more stable
than the linear D3q structure. We also carried out 6-31G* calculations at the
STO-3G geometries (HF /6-31G*//HF /STO-3G). The results of these calculations
(not included in Table I) indicated that the nonlinear structure is favored by 0.2
keal/mol when polarization functions are included in the calculation. Hence, the
6-31G* results, which are expected to be the most reliable, suggest that corner-
bridged Al;F; has a nearly linear Al-F-Albridge in the absence of any counterions.

The results in Table II also indicate that at the HF /6-31G*//HF/3-21G level
the Al F; structures with two and three fluorines in the bridge are 12.7 and 29.1
kcal/mol less stable, respectively, than the configuration with a single fluorine
in the bridge. The energy differences are much less at the STO-3G and 3-21G
levels indicating that polarization functions are important in obtaining an accurate
description of the bridges.

AlyCly . In contrast to AlzF;, a nonlinear Al-Cl-Al bridge is favored for Al;Cl;
with a significant barrier to inversion. The STO-3G and 3-21G geometries of the
1(D3q) and 1(C,) structures for Al;Cl; are given in Fig. 2. The Al-Cl-Al angle
is 131.6° (3-21G) in the C, structure. The Cy, structure illustrated in Fig. 1
has a Al-Cl-Al bond angle of 137.8° and is 0.4 kcal/mol less stable (3-21G) than
the C, structure. We also considered an alternative Cg, structure which has both
-AlCl3 groups rotated by 180° from what is shown in Fig. 1. This configuration is
0.7 kcal/mol less stable (3-21G) than the C, structure. There is, in addition, the
possibility that Al;Cl; may have a C; structure derived from the 1(Cy,) structure
by rotation of the -AlCls groups in opposite directions. Geometry optimization of
the C; structure for Al;Cl; indicated that it was nearly equivalent in energy to
the C, structure (see Tables I and II). The Al-Cl-Al bond angle in the Cz structure
is 132.4° (3-21G). The closeness in energy (0.4 kcal/mol at the 3-21G level) of the
Cgy, C3, and C, structures reflects the small barrier to internal rotation in the
Al,Cly anion.

The HF /6-31G*//HF /3-21G barrier to inversion from the nonlinear to linear
bridged structure is about 4 kcal/mol if it is taken to be the difference between the
1(C,) and 1(Dgy4) structures. This is an estimated number as it was not possible to
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do the 6-31G* calculation on the C, structure of Al;Cl;. The 4 kcal/mol value for
the inversion barrier is estimated from the 6-31G* energy of the 1(D3zq) structure
relative to the 1(Cyy,) structure (3.6 kcal/mol) (14) and the HF/3-21G//HF /3-21G
energy for the difference between the C, and Cy, forms (0.4 kcal/mol). The barrier
to inversion is much smaller at the 3-21G level (1 kcal/mol). This indicates the
importance of the polarization functions, which are present in the 6-31G* basis,
to the description of the bridge.

The edge- and face-bridged structures of Al;Cl; are 40.2 and 47.1 kcal/mol
less stable than the corner-bridged structure at the 3-21G level. No further cal-
culations were done at the 6-31G* level because these structures were clearly less
stable than the corner-bridged structure. '

The inversion barrier for structure 1 of 4 kcal/mol is close to the value of 5.2
kcal/mol found by Davis et al. (6) using the MNDO semiempirical method. The
two theoretical methods also find approximately the same Al-Cl-Al bond angle
for the free ion (131° from the ab initio calculations and 124° from the MNDO
method). However, preliminary results (15) at the ab initio level indicate that
introduction of an alkali cation, which bridges the two — AlCl3 groups, significantly
reduces the Al-Cl-Al angle (30°-40°), whereas the MNDO calculations indicate the
presence of such a cation has little effect on the angle (1°-2°). The results of both
sets of theoretical calculations disagree with the infrared study of Hvistendahl et
al. (5) who find a linear or nearly linear structure for Al;Cl; in chloroaluminate
melts containing cations larger Li*. If the predicted barrier is correct it is unlikely
that a linear-averaged structure would be observed.

Finally, we explore the reason for the different Al;F; and Al;Cl; structures.
In a classical picture, two of the factors determining whether the Al-X-Al bridge
is bent or linear are the Al-Al repulsion and the polarizability of the halide anion.
The longer Al-Al distance and larger anion polarizability in Al;Cl; than in Al,Fy
are consistent with the predictions here of a bent bridge in Al;Cl; and a linear
bridge in ALLF;. This picture is also consistent with the linear bridge found in
AlRH7 (16-17) and the bent bridge found in AlBr; (18).

CONCLUSIONS
The following conclusions can be drawn from this ab initio molecular orbital
study of the structure of the Al;F; and Al;Cl; anions.

1) The Al;Cl; anion is predicted in the absence of any cations to have a bent
bridge with an Al-Cl-Al angle of about 131°and a barrier to inversion of 4 kcal/mol.
The Al-Cl distance in the bridge is about 0.15 A longer than in the terminal -Al1Cl3
groups. Three different bent bridge structures (C,, C2, and Cy,), all related by
internal rotation, differ by less than 0.4 kcal/mol in energy.

2) The AlpF; anion is found to have a linear or nearly linear Al-F-Al bridge with
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at most a very small barrier to inversion (less than 0.2 kcal/mol). The preference
for a linear bridge in Al3F; is attributed to increased Al-Al repulsion and smaller
anion polarizability compared to that in Al;Cl; .

3) The edge- and face-bridged structures (2 and 3) are predicted to be less stable
than the corner-bridged structures for both AF; and Al;Cl;. For Al;Cl; they
are less stable by more than 40 kcal/mol. For AF; the edge-bridged structure
is predicted to be about 13 kcal/mol less stable and the face-bridged structure 29
kcal/mol less stable
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Table I.

Total Energies® of Al;F; and Al;Cl; Anions

HF/STO-3G//  HF/3-21G//  HF/6-31G*//
Anion Structure HF/STO-3G HF/3-21G HF/3-21G
ALFy 1 (D3q) —1164.62264 —1174.25585 —1180.58495
1 (Dgp) —1164.62212 —1174.25510 —1180.58439
1 (C,) —1164.62275 —=b ——
1 (Cz0) —1164.62213 ——c —
2 (Cy) —1164.62512 —1174.24802 —1180.56466
3 (Cz,,) —1164.63464 —1174.24758 —1180.53851
AlLCly 1 (D3q) —3660.81451 —3682.95323 —3700.82967
1 (Dap) —3660.81415 —3682.95293 —
1(C,) —3660.81820 —3682.95481 —
1 (Czu) —3660.81716 —3682.95410 —3700.83545
1 (Cy) —3660.81824 —3682.95486 ——
2 (Cy) —3660.78540 —3682.800664 —
3 (Cgu) —3660.73074 —3682.87907 -
%In atomic units (1 a.u. = 627.5 kcal/mol). Structures illustrated in Figs. 1
and 2.
bC, — D3q.
€Cay — Dgp.

93-21G energy at the STO-3G geometry (HF/3-21G//HF /STO-3G).
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Table II.  Relative Energies® of Al;F; and Al;Cl; Anions

HF/STO-3G// HF/3-21G// HF/6-31G*//

Anion Structure HF /STO-3G HF /3-21G HF/3-21G
ALF; 1 (Dag) 0.1 0.0 0.0

1 (Dap) 0.4 0.5 0.4

1(Cy) 0.0 —-b S

1 (Cay) 0.4 -t —_

2 (Cy) -1.5 4.9 12.7

3 (Cav) -75 5.2 29.1
ALCly 1 (Daa) 2.3 1.0 3.6

1 (Dap) 2.5 1.2 -

1(C) 0.0 0.0 (—0.4)¢

1 (Ca) 0.7 0.4 0.0

1(Cy) 0.0 0.0 —

2 (Cy) 20.6 40.2¢ -

3 (Cav) 54.9 475 —_

%In kcal/mol. Calculated from total energies in Table L.

bC, — ng.

¢Cay — D3p.

9Estimated relative energy from 3-21G results for 1 (C,) and 1 (Cay) structures.
€3-21G energy at the STO-3G geometry.
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Fig. 1 Structures of Al; X7 having corner (1), edge (2), and face (3) bridging.
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R 133.6
131.6
‘ \\@) (131.6) \

Clacl, Cl,

r(AlCl;) r(AIClp) r(AlICl;3) r(AlCly)

STO-3G 2.086 2.089 2.087 2.089
3-21G 2.199 2.203 2.200 2.203

< CLAIClg < CLAICL, < CI3AIClL, < ClL4ALCK,

STO-3G  105.6° 104.8° 105.6° 103.9°
3-21G 105.1° 104.3° 105.2° 103.3°

Fig. 2 STO0-3G and 3-21G optimized geometries for AlzF7 [( 1 (Dsq) structure]
and AlyCl; [1(D3q) and 1(C,) structures|. Bondlengths in angstroms and
bondangles in degrees (3-21G values in parentheses; values in the table
are for the C, structure).
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ABSTRACT

We give a short review of the progress done recently in the inter-
pretation of the structure of molten divalent cation chlorides and
of the stability of chloro complexes in molten salt mixtures.

INTRODUCTION

In recent years neutron scattering experiments from isotropically
enriched samples have yielded a large amount of structural informa-
tion on molten divalent cation chlorides, namely BaCl, (1), SrCly
(2), znCly (3), CaCl, (4), MgCly, and MnCly (5).

The experimental results show a close connection between the
structural properties in the melt and the behavior of these systems
in the hot solid phase, where a variety of interesting phenomena,
like fast ionic conduction or glass transition are observed.
Similar liquid structures are found for Ba012 and SrCly, both
crystallizing in a fluorite type structure at high temperature.
Like other fluorite type materials, they undergo a transition to a
high conductivity phase (superionic) before melting. The increase
of conductivity is related to the high concentration of anionic
defects (6). The disorder of the anionic component and the crystal-
line order of the cations are reflected in the liquid in the high
degree of short range order for the metal ions in comparison with
the chlorine ions.

A very different structure is observed in liquid ZnCl,, whose
glass forming tendencies are well-known (7,8). MgCl, and MnCl, have
some similarities with the ZnCl, structure. In the liquid phase one
observes a very well defined local structure of chlorines arranged
in a tetrahedral coordination around the zinc ion with a close
similarity to the local structure of the glass. The existence of
these tetrahedral units is confirmed by spectroscopic data (9).
Moreover, the addition of excess chlorine breaks the bridging of the
tetrahedral uhits and modes are observed related to the [ZnCla]z'
complexes (10).

Complexes are also found in some of the molten mixtures of
polyvalent cation halides and alkali halides upon addition of alkali
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halide. The experiments (11) and computer simulation (12) show for
instance for mixtures of AlClj and alkali halides the existence of
complexes in which halogen ions are coordinated in a tetrahedral
configuration around the polyvalent cation. There are, however, a
number of systems like CaCly-2LiCl, where complexes are not re-
vealed at all., In CaCly~2KCl coexistence of sixfold and fourfold
coordinated configurations around the calcium ions is observed (13).

For a liquid dichloride a first interpretation of the differ—
ence of the structural properties can be obtained just looking at
the classification scheme of crystalline structures and molecular
shapes for sp bonded AB, compounds (14-16). The increasing ionicity
corresponds in the crystal to an increase in the coordination number
and in the molecules to a transition from a linear to a bent mole-
cule.

In this scheme SrCl, and BaCl, lie in the high ionicity limit,
and ZnCly, MgCly and MnCly in the low ionicity limit. It is inter-
esting to note that the low ionicity limit seems to favor the
formation of complexes.

A more accurate analysis of the liquid structure could be
attempted of course by using the statistical mechanicel theories and
computer simulation. We give now a short review of the progress
done for some of the compounds and mixtures just mentioned.

STRUCTURAL PROPERTIES OF MOLTEN SrQ.,

Detailed simulation work on molten SrCly has been done by de Leeuw
(17) assuming a rigid ion potential. McGreevy and Mitchell (2)
found a significant disagreement with their neutron scattering data.
A refined liquid theory has been applied by Pastore et al. (18), and
a careful analysis has been performed.

The indications, which come out, are that the rigid ionic model
gives reasonable agreement with the thermodynamics of the liquid,
but large discrepancies are found in the Sr—Sr pair distribution
function.. The main conclusions of the work of Pastore et al. can be
summarized as follows:

1. The Sr-Sr correlations, which are most sensitive to the
model of interionic forces, are dominant. They determine the main
features of the liquid structure. Moreover, the cation short range
?rdt)er drives the transition to the crystal in the superionic phase

19).

2. A simple classical jellium model works in reproducing the
Sr-Sr structure when the cation-cation Coulomb repulsion is
screened by the electronic dielectric constant of the material.
This suggests an important role of the distortions of the electronic
shells in determining the correlations.
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STRUCTURE AND INTERIONIC FORCES IN MOL TEN ZnCl,

Simulation of liquid ZnCly with a rigid ionic model has been done by
Woodcock et al. (20) and most recently by Gardner and Heyes (21).
This model gives a reasonable agreement with the gross features of
the Zn~-Cl and C1-Cl pair correlations, but it fails completely in
the prediction of the Zn-Zn structure. This means that the model is
not able to reproduce one of the most important conclusions of the
experimental work; the close similarity between the local structure
of the 1iquid and the glass (3,7,8). As proposed by Desa et al.

(8), this structure can be seen as a distorted random close packing
of chlorine ions with a Cl-Cl coordination number of the order of 8-
10. The Zn ions are occupying the tetrahedral holes in such way as
to maximize corner sharing of the resulting ZnCl4 tetrahedra at the
expense of edge or face sharing.

Theoretical work has been done by Ballone et al. (22). They
examined a number of different models, starting from the simple
charged hard sphere model, and then introducing non-additive ex-
cluded volume effects and an effective screening. Now the anion-
anion correlations are the dominant ones, and by choosing suitable
values of the non-additive ionic radii the authors are able to
reproduce the local tetrahedral coordination. Finally, with the
introduction of a distance dependent dielectric screening they get
very reasonable results. They conclude that the Zn-Zn correlations
reflect mostly the real binding forces, even if a combination of
non-additivity of ionic radii and an effective r-dependent dielec-
tric screening can give a reasonable account of the correlations.

STABILITY OF CHLORO COMPLEXES IN MOLTEN SALT MIXTURES

A number of experiments on molten mixtures of polyvalent cation
halides and alkali halides, as said in the introduction, indicate
the existence of units of halogen ions coordinated in a fourfold
configuration around the polyvalent cation. For instance the
existence of [ALCl,]” units in molten LiCl-AlCl3 has been directly
established by Biggin et al. (11) by neutron scattering experiments.
On the other hand in recent work with Raman spectroscopy, Sakai et
al. (13) did not reveal complexes in systems like CaCl,-2LiCl,
CaCly-2NaCl, SrCly-2KCl and SrCly-2RbCl. As mentioned above, in
CaClg-2KC1 there is a coexistence of sixfold and fourfold coordina-
tion for the calcium ioms.

Saboungi et al., (12) showed by computer simulation on an AlClg-
NaCl mixture that an ionic model can reproduce structural features
of a complexing liquid. A similar kind of approach has been devel-
oped by Akdeniz et al. (23). They applied a simple ionic model to
the solutions of divalent cation chlorides (MClz) in molten alkali
chlorides. They evaluated the complex stability as a function of
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the alkali chloride solvent and of the solute concentration, The
complexes are dissociated when the solute concentration exceeds the
"stoichiometric" composition 1/3, but it is also found that the
stability ie determined by the ionic screening length of the solu-—
tion. A stability criterion is established in terms of a "critical"
ratio between the screening length and the M-Cl distance. The
dissociation of the complexes takes place when this ratio ig less
than 1.60. In the table below the values of the ratio for different
MCl-alkali chloride mixtures are given. The prediction of complex
forming (above the line) and non forming (below the line) are in
agreement with the experiments.

TABLE I
Li Na K Rb Cs

Be 1.93 1.96 1.99 2.01 2.03

Mg 1.69 1.71 1,74 1.75 1.77

Ca 1.58 : 1.60 1.62 1.63 1.64

Sr 1.53 T 15 1.57 1.58 L}:Eg

Ba 1.49 1.51 1.53 1.54 1.55
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ABSTRACT

In this paper we present first results of the small angle
X-ray scattering and the pVTx behaviour of fluid KyKClj-x
solutions. In the salt rich solutions Guinier type scat-
tering is observed. From this an electronic radius of
gyration Rg~10 R is determined which gives a first appro-
ximate measure of the extent of local density inhomoge-
neities around localized electronic states. Approaching
the metal-nonmetal transition region the scattering law
changes. Based on the pVTx results the thermodynamic equa-
tion of state has been determined the first time for a
metal-molten salt solution. It is compared with a simple
model calculation which is found to be in good agreement
with the experimental values over the whole composition
range.

INTRODUCTION

Most alkali metal (M) - alkalihalide (MX) solutions exhibit spino-
dal decomposition into separate liquid phases below a critical tempera-
ture To (1). Above this critical point a continuous transformation from
metallic (M) to nonmetallic (NM) states occurs with varying composition.
This change in the electron-ion coupling strongly influences the micro-
scopic structure (2) and offers a continuous challenge for the theore-
tical modelling of the thermodynamics of these systems (3).

Recent spectroscopic experiments (4) and theoretical studies (5,6)
demonstrate that at very high metal dilution predominantly F-center
iike localized states form. With increasing metal concentration inter-
action between F-centers may lead to spin-paired (7) associated F-cen-
ter dimers or dielectrons, i.e. two electrons localized in the same
anion vacancy. This defect model was successfully applied to salt rich
solutions to explain the thermodynamic,optical,and electronic transport
properties (8). Recent quantum molecular dynamics calculations by
Selloni et al.(6) also predict the occurrence of dielectron complexes
in a singlet ground state. At higher metal concentrations approaching
the NM-M transition it was first suggested from ESR measurements that
higher associated localized states with an electron distribution com-
parable to metal cluster states might occur (7).
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In relation with these problems the present study is concerned
with the following main objectives. We have been interested in a direct
information, as much as possible, on the local microscopic structure of
aggregated localized states and their structural changes approaching
the NM-M transition region. For this aim we have started small angle
X-ray scattering (SAXS) experiments on KyKCij-yx solutions. First pre-
Timinary results have been obtained in the salt rich solutions up to
the critical point (xc = .39, T = 7889C). In a second experiment we
have studied the pVTx-behaviour of KyKCl1j-y over the whole composition
range from pure salt to pure metal. From this we have determined the
thermodynamic equation of state which is presented for the first time
for a M-MX solution. For a quantitative theoretical description of the
electronic and thermodynamic characteristics of these solutions the
equation of state offers a crucial test. In both experiments we have
selected the K-KC1 system as this is a favourite model fluid in the
current theoretical investigations of M-MX solutions.

EXPERIMENTAL

The 1imited page number does not allow a detailed description of
the experimental techniques and of the data and error analysis. So we
sketch here only the principles of the applied methods and concentrate
on some important points of the sample cell constructions dictated by
the high temperature conditions.

A. SAXS-EXPERIMENT

Due to the high temperature requirements of the sample we had to
apply a transmission method. For intensity reasons we have chosen slit-
collimation and constructed a high temperature Kratky camera (9) with
the following diffraction geometry: Cu-K, X-ray source, graphite mono-
chromator, slit-collimation system, high temperature-high vacuum fur-
nace with sample cell and beam stop, position sensitive detector. The
sample in the shape of a thin slab is fixed and perpendicular to the
incoming beam with an asymmetric scattering geometry. The principle of
construction of the sample cell is shown in Fig.l. The liquid film is
confined between two circular windows 1,4 from sapphire or B4C, which
have a thickness of 60 um or 400 um, respectively, in the range of the
X-ray beam. The windows are pressed against a Ta-ring 3 to achieve a
vacuum tight sealing of the sample. The optimum scattering thickness of
the film of u'l (u = Tinear absorption coefficient) is defined by a Mo-
ring spacer 2.

In order to determine the coherent scattering intensity the data
have been corrected for absorption (empty container and container plus
sample absorption), polarization, inelastic and multiple scattering -
for details see e.g.(10) -. The background scattering of the solvent
which is mainly determined by the number-number fluctuations Syy(Q) and
1s proportional to the isothermal compressibility XT in the long wave-
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length 1imit has been calculated from the corresponding analytical ex-
pression (11) and the XT-data determined from the pVTx-measurements be-
low. This contribution has been subtracted from the total coherent in-
tensities. With the slit-collimation used here the deconvolution of the
measured intensities is a major correction. For this aim the weight
function W(y) (9) which contains the smearing of the intensities due
to the finite slit length and the detector entrance slit has been deter-
mined experimentally. It is well approximated by a Gaussian. The over-
all uncertainty of the finally corrected intensities is estimated to be
below 5% as long as the counting statistics is better than 2%. For fur-
ther details of this experiment, results, and data evaluation see (12).

B. pVTx-EXPERIMENT

The pVT-data at different metal mole fractions x (0Sx<l) have
been measured in an internally heated high pressure vessel, compressed
argon gas being the pressurizing medium. At constant x the pressure and
temperature dependence of the molar volume of mixing, Vyu(p,T,x), has
been determined by a dilatometric technique as sketched in Fig.2. The
fluid sample is contained in a stainless steel bellows 1 closed at the
top end by a cone fitting 2. The voiume change Vy(p,T,x) of the liquid
mixture is monitored by a thermostated inductive device 3 inside a high
pressure capillary at the cold end of the high pressure vessel. The re-
solution and reproducibility of this dilatation measurement is found
to be +10 um and the whole setup has been calibrated up to high tempe-
ratures and pressures with a dummy steel cell. With a filling volume of
~2.5 cm3 the maximum absolute error of the Vp(p,T,x) results is esti-
mated to be +1.1%. For pure K and KC1 the results reported here agree
with the corresponding Titerature data, (13) and (14) respectively, to
petter than +0.6%. In addition we have measured the pressure dependence
of the phase diagram which is obtained from clear kinks observed in the
Vi(p,T,x) curves when crossing the phase boundaries. This independent
information gives a valuable insight into the thermodynamic consistency
of the pressure dependence of the phase boundary and the value of the
molar excess volume near the critical point (15). Details of the re-
sults and the experimental techniques are described in a separate paper
(16).

RESULTS AND DISCUSSION

A. SAXS-RESULTS

As discussed in the introduction, in the salt rich solutions elec-
tron localization in the form of different defect states leads to inho-
mogeneities in the local electron distribution pg(R). This is probed by
the X-rays. For the interpretation of the small angle X-ray scattering
due to these inhomogeneities we start from the following basic relation
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for the elastic scattering intensity I(Q) (9):
L@ = NF@) [2(1 + sg(R)exp(-iTR)dR). (1]

Here Q is the scattering vector and N is the number of defects (par-
ticles). The structure factor |[F(Q)|, which is the Fourier transform

of pe(R), describes the intraparticle scattering. The integral in Eq.
[1] gives the interparticle scattering determined by the Fourier trans-
form of the pair distribution function g(R). As a first approximation
for salt rich solutions we may consider a two phase model; we assume
that we have N identical spherical particles which are not strongly
correlated and which have a homogeneous scattering length density pgp
embedded in a solution (matrix) of homogeneous scattering length densi-
ty pes. Then |F(Q)| may be written as:

QZRZ

=\ 2 2¢(7 2 _ e
[FIQ" = (pgppeg) S(Q) = (Apy) exp(= —7=). (2]
Here the scattering function S(Q) has been approximated by the Guinier
scattering law (17), where the electron radius of gyration, Ry, for a
spherical symmetric charge distribution around a defect is given by:

4 2

<R§> = 6 R pe(R)dR/é R, (R)dR. (3]

The following discussion is based on these relations. Fig.3 shows a
Guinier plot, InI(Q) vs. QZ, of the SAXS-results of KyKClj-y at a con-
stant temperature of ~7759C for three selected compositions x = .07,
.10, and .17. The intensities are in relative units. Below x = .10 a
Guinier type behaviour is observed over the whoie Q-range. From a best
Tinear fit of the data (full curve) a radius of gyration of Rg~10 R is
found. This gives a first rough estimate of the extent of the inhomo-
geneity of the charge distribution around defect states like F-centers
or dimers. Localized electrons in F-center or dimer states are stabi-
Tized by interaction with ions in first and second neighbor cation and
anion shells, respectively, and thus may influence the local density
over this distance range. Taking this into account the magnitude of Rg
is not unreasonable.

In order to get a more quantitative insight into pg(R) improve-
ments of the present results are necessary. First the scattering range
has to be extended to lower Q-values which is possible with the B4C-
cells and is currently undertaken. In a further step, variation of the
scattering contrast Apg is considered. This is possible by isomorphous
substitution - exchanging the cation while keeping the anion the same,
e.g. comparison of NaX with KX systems - or by varying the scattering
length itself - anomalous scattering - at different energies using a
synchrotron light source. In particular this last technique offers
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completely new possibilities. Improvements in these directions are in
preparation.

With further increase of the metal concentration above x = 0.10
clear deviations from Guinier behaviour: are observed. This is demon-
strated by the upper curve in Fig.3 for x = .17. Concerning this con-
centration range the following considerations are of interest. In the
more concentrated solutions the average separation between localized
states is reduced and so interparticle scattering may come into play.
Another interesting possibility is that the scattering law changes ap-
proaching the NM-M transition region. From the electronic properties
we expect this to occur around xyM-m~0.5x%c (18). If cluster aggrega-
tion or diffusion limited aggregation are the dominant changes in the
local structure during the NM-M transition the small angle scattering
should follow a characteristic power law, $(Q)=Q~d (see, e.g., (19)).
For the understanding of the M-NM transition mechanism in fluid systems
this problem may be of particuiar interest. Discussing the small angle
scattering in the intermediate concentration region of the NM-M transi-
tion, a further complication arises from the nearby critical point (x¢ =
.39) and the extension of the critical scattering below x.. Going from
salt rich solutions towards the consolute composition x. the scattering
law changes and shows the characteristic Ornstein-Zernike behaviour,
i.e.

$(Q) = (1 + %)™ [4]

with the critical correlation length £. This is demonstrated in Fig.4
for three temperatures above T, and x = xc. Here the corrected experi-
mental intensities (points) are compared with the calculated intensi-
ties according to [4], where the latter have been smeared with the
experimentally determined weight function W(y) (full curves). These
curves have been normalized at Q~0.35 8-1 and thus g is the only fitting
parameter. The £-values determined in this way range from 25 R (T2T.)
to 13 R (T~Tc+50 K). A more detailed study of the SAXS of KyKCij-x in
comparison with the corresponding neutron results of Chieux et al.(20)
for K-KBr is in progress.

B. pVTx-RESULTS

The molar volume of KyKCli-y (0<x<l) has been measured as a func-
tion of temperature up to 920°C and at 8 different pressures up to
1600 bar (16). A selection of these results at 850°C and three diffe-
rent pressures is presented in Fig.5 as a function of the mole fraction
x. In the salt and metal rich end Vp shows ideal mixing behaviour with-
in the experimental error of 1.1%, whereas a slight but positive excess
volume is observed in the composition range of the miscibility gap. In
a first short publication (15) we presented a small negative excess vo-
lume in the salt rich end. In further measurements we could not repro-
duce this part which explains the changed data around x~0.1 as presented
in Fig.5. In the previous paper (15) we have discussed the thermodynamic
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consistency of the measured pressure dependence of the miscibility gap,
e.g. 3Tc/8p>0, with the observed positive excess volume near the criti-
cal point. We have also given the partial molar volumes Vg and Vgcy de-
rived from Vp(p,T,x). In the following we focus on the thermodynamic
equation of state for KyKCli-yx.

The thermodynamic equation of state,

(8U/aV)y = T(8S/8V)y - p = T(ap/aT)y - p, [5]

relates the internal pressure, P; = (3U/aV)T, with the isochoric ther-
mal pressure coefficient, (3p/aT)y, and the total pressure p. The ther-
mal pressure coefficient is given by the isobaric expansivity, o_, and
the isothermal compressibility, xy: P

(ap/3T)y = =(aV/3T) /(aV/0p) ¢ = ap/xq- (6]

With the high density of data points for Vyu(p,T,x) recorded at diffe-
rent T and p it is possible to determine ap and x; from these measure-
ments with sufficient accuracy and to calculate (3U/aV)T according to eq.
[5] with an uncertainty of #15%. This is presented in Fig.6 where the
internal pressure of KyKCl1j-y at 800 bar and 850°C is plotted versus x
(open circles). Over the whole composition range a negative excess in-
ternal pressure ~ difference between experimental result and dashed line -
is found with a minimum value of about -1.5 kbar.

Holzhey and Schirmacher recently published a simple model for the
calculation of the thermodynamic properties of 1iquid M-MX solutions
which qualitatively describes the phase separation in these systems
(21). The main ingredients of this model are the following. The inter-
action between the metal cation and the halogen anion is treated via
an electronically screened Coulomb potential and a hard core repulsion.
The screening length A(x) is assumed to vary linearly with composition
between the 1imits of the salt, Amx, and the metal, Ay, i.e.:

A(x) = AMX + (AM - AMX)-X. [7]
Using a parameterizationfor the correlation function of concentration

fluctuations they find the following analytical expression for the ex-
cess internal energy URX,

U = (-Ae?/0) (1-x) (exp(-A(x)o) - exp(-Ayy0))> (8]

which is a mean field type approximation. In eq.[8] A is a short range
order parameter of the order of 1, ¢ is a common hard sphere diameter
of the ions, and e is the electron charge.

In order to test this model on the measured pVTx-data, we have
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calculated the excess internal pressure, p X, from eq.[8] according to

A -
o = (aU*/av); = AeP(1-x) (2a{R)) A (K)o () T,

For AMx(T,Vp) and Am(T,Vy) we have taken the analytical expressions of
the Debye-Hiickel and Thomas-Fermi model, respectively (see, e.g. (22)).
In a first rough approximation we set A=l and estimated o~3 R from the
ijonic radii of Kt and C1~. These calculated values of pex are included
in Fig.6 (full line). The agreement between this s1mp1e model calcula-
tion and the experimental results is surprisingly good.
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Figure 1. Cross section of the liquid sample

cell for SAXS
Figure 2. Sketch of the sample cell and dila- 3
tation technique used in the pV¥Tx-

measurements.
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Figure 3. Guinier plots of the SAXS-results of KyKCli.yx at 7759C
(¢,x = .07; b,x = .10; a,x = .17).
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Figure 4. Critical SAXS of KyKCli-yx (Ornstein-Zernike behaviour) at
X¥xc = .39 and three temperatures of T2T. = 7880C, T = 8130C
and T = 8429C (temperature increasing from the top to the
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Figure 5. Molar volume of

KxKCl1-x at 8509C and
three different pres-
sures of 1 bar (¢),
800 bar (&), and

1600 bar (°).
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Figure 6. Internal pressure pj =

(3U/3V)T of KyKCli-x at
850°C and 800 bar; sym-
bols give the experimen-
tal results, the full
curve has been obtained
from a model calculation.



DOI: 10.1149/198707.0210PV

STRUCTURE AND THERMODYNAMICS OF METAL-SALT SOLUTIONS:
THE THEORETICAL VIEWPOINT

*
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ABSTRACT

The structure and thermodynamics of solutions of alkali
metals and their halides are calculated on the basis of a
simple two-fluid (ion-electron) reference system and a second
order perturbation expansion in the ion-electron coupling.

The miscibility gap observed in these solutions is reproduced
theoretically and explained in terms of screening lengths and
correlation lengths, for which we obtain explicit expressions.

I. THE MODEL

The metal-salt solutions are regarded as being composed of N,
positive ions of charge Z;e and N, negative ions of charge Z,e in a
volume Q; the corresponding number densities and concentrations are
defined as pczN /9 and x =N /N(a=1,2), with N=N,+N,. The excess of
positive charge is compegsa%ed by the conduction electrons which are
assumed to provide a rigid, uniform background of charge epo, ensuring
overall charge neutrality:

QAZA + QZ.ZL + €° = {Z_ + co = O [ 17

The total hamiltonian of the system is written as the sum of three
terms (1):

+ Vi { 2]

where H,, is the hamiltonian for the ions in a neutralizing uniform
backgroOfid, H _ is the familiar jellium hamiltonian for the electrons
in a uniform Sgckground which exactly cancels the previous one, while
V, describes the ion-electron interaction minus the interaction
e%grgy of the ions with their associated background.

I.1 THE IONIC HAMILTONIAN

The ions are assumed to interact pairwise via the simple model
potential(2):

*present address: Department of Physics and Astronomy,
University of Rochester, Rochester, New York 14627-0011
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Usp

where the short range repulsion V_(r) acts only between oppositely
charged ions, and is taken to be 8t exponential form:

() = ZZpet/r + Vo(n) [ 3]

Vo (7)== (A=) Aexp{-r/n] [ 4

The potential [3] is a simplified version of the usual Born-Huggins-
Mayer potential. For the parameters A and r_, we have chosen the
values of the complete Tosi-Fumi potential corresponding to the pure
molten salt (3).

The ion-ion hamiltonian hence finally reads:

NgN
T U N M. L ¥ \;_N] +ZZLV(|F--?<’ 1) [ 5]
T e W (R SR

where K. represents the kinetic energy of the ions aid pp_ denotes
the Foufier component of the ionic charge density. The 55rrespond1ng
ionic pair correlation functions 9, (r) and their Fourier transforms
the ionic structure factors S __(K) Rave been calculated in the
framework of the hypernetted ggain equations (HNC), supplemented by
the Ornstein-Zernicke relations between the direct correlation

functions CQB(r) and the total correlation functions huB(r) =9,

(r)-
1: B

i

Jup ) = &p {-pUg R - G HNC

i

o)+ tuf G (FFNAT oz
(B=1/lgT)

E“*Pm [6b]

Figure 1 compares the structure factors issued from the model
hamiltonian [5] with the experimental results obtained by neutron
diffraction for K-KC1 and Rb-RbBr(8). The poorer agreement for Rb-
RbBr is the consequence of the higher polarisability of this system,
not included in our model.
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I.2. THE ION-ELECTRON INTERACTION
The term Vie of egqn. [2] can be split in two terms:
V. z Pl 5 U
e = —=— VOOL(K)(>W Q\Z’ + o L7
a=1 u;eo & \"0
where & (K} is the dimensionless Fourier transform of the ion-

electron pseudopotential voa(r), and Uo is the structure independent
contribution (1,4):

LWz e>

5l 1002 S5 30 & - B (0,04 o
Q

The hamiltonian specified by eans. [2], [5], [7] is in fact quite
general and describes a number of coulombic systems besides metal-salt
solutions M MX ¢ liquid metals (limit x=1), molten salts (limit
x=0), binary ailéys (for which Z,2,>0), and binary ionic mixtures, in
which the short range repulsive %erm may be omitted, the electron-ion
interaction being purely coulombic.

For the ion-electron pseudo-potentials occurring in egns. [7],
[8], we have chosen the Ashcroft empty core form [7] for the cation,
with a core diameter determined at the melting point of the pure
metal, using the sum rule for the compressibility (5). The anion-
electron pseudo-potential has been chosen to be an interpolation
between the Ashcroft and Shaw (6) forms (7):

Voz(r) = - Ezz_e"/fe,_ ’ r»<r<7.

[ 9

T - r ~
= - Zze/r‘ >CZ.

For r ., we have chosen, somewhat arbitrarily, the ionic Pauling
radiug £ will be the only adjustable parameter in our perturbation
theory. The coordinates of the critical point which terminates the
miscibility gap will depend sensitively on , as we will see later.
Let us note that the special case £=0 corresponds to the empty core.
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I.3 THE ELECTRON GAS
The thermodynamic properties of the uniform electron gas depend on
the usual density parameter Iy and the degeneracy parameter 1t defined
by:

(3/47¢,)" = _ kT

) —— (10]
dg kTe

S=

where a, is the Bohr radius and kT. = e ‘e:ls is the Fermi
tempera%ure. In the Metal-salt soEutions, as the metallic mole
fraction decreases, the density parameter r_ increases (r_=e in the
pure salt!) while the Fermi temperature decBeases. As a onsequence,
the electron gas becomes more and more correlated while finite
temperature corrections become non-negligible. To describe this
weakly degenerate electron gas, we have used the most accurate
equation of state presently available, calculated in a wide range of
densities (10).

II. THERMODYNAMICS

The thermodynamic properties of the metal-salt solutions described
by the hamiltonian [2] are calculated by a perturbation expansion in
the ion-electron coupling V., . In the zeroth order the electronic and
ionic components, neutraliz&§ by their respective uniform backgrounds,
are assumed to be completely decoupled so that the Helmholtz free
energy of this reference system is given by:

F@  _ F. . F (11

i e

The ionic contribution is calculated from classical statistical
mechanics, using the pair distribution functions obtained in §I1(4).

An interesting property of the HNC closure, beside the fact that it is
especially adapted to coulombic systems, is that it allows a direct
calculation of the excess chemical potentials u , from the partial
pair correlation functions [9]. Hence the exceSs (i.e. non ideal)
free enthalpy per ion follows directly from:

NkT B o=zt [12]

The further contributions to the free energy are calculated using
the standard coupling constant integration:
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F = F(Xd=4) = F(X=0) +J1<\/‘27A‘” [13]
o

where F(A=0)=F +F _ is the free energy of the reference system, whereas
<>  denotes thé c8nonical average taken over the perturbated
haﬁiltonian. To first order in the coupling, the free energy is:

Feo = ko« Fe + <Viad, [14]
with
3 2z = : 2 Z b3 -2;
<M = —Zsos z [NAZAQ‘ +Nz 2, (A= = E)] [15]

The second order ion-electron contribution is calculated in the linear
response approximation for the induced electron density <pko>, which
yields:

Foot 8 (NNYRA (14 41K 0 v 0SS wdK r16)
2 2ap o 2 (rn')aj Ea(w) Jtnre’-“ Poop

the SLO)(k) denote the partial structure factors of the unperturbed
ionic gluid calculated in §I. For the dielectric function e _(k) we
have chosen the zero-temperature form proposed by Ichimaru afld Utsumi
(11), which is well adapted to the highly correlated regime (rs>>1).

By truncating the perturbation expansion of the free energy after
the second order, we restrict ourselves to linear screening in the
description of the ion electron coupling. This is a priori
inapplicable in the regime of low metallic concentrations. However,
since the weight of the electronic contribution to the thermodynamics
of a metal-salt solution decreases with decreasing metal concentration
X, we have used the results of second order perturbation theory
throughout the entire range of concentration.

In that case the total free energy finally reads:
(2)
F® _F o+ U+ F, (7]

' [
All other thermodynamic properties of the system can be derived from
the free energy expression [17], by taking the appropriate derivatives
with respect to the thermodynamic variables Q, T and x. The excess
Gibbs free energy of mixing is defined in the usual way as
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DG, PT,x) =Gy (PTx) -x Gu(PT,x=1)-(1-%) G (P, T, x=0) (18]

where G_(T,P,x) = F, _(DE,,/ 39,.,)"0 is the molar free energy of the
mixture®at the concBntration X. fﬁ practice, for fixed values of T
and x, the molar volume Q. is varied to yield a prescribed value of
the total pressure P. AlT the results presented here are for P=0.

The molar volumes at zero pressure calculated from the second order
perturbation theory are listed in tables for several values of the
concentration, together with the various contributions to the equation
of state, for the system KxKCll—x' with £=0.

‘ ) '

3 A t 5 (2)
x| O fenmil | BRle | PRie | PR | PRK
1 37.045 4,627 -14.608 -0.920 19.665 -4.135

0.8 32.868 4.790 -5.385 —0.796 10.734 -4.550
0.6 32.072 5.229 -0.869 -0.756 4,437 -3.807
0.4 39.275 6.404 0.437 -0.633 0.850 -1.786
0.2 53.203 8.928 0.895 -0.304 -0.135 -0.445
0.1 62.767 12.028 0.361 -0.122 -0.133 -0.107
0 78.901 » 0 0 0 0
TABLE 1

Molar Volumes and Various Contributions to the EOS at 2Zero
Pressure for K_KCl % with £=0, at T=1250K. r_ is Defined by Egn. [1@].
The Subscripts”and Superscripts i.e. (1), (2) Benote Respectively Ions,
Electrons, First and Second Order.

For the pure metal, the calculated molar volume is very sensitive to
the second order term in pressure, due to the fact that the zeroth and
first order contributions are of opposite signs. The calculated molar
volume (which is independent gf £ at x=1) is considerably smaller than
the experimental value (68 cm /mole at T=1250K). This defect may be
attributed to a poor convergence of the perturbation series for the
pressure in the high temperature range of expanded liquid metals (11).

For the pure salt, the calculgted molar volume is larger than its
experimental value for K(C1(51.20cm /moOle at T=1250K). But we have
checked that this discrepancy is essentially due to our neglect of Van
der Waals interactions in the ionic potential model of egqns. [3]-[4].

The excess molar volume of mixing Aﬂm is defined as:
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AQ =, (PO T x) - x£2,(P=0,T, x=14) _ (1-x)2 (F=O,T, x=0) [19]

The most stricking result of our calculation is its prediction of a
large negative excess volume at intermediate concentrations, as shown
on figure 2. Although the large absolute values of these excess
volumes may be attributed to the crudeness of our model (especially the
density independence of the pseudopotentials), we believe the sign of
the excess volume is real., This is to be checked by experiments. Let
us note too that the results are sensitive to the value assumed

for E.

III. MISCIBILITY GAP - CRITICAL BEHAVIOR

The various contributions to AG_ are plotted in figure 3 as a
function of the molar fraction x foF a typical state of K K(C1 % To
zeroth order, when AGm is just the sum of independent ioniC an
electronic contributions, AG_ is a convex function of x so that the
solution would be thermodynamically unstable at all concentrations.
But when the first and second order corrections due to the electron-
ion coupling are added, AG_ becomes concave, signaling that the
solution is going to stabiTize. This behaviour contrasts with the
case of binary ionic mixtures (BIM) or metallic alloys where the ionic
contribution always tends to stabilize the mixture (12,13).

As figure 4 shows for one value of &, as § takes nonzero values,
AG builds up a convex portion on the salt-rich side, signaling phase
separation. The concentrations of the coexisting liquid phases are
determined by the usual double tangent construction. The critical
coordinates, T_ and x_ , are sensitive. to E and are compared to the
experimental Falues En the case of K_KCl in table 2. While the
calculated critical temperature can Be b}Eﬁght into agreement by an
adequate choice of §, the corresponding critical concentration x _ is
too small. This is probably a consequence of the inadequacy of finear
screening theory (and hence pseudo-potential approach) on the salt
rich side of the phase diagram.

Figure 5 shows the results we get for K-KCl1 and Rb-RbBr for
different values of E.

3 0.01 0.05 0.2 0.333 Experiment (1Y)
TC/K 1250 1650 2300 2500 1073
X, 0.25 0.25 0.35 0.40 0.35
Table 2

Critical Coordinates for KxKCll—x Calculated for Several Values
of E.
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The demixing phenomena can be explained in terms of screening
lengths. The metal-salt solutions are characterized by a competition
between a Debye-Huckel type screening between the ions and a Thomas-
Fermi type screening due to the rearrangement of the electronic
background around each charge. These two different kinds of screening
are characterized by two screening lengths or, equivalently, two
dielectric functions. The electronic screening length is:

2 ie 4
>\e = A (ﬂ)ﬁ*_zt’;) =_A__§_V:‘° EQ(K) [20]

YTre* 3@ Dﬁz K

where u_ is the chemical potential of the continuous electron gas,
whereas u_ =9(6/)/O¢, denotes the bound electrons contribution to the
total electrochemical potential. Using the Nozieres-Pines (14)
approximation for the correlation energy of an electron fluid at zero
temperature, we obtain the following analytical expression for A

<

e

2 M, et ,2 2.

)\e= Z,Mi 2, My +(oiq°3g_o,osag’-_o.omws’)ab 211
M2, -MyZ,

where r’ = r (l—%E y'/% is the modified radius of the
pseudopotent?al 8?. The term 0.409 r.a is the Thomas-Fermi
screening length squared, which becomes %xact in the limit of weak
coupling for the electron gas (r_-»0). The first term of eqn [21]
exposes the electrostrictive behgvior in the response of the system,
because of the finite size of the ions in the ion-electron
interaction. Let us note that in the metal-salt solgtions, because of
the strong variation of r_ along the phase diagram, A decreases
quickly from metallic values to zero. This phenomengn is usually
associated with the appearance of a local order (15). The screening
length loses its significance in such situations. This is really
different for BIM or binary alloys where the electronic screening
length is always larger than the ionic one so that the screening
effect is dominated by the ions.

For the ions the ionic screening length ). can be related to the
ionic correlation length,xc through the equation:

2 %, 4. A?.. 4 i -1
.o Jeptdi =2 lim & (K
i % P oelne e Tie /e () [22]
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Here X, and g, denote respectively, the compressibility and the free
enthalpy densfty for the ions whereas X =B/p designs the
compressibility of the perfect gas. Ac can be shown to be equal to:

. S (o) a5 %, X ¢*
T (4T bd >9; % g [23]
>\° ke Z {imepe= I DM‘L,P 2 J}

where SC (o) is the concentration-concentration structure factor at
zero waYe-vector which diverges at the critical point and é' is the
expansion coefficient (¢8' = l/p(apo/axl)P T).

’

VI. CONCLUSION

We have shown that our really simple model reproduces
qualitatively and at least semiquantitatively the structure and the
miscibility gap observed in metal-salt solutions. Moreover, we have
characterized this phenomenon through two screening lengths, typical
of two different screening phenomena, and a correlation length, of
which the scalar value let us expect that the demixing critical
behaviour of metal-salt solutions is probably Ising like.
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ABSTRACT

We present the resultsof a thearetical analysis of long
wavelength collective modes in mixtures of metal-molten salts and
mixtures of salts. In the former case the calculations are made
based on the assumption of a rigid background for the conduction
electrons, and extended to the metal-rich concentration range by
taking into account the polarisability of the electron gas. The
most interesting prediction of our analysis is that sound waves
should be overdamped below a critical wavenumber for a certain
range of concentrations in the salt-rich region of metal-salt
solutions.

I. INTRODUCTION

In the following sections we give an analysis of collective modes
both in metal-salt mixtures and molten-salt mixtures. We use
linearized hydrodynamics, i.e. we focus on the long-wavelength, low-
frequency limit, and extend our analysis for higher frequencies, using
the generalized hydrodynamics, in the K+0 limit. The long wavelength
domain is the region where collective modes occur. Moreover, in a
strongly coupled ionic fluid, the collision frequency is large
compared to all other characteristic frequencies and maintains the
system locally in thermodynamic equilibrium, so that the hydrodynamic
description of this high frequency mode is, at least qualitatively,
correct. For the sake of simplicity, temperature fluctuations will be
neglected throughout, so that the heat diffusion mode will never
appear in our analysis. This is also a reasonable approximation in
strongly coupled ionic systems where the potential energy dominates
the kinetic energy. In other words, we assume the specific heat ratio
y = ¢_/c_ to be of order 1 (which is well verified for pure liquid
metalg).v

For the metal-salt mixtures, the analysis is first carried out for
the case of a rigid background, which applies in the salt-rich phase,
and then extended to the situation where the polarisability of the gas
of conduction electrons can no longer be neglected (metal-rich phase).

*present address: Department of Physics and Astronomy,
University of Rochester, Rochester, New York 14627-0011



For all these cases we have solved the equations of hydrodynamics
for a charged fluid (1, 2), which express the conservation of mass
density, charge density, momentum and energy density. This latter has
been ignored, the coupling between temperature fluctuations and
fluctuations of the other variables being neglected, as already
mentioned. The resolution of these equations yields the
hydrodynamic matrix of which the zeros of the determinant determine
the dispersion relation of the different collective modes. Our
purpose here is not to reproduce these calculations but just to
summarize our results.

II. METAL-SALT SOLUTIONS - RIGID BACKGROUND MODEL

We consider mixtures of the type M (HX)1 where x is the mole
fraction of the alkali metal. The metfllic'i®ns have a mass M, and
carry a positive charge Z e, while the halogen have a mass m, and
carry a negative charge Z2,e. The number densities of both species are
respectively p, and p,. It is convenient to choose as independent
variables the temperature T and the mass and charge densities:

. 2
= Sz LaTie [0

The thermodynamic potential associated with these variables is the
Helmholtz free energy density f, from which all thermodynamic
quantities are derived. The two characteristic frequencies of our
two-component system are the hydrodynamic plasma frequency

2 V2
we = (LTez /0w ) [ 2]
which occurs naturally in the long-time, collision-dominated regime,

and a frequency w_, associated to the mutual diffusion between the two
species or, equivalently, the ionic conductivity o:

W, = umao [ 3]
The determinant of the hydrodynamics matrix results, in that case, in a

cubic equation (3):

2® + 2" bK) +2(bl 2oy B e 0 (4
(w, +bK) +2( W)+ W, )+ Couo[f—&-.]= [

1

with
kR D bR )
Wy = W, * kO"(__"_)_z_T = G‘[ATr+k(__|fi)T 1 (s
'J(:z / Qm Dez 7 fm
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u_ is the electrochemical potential conjugate to the charge density, b
i% the loggitudinal kinematic viscosity, k. 1is the ionic screening
length, C =1f¢, X is the actugl velocity of the mixture (in the
assumption y = 1), and ¢' = pm(brmlbﬂnl reduces to the sound
velocity c¢ in the pure salt. "

In the long-wavelength (k-»0) limit, the three roots of [4] are:

Z,=° 3 Zys = —:‘2'_[“"0 x (%z“l‘w;)'l‘] L6l

Near the pure metal (w <2w ), the roots z, and z, are complex
conjugate and correspoﬁd tB two plasmon modes of frequency * w_, while
the root z, corresponds to the k+0 limit of collective diffusign mode.
In the opposite limit of the pure molten salt (w0>2m =0), the doubly
degenerate root z, = z; = 0 is the zero wavenumber remnant of
propagating sound modes, while z, = -u_ corresponds to a fully damped,
non-hydrodynamic, charge relaxation moae, with a relaxation time v =
1/w .

o

II.1. METAL RICH MIXTURES (wp>>wo)
Perturbating around the non zero-root, we solge equation [4], and

find a purely diffusive mode (zl in [6]) z = —D“k , with a collective
diffusion constant given by:

D, = c”'(w,/w;') [ 7

™M

and two plasmon modes with the dispersion

wp Loct b-
w = in[(La_cko;) + k(cwz ¢ L\DM?-)% )1 [8a]
P wWp

and the damping

1
r = G = jz_[wk +(j£5 _ mez] [8b]

In the limit of the pure metal (w_=0), we recover the result for the
OCP (9). The two main effects of the inclusion of salt (w_>0) is to
lower the plasma frequency w_ and to make the damping of the plasmons
finite even at zero wave numger, due to inter-diffusion of the two
ionic species which dominates the purely viscous damping in the pure
metal. Moreover, as w_ decreases due to the addition of salt, the k-
dependent term in [8a] becomes more and more important, and the
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plasmon-like dispersion will eventually turn into an acoustic one.

I1.2 SALT RICH MIXTURES (w°>>wp)

In this case, we solve the egn. [4] by looking for small
perturbations around the non-hydrodynamic fully damped charge
relaxation mode z = -w_. Following the analysis of Giaguinta et al.
(4), we distinguish twd wavenumber regimes according to the relative
values of the two characteristic frequencies w_ and ck associated with
charge relaxation and sound propagation resped%ively.

(i) At sufficiently long wavelengths, such that k<k_ =~ g /¢, the
frequency w_ associated with charge relaxation dominates all other
characteris®ic frequencies of the mixture. The fully damped mode has
a relaxation time

-1 E 2 2 z
G, =(wk-‘_*).e.)_kcc'°') [ 9]
Wy, W,

where the two last terms represent corrections relative to the pure
molten salt, due to the presence of a finite concentration of metal.
The two remaining roots correspond to acoustic modes z = # icsk—r/z
with a sound velocity

z
<o b (wp/2og)
(&} = [10]

4 - (w;;/w:')

and an attenuation

kA
Mo oer . K=< + Kb an
wk (,g)o

Only the third term on the RHS of [1ll] contributes in the pure molten
salt, where charge and density fluctuations are decoupled. The
addition of some metal introduces a small coupling between these
fluctuations, and the attenuation remains finite as k+0. The coupling
between charge and mass fluctuations is also responsible for the
deviation of the sound velocity [10] from its value c¢' in the pure
salt. The most important result in this long wavelength regime is
that sound propagation is not possible at all concentrations. It is
possible only if the general dispersion relation [4] has two complex
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conjugate roots. The condition for sound propagation is hence:
2 = z (123
/
I - L¢ Wy Z:s K < O

Retaining only terms up to order kz, we obtain the following
condition, from (9], [11], [12]:

(wP/wo)L' < L\\/Z__C_'_; — \AL/K: [131
wo

This means that for a given wavenumber k (smaller than k_), there
exists a range of concentrations, delimited by the inequalities:

.
(K/K, )" ¢ Wp/w, < /2 (14)

where all collective modes are overdamped or equivalently, for a given
metallic concentration, sound propagation is possible only if the
wavenumber k is larger than a critical value K =k (w /o P . At

higher metal concentrations, plasmon like modeg p?opggaee (see [6]),
while at lower metal concentrations the mixture sustains sound waves,
but due to concentration gap [14], there is no crossover between the
two types of propagating modes.

(ii) At wavelengths sufficiently short so that k>k_, the sound
wave frequency ck dominates the charge relaxation frequgncy w . In
that case the relaxation time of the fully damped charge mode is:

_1 CIL .
C, = w, — (1+ =) [15]
C Ki
The two remaining modes are sound waves of velocity
CS = c [16]

and attenuation

r = C c K [17]
b K +wk"w°?_'f(1+7(?>

The main difference between the two regimes i) and ii) lies in the
sound attenuation I which is dominated by mutual diffusion for k>ko
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and by viscous forces for k<k_ . Moreover sound waves propagate at any
metal concentration as soon a8 k>k  and crossover directly into
plasmon modes in the metal-rich phgse. The difference between the two
regimes is shown in figure 1.

III. METAL-SALT SOLUTIONS,EFFECT OF ELECTRON SCREENING

In the metal rich phase the electron density is high and the
associated screening length A is of the order of the inter-ionic
spacing. Hence, whenever the wavenumber k is smaller than this
electronic screening wavenumber k_~1/)_, the coupling of the
conduction electrons to the collegtiveemodes of the solution cannot be
ignored. But, because of the large ion to electron mass ratio, the
adiabatic approximation for the electron gas is justified, so that
frequencies characteristic of the fast electronic motions will never
appear in the equations. Moreover, in the metal rich phase, we expect
the ion-electron interaction to be weak so that we consider the
response of the electron gas in the linear screening approximation.

The electronic contributions to the total free energy density f
must be taken into account; this leads to a renormalization of the
chemical potentials um and ”z' The characteristic frequency [4] is
changed to:

w, = d'[ir_. +ML(.D_VE_) ] [18]
K E.() Dz Tt

where u_ is now the renormalized electrochemical potential conjugate to
the cha%ge density and e¢_(k) is an effective electronic dielectric
function which accounts for the short-range non-coulombic part of the
ion-electron coupling (5). Its long wavelength form detgrm;nes the
electron screening wavenumber by the relation ¢ _(k)=l+k_/k . For

k>>k_ we recover the case of a rigid background describéd previously.
In the polarisable background (k_>>k), the fundamental difference

arises from the fact that wye now vanishes with k, as:

Y d 2 =
w, = @ [T 2y K =dK [19]
k \Z'c Dez T,QM]

so that the dispersion relation [4] takes the form:

2%+ 22 [(d+ b)) + z[(c"+%?-)lz' +bdr*]

-ne
+ W= (K K;_L)K" =0 [20]
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which is reminiscent of that for a neutral one component fluid, the
thermal diffusivity in the latter being replaced by the ionic
‘conductivity in the present case. Over the whole range of
concentrations, eqn [20] has two complex conjugate roots of the form
[10], corresponding to propaggting sound waves, and a purely
diffusive, real root, z = -Dk . The sound velocity is given by:

N
¢t = &+ 2B =1 /0K (21
e

where x., is the total (i.e. lonic plus electronic contributions)
compresgibility of the mixture. The sound attenuation is:

[ = (b +d- DK 122

where the collective diffusion constant is given by:

D = Lwoc &y (K + k) (231
Cs

As expected, the main effect of electronic polarisability, which
occurs in the metal-rich side of the diagram is to transform the
plasmon-like modes of the rigid background into accoustic modes, as in
the pure metal (4).

IV. METAL-SALT SOLUTIONS. HIGH FREQUENCY BEHAVIOUR

In order to extend our analysis at higher frequencies, we outline
a generalized hydrodynamics description of longitudinal collective
modes in metal-salt solutions in the k-»0 limit. 1In this limit, the
frequence w_ must be replaced by its frequency-dependent
generalizat?on, i.e. after Laplace transform:

w,(z) = L4To(z) = Sz/[z +M(2)) [24]

where M(z) 1is the memory function associgted gitg the frequency
dependent ionic-conductivity o(z), and § = Q _-w_ is the
difference between the kinetic plasma frequengy Bhich occurs in the
short-timg, Vlaslov type, description of ionic dynamics (Q_ =
4npa(zae) /ma). and the hydrodynamic plasma frequency. P

Single relaxation time approximation for M(t) vyields:



M(t) = M(o)e_'t/c oW &_b/c ; M(2) =Q7}/(Z+3-4) [25]

where Qz(k) is easily calculated, using standard procedures (6,3),
and the“relaxation time 1 can be determined from the static
conductivity via: 2 .

$ $ [26]

O— = O— 2 =O) = =
( wrMe) 4L G
The dispersion relation [4] becomes:

z> [z +M(z)] + Szzz+sz[Z+M(z)]=O (271
hence
z_2
2® + = +whz =0
2 -
z +QOY [(z+T )

[28]

In the pure metal we recover the undamped plasmon modes z=+iw . A
perturbation calculation based on [28] shows that if some satt is
added, the plasmon frequency is slightly shifted to:

YR YR
4 %0
w “QF Y s [29]
2 O
F
while the damping is given by
2 2
-1 €> @)
w,
CM = — ¥ = °(_£_)'_L)q [30]

y
2TQ, 2 Q

We see from {29] and [30] that the generalised hydrodynamics
calculation leads to a shift above the kinetic plasma frequency Q_,
whereas the linearized hydrodynamics predicts a frequency below the
hydrodynamic plasma frequency. This 1s a wellknown failure of the
linearized hydrodynamics (7).
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on the salt-rich side, the main consequence of introducing a
frequency-dependent conductivity is to predict the existence of
plasmon modes, reminiscence of the 'optic' modes of the crystal. The
frequency of these modes is given by:

QL8
w = iQPL1 +_i—a"'— [31]

P

Comparing with eqns [29], [30], we conclude that the plasmon modes of
the metal-rich region do not vanish at a salt concentration, such as
w_=2w_, as predicted by linearized hydrodynamics, but survive all the
wgy iRto the salt-rich phase where they coincide with the familiar
'optic' modes of ionic systems.

V. MIXTURE OF MOLTEN-SALTS, MX,-MX,

We concentrate on mixtures of molten salts with the same cation M.
The independent thermodynamic variables are chosen to be the
temperature T, the mass density p_, the charge density p_ and the
concentration x of particles Xa, Befined respectively as?

0z = %();ZLQ ) m = %CLM:- ; X =Q5z3/c_ [32]

where p_=p,Z,€+03Z,€ is the density of negative ions. The global
electroﬁeu%rality condition yields °z=0‘

We solve the equations of linearized hydrodynamics in a
similar way to that in previous sections. #e only have to add a
gurrent 33(f,t)=x3~(f, t) + 3 (f,t). The convective part
J 1is due to the total curren% of negative charges, J_ being the
mutual diffusion current between species 2 and 3. Ighoring again the
energy conservation law, the determinant of the hydrodynamic matrix,
is given riow by a quartic equation:(\o)

z" 4 2° [wo + l’%(k "'sz"'\’xx)]
+2F [KL(CZ“' L"-’“’o "‘c‘)ovxx“w—t\)zx )+ O(Kl’)]

+ z [Kra,ct v o(K)] + o(«Y) = O [33)

The vy4 are the elements of the generalized diffusion matrix
vaB(a=2,x; g=z,x,m). This latter is the product of the mobility



matrix A _, of which elements are expressed in the Kubo linear
response“%heory as a correlation of the currents:

4 Z - -
Mg 23w | Quogp@>dt apain
o

and the inverse susceptibility matrix, related to the chemical
potentials via:

] D
7(“ = D_::_. (¥==z,x ; S=z,x,m 5 clcx-'(’.cjx) [35]

-1
\)OKP = -/\-OLK’XXF [36]

w, and w, are the two characteristic relaxation frequencies given by:
= LIT o [37a]
Yy A, [37b]

Then

w

°

Gy

In the infinite wavelength limit, the four roots are easily
determined:

Z,=25=2,=0 j Z, =-— 9% [38)

The dispersion and damping of these modes are detgrmined like
previously by standard perturbation up to order k™, starting from
these zero wavenumber solutions. The fully damped mode (z, = _mo) has
a relaxation time 1t such that:

' e F g V) ¢ oK)

Factoring out this mode yields a cubic equation which gives the
three other modgssdispergion relation. The discriminant of this
equation.A = 4k ¢ + o(k )s is always positive, indicating the
existence of two complex conjugate roots corresponding to two
propagating sound waves z, , = * ic k -~ I'/2 and to a real root
corresponding to a fully éémped dif?usive mode z, = - DK . The
velocity of the sound waves at zero wavenumber is
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c, = € = 4/((“«7(7)'/" [40]

and the sound altenuation is given by:

YA
Do kb« 522 b (A _Pzz)] v 0w a
@'C X Dﬁh« g

where A=A is the mutual mobility of the two salts, dominated by
viscosityf charge diffusion and interspecies diffusion.

The mos}, interesting result is that this sound attenuation is of
the order k and does not include a constant (k independent term),
contrary to the case of molten-salt embedded in a rigid background,
described in section I. Actually this constant term, proportional to
the free electrons density p_, was responsible for the overdamping of
sound propogation [see egn. %1]. In this case, although the overall
electroneutrality is insured, the local electroneutrality condition is
violated by any low frequency motion of the ions. The rigid
background then overdamps the oscillation in order to prevent this
local electroneutrality. Obviously, this phenomenon disappears in the
case of a polarizable background because of the spontaneous
rearrangement of the electrons, and in a mixture of molten salts
because of the absence of free electrons.

The other typical result in our mixturezof molten-salts is the
appearance of a new diffusive mode z, = -Dk, a consequence of the extra
degree of freedom introduced by allowing mutual diffusion between the
species MX, and MX,.

A very crude analysis within the framework of generalized
hydrodynamics in the limit of zero wavenumber, like in III, confirms
the existence of plasmon modes, remnant of the crystal optical modes.
Let us note as an interesting result that, if the ions X; are replaced
by "massive" electrons, this model can be viewed as a special case of
metal-molten salts on the very salt-rich side of the phase diagram
where the electrons are known to be trapped in localized defects as F
centers (8).

VI. CONCLUSION

The main predictions of our different analysis are the following
ones. For metal-salt solutions, in the rigid background model (valid
in the salt rich side), linearized hydrodynamics predict propagating
plasmon modes in the metal-rich region, up to a concentration such
that w_=2w _, while the generalized hydrodynamics show that these
'optic moaes persist up to the pure salt. Their frequency lies above
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the kinetic plasma frequency ©_ and their damping is dominated by
ionic conductivity (interdiffugion) and vanishes in the k+o limit only
for the pure metal. Interdiffusion of the two species leads to a
fully damped charge relaxation mode which has a finite lifetime at
zero wavenumber for any non-vanishing salt concentration. Sound waves
propagate in the pure molten salt at long wavelengths but, as metal is
added, the acoustic modes cease to propagate below a critical
wavenumber k_ because of the coupling between charge and mass density.
This overdamSing of propagating waves is the consequence of the
presence of a rigid electronic background of finite density. As soon
as either the electron gas is more dense, i.e. in the region of higher
metallic concentrations, or the electrons are trapped in "F-centers'
defects and can be considered as massive negative particles, the sound
waves keep propagating. However there could be a small region in the
phase diagram (for metallic concentrations between 5 and 20%) where
the rigid electron background might be valid and where an overdamping
of the sound waves might be observed.

Screening by conduction electrons modifies the predictions of the
rigid background model in the metal-rich region, where the plasmon
modes are changed into hydrodynamic sound waves.

For a mixture of molten salts, most of the results of the rigid
background are recovered, i.e. the charge relaxation mode and the two
plasmon modes remnant of the crystal optic modes. The two main
differences lie in the persistence of sound wave propagation at long
wavelength and in the apparition of a central (w=0) non-thermal
diffusive mode, due to the mutual diffusion of the two species.
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ABSTRACT

The electronic conductivity of molten NaCl was
determined as a function of the activity of Na at 850
and 900°C by using the Wagner polarization technique.
A new cell design, which prevented evaporation of Na,
was essential for obtaining good results.

INTRODUCTION AND THEORY

Dissolution of Na in molten NaCl gives rise to an increase in the
total electrical conductivity, which increases as the activity of Na

increases. The same behavior has been found for other alkali metals
dissolved in alkali halides as well as for mixtures of alkaline earth
metals and alkaline earth halides. The increase in conductivity is

believed to be electronic and may exceed the ionic conductivity.
Experimental results have been reviewed by Bredig (1) and Warren
(2,3).

In cases where the electronic part of the conductivity is small,
i.e., when the activity of the metal is 1low, direct conductivity
measurements must be replaced by more sensitive methods. Wagner (4,5)
developed theories for treatment of galvanic cells with solid electro-
lytes which exhibit both ionic and electronic conduction, and the
so-called polarization technique has been used for detecting small
electronic contribution to the total conductivity. Egan and coworkers
(6,7,8,9) and Huggins et al. (10) have applied Wagner's theories to
molten salts equilibrated with metal.

The experimental relationship between steady state current and
potential can be determined for a cell such as

Ta(s) |Nac1(1)|Na-Bi(1) (1

The tantalum electrode is made negative with respect to the Na-Bi
alloy which also determines the activity of Na in NaCl. The potential
across the cell is always lower than the decomposition voltage of the
salt. The concentrdation of electrons will build up at the negative
electrode (Ta), and the current through the cell is caused by the
concentration gradient of electrons. Ionic migration is supressed and
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electronic conduction dominates. The activity of Na at the negative
electrode can be calculated from the measured potential. The activity
of Na in the alloy must then be known. The electronic conductivity
(kg) can be calculated from the experimental current versus
potential curve from the following equation
ke = 6 2 (2)

where G is the cell constant. Since the measured potential corre-
sponds to a certain activity of Na at the negative electrode, the
electronic conductivity can be determined as a function of the
activity of Na in NaCl. The theory for the polarization technique is
valid provided that the mobility of electrons is constant and inde-
pendent of the activity of Na.

Egan and Freyland (l11) have developed a defect model for molten
NaBr-Na mixtures based on studies of solid alkali halides with excess
metal by Krdger (12) and Wagner (13). Upon dissolution of metal the

following is a qualitative description of what takes place. In the
pure stoichiometric salt the concentration of electrons and electron
holes 1is equal. When Na is added the concentration of electrons

increases. TUpon further addition of Na the concentration of electrons
increases in proportion to the concentration of anion vacancies.
Formation of F-centers by association of electrons and anion vacancies
occurs upon even further addition of Na. At high activity of Na
F-center dimers are the predominant defects. The concentration of
defects as a function of the activity of Na is schematically presented
in Figure l. Quantitative relationships are obtained by applying the
law of mass action. 1In particular, the concentration of electrons is
obtained as a function of Na activity. This model may also be applied
to similar systems such as NaCl-Na. The model provides a quantitative
correlation between the thermodynamic and optical, magnetic or
electrical properties of the systems.

EXPERIMENTAL

The experimental cell, which is shown in Figure 2, consists of a
tantalum crucible (6) containing NaCl (4) in contact with a Na-Bi
alloy (15 mol % Na) (5), a reference electrode with a Na-Bi alloy of
known composition (3) and an inert Ta electrode in a sapphire tube (8)
of known geometry. The sapphire tube is filled with electrolyte, and
the Ta electrode and the sapphire tube form a vacuum tight seal pre-
venting the evaporation of Na. The activity of Na in the bulk NaCl
(4) is controlled by equilibration with the Na-Bi alloy (5) of known
activity. A constant current is applied through the cell making the
Ta cup positive and the Ta electrode inside the sapphire tube nega-
tive. The potential between the electrodes is measured as a function
of time, and the stationery value obtained after a long time (40 min)
is recorded. A series of such corresponding potential versus current
data is measured so that the electronic conductivity can be calculated
as a function of potential according to equation 2. The cell constant
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is determined by the geometry of the sapphire capillary. AC
resistance measurements are also made periodically between the Ta
electrode and the large Ta cup as a control. The composition of the
Na-Bi alloy in the large Ta cup is also checked after each run by a
titration method involving the reference electrode. All Na is coulo-
metrically removed from the reference electrode and then added again
until the potential between the reference alloy and the larger Na-Bi
alloy is zero. The composition of the Na-Bi alloy is then known, and
the activity of Na is calculated from thermodynamic data for Na-Bi
alloys (14-17).

RESULTS AND DISCUSSION

The current versus potential data obtained for the NaCl-Na system

at 900°C are shown in Figure 3. Similar results were obtained at
850°C. The experimental data were fitted to an arbitrary exponential
equation, and the solid 1line in Figure 3 was calculated. The

derivative of the current with respect to the potential was calculated
for the I versus E curves for the potential region under study by
using a computer program. The electronic conductivity was calculated
according to equation (2),and the activity of Na was calculated as a
function of potential from the measured emf. The results are
presented in Figures 4 and 5 showing the relation between the
electronic conductivity and activity of Na in NaCl at 850 and 900°C.
Conductivity data at high activities from Bronstein and Bredig (18)
are given as a comparison, and by extending the present results to
high activities the agreement with literature data is reasonably
good. This agreement confirms the validity of the polarization
technique, and also implies that the electron mobility does not vary
much with Na activity.

The present results supersede those reported by Davis et al. (8)
because Na did not evaporate from the sapphire capillary. However,
evaporation of Na from the crucible occured during the experiment at
900°C. This caused a change in the composition of the Na-Bi alloy,
corresponding to a drop in Na activity from 7.0+107* to 6.5.107*. At
850°C, the alloy composition appeared to remain constant during the
experiment.

Values for the transport number of electrons can be calculated
from the following equation

te = Ke/(Kg + Kion) (3)

where Kjon is the specific conductivity of pure NaCl, which has been
determined by Van Artsdalen and Yaffe (19). The calculated transport
number of electrons and the electronic conductivity are given as a
function of concentration and activity of Na in NaCl at 850 and 900°C
in Tables 1 and 2. The concentration of excess Na is listed as §,
which is used as a parameter in the defect model, defined as
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§ = xyna/(l-xyz) (4)

where Xy, is the mole fraction of Na in NaCl. Data for the activity
of Na in NaCl have been published by Smirnov et al. (20) and shown in
Figure 6 as Na activity versus § at 900°C. These results were used
for calculating § as a function of Na activity in Tables 1 and 2.

Recent experiments in other alkali halides suggest that iron is
more suitable than tantalum as the inert electrode. Transient
techniques may also be applied to the same cell, and such experiments
can hopefully make it possible to determine the electron diffusion
coefficient and mobility.
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Table 1. Values for the Transport Number of Electrons and the
Electronic Conductivity as a Function of Excess Na (§) and
Na activity in NaCl at 850°C.

3 aNa te Ke chm™cm
.00016 .0005 .0013 .005
.00017 .0011 .0019 .007
.00019 .0025 .0029 .011
.00023 .0056 .0045 .017
.00032 .0129 .0072 .027
.00053 .0294 .0121 .046
.00103 .0673 .0225 .086
.00154 .1018 .0322 .125
.00191 .1251 .0391 .152
.00240 .1539 .0478 .188
.00305 .1893 .0589 .235
.00393 .2327 .0731 .296
.00513 .2862 .0913 .377
.00678 .3519 .1143 484
.00907 .4328 L1432 ,627
.01230 .5322 L1791 .818
.01688 .6545 .2228 1.075

Table 2. Values for the Transport Number of Electrons and the

Electronic Conductivity as a Function of Excess Na (8§) and
Na activity in NaCl at 900°C.

8 aNa te Ke chmumt
.00014 .0007 .0020 .008
,00016 .0015 .0029 .011
.00019 .0032 .0044 .017
.00025 .0072 .0068 .026
,00039 .0158 .0108 .042
,00070 .0349 .0184 .072
.00149 .0770 .0348 . 139
.00229 1144 .0502 .204
.00289 .1395 .0609 .251
,00371 .1700 .0745 .311
.00480 .2072 .0915 .389
.00630 .2526 L1129 .492
.00836 .3079 .1394 .626
.01122 .3753 .1720 .803
.01523 .4575 L2116 1.047
.02090 .5576 .2586 1.348
.02897 . 6797 .3130 1.761
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Abstract

A partial structure factor analysis (based on the chlorine)
isotopic substitution method in neutron scattering
experiments) of the solutions Ky(KCl)j_x with x = 0.8 and
0.6 shows how strongly. the hot 1liquid metal can be
structured by the introduction of salt. The measurement
of the structure factor of pure 1liquid potassium up to
700°C is used in the discussion. Extended sound modes
measured in the metallic regime were similar to the

ones observed in pure metal. With the addition of salt,
strong damping effects are observed and related to the
structuring effect created by the salt.

The addition of salt in a liquid alkali metal generates, over
a concentration range which depends on the metal, a non-stability
domain (miscibility gap) together with a strong scattering regime
for conduction. Near the pure salt limit of the phase diagram, the
short range order is related to full ionic bonding, the excess
electron becoming localized or solvated because of fluctuations of
the Coulombic potential assisted by local structure rearrangements
(1) (2). On the metal rich side, although thermodynamics (3)
predict a significant restructuring of the hot liquid metal by the
halogen ions, analysis of conductivity or excess magnetic
susceptibility data (4) dindicated nearly free electron
behaviour down to a very large fraction of salt (x = 0.5).

Theoretical models based on a single electron screening theory
(5) can reproduce the stability conditions and take into account
the screening length with a continuous fluid of electrons
interacting with finite sized ions. They do not consider the
restructuring of the metal atoms by the Lalogen ions, so that the
dielectric behaviour cannot be well represented.
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In this paper we want to demonstrate how the restructuring of
the metal atoms by negative ions can be described as a local
structure with short range order and additional strong interactions
leading to medium range order. If these structural effects exist
in the system, then the dynamics should be strongly affected. The
existence of collective excitations in liquids, as a result of the
solid state collective modes, is now well established (6) (7). 1In
charged liquids, the appropriate dynamical variables (linked to
mass and charge fluctuations) must vary in some wavenumber ranges
related to the interactions existing in the system. It is there-
fore interesting to measure the collective modes because they point
to vavenumber and energy domains where collisional processes can be
involved and influence the transport properties. This could, in
our case, help indirectly to specify the behaviour of the electron.

After a detailed description of the microscopic structure of
the metal-molten salt solutions in the metal rich and strong
scattering regime, we shall present below an analysis of the
effect of salt addition on the low energy excitations connected to
the density response function of liquid alkali metals.

I. Structural modifications induced in hot alkali metal by
addition of salt

The structural information were obtained from neutron
scattering measurements. We shall not describe here the analysis
of the data, which will be presented in a specialized paper (8).

Ve only point out the extreme difficulty in measuring low
scatterers like potassium. Moreover, at high temperature, the
weakness of the interference signal makes it even more difficult to
separate it from the diffusion of the sample environment (furnace,
container) or from contributions due to small amounts of impurities
such as hydrogen. The measurement of the temperature dependence of
the structure factor of liquid potassium allowed us, owing to the
relative simplicity of its analysis, to crosscheck the validity of
our data treatment. It also provides useful information for the
discussion of the metal partial structure factor in the metal -
molten salt mixture.

a) The pure metal structure

The structure factor of liquid K is known, not too far from
the melting point (9). Ve have measured its temperature dependence,
vhich is related to the density variation and to the number
fluctuations at the Q = 0 limit (Q = (4n/)\) sin O, where X\ is the
neutron wavelength and 26 is the scattering angle). Comparison
between experimental data and recent theoretical calculation is
excellent (10). The calculation of the structure factor S(Q) at a
given density is made with an effective potential and a
self-consistent integral equation (HMSA). This gives better
results than the OCP model. The data are presented in figure 1.
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b) Structure of the solutions in the metallic conduction regime

(12) (o > 5.10-3 ¢1 cem-1

The determination of the microscopic structure allows us to
obtain the local and the medium range order. Neutron scattering,
using isotopic substitution, is the only technique able to give
this type of information on a large momentum transfer range with
possible extrapolation to the thermodynamic limit (Q=0). Recent
improvements of the high flux reaetor instruments (ILL Grenobleg
have been described (11). They permit us to analyse the K_(KCl),_
structure, i.e. one of the most difficult binary mixtures studiei
up to now. Figures 2a and 2b give the three total structure
factors obtained by varying the chlorine isotopic compog¢ition at a
fixed salt_concentration. The low statistical accuracy obtained
with the 37C1 sample comes from a corresponding relatively low
counting time. These structure factors are typical of My(MX)j_x
mixtures. The curves are more or less structured according to the
scattering length of the chlorine isotope as compared to that of
the alkali metal. The large diffusion at low momentum transfer is
due to fluctuations existing in the vicinity of the phase
separation region.

In figures 3a and 3b, we give the partial structure factors
extracted from the resolution of the linear system of equations
formed by the above total structure factors. These partial
structure factors are worth a few comments.

For the composition Ko ,g(KCl)p,2,the potassium partial
structure factor is not very different from that of the pure metal
given for comparison, except at low momentum transfer. There is a
correlation between the potassium and the chlorine partials, which
have similar peak positions but different peak intensities. The
CIK partial exhibits the enhanced stability of the unlike atom
interaction at a momentum transfer value slightly smaller than in
the case of pure molten salt (ky). Medium range order effects are
apparent in all partials at low momentum transfer. This produces a
hump at about 1 -1 in the CIK partial.

The partial structure factors were also obtained for a higher
addition of salt into the metal, Ko, ¢(KCl)g,4. The temperature was
kept equivalent for the two concentrations ((Texp - Tn,p)/ T,

1.1). Ve see very significant differences between the partiafs at
80% and 60% metal concentration : enchancement of structure of the
partials at large Q values, symmetric pattern for the like-ion
partials, strong structuring of the KK partial at large Q,
accompanhied by a significant decrease of the first peak intensity.
At Q values around 1 A-1 a strong hump is now obtained in the C1K
partial but we shall not comment on it, The low Q part of this
diagram is still investigated for possible systematic errors.
At large Q values, we have not yet quantified with accuracy the
nearest neighbour coordination number between unlike ions,
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corresponding to the characteristic wavenumber ky, nevertheless a
rough analysis gives a value of 4. This fourfold coordination
seens favourable in monovalent ioni¢ systems in which Coulombic
forces are involved (2). A model for electron localization with
the assistance of neighbouring K* ion relaxation gives a coor-
dination of four (1). In compounds where a partial covalent
contribution to the binding exists, d low coordination is favoured
(2), vhich could in turn favour a high cationic mobility. Further
work is being done in order to prove if small additions (< 10%) of
molten salt into a hot alkali metal ¢ould stabilize the fourfold
coordifiation at the same time as the metallic interaction between K
atoms decreases. Of course, such a structural effect in a metallic
liquid must influence its dynamics, in particular, the collective
particle motions.

II. Preliminaries on the dynamics 6f a hot alkali liquid perturbed
by dissolution of salt

Neutron scattering experiments allow us to measure the
coherent dynamic structure factor Spoh(Q,w) related to collective
particle motions in the system. The description of collective
fluctuations in a liquid is well analysed by the linearized
hydrodynamics as long as the wavelength of the fluctuation is much
greater than the atomic size. This is the case for light
scattering experiments where we can investigate heat and sound
modes: For fieutron scattering the wavelength of the radiation
becomes of the order of the interatomic distances and the concept
of extended modes is introduced (15). Neutron scattering
experiments on molten Rb at temperaturesslightly above the melting
point, show the existence of such extended sound modes for Q values
up to Qa = 1 (a, being the mean free path between collisions). The
data are well represented by three Lorentzian lines corresponding
to Rayleigh and Brillouin scattering or heat and sound modes,
respectively. In figure 4, the sound mode of liquid rubidium shows
a maximum at a Q value corresponding to half of that of the maximum
in the structure factor (16). In ionic liquids, it has been proven
useful to introduce the mass density and charge density fluctuation
variables (2). Suym(Q,w) is, at low Q and ®w, isomorphous to the
hydrodynamic structure factor of a monatomic liquid.

We also present in figure 4 some experimental results on a
solution of Rbg, 9(RbCl)(p, 1,which is, in first approximation, of
purely metallic character, and on Rbp,g(RbBr)g, 9 sample,which
should have the same structural properties as Kg,g (KCl)g,2.
Details on the experiment and its analysis are published separately
(17).

The dispersion of the mass density as a function of momentum
transfer given in figure 4 for the M-MX solutions is obtained from
the side peak positions in the inelastic scattering spectra
measured on a triple axis spectrometer. The positions obtained on
the energy loss and on the energy gain side are represented



separately. In the hydrodynamics regime, these positions at + uy
are related to the adiabatic sound velocity. Therefore the
knovledge of the pure metal sound velocity allows us to draw the
hydrodynamic regime limit in the case of the strongly metallic
concentration.

No significant difference is detected in the dispersion law of
Rbg,9(RbCl)g,1 as compared to pure Rb. This confirms the
assumption that at this concentration, we remain in the metallic
regime. And the sound velocity should not vary much from the pure
metal one. At higher dilution of the metal, the results are not
equivalent. Although the weakening of the signal renders the data
analysis extremely difficult, some trends seem to be observed. A
gap seems to occur at 1 A-1." A similar one is observed in argon
(7). This might come from the coupling between collective
acoustic motion and the structure of the liquid shown in the
partial structure factors. Also interesting is the extrapolation
to the hydrodynamic regime. From the shape of the dispersion law,
one wvonders if the isothermal sound velocity of this mixture does
not become anomalous.

Further studies should be made on the damping of the
collective modes, which might turn out to be of general importance
for the ionic and electrolytic liquids. Indeed, in a study of
collective excitations in electrolytic glasses at very low water
content, ve detected (18) low frequency harmonic modes (up to 4
meV), in addition to the sound modes,and a damping of these modes
occurs at the glass transition. The structured picture of the M-MX
solutions in the strong scattering regime and its effect on
collective motions are beginning to be deciphered.
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Figure 1 : Structure factor of liquid potassium at several
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Figure 3a : Partial structure factor for the Kg, g(KCl)g, 2 solution.
The structure factor of pure potassium at 700°C (---)
is drawn for comparison on the Sgg partial,

The central line (k,) of the triple hump characteristic
of the pure ClK pattern is marked.
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Figure 4 : Upper curve - The dispersion of the collective density
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Central curve - The dispersion of the collective density
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Lower curve - The dispersion of the collective density
fluctuations in Rbg,g(RbBr)g. 2.
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ABSTRACT

The dynamic ionic conductivity of the molten salt

3 KNO;'2 Ca(NO;). has been measured in the coaxial-
waveguide frequency range from 100 MHz to 18 GHz, at
temperatures between 422 K and 478 K. The conducti-
vity is found to display the dispersion that is
characteristic of the so-called "universal dielec-
tric response". A similar dispersion was observed
earlier within the glass-transformation temperature
range around 345 K, at frequencies below 1 MHz. The
present results are interpreted in terms of a simple
jump-relaxation model. The model involves only one
reorientational relaxation time. This time and its
temperature dependence turn out to be close to those
derived with the help of other techniques.

INTRODUCTION

The glass forming molten salt 3 KNO,* 2 Ca(NO,;), is
a simple ionic system with interesting dynamic properties.
Relaxation-type processes have been observed by different
techniques in this system (1-6), and the (average) relaxa-
tion time has been found to vary by more than ten orders
of magnitude, if the temperature is changed from 330 K to
650 K (7).

In 3 KNO,*2 Ca(NO;)., the glass transformation range
extends roughly from 330 K to 360 K (7). Within this range,
the system is known to show the characteristic features of
the so-called "universal dielectric response" (8), compri-
sing in particular the power-law behavior of the frequen-
cy dependent electrical conductivity, o'(v). The existing
data are limited to frequencies below 1 MHz (4). The shape

* Present address: Institut fir Physikalische Chemie der
Gesamthochschule Siegen, 5900 Siegen, ®Bermany
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of ¢'(v) has been described by a distribution of relaxation
times (7) and by a "fractional exponential" relaxation
function (9,7). These are however merely formal representa-
tions which do not a priori convey any microscopic insight
into the actual relaxation process.

The technique of Brillouin scattering has been
applied to analyze the structural relaxation in molten
3 KNO; - 2 Ca(NO;), in the high-temperature, high-frequency
regime (5,6). The spectra yield the temperature depen-
dence of the velocity and attenuation of sound waves at
frequencies of about 10 GHz. The modulus representation
has been used to discuss the data, see (7), and it has
been argued that a single relaxation time should suffice
to describe the relaxation in the melt (5), at least if
the temperature is sufficiently high, i.e., at T > 473 K
(7). This assumption implies that the dynamic conducti-
vity should be constant, showing no dispersion at fre-
quencies close to the inverse of 2n times the relaxation
time (10).

In our present study we have measured the dynamic
conductivity of molten 3 KNO;- 2 Ca(NO,), at radio and
microwave frequencies in order to test the validity of
the above assumption and, more generally, to learn more
about the short-time relaxation processes in this mate-
rial. In the following we will show that even at 478 K
the conductivity is found to display the typical disper-
sion already known from the low-temperature, low-fregquen-
cy conductivity spectra mentioned above (4). Our present
results will be interpreted in terms of a simple jump-
relaxation model. The model involves only one relaxation
time. This time and its temperature dependence turn out
to be close to those derived from the Brillouin scat-
tering data (6,7) and from the shear wviscosity (7).

EXPERIMENTAL

The sample was prepared from reagent grade chemi-
cals. Ca(NO,;),°4 H,0 was dehydrated in a vacuum chamber
for four days, at temperatures increasing up to 220 °C.
During the dehydration process, it was intermittently
ground and analyzed gravimetrically. The KNO, was dried
at 180 °C for two days. The necessary amount of Ca(NO;),
was then dissolved in the KNO,; melt.

Fig. 1 is a block diagram of the experimental set-

up used for the high-frequency measurements. An hp 8350 B
sweep oscillator and an hp 8757 A scalar network analyzer
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are both controlled by an hp 9000 (series 300) desk-

top computer. The arrangement of Fig. 1 permits

fully automated swept measurements. The quantities
measured are the absolute valugs of thg complex transmis-
sion and reflection factors, |t| and |T|, of the sample
part of the coaxial waveguide system. An exploded view
of the sample assembly is shown in Fig. 2, along with a
schematic representation of the nine individual travel-
ling waves in the various media, i.e., in air, in the
window material (teflén), and in the molten salt itself.
Let us denote the nine complex Qmplituges of the respec-
tive radial electric fields by E,; to Egs. The measured
scalar quantities may now be written

~ A A
|t} |Eos/Eo1 | (1)

and

IQI |ﬁ02/§01| . (2)

The eight ratios, §02/§01 to gus/§0,, are uniquely
determined by the dielectric and electric properties of
the materials involved and by the requirement that the
(transverse) electric and magnetic field components be
continuous at the interfaces. The continuity conditions
give us a set of eight simultaneous cofple equat;onsh
which are linear in the eight ratios, E,,/Es; to Ege/Eos,
but transcendental in the dielectric and electric proper-
ties of the sample. It is therefore not easily possible
to compute thehcomplex permittivity, 2(v), or the complex
conductivity, G(v) =i2nve,&(v), directly from |[E| and
|Z|. The set, of gquations ig however easily solved for
the ratios, Eq./Eq: to Egs/Eq:, if one assumes certain
values of the real parts of €(v) and 8{v), which are
calleg e'iv) and o'(v). Transformation networks (¢',e')
«> (|€|,|%]) may thus be prepared, and this has been
done for each frequency and each sample length. An
example is shown in Fig. 3. In the experiment both
permittivity and conductivity of the sample are automati-
cally read from the relevant network and immediately
plotted as functions of frequency.

RESULTS
Fig. 4 is a log-log plot of the conductivity, o¢’',
versus frequency at 453 K. The figure shows that different

sample lengths yield consistent results. It also gives an
impression of the scatter of the experimental data. The
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mean values of the different 453 K runs are replotted in
Fig. 5, together with data obtained at 422 K and at 478 K.
It is evident that the spectra of Fig. 5 are very similar
to those of Ref. (4). It is also noticeable that a trend
already visible in the low-temperature results (4) is now
continued: with increasing temperature the increase of
6'(v) is found to begin at higher and higher frequency.

The relative permittivity, e€'(v), is found to de-
crease continuously within the experimental frequency
range. At 453 K, for instance, it is 47 + 5 at 100 MHz
and 10 + 4 at 18 GHz. The mutual consistency of the
conductivity and permittivity spectra has been checked
with the help of the Kramers-Kronig relations.

At sufficiently high frequency, when the relaxation
cannot follow the changing electric field any more, e€'(v)
tends to a limiting value, e€'(«x). That value is not
causally related to the relaxation, but independent of
it. It is therefore sensible not to include ¢'(~) when
plotting functions that characterize the relaxation. This
holds in particular true, if the relaxation is represen-
ted in the complex conductivity plane. In Fig. 6 we have
thus plotted o"(v)-wej e'(w) against o'(v), at 453 K,
assuming e€'(o) to be 7, 8, or 9. In each of these cases
we observe the formation of an almost circular arc in the
complex plane. The centers of the arcs are displaced
below the real axis.

The measurements are being continued in the rect-
angular-waveguide frequency range above 18.5 GHz in order
to determine €'(«») as accurately as possible and to search
for a limiting high-frequency value of the conductivity,
6'(o). It will then be possible to choose the proper arc
of Fig. 6 and to complete it on its high-frequency,
high-conductivity side, until it meets the real axis
again at o'= ¢'(=).

DISCUSSION

The dispersion observed in the molten salt 3 KNO,-
2 Ca(NO,;),, see Figs. 4 to 6, is of the general type
found also in many other ionic and polaronic conductors
including glassy and crystalline solid electrolytes.
The characteristics of the dispersion include the
power-law behavior of ¢'(v) at sufficiently low temper-
ature and the formation of almost circular arcs with
depressed centers in the complex planes of conducti-
vity, impedance, and permittivity. The generality of
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the phenomenon was first noticed by Jonscher (8) who
termed it "the universal dielectric response".

Microscopically, an understanding of the "universal
dielectric response" requires the solution of a complica-
ted many-particle problem. A very general model was put
forward by Ngai (11). However, the model does not give a
kinematic description of the microscopic dynamics. The
same is true of other models that have been proposed (12).

More recently, a rather simple kinematic jump-re-
laxation model has been suggested by one of us (K.F), see
(13,14). It applies to any structurally disordered system
of mobile charge carriers and is able to predict the main
features of the "universal dielectric response". In
particular, the solid lines of Figs. 5 and 6 have been
calculated from this model. In addition to the 1lines,
which fit the data very well, Fig. 5 also contains arrows
marking particular frequencies. These are defined by v =
1/(2n7), where 7 is a reorientational relaxation time, see
below. Compared with the relaxation times obtained from
the shear viscosity and from Brillouin scattering (7), the
present values are shorter roughly by a factor of four,
but they have the same temperature dependence, see Fig. 7.

The basic idea of the jump-relaxation model is sket-
ched in Fig. 8. In the figure, the momentary position of a
mobile charge carrier (an ion) is denoted by A. The ion may
hop to a neighboring position B, which requires some acti-
vation energy A. Now the model assumes that, if the ion
resides at A, the neighborhood is structurally relaxed with
respect to A. The ion therefore experiences a "conditional
effective" single-particle potential which is normally
higher at B than at A, see Fig. 8 a. As a consequence, the
barrier height for a backward hop, 6§, is smaller than A, at
least immediately after the hop from A to B.

Suppose the ion hops from A to B at time t = 0. We
then have to consider two competing relaxation processes
at times t > O:

(i) The ion hops back to A. The correlated forward-back-
ward hopping sequence thus performed contributes to
the dynamic conductivity only at sufficiently high
frequencies, but not at low frequencies.

(ii) The neighborhood relaxes with respect to B. The re-
orientation of the neighborhood is characterized by
some reorientational relaxation time, 7, and results
in the formation of a new absolute minimum of the
conditional effective potential at B. In this case
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the initial hop has eventually proved successful
and thus contributes to the dc conductivity.

It is important to note that the backward barrier
height, GB*A(t), see Fig. 8 b, increases as the ion stays

at B. Therefore, the relaxation time of the back-hop
process increases. The relaxation is thus slowed down
as time goes by. The resulting spectra hence look as
if there were a "distribution of relaxation times".

The model considers the probability, W(t), that the
correlated backward hop has not yet been performed at time
t. A rate equation and simple geometrical arguments lead
to a closed algebraic expression for W(t), which makes use
of the exponential-integral function (14). A useful
approximation is

W(t) ~ exp{-2A(l-exp(-t/7))-(A-8)/kT} , (3)

where A is some constant of the order of one and 7 is

again the reorientational relaxation time of the neighbor-
hood. The approximation of Eq. (3) is wvalid, if (A-68)/kT < 1.
Neglecting the finite duration of hops, the velocity
autocorrelation function of the hopping motion may now be
written

<v(0)- v(t)> = const.-{8(t)+W(t)} , (4)

hops

where 6(t) is the delta function. The (frequency dependent)
coefficient of self-diffusion is obtained from Eq. (4) by
Fourier transformation, and the conductivity is formed with
the help of the Nernst-Einstein equation. Cross terms are
neglected. The procedure yields the expression

3(0) = (1+ [W(t)exp(-iwt)dt)-C/(7-T). (5)
[/

The solid lines of Figs. 5 and 6 have been obtained
with the particular parameter values A = 1, (A-6)/k=600 K,

and C = 8'10_10(Ks)/(0cm). Instead of Eq.(3) we have
however used the respective expression given in Ref. (14).
The optimum values of the relaxation time 7 are those
plotted in Fig. 7. Note the changing slope of log 7 versus
1/T. From our present data, this variation is found to be
quite similar as in Ref.(7), see Fig. 7. The temperature
dependence of the relaxation time shows that A is much
larger than KT (A = 9.5 KT at 493 K, see (7)). The differ-
ence, (A-6) ~ k-600 K, is thus found to be considerably
smaller than the barrier heights, A and §, themselves.
Nevertheless it is this difference that causes the entire
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dispersion observed in the present study.

CONCLUSION

The dynamic conductivity of the simple molten salt
3 KNO,;-2 Ca(NO,;), has been determined in the radio and
microwave frequency range up to 18 GHz. A pronounced
dispersion has been detected. The shape of the frequency
dependent conductivity is similar to that of the low-
temperature, low-frequency spectra (4). The present data
have been shown to be consistent with a simple jump-re-
laxation model (13,14). Application of the model yields a
reprientational relaxation time whose temperature depen-
dence is in agreement with results obtained earlier from
other techniques (7).
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ABSTRACT

The specific electrical conductivity of the NbClg-NaCl-KCl
(NaCl:KC1l=1:1) pseudo binary system was measured because of interest
in the molten salt electrolysis of niobium from its chloride melts.

The phase diagrams of these systems have been determined by
differential thermal analysis. The results show a trend similar to
that of the NbClg-NaCl and NbClg-KCl systems.

The electrical conductivity of melts increases with the increase
in temperature. Two liquid phases were observed in the region rich
in NbClg. Conductivities of pure NaClg and TaCls were determined
between the melting point and the boiling point using a pyrex glass
cell with a small cell constant.

In the same manner, the conductivity of the TaClg-NaCl-KCl pseudo
binary system was also considered with the goal of obtaining high
purity tantalum by molten salt electrolysis.

INTRODUCTION

Niobium has recently become of major interest in high technology
applications such as nuclear reactors and as a superconductor
catalyst. Pure tantalum metal is also important as a capacitor.

Pyrochlore is the most important source of niobium because of its
great abundance and low tantalum content (1-4). A recent trend of
ore producing countries such as Brazil is that of exporting
ferroniobium instead of the ore. Imported ferroniobium accounts for
more than 607 of all niobium supplied to Japan.

As ferroniobium becomes a main source of the world's niobium
supply, investigation of niobium production directly from
ferroniobium is needed urgently. We have studied the chloride
process and molten salt technology which are the most applicable to
purification and synthesis of new materials (5,6). These studies
present possible separation processes of niobium from ferroniobium
which yield pure niobium chloride. It is feasible to consider
producing niobium metal from niobium chloride by electrolysis in
molten chloride salts.

In this paper, the specific electrical conductivity and the phase
diagram of the NbClg-NaCl-KCl pseudo binary system were investigated.
Another pseudo binary system of TaClg-NaCl-KCl was also considered
for the production of high purity tantalum metal using chloride
electrolysis.
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EXPERIMENTAL

Chloride preparation
Anhydrous NbClg was prepared by reacting 99.77% niobium metal

powder with a small amount of carbon and dry Cl; gas in a
chlorination apparatus at 300°C. Anhydrous TaClg was prepared in the
same manner using 99.57 tantalum metal. The mixture of NaCl and KC1
was dehydrated by passing dry HCl gas into the NaCl-KC1(1:1) melt at
750°C. These dehydrated chlorides were transfered to conductivity
cells or DTA cells in an argon filled dry box.

Conductivity Measurement

The conductivity cells (a) were made of pyrex glass or quartz
with a 1 mm diameter tungsten rod welded to tungsten foil as shown in
Fig. 1. The cell resistance (0.2-0.33"1) is negligible compared to
the salt bath resistance of 100-200S~1 (cell constant=100-200cm™l).
Another type of pyrex glass cell (b) with a small cell constant
(~2.0cm™1) was used for pure NbClg and TaClg because of their small
specific electrical conductivities (107® S/cm). Electrical
conductivity was measured by the AC bridge method at 1-10 kHz as
shown in Fig. 2.

Differential Thermal Analysis (DTA)

DTA was used to determine the phase diagrams. The cells were
made of pyrex glass or quartz with a thermocouple well at the bottom
(Fig.3). The cell was sealed under vacuum. The heating rate was
10°C/min.

NbC1lc-NaC1-KC1(1l:1) Pseudo Binary Phase Diagram

The phase diagram of this pseudo binary system is presented in
Fig.4. The melting points of each component (204°C for NbCls, 647°C
for NaCl-KCl (1:1)) agree with previously reported values (204 and
645°C) (7,8). Other studies report 1:1 compounds such as NaNbClg
(tetragonal) and KNbClg (cubic) in the NbC1l5-NaCl and NbCls-KC1l
binary systems (9-11). In the NbClg rich region a, B, Yy, and ary
interphases were observed as in the NbClg-KCl system. In the NaCl-
KCl rich region three transformations were observed as in the NbClg-
KC1l system. Unfortunately there is no structural reference to the
above transformations. Two liquid phases are also observed in the
NbClg rich region.

Specific Electrical Conductivity of NbClc and TaCle

The specific electrical conductivities of NbClg at elevated
temperatures are shown in Fig. 5. The specific electrical
conductivity of pure NbClg from 204°C (m.p.) to 253°C (b.p.) is
1.0x1079S/cm, a very low value, which is characteristic of molecular
melts. The conductivity of NbClg increases slightly with increasing
temperature. The value of 9.4x1077S/cm (218°C) shows good agreement
with that of Blitz (2.2x1077S/cm at 220°C)(11). Often the very small
conductivity of NbClB melt is augmented by the presence of highly
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conductive impurities such as HCl. However, since the measured
specific conductivities are in agreement, and the NbClg was prepared
in different ways, it is likely that the measured conductivity arises
only from the dissociation of NbClg itself.

Specific Electrical Conductivity of NbClg-NaCl-KCl Pseudo Binary
System

Fig.6 shows the temperature dependence of the conductivity for
the NbClg-NaCl-KC1l system. When a small amount (10molZ) of NaCl-KCl
is added to pure NbCls, the conductivity rises to a very large value.
It also increases rapidly with increasing temperature. This suggests
that the conductivity mechanism changes from molecular NbClg to an
ionic species. From 80 to 60 moleZ composition of NbClg,
conductivity changes only slightly. In this composition range there
are two liquid phases (Fig.4). The upper layer is pale brown , the
lower is black. The conductivity of the latter liquid was measured
because the electrode made contact only with the heavier black
liquid. This phase corresponds to the (Na,K)NbClg eutectic melt. In
the NaCl-KCl rich region, conductivity increases with the increasing
concentration of ionic species.

The specific electrical conductivity isotherms for this system
are shown in Fig. 7. There are three regions to the composition
dependence of conductivity: I, a rapid increase region with low
conductivity; II, a flat region; III, a gradually increasing region
with high conductivity. Region I represents the transition from
molecular to ionic conductivity. Region II corresponds to the two
liquid phase of this system. Region III is influenced primarily by
the contribution of the increasing concentration of the NaCl-KCl
electrolyte.

The relation between log K and 1/T for NbClg-NaCl-KCl pseudo
binary system is linear .for almost all compositions (Fig.8).

However, in the area of 90 molZ NbClg two slopes appear which
correspond to the changes of the melt structure. The activation
energy of 3 kcal/mol is close to that of alkali halide melts.

The phase diagram and conductivity for the TaClg-NaCl-KCl pseudo
binary system will be presented in detail. Viscosities and densities
of the above systems will be also reported.
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ABSTRACT

The internal cation mobilities of the molten bi-
nary system (Na,NH4)N0 have been determined
from the data on mobility ratios and electric
conductivities; the former and the latter have
been measured with the Klemm method and the
direct current method, respectively. 1In all ac-
cessible conditions, the mobility of NH4+ ions
is greater than that of Na‘t ions, that is, the
Chemla effect occurs. Based on this information,
the countercurrent electromigration_method pre-
viously presented for enriching Li has been
improved; in the previous study °Li was enriched
in the region of molten LiNO3 adjoining molten
NHyNO; placed toward the cathode. 1In the pre-
sent study a small zone of NaNO3 attempted to
form between these two melts in a separation
tube. By this method, the outflow of Li* ions
into the cathode compartment by electromigration,
ghich is seriously unfavorgble to enrichment of
Li, can be prevented. Li has been enriched
from 7.4% to 73.0% in 25 days without any trou-
ble from material corrosion.

INTRODUCTION

In a previous study (1), we succeeded in enriching 611
by countercurrent electromigration; molten LiNO3 and
NH,NO3 were arranged in a separation tube and a cathode
compartment, and heated at about 300°C and 180°C, respec-
tively. A part of the separation tube was packed with
alumina powder, and the boundary region between the two
salts, where "Li was to be enriched, was formed near the
end part of the separation tube adjoining the cathode
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compartment.

The position of the boundary is settled by the balance
of electromigration flow and countercurrent flow. When
the electromigration flow overcomes the countercurrent
flow, Li* i%Ps flow into the cathode compartment and en-
richment of °Li will not take place. However, maximum
electromigration flow is desirable for higher enrichment
of ®Li within the limit that this flow is balanced with
the counter flow.

In order to avoid an immediate outflow of Li* ions
into the cathode compartment by an uncontrollable over-
current flow, in the present study we have devised a way
of forming a small zone of another salt between the two
salts. The cation mobility of this third salt should be
intermediate between those of Li* and NH4+ ions. One of
the potential salts as the third salt is molten NaNO3. It
had been known that by; < by, at the whole concentration
region in the system (Li,Na)N 3 (2) and that by; < byyg at
all accessible conditions of concentration and %emperature
in the system (Li,NH4)NO3 (3), where b, is the internal
mobility of cation x. Thus, we have measured the internal
cation mobilities in the molten binary system (Na,NH4)NO3.
After confirming_ that byg < ﬁ§H4 in this mixture, we have

tried to enrich °Li by uSing NaNOj as the third salt.

EXPERIMENTAL

Internal mobility in (Na,NH4)NO melt

The relative difference in the internal cation mobili-
ties in the molten binary system (Na,NH4)NO3 was measured
with the Klemm method. The electromigration cell and the
procedure were similar to those previously used for the
study of (Li,NH4)NO melts (3). The chemicals of reagent
grade were used. is the salt in the large cathode com-
partment, a mixture of (Na,NH4)NO of the eutectic composi-
tion (xNa=0.20) was employed. n the present study, an
ion chromatographic analyzer (IC500S) made by Yokogawa
Electric Corporation was used for quantitative analysis of
Na* and NH4+ ions whereas in the previous study (3) the
flame spectrophotometry and the Kjeldahl method were
employed for the determination of Lit and NH4+ ions,
respectively.

The electric conductivity was measured with a direct
current method by use of a cell of the type proposed by
Duke and Bissell (4). The cell was made of transparen
silica. The cell constant was measured to be 14.40cm”
with a standard KCl aqueous solution. The NaNO3 and
NH/NO; were vacuum-dried at 120°C and 60°C, respectively,
overnight before use. These measurements were performed
in the temperature range of 160 to 180°C at XNa ¢ 0.3 in
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the light of the phase diagram of this system (5) and the
thermal decomposition of NHyNO3 (6).

Enrichment of °Li

An electromigration cell of a horizontal type was used
(Fig. 1). This was similar to those used in the previous
study (1). The part containing the anode compartment and
the separation tube was somewhat different from the pre-
vious one; the separation tube was inserted and connected
to the anode compartment tightly from the side wall and
the end of the tube was turned upward as shown in Fig. 1,
so that the cementation of the quartz wool by setting it
from the outside became much easier than in the previous
experiments. This quartz wool played a role in keeping
powder dense during electromigration, which is essen-
tially important for stable electromigration for a long
period. The separation tube was packed as densely as pos-
sible with alumina powder of ca. 50 pym. The cell was
wound with the nichrome tape.

Lithium nitrate of reagent grade was vacuum-dried
overnight at 120°C before use. It was put into the heated
separation tube through the large anode compartment.
After it melted and spread over the diaphragm, a small
amount of molten NH,4NO, and ca. 0.4 g of NaNO3 were poured
into the cathode compartment. Then the electromigration
was started with increasing electric current gradually to
ca. 350 mA. During the initial period of electromigration
for ca. 8 hrs., more NH4NO, melt was added to the planned
level.

About 30 g of NH,/NO3 melt was supplied per day to com-
pensate the expended NH4NO; due to the thermal- and
electro-decomposition. A small portion of NHyNO3 melt in
the cathode compartment was sampled for chemical analysis
of Li* and Na‘t ions with flame spectrophotometry at inter-
vals of a few days. For the initial few days 350 mA was
supplied and the Lit and Na* contents in the cathode com-
partment increased considerably. Thus, it was lowered to
320 mA after 5 days from the beginning, and after that it
was not necessary to adjust the current. Main experimen-
tal conditions are given in Table 1.

After 25 days, the electromigration was terminated,
all the NH,NO3 melt in the cathode compartment and the
LiNO, melt in the anode compartment were taken out by
tilting the cell, and then the cell was allowed to cool.
After rewinding the nichrome tape, the separation tube was
cut into pieces for chemical analysis and the isotope
ratio measurement. The isotope ratio was measured with a
Varian MAT CH5 mass spectrometer.
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RESULTS AND DISCUSSION

Internal mobility in (Na,NH4)NO3 melt
The relative difference, g, in the internal mobilities
of the two cations is defined as

€=(bNa—bNH4)/bi (1)

where b = xy HabnHa - The € values are calculated
from the amoun of tﬁe ca 1ons in the separation tube and
the transported charge by use of an equation presented in
Ref. 7 . The internal mobilities of these ions are calcu-
lated from

byag = («kV / F )( 1 + xypge ) (2a)
and byga= ( KV / F)(1 - %y, €) (2b)

where K and V are the conductivity and the molar volume of
the mixture, respectively, and F the Faraday constant.
The values of V for the mixture are evaluated from the two
neat salts on the assumption of the additivity of the
molar volume, which holds well for many mixture melts.
For this evaluation the data on the molar volume of neat
NH,NO3 melt are taken from Ref. 8 and those of neat
NaNOg melt are extrapolated with respect to temperature
from those of the melt (9). The electric conductivities
measured for mixtures of some concentrations are given in
Table 2, Since NH is slightly decomposable even at
the melting point an one of the decomposition products is
water (10), the bubble and the water are supposed to have
affected the conductivity measurement to some extent.
Therefore, the obtained data would not be so accurate as
those so far presented for such salts as alkali nitrate
melts.

The isotherms of b and b are shown in Fig. 2. As
seen from Fig. 2, the mob111ty oé the larger catlon, NH4
is greater than that of the smaller one, Na®, under all
the accessible conditions; the Chemla effect occurs. Thus,
as far as the mobilities are concerned, molten NaNO, can
be used as the salt located between LiNO3 and NHyN 3 in
the separation tube. The reason why the Chemla effect oc-
curs in this system is quite similar to that in the
(Li,NH4)NO3 system which was previously discussed (3).

Enrichment of ®Li

The distribution of the Li isotopes and the quantity
of Li*, Na‘* and NH4+ ions in the separation tube after
electromigration are shown in Fig. 3. Although NH4NO3
penetrated rather deeply into the separation tube, Na
ions were located around the boundary region between Li*

278



and NH4* ions. This shows that also in the ternary
mixture

bri < bys < bygg -

Since the electric curréent was quite high at the early
period of electromigration, Na* ions once entering the
separation tube would flow out of the tube. And the
amount of Na* ions in the catholyte would increase. Thus,
at this stage the Na' ions are supposed to have played a
role in preventing Li* ions from flowing out in large
quantities into the cathode compartment. Another possible
merit of using NaNO% is that the frontal part of LiNO5,
where enrichment of °Li is to be taken place, can be kept
at higher temperature. The isotope effect of Li* ions is
greater as temperature increases (11). When LiNO3 is con-
tiguous to NH,NO;, the temperature of the adjoining part
cannot be raised so high as, é.g., 300° C, Dbecause of the
vigorous thermal decomposition of NHyNO3 (6). This merit
will be quantitatively evaluated by numerical simulation
of the distribution of the chemical species and the Li
isotopes in the separation tube.

In the present run, Li has be%n most enriched in
graction No.5, where the ratio L1/ Li is 0.3701 (73.0%

Li).

A distinct enrichment of /Li is observed in fraction
No.17, where the cross sectional area changes drastically.
This kind of anomalous distribution of the isotopes was
observed also in the previous study (1). Klemm and Lundén
have argued that this kind of anomaly is caused by the
temperature gradient and the higher isotope effect of Lit
ions at higher temperature (11). As two tubes with con-
siderably different cross sections were connected, ‘the
temperature at the part of a smaller cross section should
have been higher than that at the part of a larger one.
The anomaly is not favorable to enrichment of Li;
however, this is not a serious problem. In the present
runy °~Li can be enriched without any trouble on material
corrosion.

The temperature of the catholyte was kept at 170 °cC
which was about 10°C lower than in the previous run (1).
This could decrease the amount of the decomposition of
NH,4NO5; in the present run about 30g of NH,NO3 was con-
sumed per day whereas in a similar previous run (1) about
40g was. Although the melting point of neat NH
169.6°C (5), it could be kept in a molten state a% 1 0 C
probably because of the presence of water as its decom-
position product.

Addition of (NH ) 2504 into NH4NO3 in the cathode com-
partment is now planned since it depress the decomposi-
tion of NH,NO3 to some extent (12).
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As the separation tube was directly heated with the
nichrome tape in the present run, it was difficult to keep
the temperature constant and to measure it accurately.
This disadvantage may be solved by using a double-walled
separation tube where also in the outer part LiNO3 melt
is added to keep the temperature in the inside part
constant.

A convenient means for detecting the boundary is now
sought; if this is found, it will become easier to manu-
ally set the electric current to its highest possible
levgl, which is essentially favorable for high enrichment
of “Li.
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Fig. 1. Electromigration cell.

1: Mo lead wire, 2: Silicone stopper, 3: Vycor sheath for
the lead wire, 4: transparent silica vessel, 5:molten
NH4NO3 (cathode compartment), 6:Pt anode, 7: molten LiNO,,
8: Pt cathode, 9: quartz wool cemented to the wall, 10:
transparent silica tube, 11: alumina powder, 12: quartz
filter, 13: gas outlet, 14: chromel-alumel thermocouple,
15: sheath for the thermocouple, 16: support bar, 17:
anode compartment.
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Fig. 3. Distribution of the Li isotopes and the ions
Li*, Na* and NH,* after the electrolysis.

The amount of Lit and NH4+ per cm of tube length are
drawn upward and downward, respectively. The shadowed
part shows the amount of Na®t. The abscissa is the dis-
tance from the cathode end of the separation tube.

283



Table 1. Electromigration conditions.

Electric current (mA) 320
Current density (A/cm?)
4.3 mm int. diam. 3.7
12.0 mm int. diam. 0.37
Voltage (V) 90-95
Duration (d) 25
Transported charge (C) 676x103
Hydraulic head (cm) 28-33
Cell material Quartz
Packing material Alumina
Grain size (um) ca. 50
Temperature (°C)
LiNO ca.300
NH4NO3 ca.170
Amount of salt (g)
LiNO ca.160
NH4N 3 ca.190
Separation column
Length (mm) 135+113
Int. diam7 (mm) (4.3)(12)
Isotope ratio, Li/fLi
Original 12.56
In _most enriched fraction 0.3701
(%°Li) (73.0)

Overall separation factor
between the most enriched
fraction and the feed 33.9

Table 2. Experimental data on specific conductivities
in the system (Na,NH4)§O3.
k= aT + b ( kinS em™ 3 T in K )

XNa a b temp. range (K)
C0.000  3.70%1073  -1.28 143 - 453
0.103 3.44x10°3 -1.18 433 - 453
0.217 3.53x1073 -1.24 433 - 453
0.303 3.45x1073 -1.22 433 - 453
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ABSTRACT

Internal mobility ratios of two cations in the molten
binary system (Na, K)OH have been measured with the
Klemm method. From these and available data on the
densities and conductivities, the internal mobilities of
Nat and Xt ions (by, and by, respectively) have been
calculated. The Chemla effect occurs except at high
concentration of Na™ ions. by, and by decrease with
decreasing concentrations of NaOH and KOH, respectively;
by, is well expressed,except at a region of small molar
volume, by

by, = [A/(V-Vg)lexp(-E/RT),

where A, V5 and E are constant independent of
temperature T and molar volume of the mixture V.
Negative deviation of by, from this equation at low xy,
region is attributed to the free space effect traceable
to the small free space. The decrease of by with an
increase of NaOH concentration may be interpreted
qualitatively by assuming that the OH™ ions become less
mobile owing to the strong interaction with the Nat
ions.

INTRODUCTION

Molten alkali hydroxides are ionic liquids and therefore good

ionic conductors. However, fundamental properties of the melts
such as the structure and the mechanism of the ionic conduction
have not been much as investigated as other typical ionic melts
probably because of the technical difficulties due to the high
chemical aggressiveness of these melts.

The order of the molar conductivities, and therefore of the

internal cation mobilities b, of the following alkali hydroxides
is opposed to that of other usual melts:
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b(LiOH) < Db(NaOH) < Db(KOCH).

Thus, it is interesting to elucidate the mechanism of
the ionic conduction of the molten alkali hydroxides. For
this purpose, it is more informative to measure mobilities
in binary mixtures than in neat melts. The binary system
(Na,K)OH has been chosen for the present study, since data
on the densities and the conductivities (1)(2) are
available. For the measurement of ratios of the internal
mobilities of the two cations, the Klemm method,i.e., a
countercurrent electromigration method was employed. This
method is one of the most reliable and 1is insensitive to
a small amount of impurities such as water and carbonate
ions. This advantage is particularly important for the present
case.

EXPERIMENTAL

The electromigration cell shown in Fig. 1 was similar
to the one used for molten carbonates (3). The furnace
was a transparent one made by Trans. Temp. Co., U. S. A.

A mixture LiOH-NaOH-KOH of the eutectic composition
(9.5-49-41.5 mol %) (4) was used as the catholyte in the
large vessel, whichalso played the roleof a heat bath for
the separation tube. These chemicals were made by Kanto
Chemical Co. Japan (LiOH Hy,0: min. 95 % containing max.
0.5 % Li,CO3, NaOH: min. 97 % containing max. 0.8 % Na,CO
and KOH: min. 86 % containing max. 0.8 % K,CO3). Water
contained in these chemicals was mostly evaporated when
they were heated.

A mixture melt (NaOH-KOH) of a chosen concentration
was stored in another small vessel of alumina, and bubbled
at 723 K with dry N, gas, which had passed through conc.
sulfuric acid and molecular sieve 4A, at least for 12 hr
for dehydration (5). The chemicals NaOH and KOH used in
this vessel were the ones made by Merck Co. Ltd. (NaOH:
min. 99 % containing max. 1% Na,CO3 and KOH: min. 85 %
containing max. 1% K2C03). Water content of the melt was
measured with Karl Fischer's method (e.g., for a 50-50 mol
% mixture less than 1.7%).

Two alumina tubes with different diameters (outer
dia.: 6 mm and 16 mm ; inner dia.: 4 mm and 10 mm,
respectively, Jd-alumina SSA-S made by Nihon Kagaku Togyo
Co. Ltd.) were connected with alumina cement (Aron Ceramic
D made by Toagosei Chemical, Japan) and employed as a
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separation tube. The separation tube was packed over 150
mm long with alumina powder of 150-180 um. Both the top
and the bottom of the diaphragm part of the powder were
installed with alumina wool for settling the powder.

The separation tube was put into the small vessel, and
after the diaphragm part was filled with the melt, the
tube was transferred into the electromigration cell con-
taining the catholyte of the ternary mixture. The
separation tube was set so that the connected part of the
two tubes was 2-3 cm above the level of the catholyte; by
this a possible short circuit between inside and outside

was avoided. Then, electromigration was started with
constant electric current of about 150 mA. Platinum wires
of 1 mm &g were used as electrodes. A mixed gas

of 0, and hot water vapor was bubbled around the cathode.
Conversion of the electrodeposited metal into the original
hydroxide was expected to occur.

During electromigration, dry N, gas was passed also
through the catholyte melt to remove the excess water.

After electromigration,of 2.5-3.0 hr, the separation
tube was taken out, cleaned on the outside wall and cut
into pieces of ca. 10 mm long. The salt in each fraction
was dissolved into distilled water, and the content of the
cations was determined by flame spectrophotometry.

RESULTS

The relative difference in the internal mobilities of
the two cations is defined as

e = (by, - bg)/b (1)

where B:xNabNa + XKbK.(xYa and Xg are mole fractions of
NaOH and KOH, respectively). The € value can be calcu-
lated from the distribution of the cationic species in the
separation tube and the transported charge according to a
formula given in Ref. (6).

Main experimental conditions and the results are given
in Table 1. As the absolute values of € are large at most
concentrations, relatively small transported charges in
these experiments compared with those for alkali nitrates
may have been enough.

Internal mobilities of the two cations are calculated

from € and available data on the density and conductivity
(1)(2) by using
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bya = (nwV/F)(1 + Xg €) , (2a)

by (x V/F)(1 - XNa € ) ’ (2b)
where V is the molar volume of the mixture and F the
Faraday constant.

DISCUSSION

The isotherms of bN and by are shown in Fig. 2. The
by, and bg decrease w1%h decreasing x and Xy ,respect-
ively. 1In a certain range of concentration the Chemla ef-
fect (7,8) occurs, that is, the internal mobility of the
smaller cation Na® is smaller than that of the larger one
K*. The Chemla crossing point shifts toward higher con-
centration of the smaller cation, as temperature
increases; this is observed also in other binary systems.

We have found that, in other mixture melts with a com-
mon anion such as alkali nitrates where Coulombic interac-
tion between cations and anions is the predominant factor
influencing the mobilities, the cation internal mobilities
are well expressed by

b = [A/(V-Vq) lexp(-E/RT) , (3)

where A, E, Vo are the parameters characteristic of the
cation of interest and almost independent of the co-
cations and temperature (9).

In order to see explicitly whether such an equation
holds, we have plotted the reciprocal values of by, and b
against V and found that by, is well expressed with suc
an equation except at low molar volume (as for by,” ', see
Fig. 3). The sq%id lines are drawn with %he parameters A
= 0.494.x 10-""m>v"Ts7T, E = 11.34 kI mol™! and v, = 11.51
x 107 °%m3mo1~1. The negative deviation of b 5 from Eq. (3
) with the parameters given above is attributable to the
small effective free space. (In Fig.3 the negative devia-
tion appears as a positive one since the reciprocal of bya
is taken.)

Our interpretation why b a decreases with decreasing
XNa 1S quite similar to that often stated for other sys-
tems such as binary alkali nitrates (10).

It is rather surprising that the profile of the
isotherms of by is quite different from that of bNa'
whereas the ionic sizes of these cations are not so
different. The profile for K* ions in the present system
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is quite different from that in the binary system (Na,
K)NO3, and rather similar to that of self-diffusion coef-
ficieénts in glasses exhibiting the "mixed alkali effect" (11).

It is also surprising that the molar conductivity of
neat KOH is greater than that of neat NaOH. The external
cation transport numbers in NaOH and KOH have been
reported by Shvedov and Ivanov (10) to be 0.10 + 0.03 and
0.03 + 0.03, respectively. These suggest that the
mechanisms of ionic conduction may be considerably dif-
ferent in these melts.

It is known that in alkali chloride melts internal
mobilities are strongly related with a separating motion
of neighboring cations defined as the self-exchange
velocity (SEV) (11). Thus, the internal mobilities also
in the present system may be explained in terms of the
SEV. At high =xyg region, the motion of OH~ ions may be
great and the contribution of this motion to the SEV in
K*-OH™ pairs is much greater than that of the K% ions. Aas

decreases, that is, increases, separating motion of
OH™ ions from K' ions w1fl become less vigorous owing to
the stronger interaction between Na' and OH™ ions.
Therefore, with decreasing xg, by considerably decreases.
This decrease of by could not be attributed to the smaller
free space in the present case. If this were due to the
free space effect, the rate of decrease of by would become
more sharp with decrea51ng xg. If it is assumed that in
mixture melts, Na*, k*and OH  ions move mainly in the Na%*-OH~
and K*Y-OH™ pairs, respectively, the rather strange
isotherm of by can qualitatively be interpreted.

According to a study of infrared spectrometry on mol-
ten NaOH, the spectral data are interpreted in terms of
hydrogen bonding or polymer formation (12). This is not
inconsistent with the data on bNa in the present mixture.
It needs to be studied further in connection with the
ionic mobilities and the difference in the structure between NaOH
and KOH melts.

In conclusion, the profile of the isotherms of b and
bk is quite different, and the Chemla effect clear y oc-
curs except at high concentration of NaOH. The profile of

is similar to that found in other ionic melts such as
a?ﬁali nitrates, but that of bg is rather different

from those so far found. This is interpreted by
assuming that the external transport number of OH™ ions in
the neat KOH is considerably great and decreases with in-
creasing concentration of NaOH.
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Table 1. Experimental conditions and relative
difference in internal cation mobility.

XNa T/K Q/c t/hr €
0.249 : 0.001 620 1370 2.7 0.1169 + 0.0081
0.249 £ 0.001 640 1191 2.6 0.1225 + 0.0123
0.249 & 0.001 673 1532 2.7 0.0620 + 0.0013
0.249 £ 0.001 699 1442 2.3 0.0076 + 0.0015
0.249 £ 0.001 745 1430 2.3 -0.0265 £ 0.0153
0.487 + 0.003 470 1448 2.7 -0.0454 + 0.0065
0.487 + 0.003 480 1423 2.8 -0.0481 ¢ 0.0066
0.487 + 0.003 500 1462 2.7 -0.0918 ¢ 0.0120
0.487 £ 0.003 518 1478 3.0 -0.1102 £ 0.0071
0.487 £ 0.003 593 1436 4.0 -0.1174 & 0.0170
0.487 + 0.003 645 1034 2.7 -0.1343 £ 0.0180
0.487 £ 0.003 699 1465 2.7 -0.1208 £ 0.0120
0.487 & 0.003 723 1320 2.7 -0.1607 + 0.0096
0.698 + 0.001 697 1276 2.4 -0.3781 ¢ 0.0084
0.698 + 0.001 735 1168 2.3 -0.3887 + 0.0088
0.698 + 0.001 783 1651 2.4 -0.4160 £ 0.0043
0.807 + 0.003 723 1297 2.3 -0.4612 ¢ 0.0310
0.807 % 0.003 753 1513 3.0 -0.4802 + 0.0180
0.807 £ 0.003 790 1326 2.3 -0.5463 + 0.0220

Q is the transported charge and t the duration.
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Fig. 1. Electromigration cell

1: gas inlet ( 02 + Hy0 ), 2: gas inlet ( N,), 3:
Pt electrode, 4: Silicone stopper, 5: graphite
cover, 6: separation tube made of alumina, 7:
electric furnace, 8: alumina wool, 9: alumina
powder, 10: alumina vessel, 11: nichrome

heater, 12: alumina tube, 13: alumel-chromel
thermocouple, 14: catholyte melt of the eutectic
composition of (Li, Na, K)OH, 15: gas outlet

(N2 or H20).
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Fig. 2. Isotherms of internal mobilities of Na‘t and K*
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by, for neat KOH at 623 K, which is estimated from
tge extrapolated conductivity data.
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ABSTRACT

Molecular dynamics (MD) simulation of the
equimolar mixture of LiCl and LiBr melts has been
performed at about 1000 K to evaluate the velocity
of separating motion of adjacent unlike ion pairs
defined as the self-exchange velocity (SEV). The
SEV of Li-Br pairs is greater than that of Li-C1
pairs. This predicts that in this mixture the
internal mobility of Br~ ions would be greater
than that of Cl1~ ions, that is, the "anion Chemla
effect" will occur. For comparison, MD simulation
of pure LiCl and LiBr melts has also been done.

INTRODUCTION

In previous studies, we have measured internal mobil-
ities of cations in various molten binary mixtures with a
common anion. In most of the systems the Chemla effect
(1, 2) occurs in some concentration range, that is, the
mobility of the larger cation is greater than that of the
smaller one. This has been interpreted in terms of the
difference in the Coulombic forces exerted on large and
small cations by the anions.

We have found that in molten alkali chlorides internal
mobilities are strongly related with the velocity of the
separating motion of neighboring cation and anion defined
as the self-exchange velocity (SEV) (3), which can be
evaluated by molecular dynamics (MD) simulation. For
example, in the molten mixture of (Li, K)Cl the Chemla ef-
fect for the internal mobilities (4) has been reproduced
by the corresponding SEV's (5).

If the Chemla effect is caused by the difference in
the Coulombic forces between two kinds of unlike ion
pairs, it is expected that also in a binary mixture with
a common cation the anion Chemla effect will occur. Thus,

295



in the present study the SEV's in the equimolar mixture of
LiCl and LiBr melts have been calculated to learn whether
the anion Chemla effect in the SEV's occurs. For
comparison, the SEV's of neat LiCl and LiBr melts have
been calculated. MD simulation of LiBr melt (6) as well
as LiCl melt had been performed; however, the SEV of
alkali bromide melts had not been studied.

MOLECULAR DYNAMICS SIMULATION

For all the systems, 432 ions were taken in the cubic
cell. In the case of the equimolar mixture, 216 Li+, 108
Cl”™ and 108 Br~ ions were disposed in the cell. The edge
length L of the cubes was calculated from the data on the
densities (7, 8). The pair potentials of the Born-Mayer-
Huggins type were 7dopted:

u; . (r)= z.z.e“/4m r + A;. b exp[(0 .+ 0.-r)/p ]

- F e80 e e v (1)

where z is the charge number, e the elementary charge,
) the permittivity of vacuum, and A the Pauling factor.
Parameters b, O, p, ¢ and d were taken from those
presented for the crystals by Tosi and Fumi (9); for the
mixture the combination rule presented by Larsen et al.
(10) was employed. The parameters used are given in Table
1. The Ewald method (11) was employed for the calculation
of the Coulombic force. The MD-simulations were performed
with a constant energy procedure. The step time was 4 fs.
The average pressure was 0.24 GPa for LiCl, 0.21 GPa for
LiBr and 0.18 GPa for Li(Cl, Br), and the temperatures
were 1004 K, 1002 K and 991 K, respectively. After about
3000 time steps for equilibration, the configurations for
the following 3000 time steps were employed for various
calculations of the properties for each system.

RESULTS AND DISCUSSION

Pair correlation function

The characteristic values of the pair correlation
functions g(r) are given in Table 2. In Fig. 1, g(r) and
the running coordination number n(r) are shown for the un-
like ion pairs. The positions of the first maximum Ry
for gric1 ard gpipr are almost the same in the pure salts
and tke mixture, w%ile the peak heights decrease with in-
creasing concentration of LiBr. Similar behavior has been
observed in such systems as (Li, Rb)Cl (3). This can be
explained as follows: with increasing concentration of
LiBr, the average distance between neighboring Li™ ions
increases, as is seen also from the positions of the first
maximum of gLiLi(r) in Table 2, and the halide ions are
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more structured with the nearest neighboring Lit ions b

experiencing less interference from other surrounding Li

ions. This feature distinctively appears also in the
self-exchange velocity which will be stated later.

Angular correlation function

For further insight into the short range structure,
the angular correlation function defined by Eq. (2) was
calculated:

P_, (6) =2C dn(8 )/[sine do] (2)
where E is the normalization constant taken so that

_&%_ (6) d6 =1 and dn(6 ) is the number of the anions

aroung an Li" ion within distance R, between ® -A8/2 and®
+A0/2 (A6 = P ); R, is the position where g(r) crosses
unity for the second time and may be regarded as the end
of the nearest neighbor interaction (12). The P_,_(6 ) in
the neat salts and in the mixture are shown in Fig. 2.
The first peak position is located around 102° for P__ _
and P,_, in all the cases. This indicates that with high
probabiiity each ion is coordinated by the counter-ions
nearly regular-tetrahedrally in these melts.

Self-exchange velocity (SEV)

The average velocity of separating motion of wunlike
ion pairs can be expressed in terms of the self-exchange
velocity (SEV),_ v, defined by

v_= (R2 - Rz) / T ) (3)
where R, is the average distance between unlike ions lo-
cated within distance Rj,. The anions within distance R
from each Li" ion are marked. _With the lapse of time, the
marked anions will move from Ry, to R,. The time needed
for this movement is T . During the same time the loss of
the coordinating anions around the cation is compensated
by the anions entering this region from the outside.

The SEV's for C17-Li% and Br™-Li* pairs are given in
Table 3. The SEV was calculated for the anions coordinat-
ing to totally 43200 Lit ions for each system. In the
mixture the SEV of C17-Li%* pairs is greater than that of
Br~-Lit pairs. Thus, the Chemla effect for the SEV
occurs.

The SEV's so far calculated by MD simulations with the
Tosi-Fumi potentials (9) are plotted against the ex-
perimentally obtained internal mobilities in Fig. 3. In
these MD simulations the obtained pressures are usually in
the order of 0.1 GPa, whereas the internal mobilities
taken in Fig. 2 are those at ambient pressure. However,
there seems to be strong correlation between v and b. The
b in pure LiCl is minimally greater than that in pure LiBr
at 1000 K, if the data on the conductivities and the den-
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sities in Ref. (8) are taken. If the data are taken from
another reference (7), this order is reversed. As for the

SEV, it is slightly greater in LiCl than in LiBr, as shown
in Table 3.

For further insight, the motion of distinct ion pairs

is examined. Time evolution of the distances of distinct
Cl™ and Br~ ions within the respective R2's at t= 0 from a
distinct Li% ion in the mixture is shown in Fig. 4. This

motion can be classified into four processes (4, 13).

(i) The anion which starts within R, at t=0 passes le
for the first time after passing R, for the last time at
the time t (oscillating motion = 8—process); le is the
position of the first minimum of g(r).

(ii) The anion passes R, for the last time at the time
t=0 and passes R ; for the last time at time t (leaving
motion = L—processg.

(iii) The cation passes R 1 at the time t=0 in the out-
ward direction at the time t=0 and does not pass RZ
(wandering motion = W-process).

(iv) The cation passes R ; in the inward direction at
the time t=0 and passes R2 g%r the first time at the time
t (coming-back motion = C-process).

The C-process and L-process of Cl1™ and Br~ ions are
compared in the mixture. In Fig. 5 percentage of the
anions terminating the O-process for the first time are
plotted against time. This figure shows that the O-
process of Cl1~ ions is longer than that of Br~ ions. This
is because, at the same number density of Li ions, C1°7
ions are more associated with the nearest neighboring Li
ions than Br~ ions are, owing to the stronger Coulombic
interaction. In other words, Cl~ ions are more associated
with Lit ions than Br~ ions are.

On the other hand, the average velocity of Cl~ ions in
the L-process vy is greater than that of Br~ ions; they
are (1399 + 33) m s~1 Tand (1326 + 30) m s+, respectively,
and lie on an empirical equation vy, = 0.577+0.005) x (vC +
va), where v = J8 R T/ TM. and v, =/8 R T/ M, (MC and M_:
masses of the cation and anion, respectively) (5). 1In the
L-process the velocity is mainly dependent on the masses
of cation and anion of interest and temperature (5).
Since a C1~ ion is lighter than a Br~ dion, it is
reasonable that in the L-process Cl~ ions are faster than
Br~ ions are.

As the contribution of the O-process is greater than

that of the L-process in the present mixture, the SEV of
Br~™ ions is greater than that of Cl~ ions, although in the
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L-process the velocity of the former is smaller than that
of the latter.

Self-diffusion coefficient

The self-diffusion coefficients of the ions, D, have
been evaluated from the mean square displacements, which
have been taken over 8 ps from different 40 time origins.
The evaluated values are given in Table 5 along with the
experimental values for LiCl (l14). This table shows that
D of C1” jions is greater than that of Br~ ions in the mix-
ture as well as in the pure melts. That is, the Chemla
effect does not occur for the self-diffusion coefficients.
The self-diffusion coefficient refers to the motion of the
ions with reference to their original position, whereas
the internal mobility of the anions is related to the mo-
tion with reference to their counter-ions. Therefore, the
self-diffusion coefficient of the smaller and lighter ions
should be generally greater than that of the larger and
heavier ones.

Table 5 indicates also that D for Cl1~ and Br~ ions are
greater in the pure melts than in the mixture. This may
be explained as follows. The Cl™ ions are more associated
in the mixture than in the pure salt, and therefore D is
smaller in the former than in the latter. As for Br~
ions, these may be more associated in the pure melt than
in the pure salt, but the free space is smaller in the
former than in the latter. Thus, the effect of free space
must be greater than the effect of association for such
large ions as Br~ ions, as far as the motion with
reference to their original position is concerned.

In conclusion, the Chemla effect occurs for the SEV in

the equimolar mixture of LiCl and LiBr melts. This pre-
dicts that the Chemla effect would occur for the
mobilities of the two anions. This is to be ascertained
experimentally.

The expenses of this study were defrayed by the Grant-
in-Aid for Special Research No. 61134043 from the Ministry
of Education, Japan. The calculation was performed with
HITAC M-680 H and M-280 H at the Institute for Molecular
Science at Okazaki and the High Energy Physics Institute
at Tsukuba, respectively. The Computer time made avail-
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Table 1. The parameters used for the MD simulation.

Table la

Li-Li c1l-C1 Br-Br Li-C1 Li-Br Cl-Br
A 2.00 0.75 0.75 1.375 1.375 0.75
o /pm 163.2 317.0 343.2 240.1 253.2 330.1

(o}
/107793 n® 0.073 111.0 185.0 2.00 2.50 143.0
d
/107995 n® 0.030 223.0 423.0 2.40 3.30 307.1

b = 0.338 x 10719 g

Table 1b

System /pm L/pm Ref.
LiCl 34.2 2187.9 (7)
LiBr 35.3 2345.3 (7)
Li(Cl, Br) 34.8 2274 .8 (8)
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Table 2. Characteristic values of the pair
correlation functions gij(r).
System i j Ry Ry g(ryy) Ry Rop e(rpg)
: (pm) (pmg (pm)  (pm)
Li(C1, Br) Li C1 188 219 4.29 279 353 0.42
Li Br 211 241 3.40 304 367 0.50
Li Li 327 385 1.80 477 553 0.72
Cl Cl1 323 369 2.19 455 527 0.62
Br Br 350 397 2.13 491 577 0.65
Cl Br 335 381 2.14 469 551 0.63
LiCl Li Cl1 192 223 3.72 281 353 0.46
Li Li 318 371 1.82 459 535 0.69
Cl1 Cl1 324 373 2.13 455 537 0.65
LiBr Li Br 207 239 3.78 302 369 0.47
Li Li 341 397 1.79 494 573 0.70
Br Br 349 401 2.14 487 573 0.63
Ry is the position where g(r) crosses unity for the first
time.
Table 3. Self-exchange velocity of neighboring unlike
ions at about 1000 K.
System c1 -Li?t Br--Lit
(m s~1)
Li(Cl, Br) 119 134
LiCl 145 -
LiBr -—— 120
Table 4. Self-diffusion coefficients at about 1000 K.
System Lit Cl~ Br~
(10'9 m% s"l)
Li(Cl, Br) 10.5 7.0 4
LiCl 9.2 [14.2] 8.2 [7.2] -
LiBr 10.0 - 6.

The values in brackets are the experimentally
obtained onesat 1000 K at ambient pressure (14).
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ABSTRACT

The viscosities and electrical ceonductances ¢f
molten salts solutions in two superficially similar orga-
nic systems, y~-picclinium chloride+ a-picclinium chloride
and cuinolinium chlcride+ o-picclinium chlcride have been
measured and shcwn to have a characteristic behavier. In
the first case the ceonductivitv and fluidity increase as
4-methvl-pyridinium chloride is added to the 2-pvridinium-
chloride while with quinelinium chloride addition for a
small concentraticn, 5,3% a maximum occurs followed by a
decrease. The differences are attributed to organic
complex formation and different geometric configuration of
solute which can be seen to act as Lewis acids. Both fragi
le molten salt systems exhibit considerable regicns of
glass formation, and correlations of the transport behavior
with glass transition temperatures can be made.

INTRODUCTION

In the literature on molten salts much attention has
been given to the problem of the structure of organic
systems (1-6) 1little attention, however, has been given to
the relation among glass-formation, cohesive parameters,
the structure of the melt involving ionic configuration and
transport properties of the solution mixtures.

In a previous study 2-methyl-pyridinium chloride

functions as strong Lewis base solvent with inorganic salts
(7,8); In addition, it has a good glass formation capability.
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The present work analyses the conseguences of repla-
cing the inprganic salts by twe other organic ccmpounds,4-
methyl-pyridinium chloride and cuinolinium chloride and
shows the extent of structural and energetic aspects of
the basic mass transfer prccess and its relation to glass
formation«

EXPERIMENTAL SECTION

2-methyvl-pyridinium chloride, designated hereafter
a-picHCl was prepared by combination of a-DlCOllne (Fluka)
with hydrochloric acid. The orcduct was purified by distilla
tion as described elsewhere (7). This was fcllrwed by a va-
cuum sublimation which vielded a white sclid with mel-
ting pocint 91-91.5°C.. Both 4-methyl-pvridinium (y-picHC1)
and quinolinijum (QHCl) chlorides were prepared in similar
procedures. The meltina DClntS cf the final anhydrous proc-
ducts were 165.2°C. and 135° C., respectively. The sublimed
materials were then melted dropwise intc liguid nitregen
and stored as dry beads for convenient manipulaticn.

Binary melts were prepared by fusing the preweighed
components under dry nitrogen and checking for weight loss,
all operations being carried out under nitrogen in a dry
box atmosphere. The transport nreoverties were measured
immediately after the melt preparation.

Differential scanning calorimetry (DSC) and differen
tial thermal analysis (DTA) were oerFormed respectively, to
determine (a) the phase diagram in the case of the quinoli-
nium and y-picclinium chlorides (b) the glass transition
temperatures of both systems, For DSC studies, samples we-
re hermetically sealed into aluminium pans in a dry box and
scanned at 109C., using the Perkin-Elmer DSC-1 instrument.
Only ¢ne scan was performed on each sample to aveid the dan
ger of contaminaticn by the aluminium sample pan once mel-
ting had occurred. The T _ values were determined by DTA of
small samples contained in 4mm pvrex tubes scanning at 8-C.
min~l, EMF were recorded using a Houston instrument X-V 3000
recerder.

Kinematic viscesities cf both corganic binarv svstems
were determJne u51n9 a Ubbelchde capillary viscometer with

=4, 99810" 2 ¢St s~'. Electrical conductivities were deter-
mined on the samples using the hybrid Ub?elohde cappillary
viscocell with cell constant a=26.82 cm (8).

All melts were hot-filtered before admission to the
measuring cell, both filtration and cell- filling operatiens
being conducted in the drv box. Flow times were measured by
a TC~13 Advanced Electronics LTD and conductivities were
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determined usinc a Wayne-Kerr B641 autgbalance universal
bridge at 1592 Hz. The temperature centreol (iO.1°C) was
performed by a photodiode system described elsewhere (9).

RESULTS AND DISCUSSION

The temperature-kinematic viscosity data for the
system ®-picHCl+QHCl are plotted in figure 1. Results
show a dependence which is typical for this sort of sys-
tems. Figure 2 and figure 3 present electrical conductivi-
ty and kinematic viscosity for o -picHCl+ {-picHCl system
whose behavior also appearsasexpected. Isotherms of con-
ductivity and viscosity are represented in figures 4 and
5 for the last system. Conductivities shows a steadly in-
crease, as ¥ -picHCl content increases and this is more
pronounced for higher temperatures. On the other hand,
viscosity shows a minimum around 20% in {§"-picHCl. Data for
this system only covers the range 0-35 % in [ ~-picHCl due
to the lack of homogeneity found beyond that composition.
The X -picHCl+QHCl system presents solubility for all ran-
ges of compositions. Viscosity isotherms for & -picHCl+
QHC1 (Fig.6.) show an almost steadly decrease between O-
-60% in & -picHCl, the same applies in the range 0-5,3% in
QHC1, however the decrease is sharp coming to a minimum
around that composition. A range of constant viscosity is
found between 60 and 90% in X -picHC1.

A partial phase diagram for O -picHCl- J -picHCl is
represented in figure 7 and the phase diagram fore -picHC -
QHCl1 is represented in figure 8. Both diagrams present a
simple eutectic. In first case that point occurs for the
composition X=26% ¥ -picHCl and in the second system for
38% in QHCl. In figure 7 is also shown glass transition tem
perature, T,; the values of the ideal temperatures are -
plotted in %igure 9, for % -picHCl+ {-picHCl. The values of
Tqg and T, for ™ -picHC1+QHCl are shown in figure 8. For
both cases the values of T, were computed at constant va-
lues of B parameter making use of VTF equation

-

Inw=A - (B/(T-To))

where W is a transport” property and A is a constant.

Figure 10 and figure,ll present activation energy
as a function of (T/(T-T_.))“ for both systems. Also, T_.-
-reduced Arrhenius plots are presented in figures 12 agd
13.
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The minimum in viscosity whi¢h occurs ina-picHCl+QHCL
for 5.3% QHCl is due to+the break of the complex (7,10)
[%-picH...Cl...H X-pic]’, which forms in moltenX -picHCL.
This situation is not found in the systems containing
Y-picHCl. A minimum is found only at 20% of 4-methyl-pyri-
dinium chloride with a corresponding maximum in electrical
conductivity for the same composition. These features are
well correlated with glass transition parameters. In fact,
T and T_ for QHCl system present a minimum, for concentra-
tfon 5.3%2 and then a systematic increase up to the value in
pure QHCl. In the case of ¥ -picHCl system, for glass tran-
sition temperatures a minimum occurs in the region 20-30%
¥ -picHCl. The glass forming range in o -picHCl- ¥ -picHC1l
collapses for compositions higher than 35.5% in ¥ -picHC1,
and ¥ -picHCl itself is nonglass forming (11). The domain
of glass forming in & -picHC1-QHCl system is from 40 to
100% in X -picHCl1l and also QHCl is nonglass forming (12).
Considering the activation energy E; in the case
of K -picHCl+ [f-picHCl (figure 10) and E) in the caie of
X -picHCI1+QHC1 (figure 11) as function of (1-(T,/T)) two
sets of straights lines are found and in both cases they
converge to the origin. The energetic parameter for conduc-
tivity shows a systematic increase from O to 35.5% in
¥ -picHCl1l, on the other hand for the system containing
QHCl again a minimum in the energetic parameter for visco-
sity, occurs for 5.3% in QHCl (figure 11l). This is due be-
cause the values of configurational entropy are higher in
QHCl1 system than the values for {-picHCl containing system.
In fact, for this sort of liquid it is reasonable to assu-
me that C is approximately the same, so that relative
changes in T, and T may indeed be qualitatively estimated
from relativg changes in configurational entropy, S5- So,
the collapse of the organic complex present in molten
& -picHCl gives an increase in S,. This is consistent
with Moynihan and Angell's (13)thesis that configurational
energy, E,, determines T
The range of consgant kinematic viscosity shown by
the isotherms in the domain of composition X=0.0-60.0% in
2-methyl-pyridinium chloride is probably due to the occuren
ce_of complex ionic species which lead. to the removal of
Cl and increase in T_ and T The increase of viscosity
above x=40% in QHCl is mainly due to the molecular volume
of QHCl in addition to the effect of Cl~ ion transfer; as
the composition approaches the pure component,fluidity de-
creases. In the first case configurational, translational,
and rotational energies are expated to have lower values
than those for compositions X>40% jin & -picHCl. Here, uns-
table ion complexes, like (QH),Cl and Cl u-pchCI may be
present, lowering the value of Sc and increasing T
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If we consider the values of viscosity and the addi
tity deviation for ®*R-picHC1+QHCl, it is found that the
deviation is negative and this fact is in agreement with
the theory which relates organic cation dimensions with the
values of those differences. These negative differences (2)
are higher or lower when the organic cations are
more or less distinct. In the present study the dimension
(V,,) of 2-methyl-pyridinium chloride is approximately half
of™oucl .

The fragility of the two systems (8,14) is apparent
from figures 12 and 13, T_-reduced Arrhenius plots, in spi
te of the . results reportéd in kinematic viscosity. This
fragility is related to the facility with which the molecu
lar order can reorganize particularly in the intermediate
distance. In X-picHCl+ ¥-picHCl the fragility in
the glass forming range is remarkably the same for the
different compositions we have studied (figure 13). In the
case of QHC1l system, fragility increases with QHC1l content
due to the shift (in the reduced Arrhenius plot for visco-
sities) toward the center of general pattern (figure 13). In
accordance with the complex formation decrease for X< 94.7%
o -picHCl in the glass forming range.

CONCLUSIONS

This study has shown that the consequences of the
¥ -picHCl and QHCl addition to o -picHCl depend on the re
lative compositions of the binary mixtures, and on the
concentration of organic complex species present in the
molten systems.

The increase in the QHCl content gives a rise.of
fragility in the liquid structure of the systems, but in
the other hand the increase in Y -picHCl content does not
significantly change the intermediate range order of the
systems. For this case the rate of temperature structural
degradation remains the same.
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ABSTRACT

Modelling calculations of falling molten salt films in
direct absorption solar energy receivers led directly to
questions concerning the reliability of the viscosity data
for the ternary carbonate eutectic. The present work was
undertaken to resolve this dilemma. A number of performance
problems were encountered. The resolution of these and the
results for viscosity measurements to 900°C for this
molten carbonate system are reported. The results differ
markedly from the earlier work, and possible reasons for
this are examined.

INTRODUCTION

The molten ternary carbonate eutectic is of interest as a candi-
date heat transfer medium in solar energy storage applications(1-3).
Doubts on the reliability of the previously measured values have
emerged in recent heat transfer calculations by Bohn, and quite inde
-pendently and almost concurrently, from viscosity data by Ejima and
Sato for molten NagCOg. In the former it was found necessary to
assume viscosities approx. 3.5 times larger in order to bring the
modelling calculations into agreement with the observed thicknesses
of the flowing salt films. The present work was undertaken to try to
resolve this dilemma. The investigation was extended to include some
work with eutectics fom commercial grade quality carbonates, and
these results are also reported.
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EXPERIMENTAL

All measurements were made with the high temperature facility at
Tohoku University in which the damped oscillational technique and
working equations for calculating the viscosities on an absolute
basis are used. The viscometer, as seen from Figs. 1 and 2, is
computer-coupled for data acquisition and data reduction to final
values. For the torsion wire, the Kestin alloy (8% W - 92% Pt) was
used. This alloy has a stable constant of elasticity, a low internal
friction, and is easily annealed stress free(4,5).

Samples of the eutectic (mol %: LiyCOg3,43.5; NagCOg,31.5;
K9C0O3,25.0; m.pt.3979°C) were prepared in kg. amounts from Reag-
ent Grade salts, and melted to gain sample homogeneity. To repress
decomposition, all transfers were under CO9 atmospheres. For
further pretreatment of samples in the viscometer, see later.

In Fig.3 measurements for molten NaCl are shown. The performance
of the viscometer is thus confirmed to be within 2.5% of the recomme-
nded values from the Molten Salts Standard Program (6,8). However
when measurements were started with the eutectic, a series of perfor-
mance problems were encountered. As these appeared unique to work
with molten carbonates, the resolution of these were important steps
to meaningful results.

Log(visc) vs. T~! Correlation: The temperature - viscosity data
for "well behaved" ionic salt systems generally may be expressed by
an exponential function of the form:

viscosity = A exp (E/RT)
and from this, the correlation:
log(vise) = constant + (E/R)[T'1]

provides a ready graphical check on the progress of the measurements,
i.e.,a straight line having a slope of (E/R). In the early stages of
the present measurements with the molten eutectic, an apparent fail-
ure of this criterion was observed. As seen in Fig.4,the correlation
held well for measurements above 700°C, but failed quite abruptly
and dramatically at approx. 700°C. When measurements were extended
to lower temperatures, the slope changed as shown. from positive to
negative values. When the cause for this "failure" was resolved, it
was found to be due not to anomalous melt properties, but rather to
the limitations of the viscometer. The dimensions of the crucible in
this series of measurements were [20mm i.d. x 88mm], and this size is
suitable for fluids with viscosities up to =10 mPa*s. Apparently

in the work with the molten eutectic, this limit was being reached at
700°C, and being exceeded below this temperature. With larger cru-
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cibles meaningful measurements could be extended down to 600°C as
the lower limit. The physical limitations imposed by the hot zone
dimensions precluded further increases in crucible size; the temper-
ature range for the measurements in the present study was limited
accordingly.

Melt Creep:In the damped oscillational technique, as in this work,
the molten salt is virtually hermetically sealed in the (cylindrical)
crucible via a tightly fitting cap. The viscosities are derived from
measurements of the damping effects of the fluid thus confined on
the oscillations of the crucible. With the molten carbonate, it was
found that the measured viscosity at each temperature did not remain
constant, but continued to vary. Inspection of the crucible "post
measurements" showed that the outer surfaces had been wetted by the
melt, and, indeed, a small pendant drop of the carbonate was hanging
externally on the crucible bottom. This melt creep complication was
resolved through a series of steps as follows. Melt treatment: The
eutectics were rigorously pretreated, as already noted, by heating un
der vacuum up to the melting point (397°C), and then COq equili-
brated by bubbling the gas through the melt for = 12 hr at 700°.

An atmosphere of [helium with 50 Torr CO9] was used in the visco-
meter during the measurements. This COg partial pressure is larger
than the equilibrium dissociation pressures of molten carbonates at
these temperatures and yet less than the pressures that introduce
instability to the oscillations of the crucible. In this way the melt
compositions were effectively held invariant. Gold plating: To
minimize wetting by the molten carbonate, the nickel crucible sur-
taces were gold plated. Venting: Through a series of test measure-
ments, it was observed that the melt creep occurred principally in
the initial stages of a measurement series, i.e., as if melt degass-
ing was occurring, and this apparently led to a.forced "gushing" of the
melt through the (machine threaded) seal. Accordingly,two small holes
as vents were drilled in the crucible cap. The "vented cap" modific-
ation proved very effective in minimizing this "gushing" and was
used throughout the measurements reported herewith.

The overall weight loss from the crucible was thus minimized to
0.3% or less. Corrections for this were made in the iterative
calculations of viscosities.

A further correction, namely the "meniscus effect correction",
has been quantitatively examined by Brockner, Tgrklep, and Qye (10).
Under the conditions used in the present study ( refer: above), the
uncertainties due to this possible error source appear to be less
than 2%, i.e., well within the overall accuracy limits of 3% for the
present measurements.

RESULTS AND DISCUSSION

Table 1 lists the measured viscosities for Reagent Grade ter-
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nary carbonate eutectic. Each value is the average of 4 - 6 determin-
ations. Measurements were limited to = 650°C as the lower limit

so as to stay well above the cut-off of 600°C (see,earlier). The
correlation from this data set, is:

vise(mPa-s) = 0.10120 exp(33400/RT)

where R = 8.3143 J K~lmol™l. Use of this for extrapolations down
to 500°C, and lower receives firm support from the linearity of the
[log(visc) - T™*] criterion.

in Fig.5, these results are compared with the measurements report-
ed earlier by Janz and Saegusa(ll). The confidence level in the pres-
ent work is high. The problem, thus, is to understand the factors in
the earlier work that led to such markedly lower values.

In the earlier work, melt densities (in the calculations) were
estimated from single salts data and theoretical principles. In the
present work, measured values(12) were used. The estimated densities
would lead to viscosities = 10% lower than the correct values.

A "voids effect" as a possible error source suggests itself dir-
ectly from a result found in the present study, namely the need for
the "vented cap" for measurements with the carbonate eutectic. The
adherence of the gases on the interior crucible walls (as a firmly
adsorbed gaseous film) would lead to a "voids effect".Since a radius
larger than the actual radius of the melt is now being "input" into
the working equations, the calculated viscosities would be smaller
than the true viscosities. Modelling calculations (based on the par-
ameters of the viscometer in the present work) show that for voids
equivalent melt radius decrease of = 20%, the calculated viscosi-
ties would be = 65% lower than the true (correct) values.

Additional factors as possible error sources could be listed, but
the magnitudes cannot be estimated quantitatively and further discus-
sion is deferred accordingly. From the preceding considerations, it
appears that the disagreement can be resolved in large part through
the possible presence of a firmly adsorbed gaseous film on the inner
crucible surface, and that this "voids effect" undoubtedly escaped
detection in the earlier study.

As stated earlier in the communication, measurements were extend-
ed to eutectics from commercial grade quality carbonate salts (over-
all purity: 98.4%, based on carbonate content). Without the COq
equilibration of these ( see: melt treatment), meaningful measureme-
nts were not possible. After these were COy equilibrated, the
viscosities were virtually the same as the values found for the
Reagent Grade ternary carbonate eutectic herewith (Table 1).
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Table 1. Eutectic Viscosity:
Measured Values.

T Viscosity

(K) (mPa°s)
922.6 8.058
972.2 6.326
1021.9 5.090
1071.5 4,290
11221 3.635
11721 3.148
970.9 6.184



0.98
o
]
g
E
el Fig.3. Comparisons Of NaCl
K Measurements
3
n
o
>
3
Shown: curve 1,(6,8); curve
0.62 h 2,(7); curve 3, this work;
4/\/' curve 4 [inset], predicted
9).
/
0,74
110 1150 110
Temperature (K)
Fig.4. Eutectic Viscosity.
B 3 s .
< A ' Fig.5. Comparisons with
+ : Previous Work.
L
2 LI
f'\d M !
+ ] |-
o H ' 16
7 Ve ~
S 1701 C z
n ]
® $ ! g r present work
< : £
) ' >
2 ) ‘5
M ' o |
E e [ @
-»> o4
] >
] .
] 4+
f \ \Janz and Saegusa (11)
'
3 + ! L I ]
i 7 850 930 1010 1090
L l922°%C ! 0
L — Temperature (K)
% w [t

{ T1 x 103 | Kelvin™*

323



DOI: 10.1149/198707.0324PV

ULTRASONIC AND HYPERSONIC SPECTROSCOPY OF ALKALI
NITRATE SINGLE AND BINARY MELTS

T. Ejima, T. Yamamura and K. Zhu

Department of Metallurgy, Tohoku University
Sendai 980, Japan

ABSTRACT

Sound propagation in the molten alkali nitrate single salts,LiNO3, NaNO3,
RbNO3 and CsNO3and the binary melts,NaNO3-LiNO3, -RbNO3 and -CsNO3 , have
been studied over the frequency range of 5-25 Mhz and 3-8 GHz by means of
pulse and Brillouin scattering methods, respectively. A dispersion of sound
propagation is observed at the frequency between ultra- and hyper—-sound
region for KNO3, RbNO3 and CsNO3. The thermodynamic properties derived from
the sound velocity are approximately additive for the binary melts
investigated. The bulk viscosity, 7e was derived from the
absorption coefficient determined. The value of d 7 /dT is negative and
temperature dependence of s / 7 is insignificant for the molten
alkali nitrate single salts. The bulk viscosity of the binary melt
decreases rapidly with the addition of the component having smaller bulk
viscosity in pure salt.

INTRODUCTION

Molten alkali nitrate mixtures have been considered as one of the
most promising candidates for a heat storage medium at high temperatures
because of its wide temperature range of chemical stability. However, the
structure of molten alkali nitrate is not as simple as a typical ionic
melt such as an alkali halide because of the existence of asociated

species. Sonic spectroscopy is one of the most effective methods of
detecting the existence of associated species which cause the structural
relaxation in sound propagation. In the present study, sound velocities in

the molten alkali nitrate single salts, LiNOs , NaNO; , KNO; , RbNO> and
CsNOs and binary salts, NaNO, -LiNOs; , NaNO; -RbNO; , NaNO; -—CsNOs have
been measured over the frequency ranges of 5-25MHz and 3-8GHz by means
of pulse and Brillouin scattering methods, respectively. Ultrasonic and
hypersonic velocities measured are compared with each other to elucidate
the relaxation process of sound propagation in the melts. Ultrasonic
absorption coefficients have been measured to determine the bulk
viscosities for the binary melts. Relaxation times have been derived from the
hypersonie and ultrasonic velocities and bulk viscosity on the basis of
a relaxation theory with a single relaxation time. Thermodynamic
properties such as adiabatic compressibility , constant pressure heat
capacity, isothermal compressibility and internal pressure were obtained.
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EXPERIMENTAL

ULTRASONIC SPECTROSCOPY

The propagation velocity of ultrasound in molten alkali nitrate has been
measured by the use of a pulse method. Details of the pulse method was
described elsewhere‘'’. The sound pulses piezoelecrically generated by a
X-cut quartz crystal are introduced into the melts through a lower conduction
rod made of fused quartz. The sound pulses propagated through the melt
are received by an upper conduction rod made of fused quartz and is
transduced into electrical signals by a quartz crystal attached to the
end of the upper 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 rods. The measurement was carried out over the
temperatures ranging from the melting point of the salt to about 150K
above it. The maximum of the error is estimated to be less than 0.2%

for the sound velocity and 3% for the absorption coefficient determination.

BRILLOUIN SCATTERING METHOD

As predicted by Brillouin, the light scattered by a homogeneous liquid
consists of a central Rayleigh line with the same frequency as that of a
exciting light, and a doublet of which the components are shifted in
frequency symmetrically from the frequency of the exciting light. The
latter is induced by the collision of a photon and a phonon in the
liquid under thermal equilibrium. The frequency shift A v between the
Brillouin peak is expressed as follows:

"Av =£2 v.n (V. /O)sin® W

where » is the frequency of the exciting light, n is the refractive
index of the liquid, V. and ¢ 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 sound wave which induces the light scattering. The
sound velocity can be obtained from the frequency shift and the scattering
angle.

A schematic diagram - of the experimental apparatus used for the
measurement of Brillouin scattering is shown in Fig. 1. The system is
composed of a light source, a high temperature cell, and a Fabry-Perot
interferometer. The light from the He—Ne gas laser is modulated to 225Hz
by the use of an optical chopper. The modulated light is then focused
upon the cell placed in an electric furnace. The light scattered at an
angle of O is focused on a pin hole with a collecting lens and is
collimated with a lens. The light passed through the interferometer is
focussed and is changed into electrical signals with a photomultiplier.
Reagent grade alkali nitrate is dried at 393K for 24 h in vacuo, melted
in argon atmosphere and filterd through a sintered Pyrex glass disk
to remove small suspended inclusions. The filtrate is poured into a
cylindrical cell made of Pyrex glass and the cell is sealed under vacuo.
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RESULTS AND DISCUSSION

SOUND VELOCITY AND ABSORPTION OF ALKALI NITRATE SINGLE SALTS

Frequency shifts of Brillouin peaks for molten alkali nitrates were
measured over the temperature range of their melting points to 820K at
scattering angles of 45, 90 and 135 deg. The velocity of hypersound was
determined from the observed frequency shifts in the sound frequency ranges
of 7-8 GHz  for LiNOs , 2-7 GHz  for NaNOs , and 3-8 GHz  for CsNO; . In
these frequency ranges sound velocity appears to be independent of
frequency.

Ultrasonic velocity were . measured in the frequency range of 5-25 MHz
for LiNO> , NaNOs and KNO> ,and 5-15 MHz for RbNO; and CsNOs; . The ultra-
sonic velocity does not exhibit frequency dependence for these salts.

The ultrasonic and hypersonic velocities obtained were plotted against
temperature and are shown in Fig.2. It can be seen from Fig.2 that both
ultrasonic and hypersonic velocities monotonously decrease with increasing

temperature. However, in case of wultrasonic velocity a curve linear
relation is found for all the single salts investigated. As shown in Fig.2
both wultrasonic and  hypersonic velocities decrease with increasing
cation-size except for LiNOs; . When the hypersonic and ultrasonic

velocities are compared with each other for each alkali nitrate ,both
velocities agree well within the limit of the experimental error for molten

LiNOs and NaNO, . On the contrary, the difference between hypersonic and
ultrasonic velocities clearly exceeds the limit of the experimental error
for KNOs , RbNO; and CsNOs . The observed dispersion of the sound

propagation indicates that the relaxation frequency of KNOs , RbNO> and
CsNOs> are more than the highest of the ultrasonic measurement and less
than the lowest frquency of the Brillouin scattering measurement. The
relaxation frequencies of LiNOs and NaNO; are more than the highest
frequency of the Brilloujn scattering measurement. Relaxation behavior of
the single salt will be examined in detail later in- this section

The absorption coefficient, @ of the ultrasound was determined over
the frequency range of 5-25 MHz for molten alkali nitrate single salts. The
ratio of the absorption coefficient to the square of the frequency,f are

plotted against temperature and shown in Fig. 3. The value of a/f?
decreases monotonously with increasing temperature. The bulk viscosity was
determined from the absorption coefficient measured by the use of the

following equation,

s = 4n. ((@exe / ac ) ~ 1)/3 2)
where M. is the shear viscosity, @.x» is the observed absorption
coefficient and @, is the absorption coefficient due to shear viscosity

expressed by Egq. (3).

e, =8 =% f*n. /3 p Vv 3)
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where f is the frequency, p,the density, v,the velocity of wultrasound

As shown in Fig.4 showing the temperature dependence of the bulk viscosity,
the bulk viscosity decreases with increasing temperature and cation-size for
alkali nitrates. Figure 5 shows the temperature dependence of the ratio of
Ne / M. . The values of s / M. are approximately constant with
temperature change for LiNO; and NaNOs. Even in maximum case of KNO» the
change of the value is less than 15 % with the temperature change of 150 K

As the origin of the bulk viscosity in the molten alkali nitrates
thermal relaxation and structural relaxation are possible. The former
arises from the slow interchange of energy between the external and
internal degrees of freedom and is typical for nonassociated liquids. On

the other hand, the latter 1is the case for the associated liquids which bas
structural order due to strong intermolecular bonding. According to the
classification of Higgs and Litovitz‘?’ in the associated liquid dnse /dT
is negative, and 7e / 7. is approximately constant with temperature and
rarely has a value above 5. As described above, negative d7nB/dT and
constancy of 7B / n. with temperature observed in this study suggest
that the bulk viscosity of the alkali nitrate originates in the
structural relaxation and the molten alkali nitrate appears to be an
associated liquid. However, it should be noted that the values of 7s / 7.
of KNO; , RbNO: and CsNO, exceed by far 3.5 which is the maximum for the
hydrogen bonded associated liquids. This fact suggests that the long range
coulombic interaction among the constituent ions in the molten alkali nitrates
causes the structural relaxation more than the hydrogen bond does.

Since the dispersion of sound propagation was observed in the alkali
nitrates, detailed consideration has been given to the relaxation behavior
undesr the assumption that relaxation with a single relaxation time, which
has been successfully applied to some molten salts by Knape and Torell¢®’
can alse be applied to the present results. On the assumption that
relaxation has a single relaxation time 7, an equation for a static
bulk viscosity #B has been derived by Montrose et al.‘*’.

s = p L - Vi)t 4)

where p is the density of the medium, v, and v, are sound velocities at the
limiting high and low frequencies respectively. The relaxation time was
calculated from the ultrasonic velocity for v,,the ultrasonic bulk
viscosity for ne and hypersonic velocity for v, . The relaxation times
determined at 700 K are listed in Table 1. The relaxation time increases
with increasing cation-size in accord with the behavior of bulk viscesity
with cation-size

SOUND VELOCITY AND ABSORPTION IN ALKALI NITRATE BINARY MELTS

Sound velocity of NaNO; —LiNO» , -RbNO» and -CsNOs binary melts have
been measured over the frequency range of 5-25 MHz by means of the pulse
me thod. Figure 6 shows the composition dependence of the adiabatic
compressibility at 650 K and 600 K for NaNOs ~RbNO; binary melts. In Fig.6,
thin solid line represents the adiabatic compressibility calculated on the
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basis of the volume additivity. The observed ccompressibility deviates
positively from the additive line. But the extent of the deviation is as
small as 2 % even at the maximum. The composition dependence of such
thermodynamic properties as isothermal compressibility, constant pressure
heat capacity and internal pressure have been examined, and it has been
found that these thermodynamic properties of the alkali nitrate mixtures
do not deviate much from the values calculated on the basis of the additive
rule.

On the contrary to the thermodynamic properties, the bulk viscosities of
NaNO; —LiNOs ,~RbNO; ,and -CsNOs binary melts deviate from the linear
additivity as clearly shown in Fig.7 showing the relation between the bulk
viscosity and composition. As shown in Fig.7, the bulk viscosities of
NaNO; -CsNOs and NaNOs -RbNO; binary melts decrease rapidly with increasing
NaNO: content upto 20 mol%NaNO; . Further addition of NaNO: decreases the
bulk viscosity slightly. As for NaNO, -LiNO; binary melts, bulk viscosity
decreases monotonously with increasing LiNOs content. Since the difference
between the bulk viscosities of NaNO; and LiNO3 1is small, a change in the
bulk viscosity with composition is slight. However, the same composition
dependence of the bulk viscosity as that of NaNO; -RbNO; and NaNO; -CsNO.
can be seen,i.e.,the bulk viscosity of the binary melt decreases rapidly to
approach that of the pure additive on addition of a component which has
smaller bulk viscosity in pure melt. The observed behavior of the
composition dependence of the bulk viscosity may be explained in terms of
relaxation time in the following manner. The relaxation of the sound
propagation in the binary melts seems to be structural one in analogy with
the relaxation process of the pure component melts. The relaxation time of
the binary melts may be controlled by the motion of the constituent having
shorter relaxation time in pure component melt because the relaxation time
is related to the time in which rearrangement of the constituent particles
occur upon the passage of sound wave. Therefore, the viscosity of the binary
melts decreases rapidly with the addition of the component having smaller
bulk viscosity in the pure melt and approach the value of the pure melt
of the additive
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Table 1 Relaxation Time of Alkali Nitrate

at 700 K
Salt Relaxation Time/lO'9s
KNO3 0.045
RbNO3 0.085
CsNO3 0.23
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ABSTRACT

Cryoscopy, ultrasonic and dielectric measurements

on Electrolyte-Amide binary systems show that at
an amide mole fraction of about 0.8 complex stru-
ctures are built. These structures are responsible
for high values of dielectric constant.

INTRODUCTION

Binary mixtures of salts and organic compounds represent an
intermediate situation between a typical ionic melt, where the
interaction is prevalently electrostatic and a molecular melt,
where the interaction is Van der Waals, hydrogen bond or di-
pole-dipole. The systems we are studying (amides+salt) are re-
lated to these problems and are of great interest because the
interactions yield remarkably complex structures in a concen-
tration and temperature range around the eutectic point,figu-
re 1.

RESULTS AND DISCUSSION

Cryoscopy (1-9) : salts derived from strong acids mixed with
amides give highly viscous liquids that supercool easily
in the eutectic zone. +

In some cases (principally with Na ion) the liquid su-
percools spontarecously and reaches the glass transition tem-
perature ; in other cases (with other ions) the liquid super-
cools but can also crystallize; and sometimes the crystal-
lization temperature depends on the cooling rate as well as
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on the thermal history of the liquid (3).

Viscoelasticity (10-12) : Some of these mixtures have been stu-
died with ultrasonic techniques. Using shear waves and the
method of reduced variables, the viscoelastic relaxation spec-
trum has been determined for the mixtures NaCNS-Acetamide
('XNGCNS=0.225) and LiNO_—Acetamide (X iN =0.204). In both
the spectra a shift towards high frequencies in comparison
with the Maxwell model has been observed; the shift is more
accentuated in the system with NaCNS. The shift indicates the
presence of retardation phenomena, whose nature is probably
related to the formation of polymeric structures in these li-
quids, as the high values of viscosity (10) also allow us to
hypothesize. Mathematical analysis of the results indicates
that the polymeric structures are larger in the NaCNS mix-
ture (12); figure 2 shows that in the NaCNS mixture the shift
is half a decade, in the LiNO, mixture the shift is 1/5 of a
decade. That is, in the NaCNS3 mixture 20-40% of the visco-
sity, and in the LiNO, system 62% of the viscosity is involved
in the viscoelastic process; the remaining part is involved in
retardation phenomena.

Ulrasonic spectrum (11-13) : Analysis of the ultrasonic rela-
xation spectra shows that:

1) in the system with Na structural as well as chemical e-
quilibria are present. + +

2) in the systems with Li and K only chemical equilibria
are evident.

It is significant that the structural process in the NaCNS
system is present in the ultrasonic range while in many li-
quids it occurs in a higher frequency range; this fact may
be related to the presence of polymeric structures which are
larger in comparison to other mixtures.

The chemical process disturbs both structural and viscoe-
lastic processes and may be ascribed to the rotation of polar
groups (CONH,) as also observed with dielectric methods.

Figure 3 shows the trend of the reduced imaginary part
of the complex longitudinal modulus for the NaCNS mixture.
In the other mixtures a reduced plot was not obtained.

(n /n )=2/3 for the NaCNS mixture in all temperature ran-
gesvinvesstigated (structural process); (N /n ) depends on
temperature , for the other mixtures (chemvical process), ta-
ble 1.
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Dielectric relaxation (14) : The mixture NaCNS-Acetamide (X
=0.225) has also been investigated using the dielectric relaxa-
tion technique. Two relaxation phenomena have been found.

The radiofrequency phenomenon may be ascribed to the ro-
tation of polar groups, the low frequency phenomenon (whose
relaxation time is of the order of a second) is probably due
to ionic migration, cooperative in nature, that is justified by
the polymeric nature of this mixture. The cooperative motion
of ions may explain the high value of the dielectric constant
(~100).

CONCLUSIONS

As a result of this research, we believe that three important
points can be made:

1) Experimental evidence indicates that the salt-amide mixture
may build polymeric structures in the eutectic zone.

2) The stability of these structures and their size do not only
depend on the polarizing power of the ions. The alkali salts
studied with ultrasonic technique exhibit the following order:
NaCNS > LiNO, > KCNS. ‘

3) These structures promote cooperative motion of the ions
that is the cause of the megavalue of the dielectric constant.

Table 1. Ratio nv/ nS at different temperatures

Salt T/K (n/n)
| \Y S
Kchs 300.2 0.16
304.1 0.66
308.3 0.90
LiNo, . 283.2 15.40
208.2 1.73
308.3 1.27

NaCNS
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Figure 1. Schematic trend of Liquid-Solid equilibrium curve
in binary systems Electrolyte-Amide. Supercooling
phenomena occur in the dashed lines. The arrows

indicate the increasing structural complexity of
the mixture.
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Figure 2. Vertical axis: reduced real part of the mechanical

impedance. Horizontal axis: logarthm of the redu-
ced angular frequency. Upper part: NaCNS-Aceta-
mide mixture; a,Maxwell model; b,curve obtained
at 31 and 87 MHz; c,curve obtained at 10 MHz.
Lower part: LiNO,~Acetamide mixture; a,Maxwell
model; b,experiméntal curve.
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Figure 3. Vertical axis: reduced imaginary part of the longitu-
dinal modulus. Horizontal axis: logarithm of the redu-
ced angular frequency. Curve a, structural process;
Curves b,c chemical processes concerning the mixture

NaCNS-Acetamide.
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ABSTRACT

The first measurement in Space of a Soret effect with an
AgI/KI molten mixture is discussed as a new method of
evaluating transport properties of molten salts without the
perturbations of convection. The possibilities and
requirements for this Space experiment are analyzed
theoretically and experimentally, and new results are given
dealing with wetting, interfacial properties of molten
salts, and variations of the thermoelectric power with
time. In each case, the comparison is made between the
behavior of the molten salt on Earth and in Space, and the
conditions for the theoretical convective stability are
given. As a conclusion, the authors show that the
interdiffusion coefficient in Space is significantly
smaller than measured on Earth. This confirms some recent
other Space diffusion experiments on liquid metals. It
also confirms that the Soret coefficient corresponds to AgI
migrating towards the cold end of the cell.

I. INTRODUCTION

The study of the liquid transport properties--electrical
conductivity, diffusion, viscosity and thermal diffusion--should
improve our understanding of the physical and chemical phenomena from
a thermodynamic and dynamic point of view. In the case of ionic
molten salts, the problem is simplified because of the absence of the
usual dipolar solvent and becausé of the relative simplicity of these
compounds. When a temperature gradient is applied throughout a
binary mixture, a diffusion phenomenon appears, which leads to the
partial separation of the constituents; this effect is called thermal
diffusion or Soret effect. The separation created by the thermal
diffusion expressed with a coefficient D’ is limited by a back-
diffusion with a coefficient D. An equilibrium state is reached in
the system and is characterized by the Soret coefficient S, = D'/D,
which will be considered positive when the "heaviest" component
migrates tovards the cold side.
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The Soret effect was intensely studied for molten salts in the
sixties, either by direct analysis or by thermoelectric power
measurements, see, for example, references (1) to (8). After 1970,
most of these investigators left these studies for two reasons:
first, they encountered theoretical difficulties interpreting their
results; the problem was complex compared to the theoretical
knowledge of the processes involved. Second, a great dispersion in
the experimental results was generally obtained and attributed to
convective disturbances (3), which could not be controlled and
impeded further experimentation. Since this time, numerous
computations, for instance molecular dynamics simulations, have been
performed, thus offering a renewal of the interpretation
possibilities. An important improvement for performing scientific
experiments in new conditions has been offered by the multiplication
of Space flights. This led to a new development of the transport
properties studies in the liquids because the microgravity conditions
allow one to assume complete disappearance of convection. However,
the flight conditions only diminished quite notably the gravity
levels, but did not annul them. It was then necessary to develop new
kinds of calculations in order to know the influence of such reduced
gravity levels.

In the case of molten salts, it is impossible to measure a Soret
effect in normal gravity conditions (9). 1In a perfectly vertical
situation, which should be the best situation, an equilibrium state
is reached, which could be destabilized if the parameters of the
system exceed the critical values corresponding to the onset of the
instabilities. During an Earth experiment, the parameters correspond
to the unstable domain where a convective motion is generated, except
in the case of top heating with a positive Soret coefficient, which
is an unconditionally stable situation. In fact, the perfectly
vertical situation is impossible to obtain and small experimental
imperfections cannot be avoided. In the case of top heating and a
positive S;, small departures from verticality will generate
convective motions strongly perturbative if S, is small. 1In
addition, the thermal boundary conditions can create radial thermal
gradients that will also generate convective perturbations. The
complete numerical study (9) that we performed has permitted us to
explain those problems encountered by experimenters, as mentioned
above. Whatever the situation on Earth, the separation created by
the thermal diffusion is always reduced, compared to the perfect one
mentioned above, which only takes in account diffusive phenomena.
This led us to perform our experiment on a molten AgI/KI mixture
during the Sl1-Spacelab flight of October 1985 and also to control the
convection effects in such a microgravity environment by simultaneous
numerical simulations. :
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2. DEFINITION OF THE SPATIAL EXPERIMENT

2.1 Important Experimental Parameters

As has been seen above, the main problems encountered when
measuring processes related to the diffusion in liquids are those
coming from usual convection. However, this is not the only cause,
and perturbations can be generated for at least two more reasons:

1. The surfaces, which are necessary because the experimental
cell cannot have infinite dimensions, thus, in addition to
the volume convection, a surface convection must be
considered.

2. The free volumes existing inside the cell create bubbles,
which will involve a continuous remixing of the molten
mixture since their mobility could be much larger than that
of the diffusion species. A supplementary surface effect
can be added to the bubbles if they exist (Marangoni
effect). The eviction of the free volumes is one of the
most difficult problems that we had to solve, but we were
helped by the salt expansion upon melting; all the excess
volume could be absorbed by a porous material during the
melting operation, if the material wetting and interfacial
properties are known.

These first studies were performed during 1976-78 by Mellon (10),
who defined the best conditions necessary for a successful Space
experiment. He then calculated theoretically the isotherm surface
tension for several molten mixtures with a model which had been
successfully applied to binary and ternary metallic systems. In this
model, the surface parameters are analogous to those of regular
solutions proposed by Guggenheim (11) and by Defay and Prigogine (12)
(quasi-structure of the liquid phase with no long distance
interaction and separation of the degrees of freedom). Then the
volumetric phase is related to the thermodynamic properties and the
surface tensions when the physicochemical equilibrium is reached. It
is concluded that, in contrast to liquid metals, the simple
statistical model is not sufficient to explain the deviation from
ideality observed for the surface tension measurements in molten salt
mixtures. This study was then followed by calculations of the
contact angles and shapes of the equilibrium meniscus as a function
of the gravity values. Experimental l-g determinations of the
wetting properties (contact angles and surface tensions) of a molten
AgI/KI mixture were also made by Mellon; he concluded that such an
equimolar mixture wets imperfectly all materials with various contact
angles (40°<0<90°). The evolution with temperature is slight, but
usual. We are now able to state that no fundamental change of these
values appears under microgravity conditions.
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2.2 Choice of the Experiment

The Space experiment consists of the measurement of the
separation coefficient in a molten AgI, ,;KI; ,; submitted to a
strong temperature gradient. The choice of the type of molten salt
has been discussed earlier (13, 14). Let us only mention that this
salt has valuable characteristics from the thermal point of view
(small thermal diffusivity compared to that of a liquid metal), as
well as from the electrical point of view (very good ionic
conductor). This led to a theoretical study for which we obtained a
decoupling between the mass flux and the heat flux (9), and for which
the microgravity will be of great interest, thus permitting the mass
transfer created by the temperature gradient. Another reason for
using this salt involves the method which can be used for the
detection of the diffusion phenomenon in real time: the measurement
of thermoelectric power. This type of measurement is greatly
facilitated by using a silver salt, which allows the use of silver
electrodes without being impeded by Space charge capacitance effects
induced by blocking electrodes. The mixture composition (eutectic)
has been determined while taking into account the minimum electrical
power requirements (melting point 260°) as well as the probable
maximum separation effect (related to the interdiffusion
coefficient). In Figure 1, we give the most recent AgI/KI phase
diagram obtained by Claudy and Letoffe (15), which is slightly
different from others given in the literature, especially around the
eutectic area.

The choice of the experimental cell takes into account the
various problems, which are:

- no free volume (100% cell filling)

- electrically insulated cell with the possibility of measuring

the thermopotential with silver electrodes
- <chemical inertia and tightness at all temperatures
-~ maximum temperature gradient obtained by the heat flux inside
the furnace

- flight security.
We chose to absorb the salt voluge increase when melting occurs (10%)
by use of a porous material cylinder (special variety of alumina)
surrounding the salt. The choice of porous material was guided by
its thermal characteristics, its wetting by the liquid, and its
chemical reactivity. Some preliminary experiments helped us in the
choice of the porosity (18% volume and 30 pm pore diameter) (16).
The cell was made of an impervious alumina tube, this material having
the best qualities for solving the problems mentioned above. For
flight security, we were obliged to enclose the total cell inside a
stainless steel tube. The experimental cell design inside the Space
cartridge is given in Figure 2.
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2.3 Determination of the Experiment Duration

The furnace used was the Gradient Heating Facility designed by
the C.N.E.S. for a great number of users and mounted inside the
Spacelab Material Science Double Rack. It is composed of three
identical 22 mm diameter cartridges. The heating program has been
carefully calculated as well as the thermal and geometric
characteristics of the cartridges in order to obtain, in the shortest
time, a stable temperature gradient (about 70°C/cm) combined with a
minimum electric consumption (Space requirements). Successive trials
on Earth combined with calculations gave a good value for the thermal
coupling between the cell and diffusers. The thermal kinetics curve
is given in Figure 3, which shows that the stable gradient is
obtained within less than one hour. It can be maintained with a
precision better than two degrees during several hours of
experiments. The experiment duration was determined based on a
preliminary result of Mellon (10), who measured the self-diffusion
coefficients of the silver and potassium ions on Earth. He then
calculated the interdiffusion coefficient of AgI/KI as a function of
the mole fraction of KI and different temperatures. The curves given
by Mellon clearly show that the interdiffusion coefficient is maximum
for the eutectic composition (22% KI, according to Claudy and
Letoffe). The maximum obtained D value is about 27.10-5 cm2?/s. The
evolution of the Soret effect separation with time can be
approximated to the first order, by an exponential form. The time
constant T of this evolution is bound to L, length of the
experimental cell, and to D, interdi%{usion coefficient:

L
T:
. D
A quick calculation indicates that T approaches one hour when
L =3 cm.

One of the important problems of Space experiments is the
experiment duration, for two reasons. The first comes from the
economics of a Space flight, which encourages completing the maximum
number of experiments. The second comes from the energy, which is
necessary for an experiment to be undertaken. Both the flight
organizers, as well as the experimenters, have to take into account
these problems. According to these requirements, it has not been
possible for us to maintain isothermal conditions during a sufficient
time for equilibrium or to use the total cartridge volume in order to
complete two different experiments in each of the three cartridges.
Other problems come from the fact that, because the maximum number of
experiments must be performed in a minimum volume, some perturbations
can be induced by other experiments working at the same time. These
perturbations can come from the vacuum system, which is common to
several racks, as well as from movements (astronauts or experiments)
inducing residual accelerations, as well as from astronauts
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themselves who have to undertake considerable work, sometimes when
being space-sick, or more simply missing some experiments despite
their long training on Earth before the flight.

Ve thus fixed our experimentiduration to five hours, with stable
gradient, assuming that the stationary state is obtained. This adds
up to about six hours with the furnace working, and seven hours when
taking into account the checking of the cartridges and the heating
program, plus the time necessary to obtain a sufficient vacuum. Ve
must add that the total experiment was automatic after the astronauts
had closed the furnace door (the heating program had been prepared on
memories, which could not be modified when running, except for the
total break off of the experiments).

3. RESULTS

3.1 Thermoelectric Potential Evolution

This first Soret-effect Space experiment on a molten salt was
fully successful. We were able to measure a thermoelectric emf in
the three closed impervious cells containing the molten salt. In
addition, it was decided during the flight itself that another rum™
with three cartridges could be performed at the end of the pisSion,
when all other experiments had been made. This supplementary
experiment was made with the Space cartridges, which had been loaded
on board the Spacelab. This second run further confirmed, with three
nev cartridges, the possibility of measuring thermoelectric power
under good conditions in Space. “In fact, these two runs were
performed under quite different conditions: during the first run,
there were continuous activations-deactivations coming from other
experiments, thus creating vacuum problems involving temperature
variations. On the other hand, the second run was made during very
quiet conditions, with no resulting temperature problems. In each
experiment, we used two sizes of porous tubes:

- small salt diameter; inside 3 mm, outside 7 mm

(2 mm thickness)
- large salt diameter; inside 5 mm, outside 7 mm
(1 mm thickness)
These two different geometries should permit us to vary the
convective stability conditions.

Figure 4-a gives the thermoelectric signal obtained on Earth
(vertical cell), and Figure 4-b the signal obtained in Space with
large diameter cells, together with the chromel-alumel thermocouple
indication of the temperature difference. We see that the Earth
signal, which started quite smoothly, shows perturbations after three
hours of experiments. These perturbations are probably due to
contact problems or oxidation on the top electrode.
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Figure 10 gives the x-ray photographs of these last cells: (a)
before salt melting, (b) after melting on Earth, (c) after melting in
Space. It should be noted that all the x-ray photographs given in
this paper have been made after complete cooling down to ambient
temperature. In these three photographs, the porous tube is almost
invisible, which tends to prove that the salt did not penetrate
inside the porous material. The remainder of the cell-free volume
before melting was sufficient for the expansion. The problems
appearing during the Earth experiment are not visible on the 10-b
photograph.

Figure 5 gives the thermoelectric signal and temperature
difference signal obtained on Earth, with two other cells maintained
vertical (small diameter cells). Note that the thermoelectric signal
5-a is perturbed, with no contact at the beginning of the experiment.
This signal then starts with a lower value and maintains a low value
all during the experiment. Oppositely, curve 5-b looks quite normal.
Figure 11 shows the corresponding x-ray photograph. One can see the
great differences between these three photographs. The second
photograph shows the liquid level after a shrinkage, which is due to
a large liquid absorption by the’porous alumina tube, clearly visible
here. On the third photograph, no problem occurred, the liquid
absorption being very slight. This shows that the contact concerning
Figure 5-a appeared after the salt had been absorbed by the porous
material toward the top electrode. The small potential value can be
explained by the temperature difference, which is smaller than
expected in the diffusion zone of the molten salt.

As a conclusion for these thermoelectric measurements, one can
say that measurement is possible in Space with a completely filled
cell and with a reproducibility of 1007 over six cells. Second, the
porosity combined with the interfacial salt properties never resulted
in the salt absorption being under the sole influence of capillarity.
However, some supplementary absorption is obtained on Earth under the
influence of the salt weight. 1In space, one always obtains a
thermoelectric potential, which corresponds to complete cell filling.

3.2 Theoretical Stability Conditions

We undertook numerical simulation of the convection for long,
differentially heated cylinders corresponding to our experimental
cells. We were mainly concerned with microgravity situations
characterized by a gravity (g), which is reduced by a factor 103 to
10* with regard to the Earth gravity (g,), but with an unknown
orientation. The equations, the dimensionless parameters, and the
numerical method are given in previous papers (9, 17). This study
has been performed for various values of the parameters. Various
temperature differences and gravity levels were taken into account
with the use of the Grashof number Gr, (0.01 < Gr, < 10). Ve
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consider all the possible cell orientations with regard to gravity
(v, angle between the gravity and the cell axis, 0° < y < 180°). The
Soret coefficient appears in the separation parameter S (-0.75<S<1).
Finally, the physical properties of the molten salts are used to
determine the Prandtl and Schmidt numbers (Pr = 0.6, Sc = 60). For
such a system, the convective motion corresponds to a single regular
roll, which has no influence on the isotherm contours (small Pr
value). On the contrary, the deformation of the isomass fraction
contours can be important, particularly when Gr, increases (Figure
6). The influence of the motion on the separation, an important
result for the experimenters, is given by the variable Xbot, mean
mass fraction at the end of the cylinder, normalized to one for the
perfect Soret separation (purely diffusive without convective
motion). For different S values, we present the variation of Xbot as
a function of Gry (for vy = 90, Figure 7) and as a function of vy
(Figure 8): the separation is almost perfect for small Gr, values or
for certain vertical situations, but decreases quite strongly outside
this domain. These curves will allow the experimenters to estimate
the degree of perturbation of their experiment. Another interesting
result is that the diminution of cell radius, which decreases the
perturbations induced by convection, can be used to improve the
experimental conditions. These theoretical results applied to the
acceleration values measured during the flight have permitted us to
ensure that our experiment was not perturbed by convection.

4., CONCLUSION

In conclusion, our first Soret-effect experiment in Space has
shown the possibility of measuring thermoelectric power under low
convective conditions. The evolution with time of this
thermoelectric power measured in Space is given in Figure 9 and
compared with the corresponding Earth variation.

The observed variation seems characteristic of a diffusion
process, but the phenomenon is much slower than expected; after five
hours, the stationary state had not been reached. This corresponds
to a smaller diffusion coefficient in Space than measured on Earth.
This fact has also been noticed by other authors using liquid metals
(18), with a factor of four between Earth and Space coefficients.
The Soret coefficient cannot be calculated because the stationary
state is too far from being obtained, but the variation indicates
that the Soret coefficient is positive, corresponding to the
migration of AgI towards the cold side of the cell. The Earth
variation given in Figure 9 is at least two times smaller than the
Space variation; it then confirms the impossibility of a correct
measurement on Earth, although the system is theoretically stable,
the hot side of the vertical cell being up.
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