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The authors pointed out that beside the heteronuclear associates, type
A,B,, the homonuclear associates, types A; and B;, are also necessary for the
adequate thermodynamic description of the molten salt systems. With any
number of associates, types A;, B;, and A,B,, being considered, the explicit
formulas for calculation of the partial molar excess thermodynamic func-
tions extrapolated to the infinitely diluted solution for components A and B
were obtained in the system A—B.

The trial calculations have proved that it is necessary to consider the
homonuclear associates, types A; and B;, not only from the theoretical point
of view, but also that of the practice even if the stability of the heteronuclear
associates, type A;B,, is much greater (with more orders of magnitude) than
that of the homonuclear ones. The possible methods of determination of the
model parameters have been also discussed.

In order to describe the thermodynamic functions of liquid mixtures
Dolezalek [1] firstly assumed that the interactions between the constituting
components result in associates. Prigogine and Defay [2] created the theory of
associated solution models, which was used until the end of the sixties exclusive-
ly for the thermodynamic description of systems at low temperatures, mainly for
solutions containing organic components.

The application of the associated mixture model to the molten salts started
in the last 20 years [3—11]. In the early seventies the ‘“ionic”” form of the
associated solution models was developed [3—S5], in which the excess mixing
functions were calculated related to the ideal ionic Temkin’s model [12]. The
common feature of these models in the M’X—M"X, systems (where M" is a
bivalent metal and X is a halogen element) was the assumption of the existence
of M"Xj~ complex anions (associates), when the M"”X, content was low. Ac-
cording to Pelton [3] this complex anion exists in the whole concentration range,
moreover, the pure M”X, melt consists of 50 % M”X3~ anions and 50 % M"?*
cations. The model of Flengas and Kucharski [4] differs from that describing the
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pure M”X, melt in entirely dissociated form (M”?*, X~), while Maroni and his
coworkers [5] supposed the existence of “‘polymers” (M"X,), in pure phase
M"X,.

The spectroscopic investigation of Volkov [13—15] and other researchers
proved unambiguously that M”X;~ complex anions are formed really in the
mole fraction interval 0 < x(M"X,) < 0.33. At the same time it was also proved
experimentally that in a given M’X—M"X, system the stability (and the ther-
modynamic and kinetic parameters) of the M”X;™ complex anions is deter-
mined by the interactions arising between this complex anion and the M’*
cations settled in the outer ionic sphere. It follows from this that the models may
be and must be constructed on the basis of the M;[M”X,] heteronuclear com-
plex instead of the M” X}~ complex anion, and so, if M’X is denoted as A and
M"X, as B, the model applied to the classic, “molecular” form of the model
A—A,B—B. So, the associated solution model was applied to the molten salts
in this form [6—11] from the middle of the seventies and, in this manner, the
mathematical apparatus used for calculations became simpler, as well.

The researchers applied the ideal [6—S8, 10], or in some cases the regular
[9, 11] associated solution models to molten salt systems. The use of the latter
one is advantageous especially in cases, when the mixing of the components is
restricted in the melt phase, i.e. 3°G/0x? < 0 (as e.g. in the LiCI—KCI—AICI,
system [9]); and 9°GE/0x? < 0 (as e.g. in the MCI—AICI, system wherei = AICI,
[11]), because from the ideal associated solution model the values of both
9°G/0x? and 3°GE/0x? can be exclusively positive.

But, in general, the use of the ideal associated solution model is more
advantageous, because its mathematical apparatus is more easy to survey and
the equilibrium constants connected with the formation of complex compounds
can be determined independently of the model. The experimental data can be
described by both these methods using the same number of parameters nearly
with the same accuracy (see e.g. the ideal associated mixture model of Wasai and
Mukai [16], as well as the regular associated one of Sommer [17] for molten
metallic systems). In the ideal models the secondary effects are approached by
means of a less stable complex instead of the “interaction parameters’ used in
the regular models. In the systems investigated by the authors this less stable
complex is the AB in general, and the more stable one is A,B [6—38]. We can say
formally that AB is the product of the particular dissociation of the A,B
complex.

Let us now proceed to discussing the concentration range being rich in M"X,.
According to [13—15] the heteronuclear complexes are turning more and more
into multi-homonuclear ones in the mole fraction interval 0.33 < x(M"X,) < 1,
i.e. the following complexes appear: M;[M7X¢], M, _,[M/X,,, ,]. At the same
time, (M"X,), polymeric system can be found in the pure melt phase, in which
the two neighbouring M”?* ions are connected by X~ bridges.
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According to Volkov [13, 15], the notion of thermodynamic and kinetic
constants becomes meaningless for these multi-homonuclear complexes. His
opinion was supported by experimental results, that the values of various
structure-sensitive parameters (activity coefficient 7,, magnetic susceptibility x,,,
molar absorption coefficient £ and the half width of band of electronic absorp-
tion spectra &,,,) are not constant in the given concentration range in contrast
to the diluted M"X, solutions.

According to our opinion the conclusion obtained from these experimental
data is not acceptable. Namely, the %, x., & and 9,, values are constant in the
diluted M”X, solutions only because more than 90 % of the M”X, component
is only found in one type of complexes: Mj;[M”X,]. On the other hand, in the
concentrated solution of M”X, one can find various M; _,[M;X,,,,] and
(M"X,), complexes the stabilities of which differ from each other, but not very
much. So, the values of such macroscopic parameters as ¥, ¥, & and 9,, will
be changed in the case of the changing of the M”X, concentration even, if we
suppose that all the complexes denoted by concrete parameters p are imagined
as individual ones with their own thermodynamic and kinetic constants, and,
consequently, they are in equilibrium with each other and with the monomers
M"X,. So, according to our opinion, there is a reason for speaking about the
equilibrium concentration of the monomers and of various B, polymers in the
pure M”X, phase at given temperature. The proportion of the monomers will
increase and the average length of the “polymers” (parameter p) will decrease
elevating the temperature.

The same conception is related to both pure melt phases M”X, and M’X. The
formation of homonuclear complexes in alkali-halide melts has been supposed
by Smirnov and coworkers [18] in their “autocomplex’ model. Since then in the
last 20 years the existence of the M, [M’X, , ,] “autocomplexes” has been proved
as a result of a lot of experiments, and their supposition has also been proved
that energetically the formation of the n + 1 = 4 complexes, i.e. the tetrahedral
configuration, is the most probable one [19].

Consequently, on the basis of experimental results in the M’X—M"X,, i.e.
A—B systems, it seems to be reasonable to take into consideration the homonu-
clear complexes (A, and B,,) in addition to the heteronuclear A,B,, ones, as well.
At the same time in the publications using the molecular form of the associated
mixture models [6—11] the homonuclear complexes have not been considered
yet. Moreover, the authors started from the values of partial thermodynamic
functions extrapolated to the infinitely diluted solutions of the A or B (eventu-
ally both) components for the empirical determination of the equilibrium values
of heteronuclear complexes notwithstanding the fact that, as we can see later,
these values are depending on the equilibrium constants not only of the com-
plexes A,B,, but also of the A, and B,, type. If we do not take into consideration
the effect of the A, and B,, complexes the calculated by this manner equilibrium

Chem. Papers 45 (2) 145—158 (1991) 147



G. KAPTAY, E. BERECZ

constants referring to the A,B,, complexes will differ from that measured or
calculated independently of the thermodynamic mixing data. It means that the

data used in the model and the real ones will always be inconsistent.
In order to solve this contradiction in this paper — as a first step — the

authors make an attempt to determine the values of the various partial molar
excess thermodynamic functions extrapolated to the infinitely diluted solution
using the ideal associated solution model, taking into consideration both homo-
nuclear (A,, B,,) and heteronuclear (A,B,) complexes. Consequently we will
consider the equilibrium system which contains complexes of optional quality
and quantity, which are in equilibrium with each other and with the A, and B,
monomers. The model of the system is

n

N M m
A ZA,'; Z Z A/B,; Az2 Bj; B, 1)
=

i=2 I=1J=1

Determination of the equilibrium mole fractions in pure phases A and B

Let us consider a pure phase A of n, quantity in which (n — 1) homonuclear
A, complexes are present beside the A, monomers. The equation

ny=nd + Y ind @)
i=2
connects the equilibrium amounts of substances nﬁi with n,. All the complexes
being in equilibrium with all the other (n — 2) complexes and with monomers
A,, the following, altogether (» — 1) independent chemical equilibriums can be
written

iA =A, 3)

in order to characterize the equilibrium of the system. As the condition of the
(n — 1) equilibrium, (n — 1) independent mathematical equations must be writ-
ten in the following way

Ky, = x3,/(x3)) “)

where K, is the equilibrium constant of the A, complex determined by equilib-
rium (3), and xﬁi is the equilibrium mole fraction of the A; complex in pure

phase A.

So, n unknown quantities, which are the equilibrium mole fractions of the
monomer and the complexes, can be found in the system of equations construc-
ted from eqn (2) and from (n — 1) eqns of (4) type. If the values of equilibrium
constants K, as parameters are known, the equilibrium mole fractions in pure

phase A can be determined.
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Analogously, we need the values of equilibrium constants of (m — 1) B;
complexes for the calculation of the equilibrium mole fractions of the monomer
B, and (m — 1) homonuclear complexes B, in the pure phase B of ng quantity.
In this case eqns (2—4) will be modified in the following way

ny=nd + Y jn} (2a)
j= 2

JjBi =B, (3a)

Ky = x3/(x3)/ (4a)

Determination of the equilibrium mole fractions in the A—B system

If we mix {n,} mol of pure phase A and {ny} mol of pure phase B we get a melt,
the composition of which will be determined by eqn (/). Let us denote the
equilibrium amounts of substances in such an equilibrium system with n,, where
the index k denotes any of the components, listed in eqn (/).

The following balance equations are valid between the initial and equilibrium
amounts of substances

N M
Ny =n, + Z ing,+ ), Y Insg,
I=1J=1
v )
”a—”a"‘Z]”a"‘Z Y Ihags,
I=1J=1
The total amount of substances of the equilibrium solution is
N M
n_nA‘+nB,+ZnA+ZnB+Z Z"A,B, 6)
2 j=2 I=1J=1

In this case the equilibrium mole fraction of component k can be expressed as
X = — (7)

The complexes are in equilibrium both with each other and the monomers in the
system, therefore N M independent chemical equilibriums of
IA, +JB, =A,B, &)

type can be written beside (n — 1) eqns of type (3) and (m — 1) eqns of type (3a).
The conditions of equilibriums of types (3), (3a), and (8) are as follows

Ky, = xA,./(xAl)i @)
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KBI- = xBj/(xBl)j (10)
KA/B./ = xAlBJ/(xAI)’ (xBI)J (11 )

The integral molar excess mixing functions

When the mixing process of components A and B is accompanied by forma-
tion of heteronuclear and by dissociation of homonuclear complexes the integral
molar excess mixing functions AYF contain two terms

AYE Ay:iss_'_AYconf (12)

where AY, is connected with the formation and dissociation of the associates,
and AYE ; is connected with the configuration entropy.

The AYE functions, the values of which are equal to zero for the ideal
solutions (e.g. if Y = H, or V, or (0H/3T), = C,, or (0V/0T), = B, etc.), do not
contain a configuration term and in this case AY® = AY,.

Firstly, let us examine the AY,, term of eqn (/2). A two-phase system is
given. One of the phases contains {n, } mol of pure component A, the other one
contains {nz} mol of pure component B. The integral function, which charac-
terizes the initial state of mixing process, related to one mole of the system can
be written as follows

AYg e = — [z °AYA+Z ng AY"] (13)

nA+nB i=2

The final state of mixing process can be characterized by the following integral
function

1
AYi g = [z I AYS + S S man AYD + 2 e AYB] (14)

na + ng 2 I=1J=1
where
AYX'_ = Ygl_—iYX
Ang = YSj—jYS 15)
AYRIBJ = Y,{’IBJ —(Y)+JY)

It follows from eqn (I5) that AYQ = AY; =0, even if A or B are not

elements but compounds. That is why we have to speak about the “‘associate
quantities of formation” which are not equal to the common thermodynamic
functions of formation from elements.
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The change of the integral quantity AY,,, accompanied by the mixing
process, can be calculated as the difference between eqns (/4) and (/3).

Let us now examine the second term of eqn (/2), the configuration entropy.
The integral configuration entropy terms, which characterize the initial and final
states of mixing process, can be written as follows

AEE e = |:Z nd Inxg + Z ng lnxg_] (16)
nA+nB i=1 =l !
R N M
ASE = [Z na Inx, + ) Z g, INx, 5 + Z ny lan]
ny, +ng Li=1 I=1J j=1

+ R(x4 Inx, + x5 In xg) 17)

The last two terms of eqn (/7) are equal to the configuration entropy of the
ideal A—B solution. The requested quantity ASE  can be obtained as the
difference between eqns (/7) and (/6). The configuration term of the integral
molar excess Gibbs function can be calculated by the well-known equation

AGconf =-T AS conf (18)

Partial molar excess functions of the component A concerning
the infinitely diluted solution

Later on we are going to deal with the requested equations only for the
component A. The functions for the component B can be obtained analogously
(see below eqns (30, 31)).

If the integral molar excess mixing function AY* is known, the partial molar
excess function for component A can be obtained by the following well-known
equation
OAYE

XA

AYE = AYE + (1 — x,)

(19)

If x, —» 0 then AY® — 0 as well, and the requested quantity can be defined as
follows

E
AYE® — lim 2AY 20)
.VA—'() aXA
Let us introduce the following quantities
a( ny ) a(nk lnxk>
v, = lim _\ta + g/ £ = lim _\Mia + ng/ 1)
x5 -0 axA X, —0 aXA
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On the basis of comparison of eqns (12, 13, 14, 16, 17, and 20) it follows that
in order to determine the requested quantities A Y£® in explicit form the quan-
tities v, and {, must be determined first.

Determination of AYE®

A, ass

Using eqns (2—11) and definition (21) the following expressions for v, were
obtained after circuitous calculations

VA,— =0
VA, =M,
0 if I>0
Vas, =
™ Nee, if1=0 (2]
F
Ve, =—EE"_ngB
4 =

where v} and vgj are the quantities according to ng and ngj occurring in eqn (13)
and connected with the pure phases; ny! and ng; are the equilibrium amounts of
substances of complexes A, and B, in 1 mol of pure phases A and B, respectively.

M
Cr=Knp (3)!  CCy= c,/(l + 3 c,>
J=1

D=1+Y (—1xj
j=2

. (23)
5 =Kyj(d)~  EE=Ej(1+ Y E)
j=2

J

M m
F =Y JCC—-Y (j—1)EE
J=1 j

j=2

Using eqns (/3, 14, 20—23) one can obtain for the requested quantity the
following expression

n M m F
AYES = — 3 nl AYS 4+ T CC,AYY + 3 (ng; —Elfj—xg]_B)Ang
i=2 J=1 j=2

(24)
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From eqn (24) one can conclude that the values of AY{%, can only be
influenced by the heteronuclear associates 1 mol of which contains 1 mol of
component A.

For Y = H and S, respectively, the AY;? values defined by eqn (15) will be
negative for all thermodynamically stable associates, because their association
heat of formation and association entropy change of formation are negative
owing to their stability. Consequently it follows from eqns (23, 24) that the
values of the functions AH; and AS5* will be shifted to the positive direction
by homonuclear associates, types A, and B;, and to the negative direction by
heteronuclear associates, type AB,.

Determination of AS£™ .
On the basis of eqns (2—/7 and 21—23) the following expressions were
obtained in a very circuitous way for the coefficient: ¢,
. =1l+4+Inx,
6 =-—1

L, =a +lnxAl)/<1 + Y C,)

L =0  (fi>1)

i

G o=nllnxg  (fix1)

i

/0 Gf 1>1) 25)

CaB, =
MONcCC( +Inxg) G I=1)

m F m
' =[122 EE,—1—xg E] Inxg + ), EE;—1
=

j=2
a

N
II

[EE +x§ D] Inxy — EE,  (if j> 1)

Taking into consideration that
M
lim0 (Xa,/Xa) = D/(l + ) C,>
XA J=
| (26)
lim0 (xap,/Xa) = D CC,
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the following expression for partial excess configuration entropy was obtained

ASFL = —R{lnD ln(l + Z C,>+ Z CC,InC,— ) ni'Inx] +
J=

J=1 i=1

+[Z EE +ngl — 1 — xg g] Inxg — Z [EE +xB ——nB]lan} (27)

j=2

where R is the universal gas constant.

It follows from eqn (27) that the value of ASK%,, will be shifted to the
positive direction by the heteronuclear associates, type AB,, and to the negative
direction by the homonuclear associates, types A; and ’Bj.

Determination of the activity coefficient for component A
extrapolated to the infinitely diluted solution

Using eqns (/2) and (/8 ) and the well-known relation for activity coefficients
the following expression can be written

RTIny? = AGR® = AGR . — T ASK%ous 28)

Using eqns (23, 24, and 27), after the reductions the following rather simple
expression can be obtained for y

D
YA = (29)

xA|<1 + Z C,)

J=1

From eqn (29) it follows that heteronuclear associates, type AB,, cause the
negative, while homonuclear associates, types A, and B;, cause the positive
deviation from the Raoult’s law.

If the solution contains only homonuclear associates, types A, and B;, and
their stabilities and stoichiometry are equal, the associates A, increase the value
7a more than the associates B; do, and the more they do so, the higher are their
stabilities. If the system contains heteronuclear associates, type AB,, as well, the
influence of associates B; becomes stronger and the higher are the values of K5,

and J.

The excess functions for the infinitely diluted solution of component B

Since the AY5® functions can be obtained analogously as the AY;® ones, we
give here only the final equations for component B, which are necessary for the
calculations
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m N n
F/
M= -3 j+lglcc,AY£,B+i§2[ _—EE—xAD]AY"

N N
ASE® = —R{lnD’—ln(l +Y C,>+ Y €CnC,— ¥ ng, Inxg +
I=1 I=1

j=1
+ Z":EE+n°'—l—x°£l o — v g F g
£ i A,— Al , nxAI - Z +xA —'—nA lnxA'_ (30)
i=2 D i=2 "D’
@ D’

s = m
x <1 + 3 c,)

I=1

where

N
Ci=Kopn(l)  CC = C,/< 5 c,>
I=1

D'=1+3 (i—1)x}

i=2

n G1)
E =Ky EE=E/(1+ Y £)
i=2

N n
=Y ICC,— ¥ (i— 1)EE,
I=1 i=2

As it can be seen from eqns (30, 31) the partial molar values of component
B extrapolated to the infinitely diluted solution are only influenced by the
heteronuclear complexes 1 mol of which contains only 1 mol of component B
(i.e. complexes A,B). Similarly, as it could be seen for component A as well, the
heteronuclear complexes cause a negative deviation while the homonuclear ones
cause the positive deviation from the Raoult’s law.

Trial calculations

We shall try to find out, how the partial molar excess mixing functions
depend on the number, stoichiometry and thermodynamic characteristics of the
associates (Table 1).

We support the generalizations formulated in the preceding sections
(Table 2). If we do not take the associates A; and B, into consideration it leads
to great errors even if the stability of the associates, type A,;B,, is much greater
(with more orders of magnitude) than that of the associates A; and B;.
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Table 1

The thermodynamic characteristics of associates used in the calculations at 7= 1000 K

AH AS}?
Associate K,
kJ mol~! Jmol'K™!
A, —350 —12.5 15.0
AB —23.2 —-7.0 7.0
AB, —100.0 —234 1.0 x 10*
B, ~18.0 —46 5.0
Conclusion

We have found out that the partial molar excess functions relating to the
infinitely diluted solution can be influenced considerably by both the associates
A, and B,. Consequently, it is necessary to take them into consideration if we
want to get an adequate thermodynamic description of the molten salt systems
M’X—M"X,. At the same time, each new associate increases the number of
model parameters by two new ones (AHy, AS). Therefore, the introduction of
the homonuclear associates can be performed in the following ways:

— taking into consideration only one associate (or some of them) with most
favourable coordination, e.g. the associate type A, [18, 19] and/or A¢ [20] in
pure alkali halide melts;

— taking into consideration such “polymer” associates of infinite quantity
for which a connection can be created between their formation enthalpies and
entropies by using only a few parameters, e.g. in pure MnCl,, CoCl,, ZnCl,, etc.
melts where tetrahedral cross-linked “‘structures” with undefined length will
exist [15]. The obtained formulas can be used in both cases.

For using the associates A; or B; in the model as the first step it is necessary
to determine their thermodynamic characteristics. These data can be calculated
on the basis of the empirical mixing data of binary (or n-component) systems
alone. But, the calculations should not be performed on the basis of empirical
data measured in only one system A—B, because, in this case, a relatively small
experimental error can cause great errors in the thermodynamic functions of A;
and B,.

Practically, the task is related to that of construction of the table of ionic
radii. It is necessary to assemble a thermodynamically closed system of quan-
tities (nevertheless the task is much more complicated because of the much
greater number of the possible phases and because beside the associates connec-
ted with the pure phases the heteronuclear associates must be also taken into
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Table 2

The results of the trial calculations

AHF ASF*© AHY ASE*
Associate 7% Y8
kJmol~! Jmol'K™! kJmol~! Jmol~'K[!
A, 15.3 29 44 2.0 —-2.8 1.8
AB —20.3 -3.0 0.13 —20.3 -3.0 0.13
AB, —100.0 —234 1.0 x 10~* 0.0 0.0 1.0
B, 1.5 —-2.6 1.6 7.0 —-1.5 2.8
A,—B, 16.8 0.35 7.2 9.0 —43 5.0
AB—A, -5.0 —0.05 0.55 -2.9 0.25 0.68
AB—B, —-10.0 -3.7 0.47 —133 —4.5 0.35
AB—A,—B, 5.3 —0.81 2.1 4.1 -13 1.9
AB,—AB —-99.9 —234 1.0 x 107* —-203 -3.0 0.13
AB,—A, —84.8 —20.5 4.4 x 107* 2.0 —-238 1.8
AB,—B, —84.3 —-29.0 1.3 x 1073 7.0 -1.5 2.8
AB,—AB—A,—B, —69.1 —26.1 5.6 x 1073 4.1 —-1.3 1.9
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consideration). But, for this purpose, more and more accurate experimental
data are needed.

1.
12.
13.

15.
16.
17.
18.
19.
20.
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