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Abstract

The molar enthalpy of fusion Ag H,, of KF: K,Mo0O, at the temperature of fusion,
1025 K, was measured in the high-temperature Setaram HTC 1800 K calorimeter as
58 + 2kJmol~'. This quantity, together with the known phase diagram of the system
KF-K,Mo00, and the composition dependence of the enthalpy of mixing at 1273 K, enabled
both the dissociation enthalpy Ay, H and the dissociation degree o of the compound
KF - K,Mo00, to be calculated at the temperature of its fusion. The Le Chatelier—Shreder
equation, derived without taking hypothetical equilibrium states into account, was also used.
The most reliable values of the quantities are those obtained by an iterative procedure using
a “quasi-athermal” solution model. Their values are Ay, H(1, 1025K) = —1.2 kJ mol ™!
and o, (KF - K,Mo00O,, 1025 K) = 0.51.

Keywords: Degree of dissociation; Heat of dissociation; Heat of fusion; Heat of mixing;
Mixed oxide; Model

1. Introduction

Electrolytes applied in the electrolytic deposition of molybdenum from fused salts
also contain melts of the system KF-K,MoO, [1]. The binary compound
KF - K,Mo00,, which has a dystectic melting point at 752°C, occurs in this system
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[2, 3]. Danék and Chrenkova [4] calculated its dissociation degree using a phase
diagram as well as volume properties. They calculated the dissociation enthalpy
from density values, assuming ideal behaviour of the constituents.

Kleppa and Julsrud [2, 5] studied thermodynamic properties of liquid mixtures of
the system MF-M,YO, (M is Li, Na, K; Y is S, Mo, W) with asymmetrically
charged anions but with common cations, using calorimeric and cryometric meth-
ods. They found significant deviations in the partial molar mixing entropies of the
constituents from ideal Temkin solutions. They suggested this difference may be due
to either the charge asymmetry of the anions or the differences in their sizes.

The known enthalpy of fusion of this binary compound at the dystectic temper-
ature of its fusion increases the reliability of the calculated dissociation degree @ and
dissociation enthalpy Ay, H. The experimental determination of the heat of fusion
of KF - K,MoO, [An H(KF - K;M00,)] and the estimations of « and Ay H at the
temperature of fusion of KF - K,Mo0OQ, are reported in this paper.

2. Theoretical

Henceforth, the constituents KF and K,MoQO, will be denoted A and B,
respectively.

When a binary compound AB with a dystectic melting point occurs in a
system A-B, the equilibrium coexistence of its crystalline phase with a melt at
fixed pressure p., and temperature 7, is conditioned by the equilibrium of the
reaction

AB(cry) = AB(l,dis) (D

where AB(l,dis) denotes the substance AB in liquid state which is in equilibrium
with its dissociation products A(l) and B(l) according to the reaction

AB(l) = A() + B(I) (2)

As a consequence of reaction (2), a ternary system consisting of constituents A, B
and AB is present in the melt.

The equilibrium conditions of reactions (1) and (2) may be expressed by the
equations

#(AB, 1, dis, X, eq, T.) —#°(AB, cry, T,) =0 (3)
and

Adis(2) G(ls xw, eq? Tc) = O (4)
where u°(AB,cry, T.) is the chemical potential of pure, crystalline AB at T,
u(AB, 1, dis, x,, .o, T;) is the chemical potential of liquid AB at composition x,, .,
and temperature T, Agis2) G, Xu oy, T.) is the dissociation Gibbs energy of reaction
(2) in the melt at composition x,, ., and temperature T, X, ., is the mole fraction

of AB in the melt which is in phase equilibrium with crystalline AB at the
temperature 7, in the system A(B)-AB.
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The generalized Le Chatelier—Shreder equation which may be written in the form
V(AB, |, X, eq» T)ku(AB, 1, X, oq, T)X(AB, |, X, o, T.)
V+(AB, 1’ Tc)kH,+(ABa 1’ Tc)x+(ABa 1’ Tc)

_ JTG Afus,e:xp H( AB’ T)
Tfus (AB) R T2

In

dT (3)

was given in ref. 6. This equation was derived using Egs. (3) and (4), and by
considering the standard state of a pure, fused substance AB which is in equi-
librium with its dissociation products A and B. The symbols v(AB, 1, x, o, T¢),
ka(AB, L xy o, T.) and x(AB,1, x,, .., T.) represent the fugacity coefficient,
Henry’s constant and a mole fraction of the constituent AB in the ternary system
A-B-AB, respectively. T,,(AB) and A, ., H(AB, T) are the melting temperature
and the experimentally, i.e. calorimetrically and/or cryometrically, measurable
enthalpy of fusion of the constituent AB. The subscript + denotes the quantities
related to the standard state mentioned above.
Rearranging the left-hand side of Eq. (5), according to ref. 7, to the form

W(AB, L, Xy e, Tkt(AB, 1, X,, g, T)X(AB, 1, x,,0q, )
v,(AB,1, T.)ky . (AB, 1, T,)x, (AB, 1, T.)

a(AB, 1, x,, o4, T.)

In

=1
" a+(AB’ 19 TC) (6)
Eq. (5) takes the form
B T, Te
In WAB, L Xy q, T)X(AB, 1, Xy o4, T,,) _ j Afus,cpo(fxB, T) 4T 7
y+(ABa 1’ Tc)x+(AB’ 1’ Tc) Tus(AB) RT

In Eqgs. (6) and (7), a(AB, 1, X, ., T.) and a, (AB, |, T,) denote the activities of the
constituents AB related to a standard state of a liquid consisting of only undissoci-
ated particles of AB, and y(AB, 1, x4, T.) and y, (AB, 1, T,) are the corresponding
activity coefficients. Assuming the validity of these relations, and with X being A,
B or AB

WX, L Xgeq, T) ®v, (X, 1, T,) (8
k(X 1, Xueq> To) m oy (X, 1, T0) (9)
VX L Xoeq, Te) &7, (X, 1, Te) (10)
AgisH(, Xy 0q, To) = Agis . H(1, T,) » Ay s H® (1, T.) (11).
Adis,incS(19 Xw.eq> T)~ Adis,+,incS(1’ )=~ AgisincS°(1, T,) (12)

where Ag;incS is a change in inconfigurational entropy of reaction (2), a transcen-
dental equation may be derived, as in refs. 6 and 8

Q{-xw,eq:v Tc’ CZ+ [Tfus(AB)]’ Adis,+ H[L Tfus(AB)]’ Afus,eprJ[AB’ Tfus(AB)]} = 0
(13)
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Note that configurational entropy is related to the particle distribution in the
volume under consideration, whereas inconfigurational entropy is related to the
energies of all parts of the single particle. The transcendental equation cannot be
directly transformed into the algebraic form.

Using the phase diagram and Eq. (13), the quantities o, [75(AB)],
Agis + H[1, Trys(AB)] and Ag o, H[AB, Tg, (AB)] which characterize the system
may be calculated for ideal solutions. When dealing with real solutions, only their
estimates can be obtained.

If a reliable phase diagram over the entire compositional range is available, the
values of these unknown quantities can be obtained, being the limiting values of
their estimates. The estimates are calculated numerically using the figurative points
lying on the liquidus curves. The limiting values are obtained when the length of the
liquidus curve goes to zero.

Additional information connected with the behaviour of the system is the com-
position dependence of the measured heat of mixing [Apixexp H(A-B, Xp, Texp.)ls
where x5 denotes the mole fraction of component B in a system A-B and T, is
the ith experimental temperature. Unknown quantities characterizing an ideal
solution can, in this case, be calculated using both this dependence and Eq. (13). If,
in addition, the temperature function of Ag .., H(AB, T) is known, liquidus curves
of AB in the phase diagram can also be calculated.

It is necessary to decide whether the investigated system is ideal or not for the
described procedure to be used. The following are conditions of ideal behaviour [8]:

(i) The liquidus curve of the compound AB is symmetrical with respect to the
isopleth AB.

(ii) The volume of the solution is an additive function of substantial amounts of
constituents and of their constant molar volumes.

(iii) The isothermal molar enthalpies of mixing in the system A—B are symmetri-
cal functions of xy with respect to the isopleth xg = 0.5.

(iv) The enthalpy of mixing is given by the relations

Amix,epo(A_ABs xw,Ia Texp,i)
Xy, °
= T (= @Ol = A H (L T )] (14)

for x5 <0.5; (xy.1)
and

Amix,exp}I(B_‘ABa Xw,IT» Texp,i)

Xw,II
=—"1— — Ay H® (1, Ty 15
1 + xw," [ a(xw,ll)][ dis ( s exp,t)] ( )

for x5 > 0.5; (xy11)
in which « is calculated from the equilibrium condition of reaction (2)

K,=KK, =K, (16)
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A suitable model, considering an activity coefficient different from 1, has to be
used to calculate the characteristic quantities of a system, if some of the conditions
for ideal behaviour solutions are not fulfilled. We considered a model performing
under the following conditions.

(i) Equation (11) is perfectly valid for reaction (2).

(ii) Only reaction (2) takes place in the melt. There is no heat effect on mixing
when pure constituents A(l), B(I) and a fictive, pure constituent AB(I) are mixed
together in the ratio of the number of moles corresponding to the ratio of their
equilibrium mole fractions.

(iii) The activity coefficients of A(l) and B(l) [y(A(B), 1, x,,, «)] depend on how
the particles are arranged in a melt. In other words, they are a function of both
mole fraction and degree of dissociation.

(iv) The activity coefficient of AB(l) is independent of composition within the
temperature range T;,—T.,, (eutectic temperature). This condition is fulfilled in the
limiting case x,, ., — 1.

(v) The value of « can be calculated from the equilibrium condition for reaction
(2) in Egs. (14) and (15)

K, =e Ko
* K)’ K‘/

Binary mixtures satisfying all these conditions are termed ‘quasi-athermal”
solutions.

Conditions (iii) and (iv) imply that the activity coefficients of all the constituents
are dependent only on the arrangement of particles in the melt. We have shown in
ref. 8 that the quantity I', is important to calculate characteristic quantities

K .=TK,, (17)

K
r,=-2% = , 18
i (18)
where K, _ , is always referred to the same experimental temperature T.,,,. The

function ¥(x,,, ) is expressed by a polynomial
I, =a, + a,x, + a;0 + agx, 0 + asx2 + ago® 19)

The coefficients a; are obtained by fitting the data of x,, a(x,) and T,(x,, ®)
calculated from Eqs. (14), (15) and (17). Using Eqgs. (7), (19) and van’t Hoff’s
equation of reaction isobars, it is possible to obtain estimates of the characteristic
quantities o, (Ty,s(AB)), Ay, H(l, T i(AB)) and Agy o, H(AB, Ty, (AB)).

These quantities are for real solutions calculated using the iterative procedure
described above (see Eq. (13)).

3. Experimental

The K3;FMoO, sample was prepared by melting equimolar amounts of potassium
fluoride and potassium molybdate in a Pt crucible. The melting point of the
prepared K;FMoO, was checked by thermal analysis. Before its use, the potassium
fluoride was dehydrated by first keeping KF - 2H,O (Lachema, Czech Republic)
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under vacuum at room temperature for one week in the presence of P,O;, and then
gradually heating it to 200°C for one more week. The potassium molybdate (Fluka,
Switzerland) was dried at 600°C. Both chemicals were of p.a. purity.

The enthalpy of fusion of K;FMoQO, was measured with a high-temperature
Setaram HTC 1800 K heat-flow calorimeter working in a DSC mode with a rate of
temperature change of 1 K min~'. The measuring procedure was described in detail
in ref. 9. KCl was used as the calibration standard. Both the investigated sample of
K;FMo00, (250.09 mg) and the calibration standard KCl (250.90 mg) were sealed
in the platinum crucibles and put into the upper sintered alumina crucible of the
calorimetric cell. The platinum crucible containing the reference standard (small
pieces of sintered alumina) was placed in the lower sintered alumina crucible of the
calorimetric cell. During the experiment, the temperature and the difference in
temperature between the upper and lower crucibles, which is proportional to the
heat-flow, was recorded.

The experimental data-processing was discussed in ref. 9. The measured quanti-
ties at melting (Qp./Ans) and crystallization (Q.rysi/Acrys:) Were not adjusted to the
equilibrium temperature because the heat contribution from the difference in heat
capacity between the solid and liquid phase to the transformation heat is less than
the experimental error. Qg and Q. are the heat effects of fusion and crystalliza-
tion, respectively, and Ag,, and Ay are constants proportional to the heat-transfer
coeflicient.

Because the temperatures of transformation (transformation means fusion and/or
crystallization), ® ., or K3FMoO, (752°C) and of KCI (711°C) are close to each
other, we can assume that Ag,, and A, are the same for the investigated and
calibration substances. The specific enthalpy of transformation of K;FMoO, can,
therefore, be calculated using the relation

<Qtrans(K3 FMOO4)> 1

'ltrans P m(K3 FMOO4) =K _ Atransh(KB FMOO4) (20)
Oreans(KCD) 1 ST AvransH(KCD)
j'trans (] m(KCl)

and the known value of this quantity for KCL. In Eq. (20), ® and m denote the
arithmetic mean and sample mass, respectively.

The experimental values of QOpo/Ans and Qeryst/Acryst, the arithmetic means and
their errors, are given in Tables 1 and 2. The errors were calculated using the
Student distribution at the confidence level of (1 — ) = 0.95.

Table 1

Experimental values of Qp /s, and (Qn,/Ans)e for K;FMoO, and KCl

Sample (Qrus/ Arus) (K ) (Orus/Arus)o /(K 5)
K,FMoO, 269 266 283 279 261 272+ 11)

KCl 503 508 507 519 509 (509+7)
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Table 2

Experimental values of Q. ve/Acrys 30 (Qeryse/Acryst)o for K3FMoO, and KCl

Samp]e (chyst/ 'lcryst)/ (K S) (chyst/ 'lcryst)o/ (K S)
K;FMoO, 293 306 308 294 307 (302+9)

KCl 538 536 524 532 523 (531 +9)

Substituting these experimental data and sample masses into Eq. (20), we get
Krus = (0.536 £ 0.023) and «,y = (0.571 £ 0.020). Their arithmetic mean is

Ko = (0.553 £ 0.021) 21
Hence the specific enthalpy of fusion
A, (K3 FM00,) = ko AgA(KC1) = (195 + 8) kI kg™! (22)

The value of A A(KCl) =353kJkg~! was taken from ref. 10. The error in
An (K, FMo00,) was determined from Gauss’s law of error propagation. The
molar enthalpy and entropy of fusion of K;FMoO, at the temperature of fusion,
1025 K, are respectively

An H,(K3FM00,) = (58 + 2) kJ mol ™! (23)
and

Ays S (K3FM00O,) = (56 +2) Jmol ™' K™ (24)

4. Calculation. and discussion

The phase diagram of the system KF-K,MoO, measured by Julsrud and
Kleppa [2] and Patarak et al. [3], together with the composition dependence
of the measured enthalpy of mixing in this system at 1273 K [Ay exp H(KF-
K,Mo0,, x(K,Mo00,), 1273 K)] [2], were used to calculate the dissociation degree
and dissociation enthalpy of K;FMoO, at its melting temperature.

Condition (i), which is valid for ideal solutions, is not satisfied because of the
asymmetrical liquidus curve of K;FMoO, in the phase diagram of the system
KF-K,Mo00,. The enthalpy of mixing calculated by Eqgs. (14) and (15) (assuming
the ideal solution model) fits the experimental curve only if the dissociation degree
equals unity and the dissociation enthalpy reaches negative infinite values. In this
case, Eqgs. (14) and (15) become uncertain which implies that condition (iv) is
invalid. The model of “quasi-athermal” solutions was therefore used.

Two methods of calculation were used. The first assumes “quasi-athermal”
behaviour of solutions over the compositional range Xy eq(Tew) < Xweq(Te) < 1.
The second refers to an iterative calculation. The experimental value of the enthalpy
of fusion given in Eq. (23) was used in both methods. The results are summarized
in Table 3.
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Table 3
Results of calculations of characteristic thermodynamic quantities obtained using the “quasi-athermal”
solution model (I) and the real solution model (I) (KF is A, K,Mo0O, is B)

Model Known experimental data Agis,+ H(1, Tr, (AB))/kJ mol ™! a, (AB, T;(AB))

I Phase diagram —14 0.59
Ami)(,ex];tI-I(A_ B’ Xns Texp)
Aty exp H(AB, T, (AB))

1T Phase diagram —-12 0.51
Amix,expli(‘A_ B’ XB, Texp)
Afus,epo(AB’ Tfus(AB))

Danék and Chrenkova [4] found that the dissociation degree of K;FMoQ, is 0.81
(from a thermodynamic analysis of the phase diagram of the system KF-K,MoO,)
and 0.84 (from an analysis of the volume properties). They found the dissociation
enthalpy to be 18.8 kJ mol~! from the temperature dependence of the equilibrium
dissociation constant. However, they used an ideal solution model. There may be
two possible ways to explain the difference between the values of Danék and
Chrenkova [4] and those found in this work:

(i) We incorporated the enthalpy of mixing to the calculations as additional
information. In this case the calculated dissociation enthalpy has the opposite sign.

(i) We used different models of solutions. The “quasi-athermal” solution model
leads to a lower dissociation degree compared with the ideal solution model.

The values of Ay, . H(], T, (KsFMo00O,)) = —2.9k] mol~! and a, (K;FMo0Q,,
Trs(K3FM00,)) = 0.80 were also calculated assuming ideal solutions and taking
into account the heat of mixing at the composition x(K,MoO,) =0.5 and
temperature 1273 K. The dissociation degree, calculated under these assumptions,
is in good agreement with the values obtained by Dan€k and Chrenkova [4],
whereas the dissociation enthalpy differs only slightly from that calculated by the
previous method (Table 3).

We can see that including the enthalpy of mixing into the calculations strongly
influences the dissociation enthalpy obtained. The dissociation degree primarily
depends on the model used.

We suggest the most reliable values of the characteristic quantities for this
system is to be Ay , H(1, Tps(K;FM00,)) = —1.2kJ mol~! and «, (K;FMoQ,,
Trs(K3FM00,)) = 0.51.
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