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The thermodynamically consistent phase diagram of the ternary system KF—KsMoOs—B203
up to 30 mole % B203 was calculated using the coupled analysis of the thermodynamic and phase

diagram data.

In the system KF—K>Mo0O4—B;03 the intermediate compound K3FMoO4 melting congruently
at 751°C is formed. This compound divides the binary system KF—K>MoOQy4 into two simple eutectic
ones the coordinates of which are: 29.4 mole % K2MoQy4, 717.7°C, and 56.9 mole % K2MoOy,
747.4°C. In the binary system KF—B3Oj3 the liquidus curve decreases monotonically with increasing
content of B2O3. The inflexion point was found in the course of the liquidus curve of K3MoO4 in the
binary system K2MoO4—B203. The strong positive deviation from ideal behaviour was ascribed
to the possible formation of heteropolyanions [BM06024]9_ in the melt.

In the investigated concentration range of the ternary system one eutectic point has been found
the coordinates of which are: 57 mole % KF, 24 mole % K2MoQOy, 19 mole % B2O3, and 6. = 682°C.
The standard deviation of approximation in the calculated ternary phase diagram is & 5.2°C.

The melts of the system KF—K;MoO4—B,;03
seem to be promising electrolytes for the electrode-
position of molybdenum from fused salts, especially
when smooth, adherent molybdenum coating on
metallic surfaces has to be prepared [1]. From the the-
oretical point of view these melts represent very little
investigated electrolytes containing both the classical
ionic components and the network-forming one. The
possible chemical interactions between them are not
well understood.

The system KF—KoMoO4—B203 is a consider-
ably complicated subsystem of the quinary reciprocal
system K*, B3* Mof+// F~, 0?7, in which a number
of compounds are formed. The experimental determi-
nation of the temperatures of primary crystallization
in the ternary system KF—K;MoO4—B,03 up to 30
mole % B,03 was published previously [2].

In the present work the coupled analysis of the
thermodynamic and phase diagram data of the binary
system KF—KsMoO, and of the ternary system KF—
K2Mo0O,—B,03 was performed. The optimized phase
diagram was constructed.

DATA PROCESSING

The calculation of the phase diagrams of condensed
systems using the coupled analysis of the thermody-
namic and phase diagram data is based on the solution
of a set of equations of the following type

ail) _o )
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where Ag,sG?(T) is the standard molar Gibbs energy
of fusion of the component i at the temperature T,
R is the gas constant, and as ;(T") and a1,;(T) are the
activities of component 7 in the solid and liquid phase,
respectively. Assuming immiscibility of components in
the solid phase (as;(T") = 1) and that the enthalpy of
fusion of the components does not change with tem-
perature, for the thermodynamic temperature of pri-
mary crystallization of the component ¢, Ty ;, we get

AfusH,? + RTpc,i In N,i
AgysSY + Rlnz;

where AgsHY and AgysS? is the standard enthalpy
and standard entropy of fusion, respectively, z;; and
Y,: is the mole fraction and the activity coefficient
of component 1, respectively. The activity coefficients
can be calculated from the molar excess Gibbs energy
of mixing

Tpc,i == (2)

6(nAG§e,)]
on; T\p,mjsi
where m; is the amount of component ¢ and n is the

total amount of all components.
In the ternary system A—B—C the molar excess

RTpcilny,; = [ (3)

Gibbs energy of mixing in the liquid phase, AGE  can
be described by the following general equation
k() 1) m(5
AGE =Y (fVafe5P) G (4)

J
where z; are the mole fractions of components, G; are
empirical coefficients in the composition dependence
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of the molar excess Gibbs energy of mixing and k(j),
1(7), m(j) are adjustable integers. For the boundary
binary systems one of the integers equals zero.

Using eqn (2), the following mathematical model
for the coupled thermodynamic analysis was used

Toc,i = Fo,i + Z F;:G; (5)
J

where T}, ; was obtained from the phase diagram mea-
surement. The first term on the right side represents
the ideal behaviour and the second one the deviation
from the ideal behaviour. For the auxiliary functions
Fy,; and Fj;, with respect to the Gibbs—Duhem re-
lation, the following equations hold

AfusI{io

Foy =
0" = AtsS? — Rlnar; (6)
5 (nxi‘j’x’g")xg(”)
Bni
Fji = ()

AfusSf — Rln Z1,q

If an intermediate compound Z = A,B,C, (p+q+
r = 1) is formed in the ternary system, eqns (4), (6),
and (7) for this compound must be modified [3, 4]

AGE, =S (wi(j) 2N gm) _ pkmqt(j),.m(j)) &
i
(8)

Ass HS
Fy 7 fus 72 (9)

" ApsSy — Rl K of zah

p[éci] " [Qﬁ] +T[QG_']
EXN IR -7 IR >7ovss I

F; 7 =
o AtsSy — RInK 782527,
(10)
where
K = (pPqr™) ™" (11)
and
G =n (xi(j)mgj)zg(j) _ pk(j)ql(j),rm(j)> (12)

Two different procedures may be used for the cal-
culation of the molar excess Gibbs energy of mixing in
the three-component system. In the first one the molar
excess Gibbs energy of mixing is calculated separately
for the individual binary boundary systems using the
binary phase diagram data. The resulting coefficients
for the binary systems are then used for the calcula-
tion of the molar excess Gibbs energy of mixing in the
ternary system using the ternary phase diagram data
only. In the second procedure the calculation of the
molar excess Gibbs energy of mixing in the ternary
system is performed in one step using eqn (4). In the
calculation of phase diagrams of ternary systems the
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former approach is frequently used [3, 4]. However,
in the application to ternary systems exhibiting great
differences in the deviation from ideal behaviour of
the binary systems (the so-called unsymmetrical sys-
tems), this approach describes well the binaries, but
does not yield reliable ternary diagram. For such a case
the latter approach is more convenient. Since the in-
vestigated KF—K;Mo004,—B;03 system belongs into
the group of unsymmetrical systems, the second pro-
cedure was used in the calculation.

RESULTS AND DISCUSSION

The coupled thermodynamic analysis, ¢.e. the cal-
culation of the coefficients G; in eqn (4) has been per-
formed using the multiple linear regression analysis
omitting the statistically unimportant terms accord-
ing to the Student test on the 0.99 confidence level.
As the optimizing criterion for the best fit between the
experimental and calculated temperatures of primary
crystallization the following condition was used for all
the p measured points

P
2 _ .
E (Tpc,exp,i - Tpc,calc,i) = min
=1

The values of the enthalpy of fusion of individ-
ual components were taken from the literature and
are summarized in Table 1. The experimentally de-
termined temperatures of primary crystallization for
the system KF—K;MoO4—B203 were taken from [2].
Beside condition (13) for the calculation of the molar
excess Gibbs energy of mixing the minimum neces-
sary G; coefficients for attaining thermodynamically
consistent phase diagram and a reasonable standard
deviation of approximation were required. The calcu-
lation was performed assuming AgsH; # f(T) and
AGE, # £(T).

The calculated phase diagram of the system KF—
KoMoO4—B303 is shown in Fig. 1. Three crys-
tallization fields are present in the phase diagram
corresponding to the primary crystallization of KF,
K2MoOy, and the intermediate compound K3FMoOy.
The calculated coordinates of the ternary eutectic
point are 57 mole % KF, 24 mole % K2MoOy, 19
mole % B203, and 6. = 682°C. The standard devia-
tion of approximation in the calculated ternary phase
diagram is £+ 5.2°C.

(13)

Table 1. Enthalpy and Temperature of Fusion of Pure Com-
pound Used for the Calculation

Ofus AfusHo
Component —_— Ref.
°C kJ mol~!
KF 858 28.26 (6]
K2MoOy4 928.2 34.7 5]
K3FMoO4 751 58.0 [7]

Chem. Papers 51(5) 263—267 (1997)



MOLTEN SYSTEM -KF—K2M004—B203
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Fig. 1. Optimized phase diagram of the ternary system KF—KsMoO4— B2O3.
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Fig. 2. Molar excess Gibbs energy of mixing in the system KF—KsMoO4— B203.

For the molar excess Gibbs energy of mixing in the
system KF(1)— K2oMoO4(2)—B,03(3) the following
equation was obtained

AGE, =

= 2125(G12,1 + G122%2 + G12,373) + 2123G 13,1+

+ 2225(Gas,1 + G23,273 + Ga3,373 + Ga3a23)+

+ 232223(G123,171 + G123,20123 + G123 373)+

+ 212573(G123,472 + G123,5T273 + G123,673)+

+ 212223 G123,7

(14)
The first term represents the molar excess Gibbs en-
ergy of mixing in the binary system KF—Ks;MoOy,
the second one in the binary system KF—B,03, and
the third one in the binary system KoMoO4—B303.
The last three terms represent the interaction in the
ternary system. The coefficients G, are given in Ta-
ble 2. The molar excess Gibbs energy of mixing in
the ternary system KF—K;Mo0O4—B;03 is shown in
Fig. 2.

In addition, the calculation of the phase diagram of
the binary system KF—KyMo0Qy, based on the exper-
imental data presented in [2] and those of Julsrud and
Kleppa (5], was performed particularly in order to ob-
tain more information on the structure of these melts.
The latter authors measured also the enthalpy of mix-
ing of this system. The obtained values of the enthalpy
of mixing indicate that the system KF—K;MoO, de-
viates only very little from the ideal behaviour. This
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Table 2. Coefficients G; of the Molar Excess Gibbs Energy of
Mixing in the System KF—K2Mo0O4—B3203

G;
Coeflicient tstud. System
kJ mol~!
Gi2,1 —4.6 + 0.58 8.0 KF—K2MoO4
Gi2,2 15 £ 2.0 7.5
G12,3 —16 + 2.0 8.1
G131 6.9+ 1.2 5.6 KF—B203
Ga3,1 220 + 21 10.5 K2oMoO4—B3203
Ga3,2 —905 £ 95 9.5
Ga3,3 1620 &+ 200 8.0
G234 —995 + 150 6.7
G123,1 1260 + 21 6.1 KF—K2Mo0O4—B203
G123,2 —430 £ 100 4.3
G123,3 —310 £+ 63 5.0
Gi23,4 294 + 25 11.6
G123,5 —990 + 170 6.1
G123,6 1800 + 230 8.0
G123,7 —370 £ 100 4.0

observation was confirmed recently by the measure-
ments of the volume properties of this system [8] and
by the calculation of the thermal dissociation of the
additive compound K3FMoOy. In [9] it was found that
the degree of thermal dissociation of K3FMoQy, at the
temperature of fusion attains the value a, = 0.81,
which refers to the very low thermal stability of this
compound.
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Since the molar enthalpy of mixing in the system
KF—K2MoOy, is known [5], the molar excess Gibbs
energy of mixing can be expressed as follows

AGmix = AHnix + TASmix (15)

The enthalpy of mixing was measured in [5] at one
temperature only. Thus it can be expressed as function
of composition in the form
Al =3 saywgy (16)
i
where H; are empirical coefficients determined e.g. us-
ing the least-squares method from experimental data,
and o; and f; are integers. Similar equation can be
written for the entropy of mixing
ABiie = ¥ B 0 B (17)
In Table 3 the calculated values of the coefficients H;
and S; are given. The optimized phase diagram of the

system KF—Ky;MoOy is shown in Fig. 3. The coordi-
nates of the eutectic points are as follows

E1 :L‘(KQMOO,;) = 0.294,
E22 $(K2MOO4) = 0569,

01 = 717.7°C
Bep = 747.4°C

The course of the mixing quantities for the system
KF—K,;Mo0y, is shown in Fig. 4.

For the calculation of the entropy of mixing the
approach based on the idea of the thermal dissociation
of the intermediate compound K3FMoOy in the melt
according to the scheme

K3FMoO; — KF + K;MoO, (A)

was used as well. After thermal dissociation the ideal
mixing of constituents is assumed. The configuration
entropy of mixing can be then expressed by the equa-
tion

ASmix = —R(zkr In 2k + Tk, Mo0, I Tk, Mo0, +

+ TK;FMoO, 1N TK,FMoOy )
(18)

Table 3. Coefficients of the Composition Dependence of the
Molar Enthalpy and Entropy of Mixing (Eqn (16))
in the System KF—K3MoO4

H? S;
o Bi
J mol™! J mol~1 K1
1 1 1 810 +£ 43 7004
2 1 2 — —6.0 £ 1.2
3 1 3 420 £+ 140 5.8+ 1.3

* Calculated according to the experimental data published in

(8]
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Fig. 3. Optimized phase diagram of the binary system KF—
K2MoOy4. ® Patardk et al. [2], O Julsrud and Kleppa
(5], calculated.
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Fig. 4. Molar excess quantities in the system KF—K2MoO4 at
the temperature 1000°C. 1. A Hpix; 2. AGE; 3. TASE

The equilibrium mole fractions of constituents are
given by the equilibrium constant of the reaction (A)
K, = TKP_TKsMoO, _ al
TK3FMoOy 1-ao
and they can be calculated for every composition from
the material balance (see e.g. in [10] for details). The
best fit of the configuration entropy with the course
of the entropy of mixing calculated according to the
coupled thermodynamic analysis was obtained for the
dissociation degree a, = 0.89, which is in good agree-
ment with the value calculated on the basis of the

(19)
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MOLTEN SYSTEM KF—K2Mo0O4—B203
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Fig. 5. Molar entropy of mixing in the system KF—KsMoOy.
Solid line — calculated using the coupled thermody-
namic analysis, dashed line — calculated using the dis-
sociation model with o k3FMo0, = 0.89, dotted line
— ideal course assuming the total dissociation of com-
ponents.

density measurements. In Fig. 5 the comparison of the
entropy of mixing calculated according to different ap-
proaches is shown.
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