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Abstract—Activities, chemical potentials, Gibbs energies, and also the corresponding excess values for CaO
and B,0; in the homogeneity region of melts of the CaO-V,0; system at 1600 K were determined. These
parameters were also calculated in terms of the generalized lattice theory of associated solutions. Considerable
negative deviations from the ideal behavior are observed in the melts studied.
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Information on the vaporization processes and
thermodynamic properties of melts of the CaO-B,0;
system is necessary for optimizing compositions of
multicomponent borosilicate glasses as matrices for
dumping of radioactive waste in ecologically friendly
technologies [1, 2].

The vaporization of the individual components of
the CaO-V,0;5 system has been repeatedly studied.
The information on the vaporization processes and
thermodynamic properties of calcium and boron oxides
has been reviewed in [3]. Under neutral vaporization
conditions boron oxide passes into vapor congruently
without decomposition, and calcium oxide practically
completely dissociates into atomic metal and oxygen.
Individual oxides CaO and B,O; much differ from
each other in wvolatility. When vaporized from
molybdenum or tungsten cells (weakly reductive
vaporization conditions) boron oxide is not reduced,
whereas the dissociation degree of calcium oxide
increases. In this case, the temperature of CaO
vaporization is reduced [4, 5]. Oxygen is bound in
volatile molybdenum or tungsten oxides, which in turn
form gaseous calcium molybdates or tungstates [5]. On
joint vaporization of calcium and boron oxides CaB,0,
[6, 7] and CaBO, [7] associates are present in the
vapor. Starting from the temperature of about 1500 K,
boron oxide and calcium borate CaB,0, are
preferentially vaporized in the CaO-B,0s3, system, and
calcium oxide is accumulated in the condensed phase.
As the condensed phase is enriched with the metal
oxide and as the temperature increases, CaBO, and
CaO molecules and atomic calcium and oxygen begin
to pass in vapor. At temperatures higher than 2000 K,

CaBO,, Ca0, BO, and monatomic calcium and oxygen
are only present in the vapor.

Richardson [8] estimated the activities and
chemical potentials of CaO and B,Os3, and also Gibbs
energies over a wide range of concentrations of the
components of the condensed phase at 1527 K on the
basis of the reference standard enthalpies of formation
and entropies of the compounds formed in the system
Ca0O-B,0;. In the homogeneous melt region, the
system is characterized by negative deviations from
the ideal behavior. In [9], the activities of CaO and
B,0O; in the system CaO-B,0; were determined by
studying the equilibrium between slag and the metal
formed on the reduction of calcium and boron oxides
by carbon. The results obtained agree satisfactorily
with the calculations in [8].

According to the phase diagram of the CaO-B,0;
system [10], a number of compounds, such as 3CaO -
B203, 2Ca0 - B203, CaO - B203, 2Ca0 - 3B203, and
CaO - 2B,0;, are formed in the condensed phase. The
standard enthalpies of formation and the entropies of
the above calcium borates are given in the handbook
[11].

Thermodynamic properties of the systems SrO-
V,0; and BaO-B,0O; were studied in [12]. Melts in
these systems are characterized by considerable
negative deviations from the ideal behavior, caused by
the presence of thermally stable compounds in the
condensed phase.

The CaBO; and B,Oj3 ions were identified in the
mass spectra of vapor over the CaO-B,0; system in
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Table 1. Activities, chemical potentials, and excess chem-
ical potentials of CaO in melts of the system CaO-B,0; at
1600 K (1), found by high-temperature mass spectrometry
and (2) calculated on the basis of the vacancy variant of the
generalized lattice theory of associated solutions

x(Ca0), a(Ca0) _AHCa(z,l —Auﬁacj,l
mole kJ mol kJ mol

fraction | (1) @) om0 |
0.67 0.32 0.15 15.2 25.1 9.8 19.8
0.60 0.11 0.08 294 33.6 22.6 | 26.8
0.50 0.02 0.03 52.0 | 45.8 42.8 36.6

0.40 1.2x1072 | 1.3x107 | 58.8 | 57.8 | 46.6 | 45.6

0.30 | 4.0x107| 5.0x10° | 734 | 703 | 574 | 543

0.20 - 1.6x107 | - 85.4 - 64.0

0.10 - 29x107 | - 108.0 - 77.7

the temperature range 1575-1650 K. The appearance
energies of these ions are 11.7 and 13.9 eV,
respectively. As the temperature was raised to 1700 K,
the Ca® ion was observed in the vapor mass spectra.
The procedure of the determination of molecular
precursors of the above ions is considered in detail in
[7, 13]. The values obtained in the present work
coincided within error limits with the appearance
energies of ions in the mass spectra of vapor over
CaB,0, [7], which points to the fact that the vapor
over the studied samples at 1600 K comprises the
CaB,0, and B,O3; molecules.

The activities of the CaO-B,03; melt components
were determined at 1600 K. According to the phase
diagram [10], the homogeneous melt region in this
system at 1600 K lies in the concentration range from
27 up to 70 mol % of B,Os;. In the temperature range
1580-1610 K, B,O5 ion peaks were reliably detected
in the mass spectra of the vapor over samples
containing from 30 up to 90 mol % of boron oxide, and
the rate of preferential B,O; vaporization was not very
high, which allows us to assign thus obtained values of
the boron oxide activity to the initial melt composition.

The activity of B,O; was found by the method of
comparing ionic currents according to Eq. (1), using
individual boron oxide as standard, and by the Belton—
Fruechan method [14] according to Eq. (2).

a(B,05) = I(B,03)/1°(B,03), (1

STOLYAROVA et al.

In y(B203)[x(B,03)]

x(B,03) = x(B,03)
= —I[x(CaO)/x(BzO3)] d{In [I(CaB03)/I(B,03)
X(B203) =1

— In [x(Ca0)/x(B,05)]}. 2)

The activity of calcium oxide was calculated by the
Gibbs—Duhem equation (3).

In y(CaO)[x(Ca0)]
In y(B,03)

= —{[x(B,03)/x(Ca0)]dln y(B,05).
In YO(Bzos) (3)

Here a;, g, and x; are activity, activity coefficient, and
mole fraction of the ith melt component; /; and I
intensities of the ion currents produced by ionization of
the ith molecular form in vapor of over the melt of a
specified composition and pure oxide, in relative units.
The chemical potentials (Ap;) and excess chemical
potentials of components (Au’), as well as the Gibbs
energies (AG) and excess Gibbs energies (AG") in
melts of the system CaO-B,0; were calculated by Eqgs.

@-(7).

Ap; = RTn a;, %)
AG = E)ic,»-Au,», 5)
Apf = RTlny, (6)
AG" = ZxqApf. @)

The B,Oj; activities calculated by Egs. (1) and (2)
have coincided with an accuracy of 3-5%; therefore,
the activities of CaO were calculated using an
averaged value of y(B,0Os). The resulting values of
thermodynamic functions in melts of the CaO-B,0;
system at 1600 K are given in Table 1. The
dependences of activities, chemical potentials of
calcium and boron oxides, and also AG and AG” in
melts of the CaO-V,0; system at 1600 K are
presented in Figs. 1-3, respectively. As follows from
the resulting values of thermodynamic functions,
negative deviations from the ideal behavior are
observed in melts of the studied system, which is
connected with the formation of stable chemical
compounds in the condensed phase, according to the
data on the phase equilibria in the system under study
[10]. It is necessary to note that the maximal deviations
of the values of Gibbs energy and, respectively, of the
excess Gibbs energy from ideality are characteristic of
CaB,0,. The extent of the deviation from ideality in
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Fig. 1. Activities of the components of the CaO-B,0; melt,
determined by high-temperature mass spectrometry [(/)
a(B,03); (2) a(Ca0)] and calculated on the basis of the
vacancy variant of the generalized lattice theory of
associated solutions [(3) a(B»03); (4) a(CaO)] vs. melt
composition.

melts of the MO-V,0; systems (MO = CaO, SrO, and
BaO) increases on passing from calcium oxide to
barium oxide, which is connected with increasing
difference in the acid-base properties of the
corresponding oxides [15]. A similar behavior takes
place in binary silicate systems containing alkali-earth
metal oxides as modifiers [16].

The thermodynamic characteristics of melts of the
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Fig. 2. Chemical potentials and excess chemical potentials,
determined by high-temperature mass spectrometry
[(1) Ap(B203): (2) Ap(Ca0); (3) Apf(B,03);
(4) Ap*f(Ca0)] and calculated on the basis of the vacancy
variant of the generalized lattice theory of associated
solutions [(5) Ap(B,03); (6) Ap(Ca0); (7) Ap‘(B,05);
8 AuE(CaO)] vs. melt composition in the CaO-B,0;
system at 1600 K.

Ca0O-B,0; system were calculated by the vacancy
variant of the generalized lattice theory of associated
solutions [17-19]. Taking into consideration the
principal postulates of the generalized lattice theory of
associated solutions and the vacancy variant of this
approach, considered earlier in [20, 21], and also
special structural features of melts of the CaO-B,0;
system, we obtained Egs. (8) and (9) for the thermo-
dynamic characteristics of this system.

G- X F(B20X(B20,)
Ap_éao =RT QCafolnﬁ + Qcaln o T reao(1/2z - 1)1HT (8)
XCaO ACa-O- xCaOXCa— al
50 X5 S
AHEBZO;= RT [QB_OIHBO + Qg In B*IB + rpoos(1/27 - 1)1nCaOCaO] )
- X0, X B0 XB,05XB-0- B20

Here x(CaO) and x(B,0O;) are the mole fractions of
CaO and B,0s;, respectively; r(CaO) and r(B,03),
numbers of lattice sites occupied by the structural
elements CaO and B,0;. Like earlier in [20], we
accepted the following parameters of the model for the
description of thermodynamic properties of glasses
and melts of the CaO-B,0;: system Q(Ca-O-) =1 is
the number of CaO contact points corresponding to the
Ca—O-[...] bonds in view of the second coordination

sphere; Q(Ca—) = 2; number of CaO contact points
having vacancies; Q(B—) = 1, number of B,O; contact
points corresponding to the B—[...] bonds; Q(B-O-) =
2, number of B,O; contact points corresponding
to the B-O—[...] bonds; X&*0 , X5, x%%_, and
X5 parameters found by solving the system of
nonlinear equations (10) for the description of
thermodynamic properties of the corresponding pure
components.
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Fig. 3. Integral Gibbs energy and excess Gibbs energy, deter-
mined by high-temperature mass spectrometry [(/) AG;
(2) AGH)] and calculated on the basis of the vacancy
variant of the generalized lattice theory of associated
solutions [(3) AG; (4) AG®)] vs. melt composition in the
Ca0-B,0; system at 1600 K.

CaO

Ca0 C: Ca—O-
X &% (Mcaorp1 X B+ Neao-ca X 6a0) = T, Yao
B,0O &%
CaO, 203 Cao a—O—
X ca-Mca-o-1 X B-0-+ Nca-o—ica) X ca-0-) = Xca0
B,0s (10)
B20; Ca0 B0, OB-0-
Xg-0-Mp-oca X ca- + NB-0-B1 XB- )= Ty XBiOs
Q B>O3
B,03 CaO B>O3 B
XB-0-Mp-o—caX ca-0- + NB-0-B1 X E-0-) 5 VBOs -

The coordination number of the lattice in melts of
the CaO-B,0; system is three, as follows from Egs.
(11) and (12).

an

qca0Z = I'ca0Z — 2rcao + 2,

gso Z=TBo Z—2rso +2. (12)

Here ¢(CaO) and ¢g(BOs;) are total numbers of
contact points of structural oxide fragments; r(CaO)
and r(BOs,), numbers of lattice sites occupied by this
fragment; and z, lattice coordination number.

Using the mole volumes for CaO of 16.6 cm® mol™
and for B,O;5 of 38.4 cm® mol™!, estimated with the
data in [23], we calculated the numbers of lattice sites
occupied by the structural elements CaO and BOj;; in
melts of the CaO-B,0; system. The calculated values
are equal to unity for CaO and BOsj,. Thus, we
obtained the system of nonlinear equations (10) for the
description of thermodynamic properties of melts of
the CaO-B,0; system.

STOLYAROVA et al.

As earlier in [20], in terms of the principal
postulates of the generalized lattice theory of
associated solutions [17-19], the most probable
numbers of bonds in melts of the CaO-B,0; system
were found by Eqgs. (13)—(15).

a 0

Npoca =2XE00 X B Ncao-sIN, (13)

Neaoqca = X 622 X 62% Neao-tcalN, (14)
B,O B,0O

Noop) =Xp-0- X5-NsosN. (15)

Here fo]f is the relative number of A—B bonds; XE";?O,,
Cg?, Xgigi, and X529 parameters found by solving
system (10); and N, total number of molecules in the

melt.

N=ZN, (16)
The activities of CaO [a(CaO)] and B,O5 [a(B,03)]
in melts of the CaO-B,0; system as a function of the
B,0; mole fraction, calculated on the basis of the
vacancy variant of the generalized lattice theory of
associated solutions using Egs. (8) and (9) are given in
Fig. 1 and compared with the data obtained by the
high-temperature mass spectrometry at 1600 K.

The dependences of the chemical potentials Ap; and
excess chemical potentials Apl of the components of
melt of the CaO-B,0; system on melt composition are
given in Fig. 2. Figure 3 illustrates the fact that the
integral Gibbs energy (AG) and the excess Gibbs
energy (AG") in melts of the system CaO-B,0; at
1600 K as functions of the mole fraction of B,0s,
calculated on the basis of the vacancy variant of the
generalized lattice theory of associated solutions and
determined by mass spectrometry at 1600 K fairly fit
each other.

The activities of the components and the Gibbs
energy in melts of the CaO-B,0; system, calculated
on the basis of the vacancy variant of the generalized
lattice theory of associated solutions satisfactory fit the
experimental values obtained by high-temperature
mass spectrometry (Tables 1-3) within no more 25%
on the average, that agrees with the calculated relative
error. This finding provide evidence for the correctness
of the vacancy variant of the generalized lattice theory
of associated solutions for the description of
thermodynamic properties of melts of binary oxide
systems formed by a modifier oxide (alkaline-earth
oxide) and a glass-forming oxide (B,O3).
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Table 2. Activities, chemical potentials, and excess
chemical potentials of B,0;, Gibbs energies and excess
Gibbs energies of melts of the CaO-B,0; system at 1600 K
(1) found by high-temperature mass spectrometry and (2)
calculated on the basis of the vacancy variant of the
generalized lattice theory of associated solutions

-Au(B,03), | —Au“(B,0),
x(Ca0), a(B,0) kH 2 -F 2_13
mole J mol kJ mol
fraction

(1) 2) (1) ) (1) 2)
0.67 | 2.6x107°

4.0x10° | 792 | 73.4 | 644 | 58.7

0.60 | 1.6x107% | 1.5x107%| 55.0 | 55.5 | 428 | 433

0.50 0.11 0.06 294 | 374 20.1 28.2
0.40 0.26 0.14 179 | 26.2 11.1 194
0.30 0.46 0.24 103 | 19.2 5.6 14.5
0.20 0.46 - 10.3 - 7.4 -
0.10 0.46 - 10.3 - 8.9 -
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Table 3. Gibbs energies and excess Gibbs energies of melts
of the CaO-B,0;5 system at 1600 K (1) found by high-
temperature mass spectrometry and (2) calculated on the
basis of the vacancy variant of the generalized lattice theory
of associated solutions

~AG, KJ ~AG", kI
x(Ca0),
mole fraction (1) (2) (1) (2)
0.67 36.3 41.1 27.8 32.6
0.60 39.6 423 30.7 334
0.50 40.7 41.6 31.5 324
0.40 343 38.8 25.3 29.9
0.30 29.3 34.6 21.1 26.4

On the basis of the vacancy variant of the gene-
ralized lattice theory of associated solutions in view of
the second coordination sphere, using Egs. (13)—(15), we
calculated the relative numbers of bonds of the
following types (Figs. 4 and 5): Ca—O(—Ca), Ca—O(-B),
B-O(-B), Ca—O(-V), and B-O(-V) formed in melts of
the system CaO-B,0; (V is a vacancy at 1600 K). It
should be noted that the relative number of Ca—O(—Ca)
bonds in the entire concentration range remains
negligibly small (less than 0.03 rel. units). The relative
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3
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=
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>
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x(B,03), mole fraction

Fig. 4. Relative numbers of bonds formed in glasses and
melts of the CaO-B,0; system and calculated on the basis
of the vacancy variant of the generalized lattice theory of
associated solutions [(/) B-O(-B), (2) Ca-O(-Ca)] vs.
melt composition at 1600 K.

number of B-O(-B) bonds increases in the considered
concentration range of the CaO-B,0; system as the
mole fraction of B,Oj5 increases from 0.10 to 0.12 rel.
units. The number of vacancies in the melt is much
smaller than the number of Ca—O(-Ca) and B-O(-B)
bonds in the entire concentration range.

The experimental Gibbs energies AG(T) for a melt
corresponding to CaB,0, and 2CaO - B,0;, reduced to
298 K, allow us to pass to standard enthalpies of

. 00257 10.025
E
g 0020f 0.020
fa)
G
o
2 £ 0015F H0.015
0 g
—g =
< 0.010f 0.01
S5 0010 , 0.010
2
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Fig. 5. Relative numbers of bonds formed in glasses and
melts of the CaO-B,0; system and calculated on the basis
of the vacancy variant of the generalized lattice theory of
associated solutions [(1) B-O(-V), (2) Ca—O(-V), where V
is vacancy] vs. melt composition at 1600 K.
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Table 4. Enthalpies of formation of calcium borates from
the elements and constituent oxides

Borate ~AH (228) Ak (%?8) Reference

kJ mol kJ mol

CaB,0; (s) 2022.1 112.5 [11]
2031.1 123.1 [24]
1960 54.1 Our data + [24]
1937 28.1 Our data + [26]

2 Ca0-B,0s (s) 2726.3 182.6 [11]
27354 191.5 [24]
2710 166 Our data + [24]
2708 164 Our data + [26]

formation of these compounds. The calculations were
carried out using the reference data [11, 24, 25] and
Landiya’s method [26]. The calculated values together
with the reference data for calcium metaborates are
presented in Table 4.

Our value of the enthalpy of Ca,B,0s formation
practically coincides with the reference data [11, 24],
and the enthalpy of CaB,0, formation is lower in
absolute value by 60-70 kJ mol™ than the reference
value. A number of reasons can be responsible for such
a discrepancy, and the first of them is the uncertainty
in our determined activities of the melt components.
However, to increase the absolute value of AG(T) by
60-70 kJ mol™', the error in the determination of the
B,0; activity should exceed two orders of magnitude.
The error in activity measurements by differential
mass spectrometry with an individual component as
standard is no more than 5%. Even under the most
unfavorable measurement conditions, it is practically
impossible to be even twofold mistaken. A certain
error in the calculation of the formation enthalpies is
introduced when experimental AG(T) values are
reduced to the standard temperature (298 K). The H
(T)-H(298) and S°(T)-S"(298) values were calculated
by Landiya’s method [26] using reference data [24].
The error of this method does not exceed 3%, when
standard entropy and temperatures of melting and
polymorphous transformations are known. The AG(T)
values reduced to 298 K with the data of [24] and [26]
proved almost equal to each other.

The second reason is the incorrectness of reference
data. Such cases are not rare. For example, four values

STOLYAROVA et al.

of —AH" (s, 298) for barium tungstate are given in the
reference and original literature: 1633.8 [27], 1697.4 +
4.2 [11], 1680.1 = 10.5 [28], and 1630.8 [24] kJ mol™".
Considerable disagreements in reference values of
standard enthalpies of silicates of alkali-earth metals
are noted in [29].

The use of molybdenum cells introduces a certain
error in measurements. Though molybdenum does not
reduce boron oxide, calcium oxide is partially reduced,
and its volatility and, correspondingly, activity
increase. However, it is unlikely that calcium oxide
reduction can increase the CaO activity by two orders
of magnitude.

In connection with the above-stated, not claiming
for the ultimate absolute truth, we recommend to use
the values of the enthalpies of formation of CaB,04(s)
and Ca,B,0s(s) formation of —1960 and —2710 kJ mol™!
at 298 K, respectively, as resulting from a sufficiently
correct experiment.

EXPERIMENTAL

This work was performed by high-temperature
differential mass spectrometry on an MS-1301 mass-
spectrometer at the ionizinf electron energy 25 eV. The
block of double molybdenum one-temperature effusion
chambers was heated by electron bombardment. The
temperature was measured with an EOP-66 optical
pyrometer with an accuracy of +5° in the range of
1450-1650 K. The instrument was preliminarily
calibrated by CaF, vapor pressure [25]. The systems
studied were synthesized from analytical grade boric
acid and pure grade calcium carbonate. The synthesis
was performed in platinum crucibles at 1423-1773 K
depending on composition. After the charge had
welded, the temperature was raised to the operation
level, and the melt was stirred with a quartz tube. Then
the melt was poured out on a heated steel plate and
cooled. The resulting blocks were annealed in a muffle
furnace at 773-873 K for 30 min.
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