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THERMODYNAMIC PROPERTIES OF Sb2O3-SiO2 AND PbO-Sb2O3-SiO2 LIQUID SOLUTIONS

WŁAŚCIWOŚCI TERMODYNAMICZNE CIEKŁYCH ROZTWORÓW Sb2O3-SiO2 I PbO-Sb2O3-SiO2

Thermodynamic properties of the liquid PbO-SiO2 and Sb2O3-SiO2 solutions were derived from the results of the
electrochemical studies by the use of solid oxide galvanic cells with YSZ electrolyte. Activities of PbO in silicate melts
were determined directly in the temperature range from 850 to 1025 K and for SiO2 mole fractions 0.2, 0.3, 0.4 and 0.5 from
measured e.m.f.’s of the cell:

Pb,PbO − SiO2 | YSZ | Ni,NiO

relatively to Gibbs energy change of pure PbO formation.
The thermodynamic properties of Sb2O3-SiO2 liquid solutions were derived indirectly from the measurements conducted with
the cell of the type:

Pb,PbO − Sb2O3 − SiO2 | YSZ | Ni,NiO

in ternary PbO-Sb2O3-SiO2 liquid solutions in the temperature range from 1070 to 1280 K.
Two pseudobinary phase diagrams, namely, PbO-SiO2 and PbO-Sb2O3 were optimized, and next using the obtained results the
diagram of Sb2O3-SiO2 system, and the liquidus in the pseudoternary PbO-Sb2O3-SiO2 were predicted.

Na podstawie badań elektrochemicznych z wykorzystaniem ogniw galwanicznych ze stałym elektrolitem cyrkonowym
YSZ określono właściwości termodynamiczne ciekłych roztworów PbO-SiO2 i Sb2O3-SiO2. W zakresie temperatury od 850
do 1025 K dla stężeń molowych SiO2 0.2, 0.3, 0.4 i 0.5 wyznaczono aktywności PbO w żużlu krzemionkowym w odniesieniu
do energii swobodnej Gibbsa tworzenia czystego PbO. Obliczenia wykonano bezpośrednio ze zmierzonych doświadczalnie sił
elektromotorycznych ogniwa o schemacie:

Pb,PbO − SiO2 | YSZ | Ni,NiO

Właściwości termodynamiczne ciekłych roztworów Sb2O3-SiO2 określono pośrednio z danych termodynamicznych otrzymanych
z pomiarów dla ciekłych roztworów PbO-Sb2O3-SiO2. Zastosowane tu ogniwa typu:

Pb,PbO − Sb2O3 − SiO2 | YSZ | Ni,NiO

pracowały w zakresie temperatury 1070-1280 K.
Zoptymalizowano dane termodynamiczne dla dwóch pseudopodwójnych układów fazowych PbO-SiO2 and PbO-Sb2O3 i
wyznaczono ich diagram fazowe. Tak wyznaczone dane termodynamiczne zastosowano do oszacowania wykresu fazo-
wego Sb2O3-SiO2 i określenia przewidywanego kształtu powierzchni likwidus w pseudopotrójnym układzie tlenkowym
PbO-Sb2O3-SiO2.

1. Introduction

Silver production from anodic sledges which are left
after electrorefining of copper is based on the so called
Kaldo process, in which two subsequent stages of reduc-

tion and oxidation take place. After the second step, so-
lutes from silver are transferred into the slag phase. In or-
der to predict the distribution behavior of the impurities
between metal (which is silver with traces of bismuth,
lead and antimony as the most common) and the slag un-
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der fixed temperature and partial oxygen pressure, ther-
modynamic properties of both liquid solutions, name-
ly, metallic phase and the slag phase must be known.
Thus, thermodynamic properties of at least four compo-
nent oxides solution: SiO2+Bi2O3+Sb2O3+PbO should
be known. The inspection of literature on this subject
indicates that no such information exists. Indeed, this
system is not easy to work with, due to a high melting
point of SiO2 on the one hand, and the high vapour
pressure of the rest of the oxides on the other. It seems
that the only chance to work out a sensible solution to
this problem is to gather experimental information on all
binary systems which contribute to this particular qua-
ternary solution (six of them altogether), and then add
them up according to a certain thermodynamic model in
order to predict behavior of this multicomponent oxide
solution.

A thorough literature search showed that phase
diagram of only PbO+SiO2 binary system is well known
[1]. Despite high melting temperature of one of the con-
stituent oxides it is characterized by a wide range of
liquid solutions – up to XSiO2 = 0.7 at 1273 K. In the
solid state silicates of nPbO·mSiO2 type appear, and two
of them, PbSiO3 and Pb2SiO4 melt congruently, at 1037
and 1016 K, respectively. First activity measurements in
PbO-SiO2 liquid solutions were carried out by Callow
[2], Richardson and Webb [3] and Minenko and Ivanova
[4]. Application of solid electrolytes on ZrO2 basis in
galvanic cells stimulated more activity studies of PbO in
this liquid solution. For example, works of Sridhar and
Jeffes [5], Kozuka and Samis [6], Charette and Flen-
gas [7], and Kapoor and Frohberg [8] provided a lot
of thermodynamic data of the liquid oxide phase. Also,
partial enthalpies of mixing of PbO and SiO2 in liquid
solution were obtained by Østvold and Kleppa [9] who
used self-made drop calorimeter.

The other two systems: PbO+Bi2O3 and PbO+Sb2O3
are not so well known. Phase diagram of the PbO+Bi2O3
system was studied by Boivin and Tridot [10] as well as
Biefeld and White [11]. The single study of Mehrotra,
Frohberg and Kapoor [12] provides activity data for both
components at 1173 K. These data have not been verified
so far.

The PbO-Sb2O3 phase diagram is even less known.
It was given first time by Maier and Hincke [13] in 1932.
Barthel [14] and Pelzel [15] determined the liquidus in
PbO-rich part of this system which agreed closely with
Maier and Hincke’s data [13]. This study was later re-
peated and Zunkel and Larson [16] by DTA analysis
and metal-slag equilibration. Determination of the en-
tire liquidus by Hennig and Kohlmayer [17] showed re-
markable disagreement with the data mentioned above.
It seems that only Sb2O3-rich part of the diagram can-

not be questioned. However, once the composition of
PbSb2O4 phase is reached and liquidus temperature rises,
there are some doubts if PbO-rich part of this phase dia-
gram can be trusted. None of the investigators mentioned
above reported any mutual solubility in the PbO-Sb2O3
solid system. The existence of (PbO) terminal solution
suggested by the only result of metal-slag equilibration
done by Zunkel and Larson [16] is not certain and has
not been taken into consideration in our work.

The activity of Sb2O3 in the liquid solution was
measured by Sugimoto et al. [18] and recently by Itoh et
al. [19]. They both used electrochemical method employ-
ing galvanic cells with solid electrolyte. The results of
both studies showed negative deviation from the Raoult’s
Law, which is compatible with the existence of the
PbSb2O4 solid phase in this system. Maier and Hincke
[13] are the only investigators who made vapour-pressure
measurements on liquid slags in the temperature range
of interest but their data gave only one point in the de-
sirable composition range. Their Sb2O3 activity result
obtained at 973 K agree reasonably well with the results
of McClincy and Larson [20], who used gas saturation
method.

There are three different studies which suggest the
phase equilibria in the Bi2O3+Sb2O3 system: Tairi et
al. [21], Turkoglu et al. [22] and Jingkui et al. [23].
All these studies agree at one point: there exists, one
to one BiSbO3 solid phase with a high melting point,
which divides the system into two parts. Bi2O3-rich part
shows numerous phases with solid solutions between
them. Equilibrium with the liquid phase is not known
in this part of the system. According to Jingkui et al.
[23] Sb2O3-rich part looks like the eutectic system. To
a certain extent it is similar to the system suggested by
Tshernogorenko et al. [24] who studied reciprocal re-
actions in the Sb-Bi-O system. Two other studies [21]
and [22] did not show the course of the liquidus line in
this range of concentrations. Instead, the existence of the
solid solutions is suggested. Recently, new information
about thermodynamic properties of these liquid solutions
was given by Krzyżak and Fitzner [25].

The Bi2O3+SiO2 system, another binary constituent
of the four component SiO2+Bi2O3+Sb2O3+PbO solu-
tion has been recently reviewed in the work of Kopyto
et al. [26]. Finally, no thermodynamic and phase diagram
data are known to exist for Sb2O3+SiO2 system.

This short literature survey indicates that it is not
possible at present to predict properties of the quater-
nary slag solution. In order to gather more data on re-
spective binary systems, attempts have been made in this
study to determine the thermodynamic properties of the
liquid phase in Sb2O3-SiO2 system. In order to check
the reliability of galvanic cell performance, activity de-
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termination and the thermodynamic properties of liquid
PbO-SiO2 phase were studied first.

2. Experimental

Materials

Pure antimony (99.9%), was obtained from Fluka
AG (Switzerland). Lead was delivered by ZMR Skaw-
ina (Poland) and it was 99.99% pure. The lead oxide
and antimony sesquioxide of 99.9% purity were obtained
from Fluka AG and from International Enzymes Ltd.
(UK), respectively. SiO2 powder was obtained from sili-
ca glass, after grinding and boiling in nitro-hydrochloric
acid. Dried in the next step and then annealed at 1250 K,
finally, it was quickly quenched in the cold distilled wa-
ter. After another drying, fine silica powder was obtained
which was next used in sample preparation.

The appropriate amounts of silica and other oxides
were mixed and pelletized into small, cylindrical pellets.
These pellets were inserted into electrolyte tubes and
placed on the top of the metal. After metal and oxides
heating and melting such a liquid system was used as
a working electrode of the cell. Solid electrolyte tubes
CSZ closed at one end (length 400 mm, φ = 8) and YSC
(length 50 mm, φ = 6) were supplied by Yamari Trading
Co., Japan.

Technique

Two types of e.m.f. cells were used in our ex-
periments and they are shown in Figures 1a and 1b,
respectively. The cell construction differs depending
on the investigated system and the type of the refer-
ence electrode used during measurements. The first cell
(Fig.1a) was employed during e.m.f. measurements in
Pb-PbO and Pb-(PbO+SiO2) liquid system, while the
other one, was used to measure e.m.f.’s produced by
the Pb-(PbO+Sb2O3+SiO2) working electrode (Fig.1b).

In the first cell (Fig.1a), the tube of solid zirconia
electrolyte contained about 2 g of metallic lead and the
pellet of PbO or PbO-SiO2 oxide mixture of a chosen
composition. Dry air which acts as a reference electrode
flowed in the outer furnace compartment and was flush-
ing the electrolyte tube from the outside. Platinum wire
was used as a connection to the outer part of the elec-
trolyte tube’s bottom. The working electrode was flushed
inside the electrolyte tube with purified argon. The leads
from the liquid electrode of the cell were made of a piece
of iridium wire electrically welded to Kanthal wire. The
whole cell was put into a constant temperature zone of
the vertical resistance furnace.

In the other cell (Fig. 1b) the reference electrode was
a mixture of Ni+NiO powders in the molar ratio 1.5:1.
The investigated electrode contained, at first, antimony
and then lead together with the appropriate mixture of
oxides.

Fig. 1. The design of two types of e.m.f. cells: with air reference electrode (PO2 = 0.213 bar) (a) and with Ni/NiO reference electrode (b)
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The working electrode and reference electrode were
placed in a crucible made of alumina, sealed with high
temperature cement and placed in a quartz tube closed
at one end. Before experiments the whole system was
flushed with pure argon.

Once the temperature was raised, it was controlled
by Eurotherm controller, and e.m.f. was measured by
high-resistance Keithley 2000 multimeter. The course of
experiment (data necessary to reach equilibrium by the
system) was controlled by check of e.m.f. vs. time curve
slope acquired by a computer program. The cell was
working for about one week and the measurements were
taken at increasing and decreasing temperature.

3. Results

3.1. Thermodynamic properties of PbO-SiO2 liquid
solutions

At the beginning Gibbs energy of formation of solid
PbO according to the reaction:

Pb(l) +
1/2O2 => PbO(s) (1)

was determined by the use of a galvanic cell:

Pb(l),PbO(s) | O−2 | air (I)

in the temperature range 848-1123 K. It was calculated
from the following formula:

∆G0
f,PbO = −2 · F · E0 + 0.5 · R · T ln PO2 , (2)

where: PO2 = 0.213 bar denotes oxygen partial pressure
at the air reference electrode, E0 is an electromotive force
of the cell (I), F is a Faraday constant. Finally, T and R
are an absolute temperature and a gas constant, respec-
tively.

Electromotive force values obtained in this work
were corrected with thermo e.m.f. of (Kanthal+Ir)-Pt
junction {E(Kanthal+Ir)−Pt (mV) = –0.2364 – 5.458 ·10−4· T
+ 8.316 · 10−6· T2}.

Using corrected e.m.f. vs. T dependence in the form:

E(V) = 1.1181(±0.0013)− 53.33 · 10−5(±1.36 · 10−6) · T
(3)

∆G0
f,PbO for the formation of the solid lead oxide was

derived directly from equation (2) in the following form:

∆G0
f,PbO(J ·mol−1) = −215771(±260) + 96.43(±0.3) · T

(4)

Fig. 2. The comparison of Gibbs energy of formation of solid β-PbO.
All reviewed experimental data are bracketed by the lines represent-
ing results of Iwase et al. [28, 29] and Mehrotra et al. [30] shown
as shadowed stripe. The newest results of ∆G0

f ,PbO of solid PbO [31]
were superimposed

The results of Gibbs energy of formation of solid
β-PbO (β-PbO, orthorhombic), ∆G0

f,PbO, as a function of
temperature are compared in Fig. 2 with earlier exper-
imental data reviewed by Risold et al. [27]. The line
representing the obtained ∆G0

f,PbO values is bracketed in
the middle of the most extreme literature results [28,
29] and [30]. It means that all other 12 sets of datalie1)

between them. Additionally, the newest results of Gibbs
energy of formation of solid β-PbO [31] were superim-
posed (Fig. 2).

A good agreement is found between literature da-
ta and present results obtained for ∆G0

f,PbO because the
spread of data is about 2.5% of measured value and in
case of comprehensive review of Ganesan et al. [31]
is less then 0.5%. Consequently, one can believe that
the determination of thermodynamic properties of oxide
systems by the use of our experimental setup is accurate
and reliable.

To determine PbO activity in the liquid slag the
e.m.f. of the cell II:

Pb, {(PbO)x + (SiO2)(1−x)} | O−2 | Ni + NiO (II)

was measured in the temperature range from 1050 to
1300 K. The scheme of the cell is written in such a way
that the right-hand electrode is a positive one.

In comparison with the cell I the reference electrode
was changed (Fig. 1b) in order to reduce measured e.m.f.
and to increase the precision of measurements.

The overall cell I reaction is:

1) The thermochemical calorie was adopted in present calculations: 1 calth = 4.184 J
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Pb(l) +
1/2O2 => PbO(l) (5)

and for the reversible reaction (1) the change in Gibbs
free energy can be expressed as follows:

∆G = −2F · E = µPbO − µPb −1/2µO2 (6)

while

RT · lnaPbO = ∆G0
NiO − ∆G0

PbO − ∆Gs−l
PbO − 2F · E (7)

Electromotive force values E obtained in this work
by the use of cell (II) and corrected with thermo e.m.f. of
(Kanthal+Ir)-Pt junction are shown in Fig. 3. The results
of e.m.f. measurements were treated by least-squares
analysis and obtained equations are given in Table 1.

Thermodynamic data of formation of liquid PbO in
reaction (5) was calculated taking into account ∆G0

PbO
expressed by equation (4) and the assessed by Risold
et al. [27] Gibbs energy of fusion of pure, β-PbO (or-
thorhombic):

∆Gβ−l
PbO(J/mol) = 26500 − 22.9 · T (8)

TABLE 1
The experimental e.m.f. vs. temperature for different composition of

PbO-SiO2 liquid solutions

XPbO e.m.f., E(V) = A + B · T
0.8 -0.2699 (±0.0143) + 10.661 · 10−5 (±1.19 · 10−5) · T
0.7 -0.2522 (±0.0391) + 9.975 · 10−5 (±3.2 · 10−5) · T

0.667 -0.2460 (±0.0391) + 9.590 · 10−5 (±3.2 · 10−5) · T
0.6 -0.2118 (±0.00392) + 9.590 · 10−5 (±3.24 · 10−6) · T
0.5 -0.2904 (±0.00579) + 18.511 · 10−5 (±4.78 · 10−6) · T
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Fig. 3. Temperature dependence of e.m.f. of the cell II for different
XPbO concentration

The Gibbs energy of formation of solid NiO,

∆G0
f,NiO, obtained from e.m.f. measurements by Kale and

Fray [32] was accepted in PbO activity calculations with
the use of equation 7. The activities of PbO in the liq-
uid slag calculated directly from measured e.m.f.’s are
shown in Fig. 4 as a function of PbO mole fraction at
the chosen temperature 1273 K. These results indicate
large negative deviation from the Raoult’s Law, which
in fact is compatible with the existence of solid silicates
in this system.
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Fig. 4. The activity of PbO in PbO-SiO2 liquid slag in the frame of
experimental temperature range obtained at 1273 K

The PbO activity measurements together with the
Østvold and Kleppa [9] enthalpies of solution data were
used for the optimization of thermodynamic parameters
of PbO-SiO2 liquid slag by means of methods similar to
[33, 34].

3.2. Thermodynamic properties of Sb2O3-SiO2
liquid solutions

At first, the cell of the type:

Ni,NiO | O−2 | Sb(l), {(Sb2O3)x + (SiO2)(1−x)} (III)

was used to determine activity of Sb2O3 in the liq-
uid phase. Since there is no information about the
Sb2O3-SiO2 phase diagram, it was assumed that because
of substantial difference in melting points of pure com-
ponent oxides, one may expect that the range of composi-
tions available for experiments is located on Sb2O3-rich
side. Two compositions XSb2O3 = 0.6 and 0.7 were arbi-
trarily chosen for investigations.

The overall cell III reaction is:

Sb2O3 + 3Ni => 2Sb + 3NiO (9)
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and since for such a reaction the Gibbs free energy
change is:

∆G = −6 · F · E = 2µSb + 3µNiO − µSb2O3 − 3µNi (10)

it is easy to show that for pure, liquid Sb2O3 (aSb2O3 = 1)
standard Gibbs energy of formation of liquid antimony
sesquioxide can be obtained from the measured e.m.f. of
cell III, E0:

∆G0
f,Sb2O3

= −6F · E0 + 3∆G0
f,NiO. (11)

The results of our measurements are shown in Fig-
ure 5 and 6, respectively and are gathered in Table 2.
Gibbs free energy change of the reaction of formation
of pure liquid antimony sesquioxide (Tm = 929 K) was
calculated from equation (11) in the form:

∆G0
f,Sb2O3

, J/mol = −679376(±780) + 233.17(±0.77) · T,
(12)

TABLE 2
Dependence of e.m.f. vs. temperature for particular composition of

Sb2O3-SiO2 liquid solution

XSb2O3 e.m.f., E(V) = A + B · T
1 -0.04625 (±0.001347) + 4.233 · 10−5 (±1.34 · 10−6) · T

0.6 -0.03921 (±0.01477) + 3.826 · 10−5 (±1.19 · 10−5) · T
0.7 -0.03636 (±0.00178) + 3.440 · 10−5 (±1.74 · 10−6) · T

and shown in Fig. 5 together with the results of Sugimoto
et al. [18] and Isecke [35], the most extreme literature
results. It means that all other 8 sets of data [36-38]
fall within the narrow shadowed area and additionally,
most of the experimental data lies between the results
of Sugimoto et al. [18] and the present data. The spread
of the data is less than 2.2 % of the measured value.
This excellent agreement between literature data and the
present results of ∆ G0

f,Sb2O3
can be treated as a proof of

reliability of galvanic cell III performance.
Next, the activity of Sb2O3 in the liquid solution

(Sb2O3)x+(SiO2)(1−x) (0 < x < 1) can be obtained from
the relation:

ln aSb2O3 =
6F
RT
· (E0 − E), (13)

where measured E values are given in Table 2 in the
form of A + BT equations.

Fig. 5. The comparison of Gibbs energy of formation of liquid Sb2O3

with the literature data. All reviewed experimental data are bracketed
by the lines representing results of Sugimoto et al. [18] and Isecke
[35] shown as shadowed area
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Fig. 6. Temperature dependence of e.m.f. of the cell III for pure liquid
Sb2O3 and for different XSb2O3 concentrations of Sb2O3-SiO2 liquid
solution
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Fig. 7. The estimated activity of Sb2O3 and SiO2 in Sb2O3-SiO2

liquid slag

It was found that the measured e.m.f.’s are very small
and do not differ much from the result obtained for pure
Sb2O3. Calculated Sb2O3 activity values at 1073 K for
XSb2O3 = 0.6 and 0.7 are found to be 0.84 and 0.91,
respectively. Considering experimental uncertainty this
is in fact constant value. It may indicate that there exists
a two phase field on Sb2O3–rich side.

Activities are shown in Fig. 7 but taking into account
very small values of measured e.m.f.’s the results are
very uncertain. Therefore, another attempt was made to
estimate the properties of the considered binary system.

3.3. Thermodynamic properties of PbO-Sb2O3-SiO2
liquid solutions

Activity of PbO in the liquid PbO-Sb2O3-SiO2
ternary solution was measured using the cell of type
IV:

Ni,NiO | O−2 | Pb(l), (PbO(x) + Sb2O3(y) + SiO2(1−x−y)).
(IV)

Measurements were carried out along the
cross-section of the ternary system with XPbO/XSiO2 = 2,
and for the slag compositions XSb2O3 = 0.1, 0.2, 0.3 and
0.4. On the basis of the literature information about the
thermodynamic properties of PbO-SiO2 and PbO-Sb2O3
liquid solutions it was hoped that from the results ob-
tained for the ternary system the interaction parameters
characteristic of the binary Sb2O3-SiO2 solution may be
derived.

The net cell IV reaction can be expressed in the
form:

Pb + NiO => PbO + Ni (14)

which is analogous to net reaction of cell II. So, the cal-
culation of the activity of liquid PbO in the slag phase
follows the previously described procedure and is de-
scribed by the expression (7) where E is measured e.m.f.
of cell IV.

TABLE 3
Dependence of e.m.f. vs. temperature for particular concentration of

PbO-SiO2-Sb2O3 liquid slag

XSb2O3 e.m.f., E(V) = A + B · T
0.1 -0.19627 (±0.0112) + 8.900 · 10−5 (±9.58 · 10−6) · T
0.2 -0.13967 (±0.0143) + 5.557 · 10−5 (±1.21 · 10−5) · T
0.3 -0.14848 (±0.0092) + 7.006 · 10−5 (±7.95 · 10−6) · T
0.4 -0.16643 (±0.0123) + 9.9304 · 10−5 (1.05±10−5) · T

The results produced by cell IV are shown in Fig. 8
and are also gathered in Table 3. In our case experiments
for higher Sb2O3 concentrations were not possible since
for the sample of XSb2O3 = 0.4 microprobe detected an-
timony in the lead used in the working electrode of cell
IV. This speaks for the side reaction between the slag
phase and the metal for higher Sb2O3 content, which
makes experiments for higher Sb2O3 concentrations im-
possible.

The calculated PbO activities for the ratio PbO/SiO2
= 2 are shown in Fig. 9 as a function of X Sb2O3 at 973
and 1173 K, respectively. In the same Figure activities
of Sb2O3 determined at 973 K by McClincy and Larson
[20] from vapor pressure measurements are also shown.
Despite different techniques both sets of the data agree
reasonably well.
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XPbO concentration
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973 K and 1173 K, respectively

4. Thermodynamic assessment and phase diagrams
estimation

A quasi-regular solution model was applied to de-
scribe the binary liquid phase. The molar Gibbs energy
of solution phase is expressed by the equation:

Gm = x0
AGA + x0

BGB + RT(xA · lnxA + xB · lnxB) +ex Gm.
(15)

The parameter 0Gi is the Gibbs energy of pure oxide
species i, i.e. PbO, Sb2O3 and SiO2. Their values were
taken from [27], [39] and [40], respectively,
The excess free energy is expressed as quasi-regular so-
lution [44] by formula:

exGm = xAxB ·
∑
i=0

(xA − xB)i ·i LA,B, (16)

where iLA,B interaction parameters are temperature de-
pendent and given in J·mole−1. When thermodynamic
data for terminal solutions are not available an assump-
tion was made that the mutual solid solubility of SiO2,
PbO or/and Sb2O3 is negligible.

The thermodynamic evaluation was carried out by
the optimization and calculation program, TCCR (Ther-
moCalc AB Stockholm) [42] and Pandat 7.0, developed
by Computherm LLC (USA) [43]. Using the obtained
activity values, the thermodynamic properties of the liq-
uid solutions were described with Redlich-Kister formu-
la (16).

4.1. PbO+SiO2 system

PbO+SiO2 system was modeled using the obtained
activity values and the data published in the literature
[3, 5-7], the liquidus data [45-50] and the enthalpies of
solution of liquid lead oxide in PbO-SiO2 melts at 1173
K [9]. The parameters of excess Gibbs free energy ac-
cording to the formalism (16) were collected in Table 4.
The comparison between calculated and experimentally
obtained thermodynamic data are shown in Fig. 10 and
11.

From this equation all thermodynamic functions
for the liquid solutions can be determined. Parameters
iLPbO,SiO2 are linearly dependent on temperature and are
given in J·mole−1.

The Gibbs energy of the stoichiometric phases was
given relatively to the Gibbs energy of pure oxide species
0Gi by the equation:

G(p,q) = p0GA + q0GB + ∆
0Gf ,(p,q), (17)

where ∆0Gf ,(p,q) is a Gibbs energy of formation of ApBq
compound and p, q are the stoichiometric coefficients.
∆0Gf ,(p,q) can be expressed as a sum of enthalpy and
entropy terms in (J·mole−1):

∆0Gf ,(p,q) = ∆
0H(p,q) − T · ∆0S9p,q) (18)

TABLE 4
Optimized model parameters of the PbO-SiO2 phases

Parameter
Value and linear dependence on temperature,

J·mole−1

Liquid phase Substitutional model
0LPbO,SiO2 -33605.1 + 2.3701 · T
1LPbO,SiO2 -13551.2 - 7.7051 · T
2LPbO,SiO2 19293.2 - 2.4049 T

Phase Pb4SiO6 Linear compound

∆0Gf ,Pb4SiO6 -28837 - 5.5883 · T
Phase Pb2SiO4 Linear compound

∆0Gf ,Pb4SiO4 -29859 - 1.7761 · T
Phase PbSiO3 Linear compound

∆0Gf ,PbSiO3 -16850 - 5.0982 · T

Using this thermodynamic description of the liq-
uid phase, Gibbs free energy of formation of both sili-
cates, and available data on phase equilibria, the bina-
ry PbO+SiO2 system was calculated and is shown in
Fig. 12.
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The assessment of PbO-SiO2 system published by
Jak et al. [51], despite a good thermodynamic model-

ing, was not adopted in the present analysis because the
associate solution model used in it for liquid solution is
too complicated for our estimation of the activity in the
PbO-Sb2O3-SiO2 system.

4.2. PbO+Sb2O3 system

The description of the thermodynamic properties of
another binary system, namely PbO-Sb2O3, is based on
the phase diagram experimental data found in literature
[13,16-18] and the data of Sb2O3 activity in the liq-
uid oxide phase at temperatures range 973-1223 K [13,
18-20]. The obtained excess Gibbs free energy parame-
ters used in our calculations are gathered in Table 5.

The compound PbSb2O4 presented in Fig. 13 is ten-
tative but still it is hard to agree that its congruent melt-
ing temperature (1653 K) reported in [52] is realistic.
The interpretation of the onset temperature in DTA mea-
surements is a well known problem, especially, in vis-
cous slag forming systems. In this case the experimental
error can be substantial.

Consequently, for the equimolar compound
PbSb2O4, melting temperature at 843 K [53] is probably
close to reality.

TABLE 5
Optimized model parameters of the PbO-Sb2O3 phases

Parameter
Value and linear dependence on temperature,

J·mole−1

Liquid Substitutional model
0LPbO,Sb2O3 -63759.3 + 35.0117 · T
1LPbO,Sb2O3 -579.6

Phase PbSb2O4 Linear compound

∆0Gf ,PbSb2O4 -107079 + 103.3 · T
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[13, 16-18] were superimposed
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4.3. Sb2O3+SiO2 and PbO-Sb2O3-SiO2 systems

In the case of Sb2O3+SiO2 system the adopted pro-
cedure of calculations was slightly different. Having the
activity of lead and antimony oxides determined along
the vertical cross-section of the PbO-Sb2O3-SiO2 sys-
tem, and the activity of Sb2O3 in the binary system,
one can use Redlich-Kister-Muggianu model [41, 54]
to derive interaction parameters for binary Sb2O3-SiO2
liquid solution. Because there is no thermodynamic in-
formation about this system, the term describing ternary
interactions were not taken into account. The obtained
model parameters are gathered in Table 6. Calculated
activities in the binary system are shown in Fig. 7 and
compared at 1073 K with measured our values.

Using the obtained model parameters the phase dia-
gram for Sb2O3+SiO2 system was predicted and is shown
in Fig. 15. It indicates the existence of a small miscibil-
ity gap. This is contrary to PbO-SiO2 and Bi2O3+SiO2
systems, where solid silicate phases are present, and
the liquid solutions exhibit negative deviations from the
Raoult’s Law. Finally, the model calculations were ex-
tended upon the ternary system. Activities of Sb2O3 de-
termined at 973 K from vapor pressure measurements by
McClincy and Larson [20] are shown and compared with
the results of calculations in Fig. 9. Also, aPbO obtained
from our e.m.f. measurements are shown in the same
Figure. Considering the uncertainty in the description of
binary systems the overall agreement is good. The pre-
dicted liquidus in the ternary PbO-Sb2O3-SiO2 system
is shown in Fig. 16. Respective invariant reactions for
both unknown binary and ternary systems are gathered
in Table 7.

TABLE 6
Optimized model parameters of the Sb2O3-SiO2 phases

Parameter Value, J·mole−1

Liquid Substitutional model
0LSb2O3SiO2 -2314.8
1LSb2O3SiO2 16483.6

Fig. 15. Estimated Sb2O3-SiO2 system

Fig. 16. Estimated liquidus in pseudoternary PbO-Sb2O3-SiO2 system
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TABLE 7
Binary and ternary invariant reactions in PbO-Sb2O3-SiO2 pseudoternary system

Invariant Reaction T, K XPbO XSb2O3 XSiO2

U1 Liquid + Pb2SiO4 → PbSb2O4 + Pb4SiO6 845.7 0.6569 0.2437 0.0994
E1 Liquid → PbSb2O4 + Pb4SiO6 + β-PbO 844.1 0.6839 0.2499 0.0662
U2 Liquid + Pb2SiO4 → PbSb2O4 + PbSiO3 833.7 0.4632 0.2236 0.3132
E2 Liquid → Quartz + PbSb2O4 + PbSiO3 777.5 0.2382 0.2016 0.5602
E3 Liquid → α-Sb2O3 + Quartz + PbSb2O4 761.0 0.0204 0.2372 0.7424
e1 Liquid → Pb4SiO6 + Pb2SiO4 989 0.75 – 0.25
e2 Liquid → Pb2SiO4 + PbSiO3 996 0.59 – 0.41
e3 Liquid → PbSiO3 + Quartz 996 0.4 – 0.60
e4 Liquid → α-Sb2O3 + Quartz 765 – 0.232 0.768
e5 Liquid → β-PbO + PbSb2O4 851 0.692 0.308 –
e6 Liquid → α-Sb2O3 + PbSb2O4 854 0.303 0.697 –
p1 Liquid + β-PbO → Pb4SiO6 997 0.79 – 0.21
m Liquid1 → Liquid2 + α-Sb2O3 921 – 0.917 0.083

5. Conclusions

In this study the predicted ternary PbO-Sb2O3-SiO2
oxide phase diagram has been suggested. Attempts have
also been made to determine the thermodynamic prop-
erties of the liquid phase in Sb2O3-SiO2 system as well
as to calculate this pseudobinary phase diagram. Though
the predicted diagrams are probably not exact they may
be not far from reality for the following reasons:
– Gibbs free energy of formation of pure oxides PbO

and Sb2O3 determined from our e.m.f. measurements
is in good agreement with the data taken from liter-
ature. This speaks for the precision of our measure-
ments and reversible cell operation.

– Thermodynamic properties of the liquid PbO-SiO2
solutions represented by measured activities are also
in reasonable agreement with the literature data. This
fact demonstrates that the side reactions in the cell
due to aggressive liquid phase were under control.

– Using available thermochemical and phase diagram
data calculations of two binary oxide systems, name-
ly PbO-SiO2 and PbO-Sb2O3 were carried out and
good agreement was found between the calculated
and experimentally determined phase diagrams. Cal-
culations were performed under the assumption that
there are no associates in binary melts. Because of
the lack of sufficient data the ternary interaction in
the liquid slag was omitted.

– CALPHAD method proved to be successful in pre-
dicting unknown phase diagrams with the aid of min-
imal amount of the experimental data. The thermody-
namic description of Sb2O3-SiO2 system is tentative
but coherent. Attempts to estimate the temperature
dependence of liquid phase parameters were not suc-
cessful.

– Finally, gathered parameters for the liquid phase

existing in respective binary systems are the founda-
tion of the database built with the purpose of describ-
ing the thermodynamic properties of Kaldo process
slags. This work should be continued for other oxide
systems.
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