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Abstract—Phase equilibrium data of the present authors for the CaO-Pb-O and PbO-CaO-SiO, system in
air, combined with phase equilibrium and thermodynamic data from the literature, were optimised to
obtain a self-consistent set of parameters of thermodynamic models for all phases. The modified qua-
sichemical model was used for the liquid slag phase. From these model parameters, the optimised ternary
phase diagram was back calculated. ¢ 1998 Canadian Institute of Mining and Metallurgy. Published by
Elsevier Science Ltd. All rights reserved.

Résumé—On a optimisé les données d’équilibre des auteurs ci-dessus, pour la phase de liquidus des systémes
CaO0-Pb-0O et PbO-Ca0-SiO,, & I'air libre, en combinaison avec les données d'équilibre de phase et de
thermodynamique de la littérature. On a ainsi obtenu un ensemble de parametres autoconsistants de
modéles thermodynamiques pour toutes les phases. On a utilisé le modéle quasi chimique modifié pour la
phase de scories liquides. A partir de ces paramétres du modéle, on a calculé a reculons le diagramme de

phase ternaire optimisé. °
Science Ltd. All rights reserved.

INTRODUCTION

The present study of the system CaO-Pb-O and PbO-CaO-SiO,
is part of a wider research program aimed at characterisation
of phase equilibria and thermodynamic properties of the six-
component system PbO-ZnO-FeO-Fe,0,-Ca0-8Si0, for zin-
c/lead smelting slags and sinters by interactive combination
of experimental investigations and thermodynamic modelling.
This overall research program has already been described in
previous publications of the present authors [1-8].

In the thermodynamic “optimisation’ of a system. all available
thermodynamic and phase equilibrium data are evaluated sim-
ultaneously in order to obtain one set of model equations for
the Gibbs energies of all phases as functions of temperature and
composition. From these equations, all of the thermodynamic
properties and the phase diagrams can be back-calculated. In
this way. all the data are rendered self-consistent and consistent
with thermodynamic principles. Thermodynamic property
data, such as activity data, can aid in the evaluation of the
phase diagram and phase diagram measurements can be used
to deduce thermodynamic properties. Discrepancies in the
available data can often be resolved, and interpolations and
extrapolations can be made in a thermodynamically correct
manner.

For the molten slag phase, a modified quasichemical model
has been used [9-11]. The model has been described in several
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publications [2, 3, 7, 9—11]. Parameters for the computer model
of the slag system are obtained from thermodynamic and phase
equilibrium information on binary and ternary systems. The
optimisations for the binary and ternary systems are performed
with least-squares optimisation programs which are part of the
F*A*C*T computer database system [12]. Binary and ternary
phase diagrams are calculated from the optimised parameters
with the software of the F*A*C*T system.

In the present study, initial critical evaluations of all available
reliable phase diagrams and thermodynamic data for the PbO-
Si0,, Ca0-58i0, and PbO-CaO binary systems have been con-
ducted. From these binary parameters, the quasichemical model
was used to predict the thermodynamic properties of the slag
phase in the PbO-CaO-Si0, ternary system. The initial com-
puter modelling of the PbO-CaO-Si0, ternary system indicated
significant discrepancies between the data previously obtained
on the binary sub-systems and on this ternary system [13-17].
To resolve these problems a new experimental investigation was
carried out [1, 5, 6, 18]. The new [I, 5, 6, 18] and previous
experimental information was then used to re-optimise the sub-
systems and the ternary system PbO-CaO-SiO..

PURE COMPONENTS

A selection of the thermodynamic properties of CaO, PbO
and SiO, from the F*A*C*T databuses was reported previously
[19, 2]. Values of AHyy, Ss and T, as well as AH[ ..
and ASj.n at the melting points for the oxides CaO, PbO and
Si0, and AH+, and AS7, at solid state transformation points
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were taken from selected thermodynamic sources [20-24].
Expressions for C, were obtained by fitting the tabulated values.
Above the melting point, C(sol) was set equal to C,(liq) and
below the melting point, C(liq) was set equal to C,(sol). The
thermodynamic properties of the component oxides PbO, CaO
and SiO, are given in Table 1.

BINARY SUB-SYSTEMS
The binary systems PbO-Si0O., and CaO-SiO, were optimised

previously by the present authors [2. 19]. Optimised properties
of compounds and quasichemical parameters are listed in

Table I. Thermodynamic propetties of stoichiometric compounds in the PbO-Ca0-Si0, system

A B a h ¢

Tables 1 and 2 respectively. The PbO-SiO, binary phase diag-
ram is given in Fig. 1.

The CaO-Pb-0 system

The system CaO-Pb-O was investigated by Kuxman and
Fischer [25] in air and in a pure nitrogen atmosphere by DTA
experiments of mixtures of 4. 8, 14, 21, 30 and 35wt% CaO
and by equilibration of melts in lime crucibles. These workers
reported the existence of the intermediate compound Ca,PbO,
(2Ca0.PbO) which melts incongruently at 822°C and has a
eutectic with PbO at 815'C and the liquid mole ratio
Ca/(Ca+Pb)=0.134,

d ¢ f g h
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Table 2. Optimised binary quasichemical parameters for the liquid
phase in the PbO-Si0,, Ca0-Si0, and CaO-PbO systems.

Wk(AB) [1]

System A--B k nk(AB) [J/K]
PbO-SiO, 0 —24351

6 — 174076

7 183069 -20.83
Ca0-S10, 0 - 152217 —19.46

| —37932

5 —90148

7 439891 133.89

PbO-CaO 0 - 103014

--52.30

Kitaguchi ez al. [26] investigated this system in air using TG-
DTA. The intermediate compound was reported [26] to be
Ca,PbO, (2Ca0.Pb0O.); no Ca,PbO, was found.

The existence of Ca,PbQ, has been confirmed by others [27-
29] and indicates that lead may be present in the 4+ as well as
the 2+ states. This means that the system in air is not a true
binary but part of the Pb-Ca-O ternary system. No information
was found in relation to the presence and amount of Pb*" in
the liquid phase. In the present study it is assumed that there is
negligible Pb** in the liquid.

Kitaguchi et al. [26] reported the ecutectic (liquid—Ca,
PbO,+PbO) in air to be at 84746 C and the liquid mole
ratio Ca/(Ca+Pb)=0.04. The peritectic (liquid+ Ca,PbO,—
liquid + CaO) was reported to be at 980 + 2 C with liquid having
mole ratio Ca/(Ca+Pb)=0.14.

Araten [27] reported the solubility of CaO in the PbO liquid
to be of the order of 5wt% (mole ratio Ca/(Ca+Pb)=0.173)
at a temperature around 1000 'C (temperature is not clearly

stated). This is consistent with both versions of the diagram [25,
26].

A new experimental investigation was undertaken by the
present authors to characterise this system [18]. Quenching
experiments were carried out in equilibrium with air as well as
at Jower oxygen partial pressures. It was confirmed that the
incongruently melting compound has the formula Ca,PbO,. It
was found that the compound Ca.PbO, decomposes into liquid
and lime in air at a temperature above 1000°C. The temperature
of the eutectic (liquid —»Ca,PbQO,+ PbO) was found to be above
850"C in air. At 825 C and oxygen partial pressures above
0.01 atm. the compound Ca,Pb0O, is stable and at oxygen partial
pressures below 0.001 atm, it decomposes into PbO and CaO.

Sw and C, values for the compound Ca,PbO, were cal-
culated using the increment method [30]. The AH,y," value was
optimised to fit the liquidus data [18] in the primary field of this
compound. These thermodynamic properties are given in Table
1.

From the experimental information [18] the system CaO-Pb-
O was optimised. The binary quasichemical parameters for the
liquid phase obtained during optimisation are given in Table 2.

The calculated optimised phase diagram in air along with
experimental points [18, 26] is given in Fig. 2. The eutectic
(liguid— Ca.PbO, + PbO) was calculated to be at 861°C and a
liquid mole ratio Ca/(Pb+Cua)=0.05(4). The peritectic
(liquid + CaO—Ca.PbO,) was calculated to be at 1001°C with
the liquid having a mole ratio Ca/(Pb+Ca)=0.14.

At lower oxygen partial pressures. the compound Ca,PbO,
is not stable. Figure 3 presents the pseudo-binary diagram CaO-
Pb-O at an oxygen partial pressure equal to 0.001 atm. The
system at this low oxygen partial pressure was calculated to
have a eutectic (liquid —»PbO 4 Ca0) at 826 C at a liquid molar
ratio Ca/(Pb+Ca)=0.12.
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Fig. 1. The phase diagram of the system PbO-SiO; as previously optimised [2].
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Fig. 2. The phase diagram of the systern CaO-Pb-O in air.
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Fig. 3. The phase diagram of the system CaO-Pb-O calculated at
Py,=0.001 atm.

Figure 4 presents the variation of the temperature of the
eutectic (liquid—PbO + CaO/Ca,PbO,) as a function of the
oxygen partial pressure. The minimum oxygen partial pressure
at which the compound Ca,PbO, is stable was calculated to be
0.0018 atm. At oxygen partial pressures below 0.0018 atm, this
eutectic reaction involves liquid, lead oxide and lime and the
eutectic temperature is not dependent on the oxygen partial
pressure. As oxygen partial pressure increases above
0.0018 atm, the eutectic involves liquid, PbO and Ca,PbO, and
the temperature of the eutectic increases with increasing oxygen
partial pressure (from 826°C at 0.0018 atm to 861°C in equi-
librium with air).

THE PbO-CaO-SiO, SYSTEM

EMF measurements with a solid electrolyte (stabilised zir-
conia) oxygen concentration cell were used by Taskinen et al.

0 t + } t
1y PbO + Ca, PbO,
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<
e
34 Liquid + PbO =l PvO
or %’ +
Liquid + CaO S| CaO
=1
-4 it '3
0.0008 0.00088 0.00089 0.0009 0.00091 0.00092
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Fig. 4. Calculated temperature of the eutectic (liquid—»PbO + CaOy;
Ca,Pb0O,) as a function of oxygen partial pressure.

[13] and Sugimoto and Kozuka [16] to determine PbO activities
in the ternary CaO-PbO-SiO, liquid phase. Sugimoto and
Kozuka [16] investigated the temperature range from 900 to
1100°C. Taskinen, Taskinen and Holappa [13] investigated the
temperature range from 900 to 1000°C. Richardson and Pillay
[14] measured the activity of PbO in the Jow lime region of the
ternary CaO-PbO-SiO,; liquid in the temperature range from
1000 to 1200°C by a study of the equilibrium (PbO)==[Pb]+[O],
where (PbO)is lead oxide, either pure or dissolved in the silicate,
{Pb] 1s molten lead metal and [O] is oxygen dissolved in the lead
metal. Slag and lead metal were equilibrated under nitrogen,
quenched and the oxygen concentration in the lead metal phase
was analysed chemically. Ouchi and Kato [15] measured PbO
activities in liquid CaQO-PbO-Si0), solutions using a Knudsen
cell-mass spectrometer technique in the temperature range from
1050 to 1250°C.

Phase relations in the ternary system were investigated by
Samanta and Hummel [17] by a quenching technique with
optical microscopy and XRD. Some samples were examined
with the electron probe.

The initial computer modelling of the PbO-CaO-SiO, ternary
system indicated significant discrepancies between the data
reported by Samanta and Hummel [17] and other previously
obtained data on the binary sub-systems [2, 19, 25-29] and on
this ternary system [13-16]. To resolve these problems, a new
extensive experimental study of the PbO-Ca0-SiO, ternary sys-
tem was undertaken by the present authors [6, 18] using the
quenching technique followed by electron probe X-ray micro-
analysis. Liquidus and solidus data were reported for most of
the primary phase fields [6. 18]. It is these recent experimental
results which were mainly used for the optimisation. Over 200
experimental liquidus points over the composition range 0-
65mol% SiO, and 0-42mol% CaO in most of the primary
phase fields were used.

Binary quasichemical parameters for the liquid phase from
the optimisations of the binary sub-systems (see Table 2) and
three additional ternary parameters were required to reproduce
the reported [6. 18] ternary liquidus surface and other available
thermodynamic  data  [13-16]. The ternary terms
+56417Y coo(Ypoo+ Yol and +137285Y7,,J were added to
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the value of wpys, and the ternary  term
— 71785 V5i0: Ypro/ (Ypoo+ Yeuo) was added to the value of
D(ca-si)-

All solid phases with the exception of the 2" dicalcium silicate
Ca,S10; and lead calcium silicate Ca,Pb;Si,0,, were assumed
to be pure stoichiometric compounds. S;y, and C, values for
the stoichiometric compounds margarosanite Ca.PbSi;O, and
Pb-Ca barysilite CaPbySisO,, were calculated using the
increment method [30]. AHS, values were optimised to fit the
liquidus data [6. 18] in the primary fields of these compounds.
Thermodynamic properties of the stoichiometric compounds
are given in Table 1.

Dicalcium silicate Ca,SiO, (2" polymorph) and lead calcium
silicate Ca,Pb,Si,0,, were found to form extensive solid solu-
tions [6. 18]. For instance, o” dicalcium silicate Ca.SiQ, dissolves
up to 45mol% Pb,Si0,. The chemical compositions of these
solid solutions in equilibrium with liquids at the various tem-
peratures indicate that Pb®~ substitutes for Ca®* cation.

The thermodynamic properties of the «” dicalcium silicate
Ca,S10, and lead calcium silicate Ca,Pb;Si.0,, solid solutions
were described by a sub-regular solution model. The selection
of the S5y, C, and AH 1 values for the compounds «” Ca,SiO,
and Pb.SiO, is described by Eriksson er al. [19] and Jak et al.
[2] respectively. Say, C, and AH3y values for the compounds
Ca,Pb;Si;0,, and Pb.Si;O,, (which is unstable as a stoi-
chiometric compound) were calculated using the increment
method [30] (see Table 1). The AH 5 value for the compound
Ca,Pb,Si,0,, was then adjusted to fit the liquidus data.

The optimised Gibbs energy of the solid solution of Pb,SiO,
in the o" Ca,Si0, is:

G = XeasGéas+ Xpas(Gpps +3331)
+2RT (X5 In Xeag + Xpog I Xpog)
+ XeasXpas(— 2335 —9498 X 1,6 )[J/mol], (1)

where Xcas, Xpas, Géas and Gpag are mole fractions and standard
Gibbs energies of 2'-Ca,SiO, and Pb.SiO, respectively.

The optimised Gibbs energy of the solid solution of PbsSi;0,,
in lead calcium silicate Ca,Pb;Si;0,, is:

G = XapasaG iopasy + Xossa (Gpssy + 24330)
+2RT(X capasa In Xapasy + Xpssa I Xpsgs)
— 37731 X capasaX ssa [J/mol], (2)

where Xcapasi, Xpss3» Giapass and Gpssy are mole fractions and
standard Gibbs energies of Ca,Pb,Si;0,, and Pb.Si,0,, respec-
tively.

The resultant ternary phase diagram calculated by the
F*A*C*T computer software is presented in Fig. 5. When the
liquidus is relatively flat, an agreement with the experimental
data [6, 18] of +15K at a given composition is obtained and
when the liquidus is steep, the experimental [6, 18] and the
calculated values agree within + 1 mol% ata given temperature.
The agreement between the calculated and experimental [6, 18]
liquidus in the ternary system is illustrated in Fig. 6. Figure 7
presents the low-lime region of the diagram.

The calculated optimised ternary phase diagram is consistent
with the ternary activity data [13-16] at the low lime contents
up to the liquidus isotherm. Comparison of the calculated and
reported [13, 14. 16] activities of PbO in PbO-CaO-SiO, liquid

N Sio
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G e/

20% 40% 6%
Ca,PbO, C3S primary field
mole percent  in air

Fig. 5. The calculated optimised phase diagram of the system PbO-
CaO-8i0, in air (temperature in degrees Celsius).
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Fig. 6. Calculated and experimental liquidus isotherms in the PbO-
CaO-Si0, ternary system in air.

solutions is shown in Fig. 8. Authors [13, 14, 16] reported
activities of PbO in the Pb0O-Ca0-8i0, lignid at CaO con-
centrations higher than the liquidus reported by Jak er al. [6,
18], the latter, more recent data were given preference during
optimisation.
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in liquid PbO-Ca0-SiO; solutions at 1000 C (pure liquid standard
state).
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Fig. 9. Calculated activities of PbO in liquid PbO-CaO-SiO- solutions
at 1000, 1100 and 1200°C' (pure liguid standard state).
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Fig. 10. Comparison of the experimental and calculated tie-lines
between liquid and «'-dicalcium silicate at 1200°C and between liquid
and lead calcium silicate Ca.Pb.Si,0,, solid solution at 900 C.

The variation of the activities of PbO in PbO-CaO-SiO; liquid
solutions at 1000 C, 1100°C and 1200 C as a function of com-
position is presented in Fig. 9.

The calculations also well reproduce the solid solubility data.
Comparison of the experimental [6. 8] and calculated tie-lines
between liquid and «’-dicalcium silicate at 1200°C and between
liquid and lead calcium silicate Ca-Pb,Si;0,, solid solution at
900 C is shown in Fig. 10.

From this set of thermodynamic parameters, all ther-
modynamic properties can be calculated including the activities
of all components present in the system. Extrapolation into
multi-component systems can be conducted provided other sub-
ternary systems are also reviewed and optimised using the pro-
cedures described in this paper.

CONCLUSIONS

An initia] evaluation of the thermodynamic data and phase
diagrams currently available for the CaO-Pb-O and PbO-CaO-
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SiO, systems was conducted. It was demonstrated that previous
information was not thermodynamically consistent. To resolve
these discrepancies further experimental work was carried out
to determine phase relations at the liquidus.

From experimental data provided from the present research
program [6, 18] the thermodynamic properties in the ternary
system have been re-optimised, with the quasichemical model
being used for the liquid phase. such that agreement between
the experimental and calculated liquidus is within + 15K at
a given composition when the liquidus is relatively flat and
+ 1 mol% at a given temperature when the liquidus is steep.
The binary and ternary thermodynamic parameters which have
been derived from this study allow not only the construction
of the liquidus but also the calculation of all thermodynamic
properties including activities of components as a function of
temperature and composition.

These results were used at further stages of the program to
develop a self-consistent database for the prediction of phase
relations and thermodynamic properties of the six-component
system PbO-Zn0O-Si0,-Ca0-FeO-Fe,0; which represents the
major components of the lead and zinc smelting slags and
sinters. The model will provide a tool to enable the ther-
modynamic properties and phase equilibria in these complex
systems to be predicted accurately for a wide range of com-
positions. The characterisation and accurate modeling of this
six-component system is of particular importance to a wide
range of the lead and zinc smelting processes.
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