A Thermodynamic Database for Copper Smelting and
Converting

SERGEI A. DEGTEROV and ARTHUR D. PELTON

The thermodynamic properties of the slag, matte, and liquid copper phases in the Cu-Ca-Fe-Si-O-S
system have been critically assessed and optimized over the ranges of compositions of importance
to copper smelting/converting based on thermodynamic and phase equilibria information available in
the literature and using the modified quasichemical model. A thermodynamic database has been
developed, which can be used for the calculation of matte-slag-copper-gas phase equilibria of interest
for the production of copper. The model reproduces within experimenta error limits all available
experimental data on phase diagrams, matte-alloy miscibility gap and tie-lines, enthalpies of mixing,
and activities of Cu and S in the matte and liquid alloy. The calculated solubilities of Cu in both S
free dag and slag equilibrated with matte are also in good agreement with experiment under all
studied conditions, such as at SIO, saturation, in equilibrium with Fe, Cu, or Cu-Au aloys, at fixed
oxygen or SO, partial pressures and at different contents of CaO in the slag. Sulfide contents (sulfide
capacities) of the slagsare predicted within experimental error limitsfrom the modified Reddy—Blander
model, with no adjustable parameters. As an example of the application of the database, the stability
field of matte/slag equilibrium is calculated, and the matte and slag compositions are plotted vs iron
to silica ratio in the slag at various SO, pressures over this field. The matte-slag two-phase field is

limited by the calculated lines corresponding to precipitation of copper, silica, and magnetite.

[. INTRODUCTION

THE present study is concerned with the development
of thermodynamic models and a thermodynamic database
of model parameters for the matte, slag, and blister copper
phases in the Cu-Ca-Fe-Si-O-S system. When used with the
Gibbs energy minimization software and other databases of
the FACT thermodynamic computing system, these data-
bases will permit the calculation of matte-slag-copper-gas
phase equilibria that take place during copper smelting
and converting.

In particular, the copper, sulfur, and magnetite contents
of the slag can be accurately calculated over wide ranges
of temperature, iron to silica ratio, percentage of lime, and
oxygen potential. The solubility of iron in the matte as well
as that of sulfur, iron, and oxygen in blister copper can
also be computed. Furthermore, one can calculate liquidus
temperatures and conditionsfor precipitation of solid phases
from the slag. All these calculations can be readily used
to develop a better understanding of modern smelting and
converting processes and to optimize the operating
conditions.

It should be noted that direct experimental study of the
gas-matte-dlag-copper equilibria is subject to experimental
errors because of the complexity of the system and because
of problems with sampling, quenching, and analysis of the
phases. Entrainment of matte in the slag can aso affect the
accuracy of measurements.lY Taking into account the fact
that operating conditions of most smelters and converters
are not far from equilibrium,’? one can expect calculations
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to be as accurate as or, in certain cases, even more accurate
than direct experiments because they are based on experi-
mental data of good quality obtained for less complex sub-
systems, which are much easier to study. For example, the
difference between the measured losses of copper in the
slag and the calculated copper solubility will represent the
amount of entrained copper.

Under conditions of interest for copper smelting and con-
verting, the concentrations of Ca and Si in the matte and
liquid copper alloy are very small. Hence, the presence of
these components was neglected. The oxygen content in the
matteisreported!®*® to decreasewith increasing matte grade
(wt pct Cuin the matte). For exampl e, the oxygen concentra-
tionisabout 1.1 + 0.2, 0.8 = 0.2, and 0.2 = 0. 1 wt pct
for 50, 60, and 78 wt pct Cu in the matte, respectively. The
matte grade is normally higher than 50 wt pct Cu in present
day plant practice. Therefore, the presence of oxygen will
have only a small effect on the matte-slag-copper-gas equi-
libria considered in the present study. Consequently, oxygen
was not taken into account in the matte model.

Oxygen impurity in blister copper after converting may
be of some importance, and so oxygen was taken into
account as a component of the liquid copper model. All
six components of the Cu-CaFe-Si-O-S system were
considered for the slag model. Gold was & so incorporated
into the liquid copper model in order to treat numerous
experimental data on matte/slag/Cu-Au-alloy equilibria dis-
cussed subsequently.

The modified quasi chemical model®-? is used to describe
the thermodynamic properties of slag, matte, and liquid cop-
per aloy. Strictly speaking, there is just one liquid phase in
this system with miscibility gaps. Under certain conditions,
which are far from those used in copper smelting and con-
verting, these phases completely dissolve in each other. In
the present study, however, slag, matte, and alloy are treated
as separate phases. This is sufficient for thermodynamic
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Tablel. The Thermodynamic Properties of the Liquid

Copper Phase
Pure Component Reference for G°  Stability Parameter, J/mol
Cu (liquid) 14 —
Fe (liquid) 14 —
S (liquid) 15 —
Au (liquid) 14 —
4,0, (gas) 14 10,460
Excess Parameters Velue, Jmol
&% re 19,863 — 4000 T
&% re 10,000
e 750
s —24,183
o s —39,351
R s —34,181 + 2789 T
& s —26,681
B —24,230
&Ry cu —12,677 — 3239 T
&R ey 9703
e —9664
@0 —10,033
o%0 —20,920
w¥lsre 3766

modeling of copper smelting and converting. A description
of the thermodynamic properties of all three phases by one
set of model equations will be the subject of future work.

The Reddy-Blander model, modified by Pelton et al.,[*
is used to model the sulfide solubility in the slag.

The thermodynamic database has been devel oped by criti-
cal evaluation and optimization of literature data. In a ther-
modynamic “optimization,” all available thermodynamic
and phase equilibrium datafor a system are evaluated simul-
taneoudly 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 thermody-
namic properties and the phase diagram can be back-cal cu-
lated. Inthisway, 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
inthe available data can often be resolved, and interpol ations
and extrapolations can be made in a thermodynamically
correct manner. A small set of model parametersis obtained.
Thisisideal for computer storage and calculation of proper-
ties and phase diagrams.

Il. Cu-Fe, Cu-S, Fe-S, AND Cu-Fe-S SYSTEMS

For the present study, two phases in the Cu-Fe system
are important: the liquid and the yFe-based solid solution.
The latter is necessary to deal with experimental data on
matte-slag equilibria at yFe saturation. Thermodynamic
properties of the Cu-Fe system have been reviewed and
assessed.[*+12 Experimental data selected from these assess-
ments were used™¥ to obtain the three w(,.re parameters of
the modified quasichemical model for theliquid alloy, which
arelisted in Table I, where the notation of the quasichemical
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model as described in References 7 through 9 is used. The
parameters Zc,,, Zr., and Zs of the model are 2.7548, 5.5098,
and 5.5098, respectively. The Gibbs energies of pure liquid
iron and copper were taken from the FACT database™ and
that of pure liquid sulfur from Sharma and Chang.[*%

The regular solution model has been used to describe the
properties of the yFe-based solid solution. Two parameters
of the model were obtained from the phase diagram
data:[16-201

GE = XcuXee (42,177 — 7.078T) Jmol

The measurements of the enthalpy of mixing?*-24 and
the activity of copper® in the Cu-Fe liquid indicate positive
deviations from ideality. All these data and the phase dia-
gram(*6-20l are reproduced within experimental error limits
by the model.

The sulfur activity data in the metal-rich region of the
Cu-S system?-291 number more than 130 and are somewhat
dispersed but generaly in agreement. The measure
mentg26:27.30-34 of the miscibility gap between matte and
alloy are scattered but are generally consistent except for
the data of Moulki and Osterwald,’¥ which indicate alower
consolute temperature than the others.

The sulfur activity data in the metal-rich region of the
Fe-S system(®-38 are scattered. In the optimization, more
weight was assigned to the sulfur activity data measured in
an induction furnace (Sherman et al.,[®¥ 1550°C; Ishii and
Fuwa,[*? 1550°C and 1600°C) and in a resistance furnace
(Ban-yaand Chipman(“Y and Alcock and Cheng,*¢ 1550°C),
which are respectively in good agreement.

_These datawere optimized,[¥ and the two w¢,.s and three
wres parameters of the quasichemical model listed in Table
| were obtained. The model describes all the data within
experimental uncertainty.

The binary optimizations for the matte in the Cu-S and
Fe-S systems are taken from Kongoli et al.!*? The modified
quasichemical modell® describes the short-range ordering
for molten sulfide mattes, which is considered to result from
thefact that metal-sulfur nearest-neighbor pairs are energeti-
cally favored over metal-metal and sulfur-sulfur pairs. Using
only binary parameters, the model predicts the thermody-
namic properties of Fe-Cu-S mattes over a wide range of
composition and temperature within experimental error
limits.[42

It is important to describe particularly well the matte-
alloy phase boundaries and the sulfur activity in the matte-
aloy two-phase field in the Cu-S system.[” These data
essentially fix the sulfur potential and the concentration of
sulfur inliquid copper for the matte-slag-copper-gas equilib-
riain copper converters. A better fit was achieved by using
dightly different standard state properties of liquid copper
in the matte phase as compared to the earlier work.[*d The
optimized value of the stability parameter, which is added
to the Gibbs energy of pure liquid copper taken from
JANAF™ is 6130 Jmol compared to a vaue of (16,547 —
7.681T) Jmol in the earlier optimization. This correction
does not affect the sulfur activities in the matte optimized
by Kongoli et al.[*d Experimental and calculated values for
the copper-matte two-phase field are compared in Table I1.

As was mentioned previoudly, a separate solution, differ-
ent from the matte phase, is used for the Cu-Fe alloy. The
Cu-Fe binary interaction parameters for the matte solution
have only avery small effect on the properties of the matte
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Tablell. Sulfur Content of Liquid Copper and Partial Pressure of S, for the Copper-Matte Equilibrium

Temperature Mole Fraction of Sin Matte Mole Fraction of Sin Cu P(S,), Atm
O Experiment!2d Calculated Experi ment!?®! Calculated Experiment(?°] Calculated
1150 0.3260 0.3260 0.0251 3.69 - 1076
1200 0.3245 0.3245 0.0288 897 -10°°©
1250 0.3230 0.3230 0.0349 205-10°°

Tablelll. TheThermodynamic Propertiesof the M atte Phase

TablelV. The Thermodynamic Properties of the Slag Phase*

Pure Component Reference for G°  Stability Parameter, Jmol Excess Parameters Value, Jmol
Cu (liquid) 14 6130 CaO-FeO-Fe,05-SiO, system Ref. 49
Fe (liquid) 14 — w® . —8000
S (liquid) 15 — o Q2802
Excess Paramet value, Jmol e Ove S0 77900
XCESS ameters Ue, mo w%%O:U27SiOZ 670,000
Cu-S system Ref. 42 @B0y,-Feo 39,748
Fe-S system Ref. 42 @& 0,,-Fe0y 39,748
(U(O:?J_ Fe 88, 543 w%%oyz_ Cca0 - 23,540
ore 155,421 — 160.073 T w&io,,-co0 11,455
0)20%4:9 _382,016 + 217883 T wg]é%-SiOz(CuO]jz) _98,008
wgg(l)-soz(mol,z) 40.107T
w%%yz—FeO(CaO) 167,360

because Cu and Fe in the matte almost never form pairs
with each other but are surrounded by sulfur ions. However,
it was necessary to introduce anumber of binary parameters,
which describe roughly the Cu-Fe liquid, into the matte
phase for technical reasons in order to provide a smooth
extrapolation of the thermodynamic properties outside the
composition range of the matte. These are listed as the three
wl, re parameters in Table I11.

The phase equilibria between liquid alloy and the matte
and between liquid aloy, matte, and yFe in the Cu-Fe-S
system were studied by Krivsky and Schunmann(*! and by
Bale and Toguri.[?®! One small ternary parameter w®isre
for the alloy phase was introduced to represent the data
satisfactorily and to give reasonable extrapolations. The
value of this parameter is listed in Table |. The notation
of References 7 through 9 is used for parameters of the
guasichemical model throughout this article.

[Il. Cu-Au AND Cu-O SYSTEMS

Thermodynamic properties and the phase diagram of the
Cu-Au system were reviewed and assessed by Hultgren et
al.[*l and Okamoto et al.!*8! Experimental data selected from
these assessments were optimized in the present study, with
more weight given to the measurements of the activities of
copper. The three wa,.c, parameters listed in Table | were
necessary to obtain a good fit of the data.

When a Cu-Au aloy is used to control the copper activity
for the matte-lag equilibria, only very small amounts of
other components are present in the alloy. Hence, it is not
required for purposes of the present study to optimize the
other subsystems with gold such as Fe-Au.

The activities of oxygen in liquid copper were reviewed
and assessed by Schmid“”! and Neumann et al.[*¥! The two
weuo parameters of the quasichemical model listed in Table
| were used to describe these data at 1200 °C to 1300 °C.
Since the liquid metal phase of interest for copper smelting
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*Thermodynamic properties of pure liquid components CaO,
FeO, Fe,O;, SIO,, Cu,0, CasS, FeS, and Cu,S are taken from the
FACT database.[**

and converting is almost pure copper, it is not necessary to
consider any other binary subsystems with oxygen in order
to describe the solubility of oxygen in blister copper.

IV. SLAG

The quasichemical model is used to describe the thermo-
dynamic properties of the slag. All available thermodynamic
and phase equilibrium data for the CaO-FeO-Fe,O5-SiO,
system have recently been optimized.*¥ The oxygen pres-
sures considered in the present study vary from 1072 to
103 atm. This completely coversthe range of oxygen poten-
tials that may be of interest for the production of copper.
Under these reducing conditions, the presence of Cu?* in
the slag can be neglected, so that all copper in the slag is
assumed to be Cu".

Thermodynamic properties and phase diagram data for
the binary systems of Cu,O with Ca0, FeO, Fe,O5, and SIO,
were critically assessed and optimized by Dessureault.[*?!
The seven binary wp.s parameters of the quasichemical
model listed in Table IV were obtained, with Zgq,, =
0.6888 and the Gibbs energy of liquid Cu,O taken from
JANAF.[43

A. Copper Content in Fayalite Sag

The solubility of copper in the slag has been reported in
numerous publications, which can be divided into two major
groups. studies in the sulfur-free Cu,O-CaO-FeO-Fe,O5-
SIO, system®-6Y and laboratory slag-matte equilibrium
studies.[*>62-7 The | ast group shows a large scatter because
of experimental difficulties in studying these multiphase
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Fig. 1—Solubility of Cu in dlag in equilibrium with Cu-Au aloys, or pure
Cu, and SIO, at controlled O, potentials.

systems, such as problems with sampling, quenching, and
analysis of compositions of the phases. Entrainment of matte
in the dlag is aso a well-known problem that affects the
accuracy of these measurements.

1. Solubility of copper in sulfur-free slag

Some experimentg®0535458-611 \yere performed in silica
crucibles and correspond to SiO,-saturated slags. Other stud-
ieg®1.525657 were performed in alumina crucibles, and the
resultant slags contai ned substantial amounts of Al,Os. Since
Al,O3 is not taken into account in the present study, these
datawere not used in the optimizations. Taylor and Jeffes>®!
applied the levitation melting technique, which made it pos-
sible to study the effect of the Fe to Si ratio in the slag on
the solubility of copper.

The activity of copper during experiments was controlled
either by equilibration with liquid copper%:6%61 or with Cu-
Au alloy.[53555859 The oxygen potential was usually fixed
by a flow of a CO/CO, gas mixture.

Careful analysis of the available experimental datafor the
Cu,0-FeO-Fe,05-SIO, system reveaed that, although the
data show significant scatter and cannot be directly com-
pared to each other because they correspond to different
temperatures, activities of copper, and oxygen and Fe/Si
ratiosin the slag, they all fall on the same curve when plotted
in coordinates of activity of CuO,, vs wt pct copper in
the slag. Within the scatter of the experimental data, no
systematic dependence on temperature (1225 °C to 1450
°C), Fe/Si ratio (1.3 to 5.0), oxygen partial pressure (1075
to 2 X 10~2 atm), or activity of copper (0.07 to 1) isevident
(Figures1and 2). All these effectsareincluded in the activity
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Fig. 2—Solubility of Cu in the slag in equilibrium with a Cu-Au aloy
with activity of copper = 0.96 at controlled oxygen potentials.

of CuOyy,, wWhich is the driving force for the dissolution of
copper in the slag. This fact makes the experimental data
much more reliable and to some extent compensates experi-
mental errors. Therefore, only those studies where copper
and oxygen potentials are known and where the activity of
CuOy, can be calculated were used for optimization.

Thetwo ternary wgléo_goz(@om) parameterslisted in Table
IV were added to reproduce al the experimental data. As
can be seen from Figures, 1 and 2, all the data are described
within experimental error limits.

The effect of additions of 4 to 11 wt pct lime on the
solubility of copper in silica-saturated slag was studied by
Altman,%8 by Elliot et al.,’>® and by Kim and Sohn.[®Y The
latter authors reported activities of CuO,y, both for the CaO-
free and CaO-containing slags. Their activities at high con-
centrations of copper in the sag are considerably higher
than obtained in the other studies.[5053-5556-601 The curvature
of their plot of activity of CuOy, vs wt pct Cu in the slag
is also different from the other studies. Therefore, these data
were not taken into account for the present optimization.

Figure 3 shows that CaO reduces the copper content of
thedlag. Toreproducethese data, one moreternary parameter
was introduced. This is the &b, , reo(cao) Parameter listed
in Table IV.

2. Copper content of dlag in equilibrium with matte

The solubilities of copper as a function of matte grade
aresummarizedin Figures4 and 5. The dataare significantly
scattered. When the matte grade (wt pct Cu in matte)
approaches 80 pct, the solubility of copper sharply increases.
In this region, the accuracy of the measurements of the
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Fig. 3—Effect of additions of CaO on solubility of Cuinslagin equilibrium
with Cu-Au aloys and SiO, at controlled oxygen potentials.
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Fig. 4—Copper content of silica-saturated slag in equilibrium with matte
and liquid copper or gammeariron.

meatte grade is not sufficient to define the corresponding
Cu content.

The other significant disagreement among the measured
copper contents occurs at matte grades around 30 pct in
Figure 4 at y-Fe saturation. This has caused controversy in
the literature about the forms of copper in lag. The maxi-
mum in the reported copper solubility near 30 pct in Figure
4 was attributed to the presence of “ Cu,S’ in the slag.[67.70.71
This assumption was questioned by Sridhar et al.l The
solubilities calculated in the present study are in excellent
agreement with the early work of Yazawa and Kameda®?
and the measurements of Tavera and Davenport,[®® but are
lower than those obtained in the other studies.[®”7%™ The
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Fig. 5—Copper content of silica-saturated slag in equilibrium with matte
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Fig. 6—Calculated partial pressuresof O,, S,, and SO, over silica-saturated
slag in equilibrium with matte and liquid copper or gamma-iron at 1250
°C (lines are calculated; points are experimental).

experimental disagreements in Cu solubility are most likely
explained by suspensions of matte and slag in each other.
At the low oxygen potential s associated with y-Fe saturation
(Figure 6), the matte and slag are, in fact, one oxysulfide
phase with a miscibility gap. The similarity of these two
liquids makes formation of such suspensions more probable.
The other possible explanation is systematic errors in the
analysis of small amounts of Cu. On the other hand, the
calculations are also less accurate for the lower matte grades
and oxygen partial pressures, because oxygen becomes pro-
gressively more soluble in the matte under these conditions,
and oxygen solubility in the matte was not taken into account
in the present study.

In any case, as pointed out by Sridhar et al.,™ the solubilit-
ies of Cu obtained at y-Fe saturation probably do not have
much relevance for the understanding of copper losses in
slag in industrial practice, because oxygen potentials used
in plant practice are at least two orders of magnitude higher.

The calculated partial pressures of O,, S,, and SO, for
SiO,/slag/matte equilibria at y~Fe and Cu saturation are
shown in Figure 6. The agreement with the experimental
data of Jalkanen' is believed to be within the accuracy of
the experiments, even though these data were not used in
the optimization. The Fe/SIO, ratio for these equilibria does
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Fig. 7—Sulfur content of silica-saturated slag in equilibrium with matte
and liquid copper or gammariron.

not vary greatly and is about 1.45, 1.3, and 1.2 wt pct at
1200 °C, 1250 °C, and 1300 °C, respectively.

In the present study, the optimizations are based on experi-
mental data in sulfur-free systems. It is assumed that these
data represent well the solubility of copper in the dlag, and
that it is not necessary to use the less accurate data obtained
for matte-slag equilibria. This conclusion is supported by
experimental datal>™ for the matte-slag equilibria, where
the activities of copper and oxygen were measured so that
it was possible to calculate the activity of Cu,O. As can
be seen from Figure 1, these points fal on the activity-
composition curve obtained for the sulfur-free system.

B. Sulfur Content of Sag

The Reddy—Blander model for sulfide capacities of multi-
component slags, as modified by Pelton et al.,¥ was used
to calculate the solubility of sulfur in fayalite slag from a
knowledge of the thermodynamic activities of the compo-
nent oxides, with no adjustable parameters. The Gibbs ener-
gies of pure liquid FeS and Cu,S were taken from the
FACT database.[*

The solubilities of sulfur in slag in equilibrium with matte
as a function of matte grade are summarized in Figures 7
through 9. These results are at variance with one another
and show a large scatter. The calculated lines are generally
in good agreement with experimental data. Similarly, good
agreement was obtained with the datal® " on the sulfur
content of silica-saturated slag in equilibrium with matte at
1300 °C and Pgo, = 0.01 am.

The data of Yazawa and Kamedal®? are much lower than
the other studies. On the other hand, the data of Sehnalek
and Imrig® (not shown in Figures 7 through 9) are higher,
although the scatter of these data is very large. The data of
Tavera and Davenport!®! (also not shown on Figures 7
through 9) are widely scattered as well, but arein agreement
with the calculations within experimental error limits. The
data for the sulfur solubilities at copper saturation reported
by Jalkanen'® (Figure 7), are in good agreement with the
calculations. However, the data by the same author for unsat-
urated mattes in equilibrium with various gas atmospheres
are somewhat higher than the calculations (Figure 9). The
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1200 °C.

sulfide capacity of slag shown on this plot is defined as

PO 1/2
Cs = (wt pet S)<—2>
Ps,
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equilibrium with matte at 1250 °C and Po, = 1078 atm. Dashed lines are SO, isobars. (c) “Magnetite content” of slag in equilibrium with matte at 1250
°C and Po, = 1078 atm. Dashed lines are SO, isobars. (d) Iron content of matte in equilibrium with slag at 1250 °C and Py, = 108 atm. Dashed lines

are SO, isobars.

Sulfide capacities were also studied for Cu-free sags,
which were not equilibrated with matte.[>" These data
are shown in Figure 10. The calculated capacities are in
agreement with Li and Rankin™® but higher than those of
Simeonov et al.[™4

From the aforesaid, the conclusion isdrawn that the sulfur
solubility in the dag is predicted by the model within the
accuracy of the available experimental data, and that there
isno need to introduce any adjustable parametersto describe
these data.
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V. CALCULATED MATTE-SLAG EQUILIBRIA

Finding an appropriate container material has always been
one of the major problems in laboratory studies of matte-
slag equilibria. Most of the work has been performed in
iron, alumina, or silica crucibles. Therefore, many data are
availableat Fe saturation, although, as mentioned previously,
these data do not correspond to common plant conditions.
The use of alumina crucibles results in contamination of the
slag with up to 10 pct Al,Os. Studies in silica crucibles do
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not permit the iron to silica ratio in the slag to be varied.
There is only one work by Taylor and Jeffed® where the
need for a container was eliminated by the levitation melting
technique, and the solubility of copper was studied at differ-
ent Fe to Si ratios in the sulfur-free system.

The thermodynamic database for the slag, matte, and lig-
uid copper phases developed in the present study makes it
easy to calculate matte-slag equilibria at any given condi-
tions of interest for plant practice. For example, Figures
11(a) through (d) show the compositions of matte and slag
equilibrated at 1250 °C and Py, = 1078 atm as functions of
Fetosilicaratioin the slag. The field of the matte-slag two-
phase equilibriais limited by SIO, and magnetite saturation
at low and high Fe/SiO, ratios, respectively. The SO, isobars
over the two-phase fields are also shown on the figures.

The most commonly used convention in copper smelting
employs the weight percentage of magnetite in the slag (by
formally including all Fe** in the “component” Fe;O,) to
characterize the degree of oxidation of iron. The calculated
concentration of Fe;0, in the slag is given in Figure 11(c).
It should be noted that thisfigure is not atrue phase diagram
in that a point on it does not represent a unique state of the
system. For example, the isobar Pso, = 0.1 atm intersects
with the curve of copper saturation, which corresponds to
about 0.0055 atm SO,. At the point of the intersection, two
different states of the system have the same Fe/SIO, ratio
and concentration of Fe;0, in the slag. Nevertheless, Figure
11(c) still shows how the wt pct Fe;O, in the slag varies as
a function of the iron to silica ratio at copper, magnetite,
and silica saturation and along the SO, isobars.

The dotted line on Figure 11(a) corresponds to the matte-
slag-copper equilibrium when the slag contains 3 wt pct
lime. It covers the range from silica to magnetite saturation.
As can be seen from the figure, the presence of CaO
decreases the copper solubility in the slag by about half
a percent. These figures can be of immediate interest for
optimizing the conditions for the converting stage of cop-
per production.

VI. CONCLUSIONS

In the present study, a self-consistent set of thermody-
namic properties of the slag, matte, and liquid copper phases
has been obtained based on all available thermodynamic and
phase equilibrium data in the literature. The parameters of
the quasichemical model for these three phases are summa-
rized in Tables |, 111, and V. The database gives most accu-
rate results for oxygen partial pressures from about 10~1°
to 10~ atm, sulfur pressuresfrom 10" to 102 atm, tempera-
tures from 1150 °C to 1350 °C, and matte grades above 50
wt pct Cuinthematte; that is, over the ranges of temperature,
partial pressure, and matte grade encountered in modern
industrial processes. At lower oxygen potentials and matte
grades, matte and slag become increasingly soluble in each
other. The modeling of matte and slag as one oxysulfide
phase will be the subject of future work.

The modified quasichemical model was used for the slag,
matte, and aloy phases. The sulfide solubility in the slag
was predicted by the Reddy—Blander model, as modified
by Pelton.
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