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The Fe-O-S system has been assessed over the whole composition range to produce a self-
consistent set of thermodynamic properties of all condensed phases from 298 K to above the
liquidus temperatures at ambient pressure. The liquid phase from metallic liquid to sulfide melt
to oxide melt is described by a single model developed within the framework of the quasi-
chemical formalism. The model reflects the existence of strong short-range ordering in oxide,
sulfide and oxysulfide liquid. Two ranges of maximum short-range ordering in the Fe-O system
at approximately FeO and Fe,O3 compositions are taken into account. Parameters of thermo-
dynamic models have been optimized to reproduce all available thermodynamic and phase
equilibrium data. The thermodynamic modeling of the Fe-O-S system performed in the present
study is of particular importance for the description of the solubility of oxygen in matte.
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1. Introduction

The present study is part of an ongoing research project
which is aimed at developing a thermodynamic database for
simulation of copper extraction from sulfide concentrates.
The previous article dealt with the Cu-O-S system.!"! The
major phases that form during copper smelting and con-
verting are: blister copper (a liquid metal phase rich in Cu),
matte (a molten sulfide phase containing mainly Cu, S and
Fe), slag (a molten oxide phase) and gas. In principle, all
three liquid phases represent just one liquid with miscibility
gaps. Liquid metal, matte and slag can be completely
miscible over certain ranges of temperature and composi-
tion, even though this normally does not happen under
industrial conditions. It is desirable to have one general
thermodynamic model which can describe all three liquid
phases simultaneously, but this is very difficult to achieve
because the model must reflect quite different atomic
interactions that are intrinsic to metallic, sulfide and oxide
phases.

Denis Shishin, Centre de Recherche en Calcul Thermochimique
(CRCT), Deép. de Geénie Chimique, E cole Polytechnique, Montreal,
QC, Canada; Evgueni Jak, PYROSERCH (Pyrometallurgy
Research), School of Engineering, The University of Queensland,
Brisbane, QLD, Australia; and Sergei A. Decterov, Centre de
Recherche en Calcul Thermochimique (CRCT), Deép. de Geénie
Chimique, Eé cole Polytechnique, Montreal, QC, Canada and
PYROSERCH (Pyrometallurgy Research), School of Engineering,
The University of Queensland, Brisbane, QLD, Australia.Contact
e-mails: d.shishin@ugq.edu.au,e.jak@uq.edu.au, and sergei.decterov@
polymtl.ca

As in the case of slags, mattes exhibit strong first-nearest-
neighbor (FNN) short-range ordering (SRO). Metal-sulfur
pairs in matte are energetically favored over metal-metal and
sulfur-sulfur pairs, but contrary to oxide melts, such as CaO-
Si0,, where the ratio O/(Ca + 2Si) is always very close to 1,
the composition of matte can substantially deviate from
stoichiometric sulfides both towards metals and nonmetals.
In the Fe-S system there is even no miscibility gap between
liquid metal and liquid sulfide.

This study presents the thermodynamic modeling and
optimization of model parameters for the Fe-O-S system,
which complete “optimization” of all binary and ternary
subsystems of the Cu-Fe-O-S system using the Calphad
technique. The results of the present study can be combined
with the optimizations of the Cu—Fe—S,[ —4 Cu-O—S,[l] Fe-
OP! and Cu-Fe-O!® systems to predict thermodynamic
properties and phase equilibria in the Cu-Fe-O-S quaternary
system. Comparison of these predictions with the available
experimental data will be reported elsewhere.

In the present study, all calculations were carried out using
the FactSage thermochemical software and databases.!”!

2. Thermodynamic Models

The models for the liquid phase, monoxide, bce and fce
solid solutions are discussed below. The models for spinel
(magnetite) and pyrrhotite (Fe,_,S) were reported earlier.>*!

2.1 Liquid Solution

No attempts were found in the literature to model the
liquid phase in the Fe-O-S system over the entire compo-
sition range from liquid metal to oxysulfide melt. The
thermodynamic model must describe drastic changes in the
activities of sulfur and oxygen which are the result of strong
SRO at the FeS and FeO compositions, respectively.
Furthermore, in the Fe-O system, a second maximum in
SRO is to be expected at the Fe,O; composition, even
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though no experimental data are available in this region
because of very high equilibrium oxygen pressures.

Thermodynamic modeling of the liquid phase and the
available experimental data for the Fe-O and Fe-S systems
were reviewed by Hidayat et al® and Waldner and
Pelton,”! respectively.

In the present study, a model for the liquid phase is
developed within the framework of the quasichemical
formalism.["'°! It has one sublattice containing four species:
Fe”, Fe™ S and O, where Fe and Fe™™ correspond to two
oxidation states of Fe. In the Fe-O system, the fraction of the
Fe'-O pairs goes through a maximum close to the FeO
composition, while the Fe'"-O pairs are most abundant at the
Fe,Os; composition. All species are not charged, so the
condition of electroneutrality is not imposed and the model is
capable to represent the liquid phase from metal to nonmetals.

The formulae and notations of the quasichemical for-
malism have been described in detail elsewhere!®'”! and
only a brief summary is given here. To explain the meaning
of parameters of the quasichemical formalism, let us
consider a binary solution formed by components A and
B. In the pair approximation of the modified quasichemical
model, the following pair exchange reaction is considered:

(A-A) + (B-B) = 2(A-B); Agas (Eq 1)

where (i—j) represents a FNN pair and Agap is the non-
configurational Gibbs energy change for the formation of
two moles of (A-B) pairs.

When the solution is formed from pure components A
and B, some (A-A) and (B-B) pairs break to form (A-B)
pairs, so the Gibbs energy of mixing is given by’

AGmix =G-—

n
(nags + npgp) = —TAS©E 4 ( AB)AgAB

(Eq 2)

where G is the Gibbs energy of the solution, g3 and gj are
the molar Gibbs energies of pure liquid components; na, ng
and nap are the numbers of moles of A, B and (A-B) pairs
and AS°"fi¢ is the configurational entropy given by
randomly mixing the (A-A), (B-B) and (A-B) pairs. Since
no exact expression is known for this entropy of mixing in
three dimensions, an approximate equation is used which
was shown'®! to be an exact expression for a one dimen-
sional lattice (Ising model) and to correctly reduce to the
random mixing point approximation (Bragg Williams
model) when Agag is equal to zero.

Agap can be expanded as an emplncal polynomial in
terms of the mole fractions of pairs!":

Aga = Agip + Z 2 Xanhs
(i)=1

(Eq 3)

where AgRy and gZB are the parameters of the model which

can be functions of temperature. In practice, only the
i0 0 ;

parameters g and gip need to be included.

The composition of maximum SRO is determined by the
ratio of coordination numbers. Let Z, and Zg be the
coordination numbers of A and B. These coordination
numbers can vary with composition as follows!®):

1 1 2nAA 1 nAB
) ) oo
Zn  ZR\ \2naa + nas Zis \2naa + naB

L (anB> L <'1AB) (Eq 5)
Zg  Zgg \2npp + haB Zga \2npp + nap

where Z/’:A and ZAAB are the values of Z, when all nearest
neighbors of an A are As, and when all nearest neighbors
of an A are Bs, respectively, and where Z5; and Z5, are
defined similarly. For example, in order to set the
composition of maximum SRO at the molar ratio
nA/nB =2, one can set the ratio Z5, /Z3; = 2. Values of
ZB, and Z3y are unique to the A-B binary system, while
the value of Z4, is common to all systems containing A as
a component.

Even though the model is sensitive to the ratio of the
coordination numbers, it is less sensitive to their absolute
values. We have found by experience that selecting values
of the coordination numbers that are smaller than actual
values often yields better results. This is due to the
inaccuracy introduced by an approximate equation for the
configurational entropy of mixing which is only exact for a
one dimensional lattice. The smaller coordination numbers
partially compensate this inaccuracy in the model equations,
being more consistent with a one dimensional lattice.
Therefore, the “coordination numbers” in our model are
essentially treated as model parameters which are used
mainly to set a physically reasonable composition of
maximum SRO.

There are ten possible pairs formed by the species Fe',
Fe'!, O and S in the Fe-O-S liquid phase. The fractions of
all pairs are calculated by the Gibbs energy minimization
procedure built into the FactSage softwarel”! using the
optimized model parameters. Fe'-Fe, 0-O and S-S are the
predominant pairs at compositions close to pure Fe, O and
S, respectively. The Fe"-O, Fe"-O and Fe'-S pairs are
dominant in the oxide and sulfide liquids, whereas the
fractions of the Fe-Fe''l, Fe-Fe'l, O-S and Fe™-S pairs
are small at all compositions of interest.

“Coordination-equivalent™ fractions (Y;,,) are defined as

Ym = mnm/ Z (Zini) (Eq 6)

In addition to the binary terms, the model can have
ternary terms, Agap(c), which give the effect of the
presence of component C upon the energy Agap of pair
exchange reaction (1). Ternary terms are expanded as
emplrlcal polynomials either in terms of the mole fractions
of pairs (with model parameters gAB c)) or in terms of the

“coordination-equivalent” fractions (with model pa-
rameters ¢ A’; C) In the quasichemical formalism, it is
also possible %o have Bragg Wllhams ternary terms, which
are essentially the same as ¢’ ) terms, except for they
are not taken into account in the calculation of the amounts
of pairs.

Extrapolatlon of binary terms into the Fe"-Fe-O-S
system is done by an asymmetric “Toop-like” method.!'"!
The components are divided into two groups: metals (Fe''
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and Fe'") and nonmetals (S and O). By this means in every
ternary subsystem, one component belongs to a different
group than the other two. “Toop-like” extrapolation is
applied, taking this “different” component as an asymmet-
ric component. The formulae for ternary terms and for
extrapolation of binary and ternary terms into a multicom-
ponent system are discussed in detail elsewhere.!'”)

2.2 Solid FCC and BCC Iron

Sulfur and oxygen are soluble to some extent in Fe metal,
which has an fcc or bec structure at the conditions of
interest. The Bragg-Williams random mixing model was
used for both phases with the following formula (per mole
of atoms):

g = (Xregre + X080 + Xsgs) + RT (Xre In X,
+XO 1HXO + Xs II’IXS)+
XreXsLres + XreXoLFe,0

(Eq 7)

where X; and g7 are the mole fraction and molar Gibbs
energy of component i, L;; represents the interaction energy
between 7 and j, which can be a function of temperature and
composition.

2.3 Monoxide (wiistite)

Vogel and Fulling!""! carried out equilibration and
quenching experiments followed by analysis and reported
that FeO and FeS are immiscible. Johto et al.l'*l also
reported that sulfur was not soluble in wiistite based on
equilibration/quenching/EMPA experiments. Hence, sulfur
was assumed to be insoluble in monoxide.

The simplest polynomial model that was used for wiistite
in the Fe-O system[! is accepted in the present study. It
describes the nonstoichiometry of the wiistite phase towards
oxygen using the Bragg-Williams approximation and as-
suming random mixing of Fe** and Fe’" ions on cation
sites. This assumption does not correspond to the real
structure of wiistite, which is rather complex and not
completely understood. However, it was shown in the
assessment of the Fe-O system!™ that different models give
almost identical representations of the entropy of wiistite as
a function of composition, provided that the models
adequately reproduce the absolute entropies of wiistite at
several compositions and 25 °C, which were obtained by
the integration of the experimental low-temperature heat
capacities.

The Gibbs energy per mole of components FeO and
FeO, 5 is given by
8= (XFeoggeO +XFBO].5gge01,5)

+ RT(XFeO In Xreo +XFeO|,5 lnXFeOu) (Eq 8)
+ Xpe0Xreo, s LFe0,Fe0, 5

where g3, and Xj, are the Gibbs energy and mole fraction of
pure component M, respectively. The molar interaction
energy L, ,, between components M and N is expanded as a
polynomial in the mole fractions of the components:

_ ij i v/
LM,N = E qM,NXMXN
ij>0

where ¢J,  are the binary model parameters.

3. The Fe-S System

The Fe-S system was optimized by Waldner and Pelton.[*!
The phase diagram is shown in Fig. 1. Comparisons with the
experimental data, descriptions of thermodynamic models
and optimized model parameters for all phases are given in
Ref 2. The description of the Fe-S liquid phase optimized by
Waldner and Pelton'! was accepted in the present study with
minor modifications. Contrary to the Fe-O liquid, the Fe-S
liquid phase was modeled in such a way that Fe exists almost
exclusively as Fe' over the whole composition range from
metal to sulfur. This is because solid Fe,S3 is not stable and
there is no experimental evidence for strong SRO in the liquid
phase at the Fe,S; composition which corresponds to very
high S, partial pressures.

A small modification of the Ag;euS parameter for the
liquid phase was made in the present study to improve the
description in the liquid iron region at 1500-1600 °C. The
resulted changes in the description of the system below
1500 °C are minimal compared to the original study of
Waldner and Pelton.”! Even though some of the experimen-
tal data in the temperature range of 1600-1730 °C seem to
be fitted not as good as by Waldner and Pelton,'”! the region
from 1500 to 1600 °C is more important for industrial
applications and the experimental measurements are more
accurate there. The differences are discussed in more detail
elsewhere.!"?!

4. The Fe-O System

The Fe-O system was reevaluated recently™ and the
optimized phase diagram is shown in Fig. 2.

5. The Fe-0-S System

5.1 Phase diagrams

There are two ternary compounds in the Fe-O-S system,
FeSO,4 and Fe,(SOy);, which decompose forming the gas
phase before melting at ambient pressure. Subsolidus
reactions were studied by Skeaf and Espelund,!'*! Hsich
and Chang,!'”) Rosenqvist and Hofseth,"') Musbah and
Chang,"" ! Schaefer!'®! and Espelund and Jynge!'*! using the
EMF technique in flowing SO,. Their data are summarized
in Fig. 3. Most likely, these experiments do not correspond
to equilibrium with the gas phase, which can contain other
gaseous species such as SO3, S, and O,, but rather to a fixed
potential of SO,, i.e. the other gaseous species do not form
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Fig. 1 Calculated phase diagram of the Fe-S system with superimposed S, isobars. Formation of the gas phase is suppressed

fast enough to significantly change the composition of
flowing SO,. If the equilibrium with the gas phase were
attained, it would be almost pure SO, over the range of
P(O,) from 10~* to 10~'* atm. At higher oxygen potentials,
amounts of SO5; and O, become substantial, while at lower
P(O,) the partial pressure of S, starts to increase. The
composition of the gas flowing out of the furnace was not
analyzed, but our calculations showed that large amounts of
condensed phases in EMF cells would have to react in order
to produce the gas phase of equilibrium composition, which
is not what happened in the experiments.

Rosenqvist and Hynne®” carried out equilibration,
quenching and analysis experiments and reported that FeS
does not dissolve in Fe;O4 spinel.

Liquid that appears in the system expands from molten
nonstoichiometric FeS towards FeO. At high temperatures it
also spreads to liquid metal. The evaluated phase diagram of
the Fe-O-S system at 1200 °C and at the total pressure of
1 atm is shown in Fig. 4.

Phase equilibria in the Fe-S-O system were studied
repeatedly.t'-12127]

Naldrett>! determined the iron-wiistite-troilite-liquid (Fe-
“FeO”-“FeS”-L) ternary eutectic temperature by melting
pyrrhotite, wiistite and iron in silica, iron or silver crucibles.
Experiments in silica and iron crucibles gave 91542 °C,
while in silver crucibles the eutectic temperature was
measured to be 905 42 °C. The composition of this eutectic
was determined by melting in silver crucibles and is shown in
Fig. 5. Even though the eutectic temperature obtained in
silver crucibles was lower, the author claimed that the
presence of Ag had only a small effect on the Fe:S:O ratio in
the liquid phase at the eutectic temperature. Naldrett®*) also
reported the temperature and composition of the magnetite-

wistite-troilite-liquid (“Fe;047-“FeO”-“FeS”-L) ternary
peritectic. The experiments were conducted in evacuated
and sealed silica tubes, hence it was possible to study melts
with high equilibrium vapor pressures without affecting the
composition. The results obtained in contact with silica tubes
should probably be interpreted as corresponding to the Fe-O-
S-Si system at SiO, saturation. Naldrett suggested that since
the presence of SiO, did not affect much the temperature of
the Fe-“FeO”-“FeS”-L eutectic, it should not have a strong
effect on the “Fe;0,7-“FeO”-“FeS”-L invariant tem-
perature and composition. The temperature was found to be
934 4 2°C and the composition is shown in Fig. 5.

The experiments of Hilty and Crafts®®'! involved melting
mixtures of FeS and Fe,O; in iron crucibles. The melting
was carried out in Ar, assuming that the O:S ratio in the
samples did not change significantly due to low P(SO,) and
P(S,) in the iron-saturated system. Taking into account the
fluctuations of cool Ar flow, the accuracy in temperature
determination suggested by the authors was =10 °C.
Preliminary studies were conducted to prove that the
reaction time of 2 h was sufficient for equilibration. After
equilibration, samples were quenched in water and studied
by chemical analysis and microscopic examination. The
results are plotted in Fig. 5 and 6(a-f).

Darken and Gurry (cited in Ref 22) melted the charge of
pyrrhotite and wiistite. The composition of pyrrhotite
corresponded to FeSj o4, and that of wiistite—to FeOq gs4.
Samples were placed in iron crucibles in an atmosphere of
purified N, and annealed at controlled temperature. No
special precautions were made in order to keep the samples
on the FeSy 94>-FeO1 os4 section, so the initial compositions
could have changed due to dissolution of iron from the
crucibles or evaporation of oxygen and sulfur into the gas
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Fig. 2 (a) Optimized phase diagram of the Fe-O system.!”) The dashed lines are calculated oxygen isobars.

pressed. (b) Enlarged FeO-Fe,O; part of the same diagram

phase. The phase boundaries corresponding to precipitation
of the pyrrhotite and wiistite phases were obtained by
microscopic examination of samples quenched into mer-
cury. The structural characteristics of the polished samples
made it possible to determine whether quenching was made
from the temperatures above or below these phase bound-
aries. The compositions of the liquid phase were not
measured, which increases the uncertainty of the determined

228

Mass ratio Fe,03/(FeO+Fe,03)

The gas phase is sup-

phase boundaries. These experimental points are plotted in
Fig. 7, assuming that the samples were in equilibrium with
iron and that the O:S ratio in the samples did not change
during the experiments.

Vogel and Fulling!"!! used corundum crucibles to melt
mixtures of Fe, Fe;O3 and S in Ar. Quenched samples
were examined microscopically. The temperature of
920 °C was measured for the Fe-“FeS”-“FeO”-L eutec-
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tic. The composition of this eutectic is shown in Fig. 5.
The authors also reported the “FeO-FeS” section of the
Fe-O-S phase diagram, but it remains unclear how much
the actual compositions of their samples deviated from
this section. As can be seen from Fig. 5, iron must have
precipitated from the initial compositions along most of
the FeO-FeS section to produce oxysulfide liquid in
equilibrium with monoxide (wiistite). Hence, the monox-
ide liquidus reported by Vogel and Fulling!""! can be
compared with the calculated phase diagram in equilib-
rium with iron shown in Fig. 7.

Spinel

FeSO,

Fig. 5 Liquidus projection of the Fe-O-S system (FeO-FeS re-
gion). Formation of the gas phase is suppressed. Points show the
compositions of invariant points reported in studiest'''>"%]

Yazawa and Kameda®® presented the Cu,S-FeO-FeS
phase diagram at iron saturation. The extrapolation of their
liquidus to the FeO-FeS section is given in Fig. 7.

Rosengvist and Hartvig®**) equilibrated oxysulfide liquid
with magnetite and the SO,-S, gas flow with controlled
P(S,) at a total pressure of 1 atm and 1135 or 1185 °C.
Crucibles were made from alumina lined with magnetite.
The liquid phase was analyzed for Fe, S and O by
conventional methods: precipitation of iron as Fe,Os,
electro-deposition of S as BaSO,4 and determination of the
oxygen content by the hydrogen-reduction method (heating
the sample in hydrogen to convert oxygen into water, which
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was absorbed with P,Os). The compositions of the liquid
phase in equilibrium with magnetite and SO,-S, gas are
plotted in Fig. 6(c,d).

Bog and Rosenqvist™ prepared the H,S-H,O-H, gas
mixtures of certain composition and equilibrated them with
iron sulfide at 1120 °C, i.e. both P(O,) and P(S,) were fixed in
these experiments. The crucible material was not reported. The
composition of resulting melt was determined by unspecified
chemical methods. Some experiments were conducted at iron
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saturation. The compositions of the samples in equilibrium
with iron along with oxygen and sulfur isobars are plotted in
Fig. 6(c).

Ueda et al.””! melted mixtures of Fe, Fe,O5 and FeS in
iron crucibles at 1000-1400 °C. The oxygen partial pressure
was measured using the following oxygen concentration
cell:

Pt | Ni,NiO| ZrO,(CaO) |specimen| Re|Pt (Eq 10)
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Fig. 6 continued

After equilibration, the crucible was quenched in a water
bath. Compositions of the specimens were determined by
chemical analysis. Oxygen and sulfur contents were deter-
mined by reduction with hydrogen. Iron was determined by
titration methods and from the mass balance. The phase
equilibrium results are shown in Fig. 6(a,b,d,e,f) and the
oxygen potential measurements are given in the next
Section in Fig. 8 and 9.

Takeda?®! melted the Fe-S-O mixtures in iron crucibles
at 1200 and 1300 °C and measured the oxygen potential

with a sensor similar to cell (10). The method used for
chemical analysis was not reported. The results are shown in
Fig. 6(d,e) and in the next Section in Fig. 9.

Johto et al.'"*! heated mixtures of the pure Fe, FeS and
Fe,O; powders in crucibles lined with iron foil. The
experiments were conducted either in an Ar atmosphere or
at P(O,) controlled by the CO/CO, gas flow. After heat
treatment, the samples were quenched. Microscopic obser-
vations showed that the Fe-“FeS”’-“FeO”-L eutectic should
be between 915 and 920 °C. The iron and sulfur contents of
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Fig. 6 continued

the liquid phase in equilibrium with solid phases were
determined by EMPA analysis. The oxygen content was not
measured directly and was obtained by difference, which
makes the reported compositions relatively less accurate.
The ﬁ)osition of the eutectic point suggested by Johto
et al."?! is shown in Fig. 5 and 7. The compositions of the
liquid phase in equilibrium with solids are plotted in
Fig. 6(a, d). The dependence of the liquid composition on
P(0O,) is discussed in the next Section and plotted in Fig. 9.

Lee et al.l*’! equilibrated mixtures of “FeO”, FeS and
Ag in iron crucibles under the flow of CO/CO,. After

equilibration, silver was analyzed for sulfur and ‘“each
component” of oxysulfide liquid was determined “by a gas
analyzer and titration method”. Since the results of analyses
are not provided, it is not possible to evaluate the extent of
contamination of the oxysulfide phase by silver. The
measured compositions of oxysulfide liquid in equilibrium
with iron were plotted by Lee et al.” in the Fe-S-O
triangle. These compositions have much higher sulfur
content than reported by Hilty and Crafts,”!! Ueda
et al.,*”) Takeda®® and even Johto et al.,['* which may
be due to the presence of silver in the liquid phase. Hence,
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Fig. 6 continued

the results of Lee et al.l*”}

optimization.

As can be seen from Fig. 5 and 6, the phase relations in
the Fe-S-O system are complex and somewhat unusual. The
liquid phase substantially deviates from the FeO-FeS join
both towards iron and nonmetals. It splits into two liquids at
high temperatures. The miscibility gap becomes wider rather
than narrower with an increase in temperature. The mea-
sured compositions are not very accurate, which is evident
from the wide scatter of the experimental points corre-
sponding to the L/(L + fcc) phase boundary shown in
Fig. 6. The reported FeO-FeS phase diagram!''***® was
measured at iron saturation rather than by studying the
compositions along the FeO-FeS section, which inevitably
shifts the composition of the liquid phase from the FeO-FeS
join (see Fig. 5). The calculated phase diagram at iron
saturation is shown in Fig. 7.

were not used in the present

5.2 Solubility of Oxygen and Sulfur in Oxysulfide Liquid

The solubility of oxygen and sulfur in oxysulfide liquid
was measured by Bog and Rosenqvist,**) Dewing and
Richardson,m] Nagamori and Kameda,[3 ' Kameda and
Yazawa,m] Stofko et al.,[33] Mintsis et al.,[34] Blatov
et al.,B! Nagamori and Yazawa,[*®! Rose and Brenan,””]
Fonseca et al.,[38] Ueda et al.””! and Johto and Henao.!'?)

Dewing and Richardson!®*”! heated small samples of the
condensed phase in a stream of N,-S,-SO,. The melts were
held in a platinum spiral. After attaining equilibrium, the
samples were quenched and analyzed by treatment in
hydrogen. The resulting H,S was absorbed by the zinc
acetate solution. Residual metal was dissolved in acid giving
the iron content. Insoluble platinum was weighted. It was
found that the quenched samples contained up to 2 mol% of

platinum sulfide at high P(S,). Thus, iron, sulfur and
platinum were determined directly and oxygen by differ-
ence. Most data points were obtained at 1206 °C. The
partial pressures of S, and SO, were reported by the authors
and equilibrium P(O,) was calculated in this study. The data
are plotted in Fig. 8.

Nagamori and Kameda'®'! equilibrated Fe-O-S melts with
CO-CO,-S0O, gas mixtures at 1200 °C in alumina crucibles.
The quenched samples were analyzed for the iron content by
titration with KMnQ,, for sulfur by precipitation as BaSOy,
and for oxygen by the hydrogen reduction method. No initial
gas compositions were reported by the authors, only calcu-
lated P(S,) and P(O,). The results are presented in Fig. 8.

Kameda and Yazawal®?! equilibrated Cu-Fe-O-S liquid
with CO-CO,-SO, gas mixtures at 1150 to 1225 °C in
alumina crucibles. The copper, iron and sulfur contents were
determined analytically and the oxygen content was mea-
sured by the hydrogen reduction method. Even though ten
different CO/CO,/SO, ratios were used, only the results for
one gas composition were reported and used in the present
study to calculate equilibrium P(O;) and P(S,). The copper-
free point is plotted in Fig. 8.

Stofko et al.**! studied Fe-S-O melts in equilibrium with
N»-S,-SO, gas at 1200 °C in alumina crucibles. The
quenched samples were analyzed for the iron content by
titration with KMnQy, for sulfur by precipitation as BaSOy,
and for oxygen by the hydrogen reduction method. No
initial gas compositions were reported by the authors,
instead, the calculated P(S,) and P(O,) were given. The data
are plotted in Fi%. 8.

Mintsis et al.”*! equilibrated Fe-O-S melts and CO-CO,-
SO, gas mixtures at 1200 and 1300 °C. The iron and sulfur
contents in the quenched samples were obtained by
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chemical analysis. The oxygen content was determined by
difference in some samples and by an unspecified analytical
method in controlled samples. The CO/CO,/SO, ratios were
reported and used in the present study to calculate P(O,) and
P(S,). The results for 1200 °C are presented in Fig. 8.

Nagamori and Yazawa®® equilibrated Fe-O-S melts with
CO-CO0,-S0O, gas mixtures at 1200 °C in alumina crucibles.
The molten samples were quenched and analyzed for
oxygen, sulfur and iron. Sulfur and iron were determined
gravimetrically: sulfur as BaSO, and iron as Fe,03. Oxygen
was analyzed by the hydrogen reduction method. The
analytical results and compositions of ingoing CO-C0,-S0,
gas were reported. The data are given in Fig. 8.

Fonseca et al.*® equilibrated Fe-O-S melts with CO-
CO,-SO, gas mixtures at 1200 to 1400 °C in silica
crucibles. Electron microprobe analysis (EMPA) was used
to measure the contents of all elements, including oxygen, in
the quenched samples. The CO/CO,/SO, ratios were
reported. The results for 1200 °C are presented in Fig. 8.

Blatov et al.”*! and Rose and Brenan"! equilibrated Fe-
O-S melts with CO-CO,-SO, gas mixtures at 1300 °C. The
crucible material and analytical methods were not reported
in the former paper. In the latter work, San Carlos olivine
mega crystal was used as a crucible and the samples were
analyzed by EMPA, even for oxygen. The CO/CO,/SO,
ratios were reported in both studies.

From Fig. 8 it is evident that there are some discrepan-
cies between the results of different authors at 1200 °C.
Nagamori and Kameda®"! suggest lower sulfur contents and
higher oxygen contents than Dewing and Richardson,™!
Kameda and Yazawa? and Stofko et al.**! On the
contrary, Fonseca et al.”®! give higher sulfur contents and
lower oxygen contents compared to the same stud-
ies.?%32:33] The data of Stofko et al.l**! are rather scattered,

so that the dependence on P(S;) is mostly within the
experimental scatter, while the results of Mintsis et al.l®
suggest that the solubility of sulfur is essentially indepen-
dent of P(S,). The experimental data at higher tem-
peratures™*>>*738] are even more scattered. The scatter is
probably due to difficulties in attaining equilibrium between
the liquid and gas phases when two partial pressures are
fixed, especially at high P(S,).

The experimental results for the o 2ygen artlal pressure
over liquid saturated with solid iron!'***?*"] are summa-
rized in Fig. 9. These data are much more reliable and
consistent.

5.3 Solubility of Oxygen and Sulfur in Liquid Iron

The solubility of oxygen and sulfur in metallic liquid was
measured by Hilty and Crafts,*!! Hayashi and Uno,"
Schenck and Hinze.!*!

Hilty and Crafts®!) studied the equilibrium between Fe-
rich liquid (liquid iron, L1) and FeO-rich liquid (slag, L2) in
the Fe-S-O system using a rotating furnace at 1450 to
1650 °C. Samples were melted in magnesia crucibles under
an Ar atmosphere. Slag was contaminated with MgO from
the crucible material (up to 2.5 wt.%) and by SiO, from the
thermocouple protection tube (up to 4 wt.%), though this is
much less than the equilibrium solubility of MgO and SiO,
in slag under the conditions of the experiments. Samples of
liquid iron were analyzed: oxygen was determined by a
variant of the vacuum-fusion method and sulfur was
measured gravimetrically. The experimental results are
plotted in Fig. 10.

Hayashi and Uno'”"" equilibrated liquid iron with H,S-
H,O-H,-Ar mixtures at 1500 to 1600 °C in alumina
crucibles. Oxygen and sulfur were analyzed by the vacuum

[39]

234 Journal of Phase Equilibria and Diffusion Vol. 36 No. 3 2015



1/2

Molar ratio S/(Fe + O + S)

0 10 20 30 40 50 60 70
Po = [P(0,), atm]*/2-10¢

Molar ratio O/(Fe + O +S)

0 10 20 30 40 50 60 70
Po = [P(0,), atm]*/2.106

O [2008Ued], Fe saturation [1974Sto], Ps =0.14
+ [2008Fon], Ps = 0.00-0.03 = [1988Min], Ps = 0.15
B [2001Nag], Ps = 0.02-0.03 A [1974Sto], Ps = 0.15-0.17
@ [2001Nag], Ps =0.05 + [2008Fon], Ps=0.17
X [1965Nag], Ps = 0.05 X [1965Nag], Ps=0.17
A [1960Dew], Ps = 0.06 [1974Sto], Ps = 0.18-0.20
A [1960Dew], Ps = 0.07 X [1965Nag], Ps=0.18
X [1965Nag], Ps =0.08 [1988Min], Ps = 0.20-0.21
= [1988Min], Ps =0.09 + [2008Fon], Ps =0.23
X [1965Nag], Ps = 0.09 A [1974Sto], Ps=0.25
X [1970Kam], Ps = 0.09 = [1988Min], Ps =0.27-0.28
[1988Min], Ps =0.11 ® [1965Nag], Ps = 0.30
Fe saturation Ps =0.02
e Ps = 0.05 Ps=0.06
e Ps = 0.08 e Ps = 0.09
Ps=0.12 e Ps = 0.16
Ps=0.19 e Ps = 0.24
e Ps = (0.30
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melt at 1200 °C

fusion method. The obtained alloy compositions are shown
in Fig. 10. The equilibrium P(O,) and P(S,) were calculated
from the experimental gas compositions. The activity
coefficient of oxygen defined as
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Fig. 9 Partial pressure of oxygen for oxysulfide liquid in equi-
librium with iron in the Fe-O-S system: experimental
points!!#?#26271 and calculated lines. The kink and horizontal
part of the calculated line at 1400 °C reflect the presence of the
miscibility gap

Inys =0.51nP(0;) — InXp (Eq 11)
is plotted in Fig. 11. The activity coefficient of sulfur was
calculated in a similar way:

Inyg = 0.5InP(S;) — InXs (Eq 12)

The results are shown in Fig. 12.

Schenck and Hinze!*”! equilibrated liquid iron with CO/
CO, gas of known composition in alumina crucibles at 1600
and 1650 °C. The quenched samples were analyzed for
oxygen content by gas chromatography. No analysis for S
after equilibration was reported, it was assumed that the
initial S content from FeS did not change. The experiments
were first made using sulfur-free samples, and then the
effect of sulfur on the oxygen content was measured by
addition of known amounts of FeS. The activity coefficient
of oxygen in the liquid phase, f,, was defined using weight
rather than mole fractions as it is normally done in the
technical literaturel*'):

Ho = 0518 (T) + RT In(foWo) = 0.5[ud (T)

+ RT In P(0;)] (Fa 1)
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lines, respectively. The dotted lines were calculated using pa-
rameters of Eq 14 obtained by Schenck and Hinzel*"!

where ugz is the Gibbs energy of ideal O, gas at 1 atm, Wg
is the weight fraction of oxygen and P(O,) is the
equilibrium oxygen partial pressure in atm. The composition
dependence of the activity coefficient was represented by
the following equation

(21391 and calculated lines
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Fig. 12 Effect of oxygen on the activity coefficient of sulfur in
Fe-O-S metallic liquid: experimental points®”! and calculated
lines. The amounts of sulfur for the experimental points are ap-
proximately the same as for the calculated lines of the same col-
or; the solid and open points correspond to the solid and dashed
lines, respectively

logo(fo) = logo (f5(T)) + e3(T) - wt.% O

Eq 14
+e3(T)-wt% S ( )
and the first-order interaction coefficient e}, was obtained.
This value was adopted by the Steelmaking data source-
book.[*" The dashed lines in Fig. 11 were calculated using

236 Journal of Phase Equilibria and Diffusion Vol. 36 No. 3 2015



L0VY19'LT — €9°TS9ST €~ 0dg
I81T19%E — vL 0L06S— sedg
(1] 3
[1] o3
6L 0TXYS88L°T — IULL00009Y — L1TST00E + T L60LT— (65100091181
olg OTXLT68'S — | LO'6SELL + zL8SLE00 0 —LULLEYII+T — LISTH TET + S9ET— [ 1 181-86T 3
(S O ‘o) swerIm-S3erg (o4 prjos) 99¥
08°9SL1Z Mww_mmw
L000¥S T+ + 0¥ €SS TH— 1063
00°Z10§7- M%swm
LTESSTTT —TIHILLT 105
L9THOS'LT — b€ HHOTT (O)sydg
L08TH0T — 89°L9ST6T souwrered swerp-53e1g (0%
00°089¢8 ndgy
LIP1P00Fy — 0T €S0E 1oppwered swerp-S3eig Oupdiedp
00°089¢8 Outds
L10TSS'TI + 0T 1SSh6E— Ontisy
LOPEE0E — €9°8LL6TT Oy
95085 16€— o8y
Siia Sils Sy Sy Sy Sl
ZULLTSSLE1 —L6S9TIT + ¥1'PEETTI— Apms s,
I88EE0 + 01'888K01— i Siisy
o [1] @w%
09,79 + "3 005€-86T s
ZULL0000'9v:L0T0E 16T + 8'8E801— [e510009-T181
oLz OTXTSSISLY'E — | LIS'8SELL + oLy 01X69T68°S — wLTSLOEF000 — LULLEYIS €T —L9SLS'LTT + 6'S9TEL [ 1 181-86T n°18
og
v =011z ¢ ="Mz T ="z ¢ = "z T =0z T ="z T ="z = S04z 9 = 0§z = 59z = "l = iy = 00z = Sz = ity — __ﬁ____mm
7 dnoi3 ur § ‘0 pue | dnoi8 ur wld ed :Jurdnoin (S ‘O “ed ,:omv :[opow [edrwaydIsenb payIpoj (opy[ns ‘oprxo ‘Jejour) pmbry
suonnjos
ZULLYO19°TSY — L1986'L98T + L'L86108T— 000T <
coLL9ES™899TT + IW609T LL6TY — , LL'TISISLY + mL¥LI8TLIO0 — . LULLO9FO 9YE —LOOTT'TT6T + L EV69EST— 0002-008
ZULTP86VILELT — | LT EEIESLS — oL 01X98T00'T + LPSII9EE0°0 — LULLY6TI TOS — LTHSS 68EE + 6'SLETIIT— 008-86C §r0s)%d
ZULL TSS6'TLT —L61€97°S801 + 6'TEOTION— 000Z<
1L T0TI99EE + oL LYEILSO0'0 —L ULLEYSL'0ST —.L TOLO'LT6 + T 116566~ 0002-008
JUL TSIV TLLEY — | _LLSOPSITT — oLy 01X0TITI'E + xLSITO9I10°0 — LULLLSYS TOT — L9199 96T] + 9 €6599L— 008-86 OINCE|
Ciglln,g ‘11g01a,q “01g6a (amoytAd
[gPMuIoouOW) 3540, (uAd) Za “(Anfion) So4
[1l S
el (amyeway) €0
()8 A319ud sqqi) Je[oI UL pue () dduea damerddwa], spunodwo)

(;_low ) wISAS S-O-34 Y} uI suonnjos prjos pue pbi 10} s1oweed Ppow pue spunodwod JLPWOIYI0)S Jo saptdoad paziundQ | dqel

237

Journal of Phase Equilibria and Diffusion Vol. 36 No. 3 2015



S6'9— 9Lt~ 8TCI— 8Y11C°0 €8500°0 69T8L°0 6'99¢1 99q + (SpYINSAX0)T < (SpYInsAx0)T + (Jerow)
1§34 6L'T 8L £5866°0 100000 91000 0286 YOSod + omoyuhd « jourds + (angyns)
8L v~ SI's— 88°¢I— YE91€°0 6v681°0 811610 I'LY6 [ouldg + aprxouow + AOYLLd — ]
v18- 09°L~ 691 SLLESO 11LST°0 ¥1505°0 0'816 00} + opIXouow + APOYLL «— T
[une ‘COS)d1°' 301 [uge ‘(?9)d1°* 3o [uge ‘ZQ)d1°'3o] S o X | Do L Surjo0d uodn uonoeday

(3jowr) pmbiy jo uonisodwo)

wR)SAS §-Q-9 9y} ur syurod juerieAur paje[mde) g dqeL

[,1°Seqelep doueisqns aind oeg)oe,] oy woyy uoye) arem saroads snoased jo sonedord orweukpounioy) oy,

(rO*foq ‘empousewr) [jourdg

[s8]
e] (0™ "oq) amsom
2] (.S*"04,,) amoyukyg
01’0 = 4 19owered juopuadap-ormonng
7T T = ¢ wowow onouSe
S €v01 = "1 [t 94 Jo sonzoedoid onouden
L6¥£69°0C + 61°6V1S1¢~ Oedg
L8ITYLTT —9°€L66T— sl
{190 UI S QWES o5
1—LOT66E + oLy 01X8SSTOV'T + 2LS68010°0 — LULLBTY6'LT —LL69E08 + O'THH81T c100€1-€'89¢
Lo OIXEEEYSL'L + 226TS9C0°0 —LULLOLOO T —LSY60 1Y + 8°STLOI 121€'89€-86¢ 58
alg OTXLTO8'S — [_LO6SELL + xL86EY00°0 — LULLEYIS €T —LTOSSVIT + T'SLEO] e 1 181-86C e
(S ‘O “o4) swerp-33e1g (o4 pros) 90q
870 = 4 Jorowered juopuadop-ormonng
0L°0 = ¢ udwow o1ouse
M L9 =N [t 94 Jo senzodoid onoulen
(1)3 A313ud sqqi) Je[oI JoudIRJAI pue () d3uet damjerdwa], spunodwo)

ponupuod | J[qel,

Journal of Phase Equilibria and Diffusion Vol. 36 No. 3 2015

238



the parameters of Eq 14 from the Steelmaking data
sourcebook,*'! assuming that e is independent of tem-
perature.

5.4 Optimization

The database for the Fe-S system'” was combined with
the model parameters for the Fe-O system"! to predict the
thermodynamic properties and phase equilibria in the Fe-O-
S system. The thermodynamic properties of stoichiometric
FeSO4 and Fe,(SO4); were taken from the NIST-JANAF
thermochemical tables.

The phase relations in the Fe-O-S system predicted using
only binary parameters for the liquid phase were qualita-
tively correct, but the agreement with the experimental data
was not satisfactory quantitatively. Ternary parameters
gggﬂl $(0) and g° “s(o were introduced to raise the monoxide
liquidus and the eutectrc temperature shown in Fig. 7. One
more ternary parameter gFe”O(S)’ and a Bragg-Williams
parameter, 61 ny> Were required to suppress the low
temperature 1mrn1sc1b11ity between liquid FeS;_, and FeO
and to increase the iron content in iron saturated liquid (see
Fig. 6). Another ternary parameter, g m was added to
shift the phase boundary L/(L + Splnei + das) in Fig. 6(b)
and (d) to higher S and O contents.

The binary parameter Agp g was adjusted to raise yg in
iron-rich Fe-S liquid at 1500 to 1600 °C in order to improve
the description of the data of Hayashi and Uno®*! shown in
Fig. 12. This did not impair the overall description of the
experimental data in the Fe-S system. An additional
parameter, g;g% , was used to raise yo and yg in liquid
iron (see Fig. 11, 12). However, the solubility of oxygen in
liquid iron equilibrated with slag falls when 7, increases,
Wthh made the description of the data of Hilty and
Crafts”®!! shown in Fig. 10 less accurate. A better fit of the
data of Hayashi and Uno”®! and of Schenck and Hinze!*"!
would result in a lar; e dlsagreement with the solubility data
of Hilty and Crafts,*'! and also with the miscibility gap in
Fig. 6g ]g) as reported by Hilty and Crafts!?'! and Ueda
et al.?”l And vice versa, if the miscibility gap between
liquid iron and liquid oxysulfide were described more
accurately, the activity coefficient of oxygen in Fig. 11
would fall dramatically. To resolve this contradiction, more
experimental studies are required in the liquid iron region of
the Fe-O-S system. In the present study, the model
parameters were optimized to attain a reasonable compro-
mise between the data on the activity coefficients of oxygen
and sulfur in liquid iron"®**"! and the data on phase
equilibria with oxysulfide liquid.*'-*"!

The resulting description of the available experimental
data is shown by the calculated lines in Fig. 3-12. In most
cases the agreement is within the experimental error limits.
However, the calculated miscibility gap L1 + L2 shown in
Fig. 6(e, f) and 16 expands less rapidly with increasing
temperature than suggested by the data of Hilty and
Crafts®!)  and Ueda et all?”l The experimental
L1 + L2 + bece triangles at 1400 and 1450 °C are close to
the calculated ones at 1470 and 1505 °C, respectively.

From the data on the solubility of oxygen and sulfur at
fixed P(O,) and P(S,) summarized in Fig. 8, oxygen and

sulfur isobars over the matte region can be calculated. In
particular, these isobars at 1200 and 1300 °C are presented
in Fig. 6(d, e).

The thermodynamic properties of all stoichiometric
compounds and the values of the optimized model pa-
rameters are given in Table 1. The optimized parameters are
strongly correlated and, therefore, are given in Table 1 with
relatively large numbers of significant digits. The calculated
invariant points are listed in Table 2.

6. Conclusions

A critical assessment and thermodynamic modeling have
been performed for the Fe-O-S system over the whole
composition range. A model for the liquid phase has been
developed within the framework of the quasichemical
formalism. This model describes simultaneously metallic
liquid, sulfide liquid (matte) and oxide liquid (slag). For the
Fe-O system, the model reflects the existence of two ranges
of maximum SRO at approximately FeO and Fe,O3
compositions. Parameters of thermodynamic models for
the liquid and solid phases have been optimized to provide
the best description of all available thermodynamic and
phase equilibrium data. The obtained self-consistent set of
model parameters can be used to calculate the solubility of
oxygen and sulfur in liquid and solid iron. The stability
range of oxysulfide liquid can also be calculated at different
temperatures along with the equilibrium oxygen and sulfur
partial pressures at each composition.

The model parameters obtained in the present study are
being used for development of a thermodynamic database
for simulation of copper smelting and converting. In
particular, the model and optimized properties of the liquid
phase are essential for description of the solubility of
oxygen in matte. The present study completes the opti-
mization of all binary and ternary subsystems of the Cu-Fe-
O-S quaternary system. The experimental data available for
the Cu-Fe-O-S system were compared with the predictions
from the combined database. Even though the agreement
was fair, it was found that the Cu-Fe-SP*™* optimization
needs some improvement. Just a few additional model
parameters that reflect interactions, which are present only
in the quaternary system, may also be added to improve the
description. The optimization of the Cu-Fe-O-S quaternary
system will be reported elsewhere.
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