Thermodynamic Model and Database for Sulfides Dissolved

in Molten Oxide Slags
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A thermodynamic model has been developed in the framework of the modified quasichemical
model in the quadruplet approximation to permit the calculation of solubilities of various gaseous
species (sulfide, sulfate, nitride, carbide, water, etc.) in molten slags. The model calculates the
solubilities solely from knowledge of the thermodynamic activities of the component oxides and
the Gibbs energies of the pure liquid components (oxides, sulfides, sulfates, etc.). In the current
article, it is shown that solubilities of sulfur as sulfide in Al,O3-CaO-FeO-Fe,05-MgO-MnO-
Si0,-Ti0,-Ti,O; multicomponent slags, which are predicted from the current model with no
adjustable model parameters, are in good agreement with all available experimental data. The
article also provides a thorough review of experimental sulfide capacity data for this system. The
model applies at all compositions from pure oxides to pure sulfides and from basic to acidic slags.
By coupling this database with other evaluated databases, such as those for molten metal and
gaseous phases, and with general software for Gibbs energy minimization, practically important

slag/metal/gas/solid equilibria can be computed such as S-distribution ratios.
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I. INTRODUCTION

VARIOUS gaseous species like S, N, C, and H
dissolve in molten oxide slags as sulfide, sulfate, nitride,
carbide, carbonate, and so on. Knowledge of the
solubility of these gaseous species in slags is important.
For example, control of the sulfur level in many grades
of commercial products, such as steel, copper, and lead,
can be achieved by control of the distribution ratio of
sulfur between the liquid metals and the molten slags. In
steel, a low sulfur content is usually desired because of
the detrimental effect of sulfur on many types of final
products. However, relatively high sulfur content is
desired in some steel grades, such as fast-cutting steels.

Approaches have been proposed to correlate the
sulfide solubility with the optical basicity!"! or bulk
compositiont?! of slags. These approaches generally
require several empirical model parameters; that is, they
have low predictive ability. A more fundamental
approach was proposed by Gaye and Lehmann,”™ who
included sulfide solubility in the IRSID cell model. This
approach has been more successful but still requires
several empirical parameters.

In the model of Reddy and Blander,' which was later
modified by Pelton e al.,'”! the activity of sulfide in the
slag is calculated from considerations of its configura-
tional entropy of mixing with the silicate structural
units, whereas the activities of the oxide components of
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the slag are taken from existing evaluated databases.
This model yields good predictions of sulfide solubility
in multicomponent slags, with no adjustable model
parameters. The model has been extended!® with equal
success to the dissolution of other species (SO,
COy*, 17, etc)).

In the current article, we report on a new model for
the solubility of gaseous species in molten slags within
the framework of the modified quasichemical model
(MQM) in the quadruplet approximation.!”? This model
is similar to the Reddy—Blander—Pelton (RBP) model
inasmuch as the sulfide activities are calculated from
considerations of the configurational entropy of struc-
tural units, whereas the oxide activities are taken from
existing extensive evaluated thermodynamic databases,
which we have developed during the last 30 years. Like
the RBP model, the model involves no adjustable
empirical parameters. It is superior to the RBP model
inasmuch as it applies even in highly acidic slags and
even at high sulfide contents, and its predictive ability is
generally even better. The model has been incorporated
into the FactSage!®™” databases and software (Therm-
Fact Ltd., Montreal, Canada and GTT-Technologies,
Herzogenrath, Germany).

Sulfide solubilities calculated from the model are
compared with all available data for the molten slag
system Al,O3-CaO-FeO-Fe,03-MgO-MnO-SiO,-TiO,-
Ti,Os3. The current article also provides a thorough
review of sulfide capacity measurements in this system.

II. THERMODYNAMIC MODEL

It is assumed that the molten oxide-containing sulfur
consists of the following two sublattices: (Ca® ", Mg> ",
Si**, AI*", ...)[0*7, S*7]. Cations such as Ca’>", Mg> ",
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Si**, and AI’" reside exclusively on the cationic

sublattice, whereas anions such as O®~ and S?~ reside
exclusively on the anionic sublattice.

Consider a Ca0O-SiO5 slag containing S. In Figure 1, a
schematic composition square is shown for this
“reciprocal” ionic system. The following two reactions
must be considered in the model. The first is the
exchange reaction among the pure liquid components:

2Ca0(1) + SiS, (1) = 2CaS(1) + SiOx(1)  Aggsgiass [1]

If Agcc’:sﬁa/rgg is negative, then reaction[1] is displaced to
the right. This equilibrium determines the first-nearest-
neighbor (FNN) cation-anion short-range-ordering
(SRO) in the slag. Because Ag?:sﬁa/lgsc is of the order of
—400 kJ/mol, the FNN SRO is extremely strong, with
Ca-S and Si-O FNN pairs being strongly favored over
Ca-O and Si-S pairs.

Second, it is well known that molten oxides often show
strong second-nearest-neighbor (SNN) SRO between
cations. For example, in CaO-SiO; slags, the maximum
SNN SRO occurs near the Ca,SiO4 composition where
nearly all Si*" cations have Ca”" cations in their second
coordination shell (equivalent to a model of Ca®* cations
and SiO,*" orthosilicate anions). This is taken into
account by the following SNN pair exchange reaction:

(Ca—O-Ca) + (SI'O'SI) = 2(Ca-O-S1), AgCaSi/OO [2]
For many molten oxide systems, the Gibbs energy
changes of these SNN pair exchange reactions are
negative (e.g., Agcasijoo ~ —60 kJ/mol) and SNN SRO
is consequently important.

For the reciprocal system in Figure 1, there are three
other SNN pair exchange reactions, such as the pair
exchange reaction between O” and S*~ in the presence
of Ca®":

(S-Ca-S) + (O-Ca-0) = 2(S-Ca-0O);  Agcacajos  [3]
As will be shown later, it may be assumed that the Gibbs
energy changes of these three reactions are relatively
small.
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Fig. 1—The nine quadruplets in CaO-SiO,-CaS-SiS, melts.
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Finally, the coupling of the FNN SRO and SNN SRO
must be taken into account in the thermodynamic
modeling. To model the Gibbs energy of two-sublattice
reciprocal ionic liquids with simultaneous FNN and
SNN SRO, an MQM in the quadruplet approximation
was developed by Pelton er al!”! and has been success-
fully applied to many molten salt systems.' '3 In
applying this model to CaO-SiO,-CaS-SiS, slags, nine
quadruplet “clusters” are defined as shown in Figure 1,
where each quadruplet consisted of two cations and two
anions. These quadruplets are distributed randomly
over “quadruplet” sites. Hence, the SNN pairs shown in
reaction[2] are associated with the quadruplets CaCa/
00, SiSi/O0, and CaSi/OO. A complete mathematical
description of the model is given by Pelton ez al.l”!

The Gibbs energy of the solution is given by

G= (nCaCa/OOgCaCa/OO + 78isi/008Sisi/00
+ Ncaca/ss€caca/ss + Msisi/ssEsisi/ss)
+ (”CaSi/OOgCaSi/OO + NCasi/ss8Casi/ss
+ Ncaca/0s€Caca/os 1 Msisi/0sgsisi/0s)
+ (ncasijosgcasijos) — TASe [4]

where n;;; and g, are the number of moles and the
molar Gibbs energy of the ij/kl quadruplets and AS<°ie
is the configurational entropy of mixing that is given by
randomly distributing the quadruplets over the sublat-
tices, taking into account the fact that anion-cation pairs
are shared among quadruplets. Because the exact
mathematical expression for such a distribution is not
known, the configurational entropy is approximated by
a cluster-variational equation as given in Reference 7.

The model requires FNN and SNN coordination
numbers for each ion. In our previous modeling of oxide
slags, during the development of our oxide slag database,
appropriate SNN coordination numbers were assigned to
all cations and to O”. Although the general model
permits coordination numbers to vary with composition,
this complexity was not required in the current oxide slag
database and is not required in the current study. That is,
the coordination number of a given ion is the same
at all compositions. (In the notation of Reference 7:
Z;i/OO = Z;ﬁ/./oo for all i and j.) In the current study, we
assume that the cation coordination numbers are the
same in mixed oxide/sulfide solutions as in oxide solu-
tions and that the coordination number of S*~ is the same
as that of O*~. Finally, we make the simplifying assump-
tion that all FNN coordination numbers z; are equal to
twice the corresponding SNN coordination numbers Z,.
(In the notation of Reference 7, this is equivalent to
setting { = 1.)

In Eq. [4], the Gibbs energies g;00 and g;ss of the
unary quadruplets at the four corners of Figure 1 are
given by the Gibbs energies of the pure liquid oxides and
sulfides. For example:

2\,
8CaCa/00 = (an> &cao 5]

where Zc, is the SNN coordination number of Ca’”"
and g, is the standard molar Gibbs energy of pure
liquid CaO. For details, see Reference 7.
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The Gibbs energies of the binary quadruplets in
Eq. [4] (gcasi/o0, &casi/ss, &cacajos, and gsisijos) on the
four edges of Figure 1 are given from the Gibbs energies
of the SNN pair exchange reactions. For example, Eq. [2]
for the SNN pair exchange reaction in the CaO-SiO,
binary system is equivalent to the following reaction
among quadruplets:

(CaCa/OO)W101 + (SiSi/OO)Wld = 2(CaSi/00)
AgCaSi/OO (6]

quad;

Hence,
2gCaSi/OO = gcaCa/00 + &sisi/00 + AgCaSi/OO [7]

where Agcasijoo is @ model parameter for the CaO-SiO,
system, which can be a function of temperature and
composition. This parameter is known from our previous
evaluation/optimization of all experimental and phase
equilibrium data in this binary system.!"" Similarly, all
other SNN oxide pair exchange energies Ag;; 00 (Where i,
j= AP, Calt Fe" Fe' ", Mg®* . Mn2 ", Si* ", Ti* "
Ti*") have been previously evaluated and o]ptimized and
stored in our database for oxide slags.['*°

The other three SNN pair exchange energies, Agcasi
ss» Agcacajos, and Agsisijos, on the other three edges of
Figure 1 are assumed to be zero. This is equivalent to
assuming ideal mixing behavior in these three binary sys-
tems. It is also assumed that the Gibbs energy gcasijos of
the quadruplet in the center of Figure 1 is given by the
weighted average of gcasij0o, gcasi/ss» gcacajos, and
gsisijos as described in Reference 7. These assumptions
are not requirements of the model; nonzero values of the
parameters Agcasiss, Agcaca/os, Agsisijos, and Agcasijos
could be included if necessary to reproduce experimental
sulfide solubility data. However, the calculated sulfide
solubilities are insensitive to the values of Ags;sijos and
Agcasiss, and the CaO-CaS liquid system is, in fact,
relatively ideal. Similarly, for all other systems i-j-O-S (i,
j= A13+, Ca2+, Fez+, Fe3+, Mg2+, Mn2+, Si4+,
Ti**, Ti*"), we have found that the assumption that
these parameters are all zero yields calculated sulfide
solubilities, which agree with measurements within
experimental error limits in all cases.

Hence, the sulfide solubilities are predicted solely
from the Gibbs energies of the pure liquid oxides and
sulfides and from the SNN pair exchange Gibbs energies
Agiji00, which are taken from our previous evaluations
of oxide slags. This means that the change in the Gibbs
energy of an oxide slag resulting from the addition of
sulfide is mainly based on changes in FNN interaction
energies and configurational entropy effects.

The model has been extended to multicomponent
systems containing O°~ and S with any number of
cations.”! In many cases, SNN pair exchange reactions
have been evaluated/optimized as functions of compo-
sition in ternary, as well as in binary, oxide slags and are
included in the current oxide slag database.

The equilibrium quadruplet concentrations n;;, for a
given slag composition are calculated as those that
minimize the total Gibbs energy G of the system. Hence,
for any given slag composition, the chemical potentials
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of all components can be calculated. By using the
database in conjunction with other evaluated databases
for gases and for solid and liquid compounds and
solutions, the sulfur solubilities can be calculated for a
variety of equilibrium conditions, such as equilibrium
with a gas phase of fixed oxygen and sulfur partial
pressures, saturation with solid phases, or equilibrium
with a liquid metallic solution.

III. GIBBS ENERGIES OF PURE LIQUID
OXIDES AND SULFIDES

The Gibbs energies of the pure liquid oxides (SiO,,
CaO, etc.) in the current study are taken from our
current oxide slag database. The Gibbs energies of the
pure liquid sulfides are taken from standard compila-
tions or estimated as follows:

Al,S;: g° obtained by combining g° of solid from
JANAFP! with temperature and enthalrt)y of fusion
and liquid heat capacity from Barin ez al.**

CaS: g° obtained by combining g° of solid from
JANAFPY with temperature of fusion from Holleman
and Wiberg®* and assuming that the entropy of fusion
and liquid heat capacity are the same as for MnS.
FeS: g° from Waldner and Pelton.*¥

Fe,S3: As sulfide capacity data are available only for
FeO-containing slags under reducing conditions, the
calculations are insensitive to the assumed Gibbs
energy of Fe,Ss.

MgS: g° obtained by combining g° of solid from
JANAFPY with an entropy of fusion and liquid heat
capacity assumed the same as those of MnS and with
an enthalpy of fusion estimated as AHg(CaS) x
(AH;,(MgO)/AH (CaO)).

MnS: g° obtained by combining g° of solid from Mills
with the temperature of fusion from Staffansson®® and
with the enthalpy of fusion from Coughlin.[*”!
SiS,: g° from SGTE pure substance database.l*™

TiS,: §° obtained by combining g° of solid from Barin
et alP? with an enthalpy and temperature of fusion
equal to those of ZrS,, which were taken from the
SGTE pure substance database’®® and assuming a
heat capacity equal to that of solid TiS,.*

Ti,S;: g° obtained by combining g° of solid from
Mills®>! with an entropy of fusion assumed the same as
that of Al,Os, with a liquid heat capacity assumed the
same as that of solid Ti,S;*”), and with an enthalpy of
fusion estimated as AHg (AlS3) x (AHp(Ti,03)/
AHf,5(AL,03)).

[35]

IV. SULFIDE CAPACITY

Sulfide solubilities in oxide slags are usually reported
as “‘sulfide capacities,” Cs, defined ast®!

s = (wipet (1) " 3

Sy

where (wt pct S) is the equilibrium sulfur content and
Po, and Ps, are the equilibrium partial pressures of O,
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and S,, respectively. From the equilibrium constant of
the general dissolution equation:

(07) 41500 = (%) +20:09) 19

it follows that, for a slag of a given oxide composition,
Cs will be independent of (wt pct S), and Po, and Ps,
when the sulfur content is small (Henry’s Law behav-
ior). At higher sulfur contents, however, Cg will in
general depend on P, and Ps,. In the next section, the
calculated values of Cg are compared with experimental
data. In all cases, the calculations were performed at the
same values of P, and Pg, as were actually used in the
experiments. Where P, and Ps, were not given, a small
sulfur content in the slag was assumed.

In Figure 2 is a plot of the calculated equilibrium
quadruplet concentrations in a liquid slag MO-SiO,,
containing a small amount of dissolved sulfur, at
equilibrium with a gas phase in which Po, = Ps, =
107! bar, when the Gibbs energy of the exchange
reaction (Eq. [1]) among the pure liquid components is
given by:

Agiisios = —350 kJ/mol [10]
and the Gibbs energy of the SNN pair exchange reac-
tion (Eq.[2]) is given by:

AgMSi/OO = —100 kJ/mol [11]

As discussed above, these values are typical of systems
in which MO is a basic oxide (CaO, MgO, MnO, etc.)

The negative value of Agnsijoo favors the formation
of MSi/OO quadruplets. Hence, MO-SiO, solutions in
which Xyio > 2/3 (where Xyyo = mole fraction of MO)
contain mainly MSi/OO and MM/OO quadruplets and
few SiSi/OO quadruplets (that is, mainly free O*~ ions
and singly bonded O™ and few O° oxygen “bridges”),
whereas solutions in which Xyo < 2/3 consist mainly
of MSi/OO and SiSi/OO quadruplets, with very few

,,,,,
-

~
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MSi/OS \]

) SiSi/os \
-10 L L s L

0.0 0.2 0.4 0.6 0.8 1.0

Sio, Xuo = 2/3 MO
Mole fraction MO

log (Mole of various Quadruplets)

Fig. 2—Equilibrium concentrations of quadruplets in MO-SiO,
melts at 1500 °C when Agwmsijoo = —100 kJ, Agﬁgli‘;‘ggse = —350 kJ,
and Po, = Ps, = 107! bar. The thick dashed line is the sum of
sulfur-containing quadruplets.
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MM/OO quadruplets as can be seen in Figure 2. At the
same time, the negative value of Agiess favors Si-O
and M-S FNN pairs over Si-S and M-O pairs. Hence, in
systems rich in MO, the principal S-containing quadru-
plets are MM/OS quadruplets, which contain no ener-
getically unfavorable Si-S FNN pairs as observed in
Figure 2. In solutions with X0 < 2/3, however, where
SNN M-O-M pairs are energetically unfavorable, the
major S-containing quadruplets are MSi/OS quadru-
plets, because these contain no SNN M-O-M pairs and
they contain fewer unfavorable Si-S FNN pairs than do
SiSi/OS quadruplets. This can be viewed in Figure 2.
Finally, the sum of the concentrations of all S-containing
quadruplets is also shown in Figure 2. It will be
observed in the next section that this curve is similar
in shape to experimental curves of log Cg vs composition
in MO-SiO, slags.

Finally, in basic systems at high sulfur contents,
MM/SS quadruplets will become predominant.

V. COMPARISON OF CALCULATED
AND EXPERIMENTAL SULFIDE CAPACITIES

A comparison of calculated (that is, predicted) sulfide
capacities with all available experimental data for
Al,03-Ca0O-FeO-Fe,03-MgO-MnO-Si0,-TiO,-Ti,O5 slags
is presented in Figures 3 to 35. A summary of the sources
of experimental data are given in Table I along with the
experimental conditions of temperature, Po, and Ps, in
each case.

From Figures 3 to 35, it can be clearly observed that
the data are often scattered and that disagreement
among different studies is often considerable. In essen-
tially all cases, the calculations agree with the reported
data within the error limits of the latter. We shall not
comment here on every figure but only when such
comment is required for clarification.

It should be noted that sulfide capacities are some-
times reported in slags below their liquidus temperature.
In such cases, it is usually not clear whether the
measurements were made in a two-phase solid/liquid
region or in a metastable undercooled single-phase
liquid. The model calculations are always reported for
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Fig. 3—Calculated sulfide capacity in CaO-SiO, melts at Po, =
107%, Ps, = 1072 Po, = 107°, Ps, = 1072 bar compared with exper-
imental data.®?®*" The dashed lines are subliquidus.
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Fig. 4—Calculated sulfide capacity in MgO-SiO, melts at Po
108, Ps, = 10~* bar compared with experimental data.[?46-47] The
ddshed lines are subliquidus.
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Fig. 5—Calculated sulfide capacity in MnO-SiO, melts at Po,
108, Ps, = 10°® bar compared with experimental data.[*47-0] Th
ddshed lines are subliquidus.
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Fig. 6—Calculated sulfide capacity in FeO-SiO, melts at Po, =
107, Ps, = 1073 bar compared with experimental data.?>152 The
dashed lines are subliquidus.

single-phase liquid slags, either stable or metastable. In
Figures 3 to 35, the calculated lines are shown as dashed
lines when the temperature is below the liquidus (as
calculated by FactSage!™).

According to Abraham er al.,*” in Figure 6 for the
Fe,0-Si0, system, the orlgmdl data reported by
Fincham and Richardson™” were incorrect because of
errors in the calculation of the gas partial pressures. The
points shown in Figure 6 are the corrected values.

For the MnO-Al,O; system, some data*”! were
reported below the liquidus as observed in Figure 8.
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Fig. 7—Calculated sulfide capacity in CaO-AlL,O; melts at Po, =
107, Ps, = 107> bar compared with experimental data.?>>*=7 The
dashed lines are subliquidus.
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Fig. 8—Calculated sulfide capacity in MnO-Al,O; melts at Po, =
108, Ps, = 107® bar compared with experimental data.*”-** The
ddshed lines are subliquidus.
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Fig. 9—Calculated sulfide capacity in MgO-Al,O; melts at Po, =
10, Ps, = 107> bar. The dashed lines are subliquidus.

The disagreement with the calculated curve suggests that
the measurements were made in two-phase solid/liquid
mixtures. No data are available for the MgO-Al,O3
system. The calculated curves are shown in Figure 9. In
all systems in which “Fe,O” is shown as a component,
the calculations take into account both Fe?" and FeH
in the melts; the equilibrium Fe®*/Fe’” ratio was
calculated for the oxygen partial pressure given in the
figure caption. Similarly, in all systems in which “TiO,”
appears as a component, both Ti* " and Ti*" are taken
into account in the calculations.
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Fig. 10—Calculated sulfide capacities in CaO-TiO,, Fe,O-TiO,, and
MnO-TiO, melts compared with experimental data.>>*% Calcula-
tions at Po, = 107, Ps, = 10~% bar for CaO-TiO,; Po, = 1077,
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lines are subliquidus.

-3.0
* [65Sha]i*7! 1650°C
3
en -4.0 .
= 20 o ° .
st s
A
-5.0
0.0 0.2 0.4 0.6 0.8 1.0
Sio, Mole fraction A1,0, AL O;

Fig. 11—Calculated sulfide capacity in Al,05-SiO, melts at Po, =
10719, Ps, = 10~° bar compared with experimental data.®”" The
dashed lines are subliquidus.
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Fig. 12—Calculated sulfide capacities compared with experimental
data® % in (a) CaO-Fe,O melts at 1600 °C when Po, = 1077,
Ps, = 1072, and at 1400 °C and 1500 °C when Po, = 1078, P, =
1073 bar; (b)) MnO-Fe,O melts at P02:10’7, Ps, =102 bar;
(c) Fe,O-MgO melts cosaturated with MgO and Fe. The dashed lines
are subliquidus.
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Fig. 13—Calculated sulfide capacity in MgO-MnO-SiO, melts at
constant SiO, mole fraction at Pg, = 1073, Ps, = 1073 bar com-
pared with experimental data.
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Fig. 14—Calculated sulfide capacity in CaO-MnO-SiO, melts along
the CaSiO3-MnSiO; join at Po, = 1077, Ps, = 1073 bar compared
with experimental data.!
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Fig. 15—Calculated sulfide capacity in CaO-MgO-SiO, melts along
the CaSiO3-MgSiO; join at Po, = 1077, Ps, = 1073 bar compared
with experimental data.[*"!
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wt% Flux (Fe,O, MgO, TiO,, Al,0;)

Fig. 16—Calculated sulfide capacity ratio (Cs/Cs®) at 1503 °C show-
ing effect of additives to a CaO-SiO, melt with initial molar ratio
Xcao/Xsio, = 1.21 compared with experimental data,® where
Cs® is the sulfide capacity of initial CaO-SiO, slag as reported by
Abraham and Richardson."! Calculations at Po, = 1078, Ps, = 1073
bar.
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Although closer agreement with the reported data in
the SiO,-Al,05 system in Figure 11 could be obtained
by slightly adjusting certain model parameters, any such
adjustments yield poorer agreement in the acidic regions
of systems with three or more oxides containing SiO, or
Al,Oj3. The agreement in Figure 11 is within experimen-
tal error limits in any case.

In some experimental studies of systems with three or
more oxide components, measurements were made at
points along simple composition paths. In these cases,
comparisons of calculated and experimental sulfide
capacities are shown along these paths as in Figures 13

sio,

T=1650°C ° [97Nzo]ie4

- [65Shalls®!

60

40
Mass pct MgO

20

MgO MnO

Fig. 17—Calculated iso-log(Cs) lines in MgO-MnO-SiO, melts at
Po, = 1077, Ps, = 102 bar compared with experimental data.[5¢6%
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. /OO°C
3 s /_/ 1550°C
o0 L]
2 * 1550°C
* 1600°C
25 = 1650°C
0.0 0.1 0.2 0.3 0.4 0.5
Mole fraction Fe, O

Fig. 19—Calculated sulfide capacity in CaO-Fe,O-Al,O3 melts cosat-
urated with CaO and Fe compared with experimental data %]
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AlO,

o [93Hin]i54

Cao

40
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Fig. 20—Calculated iso-log(Cs) lines in CaO-MgO-SiO, melts at

Po, = 10_77 Ps, =

103 bar compared with experimental data.
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Fig. 18—Comparison of experimentall!#¢-48:52:63-67]

out for oxygen and sulfur partial pressures corresponding to the experimental conditions.
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Fig. 21—Comparison of experimental®>**! and calculated sulfide
capacities for MO-NO-+-Al,O5 type melts. Calculations were carried
out for oxygen and sulfur partial pressures corresponding to the
experimental conditions.

sio,
T =1650°C

° [65Sha]7]

MnO 80 60 40 20 ALO,
Mass pct MnO

Fig. 22—Calculated iso-log(Cs) lines in MnO-SiO,-Al,O3 melts at
Po, = 1077, Ps, = 1073 bar compared with experimental data.”

to 16, 19, 26 to 28, and 30 to 32. In other studies,
measurements were not made along simple composition
paths. In these cases, the results are plotted as iso-Cg
lines on a composition triangle and compared with all
data points as in Figures 17, 20, 22, and 23, or else
calculated and experimental log Cg values are plotted as
axes as in Figures 18, 21, 29, and 35.

In Figure 13, the experimental data can be seen to
exhibit a deviation from linearity as the molar ratio
Xmno/(Xmeo + Xmno) varies from 0.0 to 1.0 at constant
SiO, mole fraction. The calculations reproduce this
deviation from linearity. In the model, this results from
the fact that SNN SRO is stronger in the MgO-SiO,
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Sio,
T = 1400°C

° [08Tan](!

Cao 80 L 60 40 20 Al,0,
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Fig. 23—Calculated iso-log(Cs) lines in CaO-SiO,-Al,O; melts at
Po, = 1077, Ps, = 1073 bar compared with experimental data.[*]

log (Wt% S)

5.0 4.0 3.0 2.0 10 0.0
log pS, (bar)

Fig. 24—Calculated sulfur content of CaO-MgO-Al,05-SiO;, melts
at Po, = 107128 bar at 1400 °C as a function of Pg, compared
with experimental datal’® for melt compositions (wt pect): (1)
24.5Ca0-10.2MgO-15A1,05-50.3S5i0,, (2) 21.2-16.4-12.7-49.7, (3)
15.1-20.8-9.1-54.9, (4) 16.4-6.6-9.9-66.8, (5) 39.6-4-6.1-50.9, (6) 16.0-
11.8-15.1-56.7, (7) 8.6-19.6-13.7-57.7, (8) 16.1-19.2-6.3-58.3, (9) 12.4-
17.9-21.1-48.3, (10) 21.1-18.7-9.9-50.1, (11) 18.1-13.2-5.7-62.8, and
(12) 25.4-2.2-11.8-60.1.

system than in the MnO-SiO, system because
AgMgSi/OO<AgMnSi/OO~ That iS, MgSI/OO quadruplets
are thermodynamically more stable than MnSi/OO
quadruplets. Hence, as Mn is progressively replaced by
Mg at constant SiO, content, Mg and Si tend to form
clusters of MgSi/OO quadruplets whereas Mn forms
regions of MnMn/OO clusters that contain relatively
little Si. Because Si-S pairs are unfavorable energetically,
sulfur is relatively more soluble in the regions of MnMn/
OO clusters. Similar behavior is observed in Figure 14
for the CaO-MnO-SiO, system, whereas in Figure 15 for
the CaO-MgO-SiO, system, virtually no deviation from
linearity is observed because Agcasi/oo ~ Agmgsi/oo- It
is noteworthy that the current model predicts this
nonlinearity. The earlier RBP model predicts linear
behavior.
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Fig. 25—Calculated sulfur content of CaO-MgO-Al,03-SiO, melts at
Ps, = 107! bar as function of Po, compared with experimental
data.” Melt compositions are the same as in Figure 24.
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Fig. 26—Calculated sulfide capacities showing effect of additives to
100 g of a melt of composition (wt pct) 24.5Ca0O-10.2MgO-
15.0A1,05-50.3Si0,. Calculations at Po, = 1071992 Pg, = 107! bar

for SiO, additions; Po, = 107%%, Ps, = 107! bar for Al,O; and
TiO, additions.

In Figure 16, calculated and experimental® sulfide
capacities are compared for various additions to CaO-
SiO, melts with an initial molar ratio Xc.o/Xsio,-
Agreement between the calculations and the experimen-
tal results is good except for the case of Fe,O additions.
However, the oxygen partial pressure during the exper-
iments was not reported. The calculations were per-
formed under the assumption of a low oxygen partial
pressure so that Fe is present mainly as Fe?". If the
calculations are performed at higher Pp,, with a
resultant increase in Fe® " content, then the experimen-
tal data are reproduced.

In Figure 35, the results of Brown er al.*? for CaO-
Si0,-TiO, slag were performed at low oxygen partial
pressures (Po, ~ 10~"* bar) where Ti* " is predominant
over Ti*". The calculations were made for the same
oxygen partial pressure.

VI. COMPARISON OF CALCULATED
AND EXPERIMENTAL PHASE DIAGRAMS

The current model is not limited to melts dilute in
sulfur but applies at all compositions from pure liquid
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Fig. 27—Calculated sulfide capacity in CaO-MgO-Al,05-SiO, melts
along the diopside (CaMgSi,O¢) — anorthite (CaAl,Si,Og) join at
Po, = 1076, Ps, = 10~"°! bar compared with experimental data./”"
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Fig. 28—Calculated sulfide capacity in Al,05-CaO-MgO-SiO, melts
at Po, = 107, Ps, = 10-3 bar at constant content of Al,O3(20 wt
pet) and SiO,(48 wt pct).

oxide to pure liquid sulfide. In the following compari-
sons of the calculations with experimental phase dia-
grams, no new adjustable model parameters were
introduced; the calculations are predictions based solely
on the optimized model parameters for the sulfur-free
oxide systems and the Gibbs energies of the pure liquid
sulfides. For the solid oxide phases, optimized thermo-
dynamic properties from the FactSage® databases were
used. For solid MnS, data were taken from Mills.?> All
solid phases were assumed to be pure stoichiometric
compounds (no solid solutions).

A. MnO-MnS System

The calculated phase diagram is compared with the
available data in Figure 36. As discussed, the liquid
phase was assumed to be ideal. Given the wide scatter of
the data, no additional model parameters are justified.

B. MnO-MnS-SiO, System

Calculated isothermal sections and the calculated
MnSiO3-MnS join are compared with experimental data
in Figures 37 and 38. A ternary compound of the
approximate formula 8MnO-3SiO,MnS has been
observed.”®% This compound melts congruently
between 1250 °C and 1350 °C and has only a small
liquidus field. In the current calculations, the Gibbs
energy of formation of 8MnO-3SiO,-MnS from MnO,
SiO,(tridymite) and MnS was set to (76,241 — 1407)
J/mol to reproduce the reported liquidus points in
Figures 37(a) and (b). It can be observed that the
agreement between the calculations and the reported
data pointsl’®81¥4 js essentially within experimental
error limits in Figures 37 and 38, with the possible
exception of the section at 1500 °C in Figure 37(f), even
though no ternary model parameters were used.
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Flg 29—C0mparison of experimental[40443.47,5l.52,54457.58,65,66.69.71775]

(b)

and calculated sulfide capacities for MO-NO-- - --Al,03-SiO; type slags. Cal-

culations were carried out for oxygen and sulfur partial pressures corresponding to the experimental conditions.

C. MnO-MnS-Al,03 System

The calculated isothermal section at 1500 °C is
compared with the data of Woo er al.”® in Figure 39.
The reported MnO liquidus is well reproduced by the
calculations, although a discrepancy is found in the case
of the MnAl,O,4 liquidus. Also shown on Figure 39 is
the reported’® liquid composition for (MnO-+
MnAl,O,4) cosaturation at 1400 °C. This point is repro-
duced within 2 wt pct by the calculations. Because the
cosaturation point lies on the MnAl,O,4 liquidus, the
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data of Woo et al”® show virtually no shift in the
position of the liquidus between 1400 °C and 1500 °C.
This seems unlikely and suggests that the data may be in
error.

VII. DISCUSSION

A similar approach has been used to model solubil-
ities in oxide slags of other gaseous species, such as
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Fig. 30—Calculated sulfide capacity in CaO-SiO,-TiO, melts con-
taining 14 wt pct TiO, compared with experimental data.™*! Calcula-
tions at Po, = 1077, Ps, = 107!, and Po, =7 x 107, Ps, = 10714
bar.
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Fig. 31—Calculated sulfide capacity in MnO-SiO,-TiO, melts at
Po, =2 x 1071 Ps, =10~> bar compared with experimental
data.[*
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Fig. 32—Calculated sulfide capacity in CaO-MgO-TiO,-SiO, melts
at constant mole fractions Xc,o = 0.2 and Xyeo = 0.15 at
Po, = 107'°, Ps, = 103 bar compared with experimental data.™?!
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Fig. 33—Calculated sulfur content in a 19.6Ca0O-8.0MgO-11.8A1,05-
40.2Si0,-19.9TiO, (wt pct) melt at Po, = 107192 bar as a function
of Ps,.
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Fig. 34—Calculated sulfur content in a 19.6Ca0O-8.0MgO-11.8A1,0;-
40.2Si0,-19.9TiO, (wt pct) melt at Ps, = 107! bar as a function of
Po,.
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Fig. 35—Comparison of experimental®*’® and predicted sulfide
capacities for MO-(NO-A1,03-Si0,)-TiO, type melts. Calculations
were carried out for oxygen and sulfur partial pressures correspond-
ing to the experimental conditions.

sulfate, nitride, carbide, and water. For exam}zf)le, water
dissolution in slags has been modeled as (Ca*", AI’™,
Si*t*t, Mg?", , H")(O?~, OH"). Good agree-
ment with experimental solubility data has been
obtained as will be shown in subsequent articles.

The fact that no model parameters for SNN interac-
tions involving sulfide ions were required to reproduce
the available data shows that the change in the Gibbs
energy of an oxide slag resulting from the addition of
sulfide is mainly caused by changes in FNN interaction
energies and configurational entropy effects.

Calculations of sulfide capacities of slags that contain
Na,O were also performed. With no additional adjust-
able model parameters, the calculations were not in
close agreement with the available data, although good
agreement could be obtained by including additional
SNN pair exchange energy parameters. Because no such
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Table I. References for Sulfide Capacity Measurements Showing Experimental Conditions
Reference T (°C) Po,(bar) Ps, (bar) Reference T (°C) Po,(bar) Ps, (bar)
Ca0-SiO, MgO-MnO-SiO,
[54Fin]+* 1500 S — [97Nzo]* 1550 2.2 % 10—: 2.8 x 10—2
1650 1078, 10~ 1.2 x 1073, 1600 2.0 x 10” 6.9 x 1073
7.8 x 10 1650 4.6 x 1077 53 x 1073
[60Abr]1 4" 1500 — — [65Sha]*”] 1650 — —
1650 — — [79Hin]* 1550 1077 107 to 1073
[57Car]#! 1500 3.0 x 107° 1.7 x 1073 CaO-Fe,0-MgO-SiO,
~1.0 x 1078 ~12 x 1072 [95Sim]*? 1250 10°1° 1073
[82Bro]*? 1500 — — Ca0-MgO-MnO-SiO,
[96Gor]*] 1550 — — [97Nzo](¢¥ 1500 8.6 x 1078 42 x 1073
1600 — — 1550 22 x 1077 2.8 x 1073
) 1650 —, — 1600 2.0 x 10—; 6.9 x 10—2
[00Cha] 1570 7.0x107°, — 1650 4.6 x 10~ 53 x 107
5.0x1077 Ca0-Fe,0-Al,04
[60Abr1]H) 1650 — — [91Ban]®® 1550 — —
MgO-SiO, ~1650
[54Fin]l® 1+ 1650 1078, 107 1.2 x 1073, Ca0-MgO-ALO;
7.8 x 107° [93Hin]** 1550 7.0 x 107* 8.4 x 1074
[65Sha]*”! 1650 — — 1600 1.8 x 1077 52 % 1074
[97Nz02]“¢! 1580 — — 1650 4.5 x 1077 3.1 x 1074
1600 2.0 x 1077 69 x 1073 [97Nzo1]°1 1500 8.6 x 1078 42 x 1073
1650 46 x 1077 53 x 1073 1550 22 x 1077 2.8 x 1073
MnO-SiO, 1600 2.0 x 1077 6.9 x 1073
[60Abr]H"! 1500 — — MgO-MnO-ALO;
1650 [98Nzo]*® 1600 2.0 x 1077 6.9 x 1073
[65Sha]*”! 1650 — — 1650 4.6 x 1077 53 x 1073
[79Hin]"* 1550 1077 107> to 1073 ALO;-SiO,
[96K ob]>M 1300 10124 — [65Sha]*” 1650 — —
[971to] 1400 2.0 x 107! — Ca0-ALO;-Si0,
Fe,0-SiO, [93Hin]*¥ 1550 7.0 x 1078 8.4 x 1074
[99Nzo1]®! 1350 1.0 x 1078 40 x 1073 1600 1.8 x 1077 52 x 1074
1500 8.2 x 1078 4.4 x 1073 1650 4.5 x 1077 3.1 x 1074
ol 1600 2.0 x 10—275 7.1 x 10—§ [81Bro]{:2 1503 — —
[54Fin]l3h** 1350 1.1 x 10™ 1.5 x 10~ [60K al] 1500 — —
1500 1.7 x 1077 59 x 1077 [60Abr1]*) 1650 — —
[95Sim]>! 1200 1ot te =95 j0~45 o =3 [030ht]°7% 1600 6.9 x 107! —
1250 10*13-5 to —10 10*2 [97Dra]’?! 1500 5.6 x 10*3 7.3 x 10*2
1300 10~ 10~ 1525 1.0 x 10~ 4.7 x 1073
1350 107103 1073 ~2.0 x 10;7 ~1.0 x 10;2
Ca0-AlL,O; 3.0 x 10~ 4.0 x 107
[68K0r][[55] 1500 — — 1600 ~1.5x 1073 ~9.0x107!
[6lsha][56] 1500 — — [84Kar]"? 1500 — —
[54Fin]l** 1650 1078, 107 1.2 x 10—2, [96Gor]#3 )+ 1550 3.1 x 10—: 8.2 x 10—2
7.8 x 10~ 1600 7.7 x 10~ 7.0 x 10~
[93Hin]*¥ 1550 7.0 x 1078 8.4 x 107 1650 1.8 x 1077 5.7 x 1074
1600 1.8 x 1077 52 x 1074 [08Tan]'*”! 1400 — —
1650 4.5 x 1077 3.1 x107* Fe,0-AL,05-SiO,
[030ht][[i?]i 1600 6.9 x 10*;l — [95Sim]> 1200 10*11, 0 10*‘3‘»5 to =3,
[94Dra]"> 1500 5.7 x 10~ 7.3 x 10~ 1250 jo~ 1 te - 10~
1575 2.1 x 1077 4.7 x 1073 [99Nzo]* 1400 3.6 x 1078, 1.5 x 1073,
MnO-AlL,O; 1500 8.2 x 1078, 44 x 1073,
[98Nzo]P*¥! 1500 8.6 x 1078 42 x 1073 1600 2.0 x 1077 7.1 x 1073
1550 2.2 x 1077 28 x 1073 MgO-AL,05-Si0,
1600 2.0 x 1077 6.9 x 1073 [97Nzo1]PY 1500 8.6 x 1078 42 x 1073
1650 4.6 x 1077 53 x 1073 1550 22 x 1077 2.8 x 1073
[65Sha]*”! 1650 — — 1600 2.0 x 1077 6.9 x 1073
CaO-TiO, 1650 4.6 x 1077 53 x 1073
[82Bro]**! 1500 10~° 1073 [65Sha]*” 1650 — —
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Table 1. continued
Reference T (°C) Po,(bar) Ps, (bar) Reference T (°C) Po,(bar) Ps, (bar)
Fe,0-TiO, MnO-ALO5-SiO,
[84Karl]” 1500 1.0 x 1077 3.7 x 1074 [97Nzo1]P! 1550 22 x 1077 2.8 x 1072
~1.0 x 107¢ ~78 x 107¢ 1600 20 x 1077 69 x 1073
nO-TiO, a — —
MnO-TiO [65Sha]*” 1650
[84Kar2]®” 1500 1.0 x 1077 3.7 x 1074 Ca0-Mg0-AL05-Si0,
~1.0 x 107¢ ~7.8 x 10°¢ [98Nzo]1*®! 1500 8.6 x 1078 42 x 1073
Fe,0-CaO 1600 2.0 x 1077 6.9 x 1073
[99Nzo1]Y 1400 3.6 x 1078 1.5 x 1073 1650 4.6 x 1077 53 x 1073
1500 8.2 x 1078 44 x 1073 [60K al]t*®! 1500 — —
1600 2.0 x 1077 7.1 x 1073 [60Abr]*” 1500 — —
Fe,0-MnO [91Dra]t’" 1500 — —
[99Nzo1]Y 1500 8.6 x 1078 42 x 1073 [99Seo] " 1500 2.7 x 1078 1.4x1072
1550 22 x 1077 2.8 x 10*3 [84Kar]"* 1500 — =
1600 20 x 1077 6.9 x 107 [020ne]"" 1400 107" to 1077 10733
Fe,0-MgO ~107"'°
[82Shi]t*?* 1525 — — [030ht]°7# 1600 6.9 x 107! —
~1650 Ca0-MnO-AL,04-Si0,
a0-Fe, O-S10, Z0 6 x 10 2 x 10
Ca0-Fe,0-SiO [98Nzo]¥! 1500 8.6 x 1078 42 x 1073
[81Bro]'* 1503 — — 1600 2.0 x 1077 6.9 x 1073
[99Nzo][¢! 1400 3.6 x 1078 1.5x 1073 1650 4.6 x 1077 53 x 1073
1500 82 x 1078 44 x 1073 CaO-Fe,0-Mg0-AL,03-Si0,
1600 20 x 1077 7.1 x 1073 [99Seo]”! 1500 2.7 x 1078 14 x 1072
Ca0-MgO-SiO, [020ne]"” 1400 107" to 1077 10733
[81Bro]'* 1503 — — ~10713
[60K al]®! 1500 — — Ca0-MgO-Mn0-A1,0;-SiO,
[60Abr]”] 1500 — — [98Nzo]1*®! 1500 8.6 x 1078 42 x 1073
~1650 1600 2.0 x 1077 6.9 x 1073
[65Sha]>® 1650 — — 1650 4.6 x 1077 53 x 1073
[97Nz02] ¢! 1450 Ca0-Fe,0-MgO-MnO-AL05-Si0,
1500 82 x 1078 44 x 1073 [99Nzo]® 1550 22 x 1077 28 x 1073
1600 2.0 x 1077 6.9 x 1072 1600 2.0 x 1077 6.9 x 1073
1650 4.6 x 1077 53 x 1073 1650 4.6 x 1077 53 x 1073
CaO-MnO-SiO, MnO-Si0,-TiO.
[60Abr]H”] 1500 — — [971to] ™ 1400 2.0x107!1 —
~1650 Ca0-MgO-TiO,
[65Sha]l>® 1650 — — [82Bro]** 1500 107° 1073
[79Hin]“* 1550 1077 107° to 1073 Ca0-Si0,-TiO,
[95Ni]67 1525 1.1 x 10—3z 2.3 % 10—32 [00Cha]*¥ 1570 7.0 x 10—‘7’, —
~1.5 x 107 ~43 x 107 5.0 x 10~
1550 1.8 x 1077 3.7 x 1073 [81Bro]i®* 1503 — —
1600 2.7 x 1077 49 x 1073 [82Bro]*? 1500 1072, 1073,
Fe,0-MgO-SiO, 39 x 1071 6.2 x 10°°
[95Sim]™% 1200 107103 103 to =3 Fe,0-Si0,-TiO,
1250 107105 to =9 1073 [82Ghi]"®! 1500 107° 1.7 x 107*
[99Nzo][*! 1600 2.0 x 1077 7.1 x 1073 Ca0-MgO-Si0,-TiO,
1650 4.6 x 1077 53 x 1073 [82Bro]*” 1500 107° 1073
Fe,0-MnO-SiO, Ca0-A1,0;-Si0,-TiO,
[99Nzo]*] 1400 3.6 x 1078 1.5 x 1073 [82Bro]*” 1500 3.9 x 1071 6.2 x 107¢
1500 8.2 x 1078 44 x 1073 Ca0-Mg0-ALL05-Si0,-TiO,
1600 2.0 x 1077 7.1 x 1073 [020ne]"” 1400 107%6 107"
[79Hin]*¥! 1550 1077 107> to 1073

*Fe, MgO cosaturated

**Equilibrium Po, and Ps, were calculated using FactSage from known experimental input gas composition

fSlag—Ag equilibration.
%Slag—Cu equilibration.
SFe, CaO cosaturated.
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o[31ANd]"1TA  +[09Woo]l78l +[61Sil]"! eutectic point ® [31And]77]
1842°C
. L+l o
Liquid (L, *
Liquid (L) 5 iquid (L) S
$ 1600¢ . < 1600 | A
~ 9 © . b
2 55 Very small amount
= 2 of $i0, precipitates . L+ MnS
p=1 <
B g
N N = e LeMnS;SQ ,
£ 1200 1 S 1200f * 1
= [63Cha]ie?! * [95Has]e VS + MnSiO
s MnQ v [01Kim]®2 nS + MnSi
D Cthns ¢ loKoypa  MNO+MNS ¢
<+> lt/lnS
800 . . . . 800 . . . \
0 20 40 60 80 100 0.0 0.2 0.4 0.6 0.8 1.0
MnO wt% MnS MnS MnSiO, Mole fraction MnS MnS

Fig. 36—Calculated MnO-MnS phase diagram compared with exper-

imental data.l’’-%%

T =1200°C
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[95Has]81
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MnS
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M
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AMnS
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. 80 " 60

Weight % — SiO,
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Fig. 38—Calculated phase diagram of the MnO-SiO,-MnS system
along the MnSiO5-MnS$ join compared with experimental data.!

77]

T=1300°C
[09Woo]84

©5i0,-MnS

O Sio,

¥ Mn,SiO,

AMNO

OMnS

MnS

80 60
Weight % —> SiO,

(c)

MnO

T =1500°C
MnS
[09Woo]78l
O MnS
o Sio,
AMnO
@ Si0,-MnS

80 60
Weight % — SiO,

)

MnO

Fig. 37—Calculated phase diagram of the MnO-SiO,-MnS system compared with experimental data.””®%'#4 Symbols indicate liquidus composition
in equilibrium with specified solid phase(s) except for the symbols ! and €334 which indicate the composition of the ternary compound.
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T=1500°C

[09Woo] 78l
O MnS
A MnO
o MnAl,O,
® MnALO, + MnS
= MnAl,O, + MnO

B8 MnAl,O, + MnO at 1400°C

MnO ' 80 60 40 20 ALO,
Weight %

Fig. 39—Calculated phase diagram of the MnO-Al,O3-MnS system
at 1500 °C compared with experimental data.[’®]

parameters were required for any other slag systems,
this may be related to the fact that Na,O is the only
oxide of a monovalent cation for which data are
available, or it may suggest that the data for Na,O-
containing slags are in error. Experimental problems in
measurements that involve alkali-containing slags are
well known, particularly at higher alkali contents where
the disagreement between the calculated and experimen-
tal sulfide capacities is greatest.

VIII. CONCLUSIONS

A general thermodynamic model has been developed
to describe the solubility in molten oxide slags of
gaseous species such as sulfide, sulfate, nitride, carbide,
and water, using the MQM in the quadruplet approx-
imation. This model takes into account FNN and SNN
short-range ordering simultaneously. The model takes
the activities of the oxide components from the existing
evaluated FactSage!®® thermodynamic database for
oxide slags. Gibbs energies of pure liquid component
sulfides are taken from standard compilations. With no
additional model parameters, predictions of sulfide
capacities, within or nearly within experimental error
limits, are obtained with all literature data for Al,Os-
Ca0O-FeO-Fe,03-MgO-MnO-Si0,-TiO,-Ti, O3 slags.
The model applies at sulfide contents up to pure liquid
sulfide and from highly basic to highly acidic slags.

The database forms part of the FactSage thermody-
namic database computing system. By combining this
database with other evaluated databases, such as those
for molten metal and gaseous phases, and with the
general FactSage Gibbs energy minimization software,
practically important slag/metal/gas/solid equilibria can
be calculated such as S-distribution ratios and gas
impurity pick-up levels in molten steel.
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