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Abstract—The reduction of metals by carbon and carbon monoxide in the FeS—Ni;S,—CaO system on con-
tinuous heating to 1250°C is studied using thermogravimetric and differential thermal analyses combined
with mass spectrometry of gases. The formation of the oxysulfides CaFeSO and CasFe,;S;04 along with sul-
fide phases is revealed in the FeS—CaO and FeS—Ni;S,—CaO systems on heating in an inert atmosphere. The
chemism of the carbothermic reduction of sulfides FeS, Ni;S,, and Fe4 sNig 5Sg in a mixture with calcium
oxide is determined. The reduction products are shown to be calcium sulfide and metals, and an additive of
calcium oxide inhibits the evolution of sulfur-containing gases. The reduction of nickel sulfide by carbon and
carbon monoxide is activated if iron sulfide is introduced into a reaction mixture along with calcium oxide.
Iron sulfide favors the formation of intermediate iron—calcium oxysulfides with enhanced reactivity. In the
temperature range from 750 to 1170°C, the experimental data on the carbothermic reduction of metals in the
FeS—Ni;S,—CaO system are described by a one-step Avrami—Erofeev model, in which the process is deter-
mined by the step of nuclei formation and growth. The kinetic parameters of the process are found to be £ =
520 kJ/mol, logA = 18.2 5™, and n = 0.87 (E is the activation energy, 4 is the preexponential factor, and # is
the reaction order). The data obtained are useful for the development of technologies for the direct isolation
of valuable metals from sulfide raw materials.
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INTRODUCTION

The phase transitions in calcium-containing
oxide—sulfide systems are interesting for understand-
ing the processes that occur during the pyrometallur-
gical processing of sulfide ores and concentrates of
nonferrous metals. The data on the interaction of
chalcogenides with calcium oxide on heating in a
reductive medium favor the development of technolo-
gies for the direct production of metals from sulfide
concentrates. The results of studying the thermal
transformations during heating of iron sulfides and
nonferrous metal sulfides together with calcium oxide
are important for a more complete and unambiguous
elucidation of the mechanism of metal reduction.

The published data mainly concern binary systems
[1, 2]. The data on the influence of calcium oxide on
the fusibility of iron, copper, zinc, and lead sulfides
are available [1]. The phase equilibria in the Fe—Ca—
S—O system and the carbothermic reduction of pyr-
rhotine in a mixture with calcium oxide were consid-
ered [2, 3]. The role of calcium oxide in the reduction
of metal sulfides by carbon is related to the formation
of an ion-exchange medium and the inhibition of the

evolution of sulfur to the gas phase. The possibility of
the reduction of the metal by graphite and coke from
nickel sulfides (Ni;S, and NiS) in mixtures with CaO
under the isothermal conditions (800—1124°C) was
shown [4, 5].

According to the well-known data [3, 4], the
reduction of iron from an FeS—CaO mixture occurs at
lower temperatures at higher rates and higher com-
pleteness of the process compared to the reduction of
nickel from the NiS—CaO mixture. One of the causes
is the formation of phases of iron—calcium oxysulfides
CaFeSO and Ca;Fe,S;04, whereas nickel does not
form these compounds [6—8]. It can be assumed that
FeS additives to an Ni;S,—CaO mixture make it possi-
ble to intensify the reduction processes due to a
decrease in both the melting points in oxide—sulfide
systems and the temperatures of interaction leading to
metal formation. To substantiate these statements, it
seems important to evaluate the influence of iron sul-
fide additives to an Ni;S,—CaO mixture on the carbo-
thermic metal reduction mechanism.

The purpose of this work was to evaluate the phase
transitions in the FeS—CaO and FeS—Ni;S,—CaO
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Table 1. Compositions of the reagent mixtures used in experiments
FeS CaO Ni3Sz Fe445Ni4_SSS
Mixture

mol wt % mol wt % mol wt % mol wt %
1 1 61.0 1 38.0 — — — —
2 — — 2 31.8 1 68.2 - —
3 2 33.3 2 21.2 1 45.5 — —
4 2 27.5 4 35.0 1 37.5 — —
5 — — 8 36.9 - - 1 63.1

systems on heating in inert (argon) and reductive (car-
bon monoxide) media and to determine the mecha-
nism and kinetic parameters of the carbon reduction
of metals.

EXPERIMENTAL

The initial nickel sulfide was synthesized by smelt-
ing of an NP-1PEN metallic nickel powder and ele-
mental sulfur (special purity grade 16-5) in graphite
crucibles. Samples of iron sulfide FeS and pentlandite
Fe, sNi, sSg were prepared by sintering of iron car-
bonyl and nickel powders with sulfur at 700—750°C for
400 h followed by annealing at 700°C for 100 h. The
synthesized sulfides had the structures of troilite (FeS)
and heazlewoodite (Ni;S,). The pentlandite sample
composition (%) 32.6 Fe, 34.2 Ni, 33.2 S) mainly con-
sisted of the Fe, 4Ni, ¢Ss sulfide and a minor amount

of a monosulfide solid solution (mss, (Fe,¢Nij;)S)."
Calcium oxide was prepared by the calcination of
chemically pure calcium carbonate at 950°C for
30 min. The sizes of the divided reagents were as fol-
lows: <120 um for nickel sulfide and pentlandite and
63 wm for iron sulfide and calcium oxide. The compo-
sitions of the mixtures used in the experiments are pre-
sented in Table 1. The taken amount of KG-1 graphite
(99% C) was 8.2—9.5% of the sum of the weights of
metal sulfides and calcium oxide, which corresponded
to 120% of the stoichiometrically necessary amount
for the complete reduction of the metals.

Thermal analysis methods were used to estimate
the temperature and the thermal characteristics of the
transformations occurred on heating of the reaction
mixtures. The experiments were carried out on a
NETZSCH STA 449 C Jupiter instrument designed
for combined thermogravimetry (TG) and differential
scanning calorimetry (DSC) in platinum crucibles
under the conditions of continuous heating to 1000°C
followed by cooling to 200°C at a rate of 10°C/min in
an argon flow (70 cm?/min). The experiments on the
reduction of metals from sulfides were conducted on
continuous heating of the samples (50 mg) to 1200—
1250°C at a rate of 5—30°C/min in a flow (50—

! Hereafter, the component content is given in wt %.
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60 cm?/min) of an Ar—CO (60%) gas mixture or in
argon using graphite as one of the reactants. In this
case, the sample holder was applied for differential
thermal analysis (DTA). The composition of the gas
phase in the carbothermic reduction experiments was
examined on a QMS 403C Aé&olos quadrupole mass
spectrometer combined with a thermoanalyzer. The
kinetic parameters of the carbothermic reduction were
calculated using the NETZSCH Thermokinetics 3.0
software [9]. X-ray diffraction analysis (XRD) of the
samples was carried out on a DRON diffractometer
(Cu Ka radiation, graphite monochromator in the exit
beam) followed by identification of the measurement
results using the PDF 2012 database [10].

RESULTS AND DISCUSSION

The endothermic effects with the onset/maximum
at 144/151 and 273/317°C caused by the phase transi-
tions of troilite [11] were revealed by thermal analysis
of the equimolar mixture of FeS and CaO in an argon
flow (Fig. 1). The exothermal effect with the maxi-
mum at 866°C corresponds to the interaction of FeS
with CaO accompanied by the formation of iron—cal-
cium oxysulfides. The endothermic effects at 861/863
and 943/945/968°C are, most likely, due to melting of
the formed phases, namel, eutectic Fe, _ ,S—Ca;Fe,S;0q
and oxysulfides Ca;Fe,S;04 and CaFeSO [1, 2]. The
effect of phase crystallization at 931/924°C was
revealed on cooling a sample. The XRD results
obtained for the cooled reaction products confirmed
the formation of the oxysulfides CaFeSO and
Ca,;Fe,S;04 [1-3, 12—14]. The CaS, CaO, FeS, and
Ca,Fe,0;5 phases were identified along with the oxy-
sulfides. The formation of the oxysulfides is the result
of the following reactions:

6FeS + 6Ca0O = Ca,;Fe,S;0, +3CaS +2Fe, (1)

FeS + CaO = CaFeSO. 2)

The DSC curve for the 2FeS—Ni;S,—2CaO system
heated to 920°C in an argon flow exhibits the endo-
thermic effects characteristic of the phase transitions
of FeS (140/149 and 286/317°C) and the effects
caused by the P transition of a solid solution Ni;S,—
(Fe,Ni)oSg [15] with the onset/maximum phase tran-
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Fig. 1. Thermograms of the systems (a) FeS—CaO and (b) 2FeS—Ni;S,—2CaO on heating and cooling (10°C/min) in the argon

flow. (inset) Enlarged fragment of the DSC curve.

sition temperatures at 502/526°C and the phase tran-
sition of pentlandite at 608/615°C (see Fig. 1b) [16].
The effects revealed in the temperature range from 817
to 843°C are attributed to melting of the sulfide and
oxysulfides. The range of metal crystallization with
the onset/maximum temperatures at 831/803°C was
determined on cooling. The thermal effect at
469/458°C corresponds to the phase transition of a
sulfide solid solution. The following phases were
found in the cooled heating products by XRD: Ni;S,,
CaS, Fe, ;5Niy 5555, CazFe,S;04, Ca,Fe,0s, and FeS
(traces).

Heating of the FeS and CaO components taken in
the equimolar ratio at a rate of 10°C/min in a flow of
a40% Ar—60% CO gas mixture is accompanied by an
increase in the sample weight by 1.56% in the tem-
perature range 200—626°C (Fig. 2). This is probably
due to the decomposition of CO to form CO, and ele-
mental carbon deposited on the measuring cell, cruci-
ble, and sample [17]. Further heating (to 1000°C) of
the reaction mixture is characterized by a decrease in
the weight by 5.6% of the initial weight, which corre-
sponds to 50.4% reduction of iron. The data of differ-
ential thermogravimetry (DTGQG) indicate the maxi-
mum rate of the mass loss in a range of 670—780°C
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(maximum at 733°C). The weight changing rate is sta-
bilized during further heating of the sample up to
melting of the oxysulfides (960°C), and the process is
retarded due to partial blocking of the reaction surface
by the reaction products. The DTA curve exhibits
endothermic effects caused by the phase transition of
FeS, the decomposition of Ca(OH), (360/390°C) and
CaCO; (550°C), the formation of oxysulfide and
reduction of iron (combined effect with the
onset/maximum temperatures 696/738°C), and melt-
ing of the oxysulfide phases (957/964°C). The pres-
ence of minor amounts of Ca(OH), and CaCOj in the
sample is due to the high activity of CaO in the envi-
ronment (air) in which the experiment was prepared.
The decreased temperatures of the decomposition of
calcium carbonate are caused, most likely, by its reac-
tion with iron sulfide. According to XRD data, CaS,
CaFeSO, and Fe are the products of thermal treat-
ment of the mixture (up to 1000°C) in a reductive
medium.

These results show that the reduction of iron in an
FeS—CaO mixture by carbon monoxide is described
by the overall scheme

FeS + CaO + CO = Fe + CaS + CO,. 3)
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Fig. 2. Changes in the weight (TG), the weight changing rate (DTG), and the heat flow (DTA) on heating (10°C/min) in an
Ar—CO (60%) gas flow of the mixtures (a) FeS—CaO, (b) 2FeS—Ni;S,—2Ca0, and (c) 2FeS—Ni3S,—4CaO.

The intermediate steps of reaction (3) are reactions (1)

and (2) along with the following processes:

Ca;Fe,S,0, + 6CO = 3Ca$ + 4Fe + 6CO,,

CaFeSO + CO = CaS + Fe + CO,.
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According to [7, 8], the metals from oxysulfides
Ca;Fe,S;04 and CaFeSO are reduced by carbon mon-
oxide at appreciable rates in the temperature range
500—800°C. Therefore, the formation of intermediate
oxysulfides during heating a mixture of FeS and CaO
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Fig. 3. XRD patterns of the reaction products of the mix-
tures (a, b) 2FeS—Ni;S,—4CaO and (c) Fey 5Niy 5Sg—
8CaO after heating (10°C/min) (a) to 1100°C in an Ar—CO
gas flow and (b, c¢) to 1250°C in argon in a mixture with
graphite.

is determining for the reduction of iron in the system
considered.

The reduction of the metals by carbon monoxide
from the 2FeS—Ni;S,—2CaO mixture on heating at a
rate of 10°C/min begins from 530°C and is accompa-
nied by an intensive mass loss at temperatures higher
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than 700°C (Fig. 2). The heating of the sample to
1100°C results in the mass loss by 6.5% and the forma-
tion of pentlandite Fe, ;5Ni, ,5Ss along with CaS and a
Ni—Fe alloy in the products, indicating that the
amount of CaO is insufficient for full binding of sulfur.
The exothermic effect at 779/808°C is due to the for-
mation of the oxysulfide phases. The reduction of the
metals in a CO flow for the considered reagent ratio
can be described by the reaction

Ni,S, + 2FeS + 2Ca0 + CO
= 2CaS + (3 — 0.25x)Ni + 0.25(x — I)Fe
+ 0.25Fey_,Ni, Sg + CO,.

On heating a 2FeS—Ni;S,—4CaO mixture at a rate
of 10°C/min in a flow of an Ar—CO gas mixture (see
Fig. 2), reduction starts at about 560°C and is accom-
panied by the mass loss reaching 9.58% at 1120°C,
which corresponds to 95.9% reduction of the metals
(nickel, iron). The maximum weight changing rate
corresponds to a temperature range of 850—950°C.
The endothermic effects on the DTA curve are char-
acteristic of the phase transitions of FeS, Ni;S,, and
Fe,;sNi »,sSg and melting of the oxysulfide
(931/938°C). According to XRD data (Fig. 3), the
cooled reaction products contain CaS, an Ni—Fe
alloy, and traces of Fe, ;5Ni, 5555 and CaO.

According to [18], the mass loss reaches 16% in the
temperature range 900—1050°C for the equimolar
FeS—CaO mixture with graphite additives. The reduc-
tion of iron proceeds via the formation of intermediate
low-melting oxysulfide phases. Carbon dioxide is
formed beginning from 800°C and carbon monoxide
is formed above 950°C. Very insignificant evolution of
SO, is observed on heating an FeS—CaO mixture with
graphite, whereas no gases such as COS and CS, form.
The major condensed products on heating an FeS—
CaO mixture with graphite to 1250°C are represented
by CaS and Fe at low residual quantities of the initial
components (Ca0, FeS, and C). Since the carbother-
mic reduction of iron from iron sulfide is thermody-
namically poorly probable and the introduction of cal-
cium oxide activates the process, the overall reaction
takes the form [ 18]

FeS + CaO + bC = Fe + CaS
+ (26 —1DCO + (1 - H)CO,.

Thus, the carbothermic reduction of iron from iron
sulfide in the considered temperature range occurs
only in the presence of calcium oxide, which acts as an
ion-exchange medium.

The carbothermic reduction of nickel sulfide Ni;S,
in the presence of CaO was evaluated under the condi-
tions of continuous heating of the mixture to 1250°C.
The measurement results showed (Fig. 4) that the
Ni;S,—2CaO mixture with an additive of 8.2% carbon
changed the weight at the temperature higher than
790°C. Heating of the mixture up to 1250°C is accom-

C))
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Fig. 4. Changes in the weight (TG) and the heat flow (DTA) and the mass spectrometric data for the gases on heating (10°C/min)
in an argon flow of the mixtures (a) Ni;S,—2CaO and (b) 2FeS—Ni3S,—4CaO with graphite.

panied by the mass loss by 8.5%, and the TG curve
indicates that the process is not completed. The endo-
thermic effects (DTA) are associated with the phase
transition (553/563°C) and melting (786/792°C) of
Ni;S, [11, 19] and with the reduction of sulfide
(1000/1019°C). As found by XRD, CaS and Ni, as well
as the unreacted initial components Ni;S,, CaO, and
C, were among the reduction products. The change in
the sample weight is accompanied by the evolution of
CO and CO, and a minor amount of SO,, the detec-
tion of which is provided by the high sensitivity of the
mass spectrometer. It should be mentioned that no
SO, formation was revealed by chromatography on
heating the Ni;S,—CaO system in a reductive medium
[4]. Based on these data, we can describe the carboth-
ermic reduction of nickel from nickel sulfide in the
presence of calcium oxide by the following overall
reaction:

Ni,S, + 2Ca0 + 25C = 3Ni + 2CaS

)
+ 2(2b —1)CO + 2(1 - b)CO,.
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The following reactions accompanied by the SO,
evolution are possible along with reaction (5):

Ni,S, + 2Ca0 = 2NiO + 2CaS + Ni,
Ni,S, + 4NiO = 7Ni + 2S0,,
3Ni,S, + 4Ca0 = 9Ni + 4CaS + 2S0.,.

The carbothermic reduction of the metals by
graphite in the 2FeS—Ni;S,—4CaO system is devel-
oped above 730°C (see Fig. 4b) and is accompanied by
a decrease in the sample weight, an endothermic
effect, and the evolution of carbon oxides (CO and
CO,). As in the previous experiments, the decrease in
the sample weight at 400—450 and 600—750°C is
related to the decomposition of Ca(OH), and CaCOs;.
An insignificant amount of SO, in the gas was detected
at 1050°C, and no formation of COS and CS, was
revealed. The solid reaction products are represented
by CaS, Fe—Ni, an insignificant amount of FeqNigS 4,
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and unreacted CaO and C (see Fig. 3). The overall
reaction of the metal reduction takes the form

2FeS + Ni,S, + 4Ca0 + 4bC = 2Fe + 3Ni

6
+ 4CaS + 4(2b — 1)CO + 4(1 - H)CO,. ©)

The kinetic parameters were determined and the
reaction model of the metal reduction process was
evaluated on the basis of the data on the weight change
of the 2FeS—Ni;S,—4CaO mixture with graphite on
heating with a rate of 5, 10, and 20°C/min in the tem-
perature range 750—1170°C. The calculation results
show (Fig. 5) that the one-step Avrami—Erofeev
model [20, 21] with the rate-determining step of nuclei
formation and growth describes the experimental data
at a correlation coefficient of 0.9987. The Kkinetic
equation takes the form

doy/dt = Aexp[-E/(RT)n(1 — )
x [=In(l — o) ™/",

where A is the preexponential factor, Eis the activation
energy (kJ/mol), T is temperature (K), R is the gas
constant, o is the conversion equal to the ratio of the
current weight change to the maximum change, # is
the reaction order, and 7 is the experiment time. The

TG, %
100 = = ——
96 |

88

84 SelREEL x .' :',.:. N ':'.: $e —

kinetic parameters of the carbothermic reduction of
the metals were determined to be as follows: £= 520 +
11 kJ/mol, logd = 18.2 £ 0.4s~!, and n = 0.87 =+ 0.01.

The previously conducted thermal analysis of the
synthesized pentlandite sample (Fe, sNi, sSg) [22] on
heating (20°C/min) in an argon flow revealed the
endothermic effect on the DSC curves at the following
onset/maximum temperatures: 278/293 (weak peak),
479/485, 616/624, and 857/864°C. The effects at 278
and 479°C were clarified by ordering of the super-
structures and the B transformation of the monosul-
fide solid solution Fe,¢Ni,;S. At 616°C, pentlandite
undergoes transition into the high-temperature modi-
fication in the cubic crystal system, which is stable up
to 857°C [16]. A liquid phase is formed and the mono-
sulfide solid solution is retained in the sample above
this temperature.

The reduction of the metals from the synthesized
pentlandite Fe, sNi, sSg was evaluated for its mixture
with CaO (see Table 1, mixture 5). Under the condi-
tions of reduction with graphite (Fig. 6) on heating at
a rate of 10°C/min, the sample weight changes by
14.4% (1100°C). The DTA curve exhibits the effects
characteristic of the phase transitions of pentlandite
(615 and 855°C) and the formation (864°C) and melt-
ing (932/938°C) of the oxysulfide. The combined
endothermic effects with the onset at 1021°C and
maxima at 1030 and 1063°C are the consequence of
melting of the sulfide phases and the development of
reduction processes accompanied by CO and CO,.
Insignificant evolution of SO, was observed in a range
of 800—1000°C. The products of the carbothermic
reduction of the metals in an Fe, sNi, ;Sg—8CaO mix-
ture on heating to 1250°C were CaS and a Fe—Ni solid
solution (see Fig. 3), and trace amounts of C,
FeyNigS,4, and CaO were additionally found, which is
consistent with [23]. Based on these results, we can
present the carbothermic reduction of the metals in
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Fig. 6. Changes in the weight (TG) and the heat flow (DTA) and mass spectrometric data for gases on heating (10°C/min) in an

argon flow of the Fe4 5Nig sSg—8CaO mixture with graphite (C).
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Table 2. Degrees of reduction of metals by graphite upon nonisothermal heating of oxide—sulfide systems to 1250°C
. TGcalc TC’exp (TGexp/TGcalc) x 100
Mixture Sco/Sco, b
%
FeS—CaO 4.6 0.85 17.0 16.0 94
Ni3S,—2Ca0O 2.0 0.75 13.5 8.2 61
2FeS—Ni3S,—4Ca0O 1.6 0.72 13.3 11.0 83
Fe, sNiy 5;Sg—8CaO 2.4 0.77 15.6 14.6 94

the pentlandite mixture with calcium oxide by the
overall reaction

Fe, sNi, S + 8Ca0 + 85C = 4.5Fe + 4.5Ni
+ 8CaS + 8(2b — 1)CO + 8(1 — H)CO..

The results of mass spectrometric analysis of gases
to detect CO and CO, (see Figs. 4 and 6) were used for
the calculation of coefficient b in reactions (4)—(7) of
the metal reduction by graphite from FeS—CaO,
Ni;S,—2Ca0, 2FeS—Ni;S,—4Ca0, and Fe, sNi, sSg—
8CaO mixtures. The S¢o/Sco, ratios were determined
from the surface areas of the peaks under the ionic
current curves of the gases formed upon the carboth-
ermic reduction of the metals from the sulfide mix-
tures with calcium oxide (Table 2). Coefficients b for
reactions (4)—(7) were estimated by the equation

(26 = 1/(1 = b) = Sco/Sco,s )

where Sco/Sco, are the surface areas of the peaks of
the ionic current curves of CO and CO, (arb. units).
The found values of coefficient » made it possible to
calculate the weight changes (TG,,.) for the complete
reduction of the metals (Fe, Ni) from the considered
systems and to compare them with the experimental
values (TG,,,). The degrees of reduction of the metals
in the systems on heating to 1250°C at a rate of
10°C/min were estimated from the calculated weight
changes. The calculations confirmed the increase in
the degrees of reduction of the metals from 61 to 83%
upon the introduction of iron sulfide into the Ni;S,—
CaO mixture. The high degrees of reduction of the
metals in the Fe, sNi, ;S;—8CaO system are due to the
presence of the monosulfide solid solution in the sys-
tem [24], pentlandite melting, and the formation of
iron—calcium oxysulfide phases.

(7)

CONCLUSIONS

(1) The reactions in an FeS—CaO mixture on heat-
ing in argon vyield iron—calcium oxysulfides
Ca;Fe,S;04 and CaFeSO, and pentlandite
Fe, ;5Ni4 555, CasFe, S;0¢, and CaS form in the reac-
tions in a 2FeS—Ni;S,—2CaO mixture.

(2) Heating of FeS—CaO and FeS—Ni;S,—CaO
mixtures in a reductive medium (Ar—CO) at the tem-
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peratures higher than 600°C results in the formation of
a metal (Fe, Fe—Ni alloy) and calcium sulfide. An
increase in the calcium oxide content in an FeS—
Ni;S,—CaO mixture is accompanied by an increase in
the degree of reduction of the metals.

(3) Iron sulfide activates the carbothermic reduc-
tion of nickel in an Ni;S,—CaO mixture due to the for-
mation of iron—calcium oxysulfides with an enhanced
reactivity.

(4) The carbothermic reduction of the metals in an
FeS—Ni;S,—CaO mixture was described by a one-step
Avrami—Erofeev model with the rate-determining
step having the following kinetic parameters: F =
520 kJ/mol, logd = 18.2 s7!, and n = 0.87 (F is the
activation energy, A is the preexponential factor, # is
the reaction order).

(5) The high degree of the carbothermic reduction
of the metals in the Fe, sNi, ;Sg—CaO system is caused
by the presence of low-melting phases and the forma-
tion of iron—calcium oxysulfides.
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