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Abstract

In this work, the effects of stoichiometry on phase evolution during the oxidatiomssfmonosulfide solid solution) were investigated.
A series ofmsssamples, ranging from F6Sg to Fe& 37Nis53Ss were synthesized from pure components. Samples with grain size h3+90
were oxidized at 830 and 850K in air in a muffle furnace. Rietveldquantitative phase analysis method was used to identify and quantify
the phase information from powder X-ray diffraction (XRD) profiles.

Hematite was observed and accounted for most of the oxidized iron. Nickessmvas not oxidized to NiO under current isothermal
conditions; instead, it was finally transformed ta ;5. Hematite, F&(SQOy); and residuaimsswere identified in the final phases after 24 h
oxidation of themsscomposition FgygSg; hematite and NiS;g for compositions FgisNi1s4Sg and Fe37Niss3Ss; hematite, NizS;g and
pentlandite for Fg4Ni; sSs.

Given a constant iron to nickel atomic ratio of 4:1, the sample with lower metal concentratiggNhe.Sg, showed a faster oxidation
rate than its metal richer counterpartfi; ¢Ss. The mean oxidation rates for these two samples are £.857% and 1.22x 1074s™!
respectively for 1.5 h heating at 830 K. Vyazovkin's theory of changing activation enEgyith reaction extenty) was employed in the
current kinetic study. The activation energy was determined using a model-free method. The oxidatigsNof /Sg exhibited a higher
E. than Fe1sNi154Ss over the course of reaction. The activation energy increasesyitim 67.1 to 103.3 kJ mot for msscomposition
Fes15Ni154Sg; 76.1 to 195.0 kI mol for Fes4Niq 6Ss.

Bulk compositions FgySg, Fe 37Nis 535 were selected to give a constant metal to sulfur atomic ratio of 7.9:8. Oxidation giNtes3Sg
achieved equilibrium within 1 h, compared to 5 h for 5Ss.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction between Fe- and Ni-end-members; below this temperature it
decomposes to form pyrrhotite and pentlanflife The com-
The monosulfide solid solution (Fe, NixS, is an im- position and stoichiometry of the monosulfide solid solution

portant precursor of primary iron—nickel sulfides in ore de- are variable but in nature it rarely exceeds Ni to Fe atomic
posits. At high temperatures (>883K) (Fe, Ni}S has the ratio of 1:4. The variation irmsscomposition is due to the
NiAs structure and is known as the monosulfide solid so- diversity of primary ore bodies as well as alterations due to
lution (msg. Above 883K, there is complete solid solution supergene environment and weathering over geological time
[2]. In this work, samples were prepared to give different
* Corresponding author. Tel.: +61 8 820776509; fax: +61 8 82077222,  I1on to nickel atomic ratios (Fe:Ni) and different metal to
E-mail addresshaipeng.wang@adelaide.edu.au (H. Wang). sulfur ratios (MS) The variable StOiChiometry missleads

0040-6031/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.tca.2004.08.007



14 H. Wang et al. / Thermochimica Acta 427 (2005) 13-25

to different oxidation mechanisms as well as phase evolution vated temperatures certainly will reduce the affect of particle
procedures during the oxidation. size on the oxidation rate. To simplify the kinetic analysis,
Violarite and pentlandite (often accompanied by the current oxidation study was performed in an air atmo-
pyrrhotitemsg are important nickel ores used as feedstock sphere at 830 and 850 K. The particle size was confined to
in flash smelting processes to produce nickel mésfe the range 53-9Am. The experimental kinetic results only
Monosulfide solid solution is a common intermediate phase apply to this specified particle range. The effect of parti-
observed during the oxidation of violarite and pentlandite. cle size on the oxidation kinetics is not concerned in this
Therefore, the investigation ofissoxidation is of benefit in paper.
understanding the thermal behavior of these economically  Earlier works on oxidation and thermal decomposition of
important metal sulfides. In this work, oxidation temperature metal sulfides concentrated on natural samples from various
of 830 and 850K were chosen, as they are above the onsebre deposits, which contained different types of impurities
decomposition temperature of these economic metal sulfideg[5,8]. The present study is confined to synthetic samples,
(violarite and pentlandite) tmss 723 K[3,4]. which minimize the complexity of analysis caused by trace
Oxidation behaviors of economic metal sulfide ores un- impurities in natural sulfides. Generalized mechanisms de-
der heating schedules have been well stud&8-7] The rived from experiments on synthetic samples may also apply
oxidation ofmssstarts at a very low temperature under atmo- to natural samples.
spheric conditions. The dominant oxidation products from
mssare ferrous sulfate and hematite in the temperature range
413-483K; ferrous sulfate starts decomposingrnssand 2. Experimental
hematite when the temperature reaches 738K It was
postulated by Sliullin and Gitis thahssis first converted 2.1. Synthesis
to sulfate during oxidizing roasting before being converted
to oxides[8]. Banerjee proposed that the oxidationno$s The standard silica-tube techniqli#sl4]were adopted to
starts at relatively low temperatures where iron is preferen- synthesize the monosulfide solid solutionsg. Accurately
tially oxidized to metal sulfate accompanied by the release of weighed stoichiometric amounts of Fe (1 mm diameter wire,
SO, [5]. At elevated temperatures, the iron (Ill) sulfate will  99.9+%, Aldrich), Ni (1 mm diameter wire 99.9+%, Aldrich)
be transformed to a porous 423 layer. and S (granules 99.99+%, Aldrich) were sealed under vacuum
Oxidation studies on metal sulfides are generally carried in 10 mm diameter silica tubes. Bulk compositionsnags
out under three sets of conditions: (i) under hydrothermal Fe;9Sg, Fe 37Nis53Sg, Fes.15Ni154Sg, Fes.4Ni16Sg were
conditions, (ii) under heating conditions, where the tempera- selected to provide different iron and nickel contents as well
ture increases at a steady rate, and (iii) under vigorously oxi- as different metal to sulfur ratios. The charges were heated
dizing conditions, where metal sulfides are ignif2@®-13] slowly to 573 K, then up to 773 K and finally to1073 K, soak-
The thermodynamics and kinetics of metal sulfide oxidation ing for 12 h at each stagé5,16] The slow heating sched-
were extensively investigated in each of these methods. How-ule and soaking process were employed to minimize tube
ever, these methods do not provide enough evidence to reveafailure due to the high sulfur vapour pressure above 723 K.
the reaction mechanism and kinetic behavior under isother- The tubes were quenched to room temperature in cold water.
mal conditions. Metal sulfides oxidize in a stepwise reaction The charges were removed from the tubes and ground to fine
sequence with increasing temperature; different reactions inpowder under acetone, ensuring the homogeneity ahiése
this sequence are governed by different reaction mechanismsThe charges were then resealed in silica tubes and heated at
The reaction mechanisms can also be different for the samel373K for 2 h, cooled to 1173 K, annealed for 7 days, and
reaction, if undertaken at different temperatures. Kinetic stud- then quenched in a large volume of cold water. This resulted
ies under isothermal conditions, on the other hand, investi- in homogenous samples with a relatively uniform 0.5mm
gate the kinetic behavior during the oxidation at a constant grain size.
temperature. The reaction mechanism can be better under-
stood using isothermal kinetic data and phase evolution ev-2.2. Oxidation
idence acquired from isothermal experiment. This work fo-
cused on the oxidation behaviors wissunder isothermal Mss samples were ground to fine power using an agate
conditions. mortar and then sieved to ensure particle size ranging from
The oxidation rate ofmssis also dependent on particle 53 to 90um. Each charge of 0.1 msspowder was placed
size and oxygen partial pressure. Smaller particle size andin an open platinum crucible. Oxidation experiments were
increased oxygen partial pressure accelerate the process gberformed in a muffle furnace (Kilnwest Ltd.) at 830 and
oxidation. However, when the temperature exceeds 825K 850K, 1 atm. The samples were placed in the preheated fur-
the particle size effect becomes less significant and the ox-nace and a series of oxidation periods ranging from 0.5 to
idation rate is virtually independent of the particle sjZg 24 h were adopted. The platinum crucibles containing the
The applicability of this result to the current study remains oxidized samples were carefully removed from the furnace
uncertain but carrying out the oxidation experiment at ele- with a pair of tweezers and then quenched by only dipping the
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bottom of the crucible into water, avoiding water contamina- 2.4. SEM examination

tion. The temperatures were controlled within an error range

+5K. Samples of three different bulk compositionsdsseries,
Fe7.9Ss, Fer.37Nis5 53, Fes.15Ni1.545g were examined using

a PHILIPS XL20 scanning electron microscope to reveal sur-
face feature evolution during oxidation. Non-oxidizets
specimens were polished to produce smooth surfaces, and

quenched products were obtained usi@penier Higgcam- then placed in a pre_heated muffle furnace oxidized for up to
era with Cr Kxj radiation ¢ = 2.2897,&). Samples were 24h at 830K (dry air atmosphere).

ground with acetone in an agate mortar and pestle to produce

an optimum grain size below 30n. The finely powdered N

sample was mixed with a small amount of pure Si, which 3 Kinetic theory

acted as an internal standard. Theinier Haggfilms were
scanned inTPU/Posmode using an Epson film scanner and
the powder diffraction profile overd2ange 10-90was ex-

2.3. X-ray diffraction

Room temperature X-ray diffraction patterns of the

Solid-state reaction kinetics is based onAleivated State
theory, where the reaction rate can be written as:

tracted using the prograBcion Imageand theUniversal-Si- dy
Calibration, a macro function based dgor Pro Version 4.0 a kf(v) @
[17].

wherey is the reaction extenk,the rate constant, arify) the
function of kinetic model.

Under current experimental conditions, the results show
that the Fe itTmsswas oxidized to hematite, whilst Ni was
eventually transformed to WNiS;s, a phase which has the
pyrrhotite structure. Either hematite or{¥6;g (Wt.%) can
(Shifted Cheby function), scale factor 9, cell parame- be used to Q(?termine the extent of re'action. As m.ost of the

' ' msscompositions examined were Fe-rich, the reaction extent

ter_s @ b, ¢ a, , y), and thermal _d|splacement (B).' The- was calculated on the basis of hematite fraction to minimize
refinement of these parameters integrates each intensity

. : ; . systematic errors amplified by mathematical calculation. The
into a properly shaped reflection, which contributes to the ~7~ ! : .

) . . weight percentage of hematite was converted into reaction
overall diffraction pattern. The result is a calculated X-ray

diffraction profile, which best-fits the experimental intensi- extent §) using the following equation:

The Rietveldmethod[18,19] was used to analyse the X-
ray powder diffraction profiles. This method reveals the de-
tailed structure and composition of a polycrystalline sam-
ple [20]. The Pseudo-Voigtunction was adopted to model
the peak shapes of X-ray diffraction patterns. Refined pa-
rameters were: peak shape variablds\{, W), background

ties of X-ray diffraction peak. GOF (goodness of fit) was w; — Wo Wy

. . = — x 100%= — x 100% =
used to assess the success or otherwise of the refinement we — wo x 100% We x 100% o =0) ®)
procedure.

wherey is the reaction extentyg, w,., w, are the weight frac-
tions of hematite, at the beginning of reactior= (), at the
end of reactiort(= co) and at an arbitrary timg respectively
[16,28] Assuming complete oxidation of Fe to hematite, the
calculated equilibrium weight fraction of hematite was de-
rived by mass balance. The kinetic behaviomsfsoxidation
can be investigated by inspecting the relationship between
reaction extenty) and reaction timety.

(SZMV); It is well known that rate constants are exponentially de-
Wi = m (1) pendent on the inverse of absolute temperature. The depen-

dence ok on temperature has the general form of Anehe-

wherew); is the weight fraction of phaseSthe scale factor, niusequation:
Z the number of formula units per unit ceN the molec-

Quantitative phase analysis was performed on oxidized
samples using the formalism described by Hill and Howard
[21]. The general scattering cross-sectionBoagg scatter-
ing (scale factor§) is proportional toN/V, whereN is the
number of unit cells contributing to the scattering anthe
unit cell volume[22]. The weight fraction of a phase can be
described as:

ular weight of the formula unit, an¥ the volume of unit k=A exp(Ea> (4)
cell. RT
Any variation of the stoichiometry ahssover the course The disadvantage of this method is that the calculated

of oxidation will be reflected in changes in the cell param- yalue ofk depends on the empirical selection of the function
eters. Thus, the cell parameters are refined for each X-rayf(y), the kinetic model irEq. (2)and thereforeE, depends
powder profile. Initial input cell parameters and atom posi- on the choice of rate equation. Unfortunately, a number of
tions for theRietveldrefinement were taken from Alsen for different forms of the rate equation may fit the data equa”y
(Fe, Nij xS, Collin et al. for Ni7S;g, Pearson and Buerger  well, but result in different values d, [29].

for (Fes5Nis5)Se, Pauling and Hendricks for £©3, and A second disadvantage is that it assumesHBaatoes not
Christidis and Rentzeperis for {&O)3 [23-27] change during the course of an isothermal transformation.
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Vyazovkin explained the dependence of activation energy ontive high reaction rate and levels out at the end, due to the
reaction extent, caused by changing physical and mechanicathickening of the inhibiting oxide layer. The ever-thickening

properties of reaction mediufg0].

Vyazovkin discussed isoconversional methods that em-

oxide layer results in a porous surfa@—39] The poros-
ity of the oxide layer is caused by sulfur evolution during

ploy the notion of the dependence of the activation energy on the induction stage of oxidatidg]. Fig. 1 shows the porous

the reaction extent to predict the kinetic behavior of a reac-

tion outside of the range of experimental temperat{8é$

surfaces of samples: £-¢Sg, F&5.15Ni1.54Sg, F& 37Nis 53Ss,
after being oxidized at 830K for 1, 1 and 1.5 h, respectively.

Model-free methods can be adopted to avoid the problemsThe EDX composition analysis shows a slightly lower sulfur

associated with choosing an over simplified kinetic model.
Vyazovkin and Dollimore introduced a unified approach to
kinetic processing of non-isothermal d§32].

In this work, isothermal data were used to calculgte
It is postulated thaE, is a function ofy. Hence, the basic
kinetic equation can be rewritten as:

Yk r0) ©

whereT is the absolute temperatui€T, y) the rate constant
andf(y) of a kinetic model. Rewritingq. (5)and substituting
Eq. (4)for k(T, y) give,

Ea(y)
RT
For a given segment of the reactipr yo, Inf(yo) andEa(Yo)
are constant. Therefore, the model-free determinatids,of
gives:

Inz—f =InA+Inf(@y) —

Indy/dt(yo, T1) — Indy/dz(yo, T2)
(/11— 1/T>)
where g/dt(yo, T1) and d/dt(yo, T2) are reaction rates to a

given value ofygp at two different temperatureg, and To,
respectively.

Ea(yo) = —R (6)

4. Results and discussion

4.1. Oxidation mechanism

Although the oxidation mechanism of metal sulfides has

and higher oxygen content around the pits than that of the
smooth surfaces (ifrig. 1). However, no statistically valu-
able data were obtained due to the small size and high con-
centration of the pits. Most of the EDX data were more like
average compositions of the void and smooth surface. For the
composition FggS, EDX shows that after prolonged oxida-
tion virtually no sulfur was detected on the granular surface.
Similarly, a distinct decrease in sulfur content occurred for
the oxidation of othemsscompositions. These results in-
dicate the continuous release of sulfur during the oxidation
of mss

X-ray diffraction profiles of the oxidizednsssamples
demonstrate that the Fe is preferentially oxidized to hematite;
Ni, instead, is finally transformed to NiS;s. This con-
forms to the results of previous researchi@®-46] Dunn
[47] and Chamberlain and Dun@8] proposed that dur-
ing the oxidation of metal sulfides, Fe migrates towards the
outer rim where it is preferentially oxidized leaving a Ni-
rich msscore. This preferential oxidation occurs once the
partial pressure of the evolved sulfur gas decreases suffi-
ciently to allow the diffusion of oxygen through the porous
layer.

For the Ni free sample F@Ss, the oxidation of Fe
(within the first hour of reaction) leaves a much more dis-
tinctly porous surface than that of the samplg f=8li1 54Sg
(Fig. 1la—d). These micrographs of Fe-rich and pure Fe
mss samples show the evolving surface features, from
porous to grainy, during oxidation. For the Ni-rich sample
Fe» 37Nis 53Sg, a surface with sporadic pits does not appear
until the oxidation reaches equilibriurkify. 1e and f).

been addressed by a number of researchers, general conclut.2. Oxidation reactions

sions have not been establisijd7]. A popular hypothesis,
the “Shrinking-Unreacted Core” model is widely accepted
[33,34] According to this theory, solid particles in an oxy-

Oxidation products ainsawvere determined from the pow-
der X-ray diffraction profiles. The intermediate and final

gen gas stream are oxidized through gaseous diffusion ofproducts of the oxidation are dependent on the stoichiometry
O3 to the reaction interfaces and controlled by the rates of of mss The desulfuration and release of S@re responsi-

both chemical reaction and mass transgéft The mssox-

idation is initiated at the grain surfaces and then moves to-
wards the unreacted shrinking core. Chamberlain states that,

for the oxidation ofmss the particles pass through an in-

ble for the induction stage of the oxidati¢#]. The major
reactions at this stage are:

(Fe Ni)1_,S— (Fe Ni);_,S1_, + 1S (7)

duction stage, during which sulfur is disassociated from the %ySg 410 — SO ®)

surface and gaseous sulfur oxides are relefgedrhe ki-

netic data from the current study show that the oxidation of

mssis so rapid that the induction stage could not be identi-
fied due to the difficulty of collecting data on a very short
time frame. The experimental data indicate thatrifssox-

Following the induction stage, the principal reaction
is the preferential oxidation of iron imssto hematite.
The onset temperature of this reaction remains unsolved,
although a wide range of temperatures have been re-

idation is a simple decelerating process. It starts at a rela-ported for this reaction[4-8]. In the current study,
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Fig. 1. SEM micrographs of the surface feature for oxidimestsamples. The oxidation was performed at 830 K, 1 atm. Micrographs (a) and (b) were taken
after 1 and 24 h oxidation for F@Sg; (c) and (d): 1 and 5 h oxidation for EgsNi1545g; (€) and (f): 0.5 and 1.5 h oxidation for f-¢/Nis5 53Sg.

hematite was observed as the major oxidation productcontradicts the results of Asaki et db]. Magnetite, if

of mssat 830 and 850K. Some minor or intermediate present, is below the detection limits Bfetveldprofile fit-

phases were also identified in the X-ray powder diffraction ting methods (around 1wt.% of product). Apart from these

profiles. main oxidation products, up to 5.7 wt.% of an intermediate
For the pure Femss (Fer9Sg), hematite, mikasaite phase, pentlandite, was observed for the sampja¥ie Sg

(Fex(SOy)3) and residuamsswere identified in the charge  (Tables 2 and B Pentlandite was not an equilibrium prod-

after 24 h oxidation at 830K in airTa@ble 1. For Fe—Ni uct in this oxidation. Exsolved pentlandite was eventually

msscompositions, hematite and NE;s were observed as  oxidized to produce hematite andiMsg. Pentlandite will

the final oxidation products for experiments carried out un- exsolve frommsavhenmsss heated above 450 5]. Itwas

der the same conditions. Magnetite was not observed, whichreported that the activation energy of pentlandite exsolution
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Table 1
Phase evolution during the oxidation of nickel-firees(Fe; 9Sg) at 830 K
Time (h) wt.% mik. Amik (A) Cmik (A) wt.% mss Fhss (A) Cmss (A) Vimss (AS) wt.% hem. @hem (A) Chem ('&)
0.0 99.9(2) 3.4506(2) 5.8156(6) 59.968(7)
1.0 1.1(2) 8.236(1) 22.178(3) 72.3(8) 3.4479(3) 5.7314(9) 59.01(1) 26.6(6) 5.026(2) 13.764(5)
5.0 5.7(2) 8.235(1) 22.177(3) 15.3(6) 3.4488(7) 5.5443(2) 57.09(3) 79.0(8) 5.0234(6) 13.781(2)
24.0 5.4(2) 9.237(1) 22.176(3) 14.5(6) 3.4486(7) 5.5422(2) 57.08(3) 80.1(8) 5.0238(5) 13.775(2)

Summary of cell parameters and unit cell volume for each phase: wt.% mik.,mg®at.% hem. are weight fractions for mikasaitessand hematiteamik,
Cmik are cell parameters for mikasaiBg;ss, Cmss andVmss for mss anem, Chem for hematite. Estimated standard deviations are given in brackets.

Table 2
Phase evolution during the oxidation of iron—nickedsat 830 K
Initial bulk Time  wt% apent(d)  Vpent(R3) wt%mss auss(A) Cmss (A) Vinss (A3) wt.% hem. apnem(A)  Chem (A)
composition (h) pent.
Fes.4Ni16Ss 0.0 10Q0(4) 34501(6) 5810(1) 5989(2)
0.5 1.5(7) 10.105(3) 1032.0(6) &A8) 34521(1) 57546(5) 59390(6) 18.2(7) 5.025(1) 13.767(4)
1.0 5.7(7) 10.110(3) 1033.2(5) BX7) 34505(6) 5496(1) 5667(2) 40.4(8) 5.041(2) 13.783(5)
15 1.8(7) 10.118(5) 1035.8(6) 4%8) 34496(5) 5416(1) 5581(2) 52.4(7) 5.024(1) 13.787(3)
5.0 231(7) 10258(2) 15991(6) 14574(8) 76.9(8) 5.0304(5) 13.756(2)
24.0 232(7) 10259(3) 16008(7) 14591(9) 76.8(8) 5.031(1) 13.759(3)
Fesi5 NigsaSs 0.0 999(3) 34477(6) 5772(1) 5942(2)
0.5 645(6) 34488(5) 5542(1) 5709(2) 35.5(8) 5.018(1) 13.778(4)
1.0 36.1(8) 34481(5) 5402(1) 5563(2) 63.9(8) 5.0218(9) 13.768(3)
15 241(8) 10251(3) 16018(7) 14577(9) 75.9(6) 5.031(1) 13.759(3)
5.0 236(8) 10251(3) 16020(6) 14579(8) 76.4(7) 5.030(1) 13.754(3)
Fe37Niss3Sg 0.0 999(2) 34489(6) 5530(1) 5696(2)
0.5 77.7(7) 34418(8) 5384(1) 5523(2) 22.3(7) 5.013(2) 13.735(7)
1.0 733(6) 10368(1) 15959(4) 148%(4) 26.7(4) 5.035(1) 13.772(6)
15 742(8) 10367(1) 15960(3) 14854(4) 25.8(4) 5.035(2) 13.786(6)

Summary of cell parameters and unit cell volume for each phase: wt.% pent. m&s%t.% hem. are weight fractions for pentlanditessand hematite.
apent Vpentare cell parameters for pentlanditg;ss, Cmss aNdVmss for mss anem, Chem for hematite. Estimated standard deviations are given in brackets.

from mssis very low (around 5 kJ mol) at the beginning of
the exsolution fomsscomposition FgaNi1Sg [15]. This
may explain the observation of pentlandite during the oxi-

For Fe 37Nis 535,
Fep 37Nis 538 + 3.92220Q

dation of Fg 4Ni1 6Ss. The proposed oxidation reactions for — 1.185F@03 + 0.3253Ni7S18 + 2.1447SQ  (10)

thesemsssamples are:For , .
P reSe For Fes.15Ni1.54Sg,

FeroSg + 139250, — 3.95Fe03 + 8SO © Fes.15Ni1545g + 10.9820
Fe79Ss + 19.850, + 3.85SQ — 3.95Fe(SM); — 3.075Fe03 + 0.0906Ni 7S5 + 6.37SQ (11)

Table 3

Phase evolution during the oxidation of iron—nickedsat 850 K

Initial bulk Time  Wt%  apent(A)  Vpent(A®) WLO%mSS  auss(A) Cmss(B)  Vimss(A3)  wt.% hem. anem(A)  Chem (A)

composition (h) pent.

Fes.4Ni16Ss 0.0 1000(3)  34499(5)  5809(2) 5987(2)
0.5 0.9(7) 10.105(3) 1031.8(5) BI6)  34501(4)  5662(1) 5837(2) 28.5(7) 5.024(1) 13.777(4)
1.0 51(7) 10.108(3) 1032.8(5) 4&6)  34509(5)  5401(1) 5570(2) 53.1(7) 5.026(2) 13.779(3)
2.0 277(6)  34506(5)  5346(1) 5513(2)  72.3(7) 5.024(1) 13.783(3)
3.0 232(6) 10256(2)  16011(6) 1458(8)  76.8(7) 5.029(2) 13.765(3)
5.0 230(6) 10259(2)  16008(7) 14591(8)  77.0(7) 5.030(1) 13.768(3)

Fes15NitsaSe 0.0 1000(3)  34478(5)  5770(2) 5940(2)
0.5 494(7)  34485(5)  5448(1) 5611(2) 50.6(8) 5.020(1) 13.774(3)
0.75 325(7)  34481(5)  5398(2) 5558(2)  67.5(8) 5.024(1) 13.770(3)
1.0 249(7) 10254(3)  16022(5) 145®(8)  75.1(7) 5.032(1) 13.761(3)
15 233(6) 10255(3)  16021(6) 14591(8)  76.7(7) 5.032(1) 13.757(3)
2.0 234(6) 10254(3)  16023(6) 1459(8)  76.6(7) 5.030(1) 13.758(3)

Summary of cell parameters and unit cell volume for each phase: wt.% pent. m#s2t.% hem. are weight fractions for pentlanditessand hematite.
apent Vpentare cell parameters for pentlandisgiss, Cmss @ndVmss for mss anem, Chem for hematite. Estimated standard deviations are given in brackets.
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Fig. 2. Stack of X-ray powder diffraction patterns showing the progress of phase evolution during the oxidatippSsf Fle oxidation was taken under
isothermal condition (830K, 1 atm.). The time range for oxidation varied from 0 to 24 h.

For Fe; 4Ni 6Ss, The iron (ll) sulfate is more I_ikely a precursor of iron (lIT)
sulfate. In the current study iron (Il) sulfate is not detected
Fes.4Ni16Ss + 1110590 by XRD. This may due to the fast conversion rate of iron
— 3.2Fe03 + 0.09412Ni ;S5 + 6.306SQ (I1) to iron (111) at elevated temperatures, and the lack of data
Fes.4Ni16Sg + 5.1560 collected in very short time frames at the beginning of the

. (12) reactiond5].
— 2.844(Faq5Nis5)Sg + 5.156SG

(Fes5Nig5)Sg + 3.2350,

—» 2.25F&0;3 + 0.2647Ni7S1s + 3.2355Q e
90 4
4.3. Phase evolution 801 Hematite
—~ 704
The pure iroomssFe; gSg samples were oxidized at 830K~ & i
in air for periods up to 24 lrig. 2shows the phases evolution § R
over the oxidation. Diffraction patterns were collection at0, § so §
1, 5 and 24 h. The major oxidation product was hematite. A g :
minor phase, mikasaite (FQy)3), was also detected. Dis- 5 1
tinct mikasaite peaks (0 12) and13) were observed after 2 a4
1 h. The diffraction intensity of mikasaite (iron (ll) sulfate) 2
increased to a maximum after 5h and remained unchanged s mss @
tillthe end of the oxidation experiment. TRéetveldresolved 10 ¢ R
phase fraction of iron (lll) sulfate increased up to 5.7 wt.% o ' Mikasaite | ' N
then remained constant after prolonged oxidation of pure Fe 0 5 10 15 20 25
mssat 830 K. Following this stage, the oxidation is retarded Time (h)

and the oxide layer growth follows a parabolic rate law, where . . o . _
mass transfer through the gaseous boundary |ayer at samplg'g' 3. Plot showing the progress of iron oxidation to hematite, producing

" d diffusi n th h th ide | mikasaite and decreasing weight fractionm$sduring the oxidation of
suriace an ifrusion O o>_<ygen ro_ug e oxi e ayer con- Fer 9Sg at 830K, 1 atm. The circle symbol represents the weight fraction of
trol the progress of oxidation. Banerjee detected iron (Il) and hematite; solid circle, fomss solid triangle, for mikasaite. The curves are

(1) sulfates during the oxidation experiment of pyrrhotite. produced using least-square method to best-fit experimental data.
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Fig. 4. Plot showing the evolving phase fractions during the oxidatiomssf
samples Fg4Ni16Sg (a) and Fg1sNi154Sg (b) at 830K, 1atm. Symbols
(O), (@) and (a) are the representative for the weight percentage of hematite,
mss and pentlandite, respectively.

The weight fractions of each phase versus oxidation time
are shown irFig. 3. Itis clear that the reaction rate was very
rapid at the beginning and levelled out after 5 h annealing. It
is worth noting that the residuatsswas not oxidized even
after prolonged oxidation. Itwas also observed that the former
finely powdered samples formed hard conglomerates during
oxidation. This inhibited the diffusion of oxygen and left an
unreactednsscore.

The phase evolutions for the nickel containing (iron rich)
msssamples, FgsNiq 6Sg and Feg 15Ni1 545 are shown in
Fig. 4a and b. The compositions of both samples were cho-
sen to give an Fe:Ni atomic ratio of 4:1 but with different
metal to sulfur ratios, 0.96:1 and 1:1, respectively. Hematite
and Ni7S;g are the major final products (also $egs. (11)
and (12). An intermediate phase, pentlandite, was observed
for the composition richer in metal EgNi1 6Ss. The phase
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fraction of pentlandite reached a maximum after oxidation
for 1 h. The following continuous decrease of pentlandite
can be explained by the oxidation of pentlandite. Different
onset decomposition temperatures of pentlandite have been
reported by several researchg2s4]. The maximum onset
decomposition temperature of pentlandite was reported at
883K, where Fe to Ni ratio was 1{#19]. This temperature
decreased rapidly as the Fe to Ni atomic ratio deviated from
the ideal value of 1:1. In the current oxidation study, the inter-
mediate phase, pentlandite (exsolved fnor®g, is believed

to have a changing Fe:Ni ratio. This may explain the lower
oxidation temperature for pentlandite in this work. The com-
position of pentlandite can be determined from its cell edge
[15]. Using the cell parameter dataTable 2 the calculated
pentlandite compositions are f#Ni4 5Sg, Fes9Ni4.1Sg, and
Fes6Ni3 4Sg after mssFes 4Ni1 6Sg was oxidized at 830K

for 0.5, 1.0 and 1.5 h, respectively.

The exsolution of pentlandite from the host phase and its
subsequent oxidation are competitive steps, which result in
a maximum weight fraction of pentlandite at some time dur-
ing oxidation. Increasing metal content retards the oxidation
of the metal sulfide but facilitates the pentlandite exsolution
from themsshost[15,48,50] In the current study, pentlandite
was only observed in the metal richer samples(fdi1 6Sg),
which is related to the rapid exsolution of pentlandite from
mssat the beginning of reaction. For the more sulfur rich
sample (Fe1sNi154Sg), the accelerated oxidation rate over-
whelmed the decelerated exsolution rate of pentlandite and
no pentlandite was detected.

The oxidation of the Ni-rich sample, Fg/Nis53Ss
(830K, 1atm.) reached equilibrium within 1 h and yielded
26.7 wt.% hematite and 74.2 wt.% NB;s.

4.4, Structural modification

It is shown inTables 1-3that the cell parameters for
hematite and mikasaite did not change significantly, when ex-

5.9
CireNi s “\, FeeaNi16Ss
5.8
L FosehinsiSs
=37 2 reoniass
o<C
5 ~ 7 Extrapolated line
° 5.6
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g
g 55
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Fig. 5. Plot of c parameter versus retaining time over the oxidation at 830 K
for three iron—nickeimsscompositions (F€4Ni16Ss, Fes15Ni154Sg and
Fez37Ni5535g).
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Fig. 6. Plot showing the shift of (01 2) peak in the X-ray profilends(Fe, 37Nis 53Sg) during the oxidation at 830 K. The symbal)), (®) and solid curve
represent the X-ray intensity for samples prior to oxidation, after 0.5 and 1.5 h oxidation.

perimental uncertainties are considered, during the oxidationvariation of stoichiometry ofnss In general, sulfur-riclmss
indicating their compositions remains more or less constant produces more cation vacancies, which results in a smaller
on the time scale of these experiments. a5 on the other unit cell volume. Replacing Fe with Ni also reduces unit cell
hand, some distinct variation in the cell parameters was ob-volume ofmss especially the parameter due to the smaller
served over the course of oxidation. This was caused by theatomic diameter of Nj51]. Fig. 5shows the variation of the

mss (Fe,Ni) .S
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Fig. 7. The X-ray diffraction patterns taken before and after oxidation at 830 ii$ssample Fg37Nis 53Sg. The appearance of two distinct diffraction peaks
at small 2 = 14.7 and 16.2 (d-spacing = 8.9396 and 7.8024 indicated the formation of super-lattice forss
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parameter for three iron—nickeisssamples (Fg37Nis 53Sg,
Fes.15Ni154Sg, Fes.4Ni16Sg) during the oxidation at 830 K.
The ¢ parameters for these samples start from 5.530, 5.772
and 5.81QA respectively at the beginning of oxidation. The
smallestc parameter ofnsscorresponds to the most nickel-
rich sample, and the largest for the most Fe and also metal
rich sample. As the oxidation progressed,tiparameter for

all the three samples converged to a value around 330
This is related to the formation of NiS;g. The preferential
oxidation of Fe irmssto hematite left a progressively nickel-
enrichednssand eventually an almost pure nickel compound,
Ni17S18 (pyrrhotite-type structure), at the end of oxidation.
The ever nickel-enrichingnsgesults in a decreasimmgparam-

eter during the oxidation. This is characterized by the (01 2)
peak shifting to a smalled-spacing in the X-ray diffraction
pattern ofimss Fig. 6shows that the (0 1 2) peak moved from
d-spacing 2.0336 to 1.98%8after 1.5 h oxidation at 830K

for themsscomposition Fg37Nis5 53Ss.

X-ray patterns were collected for these samples after the
oxidation reaction reached equilibrium. The occurrence of
two distinct diffraction peaks atl-spacing = 7.8024 and
8.9396A (correspond to the planes (0 1 0) and (0 1 1) of nickel
sulfide Nip7S;g) after the oxidation of sample Eg7Nis 53Sg
for 1.5 h, indicates the formation of a super-lattice of #$ig
(Fig. 7). These peaks conformed to the X-ray diffraction pro-
file of the Niy7S18 with space group3 2, which was reported
by Collin et al.[24]. It appears that thessevolved from an
iron—nickelmssawith space group P6/mmc at the beginning of
oxidation to a pure nickel sulfide (INiS;g) with space group
P32 atthe end. The super-lattice ofiX g has a triplea pa-
rameter compared to the hexagonal iron—nicke$(Fig. 8).
The cell projections along [010] for (Fe, Ni)S and4$;s
show that the structural modificationmssrom space group
P6/mmc td”3 2 is a topotactic transition in which the anionic
array is unchanged during the transition but cation is replace
and reorganization occurs, as (Fe,INyS — N17S1s.

d

4.5. Oxidation kinetics

The oxidation ofmsshas multi steps, involving various
reactions. These make its kinetic analysis difficult, as the

ica Acta 427 (2005) 13-25
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Fig. 8. Comparison of the crystal structure between iron—nioked(Fe,
Ni)S and the nickel sulfide NyS1g. The (Fe, Ni)S unit cell is enlarged for
the purpose of good illustration.
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achieved equilibriumTable 4. The theoretical equilibrium
hematite weight fractions are in good agreement with our ex-
perimental results, except for tmesscomposition FegSs.
This may be caused by the effect of sintering of the finely
grindedmss(Fe;.9Sg) powder during the oxidation.

The samples were placed in areheated furnace. If the sam-
ples were ignited at the elevated temperature, the surface tem-
perature of these samples will differ from that of the furnace,
and the calculated activation energies would have no general
thermodynamic meaning. The possible ignitesscomposi-
tion under current experimental conditions i 8, which
conglomerated as the results of sintering. Baevas only
calculated for the compositions &gNi154Ss and Fe 4-

mechanisms cannot be elucidated in detail for every step. ForN'l-GSB'

mineral reactions of this type, the true functional form of the
reaction model is almost never known, thus the Vyazovkin's
notion of model-free determination Bf, should be applied to
the kinetic study ofmssoxidation in order to avoid any over
simplified assumption of the kinetic models. The calculated
Ea is empirical activation energy for the overall oxidation
process, and is not confined to a specific step.Bhearies
with the reaction extentj.

The effect of stoichiometry on the kinetic behavionaods
oxidation was investigated. Reaction extent was determined
usingEg. (3) We assumed that all Fe msswas oxidized to
hematite and the Ni transformed to ;g at the end of oxi-
dation. This hypothesis was verified by comparing the calcu-
lated and measured hematite weight fraction after oxidation

Table 4
Comparison of the theoretical and experimental hematite weight fraction
after the oxidation omssachieved equilibrium

Oxidation Bulk mss Theoretical Experimental
condition composition equilibrium equilibrium
hematite (Wt.%) hematite (wt.%)
830K, 1atm. FeoSs 100.00 80.00
Fer 37Nis535g 26.97 25.25
Fes1sNi1s4Sg  77.50 76.15
Fes.4Ni16Ss 77.50 76.85
850K, 1atm. Fe15Ni154Sg 77.50 76.90
Fes.4Ni16Ss 77.50 76.65

The completion of iron oxidation to hematite was assumed to derive the
theoretical equilibrium hematite.
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In this study, the equilibrium was defined as the oxida- surface temperature of the particle and speeds the oxidation
tion products vary very little even over a prolonged period of of iron to hematitd48]. Fig. 9% shows the time function of
reaction. The equilibrium phase fraction was determined by the reaction rate §ddt) for both samples (the S-rich and non-
averaging the value of phase fractions over the two longestS-rich). These time functions were derived from the curves
oxidation periods. of y ~ y(t) in Fig. 9a by differentiatingy with respect td. In

Reaction extentyf is a function of reaction tim&);, The order to show the induction stage (discusse8éation 4.}
plots of y versust for the oxidation reactions of samples for mssoxidation, the third order polynomial data fitting was
Fes.15Ni154Sg (M:S = 0.96) and Fg4Ni16Ss (M:S = 1.00) used to givey ~ y(t). The derivative g/dt ~ t curves inFig. %
are shown irFig. 9a. Since the S-rich sample oxidized more show that the reaction rate increases to a maximum and then
rapidly and achieved equilibrium within 1.5 h, we can spec- decreases to zero when the reaction approaches completion.
ulate that the increasing sulfur contentiissaccelerates the  Itis worth noting that the induction stage was shown with the
oxidation process. For the sulfur-rich sample, more sulfur aid of a theoretical model. However, the experimental data in
atoms were vapourized and reacted with oxygen. The sulfur Fig. 9a only show a decelerating reaction rate due to the diffi-
oxidation to SQ is an exothermic chemical reaction. Cham- culty of data collection in a very short time frame, where the
berlain and Dunn proposed that abundant evolved sulfur, re-
acting with oxygen at the surface of the particle, increases the
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Fig. 9. (a) Progress of reaction extent with retaining time during the oxi- (b) Reaction extent

dation at 830 K for samples EgNi16Sg (M:S = 1), F& 15Ni1.54Ss (M:S =

0.96). The circle symbol represents experimental data of reaction extent for Fig. 10. (a) Graph showing the variation of hematite wt.% and reaction extent
the sample Rg4Ni1 6Sg; symbol star, for the sample §Ni1.54Ss. The av- with oxidation time. The time function of hematite wt.% (Qrevolves with
erage reaction rate is derived from the slope of dashed line. (b) DependenceemperatureT). (b) Dependence &, ony for the oxidation oinsscompo-

of reaction rate (@dt) on reaction timetj. The circle symbol represents sitions Fg 4Ni1 6Sg and Fe 15Ni1.54Sg in the temperature range 830-850 K.
calculated reaction rate for kgNiq Ss; symbol of star, for Fg15Ni1 54Sg. The calculated values of activation energy are represented by synmibpls (

The dashed line is the calculated average reaction rate over 1.5 h oxidation.and @) for compositions Fg4Ni16Sg and Fe 15Ni1 545g, respectively.
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