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A TG]DTA/MS STUDY OF THE OXIDATION OF NICKEL SULPHIDE 

J. G. DUNN and C. E. KELLY 

Department of  Chemisty, Western Australian Institute of  Technology, Perth, Western Australia 

(Received November 19, 1976; in revised form January 14, 1977) 

The oxidative behaviour of synthetic mil/erite (Ni0.99aS) has been studied by TG and 
DTA in a dynamic oxygen atmosphere (0.2 1 rain -1) over the temperature range 
20--1000 ~ (heating rate 10 ~ min-~). EGA was carried out by a coupIed mass spectro- 
meter. The reaction products at various intermediate temperatures were characterized 
by X-ray powder diffractometry. A reaction sequence has been deduced, in which in the 
temperature range 550-- 700 ~ complete oxidation of Ni0.994S had occurred with the for- 
mation ofNiSO4, Ni3Sz, NiO and possibly ~-NiTS6. Between 700-- 800 ~ NiSO~ continued 
to be formed, whilst NiaS 2 and c~-NivS6 were oxidised. Above 800 ~ NiSO~ decomposed 
to NiO, the latter being the only species evident above 800 ~ 

The complexity of  the nickel-sulphur system is indicated by the published phase 
diagram [1]. O f  the stoichiometries possible, the naturally occurring minerals are 
heazelwoodite NiaSz, millerite Nil_xS, polydimite Ni3S~, vaesite NiSz [1] and 
godlevskite NiTS 6 [2]. 

Several DTA studies have been made of  metal sulphides, and these results sum- 
marised [3]. Other studies on the oxidative behaviour of  nickel sulphides such as 
millerite, heazelwoodite and vaesite have also been made, utilising TG  and DTA 
techniques. Conflicting statements concerning the mechanism of  these oxidative 
reactions have been made, and some variation occurs in the number of  thermal 
events recorded and the temperatures at which they occurred. Conditions of  oper- 
ation varied considerably, however, and hence comparisons between sets of results 
may not be strictly valid. 

The oxidation of  NiS has been studied by TG. One report indicated that between 
350-450  ~ under an oxygen atmosphere of  80 mm mercury the products were 
either NiO or NiSO4, depending on the partial pressure of  SO2 above the sample. 
Other intermediate species detected by XRD were Ni3S2 and NiS2. The formation 
of  NiSO4 was assumed to occur by direct combination of  Oz and NiS [4]. A reac- 
tion scheme was proposed 

4 NiS + 80.~ 
4 NiSO4 + 6 NiS 
NiaS2 + Oz 
NiS2 + Ni3Sz 

6 NiS + 9 0 z  

4 NiSO4 
4 N i O  + 2 N i 3 S  2 + 6 S O z  
2 NiO + NiSe 

--> 4 NiS 

6 NiO + 6 SO~. 
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Another study carried out with a dynamic oxygen atmosphere of  3 1 hr -~ 
again indicated that  the major  products between 350 -650  ~ were NiO and NiSO~ 
[5]. The formation of NiSO4 was assumed to result f rom the reaction of  NiO and 
SO3, the latter formed by the catalytic action of  NiO. At O~ flow rates of  3 0 0 -  500 
1 hr -1 NiO was the only product. Above 650 ~ disproportionation of  NiS was 
proposed with subsequent oxidation of  sulphur. 

3 NiS -~ Ni3S 2 + S 

The presence ofNi3S 2 was confirmed by XRD.  Above 700 ~ NiSO4 decomposed. 
Solid-solid interactions were studied under a dynamic vacuum of 10 -~ m m  Hg, 
and the following reactions proposed. 

NiO + 2 NiS 
4 NiO + Ni3S 2 
2 NiSOa + 3 NiS 
7 NiSO4 + Ni3S2 

Ni3S 2 + 0.5 02 
7 Ni + 2 SO2 
2 NiO + NiaSz + 3 SO2 

--, 10NiO + 9 S Q  

Reaction Temp. 350 ~ 
Reaction Temp. 800 ~ 
Reaction Temp. 440 ~ 
Reaction Temp. 510 ~ 

The temperatures at which reaction occurred were between 150-200  ~ higher 
when an inert atmosphere was used. [ 5 - 7 ] .  

Some D T A  studies of  the oxidation of  NiS have been made, and the results are 
summarised in Table 1. 

Table  1 

P e a k  t empera tu r e s  recorded  by D T A  in the ox ida t i on  of  NiS 

Ref. [8] 

390 endo 

680 exo 

750 exo 

800 exo 

Temperature, ~ 

Ref. [9, 10] 

400 endo 

610 exo 

730 exo 

787 endo 

840 exo 

Ref. [11] 

120 endo 
385 exo 

480 endo 
556 exo 

816 endo 

Assigned reaction 

fiNiS ~ c~NiS 
NiS + 2 0  z -+ NiSO 4 
fiNiS --~ ~NiS 
NiS + NiSO4 + 02 ~ 2NiO + 2SOz 
NiS + 203 ~ NiSO~ 

10NiS + 2Oz---~ NITS6 + NizSz + 2SOz 

Ni3S2(s) --+ NiaSz( ~ 

NiSOa ~ NiO + SOz + 0.502 

The D T A  curves have been used to calculate heats of  oxidation of NiS between 
6 0 0 - 8 6 0  ~ [8]. The exotherm at 840 ~ was claimed to result f rom the further oxida- 
tion of  a nickel sulphide phase [9, 10]. 
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Since the formation of  Ni3S2 and NiS2 has been reported during the oxidation of  
NiS, a brief review of  the oxidation studies of  these compounds is considered per- 
tinent. 

A TG study of the oxidation of  Ni3S2 at various isothermal temperatures be- 
tween 2 5 0 - 3 5 0  ~ suggested the following reaction. 

Ni3S 2 + 0.5 02 ~ NiO + 2 NiS 

Between 450 -750  ~ , the following reactions were reported 

NiS2 + 2.5 O2 ~ NiO + 2 SO2 
Ni3S 2 + 4.5 02 ~ 2 NiSOa + NiO [5, 12, 13] 

At low pressure and slow heating rate the reaction scheme was different [14]. 

Ni3S2 + 02 --* 2 NiO + NiS~ 200-275  ~ 
and NiS2 + Ni3S2 ~ 4 NiS 

NiS2 + 02 ~ NiS + SO2 2 7 5 -3 5 0  ~ 

A DTA study on the oxidation of  Ni3S 2 indicated that below 650 ~ NiSO4 was 
formed. At 690 ~ an exotherm was found, which was attributed to the reaction: 

Ni3S 2 + 5 N I S O 4  + O ~  ~ 8 N i O  + 7 S O 2  

Above 760 ~ another exotherm was observed, and assigned to the decomposi- 
tion reaction of  NiSO4. Other endotherms at 513 ~ and 557 ~ were not assigned 
[15, 161. 

A study of  the decomposition of  NiS2 in vacuo, using TG  and XRD indicated 
that at 400 ~ the following reaction took place [t7]. 

NiS2 ~ NiS + 0.5 $2 

An oxidative study on NiS2 at low 02 pressures (12 - 80 mm Hg) between 2 8 0 -  
370 ~ gave rise to the simple reaction. 

NiS2 + 02 ~ NiS + SO2 [18, 191 

We have studied the oxidation of synthetic millerite, using T G - M S  and D T A -  
MS systems. An attempt has been made to deduce a comprehensive reaction scheme, 
which may help to clarify some of  the previously proposed reaction schemes. 

Experimental 

Oxidation runs were followed on a Stanton Redcroft TR-1 thermobalance modi- 
fied to receive upflowing gas. Temperature control was achieved using a Stanton 
Redcroft Linear Temperature Variable Rate Programmer, Model LVP CT/10R. 
Heating rates of  600 ~ hr -1 were used, with a gas flow rate of  0.2 1 rain -a. For  TG  
sample sizes of  250 mg were used. Weight changes were expressed as percentage 
starting weight. T G  profiles are presented as recorded, but calculations of weight 
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changes include correction for buoyancy effects. Samples were contained in silica 
dishes (internal diameter 19 ram, depth 11 ram) and were distributed in thin layers 
to ensure maximum exposure to the atmosphere. 

DTA runs were carried out using a Stanton Redcroft DTA attachment. Sample 
sizes ranged from 6 -  42 rag, and were contained in platinum cups (internal diam- 
eter 5.5 ram, depth 8.5 ram). An equal weight of calcined alumina was used in the 
reference crucible. 

Qualitative XRD results were obtained with a Siemens Type F Diffractometer 
(Goniometer). An EAI Quad 160 Quadrupole Mass Spectrometer was used for 
EGA. 

Synthetic millerite was prepared by reaction of high purity nickel and sulphur 
(the latter purified by distillation [20]) according to the method of Kullerud [1 ]. 
The reactants were weighed under N2 into Vycor tubes, evacuated, sealed and heat- 
ed to allow reaction. The product was removed under N2 and ground to - 9 0  #. 
XRD and chemical analysis characterized the sample as millerite of formula 
Ni0.994S. 

Results and discussion 

Typical T G - D T A - M S  profiles for the oxidation in Oz of Ni0.994S over the 
temperature range 20-1000 ~ are shown in Figures la and lb. (In the rest of the 
text, the starting material will be referred to simply as NiS). 

Because of the different sample holder configurations correlations between DTA 
and TG results were in some cases difficult to make. The TG sample holder, being 
wide and shallow, allowed evolved gases to be swept away readily, and also allowed 
good contact between the dynamic reactive gas atmosphere and the solid. In the 
DTA sample holder, these processes were accomplished less efficiently. This result- 
ed in broad endo- and exo-therms in the DTA profiles compared to quite sharp 
weight changes in the TG. In some cases well defined reactions in the TG sample 
holder occurred to almost negligible extent in the DTA sample holder. 

Table 2 

X R D  analysis of rapidly quenched samples f rom oxidative TG runs of Ni0.994S 

Temperature ~ 

535 
560 
660 
700 
740 
780 
850 

major 

NiS 
NiS 
NiS 
NiO 
NiO 
N i 0  
NiO 

Phases present 

minor 

NiO, NiSO4 
NiO, NiSO4 
NiO, NiSO 4 
NiSOa, Ni3S2, c~-NiTS6 
NiSO4, Ni3S~, or-NiTS6 
Ni3S~, NiSO~ 
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The weight gain shown by the TG (Figure la) between 4 0 0 - 5 3 5  ~ was due to 
the formation of NiSO4. (The apparent weight gain up to 400 ~ was due to buoy- 
ancy effects). An X R D  of  a sample quenched rapidly from 535 ~ (see Table 2) 
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Fig. la. TG and MS of 250 mg Nio.994S heated in oxygen. 
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Fig. lb. DTA of 6 mg Ni0.99~S heated in oxygen. 

indicated that NiS was still the major phase, with small concentrations of  NiO 
and NiSO4 also present. Since no SO2 was detectable by the mass spectrometer 
below 490 ~ it was likely that the formation of  NiSO4 occurred by a simple combi- 
nation reaction, as previously proposed [4]. 

NiS + 2 02 ~ N i S Q  

Above 500 ~ however, the formation of  NiSO~ by the reaction of  SOa on NiO 
was also possible [5]. The formation of NiSO4 occurred over such a wide temper- 
ature range that no thermal event was apparent on the DTA graph. 
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Contrary to a previous publication [l 1 J, the first discernible DTA peak was 
found at 385 ~ and was attributed to the fi --, c~NiS phase change. This value is in 
good agreement with previously reported DTA values. [8 - 101. 

The next significant event was found to be a rapid weight loss of  5.1 ~ between 
540-552  ~ This had a corresponding DTA exotherm with a peak temperature of  
562 ~ and a strong emission of SO2 as indicated by the MS results. XRD results 
obtained on a TG sample rapidly quenched from 560 ~ showed that NiS was still 
the predominant phase, with a significant increase in the NiO concentration and 
NiSO~ as a minor phase. The exotherm and weight loss are considered to be the 
result of  the oxidation of NiS. 

NiS + 1.5 02 -~ NiO + SOa 

10 

E 0 

o 
- 2 c -  

U:: 
~ -30 - 

Y 

40O 

I 

Temperature 3 ~ 

500 600 700 800 

Fig. 2. TG of Nio.9,j4S in air. 

- - ira , . -  

This reaction occurred to a limited extent, which may be due to the presence of  
a protective coating of NiSO4. The ability of surface coatings of sulphates to inhi- 
bit diffusion controlled gaseous-solid reactions has been previously noted. [21] 
The reaction was also significantly dependent on the oxygen availability to the 
sample. This was demonstrated by using air as the dynamic atmosphere and cover- 
ing the TG sample holder with a perforated lid. The results are given in Figure 2. 
The weight loss now occurred between 560-594  ~ a temperature range of 34 ~ 
compared to 12 ~ under 02, and the weight loss was also significantly less, 1 .4~ 
compared to 5.1 ~.  

When the DTA was carried out on a 42 mg sample (see Figure 3), then no appre- 
ciable exotherm or SO2 emission was noted at 562 ~ The increased depth of  sample 
may have limited the 02 availability to the extent that no appreciable reaction 
occurred. A new exotherm at 635 ~ was evident. An endotherm peaking at 852 ~ 
was also evident, and not detectable in Figure lb. The peak at 671 ~ in Figure lb 
appeared as a shoulder in Figure 3, and the broad exotherm centred at 707 ~ 
(Figure lb) now showed as a multi-peaked exotherm. This effect is probably due 
to oxidation occurring at separate reactive sites rather than individual chemical 
reactions. This effect has been reported for other sulphides [3]. Similar profiles 
to Figure 3 were also obtained with 25-rag samples, except that the 707 ~ peak was 
rounded. In some cases the shoulder at 671 ~ was resolved into a separate peak. 
The MS profile also indicated two peaks, at 671 ~ and 710 ~ , respectively. 
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Returning to Figure 1, between 552-670 ~ there was a further weight gain of  
3.2 ~ .  This was through the formation of more NiSO4, as indicated by qualitative 
XRD analysis of a sample quenched from 660 ~ This weight gain did not reflect the 
amount of NiSO~ actually formed, since a simultaneous weight loss was occurring 
through the formation of NiO from NiS. Isothermal runs carried out at tempera- 
tures between 550-670 ~ produced samples which contained up to 22 ~ NiSO4, 
as determined by chemical analysis. The NiO content had also increased. 

I } 
T 

400 500 600 700 800 

Temperature~~ 

Fig. 3. DTA and MS of 42 nag Ni0.994S heated in oxygen. 

This was followed by a rapid weight loss of 10.9 ~ between 682 -692  ~ A corre- 
sponding broad exotherm was found in the DTA, and a rapid emission of SO2 in 
the MS results. XRD analysis of a TG sample quenched from 700 ~ showed that 
there had been a significant decrease in the NiSOa content and that NiS was no 
longer detectable. NiO was now the major phase. Ni3S 2 was present as a minor 
component, and e-NiTS 6 was tentatively identified. Several reactions are required 
to explain these results. The partial disappearance of NiSO4 may be due to a solid 
state reaction, as previously proposed [4]. 

3 NiS + 2 NiSO4 --* NizS2 + 2 NiO + 3 SO2 

The disappearance of NiS may have been due to the simple oxidation of un- 
reacted NiS. 

NiS + 1.5 02 ~ NiO + SO2 or 
10 NiS + 2 02 ~ NivS6 + Ni3S2 + 2 SO2. [9, 10] 

The latter reaction could explain the appearance of NiTS 6. The validity of the 
solid state reaction was tested by mixing correct proportions of the reactants and 
obtaining a TG profile under N2. (See Figure 4). 
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The rapid weight loss commenced at 670 ~ , 12 ~ lower than observed under 02. 
The weight loss was also lower, 6.0% compared to 10.9 % under 02. The second 
weight loss in Figure 4, commencing at 736 ~ was assumed to be due to the decom- 
position of  unreacted N iSQ.  

The presence of  two DTA peaks (Fig. lb) supports the suggestion that at least 
two reactions have occurred within the temperature range 670-710  ~ (see also 
Fig. 3). 

400 500 
r I 

"femperoture ~eC 

6O0 700 8O0 
I �9 

300 
0 

-20 - 

~ -40  - 

c~ 

-6o - 

~ - 8 0  - 

Y 

Fig. 4. TG of a mixture of 155 mg NiSO4 and 136 mg of Ni0.994S heated under nitrogen. 

It is further suggested that the solid state reaction gives rise to the low temper- 
ature peak (671 ~ with either or both of  the other reactions occurring subsequently. 

At 740 ~ XRD analysis indicated that the NiSO4 content had increased, as shown 
by a weight gain of  4.2 % in the TG between 690 - 785 ~ This may be formed by the 
oxidation of  NiaSz or Ni~S6, or alternatively by the suIphation of  NiO. NiaS z 
and a-NiTS 6 were still present at 740 ~ but only NiO, Ni3S 2 and N i S Q  were evident 
at 780 ~ . 

Between 790 and 848 ~ a weight loss of 9.3 % was observed. This resulted from 
two reactions. At  793 ~ a peak was observed in the DTA, and a corresponding SO~ 
emission observed. This was probably due to the reaction of NiaS 2 with 02. 

3.5 02 + NiaS2 -+ 3 NiO + 2 SO2 

NizS 2 is reported to have a melting temperature range of 789-793  ~ [1 ]. Hence the 
formation of  liquid NizS 2 could result in its rapid oxidation at this temperature. 
The other reaction causing weight loss would be decomposition of NiSO4 to 
NiO and SO2. This gives rise to a broad SO~ evolution, over a wide temperature 
range. In the DTA of small samples, less than 6 rag, it was difficult to observe this 
thermal effect. It would in fact be easy to interpret the decomposition as exother- 
mic by reference to Figure lb. For  larger sample sizes, however, the endothermic 
nature of this decomposition was readily observed (see Figure 3) as a peak at 
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852 ~ This agrees with results obtained for the decomposition of  NiSO4 under N2, 
and as previously reported [11]. XRD analysis of samples quenched from 840 ~ 
indicated that NiO was the only phase present. 

From these results, it is possible to suggest a reaction scheme for the oxidation 
of NiS, under the dynamic conditions outlined previously. The temperature ranges 
quoted are based on TG results. 

1. NiS + 2 0 z  ~ NiSO4 
2. NiO + SO2 + 0.5Oz ~ NiSOa 
3. NiS + 1.5 O2 -> NiO + SO2 
4. 3 NiS + 2 NiSO~ ~ NiaS 2 + 2 NiO + 3 SO2 
5. 10 NiS + 2 0 s  -* NiTS~ + Ni3S2 + 2 SO2 
6. NiTS~ + 9.5 O2 ~ 7 N i O  + 6 SOs 

NivS ~ + 12.5 O2 ~ 6 NiSO4 + NiO 
7. Ni3S2(,~ ~ Ni3S2( 0 
8. Ni3S2(l~ + 3 .50z  ~ 3 NiO + 2 SO2 
9. NiSO4 ~ NiO + SOs + 1/2 O2 

400-785  (~ 
5 0 0 -  785 
5 4 0 -  552 and 6 8 2 -  692; 
6 8 2 -6 9 2  and possibly 
682 - 692 
682-780  and/or 

793 
793 
> 800 
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R ~ s r ~  --  On a 6tudi6 l 'oxydat ion  de la mill6rite synth6t ique (Ni0.aa~S) par  T G  et A T D  en 
a tmosphere  dynamique  d 'oxyg~ne (0,2 1 " rain -~) et dans l ' intervalle de temp6ratures  allant 
de 20 ~ 1000 ~ (vitesse de chauffage 10 ~ - rain-X). L 'analyse  des gaz 6mis s 'est  effectu6e avec un 
spect rom6tre  de masse coupl6. Les produi ts  de r6action on t  6t6 caract6ris6s ~t diverses tem- 
p6ratures interm6diaires par  diffractom6trie de poudre  aux rayons  X. On a d6duit une s6quence 
de r6actions,  selon laquelle, dans Fintervalle compr is  entre  550 et 700 ~ l 'oxydat ion  compl6te  
de Ni0.aaaS a lieu avec fo rmat ion  de NiSOa, NiooSz, NiO et p robab l emen t  ~-NiTS ~. Entre  700 et 
800 ~ la fo rmat ion  de NiSO~ se poursui t  tandis  que N~zSz et ~-~ iTS  ~ sont  oxyd6s. Au-dessus  
de 800 ~ NiSO~ se d6compose  en NiO qui const i tue l ' un ique  compos6  qui puisse ~tre d6cel6 
au-dessus de 800 ~ 

ZUSAMblE~FASBUNG - -  Das  oxidative Verha~ten w ~  synthet ischem MiIIerit (Ni0.~aS) warde  
mittels T G  und  D T A  in einer dynamisehen  Sauerstoffatmosph~ire (0.2 I r a in - t )  im Tempera-  
turbereich yon 20 his 1000 ~ (Aufheizgeschwindigkei t  10 ~ rain-~)  untersacht .  E G A  wurde  mit  
e inem gekoppel ten Massenspek t romete r  durchgeftihrt .  Die Reak t ionsproduk te  bei verschiede- 
non Zwischen tempera tu ren  wurden  mittels RSntgen-Pulver -Dif f rak tometr ie  charakterisiert .  
E ine  Reak t ionssequenz  wurde  abgeleitet, nach  welcher  im Tempera turbere ich  yon 550 bis 
700 ~ die vollst~indige Oxidierung von Ni0.a~S unter  Bildtmg von NiSOa, NizS~, NiO und  
wahrscheinl ich  ~-NiTS ~ vor  sich geht. Zwischen 700 und  800 ~ wird NiSO a auch weite~hin 
gebildet,  w~ihrend NiTS 2 und  a-Ni~S~ oxidiert  wurden.  Oberha lb  yon 800 ~ wurde  NiSO~ zu 
NiO zersetzt ,  das einzig nachweisbare  P roduk t  oberhalb  yon 800 ~ 

Pe3ioMe - -  EbIJIo ri3y~elqo Ol(~Cn)(Te~bHOe noBe~eHHe CH~TeTrtqec1(oro Mlt~YtepI,ITa (Ni0.99aS) 
c noMouro~o TF  • ~ T A  B ~naMn'~ecxofi  ra~cz~opo~o~ aTMoc~epe (0,2 n ,  Mnn -~) ~ o6:tacTrr 
Ter<meparyp 20--1080 ~ ~pJ~ cKopocr~ HarpeBan~  t0  ~ ~z~H-L E F A  6r>mo ~mo~He~o  c r~o- 
MOUlbIO r Maec-crteK'rpoMerpa. l~po~IyKTr.I peaKurtrt aprr panda,robiN r~poMexyTO~- 
HbtX TeMiTepaTypax 6 b I ~  oxapaKrepvt3o~aHbt c IrlOMOLL(bIO rlopoIitKOBO~ peHxrenoncxo~ ~rI~b- 
qbpaKTOMeTp~H. BblBe~eHa rlocJ/e~oBalemaaOCTb peaKu~rt~ n p a  KOTOOO~ n o6nacTa TeMrtepaTyp 
550--700 ~ npoTeraeT a o n a o e  oreacaeaae Ni0.~iS c o6pa3ogaaaeM NiSOa, Ni~S~, N i O  a ~o3Moxao 
~-Ni7S 6. M e ~ y  700--800 ~ cyzmqbar ~ r ~ e a s  ocraeTc~ i~enar,~eHm, iM, a TO ~peMn r a t  NiaS9 vr 
~-NiTS 6 y~ce orncsunOTCa. B~,rme 800 ~ cym, qbaT nn rena  pa3~araeTc~ ~o NiO,  rOTOp~,I~ nos~aa-  
eTC~I ~ar  OqeBH~HbIe qaCTHIII~I BbIIne 800 ~ 
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