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Abstract 

The literature associated with the thermal behaviour of mineral sulphides has been selectively and critically reviewed. 
Particular attention has been paid to: 

• the importance of characterising the starting material, as well as intermediate products 
• the effect of experimental variables on the thermal analysis results 

The various reactions that sulphides can undergo in inert and oxidising atmospheres are presented. Under mild oxidising 
conditions, such as an air atmosphere and heating rates of 10-20°C min -1, the oxidation occurs as a sequence of reactions 
usually controlled by oxygen diffusion, although in some situations decomposition of the sulphide with evolution of sulphur 
can occur. Besides the formation of oxides and sulphates, and the subsequent decomposition of the latter, solid-solid reactions 
can occur between sulphates and unreacted sulphides. In ternary systems, such as the iron-nickel sulphides, considerable ion 
diffusion can take place. 

Under more vigorous oxidising conditions, such as an oxygen atmosphere with a heating rate in excess of 40°C min -1, 
some sulphides can be ignited. Under these conditions the relative ignition temperatures of sulphides can be measured, and the 
effects of variables such as particle size and stoichiometry on the ignition temperature examined. 

The oxidation of pyrite is presented as a case study of the effects of experimental variables on the results of thermal 
analysis. The application of the results of studies to the industrial processing of sulphides of economic importance has been 
discussed. © 1997 Elsevier Science B.V. 
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1. I n t r o d u c t i o n  

One of  the major industries in Western Austral ia 
comprises mining and mineral processing, which 
earns about $12 bill ion per annum in export income. 
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Although many of  the minerals processed are oxides, 
such as iron ore deposits of  hematite and goethite, 
there are also many sulphide minerals of  economic 
importance. These may be important as the primary 
source of  a metal, such as the nickel deposits, or as the 
host matrix for gold, as in the case of  gold-beating 
arsenopyrite and pyrite deposits. Since one of  the 
major processing routes for sulphides is thermal 
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conversion to a matte or oxide, by smelting or roast- 
ing, it seemed appropriate to use thermal methods of 
analysis to study these reactions. 

Sulphides are amenable to study by thermal meth- 
ods of analysis, as they undergo a variety of reactions 
which cause mass and energy changes. There are 
many examples of such studies in the literature, 
although it is apparent that there are significant differ- 
ences in the results and interpretation of results on 
studies purported to be on the same mineral. These 
variations range from a difference in the number of 
thermal events which have been observed in particular 
thermal analysis experiments, the temperature ranges 
within which these events occurred, and the assign- 
ment of reactions to these events. Hence, although the 
final products of the reactions were usually reported to 
be the same, the reaction path and the associated 
thermal events are frequently different. Most of these 
problems arise from two major sources: 

• Insufficient characterisation of the starting com- 
pound, especially for natural minerals which fre- 
quently contain significant levels of impurities. 
Intermediate products were often not well charac- 
terised either, so that some of the thermal events 
were assigned to reactions on a speculative rather 
than proven basis. 

• In attention to the importance of experimental 
variables, such as heating rate and atmosphere, 
on the reaction sequence. These variables have 
long been known to affect the results obtained, 
and have been discussed comprehensively in recent 
texts [1,2]. 

2. Characterisation of the sample 

Some 25 years ago, characterisation of the sample 
was limited to chemical analysis and X-ray diffrac- 
tion, and these two measurements would be regarded 
as the very minimum requirements for characterisa- 
tion purposes. These were, however, bulk character- 
isation methods. Since then, a whole new range of 
methods has arrived on the scene which are able to 
provide information on the properties of individual 
particles. The earliest examples of these are scanning 
electron microscopy (SEM) and electron probe micro- 
analysis (EPMA), which can not only provide visual 

images of the particles but also the qualitative and 
quantitative information about element distribution in 
the particles. These techniques have been augmented 
by others such as Auger spectroscopy, etc. By mount- 
ing the particles in an epoxy resin and polishing the 
surface, the internal structure of the particle may be 
revealed and analysed. The techniques can be used to 
determine impurities, as well as to check homogeneity 
of composition within a particle. 

Another technique which has enjoyed a renaissance 
is Fourier transform infrared (FTIR) spectroscopy, 
which has much improved sensitivity and resolution 
relative to infrared spectroscopy. Examination of both 
starting material and reacted products, in the form of a 
KBr disc or by diffuse reflectance, provides a sensitive 
means of again determining, qualitatively and quanti- 
tatively, minor phases such as sulphates and arsenates, 
which are often difficult to detect by XRD. FTIR has 
the added advantage that it can often differentiate 
between the different oxidation states of a compound. 
For example, the FFIR spectrum of FeSO4 is quite 
different to that of Fe2(SO4)3 [3]. 

The arsenal of characterisation techniques available 
to the thermal analyst enables chemical reactions to be 
assigned to thermal events with confidence. 

3. Thermal reactions of sulphides 

Studies on the thermal behaviour of sulphides are 
generally carried out under three sets of conditions: 

• under an inert atmosphere, so that the pyrolysis 
behaviour of the sulphide is followed; 

• under mild oxidising conditions, so that the sul- 
phide is oxidised in a step-wise reaction sequence 
with the production of various intermediates, some 
of which may react at higher temperatures; and 

• under vigorous oxidising conditions, so that the 
sulphide is ignited. 

The results of experiments carried out under the 
second and third sets of conditions can be used to 
derive the reaction scheme that occurs during the 
pyrometallurgical processing of sulphide minerals. 
Mild oxidising conditions are analogous to roasting 
operations, where the sulphide mineral undergoes a set 
of sequential reactions. Vigorous oxidising conditions 
are analogous to the flash smelting process, which is 
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classified as an ignition reaction. The reaction 
sequences and mechanisms of reaction can be found 
from information obtained from the phases present in 
the transition products. 

3.1. Pyrolysis reactions of sulphides 

Heating sulphides under an inert atmosphere, i.e. 
nitrogen or argon, can bring about two processes 

• Phase transformations, such as an ~ +-~/3 phase 
transition. Chalcocite (Cu2S), for example, under- 
goes a change in crystal structure from rhombohe- 
dral to hexagonal between 100 ° and 120°C [4]. 

• Conversion of one phase to another. This may 
occur through decomposition of the sulphide to a 
more stable form, liberating gaseous sulphur. For 
example, covellite (CuS) has been reported to 
decompose to digenite in the 310 ° to 338°C range, 
with the liberation of sulphur [5]: 

1.84CUS -~ CuL84S + 0.84S 

Alternatively, the sulphide may be unstable and 
decompose with the formation of new phases. 
Fig. 1 shows the TG-DTA curve for a sample of 
pentlandite, (Fe,Ni)9S8. The first endotherm, which 
has no associated mass loss, indicates the decomposi- 
tion at 610°C to produce two new phases, (Fe,Nih xS 
and (Fe,Ni)3-L~S2. The former is a solid solution of iron 
and nickel in a sulphur matrix, called mss, and the 
latter is heazlewoodite. Further heating causes the 
heazlewoodite to melt, as indicated by the second 
endotherm at 830°C. This then decomposes to produce 
solid mss and a liquid (Fe,Ni)l+xSl.0 with loss of 
sulphur, as indicated by the mass loss and the broad 
endotherm which commences at 845°C [6]. 

The extrapolated onset decomposition temperatures 
of some sulphides are given in Table 1 [7-9]. 
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Fig. 1. Decomposition of pentlandite in nitrogen. Heating rate 
20°C min - l ,  particle size 45 to 63 ~tm [6]. 

3.2. Oxidation reactions of sulphides 

The procedural variables, such as particle size, 
sample mass, heating rate, partial pressure of oxygen, 
and the size and composition of the sample pan, have 
an effect on the oxidation process of sulphides. Hence, 
these variables should be reported in any experimental 
work. 

The increase in the temperature of a thermal event 
with increase in particle size, sample mass and heating 
rate is a well known effect, and is related to the thermal 
mass and conductivity of the sample [1,2]. 

The partial pressure of the oxidant can cause a 
change in the phases formed. This can be best illu- 
strated by reference to predominance diagrams, first 

Table 1 
The onset decomposition temperatures of some metal sulphides 

Formula Mineral Particle size in ~tm Decomposition Temperature in °C Reference 

FeS2 Pyrite 45-75 645 [7] 
Ni4.9Fe4.4558 Pentlandite 45-75 610 [7] 
Ni2.oFel .o5S4 Violarite 45-75 545 [7] 
Feo.83S Pyrrhotite, syn a 45-63 515 [8] 
Fel.ooS Pyrrhotite, syna 45-63 670 [8] 
CuFeS2 Chalcopyrite 800 [9] 

synthetically prepared. 
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Fig. 2. Predominance diagram for the iron-sulphur system at 
600°C. 

proposed by Kellogg and Basu [10]. These diagrams 
plot the log of the oxygen partial pressure along one 
axis and the log of the sulphur partial pressure along 
the other. The predominance diagram for the iron- 
sulphur system is shown in Fig. 2. The bottom left- 
hand corner of the diagram is a region of low partial 
pressure of sulphur and oxygen, and is where the metal 
is the thermodynamically stable species. The left-hand 
axis shows an increase in oxygen partial pressure, and 
is the region where oxide species are stable. Sulphides 
are stable in high sulphur concentrations (bottom 
right-hand corner) and sulphates are stable in high 
concentrations of sulphur and oxygen (top right-hand 
corner). The dotted line indicates the partial pressure 
of sulphur dioxide, and the effect that changes in this 
value has on the phases present. The top line is for 
1 bar of SO2, the next line for 0.1 bar of SO2, and the 
bottom line for 0.01 bar of SO2. Under any of these 
partial pressures of SO2, it is possible for Fe304 to co- 
exist with Fe203. If thermal experiments are carded 
out in open pans, with good gas exchange rates 
between the sample and the atmosphere, then the 
phases present will tend to be the higher oxidation 
states of iron, that is Fe203 and Fe2(SO4) 3. However, if 
the crucible is tall and narrow, such that gas exchange 

is inhibited and the atmosphere above the sample is 
oxygen deficient, then the phases present will tend to 
be the lower oxidation states of iron, that is Fe304, 
FeO, and FeSO4. Thus, most reports identify Fe203 as 
a product of the oxidation of pyrite, but a few also 
identify Fe304 as a product [11,12], probably indicat- 
ing that there has been an oxygen deficiency in the 
latter situation. It has also been demonstrated that the 
rate of oxidation of pyrite decreases by about one half 
as the wall height for the crucible increases from 2 to 
4 mm [13]. 

Predominance diagrams are thus helpful in predict- 
ing the phases likely to be found during the oxidation 
process. The detection of certain phases will also assist 
in making some estimations about the gas composition 
above the sample. 

Combinations of these variables can cause a com- 
plete change in the reaction mechanism, and produce 
TG-DTA traces which are totally different to one 
another. Some examples of such changes will be given 
later. 

3.2.1. Oxidation under mild oxidising conditions 
An examination of the studies carded out so far 

under mild oxidising conditions, which implies the use 
of air as the oxidant and a moderate heating rate of 10 
to 20°C min -1, indicates that the following types of 
reactions may be involved during the oxidation of 
sulphides. 

3.2.1.1. Direct formation of oxide. The formation of 
oxide can be expressed in general as: 

2MS(s) + 302(g) ~ 2MO(s) + 2502(g ) 

The formation of SO2 is highly exothermic, and 
consequently such reactions are readily detected as an 
exothermic peak in the DTA record. The conversion of 
sulphide to oxide produces a mass loss coincident with 
the exothermic event. The temperature at which 
oxidation of metal sulphides commences varies 
considerably, as indicated in Table 2 [12,14-23]. 

Oxide coatings can be quite protective, and inhibit 
the diffusion of oxygen to the unreacted sulphide. The 
temporary inhibition of the oxidation of inner material 
may favour other transformations. For example, 
further dynamic heating of the sample within the 
protective coating may produce decomposition of 
the sulphide. Since many of the sulphide minerals 
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Table 2 
The onset oxidation temperatures of some metal sulphides 

131  

Formula Mineral Reaction temperature in °C Reported product Reference 

FeS2 Pyrite 400 FeS, S [14] 
445 FeS, SO2 [15] 
380 Fel xS, SO2 [16] 
500 FeSO4, SO2 [17] 
420 Fe203, SO2 [ 12] 

NiS Millerite 385 NiS, NiSO4 [18] 
535 NiS, NiO, NiSO4 [19] 

CuFeS2 Chalcopyrite 350 CuFeS2, FeS2, "/-CuFeS2 [20] 
550 CuFeS2, Cul 8S, MxOy [211 
500 CuFeS2, Fe304, Fe203, FeS2 [22] 

ZnS Sphalerite 527 ZnS, ZnO, ZnSO4, Zn [231 
580 ZnS, ZnO, ZnSO4 [23] 

are non-stoichiometric, having excess sulphur, then 3o 
decomposition into a stoichiometric sulphide and 
liberation of  sulphur can occur. A typical example 
is the decomposition of  chalcopyrite (CuFeS2) to 
bornite (CusFeS4): 2o 

5CuFeS2 --~ CusFeS~ + 5FeS ÷ S 

This reaction was used to explain the endothermic 
l0  

drift observed in the DTA record between 375 and 
390°C [20]. ~ 

The TG-DTA curve for the oxidation of  chalcocite 
(Cu2S) is shown in Fig. 3 [24]. The first major 
exotherm is due to the oxidation of  the sulphide, 
but then the reaction starts to slow down and the 
DTA record starts to return towards the baseline. At 
510°C, the second major exotherm commences. It 

-10 

could be interpreted that these were two separate 
reactions. Investigation using techniques such as 
SEM and hot stage microscopy revealed that a thick 
oxide/sulphate layer had formed around the particle 
and arrested further oxidation. At 510°C, however, 
melting occurred through reaction between Cu2S and 
CuSO4, the oxide film was destroyed and further 
oxidation of  the sulphide could take place. Hence, 
both exotherms were due to the same reaction. The 
two stage increase in mass due to the formation of  
CuSO4 followed by the same pattern, with sulphate 
formation arrested before the melting reaction, fol- 
lowed by futlher suphate formation [24]. 

One of  the additional features sometimes observed 
in the DTA trace is a number of  sharp exotherms 
which precede the main exotherm. These peaks have 
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Fig. 3. TG-DTA record for the oxidation of chalcocite, Cu2S, in 
air. Heating rate 10°C min-~, particle size 45 to 75 ~tm [24]. 

been attributed to a number of  causes, which include 
periodic oxygen starvation [25], preferential oxidation 
of some particles [26], and periodic cracking of  pro- 
tective oxide coatings which expose fresh sulphide for 
oxidation [27]. It has also been shown that this effect is 
particularly associated with fine particles [28]. With 
pyrite, for example, the number of  these peaks 
decreased with increase in particle size, and were 
not apparent for a sample larger than 30 ~tm. The 
number of  peaks increased with lowering of heating 
rate, increase in the partial pressure of oxygen and a 
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Fig. 4. The effect of heating rate on the number of multiple peaks 
observed during the oxidation of pyrite. Heating rates (in 
°C rain 1), (a) 1; (b) 2.5; (c) 5; and (d) 10. Oxygen atmosphere, 
particle size <45 gm [281. 

decrease in the sample mass. The effect of changes in 
heating rate on the number of peaks is shown in Fig. 4, 
where the number of peaks reduces from 16 at a 
heating rate of 1 °C min 1 to six at a heating rate of 
IO°C min - t  [28]. 

3.2.1.2. Formation o f  sulphate. The formation of 
sulphate can take place by two possible reactions. 
The first is the direct oxidation of the sulphide, as 
shown during the oxidation of nickel sulphide [ 19] and 
iron(II) sulphide [29]: 

MS(s) + 202(g) ~ MSO4(s) 

The second possibility is the sulphation of the oxide 
with sulphur trioxide: 

MS(s) + 1.502(g) --+ MO(s) + SO2(g ) 

SO2(g) + 0-502(g) ~ SO3(g ) 

MO(s) + SO3(g ) ~ MSO4(s) 

MS(s) + 4SO3(g ) --+ MSO4(s) Jr- 4502(g  ) 

Both CuSO4 [18] and ZnSO4 [301 are formed by 
this reaction. The formation of C u S O  4 is important 
as one of the commercial routes available for the 
recovery of copper from sulphide deposits. The 
sulphate is leached with dilute sulphuric acid 
followed by precipitation or electrowinning of the 
copper from solution [31 ]. 

The formation of sulphate is an exothermic process, 
but the reaction is relatively slow and takes place over 
a wide range of temperature. Hence, the exothermic 
effect is difficult to detect by DTA. Sulphate formation 
is associated with a weight gain by TG. This phenom- 
enon has been observed in the oxidation of valleriite 
1Cuo.93 Fel.07S2]. 1.526[Mgo.68Ato.32(OH)2] [32], chal- 
copyrite [20], nickel sulphide concentrates [33], and 
pentlandite [34] in the following temperature ranges: 
up to 650°C, 350 ° to 700°C, 415 ° to 645°C and 460 ° to 
580°C, respectively. 

The formation of sulphates can be affected by 
several factors, namely: 

• particle size: sulphate formation will tend to 
increase as particle size decreases [35]; 

• heating rate: sulphate formation is encouraged by 
low heating rates [36]; 

• sample holder geometry: sulphate formation is 
enhanced in a shallow open sample holder, which 
allows good interchange between the incoming 
oxidising gas and the outgoing sulphur dioxide 
product [37]; 

• sample holder material: The formation of SO3 is 
encouraged by the presence of catalytic material 
and, hence, the extent of sulphation increases. The 
catalytic influence of a platinum sample holder on 
sulphate formation is well known; and 

• mass size: increasing the mass size inhibits gas 
diffusion, and so inhibits formation of sulphate 
[381. 

The formation of sulphate layers can also inhibit 
oxygen diffusion into the unreacted core of the par- 
ticle. 

3.2.1.3. Decomposition o f  sulphates. Decomposition 
of sulphates take place in two stages, as expressed by 
the following reactions: 

2MSOn(s) ~ MO.MSO4(s) + SO3(g) 
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and 

MO.MSO4(s) --~ 2MO(s) + SO3(g) 

These reactions are detectable by endotherms in the 
DTA trace and a weight loss in the TG curve. Such 
reactions have been reported for copper(II) sulphate 
decomposition [39], with oxysulphate being stable in 
the 675 ° to 740°C range [20], and decomposition of 
copper oxysulphate to copper(II) oxide above 740°C. 
The decomposition of NiSO4 [34] occurs above 
800°C. Recently, the decomposition temperatures of 
a number of sulphates have been listed in the ICTAC 
newsletter [40]. 

3.2.1.4. Solid-solid reactions. Solid-solid reactions 
can occur between the reaction products formed 
during the oxidation of sulphides, the most common 
being the reaction between unreacted sulphide and 
sulphate. When a particle of sulphide is oxidised, the 
reaction usually takes place via a shrinking core 
process. The oxygen attacks the outer surface, and 
the reaction front moves inwards. Both oxide and 
sulphate can be formed simultaneously, but it 
appears that the oxide forms an outer layer, and the 
sulphate exists between the oxide and the unreacted 
sulphide core [411. There is obviously some overlap 
and the boundaries are not distinct. However, sulphur 
analysis by SEM, or EPMA, or Auger spectroscopy 
across reacted particles clearly shows that most 
sulphur exists in a central core; then there is a 
decrease in a rim near the surface and, finally, in 
the outermost rim it is usually difficult to detect the 
sulphur. Hence, it is possible for the reaction to occur 
between the inner core sulphide and the sulphate. 

Dunn and Kelly [19] reported that a solid-solid 
reaction between NiS and NiSO4 to form Ni3S2 
occurred at 682°C, although the reaction did not attain 
completion. The rate of reaction between two solid 
materials is often slow, especially at low temperatures, 
but is facilitated if one or more of the phases melts and 
the reaction becomes a solid-liquid or liquid-liquid 
reaction. For example, interaction between synthetic 
copper(II) sulphide and copper(II) sulphate in an 
argon atmosphere was found to occur when the mix- 
ture was melted at 478°C, and a mixture of iron(II) 
sulphide and iron(II) sulphate melted at 490°C [18]. 
Reactions between oxides to form mixed metal oxides 
often take place at higher temperatures. For example, 
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Fig. 5. Ion diffusion effects in partially oxidised samples of 
pentlandite heated to 650°C, particle size 90 to 125 ~tm [6]. 

the reaction between CuO and F e 2 0 3  to form C u F e 2 0 4  

[20] takes place at 820 to 840°C. 

3.2.1.5. Ion diffusion processes. In ternary sulphides, 
it is possible during the heating stage for one of the 
cations to preferentially diffuse towards the oxygen/ 
oxide interface. This has been shown to occur in 
roasted pentlandite and violarite samples, where 
after a 30 min roast at 685°C the pentlandite core 
contained only 2.4% iron, while the outer rim was 
iron-rich [21]. Nickel ions have been reported to 
diffuse into pyrrhotite even at temperatures as low 
as 275°C [42]. The effect can be measured on 
individual particles with an SEM-energy dispersive 
spectrometer (EDS), and the concentration profiles 
plotted as a function of distance across the particle. An 
example is shown in Fig. 5, for a sample of pentlandite 
heated to 650°C in an air atmosphere [6]. An EDS scan 
of the unreacted particle showed that the iron-nickel 
distribution was uniform across each particle. As the 
sample is heated, iron diffuses towards the oxygen 
interface, and so there is iron depletion in the 
unreacted sulphide core, with a high concentration 
of iron in the oxide product layer. 
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Fig. 6. TG curves of an iron-nickel sulphide concentrate showing 
the transition from a sequential oxidation process to an ignition 
reaction. Heating rates (in °C min J): (a) 1; (b) 5; (c) 10; (d) 15; (e) 
30; and (f) 50. Particle size: 20 to 100/am [33]. 

3.2.2. Oxidation under vigorous oxidising conditions 
Under certain conditions, such as a high partial 

pressure of  oxygen, a fast heating rate, and small 
particle size, some sulphide minerals can be persuaded 
to ignite. Ignition is defined as corresponding to the 
establishment of  self sustaining combustion after the 
termination of heat supply from an external stimulus 
[43]. In TG DTA, the ignition reaction is characterised 
by a single high energy emission that occurs in a very 
narrow time span [36], or a very rapid mass loss. A 
typical example for the change in the TG-curve, as the 
reaction shifts from mild oxidising to ignition condi- 
tions, is shown in Fig. 6 [33]. The sample being 
heated is a nickel sulphide concentrate. At the low 
heating rates of  1, 5 and 10°C min -1 (Fig. 6a,b and c 
respectively), the TG curve shows the profile 
expected for a reaction controlled by oxygen 
diffusion into the particle. The mass gain is caused 
by the formation of  sulphate, and the mass loss by the 
oxidation of  the sulphide and the decomposition of  
sulphates. As the heating rate increases, the 
thermal events shift to higher temperature. At the 
faster heating rates of 15, 30 and 50°Cmin - l  

(a) (b) 

7°5S~ 
I Temperature Profile I Temperature Profile 

Mass 
_d 

~ :~ ; " ',, '2 '4 '6 
Time t'min Time/min 

Fig. 7. Isothermal TG-curves for (a) non-ignited and (b) ignited 
pentlandite [6]. 

(Fig. 6d, e and f), there is a striking change in the 
TG-curves. The formation of  sulphate is still evident, 
but it leads to a rapid mass loss. This mass loss 
occurred at increasingly lower temperatures as the 
heating rate increased, which is the opposite trend to 
what might be expected. The difference in onset 
temperature between these mass losses and those 
observed at heating rates of  10°C min i or below 
was up to 170°C. The reaction profiles obtained under 
the more vigorous conditions are typical of  an ignition 
reaction. 

A TG method, which has been described as an 
isothermal method, was used to study the ignition 
reactions of  iron-nickel sulphides [36]. The process 
involves preheating the furnace to some set tempera- 
ture, and then raising the furnace around the sample. 
Oxygen was used as an oxidising gas. With no sig- 
nificant reaction evident (see Fig. 7a), the furnace was 
lowered, a new sample inserted, then the furnace 
temperature was increased and the process was 
repeated. This process was repeated until the next 
temperature increment results in a very rapid mass loss 
in the sample (see Fig. 7b). The sample was observed 
to reach red heat, and was obviously at a higher 
temperature than the furnace as the temperature record 
was distorted from the set isothermal temperature. The 
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temperature at which the first major reaction occurred 
is defined as the ignition temperature. 

Using the isothermal TG technique, it was possible 
to compare the ignition temperatures of sulphides. The 
order of decreasing reactivity of four sulphides, com- 
monly found in Western Australia,was: violarite 
tFeNi2Sa)>pyrite (FeS2)>pyrrhotite (FeS)>pentlan- 
dite ((Fe,Ni)9Ss). The ignition temperatures for those 
minerals of similar particle size (45 to 75 ktm) were 
435 °, 455 °, 545 ° and 725°C [7]. The ignition tem- 
perature has also been found to be affected by the 
stoichiometry of the sulphide [8]. The ignition tem- 
peratures of pyrrhotite of particle size 45 to 63 txm and 
stoichiometry of Feo.83S, Feo.88S, Feo.92S, Feo.96S and 
Fel.0oS were: 540 °, 640 °, 670 °, 690 ° and 720°C, 
respectively. Thus, the less stoichiometric the com- 
pound, the lower the ignition temperature. 

The effect of particle size on the ignition tempera- 
ture of the above-mentioned sulphides was assessed 
by the TG method. The results are presented in Fig. 8 
17]. The smaller the particle size, the lower the ignition 
temperature. These results have practical importance, 
because the mineralogical composition of the nickel 
sulphide deposits can vary considerably. If the con- 
centrate feed to the smelter consists primarily of pyrite 

and violarite, then flash smelting will be a facile 
process. If the concentrate consists of pyrrhotite and 
pentlandite, then higher temperatures will be required 
to achieve ignition. The effect of the different activity 
can be considerably alleviated by grinding the pyr- 
rhotite and pentlandite concentrates to smaller sizes, 
which has a significant effect on the ignition tempera- 
ture of these two minerals. For a number of years now, 
the feedstock to the flash smelter has had to meet 
particle size specifications, which has produced an 
estimated $2 million per annum saving in fuel costs 
[44]. 

Laboratory studies of this nature cannot be extra- 
polated directly to industrial plants, because the heat 
and mass transfer effects are very different between an 
industrial smelter and TG apparatus. What the labora- 
tory studies enable is the determination of the effect of 
a variety of parameters under well controlled condi- 
tions on the ignition tendencies of sulphides, so that 
the parameters can be arranged in order of importance. 
These studies then need to be scaled up to pilot plant 
level, which more reliably mimics industrial plant, and 
the effect of the important parameters quantified. This 
is a very cost effective way of culling out unimportant 
parameters, since experimentation involving pilot 
scale facilities is obviously expensive. The results 
of the pilot scale studies have been reported elsewhere 
[45-47]. What has been very rewarding is that the 
operation of the flash smelter has changed over the 
years in the light of our findings. 

4. Oxidation of pyrite 

In order to illustrate some of the comments made 
earlier about the need to recognise the importance of 
experimental variables on the thermal analysis record, 
the oxidation of pyrite will be discussed as a case 
study. Various reaction schemes have been proposed, 
as indicated in Fig. 9. 

Figs. 10 and 11 show the different types of DTA 
curves that have been reported in the literature for the 
oxidation of pyrite. Fig. 10(a) is an example of an 
experiment which shows a very broad exothermic 
peak in the 330 ° to 630°C range, with very poor 
resolution of any structure in the profile [50]. Pyrite 
is an example of a compound with a reaction rate very 
much in the range of the usual thermal analysis 
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Fig. 9. Reaction schemes proposed for the oxidation of pyrite 
(Refs. [14-17,27,29,48-50] are indicated as numbers). 
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Fig. 10. DTA profiles for the oxidation of pyrite under different 
reaction conditions [50]: (a) 10°C rain -1, 21 mg sample; and (b) 
4.1 mg sample diluted with A1203. 

conditions. Hence, at these heating rates what is being 
measured is the amount of time that it takes to oxidise 
the pyrite. If the sample mass is increased then the 
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Fig. 11. DTA profiles showing the effect of heating rate, particle 
size and atmosphere on the oxidation of pyrite [35,51]. (a) heating 
rate 2.5°C min -1, particle size <45 ktm, DTA sensitivity 50 ~tV; (b) 
heating rate 20°Cmin -~, particle size 90 to 1251xm, DTA 
sensitivity 500 laV; and (c) heating rate 40°C min -~, particle size 
<45 ~tm DTA sensitivity 50 ~tV. 

reaction takes place over an even longer time period, 
and so the exothermic peak broadens even further, 
sometimes over a 400°C range. Earnest [50] recog- 
nised this problem, and diluted the sample with alu- 
mina to produce the DTA profile shown in Fig. 10(b). 
This is clearly over a much narrower temperate range, 
with the main peak taking place between 450 to 
570°C. Some resolution of thermal events is observed, 
with a small peak at a peak temperature of 407°C and a 
broad exotherm preceding a sharp exotherm with a 
peak temperature at 547°C. 

We have made similar studies, to produce the DTA 
profiles shown in Fig. l l (a -c )  [35,51]. The DTA 
record of 2 mg of a < 45 ~tm sample of pyrite heated 
in an air atmosphere and at a rate of 2.5°C min -~ is 
shown in Fig. 1 l(a). Several thermal events are appar- 
ent. Quantitative XRD showed that the group of sharp 
exotherms in the DTA record between 400 and 430°C 
produced < 5% FeEt3. Beyond this there is a major 
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exotherm between 430 to 500°C. Up to 470°C 47% 
Fe203, and up to 505°C 65% Fe203 was produced. 
Hence, up to 500°C, the exotherms are associated with 
the direct oxidation of pyrite to form Fe203. Sulpha- 
tion of some of the oxide occurs simultaneously. 
Beyond 550°C, the endothermic peak and mass loss 
(not shown) is attributed to the decomposition of the 
iron sulphate phase with the formation of more Fe203. 
SEM examination indicated that the oxidation 
occurred according to the classical shrinking core 
model in which the rate of reaction is controlled by 
oxygen diffusion through product coatings. If suffi- 
cient time is allowed, that is the heating rate is slow, 
the particles will be completely oxidised by this 
mechanism. 

The second DTA record is of 2mg of a 90 to 
120 ~tm sample of pyrite heated in an air atmosphere 
at a rate of 20°C min -1 (Fig. 1 lb). Only two exother- 
mic effects are evident, between 450 ° and 505°C, and 
530 ° and 560°C. Quantitative XRD has shown the 
presence of 11% Fe203 at 453°C, 75% at 520°C, and 
90% at 550°C. The micrographs produced by SEM 
have shown that the large particles heated to 510°C 
had a thick well-defined rim of oxide around a core of 
unreacted pyrite. Above 510°C, the character of the 
particles had changed; the inner core now had a very 
porous structure, indicative of gas evolution. 

The reaction sequence for the larger particles at the 
faster heating rate proceeds by two different mechan- 
isms. Up to 500°C the reaction is controlled by oxygen 
diffusion, and the first exothermic peak is due to the 
direct oxidation of pyrite to Fe203. Once the oxide rim 
is formed the rate of oxygen diffusion slows rapidly, 
and the faster heating rate combined with the larger 
particles ensures that even at 510°C the reaction is 
nowhere near completion. Beyond this temperature 
the decomposition of pyrite begins, and sulphur 
vapour is evolved. The rate of reaction is now con- 
trolled by sulphur diffusion outwards rather than 
oxygen diffusion inwards, and no further oxidation 
is evident until all the sulphur has been evolved. The 
sulphur burns near the surface of the particle, causing 
the sharp major exotherm. The resulting pyrrhotite has 
a very porous structure, and so oxygen diffusion into 
the particle to oxidise the pyrrhotite to hematite is fast 
and also contributes to the intensity of the exotherm. 
The oxidation reaction is complete by 550°C, some 
45°C higher than for the small particles. 

The equations relevant to these reactions are: 

FeS2 --, FeS + S(g) 

2FeS ÷ 3.502 ~ Fe203 ÷ 2SO2 

The final DTA trace (Fig. 1 lc) is for 2 mg of a 
< 45~tm sample of pyrite heated in oxygen at 
40°C min -~. This shows only one intense exothermic 
peak, completed at just above 500°C. There is no 
evidence of any second endotherm or mass loss which 
would indicate the decomposition of iron sulphate. 
XRD data on a sample, heated to just beyond the 
exotherm, revealed that only Fe203 was present. The 
SEM results indicated a porous structure typical of a 
reaction involving gas evolution. This sample 
appeared to have ignited. At fast heating rates, the 
heat evolved through oxidation of the surface of a 
pyrite particle is adsorbed by the particle rather than 
by the surrounding environment. The temperature of 
the particle is raised above the furnace temperature. If 
the particle temperature exceeds the decomposition 
temperature of pyrite then sulphur will be evolved, 
which oxidises rapidly in the gas phase and causes 
further particle heating. The reaction is self- sustain- 
ing, and complete by 500°C. Since, there was no 
evidence of any sulphate in the product heated at just 
above the exotherm, the particles had reached a high 
temperature enough to decompose any sulphate 
formed. 

The DTA records obtained under the three sets of 
experimental conditions have been explained by three 
different reaction mechanisms. These explanations 
could only have been reached by the use of comple- 
mentary characterisation techniques to assist with the 
interpretation of the DTA curves. The good news is 
that all the reports in the literature are, in fact, correct. 
What has not been obvious is that the schemes pro- 
posed have been true only for the set of conditions 
used in that particular thermal experiment. What we 
have provided here is a more general explanation 
which accounts for all the sets of conditions. 

5. Conclusions 

Thermal methods of analysis such as DTA and 
TG provide a powerful methodology for the 
study of sulphide minerals. When coupled with 
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characterisation techniques such as XRD, SEM, and 
FTIR, the reaction sequence can be established unam- 
biguously. However, the thermal behaviour of sul- 
phides can vary significantly with change in the 
experimental variables. The particle size, heating rate, 
and atmosphere are particularly important, and 
changes in these can produce changes in the mechan- 
ism of reaction. Hence, studies on sulphides should be 
conducted under a variety of experimental conditions 
in order to establish the conditions under which 
particular mechanisms prevail. In other words, carry- 
ing out experiments under one set of conditions will 
provide a reaction sequence only for that set of con- 
ditions, and may not be capable of extrapolation to 
other conditions. 

The data obtained under well controlled conditions 
can be used to examine the importance of various 
experimental parameters on the reactivity and rate of 
reaction of the sulphides. This information can be used 
as a guide to define pilot plant studies, so that impor- 
tant parameters are investigated thoroughly while 
unimportant parameters are largely ignored. Thus, 
thermal methods of analysis can significantly reduce 
the costs associated with pilot plant studies. 

It has been demonstrated that the transfer of the 
knowledge gained from thermal methods of analysis 
to pilot plant, and subsequently to an industrial plant, 
has produced significant savings in plant operations. 
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