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The oxidation of pyrite was studied by thermal analysis and quenching of the phases
formed at different stages of the reaction. The phases were characterized by optical
microscopy, SEM, EDAX, XRD and microprobe analyses. The phases found were
essentially those predicted assuming thermodynamic and pressure equilibria. The pre-
dictions were that (1) below 404 °C hematite would form directly on the pyrite surface
whereas at higher temperatures magnetite would intervene, (2) pyrrhotite would become
a stable phase above 552 °C, (3) ferrous and ferric sulphates would form in the outer
layers at temperatures below 583 and 644 °C respectively. The ignition temperature of
pyrite was found to correspond with the onset of pyrrhotite formation. An arrest in
some of the TG traces was ascribed to the presence of sulphates, the presence or
absence of the arrest depending upon the temperature rise sustained by the sample
during oxidation.

There is general agreement [1—13] that the final product of the oxidation of
pyrite in air is ferric oxide, usually hematite. Kopp and Kerr [8] mentioned the pos-
sible formation of y-ferric oxide and Banerjee [2] has identified this material in
X-ray diffraction (XRD) patterns. Agreement as to the intermediate phases is not
unanimous. Pyrrhotite was claimed to be present, or hinted at as a possibility, by
many workers (3—35, 7-9, 11, 12, 14] but it was searched for by Banerjee [2] using
XRD and chemical means and Schorr and Everhart [6] using XRD alone, and
reported absent. Similarly, although magnetite was claimed to be present by several
workers [4, 5, 8, 9, 11], Schwab and Philinis [13] could not detect it by XRD.
Waustite has not been identified, though its presence was alluded to by Blachere [7]
and there were mentions of its formation during the oxidation of pyrrhotite, [13,
15]. Sulphate has been claimed to be present, either as the ferrous [2, 4, 5, 16—17]
or ferric forms [2, 13], but Schorr and Everhart [6] using hlgh-temperature XRD
found no evidence of sulphates. Similarly Niwa and Wada [12], who also used
XRD techniques, were unable to find evidence of sulphates. Banerjee [2], claims to
have identified a small amount of basic sulphate by chemical means.

There is a need, therefore, to examine the phases formed during the oxidation
of pyrite to resolve some of the controversy noted above. This was accomplished
in the present study by

a) using sensitive thermal analysis techniques to provide information on weight
changes and heat effects accompanying the oxidation,
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b) developing quenching techniques which enabled samples to be taken at any
temperature during thermal analysis,

¢) characterizing the phases formed, by optical and scanning electron microscopy
(SEM), energy dispersive analysis (EDAX), XRD and microprobe traverses, and

d) conducting a thermodynamic analysis.

Experimental
Materials

Various size fractions were prepared by screening pyrite flotation concentrate
from Mount Morgan in Queensland. Most of the work reported here used the
average 53-—74 um screen size fraction. This was relatively pure pyrite containing
traces of copper and zinc, and 0.7% silica. Compressed air was dried by passage
over magnesium perchlorate.

Equipment and methods

Simultaneous differential thermal analysis (DTA) and thermogravimetric analy-
sis (TG) were carried out using a Rigaku “Thermoflex” analyser. The initial sam-
ples and final residues were weighed using a Perkin Elmer microbalance. Pt-Pt 13 %]
Rh thermocouples were used to measure the reference and sample temperatures.
Flowing air atmospheres were used in most experiments. To minimize gas diffusion
effects, small sample weights (2 mg) and shallow crucibles (4 mm dia. x 2 mm high
— internal dimensions) were used. For these conditions, the sample approximated
single-layer coverage of the bottom of the crucible.

Where material was required for phase identification and examination, the sam-
ples were heated in the furnace of the thermal analysis equipment and then quench-
ed in liquid nitrogen. The crucible containing the sample hung in the furnace on
a platinum support which was attached by a platinum wire to a cotton thread which
left the apparatus by the top gas entry tube and was secured external to the appara-
tus. Maintenance of the air atmosphere within the furnace was ensured by a thin
film of polyethylene which closed the bottom of the furnace and separated it from
the nitrogen atmosphere in the flask. Air flowed down the furnace tube and exited
at the bottom through a pinhole in the polyethylene. At the end of the desired time,
the experiment was terminated by cutting the cotton thread. This allowed the hot
crucible to fall, pierce the polyethylene, and enter the liquid nitrogen.

Close correspondence between the quenching experiments and the thermal analy-
sis experiments was ensured by holding the sample in the same position in the fur-
nace under the same experimental conditions of sample weight, heating rate and air
flow. In the quenching experiments there was no thermocouple to measure the sam-
ple temperature; for these experiments, where it was desired to heat to a known
final temperature, the time of the heating programme was determined from a nor-
mal thermal analysis experiment. When the liquid nitrogen had evaporated the
sample was recovered by washing it from the flask carbon tetrachloride. This avoid-
ed possible hydrolysis of sulphates.
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Results
Thermal analysis

The records of thermal analysis were reproducible; the traces were, however,
sensitive to the experimental conditions. Figures 1 and 2 show the two extremes in
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Fig. 1. Typical thermal analysis record of pyrite in air — TG arrest absent (sample wt 2.30
mg, particle size 53— 74 um, heating rate 10° min %, air flow rate 150 cm® min —%, silica crucible.
See text for significance of letters
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Fig. 2. Typical thermal analysis record of pyrite in air — TG arrest present (sample wt 2.06 mg

particle size 53— 74 pm, heating rate 10° min—7%, air flow rate 150 cm3 min—1, lightweight Pt

crucible. Insert shows portion of a DTA trace using a more sensitive A7 setting. See text for
significance of letters
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the type of TG record obtained, the major difference being the presence of an arrest
in Fig. 2. The letters refer to the positions on the TG traces at which samples were
taken for optical, XRD, SEM and microprobe analysis. Experiments which studied
the effects of air flow rate (from 0 to 200 ml/min), particle size (screen size fractions
<37 um to 300—212 um) and crucible properties (heat capacity from 6—117
JK~1x 10 and thermal conductivity from 1—72 Wm™'K™") showed that the
arrest was only completely absent when the experiments were carried out in silica
crucibles, high air flow rates (> 120 m/min) and small particle size (<150 um). The
silica crucibles had the smallest cross-sectional area (12.6 mm?) yet yielded the high-
est maximum rate of weight loss (1.4 x 1075 g s~%). When, however, the crucibles
were used in stagnant atmospheres, the maximum rate of weight loss was reduced
(7.5%x 107 % g s™1) and the arrest reappeared. The total weight loss shown in Figs 1
and 2 was 31.9 and 32.5%, respectively. These figures agree, within the limits of ex-
perimental error, with the theoretical weight loss expected for reaction to hematite
of 33.4%.

Reaction, as evidenced by both the TG and DTA traces, became apparent at
about 430°. The main feature of the DTA traces was the large exothermic peak
which commenced at temperatures between 530 and 550°; this corresponded with
the onset of the maximum rate of weight loss on the TG trace. During the period
of maximum rate, the measured sample temperature exceeded the programmed
temperature the amount (9 —29°) depended upon the experimental conditions and
the crucible material (silica, platinum or alumina). Figure 2 shows that during the
arrest little weight loss occurred for a period of 8 min, during which time the pro-
grammed temperature had increased to 620°. The heat effects associated with the
arrest were small in relation to those occurring during the main reaction and were
endothermic (see insert, Fig. 2).

XRD examination

Quenching of the particles was found to be essential to preserve the phases pres-
ent at the reaction temperatures. At the commencement of the project, particles
were produced for examination by quickly raising the furnace from around the
specimen and allowing the crucible to air-cool. It was difficult, unless large samples
were taken, to preserve pyrrhotite by this technique, and hematite was invariably
found rather than magnetite.

Some of the phases were present in small quantities, e.g., of the order of 59} of
the sample weight. In order to detect them it was necessary to use a Guinier focus-
ing powder camera. However, the initial film formed on the pyrite (e.g., correspond-
ing to the position shown as point A on Figs 1 and 2) was too thin to identify by
this technique and it was necessary to resort to isothermal experiments in order to
produce sufficient thickness of material for identification. Isothermal experiments
were accordingly conducted at 430° for 180 min and 460° for 55 min. The phases
found in these experiments (position A) and at other temperatures corresponding
to various positions along the TG trace are shown in Table 1.
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Table 1

XRD analyses of oxidized pyrite (the letters identify
the sample positions on Figs 1 and 2)

Position Phases
A* pyrite, magnetite, hematite
B pyrite, pyrrhotite, hematite
C hematite
D hematite

* Isothermal test

Quenched specimens similar to those used for the XRD examination were
mounted in resin, and polished sections made.

E-
Optical microscopic examination

An optical micrograph made from material from position A is shown in Fig. 3.
This micrograph showed the cohesive nature of the initial layer formed on the
pyrite surface and along cracks in the grains. From evidence of optical activity,
this initial layer (3—5 um thick) appeared to be hematite, in agreement with the
results of XRD analysis reported in the preceding section.

Figure 4 shows an optical micrograph corresponding to position B (i.e., at the
start of the period of maximum reaction shown on the TG trace). A small amount
of pyrrhotite — identified by the creamy colour — was evident at the interface of
the pyrite core. The pyrrhotite was not, in most cases, continuous but was charac-
terized by the appearance of local islands and fingers which intruded into the sur-

Fig. 3. Optical micrograph corresponding to position A on TG trace
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Fig, 4. Optical micrograph corresponding to position B on TG trace. Py = pyrite,
Po = pyrrhotite, H = hematite

rounding oxide layer. The porous nature of the oxide should be noted as, too,
should the presence of the initial oxide film which was still maintained on the out-
side of the grains.

The micrographs corresponding to positions C and D were similar; completely
reacted material corresponding to position D is shown in Fig. 5. The preservation
of the initial oxide layer and the porous nature of the core is again apparent. The
optical activity indicated that both the core and the outer skin were hematite. Syn-

Fig. 5. Optical micrograph corresponding to position D on TG trace
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Fig. 6. Optical micrograph showing synthetic pyrrhotite

thetic pyrrhotite was produced by thermally decomposing the pyrite used in the
oxidation experiments in an atmosphere of nitrogen. A micrograph showing the
porous nature of synthetic pyrrhotite is shown in Fig. 6.

SEM examination

The backscattered electron images were similar to those described in the previous
section. Energy dispersive analysis of the X-rays from the polished sections (posi-
tion B) gave iron to sulphur ratios which confirmed the presence of pyrrhotite
around the interface with the pyrite cores. Similar measurements (position C) gave
detectable sulphur contents in a narrow band near the outer edge of the oxide layer.

Microprobe examination

Efforts were made to use this technique to distinguish between magnetite and
ferric oxide. These attempts were unsuccessful because the varying porosity limited
the high degree of accuracy of iron analysis required to make this distinction. The
microprobe was of use, however,in confirming the presence of pyrrhotite and of low
sulphur concentrations towards the outer edge of grains from position C. Sulphur
and iron traverses across a grain are shown in Fig. 7. No sulphur was detected in
the outer layer of specimens from position D, i.e., for the fully reacted specimens.
The higher sulphur levels near the edge were attributed to the presence of sulphate.

Discussion
Thermodynamic considerations

The usefulness of chemical potential diagrams in aiding the understanding of
metallurgical problems has been well illustrated by recent papers by Rosengvist
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Fig. 7. Microprobe traverses across oxidized pyrite grain corresponding to position C on TG
trace

[18] and Yazawa [19]. In this paper, thermodynamic equilibria in the Fe—S—0O
system were investigated using log po, vs log ps, diagrams. The data used in the
construction of these diagrams came from a number of sources [20—22]. The pos-
sibility of anhydrous oxysulphate formation was not considered as there are no
published free energy data for these compounds. Two diagrams for 427, and 627°

are shown in Figs § and 9.
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Fig. 8. Sulphur-oxygen potential diagram for Fe— S— O system at 427 °C. Pressure equilib-
rium line shown dashed. See Fig. 9 for key
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Fig. 9. Sulphur-oxygen potential diagram for Fe— S— O system at 627°. Pressure equilibrium
line shown dashed. 4 = magnetite, B = hematite, C = ferric sulphate, D = ferrous sulphate,
E = pyrite, F = pyrrhotite, G = iron, H = wustite

Pressure considerations

The micrographs shown in Figs 4 and 5 show that the oxide formed at tempera-
tures above 530—550° was porous; micrographs presented elsewhere [23] show
that the oxide formed at lower temperatures was cracked. Thus, it is likely that the
#as phase was continuous through the layers of oxidation product at most times.
If pressure equilibrium applies, i.¢., no pressure-induced flows, then for oxidation
at a total pressure of one atmosphere the equilibrium pressures of the gas com-
ponents, omitting nitrogen, are related by

Po, *+ Pso, + Pso, + Ypg~ 0.2 ey

where Zps corresponds to the combined pressure of the various gaseous sulphur
n

species. Equilibrium values of the latter were determined from Mills [24] and were
used to determine values of pg and Do, satisfying this equation. These values have
been plotted on Figs 8 and 9.

The diagrams show that the likely order of solid phases, proceeding outwards
from the pyrite interface, is as in Table 2. It can be seen that wustite formation is
highly unlikely. Using graphical procedures, it was shown (for Pso, = 0.2 atm) that

1) below 404° magnetite is not stable and ferric oxide should form directly in
contact with pyrite.

2) pyrrhotite becomes a stable phase at temperatures above 552°, and

3) ferrous and ferric sulphate are unstable above 583 and 644° respectively.
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Table 2

Predicted phase assemblages

Temperature, °C
Phases

427 627

Pyrite

Pyrrhotite
Magnetite
Hematite
Ferrous sulphate
Ferric sulphate
Hematite

S R E R A
RC SN R A

Reconciliation with the phases found in practice

The phases found do not contradict the thermodynamic predictions; we have,
however, been unable to find the full range predicted. This probably reflects the
inadequacy of the methods of phase identification. Traces of magnetite were only
found in the isothermal samples from the lowest temperatures (Table 1). The
possibility, however, of a thin layer of magnetite (too thin to be detected by XRD)
being present at the higher temperatures should not be discounted. In this regard,
it was unfortunate that the microprobe was not able to differentiate between ferric
oxide and magnetite.

Due to the small amount in our samples, it was not possible to identify the form
of the sulphate. The results, however, are capable of interpretation without postu-
lating the presence of oxysulphates. Our findings, therefore, differ from those of
Banerjee [2] who claimed to have identified oxysulphates in the products of oxida-
tion of both natural and synthetic pyrite. His identification was based solely on the
results of chemical analysis and it is doubtful whether this method had sufficient
precision to identify the small quantity involved (e.g., 4 %). Also the natural pyrite
used in his tests contained an appreciable amount of ferrous sulphate heptahydrate,
and the oxysulphate, if present, may have resulted from the decomposition of this
material [25—27].

The ignition temperature of pyrite

The thermodynamic analysis indicated pyrrhotite should become stable at tem-
peratures above 550°. This temperature also approximated the temperature 530 —
550° previously noted as corresponding to the start of the period of most intense
reaction. The presence of pyrrhotite during this phase of the reaction has been
confirmed by EDAX and microprobe analysis.

Using the densities quoted in Taggart [28], it can be shown that the oxida-
tion of pyrite to pyrrhotite, magnetite, or hematite results in a reduction in
volume of 20.4, 34.8 and 37.8%/, respectively. At temperatures below 530—550°,
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the oxide formed directly on the pyrite surface and the volume mismatch was
accommodated by circumferential cracking of the oxide [23]. At higher tempera-
tures pyrrhotite accommodated the 20.4%, volume mismatch with pyrite by assuming
by porous structure. This is well illustrated by Fig. 6, which shows material pro-
duced by the thermal decomposition of pyrite in an inert atmosphere. The porous
structure of the pyrrhotite was maintained during further oxidation, albeit with
further reduction in volume, through to the final oxide (Fig. 5). The contrast in
structure between the low-temperature outer skin of oxide and the internal oxide
formed via the intermediate pyrrhotite is clearly evident in Figs 3 to 5.

Other tests [29, 30], in which the combustion of pyrite particles was studied under
simulated suspension smelting conditions, gave similar ignition temperatures.

The arrest in the TG traces

We believe that the arrest resulted from the presence of sulphate in the sample.
This contention is supported by

1) the evidence of sulphur in the outer oxide layers of specimens from position C,

2) the weight loss remaining constant until the programmed temperature reached
620°. This was approaching the 644° calculated as being the maximum temperature
at which ferric sulphate would be stable, and

3) the heat effects associated with the renewed reaction were endothermic — the
decomposition of ferrous and ferric sulphate are both endothermic.

In understanding the absence of the arrest in some experiments, it was instructive
to consider the heat transfer process operating during the period of maximum rate
of reaction. Heat produced in the sample would either be dissipated to the gas,
conducted to the crucible or radiated to the surrounds. Under our conditions of
point contact of the grains with the crucible and limited access of gas, the latter was
likely to be the predominant process. By considering the sample to be a disc in the
bottom of the crucible and that steady-state conditions prevail, it was possible to
calculate the likely temperature of the sample. Calculated temperatures ranged
from 640°, for the highest maximum rate of weight loss (1.4 x 107% g s~*) when no
arrest was present, to 600° for the stagnant atmosphere experiments which had the
lowest maximum rate of weight loss (7.5 % 10~ ¢ g s™1) and which showed an arrest
in the TG traces. Thus the presence or absence of the arrest appears to be due to
the temperature rise experienced by the sample during the period of most intense
reaction. If the temperature exceeds that at which ferric sulphate is stable there is
no arrest. If, however, the temperature is not high enough, some sulphate remains
and an arrest occurs.

Conclusions
The literature pertaining to the phases formed during the oxidation of pyrite is
confusing. There are two reasons for this conflict. (a) Phases have been claimed to

be absent when they may have been present; this arises because of the reliance on
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powder XRD techniques with a lower detection limit of about 5%, for the phase
identification. The present work has shown that some phases, notably pyrrhotite
and sulphate, were present below this level and demonstrated that other techniques,
e.g., EDAX and microprobe, were required for detection. (b) In previous studies,
little attempt was made to quench the samples and preserve the phases present at
the reaction temperature. In the present work, it was demonstrated that when small
samples were used it was essential to quench to preserve pyrrhotite and magnetite.
Pyrrhotite was positively identified at temperatures above 530° and at higher tem-
peratures microprobe analyses detected sulphate on a narrow band towards the
outer edge of the ferric oxide layer.

Pyrrhotite becomes an intermediate oxidation product above 530— 550°. Oxide
formed via pyrrhotite is porous and is no longer protective; oxygen has freer access
to the unreacted sulphide and intense reaction occurs. This explains the onset of the
DTA peak in the records of thermal analysis and ignition under suspension smelt-
ing conditions.

Some of the thermal analyses exhibited an arrest in the TG traces, the occur-
rence of which was thought to be due to sulphate formation. The absence of the
arrest from some traces was attributed to the high temperatures attained during the
period of maximum reactivity. Calculations indicated that the temperature of sam-
ples showing the arrest was about 600° whereas when the arrest was absent, the
sample temperature approached 640°, the maximum temperature at which ferric
sulphate is stable.
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ZUSAMMENFASSUNG — Die Oxydation von Pyrit wurde durch thermische Analyse und Ab-
schrecken der in verschiedenen Stadien der Reaktion gebildeten Phasen untersucht. Die
Phasen wurden durch optische Mikroskopie, SEM, EDAX, XRD und microprobe-Analyse
charakterisiert. Im wesentlichen wurden die unter Annahme des thermodynamischen Gleich-
gewichts und Druckgleichgewichts vorausgesagten Phasen gefunden. Die Voraussagen waren,
daB (1) unter 404 °C Haematit direkt an der Oberfliche des Pyrits gebildet wird, wihrend bei
hoheren Temperaturen Magnetit auftritt, (2) Pyrrhotit eine stabile Phase oberhalb 552 °C
bildet und (3) sich Ferro- bzw. Ferrisulfate in den duBeren Schichten bei Temperaturen unter
583 bzw. 644 °C bilden. Es wurde festgestellt, daB die Entziindungstemperatur des Pyrits der-
Jjenigen Temperatur entspricht, bei der die Bildung von Pyrrhotit einsetzt. Eine Stufe in einigen
der TG-Kurven wurde der Anwesenheit von Sulfaten zugeschrieben, wobei die An- oder
Abwesenheit der Stufe von der Temperaturerhdhung abhéingig ist, der die Probe wihrend der
Oxydation ausgesetzt ist.

Pezrom — C moMOIIBIO TepMHYECKOrO aAHAIM3A M3YYEHO OKHCICHHE ITHPHUTA 1 OTHEbHBIX das,
00pa3yromnxcsa Ha PasiH4HBIX CTANWIX peakuny. Pa3bl ObIIM 0XapakTepH30BaHE! OMTHIECKOM
mukpockomueli, CEM, EJAX, XP/I u aHanu3oM MEKpoupobsl. OGHAPYREHHBIE hasbl IO CY-
WeCTBY OBLTH AHAJOTHYHBI YCTAHOBIICHHBIM HA OCHOBE TEPMOIMHAMMUYECKOTO DABHOBECHS X
PaBHOBECHOTO [ABICHHA. YCTaHOBIEHO, 4TO HiKe 404°C mpoHCXONUT O6pa30BaHNE TEMATHTA
OpsIMO Ha ITOBEPXHOCTH IIHPHUTA, 4 Npu OOJlee BEICOKHX TEMIIEPATYPax NPHMEIIMBACTCS M Mar-
HETHT. ITHPPOTHT CTAHOBHICH CTAbHIBHOM (a3oit Beme 552°, Ipu TeMmepaTypax mmxe 583° 1
644° 06pasyroTcs BO BHEIIHHX CIOAX CyIb(AThI BYX- U TPeXBAICHTHOTO *ejie3a. Haiineno, uro
TEMIICPATYPa BOCHIIAMCHEH S MIEPUTA COBIANaeT C Ha9aIoM o6pasoBanns nuppotuta. Hekoropas
sanepxxka Ha TI 6biIa OTHECEHA 33 CUET IPUCYTCTBESA Cyibdara. Hanuvme witk 0TcyTCTBHE TAKOR
3aIePXKKH 3aBHCENI0 OT HOABEMA TEMITEPATYDEI, BEI3BAHHOIO OKHCIEHAEM 06pasia.
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