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Abstract The information on heat of oxidation–reduction

reactions is important for the heat balance and optimization of

the autoclave design in the hydrometallurgical industry in ore

processing. Pyrite (FeS2) is a gangue mineral that presents

with nickel-containing pentlandite, and copper-containing

chalcopyrite minerals. The presence of pyrite impacts to the

overall heat of leaching process. This study has been per-

formed on a differential scanning calorimeter (DSC80, Seta-

ram) with a commercial mixing cell to study the thermal

behaviour of pure pyrite FeS2 (Valdenegrillos, Spain) mineral

particles during oxidative pressure leaching at 150 �C and

partial oxygen pressure of 3.4 MPa. A calorimetric method for

determining the enthalpy of leaching of sulphide minerals at

high temperatures and oxygen pressures has been used to

evaluate the enthalpies of oxidation of freshly ground pyrite

and pyrite stored for a year in contact with air (stored pyrite)

under conditions relevant to pressure oxidation operations.

Ground pyrite stored over time has long since been known to

result in greater heat evolution during oxidative leaching. A

likely mechanism for this phenomenon was uncovered: for-

mation of ferrous sulphate and sulphuric acid during storage in

contact with air influencing greater heat evolution at the outset

of the reaction. Two mass loss steps on TG curve of stored

pyrite, attributed to the elimination of atmospheric moisture

and H2O molecule from FeSO4�H2O, is absent on TG curve of

freshly ground pyrite.
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Introduction

The oxidation of freshly ground and stored in the air pyrite

(FeS2) and other sulphide minerals is very important for

mining and metallurgical processes. Pyrite is an omni-

present phase in sulphide ore deposits. It is also distributed

as a minor phase in a variety of geological settings

extending from igneous rocks to sedimentary and hydro-

thermal deposits [1]. Pyrite weathering is the main process

leading to acid mine drainage [2] and results from a com-

bination of oxidation and dissolution processes involving

ferric ion and oxygen [3, 4] assisted by microbial activity

[5]. In addition, pyrite is a ubiquitous component in the

environment and should thus be considered as a reservoir of

reductant for toxic oxidized species such as chlorinated

compounds and toxic metals. However, the detailed oxi-

dation pathway of pyrite remains partially unknown. Sul-

phate species are the final stable oxidized sulphur species

observed in solution in acidic media.

In hydrometallurgy, pyrite is often associated with

refractory gold deposits, or other base metal sulphides

requiring processing at high temperatures in acidic solu-

tions, under oxygen pressure (pressure oxidation). This

reaction is highly exothermic so that the enthalpy of the

reaction is taken into account in designing autoclaves to

operate under autothermal conditions, or heat exchange

systems to control the reaction temperature [6, 7].

The oxidation of pyrite during storage under normal

atmospheric conditions to various hydrated iron sulphates is

a known but not well-studied process. The purpose of this

study was to evaluate the heats pressure oxidation of freshly

ground and stored pyrite by calorimetric measurements.
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These data are important when storage of pyrite and pyrite-

containing minerals for long times takes place before pro-

cessing by pressure oxidation in hydrometallurgical opera-

tions. They are also useful for accurate heat balances,

optimization of autoclave design, study and modelling of the

hydrometallurgical processes.

Thermal analysis and calorimetry are very useful tech-

niques for material characterization and different process

studies [8–24]. In this study, we have used XRD, SEM, XPS,

ICP-AES and thermal analysis in addition to calorimetry to

investigate the oxidative pressure leaching of pyrite. The

selection of pyrite was due to its presence in sulphide

minerals oxidation processes as well as its relevance in the

production of gold. Pyrite can be found in a pure crystalline

phase and consequently it is a good reference system.

Experimental

The enthalpies of oxidative leaching of pyrite were mea-

sured using a differential scanning calorimeter (DSC C80,

Setaram) equipped with a commercial mixing cell able to

operate at temperatures up to 300 �C and pressures up to

*21 MPa. The cell with a nominal volume of 9.1 cm3 was

made from stainless steel and used in combination with a

glass liner (4 cm3 volume) to prevent degradation of the

stainless steel cell when working with corrosive mixtures at

high temperatures. A schematic diagram of the cell and its

inlet and outlet tubes used for gas injection is given in our

previous paper [25].

Pyrite characterization

Natural pyrite (Valdenegrillos, Spain) was purchased from

Excalibur Mineral Corp. (USA). The mineral sample was

ground in air by a ring mill for *1 min and dry-sieved to

several size fractions. The mineral fraction with the particle

size smaller that 37 lm was used for pyrite characterization

and for measurements of oxidation enthalpy. A portion of this

material was stored, kept in contact with air in a closed plastic

tube at room temperature for a period of 1 year. The relative

air humidity in the room was 30–60 % during this period.

The chemical analysis of pyrite samples was determined

using Inductively Coupled Plasma- Atomic Emission

Spectrometry (ICP-AES) on a Perkin Elmer Optima 3000

DV instrument. The phases present in fresh and stored

pyrite were identified using powder X-ray diffraction

(XRD) on a Philips PW1830 powder X-ray diffractometer.

The searchable International Center of Diffraction Data

(ICDD), 2005 database was used for identification of the

phases in the mineral samples.

XRD analysis showed that fresh pyrite crystals were pure,

consisting of only one phase (detection limit *3–5 wt%).

The pyrite mineral samples also contained trace metals (Ni

and Ca) as determined by ICP-AES analysis.

The morphology and purity of fresh pyrite (fraction

\37 lm) was investigated using a scanning electron micro-

scope (SEM) with digital imaging capabilities by means of

secondary electrons (SE) and backscattered electrons (BSE).

The SEM was a JEOL, JSM-840, complemented by a PGT/

AAT EDS detector (thin window) and an IXRF 500 digital

pulse processor, allowing for X-ray microanalysis and digital

imaging via SE, BSE and X-ray signals. The SEM studies (not

shown) confirmed that the pyrite sample is pure.

Chemical analysis

The chemical composition of pyrite samples, solid residues

and filtrates was determined by ICP-AES. Mineral samples

of 50.0 ± 0.1 mg were digested in 25 mL of boiling aqua

regia with continuous agitation for approximately 2–3 h.

The resulting solution was then filtered and diluted with

deionized water to 250 mL. At the end of the calorimetric

measurement, the experimental cell and its contents were

cooled down. All unreacted solids remained in contact with

the solution for at least 4 h, before being separated at room

temperature. After determining the solution pH with a pH-

indicator strip (EMD Chemicals Inc., Germany), the slurry

was filtered with Fisherbrand filter paper P2. The filtrate

was separated and stored. The cell with any remaining

residue was rinsed with a mixture of 8 % H2SO4 and 38 %

HCl at a volume ratio of 10–1. The solution with residue

was heated to 60–70 �C for 2 h under stirring then cooled

down, and filtered. The unreacted pyrite and the filter paper

were digested in boiling aqua regia (25 mL) before they

were analyzed by ICP-AES. The amount of iron sulphate

(Fe2SO4) formed on pyrite surface during pyrite storage in

contact with air for 1 year was determined using the fol-

lowing procedure. Since the pyrite is insoluble in hydro-

chloric acid, about 3 g of stored pyrite was washed with

3 M HCl (100 mL) under heating at about 80 �C for *2 h.

Then, the solution with dissolved FeSO4 was filtered,

diluted with deionized water to 1 L and analyzed by ICP-

AES. The amount of FeSO4 formed on pyrite surface was

18.12 ± 0.17 % of the pyrite mass.

Enthalpy of oxidative leaching of pyrite

The mineral oxidation was carried out under isothermal

conditions. The cell with a weighed amount of mineral

(0.0600 ± 0.0002 g) and deionized (Millipore Milli-Q

Water System) water (2.0000 ± 0.0002 g) was placed into

the calorimeter chamber at room temperature (RT). To

expel air from the cell, nitrogen gas was passed through the

cell for 20 min at a flow rate of 20.39 ± 0.13 sccm and

then the outlet valve of the cell was closed. The mineral
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and water were then kept under nitrogen atmosphere at a

pressure of 1.4 MPa while heating the cell at a heating rate

of 2 �C/min to the final temperature of 150 �C and final

pressure of ~2.1 MPa. It took approximately 3–4 h to reach

a stable temperature.

Once the temperature was stable to ±0.02 �C, oxygen was

injected into the cell at a constant flow rate of 10.62 (±1.13 %)

up to a partial oxygen pressure of 3.4. Subsequently, the inlet

valve of the cell was closed and the system was kept at 150 �C

for 10 h since preliminary experiments showed that in some

cases up to 8–9 h were required to complete the reaction. After

that, the DSC system was cooled down to room temperature

with a built-in fan at a rate of 2 �C/min. Cooling was com-

pleted in about 4 h. The prolonged period of cooling may

cause additional oxidation of the minerals, albeit at progres-

sively slower rates as the temperature drops.

The nitrogen and oxygen flow rates were measured with

a Brooks 5850E series controller that was previously cal-

ibrated with a portable calibrator Bios Definer 220

(±2.2 %). The pressure was measured with a pressure-

sensitive transducer Gefran rated to 35 MPa. A schematic

diagram of the experimental setup, calorimeter and injec-

tion system is presented in [25].

The performance of the DSC was first evaluated by mea-

suring the enthalpy of dissolution of potassium chloride salt

(Standard Reference Material 1655, the National Institute of

Standards and Technology) in water at 25 �C [26–28]. The

measured enthalpy of dissolution of KCl, 17.25 ±

0.01 kJ mol-1 (±0.06 %) was found to be in excellent

agreement with the literature value of 17.22 kJ mol-1 [29].

Enthalpy calculations

The overall enthalpy change, DHexp, was obtained by

integration of the DSC curve as a function of time. The

measured enthalpy includes: (i) the heat of oxidation-dis-

solution of the mineral, DHoxid (mineral); (ii) the heat of

dissolution of oxygen in water, DHdiss (O2); (iii) and the

heat required for raising the oxygen temperature from room

temperature to 150 �C, DHheat (O2). The following equa-

tion describes the relationship.

DHexp ¼ DHoxid mineralð Þ þ DHdiss O2ð Þ þ DHheat O2ð Þ
ð1Þ

To determine the contributions of the DHdiss (O2) and

DHheat (O2) to the overall experimental enthalpy, blank

experiments were carried out. The DHblank = DHdiss(O2) ?

DHheat(O2) was obtained from a run with water and oxygen

without mineral charge, under the same conditions used for

the actual experiments. The heat of mineral oxidation was

then estimated using Eq. 2. The Setsoft 2000 software

distributed by Setaram was used for this estimation.

DHoxidðmineralÞ ¼ DHexp � DHblank ð2Þ

XPS analysis of pyrite surface

The chemical analysis of the freshly ground pyrite and

stored pyrite were also determined by X-ray photoelectron

spectroscopy (XPS). XPS data were obtained with mono-

chromatic AlKa X-ray source radiation. The pyrite samples

with particle size \37 lm, prepared as described above

were used for surface studies.

TG–DSC analysis

Thermogravimetric–differential scanning calorimetric

analysis (TG–DSC) was also carried out using a simulta-

neous differential thermal analyzer, SDT Q600 (TA

Instruments). Measurements were conducted under nitro-

gen atmosphere (purity 99.9999 %) at a flow rate of

100 mL/min. Samples with particles size\37 lm, having a

mass of about 25 mg, were placed in a platinum crucible

and heated at a linear heating rate of 10 �C/min over a

temperature range from ambient to 700 �C. Replicate

measurements for freshly ground pyrite showed good

reproducibility: the standard deviation of weight loss and

peak temperature was ±1.25 % and ±3.53 �C,

respectively.

Results and discussion

Heat of oxidative pressure leaching of freshly ground

pyrite

The amount of unreacted pyrite in the solid residue must be

known to determine the molar heat of reaction. However,

the very small reactor volume made the recovery of the

samples very difficult and some approximations had to be

made in order to estimate the degree of conversion from

mineral to products.

The XRD analysis of the residue after pyrite oxidation

showed significant amount of unreacted pyrite. The XRD

patterns of the original mineral and the solid products were

identical. The amount of unreacted pyrite in the solid res-

idue was estimated from the sulphur content in the residue

after aqua regia digestion using Eq. (3) and the moles of

haematite formed—using Eq. (4).

mol FeS2ð Þunreacted¼ mol Sresidue=2 ð3Þ

mol Fe2O3 ¼ mol Feresidue � mol Sresidue=2ð Þ½ � =2 ð4Þ

Table 1 summarizes the results and presents the enthalpy

values for pyrite oxidation. The average molar enthalpy

value at PO2
of 3.4 MPa is DHav = -512 ± 12 kJ mol-1
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with standard deviation 2.34 %. Because of the small

amount of the samples, filtrates and residues, the ratio of

sulphate to elemental sulphur formed and the ratio of ferrous

to ferric irons could not be determined with sufficient

accuracy. This analysis would have enabled us to know the

exact extent of chemical reactions occurring between FeS2

and O2.

If we assume that all sulphur from pyrite is oxidized to

sulphate and all iron oxidized to Fe(III), the heat of the

overall reaction, evaluated with the HSC Chemistry 5.0

software, would be -1655 kJ/mol FeS2. In this case, the

estimated enthalpy (-1655 kJ/mol) is 3.2 times higher than

the average experimental value of -512 ± 12 kJ/mol at

PO2
of 3.4 MPa (Table 1). However, if we assume that all

sulphur from pyrite is converted to elemental sulphur and

all iron oxidizes to Fe(III), then the overall heat of reaction

would be -306 kJ/mol FeS2. This value is closer to the

experimental enthalpy -512 ± 12 kJ/mol at a partial

oxygen pressure of 3.4 MPa (Table 1), suggesting that

pyrite oxidation under these conditions mainly proceeded

to elemental sulphur. The fact that the reaction did not

proceed to completion is likely because of O2 transfer

limitations.

Effect of pyrite storage on its oxidation enthalpy

The enthalpies of pyrite oxidation at 150 �C under high

oxygen pressure (3.4 MPa) are different between freshly

ground pyrite (Table 1) and stored pyrite (Table 2). We

believe that the reason for such difference (Fig. 1) is that

the oxidation of stored pyrite proceeds to sulphate forma-

tion more than the freshly ground pyrite. It is possible that

the formation of iron sulphates on the particles surface

when pyrite is kept under storage catalyzes this reaction by

providing higher amounts of iron in solution. The amount

of FeSO4�H2O in the stored pyrite identified by chemical

analysis was 18.12 %.

The proposed reaction of iron sulphate formation on

pyrite surface is as follows:

FeS2 þ 2O2 þ H2O ¼ FeSO4�H2Oþ S0

The pyrite oxidation is described by the following

reactions with their heat values at 150 �C as evaluated by

the HSC software. Oxidation of pyrite by oxygen with

formation of Fe2?:

FeS2 þ 7=2O2 þ H2O ¼ FeSO4 þ H2SO4

DH ¼ �1285:118 kJ

FeS2 þ 2O2 ¼ FeSO4 þ S0 DH ¼ �755:009 kJ

In acidic conditions Fe2? is oxidized by oxygen to Fe3?:

2FeSO4 þ 1=2O2 þ H2SO4 ¼ Fe2 SO4ð Þ3þH2O

DH ¼ �119:271 kJ

This reaction is limited by the rate of oxygen diffusion into

the pyrite surface. Fe3? is the preferred oxidizing agent over

oxygen. Once Fe3? is formed, contribution of O2 to direct

pyrite oxidation becomes minimal; it is this Fe(III) that likely

plays a role to the production of SO4 rather than S0, and

ultimately responsible for the observed higher oxidation

enthalpy values. Fe2? oxidation to Fe3? is quickly followed

by hydrolysis to Fe(III) oxide (haematite). In this case, the

overall reaction enthalpy is considerably less.

4FeSO4 þ O2 þ 4H2O ¼ 2Fe2O3 þ 4H2SO4

DH ¼ �37:521 kJ

XRD and XPS analysis for freshly ground and stored

pyrite

The XRD analysis of fresh and stored pyrites showed the

difference. Thus, the freshly ground pyrite crystals are pure

and only one phase presents. In the case of stored pyrite,

the second phase of iron sulphate monohydrate, FeS-

O4�H2O, or Szomolnokite was identified by the XRD

analysis. It was suspected that the difference in heat

Table 1 Oxidation enthalpy of freshly ground pyrite at 150 �C and

PO2
of 3.4 MPa

Mineral

mass/

mg

Reacted

FeS2/mg

Reacted

FeS2/%

Net heat

of

reaction/

J

Molar heat

of

reaction/

kJ/mol

Specific

heat of

reaction/

kJ/kg

60.1 13.5 22 -57.51 -513 -4272

60.1 14.5 24 -60.23 -499 -4161

60.1 13.6 23 -59.27 -523 -4358

Table 2 Enthalpy of oxidation of stored pyrite at 150 �C and PO2
of 3.4 MPa

Mineral

mass/mg

Pyrite

amount/mg

Reacted

FeS2/mg

Reacted

FeS2/%

Reacted FeS2/

mol 9 10-4
Heat of

reaction/J

Molar heat of

reaction/kJ/mol

Specific heat of

reaction/kJ/kg

59.9 49.12 28.9 48 2.42 -181.15 -750 -6249

60.0 49.20 30.9 52 2.58 -188.0 -730 -6084

60.0 49.20 29.5 49 2.46 -186.79 -760 -6338

DHav = -747 ± 15 kJ/mol (±2.07 %) or -6224 ± 129 kJ/kg (±2.07 %)
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evolution between freshly ground and stored pyrite was due

to chemical changes taking place in the mineral.

The XPS analysis results at room temperature showed

that the freshly ground pyrite contains only iron sulphide

whereas the stored pyrite consists of sulphides and

sulphates.

Thermal analysis results

TG and DSC curves of freshly ground and stored pyrite are

given in Figs. 2 and 3, respectively. There are big differ-

ences on the TG and DSC curves of freshly ground and

stored pyrite up to 350 �C. There is no significant mass loss

and DSC peak on TG and DSC curves, respectively, of
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freshly ground pyrite till 350 �C. However, two significant

mass loss steps on TG curve of stored pyrite at room

temperature -200 �C and 200–350 �C have been observed

with the corresponding endothermic DSC peaks. These two

mass loss steps are attributed to the elimination of atmo-

spheric moisture and H2O molecule from FeSO4�H2O. The

thermal behaviour of freshly ground and stored pyrite does

not have big difference after 350 �C. The TG curves for

both pyrites are accompanied by a mass loss step at

350–520 �C (Figs. 2, 3) and attributed to the elimination of

SO2. The TG curves for both pyrites exhibit another mass

loss step at 520–575 �C (Figs. 2, 3) and attributed to the

elimination of SO3 with the simultaneous formation of

Fe2O3.

Thermal decomposition of FeSO4�H2O, main pyrite

oxidation product can be represented as:

FeSO4�H2O �!200�350 oC
FeSO4 þ H2O

2FeSO4 �!350�520 oC
Fe2O2SO4 þ SO2

Fe2O2SO4 �!520�575 oC
Fe2O3 þ SO3

Conclusions

• The measured enthalpy for stored pyrite oxidation at

150 �C, -187 ± 5 J is *3.4 times more exothermic

than that of freshly ground pyrite -55 ± 3 J

• The difference in enthalpies was explained by forma-

tion of iron sulphate monohydrate and sulphuric acid on

the pyrite surface during its storage for 1 year in

contact with moist air. The XRD analysis identified the

second phase of FeSO4�H2O (Szomolnokite) in stored

pyrite. The chemical analysis identified this phase to be

*18 % of the mineral mass. The formation of ferrous

sulphate and sulphuric acid during storage in contact

with moist air influencing greater heat evolution at the

outset of the reaction

• The extra iron on the surface oxidizes by oxygen to

Fe(III) and contributes to promoting the oxidation of

pyrite to sulphate, rather than elemental sulphur, which

is a more exothermic reaction. The results in higher

exothermicity for stored pyrite oxidation compared to

freshly ground pyrite.

• Two significant mass loss steps on TG curve of stored

pyrite at RT-200 �C and 200–350 �C, attributed to the

elimination of atmospheric moisture and H2O molecule

from FeSO4�H2O is absent on TG curve of freshly

ground pyrite.
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