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Thermal behaviors of mechanically activated pyrites
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Abstract

The thermal decompositions of mechanically activated and non-activated pyrites were studied by thermogravimetry (TG)
at the heating rate of 10 K min−1 in argon. Results indicate that the initial temperature of thermal decomposition (Tdi) in TG
curves for mechanically activated pyrites decreases gradually with increasing the grinding time. The specific granulometric
surface area (SG), the structural disorder of mechanically activated pyrites were analyzed by X-ray diffraction laser particle size
analyzer, and X-ray powder diffraction analysis (XRD), respectively. The results show that theSG of mechanically activated
pyrites remains almost constant after a certain grinding time, and lattice distortions (ε) rise but the crystallite sizes (D) decrease
with increasing the grinding time. All these results imply that the decrease ofTdi in TG curves of mechanically activated pyrites
is mainly caused by the increase of lattice distortionsε and the decrease of the crystallite sizesD of mechanically activated
pyrite with increasing the grinding time. The differences in the reactivity between non-activated and mechanically activated
pyrites were observed using characterization of the products obtained from 1 h treatment of non-activated and mechanically
activated pyrites at 713 K under inert atmosphere and characterization of non-activated and mechanically activated pyrites
exposed to ambient air for a certain period.
© 2002 Published by Elsevier Science B.V.
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1. Introduction

Pyrite (FeS2) is a very common sulphide mineral
and is found in a wide range of geological sites[1],
and is one of the most common gold-bearing sulphide
minerals[1,2]. But pyrite is one of the refractory min-
erals [3]. It has been known for some time that the
reactivity of minerals can be improved by grinding—
a process known as ‘mechanical activation’. For ex-
ample, ultrafine grinding of chalcopyrite increases its
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activity so that less severe leaching conditions are re-
quired to recover the copper[4,5]. Thus the term ‘me-
chanical activation’ refers to mechanically induced
enhancement of the chemical reactivity of a system
[6]. The best way to study mechanochemical trans-
formation of the mechanical activation for ores is to
analyze in situ the milled mixture using appropri-
ate spectroscopic methods, since chemical handling
can obscure the true nature of the initial products.
But nowadays, most common tools are IR and X-ray
powder diffraction (XRD) techniques, which normally
allow the identification of the products[7,8]. Other
techniques like HREM, EXFAM, X-ray photoelectron
spectra (XPS), and X-ray cyclotron resonance, etc.,
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have been used to study the new surfaces of the milled
products[9]. For example, Baláž et al.[10] investi-
gated the changes produced in cinnabar by its mechan-
ical activation in a planetary mill through XPS, BET,
XRD, and DSC. And the DSC curves of mechanically
activated cinnabars and non-activated cinnabar repre-
sent an association of endothermic effects, which dif-
fer from each other in shape and values of the extreme
temperatures. But except for our previous work[11],
few concerns have been made on the thermal stability
of mechanically activated sulphide ores using thermo-
gravimetry (TG).

In this paper, mechanically activated pyrites were
studied using the TG–DTGA technique under a dy-
namic argon atmosphere. The structural changes
of non-activated and mechanically activated pyrites
after 1 h of treatment at 713 K under inert atmo-
sphere, or after exposure to ambient air were ex-
amined. And the differences in reactivity between
non-activated and mechanically activated pyrites are
also discussed.

2. Experimental

Natural pyrite ore was purchased from a domes-
tic geological museum, and its chemical compo-
sitions are presented inTable 1. It was found by
X-ray diffraction analysis that the natural pyrite con-
tained cubic pyrite as a predominant component.
The non-activated pyrite was prepared by crush-
ing the natural pyrite in a jaw crusher to a particle
size of ≤1 mm, then stored in air for more than 1
year. The non-activated pyrite (10 g) was added into
a stainless vessel with six stainless steel balls of
18 mm in diameter and 12 balls of 8 mm in diame-
ter, then kept in higher vacuum (the residue pressure
≤1 Pa), followed by bubbling highly pure nitrogen
into this vessel through an inlet of this vessel for
half-an-hour, and this operation was performed once

Table 1
The chemical analyses of the natural pyrite

Elements

Fe S Si Ca Sn Sb As Zn Co Ni

Content (wt.%) 45.63 52.38 0.1 0.01 0.01 0.01 0.03 0.05 0.005 0.001

again (i.e., non-activated pyrite was kept under an inert
atmosphere), and then mechanically activated in
a planetary ball mill (QM-ISP Planetary Mill, PR
China) under a rotation rate of 200 rpm. A powder-to-
ball mass ratio of 1:25 was employed, and mechan-
ically activated pyrites were obtained after grinding
for grinding time tG = 20, 40, 120 and 260 min.
Non-activated pyrite and the pyrite mechanically
activated under inert atmosphere for 20 min were
exposed to air at ambient temperature for a certain
period.

The measurements pertaining to TG were per-
formed by using a thermal analyzer TGA/SDTA 851e

(Mettler Toledo, USA and Switzerland) with temper-
ature program from 25 to 1000◦C at the heating rate
of 10 K min−1 under highly pure argon with flow-
ing rate of 70 ml min−1. The sample mass is almost
34 mg.

Non-activated and mechanically activated pyrites
(the latter was milled for 40 min in inert atmosphere)
were treated for 1 h in an oven at 713 K under flow-
ing pure nitrogen (70 ml min−1), the products were
obtained and characterized by X-ray diffraction phase
analysis, respectively.

XRD profiles from the milled powders were
recorded on a 3014 diffractometer (Rigaku, Japan)
using Cu K� radiation (λ = 1.54 Å, voltage 40 kV,
current 20 mA) with time constant 0.5 s, limit of mea-
surement, 10 impulses s−1, and step size of 0.03◦. The
recorded XRD spectra were used for calculation of
the degree of structural disorder—the distortion (ε)
of crystal lattice (presented as a percentage) and the
crystallite size (D) was also observed, which was de-
termined from the changes in profile of the diffraction
peaks[12], such as (2 2 0) and (5 5 1) planes of dif-
ferent pyrites. As the increase of the profile breadths
mainly results from the increase of the lattice distor-
tion ε and the decrease of the crystallite sizeD, ε and
D can be calculated by using the model of Gaussian
function [13].



H. Hu et al. / Thermochimica Acta 398 (2003) 233–240 235

The specific granulometric surface area (SG), of me-
chanically activated pyrites was calculated statistically
from the corresponding particle size distribution data
measured on a Mastersizer 2000 Laser Diffraction Par-
ticle Size Analyzer (Malvern, UK), and distilled water
was used as a dispersing agent.

XPS were obtained with a KRATOS XSAM800
X-ray photoelectron spectrometer, with a monochro-
matized Mg K�X-ray source. The operating pressure
in the analyzer chamber was≤2 × 10−7 Pa. The en-
ergy scale was calibrated using the Fermi edge and
the 4f7/2 line (BE = 84.0 eV) for gold. The surface
charge was measured relative to uncharged graphite C
1s at 284.6 eV.

Fig. 1. TG–DTGA curves for non-activated and mechanically activated pyrites: (A) TG curves for non-activated and mechanically activated
pyrites; (B) DTGA curves for non-activated and mechanically activated pyrites.

3. Results and discussion

3.1. TG and DTGA curves for non-activated and
mechanically activated pyrites

The TG and DTGA curves for non-activated and
mechanically activated pyrites were obtained (Fig. 1A
and B). And the initial temperatures of thermal decom-
position in the TG curves were presented inTable 2.

Table 2shows thatTdi in the TG curves for non-
activated and mechanically activated pyrites decreases
gradually with increasing the grinding time. Therefore,
the reactivity of mechanically activated pyrite is higher
than that of non-activated pyrite.
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Table 2
The relationship between the initial temperature of thermal decom-
position (Tdi) for non-activated and mechanically activated pyrites
and grinding time (tG)

tG (min)

0 20 40 120 260

Tdi (K) 713 705.5 690 648 635

3.2. Additional surpports for the opinion that
the reactivity of mechanically activated pyrite
is higher than that of non-activated pyrite

The products were obtained from the 1 h treat-
ment of non-activated and mechanically activated
pyrites (the latter was milled for 40 min in inert at-
mosphere) in an oven at 713 K under flowing pure

Fig. 2. XRD patterns for the products treated from non-activated and activated pyrites: (1) products obtained from non-activated pyrite;
(2) products obtained from mechanically activated pyrite. (�) Volume-centered cubic pyrite; (�) monoclinic pyrrhotite.

nitrogen, respectively, followed by being character-
ized by X-ray diffraction phase analysis (shown in
Fig. 2). Fig. 2 shows the products obtained from the
1 h treatment of mechanically activated pyrite con-
tain more monoclinic pyrrhotite formed than that of
non-activated pyrite. This is an additional support for
the above opinion.

There is another observation that non-activated
pyrite and the pyrite mechanically activated under
inert atmosphere for 20 min without exposure or after
exposure to ambient air for 3 and 6 months, or 1 year
were characterized by XRD, and XPS, respectively,
which is also an support for the above opinion. The
XRD spectra of non-activated pyrites without expo-
sure or after exposure to ambient air for 3 or 6 months
or 1 year are almost overlapped, but XRD spectra
for mechanically activated pyrites after exposure to
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Fig. 3. XRD spectra of different exposed pyrites: (1) non-activated pyrite without exposure or after exposure to ambient air for 1 year
and the pyrite mechanically activated under inert atmosphere for 20 min; (2) the pyrite mechanically activated under inert atmosphere for
20 min, followed by being exposed to ambient air for 3 months; (3) the pyrite mechanically activated under inert atmosphere for 20 min,

followed by being exposed to ambient air for 6 months. (�) Pyrite; ( ) FeSO4·H2O; (×) Fe3(SO4)4·14H2O; (�) Fe2(SO4)3·H2O.

ambient air are different (shown inFig. 3). Fig. 3
shows that when non-activated and mechanically ac-
tivated pyrites were exposed to ambient air for 3
and 6 months, or 1 year, only mechanically activated
pyrites were oxidized with air to produce oxidation
products, such as FeSO4·H2O, Fe3(SO4)4·14H2O and
Fe2(SO4)3·H2O.

XPS spectra of non-activated pyrite and the pyrite
mechanically activated under inert atmosphere for
20 min after exposure to ambient air are listed in
Figs. 4 and 5. XPS spectra of non-activated pyrites
without exposure or after exposure to ambient air for
1 year and mechanically activated pyrite without ex-
posure are the same. Because the mechanical activa-
tion of the samples in this experiment was performed
under inert atmosphere, we can overlook oxidation
reaction of sulphide ores with air during mechanical
activation.Figs. 4 and 5illustrate, respectively, the sig-
nificant differences in both shape and binding energy
of the Fe 2p and S 2p XPS spectrum of mechanically
activated pyrite exposed to ambient air for 6 months
compared to those of non-activated pyrite exposed to

Fig. 4. XPS Fe 2p spectra of exposed pyrites (1) mechanically
activated pyrite exposed to ambient air for 6 months, and (2)
non-activated pyrite exposed to ambient air for 1 year.
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Fig. 5. XPS S 2p spectra of exposed pyrites (1) mechanically
activated pyrite exposed to ambient air for 6 months, and (2)
non-activated pyrite exposed to ambient air for 1 year.

ambient air for 1 year. One new XPS Fe 2p and S 2p
peak occurred in the range 708–709, and 168–170 eV,
respectively. The corresponding S 2p binding energies
163.2 and 169.3 eV were for pyrite S2

2− species[14]
and S6+ species of SO42− [15] and the corresponding
energies 706.6 and 708.6 eV were for Fe2+ species

Fig. 6. The specific granulometric surface area (SG), of mechanically activated pyrites versus the grinding time.

of pyrite or FeSO4·H2O [16] and Fe3+ species of
Fe3(SO4)4·14H2O or Fe2(SO4)3·H2O.

The differences in the reactivity between non-acti-
vated and mechanically activated pyrites result from
the differences in the surface structure between them.
It is well-known that mechanical activation, which re-
sults in the formation of metastable solids[17], is a
means of accelerating the leaching process for sulfidic
ores. Contributing to the success of these technique
are [18–20]: (1) increased surface area; (2) the mi-
crostructural modifications stemming from the defor-
mation; (3) chemical reaction.

TheSG of mechanically activated pyrites are shown
in Fig. 6. Fig. 6 shows that theSG of mechanically
activated pyrites remain almost constant aftertG >

200 min, which implies that the increase of the struc-
tural disorder and chemical reaction may mainly result
in the decrease ofTdi in the TG curves for mechani-
cally activated pyrites.

3.3. Study on the changes of structural order of
non-activated and mechanically activated pyrites

By analyzing X-ray diffraction peaks (2 2 0) and
(5 5 1) of non-activated and mechanically activated
pyrites, the values ofD andε are obtained (seeTable 3)
and X-ray diffraction peaks (2 2 0) and (5 5 1) for dif-
ferent pyrites are also listed inFigs. 7 and 8, accord-
ingly.
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Table 3
The relationship betweenD, andε of mechanically activated pyrites
and grinding timetG

tG (min)

0 20 40 120 260

D (Å) 4032 2988 675 564 544
ε (%) 0 0.03 0.05 0.06 0.07

Table 3shows that the crystallite sizesD decrease
and the deformations of the crystalε increase gradu-
ally with increasing the grinding time, which is similar
with the study of mechanically activated chalcopyrite,
galena and pyrite[11,21].

3.4. Study on the chemical reaction during
mechanical activation of sulphide ores

The mechanical activation of the samples in this
experiment was performed under inert atmosphere, we
can overlook oxidation reaction of sulphide ores with
air during mechanical activation.

Therefore, non-activated pyrite undergoes the struc-
tural distortion of pyrites during mechanical activation
in inert atmosphere during grinding, which leads to the
formation of metastable pyrite. The metastable pyrites
containing accumulated excess energy can thermally

Fig. 7. Peaks (2 2 0) of X-ray diffraction patterns for differ-
ent pyrites after different grinding time: (1)tG = 0 min; (2)
tG = 20 min; (3)tG = 40 min; (4)tG = 120 min; (5)tG = 260 min.

Fig. 8. Peaks (5 5 1) of X-ray diffraction patterns for differ-
ent pyrites after different grinding time: (1)tG = 0 min; (2)
tG = 20 min; (3)tG = 40 min; (4)tG = 120 min; (5)tG = 260 min.

decompose more easily than non-activated pyrite, and
this structural sensitivity of thermal decomposition of
mechanically activated pyrites confirms that of chal-
copyrite, and galena[11,17].

4. Conclusions

The initial temperature of thermal decomposition
for pyrites in the TG curves decreases gradually with
increasing the grinding time of mechanically acti-
vated pyrites, which results from the increases of
the structural disorder during the mechanical activa-
tion of pyrites under inert atmosphere. Mechanically
activated pyrite is more easily subjected to thermal
decomposition than non-activated pyrite. It can be
concluded that TG is a useful indirect method for the
characterization of mechanically activated pyrites.
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