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Abstract

The kinetics of the thermal decompositions of mechanically activated pyrite and non-activated pyrite was studied by using
Friedman method at different heating rates of 2.5, 5, 7.5 and 15 K min " in argon. Results show that the activation energies (E),
reaction orders (1) and pre-exponential factors (A) are 268.612 kJ mol ™", 0.42 and 1.094 x 10" min~" for non-activated pyrite,
243.725 kI mol ', 0.62 and 2.008 x 10'> min~" for pyrite mechanically activated for 20 min (abbreviated as activated pyrite 1,
177.288 kI mol !, 0.65 and 5.924 x 10° min! for pyrite mechanically activated for 40 min (abbreviated as activated pyrite 2,
respectively. Comparing the integral width of X-ray diffraction peaks (220) and (440) of activated pyrites at different grinding
time with that of non-activated pyrite, several values of the deformation (¢) of crystal lattice and the particle size (D) of the
crystallite were obtained. It is found that the mechanical activation of the original material brings about a change in surface
structure of pyrite, which results in non-activated pyrite’s transformation into metastable pyrite in the course of mechanical
activation. The metastable pyrite is more liable to thermal decomposition than non-activated pyrite. © 2002 Elsevier Science

B.V. All rights reserved.
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1. Introduction

Gold deposits can be broadly classified into two
categories, primary and secondary. The primary
deposits are sulfides, mainly pyrite and arsenopyrite.
Direct leaching of the secondary deposits give good
gold recoveries, but direct leaching of the primary
deposits give poor recoveries, depending on the miner-
alogical composition of the deposit and the form of the
gold in the host. The difficult-to-treat concentrates,
such as pyrite and arsenopyrite, are described as
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refractory [1]. It has been known for some time that
the reactivity of minerals can be improved by grind-
ing—a process known as ‘mechanical activation’. For
example ultrafine grinding of chalcopyrite increases
its activity so that less severe leaching conditions are
required to recover the copper [2,3]. Thus, the term
mechanical activation refers to mechanically induced
enhancement of the chemical reactivity of a system
[4]. In the past 10 years, a more focused effort has been
made to qualify the kinetic enhancements due to
mechanical activation, which are attributed to the
increased specific surface area, enhanced surface reac-
tivity, and changes in the crystalline structure (e.g.
amorphization) [5-9]. The commonly used methods
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[10-12] to identify changes in surfaces, structural and
spectroscopic properties, and other properties are
BET, scanning electron microscopy, X-ray photoelec-
tron (XPS), infrared, X-ray diffraction, Mdssbauer
spectroscopy, electron spin resonance (ESR), DTA
and DSC, etc. But few concerns have been made on
the thermal stability of mechanically activated pyrite,
especially on the kinetics of thermal decomposition of
mechanically activated pyrite.

In this paper, two kinds of mechanically activated
pyrites after grinding the natural pyrite for 20 and
40 min, abbreviated as activated pyrite 1 and activated
pyrite 2, respectively, were obtained. The kinetic study
of non-isothermal decomposition processes of these
pyrites under a dynamic argon atmosphere has been
studied using the TG-DTG technique. The activation
energies (E), reaction order (n) and pre-exponential
factor (A) for different pyrites are presented. The
results were compared with the changes of the sur-
face structures of different pyrites after mechanical
activation.

2. Experimental

Natural pyrite ore was purchased from a domestic
geological museum, and its chemical compositions are
presented in Table 1. It was found by X-ray diffraction
analysis that the natural pyrite contained cubic pyrite
as a predominant component. The non-activated pyrite
was prepared by crushing the natural pyrite in a jaw
crusher to a particle size of <1 mm, then stored for
more than 1 year. The non-activated pyrite (10 g) was
mechanically activated in a planetary mill (QM-ISP
Planetary mill, PR China) with six stainless steel balls
of 18 mm in diameter and 12 balls of 8§ mm in
diameter under a rotation rate of 200 rpm. A pow-
der-to-ball mass ratio of 1:25 was employed. The
pyrite powder samples were milled in air for 20 and
40 min to get two kinds of mechanically activated
pyrites abbreviated as activated pyrites 1 and 2,
respectively.

The structure disorder of mechanically activated
pyrites was determined by X-ray diffraction analysis
on the diffractometer (3014 Rigaku, Japan) using Cu
Ko radiation (4 = 1.54 /OX, voltage 40 kV, current
20 mA) with time constant 0.5 s, limit of measurement
10 impulses S™', scanning speed 2°min~'. The
degree of structural disorder was evaluated from the
deformation (¢) of crystal lattice (presented as a
percentage). The decrease of the particle size (D) of
the crystallite (presented as the particle dimension of
the crystallite) was also observed, which was deter-
mined from the changes in profile of the diffraction
peaks, such as (220) and (440) of pyrite. From the
theoretical analysis of diffraction peaks, the breadth of
diffraction peaks mainly result from the increase of the
deformation (¢) of crystal lattice and the decrease of
the particle size (D) of the crystallite, ¢ and D were
calculated using the model of Gaussian function [13].

The measurements pertaining to thermogravimetry
were performed by using a thermal analyzer TGA/
SDTA 851° (Mettler Toledo, USA and Switzerland)
with a temperature program from 25-1000 °C at the
heating rates of 2.5, 5, 7.5 and 15 K min~! in argon,
respectively. The sample mass is 34 mg.

The specific granulometric surface area, Sg, of
activated pyrites was calculated from the correspond-
ing average particle size measured using Mastersizer
2000 Laser Diffraction Particle Size Analyzer (Malvern,
Great Britain), distilled water was used as a dispersing
agent in the experiments.

3. Theoretical analysis

A commonly used form for thermal decomposition
of a solid can be expressed as Eq. (1):

dw
dt
where w is the remaining weight of the sample at a

certain time, which is defined as w = w; — w, in
which w, and w,, are the weights of the sample during

kf (w) 6]

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
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the reaction at r and t,,, respectively. At a certain
heating rate f§; = dT/dr = constant, we have Eq. (2)

d
_dw A mr
d P

1

f(w) )

where A, E, T and R are pre-exponential factor,
activation energy, temperature and gas constant.
Because of the strong mutual interdependence of
parameters E and A in Eq. (2), it has been suggested
that the so-called multiple-scan methods available
[14,15] be applied for calculation of the activation
energy from several sets of kinetic data taken at
various heating rates. In the present study, the Fried-
man method was used to obtain E value according to
Eq. (3)
dw E

In [ﬂl< dt)} = In[Af (w)] RT 3)

For a given w, we have a series of T values from
different TG curves at different heating rates f;.
Plotting In[f;(dw/dr)] versus 1/T at different w, several
slopes (—E/R) and intercepts (In[Af(w)]) can be
obtained from the curves. The n and A can be obtained
from Eq. (4).

In[Af(w)] = InA 4+ nlnw “

4. Results and discussion
4.1. TG curves for different pyrites

The TG curves for different pyrites were obtained at
the heating rates of 2.5, 5.0, 7.5 and 15 Kminfl,
respectively (Figs. 1-3).

4.2. The Friedman method for different pyrites at
multi-heating rates

A group of paralleled lines of plotting
In[f;(—dw/dr)] versus 1/T were obtained for non-
activated pyrite at w = 4.3, 3.5, 2.5 and 2.3 mg, for
activated pyrite 1 at w = 3.8, 3.3, 2.6 and 2.3 mg, and
for activated pyrite 2 at w = 4.3, 3.3, 2.6 and 2.1 mg,
which are shown in Figs. 4-6, respectively.

The activation energy (E) can be obtained from the
slope of the regression line. Plotting intercept
In[Af(w)] versus Inw, n and A can be calculated.
All the results are listed in Table 2.
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Fig. 1. TG curves for non-activated pyrite at different heating
rates.
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Fig. 2. TG curves for activated pyrite 1 at different heating rates.

From Table 2, it is found that the activation energies
of the thermal decomposition of the samples
decreased gradually in the order of non-activated
pyrite, activated pyrite 1 and activated pyrite 2. The
state of the activated solids can be characterized as
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Fig. 3. TG curves for activated pyrite 2 at different heating rates.



82 H. Hu et al. / Thermochimica Acta 389 (2002) 79-83

® 43mg
4 35mg
2.5mg
2.3 mg

15 1 1 L L I 1 1 1

105 106 107 108 109 110 111 142 118
o
10T /K

Fig. 4. Plots of In[f;(—dw/dr)] vs. 1/T for non-activated pyrite at
different w.
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Fig. 5. Plots of In[f;(—dw/dr)] vs. 1T for activated pyrite 1 at
different w.
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Fig. 6. Plot of In[f;(—dw/dr)] vs. 1/T for activated pyrite 2 at
different w value.

Table 2
E, A and n of non-activated pyrite, activated pyrite 1 and activated
pyrite 2

Samples E (kJ mol™}) A (min™") n

Non-activated pyrite 268.612 1.094 x 10" 0.42
Activated pyrite 1 243.725 2.008 x 10" 0.62
Activated pyrite 2 177.288 5.924 x 10° 0.65

metastable [16] and non-activated pyrite transforms
into metastable pyrites [17] after mechanical activa-
tion. This metastable pyrite is more liable to thermal
decomposition than non-activated pyrite because the
activation energies of the thermal decomposition of
the samples decreases gradually with increasing grind-
ing time, which coincides with thermoanalytical study
of mechanically activated cinnabar by Balaz [12].

4.3. Study on the changes of surface structure of
activated pyrites

By analyzing the integral width of X-ray diffraction
peaks (220) and (440) of non-activated pyrite and
activated pyrites, the values of D and ¢ are listed in
Table 3.

Table 3 shows that the particle size of the crystal
lattice decreased and the deformation of the crystal
structure increased gradually with increasing grinding
time, which is in agreement with the study of mechani-
cally activated chalcopyrite [18]. And the increase of
effective Debye—Waller parameters of B.g(FeS,) for
the overall crystal and B.(S) for sulfur with increas-
ing grinding time for pyrites provides additional
insight into the mechanisms of the structural disorder-
ing process upon milling [19].

The specific granulometric surface area, Sg, is
shown in Table 4, the surface area increases with
grinding.

Eymery and Ylli [17] have reported a phase trans-
formation from pyrite FeS, (Fe*" in a low-spin state)

Table 3
The relationship between D, ¢ and grinding time ¢

t (min)

10 20 30 40
D (A) 3932 2988 1166 675
& (%) 0.02 0.03 0.05 0.06
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Table 4

The specific granulometric surface area, Sg, vs. the grinding time ¢
t (min)
10 20 30 40 60

S (m?>g™h 153245 182234 182211 18.2677 20.0521

to szomolnokite FeSO,4-H,O (Fe2+ in a high-spin
state) during the mechanical activation of ball milling
in air, which was observed by using >’Fe Mdssbauer
spectroscopy. And the contents of szomolnokite FeS-
04-H,0 becomes larger with increasing milling time.
Zou [20] investigated the mechanical activation of
pyrites by ball milling in air by XPS, and found that
not only the disulfidic form (8227) but also the sulfate
form also occurs in the mechanically activated pyrites.

Therefore, non-activated pyrite undergoes mechan-
ochemical reaction, the increase of the surface area
and the structural distortion during grinding in air,
which leads to the formation of metastable pyrites.
The metastable pyrites containing accumulated excess
energy can thermally decompose more easily than
non-activated pyrites. This structural sensitivity of
thermal decomposition of these pyrites also confirms
the structural sensitivity of thermal decomposition of
mechanically activated chalcopyrite and sphalerite
[16,21].

5. Conclusions

The activation energies, reaction orders and pre-
exponential factors of the thermal decompositions of
mechanically activated pyrites and non-activated pyr-
ites are calculated according to Friedman method at
different heating rates. The change in the surface
structure of pyrite during mechanical activation is
also studied and mechanical activation results in
non-activated pyrite’s transformation into metastable

pyrite, which is more liable to thermal decomposition
than non-activated pyrite.
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