
Introduction

Sulphides play an important role in extractive metal-
lurgy as sources of non-ferrous and precious metals.
Mastering the processing of sulphides as well as their
new applications as advanced materials (Table 1) re-
quires a deeper knowledge of their solid-state proper-
ties. The new methods of solid treatment are studied
in order to improve their technological processing.
Among them, mechanochemical routes [1] strongly
influence the field of the traditional as well as
advanced applications of sulphides.

It is aim of this review paper to illustrate the
progress in mechanochemistry of sulphides achieved
recently in Slovakia [2–18]. The selected topics will
be given covering the different fields of traditional
and advanced applications of sulphides.

Mechanochemical treatment of sulphidic
minerals

Enhancement of gold and silver recovery

The most frequent sulphides in which precious metals
are present as pyrite FeS2, arsenopyrite FeAsS and
stibnite Sb2S3, other minerals, such as chalcopyrite
CuFeS2, sphalerite ZnS and galena PbS also contain
small amounts of Au and Ag. The sulphidic minerals
which occur in the form of sulfosalts (e.g. tetrahedrite
Cu12Sb4S13) and have content of precious metals
cause considerable problems in leaching of Ag. In this
case, the classical cyanide leaching does not allow
leaching of more than 5–10% Ag [19].

Some type of ore pretreatment is needed in order
to improve the precious metal extraction (Fig. 1).
Chemical and biological pretreatments consist of oxi-
dizing roasting, pressure oxidation and bacteria at-
tack. The goal of these is to disintegrate the sulphide
and thus to facilitate the subsequent extraction of pre-
cious metals. Physical pretreatment consists of fine
grinding of ore. If the gold encapsulated within the
matrix of sulphide minerals is somewhat coarser in
size, ranging from 1 to 20 microns, the liberation can
be achieved by ultrafine grinding in an attritor [20].
Mechanochemical pretreatment based on the syner-
getic effect of mechanical activation and leaching has
been verified as an effective tool for gold and silver
extraction from refractory sulphidic ores [2].

We studied the acid non-cyanide leaching of sil-
ver from silver bearing tetrahedrite Cu12Sb4S13

pretreated by mechanical activation. Thiourea,
CS(NH2)2 is an attractive alternative for cyanide be-
cause of its low toxicity and higher selectivity acts
according to equation

Ag+3CS(NH2)2+Fe3+�Ag[CS(NH2)2] 3
� +Fe2+ (1)

The samples of tetrahedrite mechanically acti-
vated in a planetary mill were subjected to thiourea
leaching and the results are summarized in Fig. 2. The
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Fig. 1 The different ways of sulphidic ore (concentrate)
pretreatment [2]
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enhancement in recovery for the milled samples can
be observed.

Figure 3 represents the quantitative relationship
between the rate of thiourea leaching and sur-
face/bulk properties of mechanically activated sam-
ples. Activation has been performed in an attritor as

well as in a planetary mill. The rate constant has been
correlated with the empirical coefficient SA/(1–R)
which represents the surface/bulk disordering ratio
for the mineral. The plot in Fig. 3 shows that the ex-
traction of silver from tetrahedrite is a structure sensi-
tive reaction. An equal rate of leaching can be at-
tained by mechanical activation either in an attritor or
in planetary mill (the results for samples activated in
attritor are not given here). This observation is also of
prognostic character because it enables us to propose
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Fig. 2 Silver recovery, �Ag vs. leaching time, tL for tetrahedrite
mechanically activated in a planetary mill. Mechanical
activation: 1 – 2, 2 – 5, 3 – 10, 4 – 30, 5 – 15, 6 – 20,
7 – 60, 8 – 90 and 9 – 45 min

Fig. 3 Rate constant of Ag leaching, k vs. surface/bulk disor-
dering ratio, SA/(1–R), SA – surface area, R – disorder-
ing of tetrahedrite structure

Table 1 Sulphides in traditional and advanced application

Traditional application Metal sulphide Advanced application Metal sulphide

chemical engineering high-energy density batteries TiS2

Hydrodenitrogenation Co9S8 solar cells FeS2, CuS, ZnS, CdS

Hydrodesulphurisation MoS2, WS2 solar energy conversion materials CuInS2

Dehydratation CuS, MnS, ZnS, PbS diagnostic materials Ag2S

mechanical engineering luminescence materials ZnS, CdS: Mn, Cu, Pb

Lubricants MoS2 superconductors La2S3, CuS

mineral processing and extractive metallurgy intercalation compounds TiS2, TaS2, NbS2

Hydrometallurgy ZnS, Cu12Sb4S13 ion-selective sensors PbS, CdS, CuS

Biohydrometallurgy FeAsS, FeS2 optical coatings ZnS

Pyrometallurgy CuFeS2, PbS photoconductors ZnS, Ag2S

lasers CdS

light emitting diodes CdS

photolithographic materials As2S3

optical recordings As2S3

optical fibers As2S3

infrared detectors PbS

high-temperature thermistors Cu2S



suitable grinding equipment according to the demand
for fineness or reactivity of the solid substances.

Mechanochemical leaching of antimony in pilot
plant unit

Mechanochemical leaching as a smart solution of
hydrometallurgical problems integrates the milling
and leaching operations into one common step.
The synergistic effect has the important theoretical
background as can be deduced from Fig. 4, which
shows differences between the excitation period and
the duration of excitation states. If the mechanical ac-
tivation is separated from the chemical process
(e.g. leaching) in time, then a number of highly ex-
cited states would have decayed before leaching. On
the other hand, if the mechanical activation and leach-
ing are integrated into a common step all the excita-
tion states may be utilized. In addition to the improve-
ment of grinding performance (the leaching agent
works also as grinding additive) there is the possibil-
ity that a common grinding and leaching step contri-
butes to operation at benefits and to the economy of
the overall process.

The principle of mechanochemical leaching has
been applied to the hydrometallurgical treatment of
tetrahedrite concentrates. The reaction of refractory
tetrahedrite with Na2S as an alkaline leaching agent is
described by the simplified equations

2Cu3SbS3(s)+Na2S(l)�3Cu2S(s)+2NaSbS2(l) (2)

NaSbS2(l)+Na2S(l)�Na3SbS3 (3)

Simultaneous leaching and milling greatly inten-
sify the whole process. The concept of mechano-
chemical leaching of tetrahedrites (process MELT)
originally developed in the laboratory and semi-in-
dustrial attritors was further tested in a pilot plant unit
in Slovakia. The flowsheet is given in Fig. 5 and con-

sists of primary mechanochemical leaching and the
subsequent operations for production of Cu–Ag–Au
concentrate, Hg(As) cementation solid, antimony
electrowinning and/or Na[Sb(OH)6] synthesis as well
by products processing.

The reaction kinetics is slow and high tempera-
tures and the long leaching times are needed to obtain
high recoveries [22].

Preparation of nanocrystalline metals by
mechanochemical reduction of sulphides

Nanocrystalline metals have been of interest of more
than 20 years and this interest is still increasing. The
main cause is in their unusual properties based on the
high concentration of atoms in interfacial structures
and the relatively simple ways of their prepara-
tion [23–28]. High-energy milling as a way for nano-
materials synthesis has been originally developed in
metallurgy as a means to prepare oxide dispersion
strengthened solids [29, 30]. Later the application has
been directed to the preparation of amorphous alloys,
superconducting materials, rare permanent magnets,
superplastic alloys and intermetallic compounds. Ad-
ditionally, it has been recognized that this technique
can be used to induce chemical reactions in powder
mixtures at room temperature or at much lower
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Fig. 5 Flowsheet of the MELT process

Fig. 4 The period and the duration of excitation states after
termination of mechanical activation [21]



temperatures than normally required to synthesize
pure metals [31–38].

Copper sulphide and iron system

The mechanochemical reaction between copper sul-
phide, Cu2S and elemental iron is described by the
equation

Cu2S+Fe�2Cu+FeS (4)

The reaction is thermodynamically possible at
ambient temperature, as a small but negative enthalpy
change (�H 298

0 = –13.4 kJ mol–1) is obtained from ther-
modynamic data [39]. The reaction (4) has been stud-
ied in [40] and its progress is illustrated by XRD pat-
terns in Fig. 6. The primary process – the reduction of
copper sulphide by iron while copper metal and iron
sulphide are formed – is clearly seen, particularly by
inspecting the relative intensities of the diffraction
lines of Cu and Fe metal. The process is significantly
complicated by the existence of several copper sul-
phide and iron sulphide phases. Already 1 min of
milling decreases the relative amount of djurleite
Cu1.94S and increased the fraction of chalcocite Cu2S.
After 10 min of milling, only the reflections from Cu,
cubic FeS and Fe can be observed. With increasing
time of milling cubic FeS changes to its hexagonal
modification troilite FeS. This phase is considered the
stable modification of stoichiometric FeS [41].

Figure 7 shows the room temperature magneti-
zation data for investigated samples as a function of
external magnetic field. It is evident that the resulting
magnetization curves are well saturated after an appli-
cation of magnetic field higher than 2 T. The differ-
ence in the saturation magnetization of the samples

milled for different times, as displayed in the inset of
this figure, is mainly caused by a various amount of
the ferromagnetic component in these samples. The
inset shows that the amount of metallic iron, which is
the only ferromagnetic component in samples, de-
creases continuously for milling times up to 40 min.
At this time the saturation magnetization is negligible
indicating that the constituent phases are almost en-
tirely paramagnetic and/or antiferromagnetic, i.e. the
reaction (4) tends to be finished.

Surface morphology of the synthesized Cu/FeS
nanoparticles with estimated size from 20–30 nm is
depicted in Fig. 8. Individual nanoparticles have ten-
dency to form nanoparticle agglomerates during mill-
ing process and both entities can be clearly seen.

Lead sulphide, PbS and iron system

The mechanochemical reaction between lead sul-
phide PbS and elemental iron can be described by the
equation

PbS+Fe�FeS+Pb (5)
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Fig. 6 XRD patterns as a function of milling time. The lines of
1 – copper sulphides djurleite, Cu1.94S, 2 – chalcocite,
Cu2S and 3 – tetragonal Cu1.81S; a – cubic and b – hex-
agonal FeS and the metals copper (Cu) and iron (Fe)
are marked [40]

Fig. 7 Magnetization as a function of external magnetic field
and/or of milling time for reaction (1) [40]

Fig. 8 SEM image of the products of reaction (4)



The reaction is thermodynamically possible at
ambient temperature, as the enthalphy change is nega-
tive. The value �H 298

0 = –1.3 kJ mol–1 was calculated
from the thermodynamic data published in [39].

The course of the mechanochemical reaction be-
tween lead sulphide and iron is illustrated by the XRD
patterns in Fig. 9. The reaction has been studied
in [42]. The XRD pattern is still dominated by the
lines characteristic of PbS which illustrates incom-
plete recovery. The significant line broadening sug-
gests dramating grain size reduction. The lines of the
product phases of elemental Pb and pyrrhotite, FeS,
as well as residual Fe were also observed.

It is evident in magnetic measurements (Fig. 10)
that the magnetization curves are well saturated after
the application of a magnetic field higher than 2 T.
The difference in the saturation magnetization of the
samples as displayed in the inset of this figure, is

mainly caused by the different amount of the ferro-
magnetic component in the milled samples which is
bcc-Fe. For longer milling times the saturation mag-
netization is negligible indicating that the constituent
phases are almost entirely paramagnetic and the
mechanochemical reduction is complete.

The reaction product consists of nanocrystalline
particles with diameters of 13–21 nm for lead as cal-
culated from XRD line widths. Figure 11 shows a typ-
ical TEM image of the mechanochemical product.
Examination of TEM shows that the as-milled pow-
der is composed of spherical and rod-like particles.
Dimensions of spherical particles are close to the
nanometer particle size determined by XRD.

Mechanochemical synthesis of
nanocrystalline semiconductors

Nanocrystalline semiconductors have been synthe-
sized by different chemical routes with aim to prepare
materials with controlled particle morphology and
size distribution [43, 44]. The synthesis routes have
used solvothermal synthesis with the addition of mi-
crowave, sonochemical and autoclave techniques.

The diverse possibilities of mechanochemical
processes for sulphides preparation have been de-
scribed recently in papers [14–18, 45–53]. In this type
of synthesis, chemical reactions and phase transfor-
mations of sulphides take place because of the appli-
cation of mechanical energy. As a consequence, reac-
tions which normally require high temperature will
occur at low temperature without any externally ap-
plied heat. Mechanochemical processing belongs
among the routes which can effectively control and
regulate the course of solid-state reactions [54].

A new mechanochemical route for sulphide
nanoparticles preparation has been described in [17].
The synthesis is governed by the reaction

(CH3COO)2M+Na2S�MS+2CH3COONa (6)
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Fig. 9 XRD patterns at different stages of reaction (5) as
a function of milling time, A – PbS, B–E – PbS+Fe
milled for 20–60 min (1 – lead sulphide, 2 – iron,
3 – lead, 4 – FeS (cubic)) [42]

Fig. 10 Magnetization as a function of external magnetic field
and/or of milling time for reaction (5) [42]

Fig. 11 TEM image of the Pb/FeS nanocomposite prepared by
milling for 120 min



where M=metal and the solid metal nanoparticles MS
can be directly obtained by washing the unreacted
precursors and soluble product. The synthesis steps
are given in Fig. 12.

Cadmium sulphide

X-ray diffraction pattern of the washed product of the
mechanochemical reaction of (CH3COO)2Cd�2H2O
with Na2S�9H2O is given in Fig. 13. Hexagonal
�-CdS (G) greenockite (JCPDS 41-1049) together
with cubic hawleyite �-CdS (JCPDS 10-454) are
present among the products of mechanochemical
synthesis. The value of 5 nm was calculated for (111)
plane of hawleyite �-CdS (H) nanoparticles. The
milling of hexagonal CdS phase brings about its
transformation into disordered cubic CdS phase. The
rate of this transformation is dependent on the method
of preparation of CdS subjected to mechanochemical
transformation.

Lead sulphide PbS

XRD pattern of PbS nanoparticles synthesized ac-
cording to reaction (6) and processed via the flow-

sheet on Fig. 12 is given in Fig. 14. We clearly see the
diffraction peaks corresponding to (111), (200),
(220), (311) and (222) planes of cubic PbS (galena,
JCPDS 5-0592). No other products were confirmed in
this well crystallized product with the grain size 8 nm
calculated by the Scherrer formula. Surface morphol-
ogy of the synthesized PbS nanoparticles with the
size 20–100 nm is depicted as inset in Fig. 14. Parti-
cles form strongly agglomerated entities.

UV-Vis optical absorption spectrum of the
mechanochemically synthesized PbS nanoparticles is
shown in Fig. 15.

It can be seen that the UV-Vis absorption edge is
about 376 nm which correspond to 3.28 eV and shows
a blue shift from that the bulk PbS crystals where the
direct band gap is 0.41 eV [55]. This is an indication of
quantum confinement, because the average size of the
PbS nanoparticles is smaller than the excitonic Bohr
radius of the bulk PbS (ca. 18 nm) [56].

The mechanochemical synthesis of lead sulphide
PbS performed in a laboratory mill and documented by
Fig. 14 has been repeated in an industrial mill to verify
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high-energy milling
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sodium acetate
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Fig. 12 The synthesis strategy for nanocrystalline semiconductors

Fig. 14 XRD pattern of the mechanocemically synthesized
PbS nanoparticles in a laboratory mill

Fig. 13 XRD pattern of the mechanochemically synthesized
CdS nanoparticles (JCPDS 6-0313: �-greenockite,
JCPDS 10-454: hawleyite �-CdS) [17]

Fig. 15 UV-Vis spectrum of the mechanochemically synthesized
PbS nanoparticles



the possibility to scale-up the whole process. The ob-
tained PbS nanoparticles have been characterized by
X-ray analysis (Fig. 16) and the value 13 nm for the
grain size have been calculated. This result indicates
the possibility to produce nanocrystalline semiconduc-
tors via high-energy milling in an industrial scale.

Conclusions

It is aim of this paper to illustrate some achievements
obtained in the mechanochemistry of sulphides in
Slovakia. Of course, the presented view is far from
complete due to a large international effort in
mechanochemistry of sulphides. After successful ap-
plication to extractive metallurgy of sulphides,
mechanochemistry is heading for new fields of study
such as nanocrystalline substances and smart materi-
als for the 21st century.
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