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In this review paper recent advances in chalcogene mechanochemistry are described. Three selected areas are
being covered, i.e. metallurgy, materials science, and medicine. In extractive metallurgy, the processing of copper
arsenic mineral enargite (CusAsSs) with the aim of its dearsenification and subsequent preparation of a new
anticancer drug (NazAsS4) and of copper in nanocrystalline state (=~ 20 nm) illustrate the non-traditional prospect
of ore treatment. In material science, the new nanocrystalline semiconductors were synthesized mechanochemically,
e.g. selenides of zinc and lead (ZnSe, PbSe) and bismuth sulphide (Bi2S3). Metal and chalcogene were applied
as reaction precursors. In some cases, the amino acids (cystine, cysteine) were applied as sulphur precursor, in
order to provide reactive sites on synthesized solid (PbS) for bioconjugation and to prevent agglomeration. The
concept of nanomilling is described as a way to prepare effective substances for cancer treatment in medicine. In
vitro activity of realgar (As4S4) as an example is described. In all three areas the focus is aimed also on industrial
applications where suitable large-scale mills are described. The described examples represent the contemporary
aim of mechanochemists — to prepare substances with the desired properties in a reproducible way under easy-

operating, environmentally friendly and essentially waste-free conditions.
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1. Introduction

Ostwald, one of the founders of mechanochemistry, re-
garded it as a part of physical chemistry at the same
level as thermochemistry, electrochemistry and photo-
chemistry [1]. However, from his times the great expan-
sion of mechanochemistry into various fields has been
documented [2]. Nowadays, mechanochemistry is very
well-accepted as a discipline and number of dedicated
sessions in the international events can be recognized [3].
In the period between the previous INCOME conference
in Herceg Novi (2011) and the conference held in Krakow
(2014), the important achievements in the field have been
reached. Among others, the comprehensive reviews on
mechanochemistry have been published, where the ex-
ceptionality of various milling modes and new applica-
tions can be well-traced [2, 4-16]. The aim of this review
paper is to illustrate the recent impacts on such fields like
extractive metallurgy, materials science, and medicine.

2. Extractive metallurgy

According to classical view, extractive metallurgy is
the art and science of extracting metals from their ores
by chemical methods [17]. It is divided into three sub-
disciplines: hydrometallurgy, pyrometallurgy and elec-
trometallurgy. The most convincing intervention of
mechanochemistry into metallurgical operations has been
obtained in hydrometallurgy [18, 19], which is science and
technology of extracting metals from minerals by using
aqueous /non-aqueous solutions.

Recently, the multistep metallurgical process includ-
ing mechanochemical steps for the treatment of enargite
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concentrate has been developed [20]. Enargite (CusAsSy)
prevails among copper-bearing minerals with high Cu
content, but it is combined, unfortunately, with high As
content. There are several hydrometallurgical options to
treat enargite including acid leaching, ammonia leaching
and bio-leaching. However, the most effective solution for
selective removal of As from enargite seems to be alka-
line leaching [21-23]. In combination with mechanochem-
istry, the effective process can be developed as illustrated
by Fig. 1, where the simplified flowchart with five steps
of treatment is depicted.
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Fig. 1. Multistep process of enargite treatment with
intervention of mechanochemistry [20].

Finally, nanocopper and sodium thioarsenate NagAsSy
as potential anticancer drug can be obtained from enar-
gite mineral [20]. This treatment typically illustrates the
principal possibility of transforming minerals to products
with advanced applications.
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3. Materials science

Semiconductor materials with reduced dimensions
have shown to exhibit electronic and optical properties
which vary with size of particles, thus making them po-
tential candidates for applications involving tunability
of optical and/or electronic properties [24, 25]. In the
case of semiconductor nanocrystals, also called quantum
dots, basically novel properties of the matter, generally
described as ‘“size-quantification effects” can be studied
due to the large number of surface atoms and/or the
three-dimensional confinement of electrons [26]. The new
ways of synthesis, e.g. mechanochemical one [8, 10, 19,
27, 28|, represent a challenge in the preparation of such
compounds.

3.1. Mechanochemical synthesis of chalcogenides from
elements

Chalcogenides exhibit a great variety of physical,
chemical and physico-chemical properties. They display
similar structural defects to oxides with cation vacan-
cies, interstitial cations or anionic defects. During the
last few years, the synthesis and characterization of new
chalcogenide compounds have received considerable at-
tention. Mechanochemical synthesis has been applied for
preparation of a wide range of chalcogenide nanocrys-
tals [10, 18, 29-43].

As latest examples the mechanochemical synthesis of
clausthalite (lead selenide PbSe) and bismuthine (bis-
muth sulphide BiyS3) can be given [37, 44]. In the first
case (Fig. 2), the product was prepared in an indus-
trial eccentric vibratory mill (milling time is given in the
figure).
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Fig. 2. Mechanochemical synthesis of PbSe: XRD pat-
terns (left), TEM images (right) [37].

Degree of conversion to PbSe was 97% after 6 min of
treatment and the cubic particles 20 nm (depending on
milling time) were obtained. The preparation of BisS3
was also straightforward as illustrated by Fig. 3.

The conversion to BizS3 was total after 60 min
of milling in a laboratory planetary mill. The pre-
pared semiconductor nanocrystals belong to orthorhom-
bic phase with the crystallite size of about 26 nm. The
comprehensive description of the synthesis process was
given by the study of structural, surface, optical, and
thermal properties as well as the kinetics of BiyS3 forma-
tion [44, 45].
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Fig. 3. Mechanochemical synthesis of Bi»S3: XRD

patterns [44].

3.2. Mechanochemical synthesis of sulphides
from organic salts and aminoacids

The preparation of lead sulphide PbS from lead ac-
etate (CH3COO)2Pb-3H0 and L-cystine CgH12N204Ss
has been reported recently [46]. The morphology of the
synthesized PbS nanocrystals is documented by Fig. 4.
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Fig. 4. HRTEM image of PbS mnanocrystal (top)

and corresponding EDS spectrum (bottom); modified
from [46].
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The PbS was formed in a rhombic shape exhibiting
faceting along {111}planes. The nanocrystal exhibited a
high crystallinity without any crystal defects. The en-
ergy dispersive spectrum EDS in Fig. 4 unambiguously
confirms that there is cystine in the sample, because ele-
ments C, N, O, and S are present. Moreover, the presence
of Pb indicates that the PbS nanoparticles are wrapped
by cystine as confirmed by light spots in high resolution
transmission electron microscopy (HRTEM) image given
in Fig. 4. It was shown that the amino acid L-cystine
has a dual role: (1) acting as a source of sulphur for the
mechanochemical synthesis, and (2) binding to the syn-
thesized PbS, which makes it possible for the nanoparti-
cles to be biofunctionalized for medical purposes.

In paper [47] the successful synthesis of PbS nanocrys-
tals has been reported by co-milling lead acetate with the
eggshell membrane (ESM). ESM represents perspective
biomaterial [48] composed mainly of proteins, which con-
sist of various amino acids. Among them, also sulphur-
containing ones are present. As a result, PbS nanocrys-
tals with crystallite sizes "8 nm were produced. SEM
images illustrating the course of the synthesis are given
in Fig. 5.

Fig. 5. SEM images of (a) pure ESM and the reaction
mixture milled for: (b) 60 min, (¢) 120 min, and (d)
180 min [47].

The progress of the mechanochemical synthesis can be
clearly seen. During the milling the originally fibrous
structure of ESM (Fig. 5a) is almost completely destruc-
ted and large amorphous clamps with the residues of
fibers can be seen (Fig. 5b). After supplying the addi-
tional milling energy, the particles of PbS with an exotic
morphology are formed (Fig. 5c,d). The fibrous structure
of ESM has completely disappeared and its residue be-
came part of the product. The presence of lead sulphide
was confirmed by X-ray diffraction (XRD) and EDS
analysis.

4. Medicine

While significant progress in the treatment of many
diseases has been made, cancer is still the second lead-
ing cause of death in the world. Therefore, the search

for new anticancer drugs still remains a real issue.
Nanomilling [4, 49-52] represents a mechanochemical ap-
proach for producing nanoparticles, which can effectively
target tumor tissue, as well as play an important role in
prevention and diagnosis of the disease.

Arsenic compounds had a long Janus-type interaction
with humanity. On the one hand, they have been ex-
tensively utilized, but on the other hand, their poisonous
properties have caused misery and many deaths. How-
ever, arsenic substances have also been known to have
a therapeutic effect and several reviews have been pub-
lished on this topic [53-58]. Mechanochemical prepara-
tion and anticancer effects of arsenic sulphide As;Sy (re-
algar) nanoparticles have been clearly demonstrated in
several papers [59-64]. The increase in surface area and
the shift of particle size to nanoregion had positive ef-
fect on improved dissolution disorder of cell membrane
and reduced viability of various cancer cell lines. For il-
lustration, the comparison of selected nanomilled AsySy
particles with approved anticancer drug As,O3z (ATO,
brand name TRISENOX™) is shown in Fig. 6.
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Fig. 6. Comparison of biological activity of AssS4
nanoparticles (RK130-RK132) with arsenic oxide

As303 (ATO): RK130 — chemical (Sigma Aldrich),
RK131 — mineral realgar, RK132 — mineral parareal-
gar.

The less toxic AsyS4 nanoparticles exhibit practically
the same distribution of live, necrotic and apoptotic cells
as highly toxic ATO. Moreover, ICsq values (the concen-
tration of a drug that is required for 50% inhibition of
the proliferation of selected cancer cells) favour AsySy
(0.031-0.033 pug mL~1) over ATO (0.050 pg mL~1). It
follows that for the same anticancer activity, less arsenic
drug is needed. These effects obtained for in vitro exper-
iments open a lot of new challenges for in vivo treatment
of cancer.
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5. Industrial aspects

Mechanochemistry offers innovative procedures in
which the improvement in technological processes gov-
erned by their application can be attained via a contri-
bution of several effects which influence the properties
of processed solids. The main advantages are the de-
crease in the number of technological stages, the exclu-
sion of operations that involve the use of gases and the
high temperatures and working under environmentally
friendly conditions. The key aspect is the proper selec-
tion of a mill, which can serve as a mechanochemical
reactor. Different types of mills suitable for the large-
quantity production can be used [19]. As an example,
which is in accordance with the topic of this paper, sev-
eral types are shown in Fig.7.

Fig. 7.

Industrial mills used for applications in (a) ex-
tractive metallurgy: stirred ball mill [19], (b) materials
science: eccentric vibratory mill [65] and (c) pharma-
ceutical industry: stirred ball mill (the milling chamber
of the large-scale mill is marked with the arrow) [4].

6. Conclusions

After successful application to processing of minerals,
mechanochemistry is heading for new fields of study such
as preparation of nanocrystalline substances and nan-
odrugs [10]. In this review, updated information from
the field of extractive metallurgy, materials science, and
medicine is provided.
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