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BIOLEACHING PROCESS BY ORGANISMS IN METAL MINING.
REVIEW

Abstract. The problem of soil contamination by heavy metals, acid mine drainage,
wastewater dumping sites, the problem of ore shortage, and many more forces
people to seek better mining techniques. However, new mining techniques
have to be eco-friendly and suit the environmental assessment policy. Bacteria
are incredibly versatile organisms with high adaptability, which can live, adapt
and thrive particularly everywhere. Sulfide-associated environments harbour
diverse bacterial communities capable of metal sulfide oxidation, a process vital
for bioleaching and biomining. This review explores the bacterial composition
of these environments, focusing on acidophilic bacteria and archaea that drive
sulfide mineral dissolution through iron and sulfur oxidation. This paper discusses
the oxidation of metal sulfides via two primary pathways, determined by physico-
chemical characteristics of minerals. Biofilm formation and extracellular polymeric
substances (EPS) significantly influence bioleaching efficiency, while quorum
sensing and molecular interactions shape microbial consortia. Understanding these
microbial processes is essential for the optimization of biomining, the development
of hydrometallurgy, and mitigating the negative effects of ore depletion or metal
contamination, such as acid mine drainage.

Keywords: Bacteria, metal sulfides, minerals, remediation, bioleaching, microbial
consortia, biotechnology.

Introduction. Microbes have contributed to the formation of water-in-
soluble sulfides since the early history of life on Earth. The sulfate-reduc-
ing bacteria converted metal sulfates into metal sulfides (MS) that have
been incorporated into the structure of rocks [1]. Likewise, the increasing
abundance of such metal sulfides may be described by the release of
toxic mining wastes at the mining sites. Such circumstances force gov-
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ernments to use remediation techniques [2]. Microbial remediation of
metal-contaminated sites is more effective since it doesn’t require much
energy and doesn't produce any toxic gaseous substances. Moreover,
the resulting compounds are relatively chemically inert and less likely to
react [1]. The bio-processing of metal contamination includes several bi-
oremediation technigues like biosorption by microalgae, bioaccumulation,
biomethylation, bio-oxidation or bioreduction, and bioleaching [3]. Biore-
mediation is the application of microbial systems for cleaning organic or
inorganic pollutants by their detoxification, reclamation, or immobilisation
[3]. This review is concerned with the mechanisms of bioleaching and their
practical importance.

Research methods. Bioleaching is the mobilisation of metal cations in
insoluble compounds through a series of chemical reactions [4]. Bioleach-
ing is the principal concept of biohydrometaNurgy, the biotechnological
way of mining [6]. It was found that sulfur-oxidising bacteria that reside
within mine acid waters can use insoluble MS in their life cycles and sol-
ubilise it. This technique has found its wide use in the extraction of met-
als from low-grade ores because of its high efficiency, ease of use, and
eco-friendly principles [2, 5-6]. The main role of microorganisms in this
process is to oxidise metal- and sulfur-containing minerals [5].

Singh & Cameotra (2015) highlight the following advantages of the
bioleaching [6]:

1. Low capital requirement
. The relatively low environmental impact
. Specificity for substrate
. Zero discharge
. Indigenously available species
. Relatively simple industrial facilities
. Eco-friendly process
. Minimal control over the process

9. Relatively convenient conditions, i.e., atmospheric pressure and
room temperature

10. Accessibility for all countries since the process doesn't require so-
phisticated machines

0N O WN

Bacterial Sulfide Oxidation. Bioleaching can be classified into three
types based on the chemical reactions that take place: oxidative, acid, and
reductive bioleaching. Oxidative bioleaching involves the application of
microbes that use oxygen as the final electron acceptor during specific
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reactions. We’ll consider only this type of bioleaching since, in the case of
sulfides, the acid bioleaching is the same as the oxidative, and there are
no reduction reactions [4].

The primary model was proposed in the earliest history of bioleaching
to describe the biological dissolution of metal sulfides. Thus, the direct
mechanism involves the electron transfer between the cell and the re-
duced substrate. Such organisms possess enzymes that directly oxidise
reduced minerals and transfer the electrons to the oxygen. During this
method of MS dissolution, the bacterial cell has to be close enough to the
substrate [2]. Another method is called the indirect method. The ferric ion
induces this method of oxidation. Bacteria recycle these ions to maintain
the equilibrium between ferric and ferrous ions [2]. The indirect method
is divided into two modes: contact and noncontact modes. Noncontact
mode means the reduction of ferrous ions by planktonic bacteria, while the
contact method occurs between sedimentary cells and the mineral. How-
ever, the cell isn’t in contact with the substrate during contact mode, and
the cell doesn't oxidize the reduced minerals itself. The oxidation occurs
from the reaction between the reduced metal and the ferric ion [2]. The
oxidation reaction occurs in the space very close to the surface, where
there’s a huge concentration of the oxidised ions [3]. Iron plays a vital role,
especially its concentration, in the bioleaching process. Cells increase the
redox potential locally by concentrating ferric ions in EPS on the surface of
the mineral [7]. In this regard, Vera et al. (2022) think that there is no dif-
ference between direct and indirect methods. Because bacterial diversity
is mainly made up of acidophilic bacteria that don’'t grow in the absence
of ferric ions, ferric ion production has always been observed during culti-
vation. Thus, both methods include the use of the ferric ions [4]. However,
Mishra et al. (2015) consider that there are 3 types of bioleaching: direct
or contact, indirect or noncontact, and cooperative [8-9]. Though Vera et
al. (2022) describe the differences between direct and indirect methods,
Mishra et al. (2015) identify the indirect method as a non-contact method
and the direct method as a contact method. On the other hand, Rawlings
(2002) describes only the direct and indirect methods, as well as there
is no identification of the contact or non-contact modes of the oxidation
or the comparison of direct and indirect methods. According to Rawlings
(2002), the role of microbiota in the indirect method is collateral, while in
the direct method, the microbe induces the direct transfer of electrons
[10]. In this regard, we can say that the definitions of Rawlings, 2002 and
Mishra et al., 2015 are equal, however, the definition of Vera et al., 2022 is
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supported by newer research in this area (Figure 1). Thus, no fixed model
can describe the bioleaching process, that occurs in the sulfide minerals.

Figure 1 - The general description of direct and indirect methods of mineral

dissolution, based on the literature review. A) Describes how bacterial cells

directly oxidise (contact mode) reduced metal sulfides to get the energy. EPS has

a constant redox potential since bacteria reduce Fe2tto maintain the concentration

of Fe3+favourable for the reaction of mineral oxidation. B) On the other hand, we

see the indirect method (non-contact mode), that involves the oxidation of mineral
by Fe3+from planktonic cells. Based on [4, 8-10]

Metal sulfides differ in their specificity for oxidation. This results from
the structure of the mineral. Minerals with lower electrochemical potential
are less resistant to the attack by ferric ions. Thus, sphalerite (ZnS) and
pyrrhotite (FeS) are easier to solubilize, while molybdenite (M0S2), with
the potential of 700 mV, or enargite, is less likely to be solubilized as fast
as the previous minerals [7]. Moreover, the differences in valence resulting
from the structure of the sulfides impact the stability of the mineral. Thus,
FeS2 or MoS2 are made up of 2 sulfur atoms, which create nonbonding
orbitals, and these nonbonding orbitals are resistant to the protons. Thus,
such minerals are acid-insoluble, and we have to use complex reactions
to solubilize them [4]. As a result, 2 different pathways describe the bi-
oleaching of 2 groups of metal sulfides. The thiosulfate pathway involves
the oxidation of acid-insoluble metal sulfides like FeS2to SO4 through
the thiosulfate intermediate, while the polysulfide pathway involves the
oxidation of acid-soluble metal sulfides like ZnS through the formation of
polysulfides specific for the reaction [4,8-9]. In the polysulfide pathway, the
formed sulfuric acid acts as a catalyst by attacking the MS (Figure 2) [9].
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Figure-2. Schematic representation of thiosulfate and polysulfide mechanisms

[9]. Degradation is induced by the proton attack and the oxidation process. During

the thiosulfate pathway (a), oxidation is very important since the metal sulfide

is less susceptible to the proton attack. During the polysulfide mechanism (b),

formed sulphuric also induces the degradation of minerals by attacking the bonds
between metal and sulfur [2, 8]. Picture based on [4, 8-9]

Bacterial Composition of Sulfide-Associated Environments. The
bacterial composition of sulfide-associated environments is a crucial fac-
tor in biomining and bio-oxidation, with diverse microorganisms playing
key roles in metal extraction, as was described earlier [1]. Dominant bac-
terial genera include Acidithiobacillus, Leptospirillum, Sulfobacillus,

Acidiferrobacter, and Ferrimicrobium, with archaeal representatives
such as Ferroplasma,

Acidiplasma, and Sulfolobus [4]. Microbial communities involved in
these processes are primarily composed of acidophilic, chemolith-
otrophic iron- and sulfur-oxidizing bacteria. These bacteria thrive
in extreme conditions, using ferrous iron and reduced inorganic sulfur
compounds (RISC) as electron donors while tolerating highly acidic en-
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vironments of pH approximately 1.5- 2.0, and a wide range of temper-
atures i.e., mesophiles thrive at 20-35°C, moderate thermophiles at
40-50°C, and extreme thermophiles above 70°C (Table 1) [1, 7]. This
temperature-dependent microbial distribution is particularly relevant in in-
dustrial bioleaching, where thermophilic archaea such as Sulfolobus sp.
and Ferroplasma sp. contribute significantly to high-temperature mineral
oxidation.

Table 1 - Temperature dependence of microorganisms found on the sulfide

minerals. Different species show different optimal temperature ranges, which is

very important for their effective application in industrial facilities and mass pro-
duction. The table was taken from [5].

Acidophilic organism Type of the bacteria
Iron-oxidising bacteria
Leptospirillum ferooxidans Mesophile
L. ferriphilum Mesophile
L. thermoferrooxidans Moderate thermophile
Ferrimicrobium acidiphilum Mesophile
Ferroplasma acidiphilum Mesophile
Fp. Acidarmanus Mesophile or Thermotolerant
Sulphur-oxidising bacteria
Acidithiobacillus ferroxidans Mesophile
At. caldus Moderate thermophile
Metallosphaera sp. Extreme thermophile
Sulfolobus sp. Extreme thermophile

Iron- and sulphur-oxidising bacteria

At. ferooxidans Mesophile
Acidianus sp. Extreme thermophile
Sulfolobus metallicus Extreme thermophile
Iron reducers
Acidiphilum sp. Mesophile
Iron oxidisers/reducers
Acidimicrobium ferrooxidans Moderate thermophile

Iron oxidisers/reducers and sulfur oxidisers

Sulphobacillus sp. Mesophiles and moderate thermo-
philes
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The bacterial composition of sulfide-associated environments plays a
crucial role in bioleaching and bio-oxidation processes, with distinct micro-
bial consortia adapted to varying temperature and chemical conditions [7].
The primary bacteria involved in these processes include Acidithiobacil-
lus ferrooxidans and Leptospirillum ferrooxidans, both key players in iron
and sulfur oxidation. However, recent studies indicate that Leptospirillum
species often dominate iron oxidation in continuous stirred-tank reactors
(CSTRs), particularly in the bio-oxidation of arsenopyrite (FeAsS) and
copper sulfide concentrates. In bioleaching systems, microbial selection
is highly dependent on environmental factors such as pH, temperature,
and mineral composition [2, 4]. For example, the addition of ferrous iron
to leach solutions can shift microbial dominance from Leptospirillum sp.
to Acidithiobacillus ferrooxidans, highlighting the importance of chemical
conditions in shaping microbial populations.

Another key aspect of sulfide-associated microbial communities is
the presence of thermophilic and archaeal species, which play a crucial
role in high-temperature bioleaching operations. Acidianus sp. and Met-
allosphaera sp., along with the iron-oxidizing archaeon Ferroplasma sp.,
have been detected in bioleaching environments with extreme acidity and
high metal concentrations. Their presence is particularly significant in
chalcopyrite bioleaching, where mesophilic bacteria struggle due to pas-
sivation effects. Thermophiles enhance metal recovery and contribute to
the stability of bio-oxidation processes by thriving in self-heating heaps
and reactors [1, 7]. The shift from mesophilic to thermophilic consortia
as temperature rises demonstrates the dynamic nature of these micro-
bial ecosystems, which adapt to environmental conditions to maximize
mineral dissolution. Understanding the composition and function of these

bacterial communities is es-
sential for optimizing indus-
trial bioleaching processes,
reducing environmental im-
pact, and improving metal
recovery efficiency.

Figure 3 - The percentage
of the disposal of municipal
wastes.
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Application of Bioleaching Nowadays. According to Yeoman et al.
(2021) bioleaching is used to extract copper from covellite ore (CuS). The
ore is treated with acid for the growth of A. ferrooxidans. Bacteria will pro-
mote the reaction between CuS and Fe3t and as a result, Cu2+ions will be
formed. Formed Cu2+ions are moved to another tank with scrap metal for
the precipitation of Cu2+by iron. This precipitate is used for further concen-
tration stages [11]. Apart from that, many companies use bioleaching pilot
plants or experimental copper recovery plants (Table 2). Though the wide-
ly used bioleaching mode is dump leaching, i.e., the substrate, like rocks,
low-grade ores, or other metal garbage, is exposed to microbial attack,
there are experimental plants that use techniques like heap leaching or
agitated leaching. Such plants are supplied with special reactors that
can maintain cultivation conditions like optimal pH range, rpm, or temper-
ature. The substrate also dictates the microbial composition used for the
bioleaching [12-13]. For instance, oxidation reactions within spoil heaps
result in higher temperatures, and only thermophilic and mesophilic ther-
motolerant microbes can inhabit such environments [14]. Thus, they are
very rich in acidophilic, thermophilic, and thermotolerant bacteria [13-14].
Waste dumps, on the other hand, are bioleached at lower temperatures
by mesophilic bacteria.

Table 2 - Different companies use bioleaching for the recovery of copper,

gold, and other metals [12]. Indicated leaching methods are done in special

bioreactors with the supplement of nutrients and necessary compounds for the
maintenance of certain conditions of cultivation.

Company Leaching method

BIOPRO™ Process - heap leaching of refractory

Newmont Mining gold ores

BIOX™ Process - agitated tank oxidation of

Gold Fields, Ltd
refractory gold ores

BioCOP™ Process- agitated tank oxidation and
leaching of copper sulfides

BioNIC™ Process - agitated tank oxidation and
leaching of nickel sulfides

BioZINC™ Process - agitated tank oxidation and
leaching of zinc sulfides

BHP Billiton, Ltd.

BacTech/Mintek Process - agitated tank oxidation
and leaching of copper sulfides

GEOCOAT™ Process - heap leaching sulfide
mineral concentrates

BacTech Environment

GeoBiotics, Inc.
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Rendon-Castrillon et al. (2023) suggest that even municipal wastes
and solid agricultural debris may be exposed to microbial attack for the
remediation of metals. Thus, annually, 12 billion tons of solid waste are
produced, and they are very rich in metals, which may be subjected to
biological leaching. Bacterial leaching may recover Au, Cu, and Zn, while
fungi can recover Ni, V, Al, Mo, Co, Fe, Mn, Ag, Pt, and Pd from those
wastes. Researchers recall that agricultural wastes such as crop residues,
peanut shells, corn cob ash, rice husk, and cane bagasse are very rich in
Ca, Si, Mg, Fe, Al, P, Mg, Zn, and Mn. In 2016, these wastes correspond-
ed to 13% of the lost food supply, while in 2020, it increased to 13.3%.
The same issue is seen with municipal wastes, which are annually pro-
duced at the level of 2 billion tons (Figure 3) [13]. The bioleaching of such
wastes gave high recovery rates of Cd, Zn, Cu, Cr, and Pb [15]. Other
substrates that are potentially applicable for metal recovery are industrial
wastes. Old and broken TVs, phones, computers, and other e-waste can
be reused. Such wastes contain 60 different elements that belong to base
metals, critical metals, and platinum group metals [13]. Li-batteries, circuit
boards from old phones, and batteries from electric vehicles contain many
metals and may be subjected to bioleaching for the recovery of Li, Co, Ni,
Mn, and base metals [19-23]. As a result, bioleaching can contribute to
the prevention of the environment from heavy metal contamination by the
sequestration of those metals from different sources like animal faeces,
plant debris, electronic devices, etc.

Currently, there are plenty of places that have industrial bioleaching
plants: Rfo Tinto (Spain), Bagdad, Morenci, Pinto Valley, Sierrita, Morenci
inthe US, Cerro Colorado, Chuquicamata SBL, Collahuasi, Ivan Zar, Pun-
ta del Cobre, Quebrada Blanca, Salvador QM, Sociedad Minera Puda-
huel, and Zaldfvar in Chile [12]. The abundance of bioleaching plants in
Chile is a result of the high dependency of the country on its ore deposits.
To mitigate the hazardous impact of traditional mining techniques, Chile-
ans seek eco-friendly methods such as bioleaching. Nowadays, 42% of
all copper is produced via environmental biotechnology, and the demand
for the development of environmental biotechnology is increasing [16].
Moreover, Sen C. (2015) mentioned that there are at least 10 large-scale
bioleaching plants. Some of them are Sao Bento in Brazil, Ashanti and
Sansu in Ghana, and Tamboraque in Peru [16]. Such plants utilize ac-
idophilic bacteria for the extraction of uranium from the water-insoluble
uranium salts and the extraction of gold from the low-grade ores. Although
we described only 2 main pathways, there are other biochemical reactions
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that can recover metals from their minerals. However, those methods and
pathways are specific and used only for specific metals. For instance,
HCN-forming bacteria such as Chromobacterium violaceum or Pseu-
domonas fluorescens can leach Ni, Au, Pt, and Cu from solid materials
like soil or ores, scrap, and other metallic trash [3, 18]. The cyanidation
of ores like arsenopyrite (FeAsS) yields gold, however, the ore has to
be pre-treated for the reactions to begin. This pre-treatment is done by
acidophiles like A. ferrooxidans, which solubilize the rock of FeAsS[Au]
and free the gold ions. As well, acidophiles can facilitate the recovery of
uranium from its ores. They maintain the constant concentrations of Fe2+
Fe3+ as well as SO4£that participate in the reactions of the solubilization
of insoluble minerals like covellite [11, 21].

Also, the author recalls that bioleaching is mainly used for the produc-
tion of gold, copper, and uranium, but in the future, bioleaching may be
used at the same rate as the traditional leaching techniques, especially for
the wastes, bauxite dressing, and bioremediation of contaminated sites [13,
17]. Based on the abovementioned facts, the comparison of traditional met-
allurgy and bioleaching was conducted with SWOT analysis (Table 3).

Table 3 - SWOT analysis of the differences between bioleaching and tradi-

tional methods. Based on the SWOT analysis, we can see that bioleaching is

convenient for the extraction of metals from low-grade ores. Even though it op-

erates at normal conditions, it demands the precise control of fluctuations in pH,
temperature, and other factors.

Bioleaching Traditional methods

The main advantage  of" Traditional mining methods, including

bioleaching isthe use of bacteria, pyrometallurgy and hydrometallurgy,

which operate at atmospheric are well-established and capable of

pressure and moderate  processing large volumes of high-
g temperature, i.e., there's no grade ores [3]. These techniques

need for a high energy supply, provide faster metal recovery and

and can operate in low-grade ensure consistent production, which

ores. Hence, it's less costly and s crucial for industrial demands.

more eco-friendly [6].

Moreover, technological advance-
ments in mechanization and ore sep-
aration enhance the efficiency of con-
ventional mining operations.
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lhe process is relatively slow
compared to traditional mining,
often requiring weeks or even

months for significant metal
recovery. Its efficiency heavily
depends on environmental

conditions, such as pH, redox
potential, and temperature.
Furthermore, certain minerals,
like molybdenite (MoS2 and
enargite, are more resistant to
microbial oxidation due to their
high electrochemical potential
[2, 4, 7.
Bioleaching offers
opportunities  for sustainable
metal extraction from low-
grade ores, mining waste, and
electronic scrap. It can also be
applied for soil remediation in
contaminated mining areas.
Recent advancements in
genetic engineering may
further enhance the efficiency
and specificity of bioleaching
microorganisms, making the
process even more effective
[13, 16].

The
of

promising

widespread adoption
bioleaching is hindered
by process variability and
the difficulty of maintaining
optimal conditions for microbial
activity [2, 4, 7]. Regulatory
uncertainties and industry
resistance to new technologies
further limit its implementation.
Additionally, bioleaching is less
effective for high-grade ores and
projects requiring rapid metal
extraction [5].
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Iraditional mining has significant
environmental drawbacks, including
habitat destruction, soil contamination,
and the generation of acid mine
drainage (AMD) [16-19]. These
methods also consume large amounts
of energy, contributing to greenhouse
gas emissions. Additionally, extracting
metals from low-grade ores using

conventional techniques is often
economically unfeasible.

While traditional mining  faces
environmental challenges, it can

benefit from technological innovations

aimed at reducing its ecological
footprint.  Integrating conventional
techniques with bioleaching could
improve  metal recovery while
minimizing  environmental harm.
Moreover, automation and digital
monitoring systems can enhance

the efficiency and safety of mining
operations.

Traditional mining faces increasing
pressure due to stricter environmental
regulations, resource depletion,
and rising operational costs. Public
demand for sustainable practices
and the global shift toward greener
technologies also challenge the long-
term viability of conventional mining
approaches [16].
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Conclusion. Even though there are no exact mechanisms of sulfide
solubilization, this review describes the main mechanisms of bioleaching,
such as direct or indirect, contact or non-contact modes. Since there is no
fixed idea or model that describes the whole process, which is vital for the
industry, further research is needed. Although we described the main 2
types of metal sulfide solubilization and degradation, some other mecha-
nisms that are applied by bacteria were mentioned. Thus, we can recover
some metals like Cd, Cu, Ni, or Zn from unusual substrates like fly ash or
solid wastes with the help of microbes and fungi [3, 13].

Apart from the mechanisms of bioleaching, some basic environmen-
tal factors that affect the growth and effectiveness of bioleaching, such
as pH, temperature, redox potential, and mineral composition, were con-
sidered. Still, research on the distribution of the bacterial species among
minerals is needed, as there are no references on the exact species apart
from the Acidithiobacillus sp. in this topic, as well as their optimal growth
conditions of those organisms.

Nowadays application of bioleaching is also considered. Even though
the use of bioleaching is limited by the recovery of copper or gold from
low-grade ores, it's thought that in the future it'll be widely used for other
industrial processes and will contribute to the remediation of the soil, of
low-grade ores, and for the metal scrap.1
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AnmarambeToB A.T.1] Kaibip [O.A.1 ApbicTaHbekynbl b.1 Aknen /1.2
XXyb6aHoBa A.A.1

"«DKOMOrnsi XxaHe 6uopecypcTap TYPaKTblIbIHbD TbI/TbIMU-3EPTTEY MHCTUTYThbI, 3/1-
dapabun aTbiHAarbl K,a3¥y, Anmvarbl k., KazakctaH

2BbpuH-Map konnemk”™ bpuH Map K., NeHcunbBaHusA, AKLL

METANAOAP OHA1PYAEN TOMNbIPAKTbL, MUKPOBNOMNEAKLMACDI.
wony

TywHaeMe. TonblpakTbIH ayblp MeETa/IAAPMEH JlacTaHybl, KbIWKbUIAbl LaXTasbIK
OpeHax, arbiHAbl cynapablH Ter”™ a, KeH TanwbibIrbl XX3He 6acka Aa macenenep
ranbiMgapabl Tay-KeH eHaipyaiH Timai agtoTeplu isgeyre mMaxoYpneiiai. Ananga
XaHa Tay-KeH TexXHOsI0rvsinapbl 3KOMOMMAMbIK TyprbigaH KayTa3 3pl KopluaraH
opTaHbl Kopray casicaTbiHa calikec 6onybl Kepek. Bakrepusinap - >orapbl
GenimaenriwTiri 6ap epekwe WKemAi opraHM3mMaep, Oonap Kes KeareH opraga
emip cYpin, 6e”~maenT, Te3 gambin keTe anagpl. KypambiHaa cynbcuarep 6ap
opTtaniap meTanin cynbtuarepbl TOTbIKTbIpyra KabineTTi apTYpni GakTepusinbIK
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EcTecTBeHHblE HAYKW, UHXUHUPWUHT U TEXHONOr N

KaybIMAaCTbIKTapAblu NPLW LT eTy opTackl 60nbin Tabblnagsl - 6yn npouecc 61o
CTNNey xaHe 61o eHAipy YWiH Manbi3gbl.

Byn Makanajga ocbl opTanapfbii  6GakTepusnblK  Kypambl KapacTbipbibif,
TeMip MeH “rapTn TOTbIKTbIPY apKblibl CynbUATI MUHepangapabl epTesnH
aungodunbai 6akTepusinap MeH apxelinepre Hasap aygapblnagbl. Makanaga
MeTan cynbuaTepwl, (U3nNKanbiK-XUMUSANbIK KacueTTepiHe 6ainaHbICTbl
6onatblH ekl Hen3an TOTbIY >ONbl cunatTtanagbl. bBuonneHkanap MeH
XacywagaH Tbic nonumepni 3aTttap (EPS) 6uowaimanaygbin  TuiMmainiriHe
aiiTapnbikTail acep eTeak an KBOpPyM-Ce3iHy MEXaHU3Mi MeH Mosiekynasblk e3apa
3PEKETTECTIKTEP MUKPOOTBIK KOHCOPUUYMAAPAbIN  KasbINTAaCyblH aHbIKTakabl.
Byn Mukpo6uonorusnbik npouectepdi TYciHy 6uokeH OHAipiciH ouTalinaHabipy,
rMapoMeTanyprusiHbl 4amMbITy X3HE KblLUKbINAbl WaxXTaiblK APEHaX CUAKTbI KeH
Tanwel/birbl HEMECE MeTasll lacTaHyblHbIM Tepic 3cepniepiH asaiTy YLiH eTe
MaubI3[bl.

TYWingi cespep: Baktepus, meTann cynbUATEPK MuHepangap, pemeanaus,
6uowaiimanay, MMKPOOTbIK KOHCOPLUYM, BUOTEXHOOIMS.

AnmarambeToB A.T.l] Kaibip [O.A.1 ApbicTaHbekynbl b.1 Aknen /1.2
XybaHoBa A.A.1

HayuHo-nccnegoBaTeibCKUl MHCTUTYT «YCTONUMBOCTM 3KONOMMSA 1 BUOPECYPCOB»,
KasHY um. anb-®apabu, r. AnmaTtbl, KasaxcTtaH

XKonnepx bpuH-Map, r. bpuH Map, wTtat MNeHcunbeaHua, CLUA

BENOBbIWENAUYNBAHWE NMOYBblI MMKPOOPTAHN3MAMW MNP AOBbLIYE
META/INOB. O630P

AHHOTauus. Mpobnema 3arpsi3HEHNsT NOYBbI TSHKENbIMU MeTasllaMu, KUCMIOTHBIN
LWaxTHbIA ApeHax, c6poc CTOYHbIX BOA, HEXBATKA pyAbl U MHOTME Apyrue hakTopbl
BbIHYXAAIOT Y4YeHbIX MckaTb Gonee 3PeKTUBHbIE MeToAbl A06bIUM MOME3HbIX
uckonaembix. OfHaKo HOBble TOPHOAOGLIBAKOWME TEXHOMOMMU AOMXKHbI OblTh
3KOMOrM4yeckn 6Ge3onacHbiMM UM COOTBETCTBOBATb MOJIMTUKE 3KOMOrMUECKOi
6e3onacHocT. BakTepum — 3TO upesBblyaliHO YHUBepCaslbHble OpraHu3mbl C
BbICOKOI afjanTUBHOCTbLIO, CMOCOGHbIE XWTb, MpUcnocabnuBaTbCs U NpoLBeTaTb
npakTuyecku B N6bIX ycnoBusix. Cpefpl, cogepxalime cynbuasl, SABAATCA
MeCTOM 06uTaHns pasHoobpasHbiX 6akTepuanbHbIX CO0OLWECTB, CNOCOOHbLIX K
OKUC/EHNIO CyNbUAOB MeTa/I0B— NpoLeccy, BaXHOMY /11 610BbILLe1auMBaHns
n 6nogo6bLIuN. B faHHOR cTaTbe uccneayeTcs 6akTepuasibHbIil COCTaB Takux cpej,
C aKUeHTOM Ha auufou/bHbIX GakTepuil M apxeun, KOTOpble OCYLLEeCTBAAIT
pacTBOpeHue Ccynb(UAHbIX MUHEPasioB MNyTeM OKWUCMEHUsI xenesa u cepbl. B
cTaTbe paccmMaTpuBalTCs ABa OCHOBHbIX MYyTW OKUC/EHWS CY/bMA0B METANNOB,
3aBuCALLME OT PU3UKO-XMMUYECKMNX CBOCTB MUHepaioB. O6pa3oBaHre 61MonieHok
1 BHEKNETOUHbIX NOSIMMEpHbIX BellecTB (EPS) okasbiBaeT 3HaUMUTENbHOE BNUSHUE
Ha 3(hPeKTUBHOCTb 6GMOBbLILLEAYMBAHUS, B TO BPEMS Kak MexaHuW3m KBOPYM-
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CEeHCMHra 1 MONEKY/spHble B3auMOAEeiCcTBMSA onpefensoT dqopMuMpoBaHme
MUKPOGHBIX KOHCOPLMUYMOB. lOHMMaHWE 3TUX MWKPOBMOSIOrMYECKNX MPOLEeCcCcoB
Heo6xoauMo Ansi onTMMM3auuM 61Moao6bluM, pasBUTUS TUAPOMETANNYPrUM U
MUHMMMW3ALMN  HeraTMBHbIX MNOCNEeACTBUA WUCTOLWEHUS pyL WM 3arpsi3HeHust
MeTasi/laMu, TakMxX Kak KUCNOTHbIV LWaXTHbIA ApeHax.

KntoueBble cnoBa: baktepusi, cynbduibl MeTanfioB, MUHepasbl, pemeauauns,
61oBblILLLENAYNBAHNE, MUKPOOHLI KOHCOPLMYM, GBUOTEXHOMOTUS.
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