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Abstract- Biomining is successful on the commercial scale
for the recovery of various metals such as copper and ores
from their ores. The methodology involved in this is
primarily chemistry-driven and is a combination of ferric
and hydrogen ions which varies on the type involved.
Hydrogen ions present here are produced by the activity of
chemolithotrophic bacteria growing in a highly acidic
environment. Bioleaching reactions, on the other hand, the
role of microorganisms involved, and whether the reaction
carried out are direct or indirect are discussed below. In
places where the availability of oxidants to sulfide mineral
surfaces is exposed due to mining, the acid mine drainage
tends to contaminate the surroundings as well.
Microorganisms that mainly consist of autotrophic and
heterotrophic archaea and bacteria, take part in catalyzing
iron and sulfur oxidation which determines the release of
metals and sulfur into the surrounding. Indication towards
the physiological synergy in sulfur, iron, and carbon flow
in the microbial community is assessed. With this, the
development, and future aspects of this with the challenges
in mind are described as well.
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+ INTRODUCTION

Biomining is a substantially used term to depict the usage of
microbes in order to expedite the descent of metals from
sulfide or iron-containing ores or its distills [1]. As the metal
is extracted by the conversion of solid metal values into their
water-soluble forms by the action of these microorganisms,
this procedure is referred to in the direction of bioleaching or
bio-oxidation (in the case of gold recovery as the metal
remains in the mineral form) [2].At present, in mineral
extraction, in particular, microorganism usage plays an
escalated role [3]. If the given mineral is responsive towards
bioleaching, the metal is extracted economically even if the
metal grade of the ore is comparatively low, for example the
leaching procedure of copper from waste copper dumps [4].
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The higher-grade minerals get cracked due to which there is
an elevated need to undergo metal recovery from lower-grade
minerals. Additionally, the process of bioleaching is more
conservational when compared to other physiochemical metal
extraction processes. As it’s a naturally occurring
phenomenon, whenever a sulfide- or iron-containing mine
dump is unveiled to precipitation, metal-laden, acid solutions
tend to leach out of the dump yard and cause pollution in the
surrounding habitat [5]. When spraying of the dump vyard is
done as an intended extraction procedure, the metal source is
recovered and the acid is counterbalanced, along with proper
discarding of the solutions which results in a protected
environment. As bioleaching is considered more of an
economic process than alternative methods, it’s used in metal
recovery from higher-grade ores or their concentrates.

When chemical weathering of metal sulfide-rich rocks takes
place, acidic, metal-rich fluids are formed that further result in
hot acid rock drainage solutions. This is since metal sulfide
oxidation reactions are greatly exothermic in nature.
Predominantly, pyrite-rich deposits are mined to extract
metals namely, Au, Cu, Pb, Zn, which as available as
impurities in pyrite or concerning sulfide minerals for instance
galena (PbS), chalcopyrite (CuFeS;). Mining ultimately results
in exposure of greater surface area of sulfide ores to air that
causes an increase in acid generation. The zone where the
rocks have low buffering ability tend to produce highly acidic
toxic solutions that are known as acid mine drainage or AMD.
This AMD environment is densely populated with a variety of
microorganisms despite the acute heat, acidity, and high
concentration of toxic metals and sulfate. The organisms tend
to form a chemo autotrophically - based biosphere in their
subsurface that is sustained by the help of electron donors.
These electron donors have been derived from sulfide
minerals, CO;, O, and N that are obtained from the
atmosphere, and phosphate liberated by the water-rock
interaction. The production of AMD at large is due to the
increase in AMD formation because of the microbial activity

[6].
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Il. MICROORGANISMS INVOLVED IN MINERAL

DECOMPOSITION
2.1 General Characteristics:

To define a generalized microbial population, an analysis of
the ecological system is important. Basically, iron- and sulfur-
oxidizing chemolithotrophic bacteria and archaea have been
involved in producing ferric iron and sulfuric acid which is
utilized in bioleaching reactions and bio-oxidation of minerals
[2]. These microorganisms are ideal for mineral solubilization
and share a few common features between them. They can
grow autotrophically while fixing atmospheric CO,, hence it’s
not predetermined to sustain them on any carbon-based
source. It’s known that the vast majority of autotrophic
systems use luminescent energy generated through sunlight,
chemolithotroph, on the other hand, derive their energy by
utilizing either ferrous iron or reduced inorganic sulfur
compounds as electron donors and oxygen as electron
acceptor. Usually, the mineral bio-oxidation process takes
place at low pH between 1.4 and 1.6 where the sulfuric acid is
obtained during the oxidation of inorganic sulfur. This acidic,
low pH allows the microorganisms to utilize the iron cycle
where the ferrous and ferric iron produced are soluble. The
ferrous iron produced acts as an electron donor for iron
oxidizers while the ferric iron is operated by sulfur-oxidizing
organisms in lieu of oxygen as electron acceptor [7]. The
nutritional requirements of the microbes are met by the
aeration process done to iron- and sulfur-containing mineral
suspension in a water source. As a result, the microbes that
grow in a mineral-rich ecosystem are relatively tolerant to a
wide array of metal ions [8], with a dissimilarity occurring
within and between the species.

2.2 Types of Microorganisms:

As might be gathered from above, the intensity of iron- and
sulfur-oxidizing microorganisms vary depending upon the
temperature scale and the bioleaching procedures that could be
carried out on this temperature scale. These microorganisms
that take part in the bioleaching processes are analogous and
intervene from ambient to 40°C within the temperature scale
45-55°C and 65-80°C.

When mineral bio-oxidation practices that specifically
intervene at 40°C or less than that are deemed to be, an
association of gram-negative bacteria is found to be the
principal microorganisms taking part in it. These
microorganisms comprise the iron- and sulfur-oxidizing
Acidithiobacillus  ferrooxidans  (formerly,  Thiobacillus
ferrooxidans), the  sulfur-oxidizing  Acidithiobacillus
thiooxidans (formerly, Thiobacillus thiooxidans), and
Acidithiobacillus caldus (formerly, Thiobacillus caldus), and
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the iron-oxidizing  Leptospirillum  ferrooxidans and

Leptospirillum ferriphilum [9-13].

Microbes working around 50°C in bioleaching methods are
much lesser-known. Though, At. caldus, some Leptospirillum
spp, bacteria that are part of the gram-positive genera
Sulfobacillus and Acidimicrobium [14], and members of the
archaeal genus, Ferroplasma [15] are considered to be ideal in
this operating temperature. Archaea tends to become more
prominent than bacteria where the temperature is greater than
65°C. Here, the species of Sulfolobus and Metallosphaera are
more notable [16]. The archaea belong to the genus Acidianus
such as Ad. ambivalensi and/or Ad. Infernus tends to grow on
reduced sulfur and at low pH as well as high heat. But, are not
considered ideal to participate in bioleaching procedures as
these microbes grow at 50°C or less.

Fig 1. A scanning electron microscope photograph illustrating the
typical spiral shape of a strain of Leptospirillum. Rod-shaped bacteria
in different stages of entrapment in a biofilm on ore particles are also
visible.

2.3 Are bioleaching reactions direct or indirect:

It’s a persistent quarrel revolving around whether the
microbial-assisted bio-oxidation of minerals taking place
follows a “direct” or “indirect” mechanism [17]. To be
absolute, a direct mechanism occurs in such a manner where
the constituent within the bacterial membrane interacts
directly with the sulfide or metal portion of the mineral by
utilizing the enzymatic form of the mechanism [2]. Contrary
to this, the indirect mechanism involves a chemical attack by
protons or ferrous iron on leads to acid mines’ production
mineral sulfide whose consequence is the dissolution of the
mineral and forming ferrous iron and several types of sulfur.
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This ferrous iron is utilized by iron-oxidizing microorganisms
as electron donors, which re-oxidizes it to ferric iron and thus
regenerating the reactant.

The question here arises is whether the microorganisms play
any role in the solubilization of the metals from minerals that
is more than their capability to generate ferric iron and acid?
This is part of the confusion in the direct vs. indirect dispute
was caused when strong evidence was witnessed that involved
attachment of microorganisms did, in fact, enhance the rate of
leaching. Bacteria such as At. ferrooxidans [18-20] or L.
ferrooxidans [21,22] show a strong affinity towards mineral
surfaces like pyrite on which it attaches itself. When seen at
face value, it appears that the microorganisms react on the
mineral directly. Though, when studied through reaction
kinetics, reaction stoichiometry [23], it suggested that the
procedure involving mineral solubilization is physiochemical
and indirect. In terms of efficiency, leaching reaction occurs
inside the exopolysaccharide or EPS layer that envelops the
microbial cells, is mainly by the indirect procedure. This EPS
layer is generated by the microbial cells when they are
multiplying on a mineral surface and not in the solution. This
EPS is iron-impregnated and acts as the “reaction space”
where the reactants are closely concentrated towards the
surface of the mineral, resulting in a highly efficient chemical
attack on the valence bonds of the mineral [24].
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Fig 2. Schematic diagram illustrating the indirect leaching reactions
believed to take place in the reaction space provided by the
exopolysaccharde (EPS) layer that surrounds mineral attached
microbial cells.

Keeping this in mind, there does exist potential indirect
enzymatic attack. In a study carried out by Tributsch and co-
workers [22.25], cysteine, an amino acid, can rapidly oxidize
pyrite in the absence of bacteria or oxygen [26]. The pyrite has
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free SH groups that react with the sulfhydryl group present on
the cysteine. This entire thiol-disulfide reaction results in the
cysteine getting utilize by the pyrite with iron-sulfur species
getting released. This direct attack on minerals by enzymes is
evident as cysteine is present in most of them.

In short, when microorganisms get attached to a mineral
surface ends up in the production of EPS and gives a reactive
space to expedite an increase in mineral solubilization rate.
This showcases a false appearance of the bioleaching process
is direct. However, the essential reactions are chemically
indirect where the chemical turnover occurs over short
distances between the surface of the mineral and the surface of
the bacterial cell.

24 Abundance, community structure, and
physical/chemical regimes:
Predominately, the microbial community in an acidic

environment mainly comprises Thiobacilli. Schrenk et al. [27]
and Edwards et al. [28] reported that A. ferrooxidans were
close to undetectable within the Richmond Mine at Iron
Mountain (pH being 0.3-0.7 at 30-50°C) and in pyrite-
dominated bioreactor systems [29]. This failure of A.
ferrooxidans not being able to thrive in extreme AMD
environments is characterized by their mesophilic optimal
growth (26°C) and moderate acidophilic nature (pH 1.3-4.5).
However, Druschel et al. [30] demonstrated that an A.
ferrooxidans strain was present at large in an oxidized pool
with pH 1.4.

There are Leptospirillum strains also present in these AMD
environments that were portrayed by a wide range of
temperatures and pHs. They are present in abundance as
compared to A. ferrooxidans over its growth range. Sand et al.
[31] noted that in the bioreactor systems, a high amount of
Fe®* to Fe?* appeared to be less inhibitory to Leptospirillum
than to A. ferrooxidans. Other than this, several other groups
of bacteria are present in abundance in AMD environments. F.
acidophilus has a pH scale ranging from 1.3 to 4.8 with
temperatures varying from <20 to 40°C [32]. With the help of
probe-based studies, Ferromicrobium spp. was found to be in
minority [33]. Acidimicrobium ferrooxidans have been
reported from a diverse range of environments [34] and are
easily cultivated between 34 and 57°C [35].

Sulfobacillus spp. has a broad array of physical growth
regimes with a few isolates capable of growing at 65°C [36].
The strains isolated from geothermal sites and studied by
Yahya et al [37] were found to be effective pyrite oxidizers at
pH<1. This concluded that thermophilic species can be found
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in AMD systems. Sulfobacillus clones were also recovered
from pH 0.7-0.9 and 35-43°C [38] with around 6.8%
microbial communities present [30].

Six members of the genus Acidiphilum are adapted to
temperatures ranging from 17 to approximately 45°C and pH
values from 1.5 to 60 [32]. Peccia et al. [39] found that genus
Acidiphilum outnumbered Acidithiobacillus ferrooxidans in
their mixed culture bioreactors with their population equal in
the sediment samples. In broad, Acidiphilum sp. occupies at
lower temperature and higher pH in microenvironments.
Under anaerobic conditions, it contributes towards iron
cycling by redissolving ferric iron-based minerals precipitated
when the pH is increased with mixed with groundwater and in
streams. The environmental distribution of
Thermoplasmatales indicates adaptations towards high
biomass, metal-enriched, pH 0.5-1.4, 30-50°C habitats close to
air-biofilm interface [30]. Metallosphaera spp. (Sulfolobales
order) tend to impact pyrite dissolution via catalysis of ferrous
iron oxidation [40] and is isolated from an acidic uranium
mine [41] and a bioleaching reactor [44].

I1l. ENVIRONMENTAL IMPACT OF BIOMINING
ACTIVITIES

Acidophilic microorganisms tend to mobilize the metals and
acid mines that can leave a negative impact on the
environment. This acid mine drainage needs to be remediated.
The contaminated locations containing acidic fluid barriers are
sealed off and approaches are adopted to avoid spillage of the
acidic effluents. These acidic effluents are monitored with the
help of chemical treatments such as neutralizing the acidic pH
with the help of calcium oxide [42]. These acidophilic
microorganisms can be inhibited with the help of organic acid,
sodium benzoate, sodium lauryl sulfate.

The process of bioremediation or removal of the toxic metals
from the contaminated soil can be done by utilizing two
opposite biological activities: sulfur-oxidizing bacteria with
sulfur-reducing microbes. The sulfur-oxidizing bacteria
produce sulfuric acid that bioleaches or solubilizes the metals
in the solid phase. The leached metals are precipitated in a
bioreactor where the hydrogen sulfide is eliminated. The
hydrogen sulfide was produced in the presence of sulfate-
reducing bacteria under anaerobic and neutral circumstances
from insoluble metal sulfides. Metal contaminants such as Cu,
Cd, Ni are leached from the contaminated environment and
the effluent thus obtained is clean enough to be reused [42].

IV. SYNERGISTIC INTERACTION INVOLVING
IRON, SULFUR, AND CARBON OXIDIZERS
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The microbial community fluctuates with pH and temperature,
and the concentration of the metal. Though, in the majority of
the subsurface environments, within this microbial community
individual species or their combination tend to perform iron
oxidation, carbon fixation, sulfur oxidation, nitrogen fixation,
in some cases extracellular polymeric slime production, along
with iron and sulfur reduction.
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Fig 3. Potential iron, sulfur, and carbon cycling based on known
metabolic capabilities (1, 2, 3, and 4) associated with AMD members.
Crystalline pyrite (Fez2S) is in yellow at the bottom and green is
representing AMD solution. Elemental sulfur is shown at the pyrite-
water interface as a possible inhibitor of surface dissolution. The
overall oxidation of pyrite is shown at the bottom, with Fe®* indicated
as the primary oxidant. Intermediate sulfur compounds are indicated
as follows: S»0s% being thiosulfate and S:O¢% is tetrathionate.
CsoHs0O30N6P indicates organic carbon compounds.

Any interaction taking place between elements of microbial
associations plays a key role in the optimization of the activity
showcased by the AMD microbial community. For instance, a
symbiotic relationship exists between heterotrophic and some
autotrophic types: autotrophs happen to co-exist with
heterotrophs to dispose of toxic organic compounds. In return,
the heterotrophic acidophiles utilize the organic materials that
are produced by the autotrophic acidophiles [43,44].
Autotroph Acidithiobacillus ferrooxidans subdued enough
organic matter in its culture filtrate to support the growth of
heterotrophic S. thermosulfidooxidans [45]. An experiment
carried out by Clark and Norris [35] involved the mixing of
Acidimicrobium ferrooxidans. S. acidophilus and S.
thermosulfidooxidans. This concluded the substantial iron
oxidation taking place in the mixed culture of the Sulfobacillus
spp. and Acidithiobacillus ferrooxidans as compared to those
of the pure culture accommodating the isolate.
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V. ACID MINES TAILING WASTE AND ITS
EFFECTS ON MICROORGANISMS

Acid mines tailings wastes or AMTW are the different
minerals present in the mined rocks. Once the excavation is
done and the sulfide minerals are exposed to atmospheric
oxygen and water, a succession of bio-geochemical processes
takes place that leads to the production of acid mines. The
naturally occurring bacteria play a major role in this process
and helps in the acceleration of acid mins generation by
breaking down sulfide minerals. Factors that influence the rate
of acid generation are the degree of saturation with water;
oxygen, pH, temperature, chemical activity of Fe®*, iron-
oxidizing bacteria, the total surface area of the exposed metal
sulfide [46].

Metal sulfides are reduced to their ferrous form in a reaction
carried out with pyrite, a sulfide mineral, by ferric iron. This
particular reaction occurs in the absence of oxygen and hence
is a crucial step. The oxidation of ferrous iron is mediated
either biologically with the help of iron-oxidizing bacteria
such as Gallionella ferruginea or chemically by molecular
oxygen at pH above 4 [47].

Acid mines tailing waste’s chemical composition is usually
ascertained by the minerals, microbiological, chemical as well
as physical properties of the particular mining site. Here, the
physical property consists of density, size, and the supply of
the waste material along with the hydrological properties of
the mining site. The chemical composition comprises the
elevated concentration of the various metals and in some cases
the dissolved salts other than sulfates [48].

When exposed to heavy metals extracted from acid mine
wastes, several leads to acid mines’ production further to
disorders and diseases follow [49]. This is due to the
synergistic effect between acidic pH and heavy metals that
increases the bioavailability, thus increasing biotoxicity. The
assembly of reactive oxygen species, due to this, damages the
cellular plasma membrane. The damage includes alteration of
biophysical parameters, the sudden increase in membrane
permeability, enhanced build-up of the extracellular ions [50].
This AMTW mainly aids the heterotrophic microbial
communities that undergo severe stress. As a result, the
diversity of carbon utilization and the species richness is
comparatively low among the microbial communities while
iron- and sulfur-oxidizing autotrophs become prominent [51].
Other effects on microorganisms consist of apoptosis, ATP
synthesis inhibition, damages nucleic acid, denaturation of
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proteins, inhibition of cellular division and transcription,
impairment of DNA repair [52,53].

VI. FUTURE OUTLOOK

In today’s time, it is a well-established methodology that
involves the use of microbes to extract metal from ores and
concentrates. The organisms required should be capable of
producing ferric iron and act as acid leaching reagents at
higher workable temperatures. The majority of the
microorganisms growing at such temperatures are bacteria in
appearance, but instead, are single-celled microorganisms
called archaea. At higher temperatures, the solubility of air
reduces, and oxygen gas is used as an oxidant.

There’s an increased concern with regards to the effect of
mining on the environment which is likely to improve the
advantage of microbially based metal recovery processes. The
enforcement of legislation to limit environmental pollution
would make the bioleaching processes more attractive. Acid
mine drainage communities tend to provide a deeper
understanding of self-contained biomes that are independent
of sunlight and other life forms. Various culture-independent
methodologies involved giving an in-depth study of the
organisms’ diversity and phylogeny that populate the AMD
systems. The low species richness of the AMD communities
helps in reconstructing the genomes of the population at large.
By integrating the geochemical and biological knowledge, a
comprehensive model for AMD production may be possible.
The simplicity showcased by these acidophilic habitats
provides a fundamental understanding of how microbial
communities work which is possible through knowledge of
more complex ecosystems.
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