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Introduction
Bioleaching is an emerging technology with significant 

potentials to add value to the mining industries so as to 
deliver attractive environmental and social benefits to all 
the associates [1]. Bioprocessing of ores and concentrates to 
recover rare earth elements (lanthanides) and other metals, 
is established as well as an evolving area of biotechnology 
[2]. The bioleaching process presents two advantages as 
compared to the conventional chemical leaching processes: 
(a) Very low concentrations of organic compounds present in 
such a situation represent a lower ecological risk; and (b) Even 
with a lower final yield, the economic cost of a such process 
is lower. Both characteristics could facilitate its industrial 
application [3]. One possible solution is to develop other 
leaching processes, such as bioleaching. Several mechanisms 
may be involved in bioleaching these include, acidolysis, 
complexolysis, redoxolysis and bioaccumulation. Acidolysis is 
the main principal mechanism in bioleaching of metals where, 
the fungus and bacterium produce varieties of organic acids 
as citric acid, oxalic and gluconic acids during the bioleaching 
[4]. The ability of a variety of microorganisms to mobilize and 
leach metals from solid materials is based on three principles, 
namely (i) The transformation of organic or inorganic acids 
(protons); (ii) Oxidation and reduction reactions and (iii) The 
excretion of complexing agents. Metals can be leached either 
directly (i.e. physical contact between microorganisms and 
solid material) or indirectly (e.g. bacterial oxidation of Fe2+ to 
Fe3+ which catalyses metal solubilization as an electron carrier 
[5]. Acidothiobacillus ferrooxidansis [6] well known iron and 
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sulphur oxidizing bacterium and its role in the mining industry 
has been extensively reviewed.

Siderophores are low molecular weight Fe3+ coordination 
compounds excreted by microorganisms, particularly 
bacteria and fungi, to enable accumulation of iron from 
the environment. Although virtually specific for Fe3+, 
siderophores and analogous compounds can complex 
certain other metals, e.g. Ga3+, Cr3+, Sc3+, Ni2+, U6+ and Th4+. 
Microbial transformations of toxic metals have been the 
subject of numerous investigations over the past several 
years. Siderophores are low molecular weight (< 14 kDa) 
iron chelating compounds synthesized by microbes in large 
quantity under iron limitation conditions. Pseudomonas 
spp. have been known for their siderophores production for 
many years and therefore many reports on the isolation and 
characterization of their siderophores have been published 
[7].

Microorganisms can synthesis different type of polymeric 
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substances (PSs) according to their location in the cell, 
structure, sugar composition, type of bonds between 
monomers, and systematic affinity. The extracellular 
polymeric substances (EPSs) are a complex mixture of 
macromolecular polyelectrolytes including polysaccharides, 
proteins, nucleic acids [8] amino acids, lipids or humic 
substances [9]. Extracellular polysaccharides (EPSs) are 
characteristically highly abundant in nature, renewable, 
nontoxic, intrinsically biodegradable and relatively cheap. 
Besides the ability of binding with heavy metals, EPSs also 
possess advantage of aggregation of pollutant particles, 
stabilization of the floc structure, formation of a protective 
barrier, and retention of water [10]. The activities of fungal 
EPSs in such processes as mineral solubilization and heavy 
metal sorption. This review focuses on the process of 
bioleaching, a conventional and eco-friendly method for the 
recovery of metals by application of microorganisms. The bio-
dissoluion of metals from their ores produces concentrated 
solutions of metal such as copper, gold, uranium etc., which 
can be recovered by hydrometallurgical processes. The 
microbial extraction of metals is done through leaching by 
organic acids fungal producer, acidophilic sulfur oxidizing and 
iron-oxidizing bacteria.

Aspects of Microbial Leaching
Generally, bioleaching is a process described as “the 

dissolution of metals from their mineral sources by certain 
naturally occur microorganisms” or the use of microorganisms 
to transform elements so that the elements can be extracted 
from a material when water is filtered through it [11]. 
Microbial technology helps in case of recovery of ores which 
cannot be economically processed with chemical methods, 
because they contain low grade elements. Therefore, large 
quantity of low grade ores are produced during the separation 
of high grade ores. The metal solubilization process is due 
to a combination of chemistry and microbiology: chemistry, 
because the solubilization of the metal is considered to be 
mainly a result of the action of ferric iron and/or acid on 
the mineral, and microbiology, because microorganisms are 
responsible for producing the ferric iron and acid. Microbially 
metal-extraction processes are usually more economical 
and eco-friendly than physicochemical processes [12]. 
Currently, microbial-based processes are used for leaching 
strategic elements as copper, uranium, thorium and rare 
earth elements (REEs) enhancing the recovery of gold from 
refractory ores, and treating industrial wastewater to recover 
metal values.

Characterization of Bioleached Microbes
The bioleaching process presents two advantages, as 

compared to the conventional chemical leaching processes: 
(a) The very low concentrations of organic compounds 
present in such a situation represent a lower ecological 
risk; and (b) Even with a lower final yield, the economic 
cost of a such process is lower. Both characteristics could 
facilitate its industrial application [3]. The ability of a variety 
of microorganisms to mobilize and leach metals from 
solid materials is based on three principles, namely (i) The 
transformation of organic or inorganic acids (protons); (ii) 

Oxidation and reduction reactions and (iii) The excretion of 
complexing agents. Metals can be leached either directly (i.e. 
physical contact between microorganisms and solid material) 
or indirectly (e.g. bacterial oxidation of Fe2+ to Fe3+ which 
catalyses metal solubilization as an electron carrier) [5]. 
There are two different kinds of microbes used in bioleaching: 
autotrophic and heterotrophic. Autotrophic microbes are not 
suitable for bioleaching of metals as it greatly increases the 
pH of the medium and contains no energy sources (sulfur 
or reduced iron) for the growth of chemolithoautotrophic 
bacteria (e.g., acidophilic Thiobacillus sp.) as previously 
mentioned by [13]. In contrast, heterotrophic microbes as 
fungi have several advantages as far as leaching metals from 
theores. Firstly, chemoorganoheterotrophic fungi can use 
utilize organic carbon source as substrate and can dissolve 
uranium at high pH. And the secreted organic acids can react 
with calcium, aluminium, iron, and other elements in gangue 
to form complexes with higher solubility. Secondly, in addition 
to acidic ore, fungi can transform uranium oxides, carbonates, 
and phosphates to form uranium complexes with carboxylic 
acids. Thirdly, fungi are the heterotrophic microorganisms 
characterized by rapid growth rate, large biomass and short 
extraction cycle [14]. Fourthly, fungal leaching has low anti-
corrosion requirement for equipment, since the organic acids 
produced by fungi are mainly weak acids, which show less 
environmental hazards than H2SO4 and other strong acids 
and can be degraded by environmental microorganisms. As 
an environment-friendly method, fungal leaching is of huge 
development potential and wide application prospect and 
has been extensively studied [15].

Mechanisms of Microbial Leaching
Indeed, there are proposed mechanisms for bio-

dissolution of minerals by lichens, fungi, and bacteria include 
the use of microorganisms for oxidation or reduction of 
metals in the mineral [16], production of organic acids [17], 
chelates [18] and polysaccharide slimes [19].

Oxidation of metals
a. Oxidation of sulphur ions to sulphuric acid

Bioleaching using sulphur-oxidizing bacteria does require 
the initial preacidification process. The pH of the sludge 
decreased from an initial value of 7.0 to 2.0 owing to the 
production of sulphuric acid through the sulphur- oxidizing-
microorganisms [20].

The bioleaching process is primarily achieved by two 
mechanisms: (I) direct (Eq. (1)) the bacteria involved in 
bioleaching process can enhance the oxidation of insoluble 
metal sulphides to soluble metal sulphates; and (ІI) indirect 
(Eqs. (2) and (3)) elemental sulphur or reduced sulphur 
compounds are oxidized to sulphuric acid by these bacteria, 
thereby lowering the pH and subsequently increasing the 
metal solubilization [21].

2 42 ThiobacilliMS O MSO+ → 		             (1)

0
2 2 2 41.5 ThiobacilliS H O O H SO+ + → 	          (2)
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C. Ferric ion as an oxidizing agent
2 3Fe Fe+ +→

Indirect method
3 2 2 02 2MS Fe M Fe S+ + ++ → + +

3 2 0
2 2 3 2FeS Fe Fe S+ ++ → +

3 2 2
2 22 2UO Fe UO Fe+ + ++ → +

Scheme (1) Classical understanding of reactions carried 
out by T. ferrooxidans and metal leaching.

c. Advantages of mineral biooxidation process

A further advantageous characteristic of mineral 
biooxidation operations is that they are not usually subject to 
contamination by the generated unwanted microorganisms. 
Also, one of the most important characteristic of the 
acidophilic chemolithotrophs is (i) Their general tolerance to 
higher concentrations of metal and other ions. (ii) The levels 
of resistance show a considerable strain variation. (iii) The 
nutritional requirements of these organisms are provided 
by the aeration of an iron and/or sulphur containing mineral 
suspension in water or irrigation of a heap in a higher scale 
of operation. These microorganisms are employed for the 
leaching of metals from ores because of their rapid growth on 
the ore or concentrate [1]. The diversity of acidophilic micro-
organisms that have direct and indirect roles in the oxidation 
of sulfidic ores and concentrates is considerable [24].

Production of organic acids
Bioleaching processes are mediated due to the chemical 

attack by the extracted organic acids on the ores. The acids 
usually have dual effect of increasing metal dissolution by 
lowering the pH and increasing the load of soluble metals by 
complexion/chelating into soluble organic-metallic complexes 
[25]. Acidolysis is the principal mechanism in bioleaching of 
metals by microbes which produced organic acids, such as 
citric, oxalic, malic and gluconic acids during bioleaching [26]. 
The metabolic process of fungi is similar to a great extent to 
those of higher plants with the exception of carbohydrate 
synthesis. The glycoltic pathway converts the carbon sources 
as (sucrose, glucose,…….., etc.) into variety of products 
including organic acids [27]. The metabolites contained 
organic acids dissolve metals from minerals by displacement 
of metal ion from the ore or soil matrix by hydrogen ions, or 
by the formation of metal complexes and chelates [28]. It was 
observed that Penicillium purpurogenium and Pseudomonas 
fluorescens SHA 281 have the ability to produce organic acids 
which have the ability to bioleach uranium from Gattar low 
grade ore according to [29].

During the growth studies of Penicillium purpurogenium 
and Pseudomonas uorescens SHA 281, the substrates 
undergo microbial oxidation which resulted in the production 
of organic acids, citric, oxalic, tartaric and gluconic acids, that 
play a fundamental role in the environmental mobility of 
metal ions. Concerning P. purpurogenium MCDB contained 
sucrose as a carbon source and energy source. The decrease 
in pH was observed due to the organic acid production via 
incomplete oxidation by invertase enzyme to citric and oxalic 

2 4 4dim dim 2H SO se ent M se ent H MSO+ + → + +        (3)

Where, M is a bivalent metal.

b. Oxidation of ferrous ions to ferric ions

Bioleaching microbes have number of features in 
common that make their role especially suitable for mineral 
solubilization. The most important microbes involved in the 
bio oxidation of minerals are those responsible for producing 
ferric ion (Eq. 4) and sulphuric acid (Eq. 5) required for the 
bioleaching reactions. Ferric sulphate, a powerful oxidizing 
agent, oxidizes the copper sulphide minerals leading to the 
in situ leaching of copper by the sulphuric acid generated 
therein.

2 3
2 24 Fe 4 4 2Ironoxidizing BacteriaH O Fe H O+ + ++ + → +      (4)

2 2 42 3 2 2 4SulphuroxidizingBacteriaS O H O SO H ++ + → +      (5)

3 2 2
2 4 2 5CuFeS Fe Cu S Fe+ + ++ → + +                           (6)

Acidothiobacillus ferrooxidans was used for bioleaching of 
REEs a phosphate ore (fluorapatite/clays as main minerals). 
We studied the leaching kinetics, simplistically described as: 
Rt = [(k1 Ap)/(k2 Ct)],where, Rt is the leaching rate, Ap is the 
total particle surface area, and, Ct, the bacterial count at time 
t; k1is the leaching rate constant for the surface area term 
(Ap), and k2 is the coefficient for the bacterial activity-H2SO4 
producing ability of bacteria [22].

Microorganisms are important in metal recovery from 
ores, particularly sulphide ores. Copper, zinc, gold, etc. can 
be recovered from sulphide ores by microbial leaching. 
Thiobacillus ferrooxidans is the most studied organism in 
microbial leaching, but other iron or sulphide/sulphur-
oxidizing bacteria as well as archea are potential microbial 
agents for metal leaching at high temperature or low pH 
environment. Oxidation of iron or sulphur can be selectively 
controlled for leaching of desired metals leaving undesired 
metals, (e.g. Fe) [23].

Scheme (1) shows a brief summary of classical 
understanding of oxidation reactions carried out by T. 
ferrooxidans and metal leaching reactions achieved as the 
result. T. ferrooxidans was the principal organism considered 
responsible for the microbial leaching.

A. Sulphide oxidation
2 0 2 2

3 4S S SO SO− − −→ → →
2 2

4ZnS Zn SO+ −→ +
(A) Metal leaching

2 2
4MS M SO+ −→ +

B. Ferrous ion oxidation
2 3Fe Fe+ +→

(A+B) Metal leaching
3 2

2 42FeS Fe SO+ −→ +
2 3 2

2 42CuFeS Cu Fe SO+ + −→ + +
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Similarly, gluconic acid contains one carboxylic moeity 
(pka = 3.66) at 30 °C. So, the possible complex of uranium 
with gluconate anion is:

6 12 7 6 11 7( ) H ( 3.66)
(Gluconicacid) (Gluconate)
C H O C H O pka− +→ + =         (7)

2
6 11 7 2 2 6 11 7 22( ) ( )

(Gluconate) ( luconate)
C H O UO UO C H O

Uranyl g

− ++ →
       (8)

In this context, [33] investigated the role of Aspergillus 
ficuum and Pseudomonas aeruginosa exhibit good potential in 
generating varieties of organic acids effective for bioleaching 
some rare earth elements (REEs) from Egyptian monazite 
(purity 97%) and (thorium-uranium) concentrate. [34] 
mentioned that the bacterial Acidothiobacillus ferrooxidans 
(Af) and the fungal Aspergillus niger (An) for bio-leaching of 
REEs from a phosphate ore. Figure 1 appeared the scheme 
visualizing the mechanism of indirect, direct bio-leaching of 
A. ferrooxidans and A. niger for REEs from Florida phosphate 
tailings.

Production of chelating agents
There are some species of fungi and bacteria able to 

produce element-specific ligands (siderophores) that are able 
to change pH and enhance the chelation, which resulted in 
increased the mobilization of many elements as uranium (U), 

acids [30] as Eq. 1 and 2:

12 22 11 2 2 2 4 29 6 5
( ) ( )

InvertaseenzymeC H O O C H O H O
Sucrose Oxalic acid

+ → +
          (1)

12 22 11 2 6 8 7 23 2 3
( ) ( )

InvertaseenzymeC H O O C H O H O
Sucrose Citric acid

+ → +
          (2)

Citric acid is a tricarboxylic acid which contains three 
carboxylic moities and one hydroxyle group (pka = 6.39) as 
possible donor of proton (H+) at 30 °C.

3
6 8 7 6 3 7( ) 3 ( 6.39)

( ) ( )
C H O C H O H pka
Citric acid Citrate

− +→ + =          (3)

3 2
6 5 7 2 2 3 6 5 7 22( ) 3 ( ) ( )

( ) ( )
C H O UO UO C H O

Citrate Uranyl citrate

− ++ →
            (4)

In doing so, P. fluorescens SHA 281 NB medium contained 
glucose as a carbon source and energy source. Glucose 
oxidase enzyme was used for oxidation of glucose this 
produced gluconic acid and H2O2 (Eq. 5) [31] as follow:

6 12 6 2 6 10 7 2 2

(G cos ) (2 )

OxidaseenzymeC H O O C H O H O
lu e ketogluconic acid

+ → +
−

        (5)

The H2O2 released during this process reacted with Fe(II) 
and oxidized Fe(II) to Fe(III) according to Eq. (6) [32]:

( ) ( )2 2Fe H O FII IIe I+ → 			             (6)

         

Figure 1: Scheme visualizing the mechanism of indirect, direct bio-leaching of A. ferrooxidans and A. niger for REEs from Florida 
phosphate tailings.
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fluorescence, a peptide chain comprising 6 to 12 amino acids 
bound to the chromophore carboxyl group and a small acid 
(or its monoamide) connected amidically to its NH2 group. The 
peptide chain has a twofold function. It provides two of the 
ligand sites for Fe3+ and it is for the recognition of the ferri-
pyoverdine by specific receptors located at the surface of 
the producing cell [36]. [39] investigated that Pseudomonas 
aeruginosa SHA 282 was identified by 16S rDNA sequencing. 
It was found to produce catechol and hydroxamate derivates 
of pyoverdine. The gel electrophoresis of pyoverdine 
appeared that it contained two protein bands at ~12.5 and 
9.5 kDa. The gene responsible for pyoverdine production was 
identified. This compound was able to complex and chel at 
with 87.43% and 90.16% of thorium (IV) from monazite and 
(Th-U) concentrate, respectively. The proposed structure of 
pyoverdine produced by Pseudomonas aeruginosa SHA 282 
in Figure 2.

Under the above previous studied conditions, the 
complexation percentages of thorium from bioleached 
liquors of monazite and (Th-U) concentrate were found to 
be 87.43% and 90.16%, respectively. Avery simple model of 
complexation was previously mentioned by [40].

4 (4 )
4 (4 )Th n

nPYH nH PYH Th+ + − +
−+ ↔ +

Where PYH4, was pyoverdine and n (possible ranging from 
0 to 4) is the number of labile hydrogens liberated in the 
complexation process.

On the other hand, proposed Structure for pyoverdine 

Thorium (Th) and traces elements. Other elements, such as 
thallium (Ti), lanthanides and actinides may be mobilized as 
a result of such microorganism's action. The most common 
siderophores-producing bacteria were P. aeruginosa, P. 
fluorescence and P. stutzeri. The most common producing 
fungi were Aspergillus flavus, A. niger and Rhizopus sp. in case 
of fungi. The release of uranium from its ore incubated with 
Pseudomonas sp. is attributed to the production of pyoverdine 
chelators (siderophores) as mentioned by [35]. Pseudomonas 
fluorescens is one of the fluorescent pseudomonads that 
secrete pyoverdines for its essential requirement for iron [36]. 
Pyoverdine is a water soluble, yellow-greenish fluorescent 
siderophore involved in high affinity transport of iron into the 
cell due to presence of a chromophore [37].

Siderophores are relatively low-molecular-mass (< 
14 kDa). Siderophores are divided into classes based on 
their functional groups or on such special characteristics 
as pigmentation. Those having hydroxamic acid as their 
functional group constitute the hydroxamate class, while 
those using catechol to chelate Fe3+ are called catecholates or 
catechol amides. Pyoverdine class siderophores have different 
chelation moieties, including hydroxamic acid, catechol and 
carboxyl group in the same molecule. Several authors have 
suggested that some bacteria produce different siderophores 
with varying affinity for Fe3+ and other transition metals 
in order to supply the dells with essential trace elements 
[37,38]. Pyoverdine consist of three distinct structural parts, 
viz. a dihydroxyquinoline chromophore responsible for their 

         

Figure 2: The proposed structure for pyoverdine produced by P. aeruginosa SHA 282.
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sorption [46]. In physical sorption, due to the low pH of the 
leaching environment, microbial cell envelopes are positively 
charged, leading to electrostatic interaction with the mineral 
surface. In chemical sorption, there a chemical bond develops 
between cell and minerals (disulphide bridges). In addition 
to this, extracellular metabolites are also formed during this 
phase near the attachment [47]. Extracellular polysaccharides 
(EPSs) are characteristically highly abundant in nature, 
renewable, nontoxic, intrinsically biodegradable and relatively 
cheap. Besides the ability of binding with heavy metals, EPSs 
also possess advantage of aggregation of pollutant particles, 
stabilization of the floc structure, formation of a protective 
barrier, and retention of water [48].

Microorganisms Attachment on the Surface 
of Ore

Bioleached microorganisms have the ability to degrade 
mineral substrates through biomechanical and biochemical 
processes [49]. At the fungal-mineral interface, three 
categories of phenomenon levels are of importance in 
understanding biotic weathering: (i) Mineral colonization; 
(ii) Microorganism’s exudation (iii) Cell wall-mineral 
surface interactions. A schematic representation of these 
interactions is given in Figure 4 [50]. Fungal hyphae grow in 
intimate contact with mineral grains [51] and they may exert 
mechanical forces by osmotically applied turgor pressure 
[52] resulting in biomechanical weathering of the minerals. 
[51] Mineral penetration is supported by mucilaginous slime 
produced by fungi which may contain acidic and metal-
chelating metabolites [53]. Fungal or bacterial mineral 
colonization is highly heterogeneous and some minerals are 
preferentially colonized over others [50,54] furthermore 
individual hyphae show a tendency to grow on areas with 
a high concentration of active sites, such as crystal planes, 
cleavage, cracks and etch pits [55-57]. Exudation and uptake 
processes can dramatically alter the solution chemistry in the 
direct vicinity of the hyphae. Exudates can include a wide 
range of molecules, including protons, organic chelators, 

produced by P. fluorescens SHA 281 was shown in Figure 3 as 
previously mentioned by [39].

Production of extracellular polymeric substances 
(EPSs)

Microorganisms can synthesis different type of polymeric 
substances (PSs) according to their location in the cell, 
structure, sugar composition, type of bonds between 
monomers, and systematic affinity. The extracellular polymeric 
substances (EPSs) are a complex mixture of macromolecular 
polyelectrolytes including polysaccharides, proteins, nucleic 
acids [41], amino acids, lipids or humic substances [42]. It is 
known that the formation of exopolymeric polysaccharides 
plays an important role in the attachment of microorganism 
on metal surfaces such as covellite, pyrite, or sphalerite. 
Extraction or loss of formation of these materials prevents the 
attachment of fungal and bacteria strains to the metal surface 
and also decreases the leaching efficiencies [43]. Ascomycota 
and Basidiomycota EPSs are mainly heteropolysaccharides 
but in the case of homopolysaccharides glucose is their only 
monomer. Exopolysaccharides are most frequently studied 
fungal PSs but their definition, classification, and origin 
are still not clear and should be explained. EPSs are rather 
defined by the separation/extraction method used than by 
theoretical consideration of the composition of the cell wall 
and macromolecules outside the cell wall. Bound or soluble 
EPSs contain not only high-molecular-weight polymeric 
compound exudates from microorganisms, but also products 
of cellular lysis and hydrolysis of macromolecules [44]. [45] 
mentioned the biosynthesis, extraction of extracellular 
polymeric substances (EPSs) from Aspergillus clavatus. 
The structure of exopolysaccharides was confirmed by FT-
IR, 1H, 13C NMR, HPLC and mass spectroscopy. Based on 
this spectroscopy result, the exopolysaccharides produced 
by A. clavatus was α-D-glucopyranosyl units. The HPLC 
chromatography showed that the EPSs consist of one peak; 
glucose. Interaction between microorganisms and mineral 
surfaces occurs on two levels, physical sorption and chemical 

         

Figure 3: The proposed Structure for pyoverdine produced by P. fluorescens SHA 281.
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electrostatic interactions [63]. At. ferro-oxidans EPS consists 
mainly of neutral sugars and lipids produced from UDP-
glucose, UDP galactose, and dTDP-rhamnose precursors [65].

Importance and Cost of Bioleaching
Nowadays, the economics of any new process technology 

must be assessed relative to those of existing technologies. 
Hence, bioleaching is now applied on a commercial scale for 
leaching of copper and refractory gold ores and concentrates. 
The utility of bioleaching for uranium has been demonstrated 
in large scale [66]. However, the capital costs of bioleaching 
as non-conventional methods can be divided into association 
of construction and provision services, operating costs, and 
supplement of reagents and services. Generally, the capital 
costs of bioleaching are less than those of conventional 
chemical methods and smelting and roasting.

Bioleaching is a relatively simple technology that does not 
require significant instrumentation or sampling to provide 
high metal recovery. The operating costs for a bacterial 
oxidation process include the major categories of power, 
reagents, services, and labor. Except for the extraction of 
metal, no other products can be obtained in this process. 
However, the generation of low grade acid contaminated 
with dissolved metals and salts can be observed. The lower 
levels of these services required by the bioleaching process 
reduce the operating costs. Minimal process instrumentation 
is needed; only pH, dissolved oxygen, and temperature 
measurement are required. Furthermore, the adjustments of 
the conditions can be made manually by the operators. Since 
the process operates at temperature and pressure close to 
ambient, the maintenance costs of the conventional design 
are low compared to those of alternative technologies such as 
pressure oxidation and roasting. Lastly, since microorganisms 
are applied in the metal extraction process, the costs can 

siderophores, and organic polymers (mucilage) [58] which can 
all enhance dissolution reactions either by direct adsorption 
and destabilisation of the mineral surface or by inducing 
changes in the chemical parameters driving dissolution 
reactions (i.e., pH and redox conditions).

Metal is released from sulfide minerals by Fe3+ oxidation 
of the metal sulfide bond and is catalyzed by acidophilic iron 
oxidizing microorganisms that convert the resulting Fe2+ back 
to Fe3+. Mineral oxidation occurs both at the point at which 
the microorganisms are attached to the mineral (biofilm 
growth) or planktonic growth [59]. Mineral oxidation has 
been exploited in the bio-hydrometallurgical technique 
of bioleaching [60]. Biofilms are structured groups of one 
or more microbial species encased in an extracellular 
polysaccharide (EPS) matrix and attached to a solid surface. 
Biofilms protect microorganisms from antimicrobial agents 
such as metals, thereby conferring an advantage during 
metal leaching as well as concentrating Fe3+that oxidizes the 
metal sulfide bond. Surface attachment, the pre-cursor to 
biofilm formation, is very important for mineral oxidation as 
previously shown in Figure 5. Acidophilic species that have 
been shown to bind and form biofilms on the surface of sulfide 
minerals include Acidithiobacillus ferrooxidans, At. caldus and 
Ferroplasma acidarmanus [61,62]. Surface attachment is not 
random, and occurs at dislocation sites such as cracks and 
the boundaries of mineral grains [63]. Numerous structural 
and genetically encoded regulatory determinants of biofilm 
development have been revealed. In some bacteria biofilm 
development is mediated by the quorum sensing molecules, 
N-acyl homoserine lactones (HSLs) that allow cell-cell 
communication [64] and At. ferrooxidans HSL production 
has been characterized. Physical attachment to the mineral 
surface is aided by EPS and in At. ferrooxidans the exoploymer 
is complexed with Fe3+ and attaches to the mineral by 

         

Figure 4: Schematic representation of the three process level interactions between El- Sella mineralization and A. clavatus hypha: (i) 
Mechanical force, (ii) Exudation of proton, organic chelators and siderophore, and (iii) Direct cell wall-ore interactions.
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process robustly helps waste management in the electronic 
and galvanic industry [67]. Bioleaching process is the recovery 
of metals from different wastes such as industrial sludge, 
galvanic wastes, and electronics wastes. In fact, the future 
evaluations will be focused on the rule of bioleaching in the 
extraction and recovery of many metals.

         

Figure 5: Schematic representation of the three-process-level interactions between ore/rocks and the bacterial strain: (i) Mechanical 
force, (ii) Exudation of extracellular polymeric substances, etc., and (iii) direct cell wall-mineral surface interaction where, OM: Outer 
Membrane, CP: Cytoplasm and PS: Plasma membrane.
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