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Abstract: 
Chemolithotrophic microorganisms have been used on commercial extractive bioprocess of valuable metals as 
cooper, nickel, zinc and gold, from their ore sulfides or concentrates. Bioleaching is a metal solubilization process 
that involves the production of oxidizing chemicals as iron(III) ions and sulfuric acid from biomining microbes that 
promotes an attack of mineral matrix releasing the metal ions of interest. In this mini-review, the interfacial 
interaction between bacterial cells and mineral surface is promoted by biofilm formation and has been described as 
fundamental to biological ore dissolution. Complexes formed between iron(III) ions and functional groups from 
microbial extracellular polymeric substances(EPS) have been recently described by mediating the oxidative attack 
to sulfide minerals promoting metal solubilization. An approach from bacterial adhesion and their interfacial 
dynamics by EPS complexed iron(III) ions beside sulfide minerals are described. 
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1. Introduction 

Biologically-assisted leaching of metals is a 
hydrometallurgical process of sulfide minerals 
dissolution by biological redox reactions that have 
been extensively studied and described [1, 2, 3, 
4]. Bioleaching occurs through the action of 
microorganisms group capable of convert 
insoluble metal oxides or sulfides from low-grade 
ores or concentrates, to soluble water metal 
sulfates. Thereafter the metal is leached into 
solution with the advantage of requiring a low 
initial capital investment and low operating cost [5, 
6, 7]. 

The bioleaching consists in a chemical 
process that involves the generation of leaching 
chemicals as iron(III) cations and protons by 
certain bacteria capable of adhere to mineral 
surface through biofilm formation [8, 9, 10, 11]. 
Biomining microbes used in bioleaching 
processes are mostly acidophilic, autotrophic and 
chemotrophic bacterial isolates that occur 
naturally in sulfide minerals. These 

microorganisms getting energy from oxidation of 
inorganic compounds, as ferrous ion and reduced 
sulfur species [12, 13]. 

 

2. The bioleaching process 
The acidophilic iron(II) ion-oxidizing bacterium 

Acidithiobacillus ferrooxidans was the first 
recognized microbe employed in the processes of 
extraction of metals from sulfidic ores by 
bioleaching. A. ferrooxidans was considered the 
dominant microbial population in acid mine 
drainage due to its great ability to oxidize iron(II) 
ions and reduced sulfur compounds [14]. In 
conventional bioleaching processes, the 
mesophile bacteria Acidithiobacillus thiooxidans 
(S0-oxidizing and sulfuric acid producer) and 
Lepstopirillum ferrooxidans (iron(II) ion-oxidizing) 
act synergistically to A. ferrooxidans, promoting 
the most effective solubilization of the metals of 
interest pertaining to ore sulfides [7, 15]. 
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Different mechanisms of bioleaching have 
been proposed as the mineral dissolution 
reactions are specific for each metal sulfide [10, 
16]: 

a) thiosulfate mechanism (pyrite (FeS2), 
molybdenite (MoS2), and tungstenite (WS2)), 
where iron(III) ions oxides metal sulfides 
generating thiosulfate as intermediary and main 
end-product: 

 

FeS2 + 6Fe3+ + 3H2O → S2O3
−2 + 7Fe2+ + 6H+      (1) 

S2O3
−2 + 8Fe3+ + 5H2O → 2SO4

−2 + 8Fe2+ + 10H+     (2) 

 

b) polysulfide mechanism (sphalerite (ZnS), 
chalcopyrite (CuFeS2), or galena (PbS)), where 
metal solubilization is resultant from a combined 

attack by iron(III) ions and protons and the 
elemental sulfur (S0) as the main intermediate: 

 

MS + Fe3+ + H+ → M2+ + 0.5 H2Sn + Fe2+ (n ≥ 2)     (3) 

0.5 H2Sn + Fe3+ → 0.125 S8 + Fe2+ + H+       (4) 

0.125 S8 + 1.5 O2 + H2O → SO4
2− + 2H+       (5) 

 

In addition, some sulfur-oxidizing bacteria 
could oxidize S0 to sulfate and also provide 
sulfuric acid for a proton attack. The mechanism 
of solubilization is primarily a chemical process 
that is current understanding; however, the 
attachment of microorganisms to the mineral is 
essential to enhance dissolution and has been 
best elucidated. 

 

3. Bacterial adhesion to mineral 
surfaces 

Bacteria are often found attached to solid 
surfaces in nature, especially on rocks and 
minerals, and its behavior is directly related to 
microbial activity and survival strategy allowing 
microorganisms in a nutritionally favorable 
environment, once adhesion favors the microbes 
in terms of close proximity to their energy source 
[17]. Cellular adhesion is a physical-chemical 
process resulting from the hydrophilic and/or 
hydrophobic cell surface properties, which is 
dependent on pH and ionic strength of the solution 
in which the bacteria are located and also 
depends of the support surface composition [18]. 

The bacterial cell wall consists of 
peptidoglycan macromolecules, a disaccharide of 
N-acetylglucosamine and N-acetylmuramic acid, 

which is present as a linear chair or linked to other 
substances. At neutral pH, most of bacterial cell 
walls possess an overall negative charge from 
carboxyl and amino groups as well as from 
phosphate groups present in teichoic acids [19]. 
Considering a bioleaching process, two interfaces 
are formed: 1) mineral-solution and 2) mineral-
bacterial cell; where the bacterial cells living as 
colloidal particles at the mineral-solution interface 
[20]. 

Bacterial adhesion to the mineral surface 
seems to enhance bioleaching of ore sulfides and 
can be divided into two steps. Firstly, the 
presence of extracellular polymeric substances 
(EPS) mediates the contact between the mineral 
surface and the cell following by the formation of 
a biofilm covering the mineral surface with 
bacterial cells embedded in a continuous layer of 
EPS. Biofilm formation is the mechanism by which 
bacterial cells are able to adhere and interact with 
mineral surfaces [21, 22]. 

Besides the electrostatic charge conferred by 
the bacterial cells surface, the electric charge of 
the biofilm formed on the substrate also depends 
of chemical characteristics from EPS secreted 
during the process of bacterial adhesion. EPS are 
biopolymers in which microorganisms that 
compose the biofilm are embedded and mainly 
consist on polysaccharides, proteins and lipids. 
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EPS can alters the physical and chemical 
characteristics of surfaces cell, and consequently 
affect biofilm formation and cell adhesion [23, 24]. 

The chemical changes occurred in solution 
during the ore bioleaching process significantly 
affect the adhesion forces of bacterial cells [25]. 
Bacterial adhesion results from the activation of 
microbial chemotaxis and the number of binding 
sites accessible to bacteria attachment is also 
regulated by this biological system. Lactone 
derivate via quorum sensing are involved in the 
process of surface attachment and biofilm 
formation on mineral sulfides [26]. 

Microorganisms are eventually attracted to 
locations electrically charged on mineral surface 
through chemotactic sensory systems resulting in 
the formation of permanent anodes and cathodes 
on the ore surface. The metal dissolution process 
occurs in the EPS layer formed on the interfacial 
space between the outer cell membrane and the 
sulfide ore surface [27, 28]. 

 

4. Role of the EPS-iron(III) ions in the 
dissolution of sulfide minerals 

The redox reactions in bioleaching process 
occur at the interface of mineral, biomining 
bacterium, and solution [23]. Commonly, leaching 
bacteria grown attached on the surfaces of ore 
sulfides and more than 80 % of inoculated cells 
are adhered to the mineral in the first 24 h. Only 
some cells may remain in the planktonic state [29, 
30, 31]. 

Biomining bacteria tend to move within the 
biofilm and thus to the interfacial phase mineral-
solution. The mineral surface presents higher 
concentrations of iron(III) ionic species and also 
sulfur, facilitating the microbial adhesion by 
forming EPS-iron(III)ions complexes with the 
secreted EPS. The EPS-iron(III) ions results from 
biological re-oxidation of iron(II) ions formed 
during the chemical oxidation of sulfide mineral. 
This re-oxidation is mediated by the association of 
EPS with cytochromes and redox components 
from bacterial respiratory chain located in the 
outer membrane [32]. 

The main contribution of biomining bacteria for 
bioleaching is to keep the concentration of iron 
ionic species in its oxidized state, which act as a 
strong oxidizing agent that promotes the ore 

sulfides dissolution as described above. Thus, the 
formation of EPS-iron(III) ions favors not only the 
sulfide mineral-bacteria interaction but it is 
fundamental to comprise a reaction space, in 
which the dissolution process takes place [9, 23, 
33, 34]. 

The bioconversion process is favored under 
ionic iron species maintenance in the reaction 
medium. In this aspect, bioleaching is then 
favored by the existence of an interfacial bacteria-
substrate reaction space, as a formed biofilm, 
where there is high concentration of oxidizing 
agent in the form of EPS-iron(III) ions favoring the 
solubilization of metals through redox reactions.  

However, the redox mechanisms involving 
microbial EPS-iron(III) ions still require 
elucidation. Once the corresponding interfacial 
space between the cell membrane and mineral 
surface distance is equal to at least 2 nm, the 
reduction of iron(III) ions by electron transfer could 
occur by tunneling electrons [35, 36]. The 
electrons are able to cross a barrier of ionic 
species or molecules, electron donors and 
recipients, and remain energy unchanged. 
Another possibility is the smallest stability of 
glucuronic acid complexed iron(II) ions in 
comparison to EPS-iron(III) ions [37]. Iron(III) ions 
could be reduced to iron(II) ionic species and 
released in solution, and the remaining uronic 
acids residues would bind to a new iron(III) ionic 
species striking a balance.  

The ability of bacterial EPS to form complexes 
with ionic species in solution has also been used 
to explain the solubilization of cooper(II) ions from 
ore sulfides such as chalcopyrite. Yu et al. [38] 
observed that the presence of copper(II) ions 
stimulated the production of EPS by A. 
ferrooxidans, and preferentially bind to active sites 
of these EPS. The proportion of iron(III)/ copper(II) 
linked to EPS decreased from 4:1 to 2:1 when the 
concentration of copper(II) ions in solution 
increased from 0.01 to 0.04 mol/L [38]. Figure 1 
illustrates the interaction between A. ferrooxidans 
biomining bacteria and copper sulphide mineral 
surface during a bioleaching process. It can be 
observed that concomitantly to bacterial 
conversion of of thiosulfate (S2O32-) 
to sulfate (SO42-), the EPS-iron(III)ions are 
reduced to EPS-iron(II)ions with the solubilization 
of copper(II) ions in solution. 
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Figure 1. Mechanism of interaction between 
Acidithiobacillus ferrooxidans bacteria and 
copper sulphide mineral surface during a 

bioleaching process. 
 

5. Concluding remarks 
The biological leaching of mineral sulfides 

occurs naturally and has been used since ancient 
times. Due to the progressive exhaustion of 
mineral deposits, bioleaching has been an 
important tool for solubilizing metals from mineral 
substrates with a low grade contents (<0.5%). 
This biohydrometallurgical process still needs to 
be improved and its mechanisms understood. The 
physiological and biochemical parameters of ore-
bacteria interaction it has not been well 
elucidated, in order to clarify the microbial 
mechanisms of action in bioleaching. However, 
the studies in situ of microbial growth kinetics and 
consequent EPS production and biofilm formation 
during bioleaching process are limited because 
the experimental reproduction in bench scale is 
still restricted.  
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