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ABSTRACT 
 

Aims: This study aims to present a comprehensive analysis of bioleaching, the fundamental idea 
behind it, the emergence of microbes and the bioleaching approaches. 
Study Design: To do this, this research has been developed on a foundation of significant topics. 
The researcher used a quantitative approach in this particular investigation. The quantitative study 
is presented in tables that list the bioleaching processes and efficient microorganisms. 
Place and Duration of Study: This study was carried out in Chemical Engineering department, 
Delta State University of Science and Technology, Ozoro, Nigeria. 
Methodology: The researcher decided on a combination methodology because of the context of 
the present investigation. The approach of data collection and analysis employing qualitative as well 
as quantitative methodologies is known as combined research design. 
Results: The lengthy training period of microorganisms at the laboratory scale, which is significantly 
impacted by other experimental variables, is one of the key difficulties faced by the bioleaching 
process. Therefore, the key to increasing the simplicity of bioleaching technologies in large-scale 
industrial production is to enhance the bioleaching microorganism’s currently in use so that they can 
continue to be highly active under more complicated reaction conditions. Regarding the microbial 
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problem, biological leaching piles of just a few genes in the offspring of acidophilic microorganisms 
have been documented. Although some bacterial genomes from acid mine drainage and acidic 
environments have been used to create replacements, these models cannot fully depict the 
potential for leaching; in addition, it can be difficult for researchers to obtain samples of microbes 
from actual production, making further research challenging.  
Conclusion: In the years to come, microbial use for waste treatment and mineral processing will 
continue to gain importance on a global scale. The need to process ores with trace amounts of 
copper and gold, the potential for recycling waste spoils and tailings, financial limitations, and 
potential legislative changes on the environmental impact of more conventional approaches like 
hydrometallurgy will all contribute to this. The employment of chemolithotrophic and heterotrophic 
bacteria will be a significant addition, boosting the leaching rates and metal recoveries and enabling 
the treatment of resistant ores like chalcopyrite. 
 

 
Keywords: Bioleaching; acidithiobacillus ferrooxidans; thiobacillus ferrooxidans; heterotrophic 

microorganisms; metal sulphide. 

 
1. INTRODUCTION 
 
Metal values for economic uses symbolize the 
state's global mineral resource expansion. The 
desire for metals has risen substantially and is 
predicted to continue to do so in the years to 
come due to the boost in industrialization brought 
upon with increase in population.As a result, 
solid wastes containing metals are concurrently 
synthesized together with effluents, which had 
detrimental consequences on the high-grade 
ores' depleting reserves. Thus, it is significant to 
attack the issue of cost-effective contamination 
abatement and metal recovery. 

 
Bioleaching acknowledges that metals are driven 
in a way that is comparable to biogeochemical 
cycles, which decreases the demand for minerals 
including ores [1].The extraction of mineral ores 
by microorganisms is an effective, profitable, and 
environmentally safe alternative to conventional 
ore processing [2]. Progressively, microbial 
leaching is being implemented to extract metal 
from sub standard ores that can't be processed 
efficiently and affordably by traditional 
approaches [3]. Many studies have been 
published regarding the role of microbes in the 
sorption of metals [4], metal dissolution [5-7], and 
mineral crystallization [8]. The rapid rise in 
minerals usage is creating a surprising 
deterioration in the world's high-grade mineral 
reserves.  
 
Furthermore, These low-grade ores make it 
challenging to extract minerals, and employing 
conventional methods as a backup is costly 
because of the substantial energy and capital 
expenditures entailed.Due to the significant 
pollution such systems produce,environmental 

costs pose a revelatory additional complication. 
Owing to the ongoing upgrading of environmental 
regulations, particularly those dealing to toxic 
wastes,cost of sustaining environmental 
protection will increase. Contrasting 
biotechnology to pyrometallurgy or chemical 
metallurgy, it is thought to be among the most 
innovative and promising approaches to these 
challenges. It has the potential to significantly 
reduce capital expenditure. Additionally, it 
provides a chance to lessen air pollution. 
Biological leaching, also known as bioleaching, 
presents a viable methodology to recover metal 
from metal ores. Bioleaching is an approach of 
extirpating metals and minerals from their parent 
aggregates by use of essentially developing 
biological processes. Bacteriological leaching is 
increasingly used to recover metal from low-
grade ores that cannot be generated efficiently 
using traditional techniques [9]. As a recycling 
technology, biologically supported waste 
deterioration has a great potential, according to 
Valix [10], due to its inexpensive operating 
expenses, little negative environmental effects, 
and low energy consumption. Clearly, microbial 
extraction techniques seem to be more 
environmentally benign than conventional 
physicochemical ones, according to Rawlings 
[11]. The processing of elements like copper, 
uranium, gold, nickel, cobalt, and others from 
their varied ores is adequately assured by 
biological mineral refining. 

 
1.1 Brıef Hıstory 
 
When Dave et al. [12] initially singled out 
Thiobacillus ferrooxidans (later reclassified as 
Acidithiobacillus) after being isolated, It was 
regarded as the earliest piece of scientific proof 
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of the importance of microbes in the 
solubilization of metals.From mine water, a viable 
culture was isolated using Thiobacillus 
ferooxidans. At very low pH levels, negative 
chemolithotrophs could convert the sulfide 
component of minerals into sulphuric acid and 
the ferrous ion into ferric acid.Since then, 
industrialized bioleaching processes to extract 
metal from ores have begun to emerge as 
scientific understanding of how to utilize these 
bacteria has advanced [13]. The commercial use 
of biohydrometallurgy for copper pile leaching, in 
particular, was inaugurated in 1980, and several 
copper heap bioleach facilities have been set up 
since then [14]. But in recent years, the 
extraction of metals by bioleaching has emerged 
as among the most promising methods for 
recovering metals [15]. Accordingly, a significant 
number of researchers are still striving to 
enhance and optimize the approach nowadays 
[16-18]. 

 
Leaching technologies characterized as hoard 
and dump were utilized in the early 19th century. 
And this technique has thrived for the last                 
twenty years, boosting the annualized global 
copper assembly from 0.2% to over 8–10%. 
More than two centuries ago, copper bioleaching 
in dumps was first observed at Rio Tinto                
mine. In 1980 in Lo Aguirre in Chile, the first 
modernistic industrial-scale biological copper 
leaching dumps apparently happened, 
generating 14,000 tpa. The first standalone mine 
to employ copper bioleaching, extraction with 
solvent, and electro-extraction was Australia's 
Girilambone Copper Operation, which Straits 
Resources oversaw and obtained a license for in 
1993.  
 

1.1.1 Ore bioleaching  
 

A form of rock known as an ore is one that has 
sufficient amounts of essential minerals and 
metals that may be commercially mined from it 
[19]. Mining is used to remove the ores.                     
The ores are typically rich in iron oxides and 
come in a variety of hues, including dark grey, 
bright yellow, deep purple, and rusty red. The 
use of microorganisms to enhance the                 
extraction of metals from ores or concentrates 
that contain sulfide or iron is referred to as 
"biomining" in general [20]. Bemoaning includes 
the two closely related microbial processes 
known as bio-oxidation and microbiological 
leaching, both of which are helpful in                   
extractive metallurgy. Metals like zinc, copper, 
nickel, and cobalt have sulfides and oxides that 

are practically insoluble in water, while their 
sulfates are easily soluble. When the metal 
sulfide is converted to its sulfate, the metal is 
leached into solution and can then be             
recovered. 

 
Microorganisms are used in bioleaching to 
produce the oxidation of iron sulfides into ferric 
sulfate and sulfuric acid. The metal contained in 
the oxidized metal sulfur minerals, which are 
outlined previously, is subsequently leached by 
the sulfuric acid that is produced as a result of 
ferric sulfate, a potent oxidizing agent. The 
method of solubilization is predominantly a 
chemical one, according to current knowledge, 
albeit microorganisms attached to the mineral 
can facilitate dissolving [21]. Due to the 
solubilization of the metal during this method of 
metal recovery, it is known as bioleaching.  

 
2. TYPES OF MICROORGANISMS 
 
Microorganisms that seem to be fundamental to 
biohydrometallurgy are categorized into two 
major groups. First there are chemolithotrophic 
microbes like Thiobacillus ferrooxidans (T. 
ferrooxidans) and tightly correlated species; the 
second are heterotrophic microbes, which 
include fungus, bacteria, and yeast like Bacillus 
mucilaginosus, Aspergillus niger, and related 
species.  

 
2.1 Chemolithotrophic Bacteria 
 
The chemolithotrophic bacteria utilized in 
biohydrometallurgy nowadays are acidophiles, 
which can thrive in a pH range of 1.5 to 4, and 
autotrophs, which get their energy from the 
oxidative assault of metal sulfides they solubilize. 
The chemolithotrophic bacteria obtain their 
nitrogen from silicate minerals in order to take in 
CO2.The carbon and energy sources used 
mostly by heterotrophic bacteria are organic 
molecules. Additionally, they necessitate ideal 
growing characteristics, comprising pH and a 
nitrogen source. The main groups of 
heterotrophs bacterium appear to be three.The 
very first are mesophiles, which survive at 
temperatures around 30°C, such as the genera 
Thiobacillus and Leptospirillum; the second are 
temperate thermophiles, which survive at high 
temperatures between 40°C and 60°C; but the 
last are the furthest thermophiles, which thrive at 
temperatures around 60°C and 90°C, such as 
genera Sulfolobus, Acidanus, Metallosphaera, 
and Sulfurococcu [22].  
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2.1.1 Mesophiles 
 
2.1.1.1 Thiobacillus 
 
Thiobacillus is typically characterized for its 
capacity to oxidize sulfur compounds and 
elemental sulfur,however the necessary 
conditions such as temperature and pH may art 
based on the physiology of each specie. 
Thiobacillus bacteria are aerobes that           
might be mixotrophs, chemolithotrophs, or 
chemolithotrophs on an obligate or facultative 
basis. They occur in conditions with pH ranges of 
0.5 to 10. Some are acidophiles, whereas others 
may grow at neutral pH levels. Thiobacillus are 
mesophiles, but whose ideal growth temperature 
is at 30

o
C. They may grow and oxidize inorganic 

substrates at temperatures ranging from 2 and 
37

o
C [22]. Some Thiobacillus species, such the 

sulfur-oxidizing Thiobacillus caldus, are 
moderately thermophilic microbes. These 
bacteria are also used to oxidize sulphur at 40

o
C 

and bioleach gold from pyrite and arsenopyrite 
[23]. Chemolithotrophic bacteria of the genus 
Thiobacillus are able of reducing a variety of 
sulphur compounds(i.e. S

2-,
 S

0
, S2O4, S2O3

2-
, 

SO4
2-

). Several of the oxidation processes are 
listed below.  
 
Equations [1-4] 
 

                                                 (1) 
 

                                            (2) 
 

                                         (3) 
 
                              (4)  

 
Some Thiobacillus species are however 
susceptible of decomposing complex compounds 
to generate energy as depicted in Equations              
[5-6]. 
 

                              (5) 
 
                                            

(6) 
 
Thiobacillus comprises 5 major species: 
Thiobacillus intermedius, Thiobacillus 
thiooxidans, Thiobacillus thioparus, and 
Thiobacillus ferrooxidans. On the basic principle 
of the optimal pH ranges for growth, genus 
Thiobacillus categorized into two separate 
groups [24]. The species that can develop 
extraordinarily well at neutral pH values are the 

oldest of them. T. thioparus and T. dentrificans 
are the two species that fall into this category. T. 
thioparus, according to Wentzel [24] is liable for 
the oxidation of sulphur (N-C-S

-
 + 2O2 + 2H20 → 

SO4 
-2

 +NH4
+
 + CO2 + 220 kcal/mole O2) and 

comparable to T. thioparus, T. dentrificans 
utilizes the same reaction, but NO3

-
 is used as 

the terminal electron acceptor in place of O2(5S+ 
6KNO3 + 2CaCO3 →2CaSO4 +3K2SO4+ 2CO2 
+N2). 
 
The second sort thiobacillus includes species  
like T. thiooxidans, T. intermedius, and T. 
ferrooxidans that may flourish at reduced pH 
level. T. thiooxidans is a sulfur-only oxidizer that 
thrives in acidic pH environments and can be 
required to extract sulfate deposits from minerals 
during indirect leaching or direct leaching of 
minerals in the absence of iron e.g. ZnS + 2O2 → 
Zn

2+
 + SO4 

2-
 (18). T. intermedius is a tropical 

chemolithotroph with a pH values between 3 to 7 
and its excrescency is driven by S2O3

2-
 as an 

electron donor [19]. The far more ubiquitous 
organism regarding biohydrometallurgy is T. 
Ferrooxidans, which is a bacterial leaching organ 
that has received substantial research and is 
susceptible with using sulfur hydrometallurgy as 
an energy source [23].  
 
2.1.1.2 Leptospirillum 
 
Leptospirillum ferrooxidans is a lesser effective 
iron oxidant [25]. L. ferrooxidans, which always 
oxidizes ferrous ions, might very well grow at 
higher temperatures than the genus Thiobacillus, 
which has an equilibrium state of almost 30

o
C, 

similarly at higher acidity concentrations relative 
to T. ferrooxidans, L. ferrooxidans exhibits a 
greater affinity for Fe

2+
(apparent Km 0.25 mM 

Fe
2+

 versus 1.34 mM for T. ferrooxidans, where 
Km is the Michaelis constant for reactant Fe

2+
) a 

decreased propensity for the inhibitory 
competitor Fe

3+
. Owing to these distinctive 

qualities, L. ferrooxidans is suitable for mineral 
leaching in environments with a high Fe

3+
/Fe

2+
 

ratio, high temperature, and low pH. But when 
redox potential is low, T. ferrooxidans grows 
more quickly than L. ferrooxidans does in early 
phases of a mixed batch culture [26], and 
consequently, It is envisaged that it will 
predominate among microorganisms which 
metabolize iron in such a system [26]. L. 
ferrooxidans is more delicate with copper and 
incapable of oxidizing sulfur or sulfur compounds 
on its own. It also allows larger amounts of 
molybdenum, uranium, and silver than T. 
ferrooxidans. With sulfur-oxidizing acidophiles, 
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this can be accomplished without difficulty (e.g., 
T. caldus, T. ferrooxidans, or T. thiooxidans). 
 
2.1.1.3 Thermophilic bacteria 
 
Moderate and aggressive thermophiles are two 
broad categories for thermophilic 
microorganisms which decompose iron. For 
extreme thermophiles and roughly 40 to 60°C for 
moderate thermophiles, the ideal temperature for 
metal leaching and growth is observed between 
65 and 85°C. The diversification of thermophilic 
mıcrobes is enhanced and isolated from 
bioleaching conditions [27]. The majority of the 
bacteria are alternative autotrophs, meaning they 
can thrive without yeast extract, glutathione, or 
cysteine.Sulfobacillus thermosulfidooxidans, a 
gram-positive, spore-forming, and non - spore - 
forming rod-shaped mycobacterium, is a lower 
thermophilic bacterium. It may thrıve in 
temperatures ranging from 28 to 60 °C, with 50 
°C being the ideal temperature. The bacteria are 
naturally occurring autotrophs given that a very 
small amount of yeast extract (0.01-0.05 w/v) 
increases microbial activity while 0.1% (w/v) 
inhibits it [28]. The microorganism can utilise 
metal sulfide, S0, or Fe(II) as a source of energy 
to grow autotrophically.With all, S. 
thermosulfidooxidans has the following key 
features: (1) the ability to absorb CO2 whenever 
yeast extract is present; (2) the potential to grow 
on FeSO4

+
 yeast extract without even any CO2 

being inexpugnable; (3) the necessity for yeast 
extract for the best growth; and (4) being able to 
oxidize CuS, FeSO4, FeS2, CuFeS2, S4O6

-2 
or 

NiS [29]. 
 
Sulfolobus acidocaldarius and Acidianus brierleyi 
are two well-known examples of the extreme 
thermophiles found in acidophilic iron-oxidizing 
bacteria [28,30]. The genus Archaebacteria 
comprises both. These four genera are 
sulfurococcus, acidanus, metallosphaera, and 
sulfurolobus [22]. All of them are aerobic, very 
thermophilic, acidophilic bacteria that oxidize 
ferrous ions, sulfides, and sulfide minerals. Their 
optimal growing temperature is between 70 and 
75

o
C, with a temperature range of 55 to 90

o
C. 

Between pH 1 and 5, they can grow, with pH 3.0 
being just the optimum range. The species all 
demonstrate facultative chemolithotrophic 
metabolism and can be autotrophic, mixotrophic, 
or heterotrophic conditions. With yeast extract at 
large concentrations, the organisms grow 
heterotrophically and more rapidly with 
concentration levels of 0.01–0.02% (w/v)                  
[28]. 

2.2 Heterotrophic Microorganisms 
 
Numerous heterotrophic species are also present 
in bacterial leaching environments(yeast, fungi, 
and bacteria). Because Thiobacillus sp has an 
insufficient ability to extract metal from oxide, 
silicate, and carbonate ores, its employment is 
restricted in these cases. Currently, the use of 
heterotrophic bacteria and fungus with particular 
ores is being assessed. The two most important 
genera of fungus are Aspergillus and Penicillium, 
while Bacillus, a category of heterotrophic 
bacteria, is incredibly beneficial at dissolving 
metals. Using Bacillus mucilaginosus and 
Bacillus polymyxa to extract silica from bauxite 
and Asperillus niger to dissolve aluminum from 
alumino-silicates are two examples of where and 
how heterotrophic microorganisms are employed 
in microbial leaching [31]. For instance, in 
contrast to certain other components, a Bacillus 
sp. culture medium also includes CaCO3, 
essential salts, yeast extract as a nitrogen 
source, and 0.5% (w/v) sucrose [31]. The 
bacteria also need to maintain a pH that is closer 
to neutral and a temperature that is mesophilic.  
 
Enzymatic abatement is necessary when 
heterotrophic bacteria extract a mineral from an 
ore. By removing organic acids from 
Pseudomonas putida, like citrate and gluconate, 
several heterotrophs can aid in the extraction of 
metals citrate from Bacillus megaterium, and 
citrate from Aspergillus niger, in addition to 
oxalate, malate, tartrate, and succinate from 
Aspergillus niger.Thermophiles or mesophiles, 
mixed or pure strains, described or 
uncharacterized strains, have all been as a 
bioleaching agent investigations. Among the 
most commonly mesophilic bacteria employed in 
the bioleaching process is T.ferrooxidans.Many 
researchers have taken into account either the 
isolated strain from a mine or the pure strain 
obtained from a collecting firm.It was established 
that a number of parameters, comprising pulp 
density, the characteristics of the mineral ores, 
temperature, particle size, and many others, had 
an effect on the decomposition of sulfide ores by 
T. ferrooxidans. For instance, T. ferrooxidans 
was found using ferrous ions (9 g/l) as a source 
of dissolving copper from covellite [32]. The 
optimum parameters for T. ferrooxidans' 
oxidation of chalcopyrite were low particle sizes 
(+45, -53 m) and the presence of 50 mg/l silver 
ions [33]. According to Battaglia et al. [34] the 
combined culture of L. ferrooxidans and T. 
ferrooxidans had a higher cobalt dissolution rate 
from cobaltiferous pyrite than a pure culture. The 



 
 
 
 

Keke et al.; J. Eng. Res. Rep., vol. 25, no. 2, pp. 108-129, 2023; Article no.JERR.99836 
 
 

 
113 

 

mixture of T. thiooxidans, T. ferrooxidans, and L. 
ferrooxidans generated the highest leaching 
rates.  
 
Several strains of the same microbe have varied 
bioleaching characteristics, according to some 
interpretations [35]. T. ferrooxidans (ATCC 
23270) were able to dissolve following 350 hours 
of leaching with 40%, 42%, and 61% of the iron 
from pyrite concentrate, chalcopyrite 
concentrate, and arsenopyrite concentrate, 
respectively, while T. ferrooxidans (DSM 583) 
was only able to dissolve 24%, 38%, and 40% of 
the iron from pyrite concentrate (pyrite + quartz), 
chalcopyrite. 
 
Clark and Norris [36] discovered, for example, 
that moderate thermophile bacteria could oxidize 
pyrite/arsenopyrite concentrations faster tha n 
mesophiles.They also find that the amount of 
copper that dissolves from intricate sulfuride 
when using a Sulfolobus-like strain at 80

o
C is 

almost 100%. However, according to Yahya and 
Johnson, using a starting pH of 2.5 and 
temperature of 35

o
C, T. ferrooxidans 

outperformed Sulfobacillus sp. in respect of the 

percentage of pyrite concentrate decomposition 
[37]. Mostly in occurrence of chalcopyrite, 
extreme thermophiles have the potential to 
considerably increase the percentage of 
bioleaching,according to some studies. while 
using a batch bioreactor , Konishi et al. [38] 
calculated kinetics of chalcopyrite leaching by 
Acidianus brierleyi at 65

o
C, pH 1.2, +38–53 

particle size, and 0.5% (w/v) pulp density. 
Compared to T. ferrooxidans, which needed 
roughly 10 days to complete 20 dissolutions with 
the identical sample, approximately 100 copper 
dissolutions were achieved in ten days. An 
exceptionally thermophilic bacterium acquired 
from a hot, sulfurrich coal dump was used 
byGericke et al. [39] to investigate the microbial 
leaching of copper concentration,sulfur-rich coal 
dump, and Konishi et al. (2001) found good 
agreement with their findings. 98% copper (18.8 
g/l Cu) and 96% iron (10g/l Fe) were finally 
recovered [39]. Although copper dissolution 
increases wonderfully in microbes, there's also a 
rich synchronous iron disintegration which 
lessens the copper concentration in the leachate. 
The usage of thermophiles is thought to have this 
one notable drawback. 

 

 
 

Fig. 1. Sundramurthy's [40], a diagram illustrating the bioleaching process 
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Table 1. Bioleaching operations and efficient microbes 
 

Bioleaching operations Effective microorganisms 

Silica leaching Acetobacter, Bacillus, Streptococcus 
Manganese leaching Alcaligenes, Clostridium, Aeromonas, Pseudomonas 
Leaching of metal ores, including iron Pseudomonas, Escherichia, Candida, Enterobacter,Rhodopseudomonas, Micrococcus, 

Aspergillus, Penicillium, 
Phosphorous leaching Hyphomicrobium, Aspergillus,  

 

Table 2. Large-scale microorganisms used in the technique of bioleaching [37,12,41-42] 
 

Types of organism Optimum pH Temperature (
o
C) Energy source Chemical 

substance used as 
a lixiviant 

Metal being 
obtained 

 
 
 
Iron Oxidizers 

Acidithiobacillus 
Ferrooxidans 
 
Leptospirillum ferrooxidans 
 
Leptospirillum ferriphilum1 

2.0 
 
 
1.8 
 
 
1.6 

28-35 
 
 
30 
 
 
40 

 
 
 
Ferrous 
sulphate 

 
 
 
Ferric sulphate 

 
 
 
Zn, Cu, Ni, 
Cd, Pb. 

 
 
Sulphur oxidizers 

Acidithiobacillus 
Thiooxidans 
 
Sulfobacillus  
hermosulfidooxidans 
 
Sulfolobus spp. 

2.0-3.5 
 
 
1.7-2.4 
 
 
2.0-3.0 

10-37 
 
 
40-55 
 
 
55-85 

 
 
 
Sulphur and 
reduced 
sulphur 
compounds 

 
 
Sulphuric acid or 
oxidized form 
of sulphur 
compound 

 
 
 
Cu, Zn, Ni, Al. 

 
 
 
Cyanogenic 
Organism 

Chromo-bacterium 
violaceum 
 
Pseudomonas aeruginosa 
 
Pseudomonas 
fluorescence 

7 
 
 
 
7 
 
 
7 

28 
 
 
 
37 
 
 
30 

 
 
 
Glycine 

 
 
 
HCN 

 
 
 
Ag, Pt, Pd, Au, 
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Types of organism Optimum pH Temperature (
o
C) Energy source Chemical 

substance used as 
a lixiviant 

Metal being 
obtained 

Organic acids 
producers 

Aspergillus niger 
 
Penicillium simplicissimum 

4.5 
 
 
5.5 

30 
 
 
22-30 

Carbohydrate 
(Glucose or 
sucrose) 

Citric, oxalic, 
gluconic and malic 
acid 

Cu, Zn, Ni, Pb, V, 
Al, Mo, Co, Li. 
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3. BIOLEACHING MECHANISMS 
 
From the literature, a hypothesis with two distinct 
pathways for metal bioleaching has generally 
been proposed. The first type is direct leaching, 
which uses enzymatic mechanisms to interact 
directly between the sulfur dioxide surface and 
the bacterial membrane. Consequently, direct 
leaching is able to be observed when the 
microbes are inclined towards to the metal 
substrate.Within a few minutes or hours, cells 
can cling to dissolved mineral particles, 
preferentially taking advantage of surface 
irregularities.  
 
Second, ferrous ions (Fe

2+
) molecules contained 

in the mineral are oxidized by microbes to form 
ferric ions (Fe

3+
), which are then used to 

indirectly oxidize damaged metal. An oxidant 
called ferric ion can oxidize metal sulfides and 
can also be converted to ferric ions by 
microorganisms. Iron has responsibilities as an 
electrons transporter in light of this supposition. It 
has been proposed that iron can oxidize without 
direct physical contact. The both direct and 
indirect routes for the combustion of metal 
sulfides are described by these equations. 
Tuovinen [43], Haddadin et al. [44] and Nemati et 
al. [45] among many others gave concise 
explanations of the two mechanisms [45].  
 

3.1 Direct Mechanism 
 
In such phase, T. ferrooxidans can rapidly 
degrade metal oxidizing agents to soluble metal 
sulfates, in accordance with Equation (7).  
 

      

              
                   

                (7)  
 
A solid phase could become liquid by this 
process, for which further processing can be 
used to recover the metal, because the metal 
sulfides exist in an insoluble state and the metal 
sulfate (MSO4) is Often water soluble. 
 
The mechanism might hypothetically run 
endlessly till all the MS had been changed into 
product(MSO4).The following reactions 
(Equations 8-12) are examples of direct 
mechanism. 
 

Pyrite:                            
                                                      (8) 
 

Chalcopyrite:                     
                                          (9) 

Chalcocite:                  
                                                    (10) 
 
Covellite:                                (11)  
 
Sphalerite:                              (12) 

 

3.2 Indirect Mechanism 
 
Sulfur metals being dissolved by ferric ions is a 
case of either an indirect process. Equation (14) 
is created chemically without the intervention of 
microorganisms, in contrast to Equation (13), 
which is the consequence of Thiobacillus action. 
According to Equation(15),Thiobacillus also 
decomposes elemental sulfur.  
 

                
             
                                           (13) 
 
                              (14) 
 

            
             
                   

    
(15) 

 
As a result, ions continuously diffuse between 
processes in a cycle betweeen 13 and 15, and 
formation of H

+
 during the sulfate oxidation 

increases the overall efficiency. Here are a few 
examples of chemical oxidation procedure: 
(Equations 16–20).  
 

Pyrite:                           
(16) 

 
Chalcopyrite:                   
                                              (17) 
 
Chalcocite:                        
                                                       (18) 
 
Covellite:                     
                                                                   (19) 
 
Sphalerite:                     
                                            (20) 

 
The paradigm of direct and indirect metals 
leaching remains subject to discussion while 
considering the theory of a direct mechanism into 
account.Modern methodologies for extracellular 
polymeric compounds, new theories, and the 
examination of breakdown products produced 
during bioleaching mechanism have been 
discovered recently in investigations.  
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No evidence has been found to support a direct 
enzymatically mediated mechanism, despite 
repeated indirect mechanisms being proposed in 
latest researches [46–47]. Phases in the 
oxidation of galena were recognized as copper 
sulphate and polysulfide, along with chalcopyrite, 
sphalerite, orpiment, hauerite, and realgar. FeS2, 
MoS2, and WS2 are three examples of alkali 
metals sphalerites that require the use of 
thiosulphate as a bridge in order to be affected 
by iron (III) ions throughout an oxidation reaction. 
In the second stage, which entails the dissolution 
of metal by ferrous ions and/or protons, 
polysulfide and elemental sulphur served as the 
two main sulphur intermediates.Equations 21 
and 25 below describe the two mechanisms      
[46–47].  
 
Thiosulphate mechanism (FeS2, MoS2, WS2): 
 

                    
            

 (21) 
 

    
             

        
           

   
                                            (22) 

 
Polysulphide mechanism (for ZnS, CuFeS2, 
PbS): 
 

                              
                                                              (23) 
 

            
        
                       

(24) 
 

                 
        
         

       
(25) 

 
The main difference between these two 
processes is that a metallic sulfide will only be 
degraded using proton and ferrous ion. 
Microorganisms resuscitate ferric ions or protons 
and then condense them at the interface 
between the sulfur dioxide surface and water or 
the sulfur dioxide surface and bacteria cell to 
facilitate metal leaching mechanisms [47]. . 
 
T. ferrooxidans, T. thiooxidans, and L. 
ferrooxidans are the three microorganism 
species that are interconnected in this model. 
The exopolymer layer surrounding the cells 
where the natural action actually occurs acts as 
the determining factor [47]. 
 
The term "contact leaching" was first employed 
by Tributsch [48] to characterize the direct 

leaching method in which bacteria are thought to 
react to the sulfur dioxide surface. In the contact 
leaching scenario, sulphur dioxide is treated to 
enhance the dissolution process. The idea that 
the biofilm reacts with the sulphur directly 
through enzymatic processes is unsupported by 
any data [46,48–49]. In cooperative leaching 
[49], the bacteria that cause contact leaching 
stimulate the surrounding electrolyte's bacterial 
load to extract sulphur species that are both 
aqueous and particulate.  
 
Blight et al. [50] studied the bio-oxidation of pyrite 
using a modified bioleaching system that 
included T. ferrooxidans.Their prepositions were: 
(i) iron species act as intermediaries; the iron is 
oxidized at the equivalent of cell possessiveness 
and consolidates at the sulfide/oxide interface; 
(ii) when the microorganism attached itself to the 
oxide/sulfide intersection, cell duplication 
developed, extracellular polysaccharides were 
produced, and iron oxyhydroxides were formed; 
and (iii) sulfur species inculcate through the 
boundary layer. 
 
The proposed stoichiometry is as 
follows(Equations 26-31).  
 
At the oxide/ sulphide interfaces: 
 

                      
          

(26) 
 
At the bio-film: 
 

  
            

                   (27) 
 

                              

                                                               (28) 
  
The biofilm's reductive reaction: 
 

                                     (29) 
 

                                                  (30) 
 

Fe
2+

↔ Fe
3+ 

+ e
-                                                            

 (31)  
 

Overall stoichiometry: 
 

                             

    
                                                   (32) 

 

3.3 Dump Leaching 
 
The collection of uncrushed trash piles in dumps 
is a large element of dump leaching [51]. It is 
used for the low-grade ores used in mineral 
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extraction. The massive rocks are reduced to 
manageable shards and moved to dumps by 
bombing in the pit. Millions of metric tons of 
useless minerals are kept at these landfills. To 
create the ideal circumstances for both the 
eradication of bacteria that would oxidize the 
metal and also its recovery, acidified water is 
placed on the surface and permeates the wastes. 
Dump recirculating seems to have been a 
common approach for extracting copper ores 
[52].  

 
3.4 Heap Leaching 
 
Heap leaching as well as dump leaching have 
similarities since larger minerals are broken 
down into globules and microscopic fragments in 
moving containers loaded with polluting fluids. As 
a result, the parent rock is being prepared for the 
bacteria. The purified parent rock is circulated on 
pads that correspond to penetrating polymer 
drain routes, enhancing the discharge with the 
mineral-encompassing mixture from the 
underside of the parent rock. Also, it has air for 
the optimum potential microbial development 
[53]. Using this overview of a leaching procedure, 
gold ores are pre-treated and metal sulfide is 
piled in to eliminate the trapped gold from sulfide 
minerals [54]. These procedures also involve the 
gravity-based recovery of minerals [55,56]. 

 
3.5 Factors that Influence Bioleachıng 

Process 
 
The effectiveness of bioleaching is greatly 
influenced by microorganisms and the chemical 
makeup of the substrate that must be treated, 
which contains metals(ore, concentrate). It is 
crucial to choose the right mixture of the 
dissolving agent and the pretreatment material in 
order to achieve an optimal metal percentage 
yield with this technique, and also to create the 
perfect conditions for bacterial growth. Hence, a 
wide range of biological and macrobiotic 
elements may have an impact on the activities of 
the bacterium and the effectiveness of 
bioleaching. 

 
The variables can be classified into groups 
including physicochemical parameters, 
microbiological parameters, metal containing 
substance features, and method or circumstance 
types. The bulk of these parameters have lately 
undergone evaluation by several writers as 
shown, Temperature [57 58], pH [59 64], redox 

potential [65 66], oxygen content and availability 

[67 69], and other physicochemical factors are 
among the parameters.  

 
Similar to how hydrogen ion absorption 
determines pH,the ORP of an electrode pair is 
determined by the propensity of electron 
transport between chemical species and 
electrodes. In view of this, ORP describes how 
easily electrons are migrated to or from species 
in the mixture.The bio-oncology of iron (II) to iron 
(III) during bioleaching changes the ORP. It is 
possible to observe the movement of microbes 
owing to oxidizing ions like iron (III) or oxygen 
have a positive relationship with ORP [70]. By 
increasing the redox potential as a result of 
biological activity, it is possible to extract metal 
from solid wastes or ores more easily [71]. The 
microbiological features of bioleaching are also 
important since they have a significant impact on 
the process' performance. These parameters 
include, metal tolerance [72-73], microbial activity 
[72-73], microbial diversity [74-77], population 
density [78-80] and microbial oxidation ability 
[81–84]. The microbiological parameters of the 
bioleaching are extremely important since they 
have a big impact on how well the process 
works. These factors include microbial diversity, 
population size, and the capacity of 
microorganisms to metabolize metals and alloy 
tolerance [81–84]. This group takes into account 
how the leaching technique used has affected 
the environment, for instance, whether the 
process is completed in one or two steps                   
[85–86], the quantity of treated solid [87-90], or 
the way it operates (column, heap, or bioreactor 
activities) [91–102] All of these elements that 
could potentially have an impact on the process 
are being optimized in an effort to enhance metal 
recovery. However, because the experimental 
parameters will vary depending on the metal-
controlling substance and the bioleaching system 
[103–108], optimization must be done for each 
system and waste. 

 

 
 

Fig. 2. Copper Harbor, Keweenaw Co., MI, 
USA 
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Table 3. Biological metal ions assessment and treatment of numerous liquid and solid wastes. Wang et al. [108] 
 

 Mixtures or microbes Pollution source Efficiency/Capacity Effective mechanism Reference 

Mixtures of microbes Leptospirillum 
ferriphilum CS13, 
Acidithiobacillus 
caldus S2, 
Sulfobacillus 
acidophilus S5, 

Electroplating sludge Removal rate of various 
heavy metals was over 99% 

Bioleaching [109] 

Mixtures of microbes 
and sludge 

Water treatment 
sludge 

Electroplating 
wastewater 

Cu
2+

 and Cr
6+

 adsorption 
capacities are about 1.7 and 
3.5 mg g

−1
 

Bio-reduction and Bio-
sorption 

[110] 

Mixture of Candida 
lipolytica and sewage 
sludge 

Electroplating 
wastewater 

6.66 mg g
− 1

 Bio-reduction and Bio-
sorption 

[111] 

Sulfate-reducing 
bacteria (43.3% of 
Desulfovibiro) 
enriched sludge 

Electroplating 
effluent 

100% within 3 days Biological precipitation [112] 

Main bacteria strains Acidithiobacillus 
ferrooxidans 

Dewatered metal 
plating sludge 

Metal solubilization: 97% of 
Zn, 96% of Cu, 93% of Ni, 
84% of Pb, 67% of Cd and 
34% of Cr in 20 days 

Bioleaching [113] 

Single culture Arthrobacter sp. X34 Simulated 
groundwater 

0 Biomineralization [114] 

Bacillus sp. Y9–2 73% precipitated in 5 days 
Rahnella sp. Y9602 95% precipitated in 5 days 

Mixtures of 
microalgae and bio-
resource 

Chlorella vulgaris and 
calcined eggshells 

Acid mine drainage 99.7% of Fe, 99.5% of Cu, 
99.9% of Zn, 99.8% of Mn, 
100% of As, and 100% of 
Cd in 6 days 

Bio-sorption [115] 

Mixtures of microbes Sulfate-reducing 
bacteria 

Underground mine 
drainage 

90.5% of Cd, 89.3% of Zn Bio-mineralization [116] 

Mixtures of microbes Bacillus subtilis 
ITSUKMW1, 
Acinetobacter junii 

Synthetic Cr
6+ 

solution 
99% reduction of 
Cr

6+(
100mgL

− 1
) in 64 h 

Bio-reduction [117] 
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 Mixtures or microbes Pollution source Efficiency/Capacity Effective mechanism Reference 

VITSUKMW2, and 
Escherichia coli 
VITSUKMW3 

Mixtures of microbes Ferrovum, Thiomonas, 
Gallionella, 
Leptospirillum 

Sb-rich mine water 90% of total Sb, 80% of Sb 
(III) 

Biological precipitatio n 
and bio-transformation 

[118] 

Immobilized fungi 
Mixtures 

Cladosporeum 
perangustum, 
Penicillium commune, 
Paecilomyces 
lilacinus, Fusarium 
equiseti 

Tannery wastewater 100% of Cr (VI), 99.92% of 
total Cr, 95.91% total Pb, 
100% of Pb (II) 

Bio-sorption [119] 

Mixed microbes Stenotrophomonas sp. 
WY601, Proteus 
mirabilis, 
Microbacterium 
paraoxydans, 
Bacterium FX2, 
Bacillus tequilensis 

Tannery sludge 90% of Cr (VI) within 65 h 
(single culture of WY601) 

Bioreduction [120] 

Mixed plants and 
Endophytic bacteria 

Pantoea sp. strain 
TYRI15, 
Microbacterium 
arborescens TYSI04; 
Bacillus endophyticus 
PISI25, Bacillus 
pumilus PIRI30, 
Bacillus sp 

Textile effluent 97% of Cr, 89% of Fe, 88% 
of Ni, 72% of Cd 

Bio-accumulation 
And phytoextraction 

[121] 
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3.6 Recent Advancement in Reactors for 
Bioleaching  

 
The design of bioleach reactors poses a sizable 
number of difficulties for the process engineer. 
These include the need to add a lot of oxygen 
(and some carbon dioxide) to the process water, 
keep a fast-settling mineral slurry suspended, 
and keep it at a constant temperature throughout 
the process (typically by removing heat produced 
by the exothermic oxidation reactions). All of 
these processes must be done while a "fourth 
phase" of the biomass is present, which may be 
sensitive to high shear rates, and in a vessel that 
can survive the acidic, corrosive, and abrasive 
environment that bioleaching bacteria prefer. The 
choice of suitable building materials for the 
bioleach reactor has become more difficult with 
the introduction of thermophiles. In terms of 
metallurgy, bioleaching is a slow process with 
typical residence lengths of 4 to 6 days as 
opposed to a flotation cell or even an autoclave, 
where retention times are measured in minutes 
or hours. Therefore, a large process volume is 
needed, and bioleach reactors are some of the 
biggest high-intensity process vessels ever 
designed. The difficulty for the design engineer is 
to produce a fairly consistent environment in the 
bioleach reactor so that the circumstances for 
biomass growth and oxidative activity are ideal 
across the reaction space. The bioleach reactor 
must be a mechanically agitated, stirred tank due 
to the physical and chemical criteria of the 
bioleach process [122]. Without mechanical 
agitation, air-stirred reactors are unable to meet 
the process's prerequisite of air transfer. The 
stirred-tank reactor is the only kind of reactor that 
has been deployed in actual reality, despite 
several other cutting-edge designs being put out 
[123]. The process volume can be reduced by 
placing the reactors in a sequence, going from 
large to small, according to process modeling 
utilizing fundamental chemical reaction 
engineering concepts [124]. All commercial 
bioleach plants have been designed with a set of 
equal volume reactors, often with two to three 
main reactors in parallel feeding into a series of 
two to three secondary reactors in a pair. 
However, practical limitations (such as the 
shared characteristics of spares) make this ideal 
impractical. 
 
Given the great yields in immersed leach metal 
extraction, the switch from shaking flasks to 
bioreactors was thoroughly investigated fairly 
early. More than 80% of the total zinc was 
recovered from the sulfide zinc concentrate, and 

it was found that tank leaching was more efficient 
at treating ore concentrates. The construction 
and cost of operation of tank leaching are higher 
than those of dump, heap, or in situ leaching 
procedures. However, the rate of metal 
extraction is substantially higher, and this method 
is already being effectively used to the 
bioleaching of refractive gold ores. 
  

3.7 Merıts of Bioleachıng 
 
3.7.1 Cost-effectiveness 
 
Bioleaching is always simple and, as a reason, 
less expensive to manage and control than 
conventional techniques simply because only a 
small number of employees are necessary for 
operating different biochemical facilities. 
 
3.7.2 Environment friendliness 
 
Comparatively speaking, the process is less 
damaging to the environment than existing 
separating methods. Given the significance of 
controlling costly emissions of sulphur dioxide 
during mining, this would be profitable for the 
industry. Due to the concerned microorganisms' 
spontaneous development as well as the fact 
that surface mining or its surroundings can only 
have a little impact, less landscape degradation 
results. The mine's atmosphere is perfect for the 
bacteria's growth, which is then nourished and 
rebuilt.  
 
3.7.3 Concentration of ore 
 
If the minerals in the ore are not crucial for other 
processes, they can sometimes be obtained 
through bioleaching. Just by substantially 
substituting the extensive crushing and grinding, 
It is possible to perform bioleaching,which in a 
conventional procedure results in prohibitive 
energy consumption and expense.  
 

3.8 Demerıts of Bioleachıng 
 
3.8.1 Cost-effectiveness 
 
Compared to smelting, the bioleaching process is 
quite slow. This yields minimal benefit and 
causes a notable shortage of resources for 
modern organisms.  
 
3.8.2 Environmental degradation 
 
Eventually, the process produces poisonous 
compounds. Sulfuric acid and Hydrogen ion ions 
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can leak into the groundwater as well as the 
surface water when they are produced,making 
them acidic and harming the ecosystem. During 
acid mine sewage, heavy ions like arsenic, iron, 
and zinc are released. 
 
3.8.3 pH 
 
As the pH of this mixture rises as a result of 
diluting with freshwater resources, these ions are 
considered to as "Yellow Boy" contamination 
because they appear quickly. The biodegradation 
solution should be carefully thought out in 
consideration of the possibility of a 
microbiological failure. Bioheap dumping, unlike 
other methods, cannot be entirely stopped once 
it has begun since leaching would continue in 
connection with rains and natural 
microorganisms.  
 

4. CONCLUSION AND FUTURE 
PROSPECTS 

 
Since bioleaching avoids a large portion of the 
carbon footprint and energy expenditures 
involved with conventional mining, it is seen as a 
"green technology" that will gain importance in 
the years to come. A potential method for 
reducing the environmental damage done by 
mining deposits, sulphur atmospheric emissions, 
and acidic wastewater is bioleaching, which 
utilizes natural bacteria to leach metals from 
deficient ores. One may argue that it is an 
improvement over the typical mining method, 
which worsens environmental destruction. Bio-
mining has investigated low-grade ores and 
metallurgical waste as potential sources of 
metals. Because bio-mining not only offers 
functional transparency but also has cheap 
operating costs, little capital expenditure, and 
quick construction timeframes, it is projected that 
its commercial use would increase soon. They 
also share the same benefit as green plants 
being that they remove carbon dioxide from air, 
thereby reducing the difficulty that is known to be 
the cause of climate change.The mining sector 
claims that biotechnology has improved 
instruments for successful metal recovery. It is 
clear that the research done on the particular 
group of microorganisms adapted to their 
colonies that encourage bioleaching is mostly 
centered on institutes, academic divisions, and 
universities.If bio-mining technology is to be 
commercially viable, cooperation and 
collaboration between these research institutions 
and mining companies are very essential. 
Government agencies must actively promote the 

technique to mining firms so that they would 
employ it to promote the ecosystem and a 
brighter future. In the future, the extraction and 
recovery of several metal won't require the use of 
biotechnology.  
 

ACKNOWLEDGEMENT 
 
The authors thank two anonymous reviewers for 
their insightful comments and helpful 
recommendations. 
 

COMPETING INTERESTS 
 
Authors have declared that no competing 
interests exist. 
 

REFERENCES 
 
1. Krebs W, Brombacher C, Bosshard PP, 

Bachofen R, Brandl H. Microbial recovery 
of metals from solids. FEMS Microbiology 
Reviews 1997;(20):605-17.  
Avaialble:https://doi.org/0.1016/S0168-
6445(97)00037-5 

2. Gentina JC, Acevedo F. Microbial ore 
leaching in developing countries. Trends 
Biotechnol. 1985;30:86-9.  
Avaialble:https://doi.org/10.1016/0167-
7799(85)90087-3 

3. Bosecker K. Bioleaching: Metal 
solubilisation by microorganisms. FEMS 
Microbiol. Rev. 1997;(20):591-604.  
Avaialble:https://doi.org/10.1111/j.1574-
6976.1997.tb00340.x 

4. Langley S, Beveridge TJ. Effect of O-side 
chain lipopolysaccharide chemistry on 
metal binding. Applied and Environmental 
Microbiology 1997;65(2):489-98.  
Avaialble:https://dx.doi.org/10.1128%2Fae
m.65.2.489-498.1999 

5. Banfield JF, Hamers RJ. Processes at 
minerals and surfaces with relevance to 
microorganisms and prebiotic synthesis. 
Rev. Mineral. Geochem. 1997;(35):81-122.  
Avaialble:https://doi.org/10.1515/97815015
09247-005 

6. Barker WW, Welch SA, Banfield JF. Geo-
microbiology of silicate mineral weathering. 
In geo-microbiology: Interactions between 
microbes and minerals, Banfield, J.F. and 
Nealson, K.H., (Eds.). Mineralogical 
society of America, Washington, DC; 1997; 
391-428. ISBN-10: 0939950456. 

7. Bennett PC, Rogers JR, Choi WJ, Hiebert 
FK. Silicates, weathering and microbial 
ecology. Geomicrobiol. J. 2001;(18):3-19.  

https://dx.doi.org/10.1128%2Faem.65.2.489-498.1999
https://dx.doi.org/10.1128%2Faem.65.2.489-498.1999


 
 
 
 

Keke et al.; J. Eng. Res. Rep., vol. 25, no. 2, pp. 108-129, 2023; Article no.JERR.99836 
 
 

 
123 

 

Avaialble:https://doi.org/10.1080/01490450
1510797348 

8. Fortin D, Ferris FG, Beveridge TJ. Surface-
mediated mineral development by bacteria. 
Rev. Mineral. Geochem. 1997;35(1):161-
180. 

9. Bayat B, Sari B. Bioleaching of dewatered 
metal plating sludge by Acidithiobacillus 
ferrooxidans using shake flask and 
completely mixed batch reactor. African 
Journal of Biotechnology. 2010;9(44): 
7504-12.  
Avaialble:https://doi.org/10.5897/AJB10.11
42 

10. Valix M. Bioleaching of electronic waste: 
Milestones and challenges in current 
developments in biotechnology and 
bioengineering. Elsevier B.V. 2017;407-
442.  
Avaialble:https://doi.org/10.1016/B978-0-
444-63664-5.00018-6 

11. Rawlings DE. Heavy metal mining using 
microbes. Annual review of microbiology. 
2002;65- 91.  
Avaialble:http://dx.doi.org/10.1146/annurev
.micro.56.012302.161052 

12. Dave SR, Sodha AB, Tipre DR. Microbial 
Technology for Metal Recovery from E-
Waste Printed Circuit Boards. Journal of 
bacteriology and mycology 2018; 6(4): 
241- 247.  
Avaialble:https://doi.org/10.15406/jbmoa.2
018.06.00212 

13. Natarajan KA. Methods in bio-
hydrometallurgy and developments: Dump, 
Heap, in Situ, and Stirred Tank Bioreactor. 
2018;81-106. 

14. Mishra D, Kim DJ, Ahn JG, Rhee YH. 
Bioleaching: A microbial process of metal 
recovery. Metals and Materials 
International 2005;11(3):249-56.  
Avaialble:https://doi.org/10.1007/BF03027
450 

15. Kasper AC, Gabriel AP, de Oliveira ELB, 
de Freitas Juchneski NC, Veit HM. 
Electronic waste recycling. Recycling 
techniques. 2015;87-126. 

16. Kaksonen AH, Boxall NJ, Gumulya Y, 
Khaleque HN, Morris C, Bohu T, Cheng 
KY, Usher KM, Lakaniemi AM.                     
Recent progress in bio-hydrometallurgy 
and microbial characterization. 
Hydrometallurgy. 2018;(180):7-25.  
Avaialble:https://doi.org/10.1016/j.hydrome
t.2018.06.018 

17. Sajjad W, Zheng G, Din G, Ma X, Rafiq M, 
Xu W. Metals extraction from sulfide ores 

with microorganisms: The bioleaching 
technology and recent developments. 
Transactions of the Indian institute of 
metals. 2018;72(3):559-79.  

Avaialble:https://doi.org/10.1007/s12666-
018-1516-4 

18. Zhao W, Li K, Wang Y, Zhang L, Cheng H, 
Zhou H. Influence of particle size on 
copper recovery from sulfide ore by the 
moderately thermophilic microorganisms. 
Metallurgical Research and Technology 
2019;116(1):Article number 119.  

Avaialble:http://dx.doi.org/10.1051/metal/2
018118 

19. Rawlings DE, DB Johnson. The 
microbiology of Biomining: Development 
and optimization of mineral oxidizing 
microbial consortia. Microbiology. 2007; 
153(2):315–324.  

20. Olson GJ, Brierley JA, Brierley CL. 
Bioleaching review part B: Progress in 
bioleaching: applications of the microbial 
processes by the mineral industries. Appl 
Microbiol Biotechnol. 2003;63(3):249–257.  

21. Romano P, Blazquez ML, Alguacil FJ, et 
al. Comparative study on the selective 
chalcopyrite bioleaching of a molybdenite 
concentrate with mesophilic and 
thermophilic bacteria. FEMS MicrobiolLett. 
2001;196(1):71–75.  

22. Barrett J, Hughes MN, Karavaiko GI, 
Spencer PA. Metal extraction by bacteria 
and oxidation of minerals. New York: Ellis 
Harwood; 1993. 

23. Suzuki I. Microbial leaching of metals from 
sulfide minerals. Biotechnology Advances 
2001;(19):119-132.  

Avaialble:http://dx.doi.org/10.1016/S0734-
9750(01)00053-2 

24. Wentzel, E. Thiobacillus [Online]; 2001. 
Available:http://www.bsi.vt.edu/biol_4684/ 
Microbes/Thiobacillus.html [Accessed 17 
September 2001]. 

25. Johnson DB. Importance of microbial 
ecology in the development of new mineral 
technologies. Hydrometallurgy. 2001;(59): 
147-57.  

Avaialble:http://dx.doi.org/10.1016/S0304-
386X(00)00183-3 

26. Rawlings DE, Tributsch H, Hansford GS. 
Reason why Leptospirillum-like species 
rather than thiobacillus ferrooxidans are 
the dominant iron-oxidizing bacteria in 
many commercial processes for the bio-
oxidation of pyrite and related ores. 
Microbiology. 1999;(145):5-13.  

https://doi.org/10.1080/014904501510797348
https://doi.org/10.1080/014904501510797348
https://doi.org/10.1016/j.hydromet.2018.06.018
https://doi.org/10.1016/j.hydromet.2018.06.018
http://dx.doi.org/10.1051/metal/2018118
http://dx.doi.org/10.1051/metal/2018118


 
 
 
 

Keke et al.; J. Eng. Res. Rep., vol. 25, no. 2, pp. 108-129, 2023; Article no.JERR.99836 
 
 

 
124 

 

Avaialble:http://dx.doi.org/10.1099/135008
72-145-1-5 

27. Brandl H, Microbial leaching of metals in 
Rehm HJ. (ed.) Biotechnology volume 10, 
New York: Wiley; 2001.  
Avaialble:https://doi.org/10.1002/97835276
20937.ch8 

28. Ehrlich HL. Geomicrobiology, 2nd Ed. New 
York: Marcel Dekker; 1990.  
Avaialble:https://doi.org/10.4319/lo.1982.2
7.5.0984 

29. Rawlings, DE. Microbially assisted 
dissolution of minerals and its use in the 
mining industry. Pure Appl. Chem. 
2004;76(4):847–859. 

30. Konishi Y, Asai S, Tokushige M.             
Kinetics of the bioleaching of                
chalcopyrite concentrate by                   
acidophilic thermophile Acidianusbrierleyi. 
Biotechnology Progress. 1999;(15):681-88. 

31. Vasan SS, Modak JM, Natarajan KA. 
Some recent advances in the bio-process 
of bauxite. International. Journal of mineral 
processes. 2001;(62):173-186.  
Avaialble:https://doi.org/10.1016/S0301-
7516(00)00051-X 

32. Porro S, Ramírez S, Reche C, Curutchet 
G, Alonso-Romanowski S, Donati E. 
Bacterial attachment, its role in bioleaching 
processes. Process Biochemistry 1997; 
32(7):573-78.  
Avaialble:https://doi.org/10.1016/S0032-
9592(97)00018-6 

33. Sukla LB, Chaudhury GR, Das RP. Effect 
of silver ion on kinetics of biochemical 
leaching of chalcopyrite concentrate. 
Transportation Institute Mineral Metal 
1990; (99):43-6.  

34. Battaglia F, Hugues P, Cabral T, Cezac P, 
Garcia JL, Morin D. The mutual effect of 
mixed Thiobacilliand 
Leptospirillipopulations on pyrite 
bioleaching. Minerals Engineering 1998; 
11: 195-205. 

35. Sampson MI, Phillips CV, Blake II RC. 
Influence of the attachment of acidophilic 
bacteria during the oxidation of mineral 
sulfides. Minerals Engineering 2000; 13(4): 
373- 89. https://doi.org/10.1016/S0892-
6875(00)00020-0 

36. Clark DA, Norris PR. Oxidation of mineral 
sulphides by thermophilic microorganism. 
Minerals Engineering 1996; (9): 1119-25. 
https://doi.org/10.1016/0892-
6875(96)00106-9 

37. Yahya A, Johnson DB. Bioleaching of 
pyrite at low pH and low redox potentials 

by novel mesophilic gram-positive bacteria. 
Hydrometallurgy 2002;(63):181-188. 
http://dx.doi.org/10.1016/S0304-
386X(01)00224-9 

38. Konishi Y, Tokushiko M, Asai S, Susuki T. 
Copper reovery from chalcopyrite 
concentrate by acidophilic thermophile 
Acidianusbrierleyiin batch and continous-
flow stirred tank reactor. Hydrometallurgy 
2001;(59):271-82. 

39. Gericke M, Pinches A, Van Rooyen JV. 
Bioleaching of a chalcopyrite concentrate 
using anextremely thermophilic culture. 
International Journal of Mineral Processing 
2001;(62):243-55. 
Avaialble:https://doi.org/10.1016/S0301-
7516(00)00056-9 

40. Venkatesa Prabhu Sundramurthy, Baskar 
Rajoo, Natesan Rajendran Srinivasan, 
Rajan Kavitha. Bioleaching of Zn from 
sphalerite using Leptospirillum ferriphilum 
isolate: effect of temperature and kinetic 
aspects. Appl Biol Chem. 2020;63:44.  
Avaialble:https://doi.org/10.1186/s13765-
020-00528-8 

41. Li Q, Zhu J, Li S, Zhang R, Xiao T, 
Demergasso CS, Galleguillos PA. 
Interactions between cells of Sulfobacillus 
Thermosulfidooxidans and Leptospirillum 
Ferriphilum during pyrite bioleaching. 
frontiers in microbiology. 2020;11:111. 

42. Zhang R, Xia J, Peng J, Zhang Q, Zhang 
C, Nie Z, Qiu G. A new strain leptospirillum 
ferriphilum YTW315 for bioleaching of 
metal sulfides ores. Transactions of 
Nonferrous Metals Society of China, 
2010a;20(1):135, 41. 

43. Tuovinen OH. Biological fundaments of 
minerals of mineral leaching processes, in 
Ehrlich, H. L. and Brierley, C.L. Microbial 
Mineral Recovery. New York: Mc Graw-
Hill; 1990. 

44. Haddadin J, Dagot C, Fick M. Models of 
bacterial leaching. Enzyme and Microbial 
Technology 1995;17(4):290-305.  
Available:https://doi.org/10.1016/0141-
0229(94)00032-8 

45. Nemati M, Harrison STL, Hansford GS, 
Webb C. Biological oxidation of ferrous 
sulphate by thiobacillus ferrooxidans: A 
Review on the kinetic aspects. Biochemical 
Engineering Journal. 1998;(1):171-90.  
Available:https://doi.org/10.1016/S1369-
703X(98)00006-0 

46. Schippers A, Sand W. Bacterial leaching of 
metal sulfides proceeds by two indirect 
mechanisms via thiosulfate or via poly-

https://doi.org/10.1016/S0892-6875(00)00020-0
https://doi.org/10.1016/S0892-6875(00)00020-0


 
 
 
 

Keke et al.; J. Eng. Res. Rep., vol. 25, no. 2, pp. 108-129, 2023; Article no.JERR.99836 
 
 

 
125 

 

sulfides and sulfur. Applied and 
Environmental Microbiology. 1999;(65): 
319-21.  
Available:http://dx.doi.org/10.1128/AEM.65
.1.319-321.1999 

47. Sand W, Gehrke T, Jozsa PG, Schippers 
A. Biochemistry of bacterial leaching direct 
and indirect bioleaching. Hydrometallurgy 
2001;(59):159-75.  
Available:https://doi.org/10.1016/S0304-
386X(00)00180-8 

48. Tributsch H. Direct versus indirect 
bioleaching. Hydrometallurgy. 2001;(59): 
177-185.  
Available:https://doi.org/10.1016/S0304-
386X(00)00181-X  

49. Rojas-Chapana JA, Bärtels CC, Pohlmann 
L, Tributsch, H. Co-operative and chemo-
taxis of thiobacilli studied with spherical 
sulphur/sulphide substrates. Process 
Biochemistry. 1998;(33):239-48.  
Available:https://doi.org/10.1016/S0032-
9592(97)00059-9 

50. Blight K, Ralph DE, Thurgate S. Pyrite 
surfaces after bio-leaching: a mechanism 
for bio-oxidation. Hydrometallurgy. 2000; 
(58):227-37. 
Available:http://dx.doi.org/10.1016/S0304-
386X(00)00136-5 

51. Siddiqui MH, Kumar A, Kesari KK, Arif JM. 
Biomining-A useful approach toward metal 
extraction. American-Eurasian Journal of 
Agronomy 2009;2(2):84-8.  

52. Brierley CL. How will biomining be applied 
in future? Transaction of Nonferrous 
Metals Society of China. 2008;(18):1302-
10.  
Available:https://doi.org/10.1016/S1003-
6326(09)60002-9 

53. Brierley CL, Brierley JA. Bio heap 
processes operational requirements and 
techniques. Littleton; Colorado: Society of 
Mining Engineers. 1999;17-27. 

54. Mahmoud A, Cézac P, Hoadley AFA, 
Contamine F, D’Huhues P. A review of 
sulfide minerals microbially assisted 
leaching in stirred tank reactors. 
International Biodeterioration and 
Biodegradation. 2017;(119):118-46.  
Available:https://doi.org/10.1016/j.ibiod.201
6.09.015 

55. Haque N, Norgate T. The greenhouse gas 
footprint of in-situ leaching of uranium, gold 
and copper in Australia. Journal of cleaner 
production. 2014;(84):382-390.  
Available:https://doi.org/10.1016/j.jclepro.2
013.09.033 

56. Barlett RW. Solution mining: Leaching and 
fluid recovery of materials. The 
Netherlands: Gordon and Breach Science 
Publishers; 1992.  

57. Hong Y, Valix M. Bioleaching of electronic 
waste using acidophilic sulfur oxidizing 
bacteria. Journal of cleaner production. 
2014;(65):465-72.  

Available:https://doi.org/10.1016/j.jclepro.2
013.08.043 

58. Lambert F, Gaydardzhiev S, Léonard G, 
Lewis G, Bareel PF, Bastin D. Copper 
Leaching From Waste Electric Cables by 
Bio-hydrometallurgy. Minerals Engineering 
2015;(76):38-46.  

Available:http://dx.doi.org/10.1016/j.minen
g.2014.12.029 

59. Dorado AD, Solé M, Lao C, Alfonso P, 
Gamisans X. Effect of pH and Fe (III) Ions 
on chalcopyrite bioleaching by an adapted 
consortium from biogas sweetening. 
Minerals Engineering. 2012;(39):36-8.  

Available:http://dx.doi.org/10.1016/j.minen
g.2012.06.009 

60. Liang G, Tang K, Liu W, Zhou Q. 
Optimizing mixed culture of two 
acidophiles to ımprove copper recovery 
from printed circuit boards (PCBs). Journal 
of Hazardous Materials. 2013;(250-251): 
238-45. 
Available:https://doi.org/10.1016/j.jhazmat.
2013.01.077 

61. Mishra D, Kim DJ, Ralph DE, Ahn JG, 
Rhee YH. Bioleaching of metals from 
spent lithium ion secondary batteries using 
acidithiobacillus ferrooxidans. Waste 
management. 2008;28(2):333-38.  

Available:http://dx.doi.org/10.1016/j.wasma
n.2007.01.010 

62. Mousavi SM, Yaghmaei S, Vossoughi M, 
Roostaazad R, Jafari A, Ebrahimi M, 
Chabok OH, Turunen I. The Effects of Fe 
(II) and Fe (III) and initial pH on microbial 
leaching of low-grade sphalerite ore in a 
column reactor. Bio-resource technology 
2008;99(8):2840-45.  

Available:https://doi.org/10.1016/j.biortech.
2007.06.009 

63. Xiang Y, Wu P, Zhu N, Zhang T, Liu W, 
Wu J, Li P. Bioleaching of copper from 
waste printed circuit boards by bacterial 
consortium enriched from acid mine 
drainage. Journal of hazardous materials 
2010;184(1-3):812-18. 
Available:https://doi.org/10.1016/j.jhazmat.
2010.08.113 

https://doi.org/10.1016/j.ibiod.2016.09.015
https://doi.org/10.1016/j.ibiod.2016.09.015
https://doi.org/10.1016/j.jclepro.2013.09.033
https://doi.org/10.1016/j.jclepro.2013.09.033
https://doi.org/10.1016/j.jclepro.2013.08.043
https://doi.org/10.1016/j.jclepro.2013.08.043


 
 
 
 

Keke et al.; J. Eng. Res. Rep., vol. 25, no. 2, pp. 108-129, 2023; Article no.JERR.99836 
 
 

 
126 

 

64. Yang T, Xu Z, Wen J, Yang L. Factors 
influencing bioleaching copper from waste 
printed circuit boards by acidithiobacillus 
ferrooxidans. Hydrometallurgy 2009;97(1-
2):29–32. 
Available:http://dx.doi.org/10.1016/j.hydro
met.2008.12.011 

65. Vilcáez J, Suto K, Inoue C. Bioleaching of 
chalcopyrite with thermophiles: 
Temperature-PH-ORP dependence. 
International Journal of Mineral Processing 
2008;88(1-2):37-44. 
Available:http://dx.doi.org/10.1016/j.minpro
.2008.06.002 

66. Zhao H, Wang J, Yang C, Hu M, Gan X, 
Tao L, Qin W, Qiu G. Effect of redox 
potential on bioleaching of chalcopyrite by 
moderately thermophilic bacteria: An 
Emphasis on Solution Compositions. 
Hydrometallurgy. 2015;(151):141-50.  
Available:http://dx.doi.org/10.1016%2Fj.hy
dromet.2014.11.009 

67. Giebner F, Eisen S, Schlömann M, Scophf 
S. Measurements of dissolved oxygen in 
bioleaching reactors by optode application. 
Hydrometallurgy. 2016;(168):64-8.  
Available:https://doi.org/10.1016/j.hydrome
t 08.001 

68. Mazuelos A, García-Tinajero CJ, Romero 
R, Iglesias N, Carranza F. Oxygen 
solubility in copper bioleaching solutions. 
Hydrometallurgy. 2017;(167):1-7.  
Available:https://doi.org/10.1016/j.hydrome
t.2016.10.023  

69. Thurston RS, Mandernack KW, Shanks 
WC. Laboratory chalcopyrite oxidation by 
acidithiobacillus ferrooxidans: oxygen and 
sulfur isotope fractionation. Chemical 
Geology 2010;269(3-4):252-61.  
Available:http://dx.doi.org/10.1016/j.chemg
eo.2009.10.001 

70. Jafari M, Abdollahi H, Shafaei SZ, 
Gharabaghi M, Jafari H, Akcil A, Panda S. 
Acidophilic bioleaching: A review on the 
process and effect of organic inorganic 
reagents and materials on its efficiency. 
Mineral processing and extractive 
metallurgy review. 2019;40(2):87-107.  
Available:http://dx.doi.org/10.1080/088275
08.2018.1481063 

71. Gu T, Rastegar SO, Mousavi SM, Li M, 
Zhou M. Advances in bioleaching for 
recovery of metals and bioremediation of 
fuel ash and sewage sludge. Bio - 
resource Technology. 2018;(261):428-40.  
Available:https://doi.org/10.1016/j.biortech.
2018.04.033 

72. Esquivel-Rios I, Ramirez-Vargas R, 
Hernandez-Martinez GR, Vital-Jacome M, 
Ordaz A, Thalasso F. A microrespirometric 
method for the determination of 
stoichiometric and kinetic parameters of 
heterotrophic and autotrophic cultures. 
Biochemical Engineering Journal. 
2014;(83):70-8. 
Available:http://dx.doi.org/10.1016/j.bej.20
13.12.006 

73. Meruane G, Vargas T. Bacterial oxidation 
of ferrous iron by acidithiobacillus 
ferrooxidans in the pH range 2.5-7.0. 
Hydrometallurgy. 2003;71(1- 2):149-58.  

Available:https://repositorio.uchile.cl/handl
e/2250/124647 

74. Owen JH, Laybourn-Parry J. Factors 
influencing respiratory measurements 
using oxygen electrodes and cartesian 
diver micro respirometry. New Phytologist 
1987;106(1):51-7. 
Available:https://www.jstor.org/stable/2434
685 

75. Fu B, Zhou H, Zhang R, Qiu G, 
Bioleaching of chalcopyrite by pure and 
mixed cultures of acidithiobacillus Spp. 
and Leptospirillumferriphilum. International 
bio-deterioration and bio- degradation. 
2008;62(2):109-15.  

Available:http://dx.doi.org/10.1016/j.ibiod.2
007.06.018 

76. Hallmann R, Friedrich A, Koops HP, 
Pommerening RA, Rohde K, Zenneck C, 
Sand W. Physiological characteristics of 
thiobacillus ferrooxidans and leptospirillum 
ferrooxidans and physicochemical factors 
influence microbial metal leaching. 
Geomicrobiology Journal. 1992;10(3-
4):193-206. 
Available:https://doi.org/10.1080/01490459
209377920 

77. Klink C, Eisen S, Daus B, Heim J, 
Schlömann M, Schopf S. Investigation of 
acidithiobacillus ferrooxidans in pure and 
mixed-species culture for bioleaching of 
theisen sludge from former copper 
smelting. Journal of applied microbiology 
2016;120(6):1520-30. 
Available:https://doi.org/10.1111/jam.1314
2 

78. Bas AD, Deveci H, Yazici EY. Bioleaching 
of copper from Low Grade Scrap TV circuit 
boards using mesophilic bacteria. 
Hydrometallurgy. 2013;(138):65-70.  

Available:https://doi.org/10.1016/j.hydrome
t.2013.06.015 

https://doi.org/10.1016/j.hydromet
https://doi.org/10.1016/j.hydromet
https://doi.org/


 
 
 
 

Keke et al.; J. Eng. Res. Rep., vol. 25, no. 2, pp. 108-129, 2023; Article no.JERR.99836 
 
 

 
127 

 

79. Third KA, Cord-Ruwisch R, Watling HR. 
The role of iron-oxidizing bacteria in 
stimulation or inhibition of chalcopyrite bio-
leaching. Hydrometallurgy. 2000;57(3): 
225-33.  
Available:https://doi.org/10.1016/S0304-
386X(00)00115-8 

80. Willner J, Fornalczyk J. Extraction of 
metals from electronic waste by bacterial 
Leaching. Environment Protection 
Engineering. 2013;39(1):197-208.  
Available:http://dx.doi.org/10.5277/EPE130
115 

81. Benzal E, Cano A, Solé M, Lao-Luque C, 
Gamisans X, Dorado AD. Copper 
Recovery from PCBs by Acidithiobacillus 
Ferrooxidans: Toxicity of Bioleached 
Metals on Biological Activity. Waste and 
Biomass Valorization. 2020a;(11):               
5483-92.  
Available:https://link.springer.com/article/1
0.1007/s12649-020-01036-y 

82. Cho KS, Ryu HW, Choi HM. Toxicity 
evaluation of complex metal mixtures using 
reduced metal concentrations: application 
to ıron oxidation by acidithiobacillus 
ferrooxidans. Journal of microbiology and 
biotechnology. 2008;18(7):1298-307. 

83. Das A, Modak JM, Natarajan KA. Studies 
on multi-metal ıon tolerance of thiobacillus 
ferrooxidans. Minerals Engineering. 
1997;10(7):743-9. 
Available:https://doi.org/10.1016/S0892-
6875(97)00052-6 

84. David DJ, Pradhan D, Das T. Evaluation of 
iron oxidation rate of Acidithiobacillus 
ferrooxidans in presence of heavy metal 
ions. Mineral processing and extractive 
metallurgy. 2008;(117):56-61.  
Available:http://dx.doi.org/10.1179/174328
508X272326 

85. Yang Y, Chen S, Li S, Chen M, Chen H, 
Liu B. Bioleaching waste printed circuit 
boards by acidithiobacillus ferrooxidans 
and Its kinetics aspect. Journal of 
biotechnology. 2014;(173):24-30. 

86. Zhu N, Xiang Y, Zhang T, Wu P, Dang Z, 
Li P, Wu J. Bioleaching of metal 
concentrates of waste printed circuit 
boards by mixed culture of acidophilic 
bacteria. Journal of Hazardous Materials 
2011;192(2):614-9. 
Available:https://doi.org/10.1016/j.jhazmat.
2011.05.062 

87. Benzal E, Solé M, Lao C, Gamisans X, 
Dorado AD. Elemental Copper Recovery 
from E- Wastes Mediated with a Two-Step 

Bioleaching Process. Waste and Biomass 
Valorization. 2020b;(11):5457-65.  
Available:https://link.springer.com/article/1
0.1007/s12649-020-01040-2 

88. Fomchenko NV, Muravyov MI. Two-Step 
bio- hydrometallurgical technology for 
modernization of processing of sulfidic 
Copper-Zinc products. Hydrometallurgy 
2017;(174):116-22. 
Available:https://doi.org/10.1016/j.hydrome
t.2017.10.005 

89. Heydarian A, Mousavi SM, Vakilchap F, 
Baniasadi M. Application of a mixed culture 
of adapted acidophilic bacteria in two-step 
bioleaching of spent lithium-ion laptop 
batteries. Journal of Power Sources. 2018; 
(378):19-30. 
Available:https://doi.org/10.1016/j.jpowsour
.2017.12.009 

90. Wang L, Li A, Li Y, Sun X, Li J, Shen J, 
Han W, Wang L. A novel approach for 
recovery of Metals from waste printed 
circuit boards and simultaneous removal of 
iron from steel pickling waste liquor by two-
step hydrometallurgical Method. Waste 
management. 2017;(71):411-19.  
Available:http://dx.doi.org/10.1016/j.wasma
n.2017.10.002 

91. Chen S, Yang Y, Liu C, Dong F, Liu B. 
Column Bioleaching Copper and Its 
Kinetics of Waste Printed Circuit Boards 
(WPCBs) by Acidithiobacillus 
Ferrooxidans. Chemosphere. 2015;(141): 
162-68. 
Available:https://doi.org/10.1016/j.chemosp
here.2015.06.082 

92. Ghorbani Y, Franzidis JP, Petersen J. 
Heap leaching technology – current state, 
Innovations, and future directions. Mineral 
processing and extractive metallurgy 
review. 2015;37(2):73-119.  
Available:https://doi.org/10.1080/08827508
.2015.1115990 

93. Ilyas S, Ruan C, Bhatti HN, Ghauri MA, 
Anwar MA. Column bioleaching of metals 
from electronic scrap. Hydrometallurgy 
2010;101(3-4):135-40. 
Available:http://dx.doi.org/10.1016/j.hydro
met.2009.12.007 

94. Jujun R, Jie Z, Jian H, Zhang J. A novel 
designed bioreactor for recovering 
precious metals from waste printed circuit 
boards. Scientific Reports. 2015;5:13481.  
Available:https://doi.org/10.1038%2Fsrep1
3481 

95. Qiu G, Li Q, Yu R, Sun Z, Liu Y, Chen M, 
Yin H, Zhang Y, Liang Y, Xu L, Sun L, Liu 

https://doi.org/10.1016/S0304-386X(00)00115-8
https://doi.org/10.1016/S0304-386X(00)00115-8
http://dx.doi.org/10.5277/EPE130115
http://dx.doi.org/10.5277/EPE130115
https://link.springer.com/article/10.1007/s12649-020-01036-y
https://link.springer.com/article/10.1007/s12649-020-01036-y
https://doi.org/10.1016/S0892-6875(97)00052-6
https://doi.org/10.1016/S0892-6875(97)00052-6
https://link.springer.com/article/10.1007/s12649-020-01040-2
https://link.springer.com/article/10.1007/s12649-020-01040-2


 
 
 
 

Keke et al.; J. Eng. Res. Rep., vol. 25, no. 2, pp. 108-129, 2023; Article no.JERR.99836 
 
 

 
128 

 

X. Column bioleaching of uranium 
embedded in granite porphyry by a 
mesophilic acidophilic consortium. Bio-
resource Technology. 2011;102(7):4697-
702. 
Available:https://doi.org/10.1016/j.biortech.
2011.01.038 

96. Adhapure NN, Dhakephalkar PK, 
Dhakephalkar AP, Tembhurkar VR, 
Rajgure AV, Deshmukh AM. Use of Large 
Pieces of Printed Circuit Boards for 
bioleaching to avoid precipitate 
contamination problem and to simplify 
overall metal recovery methods. 2014;181-
186. 

97. Shah MB, Tipre DR, Purohit MS, Dave SR. 
Development of two-step process for 
enhanced biorecovery of Cu, Zn, and Ni 
from computer printed circuit boards. 
Journal of bioscience and bioengineering. 
2015;120(2):167-173. 

98. Arshadi M, Mousavi SM. Statistical 
evaluation of bioleaching of mobile phone 
and computer waste PCBs: A comparative 
study. Advanced Materials Research. 
2015;1104(Ptcc 1656):87-89  

99. Bizzo WA, Figueiredo RA, De Andrade VF. 
Characterization of printed circuit boards 
for metal and energy recovery after milling 
and mechanical Separation. 2014;7(6): 
4555 -4566. 

100. Dong Y, Lin H, Fu KB, Xu XF, Zhou SS. 
Bioleaching of Two Different Types of 
Chalcopyrite by Acidithiobacillus 
Ferrooxidans. International Journal of 
Minerals, Metallurgy and Materials; 
(2013b);20(2):119-124. 

101. Madrigal-Arias JE, Argumedo-Delira R, 
Alarcón A, Mendoza-López MR, García- 
Barradas O, Cruz-Sánchez JS, Ferrera-
Cerrato R, Jiménez-Fernández M. 
Bioleaching of gold, copper and nickel 
from waste cellular phone and computer 
goldfinger motherboards by two aspergillus 
niger strains. Brazilian Journal of 
microbiology. 2015;46(3):707-713. 

102. Wang J, Zhu S, Zhang YS, Zhao HB, Hu 
MH, Yang CR, Qin WQ, Qiu GZ. 
Bioleaching of low-grade sopper Sulfide 
ores by acidithiobacillus ferrooxidans and 
acidithiobacillus thiooxidans. Journal of 
central south university. 2014;21(2):728- 
734.99. 

103. Isildar A, van de Vossenberg, J, Rene ER, 
van Hullebusch ED, Lens PNL. Two- step 
bioleaching of copper and gold from 

discarded printed circuit boards (PCB). 
2016;( 57):149- 157. 

104. Ilyas S, Lee JC, Kim BS. Bio-removal of 
heavy Metals from recycling industry 
electronic waste by a consortium of 
moderate thermophiles: Process 
development and optimization. Journal of 
cleaner production. 2014;(70):194-202.  
Available:http://dx.doi.org/10.1016%2Fj.jcl
epro.2014.02.019 

105. Rodrigues MLM, Leão VA, Gomes O, 
Lambert F, Bastin D, Gaydardzhiev S. 
Copper Extraction from Coarsely Ground 
Printed Circuit Boards Using Moderate 
Thermophilic Bacteria in a Rotating-Drum 
Reactor, Waste Management. 2015;41: 
148-158 

106. Silva RA, Park J, Lee E, Park J, Choi SQ, 
Kim H. Influence of bacterial adhesion on 
copper extraction from printed circuit 
boards, separation and purification 
technology. 2015;143:169-76. 

107. Vakylabad AB, Schaffie M, Ranjbar M, 
Manafi Z, Darezereshki E. Bio-processing 
of copper from combined smelter dust and 
flotation concentrate: A Comparative study 
on the stirred tank and airlift reactors, 
Journal of hazardous materials. 2012; 
242:197-206. 

108. Shipei Wang, Ting Liu, Xiao Xiao and 
Shenglian Luo. Advances in microbial 
remediation for heavy metal treatment: A 
mini review, Journal of Leather Science 
and Engineering. 2021;3:1. 
Available:https://doi.org/10.1186/s42825-
020-00042-z 

109. Hu K, Xu D, Chen Y. An assessment of 
sulfate reducing bacteria on treating 
sulfate-rich metal-laden wastewater from 
electroplating plant. J Hazard Mater; 2020.  
Available:https://doi.org/10.1016/122376. 

110. Dhami NK, Quirin ME, Mukherjee A. 
Carbonate biomineralization and heavy 
metal remediation by calcifying fungi 
isolated from karstic caves. Ecol Eng. 
2017;103:106–17. 

111. Orescanin V, Durgo K, Mikelic IL, 
Halkijevic I, Kuspilic M. Toxicity 
assessment of untreated/ treated 
electroplating sludge using human and 
plant bioassay. J Environ Sci Health A. 
2018;53:925–30. 

112. Scarazzato T, Panossian Z, Tenorio J, 
Perez-Herranz V, Espinosa D. A review of 
cleaner production in electroplating 
industries using electrodialysis. J Clean 
Prod. 2017;168:1590–602. 



 
 
 
 

Keke et al.; J. Eng. Res. Rep., vol. 25, no. 2, pp. 108-129, 2023; Article no.JERR.99836 
 
 

 
129 

 

113. Zhou C, Ge S, Yu H, Zhang T, Cheng H, 
Sun Q, Xiao R. Environmental risk 
assessment of pyrometallurgical residues 
derived from electroplating and pickling 
sludges. J Clean Prod. 2018;177:699–707. 

114. Dunbart WS. Biotechnology and the mine 
of tomorrow. Trends Biotechnol. 2017; 
35:79-89. 

115. Dhal B, Thatoi HN, Das NN, Pandey BD. 
Environmental quality of the Boula- 
Nuasahi chromite mine area in India. Mine 
Water Environ. 2011;30:191–6. 

116. Nordstrom DK, Blowes DW, Ptacek CJ. 
Hydro-geochemistry and microbiology of 
mine drainage: An update. Appl Geochem. 
2015;57:3–16. 

117. Song Y, Wang H, Yang J, Zhou L. 
Evaluation and optimization of a new 
microbial enhancement plug-flow ditch 
system for the pretreatment of acid mine 
drainage: Semi-pilot test. RSC Adv. 2018; 
8(2):1039–46. 

118. Nielsen G, Hatam I, Abuan KA, Janin A, 
Coudert L, Blais JF, Mercier G, Baldwin 
SA. Semi-passive in-situ pilot scale 
bioreactor successfully removed sulfate 
and metals from mine impacted water 
under subarctic climatic conditions. Water 
Res. 2018;140:268–79. 

119. EFSA Panel on Contaminants in the Food 
Chain (CONTAM). Scientific opinion on the 
risks to public health related to the 
presence of chromium in food and drinking 
water. EFSA J. 2014;12(3):3595. 

120. Sharma S, Malaviya P. Bioremediation of 
tannery wastewater by chromium resistant 
novel fungal consortium. Ecol Eng. 2016; 
91:419–25. 

121. Fan M, Liu Z, Nan L, Wang E, Chen W, Lin 
Y, Wei G. Isolation, characterization, and 
selection of heavy metal-resistant and 
plant growth promoting endophytic bacteria 
from root nodules of Robinia pseudoacacia 
in a Pb/Zn mining area. Microbiol Res. 
2018;217:51–9. 

122. Acevedo, F. The use of bioreactors in 
biomining processes. EJB Electronic J. 
Biotechnol. 2000;3(3):1–11. 

123. Rossi G. The design of bioreactors. 
Hydrometallurgy. 2001;59:217–231. 

124. Pinches A, Chapman JT, Teriele WAM, 
Van Staden M. The performance of 
bacterial leach reactors for the pre-
oxidation of refractory gold-bearing 
sulphide concentrates. Biohydrometallurgy: 
Proceedings of the International 
Biohydrometallurgy Symposium. Norris, P. 
and Kelly, D.P. (eds.). Kew, Antony Rowe 
Limited. 1987;329–344. 

 

© 2023 Keke et al.; This is an Open Access article distributed under the terms of the Creative Commons Attribution License 
(http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 

 
 

  

Peer-review history: 
The peer review history for this paper can be accessed here: 

https://www.sdiarticle5.com/review-history/99836 

http://creativecommons.org/licenses/by/2.0

