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involved in bioleaching process, their mechanisms, factors 
controlling the process, and how this biotechnology could 
be an incentive for e-waste recycling and recovery of metals 
such as copper, gold, zinc, silver and nickel. 

ELECTRONIC WASTE

An increase in use of electronic devices such as cell phones, 
televisions, computers, etc. have led to an accumulation 
of E-wastes at the end of their utility life cycle (12-13). Their 
approximate composition is presented in Figure 1. Of all 
components, the presence of metals cause environmental 
deterioration mainly in soils and water. High levels of Cu (17.0-
4540 mg / kg) and Pb (28.6-590 mg / kg) have been reported 
to cause neurological problems, kidney damage and even 
death (1, 5, 14-15). 

According to a 
previous study in 
2014 (3), United 
states (7.1 Mt), Brazil 
(1.4 Mt), Germany 
(1.8 Mt), United 
Kingdom (1.5 Mt), 
France (1.4 Mt), 
Australia (0.47 Mt), 
New Zealand (0.09 
Mt), China (6.0 Mt), 
Japan (2.2 Mt), 
India (1.7 Mt), Egypt 
(0.37 Mt), South 
Africa (0.35 Mt), 
Nigeria (0.22 Mt) 
and Mexico (1.0 Mt), 
were the countries 
that generated big 
amounts of global 
E-waste (3). 

However, practically the treatment of this waste is very 
informal in many parts of the world, although, recycling has 
been reported in China, Ghana, Nigeria, India, Thailand, 
Philippines, and Vietnam (13).

The recycling of E-waste not only aids in the recovery of 
the metals and plastic materials present, it also reduces 
the amount of solid waste generated and minimizes 

INTRODUCTION

Electronic wastes (E-waste) represent a serious pollution 
problem due to their metal content (1). It has been estimated 
that in 2014 E-waste accounted to 41.8 million metric tonnes 
(Mt) and could increase to 50 Mt in 2018 (2). Asia is the major 
contributor in the generation of E-waste with 16.6 million 
metric tons (Mt), followed by America, Europa, Africa and 
Oceania, which generated 11.7 Mt, 11.6 Mt, 1.9 Mt and 0.6 Mt 
respectively (3). The major concern of E-waste is the release 
of the different materials of which it is composed, which can 
be summarized as mainly metals (40%), plastic (30%) and 
ceramic (30%) (1, 4-6). Its content of metals such as aluminum 
(Al), cadmium (Cd), copper (Cu), zinc (Zn), nickel (Ni), 
gold (Au) and silver (Ag) to mention a few, represents a 
great potential for recovery. It has been reported (7) that 
approximately 279.93 g of gold, 190.512 kg of copper, 145.152 
kg of aluminium and 450 g of silver can be recovered from 
one ton of printed circuit board (PCB). Methods based on 
pyrometallurgy and hydrometallurgy are currently used for 
the recovery of metals from these wastes (8). However, due 
to the secondary problems generated in these methods, an 
alternative sustainable method is being sought. Bioleaching, 
a biological process, which facilitates the conversion of 
insoluble metal sulfi des into water-soluble metal sulfates 
through reactions catalysed by microorganisms, has been 
widely studied and employed during the last three decades 
for the recovery of metals from ores in mines. In addition, 
several studies have shown the potential of bioleaching 
for the recovery of metals in electronic waste (9-11). Since 
bioleaching is a biotechnological process, this technology 
promises to be sustainable than other chemical technologies, 
since potentially harmful residues are generated in other 
processes.  This review deals on diverse microorganisms 
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Figure 1. Composition of E-waste 
(modifi ed from 16).
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metabolism (9). Latorre et al. (31) reported the presence 
of bacteria belonging to Gammaproteobacteria class, 
nitrospirae and clostridia with bioleaching activity in the 
samples from copper mines.

A. ferrooxidans was the fi rst bacteria reported to solubilise 
metals from ores, and it is still one of the most used 
microorganisms employed in the bioleaching process (41-43). 

BIOLEACHING MECHANISMS

In 1964, Silverman and Ehrlich (44, 9) explained the concepts of 
bioleaching by proposing two mechanisms, direct and indirect 
leaching (Figure 2). Direct  mechanism ensures the adherence 
of the bacteria on the surface of the mineral and results in direct 
oxidation of minerals with solubilization of metals by enzymatic 
machinery. However this mechanism remains uncertain (45, 46, 
25). The adherence of bacteria to the mineral surface in direct 
bioleaching is mediated by extracellular polymeric substances 
(EPS). This means that the electrochemical processes resulting in 
the dissolution of sulphide minerals take place at the interface 
between the bacterial cell and the mineral sulphide surface 
(eq. 1-2). The composition of EPS appears to be substrate-
related or induced by the same oxidation process. It was 
reported that the EPS composition of A. ferrooxidans R1 in the 
presence of pyrite consisted of glucose, rhamnose, fucose, 
xylose, mannose, glucuronic acid, and iron (III) ions (47, 25). 

2FeS2 + 3.5 O2 + H2O  -> Fe2+ + 2H+ + 2SO2
2-                        (1)

2Fe2+ + ½ O2 + 2H+  ->  2 Fe3+ + H2O         (2)

In the case of indirect 
bioleaching, the 
insoluble metal 
sulphides are leached 
by the action of the 
oxidizing agent Fe3+. This 
mechanism is basically 
exerted by planktonic 
bacteria, which oxidize 
ferrous ions (Fe2+) in 
solution. The resulting Fe3+ 
enters in contact with the 
metal sulphide, where it 
is reduced to Fe2+ and 
the sulphide moiety is 
oxidized producing a 
free metal ion. Thus, Fe2+ 

enters to the cycle again 
(eq. 3-4) (48).
 
MS + 2Fe3+  ->  M2+ + S0 + Fe2+                                                       (3)         
S0 + 1.5 O2 + H2O  ->  2H+ SO4

2-                                    (4)
  
Sand et al. (45), proposed two pathways of indirect 
leaching:  the thiosulfate mechanism and the polysulfide 
mechanism (Figure 3). The existence of those two routes 
for the solubilisation of the minerals can be explained 
according to the molecular orbital and valence band 
theory (25). This theory explains the existence of two 
types of metal sulphides: non-acid soluble and acid 
soluble metals. Minerals such as FeS2 (pyrite), MoS2 
(molybdenite) and WS2 (tungsten disulphide) are non-
acid soluble because their valence bands are derived 
only from the metal orbitals and these bands do not 
contribute to the bond between the metal and the 
sulphur moiety. Thus, they can be delinked only by an 

environmental contamination by heavy metals (17-19). 
Typical treatment consists of manual dismantling where 
people are exposed to potential toxic components 
without any security equipment. After the disassembly, a 
physical separation of metal and non-metal components 
is carried out through gravity/ magnetic/ electrostatic 
method, followed by size reduction. Subsequently, 
pyrometallurgy or hydrometallurgy process are employed 
for the total separation and recovery of the metals. Basics, 
advantages and disadvantages of these techniques are 
presented in Table 1.

Although both these techniques generate pollution, they are 
currently employed for the extraction of metals from E-wastes. 
To reduce these secondary problems and to develop a 
sustainable process, bioleaching is currently gaining attention 
for recycling of electronic wastes.

BIOLEACHING

Bioleaching refers to the conversion of insoluble metal 
sulphides into their soluble forms by microbial activity (25-26). 
In this process, microorganisms gain energy from oxidation of 
ferrous iron and other reduced inorganic compounds (9, 21) 
and aid in extraction of metals (25, 27) either by direct or 
indirect mechanisms, which are described later. Using this 
innovative biotechnological technology, it is possible to 
recover metals (28-30). It has been reported that countries 
such as Chile, United States, Australia, South Africa, Finland, 
Myanmar and China are using bioleaching dumps for this 
purpose (26).

Some microorganisms that are commonly used in this process 
are presented in Table 2. In general, these microorganisms are 
aerobic, grow in acid pH, show tolerance to heavy metals 
and are capable of metal extraction by its chemolithotrophic 

Table 1. Comparison of pyrometallurgy and hydrometallurgy 
techniques for metal recovery.

Table 2. Microorganisms employed in bioleaching process.

Figure 2. Schematic diagram 
on mechanisms of direct and 
indirect bioleaching.

Direct
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FACTORS INVOLVED IN BIOLEACHING

Extraction of metals depends of the effectiveness of the 
bacteria, which in turn is dependent of several factors. (27). 
As mentioned earlier, most of the microorganisms used 
for the extraction of metals are chemolithotrophic sulphur 
bacteria, thus, concentration of mineral nutrients in the 
media is crucial for their growth and metabolic rates. 
It has been observed that Fe+3 has a great effect on 
bioleaching process. Yang et al., (56) showed that the 
higher concentration of Fe+3 (6.66 gr/L), the higher rate 
of bioleached metal in this process. Most of leaching 
bacteria are acidophilic and have been isolated from 
acid water of mines. Other factors such as pH and 
temperature have been observed to control the efficiency 
of the bioleaching process and the effect of these factors 
on bioleaching process are presented in Table 3.

BIOLEACHING OF ELECTRONIC WASTE

Several studies report the efficiency of bioleaching 
process in treatment of E-waste. Chi et al. (36) studied 
the bioleaching of copper and gold contained in PCBs 
of cell phone using Chromobacterium violaceum, and 
reported a recovery of 11.31% for Au in terms of their initial 
concentration and at pH 11, 24% Cu at pH 10. Pradhan 
and Kumar (38) observed that C. violaceum leached 
more than 79, 69, 46, 9 and 7% of Cu, Au, Zn, Fe and 
Ag respectively, than the mixture of C. violaceum and 
Pseudomonas aeruginosa, which resulted in a recovery 
of 83, 73, 49, 13 and 8% of total Cu, Au, Zn, Fe, and Ag 
respectively. Yang et al. (56) reported 99% of Cu removal 
in 4 days by Acidithiobacillus ferrooxidans. While Brandl 
et al. (28) observed that a mixture of A. ferrooxidans and 
A. thiooxidans resulted in > 90% Cu recovery in 21 days. 

oxidant agent such as ferric ion producing sulphate (up 
to 90%) and polythionates (1-2%). Conversely, in the 
rest of the sulphides, the proton attack (acid addition) 
removes the electrons from the valence bands, derived 
from metal and sulphur orbitals, and thus the bond 
between the metal and the sulphur moiety is broken 
down, being acid soluble and producing in elemental 
sulphur (90%) as a major part (45-46).

Metal solubilisation of pyrite is based on thiosulfate 
pathway (25). The pyrite is oxidized to soluble sulphur 
intermediates which are attacked by Fe (III) ions. One 
of the intermediaries is thiosulfate (eq. 6), which is later 
oxidized to sulphate (eq.5-6).

FeS2 + 6 Fe3+ + 3 H2O  ->  S2O3
2- + 7 Fe 2+ + 6 H+               (5)

S2O3
2- + 8 Fe3+ + 5 H2O  ->  2 SO4

2- + 8 Fe2+ + 10 H+        (6)

Acid soluble metal sulphide such as CuFeS2 (chalcopyrite), 
As2S3 (orpiment) and MnS2 (hauerite), are solubilized by 
polysulfi de pathway (eq. 7-9) (49).

MS + Fe3+ + H+  ->  M2+ + 0.5 H2Sn + Fe 2+ (n≥2)                         (7)
0.5 H2Sn + Fe3+  ->  0.125 S8 + Fe2+ + H+                                          (8)
0.125 S8 + 1.5 O2   + H2O  ->  SO4

2- + 2 H+              (9)

In the process of sulphur oxidation carried out by A. 
thiooxidans, A. ferrooxidans, Thermithiobacillus tepidarius, 
and Acidiphilium acidophilus (51), one of the enzymes 
involved is thiosulfate dehydrogenase (EC 1.8.2.2), which 
catalyses the oxidation of thiosulfate to tetrathionate (42). 
Tetrathionate (S2O6

2-), an intermediate during sulphur 
oxidation, is used as an energy source of A. ferrooxidans, 
and tetrathionate hydrolase (TTH) (EC 3.12.1.B1) is 
responsible of sulphur oxidation when bacteria grow on 
tetrathionate (52). Sulfur oxygenase reductase (SOR) 
(EC 1.13.11.55) is another enzyme important in sulphur 
oxidation (53) and is responsible for catalysing the 
oxidation or reduction reactions of sulphite, thiosulfate 
and sulphide (54-55).

Figure 3. Thiosulfate (non-acid soluble metals) and Polysulphide 
(acid soluble metals) mechanisms as a means of indirect 
bioleaching mechanism (modifi ed from 49-50).

Table 3. Overview of microorganisms, culture conditions on metal 
recovery from E-waste.

Metal
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They also observed that use of Aspergillus niger and 
Penicillium simplicissimum showed less recovery. An 
overview on microorganisms employed, their culture 
conditions and the metal extracted from E-waste is 
presented in Table  3.

PERSPECTIVES ON BIOLEACHING

Bioleaching presents several advantages over 
other techniques for metal extraction and has been 
implemented in copper mines of Chile since the 1990’s, 
which contributes about 10% of worldwide annual 
copper production (60). Among the most important 
ones are the low energy input and the elimination of 
pre-processing, high temperatures and residues with 
toxic chemicals. These benefi ts render bioleaching as a 
sustainable technology compared to pyrometallurgical 
and hydrometallurgical processes (8). However, 
bioleaching has its own limitations and one of the most 
important limitations is its reaction rate, which is slow 
compared to chemical process and hence needs long 
processing times. In addition, the obtained solutions 
are too diluted to recover the metal directly from them 
and the acid water generated during the process must 
be treated before disposal (45). These limitations do 
not imply that the bioleaching process is not effi cient, 
rather highlights the need for research on bioprospection 
of effi cient strains, metabolic and as well as process 
engineering to increase effi ciency of strains and to 
optimize the process conditions to improve the metal 
recovery from E-waste.

CONCLUSION

E-waste is an environmental problem and of late it is 
growing at accelerating rates. Chemical processes 
have been used to recycle these wastes for recovery 
of metals, but they add secondary environmental 
problems and are capital and energy intensive 
processes.  Bioleaching is a potential sustainable 
technology, where microbial metabolism is employed 
for metal recovery.  Although higher recovery of 
copper, aluminium and gold has been reported, 
various biological and engineering factors governing 
the process efficiency, such as microbial strains, their 
metabolism, oxygen supply, pH, temperature, particle 
size of the E-waste are not completely understood and 
further research on these factors along with studies 
on improving the efficiency of the bacterial strains 
through metabolic engineering can give a major thrust 
to employ this biotechnological process for metal 
recovery and sustainable management of E-waste.
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