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The rapid e-waste volume is generating globally. At the same time, different recycling technologies, mainly the
mechanical and chemical methods well studied, while the biological method is the most promising approach. There-
fore, this article provides a comprehensive information about extracting valuable metals from e-waste. In addition, this
article outlines the process and key opportunity for extraction of metals, identifies some of the most critical challenges

for e-waste environmentally sound management practices, and opinions on possible solutions for exiting challenges,
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and emphasis on importance of advanced recycling technologies that can be utilized, in order to minimize the environ-
mental impact causes due to improper recycling of e-waste.

1. Introduction

The high quantity of electrical and electronic products is rapidly becom-
ing a waste stream around the globe (Awasthi et al., 2019; Awasthi and Li,
2017a, 2017b). According to United Nation University (UNU) report esti-
mated that, the total 44.7 million metric tonnes (Mt) e-waste generated
worldwide in 2016, furthermore predicted that, the total quantity of
e-waste to be increased up to 52.2 Mt. (or 6.8 kg/inh) by 2021; out of the
total e-waste generated, just 20% e-waste officially collected and recycled
formally (Baldé et al., 2017). There are reports (Huisman et al., 2015;
Odeyingb et al., 2017) suggested that, many developed countries, send
their e-waste to the several other countries such as, Malaysia, Thailand,
Nigeria, Ghana, Indonesia (Wong et al., 2007), however, once these coun-
tries stop this and the e-waste recycling is going to be a new and open chal-
lenge for several well-developed countries. In fact, e-waste management is
not being well regulated, particularly in many developing countries
(Awasthi et al., 2016; Duan et al.,, 2016; Li et al., 2015a, 2015b;
Sthiannopkao and Wong, 2013). As a result, improper recycling
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practices have become very common in developing countries,
which leads to release- of hazardous materials/substances including's
heavy metals, such as Cu, Cd, Cr, Pb and Hg along with polychlorinated bi-
phenyls, polychlorinated diphenyl ethers, polychlorinated dibenzo-p-
dioxins and dibenzofurans into the environment, which may cause nega-
tive impacts to the environment and public health (Awasthi et al., 2016,
2019; Song and Li, 2014).

While on the other hand, this e-waste could be considered as a second-
ary resource, since it contains valuable metals [copper, gold, and Rare Earth
Elements (REEs) i.e., Neodymium (Nd), Indium (In), Yttrium (Y), Gallium
(Ga)] (Awasthi et al., 2019; Maneesuwannarat et al., 2016; Pourhossein
and Mousavi, 2018; Vats and Singh, 2015). For almost two decades, e-
waste being recycled mainly by using technologies, such as mechanical pro-
cess, and chemical leaching techniques (Awasthi et al., 2016; Awasthi and
Li, 2017a, 2017b; Kaya, 2016; Pant and Singh, 2013). However, these
recycling process have obvious limitations, for example, mechanical pro-
cess needs at least capital cost investment, while the hydrometallurgy
method consumes chemicals, these chemical process may cause secondary
pollution to the environment, while the pyrometallurgy method requires
high energy inputs which makes them comparatively costly (Arshadi and
Mousavi, 2014; Baniasadi et al., 2019; Hong and Valix, 2014; Rozas et al.,
2019). Despite the fact, biotechnological methods involving a different
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mechanism for removal of critical metals from e-waste (Brandl et al., 2001,
2008; Awasthi and Li, 2017a, 2017b; Senophiyah-Mary et al., 2018),
yet have demonstrated better efficiency of the process. Therefore, the
main objective of this article is to present outlook on environment-
friendly processes in order to recover valuable resource materials &
metals from e-waste.

2. Resources in E-waste

E-waste contains significant portion of metallic about 60% (Widmer
et al., 2005), which includes both precious & heavy metals and Rare
Earth Elements (REEs) (Al-Ghouti et al., 2016; Awasthi et al., 2018; Wang
et al., 2012; Won et al., 2014). Besides, researchers have estimated that
the metals, such as copper, tin and zinc requirement demand would be in-
creased in next coming years (Meylan and Reck, 2017; Tansel, 2017;
Yang et al., 2018). Also, the REEs are in a high supply risk for renewable en-
ergy production (Cucchiella et al., 2015; Henckens et al., 2014). For exam-
ple, the -waste lithium-ion batteries can be a potential resource to fulfill
future demand and support the supply chain to maintain cobalt sustainabil-
ity (Zeng and Li, 2015). In other word, e-waste contains a significant
amount of valuable metals than ores mining (Zeng et al., 2018; Yang
etal., 2018).

The technology advancement to improve daily life and routine working
style also led to the development of several electricals and electronic equip-
ment for frequent use in all areas. Each of these appliances has some
lifetime, after which they do not remain in a proper (usable) condition of
its primary intended function with satisfactory performance and needs to
be discarded as e-waste. Considering this issue, its impact and to create
awareness about collecting and recycling e-waste, the first international
e-waste day was celebrated on 13th October 2018 in Europe and other
major countries through WEEE [European Association of Electrical and
Electronic Waste Take-Back Systems] forum. [https://www.weee-forum.
org/international-e-waste-day-0].

The global material extraction has been estimated to increase with
10 fold from 7 billion tonnes in 1900 to 68 billion tonnes in 2009. The
second-biggest increase was found to be the ores and industrial minerals ex-
traction with 31 times enhancement compared to 1900 levels, where the
first being materials extraction for construction with 40-time enhancement
(Hunt et al., 2013). Since, all the elements in the periodic table have limited
existence on the earth, which ranges from the finite amount to abundance
nature (iron, aluminum and silicon) for individual elements. Considering
the current rate of extraction and annual production rate, several elements
primary (virgin) reserves are expected to disappear within 50 years which
includes elements such as; Mn, Zn, Ga, Ge, As, Sr, Ru, Rh, Ag, Cd, In, Sn,
Sb, Hf, W, Os, Ir, Pt, Au, T1, Bi (Brown et al., 2013; Salazar, 2013). Further,
the low crustal abundances of few elements make them at high risk includ-
ing examples of manganese (Mn) and strontium (Sr). Similarly, the case of
element indium is even more alarming (Song et al., 2020; Swain and Lee,
2019), which is frequently used in solar cells, semiconductors and display
devices, and it is expected to run out in within 13 years based on current
use and production. In such a situation, the secondary sources of urban min-
ing will become critical. While, For example, if we simply consider the mo-
bile phone production data of 2008, where approximately 1300 million
mobiles were produced worldwide, which utilized palladium (12 tons),
gold (31 tons), silver (325 tons), cobalt (4900 tons) and copper
(12,000 tons) and most of it by 2018 should have become E-waste
and might have been stated as key resource (Hunt et al., 2013;
Meskers, 2009).

The most critical elements include; such as indium, niobium, antimony,
gallium, platinum group metals (PGM), and other REEs are at high risk of
supply. Many times, international geographical situation could also affect
the supply of metals, because geographically not equally distributed world-
wide. For example, the Democratic Republic of Congo (DRC) supplies 40%
of the world's cobalt, whereas South Africa delivers 89% of the world's
PGM. Similarly, Brazil is the almost a specific producer of niobium with
90% of the world production, makes international scenarios, directly

59

Current Research in Biotechnology 1 (2019) 58-64

affecting the ease of supply of metals to the world. Considering the present
and future environmental issues, the idea of clean, green, and sustainable
methods of obtaining/recovering chemical(s) from the primary natural
resources and secondary man-made resources including e-waste with
efficient, economical, environmentally friendly methods, has become a
hot topic of research (Kaya, 2016; Nakamura and Halada, 2015).

3. Potential of advance recycling technology for metal recovery from
e-waste

Several conventional technologies (including both mechanical and
chemical methods) have been used for metal extraction from e-waste.
However, such technologies are either highly costly or can pose secondary
pollution, which needs further treatment, while the biological approach is
environment-friendly for metal recycling from e-wastes. Therefore, this
section of the article briefly discusses the potential of biological methods
for recycling/removing metals from e-waste.

3.1. Environmentally sound approach

Among several recycling technologies for metal extraction from
e-waste, the microbial technology is catching high attention in the recent
scientific investigation (Jujun et al., 2014; Kaksonen et al., 2018; Sahni
et al., 2016; Sun et al., 2016). In the microbial technology, microbes play
an important role in the leaching of metal into liquid form (Sun et al.,
2016; Heydarian et al., 2018). For example, Horeh et al. (2018) suggested
that the environmentally sound extraction of metals from spent
lithium-ion batteries, this could be advantageous in terms of economic
and environmental perspective. Additionally, study also suggested, the
adopted Aspergillus niger produce organic acids (e.g., citric, gluconic,
oxalic and malic acid) could act as active chelating agents in the
biohydrometallurgical process for recovering metals from spent
lithium-ion batteries. Specially, the study reported that, the adapted
Aspergillus niger produced gluconic acid, which was main chelating agents
with ability to dissolve 100% of Li, 94% of Cu, 72% of Mn, 62% of Al,
45% of Ni, and 38% of Co, at the pulp density of 1% (w/v). Similarly,
for instance, Xia et al. (2018a, 2018b) used an indigenous fungal strain to
produce organic acids in biohydrometallurgy process, for metal recycling
from waste Printed Circuit board (PCB). They reported that among studied
three bioleaching methods; (i) One-step, (ii) Two-step, and (iii) Spent
medium methods., the spent medium process exhibited as the best
method to remove copper from the pulp density of waste PCBs.
Sahni et al. (2016) research suggested uses (microorganism such as
Chromobacterium violaceum) of chemo-biohydrometallurgy approach
for extraction of metals from obsolete SIM card (e-waste). However,
they achieved a lower recovery rate, 13.79% of copper, 2.55% of silver,
and 0.44% of gold of untreated SIM waste, while about 72% of copper
mobilized from SIM e-waste, by using acidic pretreatment of SIM
e-waste in two-step bioleaching (Sheel and Pant, 2018; Xia et al.,
2018a, 2018b). So, these are the perfect examples that indicate that a
biohydrometallurgical method is one of the promising biotechnological
approaches for metal extraction from e-waste (Kaksonen et al., 2018;
Lewis et al., 2011). In this context, in recent years, a number of scientific
studies define the potential of bioleaching methods for the extraction of
valuable metals from e-waste (Arshadi and Mousavi, 2015; Arshadi
et al., 2016; Chi et al., 2011; Xin et al., 2012; Heydarian et al., 2018;
Horeh et al., 2018; Kim et al., 2016; Niu et al., 2015; Sun et al., 2016).
The optimal condition for bioleaching of Cu, Mn and Zn from powdered
spent batteries by using mixed culture (Acidithiobacillus thiooxidans and
Leptospirillum ferriphilum) has been reported by Niu et al. (2015). A number
of known bacterial strains have displayed the capability for dissolution
of metals (Arshadi and Mousavi, 2015; Arshadi et al., 2016; 2019;
Heydarian et al., 2018). Although, it is assumed that diverse microorgan-
isms have their own specific mechanisms for metal bioleaching. Wu et al.
(2018) demonstrated that, after 2 h of the time period, almost 100% of cop-
per recovery from 5 g/L PCBs. Their findings further suggested bacterial
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bio-oxidation activity significantly inhibited, possibly owing to the toxicity
of waste PCBs.

REEs have been often used in various electronics manufacturing.
As a bioleaching process using heterotrophic bacteria (such as;
Cellulosimicrobium funkei) is a promising method for gallium arsenide
(GaAs) leaching from a semiconductor (Maneesuwannarat et al., 2016).
Similarly, one of the examples is the recovery of REEs from fluorescent
powder, by using the tea fungus Kombucha (Hopfe et al., 2017; Marsh
et al., 2014). Jowkar et al. (2018) reported the 100% recovery of Indium
(In) and while less (10%) for Strontium (Sr) at optimized conditions.
Additionally, the findings also suggested that Indium metal bioleaching
from discarded liquid crystal displays (LCD) was more effective and eco-
friendly than the chemical leaching process (Fathollahzadeh et al., 2018).
In the latest publication, the researcher used fungus Aspergillus niger for
bioleaching of Yttrium (Y) from shredding dust of e-waste (Marra et al.,
2018), and their research suggested that by avoiding the shredding dust
does not end up into open lands, while the extraction of valued metals
and other components & materials needs to fulfill the requirement of the
metal resource. Marra et al. (2018) developed a process for the extraction
of valuable metals including REEs from dust generated owing to shredding
practices recycling e-waste. In the first step, cerium, europium, and neo-
dymium were leached at high percentages (>99%), while yttrium and lan-
thanum removed about 80% from the shredded dust after 8 days by using
bacterial strain Acidithiobacillus thiooxidans (DSM 9463), whereas in the
second stage, the bacterial strain Pseudomonas putida (WSC361) produced
cyanide able to dissolved 48% of Au (A. thiooxidans leached shredding
dust), after the 3 h of incubation period (Johnson, 2014).

In simple meaning, biological approach such as, biosorption is a process
that permits the binding among the concentration of different metal ions
from an aqueous solution through microbial biomass or their metabolites
(Sheel and Pant, 2018). The biosorption method is principally useful for
the leaching and recovery of valuable metals (platinum, palladium, and
gold) from the liquid containing waste PCBs (Brandl et al., 2008; Ma
et al., 2006; Sheel and Pant, 2018). However, there are most important
tasks in these techniques are total metal-binding capacity, selectivity, the
stability of materials, renewability materials as well as cost-efficiency. In
this context, number of studies focused on the application of fungi, bacteria,
yeast and agricultural waste (eg., ground nutshells, plant residues) as a
biosorption material (Bindschedler et al., 2017; Diniz and Volesky, 2005;
Sheel and Pant, 2018; Hassan et al., 2018; Fomina and Gadd, 2014;
Gadd, 2009; Khoo and Ting, 2001; Naseem Akthar et al., 1995; Ting and
Mittal, 2002; Vendruscolo et al., 2017). Furthermore, the recent research
& developments in bioengineering, improvement in microbes, and mutant
enzymes, e.g., metal-binding peptides, expression of metallothioneins or
new metal-binding proteins and their potential of cell surfaces. A potential
eco-friendly approach is the utilization of metal-binding peptides through a
phage surface display. Through this method, the specific peptides for metal
ions or metallic surfaces were selected by Wang and Chen (2009);
and Pollmann et al. (2018). Another, the bioelectrochemical method
(Nancharaiah et al., 2015), which is also a promising modern biotechnol-
ogy approach for critical metal recovery from e-waste, and the residual
wastes of e-waste. In this aspect, Nancharaiah et al. (2016) article is the
state of art research of bioelectrochemical systems for removal/recovery
of metal(loid) ions and pertaining removal mechanisms. Hennebel et al.
(2017) presented a brief overview of R&D priorities, and future perspec-
tives described biotechnology application for critical metals recycling
from the available resource.

4. General discussion

The biotechnology approach is defined as the application of the poten-
tial microorganisms to remove or transform the pollutants to less-hazardous
or non-hazardous form in the environment by the microbial metabolisms.
There are different mechanisms in microbial remediation of metals;
such as (a) Biotransformation; (b) Biosorption; (c) Bioaccumulation;
(d); Bioleaching and (e) Biomineralization. Microorganism's ability plays
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significant roles in metabolizing pollutants including's metals, which is
one of the key contaminants in e-waste contaminated soils. The diversity
of most microbial taxa can vary with heavy metal concentration levels
to a diverse extent (Jiang et al., 2019).

4.1. Biotechnology mechanisms, microorganism's role of chelating agents
involved in metal solubilisation process for e-waste recycling

The bacterial strain of At. ferrooxidans has been a purpose of specific
interest, due to its extraordinarily extensive metabolic ability, it can grow
aerobically either reduced inorganic sulphur compounds to elemental sul-
phur or on the oxidation of iron(Il), however during the anaerobic process
of growth is likely through the oxidation of sulphur or hydrogen coupled
with iron(III) reduction (Podar and Reysenbach, 2006; Zhuang et al.,
2015). The other bacterial species such as Acidithiobacillus can also oxidise
sulphur, however, it cannot oxidise iron. While, the iron oxidisers, such as
mesophilic microorganisms are mostly associated with the bacterial
species, such as L. ferrooxidans, L. ferriphilum (Leptospirillum genus). The
sulphur oxidisers (moderate thermophiles) are belongs to gram-positive,
such as Sulfobacillus and Alicyclobacillus, whereas iron oxidisers are
belonged to Actinobacteria, for instance; Ferrimicrobium, Ferrithrix, and
Acidimicrobium. The thermophile microbial group is belonging to those
strains relating to sulphur-oxidising archaea (archaea domain). As best of
our knowledge, very limited studies has been done on the thermophile
microbial group, while there are number of archaea bacteria recognized
to be involved in the oxidation of mineral sulphides (Zhuang et al., 2015;
Yang et al., 2014; Yang et al., 2017a; Banerjee et al., 2017; More et al.,
2014).

The authors suggested possible reactions explaining the key mecha-
nisms of copper metal bioleaching from waste PCBs (Xiang et al., 2010;
Wang et al., 2009). In the occurrence of iron considering as the potential
energy source for bioleaching microbial strains, the bio-oxidation of
Fe(Il), and resulted produces Fe(IIl), which is accountable for the oxidation
of insoluble form of Cu® into the soluble form of Cu®™, referring to Eqgs. 1.1
and 1.2:

Fe — oxidisers

4Fe’t + 0, 4Fe*t + H,0 (1.1)

2Fe™™ ++ Cu°—2Fe’™ + Cu®" AG® = -82.9kL/mol (1.2)

Cu leaching was detected, while iron absent, and elemental sulphur
used as the source of energy. This means the protons is responsible for
solubilised part of zero-valence copper, even though in these conditions,
the molecular oxygen is involved:
2Cu° +4H" 4+ 0,—2Cu*" + 2H,0 (1.3)

In the course of the dissolution of copper, Fe(IIl) ions are significantly
free from the PCB metallic component; and Fe(IIl) ions will take part in
the reaction (Eq. 1.2), hydrolysis producing new protons, and increase
copper solubilisation as showing in Eq. 1.3. The solubilisation of metals,
such as “Al, Ni, and Zn” would be depending on the mechanisms according
to their thermodynamic reactions (Eq. 1.4-1.6):

3Fe™ + AI°—3Fe*t + APTAG® = -1085.2KL /mol (1.4)
2Fe*" + Ni°—2Fe*" + Ni** AG® = -196.6kL/mol (1.5)
2Fe*" + Zn°—2Fe*t + Zn*" AG® = -295.4kL/mol (1.6)

Some examples of these studies are presented in Table 1, along with
some more recent studies, covering a wider range of elements (REEs), and
critical metals. The linked research reveals a high innovation potential
and a variety of research strategies for biomining. These methods achieved
significantly higher leaching. While on the other hand, it is essential to
maintain the acidification environment in growth media in order to
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Table 1

Studies based on biological approaches for metal removal from E-waste.
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Microorganisms

Experimental condition

Leached metals % (mg/g PCB)

References

Pseudomonas putida (two-step)
Acidithiobacillus ferrooxidans
Sulfobacillus thermosulfidooxidans

At. ferrooxidans, Leptospirillum
ferrooxidans, At. thiooxidans
Acidithiobacillus ferrooxidans,
Acidithiobacillus thiooxidans,
Leptospirillum ferrooxidans
Acidophilic consortium (genera
Acidithiobacillus and Gallionella)
At. ferrooxidans, At. thiooxidans
Chromobacterium violaceum,
Pseudomonas fluorescens,
Pseudomonas plecoglossicida
Sulfobacillus thermosulfidooxidans,
acidophilic isolate

Aspergillus niger, Penicillium
simplicissimum

Acidithiobacillus ferrooxidans

Acidithiobacillus ferrooxidans

Bacillus megaterium

Aspergillus niger

Acidithiobacillus ferrooxidans
Aspergillus niger

Acidithiobacillus ferrooxidans

Acidithiobacillus ferrooxidans

Temperature: 30 °C; pH: 8.0-9.2
Temperature: 30 °C, pH: 2.0
Temperature: 45 °C, pH: 2.0

Temperature: 25 °C; pH: 1.7

Temperature: 30 °C; n/a; 10% (CRT fluorescent
Powder)

Temperature: 30 °C; pH: 2.0

Temperature: 28 °C; pH: 1.5-3.5
Temperature: 30 °C; pH: 7.2-9.2;

Temperature: 45 °C; pH: 2.0;
Temperature: 30 °C; pH: 3.5

Initial pH 3, Initial Fe>* 8.4 g/L, pulp density 20 g/L,
particle size 95 pm.

Initial pH of 1, initial Fe** concentration of 4.18 g/L,
pulp density of 8.5 g/L and particle size of 114.02 Im
(#100 mesh)

Mobile phone PCBs; Initial pH: 10, pulp density: 8.13
g/L, Glycine: 10 g/L.

Spore suspension: 1 mL (approximately
107spores/mL) Pulp density: 1% (w/v); Shaking
speed: 130 rpm; Temperature: 30 °C; Incubation
period: 30 days

Initial pH: 1, Particle size 62 pm, initial Fe*": 9.7 g/L
Room temperature, Rotation speed 120 rpm; Pulp
densities (0.5 g/L to 20 g/L); Incubation: 30 days

pH 2.25, Initial Fe(II) 9 g/L, Metal concentrates: 12
g/L, Inoculation quantity 10%; Particle size
0.178-0.250 mm, Incubated 78 h, and for Zn (183 h)
Waste PCBs concentration 15 g/L, 72 h

Cu: 98% (164 mg/g), Au: 44% (0.1 mg/g)

Cu: 95% (203 mg/g)

Cu: 95% (105 mg/g), Al: 91% (19 mg/g), Zn: 96%
(18 mg/g), Ni: 94% (18 mg/g)

Cu: 95% (106 mg/g)

Y: 70%
Cu: 97% (626 mg/g), Al: 88% (34 mg/g), Zn: 92%
(28 mg/g)

Cu: 94%; Ni: 89%; Zn: 90%;
Au: 69%

Cu: 89% (76 mg/g), Ni: 81% (16.2 mg/g), Zn: 83%
(66.4 mg/g)

Cu 65% (52 mg/g), Al 95% (225 mg/g), Ni 95%
(14 mg/g), Zn 95% (25 mg/g)

Cu: 100%; Ni 100%

Cu: 100%; Ni: 100%

Cu: 72%; Au: (65 g Au/ton).

Li: 100%; Cu 94%; Mn: 72%, Al 62%; Ni: 45%; Co: 38%

Ni 87%, Cd 67%, Co 93.7%
Zn: 100%; Ni: 80.39%; Cu: 85.88%

Cu: 92.57%; Al: 85.24%; Zn: 95.18%

Cu: 96.8%); Zn: 83.8%; Al: 75.4%

Isildar et al., 2016
Chen et al., 2015
Ilyas and Lee, 2014
Bas et al., 2013

Beolchini et al., 2012

Zhu et al.,, 2011

Liang et al., 2010

Brandl et al., 2008

Ilyas et al., 2007

Brandl et al., 2001

Arshadi and Mousavi, 2014

Arshadi and Mousavi, 2015

Arshadi et al., 2016

Horeh et al., 2018

Bajestani et al., 2014
Faraji et al., 2018

Yang et al., 2017a

Yang et al., 2014

cultivate bacterial culture as well as to maintain the solubilisation process,
and also need to add the sulphur or Fe(Il) in growth medium (Lambert
etal., 2015; Latorre et al., 2016). Current methods are mostly based on a hy-
drometallurgical approach for gold extraction from e-waste, which may
possess secondary pollution. In other words, the hydrometallurgical
method is not an environment-friendly solution (Isildar et al., 2018). The
bacterial cyanide secretion has been well known for several years, and
gold mobilisation through bacterial C. violaceum has been even frequently
reported by many researchers (Li, Zeng, et al., 2015). However, very lim-
ited research carried out about the removal of gold and/or other metals
from e-waste by using indigenous cyanogenic strains (Kumar et al.,
2018). In this context, Kumar and co-authors (2018) reported potential in-
digenous bacterial strain (Pseudomonas balearica SAE1). This bacterial
strain was isolated from an e-waste recycling site in India. The maximum
68.5% of gold and 33.8% of Ag were dissolved in the two-step bioleaching
process, under the optimized condition (pH 9.0, pulp density 10 g/L, the
concentration of glycine 5 g/L, at 30 °C).

In other research, Sheel and Pant (2018) developed a modified process
by using the mixture of Lactobacillus acidophilus (LA) and ammonium
thiosulfate (AT) for gold recovery from waste PCBs. This method offers an
exceptional leaching system for gold recovery and resulted in 85% of the
gold extraction (using AT as leachate) through the suggested mixture.
Pant et al. (2014) reported about the indigenous microorganism isolated
from the CRT collection/recycling site in India. These studies revealed
that the bioassisted process is a promising approach for metal bioleaching
from waste CRT, by using the combination of Serratia plymuthica and
EDTA. The potential use of CRT bioleaching possibly depends on the
improvement in metal movement through metal hydrous oxide formation;
complex shifting mononuclear to multinuclear. It is expected that the
microbial combination with EDTA shows the potential ability to improve
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the bioleaching rate. Also, this approach is economically feasible and com-
paratively eco-friendly then chemical leaching, for example, Hydrocyanic
acid (HCN) secreted by heterotrophic bacterial strains, such as Pseudomonas
fluorescens and Chromobacterium violaceum and the HCN produced by
Pseudomonas plecoglossicida well-reported decade ago, by Brandl and
Faramarzi (2006). Gold dissolution by (bio-)cyanidation involves of anodic
reaction (Eq. 1.7) and a reaction of cathodic (Eq. 1.8):

4Au + 8CN —4Au(CN); + 4e” (1.7)

0, + 2H,0 + 4e”—40H" (1.8)

Generally, the reaction is recognized as Elsner's equation, as presented
in Eq. 1.9, by Kita and co-authors (2006).
4Au + 8CN™ + O, + 2H,0—4Au(CN); + 40H (1.9)

Faramarzi et al. (2004) said that similar reactions could be used for the
cyanidation of other metals. HCN pKa is 9.3; however optimum pH ranges
among 7 and 8 in the case of C. violaceum plus other cyanogenic bacteria
for cyanogenesis. During the cyanogenesis phase, C. violaceum quickly con-
sumes dissolved oxygen; so, slight molecular oxygen is accessible for Au dis-
solution (Egs. 1.6 to 1.8). From an environmental point, a recovery is better
than the gold mining from mines. For example, a systematic illustration of
using microorganisms (bacteria or fungi) for recovery of metals from e-
waste is as shown in Fig. 1.

Infect the gold dissolution rate is being subject to several factors; such as
particle size, pH, cyanide concentration, temperature, dissolved oxygen
concentration, and cyanide complexation antagonism for other metals
(Zhou et al., 2020). In microbial cyanidation methods, the pH is certainly
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Fig. 1. An example of outline application of microbial metabolites for metal removal from e-waste (e.g., waste PCB) [manually dismantled along with mechanically crushed &
dissolved. Next, the microbial culture producing metabolites used as leaching agent]. This process is for the systematic removal of metals from e-waste, for example in pre-

cipitated form.

one of the most important factor, because it can significantly affect the
growth rate of bacterial culture as well as the presence of cyanide ions. Cer-
tainly, an extraction through the cyanidation process needs alkaline condi-
tions, which makes this process unfeasible for the growth of bacterial
strains of C. violaceum (Kita et al., 2006; Mishra and Rhee, 2014). In gen-
eral, in order to achieve the appropriate leaching conditions, there are chal-
lenging points; such as co-existence of other heavy metals. For example, Cu
and other valuable metals present in e-waste can compete with gold in the
process of complexation with cyanide anion.

Apart from the bacterial strain, there are other microorganisms; such as
fungi can also solubilize the metals. The fungi operate by various mecha-
nisms, where the production of weak organic acids is known to participate
as a major operating mechanism in the metal solubilisation process. Cer-
tainly, organic acids, such as citric, gluconic and oxalic acids can solubilize
metals through establishing complexolysis (Horeh et al., 2018; Xia et al.,
2018a, 2018b). Besides, fungi produce carboxylic acids can also attack
(acidolysis) on the mineral surface through their protons then release of
metals (Gadd, 2007). Metal complexation occurs with organic functional
groups (e.g. amine, carboxyl, phosphate, carbonyl, hydroxyl, and other
groups) on the cell wall surface (Wang and Chen, 2009), and we can expect
that fungus A. niger is accomplished bioleaching about 80.39% of Ni,
85.88% of Cu, and 100% of Zn, after 30 days. Another study by
Narayanasamy et al. (2018) used the fungal strain (Aspergillus niger
DDNS1) for extraction of metal from waste PCBs, and their findings re-
vealed that the toxicity of waste PCBs powder (0.1% pulp density) had
less effect on two-step bioleaching method than one-step bioleaching
method. The number of researchers suggested strategies such as: (1) Pre-
adaptation of using different microorganisms (Ilyas et al., 2014;
Pourhossein and Mousavi, 2018); (2) Two-step bioleaching approach
(Brandl et al., 2001; Naseri et al., 2019); (3) Pre-treatment by removing
the non-metallic portion (Ilyas et al., 2007). Research conducted by Shah
et al. (2015) established that in a bioleaching action with a two-step ap-
proach, PCB powder additions at different periods can increase the overall
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feasibility of different metals, such as 99.80% of Zn; 97.99% of Ni, and
94.08% of Cu were removed. Bioleaching approach is not appropriate in
case removal of Tin (Sn) and Lead (Pb), owing to bioleaching strategy
seems to suffer from the issue of precipitation of Sn and Pb (because Pb
would be precipitate as PbSO, and Sn as SnO) (Yang et al., 2017a,
2017b). Therefore, these studies suggest, the microbial technology ap-
proach could symbolize as a useful strategy. In this context, another out-
standing initiative already announced by the “2020 Tokyo Olympics”,
Japan, where all the medals (gold, silver, and bronze) will be manufactured
by using recycled e-waste (https://phys.org/news/2019-02-tokyo-gold-
silver-bronze-e-waste.html). This is a very positive step towards e-waste
recycling and management in an environmentally sound approach.

5. Summary and conclusion

This article discussed some of the well-recognized recycling methods,
and these methods reported as high potential candidate for the valuable
metal recycling from e-waste, and suitable for the removing secondary re-
sources from e-waste. Although, the metal recycling process remains a chal-
lenging issue. However, e-waste can give a high value of metal content
making it a suitable secondary resource. In order to safely extract present
valuable metals, remove the other toxic and environmentally hazardous
materials, the e-waste should be properly treated using environmentally
sound methods.
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