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Abstract Electronic waste (e-waste) is termed as “urban mines” due to high metal
content. Metals are major components of e-waste and have a share of 61 wt% of
e-waste. E-waste contains various valuable metals such as gold, silver, platinum,
palladium, copper, nickel, etc. Therefore, metal recovery is important to conserve
the resources. Apart from this, the unregulated accumulation and improper recy-
cling of e-waste have harmful effects on human health and environment. Therefore,
environmentally friendly e-waste recycling is the need of the hour to mitigate the
harmful effects. Currently, pyrometallurgy and hydrometallurgy are the conven-
tional processes employed for recovery of metals from e-waste. However, these
technologies are non-selective and energy-intensive, employ hazardous chemicals,
and produce toxic gases. Biohydrometallurgy is a promising alternative and is an
eco-friendly approach to recycle e-waste as it employs microorganisms for metal
recovery. Biohydrometallurgy employs different approaches such as autotrophic
bacteria bioleaching, heterotrophic bacteria bioleaching, and heterotrophic fungi
bioleaching for leaching of metals and has been discussed in this chapter. In addi-
tion, the refining of metals from metal leached solution has also been discussed in
this chapter. The development of continuous process for metal recovery is impor-
tant, and we have discussed a coiled flow inverter (CFI) reactor as a promising
option for the same.
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1 Introduction

Electronic waste (e-waste) is rapidly growing, and 53.6 million tons (Mt) of e-waste
was generated in 2019 [1]. It is expected that the e-waste generation will be around
74.7 Mt by 2030 [1, 2]. In 2019, Asia produced 24.9 Mt of e-waste and followed by
America, Europe, Africa, and Oceania which have generated 13.1, 12, 2.9, and
0.7 Mt of e-waste, respectively [1]. The e-waste generation is increasing with an
annual growth of 2 Mt from 2014 and is shown in Fig. 1 along with projected values
till 2030 [1]. However, the recycling rate is not keeping pace with the e-waste gen-
eration. Europe is leading in the e-waste recycling with a recycling rate of 42.5%,
while Asia is at the second position with an 11.7% recycling rate and followed by
America, Oceania, and Africa which have a recycling rate of 9.4%, 8.8%, and 0.9%,
respectively [1]. Only 17.4% of e-waste was properly recycled, while the fate of
around 82.6% of e-waste generated in 2019 is not known [1].

The amount of e-waste which is not documented in 2019 contains 71 kilotons of
brominated flame retardants (BFR), 98 Mt of CO, in the form of hydrochlorofluo-
rocarbons (HCFCs) and chlorofluorocarbons (CFCs), and 50 t of mercury [1]. Apart
from this, e-waste contains various toxic substances such as Sb, As, Ba, Cd, Pb,
polychlorinated biphenyls, etc. [3]. Unregulated accumulation of e-waste leads to
the leaching of these substances into the soil and water and then containment the
food chain. Table 1 shows the different harmful substances existing in e-waste and
their hazardous effects. In addition, informal recycling, i.e., open burning of e-waste,
leads to the formation of harmful chemicals such as dioxins and furans.

Although e-waste contains various toxic substances, it can also act as a second-
ary source of valuable metals owing to its high metal content. E-waste mainly
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Fig. 1 E-waste generation data from 2014 to 2030
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Table 1 Harmful substances in e-waste and their hazardous effects [3, 4]

Toxic substance Hazardous effect on human health
Antimony Can cause stomach ulcer

Arsenic Leads to skin disease and lung cancer
Barium Brain swelling, damage to the heart and liver
Beryllium Lung cancer, skin disease
Brominated flame retardants Leads to hormonal disorder
Cadmium Damage to the kidney
Chlorofluorocarbons (CFCs) Can cause skin cancer

Lead Can damage the brain and kidneys
Nickel Can cause bronchitis and lung cancer
Polychlorinated biphenyls Liver damage in human

Polyvinyl chloride (PVC) Can cause respiratory problems

consists of metals, plastics, rubber, ceramics, and glass [5]. Out of these, metals are
the main components and have a share of 61% by wt. of e-waste [6]. E-waste con-
tains different heavy metals, like Cu, Ni, Hg, Cd, and Pb, and precious metals like
Au, Ag, Pt, and Pd [7]. Electrical and electronic equipment industry consumes over
50% of the ruthenium, antimony, and indium and more than 30% of silver, copper,
and tin produced annually [8]. Hence, recovery of metals from e-waste is necessary
to mitigate the scarcity of metals. The printed circuit board (PCB) of a personal
computer contains 20% Cu and 250 g/ton of Au, whereas the concentrations of Cu
and Au in ores are 0.5-1% and 1-10 g/ton, respectively [9, 10]. The metal recovery
from e-waste will provide advantages such as the conservation of primary metal
resources, energy-saving, and prevention of environmental pollution caused due to
leaching of metals.

It is clear from the above discussion that it is very important to not dump the
e-waste or treat it inappropriately. E-waste recycling is important from the aspect of
recovery of metals and mitigating the environmental and human health hazards.
Therefore, various technologies like pyrometallurgy [11-13], hydrometallurgy [14—
16], and biohydrometallurgy [17-19] have been employed for the recovery of met-
als from e-waste. Out of these, pyrometallurgy and hydrometallurgy are conventional
processes employed for the recovery of metals from e-waste. However, both these
technologies have disadvantages associated with them. The use of pyrometallurgi-
cal approach leads to the generation of dioxins and furans due to the presence of
halogenated flame retardants in e-waste [20]. In addition, pyrometallurgy uses very
high temperature, i.e., above 1000 °C, for metal recovery and makes this process
energy-intensive [21]. In the case of hydrometallurgy, there is no or less formation
of toxic gases, but the hydrometallurgical process uses toxic solvents such as acid,
cyanide, halide, thiosulfate, and thiourea for the recovery of metals [22, 23]. The use
of these chemicals limits the industrial application of hydrometallurgy. Compared
to pyrometallurgy and hydrometallurgy, biohydrometallurgy uses microorganisms
for the recovery of metals which makes this process an eco-friendly approach.
Biohydrometallurgy is proven efficient for the recovery of metal from primary ores



868 P. R. Jadhao et al.

and can play an important role in the efficient recovery of metal from e-waste [24,
25]. Biohydrometallurgy provides advantages such as selectivity toward valuable
metals, cost-effectiveness, and lower environmental hazards [26, 27]. Bioleaching
of e-waste is a new field compared to hydrometallurgy and pyroometallurgy, and it
can be seen from Fig. 2. The numbers of publication in the field of e-waste are
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Fig. 2 Number of publication (a) on e-waste and (b) bioleaching of e-waste
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constantly increasing. The biohydrometallurgy is a new technique in the field of
e-waste which can be seen from Fig. 2b.

This chapter focuses on the recent development in the recovery of valuable met-
als from e-waste using biohydrometallurgy. In this chapter, various biohydrometal-
lurgical approaches, i.e., autotrophic bacteria bioleaching, heterotrophic bacteria
bioleaching, and heterotrophic fungi bioleaching, have been discussed. In addition,
this chapter also focuses on the different approaches such as biosorption and bio-
electrochemical process for the recovery of metals from the metal leach solution.

2 Different Bioleaching Approaches for Metal Recovery

Bioleaching of metals has been investigated using various microorganisms, and
these microorganisms have the natural capability to leach the metals into aqueous
solution. Usually, autotrophic bacteria, heterotrophic bacteria, and heterotrophic
fungi are the most frequently used microorganisms for the recovery of metals from
different sources as shown in Fig. 3. The bioleaching using each of these is dis-
cussed in the following subsections.
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2.1 Autotrophic Bacteria Bioleaching

The autotrophic bioleaching is mainly carried out using chemolithotrophic and aci-
dophilic bacteria. These organisms use carbon dioxide from the atmosphere as a
carbon source and ferrous ion (Fe?*), elemental sulfur (S°), and/or reduced sulfur
compounds as an energy source [28, 29]. Most chemolithotrophic bacteria have a
high tolerance for heavy metal toxicity and therefore are the most widely used
microorganisms to recover metals from polymetallic sources such as e-waste [30].
The microorganisms used in autotrophic bioleaching are sulfur-oxidizing bacteria,
iron- and sulfur-oxidizing bacteria, and iron-oxidizing bacteria [19]. The above men-
tioned microorganisms lead to the sulfur and iron oxidation which causes metal
sulfide solubilization and decreases the pH of the environment which ultimately
causes the solubilization of other metal compounds. These microorganisms flourish
on the iron- and sulfur-containing sources (e.g., pyrite, pentlandite, and chalcopy-
rite) at 45-75 °C [31]. However, in the case of e-waste, autotrophic bacteria cannot
grow directly on the oxidation/dissolution of the e-waste matrix. Therefore, it is
important to mixed e-waste with sulfur- or iron-containing sources such as pyrite,
pentlandite, and chalcopyrite to provide energy for the growth of autotrophic bacte-
ria [32]. As a result, the microbial oxidation of sulfur- and iron-containing sources
will produce acidic environment and ferric ion, and this will help in the leaching of
metals from e-waste. It is important to notice that the autotrophic bioleaching of
sulfidic ores only leaches the metallic fraction of e-waste, while the non-metallic
fraction remains as it is. The recovery of rare earth metals from other sources will
also need to mix with the sulfur- and iron-containing sources for the growth of auto-
trophic bacteria. The research work carried for metal recovery from e-waste using
autotrophic bacteria is mainly focused on transition metal and also rare earth ele-
ment (REE) recovery.

Hong et al. investigated the bioleaching of copper using Acidithiobacillus thio-
oxidans bacteria and studied abiotic leaching and direct and indirect bioleaching
[33]. The acidophilic bacteria were cultivated and during which the sulfuric acid
was produced. This acid was used for indirect bioleaching. However, in the case of
direct bioleaching, the sterilized e-waste was directly added during the growth
phase of bacteria. The direct leaching was performed at 30 °C, and 10 g/dm? e-waste
were added to the microbe culture when pH was reached to 1. At the same process
condition, there is not much difference between the Cu leaching in both direct and
indirect bioleaching. Therefore, it can be concluded that the toxicity of e-waste at
the concentration of 10 g/dm?® doesn’t have a significant effect on microorganism
metabolism. The indirect leaching was also carried out at 90 °C, and the results
were compared with abiotic leaching. It was observed that for 8 h of leaching time,
the copper leaching is lower in the case of indirect leaching (60%) compared to
abiotic leaching (98%). It was found that after 6 h of leaching, there is the formation
of CuS on the surface which results in the passivation of Cu surface and decreases
the leaching of Cu in biogenic acid. The formation of CuS can be attributed to the
presence of incompletely oxidized sulfide and sulfates.
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In a different study, Chen et al. studied the application of Acidithiobacillus fer-
rooxidans for copper leaching from WPCB [34]. Sulfuric acid and ferric ion play an
important role during the bioleaching process. During the bioleaching, ferrous ions
are oxidized to ferric ions as shown in Eq. (1), while Cu oxidizes to Cu** by Fe,
and Fe?** reduces to Fe?* as shown in Eq. (2). This Fe cycle increases the rate of reac-
tion significantly. The column bioleaching was employed for the copper recovery,
and the temperature of the column reactor was maintained at 30 °C during the com-
plete process. For a typical experiment, 250 g of washed sample was added to the
column, and then 495 L of prepared 4.5 K medium along with 0.05 L of A. ferrooxi-
dans culture was added into the column reactor. The pH of the solution in the col-
umn was maintained at 2.25 (x0.05) using 5 M of H,SO,. The maximum leaching
of copper was measured to be 94.8% in 28 days. It was found that pH is an impor-
tant factor and greatly influences the copper leaching. The kinetics of the bioleach-
ing process does not change as the size and morphology of precipitates remain the
same as the pH was maintained at 2.25. The addition of sulfuric acid and maintain-
ing an acidic pH of solution aid in preventing the formation of jarosite precipitate,
and this helps in the Fe**~Fe’** cycle to go on to create a favorable environment for
copper bioleaching.

A ferrooxidans

4Fe’ +4H' +0, —  4Fe’2H,0 (1)
Cu + 2Fe*” —» Cu** + 2Fe™ )

Isildar et al. studied the bioleaching of copper using Acidithiobacillus ferrivorans,
Acidithiobacillus thiooxidans, and a mixture of both [35]. The leaching efficiencies
of 94%, 89%, and 98% were reported using a pure culture of A. ferrivorans, A. thio-
oxidans, and a mixture of both, respectively, at a pulp density of 1%. It is reported
that the pulp density below 2.5% is efficient for the bioleaching of copper. The
hazardous components of PCB such as metals, phenols, and BFRs are harmful to
the bacterial activity, and therefore, to prevent the toxic effect of these components
on bacteria, a pre-growth method was applied. A pre-growth method was also help-
ful in producing favorable bioleaching conditions. The microorganisms were incu-
bated in the bioleaching medium, and the culture was prepared in the absence of
waste PCB. The waste PCBs were added after attaining the optimal bioleaching
conditions. The measurement of pH and ORP helps in monitoring the bacterial
activity, and these parameters also show the presence of both acidolysis and redoxol-
ysis mechanisms. The increase in pulp density from 0% to 5% increases the pH due
to the basic nature of waste material. When the pulp density is 2.5% or higher, then
pH value does not drop below 2.5 where acidophiles thrive. The pulp density of 1%
and lower is best suited for the growth of microorganisms. Acidophiles play an
important role to catalyze the oxidation of Fe?* to Fe3* as shown in Eq. (1) and ele-
mental sulfur (S,) to sulfuric acid as shown in Eq. (3):

S,+ 150, + H,0 — 2H + SO 3)
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The recovery of Cu takes places under low pH and high ORP conditions as shown
in Egs. (2) and (4):

Cu, +H,SO,+ 050, — Cu”+ SO; + H,0 4)

The copper leaching is higher in the case of a co-culture of iron- and sulfur-oxidizing
acidophiles. Therefore, it is reported that the involvement of redoxolysis and acidol-
ysis is beneficial for metal recovery. Table 2 shows the summary of research works
carried out for metal recovery using autotrophic bioleaching.

2.2 Heterotrophic Bioleaching

The scientific community has recently started to explore the various biotechnologi-
cal approaches to recover REE from secondary metal sources [42—44]. Heterotrophic
bioleaching is an encouraging technique for the recovery of metals from the sources
which do not contain metal sulfides [44]. Microorganisms such as bacteria, fungi,
and archaea are commonly employed during heterotrophic bioleaching [19, 45].
Heterotrophic bioleaching is microbial leaching where organisms get energy from
organic carbon sources for growth during the leaching process [46]. The metabolic
by-products of organic carbon such as acetic acid, citric acid, oxalic acid, and glu-
conic acid are responsible for the leaching of metals when the pH is between 4 and
6 [47]. Apart from this, the protein catabolism produces non-acidic complexion
agents which can be employed during alkaline leaching [19]. The metal recovery
using heterotrophic bioleaching mainly occurs via cyanide- and organic acid-
producing organisms. The cyanogenic bioleaching is employed to recover precious
and platinum group metals. However, chelation is used for the recovery of critical
metals such as cobalt, gallium, germanium, lithium, antimony, and tungsten. The
heterotrophic microorganism can be used for metal leaching in higher pH condi-
tions and, therefore, can be employed to treat alkaline wastes compared to acido-
philes [45].

2.2.1 Heterotrophic Bacterial Bioleaching

Pseudomonas aeruginosa, Pseudomonas fluorescens, and Pseudomonas putida are
the Pseudomonas strains used for metal leaching. These microorganisms are omni-
present, and in soil, they solubilize metals due to various metabolic products.

Jujun et al. found a new strain of Pseudomonas which has the ability to produce
CN~ and can recover precious metals [48]. The ability to produce CN~ of different
strains such as Pseudomonas aeruginosa, Pseudomonas chlororaphis, Pseudomonas
putida, Pseudomonas mosselii, Pseudomonas fluorescens, and Pseudomonas sp.
was investigated. The experiments were performed to find out the concentration of
produced CN~ by the above mentioned strains. These strains were cultured for 24 h
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Table 2 Summary of research work on metal recovery using autotrophic bioleaching
Metal
recovery,
E-waste | Microorganism Bioleaching conditions % Reference
Mobile Acidithiobacillus ferrooxidans | pH = 1, pulp Cu=100 | [36]
PCB density = 8.5 g/L, Fe** Ni=100
concentration = 4.18 g/L,
particle size = 100 mesh,
time = 55 days,
temp. = 30 °C, stirring
speed = 170 rpm
Electronic | Acidithiobacillus thiooxidans 25 g/L of sulfur in culture | Cu=90 |[33]
waste medium, temp. = 90 °C,
pH < 1, particle
size = 40-104 pm,
time = 14 days, pulp
density—10 g/dm?
Computer | Acidithiobacillus ferrooxidans | pH = 3, Fe** conc. = Cu =100 |[37]
PCB 8.4 g/L, pulp Ni =100
density = 20 g/L, particle
size = 95 pm,
temp. = 30 °C,
time = 80 days, stirring
speed = 170 rpm
Mobile Acidithiobacillus ferrooxidans pH=2, Cu=80 |[38]
PCB time = 14-17 days,
particle size = 93 pm,
pulp density = 20 g/L
Computer | Acidithiobacillus ferrooxidans pH=3, Cu=90 |[38]
PCB time = 17-20 days,
particle size = 93 pm,
pulp density = 20 g/L
PCBs Acidithiobacillus Stirring speed =200 rpm, | Cu=94 | [39]
Sferrooxidans + Acidithiobacillus | temp. =32 °C,pH=1.5, |Ni=89
thiooxidans pulp density = 18 g/L, Zn =90
particle size = 100— Pb =86
200 pm, time = 10 days
Spent Acidithiobacillus ferrooxidans | Stirring speed = 160 rpm, | Ni =85.6 | [40]
batteries pH =1, temp. =30 °C, Cd =66.1
particle size = 62 pm, Fe** | Co = 90.6
conc. =9.7 g/L, pulp
density = 10 g/L,
time = 20 days
PCB Acidithiobacillus ferrooxidans | Stirring speed = 165 rpm, |Cu=92 | [41]

pH =2.25, temp. = 30 °C,
particle size = 178—

250 pm, Fe**

conc. =9 g/L, pulp
density = 12 g/L,

time = 3 days
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at 25 °C, and then the CN~ concentration was tested. It was reported that the
Pseudomonas chlororaphis has produced the highest concentration of CN-
(7.11 mg/L). Afterward, Pseudomonas chlororaphis was selected to investigate the
metal recovery, and the effect of various process variables like culture condition,
pH, temperature, additive, and stirring speed on the ability to produce CN~ was
studied. The optimized conditions for producing maximum CN~ were pH 7 and
adding glycine (4.4 g/L) + methionine (2 g/L) into NB culture medium which is
cultured for 72 h at 25 °C with a stirring speed of 60 rpm. At the optimized condi-
tions, the recovery of gold, silver, and copper was 8.2%, 12.1%, and 52.3%, respec-
tively, from the metallic particles obtained from crushed waste PCBs.

Chi et al. studied the copper and gold recovery using Chromobacterium viola-
ceum (C. violaceum) from waste mobile phone printed circuit boards [49]. The bio-
leaching was performed in the presence of YP medium (yeast extraction,
polypeptone, and glycine), and the effect of pH and hydrogen peroxide on copper
and gold recovery was investigated. It is reported that gold leaching increase from
7.78% to 10.9% when pH was increased from 8 to 11 in 8 days. Similarly, the cop-
per leaching was also increased from 4.9% to 11.4% with an increase in pH from 8
to 10. Marsden and House reported that the Cu(CN)?~ is formed when pH is less
than 9, while at higher pH, more amounts of Cu(CN)*~ and Cu(CN),*~ will form
[50]. Metal leaching is improved at higher pH due to the high stability of metal
cyanide complexes and increases the stability of HCN at pH > 10 [51]. Similarly,
Au(CN)* forms at higher pH, and high dissolved oxygen favors gold leaching [52].
The hydrogen peroxide was employed to increase the dissolved oxygen to facilitate
more metal leaching. The hydrogen peroxide concentration above 0.004% nega-
tively hampers the bacteria, and therefore, 0.004% hydrogen peroxide was consid-
ered as the optimum for metal leaching. The increase in hydrogen peroxide
concentration leads to an increase in the metal leaching from 7.23% to 24.6% with
an increase in pH from 8.5 to 10 in 8 days. The recovery of gold is increased slightly
from 8.1% to 11.32% when pH was increased from 8.5 to 11 in the presence of
hydrogen peroxide. The higher copper recovery compared to gold can be attributed
to the galvanic interaction and gold being nobler than copper. Therefore, it is impor-
tant to leach copper prior to gold leaching to improve the gold bioleaching.

Cu is a major component of the e-waste, and as mentioned above, it is important
to recover Cu before Au and Ag for their efficient recovery. Therefore, Isiladar et al.
developed a two-stage bioleaching process for Cu and Au recovery. In the first step,
98% Cu was leached using a mixture of Acidithiobacillus ferrivorans and
Acidithiobacillus thiooxidans [35]. In the next step, Au was recovered using
Pseudomonas putida at 25 °C, and a 44% recovery of Au was reported. The low
recovery of gold can be attributed to the lower amount of cyanide generation
(21.4 mg/L) from Pseudomonas cultures, and this did not allow complete gold
recovery. Marra et al. have also investigated metal bioleaching in two steps [53]. In
the first step, rare earth metals such as cerium, europium, neodymium, lanthanum,
and yttrium were recovered using Acidithiobacillus thiooxidans from e-waste dust.
During the first step, recovery of cerium, europium, and neodymium was 99%,
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while that of lanthanum and yttrium is around 80%. In the second step, gold was
recovered using the Pseudomonas putida and reported the 48% recovery of Au
within 3 h.

Several researchers have tried to increase the production of biogenic cyanide
using different approaches such as sequential nutrient addition, medium modifica-
tion, and genetic modification. Natarajan et al. tried to improve the production of
biogenic cyanide than Chromobacterium violaceum; two metabolically engineered
stains, pPBAD hcn (induced by L-arabinose) and pTAC hen (induced by IPTG), were
prepared [54]. It is reported that the pBAD (induced with 0.002% L-arabinose) and
pTAC (induced with 1 mM IPTG) have produced 34.5 and 31 mg/L of cyanide,
respectively, whereas Chromobacterium violaceum has produced 20 mg/L cyanide.
The increase in the cyanide concentration results in higher gold leaching. The pPBAD
and pTAC showed 30% and 27% gold leaching at 0.5% w/v pulp density compared
to 11% gold leaching using wild-type bacteria. Similarly, Natarajan and Ting stud-
ied the effect of mutation of Chromobacterium violaceum bacteria to grow under
alkaline environment on the production of biogenic cyanide for gold bioleaching
[55]. The mutation of bacteria was performed by exposing the wild C. violaceum to
100 mM of the mutagen, i.e., N-nitroso-N-ethyl urea (ENU), at pH 9, 9.5, and 10.
The gold recovery reported using the C. violaceum mutated at pH 9, 9.5, and 10 was
18%, 22.5%, and 19%, respectively. Under alkaline conditions, there are a growth
of bacteria and production of cyanide which increases the availability of cyanide
ion, thereby increasing the gold leaching. The lower gold leaching using the C. vio-
laceum mutated at pH 10 as it has significantly lower growth compared to others.
The wild strain of C. violaceum grown at pH 9 and 9.5 showed 14% and 16% gold
leaching, respectively, whereas wild strain grown at pH 10 showed no gold leach-
ing. Therefore, from these studies, it is clear that genetic modification or medium
modification can lead to higher metal leaching. Table 3 shows the summary of
research work on metal recovery using heterotrophic bacterial leaching.

2.2.2 Heterotrophic Fungi Bioleaching

Heterotrophic fungi bioleaching involves the metal leaching using the organically
excreted acid (acidolysis and complexolysis) and changing the oxidation potential
of the medium (redoxolysis) or a combination of acidolysis, complexolysis, and
redoxolysis [31, 59]. The fungal redoxolysis leaching occurs at comparatively
higher pH, i.e., near pH 7 or above [31]. Aspergillus niger and Penicillium simplicis-
simum are the most used microorganisms in the fungal leaching of metal from vari-
ous waste sources [59]. Brandl et al. investigated the bioleaching of metals form
electronic waste using Aspergillus niger and Penicillium simplicissimum [60].
During the growth, various organic acids such as citrate, gluconate, and oxalate
were formed which are responsible for the metal leaching. It is reported that P. sim-
plicissimum has been more efficient for the leaching of metals compared to A. niger
under identical conditions. Both the fungal species were able to recover 65% of Cu
and Sn, whereas the recovery of Al, Ni, Pb, and Zn was more than 95%. Authors
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Table 3 Summary of research work on metal recovery using heterotrophic bioleaching

Metal
E-waste Microorganism Bioleaching conditions recovery, % | Reference
PCB Chromobacterium | Stirring speed = 150 rpm, pH =6.8, | Au=70.6 | [56]

violaceum temp. = 30 °C, particle size = 200
mesh, time = 7 days

Electrical | Chromobacterium | Stirring speed = 150 rpm, pH =10, | Au=24.6 | [49]
scrap violaceum temp. = 30 °C, pulp

density = 15 g/L, particle

size = 1 x 1 mm?, H,0, = 0.004%
v/v, time = 8 days

Computer | P. aeruginosa + C. | Stirring speed = 150 rpm, pH =7.2, | Cu=83.46 | [57]

PCB violaceum temp. = 30 °C, pulp density = 1% | Au=73.17

(w/v), particle size =37-149 pm, Zn=49.11

time = 7 days Fe=13.98

Ag =842

Computer | P. aeruginosa Stirring speed = 150 rpm, pH=7.2, | Au=52 [57]
PCB temp. = 30 °C, pulp density = 1% | Cu=52

(w/v), particle size =37-149 pm, Zn =139

time = 7 days
Electronic | C. violaceum Stirring speed = 150 rpm, pH =9.5, | Au=22.5 |[55]
scrap temp. = 30 °C, pulp density = 0.5%

(w/v), particle size <100 pm,

time = 8 days
Electrical | P. plecoglossicida | Stirring speed = 150 rpm, pH=7.2, | Au=68.5 |[58]
scrap temp. = 30 °C, particle size

<71 pm, time = 4 days

have suggested a two-step approach for the bioleaching of metals as e-scrap has
negative impact on growth of microorganisms. It is recommended that in the first
step, growth of the microorganisms will take place without e-scrap and in the next
step, the metabolites produced will be employed for metal leaching. It is previously
recommended for the treatment of fly ash for metal leaching using bacteria and
fungi leaching and has the following advantages [61, 62]:

1. Microorganisms can be recycled.
2. Optimization of acid formation due to absence of waste material.
3. The high concentration of waste material can be used during the leaching step.

Desouky et al. studied the leaching of rare earth metals from the waste material
using A. ficuum [63]. The metabolite containing organic acids was produced using
A. ficuum at pH 3. The waste material (0.75 g) was then added to the metabolite, and
then the mixture was stirred using rotary shaker at 175 rpm for 24 h. The leaching
of uranium, thorium, lanthanum, cerium, and yttrium was reported as 30%, 29%,
20%, 33%, and 2.5%, respectively. It is also reported that thorium was precipitated
from the leached solution as thorium oxalate using oxalic acid at pH 0.9 and ura-
nium was precipitated as ammonium diuranate using ammonia solution at pH 5-6.
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In addition to this, rare earth metals were precipitated as rare earth oxalate using
oxalic acid at pH 8-8.3.

Hassanien et al. compared the bioleaching efficiencies of one- and two-step bio-
leaching processes for rare earth metal leaching from Egyptian monazite and
thorium-uranium concentrate using A. ficuum [64]. In one-step bioleaching,
A. ficuum was grown in the media in the presence of the 1 g of monazite or thorium-
uranium concentrate. However, in the indirect bioleaching process, the A. ficuum
was grown in the media in the absence of monazite or thorium-uranium concentrate.
The 1 g of monazite and thorium-uranium concentrate was added after the separa-
tion of microbial biomass. In the case of direct bioleaching, the leaching of rare
earth elements using A. ficuum was reported as 60.6% and 50.3% within 10 days
from monazite and thorium-uranium concentrate, respectively, whereas, in the case
of indirect bioleaching, the leaching of rare earth metals was 55.0% and 47.7% from
monazite and thorium-uranium concentrate, respectively. The pH was decreased
from 3.9 to 3 due to the formation of amino acid and other metabolites during the
growth of A. ficuum. These metabolites help in the leaching of metals using hydro-
gen ions or forming the metal complexes, whereas there is an increase in the pH
during indirect bioleaching due to the consumption of proton to convert oxides pres-
ent in a sample to soluble metal salts. The organic acid formed plays an important
role and acts as leaching agents during the fungi bioleaching process. The organic
acids such as citric, tartaric, oxalic, and gluconic acids were produced during the
growth of A. ficuum. The complex formation reaction between rare earth element
cations (Re,03) and citric acid may take place as below:

CHO, —  (CH0,)" + 3H"(pka=6.93) )
(C,H,0,) + Re,0, — Re(C,H,0,)

The possible reactions between the oxalic acid and rare earth elements are as
follows:

C,H,0, —  (GHO,)" + H'(pK,=12) (6)
3(C,HO,)” + Re,0, — Re(C,HO,),
CH,0, —  (C0,) + 2H'(pK,=42) 7)
3(C,0,) + 2Re,0, — Re,(C,0,),
Similarly, the gluconic acid reacts with the rare earth elements as follows:
CH,0, —  (CH,0,)" + H (pK,=3.66) 8)

3(C(H,0,)” + Re,0, — Re(CH,0,)

3
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3 Metal Refining

In recent years, significant research for environmental protection is focused on the
removal of metals from industrial wastewater, soil, and ground wastewater. The bio-
based technologies are being employed for this purpose. Biosorption and biopre-
cipitation are some of the bio-based technologies employed for metal recovery
which are low-cost, eco-friendly biological strategies with a low waste generation
[65]. An integrated approach combining conventional metallurgical systems with
bioelectrochemical and biosorption processes will be a great leap toward the devel-
opment of green technology.

3.1 Biosorption

Biosorption is a combination of adsorption and absorption which depends on the
binding capacity of potential biological sorbents like algae, bacteria [66, 67], yeasts
[68], and fungi with metal [69, 70]. Various living or dormant biological materials
like fungus, bacteria, agriculture residue, and biomass residual of fermentation pro-
cess have been studied for the biosorption process [71-73]. Generally, the biosorp-
tion process is an interaction of metal ions present in aqueous solution with the
biological material surface, thereby reducing metal ion concentration in aqueous
solution as shown in Fig. 4. There are several mechanisms of biosorption which
include ion exchange, reduction, precipitation, etc., and due to the complex process
and nature of biomaterials, there is a possibility of a combination of mechanism [66].

The cell structure of biosorbent plays a vital role in the sorption process. Bacteria
are one of the widely used biosorbent and are classified based on the composition of
the cell wall, which highly affects the efficiency of metal absorption [66, 70].
Teichoic acid is present in the cell membrane of gram-positive bacteria, and

. . O Metal ions
000

Biosorption

+

Biosorbent

Fig. 4 Biosorption process
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phosphodiester bonds between the teichoic acid impart negative charge which
enhances the sorption of metal ions. Similarly, phospholipid and lipopolysaccharide
layers are present in the outer layer of gram-negative bacteria which imparts nega-
tive charge and expedites metal biosorption [74]. Potential bacterial biosorbents are
Bacillus [75,76] and Streptomyces [77,78] in gram-positive genus and Pseudomonas
[76, 79] in gram-negative genus.

In addition to bacteria, fungal biosorbents have a huge potential in metal biosorp-
tion as it is easier to grow and can be modified genetically or chemically. Chitin,
lipids, polyphosphates, and proteins are some species of fungi with metal binding
groups such as amines, phosphates, carboxyl, hydroxyl, etc. Aspergillus [80],
Rhizopus [81], and Penicillium [82, 83] are important fungal biosorbents. Cheap
production and least sensitivity toward alteration in nutrients and process parame-
ters (pH, temperature, aeration) make fungi fit for industrial use [84]. Yeast biomass
is also used for specific metal biosorption. Saccharomyces cerevisiae is one of the
widely used yeast biomass with high biosorption capacity [85]. Extensive use of
microorganisms in food/pharmaceutical industries generates immense amounts of
waste which can be reutilized in the metal sorption process [86, 87]. Functional
groups of sorbent material play a major role in biosorption mechanism, and altera-
tion of the functional group via physical or chemical means affects the sorption
capacity [88]. Functional groups (mainly COOH, NH,, OH, and SH) present on
biosorbent surface form complexes with metal ions in solution via chemical bind-
ing, microprecipitation, ion exchange, etc. [89]. Tuning of functional groups of bio-
materials can be done by surface modification techniques like ultrasonication, heat
treatment, or changing crosslinking by acid/alkali treatment [90]. The pre-treatment
technique modifies surface groups by removing, masking, or exposing binding sites.
It was observed that biosorption capacity is immensely affected by pretreatment
technique and time [90].

Various researchers have studied the effect of process parameters such as pH,
contact time, the concentration of feed, and amount of biosorbent on the biosorption
[64, 65]. Kalak et al. studied the effect of process parameters like pH, biosorbent
dosage, and initial concentration of metal ions which directly affect the efficiency of
biosorption of Fe (III) onto elderberry [91]. The initial concentration of metal ions
in aqueous solution affects the saturation of biosorbent surface, whereas consider-
able pH change leads to deprotonation of the acid group present on biomass, surging
probability of adsorption of positive metal ions onto elderberry. Vendruscolo et al.
discussed different microbial systems to recover Cr (VI) from industrial effluent and
concluded that versatile biosorbents in their viable or non-viable forms can be used
in the batch, fed-batch, or continuous reactors [92]. Further, it is also reported that
microorganism’s isolation, novel selection, and genetic alterations are the key
parameters for the technological advancement of biosorption in metal absorption.
The summary of research work on the recovery of metals using biosorbent from
aqueous solution is shown in Table 4.

Nicomal et al. recovered indium, a major component in the optical electronic
industry, using microalgae biomass [94]. Microalgal biomass has shown high
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Table 4 Recovery of major metals via biosorption from an aqueous solution

Metal ions | Biosorbent Biosorption capacity (mg/g) | Reference
Ag (1) Klebsiella sp. 3S1 114.1 mg/g [86]
Bacillus cereus biomass 91.75 mg/g [93]
Fe (11I) Elderberry (Sambucus nigra) 33.25 mg/g [91]
Chlorella vulgaris 129.83 mg/g [71]
In (I1I) Microalgae biomass 0.144 mmol/g [94]
Cd (II) Phanerochaete chrysosporium 47.85 mg/g [65]
Cronobacter muytjensii 72.45 mg/g [95]
Cu (IT) Eichhornia crassipes (Aguapé) 10 mg/g [96]
Aspergillus nomius 987.21 mg/g to 100 min [87]
Macroalgae Macrocystis pyrifera 1.251 mmol/g [97]
Zeolite 13X-Algal-Alginate Beads (ZABs) | 85.88 mg/g [98]
Cronobacter muytjensii 76.51 mg/g [95]
Pb (II) Eichhornia crassipes (Aguapé) 10 mg/g [96]
Aspergillus nomius 298.81 mg/g to 60 min [87]
Phanerochaete chrysosporium 29.09 mg/g [65]
Ni (II) Aspergillus nomius 684.2 mg/g to 80 min [87]
Mn (1) Chlorella vulgaris 115.90 mg/g [71]
Zn (II) Chlorella vulgaris 105.29 mg/g [71]

binding capacities for several metals as various functional groups, like carboxyl,
amino, phosphate, etc., present in microalgal biomass act as binding sites for metals.

Immobilization of microbial biomass is an innovative way to improve biosorbent
capacity along with enhancement in strength and durability. Various polymeric or
biopolymeric materials are used for the immobilization process. Ahmed et al. inves-
tigated the biosorption of different metals on free and immobilized algae biomass.
Free and immobilized biomass are equally effective for the metal aqueous solution
in the batch system; however, biosorption via immobilized algae biomass shows
better biosorption capacity and biosorbent reusability [71]. Chatterjee et al. recov-
ered nickel from spent batteries using Aspergillus nominus (A. nominus), a fungal
strain [87]. Further, they have studied the effect of the production of enzymes and
alcohol on the tolerance level of A. nominus. A phenomenon of a sudden rise in
biosorption of heavy metal with an increase in pH was termed as absorption edge,
and in this case, the pH was 5. Desorption capacity of fungal strain A. nominus was
observed, and it is reported that fungal biosorbent could be reused multiple times.
Sheel et al. used ammonium thiosulfate (AT) and Lactobacillus acidophilus for
selective sorption of gold from the printed circuit board [99]. The combination of
leaching and sorption method leads to a recovery of 85% gold. Several major chal-
lenges like metal binding capacity, renewability, stability, and cost efficiency should
be addressed in the biosorption process [90].

To conclude, biosorption is a versatile process with certain advantages such as
(a) selective absorption of metals at low concentration, (b) mild operating condi-
tions like pH and temperature, (c) energy-efficient, and (d) regeneration of
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biosorbent [94]. One of the major challenges in biosorption is to find high biosorp-
tion capacity biosorbent for metal absorption. Even though it has several advan-
tages, its limited commercial success and lack of understanding of its kinetics,
mechanism, and thermodynamics limit its use. In the case of electronic waste, there
are certain challenges, like multi-metal-rich feedstream, dissolution of metal ions
into the aqueous solution, and chemical modifications for better selectivity, which
need to be addressed. Till now, the recovery of metals from e-waste using biosorp-
tion is still at early stages; however, versatile biosorption process holds great poten-
tial in the near future [66, 99].

3.2 Bioelectrochemical Process (BES)

BES is a fusion of conventional electrochemical systems and microbial systems. It
reduces organic matter and produces electrical energy from chemical energy via the
metabolism of microorganisms [100]. BES is also referred to as microbial fuel cell
(MFC) or microbial electrolytic cell and is a promising option because of its sus-
tainable approach of harnessing energy and in the production of bioproducts and
waste remedy. The microbial fuel cell has several advantages over conventional
metallurgy techniques in terms of cost, energy, and environment hazard [101]. Low
anode corrosion and recovery of material as well as harnessing electrical energy are
the advantages of BES systems over conventional systems [101]. The general struc-
ture of BES reactors includes anode, cathode, and separator as shown in Fig. 5
[102]. An anode chamber is filled with oxidized biodegradable material. BES is a
promising modern technology for metal recovery from electronic waste due to
major improvements in electrode material and designs in the last decade [103]. In
recent years, BES applications to remove metals from aqueous solutions are inten-
sively studied with a hope that BES could be applied to metallurgical systems to
recover base metals, precious metals, and rare earth metals.

The general methodology of the BES system is the biological conversion at the
anode which releases electrons to the cathode and, therefore, reduces metals to its
precipitate by considering metals as terminal electron acceptor (TEA). TEA is a
compound that accepts electron during oxidation of organic source and plays a cru-
cial role in BES if it is used for waste minimization. Several metal ions can substi-
tute oxygen in a series of oxidation and reduction reactions and can act as an
effective TEA [104].

Nachariah et al. discussed about several BES systems to remove metal ions such
as Ag(I), Au(III), Co(Il), etc. [105]. BES along with microbial electrolysis cell for
individual metals recovery were discussed in detail. Biocathode usage was also dis-
cussed where cathodes use metal-reducing bacteria to enhance metal reduction on
the cathode, with an additional separation method to recover metals.

Huang et al. recovered cobalt from lithium cobalt powder using a microbial elec-
trolysis cell [106]. Overall cobalt recovery was 0.15 = 0.01 g Co/g Co. This study
could be linked to recover cobalt from spent lithium batteries with minimum energy
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Fig. 5 General structure of BES

consumption. Heijne et al. recovered copper using a MFC with the bipolar mem-
brane [107]. Aerobic and anaerobic condition effect on copper and electricity gen-
eration was evaluated, and it was observed that there is improvement in power
density of the MFC in aerobic conditions.

Hu et al. have recovered platinum group metals like palladium and rhodium on
cathode from wastewater using microbial fuel cell [108]. The electromotive force
was utilized to recover Pd, Pt, and Rh on the cathode with a removal efficiency of
99.2%, 99.5%, and 98.7%, respectively. The purity of metals was verified by SEM
and EDS analysis. The bioelectrochemical system is a versatile process for the
recovery of metals from waste or industrial effluent waste stream. A combination of
cathodic reduction with organic component oxidation can be an effective tool to
leach out several metals and remove metals. Configuration of BES in terms of
cathode-anode along with applied potential, voltage, and initial metal concentration
will vastly affect metal removal efficiency. The mechanism part of BES is still not
explored well, and much research is needed to verify the mechanism. An integrated
approach of combining hydrometallurgy with BES, along with its use in the leach-
ing and extraction of metals from aqueous solution, still needs to be explored.
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4 Future Perspective

4.1 Development of Continuous Process for Metal Extraction

The development of a continuous process is important from the aspect of the eco-
nomic efficiency of the process. The continuous process will also help in mitigating
the variation in the quality of the product compared to the batch process and pro-
vides more control over the quality of the product. Some recent studies showed that
anovel coiled flow inverter (CFI) can be an attractive option for the development of
a continuous process for metal extraction [109-112]. CFI was designed by Saxena
and Nigam in 1984 [113]. CFI works on the principle of flow inversion, and it is the
combination of coiling and 90° bends.

Due to superior efficiency, CFI has been used in various applications such as heat
exchanger, gas-liquid-solid reactions, two-phase flow, food processing, mass trans-
fer, pharmaceutical and biotechnology, micro-reactor for metal extraction, etc. as
shown in Fig. 6 [114-120]. Different types of CFI designs such as standard CFI,

Inline Mixer

Micro-Heat

Polymerization Exchanger

Reaction

Multiphase flow
reactions

fSaxena and Nigam, 198‘4]

Food Processing l l ‘

Nano and Micro
Particle Production

Fig. 6 Application of CFI in different fields (Reproduced with permission from [114])
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symmetrical compact CFI, and asymmetrical compact CFI have been employed for
process intensification as shown in Fig. 7 [114]. Very few studies have been carried
out in the field of metal extraction using CFI. Zhang et al. employed CFI for the
extraction of Co from Ni sulfate solution using Cyanex 272 [121]. The experimental
setup employed in the study for the continuous extraction of metals is shown in
Fig. 8. The two syringe pumps were employed to pump aqueous and organic solu-
tions. A T-type joint was used to join the aqueous and organic phases. A CFI reactor
of square shape with four 90° bends was employed in the study to facilitate more
efficient mixing. Zhang et al. reported that CFI leads to the higher extraction of Co
and separation factor between Co and Ni compared to batch operation. In addition,
the optimized residence time in a continuous process using CFI was 60 s and it is
very less compared to a batch process residence time of 450 s. The use of CFI pro-
vides advantages such as lower reagent consumption, higher productivity and

(b) | A |
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Perspex” pipe PVC tubing

Perspex”pipe  pyc tubing iniett

(c) I

Perspex” pipe
PVC tubing h Inlet

Fig. 7 Schematic diagrams for CFI designs: (a) standard CFI, (b) symmetrical compact CFI, and
(¢) asymmetrical compact CFI (Reproduced with permission from [114])
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recycle rate, and smaller plant footprint. The use of CFI leads to intensified liquid-
liquid mass transfer and can provide a viable solution for the extraction and separa-
tion of metal ions at the industrial scale. A similar study was carried out by Gursel
et al. and employed CFI to develop a continuous metal extraction process and effi-
ciently recovered 99% Cu [122].

The use of CFI for metal extraction offers a significant advantage for the devel-
opment of a continuous process. However, the scale-up and industrial application of
this process are still a concern, and there is a need to explore this technique in more
detail for application in the field of metal extraction.

4.2 Synthesis of the Catalyst Using Recovered Metals
Jrom E-Waste

The real bottom profitability of any process depends on its ability to ensure the
usability of the products obtained from it. In this regard, the treatment of e-waste for
obtaining precious metals offers several advantages in terms of reusability of the
metals for useful purposes, more specifically, the use of extracted metals such as Cu,
Ag, Au, Pt, Zn, Ni, etc. in both homo- and heterogeneous catalysis. This can be eas-
ily defined in terms of the gap in meeting the demand for the extensive use of such
metals in preparing efficient catalysts for a range of commercially relevant pro-
cesses such as biomass valorization, CO, conversion, and water splitting for H,
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generation, among many others. Though the precious metals as mentioned above
are used prevalently in preparing catalysts, still, there are several issues like low
natural abundance, difficulty in availability, and high cost which are responsible for
fluctuations in their continuous supply, hence raising concerns over the use of such
strategically important metals in the preparation of valuable catalysts. Moreover, the
incessant demand for precious metals creates economic concerns, and it also has
substantial repercussions for the environment.

The underlying principles of “sustainable development” which stresses on meet-
ing the present demands without compromising future needs can be truly replicated
by the use of metals extracted from electronic waste. The sustainable use of extracted
metals from e-waste can play a major role in subsidizing the heavy demand and
scarcity of metals important for catalysis. As such, the overdependence of current
industrial processes over precious metals can also be minimized through the sus-
tainability of the overall electronic waste treatment process. Ultimately, such elec-
tronic waste derived from homo—/heterogeneous catalysts will go a long way in
improving the energy efficiency of many current and neoteric chemical practices.

5 Summary

The global e-waste generation is increasing year by year, and it will reach to 74.7 Mt
by 2030. E-waste is a rich source of metals and, therefore, can play an important role
in mitigating the scarcity of metals. However, unregulated accumulation and improper
recycling techniques lead to the loss of critical metals and also pose a threat to the
environment and human health. Therefore, it is important to find a sustainable solu-
tion for the sound management of the e-waste and recovery of metals.
Biohydrometallurgy is a promising option for the recovery of metals from e-waste in
an environmentally friendly way. Biotechnology has been employed for the recovery
of metals from ores, but e-waste is a different challenge due to the large number of
metals and its complex structure. Biohydrometallurgy mainly uses autotrophic bacte-
ria bioleaching, heterotrophic bacteria bioleaching, and heterotrophic fungi bioleach-
ing. Out of these, autotrophic bacteria bioleaching is a conventional bioleaching
process that uses sulfur-oxidizing bacteria, iron- and sulfur-oxidizing bacteria, and
iron-oxidizing bacteria. These organisms use carbon dioxide from the atmosphere as
a carbon source and ferrous ion (Fe?*), elemental sulfur (S°), and/or reduced sulfur
compounds as an energy source. However, e-waste includes metals in their metallic
form, and therefore, there is a need to supply the microorganism with an additional
energy source. Heterotrophic bioleaching uses microorganisms such as bacteria (e.g.,
Pseudomonas aeruginosa, Pseudomonas fluorescens, and Pseudomonas putida) and
fungi (e.g., Aspergillus niger and Penicillium simplicissimum). Heterotrophic biole-
aching is microbial leaching where organisms get energy from organic carbon sources
for growth during the leaching process. The metabolic by-products of organic carbon
such as acetic acid, citric acid, oxalic acid, and gluconic acid are responsible for the
leaching of metals. Biosorption and bioelectrochemical processes are bio-based
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technologies used for the recovery of metals from aqueous solutions. Also, there is a
need to explore technique to develop continuous process for metal recovery, and CFI
can provide a viable solution for this. However, there is a need to extensively explore
the application of CFI for metal recovery.

There is a need to carry out further investigation in the biohydrometallurgical
approach for metal recovery from e-waste as some of the main leaching mecha-
nisms are not clear. In addition, it is also important to carry out the pilot-scale stud-
ies to find out the feasibility of the biohydrometallurgical process for full-scale
industrial applications.
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