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Abstract: The increasing e-waste volumes represent a great challenge in the current waste
management landscape, primarily due to the massive production and turnover of electronic
devices and the complexity of their components and constituents. Traditional strategies
for e-waste treatment focus on metal recovery through costly, energetically intensive, and
environmentally hazardous processes, such as pyrometallurgical and hydrometallurgical
approaches, often neglecting other e-waste constituents. As efforts are directed towards
creating a more sustainable and circular economic model, biobased alternative approaches
to these traditional techniques have been increasingly investigated. This critical review
focuses on recent advances towards sustainable e-waste treatment, exclusively considering
studies using e-waste sources. It addresses, from a critical perspective, approaches using
inactive biomass, live biomass, and biogenic compounds, showcasing the diversity of
strategies and discussing reaction parameters, advantages and disadvantages, challenges,
and potential for valorization of generated by-products. While ongoing research focuses
on optimizing operational times and metal recovery efficiencies, bioprocessing approaches
still offer significant potential for metal recovery from e-waste. These approaches include
lower environmental impact by reducing energy consumption and effluent treatments and
the ability to recover metals from complex e-waste streams, paving the way for a more
circular economy in the electronics industry.

Keywords: bioremediation; e-waste; metals; non-living biomass; bioleaching; microorganisms;
biogenic lixiviants; waste utilization

1. Introduction
Waste electrical and electronic equipment (also known as WEEE, or e-waste, as referred

to henceforth) encompasses a wide range of waste materials derived from electrical and
electronic equipment (EEE) without the intent of reuse [1,2]. As technology progresses and
EEE becomes obsolete at an ever-faster pace, the generated waste volumes increase. This is
further amplified by ever broader EEE markets and lax regulations on the safe disposal
and treatment of this hazardous type of waste. E-waste volumes in 2022 were reported to
be 62 billion kg and are predicted to reach 110 Mt in 2050 if current trends hold, making
this the fastest-growing waste stream worldwide [1,3]. This is of particular concern, given
the inadequacy of the current e-waste management infrastructure and regulations—for
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2022, it was reported that only around 22% (or 13.8 billion kg) of e-waste was formally
recycled, compared to over 48 billion kg that remained undocumented, potentially ending
up informally treated, incinerated, or unsafely dumped [1]. This information can be
observed in Figure 1.

Environments 2025, 12, x FOR PEER REVIEW 2 of 37 
 

 

concern, given the inadequacy of the current e-waste management infrastructure and reg-
ulations—for 2022, it was reported that only around 22% (or 13.8 billion kg) of e-waste 
was formally recycled, compared to over 48 billion kg that remained undocumented, po-
tentially ending up informally treated, incinerated, or unsafely dumped [1]. This infor-
mation can be observed in Figure 1. 

 

Figure 1. Overview of e-waste generation by region, including the respective proportions of docu-
mented and undocumented treatment. Examples of end-of-life treatment methods are also pro-
vided. Data and information sourced from references [1,4]. 

In 2022, most e-waste was generated in Asia (30 billion kg), while the continent that 
generated the most per capita was Europe (17.6 kg per capita), followed by Oceania (16.1 
kg per capita) and the Americas (14.1 kg per capita), whereas Asia and Africa generated, 
respectively, 6.6 and 2.5 kg per capita [1]. Notwithstanding, Europe has the highest docu-
mented formal e-waste collection and recycling rate (42.8%), whereas in the remaining 
continents, the volume of e-waste formally collected and recycled remains substantially 
lower [1]. Due to higher labor costs and stricter environmental regulations, some finan-
cially developed regions (e.g., North America, Europe) export uncontrolled e-waste to the 
global south (e.g., Africa, Southeast Asia, and South and Central America, the former im-
porting up to 14% of its total e-waste share, with less than 5% of such trade being classified 
as controlled) [1]. In these importer countries, e-waste may be processed in less regulated 
conditions [5]: for example, only around 1% of the e-waste in Africa was documented to 
be soundly managed, although an even smaller share of 0.1% is documented in West Asia 
[6], a significantly richer region than Africa [7]. 

The improper disposal and treatment of e-waste poses significant environmental and 
health risks due to the presence of hazardous components. For example, soils collected in 
farmlands near e-waste industrial sites in southeast Zhejiang Province, China, revealed 
exceeded risk screening values of cadmium, copper, lead, and zinc [8], linked to compro-
mised crop quality and potential health risks for humans [9] and local fauna [10]. This 

Figure 1. Overview of e-waste generation by region, including the respective proportions of docu-
mented and undocumented treatment. Examples of end-of-life treatment methods are also provided.
Data and information sourced from references [1,4].

In 2022, most e-waste was generated in Asia (30 billion kg), while the continent that
generated the most per capita was Europe (17.6 kg per capita), followed by Oceania (16.1 kg
per capita) and the Americas (14.1 kg per capita), whereas Asia and Africa generated,
respectively, 6.6 and 2.5 kg per capita [1]. Notwithstanding, Europe has the highest doc-
umented formal e-waste collection and recycling rate (42.8%), whereas in the remaining
continents, the volume of e-waste formally collected and recycled remains substantially
lower [1]. Due to higher labor costs and stricter environmental regulations, some financially
developed regions (e.g., North America, Europe) export uncontrolled e-waste to the global
south (e.g., Africa, Southeast Asia, and South and Central America, the former importing
up to 14% of its total e-waste share, with less than 5% of such trade being classified as
controlled) [1]. In these importer countries, e-waste may be processed in less regulated
conditions [5]: for example, only around 1% of the e-waste in Africa was documented to be
soundly managed, although an even smaller share of 0.1% is documented in West Asia [6],
a significantly richer region than Africa [7].

The improper disposal and treatment of e-waste poses significant environmental and
health risks due to the presence of hazardous components. For example, soils collected in
farmlands near e-waste industrial sites in southeast Zhejiang Province, China, revealed ex-
ceeded risk screening values of cadmium, copper, lead, and zinc [8], linked to compromised
crop quality and potential health risks for humans [9] and local fauna [10]. This raises envi-
ronmental and health risk concerns in the importing countries (as reviewed by Chakraborty
et al. [11,12]), leading to international agreements, such as the Basel Convention, to control
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and oversee shipments [13]. However, since its inception, the Basel Convention has been
plagued with problems related to data inaccuracy and non-standardization [14,15].

Irrespective of a country being developed or developing, a considerable share of
e-waste may end up in landfills after recovering its more valuable constituents, like metals
(e.g., gold, silver, copper). E-waste is often found as a complex mixture of different
constituents, including hard-to-recover hazardous metals (e.g., lead, lithium, mercury),
organic contaminants (e.g., polybrominated diphenyl ethers used as flame retardants), glass
(including leaded glass), and plastics (e.g., acrylonitrile butadiene styrene, polystyrene,
and polypropylene) [16]. The non-recovery of e-waste metals represents an economic loss
of roughly USD 57 billion in 2019 alone, leading to efforts in urging governing bodies
worldwide to regulate the disposal and recycling of e-waste [3]. The People’s Republic
of China and the European Union, for example, have planned significant expansions in
e-waste recycling and infrastructure in the near future to recover critical raw materials
(CRMs) [17,18].

Current recycling approaches for CRM/metals recovery mainly focus on conventional
methods [19], which usually go through a sorting step (including separation and dismantle-
ment [20], followed by pyrometallurgical (e.g., pyrolysis, smelting) or hydrometallurgical
techniques [20]. However, as economies transition into a green, circular model, the high
energy demand and release of hazardous compounds from conventional methods, often
allied to potential co-treatments for effluents, increase overall costs and environmental
footprint. The unsustainability of these approaches is further compounded, given the
focus on CRMs to the detriment of less valuable components. Thus, this does not align
with green chemistry principles [21] and the circular economy model [22]. This would
instead require increased focus on the sustainable management of these resources as well
as other constituents of e-waste towards their industrial (re)application, as per Figure 2. To
address these challenges and move towards a more sustainable circular economy, biopro-
cessing of e-waste is emerging as a promising alternative to conventional methods. In this
context, the bioprocessing of e-waste is being investigated as a viable alternative to these
conventional procedures.
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The urgency for sustainable e-waste recycling is further underscored by the geopoliti-
cal landscape surrounding critical raw materials [25]. The concentration of production and
potential disruptions in supply chains highlight the need to diversify sourcing and recover
valuable metals from existing waste streams while opening opportunities for innovative
biotechnological approaches like bioprocessing. Given the increased academic interest
in and research on e-waste, several reviews and reports have been released focusing on
(i) characterizing the global and regional trends in e-waste generation [3,26]), (ii) e-waste
composition and its environmental and health impacts [27,28], (iii) policies and regula-
tions related to e-waste management at the national and international levels [29,30], and
(iv) recycling technologies and methods for recovering valuable materials (mainly metals)
from e-waste to embrace sustainability and circularity (e.g., [31,32]). More recently, efforts
have been focused on more sustainable approaches to tackle e-waste (mainly through the
recovery of metals), including the treatment of several e-waste form factors, from printed
circuit boards to liquid crystal displays, using a variety of microorganisms and process-
ing strategies, as reflected in recent reviews [33,34]. Strategies for the bioremediation of
metal-contaminated sites have also been mentioned in such reviews (e.g., through biotrans-
formation or bioaccumulation) [35]. While existing reviews provide valuable insights, they
often focus on individual e-waste constituents (previously separated), or even non-e-waste
substrates, rather than complete samples, while also overlooking critical aspects such as
scalability, hazards, and biomass valorization. This review addresses these gaps by exclu-
sively evaluating recent advances in metal processing directly from e-waste using biobased
approaches. It critically addresses the efficiency, scalability, and potential of biobased
strategies (using live biomass, dead biomass, and bioactive compounds) while exploring
options to add value to by-products and residual biomass. To that end, studies, mainly
from 2019 onwards, were collected from several platforms, such as Google Scholar and Sco-
pus, and verified one by one as to the waste material used in their biobased experimental
approaches. Only studies using samples of electronic equipment and recovered e-waste
were considered for this review, differentiating them from other publications; studies using
synthetic materials and laboratory-synthesized samples to simulate e-waste in its entirety
or e-waste fractions (e.g., laboratory-produced metal solutions) were thus excluded.

2. Biobased Strategies for E-Waste Metal Recovery—A Critical Overview
of Recent Advances
2.1. Use of Inactive Biomass in E-Waste Bioprocessing

The bioprocessing of e-waste constituents in a medium or environmental matrix can be
conducted from naturally occurring metabolic processes or by physical–chemical reactions.
Using biomass and other biological agents has the potential advantage of decoupling
process efficiency from the toxicity of the medium. Given the high toxicity of some e-
waste constituents, such as metals and brominated compounds, biobased alternatives
using non-living biomass have been the subject of some attention for bioprocessing, with a
particular focus on metals. This section explores non-living biomass and other biobased
approaches, such as biogenic reagents for bioprocessing contaminants sourced directly
from e-waste. An overview of recent literature focusing on these approaches can be found
in Table 1, including the main bioprocesses used, waste type, pulp density (i.e., waste
solid-to-liquid ratio), recovery of select metals as reported by each study, instances of
sorption/desorption and their significance to the recovery of metals, optimal operational
conditions, and explored avenues for valorization of generated products. We endeavored to
maintain information on the tables in this review as faithful to the original source materials
as possible.
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Table 1. Recent advances in metal bioprocessing from e-waste sources using inactive biomass (“-”—not explored in study; wPCB—waste printed circuit board;
Au—gold; Ag—silver; Cu—copper).

Process(es)
Waste
Type

Bioprocessing
Agent Pulp Density

Maximum Recovery of
Select Metals

Metal
Sorption

in Biomass

Operational Volumes and
Experimental Conditions

(Re)valorization of
Generated Products Reference

Au Ag Cu

Bioleaching wPCB Oak Tree
Biochar 1.6 g/L - - 98%

Cu2+ adsorbed to biomass at
pH higher

than 2,
adsorbed metal considered

not recovered

100 mL (flasks); Optimal
Conditions: Oak wood biochar
(500 ◦C, 1 h); biogenic sulfuric
acid (15-day 30 ◦C 160 rpm cell
culture, 1 h 600 ◦C, 10,000 rpm

isolation); leaching (3-day 30 ◦C
160 rpm with 1.6 g/L of biochar)

Undiscussed [36]

Biosorption wPCB Corn Straw
Biochar

Not
specified 98% - -

Up to 98%
in a

single cycle

10 mL (flasks); Optimal
Conditions: Corn straw biochar
(700 ◦C, 3 h); biosorption (5 h,

50 ◦C, 200 rpm, pH 3 with 0.15 g
of biochar/

/3:200 solid-liquid ratio)

Undiscussed [37]

Bioleaching,
Biosorption wPCB Cellulose (phos-

phorylated)

10 g
per

100 mL
- - 35.9

mg/g
Up to 3 sorption/

/desorption cycles

100 mL (flasks); Preparation of
crosslinked phosphorylated

cellulose (2–3 days, up to 60 ◦C);
simultaneous leaching

and sorption (48 h, 60 ◦C, pH 7)

Reapplication of recovered
metals; Reproducible

sorption
[38]
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Different types of dead biomass may be used to assist e-waste bioprocessing. For
example, biochar, a carbon-based product of biomass pyrolysis from various sources, from
lignocellulosic material to food waste [39], has been increasingly studied for its potential
for metal remediation in different media. Thanks to several attractive characteristics, such
as high surface areas, the potential presence of functional groups on said surfaces, and
the ability to facilitate electron transfer, biochar can potentially facilitate metal bioleaching
and biosorption [36]. Zhou et al. [37] explored the use of biochar properties (particle size,
source material, pyrolysis temperature) and experimental conditions (pH, temperature) on
gold recovery from pulverized e-waste (in this case, waste printed circuit boards—wPCBs).
Furthermore, the use of biochar in this case followed an iodine-iodide leaching process,
with increased environmental performance compared to the commonly applied aqua regia
or cyanide methods, which make use of more hazardous reagents. Specifying, for this
process, pulp density was 10% (w/v), the iodine concentration used was 1.0%, in a 1:10
ratio to iodide, with 1.0% (v/v) hydrogen peroxide; the reaction occurred for 4 h, at room
temperature. It was found that the inclusion of smaller biochar particles in the iodine–
iodide lixiviant after the leaching process generally increased adsorption efficiency (up
to 40–60 mesh), but excessively small particles (<200 mesh) reduced efficiency due to
decreased material integrity and hindered gold diffusion. Corn straw biochar pyrolyzed at
700 ◦C showed the highest gold adsorption capacity, likely due to its increased porosity,
which in this study was found to correlate positively with charring temperature. Combined
with a dose of 0.15 g of biochar per 10 mL, acidic conditions (pH 3, obtained through the
addition of potassium hydroxide and hydrogen iodide) were optimal for gold biosorption
using this biochar, attributed to the increased surface area and negative surface charge.
Higher pH values saw the efficacy of biosorption decrease to as low as 60% in comparison,
with a steep decline above pH 7. Biosorption efficiency peaked at 40–50 ◦C, suggesting
a balance between solution viscosity (higher as temperature decreases) and potential
temperature-related effects on adsorption mechanisms, resulting in lower efficiencies
as tested temperatures deviated from this range (although they remained high, in the
90–95% range). While the maximum adsorption efficiency of corn straw biochar (98%)
was comparable to activated carbon (98.6%), the activated carbon approach required less
material (0.05 g/10 mL compared to 0.15 g/L for biochar) and achieved faster adsorption.
However, the study did not evaluate the desorption of gold from biochar or its reusability,
limiting the assessment of its practical potential. Furthermore, the energy-intensive nature
of biochar production raises concerns about the overall environmental sustainability of
this approach.

Another approach for the extraction of metals from e-waste was explored by Math-
aiyan et al. [38]. In this study, simultaneous bioleaching and biosorption of copper from
wPCBs was attempted. To that end, a phosphorylated crosslinked cellulose matrix was
prepared and subsequently added to a pH 4, 7, or 10 aqueous solution, together with 10 g
of wPCB fragments. These waste fragments were pretreated with 10 M sodium hydroxide
for the removal of epoxy resin coverings. The reaction, which occurred for 48 h at 60 ◦C,
yielded a copper concentration of 35.9 mg/g in the cellulose matrix at pH 7, with competi-
tion with H+ ions at lower pH and higher solubility of copper at higher pH, resulting in
lower biosorption (18.4 mg/g and 12.75 mg/g, respectively). Temperature was also found
to be a key factor, with reduced efficiencies at and below 45 ◦C (no higher than 13.34 mg/g).
It was also found that the phosphorylated cellulose matrix was capable of retaining sorp-
tion ability throughout multiple sorption and desorption cycles. Specifically, after three
sequential leaching experiments, copper sorption capacity was recorded to be 36.2 mg/g
(with a recorded minimum of 34.7 mg/g in the second experiment). Furthermore, this study
describes subsequent steps for the revalorization of this waste, specifically the synthesis of
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several copper-based materials through a calcination process (400 ◦C/700 ◦C, 1 h), which
were then applied as working electrodes for ascorbic acid detection, exhibiting fast response
times dependent on concentration. Overall, it was found that Cu(II)-P(O)-cellulose calci-
nated at 700 ◦C generally exhibited the most attractive performance, particularly regarding
linear range (20–2300 µM), limit of detection (0.047 µM, surpassed mainly by catalysts with
much more limited linear ranges of up to 1–100 µM), as well as accuracy and selectivity for
ascorbic acid. This study stands out by exploring both a novel metal extraction method
from e-waste and its upcycling into functional components in a relatively short period.
The main environmental impact originating from this approach relates to the calcination
processes used for the revalorization of the recovered copper and their energy intensive-
ness; however, these processes are not strictly part of the copper extraction strategy itself,
and thus this process retains a high environmental friendliness. It is unclear, on the other
hand, how hazardous the process effluents resulting from simultaneous bioleaching and
biosorption are. Further studies considering phosphorylated cellulose for the adsorption of
leached metals may also consider alternate, biobased approaches for metal leaching, thus
combining sustainable, biobased approaches for both the leaching and recovery of metals
from the lixiviant solution. As will be explored henceforth, in the subsequent sections, most
studies analyzed for this review focus only on a single aspect of metal recovery efforts from
e-waste—specifically, most studies’ single focus remains the bioleaching process itself. As
such, the integration of sequential biobased procedures for the leaching and subsequent
recovery of leached metals from e-waste, and thus an integrative biobased approach for
e-waste treatment, remains underexplored.

A direct comparison between these different approaches for metal extraction and re-
covery from e-waste is challenging despite the same waste type and target metal. However,
some general observations can be made, which are transversal to most recent studies in
this field. For example, the different units used to report the amount of copper recovered
in both studies highlights one of the key challenges to the comparability of the results in
this field, as will be further explored in the subsequent sections. Otherwise, the process
described by Mathaiyan et al. [38] displays key advantages, as the energy-intensive biochar
and activated carbon production processes are not required (although the upcycling of
the recovered copper would also demand such energy-intensive procedures), and the
leaching process occurs at neutral pH (7), rather than under acidic conditions (i.e., leaching
through sulfuric acid), which could also have implications in the need, or lack thereof, for
intensive effluent treatment after the e-waste processing. However, the processes described
above demonstrate a waste recovery efficiency that exceeds that of key current industrial
players (e.g., the pyrometallurgical–hydrometallurgical combined approach of Umicore, at
70% [40]). Further research is needed to directly compare the efficiency, cost-effectiveness,
and environmental impact of these two approaches under similar conditions.

The potential toxicity of effluents generated during bioprocessing is also a crucial
factor to consider, as the presence of toxic compounds and the pH of the effluent may con-
dition its disposal/treatment and, thus, the financial sustainability of the overall process.
Thus, a more comprehensive analysis of effluent composition is necessary to assess its
environmental impact. This analysis should include identifying and quantifying specific
contaminants, such as heavy metals, organic compounds, and residual leaching agents.
For example, tailings from cyanidation processes (still common) incur concern over envi-
ronmental harm. Cyanide use and discharge in some industrial activities has been tightly
regulated in several regions (e.g., the European Union [41]). However, such tailings can
result from processes using up to 1.0 pounds of sodium cyanide per ton of solution; mean-
while, across the studies analyzed for this review, Merli et al. [42] reached a comparatively
lower biogenic cyanide production of 10 mg/L. Still, given that cyanide concentrations as
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low as 2.1 mg/kg of body weight could prove life-threatening for animals [43], compounds
such as sodium cyanide in concentrations as low as 30 mg/m3 could prove life-threatening
for humans in as little as 1 h of exposure [44], and that the presence of cyanide in water
is tightly regulated (e.g., 50 µg/L in the European Union [45]), the analysis of processual
effluents remains integral for the assessment of process sustainability.

Industrial yields for rare earth metals (a set of metal elements including scandium,
yttrium, and the 15 lanthanides [46]) from e-waste have reached 90% while processing
large batches of waste (e.g., a pilot-level plant processing disk drives, capable of managing
over one ton of disk drives per batch [47]). Thus, bioprocessing approaches using inactive
biomass to enhance the extraction of metals from various sources have been found to largely
meet or even exceed these current industrial yields for select metals, but the scale-up of
these methodologies may yet present challenges.

2.2. Use of Live Biomass Directly in E-Waste Bioprocessing

Live organisms have been extensively explored for metal bioprocessing applications
in various scenarios—other than bioleaching, a diversity of organisms have been found
to use mechanisms such as biosorption, bioaccumulation, and bioprecipitation to remove
these contaminants from the sources, with examples including sponges and algae (e.g.,
Pinto et al., 2023 [48]). However, most studies concerning the bioprocessing of e-waste,
specifically, focus on metal bioleaching rather than the capture of the metals solubilized
from e-waste sources, wherein fungi and bacteria are the more researched microorganisms.
These microorganisms can induce metal bioleaching through different mechanisms, such as
the secretion of cyanide (bio-cyanidation) (e.g., Thakur and Kumar, 2021 [49]) and organic
and inorganic acids (acidolysis) (e.g., Arshadi et al., 2020, Arshadi et al., 2021 [50,51]) or
the production of redox lixiviants such as ferric iron (oxidation) (e.g., Van Yken et al.,
2020 [52]) (Figure 3). An overview of recent literature regarding the use of live biomass for
the bioprocessing of metals from e-waste sources can be found in Table 2.
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Table 2. Recent advances in metal bioprocessing from e-waste sources using live biomass (NE—not explicit in literature; “-”—not explored in study; wPCB—waste
printed circuit board; LEDL—light-emitting diode lamp; LCD—liquid crystal display; Au—gold; Ag—silver; Cu—copper).

Process(es) Waste
Type

Bioprocessing
Agent Pulp Density

Maximum Recovery of Select
Metals Metal Sorption in Biomass Operational Volumes and Experimental

Conditions
Valorization of

Generated
Products

Reference
Au Ag Cu

Bioleaching wPCB

Acidithiobacillus
ferrooxidans and

A. thiooxidans
consortium (2:1),
Aspergillus niger

8% - - 93% -

200 mL (flasks); Microorganism culture (9 K
(bacterial) and Czapek Dox media (fungi),

unspecified duration and conditions); bioleaching
(10 days at 120 rpm, 308 K, pH 2)

Undiscussed [53]

Bioleaching,
Bioaccumulation wPCB

A. niger and
Aspergillus
consortium

11 g
in

1.6 L
56% - -

Biosorption only assessed at
the end, not considered in the

recovery calculation

1600 mL (Bioreactor); Bioleaching (38 discs 7 mm
in diameter

as initial inoculum,
incubation up to 32 days,
19–23 ◦C, no agitation)

Undiscussed [54]

Bioleaching,
Biosorption,

Bioaccumulation
wPCB Penicillium

simplicissimum 10 g/L - - 96.94% Adsorbed metals considered
recovered

1000 mL (Bioreactor); Microorganism culture and
adaptation (108 spore inoculum in 1 L Bosshard

medium, 1 week, 30 ◦C, followed by adaptation in
100 mL, 30 ◦C, 130 rpm to 40 g wPCB); bioleaching
(8.8% (v/v) molasses, 0.29 L O2/min for copper)

Undiscussed [55]

Bioleaching,
Biosorption,

Bioaccumulation
wPCB A. fumigatus

A2DS 0.5% - - 62%
Adsorbed metals not

considered in recovery
calculations

100 mL (flasks); Fungi culture (7 days at 30 ◦C,
120 rpm); bioleaching (7 days at 20 to 40 ◦C,
120 rpm); centrifugation (10,000× g, 10 min)

Undiscussed [56]

Bioleaching wPCB Aspergillus spp. 3 g/L - - 86% Unexplored
500 mL (flasks); Fungi culture (sucrose medium,

pH 5, 30 ◦C, 170 rpm); bioleaching (pH 5.7, 30 ◦C,
170 rpm, up to 33 days)

Undiscussed [57]

Bioleaching wPCB A. niger 10 g/L - - 97% Unexplored

100 mL (flasks); Fungi culture/adaptation
(Bosshard medium, 1 mL spore inoculum 30 ◦C,

130 rpm); bioleaching (pH 5.15, 107 spore
inoculum size, 30 ◦C, 130 rpm,

11.5 days)

Undiscussed [50]

Bioleaching wPCB A. niger 2.5% - - 60% Unexplored

100 mL (flasks); Fungi culture (14 days in glucose
medium at 30 ◦C, 120 rpm, pH 6.5); bioleaching

(7 days at 30 ◦C, 120 rpm, pH 3, 40.67 g/L
Fe2(SO4)3)

Undiscussed [58]

Bioleaching wPCB Frankia
consortium 0.2% 0.11

mg/g
0.09

mg/g
0.17

mg/g Unexplored
Unspecified volume and architecture; fungal

culture (up to 3 days, defined propionate minimal
medium); bioleaching (28 ◦C for up to 33 days)

Undiscussed [59]

Bioleaching wPCB
A. ferrooxidans,
Acidiphilium
acidophilum

7.5 g/L 38% 46% 96% Unexplored

500 mL (flasks); Bacterial culture (Silverman and
Lundgren 9k and National Collection of Industrial

Microorganisms 206 media, pH 2.5, 30 ◦C,
170 rpm for up to 48 h); bioleaching (pH 2.5, 30 ◦C,

170 rpm for up to 30 days)

Undiscussed [60]

Bioleaching wPCB A. ferrooxidans 20 g/L - - 54% Unexplored

1000 mL (Bioreactor); Bacterial culture (9 K
medium, 30 ◦C, 130 rpm, 250 mL flasks, up to

15 g/L wPCB, and 30 ◦C, 1 L O2/min, bioreactor,
up to 40 g/L wPCB); bioleaching (1.5 vvm, 40 g/L

ferrous sulfate, 30 ◦C for 9 days)

Undiscussed [51]
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Table 2. Cont.

Process(es) Waste
Type

Bioprocessing
Agent Pulp Density

Maximum Recovery of Select
Metals Metal Sorption in Biomass Operational Volumes and Experimental

Conditions
Valorization of

Generated
Products

Reference
Au Ag Cu

Bioleaching wPCB
A. ferrooxxidans,

Pseudomonas
aeruginosa

1 g/L 20% 90% - Unexplored

500 mL (flasks); Culture (50 mL nutrient broth
medium, 30 ◦C, 150 rpm 48 h); bioleaching (two

step: growth phase—
1 g/L glycine, pH 8, 20 h; bioleaching—pH 9,

30 ◦C, 150 rpm for 7 days)

Undiscussed [42]

Bioleaching wPCB P. balearica SAE1 1% - 36% - Unexplored

100 mL (flasks); Ferric chloride pre-treatment
(50 ◦C, 150 rpm, 1–3 h); bioleaching (Luria broth

medium, 5 g/L glycine, pH 9, 30 ◦C, 150 rpm,
8 days, following bacterial culture in same

conditions, 2 days)

Undiscussed [49]

Bioleaching wPCB
Leptospirillum

ferriphilum,
Sulfobacillus
benefaciens

1% - - 100% Unexplored
100 mL (flasks) 2200 mL (Bioreactor); Bioleaching

(3C medium, 3 g/L Fe(II), pH 1.2, 60 L
(O2/CO2)/min, 650 rpm, 35 ◦C, for up to 25 days)

Undiscussed [61]

Bioleaching wPCB
Magnetospirillum

sp., M.
gryphiswaldense

NE - - 89% Unexplored

Unspecified working volume (flasks); bacterial
culture (Magnetospirillum growth medium or

oxygen-sulfide gradient medium, up to 10 days);
bioleaching (pH 6.7–7, 28 ◦C, 120 rpm for 12 days)

Undiscussed [62]

Bioleaching wPCB A. ferrooxidans 7.5 g/L - - 100% Unexplored 350 mL (flasks); Bioleaching (30 (v/v) fresh culture
inoculum, pH 1.7, 30 ◦C, 130 rpm for 48 h)

Potential reuse
of biomass

in the process
[63]

Bioleaching wPCB A. ferrooxidans
3 g
in

400 mL
- - 80% Unexplored

400 mL (bioreactor); Bacterial culture (900 mL 6 K
medium supplemented with 30 g

FeSO4·7H2O/100 mL, pH 1.7, 30 ◦C, 200 rpm,
50 NL/h aeration for at least 48 h); bioleaching

(bacterial culture pumping through column,
54 mL/min, pH 1.75)

Potential reuse
of biomass

in the process
[64]

Bioleaching LEDL
Bacillus

Megaterium,
A. ferrooxidans

10 g/L 93% 91% 87% Unexplored

50 mL (flasks); Ferric pre-treatment (9 K medium,
pH 2, 29 ◦C, 140 rpm, followed by centrifuging at
12,000 rpm for 20 min, and application on LEDL,

20 g/L, 150 rpm, up to 10 days, followed by
centrifuging, 8000 rpm 15 min and drying, 70 ◦C,
2 h); Bacillus culture (Nutrient broth medium with
10 g/L L-methionine, pH 7–11, 30 ◦C, 150 rpm for

24 h); bioleaching (2% (v/v) inoculum, 30 ◦C,
150 rpm for 4 days)

Undiscussed [65]

Bioleaching wPCB
A. ferrivorans,

A. ferrooxidans,
P. putida and
P. fluorescens

1% 45% - 96% Unexplored

100 mL (flasks); Bacterial culture (DSM
882 medium, pH 2.5, 30 ◦C and King’s B agar

medium at 28 ◦C); copper bioleaching (106

CUF/mL inoculum,
28–30 ◦C, 180 rpm, up to 480 h); gold bioleaching
(culture supplemented with 8 g/L glycine, 28 ◦C,

160 rpm for 120 h)

Undiscussed [66]
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Table 2. Cont.

Process(es) Waste
Type

Bioprocessing
Agent Pulp Density

Maximum Recovery of Select
Metals Metal Sorption in Biomass Operational Volumes and Experimental

Conditions
Valorization of

Generated
Products

Reference
Au Ag Cu

Bioleaching wPCB

Tissierella,
Acidiphilium and
Leptorspirillum-

majority
consortium

10 g/L 28% <0.25% 69% Unexplored

3 L (Bioreactor); Bacterial culture (9 K medium,
pH 2, 150 rpm, 28 ◦C for 46 days, with re-seeding
for up to 9 weeks); bioleaching (4.5 K medium, pH

2, 10% (v/v) inoculum, 30 ◦C, 150 rpm, 500 mL
O2/min for 5 days until desired bacterial density,

and further 18 days in contact with wPCB)

Undiscussed [67]

Bioleaching wPCB L. ferriphilum,
S. benefaciens 1% - - 96% Unexplored

2.25 L and 150 mL (stirred and bubble column
bioreactors); continuous bioleaching (bubble
column: 0C medium with 1 g/L Fe(II), 15 g

activated charcoal, 10% (v/v) inoculum, pH 1.1,
1% CO2 airflow 20–30 L/h, 36 ◦C; stirred tank:
47 mL/h feed rate, STR 48 h, pH 1.5, 600 rpm,

36 ◦C, 60 L O2/h for up to 20 days)

Undiscussed [68]

Bioleaching wPCB
Acidithiobacillus
spp.-dominated

consortium
1% - - 89.09% Unexplored

200 mL (flasks); Bacterial culture (modified 9 K
medium, pH 2.0, 10% (v/v) inoculum, 30 ◦C,

120 rpm); bioleaching (25–40 ◦C, 120 rpm, up to
20 days)

Undiscussed [69]

Bioleaching wPCB A. ferrooxidans,
L. ferrooxidans 5% - - 94% Unexplored

100 mL (flasks); Bacterial culture (DSMZ
882 medium, 120 rpm, 30 ◦C for 5 days);

bioleaching (48 h of isolated growth, followed by
insertion of wPCB and substitution of 80% of

volume by new medium, followed by leaching at
30 ◦C, 120 rpm, pH 1.6 for 11 days)

Undiscussed [70]

Bioleaching,
Biosorption wPCB

Lentinus edodes,
Pleurotus florida,

Ganoderma
lucidum, A. niger,

Trametes versicolor,
Streptomyces spp.,

and
Pseudomonas spp.

5 g/L - - 18%
Single

Cycle sorption/desorption
reported

Unspecified working volume (flasks); bioleaching
(mushroom minimal fungal media, pH 6.5, 25 ◦C,

or M9 bacterial media, pH 7.2, 27 ◦C, 8 days,
12 subsequent for biosorption); desorption (50 mL

0.05 M nitric acid, 160 rpm for 24 h)

Undiscussed [71]

Bioleaching,
Bioaccumulation,
Bioprecipitation

wPCB

A. ferrooxidans,
A. thiooxidans,
L. ferrooxidans,

P. putida,
Fusarium

oxysporum,
B. Cereus

NE 50% - 100% -

100 mL (flasks); Bioleaching (Culture medium
supplemented with 200 mM Fe(II), pH 2.5, 30 ◦C;
secondary bioleaching—dry residues used, pH

7.3, 35 ◦C 150 rpm; both cultures inoculated with
107–108 cells/mL); nanoparticle synthesis (30 ◦C,

160 rpm for 96 h; secondary treatment at 37 ◦C
200 rpm for 24 h; metal recovery through

centrifugation, 30 min, 14,700 rpm)

Undiscussed [72]

Bioleaching wPCB

Unspecified
heterotrophic

bacterial
consortium

10 g/L - - 4% Unexplored

60 mL (flasks); Microbial cultures and adaptation
(nutrient medium, pH 3, 30 ◦C, 150 rpm for

7 days, adaptation with up to 100 mg/60 mL
wPCB for 21 days); bioleaching (10% (v/v)

inoculum, 30 ◦C, 150 rpm for 15 days)

Undiscussed [73]



Environments 2025, 12, 26 12 of 30

Table 2. Cont.

Process(es) Waste
Type

Bioprocessing
Agent Pulp Density

Maximum Recovery of Select
Metals Metal Sorption in Biomass Operational Volumes and Experimental

Conditions
Valorization of

Generated
Products

Reference
Au Ag Cu

Bioleaching wPCB

B. megaterium,
Bacillus sp.,

B.
amyloliquefaciens,

B. safensis,
Brevibacterium
frigoritolerans,

Chryseomicrobium
amylolyticum,
Lisynibacillus

sphaericus

10 g/L 73.6% - 87.5% Unexplored

100 mL (flasks); Bioleaching (2 × 108 CFU/mL
inoculate, medium supplemented with 5 g/L
glycine, pH 9, 30 ◦C, 150 rpm for 2 days for

growth followed by 7 days with wPCB)

Undiscussed [74]

Bioleaching wPCB A. ferrooxidans
50 g/L, 800 mL

replaced by fresh
medium after 48 h

- - NE Unexplored

100 mL (flasks); Bioleaching (DSMZ 882 medium,
pH 1.6, 30 ◦C, 120 rpm; growth for the first 48 h;
first leaching step with wPCB, 48 h; replacement

of 80% of solution with fresh medium and
incubation up to 168 h)

Undiscussed [75]

Bioleaching wPCB A. aquatilis 2% - -

169.45
mg/g
(flask),
132.55
mg/g

(reactor)

Unexplored

100 mL (flasks) and 250 mL fluidized bed
bioreactor; Bacterial culture (Nutrient broth

media, 28 ◦C, 80 rpm with acclimation up to 5%
wPCB pulp density, 24 h per step); bioleaching

(28 ◦C, 100 rpm for 96 h in flasks, 3 LPM airflow
rate, 28 ◦C for 96 h in the bioreactor)

Undiscussed [76]

Bioleaching wPCB Bacillus sp. 1% 75% 63% 86% Unexplored

3 L (flask); Bacterial growth (nutrient broth
supplemented with 5 g/L of amino acids,

4 × 108 CFU/mL inoculum, pH 9, 40 ◦C for 30 h);
bioleaching (nutrient broth supplemented with
5 g/L of amino acids, 1 mg/L methionine and

5 g/L glycine, pH 9, 40 ◦C, 180 rpm)

Undiscussed [77]

Bioleaching wPCB
A. niger and

A. tubingensis
mixed culture

3 g/L - - 86% Unexplored

500 mL (flasks); Fungal culture (Sucrose medium,
pH 5, 30 ◦C, 170 rpm); bioleaching (two step:

30 ◦C, 170 rpm, for 72 h, followed by the addition
of wPCB and 33 days of incubation)

Undiscussed [57]

Bioleaching LCD

Acidophilic
bacterial

consortium
(L. ferriphilum,
L. ferrooxidans,
A. ferrooxidans,
A. ferridurans,
A. ferriphilus,
A. ferrivorans,
A. ferrianus,

S. thermosulphido-
oxidans,

S. acidophilus,
A. caldus,

A. thiooxidans,
A. ambivalens,

Ferroplasma spp.)

32.5 g/L - - - Unexplored

Flasks (volume undisclosed); Bacterial culture
(acidophile basal salts and trace elements

medium, 107 cells/mL inoculum, pH 1.8, 30 ◦C,
130 rpm); bioleaching (adaptation with up to
32.5 g/L wPCB over 14 days, 108 cells/mL

inoculum; leaching under same conditions, 30 ◦C,
130 rpm for 14 days)

Undiscussed [78]
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Table 2. Cont.

Process(es) Waste
Type

Bioprocessing
Agent Pulp Density

Maximum Recovery of Select
Metals Metal Sorption in Biomass Operational Volumes and Experimental

Conditions
Valorization of

Generated
Products

Reference
Au Ag Cu

Bioleaching,
Biosorption wPCB

A. ferrooxidans,
L. ferrooxidans and

L. ferriphilum
consortium

(encapsulated in
alginate beads,
bioleaching);
Saccharomyces

Cerevisiae
(biosorption)

8%
98%

selective
biosorp-

tion
- 100% Single Cycle sorption

reported

0.5 to 2 L working volume (2-chamber bioreactor);
Bacterial culture (M16 medium, supplemented

with 25% FeSO4·7H2O (w/v), pH 1.2;
encapsulation in alginate-based beads);

bioleaching (1 vvm air inflow, 31 ◦C, pH 1.5
(leaching) or 1.7 (bio-oxidation), 700 rpm

(leaching) or 600 rpm (bio-oxidation)); gold
biosorption (10% (w/v) yeast inoculum dispersed
by ultrasonic bath, 60 s, on aqua-regia dissolved

metal mixture, incubated 15 min at 150 rpm,
followed by centrifugation, 4430× g)

Undiscussed [79]
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As per Table 2, recent investigations have employed both bacterial and fungal biomass,
with bacterial-based approaches representing the bulk of bioleaching research. Of those,
16 studies used chemolithotrophic bacteria (redox bioleaching), whereas a relative minority
used heterotrophic organic acid producing bacteria for the solubilization of metals from
e-waste sources. Fungal-based bioleaching has been relatively less explored overall. Some
advantages of the use of fungal species, both unicellular and filamentous, include high
tolerance to the presence of several metals, even when compared to bacterial species [80],
the plasticity to stand a wide range of pH, and the relatively higher production and secre-
tion of metabolites, some of which are used in bioprocessing and in potential valorization
processes [81]. The milder acidic conditions associated with fungal metal bioprocessing
in comparison, for example, with many bacterial-based processes, especially those depen-
dent on chemolithotrophic bacteria, may also contribute to reducing the potential costs
associated with effluent treatments (pH as low as 2, but generally over 5, compared to
pH as low as 1 for the latter). As per Table 2, common genera of fungi investigated for
metal bioprocessing, be it through leaching, sequestration, or precipitation of metals in
their surroundings, include Penicillium and Aspergillus.

Over the past years, both bench- and bioreactor-scale studies have been conducted
using fungal species, as shown in Table 2 (Operational Volumes and Experimental Condi-
tions). While these studies have demonstrated the potential of fungi for metal bioleaching
from e-waste, they have also revealed challenges related to long incubation times, the need
for carbon supplementation, and the potential for the biocrystallization of metals. For
example, Arshadi et al. [50] achieved high bioleaching efficiencies for copper and nickel
(97% and 74%, respectively) from ground computer PCBs using Aspergillus niger. However,
the process required relatively long incubation times post inoculation for optimal efficiency
(up to 4.5 days) and faced challenges with metal solubilization and biocrystallization due to
reactor size and incubation period, potentially hindering metal recovery. Specifically, metal
solubilization fluctuated significantly throughout the 19-day incubation period. Copper
recovery, specifically, varied from a minimum of slightly over 60% on the 12th day of
incubation to close to 100% on the 2nd and 16th day. This fluctuation was attributed to
the biocrystallization of the solubilized metals through their reduction to their elemental
forms, inducing their (bio)precipitation, resulting in lower concentrations of metals in the
solution. Thus, although A. niger has demonstrated high leaching efficiency for copper and
nickel under these conditions, these biocrystallization events may hinder efforts towards
the recovery of the leached metals after the leaching process. Thus, knowledge of processes
affecting metal solubilization after their bioleaching, such as biosorption, bioaccumulation,
and bioprecipitation, is also crucial to understanding the impact of these challenges on
further development. However, these considerations were out of the scope of the study, a
knowledge gap evident across most studies analyzed in this review.

Different bioreactor architectures may also help reduce this problem by enhancing the
mass and heat transfer associated with e-waste loading and filamentous fungal biomass,
as demonstrated by Nili et al. [55]. Using a bubble column reactor, the aeration rate
was found to be a key factor in order to counter the increased medium viscosity that
results from increased pulp densities and the use of filamentous fungi (in this study,
Penicillium simplicissimum). High bioleaching efficiencies of 96.94% and 71.51% for copper
and nickel, respectively, were recorded in an experiment using molasses as a cost-effective
alternative to sucrose and glucose. Carbon sources had different effects on the bioleaching
of copper and nickel, being one of the most significant parameters for the bioleaching of
nickel, but not for copper. This is due to the different complexation extent between the
organic acids produced and the different metals—a difference in nutrition may induce the
release of different organic acids and thus result in variable extraction rates for different
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metals, which could pose both an opportunity and a challenge in the treatment of metal
mixtures. Specifically, oxalic acid was identified as the main organic acid for the purposes of
nickel bioleaching; however, molasses concentration was also found to correlate negatively
with this organic acid’s secretion. As such, this study necessitated the optimization of
molasses concentration. The pH also affected these two metals’ leaching differently, with
slightly more acidic conditions promoting nickel leaching, whereas copper leaching was
optimal at more alkaline conditions. The presence of nickel also had a negative effect on
the biosorption efficiency of copper in fungal biomass. For copper bioleaching, optimal
conditions were 8.8% (v/v) of molasses and an aeration rate of 0.29 L/min; 1.9% (v/v) and
0.37 L/min for optimal nickel extraction. The lengthy operational times remain a downside,
however, especially if considering the pre-processing spore and adaptation phases (1 week
for the initial culture, followed by an acclimation to the waste), possibly contributing
to higher operational costs. However, despite advantages such as high metal tolerance,
higher biomass generation than bacterial species, and the resulting versatility of biomass
valorization, the application of fungi in e-waste bioprocessing is currently limited by the
slow rate of organic acid production and the need for higher carbon supplementation, both
potentially contributing to incurred expenses. This may be the reason why, overall, fungal
species are less investigated for e-waste bioprocessing compared to bacterial species.

Like fungi, bacterial species’ strategies for metal bioprocessing are vast, including
bioleaching through environment acidification, biosorption, bioaccumulation, biosurfactant
production, and bioprecipitation. Some bacterial genera, such as Acidithiobacillus, thrive in
high metal environments, thus having acquired an evolutionary advantage in resistance
to these often highly toxic contaminants [82]. Bacterial species have another advantage
over fungi, in that some bacterial-mediated bioprocessing processes, especially concerning
bioleaching, seem to occur at faster rates, allowing for a quicker process in obtaining satis-
factory yields. This can be observed in Table 2, and a direct comparison between these two
types of microorganisms has been recently conducted regarding copper bioleaching using
bacterial A. thiooxidans and A. ferrooxidans (in a 1:2 consortium), compared to Aspergillus
niger [53]. Furthermore, the necessity for carbon supplementation when using live bacterial
biomass may also be reduced compared to fungi, potentially contributing to the reduced
operational costs for this industrial activity. As such, studies directly comparing bacterial-
and fungal-based approaches are essential. Such is the case with Abhilash et al. [53], testing
the copper bioleaching from tested wPCBs using both a bacterial consortium (A. thiooxidans
and A. ferrooxidans) and Aspergillus niger. The bacterial consortium achieved significantly
higher copper solubilization (93%) compared to the fungus (66%) under similar conditions
(pulp density, 120 rpm shaking at 308 K for 10 days), which can be attributed to the bacte-
ria’s ability to create a stronger acidic environment (despite a similar initial pH of 2). The
study also investigated the effects of pulp density, temperature, and pH on bioleaching
efficiency, observing a general trend of increased metal solubilization at lower pH and
higher temperatures. Importantly, the authors explored the kinetics of copper bioleaching,
finding that it followed a chemical reaction control model (i.e., the rate-limiting step is the

chemical reaction at the surface of the waste particles, explained by kt = 1 − (1 − x)
1
3 ). In

regard to downsides, the proposed approach highlights a potential environmental concern:
the use of a solvent-based solubilization method for metal recovery employing potentially
hazardous extractants (e.g., 5-nonyl-2-hydroxy-benzaldoxime, an environmentally haz-
ardous and potentially acutely toxic/irritant solvent [83]). This may raise questions about
the overall sustainability of the proposed process and emphasizes the need for further
research into more environmentally friendly metal recovery methods. On the other hand, in
the case of A. niger bioleaching, it is important to highlight that increasing pH to 4 resulted
in a slight, single-digit decrease in A. niger’s leaching of most tested metals, except for
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aluminum, whose efficiency increased by 2% to 39%. These modest decreases underline
how metal leaching efficiency in single-step processes and environmental sustainability
could be factored into the optimization of such processes.

Just as with fungal bioleaching, although most recent approaches still use small-scale
flasks under stirring, some studies exploring alternative bioreactor architectures have been
conducted, as is the case with Arshadi et al. [51]. The exposure of wPCB fragments to A.
ferrooxidans in a stirred tank bioreactor was found to result in simultaneous solubilization
of up to 54%, 75%, and 55% for copper, nickel, and iron, respectively (and up to 100%
for each, separately, at different times during the 20-day leaching period). In this study,
medium viscosity was once again a considerable factor, mainly caused by increased pulp
densities; conversely, and as observed by Nili et al. [55], discussed previously, increased
aeration rates (in this case, of up to 3 vvm) were found to have positive effects on mass
transfer, compensating for increased medium viscosity (as well as compensating for lower
concentrations of iron sulphate necessary for the production of the acidic environment).
However, the increase in the aeration rate may also result in potential negative effects on
biomass viability and growth, attributed to increased cellular attrition, highlighting the
importance of careful control and monitoring of bioreactor conditions. Another key finding
was the differential stability of metals in the bioleached liquor, an occurrence similar to the
biocrystallization of copper and nickel reported by Arshadi et al. [50]. In the present study,
copper was found to be more stable in its ionic form than nickel and iron, with higher
precipitation rates [51]: while iron and nickel extraction fluctuated between 0 and 100%
and 0 and 96% throughout the 21-day bioleaching period, copper extraction demonstrated
a more direct correlation with time, up to the 13th day, subsequently stabilizing above
80%. This differential stability could pose challenges for automation and the recovery of
specific metals from mixed e-waste streams. Furthermore, a decline in leaching efficiency
after 20 days of incubation was observed, likely due to the precipitation of iron as jarosite,
a frequent problem in bioleaching that can hinder the diffusion of leaching agents and
impede metal extraction. This was reflected in the variation of metal contents in the e-waste
sample before and after the experiment, with aluminum, copper, nickel, titanium, and
zinc decreasing from 4.27, 44.58, 1.21, 0.29, and 4.54% (w/w) to 0.6, 20, 0.4, 0.27, and 0.6%,
compared to iron, whose concentration in the bioleached residue was reported to increase
(from 7.50% to close to 15%). This limitation underscores the need for strategies to minimize
events such as jarosite formation to improve the efficiency and sustainability of bioleaching
processes and prevent contamination of the processual effluents.

Multi-step bioleaching processes involving sequential leaching stages, with retrieval
of bioleaching liquor and replenishment of culture medium, may represent a potential
strategy able to prevent or minimize the formation of precipitates like jarosite. Such
is the case described in Jagannath et al. [84], wherein a sequential 5-step bioleaching
process was attempted using a pulse plate bioreactor for the Acetinobacter sp.-mediated
bioleaching of copper from mobile phone wPCBs. This process achieved 63.5% metal
solubilization efficiency overall (compared to 23% in a single batch experiment). In this
approach, it was mainly pulsing frequency, rather than aeration rate, that was used to
make up for increases in medium viscosity induced by e-waste loading, facilitating mass
transfer up to a frequency of 0.2 s−1, above which detrimental effects on bioleaching
efficiency were observed, likely due to a decrease in cell viability. Furthermore, the study
revealed significant metal adsorption onto the bacterial cell walls, which could affect both
metal recovery and biomass valorization. The main downside of this approach is that the
pulsed plate bioreactor design requires continuous energy input for aeration and pulsing,
potentially increasing operational costs. Additionally, the potentially high alkalinity of
the generated effluents (pH 12 was stated as the ideal condition for bioleaching with
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this species) raises concerns about the environmental impact and the need for additional
treatment steps. This problem is compounded by the substantial amounts of medium
required for the process—to obtain the 65.3% efficiency stated above, six sequential batches
of 1.5 L each are required.

Beyond optimizing bioreactor configurations and process parameters, genetic en-
gineering and microbial consortia offer promising opportunities for enhancing e-waste
bioprocessing. Genetic engineering could improve microbial tolerance to toxic e-waste
components, increase metal-specific bioleaching capabilities, or enhance biofilm formation
for better cell adhesion to e-waste particles [85]. Microbial consortia, comprising different
species with complementary functions, could enable the simultaneous bioprocessing of var-
ious e-waste constituents. However, more investigations are needed to assess the viability
of such approaches. In Nasiri et al. [73], two naturally soured consortia (one obtained from
metal-rich iron ore mine tailings and another from surface soil) were used in a bioprocess-
ing approach for wPCB particles, but presented low prospects. The bacterial consortium
sourced from the surface soil achieved a higher efficiency in copper solubilization than
the one obtained from the metal-rich iron ore mine tailings, but less total solubilization
of metals overall (4%, compared to 4.7%). However, this bioleaching efficiency remained
low (4% and 3% of copper over 15 days of incubation for the surface soil and mine tailing
microorganisms, respectively) compared with other studies (Table 2). These recoveries
were recorded at a commonly used 10 g/L (or 1%) solid–liquid ratio/e-waste pulp density.
Of note is also that a decrease in pulp density (to 5 g/L) did not yield higher recovery
percentages for total metals (3.6% and 1.8% for microorganisms isolated from surface
soil and mine tailings, respectively), which could suggest a limited contact between the
microorganisms and the added e-waste, and challenges related to mass transfer at such low
concentrations. On the other hand, in line with most research, recovery rates also decreased
when pulp densities were raised to 15 g/L (3.3% and 3.7% when using the surface soil
and mine tailing microorganisms, respectively). These low efficiencies, attributable to low
medium acidity and potential e-waste toxicity on the microorganisms used (denoted by
decreases in optical density as wPCB concentration increased during a previous adaptation
phase) were, however, accompanied by mass loss and apparent surface degradation of the
inserted waste particles. This suggests that the microorganisms used have the capacity
for the deterioration of the non-metal constituents of the used waste. This, in turn, could
indicate this consortium’s potential for a more integrated approach capable of targeting
multiple e-waste constituents if the metal leaching capabilities can be improved, warranting
further exploration. In addition, the study did not explore the mechanisms by which the
consortium interacts with and removes non-metallic e-waste constituents. Further research
is needed to elucidate these mechanisms and assess the potential for the simultaneous
bioprocessing of metals and plastics.

In sum, overall, fungal-based bioleaching processes mainly depend on producing
weak organic acids, requiring longer operational times to obtain satisfactory yields, which
often fall short of those from bacterial-based approaches, as per Table 2. Although the
generation of higher amounts of biomass may represent an advantage from a potential
biomass valorization standpoint, the nutritional supplementation needed to support it
may be the main cost associated with these processes. However, alternative feeds, such
as chickpea, lentils, and split pea-based formulations (without any supplementation with
further carbon sources), for example, were found to be reliable alternatives to the media
traditionally used for fungal growth of Penicillium sp. and Aspergillus sp. [86,87]. Going
forward, such studies could be conducted using products with low shelf-life that are
more likely to become food waste. Additionally, the ability to degrade plastic constituents
and use them as a carbon source may help mitigate this, while also further remediating
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complex e-waste sources. However, to that end, more explorations of fungi in e-waste
plastic biodegradation (e.g., Ferreira-Filipe et al., 2024 [88]) are needed.

Bacterial-based bioleaching, on the other hand, has been the main type of study con-
ducted on the bioprocessing of e-waste metals within this review’s target timeframe owing
to their greater versatility and generally higher yields (Table 2). However, like fungal
species, direct bacterial-based bioleaching may also incur concern over the toxicity of
e-waste in the microorganisms used, potentially disrupting their growth and metabolic
activity and thus having a negative effect on yields. Thus, increasing resistance to toxic
compounds often found in e-waste is essential to increase both yields and pulp densities,
thereby increasing the waste processing capacity of these approaches. Another concern
more pressing with bacteria than fungi is the hazardousness of the processual effluents.
Acidithiobacillus is, as per Table 2, a popular bacterial genus, given its ability to generate
strong acidic environments, often enabling higher yields. However, the resulting proces-
sual effluents may also be considerably more acidic and iron-rich, potentially having a
negative effect on the environmental sustainability of the process and incurring additional
treatment and safety-related costs. Nevertheless, given their simpler genetic nature, higher
yields, lower nutritional requirements, faster processing times, and bio-lixiviant variety
(Figure 3), bacterial-based approaches seem to be currently regarded as the ones with the
most potential overall. Both types of biomass have the potential to be used in processes
with high metal yields, although bacterial-based approaches consistently retain the upper
hand, whereas the use of fungal biomass results in comparatively lower leaching rates.
However, given the wide variety of waste sources and bioprocessing approaches, com-
parison between the two types of biomass remains difficult outside of studies where both
are tested. Compared to industrially applied techniques, as exemplified in the previous
chapter, the use of live biomass with lower pulp densities has the potential to match and
exceed industrial yields. Increasing pulp density may exhaust the lixiviant, inhibit biomass
activity due to increased medium toxicity, and result in higher medium viscosity, thus
remaining one of the biggest challenges in the field. Other challenges faced by both types
of biomass include sterilization and other steps to avoid contamination and later effluent
treatments, contributing to additional environmental footprint and costs. Additionally, as
per Table 2, studies and discussions concerning the valorization of the used/generated
biomass after its use for bioprocessing are uncommon. The use of fungi as a source of
plant cell wall-degrading enzymes, for example, with the intent of bioenergy production,
has been largely explored (e.g., Monclaro et al., 2022 [89]). However, the occurrence of
bioaccumulation and biosorption of metals during bioprocessing and their impact on metal
recovery have seldom been discussed thus far, and their potential effects on biomass val-
orization have not been ascertained. Bioaccumulation of leached metals, rather than just
their biosorption on the surface of microorganisms through weak bonds, may also further
frustrate valorization efforts [90]. One possibility to minimize this problem is that of a
spent medium strategy, wherein microorganisms are grown with the intent of producing
metabolites for bioleaching, but removed from it before waste treatment, to be discussed in
Section 2.3 (Figure 4 presents a comparison of these approaches).
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2.3. Use of Biogenic Lixiviants in E-Waste Bioprocessing

Biogenic compounds are naturally occurring substances originating from living or-
ganisms, waste streams, or biological processes (e.g., biological synthesis or conversion)
and may be used for e-waste bioprocessing. Much like the approaches described in the
previous section, such processes make use of microorganisms to produce the lixiviants
for the bioleaching process, with a key difference being that the biomass used for their
production is separated prior to their use. The compounds produced may be purified and
commercialized before use (e.g., commercialized hydrogen peroxide [91] or used directly
for the bioprocessing experiments [92]. In this sense, biogenic lixiviants used in recent
investigations fit into two main categories, spent (culture) medium (Figure 4) or (puri-
fied) biogenic compounds (e.g., organic acids, bio-cyanide). These studies are explored in
Table 3.
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Table 3. Recent advances in metal bioprocessing from e-waste sources using biogenic lixiviants (NE—not explicit in literature; “-”—not explored in study;
wPCB—waste printed circuit board; LEDL—light-emitting diode lamp; Au—gold; Ag—silver; Cu—copper).

Process(es) Waste Type Bioprocessing Agent Pulp Density
Maximum Recovery

of Select Metals Operational Volumes
and Experimental Conditions

Valorization
of Generated

Products
Reference

Au Ag Cu

Bioleaching wPCB Biogenic thiosulphate, ammonia 5 g/L 65% - -
Unspecified working volume (flasks); bio-thiosulphate production

(30 ◦C, 140 rpm, over 7 days); bioleaching (160 rpm, up to 48 h);
centrifugation (10,000 rpm, 4 ◦C. 10 min)

Undiscussed [93]

Bioleaching wPCB Glucose oxidase-based
bio-Fenton reaction 1 g/L - - 100%

500 mL (flasks); Bioleaching (up to 144 h, 335 rpm at 30 ◦C, with
20 mM D-Glucose, pH 3.5, 300 U/L glucose oxidase, 10 mM Fe2+)

Undiscussed [94]

Bioleaching LCD Aspergillus niger
biometabolite solution 10 g/L - - -

100 mL (flasks); Lixiviant solution preparation (1 mL spore inoculum
size, 30 ◦C, 130 rpm, undisclosed duration); thermal treatment
(1100 ◦C for 70 min, cooling to 500 ◦C and reheating to 700 ◦C);

bioleaching (2 days, 70 ◦C)

Undiscussed [95]

Bioleaching wPCB Biogenic hydrogen sulfide gas 1% - - 99% 0.46 L (Fluidized bed reactor); leaching (597 days, using either lactate
or glycerol as electron donor, pH 4.5, 35 ◦C) Undiscussed [96]

Bioleaching wPCB
Biogenic lixiviant solution

(including citric acid, produced by
Yarrowia lipolytica)

10 g/L
and

50 g/L
- - -

Flasks (undisclosed volume); lixiviant production (9 days at 140 rpm
and 30 ◦C); bioleaching (Up to 9 days, pH 7, 80 g/L carbon source, at

60 ◦C and 140 rpm)
Undiscussed [97]

Bioleaching wPCB

Biogenic lixiviant solutions
(produced by Acidithiobacillus

thiooxidans and
Acidithiobacillus ferrooxidans)

10% - - 100%

250 mL (flasks); lixiviant solution preparation (0 K medium
supplemented with elemental sulfur at 10 g/L, 2.5 × 108 cells/mL

inoculum (A. thiooxidans)), 9K medium supplemented with 44.2 g/L
FeSO4·7H2O, 30 ◦C, 3.0 × 108 cells/mL inoculum (A. ferrooxidans);

bioleaching experiment
(40 ◦C, pH 1.1, 220 rpm)

Undiscussed [98]

Bioleaching wPCB

Ferric sulphate solution
(bioregenerated by Acidithiobacillus

ferrooxidans and
Leptospirillum ferrooxidans)

10% - - 99%
170 mL (Flooded packed bed bioreactor); bioleaching (40 g/L Fe(III),

60 ◦C and
0.5 L/h O2 for 24 h)

Biomass
recycling
discussed,

unexplored

[99]

Bioleaching LCD Biogenic lixiviant solution
(Aspergillus niger spent medium) 10 g/L - - -

100 mL (flasks); Bioleaching solution preparation (1 mL spore
inoculum incubated in Czapek–Dox medium, 14 days at 130 rpm,

30 ◦C); bioleaching (100 mL spent medium, 160 rpm, 70 ◦C for 29 h).
Undiscussed [92]

Bioleaching wPCB A. acidophilum NCIM 5344 NE - - 100%
120 mL (flasks); Bio-lixiviant preparation 9 K medium, pH 3.5, 150
rpm, 30 ◦C for 10 days (spent medium, supplemented with 15 mL

H2O2, 30 ◦C, 150 rpm for 4 h, 60 ◦C for 2.5 h)
Undiscussed [100]
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A case study by Parsa et al. [92] exemplifies the use of spent culture medium for metal
bioleaching. The authors employed Aspergillus niger to produce an organic acid mixture
containing, among others, oxalic acid, whose production peaked at 14 days of incubation.
This mixture was then separated from the biomass and used to leach aluminum, arsenic,
strontium, and indium from the LCDs of several manufacturers. This study demonstrated
the potential for recovering multiple metals from e-waste using a biogenic lixiviant while
also investigating the leaching kinetics for each metal under the tested parameters, reveal-
ing that different metals followed different kinetic models. Briefly, aluminum leaching
initially followed a mixed mechanism model, likely involving interfacial transfer and dif-

fusion (kt = 1
3 ln(1 − x) + [(1 − x)−

1
3 − 1], where k represents the reaction rate constant

(day−1), t the bioleaching time (day), while x represents the extracted fraction), followed

by a solid product layer diffusion model after 12 h (k(t − t1) = 1 − 2
3

(
x−x1
1−x1

)
−

(
1−x
1−x1

) 2
3 ,

with t1 representing the time, in days, of the change in mechanism, and x1 the extracted
fraction at t1); this suggests that in an initial stage, the bioleaching of this metal depends
mainly on reactions of the organic acids on the e-waste powder surface. Arsenic extrac-
tion was rapid within the first minutes, then slowed in the next 12 h, fitting a mixed
mechanism model dominated by interfacial transfer and diffusion through the product

layer (kt = 1
3 ln(1 − x) + [(1 − x)−

1
3 − 1] and k(t − t1) = −ln

(
1−x
1−x1

)
during the first and

second phase, respectively). Indium bioleaching also followed this model, with potential
limitations due to calcium oxalate precipitation. Finally, strontium leaching initially fits
the mixed mechanism model, transitioning to a liquid boundary layer diffusion model

(k(t − t1) = 1 −
(

1−x
1−x1

) 2
3
), and ultimately experiencing limitations due to oxalate complex-

ation and precipitation. These findings highlight the complexity of metal bioleaching from
complex sources and the need for tailored approaches for different target metals. While
the study achieved promising metal solubilization rates (81.4% for aluminum, 69.1% for
arsenic, 60.0% for indium, and 33.3% for strontium), it did not address the recovery of
solubilized metals or the potential reuse of fungal biomass. Furthermore, the bioleaching
solution’s high initial acidity (pH 1.9) raises concerns about its potential environmental
impact and the need for further downstream treatment.

Several investigations have been conducted on biogenic compounds, such as lactic
acid, hydrogen peroxide, thiosulphate, and iron sulphate, rather than complex spent media
retrieved after microbial culture (for example, Pourhoussein and Mousavi, and Kremser
et al. [93,101], among others, described in Table 3). Generally, these consist in effective
processes with high metal solubilization rates, with simple workflows, but all sporting
the same concerns as discussed before, mainly in the way of energy expenditure due
to temperature maintenance and stirring, as well as potential costs relating to effluent
treatment. The inclusion of potentially hazardous compounds in the processes, such as
ammonia and hydrogen peroxide, may also incur concerns over reagent transport and
storage, as well as worker safety—concerns applicable, for example, to the approach
detailed in Cecchi et al. [91]. In this study, up to 236.908, 17.112, 0.321, 0.072, and 0.002 mg
of copper, nickel, zinc, lead, and gold were recovered per gram of e-waste used in the
experiment, using 2.0 M of lactic acid at a 1:1 molar ratio with hydrogen peroxide. Increased
reagent concentrations, on the other hand, failed to yield higher recoveries in the 12 h
leaching period. Specifically, the main disadvantages of this approach relate to the relatively
high molarity of hydrogen peroxide needed for gold solubilization. In this study, the molar
ratio of hydrogen peroxide to lactic acid for the complete peeling of gold from wPCB
fragments over 12 h was at least 1:1 (lower ratios negatively impacted efficiency, whereas
higher ratios had a negligible positive impact). This could result in a considerable amount
of hydrogen peroxide in the process, at potentially high temperatures and shaking speeds
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(although said temperatures were not disclosed in the study), given that concentrations
of the lactic acid used could reach as high as 6 M (minimum of 1.0 M). Additionally, the
reagents used were not produced locally (but purchased from Carlo Erba Reagents GmbH),
so the valorization of food waste and biomass as an integral part of this e-waste treatment
approach was not explored, which could be considered in further investigations. Instead,
the transportation issue is highlighted: the producer of this reagent is in Germany, whereas
the authors are affiliated with Italian and Canadian institutes. It follows that in the absence
of local production solutions, the carbon footprint of this process would increase, as would
any safety concerns and costs associated with the transportation of reagents.

Biogenic compounds have also been explored in conjunction with biochar. Kadivar
et al. [36] (detailed in Table 1) describe the use of oak tree biochar, combined with biogenic
sulfuric acid produced by Acidithiobacillus thiooxidans and chemical sulfuric acid in bioleach-
ing experiments, achieving solubilization of up 98% and 82% of copper and nickel. Copper
solubilization was negatively affected by pulp density (amount of acid being a limiting
factor), as well as by the depolymerization of wPCB constituents (resulting in medium
alkalinization), demonstrating that the increase in pulp density also represents a challenge
in biomass-free methods. Biochar concentration also contributed to this, due to the plenti-
ful presence of carboxyl groups in its surface, affecting overall pH. Although a high pH
may inhibit the bioleaching of certain metals, it may, on the other hand, provide suitable
conditions for the leached metals’ biosorption. Given the calculation of copper recovery in
Kadivar et al. [36], the biosorption potential was disregarded while considering only the
solubilized metals, and higher biochar concentrations were linked to a loss in solubilization
efficacy. However, the use of biochar for the biosorption of the solubilized metals towards
their separation from the bioleaching liquor and later retrieval is an approach that should
be investigated. This negative effect on the concentration of solubilized metals was not
observed for nickel—regardless of the biochar concentration tested, the bioleached metals
in solution remained relatively constant at each tested pulp density, suggesting that the
only limiting factor is the bio-lixiviant and that the biosorption of nickel on this biochar
may occur mainly at even higher pH levels. Given the observed adverse effect biochar had
on copper solubilization, however, the optimal conditions were estimated to be 1.6 g/L of
biochar and 16 g/L pulp density. Regarding chemical leaching with sulfuric acid, it was
found that leaching efficiencies for both metals were lower than when using the biogenic
lixiviant, despite the similar properties of the two lixiviants (98% to 72% of copper and 82%
to 18% of nickel). Furthermore, Kadivar et al. [36] report that the inclusion of the optimal
concentration of 1.6 g/L of biochar led to increases in solubilization rates for both metals in
both lixiviants. When using biogenic sulfuric acid, increases in metal solubilization were
observed (93% to 98% and 79% to 82% of copper and nickel in biogenic sulfuric acid and
63% to 72% and 16% to 18% in chemical sulfuric acid, respectively). While displaying
good solubilization rates of the target metals in a short period using a lixiviant with less
environmental impact, the main downside of this approach may include the generation of
a highly acidic effluent (unspecified) with the potential presence of other metals as well as
other constituents of the ground wPCB.

Biogenic lixiviants allow for the leaching of metals with increased process sustain-
ability compared to their traditional counterparts. Given the variety of reagents that can
be produced, an equal variety of different strategies can be tailored for the extraction of
specific metals. Furthermore, these approaches provide the added benefit of not having to
consider the response/inhibition of active biomass. Thus, yield-wise, the use of biogenic
reagents allows for high metal bioleaching yields in most recent explorations (Table 3),
generally meeting the yields stated by industry actors, as previously indicated (although in
the pre-scale-up stage). This, together with reports that biogenic lixiviants demonstrate
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similar/higher efficiencies in metal solubilization, underlines the potential these alterna-
tives to traditional chemical lixiviants have, pending scale-up experiments. On the other
hand, the absence of live biomass in the medium also means that the lixiviant would not
be continuously replenished. Further, the hazardousness of generated effluents could
also present a challenge to their application: while biogenic lixiviants could allow for the
creation of an environment more conducive to metal bioleaching, with biomass viability not
being a factor to consider, these more hazardous operational conditions (e.g., more extreme
pH, higher concentrations of toxic compounds) could necessitate higher downstream costs
to remedy.

Various biogenic compounds have been tested for the remediation of common con-
taminants, mainly metals, found in e-waste. Beyond the strategies presented in this section,
the use of enzymes, too, has been attempted with a high degree of success for the recovery
of precious metals from non-e-waste-derived substrates [102,103], and the field of e-waste
bioprocessing and bio-recycling may benefit from the application of these approaches for
e-waste sources.

2.4. E-Waste Bioprocessing—Comparison of Approaches for Metal Recovery

Comparing these three main approaches to e-waste metal bioleaching, some of the
advantages and disadvantages of each approach become apparent. Specifically, it is possible
to observe how the increased toxicity of the medium may affect the activity of live biomass,
with Table 2 displaying lower pulp densities or yields and higher operational times for
the selected metals compared to Tables 1 and 3. However, most studies do not overtly
consider the possibility that some of the leached metals may have been captured by the
biomass itself, which could cast doubt over the exactness of the presented efficiencies—due
to the potential biomass capture of metals, the detection of metal concentrations in solution
may underestimate the extent of the bioleaching, whereas the variation in mass of the
inserted waste may lead to an overestimation of the amount of metals in solution. Biomass-
bound metals would likely necessitate additional procedures for recovery, potentially
compromising biomass valorization efforts. These factors would also translate to obtained
revenue, compounding lower pulp densities compared to current industrial approaches,
effectively meaning lower metal recovery yields from lower waste volumes that can be
treated in a single process.

On the other hand, the self-regeneration of the bio-lixiviant medium may constitute
the biggest advantage of single- and multi-step bioleaching approaches using live biomass—
whereas reagents without live biomass are eventually exhausted, requiring continuous
replenishment to retain operational capacity, the use of live biomass allows for continuous
bio-lixiviant production (as long as microbial activity is not prohibitively inhibited). The
studies included in this review, including those using different bioreactor architectures,
focused mostly on batch experiments, which are more prone to medium toxification over
time. Continuous-feed bioreactors may be a solution for such situations, allowing for a
continuous replenishment of either biogenic reagents or substrates, allowing for continuous
microbial activity [104].

Generically, the use of batch systems may be more advantageous in the short term and
bench scale due to lower operational costs and maintenance, as well as increased process
simplicity and a higher degree of control over the process conditions [105]. However, the
depletion of the medium and accumulation of toxicants, be it metals or toxic metabolites,
require operational downtime for retrieval, cleanup, and process restart purposes. At
the expense of higher operational and maintenance costs, continuous bioreactors would
allow for extended operational times, and thus increased productivity, which could then be
reflected in revenue. However, one major disadvantage is the potential for contamination,
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which, together with the architectural complexity, may constitute a negative incentive for
their research compared to batch conditions. Continuous reactors, especially those with
more complex architectures, may also suffer problems due to increased medium viscosity
arising from biomass growth (i.e., clogging). These drawbacks are likely the reason for the
much more limited number of studies conducted in continuous settings in recent years
(e.g., Hubau et al., 2020 [68]).

The development of new gene editing tools and strategies may still play an essential
role [106], especially in the case of heterotrophic bacteria, generally easier to engineer,
in what could be an advantage compared to their chemolithotrophic counterparts (some
species, such as Acidithiobacillus ferrooxidans, have resisted genetic engineering efforts; how-
ever, gene a knockdown approach that increases recombination efficiency in this species has
recently been reported [107]). Specifically, the engineering of microorganisms with upregu-
lated production of lixiviants, as well as better anti-metal toxicity mechanisms, could prove
invaluable towards the industrial application of live biomass in e-waste bioprocessing. For
instance, E. coli has been genetically engineered towards the upregulation of lactic acid
production, increasing yields of the desired organic acid to 93% of the theoretical maximum
production [108]. Although not explored in relation to e-waste, genetic engineering has also
been used to facilitate quorum sensing among bacterial species to allow better biofilm forma-
tion, which could enhance bacterial communities’ ability to adhere to and degrade e-waste
fragments during live biomass bioprocessing [85]. In this sense, the use of heterotrophic
bacteria may present a unique advantage in the e-waste metal bioleaching field, given
the increased modularity towards the selective extraction of metals, while also reducing
the hazardousness and potential effluent treatment costs compared to chemolithotrophic
microorganisms. Additionally, such approaches may contribute towards complementing
another general downside of e-waste bioleaching, the relatively low metal solubilization ef-
ficiencies when accounting for process duration (i.e., long operational times). The industrial
viability of these approaches will, going forward, be dependent on overcoming this limiting
factor, requiring a deep understanding of the reaction mechanisms. A relative minority of
the studies incorporated in this review had a dedicated kinetics assessment of the leaching
processes, and thus, going forward, kinetic studies need to be given more importance.

Additionally, the sustainability of the overall process is deeply related to the biomass
used in the process, production and chemical requirements, the intensiveness of metal recov-
ery strategies, effluent treatment, and its scale. However, the variability in e-waste samples,
bioprocessing strategies, experimental conditions, target metals, and data reporting formats
(e.g., units) across available (few) studies significantly hinders the comparability of results
and the evaluation of bioprocessing efficiencies. In addition, such studies often fall short in
some aspects of e-waste bioprocessing (e.g., concentration of remaining metals, pH and
redox potentials, composition of the effluent), compromising the discussion regarding the
sustainability of the tested process.

3. Conclusions and Future Perspectives
E-waste is a high-value waste stream expected to grow significantly as social depen-

dence on various means of electronic technology intensifies. The thorough recycling and
valorization of this type of waste and its constituents is a challenge that conventional
methodologies have been unable to address, with recycling efforts focusing on recovering
the more precious constituents.

Although biobased treatments may be used for both the dissolution and subsequent
recovery of metals through adsorption and precipitation, the current literature poorly
describes the exploration of stepwise approaches employing these biobased strategies in
sequence. This integrative potential is one of the main advantages of these biotechnological
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approaches and may be key to overcoming the operational time disadvantage compared
to traditional approaches [109]. Many recent studies have corroborated the ability of
several biobased solutions to recover rare earth elements from non-e-waste sources such as
wastewater, for example. Macro- and microalgae, fungi, and bacteria, as well as a number of
food-waste-derived solutions, biochar approaches, and protein-mediated approaches, have
been demonstrated to act as reliable biosorbents and bioprecipitators of various metals.
However, the application of these approaches to solubilized metals obtained directly from
e-waste sources such as wPCB or LCD panels, rather than wastewater, mine tailings, or
artificially crafted metal solutions, is underexplored in comparison. The impact of other
contaminants, such as brominated compounds, on microbial growth and viability may
not be accurately assessed through studies using less complex mixtures. Thus, going
forward, the study of sequential biobased steps for the recycling of e-waste and recovery of
CRMs will be necessary to demonstrate the potential and increased sustainability of these
alternative approaches.

Although several of the discussed approaches have demonstrated encouraging effi-
ciencies in removing target contaminants, a decline in effectiveness is generally observed
upon scale-up. Biobased methodologies, especially those making use of live biomass, have
been described as being particularly sensitive to the physical and chemical conditions
of their surroundings, and as such, scale-up becomes one of the major challenges facing
these potential alternatives to traditional treatments, with several bioreactor architectures
explored in pursuit of higher efficiencies. Nevertheless, energy costs related to the thorough
homogenization of the medium and other operational and structural costs are some of the
main hurdles to overcome. The pursuit of higher efficiencies and volumes also highlights
the need for an intimate understanding of bioleaching reaction kinetics—only a minor-
ity of the studies explored in this review did such explorations, harming comparability
across different investigations. Differences/lack of harmonization in data presentation
(i.e., characterization of substrates, presentation of methodologies, calculation of yields,
and unit presentation/unit harmonization) can also contribute towards this difficulty
in comparability.

Overall, the field of bioprocessing of e-waste, despite considerable progress and
metal extraction yields that rival those of more established pilot and industrial-scale tech-
niques, still faces major challenges, which need to be overcome before implementing
such approaches can be considered viable at industrial scales. It is important to make
efforts to integrate different bioprocessing strategies and to design stepwise, integrative
processes that are as independent of conventional techniques as possible for both the
recovery of precious elements and the breakdown of other constituents that may pose a
threat to the environment, while also exploring potential biotechnological applications of
by-products generated.

Author Contributions: Conceptualization, T.R.-S. and A.L.P.S.; resources, T.R.-S. and A.L.P.S.;
writing—original draft preparation, D.A.F.-F.; writing—review and editing, D.A.F.-F., A.S.H., A.C.D.,
T.R.-S. and A.L.P.S.; supervision, T.R.-S. and A.L.P.S.; funding acquisition, T.R.-S. and A.L.P.S. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Portuguese Foundation for Science and Technology (FCT)
[grant number 2022.11335.BD, contract DOI: https://doi.org/10.54499/CEECIND/01366/2018/CP1
559/CT0009 (accessed on 12 January 2025)]; Centre for Environmental and Marine Studies by FCT and
the Portuguese Ministry for Science, Technology and Higher Education (MCTES) [UIDP/50017/2020
+ UIDB/50017/2020 + LA/P/0094/2020].

Conflicts of Interest: The authors declare no conflicts of interest.

https://doi.org/10.54499/CEECIND/01366/2018/CP1559/CT0009
https://doi.org/10.54499/CEECIND/01366/2018/CP1559/CT0009


Environments 2025, 12, 26 26 of 30

References
1. Baldé, C.P.; Kuehr, R.; Yamamoto, T.; McDonald, R.; D’Angelo, E.; Althaf, S.; Bel, G.; Deubzer, O.; Fernandez-Cubillo, E.; Forti, V.;

et al. The Global E-Waste Monitor 2024; Report for International Telecommunication Union (ITU) and United Nations Institute for
Training and Research (UNITAR); Geneva and Bohn. 2024. Available online: https://ewastemonitor.info/wp-content/uploads/
2024/12/GEM_2024_EN_11_NOV-web.pdf (accessed on 6 January 2025).

2. Global E-Waste—Statistics & Facts. Available online: https://www.statista.com/topics/3409/electronic-waste-worldwide/
(accessed on 11 November 2024).

3. Baldé, C.P.; D’Angelo, E.; Luda, V.; Deubzer, O.; Kuehr, R. Global Transboundary E-Waste Flows Monitor 2022; Report for United
Nations Institute for Training and Research; Bohn. 2022. Available online: https://ewastemonitor.info/wp-content/uploads/20
22/06/Global-TBM_webversion_june_2_pages.pdf (accessed on 4 January 2025).

4. Recycling and Disposal of Electronic Waste—Health Hazards and Environmental Impacts (2011)|Swedish Environmental
Protection Agency. Available online: https://www.naturvardsverket.se/globalassets/media/publikationer-pdf/6400/978-91-62
0-6417-4.pdf (accessed on 6 January 2025).

5. Maes, T.; Preston-Whyte, F. E-Waste It Wisely: Lessons from Africa. SN Appl. Sci. 2022, 4, 72. [CrossRef] [PubMed]
6. Yumashev, D.; Baldé, C.P.; Kuehr, R.; Forti, V.; Mylvakanam, I.; Haddad, A.-M.; Ayoub, C.; Lattoni, G. 2050 Electronic and

Electrical Waste Outlook in West Asia; Report for United Nations Environment Programme and United Nations Institute for
Training and Research (UNEP-UNITAR); Nairobi and Bohn. 2023. Available online: https://unitar.org/sites/default/files/
media/file/RZ_EWaste_Asian_Outlook_Web.pdf (accessed on 6 January 2025).

7. Gross Domestic Product (GDP) per Capita in Africa from 2010 to 2026 (in U.S. Dollars). Available online: https://www.statista.
com/statistics/1300864/gdp-value-per-capita-in-africa/ (accessed on 11 November 2024).

8. Fang, J.; Zhang, L.; Rao, S.; Zhang, M.; Zhao, K.; Fu, W. Spatial Variation of Heavy Metals and Their Ecological Risk and Health
Risks to Local Residents in a Typical E-Waste Dismantling Area of Southeastern China. Environ. Monit. Assess. 2022, 194, 604.
[CrossRef] [PubMed]

9. Parvez, S.M.; Jahan, F.; Brune, M.-N.; Gorman, J.F.; Rahman, M.J.; Carpenter, D.; Islam, Z.; Rahman, M.; Aich, N.; Knibbs, L.D.;
et al. Health Consequences of Exposure to E-Waste: An Updated Systematic Review. Lancet Planet. Health 2021, 5, e905–e920.
[CrossRef]

10. Salam, M.D.; Varma, A. A Review on Impact of E-Waste on Soil Microbial Community and Ecosystem Function. Pollution 2019, 5,
761–774. [CrossRef]

11. Chakraborty, P.; Selvaraj, S.; Nakamura, M.; Prithiviraj, B.; Ko, S.; Loganathan, B.G. E-Waste and Associated Environmental
Contamination in the Asia/Pacific Region (Part 1): An Overview. In Persistent Organic Chemicals in the Environment: Status and
Trends in the Pacific Basin Countries I Contamination Status; ACS Symposium Series; American Chemical Society: Washington, DC,
USA, 2016; Volume 1243, pp. 127–138, ISBN 978-0-8412-3197-9. Available online: https://pubs.acs.org/doi/pdf/10.1021/bk-2016
-1243.fw001 (accessed on 1 January 2025).

12. Chakraborty, P.; Selvaraj, S.; Nakamura, M.; Prithiviraj, B.; Ko, S.; Loganathan, B. E-Waste and Associated Environmental
Contamination in the Asia/Pacific Region (Part 2): A Case Study of Dioxins and Furans in E-Waste Recycling/Dump Sites in
India. In Persistent Organic Chemicals in the Environment: Status and Trends in the Pacific Basin Countries I Contamination Status; ACS
Symposium Series; American Chemical Society: Washington, DC, USA, 2016; Volume 1243, pp. 139–154, ISBN 978-0-8412-3197-9.

13. Basel Convention on the Control of Transboundary Movements of Hazardous Wastes and Their Disposal 2023. Available
online: https://www.basel.int/Portals/4/download.aspx?d=UNEP-CHW-IMPL-CONVTEXT-2023.English.pdf (accessed on 11
November 2024).

14. Thapa, K.; Vermeulen, W.J.; Deutz, P.; Olayide, O.E. Transboundary Movement of Waste Review: From Binary towards a
Contextual Framing. Waste Manag. Res. 2023, 41, 52–67. [CrossRef] [PubMed]

15. Peiry, K.K. The Basel Convention on the Control of Transboundary Movements of Hazardous Wastes and Their Disposal: The
Basel Convention at a Glance. Proc. ASIL Annu. Meet. 2013, 107, 434–436. [CrossRef]

16. Butturi, M.A.; Marinelli, S.; Gamberini, R.; Rimini, B. Ecotoxicity of Plastics from Informal Waste Electric and Electronic Treatment
and Recycling. Toxics 2020, 8, 99. [CrossRef]

17. Critical Raw Materials Act—European Commission. Available online: https://single-market-economy.ec.europa.eu/sectors/
raw-materials/areas-specific-interest/critical-raw-materials/critical-raw-materials-act_en (accessed on 22 December 2024).

18. Helping Companies in China Recycle 50% of E-Waste by 2025. Available online: https://www.weforum.org/impact/helping-
chinese-companies-reduce-recycle-e-waste/ (accessed on 22 December 2024).

19. Key Market Trends—Critical Minerals Market Review 2023—Analysis. Available online: https://www.iea.org/reports/critical-
minerals-market-review-2023/key-market-trends (accessed on 11 November 2024).

20. Ahirwar, R.; Tripathi, A.K. E-Waste Management: A Review of Recycling Process, Environmental and Occupational Health
Hazards, and Potential Solutions. Environ. Nanotechnol. Monit. Manag. 2021, 15, 100409. [CrossRef]

https://ewastemonitor.info/wp-content/uploads/2024/12/GEM_2024_EN_11_NOV-web.pdf
https://ewastemonitor.info/wp-content/uploads/2024/12/GEM_2024_EN_11_NOV-web.pdf
https://www.statista.com/topics/3409/electronic-waste-worldwide/
https://ewastemonitor.info/wp-content/uploads/2022/06/Global-TBM_webversion_june_2_pages.pdf
https://ewastemonitor.info/wp-content/uploads/2022/06/Global-TBM_webversion_june_2_pages.pdf
https://www.naturvardsverket.se/globalassets/media/publikationer-pdf/6400/978-91-620-6417-4.pdf
https://www.naturvardsverket.se/globalassets/media/publikationer-pdf/6400/978-91-620-6417-4.pdf
https://doi.org/10.1007/s42452-022-04962-9
https://www.ncbi.nlm.nih.gov/pubmed/35155992
https://unitar.org/sites/default/files/media/file/RZ_EWaste_Asian_Outlook_Web.pdf
https://unitar.org/sites/default/files/media/file/RZ_EWaste_Asian_Outlook_Web.pdf
https://www.statista.com/statistics/1300864/gdp-value-per-capita-in-africa/
https://www.statista.com/statistics/1300864/gdp-value-per-capita-in-africa/
https://doi.org/10.1007/s10661-022-10296-1
https://www.ncbi.nlm.nih.gov/pubmed/35867165
https://doi.org/10.1016/S2542-5196(21)00263-1
https://doi.org/10.22059/poll.2019.277556.592
https://pubs.acs.org/doi/pdf/10.1021/bk-2016-1243.fw001
https://pubs.acs.org/doi/pdf/10.1021/bk-2016-1243.fw001
https://www.basel.int/Portals/4/download.aspx?d=UNEP-CHW-IMPL-CONVTEXT-2023.English.pdf
https://doi.org/10.1177/0734242X221105424
https://www.ncbi.nlm.nih.gov/pubmed/35730890
https://doi.org/10.5305/procannmeetasil.107.0434
https://doi.org/10.3390/toxics8040099
https://single-market-economy.ec.europa.eu/sectors/raw-materials/areas-specific-interest/critical-raw-materials/critical-raw-materials-act_en
https://single-market-economy.ec.europa.eu/sectors/raw-materials/areas-specific-interest/critical-raw-materials/critical-raw-materials-act_en
https://www.weforum.org/impact/helping-chinese-companies-reduce-recycle-e-waste/
https://www.weforum.org/impact/helping-chinese-companies-reduce-recycle-e-waste/
https://www.iea.org/reports/critical-minerals-market-review-2023/key-market-trends
https://www.iea.org/reports/critical-minerals-market-review-2023/key-market-trends
https://doi.org/10.1016/j.enmm.2020.100409


Environments 2025, 12, 26 27 of 30

21. United States Environmental Protection Agency (US EPA) Basics of Green Chemistry. Available online: https://www.epa.gov/
greenchemistry/basics-green-chemistry (accessed on 12 November 2024).

22. Circular Economy: Definition, Importance and Benefits. Available online: https://www.europarl.europa.eu/news/en/headlines/
economy/20151201STO05603/circular-economy-definition-importance-and-benefits (accessed on 25 June 2023).

23. Wu, Z.; Xie, M.; Li, Y.; Gao, G.; Bartlam, M.; Wang, Y. Biodegradation of Decabromodiphenyl Ether (BDE 209) by a Newly Isolated
Bacterium from an e-Waste Recycling Area. AMB Express 2018, 8, 27. [CrossRef] [PubMed]

24. Kaliyavaradhan, S.K.; Prem, P.R.; Ambily, P.S.; Mo, K.H. Effective Utilization of E-Waste Plastics and Glasses in Construction
Products—A Review and Future Research Directions. Resour. Conserv. Recycl. 2022, 176, 105936. [CrossRef]

25. Supply of Critical Raw Materials Risks Jeopardising the Green Transition. Available online: https://web-archive.oecd.org/
temp/2023-04-11/655261-supply-of-critical-raw-materials-risks-jeopardising-the-green-transition.htm (accessed on 11 Novem-
ber 2024).

26. Ghimire, H.; Ariya, P.A. E-Wastes: Bridging the Knowledge Gaps in Global Production Budgets, Composition, Recycling and
Sustainability Implications. Sustain. Chem. 2020, 1, 154–182. [CrossRef]

27. Alabi, O.A.; Adeoluwa, Y.M.; Huo, X.; Xu, X.; Bakare, A.A. Environmental Contamination and Public Health Effects of Electronic
Waste: An Overview. J. Environ. Health Sci. Eng. 2021, 19, 1209–1227. [CrossRef] [PubMed]

28. Frazzoli, C.; Ruggieri, F.; Battistini, B.; Orisakwe, O.E.; Igbo, J.K.; Bocca, B. E-WASTE Threatens Health: The Scientific Solution
Adopts the One Health Strategy. Environ. Res. 2022, 212, 113227. [CrossRef]

29. Shittu, O.S.; Williams, I.D.; Shaw, P.J. Global E-Waste Management: Can WEEE Make a Difference? A Review of e-Waste Trends,
Legislation, Contemporary Issues and Future Challenges. Waste Manag. 2021, 120, 549–563. [CrossRef]

30. Patil, R.A.; Ramakrishna, S. A Comprehensive Analysis of E-Waste Legislation Worldwide. Environ. Sci. Pollut. Res. 2020, 27,
14412–14431. [CrossRef] [PubMed]

31. Islam, A.; Ahmed, T.; Awual, M.R.; Rahman, A.; Sultana, M.; Aziz, A.A.; Monir, M.U.; Teo, S.H.; Hasan, M. Advances in
Sustainable Approaches to Recover Metals from E-Waste—A Review. J. Clean. Prod. 2020, 244, 118815. [CrossRef]

32. Mtibe, A.; Mokhena, T.C.; John, M.J. Sustainable Valorization and Conversion of E-Waste Plastics into Value-Added Products.
Curr. Opin. Green. Sustain. Chem. 2023, 40, 100762. [CrossRef]

33. Adetunji, A.I.; Oberholster, P.J.; Erasmus, M. Bioleaching of Metals from E-Waste Using Microorganisms: A Review. Minerals
2023, 13, 828. [CrossRef]

34. Dutta, D.; Rautela, R.; Gujjala, L.K.S.; Kundu, D.; Sharma, P.; Tembhare, M.; Kumar, S. A Review on Recovery Processes of Metals
from E-Waste: A Green Perspective. Sci. Total Environ. 2023, 859, 160391. [CrossRef] [PubMed]

35. Dixit, R.; Kumar, S.; Pandey, G. Biological Approaches for E-Waste Management: A Green-Go to Boost Circular Economy.
Chemosphere 2023, 336, 139177. [CrossRef] [PubMed]

36. Kadivar, S.; Pourhossein, F.; Mousavi, S.M. Recovery of Valuable Metals from Spent Mobile Phone Printed Circuit Boards Using
Biochar in Indirect Bioleaching. J. Environ. Manag. 2021, 280, 111642. [CrossRef] [PubMed]

37. Zhou, W.; Liang, H.; Lu, Y.; Xu, H.; Jiao, Y. Adsorption of Gold from Waste Mobile Phones by Biochar and Activated Carbon in
Gold Iodized Solution. Waste Manag. 2021, 120, 530–537. [CrossRef] [PubMed]

38. Mathaiyan, R.; Shabanur Matada, M.S.; Sivalingam, Y.; Kancharla, S. Copper Recovery from Mobile Phone Printed Circuit
Board E-Waste and Transforming into CuO@C for Electrode Material in Extended Gate Field-Effect Transistors Facilitating
Non-Enzymatic Ascorbic Acid Detection. ACS Sustain. Chem. Eng. 2024, 12, 10752–10764. [CrossRef]

39. Fdez-Sanromán, A.; Pazos, M.; Rosales, E.; Sanromán, M.A. Unravelling the Environmental Application of Biochar as Low-Cost
Biosorbent: A Review. Appl. Sci. 2020, 10, 7810. [CrossRef]

40. Umicore Battery Recycling. Available online: https://www.umicore.com/en/newsroom/news/umicore-battery-recycling/
(accessed on 11 November 2024).

41. Background Note on Cyanide in Gold Mining|European Parliament, Committee on the Environment, Public Health and Food
Safety. 2013. Available online: https://www.europarl.europa.eu/meetdocs/2009_2014/documents/envi/dv/envi20130925_
info-cyanide_/envi20130925_info-cyanide_en.pdf (accessed on 23 December 2024).

42. Merli, G.; Becci, A.; Amato, A. Recovery of Precious Metals from Printed Circuit Boards by Cyanogenic Bacteria: Optimization of
Cyanide Production by Statistical Analysis. J. Environ. Chem. Eng. 2022, 10, 107495. [CrossRef]

43. Alexander, J.; Barregard, L.; Bignami, M.; Ceccatelli, S.; Cottrill, B.; Dinovi, M.; Edler, L.; Grasl-Kraupp, B.; Hogstrand, C.;
Hoogenboom, L.R.; et al. Acute Health Risks Related to the Presence of Cyanogenic Glycosides in Raw Apricot Kernels and
Products Derived from Raw Apricot Kernels. EFSA J. 2016, 14, e04424. [CrossRef]

44. Sodium Cyanide: Systemic Agent|NIOSH|CDC. Available online: https://www.cdc.gov/niosh/ershdb/emergencyresponsecard_
29750036.html (accessed on 23 December 2024).

45. Drinking Water—Essential Quality Standards|EUR-Lex. Available online: https://eur-lex.europa.eu/legal-content/EN/TXT/
?uri=legissum:4499769 (accessed on 23 December 2024).

https://www.epa.gov/greenchemistry/basics-green-chemistry
https://www.epa.gov/greenchemistry/basics-green-chemistry
https://www.europarl.europa.eu/news/en/headlines/economy/20151201STO05603/circular-economy-definition-importance-and-benefits
https://www.europarl.europa.eu/news/en/headlines/economy/20151201STO05603/circular-economy-definition-importance-and-benefits
https://doi.org/10.1186/s13568-018-0560-0
https://www.ncbi.nlm.nih.gov/pubmed/29478232
https://doi.org/10.1016/j.resconrec.2021.105936
https://web-archive.oecd.org/temp/2023-04-11/655261-supply-of-critical-raw-materials-risks-jeopardising-the-green-transition.htm
https://web-archive.oecd.org/temp/2023-04-11/655261-supply-of-critical-raw-materials-risks-jeopardising-the-green-transition.htm
https://doi.org/10.3390/suschem1020012
https://doi.org/10.1007/s40201-021-00654-5
https://www.ncbi.nlm.nih.gov/pubmed/34150306
https://doi.org/10.1016/j.envres.2022.113227
https://doi.org/10.1016/j.wasman.2020.10.016
https://doi.org/10.1007/s11356-020-07992-1
https://www.ncbi.nlm.nih.gov/pubmed/32162230
https://doi.org/10.1016/j.jclepro.2019.118815
https://doi.org/10.1016/j.cogsc.2023.100762
https://doi.org/10.3390/min13060828
https://doi.org/10.1016/j.scitotenv.2022.160391
https://www.ncbi.nlm.nih.gov/pubmed/36423849
https://doi.org/10.1016/j.chemosphere.2023.139177
https://www.ncbi.nlm.nih.gov/pubmed/37307925
https://doi.org/10.1016/j.jenvman.2020.111642
https://www.ncbi.nlm.nih.gov/pubmed/33293166
https://doi.org/10.1016/j.wasman.2020.10.017
https://www.ncbi.nlm.nih.gov/pubmed/33162288
https://doi.org/10.1021/acssuschemeng.4c01670
https://doi.org/10.3390/app10217810
https://www.umicore.com/en/newsroom/news/umicore-battery-recycling/
https://www.europarl.europa.eu/meetdocs/2009_2014/documents/envi/dv/envi20130925_info-cyanide_/envi20130925_info-cyanide_en.pdf
https://www.europarl.europa.eu/meetdocs/2009_2014/documents/envi/dv/envi20130925_info-cyanide_/envi20130925_info-cyanide_en.pdf
https://doi.org/10.1016/j.jece.2022.107495
https://doi.org/10.2903/j.efsa.2016.4424
https://www.cdc.gov/niosh/ershdb/emergencyresponsecard_29750036.html
https://www.cdc.gov/niosh/ershdb/emergencyresponsecard_29750036.html
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=legissum:4499769
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=legissum:4499769


Environments 2025, 12, 26 28 of 30

46. Connelly, N.G.; Damhus, T.; Hartshorn, R.M.; Hutton, A.T. (Eds.) Nomenclature of Inorganic Chemistry; IUPAC Recommendations;
International Union of Pure and Applied Chemistry and RSC Publishing: Cambridge, UK, 2005; ISBN 0-85404-438-8.

47. Green Rare-Earth Recycling Goes Commercial in the US|Ames Laboratory. Available online: https://www.ameslab.gov/index.
php/news/green-rare-earth-recycling-goes-commercial-in-the-us (accessed on 11 November 2024).

48. Pinto, J.; Colónia, J.; Abdolvaseei, A.; Vale, C.; Henriques, B.; Pereira, E. Algal Sorbents and Prospects for Their Application in the
Sustainable Recovery of Rare Earth Elements from E-Waste. Environ. Sci. Pollut. Res. 2023, 30, 74521–74543. [CrossRef] [PubMed]

49. Thakur, P.; Kumar, S. Pretreatment of Low-Grade Shredded Dust e-Waste to Enhance Silver Recovery through Biocyanidation by
Pseudomonas balearica SAE1. 3 Biotech 2021, 11, 454. [CrossRef]

50. Arshadi, M.; Esmaeili, A.; Yaghmaei, S. Investigating Critical Parameters for Bioremoval of Heavy Metals from Computer Printed
Circuit Boards Using the Fungus Aspergillus niger. Hydrometallurgy 2020, 197, 105464. [CrossRef]

51. Arshadi, M.; Pourhossein, F.; Mousavi, S.M.; Yaghmaei, S. Green Recovery of Cu-Ni-Fe from a Mixture of Spent PCBs Using
Adapted A. Ferrooxidans in a Bubble Column Bioreactor. Sep. Purif. Technol. 2021, 272, 118701. [CrossRef]

52. Van Yken, J.; Cheng, K.Y.; Boxall, N.J.; Nikoloski, A.N.; Moheimani, N.; Valix, M.; Sahajwalla, V.; Kaksonen, A.H. Potential
of Metals Leaching from Printed Circuit Boards with Biological and Chemical Lixiviants. Hydrometallurgy 2020, 196, 105433.
[CrossRef]

53. Abhilash; Tabassum, S.; Ghosh, A.; Meshram, P.; van Hullebusch, E.D. Microbial Processing of Waste Shredded PCBs for Copper
Extraction Cum Separation—Comparing the Efficacy of Bacterial and Fungal Leaching Kinetics and Yields. Metals 2021, 11, 317.
[CrossRef]

54. Argumedo-Delira, R.; Gómez-Martínez, M.J.; Soto, B.J. Gold Bioleaching from Printed Circuit Boards of Mobile Phones by
Aspergillus niger in a Culture without Agitation and with Glucose as a Carbon Source. Metals 2019, 9, 521. [CrossRef]

55. Nili, S.; Arshadi, M.; Yaghmaei, S. Fungal Bioleaching of E-Waste Utilizing Molasses as the Carbon Source in a Bubble Column
Bioreactor. J. Environ. Manag. 2022, 307, 114524. [CrossRef]

56. Patel, F.; Lakshmi, B. Bioleaching of Copper and Nickel from Mobile Phone Printed Circuit Board Using Aspergillus fumigatus
A2DS. Braz. J. Microbiol. 2021, 52, 1475–1487. [CrossRef]

57. Trivedi, A.; Hait, S. Fungal Bioleaching of Metals from WPCBs of Mobile Phones Employing Mixed Aspergillus spp.: Optimization
and Predictive Modelling by RSM and AI Models. J. Environ. Manag. 2024, 349, 119565. [CrossRef]

58. Becci, A.; Karaj, D.; Merli, G.; Beolchini, F. Biotechnology for Metal Recovery from End-of-Life Printed Circuit Boards with
Aspergillus niger. Sustainability 2020, 12, 6482. [CrossRef]

59. Narayanasamy, M.; Dhanasekaran, D.; Thajuddin, N. Frankia Consortium Extracts High-Value Metals from e-Waste. Environ.
Technol. Innov. 2022, 28, 102564. [CrossRef]

60. Priya, A.; Hait, S. Biometallurgical Recovery of Metals from Waste Printed Circuit Boards Using Pure and Mixed Strains of
Acidithiobacillus ferrooxidans and Acidiphilium acidophilum. Process Saf. Environ. Prot. 2020, 143, 262–272. [CrossRef]

61. Anaya-Garzon, J.; Hubau, A.; Joulian, C.; Guezennec, A.-G. Bioleaching of E-Waste: Influence of Printed Circuit Boards on the
Activity of Acidophilic Iron-Oxidizing Bacteria. Front. Microbiol. 2021, 12, 669738. [CrossRef] [PubMed]

62. Sannigrahi, S.; Suthindhiran, K. Metal Recovery from Printed Circuit Boards by Magnetotactic Bacteria. Hydrometallurgy 2019,
187, 113–124. [CrossRef]

63. Benzal, E.; Solé, M.; Lao, C.; Gamisans, X.; Dorado, A.D. Elemental Copper Recovery from E-Wastes Mediated with a Two-Step
Bioleaching Process. Waste Biomass Valorization 2020, 11, 5457–5465. [CrossRef]

64. Benzal, E.; Cano, A.; Solé, M.; Lao-Luque, C.; Gamisans, X.; Dorado, A.D. Copper Recovery from PCBs by Acidithiobacillus
Ferrooxidans: Toxicity of Bioleached Metals on Biological Activity. Waste Biomass Valorization 2020, 11, 5483–5492. [CrossRef]

65. Pourhossein, F.; Mousavi, S.M.; Beolchini, F.; Lo Martire, M. Novel Green Hybrid Acidic-Cyanide Bioleaching Applied for High
Recovery of Precious and Critical Metals from Spent Light Emitting Diode Lamps. J. Clean. Prod. 2021, 298, 126714. [CrossRef]

66. Caicedo, J.C.; Villamizar, S.; Orlandoni, G. The Use of Synthetic Agonists of Quorum Sensing N-Acyl Homoserine Lactone
Pathway Improves the Bioleaching Ability in Acidithiobacillus and Pseudomonas Bacteria. PeerJ 2022, 10, e13801. [CrossRef]

67. Tapia, J.; Dueñas, A.; Cheje, N.; Soclle, G.; Patiño, N.; Ancalla, W.; Tenorio, S.; Denos, J.; Taco, H.; Cao, W.; et al. Bioleaching of
Heavy Metals from Printed Circuit Boards with an Acidophilic Iron-Oxidizing Microbial Consortium in Stirred Tank Reactors.
Bioengineering 2022, 9, 79. [CrossRef]

68. Hubau, A.; Minier, M.; Chagnes, A.; Joulian, C.; Silvente, C.; Guezennec, A.-G. Recovery of Metals in a Double-Stage Continuous
Bioreactor for Acidic Bioleaching of Printed Circuit Boards (PCBs). Sep. Purif. Technol. 2020, 238, 116481. [CrossRef]

69. Zhang, S.; Yang, J.; Dong, B.; Yang, J.; Pan, H.; Wang, W.; Yan, L.; Gu, J.-D. An Fe(II)-Oxidizing Consortium from Wudalianchi
Volcano Spring in Northeast China for Bioleaching of Cu and Ni from Printed Circuit Boards (PCBs) with the Dominance of
Acidithiobacillus spp. Int. Biodeterior. Biodegrad. 2022, 167, 105355. [CrossRef]

70. Becci, A.; Amato, A.; Fonti, V.; Karaj, D.; Beolchini, F. An Innovative Biotechnology for Metal Recovery from Printed Circuit
Boards. Resour. Conserv. Recycl. 2020, 153, 104549. [CrossRef]

https://www.ameslab.gov/index.php/news/green-rare-earth-recycling-goes-commercial-in-the-us
https://www.ameslab.gov/index.php/news/green-rare-earth-recycling-goes-commercial-in-the-us
https://doi.org/10.1007/s11356-023-27767-8
https://www.ncbi.nlm.nih.gov/pubmed/37227641
https://doi.org/10.1007/s13205-021-02977-4
https://doi.org/10.1016/j.hydromet.2020.105464
https://doi.org/10.1016/j.seppur.2021.118701
https://doi.org/10.1016/j.hydromet.2020.105433
https://doi.org/10.3390/met11020317
https://doi.org/10.3390/met9050521
https://doi.org/10.1016/j.jenvman.2022.114524
https://doi.org/10.1007/s42770-021-00526-y
https://doi.org/10.1016/j.jenvman.2023.119565
https://doi.org/10.3390/su12166482
https://doi.org/10.1016/j.eti.2022.102564
https://doi.org/10.1016/j.psep.2020.06.042
https://doi.org/10.3389/fmicb.2021.669738
https://www.ncbi.nlm.nih.gov/pubmed/34489879
https://doi.org/10.1016/j.hydromet.2019.05.007
https://doi.org/10.1007/s12649-020-01040-2
https://doi.org/10.1007/s12649-020-01036-y
https://doi.org/10.1016/j.jclepro.2021.126714
https://doi.org/10.7717/peerj.13801
https://doi.org/10.3390/bioengineering9020079
https://doi.org/10.1016/j.seppur.2019.116481
https://doi.org/10.1016/j.ibiod.2021.105355
https://doi.org/10.1016/j.resconrec.2019.104549


Environments 2025, 12, 26 29 of 30

71. Kaur, P.; Sharma, S.; Albarakaty, F.M.; Kalia, A.; Hassan, M.M.; Abd-Elsalam, K.A. Biosorption and Bioleaching of Heavy Metals
from Electronic Waste Varied with Microbial Genera. Sustainability 2022, 14, 935. [CrossRef]

72. Toshev, S.; Loukanov, A.; Emin, S.; Nakabayashi, S. Biotechnological Recycling and Recovery of Metals from Secondary Raw
Materials through Biogenic Synthesis of Nanoparticles. Sustain. Extr. Process. Raw Mater. J. 2021, 2, 68–73. [CrossRef]

73. Nasiri, T.; Mokhtari, M.; Teimouri, F.; Ehsan, A. Remediation of Metals and Plastic from E-Waste by Iron Mine Indigenous
Acidophilic Bacteria—Tannaz Nasiri, Mehdi Mokhtari, Fahimeh Teimouri, Ehsan Abouee, 2023. Waste Manag. Res. 2023, 41,
894–902. [CrossRef] [PubMed]
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