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ABSTRACT

The rapid growth of electronic waste (e-waste) creates both environmental risks and untapped resource recovery
opportunities, particularly for gold present at trace levels in complex electronic wastewater streams. Traditional
methods—cyanidation and aqua regia leaching—achieve high recovery but entail high energy consumption, toxic
reagents, and substantial secondary waste, conflicting with circular economy and decarbonization goals. Green
biohydrometallurgy—encompassing bioleaching, biosorption, and bioreduction—offers a promising alternative
under milder conditions with lower environmental impacts, especially when integrated with advanced solvents
(IL/DES) and sorbents (COFs). This review critically examines recent advancements in gold recovery from e-waste-
derived electronic wastewater using bio-based and bio-enabled technologies. Key topics include: (i) metabolism-
dependent bioleaching using bio-lixiviants; (ii) biosorption and bioreduction of Au from polymetallic solutions; and
(iii) integration with ionic liquids/deep eutectic solvents (IL/DES) and molecularly designed sorbents (e.g., covalent
organic frameworks, COFs). Synthesized performance data reveal gold leaching efficiencies up to 98% in optimized
thiourea-based bioleaching and adsorption capacities reaching 3108 mg g~ for CS-MoS: composites, demonstrating
the exceptional potential of sulfur-rich biosorbents. Critical challenges—slow kinetics, selectivity, biocatalyst
stability, and scaling in real wastewater matrices—are examined. Future priorities include low-carbon hybrid
flowsheets, life cycle assessment (LCA), techno-economic analysis (TEA), and safe-and-sustainable-by-design
approaches to establish green biohydrometallurgy as a cornerstone of sustainable urban mining for precious metals
recovery from electronic wastewater.
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INTRODUCTION

The volume of electronic waste (e-waste) is escalating at an unprecedented rate, now
recognized as one of the fastest-growing waste streams globally. This surge is driven by increasing
consumption of electronic devices, short product lifecycles, and limited formal recycling
infrastructure in many regions (Baldé et al., 2024; Chowdhury & Ghosh, 2018; Ghulam &
Abushammala, 2023). The majority of e-waste continues to be managed through informal
channels, including manual dismantling, open burning, and uncontrolled chemical leaching. Such
practices release heavy metals and hazardous organic compounds into soils and water systems,
generating leachates and electronic wastewater that are not only metal-rich but also toxic to
ecosystems and human health (Sandwal et al., 2025). According to the Global E-waste Monitor
2024, e-waste generation reached 62 billion kg globally in 2022—averaging 7.8 kg per capita—
yet only 22.3% (13.8 billion kg) was appropriately collected and recycled (Baldé et al., 2024).

Conversely, e-waste contains high concentrations of valuable metals, particularly gold (Au),
often surpassing those found in primary mineral ores. This has led to recognition of e-waste as a
strategic "urban mine" for precious metal recovery (Chowdhury & Ghosh, 2018; Magoda &
Mekuto, 2022). The economic value of e-waste is primarily driven by Au-rich fractions in printed
circuit boards (PCBs), connectors, and conductive coatings. However, this resource remains
largely untapped due to the complex, polymetallic, and frequently toxic matrix, which demands
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processing schemes that are both efficient and environmentally systematic. In current industrial
practice, mechanical and thermochemical operations—pyrometallurgy and hydrometallurgy—
generate various metal-rich solutions, including pregnant leach solutions, rinse streams, and
electroplating effluents. Collectively termed electronic wastewater, these streams represent a
highly promising secondary source of dissolved Au, yet they remain underutilized.

Despite their technical effectiveness and established industrial base, conventional
approaches—cyanidation, aqua regia, and other strong-acid leaching—are generally energy-
intensive, involve hazardous reagents, exhibit high corrosivity, and generate secondary waste
requiring intensive treatment (Adetunji et al., 2023; Kara et al., 2023). These operations contribute
to greenhouse gas emissions and pose toxicity risks to ecosystems and workers. Recent life-cycle
assessments (LCA) highlight that while conventional methods excel in processing speed and
recovery yields, achieving alignment with decarbonization targets and circular economy principles
requires substantial process innovations to reduce energy footprints, toxicity, and waste burdens
(Sieber et al., 2025).

The growing urgency to transition to a circular economy demands greener precious-metal
recovery technologies—particularly for gold—featuring lower energy consumption, minimal
toxicity, and the capacity to utilize electronic wastewater as a resource rather than a pollutant. In
this context, biohydrometallurgy and biologically-based approaches—bioleaching, biosorption,
and bioreduction—have emerged as promising alternatives (Baniasadi et al., 2019; Kaksonen et
al., 2020). These processes operate under milder conditions with less hazardous reagents. Several
studies have demonstrated biological dissolution, binding, and precipitation of metals from e-
waste, yet the primary focus has remained on base metals (Cu, Ni, Pb) and solid matrices (PCBs,
batteries). Systematic investigations into gold recovery from electronic wastewater—where
precious metals exist at trace concentrations amid complex polymetallic and organic matrices—
remain relatively limited (Huy et al., 2023).

With global e-waste projected to reach 82 million tonnes by 2030 and increasing regulatory
pressure on toxic reagents, a comprehensive synthesis of green alternatives for gold recovery from
electronic wastewater has become critical. This article aims to critically and comprehensively
review recent advancements in biohydrometallurgy and bio-based strategies for recovering gold
(and, where applicable, silver) from electronic wastewater and associated leachates. Specifically,
this article: (i) examines the technological landscape of bioleaching, biosorption, and bioreduction
for precious metal recovery from liquid e-waste streams; (ii) identifies key technical, biological,
and engineering challenges—Kinetics, biocatalyst stability, selectivity in multi-metal systems, and
integration with chemical/electrochemical processes; and (iii) highlights techno-economic and
LCA gaps hindering industrial adoption, while proposing future research directions aligned with
circular economy and safe-and-sustainable-by-design concepts. These objectives guide the
subsequent sections, linking each discussion to identified gaps and opportunities. Ultimately, this
article positions green biohydrometallurgy not as a standalone solution, but as a central component
of hybrid processing schemes integrating biological, chemical, and electrochemical operations for
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more selective, efficient, and environmentally responsible precious metal recovery from electronic
wastewater.

METHOD

The article employs a narrative critical review approach to systematically examine and
synthesize the scientific literature on green biohydrometallurgy for gold recovery from electronic
wastewater. Unlike systematic reviews that prioritize quantitative meta-analysis, a narrative
critical review is specifically designed to integrate diverse bodies of literature across
interdisciplinary fields, evaluate methodological rigor, identify conceptual patterns, and generate
critical insights into emerging technologies. This approach is particularly appropriate for the
present topic, which spans microbiology, green chemistry, materials science, and metallurgical
engineering, where studies vary significantly in experimental design, performance metrics, and
disciplinary orientation.

A comprehensive literature search was conducted across three major scientific databases:
ScienceDirect, Web of Science, and Google Scholar. These databases were selected for their
extensive coverage of peer-reviewed research in environmental science, metallurgy, microbiology,
and green chemistry, as well as their robust indexing and citation analysis capabilities. The search
was limited to publications from 2015 to 2025 to capture the most recent advancements in this
rapidly evolving field. Boolean operators were employed to combine keywords across three
thematic domains: (i) process/method-related terms ("biohydrometallurgy,” "bioleaching,”
"biosorption,” "bioreduction,” "bio-adsorbent," "bio-enabled,” "microbial recovery"); (ii) target
metal terms (“gold,” "Au," "precious metal," "noble metal"); and (iii) waste stream terms
("electronic waste," "e-waste," "WEEE," "electronic wastewater," "leachate,” "urban mining,"
"printed circuit boards"). Additional targeted searches using specific terms such as "thiourea
bioleaching," "cyanogenic bacteria," "chitosan gold adsorption," and "covalent organic framework
gold recovery" were performed to ensure coverage of niche but critical advancements,
supplemented by manual screening of reference lists from key review articles.

Studies were included if they met the following criteria: (i) peer-reviewed original research
articles or authoritative review papers published in English; (ii) explicit focus on gold recovery
from secondary sources, specifically e-waste, electronic wastewater, or e-waste-derived leachates;
(i) investigation of biological or bio-enabled processes including metabolism-dependent
bioleaching, metabolism-independent biosorption, bioreduction, or hybrid systems integrating
biological methods with green solvents or advanced sorbents; and (iv) reporting of original
performance data or mechanistic insights into gold-microbe/material interactions. Articles were
excluded if they focused exclusively on primary ore mining or conventional
pyrometallurgical/hydrometallurgical processes without biological components, dealt solely with
base metals without addressing gold, or consisted of conference abstracts, non-peer-reviewed
reports, or duplicate publications.

The selected literature was analyzed using a comparative techno-environmental framework
that integrates technical performance assessment with environmental sustainability evaluation.
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Technical performance was assessed based on key indicators including leaching efficiency,
adsorption capacity, selectivity coefficients, operating conditions, process configuration, and
technology readiness level. Environmental assessment examined reagent toxicity, energy
consumption, secondary waste generation, alignment with green chemistry principles, and
availability of life cycle assessment and techno-economic analysis data. Findings were synthesized
thematically following established narrative synthesis guidelines, progressing through three
stages: preliminary theme identification (grouping studies by process type and coding for
mechanisms), thematic organization (comparing studies to identify patterns and gaps), and
interpretive synthesis (developing higher-level insights regarding process mechanisms, hybrid
integration potential, and critical research gaps). Reference management was performed using
Zotero.

RESULTS AND DISCUSSION
Green Technology Framework for Precious Metal Recovery

The green technology framework for precious metal recovery from e-waste and electronic
wastewater integrates green chemistry principles, next-generation solvents, bio-based approaches,
and sustainability assessments. Key green chemistry principles relevant to this framework include
waste prevention, high atom economy, safer solvent use, energy efficiency, and the design of non-
hazardous, degradable products (Anastas & Egbali, 2010).

1. Green Solvents: lonic Liquids and Deep Eutectic Solvents

lonic liquids (ILs) and deep eutectic solvents (DESs)—now extended to low-melting mixture
solvents (LoMMSs)—have emerged as important green solvent platforms due to their negligible
volatility, tunable physicochemical properties, and ability to dissolve metals and organic matrices
(Barbara et al., 2025). In e-waste recycling, DES/IL systems have demonstrated >95-99%
extraction efficiencies for base metals from spent batteries and printed circuit boards, often with
high selectivity and potential for solvent reuse in closed-loop configurations (Domanska et al.,
2024; Gupta et al., 2024).

However, recent critical perspectives caution against dogmatic acceptance of IL/DES as
inherently "green.” Issues including high viscosity, energy-intensive heating requirements,
toxicity, hygroscopicity, limited regenerability, and uncertain biodegradability must be addressed
through structural and process design strategies (Chen & Mu, 2021; Chen & Yu, 2023).
Improvements such as bio-based precursors (e.g., cholinium, biomass-derived organic acids),
viscosity reduction, and enhanced recyclability are essential for genuine sustainability (Dar et al.,
2025).

Cross-sector applications (lignocellulosic biorefineries, PET recycling) demonstrate that
IL/DES systems can reduce environmental impact only when solvent recycling, operation scale,
and energy consumption are optimized—underscoring the need for comprehensive life cycle
assessment (LCA) rather than simplistic solvent substitution (Barbara et al., 2025).

Molecularly designed sorbents, particularly covalent organic frameworks (COFs), represent
a paradigm shift in gold recovery from complex leachates. Benzoxazine-based COFs with quasi-
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planar heteroatom control achieve Au adsorption capacities up to 3467 mg g with >92%
selectivity in the presence of 12 competing metal ions from real e-waste leachates (Kumar et al.,
2025). Other COF architectures (amide, pyridine, ionic frameworks) similarly demonstrate high
capacity and selectivity, often coupled with in situ bioreduction of Au(lll) to Au(0) (Zhang et al.,
2025; Zhao et al., 2024). These materials enable selective gold recovery without hazardous
precipitation reagents and support multi-cycle regeneration, aligning with circular economy
principles.
2. Bio-Based Recovery Technologies

Bio-based technologies—including biosorption, bioaccumulation, and bioelectrochemical
systems—offer selective metal separation under mild conditions (Sieber et al., 2025). Surface
modification of biomass with metal-binding peptides or siderophores enhances selectivity for trace
gold in polymetallic electronic wastewater, positioning bio-based recovery as a crucial
complement to synthetic sorbents and green solvents (Ferreira-Filipe et al., 2025).
3. Hybrid Process Integration

The ideal hybrid flowsheet combines physical pretreatment, soft bioleaching or DES/IL

leaching, and selective recovery using COFs, biosorbents, or electrochemical methods (Huy et al.,
2023; Abbas & Jung, 2024). Non-oxidative approaches that recover gold as flakes or concentrate
gold-rich fractions without dissolution prevent down-cycling and enable high-value reuse in
optoelectronic applications (Gouda et al., 2025). Industrial feasibility requires rigorous validation
through LCA, green metrics, and techno-economic analysis (TEA) accounting for solvent lifespan,
energy balances, and waste management (Dar et al., 2025).

Table 1. Green Technology Pillars for Gold Recovery

Tech_nology Performance Highlights SUSt"f"nab'.“ty References
Pillar Considerations
IL/DES >95-99% metal High viscosity, toxicity Dar et al., 2025;
Solvents extraction; >99% Au in 5 min concerns; requires LCA Domanska et al., 2024
COFs & 3467 mg g ! Au No hazardous reagents; Kumar et al., 2025; Fu
Sorbents capacity; >92% selectivity multi-cycle use etal., 2024
Bio-Based Effectlv.e at trace A_u_ (ppm-— Low energy;_slo_w kinetics, Sieber et al., 2025
Recovery ppb); mild conditions scalability issues
Hybrid Integrates leaching, Circular economy; requires Huv et al 2023
Flowsheets adsorption, electrochemistry TEA/LCA validation y B

Biohydrometallurgy for Gold Recovery from Electronic Wastewater

Biohydrometallurgy offers a four-stage route for gold recovery from e-waste—bioleaching,
biosorption, bioreduction, and hybrid process integration—treating e-waste as a complex "urban
ore" (Huy et al., 2023; Magoda & Mekuto, 2022). While these biological approaches aim to
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supplant toxic lixiviants like cyanide (Ray et al., 2022), life cycle assessment (LCA) reveals that
their environmental superiority is not absolute; pyrometallurgy can outperform bioleaching in
fossil-based energy grids, whereas hybrid flowsheets excel only under low-carbon scenarios
(Schwartz et al., 2024). The primary barriers to adoption remain scale-up challenges, microbial
sensitivity, and a predominance of laboratory-scale studies, underscoring the critical need for
systemic process design and intensification (Magoda & Mekuto, 2022).

1. Bioleaching and Bio-Lixiviants for Gold Dissolution

The initial stage involves dissolving metallic gold from waste printed circuit boards (WPCBS)
into soluble forms using bio-lixiviants. Thiourea-based bioleaching (TU-bioleaching) represents
one of the most advanced approaches, utilizing iron-oxidizing archaea (Acidiplasma sp. Fv-Ap) to
maintain Fe*" regeneration and control redox potential (Eh 490-545 mV), thereby inhibiting
thiourea decomposition and stabilizing the Au-thiourea complex (Rizki et al., 2019). With a
thiourea-to-iron ratio of 2:1-40:1 using only 1 mM Fe*" and 10 mM thiourea, this method achieves
98% gold leaching from PCBs—significantly reducing thiourea consumption compared to
conventional chemical leaching (Ray et al., 2022). Despite its promise, challenges remain in redox
potential control, thiourea decomposition management, and handling of reduced sulfur species
during scale-up (Ray et al., 2022).

Bio-cyanidation employs cyanogenic bacteria, particularly Chromobacterium violaceum, to
produce biogenic cyanide (CN") for gold complexation. Due to e-waste toxicity, two-step
strategies (cell growth and CN- production followed by e-waste addition) are more effective,
though gold recovery typically remains below 30-60% without optimization (Rana et al., 2020).
However, key challenges include achieving sufficient biogenic cyanide production, microbial
toxicity from heavy metals and flame retardants, and significantly longer processing times
compared to chemical leaching (Magoda & Mekuto, 2022).

LCA of Cu-Au bioleaching hybrid schemes confirms that environmental benefits depend
critically on electricity carbon footprint and operational optimization; without low-carbon energy
and process intensification, bioleaching may not outperform chemical or pyrolysis routes
(Schwartz et al., 2024). Thus, bio-cyanidation is best positioned as a modular component within
hybrid flowsheets rather than a complete replacement for conventional cyanidation.

Table 2. Bioleaching Systems for Gold Recovery

Bioleaching Microorganisms / Lixiviant Key Performance References
System Conditions
Acidic pH, 1
TU- Acidiplasma sp. Fv-Ap + mM Fe3*, 10 98% Au L
bioleaching thiourea mM TU, Eh leaching Rizki etal., 2019
490-545 mV
Bio-
. N S . oxidation of
B|0-0X|da_t|on Ac_ld_lthlobacnlus: sulfide —> 95% Au Ray et al., 2022
+ TU leaching Leptospirillum consortium . . )
biogenic Fe’*;
TU leaching
BIOX-TC A. ferrooxidans, A. Acidic 86.9% Au Azizitorghabeh
(thiocyanate) thiooxidans, L. ferrooxidans biooxidation, recovery etal., 2022
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Bioleaching Microorganisms / Lixiviant K?y Performance References
System Conditions
0.2 M SCN-, in
situ Fe**
Bio- C. violaceum (cyanogenic twof)s?egl_sliht Natarajan &
blo- : {Cyanog SIEPISP 11-73% Au  Ting, 2015; Kumar
cyanidation bacteria) medium, 0.5— etal. 2021
10 g L' pulp v
CDS- Cu pre-
enhanced bio- C. violaceum + distiller leaching 98.6% Au Tran et al.. 2025
CN solubles condensate (Fe2(S04)s), pH leaching v
7, glycine
lodide- . pH 7-9,1
oxidizing Roseovarius oxidation to I 0.93-16% Ay udpengetal,
. tolerans/mucosus - 2020
bacteria Aul>” complex
_ pH ~1-1.6, 100
a;(\;\go rs]}[ﬁ%e Leptospirillum, Sulfobacillus, ORP +410 mV, NgiGZln(')?A/a iCnu, 202?%@5 :tl.él
bi Pt Acidithiobacillus consortium semi- = ’ N
ioleaching continuous residue 2020

2. Biosorption and Bio-Enabled Adsorption of Gold Solutions

Following gold dissolution as Au(IIl) complexes (typically AuCls~ or thiosulfate complexes),
the selective recovery of gold from highly polymetallic leachates represents a critical separation
challenge. Biosorption utilizing nitrogen/sulfur-rich biomacromolecules has emerged as a
promising approach, offering cost advantages and environmental compatibility compared to
conventional adsorbents (Huy et al., 2023; Dutta et al., 2022).

Biosorbents for gold recovery can be broadly classified into three categories: (i) pristine or
modified biomass (chitosan, alginate, cellulose, agricultural wastes); (ii) bio-enabled composites
integrating biomass with synthetic materials (MOFs, magnetic nanoparticles, polymers); and (iii)
molecularly imprinted biopolymers with tailored recognition sites. Chitosan-based materials have
been extensively studied due to abundant amine and hydroxyl groups that interact with AuCls
through electrostatic attraction and coordination. Crosslinking strategies (e.g., glutaraldehyde)
enhance chemical stability in acidic e-waste leachates while maintaining selectivity (Bui et al.,
2020).

Bio-enabled composites combine biomass with functional synthetic components to enhance
capacity, selectivity, and separability. Magnetic nanoparticles facilitate recovery, while sulfur-rich
ligands (thiols, MoS:) exploit soft—soft interactions with Au(lll) for superior selectivity
(Poormoghadam et al., 2025). Surface-functionalized agricultural wastes offer cost-effective
alternatives. Modification with polyethyleneimine, tannins, or aminothiazole introduces additional
binding sites and reduction capabilities (Choudhary et al., 2018; Lin et al., 2018).

Despite significant progress, critical limitations persist. Most studies remain at laboratory
scale using batch configurations under idealized conditions, with limited validation using real e-
waste leachates. Long-term performance under continuous flow, fouling resistance, and structural
stability require systematic investigation (Rana et al., 2020). Furthermore, life cycle assessment
(LCA) and techno-economic analysis (TEA) specific to biosorption stages are rarely conducted,

Asian Journal of Engineering, Social and Health 150



Green Biohydrometallurgy for Gold Recovery from Electronic Wastewater: Advances, Challenges, and
Future Directions

leaving sustainability claims unquantified (Huy et al., 2023). Future research must prioritize
validation under industrially relevant conditions, regeneration strategies, and comprehensive
sustainability assessments.

Table 3. Key Biosorbents for Gold Recovery from E-waste Leachates

Material Mechanism Capacltly Key Feature Reference
(mgg™)
Electrostatic + 89.2%
Chitosan-keratin cryogel N/S chelation 613 recovery from  Haleem et al., 2024
real leachate
Outstanding
CS-MoS: composite Ag—S SOﬂ.—SOﬂ 3108 multi-ion Zhao et al., 2020
interaction B
selectivity
. 95-105%
Thiol recovery; Poormoghadam et
OCBs@Fes04@Ui10-66-SH chemlsorp_tlon, 1587 stable at 15 al. 2025
magnetic ;
interference
0,
Covalent Au- selezst)i(\)/ﬁ) in
Thiourea-modified alginate SIN, 1667 VI Gao etal., 2017
. multi-metal
photoreduction .
mixtures
Phenolate/N >90%
DCTS-TA (chitosan-tannin) chelation + 1146 recovery after Hou et al., 2023
reduction 5 cycles
. . Very high
Corn-bract-2-aminothiazole AmmO/.th'OI 1668 competitive Linetal., 2018
chelation .
selectivity
Phenolic >90%
CoFe:0.@Si0:@persimmon reduction, 882 efficiency in Budiarta et al., 2024
tannin : mixed
magnetic .
solutions

3. Bioreduction and Precipitation of Gold into Au(0)

The final stage transforms Au(IIl) into metallic gold (Au°) via three approaches: (i) direct
reduction by biomass or metabolites; (ii) bio-enabled materials with intrinsic electron donor sites
(hydroxylated aromatics, thiols, amines); and (iii) microbial reduction combined with solid
substrates like Fe-based MOFs (Kaksonen et al., 2020).

Modified biomacromolecules show significant potential. Thiourea-modified alginate
achieves 1670 mg g! capacity with in situ Au® nanocrystal formation (Gao et al., 2017). Chitosan-
thioglycolic acid (CS-TGA-GA) composites yield 1351 mg g! and 99.6% gold purity from WPCB
leachate (James et al., 2024). Chitosan-ferrocene-cyclodextrin-thiourea (CS-Fc@CD-TU)
maintains >97% efficiency over five cycles, producing 99.8% pure gold (Xie et al., 2025). These
materials combine selective adsorption with intrinsic reduction, eliminating external reductants.

Advanced systems integrate microbial and carbon-based reduction. Shewanella oneidensis
generates Fe(Il) within MIL-127 MOF, reducing Au(IIl) at 183 mg g capacity with biological
redox regeneration (Springthorpe & Keitz, 2021). Defect-rich carbon dots provide electron donor
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sites (~1.7 mmol g), reducing Au(Ill) via two-stage nucleation (Zhang et al., 2025). Alginate-
derived pyrocarbon lowers the reaction energy barrier from +1.08 to —21.84 eV through stepped
Au-ClI cluster formation (Fu et al., 2024).

Despite promise, studies remain laboratory-scale with batch conditions. Challenges include
fouling, particle size control, and process integration. Bioreduction is best positioned as a flexible
module within optimized hybrid flowsheets, not a standalone replacement for chemical routes (He

& Kappler, 2017).

Table 4. Representative Bioreduction Systems for Gold Recovery

Material Mechanism Capagt})/ (mg Key Feature Reference
. . In situ Au® 0 PR
Thlourea_-modlfled nanocrystal 1670 >90% selectivity; no Gao et al., 2017
alginate f . external reductant
ormation
CS-TGA-GA Reduction-coupled 99.6% Au purity
(chitosan- adsorption + 1351 from WPCB James et al., 2024
thioglycolic acid) incineration leachate
CS-Fc@CD-TU . >97% efficiency
chitosan-ferrocene- . after 5 cycles; 99.8% ieetal,
(chitosan-f Adsorption 722 fter 5 cycles; 99.8% Xie et al., 2025
reduction cascade .
CD-TU) purity
S,N-rich MOF Chemisorption + 99% removal in 8
(adenine + Al forn[l)ation 3680 min; stable over 7 Wang et al., 2023
thiodiphenol) 4 cycles
Fe-MOF MIL-127 Microbial Fe(l1) Biological redox ¢ i ihorme & Keitz,
. . generation — 183 regeneration;
+ S. oneidensis . X 2021
Au(l1) reduction multiple cycles
Alginate-derived sp2 electron DFT-confirmed
g reservoir; stepped 2830 energy barrier Fuetal., 2024

pyrocarbon

Au-ClI clusters reduction

Case Studies and Comparative Assessment
1. Representative Case Studies: From Lab to Pilot Scale

Case studies on gold recovery from e-waste leachate reveal a diverse technological landscape
with significant variation in waste matrices, leaching media, and process configurations. While
gold content in WEEE can rival or exceed primary ores, its concentration in leachate and
wastewater is typically very low (ug—mg L) and mixed with high concentrations of base metals
(Cu, Ni, Fe), necessitating highly selective, multi-stage separation strategies (Ferreira-Filipe et al.,
2025; Habibi et al., 2020).

Biohydrometallurgical approaches—including bioleaching by acidophilic microorganisms
and biosorption by living or dead biomass—have demonstrated lower energy consumption and
emissions compared to conventional pyrometallurgy and hydrometallurgy. However, most
implementations remain at laboratory batch-scale using simplified synthetic effluents that do not
represent the complexity of actual industrial e-waste streams (Sieber et al., 2025).

The "green hybrid" approach, combining conventional chemical leaching (e.g., dilute aqua
regia, non-cyanide systems) with bio-based polishing stages, has emerged as a pragmatic
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compromise between performance and environmental acceptability (Huy et al., 2023; Dutta et al.,
2022; Rocky et al., 2024). Integrating aqua regia leaching with selective sorption or
biotechnological stages can reduce acid consumption, enhance Au/Pd/Pt selectivity, and lower
pollutant loads, though challenges remain including high corrosivity, specialized reactor
requirements, and stringent waste treatment needs (Rocky et al., 2024).

Pilot studies remain limited but highlight critical scaling challenges. Transitioning to high
pulp density and complex multi-metal effluents often results in performance decline due to heavy
metal inhibition, biosorbent fouling, and difficulty maintaining active cultures (Sieber et al., 2025;
Wang et al., 2023). Feedstock variability across product generations further complicates
reproducibility without stringent pretreatment (Gomez et al., 2024). Technical and economic
analyses suggest that with proper flowsheet design, green technologies can be economically
competitive while reducing carbon footprints (Martin et al., 2023; Suffia & Dutta, 2023). However,
the main barrier to industrial adoption remains the lack of long-term pilot testing, complete mass-
energy balance data, and consistent LCA/LCC evaluations across process configurations (Rai et
al., 2021).

2. Comparison with Conventional and Other Green Approaches

Compared to conventional cyanidation and aqua regia, biohydrometallurgy and non-
biological green approaches offer superior environmental profiles but often at the expense of
process speed, operational simplicity, or technological maturity.

Cyanidation remains the industry standard due to high selectivity (>90% recovery) and
established infrastructure, but it is highly toxic, difficult to regenerate, unsuitable for refractory
ores, and faces increasing regulatory pressure (Dutta et al., 2022). Aqua regia achieves up to 97—
99% gold dissolution but is highly corrosive, produces NOx/Cl -laden wastewater, and requires
costly materials and waste treatment, driving interest in hybrid concepts (Rocky et al., 2024;
Sethurajan et al., 2019).

Biohydrometallurgy  (bioleaching, biosorption, bioelectrochemistry)  consistently
demonstrates lower energy and chemical consumption, minimal air emissions, and reduced
hazardous sludge (Habibi et al., 2020). Metabolism-dependent and -independent mechanisms
enable high selectivity in multicomponent solutions under optimized conditions (Sieber et al., 2025;
Sethurajan et al., 2019). However, most data derive from simple systems, and applicability to
complex e-waste leachate requires systematic validation (Sieber et al., 2025; Ferreira-Filipe et al.,
2025). Bio-based technologies excel in low-grade, high-volume applications but become less
competitive when complex bioprocess control is required (Sieber et al., 2025).

In a broader comparative framework, conventional technologies (pyrometallurgy + strong
acid hydrometallurgy) possess high technology readiness levels (TRL) but are increasingly
incompatible with circular economy and decarbonization targets due to emissions and health risks
(Dutta et al., 2022). Green technologies show strong potential in reducing environmental factors
(E-factor) and enabling resource recovery from waste, yet face three persistent challenges: (i) the
scale gap between laboratory studies and industrial requirements (high pulp density, feed
variability, continuous operation) (Kara et al., 2023); (ii) lack of comparative techno-economic
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and life-cycle assessment data, resulting in qualitative "green™ claims (Martin et al., 2023; Suffia
& Dutta, 2023); and (iii) trade-offs between advanced material complexity and affordability in
developing countries that process the majority of global e-waste (Dutta et al., 2022).

The critical implication is that future "green biohydrometallurgy™ processes must adopt
hybrid schemes combining moderate leaching (DES, non-cyanide, dilute aqua regia), selective
separation (bio-/polymer sorbents, electro-recovery), and waste bioprocessing units to
simultaneously meet efficiency, selectivity, cost, and sustainability criteria (Sethurajan et al.,

2019).

Table 5. Comparison of Gold Recovery Approaches from E-waste

Au

Method Examples Key Features Limitations References
Recovery
Alkaline High selectivity; Tr(()ex:acr;edr:iftfilc(;r?'lt Dutta et al., 2022;
Cyanidation NaCN/KCN established >90% r?e ulator ' Sethurajan et al.,
leaching industrial base g Y 2019
pressure
Highly
Highest COrrosive; .
Aqua redia HCI+HNOs dissolution rate; 97-99% NOx/CI- Rg;mg.::{ ’eiglzdﬁ
d g leaching of PCBs up to 97-99% wastewater; 2(1)19 B
recovery limited
industrial use
. Base L
Acidophilic Lowenergy; | otals>g  SIOW kinetics;
. . bacteria m!”'m' 0-90%; tox.".:'t.y .
Bioleaching e . emissions; ' sensitivity; Sieber et al., 2025
(e.g., Acidithiobaci . . Au as L
inexpensive limited Au-
Hlus) reagents pre- specific data
g treatment P
Lab-scale only;
. N regeneration
Modified biomass, High selectivity; Up challenges; Ferreira-Filipe et al.,
. . : low to >90% .
Biosorption chitosan, . S complex 2025; Huy et al.,
. environmental in simple
agricultural wastes f . effluent 2023
ootprint systems
performance
unproven
High viscosity;
DES/IL Choline chloride- Low volatility; ifl?eer:g?(/-e
. based DES, tunable; >99%  >95-99% o Martin et al., 2023
leaching o . ; regeneration;
triiodide IL Auin 5 min .
toxicity
concerns
Lab-scale;
COFs, pyrocarbon, High capacity >950 lifecycle data
Green sorbents bio-based (up to 3467 mg 0 needed, Kumar et al., 2025
A, . recovery ;
adsorbents g); selective regeneration
studies limited
High purity Delpezr;(:ﬁgt on
Electro- Electrowinning (=100%); . g Rai et al., 2021;
N >99% solution;
recovery from leachate minimal reagent requires Huy et al., 2023
use g
pretreatment
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Challenges in Implementing Green Biohydrometallurgy
1. Technical and Process Challenges

The most fundamental technical challenge in green biohydrometallurgy is slow leaching
kinetics and performance decline during scale-up. Bioleaching rates are typically diffusion-
controlled, and increasing pulp density beyond 5-10% w/v causes sharp recovery drops, extending
process times from hours to days or weeks (Magoda & Mekuto, 2022; Kara et al., 2023). In e-
waste systems, this is exacerbated by heavy metals (Pb, Cd, Cr), organic flame retardants, and
toxic plastics that inhibit microbial activity, reduce lixiviant production, and damage biofilms
(Baniasadi et al., 2019). In electronic wastewater, CI-, surfactants, and organic complexes alter
Au(lIN/Au(l) speciation, disrupting adsorption and bioreduction stages (Huy et al., 2023).

Selectivity in multi-metal systems remains a major hurdle. Base metals (Cu, Fe, Ni, Zn) are
present at much higher concentrations than Au/Ag, dominating leaching and separation. Most
studies use simplified solutions that do not reflect industrial complexity, complicating the design
of selective recovery schemes for trace gold in Cu/CI-rich matrices (Magoda & Mekuto, 2022).
Emerging solutions include gold-imprinted adsorbents, selective Au ligands/peptides, and staged
leaching strategies (Ferreira-Filipe et al., 2025).

2. Scale-Up, Process Control, and Integration

Scale-up remains a major bottleneck. Laboratory performance (shake flasks, small stirred
tanks) often deteriorates in column reactors, heaps, or large tanks due to non-homogeneous
distribution of oxygen, pH, Eh, and nutrients, and mixing limitations at high pulp density (Kara et
al., 2023; Baniasadi et al., 2019). Stable operations are typically achieved only at 2-10% pulp
density; exceeding this increases viscosity and fouling, leading to microbial washout. For gold
recovery, this directly reduces throughput and extends cycle time, undermining economic
feasibility compared to conventional routes (Habibi et al., 2020).

Process control requires automation and online monitoring (pH, Eh, DO, ion concentrations)
with kinetic models and Al-based optimization, but most studies still focus on single-parameter
optimization rather than robust industrial control systems (Kara et al., 2023). Two-phase
optimization (shake flask — bioreactor) is emerging as a systematic approach to bridge the lab-
pilot gap (Kaksonen et al., 2020).

Integration with existing e-waste facilities is complex. Bioleaching requires pretreatment
(dismantling, shredding, debromination) to reduce toxicity and improve accessibility, necessitating
plant modifications (Habibi et al., 2020). Downstream, bioleachate composition (low pH, high
organic/microbial content) is often incompatible with conventional solvent extraction, ion
exchange, or electrowinning, requiring circuit redesign (Huy et al., 2023). For electronic
wastewater, integrating biosorption/bioreduction with existing treatment systems must balance
gold recovery with water quality compliance, addressing increased COD and membrane fouling
risks (Huy et al., 2023; Srivastava et al., 2025).

3. Economic, Regulatory, and Social Barriers

Economic viability is highly sensitive to process design, feed type, and policy context.

Techno-economic assessments show that bioleaching can yield attractive NPV and IRR in certain
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scenarios, but initial CAPEX and OPEX for aeration, nutrients, and process control remain
significant (Kara et al., 2023; Dutta et al., 2022; Satriadi et al., 2024). In low-income countries,
competitiveness depends on supportive policies (Extended Producer Responsibility, eco-taxes,
reduced collection costs) (Smith & Behdad, 2025). Critically, most TEA/LCA studies focus on Cu,
tailings, or batteries; gold-specific analyses from e-waste are almost nonexistent, leaving economic
and environmental uncertainties unaddressed (Habibi et al., 2020; Thakur & Kumar, 2020).

Regulatory uncertainty poses significant barriers. Legal frameworks for e-waste
management are designed for conventional processes, creating ambiguity regarding
microorganism use, biosafety requirements, and effluent quality standards for streams containing
biomass, metabolites, or organometallic complexes (Nithya et al., 2020). The "waste vs. resource”
status of Au-enriched effluent remains unclear, and fragmented international regulations
complicate cross-border investment (Srivastava et al., 2025; Thakur & Kumar, 2020).

Without regulatory clarity, appropriate policy mixes (fiscal incentives, EPR, green
standards), uniform technical standards, and industry-academia-government partnerships through
"lighthouse" demonstration projects, green biohydrometallurgy risks remaining in the "valley of
death™ between research and commercialization. With such support, it can become a key pillar of
sustainable gold recovery from e-waste (Dutta et al., 2022; Srivastava et al., 2025).

Table 6. Challenges and Emerging Solutions in Green Biohydrometallurgy
Challenge Area Key Challenges Emerging Solutions References
Gold-imprinted
adsorbents; staged

Slow kinetics; limited pulp

Technical & density (5-10% max); trace Au X Kara et al., 2023; Huy et
s X ; L leaching (base metals
Selectivity in multi-metal matrices; . - al., 2023
. A . first); selective Au
microbial inhibition by toxics . .
ligands/peptides
Two-phase optimization
Performance loss at large scale; (flask — bioreactor);
Scale-Up & non-homogeneous mixing; hybrid solid-liquid Kara et al., 2023;
Integration incompatibility with SX/IX/EW;  flowsheet design; online Kaksonen et al., 2020;
COD/membrane fouling monitoring (Al/soft
Sensors)
High CAPEX/OPEX; no Au- Au-targeted TEA/LCA; e
Economic & specific TEA/LCA,; unclear green policy mix (EPR, Dutta etal., 2022_’ S.m'th
: Tn D » & Behdad, 2025; Nithya
Regulatory biosafety rules; "waste vs. eco-taxes); "lighthouse )
" L . - et al., 2020;
resource" ambiguity demonstration projects

Future Directions and Research Opportunities
1. Advancing Microbial Systems for Gold Recovery

Future research must prioritize developing microorganisms and consortia with enhanced
tolerance, selectivity, and productivity for gold recovery. Current gold bioleaching relies on
cyanogenic bacteria (Chromobacterium violaceum, Pseudomonas spp.) or two-stage systems (bio-
oxidation followed by chemical leaching) with limited efficiency and speed (Rizki et al., 2019;
Natarajan & Ting, 2015). Microbial-mediated thiosulfate bioleaching achieves up to 98% gold
leaching through redox control by iron-oxidizers, but remains at laboratory scale requiring
optimization of reagent stability and toxicity management (Rizki et al., 2019).
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Biosorption and bioreduction using biomass, fungi, and functional biomaterials
demonstrate high Au(l11) capacity and selectivity in complex matrices, yet most studies employ
batch systems with idealized conditions, inadequately addressing interference from competing
cations and real wastewater dynamics (Saha et al., 2024). Priority research includes bioprospecting
from metal-rich environments, adaptive evolution for enhanced tolerance, and synthetic biology
approaches to modulate biolixiviant production, redox enzymes, and metal-binding sites
(Kaksonen et al., 2020). Regulatory frameworks for genetically modified organisms in waste
applications require clarification.

2. Bioprocess and Reactor Engineering

Transitioning from laboratory to continuous integrated systems demands strengthened
bioprocess engineering. Current batch/suspension systems are inadequate for electronic
wastewater requiring continuous-flow reactors capable of handling ultra-low Au concentrations,
fluctuating compositions, and contaminants (Chauhan et al., 2018). Promising reactor designs—
packed beds, fixed film reactors, membrane bioreactors, coiled flow inverters—remain
underexplored for gold recovery (Kaksonen et al., 2020).

Two-stage bioleaching (acidophilic base metal leaching followed by cyanogenic gold
dissolution) proves effective for solid fractions but requires adaptation for liquid streams and
integration with downstream refining (Magoda & Mekuto, 2022). Precise control of pH, Eh, and
Au-ligand speciation is critical for efficiency and selectivity (Rizki et al., 2019; Natarajan & Ting,
2015). Future directions include multi-scale modeling (kinetics-CFD-microbes), online sensors,
and Al/machine learning for optimization and failure minimization (Kaksonen et al., 2020).
Fouling, clogging, and long-term biofilm stability remain key barriers.

3. Hybrid Green Technologies

Given e-waste complexity, future gold recovery lies in hybrid processes combining
biohydrometallurgy with chemical, sorption, and electrometallurgical techniques. Gold
bioleaching is most effective when followed by recovery using bioadsorbents, functional
biomaterials (sulfur/amine-MOFs, electrospun fibers, hydrogels), or selective polymer/biomass
adsorbents capable of reducing Au(lll) to Au(0) (Saha et al., 2024). This enables "adsorption—
reduction—reuse™ circularity, where gold-laden adsorbents serve as catalysts or functional materials.

Biohydrometallurgy can integrate with benign chemical leaching (thiosulfate/thiourea),
where microorganisms regenerate oxidants (Fe®') and control redox, reducing reagent
consumption and enhancing ligand stability (Ray et al., 2022). Combining bioleaching/biosorption
with electrochemical processes (electrowinning, bioelectrometallurgy) offers pure gold production.
However, trade-offs exist: IL/DES, complex MOFs, and advanced adsorbents face cost, toxicity,
and regeneration challenges; electrochemical units contend with energy demands, electrode
fouling, and selectivity at low Au concentrations (Huy et al., 2023; Ray et al., 2022; Habibi et al.,
2020). Future research must design bio-chemical-electro treatment trains holistically assessed
through LCA/TEA.
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4. Sustainability Assessment and Integrated Roadmap

Quantitative sustainability evidence for gold biohydrometallurgy remains limited. Most
studies focus on laboratory efficiency, while LCA and TEA are rarely conducted or oversimplified
(Magoda & Mekuto, 2022). Critical questions persist regarding net reductions in energy, emissions,
and toxicity when accounting for culture media production, biological residue treatment, sorbent
regeneration, and supporting chemicals.

TEA must evaluate decentralized small-to-medium units near e-waste sources versus
centralized scales to assess logistical and infrastructure impacts (Habibi et al., 2020; Jadhao et al.,
2022). Standardized performance indicators—energy and carbon footprint per gram Au, water
consumption, effluent ecotoxicity, CAPEX/OPEX ratios, circularity metrics—are essential for
comparing biohydrometallurgy with cyanidation, aqua regia, or pure sorption routes (Magoda &
Mekuto, 2022).

Beyond techno-economics, research roadmaps must incorporate regulatory, safety, and
social dimensions: public acceptance of microorganism use (including GMOs), residue disposal
standards, and incentive policies for low-impact technologies (Kaksonen et al., 2020; Habibi et al.,
2020; Jadhao et al., 2022). Without comprehensive evaluation frameworks, "green™ claims risk
remaining normative and unconvincing to regulators and industry.

Integrated research priorities include: (i) developing strains/consortia and biomaterials with
high Au selectivity at ultra-low concentrations; (ii) engineering continuous multi-stage reactors
for complex waste matrices; (iii) integrating bioleaching/biosorption with green leaching and
electro/sorption recovery in circular treatment trains; and (iv) applying LCA/TEA and policy
modeling to identify realistic implementation pathways (Kaksonen et al., 2020; Huy et al., 2023).
This systemic approach can transform biohydrometallurgy from laboratory alternative to
sustainable backbone of urban gold mining.

CONCLUSION

This review confirms that green biohydrometallurgy holds significant potential for
recovering gold from electronic wastewater—a critical yet underutilized secondary resource in the
circular economy. Bioleaching, biosorption, and bioreduction offer environmentally friendly
alternatives to conventional methods, though challenges including slow kinetics, limited
selectivity, and microbial sensitivity continue to hinder widespread adoption. Modified
biomaterials and lignocellulosic matrices show promise in overcoming stability and process-
control issues in complex wastewater environments. Hybrid approaches integrating
biohydrometallurgy with green solvents (ionic liquids and deep eutectic solvents) and molecularly
designed sorbents (covalent organic frameworks) are emerging as effective strategies to enhance
recovery efficiency and selectivity. However, significant gaps remain in quantifying
environmental and economic performance, as life cycle assessments and techno-economic
analyses specific to gold recovery are still lacking. Future research must prioritize developing Au-
selective biolixiviants and biosorbents, optimizing continuous hybrid treatment systems, and
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integrating comprehensive sustainability assessments to enable industrial-scale deployment of
green biohydrometallurgy for urban mining.
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