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The growing generation of electronic waste (e-waste) presents significant environmental and economic
challenges while offering opportunities for resource recovery through the extraction of valuable metals.
This study employs bibliometric analysis to examine global research trends in metal recovery from e-
waste, identifying China, the United States, and India as the most productive countries, with Journal of
Hazardous Materials and Waste Management being the leading publication venues. The analysis also
reveals a strong collaboration network among key research institutions, contributing to advancements in
recovery techniques. The study further explores various extraction methods, including pyrometallurgical,
hydrometallurgical, and biometallurgical processes,
Hydrometallurgical methods, particularly acid leaching and solvent extraction, show up to 95% metal

assessing their efficiency and sustainability.

recovery efficiency, while biometallurgical approaches demonstrate a potential 30-50% reduction in
environmental impact compared to conventional chemical methods. The findings highlight the growing

emphasis on sustainable recovery strategies, policy interventions, and circular economy principles. The
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Accepted 12th April 2025 study concludes that continuous technological innovation, strengthened regulatory frameworks, and

increased public engagement are essential to advancing metal recovery technologies. By integrating
DOI: 10.1039/d55u00049a efficient extraction methods with sustainable waste management policies, the global e-waste crisis can

rsc.li/rscsus be mitigated while ensuring long-term resource conservation.

Sustainability spotlight

Metal recovery from e-waste stands at the intersection of technological innovation and environmental responsibility, offering a critical solution to the global
sustainability challenge. By transforming discarded electronics into valuable resources, this field contributes to reducing the environmental footprint of mining,
curbing hazardous waste, and fostering a circular economy. Advances in recovery technologies, supported by interdisciplinary research and strategic funding,
pave the way for sustainable resource management. As the demand for critical and precious metals rises, the focus on environmentally friendly and energy-
efficient recovery methods underscores the commitment to balancing industrial progress with ecological preservation.

Rate (CAGR) of 9.0%, reaching an estimated USD 1.9 trillion by
2028, as reported by Grand View Research and Globe Newswire,

1. Introduction

In an era marked by rapid technological advancements and the
pervasive integration of electronic devices into everyday life, the
generation of electronic waste (e-waste) has emerged as one of
the most pressing environmental and economic challenges of
our time. The Indian consumer electronics market is expected
to see a significant rise in market size across various product
categories from 2020 to 2030. The global consumer electronics
market is forecasted to grow at a Compound Annual Growth
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2023. However, this rapid expansion underscores the environ-
mental repercussions, drawing attention to the substantial
accumulation of electronic waste (e-waste). The images depict
piles of discarded electronic devices, such as circuit boards,
mobile phones, and solar panels, alongside scenes of e-waste
management efforts. The panel concludes with the stark
reality that most electronic products ultimately end up as waste,
posing a significant challenge to sustainable development.*
Globally, metal recovery from e-waste varies significantly
across regions due to differences in infrastructure, technolog-
ical investments, and regulatory frameworks. Developed econ-
omies such as the European Union (EU), the United States, and
Japan have well-established e-waste collection and recycling
systems supported by stringent policies like the WEEE Direc-
tive, which mandates proper collection, recovery, and recycling
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of electronic waste. The EU's Circular Economy Action Plan has
further strengthened metal recovery by promoting advanced
hydrometallurgical and biometallurgical techniques.>* The U.S.
follows a decentralized approach, where individual states
enforce e-waste management regulations, with leading initia-
tives focusing on refining pyrometallurgical processes for effi-
cient metal extraction. In contrast, emerging economies such as
China, India, and Brazil face challenges related to informal
recycling, inefficient recovery methods, and limited policy
enforcement. China, as one of the largest producers and recy-
clers of e-waste, has implemented Extended Producer Respon-
sibility (EPR) policies that hold manufacturers accountable for
e-waste disposal, fostering innovation in urban mining tech-
nologies. India's E-waste Management Rules, first introduced in
2011 and amended in 2022, emphasize formalizing the recy-
cling sector and improving resource recovery efficiency.
However, informal sector dominance and inadequate infra-
structure remain significant barriers. Similarly, Brazil's
National Solid Waste Policy (PNRS) encourages metal recovery
but struggles with implementation due to gaps in collection
networks and public awareness.

Regulatory policies play a crucial role in shaping metal
recovery technologies. Strict compliance measures and incen-
tives for sustainable practices in developed regions have driven
advancements in high-yield recovery processes, such as solvent
extraction and bioleaching. Meanwhile, emerging economies
are increasingly adopting regulatory frameworks to transition
from informal recycling practices to technologically advanced,
eco-friendly recovery solutions. Strengthening enforcement,
enhancing international collaboration, and investing in
research-driven policy development will be key to harmonizing
global efforts for sustainable metal recovery from e-waste.

The global generation of electronic waste (e-waste) has
surged dramatically over the past two decades, driven by rapid
technological advancements, increasing consumer demand,
and shorter product lifecycles. According to recent reports,
global e-waste reached approximately 53.6 million metric tons
in 2019 and is projected to exceed 74 million metric tons by
2030, making it the fastest-growing waste stream worldwide.
Economically, e-waste contains valuable metals such as gold,
silver, palladium, and rare earth elements, offering a significant
opportunity for resource recovery and circular economy initia-
tives. Studies estimate that the potential value of recoverable
materials in global e-waste exceeds $57 billion annually, yet only
a small fraction is efficiently recycled. The lack of proper recy-
cling infrastructure in many regions leads to the loss of critical
raw materials, increasing reliance on virgin resource extraction
and contributing to geopolitical supply chain vulnerabilities.

From an environmental perspective, improper disposal of e-
waste poses severe hazards. Informal recycling practices,
particularly in developing countries, involve rudimentary
methods such as open burning and acid leaching, which release
toxic pollutants, including dioxins, heavy metals, and green-
house gases. These pollutants contaminate soil, water, and air,
posing serious health risks to both workers and surrounding
communities. Additionally, e-waste contributes significantly to
carbon emissions due to energy-intensive mining and refining
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of virgin metals. Sustainable metal recovery solutions,
including hydrometallurgy, biometallurgy, and Al-driven recy-
cling optimization, are therefore crucial to mitigating these
environmental impacts. To address these challenges, interna-
tional policies and regulatory frameworks, such as the Basel
Convention and Extended Producer Responsibility (EPR)
programs, have been implemented to enhance e-waste
management. However, enforcement remains inconsistent
across regions, necessitating further advancements in policy,
technology, and global collaboration. By incorporating
a circular economy approach, improving metal recovery effi-
ciency, and investing in green technologies, e-waste manage-
ment can transition from a growing environmental threat to
a sustainable resource recovery opportunity.

E-waste, a term encompassing a wide array of discarded
electronic devices such as computers, smartphones, televisions,
and other consumer electronics, is growing at an alarming rate
globally.*” The United Nations estimated that in 2019,
approximately 53.6 million metric tons of e-waste were gener-
ated worldwide, a figure expected to escalate to over 74 million
metric tons by 2030 if current trends persist. The exponential
increase in e-waste production poses significant environmental
threats, as these discarded devices contain hazardous
substances such as lead, mercury, and cadmium, which can
leach into the soil and water, causing severe ecological
damage.®*'* However, e-waste is not merely a source of envi-
ronmental contamination; it also represents a substantial
untapped reservoir of valuable resources."** Electronic devices
are rich in a variety of metals, including precious metals like
gold, silver, and platinum, as well as critical and rare earth
metals such as palladium, cobalt, and indium. These metals are
essential components in the manufacturing of new electronic
devices, renewable energy technologies, and other high-tech
industries. The concept of metal recovery from e-waste, there-
fore, not only addresses the environmental issues associated
with e-waste but also presents a significant opportunity to
recover these valuable resources, thereby contributing to a more
sustainable and circular economy. The proliferation of elec-
tronic devices, driven by continuous innovation, shorter
product lifecycles, and consumer demand for the latest tech-
nologies, has led to an unprecedented accumulation of e-
waste.'***> The challenge of managing this growing waste stream
is multifaceted, encompassing environmental, economic, and
social dimensions.'® Environmentally, improper disposal and
inadequate recycling of e-waste result in the release of toxic
substances into the environment, contributing to pollution and
posing health risks to humans and wildlife.’*** Economically,
the loss of valuable metals through landfilling or suboptimal
recycling processes represents a missed opportunity for
resource recovery and economic gain. Socially, the informal
recycling sector, prevalent in many developing countries, often
operates under hazardous conditions, exposing workers to toxic
substances and perpetuating cycles of poverty. Addressing these
challenges requires a holistic approach that integrates effective
e-waste management practices with advanced metal recovery
technologies.”?" By doing so, it is possible to mitigate the
environmental impacts of e-waste, recover valuable materials
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for reuse, and create economic opportunities through the
development of sustainable recycling industries.”>**

The concept of metal recovery from e-waste is grounded in
the principles of sustainability and resource efficiency. Metals
extracted from e-waste can be reintroduced into the
manufacturing supply chain, reducing the need for virgin
materials and the environmental impacts associated with
mining and metal extraction from primary sources.® This is
particularly important for precious and critical metals, which
are finite resources with significant supply chain vulnerabilities.
For instance, the majority of the world's supply of rare earth
elements, which are crucial for the production of high-tech
electronics and renewable energy technologies, comes from
a limited number of countries, making the global supply chain
susceptible to geopolitical tensions and market fluctuations.>*?*®
Moreover, metal recovery from e-waste contributes to the
circular economy, an economic model that aims to minimize
waste and make the most of resources by keeping products and
materials in use for as long as possible. In a circular economy,
the recovery and recycling of metals from e-waste can reduce the
environmental footprint of electronic devices, decrease depen-
dence on virgin materials, and foster innovation in recycling
technologies and product design.”””* Metal recovery from e-
waste involves a variety of physical, chemical, and biological
processes designed to extract metals from discarded electronic
devices. These processes can be broadly categorized into three
main approaches: pyrometallurgical, hydrometallurgical, and
biometallurgical. Pyrometallurgy involves the use of high
temperatures to separate metals from other materials in e-
waste. This process typically involves smelting, where e-waste
is heated in a furnace to melt the metals, which are then
separated from the slag (non-metallic waste materials). Pyro-
metallurgical processes are well-established and capable of
recovering a wide range of metals, including copper, gold,
silver, and palladium. However, they are energy-intensive and
can generate harmful emissions, such as dioxins and furans, if
not properly controlled. Hydrometallurgy involves the use of
aqueous chemistry to dissolve and extract metals from e-
waste.*® This process typically includes leaching, where e-waste
is treated with chemical solvents, such as acids or cyanide
solutions, to dissolve the metals, followed by precipitation or
electro-winning to recover the dissolved metals from the solu-
tion. Hydrometallurgical processes are particularly effective for
recovering precious metals and are considered to be more
environmentally friendly than pyrometallurgical processes, as
they operate at lower temperatures and produce fewer emis-
sions.*"** However, the use of hazardous chemicals in leaching
processes poses potential environmental and safety risks. Bio-
metallurgy, or bioleaching, is an emerging approach that
employs microorganisms to facilitate the extraction of metals
from e-waste. Certain bacteria and fungi are capable of
producing organic acids or other compounds that can dissolve
metals, making them accessible for recovery. Biometallurgy
offers a more sustainable and environmentally friendly alter-
native to traditional metal recovery methods, as it operates at
ambient temperatures and pressures and avoids the use of
hazardous chemicals.****> However, biometallurgical processes
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are still in the developmental stage and face challenges related
to efficiency, scalability, and the specificity of microorganisms
to different types of metals.

To provide a clearer comparison of metal recovery tech-
niques, Table 1 summarizes the key differences between pyro-
metallurgical, hydrometallurgical, and biometallurgical
processes in terms of extraction efficiency, cost, and environ-
mental impact. Each method offers distinct advantages and
limitations, influencing its feasibility for large-scale e-waste
processing. Pyrometallurgy is a well-established technique
with high metal recovery efficiency, particularly for base and
precious metals. However, it is energy-intensive and generates
harmful emissions, making it less environmentally sustainable.
Hydrometallurgy, on the other hand, offers high recovery rates
with lower energy consumption, but it relies on hazardous
chemicals, requiring careful waste management. Biometallurgy
is an emerging approach that minimizes environmental impact
by using microorganisms for metal extraction, yet its scalability
and efficiency remain challenges. To comprehensively assess
the sustainability of these methods, life cycle assessment (LCA)
can be utilized. LCA evaluates the environmental impact of
metal recovery techniques across their entire life cycle,
including raw material extraction, energy use, emissions, and
waste management. Integrating LCA into e-waste recycling
strategies can help identify the most sustainable recovery
pathways while balancing economic and environmental
considerations.?***’

While significant progress has been made in the develop-
ment of metal recovery technologies, several challenges remain.
One of the primary challenges is the heterogeneous and
complex composition of e-waste, which varies widely depending
on the type of electronic device and its components.**** This
complexity makes it difficult to design a one-size-fits-all
approach to metal recovery, necessitating the development of
tailored processes for different types of e-waste. Another chal-
lenge is the economic viability of metal recovery processes. The
costs associated with collecting, transporting, and processing e-
waste can be substantial, particularly in regions where e-waste
generation is relatively low or where infrastructure for e-waste
management is underdeveloped.**** Additionally, the fluctu-
ating prices of metals in the global market can affect the prof-
itability of metal recovery operations, making it difficult for
recycling companies to achieve consistent economic returns.
Despite these challenges, the field of metal recovery from e-
waste presents numerous opportunities for innovation and
growth. Advances in technology, such as the development of
more efficient and selective leaching agents, the use of artificial
intelligence and machine learning for optimizing recovery
processes, and the integration of renewable energy sources into
recycling operations, hold the potential to enhance the effi-
ciency and sustainability of metal recovery.*>*® Moreover, the
increasing demand for critical and precious metals in emerging
technologies, such as electric vehicles, renewable energy
systems, and advanced electronics, is likely to drive further
investment and research in this area. The success of metal
recovery from e-waste is also closely tied to the regulatory
environment and the implementation of effective policies.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Comparison of metal recovery techniques
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Recovery method Extraction efficiency Cost

Environmental impact Challenges

Pyrometallurgy High (85-98%) for High (due to energy-
base & precious metals intensive processes)

Hydrometallurgy High (80-95%) for Moderate (depends on
precious metals chemical usage)

Biometallurgy Moderate (50-85%) for Low (microbial cultures

specific metals are cost-effective)

Governments and international organizations play a crucial role
in promoting e-waste recycling and metal recovery through the
establishment of regulations, standards, and incentives. For
example, the European Union's Waste Electrical and Electronic
Equipment (WEEE) Directive sets targets for the collection,
recycling, and recovery of e-waste, providing a framework for
the development of a circular economy in the electronics
sector.”’~* In addition to regulatory measures, there is a need
for greater public awareness and engagement in e-waste
management. Educating consumers about the importance of
proper e-waste disposal and the benefits of recycling can help
increase the collection rates of e-waste and support the growth
of the metal recovery industry.

This study distinguishes itself from previous bibliometric
analyses on metal recovery from e-waste by providing a more
detailed examination of research themes, funding agency
contributions, and interdisciplinary collaborations. Unlike
prior studies that primarily focus on publication trends or
citation networks, our analysis delves into the classification of
metal recovery technologies, including pyrometallurgy, hydro-
metallurgy, and bio-metallurgy, while also assessing their
environmental implications. Additionally, this work uniquely
incorporates funding agency analysis, identifying major
contributors and evaluating their impact on technological
advancements. Through advanced bibliometric mapping, we
highlight emerging research trends, underexplored subfields,
and potential future breakthroughs. A comparative global
perspective is also presented, contrasting research efforts across
different regions and examining the influence of regulatory
policies on technological progress. Furthermore, this study
explores interdisciplinary collaborations, revealing the inter-
sections of materials science, environmental engineering, and
policy research in metal recovery—an aspect that has been
largely overlooked in prior analyses. Unlike previous reviews,
which primarily focus on technological advancements in metal
recovery, our study adopts a bibliometric approach to analyze
research trends, funding influences, and interdisciplinary
collaborations.

For instance, the review by Dutta et al. (2022)*" provides
a comprehensive evaluation of metal recovery processes,
including pyrometallurgy, hydrometallurgy, and biometallurgy,
while also incorporating a bibliometric study on e-waste
management from a green technology perspective. However, it
does not systematically analyze global research trends, funding
agency contributions, or interdisciplinary collaborations, which

© 2025 The Author(s). Published by the Royal Society of Chemistry

High emissions

(CO,, dioxins, furans),
slag generation

Lower emissions than
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hazardous chemical waste
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(no hazardous chemicals)

High energy consumption,
emission control required

Chemical handling,
wastewater treatment
needed

Slow reaction rates, limited
scalability, metal specificity

are central themes in our study. Similarly, the work by Oke and
Potgieter (2024)* focuses on recent chemical methods for metal
recovery from printed circuit boards, particularly emphasizing
leaching techniques such as ionic liquids and deep eutectic
solvents. While this review provides in-depth insights into
chemical recovery methods, it lacks a bibliometric analysis of
research trends and funding influences, which are critical for
understanding the evolution of research in this field.

Additionally, the review by Jadoun et al. (2024)* discusses
global e-waste production, metal recovery challenges, and case
studies on sustainable recycling solutions. While it presents
valuable data on e-waste generation and management, it does
not provide a structured analysis of bibliometric trends, fund-
ing patterns, or regional research disparities—areas compre-
hensively addressed in our study. Another recent review by Oke
and Potgieter (2024)* explores disassembly and sorting tech-
niques for printed circuit boards, particularly focusing on
mechanical and chemical disassembly processes. However, this
review does not examine the role of funding agencies, inter-
disciplinary collaborations, or emerging research themes,
which are key elements of our analysis. By addressing these
research gaps, our study provides novel insights into metal
recovery research trends. We systematically map interdisci-
plinary collaborations, highlight the role of funding agencies in
shaping technological advancements, and offer a comparative
analysis of global research efforts.

The recovery of metals from e-waste represents a critical
opportunity to address the growing environmental and resource
challenges posed by electronic waste. By developing and
implementing advanced metal recovery technologies, we can
reduce the environmental impact of e-waste, conserve valuable
resources, and contribute to the creation of a more sustainable
and circular economy. However, achieving these goals will
require continued innovation, investment, and collaboration
across multiple sectors, including industry, academia, govern-
ment, and civil society. As the global demand for electronic
devices continues to rise, the importance of metal recovery from
e-waste will only become more pronounced, making it an
essential component of sustainable development in the 21st
century.

Despite the growing emphasis on metal recovery from e-
waste, significant challenges remain, particularly in the extrac-
tion of rare earth elements (REEs) like lithium and cobalt,
which are essential for advanced energy storage and electronic
applications. Conventional recycling processes, such as
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pyrometallurgy and hydrometallurgy, often exhibit low recovery
efficiencies for REEs due to their complex chemical associations
and dispersion in multi-component electronic waste. Addi-
tionally, the lack of standardized collection and sorting mech-
anisms limits the economic feasibility of recovering these
critical metals. The absence of efficient and scalable recovery
methods contributes to continued reliance on primary mining,
exacerbating environmental degradation and resource deple-
tion. Addressing these challenges requires innovative extraction
techniques, including green hydrometallurgy, bioleaching, and
solvent-free separation methods, which could enhance the
recovery efficiency of REEs while minimizing ecological impact.
This study aims to bridge these gaps by assessing existing
recovery methods, identifying limitations, and proposing
pathways for sustainable advancements in e-waste metal
recovery.

This study advances the understanding of metal recovery
research trends by employing bibliometric analysis to system-
atically evaluate global research output, key contributors, and
emerging themes in the field. By identifying the most produc-
tive countries, influential journals, and leading research insti-
tutions, the study provides a comprehensive overview of how
knowledge in metal recovery from e-waste has evolved over
time. Additionally, it highlights collaboration networks and
funding agencies that play a crucial role in driving research
innovation. Furthermore, this study goes beyond traditional
literature reviews by integrating quantitative insights into the
efficiency of different recovery methods, such as hydrometal-
lurgical, pyrometallurgical, and biometallurgical processes. It
underscores the shift towards more sustainable and eco-
friendly extraction technologies, illustrating how policy inter-
ventions and circular economy initiatives influence research
priorities. By mapping research trends and technological
advancements, this study provides valuable direction for future
investigations, helping researchers and policymakers focus on
critical gaps and interdisciplinary opportunities in e-waste
metal recovery. Ultimately, the findings serve as a foundation
for developing innovative, high-efficiency recovery techniques
that contribute to both economic sustainability and environ-
mental conservation.

2. Methodology

The data collection process for the study on metal recovery in e-
waste was conducted on August 29, 2024, using the SCI-
Expanded section of the Web of Science (WoS) Core Collec-
tion. This globally recognized index database, curated by Clar-
ivate Analytics, is renowned for its high-quality bibliographic
information spanning a wide array of scientific disciplines.*
The purpose of this data collection was to gather a compre-
hensive dataset of relevant publications in the field of metal
recovery from e-waste, which would serve as the foundation for
a detailed bibliometric analysis.

The bibliometric analysis was conducted using the Web of
Science (WoS) Core Collection, a widely recognized database for
high-quality academic literature. The following steps were taken
to ensure a comprehensive yet focused dataset:
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(a) Search query and keywords: the search was performed
using a combination of keywords relevant to metal recovery
from e-waste, including: (“electronic waste” OR “e-waste” OR
“waste electrical and electronic equipment” OR “WEEE”) AND
(“metal recovery” OR “urban mining” OR “hydrometallurgy” OR
“pyrometallurgy” OR “biometallurgy” OR “bioleaching”).
Boolean operators were used to refine the search and capture
studies across various disciplines.

(b) Database and timeframe: the search was restricted to the
Web of Science Core Collection, covering Science Citation Index
Expanded (SCIE), Social Sciences Citation Index (SSCI), and
Emerging Sources Citation Index (ESCI). The analysis consid-
ered publications from 2000 to 2024, ensuring the inclusion of
both foundational and recent advancements in the field.

(c) Filters applied: document type: only articles and reviews
were considered to maintain scientific rigor. Conference
proceedings, book chapters, and editorials were excluded.
Language: only english-language publications were included to
ensure accessibility and consistency. The search was refined to
include studies from relevant disciplines such as materials
science, environmental science, engineering, and chemistry
while excluding unrelated fields.

(d) Exclusion criteria: studies that focused solely on general
e-waste management without discussing metal recovery were
excluded. Articles related to policy discussions without tech-
nical insights into recovery methods were filtered out. Dupli-
cates and non-peer-reviewed sources were removed to maintain
data quality.

2.1. Search strategy

To ensure that all pertinent research publications were
captured, a robust search formula was employed. The key terms
used in the search were meticulously selected to cover the
various expressions and terminologies associated with metal
recovery and e-waste. The search formula included terms such
as “metal recovery”, “metal extraction”, “metals recovery”,
“metal extraction technologies”, “metal recovery technologies”,
“metals recovery technologies”, “metals extraction technolo-
gies”, as well as terms related to electronic waste like “electrical
“electrical wastes”, “electronic waste”, “electronic
wastes”, “e-waste”, “waste electrical”, “wastes electrical”, “waste
electronic”, “wastes electronic”, “electronic rubbish”, “elec-
tronic garbage”, “electrical rubbish”, “electrical garbage”,
“waste electrical”, and “electronic equipment”. These terms
were chosen to encompass the commonly used expressions in
the literature related to metal recovery from e-waste. The search
formula was designed to ensure that any publication
mentioning these keywords in the title, abstract, or keywords
would be included in the dataset. This approach was critical in
capturing a broad and inclusive range of studies, allowing for
a more accurate and representative analysis of the research
trends in this field. Photovoltaic (PV) waste is also considered
a type of e-waste; however, in the present manuscript, we have
not included it as the term “PV waste” is not addressed within
the scope of this work. PV waste was excluded because its
composition, recycling processes, and regulatory frameworks

waste”,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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