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EXTRACTION OF CRITICAL RARE EARTH METALS (Nd, Pr, Dy) FROM ELECTRONIC
WASTE - CURRENT TECHNOLOGIES AND FUTURE PERSPECTIVES
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ABSTRACT. On a global scale, the generation of waste from electronic and electrical devices is increasing dramatically and creates the need to search for new
approaches for their recycling. The inclusion of several valuable materials and elements that are part of their composition creates conditions for systematic and in-depth
study of both classical approaches that can be used for their recovery, and new, complex processes that would allow for easier and more environmentally friendly
recycling. Among the materials that are particularly important for extraction in the recycling process are rare earth elements. Of these, neodymium (Nd), praseodymium
(Pr), and dysprosium (Dy) are widely used in various high-tech industries: the production of hard drives, smartphones, computers, and others. They are found in very
small quantities in nature and their primary extraction is also hampered by the geographical location of their deposits, which could pose difficulties in supply chains due
to various geopolitical factors. This makes the search for new methods for obtaining such elements from secondary sources, namely e-waste, a particularly interesting
and relevant scientific topic, both for the extraction process itself and for creating favourable conditions for sustainability and the development of a circular economy.
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W3BNMUYAHE HA KPUTUYHU PEOKO3EMHU METANK OT ENIEKTPOHHW OTNAQBLM (Nd, Pr, Dy) - CbBPEMEHHU
TEXHONOIMU U BBAELLIU HACOKHK
AnekcaHdbp YaHayes, MocnoduHka Muyesa
MurHo-eeonoxku yHueepcumem ,Ca. Mear Puncku®, 1700 Cogpusi

PE3IOME. B rno6aneH Malyab reHepnpaHeTo Ha OTnagbLyt OT eNEKTPOHHM 1 eNEKTPUYECKM YCTPOICTBA HApaCTBa APACTUYHO U Nopaxaa HyxaaTa OT TbPCEHETO Ha
HOBY MOAX0AM 3a TAXHOTO peuuKnupaHe. BkrioysaHeTo Ha peanLia LieHHW 3a MKOHOMMKATA M MHAYCTPUATA MaTepuani 1 eneMeHTH, KOUTO B3aT B CbCTasa UM
Cb3[aBa YCrOBMSA 3@ CUCTEMATUYHO U 3aabNGOYEHO N3yyaBaHe KAKTO Ha KNaCU4ecKUTe NOAXOAN, KOUTO MOTaT [ja Ce W3ron3sar 3a Oromn3oTBOPSBAHETO UM, Taka 1
Ha HOBY, KOMMIIEKCHY MPOLIECH, KOUTO 13 MO3BOMAT NO-TIECHOTO 1 MO-EKOMNOMMYHOTO NMPOTUYAHE Ha PeLmKnupaHeTo. Cpen MaTepuaniuTe, KOUTo ca 0CoGEHO BaXHN 3a
W3BNWYaHe B NPOLLeca Ha peLuKIvpaHe ca PeaKko3eMHUTE eneMeHTH, a oT Tax HeoaumbT (Nd), npaseogumbT (Pr) 1 ancnpoanat (Dy) HaMUpaT LWKMPOKO NPUMOXEHHe B
Pa3NNYHN BICOKOTEXHOMOTMYHM MPON3BOACTBA — U3paBOTBaHETO Ha XapAANCKOBE, CMapT(OHM, KOMMIOTPY 1 Apyru. Te ce HamupaT B MHOTO Marnki Konu4yecTea B
Mp1poaaTa 1 MMbPBUYHOTO UM M3BIIMYAHE € 3aTPYOHEHO M OT reorpadickoTO PasomNOXKEHIE Ha TEXHUTE 3anexu, KOeTo 611 MOTTIO f1a Cb3aae 3aTpyaHEHNs BbB BepUrTe
Ha [joCTaBKa NOpaaN PaanuyHM reononuTuiecky daktopi. ToBa npasi ThPCEHETO Ha HOBI METOAM 3a MOMNyYaBaHe Ha TakvBa eneMEHTH OT BTOPUYHM USTOYHULM, a
UMEHHO eNEKTPOHHW OTNafbLM, 0COBEHO MHTEPECHA W aKTyanHa HayyHa Tema, KakTo 3a camusi MpOLeC Ha M3BMMYaHe, Taka W 3a Cb3faBaHe Ha GraronpusTHU
MpeanocTaBKkm 3a YCTONYMBOCT W Pa3BUTUE Ha KPbroBa MKOHOMMKE.

KniouoBu AYMU: KOUTUYHWU peQKO3EMHN MeTanu, eNeKTPOHHN OTnadbLK, U3BNnYaHe.

Introduction extraction of gold, copper, platinum, palladium, and other
precious metals, various rare earth elements (REEs) are also
Due to the rapid growth in the amount of waste generated extracted, including Nd, Pr and Dy . The group of rare earth
by electrical and electronic waste, the depletion of resources elements is included in the category of critical raw materials
from deposits of elements that are essential in modern (CRMs) due to their economic importance and the risks
electronics, as well as environmental protection, modem associated with their supply. For this reason, it is important to
recycling technologies are being strengthened. The well-known clarify what exactly we understand by critical raw materials and
pyrometallurgical and hydrometallurgical processes are still where we can look for the definition of this concept.
W|de|y used, but in recent years, there has been an increasing It is important to note that rare earth elements are included
trend towards various alternative methods that are more in the category of critical raw materials because of their high
environmentally friendly, such as non-cyanide leaching, bio economic importance and the significant risks associated with
metallurgy, cryogenic digestion, supercritical extraction, and their supply. Therefore, a clear understanding of the concept of
leaching agents that can be recycled. Such approaches critical raw materials is essential.
significantly improve the extraction of critical metals and limit the The European Commission defines critical raw materials as
impact on the environment. (Gulliani et al., 2023). raw materials of essential economic importance for the
Recycling electrical and electronic equipment is associated European Union which at the same time are exposed to a high
with a number of difficulties in its initial preparation before the risk of supply chain disruption, due to the concentration of their
recycling process. Among these types of waste are various production in a limited number of countries, various geopolitical
types of batteries, mobile phones, televisions, liquid crystal factors, or the lack of alternative substitutes. (European
displays and others, which contain metals, plastics, metal- Commission, 2023).
plastic mixtures, organics, and glass fibers, along with the raw The United States Geological Survey (USGS) also provides
materials that are recycled (Wang & Xu, 2015). a definition of critical raw materials, which includes the
After the initial process of preparing the raw materials for understanding that a critical mineral is a non-fuel mineral or
recycling, a series of processes begins, whose aim is to extract mineral material that is of significant importance to the economic
from the electronic waste the elements that are of economic or national security of the United States, and whose supply chain
importance for various technological industries. In addition to the is vulnerable to disruption and this would have significant
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consequences for the economy or national security (USGS,
2022).

The Organisation for Economic Co-operation and
Development (OECD) also defines critical raw materials as raw
materials that are critical to the green transition because they
cannot be replaced in renewable and clean energy technologies
and their supply is exposed to significant risks due to the high
geographical concentration of production and trade (OECD,
2023).

Therefore, by all the definitions considered, neodymium
(Nd), praseodymium (Pr), and dysprosium (Dy) can be classified
as critical raw materials. These rare earth elements play a
significant role in the production of high-performance permanent
magnets used in electric vehicles, wind turbines, robotics, and
many modern technologies. On the other hand, their supply
chains are highly concentrated geographically and are
susceptible to geopolitical and market disruptions, making them
strategically important materials.

Rare earth elements and especially neodymium (Nd),
praseodymium (Pr), and dysprosium (Dy), play a crucial role in
modern  technologies and have significant industrial
applications, mainly due to their unique magnetic properties and
their importance in the production of high-performance NdFeB
permanent magnets (Brown, 2025).

Neodymium has a significant industrial importance, with
neodymium-iron-boron (NdFeB) magnets possessing the
highest energy among commercially available permanent
magnets, with their magnetic characteristics approaching the
theoretical limit of the Nd,Fe; 4B phase. (Gutfleisch etal., 2011).

Praseodymium (Pr) is of essential importance in
technologies related to permanent magnets. Significant
amounts of it are found in technological products - computers,
cars, and wind turbines. (Du & Graedel, 2011).

Dysprosium (Dy) is a component of Nd-Fe-B permanent
magnets, which occurs by partial substitution of Nd atoms,
which leads to an increase in the anisotropy field and
improvement of coercivity, and allows their application in high-
temperature environments, such as traction motors of hybrid
electric vehicles and wind generators (Hono & Sepehri-Amin,
2012).

Among the rare earth elements, neodymium (Nd),
praseodymium (Pr), and dysprosium (Dy) are important
components of a large number of high-tech and industrial
productions. Their demand is constantly growing, but their
supply chains and sustainability can be threatened by various
factors. These factors influence the rapid development of
scientific research, which seeks a way to utilise them from
various types of secondary sources, including electronic waste.

Sources of Nd, Pr, and Dy in Electronic Waste

The consumption of electrical and electronic equipment is
growing, which leads to a continuous increase in the waste
generated by them, globally exceeding 50 million tonnes per
year, and by 2030 it is expected to reach about 74.7 million
tonnes (Pineda-Vasquez et al., 2024). The generated waste is
an important secondary source of valuable metals and critical
raw materials, and this category also includes rare earth
elements, in particular neodymium, praseodymium and
dysprosium. Their utilisation can reduce dependence on primary
mineral resources and improve the security of supply chains
(Gulliani et al., 2023).
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The increasing demand for rare earth elements, and in
particular neodymium (Nd), praseodymium (Pr) and dysprosium
(Dy), is driven by their applications in various types of high-tech
products, consumer electronics, vehicles and wind turbines.
NdFeB permanent magnets represent one of the richest
secondary sources, containing approximately 20-31 wt.% Nd,
4-9 wt% Pr, and 1-8 wt.% Dy, as determined by their
application. The recovery of these elements from e-waste is
considered important for improving resource security, reducing
dependence on mining, and supporting the transition to a
circular economy (Akcil et al., 2021).

The processes related to the production of rare earth
elements as primary raw materials, and not as extracted from
electronic waste, is mainly concentrated in China. On the other
hand, their importance for the industry is extremely great, as an
excellent example in this regard are the neodymium magnets -
even though they are a very small part of the total weight of hard
disk drives, without their presence, their full work would be
impossible (Duarte & Rodrigues, 2020; Shanthi Bhavan et al.,
2023).

Table 1 shows that the highest concentration of rare earth
elements and the considered neodymium, praseodymium, and
dysprosium in electronic waste is observed in hard drives, with
the main source of neodymium and dysprosium being the
permanent magnets in them (Thompson et al., 2018; Pyrgaki et
al., 2021; Good et al., 2023; Heim & Vander Wal, 2023; Liang
etal., 2024).

Table 1. Content of rare earth elements (REEs) in various

electronic waste
Main REEs Concentration
SRR Components | Present (ppm) R
(Heim &
Vander
) Wal,
Hard disk Permanent Nd, Dy, 2500- 2023:
drives magnets Pr 15,000 Th '
ompson
etal.,
2018)
La, Ce,
Screens,
speakers Pr, Nd, (Good et
Smartphones PEaKers, Sm, 10-1000
vibration Eu.Gd al., 2023)
motors Tb, Dy, Y
Printed La, Ce,
circuit Pr, Nd, (Pyrgaki
Computers boards,hard Sm, 10-1000 etal.,
disk drives, Eu,Gd, 2021)
Speakers Tb, Dy, Y

Note. Adapted from “A Review of the Occurrence and Recovery of Rare
Earth Elements from Electronic Waste,” by B. Liang, J. Gu, X. Zeng, W.
Yuan, M. Rao, B. Xiao, and H. Hu, 2024, Molecules, 29(19), 4624.
(https://doi.org/10.3390/molecules29194624. Licensed under CC BY
4.0.)

Electronic waste represents a valuable source of secondary
rare earth materials, but the recovery of Nd, Pr, and Dy remains
limited due to technical challenges, such as small quantities of
magnets in electronic products, their integration into
components, protective coatings, and difficulties associated with
extraction (Lixandru et al., 2017).

Recycling approaches have been investigated, including
hydrometallurgical processes; nevertheless, there is still a great
need for environmentally sustainable methods. Maéat et al.
(2016) demonstrated an alternative recovery approach, which is
based on hydrothermal treatment with water and sodium
chloride, enabling the extraction of rare earth compounds from



[oduwHuk Ha MI'Y ,Cs. MeaH Puncku”, Tom 69/2026 / Annual of the University of Mining and Geology “St. Ivan Rilski”, Vol. 69/2026

Nd-Fe-B permanent magnets recovered from electrical and
electronic equipment waste.

Despite their potential as a secondary resource, rare earth
recycling from electrical and electronic equipment waste
remains limited due to challenges related to collection,
separation, and the development of economically feasible
recovery processes (Binnemans et al., 2013).

Rare earth elements, and especially neodymium (Nd)
praseodymium (Pr) and dysprosium (Dy), have an essential role
in industry and high technology and without them many
electronic and electrical devices could not function normally.
Their concentration in a small number of geographical regions
and their relatively small quantities make their primary extraction
highly limited and supply chains unsustainable. Due to these
factors, their secondary extraction from e-waste is the subject of
increased scientific interest and overcoming the technical
difficulties associated with this process is of essential
importance.

Chemical Recovery Technologies

The chemical recovery processes of electronic and electrical
waste must go through a series of steps of preliminary
mechanical and physical treatment, thus separating the
materials and elements that need to be extracted from the
complex matrix of the waste. Because electronic waste has a
complex heterogeneous composition, which includes metals,
polymers, ceramics, glass, and other components, their
effective separation and concentration of the target fractions are
important for increasing the efficiency of their recovery at a later
stage of the process itself. Pre-treatment includes both
dismantling and desoldering, as well as subsequent size
reduction, which is achieved by crushing and milling, as well as
by sieving and physical separation of metallic from non-metallic
fractions. The procedures performed in this way lead to
improved access to valuable metals and compounds, which also
contain rare earth elements, by increasing the release of the
material and significantly reducing interference from non-
metallic components. Physical separation techniques, including
magnetic, are based on their density and -electrostatic
separation. They are widely applied due to their low operating
costs and the ability to concentrate valuable fractions before
hydrometallurgical or pyrometallurgical treatment begins.
(Gulliani et al., 2023).

Metallurgy processes

Metallurgical processes involve the extraction, processing,
and transformation of metals using chemical and physical
processes. Recycling of electronic waste uses metallurgical
methods that enable the extraction of valuable metals from
complex waste materials. The use of pyrometallurgical
processes, such as melting and smelting, performed at high
temperatures are widely used industrial techniques that allow
the separation of metals based on their thermophysical
properties. These processes remove organic components and
allow the metals to be concentrated, which is the basis for their
subsequent further purification. (Gulliani et al., 2023).

Combined pyrometallurgical-hydrometallurgical approaches

are a promising strategy to recover critical metals, including rare
earth elements, particularly neodymium, praseodymium, and
dysprosium (Gulliani et al., 2023).
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Pyrometallurgy Pyrometallurgical processes are among the
most established techniques for the recovery of metals from
waste electrical and electronic equipment. These methods are
based on the use of high-temperature operations such as
melting, sintering, remelting, plasma arc furnaces, and blast
furnaces. In them, the separation of metals is achieved through
differences in their thermophysical properties. Rare earth
elements can be extracted using pyrometallurgical approaches.
It is important to note that pyrometallurgy is mainly applied as a
primary treatment step. In this, organic components are
removed and the metal phases are concentrated. The
subsequent selective separation and purification of the
individual elements require the use of processes that are
hydrometallurgical.

Hydrometallurgy (leaching and metal recovery). Among the
most promising approaches for extracting critical metals from
electronic waste are undoubtedly hydrometallurgical processes.
They have a sequence of controlled chemical reactions
accompanied by high selectivity, and their impact on the
environment is lower than that of pyrometallurgical methods.
Two main stages usually make up hydrometallurgical
processes, namely: the extraction of metals from materials that
have undergone pre-treatment, and the extraction of dissolved
metal ions from the leachate. Various techniques are used in the
extraction - precipitation, solvent extraction, ion exchange,
cementation, and electrolytic extraction (Gulliani et al., 2023).

Due to the similar chemical properties of Nd, Pr and Dy,
selective separation of the rare earth elements involved must be
carried out after leaching. Solvent extraction and ion exchange
techniques have been the subject of much research and interest
due to their ability to achieve high selectivity under controlled
conditions. Precipitation methods can be used to extract metals
from infiltrates, and electrowinning is one of the established
techniques for the deposition of metals from acids and ammonia
solutions. It is mainly applied to base metals and the question of
combining it with other hydrometallurgical steps is the subject of
a number of studies aimed at finding more efficient extraction
routes (Gulliani et al., 2023).

Electrochemically assisted leaching, as a new approach, is a
potential alternative to conventional chemical treatment. It can
generate oxidising substances in situ and significantly limit the
use of reagents that can have a negative impact on health and
the environment. Adsorption and biosorption are increasingly
important due to their low operating costs and potential for
regeneration. They also have excellent ability to selectively
precipitate metal ions from aqueous solutions.

Combined hydrometallurgical strategies such as selective
separation, leaching, etc. are the basis for future development
of concepts for the extraction of Nd, Pr and Dy from secondary
resources (Gulliani et al., 2023).

Biometallurgy. The search for ecological alternatives places
biometallurgical processes, such as bioleaching, among the
most interesting and increasingly actively studied methods for
extracting metals from secondary sources. Biometallurgy uses
various types of microorganisms that help dissolve metals and
significantly reduce the need for the use of energy resources, as
well as the consumption of chemical reagents. This allows these
processes to have a relatively small impact on the environment.
Despite their many advantages, their application on an industrial
scale is still significantly limited due to the relatively slow
reaction kinetics, as well as the long processing time and the
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high sensitivity of microorganisms to environmental conditions
(Gulliani et al., 2023).

The basis of microbial metal extraction is the ability of
microorganisms to interact with metal-containing materials
through direct and indirect mechanisms. In indirect bioleaching,
microorganisms, such as Acidithiobacillus ferrooxidans and
Acidithiobacillus thiooxidans, oxidise Fe* to Fe** and elemental
sulphur to sulphuric acid, generating ferric ions and acidic
conditions that promote metal dissolution. In addition,
heterotrophic fungi such as Aspergillus niger produce organic
acids, including citric, oxalic, and malic acids, which enhance
metal dissolution through acidification and complex formation
(Gulliani et al., 2023).

Microbial metabolites and organic acids can promote
dissolution by forming soluble metal-ligand complexes,
enhancing the availability of rare earth ions in solution.
Bioleaching systems based on microorganisms such as
Acidithiobacillus species can achieve significant recovery of rare
metals, including reported recoveries of more than 95% of Ce,
Eu, and Nd after appropriate pretreatment and sequential
bioleaching processes (Gulliani et al., 2023).

The creation of a multi-stage procedure for such a type of
bioleaching significantly improves the selectivity of extraction, as
well as the efficiency of the entire process. The initial stages are
associated with the dissolution of base metals, which favours
the subsequent extraction of precious metals and rare earth
elements. The oxidation-reduction potential, pH, microbial
activity, and the chemical characteristics of the target metals are
important in these processes. After bioleaching, subsequent
steps in the process are possible (extraction with a solvent,
precipitation, or ion exchange) in order to isolate individual rare
earth elements due to their similar chemical properties (Gulliani
etal., 2023).

Bioleaching is undoubtedly an ecological method for the
secondary extraction of rare earth elements, but it has its
limitations: slow dissolution rate, microbial inhibition, which is
due to toxic components present in electronic waste, the
formation of secondary sediments, which can passivate the
surface of the materials and thus significantly reduce the
extraction efficiency. Research in this area focuses on hybrid
approaches that combine bioleaching with catalysts,
hydrometallurgical extraction additives, or chemical additives,
aiming to improve and make these methods economically
viable. These developments and the prior incorporation of
suitable separation technologies make biometallurgical
approaches a sustainable method for extracting rare earth
elements, such as Nd, Pr and Dy (Gulliani et al., 2023).

Critical Comparison and Future Perspectives

Biometallurgy finds a place in the processing of electronic
waste as a promising alternative route for its recycling by using
microorganisms to facilitate the dissolution of metals.
Biometallurgical approaches have environmental advantages -
lower energy demand, reduced consumption of hazardous
chemical reagents, lower operating costs, and minimal
generation of toxic emissions. This gives a significant advantage
over conventional pyrometallurgical and hydrometallurgical
approaches. Pyrometallurgy requires high temperatures and
can result in the loss of volatile metals, and hydrometallurgy
often relies on strong acids, oxidising agents, or complexing
agents. Bioleaching works under milder conditions and uses
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naturally occurring microbial activities to extract metals (Gulliani
etal., 2023).

Although with obvious environmental benefits, biometallurgy
faces a number of limitations, mainly to applications on a
laboratory scale, which can hardly be transferred to real,
sufficiently large industrial processes due to the slow progress
of the individual processes and the difficulties associated with
process control. In contrast, hydrometallurgical methods can
achieve high recovery efficiencies within hours or days, and
bioleaching often requires several weeks to reach similar
extraction levels. Thus, the extended processing time
represents a major obstacle for the industrial implementation of
this type of technology (Gulliani et al., 2023).

It can be easily summarised that the efficiency of
biometallurgical processes is highly dependent on the microbial
species, environmental conditions, and composition of the
waste matrix. Acidophilic  microorganisms, such as
Acidithiobacillus ferrooxidans and Acidithiobacillus thiooxidans,
demonstrate excellent ability to recover base metals, such as
Cu, Zn, Ni, and Co, through iron and sulphur oxidation
mechanisms. Multi-stage bioleaching strategies, in which base
metals are first removed, followed by selective recovery of noble
metals, are emerging as an effective approach in e-waste
treatment (Gulliani et al., 2023).

Recent developments indicate that catalytic enhancement
could represent an important pathway toward improving the
industrial feasibility of biometallurgy. The addition of metal
catalysts, such as Cu?* and Ag* ions, as well as non-metallic
catalysts, including graphene, nitrogen-doped carbon
nanotubes, and organic acids, has demonstrated significant
improvements in dissolution kinetics and metal recovery. These
approaches reduce the main limitation of conventional
bioleaching by accelerating microbial oxidation reactions while
maintaining relatively low environmental impact (Gulliani et al.,
2023).

Future research should focus on developing integrated
recycling systems combining mechanical pre-treatment,
hydrometallurgical enrichment, and biological recovery steps.
Such hybrid approaches could overcome the individual
limitations of each technology by using physical methods to
increase surface accessibility, chemical methods for rapid
dissolution, and microbial processes for selective recovery
under environmentally benign conditions (Gulliani et al., 2023).

Advances in synthetic biology, microbial engineering, and
process automation can increase the efficiency of these
processes and greatly improve the scalability of biometallurgical
technologies. This is linked to the development of more resistant
microbial strains capable of tolerating high metal concentrations
and complex composite structures from e-waste processing.
These are specific guidelines that have the potential to improve
recovery efficiency and significantly reduce processing time.
Continuous  bioreactor ~ systems, improved  microbial
immobilisation techniques, and real-time monitoring of redox
and pH conditions are among the most essential prerequisites
that can facilitate the transition from laboratory experiments to
industrial applications (Gulliani et al., 2023).

Biometallurgy is one of the most sustainable approaches for
future  electronic  waste recycling. Its  successful
commercialisation requires a balance between environmental
performance, metal recovery efficiency, processing time, and
economic feasibility. It does not aim to completely replace
conventional technologies, but seeks approaches that are
expected to become an additional component within integrated
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circular economy strategies for sustainable metals recovery
(Gulliani et al., 2023).

Conclusions

The growing generation of waste from electrical and
electronic equipment is an environmental challenge that implies
the recovery of spent resources from them, which is the basis of
the circular economy. Electronic waste has a complex
composition, which includes valuable and critical metals,
polymers, and composite structures. A large part of the
substances that make them up create potential risks and
damages to health and the environment. This means that
conventional disposal practices are risky and do not give the
possibility of extracting the valuable materials contained in them.
This demand calls for effective recycling strategies that will
reduce the dependence on primary mineral resources (Gulliani
etal., 2023).

A detailed review of existing recycling approaches clearly
shows that no single technology can provide a comprehensive
solution for recovering all the valuable components that make
up e-waste. Pyrometallurgical processes offer high throughput
and robust operation, but are associated with high energy
requirements and potential emissions. Hydrometallurgical
methods provide high efficiency and selectivity of metal
recovery, but typically rely on corrosive reagents and generate
secondary waste streams that require additional treatment.
Biometallurgical approaches represent a more environmentally
friendly alternative due to their lower chemical consumption and
reduced environmental impact; however, their wider application
is limited by slow kinetics, microbial sensitivity, and process
scalability challenges (Gulliani et al., 2023).

A sustainable WEEE management strategy should be
based on maximising resource recovery while minimising
environmental impacts and energy demand. The development
of hybrid recycling processes, supported by advances in
biotechnology, material science, and process engineering,
represents a promising direction toward achieving efficient
recovery of valuable metals and critical materials. The
implementation of circular economy principles through
reduction, reuse, and recycling strategies is essential for
improving resource efficiency and reducing the environmental
burden associated with electronic waste generation.

Sustainable management requires not only improvements in
recycling technologies, but also a series of changes in the
design and production stages of electrical and electronic
equipment. Extended producer responsibility, the development
of products with longer lifespans, modular structures, easier
disassembly, and improved repairability, can significantly
improve future recovery pathways. The transition to a circular
economy of electronic waste depends on the successful
integration  of technological innovation, environmental
considerations, and responsible industrial practices.
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