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Abstract: Circular Economy (CE) adoption in material science emphasizes sustainable design and resource recovery through
biodegradable polymers, modularity, and cradle-to-cradle (C2C) principles. These innovations aim to extend product lifespans,
minimize maintenance, and facilitate material recovery, thereby reducing dependence on virgin resources and limiting waste.
This report explores the application of CE principles to e-waste management and metal recovery using technological,
environmental, and socio-economic approaches such as recycling technologies, life cycle analysis (LCA), and policy
frameworks. Various recycling processes—hydrometallurgical, pyrometallurgical, and bioleaching—offer different advantages
and trade-offs. While smelting achieves efficient metal separation, it is energy-intensive and polluting. Hydrometallurgical
processes like cyanide and thiosulfate leaching are effective but pose effluent treatment challenges. Bioleaching, using
microorganisms such as Acid thiobacillus ferroxidase, provides a low-cost, eco-friendly alternative despite slower processing
times. Hybrid pyrolysis-hydrometallurgy methods show promise in optimizing metal recovery efficiency while minimizing
environmental impacts. LCA results highlight CE’s superiority over conventional mining, showing energy savings exceeding 85—
90% in recycled aluminum, copper, and rare earth magnet production. These benefits extend to reduced greenhouse gas
emissions, resource conservation, local supply chain resilience, and creation of green jobs. However, challenges persist in
developing nations due to informal recycling practices, inadequate facilities, weak enforcement, high technology costs, and low
public awareness. Overall, integrating CE into material science represents a transformative pathway toward sustainability,
resource efficiency, and environmental protection. With supportive policies, innovation, and civic engagement, CE can convert
the e-waste challenge into a driver of green economic growth and global resource security.

Keywords: Circular Economy, E-Waste Recycling, Hydrometallurgy & Pyrometallurgy, Precious Metals Recovery, Rare Earth
Elements (REEs), Sustainable Materials Development, Urban Mining

1.Introduction

The increased demand of resources, the accelerating industrialization, and the ever-shorter life cycle of
products have challenged the world with the problem of the waste generation and resource shortage more
intensely. The former economic methods of the linear i.e. the take- make- and dispose system are no longer
sustainable since they heavily rely on the extraction of virgin materials and generate colossal wastes. The
circular economy (CE) thus came up as a pragmatic and workable alternative and the goals of reducing
waste, increasing resource efficiency, and retaining materials within the loop as long as possible came into
view. CE opposes the concept of the linear perspective which focuses on reuse, recycle, regeneration and
closed-loop systems, which is a mix of economic growth and environmental protection [1]. In this case,
material science is one of the significant roles in facilitating the development of innovative, durable, and
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recyclable materials in facilitating the transition to a circular economy. The science of material has
advanced at a high pace over the last few years and the advancements that are seen in the field are
biodegradable polymers, recyclable composite materials, and lightweight structures, which are directly
linked to the examples of increasing the lifetime of products, lessening waste and decreasing the usage of
energy [2].

Design integration of recyclability and recoverability is one of the major principles of CE. Products and
materials should be developed to be disassembled in an efficient manner, modular, and re-useable, that is,
so that dismantling a single component can be done without the need to scrap entire systems. This does not
only increase product life but also simplifies recovery of useful resources at the end of life. Recycling is
also more effective by using methods like replacing adhesive with screws in the electronic packaging, color
marking the materials to facilitate sorting [3]. Cradle-to-cradle (C2C) principle is a step forward, as it
provides that the materials are sent in biological or technical loops and, at the same time, does not impair
quality. The use of non-harmful, renewable, and recyclable inputs enables C2C to sustain the
manufacturing process and preserve material value across a number of lifetimes [4].

The necessity of incorporating the idea of CE in the field of material science is best viewed in terms of
electronic waste (e-waste), in which one of the fastest-growing streams of waste is present in the whole
world. In 2023, the e-waste was produced in approximately 62 million metric tons and is expected to
exceed 82 million tons by 2030 [5]. E-waste is paradoxical: on the one hand, a significant source of
poisonous polluters, in the resource stream on the other hand, one of the largest concentrations of precious
metals in the world can be found. Printed circuit boards (PCBs), e.g., contain 200-250 g of gold per ton,
which is less than 10 g/ton of ores [6]. The majority of this waste are either treated informally or never
treated and there are serious environmental and health impacts. Open burning, acid leaching, and
uncontrolled dismantling, the informal recycling processes produce toxic emissions, soil and water
contamination, and a lot of occupational health hazards to the workers. This has also resulted in supply
chain vulnerabilities and geopolitical insecurity in most parts of the world due to the increased global
demand of metals and rare earth elements (REEs) to renewable energy technologies, electric motors, and
digital networks [7]. When combined with advances in material science, CE provides a two-pronged
solution or keeping the environmental impact of the waste to the smallest and meeting the material security
requirements.

Recycling technologies are evidence-based on the capability of CE in e-waste management.
Hydrometallurgical treatment employs aqueous solvents to extract metals like gold, silver, and copper
through the waste streams whereas thiosulfate leaching is a less toxic treatment compared to cyanide.
Pyrometallurgical treatment involving smelting under high temperatures is very efficient in recovering bulk
metals but very energy consuming and necessitates proper control of emissions [8].

A greener technology called bioleaching utilizes microorganisms like Acid thiobacillus ferroxidase in the
recovery of the metals at lower cost and less environmental degradation but at lower rates [9]. The blending
of low-temperature pyrolysis and hydrometallurgy technologies have been especially effective since they
maximize the recovery with a minimum amount of waste. These technologies have great economic and
environmental advantages. An example is that mining and extraction of PCBs consumes a lot of energy to
extract gold because recovery consumes very little energy compared to mining, not to mention that it does
not involve massive destruction of ecosystems through mining. The metals that would have been obtained
when one ton of PCBs are recycled could be worth more than USD 10,000, which justifies the economic
feasibility of recycling. The comparative analysis of life cycles also proves that secondary resource

recovery will always be more energy consumptive and less polluting than the primary mining activities
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[10].

CE also requires the empowerment of the governance and regulatory frameworks to enable the take-up. The
application of the EPR schemes, where manufacturers are obligated to take the responsibility of disposal of
their products at the end of their life, has been widely applied in the advanced economies. An example of
such a directive is the Waste Electrical and Electronic Equipment (WEEE) directive by the European Union
that has made it possible to improve the recycling rate and safer recovery of materials [11]. Japanese and
Chinese urban mining programs and industrial symbiosis networks have been built on a large scale in Asian
environments in which corporations recycle the wastes of both them and others [12]. In Sri Lanka, policies
like the National Waste Management Policy and EPR systems have led to positive changes, supported by
initiatives such as the Green Smart City project emphasizing community participation, yet informal
recycling still dominates. Barriers persist due to limited infrastructure, resources, and environmental
controls, while the heterogeneous composition of e-waste challenges material quality and purity. Effective
recycling technologies are often resource-intensive and difficult to adopt in low-resource settings.
Overcoming these issues requires investment in research and development of low-cost, energy-efficient
methods such as bioleaching, green solvent hydrometallurgy, and nanotechnology-based separation.
Additionally, material scientists are advancing eco-friendly designs, including recyclable printed circuit
boards, biodegradable substrates, and nanomaterials that improve recyclability and environmental
sustainability, helping to integrate circular economy practices more effectively [13].

The circular economy (CE) in material science is crucial for preventing environmental damage, conserving
resources, and ensuring critical material supply. It also offers economic benefits through urban mining,
green jobs, and local value chains. Effective adoption requires technological innovation, policies, quality
control, and public awareness. While developed countries have progressed, developing nations face barriers
like poor infrastructure, limited funding, and slow behavioral change. Advancing recycling technologies,
eco-design, and cradle-to-cradle systems can reduce carbon emissions and improve resource efficiency.
Integrating CE with innovation, policy, and public engagement is key to achieving a sustainable global
circular economy.

2.General Concepts of Circular Economy

Circular economy is a strategy that attempts to minimize wastage and maximize the use of resources.
Circular economy encourages reuse, recycling, and regeneration as opposed to the classic linear approach
to take, make, dispose. Material science is key to ensuring this change can be made by developing materials
and sustainable processes
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Figl.Circular economy diagram showing material flows in biological and technical cycles [14]

2.1. The Role of Material Science in the Progress of the Circular Economy

The impetus behind the growth of the circular economy is material science. It will enable the creation of
materials which are more sustainable, recyclable, and eco-friendly. Industries are currently working on
biodegradable polymers, recyclable composites and lightweight materials in order to minimize wastage as
well as energy consumption. Designing materials to self-heal or degrade harmlessly upon use can be done
to ensure the products become more long-lasting and can be restored at the end of life. The advances allow
manufacturers to minimize their impact on the environment and allow circularity at the design phase [1].

2.2. Circular Economy Strategies for Sustainable Materials Development

Production of materials is aimed at becoming sustainable, in the sense of reducing the use of virgin
materials and using recycled materials or renewable materials instead. This entails use of bio-based
materials, secondary raw materials as well as industrial by-products as raw materials to do new production.
Life Cycle Assessment (LCA) is frequently also employed to identify the environmental impact of
materials in the entire life cycle, including production and end-of-life disposal. The companies should close
the material loop by keeping resources active as long as possible, extracting and replacing products and
materials at the end of life [2].
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2.3. Designing Materials for Recyclability and Reuse

The end-of-life recovery design and recyclability and reuse are among the most significant principles of
circular economy. The products should have the end-of-life recovery. This includes the use of easily
dismantled and washable and reusable material. Individual parts are easily substituted or refitted as opposed
to substituting the whole product through modularity. As an example, in electronics, designers can use
screws instead of glue so that the product can be opened. The recyclability is also enhanced by basic
labeling of materials used and mono-material construction [3].

2.4. Cradle to Cradle Material Strategies in Product Design

The cradle-to-cradle (C2C) is a philosophy of design that is even more than recycling. In case of products
which are not downcycled into a lower-value product, C2C tries to create some products which can be
maintained in a continuous loop in both bio and technical cycles. Materials that are recycled in the
biological cycles are reused in nature, and in the technical cycles the materials are recycled back without
any quality loss. This kind of philosophy upholds application of recyclable and non-toxic materials and
renewable energy in the production process. C2C certification ensures the companies manufacture goods
that are stringent in the environment and health, and material worth and performance are maintained during
a multitude of lifetimes [4].

Circular economy is a metamorphosis in how we consider waste, making, as well as resources. It is made
possible through material science which develops solutions that are circular-friendly. Since the cradle-to-
cradle solutions and design to recyclability, innovation, responsibility and strategic thinking come together
to create a sustainable future. These guiding principles can help the industries to waste less, save the
environment and come up with safer economies.

3. Electronic waste and metal recovery

There has never been such a high level of e-waste production that it leads to high level of production in the
electronics sector. The 2024 Global E-Waste Monitor estimates the amount of e-waste produced all over the
world to be about 62 million metric tons in 2023 and 82 million tons in 2030 [5]. E-waste also contains
more metals than naturally occurring ores-in the PCBs, there are up to 200-250 g of gold per ton of e-waste
compared to below 10 g of gold per ton in typical mined ores [6].However, most e-waste has not been
processed or processed in improper chains using unreliable procedures, hence causing toxic emissions, soil
and water contamination. In the meantime, increasing international needs in metals, and reforming energy
in digital technologies, have generated strategic supply risks [7].

In this paper, the authors have synthesized five areas of practice and research centrality to come up with a
comprehensive approach to sustainable e-waste management as part of a CE framework. The parts discuss
technological, economic, and policy aspects, and end-game integrated plans of the large-scale adoption.
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3.1. Recycling and Reuse of Precious Metals of Electronic Waste.

Precious metals include gold (Au), silver (Ag), platinum (Pt) and palladium (Pd), which are commonly
used in electronic connectors, solder alloys and PCBs because of conductivity and corrosion resistance [8].

Recovery Technologies

1.Hydrometallurgy - Solvents based on aqueous include cyanide, thiosulfate or halide leaching to dissolve
the metal followed by solvent extraction and electrowinning. Cyanide is effective with regard to leaching,
but it is toxic; thiosulfate is a less toxic option.

2.Pyrometallurgy - Metals are separated by high-temperature smelting depending on the melting point.
Thousands of tons of copper are processed in factory plants such as Umicore Hoboken.

3.Bioleaching - This involves using microorganisms like Acid thiobacillus ferroxidase in the attempt to
leach cheap metals with a minimum of chemicals. [9].

Environmental and Economic Aspects

Recovery of gold in the e-waste uses significantly less energy than that needed to extract gold in a virgin
ore, and the recovery process avoids ecological losses. Precious metals can also yield enormous revenues; 1
ton of PCBs can hold several USD 10,000 of metals at the current prices [15].

3.2. Circular Economy Solutions for PCB Recycling

PCBs are complex metal, plastic, and ceramic composites that are difficult to recycle. CE approaches

emphasize design for recycling, closed-loop systems, and reverse logistics.

e Solutions through Design — Modular PCBs, standardization of materials, and biodegradable substrates
like polylactic acid (PLA) can enhance recyclability.

e Technological Solutions — Hybrid technologies combining mechanical separation, low-temperature
pyrolysis, and hydrometallurgy can recover metals and non-metals with high efficiency.

e Policy Instruments — EU and Asian regions' EPR schemes force producers to take back and recycle end-
of-life electronics.[16]

3.3. Sustainable Extraction of Rare Earth Elements from E-Waste

REEs such as neodymium (Nd), dysprosium (Dy), and terbium (Tb) are crucial for magnets, batteries, and
display technology.

Extraction Methods
* Hydrometallurgy via acid leaching followed by solvent extraction.
* Bioleaching utilizes microorganisms to mobilize REEs.

* Direct Magnet-to-Magnet Recycling in order to maintain material properties and reduce energy
processing.

Life cycle assessments show that recycled NdFeB magnets consume up to 90% less energy than those from
mined REEs.[17]
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Parameter Primary Metals Secondary Metals (Recycled)
Energy Use (Aluminum) 14-16 kWh/kg 0.7-1.0 kWh/kg

CO; emissions (Aluminum) ~10 kg CO2 e/kg ~0.5 kg COze/kg

Ore grade (Gold) <10 g/ton 200-250 g/ton (PCBs)

Capital investment Very high (mining infrastructure) Moderate (recycling plants)
Supply chain risks High geopolitical dependency Lower, more localized sourcing

Table 1- comparison of primary vs. secondary metal production

Table 1 reveal that secondary (recycled) metals have much lower energy requirements and cause a much
lower amount of CO2 emissions than the primary ones. Moreover, recycled sources will have high effective
ore grades, less capital investment requirements and have lower supply chain risks because the sourcing
becomes more localized. The given comparison underscores the environmental and economic benefits of
metal recycling in the sustainable production systems. Secondary resources consistently outperform
primary mining in energy efficiency and emissions but require robust collection and processing
infrastructure. [10]

3.4. Urban Mining of E-Waste for Circular Material Recovery

Urban mining refers to extracting valuable materials from products, buildings, and waste in cities. For e-
waste, this involves advanced dismantling facilities, automated sorting, and centralized recovery plants
[12].

Examples of Urban Mining Projects:

e Umicore (Belgium) — Precious metal recovery from global e-waste streams.

e Shenzhen Urban Mining Park (China) — Large-scale integrated recycling hub.

e Kawasaki Eco-Town (Japan) — combines industrial symbiosis with e-waste recovery.
Benefits of urban mining

Resource recovery - Metals of good value and REEs at the local level.
Waste minimization - Diverts hazardous waste off the landfills.
Economic growth - Green job in recycling industry.

Supply security - Minimizes the reliance on raw materials imported
3.5. Integrated Challenges and Opportunities

Challenges — Informal recycling dominance in developing countries, lack of standardized product design,
volatile metal markets, and insufficient regulatory enforcement [18].
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Opportunities —

. Technology: Robotics for automated disassembly, green leaching agents.

. Policy: Global harmonization of EPR laws, Basel Convention enforcement.

. Market Development: Certification for recycled metals to build consumer trust.

The extraction of metals in e-waste in terms of enhanced recycling, CE-based PCB recycling, sustainable
extractions of REE and urban mining is an effective route to environmental conservation, resource security,
and economy. Secondary resources are also of great benefit in the areas of energy, emissions, and supply
chain to resistance as compared to primary mining. To achieve a global scale of sustainable e-waste
management, technological innovation, favorable policy frameworks, and international cooperation are all
required.

4.Technology and Processing
4.1. Recent Recycling Techniques in Electronic Waste Management

The electronic waste or e-waste is among the most rapidly increasing waste streams in the world, which is
mainly because of the rapid change in technologies and the unstable duration of life of electronic goods.
The high-level recycling technologies are oriented towards the recovery of valuable substances, including
gold, silver, palladium, copper, and rare elements and causing the minimal damage to the environment.

Separation of metals by mechanical means, hydrometallurgical processes, and pyrometallurgical processes
are modern procedures. Mechanical treatment entails disaggregating, shredding and magnetic separation.
The extraction of the metals by the use of chemical solvents is known as hydrometallurgy and the recovery
of the metals by a high temperature method is termed as pyrometallurgy [1].

E-waste recycling has become more efficient and safer with the implementation of robotic dismantling and
artificial intelligence sorting. For instance, the process of plastic identification and segregation with the use
of infrared sensors becomes part of the recyclability [2]. Emerging technologies are beneficial as they can
enable the establishment of a circular economy, when valuable materials are returned to manufacturing, and
unnecessary use of virgin resources is minimized.

4.2. Hydrometallurgy and Pyrometallurgy in Circular Metal Recovery

Circular metal recycling has both the usefulness of hydrometallurgy and pyrometallurgy. Hydrometallurgy
utilizes aqueous chemistry in the extraction of metals in either ore, or concentrates, or recyclables. The
common practices under it are leaching, solvent extraction, and precipitation. It is quite suitable in the
extraction of metal in slag or electronic waste [3].

Conversely, pyrometallurgy involves the use of high temperature to produce metals through roasting and
smelting. It is Energy-intensive, but it is most effective in working with high metal-load waste streams
including precious metals and scrap steel. The hybrid system that is developed using the two methods has a
higher recovery rate and low waste output. Integrating these policies keeps the circle economy going by
enabling recycling of the secondary raw materials of the pre-existing infrastructure, waste wastes of
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industries, and post-consumer products [4]. In addition, recycling metal in a closed loop minimizes the
release of green house gases and degradation of the environment caused by the traditional mining process.

4.3. Bioleaching as a Sustainable Method for Metal Extraction

Bioleaching uses microorganisms, such as Acidithiobacillus ferrooxidans and Leptospirillum ferrooxidans,
to extract metals like copper, gold, cobalt, and uranium from low-grade ores and e-waste. It is an eco-
friendly and cost-effective method, consuming less energy, generating minimal toxic waste, and reducing
air pollution compared to traditional pyrometallurgical processes. Bioleaching is especially suitable for
materials that are uneconomical to treat with conventional methods, making it a sustainable approach for
large-scale metal recovery. [19]

Bioleaching can be used to extract valuable material in e-waste, used batteries, and mine tailings in the
form of closed-loop material flow. It complies with the principles of green chemistry and provides a
reasonable alternative in the countries where there are few opportunities to reach the advanced technology
and infrastructure [20].

4.4. Nanotechnology Application in Circular Material Engineering

Nanotechnology is a radical component of the creation of circular material engineering. At the nanoscale,
materials have excellent mechanical, thermal, and chemical properties and therefore, they improve
performance and efficiency in application in the entire range of electronics to energy storage. The addition
of products such as nano coatings can enhance corrosion resistance to a level whereby replacement of
materials is reduced. Nanocomposites are also applicable in light packaging and car components in a bid to
minimize the material consumption and fuel consumption [21].

Nanotechnology is also used in water and wastewater treatment where selective toxin and heavy metal
extraction is done. Catalysts Nano-facilitated catalysts also have an increased effect on the efficiency of
chemical recycling and fuel production processes [22]. Among the applications is electronic waste where
nanotech sensors are able to sort and detect complex materials with high accuracy levels. Moreover, nano-
structured material is under development to recycle and enhance battery performance, which results in
energy system resource cycling.

5.Sustainability and the environmental impact.
5.1. Life Cycle Assessment (LCA) of E-Waste Recycling Process

In Life Cycle Assessment (LCA), it is an ISO 14040 standard procedure that provides a framework through
which environmental effects of products and processes used in the manufacturing process are measured
against the extraction of raw materials up to the end-of-life [23]. When used on e-waste, LCA is used to
compare recycling processes like mechanical separation, pyrometallurgy, hydrometallurgy, and bioleaching.

The literature discloses that mechanical recycling (magnetic separation, shredding) has very low direct
carbon effects but forfeits precious metals of value (fine). Hydrometallurgy is efficient in terms of metal-
recovery and produces chemical effluents and pyrometallurgy is efficient in terms of bulk recovery but
extremely energy consumptive. The hybrid technologies involving pyrolysis and hydrometallurgical
leaching minimize emissions and residues to the minimum|[24],[25].

Case studies illustrate how LCA-based optimization pays off:
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e In the case of Thailand, e-waste management LCA was identified to save USD 6.8-45 million due to the
better logistics and PCBs recovery.

e ABS and HIPS plastic recycling in Brazil used less than 50% the energy or less than 20% CO2 than the
production of virgin plastic.

e Individual recycling of PCBs in Australia reduced global warming effects by half than that caused by
the exportation of waste to overseas nations.

LCA is both able to indicate policymakers and recyclers superior environmentally and economically viable

systems in addition to quantifying them. [26],[27].

5.2. Reduction of Carbon footprint using material Circular Economy.

Circularity of materials addresses the aspect of recycling, reusing, and regeneration of the material instead
of the linear take-make-dispose approach. E-waste recycling saves huge volumes of energy and emission.
To case in point, primary production energy is needed in 4% of the recyclable aluminum. Likewise, 85
percent of the energy is saved in recycling copper than the production of mined copper[28].

It is more sustainable through closed-loop recycling loops, whereby the use of metals like aluminum and
glass can be continuously reused without being lost during this process [10]. Circular economy also focuses
on design approaches, such as electronics in modules which can easily be torn down, thus less fresh
resource extraction is necessary.

Empirical data show the carbon footprint benefits of circularity:

. Recycling ABS plastic will conserve 87% of CO2 emissions compared to virgin ABS.

. Domestic material recycling may cut the need on the fossil resources by 98 percent in comparison
with imported dumping.

. The NdFeB magnets used in hard disk drives can be recycled, reducing by 90% of the energy

required to mine the rare earths.
With materials being used in a circular manner to extend their lifespan and preventing virgin extraction, the
overall greenhouse gas emissions in the lifecycle are greatly decreased [27],[29].

5.3. Environmental Impact of Conventional vs. Circular Material Use

When circular systems are compared to linear systems, circular systems will always come out as the one
that is environmentally superior. Virgin resource extraction of resources creates more emissions in the
linear systems, land degradation, and waste. As a case in point, gold mining would generate less than 10
g/ton out of the ore, whereas out of the waste 200-250 g/ton is obtained . This implies that circular sources
are far more useful, and less harmful to the environment to recycle.

Circular strategies minimize the amount of energy consumed, toxic waste generated and local supply chains
become a possibility. Case studies highlight:

e In Italy, CRT recycling avoided close to 1 kg CO2 per unit than disposal [30].
e Recycling of plastics in Brazil saved approximately 90% of energy [27].
e The recycling of aluminum as a close loop cycle decreased CO> emission by 95% [28].
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In addition to this, circular strategies minimize supply chain risk by lessening reliance on mining operations
that are more susceptible to geopolitics. This improves maximum material safety and minimum
environmental damage.

5.4. Eco-Design of Electronics: A Material Science Approach

Eco-design applies material science to create products that can be better recycled, fixed and re-
manufactured. These are the modular design, recyclable composites, biodegradable substrates, and novel
coatings.

Among the recent developments, some include:

e PCBs made using vitrimer can be recycled several times with a polymer and fiber recovery of 98 and
100 percent, respectively.

e Graphene and nanocellulose printed electronics on paper substrates are both fully recyclable, and
different end-to-end recyclable.

e Liquid-metal circuits on Polyvinyl Alcohol (PVA) substrates can be dissolved and reprinted.[31]

Nanotechnology also enables eco-design with the creation of coating which lasts longer and is more

resistant to corrosion, which means that fewer replacements will be necessary. Eco-design is policy wisely

endorsed by the Extended Producer Responsibility (EPR) policy where producers are coerced to be

recyclable. Thus, there is a necessity in innovative approaches of material science in accordance with

policy mechanisms in such a way that sustainable electronics can advance.[32]

Recycling e-waste and adopting circular material practices significantly reduce environmental impact by
saving energy, lowering emissions, and minimizing reliance on primary mining. Eco-design, modularity,
and advanced materials such as recyclable PCBs, nanocomposites, and biodegradable substrates enhance
product sustainability. Implementing circularity requires technological innovation, supportive policies, and
active public participation. Together, these strategies conserve resources, reduce carbon footprint, and
promote a more resilient and sustainable global electronics economy while fostering green jobs and local
value chains.

6.Economic, Social and policy dimensions
6.1. Cost-Effectiveness of Circular Economy in Metal Recovery

Circular economy (CE) helps to use the resources effectively, especially metal recovery of e-waste,
products with a smaller environmental footprint, and at the reduced cost. The recycling of aluminum e.g.
saves up to 95% of the energy required in primary production [33]. Similarly, it is comparatively cheap to
extract gold through e-waste, compared to traditional methods, especially through newer processes of
hydrometallurgical and bioleaching [34].

One of the studies emphasized that recovering precious metals through urban mining using PCBs has
higher outputs of per ton of precious metals than natural ore, which makes CE in metal recycling
economically viable [35]. This is further enhanced by the fact that advances in extraction technologies
including ionic liquids and green solvents are lowering the cost of processing recycled metals [36].

6.2. Regulations and Policies Favoring Circular Economy in Sri Lanka
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Sri Lanka has already taken initial steps towards CE through the National Policy on Waste Management
that contains the provision of waste minimization and recycling requirements [37]. Nevertheless,
implementation is an issue. Sri Lanka has also come up with Extended Producer Responsibility (EPR)
systems of electronic products to manage product lifecycle [13].

Programs initiated by the Ministry of environment to encourage industrial symbiosis where the companies
are motivated to use the wastes of the other as input material is a fundamental concept of CE. Nevertheless,
scholars observe fragmented policy execution and absence of funding incentives undermine performance
[38].

6.3. Public Awareness and Its Role in Facilitating Material Circularity

The success of CE is public awareness. Poor recycling and poor segregation of e-waste are the outcomes of
lack of awareness in the developing world. In a survey conducted in South Asia it was established that more
than 60 per cent of the households discard electronics using common trash as a result of ignorance [39].

Awareness campaigns, introduction of CE in school syllabi, and contact with local community have been
found to be effective in increasing awareness and participation. The recent Sri Lanka project of the Green
Smart City that incorporates the public education of e-waste management has already recorded good
preliminary outcomes [40].

6.4. Challenges in Implementing Circular Economy in Developing Countries

Third world countries are underdeveloped with poor infrastructures, poor finance and enforcement of
regulations towards the adoption of CE. Most of the recycling is in the informal sectors with no safety or
environmental protection [41]. The second significant impediment is that CE-suitable technologies are
expensive. In the absence of international backing or cooperation between the public and the private, the
adoption rates are low. The localized solutions and strengthened institutional arrangements were desired in
a case study of CE adoption in Bangladesh [42]. Besides, CE requires consumer behavioral change, product
design, and business design, which may require years to become mainstream.[43].

7.Development of Eco-Friendly Materials Using Recycled E-Waste Metals for Electronic
Component Manufacturing

Electronic waste (e-waste) is both an environmental challenge and a valuable resource. Recycling e-waste
recovers metals like copper, gold, silver, aluminum, and rare earth alloys, reducing the need for mining,
energy use, and emissions. These recycled metals can be refined and reused in new electronic components,
supporting green manufacturing. The article highlights purification methods, alloy design, production
compatibility, and the environmental and economic benefits, while noting remaining technical and
regulatory challenges. It also stresses the importance of recycling-focused design, policy support, and
industrial scaling to enable broader adoption.[6]

Recycling and re-using these metals in the production of electronics is a way of establishing material loops
and the lifecycle impacts can be reduced to a great extent in comparison with primary metals. The difficulty
lies in transforming recovered metal fractions into forms and purities which can be used in modern
fabrication: thin-film conductors, soldiers, plating baths and magnet alloys. In this paper, technological
paths and practical means of creating environmentally friendly materials based on e-waste metal recycling
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with a focus on scalable low-impact refining and manufacturing process optimization are outlined in terms
of design.

7.1. Scrap to Feedstock: Purification and Refining.

E-waste metal is supplied as heterogeneous: as shredded concentrates, as black mass (after processing
PCB), and as fragmented magnets. To be efficiently used in the manufacture of components, routes which
eliminate impurities (organic residues, halides, base metals) with minimum environmental impact must be
refined.

Hydrometallurgical refining is the main method for recovering precious and base metals from black mass,
using controlled leaching, solvent extraction, and electrowinning to produce high-purity alloys. For copper
and nickel, this yields electronics-grade cathodes. Pyrometallurgy recovers bulk metals efficiently but uses
more energy and emits more pollutants. Hybrid processes combining low-temperature pyrolysis with
hydrometallurgy reduce emissions and maximize metal recovery.[9]

Finishing Fine finishes on very critical applications (e.g. plating baths and solder alloys) where trace
impurities cause poor performance are obtained by electrorefining and zone-refining. In the case of
magnetic alloys in NdFeB magnet recycling, thermal demagnetization and hydrogen decrepitation, which is
followed by selective leaching or re-alloying made it possible to reuse or reclaim REE-bearing feedstocks
[23] directly.

7.2. Material Forms and Manufacturing Compatibility.

Refinement of refined metals into useful material involves changing their shape and chemistry with regard
to the manufacturing process infrastructure:

Recycled silver and copper powders are reused as conductive inks for printed electronics, with key factors
like particle size, oxidation prevention, and binder compatibility. Low-temperature sintering and surface
treatments enable recycled copper inks to match virgin silver conductivity at lower cost. Recycled metals
can also be refined into high-purity plating salts for contact finishes, while closed-loop electrochemical
recovery systems reduce impurities and wastewater.[44]

Solder Alloys: Solderers with Tin-lead are being replaced by lead-free solders. Refined tin can be used
together with recycled silver and copper to form compliant solders. High regularity of the melt behavior
and mechanical properties are guaranteed through strict compositional control and elimination of volatile
impurities [45].

Magnetic: NdFeB or other magnet Recycling can be done through Magnetic and Functional Alloys where
the magnetic properties are re-alloyed to create an accurate magnetic property. Recycling processes of
magnets to magnets or remagnetism recycle existing magnets, saving energy relative to complete re-
smelting and re-alloying of new magnets used in the manufacturing process of a new product [24].

Structural and Composite Uses: Aluminum and copper recycling may be alloyed metal used in mechanical
parts or conductive traces in composite substrates. The innovative methods involve recycling metal
powders with bio-based binders on the ecological substrates or chassis parts as per design-to-disassembly
rules.

7.3. Environmental and Economic Benefits
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Life-cycle analysis always reveals that recycled metal use will save on energy use and greenhouse gas
emissions compared to primary production. According to the example, recycled aluminum may need more
than 90 percent less energy than primary aluminum and recycled copper also demonstrate high energy and
emission reductions [33]. The e-waste metals (particularly in PCBs) are concentrated in precious metals
relative to ore hence the per-ton resource yield is higher thus making economic viability higher [46].
Besides this, closed-loop and localized urban-mining consolidate the supply chains and minimize
geopolitical risk of critical materials.

Challenges and Pathways Forward

The main challenges are:

. Purity and Consistency: When the composition of the feedstock varies, it leads to batch variation,
violent sorting and analytical regulation (XRF, ICP) is demanded.

. Contaminant Control: Pre-treatment of contaminants such as halogen, brominated flame retardants
and organic wastes should be done to avoid corrosion of equipment and introduction of impurities.

. Process Economics & Scale: It may require capital investment to refine and finish facilities; the
economies of scale and favorable policy (EPR, subsidies) allow investing to justify these amounts.

. Standards & Certification: This is necessary to assure high-reliability performance in recycled

material specifications and be accepted by industry.
Possible solutions to speeding up adoption would be to find locations with electronics manufacturing
clusters to recover, design modular on-site recycling units, and standardize product marking to allow easy
sorting and reclaiming. Environmental footprints can be minimized further through the investigation of low
temperature low toxicity refining chemistries.

The recycling of e-waste metals can be used to create green materials to be used in the manufacture of
electronic components provided that they are incorporated with specific purification, materials handling
and designing methods. Operational circular economy of electronics can be facilitated by the combination
of policy incentive (e.g. diameter reduction, powder processing, surface chemistry) and technological
innovation (refining, powder processing, surface chemistry). Such an economy is able to cut emission
levels, save resources and increase security in supplies.

8. Results

The research emphasizes the circular economy as an essential solution to the escalating problem of
electronic waste (e-waste), replacing linear, wasteful systems with regenerative models of resource use.
Material science forms the foundation of circularity since the recyclability and reusability of materials
depend on their physical and chemical properties. Innovations like biodegradable polymers, recyclable
composites, and vitrimer-based circuit boards show that circularity begins in product design. E-waste, once
seen as hazardous, is now viewed as an “urban mine,” rich in valuable metals like gold and copper, making
urban mining a global opportunity already implemented in Belgium, China, and Japan.

Various recovery methods—hydrometallurgy, pyrometallurgy, and bioleaching—each have strengths and
weaknesses, but hybrid systems combining them maximize efficiency while reducing toxicity. Recycling
rare earth elements such as neodymium and dysprosium is critical for energy security and digital
technology, cutting energy use by up to 90% compared to mining. Life cycle analyses show that recycling
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aluminium, plastics, and copper dramatically reduces energy consumption and emissions, supporting global
climate goals.

Technological advancements like nanotechnology, robotics, and Al enhance recycling precision and safety.
However, policy frameworks, producer responsibility, and public participation are equally vital for
implementation. Despite challenges—such as informal recycling, high costs, and poor infrastructure—
solutions like financial incentives, green technologies, and global cooperation can overcome barriers.
Ultimately, the circular economy proves to be resource-efficient, economically beneficial, and
environmentally sustainable, demanding collaboration across technology, policy, and society to ensure
long-term success.

9.Conclusion

The circular economy is not just a preferred model but a necessary one for global sustainability. Its
foundation lies in material science, emphasizing the design of biodegradable, recyclable, and reusable
materials. Circularity begins not at recycling facilities but in design labs, where products are created with
full life-cycle consideration. Electronic waste, once a hazard, now represents a valuable resource due to its
high concentration of precious metals, making urban mining a key future resource strategy. Recycling
technologies such as hydrometallurgy, pyrometallurgy, and bioleaching complement one another, creating
hybrid systems that enhance efficiency and reduce toxicity. Recycling rare earth elements is essential to
reduce geopolitical risks, save up to 90% of energy, and support digital infrastructure. Environmentally,
recycling metals and plastics can cut energy use and emissions by 80—90%, linking circularity directly to
global climate goals like the Paris Agreement. However, technological advances alone are insufficient;
strong policies, regulations, and social engagement are vital. Despite barriers such as informal recycling
and high capital costs, public-private partnerships, technology transfer, and education can drive progress.
Ultimately, the circular economy replaces waste with resourcefulness and scarcity with sufficiency—
ensuring a resilient, equitable, and sustainable future for all.
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