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Abstract:

The rapid advancement of technology has led to an unprecedented rise in electronic waste (e-waste), posing a
serious threat to biodiversity and ecological balance. E-waste contains hazardous substances such as lead,
mercury, cadmium, and brominated flame retardants, which can contaminate soil, water, and air when improperly
disposed of. This paper examines the relationship between e-waste generation and biodiversity loss, highlighting
the pathways through which toxic materials disrupt ecosystems. It also evaluates current recycling practices,
identifies gaps in waste management systems, and explores sustainable solutions to mitigate environmental
damage. The study emphasizes the urgent need for improved policies, public awareness, and environmentally
responsible recycling methods to protect biodiversity and ensure ecological sustainability.
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L Introduction

The rapid expansion of digital technologies has transformed modern society, but it has also generated
one of the fastest-growing waste streams: electronic waste (e-waste). According to the Global E-waste Monitor
2024, approximately 62 million tons of e-waste were produced in 2022, with projections reaching 82 million tons
by 2030. However, recycling rates remain significantly lower than generation, creating a widening gap that poses
serious environmental risks. Beyond resource loss, e-waste represents a major ecological threat due to the release
of hazardous substances into natural systems.

E-waste is uniquely problematic because of its complex composition. Electronic devices contain valuable
materials such as copper, gold, silver, and rare earth elements, alongside toxic substances including lead, mercury,
cadmium, chromium, and brominated flame retardants. When improperly managed—through landfilling, open
burning, or informal recycling—these pollutants are released via leaching, volatilization, and runoff. As a result,
contaminants accumulate in soils, water bodies, and the atmosphere, disrupting environmental chemistry and
biological systems.

The ecological consequences extend directly to biodiversity and ecosystem stability. Soil
microorganisms, which are essential for nutrient cycling, are highly sensitive to heavy-metal contamination, and
their decline can impair soil fertility and ecosystem productivity. In aquatic environments, toxic elements and
persistent organic pollutants interfere with reproduction, development, and metabolism in aquatic organisms.
Furthermore, bioaccumulation and biomagnification increase contaminant concentrations at higher trophic levels,
affecting fish, birds, and mammals. These processes lead to reduced survival rates, reproductive failure, genetic
damage, and behavioural changes, ultimately contributing to biodiversity loss and weakened ecosystem resilience.

The situation is exacerbated by the inefficiency of global recycling systems. In 2022, only about 22.3%
of e-waste was formally collected and recycled, leaving a substantial portion unmanaged. Informal recycling
practices, common in many developing regions, often involve hazardous methods such as open burning and acid
leaching, which release toxins without proper containment. These activities frequently occur near populated or
agriculturally significant areas, allowing pollutants to spread into ecosystems and food chains, thereby threatening
both biodiversity and human health.

The growing urgency of the e-waste crisis is further driven by shortening product lifecycles and limited
repair or reuse practices. Increasing demand for electronic devices, coupled with insufficient collection
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infrastructure, has created a system where waste generation far exceeds recovery. This imbalance is particularly
concerning in biodiversity-rich regions, where even low levels of contamination can have disproportionate
ecological impacts.

This review explores the relationship between e-waste and biodiversity loss, focusing on contamination
pathways, ecosystem-level effects, and current management limitations. It also discusses emerging solutions,
including improved recycling technologies, regulatory frameworks, and circular design strategies, emphasizing
the need to address e-waste as both an environmental and biodiversity challenge.

IL. Composition and Characteristics of E-Waste
E-waste is a highly heterogeneous stream that contains both economically valuable resources and
environmentally hazardous constituents. Its composition varies by product category and generation, but it
typically includes metals, polymers, glass, ceramics, rare earth elements, and a range of additives and functional
chemicals used in circuitry, displays, batteries, and housings. This dual character is what makes e-waste
simultaneously a resource reservoir and a pollution source, especially when it is dismantled, burned, or dumped
without adequate control.

2.1 Valuable Materials

A major reason e-waste has become central to the circular economy is that it contains high-value secondary
raw materials that can be recovered and reused. Printed circuit boards, connectors, wiring, displays, and other
components are rich in precious and base metals such as gold, silver, copper, and palladium, while some streams
also contain platinum-group metals and rare earth elements used in magnets, screens, and phosphors. In many device
categories, these metals make electronic scrap more resource-dense than natural ores, which is why e-waste is
increasingly described as a form of “urban mining”. Beyond metals, e-waste also contains reusable polymers, glass,
and composite materials that can be recovered if dismantling and separation are performed efficiently. However, the
recovery potential is often undermined by product miniaturization, multi-material assemblies, and the presence of
bonded or laminated layers that are difficult to separate mechanically. Recent analyses emphasize that the economic
value of e-waste is substantial, yet global recycling efficiency remains low, meaning that large quantities of
recoverable materials are still lost to informal disposal or low-yield processing routes.

2.2 Hazardous Substances

The environmental concern surrounding e-waste arises mainly from the toxic additives and heavy metals
embedded in its components. Lead remains one of the most important contaminants, particularly in solder, cathode
ray tube glass, batteries, and printed wiring boards, where it can affect nervous systems and contaminate soil and
dust when released. Mercury is found in certain lighting units, switches, and display-related components, and it is
especially dangerous because of its toxicity to aquatic organisms and its ability to move through food webs after
environmental release. Cadmium is another major pollutant, commonly associated with rechargeable batteries,
pigments, semiconductors, and some older electronic parts. It can damage kidneys and accumulate in soils and
sediments, where it may persist for long periods and disrupt microbial and plant communities. In addition,
brominated flame retardants and related halogenated compounds are widely used in plastic housings, circuit boards,
and cable insulation to reduce flammability, but they are persistent organic pollutants that can generate toxic by-
products during uncontrolled burning or thermal treatment. Recent reports also note that informal recycling and open
burning can release a much broader mixture of contaminants than is often appreciated, including dioxins, furans,
polycyclic aromatic hydrocarbons, and other combustion-derived toxins. These substances do not remain confined
to the site of disposal; they can enter the atmosphere as smoke and particulates, infiltrate soil through ash deposition,
and move into waterways through runoff and leaching. Once released, they can trigger chronic ecological damage
by altering nutrient cycles, reducing species fitness, and increasing exposure risks across multiple trophic levels. The
combination of valuable and hazardous materials makes e-waste a uniquely challenging waste stream. On one hand,
it offers a significant source of secondary metals and reusable resources; on the other, it contains chemical hazards
that can destabilize ecosystems if managed improperly. This is why updated reviews increasingly frame e-waste not
simply as a disposal issue, but as a materials-management, pollution-control, and biodiversity-conservation problem
at the same time. In practice, the environmental footprint of e-waste depends on how effectively it is collected, sorted,
and processed. Where formal recycling systems are weak, hazardous substances are more likely to be dispersed into
the environment, while valuable materials are lost from the resource cycle. For this reason, understanding the
composition of e-waste is essential for designing safer recycling technologies, stronger regulations, and more
sustainable product architectures.

1. Impact of E-Waste on Biodiversity
E-waste affects biodiversity mainly through the release of toxic metals and persistent organic pollutants into soil,
water, and air, where they alter habitat quality and biological function.
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Table 1. Diseases caused by E-waste in human beings.

Hazardous Present In Consequences of Hazardous Components in E-waste

Components

Arsenic Semiconductors, diodes, | The nervous system and the skin may be impacted. Long-term exposure can cause
microwaves, LEDs, solar cells lung cancer.

Asbestos Insulators in heating equipment Breathing problems, coughing, lung damage, and even cancer are serious adverse

effects.

Barium Fillers for plastics and rubbers, as | Heart muscle can be affected.
well as electron tubes

BFR Different casing, circuit boards, | The reproductive and immune systems may be harmed. Hormone imbalances and
chips endocrine system issues are possible.

CD PCB, batteries, some pigments, | Joints and the spine are particularly vulnerable, resulting in severe pain. It weakens
solders, and alloys bones and damages the kidneys.

CFC Cleaning solvents, refrigerants, | Risk of skin cancer and possible genetic damage.
aerosol propellants

CR Dyes, pigments Asthma, bronchitis, lung cancer, and damage to the liver and kidneys are possible.

Dioxins Printed wiring boards (PWB), | Increased cancer risk.
different types of cables, metal
smelting

Pb Thermoelectric elements, | The kidneys, reproductive system, and nervous system may be impacted. May cause
thermocouples, thermistors blood and brain illnesses.

Li Batteries of mobiles, photographic | Long-term exposure can cause nausea, vomiting, disorientation, and muscular
equipment weakness.

Hg Batteries, flat screen monitors, | Affects the central nervous system, kidneys, immune system, and foetal
copper machines, switches development. May harm the brain and liver and cause skin issues.

PAH Wiring, printed circuit boards Eye discomfort, nausea, vomiting, diarrhoea, and disorientation. Long-term

exposure may cause cataracts, kidney and liver damage, and jaundice.

PVC Cables, insulation coating Can cause respiratory and immune system damage.

PCB Transformers, capacitors, softening | Damage to the immune, reproductive, neurological, and endocrine systems; also a
agents persistent environmental pollutant.

Because many electronic components contain lead, mercury, cadmium, and brominated flame retardants,
improper disposal can produce contamination that moves from local disposal sites into broader terrestrial and aquatic
food webs (Table 1). For a short review, this section should stay focused on the key ecological pathways rather than
listing every contaminant in detail.

3.1 Soil Contamination

When e-waste is dumped or broken down in open environments, heavy metals and additives can leach into
surrounding soils. This contamination can reduce soil fertility, disturb microbial communities, and impair the activity
of decomposers that support nutrient cycling and plant growth. In the long term, polluted soils may become less
suitable for agriculture and less capable of sustaining diverse terrestrial ecosystems.

3.2 Water Pollution

Rainfall and surface runoff can transport soluble contaminants from e-waste sites into groundwater, streams,
wetlands, and rivers. Once in aquatic systems, metals such as mercury and cadmium can accumulate in organisms
and move upward through the food chain, increasing exposure at higher trophic levels. This process is especially
concerning because aquatic biodiversity is sensitive to chronic, low-dose contamination that may not be immediately
visible but can strongly affect reproduction, growth, and survival.

3.3 Air Pollution

Open burning of cables, plastic housings, and circuit components releases fine particles and toxic combustion
products into the atmosphere. These emissions may include dioxins, furans, and other hazardous compounds that
can spread beyond the original disposal site and settle on vegetation, soil, and water surfaces. Airborne contamination
therefore extends the ecological footprint of e-waste well beyond the point of disposal.

3.4 Impact on Wildlife

Wildlife exposed to contaminated habitats may experience reduced fertility, developmental defects, behavioural
changes, and lower survival rates. Species living near dumping grounds, informal recycling areas, or polluted
waterways are particularly vulnerable because exposure can occur through food, water, sediment, and inhalation.
Over time, these pressures can reduce population size and species richness, contributing to broader ecosystem
instability.

3.5. Ecological Consequences
The biodiversity impact of e-waste is therefore not limited to isolated toxicity events; it reflects cumulative ecosystem
stress. Soil degradation, aquatic contamination, and atmospheric release can act together, weakening ecosystem
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resilience and reducing the ability of habitats to recover from disturbance. In a short review, this section can close
by emphasizing that e-waste is both a waste-management issue and a biodiversity-conservation issue.

Iv. E-Waste Management Practices
E-waste management is a critical step in reducing ecological damage because the environmental impact of
discarded electronics depends largely on how they are collected, treated, and recovered. Effective management
should prioritize safe collection, controlled dismantling, material recovery, and disposal of residues that cannot be
reused or recycled. For a short review, it is useful to distinguish between formal recycling systems and informal
practices, since their environmental outcomes are fundamentally different.

4.1 Formal Recycling Sector

Formal recycling refers to regulated facilities that use controlled mechanical, chemical, and thermal
processes to recover metals and other useful materials while limiting pollutant release. These systems are better
suited for separating valuable fractions such as copper, gold, silver, and rare earth-bearing components, while also
managing hazardous residues more safely. In principle, formal recycling supports both resource recovery and
pollution prevention, making it the preferred route for sustainable e-waste handling. However, formal recycling
remains unevenly distributed across regions, and many countries still lack sufficient collection infrastructure, sorting
capacity, and treatment facilities. As a result, a large share of e-waste is never processed through certified channels,
which limits recovery rates and weakens environmental protection. Strengthening formal systems is therefore
essential for reducing leakage of toxic substances into ecosystems.

4.2 Informal Recycling Sector

In contrast, informal recycling relies on manual dismantling, open burning, acid leaching, and unprotected
separation of components. These methods are often used because they are cheap and accessible, but they release
heavy metals, brominated compounds, and combustion by-products directly into the environment. Informal recycling
therefore creates simultaneous risks for workers, nearby communities, and surrounding ecosystems. The
environmental consequences are especially severe when informal processing occurs near homes, farms, or
waterways. Smoke from burning cables and plastics can contaminate air and soil, while wastewater from crude
chemical extraction can pollute surface water and groundwater. In biodiversity terms, these practices turn e-waste
sites into localized pollution hotspots that can affect both terrestrial and aquatic species.

4.3. Management Challenges

A major challenge in e-waste management is the gap between the growing volume of discarded electronics
and the limited capacity of existing recycling systems. Short product lifespans, rapid replacement cycles, and weak
collection networks all contribute to this mismatch. In many regions, the result is a fragmented system in which
valuable materials are lost and hazardous substances are dispersed. This challenge is not only technical but also
policy-driven. Effective management requires stronger extended producer responsibility schemes, better
enforcement, public collection systems, and incentives for repair and reuse. Without these measures, e-waste will
continue to accumulate faster than it can be safely processed.

4.4. Transition to Sustainability

The most sustainable approach combines formal recycling with circular-economy strategies such as product
repair, reuse, refurbishment, and design for disassembly. Such approaches reduce the demand for virgin raw materials
and lower the amount of waste entering uncontrolled disposal streams. For biodiversity protection, the key point is
that waste prevention is more effective than remediation after contamination has already occurred.

V. Case Study: Kaliganj, Nadia

Kaliganj in Nadia district, West Bengal, provides a useful micro-level example of how e-waste issues are
no longer confined to major urban centers. As electronic consumption expands into smaller towns and rural areas,
discarded devices increasingly enter local waste streams through household disposal, informal resale networks, and
movement of waste from nearby urban regions. This makes Kaliganj relevant not only as a local case, but also as a
representative example of how e-waste management challenges are spreading into semi-rural landscapes. The main
concern in such areas is the absence of organized collection and recycling infrastructure. In the lack of formal
systems, obsolete electronics are often stored indefinitely, dismantled by informal workers, or mixed with municipal
solid waste. These practices increase the chance that toxic components will be released into soil, ponds, drainage
channels, and agricultural land. For a region where ecosystems and livelihoods are closely linked, even small
amounts of contamination can have disproportionate effects. A second issue is low awareness among consumers and
small-scale handlers. Many residents are not fully informed about the hazards associated with batteries, circuit
boards, fluorescent lamps, screens, and plastic casings containing flame retardants. As a result, devices are often
discarded with household waste or sold to informal buyers without any environmental safeguards. This creates a
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pathway for both resource loss and pollutant dispersal. In rural and peri-urban settings such as Kaliganj, biodiversity
vulnerability is amplified by the close connection between land use, water use, and local ecology. Contaminated soil
can affect crop productivity and soil organisms, while polluted water bodies may threaten fish, amphibians, birds,
and other aquatic or semi-aquatic species. Because such ecosystems often have lower buffering capacity than heavily
managed urban systems, contamination may persist longer and spread more easily through food webs. This case
therefore highlights an important policy lesson: e-waste management must extend beyond large cities and industrial
recycling hubs. Local awareness programs, community-level collection points, producer take-back systems, and safe
downstream processing are needed to prevent rural contamination. In short, Kaligan;j illustrates how e-waste is
becoming a decentralized environmental problem, requiring local intervention as well as national regulation.

VI Future Projections of E-Waste Generation

The volume of e-waste is expected to continue rising rapidly in the coming years because electronic
consumption is increasing while product life cycles are becoming shorter. This growth is driven by several
interconnected trends, including faster device replacement, expansion of connected technologies, wider access to
consumer electronics, and the growing dependence of daily life on digital hardware. As a result, the environmental
burden of e-waste will likely intensify unless collection and recovery systems improve at the same pace. A key factor
behind this trend is planned obsolescence, both technical and behavioural. Many products are designed with limited
repairability, sealed components, and short software support periods, which encourages consumers to replace devices
rather than repair them. At the same time, the rapid pace of innovation creates strong market pressure for frequent
upgrades, especially in smartphones, computers, entertainment devices, and household appliances. This combination
increases the total quantity of discarded equipment entering waste streams each year. The future burden is not only
a matter of volume but also of composition. As electronics become smaller, more complex, and more integrated,
separating useful materials from hazardous constituents becomes more difficult. Devices increasingly contain multi-
layered assemblies, miniature batteries, composite plastics, and finely distributed metals, which complicates
recycling and raises processing costs. This means that future e-waste will likely be harder to manage than older waste
streams, even if collection rates improve. In many regions, recycling infrastructure is not expanding quickly enough
to keep up with this growth. Formal collection systems remain limited, and informal handling continues to dominate
in many low- and middle-income settings. If this gap persists, more waste will accumulate in landfills (Figure 1),
storage sites, and informal recycling centres, increasing the likelihood of contamination of soil, water, and air. From
a biodiversity perspective, this is particularly concerning because the ecological effects of e-waste are cumulative
and often long-lasting. Future projections therefore suggest that e-waste will remain a major environmental issue
unless circular-economy approaches become mainstream. Extending product lifetimes, improving repairability,
strengthening take-back systems, and redesigning electronics for disassembly can all slow the growth of waste
generation. In this sense, the most effective strategy is not only better recycling, but also reducing the rate at which
electronics become waste in the first place.
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Figure 1. E-Waste landfilling.

VIL Strategies for Sustainable E-Waste Management
Sustainable e-waste management requires a systemic shift away from linear “produce—use—discard” models
toward circular approaches that reduce waste generation and improve resource recovery. Rather than relying solely
on end-of-life treatment, the most effective strategies integrate environmental considerations into every stage of the
product lifecycle, from design to disposal. This not only limits the release of hazardous substances into ecosystems,
but also conserves raw materials and protects biodiversity by reducing pressure on mining and land use.
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7.1. Policy and Regulation

Strong regulatory frameworks are essential for channelling e-waste toward safe handling and recycling.
Extended producer responsibility (EPR) schemes, in which manufacturers share responsibility for the collection and
treatment of their products, have proven effective in some regions. Such policies can incentivize design for
disassembly, recyclability, and the use of safer materials. Enforcement, clear liability rules, and standardized
reporting are equally important to ensure that regulations translate into real-world improvements rather than mere
compliance paperwork.

7.2. Recycling Infrastructure

Investing in modern, well-regulated recycling infrastructure is another critical step (Figure 2). Formal
facilities should combine mechanical sorting, physical separation, and, where appropriate, controlled chemical or
smelting processes to recover metals and other useful materials while minimizing environmental impact. These
systems must be scaled to match local e-waste volumes and integrated with reliable collection networks so that
devices do not leak into informal channels. In rural and semi-urban areas, localized, modular recycling units can help
bridge the gap between generation and treatment capacity.

— el ~
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Figure 2. e-waste recycling process and recovery of valuable materials.
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Figure 3. Importance of education to create awareness about e-waste.

Awareness-raising campaigns can help households, small businesses, and informal collectors understand
why proper e-waste management matters (Figure 3). Clear information on health risks, environmental impacts, and
available collection points can encourage people to return devices rather than dump or dismantle them irresponsibly.
Education should target schools, community centres, and local media, especially in regions where informal handling
is common and environmental exposure is high.
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7.4. Circular Economy Approach

Embedding circular-economy principles into electronics production and use can reduce waste at its source.
Repair-support programs, second-hand markets, refurbished devices, and modular designs that allow component
upgrades all extend product lifetimes. Designing for easier disassembly and material separation ensures that when
devices do become waste, they can still be efficiently recycled. In this way, circularity helps both resource
conservation and ecosystem protection.

7.5. Technological Innovations

Finally, technological innovation plays a key role. Advances in selective leaching, hydrometallurgical and
bio-hydrometallurgical processes, and low-energy recovery methods can improve the efficiency and environmental
performance of recycling. Equally important are material innovations, such as safer flame retardants, reduced use of
hazardous additives, and bio-based or easily recyclable polymers. Together, these developments can reduce the
toxicity burden of e-waste while supporting a more sustainable digital future.

VIII. Discussion

The link between e-waste and biodiversity is complex but increasingly clear: as electronic consumption
grows, so does the release of hazardous substances into ecosystems. Soil, water, and air pollution resulting from
inadequate management can disrupt nutrient cycles, alter habitat quality, and expose wildlife to chronic stress, all of
which threaten species survival and ecosystem resilience. The case of Kaliganj, Nadia illustrates how these pressures
are no longer limited to major cities; they are spreading to rural and semi-urban areas where ecological buffers are
weaker and institutional capacity is often limited. At the same time, technological progress and circular-economy
thinking offer realistic pathways for mitigation. Improved regulations, better recycling infrastructure, and stronger
producer responsibility can reduce the volume of e-waste leaking into the environment while enhancing material
recovery. Public awareness and education are equally important because they influence how consumers and informal
handlers behave at the most local level. In many ways, the biggest challenge is not technical feasibility, but
coordination: aligning corporate incentives, policy frameworks, and community practices toward a common goal.
An important limitation of current knowledge is the lack of comprehensive, ecosystem-scale data on e-waste
contamination gradients and their long-term biological effects. Most studies focus on specific sites or particular
pollutants, which makes it difficult to generalize across regions. Future work should therefore prioritize monitoring
programs that track contamination, species responses, and ecosystem functions over time. Such data would
strengthen both risk assessment and policy design, helping to ensure that management strategies are proportionate to
the actual ecological burden.

IX. Conclusion

E-waste represents one of the fastest-growing waste streams of the digital age, and its environmental impact
extends well beyond resource depletion and pollution. When improperly managed, discarded electronics release toxic
substances that can accumulate in soil, water, and food webs, endangering both human health and biodiversity. In
regions like Kaliganj, Nadia, the movement of waste from urban to rural settings demonstrates how these risks are
becoming more diffuse and harder to control without systemic intervention. Addressing the problem requires more
than isolated cleanup efforts. It calls for integrated policies that promote circular design, support safe recycling, and
encourage responsible consumption and disposal. Governments, industries, and individuals all have a role to play in
reducing the toxic footprint of e-waste. By strengthening collection systems, enforcing environmental standards, and
fostering innovation in materials and recycling technologies, society can move toward a more sustainable digital
future in which electronic progress does not come at the cost of ecological integrity. For a short review, this
manuscript has aimed to show that e-waste is not just a waste-management issue, but a biodiversity and
ecosystem-protection issue. The challenge now is to translate this understanding into concrete action, so that the full
life cycle of electronic devices becomes more compatible with the long-term health of the planet.
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