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ABSTRACT

Rapid urbanization, industrialization, changing consumption patterns and population growth have substantially increased the generation and diversity
of solid waste. When waste is inadequately segregated, recycled or treated, it becomes an important source of environmental pollution through
particulate matter, gaseous pollutants, greenhouse gases, toxic metals, hazardous chemicals, leachate and microbial bioaerosols. At the same time, a
considerable proportion of discarded materials retains significant potential for recycling, material recovery, composting, biomethanation and energy
recovery. Consequently, waste management represents both an environmental health challenge and an opportunity for resource conservation and
pollution prevention. This review synthesizes evidence on waste recycling, resource recovery and pollution generation across municipal, industrial,
metallurgical, mining and small-scale recycling systems, with particular emphasis on the environmental-health consequences of inadequate waste
management. The reviewed evidence demonstrates that open dumping, uncontrolled burning and poorly managed landfills are associated with
particulate pollution, toxic emissions, methane generation, leachate contamination, heavy-metal exposure and microbial bioaerosols. In contrast,
source segregation, material recovery, recycling, organic-waste treatment, landfill-gas recovery and appropriate industrial-waste utilization can
divert recoverable materials from disposal pathways and potentially reduce environmental emissions. Quantitative evidence from recycling scenarios
indicates that increasing recycling rates can substantially enhance energy savings and reduce modelled emissions, although the magnitude of benefits
depends on material type, technology, collection systems and the environmental performance of recycling processes. The review also highlights an
important paradox: recycling itself may generate occupational and environmental exposures when carried out in poorly controlled informal or small-
scale facilities. A health-oriented circular waste-management approach therefore requires not only increasing recycling rates but also ensuring safe
collection, segregation, processing and residual disposal. Future waste-management strategies should integrate material recovery, pollution control,
occupational protection, environmental monitoring, life-cycle assessment and environmental justice. Closing the waste loop should consequently
be viewed not simply as a resource-efficiency strategy but as an essential component of environmental health protection.
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Introduction

Waste is an unavoidable consequence of human consumption,
production and economic activity [1]. However, waste becomes
an environmental-health problem when materials that retain
economic or resource value are mixed, discarded, openly burned or
deposited in poorly managed disposal sites [2]. The environmental
consequences extend beyond the physical accumulation of waste
and include deterioration of air, water and soil quality, greenhouse-
gas emissions, occupational exposure and risks to communities
living near waste-management facilities [3-5]. Previous reviews
have emphasized that the waste sector is closely connected
with atmospheric pollution and climate change through landfill
emissions, open burning, uncontrolled decomposition and inefficient
treatment systems [6,7]. The problem is particularly important in
rapidly urbanizing developing regions, where waste-generation
rates are increasing while collection, segregation, recycling and

scientific treatment systems frequently remain inadequate. In India,
for example, the reviewed literature reports substantial municipal
solid-waste generation accompanied by persistent gaps in source
segregation, material recovery and scientific residual disposal [8-
10]. Open dumping remains an important pathway through which
waste is transformed from a potentially recoverable resource
into a source of environmental contamination. Recent synthesis
of Indian dumping sites has identified particulate matter, sulfur
dioxide, nitrogen dioxide, carbon monoxide, methane, volatile
organic compounds, bioaerosols and odour among the major
pollution concerns associated with unmanaged waste disposal [3].

The environmental burden of waste is therefore closely linked
to the extent to which materials are recovered before disposal.
Recycling can conserve raw materials, reduce energy requirements
and divert materials from landfills and dumpsites. A case study
from Shiraz, Iran, demonstrated this potential quantitatively:
increasing the recycling rate from 15% toward higher recycling
scenarios was associated with substantial increases in energy
savings and reductions in modelled pollutant emissions Farzadkia
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etal. [11]. Similarly, studies of industrial and metallurgical wastes
have identified opportunities for recovering metals and utilizing
mineral residues in construction materials, thereby reducing the
quantity of waste requiring long-term storage or disposal [13,14].
JHowever, recycling should not automatically be considered
environmentally benign. Small-scale and informal recycling
operations may generate toxic fumes, contaminated wastewater,
metal-containing residues and smoke when appropriate pollution-
control technologies are absent. This issue is particularly important
for e-waste, batteries, metals and plastics, where uncontrolled
processing can transfer contaminants from solid waste into
air, water and soil [15]. Waste pickers and workers involved
in collection and sorting may also experience disproportionate
exposure to particulate matter, hazardous gases, microbial agents
and other occupational hazards [16].

Thus, the central challenge is not simply to recycle a larger
proportion of waste. The objective should be to establish a safe
recycling and resource-recovery system that simultaneously reduces
waste disposal, conserves resources and minimizes environmental-
health risks. This review examines this interconnected relationship
by synthesizing evidence on waste recycling, resource recovery,
pollution pathways and environmental-health implications.
Particular attention is given to municipal solid waste, industrial
and metallurgical residues, mining waste, informal recycling and
landfill resource recovery. The review further identifies barriers
and proposes a health-oriented framework for closing the waste
loop.

Approach and Evidence Synthesis

This review synthesizes published studies compiled in the
evidence table developed for the present analysis (Table 1-3). The
evidence base comprises studies covering municipal solid waste,
industrial and metallurgical residues, mining waste, recycling
industries, landfills and waste-to-energy systems from India
and other countries. The studies were examined according to
five interconnected dimensions: (i) waste type and management
system, (ii) recycling or resource-recovery pathway, (iii) pollution
generated, (iv) environmental and health implications, and (v)
opportunities and limitations associated with improved waste
recovery. The evidence includes both quantitative studies and
broader reviews. Importantly, the available literature does not
consistently report recycling quantities or recovery efficiencies.
Several studies focus primarily on pollution from disposal sites and
therefore provide evidence of the environmental burden associated
with failure to recover materials rather than direct measurements
of recycling performance. Consequently, recycling rates reported
in individual studies are interpreted as study-specific values or
scenario estimates and are not treated as directly comparable
national indicators. This distinction is important because waste
recycling, material recovery, energy recovery, composting, bio-
methanation and landfill-gas recovery represent different processes
and cannot be treated as equivalent measures of recycling. The
present synthesis therefore focuses on the broader concept of
resource recovery, while distinguishing material recycling from
energy recovery wherever the source information permits.

Waste Generation, Disposal and the Environmental-Health
Burden

Municipal Solid Waste and the Transition from Resource to
Pollutant

Municipal solid waste contains a heterogeneous mixture of
biodegradable materials, paper, cardboard, plastics, metals,
glass, textiles and other materials. Many of these fractions have

direct recycling or recovery potential. Nevertheless, inadequate
segregation frequently results in valuable materials being mixed
with organic and hazardous fractions, reducing their recoverability
and increasing the environmental burden of subsequent disposal.
Indian waste-management reviews consistently identify source
segregation, material recovery and scientific disposal as major
weaknesses. Ahluwalia and Patel emphasized that collection and
transportation often receive greater attention than segregation,
recycling and scientific treatment [9]. Similarly, Gour & Singh
identified inadequate segregation, limited recovery and enforcement
gaps as recurring challenges in India's diverse waste streams
[8]. When recoverable materials are instead disposed of at open
dumps, several pollution pathways are activated simultaneously.
Decomposition produces methane and carbon dioxide, while open
burning produces particulate matter, carbon monoxide, nitrogen
oxides, sulfur oxides, volatile organic compounds and toxic
combustion products. Leachate may transport dissolved organic
matter, metals and other contaminants into surrounding soil and
water. Thus, the environmental cost of failing to recycle is not
restricted to the loss of material value; it includes the creation of
additional pollution burdens as in Figure 1.
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Figure 1: Unsustainable Waste-Management Pathway and its
Cumulative Environmental, Social, Economic, and Human-Health
Impacts
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Open Dumping and Uncontrolled Burning

Evidence from Indian dumping sites demonstrates the magnitude
of pollution associated with poorly managed waste. Bamotra et al.
reported high concentrations of PM2.5 and PM 10 across reviewed
Indian dumping sites, together with gaseous pollutants, methane,
volatile organic compounds, bioaerosols and odour [3]. Sethy et al.
investigated the Bhuasuni/Vuasuni dumping site in Bhubaneswar and
identified particulate matter as the primary contributor to deterioration
in local air quality [16]. Similarly, Pathak & Kushwaha reported
elevated suspended and respirable particulate matter around municipal
dumping sites in Madhya Pradesh, with windblown dust, vehicle
movement and open burning contributing to pollution [17]. The
evidence from Ahmedabad provides an additional perspective on
the toxic nature of waste-related particulate pollution. At the Pirana
landfill, Mehta et al. reported PM5.0 concentrations of approximately
189-1,600 pg m-3, with particle-bound metals including Cu, Fe, Ni,
Co, Al, As, Pb, Cr, Cd, Zn and Hg [18]. Solid-waste burning together
with industrial coal combustion contributed to a measurable fraction
of the metal pollution. These observations demonstrate that disposal
sites can become localized sources of complex mixtures of particulate
and chemical contaminants rather than merely sites of solid-waste
accumulation.
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Landfill Gases and Climate-Related Pollution

Organic waste deposited in landfills undergoes anaerobic
decomposition and generates methane, carbon dioxide and trace
gases. Methane is particularly important because it is both a
greenhouse gas and a potentially recoverable energy resource.
Mor et al. estimated methane generation of approximately 0.34
Gg year-1 from the Chandigarh municipal solid-waste disposal
system and demonstrated the potential for landfill-gas recovery to
generate electricity [19]. This represents an important shift in the
waste-management paradigm. Rather than treating landfill methane
exclusively as a pollutant, methane can be viewed as an indicator of
recoverable energy that becomes available because biodegradable
material has entered a disposal pathway. Nevertheless, energy
recovery from landfill gas should not be considered a substitute
for source segregation and organic-waste diversion. Prevention and
biological treatment of biodegradable waste remain preferable to
allowing organic matter to decompose anaerobically in landfills.

Recycling and Resource Recovery as Pollution-Prevention
Strategies

Municipal Recycling

Recycling can interrupt the pathway connecting waste generation
with environmental pollution. When paper, cardboard, glass,
metals and plastics are separated at source and directed toward
appropriate recovery systems, the quantity of material requiring
disposal decreases. The benefits include conservation of raw
materials, energy savings and potential reductions in emissions
associated with primary production. The quantitative evidence
from Farzadkia et al. is particularly useful in demonstrating
this relationship [11]. In Shiraz, the baseline recycling rate was
approximately 15%, while scenarios involving substantially
greater recycling were evaluated for major recyclable materials.
The study estimated annual recovery of approximately 11,912
tonnes across the evaluated material categories under the reported
scenario and showed that increasing recycling could substantially
increase energy savings and reduce modelled emissions [11].
Although this result is location-specific, it illustrates a general
principle: the environmental benefit of recycling is determined
not only by the mass of waste recovered but also by the energy
and emissions displaced in the production of virgin materials.

Table 1: Industrial, Metallurgical and Mining Waste: Resource Recovery and Pollution-Control Opportunities

Study / location Waste stream

Pollution and resource-recovery
evidence

Key environmental-health
implication

Chhattisgarh, India [20] Iron and steel waste: slag, flue

PM, SO2, NOx, CO, COz, CHa, VOCs,

Slag utilization can reduce

dust, sludge and process residues

PAHs and PCDD/Fs; potential heavy-
metal leaching from slag. Bhilai
generates ~2.1 million t slag/year; ~81%
reported as blast-furnace air-cooled/
granulated slag.

disposal burdens, but lined
storage, leachate monitoring and
emission controls are required
to minimize environmental and
health risks.

India [12]

Red mud, spent pot lining, fly
ash, slags, dross, dust, sludge,
tailings and leach residues

Dust, fluoride and metal fumes, with
metal/fluoride/cyanide-bearing leachate
and contaminated wastewater. ~2 million
tons of red mud per year reported;
selected residues have potential for metal
recovery and use in cement, bricks and
roads.

Resource recovery can reduce
hazardous waste accumulation,
but uncontrolled residues and
informal lead recycling pose
significant environmental-health
risks.

Odisha, India [13]

Iron-ore tailings, overburden,
slag, dust and mineral residues

Dust/PM, process emissions, metal-rich
runoff/leachate and land degradation.
Potential applications include bricks,
concrete/cement, roads, backfilling and

Beneficial utilization can divert
large volumes of mining waste
from disposal; characterization,
quality standards and site-specific

metal/mineral recovery.

assessment are essential.

Abbreviations: PM, particulate matter; VOCs, volatile organic compounds; PAHs, polycyclic aromatic hydrocarbons; PCDD/Fs,

polychlorinated dibenzo-p-dioxins/dibenzofurans.

Industrial and Metallurgical Waste Recovery

Industrial wastes present a different but potentially substantial
resource-recovery opportunity because many residues contain
concentrated mineral or metallic fractions. The Indian non-
ferrous metallurgical sector generates red mud, spent pot lining,
fly ash, slags, dross, dust, sludge and other residues. Agrawal et al.
documented recovery and utilization options for these materials,
including metal recovery and incorporation into cement, bricks and
road-related applications [12]. Similarly, steel production produces
large quantities of slag and other process residues. Tiwari et al.
highlighted substantial slag generation in central Indian steel plants
and identified material utilization as an important component of
resource efficiency [20]. However, the environmental benefit of
slag utilization depends on appropriate characterization, storage
and processing because improperly stored residues may release
metals and other contaminants to surrounding environments.
Thus, industrial recycling should follow a “recover and control”
principle: resource recovery should proceed only when the

recovered material can be safely processed and used without
transferring contaminants from one environmental compartment
to another.

Mining and Mineral Residues

Mining and mineral-processing wastes represent another large-
volume resource stream. Iron-ore tailings, overburden, slag
and dust can cause land degradation, particulate pollution and
metal-rich runoff or leachate. Krishna et al. identified potential
applications of steel and mining residues in bricks, concrete,
cement, roads and backfilling, together with opportunities for
mineral and metal recovery [13]. Because mining residues are
generated in very large quantities, even partial utilization can
substantially reduce land requirements for storage and disposal.
However, material characterization, contaminant assessment and
performance standards are essential before such residues are
incorporated into construction materials.
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E-waste and Small-Scale Recycling

Small-scale recycling represents one of the clearest examples
of the dual nature of recycling. Recovery of metals, plastics and
other components can conserve valuable resources, but poorly
controlled processing may create significant pollution. Kojima
& Jain reported pollution concerns associated with small-scale
recycling of e-waste, printed circuit boards, lead batteries, metal
scrap, paper and plastics [ 14]. Potential pollution pathways include
toxic fumes, contaminated wastewater, metal-containing residues
and smoke from uncontrolled plastic combustion. Therefore, an
increase in recycling rate does not necessarily correspond to an
equivalent improvement in environmental health. A recycling
system that transfers hazardous substances from discarded
products into uncontrolled emissions or wastewater may simply
relocate the environmental burden.

Pollution Pathways Associated with Waste Management

Air Pollution

Air pollution represents one of the most immediate environmental-
health pathways associated with waste management. Particulate
matter may arise from waste handling, vehicle movement,
windblown dust, mechanical processing, open burning and
industrial recycling. Combustion can additionally release CO,
NOx, SOx, VOCs, PAHs, dioxins/furans and other hazardous
pollutants. Waste-to-energy technologies also require careful
assessment. Karmakar et al. reviewed Indian waste-to-energy
technologies and highlighted emissions of particulate matter,
nitrogen oxides, sulfur oxides, acid gases, VOCs, greenhouse
gases, PAHs and persistent organic pollutants [10]. The review
also emphasized that India's high moisture content, inadequate
source segregation and relatively low calorific value can constrain
waste-to-energy performance. Consequently, waste-to-energy
should not be treated as an automatic alternative to recycling.

Water and Soil Contamination

Waste disposal and poorly controlled recycling can contaminate
soil and water through leachate, wastewater and residue deposition.
Heavy metals are particularly important in metallurgical waste,
e-waste and mixed waste. Lead, cadmium, chromium, mercury,
arsenic, nickel and other metals may persist in environmental
media and can enter food chains or groundwater under suitable
conditions. The environmental objective of recycling should
therefore be to prevent contaminant release at source. Merely
moving contaminated material from a landfill to an inadequately
controlled recycling facility does not constitute sustainable
resource recovery.

Greenhouse Gases

Waste management contributes to climate change primarily
through methane generation from landfilled organic matter,
carbon dioxide from waste combustion and energy use, and
emissions associated with the production of virgin materials that
could otherwise be displaced through recycling. Sharma et al.
emphasized the relationship between improper waste management,
atmospheric pollution and climate change [7]. Recycling and
organic-waste diversion can therefore provide climate benefits,
while landfill-gas capture offers a secondary recovery pathway
for waste that has already entered the landfill system. Mor et al.
demonstrated this potential in the context of Chandigarh [19].

Bioaerosols and Microbial Hazards

An important but comparatively less visible dimension of
waste-related pollution is biological contamination. Landfills
contain organic material that can support microbial growth and
aerosolization. Srivastava et al. identified fungal bioaerosols
including Penicillium, Aspergillus, Rhizopus, Alternaria, Fusarium
and Cladosporium around the Okhla landfill in Delhi [21].
Madhwal et al. reported substantial bacterial and fungal bioaerosol
concentrations at the Sahastradhara landfill in Dehradun, together
with particulate matter and potentially pathogenic microorganisms
[22]. The study also indicated that waste handling, meteorological
conditions and biowaste burning influenced exposure patterns.
These findings broaden the concept of waste pollution beyond
conventional chemical contaminants and indicate that waste-
management systems must also address biological exposure.

Environmental and Occupational Health Implications

The health consequences of waste pollution arise through multiple
exposure pathways. Communities living near disposal sites may
be exposed through inhalation of particulate matter and gases,
ingestion of contaminated water or food, and dermal contact
with contaminated soil or waste. Workers and waste pickers may
experience much higher exposure because of direct handling,
sorting, transportation and processing. The evidence synthesized
by Damayanty et al. indicates that landfill workers, scavengers
and nearby marginalized communities may experience exposure
to H2S, NH3, VOCs, PM2.5, PM10, methane, carbon dioxide
and microbial bioaerosols [15]. Reported health concerns
include respiratory, infectious and cardiovascular effects, with
possible carcinogenic risks associated with some exposures. This
occupational dimension is critical for recycling policy. Waste
pickers often perform an economically valuable material-recovery
function, but their contribution can remain invisible in formal
waste-management statistics. Formalization, personal protective
equipment, safer sorting facilities, training, vaccination where
appropriate, health surveillance and access to social protection
should therefore be integrated into recycling strategies.
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Table 2: Municipal Solid Waste Management, Recovery and Environmental-Health Implications

Study location (Reference)

Waste stream / management
system

Pollution and recovery evidence

Key environmental-health
implication

India [10]

MSW; incineration, gasification,
pyrolysis and biochemical WtE

PM, NOx, SOx, CO, VOCs,
GHGs and PCDD/Fs. India
generated 160,038.9 TPD MSW;
reported WtE efficiencies varied
by technology.

High moisture, poor segregation
and low calorific value may
increase emission risks; source
segregation and emission controls
are essential.

India, national/city-level [9]

Biodegradable and dry
recyclables; composting,
biomethanation, material

MSW generation estimated at
64-72 million t yr-1, informal
recovery is substantial but

Inadequate segregation and
scientific disposal increase
pollution. Decentralized

odour. Reported ~5% recycling,
18% composting and 77% open
dumping.

recovery and WtE below potential. Open dumping | processing and integration of
generates methane, smoke and waste pickers are recommended.
leachate.
Multiple Indian dumpsites [3] Mixed MSW at open dumps/ PMj; 5, PM1g, SOz, NO,, CO, Dumpsites create combined
landfills CH4, VOCs, bioaerosols and climate, toxic-exposure and

microbial risks; stronger
mitigation and epidemiological
evidence are needed.

Bhubaneswar, India [16]

Mixed MSW; open dumping/
landfill

PMjg, PM> 5, SO,, NOx, CO,
dust and odour; AQI =51.9.
Recycling throughput not
reported.

PM was the major air-quality
concern. Dust suppression,
vegetation and improved site
management are required.

Madhya Pradesh, India [17]

Mixed MSW; open dumping

SPM/RSPM frequently exceeded
limits; windblown dust, vehicle
exhaust and open burning were
major sources.

Poorly designed dumpsites
increase particulate exposure;
open burning and windblown
emissions should be controlled.

landfill/dumpsite emissions

toxic smoke; recycling was not
evaluated.

India [8] Municipal, industrial, biomedical, | Dust, smoke, odour, GHGs and India's waste system requires
construction and household leachate; inadequate segregation | improved segregation, recovery,
wastes and recovery highlighted. data, enforcement and integrated

treatment.

India [6] Waste-related open burning and PM, CO, NOx, SO,, VOCs and Waste burning is an important

urban emission source requiring
improved inventories and air-
quality management.

Chennai, India [23]

Fresh/aged MSW containing
plastics, paper, metals, organics
and textiles

Fresh waste contained ~30

wt% recyclables and ~62 wt%
combustibles; CH4, CO, odour,
leachate and metals are concerns.

Significant resource-recovery
potential exists; biomining
requires waste characterization
and pollution control.

incineration and informal
recovery

2010 treatment: 79% landfill,
19% incineration and 2%
composting. Emissions include
CH4, CO2, PM, metals and
PCDD/Fs.

Global [7] MSW/wastewater; landfill, CH4, CO,, PM, VOCs, odour, Integrated 4R systems, organic-
incineration, composting, PCDD/Fs and leachate. Literature | waste diversion and methane
biomethanation and recycling estimate: ~20% MSW recycled recovery can reduce pollution and

and 14% converted to energy. climate impacts.

China [24] MSW landfill, composting, Recyclables estimated at 8-10%; | Treatment choice strongly

influences emissions; recycling,
landfill-gas capture and emission
controls are important.

Chandigarh, India [19].

MSW disposal; landfill-gas
capture/ WtE

~350 TPD waste generation/
disposal; >50% organic matter;
estimated landfill-gas recovery
potential 0.27-0.77 MW.

High organic content promotes
methane generation; gas recovery
can reduce emissions and recover
energy.

Ahmedabad, India [18]

Mixed MSW landfill with open
burning

PMS5.0 ~189-1,600 pg m-3 with
particle-bound Cu, Fe, Ni, Co,
As, Pb, Cr, Cd, Zn and Hg.

Waste/coal combustion
contributes to metal-rich
particulate pollution and
associated health risks.

Abbreviations: WtE, waste-to-energy; MSW, municipal solid waste; PM, particulate matter; VOCs, volatile organic compounds;
GHGs, greenhouse gases; PCDD/Fs, polychlorinated dibenzo-p-dioxins/dibenzofurans; AQI, air quality index; SPM, suspended
particulate matter; RSPM, respirable suspended particulate matter. Note: Reported quantities and percentages are study-specific
and should not be interpreted as directly comparable recycling rates. “Recovery” includes material, biological and energy-recovery
pathways where reported.
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Informal Recycling and Environmental Justice

The environmental-health burden of waste is not distributed equally. Communities living close to dumpsites and landfills and workers
engaged in informal collection and recycling can experience disproportionately high exposure. This creates an environmental-justice
dimension to waste management. Informal recycling systems can nevertheless provide substantial material-recovery services. The
appropriate response is therefore not simply to eliminate informal recovery activities but to integrate workers into safer formal systems
wherever feasible. Such integration could combine the material-recovery knowledge and collection networks of informal workers
with improved infrastructure, occupational safety and regulatory oversight. This approach is particularly important in developing
countries, where informal recovery may remain an important component of actual material recycling even when official statistics

do not fully capture it.

Table 3: Recycling Systems, Informal Recovery and Environmental-Health Risks

tural, radioactive and hazardous
waste

GHGs, radiation and ecosystem
impacts; quantitative recycling
data not reported.

Study location Waste stream / recycling system | Pollution, exposure and recov- | Key environmental-health implication
(Reference) ery evidence
Global [25] Municipal, industrial, agricul- Air, water and soil pollution, Waste prevention, recycling, controlled

treatment and coordinated regulation
should be integrated to reduce environ-
mental and health impacts.

Shiraz, Iran [11]

Dry recyclables: glass, paper/
cardboard, metals, PET and
plastics

Current recycling ~15%; recy-
cling scenario ranging from 50—
80%, increased material recovery
and modelled emission/energy
benefits; ~11,912 t yr-1 recovered
under the reported scenario.

Increased recycling can substantially
reduce emissions and energy demand,
demonstrating its pollution-prevention
potential.

India and Japan [14]

E-waste/PCBs, lead batteries,
metal scrap, paper and plastics

Heavy metals, fumes, toxic
smoke, wastewater and residues;
quantitative recycling rate not
reported.

Uncontrolled small-scale recycling can
create significant exposure risks; formali-
zation, pollution controls and enforceable
standards are needed.

Global [26]

Mixed municipal and industrial
waste

Air, water and soil pollution,
GHGs and hazardous chemical/
radiation impacts; quantitative
recovery not reported.

Waste prevention and integrated manage-
ment are preferable to disposal-focused
approaches for protecting ecosystems and
health.

Global [15]

Landfills and informal waste
picking/scavenging

st, NHS, VOCS, PMz.s, PMlo,
CHa4, CO2 and microbial bioaero-
sols; waste pickers contribute to
recyclable recovery.

Informal workers and nearby communi-
ties may experience disproportionate
exposures, highlighting the need for oc-
cupational protection, biomonitoring and
social inclusion.

Delhi, India [21]

MSW dump; waste handling and
fungal bioaerosols

Fungal bioaerosols includ-

ing Penicillium, Aspergillus,
Rhizopus, Alternaria, Fusarium
and Cladosporium, site capacity
~2,000 t day-1.

Respirable bioaerosols represent an
important occupational and community
exposure pathway, influenced by season
and meteorology.

Dehradun, India [22]

Open MSW landfill; bacterial/
fungal bioaerosols and PM

Fungal bioaerosols: 4,582.75
+1,358.25 CFU m?, bacterial
bioaerosols: 3,609.53 £+ 1,000.28
CFU m?, ~200 t day"! dumped.

Waste handling and biowaste burning
contribute to PM and bioaerosol exposure,
with potential respiratory risks for work-
ers and nearby populations.

Abbreviations: PM, particulate matter; VOCs, volatile organic compounds; GHGs, greenhouse gases; PET, polyethylene terephthalate;

PCBs, printed circuit boards; CFU, colony-forming units.

Barriers to Safe and Sustainable Recycling

Several interrelated barriers limit the environmental, economic
and health benefits that can be achieved through waste recycling
and resource recovery. Inadequate source segregation is a
fundamental constraint because mixing waste streams reduces the
quality and recoverability of recyclable materials while increasing
contamination of organic fractions. Effective recycling therefore
depends on segregation at the point of generation. This challenge
is compounded by inadequate recycling infrastructure, including
insufficient collection systems, sorting facilities, material-recovery
infrastructure and reliable markets for recovered materials, which
can result in otherwise recyclable materials ultimately reaching
dumpsites or landfills. At the same time, recycling processes
themselves can become sources of pollution when air emissions,
wastewater, leachate and hazardous residues are poorly controlled,
with particular concerns for the recycling of metals, e-waste,

batteries and plastics. Weak regulatory enforcement further
exacerbates these problems, as the existence of regulations does
not necessarily ensure their implementation; effective scientific
disposal, emission control, lined storage, leachate management
and environmental monitoring require consistent enforcement
and institutional capacity. Another important limitation is the
lack of reliable and standardized data on actual recycling and
recovery. Many studies report waste generation or disposal
quantities without providing corresponding information on the
amount actually recovered, making it difficult to compare recycling
performance across cities, sectors and countries and to evaluate
the effectiveness of waste-management interventions. Finally,
informal-sector vulnerability represents an important social and
occupational dimension of recycling. Informal workers may make
substantial contributions to resource recovery but often operate
without adequate occupational protection, health safeguards or
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social security. Their formalization, inclusion in organized recycling systems and provision of appropriate occupational protection
are therefore essential for developing a recycling system that is not only resource-efficient but also environmentally safe, socially
equitable and protective of human health. These interconnected barriers and their consequences are summarized in Figure 2.
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Figure 2: Interconnected Barriers Limiting Safe and Sustainable Recycling

A Health-Oriented Framework for Closing the Waste Loop

The evidence synthesized in this review supports a shift from a conventional “collect—transport—dump” model toward a “segregate—
recover—treat—protect—monitor” framework. The first stage should be waste prevention and source segregation. The second should
prioritize material recovery and recycling of paper, metals, glass, plastics and other technically recoverable materials. Biodegradable
waste should be directed toward composting, anaerobic digestion or other suitable biological treatment systems. Industrial and mineral
residues should undergo characterization before beneficial utilization or recovery. Only residual waste that cannot reasonably be
recovered should proceed to controlled thermal treatment or engineered landfill disposal. Where landfilling is unavoidable, methane
capture, leachate management, groundwater monitoring and air-quality surveillance should be implemented. The final component
should be environmental-health protection. Air pollutants, heavy metals, hazardous chemicals, bioaerosols and occupational exposures
should be monitored throughout the waste-management chain. Thus, recycling performance should be evaluated using not only “how
much waste is recycled?” but also “how safely is it recycled?”

A useful conceptual relationship can be expressed as:

Waste generation — segregation — material/organic recovery — controlled processing — reduced disposal — reduced
pollution — reduced exposure — improved environmental health

Conversely:
Mixed waste — dumping/burning — air/water/soil pollution — occupational/community exposure — environmental-health

burden

=

n WASTE GENERATION
Conserves

natural resources

From households,
businesses, institutions
and industries.

. SOURCE SEGREGATION Segregate at source
into wet, dry,
hazardous and
rejects.

MATERIAL RECOVERY / RECYCLING ~ Recover and recycle Rediices graenhouse

N paper, plastics, metals, .
ﬁ ‘ : U é glass, textiles and ST gas(emissions|
—r e-waste.
n ORGANIC RECOVERY Composting, Reduces pollution
vermicomposting and K and toxicity
biogas production.

Saves energy

=S

i

B INDUSTRIAL / MINERAL RECOVERY Recovermataiiakfion
industrial residues and
construction waste.
Improves environmental

B CONTROLLED RESIDUAL TREATMENT & DISPOSAL health

Safe treatment and

disposal of residual waste % =
with minimal pollution Builds resilientand
and risk. sustainable communities

Figure 3: Sustainable Waste-Management Pathway Illustrating a Health-Oriented Framework for Closing the Waste Loop through
Source Segregation, Material and Organic Recovery, Industrial and Mineral Resource Recovery, and Controlled Treatment of Residual
Waste, with Associated Environmental and Human-Health Benefits
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This framework emphasizes that recycling and environmental health are not separate policy domains. They are interconnected
components of a single waste-management system as shown in Figure 3.
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Research Gaps and Future Priorities

The evidence base identifies several important research priorities.
First, standardized reporting of waste generation, collection,
segregation, recycling, recovery and final disposal is required.
Without harmonized indicators, comparisons among cities
and countries remain difficult. Second, future studies should
quantify the environmental benefits of recycling using life-cycle
assessment, material-flow analysis and emission inventories.
Recycling should be compared with landfilling, incineration and
other treatment options using consistent system boundaries. Third,
greater attention is required to emissions from recycling facilities
themselves. The environmental-health literature has extensively
documented pollution from dumpsites, but comparatively fewer
studies quantify emissions and exposures from formal and informal
recycling operations. Fourth, occupational-health studies should
move beyond short-term cross-sectional assessments toward
longitudinal studies, biomonitoring and exposure assessment
among waste workers and informal recyclers. Damayanty et
al. specifically highlighted the need for stronger longitudinal
evidence [15]. Fifth, emerging waste streams-including electronic
waste, plastics, batteries, photovoltaic materials and composite
materials-require integrated assessment of resource recovery
potential and environmental-health risks. Finally, recycling policy
should be evaluated using a broader set of indicators that combine
resource recovery, pollution reduction, greenhouse-gas mitigation,
occupational safety, community exposure and environmental
justice.

Conclusions

Waste recycling and resource recovery offer major opportunities
to reduce the environmental burden associated with waste disposal
while conserving materials and energy. However, the reviewed
evidence demonstrates that the benefits of recycling cannot be
assessed solely by recycling rates. Poorly managed waste disposal
produces particulate matter, toxic gases, greenhouse gases, heavy
metals, leachate and microbial bioaerosols, while poorly controlled
recycling can itself generate hazardous emissions and occupational
exposures. The most effective approach is therefore an integrated
waste-management hierarchy that prioritizes prevention, source
segregation, material recovery, biological treatment of organic
waste, safe industrial residue utilization and controlled treatment of
unavoidable residuals. Landfill-gas recovery and waste-to-energy
can contribute to resource recovery under appropriate conditions
but should not substitute for source reduction and material
recycling. A transition toward a circular waste-management system
should consequently be accompanied by strong environmental-
health safeguards. Recycling facilities must control air emissions,
wastewater and hazardous residues; workers must receive
appropriate occupational protection; informal recyclers should
be integrated into safer systems; and communities surrounding
waste facilities should benefit from environmental monitoring
and transparent risk communication. Ultimately, closing the
waste loop should mean more than converting waste into a usable
product. It should mean preventing the conversion of recoverable
resources into pollutants and protecting workers, communities and
ecosystems throughout the waste-management chain. A health-
oriented approach to recycling can therefore serve simultaneously
as a strategy for resource conservation, pollution prevention,
climate mitigation and environmental-health protection.
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