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Toxic threats from plastic waste: human health
impacts, challenges, and policy solutions

Abdulaziz A. M. Abahussain, 22 Fahd A. Nasr,? Abdulrahman bin Jumah,®

P. Saravanan,® Nadavala Siva Kumar, (2@ Mohammed Al-zharani,” L. Guganathan,®
G. Sasikumar,® Sulaiman A. Alsalamah,® Ashraf Anmed Qurtam,? J. Senthilkumar’
and P. Tamizhdurai (2 *¢

Plastic pollution has escalated into a global crisis, undermining both environmental sustainability and public
health. Each year, nearly eight billion tons of plastic enter aquatic ecosystems, disrupting marine biodiversity
and increasing risks of human exposure to toxic byproducts. As plastics degrade, they release hazardous
compounds such as bisphenol A (BPA), dioxins, phthalates, furans, and heavy metals—substances linked
to respiratory illnesses, endocrine disruption, and cancer. These pollutants find pathways into the
environment through soil leaching, air transport, and bioaccumulation across the food chain. Alarming
data points highlight the gravity of the issue: BPA concentrations in freshwater bodies have exceeded 12
ng L1 and dioxin levels near open waste combustion sites have reached over 1000 ng TEQ per kg both
surpassing WHO's safety thresholds. In Poland, phthalate levels in leachate from landfills have been
recorded at more than 303 ug L%, while fish specimens from Swedish waters have shown heavy metal
concentrations more than 2.26 ng g~ moist weight, raising potential food safety hazards and chronic
exposure risks. Ineffective trash disposal infrastructure disproportionately affects vulnerable communities
in countries with low to middle-incomes (LMICs), especially in Sub-Saharan Africa, where only 39-45%
of solid waste is adequately treated due to infrastructural and financial limitations. The problem is most
severe in Sub-Saharan Africa, where the most vulnerable people are at the greatest risk of exposure. On
a global scale, effective recycling remains minimal, with less than 10% of plastic waste being repurposed.
Most of it is incinerated or dumped, releasing hazardous emissions such as dioxins and furans into the
environment. Emerging technologies offer promising but underutilized solutions. Polyethylene
terephthalate (PET) can be recovered up to 97% using chemical recycling processes and enzymatic
procedures have demonstrated plastic breakdown efficiencies as high as 90% within hours. However,
challenges remain in scaling these technologies due to high costs, limited infrastructure, and uneven
access in LMICs. Policy interventions have shown strong results in some nations. By enforcing
restrictions on single-use plastics and applying expanded producer responsibility (EPR) frameworks,
countries such as Germany, Japan, and Rwanda have achieved recycling rates above 41% and reduced
plastic waste generation by up to 90%. These cases demonstrate the role of governance, regulatory
enforcement, and accountability in driving systemic change. Addressing plastic pollution globally requires
coordinated action, including strict regulations, investment in scalable recycling systems, promotion of
eco-friendly alternatives, and stronger international cooperation. Only through such combined and
multi-dimensional approaches can the growing environmental and public health risks of plastic waste be
effectively reduced.
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1. Introduction

A significant worldwide concern that poses grave risks to both
human health and environmental sustainability is the growing
amount of plastic garbage." Driven by the rapid growth of
plastic production and insufficient waste management, pollu-
tion levels have increased sharply over the past few decades.”
The annual entry of over eight million tonnes of plastic debris
into the oceans accelerates marine degradation, disrupts
aquatic ecosystems, and contributes to the formation and
spread of microplastics.®> The detrimental impacts of plastic
trash have been extensively studied, especially with regard to
the production and dissemination of microplastics. However,
most existing research remains focused on environmental
impacts, with comparatively little attention paid to the broader
implications for human health.**

Emerging evidence highlights that plastic pollution is not
only an ecological issue but also a direct human health concern.
During production, use, and degradation, plastics release toxic
compounds such as BPA, phthalates, dioxins, furans, and heavy
metals.®® These chemicals are recognized for their ability to
interfere with hormonal systems and contribute to chronic
illnesses. Scientific studies have increasingly associated expo-
sure to such pollutants with disruptions in endocrine function,
developmental abnormalities, reproductive disorders, immune
system impairment, and a heightened risk of certain cancers,
underscoring the urgent need for public health intervention
and stricter environmental safeguards.” Contamination has
been documented in soil, water, and air, raising concerns about
multiple exposure routes. Particularly vulnerable populations
including infants and pregnant women—may face dispropor-
tionate risks. Yet, the pathways of exposure remain insuffi-
ciently understood, and the combined or synergistic effects of
multiple plastic-derived chemicals are rarely studied, leaving
critical gaps in knowledge.**"

Despite growing recognition of these hazards, current miti-
gation strategies have notable shortcomings. While efforts such
as recycling and improved waste management have been
promoted to reduce plastic pollution, these initiatives often
emphasize environmental protection over direct health
outcomes.” Moreover, technological constraints such as
incomplete detoxification during recycling reduce their effec-
tiveness. In many low- and middle-income countries (LMICs),
weak waste treatment infrastructure further undermines plastic
waste management, exacerbating both environmental and
health risks.*

While various technological innovations have been explored
to tackle plastic pollution, policy-based strategies are also
gaining attention for their potential to curb the production and
use of harmful plastics. Measures such as bans on specific
plastic categories and extended producer responsibility (EPR)
programs have been proposed as implements for cutting down
on plastic trash (US-EPA, 2024a)."* Nevertheless, implementa-
tion remains inconsistent due to weak institutional capacity,
insufficient regulatory enforcement, and the lack of global
consensus on policy models.” This fragmented governance

40762 | RSC Adv, 2025, 15, 40761-40788

View Article Online

Review

framework has limited progress toward effective plastic pollu-
tion management.

This paper reviews how toxins from plastic waste enter
human and ecological systems, the health hazards linked to
such exposures, and the current range of mitigation and policy
responses. By structuring the review across environmental
impacts, health risks, and governance challenges, it identifies
critical research gaps and limitations in prevailing strategies.
The objective is to provide a clearer foundation for developing
integrated solutions that simultaneously address environ-
mental degradation and public health risks, guiding stake-
holders toward more coordinated and effective plastic waste
management strategies.'®

This review is structured around three dimensions environ-
mental impacts, human health risks, and governance chal-
lenges to provide an integrated understanding of plastic-
derived toxins. It examines key pollutants including bisphenol
A, phthalates, dioxins, heavy metals, and micro- and nano-
plastics, with emphasis on their toxicological effects, environ-
mental fate, and bioaccumulation. In addition, it highlights
barriers in waste management, recycling, and regulatory
systems while assessing emerging technological and policy
solutions. By identifying critical research gaps and inequities in
exposure, particularly in low-income regions, this review aims
to inform coordinated strategies that safeguard both ecological
sustainability and public health.

2. Toxins in plastics: environmental
fate, bioaccumulation, and human
exposure

2.1. Toxicological profile of bisphenol A and phthalates:
sources, exposure, and effects

Phthalates and bisphenol A (BPA) are synthetic compounds
extensively used in plastic manufacturing, and their uncon-
trolled release has emerged as a significant ecological and
health concern. Phthalates function primarily as plasticizers
substances incorporated into plastics such as polyvinyl chloride
(PVC) to improve flexibility, softness, and durability.'” They are
commonly found in products including food packaging,
cosmetics, adhesives, medical tubing, and children's toys. In
contrast, BPA is an essential component in the manufacture of
polycarbonate plastics and epoxy resins, widely applied in hard
plastic drinkware, food storage containers, and the inner coat-
ings of metal cans.™

A key issue is that neither BPA nor phthalates are covalently
bonded to the polymer matrix. Because these additives are not
covalently bonded to the polymer structure, they can gradually
migrate out of the material and contaminate surrounding
environments." This process is accelerated by external factors
such as heat exposure, ultraviolet radiation, or mechanical
stress.”® As these compounds leach out, they can enter air,
water, soil, and even human bodies, raising concerns due to
their established links with hormonal imbalance, reproductive
toxicity, and other adverse health outcomes.***

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Recent studies indicate that microplastics and nanoplastics
act as carriers for BPA and phthalates, adsorbing these chem-
icals onto their surfaces and facilitating long-distance transport
in marine and terrestrial ecosystems. This interaction increases
the persistence and distribution range of such toxins beyond
their immediate source.

These observations set the stage for understanding the direct
toxicological impacts on human health, which are discussed in
the following section.

2.2. Toxicological impacts of BPA and phthalates on human
health

Building on their environmental release, these compounds can
reach humans through multiple exposure pathways. In addition
to direct leaching from consumer products, open burning and
inefficient incineration of plastic waste release these
compounds along with heavy metals (Pb, Cd, Hg), volatile
organic compounds (VOCs), fine particulate matter (PM), and
polycyclic aromatic hydrocarbons (PAH).>** More persistent
organic pollutants such as polychlorinated biphenyl (PCB),
dioxins, and furans accumulate in the food chain, causing
cancers, immune dysfunction, and developmental issues.”®
Safer waste management and stricter regulations are urgently
needed.

Fig. 1 illustrates the connections between environmental
contamination and adverse health outcomes, emphasizing the
multi-systemic effects of these substances. Once introduced
into the environment, these pollutants contribute to ecosystem
degradation and pose substantial risks to human health. They
can adversely affect various organ systems, including the
nervous, respiratory, cardiovascular, reproductive, and digestive
systems. Fig. 1 further highlights specific health conditions
linked to these toxins, such as hormonal disruptions, respira-
tory illnesses, cognitive impairments, cardiovascular diseases,
and gastrointestinal disorders. Additionally, the formation of
ground-level ozone from VOCs, carbon monoxide (CO), and
nitrogen oxides (NO,) amplifies the health risks, particularly
among sensitive populations.?®

Phthalates and BPA are of particular concern due to their
extensive environmental prevalence and capacity to interfere
with hormonal regulation. Fig. 1 illustrates how these
substances, once released, can enter biological systems and
cause harmful physiological effects.>® These compounds mimic
natural hormones such as estrogen, disrupting normal endo-
crine signaling. Research has shown that early-life exposure to
phthalates may impair sperm quality, disrupt male reproduc-
tive development, and reduce testosterone levels. An elevated
incidence of reproductive malignancies and alterations in the
onset of puberty have been linked to such exposure in females.
Likewise, BPA has been connected to metabolic diseases like
unhealthy weight and type 2 diabetes, neurological abnormali-
ties, and breast and prostate carcinomas.*’

These health effects are especially pronounced in vulnerable
groups such as foetuses, infants, and young children, whose
developing hormonal systems make them more susceptible to
endocrine disruption.®* Scientific studies indicate that exposure
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during critical developmental stages may result in lasting
consequences, including cognitive deficits, weakened immune
responses, and elevated risk of cardiovascular disease. Due to
the persistent use of these chemicals in everyday consumer and
industrial products, exposure remains widespread, under-
scoring a prevalent globe-wide healthcare concern.*

2.3. Phthalates & BPA: long-term impact and
bioaccumulation

The extensive application of BPA and phthalates in the pro-
cessing of plastics has led to serious environmental and public
health issues owing to its longevity and mobility. Because these
compounds are not covalently bonded to plastics, they contin-
uously leach into the environment under various conditions.**
Phthalates are commonly found in garbage dumps discharges
as well as aquatic systems, with some sites reporting levels
surpassing 303 pg L™ '.** Phthalates serve for enhancing the
flexibility of plastic components like polyvinyl chloride (PVC).
Commonly found in epoxy-based coatings and polycarbonate
plastics, BPA has also been found in many water bodies around
the world; in certain Chinese waterways, concentrations have
been as high as 12 pug L. After entering the environment, both
phthalates and BPA accumulate in soil, sediments, and water
and can travel far from their original sources, creating long-
lasting ecological and toxicological threats.>*

The environmental and physiological effects of BPA and
phthalates are further increased by their ability to accumulate
in cells and tissues. Endocrine-disrupting chemicals (EDCs) are
substances that can interfere with hormonal systems by either
blocking or mimicking the natural hormone activity.*® Humans
are primarily exposed to microplastics through ingestion of
contaminated food and water. Other possible pathways include
inhalation of airborne particles and dermal absorption through
contact. Research conducted in North America and Europe has
reported elevated levels of phthalates and BPA in aquatic life,
including mollusks, crustaceans, and fish, with higher
concentrations often observed at higher trophic levels. Studies
conducted in the Northeast Atlantic have found that fish tissues
contain as high as 300 ng g~ wet weight of BPA, which raises
worries about the possibility of human exposure from eating
seafood.*® Phthalates have also been detected in crops irrigated
with contaminated water, particularly in regions with intensive
farming and poor water quality control, such as parts of China
and Mexico.””

Repeated or heated use of plastic food containers further
increases the risk of human exposure.*® EU studies showed that
over 10% of polycarbonate containers tested leached BPA at
levels above the safety threshold of 0.05 mg kg™ . Even minimal,
long-term exposure to these substances has been associated
with serious health concerns, including hormonal imbalances,
fertility issues, and developmental abnormalities. Pregnant
women, infants, and young children are particularly vulnerable
due to critical developmental stages.*”

Bioaccumulation refers to the progressive build-up of
substances, such as microplastics (MPs) and associated chem-
icals, within an organism when uptake exceeds elimination. In
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Fig. 1 Toxic trails: health impacts of plastic pollution.?”

plastics, this process may be compounded by their ability to
adsorb and transport toxic additives or pollutants. Bi-
omagnification, by contrast, describes the increasing concen-
tration of MPs and associated chemicals across successive
trophic levels. Current evidence shows that MPs bioaccumulate
within marine species, but there is little support for bi-

omagnification under environmentally realistic

conditions.

Moreover, data on the accumulation and trophic transfer of
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chemical additives remain limited and ambiguous, high-
lighting the need for studies on ingestion, retention, and dep-
uration processes.*’

2.4. Dioxins and furans: sources, health impacts, and
environmental fate

Dioxins and furans are among the most hazardous pollutants
released during the burning of plastic materials, especially

© 2025 The Author(s). Published by the Royal Society of Chemistry
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under poorly controlled or low-temperature combustion
conditions. These compounds are generated during thermal
operations between 200 °C and 800 °C, with peak formation
typically occurring between 350 °C and 400 °C. Extremely
resilient compounds include 2,3,7,8-tetrachlorodibenzo-p-
dioxin (TCDD), allowing them to remain in the environment for
extended periods without significant breakdown.** Plastics that
contain chlorine such as polyvinyl chloride (PVC) play a signifi-
cant role in their generation. During the combustion of chlo-
rinated polymers, chlorine interacts with carbon-based
compounds, resulting in the creation of these toxic by-prod-
ucts.”” This phenomenon is especially common in regions
where waste is openly burned, such as landfills or informal
dumpsites, which are frequently encountered in developing
areas with limited access to formal waste disposal systems
(WHO, 2024).*

Dioxins and furans are classified as persistent organic
pollutants (POPs) due to their resistance to degradation and
long environmental half-lives, ranging from 7 to 11 years in soil.
After emission, these compounds can be transported over vast
distances before settling onto land, water, and plant surfaces,
ultimately infiltrating the food web.** Soil dioxin levels
exceeding 1000 ng TEQ per kg have been reported in regions
practicing open burning, such as Sweden, surpassing WHO
safety thresholds. Similarly, air near informal electronic waste
dismantling sites in Ghana has shown dioxin-like PCB
concentrations of 280-11,100 pg m >.*

Because dioxins and furans are lipophilic, they bi-
oaccumulate in fatty tissues of animals, becoming more
concentrated as they move up the food chain.*® Marine envi-
ronments are especially under risk. Dioxin levels in edible fish
fat have been shown to reach 150 picograms/gram in Japanese
research, raising concerns about the safety of seafood for pop-
ulations that rely heavily on marine food sources. Even remote
regions like the Arctic are not spared traces of dioxins have been
found in the fat of seals and polar bears, carried to these distant
environments through atmospheric transport. This global
spread highlights the far-reaching threat dioxins and furans
pose to both ecosystems and human health, regardless of
proximity to pollution sources.*’

Exposure pathways for humans include ingestion of
contaminated food, inhalation of polluted air, and dermal
contact with contaminated soils or dust. These compounds are
highly toxic even at low concentrations (1-10 ppt in blood, ~15
ppt in serum lipids) and bind to the aryl hydrocarbon receptor
(AhR), disrupting gene expression and cellular function. As seen
in Fig. 1, major sources include waste incineration, uncon-
trolled burning of materials, and various industrial processes.
Once released, dioxins and furans contaminate air, soil, and
water, where they persist and bioaccumulate.*® Health impacts
include chloracne, immune suppression, liver toxicity, endo-
crine disruption (particularly thyroid dysfunction), reproductive
and developmental toxicity, congenital malformations, devel-
opmental delays in children, miscarriage, premature birth,
restricted fetal growth, and an increased risk of cancers.**"

The public health threat is especially severe in regions with
inadequate waste management, such as India and Nigeria,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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where open burning of municipal and electronic waste is
common. In contrast, countries like Sweden, France, and Ger-
many have reduced emissions through advanced incineration
technologies with effective filtration systems. However, many
low- and middle-income nations lack the financial and tech-
nical capacity to implement such systems.*

2.5. Mechanistic pathway of dioxin and furan formation
from plastics

The formation of polychlorinated dibenzo-p-dioxins (PCDDs)
and polychlorinated dibenzofurans (PCDFs) during thermal
treatment of plastics, particularly polyvinyl chloride (PVC), has
been widely studied. The process occurs through a series of
thermal degradation, radical-driven reactions, aromatic
condensation, and oxidative coupling steps.>*>*

Step 1: thermal decomposition of PVC: at 200-800 °C, PVC
undergoes pyrolysis:

[~CH, — CHCI-],—2— -CH, — CHCI + HCI + VOCs

This process liberates vinyl radicals, chlorine radicals,
hydrogen chloride (HCl), and volatile organic compounds
(VOCs). The release of HCI plays a dual role: promoting chlo-
rination reactions and acting as a catalyst for further
degradation.

Step 2: radical formation: fragmentation of vinyl chloride
generates carbon-centered radicals:

[CH,]CHCI|,—>— -CH, + CHCI

These radicals are highly reactive intermediates that initiate
condensation and substitution reactions.

Step 3: condensation and cyclization: reactive radicals
recombine, producing aromatic rings and PAH:

‘CH=CH — Cg¢Hg(benzene)

Subsequent chlorination of aromatics

chlorobenzenes:

yields

radicals

CsHy —— C¢HsCl + HCI

These chlorinated aromatics serve as critical precursors to
PCDDs and PCDFs.

Step 4: oxidative coupling: in oxygen-rich conditions,
chlorophenoxy radicals undergo oxidative coupling:

For dioxins:

2C6H4C10. + 02 - C12H4C102(dioxin)

For furans:

C12H4C102. g C12H4C14O(furan)

RSC Adv, 2025, 15, 40761-40788 | 40765
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This step forms the PCDD and PCDF core structures,
including the toxic congener 2,3,7,8-TCDD.

Step 5: stabilization: once formed, PCDD/F congeners, such
as TCDD, exhibit high thermodynamic stability due to their
conjugated aromatic structures:

C,H4Cl,O -+ further degradation

This stability underpins their persistence in environmental
matrices.

Step 6: environmental release: PCDDs and PCDFs are
released into the atmosphere and subsequently deposited onto
soil and water surfaces. Their lipophilicity promotes bi-
oaccumulation in fatty tissues, enabling entry and magnifica-
tion through the food chain.

2.6. Environmental and health hazards of heavy metals

Heavy metals present in plastic waste pose serious risks to both
environmental quality and public health due to their inherent
toxicity, long-term persistence, and ability to bioaccumulate in
ecosystems. Commonly used metals such as lead (Pb),
cadmium (Cd), chromium (Cr), and mercury (Hg) are often
added during plastic production to improve physical properties,
thermal stability, and color. For example, lead has traditionally
been used in polyvinyl chloride (PVC) to enhance durability,
while cadmium imparts bright coloration to plastic products.>
Mercury may be present in specific stabilizers and catalytic
agents, and hexavalent chromium is utilized in dyes to produce
distinct color tones. Although these additives contribute to the
functionality and appearance of plastic goods, they also
increase the materials’ resistance to degradation. When
improperly disposed of whether through open burning, poorly
managed landfills, or inefficient incineration these plastics
release heavy metals into surrounding environments, leading to
long-lasting contamination and associated health hazards.””
Heavy metals can increase the resistance of plastics to degra-
dation in several ways. Certain metals (e.g., cadmium, lead,
chromium) are used as stabilizers, pigments, or catalysts in
polymer formulations, where they inhibit photodegradation
and thermal oxidation by quenching free radicals or altering
polymer chain chemistry. In addition, the incorporation of
metal-based additives can modify the crystallinity and density
of polymers, reducing their susceptibility to microbial and
enzymatic attack. As a result, plastics containing heavy metal
additives often persist longer in the environment compared to
untreated counterparts.*®

2.7. Heavy metal hazards: public health threats and policy
barriers

Exposure to heavy metals originating from plastic waste pres-
ents significant health challenges, particularly in areas where
proper waste management systems are absent. Lead is one of
the most concerning elements due to its irreversible effects on
the nervous system. Children are especially at risk, with expo-
sure linked to cognitive decline, behavioural issues, and
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impaired learning. In cities across Nigeria, informal recycling
operations have been associated with elevated lead levels in
children living nearby, indicating a critical public health
concern. Cadmium is another hazardous element commonly
found in plastic-related activities.”® Long-term exposure has
been connected to kidney damage, bone fragility, and respira-
tory complications. Studies conducted in Bangladesh have
observed increased cadmium concentrations in the urine of
individuals living close to plastic production and recycling
zones, with many also reporting kidney ailments. Mercury,
released during the burning of plastic waste, poses serious
neurological risks.® Open-air incineration practices in parts of
India contribute to rising mercury emissions, raising alarms
over the impact on both children's and adults' brain health and
nerve function. In Ghana, particularly around the Agbogbloshie
site—one of Africa's largest informal e-waste and plastic recy-
cling centers—workers have been found to exhibit extremely
high blood lead levels, often exceeding the WHO guideline of 5
pg dL ™" for children.®®2 Soil and dust in the area contain lead
concentrations far above international safety limits, surpassing
the U.S. EPA maximum contaminant level (MCL) of 400 ppm in
soil.*® These findings underscore the urgent need for robust
environmental safeguards, regulated disposal systems, and
targeted public health initiatives, as unregulated recycling and
open burning of waste place entire communities at risk of
chronic lead exposure and its associated health impacts,
including neurodevelopmental deficits in children.**

2.8. Heavy metal leaching from plastics: environmental
consequences and concerns

Improper methods of plastic trash disposal include open
dumping or else unrestrained incineration pose a significant
environmental risk due to the potential release of toxic heavy
metals. As plastic materials degrade under environmental
conditions like sunlight, mechanical friction, and moisture,
embedded additives, including heavy metals, can slowly leach
into surrounding ecosystems.® This is especially true for plas-
tics like polyvinyl chloride (PVC), which often contain lead (Pb)
and cadmium (Cd) as stabilizing agents. When these materials
are placed in landfills, they can persist for decades. Heavy
metals have the potential to move into the local groundwater
and soil during this period, which might have an impact on
drinking water supplies and agricultural areas. Studies indicate
that even minimal concentrations of lead around 10 parts per
million can disrupt soil chemistry and suppress plant growth.
Cadmium, similarly, tends to accumulate in crops cultivated
near contaminated zones, raising concerns about food chain
contamination and dietary exposure to harmful substances.*
The environmental threat intensifies when plastic waste is
incinerated without adequate emission controls. Burning plas-
tics like PVC can release heavy metals into the air, either
attached to particulate matter or in vapor form. These emis-
sions may pose serious health risks to communities located
near such burn sites. Research links this practice to the atmo-
spheric presence of not only lead and cadmium but also
mercury (Hg) and arsenic (As), all of which are known for their

© 2025 The Author(s). Published by the Royal Society of Chemistry
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toxicological impacts on humans. One of the most concerning
aspects of heavy metal pollution is its persistence.®” Unlike
many organic compounds, metals such as Cd, Hg, and Pb, never
decompose over time. In aquatic environments, they may settle
in sediments or enter biological systems, leading to accumula-
tion in organisms. Through the process of biomagnification,
these contaminants can become increasingly concentrated as
they move up the food chain eventually reaching individuals
those consume seafoods from polluted waters.®®

2.9. Micro- and nanoplastics: hidden contaminants in
ecosystems

Larger plastic materials gradually degrade when subjected to
natural factors like heat, sunlight, and mechanical abrasion,
producing microplastics and nanoplastics as pollutants. Unlike
biodegradable matter, plastics fragment into progressively
smaller pieces rather than decomposing, yielding microplastics
(typically <5 mm) and nanoplastics (often <100 nm). This frag-
mentation process can take decades, during which the particles
remain in the environment and may be absorbed by plants,
animals, and humans. Their widespread distribution in the
atmosphere, water, soils and food chain has sparked serious
concerns about their potential hazards to public health and
habitats.*

Recent systematic assessments, including those by the
European Food Safety Authority (EFSA), have highlighted that
although microplastics are ubiquitously detected across
ecosystems, standardized sampling and analytical methods
remain inconsistent, which complicates efforts to compare
results across regions and to establish reliable global
baselines.”

2.10. human exposure pathways and toxicological insights

Micro- and nanoplastics (MNPs) pollution has become
a pressing environmental and public health concern. Humans
are exposed through oral ingestion, inhalation, and dermal
contact, with sources ranging from contaminated food and
beverages to indoor dust and industrial air.”*””* The COVID-19
pandemic further exacerbated plastic pollution due to wide-
spread use of PPE and single-use plastics, which contribute
additional MPs and NPs to the environment [Alqahtani].
Experimental evidence from in vivo and in vitro models
demonstrates that MNPs can induce oxidative stress, cytotox-
icity, immune dysregulation, endocrine disruption, neurotox-
icity, reproductive and developmental toxicity, and organ
dysfunction.””>»”* Small MPs and NPs can translocate from the
gastrointestinal tract and lungs into secondary tissues, whereas
dermal absorption is generally limited.*® Epidemiological data
are limited, with only preliminary associations reported for
conditions such as asthma, lung nodules, and blood thrombus,
highlighting critical uncertainty regarding chronic exposure,
bioavailability, and dose-response relationships.””>
Ecologically, MNPs serve as vectors for persistent organic
pollutants (POPs) such as PCBs, PAHs, and legacy pesticides,
promoting bioaccumulation and biomagnification in food webs
[EFSA 2025]. Soil and marine ecosystems are affected as
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microplastics alter soil structure, water retention, and feeding
efficiency of aquatic organisms, potentially impacting biodi-
versity and ecosystem stability. Critical reviews underscore that
ecological risk assessments remain limited by the lack of long-
term field data, particularly under interacting climate stressors
like ocean acidification and rising temperatures.”

Recent systematic reviews of Feng et al., 2023; Ramsperger
et al., 2023; Alqahtani et al, 2023 support these mechanistic
observations yet highlight the scarcity of quantitative data on
human exposure.”””* These works call for harmonized meth-
odologies, integrative toxicological and epidemiological
studies, and standardized reporting of particle size, composi-
tion, and exposure scenarios to reduce uncertainty and enable
robust risk assessment.

2.11. Health hazards associated with micro- and
nanoplastics

Microplastics, due to their extremely small size and complex
chemical composition, can enter the human body and interact
with internal systems in harmful ways. Once ingested, these
particles may move beyond the digestive tract and reach other
parts of the body through the bloodstream or lymphatic system.
Their presence can trigger inflammatory responses, oxidative
stress, and disrupt normal cell activity. Nanoplastics—particles
even smaller than microplastics—are especially concerning
because they can cross critical biological constraints including
the blood-brain barrier and the gut lining. Research in South
Korea, for example, has linked nanoplastic exposure to brain
inflammation and impaired cognitive function in animal
studies. In addition to their harmful physical consequences,
microplastics frequently contain heavy metals, phthalates, BPA,
and other endocrine disruptors, as well as persistent organic
pollutants (POPs). These substances may seep from the plastic's
surface, increasing the risk of reproductive problems, hormonal
abnormalities, and cancer.”””°

Environmental weathering processes such as UV irradiation,
photo-oxidation, and thermal degradation promote the frag-
mentation of plastics into aged micro- and nanoplastics
(MNPs). These smaller particles are highly reactive and can
readily enter biological systems through ingestion, inhalation,
and dermal penetration. Once internalized via cellular uptake,
MNPs disrupt cellular redox balance, leading to the excessive
formation of reactive oxygen species (ROS). Elevated ROS levels
induce oxidative stress, initiating a cascade of toxicological
effects. At the subcellular level, ROS compromise the structural
integrity and function of organelles such as mitochondria,
resulting in impaired energy metabolism and cellular dysfunc-
tion. Concurrently, oxidative modifications of lipids and
proteins impair membrane stability and enzyme activity.
Moreover, ROS-mediated DNA damage—including strand
breaks and mutagenic alterations—poses risks for genomic
instability, inflammation, and long-term health consequences
such as carcinogenesis. Collectively, this pathway highlights the
mechanistic link between environmental degradation of plas-
tics and their biological toxicity, underscoring the urgent need

RSC Adv, 2025, 15, 40761-40788 | 40767


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra05845g

Open Access Article. Published on 27 October 2025. Downloaded on 12/6/2025 1:59:40 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

for further research into human and ecological health risks
posed by aged MNPs (Fig. 2).

Inhalation represents another exposure route. Airborne
microplastics are especially prevalent in cities and industrial
zones. Reported concentrations vary widely by region: studies
have measured approximately 2 particles per m?* in Japan, 13 in
Nepal, 20 in Vietnam (for particles >100 um, excluding fibers),
and up to 294 particles per m” in certain Iranian regions (for
particles >50 pm).** These particles can irritate and inflame the
respiratory system after being inhaled. In more extreme situa-
tions, they might penetrate lung tissues and aggravate long-
term respiratory disorders. Occupational exposure is
becoming a bigger issue, especially for workers in sectors like
plastic waste removal and textile manufacture. While scientific
understanding of micro- and nanoplastic exposure continues to
grow, the full extent of their long-term health effects remains
uncertain and warrants further investigation.*>

Accurately quantifying micro- and especially nanoplastics in
human tissues remains challenging due to limitations in
current detection methods (e.g., Raman spectroscopy, FTIR,
electron microscopy), potential contamination or particle loss
during sample preparation, and insufficient sensitivity for
nanoscale particles, contributing to uncertainty about human
bioavailability and chronic exposure risks.”*”*

The World Health Organization (WHO) emphasizes that
there is currently insufficient evidence to quantify the risks of
chronic microplastic exposure in humans, particularly with
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respect to bioavailability and dose-response relationships,
underscoring the urgent need for harmonized toxicological
studies.”

2.12. Ecological threats posed by microplastics and
nanoplastics

Microplastics and nanoplastics pose a serious environmental
challenge due to their capacity to attract and transport harmful
pollutants, particularly persistent organic pollutants (POPs).
These pollutants—including substances such as PCB, PAH, and
older pesticides like dichlorodiphenyltrichloroethane (DDT)—
are known for their resistance to degradation and their
tendency to accumulate in living organisms, leading to pro-
longed ecological and health impacts. Their small size, high
surface area in relation to volume, as well as hydrophobic
properties, microplastics readily bind with such contaminants,
especially in aquatic systems. This allows them to act as mobile
carriers, transporting pollutants through rivers, oceans, and
other ecosystems.*

As illustrated in Figure.3 air, land, and water are contami-
nated by microplastics and nanoplastics that enter the envi-
ronment through a variety of sources. Thereafter, they become
ingrained in food chains after being eaten by a variety of crea-
tures, including marine mammals and plankton.*® Ingested
plastics carry harmful chemicals into animal tissues, initiating
bioaccumulation, where toxic substances build up within indi-
viduals over time, and biomagnification, which causes these

Aged micro- and
nanoplastics

\.

/
v

photo-oxidation or
thermal oxidation

NN
@

Increased ROS and
Oxidative Stress

Organelle damage
and dysfunction

Lipid and protein

DNA damage

oxidation

Fig. 2 Schematic representation of the oxidative stress pathway induced by aged micro- and nanoplastics (MNPs).&°
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Fig. 3 Humans are primarily exposed to micro- and nanoplastics through inhalation, ingestion of dust, and consumption of contaminated food

and water, leading to their buildup in the human body.®*

toxins to intensify at higher levels of the food web. Therefore,
the greatest exposure dangers are faced by apex predators, such
as humans. People come into contact with these contaminants
primarily by eating polluted seafood, drinking tainted water, or
breathing in microplastic particles from dust and synthetic
materials.®

In addition to chemical hazards, microplastics and nano-
plastics cause physical and ecological disturbances. In soil, they
can alter properties such as water retention and structure,
which may impair plant growth. In marine settings, filter
feeders like mussels and small crustaceans may suffer reduced
feeding efficiency when exposed to plastic particles, potentially

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

impacting reproduction and survival. Research has found that
blue mussels exposed to microplastics exhibit a noticeable
decline in feeding activity, with implications for broader marine
food networks. Furthermore, these plastic particles can aid the
dispersal of invasive species by providing surfaces for attach-
ment, thereby threatening local biodiversity and ecosystem
stability.*®

Critical reviews suggest that ecological risk assessments are
still hampered by a lack of long-term field data, particularly
regarding how micro- and nanoplastics interact with climate
stressors such as ocean acidification and rising temperatures,
which may amplify their ecological impacts.®”**
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Table 1 Contrasting plastic economies: resource allocation and waste strategies worldwide
S. No Aspect Developed countries Developing countries Ref
1 Annual plastic consumption (per ~ ~100-130 kg per person per year (e.g., USA:  ~10-35 kg per person per year (e.g., 90
capita) ~130 kg; EU average: ~110 kg) India: ~11 kg; Kenya: ~25 kg)
2 Total plastic waste generated USA: ~42 million tons EU: ~30 million tons  India: ~9 million tons Nigeria: ~3 91
(2023) Japan: ~9 million tons million tons Indonesia: ~7 million tons
3 Percentage of mismanaged plastic  <5% (e.g., Germany: ~1%, USA: ~2%) 70-90% in low-income countries (e.g., 92
waste Nigeria: ~88%, India: ~75%)
4 Recycling rate (plastic waste) 30-45% (Germany: 46%, EU average: 41%) <10% (India: ~6%, Kenya: ~7%) 93
5 Landfilling rate 10-30% (USA: ~50% of plastic ends up in 60-90% or open dumping (India: ~70%, 94
landfills) Nigeria: ~85%)
6 Waste-to-energy (incineration 30-40% (Japan: ~60%, Sweden: ~50%) <1% (due to lack of infrastructure and 95
with energy recovery) investment)
7 Presence of formal waste High - mechanized collection, sorting, and = Low - informal sector dominates; 96
management infrastructure processing systems in place manual collection and segregation
8 Budget allocation for waste 0.5-1.5% of GDP (e.g., OECD countries) <0.2-0.5% of GDP 97
management (avg.)
9 Government regulation and Strong regulatory frameworks (e.g., EU Weak regulation and poor enforcement 98
enforcement REACH, US EPA, Japan's container and in most cases; limited data availability
packaging recycling law)
10 Public awareness and High - recycling bins, source segregation, Low to moderate - limited education and 99
participation deposit-return schemes awareness campaigns targeting schools,
communities, and specific industries
11 Plastic import and export trends Export of plastic waste to developing Major plastic waste importers until 100
countries (declining post-basel restrictions (e.g., prior to China's
amendments) national sword)
12 Use of alternatives (bioplastics, Increasing adoption due to policy incentives ~ Low adoption due to high cost and 101
reusables) and consumer demand limited availability and supply chain
constraints
13 Challenges Plastic overproduction, microplastic Open burning, littering, lack of 102
pollution, export dependency for recycling segregation, informal sector exploitation
14 Key initiatives Extended producer responsibility (EPR), Ban on single-use plastics (some 103
circular economy laws, plastic bans on countries), informal sector integration,
specific items international aid programs
15 Global impact (marine plastic Contribute ~2 million tons per year (mostly ~ Contribute >80% of marine plastic 104
leakage) well-managed waste) leakage due to poor waste containment

3. Barriers to reducing toxic
emissions from plastic waste

3.1. Gaps in waste management systems

Lack of efficient waste management infrastructure is a major
obstacle to addressing harmful plastic waste, especially in low-
and middle-income nations. In many of these regions, the lack
of organized collection and disposal systems leads to environ-
mentally damaging practices such as open dumping and
uncontrolled burning both of which release hazardous pollut-
ants into the air, soil, and water. According to World Bank data,
an alarming 93% of waste in low-income nations is either left
uncollected or improperly discarded, in stark contrast to the
more structured and regulated systems of high-income coun-
tries.** This gap highlights the more profound differences in
waste management capabilities across the two extremes of the
globe are shown in Table 1. While wealthier nations often have
access to advanced waste processing technologies, many
developing regions struggle with basic collection and disposal.
In parts of Sub-Saharan Africa, for example, cities in Nigeria,
Kenya, and Liberia formally manage only 39-45% of their total
waste. The remainder is frequently burned in open areas or

40770 | RSC Adv, 2025, 15, 40761-40788

dumped into the environment without oversight, contributing
to significant ecological and public health hazards.'*®

In many urban centers across the Global South, waste
systems are decentralized and heavily dependent on informal
labour. Independent waste collectors and pickers who operate
outside official frameworks are a vital part of the recycling
ecosystem.'” However, they often work without protective
equipment, formal training, or regulatory support, exposing
themselves to hazardous substances embedded in plastics,
such as BPA, phthalates, and hazardous heavy metals. Informal
workers are essential to keeping rubbish out of landfills in
nations like the Philippines and India, but they usually do so at
significant personal danger and environmental cost.**”

Another major concern is the lack of engineered landfills
designed to contain plastic-related toxins. In many developing
areas, disposal sites are either nonexistent or poorly managed,
allowing contaminants like lead, mercury, and cadmium to
leach into soil and water. Pakistan, for instance, has witnessed
serious groundwater pollution due to unchecked plastic waste
disposal, with long-term implications for agriculture, biodiver-
sity, and human health. The absence of source-level waste
segregation further exacerbates the problem, because

© 2025 The Author(s). Published by the Royal Society of Chemistry
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hazardous plastics are frequently mixed with regular trash,
treating or recycling them can be challenging.'*®

Even in high-income nations, where waste infrastructure is
more advanced, challenges persist. Many recycling facilities are
ill-equipped to process complex or chemically treated plastics.
According to the OECD (2022a), plastics containing stabilizers
or flame retardants especially multilayered materials often
bypass recycling streams altogether. These substances are
usually disposed of in landfills, where they might linger for
generations, or burned, releasing pollutants including furans
and dioxins. The surge in single-use plastic consumption
globally has also begun to overwhelm even the most sophisti-
cated waste systems, highlighting the urgent need for systemic
reform and innovation in plastic management.'*®

3.2. Challenges in modern recycling methods

Plastics can be recycled through mechanical and chemical
routes. Mechanical recycling involves collection, sorting,
washing, shredding, and reprocessing into pellets for
manufacturing new products. In contrast, chemical recycling
breaks plastics down at the molecular level via depolymerisa-
tion, pyrolysis, or gasification, producing monomers and
hydrocarbons that can be purified and reused as raw materials.
These complementary approaches are illustrated in Fig. 4,
where mechanical recycling relies on physical reprocessing,
while chemical recycling enables recovery of virgin-quality
feedstocks from diverse waste streams.

Recycling is frequently marketed as an essential tactic to
manage the plastic waste problem, yet existing methods have
serious drawbacks that make it difficult to address the harmful
risks connected to plastic pollution. Mechanical recycling, the
most popular technique, entails gathering, classifying, and

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

repurposing plastic waste to create new materials. While it
appears to offer a practical means of reuse, this method has
a major flaw: with each recycling cycle, plastic degrades in
quality a phenomenon known as downcycling. As a result, the
recycled output frequently fails to meet the stringent purity
standards required for applications such as food packaging.
Additionally, mechanical recycling does not remove hazardous
chemicals commonly added to plastics, including bisphenol A,
phthalates, and heavy metals. These substances remain in
recycled materials and continue to pose risks to human
health."**

Newer chemical recycling approaches such as depolymer-
ization and pyrolysis attempt to overcome these limitations by
breaking down plastics into their fundamental chemical
components. While these methods offer the potential for
producing higher-quality recycled materials, they are con-
strained by high energy use, complex infrastructure, and
significant costs.''* As a result, these methods are currently only
used to treat a small portion of the plastic garbage generated
worldwide. In nations like India, where 9.5 million metric tons
of plastic trash are produced each year, widespread adoption is
slowed by limited energy access, inadequate technical capacity,
and scarce financial resources. Furthermore, these processes
can create additional environmental problems, such as toxic
emissions and hazardous by-products, raising concerns about
their sustainability. An added layer of complexity is presented
by the increasing use of multi-layer and composite plastics in
packaging.'”” These materials often combine several types of
polymers and may include metal foils or adhesives, making
them difficult to separate and process. Existing recycling
systems are generally not equipped to handle such complexity,
leading to the routine disposal of these materials through
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incineration or landfilling. They both emit dangerous chem-
icals including hazardous metals and dioxins. Even in devel-
oped nations such as the United States, where annual plastic
waste exceeds 35.7 million tons, overall recycling rates remain
under 10%, with composite plastics being among the most
difficult to recover.'*®

Contamination within recycling streams is another signifi-
cant obstacle. Plastics contaminated by food residues, grease, or
chemicals are often rejected by recycling facilities and instead
diverted to incinerators or landfills. This not only reduces
recycling efficiency but also increases the likelihood of toxic
exposure during processing. In areas without reliable systems
for separating waste common in many Southeast Asian regions
contamination is widespread, limiting the effectiveness of
recycling efforts and worsening the environmental and public
health risks linked to plastic waste."**

3.3. Limitations in environmental regulation and
compliance

Efforts to control plastic waste and its toxic components are
hindered by a range of challenges, notably the absence of
consistent regulations and weak enforcement across different
regions. A unified global approach to managing hazardous
chemicals found in plastics remains elusive. For instance, the
European Union has set in place comprehensive frameworks
like the RoHS Directive and REACH to limit the use of
dangerous compounds.™® However, the degree of enforcement
and compliance varies significantly among member states.
However, many LMICs (low- and middle-income nations) have
yet to develop comprehensive legislation targeting toxic
elements in plastic waste. Data shows that only around 13% of
African nations have adopted national laws focused on
hazardous plastic materials, leaving large areas without effec-
tive regulatory coverage.

Even where laws do exist, enforcement is often compromised
by a lack of financial resources, infrastructure, and technical
expertise. In many LMICs, the informal sector plays a dominant
role in waste management, frequently operating without over-
sight or safety protocols. For instance, in India, informal
workers manage up to 90% of the country's waste, yet lack the
capacity to safely identify or eliminate hazardous plastic addi-
tives. Regulatory shortcomings are not limited to developing
countries. Recurrent infractions of hazardous waste restrictions
are still being reported in the United States, with numerous
enforcement lapses documented as recently as 2021."¢

The global trade in plastic waste further complicates the
issue. Although amendments to the Basel Convention in 2019
were intended to restrict international transfers of hazardous
plastic waste, illegal exports still occur. An increase in illegal
shipments from wealthy countries to developing countries,
frequently masquerading as recyclables, was noted in a 2020
Interpol report. Exporters including the US, UK, and Germany
sent massive amounts of poorly controlled plastic garbage to
Southeast Asian nations like Malaysia and Vietnam between
2018 and 2020."” Much of this material ended up in unregu-
lated landfills or incinerators, exacerbating environmental
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degradation and exposing local populations to harmful
substances. Additionally, the lack of harmonized international
standards for evaluating the combined risks posed by multiple
toxic plastic additives undermines coordinated global action—
leaving vulnerable populations at greater risk."'®

4. Innovative approaches to risk
reduction and technology

4.1. Advanced recycling technologies and their role in
sustainable plastic waste management

The development of advanced recycling technologies is trans-
forming how the world addresses plastic waste in a more
sustainable manner. In contrast to traditional mechanical
recycling which often results in lower-quality materials after
multiple uses these emerging approaches use chemical and
thermal methods to deconstruct plastics at the molecular level.
This process enables the creation of high-quality recycled
products that are comparable to new, virgin plastics. These
technologies are particularly effective in dealing with issues that
hinder mechanical recycling, such as material contamination,
mixed plastic types, and difficult-to-recycle products like multi-
layered packaging. For example, chemical depolymerization has
shown promising results in recovering polyethylene tere-
phthalate (PET), achieving recovery rates as high as 97% under
ideal conditions.'* This schematic illustrates key strategies for
transforming plastic waste into value-added chemicals and
materials. Major approaches include catalytic pyrolysis
(producing carbon nanotubes and H,-rich syngas), gasification
(vielding syngas and FT-derived fuels/waxes), solvolysis/
glycolysis (recovering PET and bis(2-hydroxyethyl) tere-
phthalate, BHET), depolymerization (producing lactic acid and
poly(lactic acid)), and selective catalytic oxidation (yielding
carboxylic acids and ketones for fine chemicals). Catalysts and
reaction conditions are highlighted for each pathway (Fig. 5).
Pyrolysis is a prominent technique that thermally breaks
down plastic waste in the absence of oxygen, producing pyro-
Iytic oil. This oil can then be processed into fuels, chemical raw
materials, or reused to manufacture new plastics. Countries like
the US and Japan are investing more in pyrolysis technology,
and businesses like ExxonMobil and Agilyx are using them on
a commercial basis. ExxonMobil stated that by 2023, it was
turning more than 30 000 tons of plastic per year into oil for the
manufacture of new polymers.”® Gasification is another
important strategy that turns plastic waste into syngas,
a mixture of hydrogen in addition to carbon monoxide used in
chemical manufacturing and energy production. Germany has
integrated gasification into its waste-to-energy facilities,
demonstrating how this technology can simultaneously recover
energy and recycle waste. Unlike incineration, gasification
reduces environmental impacts by capturing and repurposing
emissions. Compared with traditional mechanical recycling,
pyrolysis and gasification generally require higher energy
inputs, but their ability to recover energy and convert waste into
valuable products can offset some greenhouse gas emissions,
contributing to a potentially lower net carbon footprint if

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Overview of plastics upcycling pathways and products.

managed correctly. Enzymatic recycling offers additional
sustainability benefits, operating under milder conditions with
reduced energy demand and lower associated greenhouse gas
emissions, making it a promising approach for environmentally
friendly plastic waste management. However, the high costs
associated with installing and maintaining gasification systems
continue to limit adoption in low- and middle-income
regions."*

A more recent advancement is enzymatic recycling, which
uses specially engineered enzymes to depolymerize plastics like
PET under relatively mild conditions. This process typically
requires lower temperatures and pressures, resulting in
reduced energy demand and greenhouse gas emissions. An
enzyme created by French researchers can degrade 90% of PET
in ten hours at 72 °C. This is a viable method of recycling
plastics that are used to package food and drink. In Europe,
a number of pilot projects are assessing the economic viability

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and scalability of enzymatic reprocessing on a bigger scale.*

Despite the potential of these technologies, several barriers
persist. Most advanced recycling methods require significant
financial investment, high energy inputs, and sophisticated
infrastructure factors that hinder widespread deployment,
particularly in developing countries. Additionally, the environ-
mental trade-offs associated with some methods, such as
pyrolysis and gasification, need to be managed carefully to
remain aligned with international sustainability goals.
However, for lasting waste reduction, it is crucial to implement
these technologies within a circular economy model. Nations
such as Germany and South Korea have shown that with strong
regulatory backing and advanced infrastructure, plastic recy-
cling rates can surpass 50% (OECD, 2024; 2018). These devel-
opments not only lessen environmental damage but also
promote industrial growth and generate economic benefits in
the recycling industry.'*
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Fig. 6 Bioplastics market growth: global production capacity from 2022 to 2028.*#

4.2. Advancements in sustainable bioplastics and eco-
friendly polymers

A more sustainable substitute for traditional plastics derived
from fossil fuels, bioplastics are made from sustainable sources
like sugarcane, cellulose, and starch. They aim to lessen reli-
ance on finite resources and typically generate fewer carbon
emissions throughout their life cycle. Global production of bi-
oplastics exceeded about 1.8 million metric tons by 2022, out of
which about 864 thousand metric tons were biodegradable. As
shown in Fig. 6 forecasts indicate a significant rise, with global
production projected to climb to nearly 7.4 million metric tons.

This consistent growth is depicted in Fig. 6. The growing use
of biodegradable polymers reflects a broader global shift toward
sustainable materials, driven by advances in biopolymer tech-
nologies and increasingly stringent environmental regulations.
Europe has been a major driver of this transition, with countries
such as Germany and Italy leading in the adoption of bioplastics
across industries including packaging, agriculture, and
consumer goods. Common biodegradable polymers include
polylactic acid (PLA, (C3H40,),), polyhydroxyalkanoates (PHA,
(C4He0,),), and polybutylene succinate (PBS, (CgH1404),),
which can be metabolized by microorganisms into biomass,
carbon dioxide, and water under appropriate composting
conditions. Supportive regulations in these countries actively
promote the use of compostable materials, particularly for
disposable and food-related applications, helping to reduce
plastic pollution and enhance circularity in material manage-
ment."* Table 2 summarizes common biodegradable polymers,
their chemical formulas, typical applications, and biodegrada-
tion characteristics.

Polylactic acid (PLA) is a commonly used bioplastic derived
from renewable agricultural sources such as corn starch and
sugarcane. PLA, a type of thermoplastic aliphatic polyester, is
widely used in industries such as packaging, 3D printing, and
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the production of disposable goods because of its strength and
transparency.””® Unlike petroleum-based plastics, PLA and
other bio-based alternatives can partially offset carbon emis-
sions, as the raw materials primarily plants absorb carbon
dioxide during their growth. However, this carbon offset varies
depending on the material's composition. For example, bio-
based polyethylene (bio-PE), with a carbon content of 86%,
absorbs around 3.1 kg of CO, per kilogram, while PLA, with 50%
carbon content, absorbs about 1.8 kg CO, per kg. Another key
category of bioplastics is polyhydroxyalkanoates (PHAs), which
are produced using feedstocks derived from plants and micro-
bial fermentation. PHAs are distinct from PLA in that they are
completely biodegradable in a variety of conditions, including
terrestrial and marine environments. This makes them espe-
cially well-suited for uses like medicinal products and agricul-
tural films. Nations like as the United States and Japan are
aggressively promoting PHA manufacturing. An example is
Danimer Scientific, an American firm that has launched PHA
products aimed at addressing ocean plastic pollution.*
Beyond bio-based plastics, researchers are also focusing on
synthetic materials designed to degrade more rapidly. These
include photo-degradable and oxo-degradable plastics, which
are engineered to break down under exposure to light oxygen or
microbial activity. The real-world environmental performance
of certain plastics continues to be contentious. Oxo-degradable
plastics, for example, have faced criticism for breaking down
into microplastics rather than fully degrading. In response, the
European Union prohibited their use in 2021 through the
Single-Use Plastics Directive, promoting certified compostable
alternatives that align with recognized biodegradability criteria.
Meanwhile, interest is growing in fully biodegradable materials
like polybutylene succinate (PBS). Nations such as China and
South Korea are actively supporting research and production of
PBS, signalling a wider shift toward sustainable plastic

solutions.**°
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Table 2 Common biodegradable polymers: chemical formulas, applications, and biodegradation characteristics*?5*?

Typical applications

Biodegradation characteristics

Polymer Chemical formula
Polylactic acid (PLA) (C3H40,),
fibers
Polyhydroxyalkanoates (PHA) (C4H60,),,
Polybutylene succinate (PBS) (CgH1404)n
Starch-based plastics (C6H100s)n
Polycaprolactone (PCL) (CeH1002)n

4.3. Advances in biodegradable and degradable plastics:
synthetic, bio-based, and fungal-assisted decomposition

The increasing interest in bioplastics and degradable polymers
reflects their potential to reduce reliance on fossil-based plas-
tics. However, several key challenges hinder their widespread
adoption. These include elevated production expenses, limited
access to eco-friendly raw materials, and unpredictable degra-
dation performance in varying environmental conditions.
While substances such as polylactic acid (PLA) and poly-
hydroxyalkanoates (PHA) can be efficiently composted under
industrial conditions, their breakdown in natural environments
like soil and water tends to be much slower.*® Moreover,
sourcing these materials from food crops raises sustainability
concerns, particularly in regions where food security and land
availability are already under strain. To address these issues,
research efforts are turning toward non-food sources such as
crop residues, lignocellulosic biomass, and algae for bioplastic
synthesis. Fungi contribute to the decomposition of plastics by
adhering to surfaces and penetrating them with hyphae. This
process initiates physical breakdown and eventually results in
the conversion of the material into biomass, carbon dioxide,
and other environmentally benign products. It is anticipated
that advancements in biotechnological techniques, bolstered by
legislative actions and heightened public involvement, will
propel the expansion of environmentally friendly plastic alter-
natives. Market projections suggest that the bioplastics industry
could exceed $45.2 billion in value by 2029, underscoring a shift
toward more sustainable material usage and circular economic
practices.'*

4.4. Microbial allies in the fight against plastic pollution

Recent breakthroughs in biotechnology have highlighted the
potential of using microorganisms to combat plastic pollution
by breaking down synthetic polymers and reducing associated
environmental toxins. Both bacteria and fungi have shown

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

Packaging, disposable cutlery,

Packaging, agricultural films,
medical implants

Packaging, disposable products,
mulching films

Bags, packaging, disposable items

Medical devices, specialty films

Compostable under industrial
conditions; metabolized by
microorganisms to CO,, water, and
biomass

Biodegradable in soil, freshwater,
and marine environments;
microbial degradation produces
CO,, water, and biomass
Biodegradable in soil and
composting systems; supports
microbial growth as a carbon source
Rapidly biodegradable under
aerobic conditions; converted to
CO,, water, and biomass
Biodegradable under composting
and soil conditions; enzymatic
degradation produces CO, and
water

remarkable capabilities to degrade various types of plastics,
providing a biologically sound and sustainable substitute for
conventional garbage disposal approaches. This growing area of
research investigates how microbes interact with plastic mate-
rials, the environmental conditions that enhance their activity,
and the scalability of these methods for industrial use,
signaling a transformative approach to plastic waste
management.**?

Recent research highlights microbial biodegradation as
a promising approach for managing polyethylene terephthalate
(PET) waste (Fig. 7). In landfills, environmental weathering—
including photo-oxidation and mechanical stress—renders
plastics more susceptible to microbial action. The bacterium
Ideonella sakaiensis can adhere to PET surfaces and secrete the
enzymes PETase and MHETase, which depolymerize PET into
monomers such as terephthalic acid and ethylene glycol. These
monomers are then metabolized by the bacteria as carbon and
energy sources. This enzymatic process offers an eco-friendly
alternative to conventional recycling, operating under mild
conditions with lower energy requirements and reduced
greenhouse gas emissions. Although challenges remain in
terms of degradation rates and scalability, microbial PET
degradation represents a complementary strategy for managing
end-of-life plastics within a circular economy framework."**

The microbial breakdown of plastics primarily depends on
enzymes that cleave long polymer chains into smaller, more
manageable molecules. One of the most well-documented cases
involves Ideonella sakaiensis, a bacterium known for secreting
two enzymes PETase and MHETase that work in tandem to
decompose polyethylene terephthalate (PET), commonly used
in beverage bottles."*® PETase initiates the process by converting
PET into mono-(2-hydroxyethyl) terephthalate (MHET), which is
then further hydrolyzed by MHETase into terephthalic acid
(TPA) and ethylene glycol (EG) both valuable for reuse in plastic
manufacturing.®” Structural analyses have shown that PETase
contains a catalytic triad of serine, histidine, and aspartate,
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Fig.7 Advanced microbial recycling of plastics. Plastic waste such as PET can be enzymatically degraded by specialized microbes (e.g., Ideonella

sakaiensis) through the action of PETase and MHETase®**

along with a flexible tryptophan residue (Trp185) that enhances
its ability to bind to and process the polymer substrate.**
Protein engineering techniques, such as directed evolution and
modifications for increased thermal resistance, have further
improved these enzymes' performance, allowing them to act
more effectively on rigid PET materials. Fig. 8 illustrates these
biochemical interactions at the molecular level. Comparably,
aspergillus niger as well as Penicillium chrysogenum are two
fungi that have demonstrated potential in decomposing plastics
like polyethylene (PE) along with polystyrene (PS), especially in
lab conditions. Studies conducted in China additionally iden-
tified soil fungi that, in controlled environments, can break
down PE film, which is frequently found in plastic grocery bags,
at rates of as high as 20% over a month."*°

Environmental factors including temperature, oxygen avail-
ability, pH, and the existence of extra organic matter all have
a significant impact on how well microorganisms break down
plastic. According to Brazilian research, marine microorgan-
isms isolated from plastic waste found along the coast have
higher rates of disintegration under salty conditions. This
implies that microbial remedies can be customized for partic-
ular environments, like landfills or oceanic settings.*** Simul-
taneously, research in China has investigated the deployment of
genetically modified microorganisms with improved enzymes
that demonstrate a greater capacity to degrade durable poly-
mers such as polystyrene (PS) and polyethylene (PE). Notwith-
standing these developments, the extent of degradation
attained in lab settings still falls well short of the organic

40776 | RSC Adv, 2025, 15, 40761-40788

materials’ natural rate of breakdown, suggesting that more
optimization is required.'*

In order to bring microbial degrading technologies closer to
practical use, efforts are being made to integrate them with
existing waste treatment systems. Pilot initiatives in countries
such as Germany, India, and Spain have tested the introduction
of microbial populations into landfill environments a process
known as bioaugmentation to improve plastic breakdown.
Additionally, specialized bioreactors are being developed to
provide controlled conditions that support microbial activity.
One project in Ecuador employed a bioreactor featuring Ideo-
nella sakaiensis, resulting in a 31% improvement in PET
degradation compared to standard methods. These strategies
demonstrate the potential of combining biological and chem-
ical techniques to create more comprehensive solutions for
plastic waste management.**

Despite promising developments, several challenges must be
addressed before microbial degradation can be applied on
a global scale. The wide variability in plastic composition
requires the use of specific microbial strains or enzymes for
each type of polymer. Furthermore, deploying genetically
modified organisms in open environments raises ecological
and regulatory concerns that must be carefully managed.***
Future research should prioritize the identification of microbes
capable of degrading multiple plastic types and the develop-
ment of scalable, cost-effective systems suitable for industrial
use. By overcoming these obstacles, microbial activities could
play a bigger role in combating plastic pollution and help

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Structural and functional insights into PET degradation by PETase and MHETase enzymes 1381352

promote more environmentally friendly waste management
techniques globally.**®

5. Global strategies and policy
solutions for plastic risk reduction

5.1. Actionable strategies to address plastic waste impacts

Table 3 highlights the pressing need for stricter laws and better
waste management procedures due to the growing worries
about the discharge of hazardous compounds from plastic
materials. Often present in common plastics, harmful
substances like polybrominated diphenyl ethers (PBDEs),

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

phthalates, and BPA can contaminate soil and water. Address-
ing these threats requires a comprehensive strategy enforcing
strict controls on hazardous additives during manufacturing
and advancing effective waste treatment systems to reduce
environmental contamination.™®

Emissions from open burning and poorly operated inciner-
ators pose serious health threats, releasing airborne toxins like
dioxins and furans that can damage respiratory and cardio-
systems. Shifting toward cleaner technologies,
including advanced waste-to-energy solutions, provides a more
sustainable method of managing plastic waste while reducing
toxic emissions. To ensure safe incineration practices,

vascular
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Table 3 Comprehensive overview of plastic waste challenges and solutions

View Article Online

Review

S.
No Key concern

Cause/source

Brief

Risk

Health effects

Mitigation strategy

1 Marine pollution

2 Soil and land
contamination

Littering, river
dumping, fishing gear

Landfills, plastic mulch
films, illegal dumping

Plastics enter oceans via Harm to marine life,
rivers, coasts, and ships habitat loss, ingestion

by aquatic species

Plastics leach chemicals Soil degradation,

into soil, affecting

impact on crop growth

Contaminated seafood,
potential endocrine
disruption via
microplastics ingestion

Uptake of toxicants into
food crops, exposure via

Coastal cleanups, waste
interception, bans on
marine dumping,
biodegradable fishing
nets

Promote compostable
alternatives in

fertility

3 Air pollution Open burning,
incineration without

filters

Releases dioxins,
furans, and particulate
matter

4 Toxic chemical
exposure

Additives like BPA,
phthalates, flame
retardants

Leaching from plastics

5 Microplastic
pollution

Breakdown of larger
plastics, cosmetics,
textiles

Tiny plastic particles
persist in ecosystems
and food chains

Convenience leads to
excessive plastic
production and waste

6 Overuse of single-
use plastics

Packaging, cutlery,
bags, straws

Plastics remain in the
environment for
centuries

Poor collection, lack of
segregation/recycling

7 Inadequate waste
management

8 Low public
awareness

Lack of education,
misinformation

People unaware of
disposal practices and
health risks

harmonized regional standards and strict enforcement against
unsafe burning are essential. Continuous air quality monitoring
near waste processing sites, along with regular health screen-
ings for exposed workers, will further support public health and
strengthen oversight.” Landfill contamination from plastic
waste presents an additional environmental hazard, threat-
ening soil quality, groundwater safety, and agricultural
productivity. Proper landfill design featuring impermeable
liners and modern leachate treatment systems is vital to pre-
venting chemical seepage into surrounding ecosystems.
Promoting responsible disposal habits and investing in the
development of biodegradable alternatives can also reduce
long-term environmental damage. Finally, safeguarding the
health of workers in recycling and waste management sectors
must remain a priority. This includes adequate training, use of
protective equipment, and regular health monitoring to miti-
gate exposure to toxic substances encountered during material
handling and processing.'**

40778 | RSC Adv, 2025, 15, 40761-40788

during use and disposal contamination,

agriculture agriculture, enforce
anti-dumping
regulations

Ban open burning,
install air filters, use
cleaner incineration
technology

Regulate hazardous
additives, switch to
safer materials,
monitor chemical
levels

Unknown long-term Ban microbeads,
risks, potential organ  improve filtration in
inflammation, immune wastewater treatment,
system disruption reduce synthetic
clothing use

Enforce bans/taxes on
single-use plastics,

Air contamination,
climate change
contribution

Respiratory problems,
cancers, developmental
and reproductive
toxicity

Endocrine disruption,
developmental effects,
cancers

Water and food

bioaccumulation in
food chains

Ecosystem toxicity,
ingestion by all trophic
levels

Waste accumulation,
littering, landfill

Indirect exposure via
environment, increase

overcapacity in waste burden promote reusable
alternatives
Accumulation in Community-wide Strengthen

natural areas, illegal
burning or dumping

exposure to toxins,
infections from
unmanaged waste

infrastructure, public-
private partnerships,
promote source
segregation
Educational
campaigns, integrate
plastic literacy in
schools, media
outreach programs

Continued plastic
pollution, poor
participation in
recycling efforts

Increased exposure to
pollutants due to
mismanagement

5.2. Reducing health risks from plastic food packaging

The widespread use of plastic in food packaging and storage has
raised increasing concern about its possible hazards to the
environment and human health. As shown in Fig. 9, a key safety
measure is to avoid heating food in plastic containers. High
temperatures can release toxic chemicals such as phthalates
and BPA into food and beverages, which have been linked to
a number of negative health impacts.'*® Replacing plastic with
safer alternatives like glass or stainless steel offers a healthier
and more sustainable approach. Raising public awareness is
essential to reducing unsafe practices, such as microwaving
food in plastic or using plastic containers for hot or acidic
items. Another key measure is limiting the use of single-use
plastics, which are major contributors to pollution and are
often non-recyclable. Reusable and biodegradable options like
bamboo utensils, metal straws, and plant-based dishware offer
practical and eco-friendly substitutes that help cut down on
plastic waste.**

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Minimizing toxic additive leaching from plastics into food and beverages: key strategies and safety guidelines for safe plastic use in food

contact.*#®

Fig. 9 also underscores the importance of understanding
plastic resin codes. The plastics designated with the serial
numbers 3 (PVC), 6 (polystyrene), and 7 (other/mixed) are
generally not recommended for use in food because they
contain potentially hazardous additives. Additionally, it's crit-
ical to routinely check containers for wear and tear because
discolouration, cracks, and scratches can raise the possibility of
chemical leaching. Moreover, minimizing the use of plastic
with acidic, oily, or salty foods can further reduce potential
health risks. By adopting mindful food storage habits and
selecting safer materials, individuals can protect their well-

being while contributing to environmental preservation.**

5.3. Policy measures to tackle plastic waste and its impacts

Addressing the environmental and public health challenges
associated with plastic waste calls for a multifaceted policy
approach. This involves not only enforcing robust regulations
but also promoting the use of sustainable materials and
encouraging global cooperation. Across the globe, governments
have introduced a range of legal and incentive-driven strategies,
from banning select plastic products to mandating corporate

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

accountability and implementing reward-based recycling
schemes.’ Examining these policy efforts reveals important
lessons about their effectiveness, shortcomings, and adapt-
ability across different national and regional settings.***

An impactful policy approach is Extended Producer
Responsibility (EPR), which places the onus on producers to
manage their products throughout their entire lifecycle,
including the collection and disposal of waste after consumer
use.’ Germany's Packaging Act is a notable example, requiring
companies to fund the collection and recycling of packaging
materials—a move that helped the country achieve a plastic
packaging recycling rate exceeding 41% by 2022."*° Japan has
implemented a similar system through its Containers and
Packaging Recycling Law, which compels producers to finan-
cially support recycling efforts, contributing to a high recovery
rate of over 85%. Nonetheless, these systems still raise concerns
over the long-term reliance on energy recovery methods such as
incineration, which may undermine broader sustainability
goals.™

Bans on single-use plastics have also proven effective in
curbing plastic waste at its source. Kenya's 2017'*®* ban on
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plastic bags, which carries strict penalties, resulted in a 90%
reduction in usage within a year, leading to noticeable
improvements in urban cleanliness and drainage systems.
Rwanda has taken a similarly bold stance by outlawing
disposable plastics, with its capital Kigali frequently recognized
for its clean environment."**** In Europe, the EU's Single-Use
Plastics Directive has limited the availability of items like
plastic straws and cutlery, fostering demand for eco-friendly
alternatives.'® However, these bans often require parallel
investments in affordable substitutes, public education target-
ing schools, communities, and specific industries, and
enforcement  mechanisms—especially in  low-resource
contexts—to ensure lasting impact.'®

Deposit-return systems (DRS) offer another successful
example of policy innovation, particularly for managing
beverage container waste.'** Countries such as Norway and
Sweden have implemented highly efficient DRS programs,
where consumers refunds for returning used
containers.’ These initiatives, supported by strong coordina-
tion among retailers, consumers, and recyclers, have achieved
return rates above 95%. However, countries like as Indonesia
and India have experimented with smaller scale, community-
based DRS projects with promising outcomes, although chal-
lenges related to funding, logistics, and long-term scalability
remain."*

On the international front, policy interventions have sought
to create a more just and transparent system for managing
plastic waste.’®” The Basel Convention, especially following its
2021 amendment, now places tighter controls on the cross-
border movement of plastic waste, aiming to reduce the
export of contaminated or non-recyclable materials to vulner-
able regions.'*® In response, countries like Malaysia have begun
rejecting poorly sorted imports and tightening regulatory over-
sight. In 2024, the United Nations Environment Assembly
(UNEA-5.2) approved a resolution to develop a legally binding
agreement aimed at addressing plastic pollution.'® This
initiative highlights the importance of integrating global policy
frameworks to support developing nations, ensuring equitable
participation in circular economy transitions, and strength-

ening technical and financial assistance for less-resourced
170

receive

regions.
Despite these advancements, policy effectiveness remains
uneven. High-income countries, with their advanced infra-
structure and institutional capacity, tend to implement these
measures more successfully.””* In contrast, developing nations
often face significant barriers, including limited financial
resources and weak enforcement systems."”? The lack of stan-
dardized global policies further complicates efforts to address
plastic waste as a transboundary issue. Strengthening interna-
tional cooperation, aligning policy frameworks, and providing
targeted support to less-resourced regions are crucial steps
toward achieving a more coordinated, inclusive, and effective
global response to plastic pollution.'”®'* By learning from the
diverse policy experiences across countries, governments and
stakeholders can shape more adaptive, just, and effective
strategies to tackle plastic pollution—one of the most urgent
environmental and public health threats of our time.'”
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6. Conclusion

This review highlights the extensive environmental and health
impacts of toxic compounds released from plastic waste,
emphasizing primary exposure pathways, associated health
risks, and potential mitigation strategies. Plastics persist in
ecosystems as sources of hazardous agents, including bi-
sphenol A, phthalates, microplastics, and dioxins, posing
disproportionate risks to vulnerable populations, particularly in
low-income regions with inadequate regulation and waste
management infrastructure. While innovations such as bio-
based and biodegradable plastics, photo-degradable and oxo-
degradable materials, and advanced chemical recycling tech-
nologies offer promising avenues for mitigating these risks,
widespread adoption remains constrained by technological
challenges, high production costs, and limited resource
availability.

Effective management of plastic-related hazards requires
a multi-faceted approach. Regulatory tools—including product
restrictions, bans on certain single-use plastics, extended
producer responsibility (EPR) schemes, and incentives for
materials innovation and eco-desigh—must be integrated with
circular economy principles, sustainable product design, and
behavioral interventions. Research priorities include devel-
oping low-cost, scalable recycling technologies, investigating
chronic and cumulative effects of plastic-borne pollutants, and
optimizing bio-based and biodegradable alternatives for real-
world conditions.

Ultimately, achieving sustainable and equitable plastic
management demands cohesive international governance,
harmonized standards, and coordinated policies that align
technological innovation with environmental and public health
objectives. Through such integrated efforts, the transition
toward a circular and sustainable plastic economy can be
accelerated, reducing the global burden of plastic-associated
hazards while promoting environmental resilience.
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