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Globally, plastic waste generation has reached approximately 300 million tons
annually, accounting formore than 10% ofmunicipal solid waste, with over half of
this waste ultimately disposed of in landfills. Landfilling, as the most common
waste management practice worldwide, is estimated to store 21%–42% of all
plastics produced globally. Landfills represent dynamic environments where
plastics undergo fragmentation and degradation via physical, chemical, and
biological processes, leading to the formation of more complex pollutants
known as microplastics (MPs). MPs are categorized as follows: “primary MPs,”
deliberately produced small plastic particles, and “secondary MPs,” which are
formed as a result of breaking down of larger plastic materials. Consequently,
landfills act not only as sinks for plastic waste but also as significant sources and
continuous emitters of MP pollution. MPs, composed of different polymers such
as polypropylene (PP), polyethylene (PE), polystyrene (PS), polyethylene
terephthalate (PET), and polyvinyl chloride (PVC), are present in landfills and in
their leachate. MPs are persistent, nonbiodegradable pollutants and often act as
the carriers of other contaminants. Due to the uneven surface and coarse texture,
MPs strongly adsorb and transport a range of other hazardous micropollutants,
including heavy metals, antibiotics, endocrine-disrupting chemicals, and
persistent organic pollutants. Such interactions considerably increase the
ecological threat of landfill leachates to terrestrial and aquatic ecosystems. In
this review, we consolidate current scientific evidence on the sources, origin,
formation, polymeric compositions, and environmental behaviors of MPs in
landfill environments and also highlight the influence of landfill age on MP
abundance, diversity, and physicochemical properties. Additionally, in the
review, we examine the emerging ecological and human health risks
associated with landfill-derived MPs, including their role as vectors of toxic
chemicals and pathogens. Despite increasing awareness of MP contamination,
literature specifically addressing landfills as active origins of MPs remains scarce.
By synthesizing available knowledge, in this study, we underscore that landfills
function as both reservoirs and significant emission sources of MPs, contributing
to broader challenges of global plastic pollution. The findings highlight the critical
need for systematic monitoring, advanced leachate treatment technologies, and
integration of circular economy principles to mitigate risks associated with
landfill-derived MPs and to ensure sustainable waste management strategies.
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GRAPHICAL ABSTRACT

1 Introduction

Plastic undeniably remains a necessary element in
contemporary daily life. Its evolution has seen an exponential
growth, particularly since the 1950s. Records indicate that the
yearly global production of plastics exceeds 335 million tons,
firmly solidifying its position as an essential component of
modern life (He et al., 2021). Recent findings indicate that global
plastic consumption is projected to increase from 464million tons in
2020 to 884 million tons by 2050 (Dokl et al., 2024). A considerable
proportion of plastics, approximately 50%, are utilized solely for
disposable purposes, contributing to the massive accumulation of
abandoned plastics in the environment and consequently resulting
in severe environmental repercussions (Hopewell et al., 2009).

Roughly 300 million tons of plastic waste, comprising more than
10% of the yearly generated municipal solid waste (MSW), is
produced on a global scale, with more than half of it ending up
in landfills (Huang et al., 2022). According to the World Bank UN
report (2022), approximately 2.01 billion tons of MSW is generated
annually. Out of the total MSW, the plastic waste fraction is 12% at
the global level (Singh et al., 2023). Gourmelon (2015) reported that
in Asia, plastic use is 20 kg/capita/year, whereas in Western Europe
and North America, the average plastic use is 100 kg/capita/year.

Developed countries commonly opt for sanitary landfill for
waste management, whereas developing countries resort to open
dumping. Despite efforts to reduce its usage, plastic remains a
popular choice due to its portability, durability, and affordability.
In the environment, plastics undergo degradation through various
processes, including physical, chemical, and biological means such
as hydrolysis, photodegradation, thermal oxidation, mechanical
abrasion, and biodegradation (Andrady, 2015). Within landfills,

plastic waste undergoes degradation, resulting in the formation of
more complex pollutants known as microplastics (MPs). As plastics
undergo degradation, their size decreases, giving rise to the
formation of MPs and nanoplastics (NPs). These minuscule
particles pose a more insidious threat due to their inconspicuous
nature. MPs are defined as plastic pieces measuring less than 5 mm,
whereas NPs refer to plastics with sizes in the submicron scale. The
pioneering detection of MPs was made in the vast expanse of oceans
(Kilponen, 2016). These emerging pollutants, MPs, have been
extensively found in both marine and terrestrial ecosystems (Su
et al., 2019).

MP particles can be categorized into two types: “primary
microplastics,” deliberately produced small plastic particles, and
“secondary microplastics,” which are formed as a result of larger
plastic materials breaking down through chemical, physical, and
biological actions (Arthur et al., 2009). It is estimated that a
staggering 5 trillion MP particles, weighing in at approximately
243,000 tons, are currently floating in our oceans due to the gradual
degradation and deposition of these particles. This poses a
significant threat to marine life (Eriksen et al., 2014).
Furthermore, additional research has uncovered the presence of
NPs in marine environments (Piccardo et al., 2020). It is not only the
ocean that is affected by the abundance of MPs but also other
environmental mediums such as wastewater, drinking water, surface
water, and even landfills (He et al., 2021; Eriksen et al., 2014; Cheng
et al., 2021; Nizzetto et al., 2016).

Amid the litter of plastic waste, MPs raise grave concerns owing
to their extended lifespan in the environment, small particulate size,
expansive surface area, and ability to infiltrate cells and cause
harmful consequences. Both primary and secondary MPs pose a
threat to human health, as highlighted by Wang et al. (2021). These
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minuscule plastic particles can be introduced into our surroundings
through various means, including leaching, aerosolization, and
landfill mining, as reported in studies by Afrin et al. (2020), He
et al. (2019), and Yadav et al. (2020). Unregulated and poor handling
of plastic waste would undoubtedly heighten the likelihood of MP
leakage, as elucidated in a study by Huang et al. (2022). Secondary
MPs are used in agriculture and industries after entering the
environment. The degradation of such large plastic particles in
the environment is caused by the weathering process or through
high temperature, which are then decomposed into secondary
plastic particles (Rillig et al., 2017).

The landfills used for waste disposal play a critical role in
managing the global production of plastic waste, storing
approximately 21%–42% of the total amount (Nizzetto et al.,
2016). The process of dumping waste in these landfills and the
development of industrial, agricultural, and technological processes
all contribute to the release of primary and secondary MPs. These
MPs then enter the terrestrial environment through material and
energy flows (Afrin et al., 2020).

According to theoretical speculation, landfills serve as a
significant repository for MPs. These MPs include minuscule
plastic granules typically used in cosmetics and small fragments
resulting from the degradation of larger plastic materials. Through
airborne pathways, such as the dispersal caused by wind, these
particles and fibers can travel from landfills to surrounding
environments (Rillig et al., 2017). Leachate generated from MSW
landfills is also a potential source for surface and groundwater
contamination (Gupta et al., 2022; Gupta et al., 2024a; Gupta
et al., 2024b).

Notably, landfill leachate is a vital source of secondary MPs that
can enter sediments, air, and water resources (Singh et al., 2023). In
fact, research workers such as Imhof et al. (2013) suggest that
landfills may be a significant source of MPs in lakes. In Norway,
experts in the fields of landfilling and hazardous substances have also
expressed concerns about potential MP leakage from landfills (Sundt
et al., 2014).

Two types of pollution sources can be identified in the
generation of terrestrial MPs: point source and nonpoint source
contamination (Horton et al., 2017). Point source pollution can be
triggered by sewage sludge treatment, where primary MPs infiltrate
the sewage and industrial wastewater, and then they enter the soil
environment through sewage discharge (Horton et al., 2017; Zubris
and Richards, 2005). Even though a significant percentage of MPs
(ranging from 40% to 99.9%) are usually eliminated by wastewater
treatment facilities during the secondary treatment process,
numerous African nations suffer from inadequate wastewater
infrastructure (Yang et al., 2022). On the other hand, nonpoint
source pollution is predominantly caused by landfills, agriculture,
and garbage settlements. Among the most substantial contributors
to MPs in the ecosystem is the application of mulch in agriculture
(Roy et al., 2011; Steinmetz et al., 2016). Activities such as landfill
and surface deposits can produce particles that can be carried
through the air by atmospheric displacement (Rillig et al., 2017).
MPs possess the capability to adsorb persistent organic pollutants
(POPs) and heavy metals, subsequently transporting these
contaminants or accumulating them in biota, thereby posing
significant impacts on both human health and ecosystems
(Bouwmeester et al., 2015).

Primary and secondary MPs originating from different primary
and secondary sources enter the landfills. In addition to these,
several other pollutants are also present in landfills, and MPs
have the capability of adsorbing those pollutants. MPs from
landfills might infiltrate leachate through rainwater. If the landfill
is not properly engineered, then the MPs may migrate to
groundwater sources in the vicinity of the landfill or other
terrestrial locations. It has also been identified that landfills act as
a source of input of MPs to the marine environment (Li et al., 2018).

Despite landfilling being the most common method for disposal
of solid waste, landfills as a contamination source and hotspot of
MPs have not been explored much. The present article focuses on
reviewing landfills as sources of MPs and on understanding various
processes in landfills that lead to the formation of MPs. This article
has an overview of the polymer composition of MPs found in
landfills and has reviewed the available scientific literature on MP
occurrence patterns across landfills of different ages. The authors
have also thrown light on MPs as vectors for various disease-causing
pathogens and adsorbing other pollutants, thereby exacerbating the
problem. To enhance understanding, the environmental risks and
toxic effects of MPs on ecosystems, animals, and humans are
discussed. This article provides new insights indicating that
landfills are not only the ultimate sink for plastic waste but also
significant sources of MPs.

2 Landfill as a source and origin of
microplastics

Landfilling, the most commonmethod used worldwide for waste
management, is responsible for storing approximately 21%–42% of
the total global production of plastic waste (He et al., 2019). The
disposal of waste into landfills is a long-term process, spanning
several decades. Buried in landfills, plastic waste undergoes extreme
environmental conditions, such as varying leachate pH levels
(ranging from 4.5 to 9), oxygen content, high salinity, fluctuating
temperature, gas generation (CO2 and CH4), physical stress, and
microbial degradation. These factors contribute to possible
fragmentation of plastic into MPs, with small plastic debris
carried away by leachate discharge (He et al., 2019; Su et al.,
2019). The waste undergoes a multitude of processes within
landfills: an initial aerobic biodegradation, a shift from aerobic to
anaerobic conditions, acid formation and hydrolysis, the generation
of methane through methanogenesis, and finally, maturation and
stabilization (Enfrin et al., 2020; Hou et al., 2021; Silva et al., 2021).
Each of these stages hastens the breakage of plastic and leads to the
formation of secondary MPs (Ghosh et al., 2017). In addition, the
presence of oxygen, light, and elevated temperatures during the early
stages of landfill operation catalyzes the transformation of
macroplastic fragments into MPs; thus, landfills contain both
primary and secondary MPs (Singh et al., 2023). Primary MPs
are micro-sized plastic particles that serve as integral components
for various commercial purposes, acting as raw materials for
production and as pellets in various industries (Cole et al., 2011).
These essential particles can be found in a multitude of products,
including cosmetics, toothpaste, hand wash, kitchen scrubs, kitchen
foam, cleaners, and even biomedical products (Wang C. et al., 2021).
In addition, synthetic fibers from clothing, polymer manufacturing
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and processing industries, and personal-care products (PCPs) also
contribute to the presence of primary MPs (Browne et al., 2011;
Lechner and Ramler, 2015). On the other hand, secondary MPs are
the products of plastic debris breaking down, as highlighted by Song
et al. (2017) and Su et al. (2019) (Figure 1). A large amount of plastic
is buried in landfills. Landfills are the ultimate sink for plastic waste
in the terrestrial ecosystem. The fragmentation of landfilledMPs will
continue despite the absence of light and oxygen as a consequence
of varying pH (4.5–9), temperatures (60 °C–90 °C), microbiota,
compaction, and physical stress (Dehal et al., 2024) (Figure 2).

It is commonly hypothesized that landfills serve as a significant
storage site for MPs, encompassing both minuscule plastic beads
utilized in beauty products and minute plastic fragments resulting
from the disintegration of larger plastics. These tiny particles of
fibers can disperse from landfills into neighboring and surrounding
environments through an airborne route (Su et al., 2019).

The main sources of MPs are the degradation of large-sized
plastics, cosmetic products, textile fibers, and fish nets (Singh et al.,
2023). Additionally, an array of human activities connected to the
large-scale production of MPs, such as the microbeads found in
pharmaceuticals and personal-care products (PPCPs) or specific
MPs produced for targeted uses, frequently find their way into
landfills. This waste, stemming from specialized industries and
facilities that handle these items, can consequently introduce
primary MPs into the leachate of landfills (Kabir et al., 2023).
The deposition of MPs is heavily influenced by the age of the
landfill, as evidenced by the distinct patterns exhibited by various
types. The abundance and size distributions of MPs in both refuse
and leachate also vary with the age of the landfill (He et al., 2019). As
a result, macroplastics are the main contaminants in landfills,
playing a key role in determining the levels of MPs present over
varying landfill ages (Su et al., 2019). The issue of MP pollution has
become a pressing concern on a global scale, particularly when

compared to larger plastic particles (Su et al., 2019). These
minuscule particles pose a more significant threat, as they have
the ability to adsorb harmful substances from the leachate and can
also be transported within organisms due to the leakage of leachate
(Liu P. et al., 2019). It is widely recognized that the improper
management of waste and human behavior are the primary
sources of increased MP contamination in the environment (He
et al., 2019). Various studies have reported the severe consequences
of MP exposure on the growth and reproduction of organisms and
even the health of humans (Wang et al., 2023).

According to the research by Dehal et al. (2024), the production,
buildup, and discharge of MPs from landfills are part of a long-term
process and occur over an extended period. These findings serve as
the initial proof that landfills do not serve as the final destination for
plastic waste; rather, they serve as potential origins for MPs.

2.1 Formation of MPs in landfills

The transformation of macroplastic waste into MPs within
landfill sites is caused by a complex combination of biological,
physical, and chemical processes. Initially, abiotic degradation
breaks down the long chains of plastic into smaller chains.
Subsequently, these abiotically degraded products undergo further
degradation through biotic processes. The impact of oxygen, natural
light, and elevated temperatures in the early stages of landfill activity
leads to the breakdown of macroplastic fragments into MPs, as
observed by Silva et al. (2021).

According to Shen et al. (2021), the combustion of large plastic
materials serves as a significant contributor to the presence of MPs.
Inside the bottom ash from MSW incineration facilities,
171 particles of MPs were obtained per kilogram of dry weight.
Furthermore, it is important to note that the disposal of bottom ash

FIGURE 1
Sources of primary and secondary microplastics in landfills.
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in landfills can directly contribute to the presence of MPs in the
environment. The high-energy UV-A and UV-B rays from sunlight
are the primary driving force behind the photodegradation of
plastic, as stated by Zhang et al. (2020).

MPs can arise after the disintegration of macroplastics within
landfills. These environments function as repositories for the
accumulation of plastic waste, which vary in size from macro to
micro. Another significant contributor of MPs in landfills is
wastewater treatment plants (WWTPs). PCPs and pharmaceuticals
act as the primary sources of MPs, which are purposefully incorporated
into these products for a diverse range of uses (e.g., microbeads in
cosmetics, toothpaste, capsules, paints, glitters, and cleaning agents). An
unparalleled surge in the consumption of disposable masks during the
COVID-19 pandemic era (2020–2022) has further intensified the
presence of MPs in the environment (Jiang et al., 2023). A single
disposable mask can release up to 6.4 × 108 MP fibers through natural
weathering (Orona-Návar et al., 2022).

The sludge from WWTP contains a substantial quantity of MPs
that are typically discarded in either landfills or open dumps (Dehal
et al., 2024). According to Hou et al. (2021), the rise in humidity and

heat during the aerobic stage can facilitate the development of breaks
and fissures in plastics, ultimately resulting in the production of
MPs. The toxic effect of wastewater is well documented in studies
carried out by Verma et al. (2022a). The largest source of the
cumulative genotoxic burden on ecosystems is urban waste.
Among the micropollutants present in wastewater are
pharmaceuticals, endocrine disruptors (EDCs), and heavy metals
that can enter the body and have detrimental effects at cytotoxic and
genotoxic levels (Verma et al., 2022b; Verma et al., 2023).

A wide variety of macroplastics composed of different polymers,
each with its own unique degradation pathway, are present in the
environment and landfills (Table 1). Among these, polyethylene
(PE) is the most prevalent and resilient polymer, with a strong
resistance to photooxidative degradation. This is due to the absence
of light-absorbing molecules, known as chromophores, in its
composition, making it impervious to the photodegradation
process, as observed by Singh et al. (2023).

Another polymer, polyethylene terephthalate (PET), is a type of
polyester polymer that undergoes degradation when exposed to
sunlight. However, in landfills, where the lower layers of waste are

FIGURE 2
Processes of microplastics formation in landfills.
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not exposed to sunlight, photodegradation is not possible. Instead,
thermal (>200 °C) oxidation and hydrolysis lead to the breakdown of
macro-PET into smaller MPs, which eventually leach out into the
environment (Chamas et al., 2020). The acidic pH found in landfills
greatly accelerates the hydrolysis of PET. Alongside abiotic
degradation processes such as thermal oxidation,
photodegradation, and hydrolysis, PET in landfills can also
undergo biotic degradation (Zhang et al., 2021), resulting in the
formation of hydrolyzable polymers. These hydrolyzable polymers
further promote biodegradation. Polylactic acid (PLA) is a
burgeoning biologically sourced polyester that undergoes
photooxidative or thermal-oxidative degradation. This process
can occur in aerobic or anaerobic surroundings. Notably, PLA is
a hydrolyzable polymer that is susceptible to biotic degradation, as
evidenced by the findings of Zhang et al. (2021). Polypropylene (PP)
is a cost-effective polymer that has found wide applications in
various industries. However, compared to its counterpart PE, PP
is less stable due to the presence of tertiary carbon. This tertiary
carbon is highly vulnerable to oxidative attack, as pointed out by
Gijsman and Sampers (1997). This chemical reaction occurs in
landfills, where the C–H bond in PP breaks down and forms
polystyrene radicals in anaerobic conditions, as observed in
studies by Singh et al. (2023).

A remarkably lightweight polymer existing in both solid and
foam forms as a type of plastic polymer is polystyrene (PS).
However, due to the inclusion of a phenyl ring, it is prone to the
process of photodegradation, as discovered by Zhang et al. (2021).
This degradation is further exacerbated in the anaerobic conditions
commonly found in landfills, where the C–H bond in polystyrene is
cleaved, resulting in the production of a polystyle radical.

Li et al. (2021) reported 40 varied forms of plastics, such as PP,
PE, PS, PET, and polyvinyl chloride (PVC), in the leachate. As the
utilization of plastic goods has burgeoned in recent times, an
escalating amount of plastic waste has been entering landfills.
The specific type of MPs present serves as a crucial factor in
determining their origin. For instance, PET arises from the
decomposition of plastic bottles (Westerhoff et al., 2008),
whereas high-density polyethylene (HDPE) results from cleaning
products, and low-density polyethylene (LDPE) is sourced from
discarded plastic packaging (Sogancioglu et al., 2017). The type of
MPs detected in the leachate reveals the plastic product
consumption patterns, with PP being strongly linked to the
automotive industry, medical applications, and consumer goods.
The increased adoption of personal protective equipment (PPE) will
inevitably lead to a higher concentration of PET in the environment
(Wang et al., 2023).

2.2 Types of microplastic polymers found in
landfill leachate

The polymer composition of MPs varies based on the
composition of MSW and the environmental conditions in a
given region. The type of polymers in landfill leachate also varies
based on the stages (young/old and active/closed) of the landfill.
Variations in polymer types in landfill leachate show the
consumption pattern of plastic products (Kabir et al., 2023).
Several studies have reported MP polymer composition. Su et al.
(2016) detected and identified the polymer types using µ-FTIR,
which included PE, cellophane, ethylene–propylene copolymer

TABLE 1 MP polymer sources and characteristics/degradation conditions.

S. No. Polymer types Source Characteristics/Degradation

1 Polyethylene (PE) Wire-cable insulation, grocery bags, toys, and plastic bags Anaerobic thermal degradation (>110 °C)

2 Polylactic acid (PLA) Equipment manufacturing to drug carriers and single-use
plastic products

Degradation occurs both in aerobic and anaerobic
environments but at a temperature of 58 °C or above only

3 Polyethylene terephthalate (PET) Manufacture of drinking water bottles, fibers, and films Biodegraded under the action of PETase or cutinase
enzyme activity

4 Polypropylene (PP) Textiles (fibers and fabrics), automobiles (battery cases, AC,
glass, etc.), construction, electronics (computers, TVs, and
radios), and furniture

Highly flammable

5 Polyvinyl chloride (PVC) Wire-cable coating, liners, and building materials Susceptible to UV irradiation and undergoes
dehydrochlorination under sunlight

6 Polystyrene (PS) Electronic equipment manufacturing Susceptible to UV irradiation

7 Polymethyl methacrylate (PMMA) Fabrication of artificial teeth and microfluidic chips _

8 Polyurethane (PU) Kitchen foam, millable gums, flexible foams, sealants,
coatings, and fibers

_

9 Polyamide (PA) Bulletproof armor, sports fabrics, aerospace applications,
and flame-resistant fibers

Highly thermal and mechanical resistance

10 Polyethersulfone (PES) Fuel cell applications and ultrafiltration membranes _

11 Polyacrylonitrile (PAN) Car insulation and battery separators Does not melt under normal conditions

12 Polycarbonates (PC) Medical devices and digital disks _

Source: Singh et al. (2023).
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(EPM), PET, PP, PVC, polyamide (PA), polystyrene (PS), and
other polymers.

Su et al. (2019) had earlier reported that among the identified
MPs in leachate samples, the dominant class of MPs detected
included cellophane (45.12%), followed by PE, PP, and PS, which
accounted for 9.76%, 8.54%, and 8.54%, respectively. Su et al. (2016),
in another study, also found that the most common type of MPs in
the sediments of Taihu Lake was cellophane. Cellophane has been
defined as MPs in a UNEP report and recent studies, is a typical
semi-synthetic material, and is the most popular material for
packaging a variety of food items, batteries, and cigars (Su et al.,
2016; UNEP and Lessons, 2016; Yang et al., 2015).

According to the findings revealed by Huang et al. (2022), only
three types of polymers, namely, PE, PP, and PS, accounted for a
substantial 70% of the overall polymers found in MPs within a
landfill located in Shanghai, China. Additionally, Nayahi et al.
(2022) revealed that in a landfill in Thailand, these polymers (PE,
PP, and PS) accounted for significant proportions of 16.16%,
19.36%, and 12.41%, respectively, in the overall composition. For
refuse samples, the highest abundance in terms of MP number was
represented by PE; and PE, polyether urethane (PEUR), PS, EPM,
and PP polymers constituted >60% of all MPs identified in refuse.
The main sources of PE MPs are packaging, containers, and PCPs
(such as body and facial scrubs). PE is the most commonly used
plastic in the world, accounting for 34% of the total plastics market
(Geyer et al., 2017). Additionally, PP, PS, PVC, and PET are also the
most widely used plastics in industrial activities and daily life.
Therefore, these are important contributors to MPs in landfills.
The plastic waste in landfills is primarily derived from household
and industrial sources. The composition of MPs (i.e., PE, PP, PS,
PVC, PU, PA, and PET) plays a vital role in their deposition,
suspension in the water column, and the ability to float. PE
materials usually sink below the upper-surface water, whereas
materials such as plastic films, polyester resin, and soft drink
bottles tend to sink at the ocean’s floor (Rakesh et al., 2021).

Apart from frequently identified polymers in freshwater bodies,
such as rivers and sediments, and also in coastal waters, such as PE, PP,
and PS (Klein et al., 2015; Song et al., 2018), copolymers were also
detected in landfills. EPM, a class of synthetic rubber produced by
copolymerizing ethylene and propylene, is used to produce products
used in automotive engines, electrical wiring, and construction. EPM
was observed to account for 9.09% of the total MPs in waste but was
detected at lower levels in rivers and oceanic environments (Hu et al.,
2018; Tanaka and Takada, 2016; Vianello et al., 2013). Ethylene–vinyl
acetate copolymer (EVA), a copolymer of ethylene and vinyl acetate, is
widely used as a thermoplastic and elastomeric material in melt
adhesives and coatings, photovoltaic modules, and agricultural films
(Carraher, 2017; Czanderna and Pern, 1996). In a study by Su et al.
(2019), EVA was detected with an abundance of 1–4 items/g in waste.
Therefore, the abundances of MPs and polymer composition in the
landfills directly reflect the consumption and current situation of
plastic products.

2.3 Various forms of microplastics

Typically, MPs exhibited various forms, including, but not
limited to, granules, fibers, films, rods, and fragments, among

environmental samples (Vianello et al., 2013) (Figure 3). Su et al.
(2019) have substantiated that the MPs preserved in the leachate
primarily took on the shape of fibers, granules, and fragments, with
the main share being accounted for by fibers at approximately 60%,
trailed by granules and fragments at 24.62% and 15.38%,
correspondingly. In addition, it was also established that fibers
constituted the ultimate form of MPs across sludge and
wastewater, primarily emanating from garment washing and the
discharge of the fiber production industry (Li et al., 2018; Murphy
et al., 2016).

As observed in the study conducted by Fernandes et al. (2022),
the most common shape found in sediment samples was fragments
(39%), followed by fibers (34%) and pellets (21%). Among all the
research studies carried out on the beaches along Latin America,
fragments and pellets were the most common shapes found.
Whereas fibers and fragments were the most dominant MPs in
Asia, Europe, and the Americas, African lakes were dominated by
pellets (Yang et al., 2022). Extensive small-scale fishing activities in
African lakes perhaps contributed to the dominance of pellets as
beads and fishing lines are a major source of pellets (Oni et al., 2020).

The comprehensive review by Orona-Návar et al. (2022)
revealed that MPs were abundantly found in beach and marine
sediments and in freshwater across the region. The dominant forms
of MPs in Latin America and the Caribbean countries include fibers
(49%), fragments (29%), pellets (17%), and films (5%). Fragments,
which are irregular-shaped particles, are typically derived from the
breakdown of larger plastic items; fibers are released mainly from
synthetic textiles and fishing gear; films and foams also appeared in
minor proportions and are frequently associated with packaging and
containers. Camargo et al. (2022) have shown sediment MP
concentrations averaged at 576.8 ± 577.8 items/m2, with
fragments and fibers being the most dominant forms. The
fragments typically originated from larger consumer plastics
degraded by environmental factors, whereas fibers predominantly
originated from synthetic clothing and urban runoff.

FIGURE 3
Various forms of microplastics.
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According to Kabir et al. (2023), more than 28 kinds of
polymers were identified in the leachates of different landfills.
Among all types of polymers, studies indicate that LDPE, HDPE,
PS, PP, PVC, and PET are the most abundant plastic polymers in
landfill leachate worldwide (Table 2). Due to their unique properties
and cost-effectiveness, the polymers mentioned above are extensively
used for various short-term-use products such as shopping bags
(PE), water bottles (PET), and disposable drinking cups (PS),
among others. Due to its high flexibility, PVC is widely used in

different sectors such as construction, waterproofing, medical
equipment, clothing, toys, and other sports supplies (Allsopp and
Vianello, 2000; Thornton, 2002).

Geyer et al. (2017) reported that global production of PP and PE
accounts for 15% and 25% of the entire plastic production,
respectively. It may be another reason for such a high
concentration of PP and PE polymers in landfill leachate. PE
polymers are also used to control seepage in landfills, and the
release of PE polymer from the seepage control films also

TABLE 2 Range, size variation, polymers, detection methods, and forms of microplastics (MPs) detected across the globe.

Location MPs range MPs size MPs
polymers

Detection
methods

MPs forms References

Bushehr Port, Iran 63–92 (items/L) 0.45 mm–5,000 mm PVC, PA, PP, PE,
and PET

_ _ Mohammadi et al.
(2022)

Shanghai, China 71.3–653 (items/g
plastics)

<0.5 mm PE, PP, and PS μFTIR and XPS Fibers, films, sphere,
fragments, shaft, and cluster

Huang et al. (2022)

United States 0.625–2.45 fibers/L 0.33 mm–3.59 mm PET,
fluoropolymer/
Teflon PP, and
nitrocellulose

_ Fibers Miller et al. (2017)

South India, India 2–80 per L 10 μm–500 μm PP, PS, PVC, nylon,
and PE

ATR-FTIR
and SEM

Pellets, foams, fibers, and
fragments

Natesan et al.
(2021)

Nordic (Finland,
Iceland, and
Norway)

0.06–4.51 per L 50 μm–5,000 μm PE, PP, PVC, PS,
PET, PA, PU,
and PC

H2O2 and ATR-
FTIR
μFTIR

Films, fibers, and fragments Praagh et al. (2018)

Thailand 13.5–27.5 per L >330 μm PE, PP, and PET NaCl, ZnCl2,
H2O2, and FTIR

Fibers and granules Puthcharoen and
Leungprasert,
(2019)

Bangladesh 96.3% MPs and 3.7%
mesoplastics

<500 μm to >5 mm _ SEM and FTIR Fibers (75%), fragments
(19%), foams (5%), and
filaments (1%)

Parvin et al. (2021)

Canada 1.7397 g/L <5 mm _ SEM and X-ray
spectroscopy

Fibers, films, and foam Anderson et al.
(2017)

Novi Sad, Serbia 0.64–2.16 mg/L _ _ SEM, FTIR, and
X-ray spectroscopy

_ Narevski et al.
(2021)

Changzhou, China 2.21–3.58 (per L) >100 µm PE, PP, PET, PS, PA,
ABS, and PVC

Fe(II) + H2O2 and
NaI
ATR-FTIR

Foams, pellets, and
fragments

He et al. (2019)

United Kingdom 0.26685 g/L 2.8 mm–11 μm _ ATR-FTIR Fibers and fragments Blair et al. (2019)

Russia 1.3 and 36.3 items/kg dry
sediment

370 ± 1,290 to 7,330±
18,800 mg/m2

_ _ Fragments of synthetic
fibers and plastic films;
foamed plastic PS and
plastic fragments

Esiukova (2017)

Italy 42–1,069 items/kg 5 and 10 mm _ Water and NaCl,
microscopy

Filaments >88% and
fragments <9% in each
sample

Guerranti et al.
(2017)

South Africa sediment (38 ± 2 MP/kg)
water (0.37 ± 0.06 MP/L)

100 μm–500 μm Nylon, PET, and
cotton

ATR-FTIR Fragments and filaments Ferguson et al.
(2024)

Brazil 576.8 ± 577.8 items/m2 of
sediments

0.18 mm–1.74 mm PP, PVC, and
synthetic fibers

Raman
spectrometry

Fibers and fragments Camargo et al.
(2022)

Chile MPs in cropland 306 ±
360 and pasture was 184 ±
266 particles/kg

Median length of
1.6 mm

Acrylates
PU and PE

_ Films, fibers, fragments, and
pellets

Orona-Návar et al.
(2022)

Abbreviations: ABS, acrylonitrile–butadiene-styrene; LDPE, low-density polyethylene; XPS, X-ray photoelectron spectroscopy; EDS, energy-dispersive X-ray spectroscopy; ATR-FTIR,

attenuated total reflectance-Fourier transform infrared spectroscopy; SEM, scanning electron microscope.
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contributes to the high concentration of PE in the leachate (Sun
et al., 2021).

The major polymers were PP, PA, and rayon and constituted
40%, 36%, and 18% fractions of total MPs, respectively (Xu E. G.
et al., 2020). In a study in the Guangdong province of China, Wan
et al. (2022) also reported PE and PP as the major polymer types in
the leachate.

3 Microplastics as vectors in landfills

Ongoing research being conducted across varying regions has
unveiled that the presence of MPs in landfill leachate results in
irregular shapes and an uneven surface texture, caused by the
breakdown of plastic materials within the landfill setting (Sun
et al., 2021; Narevski et al., 2021). This surface texture plays a vital
role in determining the potential environmental risks. The coarse
texture has the potential to increase the absorption of hazardous
substances, such as heavy metals and organic pollutants, thereby
escalating the environmental hazards associated with leachate
disposal (Figure 4). Moreover, the surface roughness also affects
the rate of removal through different treatment processes. For
instance, in the case of smooth textures, fibers and pellets were
comparatively less likely to be trapped by mechanical methods
(Long et al., 2019).

Due to the large specific surface area, MPs readily adsorb other
pollutants, such as heavy metals, endocrine-disrupting chemicals,
antibiotics, and other POPs (Figure 4). Therefore, MPs act as carriers
of these pollutants and then alter their environmental transportation
patterns and effects (Su et al., 2021). Liu X. et al. (2019) found that
MPs served as both a sink and a source of bisphenol A, and the
sorption/desorption behaviors were determined by MP surface
properties and water chemistry conditions.

MPs potentially carried by leachate may act as vectors of
other contaminants and exacerbate the adverse effects on
surrounding environments with leachate discharge. MPs have
the potential to adsorb persistent organic contaminants and
heavy metals and then transport these contaminants or enrich
them in biota, thus causing major impacts on human health and
ecosystems (Su et al., 2019). Leachate contained abundant
pollutants, including heavy metals, persistent organic
contaminants, and antibiotic resistance genes (ARGs) (Shi
et al., 2021). The chemical substances contained in MPs can
be released and cause harm to organisms (Natesan et al., 2021).
MPs can colonize microorganisms on their surface
(plastisphere). This small ecosystem serves as a vector for
pathogens and possesses a different microbial consortium or
structure compared to its surroundings (Qian et al., 2022).
Literature also highlighted that MPs could enhance the spread
of pathogen ARGs (Liu et al., 2021).

4 Occurrence patterns of microplastics
across different landfill ages

The landfill is a vital repository for plastic waste, with the norm
being an anaerobic environment that aids in the degradation of MPs
(Mahon et al., 2017). As such, assessing the possibility of

degradation of MPs in the constantly changing conditions of the
long-term landfill process is crucial for the effective control of MP
pollution. The assessment of whether MPs degradation occurs in the
long-term landfill process with dynamic conditions holds immense
importance for controlling MP pollution. On a larger scale, landfills
are containers that remain stationary and relatively mild, yet they
have a complex and intense reaction to plastics. During the initial
stage, plastic polymers maintain their stability, making it challenging
for MPs to form. However, various environmental factors, such as
aerobic or anaerobic oxidation, leachate erosion, physical pressure,
high temperatures, and microbial activities, directly or indirectly
deteriorate the physicochemical structure of plastic polymers and
promote the fragility of macroplastics (Hao et al., 2017; Kjeldsen
et al., 2002; Mahon et al., 2017). The long-term stabilization
processes in landfills render plastic waste more delicate and
susceptible to disintegration, leading to a significant rise in the
production of MPs (Huang et al., 2022).

The presence of MPs in landfills was predominantly influenced
by the rise in plastic waste volume, longevity of plastic goods, and
degradation of polymers. In young and medium landfills, the
average number of MPs detected was eight and 10 items per
liter, respectively. However, a lower concentration of four items
per liter was found in leachate from an old landfill (Su et al., 2019). In
their publication, Zhou et al. (2014) revealed that plastic waste
accounted for 2.95%–21.76% of solid waste in landfills, with a higher
percentage in near-term landfills than in long-term ones.

In realistic environments, MPs would have a prolonged lifespan
and naturally undergo the effects of aging and weathering.
Additionally, external forces such as solar radiation, wind, and
waves can alter their physicochemical properties. UV and
advanced oxidation treatment also impact the surface charge and
hydrophobicity of MPs, increasing their ability to mobilize
contaminants (Liu J. et al., 2019). Furthermore, exposure to light
causes environmentally persistent free radicals to form on the
surface of MPs, expediting changes in their surface properties
(Zhu et al., 2019).

The natural progression of aging of landfills has been observed
to lead to enhanced specific surface area, rough surface morphology,
and the development of hydrophilic groups. These alterations
significantly impact the environmental behavior of MPs and alter
their interactions with other contaminants, such as bisphenol A and
polychlorinated biphenyl (Liu J. et al., 2019; Wang et al., 2018).

Leachate from old landfills contained fewer cellophane MPs
than that from younger and medium landfills. In old landfills, MP
polymers such as PP, PE, and PET were either less abundant or
undetectable in old landfills. The overall distribution of MPs by size
was not influenced by landfill age. However, cellophane MPs in class
C (1 mm–5 mm) did show a decrease in their average size as the
landfill age increased. Landfill age had a significant impact on the
occurrence of MPs in refuse compared to that in leachate. Young
and medium landfills had higher levels of MPs, and the variety of
polymer types also decreased as the landfill age increased. These
results can be attributed to two possible reasons: 1) the increased
production and usage of plastics and 2) the potential fragmentation
or degradation process of MPs in landfills. This suggests that the
increased disposal of plastic waste may be responsible for the
elevated levels of MPs in short-term landfills, whereas the usage
and lifetimes of plastic products determine the occurrence patterns
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of individual MPs in landfills of varying ages. The dominant shape
and polymer type of MPs detected in leachate were fibers and
cellophane, respectively. Meanwhile, fragments and PE became
the dominant shape and polymer type in refuse (Su et al., 2019).

Unlike PE and PP, PEUR was more abundant in younger
landfills than in the older ones. In contrast, PEUR was
undetected in samples from older landfill leachate. This finding
might be attributed to the change in application fields and the
lifetime of various plastic products. Due to good mechanical and
fiber-producing ability, the use of PEUR is increasing every year.
PEUR is primarily used in the transportation and construction
sector and has a longer lifespan (up to 35 years) than traditional
packaging polymers such as PE and PET (0.5 years) (Geyer
et al., 2017).

5 Environmental risks of MPs in landfill

Notably, a substantial amount ofMPs have accumulated in landfills
and have subsequently found their way into the surrounding
environment through wind, surface runoff, leachate, and landfill
mining (Canopoli et al., 2018; Yadav et al., 2020), and their leakage
has been found in the nearby environments of landfills, according to
studies conducted by Natesan et al. (2021) and Kazour et al. (2019).

With the added quality of hydrophilicity, MPs have the capacity
to adsorb contaminants and redistribute hazardous substances into
the environment, as evidenced by research conducted by Wang
et al. (2018).

The inadvertent ingestion of MPs may result in physical harm to
both animals and humans (Chu et al., 2021; Xu Z. et al., 2020). With
the detrimental impact of MPs continually increasing, the burden on
the environment appears inevitable. The exponential growth of MPs

will only add to this burden in the years to come. Whether through
excavation and screening or the dispersal of fine particles through
soil application, the release of MPs into the environment from
deposited materials in landfills is a real concern (Huang et al., 2022).

Due to their high absorption capability, MPs not only infiltrate the
soil but also assimilate organic pollutants (Beckingham and Ghosh,
2017). Furthermore, they possess the ability to act as a catalyst for
increasing the bioavailability of heavy metals in the soil (Hodson et al.,
2017). As a result, these concentratedMPs in the soil can be absorbed by
soil organisms. The unique physical and chemical properties of MPs
make them more detrimental to the environment than larger plastic
waste (Leed and Smithson, 2019). In turn, this can lead tomodifications
in the physical and chemical properties of the soil, negatively impacting
the biodiversity and integral soil processes, including the breakdown of
organic matter (Rillig et al., 2017). A recent analysis conducted by the
World Wildlife Fund for Nature and the University of Newcastle
revealed that on an average, an individual consumes approximately
5 g of plastic per week via food and water consumption. However,
depending on one’s dietary habits, this figure can reach a staggering
1,769 particles fromdrinkingwater, 182 from crustaceans, 10 frombeer,
and 11 from salt (WWF, 2019). Such findings shed light on the severity
of MP intake and its potential impact on human health.

One of the major origins of MP contamination stems from the
abrasion of tires as they are abundant compared to other plastic particle
types. Breaking down these plastic particles leads to the formation of
fibers and fragments. These primary MPs can significantly impact
terrestrial ecosystems by permeating the environment (Ng et al., 2018).
The presence of MPs can greatly affect soil properties and,
consequently, the performance of plants. The transfer of landfill soils
into agricultural land further exacerbates the issue. Thus, it is no
surprise that there is a notable presence of MPs in soils that can
detrimentally affect plant growth and various soil functions (Afrin et al.,

FIGURE 4
Microplastics as vectors in landfills.
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2020). Furthermore, a study conducted in Mauritius revealed the
presence of 230 kg of MPs per hectare in agricultural soils near a
landfill, with 96% of these pollutants being found in the deeper layers of
soil (Ragoobur et al., 2021). These findings serve as evidence of the
involvement of land-based activities, such as agriculture (involving the
use of plastics in mulching, equipment packaging, and greenhouses)
and landfills (used for disposal purposes), in the release of MPs on
African landscapes (Deme et al., 2022).

6 Toxicity of MPs to ecosystems,
animals, and humans

The presence of MPs has been observed worldwide, spanning a
wide range of environments from freshwater to seawater, urban to
remote areas, and sandy shores to deep-sea sediment (Hirai et al., 2011;
Claessens et al., 2011).With growing concerns about the negative effects
ofMPs on aquatic organisms, many researchworkers have studied their
detrimental impacts. For instance, aquatic animals have been found to
suffer from starvation as a result of ingesting MPs (Cole et al., 2011).
Plastic particles have also been reported in the stomachs of seabirds
such as fulmars (Fulmarus glacialis) and flesh-footed shearwaters
(Ardenna carneipes) (Charlton-Howard et al., 2023; Van Franeker
and Law, 2015). Charlton-Howard et al. (2023) reported the
sublethal “hidden” impacts of plastic ingestion by the flesh-footed
shearwaters (Ardenna carneipes). For the first time, “plasticosis,”
which is a fibrotic disease developed in response to plastic exposure,
was found in seabird stomach tissue. According to research by Richard
et al. (2021), the consumption of plastic affects the mortality rate of
birds, such as condors and vultures. This is due to the indiscriminate
ingestion of these anthropogenic materials.

Additionally, studies have shown evidence of transfer of MPs to
various trophic levels (Farrell and Nelson, 2013), making it a potential
path for ingestion in the species (Santana et al., 2017). Furthermore,
MPs have been found to release toxic compounds such as polycyclic
aromatic hydrocarbons (PAHs) and polybrominated diphenyl ethers
(PBDEs), and these MPs can also accumulate pharmaceuticals, POPs,
antibiotics, and heavy metals such as copper (Cu), cadmium (Cd), lead
(Pb), zinc (Zn), Cr, nickel (Ni), and mercury (Hg) (Fu et al., 2021;
WangH. et al., 2021) due to their high surface area and hydrophobicity,
making them more susceptible to adsorption.

The adverse health impacts of MPs on aquatic organisms have
also been well documented. Literature has shown that the
accumulation of MPs can lead to growth retardation,
neurotoxicity, genotoxicity, and metabolic disorders in aquatic
organisms (Hou et al., 2021; Brun et al., 2019; Eltemsah and
Bøhn, 2019). Additionally, MPs have been found to promote the
spread of pathogens and ARGs. The profiles of ARGs have been
shown to be greatly influenced by the community structure, with
exposure to PVC and MPs resulting in bacterial enrichment and
transmission of ARGs. Furthermore, microorganisms have been
found to trigger a greater frequency of horizontal gene transfer in the
plastisphere, making the impact of MPs on aquatic environments
and organisms even more concerning (Dehal et al., 2024).

The potential health repercussions posed by MPs to humans are
substantial, whether through direct contact or ingestion of
contaminated food and water (Figure 5). One of the major
concerns is the presence of toxic chemicals such as POPs and
heavy metals in MPs, which have the ability to accumulate in
human tissues and lead to chronic diseases such as cancer,
neurological disorders, and hormonal imbalances. Moreover, MPs
have been linked to immune system dysfunction and endocrine

FIGURE 5
Adverse effects of microplastics exposure on human health.
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disruption, resulting in an array of health issues, including
autoimmune diseases, allergies, reproductive problems, and
developmental toxicity. The toxicity of MPs has been
documented in various studies by Kutralam-Muniasamy et al.
(2023), Kumar et al. (2024), Sangkham et al. (2022), and Rana
and Nautiyal, (2023). Furthermore, there is evidence that the
transfer of MPs through the food chain and food web is
detrimental to human health, as observed in studies by Pironti
et al. (2021). MPs from commonly consumed items, such as
drinking water, table salt, and food, can be ingested and
absorbed in small organs/lipids, leading to toxicity, as
demonstrated by Zhang et al. (2020). In a comprehensive review,
Sangkham et al. (2022) examined the cytotoxic, neurotoxic,
reproductive, immunotoxic, DNA-damaging, oxidative stress, and
other severe effects of MPs and NPs on animals and humans.

7 Conclusion

The absence of efficient plastic waste management systems
remains a primary driver of the adverse environmental
consequences associated with plastic pollution. Current research
addressing the environmental behavior of MPs in landfills and
leachate is still in its nascent stages, thereby limiting our ability
to develop effective mitigation strategies due to insufficient
knowledge. To comprehensively assess the risks posed by MPs, it
is crucial to investigate their potential role as vectors of pollutants
and pathogens, which may amplify their ecological and human
health impacts. Expanding research in these emerging areas is,
therefore, essential. Significant reductions in MP-related problems
can be achieved through advancements in WWTPs and landfill
leachate treatment systems, enabling more efficient removal of MPs
along with the associated pollutants and pathogens. Moreover,
mitigating MP pollution requires the stringent enforcement of
regulatory policies, continuous monitoring, and the adoption of
innovative cleanup technologies. The integration of sustainable
waste management strategies, prioritizing source reduction,
reusing, recycling, and waste-to-energy conversion, can minimize
plastic inputs into landfills, which should remain the least preferable
disposal option. Finally, there is an urgent need to promote the
development and adoption of eco-friendly materials, sustainable
packaging solutions, and technologies such as microfiber filtration,
which collectively offer promising avenues for addressing the
growing challenge of MP pollution.

Public awareness campaigns encouraging behavioral change,
particularly the avoidance of single-use plastics (SUPs), are also
critical. In this regard, interventions from governmental and
nongovernmental organizations (NGOs), including stringent
policies such as bans on SUPs and nonbiodegradable plastic bags,
along with the implementation of extended producer responsibility
(EPR), can play a transformative role. Adopting a circular economy

(CE) framework offers a sustainable pathway for plastic waste
management by fostering recycling, reusing, and responsible
product design, thereby reducing both environmental impacts
and resource consumption. Additionally, novel approaches such
as landfill mining, including the recovery of plastic fractions from
abandoned industrial sites, could provide viable solutions for
addressing MP pollution originating from legacy plastic waste
in landfills.
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