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Microplastic (MP) pollution is an emergent global threatwithwidespread implications

for ecological integrity, food security, and public health. These particles, typically

smaller than 5mm, originate fromdiverse sources, including the breakdownof larger

plastic debris and direct emissions from products and industrial processes. This

review critically examines the current understanding of MP sources, environmental

distribution, detection technologies, ecotoxicological impacts, and mitigation

strategies. Incorporating recent advances—including AI-enhanced detection,

microbe-mediated degradation, and circular economy policies—it provides a

comprehensive, multidisciplinary synthesis and proposes a roadmap toward

microplastic-free ecosystems. It highlights the complex journey of microplastics

through various ecosystems, driven by processes such as photolysis, weathering,

andmicrobial activity, and their subsequent transportation via water bodies, soil, and

atmospheric deposition. The review emphasizes recent innovations in detection

techniques, including hyperspectral imaging, machine learning algorithms, and

laser-induced breakdown spectroscopy (LIBS), which have significantly enhanced

the sensitivity and accuracy of microplastic identification across complex

environmental matrices. The ecotoxicological impacts of microplastics, including

their physical and chemical effects on aquatic organisms and potential for

bioaccumulation and trophic transfer, are explored in depth, underscoring the

urgency of addressing this global issue. The review discusses advanced mitigation

strategies, such as biodegradable alternatives, circular economy approaches, and

stringent regulatory measures, which are essential to reduce the environmental

burden of microplastics. Integrating scientific innovation with robust policy

frameworks is crucial to curb the widespread dispersion of microplastics and

mitigate their long-term impacts on ecosystems and human health. This review

advances our understanding of microplastic pollution and serves as a call to action

for coordinated global efforts to address this pressing environmental challenge.
KEYWORDS

microplastic pollution, environmental pathways, detection techniques, ecotoxicological
impacts, mitigation strategies, policy frameworks
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GRAPHICAL ABSTRACT
1 Introduction

Plastics, known for their durability, corrosion resistance, low

density, and affordability, have become vital in many fields, such as

agriculture, industry, and everyday life (Rochman and Hoellein,

2020). Once celebrated, this material now poses a significant

environmental threat. By 2020, worldwide plastic production had

reached an astonishing 9.0 × 109 tonnes and continues to grow (Pan

et al., 2023; Xu et al., 2023). Alarmingly, only 78% of this waste is

managed properly, leaving 22% to pollute our environment (OECD,

2022). The scale of plastic production and waste has sparked an

unprecedented environmental crisis, with projections suggesting that

by 2050, annual plastic output could exceed 34 billion tonnes (Geyer

et al., 2017; Silva et al., 2020a). The dramatic rise since the 1950s is

exemplified by the 359 million tonnes produced in 2018 alone

(PlasticsEurope, 2019). This growth has led to a global crisis, with

just 9% of plastic waste recycled, 12% incinerated, and 79% landfilled

or released into nature (Geyer et al., 2017). Single-use plastics, which

made up about 50% of global waste in 2015, have worsened pollution

due to improper disposal (UNEP, 2018). Achieving the Sustainable

Development Goals (SDGs) by 2030 is crucial to tackling this crisis,

requiring united efforts from all countries (UN, 2015). Over the past

25 years, global plastic production has tripled (Feil and Pretz, 2020),

with most of the estimated 8.3 billion tonnes of virgin plastics being

single-use and often discarded into natural environments (Tables 1,

2). This has caused severe land impacts, including landfill

accumulation, soil contamination, and higher greenhouse gas

emissions. Recent studies highlight plastics’ harmful effects on soil

microbiota activity and diversity, reproductive health in soil

organisms (Lahive et al., 2019), and leaching effects in soil

invertebrates (Selonen et al., 2020).

The widespread distribution of microplastics worldwide is now a

serious concern, as these particles are found in various environments.
Frontiers in Marine Science 02
They are present in urban, island, and beach ecosystems as well as in

water bodies such as oceans, rivers, lakes, and reservoirs and even in

the atmosphere (Auta et al., 2017; Li et al., 2018; Chen et al., 2020).

The enormous quantity of plastic waste entering the oceans annually

—estimated between 4.8 and 12 million tonnes—underscores the

severity of this environmental issue (Jambeck et al., 2015). Marine

sources of microplastics are diverse, including the breakdown of

marine plastic debris, land-based transport via rivers, plastic waste

from tourism, discarded fishing gear, and atmospheric deposition

(Dong et al., 2020). In freshwater systems, key sources include urban

runoff, wastewater discharge, fishing activities, and land-based plastic

waste (Liu et al., 2019; Yan et al., 2019).

In 2014, Marcus Eriksen from the Five Gyres Institute

highlighted the extent of marine plastic pollution, estimating over

5.25 trillion fragments totaling 269,000 tonnes spread across the

oceans (Eriksen et al., 2019). Plastics degrade gradually through

physical, chemical, and biological processes, creating fragments

classified as macroplastics (>20 mm), mesoplastics (5–20 mm),

microplastics (<5 mm), and nanoplastics (<0.0001 mm) (Olivatto

et al., 2019; Thompson et al., 2009). Microplastics are most studied

due to their widespread presence (Hendrickson et al., 2018; Tran

et al., 2023). The first marine plastic debris was identified in 2004 by

Plymouth University researchers, led by Thompson, who introduced

the term “microplastics” (Thomson et al., 2011). These fragments

vary by shape spheres, pellets, foams, fibers, fragments, and films and

by color, polymer type, and origin. They come from primary plastics

made for industry or secondary plastics from larger debris breakdown

(Cole et al., 2011; Silva et al., 2018). Physical and chemical processes

reduce polymers into smaller particles (Arthur et al., 2009; Potrykus

et al., 2021). Detecting and monitoringmicroplastics in environments

require sophisticated techniques to accurately quantify and

characterize particles. Traditional methods like visual identification

and density separation have been enhanced with FTIR, Raman
frontiersin.org
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spectroscopy, and Py-GC/MS, allowing the identification of polymer

types and the detection of smaller particles (Prata et al., 2019; Shim

et al., 2017). Recent innovations aim to improve sensitivity and

accuracy, especially in complex matrices like soil and sediment—

for example, hyperspectral imaging and machine learning automate

identifying microplastics, reduce human error, and increase sample

throughput. Non-invasive methods like laser-induced breakdown

spectroscopy (LIBS) enable in situ, real-time monitoring of

contamination levels in ecosystems (Hu et al., 2021).

Microplastics impact ecosystems profoundly across all levels. In

aquatic environments, organisms from zooplankton to whales

ingest microplastics, leading to adverse effects like impaired

feeding, growth, reproduction, immunity, and genetic health,

disrupting food webs and biodiversity (Rezania et al., 2018). They

also carry toxins such as POPs, heavy metals, and additives, which

bioaccumulate and biomagnify, threatening ecosystem and human

health (Wang et al., 2016; Verla et al., 2019). Physically,

microplastics can cause intestinal blockage and abrasion,

compounded by chemical toxicity. In land ecosystems,

microplastics alter soil structure, reduce microbial activity, and

hinder plant growth, impacting crop yields and soil fertility (de

Souza MaChado et al., 2018). They contaminate soils through

sewage sludge and plastic mulching, raising concerns about long-

term food system sustainability (Ng et al., 2018). Addressing

microplastic pollution requires improving waste management,

promoting biodegradable plastics, enforcing stricter regulations,

and developing advanced filtration for wastewater plants, which

are key pollution sources (Carr et al., 2016).

Recent advances reveal the widespread presence of microplastics

(MPs) across ecosystems and their complex environmental and

biological effects. Globally, policies—from circular economy to

cleaning efforts—aim to reduce MP pollution, underlining its

urgency (Alam and Rahman, 2025). Sustainable strategies addressing

soil, water, and food contamination focus on biodegradation,

phytoremediation, and policy coherence for remediation

(Bhattacharjee and Roy, 2025). In wastewater, sewage sludge

contains significant MPs, influenced by solid concentrations, leading

to long-term terrestrial pollution as shown by a 25-year study (Casella

et al., 2025). In freshwater, MPs threaten fish health through ingestion,

inflammation, and oxidative stress (Ghosh et al., 2025). Terrestrial

MPs originate from agrochemicals, biosolids, and atmospheric fallout,

traveling through water and food webs. The fate of plastics in soils

depends on additive leaching and ingestion, requiring impact

assessments (Vázquez-Vázquez et al., 2025). Detection, tracing, and

sustainable waste policies are vital for aquaticMPmitigation (Wu et al.,

2025). On a molecular level, MPs affect marine biological pathways,

linked to immunotoxicity and endocrine disruption (Yoganandham,

2025). Legislation struggles to regulate MPs, though evidence shows

genotoxic and neurotoxic effects at the nanoscale (Casella et al., 2024;

Casella and Ballaz, 2024). Plastic production hit 400.3 million tonnes in

2022, forecasting increased MP pollution unless stricter policies,

technology, and sustainable practices are adopted.

This comprehensive review covers the multifaceted issue of

microplastic (MP) pollution, including production, sources,
Frontiers in Marine Science 03
distribution, ecological impacts, and removal strategies. It

discusses their presence in aquatic ecosystems, accumulation in

organisms, analytical techniques like microscopy and spectroscopy,

and advanced extraction methods such as CPE and APLE.

Mitigation strategies include ecolabeling, recycling, bans, clean-up

efforts, behavioral changes, and various removal methods like

adsorption and membrane separation. Degradation processes

examined encompass physical (incineration, filtration), chemical

(Fenton oxidation, coagulation), and biological (microbial,

enzymatic) methods, with recent advances in biofilm and

nanomaterial technologies. Challenges, research gaps, and future

directions emphasize interdisciplinary collaboration, detection

harmonization, and policy measures to reduce risks. The review

highlights the importance of detection technologies, evaluates

removal methods, and explores innovative biodegradation

techniques, including genetic and enzyme-based approaches,

calling for molecular cloning and pathway design to enhance

degradation. It stresses the need for robust methodologies and

scientometric analyses to develop effective countermeasures

against environmental and health impacts of microplastics, citing

studies by Waring et al. (2018); Garrido Gamarro et al. (2020), and

Zhou et al. (2020). The structured review covers plastic

classification, environmental occurrence, detection methods,

health implications, and emerging mitigation technologies. It

advocates scaling lab results to real-world solutions, proposing

integrated degradation systems and emphasizing global policies

like China’s plastic waste ban, circular economy, public

engagement, and biotech solutions to combat pollution.
2 Production of plastics and
emergence of microplastics

Over the past seven decades, the world’s plastic production has

grown exponentially, from a small 1.5 million tonnes per year in the

1950s to over 359 million tonnes annually, with forecasts suggesting

that it will soon hit 500 million tonnes (Bui et al., 2020; Huang et al.,

2021). Asia remains the top contributor, especially China, which

alone produces about 63 million tonnes each year. When combined

with other Asian countries, the continent contributes over 114

million tonnes, followed by the European Union (50 million

tonnes) and North America (49 million tonnes) (Ryan, 2015;

Kumar et al., 2021) (Tables 1, 2). Meanwhile, nearly 37 million

tonnes come from regions including the Middle East, Africa, the

Commonwealth, and Latin America, which still make significant

contributions to global plastic production. The challenges of

managing plastic waste continue to be significant. A large portion

of plastic waste is incinerated, landfilled, or released into the

environment without control. In the United States, only about

10% of plastic waste is recycled (Cessi et al., 2014), and

worldwide, more than 75% of marine debris is made of plastics.

The Mediterranean Sea, once known for its rich biodiversity and

clear waters, has now become one of the most microplastic-polluted

areas in the world. Five countries—Turkey, Spain, Italy, Egypt, and
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TABLE 1 Global aquatic distribution of microplastics.

Country Site Sources Types Size Reference

crylic NA Cincinelli et al., 2017

NA Nan et al., 2020

< 5 cm Ryan, 2013

In the MP samples, <2 mm
predominated; <300 mm, greater than
20% of all MPs gathered from the two
lakes

Wang et al., 2018

100–1,000 mm

NA Md Amin et al., 2020

e 500 mm, 1,000 mm, 2,000 mm, 3,000 mm,
4,000 mm, 5,000 mm, and more than
5,000 mm

Ding et al., 2019

x,
lene

0.5–0.9 mm, 1.0–1.4 mm totaling 48% of
the samples

Dehm et al., 2020

ylene NA Ferreira et al., 2020

Average of 1,480 mm (± 880 mm) Schmidt et al., 2018

1,000–2,500 mm (35.1%); 300–500 mm
(18.5%); 500–100,000 mm (28.5%)

Wang et al., 2020

300–600 mm Enders et al., 2015

100–500 mm (13.21%), 501– 1,000 mm
(37.18%), 1,001–5,000 mm (49.61%)

Ramadan and
Sembiring, 2020

NA Priscilla et al., 2019

(Continued)

D
as

e
t
al.

10
.3
3
8
9
/fm

ars.2
0
2
5
.16

72
4
8
4

Fro
n
tie

rs
in

M
arin

e
Scie

n
ce

fro
n
tie

rsin
.o
rg

0
4

Antarctica Between Marie Byrd Land
and Victoria Land of Ross
Sea Bay

The vicinity of wastewater treatment plants
(WWTPs), ship traffic, coastal activities,
transportation via sea chains, and other factors

Polyethylene, polypropylene, polyethylene styrene, polya
acid, and polymethyl methacrylate

Australia Rivers in Victoria Field of agriculture, close to the city Rayon, PA, and polyethylene styrene

Bangladesh Floating trash in the ocean PS and other MP polystyrene

China Dongting Lakes and Hong Fishing operations, surface runoff, agriculture, air
deposition, and waste and effluents from cities and
sewage plants

PE and polypropylene

Inside Guangdong-Hong,
Greater Kong-Macao Bay
Area, the Maozhou River

Sources from the city and industry PS, polyvinyl chloride, polypropylene, and PE

Tenregganu coastal waters,
China

Boats, fishing nets, and water waste Acrylic, EVA (ethylene-vinyl acetate), PP, polyethylene
styrene, PE, and polyamide

China Wei River Industries, agriculture, human activity in the context
of regional features, and domestic sewage

Polyethylene, polyvinyl chloride, and polyethylene styren

Fiji Coastal waters of Viti Levu,
South Pacific

Cloth washing, wastewater treatment PET, polyethylene, PP, nylon, cellulose acetate, EVA, lat
nitrile, polycarbonate, polymethyl methacrylate, polyeth
styrene, polyurethane, polyvinyl acetate, and PVC

Suva coastal waters Human activities on land and fishing Polyethylene, Latex, Polypropylene, Nylon, PET, Polyeth
Styrene, EVA

France Gulf of Lyon ((NW)
Mediterranean Sea)

Anthropogenic action, proximity to towns and cities,
upstream populated regions and highly processed
products

NA

Hawaii Western Pacific Ocean Fishing gear, including nets, clothes, and accessories,
with an emphasis on moving MPs via the North
Equatorial Counter Current

Polypropylene, polymethyl methacrylate, PE, and PET

India Southwest coastal waters Offshore transportation, tourist activities, river flow,
fisheries, and proximity to urban agglomeration

Polyethylene, polypropylene, alkyd, rayon, PS, cellulose,
others

Indonesia Jatiluhur Reservoir Human activity related to plastics (not specified) and
fishing industries of the region

Polyethylene and polypropylene

Southern coast of Pramuka
Island and Southern coast
of Jakarta Bay

Disposal of textiles and utilization of fishing lines
and nets

Fibers and fragments
e
y
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TABLE 1 Continued

Country Site Sources Types Size Reference

<500 mm, 500–1,000 mm, 1,000–2,500
mm, and 2,500–5,000 mm, the largest
quantity between 1,000 and 2,500 mm

Baini et al., 2018

<1,000 mm, 1,000 < size <5,000 mm and
>5,000 mm

Sighicelli et al., 2018

NA Migwi et al., 2020

250–500 mm, 500–1,000 mm, 1,000–5,000
mm, >5,000 mm

Naidoo et al., 2015

67.1% < 100 mm 26.3% < 25 mm 18.5%
25–50 mm 6.7% > 300 mm 1.1% > 1,000
mm

Mintenig et al., 2020

20–500 mm (4.3%), 500–1,000 mm
(6.7%), 1,000–3,000 mm (74.9%), 3,000–
5,000 mm (14.1%)

Oni et al., 2020

1,600 and <500 mm Morgana et al., 2018

<300 to 5,000 mm Irfan et al., 2020

200 and <400 mm Alfonso et al., 2020

125 to 1820 mm (granular form) 50 to
15980 mm (fibrous form)

Castillo et al., 2016

NA Lee et al., 2013

<50–>3,000 mm Simon-Sánchez et al.,
2019

Drag manta: 30 mm; pump: ≥30 and 50
mm

Schönlau et al., 2020

There is a peak quantity between 2,000
and 4,000 mm

Tunçer et al., 2018

86% <100 mm; 11–5,000 mm Lorenz et al., 2019

63–630 mm, 630–5,000 mm McEachern et al., 2019

(Continued)
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Italy Coastal waters of Tuscany NA Polyethylene, polypropylene, ethylene-vinyl acetate, and
styrene butadiene

Subalpine lakes Municipal disposal, sewage, urban runoff Polyethylene, polypropylene, expanded polystyrene,
polyethylene styrene, PET, PU, PVC, cellulose acetate,
polyester, and acrylonitrile-butadiene-styrene

Kenya Lake Naivasha Human waste, because every year more people move
into the area around the lake

Polyethylene, polyester, and polypropylene

Kwazulu-
Natal

South Africa Estuary The port is used by industries that can dump waste
into rivers and bays

Polyethylene styrene

Netherland Dutch riverine Wastewater treatment plant discharges (WWTPs) Polyethylene, polypropylene, diene monomer rubber, and
ethylene propylene

Nigeria Yenagoa (Ox-Bow Lake) Airborne particles, industrial effluent, and sewage all
contribute to this problem; aquaculture, farming,
watering, and garbage from cities and towns

Polyethylene terephthalate, plasticized polyvinyl chloride

Northeast
Greenland

Arctic Ocean NA Polyethylene, polypropylene, polyvinyl chloride, polyethylene
styrene, and PA

Pakistan Ravi River, Lahore city area NA Polyethylene, polypropylene, and polyethylene styrene

Patagonia Patagonia Lakes Urban garbage and fishing; the disposal of plastic
fibers into the atmosphere

Polyethylene, polypropylene, and polyethylene styrene and
Indigo Blue dye compound from textile fibers

Qatar Marine waters Ship operations, such as hull losses and ballast water
tanks, and oil rig installations are close nearby

Polypropylene, polyethylene styrene, PA, low-density
polyethylene, PE, poly (methyl methacrylate), cellophane, and
acrylonitrile-butadiene-styrene

South
Korea

Marine water NA MPs consisted of intact plastics, fragment, and styrofoam

Spain Ebro River (NW
Mediterranean)

Irrigation and drainage channels, wastewater
treatment plants (WWTPs)

PA, polyethylene, polymethyl methacrylate, polyester,
polypropylene, and polyacrylate

Sweden/
Skagerrak

Gulf of Bothnia, Kattegat,
Baltic Sea and

NA Polyethylene, polypropylene

Turkey Sea of Marmara Disposal water PVC, polystyrene, PP, and PE

UK Southern North Sea NA PP, acrylates/polyurethane/varnish and polyamide

USA Tampa Bay, Florida Disposal water, beauty products, synthetic fibers Fibers and beads, polyethylene, polypropylene, and PVC in
smaller quantity
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France—are the main contributors, with Turkey alone releasing an

estimated 144 tonnes of plastic waste into the sea each day (Sharma

et al., 2021).

Particularly troubling is the increasing concern over microplastics,

which are plastic particles smaller than 5 mm. Thousands of particles

per cubic meter are currently found in coastal waters; if immediate

action is not taken, this number is expected to quadruple in the coming

years (Isobe et al., 2019) (Figures 1–4). Accurately measuring

microplastics remains difficult due to the lack of standardized

sampling protocols, leading to potential underestimations (Brandon

et al., 2020). Microplastics not only persist environmentally because of

their chemical stability but also serve as carriers of toxicants such as

heavy metals and persistent organic pollutants, posing significant

ecological risks (Van Emmerik et al., 2018).
3 Sources and pathways of
microplastic pollution

Understanding the complex sources of microplastics (MPs) is

essential to tackle their spread in the environment and ecological

effects. MPs come from either primary particles (such as

microbeads and pellets) or secondary fragments (broken down

from larger plastics). They are dispersed through runoff, air

deposition, sewage sludge, and direct waste dumping. Land

sources like agriculture and urban infrastructure also play a major

role alongside marine litter. Common polymers making up plastic

debris that lead to MPs include polyethylene (PE), polypropylene

(PP), polystyrene (PS), polyvinyl chloride (PVC), polyethylene

terephthalate (PET), polycarbonate (PC), and polymethyl

methacrylate (PMMA). Construction materials, agricultural films

(PE, EVA), medical devices (PVC, PE, PS, PTFE), and

environmental stressors such as photolysis, hydrolysis, mechanical

wear, and microbiological breakdown are significant contributors

(Liu et al., 2021) (Table 3). Land-based sources account for 80%–

90% of aquatic microplastic pollution (Duis and Coors, 2016),

originating from various sectors including industrial processes,

household activities, and urban infrastructure (Wei et al., 2023).

Major pathways include fiber shedding during laundry—especially

from synthetic textiles like PET, PA, PAN, and PU (Zhou et al.,

2023; Zhuang & Wang, 2023)—tire wear particles from vehicles

(Kole et al., 2017), and microbeads from personal care products

(Bostan et al., 2023). The household environment, often overlooked,

also significantly contributes via clothing drying and abrasion, with

natural drying increasing fiber release (Dris et al., 2015). Industrial

activities such as plastic incineration release MPs through ash and

particulate residues (Yang et al., 2021). Sewage sludge and

wastewater treatment plants (WWTPs) serve as both reservoirs

and pathways for MPs, which often bypass filtration and

contaminate rivers, lakes, and oceans (Rolsky et al., 2020; Hale

et al., 2020). Atmospheric deposition and surface runoff further

enhance their environmental transport (Yin et al., 2021b;

Klingelhofer et al., 2020) (Figure 2). While ocean-based sources

contribute 10%–20% of total microplastics, their ecological impact

is much greater. These sources include abandoned fishing gear,
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TABLE 2 Indian scenario of microplastics in sediment and water (Vaid et al., 2021).

Location/site Source Types Reference

Andaman (Port Blair) and Nicobar
Islands

Sediment Surlyn ionomer, PEI, acrylic, PPS, acrylonitrile, NY, EVA,
PIP, PU, ethylene,
vinyl alcohol PVC, Fiber, fragment, pellet

Goswami et al., 2020

Andaman (Port Blair) and Nicobar
Islands

Water Surlyn ionomer, PEI, acrylic, PPS, acrylonitrile, NY, EVA,
ethylene
vinyl alcohol, PVC, Fiber, fragment, pellet, PIP, PU

Goswami et al., 2020

Andaman & Nicobar
Archipelago

Sediment Irregular, filament, film, pellet, polyethylene, PVC,
polypropylene, PS, NY,
others

Krishnakumar et al., 2020; Nobi et al.,
2010

Andaman Islands (South) Sediment Fragment, fiber, spherule poly dimer acid-coalkyl, polyamine,
polypropylene, melamine, PVF, polyperfluoroethylene oxide,
polysulfide, polybutadiene,
Polybutadiene-acrylonitrile acrylic acid, PVB, PVC, nylon 6,
epoxy
epichlorohydrin, ABS

Patchaiyappan et al., 2020;
Sachithanandam et al., 2020

Arunachal Pradesh
(Brahmaputra River)

Fibers, fragments, beads Tsering et al., 2021

Chennai (Kosasthalaiyar River) Fibers, fragments, films, pellets Lechthaler et al., 2021

Chennai (Adyar River) Fibers, fragments Lechthaler et al., 2021

Goa (Keri, Vagator, Calangute,
Colva, Mobor and
Galgibaga beaches

Sediment Pellet, polyethylene, polypropylene Veerasingam et al., 2016

Goa (Palolem Beach) Sediment Fiber Balasubramaniam and Phillott, 2016

Goa (Vagator, Calangute,
Colva)

Sediment Fragment, fiber, film, pellet polyethylene, polypropylene,
others

Maharana et al., 2020

Goa (South–Sal River) Fibers, fragments, films Ma et al., 2019

Gujarat (Alang-Sosiya
ship-breaking yard)

Sediment Fragment PU, NY, PEST, PS Reddy et al., 2006

Gujrat (Sabarmati River) Fibers

Haridwar (Ganga River) Fragments, films, fibers

India and Bangladesh (Ganga River) Fibers, fragments Napper et al., 2021

Jabalpur City, Madhya Pradesh (Narmada
River)

Fibers, fragments, films, beads Tomar, 2022

Kanpur (Ganga River) Fragments, fibers, films

Karnataka (Netravathi River) Fibers, films, fragments Amrutha and Warrier, 2020

Karnataka (Sharavathi River) Fibers Amrutha et al., 2022

Karnataka (Devbagh,
Karwar, Kasarkod)

Sediment Fragment, fiber, film, pellet, polyethylene, polypropylene,
others

Maharana et al., 2020

Kerala (Kochi) Sediment Film, filament, foam, pellet, fiber, fragment James et al., 2020; Joseph et al., 2019

Kerala (Muthirappuzhayar River) Fibers, fragments Lechthaler et al., 2021

Kerala (Periyar River) Fibers, fragments, film, foam, pellets, and round Joshy et al., 2022

Kerala (Mahe, Koyilandy,
Padinjarekkara, Munakkal,
Azheekkal, Varkala,
Veli, Poovar)

Sediment Fragment, fiber/line, foam polyethylene, polypropylene, PP,
PA, PET, RY, PU, alkyd, CE, ABS, PVC, PVF

Robin et al., 2020

Lakshadweep (Tinnakara) Sediment Pellet Mugilarasan et al., 2017,
Thangaradjou et al., 2014

(Continued)
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shipping waste, and offshore petrochemical discharges (Naji et al.,

2017; Calero et al., 2021). Alarmingly, over 600,000 tonnes of plastic

fishing gear are discarded each year, increasing entanglement risks

and disrupting ecosystems (Good et al., 2010) (Figure 3). Overall,
Frontiers in Marine Science 08
the widespread and lasting presence of MPs requires a

comprehensive approach involving scientific innovation, public

awareness, and strict policy measures to reduce further releases

and protect ecological health.
TABLE 2 Continued

Location/site Source Types Reference

Maharashtra (Aksa, Juhu,
Dadar, Girgaon)

Sediment Fragment, fiber, film, pellet, PE, PP, others Maharana et al., 2020,
Jayasiri et al., 2014

Maharashtra (Girgaon,
Mumbai)

Sediment Granule, fiber, film PE, PET, PS, PP, PVC, others Tiwari et al., 2019, Ingole & Kadam,
2003

Maharashtra (Mumbai), Sediment Pellet, polyethylene, polypropylene, others Ogata et al., 2009

Pondicherry (Puducherry) Sediment Fragment, fiber/line, pellet, film/sheet, foam, polyethylene,
polypropylene, HDPE, LDPE, PS, PVC, CA, PVK,
polypropylene, acrylic acid, polymer resin, polyvinyl
behenate, acrylonitrile/styrene copolymer

Dowarah & Devipriya, 2019, Solai
et al., 2013

South India (Kaveri River) Fibers, fragments, films, foams Maheswaran et al., 2022

Tamil Nadu (Chennai) Sediment Pellet, polyethylene, polypropylene Mugilarasan et al., 2017,
Tholkappian et al., 2018; Veerasingam
et al., 2016,
Suman et al., 2020

Tamil Nadu (Dhanushkodi) Sediment Granule, fiber, film polyethylene, polypropylene, PET, PS,
PVC,
others

Tiwari et al., 2019

Tamil Nadu (Gulf of Mannar,
Nallathani Island)

Sediment Polyethylene, polypropylene PVC, NY, others Krishnakumar et al., 2018

Tamil Nadu (Kanyakumari) Sediment Fiber, fragment

Tamil Nadu (Marina
Beach, Manapad, Kanyakumari,
Thiruchendur,
Tuticorin)

Sediment Fiber, fragment, foam, polyethylene, polypropylene, NY,
PEST

Sathish et al., 2019

Tamil Nadu (Rameswaram
Island)

Sediment Fiber, fragment, film, foam, polyethylene, polypropylene,
PET, PA, CP, PU,
PEST, PS, PVA, PVC

Jeyasanta et al., 2020a

Tamil Nadu (Rameswaram
Island)

Water Fiber, fragment, film, foam, polyethylene, polypropylene,
PET, PA, CP, PU,
PEST, PS, PVA, PVC

Jeyasanta et al., 2020a

Tamil Nadu (Silver Beach) Sediment Pellet, fiber, irregular PVC, polyethylene, NY Vidyasakar et al., 2020, Krishnakumar
et al., 2020b

Tamil Nadu (Tuticorin) Water Fiber, film, fragment, foam, polyethylene, polypropylene, PA,
PEST, RY,
PET, PVC, PVA, PS, blended PE-PP

Sathish et al., 2020b, Rajaram et al.,
2020

Tamil Nadu (Tuticorin) Sediment Fiber, film, fragment, foam, polyethylene, polypropylene,
PVC, PS, PET

Jeyasanta et al., 2020b,
Rajaram et al., 2020

Tamil Nadu (Tuticorin &
Vembar Coral Islands)

Sediment Fiber, fragment, film, foam, polyethylene, polypropylene, PA,
PEST, PET, PVC, PVA, PEU, alkyd resin

Patterson et al., 2020

Tamil Nadu (Tuticorin & Vembar Coral
Islands)

Water Fiber, fragment, film, foam, polyethylene, polypropylene, PA,
PEST, PET, PVC, PVA, PU

Patterson et al., 2020,
Rajaram et al., 2020

Uttarakhand (Alakananda River) Fibers, fragments, films, pellets, foams Chauhan et al., 2021
frontiersin.org

https://doi.org/10.3389/fmars.2025.1672484
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Das et al. 10.3389/fmars.2025.1672484
FIGURE 1

Representative graph illustrating the distribution and trends in publications on microplastic research from 1976 to August 2024, categorized by
publication type (e.g., original research articles, reviews, meta-analyses). The graph highlights the evolving landscape of microplastic research,
showcasing the percentage contributions of each publication type over the specified period.
FIGURE 2

A representative graph illustrating the total number of publications on microplastic research across different habitats, including freshwater, marine,
terrestrial, air, and ice, over the last decade.
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4 Forms of microplastics and their
derivatives

Microplastics (MPs), classified into primary and secondary

types, originate from both intentional manufacturing and

environmental breakdown of larger plastic items (Ali et al., 2023).
Frontiers in Marine Science 10
Primary MPs are intentionally created particles used in commercial

products such as personal care items, detergents, pharmaceuticals,

and pesticides (Figure 5). Due to their small size, these particles can

easily enter aquatic systems through surface runoff and wastewater

discharge, often traveling long distances from their original sources

(Gregory, 1996; Fendall and Sewell, 2009; Cole et al., 2011). In
FIGURE 3

A representative graph depicting the number of publications on microplastic research across major taxonomic groups, including kingdoms plantae,
animalia, fungi, protista, and bacteria. The graph highlights the distribution of research efforts among these biological kingdoms, reflecting the focus
areas and interest in microplastics’ impact across different life forms.
FIGURE 4

A representative graph illustrating the total number of publications on microplastics research across different habitats—freshwater, marine, terrestrial,
air, and ice—for the past almost five decades.
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TABLE 3 Sources, composition, shape, size, and location of commonly used microplastics.

Source Composition and structure Shape Size Location Reference

Beijing, China supermarkets Lei et al. (2017)

New Zealand supermarkets Fendall and Sewell (2009)

Queensland’s Gold Coast

Supermarket (Walmart) of Mexico
City, Mexico

Zhou et al. (2021)

Mainland China Cheung and Fok (2017)

Shaoxing city, China Deng et al. (2020a)

United Arab Emirates Habib et al. (2020)

Qinghai–Tibet plateau, west of
China

Feng et al. (2021)

Northwestern Pacific Ocean Hou et al. (2021)

Maowei Sea, China Anderson et al. (2017)

Port Blair Bay, Andaman Islands He et al. (2022)

Three Gorges Reservoir, China Bui et al. (2020)

The Laurentian Great Lakes of the
USA

Huang et al. (2021a)

The Southern Caspian Sea Coasts Ryan (2015)

Ciwalengke River, Indonesia Wang et al. (2020)

Nanxun Reef in Nansha Islands,
South China Sea

Northern shores of the United Arab
Emirates

Sharma et al. (2021)

(Continued)
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Shower gels Polyethylene Irregular shapes 422 ± 185 mm

Facial cleansers Polyethylene Spherical and irregular
shapes

>0.5 mm

Car tires Polypropylene/acrylic/nylon/rubber Fragment/fiber >500 mm

Beverage products Polyamide/acrylonitrile–butadiene–styrene/poly
(esteramide)/poly(ethylene terephthalate)

Fibers/fragments 0.1–3 mm

Facial scrubs Polyethylene/polyvinyl chloride Spherical/irregular/
granular

85 to 186 mm

Textile industrial area Polyester Fiber 0.1–1 mm

Cosmetic products Polyethylene Irregular/granular/
spherical

54–115 mm

Plastic mulch Polyester, polypropylene Fiber/fragment/foam/
film

>500 mm

Industrial sources Polyethylene/nylon/polypropylene Films/fragments/lines/
granules/sheets/lines

0.5–1.0 mm

Mariculture activities Polyester/polypropylene/polyethylene/polyamide (nylon)/
polystyrene/polyoxymethylene/polyetherurethane/
polybutylene terephthalate

Fragments/flakes/fiber/
foam

<0.25 mm

Fishing and shipping activities Ionomer surlyn/acrylic (acryl fiber)/polyetherimide/
polyphenylene sulphide/ethylene vinyl alcohol/acrylonitrile/
nylon/polyisoprene/polyvinyl chloride/ethylene–vinyl
acetate/polyurethane

Fiber/pellet/fragment 1,489 ± 1,017 mm

Anthropogenic activity Polystyrene/polyethylene/polypropylene Fiber/styrofoam/
fragment/film/pellet

< 0.5 mm

Personal care products/facial cleansers/
sewage sludge

Polystyrene/polyester/amino thermoset plastic/polyallyl di
glycol carbonate

Fragment/pellet/foam/
film/line

0.355–0.999 mm

Urban sewage Polyethylene/polystyrene/polypropylene Fragment/lines/foam/
film

1–4.75 mm

Industrial areas Polyester/nylon Fiber/foam/fragment 50 to 2,000 mm

Fishery activities and human domestic
sewage/building industry

Polyvinylchloride/polyethylene/polyamide Fibers/pellets/films/
fragments

<0.5 mm

Urbanization Polyethylene/polypropylene/nylon Fibers/fragments 0.1–5 mm
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TABLE 3 Continued

Source Composition and structure Shape Size Location Reference

oly(vinyl Fragment/fiber/pellet 1,001–2,000 mm The Karasu River Erzurum, Turkey Brandon et al. (2020)

hylene Fragment/fiber/film 500 mm to 5 mm Tourist city in China Van Emmerik et al. (2018)

Fragment/fiber/film/
granule

0.003–0.05 mm The Persian Gulf Xiang et al. (2022)

e Fiber/film/pellet/
granular

<2 mm Wuhan, China Matsuguma et al. (2017); Hipfner
et al. (2018); Caron et al. (2018)

Fiber/flake/film/
granule

2.0–2.5 mm Antarctic seawater Schymanski et al. (2018)

Fiber/flake/film/
granule

<1 mm Southwestern China Čulin and Bielić (2016)

ne/
se
mer

Pellets/fragments 0.05–5 mm Xiangjiang river, China Alomar et al. (2016)

Fiber/line/spherule/
fragment/granule/film

<0.5 mm South Yellow Sea, China Rochman (2018)

ne/ Fibers/fragments >215 mm Seri Kembangan, Malaysia Karbalaei et al. (2019)

l Fibers/spheres/
fragments

≥1 to <10 mm Drinking water treatment plants, the
Úhlava River (Czech Republic)

Naji et al. (2017)

D
as

e
t
al.

10
.3
3
8
9
/fm

ars.2
0
2
5
.16

72
4
8
4

Fro
n
tie

rs
in

M
arin

e
Scie

n
ce

fro
n
tie

rsin
.o
rg

12
Industrial activities Polyethylene/polyethylene terephthalate/polyester/p
stearate)/polypropylene/cellulose

Tertiary industry Polyethylene/polypropylene/polyacrylonitrile/polyet
terephthalate

Sludge and wastewater treatment plants Polyamide (i.e., nylon)/polyethylene/polypropylene

Anthropogenic activity Polypropylene/polyethylene terephthalate/polyamid
(nylon)/polystyrene/polyethylene

Local inputs/ocean transport Polypropylene/polyester/polyethylene

Artificial ecosystems Polyethylene/rayon/polypropylene

Domestic, agriculture effluent, industry,
upstream inflow, and airborne settlement

Polyethylene terephthalate/polyethylene/polypropyle
polystyrene/polycarbonate/polyvinyl chloride/cellulo
propionate/polyamide/ethylene–vinyl acetate copoly

Plastic industries Polypropylene/polyester/nylon/polystyrene

Commercial fish species Polyethylene terephthalate/polyethylene/polypropyle
polyamide/phthalocyanine

Anthropogenic activities Polyethylene terephthalate/cellulose acetate/polyviny
chloride/polypropylene/polyethylene
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contrast, secondary MPs result from various physical, chemical, and

biological degradation processes that gradually break down larger

plastic debris like containers, fishing nets, and packaging

materials (Gregory and Andrady, 2003; Browne et al., 2011).

Environmental factors such as UV radiation and mechanical

abrasion on beaches speed up these breakdown processes,

producing MPs through microcrack formation and oxidative

degradation (Shaw and Day, 1994; Cunliffe & Davis, 1982).

Microplastics display a wide range of physicochemical

properties, including size, shape, density, crystallinity, and surface

morphology—factors that influence their interactions with the

environment (Crawford and Quinn, 2017)—for example, particle

size and surface area directly affect their bioavailability and sorption

capacity, which, in turn, influence their sinking potential and

distribution within water columns (Kowalski et al., 2016; Hüffer

et al., 2018). Fragmentation causes surface erosion, changing

chemical reactivity, and interactions with contaminants.

Additionally, the level of crystallinity, often increased through

oxidative aging, impacts their environmental durability and

ecological risk (Rouillon et al., 2016; Ter Halle et al., 2017).

Microplastics also come in a variety of colors and shapes, with

filamentous forms (1–5 mm) being common in many aquatic

environments. A study in the Arabian Gulf found that 75% of

microplastics were blue, with black (9%), red (6.3%), green (4.4%),

and gray (2.2%) particles following (Giani et al., 2019). This

morphological variety makes monitoring and mitigation more

challenging, highlighting the need for advanced detection

methods (Table 2).

MPs and their environmental derivatives, like microplastic-

derived dissolved organic matter (MP-DOM), display complex
Frontiers in Marine Science 13
behavior due to interactions with co-contaminants. Photoaging

and microbial degradation produce environmentally persistent

free radicals (EPFRs) on MP surfaces, promoting reactive oxygen

species (ROS) formation and changing contaminant dynamics (Zhu

et al., 2019; Jiang et al., 2023). UV-driven photooxidation also

damages MP structure, releasing monomers, oligomers, and

additives such as bisphenol A (BPA) and DEHP into the water

(Lee et al., 2020; Ouyang et al., 2023). These compounds

affect biogeochemical cycles, contaminant bioavailability, and

aquatic toxicity. Notably, biodegradable plastics contribute

disproportionately to the formation of MP-DOM, further

complicating their ecological impacts (Taghavi et al., 2021; Luo

et al., 2019). In conclusion, understanding the diverse forms,

behaviors, and degradation processes of MPs is crucial to develop

effective mitigation strategies. Ongoing advances in analytical

methods will be vital to clarify MPs’ environmental fate and

assess their long-term effects (Figure 6; Table 3).
5 Microplastics in aquatic ecosystems:
distribution and ecological
ramifications

The distribution of microplastics (MPs) in aquatic ecosystems

results from complex interactions between particle properties (e.g.,

density, shape, surface chemistry) and dynamic environmental

processes like hydrological turbulence, biofouling, and biotic

interactions. Low-density polymers such as polypropylene (PP)

and polyethylene (PE) usually stay suspended or float on the
FIGURE 5

Different forms of plastic’s presence in the environment.
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water surface, while denser particles like polyvinyl chloride (PVC)

or fouled plastics tend to settle in sediments (Molazadeh et al.,

2023). These particles are not fixed but are constantly exchanged

between water, sediments, and living organisms through ingestion,

bioturbation, and excretion, creating a dynamic flow of

contamination (Besseling et al., 2017). Figure 2 shows the

environmental cycling of MPs in aquatic systems.

Freshwater inflows, especially from urban catchments, further

speed up MP dispersal. Modeling studies have shown that river flow

plays a significant role in carrying MPs into marine environments

(Besseling et al., 2017). MPs, due to their small size, are more

bioavailable than macroplastics and can penetrate cellular barriers,

raising serious ecological concerns (Ali et al., 2021). Notably, MPs

have been found in drinking water, posing severe human health

risks—ranging from inflammation to cancer and genetic damage—

especially in areas without effective filtration systems (Ali et al.,

2021). MPs are classified as primary (such as microbeads in

cosmetics) or secondary, produced when larger plastic debris

breaks down through environmental processes like oxidation,

mechanical abrasion, and UV-driven photodegradation

(Fotopoulou and Karapanagioti, 2019). The main sources and

pathways of MPs are listed in Table 1. Aquatic species, from top

predators to invertebrates, can ingest MPs, potentially leading to

trophic transfer and bioaccumulation of both the plastics and the

pollutants adsorbed on them (Ding et al., 2022). The extent of

toxicant transfer and its physiological effects remain under

discussion (Negrete-Bolagay et al., 2021). MP contamination is

now widespread in freshwater systems worldwide—including
Frontiers in Marine Science 14
rivers, lakes, and estuaries across Europe, Africa, Asia, and North

America (Cera et al., 2020; Galafassi et al., 2021; Onoja et al., 2022).

Although freshwater and marine MPs share similar transport

mechanisms, their physical and chemical properties often differ

due to variations in pollution sources and land use (Blettler et al.,

2017). Alarmingly, MPs can move from aquatic to terrestrial

ecosystems through water use, bioaccumulation, or food chains,

posing unexpected risks to biodiversity and human health.
5.1 In freshwater

According to Iyare et al. (2020), microplastics enter rivers

through wastewater treatment plants and urban drainage systems.

The main sources of microplastics include synthetic fibers, personal

hygiene products, and intentionally created micro-sized plastics

used in scrubs. Secondary sources result from the weathering-

related breakdown of larger plastic items (Horton et al., 2024;

Prata et al., 2019). Sampling in rivers is more difficult than in the

atmosphere or on land due to complex water circulation patterns

influenced by tidal currents (Crew et al., 2020; Skalska et al., 2020).

These patterns influence how microplastics spread in rivers.

Microplastics enter urban and semi-urban river systems from

multiple sources: airborne transport, surface runoff, leachates

from landfills and farms, wastewater from industrial operations,

sewer systems, and urban runoff. These sources (Bruge et al., 2018;

Kapp and Yeatman, 2018; Tramoy et al., 2019; Dris et al., 2018;

Brahney et al., 2021) contribute to the microplastic levels in river
FIGURE 6

Destiny of plastics in aquatic environments.
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ecosystems. When microplastics reach river channels during non-

flooded conditions, they either settle on the riverbed or travel

downstream into estuarine and marine environments (Horton

et al., 2017; Hurley et al., 2018; Pojar et al., 2021). Particle

properties, such as density, shape, and flow conditions, determine

how far a particle disperses (Schwarz et al., 2019). Sarkar et al.

(2021a) reported significant amounts of microplastics (63 mm–

5 mm) in the sediments (2,124.84. to 6,886.76 items/kg) and surface

water (7.87 to 20.39 items/L) of treatment ponds in the East Kolkata

Wetland (EKW). In the related wastewater canals (WWC),

microplastics in surface water ranged from 30.46 to 137.72

items/L, and in sediment from 1,108.78 to 34,612.87 items/kg.

Additionally, Sarkar et al. (2021a) found 17.88 items/L of fibers,

films, and fragments, including polyethylene terephthalate and

polyethylene, in raw water from Ganga River. In the three Gorges

Reservoirs in China, Di and Wang (2018) reported 16−126 items/L

(48 μm–5 mm in diameter) of microplastics. Su et al. (2016) found

3.4–25.8 items/L (100–1,000 μm) of microplastics in Taihu Lake,

China. Leslie et al. (2017) also found 48−187 items/L (10 μm–

5 mm) in Amsterdam canal water. Therefore, analyzing suspended

microplastics in surface water is essential, especially considering the

potential for freshwater sources to produce drinking water (Sarkar

et al., 2021b).
5.2 In marine water

Disposable, hygienic instruments are used in the medical field to

maintain high standards of hygiene. Plastic waste from these

instruments eventually makes its way into the world’s oceans.

Global coastal communities dispose of between 0.4 and 12.7

million tonnes of land-based plastic waste into the ocean each

year (Auta et al., 2017; Jambeck et al., 2015; Lebreton et al., 2017;

Schmidt et al., 2017). Microplastics enter marine environments

through various channels, such as rivers, stormwater systems, and

wastewater treatment plant effluents (Yin et al., 2021b). These tiny

plastic particles have a significant impact on marine habitats.

Marine plastic pollution also stems from activities like fishing,

aquaculture, and shipping, which dump trash onto beaches and into

oceans (Lusher and Welden, 2020). According to Sagawa et al.

(2018), the size distribution of microplastics varies across beach and

bottom sediments, emphasizing the need for thorough monitoring.

Ono et al. (2023) reported that yearly microplastic emissions in

Tokyo Bay included 10.2 ± 1.6 tons from personal care products

(PCPs), 38 ± 22 tons from clothing fibers, and 1,500–1,800 tons

from tire wear particles (TWPs).

Interestingly, after washing clothes, plastics like polyester,

polystyrene, and polyamide materials denser than seawater tend

to accumulate in sediments and sink more quickly, affecting

deposit feeders and bottom-dwelling fish (Wang et al., 2019). In

Mumbai, large amounts of plastic waste are dumped into coastal

waters from sewage, fishing, aqua tourism, industrial discharges,

and untreated household wastewater (Takar et al., 2020).

Mumbai’s coastal waters receive over 2,200 million liters of

waste daily (Jelil and Jain, 2014).
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Rabari et al. (2023) identified seven different types of plastic

polymers in muddy beach samples from the Gulf of Khambhat, India.

These polymers were present in the following order of abundance:

polypropylene (32.46%), polyurethane (32.16%), polystyrene

(9.62%), acrylonitrile butadiene styrene (14.93%), polyethylene

terephthalate (4.61%), polyethylene (3.71%), and polyvinyl chloride

(2.51%). The coastal area of Cape Town, South Africa, faces

microplastic pollution due to stormwater runoff. The ingestion of

plastic polymers by various pelagic and demersal species is greatly

influenced by their density (Sathish et al., 2020b)—for instance, fecal

pellets, secondary ingestion, and biofouling can cause polyethylene,

which is less dense than seawater, to sink (Kane and Clare, 2019).
5.3 Microplastics in wastewater treatment
plants

Wastewater treatment plants (WWTPs) act as pathways for

microplastics, allowing them to enter aquatic ecosystems. Common

polymers such as polyethylene (PE), polyester (PES), polypropylene

(PP), and polyamide (PA) are frequently found at different stages of

WWTPs, lakes, and sludge. According to Lares et al. (2018), PE and

polyethylene terephthalate (PET) particles are abundant in

discharges from many WWTPs. PES is often found in final

effluents, with high concentrations at Scottish WWTPs (28%) and

Australian WWTPs (67%). As summarized by Lv et al. (2019),

dominant microplastic types identified in WWTPs in Wuxi,

Jiangsu, include PP (15%), PE (18%), PS (20%), and PET (47%),

analyzed using Fourier transform infrared spectroscopy (FTIR).

The FTIR spectra reveal information about the main types of

microplastics and their forms, such as fragments, fibers, films,

and foams, observed in the wastewater at Wuxi WWTP. This

widespread presence of microplastics underscores the important

role of WWTPs in reducing plastic pollution in aquatic

environments. While primary wastewater treatment effectively

removes larger particles, secondary treatments often do not

sufficiently remove microplastics due to the absence of dedicated

removal processes (Sheriff et al., 2023). This shortcoming has led

researchers to highlight wastewater treatment plants as major

sources of environmental microplastic pollution (Liao et al., 2023).
6 The life cycle of microplastics in
aquatic systems

Microplastics’ (MPs’) life cycle in aquatic systems is a complex

and widespread process that significantly impacts human and

environmental health. MPs’ journey begins when they are

released into terrestrial and aquatic environments, where they

may start as primary particles or form as a result of larger

polymers breaking down. After entering water systems, MPs

undergo various physical, chemical, and biological processes that

contribute to their accumulation and dispersion. MPs enter the

aquatic food chain during the crucial bioaccumulation phase when

they are consumed by zooplankton, small fish, and larger marine
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species. These particles build up in the tissues of aquatic organisms

as they move through the food chain, causing serious physiological

damage. Studies have documented adverse effects on a range of

organisms, including sea turtles, mussels, and fish, manifesting as

compromised digestive and immune systems and, in severe cases,

death (Huang et al., 2021; Miller et al., 2020). The implications of

MPs extending into the food chain pose serious consequences for

human health. Humans may ingest MPs by consuming

contaminated seafood, potentially leading to cytotoxic effects on

human cells, including those in the brain (Shi et al., 2022). The large

surface area of MPs allows them to adsorb hazardous compounds,

such as antibiotics and other pollutants, worsening the

contamination issue (Joo et al., 2021). MPs can be excreted by

humans or released through the disposal of personal care products,

continuing their environmental cycle. Recent studies have detected

MPs in drinking and mineral water bottles, highlighting their

persistence and widespread presence in items consumed by

humans (Gambino et al., 2022; Menon et al., 2023). Conventional

water treatment methods often fail to effectively remove these tiny

particles, emphasizing the urgent need for innovative and advanced

remediation technologies (Elgarahy et al., 2021). The increasing

prevalence of MPs calls for greater focus on research and

development to create solutions that address both the

environmental and health impacts of these pollutants.
7 Fate of plastics in the aquatic
environment

The fate of plastics in aquatic ecosystems is influenced by a

complex combination of environmental processes, such as

photodegradation, mechanical weathering, and biological

interactions. Over time, plastic debris breaks into smaller pieces,

becoming macroplastics (>5 mm), mesoplastics (1–25 mm), and

ultimately microplastics (<5 mm). Microplastics (MPs) are

particularly concerning due to their longevity, mobility, and ability

to be taken up by organisms (Peters and Bratton, 2016; van Weert

et al., 2019). MPs can originate as primary MPs—materials used

directly in industry—or as secondary MPs formed from the

breakdown of larger plastic debris, both significantly adding to

marine plastic pollution (Mvovo, 2021; van Wijnen et al., 2019;

Andrady, 2011; Martıń et al., 2022; Yin et al., 2019). Rivers play a vital

role by transporting land-based plastic waste into oceans (Lebreton

et al., 2017; Meijer et al., 2021). Once in the water, MPs are carried

over long distances by wind, tides, and surface currents, eventually

accumulating in coastal and estuarine areas (Li et al., 2019). MPs

come in various shapes (e.g., fragments, fibers, films, microbeads),

sizes (1 μm–5 mm), and polymer types (e.g., polyethylene,

polystyrene), which affect how they behave environmentally and

how they interact with living organisms. Seasonal changes affect

microplastic presence, with white fiber-likeMPs being more common

in winter and autumn—likely because of increased stormwater runoff

and less photodegradation. In contrast, spring and summer tend to

have fewer MPs, possibly due to dilution from higher fishing activity

(Ariefdien et al., 2024; Jiang et al., 2022). MPs also serve as surfaces
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for microbial growth, forming biofilms made up of bacteria, fungi,

algae, and archaea, creating what is known as the plastisphere

(Amaral-Zettler et al., 2020; Wang et al., 2021; Fabra et al., 2021;

Kirstein et al., 2019). These biofilms help gather diverse microbes,

including cyanobacteria, choanoflagellates, and diatoms, especially on

polyethylene MPs (Castano-Ortiz et al., 2024). Because MPs are

common across food webs, drinking water supplies, and aquatic

environments, their long-lasting presence in ecosystems—

particularly in the plastisphere—raises serious ecological concerns

(Nelis et al., 2023). Understanding the complex interactions between

plastics and microbes is crucial to assess long-term effects on aquatic

biodiversity and ecosystem services.
7.1 Accumulation of microplastic in the
aquatic organisms

Numerous research projects have studied the impacts of

microplastics (MPs) on various aquatic creatures, such as fish,

bivalves, and macroinvertebrates (Windsor et al., 2019). Many

marine species, including shrimp, fish, zooplankton, cetaceans,

and birds, accidentally ingest these tiny plastic particles (Cole

et al., 2016; Lusher et al., 2013, Lusher et al., 2015; Ferreira et al.,

2016; Gurjar et al., 2021). Microplastics transfer from lower to

higher organisms in the food chain by moving between trophic

levels (Farrell and Nelson, 2013; Bouwmeester et al., 2015). These

originate from larger polymers (macro- and mesoplastics) that

gradually break down over time (Ugwu et al., 2021). Fish may

consume microplastics directly or indirectly. They can absorb MP

particles directly through feeding or indirectly via trophic transfer—

by eating other creatures that carry MP particles (Figure 7)

(Benjamin et al., 2014; Nelms et al., 2018; Cartes et al., 2016;

Walkinshaw et al., 2020). Ingesting microplastic particles can

cause intestinal blockage in smaller fish (Carpenter and Smith,

1972). Larger fish are known to eat plastic material due to their

feeding habits, but how often or how much they consume remains

unclear. Many predatory fish with large mouths can ingest

significant amounts of plastic. Though they cannot digest it, the

plastic may become lodged in their intestines or cause ulcers (Hoss

and Settle, 1990; Limonta et al., 2019). Organs associated with

digestion—such as the stomach and intestines—and organs related

to breathing, like the gills, are more prone to accumulate plastic

particles. A global review found that 427 fish species have ingested

plastic (Azevedo-Santos et al., 2019). Among these, freshwater fish

made up 17.1%, while marine fish constituted the majority at 54.6%,

followed by estuarine–marine at 5.6% and estuarine–freshwater at

0.2%. The most common trophic group was carnivores (54.8%),

followed by herbivores (3.5%), detritivores (0.7%), omnivores

(23.2%), and other herbivores (3.5%). Approximately 17.1% of the

species did not have a specified trophic group (Azevedo-Santos

et al., 2019). Studies show that large fish eat plastic, but details about

how often or how much they consume are still unknown.

Microplastic bioaccumulation impacts many animals, from tiny

zooplankton to large whales (Chatterjee and Sharma, 2019).

Organisms like plankton (Desforges et al., 2015), cnidarians,
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echinoderms, annelids, bivalves (van Cauwenberghe and Janssen,

2014), fish (Alomar et al., 2017), seabirds, marine reptiles (Vélez-

Rubio et al., 2018), and mammals (Nelms et al., 2018) are frequently

studied groups. These organisms often ingest microplastics from

both the substrate and the water column without intention.

Microplastics can cause physical harm after ingestion (Bellas

et al., 2016; Jabeen et al., 2018). In aquatic species, microplastics

may reduce feeding, reproductive capacity, growth, and survival

(Cole et al., 2016). Santillo et al. (2017) have expressed concern

about the bioaccumulation of microplastics in fish, which could lead

to biomagnification of plastic-associated pollutants in humans.

Trophic transfer allows for indirect ingestion of microplastics

when fish eat contaminated prey, leading to MP build-up in their

digestive systems (Farrell and Nelson, 2013; Balkhuyur et al., 2018;

Bessa et al., 2018; Pozo et al., 2019). Previous studies have examined

microplastics in fish digestive systems (Sathish et al., 2020b;

Koongolla et al., 2020), including in the gastrointestinal tracts of

fish (Zhang et al., 2019), sharks (Maes et al., 2020; Mancia et al.,

2020), amphibians (Kolenda et al., 2020), birds (Masia et al., 2019;

Weitzel et al., 2021), and mammals (Zantis et al., 2021; Meaza

et al., 2021).

In 2023, Onay and colleagues identified 335 microplastics,

including six distinct polymers, within the digestive tracts of 120

red mullet fish collected from Turkey’s Southeast Black Sea Region.

Because of their feeding habits, bivalve filter-feeders such as mussels

that live around rocky shorelines are prone to consuming

microplastic particles (Barkhau et al., 2022). According to
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Sussarellu et al. (2016), Pacific oysters exposed to polystyrene

microspheres (2–6 μm; 0.023 mg/L) displayed accelerated feeding

rates, disrupted reproductive systems, and decreased offspring

development. Roy et al. (2023) reported that the freshwater snail

Filopaludina bengalensis readily accumulated microplastics,

reaching up to 82 ± 6.02 particles per individual at 5-ppm levels

of polystyrene microspheres (~30 μm) on the 27th day, without any

mortality. Abbasi et al. (2018) revealed that several fish species have

microplastics in their stomachs—for example, in the Musa estuary

of the Persian Gulf, Platycephalus indicus, Saurida tumbil,

Cynoglossus abbreviatus, and Sillago sihama were found to

contain varying levels of microplastic particles.

Black-colored microplastics predominated in demersal fish

from the Tyrrhenian Sea (Capillo et al., 2020). Dicentrarchus

labrax, caught in the Northeast Atlantic Ocean, had 1.3 ± 2.5

microplastic particles per specimen in its gastrointestinal system,

according to Barboza et al. (2020). In China’s Yangtze Estuary and

Hangzhou Bay, 13 commercial fish species were studied. The guts of

these fish contained microplastic particles, with individual particle

sizes ranging from 0.3 to 5.3 mm (Su et al., 2019). Zebrafish gills

continuously filter microplastic particles measuring between 1 and

5 mm and up to 20 mm in size, which superficially attach to fish

filaments (Batel et al., 2018). However, research on microplastic

contamination in fish gills remains limited (Su et al., 2019; Zhang

et al., 2019). An average of 2.6 ± 1.6 microplastic objects per

individual was found in the gills of spiny-head croaker from the

Yangtze Estuary and Hangzhou Bay in China (Su et al., 2019).
FIGURE 7

Schematic diagram for the extraction of microplastics from water samples (Chau et al., 2023; Mai et al., 2019; Zhao et al., 2019).
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Further investigation is needed to understand the physiological

interactions of microplastics in fish gills. At least 267 fish species

have data on microplastic concentrations recorded (Bongaarts,

2019; Lopez-Martıńez et al., 2021). A study in South China’s

Pearl River Estuary found that each fish’s GI tract and gills

contained between 0.17 and 0.17 microplastic particles. According

to Lin et al. (2020), polyethylene terephthalate (38.2%) was the most

common polymer, and black was the most common color. Found

that the average number of microplastics specifically polyethylene

terephthalate, or PET in the gills ranged from 0.03 to 3.0 particles

per gill across various fish collected from the Zhoushan fishing area

in China. Fourier transform infrared (FTIR) analysis indicated that

PET and polypropylene (PP) made up most of the microplastics

identified, with fibers being the predominant morphology. Juvenile

Dicentrarchus labrax exposed to microplastics in their gills

(collected from the North East Atlantic Ocean) experienced

oxidative stress and tissue damage, along with increased mercury

bioconcentration (Barboza et al., 2020). When coastal crabs,

Carcinus maenas, inhaled microplastics into their gill chambers, it

affected their oxygen consumption (Watts et al., 2016).

The gastrointestinal tracts of economically important fish caught

between Chennai and Nagapattinam in the Bay of Bengal contained

microplastics and mesoplastics. Karuppasamya et al. identified three

types of plastic polymers in these particles: polyamide (PA),

polyethylene (PE), and polyethylene terephthalate (PT), with

polyethylene being the most prevalent. Recent studies in the coastal

districts of southwest India found that fish ingested 21.4% of

microplastics, primarily polyethylene (Robin et al., 2020). Debbarma

et al. (2022) examined microplastic pollution in demersal fish,

specifically croaker (Johnius dussumieri), near Mumbai, India. They

found 6.6 ± 1.7 microplastic objects in the gastrointestinal system and

6.2 ± 1.7 in the gills. During the post-monsoon season, blue to black

microplastics, mostly in bead form and smaller than 100 μm, were the

most common. These findings highlight the potential for

microplastics to bioaccumulate in fish tissues, posing risks to

consumers and other higher-trophic-level organisms.
8 Toxicity of ingested microplastics

The ingestion of microplastics poses serious ecological risks

across aquatic ecosystems, impacting a wide range of organisms

from planktonic species to higher trophic levels. Microplastics,

particles smaller than 5 mm, are common in marine and

freshwater environments mainly due to the breaking apart of

larger plastic debris and direct sources like urban runoff and

industrial discharges (Cole et al., 2011; Jambeck et al., 2015).

Ingested microplastics can lead to various harmful effects caused

by both their physical and chemical traits.
8.1 Physical effects

The physical effects of microplastics on aquatic life are a major

concern related to their presence. Marine species may encounter
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blockages, internal injuries, and shifts in feeding behavior owing to

microplastic build-up in their gastrointestinal tracts (Wright et al.,

2013; Farrell and Nelson, 2013). For filter-feeding organisms like

bivalves and planktonic species, the accumulation of microplastics

in their digestive systems can impede nutrient absorption and

energy intake, ultimately impacting growth, reproduction, and

survival (Browne et al., 2008; Cole et al., 2013). The physical

abrasion from microplastics can also damage biological tissues,

making organisms more vulnerable to infections and other stressors

(Galloway et al., 2017).
8.2 Chemical effects

Beyond causing physical harm, microplastics can serve as

carriers for toxic chemicals that stick to their surfaces or are

absorbed into their polymer structure. Because plastic surfaces are

hydrophobic, persistent organic pollutants (POPs), including

pesticides, polychlorinated biphenyls (PCBs), and polybrominated

diphenyl ethers (PBDEs), have a strong attraction to them (Teuten

et al., 2007; Rochman, 2018). Hotspots of contamination can form

when these pollutants accumulate on microplastics’ surfaces at

much higher concentrations than in the surrounding water (Rios

and Moore, 2007; Andrady, 2011). When ingested, these chemicals

can leach from the microplastics into the digestive systems of

organisms, causing systemic exposure and potential toxicity

(Endo et al., 2005).
8.3 Toxicological impacts on different
organisms

The toxic effects of ingested microplastics differ among various

aquatic organisms, influenced by factors such as particle size, shape,

chemical makeup, and the physiological traits of the species.

Phytoplankton and zooplankton, which form the foundation of

aquatic food webs, can consume microplastics either directly or

indirectly through filter feeding (Cole et al., 2013). While

microplastics themselves may not be inherently toxic, their

ingestion can cause secondary toxic effects due to associated

POPs and additives (Table 4)—for instance, studies have

indicated that exposure to microplastics with leached additives

can disrupt cellular functions, induce oxidative stress, and impair

reproductive and immune responses in aquatic invertebrates and

fish (Wright and Kelly, 2017). The impact of MPs on plant and

animal life is becoming more apparent, affecting catalase activity,

oxidative stress responses, immune regulation, and reproductive

health (Chang et al., 2023). Humans, at the top of the food chain,

unknowingly ingest and breathe in MPs, exposing themselves to

toxic chemicals like phthalates and polybrominated diphenyl ethers,

which can cause inflammation and interfere with cellular functions

(Haque and Fan, 2023; Ng and Todd, 2023). The persistence of MPs

in the environment, their multiple sources, and their biological

effects emphasize the urgent need for comprehensive strategies

to reduce their release and build-up. Future research should
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focus on understanding MPs’ physicochemical properties, their

environmental half-lives, and developing effective removal

technologies to protect ecosystems and human health. Using

advanced analytical methods and interdisciplinary strategies will

be vital in expanding our understanding and tackling the complex

issues caused by microplastic pollution. Bivalves and other filter-

feeding species are especially vulnerable to microplastic ingestion

because they are constantly exposed to suspended particles in water

(Galloway et al., 2017). The build-up of microplastics in their tissues

can lead to physiological changes such as decreased feeding rates,

altered energy distribution, and higher mortality rates (Browne

et al., 2008; Sussarellu et al., 2016). In marine mammals and

seabirds, ingesting larger plastic pieces, which can break down

into microplastics, has been linked to gastrointestinal blockages,

reduced food consumption, and impaired nutrient absorption

(Laist, 1997; Avery-Gomm et al., 2012). Microplastics (MPs) have

become a serious environmental threat, causing severe negative

effects on many organisms, including humans. Their persistent

toxicity has been extensively documented across different species in

aquatic environments, with important consequences for individual

health and overall ecological stability. MPs enter the food web, often

accumulating in key organs such as the liver, gastrointestinal tract,

and gills of marine animals, as seen in red tilapia (Huang et al.,

2021). The toxic effects of MPs are complex, leading to oxidative

stress, cell toxicity, slowed growth, immune system suppression,

and even changes in gene expression (Meaza et al., 2021). Long-

term exposure to MPs can disrupt the gut health of marine species,

evidenced in adult zebrafish that show microbiota imbalances,

damage to gut lining, and villi fractures, ultimately resulting in

microbiota imbalance and metabolic issues (Qiao et al., 2019).

The reproductive and developmental effects of MPs are equally

concerning. In aquatic species, MPs have been associated with lower

hatching rates and shorter larval lengths in eggs, as well as abnormal

behaviors caused by gastrointestinal blockages (Wu et al., 2021; Yin

et al., 2021b). In mammals, including humans, the risks go further,

with MPs found in tissues like meconium, stool, and even the

placenta, indicating possible long-term health effects (Braun et al.,

2021) (Tables 5, 6). Aquatic mammals, in particular, face immediate

and long-term toxicity from ingesting various polymers such as

polyethylene (PE), polypropylene (PP), polyester, and nylon

through multiple routes—including dermal, subcutaneous,

intraperitoneal, oral, and intravenous exposure (Du et al., 2020).

The ecological consequences are just as serious, with research

showing MPs can damage the immune and detoxification systems

of coral species like Pocillopora damicornis after acute exposure

(Tang et al., 2018). Similarly, sea urchin larvae show stunted growth

proportional to MP exposure, and zebrafish experience oxidative

stress caused by changes in glutathione levels and increased

superoxide dismutase activity in their intestinal tissues (Oliviero

et al., 2019; Qiao et al., 2018). The negative effects of MPs also

extend to invertebrates and algae, with slowed growth seen in

species like Skeletonema costatum, Chlorella pyrenoidosa, and

Tetraselmis chuii (Deng et al., 2019). Furthermore, prolonged

exposure results in reproductive toxicity in Daphnia, highlighting
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the widespread impact of MPs across multiple levels of marine

ecosystems (Jaikumar et al., 2019).

MNPs can cross biological barriers in fish, accumulating in

gonadal tissues and causing reproductive toxicity. A key concern is

transgenerational harm, where offspring not directly exposed still

show toxic effects. Due to their large surface areas and hydrophobic

surfaces, MNPs easily adsorb and concentrate other environmental

pollutants, which may worsen reproductive and transgenerational

toxicity (Table 7) (Yi et al., 2024). Similarly, Wu et al. (2024)

demonstrated that microplastics and nanoplastics in aquatic

environments are a major challenge affecting the behavior and

reproductive health of aquatic organisms while posing potential

risks to human health and ecosystems.

The general characteristics of microplastics, such as type, size,

color, and form, were the main focus of most research. According to

reports (Ziccardi et al., 2016; Caruso, 2019), microplastics may

also contain additional hazardous substances like heavy

metals, polychlorinated biphenyls (PCBs), polycyclic aromatic

hydrocarbons (PAHs), and others. Microplastics have been shown

to harm various organisms (Lei et al., 2018a, Lei et al., 2018b). The

spatiotemporal dynamics of riverine microplastics and the harm

they pose to freshwater fish are complex, as highlighted by Sulaiman

et al. (2023). The physical and chemical properties of microplastics,

river geomorphology, and fluvial processes influence their

distribution and assemblages. The distribution of microplastics

both vertically and horizontally, bioavailability, fish foraging

habits, and the potential for trophic transfer all affect the risks.

How microplastics impact fish depends on several factors, such as

how long they are retained, how much accumulates, the extent to

which they penetrate distant organs and tissues, and the chemical

and physical properties of the particles. These tiny particles may

transport pathogens and xenobiotic contaminants. Most research

on the toxicological effects of microplastics has been conducted at

the cellular to organismal level, usually with short-lived animals.

Nonetheless, studies are essential to understand how riverine fish

populations and larger ecosystems are affected by microplastic

pollution. According to Roy et al. (2023), the profile of enzyme

antioxidants catalase and SOD (superoxide dismutase) showed little

fluctuation and remained steady as microplastic dose and exposure

time increased. Conversely, the nonenzymatic antioxidant profile

demonstrated clear variability, with the ferric reducing antioxidant

potential (FRAP) and 2,2′-azino-bis(3-ethylbenzothiazoline-6-
sulphonic acid) activity gradually declining across all dose

ranges and the complete cessation of DPPH (2,2-diphenyl-1-

picrylhydrazyl) activity on the 27th day at a 5-ppm microplastic

dose. Even the acetylcholinesterase (AChE) activity decreased

with higher exposure levels. For the first time, they showed

how microplastic pollution directly affects Filopaludina

bengalensis, a widespread freshwater snail found throughout the

Indian subcontinent. This suggests that microplastic pollution

could eventually cause havoc in the Ganga River ecosystem.

Microplastic contamination may also impact oyster reef resilience.

Changes in fatty acid content and inflammatory pathways

were observed in a proteomics study on oysters that ingested
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TABLE 4 Continued

Aquatic organisms Body part Types of MP Toxicological effects Reference
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microplastics made of polyethylene and polyethylene terephthalate

with irregular shapes (Teng et al., 2021). Zebrafish briefly exposed

to polystyrene microspheres exhibited inflammation and

disruptions in their metabolic functions. Prolonged exposure

resulted in gut microbial dysbiosis, skin and gill inflammation,

and decreased male fertility. When medaka were exposed to

polystyrene particles, their metabolic pathways changed, and their

livers began accumulating fatty acids and esters (Ye et al., 2021).

In recent years, several works have been conducted on the

toxicological mechanisms of nanoplastics in animal models—for

instance, Cheng et al. (2025) demonstrate that the size of

microplastic particles critically influences toxicity mechanisms,

with ferroptosis being more prevalent for smaller particles and

YAP-mediated metabolic disruption for larger ones. This suggests

potential therapeutic targets for reducing microplastic-induced

intestinal damage. Du et al. (2024) examined the molecular

mechanisms behind the effects of Cd pollution and NPs

combined with Cd pollutants on HSA. They investigated the

differences in HSA toxicity between Cd alone and NPs–Cd

exposure. Similarly, Li et al. (2025) highlight the impact and

mechanisms of NPs on the immunotoxicity of Cd2+, providing

key data and strategies for accurate assessment of the

environmental behavior and health risks of NPs. Huang et al.

(2024) summarize recent research on the potential hazards that

MNPs may pose to the urinary system, highlighting the

mechanisms of toxicity and the current state of knowledge.

Studies have shown that MNPs enter the human body through

drinking water, the food chain, inhalation, and skin contact. They

may penetrate the bloodstream via the digestive, respiratory, and

skin systems, subsequently dispersing to various organs, including

the urinary system. Overall, these findings highlight the widespread

and far-reaching adverse effects of MPs, not only on marine

organisms but also on human health and the environment. The

ongoing build-up of MPs in aquatic systems calls for urgent

research and intervention strategies to reduce their impacts and

protect ecosystem health.
9 Estimation of microplastics

9.1 Sampling methods from the aquatic
environment for MP estimation

The detection and analysis of MPs in aquatic environments

presents a significant challenge due to their small size, diverse

shapes, and high mobility. MPs, particularly polyethylene (PE) and

polypropylene (PP), are commonly found in water bodies, often in

the sub-millimeter size range, making them difficult to detect using

traditional methods (Wu et al., 2025). The methods for sampling

water, sediment, and aquatic organisms, as well as the sample sizes

and procedures for isolating and identifying microplastics, vary

significantly among researchers. A notable negative correlation has

been observed in some studies between the amount of microplastics

detected and the number of samples collected. There is currently

no systematic review of the study characteristics and techniques
T
A
B
LE

4
C
o
n
ti
n
u
e
d

A
q
u
at
ic

o
rg
an

is
m
s

B
o
d
y
p
ar
t

T
yp

e
s
o
f
M
P

T
o
xi
co

lo
g
ic
al

e
ff
e
ct
s

R
e
fe
re
n
ce

R
ep
ti
le
s

Em
ys

or
bi
cu
la
ri
s

T
is
su
e

P
E

Li
ve
r
an
d
ki
dn

ey
di
sf
un

ct
io
n

B
an
ae
e
et

al
.,
20
20

C
.c
ar
et
ta

T
is
su
e

P
E
,P

P
,P

S
G
as
tr
oi
nt
es
ti
na
li
m
pa
ir
m
en
t
an
d
an

im
po

rt
an
t
le
ve
lo

f
co
nt
am

in
at
io
n
in

ti
ss
ue
s

D
i
R
en
zo

et
al
.,
20
21
,

E
as
tm

an
et

al
.,
20
20

C
.m

yd
as

G
ut

P
ol
ye
th
en
e

G
as
tr
oi
nt
es
ti
na
lt
ra
ct

ob
st
ru
ct
io
ns

C
ol
fe
ra
i
et

al
.,
20
17

C
ro
co
di
lia
ns

N
A

P
P
,P

E
Im

m
ob
ili
za
ti
on

of
th
e
cr
oc
od

ile
,s
to
m
ac
h
fl
us
hi
ng

di
sf
un

ct
io
n

G
on

za
le
z-
Ja
ur
eg
ui

et
al
.,

20
19

Se
a
tu
rt
le

N
A

P
E
,p

ol
ye
st
er
,P

E
T
,P

P
N
or
m
al
lif
es
ty
le
ob
st
ru
ct
io
n

Py
th
on

m
ol
ur
us

N
A

P
ol
ye
th
yl
en
e

D
ea
th

of
sn
ak
es

en
ta
ng
le
d
in

fi
sh
in
g
ne
ts

Si
nd

ha
et

al
.,
20
20

N
A
,N

ot
ap
pl
ic
ab
le
.

frontiersin.org

https://doi.org/10.3389/fmars.2025.1672484
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Das et al. 10.3389/fmars.2025.1672484
used, so the data provided cannot be compared directly.

Efforts are ongoing to standardize monitoring methods for

mapping MP contamination in marine environments worldwide.

Some commonly used methodologies for estimating MPs, as

employed by scientists across different countries and regions, are

summarized below.

9.1.1 Sampling of water
Numerous factors can influence the vertical movement of

plastic in water, including hydrodynamics and physicochemical

properties like density, shape, size, chemical adsorption, depth, and
Frontiers in Marine Science 25
location. These elements affect both the quantity and quality of

microplastic (MP) samples collected during sampling. Researchers

use nets such as plankton, phytoplankton, and neuston nets to

collect MPs from water (Govender et al., 2020; Wicaksono et al.,

2021; Jong et al., 2022). This method allows for quick filtering of

large water volumes, providing concentrated samples in a short

time. It also yields samples that represent a large water body well

(Prata et al., 2019). Mesh sizes for these nets vary based on research

goals, ranging from tens of microns to several millimeters (Sajjad

et al., 2025). Unfortunately, using different mesh sizes complicates

direct comparison of results across regions. Although various MP
TABLE 5 Toxicological effects of MPs on terrestrial organisms.

Animals Found in Types of MP Toxicological effects Reference

Earthworms Full body PS Oxidative stress, severe DNA damage in
coelomocytes

Xu et al., 2021

Female Wistar rats Gonad PS Ovarian fibrosis and granulosa cells apoptosis
due to activation of Wnt/b-catenin signaling
pathway and oxidative stress

An et al., 2021

Lumbricus terrestris Full body PE Increased uptake and mortality rate, weight
loss, and lower growth rates

Huerta Lwanga et al., 2016

Male Wistar rats Testis PS Histological lesions in testis tissue, DNA
damage, sperm abnormalities, alterations in
productive hormones and gene expression
patterns

Amereh et al., 2020

Achatina fulica Full body PET fibers Severe villi damage in the gastrointestinal walls,
inhibited feeding and excretion, oxidative stress

Song et al., 2019

Human Lung epithelial cells, adenocarcinoma cell
lines, dermal fibroblasts, peripheral blood
mononuclear cells

Cytotoxicity, immune response, oxidative
stress, barrier attributes, genotoxicity induced
by microplastics

Danopoulos et al., 2021,
Dong et al., 2020; Wang
et al., 2020, Hwang et al.,
2020
TABLE 6 Toxicological profiles of microplastic exposure.

Organism/model Exposure details Main findings Reference

Human cells Various types of human cells including lung
epithelial cells, adenocarcinoma cell lines, dermal
fibroblasts, peripheral blood mononuclear cells

Cytotoxicity, immune response, oxidative stress,
barrier attributes, genotoxicity induced by
microplastics

Danopoulos et al. (2021); Dong
et al. (2020); Wang et al. (2020);
Hwang et al. (2020)

Marine organisms Various marine species exposed via intravenous,
subcutaneous, intraperitoneal, oral, and skin
routes

Accumulation, gastrointestinal tract effects,
immune system depression, oxidative stress,
cytotoxicity, gene expression alterations

Jin et al. (2018); Akhbarizadeh
et al. (2018); Oliviero et al. (2019);
Mateos-Cárdenas et al. (2019)

Rodents In vivo studies on rodents including mice Tissue accumulation, neurological effects,
reproductive toxicity

Li et al. (2020b); Santana et al.
(2018); Deng et al. (2017); Zhu
et al. (2018)

Coral and sea urchins Coral species (e.g., Pocillopora damicornis) and
sea urchins exposed to acute microplastic
exposure

Stress response activation, immune suppression,
developmental inhibition

Oliviero et al. (2019); Qiao et al.
(2019)

Amphipods Invertebrates (e.g., amphipods) exposed to
chronic microplastic exposure in marine
environments

Growth inhibition, reproductive toxicity Deng et al. (2017); Jaikumar et al.
(2019); Davarpanah and
Guilhermino (2019)

Freshwater organisms Freshwater algae (e.g., Chlorella pyrenoidosa),
Daphnia magna, Daphnia pulex, and
Ceriodaphnia dubia exposed to microplastics

Growth inhibition, reproductive toxicity Davarpanah and Guilhermino
(2019); Jaikumar et al. (2019

Nematodes Nematodes exposed to microplastics of varying
sizes and concentrations

Gene expression downregulation, neuronal damage Zhu et al. (2018)
frontiersin.org

https://doi.org/10.3389/fmars.2025.1672484
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Das et al. 10.3389/fmars.2025.1672484
sampling and analysis techniques exist, the lack of standardized

procedures remains a challenge (Table 8). These include methods

like tramp blankets (Rose and Webber, 2019), steel water testers

(Jiao et al., 2022; Zhu et al., 2021; Li et al., 2020), bottle sampling

(Kumkar et al., 2021), glass containers, and metal gallon containers

for surface water collection (Celis-Hernández et al., 2021). Reaching

consensus on these sampling methods, whether traditional or

modern, is crucial. Keep in mind that MP counts can vary

significantly depending on the collection method used (Hale

et al., 2022). The sampling approach greatly influences the

effectiveness of microplastic collection and the identification of

different plastic types, which impacts the reliability of results. In

dynamic river systems, the distribution and concentration of MPs

can fluctuate due to changes in tidal flow over time, making the

sampling schedule even more critical. To address this, researchers

have employed various techniques, such as collecting water from

intertidal zones using metal buckets.

For example, to prevent contamination, Ariefdien et al. (2024)

used a metal bucket to collect 100 L of surface water from the

intertidal zone, ensuring that the depth was between 0 and 50 m

downwind. The water was then passed through a 250-mm mesh to

remove any remaining particles. Afterward, a 50-mL Falcon tube

was pre-cleaned and kept at -20°C until analysis. A good rule of

thumb is to collect samples within an hour of the flood or ebb tide’s

lowest point when water flow is least active. To obtain a 10–100-L

bulk sample, a clean polycarbonate container can be inserted
Frontiers in Marine Science 26
vertically into the river. Before filling, the bottle should be cleaned

three times with water from the site. To avoid airborne

contamination, it is recommended to take samples from the

upper 0.3–0.5 m of surface water and quickly cover them with a

lid. Finally, samples should be transported to the laboratory and

stored at 4°C prior to analysis. Sarkar et al. (2021b) state that 50 lL

of surface water were collected from each East Kolkata Wetland

(EKW) wastewater canal and treatment pond (at 0–40-cm depth)

using a steel bucket. The water was immediately filtered through a

63-mm mesh and then stored in airtight containers. The samples

were then separated into two portions: 63–850 mm and 850 mm–5

mm. A process involving counting and weighing is used alongside

visual inspection to separate larger plastic particles (5–10 and >10

mm) (METTLER TOLEDO, Switzerland; New Classic MS, Model

MS30002SE/A01).

9.1.2 Samplings of sediment
Because of their individual properties and environmental

variables such as currents, winds, tides, and the specific collecting

area, microplastics (MPs) do not disperse uniformly in sediments.

This means that sampling depth and location (such as intertidal

zones or transects) can significantly affect MP analysis results. Some

regions may have higher concentrations of MPs than others

(Hanvey et al., 2017). When collecting mangrove sediment

samples for MP analysis, researchers typically collect from the top

layer of sediment at depths between 1 and 5 cm during ebb tides.
TABLE 8 Sampling methods of water for microplastic analysis.

Sampling
method

Process description Filtration and preservation Storage conditions Reference

Surface water
collection
(60 L)

Surface water samples were collected from
designated sampling locations using sterile
containers.

The collected samples were sieved through
filters of appropriate mesh size to remove
debris and large particulates.

Samples were securely stored
in sterile containers until
further processing.

Das Sarkar
et al., 2023

Intertidal
zone sampling
(100 L)

Water samples (depth 0–0.5 m) were collected
from the intertidal zone using metal buckets to
capture suspended and free-floating particles.

Samples were filtered through a 250 μm mesh
sieve to concentrate particulate material.

Filtered water was stored at
−20°C to preserve until
analysis.

Ariefdien
et al., 2024

Shallow
subsurface
collection
(100 L)

Water samples were collected using a 2 L stainless
steel jug at depths between 0 and 25 cm below the
surface.
Sampling containers were rinsed three times with
site water prior to collection to prevent
contamination.

The collected water was passed through a
stainless-steel sieve (30 cm diameter; 50 μm
mesh size) to retain fine particulate matter.

Processed samples were
stored at 4°C to minimize
degradation before
extraction.

Kumkar
et al., 2021
TABLE 7 Transgenerational toxicity of microplastics (MPs) and nanoplastics (NPs).

Model Parental impact Offspring/transgenerational effect

Zebrafish (MPs) Steroid gene disruption (no visible defects) Offspring development largely unaffected

Zebrafish (PSNPs) Decreased fertility, oxidative damage Increased offspring malformation; partially mitigated by melatonin

Zebrafish (MPs + ACT) Reproductive, endocrine disruption Offspring growth and thyroid impairment; exacerbated by nanoplastics

Daphnia magna Reduced survival, reproduction Persisting defects across generations; slow recovery

C. elegans Neurotoxicity, oxidative stress Lasted through F1–F2; oxidative genes upregulated

Fathead minnow DNA methylation changes Epigenetic patterns transmitted to F1 juveniles

Mice (mammalian) Reproductive dysfunction (PCOS-like phenotypes) F1 male sperm damage, epigenetic alteration; some F2 effects
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Researchers use square structures made of metal or wood, known as

quadrats, along with steel spoons or shovels to extract sediment. In

addition, samples from lakes, rivers, and oceans are gathered using

tools such as cores, metal boxes, and cylindrical tube samplers.

Metal drills are valued for their durability and ease of use when

obtaining undisturbed sediment cores. Numerous studies highlight

their benefits (Govender et al., 2020; Wicaksono et al., 2021; Pradit

et al., 2024). Van Veen or Ekman samplers, sometimes called

dredgers, can be used to collect bottom sediment samples in

lakes, rivers, and coastal areas—for example, Ariefdien et al.

(2024) collected silt samples at 5-meter intervals along the

strandline. They used a metal spoon to gather the top 5 cm of

sediment within a 0.25-m by 0.25-m quadrat (Table 9) and stored

the samples in Ziploc bags. A wet sediment sample weighing 2 to 3

kg was taken from three different sites in EKW. These sites were

spaced 60–90 m apart and at least 80 m from the wastewater entry

point. The wet sediments were dried in an oven at 65°C for 36 h

until reaching a constant weight. The dried sediments were then

sieved through mesh sieves of various sizes (10 mm, 5 mm, 850 mm,

and 63 mm) as described by Sarkar et al. (2019).

9.1.3 Sampling of aquatic organisms
Collecting microplastics (MPs) from organisms presents

significant challenges. Different techniques are used depending on

the type of organism. Planktonic organisms, including zooplankton

and phytoplankton, can be collected using plankton nets with

various mesh sizes (Table 10). These nets have been widely used

in numerous studies (Celis-Hernández et al., 2021; Maghsodian

et al., 2021; Huang et al., 2020). Methods for collecting nektonic

organisms such as fish and prawns include cast nets, trawl nets, bag

nets, and direct hand collection, as shown in studies. Fish samples

are also obtained through bottom trawling. Before analysis, the

samples are stored at -20°C, wrapped in aluminum foil. Patria et al.
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(2020) and Addo et al. (2022) all state that bottom dredging with

Van Veen or Ekman samplers is the preferred method for collecting

benthic organisms like gastropods, bivalves, polychaetes, and

echinoderms. Both intertidal and subtidal zones are used to

collect mussels, sea urchins, and whelks. Subtidal samples can be

collected by snorkeling up to a depth of 3 m. Intertidal samples are

gathered from rock coastlines. All samples are stored in pre-cleaned

Ziploc bags and kept at -20°C until analysis. Sarkar et al. (2021a)

used a cast net with a mesh size of 10–15 mm to collect

macroinvertebrates and large and small fin fishes, which were

preserved in a sealed container with ice for later analysis.
9.2 Analytical processes

Addressing the research gaps related to micro- and nanoplastics

(MNP) pollution requires overcoming several analytical challenges.

These include identifying and characterizing the NP (nano-plastic)

fraction, creating standardized reference MNP particles with well-

defined weathering conditions, developing gentle extraction

methods to study the plastisphere (microbial communities on

plastic surfaces) and leaching profiles in complex matrices,

improving spectrometric imaging techniques to assess how

weathering impacts MNP structure (such as shape, porosity,

polymer degradation, and plastic additive leaching), designing

cost-effective, high-throughput methods for evaluating MNP

pollution in different matrices (like biota, water, and soils), and

establishing analytical pipelines to identify and quantify plastic

additives and pollutants. The methods outlined by GESAMP

(2019) are commonly used to extract MPs from various samples,

including water, sediment, and biota. Recent research has also

explored new analytical procedures to detect MNPs in these

aquatic organism samples.
TABLE 9 Sampling methods of sediment for microplastic analysis.

Sampling procedure Description Reference

Surface water collection (60 L) Surface water samples (60 L) were collected from designated sampling stations using sterilized
containers to avoid contamination.

Das Sarkar et al., 2023

Filtration The collected samples were sieved through a filter of the required mesh size to retain particulate
matter and microplastic debris.

Storage Processed samples were immediately sealed and stored under controlled conditions to prevent
degradation prior to analysis.

Intertidal zone water collection (100 L) Water samples (100 L) were collected using a metal bucket from the intertidal zone at depths
ranging from 0 to 0.5 m.

Ariefdien et al., 2024

Filtration and preservation Samples were filtered through a 250 mm mesh sieve and subsequently stored at −20°C until
laboratory analysis.

Surface sampling with stainless steel jug 100 L of water was collected using a 2 L stainless steel jug at a depth of 0–25 cm below the
surface. Containers were rinsed thrice with site water before actual sampling to avoid
contamination.

Kumkar et al., 2021

Secondary filtration Samples were filtered through a 30 cm diameter stainless steel sieve (50 mm mesh size) to
separate suspended solids and microplastic fragments.

Storage condition Filtered water samples were preserved at 4°C until further processing for microplastic extraction
and analysis.
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9.2.1 Extraction of MPs from water and sediment
After making a few minor adjustments, Chau et al. (2023)

employed procedures that have been previously described (Mai

et al., 2019; Zhao et al., 2019). First, a nylon sieve with a 20-mm pore

size was used to reduce the volume of the riverine water samples. To

remove any salts, filtered distilled water was used to rinse the

samples. To facilitate the digestion of organic compounds, the

residues were treated with a 30%-v/v hydrogen peroxide solution

and then incubated in an oven at 60°C for 24 h. Sodium chloride

(NaCl) solution (1.2 g/mL) was added to a separating funnel to

achieve particle density separation (Figure 8). Before examination,

the liquid was filtered through a 1-mm glass fiber filter and placed in
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a petri dish. It was then prepared for spectroscopic and microscopic

analysis. GESAMP also developed a method to remove MPs from

sediment and water (2019). In this process, water samples in falcon

tubes were thawed and transferred to glass jars that had been

thoroughly washed with ultrapure MilliQ water. All storage

containers underwent rigorous rinsing to ensure that all samples

were thoroughly cleaned. Each sample was digested by adding 10%

KOH at a ratio of 1:2 and then incubated in an oven at 50°C for 24 h

to remove organic material. After digestion, the samples were

filtered using a Buchner funnel and a vacuum pump. The samples

were filtered through a pre-cleaned 20-mm nylon mesh and then

dried in pre-cleaned petri dishes before analysis.
TABLE 10 Sampling methods of aquatic organisms for microplastic analysis.

Type of organisms Collection methodology Reference

Planktonic (Zooplankton
and Phytoplankton)

Collected using plankton nets of varying mesh sizes, depending on the target taxa. Samples are carefully
transferred into sterile containers to prevent cross-contamination and stored at −20°C until further
processing.

Celis-Hernández et al., 2021;
Maghsodian et al., 2021; Huang
et al., 2020

Nektonic (Fish, Shrimp) Sampling performed using cast nets, trawl nets, and bag nets, complemented by direct hand collection
in shallow waters. Collected specimens or water samples containing organismal traces are preserved at
−20°C for molecular analysis.

Benthic (Gastropods,
Bivalves, Polychaetes, and
Echinoderms)

Samples are collected via bottom dredging using Van Veen or Ekman grab samplers and immediately
placed in sterile Ziploc bags at −20°C.

Patria et al., 2020; Addo et al.,
2022; Kumkar et al., 2021

Mussels, sea urchins, and whelks are collected from both intertidal and subtidal zones. Subtidal samples
are obtained by snorkeling at depths between 1 and 3 m, ensuring minimal disturbance to the
substrate.

Intertidal samples are hand-picked from rocky shores and stored in pre-cleaned Ziploc bags at −20°C
until extraction and analysis.
FIGURE 8

Schematic diagram for the extraction of microplastics from sediment samples (GESAMP, 2019).
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For sediment samples, at least 300 g of sediment was carefully

extracted from Ziploc bags, then placed into aluminum containers,

and baked in an oven at 50°C for a minimum of 48 h or until a

consistent weight was achieved. A 200-g sample was digested in

10% KOH solution (ratio of 1:2) at 50°C for 24 h to remove organic

matter. Once cooled, the liquid was filtered through a Buchner

funnel with a 20-mm nylon mesh. A highly concentrated saline

solution (NaCl 360 g/L), filtered through a 10-mmmesh, was mixed

with the sediment residue at a ratio of 3:1. The mixture was gently

stirred for about 2 min and left undisturbed for 15 min. The liquid

was then filtered again with the Buchner system. This process was

repeated three times, using the same filtered saline solution each

time (Figure 9). For microscopic and spectroscopic analysis, the

microplastic material was carefully transferred to petri dishes.

Studies by Sarkar et al. (2019) and Tien et al. (2020) described

methods to remove MPs from sediment and water. Initially,

microplastics from the sieved sediment and water samples (850

mm–5 mm and 63–850 mm) were separated using density separation

with a standard ZnCl2 solution (1.80 g/cm−3). In brief, a saturated

solution of ZnCl2 from Thermo Fisher Scientific Inc. was added to

the samples at a ratio of 10:1 (v/w). The mixture was stirred for 15–

20 min and left undisturbed overnight. The floating particles were

carefully separated using precise techniques and collected on filter

paper with very small pores to ensure effective filtration. The

process involved a specialized setup with a vacuum pump. The

floating debris was rinsed thoroughly with deionized water to

remove any remaining salt. It was then treated with 30%

hydrogen peroxide for 3 h to fully digest any biological material.

The remaining plastic debris was washed thoroughly with deionized
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water using vacuum filtration, specifically with a glass microfiber

filter with a 0.7-mm pore size. The density separation and digestion

steps were repeated a second time to isolate the plastics, which were

then dried for 36 h in a vacuum desiccator.

9.2.2 Extraction of MPs from tissues
Using the procedures outlined by GESAMP (2019), all

organisms were allowed to thaw (Figure 10). The wet weight of

soft tissue was measured for each organism. Soft tissue from each

sample was stored in a glass jar. A 10% KOH solution was used to

aid digestion. The samples were heated to 50°C and left to incubate

for 24 h. The samples underwent Buchner filtration with a 20-mm
nylon mesh. Carefully, the mesh was removed and placed into a

thoroughly cleaned petri dish for further examination. Schirinzi

et al. (2017) developed a different method for extracting MPs from

the gastrointestinal tract. In this approach, gastrointestinal tracts

(GITs) were weighed using a precision balance to achieve the

desired size. The tissue samples were treated with a 10%

potassium hydroxide (KOH) solution (1/3 w/v). GITs were

incubated for 6 h at 60°C ± 5°C and then allowed to cool at room

temperature overnight. The KOH + GIT solution was filtered

through a 1.6-mm pore fiberglass filter (GF/A Whatman) using a

vacuum system. During the second digestion step, filter papers were

treated with 40 mL of 20% nitric acid (HNO3) for 1 h to analyze

plastics selectively. Cleaned filter papers were transferred to petri

dishes for examination under a stereo-microscope.

The alkaline digestion method for fish GI tracts was proposed

by Karuppasamya et al. (2020). In this method, alcoholic potassium

hydroxide (C2H5OH + KOH) was used to remove organic
FIGURE 9

Schematic diagram for the extraction of microplastics from fish tissues.
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substances (Figure 9). The alkoxide ions (C2H5O
−) produced in this

process are more basic than hydrated hydroxide ions, which speeds

up digestion. Munno et al. developed a rigorous method to estimate

MPs in fish tissues. Using a precision balance, the moist weight of

tissue samples was measured. The tissue was fully submerged in

20% potassium hydroxide (KOH) solution filtered through a 1-mm
filter. Samples were incubated for 5 to 7 days at 45°C–55°C or until

complete digestion. The digested samples were rinsed through a

25-mm pore stainless steel sieve. An additional 24 h of rinsing was

done with liquid detergent. Three size fractions were separated from

the sieved particles: >355, 125–355, and 45–125 mm. The larger

fractions (125–355 and >355 mm) were rinsed in glass canisters,

while the smallest fraction (45–125 mm) was filtered onto 20-mm
polycarbonate filters using a vacuum.

Zhang et al. (2021) proposed an additional approach to extract

MPs from fish respiratory tissues. After removal and rinsing with

filtered water, fish gills were transferred to 100-mL scintillation

vials. A 10% KOH (w/v) digestion solution was added to each vial

(Zhang et al., 2019). The containers were sealed and incubated at

60°C in a constant-temperature shaker for 48 h or until the gills

were fully digested. The digested content was filtered through a

membrane filter. The residue on the filter was washed with 1 L of

water in a glass beaker containing a flotation agent (NaCl), and the

solution was left undisturbed for 24 h. The surface layer was then

filtered again through a membrane filter. After drying in a

desiccator for 24 h, the filtered materials were collected for MP

analysis. To isolate microplastics from fish gastrointestinal (GI) and

gill tissues, Debbarma et al. (2022) used a rigorous method that

enabled complete digestion and efficient separation for further

analysis. The GI and gill samples were placed in a 60-mL

borosilicate glass tube and immersed in 10% KOH for 72 h to
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remove organic matter and extract microplastics (MPs). During this

period, the samples were stirred intermittently to ensure proper

decomposition of tissues. After 72 h, the mixture was filtered using a

0.45-mm nitrocellulose filter membrane via vacuum filtration and

then transferred into a 50-mL lab vial. To this, 25 mL of 4.4 M NaI

solution was added. The solution was then agitated for 5 min on an

orbital shaker and sonicated at 50 Hz for 5 min. The samples were

centrifuged for 3 min at 1,000 RPM. The filtered samples were then

dried at room temperature in individual petri dishes before further

analysis. The technique by Hove et al. (2023) streamlines and

improves the microplastic analysis process for fish tissues. Fish

tissue samples, including oily and lean fillets, livers, and oils, were

collected using this method. Scalpels and forceps were used to

carefully remove bones and scales, and the tissue was then sectioned

into approximately 1-cm³ segments. All procedures were performed

within laminar flow cabinets to reduce the risk of airborne

microplastic contamination. This protocol relies on surfactant-

assisted alkaline digestion using potassium hydroxide (KOH).

NaTT was added to a homogenized 100 g sample as a NaCl-

surfactant solution (Tween®20 + Triton™X100). After stirring in

60 g of 4.2 M KOH, a 1.4-M KOH solution was obtained. The

mixture was incubated at 40°C for 16–24 h. After digestion, the

solution was cooled on ice and neutralized with 1.0 M citric acid to

reach the desired pH. Vacuum filtration was used to separate the

digested material. Compared to other methods, this protocol

significantly reduces the time and steps required. This allows for

more samples to be analyzed for MPs, which is crucial for

monitoring and surveillance. The digestion efficiency (DE%) for

most matrices exceeded 99.9%. In a recent study, Sarkar et al.

(2021a) developed a method to extract MPs from tissue samples.

After thorough rinsing with distilled water, fish were dissected to
FIGURE 10

Accumulation of microplastics in a fish’s body.
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remove the entire gastrointestinal (GI) system, including the

esophagus and cloaca. To ensure complete cleaning, the

specimens were digested with 30% H2O2 at 70°C, which

effectively degraded the remaining organic materials (Gbogbo

et al., 2020). For smaller fish under 10 g and snails, their digestive

tracts and entire bodies were combined and processed as described.

After filtration, the samples were prepared for further analysis.

Microplastics (MPs) have been extracted from fish tissues using

various filtration methods and digesting solutions. Common

approaches include using potassium hydroxide (KOH) for tissue

digestion, often followed by filtration and incubation, as detailed by

Munno et al. (2021), Schirinzi et al. (2017), and GESAMP (2019).

More recent methods incorporate surfactant-assisted alkaline

digestion and other improvements to increase efficiency and

reduce contamination, as demonstrated in protocols by Hove

et al. (2023) and Sarkar et al. (2021).
10 Characterization of microplastic

One of the main methods used to identify microplastics (MPs) is

visual examination under a microscope—for example, GESAMP

(2019) used a stereo microscope (Zeiss Stemi DV4) at 40X

magnification to identify MPs in tissue samples held on nylon

mesh. This technique allowed to identify MPs based on shape, such

as fibers, fragments, spheres, and filaments, as well as color and size,

with particles up to 5,000 mm. Fourier transform infrared

spectrometry (FTIR) was used to analyze the polymer makeup of

the MPs, with a minimum size limit of 500 mm for FTIR analysis

(Sparks et al., 2021). Schirinzi et al. (2017) improved MP

characterization by classifying them by size, color, and physical

features using a stereomicroscope. They used FTIR spectroscopy,

specifically in the Attenuated Total Reflection (ATR) mode, to

examine the polymer structure of plastics, achieving a 70%

spectrum matching rate across the 650–4,000-cm⁻¹ range
Frontiers in Marine Science 31
(Table 11). Expanded on these methods by studying MPs in tissue

samples with a dissecting microscope (Olympus SZ61

stereomicroscope). Suspected human-made particles were visually

counted and described based on color and shape, including fibers,

fiber bundles, fragments, films, foams, spheres, pellets, and rubber. To

confirm the accuracy of visual ID, chemical analysis was performed

using ATR-FTIR and Raman spectroscopy, providing insights into

MP composition. Zhang et al. used advanced stereomicroscopy (Leica

with built-in Leica Application Suite X software) to carefully analyze

and measure suspected MPs. The detailed images captured attributes

like color, shape, and polymer type, while m-FTIR analysis in

transmittance mode was done with the Nicolet iN10 instrument

from Thermo Fisher, USA. This comprehensive approach gave

valuable insights into the characteristics and makeup of MPs. Gao

et al. (2022) studied MPs in water samples. Using a stereomicroscope

at about ×40 magnification, they counted MPs by measuring the

number of particles per volume of water (particles/L). The MPs were

categorized by color and sorted into five shapes: line/fiber, film/sheet,

pellet, foam, and fragment. For polymer identification, they used an

attenuated total reflectance FTIR spectrometer (Thermo Nicolet

iS10), comparing the spectra to standard references in open-access

databases to ensure accurate identification with a 70% matching

threshold. Debbarma et al. (2022) used an Olympus stereo zoom

microscope (SZX16 Model, India) to visually examine materials on

filter papers after filtration. They focused on MP shape, color, and

size, identifying four MP shapes: fragments, films, fibers, and pellets/

beads. Sizes ranged from 1,000 mm to less than 100 mm, and eight

colors were identified: translucent, white, black, blue, brown, red,

green, and yellow. Laser Raman spectroscopy confirmed the presence

of polymer functional groups, verifying the particles were plastics. In

a detailed study, Hove et al. (2023) characterized MPs from digested

samples using double filtration with cellulose nitrate (CN) filters and

stainless-steel filters. A digital microscope with magnification from

×20 to ×220 was used for observation, and polymer composition was

analyzed with both FTIR (micro-FTIR) and py-GC–MS (pyrolysis-
TABLE 11 Characterization of microplastics in the aquatic environment.

Characterization method Study Reference

Stereo microscope (Zeiss Stemi DV4) Shape (including fibers, fragments, spheres, and filaments), color
(ranging from white and transparent to red, yellow, black, and blue),
and size (up to 5,000 mm)

GESAMP, 2019

Stereo microscope (Leica M165 FC, Germany with built-in Leica
Application Suite X software)

Including color, shape, and polymer type based on the morphology of
the particles

Olympus stereo zoom microscope (SZX16 Model, India) Shape, color, and size Debbarma et al., 2022

FTIR (micro-Fourier transform infrared spectroscopy) and py-
GC–MS

Polymer composition Hove et al., 2023

Fluorescence microscope (Zeiss AXIO, Scope. A1 fitted with
camera, Zeiss AxioCamICc 5)

Color change Shim et al., 2016

Raman spectroscopy Mass and particle count Park and Park, 2021;
Abimbola et al., 2024

Two-dimensional correlation spectroscopy (2D-COS) MP behaviors, their aging steps, and their relationships with naturally
occurring organic matter (NOM)

Peng et al., 2023

GC/MS Polymer composition Park and Park, 2021
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gas chromatography–mass spectrometry). These techniques provided

deep insights into the properties of the MP particles.

Sarkar et al. (2021a) classified MPs into macroplastics (>10

mm), mesoplastics (5–10 mm), and microplastics (<5 mm), further

dividing MPs into fractions from 850 mm to 5 mm and 63 mm to 850

mm. Macro- and mesoplastic fractions were identified visually,

while MPs were distinguished under a microscope (Nikon Eclipse

Ci with Nikon DS-Fi2 camera) based on their shape—film, fiber,

pieces, foam, and beads. The fractions were accurately counted and

weighed using a Denver Instrument SI-234 precision balance. For

MPs from biological samples, larger MPs (850 mm to 5 mm) were

observable with an optical microscope, while smaller MPs (63 mm to

850 mm) were detected using a fluorescence microscope after

staining with Nile Red (NR), a hydrophobic fluorescent dye,

following methods documented by Shim et al. (2016) and Erni-

Cassola et al. (2017). In this approach, the digested gut content was

mixed with NR solution and left at room temperature to allow the

dye to adhere to the microplastic surface. The stained samples were

then examined under a fluorescence microscope (Zeiss AXIO

Scope. A1) to detect color changes, with excitation and emission

wavelengths optimized for highlighting MP particles. ATR FT-IR

(Spectrum 100 FTIR Spectrometer, PerkinElmer) was subsequently

used to analyze the chemical composition of sorted MPs by

comparing the spectra to reference spectra for common plastics

such as polyethylene (PE), polypropylene (PP), polyethylene

terephthalate (PET), and polystyrene (PS) (Sarkar et al., 2019;

Cowger et al., 2021; Amrutha and Warrier, 2020). Current MP

characterization methods are varied and increasingly advanced.

Visual discrimination remains the most basic technique but often

lacks precision. Microscopic techniques, including standard optical

microscopy, offer a more detailed examination of MPs but have

limitations in resolving finer details. More comprehensive

characterization is enabled by high-resolution imaging methods

such as atomic force microscopy (AFM) and scanning electron

microscopy (SEM), which provide enhanced insights into the

surface morphology and structural features of MPs.

Raman and Fourier transform infrared (FT-IR) spectroscopy are

now essential methods for determining the chemical makeup of MPs.

FT-IR spectroscopy analyzes the infrared light absorbed by MPs,

producing a spectral fingerprint unique to specific polymers. Raman

spectroscopy, by contrast, uses laser light to measure molecular

vibrations, providing complementary data to FT-IR and offering

important insights into the types of polymers and additives present

in MPs (Cowger et al., 2021). Another advanced technique, pyrolysis

analysis, involves the thermal decomposition ofMPs in the absence of

oxygen, breaking down polymers into smaller molecules. These by-

products are then analyzed using techniques like gas

chromatography–mass spectrometry (GC-MS), which helps identify

complex additives and contaminants withinMPs. Pyrolysis analysis is

particularly effective for understanding the chemical composition of

MPs, though it is a destructive method that does not preserve the

original shape of the particles. Despite these advancements, each

method has limitations. Visual and microscopic techniques can have
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difficulty distinguishing MPs from other particles in complex

environmental samples. While SEM and AFM provide detailed

analysis, they are time-consuming and require specialized

equipment. FT-IR and Raman spectroscopy, although powerful,

can be limited by the physical state of the sample and the presence

of interfering substances. Pyrolysis analysis, although informative,

destroys the sample and cannot reveal the original form of MPs.

Future research should aim to develop integrated approaches that

combine multiple characterization techniques to address these

individual limitations. Advances in machine learning and artificial

intelligence could improve the accuracy and efficiency of MP

identification and measurement. Additionally, standardizing

protocols and methods across studies will be crucial for generating

comparable and reproducible data, leading to a better understanding

of MPs in different environmental settings.
10.1 Visual discrimination for microplastic
identification: advantages and challenges

Visual discrimination is a key way to identify larger

microplastics, especially those measuring 1 to 5 mm, often found

in coastal areas. This method involves directly separating and

identifying particles with tools like tweezers and trays (McDermid

et al., 2004). However, it faces challenges because many organic and

inorganic substances look very similar to plastics in size and

appearance, making accurate identification difficult. Sometimes,

smaller but brightly colored plastics can also be seen visually (Li

et al., 2016). An important observation is that while synthetic fibers

often show vivid colors, natural fibers tend to create white and clear

microplastics (González-Pleiter et al., 2021). The visual approach is

simple and easy to use, but because plastics and other materials look

alike, it can lead to many errors. De Witte et al. (2014) proposed a

method that uses a heated needle tip to improve visual accuracy.

They determined if the material was plastic by touching it with the

needle and checking if it melted or curled. Despite its innovative

idea, this technique has some limitations. If the needle’s

temperature is not high enough, some plastics may not change in

appearance. Knowing the exact properties of the plastic beforehand

helps improve this method. In summary, visual discrimination is a

straightforward way to detect microplastics, but it has many flaws

that can cause serious mistakes. The reliability of this method is

reduced because plastics and other substances look similar, and

even advanced techniques like the heated needle test are not

without limitations.

10.1.1 Microscopic discrimination in microplastic
identification

According to Wang et al., traditional optical microscopy has

long been a key method for identifying microplastics, especially

those that are several hundred microns in size. By enlarging the

image, this method provides detailed information about surface

texture and structural features of particles, making it easier to
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distinguish plastics from visually similar materials. While this

technique is effective at detecting smaller microplastics, it

struggles to accurately identify colorless and amorphous particles

smaller than 100 mm (Song et al., 2015). Studies have revealed

significant discrepancies in plastic classification using microscopy,

with misidentification rates reaching up to 20%. Notably,

transparent particles account for 70% of these errors, a finding

supported by spectral analysis (Eriksen et al., 2013). This highlights

the inherent limitations of optical microscopy in reliably identifying

certain microplastics and underscores the need for additional

analytical techniques to improve accuracy. Despite these

challenges, optical microscopy remains a useful tool for the initial

assessment and identification of microplastics, providing essential

baseline data for more detailed, precise analyses (Table 12).

10.1.2 Scanning electron microscopy in
microplastic characterization

Using a strong electron beam to illuminate samples, scanning

electron microscopy (SEM) generates secondary electrons that reveal

fine morphological details. By providing high-resolution, enlarged

images of plastic particles, this method allows for accurate

differentiation between tiny microplastics and organic particles

(Fries et al., 2013). Cooper et al., for example, used SEM to

carefully analyze the morphological features of various plastic

pieces from coastal habitats. Their research confirmed that plastic

surfaces develop cracks, grooves, and notches due to both chemical

and mechanical weathering processes on shorelines, which eventually

lead to increased fragmentation (Cooper et al., 2010). However, SEM

has several limitations, including the need for samples to be analyzed

in a vacuum, which restricts the types of specimens that can be

examined; the fact that SEM only produces two-dimensional images

without height or directional data, making it challenging to fully

understand the three-dimensional structure of samples; and the

inability to observe liquid samples in particular (Qiu et al., 2016).

10.1.3 Atomic force microscopy in microplastic
characterization

Because it can detect particles as small as a few microns and

provide a realistic three-dimensional depiction of surface

topography, atomic force microscopy (AFM) has become an

essential technique for studying microplastics (MPs) (Nolte et al.,

2017). This method does not require special sample preparation and

works well in liquid environments and under normal pressure.

Demir-Yilmaz et al. (2022) used AFM to investigate the biophysical

characteristics of MPs, revealing their hydrophobic, uneven, and

rough nanostructures. The integration of AFM with microfluidics,

as demonstrated by Meister et al. (2009), allows for precise

assessment of interactions between microalgae and MPs, as well

as accurate determination of their hydrophobic properties. Despite

its benefits, AFM has some drawbacks, such as a limited imaging

range, slow imaging speed, and susceptibility to probe interference

(Karami et al., 2017). Nonetheless, AFM remains a crucial method

for thoroughly characterizing MPs, as it provides valuable

information about their surface morphology and interactions in

aquatic environments.
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10.1.4 Fourier transform infrared spectroscopy in
microplastic characterization

The non-invasive nature, straightforward sample preparation,

and high qualitative accuracy make Fourier transform infrared

spectroscopy (FT-IR) a preferred technique for analyzing material

structures (He et al., 2018; Fan et al., 2021). FT-IR uses spectral

analysis to reduce misidentification of MPs lacking distinct color or

material features and to prevent false positives when MPs are

absent. It employs infrared radiation to detect molecular vibration

frequencies and specific functional groups, enabling the assessment

of MPs’ weathering degree through oxygen-containing bonds.

Interference from organic contaminants and water can hinder the

detection of oxidation functional groups and particles smaller than

20 μm (Lin et al., 2022). Principal component analysis (PCA)

combined with FT-IR was used by Wander et al. (2020) to

enhance MP recognition accuracy by reducing data complexity

and visually representing particle similarities. FT-IR not only

identifies sample composition but also facilitates quantitative

analysis of MP quantities (Renner et al., 2017). The combination

of statistical techniques with FT-IR significantly boosts the accuracy

and effectiveness of MP detection and characterization, highlighting

the method’s strong analytical capabilities in environmental

research studies.

10.1.5 Raman spectrometry in microplastic
characterization

Using the fascinating phenomena of inelastic light scattering,

Raman spectrometry—a sophisticated vibrational spectroscopy

technique—provides precise vibrational spectra. The accurate

analysis of small particles is a common application for this

powerful method (Araujo et al., 2018). Raman analysis supplies

essential information on the composition of the samples, in

addition to identifying these particles. The sensitivity of the

Raman spectrometer is impressive; it can detect particles as small

as 1 mm (Becucci et al., 2021). Because it is non-contact, it preserves

the structural integrity of materials, increasing sensitivity and

allowing for further analysis (Cole et al., 2013). Compared to

Fourier transform infrared (FT-IR) spectroscopy, Raman

spectroscopy is better at detecting matrix polymers, coatings, and

both organic and inorganic additives. Identifying additives and

coatings can be challenging due to increased scattering from these

materials, which may mask the Raman signal from the matrix. The

main hurdle for Raman detection is fluorescence in samples.

Conversely, infrared spectroscopy, especially for fluorescent

samples, is more effective at identifying coatings and additives.

Despite its limitations, the effectiveness of Raman spectroscopy in

characterizing materials depends heavily on the specific

requirements of the samples analyzed. This technique, with its

non-destructive and highly sensitive nature, remains an invaluable

tool in the detailed study of complex materials.

10.1.6 Thermal cleavage in microplastic
characterization

A novel spectroscopic method for detecting microplastics (MPs),

thermal cleavage analysis, utilizes samples’ thermal stability to
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TABLE 12 Removal of MPs using microalgae to date.

Microalgae used MP size Instrument used Analysis Mechanism Process variable Result Reference
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identify changes in their physicochemical properties (Vilakati et al.,

2021). Polyethylene (PE) and polypropylene (PP) can be

differentiated using thermogravimetric analysis (TGA) and

differential scanning calorimetry (DSC) (Majewsky et al., 2016).

Combining TGA with solid-phase extraction (SPE) and thermal

desorption gas chromatography–mass spectrometry (TDS-GC–MS)

enhances the detection capabilities of both techniques, revealing

detailed features with high resolution (Dumichen et al., 2015). This

technology offers a relatively simple and fast way to analyze data by

directly identifying samples and mixed polymers. However, the

inherently destructive nature of this method limits its application

to chemical analysis alone and prevents gathering essential data on

the size, shape, and quantity of microplastics (Liu et al., 2023).
11 Advanced extraction techniques for
microplastic analysis

11.1 Cloud-point extraction

Cloud-point extraction (CPE) is an innovative and effective

method for separating microplastics (MPs) from environmental

samples. Zhou et al. (2019) examined this technique, focusing on

isolating polystyrene (PS) and poly(methyl methacrylate) (PMMA)

particles from water samples. Using Triton X-45, a non-ionic

surfactant, CPE relies on temperature-induced micelle formation

to trap MPs. This process is based on the principle that when the

surfactant concentration exceeds the critical micelle concentration

(CMC), a cloudy phase appears. This phase, called the “cloud

point,” occurs when surfactant molecules gather around MP

particles, effectively capturing them inside micellar structures (Li

et al., 2022; Zhou et al., 2023). CPE’s method involves forming these

micelles, which enclose MPs and facilitate their removal from the

sample matrix. This temperature-driven phase separation works

especially well in liquid samples, making it a powerful technique for

extracting MPs from various environmental contexts. Researchers

often pair this method with pyrolysis-gas chromatography–mass

spectrometry (Py-GC–MS) to accurately analyze the chemical

makeup of the plastic particles.

The advantages of CPE are numerous. It performs well even

when complex sample matrices interfere, ensuring high sensitivity

and specificity for MP detection. Moreover, the process is user-

friendly and suitable for routine laboratory work. CPE’s capacity to

selectively extract MPs from complex samples highlights its

potential for evaluating MP pollution across different ecosystems.

It is also cost-effective and environmentally friendly, aligning with

sustainable scientific practices. Its effectiveness in isolating MPs

from real-world environmental samples underscores its value. The

robustness of this technique, along with its high sensitivity, makes it

a valuable addition to MP analysis methods. By enabling precise

and consistent MP extraction, CPE significantly enhances our

understanding of MP distribution and impact in the

environment. Overall, cloud-point extraction stands out as a

sophisticated and efficient technique for MP analysis. Its ability to

handle complex matrices, combined with its affordability and low
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environmental impact, makes it a vital tool in ongoing efforts to

monitor and reduce MP pollution. As research progresses, methods

like CPE will be essential in providing the detailed, accurate data

needed to address the widespread presence of microplastics issue of

microplastic contamination (Zhou et al., 2019; Li et al., 2022; Zhou

et al., 2023).
11.2 Automated pressurized liquid
extraction for microplastics

Automated Pressurized Liquid Extraction (APLE), also known

as Accelerated Solvent Extraction (ASE), is an advanced technique

for extracting microplastics (MPs) from environmental samples. As

described by Dierkes et al., APLE enables the extraction and

subsequent analysis of various MPs, including polyethylene (PE),

polystyrene (PS), and polypropylene (PP), from different

environmental matrices. This method combines MP enrichment

and matrix removal into a single, fully automated process,

providing significant advantages in efficiency and accuracy. The

APLE process is notable for its reproducibility, automation, high

extraction yields, and versatility across various sample types. These

features make it a valuable tool in MP research. One key benefit of

APLE is its eco-friendly nature, reflected in reduced solvent use,

aligning with sustainable laboratory practices. This method

efficiently extracts MPs while minimizing environmental impact,

which is especially important given the growing emphasis on

sustainable scientific methods. Additionally, APLE’s automated

operation reduces human error and improves result consistency.

Its parameters can be adjusted to optimize MP extraction for

specific samples, offering both versatility and standardization in

MP analysis. Kamp et al. (2023) note that adjustable parameters

help researchers fine-tune the extraction process, ensuring

maximum recovery of MPs from various environmental sources.

Although APLE offers many advantages, it also has limitations, such

as the high initial cost of equipment and the need for specialized

training to operate it effectively. Despite these challenges, APLE has

been standardized, establishing it as a reliable and useful tool for

studying MP pollution. Its automation and efficiency streamline the

extraction process, making it suitable for routine use in laboratories

focused on environmental monitoring and pollution assessment. In

summary, APLE is a sophisticated, efficient, and eco-friendly

method for extracting MPs from environmental samples. Its

automation, high extraction yields, and adaptability across

different sample types make it a valuable resource in

environmental science. As research on MP pollution expands,

methods like APLE will play a crucial role in advancing our

understanding and efforts to mitigate this widespread

environmental issue.

Recent developments have enhanced detection sensitivity

and throughput:
Fron
• Machine learning and hyperspectral imaging: Enhance

accuracy in distinguishing MPs from organic debris. The

incorporation of artificial intell igence (AI) has
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revolutionized microplastic detection. AI algorithms,

particularly machine learning and deep learning

techniques, have been applied to image processing,

Fourier transform infrared spectroscopy (FTIR), Raman

spectroscopy, and hyperspectral imaging (HSI). These

methods have significantly improved the efficiency and

accuracy of microplastic identification, enabling real-time

monitoring and pollution hotspot detection. Innovative

solutions, such as the fluorescence imaging microplastic

analysis platform (FIMAP), have been developed. FIMAP

uses Nile Red staining combined with multispectral

imaging to detect and classify microplastics with high

accuracy, effectively excluding natural organic matter and

reducing false positives. Machine learning (ML) and

hyperspectral imaging (HSI) are increasingly used for

microplastic detection, addressing the urgent need for

efficient environmental monitoring. These technologies

enhance the identification and quantification of different

plastic types, offering rapid, non-destructive methods that

surpass traditional techniques. The following sections

highlight key contributions of these technologies to

microplastic detection. HSI captures the reflectance

spectra of materials, enabling differentiation of MPs based

on spectral signatures (Tamin et al., 2023). It effectively

identifies various plastic types, including polyethylene and

polypropylene, through advanced preprocessing and

feature extraction (Xu et al., 2023). However, HSIs

struggle with black plastics due to their light absorption

properties, which limit detection capabilities (Tamin et al.,

2023). ML algorithms, such as support vector machines

(SVM) and convolutional neural networks (CNN), are used

to classify and quantify MPs from hyperspectral data (Xu

et al., 2023). Studies demonstrate high accuracy rates (over

94%) in identifying MPs, showcasing ML’s potential to

improve detection efficiency (Gong et al., 2023).

Combining ML with HSI allows for better feature

extraction and classification, resulting in improved

detection outcomes (Daranagama & Liyanage, 2024).

• Laser-induced breakdown spectroscopy (LIBS): Enables

real-time, in situ monitoring. Advances in quantum

cascade laser direct infrared (QCL-LDIR) imaging provide

high-throughput analysis of microplastics. This advanced

technique offers rapid and accurate characterization,

overcoming challenges related to particle size and spectral

range. LIBS has become a promising method for detecting

and analyzing microplastics in various environments,

including drinking water and air samples. Often

combined with other techniques like Raman spectroscopy,

this approach allows for quick identification of microplastic

types and their contaminants, improving environmental

monitoring. LIBS has successfully identified microplastics

in bottled drinking water, detecting polymers such as

polyethylene (PE), polyethylene terephthalate (PET),

polystyrene (PS), polypropylene (PP), and polyvinyl

chloride (PVC). The study found PE to be the most
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common polymer, present in 35.71% of samples,

highlighting the widespread contamination potential in

consumer products. In atmospheric research, LIBS has

been combined with machine learning to classify

microplastics, achieving high accuracy in identifying

different types (Chen et al., 2025). This method not only

improves detection efficiency but also addresses the

environmental risks of airborne microplastics, which can

impact human health and ecosystems (Chen et al., 2025).

The performance of LIBS has been compared to traditional

techniques like ATR-FTIR and SEM-EDS, showing

comparable or better results in speed and sample

preparation (Vasudeva et al., 2024). Combining LIBS with

Raman spectroscopy has also proven effective for detecting

microplastics in human tissues, demonstrating its versatility

across various sample types.

• Automated pressurized liquid extraction (APLE): APLE is

emerging as an important method for detecting

microplastics (MPs) in various environmental samples.

This technique improves the efficiency and accuracy of

measuring microplastics, especially in complex samples like

sediments and sewage sludge. Combining APLE with

advanced analytical methods, such as pyrolysis-gas

chromatography–mass spectrometry (GC–MS), enables

the detection of low levels of common synthetic polymers,

with limits of quantification as low as 0.007 mg/g. APLE

involves a pre-extraction step using methanol, followed by

pressurized extraction with tetrahydrofuran, which

efficiently separates MPs from solid matrices. The method

has shown recoveries above 80% for solid samples, although

variability in MP distribution can lead to statistical

uncertainties. APLE has been successfully used to analyze

sediments, suspended matter, and sewage sludge, revealing

significant amounts of polyethylene and polypropylene. A

specialized extraction device has been developed to improve

MP separation from marine sediments, using air pumps

and filtration systems (Wang et al., 2024). While APLE

offers a strong approach for microplastic detection,

challenges remain in standardizing methods across

different environmental settings, which can impact the

comparability and reproducibility of results (Oh, 2022).

• AI-powered microfluidics and nanosensors are emerging as

key technologies for detecting microplastics, tackling

challenges related to their small size and diverse

properties. These innovative methods utilize artificial

intelligence (AI) to improve the sensitivity and accuracy

of detection, enabling the identification and analysis of

microplastics in different environments. The combination

of AI with plasmonic probes, such as estrogen receptor-

functionalized surfaces, has shown 90.3% accuracy in

identifying various types of microplastics based on size

and composition (Seggio et al., 2024). Using liquid–solid

triboelectric nanogenerators (LS-TENG) combined with

deep learning allows for quantitative microplastic
tiers in Marine Science 37
detection, achieving high recognition rates through

voltage signal analysis. Microfluidic systems with surface

nanodroplets can effectively isolate and analyze

microplastics as small as 10 mm. This technique enables

both physical and chemical characterization through optical

and Raman spectroscopy (Faramarzi et al., 2024). AI-driven

robotics are being explored for automated collection and

analysis of microplastics, streamlining the detection process

and improving data accuracy (Guo et al., 2024).
12 Mitigation of microplastic pollution
in the aquatic environment

The treatment and extraction of MPs from various aquatic

environments require careful consideration of the sample source

(water layer, sediment, or organism) and the characteristics of the

MPs, including size, density, and composition. Contreras-Llin and

Diaz-Cruz (2024) noted that optimizing reactive barriers can enhance

their ability to retain microplastics (MPs) and reduce their

environmental impact. Reactive barriers represent a promising

approach for managed aquifer recharge (MAR) systems to tackle

MPs in wastewater. Their effectiveness depends on the barrier

materials and MAR system conditions. Different types of reactive

barriers exist. Among them, compost- and woodchip-based materials

have shown effectiveness in removing various contaminants. The

performance of zero-valent iron/aluminum mixtures shows promise

for MP removal from aquatic environments. Red mud–loess mixtures

are another barrier used for removing MPs from wastewater, though

their MP removal efficiency is less well documented (Lu et al., 2022;

Valhondo et al., 2020). Sarkar et al. (2021b) proposed pulse

clarification and sand filtration methods to remove MPs from

water, achieving 63% and 85% removal efficiencies of microplastics

from raw water, respectively. The study also observed higher

microplastic abundance on the sand filter bed due to the screening

effect (Table 13).

Addressing the various sources and entry points of microplastic

pollution into aquatic habitats requires a multipronged approach.

Improving waste management systems, developing alternatives to

plastic, and enforcing laws to reduce plastic use and disposal are all

effective strategies (Andrady, 2011; Horton et al., 2017; Nizzetto

et al., 2016). A modern perspective highlights the importance of

advanced monitoring methods, public awareness campaigns, and

international cooperation in tackling this global issue. The primary

aim of preventive measures is to stop debris from being created or

prevent it from entering the ocean. These efforts include reducing

source generation, reusing, recycling, and composting waste,

converting waste into energy, keeping debris out of water bodies

at points of entry, and implementing various land-based waste

management practices (Ogunola et al., 2018; Bergmann et al., 2015).

Additional strategies involve removing microplastics from

consumer products, promoting biodegradable alternatives such as

polyhydroxyalkanoates, and advancing recycling technologies (Wu

et al., 2017; Calero et al., 2021).
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12.1 Ecolabeling

Ecolabeling is a voluntary, globally implemented system for

certifying and labeling a product’s or service’s environmental

performance. Attributes scientifically shown to be environmentally

beneficial are marked with an ecolabel (https://globalecolabelling.net).

Ecolabels act as visual tools for businesses to communicate the

environmentally friendly features of their products to consumers,

thereby aiding environmental management (Thøgersen et al., 2010).

The Agenda 21 report significantly enhanced environmental

labeling programs to promote sustainable consumer behavior. It

is recommended that labels be used to support cleaner production

across multiple market sectors (UNCED, 1992). Ecolabeling also

plays a vital role in fighting marine plastic pollution by encouraging

environmentally friendly products and informing consumers about

their environmental impact. This labeling system, increasingly

adopted by governments and businesses, aims to reduce harmful

environmental effects, promote responsible consumer choices, and

better resource management. Examples like the Nordic Swan

Ecolabel demonstrate its effectiveness in advancing sustainability

and cutting waste (Ogunola et al., 2018).
12.2 Recycling

Gathering and processing discarded items and materials to

create reusable materials. Recycling plays a crucial role in
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reducing the environmental impact of plastic waste worldwide,

although current rates remain low. Thermoplastics like PET, PE,

and PP have excellent mechanical recycling capabilities. Mechanical

recycling of solid plastic waste is an eco-friendly and resource-

efficient solution to indiscriminate disposal (Lazarevic et al., 2010;

Wäger and Hischier, 2015). There are two main methods for

recycling segregated MPs. First, the separated MPs are processed

further. Pyrolysis produces hydrogen, value-added liquid fuels,

carbon nanomaterials, and composite catalysts. Additionally,

isolated MPs are used directly to produce plastic products, such

as foam and flame-retardant materials. Governments have adopted

strategies like color-coded sorting systems to support recycling

efforts. Despite challenges such as high operational costs,

recycling offers potential environmental and economic benefits,

leading to increased public awareness and participation, especially

in developed countries (Ogunola et al., 2018).
12.3 Bans and imposed fees

Governments worldwide are introducing bans and fees to cut

down on plastic waste, focusing on lightweight bags and

microplastics. Over 30 countries have banned plastic bags, with

some also limiting microplastic use. Charging fees on plastic bags

has been effective in lowering their use, with notable drops in places

like Wales, Ireland, and Scotland. These actions aim to change

consumer habits and reduce plastic pollution, although the success
TABLE 13 Potential mitigation strategies of microplastics with source (adapted from Park and Park, 2021).

Source Potential mitigation

Microplastics in additives Eliminating them from the products.
Substitute with benign alternatives

Mismanaged preproduction pellets Implement measures to control pellet handling. The operation aims to clean and remove
any debris or unwanted items thoroughly

Industrial erosive Enhance the ability to confine and retrieve, and mandate substitute options

Laundromat exhaust Improved separation

Agriculture-degraded film, pots, and
Pipes

Advanced recovery, biodegradable plastics

Tire dust Technological advances, road surface

Littering of small plastic items (cigarette
filters, torn corners of packaging, small
film wrappers, etc.)

The implementation of penalties for littering, educating consumers, and implementing
Extended Producer Responsibility (EPR) in product design

Domestic laundry, wastewater effluent Utilize top-load machines for washing, employ wastewater containment systems, use
single-filter woven fabrics, and apply textile coatings

Fragmentation caused by automobiles traversing uncollected garbage. Improved waste management

UV and chemically degraded terrestrial
plastic waste

Improved waste management

Sewage effluent (synthetic fibers) Laundry filtration, textile industry
Innovation

Combined sewage overflow (large items) Infrastructure improvement

The process of mechanically shredding roadside debris is carried out as part
of the routine vegetation cutting (mostly grass)

Enhanced legislation and enforcement of laws; optimization of waste products
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depends on how strict the regulations are and how well they are

enforced (Ogunola et al., 2018).
12.4 Action plans and regulatory
agreements

According to Ogunola et al. (2018), international agreements

such as the 1992 Convention for the Protection of the Marine

Environment of the North-East Atlantic (OSPAR Convention) and

the 1992 Helsinki or HELCOM Convention for the Protection of

the Baltic Sea are designed to address plastic pollution from both

land-based and marine sources. These agreements involve collective

actions and regional plans to reduce marine litter, focusing on

education, outreach, and regulatory measures. Despite challenges in

implementation and enforcement, these efforts are an essential step

toward reducing the environmental impacts of plastic waste on

marine ecosystems.
12.5 Removing/cleaning-up strategy

Ogunola et al. (2018) explained that beaches function as

complex socio-ecological systems that are vulnerable to plastic

pollution from various sources. Community-based beach clean-

ups involving volunteers have proven effective in removing plastic

debris and reducing threats to marine ecosystems. These efforts,

organized globally, show a shared commitment to keeping beaches

clean and fighting plastic pollution, though they face challenges

such as high costs and the need for consistent, coordinated actions.

According to Nohara et al. (2024), several countries have started

designing laws to regulate the use and disposal of single-use plastics.

The European Union, for example, issued the Single-Use Plastic

Directive (EU) 2019/904 to lessen the environmental impact of

certain products.
12.6 Behavioral change strategy

Educational outreach and public awareness campaigns are

essential for encouraging behavioral change and decreasing plastic

pollution. Specific efforts, like school programs and community

workshops, have effectively shifted perceptions and actions

regarding plastic use and waste management, emphasizing the

value of grassroots involvement and cultural context in

environmental efforts. Social media and engaging children and

youth are powerful methods for raising awareness and fostering a

sense of responsibility for marine conservation (Ogunola et al., 2018).
12.7 Biotechnology

Biotechnology offers a promising way to combat plastic

pollution by developing biodegradable bioplastics. These eco-

friendly alternatives, produced from renewable resources and
Frontiers in Marine Science 39
microbial processes, have the potential to reduce environmental

damage caused by traditional plastics. However, challenges such as

high production costs, limited scalability, and uncertainties about

their natural degradation still pose significant barriers to

widespread adoption. Further research is needed to improve

manufacturing methods and assess long-term environmental

impacts (Ogunola et al., 2018). According to Park and Park

(2021), microplastic removal can be categorized into four

technologies: wastewater treatment plants (WWTP), physical

removal technologies, chemical removal technologies, and

biological removal technologies, as shown in Table 9. Among

these, physical and chemical methods are more effective,

removing approximately 85%–99% of microplastics. Continued

research is crucial to developing better barriers for eliminating

microplastics from aquatic environments. In summary, reducing

MP pollution in water requires multiple strategies, including

optimizing reactive barriers, improving recycling efforts,

implementing bans and fees, and promoting ecolabeling.

Preventive measures, action plans, clean-up initiatives, and

biotechnology are also essential, but more research is necessary to

enhance their effectiveness.
13 Current trends of MP degradation

Microplastic (MP) pollution, which results from the breakdown

of larger plastics, poses serious threats to ecosystems due to its

increased bioavailability and longevity (Chamas et al., 2020).

Removing MPs from aquatic environments is challenging because

of their inert nature and small size, allowing them to bypass

traditional water filtration systems (Tofa et al., 2019b). Although

wastewater treatment plants (WWTPs) can eliminate most MPs

through primary and secondary treatments, smaller particles often

escape these processes, contaminating municipal waters and rivers or

remaining in biosolids. These MPs remain stable under standard

physical treatments like coagulation, sedimentation, screening, and

flotation, which call for improved removal strategies (Lin et al., 2020).

Advanced treatment technologies have shown promise, such as

membrane bioreactors (MBRs), which Talvitie et al. (2017)

demonstrated could remove 99.9% of MPs larger than 20 μm from

secondary effluents. Foam and air flotation techniques are also

effective for extracting microplastics from sediments. Dissolved air

flotation, combined with coagulation, can enhance sewage filtration

(Mohammadi et al., 2020). Sand filtration has emerged as a quick,

feasible technology for removing microplastics, although it can be

costly due to the multiple application steps and is particularly effective

for particles larger than 200 mm (Dayal et al., 2024). Combining

various treatment strategies can improve microplastic removal

efficiency. However, the persistence of these particles in the

environment continues to pose ecological risks. Physicochemical

methods, such as ultraviolet (UV) irradiation, can break down

MPs, with reactive oxygen species (ROS) playing a key role in

causing morphological changes and chemical chain scission (Wang

et al., 2013; Guo and Wang, 2019; Zhu et al., 2019). Despite this, UV

treatments are often slow due to low energy intensity and may not
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fully prevent the formation of toxic intermediates and volatile organic

compounds (VOCs), which can harm air quality and water safety (La

Nasa et al., 2020). Chemical recycling has gained attention as a

promising approach for reducing MP pollution by converting MPs

into useful products like chemicals or fuels (Miao et al., 2020). This

process offers a partial solution by transforming MPs into reusable

forms, thus lowering environmental impact. However, degradation

can generate toxic by-products, and the mechanisms behind these

reactions are not yet well understood. MP degradation occurs via two

main mechanisms: physicochemical (abiotic) and biodegradation

(biotic). Abiotic degradation involves physical factors such as

sunlight, temperature variations, and mechanical forces, which

weaken molecular bonds and break down plastics over time

(Varlamov et al., 2018; Li et al., 2016; Gobbi et al., 2017).

Biodegradation depends on microbial enzymes like lipases and

esterases to enzymatically cleave polymer chains into simpler

compounds. This biological process is influenced by microbial

diversity, environmental conditions, and the chemical makeup of

the plastic substrate (Li et al., 2016).
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14 Methods of MP removal

The widespread presence of microplastics (MPs) in aquatic

environments has led to the development of various clean-up

strategies. To reduce the environmental impact of microplastics

(MPs), substantial research focuses on their removal from

wastewater. Current approaches include electrocoagulation,

membrane separation, activated sludge, coagulation precipitation,

photocatalytic degradation, and biodegradation with green algae

(Xu et al., 2020; Egea-Corbacho et al., 2023). These methods

encompass physical, biological, and chemical techniques (Table 14).

Physical methods often transfer MPs to sludge, increasing the burden

on sludge treatment. Biological methods depend on specific

environmental conditions and have limited applicability. Both

physical adsorption and biological methods face challenges,

prompting the need to explore alternative options. Among these,

chemical methods have shown promise for removing microplastics

from water, focusing mainly on degrading, adsorbing, and

coagulatingMPs through advanced chemical processes andmaterials.
TABLE 14 Various treatment technologies for microplastic removal (adapted from Park and Park, 2021).

Treatment type Removal technologies MP removal rate Reference

Wastewater treatment plant
(WWTP)

Primary: screening, grit removal, primary sedimentation 76.5%–82% Park and Park, 2021

Secondary: membrane bioreactor, biofiltration, A2O process 72.1%–99.3%

Tertiary: membrane bioreactor, denitrification, and UF 41.6%–95%

Physical removal technology Membrane bioreactor (MF) 75%–79% Bayo et al., 2020

Dynamic membrane (UF) 94% Pizzichetti et al., 2021

Membrane bioreactor (UF) 98%–99% Lares et al., 2018

Glass membrane 90% Li et al., 2021

Rapid sand filtration (RSF) Varies Hu et al., 2019

Granular activated carbon filtration (GAC) Varies Kim and Park, 2021

RO membrane 85%–90% Schuhen et al., 2019

MF membrane 98% Yahyanezhad et al., 2021

Disk filter 89%–90% Kim and Park, 2021

Chemical removal technology Alum and PAM coagulant 80-88% Lapointe et al., 2020; Zhou
et al., 2024

Electrocoagulation 99% Perren et al., 2018

Agglomeration 92.8% Zhou et al., 2024

Fe- and Al-salt coagulation with plant-derived tannic acid 95% Park et al., 2021

AlCl3 coagulation with an
without PAM

46% Ma et al., 2019

Ozonation Varies Zahmatkesh et al., 2023

FeCl3 with PAM coagulation 99% Kim and Park, 2021

Biological removal technology Activated sludge treatment, aerobic and anaerobic digestion, lagoons,
and septic tanks

Approximately 47% Park and Park, 2021
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14.1 Adsorption techniques

Adsorption uses materials with high surface area and affinity for

microplastics to capture and remove them from water. Activated

carbon, biochar, and innovative nanomaterials like graphene oxide

have proven effective in adsorbing MPs from water. These materials

work through physical adsorption, where MPs stick to the surface,

and chemisorption, which involves stronger chemical bonds. Recent

research emphasizes the potential of functionalized adsorbents,

designed to improve their interaction with specific types of MPs

(Mou et al., 2020; Li et al., 2021).
14.2 Coagulation–flocculation

The coagulation–flocculation method is widely used in water

treatment and involves adding coagulants to gather microplastic

particles into larger flocs, which can then be easily removed through

sedimentation or filtration. Coagulants such as aluminum sulfate

(alum), ferric chloride, and natural polymers like chitosan have

been studied for their effectiveness in aggregating MPs. This

approach is favored because of its simplicity and efficiency in

treating large volumes of water (Rajala et al., 2018; Ding et al., 2019).
14.3 Chemical reduction and hydrolysis

Chemical reduction and hydrolysis are techniques that

chemically change the structure of microplastics to help remove

them. Reducing agents like sodium borohydride (NaBH4) can break

down specific types of MPs, while hydrolysis involves breaking

polymer chains by adding water or acids. These methods can

convert MPs into smaller molecules or monomers, making them

easier to remove or degrade further through biological processes

(Luo et al., 2020).
14.4 Membrane separation processes

Membrane separation processes are crucial for effectively

removing microplastics from water sources by selectively allowing

passage based on size and properties. Thin-film semipermeable

membranes, vital for these processes, ensure optimal performance

through traits like chemical inertness, insolubility in water, and

resistance to degradation, which are essential for durability and

efficiency over long periods. Reverse osmosis (RO) and

nanofiltration (NF) membranes are prominent in microplastic

removal, with RO applying pressure to push water through a

semipermeable membrane to trap microplastics (Zhang and Gao,

2022). NF performs well in lower-concentration environments,

blocking larger microplastics through size exclusion and

electrostatic interactions (Zhang and Gao, 2022). Ultrafiltration

(UF) membranes, with larger pores than NF, concentrate

microplastics from dilute solutions and work together with other

treatments. Donnan dialysis and electrodialysis serve specialized
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roles; the former separates microplastics by ion exchange, while the

latter uses electric fields to facilitate their removal via ion transport

(Zhang and Gao, 2022). Advances in membrane materials, like

nanocomposites and surface modifications, improve selectivity and

efficiency, which are key for sustained operation in tough conditions.

Combining these technologies with biological and chemical methods

creates comprehensive solutions to fight microplastic pollution in

aquatic environments, requiring ongoing research for optimization

and wider adoption.
14.5 Emerging chemical methods

New chemical methods are continually developed to improve

the efficiency and feasibility of microplastic removal—for example,

the use of green solvents and catalysts that reduce environmental

impact while effectively breaking down MPs is an active research

area. Additionally, combining chemical methods with other

treatment technologies, like photocatalysis and biological

degradation, shows promising potential for comprehensive MP

clean-up (Chen et al., 2022; Zhang et al., 2023).
15 Methods of microplastic
degradation

Advanced oxidation processes (AOPs) and biological

degradation are two key strategies currently used for breaking

down microplastics (MPs). These methods sever the chemical

bonds in polymer MPs, turning them into smaller molecules that

can either be converted into useful products or fully mineralized

into CO2 and H2O (Silva et al., 2018). The uneven breaking of

polymer chains can happen at any monomer unit, leading to MPs

decomposing into organic or inorganic substances (Asandei et al.,

2006). The degradation process and final products differ depending

on the type of polymer and are heavily affected by environmental

factors. MP degradation mainly occurs through physicochemical

(abiotic) and biodegradation (biotic) mechanisms. Over time,

abiotic processes weaken molecular bonds and fragment plastics

via physical means such as photodegradation, temperature changes,

and mechanical forces (Varlamov et al., 2018; Li et al., 2016; Gobbi

et al., 2017). Meanwhile, enzymes like lipases and esterases are

crucial for biotic degradation, as they enzymatically break down

polymer chains (Li et al., 2016). Understanding these mechanisms is

essential to develop effective solutions to reduce MP pollution.
15.1 Advanced oxidation processes

Advanced oxidation processes (AOPs) have recently become an

effective method for degrading persistent organic contaminants in

water by generating reactive oxygen species (ROS), such as hydroxyl

radicals (•OH, E0 = 2.7 V vs. NHE) in Fenton reactions and sulfate

radicals (SO4•-, E0 = 3.1 V vs. NHE) (Liu et al., 2020). Studies show

that sulfate radical-based AOPs (SR-AOPs) are highly effective at
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degrading stubborn organic pollutants in complex water

environments (Wang et al., 2017a), while Fenton treatment

efficiently converts plastic waste into useful chemicals (Wang

et al., 2017b). SR-AOPs also demonstrate superior catalytic

breakdown of cosmetic microplastics, mainly polyethylene. The

high redox potentials of these species boost the oxidation process,

causing chain scission, formation of valuable products, or complete

mineralization of microplastics.
15.2 Photochemical oxidation process

The breakdown of polymers largely depends on photochemical

oxidation, particularly through photodegradation processes

(Gewert et al., 2015; Liu et al., 2019). The formation of

environmentally reactive free radicals, oxygen addition, hydrogen

abstraction, and the breaking or cross-linking of chemical chains in

microplastics (MPs) can all result from prolonged exposure to

sunlight, especially UV light (Zhu et al., 2019). This process also

causes significant morphological changes, such as flakes and cracks

(Cai et al., 2018), with UV light being the main driving factor.

Natural photodegradation of MPs is unpredictable, making it

crucial to understand how MPs’ aging properties relate to the

degree of aging. Under lab-accelerated photodegradation

conditions, Song et al. (2017) demonstrated that MPs’ surfaces

develop oxygen-containing groups and fissures. However, limited

information is available on how reactive oxygen species (ROS)

influence the aging process of MPs due to their low concentration in

aquatic environments. Photodegradation in nature proceeds very

slowly, especially for polystyrene microplastics (PS-MPs), which are

common in aquatic settings. Zhu et al. (2020) studied the aging of

PS-MPs in aquatic environments under simulated sunlight (295 to

2,500 nm) for up to 150 days. They found ROS such as singlet

oxygen (¹O2), hydroxyl radicals (•OH), hydrogen peroxide (H2O2),

and superoxide radicals (O2•-) in the PS-MPs suspension caused by

light exposure, shedding light on the mechanisms of ROS formation

and MPs photodegradation under these conditions. The study did

not evaluate the extent of MPs’ photoaging or the types of

intermediate products created during photochemical reactions.

Additionally, long-term simulated light exposure presents

challenges like high energy use and potential light pollution.

While traditional Fenton processes are ineffective for degrading

polystyrene materials, Feng et al. (2011) investigated breaking down

polystyrene microspheres using a photo-assisted Fenton process.

Most other research have focused on large plastic films rather than

MPs or NPs (Zan et al., 2006). Due to the scavenging effect of H2O2

radicals, the Fenton reaction is limited by the oxidant, and its

practical use is hindered by secondary pollution from iron ion

leaching and substantial sludge production. Recently, Kang et al.

studied the breakdown of cosmetic MPs through catalytic activation

of peroxymonosulfate, generating active radicals with strong carbon

nanosprings. Although this advanced oxidation process (AOP) did

not directly turn cosmetic MPs into value-added products,
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microorganisms can metabolize non-toxic organic by-products

from MPs breakdown into useful substances like proteins,

biofuels, and sugars. This bioconversion process fosters an

environmentally friendly and sustainable carbon cycle. Building

on these findings, the next section will explore the photocatalytic

degradation of MPs using catalysts.
15.3 Photocatalytic oxidation process

Photocatalysis is recognized as an advanced oxidation process

(AOP) for removing contaminants, including microplastics

(Klavarioti et al., 2009). This mature green technology utilizes the

infinite and free energy of solar radiation, showing promising

potential as an eco-friendly and cost-effective treatment option.

Photocatalytic breakdown of organic pollutants mainly depends on

semiconductor materials. When the energy of the absorbed photon

exceeds the band gap energy of the semiconductor (E ≥ Eg),

electrons in the valence band are excited to the conduction band,

creating positive holes in the valence band (Nakata and Fujishima,

2012). These electron–hole pairs react with OH-, O2, or H2O to

produce highly reactive oxygen species (ROS), initiating the

degradation of plastics and organic contaminants (Tofa

et al., 2019a).

According to earlier research, ROS is effective at breaking down

large plastic particles and films (Jiang et al., 2020). A comprehensive

overview of plastic photodegradation mechanisms was provided by

Zhang et al. (2020a), who also included detailed illustrations of the

process. Despite these advancements, most plastic films and particles

only partially degrade when exposed to UV light, indicating that the

ROS generated by visible light is insufficient for complete chain

cleavage and subsequent oxidation events. This limitation highlights

the need for further research into the use of photocatalysis to break

down microplastics. Using semiconductor materials as

photocatalysts, many studies have explored the photodegradation

of microplastics in aquatic environments (Table 2). Titanium dioxide

(TiO2)-based nanomaterials have been widely used as model

photocatalysts because of their high oxidation potential for organic

pollutants (Yuan et al., 2017). Additionally, zinc oxide (ZnO)-based

materials have also been employed for degrading microplastics and

plastics due to their strong catalytic activity and high redox potential.

Despite these promising results, most photocatalytic systems have

only achieved partial degradation and have not extensively analyzed

the final degradation products using techniques like liquid

chromatography–mass spectrometry (LC–MS). Moreover, these

processes may release volatile organic compounds (VOCs), creating

additional environmental concerns. A significant challenge with

current photocatalytic systems is the difficulty of recycling

suspended catalysts in water, which can lead to secondary

pollution. This issue could be addressed by immobilizing the

catalyst on conductive substrates, improving the practicality and

sustainability of photocatalytic microplastic breakdown. By

deepening our understanding of photocatalytic oxidation processes
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and overcoming these challenges, we can develop more efficient and

environmentally friendly methods to combat microplastic pollution.
15.4 Electrochemical oxidation process

The two main types of electrochemical oxidation are anodic

oxidation (AO) and indirect cathode oxidation. AO is the more

common form. In AO, organic pollutants are either directly

oxidized on the anode surface through charge transfer or

indirectly through hydroxyl radicals (•OH) and other reagents

such as hydrogen peroxide (H
2
O

2
), ozone (O3), active chlorine

species, and peroxymonosulfate in aqueous solutions. In contrast,

indirect cathode oxidation is mainly linked to electro-Fenton (EF)

technology, which produces •OH radicals and other reactive oxygen

species from H2O2 decomposition catalyzed by Fe²+ ions via the

Fenton reaction. These free radicals play a key role in the oxidation

of organic pollutants, making EF technology a promising approach

for treating stubborn organic compounds. Kang et al. (2019)

demonstrated the effectiveness of sulfate radical-based advanced

oxidation processes (SR-AOPs) in breaking down microplastics

(MPs) mainly made of polyethylene. This was achieved through

catalytically activating peroxymonosulfate to generate active

radicals, and toxicity tests showed that the resulting organic

products were harmless to aquatic microorganisms. The

intermediate products, however, were not identified. EF-like

processes, enhanced by high-efficiency heterogeneous catalysts,

have gained attention for producing strong oxidizing •OH

radicals to eliminate organic contaminants because of their

controllability, ease of operation, and low risk of secondary

pollution (Chen et al., 2020). The type of cathode material is

crucial, as the overall degradation efficiency in EF-like systems

depends on cathodic processes. Therefore, choosing highly effective

catalyst materials is essential for optimal results. Although

electrochemical methods have great potential for MP degradation,

their use in aquatic environments remains limited. A notable study

from the previous year explored the breakdown of PVC MPs using

an EF-like system with a TiO2/graphite cathode (Miao et al., 2020).

This system showed significant activity in decomposing PVC via

•OH oxidation and cathodic reduction dechlorination, producing

desirable and useful products. It is still uncertain whether this

system is effective for other types of MPs. Nevertheless, this research

offers a promising direction for developing efficient electrochemical

oxidation techniques for MP breakdown into valuable substances.

The field of electrochemical oxidation for MP degradation is

continually evolving and holds great promise. Future research

should aim to understand the intermediate products, improve

catalyst materials, and expand the applicability of these methods

to different types of MPs. By advancing these techniques, we can

create sustainable solutions to reduce microplastic pollution,

protect aquatic ecosystems, and promote environmental health.
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15.5 Biodegradation

Researchers have discovered that although microplastics (MPs)

remain stable in natural environments for long periods, specific

microorganisms can effectively decompose them (Krueger et al.,

2015). Microorganisms, thanks to their remarkable adaptability, can

survive nearly everywhere and break down various organic

pollutants, including MPs (Brooks et al., 2011). The process of

MP degradation (Zurier and Goddard, 2021) involves MPs serving

as substrates for biofilm growth. As the biofilm develops, it causes

pitting and cracking, which weakens the structure of the MPs.

Bacterial enzymes then target these weakened MP fragments,

attacking them both specifically and non-specifically during bio-

deterioration, which is the rate-limiting step. Once the weight of

MP fragments drops below 600 kDa, bacteria in the biofilm can

easily ingest them during assimilation. These fragments are further

broken down by enzymes into smaller molecules such as CO
2
, N

2
,

CH4, H2
O, and H

2
S, which microorganisms use as energy sources,

eventually releasing back into the atmosphere and completing the

transformation of small molecules into useful products. To enhance

the biodegradation of MPs and make it a practical solution for

addressing MP pollution, it is essential to overcome bottlenecks at

each step of the process—for example, biodegradation by a single

bacterial culture often produces toxic products that inhibit

microbial growth. Additionally, secreted enzymes may not be

well-adapted to the plastic substrate, complicating MP

degradation. The performance of MP biodegradation can be

improved by utilizing specific microbes, offering an eco-friendly

and promising approach to increase natural MP breakdown with

minimal ecological impact (Yuan et al., 2020). Consequently,

alongside advanced oxidation processes (AOPs), bioremediation

is viewed as a highly desirable method for removing MP pollution.

Several studies have explored using bacteria to decompose MPs.

These focus mainly on pure bacterial cultures under laboratory

conditions, primarily sourced from wastewater, sludge, and

sediment. Auta et al. (2018) examined two pure bacterial cultures

from mangrove sediment for degrading polypropylene (PP) MPs.

Bacillus sp. strain 27 and Rhodococcus sp. strain 36 increased the

weight loss of PP by 4.0% and 6.4%, respectively, after 40 days.

Additionally, various irregularities appeared on the PP surface,

suggesting that PP could be adhered to, colonized, and damaged

by pure bacterial cultures isolated from the environment. Fungi,

along with bacteria, can also degrade MPs (Table 15). In recent

decades, new fungi with enhanced MP decomposition activity have

been identified. Reports on fungal-assisted MP decomposition are

still limited, indicating challenges in isolating fungal strains with

superior degradation capabilities through ectopic screening (Yuan

et al., 2020). The biodegradation of MPs by fungi under different

environmental conditions remains an active research area with

some progress achieved. The effective use of fungi to degrade MPs

and other pollutants is gradually attracting more attention.
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TABLE 15 Microplastic degradation by microorganisms.

Microorganism Type of plastic Method of degradation References

Bacteria

Acinetobacter calcoaceticus Polyurethane Urea bond hydrolysis Mohanan et al., 2020

Corynebacterium sp. Polyurethane Ester bonds hydrolysis Puiggené et al., 2022

Bacillus subtilis Polyurethane Ester bonds hydrolysis Puiggené et al., 2022

Nocardia sp. sp. Polyurethane Enzymatic degradation Venkatesh et al., 2021

Comamonas acidovorans Polyurethane Enzymatic degradation using esterase Puiggené et al., 2022

Acinetobacter sp. sp. Polyethylene tetraphthalate De-polymerization and mineralization

Thermomonospora curvata Polyethylene tetraphthalate Enzymatic degradation Mohanan et al., 2020

Thermobifida alba Polyethylene tetraphthalate Enzymatic degradation using carboxylesterase Kour et al., 2023

Clostridium thermocellum Polyethylene tetraphthalate Enzymatic degradation by thermophilic cutinase

Pseudomonas chloraphis Polyethylene tetraphthalate Enzymatic degradation Kumar Sen and Raut,
2015

Ideonella sakaiensis Polyethylene tetraphthalate Enzymatic degradation using PETase and MHETase Palm et al., 2019

Bacillus cereus Polystyrene Forming biofilms, oxidizing the polystyrene Udochukwu et al., 2022

Pseudomonas aeruginosa Polystyrene Enzymatic degradation Kim et al., 2021

Exiguobacterium sp. sp. Polystyrene Enzyme sequence, depolymerization and epoxidation,
aromatic ring attack biofilm formation

Chauhan et al., 2018

Rhodococcus sp. Polypropylene Biofilm formation Auta et al., 2018

Rhodococcus ruber Polystyrene Biofilm formation

Pseudomonas citronellolis Poly vinyl chloride Biofilm formation Giacomucci et al., 2019

Bacillus flexus Poly vinyl chloride Biofilm formation Giacomucci et al., 2019

Acinetobacter sp. sp. Poly vinyl chloride Biofilm formation and enzymatic degradation

Bacillus cereus Polypropylene, polyethylene Enzymatic degradation using lipase or dehydrogenase Mouafo Tamnou et al.,
2021, Auta et al., 2018

Yokenella regensburgei Polypropylene Enzymatic degradation Temporiti et al., 2022

Lysinibacillus sp. sp. Polypropylene Manganese peroxidase degradation Jeon et al., 2021

Pseudomonas sp. sp. Polypropylene Hydrolytic enzyme degradation Jeon et al., 2021

Vibrio sp. sp. Polypropylene Enzymatic degradation Viel et al., 2023

Brevibacillus borstelensis Polyethylene Enzymatic degradation using hydroxylases, peroxidases Mouafo Tamnou et al.,
2021

Acinetobacter pitti Polyethylene Enzymatic degradation Montazer et al., 2018

Micrococcus luteous Polyethylene Enzymatic degradation Montazer et al., 2018

Pseudomonas aeruginosa Polyethylene Enzymatic degradation Kyaw et al., 2012

Rhodococcus rhodochrous Polyethylene Enzymatic oxidation using dehydrolyases and esterases Rose et al., 2020

Bacillus sp. sp. Polyethylene, polypropylene Enzymatic degradation using esterases, lipases,
depolymerase

Rani et al., 2022, Auta
et al., 2018, Park and
Kim, 2019, Huerta
Lwanga et al., 2018

Bacillus gottheilii Polyethylene, polypropylene, polyethylene
tetraphthalate, polystyrene

Enzymatic degradation Auta et al., 2017

Paenibacillus sp. sp. Polypropylene Enzymatic degradation Park and Kim, 2019

(Continued)
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16 Physical treatments of
microplastics

16.1 Incineration

Incineration is a prominent physical method formanaging plastic

waste, with widespread adoption dating back to the 1980s (Ncube

et al., 2021). Often seen as a definitive solution for plastic waste

disposal, incineration aims to convert polymers into CO2 andmineral

residues (Yang et al., 2021). Recent studies have highlighted

significant challenges in the effectiveness of incineration for

removing microplastics from the waste stream. Research by Yang

et al. (2021) examined microplastic content in bottom ash from

multiple incineration sites across China, revealing that incineration

does not fully eliminate microplastics and may even release them into

the environment via bottom ash residues. Further investigations by

Shen et al. (2021) emphasized the complexities of managing

microplastics through incineration. Their findings, using scanning

electron microscopy (SEM), demonstrated that microplastics in

incinerator residues have surface irregularities and tend to adsorb

heavy metals like Cu, Cr, Pb, and Zn, which may originate from

plastic polymers or external sources such as discarded batteries mixed

with municipal solid waste. While incineration offers advantages like

saving space compared to landfilling and potential energy recovery, it

also presents environmental risks. The combustion process releases

greenhouse gases, toxic chemicals, and air pollutants, affecting air

quality and potentially threatening human and animal health (Webb

et al., 2013). Moreover, the formation of microplastics and their

association with heavy metals in incinerator residues pose ongoing

challenges for environmental stewardship and warrant careful
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consideration in waste management strategies (Table 16).

Therefore, although incineration is a feasible method for managing

plastic waste, its effects on microplastic contamination and

environmental health require continuous research and strict

regulatory measures to reduce harmful impacts.
16.2 Ultraviolet-radiation-induced
degradation

Exposure to ultraviolet (UV) radiation causes significant

degradation in synthetic polymers like PET and PA, a process

called photooxidative degradation (Yousif and Haddad, 2013). A

recent research by Sørensen et al. (2021) examined the effects of UV

exposure on PET and PA microfibers over 56 days in seawater

under simulated sunlight. The study showed that UV radiation led

to surface morphological changes, including holes and pits on both

PET and PA surfaces. PA showed more noticeable surface changes

and broke into smaller fiber pieces more than PET. This

degradation process promotes the formation of microplastics,

worsening environmental pollution with potentially harmful

ecological effects. Understanding UV-induced degradation

mechanisms is essential for developing strategies to reduce

microplastic contamination in aquatic ecosystems.
16.3 Microplastic by photocatalyst
treatment

Photocatalyst treatment offers a promising way to break down

microplastics by using visible light to activate semiconductor
TABLE 15 Continued

Microorganism Type of plastic Method of degradation References

Bacillus simplex Polyethylene Enzymatic degradation Huerta Lwanga et al.,
2018

Fungi

Aspergillus sp. sp. Polyurethane Enzymatic degradation using esterase and protease, Biofilm
formation

Puiggené et al., 2022

Fusarium solanii Polyethylene tetraphthalate Surface hydrophilization using cutinase Ahmaditabatabaei et al.,
2021

Curvularia sp. sp. Polystyrene Enzymatic degradation

Phanerochaete chrysoporium Poly vinyl chloride Enzymatic degradation using laccases and peroxidases Bautista-Zamudio et al.,
2023

Trichoderma hematum Poly vinyl chloride Enzymatic degradation Bautista-Zamudio et al.,
2023

Aspergillus fumigatus Poly vinyl chloride Enzymatic degradation by depolymerase El-Dash et al., 2023

Aspergillus niger Polypropylene Hydrolase and oxidoreductase, cutinases Viel et al., 2023

Cladosporium cladosporioides Poly ethylene Enzymatic degradation using laccase enzyme Puliga et al., 2023

Chaetomium sp. sp Poly ethylene Enzymatic degradation by laccase and manganese
peroxidase

Sowmya et al., 2014

Aspergillus flavus Polyethylene Enzymatic degradation Zhang et al., 2020
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TABLE 16 Physical, chemical, and biological methods for microplastic removal.

Methods Principle of Efficiency Type of MPs Remarks Reference

a. Only applicable for PS microplastics of
1–10 mm in size

(Misra et al., 2020)

a. Inefficient for reducing MPs with
micrometer size

(Siipola et al.,
2020)

a. Typically only performed in laboratories,
large-scale filtration experiments are crucial
for the practical applications

(Chen et al., 2020)

a. Only effective on >20 mm size of MPs (Talvitie et al.,
2017)

a. High maintenance
b. Not applicable for small-sized MPs

(Talvitie et al.,
2017)

a. Only applicable for low-density particles (Talvitie et al.,
2017)

a. Efficiency decreases after more times of
used

(Tang et al., 2021)

a. Size-dependent efficiency

a. Efficiency only examined with 262-mm-
sized MPs

(Rius-Ayra and
Llorca-Isern, 2021)

a. Complicated to scale up (Sun et al., 2020)
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Physical

Magnetic
polyoxometalate-
supported ionic liquid
phases (magPOM-
SILPs)

Physisorption Over 90% PS a. High efficiency
b. It can detect and remove organic,
inorganic, and MPs pollutants from water

Biochar adsorbents Physisorption 100% (polyethylene particles) All MPs a. High adsorption capacity
b. High efficiency
c. Less maintenance
d. Low cost

Zirconium
metalorganic frame-
work based foams

Filtration 95.5 ± 1.2% All MPs a. High efficiency MPs removal in water or
marine water conditions
b. Applicable for all types of MPs removal
with various concentrations of MPs
suspension
c. Automatic filtration system done by sola
power
d. Recyclable foam

Rapid sand filter Filtration 97% All MPs a. Applicable for each type of MPs
b. Low cost
c. Easy procedure

Disc filter Retention 89% All MPs a. High efficiency

Dissolved air flotation Floatation 95% All MPs a. High efficiency

Magnetic carbon
nanotubes

Physisorption 100% All MPs a. High efficiency

Coagulative colloidal
gas aphrons

Physisorption 94% Carboxyl-modified poly-
(methyl methacrylate)
(PMMA) and nonsurface-
coated polystyrene (PS)

a. High efficiency b. Salinity does not affec
the efficiency

Non-fluorinated
superhydrophobic
aluminum surface

Physisorption 99% Polypropylene (PP) a. Higher efficiency
b. Can be applied in natural conditions

Sponge made of
graphene oxide and
chitin

Physisorption 89.8%, 88.9%, and 72.4% for neat
polystyrene, amine modified
polystyrene, and carboxylate
modified polystyrene, respectively

Polystyrene, amine-modified
polystyrene and carboxylate-
modified polystyrene

a. Reusability, biodegradability, and
biocompatibility of the sponge increase its
suitability for MP removal
r
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TABLE 16 Continued

Methods Principle of Efficiency Type of MPs Remarks Reference

a. Less efficient than other methods
b. Expensive

(Sun et al., 2020a)

a. Less effective for small MPs (Gies et al., 2018)

a. Inefficient for lower-sized MPs (10–30
mm)

(Shahi et al., 2020)

a. Long alkyl groups of more carbon atoms
and short-chain methyl groups are
unsuitable for this reaction. These chain
decreases the MP removal efficiencies.

(Sturm et al., 2020)

a. It is capable of microbial contamination
in the carbon bed

(Wang et al., 2020)

a. Removal efficiency
decreases for sizes <10 mm of MPs

(Wang et al., 2020)

a. Removal efficiency varies with the size of
MPs

a. The cost of this process is high
b. Harmful and toxic for our environment

(Hidayaturrahman
and Lee, 2019)

a. Low efficiency
b. Lack of solar sensitivity

(Tofa et al., 2019b)

a. pH dependent
b. Continuous electricity supply
requirement

(Perren et al.,
2018)
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technique

Magnetic
microsubmarines

70% All MPs a. Cooperative behavior
b. High adsorption
c. Good efficiency
d. Eco-friendly
e. High environmental adaptability
f. Chemicals not
required

Microplastics retention
in a huge secondary
wastewater treatment

91.7% All MPs a. Low cost.
b. Harmful reagents not required
c. Good efficiency

Chemical alum
coagulant and alum
combined with
cationic polyamine-
coated sand

Coagulation and
flocculation

70.7%–92.7% Polyethylene a. The MP removal efficiency increases with
increasing alum doses (up to 30 mg/L)
b. Good efficiency

Influence of linear and
branched
alkyltrichlorosilanes

Chemisorption,
agglomeration, and
filtration

98.3 ± 1.0% Low-density polyethylene
(LDPE), high-density
polyethylene (HDPE) and
polypropylene (PP)-based
MPs

a. Alkyl group increases the reaction rate
b. They affect the adhesion to the
microplastics as well as the kinetics of
hydrolysis and condensation in water

Granular activated
carbon

Filtration 56.8%–60.9% All MPs a. Remove chemicals, specifically organic
chemicals, MPs from water

Coagulation combined
with sedimentation

Coagulation and
settling

>99% All MPs a. Higher efficiency
b. Applicable for >10 mm size of MPs

Coagulation/
flocculation with Fe,
Al, and polyamine-
based chemicals

Coagulation and
flocculation

95% for 1-mm MPs and >76% for
6.3-mm MPs

Polystyrene spheres a. High efficiency.

Ozone Chemical degradation 89.9% All MPs a. High efficiency.

Photocatalysis Visible light induced
heterogeneous
photocatalysis
activated by zinc oxide
nanorods

30% Low-density polyethylene a. Low cost
b. Eco-friendly
c. No secondary
pollution
d. Requires a simple reactor
e. Chemical–physical stability

Electrocoagulation Flocculation and
settling

90%–100% Polyethylene microbeads a. Less energy requirements
b. Cost effective
c. Efficiency is high
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TABLE 16 Continued

Methods Principle of Efficiency Type of MPs Remarks Reference

c. High concentration of Cl- ions affects the
removal efficiency.

a. More research needed for various types
of MPs
b. Recovery of materials

(Herbort et al.,
2018)

a. Expensive
b. A new membrane must be developed to
reduce fouling brought on by MPs
c. High energy requirement

(Lares et al., 2018)

sary

a. Sludge accumulation
b. Control of excessive membrane fouling
is necessary

a. Production cost is high
b. Complex production process

(Cunha et al.,
2020)

a. Require disinfection chemicals
b. Footprint required is large

(Edo et al., 2020)

a. Expensive
b. Large land area is required
c. Suspended solids abundance of
wastewater are higher

(Lv et al., 2019)

a. Large areas are required
b. Larger sludge volumes
c. Higher disposal cost
d. Take large hydraulic retention time

(Lares et al., 2018)

a. Sludge aggregation
b. Not applicable for small-sized MPs
c. Large mechanical devices
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technique

d. Minimum sludge
e. No secondary pollution

Alkoxy-silyl induced
agglomeration

Sol–gel agglomeration >70% All MPs b. Cost effective method
c. Controllable operational conditions

Biological membrane
bioreactor (MBR)

Filtration >99% All MPs a. Good efficiency
b. Easy method
c. Environmentally friendly process
d. High effluent quality

Dynamic membranes Filtration >90% a. Low cost
b. Low energy consumption
c. Low filtration resistance
d. Easy method
e. Pumps and chemicals are not nece

Microalgal-based
biopolymer

Aggregation and
flocculation

Potential to removal of nano or
microplastics

Polystyrene nano- and
microplastics

a. High growth rate
b. High yield of products
c. Produces from renewable sources

Anaerobic–anoxic–
oxic (A2O)

Microbial
biodegradation

93.7% All MPs a. Good efficiency
b. Simple configuration
c. Short hydraulic retention time
d. No energy required
e. Cheap investment cost

Oxidation ditch Microbial
biodegradation

97% Polyethylene terephthalate
(PET), polyethylene (PE),
polystyrene (PS),
polypropylene (PP)

a. High efficiency
b. Easily maintained
c. Forms little sludge
d. Less energy is
required

Conventional activated
sludge

Microbial
biodegradation

98.3% All MPs a. Low installation cost
b. Easily maintained
c. Good quality effluent.
d. Self-sustaining
system.
e. Small area
requirement.

Wastewater treatment
plants

Coagulation,
flocculation,
sedimentation

>95 All MPs a. Low maintenance cost
b. Easy operation
c. Improve efficiency
d. Prevent waterborne pollution
s
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materials like zinc oxide (ZnO NRs), as shown by Uheida et al.

(2020). This method uses glass fiber substrates coated with ZnO

nanorods to trap and degrade polypropylene (PP) microplastic

particles, a major pollutant in aquatic environments. Under

continuous visible light exposure, the ZnO photocatalyst

effectively reduced PP microplastics by 65% over 2 weeks. The

process works by generating reactive species that break down

microplastics into harmless substances like CO2 and H2O. Eco-

friendly and cost-effective, visible light photocatalysis shows

promise for reducing microplastic pollution while harnessing

solar energy sustainably. This innovative approach highlights the

potential of semiconductor photocatalysts in environmental clean-

up efforts worldwide.
16.4 Filtration method

In the early stages of microplastic (MP) separation, filtration

became a popular technique because it was easy to use and quick

(Liu et al., 2021; Sol et al., 2020)—for example, Tadsuwan et al. used

a series of filters with sizes ranging from 5 mm to 0.05 mm to

remove MPs from wastewater from Thai municipal treatment

plants, which resulted in a removal rate of 33.33% (Tadsuwan

et al., 2021). MPs with a diameter of 10 mm were removed by Wang

et al. using a charcoal filter, demonstrating an impressive removal

efficiency of over 95% (Wang et al., 2020). Although filtration

technology has intrinsic limitations despite its widespread use, it

is effective at capturing microplastics but does not completely

eliminate them; it instead often produces smaller MPs that are

more difficult to remove during subsequent processing. This

approach also imposes strict constraints on the types of filters

that can be used. Large-scale applications tend to be prohibitively

expensive due to the high investments needed for processing large

volumes. Consequently, while the filtration method is common, it

requires improvements to boost its efficiency and cost-effectiveness.

Future research should aim to develop advanced filters that can

increase throughput while lowering treatment costs. Innovations in

filter materials and designs could lead to more efficient and

sustainable solutions for MP removal. Additionally, combining

filtration with other complementary methods could create a more

comprehensive approach to managing MP pollution. By

overcoming current limitations and enhancing filtration systems,

researchers can deploy more effective strategies to reduce the

environmental impact of MPs, contributing to cleaner water

bodies and a healthier ecosystem.
16.5 Adsorption method

The adsorption technique uses a porous solid adsorbent to trap

various adsorbates from water samples, then employs solvent

extraction, heating, or blowing methods to release and separate

the adsorbate. Known for its effectiveness in removing water

pollutants, adsorption has become important in the removal of

microplastics (MPs) (Bu et al., 2020a, 2020b, 2021). Wang et al.
T
A
B
LE

16
C
o
n
ti
n
u
e
d

M
e
th
o
d
s

P
ri
n
ci
p
le

o
f

te
ch

n
iq
u
e

E
ffi
ci
e
n
cy

T
yp

e
o
f
M
P
s

R
e
m
ar
ks

R
e
fe
re
n
ce

B
io
re
m
ed
ia
ti
on

M
ic
ro
bi
al

bi
od

eg
ra
da
ti
on

(u
se
s

m
ic
ro
or
ga
ni
sm

s
lik
e

ba
ct
er
ia
or

fu
ng
i
or

al
ga
e)

M
ai
nl
y
ab
ov
e
20
%
,b

ut
de
pe
nd

s
on

th
e
ty
pe

of
m
ic
ro
or
ga
ni
sm

A
ll
M
P
s

a.
Lo

w
co
st

b.
Lo

w
en
er
gy

de
m
an
d

c.
E
nv
ir
on

m
en
ta
lly

fr
ie
nd

ly
d.

U
se
s
of

ba
ct
er
ia
in

bi
or
em

ed
ia
ti
on

pr
oc
es
s

is
hi
gh
ly

sp
ec
ifi
c,
ch
an
ce
s
of

fo
rm

in
g
to
xi
c

by
-p
ro
du

ct
s
is
lo
w
er

a.
T
im

e-
co
ns
um

in
g
pr
oc
es
s

b.
C
on

ta
m
in
at
io
n
pr
ob
le
m

c.
P
ol
lu
ta
nt
s
ar
e
m
an
y
ti
m
es

re
m
ov
ed

in
co
m
pl
et
el
y

d.
P
ro
du

ct
s
m
or
e
ha
rm

fu
l
th
an

or
ig
in
al

po
llu

ta
nt
s
ca
n
re
le
as
e
du

ri
ng

bi
or
em

ed
ia
ti
on

C
on

st
ru
ct
ed

w
et
la
nd

s
(C
W
s)

88
%

A
ll
M
P
s

a.
N
at
ur
al
te
ch
no

lo
gy

b.
Lo

w
co
st

c.
E
ffi
ci
en
t
te
rt
ia
ry

tr
ea
tm

en
t

a.
Fe
w
st
ud

ie
s
on

co
ns
tr
uc
te
d
w
et
la
nd

s
re
m
ov
al
of

M
P
s

(W
an
g
et

al
.,
20
20
)

frontiersin.org

https://doi.org/10.3389/fmars.2025.1672484
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Das et al. 10.3389/fmars.2025.1672484
created a natural biodegradable sponge crosslinked with plant

protein that shows excellent mechanical properties. Using a

polystyrene MP solution in deionized water, the adsorbent

removed 38% of MPs in 10 s and maintained an 81.2% removal

rate in simulated wastewater even after 20 cycles (Wang et al.,

2021). Particle diffusion and hydrophobic interactions were the

main mechanisms involved (Wang et al., 2021). In another study,

Sun et al. developed a solid, compressible sponge made from chitin

and graphene oxide (ChGO). ChGO’s adsorption rates for pure

polystyrene, carboxylic acid-modified polystyrene, and amine-

modified polystyrene were 89.8%, 72.4%, and 88.9%, respectively,

in tests with deionized water-based MP solutions. This material has

excellent activation and regeneration properties and primarily

interacts with MPs through electrostatic and p- p interactions

(Sun et al., 2020). Yuan et al. identified strong p– p interactions

as the key adsorption mechanism when studying three-

dimensional reduced graphene oxide as an adsorbent for

polystyrene MPs. They demonstrated impressive regeneration

capabilities and achieved a maximum adsorption capacity of

617.28 mg/g in deionized water (Yuan et al., 2020). The

adsorption method is valued for its simplicity, low equipment

requirements, and high effectiveness. However, its widespread use

is limited by concerns about cost, structural stability, and adsorbent

selectivity. Although effective at removing MPs from water,

additional approaches are needed for complete MP clean-up.

Future research should focus on designing adsorbents that

perform well in microplastics management, offering high

efficiency, strong recyclability, and easy reuse. Advances in

material science and adsorption technology will be key to

developing sustainable solutions to reduce the environmental and

health impacts of microplastics on aquatic ecosystems. The ongoing

development of adsorption for microplastics removal highlights the

need for interdisciplinary collaboration, technological innovation,

and policy support to protect our water resources and promote

environmental responsibility in a rapidly changing world.
17 Extraction method

Extraction techniques have gained significant attention for

treating industrial wastewater contaminated with phenols, nitrogen

heterocycles, dyes, heavy metals, and other pollutants (Cao et al.,

2021; Warrag et al., 2020). To address microplastic (MP) pollution,

researchers worldwide have focused on developing and applying

extraction methods in recent years (Wagner et al., 2014; Hurley

et al., 2018). To efficiently separate and extract various biodegradable

plastics (such as polybutylene succinate, poly (adipic acid) butylene

terephthalate, and polylactic acid) and non-degradable MPs

(including low-density polyethylene, polystyrene, polypropylene,

and polyvinyl chloride), Li et al. created a custom separation and

extraction device. Its high recovery rates, ranging from 92% to 99.6%,

proved its accuracy and reliability (Li et al., 2021). Nuelle et al. used a

different approach by employing a two-step extraction process to

recover MPs from sediment samples, achieving high efficiencies

between 91% and 99% for polymers like polyethylene,
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polypropylene, polyvinyl chloride, poly (ethylene terephthalate),

polystyrene, and polyurethane (Nuelle et al., 2014). Similarly, Han

et al. enhanced the flotation process and solutions to successfully

extract and separate six common MP types from soil and sediment

samples, with efficiencies from 80% to 100%. Wang et al. extracted

styrene MP spheres of various sizes (0.05 to 100 mm) from soil and

biosolids. Smaller particles had extraction efficiencies from 5% to

80%, while larger particles were completely removed (Wang et al.,

2018). This approach offers benefits such as excellent operational

safety, automated control, and simple equipment. However, high

operational costs and the challenge of effectively separating dissolved

solutes in the extraction solvent remain issues. To improve the

sustainability of MP treatment techniques, researchers should

explore more affordable and environmentally friendly extraction

solvents in the future. Developing advanced extraction technologies

that can efficiently recover MPs from different environmental

matrices remains essential. Such innovations will help mitigate

microplastic pollution, protect aquatic ecosystems, and support

sustainable resource management. The progress of extraction

methods for microplastics highlights the importance of

interdisciplinary collaboration and technological innovation to

effectively address complex environmental problems. By refining

these techniques and exploring new materials, scientists can help

create a cleaner, healthier environment for future generations.
17.1 Magnetic separation

Magnetic separation technology, which uses magnetic fields to

manipulate substances, has become a key tool in water treatment

and is increasingly used to isolate microplastics (MPs) (Li et al.,

2022). With impressive results, Tang et al. were the first to use

hydrophobic iron nanoparticles for the magnetic separation and

removal of MPs. According to their research, over 90% of MPs in

seawater that were larger than 1 mm and between 10 and 20 mm
were removed. Additionally, the nanoparticles successfully removed

84% and 78% of MPs from freshwater and sediment, respectively,

that measured between 200 mm and 1 mm (Tang et al., 2021).

In a parallel study, Tang and colleagues developed magnetic

carbon nanotubes aimed at using their magnetic properties to remove

MPs from water solutions. At a concentration of 5 g/L, these

magnetic carbon nanotubes completely removed MPs after 300

min and maintained 80% efficiency after four cycles. The ability of

magnetic carbon nanotubes to effectively eliminate MPs was

confirmed with scanning electron microscopy (SEM) images, which

showed MPs attached to their surface (Tang et al., 2021). The

magnetic separation technique offers numerous benefits, including

long-range magnetic enhancement, low waste sludge production, and

suitability for high-volume treatment. However, challenges such as

the tendency of magnetic seeds, MPs, and other lipophilic/oleophobic

substances to cluster on surfaces remain. Future research should aim

to develop adaptable magnetic separationmethods suited for different

types of MPs to improve their effectiveness across various

environmental matrices. Overcoming these challenges will help

promote wider use of magnetic separation technologies in fighting
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microplastic pollution, protecting aquatic ecosystems, and supporting

sustainable water management. The progress of magnetic separation

methods highlights the importance of innovation and

interdisciplinary teamwork in advancing environmental solutions.

By improving magnetic materials and exploring new applications,

researchers can help reduce the widespread impact of microplastics

on global water resources, creating a cleaner and healthier

environment for future generations.
17.2 Oil film separation

Oil film separation, a hydrophobic and density-independent

technique, has become a prominent method for microplastic (MP)

removal (Scopetani et al., 2020). Crichton et al. developed an

innovative and cost-effective oil film approach for MP removal,

achieving high removal efficiencies. Their study reported removal

rates of 96.1% ± 7.4% for total MPs, 92.7% ± 4.3% for fibers, and

99% ± 1.4% for particles, demonstrating the effectiveness of this

method in removing MPs from various environments (Crichton

et al., 2017). Similarly, Mani et al. used castor oil membranes to

separate MPs from water samples, showing high removal rates

averaging up to 99%. Notably, this method was effective with a

removal efficiency of 74% ± 13% in the Rhine River, highlighting its

environmental compatibility and operational success (Mani et al.,

2019). The technique is valued for being density independent, cost-

effective, and environmentally friendly. However, challenges such as

equipment blockage during separation have been noted (Thanh

Truc et al., 2019). Addressing these technical issues is essential for

improving the efficiency and scalability of oil film separation for

MP treatment.
18 Chemical treatments of
microplastic degradation

Chemical treatments provide a targeted method to break down

plastic polymers by using additives that help disassemble polymer

chains. Moharir and Kumar (2019) emphasize the role of chemical

additives in starting disintegration processes, which can weaken the

structural integrity of plastics—for example, Bomfim et al. (2019)

studied the use of sodium hydroxide (NaOH) and sulfuric acid

(H2SO4) on polypropylene (PP) coffee capsules, noting minimal

surface effects with NaOH and adhesive deterioration with H2SO4.

In another study, Hussein et al. (2018) examined the chemical

breakdown of polyethylene terephthalate (PET) using ethylene

glycol (EG) and nano-magnesium oxide (MgO), showing the

effective conversion of PET into a powder through glycolysis.

Amaro et al. (2011) expanded on this by using diethylene glycol

(DEG) and (Ca/Zn) stearate as catalysts to degrade PET, turning the

polymer into a molten state suitable for secondary use.

Although effective in controlled environments, chemical

treatment faces challenges for large-scale use due to the
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complexity and environmental impact of chemical additives. The

process needs careful oversight to avoid negative effects on human

health and ecosystems. Chemical treatments still play an important

initial role in polymer degradation pathways, working alongside

biological processes and offering potential as secondary plasticizers

for recycled materials.
18.1 Fenton oxidation and advanced
oxidation technology

Applications of the Fenton oxidation technique in water

treatment are widespread (Yang et al., 2022). Recent research has

focused on using chemical oxidation methods to treat wastewater

containing microplastics (MPs) (Liu et al., 2020). Liu et al. used the

Fenton oxidation process and heat-activated K2S2O8 oxidation to

treat MPs. Under Fenton-like and thermal activation, K2S2O8

generates a significant amount of sulfate and hydroxyl radicals,

which help oxidize and break down MPs. Scanning electron

microscopy (SEM) images showed surface deformation in

polystyrene (PS) and polyethylene (PE), indicating some level of

degradation of these MP materials (Liu et al., 2019).

For the breakdown of MP, advanced oxidation technologies

(AOTs) such as photocatalytic oxidation, persulfate advanced

oxidation, and electrochemical oxidation have also been studied

(Lin et al., 2020; Wang et al., 2019). After irradiating polyethylene

MPs with a 350-W metal halide lamp for 5 h, Venkataramana et al.

observed a 12.5% weight loss, indicating partial degradation

through photocatalytic processes (Venkataramana et al., 2021).

To remove polypropylene MPs from water, Uheida et al.

proposed a sustainable photocatalytic method using visible light.

After 2 weeks of exposure, the average particle volume decreased by

65%. Degradation by-products such as hydroxypropyl,

butyraldehyde, acetone, acrolein (propenal), ethynyloxy/acetyl

radicals, and the pentyl group were detected via gas

chromatography–mass spectrometry (GC/MS) analysis (Uheida

et al., 2021). Electrochemical oxidation is another common

method for wastewater treatment (Bensalah et al., 2021; De

Vidales et al., 2020). Kiendrebeogo et al. used electrochemical

oxidation to treat synthetic polystyrene MPs in wastewater. The

process produced hydroxyl and sulfate radicals with strong

oxidizing abilities, leading to the mineralization of polystyrene

MPs into CO2. The removal efficiency reached 89% ± 8% within

6 h using a Na2SO4 dosage of 0.06 M. SEM analysis confirmed that

the degradation did not fragment the MPs but instead converted

them directly into gaseous products (Kiendrebeogo et al., 2021).

Polyvinyl chloride (PVC) MPs were broken down by Miao et al.

using a two-dimensional electrocatalytic oxidation technique. They

achieved 75% dechlorination efficiency and 56% weight reduction for

PVC after 6 h of electrocatalytic oxidation. GC/MS and high-

performance liquid chromatography (HPLC) analyses showed

degradation by-products such as alkenes, alcohols, monocarboxylic

acids, dicarboxylic acids, and esters. The mechanism involved direct
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electron transfer from the TiO2/C cathode to PVC, leading to

dechlorination and oxidation by hydroxyl radicals, which formed

oxygen-containing groups like C=O and O-H, and partially

mineralized the substances into CO2 and H2O (Miao et al., 2020).

Numerous benefits are offered by Fenton oxidation and advanced

oxidation technologies, including cost-effectiveness, simple

equipment, consistent results, high removal efficiency, and ease of

operation and maintenance. However, these technologies also have

drawbacks such as limited treatment effectiveness, high costs,

potential secondary contamination, and strict process requirements.

A complex water treatment system combining three-dimensional

electrocatalytic oxidation with persulfate advanced oxidation was

developed based on the investigation of Li et al. (2023) into

electrochemical oxidation and persulfate advanced oxidation. Over

90 min, this system demonstrated the highest sulfadiazine

elimination efficiency (99.95%) and mineralization efficiency

(90.16%) (Bu et al., 2022). During the same period, the combined

system removed 99.56% of sulfamethazine andmineralized 88.63% of

it (Bu et al., 2022). Our self-assembled three-dimensional

electrocatalytic oxidation reactor enabled us to break down

sulfonamide with 88.958% mineralization and 99.845% elimination.

Bromobenzonitrile was completely removed using a spherical

bimetallic clay catalyst. These degradation processes are highly

recyclable and generate substantial amounts of highly reactive

oxygen species (Wan et al., 2022). It was found that chloride ions

increased the degradation efficiency. Combining persulfate-

accelerated oxidation with three-dimensional electrocatalytic

oxidation is a promising method for MP degradation. Future

research should focus on elucidating the treatment mechanisms to

reduce the environmental impact of degradation intermediates and

optimize the process for broader application.
18.2 Coagulation method

The coagulation method is a common technique used in

wastewater treatment, where coagulants are added to destabilize

and clump together organic pollutants into larger particles, often

called flocs. These flocs, usually made of alum, can range from

hundreds of microns to millimeters in size. The aggregated

pollutants can then be removed through gravity sedimentation or

other solid–liquid separation processes (Liu et al., 2019). Recently,

coagulation has been successfully applied to treat wastewater

containing microplastics (MPs) (Xu et al., 2021; Lapointe

et al., 2020).

Poly-aluminium chloride (PAC) and FeCl3 were used as

coagulants by Zhou et al. in a noteworthy study to remove

polystyrene (PS) and polyethylene (PE) MPs. This interaction

neutralizes the charge between MPs and the coagulant. MPs

significantly aggregated and adhered to the coagulants, as shown

by SEM images, and new chemical bonds formed during the

coagulation process, as indicated by Fourier transform infrared

(FTIR) spectra. Additionally, the effective removal of PS and PE

MPs was confirmed by zeta potential changes before and after

adsorption (Zhou et al., 2021). Similarly, Ma et al. examined the
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efficiency of iron-based (FeCl3·6H2O) and aluminum-based

(AlCl3·6H2O) coagulants in removing polyethylene MPs. Their

results showed that aluminium salts performed better than iron

salts, especially as the size of the polyethylene particles decreased.

The highest average removal rate was only 36. 36.89%, even with

high doses of aluminum-based salt (15 mM) (Ma et al., 2019). To

remove MPs from wastewater in drinking water treatment facilities,

Shahi et al. used alum and a composite cationic polyamine-coated

sand coagulant. The composite coagulant achieved a 26. 8%

improvement over alum alone, highlighting the importance of

MPs’ surface properties, shape, and particle size in the

coagulation process (Shahi et al., 2020). Electrocoagulation is

another method used for pollutant removal, involving the

application of pulsed high voltage to drive electrochemical

reactions. This technique has shown promise in eliminating MP

pollutants—for example, Perren et al. used electrocoagulation to

treat synthetic wastewater containing various concentrations of

polyethylene MP spheres. According to Perren et al. (2018),

electrocoagulation efficiency could exceed 90% across a pH range

of 3 to 10, reaching an impressive 99.24% elimination at pH 7.5. The

benefits of coagulation include its ease of use, low equipment

requirements, and quick treatment times. However, it is

important to remember that pH greatly influences coagulation

effectiveness, and many coagulants can cause discoloration and

reduce effectiveness. Overdosing can lead to decreased removal

rates and increased chromaticity. Future research should focus on

optimizing coagulation parameters to improve MP removal,

including exploring different coagulant types, dosages, and

environmental conditions.
18.3 Foam flotation method

A well- known method for separating minerals from

contaminants is foam flotation, which exploits how chemicals

selectively interact with desired minerals to alter their surface

properties. By agitating the raw ore powder with water and

chemicals and then adding air, targeted minerals rise to the

surface and form a froth. Microplastics (MPs) can be removed

from various habitats using this technique, which has gained recent

attention (Bayo et al., 2020; Zhang et al., 2020)—for example, a

foam-flotation-based method for MP separation was developed by

Imhof et al. and achieved a removal efficiency rate of 55% (Imhof

et al., 2012). The presence of uncertain factors that may hinder the

separation process was highlighted by Nguyen et al., emphasizing

the need for further technique improvement (Nguyen et al., 2019).

Talvitie et al. demonstrated the effectiveness of an air flotation

method with an impressive removal efficiency of up to 95%,

reducing MP concentrations in aqueous solutions from 2 MP/L to

0. 0.1 MP/L (Talvitie et al., 2017). Additionally, Enfrin et al. and Sun

et al. promote foam flotation as a practical approach to MP

treatment due to its simplicity, affordability, and ability to

decrease MP discharge into sewage systems (Enfrin et al., 2019;

Sun et al., 2019). Jiang et al. used froth flotation to remove MPs

from lake and beach sediments, employing sodium oleate to restore
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the hydrophobicity of MPs, making them easier to extract from

sediments (Jiang et al., 2022). The benefits of the foam flotation

approach include low cost and straightforward equipment.

However, a major challenge is the reproducibility of experiments,

which is influenced by various factors, including temperature.

Unfortunately, there has been limited research on the inconsistent

performance of foam flotation in scientific literature, highlighting

an important area for future investigation. Future studies should

aim to optimize conditions to enhance the reliability and

effectiveness of foam flotation for MP removal, including

examining the impacts of different reagents, temperatures, and

other environmental factors. Additionally, developing

standardized protocols could improve reproducibility and support

broader application in environmental clean-up efforts.
19 Biodegradation treatment of
microplastics

Biodegradation is a promising way to reduce microplastic

pollution through natural processes driven by microorganisms

(Table 14). Priyanka and Archana (2011) describe the three

stages of polymer biodegradation: biodeterioration, where

microorganisms change the physical and chemical properties of

polymers; bio-fragmentation, which involves breaking down

polymers into smaller oligomers and monomers; and assimilation,

where microorganisms use these fragments as energy and nutrients,

ultimately turning them into CO2, biomass, and water (Emadian

et al., 2017). This biological process provides a sustainable way to

decrease microplastic build-up in the environment, using microbial

activity to break down synthetic polymers into harmless substances.

Ongoing research continues to examine microbial diversity,

environmental factors, and enzymatic mechanisms to improve

biodegradation methods, emphasizing its potential as a natural

and effective approach for managing plastic waste.
19.1 Microplastic in oxidation ditch and
membrane bioreactor

Microplastics have become significant contaminants in

wastewater treatment plants (WWTPs), prompting extensive

research into effective removal strategies using various treatment

technologies such as oxidation ditches (ODs) and membrane

bioreactors (MBRs). Lv et al. (2019) studied the performance of

OD and MBR systems at a full-scale WWTP in Wuxi, focusing on

how well they removed polyethylene (PE), polystyrene (PS),

polypropylene (PP), and polyethylene terephthalate (PET)

microplastics. Their results showed that the MBR system

performed better than the OD, achieving a microplastic removal

rate of 82.1% compared to 53.6% in the OD. This better

performance is due to the MBR’s microfiltration membrane,

which has pores smaller than 0. 0.1 mm, effectively preventing

microplastics from passing into the effluent. However, some

microplastics still escaped through the MBR effluent because of
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membrane degradation over time, pipeline leaks, or airborne

pollution. In contrast, Lares et al. (2018) examined the

effectiveness of microplastic removal in WWTPs using

conventional activated sludge (CAS) and advanced MBR

technologies at the Kenkaveronniemi WWTP. They found that

the MBR with a membrane pore size of 0.4 mm achieved an

impressive 98.3% removal efficiency for microplastics. This study

showed that most microplastics were removed early in the

treatment process, before the activated sludge stage. The MBR

consistently produced effluents with much lower microplastic

concentrations (average 0. 4 MP/L) compared to CAS-treated

effluents (average 1. 0 MP/L). Despite these improvements, the

challenge remains in preventing microplastics from accumulating

in sludge, which can become a secondary pollution source. The

build-up of microplastics in sludge highlights a critical issue in

WWTPs. Although these facilities are effective at removing a large

percentage of microplastics from wastewater, managing

microplastic-laden sludge remains inadequate. Once captured in

sludge, microplastics pose risks of re-entering the environment

through pathways like soil amendment and landfill disposal.

Therefore, comprehensive strategies are necessary to treat and

dispose of microplastic-contaminated sludge responsibly. The

differences in efficiency between the OD and MBR systems reflect

the evolving landscape of microplastic treatment technologies in

WWTPs. While MBRs show superior microplastic removal

capabilities thanks to advanced filtration, the sustainability of this

approach depends on addressing operational challenges that

compromise membrane integrity over time. Additionally, both

studies highlight the importance of adopting strong monitoring

and maintenance protocols to ensure consistent microplastic

removal in wastewater treatment processes.
19.2 Microplastic degradation in activated
sludge process

The activated sludge process, a key part of secondary

wastewater treatment in WWTPs, plays a vital role in removing

various pollutants, including microplastics, from wastewater.

Microplastics enter WWTPs in different forms—films, fibers,

microbeads, and debris—each presenting unique challenges for

removal. A research by Zhang et al. (2020) highlights that the

activated sludge process can effectively remove between 3.6% and

42.9% of microplastics, depending on their type and size—for

example, films, which are similar in size to suspended solids

(<20 mm), are efficiently captured during treatment. Fibers are

easily adsorbed by extracellular polymeric substances (EPS)

produced by microorganisms in the sludge, aiding their

settlement during secondary sedimentation. The main

mechanisms for microplastic removal in activated sludge include

adsorption, entrapment within EPS matrices, and aggregation with

sludge flocs (Zhang et al., 2020). However, it is important to note

that while microplastics can be physically removed through these

processes, there is no significant biological degradation occurring

within the activated sludge system. Once trapped in the sludge,
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microplastics are typically disposed of via sludge management

processes, such as incineration or landfilling, which can lead to

their re-entry into the environment. Despite its effectiveness at

physical removal, the activated sludge process is not designed to

degrade microplastics. Their persistence in sludge poses a

significant challenge for WWTPs, emphasizing the need for

improved sludge management strategies to prevent microplastics

from being released back into the environment. Future research and

technological innovations should aim to increase the microplastic

removal efficiency in WWTPs and develop sustainable methods for

managing sludge containing microplastics to reduce environmental

impact effectively. Addressing these issues will allow WWTPs to

better mitigate microplastic pollution and protect water resources

globally. Moving forward, combining technological advancements

with rigorous environmental management practices will be essential

to improve microplastic removal from wastewater. This includes

optimizing filtration systems, developing durable membrane

materials, and enforcing strict regulations to limit microplastic

discharge into aquatic ecosystems. By tackling these challenges

comprehensively, WWTPs can greatly contribute to reducing the

environmental impact of microplastics and safeguarding water

quality for future generations.

19.2.1 Anaerobic–anoxic–aerobic activated
sludge method

By combining anaerobic, anoxic, and aerobic zones with

different sludge return procedures, the anaerobic–anoxic–aerobic

(AAO) activated sludge process is a widely used method for

removing organic contaminants from water. The main goal of

this technique is to eliminate biochemical oxygen demand (BOD)

(Mirghorayshi et al., 2021). Recently, the issue of microplastics

(MPs) in wastewater treatment has been addressed by adapting the

AAO process (Carr et al., 2016; Hidayaturrahman et al., 2019)—for

example, Yang et al. treated actual MPs collected from a Beijing

sewage treatment plant using a technique based on the AAO

activated sludge process, achieving a removal rate of 54.47%

(Yang et al., 2019). Similarly, Jia et al. developed an AAO

technique to treat real MPs in wastewater from a Shanghai

treatment plant, with a removal rate of 26.01% (Jia et al., 2019).

In another study, Jiang et al. treated MPs in wastewater from

northern Chinese treatment plants using the AAO process,

attaining a removal rate of 16.9% (Jiang et al., 2020). Liu et al.

likewise used the AAO process to remove MPs from wastewater at a

sewage treatment plant in a specific area of China, achieving a

removal rate of 16.6% (Liu et al., 2019). The AAO method’s low

cost, simple process flow, and short hydraulic retention time are

some of its key benefits. However, despite these advantages, the

method also has several notable drawbacks. It produces a large

amount of sludge, requires a long treatment time, exhibits low

efficiency in removing MPs, and is at risk of bacterial death. The low

removal rates observed in multiple tests indicate that the AAO

process needs further optimization to enhance its effectiveness in

removing MPs.

To address these challenges, future research should focus on

screening and domestication of high-quality bacterial communities
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capable of effectively degrading MPs in various environments.

Developing such bacterial communities could greatly enhance the

removal efficiency of MPs through the AAO process. Additionally,

understanding how MPs interact with different microbial species in

the activated sludge system can provide valuable insights for

optimizing process conditions and improving MP degradation.

Beyond microbial optimization, examining the effects of

operational parameters like temperature, pH, and sludge retention

time on MP removal efficiency is essential. Adjusting these

parameters could lead to substantial improvements in the overall

performance of the AAO process. Combining the AAO process with

other advanced treatments, such as membrane bioreactors or

advanced oxidation processes, could create a synergistic approach

for achieving higher MP removal rates. Overall, while the AAO

activated sludge process shows promise for MP removal in

wastewater treatment, it still needs further refinement to overcome

current limitations. By focusing onmicrobial refinement, operational

adjustments, and potential integration with other technologies,

researchers can develop a more robust and effective AAO process

to combat MP pollution. This is crucial for reducing the

environmental impact of MPs and protecting aquatic ecosystems

from the harmful effects of plastic contamination.
19.3 Enzymatic degradation of
microplastics

A developing field, the enzymatic breakdown of microplastics

(MPs) in mild environments has garnered significant interest due to

its potential in situ applications (Fecker et al., 2018; Joo et al., 2018).

With this approach, MPs are enzymatically degraded or

metabolized by native or introduced microbes, transforming them

into harmless by-products. According to Han et al. (2017), the

optimal enzyme shows remarkable efficiency in MP degradation,

and the core concept of biocatalysis emphasizes environmental

friendliness. In 2016, Yoshida’s research team discovered the

bacterium Ideonella sakaiensis, which uses two enzymes, PETase

and MHETase, to efficiently break down polyethylene terephthalate

(PET) plastic as its primary carbon source at moderate

temperatures. Although these enzymes hold great potential, their

practical use in biodegradation processes has been limited by their

inherent instability (Yoshida et al., 2016). Son et al. later utilized a

thermally stable form of PETase to degrade PET MPs. However,

this enzyme was not very durable; it lost much of its activity at 37°C

within just 24 h (Son et al., 2019). Since then, other research teams

have made significant advances in understanding PETase (Palm

et al., 2019; Austin et al., 2018; Liu et al., 2018). Recently, Cui et al.

introduced a novel computational design strategy called the

Greedy Accumulated Strategy for Protein Engineering (GRAPE).

This approach resulted in DuraPETase, a catalytic enzyme

demonstrating strong stability and effectiveness in degrading PET

MPs. Figures 9A–C illustrate the process, showing PET degradation

into smaller, non-toxic molecules, noticeable surface changes on

PET MPs observed through scanning electron microscopy (SEM),

and confirmation of effective degradation via high-performance
frontiersin.org

https://doi.org/10.3389/fmars.2025.1672484
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Das et al. 10.3389/fmars.2025.1672484
liquid chromatography analysis (Cui et al., 2021). Using advanced

computational protein design methods, PETase stability was

enhanced, leading to a redesigned enzyme with exceptional

robustness. This breakthrough opens new possibilities for

biodegradable polymers by addressing long-standing issues

related to enzyme fragility and instability. However, the high cost

and complexity of enzyme preparation still limit widespread use of

enzymatic degradation (Liu et al., 2019). Despite these challenges,

research continues to advance. Scientists are exploring various

strategies to improve enzyme efficiency and stability—for

example, recent studies have focused on the structural

optimization of PETase and related enzymes to enhance their

interaction with MP substrates. By employing techniques such as

directed evolution and rational design, researchers aim to develop

enzymes that perform effectively across wider environmental

conditions and maintain activity over longer periods.
20 Recent strategies for microplastic
remediation

In recent years, interest has grown in using advanced methods to

effectively remove microplastics (MPs) from contaminated

environments. These methods include a variety of technologies

such as membrane bioreactors (MBRs), synthetic biology,

organosilane-based techniques, biofilm-mediated MP remediation,

and strategies involving nanomaterials. To enhance degradation

efficiency and environmental sustainability, recent approaches to

MP clean-up focus on combining cutting-edge technological

methods with biological processes. Advanced oxidation processes

(AOPs), such as photocatalytic and electrochemical oxidation,

produce reactive oxygen species (ROS) like hydroxyl and sulfate

radicals. These processes have shown promise in breaking downMPs

into smaller, less harmful compounds (Liu et al., 2020).

Photocatalysis, using semiconductors like TiO2 and ZnO, harnesses

solar energy to generate ROS, which speeds up the breakdown ofMPs

in water environments (Nakata and Fujishima, 2012). Similarly,

biological methods utilize specialized microbes and fungi to

naturally decompose MPs. These organisms form biofilms on MPs,

resulting in structural weakening and eventual breakdown into non-

toxic substances (Yuan et al., 2020). Combining these approaches

offers significant potential for developing effective, eco-friendly MP

remediation technologies, advancing sustainable environmental

management and pollution control.
20.1 Biofilm-mediated microplastic
remediation

Microplastics (MPs) are quickly colonized by microorganisms

in aquatic environments, resulting in the formation of durable

biofilms on their surfaces. According to Rummel et al. (2017),

these biofilms are crucial for breaking down organic pollutants and

allowing pollutants to adhere to MPs. Significantly, interactions

between MPs and biofilms can alter the physical and chemical
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properties of the polymer surface, which encourages biological

deterioration. Polyethylene (PE) can be colonized and degraded

by various bacteria that form biofilms, including Rhodococcus ruber,

which can reduce the polymer’s average molecular weight by as

much as 21% (Hadad et al., 2005). This indicates that biofilm-

mediated biodegradation could improve MP clean-up efforts.

Studies show that biofilm formation on MPs can cause

considerable surface deterioration, especially in environments

with high methane concentrations that promote bacterial

aggregation (Faheem et al., 2020). The degradation process

produces harmless by-products, such as CO2 and H2O, which are

safe for the environment (Sutkar et al., 2023). Using glucose as an

external carbon source has been found to speed up MP degradation

compared to natural biofilms (Niu et al., 2023). Additionally,

biofilms can help MPs attach to environmental pollutants,

increasing the risk of MPs in ecosystems (He et al., 2022). To

address this, biofilms can be cultivated in controlled conditions

before being exposed to MPs. Incorporating biofilm degradation

technology into freshwater MP remediation or in situ clean-up

efforts can absorb more environmental pollutants as MPs degrade

in water. Factors like pH, salinity, temperature, and UV radiation

influence biofilm growth on MP surfaces, with a maximum

degradation rate of 20% observed under ideal conditions (Faheem

et al., 2020). Although biofilm-mediated degradation shows

promise, its current progress is limited because microorganisms

need time to alter MP properties. MPs are broken down by bacteria

producing biofilms through extracellular oxidases and hydrolases,

which convert large polymers into smaller oligomers and

monomers that are eventually mineralized into CO2 and H2O.

The biofilm degradation process involves four main steps: initial

bacterial colonization and changes in MPs’ composition, breakdown

of additives and monomers, enzymatic or radical-mediated

degradation of MPs, and the final microbial disintegration of the

polymer matrix. The second step, which focuses on degrading the

polymer additives, is especially important because these compounds

hinder the overall degradation process. Microbial degradation of

these additives promotes biofilm formation and bacterial adhesion,

helping to accelerate further degradation (Sun , 2023). Identifying

and cultivating microorganisms that significantly impact MP

breakdown can improve biofilm-mediated remediation. Researchers

have isolated specific bacteria from different environments, like

wastewater, sludge, and sediment, that can degrade MPs—for

example, Bacillus sp. strain 27 and Rhodococcus sp. strain 36 from

mangrove sediment have demonstrated the ability to degrade

polypropylene (PP) MPs, with weight loss and surface irregularities

indicating bacterial colonization and damage (Auta et al., 2018).

Fungi also play a role in MP degradation, although reports of fungal-

mediated breakdown are less common. Recent advances highlight

fungi’s potential to degrade MPs under diverse environmental

conditions, garnering increasing research interest (Yuan et al.,

2020). Despite progress, achieving substantial MP degradation

remains difficult. Biofilm-mediated degradation is a promising

approach, but more research is needed to address current

limitations. By deepening our understanding of microbial

interactions with MPs and improving biofilm formation, we can
frontiersin.org

https://doi.org/10.3389/fmars.2025.1672484
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Das et al. 10.3389/fmars.2025.1672484
develop more effective and sustainable strategies for MP remediation.

This will help reduce the environmental impact of MPs, protecting

ecosystems and human health.
20.2 Synthetic biology and organosilane-
based techniques

Synthetic biology has become a key tool in exploring the

complex relationships between microorganisms and their

environment, especially in the area of polymer degradation.

Researchers frequently use advanced “omic” techniques to

investigate these interactions (Zhou et al., 2023; Ali et al., 2022).

A major focus in synthetic biology is engineering metabolic

pathways to improve the breakdown of petroleum-based waste

(Mukherjee et al . , 2022). Challenges remain in ful ly

understanding the wide variety of bacteria that can degrade

synthetic polymers and the specific enzymes involved. Future

research should focus on unraveling these complexities, aiming to

identify resilient microorganisms and understand their enzymatic

processes. Progress in environmental microbiology, biotechnology,

gene engineering, and protein engineering is vital for overcoming

these challenges. Combining approaches such as metabolic

engineering, bioinformatics, molecular biology, genetics, and

systems biology offers potential for ground-breaking advances in

plastic biodegradation.

Conversely, the innovative use of organosilanes introduces a

new method that combines physical agglomeration with a water-

triggered chemical fixation process, creating strong particles and

durable clumps (Dhiman et al., 2023). This technique allows for

modifying organic groups to customize surface chemistries for

different polymer types and water conditions (Collinson et al.,

2017). The versatility and potential uses of organosilanes in water

treatment and microplastic removal highlight their promising role

in environmental clean-up strategies.
20.3 Membrane bioreactor

The use of membrane bioreactor (MBR) technology has proven

highly effective in removing over 90% of microplastics (MPs) from

wastewater, surpassing traditional wastewater treatment methods. It

is important to recognize that implementing MBRs can be

expensive and prone to rapid fouling. Nonetheless, bioreactor

technologies for MPs removal ensure high purity by removing

contaminants during initial treatment stages, offering potential for

re-evaluating and recovering these plastic particles. Recent advances

in membrane technologies, especially in nano-filtration

membranes, have resulted in hybrid systems combining reverse

osmosis and ultrafiltration, which show promising ability to

effectively reduce MPs while reducing issues like membrane

fouling (Khan et al., 2024; Najmi et al., 2020). MBRs are complex

systems that integrate biological catalysts such as bacteria or
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based mechanism (Son et al., 2019). These systems have played a

key role in tackling water contamination by MPs. The efficiency of

MBRs in degrading and removing MPs largely depends on the

physical and chemical properties of the pollutants and operational

factors such as feed rate and hydraulic retention time (Najmi et al.,

2020). Notably, the discovery of Ideonella sakaiensis and its ability

to metabolize polyethylene terephthalate (PET) into non-toxic by-

products marks a major advancement with immediate implications

for MBR use (Najmi et al., 2020). This bacterium uses specific

enzymes to break down PET, producing terephthalate and ethylene

glycol. In-depth studies of enzymatic pathways in species like

Euphrasia superba have clarified their role in reducing MP size,

paving the way for incorporating these enzymes into MBRs to

improve PET-MPs biodegradation. Therefore, MBR technology

shows great promise as a practical approach for bioremediation of

water contaminated with MPs.
20.4 Nanomaterial-enabled strategies for
microplastic remediation

Recent advances in nanomaterial research have greatly

enhanced their role in wastewater treatment (WWT), especially in

microplastic (MP) remediation. Nanomaterials provide energy-

efficient options for treatment, improving overall effectiveness.

New photocatalyst structures have been developed to maximize

light absorption by reducing charge-carrier recombination and

increasing light-active sites, enabling photocatalytic activity under

visible light instead of just UV light (Jiang et al., 2022; Zhang et al.,

2023). These improvements result from nanoscale design changes

or doping photocatalysts with various nanomaterials, expanding

their use (Ch-Th et al., 2021; You et al., 2021). In addition to

photocatalysis, nanomaterials are successfully used in magnetism-

based separation methods for MP removal, offering a simple and

cost-effective solution (Shi et al., 2022). This process involves

magnetizing MPs with nanoparticles like magnetite (Fe3O4),

making it easier to extract them from water via magnetic

recovery. Magnetized MPs of different types and sizes—including

polyethylene (PE), polypropylene (PP), polystyrene (PS), and

polyethylene terephthalate (PET)—have been effectively removed

from various water sources, demonstrating the versatility and

efficiency of Fe3O4-based nanomaterials in MP clean-up.

The effectiveness of Fe3O4 nanoparticles in removing MPs

depends on factors like particle concentration and the

physicochemical properties of the MPs and surrounding medium—

for example, electrostatic interactions between positively charged

Fe3O4 nanoparticles and negatively charged MPs in seawater boost

adsorption and magnetization, thereby enhancing overall removal

efficiency (Shi et al., 2022). Notably, while magnetization is effective

across various MP types, PET has relatively lower removal rates due

to its weaker hydrophobic nature compared to other plastics (Sajid

et al., 2023). The use of nanomaterials extends beyond magnetism-
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based methods and photocatalysis to include hybrid approaches and

advanced membrane technologies. Hybrid nanomaterials with

hierarchical designs, combining top-down and bottom-up

approaches, synergistically improve MP removal compared to bulk

nanomaterials used alone (Brakat et al., 2021). These designs leverage

the high surface area and unique structural properties of

nanomaterials to maximize uptake capacity, enabling larger-scale

treatment before material saturation occurs. Although there have

been significant advances in applying nanomaterials forMP clean-up,

challenges such as membrane fouling in filtration processes remain.

High-performance membranes incorporating nanomaterials offer

promise for overcoming these challenges and increasing

throughput in MP removal from wastewater (Kusworo et al., 2022).

Photocatalytic membranes, a new type that combines physical

separation with chemical breakdown functions, exemplify this

progress. These membranes effectively capture and degrade MPs

within a single device, reducing secondary pollution risks linked to

traditional membrane filtration methods (Gokulakrishnan

et al., 2021).

The development of photocatalytic membranes marks a

significant shift in WWT, providing dual-action capabilities to

target a wide range of water pollutants beyond MPs. Their

effective use in treating emerging chemicals and micropollutants

highlights their potential in comprehensive water clean-up

strategies (Chabalala et al., 2021). Incorporating photocatalysts

into membrane structures not only boosts MP removal efficiency

but also expands the range of applications to effectively address

various environmental contaminants.
20.5 Biodegradation and emerging
remediation strategies

The build-up of persistent plastics like polyethylene (PE),

polypropylene (PP), and polystyrene (PS) in the environment

calls for innovative biodegradation and clean-up strategies.

Current research targets both naturally occurring and engineered

microbes, including Bacillus and Pseudomonas, for breaking down

plastics. These microbes have enzymes capable of degrading

complex polymers—for example, Pseudomonas species are known

to break down various hydrocarbons and xenobiotic compounds,

which paves the way for their use in plastic waste breakdown

(Kopecká et al., 2022). Several Bacillus strains from different

environments have likewise shown promising plastic degradation

abilities in normal conditions (Ramos et al., 2024), (Kyaw et al.,

2012). Algae such as Spirulina and Chlamydomonas are also being

studied for their roles in bioplastic production and potential direct

involvement in breaking down plastics (Iyer et al., 2023). Alongside

natural microbial degraders, synthetic biology provides a powerful

way to create custom microbial communities. This method allows

for the design of microbes with improved features like higher

enzyme activity and stability, essential for efficient polymer

breakdown. Engineered communities can combine natural strains

and genetically modified ones to optimize pathways for plastic
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degradation, as shown by studies on novel community groups

producing valuable degradation products (Schaerer et al., 2023;

Cao et al., 2022). Additionally, synthetic biology tools enable precise

control of enzyme production, metabolic flow, and communication

between species, creating strong, adaptable communities that can

survive environmental stresses common in biodegradation (Salinas

et al., 2023). With genetic tools, scientists can direct the evolution

and enhancement of microbial groups to effectively break down

resistant plastics (Lee et al., 2020). Hybrid treatment systems also

show promise for plastic waste clean-up, combining microbial

methods with chemical oxidation to improve degradation and

scale-up. Chemical oxidation—using oxidants or UV light—

prepares the plastic by adding reactive groups to the polymer

chains, making them more vulnerable to microbial enzymes

(Kyaw et al., 2012). This helps break large plastics like PE, PP,

and PS into smaller, more manageable pieces that microbes can

further decompose (Ramos et al., 2024). These hybrid systems

combine quick chemical processing with eco-friendly biological

treatment, reducing secondary pollution and boosting degradation

results (Cao et al., 2022). Their scalability is especially promising for

industrial use, where large amounts of plastic waste need fast,

effective treatment under changing environmental conditions.

20.5.1 Bacterial-based plastic degradation: an
emerging solution for mitigating plastic pollution

The global issue of plastic pollution has driven the search for

innovative strategies to reduce its environmental impact. Among

these, bacterial-driven plastic degradation has become a prominent

approach, utilizing bacteria’s natural ability to break down plastics

through enzymatic processes. Bacteria’s capacity to produce

extracellular polysaccharides and form biofilms on plastic surfaces

has been well documented, especially in wastewater treatment

where these biofilms help facilitate plastic breakdown. This

section offers a detailed review of recent developments in bacterial

plastic degradation, emphasizing the potential of specific bacterial

species, the mechanisms behind their ability to degrade plastics, and

the implications for environmental biotechnology and waste

management. Bacterial degradation of microplastics (MPs) is an

increasingly studied area, particularly concerning specialized

enzymes that target plastic polymers. Notably, species such as

Vibrio, Campylobacter, and Arcobacter have been widely

researched for their capacity to degrade MPs using enzymes like

PET hydrolase (PETase) and mono-(2-hydroxyethyl) terephthalate

hydrolase (MHETase). The effectiveness of these bacteria in

breaking down plastics is enhanced by the large surface-to-

volume ratio of plastic particles, which promotes bacterial

colonization and enzymatic action. This process is further sped

up by biofilm formation, which not only helps bacteria attach but

also creates microenvironments that support Enzymatic activity

accelerates plastic degradation. A key development in this area is

identifying specific bacterial strains capable of breaking down

various plastics—for example, Stenotrophomonas panacihumi has

shown the ability to enzymatically decompose polypropylene (PP)

into both low- and high-molecular-weight fractions over 90 days,
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highlighting its potential for practical waste management

applications (Ru et al., 2020). Similarly, Aneurinibacillus spp. and

Brevibacillus spp. have demonstrated effectiveness in degrading

polyethylene (PE) and PP, achieving significant weight reductions

between 37.2% and 45.7% after 140 days of incubation (Skariyachan

et al., 2016). These results emphasize the potential of bacterial

enzymes to reduce plastic pollution and underscore the importance

of understanding the kinetics of bacterial degradation. Beyond PP

and PE, other plastics such as low-density polyethylene (LDPE)

have also been targeted. Research indicates that Pantoea sp. and

Enterobacter sp. can notably decrease the weight of LDPE strips and

pellets by 81% and 38%, respectively, after a 120-day incubation

(Skariyachan et al., 2016). Further studies have identified Bacillus

amyloliquefaciens strains BSM-1 and BSM-2 as effective in

degrading plastic wrappers (PW), which aid in breaking down

LDPE (Das et al., 2015). The degradation process of PW involves

measuring methane (CH4) and carbon dioxide (CO2) emissions

during anaerobic digestion and mineralization, highlighting the role

of organic compounds and heteroatoms like nitrogen, oxygen, and

sulfur in boosting enzymatic and hydrolytic activities (Kida et al.,

2022; Mammo et al., 2020).

Bacterial degradation of microplastics (MPs) has become a

promising biotechnological method to fight plastic pollution,

focusing on biofilm-forming bacteria that can attach to plastic

surfaces and improve enzymatic breakdown. Species like

Erythrobacter sp. and Alcanivorax borkumensis have shown

strong potential in breaking down low-density polyethylene

(LDPE), helping to remove MPs from aquatic environments

(Yang et al., 2020). Biofilms not only help microbes stick but also

create special microenvironments that boost enzyme activity,

speeding up degradation. Practical use is often limited by strict

environmental needs, complex growth conditions, and long

degradation times (Park et al., 2021). Advances in genetic

engineering and synthetic biology help by improving the

adaptability and efficiency of bacteria. Engineered microbes such

as Stenotrophomonas panacihumi have shown promising results in

breaking down polypropylene (PP) over 90 days (Ru et al., 2020),

while Aneurinibacillus spp. and Brevibacillus spp. have effectively

reduced the weights of polyethylene (PE) and polypropylene (PP)

(Skariyachan et al., 2016). Bacteria from MP-rich habitats—

including Rhodococcus 36, Bacillus 27, and Enterobacter asburiae

YT1— likewise show notable degradation abilities (Auta et al., 2017;

Yang et al., 2014). Despite these advances, ensuring biosafety,

simplifying cultivation, and scaling up bioreactor systems remain

key challenges. Combining microbiology, environmental science,

and engineering is needed to develop efficient, safe, and scalable

bacterial degradation technologies (Denaro et al., 2020; Janssen

et al., 2002). Moreover, raising public awareness, gaining regulatory

support, and reducing plastic use are critical to making bacterial

degradation a mainstream part of broader plastic pollution

solutions. Ultimately, improving microbial teams and using

genetic tools could lead to a game-changing, nature-inspired

solution to microplastic pollution.
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20.5 2 Fungal-based plastic degradation: a
promising approach to mitigating plastic
pollution

Plastic pollution, especially from polyethylene (PE), is a

widespread environmental issue affecting both land and water

ecosystems. The presence of plastic waste in various water

sources, such as streams, rainwater, surface waters, and oceans,

underscores the urgent need for effective degradation methods.

Among emerging solutions, fungal-based biodegradation shows

significant promise in tackling this environmental problem.

Certain fungi, like Fusarium sp., Aspergillus japonicus, and A.

flavus, have proven capable of degrading low-density polyethylene

(LDPE), achieving plastic weight reduction of 30% to 36% when

used as a carbon source (Jyoti et al.). These fungi utilize a range of

microbial enzymes that help break down plastic polymers, offering

an eco-friendly way to reduce plastic waste. The fungi’s enzymatic

toolkit includes cutinases, lipases, and esterases, which are essential

for hydrolyzing polyethylene adipate and polycaprolactone—key

steps in plastic degradation. These enzymes can cleave ester bonds

within plastic polymers, such as polyethylene wrappers (PW),

initiating degradation processes that gradually diminish plastic

mass. Various fungal species, including Achromobacter sp.,

Rhizopus arrhizus, R. delemar, and Candida cylindracea, have

been identified for their production of lipases and esterases,

enzymes vital for PW biodegradation (Iram et al., 2019). These

enzymes not only start the breakdown but also help transform

complex polymers into simpler, more biodegradable substances.

Beyond enzymatic pathways, fungi also produce lignin-degrading

enzymes like laccases and peroxidases, which are crucial for

breaking down LDPE in both aerobic and anaerobic conditions

(Ali et al., 2023). These enzymes catalyze the oxidative degradation

of plastic polymers, resulting in simpler compounds such as

methane (CH4), carbon dioxide (CO2), and water (H2O). This

process reduces plastic waste mass and channels the degradation

products back into the natural carbon cycle, supporting

environmental sustainability.

Fungal-based biodegradation presents a promising opportunity

for reducing microplastics (MP), utilizing the enzymatic and

metabolic diversity of naturally occurring fungal communities.

Notably, fungi isolated from termite guts—including Meyerozyma

caribbica,M. guilliermondii, and Sterigmatomyces halophilus—have

demonstrated the ability to break down low-density polyethylene

(LDPE), producing metabolites such as alcohols, alkanes, aldehydes,

and fatty acids. Pestalotiopsis microspora can likewise degrade

polyurethane even under anaerobic conditions, thanks to its

invasive mycelium and secretion of polymer-degrading enzymes.

These discoveries highlight fungi’s potential in environmental

biotechnology, waste valorization, and circular economy

initiatives. Improving fungal degradation requires a deeper

understanding of enzyme activity, environmental adaptability,

and genetic enhancement. Employing synthetic biology could

create engineered “super-degrader” strains suited for various

types of polymers. Additionally, developing bioreactor systems to
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scale fungal-based plastic degradation provides a practical approach

for large-scale use. As fungal biotechnology aligns with sustainable

waste management, it offers an innovative, scalable, and eco-

friendly solution to the global MP pollution crisis.

20.5.3 Algal-based plastic degradation: a
promising avenue for sustainable waste
management

The increasing concern over plastic pollution, especially in

aquatic environments, has driven interest in new biodegradation

methods, with algal-based approaches emerging as a highly

promising option. Although research in this area is still

developing, several algae species, such as Chlorella and

Scenedesmus, have shown significant potential in breaking down

polyethylene (PE) and polyethylene terephthalate (PET) waste.

These studies highlight the potential of algae as eco-friendly

agents for plastic degradation, providing a sustainable solution to

the growing environmental crisis caused by plastic waste (Kumar

et al., 2017; Moog et al., 2019; Sarmah et al., 2019; Khoironi et al.,

2019; Sanniyasi et al., 2021). The process of algae colonizing plastic

surfaces is aided by water, sunlight, and essential nutrients, creating

ideal conditions for biofilm formation (Table 12). This biofilm acts

as the foundation for subsequent degradation, where algae interact

with the plastic and break it down into simpler compounds.

Microalgae’s ability to perform photoautotrophic respiration—

relying only on sunlight and inorganic nutrients—further boosts

their appeal for biotechnological uses. Unlike bacteria and fungi,

which might need organic carbon sources and could release toxins,

microalgae present a safer and more sustainable option for plastic

degradation (Abdelfattah et al., 2013; Abdelfattah et al., 2022;

Mastropetros et al., 2022; Ali et al., 2016).

Certain non-toxic algal species, such as those thriving in

polluted water environments, have shown a significant ability to

stick to plastic surfaces. These species, through the production of

exopolysaccharides, support strong biofilm formation, which is

essential for the subsequent enzymatic breakdown of plastic.

Enzymes like lipases, esterases, and cellulases, produced by these

algae, interact with plastic polymers, starting the process of breaking

down and shredding the material. This enzymatic activity is

especially effective in degrading plastics like PE and PET, which

are otherwise resistant to standard degradation methods (Hossain

et al., 2023). One of the most hopeful discoveries in this field is that

microalgae can colonize PET surfaces and secrete PETase, an

enzyme specifically involved in PET degradation. The release of

PETase by microalgae not only speeds up PET breakdown but also

highlights the potential of algae in broader plastic waste

management strategies. Additionally, advances in genetic

engineering have further improved the ability of algae to break

down plastics—for example, Chlamydomonas reinhardtii has been

genetically modified to produce PETase, demonstrating its

effectiveness in PET degradation studies. This genetically

enhanced algae strain marks a major step forward in developing

algal-based solutions for plastic pollution.
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Surface degradation of plastics by algae is shown by the

formation of pits and cavities, clearly indicating enzymatic action

and polymer breakdown. The enzymes produced by microalgae are

crucial in this process, breaking down complex polymer structures

into smaller, more manageable components. Despite these

promising findings, much remains to be understood about the

biochemical pathways involved in algal plastic degradation.

Further research is necessary to uncover these pathways, improve

degradation processes, and turn laboratory results into practical

applications (Kumar et al., 2017). Although the potential for algal-

based plastic degradation is evident, the field faces several

challenges that need to be addressed to realize its full benefits.

One major concern is the efficiency of degradation in natural

environments, where factors like temperature, light, and nutrient

availability can greatly affect the process. Additionally, the

economic feasibility of scaling up these processes for large-scale

use is still uncertain. The ecological impacts of introducing

genetically modified algae into natural ecosystems also need

careful consideration and further investigation.

Algal-based plastic degradation is quickly emerging as a

transformative approach to reduce microplastic (MP) pollution,

combining ecological resilience with biotechnological innovation.

Modern viewpoints highlight the combined potential of omics

technologies—genomics, proteomics, and metabolomics—in

understanding the complex metabolic and enzymatic networks

involved in plastic breakdown in algae (Ali et al., 2016). These

insights help in engineering algal strains with improved efficiency

and environmental adaptability through synthetic biology. The natural

enzymes and diverse metabolic pathways of algae make them excellent

candidates for sustainable MP clean-up, especially when used in

groups or with other microbes working together. Beyond laboratory

success, algal degradation complements circular economy principles

by turning plastic waste into bioresources while reducing ecological

harm. This approach shifts from passive waste disposal to active

ecological reuse. While still early in development, ongoing research

into algal degradation pathways offers great potential for scalable, eco-

friendly MP reduction, paving the way toward cleaner aquatic

environments and innovative biotech solutions.
21 Strain breeding technology

Among the many strategies for reducing microplastic (MP)

pollution, biological degradation has become a sustainable and

environmentally friendly alternative to traditional physical and

chemical methods, which often produce harmful by-products or

residual toxicity (Geyer et al., 2017; Uheida et al., 2021; Kaur Brar

et al., 2023). Key to this biological approach is the development of

microbial strain-breeding technology, which improves naturally

occurring microorganisms for better MP biodegradation. MP

biodegradation occurs in three main stages: physical and chemical

changes of the polymer surface, enzymatic breakdown into smaller

molecules like oligomers and monomers, and microbial uptake of
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these substances into biomass, releasing carbon dioxide and water

(Emadian et al., 2017). The natural process is slow and inconsistent,

so stronger strains with better degradation abilities are needed.

Strain-breeding techniques—from natural selection under

environmental stress to induced mutagenesis and advanced genetic

engineering—allow precise editing of microbial genomes to increase

enzyme production and degradation pathways (Park et al., 2021).

Genetically engineered Pseudomonas and Bacillus strains, for

example, have shown significantly faster degradation rates

across various MP types. Additionally, synthetic biology now

makes it possible to design microbial communities with

combined degradation functions, enabling the breakdown of

complex MP mixtures (Kasmuri et al., 2022). Despite obstacles

related to environmental adaptation, biosafety, and large-scale

implementation, microbial strain-breeding offers great potential for

real-world MP clean-up. Future efforts should focus on improving

hybrid breeding techniques, adding synthetic metabolic pathways,

and meeting regulatory standards for field use. As a ground-breaking

mix of biotechnology and environmental science, strain-breeding

technology demonstrates the potential to turnMPmanagement from

a global crisis into a solvable problem.
21.1 Natural breeding in MP-degrading
microorganisms

In the pursuit of sustainable solutions to microplastic (MP)

pollution, natural strain-breeding of microorganisms has become a

powerful biotechnological method, based on evolutionary

principles and ecological adaptability. Natural breeding depends

on spontaneous genetic mutations and the environmental selection

of microbial strains capable of using MPs as a carbon source, often

isolated fromMP-contaminated environments (Adachi et al., 2022).

Several studies have successfully identified such strains from

marine, terrestrial, and insect gut habitats—for example, Bacillus

subtilis H1584 from the Arabian Sea achieved 1.75% degradation of

polyethylene (PE) over 30 days (Sarkhel et al., 2019), while

Exiguobacterium a-1 from Bohai Bay showed 9.20% degradation

of polypropylene (PP) in 80 days (Sun, 2023). Notably, Vibrio sp.

PD6 and Aspergillus sp., both isolated from saline water, degraded

plastic bottle polymers by 35% and 22%, respectively, in 6 weeks

(Sarkhel et al., 2019).

Terrestrial microbes also show significant potential. Auta et al.

(2017) isolated Bacillus cereus and Bacillus gottheilii from soil, which

are effective against PE, PET, and PS, while Bacillus brevis achieved

19.80% PE degradation in 35 days (Tiwari et al., 2023). Fungal species

such as Streptomyces (Soleimani et al., 2021) and Pseudomonas

aeruginosa V1 (Pathak & Navneet, 2023) also demonstrate superior

MP-degrading capabilities. Insect guts have become unique microbial

reservoirs, where Ehommaechei LG3 degraded PS under both

anaerobic and aerobic conditions (Kang et al., 2023), and

Aspergillus flavus PEDX3 and Bacillus sp. YP1 from wax moth and

meal moth guts showed degradation of HDPE and PE, respectively

(Zhang et al., 2023; Yang et al., 2014). Natural selection has

limitations due to low mutation rates, DNA repair mechanisms,
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and lengthy screening processes (Xiang et al., 2023). To address this,

targeted strategies such as using MPs as the sole carbon source in

minimal media can improve screening efficiency. Additionally,

mutagenesis and genetic engineering provide methods to speed up

strain development and optimize degradation traits. Engineered

Bacillus and Pseudomonas strains, along with synthetic microbial

consortia, show promise for increasing MP degradation efficiency.
21.2 Genetic engineering breeding for MP
degradation

Genetic engineering, defined as the manipulation of an

organism’s genome using biotechnology and modern molecular

techniques (Kuzma et al., 2016), has great potential for microbial

strain breeding aimed at improving MP degradation. This

technology involves creating genetically engineered bacteria by

selectively adding the necessary genetic information into

microbial cells to enable targeted breeding of microorganisms.

Unlike traditional methods, genetic engineering can precisely

modify specific DNA sequences in microorganisms. By altering

these sequences, it is possible to insert, delete, or replace nucleotides

in particular genes, resulting in desired traits (Viana et al., 2019).

Genetic engineering techniques in microbial breeding usually

involve two approaches. The first involves inserting new genes or

sequences into microbial cells to achieve specific expression traits.

The second approach, targeted mutagenesis, replaces particular

receptor regions with effectively mutated gene segments. This

process can greatly enhance certain traits in the desired strain by

using wild-type copies of bacterial genes. The main goal of genetic

engineering in this context is to identify, modify, and replicate genes

involved in MP breakdown. Techniques such as antisense RNA

technology, polymerase chain reaction (PCR), site-directed

mutagenesis, and employing suitable hosts like Escherichia coli are

essential to reach this goal (Lim et al., 2022)—for example, Yoon

et al. (2012) reported that Pseudomonas sp. E4 could degrade

polyethylene (PE). By expressing its alkane hydroxylase gene in

E. coli, the host cells gained the ability to mineralize low-molecular-

weight PE, resulting in the recombinant E. coli mineralizing 19.3%

of the carbon to CO2 over 80 days.

Bollinger et al. (2020) cloned a gene for polyesterhydrolase

(a PET hydrolase) from Pseudomonas aestuansigri and inserted it

into E. coli to produce the enzyme. This enzyme could only degrade

amorphous PET film at 30°C and not commercial PET bottle films.

Through site-directed mutagenesis, a variant, PE-H (Y250S), was

developed, showing increased activity and capable of hydrolyzing

PET from commercial bottles. Similarly, Ribitsch et al. (2015)

discovered that cutinase produced by Thermobifida cellulosilytica

(Thc_Cut1) could degrade PET. By fusing this enzyme with a

hydrophobic enzyme, they boosted the PET hydrolysis rate more

than 16-fold. In another study, Austin et al. (2018) obtained a

PETase from Ideonella sakaiensis 201-F6. After protein engineering,

PETase’s degradation performance improved significantly. Ma et al.

(2018) further improved PETase efficiency by targeting six key

residues near the substrate-binding groove, creating mutants with
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higher activity. The most active mutant showed a PET film weight

loss rate of 22.5 mg/mmol L⁻¹ PETase per day. These advances

highlight the potential of genetic engineering to enhance MP-

degrading abilities. Despite notable laboratory successes, practical

applications still face challenges. The efficiency seen in controlled

settings does not always translate to real-world conditions.

Additionally, genetic engineering raises environmental and

ecological safety concerns, including risks of gene pollution, gene

loss, and impacts on biodiversity. Legal policies further limit the use

of genetically modified microorganisms in natural environments,

creating hurdles for applying this technology to MP management.
21.3 Mutation breeding for enhanced
microplastic degradation

Microbial mutation breeding uses physical or chemical agents to

alter the genetic material of microorganisms, inducing mutations in

their genes through artificial means. This process aims to modify

their genetic structure and function, helping identify mutant strains

with desirable traits from a diverse pool. Mutations are rare,

reversible, and often recessive, making them the primary source of

genetic diversity in any organism. Mutation breeding is a simple,

rapid, selective, and versatile technique, and it is the most common

method with the highest success rate in strain cultivation. Despite

success in various fields, its use in selecting and breeding MP-

degrading bacteria remains limited. This gap presents an

opportunity to utilize mutagenesis techniques for developing

efficient MP-degrading strains. By exposing microorganisms to

mutagens such as radiation or chemical agents, researchers can

induce a wide range of genetic variations. These variations can be

screened to find strains with improved MP degradation capabilities—

for example, using ultraviolet (UV) radiation or chemical mutagens

like ethyl methanesulfonate (EMS), scientists can induce mutations

that create novel enzymes or improve existing metabolic pathways

involved in MP breakdown. These mutant strains can be further

refined through cycles of mutagenesis and selection, gradually

boosting their efficiency and resilience in degrading MPs.

Furthermore, advances in high-throughput screening methods and

molecular biology tools can significantly speed up the identification

and analysis of beneficial mutations. Techniques such as whole-

genome sequencing and transcriptomic analysis enable researchers to

identify specific genetic changes responsible for enhanced MP

degradation. This knowledge can guide further genetic modifications,

either through additional mutagenesis or by employing genetic

engineering to directly introduce or strengthen key genes. In

summary, mutation breeding provides a promising approach to

develop highly efficient MP-degrading bacteria. By harnessing the

genetic diversity generated through mutagenesis and applying

advanced screening and molecular techniques, researchers can

discover and optimize strains with superior MP-degrading abilities.

When combined with other biotechnological advancements, this

method has great potential for addressing the global challenge of MP

pollution in a sustainable and effective way.
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21.4 UV mutagenesis for microplastic-
degrading bacteria

UV mutagenesis was among the earliest techniques used for

biological mutagenesis. The UV spectrum aligns with the

absorption spectrum of nucleic acids in cells, with DNA

absorbing UV light most effectively at around 250 nm. When the

purines and pyrimidines in DNA and RNA absorb UV light, it leads

to the formation of pyrimidine dimers (Chatterjee et al., 2015).

These dimers cause distortion of the DNA double-helix, disrupting

normal base pairing. This disruption can cause errors during DNA

replication and transcription, resulting in mutations or even cell

death. Additionally, the formation of dimers can block the

unwinding of the double-helix, further affecting DNA replication

and transcription.

UV mutagenesis can induce various genetic changes in bacteria,

including base substitutions, transversions, frameshift mutations, or

deletions, thereby causing mutagenesis. In strain-breeding

technology, Watanabe et al. (2015) successfully produced a

mutant strain of C. flavus GB-1 DMC1 via UV mutagenesis,

which showed a degradation ability for biodegradable plastics that

was more than 2.5 times higher than that of the parental strain

GB-1. This highlights the potential of UV mutagenesis to boost

bacteria’s ability to degrade polymers. However, UV mutagenesis

also has notable drawbacks. One major issue is photoreactivation,

where cells can repair UV-induced damage when exposed to visible

light, reversing mutations. Furthermore, UV-induced mutations

can cause genetic instability, complicating consistent application

of the technique. Because of these issues, UV mutagenesis is less

commonly used than other mutagenesis methods. Despite its

limitations, UV mutagenesis remains a useful tool for microbial

strain improvement. It induces a broad spectrum of genetic

variations, providing a basis for selecting strains with enhanced

properties. Advances in molecular biology and high-throughput

screening can further improve the detection and application of

beneficial mutations caused by UV light. Therefore, while UV

mutagenesis may not be the first choice for all applications, it still

plays a role in developing microorganisms capable of tackling

environmental challenges, such as microplastic degradation.
21.5 Laser radiation mutagenesis for
microplastic-degrading bacteria

Laser radiation mutagenesis is an advanced mutagenesis

technique distinguished by its high energy density, specific

concentration, monochromaticity, and excellent directionality.

When organisms are exposed to a certain amount of laser light,

the energy can be directly or indirectly deposited onto their DNA,

inducing genetic mutations. This process involves the

photodissociation, decomposition, and free radical reactions of

biomacromolecules, leading to distortions in DNA molecules or

chromosomes and promoting the development of mutant traits

(Feng et al., 2023). By applying heat, light, pressure, and
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electromagnetic fields through laser radiation, this technique

stimulates DNA, RNA, and proteins, resulting in the formation of

various substances (Lu et al., 2022; Zhu et al. (2020)).

Laser radiation mutagenesis has been used in microorganism

breeding to improve their functions—for example, Lotfabad et al.

(2010) showed that the mutant strain MR01-C, created by g-
irradiating the native strain Pseudomonas aeruginosa MR01,

produced more rhamnolipids with higher activity. Rhamnolipids

greatly enhance polystyrene (PS) degradation, showing this

mutagenesis method can help find strains with better microplastic

breakdown abilities. The precise and targeted nature of laser radiation

mutagenesis makes it a promising tool for improving microbial strains.

It creates a variety of mutants with potential for better degradation,

helping to identify and grow highly effective microplastic-degrading

bacteria. This is especially important given the rising problem of

microplastic pollution. However, like all mutagenesis techniques,

laser radiation mutagenesis needs careful adjustment and screening

to ensure the mutations are stable and effective. Advances in molecular

biology and high-throughput screening will boost this method’s use,

leading to stronger and more effective microbial strains for real-world

environmental solutions.
21.6 Microwave mutagenesis for enhancing
microplastic-degrading bacteria

Microwave mutagenesis is a new approach in microbial

breeding, known for its simplicity, safety, ease of use, and lack of

toxic by-products (Woo et al., 2000). Unlike traditional methods

like UV or chemical mutagenesis, microwave mutagenesis provides

benefits such as quickly producing many mutants at low cost,

making it highly useful for large-scale microbial strain

improvement. Microwaves are high-frequency electromagnetic

waves that cause rapid vibration of polar molecules like water,

proteins, nucleic acids, fats, and carbohydrates (Kirschvink et al.,

1996; Chen et al., 2006). This vibration creates intense friction

within the cell, especially around DNA, breaking hydrogen bonds

and other chemical forces that hold DNA together. As a result,

microwave radiation can cause chromosomal changes and

mutations, leading to variants with different genetic traits. The

mutagenic mechanism of microwave radiation involves stimulating

polar molecules to oscillate, which damages DNA and causes

mutations that can be beneficial for specific traits (Woo et al.,

2000). This method has strong potential in microbial breeding

because it can overcome the limitations of UV mutagenesis’s photo-

repair and avoid the toxicity of chemical mutagens. Although

promising, microwave mutagenesis has not yet been widely

studied for selecting and breeding microplastic-degrading

bacteria. Because it effectively creates genetic diversity and has a

simple setup, microwave mutagenesis still offers a practical way to

generate mutants capable of breaking down microplastics

efficiently. Future research can explore this technology to improve

the biodegradation abilities of microbial strains, aiding sustainable

solutions to reduce microplastic pollution in various environments.
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21.7 Atmospheric room temperature
plasma mutagenesis: a modern tool for
microbial breeding

Atmospheric room temperature plasma (ARTP) mutagenesis has

become a cutting-edge technique in microbial breeding, utilizing

atmospheric room temperature plasma to induce genetic mutations.

Plasma generated in ARTP systems contains many chemically active

particles capable of significantly impacting cellular structures and

genetic material (Hua et al., 2010). These particles cause DNA

damage, prompting cells to activate repair mechanisms that can lead

to stable genetic mutations (Ottenheim et al., 2018). This method is

known for its low cost, ease of use, high mutation rate, and genetic

stability, making it a versatile tool for mutagenesis across various

microorganisms, including bacteria, fungi, and microalgae (Xiang

et al., 2023). The application of ARTP mutagenesis in microbial

breeding has mainly focused on improving traits like metabolic

efficiency, stress tolerance, and product synthesis in industrial

microorganisms. However, its potential for selecting strains capable

of degrading microplastics (MPs) remains largely unexplored. Given

ARTP’s effectiveness in inducing genetic diversity and its

straightforward experimental setup, researchers are encouraged to

explore its use in increasing the efficiency of MP degradation by

microbial strains. Currently, there is a significant lack of research using

ARTP mutagenesis specifically for developing MP-degrading strains.

This gap presents an exciting opportunity for future studies aimed at

harnessing ARTP’s mutagenic capabilities to create microbial variants

with enhanced ability to break down andmetabolizeMPs. By exposing

microbial populations to ARTP treatment and then screening for

variants proficient in MP degradation, researchers could accelerate the

development of environmentally beneficial microbial strains.

In conclusion, genetic mutation is central to microbial diversity,

and artificial mutagenesis techniques like ARTP provide a quick and

effective way to induce beneficial genetic changes in microorganisms.

The random nature of mutagenesis highlights the need for thorough

screening processes to identify mutants with desired traits while

removing those with harmful characteristics. Looking ahead,

combining ARTP mutagenesis with targeted screening methods

offers promise for advancing microbial breeding, especially in

developing sustainable solutions for MP pollution reduction. By

leveraging the strengths of ARTP mutagenesis—such as its high

mutation rate, simplicity, and affordability—researchers can work

toward creating new microbial strains to tackle urgent environmental

issues like microplastic contamination. As research progresses,

optimizing ARTP protocols and expanding its applications will be

key steps in unlocking its full potential in microbial biotechnology.
22 Mechanisms of plastic degradation

Microplastics (MPs) originate from the breakdown of larger

plastics and are carried through wastewater discharge, eventually

entering freshwater, marine systems, or municipal effluents (Barchiesi

et al., 2021; Wu et al., 2019). Due to their small size, MPs evade
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conventional filtration systems, posing risks to both aquatic and

terrestrial organisms. Secondary MPs result from environmental

stress, biological degradation, and UV exposure, which break down

larger plastics (Ali et al., 2023). Coastal waves further facilitate this

process through abrasion. Abiotic degradation of plastics involves UV

radiation, oxidation, thermal impacts, hydrolysis, and wave action

(Dimassi et al., 2022). In aquatic environments, biodegradation rates

are minimal, especially at the benthic level, due to lower microbial

populations. Shallow waters host diverse microbial communities

crucial for biodegradation (Niu et al., 2021).

“Co-metabolism” describes a microbiological process where

microorganisms degrade organic compounds using carbon and

energy from different substrates, increasing microbial enzyme

activity and improving substrate breakdown efficiency (Raza et al.,

2023). The biodegradation process of plastic waste (PW) is affected by

factors such as polymer type, functional groups, molecular weight,

chemical additives, production method, and environmental

conditions like temperature, pH, oxygen concentration, and salinity.

The stages of PW biodegradation include biodeterioration,

biofragmentation, assimilation, and mineralization. Extracellular

enzymes play a crucial role in enhancing contaminant accumulation

on plastic surfaces, promoting microbial growth and speeding up

biodeterioration (Ali et al., 2021)—for example, fungi secrete laccase,

which aids in the oxidative breakdown of high-density polyethylene

(HDPE) structures (Othman et al., 2021). Laccase-producing

Cochliobolus sp. has been shown to alter the physical and chemical

properties of PVC, leading to erosion and the incorporation of

carbonyl groups on the plastic surface (Sumathi et al., 2016).

Depolymerases and hydrolases are extracellular enzymes

secreted by microorganisms that break down complex molecules

into simpler components. Certain chemoorganotrophic

microorganisms produce organic acids and other chemicals that

greatly influence the entire biodeterioration process (Lepcha et al.,

2023). Microbial cells can absorb the resulting monomers into their

structure, promoting growth and mineralization, which leads to the

production of CH4, CO2, and H2O under anaerobic conditions, or

CO2 and H2O in aerobic environments. Fungal enzymes, such as

chitinase from Rhizopus oryzae, play a significant role in degrading

PE and PET materials. Fungi attach to plastic surfaces with proteins

and polysaccharides, penetrate, and modify the polymer structure

(Seenivasagan et al., 2022; Temporiti et al., 2022). Adding

supplementary carbon sources to culture media can increase

biodegradation efficiency—for instance, Aspergillus flavus PEDX3,

isolated from the gut of Galleria mellonella, facilitated PE-MP

breakdown via laccase-like multicopper oxidases, decreasing

molecular weight after 28 days (Zhang et al., 2020). This

highlights the potential of microbial communities and specific

conditions to greatly enhance plastic degradation processes.
23 Challenges, future research, and
research limitations

This paper critically analyzes previous research on identifying

and managing microplastics (MPs). Despite significant progress,
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these methods still have notable limitations. Their limited

applicability makes it hard to adequately describe and treat MPs

with a single approach. As waste output and environmental

contamination increase, detecting and disposing of MPs will

become even more challenging. To effectively tackle these issues,

a deeper focus on MP sources, transfer pathways, degradation

intermediates, toxicity, and other key factors is essential.
23.1 Challenges and suggestions

Microplastic (MP) pollution presents complex challenges to

environmental sustainability due to its diverse origins,

environmental persistence, and unclear fate. Despite progress in

detection and removal methods, upstream mitigation remains

insufficiently emphasized. Proactive strategies in plastic production

—such as redesigning polymers to reduce fragmentation and using

alternative biodegradable materials—are crucial to prevent MP

formation at the source. The cycling of MPs through air, water,

and soil extends their ecological impact, requiring intervention at key

transition points like wastewater treatment plants and stormwater

outfalls. Current treatment methods may inadvertently produce

toxic by-products, including persistent organic pollutants,

emphasizing the urgent need for greener, non-toxic alternatives.

Concerns also exist about the physicochemical changes of MPs

during treatment, which could produce more harmful nano-sized

fragments. A standardized framework to evaluate the effectiveness

and safety of MP removal technologies is urgently needed. Although

biodegradable MPs are promoted as sustainable, they can still

fragment and release additives under different environmental

conditions, with unknown effects on microbiota and food webs. A

genuinely sustainable MP management approach must integrate

prevention, eco-friendly removal, transformation research, and

interdisciplinary collaboration to ensure mitigation efforts do not

unintentionally cause further ecological harm.
23.2 Policy measures and approaches for
mitigating microplastic pollution

Mitigating microplastic pollution requires a multifaceted

approach that combines various policy tools and strategies.

Establishing international agreements and conventions can set

common goals and standards for reducing microplastic pollution

(Nikpay and Roodsari, 2024). Promoting the exchange of

information and best practices among countries can help develop

effective mitigation strategies. Raising public awareness about the

sources and impacts of microplastic pollution can encourage

behavior change and support policy efforts (Nikpay and Roodsari,

2024). Engaging communities in clean-up efforts and other

initiatives can foster a sense of responsibility and encourage

participation in mitigation efforts. The need to reduce plastic

pollution calls for a shift toward circular economy models, which

focus on reducing virgin plastic production, improving recycling

efficiency, and promoting eco-design principles to minimize
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environmental impact. Addressing the escalating plastic pollution

crisis requires a fundamental change in how we design, produce,

consume, and dispose of plastic products at the end of their lifecycle

(Munhoz et al., 2022). Current linear models of “take–make–

dispose” significantly contribute to plastic waste accumulation in

landfills and natural environments, highlighting the urgent need for

circular approaches that emphasize resource efficiency and waste

reduction (Reis et al., 2019). A circular economy aims to minimize

waste and maximize resource use by promoting practices such as

reducing material consumption, reusing products, designing for

recyclability, and recovering energy from non-recyclable plastics

(Macheca et al., 2024; The Future of Plastic: From Pollution to

Solution, 2018). Transitioning to a circular economy requires a

comprehensive approach involving stakeholders across the entire

value chain, including manufacturers, consumers, policymakers,

and waste management facilities (Vanapalli et al., 2020). Extended

producer responsibility (EPR) schemes hold producers accountable

for the end-of-life management of their products, motivating them

to design for recyclability and reduce plastic use (Nikiema and

Asiedu, 2022). Producers may also be required to contribute

financially to recycling programs and waste management

initiatives, creating incentives to minimize plastic waste.

Improving waste collection and sorting infrastructure can prevent

plastic waste from contaminating the environment (Policies to

Reduce Microplastics Pollution in Water, 2021). This involves

investing in advanced sorting technologies and expanding

collection services to underserved areas. Increasing investment in

recycling infrastructure, including mechanical and chemical

recycling facilities, can enhance recycling rates and lower the

amount of plastic waste sent to landfills (Mitigation and

Abatement of Microplastics, 2023). Waste-to-energy technologies,

such as incineration with energy recovery, can reduce plastic waste

volume while producing energy (Nikiema and Asiedu, 2022).

Advanced wastewater treatment technologies can remove

microplastics from water before discharge into waterways

(Policies to Reduce Microplastics Pollution in Water, 2021).

Stormwater management practices, such as green infrastructure

and retention ponds, can capture microplastics and other pollutants

before they reach water bodies. Requiring or incentivizing

microfiber filters in washing machines can reduce microfiber

release from textiles (Policies to Reduce Microplastics Pollution in

Water, 2021). Developing textiles that shed fewer microfibers can

further reduce their release during washing. Since microplastics are

not universally regulated pollutants, there is a need for stronger

international frameworks (Munhoz et al., 2022). EPR encourages

industry accountability for the management of post-consumer

plastics (Nikiema and Asiedu, 2022). Policy measures should be

evaluated for cost-effectiveness, considering both implementation

costs and the benefits of reducing microplastic pollution (Nikiema

and Asiedu, 2022). Policies should also be flexible and adaptable to

incorporate new scientific discoveries and technological advances

(Policies to Reduce Microplastics Pollution in Water, 2021).

Engaging stakeholders across the entire value chain, including

industry, consumers, and policymakers, is essential for developing

effective and sustainable solutions (Iroegbu et al., 2021).
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23.3 Research limitations

Despite the rapid increase in microplastic (MP) research,

significant knowledge gaps and methodological limitations still

exist, impeding the application of findings to real-world solutions.

Many current studies depend on isolated techniques within

controlled laboratory settings that do not capture the complex,

multifactorial nature of natural ecosystems. This reductionist

approach neglects the potential benefits of integrated, multi-

technique frameworks for MP detection and clean-up. Moreover,

the interactions of MPs with environmental matrices—soil, water,

and air—and co-contaminants are still poorly understood, which

hampers accurate risk assessments and effective mitigation

strategies. The absence of standardized evaluation protocols also

makes it difficult to compare studies and limits the scalability of

proposed solutions. Additionally, the lack of comprehensive toxicity

assessments raises concerns about potential secondary ecological

harm from untested treatment methods. To address these issues,

interdisciplinary collaboration among material scientists,

toxicologists, engineers, and ecologists is essential, promoting

innovation in biodegradable materials, advanced detection

systems, and environmentally friendly clean-up technologies.

Policy measures and public engagement are equally important for

enforcing regulations and encouraging behavioral change.

Ultimately, the way forward requires a holistic, flexible, and

science-based approach that combines prevention, innovation,

and governance to effectively confront the complex and evolving

problem of microplastic pollution.
23.4 Limitations of microplastic control
strategies

Despite increasing global attention to microplastic pollution,

current control strategies face significant limitations that impede

effective mitigation. Reducing plastic production and consumption

—though essential—presents economic and logistical challenges,

especially in industrial sectors dependent on plastic-based

infrastructure. Behavioral changes toward sustainable consumption

require ongoing education, policy incentives, and cultural shifts, often

lagging behind environmental urgency. While biodegradable plastics

are promoted as a solution, they often require specific degradation

conditions rarely found in natural environments, and their

environmental benefits are inconsistent. Additionally, high

production costs and limited functionality hinder their widespread

adoption. Recycling, another core element of waste management, is

challenged by energy needs, economic inefficiencies, and difficulties in

processing mixed plastic waste streams. The COVID-19 pandemic

further revealed vulnerabilities in recycling systems, particularly with

the increase in non-recyclable medical plastics. These systemic

barriers highlight the need for interdisciplinary innovation—

improving material science, developing better recycling technologies

(e.g., chemical recycling, AI-powered sorting), and establishing

policies that support a circular economy (Table 9). Tackling

microplastic pollution demands a comprehensive, resilient approach
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that combines technological advancements, sustainable alternatives,

public participation, and strong governance—creating a foundation

for long-term ecological health and planetary well-being.
23.5 Future recommendations and
prospects in microplastic degradation

To effectively combat the complex and far-reaching threat of

microplastic (MP) pollution, an integrative, science-driven approach

is essential. Future research should focus on combining advanced

characterization tools with multifaceted treatment technologies,

enabling precise detection, targeted degradation, and efficient

removal across aquatic, terrestrial, and atmospheric systems. The

synergistic use of hybrid methods offers a more comprehensive

mitigation strategy, capable of addressing the heterogeneous nature

of MPs in various environmental matrices. Equally important is

advancing toxicity profiling, especially concerning degradation

intermediates and by-products, which may present unforeseen

ecological risks. Developing standardized frameworks for assessing

treatment efficiency and environmental safety will ensure consistency,

comparability, and sustainability across emerging technologies.

Addressing MPs in soil and air remains a critical frontier, requiring

new interventions to understand their complex interactions and

environmental fate. At the source, improving plastic waste

classification, promoting recyclable alternatives, and refining

recycling infrastructure are key steps to reducing MP emissions.

These efforts must be embedded within circular economy principles

to cut dependence on virgin plastics and prevent environmental

leakage. Overall, a multi-pronged, harmonized strategy will create a

resilient and adaptive framework to reduce microplastic pollution

and protect ecosystem and human health in the Anthropocene.

The future of microplastic (MP) degradation depends on the

combination of microbial biotechnology, synthetic biology, and

environmental policy, offering a ground-breaking approach to

sustainable clean-up. Recent advances in microbial strain

development—especially the creation of MP-degrading bacteria

through natural selection, mutagenesis, and genetic engineering—

have greatly improved our ability to address MP pollution (Xiang

et al., 2023). Mutagenic breeding, which has low biosafety risks and

high adaptability, is becoming popular as a practical method for

producing strong strains with better degradation performance (Xiang

et al., 2023; 2024). Synthetic biology now makes it possible to design

multifunctional microbial factories that not only break downMPs but

also convert by-products into valuable resources, supporting circular

economy goals (Xiang et al., 2024). However, challenges remain in

scaling these technologies and ensuring biosafety standards are met.

Combining microbial degradation with sustainable waste

management, policy updates, and improved detection methods is

essential for comprehensive MP reduction (Wu et al., 2025; Casella

et al., 2024). Meanwhile, MPs continue to harm ecosystems and

biological functions across different levels, from causing oxidative

stress in fish (Ghosh et al., 2025) to degrading soil health through

biosolid use (. Their genotoxic, neurotoxic, and endocrine-disrupting

impacts especially at the nanoscale highlight the urgent need for
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biosafe biotechnological solutions (Yoganandham, 2025; Casella and

Ballaz, 2024). With global plastic output hitting 400.3 million tons in

2022, the call for scalable, eco-friendly, and policy-backed microbial

solutions has never been stronger. By combining innovation in

microbial strain engineering with strong environmental policies, the

scientific community can lead the way to a cleaner, plastic-resistant

future. Despite these efforts, many gaps remain in microplastic

detection (Mendoza et al., 2017). The lack of universal, validated

methods results in diverse analytical approaches, making it hard to

interpret existing data (Prata et al., 2018). Researchers often face

difficulties in choosing proper sampling methods because of many

available options (Prata et al., 2018). Differences in filter sizes,

sampling procedures, and reporting units complicate comparisons

between studies and hinder building a complete understanding (Lu

et al., 2021). The absence of standardized quality assurance and

quality control protocols makes it difficult to evaluate the literature

thoroughly (Lu et al., 2021). Sampling and analysis techniques for

microplastics are still developing, and their limitations make accurate

assessment of presence and impact challenging (Hale et al., 2020).

Methods like mass spectrometry and thermal cracking gas

chromatography have restrictions and are not suitable for all

environmental samples (Jin et al., 2022). There is a need for

consistent language in reporting microplastic concentrations and

forms, along with detailed descriptions of sizes and chemical

makeup (Lu et al., 2021). Regulatory agencies and labs face a

complex array of sampling, extraction, and analysis methods,

which complicates establishing standardized procedures (Primpke

et al., 2020). Implementing comprehensive QA/QC protocols,

including negative controls (field and lab) and positive controls, is

crucial for reliable results. Using consistent terminology and

providing detailed microplastic size and composition data can help

improve comparability between studies (Lu et al., 2021).

24 Concluding perspectives: a
roadmap toward microplastic-free
ecosystems

Microplastics have become a widespread and persistent pollutant,

posing serious ecotoxicological threats across land, freshwater, and

marine environments. Their small size hides their significant impact,

as they enter food chains, disrupt physiological processes in

organisms, and carry toxic chemicals and pathogens. As our

scientific understanding of their ecological and health effects grows,

it is clear that urgent and coordinated action is necessary. Strategies to

mitigate microplastics must be diverse, incorporating technological

advances in waste management, development of sustainable materials,

and reductions in plastic production and use. Equally important is

establishing strong governance frameworks that encourage

international collaboration, enforce regulations, and promote public

awareness and behavioral changes. Ultimately, combating

microplastic pollution requires a systems approach that connects

science, policy, and societal participation. Only through integrated

efforts can we protect ecosystems, conserve biodiversity, and secure a

healthier, more sustainable future by examining the entire chain.
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This review provides a uniquely comprehensive, multidisciplinary,

and forward-looking overview of microplastic (MP) pollution, setting

itself apart from existing literature through its depth, breadth, and

innovative integration of themes. Unlike earlier reviews that tend to

focus on isolated aspects such as aquatic pollution, single degradation

methods, or basic detection techniques this work takes a holistic

approach, covering all aspects of MP pollution: from plastic

production and environmental entry points to physicochemical

transformations and ecological distribution across marine,

freshwater, and terrestrial environments. It further explores

organismal accumulation, physical and molecular toxicities, and

detailed analytical methods including emerging micro- and nano-

characterization tools like AFM, SEM, FTIR, and Raman

spectrometry. Most notably, this study advances the field by

extensively analyzing innovative mitigation strategies, such as cloud-

point extraction, magnetic separation, enzymatic degradation,

organosilane technology, and strain breeding through mutagenesis

techniques (UV, laser, ARTP), which are rarely combined in one

framework. It introduces ground-breaking microbial degradation

potentials, including biofilm-mediated and algal-, fungal-, and

bacterial-based approaches, and discusses the potential role of

synthetic biology. The review also emphasizes policy implications,

life-cycle analysis, and the transition from lab-scale success to field

application. By incorporating recent empirical evidence (2024–2025)

and highlighting underexplored vectors like biosolid-associated MPs

and atmospheric deposition, it establishes new ecological connections

and health implications. This article stands out by not only presenting

the current state of knowledge but also outlining future directions

through interdisciplinary collaboration, regulatory harmonization,

and circular economy models. With its highly integrated, visually

engaging, and scientifically rigorous narrative, the review provides a

transformative perspective for researchers, policymakers, and

environmental managers working toward sustainable and effective

mitigation of MP pollution. From source detection and

characterization to advanced degradation methods and policy

enactment, this review not only summarizes current knowledge but

also outlines future directions for research and action. A future

resilient to plastic pollution is possible, but it requires a fundamental

shift in how we produce, consume, and manage synthetic polymers

based on solid evidence and global cooperation.
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Alomar, C., Sureda, A., Capó, X., Guijarro, B., Tejada, S., and Deudero, S. (2017).
Microplastic ingestion by Mullus surmuletus Linnaeus 1758 fish and its potential for
causing oxidative stress. Environ. Res. 159, 135–142. doi: 10.1016/j.envres.2017.07.043

Amaral-Zettler, L. A., Zettler, E. R., and Mincer, T. J. (2020). Ecology of the
plastisphere. Nat. Rev. Microbiol. 18, 139–151. doi: 10.1038/s41579-019-0308-0

Amaro, H. M., Guedes, A. C., and Malcata, F. X. (2011). Advances and perspectives
in using microalgae to produce biodiesel. Appl. Energy 88, 3402–3410. doi: 10.1016/
j.apenergy.2010.12.014

Amereh, F., Babaei, M., Eslami, A., Fazelipour, S., and Rafiee, M. (2020). The
emerging risk of exposure to nano(micro)plastics on endocrine disturbance and
reproductive toxicity: from a hypothetical scenario to a global public health
challenge, Environ. Pollut. 261, 114158. doi: 10.1016/j.envpol.2020.114158

Amrutha, K., Bhat, U. G., Bhat, M. T., and Warrier, A. K. (2022). Microplastic
pollution in inland waters and remediation strategies: A comprehensive review. J.
Environ. Manage. 315, 115170. doi: 10.1016/j.jenvman.2022.115170

Amrutha, K., and Warrier, A. K. (2020). The first report on the source-to-sink
characterization of microplastic pollution from a riverine environment in tropical
India. Sci. Total Environ. 739, 140377. doi: 10.1016/j.scitotenv.2020.140377

An, R., Wang, X., Yang, L., Zhang, J., Wang, N., Xu, F., et al. (2021). Polystyrene
microplastics cause granulosa cells apoptosis and fibrosis in ovary through oxidative
stress in rats. Toxicology 449, 152665. doi: 10.1016/j.tox.2020.152665

Anbumani, S., and Kakkar, P. (2018). Ecotoxicological effects of microplastics on
biota: a review. Environ. Sci. pollut. Res. Int. 25, 14373–14396. doi: 10.1007/s11356-018-
1999-x
Frontiers in Marine Science 67
Anderson, P. J., Warrack, S., Langen, V., Challis, J. K., Hanson, M. L., and Rennie, M.
D. (2017). Microplastic contamination in lake Winnipeg, Canada. Environ. pollution.
225, 223–231. doi: 10.1016/j.envpol.2017.02.072

Andrady, A. L. (2011). Microplastics in the marine environment. Mar. Pollut. Bull.
62, 1596–1605. doi: 10.1016/j.marpolbul.2011.05.030

Araujo, C. F., Nolasco, M. M., Ribeiro, A. M. P., and Ribeiro-Claro, P. J. A. (2018).
Identification of microplastics using Raman spectroscopy: Latest developments and
future prospects. Water Res. 142, 426–440. doi: 10.1016/j.watres.2018.05.060

Ariefdien, R., Pfaff, M., Awe, A., and Sparks, C. (2024). Stormwater outlets: a source
of microplastics in coastal zones of Cape Town, South Africa. Mar. pollut. Bull. 198,
115800. doi: 10.1016/j.marpolbul.2023.115800

Arthur, C., Baker, J., and Bamford, H. (Eds.) (2009). Proceedings of the International
Research Workshop on the Occurrence, Effects, and Fate of Microplastic Marine Debris
(NOAA Technical Memorandum NOS-OR&R-30).

Asandei, A. D., Moran, I. W., Saha, G., and Chen, Y. (2006). Titanium-mediated
living radical styrene polymerizations. VI. Cp2TiCl-catalyzed initiation by epoxide
radical ring-opening: Effect of reducing agents, temperature and Ti/epoxide and
Ti/Zn ratios. J. Polymer Sci. Part A: Polymer Chem. 44, 2156–2165. doi: 10.1002/
pola.21326

Austin, H. P., Allen, M. D., Donohoe, B. S., Rorrer, N. A., Kearns, F. L., Silveira, R. L.,
et al. (2018). Characterization and engineering of a plastic-degrading aromatic
polyesterase. Proc. Natl. Acad. Sci. 115, E4350–E4357. doi: 10.1073/pnas.1718804115

Auta, H. S., Emenike, C. U., Jayanthi, B., and Fauziah, S. H. (2018). Growth kinetics
and biodeterioration of polypropylene microplastics by Bacillus sp. and Rhodococcus
sp. isolated from mangrove sediment. Mar. Pollut. Bull. 127, 15–21. doi: 10.1016/
j.marpolbul.2017.11.036

Auta, H. S., Emenike, C. U., Jayanthi, B., and Fauziah, S. H. (2017). Growth kinetics
and biodeterioration of polypropylene microplastics by Bacillus sp. and Rhodococcus
sp. isolated from mangrove sediment. Mar. pollut. Bull. 127, 15e21. doi: 10.1016/
j.marpolbul.2017.11.036

Avery-Gomm, S., O'Hara, P. D., Kleine, L., Bowes, V., Wilson, L. K., and Barry, K. L.
(2012). Northern fulmars as biological monitors of trends of plastic pollution in the
eastern North Pacific. Mar. Pollut. Bull. 64, 1776–1781. doi: 10.1016/j.marpolbul.2012.
04.017

Azevedo-Santos, V. M., Goncalves, G. R., Manoel, P. S., Andrade, M. C., Lima, F. P.,
and Pelicice, F. M. (2019). Plastic ingestion by fish: A global assessment. Environ. pollut.
255, 112994. doi: 10.1016/j.envpol.2019.112994

Baechler, B. R., Granek, E. F., Hunter, M. V., and Conn, K. E. (2020). Microplastic
concentrations in two Oregon bivalve species: spatial, temporal, and species variability.
Limnol Oceanogr Lett. 5, 54–65. doi: 10.1002/lol2.10124

Baini, M., Fossi, M. C., Galli, M., Caliani, I., Campani, T., Finoia, M. G., et al. (2018).
Abundance and characterization of microplastics in the coastal waters of Tuscany
(Italy): The application of the MSFD monitoring protocol in the Mediterranean Sea.
Mar. pollut. Bull. 133, 543–552. doi: 10.1016/j.marpolbul.2018.06.016

Balasubramaniam, M., and Phillott, A. D. (2016). “Preliminary observations of
microplastics from beaches of Indian Ocean,” in Indian Ocean Turtle Newsletter No. 23,
Dakshin Foundation and supported by Madras Crocodile Bank Trust, International Sea
Turtle Society, and the Marine Turtle Conservation Fund of the US Fish and Wildlife
Service. pp 13–pp 16. Available online at: http://seaturtle.org/library/
BalasubramaniamM_2016_IndOceanTurtleNwsletter.pdf.

Balkhuyur, F. M., Bin Dohaish, E.-J. A., Elhalwagy, M. E. A., Alikunhi, N. M.,
AlSuwailem, A. M., Rostad, A., et al. (2018). Microplastic in the gastrointestinal tract of
fishes along the Saudi Arabian Red Sea coast. Mar. pollut. Bull. 131, 407–415.
doi: 10.1016/j.marpolbul.2018.04.040

Banaee, M., Soltanian, S., Sureda, A., Gholamhosseini, A., Haghi, B. N., Akhlaghi, M.,
et al. (2019). Evaluation of single and combined effects of cadmium and micro-plastic
particles on biochemical and immunological parameters of common carp (Cyprinus
carpio). Chemosphere 236, 124335. doi: 10.1016/j.chemosphere.2019.07.066

Banaee, M., Taheri, S., Tabandeh, M. R., and Ghafarifarsani, H. (2020). Integration of
physiological, biochemical, and molecular responses to better understand the effects of
polyethylene microplastics on freshwater fish: A case study on common carp (Cyprinus
carpio). Chemosphere 253, 126626. doi: 10.1016/j.chemosphere.2020.126626

Barboza, L. G. A., Lopes, C., Oliveira, P., Bessa, F., Otero, V., Henriques, B., et al.
(2020). Microplastics in wild fish from north East Atlantic Ocean and its potential for
causing neurotoxic effects, lipid oxidative damage, and human health risks associated
with ingestion exposure. Sci. Total Environ. 717, 134625. doi: 10.1016/
j.scitotenv.2019.134625

Barchiesi, G., Dussán, J., and Gomez, L. (2021). Microbial enzymes in plastic
degradation: An overview. Front. Microbiol. 12. doi: 10.3389/fmicb.2021.735692

Barkhau, J., Sanchez, A., Lenz, M., and Thiel, M. (2022). Effects of microplastics
(PVC, PMMA) on the mussel Semimytilus algosus differ only at high concentrations
from those of natural microparticles (clay, celite). Mar. pollut. Bull. 177. doi: 10.1016/
j.marpolbul.2022.113414

Batel, A., Borchert, F., Reinwald, H., Erdinger, L., and Braunbeck, T. (2018).
Microplastic accumulation patterns and transfer of benzo[a]pyrene to adult zebrafish
(Danio rerio) gills and zebrafish embryos. Environ. pollut. 235, 918–930. doi: 10.1016/
j.envpol.2018.01.028
frontiersin.org

https://doi.org/10.1016/j.chemosphere.2018.04.076
https://doi.org/10.1016/j.ese.2022.100205
https://doi.org/10.1016/j.pestbp.2013.06.004
https://doi.org/10.1016/j.marpolbul.2019.03.048
https://doi.org/10.1016/j.scitotenv.2024.173111
https://doi.org/10.26508/lsa.202101202
https://doi.org/10.1016/j.heliyon.2022.e12255
https://doi.org/10.1016/j.heliyon.2022.e12255
https://doi.org/10.3390/jof7110931
https://doi.org/10.1016/j.envpol.2017.09.028
https://doi.org/10.1016/j.envpol.2017.09.028
https://doi.org/10.1016/j.marpolbul.2024.116098
https://doi.org/10.1016/j.scitotenv.2020.139385
https://doi.org/10.1007/s11356-016-6860-3
https://doi.org/10.1016/j.scitotenv.2023.169489
https://doi.org/10.1016/j.scitotenv.2021.148422
https://doi.org/10.1016/j.watres.2022.119526
https://doi.org/10.1016/j.marenvres.2016.01.005
https://doi.org/10.1016/j.envres.2017.07.043
https://doi.org/10.1038/s41579-019-0308-0
https://doi.org/10.1016/j.apenergy.2010.12.014
https://doi.org/10.1016/j.apenergy.2010.12.014
https://doi.org/10.1016/j.envpol.2020.114158
https://doi.org/10.1016/j.jenvman.2022.115170
https://doi.org/10.1016/j.scitotenv.2020.140377
https://doi.org/10.1016/j.tox.2020.152665
https://doi.org/10.1007/s11356-018-1999-x
https://doi.org/10.1007/s11356-018-1999-x
https://doi.org/10.1016/j.envpol.2017.02.072
https://doi.org/10.1016/j.marpolbul.2011.05.030
https://doi.org/10.1016/j.watres.2018.05.060
https://doi.org/10.1016/j.marpolbul.2023.115800
https://doi.org/10.1002/pola.21326
https://doi.org/10.1002/pola.21326
https://doi.org/10.1073/pnas.1718804115
https://doi.org/10.1016/j.marpolbul.2017.11.036
https://doi.org/10.1016/j.marpolbul.2017.11.036
https://doi.org/10.1016/j.marpolbul.2017.11.036
https://doi.org/10.1016/j.marpolbul.2017.11.036
https://doi.org/10.1016/j.marpolbul.2012.04.017
https://doi.org/10.1016/j.marpolbul.2012.04.017
https://doi.org/10.1016/j.envpol.2019.112994
https://doi.org/10.1002/lol2.10124
https://doi.org/10.1016/j.marpolbul.2018.06.016
http://seaturtle.org/library/BalasubramaniamM_2016_IndOceanTurtleNwsletter.pdf
http://seaturtle.org/library/BalasubramaniamM_2016_IndOceanTurtleNwsletter.pdf
https://doi.org/10.1016/j.marpolbul.2018.04.040
https://doi.org/10.1016/j.chemosphere.2019.07.066
https://doi.org/10.1016/j.chemosphere.2020.126626
https://doi.org/10.1016/j.scitotenv.2019.134625
https://doi.org/10.1016/j.scitotenv.2019.134625
https://doi.org/10.3389/fmicb.2021.735692
https://doi.org/10.1016/j.marpolbul.2022.113414
https://doi.org/10.1016/j.marpolbul.2022.113414
https://doi.org/10.1016/j.envpol.2018.01.028
https://doi.org/10.1016/j.envpol.2018.01.028
https://doi.org/10.3389/fmars.2025.1672484
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Das et al. 10.3389/fmars.2025.1672484
Bautista-Zamudio, P. A., Fl´orez-Restrepo, M. A., L´opez-Legarda, X., Monroy-
Giraldo, L. C., and Segura-S´anchez, F. (2023). Biodegradation of plastics by white-rot
fungi: A review. Sci. Total Environment. 901. doi: 10.1016/j.scitotenv.2023.165950
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De Vidales, M. J. M., Sáez, C., Pérez, J. F., Cotillas, S., Llanos, J., Cañizares, P., et al.
(2020). Irradiation-assisted electrochemical processes for the removal of persistent
frontiersin.org

https://doi.org/10.48550/arXiv.2301.00704
https://doi.org/10.1038/srep17864
https://doi.org/10.1021/acs.est.5b05478
https://doi.org/10.1007/s11356-022-24242-2
https://doi.org/10.1039/C8RA06448B
https://doi.org/10.1007/s11270-021-05287-4
https://doi.org/10.1016/j.polymdegradstab.2006.01.014
https://doi.org/10.1016/j.polymdegradstab.2006.01.014
https://doi.org/10.1016/j.scitotenv.2019.135504
https://doi.org/10.1016/j.envpol.2022.120353
https://doi.org/10.1016/j.watres.2024.121045
https://doi.org/10.1016/j.marpolbul.2022.114026
https://doi.org/10.1016/j.marpolbul.2022.114026
https://doi.org/10.1186/s12951-025-03545-1
https://doi.org/10.1016/j.watres.2017.05.053
https://doi.org/10.1016/j.envpol.2018.11.091
https://doi.org/10.1016/j.eti.2021.101910
https://doi.org/10.1016/j.chemosphere.2017.02.024
https://doi.org/10.1021/acs.est.5b05905
https://doi.org/10.1021/es400663f
https://doi.org/10.1016/j.marpolbul.2011.09.025
https://doi.org/10.1016/j.ecoenv.2017.08.015
https://doi.org/10.1016/j.apsoil.2017.07.016
https://doi.org/10.1016/j.trac.2023.117519
https://doi.org/10.1093/humupd/dmp048
https://doi.org/10.1039/D0AY02100H
https://doi.org/10.1016/C2015-0-04315-5
https://doi.org/10.1016/j.envpol.2020.113994
https://doi.org/10.1039/C6AY02733D
https://doi.org/10.1016/j.scitotenv.2021.145321
https://doi.org/10.1016/j.scitotenv.2021.145321
https://doi.org/10.18048/2016.51.04
https://doi.org/10.1016/j.envpol.2019.03.046
https://doi.org/10.1016/j.envres.2020.109520
https://doi.org/10.1016/j.envpol.2020.115365
https://doi.org/10.1016/j.chemosphere.2020.128554
https://doi.org/10.1152/ajplung.00434.2020
https://doi.org/10.1152/ajplung.00434.2020
https://doi.org/10.1007/s11356-023-31448-3
https://doi.org/10.1016/j.ecoenv.2019.05.078
https://doi.org/10.1016/j.ecoenv.2019.05.078
https://doi.org/10.1007/s10661-023-12345-6
https://doi.org/10.1016/j.marpolbul.2022.113473
https://doi.org/10.1016/j.marpolbul.2020.111239
https://doi.org/10.17113/ftb.60.02.22.7340
https://doi.org/10.17113/ftb.60.02.22.7340
https://doi.org/10.1016/j.scitotenv.2020.141608
https://doi.org/10.1016/j.scitotenv.2020.141608
https://doi.org/10.1016/j.envpol.2019.113658
https://doi.org/10.1038/srep46687
https://doi.org/10.1007/s00244-015-0172-5
https://doi.org/10.1111/gcb.14020
https://doi.org/10.1007/s10661-020-08542-3
https://doi.org/10.3389/fmars.2025.1672484
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Das et al. 10.3389/fmars.2025.1672484
organic pollutants from wastewater. J. Appl. Electrochemistry 45, 799–808. doi: 10.1007/
s10800-015-0825-0

De Witte, B., Devriese, L., Bekaert, K., Hoffman, S., Vandermeersch, G., Cooreman,
K., et al. (2014). Quality assessment of the blue mussel (Mytilus edulis): Comparison
between commercial and wild types. Mar. Pollut. Bull. 85, 146–155. doi: 10.1016/
j.marpolbul.2014.06.006

Dhiman, S., Sharma, C., Kumar, A., Pathak, P., and Purohit, S. D. (2023).
Microplastics in aquatic and food ecosystems: remediation coupled with circular
economy solutions to create resource from waste. Sustainability 15, 14184.
doi: 10.3390/su151914184

Di, M., and Wang, J. (2018). Microplastics in surface waters and sediments of the
Three Gorges Reservoir, China. Sci. Total Environment. 616, 1620–1627. doi: 10.1016/
j.scitotenv.2017.10.150

Dimassi, S. N., Hahladakis, J. N., Yahia, M. N. D., Sayadi, S., and Al-Ghouti, M. A.
(2022). Microplastics in the Mediterranean Sea: An updated review on contamination,
sources, impacts, and mitigation measures.Mar. Pollut. Bull. 181, 113887. doi: 10.1016/
j.marpolbul.2022.113887

Ding, L., Mao, R., fan,, Guo, X., Yang, X., Zhang, Q., et al. (2019). Microplastics in
surface waters and sediments of the Wei River, in the northwest of China. Sci. Total
Environ. 667, 427–434. doi: 10.1016/j.scitotenv.2019.02.332

Ding, J., Sun, C., Li, J., Shi, H., Xu, X., Ju, P., et al. (2022). Microplastics in global
bivalve mollusks: A call for protocol standardization. J. Hazardous Materials. 438,
129490. doi: 10.1016/j.jhazmat.2022.129490

Di Renzo, L., Iacoponi, F., Panettieri, V., Ferri, N., and Lione, T. (2021). Effects of
microplastics on fish health: A review. Vet. Sci. 8, 118. doi: 10.3390/vetsci8070118

Dong, M., Luo, Z., Jiang, Q., Xing, X., Zhang, Q., and Sun, Y. (2020). The rapid
increases in microplastics in urban lake sediments. Sci. Rep. 10, 848. doi: 10.1038/
s41598-020-57933-8

Dowarah, K., and Devipriya, S. P. (2019). Microplastic prevalence in the beaches of
Puducherry, India and its correlation with fishing and tourism/recreational activities.
Mar. Pollut. Bull. 148, 123–133. doi: 10.1016/j.marpolbul.2019.07.066

Dowarah, K., Patchaiyappan, A., Thirunavukkarasu, C., Jayakumar, S., and
Devipriya, S. P. (2020). Quantification of microplastics using Nile Red in two bivalve
species Perna viridis and Meretrix from three estuaries in Pondicherry, India and
microplastic uptake by local communities through bivalve diet. Mar. pollut. Bull. 153,
110982. doi: 10.1016/j.marpolbul.2020.110982

Dris, R., Gasperi, J., Rocher, V., Saad, M., Renault, N., and Tassin, B. (2015).
Microplastic contamination in an urban area: A case study in Greater Paris. Environ.
Chem. 12, 592–599. doi: 10.1071/EN14167

Dris, R., Gasperi, J., and Tassin, B. (2018). “Sources and fate of microplastics in urban
areas: a focus on Paris megacity,” in Freshwater microplastics: emerging environmental
contaminants? 69–83.

Du, F., Cai, H., Zhang, Q., Chen, Q., and Shi, H. (2020). Microplastics in take-out
food containers. J. Hazard. Mater. 399, 122969. doi: 10.1016/j.jhazmat.2020.122969

Du, F., Wang, J., Wang, T., Zhao, X., Li, X., Guo, S., et al. (2024). New molecular
mechanism of nanoplastics affecting cadmium protein toxicity: Conformational
response and differential binding of human serum albumin. Sci. Total Environ. 950,
175330. doi: 10.1016/j.scitotenv.2024.175330

Duis, K., and Coors, A. (2016). Microplastics in the aquatic and terrestrial
environment: sources (with a specific focus on personal care products), fate and
effects. Environ. Sci. Europe. 28, 2. doi: 10.1186/s12302-015-0069-y

Eastman, C. B., Farrell, J. A., Whitmore, L., Rollinson Ramia, D. R., Thomas, R. S.,
Prine, J., et al. (2020). Plastic ingestion in post-hatchling sea turtles: assessing a major
threat in Florida near shore waters. Front. Mar. Sci. 7. doi: 10.3389/fmars.2020.00693
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Lopez-Martıńez, ´S., Morales-Caselles, C., and Kadar, J. (2021). Rivas ML Overview
of global status of plastic presence in marine vertebrates. Glob Change Biol. 27, 728–
737. doi: 10.1111/gcb.15416

Lorenz, C., Roscher, L., Meyer, M. S., Hildebrandt, L., Prume, J., L¨oder, M. G. J. J.,
et al. (2019). Spatial distribution of microplastics in sediments and surface waters of the
southern North Sea. Environ. pollut. 252, 1719–1729. doi: 10.1016/j.envpol.2019.06.093

Lotfabad, T. B., Shourian, M., Roostaazad, R., Najafabadi, A. R., Adelzadeh, M. R.,
and Noghabi, K. A. (2010). Biodegradation of low-density polyethylene by
Pseudomonas species isolated from petroleum-contaminated soils. J. Appl. Microbiol.
109, 1783–1794. doi: 10.1111/j.1365-2672.2010.04814.x

Lu, K., Zhan, D., Fang, Y., Li, L., Chen, G., Chen, S., et al. (2022). Microplastics —
potential threat to patients with lung diseases. Front. Toxicol. 4. doi: 10.3389/
ftox.2022.1119994

Lu, L., Luo, T., Zhao, Y., Cai, C., Fu, Z., and Jin, Y. (2021). Interaction between
microplastics and microorganisms and gut microbiota: A consideration on
environmental animal and human health. Sci. Total Environment 667 416, 94–100.
doi: 10.1016/j.scitotenv.2019.02.436

Luo, Y., Zhang, Y., Xu, Y., Guo, X., and Zhu, L. (2020). Distribution characteristics
and mechanism of microplastics mediated by soil physicochemical properties. Sci.
Total Environ. 726, 138389. doi: 10.1016/j.scitotenv.2020.138389

Luo, T., Zhang, Y., Wang, C., Wang, X., Zhou, J., Shen, M., et al. (2019). Maternal
exposure to different sizes of polystyrene microplastics during gestation causes
metabolic disorders in their offspring. Environ. Pollution. 255, 113122. doi: 10.1016/
j.envpol.2019.113122

Lusher, A. L., Mchugh, M., and Thompson, R. C. (2013). Occurrence of microplastics
in the gastrointestinal tract of pelagic and demersal fish from the English Channel.Mar.
pollut. Bull. 67, 94–99. doi: 10.1016/j.marpolbul.2012.11.028

Lusher, A. L., Tirelli, V., O’Connor, I., and Officer, R. (2015). Microplastics in Arctic
polar waters: the first reported values of particles in surface and sub-surface samples.
Sci. Rep. 5, 14947. doi: 10.1038/srep14947

Lusher, A. L., and Welden, N. A. (2020). “Microplastic impacts in fisheries and
aquaculture,” in Handbook of microplastics in the environment, Springer International
Publishing, 1–28. doi: 10.1007/978-3-030-10618-8_30-1

Lv, X., Dong, Q., Zuo, Z., Liu, Y., Huang, X., and Wu, W. M. (2019). Microplastics in
a municipal wastewater treatment plant: Fate, dynamic distribution, removal
efficiencies, and control strategies. J. Cleaner Production. 225, 579–586. doi: 10.1016/
j.jclepro.2019.03.321

Ma, B., Xue, W., Ding, Y., Hu, C., Liu, H., and Qu, J. (2019). Removal characteristics
of microplastics by Fe-based coagulants during drinking water treatment. J. Environ.
Sci. 78, 267–275.

Ma, Y., Yao, M., Li, B., Ding, M., He, B., Chen, S., et al. (2018). Enhanced poly
(ethylene terephthalate) hydrolase activity by protein engineering of Ideonella
sakaiensis PETase. ACS Catalysis 8, 6870–6876. doi: 10.1021/acscatal.8b01165

Macheca, F., D’Amato, D., and Toppinen, A. (2024). Circular economy strategies in
the plastic sector: Innovations and challenges. Resources Conserv. Recycling 200,
107101. doi: 10.1002/cncr.34463

Maes, T., van Diemen de Jel, J., Vethaak, A. D., Desender, M., Bendall, V. A., Van
Velzen, M., et al. (2020). You are what you eat, microplastics in porbeagle sharks from
the North East Atlantic: method development and analysis in spiral valve content and
tissue. Front. Mar. Sci. 7. doi: 10.3389/fmars.2020.00273

Maghsodian, Z., Sanati, A. M., Ramavandi, B., Ghasemi, A., and Sorial, G. A. (2021).
Microplastics accumulation in sediments and Periophthalmus waltoni fish, mangrove
fores ts in southern Iran . Chemosphere 264, 128543. doi : 10 .1016/
j.chemosphere.2020.128543

Maharana, D., Saha, M., Dar, J. Y., Rathore, C., Sreepada, R. A., Xu, X. R., et al.
(2020). Assessment of plastics along the west coast of India: abundance, distribution,
polymer type and toxicity. Chemosphere 246, 125708. doi : 10.1016/
j.chemosphere.2019.125708

Maheswaran, P. A., Jeyagopal, P., Hossain, M. A., Ashokkumar, S., Jamshed, M., and
Suresh, N. (2022). Distribution and characterization of microplastics in beach
sediments from Tamilnadu coast, India. Environ. Sci. Pollut. Res. 29, 30313–30325.
doi: 10.1007/s11356-021-18029-2

Mai, L., You, S. N., He, H., Bao, L. J., Liu, L. Y., and Zeng, E. Y. (2019). Riverine
microplastic pollution in the Pearl River Delta, China: are modeled estimates accurate?
Environ. Sci. Technol. 53, 11810–11817. doi: 10.1021/acs.est.9b03850

Majewsky, M., Bitter, H., Eiche, E., and Horn, H. (2016). Determination of
microplastic polyethylene (PE) and polypropylene (PP) in environmental samples
using thermal analysis (TGA-DSC). Sci. Total Environ. 568, 507–511. doi: 10.1016/
j.scitotenv.2016.06.017

Mammo, F. K., Amoah, I. D., Gani, K. M., Pillay, L., Reddy, P., and Bux, F. (2020).
Microplastics in the environment: Interactions with microbes and chemical
contaminants. Sci. Total Environ. 743, 140518. doi: 10.1016/j.scitotenv.2020.140518

Mancia, A., Chenet, T., Bono, G., Geraci, M. L., Vaccaro, C., Munari, C., et al. (2020).
Adverse effects of plastic ingestion on the Mediterranean small-spotted catshark
(Scyliorhinus canicula). Mar. Environ. Res. 155, 104876. doi: 10.1016/
j.marenvres.2020.104876
frontiersin.org

https://doi.org/10.1016/j.scitotenv.2017.11.103
https://doi.org/10.1016/j.scitotenv.2017.11.103
https://doi.org/10.1016/j.envpol.2022.120880
https://doi.org/10.1016/j.envint.2017.01.018
https://doi.org/10.1016/j.marpolbul.2017.10.072
https://doi.org/10.1021/acs.analchem.0c04996
https://doi.org/10.1021/acs.analchem.0c04996
https://doi.org/10.1016/j.watres.2017.12.056
https://doi.org/10.1016/j.envpol.2016.04.012
https://doi.org/10.1016/j.cej.2025.162087
https://doi.org/10.1016/j.scitotenv.2019.135025
https://doi.org/10.1016/J.ENVPOL.2018.10.089
https://doi.org/10.1016/j.chemosphere.2022.135836
https://doi.org/10.1016/j.jhazmat.2023.132270
https://doi.org/10.1016/j.jhazmat.2023.132270
https://doi.org/10.1016/j.biotechadv.2022.107949
https://doi.org/10.1016/j.biotechadv.2022.107949
https://doi.org/10.1038/S41598-019-52292-5
https://doi.org/10.1016/j.marpolbul.2020.111650
https://doi.org/10.1016/j.scitotenv.2022.153609
https://doi.org/10.1016/j.jhazmat.2020.123223
https://doi.org/10.1016/j.envpol.2018.07.051
https://doi.org/10.1016/j.chemosphere.2023.138504
https://doi.org/10.1016/j.envint.2019.105127
https://doi.org/10.1016/j.envint.2019.105127
https://doi.org/10.1016/j.envint.2020.106277
https://doi.org/10.1016/j.envpol.2017.10.095
https://doi.org/10.1111/gcb.15416
https://doi.org/10.1016/j.envpol.2019.06.093
https://doi.org/10.1111/j.1365-2672.2010.04814.x
https://doi.org/10.3389/ftox.2022.1119994
https://doi.org/10.3389/ftox.2022.1119994
https://doi.org/10.1016/j.scitotenv.2019.02.436
https://doi.org/10.1016/j.scitotenv.2020.138389
https://doi.org/10.1016/j.envpol.2019.113122
https://doi.org/10.1016/j.envpol.2019.113122
https://doi.org/10.1016/j.marpolbul.2012.11.028
https://doi.org/10.1038/srep14947
https://doi.org/10.1007/978-3-030-10618-8_30-1
https://doi.org/10.1016/j.jclepro.2019.03.321
https://doi.org/10.1016/j.jclepro.2019.03.321
https://doi.org/10.1021/acscatal.8b01165
https://doi.org/10.1002/cncr.34463
https://doi.org/10.3389/fmars.2020.00273
https://doi.org/10.1016/j.chemosphere.2020.128543
https://doi.org/10.1016/j.chemosphere.2020.128543
https://doi.org/10.1016/j.chemosphere.2019.125708
https://doi.org/10.1016/j.chemosphere.2019.125708
https://doi.org/10.1007/s11356-021-18029-2
https://doi.org/10.1021/acs.est.9b03850
https://doi.org/10.1016/j.scitotenv.2016.06.017
https://doi.org/10.1016/j.scitotenv.2016.06.017
https://doi.org/10.1016/j.scitotenv.2020.140518
https://doi.org/10.1016/j.marenvres.2020.104876
https://doi.org/10.1016/j.marenvres.2020.104876
https://doi.org/10.3389/fmars.2025.1672484
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Das et al. 10.3389/fmars.2025.1672484
Mani, T., Primpke, S., Lorenz, C., Gerdts, G., and Burkhardt-Holm, P. (2019).
Microplastic pollution in benthic midstream sediments of the Rhine River. Environ. Sci.
Technol. 53, 6053–6062. doi: 10.1021/acs.est.9b01363
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Puiggené, Ò., Espinosa, M. J. C., Schlosser, D., Thies, S., Jehmlich, N., Kappelmeyer,
U., et al. (2022). Extracellular degradation of a polyurethane oligomer involving outer
membrane vesicles and further insights on the degradation of 2,4-diaminotoluene in
Pseudomonas capeferrum TDA1. Sci. Rep. 12. doi: 10.1038/s41598-022-06558-0

Puliga, V., Zuffi, D., Baldo, D., Cavatorta, A., Zambonelli, O., Francioso, S., et al.
(2023). ladosporium cladosporioides (strain Clc/1): a candidate for low-density
polyethylene degradation, Chem. Biol. Technol. Agric. 10. doi: 10.1186/s40538-023-
00419-2

Qiao, R., Deng, Y., Zhang, S., Wolosker, M. B., Zhu, Q., Ren, H., et al. (2019).
Accumulation of different shapes of microplastics initiates intestinal injury and gut
microbiota dysbiosis in the gut of zebrafish. Chemosphere 236, 124334. doi: 10.1016/
j.chemosphere.2019.07.065

Qiao, R., Lu, Y., Zhang, Y., Ren, H., and Lemos, B. (2018). Uptake, tissue distribution,
and response to polystyrene microplastics in Chinese rare minnow (Gobiocy prisellis)
as compared to Japanese medaka (Oryzias latipes). Environ. Pollut. 242, 1213–1225.
doi: 10.1016/j.envpol.2018.08.024

Qiu, Q., Tan, Z., Wang, J., Peng, J., Li, M., and Zhan, Z. (2016). Extraction,
enumeration and identification methods for monitoring microplastics in the
environment. Estuarine Coastal Shelf Sci. 176, 102–109. doi: 10.1016/j.ecss.2016.04.012

Rabari, V., Patel, H., Patel, K., Patel, A., Bagtharia, S., and Trivedi, J. (2023).
Quantitative assessment of microplastic contamination in muddy shores of Gulf of
Khambhat, India.Mar. pollut. Bull. 192, 115131. doi: 10.1016/j.marpolbul.2023.115131

Rajala, K., Grönfors, O., Hesampour, M., and Mikola, A. (2018). Removal of
microplastics from secondary wastewater treatment plant effluent by coagulation.
Water Res. 154, 67–71.

Rajaram, V., Natarajan, S., Ravindran, R., Subramanian, P., and Rajagopal, R. (2020).
Assessment of microplastic contamination in selected marine fish from the Indian
coastal waters. Mar. Pollut. Bull. 159, 111456.

Ramadan, A. H., and Sembiring, E. (2020). “Occurrence of Microplastic in surface
water of Jatiluhur Reservoir,” in E3S Web of Conferences, CRC Press. doi: 10.1051/
e3sconf/202014807004

Ramos, J., Tarrillo, L., Bravo, A., Sánchez-Purihuamán, M., Carreño-Farfán, C.,
Estrada, C., et al. (2024). Efficiency of microorganisms and effectiveness of
biodegradation techniques on ldpe plastics: a systematic review. F1000research 13,
745. doi: 10.12688/f1000research.151338.1

Rani, R., Rathee, J., Kumari, P., Singh, N. P., and Santal, A. R. (2022). Biodegradation
and detoxification of low-density polyethylene by an indigenous strain Bacillus
licheniformis SARR1. J. Appl. Biol. Biotechnol. 10, 9–21. doi: 10.7324/
JABB.2021.100102

Raza, M. H., Jabeen, F., Ikram, S., and Zafar, S. (2023). Characterization and
implication of microplastics on riverine population of the River Ravi, Lahore,
Pakistan. Environ. Sci. Pollut. Res. 30, 6828–6848. doi: 10.1007/s11356-022-22687-4

Reddy, M. S., Basha, S., Adimurthy, S., and Ramachandraiah, G. (2006). Description
of the small plastics fragments in marine sediments along the Alang-Sosiya ship-
breaking yard, India. Estuar. Coast. Shelf Sci. 68, 656–660. doi: 10.1016/
j.ecss.2006.03.018

Reis, M. A., Pereira, L., and Santos, R. (2019). From linear to circular economy: A
transition model for plastic pollution control. Sustain. Production Consumption 19,
127–135. doi: 10.1016/j.jenvman.2021.113667

Renner, G., Schmidt, T. C., and Schram, J. (2017). A new chemometric approach for
automatic identification of microplastics from environmental compartments based on
FT-IR spectroscopy. Analytical Chem. 89, 12045–12053.

Rezania, S., Park, J., Din, M. F., Taib, S. M., Talaiekhozani, A., Yadav, K. K., et al.
(2018). Microplastics pollution in different aquatic environments and biota: A review of
recent s tudies . Mar. po l lu t . Bu l l e t in . 133 , 191–208 . do i : 10 .1016/
j.marpolbul.2018.05.022

Ribitsch, D., Acero, E. H., Greimel, K., Eiteljoerg, I., Trotscha, E., Freddi, G., et al.
(2015). Characterization of a new cutinase from Thermobifida cellulosilytica and its
application in polymer degradation. Appl. Microbiol. Biotechnol. 99, 751–760.
doi: 10.1007/s00253-014-6115-y
Frontiers in Marine Science 77
Rios, L. M., and Moore, C. (2007). Persistent organic pollutants carried by synthetic
polymers in the ocean environment. Mar. Pollut. Bull. 54, 1230–1237. doi: 10.1016/
j.marpolbul.2007.03.022

Rius-Ayra, O., and Llorca-Isern, N. (2021). Impact assessment of microplastic
particles on Mediterranean coastal ecosystems. Sci. Total Environ. 752, 141865.

Robin, R. S., Karthik, R., Purvaja, R., Ganguly, D., Anandavelu, I., Mugilarasan, M.,
et al. (2020). Holistic assessment of microplastics in various coastal environmental
matrices, southwest coast of India. Sci. Total Environ. 703, 134947. doi: 10.1016/
j.scitotenv.2019.134947

Rochman, C. M. (2018). Microplastics research—from sink to source. Science. 360,
28–29. doi: 10.1126/science.aar7734

Rochman, C. M., and Hoellein, T. (2020). The global odyssey of plastic pollution.
Science. 368, 1184–1185. doi: 10.1126/science.abc4428

Rochman, C. M., Parnis, J. M., Browne, M. A., Serrato, S., and Reiner, E. J. (2017).
Direct and indirect effects of different types of microplastics on freshwater prey
(Corbicula fluminea) and their predator (Acipenser transmontanus). PloS One 12,
e0187664. doi: 10.1371/journal.pone.0187664

Rodriguez-Seijo, A., Lourenço, J., Rocha-Santos, T. A. P., da Costa, J., Duarte, A. C.,
Vala, H., et al. (2016). Histopathological and molecular effects of microplastics in
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Uheida, A., Mejıá, H. G., Abdel-Rehim, M., Hamd, W., and Dutta, J. (2020). Visible
light photocatalytic degradation of polypropylene microplastics in a continuous water
flow system. J. Hazard. Mater. 406, 124299.
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Nm nanometer
Frontiers in Marine Sc
Mm millimeter
MPs microplastics
WWF World Wide Fund for Nature
DWTPs drinking water treatment facilities
Fig figure
H2O2 hydrogen peroxide
WWTPs wastewater treatment plants
PE-MPs polyethylene–microplastics
mm micrometer
% percent
PCPs personal care products
TWPs tire wear particles
Kg kilogram
L liter
EKW East Kolkata Wetland
WWC wastewater canals
NA not applicable
PE polyethylene
PP polypropylene
PES polyether sulfone
PTFE polytetrafluorethylene
PMMA polymethyl methacrylate
PS polystyrene
EVA ethylene-vinyl acetate
PVC plasticized polyvinyl chloride
CA cellulose acetate
PC polycarbonate
PMMA polymethyl methacrylate
PU polyurethane
PVA polyvinyl acetate
i.e. that is
< less than
> greater than
EVA ethylene-vinyl acetade
SBR styrene butadiene
EPS expanded polystyrene
PES polyester
ABS acrylonitrile-butadiene-styrene
PET polyethylene terephthalate
PEI polyester imide
PIP poly isoprene
PU polyurethane
ience 82
PPS polyphenylene sulphide
PVB polyvinyl behenate
PVF polyvinyl fluoride
PA polyamide
HDPE high-density polyethylene
LDPE low-density polyethylene
L-1 per liter
Ppm parts per million
~ approximately
GI gastrointestinal
FTIR Fourier transform infrared research
PCBs polychlorinated biphenyls
PAHs polycyclic aromatic hydrocarbonsl
SOD super oxide dismutase
FRAP ferric reducing antioxidant potential
DPPH 2,2-diphenyl-1-picrylhydrazyl
AChE acetylcholinesterase
e.g. example
mL milliliter
°C degree centigrade
M meter
Cm centimeter
MNP micro- and nanoplastics
NaCl sodium chloride
G gram
: ratio
KOH potassium hydroxide
HNO3 nitric acid
RPM revolutions per minute
Hz hertz
pH potential of hydrogen
DE digestion efficacy
ATR attenuated total reflection
CN cellulose nitrate
py-GC–MS pyrolysis-gas chromatography–mass spectrometry
MAR managed aquifer recharge systems
Viz videlicet
MF membrane bioreactor
UF dynamic membrane
RSF rapid sand filtration
GAC granular activated carbon filtration
FeCl3 ferric chloride.
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