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Microplastic (MP) pollution is an emerging threat to terrestrial and aquatic ecosystems. It is abundant,

environmentally persistent, and complex. Environmental, economic, and societal concerns over the

effect of MP pollution in ecosystems have attracted enormous attention for research on alternatives and

potential remediation options. Plastic/MP pollution in aquatic ecosystems has been extensively studied

and summarized; however, studies on terrestrial ecosystems are limited. Neither recent technological

advances in the remediation of MP pollution nor their economic and societal implications have been

thoroughly examined. This study compiled information on MP pollution in ecosystems and food chains,

emphasizing the terrestrial ecosystem, recent technological advances, economic and societal

implications, and the remediation of microplastic pollution. The perspectives of future activities have also

been discussed and a potential remediation pathway has been outlined. MPs are pervasive in all channels

(soil, water and atmosphere) of human interactions and hazardous to biota in ecosystems, eventually

contaminating food systems and affecting human health. Leaked plastics, plastic-containing products

(biosolids, wastewater, fertilizers, and pesticides), and plastic mulch used in agriculture, polyamide

fabrics, and cosmetics products are the major sources of MP pollution. The development of alternatives

to conventional plastics and materials that can abate or minimize the problems associated with MPs and

the improvement in waste management systems to stop plastic waste leakage into ecosystems as well as

cleanup drives are critical to eradicating MPs. Biodegradable plastic is recognized as an alternative to

conventional plastic as it degrades faster than conventional plastics and is more prone to

microorganisms. Biodegradable plastics coupled with bioremediation (eradicating MPs by using

microorganisms) of MPs show a potential means to eradicate problems associated with MPs polluting

ecosystems. Consequently, biodegradable plastics that are produced from non-edible biomass such as

algae can be a potential pathway to eradicate MP pollution for sustainable ecosystems. Therefore,

comprehensive studies are essential to assess the environmental, economic and social impacts of

biodegradable plastics and bioremediation of MPs in ecosystems to avoid any potential risk to

ecosystems and health.
Environmental signicance

The growing concerns about the environmental, economic, and societal impacts of microplastics have drawn enormous attention towards methods that can
help eradicate microplastics from ecosystems. Although plastic/microplastic pollution mitigation strategies have been extensively studied for aquatic ecosys-
tems, terrestrial ecosystems and food systems are both understudied. Technological advances in the plastic sector should have strategies to eradicate micro-
plastics. This study summarizes the role of microplastics centering around their presence in terrestrial ecosystems and food systems, the economic and societal
implications, and recent technological advances to combat their pollution. A potential microplastic remediation pathway could include bioremediation coupled
with biodegradable plastic from renewable sources. The use of a remediation pathway would be a potential method to eradicate microplastic pollution from
ecosystems.
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Introduction

Plastic products have become an integral part of every human
activity because of their light weight and convenience, thus
becoming ubiquitous in all facets of the economy.1 The
increasing demand for plastics leads to increasing production
and waste generation, which has created enormous problems,
especially in the form of single-use plastics. In 2018, global
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plastic production was 359 million tonnes,2,3 and its production
is predicted to increase due to growing populations and
increasing demands. The packaging sector is the main
contributor to total global plastic waste, followed by textiles,
consumer products and other sectors.4

Municipal solid waste (MSW) generation is predicted to
increase by 70% by 2050.5 Plastics in MSW are also increasing
dramatically with the increasing use of plastic products, espe-
cially single-use plastics. For example, in the United States of
America, plastics inMSWwent from 25.6 million tonnes in 2000
to 35.4 million tonnes in 2017.6 Canada produces about 3.3
million tonnes of plastic waste each year and sends 86% (2.8
million tonnes) to landlls.7–9 In Canada, the major sources of
waste plastics are packaging, auto and electronics industries,
agriculture, etc. Common agricultural plastic waste is plastic
mulch, bale/silage wraps, bags, greenhouse lm, containers,
etc.10 Biodegradable plastic mulch has also been used in agri-
culture to mitigate the problems associated with the disposal of
used plastic mulch.11 The use of plastic mulch in agriculture is
Dr Poritosh Roy is an Agricul-
tural Engineer (P. Eng). His
areas of research interest are
value-added product develop-
ment from biomass (thermo-
chemical and biochemical
conversion, co-processing), bio-
based economy, bioprocessing
& bioreactor design, food pro-
cessing, industrial symbiosis,
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cycle costing of agri-food indus-
tries. He has authored/co-
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(MDPI) and AIMS Energy (AIMS Press). He is an Editorial Board
Member of ‘AIMS Energy’ and the ‘Journal of Food Science and
Nutrition Therapy’. Currently, Dr Roy is working as a researcher at
the Bioproducts Discovery and Development Centre (BDDC) and
Special Graduate Faculty at the School of Engineering, University
of Guelph, Ontario, Canada.

10 | Environ. Sci.: Adv., 2022, 1, 9–29
also growing. For example, in China, plastic mulching
increased from 0.6 million tonnes in 1991 to 2.6 million tonnes
in 2015.12 Annually, Canadian agriculture uses 40 000 tonnes of
plastics; however, only about 5000 tonnes of this plastic is
recycled.13 Plastics used in agriculture are known to be one of
the major sources of plastic pollution in soil or agroecosystems.

The benet of plastics in society is undeniable; however,
mismanaged waste plastics become hazardous to ecosystems.
Growing plastic pollution has created enormous challenges to
ecosystems. Globally, mismanaged plastic waste is predicted to
be 69.1 million tonnes in 2025,3 which is expected to end up in
landlls or in the oceans, which eventually fragments/degrades
into microplastics (MPs) and nally into nanoplastics (NPs).
Annually, about 4–23 times more plastic waste is released into
terrestrial ecosystems compared to marine ecosystems.12 Plastic
waste and MPs in aquatic ecosystems are creating enormous
problems for the biota in aquatic ecosystems such as endan-
gered polychaetes, crustaceans, zooplankton, etc.; thus, the
marine biodiversity.14 In terrestrial ecosystems, it affects soil
Prof. Amar Mohanty is a Distin-
guished Research Chair in
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the Director of the Bioproducts
Discovery and Development
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C – Open Access. He is one of the most cited researchers worldwide
with more than 800 publications to his credit, including 434 peer-
reviewed journal papers, 6 edited books, over 400 conference
presentations, 25 book chapters, and 67 patents awarded/applied
(Google Scholar citations 42,757, h-index 93 as of December 4,
2021). He has received many awards, the most recent one being the
prestigious Miroslaw Romanowski Medal in 2021 for his signi-
cant scientic contributions to the resolution of environmental
problems from the Royal Society of Canada. He has also received
the Synergy Award for Innovation from the Natural Sciences and
Engineering Research Council of Canada (NSERC), the Andrew
Chase Forest Products Division Award from the American Institute
of Chemical Engineers (AIChE) and the Lifetime Achievement
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Mohanty is a Fellow of the Royal Society of Canada, the American
Institute of Chemical Engineers, the Royal Society of Chemistry
(UK) and the Society of Plastic Engineers. He is a pioneer in
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of plastics. His vision of a circular economy and innovation in
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of discoveries.
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biota, seed germination, plant growth and plant
productivity.15–17

The primary sources of MPs and NPs are plastic powder used
in cosmetics, paint and coating, and detergents; however, waste
plastics, abrasion of tires, urban dust, and synthetic cloths are
known to be the secondary sources.18,19 Other sources of MPs/
NPs are the plastics used in households, industry, shing,
and agriculture.19,20 Both synthetic and biopolymers are
responsible for terrestrial and aquatic plastic pollution. Fig. 1
shows an overview of the sources of MPs, their impacts and
migration pathways.21 The size of 95% of microbeads used in
personal care products was less than 300 mm, and the concen-
tration of microbeads in personal care products was noted to be
1.9–71.9 mg g�1 of products.22 Particles equal to or smaller than
1 mm are the most abundant in aquatic, marine, and terrestrial
environments. These tiny particles are recognized as hazardous
elements, and their impact on human health is understudied
and not well understood.23–25 The presence of degraded plastics
in all ecosystems affects the soil, water, and atmospheric envi-
ronment, thus creating adverse impacts on aquatic and
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and Tier 1 Canada Research
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Engineering and holds a joint
appointment in the Department
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College at Utkal University in India majoring in Chemistry with
a specialization in Polymer Chemistry and Natural Fibers during
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agricultural, forestry and recycled resources for a sustainable bio-
economy moving towards a circular economy. She has authored
more than 750 publications, including 425 peer-reviewed journal
papers, 21 book chapters, and 53 patents. She was the editor or co-
editor of 4 books in the area of biocomposites and nano-composites.
She is a Fellow of the Royal Society of Chemistry (UK), the American
Institute of Chemical Engineers (AIChE), and the Society of Plastic
Engineers (SPE). Dr Misra has received many awards including the
Synergy Award for Innovation from the Natural Sciences and
Engineering Research Council of Canada (NSERC); the Andrew
Chase Forest Products Division Award from the American Institute
of Chemical Engineers and the Lifetime Achievement Award from
the BioEnvironmental Polymer Society (BEPS). In 2020, she was
selected as one of Canada's Most Powerful Women: Top 100 Award
Winner in the Manulife Science and Technology category from the
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© 2022 The Author(s). Published by the Royal Society of Chemistry
terrestrial biota. At the same time, food and feed chains are
gradually becoming contaminated with plastic particles (MPs,
NPs, etc.). The growing plastic pollution problem could have
a long-lasting impact on ecosystems and the health of living
beings.

MPs in terrestrial and aquatic ecosystems and food systems
have been extensively studied;17,26–29 however, there are no
studies that compiled the information on plastics/MPs/NPs in
terrestrial ecosystems and food systems highlighting either
recent technological advances or environmental, economic, and
societal issues of plastic pollution, especially MPs from biode-
gradable plastics. Several reviews have been conducted on
plastic/MP/NP pollution in aquatic ecosystems,28–33 terrestrial
ecosystems34–36 and food systems,37 where the authors have
discussed either physiochemical properties, behavior, toxicity
or remediation of MPs/NPs. This study compiles information on
plastic pollution in terrestrial and aquatic ecosystems, and food
systems and discusses some recent initiatives to combat the
evolving problems associated with plastic pollution, especially
MPs in the atmosphere, water, soil, and food chains from both
conventional and biodegradable plastics, and their implica-
tions in ecosystems.

Waste plastic management systems

A large amount of plastic leaks into ecosystems due to improper
waste management and slowly degrades and affects ecosystems
and the environment.38–41 It was estimated that only 9% of the
global virgin plastics are recycled, 12% incinerated, and the rest
are purposely (landlled) or unintentionally dumped into the
environment.42–44 However, in Europe, waste plastic recycling,
incineration, and landlling shared 30, 39, and 31%, respec-
tively.45 In Canada, 86, 9, 4, and 1% of plastic waste was land-
lled, recycled, converted into energy, and abandoned in the
environment in 2016, respectively.46 In Europe, the recycling of
polyethylene lms has enhanced by 30% due to circular
economy initiatives and attracted more investment in this
sector.18 In addition, pyrolysis/co-pyrolysis (a thermal treatment
is given to a feedstock or multiple feedstocks under an oxygen-
deprived condition) is also becoming a potential pathway for
plastic waste management because of its environmental and
economic advantages47–50 and can be an alternative to inciner-
ation and landlling.51

The combined management strategies may help overcome
the persisting problems in plastic waste management, such as
improved collection and processing, restricted and controlled
access to plastic, or environmentally friendly alternative plas-
tics. The alternative material may ease the complexity of waste
segregation and collection, and the downstream waste
management problems and, thus, may help reduce plastic
pollution in ecosystems.

Degradation of waste plastics

Leaked or mismanaged plastics degrade into smaller
fragments/particles in ecosystems over time. Plastic particles
between 5 mm and 1 mm are dened as microplastics (MPs);12,21
Environ. Sci.: Adv., 2022, 1, 9–29 | 11
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Fig. 1 An overview of the sources of microplastics, their implications and migration pathways [adapted from ref. 21, Copyright the Royal Society
of Chemistry].

Fig. 2 Schematic diagram of the degradation process of waste plastics [adapted from ref. 21, Copyright the Royal Society of Chemistry].
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further degradation of MPs generates ner particles which are
known as nanoplastics (NPs) (Fig. 2). MPs are found in water,
soil, and air,18 which are hazardous to ecosystems as these
particles are ingested by soil or marine biota, causing various
health problems for them and contaminating food systems.
Based on the particle size, MPs are dened as small- (<1 mm),
medium- (1–3 mm), and large (3–5 mm);52 however, particle
sizes of 1–1000 mm and <1 mm are dened as NPs and pico-
plastics, respectively.34 The fragmented plastics are also cate-
gorized as mesoplastic (5–25 mm) and macroplastic >25 mm.53

The degradation processes of leaked plastics are physical-,
photo-, chemical-, and biodegradation.54 Microorganisms such
as fungi (e.g., Aspergillus sp. and Penicillium sp.), bacteria (e.g.,
Azotobacter sp. and Pseudomonas sp.), and actinomycetes (e.g.,
12 | Environ. Sci.: Adv., 2022, 1, 9–29
Amycolatopsis sp. and Actinomadura sp.) can degrade both
synthetic and natural plastics.55 The degradation of leaked
plastic depends on its surrounding conditions (e.g., in the
terrestrial or marine ecosystem), types of plastics (synthetic or
natural plastics), and their characteristics (e.g., hydrophobicity,
molecular weight, crystallinity, hardness, forms of plastics,
etc.).55 Hydrophilic degradation is faster compared to hydro-
phobic degradation.55 For example, the specic surface degra-
dation rate of polylactic acid (PLA) on land is 20 times faster
than that of high-density polyethylene (HDPE); however,
a similar degradation was observed in the marine environ-
ment.56 The characteristics of MPs can keep changing due to
fragmentation/degradation during their residence time. The
mobility of MPs is inuenced by human activities, morphology,
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Adsorption mechanisms between microplastics and chemicals [adapted with permission from ref. 29, Copyright Elsevier, 2021].
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and hydrology,57 thus altering their bioavailability and biolog-
ical fate.58 MPs act as a sink and vectors of toxic inorganic and
organic compounds and become more hazardous to biota when
those compounds are released into their surroundings.59 The
fragmented or degraded plastic particles oat on the water
surface, settle on marine snow, submerge in different depths of
water columns or settle on the seabed depending on particle
sizes and absorption of chemicals or contaminants, making
them accessible to all the aquatic biota and nally affecting
food systems and human health.37,60

The degradation of waste plastics in ecosystems is mainly
driven by ultraviolet (UV)-radiation induced photooxidation,
which releases monomers and oligomers and forms smaller
fragments.58,61 The smaller polymer fragments are more
susceptible to biodegradation. First, the plastic polymers
degrade into their monomers, and then the monomers are
nally mineralized.62,63 Although MPs accumulate from various
sources, the oceans become the nal sink for all sorts of plastic
particles because MPs from upstream (either terrestrial or
freshwater plastics) end up in the oceans. In addition, most of
the commercial plastics (such as PE: polyethylene, PP: poly-
propylene, PS: polystyrene, PET: polyethylene terephthalate,
PVC: polyvinyl chloride, polycarbonate, etc.)61,64–66 contain
additives such as bisphenol A (BPA), phthalates, poly-
brominated diphenyl ethers (PBDE), etc.,61,67 which are usually
not covalently bonded with the polymer and are released during
the waste plastic degradation process;61,68 thus, creating
a dynamic mixture of polymers and additives binding organic
materials and contaminants to develop an ‘ecocorona’,
a complex generated between MPs and organic materials
present in the environment,69 which changes their toxicity and
bioavailability.58 The ecocorona then modulates the absorption
of bacteria and can form a thin layer on the surface of plastic
particles, which is known as biolm.58 The settling of MPs and
NPs depends on biofouling and the type of polymers.70,71

In addition, MPs exhibit a Trojan horse effect, i.e., absorb
contaminants, chemicals, and heavy metals;72,73 thus,
© 2022 The Author(s). Published by the Royal Society of Chemistry
increasing their toxicological effects and becoming more
harmful to biota.73 The pollutant absorption capacity of aged
MPs is higher than that of virgin ones.74,75 Fig. 3 represents the
adsorption mechanism between MPs and chemicals. The
contaminant transportation by MPs in the marine environment
depends on salinity, dissolved organic matter and tempera-
ture.29 Ciprooxacin (an organic compound) sorption capacity
of MPs decreases with salinity and the cation competition
reduces adsorption efficiency by 70%.29,75,76 The sorption
behaviour of MPs also depends on the particle size, age,
hydrophobicity, hydrogen bonding and specic surface ratio.29

For example, the sorption of polychlorinated biphenyls (PCBs)
on PVC decreased with increased chlorinated congeners
because of higher cohesive density.77
Microplastic assessment methods and
tools

Several methods are being used for extracting/separating MPs
from soil, sludge, sediment, and water (ESI: Table SI-1†).
However, universally accepted suitable methods of MP and NP
identication and quantication are lacking.18,19,78 Commonly
used methods are sieving, ltering, heating (130 �C for 3–5 s),
and density suspension for soil samples. Simultaneously, acid-,
alkali-, and enzyme digestion and chemical oxidation are used
to remove impurities such as organic matter.34 Thermal
extraction and desorption gas chromatography (TED-GC) is an
integrated approach for environmental samples to characterize
multicomponents in complex samples such as particles,
chemicals, etc.79 The weighing method (mass of MPs was
measured) is used for samples that contain fewer impurities
and a high mass of MPs in water or sediment.80

Commonly used methods are visual screening, scanning
electron microscopy (SEM), Raman spectroscopy, and FTIR.34

Thermal extraction desorption gas chromatography-mass
spectrometry (TED-GC-MS) and pyrolysis-gas chromatography
Environ. Sci.: Adv., 2022, 1, 9–29 | 13
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coupled with mass spectrometry (PY-GC-MS) have also been
used for identifying and quantifying MPs.81,82 A study on beach
and coastal sediments noted that Raman spectroscopy is
a better assessment tool for identifying smaller particles,
especially with a particle size #20 mm compared to FTIR.83

However, the study also recommended FTIR and Raman spec-
troscopy for identifying MPs of 50–500 mm and 1–50 mm,
respectively.84

Microplastics in ecosystems
Aquatic ecosystem

Globally, about 10–20 million tonnes of plastics end up in the
oceans every year because of irresponsible public behavior or
inadequate waste management systems.85,86 Annually, about
1.2–2.4 million tonnes of plastic enter the oceans via rivers, with
Asia contributing to 67% of this plastic waste.87 The presence of
microplastics (MPs) in the marine ecosystem was rst investi-
gated in 1971.88 Nowadays, the presence of MPs all over the
world has been identied, such as in almost all aquatic
ecosystems,34,83,89,90 agroecosystems,27 and food and beverage
systems.91 MPs are harmful to both marine and human life;25,92

however, their toxicity is not well known.78 The accumulation of
MPs was also observed in regions that are far from population
centres, such as polar-/Arctic Sea ice90 and in remote moun-
tains,93 which indicates atmospheric deposition of MPs. It has
also been reported that global warming may result in melting
polar-/Arctic Sea ice and release accumulated MPs in sea ice.90

Consequently, it is essential to understand the leakage of MPs
and NPs from the use phase of plastic products.

The wastewater treatment plant is another source of plastic
pollution in the aquatic systems.94–96 About 50% of global
wastewater streams remain untreated, which adds 3.85 � 1016

MPs into the aquatic systems; however, 90% of this pollution
can be abated if wastewater is treated before being released into
the aquatic environment.97 Regular laundry processes of
synthetic clothes [made of polyester, polyester–elastane and
polyamide–elastane (these are known as stretch fabrics, which
are different than the rayon and cotton fabrics, usually used in
sports clothes)] released 175–560 microbers per g-garments in
5–10 consecutive washing cycles; where the type of fabric did
not inuence the release of microbers.94 However, the release
of microbers can be reduced by a homogeneous coating of
biodegradable polymers (PLA: polylactic acid, PBSA: poly-
butylene succinate-co-butylene adipate) on the surface of poly-
amide fabrics.98 For example, effluent from a textile wet
processing mill contained 361.6 � 24.5 microbres per L, and
most of them (92%) were shorter than 1000 mm.95 Although
wastewater treatment plants (WWTPs) can remove larger MP
particles, they are noted to be inefficient for removing smaller
particles (<100 mm) which remain in the effluent released into
aquatic ecosystems. Consequently, a WWTP annually may
release more than 100 billion MP particles.30

In the global marine environment, 15–51 trillion MP parti-
cles are oating with varying densities.97,99 For example, MP
density in marginal seas and densely populated coastlines is
higher than in the deep oceans.100 In addition, some of the
14 | Environ. Sci.: Adv., 2022, 1, 9–29
plastic particles remain in different depths of water depending
on their size and density and some are exported to the seabed.58

MP accumulation and settling on the seaoor are also depen-
dent on the thermohaline-driven current in the sea.101 The
concentration of MPs in the freshwater system also varies
depending on the geographical location. For example, the
density of MPs in river surface water of the Tibet Plateau and
Yangtze Estuary was 483–967 particles per m3 and 4137 particles
per m3, respectively, because of the difference in population
density.102 In New Zealand, the urban water streams are noted to
be one of the major sources of MPs in freshwater systems.103 In
Canada, yearly MP discharge via wastewater inuent and
effluent was 28 550 billion and 6939 billion, respectively.97 The
effluent from WWTPs contains 0.2–1.8% (0.7 particles per L),
which is usually discharged on farmland in Australia.104

The concentration of MPs in marine sediment varied from
42–6595 particles per kg depending on the depth and position
of sampling.99 On the other hand, the concentration of MPs in
the river-bank sediment was 161–432 MPs per kg, where bres
contributed more than 88%.105 In India, the concentration of
MPs in high tide line and low tide line beach sediments along
the southeast coast of India was noted to be 1323 � 1228 mg
m�2 and 178 � 261 mg m�2, respectively.106 MPs in the aquatic
environment (1–230 mm; 0.1–10 mg L�1) affected the sea urchin
and its offspring.107

In the aquatic environment, waste plastics release
chemicals/additives and other components (such as PAHs:
polycyclic aromatic hydrocarbons; PCBs: polychlorinated
biphenyls; EDCs: endocrine-disrupting chemicals; PBDEs: pol-
ybrominated diphenylethers; DOM: dissolved organic matter;
DOC: dissolved organic carbon; POM: particle organic matter)
during degradation (Fig. 4), which then affect the marine biota
and transfer into food systems through ingestion, egestion,
reingestion, adsorption, etc.29 Polybutyrate adipate-co-tere-
phthalate (PBAT) also exhibited greater sorption and desorption
capacities of phenanthrene (an organic pollutant) compared to
polyethylene (PE) and polystyrene (PS) as well as carbonaceous
geosorbents.108 The authors also noted that the sorption and
desorption rates of MPs are correlated with the rubbery sub-
fraction and the surrounding environment. Although enormous
emphasis has been placed on the MP contamination in the
marine ecosystem, we still lack adequate information on the
oceans. Also, due to the abundance of MPs in the terrestrial
ecosystem,109,110 attention also needs to be paid to the terrestrial
ecosystems. Studies on fresh water and terrestrial ecosystems
will also enhance the scope of identifying the sources of MPs in
ecosystems because they are the primary receivers of agricul-
tural and urban waste.111
Terrestrial ecosystem

Plastic mulch used on farmland is identied as one of the main
sources of microplastic (MP) contamination, along with
compost, sewage sludge, biosolids, irrigation water, atmo-
spheric deposition, road dust, etc.52,112–114 Atmospheric deposi-
tion of MPs on the ground in urban and remote locations took
place during both the- dry and wet periods.115 Biosolid (solid
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The role of microplastics in an aquatic environment [adapted with permission from ref. 29, Copyright Elsevier, 2021].
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organic matter, recovered from wastewater/sewage and
commonly used as fertilizer on farmland) is applied on the
surface of farmland or injected depending on the soil satura-
tion. The concentration of MPs in biosolid was 8678–14 407
MPs per kg.116,117 However, a higher range of MPs in biosolid
(10 926–64 986 MPs per kg) has also been reported.118 Applica-
tion of contaminated biosolid (1–15 t ha�1) on farmland
resulted in topsoil contamination of 4–150 pieces per kg per
year.117 The concentration of MPs in farm soil also depended on
the intensity of sewage sludge application.112,114,116 For example,
the concentration of MPs increased by 710 pieces per kg for
each successive application of sewage sludge (20–22 t ha�1).114

MP contamination was higher in topsoil compared to deep-
soil.52 In Xinjiang, plastic contamination was 259–381 kg ha�1

in cotton elds, which are reported to be the most severe source
of plastic pollution on farmland in China.119 In Switzerland,
more than 90% of oodplain soils (soil deposited on ood-
prone land next to a river or stream) are contaminated by
MPs. The concentration of MPs in soils depended on the pop-
ulation density of the area, which indicates that plastic waste
was the source of MPs.120 The biosolid from waste water treat-
ment plants (WWTPs) contains 8–16% (41.4 particles per g)
MPs, which are usually discharged on farmland in Australia.104

Farmlands in the United States of America, the European
Union, China, Canada, and Australia annually added about
21 249, 26 042, 13 660, 1,518, and 1241 tonnes of MPs, respec-
tively, through the application of biosolid.118 A widespread
application of sewage sludge or biosolid fromWWTPs would be
a major source of MPs in farm soil and affect food production.

The migration of MPs from soil to the aquatic system
(marine, fresh, and groundwater systems) can take place
through surface runoff, bioturbation, tillage, water inltration,
wind erosion, animal grazing, etc.15,34,52,113,121 It has also been
reported that 99% of MPs in biosolid applied on farmland
© 2022 The Author(s). Published by the Royal Society of Chemistry
migrated to the aquatic environment.116 Consequently, terres-
trial MPs also contaminate surface and underground water
systems as well as marine ecosystems. However, the migration
of MPs is dependent on their size, shape and surface
characteristics.34

Fragmented plastics and MPs were identied in agricultural
soil where plastic mulch was used.20 The concentration of MPs
in cropped soil is reported to be 571 pieces per kg and 263
pieces per kg in mulched soil and non-mulched soil, respec-
tively.27 The concentration of MPs in the soil is also dependent
on the intensity of mulching. For example, the concentration of
MPs was 80.3� 49.3, 308� 138.1, and 1075.6� 346.8 pieces per
kg for 5, 15, and 24 years of continuous mulching, which indi-
cates that MPs in soil originated from the plastic mulch.122 The
fate of MPs in soil depends on the physicochemical properties
of soil and biota in soil123 as well as the type of plastic. For
example, the population of bacteria was higher than fungi
adjacent to weathered biodegradable mulch compared to the
unweathered one. Weathering enhances the degradation
process.11 MPs in soil absorb toxic chemicals and heavy metals
as well as antibiotics and become more harmful to soil biota.36

Polyethylene (PE), polyvinyl chloride (PVC), and polyethylene
terephthalate (PET) are the most commonly found polymers in
the terrestrial ecosystem.34 The presence of additives in plastics
increases the ecological toxicity of plastics. For example,
phthalic acid esters (PAEs) used in agricultural plastics (agri-
cultural lms/mulch) are a source of MP contamination in fruits
and vegetables grown on the PAE contaminated soil,124 thus
accumulate in food systems. The concentration of PAEs in
agricultural soil was 1.8–3.5 mg kg�1, where plastic mulch was
used.125 However, MPs were also found on farmland where
neither agricultural plastics nor MP containing fertilizers were
applied126 because of atmospheric deposition.
Environ. Sci.: Adv., 2022, 1, 9–29 | 15
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MPs affect the biophysical properties (damage soil structure,
reduce aeration and water permeability and water holding
capacity) of soil17,127,128 because of the decreasing absorption
capacity of freely available chemicals in soil-water due to the
hydrophobicity of MPs.129 Fig. 5 shows an overview of the
atmospheric deposition of MPs in the terrestrial ecosystem and
their effects on soil properties and feedbacks to the atmo-
sphere.130 MPs negatively affect the soils organic carbon,
nutrient transfer, nitrogen cycling, microbial activity, and
biodiversity;15,130–133 thus, leading to reduced plant growth and
productivity.59,127,128 For example, agricultural yields diminish
substantially when plastic waste accumulation reaches 72–260
kg ha�1.134,135 The presence of MPs in soil alters soil stability and
affects germination, shoot growth, and productivity.

Biodegradable plastics are recognized as an alternative to
plastics from fossil sources. Although biodegradable plastic
completely degrades in industrial composting facilities,11 it also
generates MPs if leaked into the environment.136,137 A model
study also conrmed that biodegradable mulch made of poly-
butyrate adipate-co-terephthalate (PBAT) and non-
biodegradable mulch made of low-density polyethylene
(LDPE) generate MPs and NPs if weathered.138 For example,
biodegradable plastics such as polyhydroxybutyrate (PHB) in
a representative abiotic environment generated MPs and NPs,
Fig. 5 Atmospheric deposition of MPs in the terrestrial ecosystem, their e
permission from ref. 125, Copyright 2020, American Association for the

16 | Environ. Sci.: Adv., 2022, 1, 9–29
whose impacts on the environment are poorly understood.11,139

Degradation of biodegradable plastics also depends on the
types of plastics and the degradation environment.140–142 In soil,
the degradation of weathered polylactic acid (PLA)/
polyhydroxyalkanoate (PHA)-based biodegradable plastic
mulch was greater than that of the unweathered PBAT-based
biodegradable plastics because microbes preferred PHA over
polylactic acid (PLA), and starch over PBAT.11 The degradation
rate of PLA buried in soil at 37 �C is also reported to be much
slower than that in the microorganism-rich composting
facility.136 Aer 12 months, the molecular weight loss of PLA in
compost was 20%; however, in soil there was no signicant
weight loss.136

The degradation of polycaprolactone (PCL) was faster
compared with PHB, PLA and poly(1,4-butylene) succinate
(PBS), and abundant fungal strains were associated with PCL at
50 �C.140 Poly(p-dioxanone) exhibited greater degradation (441�
326 and 2103 � 131 item per g plastic in air and soil, respec-
tively) compared to bioplastic blends and non-biodegradable
plastics. However, poly(p-dioxanone) generated numerous
MPs aer degradation.143 The soil microbiome is also inu-
enced by plastic pollution in terrestrial ecosystems.144

Plant growth depends on the type of MPs and the concen-
tration of MPs in soil because of the alteration of soil
ffect on soil properties and feedbacks to the atmosphere [adapted with
Advancement of Science].

© 2022 The Author(s). Published by the Royal Society of Chemistry
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stability.17,145–147 For example, the presence of MPs from PLA
lowered germination and shoot growth of ryegrass more than
MPs from high-density polyethylene (HDPE).17 In another
experimental study, different MP particles were mixed with soil
and then seeds were sown to study the germination rates and
shoot growth of Lepidium sativum, a fast-growing herbaceous
plant. The study revealed that MPs produced oxidative burst in
plants and among the tested MPs (PP: polypropylene, PE:
polyethylene, PVC: polyvinyl chloride, and a mixture of PE &
PVC), PVC had more effect on plant biometric parameters
(germination, leaf number, plant height and biomass produc-
tions) than other MPs.145 A strong correlation was observed
between the metal content in MPs and the number of MP
particles, indicating that the abundance of MPs inuences the
heavy metal content. In contrast, interaction between cadmium
and MPs from PE has been reported to affect root symbiosis;
however, no interaction between MPs from PLA and cadmium
was noted, but PLA produced stronger phytotoxicity.148 Conse-
quently, it seems that the coexistence of heavy metals and MPs
in soil jointly affects root symbiosis and plant performance;
thus, becoming an alarming threat to soil biodiversity and
agroecosystems.148,149

A comparative experimental study between MPs from LDPE
and biodegradable plastic (starch-based plastic) mulch revealed
that MPs from biodegradable plastic mulch have a stronger
negative impact on wheat growth than PE mulch, which might
be because biodegradable plastic mulch contains 18.3% poly-
butylene terephthalate and 44.6% PET, which stops starch-
induced nitrogen movement.16 Another study on the adsorp-
tion and desorption kinetics of PE and PHBMPs also conrmed
that triclosan (a common disinfectant used in plastics) equi-
librium adsorption and desorption rates of PE is greater than
that of PHB (3431.85 and 9442.27 mg g�1, respectively), and PHB
easily releases it compared with PE.150

On the other hand, an experimental study revealed that the
presence of MPs in soil enhanced the shoot and root mass of an
invasive species with drought because MPs in soil helped
reduce soil bulk density facilitating better aeration, water
holding capacity, and root penetration; thus, they could rapidly
reach limited water resources which enhanced the productivity
of invasive species.151 The growth of spring onion depended on
the type of MPs. For example, total biomass growth of spring
onion was better in the presence of primary polyamide (PA) and
polyester compared with polystyrene (PS) and PET because of
the difference in their composition, i.e., PA contains nitrogen
which may have enhanced biomass growth; however, the
authors warn that a positive effect of MPs on plants cannot be
ascertained.152 Consequently, it is essential to differentiate
between the potential impacts of MPs and macroplastics in
soil.34 The increasing MP contamination in terrestrial ecosys-
tems may reduce global food production; thus, food security,
one of the major world challenges, has to be addressed in the
near future.

Biodegradation (degradation by using microorganisms/
enzymes) of pretreated (grinding/irradiation) plastic is noted
to be a potential route to reduce the problems associated with
waste plastics.153,154 It is also noted that earthworms can
© 2022 The Author(s). Published by the Royal Society of Chemistry
enhance the degradation of biodegradable plastics in soil.155

Consequently, innovative pre-treatment coupled with techno-
logical advances could enhance the degradability of waste
plastics. Although the biodegradation process can reduce the
problems associated with waste plastic, it may need in-depth
studies to conrm whether biodegradation processes elimi-
nate MPs or NPs from the ecosystems.
Microplastics in food systems

Plastics leak into the ecosystems fragment into microplastics
(MPs) or nanoplastics (NPs), which are then ingested by
terrestrial and aquatic biota and contaminate our food
systems.156 For example, plant-root systems, especially vegeta-
bles, absorb ne plastic particles (0.2 mm), which then migrate
to the shoots; thus, they are very likely to enter into food
systems.157,158 MPs were found in crops (such as lettuce) grown
in hydroponic systems and sand metrics irrigated with waste-
water containing plastic components, thus transferring into
food chains.159 Phthalate esters (PAEs) have also been observed
in wheat grains grown on contaminated soil.125 Through edible
plants (fruits and vegetables), the estimated MP intake was 80 g
per person per day.160 In Portugal, MP was detected in 49% of
the sh that were analyzed, and 0.054� 0.099 MP pieces per g of
dorsal muscle were observed.161 On the other hand, only 3 MPs
were observed in the gastrointestinal tracts of hamour sh from
Kuwait Bay and southern areas.162 The estimated intake by
adults was 842 MP particles per year only from sh consump-
tion in Portugal; however, in Europe and America, it varied from
518–3078 MP items per capita per year.161 However, the effect of
MPs present in sh is reported to be negligible on human
health.163 Another study also conrmed that no health risk was
associated with sh consumption when the PAE concentration
in sh was 0.15–0.26 mg g�1.164

The increasing application of plastic in the food industry,
especially in food and beverage packaging, results in food
contamination with MPs/NPs. For example, MPs were identied
in bottled water and were argued to be released from packaging
and coating as well as from the lubricant used on the
caps.91,165,166 On average, 325 MP particles per litre of bottled
water were identied where 95% of these particles were 6.5–100
mm and 10.4 particles were found to be greater than 100 mm
where the most common morphology was fragments followed
by bres.91 The authors conrmed that the packaging/bottling
process is the main source of MPs in bottled water. MP
contamination has also been identied in groundwater,167

freshwater, and drinking water (groundwater/supply
water).168,169

Melanophores and pigmentation were found in the skin of
tadpoles (larval stage of an amphibian) exposed to polyethylene
(PE) MPs (60 mg L�1 for 7 days) and external morphological
changes were observed.78 The animal model trial conrmed the
presence of MPs in aquatic animals and their effect on
productivity.78,161 MPs were also detected in earthworms and
chickens raised on contaminated garden soil (74.4 � 20.4 PE
bottles per m2); however, in the case of chickens, MPs were
found only in gizzards and feces.170 Exposure to microbers for
Environ. Sci.: Adv., 2022, 1, 9–29 | 17
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28 days injured the gastrointestinal walls of snails and reduced
their food intake.171 In addition, a toxicological study revealed
that mice could ingest MPs and accumulate them in tissues,
which may affect terrestrial food systems and human health.172

MPs were also detected in marine foods, such as shellsh,
salt, etc. and affect animals, e.g., birds,162,173–175 and human
health.92 For example, MPs (>149 mm) were detected in
commercial salts from different countries176,177 and in edible
bivalves such as oysters, mussels, and clams.178 The concen-
tration of MPs in blue mussels was reported to be greater than
that in wild mussels because of the difference in MP concen-
tration in their surrounding environment.179,180 The presence of
MPs in honey and sugar has also been reported.19,181 On average,
9 � 9 bres per kg to 166 � 147 bres per kg of honey were
found in different countries.19,182 Thus, it seems that all
segments of human interaction are affected by MP pollution.

Although biodegradable plastic is recognized as an ecolog-
ical alternative to synthetic plastic, NPs i.e., polyhydroxybutyrate
(PHB) released into freshwater ecosystems as a result of the
degradation of biodegradable plastics in the environment were
harmful and reduced cellular growth and altered physiological
parameters of organisms.139 In contrast, no signicant oxidative
stress of polylactic acid (PLA) MPs (sizes: 0.8–10 mm) was
observed in blue mussels during the 8 days of trial while MP
concentrations were controlled at 10 and 100 mg L�1.183

However, the World Health Organization (WHO) noted that
most plants and soil organisms are unlikely to uptake MPs >150
mm, except mesofauna, and the human body does not absorb
these MPs;169 thus, they do not pose a risk to human health.
These MPs may pose a health risk if contaminated with toxic
chemicals or additives. It seems that crops, livestock and
beverages are contaminated by MPs, whether raised on farm-
land, greenhouse, or home-garden; thus, waste management
could be vital in reducing MP contamination in food chains and
abating environmental and health risks as well as food
insecurity.
Initiatives to mitigate plastic/
microplastic pollution

In an attempt to combat increasing plastic pollution, various
initiatives (improved waste management, wastewater treat-
ment, innovative design and development, etc.), and regula-
tions57 for single-use plastics and industrial use of microbeads
(such as bans or phasedowns or restricted use of single-use
plastics; banning the use of microbeads in personal care
products, etc.), were enacted to control plastic pollution.57,184

Countries and regions have banned the industrial use of plastic
microbeads and agreed to phase them out. For example, the
United States of America (USA), Canada, and the United
Kingdom (UK) have banned the industrial use of plastic
microbeads in 2015, 2017, and 2018, respectively.57,185 In the
cases of the USA and the UK, the ban was imposed on the use of
microbeads in rinse-off personal care products.57 At the same
time, the circular economy initiative is promoting a zero-waste
approach. A global campaign has been initiated by the United
18 | Environ. Sci.: Adv., 2022, 1, 9–29
Nations Environment Programme to eliminate primary sources
of plastic litter by 2022.156 The European Union has enacted
several regulations such as ‘Water Framework Directive’ (a
directive formulated to expand the scope of water protection to
all waters, achieving good status by a set deadline based on river
basins’ combined approach of emission limits and stream-
lining the legislation) and the Common Fisheries Policy to abate
chemical and nutrient pollution in aquatic systems. On the
other hand, Integrated Coastal Zone Management and the
Marine Strategy Framework Directive were implemented to
control MP pollution.156 Life cycle economy and life cycle
assessment were introduced for the design, production, use,
and recycling of plastic products.156 Sol–gel induced agglomer-
ation has also been introduced to remove MPs from the aquatic
system.186 Air puriers have been introduced to remove MPs
from air (>0.1 mm) in order to improve indoor air quality.187 On
the other hand, fungi were used as a potential remedy to
degrade MPs in soil.188 In addition, clean-up drives are ongoing
to minimize terrestrial and aquatic plastic pollution.

Impacts of waste plastics/microplastics
Environmental impacts

Assessing the environmental impacts of microplastics (MPs) is
difficult because of changes in ecosystem functions, hazardous
impacts on biota, and varying toxicities induced by their
composition.54,57 It also argued that the ecological effect of MPs
is yet to be well understood and related data is scarce.189

However, a recent study revealed that under composting envi-
ronments, unweathered PBAT-enriched mulch released higher
amounts of CO2 than weathered biodegradable mulch because
environmental weathering enhanced the degradation of
biodegradable mulch.11 The authors also conrmed that the
microbial degradation of mulches is inuenced by their poly-
meric constituents. For example, microbial degradation of
biodegradable mulch is more persistent in bacterial commu-
nities than in fungal communities.11

The Canadian landll sector generated about 13 million
tonnes of GHG from landll waste (CO2 eq) in 2018.190 Annually,
the agricultural plastic recycling program can mitigate 20 000
tonnes-CO2 eq in Ontario.191 The environmental impact of
plastic used in consumer goods was 6.7 t CO2 eq per tonne of
plastic used.1 The environmental impacts of plastic production
and disposal also depend on the type of plastic and disposal
methods (Tables 1 and 2). For example, a comparative life cycle
study on mixed plastic waste was conducted under three
perspectives: product, disposal, and combination of both
(entire life cycle). In the case of disposal (chemical recycling via
pyrolysis and mechanical recycling with energy recovery and
compared with virgin plastic), chemical recycling had a 50%
lower climate change impact compared with mechanical recy-
cling. Although the climate change impact was similar when the
quality of the recyclate was considered, other impact categories
(acidication, eutrophication, human toxicity, etc.) were higher
in the case of chemical recycling.192 However, chemical recy-
cling released a lesser amount of greenhouse gas (GHG) (2.3 t
CO2 eq per tonne less) than virgin plastics which can be
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Impacts associated with the primary production of selected plastics/tonne [adapted from ref. 194]a

Types of plastic

Impact category

Process energy, MJ
GWP, kg
CO2 eq

ADP, kg Sb
eq AP, kg SO2 eq EP, kg PO4

+ eq HTP, kg 1,4-DB eq

Polyethylene terephthalate (PET) 43 336 2468 33 12 3 735
High density polyethylene (HDPE) 26 399 1891 33 21 1 67
Polypropylene (PP) 24 396 1999 33 20 1 50
Polystyrene (PS) 43 587 2776 38 17 2 55
Polyvinyl chloride (PVC) 38 841 1336 18 10 1 151

a GWP: global warming potential; ADP: abiotic depletion potential (abiotic depletion refers to the depletion of nonliving resources such as fossil
fuels, minerals, clay, and peat); AP: acidication potential; EP: eutrophication potential; HTP: human toxicity potential.

Table 2 Environmental impacts of different disposal scenarios of plastic waste/tonne [adapted with permission from ref. 195, Copyright Elsevier,
2021]a

Feedstock Scenario

Impact category/tonne

Energy,
MJ

GWP, kg
CO2 eq

ODP, kg
CFC-11 eq

ADP, kg Sb
eq

AP, kg SO2

eq
EP, kg
PO4

+ eq
HTP, kg 1,4-
DB eq

TE, kg 1,4-
DB eq

ME, kg 1,4-
DB eq

PO, kg
C2H4 eq

PET A 5.65 � 103 2.89 � 103 8.34 � 10�6 2.58 � 10�4 4.33 � 101 3.58 1.41 � 102 1.68 8.56 � 105 2.39
B 1.62 � 104 6.23 � 103 2.80 � 10�5 8.25 � 10�4 5.18 � 101 5.42 5.13 � 102 2.42 2.40 � 106 2.68
C 7.02 � 103 8.73 � 102 3.60 � 10�6 1.85 � 10�3 8.19 � 100 1.16 1.78 � 102 4.73 5.05 � 105 3.97 �

10�1

D �1.08 � 104 4.94 � 103 2.80 � 10�5 8.25 � 10�4 3.73 � 101 4.88 4.79 � 102 5.71 2.33 � 106 2.10
PE A 1.05 � 104 3.82 � 103 1.28 � 10�5 3.89 � 10�4 5.77 � 100 1.39 2.62 � 102 1.23 1.23 � 106 4.98 �

10�1

B 2.11 � 104 6.76 � 103 3.30 � 10�5 9.65 � 10�4 1.30 � 101 3.15 6.74 � 102 1.14 2.78 � 106 9.45
C 2.96 � 103 5.87 � 102 5.10 � 10�6 5.62 � 10�2 2.56 � 100 6.25 1.07 � 102 4.70 9.50 � 104 1.16 �

10�1

D �3.93 � 10�4 3.94 � 103 3.30 � 10�5 9.65 � 10�4 �1.88 � 101 1.95 6.01 � 102 5.62 2.63 � 106 8.19

a PET: polyethylene terephthalate; PE: polyethylene; A: landlling without biogas recovery; B: incineration without energy recovery; C: recycling; D:
incineration with energy recovery; GWP: global warming potential; ODP: ozone depletion potential; ADP: abiotic depletion potential; AP:
acidication potential; EP: eutrophication potential; HTP: human toxicity potential; TE: terrestrial ecotoxicity; ME: marine ecotoxicity; PO:
photochemical oxidation.
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environmentally benecial because the climate change impact
of the recyclate from chemical recycling was �0.45 t CO2 eq per
tonne while it was 1.89 t CO2 eq per tonne of virgin plastic.192 In
another study, Khoo compared various waste disposal scenarios
(combinations of mechanical recycling, incineration, pyrolysis,
etc.) of mixed plastic and concluded that a combination of
mechanical recycling (10%), incineration (83%) and pyrolysis
(7%) was environmentally better among the considered
scenarios, while the worst combination was mechanical recy-
cling (11%), incineration (71%), and gasication (18%).193 The
author also noted that for individual waste disposal of mixed
plastics, pyrolysis performed better than incineration but
poorer than mechanical recycling or gasication.193 It seems
that the mixed plastic waste disposal process plays an impor-
tant role in the life cycle of plastic. Although the persistent
presence of MPs in the ecosystems poses a potential risk to all
biota on the earth through soil, water, and food systems, studies
on the environmental impacts of MP pollution are scarce.
Therefore, scientic studies on the environmental impacts are
essential to determine the environmental severity of MP pollu-
tion and abate its potential risks.
© 2022 The Author(s). Published by the Royal Society of Chemistry
Economic impacts

The global market for plastic recycling was $33.0 billion in 2020
and is expected to be $47.3 billion in 2026.196 Waste plastic
causes severe economic damage to the world's marine ecosys-
tems and the yearly damage is estimated to be $13.0 billion.44

The waste management cost also depends on the disposal
processes. For example, the economic cost of household waste
that is burned or dumped is reported to be $375 per tonne;
however, in the case of integrated waste management, the cost
fell to $50–$100 per tonne.5 In Canada, the tipping fee for plastic
waste disposal to landlls varies from $80–$160 per tonne.197

Waste management sectors in Canada employed 29 543
persons, spent $5.9 billion and generated $7.1 billion in 2014;198

however, waste collection costs reached $5.9 billion in 2019.199

In Canada, plastic waste entails a lost opportunity of about $7.8
billion in 2016 and is expected to be $11.1 billion by 2030.9 The
Canadian plastic market was about $35 billion in 2017.9 About
2434 industries were engaged in the processing of synthetic
resins to produce plastic products, employing 77 400 people
and generating a shipment value of $19.6 billion in 2012.200
Environ. Sci.: Adv., 2022, 1, 9–29 | 19
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A hypothetical study noted that the yearly environmental
cost of consumer goods made of plastics on the earth was $113
billion, and transportation of plastic goods contributed $53
billion,1 where the environmentally extended input–output
(EEI-O) model was used. It is worth mentioning that the results
of an input–output model vary with the market price of mate-
rials. These environmental costs can be mitigated by adopting
an innovative packaging design, fuel-efficient transport, more
sustainable electricity, and improved waste management.
Improved waste management can save 30% of environmental
costs.1 The environmental cost of plastic in-land and water
pollutants was $362 and $626 per tonne, respectively.1
Societal impacts

Plastic mulch releases phthalic acid esters (PAEs) into the soil,
which are known to be toxic and carcinogenic;201–204 thus, pro-
longed exposure may severely affect human health124,202,205–207

and pose a threat to ecosystems. However, it is noteworthy to
mention that all PAEs may not be carcinogenic to human
health. For example, dermal exposure to diethyl phthalate had
no carcinogenic effect in rats.208 Growing health and environ-
mental concerns are also leading to increasing consumption of
plant-originated food; thus, may increase microplastic (MP)
consumption through sh and plant food, which may create
a severe health problem in the near future. Hale et al. noted that
MPs <20 mm penetrate cell membranes and exposures to MPs
compromised the feeding, metabolic and reproduction
processes of organisms.28 MPs ingested by many marine species
such as sh and shellsh create physiological problems for
them.25 Consumption of MP contaminated food and exposure
to phthalates in toys resulted in congenital diseases, cancers,
and affected neurological and reproductive systems.209,210 In
addition, the Trojan horse effect of MPs makes MP contami-
nated food more hazardous to human health. Interactions
between biota and MPs are prevalent in ecosystems. There is
growing evidence that exposure to MPs can incite signicant
Fig. 6 An overview of microplastic remediation technologies.

20 | Environ. Sci.: Adv., 2022, 1, 9–29
health effects.211 At subcellular levels, biochemical changes
precede changes to cells and tissues, which affect physiological
functions, tness and ultimately ecosystems.58 Behavioural
change at different subcellular levels can be used as an indi-
cator of the effects of MPs on ecosystems and food systems, and
thus the human health and social impacts.

MP ingestion by birds, such as chicks, disrupts nutrient
absorption, growth, and reproductive systems and ultimately
threatens their survival.212 Ingestion of plastic-derived chem-
icals accumulated in MPs results in various toxicological effects
such as metabolic disorders, inhibition of reproduction and
growth, inammatory responses, and even death of aquatic and
terrestrial biota.213–216 Wheat grains grown on MP contaminated
farmland (containing PAEs 4.1–12.6 mg kg�1) posed a higher
carcinogenic risk for adults as they exceeded the recommended
intake of PAEs. The contaminated wheat intake also exhibited
non-carcinogenic risk, and children were the most sensitive.125

In addition, it is an alarming signal that invasive species such as
ryegrass dominate in the presence of MPs in soil under drought;
thus, the risk of degrading biodiversity prevails if we fail to
address MP pollution. Consequently, it is very important to nd
potential remedies to MP pollution in our ecosystems to work
towards a sustainable society.

Microplastic remediation

Various methods, such as advanced oxidation processes,31,217–219

photocatalysis,220 microwave221 and bioremediation222–226 have
been employed to degrade/eliminate microplastics (MPs) from
soil and water (Fig. 6). In a photocatalysis process, plastic
particles degrade and form cavities around the catalysts initi-
ating oxidation, generating carbonyl and carboxyl groups which
are eventually photooxidised into volatile organics, CO2 and
H2O.31,227 The microwave-assisted catalytic (iron-based catalyst)
process required only 30–90 s to convert ground plastic into
hydrogen and predominantly carbon nanotubes.221On the other
hand, the photocatalysis process (Nb2O5) completely converted
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 A potential route of microplastic remediation from ecosystems.
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plastic waste into CO2 in a simulated natural environment and
produced CH3COOH without applying sacricial agents.220

Kang et al. noted that carbocatalytic oxidation coupled with
hydrothermal hydrolysis over carbon nanotubes generated
highly reactive radicals and decomposed MPs into harmless
organic compounds, which can be a carbon source for algae for
complete mineralization of MPs from water.217 Membrane
technologies have also been used as a remedy for MP/
nanoplastic (NP) pollution in water; however, they need to be
improved and employ advanced technology to remove particles
smaller than 100 mm.228 Agglomeration and coagulation
processes have also been used to form larger particles to facil-
itate the removal of MPs from water;229–231 however, the removal
efficiency depends on the size of MPs.230 It seems that catalytic
processes can convert plastics into nanocarbons or hydrocar-
bons, and other processes can facilitate the removal process,
which would not be a suitable remedy for MPs/NPs that are
already in our ecosystems due to their wide distribution and
particle size.

Several studies have conrmed the ability of microorganisms
to removeMPs/NPs (either synthetic or biodegradable) from soil
or water.223–226,232 There are four steps in the bioremediation
process of plastics: biodeterioration, biofragmentation, assim-
ilation and mineralization. Microbes rst enforce physico-
chemical deterioration, followed by fragmentation of polymers
into oligomers andmonomers using exoenzymes, integration of
molecules into microbial metabolism, and nally, the ejection
of oxidized metabolites.223 Exoenzymes (oxygenases) destabilize
the long carbon-hydrogen chains of polymers and can add
oxygen, forming alcohol, peroxyl, and carboxylic compounds.
These compounds are then assimilated and mineralized by the
microbial metabolic process.223

It is also noted that low-density polyethylene (LDPE), which
can go through the gut of earthworms (bacterial consortium:
Lumbricus terrestris), reduces the size of MPs within 4 weeks,224

which indicates that earthworms facilitate the degradation
process of plastics. In another development, it was reported that
© 2022 The Author(s). Published by the Royal Society of Chemistry
microalgae can synthesize plastic polymers while using them as
a carbon source.233 The authors also argued that biodegradable
plastics can be produced by using microalgae which can replace
synthetic plastics;233,234 the algal cell growth was greater than
terrestrial plants.234

Biodegradable plastics are regarded as safer than synthetic
plastics225 andmore prone to microorganisms;143 thus, adopting
biodegradable plastics and microbial degradation of plastic
waste would be a potential remedy to MP/NP pollution. In
addition, it is also argued that biodegradable microbeads
(chito-beads) used in cosmetics exhibited greater cleansing
efficiency than polyethylene (PE) microbeads and completely
degraded in soil into CO2, H2O and biomass without any toxic
effects on plants.235 Consequently, the development of biode-
gradable plastics and engineered microorganisms which can
easily convert plastic particles either from conventional plastics
or biodegradable plastics andmineralize them would be the key
to MP/NP remediation; thus, they could be environmentally
benign. Fig. 7 represents a potential route to eliminate MPs/NPs
from the ecosystem and promote the biobased circular
economy initiative without interrupting the benets of plastics.
Both terrestrial and aquatic plants absorb MPs/NPs from their
surrounding environment. On the other hand, microorganisms
convert MPs/NPs into CO2, H2O, and CH4. Some of these
products are used by plants; thus, bioremediation coupled with
non-edible plant cultivation in the terrestrial ecosystem and
algae in the aquatic ecosystem, and producing biodegradable
plastic from these biomasses would be a potential route to
eliminate MP/NP pollution from the environment.
Discussion

Plastic particles keep changing and migrating from one
ecosystem to another contaminating every sector of human
interaction. Ultimately, microplastics (MPs) are affecting biota
in various ecosystems and entering our food systems which
affect animal and human health. Fig. 8 shows an overview of the
Environ. Sci.: Adv., 2022, 1, 9–29 | 21
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Fig. 8 Schematic of the sources of waste plastics and their transportation routes.
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sources of MPs, their transportation routes and their interac-
tion among ecosystems. To mitigate the problems associated
with waste plastics, numerous efforts are underway to replace
conventional plastic with an alternative such as biodegradable
plastic. Although biodegradable plastics degrade faster than
synthetic plastics, the fate of biodegradable plastics seems to be
understudied. Consequently, the fate of MPs from biodegrad-
able plastics and their ecological risks need to be ascertained to
control the plastic pollution in the ecosystems, especially in
terrestrial ecosystems where biodegradable plastics are gaining
more attention.

A potential option for sustainable management of MPs in
biosolid and to mitigate their effects on the terrestrial
ecosystem would be its alternative use instead of farm appli-
cation, such as the use of biosolid in the bio-brick
manufacturing process.118 As plant root systems absorbed
plastic particles from soil157 and then migrated to leaves,158

growing non-edible plants in contaminated soil and water could
also be an option to reduce MPs from contaminated soil and
water to abate adverse impacts of MPs on the ecosystem and
health.

Despite the fact that MPs are found in every segment of
ecosystems, their quantication and remediation methods are
yet to be standardized. Consequently, it would be an important
task to build consensus on the identication, quantication
and remediation of MPs/nanoplastics (NPs) at a national and
international level. In addition, impact indicators for MPs/NPs
are yet to be developed and standardized for evaluating their
22 | Environ. Sci.: Adv., 2022, 1, 9–29
environmental impacts. Although MPs/NPs are identied to be
an emerging threat to the ecosystems, it seems that huge
challenges, such as methods of analysis, need to be addressed
before a comprehensive life cycle assessment (LCA) study on
MPs/NPs can be conducted.

Although enormous efforts are underway to mitigate plastic
pollution such as clean-up drives, design and development,
directives/regulations, and awareness programs, which might
be useful to reduce some of the plastic pollution through
a removal process, it would be difficult to do so because of the
wide range of distribution and size of MPs/NPs. Various other
efforts are also underway to nd a potential remedy to MP/NP
pollution in our ecosystems. It seems that bioremediation
would be a potential solution to eliminate the MPs/NPs from
the environment. However, without joint action (citizen and
government, national and international) in design, develop-
ment, manufacture, use, disposal, best management practice,
and stringent policies, plastic pollution will likely worsen.
Initiatives can be extended in the following areas to mitigate/
eliminate plastic pollution in ecosystems.

� Identify the hotspots in every sector (residential, industrial,
agriculture/soil/terrestrial, and aquatic systems).

� Develop more effective and efficient remediation methods.
� Denitive policies/regulations.
� Ensure a system approach to avoid/mitigate plastic pollu-

tion from each source.
� Develop alternative products to conventional plastics

(compostable plastic, which would not produce any toxic
© 2022 The Author(s). Published by the Royal Society of Chemistry
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chemicals/MPs). Or even develop an alternative to plastic
mulch, which can be used for a certain period without
generating/releasing MPs during its use and then disposed of in
a way that can be sustainable (controlled distribution &
disposal) to abate plastic pollution in agricultural soil and,
further, in the ecosystems.

Outlook

Nowadays, microplastic (MP) pollution is recognized as an
emerging problem. Environmental, economic, and societal
concerns over the effect of microplastic pollution on ecosystems
have attracted enormous attention from all sectors (public,
policymakers, environmental activists, and scientic commu-
nities) for research on alternatives and potential remediation
pathways. MPs in terrestrial, aquatic, and food systems absorb
hazardous contaminants, which affect soil quality and
productivity as well as aquatic and terrestrial animals, plants
and human health. Although enormous efforts are underway to
replace synthetic plastic with biodegradable plastic to abate
plastic pollution in ecosystems, further attention needs to be
paid to avoid the adverse impact of MPs/nanoplastics (NPs)
from biodegradable plastics in order to avoid any unwanted risk
to the environment and human health. Adverse impacts of MPs/
NPs were reported for both terrestrial and aquatic ecosystems;
however, terrestrial ecosystems seem to be less explored.
Consequently, comprehensive studies on terrestrial ecosystems
and food systems are important for framing mitigating efforts
or even eradicating the problems associated with MPs/NPs. We
have compiled information on microplastic pollution in
ecosystems and food chains, emphasizing the terrestrial
ecosystem, recent technological advances, economic and soci-
etal implications, and the remediation of microplastic pollu-
tion. From this compilation, a potential remediation pathway
has been outlined.

Conclusions

Bioremediation could be a potential solution to the problems
associated with MPs/NPs. However, their identication and
quantication methods are yet to be standardized and
consensus needs to be built on them, which can facilitate the
development process of impact indicators for MPs/NPs; thus,
evaluating their environmental impacts. Biodegradable plastics
that are produced from non-edible biomass such as algae can be
a potential pathway to eradicate MP pollution for sustainable
ecosystems. In addition, efforts can be as follows, along with
minimizing plastic littering and regulatory efforts to mitigate
MP pollution, but not limited to them. However, any innovative
attempt to mitigate or eradicate MP/NP pollution must be
justied with a broader sustainability check to avoid any risk to
investment and the environment.

� Design and development of alternatives to conventional
plastics that ease plastic waste disposal while avoiding gener-
ating MPs/NPs during their applications.

� Employ an integrated approach that can eradicate the
evolving problems associated with MPs/NPs.
© 2022 The Author(s). Published by the Royal Society of Chemistry
� Provide evidence of MP/NP free alternatives to conven-
tional plastic to environmental activists, policymakers and end-
users, which may accelerate the eradication process of MPs/NPs
from ecosystems and resolve some of the evolving problems
associated with them.
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