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Abstract: Microplastics (MPs) less than 5 mm in dimension are progressively becoming persistent
in aquatic and food ecosystems and are a global concern. Microbeads (less than 1 mm) used in
household cleaners, cosmetics, and apparel washing are the primary source, followed by secondary
sources including broken-down plastic litter and waste. They are ingested by a range of aquatic
animals, including zooplankton, crustaceans, and fish, and can enter human food chains in a va-
riety of manners. Thus, microplastic pollution poses a detrimental effect on the overall ecological
balance, including the aquatic ecosystem, food safety, and human health. Strategies such as mi-
crobial enzymes/biofilms and nanotechnology-based solutions to MPs biodegradation, the usage
of substitute materials such as biodegradable plastics, and source reduction could be employed to
mitigate microplastic pollution. In addition, the implementation of plastic waste into the circular
economy, for example by applying the reduce, recycle, and reuse approach, could potentially serve as
a sustainable solution to abate the adverse effects of plastics. Thus, plastic waste could contribute to a
sustainable circular and climate-neutral economy as a result of its durability and recyclability. This
review presents a comprehensive report on microplastic management and transformation strategies,
reflecting bioremediation coupled with circular economy-based solutions to microplastic pollution.
It also highlights future recommendations to stakeholders and for governmental policies for the
reduction of plastic pollution by potentially utilizing plastic waste in a circular economy to generate
wealth from waste. Overall, this article provides an exhaustive and essential overview of microplastic
treatment procedures and their role in the circular economy, where plastic waste generated by aquatic
and food-based ecosystems might possibly be managed and re-utilized.

Keywords: microplastics; remediation strategies; biofilms; nano-bioremediation; plastic waste man-
agement; circular economy solutions

1. Introduction

Plastics play a significant role in almost every aspect of our everyday life as a result of
their inclusive properties, such as being lightweight, robust, affordable, and durable [1,2].
However, the management of plastic waste is a topic of a global issue. Plastics can remain in
the environment for as long as 500 years [2]. This is harmful to biodiversity and exhausts the
ecosystem amenities required to support life [2]. It is predicted that the annual emissions
of plastic waste may reach up to 53 million metric tons per year by 2030 [3].

Thermoplastics and thermoset plastics are the two key plastic categories. A thermoset
plastic cannot be remelted while a thermoplastic can be melted again. The main categories
of thermosets are epoxy resins, polyurethane (PU), silicones, and vinyl esters; thermo-
plastics include polypropylene (PP), polyethylene terephthalate (PET), polyethylene (PE),
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polyvinyl chloride (PVC), polystyrene (PS), polyamide (PA), and polycarbonate (PC) [4,5].
Thompson et al. introduced the term “Microplastics” (MPs) for the small pieces of plastic
that occur prominently in nature. MPs include microfibers, micro-flakes, pellets, spheroids,
beads granules, or fragments and are either directly produced by anthropological activity
or as secondary MPs as a result of the disintegration of larger plastic pieces through pho-
todegradation, biodegradation, or through the mechanical route [6–10]. There exists a wide
array of sources of microplastics, as shown in Figure 1, and the exposure levels from MPs
from various individual sources are depicted in Table 1. This is a result of improper conduct,
a lack of collecting methods, or transportation-related leaks [9]. Environmental plastic pol-
lution affects ecosystems across the world, including polar regions and places where there is
no obvious evidence of human activity [9]. It is not solely a regional issue of polluted water
bodies and soils [11]. This is due to abiotic processes that break down plastic materials into
fragments of innumerable dimensions, from the nanoscale to the microscale [11]. Nano-
and microplastics have been found in tissues, human blood, and biological food chains
throughout the world’s interconnected aquatic waste systems [11,12]. These plastic re-
mains interact with the ecosystem and function as carriers of hazardous substances that are
detrimental to the environment and human health (Figure 2). To decrease plastic leakage
into the environment, advanced imperative restrictions are anticipated to be implemented
in the coming years. Bioremediation processes using biofilms and microbial enzymes
that degrade plastic waste are quite effective but require further development. Circular
economy-based production methods that transform plastic trash into new resources could
be an eco-friendly choice in the current situation [13]. The “triple R principle”—“Reduce,
Recycle, and Reuse”—could be used to apply the concepts of the circular economy to the
management of plastic trash in additi on to prolonging the useful lifespans of materials and
products [14]. Recycling is one of these operations. It is mostly implemented in high-tech
infrastructures and requires significant resource, time, and financial inputs [14,15]. Nev-
ertheless, some plastic fractions that result in goods of inferior quality when compared
to the products made from feedstock constituents can be recycled [16]. Additionally, the
value of recyclables fluctuates in the market [14]. Thus, more efficient and greener recycling
solutions as well as novel enzyme-based bioremediation techniques will fuel future strate-
gies targeted at improving the circularity of plastic waste and its profitability. Considering
the circular (bio)economy, the biotechnology sector has recently offered new possibilities
for waste circularity (mostly emphasizing microbial enzyme applications) [14]. Enzymatic
bioprocesses can transform low-value waste obtained from biomass or fossil sources into
new, marketable products that are as good or better than virgin materials, reducing the
carbon footprints of freshly derived fossil feedstocks [14]. Several reviews are available on
the types of plastics, health implications, potential remedies, and identification techniques
for MPs [4,5]. Nevertheless, there is a dearth of collective contemplation in the literature
regarding the potential of biotechnological approaches to current plastic waste treatments,
considering the circularity of plastic waste, in order to produce products for value-addition.
This review focuses on the origins of MPs and the problems related to them, MPs treatment
strategies, and approaches to incorporate MPs into the Circular Economy concept. This
review provides an overview and represents one of the earliest comprehensive reports
amalgamating the current solutions for plastic waste management with special reference to
bioremediation strategies. In addition, this review highlights the ways towards shifting
the linear economy model to the circular (bio)economy principles, where the plastic waste
generated from aquatic and food-based ecosystems could be managed and re-utilized for
value addition. Moreover, future recommendations to those relevant organizations as well
as policies that adopt a circular economy perspective towards plastic waste management
and subsequent value-addition have been detailed.
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Table 1. MPs’ exposure level through various individual sources.

Exposure Source Polymer Involved Level of Exposure Estimated
Consumption Reference

Bottled mineral water PET

1,531,525 particles per kg per body
weight each day (adults)

3,350,210 particles per kg per body
weight per day (children)

2 L per day (adults) 1 L
per day (children) [16]

Salts PE, PP, PET, PU,
PVC, PA Up to 302 particles/person per year 4.8–18.01 g/day [17]

Seafood PE, polyester,
semisynthetic cellulose 518–3078 particles/person per year 9.6–57 kg/year [18]

Water and beverages Anthropogenic debris 4400–5800 particles/person per year 2.2–3 L/day [19]

Household dust fallout _ 13,730–68,414 particles per person
per year Evening meals [20]

Vinegar
PE, butylated

hydroxytoluene,
Irganox, Erucamide

Up to 3.68 particles/kg/body
weight/year (adults)

Up to 16.08 particles/kg/body
weight per year (children)

3.1 L per year [21]

Infant feeding bottles PP 14,600–4,550,000 particles per capita
per day _ [22]

Mussels PET, PU 123–4620 particles/person per year 0.082–3.08 kg per year [20]

Food contact materials PP, PS, PE, PET 12–203 particles/person per week 4–7 takeout per week [23]

Salts PE, PP, PET, PS,
polyacrylonitrile, PA 37 particles/person per year 3.95 g per day [24]

PE: Polyethylene PP: Polypropylene; PS: Polystyrene: PET: Polyethylene terephthalate; PVC: Poly vinyl chloride;
PU: Polyurethrane. PA: Polyamide.

2. MPs Treatment Strategies and Management

Physical, chemical, and bioremediation technologies can be used to clean up contami-
nated areas (Figure 3) [25].
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2.1. Physical Technologies

Remediation by physical means encompasses all the separation approaches employed
in wastewater treatment [25]. Grids, flotation, primary sedimentation, screens, dissolved
air flotation (DAF), disc filtering, and swift gravity sand filtration are among the various
means of conventional wastewater treatment methods that successfully remove MPs, and
these approahces are often used to improve the efficacy of advanced technologies such as
membrane bioreactors and reverse osmosis [26]. Several novel technologies have under-
gone laboratory testing and have proven to be successful (Table 2) [25,27]. Before reaching
the membrane bioreactor (MBR), MPs are usually removed using an ultrafine sieve (mesh
dimension 0.2–2 mm) in order to avoid the fouling of the membrane [28]. Only 6% of
the MPs were reportedly removed from the wastewater by grids [26,27]. Polyethylene
terephthalate MPs can be removed using primary sedimentation, but polyethylene and
polypropylene are challenging to remove because their low density causes their settling
time to be greater than their traveling period in water. Particles that fail to settle following
coagulation can be eliminated by employing disc filters. A disc-like fibre that functions
as a barricade and captures particles greater than the diameter of the pore is typically
employed as the filter media. Disc filters may remove between 40% and 96% of MPs from
the atmosphere [29,30]. After several configuration operations, such as pre-sedimentation,
coagulation-flocculation, and sedimentation, rapid gravity sand filtration may be an al-
ternate method for removing MPs [31]. Usually, rough sand particles are employed in
this method as the filtration medium, but silica and broken glass are appropriate alterna-
tives [32]. The exclusion performance of silica-based rapid sand filters (RSFs) fluctuates
from 86% to 98% based on the MP’s form and the filter’s dimensions [31].

Another intriguing technique is the use of dynamic membranes (DMs), which rely on
the formation of a cake-like secondary supporting membrane or barrier. When wastewater
is filtered via an aiding membrane, DMs are produced as a result of the particles and
other foulants. A reduction in membrane performance, however, may occur as a result of
extensive fouling [33]. According to Poerio et al. (2019), DMs are the most effective way
to remove low-density microparticles [33]. According to Sol et al. (2020), the foremost
drawback of this technology is obstruction of the filter, brought on by cake development,
massive energy consumption, fouling of membrane, and/or management of waste [34,35].
Currently, the most effective technology for MP cleanup is MBR. It is a heterological assem-
bly made up of a mutual combination of biological and physical remediation strategies
involving the biological catalytic action as well as the physical separation utilizing micro-
ranged filtration or ultrafiltration. It becomes easier to separate MPs by filtration because
of the breakdown of organic matter in the heterogeneous system. The MPs are then concen-
trated in the resultant retained stream [33]. MBR proved successful in eliminating 99.4% of
MPs and minute anthropogenic litter from wastewater [36]. Nevertheless, this process is
expensive, energy-intensive, and suffers from membrane fouling problems [34]. In addi-
tion to straightforward sand filters, biochar was shown to be a filter type that effectively
removes MPs. By adsorbing, trapping, and entangling MPs on their surface, the biochar
functions as a filter that separates MPs [37]. MPs are retained in charcoal filters because
of the large size of pores. MPs are physically adsorbed between the biochar particles. For
the elimination of bigger MPs, non-activated biochar is also taken into consideration. MPs
can be removed from wastewater using biochar at a lower cost; however, the methods
by which MPs are removed needs to be understood in greater detail [38]. In numerous
studies, biochar was produced for removal of MPs using a variety of materials, including
hardwood, corn, spruce bark, pine, etc., either alone or in conjunction with the pyrolysis
process [37,38]. Additionally, it was reported that most biochar filters have shown to be
successful at removing MPs in a variety of settings. Pine and spruce bark biochar-based
adsorbents have demonstrated efficacy in eliminating MPs.
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Table 2. Physical method of microplastics removal.

Sr No. Method Basic Used Targeted MPs Efficacy (%) Reference

MPs polymer types Size (µm)

1.
Colloidal

coagulative gas
aprons

Adsorption

Unsurfaced-coated
polystyrene and

Carboxyl-modified
poly-(methyl
methacrylate)

5 94 [39]

2.

Zirconium
metal-organic

structure-derived
foams

Filtration Varied MPs (nearly
all types) - 96–1.3 [40]

3. Graphene oxide
and Chitin sponges Adsorption

carboxylate-
modified polystyrene

Polystyrene, and
polystyrene modified

with amine

-

90%, for neat
polystyrene, 72.3%

for carboxylate-based
polystyrene and 89%

for amine-
functionalized

polystyrene

[41]

4. Dissolved air
flotation

Both hydrophilic
and hydrophobic

contact and charge

Polyethylene, Nylon
66/PA66,

Polyethylene
terephthalate

- 32–38 [42]

5. Disc filter Based on Retention varied MPs >20 40–98.3 [30]

6.
Ionic Liquid Phases
based on Magnetic
Polyoxometalate

Adsorption Polystyrene 1–10 90 [43]

7.

Biochar-derived
adsorbents (biochar

of spruce bark
and pine)

Adsorption Varied MPs -

100% (Polyethylene
units) and virtually
100% fleece-based

fibers

[38]

8. Filters consisting
of Biochar

Adsorption and
filtration

Microbeads of
Polystyrene 10 above 95% [37]

9. Bio-based filter Gravitational filter Varied MPs >100 79–89% [44]

10.
Magnetized
nanotubes
of carbon

Adsorption Varied MPs - 100% [45]

11. Electrocoagulation Flocculation and
settling

Microbeads of
Polyethylene 300–355 90–100% [46]

2.2. Chemical Technologies

Chemical remediation technologies (Table 3) use a ligand-exchange-mediated uptake-
complexation system to bind tiny fragments by employing synthetic materials such as
aluminum and iron-based salts and added coagulants. As this results in the formation of
substantial associations between the particles, larger contaminated particles are easier to
separate [47]. Wastewater treatment technologies include oxidative ditch and traditional
activated sludge methods. A modified form of activated sludge known as an oxidative
ditch breaks down plastic via a protracted solid retention period; 97% of MPs are reportedly
removed by oxidation ditches [48]. MPs can be made of a wide diversity of polymers with
various characteristics and exterior chemistries [37]. Finding an appropriate flocculant is
difficult because different functional groups have a significant impact on how flocculants
interact with microplastics [49]. The majority of flocculants currently in use depend on
either iron or aluminum, which restricts their applicability [49]. Although polyelectrolyte-
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based flocculants are more pliable, their water solubility makes them potentially hazardous
to aquatic life and habitats [50]. Herbort et al. developed an innovative technique using
organosilanes to overcome this problem [51–53]. One organic group and three reactive
groups combine to generate the monomeric silicone-based compounds known as organosi-
lanes. In the initial stage of fixation, the collaboration between the microplastic’s surface
and the organic group causes the organosilanes to adhere to the surface and clump the
MPs into agglomerates [52]. A solid hybrid silica gel is designed by the combination of
three reactive groups in the second step of fixation. The water-induced sol-gel process is
chemically driven by silica gel to fix the microplastics. The reactive groups are hydrolyzed
into extremely reactive silanols during this sol-gel method, which then condenses and
produces siloxane linkages. (Figure 4a) [54,55]. Inadequate microplastic removal efficiency
was found in several investigations [30].
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Figure 4. Some Methods of Remediation of Microplastics; (a) Agglomeration-fixation Process: Using
organosilanes to filter out microplastics from water. Organosilanes adhere to the microplastic’s
surface and form bulky agglomerates and fix it via chemical means by forming silica through a sol-gel
process in the presence of water; (b) Schematic representation of bioremediation of microplastics
using biofilms; (c) MPs remediation through nanotechnology.
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The novel organosilane-based technique, which combines a physical agglomeration
process with a chemical fixing step brought on by water, results in strong particle devel-
opment and stable agglomerates [52,53]. As a result, the organic groups can be adjusted
to suit various surface chemistries and types of polymer. By altering reactive groups and
organic groups, the reactivity of the organosilanes can be tailored to various water compo-
sitions [53,54]. This relatively new and understudied method has tremendous potential
for use in the treatment of water and the removal of microplastics due to the enormous
diversity and adaptability of organosilanes.

Currently, tap water on a pilot plant scale and demineralized water have both been
utilized in laboratory testing to remove microplastics made of polyethylene and polypropy-
lene [53,54]. Water compositions are examined for their effects on the removal process to
examine the transferability to progressions in seawater and wastewater [56]. Dissolved ions,
organic debris, and surfactant compounds can all have an impact on the sol-gel process
and, consequently, the exclusion method.

Table 3. Chemical method of microplastics removal.

Method Based on Targeted MPs Efficacy (%) References

MPs polymer types Particle Size (µm)

Coagulation along with
sedimentation Coagulation/settling All >10 >99 [37]

Coagulant of alum and
alum along with sand
coated with cationic

polyamine

Coagulation with
flocculation Polyethylene-based 10–100 70–92.7 [57]

Coagulation/flocculation
with polyamine-modified

chemicals, iron,
aluminum

Coagulation with
flocculation Polystyrene spheres 1 and 6.3

1micron
particles

removed with
95% efficacy

and 6.3 micron
with 76%
efficacy

[58]

Activated carbon
granules Filtration Nearly all types 1–5 57–61% [37,51]

Inorganic-organic
composite gels of silica Interaction

Polyethylene,
polypropylene,
Polyethylene
terephthalate

- -

Ozone Degradation via
chemical means All types - 90 [29]

Agglomeration caused by
alkoxy-silylation Agglomeration Polyethylene,

polypropylene

Not dependent
on dimension,

kind and
quantity

- [53]

Impact of branched and
linear alkyl

trichlorosilane

Adsorption +
agglomeration +

filtration

polyethylene, (both
High-density and low

density) and
Polypropylene-derived

MPs

1–1000 97.8 [54]

Photocatalysis

Heterogeneous
photocatalysis

induced via visible
light and triggered

by nanorods of
zinc oxide

Polyethylene
(Low-density) - 30 [59]
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Table 3. Cont.

Method Based on Targeted MPs Efficacy (%) References

Photocatalysis

Protein-based
porous N-TiO2
semiconductor

resulting in green
photocatalysis
degradation

Polyethylene (high
density) - - [60]

Coagulation/flocculation
by salts of aluminum

and iron

Coagulation with
flocculation Polyethylene - - [49]

Coagulation/flocculation
using polyamine, iron,
and aluminum-derived

compounds

Coagulation with
flocculation Polystyrene beads 1 and 6.3

95.2% for 1 µm
MPs; 75.5% for

6.3 µm MPs
[58]

2.3. Biological Technologies
2.3.1. Bioremediation Strategies to Mitigate Microplastic Pollution
Microbial Enzymes-Mediated Bioremediation

Microbial enzyme technology could be effectively used to achieve circularity for plastic
waste. Microbes are the best candidates for minimizing environmental plastic waste be-
cause they can manufacture enzymes for consuming plastic as their energy source (Table 4).
Only seven of the twelve different microbial phyla are known to contain suspected micro-
bial plastic degraders [61]. This suggests that there is considerable untapped potential for
the detection of enzymes that can achieve fragmentation of plastics in the bacterial and
fungal phyla. It has already been established that several microbial enzymes, including
laccases, hydrolases, lipases, and peroxidases, break down synthetic plastics. Though
there is less research on the differences between bacterial and fungal enzymes, their vari-
ous physiologies are likely going to have a different effect on how rapidly plastic breaks
down [62]. Most enzymes of fungal origin have integrated enzymatic machinery for de-
polymerizing and mineralizing plastic according to related studies [63,64]. As microbially
originated enzymes are more stable when compared to their animal and plant counterparts,
the idea of leveraging microorganisms as a way to obtain beneficial enzymes for degrading
plastic is becoming more and more popular. A well-known example of a bacterial strain
that can break down polyethylene terephthalate (PET) is Ideonella sakaiensis 201-F6. More
than 50 million tonnes of PET, the most produced synthetic polymer, is manufactured
annually on a global scale [65]. IsPETase and IsMHETase, two serine hydrolases that
resemble cutinases, were generated by strain 201-F6 [66]. PET decomposition occurs in
two stages. In the preliminary step, an IsPETase induces a nick in the PET polymer chain
that generates hydroxyethyl (HE)-terminal and terephthalic acid (TPA) PET chains. From
the two PET chains with those termini, bis- and mono-(2-hydroxyethyl) terephthalic acid
(BHET) and MHET, respectively, are later synthesized [67]. The subsequent digestion of
these substances resulted in the production of terephthalic acid (TPA) and ethylene glycol
(EG) [67–69]. EG and TPA are transformed into water and carbon dioxide, respectively,
through assimilation and mineralization [66,70]. Nonetheless, IsPETase has undergone
structural modifications, utilizing a variety of biotechnological methods, due to its out-
standing enzymatic activity against PET. Several cutinases have also been shown to break
down PET. Cutinases have been found in bacteria such as Thermobifida fusca and fungi
such as Fusarium solani pisi [71,72]. Both groups’ cutinases are a member of the ß-hydrolase
superfamily and have analogous spatial arrangements. Despite certain similarities, there is
no sequence homology between bacterial and fungal cutinases. Cutinase subfamilies that
are prokaryotic and eukaryotic can thus be categorized [73]. Using microbial pre-treatment,
it has been observed that T. fusca cutinase (Tfc) improves PET breakdown.
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Thermobifida and Thermomonospora genera have been recognized as PET degraders [74–76].
The catalytic triad, consisting of MHETase, tannase, and PET hydrolase, can efficiently
break down PET [77,78]. Structural research reveals that these enzymes have disulfide links
and/or folds that provide them temperature stability. The cutinases that break down PET
have been investigated in the fungal phyla Humicola and Fusarium. The bioinformatics-
based study examined the function of PET hydrolases in degradation [79]. Metagenomic-
based research revealed the presence of nearly 800 or more PET hydrolases in the strains of
archaea and bacteria from terrestrial and marine environments. Pseudomonas pelagia cutinase
is involved in the degradation of polyester [80]. P. pertucinogena can also be used to clean
polyesters [81]. Polylactic acid, polycaprolactone, and bis(benzoyloxyethyl)-terephthalate
can all be hydrolyzed by the genome-based esterases MGS0156 and GEN0105 [77]. The 3D
structure of MGS0156 revealed the modified/hydrolase fold with a hydrophobic active
domain and a lid site. TfH is the principal enzyme investigated from Thermobifida fusca for
the breakdown of PET. PmC, PsC (Pseudomonas mendocina, Fusarium solani), HiC (Humicola
insolens), Cut190 (Saccharomonospora viridis), LC-cutinase (having compost metagenome
origin), lsPETase (Ideonell asakaiensis), and Tfcut2 (Thermobifida fusca) are all PET degrad-
ing enzymes [82–85]. Further testing of the prospective strains that could secrete the
enzymes that degrade PET could contribute to their effective elimination on a global scale.
Polyurethane (PU), which is created through the condensation of polyisocyanates and
polyols, is coupled to urethane linkages [77]. In 1968, fungi were discovered to be the key
contributive aspect in the degrading of polyurethane [86].

Innovative Biotechnological Methods to Augment Enzyme Activities against Microplastics

New approaches must be devised to overcome any putative restrictions of microbial
enzymes in the MPs bioremediation process. Recent studies have demonstrated that biotech-
nological techniques strengthen the stability and structure of enzymes. The structural-based
modeling method frequently used in protein engineering produces enzyme variations with
increased enzyme performance and thermal-stable characteristics. Son et al. developed
an IsPETaseS121E/D186H/S242T/N246D strain with increased thermostability and sub-
strate binding efficiency [87,88]. The hydrolyzing action of mutant T. fusca thermally stable
cutinase (TfCut2) displayed in the E. coli model was 12.7 times superior when compared
to wild-type TfCut2 [89]. Thus, the growth of an improved and efficient microbial strain
via site-directed mutagenesis may better facilitate MP bioremediation. Substantial biotech-
nological research is underway to produce biofuels from microalgae. In addition, several
studies have noted the microalgae’s potential for bioremediation. Numerous functional
expression investigations on a diatom and a green alga were conducted [80–91]. A study
by Mohanan et al. unveiled that intracellular lipases can be cloned and expressed [92].
These lipases efficiently broke down polymers with short and medium chains, pointing
to a workable bioremediation strategy for the biodegradation of microplastics. Other
cutting-edge methods, such as enzyme immobilization and nanotechnology, have started
to garner interest for potential imminent applications to eliminate MPs. A possible strategy
for reducing microplastic was revealed by PETase’s site-directed immobilization process on
magnetic nanoparticles [93]. It is worthwhile to carefully examine the cooperative behav-
iors of microbial associations and the enzymatic output of different microbial networks.
Because microorganisms have seemingly limitless potential and are constantly adapting to
their surroundings, it is anticipated that additional study in this field will rapidly unveil
practical methods for biodegradation to be used at a larger scale.
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Table 4. Microbial enzyme-mediated bioremediation.

Sr No. Strain Source/Type of
Sample

Recognized
Enzyme

Molecular Mass
(kDa)

Mps Polymer
Types

Dimension
(µm) Ref.

1. Bacillus subtilis Soil Polyurethanase 28 Impranil (PU) 0.002 [94]

2.
Pseudomonas
aestusnigri
VGXO14

marine sand
polluted with

Crude oil
Hydrolase 32 Impranil

(PE-PU) 0.1 [81]

3. Thielavia terrestris
CAU709 Soil Cutinase

TtcutA 25.3 PET in film
form 5 [95]

4. Synechococcus sp.
PCC 7002 Culture Esterase

Hydrolase - Nanosphere of
PE 0.0002–0.0099 [96]

5. Thermobifida fusca
KW3 (DSM 6013) Culture Hydrolase

TfCut2 - nanoparticles
of PET 0.1–0.16 [97]

6. Ideonella
sakaiensis 201-F6

recycling site of
PET bottle PETase 24 film of PET 6 [66]

7. Aspergillus flavus
PEDX3– Wax moth gut

multicopper
oxidases

(similar to
laccases)

- LDPE <0.2 [27]

8.
Amycolatopsis
orientalis ssp.

orientalis
Culture

PLAase III 18 microfilm and
powder of PLA 0.3–0.5 [98]PLAase II 19.4

PLAase I 24

9. Humicola insolens

Novozym©
51,032 (a

commercial
product)

Cutinase 32 Particles of
PET 5 [68]

PU: Polyurethrane; PE: Polyethylene; PET: Polyethylene terephthalate; PLA: Poly lactic acid; LDPE: Low Density
Polyethene.

2.3.2. Biofilms-Mediated MPs Remediation

Microorganisms swiftly colonize the microplastic surface to form a persistent biofilm
when they are introduced into an aquatic environment [99]. Certain bacteria in biofilms can
break down organic contaminants along with facilitating the adherence of pollutants by
microplastics [100]. However, more notably, the collaboration of microplastics with biofilms
may change the chemical and physical characteristics of the polymer surface, resulting
in the biological degradation of the microplastics. Table 5 depicts the biofilm-forming
microbes for MPs biodegradation. Early investigations into biofilms and microplastics
concentrated on the sorption of heavy metals onto plastic surfaces, the connection between
biofilms and toxins, and the effects of biofilm establishment on the microplastics [101]. Sci-
entists have recently begun to investigate how biofilms affect the environmentally friendly
biodegradation of microplastics. Rhodococcus ruber was shown to colonize and produce
biofilms on polyethylene (PE) surfaces [102]. According to Hadad et al. (2005), the typical
molecular mass of the PE samples was diminished to 14% and 21%, respectively [102]. Thus,
investigation as to whether the progress of biofilms could modify the physicochemical
features of the MPs began [103]. In an environment with a substantial quantity of methane
gas, significant surface degradation of microplastics treated with biofilms has also been
seen; this can endorse the surge in bacterial aggregation [104]. Water and carbon dioxide
are the sole remaining byproducts of microplastic breakdown, which have no detrimen-
tal influence on the environment [104]. Significant surface degradation of microplastics
treated with biofilms has also been seen in an environment with high amounts of methane
gas, which may encourage the formation of bacterial aggregation [104]. In the natural
environment, biofilms are both widely dispersed and accessible [104], [39]. The ecological
threat posed by microplastics in the environment has also been projected by scientists to be
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amplified by biofilms, which operate as transporters and may boost the adsorption of MPs
to contaminants in the ecosystem [42,105,106]. When glucose is used as an external carbon
source, microplastics are found to degrade more quickly than natural biofilms [107]. Other
studies, on the other hand, have hypothesized that biofilms can encourage the adsorption
of MPs to environmental contaminants, acting as carriers and escalating the ecological
danger of MPs in the ecosystem [42,105,106]. According to one study, as soon as microplas-
tics are added to an aqueous environment, bacteria quickly colonize their surfaces and
produce biofilms that encourage the adsorption of the microplastics to contaminants in
the environment [40]. However, if the biofilm is grown and established beforehand under
artificial circumstances before being treated with microplastics, the problem can be largely
eliminated. Implementing the technology of biofilm deterioration of MPs to the in-situ
cleanup of microplastics in freshwater sources or integrating it into the source treatment
of microplastics can also adsorb the additional environmental contaminants along with
degrading microplastics in the aqueous environment. As to how adsorbed contaminants
should be properly addressed, more study is required. Strategies to effectively deal with ad-
sorbed pollutants also require further research. Breaking down microplastics with biofilms
could be a relatively sustainable development strategy [104,107]. Today, there are two
primary categories of biofilm cultivation techniques: laboratory cultivation and in situ culti-
vation. In situ, cultures are typically employed to examine how microplastics behave in the
environment after adhering to biofilms. In several studies on environmental behavior and
for the evaluation of wastewater treatment systems for microplastic biofilm disintegration,
laboratory cultures have been used. Biofilms can be produced artificially using natural
water sources by extracting epiphytes and transferring them to a lab. Microplastics were
added after biofilms or cultures had developed, and the degradation of the microplastics
was examined [104]. However, the flora of the biofilm might not be identical to that of
the in situ culture. A laboratory culture can significantly curtail the culture period and
incorporate external variables in order to regulate the quantity and ability of biofilm growth
to mitigate MP pollution. Laboratory cultivation is the name given to this procedure. To
regulate the speed and accuracy of biofilm development in a laboratory setting, external
stimuli can be added, but the culture period can be significantly cut. However, the flora
of the biofilm may not be identical to that of the in situ culture. Diverse aspects affecting
the biofilm development on microplastic surfaces include the type of plastic polymers and
their physicochemical properties: pH, Salinity, temperature, and ultraviolet radiation [104].
An earlier study found that a maximum deterioration of 20% could occur. The main rea-
son for this is that microorganisms take some time to change the inherent properties of
microplastics, which include high molecular weight, structural stability, vast surface area,
and hydrophobicity. Moreover, there are several phases involved in the biodegradation
of microplastics, none of which can take place at the same time. Microplastics deteriorate
through changing the hydrophobicity and roughness of their surfaces. The degradation
of microplastic biofilms begins with this process, which is followed by further steps. Or-
ganisms physically breakdown plastics during the ensuing extremely slow biodegradation
phase by cutting, grinding, or assimilating the waste [39]. Therefore, the full deterioration
process takes a long time. Another aspect that, to some extent, additionally influences the
degradation of such materials is the pace and nature of biofilm growth on the surfaces
of microplastics. In conclusion, while employing biofilms to degrade microplastics is a
possible strategy, the level of degradation is currently insufficient.
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Table 5. Microorganisms involved in biodegradation of microplastics in various literature.

Sr No. Microorganism Name Microorganism
Category MPs Polymer Types Efficacy (%) References

1. Rhodococcus ruber Bacteria PE 8 [108]
2. Zalerion maritimum Fungus PE 43 [109]
3. Acinetobacter gerneri Bacteria Impranil DLN _ [110]
4. Bacillus muralis Bacteria PET _ [111]
5. Aspergillus sp. S45 Fungus Polyester PUR film 15–20 [112]

6. Penicillium sp. Fungus polyester/polyether film;
Impranil DLN 8.9 [113]

7. Bacillus subtilis Bacteria PE 9.26 [114]

8. Pleurotus sajor caju PVC film;
Poliporus versicolor Fungus PVC film _ [115]

9. Mycobacterium sp. NK0301 Bacteria PVC film (Plasticized) _ [116]

10.

Paenibacillus urinalis NA26;
Microbacterium sp. NA23;

Pseudomonas aeruginosa NB26;
Bacillus sp. NB6

Bacteria PS-based film _ [117]

11. Rhodococcus sp. Strain 36; Bacillus
sp. Strain 27 Bacteria PP MPs 4–6.4 [118]

12. Stenotrophomonas panacihumi Bacteria PP film _ [119]
13. Sphingobium, Novosphingobium Bacteria PS _ [120]

14.

Proteobacteria,
Deinococcus-Thermus,
Gammaproteobacteria,

Alphaproteobacteria, Cyanobacteria

Bacteria PE _ [104,107]

PE: Polyethylene PP: Polypropylene; PS: Polystyrene: PET: Polyethylene terephthalate; PVC: Poly vinyl chloride.

Microplastics are degraded by biofilm microorganisms because macro-polymers can-
not be used by these organisms directly. Several extracellular oxidases and hydrolases
break down the macromolecular polymers into oligomers and monomers once microplas-
tics have entered the biofilm, followed by the bacteria picking up and start converting
these short-chain polymers [39]. Finally, microplastics can mineralize in the presence of
bacteria and create water and carbon dioxide. To eliminate microplastics, the biofilm
approach normally requires four steps (Figure 4b). Prokaryotes, fungi, and bacteria first
congregate on the surface of microplastics and modify them. The subsequent phase of
microbial degradation entails the disintegration of microplastic additives and monomers.
Following this, biologically induced enzymes or free radicals attack microplastics and
their additives, eroding them and resulting in mechanical instability. In the fourth stage,
microorganisms destroy microplastics as an effect of microbial filament disintegration and
water penetrating the polymer matrix [121]. The key stage of degradation is thought to be
the second step. Plastic products typically have a variety of additives added to them in
order to enhance or modify their mechanical and chemical performance. These additives
are left behind when plastic trash is transformed into microplastics, and their presence
significantly slows down the breakdown of microplastics. The microplastics cannot be
destroyed until the additives have been leached from their interiors during the ensuing
degradation process. Microorganisms can break down polymer additives to promote the
establishment of biofilms and the preliminary adherence of bacteria to the external surface
of the particles [121]. In this procedure, the creation of biofilms is encouraged, which aids
the biofilms in breaking down the microplastics as well as the additives. By identifying and
cultivating microbes that have a significant impact on that process and then utilizing them
to obtain the optimum results, the complexity of microplastic breakdown can be decreased.
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2.3.3. Membrane Bioreactor

At both real and pilot scales, various technologies have been researched to remove
microplastics from sewage from industrial and municipal sources [106]. A reliable method
for removing microplastics from wastewater in actual wastewater treatment facilities or
on a modest scale is the membrane bioreactor (MBR) [30]. Many studies revealed that the
MBR process had an efficacy of removing between 64.4 and 99.9% of particles [30,122].
Membrane bioreactors, in contrast to conventional activated sludge procedures, combine
the biologically activated sludge process and membrane separation to more effectively
remove microcontaminants in industrial and municipal wastewater treatment plants [123].
Baresel et al. investigated the exclusion of several types of micro-contaminants involving
microplastics and organic compounds using a membrane bioreactor and a granulated
active carbon-based biofilter with a hydraulic retention period of 10 h [123]. A biological
reactor was followed by an ultrafiltration system.

2.3.4. Nanobioremediation: Bionanomaterials-Based MP Degradation

Plastics may not entirely decay for more than 500 years [124]. The use of nano-
bioremediation technologies could drastically shorten this time. Although bioremediation
technology is environmentally favorable due to its low mechanical and chemical stability,
it is less effective and takes more time [125]. The remediation process could be accelerated
by integrating nanotechnology with bioremediation while posing no risk to supplementary
biological arrangements [126]. Owing to the enhanced activity of nanoparticles and the
ability for in-situ action, tailored nanomaterials have the potential to be more efficient and
less expensive than current methods [127]. Nanomaterials can function as membrane filters,
flocculants, catalysts, or adsorbents (Figure 4c). An adsorbent, for instance, can adsorb
MPs in water. Adsorption, an exothermic mass transfer process, involves the physical
or chemical attachment of a molecule to a firm solid surface via the interface of liquid
and gas. MPs can be removed from water using membrane filters, whereas MP break-
down is accelerated by catalysts. The aggregation of colloidal particles is facilitated by
flocculants [128]. The water system’s resulting floc facilitates filter separation. Activated
carbon is the most often implemented solid adsorbent in both commercial and house-
hold water filtration because of its high porosity and sizable surface area [129]. However,
considering the vast expense, this method is largely ineffective. Due to their efficiency
and low cost, several carbon allotropes and functionalized carbon nanomaterials are now
employed [130]. Nano-scaled green semiconductors are extremely effective at removing
MPs from wastewater when employed as photocatalytic agents. Nanomaterials are of
significant interest for photocatalysis, owing to their substantial surface-to-volume ratio, a
feature that allows more impurity oxidation than the average bulk material and results in
improved catalytic activity [131]. Here, a sequence of photooxidation and photoreduction
events brought on by the transfer of electrons to the adsorbed molecule is what causes
the MPs to degrade [132]. It has been asserted that, compared to spherical nanoparticles,
hexagonal nanorods have a larger surface area. Being crystalline, nanorods are powerful
and useful [131,133]. In the past, the most common flocculants were inorganic compounds
such as aluminum sulphate and ferric chloride. These compounds can produce a lot of
sludge in the environment and are sensitive to pH fluctuations. Nonetheless, the sludge’s
metal ions may move into the groundwater and cause significant problems. Recently, there
has been significant interest in polymer flocculants as a potential substitute for inorganic
flocculants (flocs) due to their capacity to produce enormous, coherent aggregates. Be-
cause the produced flocs have a large surface area (sorption capacity), low-temperature
slow-settling aggregates respond well to flocculants. Although synthetic polymers are
very effective, they are not biodegradable, poorly soluble, and challenging to recycle from
post-process waste. They may therefore stress the ecosystem. The magnitude of the random
coils or the radius of gyration, which is the favored configuration in solution, determines
how much biopolymers or other natural polymers flocculate [134,135]. They are simply
stable and inoperable at low dosages, but they can be easily functionalized to boost their
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effectiveness [135]. The addition of nanoscale components can significantly improve the
functionality of biopolymers. Due to its simplicity of use, improved performance, lower
energy cost, and longer service life, nano-bioremediation is particularly advantageous and
effective at the laboratory level [136]. Table 6 lists the effectiveness of numerous bionano-
materials for remediating MPs. A non-woven cellulose fabric served as the foundation for
the water filtration membrane created by Jalvo et al. [136]. The hydrophilicity, elasticity
modulus, and tensile strength of the fabric were all greatly improved by the nanocrystal
or nanofiber coating. Additionally, it increased the negative (positive) surface charge for
cellulose-based (chitin-based) transformations [136]. Compared to other commercially
available membranes, electrospun lignin-zeolite composite nanofiber membranes exhibit
better flux and penetration rates. The mechanical properties of the nanocomposite are addi-
tionally enhanced by uniformly dispersed zeolite nanoparticles and post-treatment heating.
The tensile strength and modulus were dramatically increased by the addition of 1 wt%
zeolite nanoparticles. This bionanomaterial was successful in pre-filtering a variety of
MPs [137]. Girbic et al. created the separation method known as magnetic extraction [138].
To aid magnetic recovery, they created hydrophobic Fe nanoparticles that adhere to plastic.
Up to 92% to 93% of the MPs in seawater, 84% of the MPs in freshwater, and 78% of the MPs
in sediments could be recovered using these nanoparticles [138]. Recently, a hydrophobic
magnetite nanoparticle was created using an aerial component of the Anthemis pseudocotula
plant extract. These nanoparticles can achieve comparable benefits with less harm to the
ecosystem [139]. In a related study, a solution of glucose and Fe3O4 was swiftly and readily
converted into an extremely porous and evenly dispersed carbon-Fe3O4 composite using
a one-pot microwave synthesis process. This composite assisted as an absorbent, and an
external magnet was effectively used to remove the MPs that adhered to its surface from the
water [140]. As a special natural bio-flocculant, lysozyme amyloid fibrils were used. The
flocculant has been referred to as a nanomaterial due to its tiny dimension. Considering a
remarkable turbidity removal efficacy of 98.2% for dispersed polystyrene MP and 97.9% for
humic acid, this flocculant displays a positively charged surface over an extensive pH range.
According to Wang et al., a new photocatalytic Au-Ni-TiO2 micromotor-based passive par-
ticle removal technique has been revealed [141]. The micromotor (30 nm) was made from
TiO2 particles (700 nm) coated with gold and nickel (10 nm). They suggested two methods
for removing MPs. Individual micromotors removed material via phoretic interactions,
whereas chained assemblies moved objects by pushing or shoveling. The latter technique
is advantageous for MP removal in real-world settings since it operates effectively without
the need for water or fuel in the diluted peroxide solution. They demonstrated that matter
could be removed by light-driven micromotors using arrays of materials and shapes [141].
Figure 4c illustrates how nanotechnology is used to remediate MPs. It has recently been
reported to produce plant-based, hydrophobic magnetic nanoparticles utilizing an aerial
portion of the Anthemis pseudocotula plant. These nanoparticles can yield similar outcomes
with lesser environmental damage [142]. Controlling the nanomaterial size, which is crucial
for photocatalysis, is the main challenge in green synthesis. Advances in green technology
will soon be made as a result of the extensive study on green synthesis techniques.
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Table 6. Classification of bionanomaterials according to their functions and basic mechanism involved
in MPs.

Sr No. Nanomaterials
Functionality Action Mechanism Nanomaterials Used in MPs Remediation

1. Adsorbent

MPs and nano-adsorbent interact to
cause adsorption to occur. Hydrophobic,

electrostatic, hydrogen-bond, electron
conjugate, π-π electron interaction, and

complexation are some possible forms of
this relationship

composite membranes made of nanofibers of
lignin and zeolite [137]

Fe nanoparticles (Hydrophobic in nature) [138]
Magnetized biochar functionalized with

Magnesium and Zinc [37]
Carbon-based magnetic nanotubes [45]

C@Fe3O4 composite [140]

2. Filter membrane
MPs can be successfully separated from

the effluent using nano filters using
nanoscale sieves

Cellulose nanocrystals impregnated non-woven
[136]

TEMPO-oxidized cellulose nanofibers
impregnated with unwoven cellulosic fibre
chitin nanocrystals permeated Non-woven

cellulose fabric [136]

3. Flocculant

Charge neutralization is the basis for this
technique. The positively charged

flocculant balances out the MPs negative
charge, causing flocs to form. By using

filtering or sedimentation, these flocs can
be split

Lysozyme amyloid fibrils [143]

4. Catalyst/Photocatalyst
When exposed to UV radiation, they

form reactive species, which lead to the
destruction of MP

Micromotor based on Au@Ni@TiO2 [141]

3. Circular Economy Solution to Plastic Waste and Challenges in Its Implementation

The classic linear, make, use, and discard economy paradigm is opposed by the circular
economy. According to Barra et al. [14], the circular strives to conserve resources for as long
as possible, make the most of them while they are being utilized, and recuperate and revive
goods and constituents at the termination of their productive lifespans. The circular econ-
omy encourages a manufacture and consumption pattern that is uplifting and reformative
by design. The circular economy is viewed as central to reducing plastic pollution [144,145].
The sustainable design of plastic goods, strengthening of regulations that govern the pro-
duction, recycling, and use of alternate resources, as well as the intentional inclusion of
microplastics in products, the development and research of biodegradable plastics and
bioplastics, and the improvement of wastewater treatment facilities are all important tools
for reducing microplastic contamination and promoting the circular economy [13,144–146].
The goals of the circular economy, with examples of how these objectives could be reached
by modern science and technical innovation, were outlined as follows:

3.1. Plastic Production from Alternate Feedstocks

Alternative feedstocks include naturally occurring biopolymers, sewage sludge, and
food items. Bio-based materials include cellulose, oils, and starches [147,148]. It is possible
to manufacture some polymers utilizing harmless and biodegradable materials [149]. Ad-
ditionally, environmentally suitable alternatives for the flame retardants that are added to
plastics have been discovered, which may eliminate the need for some hazardous chemicals
in the production of plastics [150].

3.2. Use of Plastic Waste as a Resource

A few examples of the collection and retrieval of plastic trash for re-manufacturing
into novel high-value products include the constructing of roads, the manufacturing of bio-
bricks and biocomposites for a multitude of industrial uses, the building of furniture, as well
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as the production of clothing and footwear [151,152]. Despite significant challenges, plastic
waste has also been converted into liquid fuel and implemented as fuel in a waste-to-energy
cycle [153]. Chemical recycling can be used to recover the petrochemical components of
plastic polymers and turn them into new plastics, and recycling techniques, including
re-fabrication, chemical recycling, and organic recycling, can turn them into new products.
For instance, Zhu et al. have successfully created chemically recyclable and reusable
plastics with indefinite reusage [154]. Studies have also revealed the potential for biobased
recycling of waste plastics, as polyethylene plastic, which accounts for a sizeable portion of
manufactured plastics worldwide, may be destroyed by bacteria and caterpillars [66].

3.3. Redesign Plastics Manufacturing Processes and Products

This could be potentially attained by implementing approaches such as greener pro-
duction, discontinuing single-use plastic, as well as fabricating products with extended
use [155]. For instance, eliminating microplastics from toothpaste and shampoo, developing
tyres and clothing to have less wear and tear, and so forth. Another redesign tactic might be
to offer cleaning of particular maintenance products in bulk with refillable plastic ampules
to get rid of single-use bottles. This style has already been used in products including
replenish bottles, petainer packaging, and splosh [156]. As an alternative to single-use
bottles, the usage of refillable and returnable reusable drinking bottles, can reduce material
costs and greenhouse gas emissions [157].

3.4. Collaboration between Companies and Customers

Collaboration between companies and customers must be increased in order to raise
knowledge of the beneficial effects of reducing the use of unneeded plastics and throw-
away culture, stimulating recycling, and boosting the value of plastic products. Harnessing
waste products from one business as a source of raw materials for another is one way to do
this (industrial symbiosis) [153,158]. The advantages to the environment and climate from
recycling plastic waste through industrial symbiosis have been underlined in numerous
analyses [159]. By augmenting garbage collection systems and developing successful take-
back initiatives, households may participate in the symbiosis process [25]. Another option
for reusing plastic waste is to support supportable corporate depictions that view items
as amenities and promote the allocation and leasing of plastic goods. Providing reliable
information platforms that trace the flow of plastic resources into the economy, giving data
on the composition of plastic products, fostering cross-value chain communication, knowl-
edge sharing, and building on existing international institutional networks’ experiences are
all viable strategies.

3.5. Circular Economy Roadblocks in the Plastic Sector

There are multiple obstacles to the attainment of a circular economy in the plastics
industry. First, it is expensive to alter the currently in-use linear plastics production infras-
tructure. Second, hazards and large upfront investment costs when switching to the circular
model must be considered. Third, complicated global supply systems for production and
consumption are required. Fourth, there is a lack of support for small and medium-sized
firms when expanding circular models. Moreover, there are difficulties in business-to-
business collaboration, such as transaction costs and product makers’ resistance to change,
which may be the result of ignorance. Because incentives favor the linear production and
use paradigm, circular products are not competitive. Furthermore, key legislation hardly
ever considers plastics, there exist unfavorable restrictions and a lack of standards, and
there is insufficient data monitoring and reporting, particularly in underdeveloped nations.
All these factors contribute to lack of consumer interest or knowledge, as well as resistance
to accepting recycled goods.

Thus, the circular economy model will need to become more competitive and a
demand-pull for circular plastic products would need to be created to overcome these
challenges. It will also be required to collaborate with the business community to promote
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change and with the general public to encourage societal changes and increase demand
for circular products. Therefore, it is crucial to stop unnecessary plastic production, use,
and disposal [14]. This can be accomplished in many ways, such as removing excessive
plastic packaging from products, discontinuing the needless usage of micro-sized plastics
in personal care items, and encouraging the practice of recyclable and regenerative plastic
substitutes, such as wooden cutlery in place of single-use plastic cutlery and cellulose-based
materials in place of plastic packaging and bags [13].

Consumers should be made aware of products that include microplastics, and sus-
tainable and environmentally friendly alternatives should be pushed. This has been
demonstrated by initiatives undertaken by large cosmetic companies to quit using mi-
crobeads by emailing consumers with non-plastic substitute goods consisting of walnut
husks, oatmeal, granulated sugar, nanomaterials such as bacterial cellulose, or other waste
lignocellulosic material [160]. Additionally, the strength, stiffness, fatigue life, and further
anticipated aspects of bituminous mixes can be greatly improved by the inclusion of waste
plastic in miniature quantities (approximately 5–10% by weight of bitumen), leading to an
improvement in the performance and lifetime of pavements [161]. The removal of plastics
from the environment would be made possible by effective oversight, recycling, and an
environmentally sound disposal technique.

4. Policies Regarding MPs Management

Microplastic pollutant cleaning including pollution source control and remediation
should be the two main focuses of policies and initiatives intended to minimize microplastic
pollution. The Microbeads Free Water Acts (2005), implemented by the US government,
banned the removal of plastics from the environment starting in 2017 and promoted the
adoption of biodegradable alternatives to traditional plastic polymers, such as polylactide
(PLA) and polyhydroxyalkanoates (PHA). Nevertheless, this is only feasible in a small
number of nations. This action will improve the recycling of plastic and the usage of
plastic as a fuel. To properly separate MPs and prevent them from entering rivers and
oceans, wastewater treatment facilities must be upgraded and improved. Many nations
have passed legislation taxing plastic bags and, in some cases, outlawing their usage. To
properly separate and prevent microplastics from entering rivers and oceans, wastewater
treatment facilities will also be upgraded and improved. The Ministry of Environment,
Forests, and Climate Change of the Government of India has made public the Plastic Waste
Management Amendment Rules, 2021, which ban some single-use plastic items with poor
use and a high potential for littering by 2022 [162]. Further research and development in
the field of bioremediation strategies, such as the biodegradation of microplastics using
microbes, are required to eliminate plastic waste to a greater extent [163].

Plastic shopping bags have been thickened from fifty microns to seventy-five microns
and one hundred twenty microns to reduce the quantity of waste they produce. As an
outcome of the rise in thickness, the plastic can also be reused. The resulting single-use
plastics, including polystyrene and expanded polystyrene, were prohibited from being
produced, imported, stockpiled, distributed, marketed, and used under the Plastic Waste
Management Amendment Rules, 2021 [162].

The list of items that are banned includes balloons with plastic sticks, earbuds with
plastic sticks, candy sticks, plastic flags, polystyrene (Thermocol) for decorations, ice cream
sticks, plates, glasses, and cups, as well as cutlery such as spoons, forks, and knives,
straws, wrapping or packing films around sweet boxes, trays, cigarette packets, invitation
cards, and plastic or PVC banners that are less than 100 microns thick. The Law on the
Prevention and Control of Environmental Pollution by Solid Wastes (LPCEPSW), which
regulates waste disposal facilities, forbids the disposal of plastics in rivers, lakes, and
reservoirs, and promotes the circular economy, is in charge of controlling plastic pollution
in China [160]. Fiscal policy measures, such as direct surcharges, duties, carbon or supply
taxes, and tariffs on specific forms of plastic, such as plastic bags, disposable tableware,
and other one-time-use commodities, may be necessary to deter the use of non-essential
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plastic and other unsustainable behaviors. These actions can also help increase plastic
recycling’s effectiveness, financial viability, and acceptance. Additional regulatory and
policy measures are required, involving recycling targets, increased producer responsibility,
container deposit laws, obligatory circular/eco-design norms and requirements, public
procurement policies, restrictions on the disposal of plastics in landfills and incinerators,
and absolute prohibitions on some plastic products, such as single-use plastic bags.

5. Conclusions and Future Perspectives

Plastics are one of the most crucial breakthroughs in global industry, but they are
also having a progressively detrimental influence on the ecosystem and human health,
including climate change, marine pollution, biodiversity loss, and chemical exposure. Mi-
croplastics (MPs) are a rising cause of freshwater and soil pollution. In this scenario, swift
intervention needs to be taken. MPs could be eliminated using an assortment of physical,
chemical, and biological cleansing techniques. A potential microplastic remediation method
would combine bioremediation with renewable-source biodegradable plastic. Nonetheless,
there is a pressing need to advance these technologies even further. Microplastics that
degrade via biofilms are environmentally favorable. Nevertheless, there are unavoidable
drawbacks, such as prolonged degradation timeframes and inadequate degradation rates.
Future studies should consider enhancing biofilm development speed and quality to speed
up the process by which biofilms break down MPs. Functional strains obtained through
strain improvement techniques may greatly improve microplastic degradation efficiency.
It is crucial to thoroughly assess the enzymatic output of various microbial networks as
well as the cooperative actions of microbial consortia. Enzyme combinations have also
shown improved degrading action against complex polymers and might be thought of as a
pertinent approach to microplastic bioremediation, particularly for MPs that are resistant to
treatment. The considerable flexibility and modifiability of organosilanes, as well as their
reactivity with diverse polymers, may be exploited in the degradation of MPs. The circular
economy solutions to the plastic industry would be tremendously advantageous to manage
plastic waste. Some practical methods for implementing a circular economy in the plastic
sector involve generating polymers from substituted non-fossil fuel feedstocks; maximizing
plastic waste as a resource; and redesigning industrial plastic processes and products to
improve durability, reusability; and waste prevention. In addition, promoting sustainable
business models that retail plastic products as services and ensuring the adoption of fiscal
and monitoring measures are other examples of circular economy solutions to plastic waste.
This would promote recycling and boost the value of plastic products (Figure 5). The
triple R principle stating “Reduce, Reuse, and Recycle” for reimagining the use of plastic
waste must be aptly employed with strict regulations to mitigate the adverse effect of
MP’s pollution. Nonetheless, it is estimated that plastic pollution will continue to escalate
without coordinated action by the public, governments, and global collaborations in design,
development, production, usage, and disposal. Thus, indomitable management strategies
and strict legislation are mandatory for the remediation of microplastics. Moreover, novel
enterprises will aid in generating a circular economy for plastics by establishing material re-
covery amenities, endorsing segregation of domestic waste, and supporting the community
inclusion of workers within the informal waste-picking sector.
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