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Abstract

Microplastics (MPs) with sizes <5 mm are found in various compositions, shapes, morphologies,
and textures that are the major sources of environmental pollution. The fraction of MPs in total
weight of plastic accumulation around the world is predicted to be 13.2% by 2060. These micron-
sized MPs are hazardous to marine species, birds, animals, soil creatures and humans due to their
occurrence in air, water, soil, indoor dust and food items. The present review covers discussions on
the damaging effects of MPs on the environment and their removal techniques including
biodegradation, adsorption, catalytic, photocatalytic degradation, coagulation, filtration and
electro-coagulation. The main techniques used to analyze the structural and surface changes such
as cracks, holes and erosion post the degradation processes are FTIR and SEM analysis. In
addition, reduction in plastic molecular weight by the microbes implies disintegration of MPs.
Adsorptive removal by the magnetic adsorbent promises complete elimination while the
biodegradable catalysts could remove 70-100% of MPs. Catalytic degradation via advanced

oxidation assisted by SO, ~ or OH*® radicals generated by peroxymonosulfate or sodium sulfate

are also adequately covered in addition to photocatalysis. The chemical methods such as sol-gel,
agglomeration, and coagulation in conjunction with other physical methods are discussed
concerning the drinking water/wastewater/sludge treatments. The efficacy, merits and demerits of
the currently used removal approaches are reviewed that will be helpful in developing more
sophisticated technologies for the complete mitigation of MPs from the environment.
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1. Introduction

Plastics are synthetic materials prepared from organic polymers such as polyethylene,
polyvinylchloride (PVC), polyethylene terephthalate (PET), and nylon that are generally
treated with chemical additives to transform them into useful plastics [1]. The occurrence of
plastics is ubiquitous in our routine life, such as combs, water-bottles, shopping bags, even
complex items like airplanes and spaceships. Plastics comprise synthetic or semi-synthetic
organics that molded into objects of various shapes and sizes. Resistance towards moisture,
light, and temperature, in addition to cost-effectiveness, durability, and ease of manufacture,
are the significant factors in the primary usage of plastics for various purposes [2].

Modern society is witnessing a steep escalation in global population along with rapid
urbanization [3-6], leading to several societal and environmental challenges such as
increasing energy demand, environmental pollution, and global warming [7-16]. The annual
global production of plastics is around 150 million tons [17], and by around 2060, the plastic
build-up in the environment is predicted to reach 155 to 265 million tons [18]. The prevalent
use of plastics leads to huge volumes of debris, and around 12 billion metric tons of plastic
wastes may possibly be generated by 2050 if this growth rate is continued [19], leading to
substantial environmental pollution issues. Plastics are recyclable materials but only < 5%
are recovered [20]. The plastic debris gets accumulated in rivers, oceans, and landfills,
leading to massive damage to water, soil, and air and causing a threat to living beings
[21,22].

MPs are the particles of synthetic organic polymers having a size of <5 mm have emerged
as dangerous pollutants [23,24] and this topic has caught the attention of researchers in the
eighties and nineties [25,26]. Lately, much attention has been paid to MPs and their related
health impacts [27-36]. MPs of diverse compositions include conventional polymers such as
polyethylene, acrylics, polyamides, nylon, polyesters, polypropylene, polystyrene, and
polyesters [37] along with some specialized industrial polymers [38,39], but the fraction of
polyethylene is much higher [40]. MPs have varying shapes and morphologies such as
fibers, foils, films, foams, sheets, fragments, pellets, and spheres [37,41,42], all of which are
found in the environment reaching from land to air to aquatic systems.

MPs can be classified according to their sources. The primary MPs are deliberately
manufactured with the sizes in micron-scale range, which are used in the preproduction
pellets, air blasting, granulates, and microbeads for cosmetic and personal care products
such as scrub and toothpaste. The secondary MPs arise from the fragmentation (weathering,
photolysis, abrasion or microbial disintegration) of macro-plastics in the land and aquatic
surroundings such as discarded plastics, fishing nets, urban discharge and wastewater/
drinking water treatment plants effluents as shown in Fig. 1 [43-45].
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MPs are prevalent in lakes [46—49], rivers [50,51], estuaries [52,53], oceans [54,55], lagoons
[56], and beaches [57,58] in addition to indoor and outdoor air [59-62]. Around 80% of
plastic litter can be found in marine surroundings originated from the terrestrial environment
[63]. The coastal line debris largely consists of domestic plastics, plastic water/soda bottles,
bags, fishing gear, and polybags [47] as these can be produced by daily routine activities
such as opening of plastics bottles by scissoring, tearing by hands, and cutting through knife
or even manual twisting producing about 0.46-250 MPs/cm [18]. MPs easily get transported
into aquatic and terrestrial domains through the atmosphere [64-66]. Recently, COVID-19
disposable face masks (produced from polymers) have also added to the environmental
pollution as these are the likely sources of MPs [67].

Wastewater and drinking water treatment plants contribute significantly to MPs [37,45,68—
70]. Fig. 2(A-B) shows the presence of microbeads obtained from personal care products,
while Fig. 2(C-D) displays the fragments collected after the break-down of larger plastics
from a wastewater treatment plant [70]. In Europe and the US, the amount of MPs
transported from wastewater treatment plants to biosolids is higher than the quantity existing
in seawater [71]. Fig. 3(a—b) demonstrates different types and colors of MPs extracted from
liquid fraction of a secondary wastewater treatment plant situated on Clyde River in
Glasgow, which consisted of flakes and fibers with a smaller proportion of films, beads, and
foam in different colors [45].

MPs in the sediments are generally in the range (0-3146 particles/kg) of dry weight
sediment [72] with their concentrations in sewage sludge ranging from 1.0 to 56.4 MPs/g of
dry sludge. Apart from aquatic and air media, soil biotas have also been identified as the
prime reservoir of MPs, predominantly in the agio domain [73] to the extent of 700 to 4000
plastic particles/kg of the soil [74]. In Europe, the annual load of MPs in agro-systems range
from 63,000 to 430,000 tons [75] and in soil media they can erode and leach out to
groundwater, which may be ingested by the soil earthworms. Digging mammals may also be
responsible for the translocation of MPs and their abrasion to nanoplastics [76]. This review
attempts to address the environmental issues as well as the methods used to mitigate MPs
from the wastewater sources. Their health damaging effects as well as the techniques used to
mitigate these MPs will be discussed.

2. Environmental effects of MPs

MPs are detrimental due to their high durability, stability, small size, and lightweight; their
micron size would allow them to be swallowed by aquatic organisms, animals, and birds,
finally ending up in human food items causing harmful effects [77-80]. The hydrophaobic
nature, relatively large surface area/volume ratio, and extraordinary vector-capacity of MPs
cause adsorption of numerous toxic contaminants viz., polychlorinated biphenyls (PCBs),
polycyclic aromatic hydrocarbons (PAH), polybrominated diphenyl ethers (PBDES),
dichlorodiphenyltri-chloroethane (DDT), endocrine disrupting compounds (EDCs), various
pharmaceuticals [81-87] and heavy metals [88-93]. For instance, acetyl tri-n-butyl citrate is
the predominant additive leaching from polyethylene MPs [94] and retention of polyethylene
MPs in the waste activated sludge potentially affects the performance of anaerobic digestion
systems [71].
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Plastics additives such as plasticizer, flame retardant, antioxidant, lubricants, anti-
inflammatory agents, and UV stabilizers are responsible for causing toxic effects on the
environment [95-99]. Bisphenol-A (BPA) used even in low concentrations in plastics is
considered as an EDC, exhibiting adverse effects even at low concentrations in both humans
and animals [100-102]. Besides, phthalates, which are used as plasticizers for improving the
flexibility of plastics, are quite dangerous since they are categorized as EDCs, leading to
significant reproductive disorders [103,104]. The MPs have been identified in about 220
types of aquatic creatures such as mussels, crabs, seabirds, and oysters [105-109]. The
dangers of the ingestion of MPs include growth impediment, physical impairment, and
histological variations in the intestines as well as changes in the lipid metabolism along with
the behavioral fluctuations [110]. Furthermore, endocrine disruption and neurotransmission
dysfunction of marine species due to MPs has been reported due to their genotoxicity
[111,112]. MPs have been found in the digestive tracts of both vertebrates and invertebrates
[23,113] since significant levels of bisphenols have been found in the liver and muscle of
fish [100].

The pollutants associated with MPs have a substantial effect on the immunity system of
marine mussels [114], but their toxicity effects on humans have not yet been fully
understood [115]. MPs can be present in a wide range of food items and drinks such as milk
[116], honey, sugar [117], sea salt [118] and a significant amount (118 + 88 MPs/L > 5 pm
and approximately 6292 + 10,521 MPs/L > 1 um [37]) of MPs has been detected in bottled
waters [119,120]. Even in drinking water supply at the metro stations in Mexico City, MPs
(5 21to 91 + 14 MPs/L) were present comprising of polyesters and epoxy resin [121]. MPs
were also detected in beverages such as cold tea (11 + 5.26 MPs/L; only fibers; size < 1
mm), soft drinks (40 £ 24.53 MPs/L; only fibers; size ~ 0.1-3 mm), energy drinks (14 + 5.79
MPs/L; mostly fibers; 70% had size <1 mm), and beer (152 £ 50.97 MPs/L) [122].

Zhang et al. [123] collected dust samples from twelve countries, including India (during
2010-2014) to test the presence of MPs using HPLC-MS/MS to find that PET-based MPs
were present (29 to 110,000 ug/g in all the 286 samples). Free terephthalic acid monomer
was observed in most of the samples with median concentrations varying from 2.0 to 34
ug/g, while moderately high concentrations of polycarbonate-based MPs were detected in
the Indian dust samples. Free BPA was detected in all the samples at concentrations < 0.05
to 36 pg/g. The daily intake of MPs can be assessed by eq. (1).

CDx M

Estimated daily intake = —BW

(@)
where CD, M and BW are the concentrations of MPs in the dust (ug g~1), dust-ingestion rate
(g day™1) and body weight (kg), respectively depending on the age-group and geographical
locations. The median ‘estimated daily intake” of PET-based MPs evaluated for the infants
for all the samples (age < 1 year) was quite substantial (4000 to 150,000 ng/kg-bw/day),
which was about 10,000 ng/kg-bw/day for the Indian indoor dust in case of infants [123].
Table 1 summarizes the sources, composition, shapes, and characteristics of various types of
MPs identified in the literature.
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Studies have established close relationship with the size, shape, and morphology of the MPs
to their toxicity and adsorption capabilities [128,131-133]. MPs with the diameters < 130
pum were known to be translocated into human tissues [19], but those found in aquatic
environments have irregular shapes owing to weathering and fragmentation. Choi et al. [128]
compared the effect of spherical and irregular shapes of MPs on sheep’s head minnow
(Cyprinodon variegatus) to find that irregular shapes have reduced their swimming behavior
compared to spherical shapes. Mazurais et al. [134] suggested that MPs identified in the
digestive tracts of marine fish are incredibly variable concerning their shape and roughness,
while a 7-day exposure study of zebra fishes to polystyrene MPs showed varying effects on
the size of the MPs [135]. The MPs of ~ 5 um size were found in the liver, gill, and gut,
whereas those having ~ 20 um were found only in the fish gill as well as the gut. The
polypropylene MP fibers were reported to be more noxious compared to spherical particles
towards Hyalella azteca (freshwater amphipod) due to longer residence time of the fibers in
the gut [136]. Fig. 4 displays the extent of pollution due to MPs.

These studies suggest the magnitude of contamination of MPs in the environment and their
associated risks, and hence, it is necessary to develop the cost-effective methodologies for
the mitigation of MPs. However, their complete removal is a challenging task due to their
small size and continuous breakdown; hence, methods used alleviate MPs are still
inadequate.

3. Techniques used for the eradication of MPs

Several analytical techniques have been employed for the mitigation of MPs (Fig. 5), which
will be briefly discussed here.

3.1. Biodegradation

Microorganisms are responsible for causing the disintegration of organic polymers into
simple CO,, CHy, water, and inorganic substances. This approach is greatly affected by the
environmental conditions, including temperature, sunlight, and humidity since
microorganisms are adaptable to diverse environmental conditions and are responsible for
the transformation of soil buried MPs [137,138]. Microorganisms such as Bacillus sp.
[138,139], Rhodococcus sp. [124], Pseudomonas aeruginosa [140], Aspergillus clavatus
[141] and Fusarium, Penicillium, Phanerochaete, Acremonium [17] have been examined for
the biodegradation of MPs, where these microbes utilize the MPs as the exclusive source of
nutrients from the soils, landfills, sediments, and compost [137].

The microorganisms adhere to the plastics’ surface to initiate the biodegradation by creating
biofilms [142,143]. Even though hydrophobic nature of MPs becomes a hindrance
interfering with the colonization of microbes and biofilm formation, microbial enzymes can
encourage adhesion of microorganisms to the plastic surface by enhancing its hydrophilicity.
Later, the bacteria act on the plastics by the excretion of extracellular enzymes, which would
eventually stimulate oxidation or hydrolysis processes [17,53,124,144]. The extracellular
enzymes can work only on the surface of the plastics as they are too bulky for penetration
into the plastics since biodegradation is typically a surface-erosion process [141]
commencing from a few days to weeks [124]. The microbes consequently contribute to a
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decrease in polymer molecular weight, while at the same time, inducing physicochemical
tanges in the polymer structure [145]. Enzymes such as laccases, langanese peroxides or
lignin peroxidases are responsible for hydrolyzing high-density polyethylene (HDPE) MPs
[17], whereas hydrolases such as esterases, lipases, cutinases manifest the activity to induce
the egradation of PET [146]. Nonetheless, utilizing enzymes for the catalysis purpose during
biodegradation is quite an arduous and expensive process as the cell of microbes contain a
wide-ranging engines, which could interfere with the desired reaction [141].

The breaking of -C—C- bonds in hyper-thermal settings, apparently increase the
biodegradation of plastics [147]. The pretreatment of MPs by UV light could help in
reducing the hydrophobic characteristics due to the introduction of ~OH and C = O groups,
and subsequently, the compatibility of MPs with the microorganisms is enhanced. Thermal
and chemical oxidation also would help to augment biodegradation as well as the presence
of metal ions in MPs, which generate the free radicals on the polymer surface, thereby
reacting with O, producing carbonyl groups, and eventually decreasing the hydrophobicity
of MPs [124]. FTIR can be used to study the changes in the surface of the MPs by detecting
functional groups after the degradation, while scanning electron microscopy (SEM) can be
used to analyze the surface changes such as cracks, holes, and erosions.

Literature reports on the biodegradation of MPs by the microorganisms are summarized in
Table 2. Auta et al. [138] isolated the bacterial strains of Bacillus cereus, Bacillus gottheilii,
Bacillus cibi, Acinetobacter schindleri, Bacillus pseudomycoides, Bacillus stratosphericus,
Bacillus aguimaris, and Stenotrophomonas maltophilia from the mangrove sediments, out of
which only the first two grew on synthetic media comprising of diverse MPs. The growth
curves of Bacillus cereus and Bacillus gottheilii during the biodegradation are displayed in
Fig. 6 (a—b). The weight loss for polyethylene, polyethylene terephthalate, and polystyrene
by Bacillus cereus were found to be 1.6%, 6.6%, and 7.4%, respectively, while by Bacillus
gottheilii, the results were 6.2%, 3.0%, and 5.8%, respectively, and 3.6% for polypropylene.
In a study [124], bacteria Bacillus sp. strain 27 and Rhodococcus sp. strain 36 were isolated
from the mangrove sediments utilizing polypropylene MPs. As a consequence of incubation
for 40 days, the plastic mass was reduced by 4.0% due to Bacillus sp. strain 27 and 6.4%
due to Rhodococcus sp. strain 36, thus validating the biodegradation of MPs. Gong et al.
[148] employed a combinatorial technique based on whole-cell biocatalysts to study the
degradation of polyethylene terephthalate MPs via Comamonas testosterone F6 where the
size of the plastics was reduced remarkably in alkaline conditions compared to neutral pH.

Paco et al. [137] developed marine fungus Zalerion maritimum in a minimum growth for the
degradation of polyethylene pellets. The total period of incubation was 28 days and
biodegradation was confirmed by a decrease in size and mass of the MPs pellet. The
maximum of fungi biomass was grown in the initial 7 days because the growth media
contained nutrients, and the deterioration of MPs was almost negligible at this time. The
highest degradation rate of MPs was between 7 and 14 days, during this time polymer mass
was reduced by ~ 56.7% after 14 days. FTIR-ATR and NMR confirmed the changes in
molecular structures. Zhang et al. [17] isolated the fungus Aspergillus flavus strain PEDX3
from the guts of wax moth Galleria mellonellato study the biodegradation of HDPE-based
MPs. After an incubation of 28 days, approximately 3.9% weight loss of the polymer was
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observed. In another study, laccase-like multicopper oxidases genes (AFLA 006190 and
AFLA_053930) were identified to be the potential degradation enzymes. Park et al. [145]
employed mesophilic mixed bacterial culture to investigate the degradation of polyethylene
MPs, where it was observed that Bacillus sp. and Paenibacillus sp. decreased the polymer
molecular weight by 14.7% after 60 days of incubation in addition to a reduction in mean
particle sizes by 23%.

Chen et al. [147] proposed a hyper-thermophilic composting technique for /n situ
degradation of MPs based on the sludge by achieving 43.7% degradation after 45 days of the
treatment and 7.3% degradation of lab-scale polystyrene MPs at 70 °C in 56 days. Here,
high temperature introduced functional groups such as C = O or C — O, which could
decrease the hydrophobicity of polystyrene-based MPs. Li et al. [149] employed fungicide
prothioconazole to study the degradation of polyethylene and biodegradable poly(butylene
adipate- co-terephthalate) MPs. Prothioconazole stimulated the degradation process as well
as repressed the adsorption of metals such as Cr, As, Pb, and Ba by the MPs, but only the
adsorption of Cu was observed. In another study [150], periphytic biofilm was employed to
investigate the biodegradation of three structurally dissimilar MPs (polypropylene,
polyethylene, and PET) using different carbon sources such as glucose, peptone, and glucose
+ peptone. Glucose was found to escalate the biodegradation of all the MPs in comparison to
natural biofilm after 60 days. On the other hand, peptone and glucose + peptone have shown
the inhibiting effects.

Cunha et al. [151] utilized the fact that microalgae excretes exopolymer substances (EP)
with a potential of forming hetero-aggregates with MPs and compared marine ( 7etraselmis
sp. and Gloeocapsa sp.) and freshwater (Microcystis panniformis and Scenedesmus sp.)
microalgae by exposing them to diverse types of MPs to reveal that aggregates constituted of
microalgae-EP (homo-aggregates) or microalgae-EP-MPs (hetero-aggregates). The hetero-
aggregation was dependent on the size and yield for the production of EP, which was
species-specific. However, freshwater microalgae manifested lesser ability towards the MPs
aggregation. 7etraselmis sp. exhibited higher capacity towards aggregation of low as well as
high-density MPs, somewhat restricted by the size of MPs. Gloeocapsa sp. on the other
hand, showed an exceptional EP production and supreme aggregation proficiencies.
Microalgae have been recognized to possess high biocompatibility with a potential to treat
MPs. Arossa et al. [152] claimed that the surface of aquatic biota could help to eradicate
MPs from the water column and giant clams ( 7ridacna maxima) was investigated as sinks
for the MPs since they ingest it. The contribution of clams’ shells to eliminate MPs was ~
66%, but ingestion is not a convincing approach to treat MPs. These above findings suggest
that flexibility, ease, and safety of utilizing biodegradation in large-scale may be an
advantage besides low operating costs, but the method may not be reproducible, since
controlling the environmental conditions is difficult.

3.2. Adsorption and catalytic oxidation

Adsorption process has been investigated for wastewater treatment [82], but adsorbents
oriented towards MPs removal specifically are limited. Sun et al. [153] developed a robust
compressive sponge using chitin and graphene oxide for the removal of MPs, which
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effectively adsorbed the diverse types of MPs at pH 6-8. High adsorption capacities were
observed even after three sorption cycles (polystyrene ~ 89.8%; carboxylate-modified
polystyrene ~ 72.4%; amine-modified polystyrene ~ 88.9%). At pH 10, a poor efficiency
(43.7%) was observed because OH™ could compete with the negatively charged polystyrene
amid the exchange sites. Electrostatic interactions are responsible among the amino groups
of chitin and carboxyl-groups in carboxylate-modified polystyrene along in addition to the
interactions between the carboxyl group of graphene oxide and amine-modified polystyrene.
H-bonding also would occur among the oxygen-containing functional groups onto the
adsorbent and amino/carboxyl groups of polymers in addition to = — 1 interactions between
graphene oxide and aromatic rings of the polymers in the MPs. Chitin, being a
polysaccharide consisting of a glycosidic bond, is fully biodegradable in the soil via
lysozyme and chitinase [154] and hence, sponge could also undergo biodegradation by the
microorganisms present in the soil. Graphene oxide is an excellent adsorbent because of the
large number of oxygen atoms on the surface (epoxy and hydroxyl) in addition to carboxyl
groups [155].

Pollutant adsorption via biochar as an adsorbent, derived from various sources has been
widely explored [156,157]. Adsorption of MPs by the biochar and activated biochar was
investigated [158], wherein Pinus sylvestrus and Picea spp. barks were used to obtain
biochar by pyrolysis at 475 °C for 3 h. The steam activation of biochar was done at diverse
conditions using low and high (1.1 and 5 L min~1) N, gas flows along with varying water
flow rates. Polyethylene MPs of different sizes (10 um, 2-3 mm), shapes, and fleece fibers
were tested for adsorption using spherical polyethylene microbeads (10 um), cylindrical,
smooth PE pieces (2-3 mm) as well as fleece fibers. MPs were immobilized or retained
between the biochar particles depending on the particle size, and activated biochar showed
the massive potential for the recovery of MPs. The larger particles retained completely
(complete retention was reported for polyethylene MPs, whereas almost 100% retention of
fleece fibers), while MPs in um size (10-um spherical microbead) did not show efficient
adsorption as larger meso-and macropore contents were helpful for the exclusion of the
tiniest MPs.

Misra et al. [159] synthesized a magnetic nanoparticle composite based on the adsorption of
polyoxometalate ionic liquid (PIL) onto core—shell particles of Fe,O3/SiO, that are
superparamagnetic and microporous. The viscous coating of PIL on the superparamagnetic
nanoparticles facilitated the binding of MPs along with the contaminants (other microbial,
organic or inorganic) from wastewater. Complete removal of polystyrene beads (size = 1 um;
concentration = 1 g/L) was achieved using an adsorbent concentration of 10 g/L and these
MPs were recovered using a permanent magnet. The use of biodegradable and magnetic
adsorbents was thus quite convincing, nevertheless, more research is needed to understand
the intricacies of the adsorption route for the removal of MPs.

Advanced oxidation of contaminants with the aid of an efficient catalyst functionalized by
radical generating species has drawn much attention in degrading the organic materials
[160,161]. Kang et al. [162] fabricated magnetic nitrogen-doped carbon nano-springs for the
advanced sulfate oxidation of cosmetic MPs under hydrothermal conditions. Firstly, one-pot
pyrolysis was used to encapsulate manganese carbide nanoparticles in the helically N-doped
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carbon nanotubes, which was then functionalized with peroxymonosulfate (POMS) having
an asymmetric structure. About 54% weight loss of MPs was reported after 8 h of pyrolysis
and at hydrothermal temperatures of 800 and 160 °C, respectively. The hydrothermal
condition simultaneously offered high pressure as well as physical ripping of the polymer
commencing its degradation. FTIR and SEM validated the results as ketonic and hydroxy
functional groups as well as a considerable number of cavities were observed in the treated
MPs. The N-doping into a honeycomb of sp? carbons created more active sites and

facilitated POMS activation [163], since POMS (HO - SOy ) was proficient to generate

reactive oxygen species such as SO7 and 0H*® having E = 3.1 and 2.7 VV vs normal
hydrogen electrode for advanced oxidation to proceed. Moreover, manganese and other
transition metals were recognized as POMS activators to generate SO,” ~ [164] and this

system has efficiently mineralized MPs without causing any toxic impact on the aquatic
microbes [162].

MPs are progressively covered by a layer of organic and inorganic matter upon exposure to
aquatic environment, providing an accessible surface for the occupation of microbes forming
a biofilm [17,165]. The sequential development of a conditioning layer consisting of bacteria
can adsorb metals. In a stimulating study, Ye et al. [166] proposed a strategy for removing
the adsorbed metals from the MPs via decomposition of an organic layer by advanced

oxidation initiated by SO, ~ radicals. The authors synthesized porous, ferromagnetic

biochar with upgraded graphitization by treatment of straw with potassium ferrate and
subsequent annealing at 900 °C for 2 h under N, flow. The biochar-based catalyst with
enhanced graphitization was capable of mineralizing organic pollutants into CO, and H,0O
with the help of active sites of defects apart from the useful functional groups [167]. Biochar
demonstrated a significant adsorption capacity for metal ions and hence, acted as a powerful
tool to decrease the transportable form of metal by reimmobilizing metals that are
disconnected from the surface of the MPs [166]. The biochar and sodium persulfate system
manifested nearly 60% of lead removal after the treatment of Pb-adsorbed MPs (adsorption
capacity ~ 31.29 mg/g), which is much higher when no sodium persulfate was used
(adsorption capacity ~ 7.07 mg/g), but the reaction was inhibited under saline conditions due
to the presence of radical scavenger CI™ in the system [166]. MPs were also agglomerated in
a highly saline system as assessed by the lesser electrostatic repulsion as well as a steric
effect with the double layer compression hampering the contact between the surface of MPs
and the active radicals [168].

Overall, the reusability and cost-effectiveness of adsorbent/catalyst are the major factors in
determining its feasibility and application at large scales. More straightforward separation
techniques and synthesis routes with minimal cost ought to be designed to accomplish a
versatile catalyst. Therefore, an exhaustive probe is needed for this methodology to
eliminate the MPs.

3.3. Photocatalytic degradation

Photocatalytic degradation is a redox process in which semiconductor photocatalyst absorbs
photons of suitable wavelength (visible/UV) and electrons (e7) in the valence band get
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excited to the conduction band leaving the positive holes (h*) behind. The e~ and h* react
with the adsorbed water and oxygen, giving rise to free radicals such as superoxide radicals
(02 7) and hydroxyl radicals ("OH) [169,170]. These active species further react with

organic polymers to disintegrate them, leading to the breakage of polymeric chains and even
complete mineralization. Semiconductors such as TiO,, ZnO, ZnS, WOg3, ZrO,, and g-C3N4
have been employed for the photocatalytic wastewater treatment [169-174]. Of all these,
TiO, has been widely explored owing to its easy-availability, non-toxicity, and economical
nature [175]. The general mechanism of photocatalytic degradation for the removal of
organic pollutants is illustrated in Fig. 7.

Photocatalytic treatment of polyethylene, polystyrene, and propylene plastics under various
light sources has been done using TiO,-embedment technique. Here, composite films were
formed by mixing the polymer with TiO, using an organic solvent such as cyclohexane and
tetrahydrofuran [176-179]. Photocatalytic degradation of polyethylene employing
polypyrrole/ TiO, composite as the photocatalyst was also investigated [180], but not many
reports are available specifically on the photocatalytic degradation of MPs. Tofa et al.
[181,182] employed ZnO nanorods and Pt nanoparticles—deposited ZnO nanorods for the
photocatalytic degradation of low-density polyethylene (LDPE) MPs in water under the
visible light irradiation. Functional groups such as carbonyl (1700-1760 cm™1),
hydroperoxide (3600-3610 cm™1), peroxides (1100-1300 cm™1), and unsaturated groups
(880-920 cm™1) appeared during the photo-degradation as confirmed by FTIR. The SEM
images revealed that the surface of LDPE without illumination was smooth, excluding a few
manufacturing defects and spots. After the photo-degradation, increased brittleness in
addition to wrinkles, cracks and cavities onto polymer surface was observed owing to the
formation of oxygenated groups and volatile organic compounds, thus validating chemical
transformation of the polymer. The ZnO-Pt catalysts showed 13% higher probability for the
oxidation of LDPE than the ZnO nano-rods, suggesting the breaking of LDPE MPs under
artificial sunlight.

Sekino et al. [183] investigated the structure of MPs by the photocatalysis utilizing TiO,-
based micro and nanodevices. Wang et al. [184] investigated AU@Ni@TiO» based
micromaotors to eradicate the polystyrene MPs suspended in wastewater under UV
irradiation provided by a micromotor propulsion by the photochemical reactions in water
and H,0, instigated by e™-h* generation. The non-applicability of this system apart from a
lack of selectivity has been the shortcoming of this approach. The requirement of low H,0O»
concentrations for encouraging phoretic interactions enabled the movement of the
micromotor.

Avriza-Tarazona et al. [185] investigated the degradation of HDPE MPs extracted from a
commercial facial scrub using two different semiconductor photocatalysts based on N-TiO».
The first catalyst was fabricated via a green synthesis route using an extra pallial fluid of
fresh blue mussels (Mytilus edulis). The second catalyst was developed via a conventional
sol—gel process using urea and tri-block copolymer (Pluronic). The photocatalytic reaction
was carried out for 20 h under the visible light and protein-derived catalyst exhibited a high
capability to facilitate photo-degradation in both solid as well as aqueous media. At the same
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time, sol-gel derived displayed good proficiency for promoting the mass loss of MPs in
aqueous media. The results revealed that in the solid phase, protein-derived catalyst
degraded HDPE with a rate constant of 12.2 x 10~4/h with a mass loss of 1.1%, while in an
aqueous phase, the mass loss and rate constant values were 6.4% and 38.2 x 104/h,
respectively. It was suggested that surface area of the catalyst in addition to the interactions
between the catalyst and MPs, played a crucial role as validated by SEM and FTIR during
the structural changes.

In another study [186], the effects of pH and temperature on the photocatalytic degradation
of HDPE MPs were investigated. The C, N-TiO, photocatalyst was fabricated via green
bioinspired synthesis by utilizing extra-pallial fluid of Mytilus edulis. The protein-derived
photocatalyst was obtained by doping extra-pallial fluid onto titanium (IV) butoxide. The
photocatalytic experiment was carried out by adding 200 mg each of MPs and C, N-TiO»
catalyst into a 50 mL buffer solution to obtain an average mass loss of ~ 71.77% at pH 3 and
at ~ 0 °C after the continuous stirring for 50 h under the visible light illumination. The
photocatalysis at low temperature enhanced the surface area of MPs via fragmentation, but
low pH facilitated the generation of hydroperoxide radicals.

The mechanism is explained by Eqs. 2—7; first, OH* radicals generated from the
photocatalyst (C, N-TiO,) commenced the polymer degradation giving rise to polyethylene
alkyl radicals (Eq. (2)). After reacting with O,, an alkyl radical generated peroxy radicals
(Eq. (3)), which then extracted H-atom from the polymer generating hydroperoxide (Eq.
(4)). The hydroperoxide then generated much more active oxy and OH" radicals after the
cleavage of weak O-O bond (Eg. (5)), which extracted hydrogen from the polymer chains
(Eq. (6)), suggesting the role of hydroperoxide. The process can speed up depending on the
ease of H-atom removal (from other polymer chains) by the radicals (Eq. (5)) and speed of
termination of free radicals by the recombination in addition to disproportionation. Then
increase in the concentration of hydroperoxide radicals accelerated the reaction; the ratio of
peroxy radicals and hydroperoxide was then determined by the equilibrium (Eq. (7)). As per
Le Chatelier’s Principle, increase in the concentration of H* ions would encourage backward
reaction by accelerating the generation of hydroperoxide. Therefore, pH 3 favors MPs
degradation as the system is rich in H* ions, and also colloidal nanoparticles will then
interact better with the MPs. Thus, a combined effect of pH and temperature was responsible
for achieving better photo-degradation efficiency.

(—CHQ—CHz—)n-i-OH.—)(—CHz—CHE—)n+H20 2

(— CHy — CH3 — ), + Oy — (— CH, —* OOCH — CH, — ), ®)

(— CH, — CHp — ), + (~CH, —* OOCH — CH, — ), —

@
(— CH, — HOOCH — CHy — ), + (— CH, — CH3 — ),
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(— CH, — HOOCH — CH, — ), — (— CH, —* OCH — CH, — ), + OH®*  (5)

(—CH, —*OCH —CH; — ), +(— CH — CHy — ), —
(—CHz—CHE—)n+(—CH2—HOCH—CH2—)n

(— CH, — HOOCH — CH, — ), = (— CH, —* OOCH — CH, — ), + H* (7

The above study suggests the benefits of photocatalytic degradation with no requirement of
external chemicals except for a solid efficient photocatalyst. Moreover, natural and abundant
solar light can be utilized for the mineralization process, but lack of selectivity, difficulty in
regenerating catalysts and inefficiency of degradation of MPs might limit the application of
photo-degradation for scale-up applications.

3.4. Chemical and physical methods

Chemical methods include sol-gel process, agglomeration, and ozonation for the elimination
of MPs, while the physical techniques include sedimentation and filtration. Usually,
chemical and physical techniques are used jointly for wastewater treatment.

3.4.1. Sol-gel process—The sol-gel method is an appealing chemical technique for the
treatment of MPs. Herbort and Schuhen [187] utilized the idea of host—guest relationship for
the treatment of MPs and suggested to use inventive inorganic—organic composite silica gels.
The removal steps comprised the fabrication of an inclusion unit, a bioinspired element of
the whole molecule, and subsequently, the fabrication of a capture unit, which is capable of
bonding with the substance to be included through the functional groups. These units are
ultimately combined to give rise to inclusion compound. The presence of alkoxysilyl helped
in obtaining the desired 3-D network and through the organized network structure, structured
composite silica gels were obtained via the sol-gel process. Later, interaction of the capture
unit and inclusion compound bioinspiration took place to facilitate the inclusion of inert
compounds, while the hydrophobic stressors captured were easily isolated by a separation
technique such as a sand trap.

The silica gel was found to be better than the activated carbon for the separation of MPs due
to the increase in compared to granulated activated carbon. The bioinspired functionalized
hybrids can encapsulate MPs from wastewater in a sustainable manner as the formation of
silane occurs via hydrolysis as well as condensation to form macromolecular network.
Notably, high or low pH values would facilitate faster gelation due to higher rate of
hydrolysis and condensation. Alkoxysilanes such as tetraethoxysilane react slowly in neutral
pH [188], but n-alkyl-substituted chlorosilanes give rise to silanols to release hydrochloric
acid as they are highly active with water [189]. Monochlorosilanes are thus likely to
dimerize, whereas dichlorosilanes produce long-chain oligomers [190], but in case of n-
alkyltrichlorosilanes, three reactive groups can help to establish 3-D networks [191], which
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are appropriate for treating industrial wastewater as the sol-gel process manifests pH-
induced reaction [192].

Herbort et al. [193] synthesized the functionalized molecular precursors in an inert nitrogen
atmosphere that were utilized to form bioinspired alkoxy-silyl hybrids through which hybrid
functionalized molecules act as linkage reagents between the MPs. Therefore, agglomeration
of MPs via the sol-gel method includes the formation of 3-D agglomerates, which can be
eradicated by using a filtration technique. In another study [192], pH-induced agglomeration
followed by the elimination of polyethylene and polypropylene MPs (250— 350 uM) from
the water was investigated in a two-step process based on a physicochemical technique,
wherein particle size could grow independent of the pH due to the aqueous environment by
the addition of trichlorosilane-substituted Si derivatives. Thus formed Si-based MPs
aggregates (size ~ 2-3 cm) can be removed by filtration (sand traps). In the agglomeration
process, diverse alkyl groups have a strong influence on the aptness of alkyltrichlorosilanes
since they can affect the hydrolysis and condensation kinetics in water, ultimately the
affinity to MPs. The intermediate chain length between C-3 and C-5 was found to be
suitable for this approach [194].

3.4.2. Coagulation and filtration—The formation of enlarged particles through
coagulation makes the separation process more accessible and these techniques would allow
the coagulants to bind minuscule particles through the complexation by the ligand exchange
process [195]. Skaf et al. [196] studied the degradation of microspheres and microfibers by
coagulation method using alum (concentration ~ 5-10 mg/L Al), and found the
microspheres solution with an initial turbidity of 16 NTU (Nephelometric Turbidity Units),
which was reduced to < 1.0 NTU post treatment. During coagulation, the addition of alum
gives rise to H,SO4 and cationic Al-containing species affecting the pH and zeta potential.
Sweep flocculation was suggested as the governing mechanism for removing the
microspheres, but occurrence of 20 mg/L of surfactants in the solution did not affect
coagulation performance of the microspheres at a relatively lower dose of alum, but a
damaging influence would have been prevalent at high particle loadings and alum-dose. On
the other hand, the stability of polyethylene microfibers was profoundly affected by the
surfactants, but the fibers were efficiently removed using the coagulation.

An efficient separation by the classical filtration is arduous and inconvenient because of the
enormous water volumes with little solid-concentrations in addition to extremely minute
particle sizes [159]. Ultrafiltration (UF), which consumes less energy, has a high separation
efficiency and most importantly, the process requires a relatively compact size of the plant
[197,198]. Coagulation and UF membranes have been a brilliant choice because of the
excellent effluent quality of the discharge produced after the treatment. Enfrin et al. [198]
studied the degree of fouling of a commercial UF poly(sulfone) membrane caused by the
MPs in addition to nanoplastics having the sizes in the range of 13-690 nm. After 48 h,
>25% of the MPs were adsorbed onto the surface of the membrane and hydrophobic
interactions besides the surface repulsive forces might have decreased the rate of adsorption.
Ultrafiltration, combined with coagulation, is one of the primary wastewater treatment
techniques employed currently in wastewater treatment plants [64,199].
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Coagulation of MPs by Fe, Al, and the alum-based coagulants has been widely explored
[40,195,196,200] in which polyethylene MPs having various sizes were removed by
employing aluminum chloride and ferric chloride. Ma et al. [40,195] used Al- and Fe-based
salts and observed that coagulation could eliminate MPs that are expected to float. The Al-
based salts also showed a better performance compared to Fe-based salts. Smaller the PE
particle size, the higher would be the removal efficiency and hence, MPs of < 0.5 mm
exhibited a maximum removal efficiency (~40%) at a high dose of AICI3 (~ 270 to 405
mg/L). Additionally, pH 6 was also reported to show maximum removal efficiency, but low
removal efficiency was observed even with a high Al-based salt dosage of 15mM (below
40%). Further, ionic strength and turbidity level showed little effect on the removal
efficiency. The addition of anionic polyacrylamide played a key role owing to the generation
of positive Fe- and Al-based floes in neutral conditions. Also, for all the particle sizes,
removal efficiencies utilizing FeClz were quite low (<15%). In conclusion, the merits of
coagulation and agglomeration lie in the fact that small MPs can be easily omitted. In
addition, there are simpler mechanical devices and manageable operational conditions
however, the drawback of coagulation is that it requires extra chemicals as well as excessive
use of Al-based coagulation might increase Al-salt residue in drinking water, which might
be risky for living beings.

3.4.3. Dynamic membrane processes—Conventionally separation of floes created
after the coagulation is done by sedimentation though the process requires high maintenance
costs and equipment budget [201 ]. Dynamic membrane techniques have been widely used
for wastewater treatment for over many years [202,203]; the supporting membrane, a mesh
with a large pore-sizes can be inexpensive. The already existing impurities in wastewater can
be utilized for the formation of a filtration layer without the need for any extra chemicals. Its
appealing attributes include economic nature, low-energy consumption, small filtration
resistance, low #rans-membrane pressure (TMP), besides easy cleaning and the entire
filtration process can be performed without using the pumps [204]. Moreover, the membrane
can be easily cleaned through surface brushing [205], air scouring [206], and water
backwashing [207].

Li et al. [204] developed a dynamic membrane onto a 90 um supporting mesh by filtering
synthetic wastewater, where turbidity of the effluent was decreased to < 1 NTU during 20
min of filtration. TMP and total filtration resistance displayed a linear increase with a high
correlation coefficient as the filtration time increased. The escalation in influent flux besides
the influent particle concentration correlated with rising TMP and filtration resistance in
addition to quick decrease in turbidity of the effluent due to the instantaneous formation of
dynamic membrane over the supporting mesh.

3.4.4. Membrane bioreactor—Lares et al. [208] investigated the efficacy of a
municipal wastewater treatment plant (located in Mikkeli, Finland) to remove MPs from the
wastewater by collecting sludge samples once a biweekly for a period of three-month
sampling campaigns; the plant operated based on the conventional activated sludge
technique and a pilot-scale membrane bioreactor (MBR). The MBR had a superior efficacy
of exclusion of MPs of ~ 99.4% in comparison to conventional activated sludge process
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(98.3%). In another investigation [209], it was examined that the exclusion performance of
MBR was instantaneously reduced by the addition of PVC MPs into the system, and the
process was improved after operating for a couple of days. The contamination due to MPs
could lead to a greater or even irreversible membrane fouling.

3.4.5. Agitation method—Mekaru [210] compared the agitation methods namely,
rotation mixing, shaking, and flowing to no agitation (for 7 days at 23 °C) to comprehend
the degradation of polystyrene MPs to nanoplastics. The extent of deterioration as well as
aggregation was assessed via nanoparticle tracking analysis, while the length of physical
abrasion was gauged by FESEM analysis (Fig. 8). These experiments suggested that
aggregation repression needs ample volume of the sample. Also, lesser the rotation speed,
the more was the suppression of particle-aggregation. Shaking was reckoned as the most
apposite method for the agitation of particles when the biochemical degradability of
particles in a solvent was sought. Additionally, agitating particles via rotation mixing is the
most balanced approach for the validation of biochemical as well as physical degradability at
the same time. It is thus indispensable to choose proper conditions in addition to suitable
agitation methodology based on the natural environmental degradation of polystyrene MPs
to nanoplastics, which was replicated. The study advocated the importance of discussion of
plastic debris contamination in aquatic media from the degradation of micro to nano sizes as
well as from recrystallization following the degradation.

Overall, the physical and chemical methods showed promising ability for the treatment of
MPs in wastewater using the combined physical techniques along with biological processes.
However, more focus on the proper design of the methods and infrastructure is a pre-
requisite for large-scale use.

3.5. Electrocoagulation

Electrocoagulation has been an appealing technique in the domain of wastewater treatment
as it has been used widely for the remediation of wastewater containing dyes [211], heavy
metals [212], dairy industry effluents [213], phosphate [214], Cr (VI) [215], and herbicides
[216]. The assets of coagulation, floatation and electrochemical methods have been
incorporated in the electro-coagulation [212,213]. The electrocoagulation consists of three
significant events viz., electrolytic reactions on the electrode surface, coagulant formation in
the medium, and adsorption of colloidal/soluble contaminants through a coagulant and
finally, separation by sedimentation because of the formation of hydrogen bubbles by the
cathode that assists the separation of particles [213]. This process employed metal cations as
sacrificial anodes, such as Fe or Al electrodes [212]. Upon applying current to the
electrodes, the oxidation of metal anode and release of metal cations in the solution took
place following the formation of metal hydroxide coagulants, leading to destabilizing
surface charges of the pollutants disintegrating the colloid [217]. This makes the pollutant
and coagulant to be in close proximity by approaching towards each other, therefore
allowing the van der Waals forces to play a role. In the meantime, coagulant creates a sludge
layer that captures suspended particles/pollutants. The simultaneous oxidation of water into
oxygen and the generation of electrolytic gases such as H, occurs in the system
[212,217,218]. The electrolytic reactions mechanisms are explained by Eq. 8-12 [217].
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M(S) — M(aq)" * + me~ ®)
2H,0(1) = 4H"(aq) + Oy T +4e” ©)
M(aq)" * + me™ — M(s) (10)
2H,0(1) +2e~ — H, | +20H™ (11)
M(aq)" " + mOH™ — M(OH),,(s) 12)

Despite being used for wastewater treatment for a long time, not much has been investigated
regarding the electrocoagulation of MPs. In one of the first reports, Perren et al. [217]
explored the effectiveness of electrocoagulation for the removal of microbeads by carrying
out the investigations in a 1-liter stirred-tank batch reactor for 60 min for synthetic
wastewater constituting polyethylene microbeads of varying concentrations. The effects of
initial pH (pH 3, 5, 7.5, and 10), conductivity and current density were explored. Fig. 9
displays schematics of the reactor setup used by the authors to obtain a removal efficacy of >
89% at pH values ranging from 3 to 10; nevertheless, efficacy at pH 3 and 10 was much
smaller compared to pH 5 as well as pH 7.5. A maximum of 99% removal was observed at
pH 7.5, justifying that in neutral pH, there is a favorable formation of the coagulant. The
influence of conductivity was examined by the variation of NaCl concentration (2-8 g/L that
corresponds to 7.44-13.75 mS/cm) in the sample to report that by increasing the
concentration of CI™ ions efficacy was minimum while removing MPs, which is contrary to
the reports claiming the reliance on dye-removal efficacy of CI~ ions [219]. The formation
of HOC1 helped in dye-degradation, but in with microbeads, HOCI occurred in about 60
min to cause significant degradation, but current density did not influence the removal
efficacy of electrocoagulation cell. However, the operation with a current density of 11 A/m?
improved the energy-efficiency of the cell. For the working of the reactor, lesser energy
demand was required due to greater water conductivity [217] and this procedure was simple
as the metal electrodes were employed to produce the coagulant [220].

Electrochemical techniques are relatively economical for the tertiary treatment since these
are not dependent on chemicals or microorganisms and moreover, they are energy-efficient
and flexible with the least chance of secondary pollution. However, the recurrent
requirement of replacing sacrificial anode and electricity-requirement are the limitations of
electrocoagulation. There is thus a considerable scope for this technique and more
investigations are needed for the treatment of MPs and nanoplastics using
electrocoagulation. Table 3 summarizes the reports on the removal of MPs by various
techniques.
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3.6. Removal of MPs in treatment plants

Various research groups have investigated the removal techniques used in wastewater and
drinking water treatment plants. The combination of several methods was used in the plants
to achieve excellent results and these data on the treatment of MPs in real wastewater as well
as drinking water treatment plants of different regions are summarized in Table 4.

Hidayaturrahman and Lee [127] examined the removal of MPs (microbeads and fragments)
from various stages in three wastewater treatment plants. They investigated the performance
of tertiary treatment carried out via coagulation and diverse techniques such as ozone (A),
membrane disc-filter (B) in addition to rapid sand filtration (C). The primary as well as
secondary treatment processes were reported to efficiently eliminate MPs to the extents of ~
75% and 91.9%, respectively. The removal efficacy escalated to > 98% post the tertiary
treatment. On the other hand, ozonation reduced to 89.9% of the MPs in the plant A along
with the generation of least number of MPs in the final discharge. Similarly, membrane disc-
filter and rapid sand filtration eliminated 79.4% and 73.8% of MPs, respectively. It was
suggested that Al-based coagulant performed excellent in the tertiary treatment of MPs and
higher the number of MPs indicated a greater removal efficiency, while excess doses of
coagulant lead to reduced productivity.

Wang et al. [69] used a combination of coagulation with sedimentation and granular
activated carbon (GAC) filtration, which exhibited an efficacy of ~ 40.5-54.5%
predominantly for the fibers in a drinking water treatment plant. On the other hand,
coagulation with GAC displayed 56.8-60.9% efficacy, mostly for small-sized MPs. On the
other hand, ozonation had a negative impact on the removal efficiency at increasing
percentage of MPs.

Talvite et al. [70] investigated the exclusion of MPs from the discharge of four diverse
wastewater treatment plants using MBR for the treatment of primary effluent, while several
tertiary treatment techniques (disc filter, rapid sand filtration, and dissolved air flotation)
were employed to treat the secondary effluent. MBR succeeded in removing 99.9% of MPs
at the decreasing concentrations of MPs from 6.9 to 0.005 MPs/L. The tertiary techniques
(rapid sand filter, dissolved air flotation, and disc filter) exhibited the removal efficiency
(reduction in MPs concentration) of 97% (from 0.7 to 0.02 MPs/L), 95% (from 2.0 to 0.1
MPs/L), and 40-98.5% (from 0.5 to 2.0 to 0.03-0.3 MPs/L), respectively.

Talvitie et al. [221] examined the contributing methods for the elimination of micro litter
removal in the course of several wastewater treatment steps viz., mechanical, chemical, and
biological in addition to a biologically active filter (BAF) to suggest that majority of micro
litter got eliminated by a pre-treatment. The biological treatment alleviated the concentration
of micro litter, while the gross retention capacity of the plant was > 99% post the secondary
treatment.

Yang et al. [222] examined the removal of MPs from a discharge in China’s Gaobeidian
sewage treatment plant using aerated grit chamber followed by a primary sedimentation tank
and secondary sedimentation tank. Subsequently, A20 (anaerobic, anoxic, and aerobic
treatments) and eventually advanced treatment processes (denitrification, ultrafiltration,
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ozonation, and UV) were employed. The sampling sequence of the plant is displayed in Fig.
10 and the overall hydraulic retention time was 4-12 h, while sludge retention was up to 5—
15 days. The concentration of MPs found in the influent was ~ 12.03 + 1.29 items/L and
among the identified MPs, 18 kinds of different plastics of ten colors were detected, of
which PET (42.26%) and polyester (19.1%) were the most abundant. The microfibers had an
average size of ~ 1110.72 £+ 862.95 pm, whereas only 14.08% of microparticles were present
with an average size of 681.46 + 528.73 um. The primary treatment stage of aerated grit
eliminated almost 58.84% of MPs, while the removal efficacy was increased to 71.67% after
the advanced treatment techniques by mitigating the concentrations of MPs up to > 95%;
0.59 + 0.22 items/L of MPs were identified in the regained waters.

The reports mentioned above suggest that the use of combined physical, chemical
techniques with biological processes can manifest an exceptional efficiency for treating MPs
in wastewater and drinking water treatment plants.

4. Discussion

The occurrence of MPs (size <5 mm) is ubiquitous in the environment as these have been
identified in significant amounts in oceans, beaches, rivers, agricultural lands, soil
ecosystems, and even in remote lakes, indoor dust as well as drinking water sources. MPs
are generally classified as primary and secondary based on their origin; primary MPs are
deliberately manufactured such as microbeads for personal care products, while secondary
MPs are the result of fragmentation of macro-plastics in terrestrial and aquatic media.
Wastewater and drinking water treatment plants are also a substantial source of MPs as these
pollute a broad range of foodstuffs and drinks, including bottled waters, milk, honey, sugar,
beer, and sea salt. Moreover, micron range size of MPs allow them to be inhaled or
swallowed by aquatic organisms, soil creatures, animals, birds, and even human beings. The
hydrophobic nature, large surface area/volume ratio, and astonishing vector-capacity of MPs
would result in adsorption of several harmful pollutants such as heavy metals, EDCs, PCBs,
PAH, PBDEs, and DDT. The ingested MPs can translocate from phytoplankton as well as
zooplankton to the food chain ending up in human food, leading to detriment at a more
substantial level. The effect of the presence of MPs in the environment may affect the
biodiversity and the ecosystem. Once the MPs enter into the human system through
ingestion/inhalation, they possibly may lead to a localized immune response, suggesting the
advanced level research to precisely understand the damaging effects of prolonged exposure
of MPs on the humans

Various techniques have been explored for the removal of MPs. After the application of a
suitable method, MPs can be characterized by FTIR and SEM to elucidate the functional
groups attached structural changes, and surface changes such as cracks, holes, and erosions.
In biodegradation methods, microorganisms such as bacteria and fungi (Bacillus sp.,
Rhodococcus sp., Pseudomonas aeruginosa, Aspergillus clavatus, Fusarium, Penicillium)
have been investigated. The microbes utilize the plastics/polymer materials as the sole
source of nutrients, thereby showing a reduction in polymer molecular weight, indicating the
chain disintegration. Microalgae have been recognized to have high biocompatibility and
potential for treating the MPs and the use of bio-nanocomposites as well as magnetic
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adsorbents promises excellent MPs-removal efficacy. Catalytic oxidation of MPs via
advanced oxidation facilitated by SOs ~ or OH® are also widely introduced in the presence

of radical-generating species such as peroxymonosulfate or sodium sulfate. In photocatalytic
degradation, semiconductor catalyst of optimum bandgap such as TiO, and ZnO in the

presence of a light source of suitable energy generates the active species like 0’ ~ and OH
that can react with the organic polymers to disintegrate them.

Chemical and physical methods are often used to achieve the best results. The sol-gel
method by the utilization of bio-inspired alkoxy-silyl hybrid through which functionalized
molecules work as linkages between the MPs chains are used. The 3-D agglomerates of MPs
thus obtained can be eliminated using the cost-effective filtration methods. Most wastewater
and drinking water treatment plants employ the coagulation/flocculation combined with
other effective membrane-based techniques such as ultrafiltration, dynamic membrane,
membrane bioreactor, and advanced treatment processes such as denitrification and
ozonation for the mitigation of MPs. The electrocoagulation technique is relatively
economical and better suited for the tertiary treatment, which does not depend on the
chemicals or microorganisms, but utilizes floatation, coagulation as well as electrochemical
methods. MPs are effectually eradicated in wastewater and drinking water treatment plants
where the combination of all such techniques can be used for accomplishing the best results.
Nevertheless, complete removal of MPs via utilization of current technologies from the
environment is quite a challenging task from the perspective of large-scale applications.

5. Conclusions and future outlook

This study presents an overview of the dangers associated with the MPs and the currently
used techniques for their mitigation. Literature reports validate the grievousness of plastic-
pollution that has penetrated the safe four walls of our houses. MPs are all around us ranging
from air we breathe to the water we drink. The effects of inhalation/ingestion of MPs on
living beings could be deleterious and a complete elimination of MPs is quite a difficult task
owing to their minute sizes. Moreover, most of the existing studies have investigated MPs
with size > 20 um, but smaller MPs are also abundant in nature.

Future explorations for the mitigation of MPs should emphasize on better analyses
techniques and regulating the source of MPs. Better infrastructure, product design,
arrangement and sequence of methods for the precise identification of MPs. Continuous and
persistent research is need of the day on plastic regulation and approaches for their complete
removal. Awareness regarding the waste-management and health-risks related to plastics at
large-scale units as well as the individual level is imperative to wipe out the problems from
the core to create a benign environment.
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Fig. 1.

Different sources of pollution due to MPs in the environment.
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Fig. 2.
(A-B): Microbeads obtained from personal care products and (C-D) fragments from the

break-down of larger plastics and synthetic textile fibers acquired from a wastewater
treatment plant [70] (reproduced with permission from Elsevier).

Chem Eng J. Author manuscript; available in PMC 2022 March 15.



1duosnuep Joyiny vd3 1duosnuepy Joyiny vd3

1duosnue Joyiny vd3

Sharma et al.

Page 36

(a)

2%

4%
4%

4%

2% 1% 1%

’ ¥ Red

¥ Blue

M Green
M Clear

M Black

i Yellow
® Multi

H Brown
# Orange
¥ Pink

(b)

Fibers

(18.5%)

(9.9%)

Film

(3.00/0) (1 .30/0)

Bead Foam

Flakes
(67.3%)

Fig. 3.

Different (a) types and (b) colors of MPs extracted from liquid fraction from a secondary
wastewater treatment plant near the River Clyde, Glasgow [32].
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Effect of pollution due to MPs on the environment and living beings.
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Fig. 5.
Various techniques used for the mitigation of MPs.

Chem Eng J. Author manuscript; available in PMC 2022 March 15.




1duosnuel Joyiny vd3 1duosnue Joyiny vd3

1duosnue Joyiny vd3

Sharma et al. Page 39

1.4
. (a)
c 1.2
[=}
[=}
e 4
4 espum Polyethylene
8 0.8
>
=06 efil= Polyethylene
0
5 terephthalate
- 04
§ esgp= Polystyrene
= 0.2
Q
(@)

0 I | 1 I 1
0 10 20 30 40
Time (days)
1.8
b
€16 ®)
S 14
= e=g= Polyethylene
%512
(@)
o ! == Polyethylene
%‘ 0.8 terephthalate
§ 0.6 e« Polypropylene
= 04
:§_ 0.2 e POlystyrene
© 0
0 10 20 30 40
Time (days)
Fig. 6.

Growth curves of (a) Bacillus cereus and (b) Bacillus gottheilii during biodegradation

studies [138] (reproduced with permission from Elsevier).
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General mechanism of photocatalytic degradation of organic pollutants using photocatalysts

under the suitable light source.
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Fig. 8.
FESEM images of polystyrene particles (a) before and after incubation by (b) standing with

no agitation, (c) rotating, (d) shaking, and flowing using (e) tubing and (f) intelligent pumps
for 7 days [210] (reproduced with permission from ACS).

Chem Eng J. Author manuscript; available in PMC 2022 March 15.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Sharma et al.

Page 42

Anode

DC Power supply
[

Sacrificial anodes

R AR B
FEFFF+FFF
T
T
L )
TR

. 1.
AT AOH &5

Cathode

|%||/

" [ Stable| Floc - | | | e

[ ————— Reactor vessel

I

M),

/

Magnetic rod stirrer

Microbeads aggregating on
Positive electrode faces

[ ——— Hot plate

@ 25°C

Fig. 9.

Schematic diagram of the reactor setup used for electrocoagulation of microbeads [217]

(reproduced with permission from ACS).
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Fig. 10.
Sampling sequence for MPs from Gaobeidian sewage treatment plant in China [222].
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Different sources, compositions, shapes, and characteristics of various types of MPs.

Types and characteristics of MPs

Refs.

Primary MPs

Secondary MPs

Composition
Shape and morphology

Source of contact with
living beings

Source: (manufactured deliberately) preproduction pellets, air blasting,
plastic granulates, microbeads for cosmetic and personal care products
(scrub, toothpaste)

Source: (degradation of macro-plastics) Fragmentation, weathering,
photolysis, microbial disintegration of fishing nets, textile, urban
discharge, and wastewater treatment plant effluent

Polyethylene, polystyrene, acrylic, polyamide, nylon, polyester,
polypropylene, polyester, acrylic

fibers, foils, films, sheet, foams, fragments, pellets, microbeads, spheres,
primarily irregular shape

Marine, lakes, terrestrial, atmospheric, agricultural land, indoor dust,
seafood, drinking water, wastewater treatment plant discharge

[44,124-126]

[44,124,127]

[37.127]
[37,127,128]

[52,59,64,70,74,105,119,120,129,130]
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