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Abstract

The pervasiveness of microplastics in aquatic ecosystems has become a major environmental issue in recent years. The gradual
dumping of plastic wastes, inadequate standard detection methods with specific removal techniques, and slow disposal rate of
microplastics make it ubiquitous in the environment. Evidence shows that microplastics act as a potential vector by adsorbing
different heavy metals, pathogens, and other chemical additives widely used in different raw plastic production. Microplastics are
ingested by aquatic creatures such as fish and different crustaceans, and finally, people ingest them at the tertiary level of the food
chain. This phenomenon is responsible for blocking the digestion tracts, disturbing the digestive behavior, finally decreasing the
reproductive growth of entire living organisms. Because of these consequences, microplastics have become an increasing
concern as a newly emerging potential threat, and therefore, the control of microplastics in aquatic media is required. This paper
provides a critical analysis of existing and newly developed methods for detecting and separating microplastics from discharged
wastewater, which are the ultimate challenges in the microplastic treatment systems. A critical study on the effect of microplastics
on aquatic organisms and human health is also discussed. Thus, this analysis provides a complete understanding of entire
strategies for detecting and removing microplastics and their associated issues to ensure a waste discharge standard to minimize
the ultimate potential impact in aquatic environments.
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Introduction

The concentration of microplastics (MPs) in water ecosystems
increases as plastic production gradually increases every fiscal
year. Currently, almost 71% of plastic waste is directly
absorbed by the environment, and the remaining waste is
reused in a different format, resulting in higher microplastic
pollution. In 2016, approximately 335 million metric tons of
plastic products were manufactured, whereas, in 2017, this
amount increased up to 348 million metric tons. Thus, global
plastic production increased by approximately 4% within only
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1 year (Europe 2017). At present, almost 8 million metric tons
of plastic waste are directly mixing with the marine ecosystem
each year, and this amount is projected to rise fourfold by
2050 (Derraik 2002). In 2004, 20-um plastic particles were
classified as MPs by marine biologist Richard Thompson
(Thompson et al. 2004). However, in 2009, NOAA
(National Oceanic and Atmospheric Administration) defined
plastic particles with sizes of less than 5 mm as MPs, but the
official definition and lower size limit of these particles have
not yet been established (Arthur et al. 2009). These plastic
particles are produced by the deterioration and peeling of var-
ious plastic wastes, resulting in environmental pollution (Hirai
et al. 2011; Van Cauwenberghe et al. 2013; Law et al. 2014;
Faure et al. 2015; Zhang et al. 2018). The level of toxicity of
MPs depends on the chemical structures and the incorporation
of other additives that ensure better cross-linking during the
polymerization process (Meeker et al. 2009).

Researchers showed that a higher accumulation of MPs in
aquatic environments led to the frequent exposure of living or-
ganisms to these plastic waste particles and unbalanced ecosys-
tems (Sun et al. 2019). Studies also claimed that MPs could carry
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germs and travel more than 100 km via wind currents. Even in
the current pandemic situation, people are infected by the virus-
like novel coronavirus (SARS-CoV-2) without initiation by any
affected patients in various places (Enyoh et al. 2020; Kampf
et al. 2020). Therefore, further investigations of the impact of
MPs, which might facilitate pandemic transmission due to their
higher adsorption areas and the longer retention (up to 5 days) of
micro-organisms on their surfaces, are needed. Recently, Santos
et al. reviewed different analytical approaches for detecting MPs
and highlighted the future need to do further study on the evolu-
tion of their detection and removal techniques, enabling the de-
velopment of appropriate methodologies for minimizing
microplastic pollution (Rocha-Santos and Duarte 2015).

Additionally, microplastic removal from wastewater has
recently been reviewed by Poerio et al. (2019) and
Padervand et al. (2020). Peorio et al. focused on microplastic
removal by conventional filtration systems, and Padervand
et al. provided a detailed explanation of coagulation
techniques. However, limited information about microbial
degradation and membrane filtration systems was subsumed
in their studies. Sun et al. (2019) reviewed the occurrence,
detection, and removal of MPs in wastewater treatment plants.
The authors conducted an in-depth analysis of MPs, charac-
terizing them by Fourier transform infrared spectroscopy
(FTIR), Raman spectroscopy, and stereomicroscopy.
Recently, a growing interest in MPs research within the re-
search community has led to the use of more sophisticated
methodologies for detection and removal purposes.
Particular attention has been given to remote sensing tech-
niques (i.e., satellite), thermal analysis, polarized light optical
microscopy (PLM), atomic force microscopy (AFM), and a
combination of different detection methods like AFM-IR,
AFM-Raman spectroscopy, Raman spectroscopy with parti-
cle auto-detection, and image analyzer. Research on removal
technologies for MPs is still in the preliminary stage, and 35—
59%, 50-98%, 0.2—14%, and 0.2-2% microplastic removal
have been achieved by preliminary, primary, secondary, and
tertiary treatments, respectively, in wastewater treatment
plants. However, in most cases, limited information was given
about microbial degradation in biological treatment systems,
which can potentially be used in secondary treatment process-
es. In addition, a number of new and noteworthy technologies
for microplastic removal from wastewater have also been
introduced.

As a result, the main focus of this review is an in-depth
presentation of the gradual introduction and utilization of dif-
ferent detection and removal methods for MPs in wastewater
to ensure correct experimentation. To this point, the incorpo-
rated information provides a clear concept in a single report to
enable a quick understanding of the current status of the
microplastic detection field. It summarizes the severe environ-
mental impact of microplastic pollution, which is essential to
focus on before determining more effective clean-up methods.
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A thorough review is then provided of conventionalized re-
moval methods, which have already been developed, for ex-
ample, membrane filtration, adsorption, biofiltration, magnet-
ic extraction, and microbial degradation. The significant pa-
rameters of these techniques, including the contact time, incu-
bation time, pH, temperature, stirring rate, removal efficiency,
advantages, and disadvantages, are also described. In this
study, it is found that bacteria can degrade MPs in wastewater
through the formation of enzyme-like PETase and MHETase.
Thus, it is worth investigating more micro-organisms that can
form these types of enzymes to degrade and minimize
microplastic pollution. At a glance, this study provides a clear
and straightforward understanding of MPs and successfully
analyzes all the associated issues.

Microplastic detection
Attributes of microplastics

Microplastics (MPs) are ubiquitous as a solid form in the
environment with various dimensions, structures, densities,
colors, types of polymers, and incorporation of plastic parti-
cles with other pollutants (Fig. 1). Transportation phenomena
of MPs in the ecosystem are solely related to these character-
istics (Lambert et al. 2017). Small plastic particles (PPs) are
mostly available in different water bodies. For example, in
China, the presence of small PPs was identified in different
estuaries (Zhao et al. 2014, 2015), Lake Taihu of Yangtze
delta (Su et al. 2016), Wuhan urban water systems (Wang
et al. 2017b). On the other hand, larger PPs were more avail-
able in the Siling Co basin and the Bay of Jiangxi (Zhang et al.
2016). However, weathering process makes the large plastics
to small PPs (Lambert and Wagner 2016). At this moment,
there is lack of available data on the distribution of PP sizes in
environment which raises concern to the research community,
and need to find appropriate methods for this purpose (Zhang
et al. 2018).

Based on morphological analysis, MPs can be in six cate-
gories, fiber, sphere, foam, sheet, fragment, and film
(Table 1). Fiber-shaped MPs are mostly found in the environ-
ment (Zhang et al. 2018). The average concentrations and size
range of microfibers in water are 0.02-25.8 fibers/L and 0.09—
27.06 mm, respectively (Suaria et al. 2020). Garment indus-
tries are the primary source of discharging microfibers, and it
mainly comes from the washings at different stages in
manufacturing (Cesa et al. 2017). Countries with substantial
garment industries such as Bangladesh, China, Vietnam, and
India may be responsible for the discharge of a considerable
amount of microfibers into the environment. Foam-type plas-
tic particles are formed through the fragmentation of different
plastic-based products, while plastic synthetic bags and pack-
ing ingredients are responsible for film-structured MPs
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Fig. 1 Light microscopy images of suspected microplastics in size-fractionated sediment samples from the River Kelvin in suspended and settled
material before chemical characterization. Items shown are pellets (a), fibers (b), and fragments (c) (Blair et al. 2019)

(Zhang et al. 2015). Sphere-type particles originate from resin
pellet leakage of the transportation system, abrasive blasting
media, and different abrasive products (Acosta-Coley and
Olivero-Verbel 2015).

Both transparent and colored MPs are available in the en-
vironment. For example, in China, colorless particles were
available in the sample of Yangtze Estuary, Ch’inghai Lake.
On the other hand, colored plastic debris was present in the
specimen from Lake Tai and Estuary in urban areas (Zhao
et al. 2014, 2015; Su et al. 2016; Peng et al. 2017; Di and
Wang 2018). Colored PPs usually originate from long life
cycle plastic packaging, and transparent particles come from
disposable and short life cycle plastics such as pots, bottles,
and bags (Zhang et al. 2018).

Thus, it should be noted that the majority of fiber-shaped
microplastics are available in the environments from the rapid
discharge of the clothing industry, while all of these particles
are also increasingly fragmented through the process of
weathering. Further research is also needed to confirm the
standard size distribution to categorize the available MPs.

From the statistics (Table 1), we can see that most MPs
are colorless in sizes ranging from 0.1 to 5.0 mm. Also,
PE- and PS-based MPs are frequently observed in the
different analyses shown in Table 1. It may attribute to
the frequent exposure of waste plastic utensils and the
washings of garments into the environment.

Methods of detection

Due to variation in size, structure, color, and type of polymer,
it is challenging to detect MPs using a single detection meth-
od. Multi-detection techniques are therefore used for this pur-
pose. Usually, microplastic detection can be categorized into
two steps, one being physical (i.e., color, size), and the other
being chemical (i.e., composition, structure) identification
(Shim et al. 2017; Sun et al. 2019). Visual analysis, i.e., un-
aided eyes with forceps, is used to identify larger and some
small colored MPs (Heo et al. 2013). There is a high chance,
however, that most small particles will be missed during anal-
ysis. It is, therefore, an easy and fast preliminary identifying
step (Hidalgo-Ruz and Thiel 2013). Thus, further progress is
inevitable to provide a profound detail of the MPs, which
triggers the evolution in MPs detection.

The stereomicroscope is mainly used for morphological
analysis and counting of MPs. However, due to its lower
magnification capacity, it has a size limitation, and its detec-
tion efficiency depends on its user. It is estimated that up to
70% of the measurement error can occur during the test, and
this percentage of error will increase as the particle size de-
creases (Hidalgo-Ruz et al. 2012). This technique is compli-
cated to distinguish between cotton-based synthetic fibers and
naturally available fibers (Jamal et al. 2004). It is also difficult
to discern different colored samples (Murphy et al. 2016).
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Reference

Color

Type of polymers

Size in mm

Attributes of microplastics in aquatic media

Table 1
Shape
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(Di and Wang 2018)
(Peng et al. 2017)

Red, colorless, blue, white

PVC, PC, PE, PS, PP
Rayon, PS, PES, PET

PES, PET, CP
Not available
PP, PE

0.5-5.0
0.1-5.0

2.0-5.0

Foam, film, fiber, fragment

White, transparent, red, black, yellow, blue

Globule, filament, fragment

(Jabeen et al. 2017)
(Zhao et al. 2016)

White, colorless, pink, brown, black, blue

Sheet, filament, fragment, film

0.5-8.5

Filament, fragment

Arbitrary

(Wang et al. 2017a)

>5.0

(Zhang et al. 2016)
(Su et al. 2016)

PET, PE, PS, PVC

0.5-5.0

Fiber, foam, sheet, fragment

PS, PET, PE, CP, PA, PP

PVC, PP, PE
Not available

0.05-0.3 and 0.3-5.0

0.5-5.0
0.5-5.0
0.1-5.0

Filament, globule, film, fragment

(Zhao et al. 2015)

White, colorless, black

Line, film, globule, grainy

(Zhao et al. 2014)

White, transparent, black

Filament, sphere, film, grainy

(Zhang et al. 2017)
(Su et al. 2018)

PET, PE, PS, PE

Sheet, filament, foam, fragment

Blue, white, red, black, yellow, colorless

PVC, PE, PU, PA, PP, PET, Rayon

PS, PET, PE
PS, PP, PE

0.02-5.0

Line, film, globule, fragment

(Wang et al. 2017b)
(Zhang et al. 2015)

Purple, transparent, red, blue

0.5-5.0
0.1-5.0

Fiber, pellet, grainy

Line, sheet, fragment, foam

PS polystyrene, PVC polyvinylchloride, PA polyamide, PET polyethylene terephthalate, PC polycarbonate, PP polypropylene, PES polyester, PE polyethylene

There is also a substantial risk that samples of significant
numbers will be skipped or duplicated. Several steps are car-
ried out to eliminate this error, such as using Petri dishes with
a grid to count MPs (Carr et al. 2016). Researchers use a
burner to separate synthetic and natural fibers because syn-
thetic plastic fibers can be easily liquefied with heat, which is
not the case for natural fibers. To increase accuracy, the sam-
ple can be stained before visualization through a microscope.
For example, a pink stain (Rose Bengal staining solution) can
be used to differentiate natural fiber over synthetic one
(Ziajahromi et al. 2017). Such sample pretreatment may be
performed to eliminate the error of stereomicroscopic detec-
tion. This method also has some inherent drawbacks, includ-
ing more time-consuming and labor-intensive, and being un-
able to differentiate between different polymers (Sun et al.
2019). However, it will be the best act to assign this technique
to detect comparatively larger sized particles (> Smm) with
prescribed pretreatment to minimize the test error.

Scanning electron microscopy (SEM) is installed for the
physical analysis of MPs to overcome the limitation pos-
sesses by a stereomicroscope. SEM provides high-
definition clear images of the external surface of MPs, mak-
ing it easy to distinguish between synthetic MPs and various
organic materials that can be found with MPs (Cooper and
Corcoran 2010). Also, energy-dispersive X-ray spectrosco-
py (EDS) is used for elementary analysis to determine the
chemical compositions of plastic particles. However, it
would be difficult to have access to SEM-EDX regularly,
as it is an expensive method of detection and requires more
time and effort to prepare the sample, thus not handling a
large number of samples. Furthermore, SEM-EDX cannot
distinguish colored MPs. However, this central laboratory
method can be used as a confirmatory technique for detect-
ing MPs (Shim et al. 2017). Here it is worth mentioning that
this method’s error might be reduced through the utilization
of fluorescent dyes (fluorescein isophosphate, Nile red, and
Safranin T) at high temperatures. Due to the loosening of the
plastic macromolecular chain, the penetration of dye mole-
cules is simple at a higher temperature. At ambient, the
structure and the encapsulation of dye molecules can be
tightened into plastic particles simultaneously.

Advance and updated microscopic analysis such as
PLM (polarized light microscopy) can also be used for
the analysis of PET-, PP-, and PE-based MPs. The crys-
tallinity of plastics can be differentiated based on source
polymers and manufacturing processes. As a result, polar-
ized light passes through the plastics, while the crystallin-
ity of plastic influences this passing light and is used to
detect microplastic. However, PLM cannot detect opaque
and thick MPs (Sierra et al. 2020). Thus, a further review
could be carried out to confirm the standard distribution
of the size and color of MPs to minimize the process error
of PLM.
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To improve the detection accuracy, the chemical analysis
of MPs plays a vital role, and, at the same time, the chemical
composition can be measured with this analysis. There are two
methods of chemical characteristics as destructive and non-
destructive methods. Non-destructive methods are Raman
spectroscopy and FTIR, while destructive methods are liquid
chromatography (LC), gas chromatography connected with
mass spectrometry (GC-MS), subsuming pyrolysis gas
chromatography-mass spectrometry, and thermal desorption
gas chromatography (Browne et al. 2011; Fries et al. 2013;
Dekiff et al. 2014; Nuelle et al. 2014; Hintersteiner et al. 2015;
Loder et al. 2015; Diimichen et al. 2017; Elert et al. 2017;
Erni-Cassola et al. 2017; Mintenig et al. 2017; Araujo et al.
2018; Lares et al. 2018). Among them, spectroscopic tech-
niques are widely accepted analytical techniques for this pur-
pose (Hidalgo-Ruz et al. 2012).

FTIR is a mostly used non-destructive technique for the
detection of MPs. In this method, plastic particles are exposed
to infrared radiation, and an appropriate spectrum is formed
for the vibration of a chemical bond between different atoms.
The obtained spectrum is then compared to the reference spec-
trum stored in the library to analyze the compositions of plas-
tic particles (Murphy et al. 2016). It is therefore essential to
develop a library with a non-typical spectrum of plastics as a
reference from different plastic sources to ensure the relevant
comparison of plastic particles. Although it has a wide range
of facilities for detecting microplastic, this process is labor-
intensive, as the sample needs to be adjusted under an optical
microscope, and spectrum analysis can then be performed for
individual microplastic (Harrison et al. 2012). However, the
adjustment of the sample is still a challenge in these methods.
Incorporating auto particle detection with an image analyzer
would minimize process strain and improve data accuracy.

Recently developed focal plane array-Fourier transform in-
frared spectroscopy (FPA-FTIR) can provide a large spectrum
of each particle and result in higher detection efficiency
(Loder et al. 2015). For example, the researcher has shown
that FPA-FTIR could provide a better explanation for a
plastic-based sample of both the water treatment plant and
the sludge. It has been claimed that high-definition images
of samples could be obtained by infrared transmission rather
than by infrared reflection (Mintenig et al. 2017). However,
drawbacks are still aligned with this method as too difficult to
identify stretched fiber images, limited diffraction span of
10 wm per 1000 cm, and particles of less than 10 to 20 um
are difficult to analyze (Li et al. 2018b). Also, Yu et al. (2019)
introduced TGA-coupled FTIR to distinguish PVC and PS in
mussels and seawater. It detects MPs by polymer pyrolysis,
followed by FTIR analysis. But this is a destructive method
and cannot be used to investigate the attributes of plastic
particles.

Raman spectroscopy is another technique widely used for
the identification of MPs. It is a technique of vibrational

spectroscopy that works based on inelastic light scattering. It
provides finer spatial resolution (number of pixels used to
form a digital image) over FTIR on this concern
(Schymanski et al. 2018). It also has a high reactivity to the
non-polar group and cannot be affected by the matrix effect
from the environment, such as CO, and water (Li et al.
2018b). However, Raman spectrum can be affected by fluo-
rescence; thereby, sample pretreatment is needed before doing
Raman analysis (Elert et al. 2017). Besides, lipophilically
stained plastic particles (Nile red) can improve the analysis’s
accuracy (Erni-Cassola et al. 2017).

The thermoanalytical analysis is also be used to identify the
chemical characteristics of MPs as an alternative to spectros-
copy. It is a destructive method, though, and the principle of
this method is to measure the difference in the physical and
chemical properties of different polymers based on thermal
stability (Majewsky et al. 2016; Diimichen et al. 2015). For
example, differential scanning calorimetry (DSC) is mostly
used to determine different polymer materials (Tsukame
et al. 1997). Reference materials must be used to determine
the type of polymer due to the variety of plastic characteristics.
This can identify primary MPs such as PE-based microbeads.
Thermal gravimetric analysis with a DSC combination can
detect both PP and PE (Majewsky et al. 2016). Plastic poly-
mers can also be detected using pyrolysis gas
chromatography-mass spectrometry (Pyro-GC-MS). In this
method, MPs are heated to be decomposed and then separated
and detected by GC-MS. Here, the generated pyrogram of
each sample is compared to the standard pyrogram as a refer-
ence. For example, small plastic particles (0.35 to 7.0 mg) are
pyrolysed at 700 °C and then analyzed by GC-MS. This meth-
od can detect MPs (i.e., PE, PP, PVC, PS, PA, PET) in sedi-
ments (Fabbri et al. 2000, Fabbri 2001, Fries et al. 2013,
Dekiff et al. 2014, Nuelle, Dekiff et al. 2014). Although GC-
MS is a reliable central laboratory-based method to analyze
MPs, this is destructive and time-consuming. It is also labor-
intensive as each pyrogram of individual sample required to
be compared with standard program. So, the investigation on
auto image analyzer incorporation with this process may be
carried out to enhance the process accuracy.

The newly introduced remote sensing method can detect
floating MPs of the coastal water surface using a satellite sub-
pixel scale image. In this analysis, the Naive Bayes (Bayesian)
algorithm is used to synchronize MPs sensing data and en-
sures 86% accuracy of detection (Biermann et al. 2020). The
combination of Raman spectroscopy, auto particle detection,
and image analysis is also used for the identification of MPs in
different samples. In this process, plastic particles are placed
on a single-layer glass and automatically counted one by one,
while both an image analyzer and spectroscopy are performed
simultaneously. By following this method, the attributes of
MPs can be easily defined (Shim et al. 2017). At present, the
majority of AFM and IR or Raman spectroscopy

@ Springer
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combinations are used for nanoplastic analysis. AFM can pro- = ) g
vide nanometer resolution images of particles. AFM-IR is the E & g ; ]& - € ; g
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due to the absorption of IR and increase the oscillations of the 8| 8E ; E tE 3 5 = E
cantilever. The pattern is then analyzed by Fourier transform glE e & 28 d B 2 &
to determine the amplitudes as well as the frequencies of the
cantilever oscillations, resulting in a resolution of 50—100 nm
(Dazzi et al. 2015). If the sample is unknown, it is difficult and g
time-consuming to focus on nano-sized particles by using g ) 3 é 5
AFM-IR (Shim et al. 2017). Table 2 presents the advantages é % % % é 8 E % & 3
and disadvantages of the methods of detection of MPs. %2 25 22 g «?: g & §
Here it is worth mentioning that the evolution of ‘? & &8 5 5 T '§§§ & &
microplastic detection happened on the basis of process opti- 5 Eé 5% % § i g ;E:o §D§ g
mization, specifically, the magnification of particles, surface = 2 g5 §§ =g BEAE g E
analysis, image construction, data analyzer, sample prepara- ch- é—; ?: ) %—é °8EE % 22
tion, and dwell time. Still, there is a vacuum to characterize R 25 =g £5 gggé ELE 2
MPs within a wide range of polymers, rapid detection, and E%g_ﬁs ‘5§ % 35 % g fﬁ ;“5 = :5 é % E
ultimate data analysis. So, the integration of IR spectroscopy éﬁg 2% E g R ; = z éﬂ 3 f ?E, 2 § —g
with auto-detection and image analyzer facility can enhance s | 5 é 2LC §§ 8¢ B= ,;g F o 2E ¢
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Origin of microplastics 72585855882 8585 0L
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The presence of plastic particles in the environment is identi-
fied by analyzing the aquatic ecosystem (Fig. 2). The analysis
includes observation of the plankton sample, experimenting 8 >
with sediments, observation of both invertebrates and verte- Tg §
brates, and analysis of interactions between pollutants and 5 é 5§
chemicals. The analysis confirmed that MPs are littered in ks E- E é
the environment from different sources (do Sul and Costa 8 2 § s = z § %
2014). These plastic particles are now ubiquitous in marine % g :é% g Es_:% -
. . . . g < g2 8T 2 B
and freshwater ecosystem with different particle sizes based = 3. TEE TEE 2
on transport media such as marine waves and wind. The na- % Té g 2 g g 25 S &
ture of the polymer available is thermoplastics. So they can be § ?) ‘é é %: ) é ) E =
easily and repeatedly recycled by heating, cooling, and mold- 2 ’*i éﬁ Z % § Z 2, 2 E
ing. Also, some plastic materials are thermosets. They are = . £8 g:‘s 2 %‘g R
irreversible and cannot be remolded, reheated, reused after a E T.El g 2 = 'é“a o i:f g é
single process of heating and molding, and directly discharged & - k: g - = E f;’ = % 7% :5)
into the environment (Galgani et al. 2013; Talvitie et al. § g s 25 é% g2 £8 ; 2
2017a, b). The primary source of plastic particles is the emis- % go El % § é E lﬁ—; = i‘i% g =
sion of plastic waste particles from the clothing industry, the E g ° é _'°-§ E 2 £% é g %’ 3 r“vé
cosmetics industry, the plastic manufacturing plant, the fish- gn Z U% 8 2 = g 5 : 2 S’“ 5 2
ing industry, the shipping line, the sewage treatment plant, the §
car and truck tires, and the air blasting (Scheme 1). ':3
Discharge of MPs from secondary sources, including deg- E
radation of large plastics to smaller ones under different envi- § g 2
ronmental conditions, such as mechanical fragmentation and gu s | - é = Tg
ultraviolet light (Eriksen et al. 2014). The clothing industry is § Z:; «§ 2 £ S 3
a source of plastic particles, where polystyrene is a cheap 2 :‘3 ‘g 2 %ﬂ g %
alternative to cotton and emits around 100 fibers per liter of al 2|2 g 5 E & g ”
wastewater during the wash operation (Browne et al. 2011). 2 % 5T 3 s § & - § E s
Besides, a different type of artificial fibers such as nylon, Sl=slsE & & SE B & £ =
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Fig. 2 Evolution and impact of
microplastic detection
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spandex, acrylics, and polyester are used in the textile indus-
tries. In general, more than 700,000 synthetic fibers can be
released into the environment by washing 6 kg of clothing
loads (Napper and Thompson 2016). Cosmetic industries are
also responsible for reducing MPs due to the replacement of
natural exfoliating materials with synthetic micro-exfoliates.
A wide variety of MPs such as nylon, PET, and PP are fre-
quently used in personal care products. As a result, these plas-
tic particles are discharged directly into the sewage treatment
systems after use (Zitko and Hanlon 1991). The conventional
water treatment plant can remove approximately 95.0-99.9%
of MPs. However, 0—7 MPs per liter is emitted into the envi-
ronment even after treatment. In sum, it is assumed that every
day, the water treatment plant discharges 160 trillion liters of
effluents with 8 trillion plastic particles into the aquatic
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ecosystem, while 808 trillion microbeads are released from
household activities within a single day due to extensive use
of cosmetics for personal use (Anderson et al. 2016). Plastic
manufacturing plant releases plastic debris due to the use of
resin pellets and granules as raw ingredients. Most of the in-
dustrial sites are located near water bodies. As a result, plant
effluents are directly discharged into the water ecosystem. In
Sweden, for example, the average concentration of plastic
particles is between 150 and 2400/m”. But the plastic concen-
tration is higher near the production plant and is around
102,000 MPs per m’. It can therefore easily be assumed that
a large volume of plastic waste is being disposed of in the
environmental ecosystem without any treatment (Cole et al.
2011). Also, accidental leakage during shipment, mishandling
of packaging materials, may cause pollution of water bodies.
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Recreational and commercial vessels, fish-processing indus-
tries, drain plastics into the marine ecosystem and, in the long
run, are fragmented to the secondary MPs. Fishing methods,
including nylon fishing nets and monofilament fishing lines,
are frequently discarded and accumulated in a variety of sea-
food. For example, 55% of fish species in Indonesia contain
MPs, whereas 67% of fish species in the USA contain MPs
(Rochman et al. 2015). Wastewater treatment plants also con-
sider the primary source of plastic particles (Browne et al.
2011; Long et al. 2019). During wastewater treatment, larger
sized plastic particles can be removed effectively, while MPs
can be easily ignored in different treatment units. For this
purpose, MPs are quickly discharged and accumulated in wa-
ter bodies (Murphy et al. 2016). Many water treatment plants
are adjacent to marine or fresh water bodies, resulting in the
continuous discharge of plastic particles. For example, ap-
proximately 3340 water treatment are fully operational in
China with a daily wastewater treatment capacity of 78 x
10° m?. Of these, 1873 (56%) treatment plants are located near
the coastal zone and directly as well as indirectly drained
effluents into water ecosystem (Jin et al. 2014). As a result,
research is being conducted to investigate origin, transporta-
tion, impact, detection, and efficacy of microplastic separation
in effluent treatment plants. However, further degradation and
transportation of the MPs are happening due to the direct
dumping of plastic wastes into the environment. So, source
segregation may be helpful for on-site MPs control rather than
central treatment system. Specifically, compatible separation
method is necessary in each commercial production plant as
well as household to cut off the emission of MPs so that there
will be no probability for fragmentation and accumulation of
microplastics into the environment at a larger scale.

Transportation phenomena of microplastics

There are several pathways for the transportation of plastic
particles, such as domestic wastewater discharge, emission
from sewage treatment plants, stormwater drainage, and wind
blowing (Scheme 2) (Mason et al. 2016; Nizzetto et al. 2016;
Dris et al. 2017; Siegfried et al. 2017). The wastewater dis-
charge from different domestic activities is the prime sources
and pathways of MPs, such as different artificial fibers and
micro-exfoliates to the environment. In rural areas, wastewater
is discharged into the environment with or without treatment,
while in urban areas, wastewater from domestic sources is
treated in a wastewater treatment plant. These treatment plants
can remove a significant amount of MPs, but a good volume
of MPs is still released into the aquatic ecosystem by overtak-
ing different treatment phases in plants (Murphy et al. 2016).
Settled sludge contained a considerable portion of plastic par-
ticles in the water refining plant, and the application of this
sludge for landfilling can expose MPs to the soil ecosystem
(Mahon et al. 2017). The drainage of stormwater is another
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pathway for the migration of macro- and microplastic particles
into the aquatic ecosystem. Due to the lack of accurate waste
management, plastic wastes are ubiquitous and accumulated
through rainwater runoff in the terrestrial system, such as cul-
tivable soil, roads, landfills (Zhang et al. 2018). MPs from
tires and road wear particles can be migrated to the environ-
ment by road drainage, and this source is responsible for the
drainage of 42% of plastic particles migrating from the river to
the marine ecosystem (Nizzetto et al. 2016; Siegfried et al.
2017).

Since both macro and MPs are not heavy, the atmospheric
wind can transport these particles to the water bodies. They
can travel too far by wind blow from their actual origin. The
transportation behavior of MPs is not yet well understood. But
oceans are considered primary sinks for plastic particles, while
terrestrial and freshwater ecosystems are considered primary
source of MPs. During migration, MPs can be further
fragmented and deposited in sediments of water bodies and
the shoreline. The submerging tendency of MPs is related to
the structure, dimension, and density that can be changed by
weathering and biological fouling. Simultaneously, the water
flow rate is also responsible for the precipitation of plastics in
sediments (Kowalski et al. 2016; Horton et al. 2017). It is
noted that biological fouling is related to sunlight, nutrient
levels, water temperature, and hydraulics. MPs can go through
mechanical and chemical breakdown several times after enter-
ing the water environment. Fragmentation may occur during
flotation due to photo-oxidation of plastic particles by ultravi-
olet and visible sunlight. However, the presence of turbid
water and biological fouling may cause an interruption in this
process. Mechanical pressure also contributes to the fragmen-
tation of fragile and degraded MPs.

Further degradation may occur by micro-organisms, de-
pending on the type of polymers, type of organisms, plastic
molecular weight, and environmental conditions. This deteri-
oration process is also furthered by ionization, hydrolysis, and
plastic particles’ solubilization (Gu 2003). Fragmentation of
plastic waste is a slow process but can be catalyzed by with-
ering due to a change in surface texture. This change can also
assist micro-organisms in the attachment of MPs as well as
rapid degradation (Welden and Cowie 2017). Research has
shown that MPs can be consumed by aquatic creatures with
a potential threat. So, it is lucid to claim that surface water
wave is mostly responsible for the transportation of MPs while
sunlight causes the rapid degradation of plastic particles.
Thus, the complete separation of MPs in wastewater treatment
plant should be ensured. Simultaneously, sludge management
is also important to conduct more cautiously before dumping
into the landfilling site to stop the leaching of plastic particles
into the water media.

Also, the digestion of MPs by sea creatures causes these
floating plastic particles to sink (Cole etal. 2013, 2016; Jabeen
et al. 2017; Katija et al. 2017; Silva-Cavalcanti et al. 2017).
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Various studies have shown that bioaccumulation, bio-ampli-
fication, and MPs migration could occur after entering the
water environment. Thus, it can be confirmed that aquatic
creatures can digest a significant amount of plastic particles,
and further degradation has occurred in their digestive system
due to the presence of peristalsis, various internal micro-or-
ganisms, and intestinal secretion (Yang et al. 2015b; Su et al.
2016).

Impact of microplastics
On human health

For humans, fish is considered to be a promising source of protein.
Thus, at the end of the food chain, people consumed a wide variety
of fish and crustaceans and, at the same time, ingested
microplastics (MPs) through this species. As a result, this type of
consumption poses a potential threat to human health and has
become an emerging concem in recent years (Wright and Kelly
2017; De-la-Torre 2019). MPs are available in the organs (intes-
tine, tissue) of various aquatic animals such as fish, crustaceans,
and bivalves (Li et al. 2015; Bessa et al. 2018; Naji et al. 2018).
Various factors, such as shape, color, size, and density, are respon-
sible for this bioavailability of MPs to aquatic species (Wright et al.
2013). The study showed that MPs could be accumulated on the
tissues of the mussels and the latex-based spheres observed on the
gill’s surface in different portions of rainbow trout fish epidermal
cell surface under the skin phagocytes. It is, therefore, clear that
epithelial cells make a significant contribution to the adherence and
penetration of plastic particles into the fish body. As a result, direct
consumption of these gills and skin surfaces could be a possible
way for MPs to be exposed to human food habits (Su et al.
2018; Kolandhasamy et al. 2018). Like seafood, MPs is also avail-
able in sea salt, and this presence has been confirmed by various
research studies. Approximately 17 salt samples from 8 different
countries were analyzed, and an average of 0—10 plastic particles
per kg was identified (Yang et al. 2015a; Ifiguez et al. 2017). On
the other hand, the investigation also confirmed the presence of
MPs in Spanish and Chinese table salts (Yang et al. 2015a, Iiiiguez
et al. 2017). Moreover, fragmented and line-shaped MPs is also
available in both honey and sugar. However, there are also dis-
putes regarding the presence of MPs in honey because one study

marine ecosystem

Water

surface Sedimentation

Submerging

found that MPs migrated to honey via atmospheric wind, while
another study found no significant amount in honey (Liebezeit and
Liebezeit 2013; Miihlschlegel et al. 2017). A significant concen-
tration of plastic particles in tap water and bottled water was de-
tected (Schymanski et al. 2018). Microplastics is also present in
canned foods such as sprat and sardine. Twenty brands of canned
food were analyzed, and at least 1-3 MPs were detected in 4
brands. The presence of MPs with a high concentration in canned
food has therefore become an emerging concem in recent years.
According to experts, rules and restrictions should be imposed on
eradicating these health hazards (Karami et al. 2018).

Table 3 shows the concentration of MPs present in
different edible foods. Therefore, the most commonly
found polymers in food products are PET, PVC, PE, PP,
PES, PA, and PS. These MPs pose a potential threat to
human health as they can adsorb various toxic chemicals
from the environment. According to the GHS (Globally
Harmonized System of Classification and Labelling of
Chemicals), more than 50% of plastic products contain
toxic chemicals, hazardous additive polymers, and mono-
mers (Lithner et al. 2011). Among the different plastic
polymers, PET is mainly used for plastic products such
as drinking water bottles, building insulation materials,
pipes, and food packaging materials. However, frequent
exposure to this plastic polymer could pose a potential
threat to human health due to its carcinogenic effect (Li
et al. 2016). Another plastic polymer called PS is also
famous for use in different plastic utensils.

Some plastics, such as PVC and PS, are responsible
for discharging hazardous monomers that can cause can-
cer in humans (Wang et al. 2016). In addition, different
PVC additives may accumulate in human blood. On the
contrary, PS-based nanoplastics can damage the morphol-
ogy of the gastric adenocarcinoma cell, cell viability, and
inflammation to activate gene expression in humans
(Mettang et al. 1996). Inhalation of plastic particles is
also hazardous, as these MPs can act as a potential vector
for various pollutants, toxic pathogens, and chemical par-
asites in humans (Vethaak and Leslie 2016). Human
lungs and gastrointestinal tract (GIT) can also be dam-
aged by the uptake of MPs, where endocytosis is a key
mechanism for this.
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Table 3

Microplastics in different edible food items

Name of different edible foods

Amount of microplastics

Types of polymer

References

Commercial and non-commercial fishes

Bottled drinking water
Canned sprats and sardines
Table salt

Sea salt

Honey

Dried fish
Marine mussels

Wild oysters

European pilchard and
European anchovy
Atlantic cod

Yellowfin bream, sea mullet,
and silver biddy
Japanese anchovy

Marine pelagic fish and demersal fish

Marine pelagic fish and demersal fish

Well salts
Lake salts

0-3 particles/fish

50 £ 2 microplastics/liter
1-3 particles/fish
550-681 microplastics/kg
50-280 microplastics/’kg

Black plastic particles 1760-8680/kg,
transparent fibers 132—728/kg,
transparent microplastics 60—172/kg,
colored fibers 32-108/kg

61 microplastics/fish

3.0 £ 0.9 microplastics/g

1.5-7.2 microplastics/g of
tissue in wet condition
0-3 microplastics/fish

18.8% of plastic polymers
0.2—4.6 particles/fish

2.3 fragments and max 15
particles per fish
1.90 £ 0.10 microplastics/fish

54 plastics/mg of fish

7-204 microplastics/kg
43-364 microplastics/kg

PVC, PE, PS, and PP

PE, PET, and PP

PE, PP, PVC, and PET
PET, cellophane, and PE
PET, PVC, PA, PP, PMMA
Cellulose or PET

PET, PP, PS, and PE
Polyester, PET, and PUR
PVC, PET, and PA

PA, polyacrylamide, and PET,

Polyester, PVC, PES, PE, and PP

Polyester, mixing of acrylic
with polyester, and rayon
PP and PE

PA, PS, and PES

PET, PUR, PS, PA, PE,
PP, PET, and PES
PET, PE, and cellophane

PET, PE and cellophane

(Baalkhuyur et al. 2018)
(Schymanski et al. 2018)
(Karami et al. 2018)
(Yang et al. 2015a)
(Ifhiguez et al. 2017)
(Miihlschlegel et al. 2017)

(Karami et al. 2017)
(Catarino et al. 2018)
(Lietal. 2018a)

(Compa et al. 2018)

(Brite et al. 2016)
(Halstead et al. 2018)

(Tanaka and Takada 2016)

(Lusher et al. 2013)
(Rummel et al. 2016)

(Yang et al. 2015a)
(Yang et al. 2015a)

PS polystyrene, PVC polyvinylchloride, PA polyamide, PET polyethylene terephthalate, PC polycarbonate, PP polypropylene, PES polyester, PE

polyethylene, PUR polyurethane, PMMA polymethyl methacrylate

Also, the ingestion of microplastics can be transferred to
other organs through GIT circulatory systems, and some key
factors play a vital role, such as the associated protein corona,
particle size, hydrophobicity, surface functionalization, and
surface loading. Small plastic particles, such as PS-based
nanoplastics, are more likely to translocate through the GIT
circulatory system and are widely available in the blood and
other organs (Jani et al. 1990). MPs may also be responsible
for lung cancer as the presence of different synthetic fibers in
the lung tissue of these cancer patients has been identified
(Pauly et al. 1998). The most widely used additives for plastic
productions are bisphenol A (BPA), brominated flame retar-
dants (BFR), phthalates, triclosan, nonylphenol, and organotin
compounds. It is claimed that BPA and nonylphenol can leach
to biological cells during the ingestion of microplastic-
containing organisms (Koelmans et al. 2014). This hazardous
bisphenol A is used as an antioxidant or plasticizer in most
plastics. Exposure to these plastic products as food containers
can therefore contaminate foods with BPA leaching. It causes
various health problems, including liver malfunction, lower-
ing insulin resistance, altering the reproductive system, brain
malfunction, and problems in the womb of pregnant women.
BPA also acts as a thyroid hormone inhibitor, attenuating the
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performance of pancreatic beta cells, increasing cardiovascu-
lar problems and obesity (Moriyama et al. 2002; Lang et al.
2008; Ropero et al. 2008; Melzer et al. 2012; Guart et al. 2013;
Cipelli et al. 2014; Rani et al. 2015; Srivastava and Godara
2017). Another additive, such as phthalates, is also used as a
plasticizer in plastics and is responsible for health problems
involving sexual abnormalities, birth problems, and carcino-
gens (Gomez and Gallart-Ayala 2018). Thus, MPs cause var-
ious diseases due to the carcinogenic effect of different addi-
tives of polymer-based MPs. Besides, the tendency of MPs to
act as a vector of other pollutants like heavy metals and path-
ogenic micro-organisms is also prone to make difficulties at
long-term exposure to human health. A variety of diseases,
including malfunctioning of GIT, lung cancer, obesity, respi-
ratory problems, birth defects, cardiovascular diseases, viral
diseases, and asthma are also noticed because of MPs pollu-
tion (Scheme 3).

On aquatic organisms
The amplitude of MPs is also increasing at the same time as

the human population increases. Although differently shaped
MPs such as line, fragments, foam, sheet, and globule is
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available in the environment, the most abundant fiber-shaped
MPs are found in water ecosystems (Thompson et al. 2004;
Claessens et al. 2011). As a result, MPs are embedded in the
tissues of aquatic organisms through direct ingestion and the
respiration system (Grossman 2015). It is listed that more than
250 marine animals consume MPs, with the majority of ver-
tebrates ingesting (Laist 1997). Among organisms, the death
rate of vertebrates is high due to their impulsive nature and is
more clearly observed by observers. The impact of plastic
particles on marine aquatic organisms is being considered an
emerging subject for research activities. Biodiversity research
has shown that all sea turtles encounter plastics, half of the
total species of sea mammals, and one-fifth of the total species
of marine birds. The percentage of the impact of different
waste products is also different based on the type of material.

For example, 80% of the total impact is related to plastic
waste, while 11% is due to microplastics. In contrast, metal
(0.39%), glass (0.39%), and paper waste (0.64%) account for
about 1.5% in total. MPs are also ubiquitous in various plank-
tons, sediments, and marine organisms. These particles may
be exposed to planktivores, deposit feeders, detritivores, filter
feeders, and low trophic suspension (Thompson et al. 2004;
Browne et al. 2008; Graham and Thompson 2009; Murray
and Cowie 2011). Table 4 summarizes the list of marine or-
ganisms encountered by MPs.

A great deal of research work is also available on the use of
MPs by vertebrates (Laist 1997; Denuncio et al. 2011; Lazar
and Gracan 2011; Van Franeker et al. 2011; Yamashita et al.
2011). MPs can therefore be accumulated in aquatic organ-
isms and cause various physical damages such as peptic ul-
cers, abrasion in internal or external organs, and GIT clotting
(gastrointestinal tract), resulting in false saturation, physical
damage, and malnutrition and the resulting deterioration of
the reproductive system, obstruction of the feeding tendency,
and ingestion of toxic materials from marine environments.
These problems are also encountered by various small marine
organisms, such as invertebrates. Additional physical damage
is also caused by microplastic ingestion, including inhibition
of enzyme secretion; toxin adsorption; malnutrition; and re-
productive damage resulting in decreased growth rate,

o /’/Cancer, obesity,\\\
l/ N Phvsical 4 respiratory
{ Human ; 3; — . problems, birth !
3 »complexities \ gegacts COVID-19,

A *'by bisphenol A, BFR, cardiovascular

phthalates, virus . disease
(i.e.SARS-COV-2) "~ -

minimization of feed stimulus, reduction of hormone levels,
delaying egg production from ovaries. Plastic particles are
also prone to deposit onto the tissue surface of invertebrates
and block the appendices that assist the feeding system
(Scheme 4) (Derraik 2002). Also, several factors are more
likely to influence both the chemical and physical impact of
plastics, including accumulation, translocation, shape, and
microplastic excretion (Wright et al. 2013).

Removal of microplastics
By microorganism

Microplastic concentrations are rapidly increasing in the biota
species (Cole et al. 2013; do Sul and Costa 2014; Neves et al.
2015). These plastic particles are ubiquitous even in the re-
motest part of the world, such as the deep oceans or the
Antarctic Islands (Desforges et al. 2014; Woodall et al.
2014). As a result, the biodegradation of MPs could be a
potential solution to eradicate this plastic debris. This process
is carried out by micro-organisms, which are more likely to
decompose this plastic waste into biomass, methane, carbon
dioxide, water, and various inorganic compounds, while the
enzymes of organisms play a vital role. Microplastic biodeg-
radations are solely dependent on plastic polymer types with
physical and chemical characteristics. Environmental param-
eters, including sunlight, ultraviolet rays, temperature, and
atmospheric humidity, also influence biotic degradation
(Shah et al. 2008).

Fungal degradation

Different fungi can use plastics as their source of nutrients
(Russell et al. 2011). As a result, these organisms could po-
tentially be used to degrade MPs. To this end, researchers used
marine fungi (Zalerion maritimum) widely available in
Portuguese marine waters to degrade PE-based MPs. During
the experiments, after 14 days of microplastic exposure to the
fungus in controlled media (25 °C, dark environment, 120-
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Table 4 Microplastic-ingesting marine organisms and their pathways of exposure (Wright et al. 2013)

Name of marine organisms Pathway of microplastic exposure
adsorption s
Green algae Marine Algac p Positively charged
nanoplastics
' ) ingestion Optimum sized
Microzooplankton Microzooplankton _— microplastics
Deposit feeders or sea cucumber and Deposit feeders ingestion Sedimented
lugworm or sandworm and lugworm microplastics/microfibers
h Marine benthic i—>ngestion Sedimented microfibers
. .
Marine benthic scavenger scavenger
ingestion Mi lastics i
Mesozooplankton Mesozooplankton e {TOpIasiics i
water surface
. . . ingestion
Benthic Suspension Feeders like blue Blue mussel —  ,  Submersed microplastics
mussel in water

rpm continuous stirring), positive correlations were observed
as an increase in the percentage of fungus weight with a de-
crease in the percentage of plastic mass. Here, the biomass
variation was 82.0% =+ 2.1, while the plastic mass variation
was 56.7% =+ 2.9, and the removal was more than 43% (Paco
et al. 2017). The investigation was also conducted in 2011 to
check the potential degradation of PUR MPs by endophytic
fungi (Pestalotiopsis microspora). It was noted that serine
hydrolase is responsible for the decomposition of this polymer
under anaerobic conditions (25 °C), while PUR is considered
to be a carbon source (Russell et al. 2011).
Yamada-Onodera and co-workers (Yamada-Onodera et al.
2001) experimented for 3 months to determine the potential
for PE degradation of the fungus (Penicillium simplicissimum)

Scheme 4 Impact of
microplastics on aquatic
organisms
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and checked molecular weight deterioration from 4000 to
2800. At the same time, Junqing Zhang and co-workers
(Zhang et al. 2020) also isolate fungus (Aspergillus flavus)
named PEDX3 derived from wax moth or honeycomb moth
(Galleria mellonella) intestinal content for PE remediation
within 28 days. It was calculated that the mass loss of high-
density polyethylene (HDPE) was 3.9025 + 1.18%, as con-
firmed by the FTIR analysis. Reverse transcription-
polymerase chain reaction analysis was also conducted to iso-
late the degradation-responsible enzymes and detect the sec-
ond oxidizing substrate of laccase-like multi-copper oxidase
genes (AFLA 006190 and AFLA 053930). The fungus can
degrade MPs within a controlled media at a specific tempera-
ture, agitation, and the presence of an enzyme (serine
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hydrolases). But the plastic degradation time is longer due to
the slower reaction rate. Pretreatment is therefore essential to
introduce, including solvolysis, ozonolysis, and photo-oxida-
tion, to initiate polymer degradation before fungal
degradation.

Bacterial degradation

Researchers are investigating the potential of different bacteria
to degrade MPs into environmentally friendly monomers and
could be an emerging alternative to remove plastic debris from
the ecosystem. Experiments have been conducted to detect
PET degrading whole-cell biocatalysts (Comamonas
testosteroni) for the removal of MPs. Three types of media
were considered, including bacteria in neutral pH media (pH
7), bacteria in alkaline pH media (pH 12), and alkaline media
without bacteria. Degradation of PET with bacteria was per-
formed for 48 h, including a temperature of 37 °C and a stir-
ring rate of 140 rpm. The mean PET particle diameter before
treatment was 7.3 um. After treatment, the particle size was
7.3,2.63, and 1.58 um for bacteria with no media, neutral pH
media, and alkaline pH media, respectively. PET degradation
rate with biocatalyst in higher pH is better than neutral media
(Gong et al. 2018).

In 2016, research work was also carried out by
Shosuke Yoshida and his team members (Yoshida
et al. 2016) on the isolation of bacteria (Ideonella
sakaiensis, 201-F6) capable of PET degradation into en-
vironmentally friendly monomers, TA (terephthalic ac-
id), and ethylene glycol. This bacterium can secrete
two enzymes (PETase and MHETase) to hydrolyze
PET and use plastic waste as the primary source of
carbon nutrients. The PET film degradation rate was
0.13 mg cm 2 per day at a temperature of 30 °C, while
75% of the decomposed PET film was converted to
carbon dioxide at 28 °C. At the same time, another
research paper on PE film degradation via bacterium
(Bacillus subtilis) was published, which showed that
the biosurfactant secretion from this bacterium was re-
sponsible for degradation. Low-density polyethylene
(LDPE) pretreatment with ultraviolet therapy increased
degradation for 72 h due to increased plastic intake of
isolated bacteria (Bacillus subtilis). In these experi-
ments, a weight loss of up to 9.26% was noted in the
presence of biosurfactants within 30 days of incubation
of 180 rpm at 32 °C (Vimala and Mathew 2016). Here,
the point to be noted is that microplastic degradation
via bacteria is more rapid than fungal activities.
Moreover, enzymes and biosurfactants are playing vital
role for plastic breakdown. So, pretreatment can also be
added here, including photo-induced degradation
(photolysis) and chemical degradation before MP

exposures under bacteria to minimize degradation time
and ensure commercial feasibility.

Marine microalga

In 2016, researchers found that the bacterium can hydrolyze
PET with the PETase enzyme. In addition to this bacterium,
Escherichia, as well as Bacillus, both are capable of secreting
this PETase enzyme to degrade plastics. Thus, the PETase
enzyme plays a vital role in the decomposition of plastics
(Huang et al. 2018; Seo et al. 2019). In 2019, Daniel Moog
and his colleagues (Moog et al. 2019) isolated a microalga
(Phaeodactylum tricornutum) in the marine environment that
could secrete PETase enzyme to degrade PET plastics. This
enzyme could remain active in a salty environment at a lower
temperature (21 °C). It may fragment PET into MHET (2-
hydroxyethyl terephthalate) and TPA (terephthalic acid) while
this microalga has been converted as a potential degradation
chassis. As marine microalga can secrete microplastic hydro-
lyzing enzyme, it may also be worthy to investigate the pros-
pect of freshwater microalga (Chlorophyta, Rhodophyta,
Cyanobacteria, Bacillariophyta) to degrade MPs with com-
mercial feasibility.

Periphytic biofilm

In 2020, Sadaf Shabbir and his co-researchers newly intro-
duced periphytic biofilm (extracellular polymer substances;
EPS) to decompose different polymeric MPs such as PET,
PE, and PP. Periphytic biofilm was used to detect MPs in
the presence of additional nutrients such as glucose and pep-
tone; at the time of the experiments, plastic degradation was
measured in weight loss. The batch experiment was conducted
in a dark room at 30 °C and pH 7 for 60 days of incubation.
The presence of additional nutrients accelerates the rate of
degradation to a moderate limit (about a twofold increase).
The use of glucose with biofilm increased the decomposition
rate between 13.24 and 19.72%, between 9.52 and 18.02%,
and between 5.95 and 14.02% for PET, PP, and PE, respec-
tively, rather than using periphytic biofilm alone (Shabbir
et al. 2020). Hence, the plastic decomposition rate of the peri-
phytic biofilm is still nominal than other decomposition
methods. Research should be conducted to investigate more
suitable catalysis like polysaccharide starches: sucrose, lac-
tose, and fructose to enhance degradation rate.

By adsorption

Biosorption could be a promising and innovative technique
for extracting MPs from water using adsorbent materials.
Biosorption is a simple physicochemical process (Van der
Waals force or ion exchange) that causes adsorbate to bind
to the surface of adsorbents (Mrvci¢ et al. 2012). Recent
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studies have shown that the marine algae of Fucus vesiculosus
(brown algae) may adsorb MPs due to alginic acid’s presence
in its cell wall (Sundbzk et al. 2018). The carboxylic func-
tional group is present in brown algae on alginate polymer,
and the adsorption capacity of the algae is directly proportion-
al to the availability of these functional groups on the surface.
Thus, it can be said that the presence of the carboxylic group is
responsible for the plastic binding capacity of the adsorbents.
Research also conducted on removing MPs through the
adsorption system and reported that biodegradable, compres-
sive, and porous sponge incorporated with chitin and
graphene oxide (ChGO) could absorb different types of plastic
particles (Fig. 3). This sponge can be used within three suc-
cessive cycles of microplastic adsorption and desorption.
Here, H-bond, pie, and electrostatic attraction play the primary
role of microplastic adsorption on the surface of the graphene-
modified adsorbent. In order to confirm biodegradability, the
graphene-coated sponge was buried, and, after 3 days, hyphae
were found on the surface of the sponge. After 28 days of
completion, the sponge was entirely degraded by the soil mi-
croorganism and confirmed its biodegradability. Recently,
Yuan et al. developed a 3D (three-dimensional)-reduced
graphene oxide adsorbent to separate PS-based MPs. In this
experiment, stout 717t bond within benzene moiety of poly-
styrene and carbon atoms of 3D-reduced graphene oxide plays
a vital role for microplastic separation from water.
Moreover, research should be conducted to check this nano
adsorbent’s reusability to avoid secondary pollution into the
environment. Thus, adsorption is a time-consuming and labor-
intensive process. So, it is challenging to introduce commer-
cially. Moreover, it also responsible for secondary pollution
burden and requires special arrangement when going for the
landfilling or regeneration for further use. This process can be
used as a pretreatment before going for the more advanced

Fig. 3 SEM image of Ch (a),
ChGO-50 (b), ChGO-100 (c), and
ChGO-300 (d) sponges (Sun et al.
2020)
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tactics like nanomaterial-based membrane system or advanced
oxidation system.

By magnetic extraction

Magnetic extraction is more likely to separate MPs from
wastewater, according to the investigation. This method in-
cluded magnetic seeds (Fe nanoparticles), oxalic acid (as Fe
di-sorbent), and external magnetic attraction to separate MPs
from seeds. Iron-based nanoparticles have been used due to
their ferromagnetic properties, low-cost availability, and more
available specific surface area. Hydrophobicity of nanoparti-
cles was ensured by the deposit of hexadecyltrimethoxysilane
on the surface of nanoparticles, and this modification allowed
the bonding of plastic particles. Almost 92% of PS and PE
beads with a range of 10 to 20 wm can be removed.

On the contrary, MPs (PET, PVC, and PP) of a smaller size
(less than 1 mm) have been removed up to 93%. Besides, 78
and 84% of medium-sized (200 um—1 mm) MPs were re-
moved from the sediment and fresh water, respectively. This
method is, therefore, useful for small plastic particles (less
than 10 um). However, these nanoparticles are not biodegrad-
able and cannot be reused, leading to secondary pollution.
Also, the presence of soil particles and lipophilic substances
may reduce the plastic removal percentage by damaging nano-
particles (Fig. 4) (Grbic et al. 2019; Shen et al. 2020; Sun et al.
2020). Recently, TiO,-based photocatalytic micromotors are
introduced by Wang et al. (2019) to remove MPs in aqueous
media. Authors proposed two new processes to extract
microplastics while phoretic interaction is incorporated to re-
move primary microplastics (personal care products) and
chains of magnetic micromotor (via shoveling effect) are used
to ensure the motility of microplastics under magnetic field for
higher segregation. But still, a challenge remained to confirm
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Fig. 4 Schematic of the magnetic plastic separation method. a
Modification of Fe nanoparticles with hexadecyltrimethoxysilane
(HDTMS) creates hydrophobic Fe nanoparticles that bind to plastic due
to hydrophobic interaction. HDTMS binds to the nanoparticles to create

selectivity as well as recognition of plastic particles by
micromotors.

By biofiltration

Researchers have noted that new wastewater treatment plants
are more likely to remove different nutrients and organic mat-
ter than MPs. However, more than 90% of MPs can be re-
moved through these conventional treatment plants. However,
a large quantity of MPs is discharged directly into the envi-
ronment (Carr et al. 2016; Mason et al. 2016; Simon et al.
2018; Gatidou et al. 2019; Sun et al. 2019). In this context,
Fan Liu and his co-investigators (Liu et al. 2020) introduced a
biofilter to remove MPs from secondary water treatment plant
effluents. During this study, a biofilter plant prototype was
used to remove MPs from personal beautification products,
pharmaceutical waste, and treatment plant effluents. This
biofilter was designed with different layers while the second-
ary effluents entered the top portion of the filter, and the treat-
ed effluent was discharged through the bottom. Biofilter was
packed with six different thick layers of stone wool (1.1 m in
total height). Before treatment, the effluent contained 917 par-
ticles/m> with 24.8 pg/m3 , whereas, after treatment with a
biofilter, the particulate matter was reduced to 197 particles/
m°® (79%) with a mass concentration of 2.8 ug/m3 (89%). This
biofilter is more likely to encounter large MPs (> 100 pm)
with a higher mass concentration than small ones. Thus, with
this limitation, complete removal cannot be ensured.

hydrophobic tails. b Bound Fe nanoparticles allow magnetic recovery of
MPs because magnetic force acts on the particles. ¢ Pictorial representa-
tion of HDTMS bonding to OH groups on the native oxide layer of Fe
(Grbic et al. 2019)

By membrane filtration

Various treatment processes are available to remove MPs,
including sedimentation, skimming, and a variety of advanced
tertiary level filtration systems. But none of them is dedicated
solely to the removal of MPs. As a matter of principle, the
development of microplastic removal technology is still at the
preliminary stage of research. Although many water treatment
plants are used to separate MPs, many plastic particles are still
entering the aquatic ecosystem through sludge management
and effluent discharge (Sun et al. 2019). Various researchers
investigated the efficacy of the microplastic removal using
different membranes as a tertiary level of the treatment sys-
tem. At this level, membrane filtration is a physical barrier to
extract plastic particles from water, although not intended for
plastic removal. Above all, membranes can remove MPs from
the water system with higher efficiency and some advantages,
such as stable effluent quality and ease of treatment (Baker
2012; Park et al. 2017; Talvitie et al. 2017a, b). Comparing
with different tertiary level treatment efficacy such as rapid
sand filter, disk filter, and dissolved air flotation refining sec-
ondary effluent with 97, 98.5, and 95% removal efficiency,
respectively, the membrane bioreactor encounters primary ef-
fluent with 99.9% efficiency. MPs can also be removed by
reverse osmosis as well as by ultrafiltration. On the contrary,
advanced granular separation systems and active biological
filters have not deduced plastic concentrations in water treat-
ment plants (Mason et al. 2016; Talvitie et al. 2017a, b).
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Research has shown that smaller plastic particles (20—-190
um) and fiber-shaped MPs are so stubborn to remove even
after tertiary treatment. This may be due to the longitudinal
migration of the fibers and particles through the membrane’s
pores (Michielssen, Michielssen et al. 2016, Ziajahromi et al.
2017).

In addition to rapid filtration, a gravitational-powered sys-
tem was introduced to extract secondary MPs with two oper-
ating moods. One is the microplastic filtration mood of the
wastewater, and the other is the back flush to wash the parti-
cles out of the system. The effect of transmembrane pressure,
flow rate, filtration materials, and plastic recovery has also
been studied, and a pressure of 1.68 kPa ensured the best
removal performance. The dynamic membrane filtration sys-
tem has also been energy-saving exposed to encountering
MPs. However, the development, as well as the operating unit
cost first, should be considered before going to the additional
unit in the treatment plant for removal of MPs (Li et al. 2018c;
Sun et al. 2019). In addition to higher removal efficiency,
membrane filtration is associated with severe membrane foul-
ing problems. So, before moving on to membrane technology,
a strategy should be put in place to address this clogging
problem. During wastewater treatment, macromolecules and
particles, including MPs, interact with membrane materials
both physically and chemically and are deposited on the mem-
brane surface or in membrane pores. As a result, these unwant-
ed depositions squeeze the membrane’s pores, resulting in the
clogging of the membrane (Enfrin et al. 2019). Several im-
pacts are observed due to this clogging, such as reduced water
flow; higher transmembrane pressure; and higher energy,
maintenance costs, and operating time. In general, membrane
pore sizes are smaller than MPs, and a large number of plastic
particles (10°-107) interact with the membrane surface every
day in water treatment plants. This frequent interaction re-
duces both pore size and filtration performance at the same
time (Ma et al. 2019). Researchers have assumed that different
treatment levels in water treatment plants have made MPs
more likely to cause further fragmentation and result in
nanoplastic particles. Regarding this issue, Enfrin et al.
(Enfrin et al. 2020) recently investigated the effect of
shear stress forces on MPs during the pumping of waste-
water. The study highlighted that MPs are fragmented
via turbulence of pumping into nanoplastics, and the
whole phenomena are governed by crack propagation
mechanism. So, these fragments are highly prone to de-
posit on the membrane surface, and micro-organisms are
also more likely to settle on the plastic surface through
biofilm formation, while these MPs act as potential vec-
tors. As a result, these types of deposition and film for-
mations ultimately cause biofouling of the membrane
(Fig. 5) (Enfrin et al. 2019; Iorhemen et al. 2016). Due
to the lack of sufficient research, the phenomenon of
membrane fouling by MPs is not yet clear to understand,
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although Enfrin investigated the mechanism of mem-
brane fouling by microplastics/nanoplastics in the cross-
flow filtration system. Their study highlighted the effect
of surface charge and the electrostatic interaction be-
tween membrane surface and plastic particles on fouling
phenomena. Based on their explanation, adsorption of
plastic particles on membrane surface and membrane
pores (cake layer formation) is responsible for membrane
clogging rather than internal pore blocking. So, further
research on robust antifouling tactics like active antifoul-
ing strategies as well as passive antifouling strategies
should be carried out to ensure longer filtration proper-
ties. However, some actions during water treatment can
minimize fouling problems, including the selection of
optimized pretreatment and wastewater treatment sys-
tems, the efficient and rapid membrane backwashing
system.

In addition, the selection of membrane materials on the
basis of selectivity and permeability can lead to a reduction
in fouling, and this material development should be compati-
ble with the characteristics of MPs. Research has shown that
microplastic has become negatively charged in aquatic envi-
ronments. Thus, if it is possible to develop a membrane ma-
terial surface with a negatively charged functional group, neg-
atively charged microplastic may be rejected during treatment
operations, and the fouling problem may be minimized to a
greater extent (Fotopoulou and Karapanagioti 2012; Enfrin
et al. 2019; Shen et al. 2020).

By electrocoagulation

In addition to microbial degradation and chemical coagu-
lation, electrocoagulation is a treatment process in which
cations are formed by metal electrodes in the electrical
field. It produces coagulants using metal electrodes that
are more likely to encounter MPs with several advantages,
including sludge minimization, automatic treatment, and
efficient and low operating costs. This process was also
used for the removal of PE-based MPs (300-355 pum).
During the experiments, a higher removal percentage
(99.24%) was observed at pH 7.5 and current density 11
A/m? due to higher coagulant formation at this neutral
pH. It was also noted that maximum efficiency was
achieved after 40 min of operation, and a gradual increase
in current density did not result in higher removal perfor-
mance. Besides, water conductivity has shown no effect
on removal efficacy. The operating cost for the removal of
MPs has also been calculated and summarized that
electrocoagulation can provide higher efficiency at a low-
er cost than further removal of pollutants (Perren et al.
2018). This process can therefore be used in a commercial
format for encountering MPs before discharge into the
aquatic environment.
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Fig. 5 Mechanisms of membrane fouling in membrane bioreactors (MBR) (Iorhemen et al. 2016)

By chemical coagulation

Various conventional chemical coagulates are used for this re-
moval purpose to find alternative solutions for the removal of
MPs. In the water treatment field, coagulants such as different
iron salts (Fey(SO4);.9H,0, FeCl;.6H,0) and aluminum salts
(KA1(SO,4),.12H,0, AICI;.6H,0, Aly(SO4);.18H,0) are used
to capture dissolved solids in wastewater by forming flocculants
and to settle them at the bottom of the coagulation tank. Various
parameters, including the pH of wastewater, the concentrations
of pollutants, and the surface charge, are also associated with this
process (Jamal et al. 2019). MPs are negatively charged in aquat-
ic media and can be removed by chemical coagulation.
Researchers have reported that coagulation or flocculation may
be used to encounter MPs before discharging into the ecosystem.
However, further investigations are needed to optimize this pro-
cess to improve the efficacy of removal. During experiments,
aluminum-based coagulants with polyacrylamide incorporation
performed better than iron-based coagulants with removal per-
formance (Fotopoulou and Karapanagioti 2012; Ma et al. 2019;
Triebskorn et al. 2019).

In the search for sustainable technology to remove MPs,
the agglomeration method has been introduced by researchers
to separate PE and PP microplastics from the aquatic environ-
ment. A physicochemical process was used by using
alkoxysilanes (tetracthoxysilane) to aggregate these plastic
particles through the formation of alkoxysilyl bond and then
extracted by conventional sand filtration system (Herbort et al.
2018).

The development of microplastic removal technology is in the
primary stage, and there is no reliable method yet established on
a commercial scale. Different conventional treatment technolo-
gies are being utilized, while a vast quantity of MPs is draining

out through treatment plants’ effluent (Fig. 6). Also, these con-
ventional processes may, to some extent, remove MPs but also
be responsible for secondary microplastic pollution. So,
recycling of the treatment system is worthy of investigation,
and simultaneously, the final disposal of this treatment media is
also notable to analysis. Specifically, microbial degradation can
decompose MPs, but the degradation rate is too slow to make it
industrially feasible. In this case, the chemical degradation pro-
cess should be incorporated to accelerate decomposition before
microbial treatment.

Moreover, magnetic extraction, adsorption, chemical, and
electrocoagulation are promising, but they are limited in use
due to longer contact time, chemical consumption, and lower
removal rate. In this phenomenon, hybrid treatment technolo-
gy should be incorporated for the complete removal of MPs
from wastewater. The incorporation of microbial treatment
with membrane technology is highly promising. Still, it is
worth mentioning to investigate the impact of operational con-
ditions, including membrane surface charge, membrane mate-
rial, fouling phenomena, transmembrane pressure, pore size,
and hydraulic retention time to MPs removal. On the other
hand, investigation on sample pretreatment (ozonolysis, sol-
volysis) is also notable before going for microbe’s hybridiza-
tion utilization to ensure maximum removal rate.

Conclusions and recommendations

The establishment of standard methods for microplastic detec-
tion and removal remains a challenge due to variations in their
characteristics and uncertainty in complete eradication from
the environment. In this review, critical analysis is carried out
regarding the evolution and impact of conventional and newly
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Fig. 6 Evolution and impact of
microplastic removal methods
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incorporated MP detection and removal techniques. In terms
of the evolution in microplastic detection, the single-stage
detection method was initially considered, while unaided eyes
with forceps were used to detect various MPs. But to minimize
both processes error and labor intensity, the genesis of stereo-
microscope was noticed. Due to size limitation and error in the
discrepancy of microplastic’s color and composition, central
laboratory methods, such as SEM-EDX and PLM, become
famous for this purpose. Again, considering cost, portability,
and user-friendliness, FTIR is being used frequently.
However, to enhance the dimension of investigations, FPA-
FTIR, TGA-FTIR, and Raman are doing the job of detecting
MPs in the environment. Also, researchers are now thinking
about using remote sensing as a preliminary screening of MPs.

In the microplastic removal strategy, most conventional sew-
age treatment plants are being used to handle microplastic pol-
lution. To improve the efficiency, pretreatment with photocat-
alytic and biological degradation would reduce the microplastic
release in the environment. Traditionally, activated sludge is
also used to separate MPs, but the disposal of sludge was a
significant sustainability problem. Membrane filtration is
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mostly promising until now, at which the maximum amount
of removal is noticed in recent studies. But it is also convoluted
with membrane fouling issues. Work is in progress with incor-
porating electrocoagulation, magnetic extraction, and adsorp-
tion chronologically in the removal process. However, higher
energy consumption, secondary microplastic pollution, and
longer time duration limit the commercial use of these tech-
niques. Microplastics based on polystyrene (PE) and polyeth-
ylene (PE) are commonly found in the environment, mainly
from the garment and household utensils, respectively. Source
segregation on sites and awareness-raising campaigns should
be carried out through the local authority to reduce MPs in both
wastewater and surface water. Consideration should also be
given to the development of membrane-based antifouling tech-
nology as a further research area that would allow removing
MP pollution from water.
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