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Abstract

Microplastics (MPs) and nanoplastics (NPs) have gained much attention in recent years because of
their ubiquitous presence, which is the widely acknowledged threat to the environment. MPs can
be <5 mm size, while NPs are <100 nm, and both can be detected in various forms and shapes

in the environment to alleviate their harmful effects on aquatic species, soil organisms, birds, and
humans. In efforts to address these issues, the present review discusses about sampling methods
for water, sediments, and biota along with their merits and demerits. Various identification
techniques such as FTIR, Raman, ToF-SIMS, MALDI TOF MS, and ICP-MS are critically
discussed. The detrimental effects caused by MPs and NPs are discussed critically along with
the efficient and cost-effective treatment processes including membrane technologies in order to
remove plastics particles from various sources to mitigate their environmental pollution and risk
assessment.
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Introduction

In the present-day scenario, life on the mother earth without the use of plastics is almost
impossible as these are the integral part and partial of human life, pervading all corners of
society as they are multifaceted, durable, and extensively used materials having numerous
applications [1]. The advantages of plastics, including their flexibility, durability, and light
resistance have attracted their applications in a wide variety of areas [2]. However, the global
population explosion over the years, along with urbanization [2-6] has drastically affected
the environment creating numerous environmental and social problems such as increased
energy demands, pollution [7], congestion, global warming [8-15], affecting the oceanic,
biological and human systems. Plastic particles are found in soil, coastal lines, rivers, remote
locations, and different oceans (including Antarctica) due to long-distance transportation of
particles through air and river streams. These particles pose high risks to the environment,
earth, human health, and integrity of the natural food chains. According to the National
Geographic, over 5 trillion pieces of plastic debris are present in the ocean, of which mass
of over 300,000 tons float on the surface of the oceans, while over four billion plastics per
square kilometre in the deep ocean are present. Year after year, the use of plastics increases,
amounting to the worldwide plastics production of nearly 320 million tons per year [16].

Nearly 100 years back in the year 1920, Herman Staudinger first introduced concept of
polymers and proposed for the first time the idea that polymers (or plastics) are made

up of smaller molecular units called monomers. This concept has led to the development
of various types of plastics such as polyethylene (PE), polystyrene (PS), polypropylene
(PP), and myriads of other polymers derived from the fossil hydrocarbons, but surprisingly
none of the earlier developed plastics were biodegradable [17]. Of the majority of plastics,
only 6-14% are recycled, which means nearly >80% remain in the atmosphere in landfills
and in natural environment or water bodies via innumerable pathways (Fig. 1), causing a
serious threat to the macrocosm [18]. Plastic waste can be found in oceans [19], air [20],
sediments [21], soils [22], and surface water. Some of the major commonly used commaodity
plastics such as PE, polyvinyl chloride (PVC), PP, polyethylene terephthalate (PET) and
PS are [23,24] generally considered resistant to hydrolytic and enzymatic breakdowns [25].
The chemical structures of some of the major plastics are shown in Fig. 2a. Macroplastics
(>25 mm size), mesoplastics (5-25 mm), microplastics (MPs) (<5 mm), and nanoplastics
(NPs) (<100 nm) [26] are the result of breakdown of large-size plastic debris. For instance,
seawater plastics can undergo fragmentation into smaller debris (Fig. 3).

The origins of MPs/NPs can be either primary or secondary, depending upon their sources.
The plastic beads used as exfoliant in personal care items [27], including industrial
abrasives and accidental spills [28] are the best examples of primary MPs. In the United
States alone via wastewater treatment plants (WWTPs), an estimated effluent of 8 trillion
pieces of MPs (including microfibres) enter the aquatic media [29], thereby significantly
adding the pollution of MPs to the environment [30-33]. The secondary MPs are the
unintended results of larger plastics that can degrade in the atmosphere due to natural
weathering processes such as biodegradation, hydrolysis, mechanical abrasion, and UV
photodegradation. Examples of the secondary MPs include discarded fishing nets, ropes,
plastics bags, car tires, and agricultural plastics mulches [28,34,35]. The primary and
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secondary sources of MPs are mainly responsible for enhanced environmental pollution
(see Fig. 2b and c).

Owing to the indiscriminate nature of feeding habits, filter feeders and planktonic
suspensions may be most vulnerable to microplastics ingestion [37]. PE, PP, and PS are
less denser than seawater, making them buoyant and accessible to planktonic organisms
[38]. MPs are injected by marine organisms and are translocated beyond the gut [39,40].
Terrestrial research on the ingestion of MPs for soil species are emerging [41,42], and
plastics reach the soil primarily via aerial deposition, contaminated irrigation water due

to the presence of nitrates [43], while MPs residues are left in agriculture or horticulture
products [44]. In agricultural areas of Europe, the first 10 cm of the soil has been polluted
with 670 plastics fibers/kg of the soil, of which >1000 to 4000 particles of MPs per/kg

of dry matter were detected [45,46]. MPs and NPs were also detected in foodstuffs such

as table salt [47], honey [48], sugar, and milk [49]. For instance, average contents of MPs
reported in honey are 0.166 fibers/g and 0.009 fragments/g, and for table salt, the contents
of MPs range between 0.007 and 0.68 particles/g [50]. MPs have also been detected in
aquatic animals such as crabs, seabirds, oysters, and Antarctic krill, lugworms [51-53].
Thus, studies to detect these plastics materials require more powerful diagnostic tools to
identify, classify, and accurately quantify them from the environment. Therefore, there is
an urgent need to develop novel technologies to remove or reduce micro and nanoplastic
levels from natural sources such as environment and water for the benefit of both wellness of
human for sustaining the green environment. This review attempts to compile the literature
findings and to critically discuss the data on the analysis of emerging MPs and NPs to
understand their harmful effects to the environment. Various methods used for the mitigation
of MPs and NPs along with analytical techniques used for their characterizations are also
covered.

2. Sampling techniques of MPs

2.1. Water sampling

Depending on the properties of MPs viz., density, shape, size, chemical adsorption, and
biofouling and environmental factors such as water density, wind, tides, and waves, MPs
can be distributed in the water column. Consequently, the recovered MPs’ quantity and
consistency are highly reliant on the position and depth of sampling. For the sampling of
large water quantities often /n situ use of sieves, nets, or pumps can be used, whose mesh
size can significantly affect their contents. For instance, in case of nylon net, 100 pm can
be 0.1 MP L1, which is almost 100-times greater than the manta net (333 um) having a
concentration of 0.00135 MP L~1 [54]. However, due to clogging with suspended organic
and mineral products, plankton nets need to be deployed for a limited period, reducing the
amount of sampled water. For the separation of fibers, a mesh of 80 um can filter 250-times
more fibers than the mesh of 330 um [55]. Sample bottle and rotating drum samplers are
often used to sample MPs in the water column at various depths [56].

Another method used for assessing the MPs’ concentration in the ocean is the continuous
plankton recorder [57]. The merits and demerits of the water sample collection type are:
(i) Neuston and Manta net, which are easy to use to produce a large number of MPs for
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further testing, but they suffer from the demerits of expensive equipment and boat; the
method can also be time-consuming with a lower detection limit of 333 um; (ii) plankton
net, which is easy to handle requiring samples with medium volumes of water; the lowest
limit of detection with this method can be 100 um, and the limitations of this method are
expensive, requirement of the boat, and the static sampling requires a flow of water; (iii)
sieving, wherein the collection of samples can be easier with no specialized equipment, but
the method is time-consuming; pumps, where the samples of a larger volume of water are
required with the choice of mesh size, but it has the risk of potential contamination.

2.2. Sediments sampling

This technique allows the evaluation of MPs in benthic sediments in sea-floor, the estuaries,
and the sea [58]. Grab samplers have been commonly used in large quantities to gather
surface sediments, and sediments from the Swedish coastal region were gathered with the
Eckman grab by Noren [59], but the historical deposition details could not be obtained from
this device due to the mixing of layers and the sediment disturbance; however, this drawback
was resolved using the sediment corers [56]. The precise estimation of MPs concentration

in the sediments involves the concept of sampling depth, as the top 1-5 cm layers have
higher concentrations than the top 10 cm, and the number of replicates since 11 samples
were recommended to estimate MPs concentration at 90% confidence level per 100 m of the
beach [60].

2.3. Biota sampling

Biological evaluation entails the analysis of MPs consumed by the organisms during
feeding. The biota sampling techniques rely on the type of movement by the animals
involved: sedentary, active, slow, or fast runners, but the bird sampling relies on retrieving
dead species (carcasses) at marine or coastal nesting sites. A study on recovered carcasses
based on evaluating their stomach contents in the North sea was done to track and provide
the ecological quality [61].

2.4. Sample processing of MPs

For quantification and characterization, MPs are to be isolated from water and sediment
samples. These samples may then be exposed to two separate steps: (i) a reduction step

that enables the sample volume to be reduced, such as example by using the nets during
collection followed by sieving, and (ii) separation is generally done via density separation or
filtration.

2.5. Density separation and filtration

Depending on the nature of plastic material and the fabrication method, specific density

of plastics particles can differ considerably. Density difference was used to distinguish the
plastics from the sediments (2.7 g cm3), generally by mixing the salt-saturated solution
with sediments and collecting the supernatant containing MPs for the filtration purpose [62].

Density separation by utilizing water can recover certain types of plastics (PE, PP) from
the soil samples [63] or fibers from the sediments owing to their form, shape, and wide
surface [64]. NaCl has been the most preferred salt for use in density separation [65] since
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it can achieve slightly higher densities with a higher extraction efficacy for bulkier polymers
(high-density polyethylene). Quinn et al., [64] observed that NaCl (1.2 g cm~3) and NaBr
(1.4 g cm™3) could reduce the recovery rates (<90%), but with larger errors even though Nal
(1.6 g cm=3) and ZnBr2 (1.7 g cm™3) are capable of differentiating the heavier polymers
with excellent recovery rate up to 99%. Additionally, single washing of the sediment may be
required for the separation using ZnBr;, and Nal, while NaCl demands more washing.

In elutriation, water is generally poured at the bottom of a column, enabling the buoyant
MPs to be isolated from the settling of organic matters and sediments. In the column,

MPs are gathered in a mesh and then separated by thick solutions [66]. The benefits

of elutriation are that MPs can be isolated effectively from the large sediment volumes,
and the process can be environmental-friendly [67]. While isolating the MPs from water
samples and supernatants containing plastics, filtering or sieving can be the most effective
method of density separation; the lower size of MPs detected can be calculated by the
pores or mesh sizes. However, the use of sieves with different mesh sizes makes it possible
to differentiate various MPs’ size categories. In order to distinguish plastics from other
materials such as organic debris, shell pieces, seagrasses, glass, and paint coatings, etc., a
careful visual sorting of the residues is necessary, which can be done directly by the naked
eye examination of the sample or with the help of a dissecting microscope [68,69].

2.6. Sampling of NPs

For the sampling of NPs, Hilderbrandt et al., [70] used the continuous flow centrifugation to
maintain NPs (~160 nm) from ultrapure water as well as the filtered and unfiltered waters
from the German Elbe River. The retention ability of NPs in ultrapure water could be varied,
depending on the pump rates from 92 + 8% (1 L h™1) to 53% + 5% (5 L h™1%) in the

river water. Here, the approved plankton content was used that retained quantitatively up to
23.0 + 2.2% of an effective dose of the spiked NPs in the first centrifuge rotor, while the
remaining fraction of NPs was recovered in the second fraction rotor with an effluent of
53% * 5% [24.4 + 2.4% (uc)]. Thus, due to the demonstrated potential for the separation,
continuous flow centrifugation was proved to be a quite promising NPs sampling and
enrichment technique. Although some NPs separation techniques have been documented,
adapting the methods developed for the engineered NPs are successful such as magnetic
field flow fractionation (MFFF), gel fractionation, size-exclusion chromatography (SEC),
and electrophoresis [71].

In MFFF, the magnetic field separates the NPs flowing through the channels, which can
tangentially pull magnetic particles in the direction of flow [72]. Adjusting the MFFF to NPs
separation may require a magnetization technique that may be more complex than with the
MPs as magnetic nanoparticles can be too big to be effective to bind with NPs. For sample
sizing, SEC can be useful where the sample can be passed through a porous bead column,
and while passing through porous matrix of the beads, smaller particles can slow down, but
larger particles can pass around the beads, thus smaller particles leave the last column [73].
In case of nanoparticles, both these techniques are used at concentrations far higher than the
predicted environmentally relevant NP concentrations.
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3. Identification and analysis methods of MPs and NPs

3.1.

Fourier transform infrared spectroscopy (FTIR)

Using FTIR, carbon-based plastics can be identified and bond compositions of the plastics
materials can be distinguished from other inorganic and organic moieties [74]. FTIR

was first used for MPs identification in both water samples and sediments [57,75-77].
FTIR coupling with micro-FTIR allowed non-destructive and non-invasive fragments and
microfibres /n-situ and infrared absorption of various plastics have been reported [78-80].
Generally, reflectance spectra were used to identify the non-infrared transparent samples
such as filters and focal plane array (FPA) detectors have been useful to obtain spatially
resolved spectra on an array of n x n pixels, each referring to an individual IR spectrum.
This method helps to distinguish small fragments and microfibres over larger areas in lesser
time [81,82].

Focal plane array (FPA)-based reflectance micro-Fourier-transform (FT-IR) imaging and a
pre-treatment stage using 30% hydrogen peroxide (H,O,) was used by Tagg et al., [81]

to identify and image different types of microplastics (PE, PP, PVC, PS, and Nylon-6).

The H,0, pre-treatment was used to facilitate the filtration and to ameliorate micro-FT-IR
imaging of the MPs in wastewater. Perkin Elmer spotlight micro-FT-IR equipped with
Hg-Cd-telluride FPA detector was used (aperture size 25 um x 25 pm). False-color images
of the individual MPs on a 47 mm membrane filter are shown in Fig. 4a, and the filters
were scanned to develop the images of plastic types in a single image as shown in Fig. 4b
with FT-IR spectra (Fig. 4c) from the individual MPs fragments. Based on Fig. 4a and b,
appropriate identification of microplastics (PVC, PP, PS, and PE) can be made by combining
30% H,05, pre-treatment step with FPA micro-FT-IR imaging. Nearly 98% of this technique
based on several correctly recognized MPs fragments are shown in Table 1.

Cincinelli et al., [83] evaluated the presence of MPs in sub-surface water of the Ross sea
using a non-invasive method to analyze MPs by FT-IR 2D imaging with an FPA detector.
Cary 620e670 FTIR microscope, equipped with an FPA (Focal Plane Array) 128 x 128
detector (Agilent Technologies), was used to directly detect MPs fibers onto the dried filters.
MPs ranged from 0.0032 to 1.18 particles per m3 of seawater with an average of 0.17 + 0.34
particle m=3, indicating the concentrations below those observed in oceans around the world.
The FTIR imaging of different types of MPs concluded the abundance of PE and PP in these
samples.

Elert et al., [84] used FTIR Vertex 70 spectrometer (Bruker) as a beam source, coupled with
a Hyperion 3000 FTIR microscope to detect the MPs. Samples were distributed uniformly
on a KBr crystal for each type of plastics chosen to differentiate the MPs from the soil (PET
band between 1769 and 1630 cm™~2, PP and PE 3020 and 2770 cm~1, and for PS 3124-3080
cm™1). The optical presentation on KBr crystal of reference material (RM) sample is shown
in Fig. 5a, and bands are chosen specifically for the plastics as shown in Fig. 5b. For four
plastics, simultaneous integration of three characteristic bands is displayed in Fig. 5c. The
visual picture (Fig. 5a) demonstrates darker particles of sand and lighter particles of plastics
placed on KBr can be detected easily, which helps to monitor the number and size of the
particles in a given sample. The authors concluded that by using 1 mg of sample for FTIR
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imaging identification, particle size distribution of PE, PP, PS, and PET was done, but
quantification could not be done by this technique.

Overall, FT-IR is a relatively reliable and quick method used to detect MPs; the results are
summarized in Table 2.

3.2. Raman spectroscopy

Raman imaging provides a direct target visualization, which is gaining much attention
compared to FT-IR, since Raman offers a highly specific fingerprint sensor and higher
spectral coverage [98]. Sobhani et al., [99] employed the Raman imaging to identify MPs
and NPs down to 100 nm. For imaging polystyrene NPs, a Raman signal at 1000 cm™1

was chosen. Initially, NPs with a diameter of 600 nm were tested and identified from the
Raman spectra as shown in Fig. 6a, where the arrowed peak was used for mapping. The
background spectrum in Fig. 6a is originated from the amorphous carbon having two peaks
at ~1350 cm~1 and ~1580 cm™1. Glass surface or gold-coated silicon water surface was used
for sample preparation to get a clean background and flat surface for the distribution of NPs.
Raman spectra shown in Fig. 6b shows a clean background confirming that NPs are made
up of PS and NPs of diameter 300 nm that were studied on a gold slide surface (Fig. 6c).
However, due to the smaller size (300 nm), Raman signal was not strong (Fig. 6b), and

NPs with a diameter 100 nm were studied on a gold slide surface (Fig. 6d). Because of the
smaller size of NPs (100 nm), Raman signal was weak, but a meaningful mapping image
was generated.

Zhang et al., [100] used Raman imaging and scanning electron microscopy (RISE) to
study the NPs release from the recycled PVC powder to demonstrate that recycled PVC
powder is made up of PVC and CaCO3. Raman spectra of PVVC showed absorption peaks
at 639 and 697 cm™1 that are assigned to C-Cl stretching vibrations and absorbance peaks
at 1178, 1432, and 2917 cm~1 corresponding to C-H rocking, C-H bending, and C—-H
stretching vibration, respectively. These studies showed the direct identification of NPs
released from the recycled plastics. Lv et al., [101] analyzed the MPs and NPs in pure water
and seawater using surface-enhanced Raman spectroscopy (SERS) in which a silver colloid
was used as an active substrate for qualitative analysis and NaCl was the aggregating agent
for silver colloid. Raman signals of MPs and NPs showed good enhancement efficiency
with an optimal enhancement factor of 4 x 10%. In pure water, SERS signals of 100 nm

and 500 nm polystyrene, absorption peak was at 1000 cm™L. In seawater, SERS signals
showed a similar trend. Thus, SERS-based methods can detect 100 nm plastics down to

40 pg/mL concentration. SERS technique was also used to characterize organic aerosol
particles (secondary) and fine atmospheric particles [102,103].

Xu et al., [104] detected and identified the MPs using SERS over klarite substrate, which
is a dense grid with a shape of inverted pyramidal cavities made up of gold. Raman spectra
of PS particles with sizes from 360 nm to 5 um were collected, but the spectra of PS
particles on silicon wafers were difficult to detect as the silicon Raman spectra dominated
the signal. Only PS particles of size 5 um showed a peak at 1003 cm™1, while smaller PS
particles showed a peak at 521, 800-1000 cm™1, signifying the Raman signal of silicon
only. Interestingly, Raman spectra of sizes 2 and 5 um of PS particles were observed onto
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klarite substrate; two peaks were observed at 1003 and 1033 cm~! due to C-C and C-H
vibrations of the monosubstituted aromatic compounds were observed. The Raman spectra
of PMMA (5 um) onto silicon wafers was observed at 1453 cm™1, which was dominated by
the spectra of the silicon substrate, while that for PMMA on the klarite surface was seen at
622 cm™1 due to C-C-O stretching, 817 cm™~1 (C—O-C symmetric stretching), 1000 cm™1
(C—C stretching), 1452 cm™ (C-H bending), 1723 cm™1 (C=0 stretching), suggesting that
SERS with Klarite substrate helped to detect the NPs in the environment.

Table 3 summarizes literature reports of the detection of microplastics using Raman
technique. Different researchers have collected MPs samples from various sources and
locations where these were profusely present to conclude that maximum MPs were present
in water samples instead of soil, biota or atmosphere. For spotting the MPs, Raman
spectroscopy was found to be the best identifying method for the characterisation of MPs,
which is crucial for the evaluation of potential environmental impacts.

3.3. Surface identification methods for MPs and NPs

3.3.1. Time of flight secondary ion mass spectroscopy (ToF-SIMS)—ToF-SIMS
is a versatile method for the surface analysis of materials since its outstanding mass
resolution and high spatial resolution can provide a wealth of knowledge for a large array

of materials [117]. Jungnickel et al., [118] used ToF-SIMS to detect polyethylene MPs in
the environment. The Ottawa sand was collected and used for the exposure to sea surf
simulation and identification of the characteristics ions was done. When the analysis was
done in a positive mode, the prevalent fragment ions for PE obtained were [C3H3(CH>)p]*,
[ChHon = 171 and [ChHan + 1]*. The fragment ion, /772113, was considered appropriate

for the PE identification as it has a discriminating power for all the matrices studied. Na, K,
and Ca were the absorbed ionic species onto the sample surface, and as displayed in Fig. 7a,
after 14 days exposure to sea surf simulation, degradation of PE pellet surface was observed,
signifying the conversion of larger particles into smaller ones, but the detected size of small
particles was increased by 50% when the exposure time was increased to 1 month (Fig. 7b).

Du et al., [120] studied twelve different soil samples collected from China to detect MPs
characterized by ToF-SIMS combined with a high-resolution mode. The four samples of
MPs identified were PP, PVVC, PET, poly(amide 6) (PA6). The highest proportion observed
was for PET and PAG, accounting for 30.2% and particle sizes varying from 0 to 35 pm.
Additionally, Kern et al., [121] provided the database of ToF-SIMS reference spectra of
plastics to identify the primary ion species such as bismuth-cluster in both positive and
negative polarity. Du et al., also used [122] ToF-SIMS to characterize the MPs found in
farmlands and their distribution characteristics were analyzed. The authors found fragment

ions that were used for the detection: 77/z= 71.086 (CsH,) for polypropylene, /m/z= 30.036

(CH4N™) for poly(amide 6), 77/z= 149.024 (C3Hs03 ) for polyethylene terephthalate, and
mlz=83.978 (CAHCI*).

Biesinger et al., [119] used ToF-SIMS for understanding the breakdown of plastics in
freshwater (FW) beaches and seawater (SW) beach plastics. The ToF-SIMS imaging of
PE samples emphasized more light on the species that were contributing to the oxidation

Chem Eng J. Author manuscript; available in PMC 2022 October 01.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Kundu et al.

Page 9

process. The mass spectra associated with the spectra of positive ion of PE for both FW
and SW pellets are CHy+1 and C,Hy -1 series and C, CH, CHy, C,, CoH, C3, C3H, C3Hy,
C3Hgs, C4, C4H, and C4H3 for the negative ion spectra, while the oxidized PE fragments for
both FW and SW consists of O, OH, C,HO, C,H,0, C,H30, CoH50, C,H,0,, CoH30,,
C3H30,, for the negative ions spectra and CH3O for the positive ion spectra, suggesting that
oxidized fragments prominently appeared in the negative ion spectra (Fig. 7c).

3.3.2. Matrix-assisted laser desorption/ionization-time of flight mass
spectroscopy (MALDI TOF MS)—Matrix-assisted laser desorption/ionization-time of
flight mass spectroscopy is an effective technique for ionizing and detecting the intact large
molecular weight molecules [123]; the technique uses three components viz., ionization,
separation, and detection [124]. The samples can be vaporized and ionized onto a sample
plate made up of stainless steel, and mass spectrometry isolated the analytes under various
voltages to detect them based on their mass-to-charge ratios. MALDI TOF MS has also
attracted much interest in identifying and quantifying the emerging contaminants of the
environment with high benefits of sensitivity, throughput analysis, and simple operation
[125,126].

Wu et al., [127] used MALDI TOF MS for the detection of micro (nano)plastics (MNPSs) in
the environment, wherein a quantitative correlation was established between the normalized
signal and concentration of the plastic with a correlation coefficients of > 0.96 and 0.98 for
low and high molecular weight plastics, respectively. Two types of environmental samples
of MNPs, including aviation cup particles and aged MNPs from the river sediments were
prepared and when analyzed using MALDI — TOF MS, polystyrene related MNPs (in both
aviation cup and sediment) were found to consist of CgHg and C1gH10 oligomers. In
contrast, PET-related MNPs (only found in the sediment) were detected with the repeat units
of C1gHgO4 and C12H1,04. The contents of polystyrene and PET MNPs were found to be
8.56 + 0.04 and 28.71 + 0.20 mg-kg ™1, respectively in the collected sediment.

Weidner et al., [128] and Dimzon et al., [129] also used MALDI TOF MS for the detection
of different types of plastics, while Kirstein et al., [130] studied the identification of MPs
attached Vibrioon plastics. Lin et al., [131] used PS particles as model micro/nano plastic
(MNPs) to investigate their thermal fragmentation and identification (Fig. 8). The fingerprint
peaks of PS MNPs in low mass (//z90, 104, 128, 130, and 312-318) and high mass regions
(same peaks with Am/z 104 in the range of m/z (350-5000) were obtained and quantified
with m/z315.3.

3.3.3. Inductively coupled plasma mass spectroscopy (ICP-MS)—Inductively
coupled plasma mass spectrometry has been a useful method for efficient trace metal
analysis [132-134]; when operated in a single event mode, it can be used to characterize
MPs and NPs. This technique is known as single-particle (SP) ICP-MS, which gives
information on particle mass concentration, particle number density, chemical composition,
and size distribution [134,135]. Lamana et al., [136] used this method to detect and quantify
the NPs for conjugated NPs with functionalized gold (Au) nanoparticles. Here, the adsorbed
Au particles generated in the SP ICP-MS signal count the individual NPs particles, thereby
giving an accurate quantification. The quantification limit of NPs was calculated to be 8.4 x
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105 NPTs L1 and the established calibration graph was linear up to 3.5 x 108 NPTs L1,
This method was applied to analyze the NPs up to 1 um in drinking, tap, and river waters.
Hydrodynamic chromatography (HDC) coupled with ICP MS was also used to characterize
MPs from various environmental sites, which proved that HDC ICP-MS is a promising
technique for detecting the MPs in complex media. For instance, MPs of PS assessed by this
method showed the sizes of 50, 100, 200, 300, and 500 nm where density of PS was 1.04
g/cm3 [137]. In general, ICP MS technique was useful for detecting a wide array of MPs
[138-141] and NPs [70,136,142] from the polluted environment.

4. Effect of MPs and NPs on biomass (aquatic organism/soil
microorganism/biomolecules)

Characteristics such as high endurance, longer stability, and small size make MPs and

NPs deleterious for aquatic organisms, animals, and birds [34]. MPs and NPs have been
identified in most aquatic creatures such as freshwater crustaceans, marine copepod,
mongonont rotifer, amphipod, beach hopper, barnacles, and many more. The possible
dangers caused by the ingestion of MPs and NPs, their type, particle size and concentration,
are summarized in Table 4. The existence of PS MPs (0.1%) in the soil environment showed
an increase in retention time for antibiotics and antibiotic-resistant genes (ARGs) [143]. Lei
et al., exposed Caenorhabditis elegans (soil invertebrate) to PS particles (0.1, 0.5, 1.0, 2.0,
and 5.0 um) for three days to observe that 1.0 pm had the lowest survival rate, shortest

life span, and the highest decrease in body length, while the highest toxicity of 1.0 pm

PS particle was attributed to the nematodes taking moderately-sized plastics more readily
[144]. It was also reported that other MPs such as polyurethane (PU), polyamide (PA) and
polyethersulfone (PES) have the positive effects on aquatic systems.

The level of exposure is important to study the effect of MPs on soil organisms
(Oligochaeta). In this regard, Zhu et al., [145] investigated the effect of concentration on PS
nanoplastics on soil oligochaete, which showed that 10% have a significant negative effect
compared to 0.025% and 0.5%. Similar results were also reported by Huerta Lwanga et al.,
[41], where they showed that 28-60% of PE MPs had the inhibition effect on earthworm,
while 7% PE MPs did not affect the survival and growth of the earthworm. Holléczki and
Gehrke [146] studied the adverse effects of NPs on biomolecules to show that NPs can
interact with proteins to modify the functionally of secondary structure of biomolecules and
denature them. Thus, adverse effects of MPs and NPs can be possible on every sphere of the
macrocosm as shown in Fig. 9.

5. Efficient and cost-effective treatment processes for the removal of MPs
and NPs

5.1. MPs removal via membrane technology

Membrane technology has been powerful for the mitigation of plastic litter from wastewater,
primarily because membrane-based operations can replace most of the traditional energy-
intensive technologies due to their low energy requirement, versatility, ease of operation,
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good stability, simple control, and scale-up possibility. To our surprise not much has been
studied in the literature using this approach.

5.1.1. Wastewater—Wastewater is a significant contributor of MPs to rivers, seas, and
oceans because they cannot be extracted by the current standard screening methods due

to small size of the primary MPs. Since wastewater is treated and regulated in most
countries worldwide, this could be easily avoided. Ultrafiltration (UF) is a well-known

and most suitable alternative for water treatment since its low energy requirement and high
efficiency of separation renders it an economically viable process to achieve high-quality
drinking water [156]. UF is a low-pressure driven process (1-10 bar) to reject particulates,
macromolecules, and suspended solid particles using asymmetric UF membranes (pore sizes
of 1-100 nm). Among the other methods, UF has been widely explored for wastewater
treatment such as secondary and tertiary filtrations [156].

Coupling coagulation with UF can be an excellent choice to improve effluent quality

of the discharged pollutants (Fig. 10a). Ma et al., [157] have investigated the removal

of most abundant plastics pollutants such as polyethylene using Fe-based coagulant via

UF, where the efficacy of PE particles was low (<15%), showing the ineffectiveness of
single coagulation. However, by the addition of anionic polyacrylamide (PAM) [158] it was
possible to boost the coagulation capacity and removal efficacy of PE particles (d < 0.5 mm)
from 13 to 90.9% (see Fig. 10b). This was possible due to the dense floc formation and
high adsorption capability of Fe-based flocks (positively charged) under neutral conditions.
The authors also studied the effect of Al and Fe-based salts and PE particles as they can be
easily floated/suspended in water, the prime constituents of MPs. The results indicated that
Al-based salts improved the PE removal efficiency even though removal efficiency (40%)
was observed at a high dosage (15 mM) of Al-based salt. Though UF completely rejected
the PE particles, but membrane fouling occurred due to the coagulation of Al-based salts. In
any case, the combination of coagulation and UF was recommended to be a better approach
for the removal of MPs than the singly used technique for applications in wastewater
treatment containing MPs and NPs [159].

Membrane bioreactors (MBRS) are other types of advanced waste treatment techniques
containing biological catalyst-supported catalysis (enzymes or bacteria) systems that are
coupled to membrane-based separation (microfiltration or ultrafiltration) [160]. MBRs
coupled with artificial intelligence act as a sustainable tool in treating wastewater [161].
MBRs were also used in the treatment of industrial biowastes [162] and effluents [163]. In
many types of wastewater treatment, MBR was successfully applied to remove the emerging
pollutants such as antibiotics, pesticides, pharmaceuticals, and plastics including personal
care products [164]. While treating the MPs by MBR, the filtration step’s complexity can be
reduced first by the biodegradation of organic matter, thus allowing the MPs to be separated
efficiently from wastewater. In an MBR system, first MPs are treated in a bioreactor in

the presence of bacteria or enzymes, where organic matter biodegradation occurs, and

then separation can be achieved to remove the plastics” materials (see schematics of MBR
process in Fig. 10c).
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Talvitie et al., [33] proposed many approaches to increase the rejection of MPs up to 99.9%
using MBRs, which could replace conventional coagulation-precipitation methods after the
activated sludge aeration (secondary treatment). The downside of this study was that MPs
with sizes > 20 pm were considered. Lares et al., [164] studied the efficiency of a municipal
wastewater treatment plant located in Mikkeli, Finland to remove MPs from wastewater

by collecting samples once in every two weeks for three months of sampling campaigns.
WWTP was employed based on the conventional activated sludge (CAS) process and a
pilot-scale MBR to find that MBR had a better removal efficiency (99.4%) compared to
the overall CAS-based process (98.3%). In their study, PET was divulged to be the most
abundant in collected samples, constituting 79% of the entire MPs load [165]. Lv. et al.,
[166] studied the removal of MPs in a full scale WWTP (Eastern China) using two parallel
wastewater treatment systems that are oxidation ditch (OD) and MBR. The influent MPs
were removed by 99.5% in the MBR system, while 97% was removed by the OD system
on the basis of plastic mass, which removed 82.1% and 53.6%, respectively, suggesting
that MBR can be significantly superior to OD in removing MPs due to membrane-based
filtration.

Dynamic membrane technology (DMT) has recently emerged as an appealing technology
for urban wastewater treatment [167], surface water treatment [168], industrial wastewater
treatment, and the treatment of sludge. The technology is focused on the creation of a

cake layer dynamic membrane (DM), which functions as a secondary membrane/barrier
created by supporting membrane filters and foulants in wastewater, where membrane can be
cleaned by surface brushing [168] and air scouring [169]. The DM formation depends on
different parameters relating to the supporting membrane, the matter deposited, operating
pressure, and the velocity of cross-flow [167]. Li. et al., [170] employed dynamic membrane
technology to remove MPs to demonstrate that around 90% of the retained MPs of particle
size < 90 um were removed.

Zhang et al., [171] studied the removal of MPs in different processes of the leachate
treatment system to find removal efficiencies of MPs up to 16.67%, 50%, 20%, and 75%
after the adjustment tank, MBR (membrane bioreactor), two stage AO (anionic/oxic), and
UF (ultrafiltration), respectively, but NF (nanofiltration) and RO (reverse osmosis) showed
no effect on MPs removal. Pizzichetti et al., [172] evaluated the performance of membranes
for MPs removal using a simple, low-cost system that could be implemented in a domestic
environment. For the removal of polyamide and polystyrene MPs (20-300 um), the output
of polycarbonate, cellulose acetate, and polytetrafluoroethylene membranes with the same
nominal pore size of 5 um was assessed to achieve high mass removal efficiencies (>94%
for both types of MPs). Variable performances were observed due to differences in the
interaction between MPs and membrane, shape irregularity, and membrane hardness. It was
found that for the mass removal efficiency of MPs, CA (cellulose acetate) was found to be
the ideal membrane for the implementation of a domestic household system.

Removal of NPs

Wang et al., [172] examined the efficient removal of polystyrene NPs from water using a
low-pressure driven electro-spun membrane with a tuned surface charge. Three modified
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membranes viz., M, MO0, and M + with enhanced mechanical strength and hydrophilicity,
respectively displayed negative, neutral, and positive charges at pH 7.2 were synthesized by
alternatively assembling three layers of polyethylenimine (PEI) and poly(acrylic acid) (PAA)
on the hydrolyzed electro-spun PAN poly(acrylonitrile) membrane. The PS (polystyrene)
NPs (50 nm) were much smaller than the membrane pores to be efficiently removed by the
M + membrane (89%) from wastewater [174]. Busse et al., [175] successfully fractionated
varying the pore size (from several pm to hundreds of nm) NPs using a 2.5 pm cellulose
filter; the MPs and NPs were separated by immersing the plastic teabags at 95 °C; here,
polytetrafluoroethylene (PTFE) filter with the pore size of 0.2 um was used to separate NPs.

A sequential filtration method using diverse pore sized membranes was also used by
Hernandez et al., [27] in a five-step filtration process (Fig. 11a) using 25 pm, 2.5 um, 0.45
um, and two 0.1 um pore size membranes for the separation of different of sized PE NPs.

In another study [174], pre-concentration, isolation, and purification of NPs were achieved
by UF in which hydrostatic pressure was applied to a nano-porous membrane to separate the
plastics particles. The authors also used a crossflow UF system in drinking water samples
for the removal of NPs, wherein a recovery of 50 nm size PS spheres was removed [176],
but efficiency of this approach was abysmal (12%).

Field flow fractionation (FFF) is another effective technique for the separation of
environmental NPs, which can be adapted for the size discrimination of NPs. An optimized
asymmetrical flow FFF (AF4) method was developed by Gigault et al., [176] to sort out the
NPs of PS in colloidal size ranges from 1 to 800 nm. The method showed the efficiency to
enable high-resolution sub-fraction discrimination viz., 10-100 nm, 100-200 nm, 200-450
nm, and 450-800 nm in diameter demonstrating its powerful separation ability. NPs in

the environmental water and aquatic food were also isolated by this method [142]. The
advantage of AF4 is that it could isolate and characterize the nanoparticles by coupling them
to online detectors simultaneously [177].

The removal performance of MPs is dependent on chemical or biological treatment
technologies such as membrane bioreactors, biologically active fillers, disc filtration, sand
filtration, activated carbon filtration, coagulation/flocculation, air flotation, reverse osmaosis,
and advanced oxidation [178-182]. For instance, coagulation can remove MPs from 47.1 to
81.6% [178], while membrane bioreactors that have the pore size of 0.4 UM can remove up
t0 99.9% [179]. Sand filtration and air flotation showed the removal efficiencies up to 97%
and 95%, respectively [179]. Advanced oxidation processes such as Fenton agent, H,O,-UV
system, ozone-UV systems, and ultrasound-UV systems have also the potential to remove
MPs due to the formation of radicals that can cause chain breaking of the MPs, thereby
losing physico-chemical characteristics of the MPs such as molecular weight, density, size,
etc. Hydrophobic iron nanoparticles were introduced into the dissolved air flotation process
for capturing MPs by the magnetic force. This process has been used to recover > 1 mm size
of different MPs such as PE, PP, P\VC PU, and PET from seawater [181].
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6. Challenges in assessing and mitigating the plastics

Many challenges remain in the risk evaluation of MPs and NPs due to significant
information gaps between their quantity in the environment, environmental activities,

and exposure pathways. Researchers have studied the risk assessments and provided a
comprehensive data-basis [181,182] to understand the NPs pollution strategies with regard
to (i) creation of innovative remediation technologies, (ii) policymaking, and (iii) public
awareness (see Fig. 11b) as well as to suggest the most successful approach to prevent the
NPs from entering into the marine environments

Of the many technologies employed in wastewater treatment plants, engineering aspects are
intended to eradicate NPs. Pre-treatment strategies for removing MPs in drinking water,
including density separation and coagulation aas well as membrane-based separations have
proven successful. However, their ability to remove NPs requires further examination [181].
The risk mitigation strategies of NPs in terrestrial environments have been investigated

with a minimal study. The available literature indicates that adding biochar [182] to the
waste might decrease the NPs migration in porous media, thereby mitigating the risks
through retention/stabilization [183]. Since plastic goods are an integral part of everyday life
cycle, raising public awareness of MPs and NPs may be a viable and beneficial option for
managing their potential risks.

7. Conclusions and future perspectives

The presence of MPs and NPs highly pollutes the Earth’s environment. The present review
summarizes various sampling methods and studies used in the mitigation and further
characterization of MPs and NPs. The review also provides an overview of the hazardous
effects caused by the plastics as emerging pollutants. WWTP and wastewater purification
industries are currently not effective technologies to distinguish the MPs from the waste
sources. To remove MPs and NPs from wastewater, advanced membrane processes need to
be fully utilized to explore further environmentally benign methods such as ultrafiltration,
dynamic membrane technology, reverse osmosis, membrane disc filters, and membrane
bioreactors. MBR can also be a promising approach among these processes with 99%
removal of MPs. Techniques including field flow fractionation have also been discussed for
the removal of NPs.

In addition to the strategies to reduce plastic usage and to identify alternative material
sources, a better understanding of MPs and NPs elimination technologies is crucial. Future
studies on the mitigation of MPs and NPs need to prioritize better and more innovative
sampling methods. A more elaborated and detailed sequence of methods for chemical-
physical characterization and identification of MPs and NPs is need of the day. Finally, risk
assessment and awareness among the public and design of operation and production-based
processes on the usage of biodegradable plastics materials is necessary to mitigate these
toxic pollutants to provide the green environment.
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Fig. 1.
Plastics loading and transport pathways in the environment. The data are reproduced from

[18] with permission from ACS.
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(a): Chemical structures of some non-biodegradable polymers [25]; (b—c) primary and
secondary sources of MPs causing pollution in the environment.
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Fig. 3.
Fragmentation and degradation flow and size-based differentiation of plastics [36]

(reproduced with permission from ACS).
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Fig. 4.

(a)g: False-color images of membrane filters, each map displaying a polymer type, (A) PE;
(B) PP; (C) PS; and (D) PVC. Correctly recognized spiked MPs are denoted 1-10 and
additional MPs present in wastewater are denoted by “!”’; (b) Combined false-color images
of different MPs types; (c) FT-IR spectra of MPs fragments were (A) PVC; (B) PS; (C) PP;
and (D) PE [81] (reproduced with permission from ACS).
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Fig. 5.
(a): Optical image of RM sample; (b) Spectra of the particles marked with the circles

marked; (c) chemical image showing integration wavelengths specified [84] (reproduced
with permission from Elsevier).
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(a—b): Raman spectra of NPs with a diameter of 600 nm; (c) spectra of NPs with 300 nm
diameter prepared on gold slide surface; (d) Raman spectra of NPs with 100 nm of size [99]
(reproduced with permission from Elsevier).

Chem Eng J. Author manuscript; available in PMC 2022 October 01.



1duosnuep Joyiny vd3 1duosnuepy Joyiny vd3

1duosnue Joyiny vd3

Kundu et al.

g 5.0 .
CH, H,
‘g 401 on ; oo CHCI)C.H
= ] CiH,0,
& - [?0“ c | 1 CH,0, so,
2.0 ) c":l
] |
: IAJ A, l”“ .I! ; 1.!L&-!.!'.!Iluultl;.llelel.l,!wllz..L!,:V:l.-!,
10 20 30 40 50 60 70 80
mass / U
Fig. 7.

ToF-SIMS images of total ions shown in greyscale and ion /77/2 113 shown in red from

the polyethylene (PE) pellets (a) when PE pellets were exposed for 14 days to sea

surf simulation; (b) exposed for 1 month to sea surf simulation [118] (reproduced with
permission from Elsevier); (c) ToF-SIMS spectra of the oxidized surface of SW pellet [119].
(For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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Fig. 8.
Scheme showing the procedure and mechanism for defining and quantifying thermally
enhanced process of PS MNPs by MALDI TOF MS at room temperature [131] (reproduced

with permission from Elsevier).
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Fig. 9.
MPs and NPs showing detrimental effects on different components of the environment and

finally their effects on food chain.
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(a): Scheme of the process of removal of MPs by UF and coagulation; (b) removal efficacy
of PE using anionic PAM; (c) schematic representation of the membrane bioreactor (MBR)

process [173].
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Fig. 11.
(a): Scheme for the sequential filtration of NPs of PE in industrial facial scrub [27]; (b)

legal, technical, and social measures for the mitigation and risk assessment of MPs and NPs
contamination.
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Experimental data validation.

Table 1

Page 37

MPs Replicates Fragmentsspiked Fragmentssuccessfully recognized  Spiked fragments successfully recognized
Polyethylene 1 10 12 10
2 10 17 10
3 10 12 10
Polypropylene 1 10 10 10
2 10 14 10
3 10 9 9
Polyvinyl chloride 1 10 10 10
2 10 9 9
3 10 18 10
Polystyrene 1 10 10 10
2 10 10 10
3 10 10 10
Total 120 131 118
Success rate (%) 98
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Summary FT-IR results for the analysis of MPs.

Table 2

Page 38

L ocation Sample used Abundance of MPs Ref.
Yellow River, China Surface water 1760 + 710 to 10,120 + 4090 MPsm~3 [85]
Mediterranean sea Seawater; Fish Seawater; 0.23 + 0.20MPs m™3 [86]
Sardine: 0.20 £ 0.69 MPs per individual
Anchovy: 0.11 + 0.31 per individual
Bizerte lagoon Mollusc From 703.95 + 109.80 to 1482.82 + 19.20 MPs kg™ wet weight. [87]
River Ticino, Italy Eurasian otter 2 MPs were identified out of 24 suspect particles. [88]
Pacific sea Sea turtle 828 MPs ingested from 50 sea turtles. [89]
Mondego estuary (Portugal)  Fish 1.67 +0.27 MPs per fish. [90]
Western Lake Superior Surface water Mean: 1200 mg km~2; Range: 91-3538 mg km™2 (mass per unit area).  [91]
Germany Drinking water Mean: 0.7 MPs m~3; Range: 0—7 MPs m™3, [92]
Yellow sea, China Sediments; Benthic organisms  Sediment: 560-4205 MPs kg™! dry weight;Benthic organisms: [93]
1.7-47 MPs kg1 wet weight.
Hong Kong Benthic sediments Mean: 189 +_50 MPs kg~%; Range: 169-221 MPs kg%, [94]
Germany Farmland 0.34 £ 0.36 MPs kg™t dry weight. [95]
Indian coast Sediment From 45 + 12 to 220 + 50 MPs kg™* dry weight. [96]
Norway Sediment 12,000-200,000 MPs kg™ dry weight. [97]
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Table 3

A summary of the literature data obtained using Raman technique for the analysis of MPs.

Page 39

L ocation Sample source M Ps abundance Ref.
The wastewater treatment plant, ~ Wastewater 3000-5900 MPsm3 [105]
Germany
Three Gorges reservoir, China Water; Sediment Wiater: 1597-12,611 MPs m™3; [106]
Sediment: 25-300 MPs kg~* wet weight
Bavarianm, Germany Bottled mineral water From 2649 + 2857 MPs L™! to 6292 + 10521 MPs L™t [107]
French Pyrenees Atmosphere Daily counts of 249 fragments, 73 films, and 44 fibers per square meter  [108]
Australian and Malaysian Canned fish 1-3 MPs per brand in 4 brands [109]
markets
North London lake, UK Sediment 539 MPs kg™ dry weight [110]
Qinghai Lake, China Water; River; Sediment;  Surface water: 0.05 x 105-7.58 x 105 MPs km™2 [110]
Fish River: 0.03 x 10°-0.31 x 10° MPs km™2 [111]
Sediment: 50-1292 MPs m=2
Fish: 2-15 MPs per individual
Snake and lower Columbia Surface water From 0 to 5.405 MPs L and 0-0.014 MPs L~! [112]
Rivers
Tibet Plateau Surface water Sediment  Water: 483-967MPs m™3 [113]
Sediment: 50-195 MPskg !
Southeast Spain Sea surface 0.10 + 0.09 MPsm—2 [114]
Xiangjiang River, China Sediment From 270.17 + 48.23 MPs kg™ to 866.59 + 37.96 MPskg™* [115]
Danjiangkou Reservoir, China ~ Water; Sediment Water: 467-15,017 MPsm™3; [116]

Sediment: 15-40 MPs kg™ net weight
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