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The manifestation of microplastics (MPs) and nanoplastics (NPs) in wastewater treatment plants (WWTPs) has
become a major challenge owing to their unique characteristics such as hydrophobicity, surface charges, longer
molecular chain arrangement, higher specific surface area, variety of size, shape, color and functional groups.
They can also act as a vector in spreading other toxic pollutants in the environment by making convoluted
complexes. Therefore, in this review, the up-to-date status on occurrence and removal of MPs and NPs in WWTPs
are comprehensively evaluated. The stimuli of pertinent factors on the removal of MPs and NPs in WWTPs are
also elucidated. Furthermore, the sorption behavior and mechanism of MPs and NPs towards toxic pollutants are
critically debated in order to inspect the genuine menaces of MPs and NPs to WWTPs performance and envi
ronment. Particularly, the impacts of MPs and NPs on the performance of different wastewater treatment pro
cesses have been critically discussed. So far, no specific treatment technology has been developed specifically to
remove MPs and NPs from sewage effluents and sludge excluding the subsisting conventional treatment tech
niques. Hence, to fill this gap, the recent research innovations on the development of MPs- and NPs-targeted
treatment technologies are critically reviewed. Regarding this, the performances, pros and cons of the pro
posed technologies are critically evaluated that will be helpful in developing more reliable and cutting-edge
technologies to eradicate MPs and NPs from the environment. Moreover, this critical review also provides
knowledge gaps/key challenges and future perspectives for scientific community to combat against MPs and NPs
pollution.

1. Introduction
Microplastics (MPs) and nanoplastics (NPs) are water-insoluble solid
polymer particles and are being manufactured intentionally for a variety
of applications including cosmetics, clothing industries, construction,
agricultural, packaging, transportation, marine recreational, pharma
ceuticals and personal cares, ink for 3D laser printing, detergents, ma
rine, commercial fishing, biomedical and environmental protection
technologies [1]. MPs and NPs have been extensively discovered in

various environmental matrixes [2,3]. However, there is a dispute in the
published literature in terms of defining MPs and NPs. Most of the au
thors defined that MPs are plastic particles with size < 5 mm, and they
are continuously fragmented in the environment until they become NPs
with a size < 0.1 μm or < 1 μm or < 100 nm or < 1000 nm [4–13].
Whereas, some authors further divided NPs into two parts like primary
NPs and secondary NPs. Primary NPs are plastics particles which are
being manufactured intentionally for a variety of application like cos
metics, 3D painting, electronics, drug delivery, biomedical and
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environmental protection technologies, while the secondary NPs are
those resulting from natural (unintentional) degradation of MPs
[14–17]. Thus, a clear definition of MPs and NPs is currently contra
dictory. Overall, we assumed MPs with a size < 5 mm to > 0.1 μm and
NPs with a size < 0.1 μm to finalize this critical review.
Moreover, about 4.8–12.7 million tons of plastic litters were dumped
in the water environment in 2010, and it is being predicted that
approximately 100–250 million tons of plastic litters would enter into
the water environment in 2025 [18,19]. It has also been estimated that
Asia was the biggest manufacture of plastic products (50%), followed by
Europe (19%), North America (18%), Middle East Africa (7%) and Latin
America (4%) [20]. Studies have indicated that the marine organisms
could ingest MPs and NPs from water environment because of their tiny
size, high specific surface area and robust biological penetration
[21–23], leading to bioaccumulation of MPs and NPs inside the living
species and a variety of biological negative impacts [24,25]. Humans are
also endangered to MPs and NPs through the food web [26–29]. MPs and
NPs are being considered as ‘emerging pollutants’ in the environment
[30].
Further, MPs and NPs can act as a vector in absorbing and bio
transferring copresent toxic pollutants including persistent organic
pollutants, pharmaceutical and personal care products, heavy metals
and pathogen organism because of their unique characteristics such as
hydrophobicity, higher specific surface area and surface charges
[31–36]. The plastic particles and toxic pollutants can make convoluted
cocktails via various interaction potencies such as hydrogen bonding,
van-der Wall, electrostatic, ionic, aromatic-aromatic and π-π in
teractions, which would influence the environmental fate, bioavail
ability and biomagnification of these pollutants [37,38]. However,
knowledge gaps still exist on the interaction mechanisms between toxic
pollutants and MPs and NPs [39,40].
Moreover, studies have indicated that wastewater treatment plants
(WWTPs) played an important role in discharging MPs to receiving
water environment, despite this reality that conventional WWTPs could
remove>90% of MPs from sewage [41–43]. On the other hand, around
50–85% of MPs could be retained in the sewage sludge, which is widely
utilized as biofertilizer, hinted considerable soil pollution [44]. The
discharging of MPs from WWTPs has attracted increasing attention.
However, the occurrence of NPs in WWTPs is still anonymous because

the existing studies mainly focused on the sampling, extraction, purifi
cation, and detection of MPs in WWTPs [45,46]. The samples including
influent, effluent and sludge have been extensively collected and
analyzed to understand their physic-chemical characteristics of MPs (e.
g., color, shape, size, and composition) [47,48]. The concentrations of
MPs in wastewater and sewage sludge have been estimated and their
removal percentages in various treatment steps were also calculated
recently [49,50]. The presence of MPs could influence on the overall
performance of the treatment process during wastewater treatment
[51–53]. For instance, polystyrene (PS) inhibited methane production
by 14.4% in anaerobic digestion system [53]. Similarly, the presence of
polypropylene (PP), polyvinyl chloride (PVC), polyethylene (PE), poly
amide 66 (PA66), and PS significantly inhibited nitrification and deni
trification performance and disturbed microbial community growth and
structure in an aerobic granular sludge treatment system [51,54]. So far,
no effort has been compelled to present an ample summary of these
results.
Till today, no specific treatment technology has been employed yet
in WWTPs for the elimination of MPs and NPs from sewage excluding
the treatment techniques, which were already available in WWTPs such
as skimming, mesh screening, grit chamber, sedimentation, membrane
bioreactor and tertiary filtration [46,55,56]. Additionally, few re
searchers tried to develop MPs and NPs-targeted treatment technologies
to explore the potential of various developed materials in removing MPs
and NPs, and estimated their removal performances [57–62]. Thus,
novel and innovative treatment techniques are being sought to eliminate
MPs and NPs effectively from wastewater effluents. Regarding this,
Fig. 1(a-b) illustrated a quick literature survey on MPs and NPs pollu
tion. The number of published reports has been divided according to
their keywords based upon collection using ‘Scopus’ and ‘Web of sci
ence’. The iterative examination conducted from January 1990 to March
2021 by employing a different combination of the following keywords:
MPs Pollution, NPs pollution, MPs and NPs toxicity, MPs and NPs as a
vector, MPs and NPs in WWTPs and their removal from WWTPs and MPs
and NPs-based targeted treatment technologies. Various different as
pects of MPs and NPs including its occurrence, distribution, sources,
fate, extraction techniques, detection techniques, characterization
techniques, environmental impacts, toxicity, interaction with other
environmental toxic pollutants, and removal from WWTPs have been
Fig. 1. (a) A quick literature survey on MPs and NPs
pollution and inset figure (b) is the expanded view of
literature survey regarding MPs and NPs in waste
water treatment plants; removal of MPs and NPs
from wastewater treatment plants; and MPs- and
NPs-targeted treatment technologies (the plotted
data are obtained from ’Scopus’ and ’Web of Science’
by entering their different combination of keywords
into the search field) (overall means all kinds of data
including review, short notes, editorial commentary,
research articles, books, book chapters, conference
papers, etc.)
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reported in literature (Supplementary information Table SI).
From last few years, various researchers reviewed different aspects of
MPs and NPs in WWTPs. Regarding MPs, the reviews about the occur
rence, sampling techniques, pretreatment methods, detection and
characterization of MPs in term of WWTPs can be found in literature
[63–70]. A few researchers highlighted removal efficiency of MPs in
various WWTPs [70–75]. The reviews about the fate and sorption
behaviour of MPs accomplished by some experts [7,76,77]. A few re
searchers reviewed the negative role of MPs on the subsisted treatment
processes [78–81]. A few researchers reviewed the performance of
different treatment technologies in removing MPs from sewage effluents
[82–84]. Regarding NPs, some authors tried to address the laboratoryscale analytical methods used to detect and quantify NPs from envi
ronmental matrixes [9,11,12,68,85–90]. Some experts reviewed the
environmental fate of NPs [6,10,13–17,49]. However, none of the re
view highlighted the existing status of NPs occurrence in WWTPs.
Likewise, none of review reported about the fate and impact of NPs on
the performance of different wastewater treatment processes. In addi
tion, none of these critically examined the influence of pertinent factors
on the occurrence, removal, fate and impact of MPs and NPs in WWTPs.
Noticeably, a few repots available which can address the research
progress on the development of MPs- and NPs-targeted treatment tech
nology [6,91–95].
Therefore, to fill this gap, literature available until April 2021 was
critically reviewed and examined to finalize this comprehensive review.
This critical review is aimed to: (i) discuss the recent research de
velopments on the occurrence and removal of MPs and NPs in WWTPs,
(ii) critically assess the influence of pertinent factors on the removal of
MPs and NPs by the subsisted treatment processes, (iii) to assess the
retention of MPs and NPs in sewage sludge, (iv) critically evaluate the
fate of MPs and NPs in the environment and as vector to spread various
toxic environmental pollutants in the environment, (v) explore the in
fluence of certain factor (such as ageing, size, shape and polymer types)
on the sorption behavior and mechanism of MPs and NPs towards toxic
pollutants, (vi) assess the impact of MPs and NPs on the performance of
different wastewater treatment processes in WWTPs during wastewater
treatment, (vii) assess the research innovation on the development of
MPs and NPs-targeted treatment technologies (such as adsorption,
bioremediation, photocatalysis, filtration, coagulation/flocculation,
electrooxidation, dissolved air floatation, ultrasounds, and membrane
filtration) and their performance, (viii) discuss about the removal/
degradation mechanisms of MPs and NPs by different technologies (ix)
discuss about the pros and cons of the proposed technologies in order to
execute them in WWTPs, and (x) provide the knowledge gaps/key
challenges and future recommendations to support scientific community
to fight against MPs and NPs pollution.

2.1. Overall occurrence of MPs in WWTPs
2.1.1. Size
Table 2 is depicting the size distribution and relative abundances of
the detected plastic particles in various WWTPs in different countries.
Different researchers employed different techniques to estimate the size
distribution and abundances including utilization of different sizes of
sieve and modern microscopic imaging techniques (Table 1). The sizes
of the plastic particles can be portrayed in different size ranges (i.e.,
>1000 µm, 500–1000 μm, 250–500 µm, 100–250 µm, 15–100 μm , 1–15
μm and < 1 μm) because only one number can be inadequate due to the
asymmetrical shapes [97]. Thus, the dimensions such as 10 µm, 25 µm,
50 µm, 100 µm, and 500 µm were the most repeatedly employed for size
categorization. Table SII is clearly indicating that only few researchers
estimated the abundances of plastic particles based on size ranges, while
rest of experts reported only calculated size ranges. According to size
estimation, it can easily be observed that all of the detected plastic
particles were followed the classification of MPs (<5 mm or < 5000 µm
or > 0.1 µm). Moreover, Table 2 depicted that the abundances of larger
size particles (>500 μm) in the effluent were lower compared to
influent, which implied that the exploited treatment processes can
significantly eradicate larger sizes plastic particles. Similarly, the vari
ations in the abundances of shape, color and detected polymers were
also hinting that smaller sizes particles were appeared in the effluent
after the retention of larger size particles. Therefore, the tiny plastic
particles (<0.1 μm) would be valuable to be examined in future
research.
2.1.2. Concentration
MPs were widely detected in the influent, effluent and sewage sludge
samples of various WWTPs with their typical appearances (as shown in
Fig. 2). Table 1 encapsulates the reported MPs concentrations in the
influent and effluent of different WWTPs in different countries. The MPs
concentrations in the influent were in the range of 0.14–3.14x104 par
ticles/L, whereas their concentrations in the effluent were in the range of
0.001–297 particles/L (Table 1). The measured MPs concentrations in
the effluent of WWTPs were much lower than influent, which indicated
that the subsisted treatment units had remarkable capability to eradicate
MPs from sewage. The huge dissimilarities in MPs concentrations in
various WWTPs could be associated to a complex variety of factors
including wastewater sources, catchment sizes, seasonal variability,
combined sewer systems, population served, employment of different
sampling techniques, pretreatment approaches and utilization of
different treatment practices [98]. As Table 1 is depicting that different
researchers employed different pretreatment methods to isolate MPs
from complex matrix, which could also induce on the quantification of
natural and synthetic plastic particles. Thus, it is urgently needed to
develop synchronize techniques for sampling and pretreatment of MPs
to better comparing concentrations of MPs in different WWTPs. Simi
larly, different treatment units had different capability to eradicate MPs
from sewage, which could eventually induce on the concentrations of
MPs in the effluent. Regardless of relatively low concentrations of MPs in
the effluent, the total discharges of the MPs from WWTPs are still
noticeably high. For instance, in some WWTPs in the Turkey, the total
daily discharge of MPs was in the range of 351,019 ± 26,800–1,249,103
± 146,373 particles/day [97]. Similarly, in some WWTPs in the UK and
USA, the total daily discharges were 1.2x107 and 578x106 particles per
day, respectively. The high MPs emissions from WWTPs appeal that
MPs-targeted treatment technologies are immediately required to pre
vent their massive release into natural water environment [99,100].

2. Occurrence in the WWTPs
Fig. 1(b) is displaying a rising research interest on the MPs and NPs
pollution in WWTPs because WWTPs are accredited to the main source
for MPs and NPs to penetrate into the aquatic environment. MPs and NPs
present in wastewater come from numerous sources including house
hold & industrial discharges, and agricultural runoff. They can be
appended to these products as, micro/nano fibres, fragments, beads,
foams, films, sheets, granules and pellets [42]. For instance, about 15.2
mg per person per day of microbeads are released into sewage system
[96]. In this regard, some thorough reviews about sampling, pretreat
ment, detection and characterizations of MPs in WWTPs can be found in
literature [63–65,68,71–73]. Thus, herein authors just tried to critically
asses the up-to date status on the occurrence and removal of MPs and
NPs in WWTPs with different treatment processes in different countries.

2.1.3. Shape
The shape of MPs can readily be recognized because of their typical
appearances, which can not only influence on their elimination effi
ciency, but also harm the interaction capability of MPs with other toxic
pollutants or microorganisms in wastewater [68]. Table 2 is depicting
3
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Table 1
Influent and effluent concentrations, pretreatment, detection techniques and removal of MPs from various WWTPs with different treatment processes in different
countries.
Location

Treatment processes

WWTP
number

Pretreatment

Ci (Ps/L)

Cf (Ps/L)

Removal (%)

Detection technique
(s)

Reference
(s)

Spain
Australia
Turkey
Spain
Hong Kong
France

P (GGR)
S
S, T
P, S (PCL, A2O)
P, S (CEPT)
S

1
1
3
1
2
1

13.04
5.23 ± 0.25
1.5–3.1
171 ± 42
1.01 & 2.06
244

3.20 ± 0.67
2.76 ± 0.11
0.6–1.6
10.7 ± 5.2
0.27 & 0.40
2.84

90.3
76.61
38–78
93.7
60.4 & 86.9
98.8

FTIR, Microscopy
ATR-FTIR
FTIR
FTIR
FTIR
Raman

[42]
[43]
[44]
[46]
[48]
[50]

Italy
Canada
Scotland
China

P, S
S
S
T

1
1
1
2

2.5 ± 0.3
31.1 ± 6.7
15.70 ± 5.23
23.3 & 80.5

0.4 ± 0.1
0.5 ± 0.2
0.25 0.04
7.9 & 30.3

84
99
98.41
66.1& 62.7

FTIR
Microscopy, FTIR
FTIR
μ-Raman

[55]
[56]
[98]
[101]

Australia

3

~92.0

~19.6–2.25–0.18

78–97-99.8

µ-FTIR

[102]

USA

P, S (GC, PST, SC,
ASR)
P, S

NaCl
WPO
WPO
H2O2 (33%)
H2O2 (30%)
ZnCl2, H2O2
(30%)
NaCl, H2O2 (15%)
H2O2 (30%)
H2O
H2O2 (33%),
NaCl, ZnCl2
H2O2 (30%)

17

WPO

0.05

99.80

Microscopy

[103]

Netherlands

S

1

51–81

72–92

Microscopy, FTIR

[104]

Australia
China
Finland

P, S
S
S MBR

3
1
2

NaCl, NaOH,
H2O2 (30%)
NaI, H2O2 (30%)
WPO
WPO

5.00 x102-2.10
x104
68–910

66–97
95
98.3–99.4

P, S, T

1

126.0 ± 14.0

FTIR
FTIR
Microscopy, FTIR,
μ-Raman
Microscopy, Raman

[105]
[119]
[121]

China

0.21–1.5
0.59 ± 0.22
1.0 ± 0.4–0.4 ±
0.1
30.6 ± 7.8

China
China

1
5

79.9
0.430–2.154

28.4
0–0.236

Raman
Raman

[128]
[131]

3.6
3.6
0.14–0.44
0.5–2.0
4200–31,400

1.72–0.2
1.9–0.76–0.52
0.02–0.001
0.02–0.1
0.31–297

64.4
11.8–100 (mean
52.4)
48.2–94
47.2–78.8–86
98–99
40–98.5
98–99

µ-FTIR
µ-FTIR
FTIR

[132]
[132]
[133]

Microscopy

[134]

Finland
Spain
Spain
USA
Spain
Iran

S (ASR)
S (A-CW, CW, A/A/O,
A/A/OCW)
S, T (UASB, AnMBR)
P, S (PCL, SC, ASR)
S, T (A2O, SBR, GF)
S, T (DF, RSF, DAF),
P, S, T (MDF, OZP,
RSF, PCL, ASR, SC)
S (MBR)
S (MBR)
T(RSF)
S
P,S
P, S (GC, PST, SC)

[135]
[139]
[139]
[154]
[157]
[156]

Israel
Denmark

Microscopy, FTIR
Visual/FTIR
Visual/FTIR
Raman
Visual/µ-ATR-FTIR
Stereomicroscope,
μ-Raman
Microscopy, SEM
μ-Raman
ATR-FTIR,

Italy
Italy
South Korea
Finland
South Korea

1.44–2.2
12.03 ± 1.29
57.6 ± 12.4

1
1
3
3
6

H2O2 (30%),
NaCl, ZnCl2
NaCl, H2O2 (30%)
H2O2 (40%),
CaCl2,
H2O2 (15%)
H2O2 (15%)
WPO, NaCl, ZnCl2
WPO, NaCl, ZnCl2
H2O2 (30%)

1
1
1
1
1
1

H2O2 (30%)
NaCl
NaCl
ZnCl2
H2O2 (35%)
NaI, H2O2 (30%)

6.9
4.40 ± 1.01
4.40 ± 1.01
1.6
11.1
12.66

0.005
0.92 ± 0.21
1.08 ± 0.28
0.16
2.8–0.44
3.14–0.423

99.9
79.01
75.49
91
74.8–95
75.19–96.65

P, S, T

1

64.78

18.80–2.72–1.97

70.95–95.8–97

P, S, T

10

H2O, H2O2 (30%),
NaCl
SDS, WPO

7216

54

98.3

75.7%

[126]

[161]
[273]

Key: WWTPs: Wastewater treatment plants P: Primary WWTPs; S: Secondary WWTPs; T: Tertiary WWTPs; Ci: Initial concentration of MPs or NPs in sewage; Cf: final
concentration of MPs or NPs in sewage; WPO: Wet peroxide oxidation; Ps/L: Particles per liter; MBR: membrane bioreactor; FTIR: Fourier transform infrared spec
troscopy; ATR-FTIR: Attenuated total reflectance fourier transform infrared spectroscopy; SEM: Scanning electron microscopy; ZnCl2: Zinc chloride; SDS: Sodium
dodecyl sulfate; A2O: Anaerobic-anoxic-aerobic; SBR: Sequencing batch reactor; GF: granular filter; GA: Gravimetric Analysis; DF: Disc filter; RSF: Rapid sand
filtration; DAF: Dissolved air flotation; MDF: Membrane disc-filter: OZP: Ozone plant; RSF: Rapid sand filtration; PCL: Primary clarifier; ASR: Activated sludge reactor;
SC: Secondary clarifier; GGR: Grit and grease removal plant. GC: Grit chamber; PST: Primary settling tank: SC: Secondary clarifier unit; A-CW: Anaerobic-constructed
wetlands technology; A/A/O: Anaerobic/anoxic/oxic technology; A/A/OCW: Anaerobic/anoxic/oxic–constructed wetlands technology; CW: Constructed wetlands;
UASB: Upflow granular anaerobic sludge blanket; AnMBR: Anaerobic membrane bioreactor; CEPT: Chemically enhanced primary WWTP.

that various kinds of shapes have been noticed in various WWTPs.
Overall, the fibers accounted for the greatest proportion (25–75%) of the
observed MPs in the wastewater, followed by fragments (15–65%), films
(8–24%), microbeads (5–12%), foam (1–3%) and others (1–2%). The
presence of a large number of fibers in the wastewater indicated the
release of MPs from domestic washing and textile industries [68]. For
example, the daily discharge of MPs from household wastewater to
WWTPs in china was 9.1 × 1010, and over 150,000 fibers are discharged
while washing an average washing of 1 kg of clothing [101]. The
manifestation of film and foam shaped-particles in sewage could be
mainly sourced from the erosion of plastic bags and packing products,
while pellet and microbeads originated from personal care and cosmetic
products, such as masks, soaps and toothpaste. Some experts also
divided the category of particles into spherical and irregular shapes. The
irregular particles could result from eroded plastic products or particles
originating from personal care products, like toothpaste. For instance,

one gram cleanser can release about 1000 MPs [82]. Thus, household
wastewater treatment technology is substantially needed to control MPs
pollution from origin.
2.1.4. Color
Plastic particles with various kinds of colors have also been detected
in WWTPs (Table 2). Some studies estimated the abundances of these
colors particles but rest of the studies just noticed the colors (Table SII).
Overall, the transparent accounted for the greatest proportion (40–75%)
of the observed MPs in the influent of WWTPs, followed by black
(30–55%), blue (15–32%), red (12–18%), green (3–20%), white
(5–40%), yellow (3–30%) orange (8–16%), purple (7–13%), brown
(5–18%) and pink (2–15). The presence of colors particles in the
wastewater may be elucidated by that large amount of textile fibers and
personal care and cosmetic products were released through industrial
discharges and washing machines. The manifestation of transparent
4
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Table 2
Shape, size, color, and polymers detected in influent and effluent of various WWTPs with different treatment processes in different countries with their relative
abundances. Literature survey from 2016 to April-2021 [42–44,46,48,50,55,56,98,99,101,105,119,128,139,153,156,157,161,273–275].
Shape

Influent

Effluent

Size

Influent

Effluent

Color

Influent

Effluent

Polymers

Influent

Effluent

Fibers
Fragments
Films
Microbeads
Foam
Others1

25–75%
15–65%
8–24%
5–12%
1–3%
1–2%

70–90%
50–70%
2–8%
0.5–0.8%
0.3–0.5%
0.1–0.3%

>1000 μm
500–1000 μm
250–500 μm
100–250 μm
15–100 μm
1–15 μm
<1 μm

80–95%
60–80%
20–45%
15–30%
8–20%
5–18%
NR

5–8%
7–13%
10–18%
12–22%
32–45%
40–60%
NR

Transparent
Black
Blue
Red
Green
White
Yellow
Orange
Purple
Brown
Pink

40–75%
30–55%
15–32%
12–18%
3–20%
5–40%
2–30%
8–16%
7–13%
18–25%
2–15%

20–45%
50–70%
20–38%
7–14%
1–15%
2–20%
1–8%
2–10%
2–10%
6–9%
1–8%

PS
PES
PE
PP
PET
PA
ACRYL
Others2

20–90%
40–75%
5–60%
2–40%
3–38%
2–35%
2–28%
1–15%

2–18%
30–50%
2–25%
3–26%
1–7%
1–18%
3–12%
1–8%

Key: 1Other shapes: Flakes, spherical, irregular, honeycomb, frag, pellet, granules, sheets, ellipses, glitter,; PS: Polystyrene, PES: Polyester; PE: Polyethylene; PP:
Polypropylene; PET: Polyethylene terephthalate; PA: Polyamides; ACRYL: Acrylate; and 2others detected polymers: PU: Polyurethane; PS acrylic: Polystyrene-acrylic;
PVC: Polyvinylchloride; PPO: Polyphenylene oxides; EVA: Ethylene-vinyl acetates; AM: Acrylamide; PAL: Polyacrylate; NYL: Nylon; PVAL: polyvinyl alcohol; PVAC:
polyvinyl acetate; PA: polyamide; PVS: Polyvinyl stearate; POM: Polyoxymethylene; ABS: Acrylonitrile butadiene styrene; EVA-P: Ethylene-Propylene; PMMA: Pol
ymethylmethacrylate; PBT: Polybutylene terephthalate; BPL: Biopolymer; HDPE: High-Density Polyethylene; LDPE: Low-Density Polyethylene; MUF: Melamine; MCR:
Methacrylate; PEP: Polyethylene propylene; PIB: Polyisobutylene; PVI: Polyvinyl; RBB: Rubber; PTFE: Polytetrafluoroethylene; AC: Acrylate; MCR: Methacrylate; PV:
Polyvinyl; EPM: Poly(ethylene:propylene); MUF: Melamine; BPL; Biopolymer; PTFE: Teflon; PIB: Polyisobutylene; PC : Polycarbonate; PFTE: Polytetrafluoroethylene;
PO: Polyolefin elastomer; PA66: nylon 66; NR: Not reported.

Fig. 2. (I) Photos of MPs fibers taken by stereomicroscope: (a, b, c) Primary effluent, (d, e, f) Secondary effluent, (g, h, i) Activated sludge. (II) Photos of MP
fragments taken by stereomicroscope: activated sludge (a, b, c e, f); secondary effluent (d, h); primary effluent (g). (Adopted from [157] with permission from
Elsevier); and (III) MPs in different stages of the WWTPs identified by FTIR: (a) low density polyethylene fragment (LDPE); (b) polypropylene fiber (PP); (c)
polystyrene bead (PS); (d) polystyrene fragment; (e) Acrylatefilm (ACRYL); (f) unknown-fiber; (g) melamine fragment (MUF); (h) polyamide film (PA); (i) low density
polyethylene (LDPE); (j) nylon (NYL); (k) polyester (PEST); (l) styrene-butadiene copolymer (SBR). (Adopted from [139] with permission from Elsevier).

colors particles might suggest the release of packaging products like
plastics bottles, cups and bags [65]. Notably, the colored plastic particles
are easily to be accidentally ingested by visual predators due to their
visual similarities with prey, and can lead to direct damage such as
suffocation or malnutrition or indirect toxicities like abnormal organ
homeostasis. In addition, textile colored fibers can make binding with
the toxic pollutants like heavy metals and organic pollutants owing to
their opposite surface charges, which eventually would inhibit the
overall removal of targeted pollutants in WWTPs [51]. In addition, the
colored plastic particles can also interact with sludge floc or bacterial
extracellular polymers in the aeration tank, and subsequently they can
also easily be retained in primary and secondary clarification tank
[102]. Thus, the future research on transparent MPs would be required

to understand their fate and behavior in WWTPs.
2.1.5. Polymer detected
So far, over 45 kinds of MPs polymers were detected in the influent
and effluent of the WWTPs (Table 2). Overall, PS (20–90%), polyester
(40–75%), PE (5–60%), PP (2–40%), polyethylene terephthalate (PET,
3–38%), polyamide (PA, 2–35%) and acrylate (ACRYL, 2–28%) were the
most widely detected polymers in the influent of WWTPs. The other
polymers (as enlisted in Table 2) were only represented a limited pro
portion (1–15%) of the total detected polymers in the WWTPs. Usually,
the occurrence of MPs is hinted about their source or origin. For
instance, the polymers like polyester (PES), polyamides (PA), and
polyethylene terephthalate (PET) are widely utilized in textile, synthetic
5
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clothing and medical devices, while PE, PS and PP are usually employed
in personal care and cosmetic products, water bottles, plastic cutlery and
food packaging bags [103]. The detected polymers indicated that a large
proportion of these MPs were coming from our daily life, while the
actual pathways of these particles entering to WWTPs have not been
entirely comprehended [104]. Thus, such knowledge should be
comprehensively explored in future studies in order to control MPs
pollution from the source/origin.

3. Removal of MPs in the WWTPs
3.1. Comparison of the different treatment technologies for MPs removal
Table 1 is depicting the estimated removal efficiencies of different
treatment processes in various WWTPs in different countries. The
removal efficiencies were estimated based on their concentrations in
both influent and effluent [105]. Different treatment processes (such as
preliminary, primary, secondary and tertiary) were applied in WWTPs.
Regarding this, Fig. 3 depicts a conceptual estimation of MPs removal in
different stages of WWTPs and the estimated particles flow scheme is
based on the reported value ranges in recent published research papers
(year 2015 to 2021). It has been noticed that some researchers estimated
removal efficiency on the basis of individual treatment performance and
some used combination of treatment processes, i.e., primary + second
ary; secondary + tertiary, and primary + secondary + tertiary, respec
tively (Table 1).

2.2. Occurrence of NPs in WWTPs
According to size estimation, so far, none of the study indicated
particle size < 0.1 μm or < 100 nm for NPs in the WWTPs (Table 2). For
example, the minimum size of plastic particles estimated in WWTPs of
Canada was 1 μm [56]., while the minimum size of plastic particles
estimated in the effluent of secondary WWTP in Australia was 1.5 μm
[43]. Thus, it is highly required to develop novel devices or technologies
to estimate and detect the presence of NPs (<0.1 μm) in the influent and
effluent of WWTPs to better assess the fate and environmental trans
formation of NPs in WWTPs and receiving water bodies because large
size sieve could miss out most of the tiny particles (<0.1 μm). Therefore,
the tiny plastic particles (<0.1 μm) would be valuable to be examined in
future research because they are more likely to be ingested by marine
species and animals, which can cause serious toxicological impacts.

3.1.1. Preliminary and primary treatment
It can be noticed that approximately 30–60% of MPs could be
eradicated by preliminary treatment, (i.e., mesh screening, grit chamber
and skimming), and 45–75% of the MPs could be eradicated by primary
treatment, (i.e., primary clarification tank). On average, 50–85%
removal can be achieved via the combination of preliminary and pri
mary treatment. The eradication of MPs at this stage is mainly accom
plished by entrapping MPs in large solid flocs of fat, oil and grease
(FOG). However, the separation of trapped MPs is difficult, thus, they
can be easily removed through gravity separation during primary

Fig. 3. A conceptual estimation of MPs removal and retention in different stages of WWTPs and the estimated MPs flow is based on research papers published during
year 2015–2021, as cited in Table 1. The MPs flow in the sludge phase is estimated according to the particles balance. P, S and T are indicating Primary, Secondary
and Tertiary treatment processes. The operated treatment processes and their MPs removal efficiencies were perceived from the published research papers, as cited
in Table 1.
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sedimentation [73]. The MPs could be captured because of their size,
shape and density through mesh screening, grit chamber, skimming,
flocculation and sedimentation. Recent reports have indicated that
about 90.3% of MPs removal was obtained by grit and grease processes
[42], while approximately 69–79% of MPs removal was observed by
mesh screening and grit treatment [102]. The flow of MPs could be
retained by using different size of mesh screens i.e., coarse screen
(50–100 mm), middle screen (10–40 mm) and fine screen (2.5–10 mm).
Thus, MPs size lager then 2.5 mm could easily be retained via the fine
screen during mesh screening [82]. Further, the higher density particles
(>1.5 g/mL) could easily be eradicated by grit treatment, and lower
density particles (i.e., microbeads that can float on the surface of
sewage) could easily be eradicated by the combination of grease skim
ming process and primary clarifier [56,68,83]. The density of most of
the MPs is between 0.8 and 1.6 g/mL [42,82]. However, there are some
exceptions, for instance, Alkyd and PS have density varied from 1.2 to
2.0 or 2.3 g/mL, and polytetrafluoroethylene (PTFE) has a density
2.1–2.3 g/mL [82].
During grit treatment, the removal of MPs is mainly depended on the
settling time (Ts) and ratio of travelling distance (D) and water velocity
(V). If Ts < D/V, then MPs will be removed; otherwise, MPs would
remain in the effluent or some of them may attach on the sand and they
could settle along with sand in grit, and then eradicated. Hence, lower
density particles (i.e., <2.6 g/mL) could not be eradicated by horizontal
flow grit chamber [106]. For example, the densities of alkyd, PS and
PTEE are low compared to sand and coal cinder [107]. In fact, a study
has reported that the removal of MPs during horizontal flow grit was
even<6% [99]. In contrast, aerated grit chamber, not only the heavy
MPs could be removed, but also the MPs with density slightly greater
than water or smaller than water could also be eliminated along with
scum. However, it was possible that the MPs attached on sand may fall
off due to aeration, which thus increases the concentration of MPs in the
water. For instance, in a recent study, approximately 59% of MPs (1.5
mm) removal was noticed by aerated grit chambers (AGCs), while
around 90% was observed by primary clarifier [80]. Moreover, studies
have indicated that aerated grit chamber could be more efficient than
the horizontal flow type grit chamber. Further, primary sedimentation
can remove the suspended solids (SS) by controlling the water flow
velocity. The SS with low density (>1.1 g/mL and < 1.5 g/mL) or small
size but high density (>1.5 g/mL) is the target pollutants to be removed
in primary clarification. Thus, wastewater containing large amount of
moderate-density MPs would have high MPs removal during primary
treatment [82]. Overall, grit and grease processes combined with pri
mary clarifier treatment could enhance overall performance of MPs
eradication from sewage effluents and larger size MPs (>1000 μm) could
effectively be removed from sewage [42,55].
Moreover, studies have indicated that the combination of floccula
tion and primary clarification could remove>90% MPs [71]. During
flocculation process, flocs intermingled with MPs via electrostatics in
teractions and hydrogen bonding [108]. The flocculants having opposite
charges with MPs efficiently minimized the repulsive potential between
MPs particle and maintained stability for subsequent settling in the
primary sedimentation tank, which eventually improved the MPs
removal efficiency after primary sedimentation [109]. In addition, as
the particles size and density of the flocs improve, strong sweep floc
culation is developed, leading to the amorphous precipitation
[110,111]. For instance, the flocculation of MPs with iron was mainly
caused by the sorption of iron hydroxide aggregates. Wherein, the flocs
neutralized MPs charges and minimized the repulsion forces between
MPs at low pH media. Further, the floc aggregates size enhanced, and
aggregated form bridges between MPs at neutral and basic pH media
[112]. Similarly, cationic aluminum-based flocculants could interact
with anionic/aged MPs via electrostatic forces due to the manifestation
of functional groups (–OH, –COOH) and carbon–carbon double bond
– C) on the surface of aged MPs [113,114]. Later, the primary sedi
(C–
mentation tank could eradicate settable parts in the suspended MPs and

most of the non-sinkable floating MPs could adhere with the flocs and
precipitate together, others could be skimmed as scum, which were
released as primary sludge [98,110]. Overall, the published reports tried
to propose the mechanisms for the eradication of MPs in flocculation and
primary settling tank, however the lack of identification of the degra
dation productions of MPs and their physicochemical characteristics is
demanding more investigations in future studies. In addition, the
toxicity of the by-products generated after the flocculation and the in
fluence of settling time on settling efficiency of primary clarifier are still
ambiguous. Some researchers also suggested that fine plastic particles
(densities are around 0.89 g/mL) could greatly be removed by
employing selective flotation technique after primary clarifier [49].
During flotation, the bobbles are produced with aeration in the flotation
tank. The contaminants such as oil and small sized SS could attach to the
generated bobbles and then float to the top and could be removed after
skimming. Unfortunately, no specific work on this direction has been
executed excluding some laboratory-scale investigations [115,116].
3.1.2. Secondary treatment
Furthermore, it has been noticed that secondary treatment could
eradicate 8% to 35% MPs from sewage effluents. Various kinds of
treatment techniques were engaged to estimate the eradication of MPs
from sewage (Table 1). Secondary treatment mainly includes biological
related process followed by secondary clarifier. Biological treatment
usually is divided into aerobic and anaerobic processes. “Aerobic” refers
to a process in which oxygen is present, while “anaerobic” describes a
biological process in which oxygen is absent [117]. Scientists have been
able to control and refine both aerobic and anaerobic biological pro
cesses to achieve the optimal removal of pollutants from wastewater
[118].
3.1.2.1. Activated sludge related process. Activated sludge related pro
cess (such as aerobic-anaerobic-anoxic–oxic reactors, sequential batch
reactor, oxidation ditches) permits the sewage, sludge and oxygen to
completely mix in one reactor. The sludge is in fact microorganisms and
the pollutants in the sewage are the food for microorganisms [119]. It is
assumed that the pollutants are removed via degradation in ASR, and
degradation includes two steps: adsorption and degradation. The
extracellular polymers substances (EPS) secreted by the microorganisms
adsorbed the organic matters, nitrogen and phosphorous and then the
accessible contaminants will be degraded by microorganisms [106,120].
Thus, during this phase, the bacterial extracellular polymers or sludge
flocs in the activated sludge reactor (ASR) are assisted in gathering of the
persisted plastic particles, which then settled in the secondary sedi
mentation chamber [121,122]. However, previous studies have indi
cated that the degradation of MPs by microorganism in ASR is quite slow
and it is generally considered negligible [123,124]. In addition, the
microbial species (like protozoa and metazoan) could play an important
in eradicating MPs since they could ingest MPs [125]. Thus, the main
removal mechanism of MPs in ASR would be adsorption and aggrega
tions with sludge flocs [83,126]. Studies have indicated that activated
sludge reactor (ASR) could remove 80% to 95% MPs from sewage
(Table 1). The removal of MPs by ASR was mainly depended on the type
(film, fragment, microbeads, fiber, etc.) and size of the MPs in sewage.
Studies have indicated that film shape MPs with similar size as sus
pended solids of sewage (<20 μm) and fiber shape MPs could easily
adsorb by EPS and settle along with sludge in secondary sedimentation
tank [127]. Similarly, 13% foam and 17% microbeads were retained in
activated sludge. Studies have depicted that MPs size smaller than 300
μm could be eradicated by ASR [128]. A group of researchers noticed the
removal of MPs with size of 1 mm to 5 mm by ASR. It might be due to the
shape differences as fiber with big size could also be involved in EPS
[121].
3.1.2.2. Bioreactor-Based system. Bioreactor is a system in which
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microbes are cultivated in a controlled manner and/or materials are
converted or transformed via specific reactions. The main function of the
bioreactor is to provide a suitable atmosphere in which an organism can
efficiently produce a target product such as cell biomass, metabolite and
bioconversion product [129]. Noticeably, approximately 50–98%
removal of MPs was also achieved by employing various bioreactors, i.
e., sequencing batch reactor (SBR), anaerobic-anoxic-aerobic (A2O),
upflow granular anaerobic sludge blanket (UASB) and anaerobic/
anoxic/oxic (A/A/O) [130–132]. Fig. 3 is depicting the removal effi
ciency of each technique according to published reports. For instance,
sequence batch reactor (SBR) could achieve 85% to 92% removal of MPs
[133]. However, A2O technology did not achieve a significant eradi
cation of MPs. For example, the study of (Jiang et al. 2020) noticed that
the anoxic–oxic process (A/O) could only eradicate about 16.9% of MPs
from sewage [126]. However, the removal performance could be
improved upto 100% by combining anaerobic/anoxic/oxic process (A/
A/O) with constructed wetlands [131]. Besides, the utilization of
chemical coagulants posed a positive effect on the removal performance,
as they could trigger the suspended plastic particles to combine forming
a “floc” [98]. However, the accurate study on this mechanism is still
unclear.
Moreover, some researchers reported 50% to 80% removal of MPs by
biofilm related bioreactors such as bio-trickling filter, biological filter,
rotating biological contractor and biological fluidized bed. In this case,
biofilm is a layer of microbes growing in the carrier and MPs after being
adsorbed by EPS in fact becomes the attachable carrier for helping
biofilm growth. MPs are then fixed in the biofilm and eradicated from
sewage. Thus, the fixation is another pathway of MPs removal by biofilm
related bioreactors which is based on the adsorption [134]. Further,
during peeling period, the attached MPs will then settle and stay in the
sludge. Noticeably, the removal efficiency of MPs in biofilm-based bio
reactors was lower than that in ASR, wherein biofilm-based bioreactors
could mainly eradicate smaller sized particles (compared to the ASR) via
adsorption and fixation mechanisms because smaller sized once were
easy to be adsorbed than bigger sized ones [134]. In addition, smaller
size particles may be elated on bubbles and then discharged into the
atmosphere when the bubbles burst during the aeration process. How
ever, the exact mechanism is still un-known to confirm this concept
[73]. Further, biofilm media could play an important role in MPs
removal because fully packed media (that pore size was small) could
capture more MPs compared to loosely packed media [82]. However,
the attached MPs with the pores may discharge into the sewage gener
ated during backwashing period.
Furthermore, membrane bioreactor (MBR) can capture all most
99.9% MPs from primary effluent without employing tertiary treatment
processes because membrane used in MBR system is normally micro
filtration (MF) membrane and ultrafiltration (UF) membrane, and the
pore size is 0.1–50 μm and 0.001–0.1 μm, respectively [135,136]. For
instance, the study of Baresel et al (2019) noticed a complete removal of
MPs by employing UF with nominal size of 0.2 μm [137]. Studies have
indicated that membrane played an important role as effective barrier
against MPs and most of the MPs could also be retained in the biofilm
carrier side of the MBR system, which depicted that the adsorption effect
might be one of the major contributors to the MPs removal by MBR
[138]. It has also been noticed that MBR could reduce MPs concentra
tions from 57.6 particles per liter to 0.4 particles per litter, which was
reduced to 1.0 particles per litter in ASR [121]. In another study, MBR
could reduce MPs concentration from 6.9 particles per liter to 0.005
particles per litter [135]. It can be suggested that MBR was more
effective than ASR, which was also divulged by the other researchers as
well [121,132,135,139]. A recent report indicated that approximately
48.72% removal of MPs could be improved by installing anaerobic
membrane bioreactor (AnMBR) after upflow granular anaerobic sludge
blanket (UASB) [132]. Overall, membrane technology can play an
important role in creating effective barrier against tiny plastics particles
because the membrane applied in the MBR system usually has a pore size

of 0.1 μm. However, there is still a great concern on the effluent of MBR
because the smaller sized particles (<0.1 µm or < 100 nm) might escape
and can lead to significant contamination to receiving water environ
ment [48]. Furthermore, MBR systems are expensive to operate because
of high capital or operating costs and energy consumption. They have
exceptionally high maintenance costs because of fouling and biofouling
hitches.
Moreover, certain parameters like gas (i.e., air, oxygen, nitrogen,
carbon dioxide) flow rates, pH, dissolved oxygen levels, temperature,
biofilm media, hydraulic retention times (HRT), reactor size, MPs con
centration and agitation speed are important in the design and operation
of bioreactors, which can influence on the removal efficiency of MPs.
Unfortunately, a few researchers focused on these parameters in term of
MPs removal. For instance, anaerobic-anoxic-aerobic (A2O) bioreactor
depicted a poor MPs removal efficiency due to the sludge return because
some of the MPs (20%) would flow back to the influent. In addition, the
degradation of MPs in A2O was quite low because the subsisting hy
draulic retention time (7–14 h) could not achieve the efficient degra
dation of MPs only by microbes [123]. Noticeably, the study of (Yagi
et al. 2009) reported that anaerobic bioreactor took 60 days to degrade
90% of poly(lactic acid) polymer, however, anaerobic bioreactor in
WWTPs are generally operated with a HRT of 15–30 days [140]. Thus, a
longer HRT would be needed to degrade MPs in WWTPs. Similarly, the
study of (Carr et al. 2016) noticed that higher contact time was con
nected with the enhanced potential for surface biofilm coating on the
MPs. Such coating may change the surface properties or relative den
sities of the MPs which would eventually influence on the removal
performance of MPs by biofilm related bioreactors [106]. Furthermore,
the presence of MPs itself could effect on the performance of the
bioreactor system by interrupting activity and community of microbes.
For instance, the study of (Li et al. 2020) noticed that the addition of
PVC-MPs in MBR system could reduce microbial community composi
tion and the number of operational taxonomic units [138]. However, the
impact of additives comprehended in the MPs to bacteria was unclear,
thus in-depth studies would be needed to address this point. In addition,
the optimum use of MPs concentration is also important to keep reactor
performance up to the mark. Overall, more research efforts would be
needed to explore the influence of other designing factors on the
removal of MPs by various bioreactors. Also, process simulation models
and techno-economic investigations would be needed to determine the
economic feasibility of different bioreactors in term of MPs removal.
3.1.3. Tertiary treatment
Finally, tertiary treatment could further reduce the abundance of
MPs from 2% to 8% relative to the primary influent. Treatment pro
cesses (including UV oxidation, ozone (O3) oxidation, coagulation/
flocculation, membrane filtration, disc filter, granular filter, rapid sand
filter, dissolved air flotation and chlorination) are utilized in tertiary
treatment. In this phase, membrane related technologies depicted an
excellent performance (90–99%) compared to other processes, i.e., rapid
sand filter (50–98%), disc filter (80–98%), granular filter (80–98%) and
dissolved air flotation (60–85%). During membrane filtration, MPs
could be adsorbed within and onto the pores, or onto the membrane
surface at a high rate due to the presence of electrostatic interactions
between MPs and the membrane surface [141]. However, the membrane
biofouling due to the formation of a concentration polarization layer
would decline the performance of membrane filtration by adsorption
and stacking of MPs or solutes onto the surface of the membrane [142].
Thus, an effective and reliable washing method is highly desirable to
limit the impact of MPs on membranes. In contrast, RSF technology has
also depicted best performance, but the splintering of MPs into smaller
particles has also been noticed [143,144].
Moreover, it has also been observed that coagulation/flocculation
could eradicate 45% to 88% MPs from sewage (Table 1). However, the
removal could be enhanced by combing coagulation with other treat
ment processes such as sedimentation, rapid sand filtration, membrane
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filtration and ozone oxidation, because flocs could be retained during
filtration or could be decomposed by ozone oxidation [134]. Further,
disinfection through UV-radiation, chlorination or ozone oxidation is
the last treatment step in WWTPs. For instance, chlorination technique
was not suitable to remove MPs because it could increase the MPs
abundance via cracking of MPs and could generate chlorine-based
products. The study of (Kelkar et al. 2019) reported that chlorine
potentially broke the subsisting bonds and established new bonds. The
new chemical structure of HDPE in chlorination disinfection was C-C-C
asymmetrical chain, C-C-C symmetrical chain, CH2 twist and CH2 bend
[145]. In addition, the formation of new chlorine carbon bond (Cl-CH2C–H) might enhance toxicity and hydrophobicity, which stemmed in
MPs more easily adsorbing and accumulating toxic pollutants [146].
Similarly, the study of (Mitroka et al. 2013) noticed that polyolefin
polymers (PP and PE) could break down into carbonyl groups after
attack by reactive species like Cl• and HO• [147]. Moreover, the UVoxidation could create cracks and flakes on the surface of the MPs
which might further produce smaller and even nano-scale plastics [148].
Briefly, the peroxy free radicals were formed by the cleavage of C–C
bonds and C–H bonds under UV-oxidation. UV irradiation could initiate
hydroxyl groups (OH) and chromophore groups (including several
– C), carbonyl groups (C–
– O) and hydrounreacted monomers (C–
peroxide groups (ROOH)) in the MPs surfaces to form oxygencontaining free radicals and initiate the chain reactions [33,149].
These radicals would further undergo secondary reactions to form
crosslinking compounds. And the molecular chain with a carbonyl group
will be broken to minimize the relative molecular mass [148]. For
instance, the study of (Cai et al. 2018) reported that UV oxidation could
generate olefin, ketones and aldehydes products from PE, PS and PP
polymers [148]. Similarly, ozone oxidation could also alter the physical
and mechanical properties of MPs because free radicals such as hydroxyl
and superoxide radicals has a strong oxidizing ability in water [73]. For
instance, significant changes in hydrophilicity, surface tension and
adhesion properties were noticed in PP, PET and PE polymers after
ozone oxidation [150]. The study of (Hidayaturrahman and Lee, 2019)
reported a higher (89.9%) MPs removal via ozone oxidation than
membrane filtration (79%) [134]. However, the toxicity and byproducts of chlorination/ozone/UV-oxidation MPs is still un-clear.
Thus, the influence of disinfection time and other environmental fac
tors on MPs degradation is demanding in-depth investigations.
Altogether, approximately 75–95%, 80–98% and 94–99% MPs
removal was observed by employing the combination of primary +
secondary, secondary + tertiary and primary + secondary + tertiary
treatment processes, respectively (Fig. 3). The relatively higher removal
efficiency of MPs by the combination of primary and secondary treat
ment process is indicating that most of the MPs were retained in the
sewage sludge. After tertiary treatment, the fraction of small sizes of MPs
(1–100 µm) became the most dominant; hinting that stopping the
smaller MPs from discharging to the water environment is still knotty
(Table 2) [105]. Hence, the development of novel removal technologies
is urgently needed to handle this situation.

Table 3
Observed MPs concentrations in sewage sludge.
Location

Concentration[particle/kg
(dry weight)] PST- SST

Detection technique
(s)

Reference
(s)

Australia
Spain

11.8–7.91
183–165

[43]
[46]

France
Italy
Canada.
Scotland

16.13
113
14.9–4.4
7868–1200

Netherlands

~710

USA
Finland
China
Ireland

4500–1000
~170900
240.3
~9790.5

Ireland
China
China
Germany
Sweden

~9790.5
~28975.5
22,700
~12500
720 ± 112

ATR-FTIR, SEM
Stereomicroscope,
FTIR
spectroscopy
FTIR
Microscopy, FTIR
Stereomicroscope,
FTIR
Stereomicroscope,
FTIR
Microscopy, FTIR
Microscopy, FTIR
Microscope, Raman
Stereomicroscope,
FTIR
SEM ATR-FTIR
FTIR, SEM
FTIR, SEM
Microscopy, FTIR
FTIR

[50]
[55]
[56]
[98]
[104]
[106]
[121]
[128]
[151]
[151]
[152]
[152]
[153]
[276]

Key: PST: Primary settling tank; SST: Secondary settling tank.

similar results were also reported by other researchers [43,46,98,106].
3.2.1.1. Properties of MPs in sewage sludge. The size of MPs found in
sewage sludge samples was significantly changed as compared to that in
wastewater influent, and larger plastic particles (>200 μm) were easier
to be eliminated than the smaller ones (<50 μm) [46]. In terms of the
shapes, plastic fibers were the most abundant (>50%) followed by
fragments (15–35%), shafts (10–15%), films (9–14%), flakes (5–8%),
spheres (1–4%), films (2–6%), foams (5–9%), glitter (15–25%), lines
(10–15%), granules (0.5–1%) and sheets (0.1–0.3%), as demonstrated in
Table SIII. For instance, 75.8% of MPs in the sewage sludge were fibers
[151]. Also, 63% of MPs were discovered as fibers [152]. Similarly, it
was observed that 65.6% of MPs were micro-fibers [56]. So far, >45
types of polymers have been identified from sewage sludge of WWTPs
across the globe. Table SIII depicted that PE was the most abundant
(38–45%) followed by PS (30–35%), PA (15–20%), PET (20–26%), ABS
(7–10%), PMMA (3–6%), HDPE (2–4%), LDPE (1–4%) and ASA
(0.1–0.3%). In terms of colors, most of the detected polymers were white
and transparent, and rest of them were green, blue, black, orange, red,
yellow and brown (Table SIII). For instance, 59.6% and 58% of the
detected plastic polymers were reported to be white [56,152]. In some
studies, transparent polymers were abundant [46,128,153].
A few researchers also calculated MPs concentration in sewage
sludge generated at various phases during wastewater treatment. For
instance, a research team reported characterization results of sewage
sludge samples collected form seven WWTPs in Ireland, and found that
their abundances ranged from 4196 to 15,385 particles/kg (dry weight)
[151]. A group of investigators collected sewage sludge samples from six
WWTPs, and discovered variation between WWTPs from 1.24 × 109 y-1
in Schillig to 5.67 x109 y-1 in Scharrel [153]. Similarly, Li et al. (2018)
analyzed 79 sewage sludge samples, which were collected from 28
WWTPs, and observed that approximately 1.56 × 1014 particles per year
enter into the natural environment [152]. While, it was estimated that
1.28 ± 0.54 trillion MPs settled into primary sludge, 0.36 ± 0.22 trillion
MPs retained into secondary sludge, and 0.03 ± 0.01 trillion MPs were
being discharged into the receiving water environment [56]. Recently, a
research team collected sewage samples from secondary WWTP and
reported 11.80 ± 1.10, 7.91 ± 0.44, and 2.76 ± 0.11MPs/L abundance
of MPs in raw sewage, waste activated sludge and the treated effluent,
respectively [43]. Similarly, it was discovered that WWTPs compre
hended 183 ± 84 particles/g wet sludge, while sewage sludge endured
165 ± 37 particles/g after heating. It was also reported that about 8 ×

3.2. Retention in sewage sludge
Most of the MPs and NPs could be apprehended in the sewage sludge,
contributing a high removal efficiency of MPs and NPs in WWTPs.
However, so far, research (e.g., existences, alteration, and mobilization)
on MPs and NPs in sewage sludge is very limited.
3.2.1. Retention of MPs
Table 3 depicted that a large amount of MPs were retained in the
sewage sludge. The MPs concentrations in the sewage sludge were
fluctuated from ~4.4 to 170900 particle per kg (dry weight). In addi
tion, the concentration of MPs was significantly reduced from primary
settling tank to secondary settling tank, which indicted that a significant
amount of MPs had already eradicated during primary treatment, as
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1011 plastic particles per year would be discharged into water envi
ronment, if incorrectly directed [46]. Approximately 113 ± 57 MPs/g
sludge dry weight was noticed from a WWTPs in Italy [55]. Similarly, a
research team reported 240.3 ± 31.4n/g (dry sludge) abundance of MPs
in dewatered sewage sludge samples, collected from a conventional
activated sludge process [128]. Moreover, greater abundances of
smaller sizes MPs in the lime stabilization (LS) sludge treatment tech
nique were observed, while lesser abundances of MPs were observed in
the anaerobic digestion (AD) technique. In addition, SEM images
depicted that blistering and melting of MPs could be noticed in AD
samples, while flaking and shredding was perceived in LS samples
[151]. Overall, approximately 50–85% of MPs were deposited in the
sludge fraction, (Fig. 3).

reduced in the final effluent. This might be that colored polymers had
specific surface charge which helped in the attachment with solid flocs
and toxic pollutants in primary and secondary sedimentation chambers,
and subsequently lowered the abundance [83,102,158,159]. For
instance, the study of (Bhattacharya et al. 2010) reported that the
positively charged PE and PS-MPs had a high affinity for the negatively
charged activated sludge mass [160].
Moreover, it has also been observed that secondary treatment elim
inated more plastic fragments than fibers, as compared to primary
treatment [130]. Recently, a group of researchers reported that the
relative proportion of plastic fragments was reduced from 38.56% to
25.3%, while the plastic fibers increased from 35.59% to 57.83% after
the secondary treatment [43]. It was likely due to the fact that the
majority of the plastic fibers had already been eliminated during pretreatment via skimming or sedimentation, while the remaining might
have some neutral buoyancy which repelled to be further eradicated. It
can also be observed that secondary treatment significantly removed
larger sizes MPs (i.e., >500 µm), which resulted in a low abundance of
MPs in the secondary effluent [43]. Further, MPs of small particle size
were more likely to be absorbed by the sludge and these particles were
remained in the sludge because of its strong adsorption capacity [80]. It
was also observed that the removal of MPs during the secondary treat
ment took place mainly in the secondary sedimentation tanks after the
aerobic process, but the removal efficiency was lower than that observed
for the primary treatment [126]. PET and PE were most abundant MPs in
secondary effluents [161]. Moreover, the smallest size fractions
(100–200 µm and 15–100 µm) were observed to be the most abundant in
the final effluent after the tertiary treatment (Table 2). Notably, a recent
study detected smallest size (1.5 µm) of MPs in the final effluent after the
secondary treatment [43]. Also, the relative abundance of plastic fibers
was high in the final effluent in some cases compared to the secondary
effluent. This might probably be due to the fact that the surface of fibers
is relatively smooth and thus faced less resistance in wastewater and
could pass easily from membrane longitudinally. Recently, a high
abundance (91%) of micro fibers (10–20 μm) was observed in the
effluent after tertiary treatment [161]. Similarly, Edo et al. (2020) re
ported that the primary clarifier followed by A2O bio-treatment could
remove 93.7% of MPs from wastewater, but plastic particles having a
size range 5–25 μm were still present in the final effluent, and demon
strated the release of 300 million plastic particles per day in water
environment [46]. Noticeably, small sizes MPs and NPs (<25 μm) can
easily attach with sludge flocs and toxic pollutants such as heavy metals
and hydrophobic organic pollutants because of their higher surface to
volume ratio, which would eventually pose significant environmental
hazards [82].
Further, various kinds of polymers (such as PA, PP, PE, PS, PET, PES,
etc.) were also noticed in the effluent after tertiary treatment (Table 2).
Despite having highest removal efficiency of tertiary treatment, the
discharge of MPs was still noticeably high. For instance, an average of
0.9 MPs per litter were discovered from the final effluent of three
WWTPs, despite 55–97% removal of MPs were obtained [44]. Recently,
Liu et al (2021) reported that about 5 × 105 to 1.39 × 1010 particles per
day are being discharged into water environment [71]. Similarly, Zia
jahromi et al (2021) reported that about 22.1 × 106 to 133 × 106 MPs
particle per day are being released in the final effluent [102].

3.2.2. Retention of NPs
So far, none of the study highlighted the occurrence of NPs (<0.1 μm
or < 100 nm) in sewage sludge. Thus, it is highly required to develop
novel techniques to estimate and detect the presence of NPs (<0.1 μm)
in the sewage sludge of WWTPs to better assess the fate and environ
mental transformation of NPs in receiving environment.
Altogether, the MPs- and NPs-contaminated sludge might be utilized
in the agricultural field as bio-fertilizer or burnt during sludge inciner
ation, directing to global contamination [152–154]. For instance, the
surface weathering of MPs and NPs would increase the probability of
sorption or attachment of other environmental toxic pollutants (e.g.,
heavy metals and organic contaminations) which could be transferred
with plastic particles in the soil and to the aquatic environment nearby.
Soil living organisms can also ingest MPs and NPs, hence leading to bioaccumulation in the soil detrital food network [68]. Therefore, more
research efforts are needed to overcome the knowledge gaps regarding
transportation and mobilization of MPs and NPs from sewage sludge to
other environmental matrix, i.e., soil, water and air.
3.3. Influence of pertinent factors on the removal of MPs and NPs in
WWTPs
3.3.1. On the removal of MPs
Table 2 is depicting the variations in the abundance of shape, size,
color and detected polymers in the influent and effluent of various
WWTPs because some certain pertinent factors (such as shape, size,
color, polymer type and density, along with the subsisted treatment
units) can influence on the removal of MPs. Studies have indicated that
larger size particles (>1000 μm) could easily be trapped during primary
treatment through flocculation and gravity sedimentation (Table 2). The
reason might be that the larger size MPs had better chance of setting at
the bottom of the pond during flocculation and precipitation, or to be
adsorbed on the suspended particles and trapped at the grille [42].
Overall, MPs with a particle size ranging from 500 to 5000 μm depicted
highest removal efficiency, while smallest size particles (<500 μm)
showed lowest removal efficiency (Table 2). In term of shape, studies
have indicated that microbeads, films and foams were easy to remove
than fibers and fragments because of their physico-chemical character
istics (Table 2) [83,155]. In term of polymers, those polymers whose
possessed higher density than water could easily be removed via grit and
primary sedimentation, while the lower density polymers could easily be
removed via skimming because they could float on the surface of sewage
due to their lightness [156]. For instance, foams, films and microbeads
are made of PE and PP which had a lower density than water (0.89–0.98
g/ml) [156]. Lower density particles could easily be entrapped in solid
flocs via skimming and then they could be separated by gravity filtration
[157]. In addition, higher density MPs (PS, PET) could easily be
removed via sedimentation (Table 2). In contrast, fibers (PES, nylon, and
acrylic) from textiles are the most difficult MPs to remove in WWTPs,
due to their morphological characteristics (Table 2) [156]. Notably, no
significant correlation was observed in term of colors. However, the
abundance of colored polymers (excluding transparent) was slightly

3.3.2. On the removal of NPs
So far, none of the study indicated the influence of pertinent factors
on the removal of NPs (<0.1 μm) in WWTPs because most of the
detected plastic particles had size greater than equal to 1 μm (Table 2).
Thus, more research efforts are required to develop novel techniques for
sampling and detecting NPs in WWTPs to estimate their removal by
various treatment units.
Altogether, the findings suggested that novel technologies are highly
demanded after tertiary treatment to eradicate small size particles (i.e.,
NPs, <0.1 μm) and fiber-like MPs (15–0.1 μm) from the final effluent to
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protect receiving water environment from plastic pollution. Further,
more research efforts are required to reveal the correlation between
shape, size, color and composition on the removal of MPs in WWTPs.
Apart from the characteristics of MPs, the plant designing, operational
and environmental conditions can also influence on the removal effi
ciency of MP in WWTPs. Thus, more research efforts would be needed to
explore this region in order to better understand the influence of perti
nent factors on the removal of MPs in WWTPs. Additionally, the
mechanisms of MPs and NPs removal by the subsisted treatment tech
nologies should also be explored in depth.

MPs ingestion by organisms, thus enhancing the bioavailability of
environment toxic pollutants to the organisms. MPs can also adsorb
toxic algae, viruses, pathogens and bacteria [169]. The accumulation of
these toxic species may provoke gene swap among different genus and
endorse the diffusion competence of drug-resistant bacteria and patho
genic bacteria, which may magnify toxicological and pathological re
sponses to organisms [170]. This phenomenon may produce new
bacterial strains during the gene swap. In addition, due to the great
mobility and floatability, MPs may simultaneously improve the mobility
of antibiotic resistance genes and transfer antibiotic resistance genes to
various vicinities. Thus, the swap of antibiotic resistance genes and
bacteria between societies or the adjacent environment may cause un
expected environmental impact [171].

4. Fate and impacts
4.1. In the environment

4.1.2. NPs
Understanding the fate of NPs in the environment is intrinsically
difficult because of their extremely small sizes. The fate and impact of
NPs in the environment has been little investigated. Despite this fact that
the unique characteristics of NPs and the environmental water solution
group would induce the aggregation of NPs until deposition or suspen
sion in water, which will cause different effects on different levels of
organisms [172,173]. Regarding this, laboratory-scale studies have
depicted that NPs could cause harm to biological growth and develop
ment in various organisms like phytoplanktons, fish, mammals, deep-sea
species [169,174,175]. Further, NPs had ability to enter and accumulate
in organisms via various ways including ingestion, deposition and
endocytosis through cell membrane [176,177]. Studies have indicated
NPs depicted a higher toxicity than MPs in marine species and animals
because of their unique size and characteristics. For instance, NPs
significantly induced the reproduction rate, liver and muscle meta
bolism, and altered the brain tissue morphology [95,178–183]. Studies
have also indicated cationic NPs could induce a higher toxicity rate than
anionic NPs [158,184,185]. Further, the release of chemical additives
from NPs can cause serious impacts on growth, mortality and fertility.
However, limited study data are available on the toxicity of leached
chemical additives from NPs [186–189]. Thus, more research efforts
would be needed to explore the release mechanism of polymer mono
mers or additives from NPs and their toxicity behaviour to marine spe
cies and animals.
Moreover, NPs can also accumulate on the biofilms of a range of
organisms such as Pseudomonas fluorescens, Alteromonas macleodii,
where they could accelerate the assembly of exopolymeric substances
(EPS) and growth kinetics even at lowest concentration of 10 ppb
[184,190,191]. Further, NPs has the ability to improve the trans
portation of aquatic pollutants (i.e., polychlorinated biphenyls, heavy
metals and polybrominated diphenyle ethers) by physical adsorption
and entrapment within the polymeric matrices due to their large specific
surface area and inherent hydrophobicity [192–195]. Studies have also
depicted that NPs could adsorb greater amount of pollutants than MPs
because of their higher specific surface area and externally small size.
For instance, NPs significantly enhanced the bioaccumulation of
phenanthrene-derived residues on the surface body of daphnids [196].
However, few studies are performed on the sorption of pollutants by
NPs, while majority of the reposts discussed the sorption behavior of
MPs (Section 4.2). NPs could effect on the soil ecological community by
reducing their enzyme functional diversity and microbial biomass di
versity [197]. In addition, NPs could effect on soil key organisms which
were important for nitrogen cycling and organic matter decomposition
[198]. Overall, the exact quantity of NPs in the environment is still unknown because the technologies to detect them have not yet been
contrived. Thus, more research efforts would be needed in this direction
to fully understand the fate of NPs in the environment. Further, the
confirmation about the formation of secondary NPs from MPs is rarely
explored [199–201]. In addition, there is no study available which can
highlight the detection and estimation of biodegradable NPs in the
environment. Regarding this, 14C-labelling technique might be a

4.1.1. Mps
After entering the environment, plastics may disintegrate to MPs or
even NPs under external pressure, which will alter the original charac
teristics, reactivity and structure of the plastics, making the research
more complex and diverse [162]. >80% of the plastics are initiated from
land-based activities [163]. The debris often floats in the upper surface
layer of the waters due to their low density and then reach the sea [164].
Sometimes, the hetero-aggregation with algae, suspended solids, and
detritus could happen, triggering the settling of the debris [165].
Moreover, the degradation of MPs via biotic and/or abiotic processes
can lead to the loss of mechanical and structural characteristics, which
eventually would enhance the specific surface area of MPs for physico
chemical interactions with other pollutants and microbial colonization
[68]. The abiotic degradation routes such as thermal, photodegradation, chemical and mechanical are assumed as the most com
mon in the environment [166]. Floating MPs had great acquaintance to
sunlight, which under-went to chemical alterations urged by UVradiation and the oxidative possessions of the atmosphere [61]. How
ever, in the deep-water or ocean, abiotic degradation is very less because
of having lower temperature rates of sunlight and oxidation mediated
processes. In contrast, in less deep waters, biotic degradation has been
observed due to the presence of diverse microbial communities of het
erotrophs, symbionts, and autotrophs on the surface of plastic debris or
particles. Normally, biodegradation of MPs occurs outside the cells due
to the exploit of secreted enzymes, leading to the cleavage of polymeric
chains through hydrolytic mechanisms. This process appears both in the
soils and aquatic environment producing smaller plastic particles of
different shapes and sizes. For instance, the specific surface area of a
common plastic bag (0.2 m2) would become 2600 m2 after being
completely disintegration into NPs with an average diameter of 40 nm
[68]. In addition, the molecular weight of the polymers is decreased by
chain scission due to the increasing availability of moisture and oxygen
that render these molecules more prone to microbial engagement.
Eventually, the mineralization process is commenced because of the
generation of monomers and water-soluble oligomers. For example,
60% of PE-MPs were found to be bioassimilated under composting
[167]. Importantly, the polymer degradation varies from medium to
medium. For instance, polycaprolactone (PCL) showed higher degra
dation extent in sandy soils than in clay soils [168].
Moreover, in addition to their exclusive sensitivity and adoptability
to the existing environment, the decomposition of polymer materials is
also influenced by the types of bacteria and the amount of biomass. For
instance, Rhodococcus strains was able to grow on the surface of
oxidized PE films comprising prooxidant additives in soil [23].
Furthermore, MPs can act as carriers of biological and chemical pol
lutants. They can adsorb environmental pollutants due to their high
roughness, low polarity, higher specific surface area, porous structure,
unique morphology and charge opposite to pollutants (Section 4.2). The
sorption of environmental pollutants on the surface of MPs can increase
their potential of transmission and binder by organisms [167]. On the
other hand, the adsorbed pollutants can enter into our food chain via
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valuable option to address this question.

behavior of bisphenol A (BPA). The PS-MPs were exposed to different
ageing techniques like UV/Cl2, UV/H2O2 and UV/H2O (Fig. 4(I)). The
findings revealed that the sorption capacity for BPA followed the
sequence of PS > PS–UV/Cl2 > PS–UV/H2O2 > PS–UV/H2O. Moreover,
the ageing techniques significantly altered the surface structural prop
erties of PS-MPs including crystallinity, hydrophobicity, specific surface
area and surface oxygen groups, which also changed the interaction
behaviors between aged PS with BPA. For instance, photo-oxidation
weakens the π-π interaction and improved the surface hydrophilicity
in PS-BPA combination due to the loss of benzene ring-containing
groups and enhancement in the polar oxygen-containing groups,
respectively. This also declined the accessibility of BPA to the PS surface.
On the other hand, the formation of carbon-chlorine groups (C-Cl) on the
surface of PS–UV/Cl2 acted as an electron acceptor, while the benzene
rings together with hydroxyl groups (–OH) could be deemed as electrondonating groups, which created a specific halogen bonding between the
C-Cl group and BPA. In another study by the same research group re
ported that aged-low density polyethylene (LDPE)-MPs had greater
sorption capability towards BPA than virgin-LDPE-MPs with no detected
leaching of BPA additives. However, aged polycarbonate (PC) displayed
noticeable leaching of BPA additives or monomers, which proved a
continuing source of BPA leakage in the aquatic environment [205].
Thus, the leaching of additives or monomers during ageing process
would impose potential ecological and environmental risks which need
to be further explored in future research. Moreover, the sorption ca
pacity for BPA followed the sequence of LDPE-UV/H2O2 > LDPE-UV/
Cl2 > LDPE-UV/H2O. Notably, the formation of C-Cl bonds in LDPE-UV/
Cl2 did not significantly contribute to the BPA partition on the surface of
aged-LDPE, which implied that different aging techniques would influ
ence differently on different types of polymers, and their sorption af
finity towards environmental pollutants would fluctuate accordingly.
Thus, more research efforts are urgently required to explore the sorption
affinity of different polymers towards different pollutants by employing
diverse ageing techniques in order to prevent environment from the
mobilization of toxic pollutants through MPs.

4.2. Interaction of MPs and NPs with environmental toxic pollutants
Table 4 is depicting the brief summary of the published reports
regarding interaction of MPs and NPs with environmental toxic pollut
ants. Various pollutants such as potentially toxic metals (PTMs), phar
maceutical and personal care products (PPCPs) and polycyclic aromatic
hydrocarbon (PAHs) were selected to examine the sorption behavior of
MP and NPs because they are known contaminants in aquatic environ
ments and they have economic relevance. In addition, various kinds of
mathematical equations and modern analysis techniques (e.g., SEM,
FTIR, XPS, XRD, DLS, BET and EDX) have been employed to estimate the
sorption capacities of various pollutants by MPs and NPs and to explore
their possible interaction mechanisms (Table S4).
4.2.1. Potentially toxic metals (PTMs)
4.2.1.1. MPs. Various types of MPs (PS, PE, PVC, PP, PET, etc.) had
different affinities for different toxic pollutants because of their different
surface characteristics. For instance, PE-MPs significantly adsorbed Cr
(VI) ions from aqueous solution via electrostatic attractions, and the
presence of SDBS enhanced the sorption capacity of Cr(VI) ions by PEMPs [202]. The sorption of heavy metals (e.g., Cd, Co, Cr, Cu, Ni, Pb
and Zn) by five different kinds of MPs (i.e., PE, PET, PP, PS and PVC) was
examined in Milli-Q water and natural waters such as urban wastewater,
irrigation water and seawater. The findings depicted that the sorption
behavior followed the order of PE > PVC > PS > PP > PET at pH 6.3. The
porosity, morphology and specific surface area of MPs are the charac
teristics that influence on the sorption capacity. All of the tested plastic
polymers did adsorb metal ions, but PE-MPs showed the greatest sorp
tion capacity against metal ions. This might be due to the rubber-like
character of PE that indicated cracks, high pore volume and rough
surfaces, facilitating the cavity formation, van der Wall interactions and
hydrogen bonding. Moreover, the dissolved organic matter played an
important role in metal ions adsorption by MPs in natural waters [35].
The accumulation of toxic metal ions on sludge-based MPs (i.e., PA, PE,
PP, PVC and PS) was studied, and the finding showed that the sorption of
metal ions by MPs followed the order of Pb > Cd > Zn > Cu > Co > Ni,
and adsorption behavior of different MPs followed the order of PA > PE
> PP > PVC > PS. Moreover, the Cd ions were selected to examine the
comparative adsorption differences by virgin and sludge-based MPs.
Surprisingly, the sludge-based MPs depicted greater sorption capacity of
Cd ions compared to virgin MPs with an adsorption capacity of up to
2.52 mg/g (Table 4). SEM results revealed that the sludge-based MPs
displayed wrinkled, rougher, porous, and aggregate-like structures
compared to virgin MPs, which facilitated in adsorbing more Cd ions by
MPs. Besides, the FTIR spectra of sludge-based MPs displayed starching
vibrational peaks of C-O and O–H functional groups, which further
ensured the sorption of metal ions. Overall, these results indicated that
alterations in the MPs physicochemical characteristics would enhance
the accumulation and transformation of toxic metal ions [203].

4.2.2.2. NPs. The effects of micro to nano-sized PS on the sorption of
PAHs were also examined. For example, the sorption of phenanthrene
and nitrobenzene on PS significantly increased with declining particle
size from 170 µm to 50 nm, and the sorption of pollutants could be
significantly inhibited by aggregation of smaller sized PS plastic parti
cles [37]. The study of Liu et al. (2016) reported that the reduction of PSNPs aggregate sizes did not significantly influence on the adsorption of
PAHs (e.g., benzo[g,h,i] perylene (BgP), chrysene, benzo-[k]
fluoranthene (BkF), benzo[a] anthracene (BaA), benzo[a]pyrene (BaP)
and benzo[b]fluoranthene (BbF)), and PAHs could move to sorption
sites regardless of the aggregation state and accumulated onto PS-NPs
through π-π interactions [39].
4.2.3. Pharmaceutical and personal care products (PPCPs)
4.2.3.1. MPs. The sorption behavior of non-steroidal anti-inflamma
tory drugs (NSAIDs) such as ibuprofen (IBU), diclofenac (DCF) and
naproxen (NPX) was examined by using four different kinds of MPs (i.e.,
PS, PP, ultra-high molecular weight polyethylene (UHMWPE) and
average molecular weight medium density polyethylene (AMWPE))
under fluctuating water environments. The findings indicated that the
sorption happened due to the van der Wall interactions, hydrophobic
interactions and π-π interactions between NSAIDs and MPs. DCF depic
ted the greatest sorption coefficients to MPs. PE-MPs indicated the
greatest affinity for NSAIDs due to having a higher degree of crystallinity
than other tested MPs [34]. The sorption and desorption of triazole
fungicides like hexaconazole (HEX), myclobutanil (MYC) and tri
adimenol (TRI) were observed by using three different sizes of PS-MPs
(2, 10 and 100 μm). The findings depicted that smaller size of PS-MPs

4.2.2. Polycyclic aromatic hydrocarbon (PAHs)
4.2.2.1. MPs. It was reported that aged MPs had higher sorption ability
to accumulate PAHs from the aqueous environment than virgin MPs
because the aged MPs had higher oxygen-containing functional groups
and specific surface area for the formation of winkle and crack on the
surface of MPs after UV radiation [33]. Moreover, PE-MPs showed
higher sorption capacity against 9-Nitroanthrene (9-NAnt) compared to
PS and PP-MPs, which suggested that different polymers had different
hydrophobic and electrostatic distribution due to having miscellaneous
oxygen-containing functional groups [204]. Recently, Liu and co
workers reported that the influence of ageing process on the sorption
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Table 4
Interaction of MPs and NPs with environmental toxic pollutants.
Polymers

Size

Co-present pollutants/
constituents

MPs or NPs dose/
concentration

Pollutants
concentration

Sorption capacity/behavior

Reference
(s)

MPs (<5 mm to > 0.1 μm)
Virgin PE
177–250 µm

Cr6+

100 mg/L

0.32 mg/g
1.39 mg/g

[202]

Virgin-PET

1000 × 1000 µm

Cu2+, Zn2+

14 g/L
14 g/L + 2.0 mM
SDBS
0.5 to 2.5 g

5 mg/L

[33]

–

Cd2+

0.1 g

10 mg/L

Cu2+: 40.3 to 55.1 μg/g; Zn2+:24.7 to 44.5 μg/
g
Cu2+: 140.3 to 182.6 μg/g; Zn2+: 54.7 to 86.8
μg/g
PA (339.6 µg/g) > PE (234.5 µg/g) > PP
(199.2 µg/g) > PVC (222.2 µg/g) > PS(69.9
µg/g)
2.523 mg/g

Pyrene
Phenanthrene

20 g/L
50 mg

50 μg/L
300 μg/L + 200
mg/L (NaN3)

Nitrobenzene

50 mg

30 mg/L + 200
mg/L (NaN3)

9-NAnt

–

500 ug/L

Virgin-PS
Aged PS

BPA

0.5 g

500 μg/L

Virgin-LDPE
Aged LDPE

BPA

0.5 g

500 μg/L

–

TYL

0.005–0.03 g

2, 10, 100 μm

HEX, MYC, TRI

100 mg (2 μm)

5 mg/L + 0.001
mol/L NaN3
100 μg/L

Virgin-PS, PE

PS: 500–1000 μm
PE:D: 100–200 μm;
L: 500–2000 μm

SMX, SMT, CEP-C

20 mg

2 mg/L

Virgin-PS
HMWPE,
AMWPE, PP

PP: ~1000 μm,
PS: 600–800 μm,
AMWPE: 300–400
μm,
UHMWPE: 2–10 μm
<5000 μm

IBU, NPX, DCF

0.6 g

2.5 mg/ L

CAR, DIP, DIC, DIF,
MAL, DIFE

10 g/L

0.05–2.0 mg/L

Aged-PET
Virgin-PA, PE, PP,
PVC, and PS
Sludge based-PA,
PE, PP, PVC, and
PS
Virgin-PS, PS
Virgin-PS
Virgin-PS
Virgin-PE, PP, PS

Virgin-PE, PP, PS,
PVC
Virgin-PS

Virgin-PE MPs

<100 μm
D: 170 µm, 102 µm,
50 µm, 30 µm, 0.8
µm
D: 170 µm, 102 µm,
50 µm, 30 µm, 0.8
µm
100–150 μm

50 ng/g
170 µm (290 mg/kg), 102 µm (350 mg/kg),
50 µm (400 mg/kg), 30 µm (405 mg/kg), 0.8
µm (435 mg/kg)
170 µm (105 mg/kg), 102 µm (2300 mg/kg),
50 µm (4800 mg/kg), 30 µm (5800 mg/kg),
0.8 µm (7000 mg/kg)
PE (734.35 µg/g) > PS (687.51 µg/g) ≈ PP
(684.41 µg/g)
6.9 µg/g
PS > PS–UV/Cl2 (5.1 µg/g) > PS–UV/H2O2
(1.5 µg/g) > PS–UV/H2O (1.2 µg/g)
1.2 µg/g
LDPE-UV/H2O2 (7.5 µg/g) > LDPE-UV/Cl2
(3.9 µg/g) > LDPE-UV/H2O (3.12 µg/g).
PE (639.97 mg/kg) < PP (837.68 mg/kg) <
PS (1346.85 mg/Kg) < PVC (1543.65 mg/kg)
HEX (42.72 μg/g) > MYC (19.49 μg/g) > TRI
(11.27 μg/g)
Freshwater:
PS: SMX (90 mg/g) > SMT (60 mg/g) > CEP-C
(55 mg/g)
PE: SMT (55 mg/g) > CEP-C (43 mg/g) > SMX
(0 mg/g)
Simulated seawater:
PS: CEP-C (395 mg/g) > SMX (0 mg/g) > SMT
(0 mg/g)
PE: CEP-C (250 mg/g) > SMX (0 mg/g) > SMT
(0 mg/g))
UHMWPE > AMWPE > PS > PP

[203]

[277]
[37]

[204]
[278]
[205]
[206]
[36]
[207]

[34]

DIF (645.461 µg/g) > DIFE(167.248 µg/g) >
MAL (10.214 µg/g) > CAR (4.213 µg/g) > DIP
(3.094 µg/g)
ATV (1.2 mg/g) > AML (0.28 mg/g)
AML (1.2 mg/g) > ATV (0.82 mg/g)

[208]

25 mg/g
45 mg/g
581.187 µg/g
727.825 µg/g
1193.346 µg/g
18.7 µg/g (DPA), 9.7 µg/g (CBZ), 0.0 µg/g
aniline
4.6 µg/g
Mechanically (4.8 µg/g) > Photochemically
(3.6 µg/g)

[210]

Virgin-PS
Aged PS

50.4 ± 11.9 μm

ATV, AML

5.0 g/L
0.1 g

Virgin-PP
Aged PP
Virgin-PLA
Biofilm-PLA
Degraded-PLA
Virgin-HDPE

D: <180 μm

TCS

20 mg

10 mg/L
10 mg/L + TOC
(10 mg/L)
10 mg/L

75–150 μm

OTC

0.03 g

12 mg/L

500–1000 μm

Aniline, CBZ, DPA

5g

10-6 M

Virgin-HDPE
aged HDPE

500–1000 μm
500–1000 μm

DPA
DPA

2g
2g

10-7M
10-7M

TC

0.2 g/L
0.2 g/L + 10 mg/L
(HA)
50 mg

10 mg/L

44.77 mg/g
50.99 mg/g

[213]

0–20 μg/L

[39]

50 mg

300 μg/L + 200
mg/L (NaN3)

BaA (5.85 μg/kg); Chrysene (5.50 μg/kg); BaP
(5.90 μg/kg); BgP (5.70 μg/kg); BbF (5.60 μg/
kg); BkF (5.75 μg/kg)
445 mg/kg

NPs (<0.1 μm or < 100 nm)
Virgin-PSs
0.03–0.04 µm
Virgin-PS

0.07 µm

PAHs: BaA, chrysene,
BaP, BgP, BbF and BkF

Virgin-PS

0.05 µm

Phenanthrene

[209]

[212]
[211]

[37]

(continued on next page)
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Table 4 (continued )
Polymers

Size

Co-present pollutants/
constituents

MPs or NPs dose/
concentration

Pollutants
concentration

Sorption capacity/behavior

Virgin-PS

0.05 µm

Nitrobenzene

50 mg

30 mg/L + 200
mg/L (NaN3)

7300 mg/kg

Reference
(s)

Key: NSAIDs: Nonsteroidal anti-inflammatory drugs; UHMWPE: Ultra-high molecular weight polyethylene; AMWPE: Average molecular weight medium density
polyethylene; NPX: Naproxen, DCF: Diclofenac sodium salt, IBU: Ibuprofen; DSC: Differential scanning calorimetric; HEX: Hexaconazole; MYC: Nmyclobutanil; TRI:
Ntriadimenol; TYL: Tylosin; SMX: Sulfamethoxazole, SMT: Sulfamethazine, CEP-C: Ephalosporin C; 2D FTIR COS: Two-dimensional FTIR correlation spectroscopy;
PAHs: Polycyclic aromatic hydrocarbons; DLS: Dynamic light scattering: BaA: Benzo[a] anthracene, BbF: Benzo[b]fluoranthene, BkF: Benzo-[k]fluoranthene, BaP:
Benzo[a]pyrene, BgP: Benzo[g,h,i] perylene; TC: Tetracycline; PET: Polyethylene terephthalate; 4-n-NP: 4-n-Nonylphenol; 4-MBC: 4-Methylbenzylidene-camphor;
CAR: Carbendazim, DIP: Dipterex, DIC: Dichlorovos, DIF: Diflubenzuron, MAL: Malathion, DIFE: Difenoconazole; 9-NAnt: 9-Nitroanthrene; ATV: Atorvastatin, AML:
Amlodipine; TCS: Triclosan; BPA: Bisphenol A; DSC: Differential scanning calorimetric, GPC: Gel permeation chromatography; OTC: Oxytetracycline; PLA: Polylactic
acid; 2D-COS: Two-dimensional correlation spectroscopy; LDPE: Low density polyethylene; PC: Polycarbonate, CBZ: Carbamazepine, DPA: Diphenylamine and all of
the used de-abbreviations have also been given in supplementary information Text SI.

Fig. 4. (I) The morphology obtained from Zeiss microscope of pristine and aged PS-MPs by employing different aging processes (adopted from [278] with permission
from Elsevier); (II) SEM images of different aged PS-MPs in photo-Fenton process and (III) Variation in the surface chemistry and removal mechanism of phar
maceuticals by PS-MPs before and after employing photo-Fenton process (adopted from [209] with permission from Elsevier); and (IV) SEM pictures of the different
particles (10 h of UV aging using a 254 nm UV-light/mechanical aging via long-term shaking experiments (Adopted from [211] with permission from Royal Society
of Chemistry).

(2 μm) showed higher sorption of pesticides than larger PS-MPs. The
sorption and desorption capacity of all three pesticides followed the
order of HEX (42.72 μg/g) > MYC (19.49 μg/g) > TRI (11.27 μg/g) at pH
5.5. Moreover, the alteration in solution pH value and ionic strength
significantly contributed in improving the hydrophobicity of pesticide
compounds through salting out effect and the consequent sorption ca
pacity of these pesticides by PS-MPs [36]. In another study, the sorption
behavior of a veterinary antibiotics tylosin (TYL) was examined by using
four different kinds of MPs (e.g., PE, PP, PS and PVC). The findings
indicated that sorption of TYL followed the order of PE (639.97 mg/kg)
< PP (837.68 mg/kg) < PS (1346.85 mg/Kg) < PVC (1543.65 mg/kg).
Besides, the isotherm, kinetics, and FTIR results hinted that adsorption
of TYL on MPs was governed by surface complexation, electrostatic in
teractions and hydrophobic interactions. Moreover, the solution pH and
ionic potency also played an important role in the adsorption of TYL
[206]. Guo and Wang (2019) found that PS-MPs showed greater sorp
tion of antibiotics drugs (sufamethazine (SMT), cephalosporin C (CEP-C)
and sulfamethoxazole (SMX)) compared to PE-MPs, which was likely
due to the fact that PS foam had rougher surfaces, developed more
layered configurations, produced stronger π-π interactions than PE fi
bers, and demonstrated that the aged MPs with smaller size had higher

sorption capacity of SMX and SMT and could accrue more contaminants
in the aquatic environment [207]. Moreover, studies have indicated that
film-shaped PE-MPs could significantly adsorb pesticides from aqueous
solution via mass transfer and intra-particle diffusion mechanisms. The
adsorption amounts were followed the sequence of DIF (645.461 µg/g)
> DIFE (167.248 µg/g) > MAL (10.214 µg/g) > CAR (4.213 µg/g) > DIP
(3.094 µg/g) at dosage of 10 g/L [208]. Recently, Liu and coworkers
noticed that virgin PS-MPs revealed combination of hydrophobic and π-π
interaction mechanisms, while the aged PS-MPs depicted combination
of electrostatic interaction and hydrogen bonding mechanisms towards
atorvastatin (ATV) and amlodipine (AML) pharmaceuticals due to the
fluctuation in the formation of oxygen-containing functional groups (e.
g. carboxyl and hydroxyl) and surface morphology [209]. Since the
surface of PS-MPs became rougher after photo-Fenten treatment and
divulged higher cracks and pitting by enhancing the oxidation time
(Fig. 4(II)). Furthermore, the leakage of ageing intermediates signifi
cantly declined the sorption of ATV (from 1.2 to 0.82 mg/g) but
improved the sorption of AML (from 0.28 to 1.2 mg/g), and this varia
tion was mainly depended on the electrostatic interaction between MPs
and ageing intermediates (Fig. 4(III)). In addition, the sorption of lowdegree aged PS-MPs depicted higher sensitive to the ageing
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intermediates than that of high-degree aged once (Fig. 4(III)). Studies
have indicated that common electrolytes (Na+ and Ca2+) could influ
ence on the sorption behavior of aged PP-MPs towards triclosan (TCS)
pharmaceutical, and salting out effect provoked the precipitation of TCS
and accelerated the division of TCS on MPs in higher salinity water.
Further, the squeezing out and bridging effect between functional
groups of aged MPs and TCS could compress electrostatic double layer of
MPs toward sorption behavior [210]. However, more research efforts
are needed to examine the contribution of electrolytes on the sorption
behavior of organic contaminants to aged-MPs because the van der
Walls and hydrophobic interactions (i.e., H-bonding, hydrophobic forces
and π-π electron interaction) were difficult to be computed to date.
Moreover, the influence of ageing techniques was also examined on
the sorption behavior of pharmaceuticals by MPs. For instance, me
chanically aged-MPs showed higher sorption capacity compared to
virgin and photochemically aged-MPs against diphenylamine (DPA)

drug. Notably, SEM images depicted no visible modifications to surface
structures (Fig. 4(IV)), and BET findings represented no changes in the
surface area either. This might be because 10 h UV exposure duration
only altered the fundamental molecular properties of the polymers,
while the mechanical weathering induced only surface modifications,
which created dissimilarity in the sorption behavior of DPA by aged-MPs
[211]. Further, virgin-HDPE did not show any adsorption toward hy
drophilic pollutant (aniline), even by improving the dosage of MPs to
200 g/L and lowering the aniline concentration to 10-8 M, which clearly
hinted that surface polarity of the polymers was an essential factor in the
sorption of aquatic pollutants (Table 4). Recently, Sun and coworkers
reported that the sorption behavior of oxytetracycline (OTC) on biode
gradable polymer, i.e., polylactic acid (PLA) during its biodegradation
process. The findings depicted that the adsorption capacity of the PLAMPs against OTC followed the sequence: degraded PLA > biofilm PLA
> virgin PLA (Table 4). SEM findings divulged the growth of scattered

Fig. 5. (I) SEM images of PLA immersion in sewage for (a) 0 day (at the beginning), (b) 10 days, (c) 20 days, (d) 25 days and (e) 35 days. (f) The surface morphology
of degraded PLA with immersion time of 35 days after washing out adherent biofilms. The inset in Fig. 5a showed the smooth surface morphology of untreated PLA
(virgin PLA) while the inset in Fig. 5f showed a rough surface on degraded PLA. The inset figures in Fig. 5c-e showed gradually more rob-shaped bacteria with the
extension of exposure time; and (II) The oxytetracycline (OTC) adsorption mechanisms of PLA-MPs during degradation process (adopted from [212]with permission
from Elsevier).
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rod-shaped bacteria on the surface of PLA-MPs (Fig. 5(I)). In addition,
the manifestation of biofilm layer did improve the sorption of OTC on
biofilm-PLA-MPs by 20.15% due to the formation of OTC complexing
with N–H functional groups of biofilms. Moreover, the biodegradation of
PLA-MPs did destroy the ester linkages and created additional oxygencontaining functional groups, which further enhanced the sorption
quantity of OTC on the degraded PLA-MPs by 39.01% compared to
biofilm and virgin-PLA MPs through improving hydrogen bonding
(Fig. 5(II)). Besides, the desorption results indicated that degraded PLAMPs had higher rate to desorption hysteresis compared to biofilm and
virgin PLA-MPs, which guided that the biodegradable MPs would
impose more hazards and risks to aquatic organisms/animals compared
to conventional recalcitrant non-degradable MPs, and eventually these
contaminants will enter into humans via food chain contamination and
bioaccumulation. Moreover, the co-presence of dissolved organic matter
(DOM, fulvic acid) significantly inhibited the sorption of OTC by virgin,
biofilm and degraded PLA-MPs, which suggested that DOM could raise
OTC mobility in the natural environment and stimulate the desorption of
OTC from PLA-MPs due to the complexation of OTC with fulvic acid
[212]. Therefore, more research efforts are urgently required to inves
tigate the capability of other biodegradable MPs to adsorb and desorb
aquatic pollutants for preventing natural water environment and public
health.

the influence of common electrolytes and dissolved organic matters on
the sorption affinity of MPs towards pollutants. However, none of the
study examined this issue in case of NPs. Similarly, none of the study
explored the influence of ageing process on the sorption affinity of NPs
towards aquatic pollutants. Furthermore, desorption is a common phe
nomenon in aquatic environment which is also an important parameter
to examine the temporal mobilization of the adsorbed pollutants under
natural conditions. Unfortunately, a few researchers addressed this issue
but upto few MPs. Thus, more research efforts are required in this di
rection. Noticeably, only one report highlighted the sorption affinity of
biodegradable MPs (PLA) toward pollutants under degradation process.
Thus, the comparative research on the sorption affinity of biodegradable
and non-biodegradable MPs and NPs toward pollutants would also be
beneficial to prevent environment from MPs and NPs pollution. Overall,
these factors should not be ignored in assessing the role of MPs and NPs
as a vector for environmental toxic pollutants.
4.3. Impacts of MPs and NPs on the performance of different WWTPs
processes
Similarly, the presence of MPs and NPs in wastewater can alter the
performance of different WWTPs processes because their characteristics
such as higher specific surface area, variety of functional groups, surface
charges and molecular chain arrangement can play an important role in
creating competitions or interferences in removing targeted contami
nants, because MPs and NPs can form complexes with other pollutants
[68]. Few researchers tried to examine the influence of MPs and NPs on
the performance of WWTPs processes.

4.2.3.2. NPs. Similarly, the sorption of a typical antibiotic drug tetra
cycline (TC) on PS-NPs was also examined for exploring the influence of
background electrolytes (e.g., KCl, NaCl, MgCl2 or HA). The findings
indicated that the colloidal stability of PS-NPs was impervious to the
atomic radius of monovalent cations with no obvious influences on the
sorption of TC on PS-NPs by Na+ and K+, while Mg2+ significantly
reduced the sorption capacity of TC at pH > 5 owing to its tempted
aggregations of PS-NPs and HA facilitated the sorption with increased
dispersions of PS-NPs and improved surface complexation. Moreover,
the adsorption energy of TC/TC+ (1.52 eV) was much higher than TC(0.57 eV), which hinted that zwitterionic and cationic species of TC
would more preferably adsorb onto PS-NPs compared to TC-, as ensured
by density functional theory [213].
Altogether, the published reported have depicted that the pertinent
factors such as type of plastic polymers, size, shape, color solution pH,
salinity, ionic strength, degree of crystallinity, chemical characteristic of
pollutants, ageing, presence of coexisting surfactants, morphology,
porosity, degree of weathering of plastic polymers specific surface area,
water chemistry) can influence on the interaction of MPs and NPs with
environmental toxic pollutants. Studies have indicated that metals ions
were mainly adsorbed on the surface of MPs and NPs via the combina
tion of electrostatic attractions, surface complexation, hydrogen
bonding and hydrophobic interactions. Moreover, pharmaceuticals and
personal care products (PPCPs) and polycyclic aromatic hydrocarbons
(PAHs) were mainly attached on the surface of MPs and NPs via the
combination of electrostatic attraction, hydrophobic interaction and π-π
interactions. Moreover, published reports have indicated that the sorp
tion behavior and mechanism could vary with respect to physicochem
ical characteristics of plastic particles. Studies have also indicated that
different types of plastic polymers depicted different sorption behavior
even against the same pollutants. Notably, NPs showed higher sorption
capability against targeted pollutants than MPs, which is an alarming
call for environmental experts.
Moreover, studies have also demonstrated that aged-MPs depicted
higher sorption affinity than virgin-MPs excluding the results of some
recent published reports which revealed that aged-MPs had lower
sorption affinity than virgin-MPs. Therefore, more research efforts are
urgently required to elucidate this issue because ageing of MPs and NPs
in natural environment is a common phenomenon. A few studies re
ported the influence of leached additives or monomers on the sorption
affinity of MPs towards pollutants. Similarly, some reports highlighted

4.4. Impacts on preliminary and primary treatment processes
MPs: Few researchers explored the impacts of MPs on the pre
liminary and primary treatment units. For instance, the retention of
large size MPs with screen mesh might block or damage pumps during
preliminary treatment, and the lower density particles (which can sus
pend or float on the surface of wastewater) can increase the utilization of
coagulants/flocculants (i.e. alum and ferrous sulphate) to eradicate
targeted pollutants via skimming and sedimentation during primary
treatment [83]. Furthermore, the MPs can adsorb other co-exited pol
lutants and consequently these pollutants would more likely to accu
mulate in sewage sludge, which would eventually increase the sludge
treatment costs [79]. Overall, researcher efforts would be required to
address the impacts of MPs on the performance of preliminary and
primary treatment process particularly in term of eradicating other copresence contaminants.
4.4.1. Impacts on secondary treatment processes
Recently, various research groups conducted laboratory-scale ex
periments to examine the impacts of MPs on the performance of sec
ondary treatment processes because MPs had depicted prominent
retention potential (50–95%) during biological wastewater treatment
(Fig. 3). Regarding this, a comprehensive summary of the published
reports has been provided in Tables 5 and 6. Recent reports have
depicted that the manifestation of MPs and NPs could impact on the
removal performance of total nitrogen, chemical oxygen demanded,
dissolved oxygen, and total phosphorous during biological wastewater
treatment. In addition, the presence of MPs and NPs could significantly
impact on the subsisted microbial community during nitrification,
denitrification and methane production (Table 5). Various kinds of
bioreactors were engaged to examine the impacts of MPs and NPs on
their performance (Table 5).
4.4.1.1. Aerobic granular sludge (AGS) system. MPs: The presence of
PA66-MPs in the aerobic granular sludge (AGS) system slightly inhibited
removal efficiency of chemical oxygen demand (COD) from 89.69% to
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Table 5
Summary of the impacts of MPs and NPs on the secondary treatment units.
Treatment
unit(s)

MP/NPs

MPs (<5 mm to > 0.1 μm)
AGS
PA66

Size

Performance
indicator

Concentration

Time
(day)

Main findings

Reference
(s)

D: 250 µm

COD; TN

0–0.5 g/L

10

• Slightly inhibition effect with addition of PA66 0.5
g/L at the first 10 days
• COD removal reduced from 89.69% to 84.49%
• TN from 78.68% to 76.53%
• Slight inhibitory effect on microbial cell growth
• COD was stable at 78.34% ± 6.35%
• Inhibited nitrogen removal and benefited ARGs
propagation
• Maintained TP removal efficiency (90.01%) at PVC
concentration 0.5 mg/L then declined to 38.76% at
5 mg/L, but recovered (87.69%) again at 50 mg/L
• Slightly inhibited removal of ammonia nitrogen
from 99.68% to 99.22%
• Average TN removal rate increased from 56.3% to
61.9%
• 0.5 g/L PES inhibited the SNRR by 38.84 mg N/(g
MLSS h)
• 0.5 mg/L TCS and 1 mg/L PVC, PA lost
nitrification during 14 days
• Enriched the acrA-03, mexF, fabI genes and MGEs
• PVA and PA dropped abundance of nitrifying
bacteria 0.08 to 0.78 times and improved
Pseudomonas 1.90- and 3.01-fold

[214]

• Did not inhibit the reactor performance
• However, decreased the richness (Chao1) and ACE
and diversity (Shannon) of the bacterial
community
• COD removal was significantly suppressed by 30%.
• Coenzyme F420 reduced from 0.0045 to 0.0017
μmol/L
• Decreased the nitrification function
• Inhibited ammonia oxidizing bacteria and
enriched nitrite-oxidizing bacteria
• Stimulated the secretion of extracellular polymeric
substances and reactive oxygen species
• Reduced the nitrite removal efficiency
• PBS (0.5 g/L) increased the polysaccharide content
• PVC reduced the relative abundance of Ca.
Brocadia (3.02%)
• PVC MPs was more harmful than PBS
• Up to 58% decrease in methanogenic activity
• Reduced COD removal by 17.4–30.4%
• Reduced methane yields by 17.2–28.4%
• Caused toxicity towards AGS
• Did not impact on nitrification, denitrification and
phosphorus removal
• Did not significantly affect the activities of AOB,
NOB, denitrifiers, and PAOs,
• 1000–10,000p/L slightly inhibited the
nitrification and promoted the denitrification.
• PVC and PES abundances of 5000 particles/L
immensely increased the specific denitrification
rate
• PVC slightly inhibited the N2O emission during
nitrification, whereas it immensely improved the
N2O emission during denitrification.
• Microplastics themselves can enrich ARGs directly
from activated sludges
• Both microplastics can acclimate biofilms enriched
with sulfonamide resistance genes and the
associated mobile genetic element
• Selectively promoted antibiotic-resistant and
pathogenic taxa
• The COD and NH4-N removal was immediately
inhibited to 50% and 40% and recovered after
operated for few days
• Microplastics contamination could led to higher
membrane fouling, and also the irreversible
membrane fouling

[217]

AGS-SBR-

PVC

D: 857.4 ±
19.2 µm

COD, TN, TP

0 to 0.5 mg/L; 5 mg/
L and 50 mg/L

0.25
(440
cycles)

AGS

PES

250 µm

NH+
4 -N; TN

0–1-0.5 g/L

30

AGS-SBR-

PE, PS,
PVC, PA

–
NH+
4 -N, COD, NO2-N,
NO—
3 N and TC

1 mg/L + 0.5 mg/L
TC

28

AGS-SBR

PE

PE: 116 ± 28
µm
PS: 135 ± 12
µm
PVC: 140 ±
22 µm
PA: 125 ±
10 µm
150–180 µm

COD, TN, NH4-N,
NO3-N, NO2-N, TP,
PO4-P

50 MP/L (0.2 mg/L)
− 253 MP/L (1 mg/L)

93

AAGS

PES

250 µm

COD

0.5 g/L PES + 40 mg/
L BPA

40

AAGS

PVC, PA,
PS, PE

120–140 µm

ARGs, COD, NH4-N,
NO3-N, NO2-N

1, 10 and 100 mg/L
+ 0.1 mg/L (TC)

28

ANAMMOXABR

PBS, PVC

500 µm

TN, NH4-N, NO3-N,
NO2-N

0.1 and 0.5 g/L

146

AAGS-UASB
AAGS

PP
PET-MPs

30–100 µm
200 µm

Methane
Methane, COD

5–50 particle /gTS
15–300 MPs/L

–
84

ASP

PES, PE,
PVC

D:
100–1200
μm

AOB, NOB, and PAOs

50–10 000 particles/
L

0.083 (2
h)

ASP

PP, PVC,
PE, PS,
PES,

–

–
NH+
4 -N, NO2-N; COD

0, 1000,5000, and
10,000 particles/L

0.125 (3
h)

ASP

PE, PS

85–106 µm

SMX, ARB

6 mg + 100 µg/L
(SMX)

3

MBR

PVC

<5μm

COD, NH4-N

10 particles/L daily

1

MBR

COD, VSS, turbidity

124

[54]

[51]

[216]

[219]
[215]

[220]

[132]
[218]
[224]

[222]

[223]

[138]

[159]

(continued on next page)
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Table 5 (continued )
Treatment
unit(s)

MP/NPs

Size

PES, PA,
PP, PE

PES: 840 µm
PA: 1400 µm
PP: 1020 µm
PE: 2080 µm

NPs (<0.1 μm or < 100 nm)
AAGS
PS

Performance
indicator

Concentration

Time
(day)

0, 7, 15, and 75 MPs/
L

Main findings

Reference
(s)

• SB-MBRs’ performances can be maintained at
acceptable levels even in the presence of MPs
• COD removal efficiencies 98.5–98.7% and TKN
removal was > 99%

0.05 µm

Methane, COD, VFAs,
TSS, VSS

10, 20 and 50 μg/L

121

ASP

PS

0.11 µm

Bacterial community

0.1 g/L, 0.5 g/L, 1 g/
L and 5 g/L

0.416
(10 h)

ASP

PS

0.05 µm

MethaneNH+
4 -N,
COD, NO–2-N, NO—
3 N,
p,

0, 10, 50, 100, and
1,000 μg/L

7

• 20 and 50 μg/L PS-NPs Inhibited methane pro
duction and COD removal by 19.0–28.6% and
19.3–30.0%, respectively
• Decreased the overall porosity of AGS from 69.2%
to 61.1%,
• Increased the ROS generation and SDS restrained
the activities of antioxidant enzymes.
• Significantly inhibited the endogenous respiration
in the sludge
• Caused sludge disintegration,
• Sludge sedimentation decreased by approximately
50%
• Inhibited the ammonia oxidation rate and nitrate
generation rate during nitrification
• Inhibited phosphorus release during
denitrification
• Improved methanogen activity and inhibited
hydrolysis and acidification processes at a PS
concentration of 10 & 1000 μg/L

[221]

[225]

[226]

Key: AAGS: Anaerobic granular sludge: AGS: Aerobic granular sludge; SBRs: Sequencing batch reactors; PE: Polyethylene; PVC: Polyvinyl chloride; PHA: Poly
hydroxyalkanoate; PET: Polyethyleneterephthalate; TS: Total solids; VS: Volatile solids; TP: Total phosphorus; TN: Total nitrogen; COD: Chemical oxygen demand;
UASB: Upflow granular anaerobic sludge blanket; ARB: Antibiotic-resistant bacteria; SMX: Sulfamethoxazole; PES: Polyether sulfone; BPA: Bisphenol A; PA6: Poly
amide 6; PBS: Polybutylene succinate; ABR: Anaerobic baffled reactor; ARGs: Antibiotic resistance genes; TC: tetracycline; PES: Polyether sulfone; SNRR: Specific
nitrate reduction rate; ACE: Abundance-based coverage estimators; D: Diameter; ANAMMOX: Anaerobic ammonia oxidation processes; ASP: Activated sludge process;
VFAs: Volatile fatty acids; ROS: Reactive oxygen species; SDS: Sodium dodecyl sulfate; and all of the used de-abbreviations have also been given in supplementary
information Text SI

84.49%, and total ammonia nitrogen (NH+
4 -N) from 78.68% to 76.53%
within 10 days. Besides, PA66-MPs could significantly alter sludge
structure and physically destroyed microorganisms, because the in
tensity of fluorescence peaks indicated tryptophan protein-like and ar
omatic protein-like substances of slackly-bound extracellular polymeric
substances (LB-EPS) [214]. In another study, the presence of PVC-MPs
could enhance the discharge of phosphorus and acceptance of poly
phosphate accumulating organisms (PAOs), and could inhibit TN
removal in the AGS system. PVC-MPs enhanced the profusion of PAOs,
glycogen accumulating organisms (GAOs) and Nitrospira, while declined
the profusion of denitrifying bacteria (DNB), which triggered elevation
of phosphorus removal and lessened nitrogen removal due to the stim
ulation of nitrite-oxidizing bacterial (NOB) activity. Besides, the PVCMPs stimulated the supremacy of intII and tetE. The efflux pump was
the key antibiotic resistance mechanisms of the AGS system. The expo
sure of 50 mg/L PVC-MPs significantly enhanced the bacterial diversity
and fertility, which recovered removal rate of TP from 38.76% to
87.69% [54]. Similarly, the addition of PES-MPs slightly inhibited the
removal of ammonia nitrogen (NH+
4 -N), while promoted total nitrogen
(TN) removal by 5.6% in the AGS system. The presence of 0.5 g/L PESMPs declined the nitrite oxidase (NOR) performance and specific nitrate
reduction rate by 35.84 mg N/(g MLSS h). Microbial community
indicted that the profusion of Bacillales_Incertae Sedis XII declined, while
the profusion of Anaerolineaceaen boosted in the AGS. In addition, the
content of cytochrome c-containing microbial community inhibited,
while the Amino Acid Metabolism was promoted after adding 0.5 g/L
PES-MPs. PS-MPs could adsorb nitrogenous organic pollutants during
denitrification, leading to a slight enhancement of TN removal efficiency
[51]. The study of (Wang et al. 2021) reported that antibiotic resistance
genes (ARGs), pathogenic bacteria and nitrifying bacteria could be
enriched on MPs biofilms [215]. Similarly, the co-loading of MPs and
triclosan (TCS) could significantly reduce nitrification performance and
could enrich ARGs (acrA-03, mexF, fabI) during 14 days [216]. Recently,
Alvim et al. (2021) noticed that the presence of MPs did not inhibit

reactor performance, however, declined the richness of (Chaol) and
diversity of bacterial community during nitrification and denitrification
[217]. Notably, none of the study reported impact of NPs on the per
formance of AGS system. Thus, more specific studies regarding the
exposure of MPs and NPs to AGS system must be implemented to better
ratify published reports.
4.4.1.2. Anaerobic granular sludge (AAGS) system. MPs: Studies have
depicted that PET-MPs (1.5 MPs/L) did not impact on the performance
of anaerobic granular sludge (AAGS) system, while a significant reduc
tion in COD removal (17.4–30.4%) and methane yield (17.2–28.4%)
was observed at 75–300 MPs/L dosage. In addition, PET-MPs signifi
cantly induced the generation of extracellular polymeric substances
(EPS). Results also illustrated that PET-MPs disturbed the size distribu
tion of AAGS, and higher dosage of PET-MPs (300 MPs/L) could destroy
the structure of granule, as many cracks could be witnessed by SEM
analysis (Fig. 6(I)). Besides, the porosities were blocked which could
inhibit the transportation of nutrient substances and biogas emission
(Fig. 6(I)). Noticeably, the leached additives or monomers such as di-nbutyl phthalate (DBP) and the stimulated reactive oxygen species (ROS)
both triggered major toxicity towards AAGS [218]. In another study, up
to 58% decline in methanogenic activity was noticed at the exposure of
50 MPs/gTS [132]. Similarly, Lin et al. (2020) reported 30% reduction
in COD removal efficiency at polyether sulfone (PES-MPs)) dosage of
0.5 g/L after 40 days. In addition, the supplement of bisphenol A (BPA)
in AAGS declined the coenzyme F420 (from 0.0045 to 0.0017 μmol/L)
and enhanced the abundance of Bacteroidetes from 12.98% to 22.87%
[219]. The study of (Tang et al. 2021) noticed that MPs could decline the
nitrite removal efficiency of the anaamox sludge, and the nonbiodegradable MPs (PVC) were more toxic than biodegradable MPs
(PBS) to anamox sludge [220].
NPs: Similarly, Wei et al. (2020) noticed that higher dosage of PSNPs (20 and 50 μg/L) lessened the methane yield and COD removal
by 19–28.6% and 19.3–30%, respectively [221]. In addition, size
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Table 6
Summary of the impacts of MPs and NPs on the digestion process.
Digestion
system

Polymers

Size

MPs (<5 mm to > 0.1 μm)
WAS-AD
PET
200 µm

Performance
indicator

Concentration

Time
(day)

Main findings

Reference
(s)

TS, VS, COD, pH,
–
NH+
4 -N, NO2-N,
NO–3-N

15particles/L

95

• Inhibited WAS-AD by 10.9 ± 0.1% through the decreased
hydrolysis,
• Reduced the populations of key bacteria (e.g.,
Saprospiraceae, Chitinophagaceae and Xanthomonadaceae)
via induced oxidative stressor/and releasing toxic
chemical.
• Methane production was reduced to 88.53 ± 0.5%, 90.09
± 1.2%, 89.95 ± 4.7%, 95.08 ± 0.5%, 90.29 ± 0.5%,
93.16 ± 0.8%, 92.92 ± 1.3%, and 92.72 ± 0.6% as
compared with control after digestion for 59 days
• PA6 significantly enhanced methane production by 39.5%
due to the effect of caprolactam (CPL)
• the leaching of CPL improved acidification and
methanogenesis due to the promotion of key enzyme
activities,
• PS-NPs had slightly higher (19.9%) inhibition capacity on
methane production than PS-MPs (17.9%)
• 0.25 g/L or higher could inhibit acidification and
methanation stage

[228]

AAD

PES

200 µm

Methane

1,000–200,000
particle/kg activated
sludge

59

WAS- AAD

PA6

425–850
µm

Methane

5–50 particles/gTS

45

AAD

PS

5 μm

Methane

0.05–0.25 g/L

36

NPs (<0.1 μm or < 100 nm)
AAD
PS
0.0548
μm

Methane

0.2 g/L

35

AAD

Pd-PS

0.16 μm

Methane

2.36 × 109, 7.08 × 109,
and 2.36 × 1010
particles/mL

7

AAD

PS

0.08 μm

Methane

0.05–0.25 g/L

36

• Cumulative methane yield and maximum daily methane
yield decreased for 14.4% and 40.7%, respectively
• Decreased the relative abundances of family
Cloacamonaceae, Porphyromonadaceae, Anaerolinaceae and
Gracilibacteraceae partly. However, the relative
abundances of family Anaerolinaceae, Clostridiaceae,
Geobacteraceae, Dethiosulfovibrionaceae and
Desulfobulbaceae were always higher at the existence of
nanoplastics.
• 14.29% reduction in methane production at the Pd-PS
concentration of 2.36 x1010 particles/mL
• Inhibition of Pd-PS on methane was due to the inhibition
of methane production related genes, MtaA and mcrA.
• PS-NPs had slightly higher (19.3%) inhibition capacity on
methane production than PS-MPs (17.9%)
• 0.25 g/L or higher could inhibit acidification and
methanation stage

[227]

[279]

[229]

[53]

[230]

[229]

Key: PET: Polyethyleneterephthalate; PES: Polyether sulfone; PA6: Polyamide 6; PS: Polystyrene; WAS: Waste activated sludge; AD: Aerobic digestion; AAD: Anaerobic
digestion; VS: Volatile solids; TS: Total solids; COD: Chemical oxygen demand; and all of the used de-abbreviations have also been given in supplementary information
Text SI.

distribution results indicated the breakage of granules during waste
water treatment (Fig. 6(II)). SEM images revealed a fissured even broken
surface face of granule (Fig. 6(II)). Moreover, fluorescence images
divulged that PS-NPs agglomerated and a large number of NPs clusters
accrued on the superficial layer of AAGS, which provoked direct toxic
impacts to adherent sludge cells (Fig. 6(II)). Pore structure of AAGS
indicated a reduction in the overall porosity, which hinted the blockage
in AAGS cavities, and consequently reduced the transportation of biogas
and nutrient matrix in AAGS. Further, fluorescence images revealed the
presence of PS-NPs into deeper layers of AGS cells, which hinted the
superior toxicity to inner methanogens (Fig. 6(II)). Notably, the leaching
of sodium dodecyl sulfate (SDS) from PS-NPs significantly stemmed the
activities of antioxidant enzymes.
Overall, studies have hinted that NPs were more flexible than MPs to
enter into the core of AGS cells, and could cause superior impacts on the
performance of WWTPs. In addition, the leachate from MPs and NPs
cannot be ignored to assess the overall impact of plastic particles on the
performance of WWTPs. Further, the degradation pattern of MPs and
NPs in biological wastewater treatment units is still grasp a big potential
that should be discovered in future research.

oxidation rate during nitrification. Overall, MPs did not impede on
nitrification and de-nitrification performance under all observed con
ditions, which ensured that the exposure of applied MPs was non-toxic
within 3 h. However, the higher profusion of PVC-MPs (10,000 parti
cles/L) significantly improved the nitrous oxide (N2O) released during
denitrification, which was 4.6 times greater than the control [222].
Recently, Pham et al. (2021) observed that MPs themselves could sup
plement antibiotic-resistant genes (ARGs) from activated sludges and
could selectively stimulate ARGs and pathogenic taxa. Noticeably, the
acclimation and propagation of antibiotic-resistant bacteria (ARB) could
be exacerbated by the co-presence of consistent antibiotics. In addition,
the formation of biofilm on the surface of MPs along with the attachment
of ARB and pathogenic bacteria are harmful for the subsequent WWT
processes and receiving environment because ARB and pathogens may
be more tolerant of disinfectants and can by-pass the WWT processes
[223]. In contrast, Liu and his co-workers reported that MPs (i.e., PES,
PE and PVC) (100–1200 μm; 50–10 000 particles/L) did not significantly
affect the activities of AOB, NOB, denitrifiers, and PAOs during nitrifi
cation, denitrification and phosphorus removal within the exposure time
of 2 h [224].
NPs: The study of Li et al. (2020) noticed that the PS-NPs could
significantly decline the endogenous respiration in the sludge and could
inhibit the sludge sedimentation by 50% in activity sludge reactor
[225]. Similarly, Liu et al. (2021) observed that PS-NPs affected hy
drolysis and acidification processes, while improved the methanogen

4.4.1.3. Activated sludge process (ASP). MPs: The MPs (e.g., PP, PVC,
PE, PS and PES) inhibited nitrification and fostered de-nitrification
performance in the activated sludge process (ASP). MPs had negative
impacts on ammonia oxidation rate, while had less impact on the nitrite
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Fig. 6. (I) The morphology characteristics of AGS after long-term exposed different levels of PET-MPs: (A) Particle size distribution and (B) SEM images (B1-B3:
control; B4-B6: 300 MP/L of PET-MPs) (Adopted from [218] with permission from Elsevier); and (II) (C), SEM image (D), Fluorescence images of live cells (green),
Nano-PS (red) and aggregate (overlay) of the whole granule (E) and Fluorescence images of live cells (green), Nano-PS (red) and aggregate (overlay) of the crosssection (F) of AGS in the control and experimental reactors over the whole Exposure phase (Adopted from [221] with permission from Elsevier).

activities at a PS-NPs concentration of 10 and 1000 μg/L. In addition, PSNPs impeded nitrate generation and ammonia oxidation during nitrifi
cation, while phosphorus release was hampered during denitrification
[226]. Thus, more research efforts are required to disclose this issue for
other polymers as well in term of size, shape, exposure time and
concentration.

community [138]. Recently, (Maliwan et al. 2021) noticed that the
presence of MPs could decrease sludge floc size, floc hydrophobicity and
EPS molecular size. However, the performance of MBR could be main
tained at acceptable levels even in the presence of MPs [159]. In addi
tion, SEM images revealed a patch-like biofilms attached on the surface
of MPs, indicating the microbial colonization and EPS formation (Fig. 7
(I)). Further, MPs also facilitated in the uptake of divalent cations (Ca2+
and Mg2+) in sludge flocs and acted as scouring material. Thus, more
research efforts are needed to validate the published results and future
studies should be focused on how MPs and NPs shape, size, and types
affect their scouring ability.

4.4.1.4. Membrane bioreactor (MBR). MPs: The presence of PVC-MPs
(10 particles/L) in the MBR system immediately inhibited removal of
COD and NH4-N up-to 50% and 40%, respectively. Moreover, a greater
membrane fouling was also noticed after adding PVC-MPs due to the
sorption of plastic particles onto the bio-carrier. In contrast, the addition
of PVC-MPs did not show any obvious alterations in the microbial

4.4.1.5. Digestion
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Fig. 7. (I) SEM images at 4,000x
magnification of microplastic surfaces,
and attached microbes and biofilm sub
stances on the microplastic surface after
124 days of operation MBR (adopted
from [159] with permission from Elsev
ier) (II) Impact of fouling on membrane
surface properties. SEM imaging of the
membrane surface a) before filtration, b)
and c) after 48 h of pure water filtration
and d) after 48 h of NPs and MPs filtra
tion at 10 mg/L. Profilometry and water
contact angle measurements were per
formed before and after filtration of pure
water and NPs and MPs to assess the
membrane e) roughness and f) hydro
philicity respectively (adopted from
[141] with permission from Elsevier).

normally performed to recover energy (biogas) and to minimize the
volume of sewage sludge before final disposal. Digestion process in
cludes four stages: hydrolysis, acetogenesis, acidificartion, and meth
anogenesis. Various microbial communities can convert sewage sludge
into methane and thus reduces the sludge volume. So far, the research on
MPs and NPs impact on digestion processes is not up to the mark
(Table 6).
MPs: Approximately 88% to 95% reduction in methane yield was
noticed after 59 days by employing the abundance of 1,000–200,000
polyester particles per kg [227]. The study of (Wei et al. 2021) indicated
that PET-MPs could inhibit aerobic digestion performance by 10.9 ±
0.1% via lessening hydrolysis. In addition, PWT-MPs lessened the pop
ulations of key bacteria via stimulated oxidation stress [228]. Recently,
Chen et al. (2021) reported an interesting finding that PA6-MPs could
significantly improve methane yield by 39.5% due to the effect of
caprolactam (CPL). Also, PA6-MPs depicted negligible effect on hydro
lysis and solubilization. Overall, the findings depicted that the leachate
from MPs contains not only additives (BPA), but also polymeric mono
mer (CLP), which could enhance acidification and methanogenesis due
to the endorsement of key enzyme activities. Thus, the employment of
PA6 in anaerobic digestion process may be a wise choice. However, the
leakage of CLP from PA6 is toxic to the environment, thus demanding
further insight.
NPs: The study of Zhang et al. (2020) observed that PS-NPs had
slightly greater inhabitation effect (19.3%) on methane yield than PSMPs (17.9%) [229]. Similarly, the presence of PS-NPs (54.8 nm)
inhibited methane yield and methane production efficiency in both pure
and mixed anaerobic digestion (AD) system. In the pure AD system, the
exposure of PS-NPs partially impeded the growth and metabolism of
Acetobacteroides hydrogenigenes. In contrast, in the mixed AD system,

different microorganisms depicted unequal responses, and prolonged
the start-up period of mixed AD system. Moreover, the relative abun
dances of family Anaerolinaceae, Cloacamonaceae, Gracilibacteraceae,
and Porphyromonadaceae were inhibited partially, while the relative
abundances of Dethiosulfovibrionaceae, Anaerolinaceae, Geobacteraceae,
Desulfobulbaceae, and Clostridiaceae enhanced partially [53]. Feng et al.
(2021) explored the inhibition mechanism of anaerobic digestion by
employing Pd-doped PS-NPs and reported that inhibition of methane
production was associated with the genes. MtaA and mcrA [230].
Altogether, different abundances, sizes, polymers and exposure time
could exert diverse impacts on the performance of anaerobic digestion
system, and the mutual impacts need to be further explored. Notably,
the impacts of MPs and NPs on microbial activities (related to WWTPs)
are currently contradictory and deserve more research efforts in future
investigations. In addition, more research efforts would be needed to
explore the role of leached additives/monomers from other polymers in
the production of methane yield.
4.4.2. Impacts on tertiary treatment processes
MPs: The influences of MPs on tertiary treatment processes in
WWTPs are multifarious as well. For example, the sophisticated inter
face between the MPs and flocculants/coagulants can minimize the ef
ficiency of advance coagulation/flocculation process, which would
eventually increase the quantity of reagent supplement [83]. Further,
MPs can adsorb diverse constituents from sewage and form agglomer
ates and consequently minimize the flotation capability of bubbles
during air flotation process [43]. Further, it will also enhance the
quantity of suspended solids, directing a greater energy consumption to
generate air bubbles [80]. Kelkar et al. (2019) noticed that MPs could
hamper chloride and ultraviolet disinfection by imparting a defensive
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shelter for bacteria [145]. Further, ozone had a strong affinity to
generate corresponding derivatives through oxidizing of MPs [231]. The
study of (Enfrin et al. 2020) noticed membrane fouling and blockage due
the adsorption of PE-MPs onto the surface of membranes. >25% of the
MPs were attached onto the membrane surface within the 48 h of
filtration [141].
NPs: Moreover, membrane filtration such as ultrafiltration (UF)
membrane, disk filter (DF), reverse osmosis (RO) and microfiltration are
normally employed to eradicate smaller size particulate matters in ter
tiary treatment units. Recently, the study of (Enfrin et al. 2020) noticed
membrane fouling and blockage due the adsorption of PE-NPs onto the
surface of membranes. >25% of the NPs were attached onto the mem
brane surface within the 48 h of filtration [141]. In addition, SEM im
ages clearly indicated the formation of porous cake layer onto the
membrane surface, which led to a low increase in membrane surface
roughness and hydrophobicity by 24% and 13%, respectively (Fig. 7
(II)). Moreover, SEM findings were further ensured by sequential
modeling and findings depicted that fouling mechanism of MPs and NPs
was first occurred by intermediate pore blocking and then particles were
accumulated and formed a cake layer structure onto the membrane
surface due to the presence of hydrophobic interactions [141]. This will
decline the performance of membrane filtration by adsorption and
stacking of MPs or solutes onto the surface of membrane [232]. Thus,
efficient and cost-effective cleaning practices are urgently needed to
limit the impact of MPs on membranes. Overall, more research efforts
are urgently needed to understand the membrane fouling by other types
of MPs and NPs to prevent membrane technologies from MPs and NPs
pollution. Further, more research efforts are needed to validate these
published reports because the subsisted technologies are not designed
for MPs or NPs removal. Fig. 8 is depicting a quick overview on the
impacts of MPs and NPs on different WWTPs units.

5. Research innovations on the development of MPs- and NPsTargeted treatment technologies and their performance
So far, none of the technologies have been developed for specifically
removing MPs and NPs from the different environmental matrix,
excluding the techniques, which were already applied in WWTPs such as
skimming, screening, grit chamber, sedimentation, membrane biore
actor and tertiary filtration. Consequently, a significant amount of MPs
and NPs could discharge with the treated effluent and penetrate the
receiving water environment. Similarly, most of the MPs and NPs in
WWTPs are retained in sewage sludge, and these could be discharged to
the environment via the land application. Published reports have indi
cated that various researchers employed MPs and NPs-targeted treat
ment technologies at small scale to explore the potential of various
developed techniques in eradicating MPs and NPs and estimate their
removal performances. Such research works are still at the lab-scale or
preliminary phase (Tables 7-10).
5.1. Adsorption
Adsorption is being considered as a reliable and cost-effective tech
nique to remove targeted pollutants via consuming less energy and time.
It is also a fast process to separate pollutants from the aqueous envi
ronment via physical and chemical interactions [164]. Table 7 depicted
that various kinds of adsorbents were synthesized to eradicate MPs and
NPs from the water environment.
5.1.1. MPs
A novel magnetic polyoxometalate supported-ionic liquid phases
(magPOM-SILPs) were developed and 100% removal of PS-MPs was
noticed from aqueous solution [233]. >95% removal of MPs was ob
tained within 20 min by silicon-based precursors (e.g.,

Fig. 8. A quick overview on the possible impacts of MPs and NPs on the performance of WWTPs processes. The interpreted information is taken from the pub
lished reports.
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Table 7
Development of adsorption based technologies for MPs and NPs treatment and their performance.
Material(s)

MP&NPs

Size

Dosage

MPs or NPs
concentration

Removal
efficiency/
adsorption
capacity

Time

Mechanism

Reference
(s)

MPs (<5 mm to > 0.1 μm)
magPOM-SILPs

PS

D: 1 & 10 µm

50 mg

100%

24 h.

Hydrophobic interactions

[233]

Silicon-based precursors
(alkyltrichlorosilanes)

PE, PP

1–1000 μm

300 μl

0.1 wt% (=1g/
L)/ 5 mL
100 mg/L

>95%

20
min

[164]

Biochar

PS

D: 20 μm, 200
μm, 2000 μm

–

4 mg/L (±15%)

–

ChGO

Neat-PS
PS-COOH
PS-NH2

1 μm

20 mg

1 mg/L

68.5% for 20 μm,
37.47% for 200
μm,, and 36.9%
for 2000 μm
78.5% for 20 μm,
77.7% for 200 μm,
and 75.2% for
2000 μm
89.8%
72.4%
88.9%

Combination of electrostatic
attraction, ion-exchange, and
hydrophobic interactions
Combination of electrostatic
attraction and ion-exchange

[235]

OPS

PS

1 μm

20 mg

1 mg/L

81.2%

24 h.

M − CNTs

PE
PET,

48 μm

10 g/L

5 g/L

1650 mg/g
1400 mg/g

300
min

Combination of electrostatic
interactions, hydrogen bond
interactions π-π interactions and
intra-particle diffusion
Combination of hydrophobic
interactions and the intra-particle
diffusion
Hydrophobic adsorption
Combination of hydrophobic
interaction and π-π interactions
Combination of π-π interaction,
complexation, electrostatic
interaction, and hydrogen-bonding
Combination of electrostatic
interactions, ion-exchange and
intra-particle diffusion

Fe3O4-biochar

PA
UiO-66-OH@MF-3

24 h

1100 mg/g

PVDF
PMMA, PS

PVDF: ~0.26

μm PMMA:
~0.325 μm

[62]

[237]
[236]

–

0.5–2.0 g/L

95.5 ± 1.2%

–

13.2
mg

2 g/L

>98%

30
min

Electrostatic interaction,

[238]

–

80 mg/ 230 mL

70%

12 h

Combination of electrostatic
attraction and ion-exchange

[239]

PS: ~0.183

[234]

μm
NPs (<0.1 μm or < 100 nm)
PEI@CE fibers

ACE

PVC,
PMMA and
PVAc

PS

PMMA: 0.076
μm (76 nm)
PVC: 0.098
μm (98 nm)
PVAc: 0.071
μm (71 nm)
D: 0.04 µm
(~40 nm)

Key: D: Diameter; ChGO: Chitin sponge combined with graphene oxide; OPS: Oat protein sponges; M − CNTs: Magnetic carbon nanotubes; PEI@CE: Surface modified
cellulose fibers; ACE: Activated carbon electrode.
Table 8
Development of bioremediation based technologies for MPs treatment and their performance.
Biological entity
MPs (<5 mm to > 0.1 μm)
Seaweed (Fucus
vesiculosus)
Bacillus sp. strain 27
Rhodococcus sp. strain
36
Hyper thermophilic
bacteria
Agios consortium
Souda consortium
Bacillus cereus
Bacillus gottheilii,

Polymer
(s)

Size

Dosage

PS

D: 20 μm

–
8

MPs or NPs concentration

Removal efficiency
(%)

Time

Reference
(s)

2.65 mg/L (597 particles
per mL)
0.5 g

94.5

2h

[61]

4.0
6.4

40
days

[123]

56
days
60
days

[240]

40
days

[280]

PP

D: 2400 μm

3.8 × 10 CFU/ml

PS

–

100 mg/ 50 mL of LCFBM

7.3

HDPE

Size: 10000 μm × 1000 μm;
thickness: 0.1 mm
D: 2000 μm and 250 μm
75 μm

10 mL cell
suspension
105 cells m/L

50 mg

8
18

3.8 × 108 CFU/mL

0.5 g

1.6
6.6,
7.4
6.2
3.0
3.6
5.8

PE
PET
PS
PE,
PET,
PP,
PS

Key: D: Diameter; ChGO: CFU: Colony-forming units.
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Table 9
Development of photocatalysis based technologies for MPs treatment and their performance.
Material(s)

Polymer(s)

MPs (<5 mm to > 0.1 μm)
TNTs
LDPE

Size

Dosage

MPs or NPs
concentration

Degradation
efficiency (%)

Time

Mechanism

Reference
(s)

30000 μm × 30000 μm

500 mg

10 mL

50

200 mg/30 mL of
cyclohexane
200 mg/ 100 mL of
distilled water
5 g/L

6.4

Hydroxyl and
superoxide radicals
Hydroxyl radicals

[248]

10 mg

45
days
18 h

2.86

8h

50

8h

–

30

175 h

–

–

200 mg/50
mL
–

200 mg/50 mL

99.90
44.66
100
>70

12
12
36
50

65

1h

Mussel-derived
N-TiO2
Sol-gel N-TiO2

HDPE
polymers

D: 700–1000 μm

Mn@NCNTs/
PMS
ZnO-NRs

PE

1 μm

LDPE

TiO2 NPs-film
TiO2 NPs-powder
TiO2 NPs-film
C,N-TiO2

PS,
PS
PE
HDPE

10000 μm × 10000 μm,
50 µm thicknesses
0.4 μm

ZnO NRs- glass
fibers

PP

D: 725 ± 108 μm
D: 154.8 ± 1.4 µm

0.2 g/L + 6.5
mM (PMS)
20 mM

~ 70 mg / 10
particles/liter

4

h
h
h
h

[249]

Through ROS and
hydrolysis,
Hydroxyl and
superoxide radicals
Hydroxyl radical
oxidation

[59]

Hydroxyl radicals

[251]

Hydroxyl radicals
and alkyl radical

[252]

[58]
[250]

Key: D: Diameter; ChGO: TNTs: Titania Nanotubes; ZnO-NRs: Zinc oxide nano-rods; NPs: Nanoparticles: C,N-TiO2: Carbon and nitrogen-doped TiO2; ZnO NRs: Zinc
oxide nanorods.

alkyltrichlorosilanes). The best removal of MPs was achieved by using
intermediate chain length of carbon atoms (between 3 and 5); however,
long alkyl groups of 8 or more carbon atoms were not suitable to suffi
ciently localize MPs because of rapid condensation and surge in sub
stituent effects [164]. It was realized that the inclusion of biochar and
Fe3O4-biochar in quartz significantly declined the transportation and
improved the retention of PS-MPs. The Fe3O4-biochar immobilized more
PS-plastic particles compared to biochar [62]. Chen et al. (2020)
reported>95% removal of MPs by employing metal–organic framework
materials [234]. Studies have depicted that surface charge of the MPs
could alter the sorption mechanisms. For example, Sun et al. (2020)
observed that the carboxylate-modified-PS revealed the combination of
electrostatic interactions, hydrogen bonding, π-π interactions and intraparticle diffusion mechanisms, while the amine-modified-PS divulged
the combination of hydrophobic interactions and intra-particle diffusion
mechanisms by chitin- graphene oxide (ChGO). Notably, the developed
ChGO could be biodegraded by microorganisms in soil [235]. Similarly,
Tang et al. (2021) reported that magnetic carbon nanotubes (M− CNTs)
could remove 100% MPs (48 μm) even in the presence of organic pol
lutants [236]. It was also noticed that physico-chemical characteristics
of polymers could altered the sorption mechanisms by M− CNTs
(Table 7). Recently, Wang et al. (2021) observed that oat protein
sponges (OPS) could effectively eradicate 1 μm size PS-MPs within 24 h,
and the developed sponge demonstrated an excellent biodegradability
(60%) within 8 days in soil [237].

5.2. Bioremediation
It is assumed that these biological entities are rich in certain vita
mins, minerals, polysaccharides and proteins, which have ability to
remove neutral and positively charged MPs or NPs via ion-exchange,
electrostatic attraction, bio-oxidation and hydrophobic interactions
mechanisms [240]. It is assumed that microbes can degrade MPs and
NPs, because they could generate plastic-degrading bio-enzymes, i.e.,
PETase from Ideonella sakaiensis and laccase from staphylococcus
epidermis [241].
5.2.1. MPs
Table 8 depicted that bioremediation approach was also employed to
trap MPs from aqueous solutions by using various kinds of biological
entities including algae, seaweed and bacterial strains. For instance,
>90% removal of PS-MPs was noticed by using seaweed (Fucus ves
iculosus), and the finding depicted that the presence of phaeophycean
hairs on the surface of F. vesiculosus contributed in absorbing PS-MPs
from the solution because the gelatinous properties of alginate rich
cell walls of F. vesiculosus promoted the adherences or sorption of PSMPs via ion-exchange and electrostatic attraction mechanism [61]. A
research team reported microbial degradation of HDPE-MPs by using
two different kinds of the microbial community such as Agios consortium
and Souda consortium. The findings showed that Souda consortium
depicted higher biodegradation (18%) compared to Agios consortium
(8%) in 60 days. Besides, the reduction in molecular weight and
oxidation of plastic polymer was the main reaction in biodegrading
HDPE-MPs by these bacteria [60]. In another study, Bacillus sp. strain 27
and Rhodococcus sp. strain 36 were found to be capable to utilize PP-MPs
for growth as carbon sources as ensured by the diminution of the plastic
polymer mass. Besides, the SEM and FTIR results revealed the chemical,
morphological and structural variations in PP-MPs after 40 days and
confirmed the biodegradation of PP-MPs by the strains [123]. Recently,
the hypertermophilic composting (hTC) technique was employed for insitu biodegradation of sludge-based MPs. The results indicated that hTC
inoculum biodegraded 7.3% of PS-MPs at 70 ◦ C in 56 days, and this
value was 6.6 times greater than that of conventional TC inoculum at
40 ◦ C. Moreover, the hyperthermophilic bacteria (i.e., Thermus, Bacillus,
and Geobacillus) in hTC enhanced bio-degradation of PS-MPs via
exceptional bio-oxidation performance. Also, the higher composting
temperature assisted in reducing the hydrophobicity of the PS-MPs via
– O functionalities and
introducing a higher abundance of C–O/C–
improved hydrophilicity of the PS-MPs, leading to less defiance to bio-

5.1.2. NPs
>98% removal of NPs (71–98 nm) was noticed using biodegradable
cellulose fibers (PEI@CE) within 30 min [238]. However the desorption
of NPs (during the biodegradation of sorbent) may pose toxicity in soil,
thus this issue need to be deemed while disposing biodegradable sor
bents in soil. >70% removal of PS-NPs was obtained via electrosorption
using activated carbon (AC) electrode [239]. However, the concerns of
co-existing pollutants interferences should be explored in future
research
Overall, studies have depicted that MPs and NPs could be eradicated
via using adsorption techniques. However, the fate of the adsorbed MPs
and NPs needs to be further investigated in future examinations. Even
though, some researchers developed biodegradable sorbents, but they
did not monitor the mobilization of MPs and NPs in the environment. In
addition, these sorbents should also be employed in real sewage to
examine their practical execution.
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Technique(s)

Polymer
(s)

MPs (<5 mm to > 0.1 μm)
Coagulation
PE
(alum)
Rayon
PS
Coagulation/
flocculation

PS

Coagulation/
flocculation
CFS

PE, PS

Adsorbent dosage

MPs or NPs concentration

Removal
efficiency (%)

Time

Mechanism

Reference
(s)

D: 5 µm; L: 100
µm
D: 15 µm; L: 1300
µm
D: 8.7 or 20.6 µm;
L: 1000 µm
D: 17.5–50.6 µm;
L: 3175 µm
D: 1 µm
D: 6.3 µm

5–10 mg/L

5 mg/L

99

120
min

Electrostatic attraction

[57]

Ferric chloride: 0.017 mmol/L; Polyaluminum
chloride 1.4 mmol/L, Polyamine: 0.25 and 46.4
mg/L
20 mg/L (Al2(SO4)3) + 0.5 mg/L (PolyDADMAC
20)

0.1 mg/L and 6.7 mg/L

99.4
76.7

–

Combination of sweep coagulation and
charge neutralization

[257]

1800P/L (106–125 μm),
2000P/L (45–53 μm), 7000 (10–20
μm), and 9500P/L (1.24 μm and 180
nm)

13.6

–

Combination of hydrophilic/hydrophobic
interaction, charge attraction

[258]

Immobilised through‘Stuck’, ‘Trapped’
and‘Entangled’
Immobilised through Stuck
–
Hydrophobic attraction

[265]
[138]
[266]

Electrostatic attraction

[115]

Hydrophilic/hydrophobic interaction
Combination of hydrophilic/hydrophobic
interaction, charge attraction and
sweeping
Hydroxyl radicals

[116]

Combination of electrostatic attraction,
ion-exchange and intermolecular
Interaction
Combination of electrostatic adsorption
and intermolecular force

[263]

PS

0.18 μm (180
nm)–125 μm
0.18 μm (180
nm)–125 μm
0.18 μm (180
nm)–125 μm
0.18 μm (180
nm)
1 μm
10–20 μm
45–54 μm
106–125 μm
D: 10 μm

PVC
PA, PS

<5 μm
20–300 μm

D: 5 µm

DAF
Posi-DAF

PMMA
PS
PE, PET,
PA66

<106 μm

–
0.6–1.4 mg/L

0.1 g/L

EO
US

PS
PE

25 µm
D: 150–180 µm

Na2SO4 (0.03 M)
power of 50 W

100 mg/L
2820 ± 51 mg/L of TSS.

89 ± 8
48 ± 4

6h
8.45
min

D: 0.1 µm (100
nm)

–

0–12.0 mg/L

80

6h

0.05 – 0.1 µm

–

25.0 mg/L

>90.0

6h

CFS with
PolyDADMAC
GF

25

Size

CSBF
HWBF
SSF
MBR
PCM

1.6 × 108
(±0.2) particles/L
10 particles/L
100 mg/L

CAM
PTFEM
CCGAs

Flocculation (Mg/
Al- LDH)

PS

30 and 100 mg/L

95
86.9
98
99.9
>95
99
<90
100
PA: 99.6, PS:
96.8
PA: 99.8, PS:
94.3
PA: 99.6, PS:
96.0
93
94
32–38
13.6–33.7

2.5 h
10
min

60
min

[267]
[268]

[264]

Key: LDH: Layered double hydroxides; CFS: Coagulation/flocculation combined with sedimentation; GF: Granular filtration; CSBF: Corn straw biochar filtration; HWBF: Hardwood biochar filtration; SSF: Silica sand
filtration; MBR: Membrane bioreactor; PCM: Polycarbonate membranes; CAM: Cellulose acetate membrane; PTFEM: Polytetrafluoroethylene membrane; CCGAs; Coagulative colloidal gas aphrons; DAF: Conventional
dissolved air flotation; Posi-DAF: Positive modification DAF; EO: Electro-oxidation; US Ultrasounds; Ca/Al: Calcium-aluminum ions; and all of the used de-abbreviations have also been given in supplementary information
Text SI.
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NPs (<0.1 μm or < 100 nm)
Flocculation (Ca/
PS
Al)

0.1–2.1
98.-99

–

6g
21.0 g
110 g
–

0.1–1.8

I. Ali et al.

Table 10
Development of coagulation/flocculation, membrane filtration and other techniques for MPs and NPs treatment their performance.
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degradation of PS-MPs by bacteria [240]. Recently, Cunha et al. (2020)
noticed that the extracellular polymeric substance (EPS) generated by
Cyanothece sp. strain could effectively aggregate smaller size PS-MPs
(0.1 & 10 μm), which was comparatively difficult to achieve by con
ventional coagulation/flocculation process. Notably, the EPS generated
by strain exhibited a superior bioflocculant activity in low concentra
tions [242].
Overall, none of the study reported the biodegradation of NPs by any
biological entity. Besides, the leaching of additives/monomers from MPs
during the biodegradation could impact on the growth of bacterial cell/
algae, thus, this question need to be addressed in future research.
Although, bioremediation is a green and environmental friendly
approach to eradicate MPs but its operational conditions (like dose,
particles concentration, exposure time, selected polymer and expendi
ture) need to be optimized in future research for better validating the
published results. Likewise, how biodegradation will effect on the hy
drophobic and hydrophilic characteristic of MPs and NPs in the envi
ronment. Moreover, studies have revealed that genetically modified
organisms (GMOs) significantly improved the biodegradation rate but
the concern about their interbreeding with other strains (i.e., wild types
or native species) or compatible relatives is a big threat to the ecosystem
[243–245]. Thus, more research efforts are required to reduce these
concerns.

hydroperoxides, carbonyl, and unsaturated groups. Thus, the manifes
tation of vinyl and carbonyl groups ensured the photo-degradation of
LDPE-MPs in the presence of ZnO nano-rods catalysts that terminated by
producing volatile organic compounds i.e., ethane and formaldehyde
[58]. Recently, the study of (Nabi et al. 2020) noticed a complete pho
tocatalytic mineralization of PS and PE-MPs within 12 & 36 h, respec
tively. Further, Fig. 9(I) is clearly depicting that PE-MPs were totally
vanished after 36 h of UV irradiation. Besides, no peak of PE was spotted
after 36 h of photoreaction by Raman spectroscopy, directing the com
plete degradation of PE-MPs [250]. The study of (Ariza et al. 2020) re
ported that photocatalysis at lower temperature could improve the
degradation of MPs, while lower pH value (pH 3) could enhance the
formation of hydroperoxides during photooxidation [251]. Fig. 9(II) is
depicting the breakdown of MPs at 0 ◦ C via photolysis, while other
temperatures did not stimulate significant fragmentation. Further, a
complete disintegration was noticed with the combination of pH 3 and
temperature 0 ◦ C because lower temperature could enhance the surface
to volume ratio of the MPs due to the fragmentation and the manifes
tation of H+ ions, which could eventually privilege the particle degra
dation and semiconductor deagglomeration (Fig. 9(III)). Recently,
Uheida et al. (2021) observed approximately 65% degradation of PPMPs within 1 h [252].
Overall, photodegradation is a good option to degrade plastic par
ticles in a short time. Despite the encouraging findings, only a limited
number of photocatalyst have been explored for MPs degradation.
Moreover, the photodegradation by-products may pose a serious risk to
human health and aquatic environment. However, most of the current
investigations have not comprised the assessment of the toxicity of the
degradation intermediates. The reusability and stability of the catalyst
are the important indicators to evaluate the sustainability and costeffectiveness of photocatalysis process in the removal of MPs or NPs,
but there is currently a lack of relevant research. Thus, cost analysis and
optimization study should be performed in order to evaluate the design
and operational expenditures of photocatalytic reactor for the degra
dation of targeted polymers. Noticeably, the combination of UV radia
tion with oxidants (e.g., hydrogen peroxide and persulfate) may be a
valuable option for MPs and NPs degradation, as previously employed
by many researchers for the degradation of several organic pollutants
[253–255]. Further, none of the study reported the photodegradation of
NPs (<0.1 μm), thus demanding researcher’s attention. For instance, if
NPs can be eradicated by photocatalysis technique then it can therefore
not only enhance the application value of the photodegradation, but also
assist in alleviating the potential environmental and health impacts of
NPs. Thus, more comprehensive assessment would be required to fully
implement photodegradation technology for practical applications in
eradicating MPs and NPs from sewage.

5.3. Photodegradation
Photodegradation is assumed as an advance oxidation process that
can degrade pollutants into water and carbon dioxide using active spe
cies (e.g., •OH, O−2 and hole (h+)) generated by photocatalysts under
light irradiation [246,247]. Various kinds of photocatalytic materials
have been synthesized for photodegradation of different types of MPs
(Table 9).
5.3.1. MPs
Table 9 depicted that photocatalytic technique was also explored in
eradicating MPs. For instance, titania nanotubes (TNTs) was employed
to degrade LDPE and achieved 50% degradation under visible light
within 45 days, as ensured by surface roughness, tensile strength testing,
SEM and FTIR analysis techniques. The findings hinted that the presence
of C–H and C–C bonds (in the PE) accelerated UV light in the range of
200–390 nm, which generated macromolecular radicals as electrons and
holes centers after retorting with LDPE. In the meantime, water and
oxygen reacted with these macromolecular radicals and generated
active oxygen species (i.e., OH and O–2), which attacked on the polymer
chain and started oxidation reactions and chain cleavage [248]. Simi
larly, it was noticed that protein-based porous materials showed rela
tively higher degradation performance (6.4%) compared to sol–gel
based material (2.86%) in an aqueous environment, indicating that
material generated superior concentration of hydroxyl radicals in the
aqueous environment compared to solid media, as radicals might have
been originated from the H2O adsorbed in the N-TiO2 surface [249].
Besides, some voids and cracks were also noticed on the surface of PEMPs, as ensured by SEM analysis. Further, magnetic spring-like carbon
nanotubes photocatalytic material (i.e., Mn@NCNTs/PMS) could
remove 50 wt% of PE-MPs (1 μm) by aiding with hydrothermal (HT)
hydrolysis within 8 h due to its outstanding performance in generating
reactive radicals via catalytic activation of peroxymonosulfate (PMS).
The electron paramagnetic resonance (EPR) results indicated that PMS
could effectively be stimulated in generating hydroxyl radical (•OH) and
sulfate radical (SO4•− ) under the pretended HT conditions [59]. Simi
larly, the LDPE-MPs were photo-degraded by visible-light-induced het
erogeneous zinc oxide (ZnO) nano-rods, and the findings indicated a
30% surge in the carbonyl index of residues. Besides, SEM images
indicated that brittleness, wrinkles, cavities and cracks on the surface of
LDPE-MPs after the photocatalytic degradation, which hinted the for
mation of low molecular weight complexes i.e., peroxides,

5.4. Coagulation/Flocculation
The coagulation technique has also been utilized to remove MPs and
NPs (Table 10).
5.4.1. MPs
Approximately 99% of MPs removal efficiency was noticed within
120 min using alum. Furthermore, the results of zeta potential and floc
photos hinted that sweep flocculation was the dominant mechanism in
removing MPs under the tested conditions, and MPs accumulated with
alum due to the manifestation of electrostatic attractions, hinted that the
conventional coagulation was a suitable option, however, more exper
imentations are still needed with other MPs to improve the under
standing of this process for commercial implementations [57]. A
research group synthesized various kinds of alkoxy-silyl-based materials
or hybrid silica gels by employing sol–gel reaction to grow larger par
ticle agglomerates of PE-MPs. These bigger sized agglomerates could be
removed much more easily from wastewater via sand trap technique,
since these could float on the water surface. Besides, this agglomeration
26

I. Ali et al.

Chemical Engineering Journal 423 (2021) 130205

Fig. 9. (I) Photocatalytic Degradation of PE on TXT Film under 254-nm UV Light (A)PE at 0 h; (B) PE after 6 h;(C) PE after 12 h; (D) PE after 24 h; (E) PE after 36 h;
(F) Raman spectrum of PE with different time profiles. (Highlighted parts present PE, and the same point was used for Raman imaging and detection throughout the
experiment.) (Adopted from [250] with permission from Elsevier); (II) Effect of temperature observed by optical micrographs for HDPE MPs (a) before and (b-f) after
photolysis; (III) Effect of pH observed by optical micrographs of the HDPE MPs before and after photocatalysis (adopted from [252] with permission from Elsevier);
(IV) SEM images of samples: (a) 2:1 Mg/Al flocculation with PS-NPs at final pH 4.0; (b) 2:1 Mg/Al flocculation with PS-NPs at final pH 6.0; (c) 2:1 Mg/Al flocculation
with PS-NPs at final pH 8.0; (d) 2:1 Mg/Al flocculation with PS-NPs at final pH 10.0. (adopted from [264] with permission from Elsevier) and (V) Three mechanisms
for MPs immobilisation –‘Stuck’(a); ‘Trapped’ (b); ‘Entangled’ (c), corresponding ESEM images – sand filter (d, g); biochar filter (e, f, g) and optical microscope image
(i). (Adopted from [265] with permission from Elsevier).

pollutants (0.05 £ per m3 [259] vs 0.86 £ per m3 [260], 0.22 £ per m3
[261] 1.56 £ per m3 [262]), hinting that EC technology was a feasible
option to remove PE-MPs from sewage. However, there is no clear
knowledge of how electrode materials can effect on MPs removal, thus
demanding more research efforts.

technique could be accomplished without focusing on other factors i.e.,
temperature, solution pH, pressure, plastic types, size, shape and
amount [256]. It was reported that Al-based coagulant depicted higher
removal efficiency of MPs than Fe-based coagulants [110]. Moreover,
the study of (Rajala et al. 2020) observed 99.4% removal efficiency of
PS-MPs (1 µm) using coagulants (ferric chloride, polyaluminum chlo
ride, and polyamine). Noticeably, the removal efficacy of smaller size
MPs was higher than bigger size particles, and inorganic coagulants
(ferric chloride and polyaluminum chloride) could eradicate more MPs
than organic coagulant (polyamine). In addition, the results of zeta
potential study revealed that MPs mainly removed via the combination
of sweep coagulation and charge neutralization [257]. Zhang et al.
(2020) noticed that sedimentation performance could be improved by
combining with coagulation/flocculation process, and smaller size
plastic particles could be eradicated by using coagulant aid [258]. The
study of (Parren et al. 2018) reported that the employment of electro
coagulation (EC) was also highly efficient in eradicating PE-MPs from
synthetic wastewater and the corresponding removal efficiency was
above 90% over a wide pH range (3–10) [259]. In addition, Parren et al.
(2018) also estimated operating cost of using EC to treat PE-MPs and
noticed that the operating cost of PE-MPs was lower than other

5.4.2. NPs
Similarly, calcium-aluminum (Ca/Al) ions were used to remove PSNPs via flocculation and about 80% removal efficiency was obtained
within 6 h, and the formation of Ca/Al flocs became stronger at pH 10
[263]. Recently, the study of (Chen et al. 2021) reported>90% removal
of PS-NPs (0.05–0.1 µm) by employing flocculation with Mg/Al-layered
double hydroxides (LDH). In addition, Fig. 9(IV) is depicting changes in
morphology of PS-NPs with the increase of solution pH. SEM findings
indicated that the attachment of PS-NPs with flocculants was occurred at
solution pH 10, and in-situ Mg/Al LDH effectively developed a hexag
onal prism shape, thus indicated the removal of NPs by flocculants via
the combination of electrostatic attraction and intermolecular forces, as
also ensured by FTIR and XPS analyses [264].
Overall, published reports have indicated both MPs and NPs could be
captured via coagulation/flocculation process. However, the sorption
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and desorption pattern of MPs and NPs with coagulants/flocculants in
the presence of co-existing toxic pollutants would be beneficial to un
derstand the performance of coagulants for practical implementations.
Further, how to identify NPs in the presence of other same size ions,
what is the fate and impact of sorption and desorption of MPs and NPs in
settled sludge flocs. In contrast, commercially available inorganic co
agulants are not environmental friendly. Further, a variety of coagulants
available in the market, but the lack of knowledge on their performance
in term of MPs and NPs removal is a big concern for their practical ex
ecutions. No scientific discussion available on the physical and/or
chemical characterization of the sludge/flocs produced after coagula
tion/flocculation processes. Such information would be helpful to un
derstand the changes in the characteristics and fate of the MPs or NPs
removed, like their interaction with ions released from the electrodes,
and the potential changes to their mobility. Additionally, none of study
reported mass balance information in relation to the final fate of MPs or
NPs in order to understand whether MPs or NPs were stuck in the floc
formed and dragged down to the sludge layer or form part of the foam
layer at the top of the reactor. Thus, more research efforts are required to
address these knowledge gaps.

membrane technology.
5.6. Other techniques
5.6.1. MPs
Table 10 is depicting that some other techniques like electro
oxidation, ultrasound and dissolved air floatation have also been
examined. For instance, Kiendrebeogo et al. (2021) reported that MPs
could be degraded by electrooxidation (EO) process. Noticeably, the
results indicated that MPs did not break into smaller particles and they
could degrade directly into gaseous products without generating of any
by-products [267]. However, the concerns of anode fouling and coexisting pollutants interferences should be explored in future research.
Recently, over 94% removal of MPs was observed in the presence of
dissolved organic matter (DOM) by coagulative colloidal gas aphrons
(CCGAs) approach [115]. Wang et al. (2020) improved the MPs removal
efficiency from 13.6% to 33.7% by introducing cetyl
trimethylammonium
bromide
(CTAB)
and
poly
(dia
llyldimethylammonium chloride) (PDADMAC) doses in conventional
dissolved air flotation (DAF) system. The addition of CTAB could help in
joining MPs with micro-bubbles (MBs) via the combination of electro
static attractions and hydrophobic/hydrophilic interactions mecha
nisms , and the PDADMAC could further craft the surfaces of MBs
positively charged to capture more MPs via the combination of elec
trostatic attractions, hydrophobic/hydrophilic interactions and sweep
ing mechanisms [116]. Recently, the study of (Alvim et al. 2021)
reported that PE-MPs could be recovered from activated sludge using
ultrasounds technique, suggesting that ultrasounds technique can help
in reducing the risks of MPs pollution in soil, if sewage sludge is utilized
to agriculture as biofertilizer [268]. However, the impacts of ultra
sounds on the growth of bacterial community are still unclear because a
healthy bacterial community is vital for subsequent digestion process to
obtain energy (biogas) and to reduce volume of sewage sludge for
landfill disposal.

5.5. Filtration
Filtration is a most common and acceptable technique to eradicate
tiny particles from water. Regarding this, various types of filtration
techniques have been tested to eradicate MPs from water environment
(Table 10).
5.5.1. MPs
For instance, granular filter could remove>95% MPs. Noticeably the
removal of 180 nm particles was greater than the 1–20 µm particles,
hinted that tiny particles were easier to retain via particle attachment or
diffusion. However the presence of 10–20 µm size particles was observed
in the effluent [258]. Wang et al. (2020) observed>95% retention of PSMPs (10 µm) by employing biochar as low-cost filtration material.
Furthermore, SEM findings divulged that MPs mainly immobilized via
‘Stuck’, ‘Trapped’ and ‘Entangled’ mechanisms in biochar filter, while
the MPs spheres were only ‘Stuck’ in sand filter. Fig. 9(V) is depicting
that particles could firstly ‘Stuck’ in the porous system because porous
system acted as a sieve. Secondly, the particles could be ‘Trapped’ in the
pore system because biochar had ‘honeycomb’ like morphology.
Thirdly, the particles could be ‘Entangled’ via Van der Waals forces
because biochar contained many flaky shaped small particles. Notably,
the findings hinted that the selection of filter media is an important
element to retain targeted size and shape MPs because spherical fibers
(10 μm) could be eradicated using biochar instead of sand [265]. Also,
other filtration approaches like dual media or multi-media filter beds
should be examined to enhance the retention capability of smaller size
particles (i.e. NPs).
Moreover, 100% removal of PVC-MPs was noticed by MBR tech
nology. However, the removal performance of organic matters and
ammonia was significantly inhibited in the presence of PVC particles,
which hinted that PVC-MPs could cause a higher membrane fouling due
to the sorption of plastic particles onto bio-carrier [138]. Recently,
Pizzichetti et al. (2021) reported > 94% removal of MPs using three
different kinds of membranes. The findings depicted that seepage of MPs
was noticed and this might be due to the membrane abrasion mecha
nism. Also, a slight difference in the removal performance of the
membranes hinted that certain factors such as MPs shape irregularity,
breaking down of the particles and MPs-membrane interaction could
influence on the membrane performance [266]. Thus, the selection of
membrane characteristics should be explored in order to prevent escape
of NPs from membrane pores. In addition, different kinds of polymers
would show diverse membrane fouling due to their different physicochemical characteristics, thus, future research in this direction would
be valuable to understand the fate and removal of MPs and NPs by

6. Conclusions, knowledge gaps and future recommendations
In recent years, a significant investigation has been executed on the
occurrence, removal, fate and impact of MPs and NPs in WWTPs. In
addition, various types of technologies have also been tested to eradi
cate/degrade MPs and NPs from sewage. However, significant knowl
edge gaps still subsist, indicating the continuing disputes to confirm
water security. The key findings, knowledge gaps and future recom
mendations of this review are:
(1). Occurrence and removal in the WWTPs
• Studies have indicated a huge dissimilarity in MPs concentrations
in various WWTPs in different countries. Certain factors, i.e.,
wastewater sources, catchment sizes, seasonal variability, com
bined sewer systems, population served, employment of different
sample collection and pretreatment methods, could effect on the
estimated value ranges. Therefore, more research efforts are
required to develop synchronize techniques for sampling and
pretreatment of MPs to better comparing concentrations of MPs
in different WWTPs.
• Current reports mainly investigated the presence of MPs (>1µm)
in WWTPs. So far, none of the study reported the presence of size
< 1 µm in WWTPs. Thus, research efforts are needed to develop
novel devices or methodologies to detect and estimate the pres
ence of NPs (<0.1 µm) in the influent and effluent of WWTPs to
better assess the occurrence, removal and fate of NPs in WWTPs.
For instance, recently some researchers employed stereomicro
scope images, Nile red staining and metal-doped techniques to
explore the detection, mobilization and fate of MPs and NPs in
WWTPs and complex matrixes [269–271]. Similarly, carbon-14
labeling (14C) would be a valuable option to be employed in
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exploring MPs and NPs detection, mobilization, mineralization
and toxicity behavior in future research.
Studies have depicted that primary and secondary treatment
processes could remove majority of the plastic particles, and
tertiary treatment contributed only 2–8%. Despite this high
removal efficiency, the abundance of MPs in effluent was still
high, directing that some modifications would be essential (in the
subsisted conventional treatment processes) to prevent receiving
environment from MPs pollution. Thus, research efforts are also
required to reveal the correlation between shape, size, color and
composition on the removal of MPs in WWTPs. Studied have
indicated that membrane technology could play an important
role in creating effective barrier against tiny plastics particles
because the membrane applied in the MBR system usually has a
pore size of 0.1 μm. However, there is still a great concern on the
effluent of MBR because the smaller sized particles (<0.1 µm or <
100 nm) might escape and can lead to significant contamination
to receiving water environment. On the other hand, the retained
MPs were accumulated in the sewage sludge (~4.4–170900
particle per kg (dry weight)), pointed to global contamination.
Thus, research efforts are needed to explore the mobilization and
impacts of MPs-contaminated sludge in other environmental
matrixes, (i.e., soil, water and air) because the usage of sewage
sludge in agriculture is a common exercise.
Fate and impacts
Studies have depicted that MPs and NPs could adsorb toxic pol
lutants and transfer these pollutants from one place to another.
The aquatic organisms could ingest these adsorbed toxic pollut
ants, and could be introduced to the food network of humans with
unknown effects. However, the latent effect of MPs and NPs on
aquatic life is ambiguous, these plastic particles have noxious
chemical allied with its fabrication and its sorption from the
ecosystem. The majority of the reported studies estimated sorp
tion capacities of various pollutants by MPs and NPs, and
observed their sorption behavior. Studies have divulged that
pertinent factors such as type of plastic particles, size, shape,
solution pH, salinity, ionic strength, degree of crystallinity,
chemical characteristic of pollutants, age, presence of co-existed
surfactants, morphology, porosity, degree of weathering of plas
tic polymers, specific surface area, and chemical characterizes of
pollutants could influence on the sorption and transformation of
environmental toxic pollutants by MPs and NPs. Thus, these
factors should not be ignored in assessing the role of MPs and NPs
as a vector for environmental toxic pollutants. Recently, Lin et al.
(2020) noticed that ultraviolet (UV) irradiation could reduce the
sorption of organic pollutants onto the surface of MPs by
changing their surface hydrophobicity, morphology and chemical
characteristics, suggesting a reducing risk on the transportation
of both non-polar and polar organic contaminants [272].
Studies have indicated that ageing of MPs and NPs could signif
icantly alter the interaction behaviour and capability of MPs and
NPs towards pollutants. Moreover, studies have also demon
strated that aged-MPs depicted higher sorption affinity than
virgin-MPs excluding some recent published reports which
revealed that aged-MPs had lower sorption affinity than virginMPs. Current studies were upto some polymers and results are
currently contradictory. Therefore, more research efforts are ur
gently required to elucidate this issue because ageing is a com
mon phenomenon in environment. Also, how ageing effect on the
sorption behavior of MPs and NPs towards targeted pollutants in
the manifestation of common electrolytes and ageing in
termediates. Similarly, none of the study explored the influence
of ageing process on the sorption affinity of NPs towards aquatic
pollutants. In contrast, the desorption mechanisms of environ
mental toxic pollutants from MPs and NPs are still ambiguous and
remain relatively unknown by researchers thus requires more
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investigation. Noticeably, only one report highlighted the sorp
tion affinity of biodegradable MPs (PLA) toward pollutants under
degradation process. Thus, the comparative research on the
sorption affinity of biodegradable and non-biodegradable MPs
and NPs toward other pollutants would be beneficial to prevent
environment from MPs and NPs pollution.
Studies have indicated that the manifestation of MPs and NPs in
wastewater could alter the removal performance of targeted toxic
pollutants during wastewater treatment because of their, size,
shape, color, unique surface area, functional groups, surface
charge, molecular chain arrangement, and acid-base character
istics. MPs and NPs could alter nitrification and denitrification
performance by disturbing ammonia-oxidizing and nitriteoxidizing bacteria groups. They could both decline and improve
methane production and impact on its key metabolic and enzy
matic activities and minimize the miscellany of biological com
munities and the profusions of key microbes. Studies have
indicated that some additives (e.g. CLP) could improve methane
production by enhancing acidification and methanogenesis pro
cesses. Overall, the impact of MPs and NPs on microbial activities
(related to WWTPs) is currently contradictory and deserves more
research efforts in future investigations in order to validate the
published reports.
MPs and NPs could reduce the transportation of biogas and
nutrient matrix in activated sludge by blocking porosities.
Noticeably, the leached additives or monomers from MPs could
trigger major toxicity towards AAGS. On the other hand, the
sorption of toxic pollutants and the profusion of chemical addi
tives could make the influence mechanism of MPs more compli
cated during wastewater treatment.
Studies have indicated that non-biodegradable MPs were more
toxic than biodegradable MPs to anamox sludge. Notably, NPs
could enter easily into the core of AGS cells compared to MPs, and
could trigger major influences on the performance of WWTPs. In
addition, the leachate from MPs and NPs cannot be ignored to
assess the overall impact of plastic particles on the performance
of WWTPs. Further, the degradation pattern of MPs and NPs in
biological wastewater treatment units is still hold a big potential
that should be discovered. Likewise, the formation of biofilm on
the surface of MPs and NPs along with the sorption of antiresistant and pathogenic bacteria is harmful to the subsequent
wastewater treatment processes because pathogens may be more
tolerant of disinfectants and can by-pass the wastewater treat
ment processes. Also, MPs and NPs could form complexes with
other pollutants i.e., metals, dyes, and organic pollutants, which
might also resulted in interferences to eliminate targeted pollut
ants. Further, the sorption of MPs and NPs onto the surface of
membranes could present membrane fouling. Overall, more
research efforts are needed to understand the influence of MPs
and NPs on the performance of wastewater treatment processes to
validate published reports.
Research Innovation on the Development of MPs and NPsTargeted Treatment Technologies and their performance
So far, no specific treatment technology has yet been utilized in
any WWTPs across the globe for the removal of MPs and NPs. The
MPs- and NPs-targeted treatment technologies are still at the
laboratory-scale or preliminary research phase. Few researchers
employed various techniques including adsorption, bioremedia
tion, photocatalysis, filtration, coagulation/flocculation, elec
trosorption, electrooxidation and ultrasounds at a small scale to
explore the potential of various developed techniques in
removing MPs and NPs.
Adsorption and coagulation/flocculation methods seem to be
more feasible and reliable techniques to remove MPs and NPs
from the water environment. However, the exhausted sorbent
itself a secondary pollutant. Even though biodegradable sorbents
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have been developed but the fate of the adsorbed MPs and NPs is
still unclear, thus need more research efforts in future in
vestigations. In contrast, highest eradication efficiency was
observed by coagulation/flocculation technique, however, the
sorption and desorption pattern in the presence of co-existing
pollutants is still unclear. In addition, the utilized coagulants
were not environment friendly, thus need more research efforts to
address this knowledge gaps. Moreover, more efforts would be
needed to optimize the other pertinent factors including opera
tional and constructional costs for practical applications.
On the other hand, the bioremediation method seems to be more
feasible for treating sludge-based MPs, where long china poly
mers could be converted into small chain polymers by utilizing
microorganisms, and which could further apply as a carbon
source for algae cultivation. However, the fate of leached addi
tive/monomers from MPs during bioremediation is still unclear.
Also, how biodegradation effect on the hydrophobic and hydro
philic nature of MPs and NPs in the real environment, thus more
efforts would be required in this direction.
Moreover, photocatalysis is a novel and cutting edge technology
to degrade MPs, however, the fate of by-products in real envi
ronment is still unclear. Likewise, cost analysis and optimization
study would be beneficial to execute proposed technology for
commercial applications.
Studies have depicted that filtration approach has shown highest
retention capability even smaller size particles (i.e. NPs), how
ever the seepage of tiny particles is a big threat to receiving
environment. Noticeably, some research groups tried to address
this issue by replacing filter media but their practical imple
mentations is still unclear, thus, more efforts would be needed to
address this issue. On the other hand, membrane technology has
revealed a great potential in capturing MPs from water environ
ment, however, membrane fouling and breaking down of the
particles is hindering its practical implementations, thus more
efforts would be needed in this direction.
Further, electrooxidation is seems to be a good option to convert
MPs from solid to gaseous form without generating of any byproducts. However, the concerns of anode fouling and in
terferences of co-existing pollutants are still unclear. Also, what is
the fate of gaseous products, thus more research efforts are still
required to implement this technology for commercial usages.
Furthermore, ultrasounds technique is a good option to recover
MPs from activated sludge; however, the impact of ultrasounds
on the growth of bacterial community is still unclear, because a
healthy bacterial community is vital for subsequent digestion
process to obtain energy (biogas) and to reduce volume of sewage
sludge for landfill disposal.
Moreover, future studies should be focused to design and develop
household-scale MPs and NPs treatment technology, which might
assist in inhibiting plastic pollution at the source. For instance, it
has been broadly documented that the sewage of the washing
machine comprises a high quantity of MPs and NPs in the shape of
the fiber. If source control techniques get success in reducing/
capturing fibers from this kind of sewage at the household level,
then we can significantly minimize the overall load of MPs and
NPs for WWTPs and as well as enhance plastic decree.
The MPs and NPs can be reused and repurposed as an inexpensive
and efficient adsorbent for water/wastewater treatment after
some modifications, instead of considering them as emerging
pollutants, because the reported studies have depicted that MPs
and NPs can act as a vector in accumulating and transferring
various kinds of toxic pollutants in the water environment. Thus,
the organic, inorganic pollutants should be encompassed in these
investigations. Owing to their distinctive properties, the MPs and
NPs adsorbent may provoke selective adsorption behavior in
absorbing pollutants via ion-exchange, electrostatic attraction,

hydrogen bonding, and hydrophobic interaction mechanisms.
However, the binding mechanisms of organic and inorganic
pollutants to MPs and NPs have not been predominantly well
classified, and this section needs insight research and experi
mentations. Besides, to enhance the sorption performance of MPs
and NPs, surface modification, and coating should also be studied
in more detail. Furthermore, desorption and reusability of MPs
and NPs should also be explored, which would be beneficial to
comprehend the longer period service potential of such materials
in water/wastewater treatment. Lastly, the usage of MPs and NPs
based adsorbents in combination with other kinds of adsorbent
(e.g., activated carbon, biochar) for real sewage treatment would
be an interesting area of further research.
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