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Abstract
World produces 360 million tons of plastic every year, out of which only 7% plastic undergo recycling leaving majority of this 
waste lying around that get accumulated in the environment, thus posing a serious threat especially in the form of microplas-
tics (MPs) to the large group of organisms on earth. Microplastics have been observed both in freshwater as well as in marine 
environment; however, recently, the occurrence of MPs in the fresh water that will ultimately lead to pollution in drinking 
water is emerging as one of the major concern for the scientific community. Till now, relative to the marine environment, the 
MPs pollution in the fresh water system is not very well understood and still an area of research that needs to be explored 
in detail. A detailed understanding of the origin, qualification, quantification, hazardous effects, etc. has be established to 
develop a proper waste management process for the MPs found in fresh water system. This review focuses on the sources, 
distribution, sampling methods, separation methods, methods of characterization and toxicological effects of microplastics 
in the freshwater environment. Various factors that affect the transportation and distribution of microplastics in fresh water 
system are reviewed. It is recommended that a standard protocol must be developed for identification of microplastics for 
scientific community across the world. The present study will help us to understand the source, transport, and effects of 
microplastics on the freshwater environment which would thereafter help to standardize the process for quantification and 
identification of microplastics in the freshwater environment. A combination of methods for the detection and prevention of 
microplastics in freshwater environment has also been suggested.
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Abbreviations
PU	� Polyurethane
PC	� Polycarbonate
PS	� Polystyrene
PE	� Polyethylene
PP	� Polypropylene
PVC	� Polyvinyl chloride
PET	� Polyethylene terephthalate
PA	� Polyamide (nylon)
PMMA	� Polymethyl methacrylate
PTFE	� Polytetrafluoroethylene

RIC	� Resin identification code
Ρ	� Density
MPs	� Microplastics

Introduction

After the discovery of the world’s first fully synthetic plastic 
in the form of Bakelite (American Chemical Society 1993), 
it has been an ideal material for a variety of uses (Andrady 
2011). However, the increased production and wide use of 
plastic for several applications directly or indirectly have 
become a serious environmental problem. It is estimated 
that 8300 million metric tons of virgin plastic have been 
manufactured until 2015 and worldwide plastic production 
has reached 360 million metric tons per year in 2018 with 
an exponential tendency (Geyer et al. 2017; Plastics Europe 
2019). Since 2014, nearly 300 million tons of plastic are 
being produced every year, 50% of which is single-use plas-
tic (Plastics Europe 2019). According to a report, since 1950 
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to present, out of the total plastic produced to date, only 7% 
has been recycled (Geyer et al. 2017) (Scheme 1).

Plastics dumped in the environment has tendency to 
gradually decompose into smaller plastic particles with dif-
ferent sizes, among them the plastics formed in the range 
of the size from 0.1 μm to 5 mm are coined as MPs. The 
processes such as physical, chemical, and biological inter-
actions, photo-degradation, and weathering action (Arthur 
et al. 2009; Barnes et al. 2009; Wagner et al. 2014) result 
in the degradation of the plastics into MPs particles. It was 
Thompson et al. 2004 who first realized the presence of MPs 
particles in the beach sediments and thereby coined the term 
MPs for the first time (Thompson et al. 2009; Browne 2015; 
Frias and Nash 2019; Xu et al. 2019). Although this was not 
the first time that small synthetic particles were reported 
(Carpenter and Smith 1972; Gregory 1977, 1978), MPs pal-
lets have been reported in the marine ecosystem in 70s.

With each passing day, MPs pollution is increasing in 
marine, freshwater as well as terrestrial environments glob-
ally, because of (1) non-degradability which leads to accu-
mulation (currently the only way to decompose plastic is by 
incineration) and (2) with the larger surface area other chem-
ical pollutants and waterborne persistent organic pollutants 
(POPs) gets adsorbed on its surface (Mato et al. 2001; Hirai 
et al. 2011). It has been reported that (1) MPs are scattered 
everywhere and found ubiquitously, (2) sources of emission 
of MPs are heterogeneous, (3) MPs are being ingested by 
almost all organisms in one way or the other, and (4) impact 
of MPs on every organism and environment varies concern-
ing the magnitude of pollution.

MPs contamination in the marine environment has been 
extensively studied in last 1 decade; however, for the fresh 
water contamination the studies are still limited. It has 
been observed that articles published for MP in marine 

environment is approximately six times higher than the 
articles reported for presence of MP contamination in fresh 
water. Since directly or indirectly fresh water system is the 
major source for the drinking water, therefore, proper stud-
ies must be carried out to investigate the MPs contamina-
tion in fresh water as well. Also, release of terrestrial MPs 
into the freshwater environment causes its transportation to 
the marine environment (Scheme 1) with the help of ter-
restrial ecosystem (Karbalaei et al. 2018), and if it is an 
isolated freshwater system (such as mountain lakes or ponds) 
it will stay there forever if not removed by any means and 
get degraded into micro- and nanosizes to pollute the whole 
ecosystem (Free et al. 2014).

With so much evidence for the presence of MPs in the 
freshwater system to date, there is no defined process for the 
monitoring of MPs in the freshwater system while most of 
the studies are focused on the marine environment (Browne 
et al. 2010; Cincinelli et al. 2017; Cózar et al. 2017). Given 
the above, we found that it is necessary to review the current 
research trends and methodologies for the detection of MPs, 
especially in the freshwater system. In this review, we have 
summarized: (1) magnitude of worldwide MPs pollution 
in freshwater environment along with the recent research 
associated with its occurrence, abundance, source and fate 
in freshwater environment; (2) sampling methods used in 
recent publications; (3) sample preparation and purifica-
tion methods; (4) different identification and quantification 
techniques; (5) quality control, cross-contamination and pros 
and cons of avoiding cross-contamination; (6) toxicological 
effects of MPs; (7) MPs removal techniques from water; (8) 
interaction of MPs with emerging contaminants; (9) recom-
mended control measures for the prevention of MPs pollu-
tion. Further, we have also recommended the suitable detec-
tion techniques for MPs in freshwater environment.

Scheme 1   Possible sources of 
MPs in freshwater environment
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Microplastic sources in a freshwater 
environment

MPs are classified into two categories; primary MPs and 
secondary MPs and The presence of both primary as well as 
secondary MPs have been reported in freshwater (Browne 
et al. 2010; Vianello et al. 2013; Gall and Thompson 2015; 
Di and Wang 2018). The primary MPs are either manu-
factured plastics which are used as raw material (pellets, 
textile fiber, etc. (Fig. 1) used in textiles, medicines indus-
tries, construction industries, furniture industries, packaging 
industries) or plastics produced from the direct use in prod-
ucts (personal care products such as facial, body scrubs and 
microbeads for cosmetic (Fig. 1)) (Derraik 2002; Browne 
et al. 2010; Andrady 2011; Cole et al. 2011; Browne 2015; 
Driedger et al. 2015). This may be found nearby any fresh-
water system where human activities are prevalent. Second-
ary MPs are produced due to the physical and environmen-
tal degradation of the accumulated plastic in water bodies 
such as lakes and ponds (Andrady 2011, 2017; Cole et al. 
2011). This accumulated plastic may undergo disintegra-
tion to form plastic particles to nano-scale, which possess 

a major threat to different exposed organisms (Free et al. 
2014). These are also generated by other means such as tire 
erosion while driving, the release of synthetic textile fibers 
during laundry, road markings, city dust, marine coatings 
and so on (Gall and Thompson 2015; Lusher et al. 2015; 
Napper and Thompson 2016). Compared to primary MPs, a 
large amount of secondary MPs has been observed as major 
pollutant in water (Geyer et al. 2017; Talvitie et al. 2017b). 
Either plastic decomposes to release toxic chemicals that 
were initially used during manufacturing process or plastic 
adsorb these chemicals on its surfaces thus cause harm to 
the environment (Potthoff et al. 2017; Rios Mendoza et al. 
2018).

Various studies have confirmed the presence of MPs in 
the areas where activities such as tourism and fishing are 
popular (Zhang et al. 2017; Wang and Wang 2018; Cam-
panale et al. 2020; Li et al. 2020). Tourism leads to the dis-
posal of single-use plastic such as water bottles, carry bags, 
straws, plastic sheets, and packaging plastic; this single-use 
plastic gets accumulated in isolated water bodies and disin-
tegrates over time by weathering and temperature change. 
Activities like fishing lead to the disposal of the fishing net 

Fiber Fragment Film

Pellet Styrofoam Fading Fiber

A B

C D

Fig. 1   A, B Microscopic images of the MPs particles (Baldwin et al. 
2016). C Electron micrography image of the polyethylene beads 
extracted from a cosmetic product (Plymouth University, United 

Kingdom) (Katsnelson 2015). D Photographs of MPs obtained from 
the TGR, fiber, fragment, film, pellet, Styrofoam, and fading fiber (Di 
and Wang 2018)
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which is consumed by aquatic organisms. Free et al. (2014) 
reviewed that the prevalence of MPs in a freshwater environ-
ment mostly depends on human activities. Campanale et al. 
(2020) found MPs in Ofanto river of southeast Italy; they 
concluded that MPs pollution is mainly because of urbaniza-
tion linked to seaside tourism and agricultural activities. One 
of the major sources of MPs entering domestic wastewater 
is by the washing of clothes that contains synthetic fiber 
(Browne 2015; Peng et al. 2017).When Hernandez et al. 
(2017) repeatedly did washing of clothes (containing syn-
thetic fibers) in the washing machine by creating a household 
condition in the laboratory, they observed that the wastewa-
ter of the washing machine was containing a large number 
of fibers similar to MPs. According to a study conducted 
by Kalcikova and group (Kalčikova et al. 2017), an estima-
tion around 100 ml of facial scrub can generate more than 
1,300,000 particles. In a similar type of study (Carr et al. 
2016), it was estimated that each toothpaste usage generates 
nearly 4000 polyethylene particles. Any form of plastic ends 
up either in the dumping yard or domestic/industrial waste 
ultimately reaches wastewater treatment plants and from 
there to the freshwater environment (Scheme 1).

The major source of MPs pollution in freshwater envi-
ronment is effluent from wastewater treatment plants which 
also includes domestic sewage (Magnusson and Norén 
2014; Estahbanati and Fahrenfeld 2016; Murphy et al. 2016; 
Dyachenko et al. 2017; Mintenig et al. 2017). Although 
wastewater treatment plants can remove MPs (Talvitie et al. 
2017b) and same particles (larger than 10 microns) can also 
be removed by tertiary treatment (Wardrop et al. 2016), 
even after this a large amount of MPs gets discharged into 
the freshwater system. It has been found that although the 
removal rate of MPs by the sewage treatment system is as 
high as 98%, everyday 65 million MPs still enter the water 
through sewage treatment facilities as stated by Carr and 
group (Carr et al. 2016) in his study. Bretas Alvim et al. 
(2020) stated that more than millions of MPs are released 
by municipal wastewater treatment plants per day. Several 
types of MPs sources are summarized in Fig. 2.

Rolsky et al. (2020) studied 14 articles related to MPs in 
sludge from wastewater treatment plants from twelve differ-
ent countries and compared them; it was concluded that the 
Netherlands had the least count of 0.45 particles per gram, 
whereas Italy having the highest count of 113 particles per 
gram. Murphy et al. (2016) investigated a secondary waste-
water treatment plant in Scotland and found that even with 
the efficiency of 98.41% for the removal of MPs, 6.5 × 107 
particles per day are being discharged into the receiving 
water. These studies show that MPs originating from waste-
water treatment plants can range from none to having con-
centrations as high as 9 × 104 particles/m3 in the effluent. 
The latest estimates place the total discharge of MPs from 
wastewater treatment plants at an average value of 2 × 106 

particles/day (Sun et al. 2019), making wastewater treatment 
plants both a sink and a source of MPs. Interestingly, all 
these studies are mainly conducted in developed countries, 
having well-equipped facilities with the best wastewater 
management systems found to date. Developing countries 
and underdeveloped countries often lack proper wastewa-
ter management systems for all their freshwater systems; 
an abundance of MPs might be at a higher side even after 
considering a lower usage of plastic.

Further these studies also concluded that the major 
sources of MPs pollution in a freshwater environment are: 
(1) different human activities on the shoreline of rivers, 
lakes, ponds, etc. in terms of tourism, hydroponic activi-
ties, fishing, agriculture, urban movement (Free et al. 2014; 
Wang et al. 2018), (2) disposal of effluents from wastewater 
treatment plants (Cole et al. 2011; Browne 2015; Carr et al. 
2016), (3) the presence of mining, chemical, etc. industries 
which leads to disposal of untreated wastewater into the 
water bodies (Zbyszewski and Corcoran 2011; Eriksen et al. 
2013; Lechner et al. 2014), (4) disposal of untreated domes-
tic sewage (which includes plastic particles in personal care 
products and domestic plastic) into the water bodies (Carr 
et al. 2016), (5) poor wastewater management nearby fresh-
water system (Free et al. 2014), (6) rural washing, (7) runoff 
from landfills and unmanaged waste dumps, (8) automo-
tive tire wear, (9) weathering from construction sites, (10) 
sandblasting using polymer particles, (11) plastic film from 
agricultural processes, (12) stormwater and runoff, (13) 
atmospheric deposition, and (14) spillages and accidents.
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Fig. 2   Different types of MPs sources



6869International Journal of Environmental Science and Technology (2023) 20:6865–6896	

1 3

The abundance, size, and type of polymers in any system 
represent the history, extent, causes of pollution in that sys-
tem. For example, the presence of a mixed type of polymers 
indicates heavy human activities; the presence of single-use 
plastics indicates tourism activities (Retama et al. 2016). 
Similarly, the presence of a large amount of secondary MPs 
indicates the age of pollution. Urban river systems tend to be 
more polluted than non-urban systems. Phillips and Bonner 
(2015) found that in urban rivers, the most common type of 
MPs was film apart from other types such as fiber, pellets, 
and fragments. Water bodies close to densely populated or 
industrialized areas contain more MPs. Main river chan-
nels seem to accumulate plastic pollution and see higher 
concentrations of MPs than their tributary rivers. MPs con-
centration is also highly influenced by the weather system. 
Different types of MPs polymers used in various industries 
are summarized in Table 1.

MPs occurrence and abundance in fresh 
water system

MPs have been discovered across the globe from Asia to 
Antarctica via researchers in all types of mediums such as 
air, water, and soil (Wagner and Lambert 2018). It was found 
that from fish, biota or any other living organism to river 
bed sediments and surface water or drinking water, MPs 
have been detected in every stage of freshwater environment; 
though its distribution is very heterogeneous (Klein et al. 
2018). Studies showed that MPs is more abundant in urban 
areas as compared to non-urban areas (where human activi-
ties are very less); however, MPs have also been observed 
even in remote areas such as mountain lakes (Free et al. 
2014; Zhang et al. 2016). The abundance of MPs varies 
from zero to million pieces per cubic meter of water and 
this abundance depends on various factors such as sampling 
methods, the scale of sampling, least size consideration for 
sampling, site selection, human usage of the surrounding 
area (Eerkes-Medrano et al. 2015). MPs breakdown may be 
affected by several factors such as UV radiation, sunlight, 
atmospheric change, weathering, mechanical action, bio-
film formation, hydration, the influence of additives such as 
anti-microbiological agents (Zhang et al. 2016; Wagner and 
Lambert 2018). Wei et al. (2020) reviewed that MPs in rural 
areas is very different from urban areas, they stated that it is 
more prevalent in remote rural areas. In a recent study (Deng 
et al. 2020) for China textile city, Shaoxing city, China Deng 
and group found the abundance of MPs ranging from 2.1 to 
71.0 particles per liter in water and 16.7–1323.3 particles 
per kg (dry weight) in sediments which contained all kind of 
polymers. Mao further (Mao et al. 2020) found the presence 
of around 3.12 to 11.25 particles per liter in Wuliangsuhai 
lake, Bayannaoer city, and Inner Mongolia, and 0.3 to 1.9 

particles per cubic meter in nine lakes, Argentine Patagonia 
and South America (Alfonso et al. 2020). Various studies 
conducted in freshwater systems of china have confirmed the 
presence of MPs in almost every investigated system with 
confirmation of every type of polymer with an abundance 
of zero to millions of particles per cubic meter. Similarly, 
various studies were conducted in Europe, the USA, Korea, 
and the presence of MPs in freshwater systems have been 
confirmed in various forms depending upon the location 
with an abundance of zero to a few thousand particles per 
cubic meter, the results have been summarized in Table 2 
and Fig. 3. 

MPs sampling methods

A sampling of MPs depends on its distribution in the water 
column which is influenced by their physical properties, 
such as density, shape, size, adsorption of chemicals and 
biofouling, and by environmental conditions such as water 
density, wind, currents, and waves. Thus, the quantity and 
quality of MPs recovered are highly dependent on sampling 
location and depth. However, there is a large difference in 
the profile and types of MPs in every kind of environment, 
defined by different environmental factors.

Several studies have been performed on MPs in the last 2 
decades (Table 3). However, there are no standard method-
ologies for the detection process including sampling, extrac-
tion, purification, identification, and quantification. There 
are significant variations in all the different studies which 
make it cumbersome to derive a standard methodology espe-
cially in the case of freshwater system.

Hidalgo-Ruz et al. (2012) stated that sampling in a fresh-
water system (for sediments and water surface) can be cat-
egorized as selective, bulk and volume reduced. In selective 
sampling, direct extraction of the particles from the environ-
ment is done which can be identified by naked eyes; this 
method is suitable in the case of sediments on the shoreline 
of freshwater only. In bulk sampling, the entire volume of 
the sample is taken without reducing it by any means such 
as sieving. Bulk sampling is used at places where visual 
identification of MPs is difficult, an abundance of small size 
MPs in the sample, the actual scenario of contamination is 
required. In volume-reduced sampling, target-based sam-
pling is done so that only the required material can be sam-
pled and the rest can be discarded. This type of sampling is 
suitable at places where the study area is very large such as 
the marine environment and large rivers such as the Ganges 
and Thames, as in the case of greater area; bulk sampling 
will not produce effective results.

In a bulk sampling of water, a bucket, drum, bottles, etc. 
are used, whereas in volume-reduced sampling, trawling 
with the help of nets (such as manta net and plankton net) 
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Table 1   Types of plastic polymers, their properties and applications

Polymer type Chemical formula General properties Applications ρ (gm/cc) RIC Remarks for recycling

PU C3H8N2O Appears like foam
It may be soft/hard foam, 

clear solid or white powder 
based on its requirement

High-load-bearing capacity
Flexible, abrasion, impact 

and tear resistance
Resistive to harsh environ-

ment

Construction industry
Mechanical industry
Automotive sector
Furniture
Electrical and electronics
Packaging and textile 

industry
Electronics
Footwear

1–1.20 7 Difficult to recycle
Releases poisonous chemi-

cals such as iso-cyanates, 
hydrocyanic acid during 
incineration

PC C15H16O2 Colorless and translucent
Relatively low chemical 

resistance
Highly impacts resistant and 

shatterproof
High transmittance
Lightweight
Excellent optical properties

Automotive industry Electri-
cal and electronics

Construction sector
Consumer products such as 

eyeglass lenses and safety 
helmets

Medical sector
Food storage units
Telecom and urban equip-

ment

1.20–1.22 7 Recyclable but becomes 
very hazardous if BPA is 
associated

PS (C8H8)n It can be solid/foam
Transparent
Has glass-like, shiny surface
Hard, brittle and rigid
Gamma radiation resistant
Flammable
Degradable to UV radiation
Inert nature

Electrical and electronics
Automotive industry
Packaging
Thermal insulation
Medical sector
Toys industry

0.96–1.05 6 Recyclable but not eco-
nomical

LDPE (C2H4)n Chemical and impact resist-
ant

Low friction resistant
Water resistant
Low hardness, strength, and 

rigidity
Highly ductile
Feels like wax when touched

LDPE:
Packaging
Pipes and fittings
Consumer products
Cables and wirings
Playground equipment

0.88–0.96 4 Recyclable but not eco-
nomical

HDPE (C2H4)n Chemical and impact resist-
ant

Low friction resistant
Water resistant
Low hardness, strength, and 

rigidity
Highly ductile
Feels like wax when touched

HDPE:
Packaging
Consumer products
Fibers, cables, wiring and 

textiles
Automotive fuel tanks

0.88–0.96 2 Recyclable but not eco-
nomical

PP (C3H6)n Translucent
Highly flexible
Chemical resistant
Very similar to PE but with 

improved mechanical 
properties and thermal 
resistance

Furniture
Automotive industry
Packaging
Medical sector
Textile industry
Electrical and electronics
Construction industry

0.85–0.95 5 Recyclable but not eco-
nomical

PVC (C2H3Cl)n Good mechanical properties
Chemical resistant
Very robust, insulating plas-

tic with high fire-resistance
Its properties can also be 

enhanced by addition of 
various stabilizers

Furniture
Automotive industry
Medical sector
Textile industry
Electrical and electronics
Wire ropes
Construction industry
Sports equipment

1.1–1.45 3 It is economically and eco-
logically not viable
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and sieves of different sizes during sampling or after the 
sampling may be used. In volume-reduced water sampling, 
mainly trawling has been used along with different types 
of nets such as manta, neuston, plankton, and bongo, other 
than trawling some researchers have used pumps (Fig. 4) 
along with a sieve of different mesh size (50–100 µm) 
(Mintenig et al. 2017). In bulk water, sampling water has 
been collected using stainless steel buckets, bottles, and 
some other containers along with a mesh with an upper size 
limit (2000–5000 µm) for avoiding bigger size particles. In 

some studies, volume reduction has been done using sieves 
of different sizes after bulk water sampling; this serves two 
purposes, volume reduction and particle size distribution. 
In most of the studies, the volume of surface water sampled 
using pumps ranges from 12 to 35 L. In bulk water sam-
pling, collection of a small volume of water does not pro-
vide strong results and is not reliable. Therefore, for reliable 
results, high volume of water may be required as it provides 
a detailed idea of contamination for the selected site. This 
can be achieved by defining the requirement of the minimum 

Table 1   (continued)

Polymer type Chemical formula General properties Applications ρ (gm/cc) RIC Remarks for recycling

PET (C10H8O4)n In its amorphous state, 
PET is a transparent, 
lightweight, and impact-
resistant material

Retains its shape
Crease and tear-resistant
Water resistant

Packaging
Textile industry
Electrical and electronics
Automotive industry
Cosmetic industry
Safety equipment medical 

sector

1.38–1.41 1 Easy to recycle

PA (C12H22N2O2)n High impact strength and 
stiffness

Abrasion and wear resistant
High water absorption
Chemical resistant

Automotive industry
Electrical and electronics
Consumer products
Construction industry
Packaging

1.13–1.16 7 Economically and ecologi-
cally not viable

PMMA (C5O2H8)n Colorless and translucent
Relatively low chemical 

resistance
Highly impacts resistant and 

shatterproof
High transmittance
Lightweight
Excellent optical properties

Automotive industry
Electrical and electronics
Construction sector
Consumer products such 

as eyeglass lenses, safety 
helmets and shatterproof 
windows

Medical sector

1.16–1.20 7 Easy to recycle

PTFE (C2F4)n High strength, toughness and 
flexibility

High UV and weathering 
resistant

High chemical resistant
Very slippery as it very low 

coefficient of friction

Automotive industry Electri-
cal and electronics

Engineering works
Consumer products
Medical sector

2.10–2.30 7 Recyclable

Fig. 3   Mapping of MPs occur-
rence in freshwater around the 
world (based on data in Table 2)
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Table 2   MPs abundance and range of observed particle sizes in different locations

Location Mean abundance Particle range Abundant polymers References

Asia
 Yangtze Estuary of China 0.167 ± 0.138 n/m3 500–5000 μm Not mentioned (Zhao et al. 2014)
 Jiaojiang, Oujiang, and 

Minjiang Estuaries
Minjiang-A: 1245.8 ± 531.5 

particles m−3; Minjiang-
B: 1170.8 ± 953.1 
particles m−3; Jiao-
jiang: 955.6 ± 848.7 
particles m−3; Oujiang: 
680.0 ± 284.6 particles m−3

500–5000 μm Not mentioned (Zhao et al. 2015)

 Three Gorges Dam, China 8.47 106p/km2  > 112 μm PP and PE (Zhang et al. 2015)
 Three Gorges Reservoir, 

China
1597–12,611 n/m3  < 1 mm (Di and Wang 2018)

 Lakes in Tibet plateau, 
China

563 ± 1219 items/m2  < 5 mm (Zhang et al. 2016)

 Taihu Lake, China 3.4–25.8 items/L 100–1000 μm (Su et al. 2016)
 Manas River Basin, China 21 ± 3 to 49 ± 3 items/L 100–1000 μm (Wang et al. 2020)
 Minjiang Estuary 1207.5 n/m3 500–5000 μm PE (Zhao et al. 2015)
 Oujiang Estuary 680 n/m3 500–5000 μm PE (Zhao et al. 2015)
 Jiaojiang Estuary 955.6 n/m3 500–5000 μm PE (Zhao et al. 2015)
 Dongting Lake 1191.7 n/m3 50–5000 μm PP and PE (Wang et al. 2018)
 Hong Lake 2282.5 n/m3 50–5000 μm PP and PE (Wang et al. 2018)
 Lakes, Wuhan, China 1660.0 ± 639.1 n/m3 to 

8925 ± 
1591 n/m3

50–5000 μm PET and PP (Wang et al. 2017b)

 Pearl River 19,860 particles/m3 50–5000 μm PA and cellophane (Yan et al. 2019)
 Yangtze River 4.92 × 105 particles km−2 300–5000 μm PP, PE and PS (Xiong et al. 2019)
 Yangtze Estuary and inland 

watercourses of Chong-
ming Island at the river’s 
mouth China

0–259 particles/cum 300 to 4000 μm PE and PP (Li et al. 2020)

 Rivers of the Tibet Plateau 483 ± 118 items/m3 to 
967 ± 141 items/m3

50–5000 μm PET and PE (Jiang et al. 2019)

 Dongting Lake 1345.24 to 1464.29 items/m3 45–5000 μm PS and PET (Jiang et al. 2018)
 Feilaixia Reservoir, Beiji-

ang River
0.56 ± 0.45 particles m−3 112–5000 μm PP and PE (Tan et al. 2019)

 Danjiangkou Reservoir 467–15,017 particles m−3 48–5000 μm PP, PS and PE (Di et al. 2019)
 Beijiang River 178 ± 69 to 544 ± 107 items/

kg sediment
50–5000 μm PP and PE (Wang et al. 2017a)

 Shanghai, China 80.2 ± 59.4 items 100 g−1 dry 
weight

10–5000 μm PP (Peng et al. 2018)

 Vembanad Lake, India 252.8 particles m−2 Less than 5000 μm PE (Sruthy and Ramasamy 2017)
Europe
 Kelvin River, UK 296.5 particles/liter 11–3000 μm Not mentioned (Blair et al. 2019)
 Flemish rivers, Belgium 17 particles/liter 45–5000 μm Not mentioned (Slootmaekers et al. 2019)
 Lake Garda, Italy 17 particles/liter 500–5000 μm Not mentioned (Imhof et al. 2013)
 Elbe River, Europe 5.57 ± 4.33 particles/m3 150–5,000 μm PE and PP (Scherer et al. 2020)
 Rhine River, Germany 0.04–9.97 MP/m3 300–5000 μm PE (Mani and Burkhardt-Holm 

2020)
 Rhine River, Germany 4000 particles kg−1 63–5000 μm PE, PP and PS (Klein et al. 2015)
 Gave de Pau River, France 3.26 MPs/m3 330–5000 μm Not mentioned (Bruge et al. 2020)
 Seine River, France 100.6 ± 99.9 fibers/m3 50–5000 μm PET (Dris et al. 2018)
 Seine River, France Annually, 22–36 tons of plas-

tic waste were caught float-
ing on the water surface

Not mentioned PE and PP (Gasperi et al. 2014)
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Table 2   (continued)

Location Mean abundance Particle range Abundant polymers References

 Teltow Canal, Germany 7.86 ± 7.26 MPPs/L 450–5000 μm PE and PP (Schmidt et al. 2018)
 Fish ponds and natural 

freshwater environments 
of the Carpathian basin, 
Hungary

3.52 to 32.05 particles/cum 100–2000 μm PP, PE and PS (Bordós et al. 2019)

 Danish waters, Denmark 36 particles/liter 38–5000 μm Not mentioned (Strand et al. 2013)
 Lake Bolsena, Lake Chiusi, 

Italy
2.68 to 3.36 particles/m3 

(Lake Chiusi) and 0.82 to 
4.42 particles/m3 (Lake 
Bolsena)

300–5000 μm Not mentioned (Fischer et al. 2016)

 Ofanto river, Italy 9 to 13 particles/cum 300–5000 μm PE, PP and PS (Campanale et al. 2020)
 Antuã River, Portugal 58–1265 items/cum for water 

samples and sediment sam-
ples 18 to 629 items/Kg

55–5000 μm PE and PP (Rodrigues et al. 2018)

 River Thames, UK 33.2 ± 16.1 particles/100 g 
sediment

1000–5000 μm PP, PET and polyarylsulfone (Horton et al. 2017)

 Italian Subalpine Lakes 4000 to 57,000 particles/km2 50–5000 μm Fragments, PE, PS, PP (Sighicelli et al. 2018)
 The upper Mersey and Irwel 

catchments
517,000 particles/m3 63–5000 μm Not mentioned (Hurley et al. 2018)

America
 Tributaries of Great Lakes, 

USA
1.9 n/m3 355–5000 μm Fibers (Baldwin et al. 2016)

 Snake River, USA 0 to 13.7 MP/m3 100–5000 μm PP and PE (Kapp and Yeatman 2018)
 Lake Ontario, Canada 760 particles kg−1 63–5000 μm PE and PS (Ballent et al. 2016)
 Lake Winnipeg, Canada 53,000 to 748,000 Particles/

Kg
330–5000 μm Not mentioned (Anderson et al. 2017)

 Laurentian Great Lakes 
USA

43,157 ± 115,519 particles/
km2

355–4750 μm Not mentioned (Eriksen et al. 2013)

 Lake Huron Not mentioned 330–5000 μm PE and PP (Zbyszewski and Corcoran 
2011)

 Patagonian lakes, South 
America

0.9 ± 0.6 MPs m−3 50–5000 μm PET (Alfonso et al. 2020)

 Tampa Bay, Florida 4.5(± 2.3) particles/m3 
for net sample and 0.94 
(± 0.52) particles/L for 
discrete sample

50–5000 μm Not mentioned (McEachern et al. 2019)

 Gallatin Watershed, 
Southwest Montana and 
Northwest Wyoming

1.2 MPs L−1 100–5000 μm Cellulose and PET (Barrows et al. 2018)

 Jurujuba Cove, Niterói, RJ, 
Brazil

110 particles/liter  < 5000 μm Not mentioned (Castro et al. 2016)

 Guanabara Bay, Brazil 14,732 (± 1037) items m−2 115.5- 4900 μm PET, PA (Alves and Figueiredo 2019)
 Gulf of Mexico estuary 5–117 items m−2 50–5000 μm PE and PP (Wessel et al. 2016)
 Four Estuarine Rivers, USA  < 1.0 g/km2 to 563 g/km2 330–5000 μm PE (Yonkos et al. 2014)

Africa
 Five urban estuaries of 

KwaZuluNatal, South 
Africa

745.4 ± 129.7 parti-
cles/500 ml

330–5000 μm PP, PS (Naidoo et al. 2015)

Australia
 Goulburn River, northern 

central Victoria
0.40 ± 0.27 items/L 36–4668 μm PET (Nan et al. 2020)

 Brisbane River sediments, 
Australia

10 to 520 items per Kg  < 3000 μm PE, PA, PP (He et al. 2020)

 Tasmania, Australia 4.2–24.3 items/gram 63–5000 μm Not mentioned (Willis et al. 2017)
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volume of sample for the reliability of results. The volume 
of water sampled for bulk sampling in the freshwater system 
has not been standardized; it varies from 5 to 100 L, and 
higher volume sampled leads to strong and reliable results.

In most of the studies for volume-reduced sampling, plank-
ton net (Estahbanati and Fahrenfeld 2016; Su et al. 2016; 
Campanale et al. 2020; Dahms et al. 2020), Manta Net (Fig. 5) 
(Eriksen et al. 2013; Zhang et al. 2015, 2017; Anderson et al. 
2017; Sighicelli et al. 2018; Liu et al. 2020b; Park et al. 2020; 
Wong et al. 2020), and pumps (Wang et al. 2017b, 2018, 2019; 
Rodrigues et al. 2018; Bordós et al. 2019; Jiang et al. 2019) 
has been used, and for bulk samplings, grab samplers such as 
water bottles, beaker or any other storage unit (Barrows et al. 
2018; Eo et al. 2019; Yuan et al. 2019; Grbić et al. 2020; Han 
et al. 2020; Mao et al. 2020; Nan et al. 2020; Wang et al. 2020; 
Yin et al. 2020). Bordos et al. (Bordós et al. 2019) stated that 
certain conditions make the plankton net unsuitable sampling 
equipment for inland freshwater system because infrastructure 
is required for example, for river sampling, a bridge at a suit-
able location is needed. Sometimes the water body is not big 
or deep enough for sampling by a manta net and even using a 
flow meter does not guarantee the accuracy of filtered quan-
tity. To avoid these difficulties, they designed a special type of 
apparatus which comprised of a jet pump (PedrolloJCRm 2A) 
operated by an aggregator (Honda EU20i), a PVC hose along 
with a brass foot valve, a 2 mm mesh size strainer. The size 
of this apparatus enabled the sampling process from a small 
boat and even from the shoreline. This can be used at a depth 
of 10 to 20 cm by connected to the pump.

In most of the studies, size of the minimum size of the 
trawling net considered is 330 µm to 500 µm. This limits 
the least size of MPs to 330 µm which affects the abun-
dance of MPs and does not provide reliable results because 
in the case of freshwater environment, UV weathering is 
dominant which leads to degradation of MPs into smaller 
size particles which may be less than 330 µm and it is 
evident that MPs particles were more abundant in cases Ta
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Fig. 4   Figure showing a mobile pumping system for sampling 
designed by Mintenig et al. (2017)
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where bulk sampling was done or least size was reduced 
to 20 µm.

Wang et al. (2018) used a 12 V DC Teflon pump, and fil-
tered water through a stainless steel sieve of mesh size 50-μm 
and collected 10-L water sample in each sampling process 
and mean abundance of particles found was 2867 particles 
per cubic meter, whereas Wong et al. (2020) used a manta net 
of mesh size 300 µm along with a Hydro-Bios mechanical 
flowmeter for the measurement of the amount of water flow-
ing through the net and mean abundance of particles found 
was 83.7 ± 70.8 and 2.5 ± 1.8 particles per cubic meter. From 
this comparison, it is evident that the smaller the size of par-
ticles considered for a collection, rich will be the abundance 
of particles. They stated that particles of smaller size may be 
ignored by trawl mesh which leads to an underestimation of 
particle abundance in the sample. Mesh size and apparatus 
used for sampling play a key role in defining the abundance 
and type of MPs (Hidalgo-Ruz et al. 2012).

Vermaire et al. (2017) stated that a 100-µm mesh revealed 
concentrations nearly 100 times higher than a 333-µm mesh. 
Dris et  al. (2018) concluded that 80-μm mesh size net 
increases the probability of sampling particles by 250 times 
as compared to 330-μm mesh size net. Hidalgo-Ruz et al. 
(2012) stated that a 100,000 times higher concentration of 
plastic fibers can be handled by 80-μm mesh than a 450-μm 
mesh. This shows that the abundance of MPs is much under-
estimated in the studies where the trawling method is used 
for sample collection. He et al. (2020) stated that diverse 
sampling and sample processing methods make it inconven-
ient to compare MPs occurrence and abundance patterns.

Sample preparation and purification 
methods

Depending upon the sampling method used, samples col-
lected from freshwater contain many natural impurities such 
as microorganisms, silt, algae, micro-plants, and traces of 
non-plastic impurities. These impurities may be classified 

as organic and inorganic impurities. A sample may contain 
either organic as well as inorganic impurities or either of 
them depending upon the source of the sample collected. 
The type of impurities present in the sample influences the 
choice of sample analysis process. Sample analysis may be 
divided into four parts comprising of extraction, purification/
digestion, quantification, and polymer identification.

Sample extraction

The most common processes used for sample extraction are 
screening, density separation, elutriation, pressurized fluid 
extraction, plastic sediment separator, filtration, etc. The 
process of screening involves a series of sieves of different 
sizes depending upon the targeted range of MPs (Hidalgo-
Ruz et al. 2012; Rocha-Santos and Duarte 2015). The size 
of sieves may vary from 4.75 mm to 150 µm (Hidalgo-Ruz 
et al. 2012). The material used for these screens may be 
copper or stainless steel and screens are made up of a fil-
ter membrane (Everaert et al. 2018). In this process, sam-
ple is passed through these sieves and particles collected 
on each sieve are processed for further examination of the 
sample. This method is also used for the size range analy-
sis of the sample (Desforges et al. 2014). This method is 
mostly adopted where drinking water is examined and for 
the volumetric reduction along with size categorization of 
the sample (Mathalon and Hill 2014; Lambert and Wagner 
2016; Wu et al. 2016).

Density separation uses the principle of density differ-
ence between two materials. In this process, a salt solution 
is prepared to have a higher density than targeted polymers. 
Particles with lighter density tend to float in a denser solu-
tion and impurities with higher density tend to settle in the 
solution and the salt solution works as a separating media for 
the MPs. In this process, the sample is mixed with a liquid of 
defined density (in the case of MPs a saturated salt solution) 
(Andrady 2011; Hidalgo-Ruz et al. 2012). The mixture of 
sample and liquid is then shaken and stirred for a preset time 
and then the suspension is kept undisturbed until the heavy 

Fig. 5   Different methods adopted for sample collection A. using a bridge crane and B. by wading, and C. using backpack sprayer for washing of 
particles from the net (Baldwin et al. 2016)
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impurities are settled and only MPs remain on the surface 
of the solution and then the supernatant containing the MPs 
is collected into some other container for further examina-
tion. The density of MPs particles depends upon the type of 
polymers and their manufacturing process. As mentioned 
in Table 1, densities of MPs vary from 0.85 to 1.45 gm/cc 
and the density of other sediments is nearly 2.65 gm per 
cc (Hidalgo-Ruz et al. 2012). Selection of liquid solution 
depends on the type of targeted polymers for detection. The 
most commonly used solution is a saturated NaCl solution 
(density 1.2 gm/cc) due to its low cost and non-toxicity for 
humans (Bordós et al. 2019; Campanale et al. 2020; Dahms 
et al. 2020; Liu et al. 2020b), however, there are denser MPs 
such as PVC, PET CA, and PTFE which cannot be recov-
ered with this solution because of their density difference. 
Other solutions are having a higher density which may be 
used to improve extraction efficiency such as calcium chlo-
ride (CaCl2; density 1.3 g/cc) (Grbić et al. 2020), sodium 
polytungstate (SPT, density 1.5 g/cc) (Frias et al. 2018), 
sodium iodide solution (NaI, density 1.8 g/cc) (Kedzierski 
et al. 2017), and zinc chloride solution (ZnCl2, density 1.6 g/
cc) (Stolte et al. 2015; Imhof et al. 2016; Retama et al. 2016; 
Rodrigues et al. 2018; He et al. 2020; Yin et al. 2020). Shak-
ing time may vary from 30 s to 2 h and the rest time for set-
tling of heavy particles after shaking may vary from 2 min 
to 6 h. Marine strategy framework directive (MSFD) and 
national oceanic and atmospheric administration (NOAA) 
US has recommended the use of NaCl for the density separa-
tion. The selection of the density separator solution depends 
upon its cost, toxicity, separation efficiency, and targeted 
polymers. The efficiency of zinc chloride and sodium iodide 
solutions is very high but both are very hazardous, costly, 
and must be handled with care as both are harmful to the 
environment (Frias et al. 2018). Thus, recycling and reuse 
of both the solution are necessary. It was found that CaCl2 
causes interference in the final results which makes it unsuit-
able for further use as a density separator (Stolte et al. 2015).

There are other methods which had been used by vari-
ous researchers for MPs extraction such as pressurized fluid 
extraction which has a very high efficiency and particles 
upto 50 µm can be recovered by this method; however, there 
are some drawbacks which include morphological changes 
after extraction and difficulty in determining size distribu-
tion (Fuller and Gautam 2016). Another method is elutria-
tion which has high efficiency but cannot be used in samples 
containing organic matter (Claessens et al. 2013; Kedzierski 
et al. 2017; Hengstmann et al. 2018). In elutriation-selected 
liquid, for example, water is directed at the bottom of the col-
umn which separates buoyant MPs and other sediments tend 
to settle at the bottom of the column. One of the advantages 
of this method is that it is cheap and it has high efficiency 
while the disadvantage is that it requires at least one hour 
per sample and particle size range by sieving (Claessens 

et al. 2013; Hengstmann et al. 2018). Ivleva et al. (2017) 
extracted MPs using the approach of density separation in 
combination with fluidization and floatation. It was observed 
that the sodium chloride solution when used with fluidiza-
tion and then floated in sodium iodide solution provided an 
efficiency of 99% (Nuelle et al. 2014). An instrument for 
sediment separation was developed named Munich plastic 
sediment separator, when used with zinc chloride solution 
yields an efficiency of 95% in recovering MPs but it can only 
be used for sediment samples; however, this instrument is 
very expensive (Imhof et al. 2013; Mintenig et al. 2017).

Sample purification/digestion

Biological material may be a part of the environmental sam-
ple which may interfere with results and during analysis; it 
may be confused with MPs particles. This makes it impor-
tant to create a standard method for the digestion of organic 
matters without damaging MPs particles chemically and 
structure-wise. The requirement of the digestion of organic 
matter depends on the quantity present in the sample. If the 
sample contains a very small amount of organic matter then 
this step becomes irrelevant. However, if the identification 
of MPs is to be done by visual inspection then this step 
becomes necessary. Sample purification may be divided into 
two categories: chemical purification and enzymatic diges-
tion (Stock et al. 2019). Chemical purification may further 
be divided into the purification by acids, oxidizing agents, 
and alkaline (Löder et al. 2017).

Acid digestion may be used for purification of the sam-
ple but various researchers have shown that MPs particles 
are susceptive to acids and acidic digestion may change 
the chemical and structural appearance of the polymers 
(Rocha-Santos and Duarte 2015). Cole et al. (2014) stated 
that hydrochloric acid at low concentration and room tem-
perature is not sufficient for digestion of organic matter 
and may result in a greater quantity of organic matter after 
degradation; further, they conducted digestion with strong 
oxidizing acids such as nitric acid and sulfuric acids and 
concluded that it may have the higher efficiency of digestion 
but it destroys most of the polymer particles in the process. It 
is fact that some polymers are less resistive to acids at high 
concentrations with high temperatures but there should be an 
optimum condition at which biological degradation may be 
achieved with the least disturbance to the polymer particles 
in a considerable amount of time (Cole et al. 2014).

Naidoo et al. (Naidoo et al. 2017) studied the effects of 
HNO3 on the different polymers and concluded that it has 
a very small amount of effects on nylon and PVC at room 
temperature. It leaves oil residue and causes the melting of 
most of the polymers such as PP, PE, PET, and PS. It may 
be concluded that the effects of acid on polymer depend on 
the amount of organic matter present in the sample and the 
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temperature at which the sample is treated. Thereafter, acidic 
digestion may be less effective in the case of MPs samples 
as it may cause disintegration of polymer particles and may 
lead to underestimation of MPs pollution in the targeted 
vicinity (Cole et al. 2014; Thiele et al. 2019).

Alkali digestion has been used in some of the studies as 
an alternative to acidic digestion but it may also damage 
the polymer particles chemically and structurally and simi-
lar to acidic digestion it may also leave oil residue, tissue 
residue, and bone fragments on MPs particles. Munno et al. 
(2018) studied the effects of chemical digestion methods at 
the different temperatures on MPs particles and concluded 
that potassium hydroxide (KOH) may be used for digestion 
as it is very effective in organic digestion and has higher 
MPs recovery rates. Dahms et al. (2020) used a 10% KOH 
solution at room temperature for 18 h and recovered MPs 
particles from water samples with very little damage to 
the polymer particles. In all the studies conducted it was 
observed that the use of the alkaline solution for the diges-
tion may damage the polymer particles in one way or another 
such as color change, structural damage, and degradation, 
and if used in less concentration, it may not be effective for 
digestion.

Oxidizing agents such as hydrogen peroxide (H2O2) have 
been used by various researchers in different concentration. 
It has been reported that usage of H2O2 with a concentration 
in the range of 30–35% has been more efficient as compared 
to the acidic and alkaline digestion with nearly no harm to 
polymer particles (Su et al. 2016; Wang et al. 2017a, 2019; 
Cheung et al. 2019; Deng et al. 2020; Han et al. 2020; Liu 
et al. 2020a; Mao et al. 2020; Wong et al. 2020; Yin et al. 
2020). This is the most popular approach used for the diges-
tion of organic matter; however, some of the researchers 
have also used 30–35% H2O2 in combination with the fer-
rous solution as a catalyst. Nuelle et al. (Nuelle et al. 2014) 
stated that almost every plastic polymer is resistive H2O2 
with only loss of colors in MPs particles. Karami et al. 
(Karami et al. 2017) used 35% H2O2 at 50 0C for 96 h and 
found that nylon was degraded and some color loss in PET. 
National Oceanic and Atmospheric Administration (NOOA) 
have recommended the use of 30% H2O2 with Fenton’s rea-
gent [Fe (II) solution (0.05 M)] at 75 °C for both water and 
sediment samples. It may be concluded that temperature is 
a deciding factor in the organic digestion process without 
harming MPs particles. Thus, it may be concluded that H2O2 
is the most efficient in organic digestion chemically with 
next to zero impact on MPs particles.

Enzymatic digestion is another emerging approach for 
the digestion of organic matter and it is less hazardous as 
compared to chemical digestion. It may also have very little 
impact on MPs particles. In this method, MPs samples are 
incubated along with different enzymes such as proteinase, 
cellulose, chitinase, lipase, and amylase. It was also reported 

that marine samples can be treated with the help of protein-
ase-K (Cole et al. 2014). The use of this method is very 
limited due to its high cost (Stock et al. 2019). Enzymes are 
being used on a small scale because some of their methods 
require further treatment of H2O2 for the removal of undi-
gested debris. It has not been used by many researchers for 
the digestion of freshwater samples.

There are some other methods such as ultra-sonication in 
a combination of sodium dodecyl sulfate solution or deion-
ized water but it has been observed that it may produce 
smaller MPs particles by the disintegration of brittle MPs 
samples (Cooper and Corcoran 2010; Enders et al. 2015; 
Mintenig et al. 2017).The use of microwaves is another 
digestion method but it may also damage MPs particles 
(Karlsson et al. 2017).

MPs identification and quantification 
techniques

After pretreatment of water sample containing MPs, the 
sample is filtered using vacuum filtration on the selected 
filter/petri dish and stored for drying of the sample. The 
MPs analysis comprises a four-dimensional challenge (1) 
the least size of MPs particles, (2) chemical composition of 
particle, (3) shape of every particle within a sample, and (4) 
abundance of any type of polymer particles in the sample 
(Hale 2017). The selection of filter material depends on the 
identification process to be used for the sample. Identifica-
tion processes have been divided into four methods as shown 
in Fig. 6.

In most of the studies, reviewed identification and quan-
tification of MPs are initially done by visual sorting directly 
or using a scanning electron microscope followed by chemi-
cal analysis of sorted particles using either spectroscopy or 
chromatography.

Visual sorting

It is done by reviewing filtered samples directly or using 
a microscope/stereoscope to sort the suspected MPs parti-
cles for further identification and analysis. Visual sorting of 
MPs is done based on the different physical characteristics 
for plastic polymers defined by various researchers such as 
particle size, shape, and color; however, visual sorting may 
be time-consuming and may provide misleading results due 
to the presence of similar particles from the organic and 
inorganic origin (Hidalgo-Ruz et al. 2012). The presence of 
such particles may lead to overestimation/underestimation 
depending upon the experience and knowledge of the indi-
vidual conducting visual sorting. If the purification process 
mentioned above is not adopted properly or adopted at all 
then any organic/inorganic particle of similar shape and size 
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may be confused with MPs particle; for example, some bio-
logic material may be confused with black fragments. For 
further confirmation of confused particles, any additional 
approach may be required such as spectroscopy or chroma-
tography. It has been observed that without any additional 
approach there is a large variation in the final results.

MPs are classified into four morphotypes: film, fiber, pel-
let, and fragment (Thompson et al. 2004, 2009). A film is a 
very thin and small layer or maybe a piece of bigger plastic 
debris; fiber is a MPs particle having a greatly elongated and 
slender appearance; pellets are round MPs particles having 
a spherical shape and every other type of particle is classi-
fied as a fragment when it cannot be termed as film, fiber or 
pellet. Han et al. (2020) stated that a particle should satisfy 
at least two criteria from the following mentioned points to 
avoid misidentification of particles: (1) any unnatural shapes 
for example a perfect sphere, (2) shiny or glass-like appear-
ance of particle, (3) a homogeneous texture or material and 
whether the color of the particle is bright unnaturally, (4) 
particle does not have any organic structure or a visible cell, 
(5) absence of metallic luster, and (6) having fiber morphol-
ogy (uniform diameter and 3D curvature). Norén 2007 stated 
various standardized criteria for the examination of MPs 
containing the following mentioned key points: (1) parti-
cles having any biological structure may be discarded for 
MPs, (2) particles having 3D structure may be considered 
as MPs, (3) homogeneously colored particles may be con-
sidered as MPs particles, and (4) particles transparent or 
whitish colored may be MPs particles and must be studied 
using fluorescence microscopy with high magnification. Li 
et al. (2018a) stated the drawbacks of the above-mentioned 
criteria and stressed that results of this method are largely 
affected because of various factors such as (1) quality of 

microscope, (2) individual’s factors for example careless-
ness, state of mind, fatigue, etc., (3) sample matrix, and (4) 
resolution of microscope limiting the size of particles to be 
counted. They observed an upto 70% rate of error in this 
method. Hidalgo-Ruz et al. (2012) mentioned that rate of 
error increases as the size of targeted particles decreases. Su 
et al. (2016) conducted a study for the presence of MPs in 
Taihu lake, china and analyzed the processed sample under 
a stereomicroscope and visually identified 1805 particles 
as per the physical characteristics of particles and ran-
domly 113 particles were verified using micro-FTIR and 
81 particles were confirmed MPs and rest were identified 
as non-plastic; this example can be seen as the case of over-
estimation of MPs and it becomes necessary to use chro-
matography/spectroscopy along with visual sorting method; 
however, visual sorting classifies MPs based on size, color, 
and shape which makes it easy to understand its origin.

The tagging method using staining dye

It was developed to make visual sorting convenient, in this 
method, a staining dye is used as a tool to label MPs par-
ticles fluorescently, and then these tagged particles can be 
visually identified using any microscope/stereoscope. Shim 
et al. (2016, Maes et al. (2017) and Tamminga (2017) dem-
onstrated the use of staining method by dissolving Nile red 
dye in methanol with a concentration of 1 µg per milliliter 
and dying MPs particles (size range 20–1000 µm) using this 
solution; they analyzed these particles using microscope 
along with a LED for fluorescence. It provided very high 
recovery rates (nearly 95%). Highly hydrophobic MPs par-
ticles can be stained by Nile red molecules and Nile red 
becomes fluorescent in the presence of a hydrophobic envi-
ronment; this makes hydrophobic MPs visible under a fluo-
rescent microscope and may be counted by visual screening. 
This method may be useful for a large sample, which can be 
used for counting MPs particles in abundance. The tagging 
method is inexpensive, can be done with easily available 
equipment and it can be converted into semi-automation for 
getting throughput analysis of the sample. There may be 
some drawbacks of this method: (1) it requires a thorough 
pretreatment step since it may also stain any organic matter 
if present in the sample, hence, only this method cannot be 
used for visual sorting unless the sample is free of organic 
matter, (2) fluorescence signal is a variable of solvent polar-
ity as Nile red dye is solvatochromic, (3) it may emit a weak 
fluorescent signal for some of the plastic particles such as 
PET, PVC, PUR, and PC. (4) Staining fibers and microfib-
ers are very difficult. A failed use of some other staining 
methods has been reported such as Rose Bengal, Eosin B, 
oil red EGN, and Hostasol Yellow 3G as it becomes very 
difficult to stain plastic particles with other mentioned dyes 
(Maes et al. 2017).

Fig. 6   Schematic representation of MPs identification techniques
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Spectroscopy

It is one of the most commonly reported techniques; this can 
be done by either of the two methods which are Fourier trans-
form infrared spectroscopy (FTIR) and Raman spectroscopy. 
Both these methods are vibrational spectroscopy methods, 
highly accurate, used for non-destructive analysis of samples, 
and provide spectra based on the interaction of the light beam 
with the targeted particles. In this method, MPs particles are 
exited using a light source with a specific wavelength and 
MPs particles achieve vibrations specific to their structures. 
This produces a spectrum with defined characteristics which 
is then compared with the fingerprint range available and it 
enables one to identify the nature of the material (plastic or 
non-plastic) also identification of polymer is done by com-
paring the reference spectrum and the obtained spectrum of 
the sample. Marine strategy framework directive (MSFD) 
technical subgroup has recommended that 10% MPs particles 
of size range 100–5000 µm and all the particles in the size 
lesser than 100 µm may be analyzed with any of these meth-
ods. Renner et al. (2018) stated that spectroscopic methods 
are most popular for chemical identification as these have 
been applied in more than 90% of the studies.

FTIR spectroscopy applies Fourier transform (a math-
ematical equation) for translation of raw data known as 
interferogram into the actual spectrum. It offers the pos-
sibility of identifying plastic particles based on their char-
acteristic infrared spectra accurately (Reddy et al. 2006; 
Frias et al. 2010; Harrison et al. 2012; Vianello et al. 2013). 
FTIR mainly consists of two measurement modes which are 
transmittance and reflectance and both can be used for the 
detection of MPs particles each with different advantages 
and disadvantages. FTIR is an absorption-based spectros-
copy method. In FTIR spectroscopy sample is subjected to 
an infrared light beam of defined wavelength range and this 
infrared light is absorbed by sample particles which enable 
the change in the permanent dipole moment of the chemical 
bond of the targeted sample particles; this is also a prerequi-
site condition which makes its use limited to the molecules 
having polar functional groups, for example, hydroxyl, car-
bonyl. The absorption of the infrared light is specific to the 
structure of the molecules. In FTIR spectroscopy, molecular 
vibration is excited by infrared radiation while interacting 
with the sample, these molecular vibrations highly depend 
on the molecular structure of the particles and have a very 
specific wavelength. The energy of infrared radiation excit-
ing a specific molecular vibration is wavelength-specific 
which is absorbed by the molecule in a certain amount and 
this provides the characteristic IR spectra of the molecule. 
MPs polymers have a very specific infrared spectrum along 
with a distinct band pattern (Fig. 7) which makes the FTIR 
method very suitable for the identification of MPs (Hidalgo-
Ruz et al. 2012). Different ranges of FTIR spectroscopy have 

been developed recently which are ATR-FTIR (attenuated 
total reflectance), Transmission FTIR, Reflection FTIR, and 
Micro-FTIR. ATR-FTIR is a spatial model of reflectance 
measurement and it requires contact of a crystal such as a 
diamond with the surface of the sample which implies that 
any sample with a hard surface may result in damaging the 
crystal. ATR-FTIR is used to characterize irregular shaped 
MPs particles along with opaque and thick particles. It may 
be used for the analysis of higher size particles > 500 µm 
because of the limitation of minimum contact area between 
sample and crystal required for analysis.

When a microscope is attached with FTIR, it is called 
µ-FTIR. Micro-FTIR is used for the analysis of smaller size 
particles upto 20 µm. It is a very good apparatus for getting 
a high-resolution map of the sample along with simultane-
ously mapping, visualizing, and collecting spectra. In micro-
FTIR membrane filter can be used directly with only some 
preprocessing of the sample. Major drawbacks are (1) FTIR 
is very time-consuming, (2) it is difficult to detect particles 
less than 20 µm, (3) it is very effortful because it requires 
focusing on every particle, (4) since FTIR is used for the 
recording of transmission spectra of MPs particles directly 
on filters it requires IR transparent filters such as silica or 
aluminum oxide, (5) particles having non-transparency may 
be difficult to analyze using IR method, (6) this method 
requires the sample to be IR active, (7) instruments used for 
this method are expensive and requires skilled personnel 
for operation and analysis, and (8) IR active water must be 
removed from the sample before analysis.

Another recently developed FTIR method is the focal 
plane array detector along with FTIR imaging. It consists 
of a grid of detectors for example 32 × 32 which enables it to 
record simultaneously several thousand spectra. This facili-
tates the analysis of the entire sample on the filter simultane-
ously as compared to ATR-FTIR analyzing a single particle. 
Focal plane array detectors may be used in both transmit-
tance and reflectance modes. This method is much faster as 
compared to single-particle FTIR but also more expensive 
and high processing power is required further it may analyze 
particles upto the size of 10 µm.

Raman spectroscopy is a scattering-based technique and 
it is proven and most effective for the identification of MPs. 
First, it was used in the mid-1980s for polymer identifica-
tion and with time, it has advanced with great sensitivity 
increasing the ease of its usage in polymer identification 
and characterization. In this method, laser light having a 
single wavelength is directed towards the molecules for their 
excitation and a change in the polarity of the chemical bond 
is observed, this is also a prerequisite condition and it limits 
the use of this method to compounds having C–H, C=C 
double bonds and aromatic bonds. Each polymer comprises 
a unique and distinct set of vibrational modes that are used 
for chemical identification. If the MPs particle contains any 
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other component or any foreign substance such as pigments 
or any other additive, it can be identified using Raman spec-
troscopy. A Raman spectrometer provides Raman spectra 
represented in the form of a graph showing relative wave-
number shift (in cm−1) on the x-axis and intensity on the 
y-axis (Fig. 8). Every quantized vibrational mode has dif-
ferent energy within the molecule, resulting in Raman spec-
tra peak spanning anywhere from 0 to 4000 cm−1. Raman 
microscopy or µ-Raman spectroscopy is a spectroscopic 
method in which a microscope is coupled with a Raman 
spectrometer which enables us to collect spectra of distinct 
points from an image generated by the coupled microscope. 
This instrument is capable of analyzing the chemical and 
morphological properties of single particles like MPs. For 
MPs analysis, UV–Vis range lasers are used commonly 
which provides a spatial resolution of MPs particles in the 
micrometer range, providing a limiting size range. Cer-
tainty in the identification of polymers can be confirmed 
by comparing the recorded spectra with database spectra. 

Theoretically, a spatial resolution of 1 µm can be easily 
achieved by coupling optical microscope and Raman spec-
trometer; however, only Obmann et al. (2018) have reported 
the least size of 1 µm in his study, and Imhof et al. (2016) 
have reported a particle of diameter 5 µm. Filters used after 
purification of MPs should be low Raman background fil-
ter membranes; however, low Raman background filters are 
very expensive as compared to other filters for example a 
gold filter membrane is more than 10 times expensive as the 
cellulose filter membrane. Recent studies conducted using 
Raman microscope are summarized in Table 4.

The main drawbacks of this method are: (1) as stated 
earlier it is very expensive, (2) effort and time required 
for the processing and analysis of the sample, (3) avail-
ability of the equipment is very limited, (4) operations 
of the instrument and study of complex data requires an 
expert personal, (5) contaminants like biological residue 
may interfere with spectra which may result in producing 
a non-interpretable spectrum, (6) the automatic mapping 

Fig. 7   Examples of FTIR spectra  observed for different MPs polymers by A. Han et al. (2020), B. Li et al. (2020), and C. Wang et al. (2020)
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Table 4   Measurement 
parameters for analysis of MPs 
using Raman spectroscopy used 
in different studies

Study Laser excitation 
(in nanometer)

Grating 
(Grooves/
mm)

Spectral range (in cm−1) Least size of MPs

Wang et al. (2018) 532 – 50–3500 50 μm
Zhang et al. (2017) 785 – 300–3200 112 μm
Yuan et al. (2019) 785 1 μm
Jiang et al. (2019) 532 – 50–3500 50 μm
Grbić et al. (2020) 785/532 600/1200 50–2000/50–4000 50 μm
Yin et al. (2020) 532 – 50–3500 50 μm
Alfonso et al. (2020) 785 1200 100–3300 50 μm

Fig. 8   Examples of Raman spectra observed by different groups. A, B. The Raman Spectra for the LDPE and HDPE (Alfonso et al. 2020) while 
C. shows the Raman spectra for PS, PET, and Indigo Blue polymer (Sruthy and Ramasamy 2017)
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of µ-Raman spectroscopy is yet to be developed, and (7) it 
is required to purify the sample before analysis.

Thermoanalytical methods

In pyrolysis–GC–MS and TGA-MS, the sample is thermally 
decomposed (pyrolyzed) with inert conditions and the gas is 
cryo trapped on the chromatographic column and is analyzed 
using a mass spectrometer, the recorded data are then com-
pared with the reference data for information like polymer 
identity and its concentration (Dümichen et al. 2017; Eo 
et al. 2019; Campanale et al. 2020). This method may be 
used for the chemical characterization of a single MPs or a 
bulk sample. This method is destructive and it has a limita-
tion of the size of MPs particles < 500 µm and this technique 
is not applicable for the samples having impurities with high 
concentration.

Another method is thermo-extraction and desorption cou-
pled with GC–MS (TED-GC–MS) uses a combination of a 
thermo-gravimetric analysis (TGA) for thermal decomposi-
tion and solid-phase extraction for degradation of plastic 
products which are then analyzed using thermal desorp-
tion in GC–MS (for nearly 3 h) (Dümichen et al. 2017; 
Elert et al. 2017). The main advantage of this method over 
pyrolysis–GC–MS is that it can be used for relatively higher 
masses and it allows the measurement of complex heteroge-
neous matrices, which may result in the identification and 
quantification of MPs particles in the sample without any 
pre-selection.

Apart from gas chromatography, liquid chromatography 
also has been used for the quantification of MPs (Elert et al. 
2017). In this method, an appropriate solvent is used for dis-
solving plastic polymers, for example, tetrahydrofuran for 
polystyrene (PS) and hexafluoroisopropanol for PET can be 
used as a dissolving agent and a polymer extract is prepared. 
This polymer extract is can be analyzes using size extrusion 
systems coupled with high-performance liquid chromatog-
raphy (HPLC). This method has the advantage of analyzing 
relatively higher masses, provides improved representative-
ness, high recoveries, and can be used for quantification of 
MPs but this method is destructive, does not provide the size 
of MPs and it is yet to be applied to environmental samples.

Single-particle inductively coupled plasma mass spec-
trometry (ICP-MS) is one of the technique used recently by 
researchers for the MPs identification. It is mainly used for the 
detection and characterization of inorganic micro- and nano-
particles and its use for the analysis of carbon-based parti-
cles is very rare. In this method, the sample is ionized by the 
plasma, which results in breaking the particles to its atomic 
level enabling the measurement of its elements. Main appli-
cation of this method is to analyze the trace metals; however, 
Bolea-Fernandez et al. (2020) and Laborda et al. (2021) devel-
oped a method by the detection of polystyrene microparticles 

in an aqueous solution of metal containing polystyrene beads 
by monitoring its 13C isotope at the dwell time of 50–100 µs. 
Bolea-Fernandez et al. (2020) analyzed the feasibility of 
detecting MPs particles using ICP-MS in single event mode. 
They stressed to use lower abundant 13 am nuclide at a low 
flow rate of 10 µL per minute to increase the signal to back-
ground ratio. Laborda et al. (2021) applied this method to 
screen MPs in personal care products and food packaging. 
Munier and Bendell (2018), Wijesekara et al. (2018) and 
Hildebrandt et al. (2020) used single-particle ICP-MS for the 
characterization of heavy metal contaminants on the surface 
of MPs particles since MPs plays a potential role in trans-
portation of all kinds of contaminants (Primpke et al. 2020).

Pros and cons of avoiding 
cross‑contamination

Cross-contamination is avoided to negate the false-positive 
results as MPs has been observed even in air. Due to cross-
contamination MPs quantification might be overestimated 
and even any specific type of polymer might be falsely 
detected. Non-exclusion of cross-contamination may impact 
the conclusion of the work such as the sources of MPs pol-
lution in selected vicinity, due to which the researcher may 
not be able to suggest an effective solution to MPs pollution 
in that area. Quantification and qualification results will not 
be reliable if suitable steps are not taken to avoid sample 
contamination due to the presence of MPs and similar ele-
ments in the testing environment which might cause interfer-
ence in the results. A procedural blank allows understanding 
the extent of cross-contamination so that the same may be 
excluded from the consideration.

Quality control and avoiding 
cross‑contamination

Due to the wide contamination of the environment and the 
presence of MPs in indoor environments, strict quality control 
measures should be taken to avoid contamination of samples 
even from the air (Dris et al. 2017). There are the following 
basic rules to avoid contamination of the sample, (1) use of 
metal and glass equipment in place of plastic equipment, (2) 
use of laminar flow hood for all the related laboratory works 
like sample processing and analysis, (3) surfaces should be 
cleaned using 70% ethanol and paper towel, (4) using filtered 
working solutions, (5) equipment should be washed with acid 
and ultrapure water, (6) 100% cotton lab coats should be pre-
ferred and use of synthetic textile may be avoided sample pro-
cessing (Bergmann et al. 2017; Dris et al. 2017), (7) samples 
may be handled in a controlled air circulation room and sample 
at all times must be covered, (8) deionized water and any other 
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salt solution may be used after filtration using a 20 µm pore 
size membrane filter in a fume hood (Torre et al. 2016; Wesch 
et al. 2017), (9) petri dishes may be used after a thorough 
cleaning and a check for the presence of MPs is possible, (10) 
all the working solutions must be prefiltered, (11) covering of 
all the samples using a seal lid or aluminum foil cap, and (12) 
a blank check test should always be performed at every stage 
to assess the degree of possible cross-contamination.

If these measures are not taken then the results may not 
be reliable as the results may show an increased amount of 
particle abundance due to cross-contamination which may 
be because of any of the reasons such as the use of plastic 
equipment and the presence of MPs particles in the water 
used for cleaning.

Interaction of MPs with emerging 
contaminants and its toxicological effects 
in freshwater environment

Presence of MPs is well established in the environment but 
apart from MPs there are other environmental contaminants 
such as heavy metals (arsenic, cadmium, lead, chromium, and 
mercury) and organic contaminants such as polybrominated 
diphenyl ethers (PBDEs), polychlorinated biphenyls phtha-
lates (PCBs), polycyclic aromatic hydrocarbons (PAHs), and 
phenols. The major sources of these pollutants are different 
types of industries such as pharmaceutical, mining, petroleum, 
machinery, refining, textile, pesticide, and paper. Presence of 
these pollutants and MPs in the same environment may lead 
to their interaction by sorption and MPs particles may act as 
a spurious surface for the sorption, colonization of microbes 
(Zhao et al. 2020b) and other environmental contaminants. 
This combination of MPs with these environmental contami-
nants (such as arsenic, cadmium, lead, chromium, mercury, 
and persistent organic pollutants) may have a high toxicologi-
cal effect to the freshwater environment (Fig. 9). Compared 
to the seriousness of this issue, there are very limited stud-
ies available with respect to the interaction of MPs and these 
contaminants. More research is needed in this area as MPs 
particles may act as a sink for the accumulation of other envi-
ronmental contaminants.

Interaction of MPs with the contaminants depends upon its 
physiochemical properties (Scherer et al. 2017), which includes 
physical properties (such as shape, size, color, and density) 
(Frias et al. 2013; Song et al. 2014; Zhang 2017; Cheung et al. 
2018; Naidu et al. 2018; Kokalj et al. 2018), chemical proper-
ties (such as Polarity, functional group, chemical stability, crys-
tallinity, and surface charge) (Hung et al. 2010; Li et al. 2018b; 
Liu et al. 2019; Qiao et al. 2019), spatial distribution (Allen 
et al. 2019), temporal variation due to climate change (Herrera 
et al. 2018) and hydrophobicity of pollutants (Yu et al. 2019). 
These properties play a very critical role in determining the 

extent of interaction with the contaminants as bioavailability, 
sorption capacity of MPs and its consumption by other organ-
isms is influenced by these properties. For example MPs of 
smaller size range have higher surface area which makes their 
bioavailability very high (Botterell et al. 2019; Yu et al. 2019) 
and highly toxic for the environment. Chen et al. (2020) stated 
that the bioavailability of MPs decides its influence on organ-
isms. Thompson et al. (2004) concluded that the plastics can 
adsorb, transport and release chemicals into the environment, 
thus MPs becomes a pathway for the movement of other toxic 
chemical contaminants in the environment.

The nature of sorption may be categorized into two type, 
i.e., physical adsorption (Heinrich et al. 2020; Atugoda et al. 
2020) and chemical adsorption (Zhang et al. 2018) which is 
defined by the degree of integration between the contami-
nants and MPs. In physical adsorption interaction between 
the two is defined by weak physical forces (Atugoda et al. 
2020) which makes it reversible and chemical adsorption 
occurs in the presence of a strong chemical bond which 
makes it irreversible (Zhang et al. 2018). Various POPs (per-
sistent organic pollutants) such as polyaromatic hydrocar-
bons, polychlorinated biphenyls, and hexachlorocyclohexane 
isomers have been found to be adsorbed on the MPs (Adjei 
et al. 2014; Yeo et al. 2017; Benson and Fred-Ahmadu 2020; 
Puckowski et al. 2021).

Zhao et al. (2020a) and coworkers reported that concen-
tration of these emerging contaminants in MPs is hundred 
to thousands times higher as compared to their presence in 
the independent form. This combination of MPs and con-
taminants ingested by organisms may lead to accumulation 
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of contaminants in a higher concentration, resulting in the 
increased toxicity of the MPs. Zhao and group (Zhao et al. 
2020a) investigated the combined toxic effect of the BHA 
and MPs on zebrafish. They found that the toxicity concen-
tration was enhanced in zebrafish larvae due to the combined 
effect of BHA and MPs. Hodson et al. (2017) and cowork-
ers studied the combined effects of MPs and Zinc on the 
Lumbricus terrestris earthworms and they observed that the 
MPs may act as a vector which may increase the metal expo-
sure in earthworms. Li et al. (2021) studied the adsorption 
behavior of tetrabromobisphenol-A on four types of MPs 
polymers (PE, PS, PP and PVC) in the presence of Ca2+ and 
humic acid. They observed that the sorption equilibrium of 
tetrabromobisphenol-A onto MPs could be achieved within 
24 h. They also observed that Ca2+ acts as a catalyst for the 
sorption of tetrabromobisphenol-A on PE, PP and PS and 
humic acid had a negative effect on sorption behavior of 
tetrabromobisphenol-A (Li et al. 2021). Yu et al. (2020) and 
coworkers studied the adsorption process of tetrabromobis-
phenol-A on the pristine PE and microbeads, they observed 
that the sorption capacity of microbeads was fivefold higher 
than the pristine PE. They also studied their combined effect 
on zebrafish and it was observed that the combined effect 
was 3 times as compared to their individual effects.

Anderson et al. (2016) reviewed that there are different 
ways through which MPs toxicity may be classified: (1) physi-
cal damage such as clogging, intestinal blockage, cracking of 
villi and injury (Lei et al. 2018) due to ingestion and piling up 
of MPs within digestive tract, (2) leakage of pseudo feces and 
plastic additives such as plasticizers, (3) exposure of internal 
tissues and organs to MPs due to translocation inside the body, 
and (4) exposure to various adsorbed pollutants on MPs like 
persistent organic pollutants which is also known as mixture 
toxicity. Study of mixture toxicity may be classified based on 
its interaction approach with MPs. This approach may be clas-
sified into (1) additive effect, (2) synergistic effect, (3) antago-
nistic effect, and (4) potentiating effect. Therefore, it becomes 
an established fact that apart from having a direct impact on 
the freshwater environment MPs also has an indirect impact 
on the freshwater environment due to its chemical sorbing 
capacity which increases the health risk due to the higher 
toxicological effects in freshwater environment. Further, the 
possible adverse toxicological effect of MPs on human body 
is summarized in Fig. 9.

Methods for removal of MPs from water

Degradation using fungi

Russell et  al. (2011) stated that fungi can be used for 
MPs degradation while MPs will act as nutrient for the 
fungi. They investigated the potential for the degradation 

PU MPs using Pestalotiopsis microspore under anaero-
bic conditions. Paço et al. (2017) used Zalerion mariti-
mum (a marine fungi) for the degradation of PE MPs. 
They observed a positive correlation between the fungi 
weight gain and MPs weight loss with an efficiency of 
43%. Sangale et al. (2019) used fungi for the degradation 
of polythene isolated from 12 different location along the 
west coast of India. They stated that the most efficient fun-
gal isolates for the polythane degradation are MANGF1/
WL (Aspergillus terreus strain) and PNPF15/TS (Asper-
gillus sydowii strain). Zhang et al. (2020) degraded PE 
MPs using the fungus named PEDX3 isolated from honey-
comb or wax moth. It can be summarized that MPs can be 
degraded using the fungi; however, it requires a controlled 
surroundings and enzymatic presence. Due to slower reac-
tion rate, plastic degradation takes a long time which may 
be reduced by various pretreatments such as photo oxida-
tion, hydrolysis, and alcoholysis.

Using membrane‑based techniques

For traditional drinking water treatment, processes used 
are sedimentation, coagulation, clarification, sand fil-
ters, skimming and various advanced tertiary treatment 
processes but none of them is solely responsible for MPs 
removal. Pivokonsky et al. (2018) stated that due to the 
similarities between the physical properties of suspended 
solid matter and MPs, signification amount of MPs can be 
reduced after filtration. It was observed that MPs enters 
the freshwater environment through the sludge disposal. 
Moslehyani et  al. (2019) stated that the ultrafiltration 
process can be used as a feasible method for the water 
treatment. In this process, a U/f membrane of pore sizes 
1–100 nm at low pressure. It has the capacity to filter 
microparticle of any composition from water in an eco-
nomic manner. Talvitie et al. (2017a) stated that MPs can 
be removed from water efficiently using membranes along 
with some advantages such as ease of treatment and better 
effluent quality. Baiwen Ma et al. (2019) studied the effects 
of an iron-based coagulant along with ultrafiltration for 
the removal of PE. They observed a removal efficiency 
of 15%, but when they added Polyacrylamide for better 
coagulation removal efficiency was increased from 13 to 
91% (Fig. 10). In a study reported by Li et al. (2018c), MPs 
was removed from synthetic wastewater using a dynamic 
membrane. It was observed that a better filtration of MPs 
can be achieved using dynamic membranes if the turbidity 
of influent is decreased from 195 NTU to 1 for the effluent 
(Horton and Dixon 2018). Lares et al. (2018) stated that 
membrane bioreactors have a better removal efficiency of 
MPs as compared dynamic membranes. Membrane tech-
niques have a higher efficiency for MPs removal; however, 
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they have a severe disadvantage of membrane fouling. An 
efficient strategy is required to deal with this problem of 
fouling. In a study conducted by (Enfrin et al. 2019) it was 
observed that during the treatment process various micro- 
and nanoparticles along with MPs are accumulated on the 
membrane surface thereby reducing the size of pores of 
membrane resulting in the clogging. This clogging results 
in higher energy consumption, reduced water flow, higher 
operation and maintenance cost, reduced efficiency of 
filtration.

Magnetic extraction methods

In this method, magnetic seeds like iron nanoparticles and 
acid is used along with an external magnetic field for the 
improvement of separation speed. Iron-based nanoparticles 
were used because of its low cost availability, higher spe-
cific surface area and ferromagnetic properties. Coating of 
hexadecyltrimethoxysilane was used to ensure the hydro-
phobicity of nanoparticles (Grbic et al. 2019). Grbic et al. 
(2019) recovered medium sized (200 μm–1 mm) MPs from 
freshwater and sediments (84 and 78%, respectively). This 
method is suitable for small size particles; however, the pres-
ence of organic impurities and soil particles may damage 
the nanoparticles thereby reducing the efficiency of MPs 
removal, therefore, it may be recommended that this method 
is more suitable for the drinking water treatment (Grbic et al. 
2019; Shen et al. 2020; Sun et al. 2020).

Electrocoagulation

It is an ecofriendly tertiary water treatment process in which 
metal electrodes are used to produce cations under the action 
of electric field. This process consists of three consecutive 
stages: (a) generation of electrons in the anode for the for-
mation of hydroxides of Al3+ or Fe3+ also known as micro-
coagulants, (b) due to these micro-coagulants suspended 
microparticles loses their stability, and (c) these suspended 
microparticles after collision to each other forms microflocs. 
Studies conducted by Millar et al. (2014) reported the use 
of this technique for the removal of other pollutants from 
water. The advantages of electrocoagulation are energy 
efficient, sludge minimization, economical (Zeboudji et al. 
2013). In a recent study (Yavuz and Ögütveren 2018), it 
was observed that higher pollutant removal efficiency can 
be achieved in a higher neutral pH of water. Perren et al. 
(2018) studied the effects of water characteristics such as 
pH, conductivity, density, concentration and particle size 
of MPs on the removal efficiency of MPs under laboratory 
conditions (Fig. 11). It was observed that the electrocoag-
ulation is very efficient for the removal of PE MPs with 
efficiency exceeding 90%. An optimal efficiency of 99.24% 
was achieved under the pH value of 7.5. It can be concluded 
that this method can efficiently remove MPs from water. 
This technique possesses the capacity to be converted from 
laboratory to industry because it is ecofriendly, economical 
and efficient.

Fig. 10   Removal of MPs from drinking water using coagulation, sedimentation and ultrafiltration with Fe-based coagulants as described by Ma 
et al. (2019)
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Control measures to avoid microplastic 
pollution

The most reliable way to avoid MPs generation is to reduce 
the generation of MPs weather it is primary (pellets used 
for manufacturing) or secondary MPs (generate due to the 
force breakdown of primary products). The main pillars of 
MPs prevention are Reduce, Reuse, Recycling, Recover and 
Replace (Five Rs), Global action encouragement, Techno-
logical innovation and waste constraining. Picó and Barceló 
(2019) suggested the strategies to control MPs pollution is 
through a strong legislation, awareness programs for source 
control and by eliminating the MPs already present in the 
environment with the help of clean ups and remediation.

Pettipas et al. (2016) observed that various cleanup activi-
ties have been a part of mitigation strategy, which may help 
in reducing the force of MPs pollution in the environment. 
For limiting plastic pollution, Löhr et al. (2017) and Bren-
nholt et al. (2018) suggested that the plastic litter should be 
reduced at source with a policy for better waste management. 
Schneider and Ragossnig (2015) stated that it is important 
to reduce the consumption of resources and energy along 
with limiting the release of harmful polymers which may be 
achieved by improving life cycle of plastic.

Plastic waste can be reduced at the production level be 
using some of the preventive measures (Thompson et al. 

2009; Fendall and Sewell 2009; Liu et al. 2018; Bianchi 
et al. 2021) such as automation of plastic product designs for 
better life, reuse and recycling using life cycle assessment 
method; use of various alternative materials such as bio-
based polymers (drop-in bioplastic) and curbing the produc-
tion of single-use plastic.

Another way of reducing plastic waste is at consumer 
level. It can be achieved by creating awareness for avoiding 
the single-use plastic products such as packaging products, 
plastic water bottles, straws, plastic bags, cigarette butts, 
foam take-away containers, personal care products and their 
packaging tubes; this may lead to the plastic-free alternatives 
and may force the corporates to switch for alternatives and 
product redesigning.

It is a fact that every single-use product including food 
packaging and grocery packing save time and efforts but 
they are the root cause of the major waste produced on a 
daily basis by a consumer which also includes the pack-
aging of these single-use products. It is also evident that 
there is always a leakage of single-use discarded products 
even in the most efficient waste management system. Ban-
ning these products is the most efficient way to reduce 
the generation of MPs. Convery et al. (2007) conducted a 
survey in Ireland related to taxes on plastic bags and con-
cluded with a positive response from the costumers. This 
indicates that plastic production can be reduced by prohi-
bition or by imposing a tax on easily replaceable plastic 

Fig. 11   Schematic diagram of bench-scale reactor set for removal of MPs from water using electrocoagulation by Perren et al. (2018)
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products such as single-use plastic and MPs in cosmetic 
products. Various international efforts have been made 
to reduce the plastic use by consumers. In 2018, the toy 
making company LEGO announced to replace petroleum-
based material used for the manufacturing LEGO brick 
with the sustainable materials by 2030. In 2015, national 
games of India organized in Thiruvananthapuram a ban 
was imposed on disposable water bottles and usage of 
stainless steel tableware and flasks was witnessed avoid-
ing the generation of nearly 120 tons of disposable waste 
(The Hindu 2015).

Plastic recycling is a very effective solution for the 
removal of plastic waste from the environment. Geyer 
et al. (2017) reported that since 1950, only 9% of total 
generated plastic have been recycled, and in 2015, around 
20% of plastic was recycled. Plastic recycling is a tedious 
process which involves waste collection, particle sorting, 
washing to remove impurities, shredding and resizing 
into small pieces, identification and separation of plastics 
based on its polymer, color and compounding to produce 
the end product.

This tedious process increases the overall cost of plastic 
recycling as compared virgin plastic production, further the 
recycled products have very limited sets of application with 
a weak strength as compared to virgin plastic. In general, 
this industry has a huge scope of improvement for example 
the efficiency of combustion system should be improved for 
the complete usage of waste plastic heat avoiding the pollu-
tion due to VOCs (volatile organic compounds) and dioxins 
(Zhong and Li 2020).

Another way of controlling plastic pollution is to replace 
petroleum-based plastic with the commercially available 
biodegradable/biocompatible plastics such as polybutylene 
succinate and polylactatide. According to Bioplastics (2020), 
out of 360 million tones around 2.1 million tons of bioplastic 
is produced globally which is set to increase upto 2.8 million 
tons in 2025. Pico and coworker (Picó and Barceló 2019) 
divided bioplastic into three groups: (1) partially bio-based 
and non-biodegradable such as polytrimethylene terephtha-
late, bio PET, PP, (2) simultaneously biodegradable such as 
polybutylene succinate, polylactic acid, and (3) fossil-based 
biodegradable such as polycaprolactone diol. All these bio-
plastic are biodegradable but require specific conditions for 
their degradation which rarely occurs in nature.

Further, the best possible strategies which may be recom-
mended for controlling the MPs pollution in the environment 
may include:

a)	 Reducing the demand of plastic from consumers by

i)	 Implementing a strict legislation having strict ban and 
heavy taxes on plastic products.

ii)	 Creating awareness among consumers for the harmful 
effects of single-use plastic via education, labeling and 
by suggesting a better ecofriendly alternative.

iii)	 Providing various tax incentive schemes and cash pay-
ments for the consumers for the usage of reusable prod-
ucts.

b)	 Replacing the single-use products with reusable product.
c)	 Promoting the use of recyclable products and their pro-

duction.
d)	 Recovering the already leaked MPs into the system by 

planning and implementation of waste management sys-
tem including sludge filtration for MPs before its dis-
posal, planning and execution of cleanup drives.

e)	 Replacing the existing plastic products with the bioplas-
tic products.

Challenges and recommendations

Studies on the presence of MPs in freshwater environment 
are very limited to a handful of countries (such as China, 
USA, Australia, Germany, France, Canada, UK, and Italy) 
as compared to marine environment, which leaves us with 
a very limited data. More elaborated studies are required 
involving the major countries to form a comparative data-
base to determine the fate, behavior and effects of MPs in 
freshwater environment all round the world.

In this study, we have discussed various sampling, filtra-
tion, quantification and identification methods of MPs in 
freshwater environment and most of them are similar to that 
of marine environment. It is observed that a combination of 
methods provides more reliable results which also depends 
on the least size of the sample. If the sample size varies from 
100 to 1000 µm a combination of microscopic and spectros-
copy analysis may be recommended and if the size is in the 
range of 10–300 µm then the micro-Raman spectroscopy is 
preferred.

There is a need to develop a standard and robust mecha-
nism for the quantification and identification of MPs and 
the same should be verified to provide a better, comparable 
and reliable data to the researchers anywhere in the world. 
These results will then help us understand the role of MPs as 
a pollutant in the environment scientifically and the associ-
ated risk with it to formulate the suitable rules, regulations 
and accords worldwide for their enforcement.

We have reviewed the interaction of MPs with the other 
environmental pollutants and it is observed due to sorption 
and formation of biofilm on the MPs it becomes very chal-
lenging to differentiate the MPs from the natural polymers 
using spectroscopy specially in case of smaller particles and 
there are very limited studies on the interaction of freshwater 
contaminants with MPs and their toxicological effects on 
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aquatic organisms. Studies may be conducted to assess their 
long-term effects along with the mixture toxicity.

It is recommended to determine decomposition rate of 
different polymer types found in the freshwater environ-
ment so that a correlation between primary and secondary 
MPs may be established, which will help in identification of 
MPs sources in freshwater; it will result in development of 
prevention approaches for the release of MPs in freshwater 
ecosystem. Further, a MPs monitoring protocol (with respect 
to chemical composition) at the municipal corporation level 
must be developed in every country to monitor growth of 
MPs in different parts of freshwater environment such as 
bank sediments, bank water, deep waters, bed sediments, 
biota, and fish.

Conclusion

MPs are one of the major pollutants in the environment. 
MPs footprints have been found all around the world in the 
marine environment, freshwater environment, even in the air 
and it is of grave concern because of the lack of knowledge 
about its impact on the humans and environment.

It was ascertained by Hidalgo-Ruz et al. (2012) that the 
MPs samples of the freshwater environment have undergone 
various degradation processes due to long time exposure 
such as thermal degradation, mechanical degradation, bio-
degradation, and photo-degradation due to UV exposure due 
to which various properties of the MPs particles have been 
altered including surface morphology. Various microorgan-
isms and micro-plants may form a biofilm on the surface of 
the small size MPs which makes it troublesome to differen-
tiate plastic particles and natural polymers like cellulose.

In this review article, an attempt has been made to sum-
marize the current scenario of MPs contamination in fresh-
water environments such as rivers, lakes, and ponds all 
around the world. Different MPs analysis methods used by 
researchers around the world were also reviewed.

A detailed study was conducted for the MPs sampling 
methods to provide in-depth knowledge of both the meth-
ods (bulk sampling and volume-reduced sampling) to the 
researchers for their usage as per the applicability. A variety 
of methods used by the researchers for MPs extraction (like 
density separation) and sample purification (like enzymatic 
digestion) were discussed along with their benefits and 
drawbacks. MPs qualification and quantification methods 
such as FTIR, Raman spectroscopy, Tagging method, and 
chromatography were discussed along with their advantages 
and disadvantages. Quantification and identification of MPs 
become arduous with the use of any single analytical method 
and it becomes easier with the use of a combination of any 
of the analytical methods depending on the size of MPs to 
be analyzed. For the analysis of MPs, the size range of 1 mm 

to 200 µm, a combination of microscopy and FTIR spectros-
copy may be used and for the size 200 µm–1 µm or less use 
of Raman microscopy may be recommended. If the sample 
is having negligible impurities after digestion and pretreat-
ment, any chromatography technique may be recommended.

We have recognized that it is strenuous to quantify the 
MPs in a freshwater environment with the help of a single 
method. Many researchers have established that a combina-
tion of different quantification methods may be beneficial in 
the case of a freshwater environment.

Methods for pretreatment, quantification, and qualifi-
cation of MPs in freshwater should be standardized and 
a standard protocol must be developed for identification 
of MPs in freshwater so that it may become convenient 
for researchers to verify and analyze the data of different 
researches in this area. The present review will be important 
to understand the challenges in the MP studies along with 
the possible pathways to further strengthen our knowledge, 
which will help to find out sustainable solution to this grow-
ing problem of MPs contamination.
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