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Abstract The growing and pervasive presence of

plastic pollution has attracted considerable interest in

recent years, especially small (\ 5 mm) plastic par-

ticles known as ‘microplastics’ (MPs). Their wide-

spread presence may pose a threat to marine organisms

globally. Most of the nano and microplastic (N&MP)

pollution in marine environments is assumed to

originate from land-based sources, but their sources,

transport routes, and transformations are uncertain.

Information on freshwater and terrestrial systems is

lacking, and data on nanoplastic pollution are partic-

ularly sparse. The shortage of systematic studies of

freshwater and terrestrial systems is a critical research

gap because estimates of plastic release into these

systems are much higher than those for oceans. As

most plastic pollution originates in urban environ-

ments, studies of urban watersheds, particularly those

with high population densities and industrial activities,

are especially relevant with respect to source appor-

tionment. Released plastic debris is transported in

water, soil, and air. It can be exchanged between

environmental compartments, adsorb toxic com-

pounds, and ultimately be carried long distances, with

potential to cause both physical and chemical harm to

a multitude of species. Measurement challenges and a

lack of standardized methods has slowed progress in

determining the environmental prevalence and

impacts of N&MPs. An overall aim of this review is

to report the sources and abundances of N&MPs in

urban watersheds. We focus on urban watersheds, and

summarize monitoring methods and their limitations,

knowing that identifying N&MPs and their urban/

industrial sources is necessary to reduce their presence

in all environments.
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1 Introduction

The growing environmental burden and risks of plastic

pollution has been a topic of considerable interest in

recent years, especially small plastic particles known

as microplastics ([ 100 nm and\ 5 mm) and

nanoplastics (B 100 nm). The potential risks of small

plastic particles are closely tied to the broader problem

of growing plastic production and waste because much

of this pollution results from the breakdown of

macroplastic items. The total production of plastics

from 1950 through 2017 was estimated at 8300 million

metric tons (Mt), about 60% of which was discarded as

plastic waste (Geyer et al. 2017). Nevertheless, nano

and microplastics (N&MPs) are generally perceived as

posing greater risks than larger plastic debris because

they are often invisible and more likely to be ingested

by a much wider range of species (Koelmans et al.

2019b). Numerous studies have shown the widespread

presence of MPs in the marine environment, report-

edly posing a threat to marine organisms globally

[e.g., (Auta et al. 2017; Cole et al. 2011; Hidalgo-Ruz

et al. 2012; Song et al. 2014; Wright et al. 2013)].

Widespread contamination of freshwater and terres-

trial systems also has been reported (Allen et al. 2019;

Dris et al. 2015a, b, 2016, 2017; Gasperi et al. 2018;

Horton et al. 2017a, b; Strungaru et al. 2019;

Triebskorn et al. 2018; Wagner et al. 2014). More

recent studies have indicated the environmental pres-

ence of nanoplastics (NPls), which may pose different

risks than MPs due to their small size. They have much

higher specific surface area for sorption of other

contaminants and can translocate to other body tissues

after ingestion (Bouwmeester et al. 2015). Effects of

N&MPs depend on particle properties that are not well

understood. However, smaller size and positive sur-

face charge are associated with higher toxicity [e.g.,

(Bouwmeester et al. 2015; Shen et al. 2020, Stapleton

2019)]. The potential risks of N&MPs are briefly

discussed below and later in this review (Sects. 1.2.3

and 4.1).

Studies of the plastic sources and sinks in urban

watersheds, and of N&MP transport and fate, are

critical to assessing the environmental impact of

plastic pollution at all stages, from freshwater and

terrestrial ecosystems to oceans. A large majority

(estimated at 80%) of the N&MP pollution in marine

environments is assumed to originate from land-based

sources, but the actual sources and transport routes are

uncertain (Geyer et al. 2017; Jambeck et al. 2015;

Rochman 2018). Information on NPl pollution is

particularly sparse due to the measurement challenges

of nanoscale particles (Lehner et al. 2019). The

shortage of systematic studies of freshwater and

terrestrial systems is alarming, especially because

estimates of plastic release into these systems are

much higher than those for oceans (4–23 times larger

by mass) (Horton et al. 2017b). As most plastic waste

originates in urban environments, studies of urban

watersheds, particularly those with high population

densities and industrial activities, are especially rele-

vant with respect to source apportionment and trans-

port of plastic pollution. Plastic debris/particles can be

transported in water, soil, and air. These pollutants can

exchange between environmental compartments, sorb

toxic chemicals, and ultimately be carried long

distances. An overall aim of this review is to report

the sources and abundances of N&MPs in urban

watersheds. Their measurement, transport, transfor-

mations, and potential impacts also are discussed. We

focus on recent findings of N&MPs in urban water-

sheds and summarize monitoring methods, knowing

that identifying N&MPs and their urban/industrial

sources is necessary to reduce their presence in all

environments.

1.1 Global plastic production and waste

management

Large-scale plastic production began in the 1950s and

is increasing exponentially (Geyer et al. 2017). In

2017, about 348 Mts were produced globally. This

global production represents trillions of dollars in

economic returns, with China being the top producer

(29.4%) (PlasticsEurope 2018). Based on current

trends in production and waste management, another

12–33 billion metric tons of plastic will occupy

landfills or pollute the environment by 2050 (Geyer

et al. 2017; Rochman et al. 2013a). Of the 8.3 billion

metric tons produced between 1950 and 2017, 6.3

billion became plastic waste, only 9% of which was

recycled (Geyer et al. 2017). The remainder (79%) has

accumulated as plastic litter, with oceans being the

final sink (Geyer et al. 2017; Rochman 2018).

Polyethylene (PE) (high, low, and linear low density:

HDPE, LDPE, LLDPE), polypropylene (PP), poly-

styrene (PS), polyvinylchloride (PVC), polyethylene

terephthalate (PET), and polyurethane (PUR) resins;
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and polyester (PES), polyamide, and acrylic (PMMA)

fibers represent 92% of all plastics ever made (Geyer

et al. 2017). The total amount of non-fiber plastics

(i.e., those typically not used for textiles) was

estimated at 7300 Mt, while PMMA fibers contributed

1000 Mt (Table 1). The largest percentages of the total

non-fiber and fiber plastics produced were PE (36%)

and PES (70%, mainly PET), respectively. Non-fiber

plastics were estimated to be 93% polymer resin and

7% additives [e.g., plasticizers, flame retardants,

colorants) by mass. The most common types of

plastics reported for environmental studies were PE,

PP, PS, PVC, and PET (Koelmans et al. 2019a;

Rochman et al. 2013b)].

1.2 Micro and nanoplastic pollutants

Increasing plastic demand and global production of a

myriad of plastic types and products is having a

cumulative effect on plastic pollution, including a rise

in the environmental levels of a diverse set of small

plastic contaminants (Rochman et al. 2019). Left

unchecked, the environmental burdens of N&MPs are

expected to rise sharply due to the persistence of

plastics and growing size of environmental reservoirs.

Consensus on how to define and categorize plastic

debris is lacking (Hartmann et al. 2019). A working

definition proposed in 2008 is most common, which

defined MPs as plastic particles\ 5 mm in diameter,

Table 1 Estimatesa of major plastic types and total amounts produced since 1950

Polymer IUPAC Name Code Total

produced

after

1950

(Mt)a

Mass %

of total

since

1950a

Total 2015

primary

production

(Mt)

% of total

produced

in 2015

Applications

Nonfiber plasticsb

Polyethylene: High

density (HDPE), low

density (LD), linear low

density (LLDPE)

Polyethene or

poly(methylene)

HD: 2

LLD

&

LD:

4

2628 36 64 (LD and

LLD)

52 (HDPE)

17

14

Plastic bags,

storage

containers

Polypropylene (PP) Poly(1-

methylethylene)

5 1533 21 68 18 Rope, bottle caps,

gear, strapping

Polyvinylchloride (PVC) Poly(1-

chloroethylene)

3 876 12 38 10 Pipe, film,

containers (69%

used in building

& construction)

Polystyrene: expanded

(EPS), extruded (XPS)

Poly(1-phenylethene) 6 \ 730 \ 10 25 7 EPS: cooler

boxes, cups,

floats

XPS: containers

Polyethylene

Terephthalate (PET,

PETE)

Poly(ethyl benzene-

1,4-dicarboxylate)

1 \ 730 \ 10 33 9 Bottles, strapping

Polyurethane (PUR) Butane-1,4-diol \ 730 \ 10 27 7 Durable foams

(insulation, etc.)

Fiber plastics

Polyester (PES),

polyamide (PA), and

acrylic (PMMA)

Poly(methyl

2-methylpropenoate

(PMMA)

1000 70%

PES,

30%

PMMA

59 15 Textiles, nets,

ropes

aData from Geyer et al. (2017). Estimated total production in 2015 was 382 million metric tons (Mt) of primary (manufactured from

virgin materials) plastics (407 Mt including additives). Generated plastic waste in 2015 estimated at 302 Mt
b42% used for packaging (mainly PE, PP, and PET). ‘Other’ plastics (2015) estimated at 16 Mt (4%) and Additives at 25 Mt (9%)
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but different upper and lower size limits have been

used. Proposed lower limits for MPs fall in the sub-

micron range. Particles with their largest dimension

below these limits are considered NPls. The two

fractions are discussed below.

1.2.1 Microplastics

Microplastics are categorized as primary or secondary.

Those manufactured at the lm scale are considered

primary MPs, which includes PE ‘microbeads’ in

cosmetics, acrylic or PES particles in industrial

abrasives, and pre-production plastic pellets called

‘nurdles.’ In contrast, secondary MPs are formed by

the continuous environmental degradation of larger

plastic items, through processes that affect polymer

structure and reactivity (Andrady 2011, 2015; Gigault

et al. 2016; Koelmans et al. 2015; Lambert and

Wagner 2016; Lehner et al. 2019). The continued

weathering/aging of plastics is expected to yield

secondary N&MPs. Polymer breakdown can occur

by several processes including hydrolysis, pho-

todegradation (ultraviolet [UV] exposure), mechani-

cal abrasion, temperature fluctuations, and biological

and chemical degradation [e.g., (Andrady 2011, 2015;

Barnes et al. 2009; Browne et al. 2007, 2011; Imhof

et al. 2012; Lehner et al. 2019; Thompson et al. 2004)].

Multiple stressors can act simultaneously. For exam-

ple, prolonged UV exposure can cause brittleness due

to changes in polymer structure (e.g., carbonyl

formation), which increases mechanical degradation

(Mattsson et al. 2015). Some polymers are more

susceptible to certain stressors, e.g., PE and PS are

more prone to UV breakdown than other plastics

(Feldman 1984; Song et al. 2017). Polymer weathering

can produce large amounts of secondary MPs: up to

106 MP particles/km2 were found in subtropical gyres

(Law et al. 2010; Law and Thompson 2014).

Secondary MPs consist of many polymers, while

primary MPs typically consist of PE, PS, and PP

(Browne et al. 2007).

1.2.2 Nanoplastics

In addition to MPs, the risks of NPls are a growing

concern (Alimi et al. 2018; Andrady 2011; Cozar et al.

2014; Jahnke et al. 2017; Lehner et al. 2019; Mattsson

et al. 2015; ter Halle et al. 2016). As mentioned above,

different definitions of N&MPs have been proposed.

With respect to NPl size, upper limits of B 1000 nm

(Andrady 2015; Browne et al. 2007; Gigault et al.

2018) and B 100 nm (Cole and Galloway 2015; Cole

et al. 2015; Crawford 2017; da Costa et al. 2016;

Koelmans et al. 2015; Ter Halle et al. 2017) and have

been proposed. However, the relevance of a 100-nm

cutoff has been questioned. Gigault et al. proposed the

following definition of NPls: ‘‘plastic particles in a

size range of 1–1000 nm that can exhibit colloidal

behavior and result from degradation of industrial

plastics, as manufacturing byproducts or from use of a

plastic object’’ (Bouwmeester et al. 2015). Like

nanomaterials, NPls can be generated by both inten-

tional (manufactured) and unintentional (byproducts)

processes, but the proposed definition (Gigault et al.

2018) of NPls would apply only to degradation

products, not engineered materials (e.g., polystyrene

latex beads).

As with nanomaterials, concerns have been raised

about NPls in consumer products, and a lack of

regulations on their use/presence (Hansen and Baun

2012; Kessler 2011). Nanoplastics are used in paints,

coatings, medicines, electronics and research (Her-

nandez et al. 2017b; Koelmans et al. 2015). And

manufacturing processes such as thermal cutting of PS

foam and 3D printing are known to release NPls

(Stefaniak et al. 2018; Stephens et al. 2013; Zhang

et al. 2012). Over time, environmental concentrations

of NPls are expected to increase due to their use in a

variety of products (Hernandez et al. 2017b), release

as by-products during manufacturing (Stephens et al.

2013; Zhang et al. 2012), and the enormous potential

for degradation of macroplastic and MP debris (Bes-

seling et al. 2019; Koelmans et al. 2015; Lee et al.

2013; Song et al. 2017). Hypothetically, degradation

of 5-mm MP spheres into 100-nm spheres could

produce NPl number concentrations 17 orders of

magnitude higher than those of MPs (Besseling et al.

2019).

While studies of MPs in freshwater systems are

increasingly being reported (Browne et al. 2010, 2011;

Dris et al. 2015a, b, 2016; Eerkes-Medrano et al. 2015;

Rillig et al. 2017a, b), environmental studies of NPls

are lacking (Alimi et al. 2018; Besseling et al. 2019;

Chae and An 2017; Hernandez et al. 2017b; Koelmans

et al. 2015; Lehner et al. 2019). No studies of NPls in

aquatic or soil systems were reported in recent reviews

(Alimi et al. 2018; Lehner et al. 2019). A lack of

studies on environmental NPls mainly relates to
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difficulties in their recovery and detection in complex

matrices (Chae and An 2017; Koelmans et al. 2015;

Nguyen et al. 2019). Although data on environmental

NPl loads are not yet available, their presence has been

widely hypothesized (Chae and An 2017; da Costa

et al. 2016; Horton et al. 2017b; Kessler 2011;

Mattsson et al. 2015), and several laboratory studies

indicate significant environmental releases (Da Costa

et al. 2018; Hernandez et al. 2017b; Koelmans et al.

2015). For example, Hernandez et al. (2017b) reported

that consumer products could be an important source

of NPls in water and soil. Microbeads (PE) were used

in the products tested (three facial scrubs) but no NPls

were added. Degradation of MPs by high-sheer mixing

during product manufacture was hypothesized as the

source of the NPls, and/or a broad size distribution of

the added bulk MP material (Hernandez et al. 2017b).

Analyses confirmed large amounts of PE NPls: at least

300 billion NPls/g.

Products containing microbeads (5- to 1-mm

diameter) have been banned in the United States,

Canada, and the European Union (Burton 2015;

Rochman et al. 2015), but they are widely available

elsewhere. Given the continued use, their impact may

persist for some time (Burton 2015). The finding of

NPls in products with added microbeads (Hernandez

et al. 2017b) is noteworthy as it demonstrates, in

general, the possibility of NPls in products manufac-

tured by processes that degrade plastics. Other labo-

ratory studies have demonstrated NPl formation by

different mechanisms. For example, a study of PS (cup

lid) weathering in a simulated marine environment

demonstrated NPl and MP (30–2000 nm) releases

(Lambert and Wagner 2016). Another possible source

may be marine species that ingest MPs. For example,

evidence of digestive formation of ‘‘NPls’’ (using

the\ 1 lm definition) from MPs (31.5 lm) by a

planktonic crustacean has been reported (Dawson

et al. 2018). If significant uptake by biota occurs

(Hermsen et al. 2018), biota may have a major impact

on N&MP transport and transformation. The role of

ingestion-migration-egestion in the plastic debris

burden is unknown. Ultimately, direct releases and

degradation of many types of plastics produces diverse

N&MP with different environmental impacts.

Although environmental levels are currently

unknown, NPls may be as pervasive as MPs and

larger plastic particles (Alimi et al. 2018). Some

studies indicate that the average size of environmental

MPs appears to be decreasing (Rocha-Santos and

Duarte 2015). The concentrations of small MPs and

NPls are expected to increase, which may pose unique

risks due to their small size.

1.2.3 Potential risks

Reviews of the ecotoxicological effects of MPs

suggest potential for adverse effects in a wide range

of aquatic biota (Anbumani and Kakkar 2018; Wang

et al. 2019). Fang et al. (2018) examined benthic

organisms in Arctic and sub-Arctic regions and

reported MP sizes from 0.10 to 1.50 mm, and that

fibers were dominant (87%) in trophic transfer.

Microplastic ingestion by riverine macroinvertebrates

also has been reported (Windsor et al. 2019). Prata

et al. (2019) reviewed the impacts of MPs on

microalgae, reporting adverse effects at low parts per

million (ppm), but that effects were reversible, and no

harm is expected at current environmental levels.

Besseling et al. (2019) concluded that organisms in

near-shore surface waters could be at risk, and that

increasing N&MP concentrations may eventually pose

more widespread risks, especially for small particles.

Most of the laboratory studies have tested concentra-

tions that greatly exceed environmental levels (de Sa

et al. 2018; Triebskorn et al. 2018).

Another concern over the past decade is the

potential of N&MPs to serve as vectors for associated

toxins [e.g., (Curren and Leong 2019; Teuten et al.

2007, 2009; Vethaak and Leslie 2016)]. Ingested

plastic has the potential to release associated contam-

inants into tissues. In contrast, sorption of pollutants

also could reduce their bioavailability (Beckingham

and Ghosh 2017). In particular, the presence of

N&MPs in polluted waters (e.g., urban rivers,

wastewater) could result in substantial sequestering

of toxins (organics, metals, and/or pathogens), which

may be more extensive with NPls due to their high

affinity for organic pollutants and high surface area

(Besseling et al. 2019; Boerger et al. 2010; Chang et al.

2020; Curren and Leong 2019; Eerkes-Medrano et al.

2015; Eriksson and Burton 2003; Koelmans et al.

2016; Li et al. 2018a, 2019; Murray and Cowie 2011;

Rochman 2015; Rochman et al. 2013b, c, 2014;

Velzeboer et al. 2014; Wang et al. 2017, 2019; Wright

and Kelly 2017; Ziajahromi et al. 2016). Further, their

small size allows them to reach other tissues more

readily, possibly crossing the blood–brain barrier
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(Besseling et al. 2019; Browne et al. 2008; Koelmans

et al. 2015). However, in most environments, chemical

uptake from N&MPs is negligible relative to other

routes (Beckingham and Ghosh 2017; Horton et al.

2017b; Koelmans et al. 2016; Rehse et al. 2018).

Nevertheless, in ‘hotspot’ locations, or if N&MPs

concentrations increase significantly, increased bioac-

cumulation is anticipated (Besseling et al. 2019; Chen

et al. 2018; Diepens and Koelmans 2018).

Ingested N&MPs have potential for harm to a wide

variety of species due to both direct particle effects

(e.g., inflammation) and uptake of associated toxins,

and it is important to distinguish the two (Besseling

et al. 2017; Koelmans et al. 2017). Inhalation/inges-

tion of N&MPs may result in inflammation, chemical

leaching, and/or particle translocation to other tissues,

depending on particle size, shape, and composition.

Small particles may accumulate in tissues and release

monomers, additives, and sequestered pollutants (e.g.,

heavy metals, organic pollutants) [e.g., (Chang et al.

2020; Koelmans et al. 2016; Li et al. 2019; Rochman

et al. 2014; Wang et al. 2017; Wright and Kelly 2017;

Ziajahromi et al. 2016)]. The potential impact of

particle shape (fibrous vs. nonfibrous) and size on

toxicity is not yet known (Koelmans et al. 2019b). The

extent of N&MP contamination in food and beverages

and the potential human health implications also are

uncertain. These research gaps are discussed in

Sect. 4.1.1.

2 Sample collection and preparation

High variability in the MP counts for environmental

samples has been observed, likely related to the

different locations studied and variety of methods used

to collect, process, classify (type, size, number), and

identify N&MP particles. Of the studies published in

2016–2017, 43% were reportedly based on visual

observation only (unaided and/or under a dissecting

microscope) (Burns and Boxall 2018). This approach

is relatively simple and low cost, but it has a lower size

limit of about 500 lm (Loder and Gerdts 2015) and is

subject to interference by natural materials such as

cotton and other cellulose fibers, coal/coal fly ash

(Eriksen et al. 2013), quartz and calcium carbonate

(Ballent et al. 2016), and organic compounds (Zia-

jahromi et al. 2017). Studies based on visual inspec-

tion, without confirmation by an analytical technique,

likely overestimated concentrations (Lusher et al.

2017), especially of synthetic fibers (Fischer et al.

2016). Burns and Boxall (2018) reported error rates

from 33 to 70%, based on estimates for ten studies

(Ballent et al. 2016; Clunies-Ross et al. 2016; Dekiff

et al. 2014; Fischer et al. 2016; Hidalgo-Ruz et al.

2012; Horton et al. 2017b; Imhof et al. 2017; Kanhai

et al. 2017; Lenz et al. 2015; Lusher 2015).

Standardized methods are key to tracking N&MPs

in the environment. Requirements depend on particle

properties and sample matrix. Given the pervasiveness

of microfibers, steps must be taken to avoid contam-

ination [e.g., (Conley et al. 2019; Dris et al. 2016;

Foekema et al. 2013; Talvitie et al. 2015)]. Examples

include wearing cotton clothing, rinsing equipment

with filtered DI water, using a laminar flow hood, and

procedural blanks. Filters should be checked for

contamination before use and stored covered. An

overview of collection and preparation methods for

samples impacted by urban/industrial activities is

provided below (Sects. 2.1–2.2). The discussion

applies mainly to MPs as reliable methods for NPls

in environmental samples are lacking (Lehner et al.

2019). Detailed information on monitoring methods

can be found in several reviews [e.g., (Prata et al.

2019; Renner et al. 2018; Schwaferts et al. 2019;

Strungaru et al. 2019; Sun et al. 2019; Zarfl 2019)],

and in a special issue on this topic (Barcelo and

Knepper 2019).

2.1 Sample collection

Sample collection by neuston, manta, and plankton

nets (300 or 333-lm) has been widely applied to

marine waters. These methods are often not optimal

for inland freshwaters [e.g., (Bordós et al. 2019)],

subject to particle loss in the lower lm range, and not

suitable for WWTPs and other sites in urban water-

sheds. As reported in Sect. 4, other methods (Table 4)

have been used in surveys of WWTPs. Given the

anticipated low concentrations (e.g., 1 MP/L in

influents of U.S. plants (Carr et al. 2016), large

volumes are usually required. And sampling has

typically involved a filtration technique due to the

complex matrices. For example, Talvitie et al. (2015)

used a custom device to capture different particulate

size fractions. A pump sampled water from a wastew-

ater stream into the sampler, which consisted of three,

clear plastic tubes (60-mm diameter) with screw-on
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connectors. Up to three filters cut from plankton nets

(200-, 100-, and 20-lm mesh openings) could be used.

Filters were inserted at the tube connections and the

tubes were screwed tightly together. Wastewater (1

L/min) entering the top of the device passed through

the filters (200–20 lm). Volume depended on the

number of filters used and sampling location, from

0.3 L for influent to 285 L for effluent. Ziajahromi

et al. (2017) also reported a stacked-filter sampler with

removable screens (500, 190, 100 and 25 lm stainless

steel; 12-cm diameter). It allowed continuous sam-

pling of large wastewater volumes. Sampler efficiency

was determined using duplicates of spiked tap water

(60 to[ 500 lm PS particles) and four size fractions

(60–125, 125–250, 250–500 and[ 500 lm). Recov-

eries ranged from 92% (25-lm screen) to 99% (500-

lm screen).

2.2 Sample preparation

Prior to analysis, samples from urban watersheds/

freshwaters often undergo a two-step procedure to

isolate plastic particles from other solids (e.g., wood,

sand) and remove any associated organic matter (e.g.,

biofilms, NOM). Particle isolation has typically been

by density separation in saturated salt solutions,

wherein particles rise to the surface of the separation

medium, passively or with elutriation, based on

density. Digestion of organic matter has typically

been by (bio)chemical treatments. For density sepa-

ration, a saturated sodium chloride (NaCl) solution

(1.202 g/cm3) has been used most often as it is

inexpensive and non-toxic (Hanvey et al. 2017; Prata

et al. 2019; Renner et al. 2018; Van Cauwenberghe

et al. 2015). Repeat extractions can improve recovery

(Crawford 2017; Nuelle et al. 2014). For example,

using a saturated NaCl solution to extract MPs (PE) in

sediment, recoveries of 61%, 83%, and 93% were

reported for the first, second, and third extractions,

respectively (Crawford 2017). Pretreatments to

remove organic matter include protocols based on

H2O2, acids and bases (HNO3, HCl, NaOH, KOH),

and enzymes (Prata et al. 2019; Renner et al. 2018). A

key criterion is removal without degradation/loss of

plastic particles (Bergmann et al. 2015; Renner et al.

2018). Harsh treatments such as strong acids and

bases, and ultrasonic baths, can degrade MPs (e.g.,

Renner et al. 2018). A wet peroxide oxidation

procedure (e.g., 30% H2O2 with 0.05 M Fe [II])

removed organic matter with little or no impact (e.g.,

Eriksen et al. 2013; Tagg et al. 2015).

Density separation and digestion protocols for

water and sediment/sludge samples have been

reported in numerous publications (e.g., Bayo et al.

2020; Bayo et al. 2016; Crichton et al. 2017; Dehaut

et al. 2016; Karami et al. 2017b; Prata et al. 2019;

Renner et al. 2018; Song et al. 2015; Sun et al. 2019;

Tagg et al. 2015; Wagner et al. 2017). Two reviews

(Prata et al. 2019; Renner et al. 2018) reported

frequencies of use for collection, separation, digestion,

and identification methods. (Renner et al. 2018)

reported that a 30% H2O2 solution was the most

commonly used (41%) digestion method for N&MPs,

and NaCl was the most common (53%) salt for density

separations, based on 53 (digestion) and 67 (density

separation) published papers. Based on 20 articles,

Prata et al. (2019) also reported H2O2 and NaCl as the

most common reagents for digestion and density

separation (respectively): 30% H2O2 was used for

digestion of 25% and 35% of the water and sediment

samples (60% used no digestion), while NaCl was

used for 65% and 75% (respectively) of the density

separations.

Although a saturated NaCl solution is efficient for

isolation of lower-density plastics, including PE

(0.917–0.965 g/cm3), PP (0.85–0.94 g/cm3) and PS

(1.04–1.1 g/cm3) (Crawford 2017; Zobkov and Esiu-

kova 2017), higher-density plastics such as PET

(1.4–1.6 g/cm3) and PVC (1.3–1.7 g/cm3) have poor

extraction efficiencies. Higher-density salt solutions

such as sodium iodide (NaI, 1.8 g/cm3), zinc chloride

(ZnCl2, 1.5–1.7 g/cm3), and sodium polytungstate

(SPT, 1.4 g/cm3) can significantly improve extraction

of higher-density plastics, but these reagents are more

expensive, and some are environmentally hazardous.

To maximize efficiency and minimize pollution,

multiple extractions and recycling heavy salt solutions

were recommended (Crawford 2017; Dris et al. 2017).

A portable, isolation unit used with a ZnCl solution

(1.5 g/cm3) reportedly extracted MPs from sediments

in a one-step procedure, with a mean efficiency of 96%

(Coppock et al. 2017).

Fuller and Gautam (2016) developed a pressurized

fluid extraction (PFE) method for MPs in municipal

waste and soil. Benefits include fast, simple, low-cost

extractions, with potential for automation. However,

mixed extracts give complex spectra and particle sizes

and shapes are altered by the conditions. Gies et al.
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(2018) applied an oil extraction procedure (OEP)

(Crichton et al. 2017) to wastewater matrices that

reportedly improved sludge extraction relative to

previous methods. An objective was to avoid sieves,

unlike Mahon et al. (2017), to prevent contamination

and loss of fibers, which can penetrate sieves based on

diameter. Sample volumes of 1 L could be processed

(without sieving), with a lower particle cutoff of 1 lm.

No harsh reagents/high temperatures were required, as

used previously [e.g., (Carr et al. 2016; Mintenig et al.

2017)], and a sample mass of 5 g gave good precision.

A method described by Talvitie et al. (2017a) also

excluded chemical treatment but sample sizes were

smaller (0.2–1 g). Depending on the type of sludge

and treatment process, MP levels as low as 4 MP/g and

as high as 187 MP/g have been reported (Lares et al.

2018; Mahon et al. 2017; Murphy et al. 2016; Talvitie

et al. 2017a). Thus, sample volumes may need to be

adjusted to ensure extraction of an adequate number of

MPs. Based on the sludge masses examined (2.5, 5,

and 10 g), the authors concluded that a 5-g sample

should provide sufficient accuracy, even at relatively

low MP concentrations (Gies et al. 2018).

Dehaut et al. (2016) recommended a KOH method,

but peroxide was not tested because the objective was

digestion of seafood tissue. Of the methods and

plastics (15 common types) tested, five of six protocols

showed plastic degradation and/or insufficient tissue

digestion, while KOH (10% KOH solution, 24 h,

60 �C) gave efficient digestion without degradation

(except cellulose acetate). The authors recommended

the method for environmental and seafood quality

studies. However, Fenton’s reagent was later reported

as superior to KOH, NaOH, and H2O2 (Hurley et al.

2018; Tagg et al. 2017), and its use was recommended

for organic-rich, complex samples, in conjunction

with density separation (Hurley et al. 2018). Temper-

ature, pH, and the ratio of peroxide to ferrous ions

were key factors in removal of organic matter. Simon

et al. (2018) adjusted the pH to 3 to avoid formation of

ferric or ferrous ion complexes, which lowers free iron

(II) and slows the reaction. Temperature control

(15–30 �C) is essential as the oxidation is exothermic

(mixture can boil violently), and a yellow substance

precipitated below about 15 �C.

A method using 96% ethanol (EtOH) was reported

for isolating N&MPs from vegetal-rich samples

(Herrera et al. 2018). Biomaterials such as algal and

plant components have lower densities than most MPs

and floated on the EtOH surface. Only very low-

density particles such as EPS and XPS remained at the

surface. After separation, the supernatant was

removed and the remaining sample was filtered to

recover the plastics. Six plastics (PP, PE, PVC, PUR,

PET [fiber], and PS) were tested using five digestion

protocols: HCl (3%), NaOH (40%), NaOH (4% in

0.5% surfactant), KOH (10%), and H2O2 (30% with

0.05 M iron [Fe(II)] catalyst). The EtOH density

separation removed biological matter more efficiently

than the digestion methods. The method was reported

to be simple, safe, and inexpensive, and it was

suggested as a standard protocol for environmental

samples (Herrera et al. 2018). No degradation was

reported, but larger (mm scale) items (pieces or

pellets) were tested. Other plastic types and/or smaller

particles could potentially be damaged.

3 Plastic debris in urban watersheds

Land-based sources were estimated to account for up

to 80% of the annual plastic released to oceans

(12.2 Mt/year), with primary MPs (0.5–1.4 Mt/year)

accounting for about 9% of the land-based input

(5.4–15.2 Mt/year) (Sherrington 2016). Approxi-

mately 94% of the current stock (total) of marine

plastic pollution is at the seabed (70 kg/km2 on

average), while about 1% is at the surface (18 kg/

km2), with an average global surface concentration

just under 1 kg/km2. Surface concentrations are higher

at specific mid-ocean points, the highest being found

in the North Pacific Gyre (18 kg/km2). Beach con-

tamination is much higher, with an estimated global

average of 2000 kg/km2 (Sherrington 2016).

Land-based sources of N&MPs, especially urban

watersheds, also contaminate lakes and rivers glob-

ally. The atmosphere and soil are important sources in

freshwaters, but relatively little is known about the

mass fluxes between these compartments, including

the extent to which flooding impacts transport. Studies

of freshwater and terrestrial systems in urban/indus-

trialized areas are especially relevant because of their

proximity to plastic sources and initial transport

media. Major MP sources in urban environments

include microfibers from synthetic textiles and tire

wear. Wastewater treatment plants (WWTPs) can

effectively remove MPs in influents (e.g., 87–99%

Rezania et al. 2018), but they release N&MPs to
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aquatic and terrestrial ecosystems due to the high

discharge volumes, and through application of con-

taminated sludge on agricultural land (e.g., Bayo et al.

2016; Horton et al. 2017b; Magni et al. 2019; Rillig

et al. 2017a, b).

3.1 Microplastic sources and transport

Microplastic particles can be released directly to the

environment, and the initial transport medium depends

on the source. Major MP sources identified on a global

scale (Fig. 1) are: synthetic textiles (34%), tire wear

(29%), city dust (24%), road markings/dust (7%),

marine coatings (4%), microbeads (2%), and plastic

pellets (0.3%) (Boucher and Friot 2017). The category

‘city dust’ is a composite of common sources in urban

environments, including MPs generated through abra-

sion, weathering, and pouring. Example sources

include MPs from of synthetic footwear soles, plastic

utensils, infrastructure (e.g., household dust, artificial

turf, building coatings), abrasive blasting, and pouring

powders.

The many sources of MPs in urban watersheds

contaminate household sewage, solid waste, storm

water, wastewater and sewage sludge, agricultural

runoff (e.g., from sludge-treated soils), industrial

effluents, road drainage ditches, and landfill leachates

(Bayo et al. 2016; Boucher and Friot 2017; Hoellein

et al. 2014; Horton et al. 2017a, b; Murphy 2017).

Plastic pollution (aquatic and soil) also occurs through

accidental spills (e.g., transportation accidents,

leakages) and by intentional dumping. Spills of MP

pellets (nurdles) at industrial facilities can enter drains

and waterways, and eventually marine environments

(Entwistle 2018). The relative contribution of tire wear

particles to the total amount of all plastics reaching

oceans was estimated at 5–10% (Kole et al. 2017).

Their role as sorbents for organic compounds has not

been sufficiently investigated but their main compo-

nents (polymeric rubber and carbon black) favor

sorption (Huffer et al. 2017). However, particle

properties are expected to change under environmen-

tal conditions. Tire wear also contributes to air

pollution globally: 3–7% of the particulate matter

(PM2.5) in air was attributed to tire wear. As with

other MPs, debris from tires (Kole et al. 2017) can

enter the food chain, but air pollution is likely the main

exposure route.

Synthetic textile fibers are a major contributor to

secondary MPs in aquatic and terrestrial systems

(Boucher and Friot 2017; Browne et al. 2011; Carney

Almroth et al. 2018; Cesa et al. 2017; Dris et al.

2015a, b, 2016, 2017; Dubaish and Liebezeit 2013;

Hartline et al. 2016; Hernandez et al. 2017a; Lin et al.

2018; Napper and Thompson 2016). These microfibers

originate from wastewater, especially in highly pop-

ulated/urbanized areas; diverse non-point sources; and

other aquatic and terrestrial systems. Commercial and

domestic laundry are major sources (Boucher and

Friot 2017; Browne et al. 2011; Cesa et al. 2017;

Hartline et al. 2016). Items made of PMMA, spandex,

and nylon shed as many as 700,000 MP fibers/kg of

laundry (Napper and Thompson 2016) from house-

holds and industrial facilities. Smaller amounts

(100–300 fibers/L) in washing machine effluents have

been reported (Browne et al. 2011). Hernandez et al.

(2017a) reported that detergent use had the greatest

impact on fiber release of the variables tested: 0.025

and 0.1 mg fibers/g textile, without and with deter-

gent, respectively. Neither the fabric type nor wash

conditions affected the overall fiber length distribu-

tion, generally 100–800 lm. In another study, PES

fleece had the highest fiber loss relative to acrylic and

nylon fabrics (Carney Almroth et al. 2018). Based on

their sources and relatively small size, aqueous

transport of microfibers mainly occurs through

wastewater effluents and sludge applications, as with

primary MPs (Carr 2017; Horton et al. 2017b). Fiber

dispersion and transport in air, with subsequent

deposition on land and water also occur (Allen et al.
Fig. 1 Contribution of various sources to microplastic pollu-

tants (Boucher and Friot 2017)
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2019; Dris et al. 2015a, b, 2016, 2017; Gasperi et al.

2018).

Directly released MPs (primary and secondary),

including microfibers, tire debris, pellets and microbe-

ads in wastewater, may undergo further degradation in

the environment. Information on how rapidly MPs are

formed through breakdown of plastic products is

limited. Data for several plastics were reported in a

recent review (Fotopoulou and Karapanagioti 2017).

Biodegradation of some polymers has been reported,

but the extent to which microbes degrade N&MPs in

different environmental matrices is unknown (Koel-

mans et al. 2019b). However, microfiber pollution

from synthetic textiles may pose a greater problem

than degradation of larger plastic items at sea

(Boucher and Friot 2017; Henry et al. 2019). Accord-

ing to an IUCN report, between 15 and 31% of all

plastics released to oceans (estimated at 4.8–12.7 Mt/

year) originate as MPs released directly from house-

holds and industrial products, with 35% due to

washing of synthetic textiles (Boucher and Friot

2017). Europe and Central Asia alone had annual

MP releases into oceans equivalent to the addition of

54 light (e.g., 5 g) grocery plastic bags/person/year. In

Europe and North America, regions with adequate

waste management, direct release of MPs equaled or

exceeded contributions of secondary MPs from mis-

managed waste (Boucher and Friot 2017).

Rivers can transport plastic debris over long

distances, eventually reaching oceans, and many

factors affect transport and availability of N&MPs in

aquatic systems. During transport, particles can asso-

ciate with naturally occurring materials such as

refractory natural organic matter (NOM), adhere to

and be ingested by a variety of species/organisms, and

settle in sediments. Environmental transport and fate

depend on particle properties such as polymer type

(e.g., hydrophobic, hydrophilic), charge, and size.

Transport further depends on particle transformations

(oxidation, biofilm growth (Oberbeckmann et al.

2015), adsorbed compounds), which alter their surface

chemistry, buoyancy, and aggregation state (e.g.,

Saavedra et al. 2019). Because N&MPs can have

widely different properties due to many particle-

specific and environmental factors, is not possible to

generalize their transport behavior in aquatic systems.

Air transport of N&MPs (e.g., fibers from clothes

dryers and dust dispersion) also occurs, contaminating

land and water bodies as atmospheric fallout (Allen

et al. 2019; Cai et al. 2017; Dris et al.

2015b, 2016, 2017; Gasperi et al. 2018). Deposition

may be driven by wind and precipitation events (Allen

et al. 2019; Dris et al. 2017). Data on MP aerosols are

currently limited, but several studies have been

reported. Dris et al. (2017) investigated fiber contam-

inants in indoor and outdoor air, finding concentra-

tions of 1.0–60.0 and 0.3–1.5 fibers/m3, respectively.

Indoor deposition rates ranged from 1586 to 11,130

fibers/day/m2 surface (190–670 fibers/mg settled

dust). Most (67%) were natural fibers (mainly cellu-

lose); the remainder (33%) were synthetic, with PP

being dominant. Studies of atmospheric fallout in two

major cities also were reported. Dris et al. (2015b)

found 29–280 particles/m2-day in total atmospheric

fallout (wet and dry deposition) collected on a rooftop

in a dense urban area near (11 km from) the center of

Paris (France). Most ([ 90%) of the MPs were fibers:

approximately 50% were[ 1000 lm in length, and

the remainder were equally distributed in two classes:

100–500 and 501–1000-lm. Cai et al. (2017) reported

fiber and non-fiber MPs ranging from 175 to 313

particles/m2-day in atmospheric fallout in Dongguan

(China). Fiber lengths were mainly in the 200–700 lm

range. Diverse shapes (e.g., fiber, foam, fragment,

film) were found but fibers were dominant. Three

polymers types were identified (PE, PP, and PS), and

SEM images revealed adhered particles and evidence

of particle degradation (e.g., grooves, pits, fractures).

In contrast to cities, where microfibers were

dominant, fragments were the primary shape (fol-

lowed by films and fibers) in a remote mountain

catchment (French Pyrenees) (Allen et al. 2019).

Contamination was attributed to aerosol deposition

(wet and dry) after long-range air transport from

populated areas. The average daily MP deposition was

365 items/m2 catchment surface, with daily counts

(items/m2) of 249 fragments, 73 films, and 44 fibers.

Considering only fibers, daily deposition was 36

(± 18) and 28 (± 13)/m2. The predominant polymer

was PS (as fragments), closely followed by PE, both

used in many single-use plastic items and packaging

materials (Allen et al. 2019). The dominance of these

two polymers in a remote area may relate to the

relatively low densities of PS foam and PE particles

(Allen et al. 2019). The relatively high abundance of

PS also may relate to its high susceptibility to

mechanical and UV degradation, especially expanded

PS (Song et al. 2017).
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3.2 Freshwater systems

Most studies of N&MPs have focused on the marine

environment (Lambert and Wagner 2018), but studies

of freshwater systems are increasing. Abundances of

MPs in some freshwaters were reportedly comparable

to those in marine waters (Peng et al. 2017) but results

have been highly variable (Klein et al. 2018; Rezania

et al. 2018) from as few as 10-2 pieces m-3 (10-5/L)

to as many as many as 100 million m-3 (105/L)

(Koelmans et al. 2019a). As discussed, variability

likely relates to differences in monitoring methods,

location (e.g., proximity to urban areas/WWTPs), and

natural conditions (e.g., river catchment features,

weather) (Eerkes-Medrano et al. 2015; Klein et al.

2018).

Freshwater systems can be sources (e.g., contam-

inated rivers) and sinks (lakes, sewage sludge) of

N&MPs. Particle types and their relative proportions

and properties may differ from those for marine

waters, depending on matrix, weathering, and other

conditions (Klein et al. 2018). For example, MPs in

sewage sludge may be larger and contaminated by

organic material, while those in clean waters may be

relatively small and difficult to see without a micro-

scope (Li et al. 2018b; Tyree and Morrison 2017).

Plastic debris has been found in a range of freshwater

systems: e.g., 1 MP per 8 gallons (0.03 per/L) of Great

Lakes tributary water (Baldwin et al. 2016), an

average of 1285 MPs/ft2 of Saint Lawrence River

(Canada) sediment (Castañeda et al. 2014), 112,000

MPs/mile2 of Great Lakes (USA) water (Eriksen et al.

2013), and MPs in 12% of freshwater fish (Sanchez

et al. 2014). Sites near highly populated and urbanized

areas can have higher abundances (e.g., Eriksen et al.

2013; Peters and Bratton 2016).

Studies of MP contamination in freshwater systems

and drinking water have found high variability in the

detected concentrations (e.g., Horton et al. 2017b;

Koelmans et al. 2019a; Li et al. 2018c; Novotna et al.

2019; Pivokonsky et al. 2018; Triebskorn et al. 2019).

Li et al. (2018b) reported surface water concentrations

from 10-5 to 105 pieces/m3 and sediment levels of

4–40 x104 pieces/m3 (40–400 pieces/L) for freshwater

systems. Koelmans et al. (2019a) reported MP abun-

dances from 10-2 to 108 MPs/m3 in a review of 50

freshwater and drinking water studies. Novotna et al.

(2019) reviewed available information on MPs in

drinking water sources and potable water. Results of

the different studies varied significantly, from zero or

few (\ 10) to[ 4000 MPs/L (Bordós et al. 2019; Luo

et al. 2019; Mintenig et al. 2019; Pivokonsky et al.

2018; Su et al. 2018; Wang et al. 2017, 2018). Studies

of freshwater systems near urban/populated areas

impacted by industrial effluents and WWTPs are

summarized in Tables 2 and 3. Results for water are

reported in Table 2, while those for sediments are

listed in Table 3. For comparison, several studies of

drinking water and relatively clean water sources are

included (Table 2).

Few studies of water supplies to drinking water

treatment plants (DWTPs) have been reported.

Pivokonsky et al. (2018) investigated MPs in raw

and treated water at three DWTPs with different water

sources. Average concentrations ranged from

1473 ± 34 to 3605 ± 497 MPs/L raw water and

338 ± 76 to 628 ± 28 particles/L in treated water.

Their study was reportedly one of very few that

determined MPs down to 1 lm. Particles\ 10 lm

accounted for up to 95% of the MPs in both raw and

treated water. Fragments were dominant at two plants,

while fibers and fragments were most abundant at the

third plant. Twelve materials were identified, but the

majority ([ 70%) of MPs were PET, PP, and PE.

Mintenig et al. (2019) investigated a drinking water

system with a purified groundwater source. To assess

possible MP sources, samples were collected at

different locations, from the groundwater supply to

household taps. Fourier transform infrared (FTIR)

microscopy coupled with a focal plane array (FPA)

detector (FTIR-FPA) was used for identification of

MPs down to about 20 lm (Loder and Gerdts 2015;

Mintenig et al. 2017). The authors reported concen-

trations from 0 to 7 MPs/m3, with an overall mean of

0.7 MPs/m3. No concentration differences were found

for different treatment stages, and all detected MPs

were fragments (50–150 lm), identified as PE, PA,

PES, PVC or epoxy resin. Four of these polymers were

used in the system: tanks in the DWTPs were coated

with epoxy resin, pipes (in the plants/households)

were often PVC or PE, and fittings were usually PA.

The MPs were attributed to abrasion of plastic

equipment used to purify or transport water (Mintenig

et al. 2019).

The reported widespread occurrence of MPs in

drinking water has raised concerns for human health,

though the reliability of these findings has been

questioned due to method limitations. Koelmans
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äp

p
le

r
et

al
.

(2
0

1
6

)

G
er

m
an

y

(W
ar

n
em

ü
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äk
i

d
is

ch
ar

g
e

si
te

(p
ar

/k
g

se
d

im
en

t)
:

1
.7

(±
1

.0
)

fi
b

er
s,

7
.2

(±
4

.9
)

sy
n

th
et

ic

S
u

o
m

en
o

ja
d

is
ch

ar
g

e

si
te

:
4

.7
(±

3
.5

)
fi

b
er

s,

1
0

(±
1

4
)

sy
n

th
et

ic

R
ef

er
en

ce
si

te
(a

t
se

a)
:1

.7

(±
1

.3
)

fi
b

er
s,

0
sy

n
th

et
ic

,
an

d

1
2

2
0

(±
1

6
0

),
1

0
6

0
(±

4
7

1
),

an
d

3
4

6
(±

1
8

6
)

b
la

ck
ca

rb
o

n

p
ar

ti
cl

es
at

V
ii

k
in

m
äk
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et al. (2019a) proposed best practices to sample,

extract, and detect MPs in water. They further

proposed a set of quality criteria to assess the

reliability (data quality) of a study and applied them

to 50 studies of drinking water and its sources. Data

quality for each study was assessed against the criteria

and a total accumulated score (TAS) was calculated,

with a maximum of 18. The average (min–max) scores

for the different water types were: 13.7 (13–14) for

bottled water, 11.5 (8–15) for treated tap water, 12.5

(11–14) for DWTP water, 7.9 (4–15) for surface water,

and 7.3 (3–13) for wastewater. The authors noted that

the average score likely reflects the relative ease of

sample preparation (e.g., bottled and tap water

required no digestion and were assigned the maximum

for this criterion). They also noted that the average

scores for DWTPs and tap water (n = 2 for each), and

for bottled water (n = 3), are less rigorous because of

the relatively few studies on these water types. Of the

50 studies evaluated, 46 (92%) lack reliability due to

inadequate quality assurance. On average, the studies

were assigned a TAS of 8.4, about half the maximum.

The average is comparable to that for studies of MP

ingestion by biota (Hermsen et al. 2018). In addition to

reporting MP concentrations and quality scores, the

authors summarized polymer types and particle

shapes. In order of decreasing prevalence, the follow-

ing polymers were reported for the 50 studies:

PE * PP[ PS[ PVC[ PET. The abundances

reportedly reflect the global plastic demand, and the

tendency of PVC and PET particles to settle due to

their higher densities. Fragments, fibers, film, foam

and pellets were the most frequently reported shapes.

Luo et al. (2019) reported MP abundances in city

creeks, rivers, an estuary, and coastal waters (East

China Sea) in the Yangtze Delta region. Abundances

in freshwater bodies (1.8–2.4 items/L) were higher

than those in estuarine and coastal waters (0.9 items/

L). Abundances in two rivers tended to be higher

downstream, at sites closer to the city center. The

authors suggested transport from pollution sources to

sinks throughout the river networks. Fibers were

highest in city creeks (88%), followed by two rivers

(85% and 81%), an estuary (66%), and the sea (37%),

with mainly PES in creeks and rivers. Results suggest

that the levels and types of MPs vary across the

different water bodies, and that small, freshwater

bodies are more polluted than estuarine and coastal

waters.

Wastewater treatment plants are recognized

sources of N&MPs that might affect water quality

(e.g., Sun et al. 2019). Kay et al. (2018) investigated

MPs in freshwaters upstream and downstream of 6

WWTPs in river catchments across northern England

over a 6-week period. All plants were associated with

increased MPs in rivers, as reported elsewhere

(Estahbanati and Fahrenfeld 2016; McCormick et al.

2014; Morritt et al. 2014). The potential MP sources

were diverse and varied within and across catchments,

and no patterns were found in the types of MPs

detected. The identified sources included atmospheric

deposition (fibers), sludge applied to soils, and

secondary MPs. Fibers, fragments, and flakes were

dominant, consistent with (Ballent et al. 2016; Dris

et al. 2015a, 2015b). The prevalence of fibers indicates

textile sources, while fragments and flakes suggest

secondary MPs. Beads and pellets were dominant only

at one site, upstream, as reported by (Mani et al. 2015).

The temporal variability was small at some sites and

high at others. Concentrations were not reported, but

the mean ratio of up-to-downstream MPs was[ 1,

and between 1 and 3 for 19 of 28 paired samples. On

four occasions, MPs were higher upstream, possibly

due to concurrent increases upstream and decreases

downstream.

Ravit et al. (2017) reported MP surface densities,

types, and sizes for 15 locations at two New Jersey

(NJ, USA) rivers in heavily urbanized areas: the

Raritan and Passaic rivers. Many point sources

discharge into the rivers within a 5-mile radius of the

sampling sites, including companies that produced

personal care products, companies with ‘plastic’ in

their names, and WWTPs. Surface water MPs ranged

from 28,000 to[ 3 million particles/km2. The most

common forms in order of abundance were: ‘‘hard

fragment’’ (38%), foam, line (fiber, filament), film

(from bags/wrappers), and pellet (nurdles or microbe-

ads). A hard fragment was identified as PP, a pellet as

PE, and black foam as PE and either PVC or a PE-

vinyl acetate copolymer. By size, 71% of the MPs

ranged from 1 to[ 4.5 mm. Analyses of MP and

water fractions found similar compounds, indicating

transfer between phases and bioavailability to aquatic

biota.

Estahbanati and Fahrenfeld (2016) investigated the

impact of WWTPs on MP pollution in a recipient

river, the Raritan River, in central NJ (USA). The river

basin covers 2850 km2 and provides water for
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drinking, irrigation, agriculture, recreation, and indus-

try. The primary land use of the main stem is urban and

suburban (51.3%), while the branches have predom-

inantly agricultural and forest lands (61.3%). More

than ten municipal WWTPs discharged into the river,

five of which are major ([ 1 million gallons per day

[MGD]). Water samples were collected upstream and

downstream of four major plants. Recovered MPs

were counted in three, quantitative size categories

(500–2000 lm, 250–500 lm, 125–250 lm) and one

semi-quantitative category (63–125 lm). Particles

were classified under a light microscope as primary

or secondary MPs, based on morphology. Concentra-

tions in the 125–250 and 250–500-lm fractions were

significantly higher downstream: 72 ± 60 down-

stream and 24 ± 11 MPs/m3 upstream. The smaller

size classes were in high relative abundance across

sites. Primary MPs increased significantly down-

stream, but secondary MPs were dominant (66–88%)

in the quantitative size categories. A moderate corre-

lation between MP concentration and downstream

distance was observed.

McCormick et al. (2016) examined MP pollution in

surface waters of nine streams in the Chicago (Illinois,

USA) metropolitan area. The streams received

wastewater from ten facilities with effluent flowrates

of 2.16–225 MGD (0.095–9.86 m3/s) and different

treatments. Microplastic particles were counted and

classified as fiber, film, fragment, pellet, or foam, as

described by Eriksen et al. (2013). Fibers included

filament/line-shaped plastic pieces. Films were very

thin relative to their surface area and typically had

irregular shapes, while pellets were more regular and

rounded. Foam particles had sponge-like textures and

included PS. Fragments had jagged edges and

appeared to be broken from larger pieces of plastic.

The average MP flux was about 1.3 million parti-

cles/day, but results were highly variable between

sites, ranging from 15,000 to 4.7 million particles/day.

Pellets, fibers, and fragments were dominant. The

main polymers were PP, PE, and PS; film and foam

MPs were uncommon. Except for two rivers, MP

concentrations were significantly higher downstream.

Assuming similar concentrations across seasons, the

estimated discharges represent 488 million MPs per

river annually, with a minimum of 5.6 million and

maximum of 1.7 billion. Further work was recom-

mended for ‘‘more robust calculations of annual flux.’’

Dris et al. (2015a) found MPs (100–5000 lm) in

freshwater samples collected in Paris, France, near

city WWTPs. Sampling by manta trawl and a plankton

net gave different results for the MP types and

amounts. Surface concentrations in the Seine River

ranged from 3 to 108 particles/m3 (0.003–0.108

particles/L), with a mean of 30 particles/m3 (0.03

fibers/L) for samples collected with an 80-lm mesh

plankton net, which gave a predominance of fibers

relative to a 330-lm mesh manta trawl (Table 2).

Greater variety in the shapes and types of MPs was

found with the manta trawl, but at much lower

concentrations: 0.28–0.47 particles/m3

(2.8–4.5 9 10-4 particles/L; mean = 3.5 9 10-4/L).

For comparison, raw wastewater from a WWTP

contained high levels of fibers, 260–320 9 103 parti-

cles/m3, (260–320 MPs/L), while the treated effluent

contained 14–50 9 103 particles/m3 (14–50 MPs/L)

(Table 4). The authors suggested that a combined

sampling approach may provide more accurate assess-

ments. No upstream–downstream patterns were

observed. Levels were higher in April (0.014–0.108

particles/L) than in May (0.003–0.036 particles/L),

except at one site. Differences were attributed to local

variability, a water flow decrease (20%), and difficul-

ties in visual observations of MPs due to large amounts

of natural debris in the May samples. The presence of

MPs,[ 90% fibers, in atmospheric fallout also was

reported, indicating deposition of 29–280 particles/

m2-day.

Yonkos et al. (2014) studied four estuarine rivers in

the U.S. Chesapeake Bay, finding high variability in

MP types within and between sites. The watersheds

had different land uses and a wide range of popula-

tions. Surface water was collected monthly using a

manta net trawl (MP sizes: 0.3–5.0 mm) during a six-

month period. Particles were counted as fibers, thin

sheets, hard colored fragments, preproduction pellets,

and extruded polystyrene (e.g., styrofoam).

Microplastics were found in 59 of 60 samples, at

concentrations from\ 1.0 to[ 560 g/km2. Small

fragments (0.3–2.0 mm) and flexible sheets were most

abundant, followed by synthetic fibers, extruded PS,

and larger fragments (2.0–5.0 mm). Preproduction

pellets were common only in one river (Patapsco).

Particles analyzed by optical microscopy coupled with

Raman spectroscopy (l-Raman) all had peaks indi-

cating PE. Two particles had a color and peaks

consistent with cobalt phthalocyanine (dye), and a
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black particle had two broad peaks indicative of black

carbon (possibly burnt plastic). Positive correlation

was found between MP concentration and population

density, and the extent of urban/suburban develop-

ment. In three of the four sites, the highest MP levels

occurred after major rain events.

3.3 Wastewater treatment plants

Many types of plastic debris in urban watersheds reach

WWTP influents. Depending on the plant design,

primary, secondary, and tertiary treatments purify

influent by physical, chemical, and biological pro-

cesses. A schematic illustrating this series of treat-

ments is shown in Fig. 2. Incoming floating/suspended

solids are removed by screening, sedimentation,

flotation, coagulation-flocculation, and filtration in

treatment ponds or settling tanks, which capture

substantial amounts of solid particles (Stuetz and

Stephenson 2009). The capture of common MPs is

thought to relate to their relatively low densities,

permitting floatation and removal in the grease layer

(Murphy et al. 2016) by skimmers (Carr et al. 2016) in

the primary treatment. Another possible mechanism is

surface fouling, which can cause MPs to sink in a

settling tank or associate with flocculants (Carr et al.

2016).

Though just a small fraction of MPs in influent is

released in the final effluent, WWTPs can be signif-

icant sources of MPs (Browne et al. 2011; Lares et al.

2018; McCormick et al. 2014). Multiple literature

reviews on WWTPs have been published (e.g., Enfrin

et al. 2019a; Gatidou et al. 2019; Kang et al. 2018;

Lares et al. 2018; Prata 2018; Raju et al. 2018; Sun

et al. 2019). Studies published since 2017 are listed in

Table 4, while earlier studies are reported in Table S1

(Supplementary Information). Several studies are

highlighted below.

3.3.1 WWTPs: selected studies

Many studies of WWTPs have focused on N&MPs in

final effluent, while others have examined the removal

efficiencies of different treatment processes (Carr et al.

2016; Conley et al. 2019; Gies et al. 2018; Lares et al.

2018; Mintenig et al. 2017; Murphy et al. 2016;

Talvitie et al. 2017a; Yang et al. 2019). For example,

Lares et al. (2018) examined a conventional activated

sludge process and an advanced, pilot-scale membrane

bioreactor (MBR). The overall removal efficiency was

98.3% (89.8% for fibers and 99.1% for non-fiber

MPs). Most MPs were removed before the CAS

process, and 99.0% were removed before aeration.

The MBR was slightly more efficient: 99.4%. The

MBR permeate contained 0.4MP/L while the final

effluent of the CAS process was 1.0 MP/L. Lares et al.

(2018) also reviewed studies at primary, secondary,

and tertiary facilities, representing 15 studies and 52

WWTPs globally (Browne et al. 2011; Carr et al.

2016; Dyachenko et al. 2017; Lares et al. 2018; Leslie

et al. 2017; Magnusson and Norén 2014; Mason et al.

2016; Michielssen et al. 2016; Mintenig et al. 2017;

Murphy et al. 2016; Talvitie et al. 2015, 2017b;

Ziajahromi et al. 2017). Concentrations in final

effluents ranged from 0 MP/L (Carr et al. 2016) to

91 MPs/L (Leslie et al. 2017).

As with other studies, different sampling, isolation,

and enumeration methods have been used in WWTP

studies. Various grab or composite methods have

typically been used for sample collection, different

digestion/separation procedures (or none) have been

used to isolate them, and different size fractions have

been collected and classified. Grab sampling of the

waste stream is useful to capture samples during peak

flows, and detect variability or over short time periods,

but the sample may not be representative. Differences

in collection methods; lower particle size limit,

typically 20–300 lm (Lares et al. 2018); MP types

and concentrations; treatment processes (Mahon et al.

2017); and sample preparation and analysis methods

(e.g., Underwood et al. 2017) have contributed to the

variability, as did the different periods over which the

studies were conducted. Most were completed over

relatively short periods (one day to 1.5 months). A

need for long-term studies to assess temporal variation

has been emphasized (Magnusson and Norén 2014;

Murphy et al. 2016; Ziajahromi et al. 2017).

In a one-year study, Conley et al. (2019) determined

MP loads and removal efficiencies for three WWTPs

with different treatment sizes, operations and service

compositions (Table 4). The plants discharged into the

Charleston Harbor, South Carolina (USA). Overall,

MP concentrations at each plant varied within a factor

of 2.5 in influent and 4.8 in effluent, with no seasonal

trends in concentrations or efficiencies. Mean influent

concentrations ranged from 126 to 147 MPs/L, while

those for final effluents ranged from 4 to 18 MPs/L.

Microfibers were most common (60–70%). The
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largest plant, which employed primary clarification,

had the highest efficiency (97.6 ± 1.2%.), while the

two smaller facilities averaged 85.2 ± 6.0% and

85.5 ± 9.1%, suggesting that retrofitting secondary

plants with primary clarifiers could improve removal.

Source modeling indicated that MP fiber loads in

influent were consistent with laundering textiles. The

estimated total discharge from all three plants was 500

million to 1 billion MPs/day, equivalent to an annual

discharge of 0.34–0.68 g MP per capita in treated

wastewater. This release may account for\ 0.1% of

the annual plastic input to this metropolitan area’s

surface waters on a mass basis, considering misman-

aged waste. However, as discussed, N&MPs in

wastewater may pose unique toxicological risks

because of their potential for sorption of toxins and

biological uptake.

Yang et al. (2019) reported mean concentrations in

influent and final effluent of 12.03 ± 1.29 and

0.59 ± 0.22 MPs/L, respectively, for samples col-

lected at an advanced sewage treatment plant (STP) in

Beijing. The plant treats mainly domestic effluents

using: an aerated grit chamber, a primary sedimenta-

tion tank, A2/O (anaerobic, anoxic, and aerobic)

treatment followed by secondary sedimentation, and

a final series of advanced processes (denitrification,

ultra-filtration, ozonation and UV. Primary aerated

grit treatment removed 58.84 ± 8.05% of the MPs.

Subsequently, 54.47 ± 14.73% and 71.67 ± 11.58%

of the MPs were removed after the A2/O and final

treatments, respectively. An overall reduction[ 95%

was found. The authors indicated further improvement

would be difficult as advanced technology was being

used. For example, post-filtration units can lower fiber

concentrations (Mintenig et al. 2017), and this

technology (ultra-filtration) was used after secondary

sedimentation. Microfibers were dominant (85.92%)

in influents and effluents, and[ 60% were removed

by the aerated grit chamber. The authors suggested

that an aerated grit chamber treatment might be an

effective alternative for reducing microfiber loads. Of

the 18 polymers identified, PET, PES and PP

accounted for[ 70% of the detected MPs. The PET

and PES MPs were mainly fibers, thought to originate

from domestic washing. In contrast to some studies,

PE accounted for just 1.64% of the total MPs and was

found in only one of three sample sets. The small PE

fraction relative to studies in Europe (average = 14%)

(Talvitie et al. 2017a) and the US ([ 90%) (Carr et al.

2016) may relate to differences in MP use between

China and Europe/US. Some (about 2%) non-fiber

MPs contained both PE and PP, and MPs (1.30%)

identified as synthetic rubber were found in effluents,

possibly from tire wear. Most MPs were black (37%),

transparent (34%), or blue (12%), indicating different

sources. Particles\ 50 lm could not be isolated

because high levels of suspended particulate matter

quickly clogged the filters. Also, for confirmatory

analysis by l-FTIR, collected MPs were isolated by

hand, under a microscope, and MPs\ 50 lm could

not be transferred for analysis. The authors noted that a

previous study (Erni-Cassola et al. 2017) found higher

MP concentrations when filters with a smaller particle

capture size were used and recommended future work

on these smaller MPs.

As mentioned, direct comparisons of studies may

not be valid due to procedural differences, but all

studies of WWTPs have found significant MP reduc-

tions. Primary treatment alone removed an average of

65% (50–78%) of MPs in influents. Secondary

Fig. 2 Illustration of serial treatment stages of a tertiary wastewater treatment plant
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treatment increased removal to 97.7% (96–99%),

while a final tertiary treatment averaged 94% removal

(range = 90–99.9%) (Burns and Boxall 2018). Over-

all, typical removal efficiencies range from 96 to 99%.

For example: 99% removal after mechanical, chem-

ical and biological treatments (15,000 particles/L in

influent and 8 in effluent) (Magnusson and Norén

2014); 96% after secondary treatment (467 textile

particles/L in influent and 16/L in effluent) (Talvitie

and Heinonen 2014); and 98% after tertiary treatment

(430 particles/L and 180 textile fibers/L in influent,

and 4.9 and 8.6, respectively, in effluent), with

estimated daily discharges of 2.3 9 109 particles and

1.3 9 109 fibers, based on a flow rate of 270 million

L/day (Talvitie et al. 2015). Carr et al. (2016) reported

99.9% removal for tertiary U.S. WWTPs, and a total

daily discharge of 9.3 9 105 MPs. Murphy et al.

(2016) reported 98.4% removal for a secondary plant

in Scotland. vollertsen and Hansen (2017) reported

releases of 0.3% of influent MPs (i.e., 99.7% removal)

in Danish WWTPs, with effluent MPs being mostly

fibers and fragments.

Though treatment technologies were not designed

for MP removal, retentions of 96%–99.9% represent

high capture efficiency. However, even small levels in

effluents can result in substantial MP releases due to

the high discharge volumes (e.g., Conley et al. 2019;

Magni et al. 2019; Ziajahromi et al. 2017). Neverthe-

less, their relative contribution may be small (Burns

and Boxall 2018; Conley et al. 2019). Vollertsen and

Hansen (2017) estimated that effluents contribute only

3% of the total MP load to the environment. Based on

modeling, recipient rivers were expected to retain the

most common MP sizes (Besseling et al. 2017). If so,

freshwater sediments are the most relevant compart-

ment to consider with respect to discharges to rivers

(Burns and Boxall 2018; Nizzetto et al. 2016a).

However, if most ([ 95%) MPs are trapped in sludge

(Bayo et al. 2020; Magni et al. 2019; Magnusson and

Norén 2014; Michielssen et al. 2016; Talvitie et al.

2015, 2017a; Yang et al. 2019), sludge may be a more

relevant route of environmental release (Alimi et al.

2018; Magni et al. 2019; Nizzetto et al. 2016b; Rillig

et al. 2017a; Talvitie et al. 2017a; Zubris and Richards

2005). Estimates of the MP contents of sludge from 28

WWTPs across 11 provinces in China ranged from

1.60 to 56.4 9 103 MPs/kg (dry wt.), with an average

(n = 79) of 22.7 ± 12.1 9 103 MPs//kg (Li, XW et al.

2018d). For China, the average environmental release

of sludge-based MPs was estimated at 1.56 9 1014

particles per year (Li et al. 2018d). According to an

estimate for Europe and North America, the annual

amount of MPs transferred from WWTPs to agricul-

tural soils as biosolids exceeded the total burden in

oceans (Nizzetto et al. 2016b). Organic fertilizers from

biowaste composting and digestion also may be an

important source of environmental MPs: 20–24 and

14–895 MPs/kg material were found in biowaste

composts and digests, respectively (Weithmann et al.

2018).

4 Current status and research needs

The environmental impacts and human health risks of

N&MPs have attracted increasing scientific, public,

and regulatory interest over the past decade.

Microplastics have been found in surface waters,

sediments, and WWTPs globally, with fibers and

fragments being dominant. Growing evidence of

environmental N&MPs and their uptake by a wide

range of organisms (e.g., Curren and Leong 2019;

Eerkes-Medrano et al. 2015; Lusher 2015) has drawn

attention to these emerging, persistent contaminants.

Concerns about ecotoxicity and other adverse effects

have prompted numerous studies, especially of aquatic

systems. As discussed, findings of concern include:

environmental releases by WWTPs, adverse effects on

aquatic organisms, bioaccumulation and amplification

in the food chain, sorption/release of toxic organic

compounds and metals, biofilms with toxic bacteria

(Curren and Leong 2019; McCormick et al. 2016),

ingestion and translocation, and the presence of MPs

in human stool. Efforts to ban products such as

microbeads were a positive step, but major releases of

plastic items continue, including microbeads in unreg-

ulated products. Moreover, although microbeads have

been a focus of attention, synthetic fibers may be a

much larger issue (Boucher and Friot 2017; Henry

et al. 2019; Ziajahromi et al. 2017).

The relative contributions of N&MPs from terres-

trial and freshwater sources are not well understood,

slowing advancement of source management. Fahren-

feld et al. (2019) reviewed the evidence and methods

for possible source apportionment of MPs in freshwa-

ter systems, based on MP characteristics and mass

balance techniques. The authors concluded that the

data indicated potential for differentiating some
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sources within studies, based on differences in poly-

mer types and shapes, but that clear cross-study

patterns were lacking (Fahrenfeld et al. 2019). Major

obstacles to source apportionment, and to N&MP

studies generally, include challenges in identifying

polymer types and surface contaminants; different

classifications of particle shapes; lack of data for

terrestrial sources; and poor understanding of fate,

transport, and weathering processes. Accurate data on

particle composition and size are key to effective

pollution prevention and mitigation. A better under-

standing of the actual risks of N&MPs is needed to

establish effective waste management policies and a

sound regulatory framework for plastic pollutants.

Priority knowledge gaps are discussed below.

4.1 Potential risks

Further study is needed to assess their ecotoxicolog-

ical and human health risks, especially of NPls

(Andrady 2011; Curren and Leong 2019; de Sa et al.

2018; Galgani et al. 2015; Hidalgo-Ruz et al. 2012;

Lehner et al. 2019; Peng et al. 2017; Smith et al. 2018;

Triebskorn et al. 2018; Vethaak and Leslie 2016;

Wang et al. 2018, 2019). Studies of a wide range of

organisms, polymers, particles sizes, and exposure

times were recommended to better assess potential

effects (Browne et al. 2008; Wright and Kelly 2017).

Several major knowledge gaps must be addressed to

assess the potential environmental and human health

risks of N&MPs. There is a critical need to understand

the mechanism(s) of action and ecotoxicological

effects of environmentally relevant N&MPs (de Sa

et al. 2018). Though N&MPs are a negligible fraction

of plastic waste by mass, their potential for efficient

sorption of toxins and biological uptake due to small

size may present unique toxicological risks, especially

for discharges from WWTPs (Conley et al. 2019). In

particular, NPls have much higher surface area for

chemical sorption and their uptake by organisms,

tissues, and cells is more likely. However, high

concentrations of natural particles with similar size

ranges have been reported. Triebskorn et al. (2018)

found that\ 10 in 106 particles in river surface water

were plastics. These particles also burden ecosystems

and their consideration may be relevant to under-

standing the relative ecotoxicological risks of

N&MPs. However, as recognized by others, the

authors acknowledged that the relevance of toxicity

assays is suspect due a mismatch between the

concentrations and types of materials tested and those

in the environment (e.g., differences in particle types,

sizes, surface contaminants, and concentrations).

The possible impacts of N&MPs on aquatic organ-

isms and humans depend on their environmental fates.

In the case of nanomaterials, aggregation and depo-

sition greatly affect availability in aquatic environ-

ments. Because different nanomaterials can have

widely different surface chemistry (e.g., adsorbed

species, extent of ionization) and colloidal stability,

and their properties depend on environmental condi-

tions (e.g., pH, ionic strength), it is not possible to

generalize the behavior of these materials (e.g.,

Wiesner et al. 2009). Similarly, N&MPs undergo

transformations in the environment, making their fate

and impacts difficult to predict. However, trophic

transfer of N&MPs through the food web has been

observed (e.g., Farrell and Nelson 2013; Setala et al.

2014), and inhalation/ingestion are human exposure

routes (Cox et al. 2019; Toussaint et al. 2019; Wright

and Kelly 2017). Contamination of drinking water and

food and beverage items has raised concerns about the

possible human health effects of N&MPs, but uncer-

tainty in the existing data has impeded reliable risk

assessments. Based on 50 studies, Koelmans et al.

(2019a) concluded that MPs are present in water (and

some foods) but found no evidence of harmful effects.

However, the authors reported inadequate overall data

quality. Limitations mainly relate to a lack of

standardized methods and quality assurance measures.

In the field of toxicology, the validity of studies is

commonly assessed by consensus criteria (e.g., Klim-

isch score, CRED [Criteria for Reporting and Ecotox-

icity Data]) (Hermsen et al. 2018). Such criteria have

not yet been established for studying the impacts of

plastic debris (Koelmans et al. 2017).

4.1.1 Dietary intake in humans

Relatively little is currently known about the daily

intake, biodistribution, and physiological persistence

of N&MPs. The extent of contamination in the food

supply is uncertain, but MPs and plastic-related

contaminants have been found in seafood (Li et al.

2015, 2016; Van Cauwenberghe and Janssen 2014),

honey and sugar (Liebezeit and Liebezeit 2013),

table salts (Karami et al. 2017a; Yang et al. 2015), beer

(Liebezeit and Liebezeit 2014), bottled water
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(Mintenig et al. 2014; Ossmann et al. 2018; Schy-

manski et al. 2018), and drinking water and its

freshwater (Koelmans et al. 2019a) and groundwater

sources (Mintenig et al. 2019). Textiles and packaging

can be sources of N&MPs/additives in food and

beverages. Given the widespread contamination, it is

not surprising that MPs (PET) were found in all human

stool samples collected in a preliminary study of eight

international participants. Particles were attributed to

bottled water consumed as part of the study (Parker

2018), but airborne fibers may have contributed. For

example, Catarino et al. (2018) reported that the risk of

plastic consumption was greater from exposure to

airborne fibers than seafood (mussels).

High-quality data on N&MP abundances in food,

drinking water, and other beverages are needed.

Available evidence on N&MPs in a normal diet is

scarce and unreliable. Toussaint et al. (2019) used an

indirect approach to access exposure. They reviewed

peer-reviewed publications (since 2010) that docu-

ment the presence of N&MPs in food products, and in

animals ([ 200 species) in the human food chain.

Methods and quality criteria applied in the studies

were considered. Overall, the authors concluded that

precise data to accurately assess dietary exposure to

N&MPs cannot be produced until standardized meth-

ods are available. Meanwhile, based on an assessment

of human consumption, Cox et al. (2019) reported that

avoiding bottled water might significantly reduce MP

exposure. They further recommended studies of MP

contamination in food groups representing major

sources of nutrition globally (grains, vegetables, beef,

poultry). Where existing data are suspect, due to use of

older (unreliable) methods, further studies were rec-

ommended. The new data generated will provide

better estimates of human consumption of plastic

particles, ultimately permitting improved assessments

of the potential ingestion risks (Cox et al. 2019).

4.1.2 Nanoplastics

Nanoscale particles can have markedly different

properties than larger forms of the same material.

The cytotoxic effects (e.g., AshaRani et al. 2009;

Lewinski et al. 2008) and potential environmental

impacts (e.g., Klaine et al. 2008; Lead et al. 2018) of

nanomaterials are well documented. Similarly, NPls

may pose greater risks than their MP counterparts.

Small size and hydrophobicity may result in cell entry

and cytotoxicity (Bothun 2008; Hoet et al. 2004;

Lehner et al. 2019; Oberdorster et al. 2005; Rasch et al.

2010; Yousefi and Tufenkji 2016; Yousefi et al. 2016).

Based on the definition of ‘nanoparticle,’ manufac-

tured nanoscale (B 100 nm diameter) plastics have

been used in laboratory studies, polystyrene latex

(PSL) beads in particular (Bergami et al. 2017; Lehner

et al. 2019; Lu et al. 2016; Nolte et al. 2017; Rist et al.

2017). These studies may be relevant to PSL beads but

their relevance to environmental NPls is unclear (e.g.,

Lehner et al. 2019; Phuong et al. 2016) as nanoma-

terials are not representative of environmental NPls.

The former have specific properties and sizes by

design (Brar et al. 2010; Gigault et al. 2016, 2018; Ju-

Nam and Lead 2008; Weinberg et al. 2011), while

environmental NPls have highly polydisperse sizes

and compositions (Gigault et al. 2016, 2018; Lambert

and Wagner 2016; Ter Halle et al. 2017). Also, NPls

typically occur as colloids with heterogeneous aggre-

gates of natural/anthropogenic materials (Hotze et al.

2010; Huffer et al. 2017), with structures and surfaces

that depend on environmental conditions (e.g., pH,

salinity, organic matter (Li et al. 2018a). As mentioned

previously, their presence in polluted waters may pose

special risks due to sorption of a variety of toxins.

4.2 Monitoring needs

As emphasized in this review and numerous publica-

tions, a lack of standardized methods remains a major

impediment to risk assessment and N&MP studies

generally. Targeted particle sizes and analytical pro-

cedures have varied widely and been error prone,

limiting available data on environmental concentra-

tions and size distributions, especially for NPls and

very small MPs. In some cases, concentrations may be

significantly underestimated. Conkle et al. (2018)

reviewed 50 aquatic surveys and reported that about

80% accounted only for MPs C 300 lm. They also

analyzed 770 personal care products containing

microbeads and found 1649–31,266 MPs/g of product

(1.9–71.9 mg/g),[ 95% of which were\ 300 lm.

Studies employing screens with a size cut[ 125 lm

also can underestimate N&MPs (Conley et al. 2019).

Further, common analytical techniques have inade-

quate size resolution (e.g., about 10–20 lm for l-

FTIR). Size distributions in several recent studies

appeared to be dominated by relatively small particles

(e.g., 81–92% 1–10 lm [(Pivokonsky et al. 2018)],
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96% 4–20 lm [(Triebskorn et al. 2018)], 61%

10–300 lm [(Leslie et al. 2017)], and 73%

50–500 lm [(Yuan et al. 2019)]. However, other

investigators (Di et al. 2019; Luo et al. 2019; Wang

et al. 2018) reported a majority of MPs in larger size

classes (Novotna et al. 2019). Improved monitoring

methods are needed to resolve apparent discrepancies

and generate accurate data, especially for NPls and

small MPs as these small particles may pose greater

risks and concentrations could be much higher than

currently realized. Combined with suitable protocols

to collect and isolate N&MPs from environmental

samples, emerging analytical techniques are expected

to advance environmental studies of N&MPs.

Research gaps include dietary intake, sources, urban

watersheds, environmental transformations (e.g.,

weathering, and interactions with contaminants, nat-

ural materials, and animals) and their impact on

particle transport and toxicity, source apportionment,

degradation of ‘biodegradable’ polymers (and others),

NPls (all matrices), and WWTP technologies.

4.3 WWTPs

4.3.1 Long-term studies

Studies of urban watersheds, especially those with

high populations, highlight WWTPs as potential

sources of N&MPs. Most studies have relied solely

on visual identification of MPs, with counts based on

specific physical characteristics (e.g., Conley et al.

2019). Confirmation by l-FTIR and l-Raman is

becoming more common, though only a sub-sample

of MPs is usually examined. Long term studies are

needed to capture temporal variations, using improved

methods and sampling strategies (Conley et al. 2019;

Lares et al. 2018; Leslie et al. 2017). Seasonal and

weather-related variations occur, and diurnal varia-

tions in influents may exist. Automated composite

sampling could provide more representative samples,

but low sampling volumes (10–20 L) may cause false

negatives, and care must be taken to avoid contami-

nation by textile fibers, which may be significant

(30%).

Additional research on treatment processes is

needed to better understand factors that affect

N&MP retention. A comparison of three unit pro-

cesses indicated that granular sand filtration and

MBRs are more efficient in removing small

anthropogenic litter (SAL or ‘microlitter’), though

the final effluent had higher fiber content than effluent

treated by activated sludge (Michielssen et al. 2016).

Studies of WWTPs that treat water from combined

sewers may be especially relevant as MPs in stormwa-

ter may differ from those in municipal wastewater, and

because high MP levels were reported for combined

systems in 17 US municipalities (Mason et al. 2016).

In addition to contamination concerns, N&MP loads in

WWTPs could adversely impact their operational

stability (Enfrin et al. 2019a). They enter different

treatment stages to varying extents, depending on size

and composition. Shear forces during processing may

generate smaller, undetectable particles. Degradation

reportedly increased the number of NPls/MPs in water

by an order of magnitude (Enfrin et al. 2019b). Their

impact on different stages is unclear, but membrane

filtration processes could be affected (Enfrin et al.

2019a). Considering degradation and removal, the

total N&MPs discharged can be double the number in

influent, with significantly increased particle surface

area and porosity for sorption organic pollutants,

metals, and pathogens (Enfrin et al. 2019a; Li et al.

2019). Systematic studies of WWTPs using standard-

ized methods could have important implications for

source management. New water treatment processes

and approaches to limit N&MPs in water and

wastewater are needed, to maintain water quality and

reduce risks to ecosystems (Enfrin et al. 2019a).

Methods to trap microfibers at their sources (e.g.,

laundry) could greatly reduce levels in influents and

accumulation in sludge. New fabrics with reduced

shedding also could provide significant reductions.

4.3.2 Sludge and fibers

The potential ecological risks of MP-contaminated

sludge should be assessed prior to agricultural or other

applications. For such assessments, improved methods

are needed for processing sewage sludge and wastew-

ater with high levels of suspended solids. Even after

rigorous oxidation, naturally occurring organic debris

may remain in the samples (Dyachenko et al. 2017;

Lares et al. 2018). Incomplete digestion of natural

fibers has caused potential bias, especially in studies

based solely on visual identification of MPs. An acid

digestion step post oxidation (H2O2) was reported to

reduce interferences of cotton and semi-synthetic

textiles, but it also can reduce any acid-sensitive
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MPs (Conley et al. 2019), and any residual debris may

confound results. In some studies, no digestion or

separation steps were used to remove non-plastic SAL,

rather this microlitter was designated as a category of

interest (Michielssen et al. 2016; Talvitie et al. 2017a).

Conley et al. (2019) reported thin fibers with

white/translucent appearances as suspect MPs. Iden-

tification by l-FTIR-ATR was not possible due to

problems with ATR crystal contact, especially with

particles\ 500 lm (Mintenig et al. 2017). Similarly,

Leslie et al. (2017) could not obtain spectra for 75% of

the thin transparent fibers in some samples. Staining

procedures have been applied to assist fiber identifi-

cation but improved spectral matching through use of

a custom library could better expedite MP identifica-

tion. As discussed, Talvitie et al. (2017a) obtained

poor spectral matches for natural textile fibers with

commercial libraries. After generating a custom

library, using model fibers, all fibers were successfully

identified. Improved FTIR, Raman, and/or other

techniques to identify a wide variety of fibers,

including plastic, natural, and semi-synthetic materi-

als, especially for smaller particles, is a priority

research need (e.g., Lares et al. 2018). Semi-synthetic

fibers, cellulosic materials, and other microliter also

may have risks (Remy et al. 2015). Selective mea-

surement could help identify and mitigate sources, if

appropriate, and allow assessment of the risks of

different materials.

5 Conclusions

The potential impacts of N&MPs have been a major

focus of plastic pollution. They have been found in air,

water, soil, food and beverages, biota, and human

stool. Plastic debris can be transported long distances

by air and water. During transport, it can absorb toxins

and exchange between environmental compartments,

with potential for harm to many species. Most N&MPs

in marine environments originate from land-based

activities. Some major MP types in marine and

freshwater systems have been identified but the

sources are uncertain. Studies of urban watersheds

are especially relevant as most plastic pollution

originates in urban areas and relatively few have been

reported. Further research is needed to identify the

types, sources, and abundances of N&MPs in urban

watersheds, and to better understand their transport,

transformations, fate, size distributions, associated

toxins, and potential toxicity. In future studies,

particular attention should be paid to transformations

that affect transportation. Studies of NPls are espe-

cially needed. Their small size and high surface area

may pose unique risks and little is known about this

fraction, mainly due to the monitoring challenges for

nano and sub-lm scale particles. Methods applied to

other fields (e.g., biology, nanomaterials) also may be

useful for NPl measurement.

Abundances of MPs in freshwaters are highly

variable (e.g., 10-5–105/L), but MP pollution is

widespread and tends to be much higher in urbanized

areas. Wastewater treatment plants generally have

high overall removal efficiencies for MPs (e.g.,

C 98%), but particle releases can be substantial due

to the high discharge volumes, and through sludge

applications. Atmospheric fallout of N&MP pollution

in urban areas, especially fibers, also contaminates

freshwaters (and land) and has potential for long-range

transport.

Studies of N&MPs and plastic-related contami-

nants in food, beverages, and other consumer products

are needed. Long-term, systematic studies of WWTPs

also are needed to better characterize N&MPs, eval-

uate treatment technologies and the impact of particle

capture, and assess the risks of contaminated sludge. A

lack of standard methods and reference materials have

slowed progress in determining the environmental

prevalence and impacts of N&MPs. To properly

conduct these and other studies, robust, standardized

protocols to collect, process, and analyze N&MPs in

complex matrices (soil, sediment, sludge, wastewater,

biological, etc.) are a critical research priority. Rep-

resentative reference materials are essential to method

validation, QA/QC, interlaboratory comparisons, and

environmentally relevant toxicity studies. Automated,

accurate methods that maximize N&MP recovery and

identification will permit comparisons across studies

and advance our understanding of their potential risks.

User-built spectral libraries can assist particle identi-

fication. Accurate measurement and source identifica-

tion in urban watersheds are necessary to reduce

N&MPs in all environments.

Ultimately, the most effective way to reduce

N&MP pollution is to reduce plastic production, use,

and improper disposal. Concurrent, sustained efforts,

including improved waste management and develop-

ment of new materials and technologies (e.g.,
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recycling, waste-to-energy) will be required, evolving

towards a circular economy to preserve resources and

minimize waste (Koelmans et al. 2019b). This will be

aided by future studies involving mass balance

between production, recycling, and release to the

environment of all plastics. Regardless of whether

current levels pose ecological and human health risks,

plastic pollution is an enormous, escalating problem.

Left unchecked, environmental levels of N&MPs are

expected to increase due to increasing plastic produc-

tion and use, projected emissions, and continuous

fragmentation of long-lived plastic reservoirs.

6 Supporting information

Additional data table for WWTP studies prior to 2017.
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(2017) Wastewater treatment plant effluents as source of

cosmetic polyethylene microbeads to freshwater. Chemo-

sphere 188:25–31

Kang HJ, Park HJ, Kwon OK, Lee WS, Jeong DH, Ju BK, Kwon

JH (2018) Occurrence of microplastics in municipal sew-

age treatment plants: a review. Environ Health Toxicol

33(3):e2018013–2018010

Kanhai LK, Officer R, Lyashevska O, Thompson RC, O’Connor

I (2017) Microplastic abundance, distribution and com-

position along a latitudinal gradient in the Atlantic Ocean.

Mar Pollut Bull 115(1–2):307–314

Karami A, Golieskardi A, Choo CK, Larat V, Galloway TS,

Salamatinia B (2017a) The presence of microplastics in

commercial salts from different countries. Sci Rep 7

Karami A, Golieskardi A, Choo CK, Romano N, Bin Ho Y,

Salamatinia B (2017b) A high-performance protocol for

extraction of microplastics in fish. Sci Total Environ

578:485–494

Kay P, Hiscoe R, Moberley I, Bajic L, McKenna N (2018)

Wastewater treatment plants as a source of microplastics in

river catchments. Environ Sci Pollut Res

25(20):20264–20267

Kessler R (2011) Engineered nanoparticles in consumer prod-

ucts understanding a new ingredient. Environ Health Per-

spect 119(3):121–125

Klaine SJ, Alvarez PJJ, Batley GE, Fernandes TF, Handy RD,

Lyon DY, Mahendra S, McLaughlin MJ, Lead JR (2008)

Nanomaterials in the environment: behavior, fate,

bioavailability, and effects. Environ Toxicol Chem

27(9):1825–1851

Klein S, Worch E, Knepper TP (2015) Occurrence and spatial

distribution of microplastics in river shore sediments of the

Rhine-Main area in Germany. Environ Sci Tech

49(10):6070–6076

Klein S, Dimzon IK, Eubeler J, Knepper TP (2018) Freshwater

microplastics. Springer, Cham, pp 51–67

Koelmans AA, Besseling E, Shim WJ (2015) Nanoplastics in the

aquatic environment. Critical review. Mar Anthropog Litt

325–340

Koelmans AA, Bakir A, Burton GA, Janssen CR (2016)

Microplastic as a vector for chemicals in the aquatic

environment: critical review and model-supported

reinterpretation of empirical studies. Environ Sci Technol

50(7):3315–3326

Koelmans AA, Besseling E, Foekema E, Kooi M, Mintenig S,

Ossendorp BC, Redondo-Hasselerharm PE, Verschoor A,

van Wezel AP, Scheffer M (2017) Risks of plastic debris:

unravelling fact, opinion, perception, and belief. Environ

Sci Technol 51(20):11513–11519

Koelmans AA, Nor NHM, Hermsen E, Kooi M, Mintenig SM,

De France J (2019a) Microplastics in freshwaters and

drinking water: critical review and assessment of data

quality. Water Res 155:410–422

Koelmans B, Pahl S, Backhaus T, Bessa F, van Calster G,

Contzen N, Cronin R, Galloway T, Hart A, Henderson L

(2019b) A scientific perspective on microplastics in nature

and society, SAPEA

Kole PJ, Lohr AJ, Van Belleghem FGAJ, Ragas AMJ (2017)

Wear and tear of tyres: a stealthy source of microplastics in

the environment. Int J Environ Res Public Health 14(10)

Lambert S, Wagner M (2016) Characterisation of nanoplastics

during the degradation of polystyrene. Chemosphere

145:265–268

Lambert S, Wagner M (2018) Freshwater microplastics.

Springer, Cham, pp 1–23

Lares M, Ncibi MC, Sillanpaa M, Sillanpaa M (2018) Occur-

rence, identification and removal of microplastic particles

and fibers in conventional activated sludge process and

advanced MBR technology. Water Res 133:236–246

Lassen C, Hansen SF, Magnusson K, Hartmann NB, Jensen PR,

Nielsen TG, Brinch A (2015) Microplastics: occurrence,

effects and sources of releases to the environment in

Denmark

Law KL, Thompson RC (2014) Microplastics in the seas. Sci-

ence 345(6193):144–145

Law KL, Moret-Ferguson S, Maximenko NA, Proskurowski G,

Peacock EE, Hafner J, Reddy CM (2010) Plastic Accu-

mulation in the North Atlantic Subtropical Gyre. Science

329(5996):1185–1188

Lead JR, Batley GE, Alvarez PJJ, Croteau MN, Handy RD,

McLaughlin MJ, Judy JD, Schirmer K (2018) Nanomate-

rials in the environment: behavior, fate, bioavailability, and

effectsAn updated review. Environ Toxicol Chem

37(8):2029–2063

Lechner A, Keckeis H, Lumesberger-Loisl F, Zens B, Krusch R,

Tritthart M, Glas M, Schludermann E (2014) The Danube

so colourful: a potpourri of plastic litter outnumbers fish

larvae in Europe’s second largest river. Environ Pollut

188:177–181

Lee KW, Shim WJ, Kwon OY, Kang JH (2013) Size-dependent

effects of micro polystyrene particles in the marine cope-

pod Tigriopus japonicus. Environ Sci Technol

47(19):11278–11283

Lehner R, Weder C, Petri-Fink A, Rothen-Rutishauser B (2019)

Emergence of nanoplastic in the environment and possible

impact on human health. Environ Sci Technol

53(4):1748–1765

Lenz R, Enders K, Stedmon CA, Mackenzie DMA, Nielsen TG

(2015) A critical assessment of visual identification of

marine microplastic using Raman spectroscopy for analy-

sis improvement. Mar Pollut Bull 100(1):82–91

Leslie HA, Brandsma SH, van Velzen MJM, Vethaak AD

(2017) Microplastics en route: field measurements in the

123

Rev Environ Sci Biotechnol (2020) 19:275–336 331



Dutch river delta and Amsterdam canals, wastewater

treatment plants, North Sea sediments and biota. Environ

Int 101:133–142

Lewinski N, Colvin V, Drezek R (2008) Cytotoxicity of

nanoparticles. Small 4(1):26–49

Li JN, Yang DQ, Li L, Jabeen K, Shi HH (2015) Microplastics in

commercial bivalves from China. Environ Pollut

207:190–195

Li JN, Qu XY, Su L, Zhang WW, Yang DQ, Kolandhasamy P,

Li DJ, Shi HH (2016) Microplastics in mussels along the

coastal waters of China. Environ Pollut 214:177–184

Li J, Zhang K, Zhang H (2018a) Adsorption of antibiotics on

microplastics. Environ Pollut 237:460–467

Li JY, Liu HH, Chen JP (2018b) Microplastics in freshwater

systems: a review on occurrence, environmental effects,

and methods for microplastics detection. Water Res

137:362–374

Li SC, Liu H, Gao R, Abdurahman A, Dai J, Zeng F (2018c)

Aggregation kinetics of microplastics in aquatic environ-

ment: complex roles of electrolytes, pH, and natural

organic matter. Environ Pollut 237:126–132

Li XW, Chen LB, Mei QQ, Dong B, Dai XH, Ding GJ, Zeng EY

(2018d) Microplastics in sewage sludge from the

wastewater treatment plants in China. Water Res

142:75–85

Li X, Mei Q, Chen L, Zhang H, Dong B, Dai X, He C, Zhou J

(2019) Enhancement in adsorption potential of

microplastics in sewage sludge for metal pollutants after

the wastewater treatment process. Water Res 157:228–237

Liebezeit G, Liebezeit E (2013) Non-pollen particulates in

honey and sugar. Food Addit Contamin Part A Chem Anal

Control Expos Risk Assess 30(12):2136–2140

Liebezeit G, Liebezeit E (2014) Synthetic particles as contam-

inants in German beers. Food Addit Contamin Part A Chem

Anal Control Expos Risk Assess 31(9):1574–1578

Lima AR, Costa MF, Barletta M (2014) Distribution patterns of

microplastics within the plankton of a tropical estuary.

Environ Res 132:146–155

Lin L, Zuo LZ, Peng JP, Cai LQ, Fok L, Yan Y, Li HX, Xu XR

(2018) Occurrence and distribution of microplastics in an

urban river: a case study in the Pearl River along

Guangzhou City, China. Sci Total Environ 644:375–381

Liu F, Vianello A, Vollertsen J (2019) Retention of microplas-

tics in sediments of urban and highway stormwater reten-

tion ponds. Environ Pollut 255(Pt 2):113335

Loder MGJ, Gerdts G (2015) Methodology used for the detec-

tion and identification of microplastics—a critical apprai-

sal. Mar Anthropog Litt 201–227

Lu YF, Zhang Y, Deng YF, Jiang W, Zhao YP, Geng JJ, Ding

LL, Ren HQ (2016) Uptake and accumulation of poly-

styrene microplastics in zebrafish (Danio rerio) and toxic

effects in liver. Environ Sci Technol 50(7):4054–4060

Luo W, Su L, Craig NJ, Du F, Wu C, Shi H (2019) Comparison

of microplastic pollution in different water bodies from

urban creeks to coastal waters. Environ Pollut

246:174–182

Lusher A (2015) Microplastics in the marine environment:

distribution, interactions and effects. Mar Anthropog Litt

245–307

Lusher AL, Welden NA, Sobral P, Cole M (2017) Sampling,

isolating and identifying microplastics ingested by fish and

invertebrates. Anal Methods 9(9):1346–1360

Lv X, Dong Q, Zuo Z, Liu Y, Huang X, Wu W-M (2019)

Microplastics in a municipal wastewater treatment plant:

Fate, dynamic distribution, removal efficiencies, and con-

trol strategies. J Clean Prod 225:579–586

Magni S, Binelli A, Pittura L, Avio CG, Della Torre C, Parenti

CC, Gorbi S, Regoli F (2019) The fate of microplastics in

an Italian Wastewater Treatment Plant. Sci Total Environ

652:602–610

Magnusson K, Norén F (2014) Screening of microplastic par-

ticles in and down-stream a wastewater treatment plant

Mahon AM, O’Connell B, Healy MG, O’Connor I, Officer R,

Nash R, Morrison L (2017) Microplastics in sewage

sludge: effects of treatment. Environ Sci Technol

51(2):810–818

Mani T, Hauk A, Walter U, Burkhardt-Holm P (2015)

Microplastics profile along the Rhine River. Sci Rep

5:17988

Mason SA, Garneau D, Sutton R, Chu Y, Ehmann K, Barnes J,

Fink P, Papazissimos D, Rogers DL (2016) Microplastic

pollution is widely detected in US municipal wastewater

treatment plant effluent. Environ Pollut 218:1045–1054

Masura J, Baker JE, Foster GD, Arthur C, Herring C (2015)

Laboratory methods for the analysis of microplastics in the

marine environment: recommendations for quantifying

synthetic particles in waters and sediments. NOAA Tech-

nical Memorandum NOS-OR&R-48

Matsuguma Y, Takada H, Kumata H, Kanke H, Sakurai S,

Suzuki T, Itoh M, Okazaki Y, Boonyatumanond R, Zakaria

MP, Weerts S, Newman B (2017) Microplastics in sedi-

ment cores from Asia and Africa as indicators of temporal

trends in plastic pollution. Arch Environ Contam Toxicol

73(2):230–239

Mattsson K, Hansson LA, Cedervall T (2015) Nano-plastics in

the aquatic environment. Environ Sci Process Impacts

17(10):1712–1721

McCormick A, Hoellein TJ, Mason SA, Schluep J, Kelly JJ

(2014) Microplastic is an abundant and Distinct microbial

habitat in an urban river. Environ Sci Technol

48(20):11863–11871

McCormick AR, Hoellein TJ, London MG, Hittie J, Scott JW,

Kelly JJ (2016) Microplastic in surface waters of urban

rivers: concentration, sources, and associated bacterial

assemblages. Ecosphere 7(11)

Michielssen MR, Michielssen ER, Ni J, Duhaime MB (2016)

Fate of microplastics and other small anthropogenic litter

(SAL) in wastewater treatment plants depends on unit

processes employed. Environ Sci Water Res Technol

2(6):1064–1073

Miller RZ, Watts AJR, Winslow BO, Galloway TS, Barrows

APW (2017) Mountains to the sea: River study of plastic

and non-plastic microfiber pollution in the northeast USA.

Mar Pollut Bull 124(1):245–251
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