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ABSTRACT: This critical review analyzes methodologies used to collect, quantify, and characterize microplastics in both
wastewater and drinking water. Researchers used different techniques at all stages, from collection to characterization, for quantifying
microplastics in urban water systems. This represents a barrier to comprehensively assess the current loads of microplastic and to
compare the results obtained by such assessments. The compiled studies address microplastic contamination using four types of
sample collection techniques, four methods for processing samples, and four techniques for characterizing microplastics. This results
in significant discrepancies in each of the following: (1) reported concentrations in both wastewater effluents and drinking water, (2)
microplastic characteristics (i.e., size, color, shape, and composition), and (3) quality control and assurance procedures. Finally, this
review qualitatively evaluated the reports by the completeness of their data based on a ranking system using five criteria: sample
collection, sample processing, quality control, identification technique, and results. The results of this ranking system clarify
disparities between the studies.

1. INTRODUCTION methods and identification techniques.””*°~* Previous re-
views have focused mainly on individual stages in the
assessment of MPs,”**°>® but an analysis of all of the stages
(i.e., sample collection, processing, characterization, quality
control and assurance, quantification) is required for a
comprehensive understanding of the contamination caused
by microplastics.

Presence of MPs has been frequently studied in marine
ecosystems.”>>**73°73¢ However, there are limited data that

Microplastics (MPs) include acrylic, polyethylene, polypropy-
lene, polyamide, and polyester fragments, among others, that
are less than § mm in size.'~

Contamination of marine and freshwater environments by
MPs has raised scientific and public concern due to the adverse
impacts on aquatic life."*> The ingestion of MPs by aquatic
organisms causes impaired reproduction, malnutrition, internal

abrasions, and blockages.6 In addition, potentially toxic ol d drinki b dif
additives used to enhance the properties of plastics can be involve wastewater and drinking water. Urban waters differ

released into the water.” Due to their hydrophobic surfaces, from the marine waters 1r.1 matrix and organic contents, surface
) 8—10 area, MPs sources, and sizes.

MPs can sorb persistent chemical pollutants (PCPs). This critical revi 3 Ivsis of all di
The presence of MPs in drinking water is a rising concern. Is critical review p.rov1 €S an analysis of a sFag?s used 1n
the assessment of MPs in both wastewater and drinking water,

Two identified sources of MPs in drinking water are the hat i locti )  dentificati 0
effluents from wastewater treatment plants (WWTPs) and that is, sample collection, processing, identification, quality

. 1,4,11-1
urban and agricultural stormwater runoft. - 3 MPs have

also been found in other products intended for human Received: November 5, 2019 m ’%
consumption,'*™"* but information on adverse human health Revised: ~ May 18, 2020 | -
effects is only partially understood.'>"?~*' Accepted:  May 20, 2020 :

Previous studies have identified the presence of MPs in Published: May 20, 2020

wastewater effluents and drinking water,”>™*° but result
comparisons are limited by the variability in the sampling
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control and assurance, and results distribution. It also provides
guidance for improving methodologies based on this analysis.
The objectives are to (1) compare the methodologies used for
the analysis of MPs in both wastewater and drinking water; (2)
identify the research gaps and limitations of current
techniques; and (3) develop a ranking system to evaluate the
information provided by the current study and by future
studies.

2. METHODOLOGY

The literature search used the following databases: ScienceDir-
ect (http://www.sciencedirect.com), Scopus (https://www.
scopus.com), Web of Science (https://webofknowledge.com),
SpringerLink (http://link.springer.com), Wiley Online Library
(http://onlinelibrary.wiley.com), Taylor & Francis Online
(http://www.tandfonline.com), ACS Publications (http://
pubs.acs.org), and RSC Publishing (http://pubs.rsc.org). The
main keywords used in the search were microplastic, wastewater,
drinking water, freshwater, plastic waste. This review paper cites
130 peer-reviewed publications or reports.

3. RESULTS

The first section describes the possible sources of MPs and
their transport into the environment. The following two
sections compile and analyze the procedures used during the
assessment of MPs in wastewater and drinking water, from the
collecting of samples to the reporting of results. Methods and
procedures discussed in this review are limited to those
reported in WWTPs and drinking water solely.

3.1. Sources and Fate of Microplastics. The global
production of plastic exceeded 320 million tons in 2016, with
9—21% of plastic waste either being recycled or incinerated;
and the rest going to landfills or improperly disposed.’
Improperly disposed plastic waste can result from unregulated
anthropogenic waste, wind-blown waste from recycling
facilities, or debris leaked during the collection and trans-
portation of waste.”

As a substantial constituent of plastic debris, MPs can be
generated. Generally, MPs can have primary and secondary
sources. Primary MPs are placed in cosmetics as abrasive or
cleaning agents."”*' They can also be generated by the
breakdown of large plastic particles that break down when
released in the environment.”” MPs are transported to the
environment from both point or diffuse sources,” from which
WWTPs are one of the main sources of MPs.”>***

MPs released during household washing or industrial
cleaning operations are transported through sewers to
WWTDs."*o*14%% Dye to their small sizes (<5 mm) and
low density (<1.2 g/cm?),*® only 50—98% of MPs are removed
during primary treatment by the skimming and sedimentation
processes,*”** while an extra of 0.2—14% are removed during
secondary treatment.””*" A negligible amount of MPs are
removed during tertiary treatment in some studies,*”"’
whereas other studies showed an overall removal between 95
and 99%."*°” Despite the high percentages removed, the total
number of MPs released to natural bodies of water could be
several million per day due to the large volumes of effluent
discharged daily.”**>°7>°

Many WWTPs receive a combined influent that consists of
sewage and stormwater runoff.’® In order to prevent hydraulic
overload in the biological tank (secondary treatment) during
extreme rain events, excess influent is either treated in a wet
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weather protocol (mostly physicochemical treatment) or
discharged without treatment in case of an overflow.”” These
discharges can carry large amounts of contaminants, including
MPs 58260

Urban stormwater runoff contains MPs such as the wear of
car tires and road markings that can be carried to the WWTPs
runoff.” % An estimated 5—10% of the total amount of MPs
in freshwater originate from tire wear.’’ Tire-wear is
considered an important source of MPs with the particle
sizes ranging from S pm to more than 100 um,*>%° and the
majority of the particles ranging from 5 to 25 um.®**° Also, the
paints used for road markings contain thermoplastic elastomers
that can leach into the road runoff.”” Similarly to other MPs,
particles produced by the road markings and tire wear have low
solubility and degadability, and they tend to accumulate in
bodies of water.” %>

Agricultural runoff from crops using biosolid-based fertilizers
is a nonpoint source of MPs.””*>*> MPs removed during the
wastewater treatment process are retained in the sludge
(biosolids), which can then be reused as farmland
fertilizer.”°~"> The sludge is treated before its agricultural
use; however, MPs are not targeted for removal during
treatment. Therefore, MPs can remain in the soils for decades
after the application of sludge.”””* MP particles retained in the
sludge used for agriculture in North America has been reported
to be between 4.4 X 10* and 3.0 X 10° tons per year.””

Industrial products, such as drilling fluids, proppants, and
cementing paste, can contain MPs.** Drilling fluids used in oil
and gas exploration contain plastic microbeads, such as
polytetrafluoroethylene (PTFE);’® rust and paint removers
utilize polyester scrubbers.”® If these products are used in open
space and not adequately contained, the MPs can end up in the
aquatic environment.'

Unregulated disposal of plastic products is a secondary
source of microplastics.”’ Large plastic fragments get broken
down through mechanical erosion, UV radiation, and bio-
logical degradation by bacteria or fungi.”*> UV radiation
degrades synthetic polymers of plastics in the environment by
photo-oxidation,”” with a degradation rate that depends on the
composition of the polymer.”® Physical degradation through
abrasion, heating/cooling, freezing/thawing, and wettin%/
drying are other possible causes of the formation of MPs.”
Ultimately, physical fragmentation can lead to the formation of
micro- and nanoscale partides.80 In addition, microorganisms,
such as Pseudomonas sp. and Bacillus brevis, produce enzymes
that are capable of promoting the hydrolysis of amides, esters,
and urethane bonds, further degrading plastic particles.*’~**

Landfills are the most commonly used end-of-life disposal
method for plastic waste in the United States (75.8%),
followed by incineration at 15.8% and recycling at 8.4%.%
Plastic waste in landfills may be exposed to extreme pH levels
and temperatures, high salinity, microbial degradation, and
physical stress.** These conditions lead to plastic fragmenting
into MPs that can be leached from the landfill.*>*®

As described above, primary, and secondary sources of MPs
contribute to the pollution of aquatic environments.
Identifying the sources of MPs can be challenging since plastic
particles travel long distances from their origin and undergo a
series of transformations that change their physical and
chemical characteristics.

3.2. Sampling and Identification of Microplastic in
Wastewater. This section presents the compilation of studies
of MPs in WWTPs conducted worldwide between 2011 and
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Table 1. Comparison of MPs Sampling Techniques used in 22 Wastewater Studies

sampling method (% of

studies using the method) advantages

grab samglﬁe 89,90,1,47,48,51,91,100
53,55,89,90,1,47,48,51,91,100 . . .
(409%)>>>> environmental contamination

extraction pum
(20%)49,. 4,55,92,95
collected

composite sample
(20%)33,60,92—94

Neuston/plankton net
(129)19°697

custom method (8%)*%°>%°

during the collection period

easy to perform

easy to perform, single time sample with less exposure to

eamples can provide a better representation of the varying
properties of WW than grab samples; large volumes can be

the samples can represent the average performance of a WWTP

procedures developed in house by researchers

limitations
samples may not be representative of the various characteristics
of WW influents due to patterns of use and seasonal effects

sampling flow must be adjusted to the characteristics of the
ww

time-consuming and requires multiple sampling trips, limited
volumes can be collected

smaller particles are underrepresented; possible cross-
contamination due to the plastic net

no consensus for use; results could be difficult to replicate

Table 2. Comparison of the Sample Processing Techniques used for MPs in Wastewater Studies

processing method (22
studies)

NOAA method
(489%) & 5489.92-9799,100

advantages

organic matter is dissolved,
resulting in clean MPs

MPs used by several studies

limitations

might need more than one digestion step, increasing the time required

different solutions were used to facilitate separation based on density through flotation; ZnCl, and Nal

had higher extraction efficiency than NaCl, but both are more expensive than NaCl

simple filtration

O 64700001 SN time-saving and low-
(399) 51 75355,64H 7490,

cost

centrifugation (9%)*>®  the method is easy and

simple to use

)99

staining method (4% easy to perform and low cost

Difficulties in separating plastic particles from other organic or nonorganic particles.

fractioning and deformation of plastic particles, resulting in misrepresenting quantity, shape, and size

false affirmation of some MP polymers; some algae and other organic detritus, such as seaweeds, wood,

and feathers might be lightly stained giving false indications for MP

2019. These studies are categorized by location, sampling
procedure, sample processing, identification and character-
ization techniques, and results (concentrations, quantities, and
size distributions of the MPs). Supporting Information Table
S1 summarizes the information from all the studies discussed
below.

3.2.1. Sampling Locations. Across multiple studies, ninety-
three WWTPs were assessed for MP contamination. The
results were summarized by countries and continents (SI Table
S3). Most studies (94%) were performed in North America
and Europe, however, this review only covered studies
published in English-language journals. The abundance of
MPs and their distribution in WWTPs varies by location with
several environmental factors that affect their distribution and
concentration. Factors include rainfall patterns, wind speed
and direction, and other meteorological patterns.” Anthro-
pogenic factors, such as population densities and daily human
activities also affect the abundance and concentration of MPs.
Wastewater streams in densely populated, urban areas are
more likely to contain higher concentrations of MPs than
wastewater streams in rural areas.' Poor waste management
practices can also contribute to MP pollution since wastes
placed in open dumps and uncontrolled landfills increase the
production of MPs. Often, waste disposal in developing
countries is poorly managed, leading to higher MP
contamination in these areas.” The lack of studies related to
MPs in developing countries can lead to underestimating their
MP loads to the environment.

3.2.2. Collection and Processing Methods. 3.2.2.1. Sample
Collection. The studies included in this review identified four
types of sample collection techniques, that is, grab samples,
composite samples, extraction pumps, and Neuston nets. Table
1 summarizes the studies presented in this section, including
the advantages and limitations of each method.

7039

Grab samples, which were used in 40% of the studies, are
single samples taken at one time. The volumes of grab samples
varied between 1 and 38 L, and containers included steel
buckets,”>* plastic containers,®””° glass containers,”" and not
noted in some studies.”””"

Composite samples, which are collections of equal, discrete
sample volumes taken at regular intervals over a period of time,
were used in 20% of the studies.”>**”>”**The time intervals
between sample collections varied from 15 min to 2 h over a
total period of 24 h. The volumes of composite samg)les were
between 3.6 and 5 L,”*”* or was not reported.”>**’

Grab and composite samples were either vacuum-filtered
onto membrane filters or passed through a stack of sieves
ranging from 60 to 5000 ym.

The extraction pump technique was used in 20% of the
studies.””***>">> This sampling technique consists of using
an electric pump to pump water from the wastewater stream
directly onto a stack of sieves with mesh sizes ranging from 20
to 5000 um. Flow rates varied from 2 to 22 L/min, and the
sampling time varied from 2 to 24 h.*»*#*°%%° The variability
of both flow rates and sampling times led to sampling volumes
ranging from 120 to 18 000 L. The differences in the flow rates
are a function of the concentrations of solids in different
streams and the mesh sizes of the sieves utilized. For example,
the effluent from a WWTP has a low concentration of total
solids, so it can be pumped at a high volumetric flow rate for
long periods of time. However, the influent to a WWTP or an
activated sludge tank has a higher concentration of total solids
and lower flow rates are required.””° A few studies indicated
that the flow rate varied during the collection period.*”**>°

In 12% of the studies, MPs were collected using Neuston
Nets or Plankton Nets.*””*”” Neuston Nets consist of a net in
a rectangular frame pulled by a rope which collects particles in
the upper 10 cm of the water column. The mesh sizes of the
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Table 3. Quality Assurance Procedures Applied during Sample Processing of MPs in 21 WWTPs

quality control measure procedures applied during sample processing

blanks DI water was processed the same way as the samples as blanks
(549)855455,60,74,90,92,93,95-97,100

. 89,91,92,97,99
internal standards (219%)%°">%7

cleaning procedure all laboratory equipment and benches were cleaned; no synthetic clothing was worn during the experiment; no plastic tools
(29%) 1*89293,7494,100 were used; air circulation was avoided

a known amount of MP polymer (e.g., polyethylene, polystyrene) was added as an internal standard

3%)48,52,53,74,89,93,94,1 00

control (3 clean filter papers were placed in Petri dishes and exposed to the air in the laboratory during the processing time to account

for atmospheric contamination

Table 4. Advantages and Limitations of the Methods Used for Identifying MPs in 23 WWTP Studies

techniques (% of studies) advantages limitations
Visual inspection/ fast and easy lack of information on the plastic
; 07 \47,49,51-55,60,74,90,92-97,99 L . .
microscope(50%) identifies shape, size, and colors composition; not confirmative of plastic

nature of the particle

FTIR (38%)"47/4951753,55,7489,91-95,99 identifies the composition of the polymer expensive
confirmation of the composition of the MP tedious work and time-consuming to
analyze all of the particles retained on the
filter
able to detect small plastic particles (~20 ym) wavelength radiation can be a limiting

detection factor

Raman (9%)°>7+1% identification of the composition of the polymer; confirmation of the  expensive instrumentation
composition of the MP; detection of small microplastics (1 #m) and time-consuming

nanoplastic (<1 pm) ) o
interference with pigments and

contaminants

SEM/EDS (3%)'%* clear and high-resolution images of particles nonaffirmative results in plastic particles;

facilitates differentiating between plastic and mineral particles due to the lack of information on the type of

dominant inorganic elements (Si, Ca) polymer

nets used in the studies ranged between 150 and 330 phase. This allows the low-density MPs to float, and the high-

um, 7097 limiting the detection of MPs to particles that are density particles to settle to the bottom. Then, the solution is
equal to or larger than the mesh size. The smaller sizes of MPs filtered through mesh sizes varying from 0.7 to 125 ym (SI
can be underestimated. Other concerns of Neuston Nets are Table S1). A detailed description of the method is provided in
atmospheric deposition and cross-contamination from the net the Supporting Information. The samples might require several
itself.” digestion steps to dissolve all the attached organic matter;
In 8% of the studies, a custom sampling method was used consequently, this process is time-consuming and more
that was developed in house (SI Table S1).**** Custom- expensive than the other methods.
sampling devices consist of a filtering device with an electric Thirty-nine percent of the studies used filtration method as

pump;” stacked units of mesh screens fixed to a base and
placed inside a polyvinyl chloride (PVC) cover with the
sampled water flowing through it;"*”” and a mobile pumping
device made of a flexible PVC hose connected to a membrane
pump, a polycarbonate filter housin% containing a stainless
steel cartridge filter and a flowmeter.”

3.2.2.2. Sample Processing. After sampling, MPs are
processed to separate them from other particles, such as
organic and inorganic colloids. Table 2 presents a summary of

the studies as well as the advantages and limitations of each of . . o ) .
the processing techniques described below. Alternatively, some studies (10%) used centrifugation to

. 49,89
The National Ocean and Atmospheric Administration process the samples, followed by sample filtration.

(NOAA) method'®" is the most commonly used method for Centrifugation conditions rangeg 8f;rom 4000 to 4500 rpm
).5489:92,95-97, applied for a range of 2—20 min™."” The main drawback was

that centrifugation may have deformed, compressed, or broken

the only treatment for the samples. Samples were either filtered
directly through membrane filters or passed through sieves and
followed by a vacuum filtration. The samples that passed
through a stack of sieves in the range of 20—500 ym, were
transferred using DI water into glass containers, and filtered
using a vacuum pump.’>**”***’" Membrane filters have pore
sizes that vary between 0.1 and 11 pm, " *7?!17337%9091 Thjg
method does not differentiate MPs from other organic
particles.

processing samples (48% *? The procedure was
designed for samples collected in marine environments;

however, due to the complex matrix of wastewater and the plastic particles, rgsulting in an inaccurate determination of the
presence of numerous particles of organic matter, this number of MPs.”
procedure was considered suitable by other nonmarine studies. Five percent of the studies used Rose Bengal staining
This method involves digesting organic matter using hydrogen solution.”” The Rose bengal solution stains organic particles,
peroxide (H,0,) in the presence of an aqueous ferrous such as natural fibers and other colloidal organic particles, but
solution (Fe(Il)) as a catalyst. The digestion step usually is not plastics, allowing a visual differentiation between plastic
followed by a separation step, which uses sodium chloride or and nonplastic particles.”” However, some studies have
zinc chloride solution to increase the density of the liquid reported that some MP polymers (such as PVPP) were
7040 https://dx.doi.org/10.1021/acs.est.9b06672
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stained by Rose bengal, while other natural particles such as
starch and cellulose particles, were not stained.'**

Quality control and assurance procedures were inconsistent,
with only 29% of the studies reported cleaning procedures for
the equipment, §1assware, and benches, among
others. #8525 7494100 Tohle 3 shows that blanks, controls,
and internal standards were used or reported by a limited
number of studies. However, none of the studies used or
reported quality control during field sampling to prevent cross-
contamination; appropriate quality control would include
wearing nonsynthetic coats, covering and preserving samples,
careful sample shipping to control samples, and eliminating
airborne contamination, among others. Some studies used
plastic containers, nylon nets, coats made of synthetic fabrics,
and used practices which can result in contamination of the
samples.

3.2.3. Identification and Quantification Methods. After
processing, particles retained on filters or sieves are counted
and identified using several techniques. MPs can have various
colors, shapes, sizes, and composition; therefore, multiple
characterization techniques can be used. The most commonly
reported identification methods were visual inspection using an
optical microscope, Fourier-transform infrared spectroscopy
(FTIR), Raman spectroscopy, and scanning electron micros-
copy (SEM). Table 4 summarizes the advantages and
limitations of each one of the identification methods.

3.2.3.1. Visual Identification. Optical examination of MPs
was used by 50% of the studies to identify plastic particles.
Visual identification was done by the naked eye or by using an
optical microscope with objectives ranging between 10X and
50x. 39093797 1y some cases, the microscope was coupled
with image-analysis software, such as Histolab and Olympus
stream.’””” Although visual identification method is an easy
and straightforward method, it is not a reliable identification of
microplastics. This technique is susceptible to false positives
resulting from interference by nonplastic particles; including
cellulose, keratin, viscose rayon, coal/fly ash, and paint
chips.”'%* Particles smaller than 100 um and transparent
particles are difficult to identify using this technique.

3.2.3.2. Raman Spectroscopy and Fourier-Transform
Infrared Spectroscopy (FTIR). Raman spectroscopy (9% of
studies”””*'°%) and FTIR (38%>**%°%1%7197) were the most
common analytical methods used to identify the composition
of MPs, that is, polyethylene, polypropylene, polystyrene, or
polyvinyl chloride.>*#***#10%1%=197 1 hoth methods, mole-
cules of the samples are investigated by vibrational spectros-
copy producing a characteristic spectrum of the polymer that
can be identified using a reference spectra library.””'%® For
FTIR, the infrared radiation that irradiates the molecular
structure of the particle is partially absorbed and measured in
transmission or reflection mode.” For Raman spectroscopy, a
monochromatic laser source interacts with the molecules of the
sample upon the scattering of light, resulting in characteristic
molecular vibrations depending on the chemical structure of
the component.'” """ Similar to the FTIR, Raman spectros-
copy generates a spectrum that can be used to identify the
polymer present in the particles."""

The two modes of FTIR that can measure more than one
fragment at a time are the attenuated total reflectance (ATR)
mode and the focal plane array (FPA) mode."'”'"” Larger
particles (>500 ym) that can be handled with tweezers are
usually analyzed using the ATR mode.”* This type of analysis is
not applicable for smaller particles. However, FPA-based,
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micro-FTIR imaging can be used by combining FTIR with an
optical microscope. FPA-FTIR can analyze particles collected
on a filter by detecting each individually.""* However, micro-
FTIR is a more expensive instrument and can be time-
consuming when examining all of the MP particles on a filter.”*
Consequently, studies have analyzed small areas of the filters or
confirmed the composition of a few MP par-
ticles."”>! 739949299 [t i possible however to reduce the
analysis time by creating an image of an entire filter in a single
measurement using widefield imaging. Analysis times reported
for this technique varied between 33 s/mm? to 111 min/

m%'” The analysis times depend on the measurement
settings including acquisition time, exposure time, number of
accumulations, scan mapping points, and on the number of
particles.'”” Another limitation of FTIR is that particles smaller
than 20 ym cannot be detected.""’

An advantage of Raman spectroscopy is its ability to detect
MP particles with sizes between 1 and 20 ym due to the
smaller diameter of the laser beam as compared to the
FTIR.>**'%%!%7 Additionally, optical tweezers combined with
Raman spectroscopy (i.e., Raman tweezers) demonstrated the
potential of analyzing nanoplastics with sizes less than 1 ym.""®
Raman spectroscopy has also the potential to analyze MPs
from water samples.109 However, fluorescence, due to
pigments or additives in the MPs, interferes with the Raman
spectra and may prevent the identification of the particles.""" A
limited number of studies (9%) used Raman spectroscopy for
wastewater samples, which explains why the most commonly
reported sizes of microplastic particles are 25 ym or larger”
(SI Table S1). The analysis time of Raman spectroscopy,
which is in the range of 15—33 h/mm?, is longer than that of
FTIR.!” Shorter measurement times (2 min/ mm? to 55 min/
mm?®) were achieved using specific software (e.g, Horiba,
rapID)."”

3.2.3.3. Scanning Electron Microscopy (SEM). A few
studies (3%) used scanning electron microscopy (SEM),
which visualizes the surface characteristics of the particles.'®’
This technique provides high-resolution images of a samgle by
scanning the surface with a focused electron beam.''® The
detailed sample images (>0.5 nm) allow differentiation
between particles.''” However, SEM does not identify the
composition of the polymer. In addition, the samples require
special preparation, such as cleaning, drying, applying a
conductive coating, and mounting the sample on a stub
using conductive talpe.103

3.2.4. Reported Concentration and Properties of Micro-
plastic. Units reported for MP are inconsistent in recording
the sample location (influent, effluent, solids, upstream,
downstream) and in the characteristics of the MPs (sizes,
shapes, colors, and type of polymer). The various units that are
used include MP particle number per volume (e.g, MP/L,
MP/gal, MP/m?), particle number per mass (e.g.MP/kg),
particle number per area (e.g, MP/m?), and concentration
(e.g, mg/m?). While some studies provide shape and
composition, others just reported the number of particles (SI
Table S1). In addition, most studies performed an analysis of a
subset of the MPs that were collected, implying that the total
concentration can be determined by extrapolation. This leads
to inaccurate results because it assumes that there was a
consistent distribution of particles on the filter.

The following sections compare the results from the WWTP
studies regarding MP concentrations, sizes, composition, and
morphological characteristics.

https://dx.doi.org/10.1021/acs.est.9b06672
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3.2.4.1. Concentrations of Microplastic Particles. Due to
units inconsistencies and the size distribution among the
studies, the authors of this paper converted all MP
concentrations into number of particles per volume (SI
Table S4) when adequate information was provided.

Most of the studies (71%) reported MP sizes in the range of
100 to 125 pem, 7495 15354609092,95.97,99,103 b e 5 9696 of the
studies, the sizes were 500 ym or 1arger.51’53’60’96’103 Using
FTIR analysis, only 4% of the studies reported MP results for
particles as small as 20 ym.*” A few studies identified particles
from 20 to 65 um, but only reported the total number of
particles irrespective of their sizes.”"*>”*”" Optical examina-
tion was the only analysis used for particles larger than 300 pm,
while analyses of the compositions usually were included for
particles smaller than 300 pm.

Most studies (63%) reported concentration values ranging
from 8.0 X 107" to 5.0 X 10* MP/m>. Twenty seven percent of
the studies reported concentrations ranging from 1.0 X 10° to
6.0 X 10> MP/m”® in the wastewater effluents. A few studies
(10%) reported high concentrations, ranging from 3.5 X 10* to
8.1 X 10" MP/m?>. As previously discussed, this variability was
attributed to using different methods for sampling and
identification. The levels of treatment (primary, secondary,
and tertiary) at WWTPs can also affect concentrations. In
general, higher MP removal rates are achieved at advanced
treatment levels,**** with some exceptions.49 Also, some
advanced wastewater treatment processes can produce high
MP removal rates including the membrane bioreactor (MBR)
which removed 99.9% of MPs (reduced from 6.9 X 10° MP/
m® to 5.0 X 10' MP/m?®),>” the rapid sand filter which
removed 97% of the MPs (reduced from 7.0 X 10* to 2.0 X 10*
MP/m3), and the dissolved air flotation process which
removed 95% of the MPs (reduced from 2.0 X 10° to 1.0 X
10> MP/m?).>*

Only 39% of the studies reported the concentration of MP
particles in the influent to the WWTP. Those concentrations,
expressed as the number of particles per m® mainly varied
between 1.5 X 10% and 9.10 X 10° MPs/m351°355606490 Thjq
60-fold difference may have been due to the different
geographical locations of the WWTPs, the volume and
composition of the influent, the methods used to process
and identify samples, and the presence of a combined sewage
system.

3.2.4.2. Composition of MP Particles. The polymer
composition of the MP particles was only reported when
spectroscopy was used. However, a small number of the total
extracted samples was analyzed."*”>'7>>°>%%%7 Therefore,
percentages of the MP compositions were mostly extrap-
olations. Additionally, spectroscopy was used to analyze a
fraction (6—18%) of the total area of the filter, whereas only a
few garticles were analyzed in the rest of stud-
es. /11733959299 Table 6 presents the percentages of
particles for the polymers that were identified most often,
that is, polyester (PES), polyethylene (PE), polyethylene
terephthalate (PET); nylon (PA), polypropylene (PP); and
polystyrene (PS).

PES was the most reported polymer in WW effluents. The
most common source of PES is the washing of synthetic
clothes."'® The compositions of microplastics in personal care
products and cleaning agents consist mostly of PE, PP, and PS
particles that have an average sizes in the range of 150 to 330
um.""” This matches the results found in terms of size (SI
Table S4) and polymer distribution (Table S).
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Table S. Percentage of the Number of Particles by Polymer”

PES PET PE PA  acrylic PP alkyd PS
average 41.6 27.1 26.3 21.3 12 9.8 8 5.3
(%)
range (%) 11—  4-51 4-70 16— 7-17  3— 8 4
67 28 16 10

“PES polyester, PET polyethylene terephthalate, PE
polyethylene, PA = polyamide, PP polypropylene, PS =
polystyrene+7/52535599

3.2.4.3. Morphology and Physical Characteristics. MP
particles have been classified into categories according to their
morphology as follows:”'*” plastic fragments or flakes (round,
subround or angular), pellets (sphere, cylindrical, disks),
filaments, plastic films, foamed plastic, beads, and Styrofoam.
Colors reported included clear or transparent, white, white-
cream, red, orange, blue, black, and others. These character-
istics usually are assessed by using optical microscopy or
scanning electron microscopy (SEM).”” Eight studies reported
the morphology of particles in the wastewater efflu-
ent, 7193974909596 Tahle 6 shows the percent of particles

Table 6. Percentage of Morphology Distribution in Terms
of Numbers of Mp Particles As Identified in

Studies47,51,53,54,74,90,95,96
MP fragment/
morphology fibers flake film  beads foam pellets
average (%) 51.3 30.3 4.7 1.6 1.4 1.7
range (%) 1880 18—68 1-10 0-3 1-2 1-3

by shapes identified in the studies that were reviewed. Fibers
are the most dominant shape of MPs, and they most likely
originate from washing synthetic clothes. Fragmented particles
or flakes of particles were the second most common shape.
Film, beads, foam, and pellet particles were less than 10% of
the total MPs reported.

3.3. Sampling and Identification of Microplastics in
Drinking Water. MPs have been identified in freshwater
bodies, ' *7%197 121 byt there is very little information about
their presence in water produced for human consumption.”* A
recent report by the World Health Organization reviewed the
occurrence of MP in drinking water, with focusing on bottled
and tap water and assessed the potential health risks to
human.'”* A search returned six peer-reviewed studies, and
one report that had not been peer-reviewed. Four studies
assessed the presence of MPs in bottled water,”'**~'** and
three focused on the occurrence of MPs in tap water and
drinking water treatment plants (DWTPs)."*°~"** Despite the
small number of studies, there were substantial differences in
the concentrations of MPs in all identified categories of
drinking water.

The following sections compile the results found in the
sampling, processing, identification methods as well as the MP
concentrations in the reports concerning water for human
consumption. SI Table S2 summarizes the relevant findings in
the drinking water studies.

3.3.1. Sample Collection Techniques. Bottled water
purchased globally was analyzed for MP contamina-
tion.””'**7'*> The compositions of the packages included
plastic, glass, carton, and high-density polyethylene (HDPE).
This diversity of materials affects the results that were found
for the MPs.

https://dx.doi.org/10.1021/acs.est.9b06672
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Another study relied on samples of tap water collected by
volunteers stationed around the world."*® The sampling
procedure consisted of running the tap water for 1 min prior
to filling a 500 mL HDPE bottle to the point of overflowing.
The bottles were filled and emptied twice before being filled a
third time and capped.'”® This was done to rinse the bottle
prior to final sample collection.

Two studies collected water from the influent and effluent of
drinking water treatment plants (DWTP) in the northwestern
part of Germany'’” and in urban areas of the Czech
Republic.126 In addition, in one of the studies, a single
household in the distribution water system of each DWTP was
chosen for sampling at the meter and at the tap.'”” Volumes of
drinking water samples (Table 7) were collected in glass
containers and then filtered through 3 pm stainless steel
cartridge filters'”” or S ym PTFE membrane filters.'*

Table 7 summarizes the volumes of the samples used by all
studies.

3.3.2. Sample Processing. Bottled water samples were
processed differently than wastewater samples since chemical
digestion, density separation or centrifugation is not required.
However, staining methods were used in two studies; ' *>'*®
while another study added ethylene diamine tetraacetic acid
tetrasodium (EDTA) salt to reduce the number of precipitated
minerals and facilitate the identification of plastic particles.'**
It should be noted that this method was not used or replicated
by any other study that assessed MPs; therefore, further
corroboration is needed. Two studies did not use any sample
processing.zz’123

All studies filtered the samples under vacuum and stored the
filters in sealed Petri dishes for further analysis. The Petri
dishes were glass,"**"*®'*” polystyrol,”* or material not
reported.”>"**'** Among the studies, the type of membrane
filters used varied between cellulose nitrate,'>>'*® gold- or
aluminum-coated polycarbonate,””'** and glass fibers.'**The
pore size of the filters varied from 0.4 to 2.5 ym.

Samples collected from the DWTPs were digested usin% a
H,0, solution to remove any possible organic film," 217
Then, the samples were filtered using 0.2 ym aluminum oxide
filters.

Table 7 summarizes processing techniques that were used by
the studies.

All studies used a laminar flow box to prevent any airborne
contamination, and used a cleaning procedure for glassware
and cotton lab coats to prevent any further external
contamination. Blanks and controls were used in all studies
while the samples were being processed in the lab.

3.3.3. Identification and Quantification Methods. The
methods used to identify MP particles in drinking water also
varied among the studies. Some used Raman microscopy (N =
4), some used FTIR (N = 3), and one used an optical
microscope (N = 1). One study used both Raman microscopy
and FTIR to analyze the samples.'”® Raman microscopy was
carried out on the filters without prior processing of the
samples,”>'** and for the particles between 1 and 10 ym after
the sample had been digested.'”® After processing with
digestion or staining, FTIR was used to confirm the
composition of the 7polymer in the samples for particles larger
than 10 pm.'”~"*" One study examined the stained filter
under a dissecting microscope.'**

3.3.4. Concentrations and Composition of MP Particles.
All studies reported the concentrations of MPs as either
particles per liter or particles per cubic meter. The
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concentrations (MPs/m?®) varied significantly among the
studies, that is, between 0 to 5.51 X 10° MPs/m? for the
single-use bottled water;>>'2¥12%129 0 t6 6.1 X 10* MPs/m? for
tap water;'** 0 to 6.56 X 10° MPs/m> for DWTP influent;'”’
and 0 to 6.43 X 10° MPs/m® for DWTP effluent."**'*” In
general, single-use bottled water had higher MP concentrations
than tap water or DWTP water, and, in some cases, the
difference was orders of magnitude. Since the number of
studies was limited and the reported range of concentrations
varied significantly within the same study, no comparisons
were possible. This variability was due to the heterogeneity of
the samples that were tested, even within the same study.'*>"**
SI Table SS shows the MP concentrations (number of particles
per cubic meter) reported in the studies by particle size.

SI Table SS shows that the average concentrations for
particles with sizes less than 100 #m (0 to 5.51 X 10° MP/m?)
was larger than the concentration of particles greater than 100
um (0 to 2.2 X 10° MP/m?*). This was expected since drinking
water undergoes several treatments and filtration processes that
remove large MP particles.

The most common compositions of the MPs that were used
for bottles and caps were PET (identified by four
studies®>'*>'?*12%) ' PE (identified by three studies””'*>'**),
and PES (identified by three studies”'*>'*”). PES and PVC,
standard materials in treatment plants and distribution
systems, were detected in the tap water and DWTP water.'”’

4. EVALUATION OF CURRENT STUDIES

Based on this review, we developed a ranking framework to
determine whether the information provided in the studies
could be compared. A quality assessment method was used to
evaluate recent MP ingestion studies in aquatic biota using 10
criteria.”*’ In this review, we adopted a simplified ranking
framework to assess the completeness of MP studies in
WWTPs. A highly ranked article would provide information in
five categories: sample collection, sample processing, quality
control (QA/QC), identification technique, and reports of the
results of studies, that is, MP concentrations and compositions.
The scores for each category ranged from 1 to 3, with 3
indicating the information is present, 2 indicating partially
reported, and 1 indicating information is not present. The
scores assigned for each study are summarized in SI Table S6.
A more detailed overview of the scoring criteria is provided in
SI Table S7.

Total scores for the studies ranged from 6 to 13. For a study
to pass, it needed a score of 12 or above, meaning four out of
five categories received a perfect rating. Only 24% of the total
studies had passing scores. Those studies can be used for
comparisons and for assessment of the MP contamination of
wastewater. Note that quality control and identification
methods were the two categories that were mostly under-
reported.

The general trend of low scores in the studies casts doubt on
the actual results that were found due to either under-
estimating or overestimating the real concentrations of MPs.

The higher-scoring studies are the most recently published
ones (2017—2019), suggesting an improvement in MP
research methods. Three most recent studies provided
complete information in all five categories."*""** This ranking
system can motivate researchers to use the best methods in
order to eliminate some of the deficits associated with past and
current studies.
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5. DISCUSSION

Our results showed a lack of consistency among the studies
with regards to quality assurance procedures, sample
collection, sample processing, characterization and identifica-
tion techniques, and reported results of MPs. Standardized
procedures for all of the steps in the assessment of MPs in
wastewater will increase the accuracy of the results, reduce
time and effort required, and help to perform meaningful
interpretations and comparisons between studies. Here, we
discuss some recommendations for future studies.

Quality assurance and quality control methods are essential
to prevent the contamination of the samples and ensure
reliable results."** These methods include using a moist filter
exposed to the air during the processing of the samples to
account for airborne contamination,”*® a blank sample using
DI water,”*” spiking a sample with a known polymer,”*”” and
using triplicate samples. Several other measures for control
should be used during the processing of the samples, for
example, the choice of plastic-free laboratory tools, the use of
cotton lab coats, processing samples in a laminar flow chamber,
and cleaning precautions for tools and the lab bench.'*>'*

Choosing the appropriate technique for collecting samples,
including the volumes of the samples, is challenging since each
method has advantages and disadvantages. However, among
the existing collection techniques, collecting with a grab sample
seems to be the most appropriate. Samples should be collected
in glass containers and sealed immediately on site, minimizing
airborne contamination during sampling since the container
will be underwater when the samples are taken.'’ Then,
wastewater samples can be digested and sorted through a stack
of sieves with graduated mesh sizes. To prevent contamination,
this process should be done in a laminar flow chamber in the
lab.*””® 1t is recommended that the mesh sizes of sieves be
between 20 and 1000 ym, since sieves with smaller mesh sizes
will be clogged by the contents of the wastewater.*”>* Then,
filtrate water can be filtered through 10 and 1 ym membrane
filters to retain the smaller particles. The filtrate water should
be digested prior to filtration, as described later in the
recommended processing method.

The removal efficiency of MPs at each treatment stages and
their retention in sludge are essential to quantify the mass
balances of MPs. This information helps to understand the fate
of MPs in WWTPs. However, sampling from different units on
the same day can be challenging due to the time required, the
variable retention times of each unit, weather conditions, and
the hours during which the facility is operated. Therefore, the
grab-sample method seems to be the most convenient method.

The authors of this study identified four different techniques
regarding sample processing methods. Since the wastewater
matrix is very complicated, the digestion method developed by
NOAA was appropriate to remove organic films.'”" This
method also has been frequently tested in water sam-
ples.*”OV3713% The mixture of H,O, and Fe*" has been
proven to purify wastewater due to its ability to remove organic
compounds through oxidation.*” The separation of MPs from
other inor§anic matter by density is best achieved using
ZnCl,.**"*” Filters can be chosen depending on the technique
used to identify the MPs. For Raman spectroscopy analysis, the
filter that has the best performance is aluminum polycarbonate,
which helps reduce fluorescence and enhance the contrast
between the MPs and the filter.'"** For micro-FTIR, the filter
did not seem to interfere with the analysis,"*" so membranes
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such as nitrate cellulose, glass, and metal coated polycarbonate
membranes can be used. The latter is also valid for any other
identification technique. Since the current identification
methods only detect particles that are larger than 1 pm, the
sizes of the pores in the filters should be less than or equal to 1
um. The filters should be stored in sealed glass Petri dishes to
prevent any further contamination.

One of the main challenges in the analysis of MPs is
identification. Visual examination of MPs using an optical
microscope or SEM alone is not reliable. Visual inspection can
be improved by using an automatic prescreening approach,
named holographic plastic identification, that can distinguish
MP accurately in heterogeneous pretreated water samples.'**
However, subsequent determination of the composition of the
polymer is required to confirm the identity of MP particles.
Therefore, spectroscopy techniques, such as FTIR and Raman,
are recommended for the identification of polymers. Raman
microscopy has the advantage of detecting very small particles
sizes (1 um or less), whereas standard FTIR equipment can
only detect particles larger than 20 um. More recent
techniques using a commercial setup that combines FTIR
with atomic force microscopy AFM (AFM-IR) which allows
the analysis of nanoplastic particles."*’ The time required to
analyze the particles individually is one of the main limitations
of these techniques,'” but it can be reduced by using
automated Raman mapping routines and particle detection
software, enabling the rapid detection of MPs.'?

Significant variations in the concentrations and sizes of MPs
have been reported in various studies, and we have identified
the differences in the concentrations, sizes, units, morpholo-
gies, and compositions. However, comparing concentrations of
MPs determined by various studies are meaningless when
analyses are inconsistent. For example, filtering a sample
through a 20 pum sieve will lead to a higher concentration of
MPs than filtering the same sample through a 60 ym sieve. The
use of large sieve sizes results in underestimating the total
concentration of MPs. If all studies used the previous
recommended techniques, compiling the results would be
easy, and meaningful comparisons could be made among them.
In addition, uniformity in units and terminologies is
recommended, including expressing the concentration as the
number of MPs/volume; expressing the total MPs in both the
influent and effluent of WWTPs number of MPs/day; using a
consistent range for the sizes of particles (um); identifying the
types of polymers,for example, PES, PE,PET, polyamide; and
the classification of their shapes, for example, fiber, fragment,
film, bead, foam, or pellet. Classification of MP based on
morphology can help identifying their sources of origin. Fibers
most likely originate from washing synthetic clothes, while
films may originate from plastic bags or wrappers, and foams
may be attributed to food containers or packaging.'**

The results and recommendations of this critical review can
contribute to the U.S. Environmental Protection Agency’s
(USEPA’s) report, which has identified and prioritized the
scientific information required to understand the risks
associated with MPs in the United States.'*> These
recommendations include methods for the assessment of
MPs, the identification of the sources and fate of MPs, and the
risks to both human and ecological health posed by MPs. The
USEPA’s report is helpful in establishing work priorities while
recognizing the deficits and needs, but there is still a need to
generate planning scenarios regarding the unmet challenges
associated with MPs. The recommendations put forth in this
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critical review include some potential solutions to these
challenges.

In studies of drinking water, the discrepancies also have been
extensive, especially considering the limited number of studies.
However, all studies of drinking water have avoided potential
external sources of contamination by using blanks, controls,
cleaning procedures, appropriate lab wear, and by performing
experiments in a laminar flow box. Also, all but one of the
studies have used spectroscopy methods to analyze drinking
water samples, thereby attaining more accurate results.

The concentrations of MPs in drinking water, which range
from 0 to 5505 MPs/L, were higher than their concentrations
in wastewater, which range from 0.008 to 81 MPs/L. This
difference is due mainly to the sizes of the MPs that were
analyzed. Most wastewater studies analyzed particles larger
than 100 pm, whereas drinking water studies analyzed particles
between 1 and 500 pum. If studies conducted in WWTPs
included the smaller-sized particles, their concentrations would
have been higher. The processing of bottled water is another
source of plastic contamination that can increase the
concentrations of MPs in bottled drinking water. Regarding
the effluents of DWTDPs, there was a vast difference (4 orders
of magnitude) in the concentrations between the two studies
even though both studies used the same procedure for
processing samples and the same spectroscopy techniques to
identify the MPs. The main difference between the procedures
was the volume of the samples. Normalized MPs concen-
trations were higher in the study with the larger volume, that is,
2500 L vs 27 L.

The volumes of drinking water samples used for the
detection of MPs were generally very low, that is, 0.5—2 L,
although there were two studies that used larger vol-
umes.'”*'?” The concentrations of MPs in the small volumes
were not representative of the actual concentrations of MPs in
the water since the range of normalized MPs concentrations
was extensive (0—5505 MPs/L). The concentrations reported
were wide-ranging in the various studies due to the difference
in sampling volumes, analyzing particles less than 10 um in
size, and analyzing only a fraction of the particles.

This review’s recommendations for enhancing the methods
for assessing MPs in both wastewater and drinking water are
aimed at reducing the discrepancies among studies, creating a
framework for legitimate comparisons of reported results,
encouraging the performance of additional studies, and
providing a better understanding of the issue of contamination
caused by MPs.
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