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a b s t r a c t

Plastics are a frequently observed component of marine debris and there is growing concern about
microplastic (MP) ecotoxicity, and the impacts of additives, sorbed hazardous organic contaminants,
heavy metals, and biofilm on MP surfaces. The relative importance of MP from different terrestrial and
freshwater sources is poorly understood and limits our ability to develop best management practices.
This review focuses on evidence and methods for source apportionment of MP in freshwater environ-
ments including the use of MP characteristics, mass balance techniques, and surface characteristics.
Within-study data indicated some potential for differences in polymer identity and morphology for
differentiating select sources, but clear cross-study patterns were lacking. Major challenges identified
include technical challenges in accurately identifying polymers, multiple classification schemes for re-
ported MP morphologies, lack of data for several terrestrial sources, poor understanding of differential
fate/transport/weathering processes for MP and surface contaminants, and methodological difficulties
simultaneously confirming polymers and surface contaminants.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Research conducted on occurrence of environmental micro-
plastics (MP) has primarily focused on determining MP abundance
in marine environments. Studies have been conducted to deter-
mine the prevalence of MP on the sea surface, within the water
column, and in marine sediments along beaches. A review of 68
research articles conducted by Hidalgo-Ruz et al. [1] found micro-
plastic particles ranged from 1 mm to 29 mm with concentrations
varying by 7 orders of magnitude within all three of these com-
partments. Comparatively less research has been done on the
abundance of MP in the freshwater environment; however, the
growing number of studies that have been conducted offer strong
evidence to support the existence of MP contamination in fresh-
water systems [2]. A recent review by Li et al. indicated that
quantification of the MP particles in freshwater range from greater
than 1 million pieces per cubic meter to less than 1 piece in 100
cubic meters [2]. A better understanding of the wide variety of
hrenfeld), arbuckle@camden.
. Bartelt-Hunt).
primary (manufactured in small sizes) and secondary (derived from
the breakdown of other macro and micro-plastic) MP sources in
freshwater is needed.

MP are generally defined as polymer particles <5 mm in size
that present in a variety of morphologies (i.e., beads, fragments,
fibers, films). Determining the source of MP is complicated by the
fact that these particles can travel far from their point of origin,
evidenced by observations of MP in remote regions of the world
(e.g., Ref. [3]). There is also potential for different fate (e.g., bio-
logical uptake, photodegradation, biofouling and settling) and
transport processes that may alter the profile of MP observed at a
source compared to what may be observed at a sampling site that
could complicate fingerprinting approaches to source tracking if
not accounted for.

Mitigating MP pollution in the freshwater environment requires
understanding the sources and their relative importance in terms
not only of quantity but also of any potentially adverse impacts and
environmental fate and transport. The implementation of voluntary
phaseouts and legislation banning the addition of plastic bags and
MP particles to personal care products is an example of how miti-
gation strategies can be implemented when sources are well
defined (in addition to there being other circumstances that facil-
itate change) [4,5]. Multiple global reports [5,6] agree that a
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Abbreviations

ATR attenuated total reflectance
EDS Energy-dispersive X-ray spectroscopy
FPA focal plane array and microscopic
FTIR Fourier transform infrared spectroscopy
ICP-MS inductively coupled plasma mass spectrometry
MP microplastic
nMDS non-metric multidimensional scaling
PE polyethylene
PET polyethylene terephthalate
POPs persistent organic pollutants
PP polypropylene
PS polystyrene
PVC polyvinyl chloride
PUR polyurethane
Pyr-GC/MS pyrolysis-gas chromatography/mass

spectrometry
m-FTIR microscope FTIR
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significant knowledge gap exists with regards to potential sources
of MP. The present review compiles data from three approaches for
source apportionment of MP (1) linking particle characteristics to
sources, (2) source sampling and mass balance to establish inputs,
and (3) using particle surface contaminants to implicate potential
sources.

2. Linking particle characteristics to sources

Differences in polymer chemical composition and particle color,
morphology [7], and size could potentially be used to help elucidate
the sources of MP. Plastics Europe [8] produced a report that re-
ported quantities of different polymer types used by different in-
dustries, suggesting some potential linkage between polymer type
and application. To date, limited research has linked observations of
MP characteristics to specific sources in freshwater systems.

The most commonly identified MP particles (80%) are poly-
ethylene (PE), polypropylene (PP), polystyrene (PS), polyvinyl
chloride (PVC), polyurethane (PUR), and polyethylene tere-
phthalate (PET) with some variations including copolymer com-
positions depending on the collection sites, pre-treatment and
analytical methods employed for identification [8,9]. Fig. 1 shows
the polymers identified across four studies published over a two
year period using attenuated total reflectance (ATR) Fourier trans-
form infrared (FTIR) spectroscopy [9,10], focal plane array (FPA)
FTIR [11], and microscopic FTIR (m-FTIR) in reflectance mode [12].
The lack of consistent methodologies for identifying polymers may
be limiting the ability to use polymer identity for source tracking.
MP identification techniques include optical microscope observa-
tion after sieving and/or density gradient separation, but for
definitive determination of polymer composition, additional spec-
troscopic analysis is necessary. Analytical methodologies employed
to date are FTIR spectroscopy, ideally m-FTIR, Raman micro-
spectroscopy, and pyrolysis-gas chromatography/mass spectrom-
etry (Pyr-GC/MS) [2,13,14]. Hendrickson et al. [15] stated that the
inconsistency of MP particle identification by different methods
may be related to the fact that MP particles found in the environ-
ment may contain copolymers and additives. Due to the broad
number of polymer/copolymer possibilities, in addition to photo-
oxidation and biodegradation (primarily, presumably, of addi-
tives), accurate identification of MPs is challenging. Several com-
bined methods have been suggested to improve polymer
identification but are time consuming and often require specific
expertise. Misidentification may occur if visual microscopy is not
combined with spectroscopy. Kroon et al. [16] suggests a step-by-
step work flow in order to reduce bias in MP identification that
relies on stereomicroscopic visual sorting, microscopic photog-
raphy followed by FTIR. A validated method proposed by Danish
Centre for Environment & Energy [17] identifies MP < 100 mm via
stereomicroscopy followed by m-FTIR. MP particles of this size are
best identified via m-FTIR with a FPA detector [18]. ATR FTIR spec-
troscopy is recommended for MP particles >100 mm. Polymer
molecular weight determination, such as gel permeation chroma-
tography, may provide additional confirmation of potential MP
source. These methods are time-consuming and the ability to
analyze more samples within a reasonable time frame is desirable
and development is on-going.

A small number of studies have inferred the source of MP
contamination based on the polymer. Zhang et al. [19] determined
that polystyrene identified in the Bohai Sea in China was likely due
to floating foam rafts frommarine agricultural areas and Styrofoam
food containers, both of which were observed in a reconnaissance
of beaches and shoreline near the sampling areas. Similarly Xiong
et al. [20] identified the dominant polymers detected in water
samples to be polystyrene and polyethylene, which was attributed
by the authors to improper waste disposal of food packaging and
containers along the shoreline. In contrast to observed differences
in MP morphology, the polymer profile was not reported to be
significantly different between influent and effluent samples in a 10
treatment plant study in the Netherlands [10]. Browne et al. [21]
identified a predominance of polyester and acrylic fibers in shore-
line sediments as well as wastewater effluents, suggesting that
wastewater inputs were the predominant source of fibers at these
locations.

Fig. 1 provides an analysis of reported polymer composition
across 35 wastewater treatment plant effluent samples, one
wastewater influent sample, one grit sample, one grease sample,
one sludge sample, one wastewater solids sample and six compost
samples. It includes data from four studies published over a two-
year time period. Taken together, over 30 different polymers were
identified in these samples. The composition of wastewater effluent
samples was highly varied with some effluent samples containing
only 2 polymers, while others contained up to twelve different
polymer types. Similarly, the compost samples contained �4
polymers with no consistent trends observed in the percentage of a
given polymer among the samples.

Themorphology ofMPsmay also provide some evidence of their
source [7]. The presence of primary MP morphologies (microbeads
from personal care products and fibers from laundering of textiles)
are likely associated with wastewater inputs [22]. Similarly, sec-
ondary MP such as films and fragments are associated with
weathering of plastic packaging or plastic bags and may be asso-
ciated with terrestrial sources such as improper solid waste
disposal. Another source of MP fragments is stormwater runoff.
Horton et al. [23] identified a storm drain carrying urban roadway
runoff directly upgradient of a sampling location as the source of
the increased abundance of fragments identified at this site.

We analyzed nineteen paired wastewater influent and effluent
samples originally reported by Magnusson and Wahlberg [24] and
Michielssen et al. [25] and identified the primary morphologies in
each sample (Fig. 2a). The primary morphologies present in each of
the paired samples were fibers, films and fragments. Morphology
relative percent differences ranged from 11 to 147% for paired
influent and effluent samples with an average of 85 ± 41% relative
percent difference for the two sample types. When comparing the
paired influent and effluent from each location, there were
decreasing percentages of fibers and films in the effluent as



Fig. 1. Heat map representing percent identity of total reported particles assigned a given polymer in different sources [9e12]. [MP are reported here are done so as the original
authors did. Notably, authors reported Zn-sterate coated particles. Zn-sterate is a lubricant used for polymers and other materials. Cellulose-based polymers were also reported.
Cellulose is a natural polymer but may be difficult to distinguish from regenerated cellulose (rayon).].
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compared to the influent in 10 and 8 samples, respectively. In
contrast, the fragment morphology increased from influent to
effluent in 12 of the 19 samples. This indicates that fibers and films
are more easily removed in wastewater treatment unit processes
and may be more likely to be associated with municipal biosolids.
These morphologies may enter freshwater systems predominantly
through surface runoff after land application of biosolids, while
fragments may be more commonly associated with wastewater
effluent discharges into receiving streams. Combining morpho-
logical data across studies andmatrices (water, biosolids) and levels
of treatment (influent, effluent) did not indicate clustering by
source (Fig. 2b). Here, we applied ordination [non-metric multidi-
mensional scaling (nMDS)] of square root transformed percent
abundance data for the different reported MP morphologies for
different studies and clear clustering was not observed. However,
this does not necessarily mean morphology is not a useful indica-
tor: it should be noted that cross study comparisons are challenging
given that the shape classes reported vary and may include frag-
ments, beads, fibers, pellets, paint chips, films, and foams, and that
the morphologies observed for a given sample can vary by the size
class targeted. It is also possible that these patterns are not
consistent across geographies.

3. Source sampling and mass balance to establish inputs

Direct sampling of aqueous and solid waste streams has been
used to characterize the sources of MP pollution in freshwater
systems. A major focus of these studies has been understanding the
impact of municipal wastewater effluent as a pathway for MP entry
into surface water [10e12,24e30]. Many of these studies include
calculations for daily emissions of MP to the receiving water bodies
(or these values are easily calculated where average daily flow rates
are reported). Comparing emission mass fluxes (emission
concentrations � flow rates) to the receiving water body mass
fluxes can inform the relative importance of wastewater effluent as
a point source of MP, although these dilution factors are rarely re-
ported. Some researchers did compare the MP concentration in
wastewater effluent to surrounding surface water, generally
implicating the effluent as a source based on its higher concen-
tration [26,27,29]. Studies have also sought to compare up and
downstreamMP concentrations to implicatewastewater effluent as
a point source [31], in this case the majority of the downstream
sampling sites did not have significantly higher MP concentrations
compared to the paired upstream sites. In the case of sanitary and
combined sewer overflows, wastewater influent would be released
to freshwater sources and influent generally had an average (per
study) of 63e420 times higher concentrations of MP (Fig. 3).
Variation in the total MP concentration for different studies is likely
due to some combination of differences in target MP size class and
other analysis techniques, study site, temporal variation, and
whether MP were identified visually (considered prone to false
positives and negatives) [32] or with confirmation of chemical
structure. The MP composition in wastewater influent would be
expected to be impacted both by the inputs and activities in the
sewershed (i.e., fibers from laundry, industrial inputs if present,
stormwater if combined sewers, use of consumer products, etc.)
and the treatment performed at the facilities themselves that can
impact the effluent MP fingerprint and concentration. Differenti-
ating these sources contributing to wastewater influent is complex
and system specific. The best information available is regarding the
contribution of the laundry fraction from households (as reviewed
by Ref. [33]).

Runoff containing MP from a variety of sources can transport
and introduce MP to surface water. Sewage solids from a variety of
treatment processes have been analyzed directly [10,34,35]. Solids
can serve as a sink for MP in wastewater treatment processes and



Fig. 2. a. Percent of total MP observed for a given morphology in a. wastewater influent and effluent [24,25]. b. nonmetric multidimensional scaling representing the square root
transformed assigned morphology for a given sample. Cross matrix and cross study comparison of MP morphology (by %). Closed symbols represent wastewater influent, open
symbols wastewater effluent, stars represents solids.
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may be applied to land where MP can be transported to surface
water in runoff. Consideration has also been given to land appli-
cation of other materials to agricultural and in gardening soils
including compost [36], and fertilizer [9]. Other sources of plastics
exist in agricultural and home gardening (e.g., plastic mulch,
landscape fabric) [37], but their impact on MP pollution has not
been reported to the authors' knowledge. Attempts to estimate the
contribution of MP in sludge to soil (e.g., Ref. [10]) and amount of
MP transported in runoff have been made (e.g., Ref. [37]). But,
controlled runoff studies estimating the MP loading in agricultural
runoff have not been published, to the authors' knowledge.
Likewise, few data are available on the loading of MP in (urban)
stormwater [38]. Stormwater may carry MP from tires and road
markings [23,37,39], as well as other plastic litter. The potential for
stormwater treatment systems to remove MP has not been re-
ported, but removal of macroplastics has been studied (e.g.,
Ref. [40]).

Relatively fewer researchers have attempted to quantify atmo-
spheric deposition of MP fibers [41], despite widespread anecdotal
reports of careful measures being required to prevent contamination
of field samples with fibers, likely from researchers clothing and/or
air handling systems in laboratories. Comparison of up and



Fig. 3. Comparison of wastewater influent and effluent sample microplastic (MP) concentrations [10,12,24e26,29,30].

N.L. Fahrenfeld et al. / Trends in Analytical Chemistry 112 (2019) 248e254252
downstream fiber concentrations and fluxes surrounding Paris, FR
indicated fibers did not increase downstream of the city [42].
Methods for polymer and natural fiber identification used in the
textile industry have not beenwidely applied, including examination
of fiber cross sections and longitudinal shapes, as well as flame tests
that allow for visual and odor evaluation of the fibers on approach,
within, and after removal from the flame, as well as for examination
of the ashed residue [43e47]. To the authors' knowledge, compari-
sons between the expected loads to freshwater from clothes washing
versus shedding of fibers to the atmosphere have not been reported.

Several studies have linkedMP abundance to urban land uses and
population densities [22,48,49]. Xiong et al. [20] compared MP
abundance in an urban lake in China to the abundance in the four
rivers feeding into the lake to determine whether MP contamination
in the lake originated from terrestrial sources or via surface water
inputs. As MP abundances in the lake were higher than those in the
rivers, it was concluded that terrestrial contamination, specifically
improper solid waste disposal, was the primary source to the lake;
samplingwas performed during thewet seasonwhen transport from
landwould be expected in drawing this conclusion. Ballent et al. [49]
explored MP in tributaries to a lake in Canada and mapped waste-
water treatment facilities and plastic industries. Limited sample size
prevented mass balance approaches for implicating sources and the
authors noted “assigning particular origins to the microplastics is
challenging due to their small size, fragmented nature, and the un-
known range of possible sources.” Field observations have been used
to indirectly indicate other sources than wastewater treatment
plants in surface water including: the presence of MP in rivers up-
stream of wastewater treatment plants [31], in high concentrations
in bed sediments without wastewater inputs [23], lack of mass bal-
ance in wastewater impacted surface waters [30], and comparisons
of wastewater impacted versus unimpacted lakes [38]. Thus, mass
balance approaches can be useful for indicating the magnitude of
commonly targeted sources (i.e., wastewater treatment plants) and
for highlighting the need to study nonpoint sources. Addressing
these nonpoint sources may be more challenging given that they are
more diffuse and diverse. Additionally, proper study design for mass
balance approaches must be considered. Particularly, to accurately
calculate loads, robust approaches with appropriate sampling tech-
niques (likely composited samples) and sufficient sample sizes to
capture variability are needed, which is challenging given analytical
challenges that prevent high throughput sample analysis. In lieu of
the ability to perform high resolution sampling, modeling the
transport of MP [50] may also help fill in gaps in knowledge.

4. Can surface contaminants help to elucidate source?

While many MP analysis techniques use oxidation, enzymatic
reactions, and/or acid washing to remove surface contaminants to
allow for confirmation of the polymer composition, the contami-
nants present on the surface of MP particles may have potential
utility in source tracking. One challenge with this potential
approach is that surface contaminants adsorbed from the sur-
rounding environment after MP release [51] should be considered
in addition to the additives added during plastics manufacture to
the polymer mixture which can be present on the surface (and
withinMP particles). Although challenging, identification of unique
surface contaminants, including metals, organics and biofilms,
could have utility for source tracking of MP pollution in freshwater
systems if consistent relationships between surface contaminants
and sources can be established and weathering processes under-
stood. One significant challenge to consider is how to confirm that
surface contaminants are adsorbed to MP rather than other par-
ticulate matter associated with MP particles.

Metals are commonly added as catalysts, pigments, and stabi-
lizers during plastic manufacturing [52] therefore, targeting
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specific heavy metals may help indicate the source of MP pollution
if these profiles are unique in different macroplastic sources. Wang
et al. [53] summarized macroplastic heavy metal profiles then
attempted to match MP and macroplastic heavy metal profiles.
From their field sorption tests they concluded, that most heavy
metals on the surface of the MPs they studied were from produc-
tion rather than environmental sources. Thus, if the plastics pro-
duced withmetals had unique applications there could be potential
for linking the heavy metal profile to source, assuming environ-
mental sorption and desorption processes did not interfere. There is
evidence, however, from several studies demonstrating that virgin
and aged MPs can adsorb metals during different stages of their
transport pathway in the environment [18]. For example, metals
extracted from MPs in the San Diego Bay area [54], identified by
ICP-MS (inductively coupled plasma mass spectrometry), included
toxic metals (Cd, Ni, Zn and Pb). The concentrations of these metals
were more uniformly found on polymers than when MP particles
were exposed to organic chemicals [54], which could vary by
source. For sorbed heavy metals to have utility in source tracking
the rates of weathering of these metals would need to be slower
than transport and the concentrations present from production
understood.

Different hydrophobic organic chemicals and persistent organic
pollutants (POPs) are known to bind to MPs within the environ-
ment [55,56], especially in freshwater systems where the concen-
trations of these chemicals are expected to be higher due to
proximity to the use of these chemicals [57]. The perceived risk of
plastic to serve as a vector for these toxic chemicals to accumulate
via the food chain has not been linked to plastic ingestion (as
recently reviewed [58]). Identification of the POPs as well as
polymer degradation products involve multi-step processes,
including extraction of the organic(s) from the MP particles [59]
followed by chromatography before chemical determination. It
has been shown that hydrophobic organic compounds have greater
affinity for MPs like polyethylene, polypropylene, and polyvinyl
chloride than for natural sediments [51,57]. Changes to environ-
mental conditions, such as residence time, temperature, pH and
exposure to sunlight, will influence equilibrium dynamics between
chemicals and MPs, impacting their accumulation and transport
[12]. However, studying organic surface contaminants found on
MPs may help lead to identification of the sources. Di and Wang
[60] evaluated MP particles in surface waters and sediments in
China. Organics or pharmaceutical intermediates were identified
via Raman spectroscopy; the authors speculated that the origin of
these organic substances may be due to the MP coming from hos-
pitals or from sorption of pharmaceuticals to MP in the environ-
ment, given local discharges from hospitals.

A third surface contaminant that may have utility for MP source
tracking is the growth of biofilms on MP surfaces. Given observa-
tions of unexpected microbial community members in MP biofilm
in the ocean [61], there is some evidence that terrestrially sourced
biofilms can be transported long distances. MP incubated in
different water sources (i.e., river water versus wastewater) had
unique biofilm microbial communities that clustered by source
water rather than by polymer/morphology [62]. Similarly, marine
biofilm community structures grown on PET the field varied by
location and season [63]. More understanding of how robust bio-
films are to weathering is needed to know if it is possible these
biofilm community structures could be used to help differentiate
MP sources.

5. Conclusions

Growing evidence suggests that MPs are present in freshwater
systems and shoreline sediments worldwide and transfer of MPs
from freshwater to marine systems is likely a significant source of
marinemicroplastic contamination. Controlling the occurrence and
transport of MPs in freshwater systems requires better under-
standing of MP sources and pathways including wastewater efflu-
ents, urban stormwater and agricultural runoff, atmospheric
transport of fibers, and improper solid waste disposal adjacent to
freshwater systems. MP characteristics, including morphology and
polymer type may provide clues to improve our ability to source
track microplastic contamination. In addition, surface contami-
nants including metals, organic compounds and biofilms may
provide some evidence of microplastic source, but complications
arise as environmental contaminants can also associate with
freshwater MPs in situ. Challenges associated with source tracking
based on these characteristics include limitations to accurate
polymer identification, poor understanding of weathering pro-
cesses, and limited understanding of microplastic transport
mechanisms within freshwater systems.
Acknowledgements

This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.
References

[1] V. Hidalgo-Ruz, L. Gutow, R.C. Thompson, M. Thiel, Microplastics in the marine
environment: a review of the methods used for identification and quantifi-
cation, Environ. Sci. Technol. 46 (2012) 3060e3075.

[2] J. Li, H. Liu, J. Paul Chen, Microplastics in freshwater systems: a review on
occurrence, environmental effects, and methods for microplastics detection,
Water Res. 137 (2018) 362e374.

[3] A.L. Lusher, V. Tirelli, I. O'Connor, R. Officer, Microplastics in Arctic polar
waters: the first reported values of particles in surface and sub-surface sam-
ples, Sci. Rep. 5 (2015) 14947.

[4] D. Xanthos, T.R. Walker, International policies to reduce plastic marine
pollution from single-use plastics (plastic bags and microbeads): a review,
Mar. Pollut. Bull. 118 (2017) 17e26.

[5] A. Arroyo Schnell, N. Klein, E. G�omez Gir�on, J. Sousa, National Marine Plastic
Litter Policies in EUMember States: an Overview, IUCN, Brussels, Belgium, 2017.

[6] P.J. Kershaw (Editor), Joint Group of Experts on the Scientific Aspects of Ma-
rine Environmental Protection (GESAMP), Sources, Fate and Effects of
Microplastics in the Marine Environment: a Global Assessment, 2015.

[7] P.A. Helm, Improving microplastics source apportionment: a role for micro-
plastic morphology and taxonomy? Analytical Methods 9 (2017) 1328e1331.

[8] PlasticsEurope, Plastics- the Facts 2016, PlasticsEurope, Brussels, Belgium,
2016.

[9] N. Weithmann, J.N. M€oller, M.G.J. L€oder, S. Piehl, C. Laforsch, R. Freitag, Organic
fertilizer as a vehicle for the entry of microplastic into the environment, Sci.
Adv. 4 (2018).

[10] J. Vollersten, A.A. Hansen, Microplastic in Danish Wastewater: Sources, Oc-
currences and Fate, Danish Environmental Protection Agency, 2017.

[11] S.M. Mintenig, I. Int-Veen, M.G.J. L€oder, S. Primpke, G. Gerdts, Identification of
microplastic in effluents of waste water treatment plants using focal plane
array-based micro-Fourier-transform infrared imaging, Water Res. 108 (2017)
365e372.

[12] F. Murphy, C. Ewins, F. Carbonnier, B. Quinn, Wastewater treatment works
(WwTW) as a source of microplastics in the aquatic environment, Environ. Sci.
Technol. 50 (2016) 5800e5808.

[13] S. Rezania, J. Park, M.F. Md Din, S. Mat Taib, A. Talaiekhozani, K. Kumar Yadav,
H. Kamyab, Microplastics pollution in different aquatic environments and
biota: a review of recent studies, Mar. Pollut. Bull. 133 (2018) 191e208.

[14] A.B. Silva, A.S. Bastos, C.I.L. Justino, J.P. da Costa, A.C. Duarte, T.A.P. Rocha-
Santos, Microplastics in the environment: challenges in analytical chemistry -
a review, Anal. Chim. Acta 1017 (2018) 1e19.

[15] E. Hendrickson, E.C. Minor, K. Schreiner, Microplastic abundance and
composition in western Lake Superior as determined via microscopy, Pyr-GC/
MS, and FTIR, Environ. Sci. Technol. 52 (2018) 1787e1796.

[16] F. Kroon, C. Motti, S. Talbot, P. Sobral, M. Puotinen, A workflow for improving
estimates of microplastic contamination in marine waters: a case study from
North-Western Australia, Environ. Pollut. 238 (2018) 26e38.

[17] Danish Center for Environment and Energy (DCE), Proposal for a Measure-
ment Method for Use in Investigations of Microplastics in Tap Water, 2018.

[18] O.S. Alimi, J. Farner Budarz, L.M. Hernandez, N. Tufenkji, Microplastics and
nanoplastics in aquatic environments: aggregation, deposition, and enhanced
contaminant transport, Environ. Sci. Technol. 52 (2018) 1704e1724.

http://refhub.elsevier.com/S0165-9936(18)30158-4/sref1
http://refhub.elsevier.com/S0165-9936(18)30158-4/sref1
http://refhub.elsevier.com/S0165-9936(18)30158-4/sref1
http://refhub.elsevier.com/S0165-9936(18)30158-4/sref1
http://refhub.elsevier.com/S0165-9936(18)30158-4/sref2
http://refhub.elsevier.com/S0165-9936(18)30158-4/sref2
http://refhub.elsevier.com/S0165-9936(18)30158-4/sref2
http://refhub.elsevier.com/S0165-9936(18)30158-4/sref2
http://refhub.elsevier.com/S0165-9936(18)30158-4/sref3
http://refhub.elsevier.com/S0165-9936(18)30158-4/sref3
http://refhub.elsevier.com/S0165-9936(18)30158-4/sref3
http://refhub.elsevier.com/S0165-9936(18)30158-4/sref4
http://refhub.elsevier.com/S0165-9936(18)30158-4/sref4
http://refhub.elsevier.com/S0165-9936(18)30158-4/sref4
http://refhub.elsevier.com/S0165-9936(18)30158-4/sref4
http://refhub.elsevier.com/S0165-9936(18)30158-4/sref5
http://refhub.elsevier.com/S0165-9936(18)30158-4/sref5
http://refhub.elsevier.com/S0165-9936(18)30158-4/sref5
http://refhub.elsevier.com/S0165-9936(18)30158-4/sref5
http://refhub.elsevier.com/S0165-9936(18)30158-4/sref6
http://refhub.elsevier.com/S0165-9936(18)30158-4/sref6
http://refhub.elsevier.com/S0165-9936(18)30158-4/sref6
http://refhub.elsevier.com/S0165-9936(18)30158-4/sref7
http://refhub.elsevier.com/S0165-9936(18)30158-4/sref7
http://refhub.elsevier.com/S0165-9936(18)30158-4/sref7
http://refhub.elsevier.com/S0165-9936(18)30158-4/sref8
http://refhub.elsevier.com/S0165-9936(18)30158-4/sref8
http://refhub.elsevier.com/S0165-9936(18)30158-4/sref9
http://refhub.elsevier.com/S0165-9936(18)30158-4/sref9
http://refhub.elsevier.com/S0165-9936(18)30158-4/sref9
http://refhub.elsevier.com/S0165-9936(18)30158-4/sref9
http://refhub.elsevier.com/S0165-9936(18)30158-4/sref9
http://refhub.elsevier.com/S0165-9936(18)30158-4/sref10
http://refhub.elsevier.com/S0165-9936(18)30158-4/sref10
http://refhub.elsevier.com/S0165-9936(18)30158-4/sref11
http://refhub.elsevier.com/S0165-9936(18)30158-4/sref11
http://refhub.elsevier.com/S0165-9936(18)30158-4/sref11
http://refhub.elsevier.com/S0165-9936(18)30158-4/sref11
http://refhub.elsevier.com/S0165-9936(18)30158-4/sref11
http://refhub.elsevier.com/S0165-9936(18)30158-4/sref11
http://refhub.elsevier.com/S0165-9936(18)30158-4/sref12
http://refhub.elsevier.com/S0165-9936(18)30158-4/sref12
http://refhub.elsevier.com/S0165-9936(18)30158-4/sref12
http://refhub.elsevier.com/S0165-9936(18)30158-4/sref12
http://refhub.elsevier.com/S0165-9936(18)30158-4/sref13
http://refhub.elsevier.com/S0165-9936(18)30158-4/sref13
http://refhub.elsevier.com/S0165-9936(18)30158-4/sref13
http://refhub.elsevier.com/S0165-9936(18)30158-4/sref13
http://refhub.elsevier.com/S0165-9936(18)30158-4/sref14
http://refhub.elsevier.com/S0165-9936(18)30158-4/sref14
http://refhub.elsevier.com/S0165-9936(18)30158-4/sref14
http://refhub.elsevier.com/S0165-9936(18)30158-4/sref14
http://refhub.elsevier.com/S0165-9936(18)30158-4/sref15
http://refhub.elsevier.com/S0165-9936(18)30158-4/sref15
http://refhub.elsevier.com/S0165-9936(18)30158-4/sref15
http://refhub.elsevier.com/S0165-9936(18)30158-4/sref15
http://refhub.elsevier.com/S0165-9936(18)30158-4/sref16
http://refhub.elsevier.com/S0165-9936(18)30158-4/sref16
http://refhub.elsevier.com/S0165-9936(18)30158-4/sref16
http://refhub.elsevier.com/S0165-9936(18)30158-4/sref16
http://refhub.elsevier.com/S0165-9936(18)30158-4/sref17
http://refhub.elsevier.com/S0165-9936(18)30158-4/sref17
http://refhub.elsevier.com/S0165-9936(18)30158-4/sref18
http://refhub.elsevier.com/S0165-9936(18)30158-4/sref18
http://refhub.elsevier.com/S0165-9936(18)30158-4/sref18
http://refhub.elsevier.com/S0165-9936(18)30158-4/sref18


N.L. Fahrenfeld et al. / Trends in Analytical Chemistry 112 (2019) 248e254254
[19] W. Zhang, S. Zhang, J. Wang, Y. Wang, J. Mu, P. Wang, X. Lin, D. Ma, Micro-
plastic pollution in the surface waters of the Bohai Sea, China, Environ. Pollut.
231 (2017) 541e548.

[20] X. Xiong, K. Zhang, X. Chen, H. Shi, Z. Luo, C. Wu, Sources and distribution of
microplastics in China's largest inland lake e Qinghai Lake, Environ. Pollut.
235 (2018) 899e906.

[21] M.A. Browne, P. Crump, S.J. Niven, E. Teuten, A. Tonkin, T. Galloway,
R. Thompson, Accumulation of microplastic on shorelines woldwide: sources
and sinks, Environ. Sci. Technol. 45 (2011) 9175e9179.

[22] R. Vaughan, S.D. Turner, N.L. Rose, Microplastics in the sediments of a UK
urban lake, Environ. Pollut. 229 (2017) 10e18.

[23] A.A. Horton, C. Svendsen, R.J. Williams, D.J. Spurgeon, E. Lahive, Large
microplastic particles in sediments of tributaries of the River Thames, UK e

abundance, sources and methods for effective quantification, Mar. Pollut. Bull.
114 (2017) 218e226.

[24] K. Magnusson, C. Wahlberg, Mikroskopiska skr€appartiklar i vatten från
avloppsreningsverk, Rapport NR B 2208 (2014) 33.

[25] M.R. Michielssen, E.R. Michielssen, J. Ni, M.B. Duhaime, Fate of microplastics
and other small anthropogenic litter (SAL) in wastewater treatment plants
depends on unit processes employed, Environ. Sci. Water Res. Technol. 2
(2016) 1064e1073.

[26] R. Sutton, S.A. Mason, S.K. Stanek, E. Willis-Norton, I.F. Wren, C. Box, Micro-
plastic contamination in the san Francisco Bay, California, USA, Mar. Pollut.
Bull. 109 (2016) 230e235.

[27] J. Talvitie, M. Heinonen, J.-P. P€a€akk€onen, E. Vahtera, A. Mikola, O. Set€al€a,
R. Vahala, Do wastewater treatment plants act as a potential point source of
microplastics? Preliminary study in the coastal Gulf of Finland, Baltic Sea,
Water Sci. Technol. 72 (2015) 1495e1504.

[28] S.A. Carr, J. Liu, A.G. Tesoro, Transport and fate of microplastic particles in
wastewater treatment plants, Water Res. 91 (2016) 174e182.

[29] S.A. Mason, D. Garneau, R. Sutton, Y. Chu, K. Ehmann, J. Barnes, P. Fink,
D. Papazissimos, D.L. Rogers, Microplastic pollution is widely detected in US
municipal wastewater treatment plant effluent, Environ. Pollut. 218 (2016)
1045e1054.

[30] H.A. Leslie, S.H. Brandsma, M.J.M. van Velzen, A.D. Vethaak, Microplastics en
route: field measurements in the Dutch river delta and Amsterdam canals,
wastewater treatment plants, North Sea sediments and biota, Environ. Int.
101 (2017) 133e142.

[31] S. Estahbanati, N.L. Fahrenfeld, Influence of wastewater treatment plants on
microplastics in surface waters, Chemosphere 162 (2016), 277-184.

[32] S. Ziajahromi, P.A. Neale, L. Rintoul, F.D.L. Leusch, Wastewater treatment
plants as a pathway for microplastics: development of a new approach to
sample wastewater-based microplastics, Water Res. 112 (2017) 93e99.

[33] F. Salvador Cesa, A. Turra, J. Baruque-Ramos, Synthetic fibers as microplastics
in the marine environment: a review from textile perspective with a focus on
domestic washings, Sci. Total Environ. 598 (2017) 1116e1129.

[34] K.A.V. Zubris, B.K. Richards, Synthetic fibers as an indicator of land application
of sludge, Environ. Pollut. 138 (2005) 201e211.

[35] A.M. Mahon, B. O'Connell, M.G. Healy, I. O'Connor, R. Officer, R. Nash,
L. Morrison, Microplastics in sewage sludge: effects of treatment, Environ. Sci.
Technol. 51 (2017) 810e818.

[36] M. Bl€asing, W. Amelung, Plastics in soil: analytical methods and possible
sources, Sci. Total Environ. 612 (2018) 422e435.

[37] K. Magnusson, K. Eliasson, A. Fråne, K. Haikonen, J. Hult�en, M. Olshammar,
J. Stadmark, A. Voisin, Swedish Sources and Pathways for Microplastics to the
Marine Environment, IVL Svenska milj€oinstitutet, Stockholm, 2016.

[38] S. Lasee, J. Mauricio, W.A. Thompson, A. Karnjanapiboonwong, J. Kasumba,
S. Subbiah, A.N. Morse, T.A. Anderson, Microplastics in a freshwater envi-
ronment receiving treated wastewater effluent, Integrated Environ. Assess.
Manag. 13 (2017) 528e532.

[39] P.J. Kole, A.J. L€ohr, F. Van Belleghem, A. Ragas, Wear and tear of tyres: a
stealthy source of microplastics in the environment, Int. J. Environ. Res. Publ.
Health 14 (2017) 1265.

[40] Q. Guo, J. Kim, Quantity and Quality of Stormwater Solids Trapped by Hy-
drodynamic Separators at Highway Sites, World Environmental and Water
Resources Congress 2010: Challenges of Change, 2010, pp. 3291e3300.
[41] R. Dris, J. Gasperi, M. Saad, C. Mirande, B. Tassin, Synthetic fibers in atmo-
spheric fallout: a source of microplastics in the environment? Mar. Pollut. Bull.
104 (2016) 290e293.

[42] R. Dris, J. Gasperi, V. Rocher, B. Tassin, Synthetic and non-synthetic anthro-
pogenic fibers in a river under the impact of Paris Megacity: sampling
methodological aspects and flux estimations, Sci. Total Environ. 618 (2018)
157e164.

[43] A.N. Khan, N. Abir, M.A.N. Rakib, E.M. Saberin Bhuiyan, M.R. Howlader,
A review paper on textile fiber identification, IOSR J. Polym. Textil. Eng. 04
(2017) 14e20.

[44] D.R. Perry, Identification of Textile Materials, seventh ed., The Textile Institute,
Manchester, UK, 1985.

[45] D. Braun, Simple Methods for Identification of Plastics, fourth ed., Hanser
Gardner Publications, Cincinatti, OH, 1999.

[46] International Organization for Standardization, ISO/TR 11827 Textiles –

Composition Testing – Identification of Fibers, 2012.
[47] M. Lewin, Handbook of Fiber Chemistry, CRC Press, Boca Raton, FL, 2006.
[48] S. Sruthy, E.V. Ramasamy, Microplastic pollution in Vembanad Lake, Kerala,

India: the first report of microplastics in lake and estuarine sediments in India,
Environ. Pollut. 222 (2017) 315e322.

[49] A. Ballent, P.L. Corcoran, O. Madden, P.A. Helm, F.J. Longstaffe, Sources and
sinks of microplastics in Canadian Lake Ontario nearshore, tributary and
beach sediments, Mar. Pollut. Bull. 110 (2016) 383e395.

[50] R.N. Cable, D. Beletsky, R. Beletsky, K. Wigginton, B.W. Locke, M.B. Duhaime,
Distribution and modeled transport of plastic pollution in the Great Lakes, the
world's largest freshwater resource, Front. Environ. Sci. 5 (2017) 45.

[51] B. Graca, K. Szewc, D. Zakrzewska, A. Dołęga, M. Szczerbowska-Boruchowska,
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