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ABSTRACT: Microplastics and nanoplastics have become emerging particulate anthro-
pogenic pollutants and rapidly turned into a field of growing scientific and public interest.
These tiny plastic particles are found in the environment all around the globe as well as in
drinking water and food, raising concerns about their impacts on the environment and
human health. To adequately address these issues, reliable information on the ambient
concentrations of microplastics and nanoplastics is needed. However, micro- and
nanoplastic particles are extremely complex and diverse in terms of their size, shape,
density, polymer type, surface properties, etc. While the particle concentrations in different
media can vary by up to 10 orders of magnitude, analysis of such complex samples may
resemble searching for a needle in a haystack. This highlights the critical importance of
appropriate methods for the chemical identification, quantification, and characterization of
microplastics and nanoplastics. The present article reviews advanced methods for the
representative mass-based and particle-based analysis of microplastics, with a focus on the
sensitivity and lower-size limit for detection. The advantages and limitations of the methods,
and their complementarity for the comprehensive characterization of microplastics are discussed. A special attention is paid to the
approaches for reliable analysis of nanoplastics. Finally, an outlook for establishing harmonized and standardized methods to analyze
these challenging contaminants is presented, and perspectives within and beyond this research field are discussed.
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1. INTRODUCTION

Microplastics and nanoplastics are tiny pieces of synthetic
polymers (plastics), found in the environment (including fresh
and seawater, sediments, biota, soils, and ambient air) as well as
in drinking water and food, and therefore are recognized as
emerging particulate anthropogenic pollutants.1−15 The term
microplastics was introduced by Thompson et al.16 in 2004 to
report on small plastic fragments in marine environment. An
upper size limit of 5 mm for microplastics was proposed by
Arthur et al.17 in 2009. Currently, plastic particles and fibers
smaller as 1 μmand in the size range 1 μm to 1mm are defined as
nanoplastics and microplastics, respectively.18−21 Fragments in
the size range 1−5 mm can be referred as large micro-
plastics.19,20 In what follows, we will use abbreviations MPs for
microplastics, NPLs for nanoplastics (instead of NPs, to avoid
the confusion with nanoparticles), and NMPs for both
nanoplastics and microplastics, in the case of tiny plastic
particles and fibers, are discussed in general.
On the one hand, plastic materials, being lightweight,

versatile, durable, formable, corrosion- and flame-resistant,
etc., improve the quality of life for millions of people across
the globe by making it easier, safer, and more enjoyable.22 On
the other hand, we are facing now the global challenges when
plastics end up in the environment or food. While the plastic
production in Europe slightly decreases (61.8 Mt and 59.7Mt in
2018 and 2019, respectively), globally it grows from year to year,
reaching 368 Mt in 2019.22 The production level of thermo-
plastics such as polyethylene (PE) of high density (HDPE) and
low density (LDPE), polypropylene (PP), polystyrene (PS),
polyvinyl chloride (PVC), and polyethylene terephthalate
(PET) is reflected in the degree of MP contamination, e.g., on
the order of globally detected MPs in freshwaters and drinking
water: PE ≈ PP > PS > PVC > PET.23 In addition to
conventional polymers, including those mentioned above plus
poly(methyl methacrylate) (PMMA), polyamide (PA), and
polyurethane (PUR), also bioplastics (plastics which are
biodegradable and/or have biobased content) are produced.
The latter are more and more frequently utilized for food
packaging (e.g., polylactide, PLA) and agriculture (e.g.,
polybutylene adipate-co-terephthalate, PBAT). According to
the recent definition,18 to MPs are also assigned tire wear
particles (TWP), which contain 40−60% of synthetic polymers
(e.g., styrene−butadiene rubber, SBR) and paint particles/
surface coatings. The latter are multicomponent systems
consisting of binders, pigments, fillers, and additives, where
synthetic polymers are used as film formers, like curing coating
systems (e.g., polyester (PES), alkyds, epoxy resin, urethane
resins), and physically drying systems (e.g., acryl and vinyl
(co)polymers).18,24

Generally, NMPs can be categorized as being of “primary” or
“secondary” origin. “Primary” NMPs are intentionally manufac-
tured in their size and shape for a broad variety of applications

(e.g., pellets for industrial production, nano- and microbeads for
personal care products, and industrial cleaners). The “secon-
dary” NMP particles and fibers (e.g., nylon or PA and PES) are
formed via fragmentation and degradation of plastic debris in the
environment (due to mechanical abrasion, UV radiation, and
(micro)biological degradation) or through wear and tear of
plastic-containing items.2,18,25,26

From the global perspectives, MPs are widespread from the
equator12,27,28 to the poles29,30 and from the deep-sea
sediments31,32 to mount Everest (PES fibers were found at
hight of 8440 m).33 The numerous reports on the MP
occurrence around the globe raised many questions on impacts
of MPs on biota. Potentially negative impacts may be associated
with the leaching of monomers and additives, some of which
have been proven to be toxic, carcinogenic, or endocrine-
disrupting.15,34,35 Additionally, harmful volatile organic com-
pounds (VOCs, e.g., acrolein and benzene) can be formed and
released due to oxidative photodegradation of plastic debris.36

Furthermore, MPs can sorb persistent organic pollutants37 and/
or toxic metals38 from the environment and act as a vector for
pathogenic and/or antibiotic resistant microorganisms.39,40

However, effects of MPs on the biota reported so far are highly
contradictory, ranging from negative (including lethal) through
no impacts up to detoxification (when the initial concentration
of pollutants in organisms was higher than in the ingested MPs).
Furthermore, many such studies were conducted with MP
particle concentrations exceeding those measured in, or (for
particles <10 μm) extrapolated for the environment by a factor
of 102−107. This fact underlines the importance of MP exposure
studies at environmentally realistic concentrations.41−43 While
negative effects of NPLs on biota are under discussion44 and
NPL penetration through the blood-to-brain barrier in fish has
been demonstrated,45 realistic experiments are hampered by
missing quantitative information on the occurrence of these
particles in the environment. Degree of human exposure with
MPs via air, water, and food and associated effects are currently
under intensive investigation.46−48 While MPs have been found
in several products of human diet,47,49−56 the highest exposure
via inhaled air is assumed.57,58 Generally, more hazardous effects
are expected from smaller MPs. The information about NPL
effects on humans is limited yet,59 but it has been already shown
that NPLs can cross the gut barrier.60

To assess actual risks associated with NMPs, the reliable data
on the occurrence of these particles in environmental and food
samples are needed. Although visual identification of MPs
represents the easiest and cheapest way of analysis, the fraction
of false-positive and false-negative results increases with
decreasing particle size (e.g., only 1.4% of the particles visually
resemblingMPs were found to have synthetic polymer origin61),
which underlines the importance of proper chemical analysis of
NMPs.
The diversity and complexity of plastic sources, usage

patterns, emission pathways, and material properties is reflected
in the diversity of NMP particles, exhibiting a high variety of
physical, chemical, and biological characteristics (e.g., size,
shape, density, polymer type, surface properties, etc.).1,2,9,62

Therefore, advanced methods are required for the reliable
identification, quantification, and characterization of this
analyte, probably one of the most challenging analytes in the
environment and food.
In the past decade, there have been several reviews partially or

fully focused on the methods for detection, identification, and
quantification of MPs.10−13,15,62−67 Already in 2012, Hidalgo-
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Ruz et al. highlighted the importance of chemical analysis for
reliable MP identification, but only FTIR spectroscopy was
applied at that time.63 Advances in the development and
application of both spectroscopic and thermoanalytical
approaches were then reflected in the later reviews. In particular,
Primpke et al. recently presented a critical assessment of
analytical methods with the focus on harmonized and cost-
efficient analysis ofMPs.67 In the last three years, more andmore
attention has been paid to the chemical analysis of small
microplastic and also nanoplastic particles.5,7,14,68,69 However,
the analytical challenges for reliable and representative chemical
analysis of NMPs and possible solutions were only partially
addressed until now. Also, the applicability and complementary
of different mass-based and particle-based methods as well as
their automation, validation, and harmonization were insuffi-
ciently discussed.
The principal aims of the present review are (i) to point out

the challenges in microplastic and nanoplastic studies, (ii) to
critically assess the methods applicable for reliable and
representative chemical analysis of these particles, and (iii) to
discuss perspectives within and beyond the NMP research field.
Therefore, first the advantages and limitations of both mass-
based and particle-based approaches for the identification and
quantification of MPs are discussed, with the focus on sensitivity
and lower size limit for detection as well as on automation and
high throughput analysis. Besides well-established methods and
their applications for the analysis of model and real samples, new
and promising techniques are presented. Then the comple-
mentarity of different analytical methods for the comprehensive
characterization of MPs is highlighted. Special part of the review
is devoted to the rapidly progressing field of nanoplastic studies,
with a particular focus on small masses and sizes of NPLs.
Finally, efforts for the validation, harmonization, and stand-
ardization of NMP studies are analyzed, and an outlook for
applications of the advanced methods for the analysis of plastic
and nonplastic micro- and nanoparticles is presented.

2. CHEMICAL ANALYSIS OF MICROPLASTICS

2.1. Challenges and Objectives

The complex nature of MPs is characterized by at least five
dimensions that have to be considered in the analysis of these
tiny particles:

• Broad size range, i.e., 1 μm to 1 mm (and up to 5 mm for
large MPs).

• Different polymer types with various chemical composi-
tion (including conventional and biopolymers of different
structure and density).

• Different shapes (spheres, irregular particles, fibers, films,
foams).

• Various additives (antioxidants, light stabilizer, plasticizer,
flame retardants, pigments, etc.), weathering products and
sorbed contaminants (persistent organic pollutants,
antibiotics, heavy metals, etc.).

• Different aging state (primary and secondary MPs,
biofouling), surface charge, and hydrophobicity.

Therefore, taking into account the diversity of MPs and also
the broad concentration range, expressed in terms of MP mass
and particle numbers in real samples (which can vary by 10
orders of magnitude, e.g., 10−2−108 MPs/m3 for freshwater and
drinking water samples23), we are facing the following challenges
for the analysis of MPs:

• Depending on the pollution level of different media
(water, soil, air, etc.) with MPs and the desired
information (MP mass- or number of particle and size
range), which defines the choice of detection method, the
sample size (volume or mass) can vary significantly and
has to be representative. Because substantially more
particles are expected in smaller size ranges, small sample
sizes can be sufficient for the determination of particle
numbers down to the lower μ-range. However, if also
larger particles and/or mass are of interest, larger sample
size will be required.

• The identification and quantification of MPs in complex
samplesmay resemble searching for a needle in a haystack,
thus requiring the preconcentration of the sample (e.g.,
via filtration) and efficient removal of (in)organic matrix.

• Sensitive methods are necessary for chemical identifica-
tion and quantification of MPs. While many methods
provide reliable identification of polymers (and addi-
tives), the quantification is either mass-based or particle-
based (delivering information on MP particle number,
size/size distribution and shape). Furthermore, the
characterization of specific properties/compounds (deg-
radation state, surface properties, additives, products of
weathering, sorbed chemicals, etc.) needs additional
method(s). Hence, depending on desired information,
one method or a combination of several methods are
required.

• The validation of methods, their comparison, harmo-
nization, and standardization is inevitable in order to
ensure the reliable results on the contamination of
different media with MP particles. For this purpose,
suitable reference materials are needed. However, the
reference materials which resemble MP particles found in
real samples (including variety of polymer types, broad
size range, different shapes, and aging state) are still
lacking.

• The ubiquity of plastics makes indispensable themeasures
to prevent the contamination during the entire analytical
procedure (sampling, sample storage, and preparation as
well as detection).

It has been widely recognized that the choice of an
appropriate method or method combination strictly depends
on the research questions and objectives of the study.20,62,70 For
the monitoring and modeling, the information on MP mass can
be sufficient. In this case, destructive mass-based methods which
provide information on polymer content in the sample
regardless of particle number, size, and shape can be suitable.
Using mass-based methods, one should keep in mind that a few
large particles overprint many small particles, i.e., small particles
contribute only slightly to the mass.20 If more detailed
information is needed, e.g., for the understanding of the
transport and fate of MPs as well as their impact on the
environment and human health, the nondestructive particle-
based methods can be applied. These methods allow for the
chemical identification and quantification of MPs, providing
information on the particle number, size/size distribution (the
size range is determined by the detection limit of the method)
and shape. The characterization of specific properties/
compounds requires additional dedicated methods. Thus, a
comprehensive analysis of MP particles with diverse character-
istics cannot be performed with a single method and assumes a
combination of analytical approaches. Last but not least,
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depending on the detection method(s) of choice, complexity of
samples to be analyzed and the level of MP contamination,
suitable methods for the sampling, and sample preparation have
to be considered in order to achieve representative and reliable
results.

2.2. Mass-based Methods for Analysis of Microplastics

2.2.1. Thermal Degradation Combined with GC/MS.
Thermal degradation methods are shown to be very efficient for
the identification and quantification of plastic contamination in
environmental and food samples. These methods rely on
degradation (most often pyrolysis, Py) products generated at
defined temperatures under the exclusion of oxygen. After gas
chromatographic (GC) separation, the so-called pyrogram
represents fingerprint of the respective polymer. Using mass
spectrometry (MS), the volatile degradation products can be
subsequently identified on molecular level. On the basis of
specific pyrolysis products, the determination of polymer mass is
possible, hence the simultaneous identification and quantifica-
tion of different MP in complex environmental samples can be
performed. This information for different polymers is
indispensable for mass balances and modeling as well as for
the future legislation. Furthermore, these methods allow for the
detection of plastic-associated additives as well as of degradation
byproducts and, hence, they deliver the data necessary for
reliable risk assessment of MP for the environment and human
health. However, these mass-related data have to be considered
as bulk values of a given plastic type, e.g., PS, disregarding if it is a
pure polymer or a share of a copolymer, and are independent
from any kind of particle characteristics such as size, shape, form,
etc.67,71

Already in the year 1966 (almost 40 years before the term
“microplastics” was introduced), Thompson et al. used a
technique combining pyrolysis and chromatography for the
detection of vehicle tire abrasion products in roadway.72 The
presence of PS as anthropogenic pollutant in sediment and soil
analyzed by Py-GC/MS was first reported by Leeuw et al. in
1986.73 In following studies, Fabbri and colloquies focused on
the Py-GC/MS analysis of PS and PVC as well as poly(vinyl
acetate) (PVA), polybutadiene (PB), poly(acrylonitrile-co-
styrene-co-butadiene) (ABS), styrene−butadiene random
(SBR), and block (SBS) copolymers in coastal sediments.74−76

Meanwhile, these methods have been widely applied for the MP
analysis in marine and freshwater environment (sediments,77−84

water,80,85−89 and biota71,80,90,91), sewage sludge,82,92 airborne
emissions from laundry dryers,93 soil,94,95 commercial sea
salt,54,96 and drinking water.53 Recently, the potential of Py-
GC/MS for the analysis of nanoplastics in model and real
samples has been demonstrated,97−100 as will be discussed in
more details in section 3.3 “Mass-based Methods for Analysis of
Nanoplastics”.
With respect to the applied instrumentation, there are two

different types of pyrolysis unit and its coupling with gas
chromatograph, namely (i) Py-GC/MS and (ii) TED (thermo-
extraction and desorption) GC/MS.
2.2.1.1. Pyrolysis-based Methods. Generally, different work-

ing modes can be applied by Py-GC/MS, i.e., (i) “single-shot”
analysis, (ii) “double-shot” (or “multi-shot”) analysis, (iii)
evolved gas analysis (EGA-MS), and (iv) reactive or
thermochemolysis Py-GC/MS.101

By “single-shot”mode, the pyrolysis is performed at a distinct
temperature, usually above 500 °C. The sample temperature is
rapidly (<20 ms for modern systems) elevated from ambient to

the pyrolysis temperature. The macromolecules are almost
instantly fragmented in the pyrolyzer, and pyrolysis products are
then separated in the GC column and used for the MS-based
detection of polymer(s) and some additives.67,81,101

The “double-shot” (or “multi-shot”) mode or so-called
thermodesorption (TD) Py-GC/MS) involves several (at least
two) steps and allows for the sequential analysis of different
compounds, e.g., volatile (low molecular weight compounds
released at low temperature during a thermal desorption step)
and nonvolatile (decomposition fragments of the macro-
molecules formed at high temperature(s) during pyrolysis
step). This mode has shown to be efficient for the character-
ization of different volatile and nonvolatile polymer addi-
tives102,103 and even sorbed organic compounds104 combined
with the identification of polymer(s) based on the analysis of
pyrolysis products.77,78 Furthermore, the “double-shot” mode
can be used for the effective thermal desorption of potentially
interfering organic compounds from the complex organic rich
samples before the pyrolysis step, enabling the improved
identification and quantification of MP decomposition prod-
ucts.105

EGA-MS involves the separation of degradation products
during slow temperature ramp (which leads to a sequential
macromolecules degradation in the pyrolyzer) and the
replacement of the chromatographic column by a short and
narrow (2.5 m, 0.15 mm i.d.) deactivated silica capillary tube
without a stationary phase, to connect directly GC injector and
MS detector.101

Thermochemolysis Py-GC/MS implies the addition of a
derivatization agent, e.g., tetramethylammonium hydroxide
(TMAH) solution, which induces a reaction of ester- and
ether-cleavage followed by methylation67,101 and help to
significantly improve the detection sensitivity for some polymers
(e.g., PET and PC).71

For the polymer identification by means of Py-GC/MS, an
individual (plastic) particle or a representative sample fraction
(μg-range) is transferred into a pyrolyzer target. Several types of
pyrolyzers and respective targets are available, having different
dimensions and, hence, sample capacity, namely (i) filament
pyrolyzers, (ii) Curie point (CP) pyrolyzers, and (iii) micro
furnace (MF) pyrolyzers.67 Filament pyrolyzers use open or
semiclosed quartz tubes (system-dependent variable dimensions
approximately ⌀ 0.2−1.3 cm and different length,77−79,106

placed in a platinum coil. CP pyrolyzers utilize semiclosed
ferromagnetic targets (typical dimensions ⌀ 2 mm, 8 mm
height).71 MF pyrolyzers use stainless steel cups (typical
dimensions approximately ⌀ 4 mm, 8 mm height,54,81,96 and,
hence, offer favorable larger sample capacity compared to CP
pyrolyzers.96 In each case, the sample is heated to a defined
temperature in an inert atmosphere (usually He or N2), which is
also utilized as carrier gas for GC separation.67

For the reliable identification and quantification of polymers
based on decomposition products, Py-GC/MS systems are
usually equipped with quadrupole mass analyzer. Significantly
increased detection capacity can be achieved by GC time-of-
flight mass spectrometry (Py-GC/ToF) as recently reported by
Sullivan et al.100

Depending on the complexity of pyrolysis products as well as
decomposition mechanisms and kinetics, the respective pyro-
grams differ significantly among various polymer types. The
pyrogram of individual polymer can be highly complex (e.g., PE,
PP, PET) over moderate (e.g., PS) to simple (e.g.,
PMMA).67,107,108
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Besides monomers and oligomers of the respective polymers

which are usually present, pyrolytic reaction products,
determined by the chemical reactivity of the polymer, are built
(Figure 1).108 The pyrograms obtained reproducibly provide a

unique signature pattern (fingerprint) characteristic for a given
polymer which can be compared with commercial or customer
made pyrogram databases. The identification of additives

requires extensive compound knowledge (inclusively their

thermal behavior) and appropriate mass spectrometric chemical
libraries.67

2.2.1.1.1. Identification of Individual Particles and
Associated Additives. The Py-GC/MS has been applied by
several groups for the identification of individual (plastic)
particles isolated frommarine and river sediments, surface water,
and biota.77−80,89,90 Fries and colleagues analyzed marine
microplastic particles down to approximately 100 μm, as well
as associated additives, using “double-shot”mode (TD-Py-GC/

Figure 1. Molecular structures of polymers investigated for MPs and of their main pyrolysis products, with corresponding m/z (TMAH: pyrolysis
products produced in the presence of tetramethylammonium hydroxide). Reproduced with permission from ref 108. Copyright 2020 Elsevier.
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MS). They were able to identify different plastic types (including
PE, PP, PS, PET, PVC, PA) and detect many associated
additives (e.g., benzophenone, 1,2-benzenedicarboxylic acid,
dimethyl phthalate, diethylhexyl phthalate, dibutyl phthalate,
diethyl phthalate, phenol, and 2,4-di-tert-butylphenol).77,78

Although the analysis of individual particles by Py-GC/MS is
rather time-consuming, namely it takes a half an hour or even
more for each GC-MS run (compared tominutes or even less for
the spectroscopic analysis with, e.g., μ-FTIR), it allows for the
proper identification of particles and provide additional valuable
information on additives and copolymers. It has been recently
illustrated by Kap̈pler et al.81 and Hermabessiere et al.,80 who
compared Py-GC/MS results with FTIR and Raman micro-
spectroscopy data, respectively (see section 2.4 “Combination of
Different Methods for Comprehensive MP Analysis”). Hence,

the complementary analysis of individual particles can be
performed by the combination of Py-GC/MS and spectroscopic
methods. Furthermore, the application of EGA-MS has a
potential for the time efficient identification of additives and
polymers.67 While Py-GC/MS is applicable for the analysis of
individual particles, the real power of Py-GC/MS for the
simultaneous identification and quantification of MP for
complex samples has been recently recognized (refs 53, 54,
71, 82, 85, 94−96, 105, 106, 109, and 110).

2.2.1.1.2. Simultaneous Identification and Quantification
of Polymers from Complex Samples. Depending on the
amount of polymers and matrix composition, the samples can be
analyzed directly94,106 or after one or several sample preparation
step(s) which can include chemical and enzymatic digestion of
organic matrix and removal inorganic matrix by density

Figure 2. Example for the quantification procedure of three polymers (PP, PET, and PS) in seawater filter. (a) Total ion current of the sample. (b)
Sections of the respective indicator ion chromatograms with integrated signals. (c) Respective full mass spectra of the individual pyrolysis products. (d)
Calibration curves from pure polymers for the quantification of the respective polymer cluster. Reproduced with permission from ref 110 (supporting
information). Copyright 2021 American Chemical Society.
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separation.53,71,85,96,97,109,110 Alternatively, solvent extraction83

and pressured liquid extraction (PLE)82,105 can be applied for
the preconcentration of polymers from complex matrices before
Py-GC/MS analysis. Furthermore, the applicability of cloud
point extraction (CPE) has been reported for the preconcentra-
tion of nanoplastics from water samples.99

The detection ofMPs directly in bulk soil and soil factions has
been reported by Watteau et al.94 The application of
approximately 0.5−1 mg sample allows for detection of specific
features of plastic (e.g., typical for PS) differing from soil organic
matter. Funk et al. have performed the identification and
quantification ofMPs by Py-GC/MS in wastewater after cascade
filtration without sample preparation besides the sample
extraction and drying. They applied 300−400 μg of sample
and reported on LOQs of 0.03 μg and 1 μg absolute for PS and
PE, respectively.106

To improve the sensitivity of Py-GC/MS for the quantifica-
tion of different polymers in complex samples, the removal of
organic and inorganic matrices has shown to be efficient. After
the sample preparation and drying, MPs deposited on a filter are
pyrolyzed; for this purpose, the pieces or even the entire glass
fiber filter with a ⌀ 15 mm can be directly inserted in pyrolyzer
for the analysis.53,96,97,109

The preconcentration of polymers from complex matrices
before Py-GC/MS analysis can be also performed by liquid
extraction of soluble polymers.82,83,95,105 Dierkes et al.
developed a method combining PLE and Py-GC/MS for the
MP quantification in environmental samples.82 The extraction
includes a pre-extraction step via methanol to reduce disturbing
matrix effects followed by a subsequent PLE using tetrahy-
drofuran (THF). For the most frequently used synthetic
polymers (PE, PP, PS) LOQs down to 0.007 mg/g have been
achieved. Okoffo et al. have combined PLE (using dichloro-
methane, DCM) and “double-shot” Py-GC/MS for the
identification and quantification of PE, PP, PS, PET, PVC,
PC, and PMMA in biosolids (treated sewage sludge). The
thermal desorption of potentially interfering coextracted
compounds before pyrolysis has found to be very efficient for
the MP analysis in complex organic rich samples. The validation
of the method has revealed a linear range between 0.01 μg and 2
μg of polymer absolute, the found MP contamination of
biosolids ranged between 0.1 mg/g and 4.1 mg/g dry weight
across the samples.105 Furthermore, the applicability of in 1,2,4-
trichlorobenzene (TCB) for the dissolving of PE, PP, and PS in
soil for subsequent Py-GC/MS analysis, providing instrumental
detection limits of 1−86 ng absolute and method detection
limits of 1−86 μg/g has been shown.95 Moreover, in
combination with solvent extraction (using DCM) followed
by gel permeation chromatography (GPC), in order to separate
higher and lower molecular weight fractions, Py-GC/MS can be
efficiently applied for the characterization not only of MPs but
also of their degradation byproducts in costal sediments, as was
reported by Ceccarini et al.83 The authors found up to 30 mg
MPs (essentially PS and polyolefin byproducts) in 1 kg sand.
Recently the efficiency of cloud point extraction in

combination with Py-GC/MS for the analysis of nanoplastics
in environmental waters has been demonstrated. Using Triton
X-45-based CPE, an enrichment factor up to 500 was obtained
for PS (approximately 65 nm) and PMMA (approximately 85
nm) nanoplastics, without disturbing their original morphology
and sizes.99

While the proper sample preparation can significantly
improve the performance of Py-GC/MS analysis, the reliable

identification and quantification of polymers in complex
mixtures remains a most challenging and essential part.
The identification can be realized based on the specific

pyrograms of characteristic and selective degradation products,
representing different polymers. The relative intensity of
indicator compounds varies from polymer to polymer, strongly
influencing the detection sensitivity for the respective polymer.
Because ion chromatograms can enhance the detection
sensitivity, they are often applied for the detection of polymers
in complex samples (Figure 2).110 The ion chromatograms
represent the ion current over time, extracted for a selected
fragment ion of an indicator compound from mass spectro-
metric data.
In this context, the selection of characteristic indicator

products and their respective ions for each polymer based on
their intensity and specificity becomes essential, whereof the
latter is decisive for the proper identification and quantification
of distinct polymer.67 For example, PS has two favored indicator
compounds, styrene and its trimer (5-hexene-1,3,5-triyltriben-
zene), which differ in specificity and abundance. While the
former is very abundant but nonspecific, the opposite is true for
the latter. Therefore, styrene is a perfect indicator compound for
PS quantification in matrix-free samples. However, in natural
matrices, it may be generated from several anthropogenic
polymers and natural compounds, e.g., chitin. Therefore, the use
of less intensive styrene trimer is more reliable in this case
because its generation can be unequivocally linked to the
presence of PS in the sample.67,71 For the identification and
quantification of PE, matrix interfered n-alkanes and n-alkenes
can be chosen. Although biogenic material rich in long alkyl
chains (e.g., natural fats and waxes) tends to release n-alkanes
and n-alkenes during pyrolysis, their generation can be
minimized by the digestive treatment of samples. Furthermore,
the interferences decrease strongly with increasing carbon
numbers, n-alkenes. Therefore, n-alkenes and n-alkanes fromC16
to C26 found to be most appropriate for the calibration and PE
analysis.71 Generally, the presence of further polymer specific
degradation products ensures polymer identification.67 For the
extended list of indicator compounds and respective indicator
ions, allowing for the simultaneous identification and
quantification of different types of plastics using thermal
decomposition methods, the rider is referred to recent
publication by Primpke et al. (see table 1 in ref 67).
For the reliable quantification of MPs in complex samples, the

preconcentration of polymers via the removal of accompanying
(in)organic matrix or extraction of polymers by liquid solvents is
highly recommended in order to avoid or at least minimize
interferences of nonplastic pyrolysis products with the indicator
ions and to prevent surface interactions and contaminations
inside the pyrolysis system. The pyrolysis performed at
reproducible conditions results in the ion chromatogram,
where the area under the signals of the indicator ions correlates
with the mass of the polymer present in the sample vessel. This
correlation is linear in a system-dependent concentration range
and can be used for the external calibration of the respective
polymers. The addition of an internal standard(s) will further
improve the data quality. Different substances can be used for
this purpose, e.g., deuterated compounds (styrene,106 poly-
styrene,111 and chlorobenzene100) or a mixture of 9-dodecyl-
1,2,3,4,5,6,7,8-octahydro anthracene, anthracene-d10, andros-
tane, and cholanic acid.96,110,112

An excellent example for the simultaneous identification and
quantification of PP, PET, and PS in a complex seawater sample
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after matrix removal has been presented by Dibke, Fischer, and
Scholz-Böttcher (Figure 2).110 Figure 2a shows the section of
interest from the resulting total ion chromatogram (pyrogram)
and represents the complexity of an environmental sample with
high diversity of organic pyrolysis products. Characteristic
pyrolysis product for PP, namely 2,4-dimethyl-hept-1-ene can be
identified via its mass spectrum, and the selectively extracted as
ion chromatogram of its indicator ionm/z 70. Integration of the
respective signal results in an area of 237 150 units (Figure 2b,c).
This corresponds to 0.8 mg of PP, determined via the external
calibration (Figure 2d). For PET and PS, the quantification was
performed using dimethylterephthalate (indicator ionm/z 163)
and styrene trimer (5-hexene-1,3,5-triyltribenzene, indicator ion
m/z 91), respectively.110

It is worthmentioning that despite the destructive character of
thermal degradation methods hampering any remeasurements,
the resulting pyrograms can be reanalyzed retrospectively for
further indicator ions of new polymers. By applying internal
standards, even semiquantitative data of these new polymers can
be obtained.67 For example, recently Goßmann et al.
retrospectively analyzed the Py-GC/MS data for complex
environmental samples such as road dust, fresh water and
marine sediments, blue mussels, and marine salts, in order to get
information on the contamination with tire wear particles which
are assumed to be the predominant source of environmental
MPs.113 The authors developed an approach to differentiate
between car and truck tire wear and found the dominance of car
compared to truck tire wear mass loads in all analyzed samples
(ratios of car to truck tire wear were up to 16 to 1). While
detected TWP concentrations in road dust significantly
exceeded those of thermoplastic (e.g., PE, PP, PS) MP (around
5 g of TWP vs 0.3 g of MP per kg road dust, dry weight), the

samples collected far away from TWP sources show lower or
even no TWP contamination. At the same time, thermoplastic
polymers were still ubiquitously distributed.112

Generally, the detection sensitivity for distinct polymer in
complex mixtures depends on the relative intensities of indicator
products. Additionally, the quality of the organic matrix removal
determines the polymer quantification in terms of general
background and possible interferences. Furthermore, the
solubility or nonsolubility (and hence the readability and
repeatability of balance used) of the polymers has a direct impact
on the calibration range of given polymer. For example, for the
soluble PS the calibration down to 0.01 μm can be performed.
From this calibration LOD (S/N-ratio >3) of 3 and 59 ng for the
prominent but unspecific pyrolysis product styrene monomer
and for very specific but significantly weaker styrene-trimer,
respectively, was calculated. The corresponding LOQ values (S/
N-ratio >10) are 16 and 282 ng, respectively. The reported lower
calibration points for PP and PA 6 are 0.3 μg and 0.5 μg,
respectively.96 Working with solid standards, the LOQ for Py-
GC/MS can be set by available balance and ranges, dependent
on the polymer type, between 0.7 and 1 μg absolut.85 Thus,
practically the Py-GC/MS analysis can be performed with LOQ
of 0.01−1 μg, depending on polymer type and pyrolysis unit.20

It has to be mentioned that the direct pyrolytic products of
some polymers (e.g., PET and PC) show high diversity and
different polarity, leading to limited sensitivity and poor
chromatography. To improve the method sensitivity for these
polymers, thermochemolysis, e.g., by addition of TMAH can be
applied. The latter induces a reaction of ester and ether-cleavage
followed by methylation. The thermochemolysis products of
PET and PC are more specific, resulting in improved sensitivity
for these polymers. At the same time, the pyrolytic behavior for

Figure 3. Summary of identified decomposition products for elastomer and tire materials using TED-GC/MS. Reproduced with permission from ref
111. Copyright 2018 American Chemical Society.
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most other polymers stayed unaffected. Thus, simultaneous
quantification of PE, PP, PS, PET, PVC, PMMA, PC, PA 6, and
methylene-diphenyldiisocyanate-PUR using online pyrolytic
derivatization can be successfully performed.67,71,96

Taking into account the maximum sample capacity of the
pyrolyzer (μg-range) as well as the expected content of MPs and
the respective calibration range, the initial sample volume has to
be adapted for the MP quantification with Py-GC-MS using
preconcentration step(s).
The analysis of a significantly larger sample amount (mg-

range) can be realized by applying thermo-extraction and
desorption (TED) GC/MS.
2.2.1.2. TED-GC/MS. In the TED-GC/MS approach, a

thermogravimetric analyzer (TGA) is utilized for the sample
pyrolyzation under inert gas (usually N2) and controlled
temperature-ramped conditions up to approximately 600 °C.
Decomposition products are purged from the TGA and
transferred through a heated coupling device to a solid-phase
adsorber bar (containing e.g., polydimethylsiloxane, PDMS),
which is coupled to the decomposition product gas flow only in
certain temperature range(s). The temperature range of the
trapped gases can be selected in advance, e.g., 25−650 °C or
350−600 °C. The first range is representative for all volatile
pyrolysis products. The second is characteristic for most
common polymers which have degradation temperatures
above 350 °C but excludes a large share of pyrolysis products
generated by thermo-labile organic matrix compounds.67,111

After the solid phase is loaded with an excerpt of the
decomposition products, the adsorber is transferred (manually91

or utilizing autosampling robot111,114) to a thermal desorption
unit (TDU) of the GC/MS instrument. In the TDU unit, the
decomposition products are thermally desorbed and mobilized,
cryo-focused in a cooled injection system, separated through a
GC column, and measured quantitatively by MS.111

The TED-GC/MS has been first applied for the analysis of
environmental samples (mussel and suspended particulate
matter from river) spiked with PE and detection of this polymer
down to 1 wt % by Dümchen et al. in 2015.91 Meanwhile, TED-
GC/MS has been established for the reliable quantification of
different polymers in complex environmental matrices (samples
from aquatic and terrestrial systems). The corresponding LOQ
for PE, PP, and PS were about 10, 1, and 0.2 μg, respectively.114

Furthermore, applicability of TED-GC/MS for the analysis of
tire wear content in environmental samples has been recently
shown.111,115,116 In highway street runoff samples, styrene
butadiene rubber (SBR, major compound of passenger car tires,
see Figure 3 for decomposition products of elastomer and tire
materials) was found in the range 3.9−9.3 mg/g.111 Thus, fast
and simultaneous analysis of microplastics in environmental
samples, including thermoplastic polymers and tire wear became
possible. The analysis of natural rubbers (main elastomeric
compound of truck tires) in environmental samples was found to
be impossible using this approach because plant matter with
similar decomposition products cannot be excluded from the
sample. Recently the applicability of TED-GC/MS for the
determination of the MP mass content in beverages filled in
plastic bottles was demonstrated by Braun et al.117 The authors
developed a smart filter crucible as sampling and detection tool
which allows for a filtration ofMPs down to 5 μm.Depending on
beverages bottle type, MP contents below 0.01 μg/L and up to 2
μg/L were measured.
Compared to Py-GC/MS, TED-GC/MS is characterized by a

significantly larger sample capacity, namely up to 100mg (which

is about 200 times higher than used in Py-GC/MS). This is
useful both for sensitivity (although LOD and LOQ for TED-
GC/MS are lower compared with Pyr-GC/MS) and represen-
tativity of the analysis of environmental samples (in which the
matrix accounts for most of the overall mass). Thus, the MP
analysis in highly polluted samples (containing more than 0.5−1
wt % for each type of polymer analyzed) can be performed
without sample preparation which can be either not exhaustive
or not simple to perform (e.g., for PET and PA).118 However,
sample-dependent organic matrix still can interfere the polymer
quantification by the use of the entire temperature range 25−
650 °C, and an adsorption cut out below 350 °C leads to losses
of more thermolabile polymers like PVC.67

Because the expected MP content in the most real
environmental and food samples is below 1 wt %, MP
preconcentration per (cascade) filtration and removal of
accompanying (in)organic matrices will improve the detection
and quantification sensitivity of both Py-GC/MS and TED-GC/
MS (as well as spectroscopic methods, as discussed later) for the
analysis of environmental and food samples.20,91 The removal of
nonplastic organic matter will help to avoid their interference
with the indicator ions as well as the contamination of the
instrument. While the inorganic matrix has rather neglectable
impact on the pyrogram, the lower amount of inorganic matrix
will increase plastic/matrix ratio and, hence, improve the
sensitivity of the method. Furthermore, it is strongly
recommended to include an appropriate number of calibration
standards as well as procedural blanks and occasional blank cups
in the measurement series. The blank values will help to assess
secondary contamination and possible memory effects and, if
necessary, to make appropriate corrections to the measured
values.67,119

Thus, thermoanalytical methods provide quantitative mass-
based polymer-specific (and additive-specific) information on
the MP contamination, independent of particle related
information, i.e., number, size, shape, etc. These methods can
be considered not as competitive but as complementary to
spectroscopic methods (delivering quantitative particle-based
information). Being destructive, thermoanalytical methods have
to be applied after nondestructive spectroscopic analysis. The
combination of mass-based and particle-based methods will
enable performing of detailed comprehensive characterization of
MPs, which is necessary for the reliable assessment of the MP
impact on the environment and human health.

2.2.2. Further Thermoanalytical Methods. Recently, a
new method for the chemical characterization of NMPs, which
based on thermal desorption−proton transfer reaction-mass
spectrometry (TD-PTR/MS, where hydronium ions generated
from water vapor are used for the ionization of analytes) has
been proposed by Materic ́ et al.120 The method, which is
characterized by high sensitivity and high mass resolution, has
been already widely used in the analysis of various complex
organic mixtures in the environment, including real-time
monitoring of volatile organic compounds, semivolatiles, and
organic aerosols in air and dissolved organic matter (DOM) in
environmental waters and ice.120,121 The authors have reported
on LOD of <1 ng for PS compound present in a sample and
applied this method for (semi)quantification of NMPs in Alpine
snow. The high sensitivity of the method allowed use of small
volumes of samples (1 mL) and to carry out experiments
without any preconcentration steps. Unique features in the high-
resolution mass spectrum of different synthetic polymers were
found to be suitable for fingerprinting, even when the samples
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contain mixtures of other organic compounds, e.g., a positive
fingerprint was detected when only 10 ng of PS was present
within the DOM of snow. The analysis of melded cores showed
the presence of PET, PVC, and polypropylene carbonate (PPC),
but after the 0.2 μm filtration, only PET was found, indicating
that PET fibers represent the dominant form of airborne
pollution. Although the recovery rates of mere 15% were
estimated for PS120 and interference by even minor impurities
originating from different sources has to be considered,122 the
TD-PTR/MSmethod seems to have a potential for the sensitive
analysis of NMPs.
The quantitative analysis of MP in complex matrices can be

also performed by TGA-MS. David et al. developed amethod for
the quantification of PET in soil samples without pretreatment.
Sample mixtures (ca. 50 mg) were pyrolyzed with a 5 °C/min
ramp (40−1000 °C), while sample mass loss and MS signal
intensity of typical PET pyrolysis products were recorded. The
reported LOD and LOQ were 0.07 and 1.72 wt % PET,
respectively.123 Furthermore, the analysis of gas evolved during
TGA can be performed spectroscopically by applying TGA-
FTIR.124,125

Another thermoanalytical approach useful for the determi-
nation of MP content in complex samples combines TGA and
differential scanning calorimetry (DSC),20,126−131 where
endothermic phase transition temperatures can be utilized for
the identification and quantification of polymers. Generally, this
technique is applicable for polymer with crystalline components
(PE, PP, PA, and PET), while the polymers without crystalline
portion (e.g., PS) cannot be analyzed. Majewsky et al. have
evaluated endothermic phase transition heat flows and peak
temperatures of LDPE, PP, PET, PES, and PA by heating from
20 to 800 °C with 5 °C/min under N2 atmosphere.127 In
accordance with the literature, it was found that LDPE, PP, and
PA exhibit low melting points with peak temperatures at around
101 ± 2 °C, 164 ± 1 and 216 °C, and show no overlap with the
other tested plastic types. The other polymers have peak
temperatures between 250 and 261 °C and are largely overlaying
each other. Because unambiguous polymer identification in the
presence of multiple polymers with phase transition temper-
atures >200 °C is challenging, the authors focused on the
determination of PE and PP. They found LOD of 2.5 and 5 wt %
for PE and PP, respectively, using defined mixtures of polymers
and a total sample weight of 10 mg. The application of this
approach for the analysis of MP in two wastewater effluent
samples (after density separation and H2O2 treatment for the
removal of (in)organic matrices, size range 12−1000 μm)
revealed 34% and 17% of PE in the remaining solid mass
corresponding to 81 and 257 mg/m3 of the MP contamination,
respectively, while PP was not detected.127

Rodriǵuez Chialanza et al. investigated the performance of
DSC for the analysis of LDPE, HDPE, PP, and PET and
analyzed in details the influence of particle size on the DSC
signal for polymer mixtures.128 They used size fractions of 23−
256, 256−645, and 645−1000 μm (obtained by sieving) and
found that the signals of four polymers were well distinguishable
using 10 °C/min heating rate, as illustrated in Figure 4.
However, both the identification and mass quantification of
polymers (based on onset temperature and on heat flow,
respectively) were strongly affected by particle size. Therefore,
the authors recommended proper sample treatment, which
includes sieving of suspended particles for the MP determi-
nation using DSC, and tested this approach for the analysis of
seawater samples spiked with polymers.128

Recently, Bitter and Lackner have presented extended study
for the quantification of semicrystalline MP in industrial
wastewaters.130 By applying of modifiedDSC protocol proposed
by Majewsky et al.127 (including three steps in a N2 atmosphere:
first heat-up step from 30 to 290 °C at 20 °C/min heating rate,
subsequent cooling step from 290 to 0 °C at 10 °C/min, and
second heat-up step from 0 to 290 °C at 5 °C/min), they were
able to analyze the samples treated with H2O2 in the size ranges
for small (10−1000 μm) and large (1000−5000 μm) MPs. PE
and PP were found to be the most abundant polymers, but PA
and PET were also present. As all three industrial sites had
wastewater treatment plants (WWTPs), low mass concen-
trations for MPs ranging from 0.5 to 35.5 μg/L were detected,
that is comparable to the level for organic micropollutants in
municipal WWTP effluents. The analysis of both influent and
effluent for one exemplary industrial WWTP revealed the
removal capacity of >99.99%.130

2.2.3. Additional Techniques for the Mass-based
Analysis of Microplastics. 2.2.3.1. MALDI-ToF/MS for
Identification and Quantification of NMPs. The matrix-
assisted laser desorption/ionization time-of-flight mass spec-
trometry (MALDI-ToF/MS) allows for the soft ionization and
wide mass detection and has been already recognized as a

Figure 4. (a) DSC signals for different MPs of 300 μm (2.0 mg).
Conditions: heating rate, 10 °C/min under N2 atmosphere. (b)
Multipeak fitting example of a polymer mixture with particle size in the
range 23−256 μm. Adapted with permission from ref 128. Copyright
2018 Springer.
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powerful technique for the characterization of (bio)polymers.132

Recently, the feasibility of MALDI-ToF/MS for the analysis of
NMPs has been explored by Lin et al.133 They combined this
technique with thermal fragmentation and used PS particles of
different molecular weight (Mw, ranging from 2200 to 280 000)
and broad size range (from approximately 120 nm to 3 mm) as a
model for NMPs. For the analysis, the thermally treated sample
was dissolved with THF and mixed with dithranol and Ag
trifluoroacetate solutions at a ratio of 1:10:1 (v/v), and 1 μL of
the mixture was measured. The PS NMPs were identified by
fingerprint peaks in both low-mass (m/z 90, 104, 128, 130, and
312−318) and high-mass regions (repeated peaks with Δm/z
104 in the m/z range of 350−5000) and quantified using the
styrene trimer peak at m/z 315.3, which was more specifically
linked to the presence of PS. The different ionization behaviors
enabled the differentiation of NMPs with different molecular
weights. Furthermore, the authors found that a simple thermal
pretreatment at 380 °C can facilitate the fragmentation of PS
and significantly enhanced the intensities of fingerprint peaks in
low-mass regions, yielding LOD of 25 mg/L (25 ng absolute for
the applied sample volume of 1 μL; linear relationship between
the peak intensity and the concentration from 25 to 400 mg/L)
for PS NMPs. The developed method was applied for the
quantification of PS in different sample matrices (e.g., fish
samples spiked with PS particles, after the treatment with KOH
and density separation for the matrix removal). Additionally, the
method was adopted for the quantification of PET, where the
thermal treatment led to the increase in the intensity of peak at
m/z 385 used for the quantification. The calibration for PET
revealed linear relationship between the peak intensity at m/z
385 and the PET concentration from 0.2 to 800 mg/L.133 Thus,
thermal fragmentation followed by MALDI-ToF/MS seems to
be a promising approach for detailed studies which require the
sensitive identification and quantification of NMPs. But because
of the complexity of the method and the small sample size, the
practical applicability of MALDI-ToF/MS for systematic and
representative analysis of environmental and food samples is
limited. Moreover, further research is needed to prove its
feasibility for the analysis other polymer types.
2.2.3.2. Analysis of Microplastics by ICP-based Methods.

An alternative analytical approach for the MPs analysis is
focused on the detection and quantification of their individual
chemical components, e.g., trace elements (after microwave-
assisted acid digestion of the samples). For this purpose, the
methods which are widely used for the trace analysis in water,
environmental, and food chemistry, namely inductively coupled
plasma mass spectrometry (ICP-MS) and ICP optical emission
spectrometry (ICP-OES) are more and more frequently applied
in the field of MP studies.115,131,134−137 The trace elements are
mostly associated with the use of additives which are essential for
the tailoring of plastic product properties to variety of needs and
applications. Additives are used for the production of the
polymer (e.g., catalysts, agents for vulcanization, curing, or
blowing), for achievement of certain physical properties of the
product (e.g., pigments, dyes, plasticizers), for safety and
stability purposes (e.g., flame retardants, heat stabilizers, photo
stabilizers, antioxidants, biocides), for better processability of
raw materials (e.g., slip agents, lubricants), or for cost reduction
(e.g., calcium carbonate or silica are used as fillers).136,138 The
amount of used additives is strongly related to the application
field. For example, only a limited number of additives are
permitted for materials in contact with food, whereas a high
variety of both organic and inorganic additives are utilized for

production of construction materials and tires. Elements such as
Fe, Ti, and Cu are frequently included in pigments, whereas Br
and Zn in flame retardants. The latter element is also a
component of tires. Furthermore, metals can also be present in
plastics as a relic of previous products due to recycling
processes.20,136,139 In this light, Wang et al. applied ICP-MS
for the analysis of MPs (identified by μ-FTIR) in surface
sediments and found Ni, Cd, Pb, Cu, Zn, and Ti (40−55 mg of
separated MPs were analyzed).135 On the basis of data from the
long-term sorption of metals by MPs and a comparison of metal
burden for MPs from the environment and fresh plastic
products, the authors assumed that the majority of heavy metals
carried by MPs were derived from inherent load.135 Wijesekara
et al. reported on the quantitative analysis of biosolids-derived
microbeads by ICP-MS.140 They revealed the presence of trace
metals including Cd (2.34 ng/g), Cu (180.64 ng/g), Ni (12.69
ng/g), Pb (1.17 ng/g), Sb (14.43 ng/g), and Zn (178.03 ng/g).
Moreover, the authors found that surface modified microbeads
were capable of adsorbing Cu compared to the pure microbeads,
which was attributed to the complexation of Cu with dissolved
organic matter associated with the microbeads in the matrix.140

The application of ICP-OES and ICP-MS for the analysis of
marineMPs (identified by μ-FTIR) has been presented by Kühn
et al.131 In total, 13 elements (Al, Ba, Cd, Co, Cr, Cu, Fe, Mn,
Mo, Ni, Pb, V, and Zn) were detected by both methods
(subsamples of 3 g were digested for the analysis), however, the
determined concentrations were always higher with ICP-MS
than with ICP-OES. Furthermore, the elements identified at
very low concentrations by ICP-MS (e.g., Co and V with 3.0 and
3.2 μg/g, respectively) were below the detection limits of ICP-
OES.131 Klöckner et al. have presented recently an extended
study on metals and metalloids (As, Ba, Bi, Cd, Co, Cr, Cu, Fe,
Mn, Ni, Pb, Sb, Sn, and Zn) for plastic samples from different
origins, including household items and electric supplies as well
as marine, urban, and lake litter and tire tread rubber samples.136

Total metal contents found ranged from 3 μg/kg up to 7 g/kg.
The median content of most metals was below 1 mg/kg and did
not exceed legal limits. Fe and Zn were the metals with the
highest contents, with medians of approximately 50 mg/kg.
Investigations on the potential origin of the metals in plastics
revealed that pigments were the most likely source. Multivariate
statistics (k-means clustering and principal component analysis,
PCA) did not reveal a polymer-specific metal composition,
except for samples of tire tread rubber that was obtained from
passenger car tires.136 On the basis of the latter finding, this
group developed a method for the analysis of tire and road wear
particles (TRWPs) from road environment, which allows for the
quantification and assessment of particle dynamics by Zn
determination after density separation.115 Zn was identified as
the most suitable elemental marker for TRWPs, due to its high
concentration (approximately 1 wt %) in tire tread and the
possibility of separation from other Zn sources. The mean
concentration of 21 tire samples was 8.7 ± 2.0 mg Zn/g. The
measured Zn concentration in the light fraction of the solids
(which floated during density separation, the density of the
separation solution prepared using Na polytungstate was
adjusted to 1.9 g/cm3) was used to calculate the content of
tire abrasion in the total environmental sample. The estimated
TRWP concentrations in particulate matter collected in two
road runoff treatment systems ranged from 0.38 to 150 mg
TRWP/g. These values were in agreement with the data
obtained by TED-GC/MS, where the markers for SBR were
used for the quantification of TRWPmass in the samples.115 The
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further study presented by Klöckner et al. revealed that the
quantification of TRWPs via density separation and Zn analysis
may overestimate TRWPs, if particulate Zn from other sources is
present in the density range <1.9 g/cm3. Such sources could, for
example, be Zn bound to or contained within organic particles of
low density. On the other hand, it was found that aging of
TRWPs can lead to the increase of their particle density and
hence to the incomplete enrichment of TRWPs in the light
fraction. Together with possible leaching of Zn from TRWPs, it
can result in an underestimation of TRWP.116

The applicability of ICP-MS operated in single-particle (SP)
mode for the detection of MPs has been recently tested by
Bolea-Fernandez.141 The technique being frequently used for
the characterization of metallic nanoparticles, has been adopted
for the analysis of PS microspheres of 1 and 2.5 μm in diameter.
The developed approach relies on the ultrafast monitoring of
transient signals (with a dwell time of 100 μs) in SP mode and
registering the signal spikes produced by individual micro-
particles by monitoring the signal intensity at a mass-to-charge
ratio (m/z) of 13 (13C+). This stable isotope ion was selected in
order to minimize the background signal obtained by
monitoring of 12C+. Additionally, a low flow rate of only 10
mL/min was applied to increase the signal-to-background ratio
(MP signal spikes versus background signal coming from
dissolved C in each “time window”). The accuracy of the
number-based concentration results (particle number densities)
has been assessed by comparing the number of events detected
by the monitoring of 13C+ and of 165Ho+ for 2.5 μm lanthanide-
doped PS beads. Although the instrument optimization and
reduction of the background (caused by dissolved atmospheric
CO2 and other C species present in the samples of interest) are
mandatory for the future establishment of this technique and the
identification of different polymer types based on 13C+ ions is
excluded, the authors have concluded that SP-ICP-MS could
provide information on both the size distribution and mass
concentration ofMPs.141 The feasibility of this technique for the
determination of MPs in real samples has been recently reported
by Laborda et al.142 The analysis of 13C+ ions for reference PS
particles in the size range of 1.2−5 μm was achieved using
microsecond dwell times. The developed approach allowed for
the detection of MPs, their quantification using aqueous
dissolved carbon standards, and the measurement of the size
distribution of the detected particles. LOD of 100 particles/mL
was achieved for an acquisition time of 5 min. The method was
applied for the screening of MPs in personal care products and
those released from food packaging materials. The chemical
identity of the detected MPs was confirmed by ATR-FTIR
spectroscopy. The authors found highMPs number for personal
care products (e.g., 3.6 × 107 ± 0.2 × 107 particles/g and 4.4 ×
1010± 0.5 × 1010 particles/g for exfoliating hair conditioner and
facial exfoliating cleanser, respectively). However, the authors
pointed out that the reported particle content corresponds to the
particles detected by SP-ICP-MS under the conditions selected,
which were limited to particles over ca. 1 μm and below 10 μm.
Moreover, particles bigger 2−3 μm were underestimated
because they were nebulized with lower efficiency. Thus, the
information presented confirms the presence of MPs in the low
μ-range but the results must be considered as semiquantita-
tive.142

2.2.3.3. Identification and Quantification of Extracted
Polymers. As already discussed in section 2.2.1.1 “Py-GC/MS”,
polymers extracted using suitable solvents can be analyzed by
thermoanalytical methods. Alternatively, quantitative proto-

nnuclear magnetic resonance (q1H NMR or qNMR)83,143−146

or high performance liquid chromatography (HPLC) methods
can be utilized for the characterization of polymer containing
extracts. Furthermore, polymers insoluble in common solvents
(PET, PA, and PC) can be analyzed after depolymerization
step.118,147,148

The qNMR, being one of the standard analytical methods
applied for the analysis of organic substances, has been recently
adopted for the qualitative and quantitative analysis of dissolved
MPs. Peez et al. have illustrated the suitability of this method for
the analysis MPs consisting of LDPE (granules <300 μm), PET
fibers (length of approximately 500 μm and diameter of
approximately 10−20 μm), and PS (beads with a size
distribution of 0.5−1 mm) in model samples using a calibration
curve method.143 For qNMR, MP particles were dissolved in
suitable deuterated solvent, i.e., deuterated toluene (for PE) and
deuterated chloroform (for PET and PS). The calculated LOD
(19−21 μg/mL) and the LOQ (74−85 μg/mL) demonstrated
that the method is applicable for the quantification of MP
particles at environmentally relevant concentrations.143 Fur-
thermore, the effects of different environmental matrices on the
identification and quantification of PET fibers using qNMR
were evaluated, and high recovery rates were obtained from
spiked environmental model samples (without matrix ∼90%,
sediment ∼97%, freshwater ∼94%, aquatic biofilm ∼95%, and
invertebrate matrix ∼72%), demonstrating the high analytical
potential of the method.144 Recently, the method has been
extended for the identification and quantification of MPs made
of PVC (powder with a particle size <50 μm), acrylonitrile
butadiene styrene (ABS, granules with a size distribution of
100−300 μm), and PA (fibers with a length of approximately
500 μm and a diameter of approximately 20−30 μm). For the
quantification, the integration method or the peak-fitting
method, combined with the calibration curve method, was
used and LODs and LOQs in the ranges of 40−84 and 132−281
μg/mL, respectively, were obtained.145 The applicability of the
qNMR for the quantification of synthetic polyesters from
biodegradable mulch films in soils has been recently reported by
Nelson et al.146 They used Soxhlet extraction or accelerated
solvent extraction (ASE) with subsequent qNMR spectroscopy
for the analysis of polyester PBAT. Because 1H NMR peak areas
of aromatic PBAT protons increased linearly with PBAT
concentrations dissolved in deuterated chloroform (CDCl3),
the accurate quantitation of PBAT was possible. Determined
LOD and LOQ for PBAT in CDCl3 were 1.3 and 4.4 μg/mL,
respectively, and assumed to be sufficiently low for using qNMR
to follow PBAT biodegradation in field soils.146 Thus, despite
the necessity for MP solving in suitable deuterated solvents,
qNMR was shown to be efficient method for the mass-based
quantification of high variety of polymers including LDPE, PET,
PS, PVC, ABS, PA, and PBTA in different complex matrices.
The HPLC-based analysis of polymers insoluble in common

solvents (e.g., PA and PET) can be performed after
depolymerization procedure, as proposed by Castelvetro et
al.118,147 The depolymerization of PA (nylon-6 and nylon-6,6)
was performed by acid hydrolysis followed by derivatization of
the monomers 6-aminohexanoic acid (AHA) and hexam-
ethylene diamine (HMDA) with a fluorophore. Reversed-
phase HPLC analysis with fluorescence detection resulted in
high sensitivities for both AHA (LOD and LOQ of 8.85 × 10−4

mg/L and 3.73 × 10−3 mg/L, respectively) and HMDA (LOD
and LOQ of 2.12 × 10−4 mg/L and 7.04 × 10−4 mg/L,
respectively).118 PET quantification involved depolymerization
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alkaline hydrolysis, followed by HPLC analysis of its
comonomer terephthalic acid and allowed to achieve the LOD
and LOQ of 15.3 × 10−3 mg/L and 5.11 × 10−2 mg/L,
respectively. The analysis of sludge samples from WWTPs in
Italy showed contamination in the 29.3−215.3 ppm and 10.6−
134.6 ppm range for nylon-6 and nylon-6,6, respectively, and in
the 520−1470 ppm range for PET.118 Although the polymer
depolymerization step is required for the analysis, the achieved
sensitivity makes this approach very promising for the mass-
based quantitative analysis of PA and PETNMPs as well as fibers
in different complex matrices. Furthermore, alkali-assisted
thermal hydrolysis can be used not only for the depolymeriza-
tion of PET, but also of PC, as was demonstrated by Wang et
al.148 The authors used LC−tandem MS to determine the
concentrations of the depolymerized building block compounds
(i.e., p-phthalic acid and bisphenol A) and to quantify the
amounts of PET and PC MPs in environmental samples.

2.3. Particle-based Methods for Nondestructive Analysis of
Microplastics

2.3.1. Vibrational Spectroscopy. Vibrational spectro-
scopic methods, (Fourier transform, FT) infrared (IR) and
Raman spectroscopy, which are both based on the interaction of
radiation with molecular vibrations, are efficient methods for the
representative analysis of microplastic and also nanoplastic
particles.
Currently, the application of FTIR spectroscopy and Raman

microspectroscopy is widely spread, because these methods
enable the determination of polymer type (identification)
together with the number, size/size distribution (quantifica-
tion), and shape of (plastic) particles (characterization).
Because plastic particles and fibers are ubiquitous, generally

the plastic-free (or limited) working conditions are essential
during all steps of NMP analysis, i.e., sampling, sample
preparation, and detection.20,23,66 The measures include the
avoidance of plastic items during the entire process and sample
preparation in (MP)-particle/fiber-free or -poor atmosphere (as
summarized in section 44, “Validation of Methods, Quality
Assurance, and Quality Control”). In addition, the determi-
nation of procedural and laboratory blank values (negative
control) is necessary. Procedural blanks values account for
contaminations during sampling, sample preparation, and
detection. Laboratory blank values become necessary in case
preparation and detection take place in separate laboratories.
These determine internal MP contaminations and help to find
and eliminate their sources. On the basis of laboratory blank
values, LOD and LOQ values for the laboratory can be
calculated.149−151 For the LOD and LOQ determination at least
three (optimal 10) laboratory blank values are recommen-
ded.20,66 Furthermore, a determination of recovery rates
(positive control) with reference materials which mimic MP
particles in real samples is of high importance20,23,66 (as
discussed in details in section 4.1, “Reference Materials for
Microplastics and Nanoplastics”).
2.3.1.1. IR Spectroscopy. Already in the paper by Thompson

et al. published in 2004, where the term “microplastics” was
introduced for the first time, the identification of MPs from
marine samples was performed by FTIR spectroscopy. Since
then, this method remains most applicable in MP studies
worldwide152 and has already shown to be efficient for the
identification, quantification, and characterization of MP
contaminations in aquatic29,30,32,150,151,153−168 and terres-
trial33,169 environments, in influents, effluents, and sludge of

WWTPs,150,170,171 in ambient air47,172,173 as well as in drinking
water51−53,149,174 and food.47,151,175

IR spectroscopy is a nondestructive technique based on the
analysis of molecular vibrations excited by the absorption of
radiation in themid-infrared (MIR) region (4000−400 cm−1) of
the electromagnetic spectrum. The resulting characteristic
vibrational fingerprint spectra allow for the accurate identi-
fication of the polymer type for MP as well as for the assignment
of nonplastic particles using spectral databases176−178 or other
chemometric methods.179,180 However, the samples have to be
dried before analysis because water exhibits very strong and
broad IR bands which can partially or even completely overlap
the spectral signature of plastic and nonplastic particles of
interest. This susceptibility of IR spectroscopy to water is
considered as a biggest limitation of the method.
The variety of measurement possibilities available makes IR

spectroscopy advantageous to many other methods. Generally,
IR analysis can be performed in reflectance or transmission
mode.61,67 In the case of transmission mode, IR radiation
penetrated trough the sample is detected. For this mode IR
transparent substrates or filters (e.g., aluminum oxide (Anodisc)
membranes,176,181 silicon filters,182,183 or zinc selenide win-
dows46,157) are required. Although high-quality data are usually
obtained and the resulting spectrum is representative for the
entire sample thickness (or entire particle) and, therefore, is
beneficial for the MP identification, this mode can be affected
the total absorption.67 Especially for colored, dark, or opaque
particles, IR beam can be partially or completely blocked leading
to spectra of low quality. This drawback can be avoided by the
application of the reflectance mode, where the IR beam,
reflected by the sample, is measured.158,184 For this type of
analysis, reflective surface, e.g., metal-coated (Au, Ag,
Al)150,158,182,185 are required. Although this mode is useful for
the analysis of (aged) surface of the sample or particle, the signal
can be disturbed by light scattering.
For the efficient analysis of MPs, attenuated total reflection

(ATR) can be applied. According to Primpke et al., this
technique has been used in 58% of the IR studies, especially for
larger particles because it most cost efficient.67 Furthermore, it
requires no sample preparation or difficult mathematic
corrections (which are necessary for transmission or (pure and
diffuse) reflection mode, respectively). For the measurement, an
ATR crystal with high refractive index (e.g., made of diamond,
zinc selenide, or germanium) is pressed onto the sample surface.
Upon the reflection at the crystal/sample interface, the IR light
penetrates into the sample to a depth of up to few micrometers
(evanescent wave), and the IR data from the sample are
obtained. ATR-FTIR is often used for the identification of
visually presorted particles (sizes larger than 200−500
μm)67,158,183 and for the characterization of weathered MP
because the information on modified particle surfaces, due to
aging (additional OH, CO, and COOH), can be easily
achieved.186,187 Furthermore, ATR-FTIR can be efficiently
applied for the differentiation of natural and synthetic
(micro)fibers.188,189 The proper identification of man-made
cellulosic fibers, namely viscose or rayon (produced by the
derivatization of cellulose with carbon disulfide, followed by a
ripening period and subsequent regeneration of the viscose
fiber) has been also reported.162

The analysis of smaller particles and fibers can be performed
directly on the filters or windows using μ-ATR objective which is
brought into contact with the sample.190 However, because of
applied pressure, which is necessary to generate required
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interaction between the crystal and particle surface, the sample
can be damaged or destroyed. Additionally, the tight contact
between crystal and stiff inorganic particles (resembling MPs)
may lead to the damage of expensive μ-ATR instrumentation.
Furthermore, the ATR-FTIR analysis is generally very time-
consuming because particles have to be measured one-by-
one.15,20

The most applicable FTIR-based method for the analysis of
(MP) particles <500 μm is micro-FTIR spectroscopy (μ-FTIR),
where FTIR spectrometer is coupled with optical microscope.
The spatial resolution of the analysis is diffraction limited
(theoretically ca. 1.7 μm at 4000 cm−1 to 13 μm at 500 cm−1)191

and practically particles larger than 10 μm157,158,192 or 20
μm52,159,181 can be efficiently identified and quantified by μ-
FTIR. Especially for the IR analysis, which includes small
particles, the removal of inorganic and organic matrices is
essential. For this purpose, density separation5,193,194 and
chemical5,171,195,196 or enzymatic197 digestion are usually
applied. For more information regarding sample preparation,
the reader is referred to the recent review by Lusher et al.198 The
matrix removal will increase the plastic/nonplastic particle ratio
and, hence, favorably improve the representativeness and
statistical certainty of the analysis for the given sample.
Additionally, it will help to reduce the entire number of particles
and, therefore, to avoid or minimize the agglomeration and
overlapping of MPs with natural particles that can lead to under-
or overestimation of particle number and size during the manual
or automated analysis. To further minimize the number of
particles, often only a small fraction of the extracted sample is
deposited on the filter or slide.67,158,199

Generally, μ-FTIR analysis can be performed (i) for
preselected particles or (ii) for the (entire) filter area (chemical
imaging). The preselection of particles prior IR measurements
can be performed manually32,170,175,200 or automatically201

using optical images. The preselection strategy is usually applied
for Raman microspectroscopic analysis of MP particles and
addressed in more detail in section 2.3.1.3. “From Manual to
Automated Analysis by μ-Raman Spectroscopy”. Furthermore,
the application of staining techniques (e.g., staining of MP
particles with Nile Red, a fluorescent dye that binds to neutral
lipids and synthetic polymers) for the preselection and
subsequent chemical identification by IR is shown to increase
the identification rate and reduce researcher bias.47,64,202−204 To
avoid or minimize “false positive” recognition, due to costaining
of some of the natural organic material, the removal of organic
matrix before staining has been recommended.62,64

By applying chemical imaging (FTIR imaging), all particles
located in analyzed area are measured and, hence, the chemical
composition of overlapped and agglomerated particles can be
addressed inmore detail compared with the particle preselection
option. However, the number of spectra which have to be
measured and processed is significantly higher.67 The chemical
imaging using mercury cadmium telluride (MCT) detectors is
possible, but the measurements of large areas are extremely
time-consuming. Therefore, the spectra are usually collected
only from subarea(s) of filter, e.g., 0.17% (3 mm2 areas on 47
mmdiameter PCmembranes)205 or 5.6% of total filtered surface
(12 sampling unit areas of 4.5 mm2 each on 47 mm diameter
fiberglass filters).190 However, by the optimization of a
measurement protocol (i.e., application of silver filters, use of
pixel resolution of 25 μm), 92% of the filtration area of 11.6 mm
× 11.6 mm can be analyzed, as was recently demonstrated by
Johnson et al.149 and Horton et al.150 The authors successfully

applied this method for the identification and quantification of
MPs in potable water, and their sources within water treatment
works or in complex wastewater samples.
The application of focal plane array (FPA)-based detection,

where several detectors are placed in a grid pattern allows for
more time efficient μ-FTIR analysis of large filter areas. Thus,
hyperspectral imaging (HSI, record of a three-dimensional
hypercube), which combines spatial and spectral information in
one huge data set (where x and y represent spatial and λ spectral
dimensions, respectively) becomes possible. Löder et al.
described FPA detector with 64 × 64 detector elements cooled
by liquid N2. Combined with the 15× IR objective lens, the FPA
facilitates the simultaneous measurement of 4096 spectra in the
wavelength range 3800−900 cm−1 (the FPA detector is limited
to this wavenumber range) within a single measurement on an
area of 170 × 170 μm, i.e., with a pixel resolution of 2.7 μm.
Because of diffraction limited lateral resolution (around 10 μm)
and in order to reduce the data amount, a binning (pooling
measured FPA detector-pixel quadrates together to one single
pixel) can be useful, e.g., 4 × 4 binning allows for the analysis
with spatial resolution down to 20 μm.181 During the analysis,
the whole system is usually flushed inside with compressed dry
air to prevent signals caused by air humidity and CO2.

29,181

Meanwhile, μ-FTIR instruments with FPA detectors of different
sizes are available and can be utilized for the analysis of the entire
filter. Depending on the detector size and applied magnification
objectives, FPA detectors can analyze areas of approximately 0.7
× 0.7 mm2 in one measurement (about 1 min, up to 16384
spectra).20 The time required to scan an area of 14 × 14 mm2

area is currently 4 h, with pixel resolution of around 5 μm199 or
11 μm206 using 128× 128 or 64× 64 FPA, respectively.67 These
recent technical advances in μ-FTIR analysis resulted in several
high detailed studies on MP contamination of different
ecosystems,29,153 waste management systems,159,184,199 as well
as drinking water.52,149 For the high throughput analysis by
means of FPA μ-FTIR, the aluminum oxide (Anodisc) filters are
commonly used for the measurement in transmission mode.
Although the measuring range of Anodisc filters is limited
(3600−1250 cm−1 compared to the range accessible with FPA
detector 3800−900 cm−1), and they have relatively small pore
size (max. 0.2 μm) that results in low filtration velocity and
retention of particles smaller than the IR detection limit, these
filters are comparatively inexpensive that makes themwell suited
for detailed studies with high number of samples.67 In case a
broader spectral range has to be measured, silicon filter
substrates (e.g., with the pore size of 10 μm), which guarantee
sufficient transparency for the broad mid-infrared region of
4000−600 cm−1 can be used.182 For measurements in reflection
mode, Au-coated PC filters found to be suitable.158,187 Both
filter types (Si and Au-coated PC) also allow for complementary
Raman analysis158,182,183,187 (see section 2.3.1.5 “Combination
of (FT)IR and Raman Analysis”).
Imaging-based analysis results in large data set, especially if

(automated) FPA μ-FTIR option is applied. These data sets
have to be processed in order to get information on the particle
identity as well as further characteristics (number, size, and
shapes of particles), required for the detailed quantitative
analysis. Therefore, automated data analysis methods, including
spectral preprocessing (baseline correction, smoothing, etc.)
and evaluation becomes indispensable.67,177 For the assignment
of spectra, library search (which belongs to instance-based
supervised machine learning methods) is commonly applied,
where search algorithms (Euclidean distance, Pearson correla-
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tion, or k-nearest neighbors classification)177,207,208 are used to
create a hit quality index (HQI). HQI represents a measure of
similarity between the query spectrum and each reference
spectrum. Although distinct HQI levels (e.g., 0.7)167,175 are
suggested as threshold in different studies, the HQI values
generated using different algorithms and software might be not
comparable. These values also strongly depend on the quality of
spectra in the database and sample type. It is also important to
stress that the reference spectra collected with different types of
instrumentation (ATR and μ-ATR, (FPA) μ-FTIR in trans-

mittance or reflectance, detector type) and using different
parameter settings (number of scans, spectral resolution) and
spectral range can differ significantly.162,209 Therefore, the
applied database(s) have to be adapted for distinct applications
and the usedHQI index level has to be validated.66 Furthermore,
databases have to include not only the reference spectra of
pristine synthetic polymers (typical for commercial libraries)
but also the spectra of different plastic products (which includes
additives) and weathered plastic particles (realized in custom-
made libraries).178 For the automated identification of heavily

Figure 5. (a) FT-IR spectra of an identified PE particle (inset: optical image) from FTIR imaging data obtained using the free software siMPle210

(courtesy of Sebastian Primpke). (b) False color image of the filter area of filter RefEnv278 after automated analysis and image analysis. Adapted with
permission from ref 176. Copyright 2018 CC BY 4.0.
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weathered and contaminated plastic without any cleaning,
Renner et al. have introduced a new chemometric approach
based on an automated curve fitting of most relevant vibrational
bands to calculate a highly characteristic fingerprint that
contains all vibrational band area ratios. By applying this
approach for the ATR-FTIR spectra of weathered plastic
particles, the accuracy of identification can be significantly
increased (from 76% by means of conventional library searching
algorithms to 96% by identifyingMPs).179 Besides polymers, it is
highly recommended to include the spectra of typical matrix
components like quartz sand, cellulose, wood, seaweeds, fish
parts, wool, animal fur, proteins, human hair, and skin particles
in the library in order to avoid misidentifications.176,177 Primpke
et al. have provided an adaptive reference database which can be
applied for single-particle identification as well for chemical
imaging based on FTIR microscopy. The novel database design
is based on the hierarchical cluster analysis of reference spectra
in the spectral range from 3600 to 1250 cm−1 (measuring range
of Anodisc filters commonly applied for automated analysis).
Moreover, the proposed adaptive database design can be
expanded with new spectra in the future, allowing the
harmonization of the FTIR analysis.176

Recently, a novel free-of-charge software tool, allowing the
systematic identification of MPs in the environment (siMPle)
has been developed by Primpke et al.210 The siMPle is a
combination of the software MPhunter, presented in Liu et
al.,211 and the automated approach for MP analysis using FPA μ-
FT-IR imaging, introduced previously by Primpke et al.212 The
siMPle algorithm compares the IR spectra of the sample with
each reference spectra in the database then assigns a material to
them along with a probability score. Figure 5 shows an overview
for the software siMPle applied for FTIR imaging and an
example for identified MPs on the filter. The spectral fit can be
calculated by Pearson correlation for the untreated data, the first
derivative and the second derivative. It has been demonstrated
that this software allows for the rapid and harmonized analysis of
MP across FT-IR systems from different manufacturers, with
different detector systems as well as optical resolutions. The
software can be applied for the analysis of single spectra (IR and
Raman) as well as for large data sets generated by imaging
techniques (FPA μ-FTIR). In particular, data analysis time by
spectral correlation using this software tool can be reduced
significantly, e.g., for 1.8 million spectra from several days to 4−5
h.67,210 Subsequently, the resulting data can be further analyzed
for particle and fiber numbers using automated analysis
tools.67,192,212

As an alternative to the common instance-based spectral
library search, model-based classification (or supervised
learning) for the automated evaluation of FTIR imaging data,
where the labeled training data are applied to predict the class
affiliations of unknown data seems to be very promic-
ing.180,208,213−215 The key difference between common database
searches and model-based classification is that instead of using
reference data for deciding the class affiliation, a multivariate
model of the actual data is applied in the latter case. Hufnagl et
al. have presented a methodology which allows discrimination
between different polymer types and measurement of their
abundance and their size distributions with high accuracy using
random decision forest (RDF) classifiers. The methodology has
been applied for identification of five polymer types (i.e., PE, PP,
PMMA, PS, and polyacrylonitrile, PAN).180 Recently, the
extended RDF approach has been successfully used for the
identification of 11 polymer types in mussel samples analyzed by

FPA μ-FTIR imaging.213 The model-based approach utilizing
partial least-squares discriminant analysis (PLS-DA) and soft
independent modeling of class analogy (SIMCA) models has
been developed by da Silva et al. for the evaluation of FPA μ-
FTIR hyperspectral imaging data. The approach was efficient for
the classification and quantification of MPs < 100 μm of nine of
the most common polymers produced worldwide (PA, PC, PE,
PET, PMMA, PP, PS, PU, PVC). The authors reported that
PLS-DA presented a better analytical performance in compar-
ison with SIMCA models and was characterized by higher
sensitivity, sensibility, and lower misclassification error. On the
other hand, PLS-DA was less sensitive to edge effects on spectra
and poorly focused regions of particles.215 It has to be noted that
the design of classifiers (training data sets) is time-consuming
and requires experienced operator(s), also further efforts are
required in order to increase the number of polymer types (and
include nonplastic analytes). However, taking into account the
rapid development of methods based on hyperspectral imaging,
the model-based approaches become more and more attractive
because they can enable reliable evaluation of huge data sets
which often include spectra of low signal-to-noise ratio.
Recently, the exploratory analysis of FPA μ-FTIR imaging

data obtained from environmental microplastic samples has
been introduced. This approach uses the multivariate similarity
of spectra to identify species or particles without introducing
prior knowledge. As a core concept the dimensionality reduction
with PCA and uniform manifold approximation and projection
(UMAP) was applied, which allows for improved visual
accessibility of the data and created a chemical two-dimensional
image of the sample. Spectra of particles were separated from
blank spectra (reducing the amount of data significantly) and
further studied applying PCA and UMAP. Groups of similar
spectra were identified by cluster analysis using k-means,
density-based, and interactive manual clustering and assigned
to chemical species based on reference spectra. While the
obtained results were in good agreement with a targeted analysis
based on automated library search, exploratory analysis points
the attention toward the group of unidientified spectra that
remained and are otherwise easily overlooked.216

Besides FPA μ-FTIR systems, an alternative approach, namely
laser direct infrared (LDIR) analysis, seems to have a high
potential for the fast and automated identification and
quantification of MP particles, as has been first reported recently
by Scircle et al.217 LDIR has been applied for the analysis of MP
particles >20 μm in aquatic environment (marine and river
water)217−219 and soil.220,221 The key novel aspect is the light
source, a proprietary quantum cascade laser (QCL). TheQCL is
a semiconductor-based laser, where electrons cascade (tunnel)
through a series of quantum wells formed by thin layers of
semiconductor material. Photon wavelength is not determined
by the semiconductor materials but rather by the thickness and
distribution of the semiconductor layers. Thus, a QCL can be
rapidly tuned through a wavelength range (e.g., mid-IR range
from 1800 to 975 cm−1 can be covered). QCL lasers have the
advantage of significantly higher radiation power compared to
commonly used IR sources, thus the cooling of the detector with
liquid N2 (necessary for (FPA) μ-FTIR systems) is not required.
The LDIR system with single-point MCT detector (thermo-
metrically cooled) and rapid scanning optics allows measure-
ments in twomodes. In the first, the LDIR parks the frequency at
a single wavelength (e.g., 1800 cm−1, a frequency at which little
or no absorption occurs, but the light is scattered when
encountering a particle) and scans through the objective as it
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moves over the sample. At each point (pixel), information is
acquired in as little as 40 μs, allowing fast scanning of large areas,
significantly faster than traditional with FTIR spectroscopes.
The resulting IR image is used for both the location of particles
in the sample and the determination of their size and shape. In
the second mode, the objective is parked at a single point, while
the QCL sweeps through the frequency range. A full spectrum is
obtained in <1 s and is used for the identification of (plastic)
particles.217 For measurements the sample can be suspended in
ethanol and deposited on an infrared reflective glass slide. After
drying, the analysis is performed in trans-flection. Fully
automated analysis of 800 particles and comparison of the
generated spectra to the database took about 1 h to complete.219

Although LDIR systems have been applied to the analysis of
particles >20 μmyet, it is expected that the size limit for analyzed
particles could be extended down to approximately 10 μm in the
automated mode.219 However, it has been reported that for the
small particles (<30 μm), the system may determine a need to
automatically refocus in order to obtain an optimum spectrum.
In this case, the per particle analysis time may be up to 8 s. The
application of this method for the MP analysis of water samples
indicated that LDIR tends to detect more particles than the
fluorescence-based method (Nile Red staining)217 even though
detailed comparison has to prove his tendency in the future.
Furthermore, the performance of LDIR in comparison to FTIR-
based techniques has yet to be investigated.
In combination with mictobolometers working as FPA

detectors, the QCL-based hyperspectral IR chemical imaging
can be realized, as recently reported by Primpke et al.222 This
method (which applies external cavity (EC) QCLs assembly of
four different lasers covering the wavelength range of 1800−950
cm−1) allows for the measurement of an area of 144 mm2 in 36
min, with a pixel resolution of 4.2 μm, which is an appropriate
time frame and spatial resolution for routine measurements.
Applying this method, the highest number of MP was found in
the size class, which is close to the diffraction limit of
approximately 10 μm. While few smaller particles could be
detected, the result clearly shows that even with a lower pixel
resolution on the FPA, the diffraction limit affects the analysis.
Compared to FPA μ-FTIR analysis, similar, if not better, data
quality for polymer type and particle number could be achieved
due to the application of EC-QCL laser as a more powerful light
source. Still, especially for samples with small particles, the
currently used database may overlook weathered particles to a
higher extent compared to FTIR, while having a higher
sensitivity for others (e.g., PVC and poly(phenyl)-sulfone,
PPSU). Furthermore, the identification of PTFE and silicone
which cannot be detected with FPA μ-FTIR system becomes
possible.222

Thus, (FT)IR-based techniques are very efficient for the
identification, quantification, and characterization of MP
particles >10 μm. On the other hand, the IR analysis at the
nanoscale can be realized by application of scanning near-field
optical microscopy (SNOM), namely nano-FTIR and atomic
force microscopy (AFM)-IR (photothermal-induced resonance
microscopy). The characterization of NPLs with these
techniques is addressed in detail in section 3 “Chemical Analysis
of Nanoplastics”. Fortunately, the gap between the conventional
IRmicrospectroscopy (where the spatial resolution is diffraction
limited) and nanoscale IR spectroscopy in the analysis of plastic
particles has been recently bridged by novel technique: optical
photothermal (O-PT) IR spectroscopy.10 In this technique, an
intense IR beam source, such as a QCL, modulated at a high

frequency, is utilized for the sample illumination. If the
frequency of the IR beam matches with a molecular vibrational
frequency of the sample, the light is absorbed and the energy is
converted to heat. When the excited molecules return to their
ground vibrational state, a temperature fluctuation occurs at the
source modulation frequency, leading to the modulated changes
in volume (photoacoustic effect) and refractive index (photo-
thermal effect) of the sample. These modulated changes are
probed using a highly focused visible laser beam (i.e., 532 nm)
with a spatial diffraction limit much smaller than that of the IR
source.223 It has to be noted that, phenomenologically,
photothermal AFM-IR and O-PTIR are the same. They only
differ in the method used to detect the photothermal expansion
upon absorbance of the incident IR radiation (AFM tip vs a
reflected visible probe laser). Furthermore, along with the O-
PTIR signal, the probing laser simultaneously generates a
Raman scattering signal which can be detected by a dedicated
Raman spectrometer. Thus, simultaneous complementary
measurements of IR absorption and Raman scattering at the
same location and with the same spatial resolution can be
realized with this novel technique.223,224,225 Because O-PTIR
spectra are compatible with commercial FTIR database
searching,223 dual IR and Raman database search is possible.
Moreover, even if the Raman signal is (strongly) interfered by
fluorescence, the O-PTIR signal remains unaffected. The
feasibility of O-PTIR spectroscopy (in combination with
simultaneous Raman measurements) for the characterization
of MPs has been reported recently by Marcott et al.226 and
discussed in the review by Hale et al.9

2.3.1.2. Near IR Spectroscopy. Besides MIR region of
fundamental molecular vibrations (4000−400 cm−1), which is
most often used for the identification, quantification, and
characterization of MPs, also near-infrared (NIR) region
(12800−4000 cm−1 or 780−2500 nm) can be utilized. Although
NIR spectroscopy has been applied for decades as a standard
method for online quality assurance in food production and for
online sorting of plastic packaging in recycling,20,227,228 only
recently the potential of this method (along or in combination
with hyperspectral imaging) for the MP analysis in different
environmental samples including seawater229,230 and surface
water,231 biota,232 and soil233,234 has been recognized.
NIR spectra are characterized by the broad overlapping bands

of overtone and combination vibrations for a limited number of
molecular vibrations, mostly of the type X−H, e.g., C−H, O−H,
and N−H, that makes the spectral evaluation rather challenging.
Therefore, automated statistical methods from the field of
chemometrics and/or appropriate databases are required for
NIR applications. On the other hand, the use of NIR region
offers several advantages for the MP analysis compared to MIR.
Because of the low absorption coefficients of the higher
overtones compared to fundamental vibrations, NIR radiation
can penetrate deeper than MIR and thus handle larger sample
volumes and provide fingerprints. Additionally, NIR region is
characterized by much lower sensitivity to water and to
contaminants such as biofilms. Furthermore, the possibility to
utilize quartz materials for fibers and optical elements in NIR
spectroscopy234 results in a variety of instrumentation setups,
ranging from hand-held spectrometers suitable for the in situ
analysis in the field235 to laboratory equipment often used for
hyperspectral imaging, as discussed below. The spectral range
used and the lower size limit of MP particles strongly depend on
the applied instrument and analyzed samples. Currently, the
NIR images can be collected with the pixel sizes in the range of
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50 μm or larger.20 A lower spatial resolution by NIR analysis
compared to MIR could be explained by a larger sample volume
which is required in order to obtain enough signal for (very)
weak overtone and combination vibrations. Karlsson et al. have
tested three different imaging systems with wavelength ranges of
375−970, 960−1662, and 1000−2500 nm for hyperspectral
analysis of MP contamination in seawater filtrates. They have
found that the wavelength span 1000−2500 nm in combination
with the PCA model approach is the most applicable for this
specific type of sample and allows studying of preselected MP
particles down to 300 μm.229 Schmidt et al. have reported on
semiautomated method for the analysis of MP particles larger
than 450 μm in surface water samples filtered onto glass fiber
filters. In about 20min, 10 whole filters of 47mmdiameter could
be scanned (measurement speed: 52048 mm2 per hour).
Hyperspectral images with a pixel size 280 × 280 μm2 and
spectral signature consisting of 256 spectral bands within the
wavelength range of 968−2498 nm enables counting of MP
particles, classifing the plastic types, and determining particle
sizes.231 High-throughput detection of MP in soil has been
reported by Paul et al., who applied the NIR analysis in
combination with chemometrics models, namely support vector
machine regression (SVR) and PLS-DA. For calibration,
artificial MP/soil mixtures containing defined ratios of PE,
PET, PP, and PS < 125 μm were used. It has been shown that
reliable detection and classification of MP at levels above 0.5 to
1.0 wt %, depending on the polymer, can be achieved without
any chemical pretreatment.234 The possibility for the rapid and
efficient analysis of MP particles in intestinal tracts of fish,
omitting any digestion protocol (reagent free), has been
presented by Zhang et al. The authors applied HSI in
combination with a support vector machine classification
model for the detection, identification, and characterization of
five types of MPs > 200 μm.232 Thus, NIR-based methods,
especially in combination with HSI and chemometric
approaches, can be very efficient for the rapid monitoring of
MP contamination without sample pretreatment. Although the
lower size of analyzed particles is limited to around 200−500
μm, NIR-based monitoring could be a first step for the MP
prescreening (e.g., following traffic-light principle) before the
detailed analysis of particles <500 μm for all or only suspicious
samples is performed by, e.g., μ-(FT)IR or μ-Raman spectros-
copy.
2.3.1.3. Raman Spectroscopy. Raman spectroscopy is a

nondestructive analytical method which is more and more
frequently used, especially for the analysis of small microplastics
in different environmental samples, including marine and fresh
water,158,172,236−239 sediments,134,168,183,240 biota,241−245 com-
post,92 ambient particulate matter,172,246 as well as in effluents of
municipal wastewater treatment plants,247 in drinking (tap and
bottled) water,49−51,248,249 beverages, and food.56,250,251 Re-
cently, the applicability of Raman spectroscopy has also been
demonstrated for analysis of nanoplastics.252,253 This method is
based on the effect of inelastic or Raman light scattering254 on
molecules and (similar to IR spectroscopy) provides vibrational
fingerprint spectra. Therefore, proper identification of plastic
particles and some of additives (e.g., pigments, oxides) as well as
other (in)organic and (micro)biological compounds can be
performed31,134,183,236,240 using homemade and commercial
spectral databases. Besides the analysis of MP particles, Raman
spectroscopy is applicable for the differentiation of synthetic and
natural fibers.245,251,255

The combination of Raman spectroscopy with confocal
optical microscopy (Raman microspectroscopy or μ-Raman
spectroscopy) and the application of excitation lasers in the
visible range enables a significantly better spatial resolution, i.e.,
down to 1 μm and even below (down to approximately 300 nm)
compared to micro-(FT)IR spectroscopy (where spatial
resolution of approximately 10 μm can be achieved). Therefore,
μ-Raman spectroscopy has been recommended, especially for
the analysis of plastic particles smaller than 10−20 μm.15,256

Furthermore, in contrast to IR, the Raman-based methods
offer the advantage of insensitivity toward water. This makes it
possible to investigate microplastics in aqueous and (micro)-
biological samples (2D and 3D chemical imaging). Figure 6
shows microscopic image of Daphnia magna fed with PVC MPs
as well as corresponding Raman spectrum and 3D Raman image
of the gut area with PVC particles.
A major disadvantage of Raman spectroscopy, especially by

the analysis of MPs in environmental samples, is the interference
by fluorescence which can be induced by inorganic (e.g., clay
minerals, dust particles), organic (e.g., humic substances), and
(micro)biological impurities in the matrix15,256,257 as well as
some additives (pigments).257,258 Therefore, the removal of
inorganic and organic nonplastic particles198,259−261 (by density
separation5,193,194 and chemical5,195,196 or enzymatic197 diges-
tion) is often required before the Raman analysis. The matrix
removal will also significantly increase the plastic/nonplastic
particle ratio and, hence, improve the representativity and
statistical certainty of the MP analysis. Additionally, agglomer-
ation and overlapping of MP with natural particles, leading to
over- or underestimation of particle size and number, can be
minimized.67 Furthermore, the choice of suitable measurement
parameters (laser wavelength and power, photobleaching, and
acquisition time, as well as magnification of the objective and
confocal mode) is important to minimize or avoid interferences
caused by strong fluorescence. The choice of appropriate laser
wavelength is essential.256 Usually 532 nm,49,50,183,238,262−264

and 785 nm158,237,239,265−267 lasers are utilized, but also 442
nm268 455 nm,236 514.5 nm,242 and 633 nm134,172 lasers are
applicable. Although the use of laser with longer wavelength
(e.g., 785 nm) can help to reduce the fluorescence background,
several constraints should be considered: (i) the relative
intensity of CH str. vibrations (at around 3000 cm−1) in
comparison with bands in fingerprint region (below 1500 cm−1)
is significantly lower than at, e.g., 532 nm excitation. These
vibrations are, however, very helpful for the proper (automatic)
identification of many polymers (e.g., PE, PP, PVC);193 (ii) the
spectral range which can be obtained at the fixed position of
grating with the same instrument is significantly narrower,
resulting in longer acquisition times for the entire spectrum; (iii)
higher laser power has to be applied because the intensity of the
Raman scattering (I) decreases with the fourth power of the
excitation wavelength (λ, I ∼ λ−4).
Generally, the use of inappropriately high laser power has to

be avoided (e.g., higher than 10 mW for 532 nm) because it can
lead to the thermal decomposition of plastic particles and, most
often, also organic impurities and appearance of typical soot
bands in Raman spectra. Furthermore, the photobleaching
before or during Raman measurements (by applying longer
acquisition times) can be very useful for the reduction of the
fluorescence and, hence, for the improvement of signal-to-noise
ratio. In particular, longer acquisition times can help to perform
correct identification of pigmented plastic and paint par-
ticles.134,256 The later are formed from surface coatings (such
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as paints) and includes pigments as well as film formers (e.g.,
(modified) natural resins), curing coating systems (e.g.,
polyester, alkyds, epoxy resin, urethane resins), and physically
drying systems (acryl and vinyl(co)polymers).18,24 Because of

relatively strong (pre)resonant Raman signals of pigments (e.g.,
Cu phthalocyanine), the spectra collected at short acquisition
times (around 1 s) can be wrongly assigned to paint particles,
whereas increasing acquisition time will help to obtain
additionally Raman signals of polymers. Because pigments and
polymers usually exhibit sharp signals, pigments (in case they do
not exhibit strong fluorescence signal) normally do not hamper
the identification of polymer type of MPs.

2.3.1.3.1. From Manual to Automated Analysis by μ-
Raman Spectroscopy. In the first examples for the MP analysis
by μ-Raman spectroscopy, only limited number of selected
particles were examined.31,238−240,242,267 The particles >300−
500 μm can be manually picked up and analyzed on substrates
with low background signal, smaller particles are usually
analyzed directly on a filter in order to avoid contamination
and particle loss.15,67 However, despite processing, many natural
particles can still be expected in environmental and food samples
deposited on filters. The visual presorting of MP is not only
time-consuming but also associated with researcher bias toward
large and brightly colored particles.67,257 Lenz et al. reported on
both false positives (e.g., quartz sand or aluminosilicate particles
are counted as MPs) and false negatives (e.g., darkly colored
MPs mistaken for naturally occurring particles) with increased
error by decreasing of particle size (83% and 63% of particles
>100 μm and 10−50 μm, respectively, were assigned
correctly).258 Therefore, large number of particles has to be
investigated without presorting in order to avoid human bias and
to ensure representative MP analysis.
But how many particles have to be analyzed to get a

statistically meaningful result? This question has been addressed
by Anger and von der Esch et al.256 by applying a random
sampling approach (simple random sample of units selected
without replacement, srswor269). The number of particles which
have to be identified (n) depends on the total number of
particles on the filter (N), estimated MP content (P), margin of
error (e), and confidential interval (σ):

≥ −

+
σ

−
n

P P(1 )
e P P

N
(1 )2

2

As an example, for a filter with 106 particles, σ = 1.65 (90%) and a
tolerated margin of error e = 10%, the analysis of around 5000
particles will be sufficient, if the MP content P = 5%. However, if
MP content is lower (e.g., P = 0.5%), the analysis of around
50 000 particles will be necessary in order to achieve the results
with the same margin of error. This example illustrates clearly
both the importance of sample preparation, i.e., removal of
inorganic and organic matrices (which will lead to decreasing of
total number of particles on the filter by increasing of MP
content) and the necessity of the automated procedure for the
MP analysis of thousands of particles, including their detection,
identification, quantification, and characterization.
The (semi)automated analysis can be performed in two

inherently different modes as illustrated recently by Brandt et
al.,201 and shown in Figure 7, namely (i) imaging mode and (ii)
particle measurement mode.
In the imaging mode (i), the sample surface is scanned by the

laser step-by-step and spectroscopic measurement is performed
for each pixel. As result, a chemical image is created, where each
pixel is assigned to a certain chemical class and neighboring
pixels of the same class are grouped in one particle.201

Obviously, the spectra are acquired not only at positions
where particles are located, but also from the entire scanned

Figure 6. (a) Microscopic image, (b) Raman spectra ofDaphnia magna
fed with PVC, and (c) 3D Raman image of the gut area marked with
arrow in (a) with PVC particles marked inmagenta. Courtesy of Philipp
Anger.
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surface, resulting in plenty of spectra which are superfluous
(similar to μ-FTIR imaging). The elegant solution with FPA
detector which allows obtaining of thousands of spectra
simultaneously181,212 by FTIR spectroscopy is not applicable
for the Raman microspectroscopy, where the detectors have to
be sensitive in the visible region. Thus, the chemical imaging
with step-by-step measurements can be very time-consuming.
Although the application of sensitive electron-multiplying
charge coupled device (EM-CCD) detectors can help to reduce

an acquisition time per spectrum,67,183 only restricted area can
be analyzed in reasonable time even using EM-CCDs. Especially
if the analysis has to be performed with high spatial resolution
(i.e., step size≤1 μm), only a small subarea of the filter is usually
investigated, e.g., in Li et al., particles down to 0.8 μm were
measured at 0.667% of the filter surface (1.5136 mm2 from 227
mm2).262 However, if only a small part of the sample is
measured, the question of the representativeness of the chosen
area(s) for the entire sample remains open because the

Figure 7. Imaging and particlemeasurement as two different (semi)automated approaches for analyzing particles on a filter substrate. Reproducedwith
permission from ref 201. Copyright 2020 SAGE.

Figure 8.Overview for the automated detection, characterization, and quantification of particles and fibers using the free software TUM-ParticleTyper
(Courtesy of Elisabeth von der Esch).
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distribution of the (plastic) particles of different size and
composition on the filter is not accessible. Furthermore, the
error of results obtained after the extrapolation cannot be
estimated using classical approaches. Additionally, the data
processing of many spectra requires very high computational
power. All these restrictions make μ-Raman spectroscopy not
feasible for high-resolution imaging ofMPs on larger surfaces.201

The alternative approach is particle measurement mode (ii),
which implies an acquisition of optical image of the sample filter,
followed by the automated recognition of particles in the image.
Finally, the (semi)automated Raman measurements of all or a
subset of particles are performed one-by-one. In 2016, Frer̀e et
al. first reported on the semiautomated method which involves a
combination of static image analysis of particles with automated
Raman measurements. The method has been successfully tested
for the analysis of around 1000 particles (>300 μm) from an
environmental sample.270 Meanwhile, besides several commer-
cial solutions which were already applied in MP stud-
ies,49,50,158,271 open source software (i.e., GEPARD201 and
TUM-ParticleTyper272) for the automated MP analysis are also
available.
The GEPARD (Gepard Enabled PARticle Detection)

package, recently presented by Brandt et al.,201 involves four
main steps: (1) optical image acquisition, (2) particle
recognition, (3) spectroscopic measurement, and (4) data
evaluation and reporting, and can be applied not only for μ-
Raman but also for μ-FTIR analysis. The recognition algorithm
includes the segmentation by thresholding the image into fore-
and background, and interactively controllable watershed
segmentation. The latter can, however, lead to (strong)
oversegmentation of particles and especially fibers,273 therefore
manual corrections to recombine oversegmented particles or to
split agglomerates can be performed in the final particle
evaluation step. Although this manual step can help to improve
the reliability for particle size information, it may involve human
bias because the entire recognition procedure will differ from
sample to sample as well as from operator to operator. As
valuable outputs of the GEPARD approach, the detailed
information including particle sizes, particle size distributions,
and the type of polymer for thousands of microparticles analyzed
on the filter can be achieved.201

The TUM-ParticleTyper program, recently introduced by von
der Esch and Kohles et al.,272 enables the automated detection,
quantification, and morphological characterization of fragments,
including particles and fibers, in images from optical,
fluorescence, and scanning electron microscopy (SEM). It can
be used to automatically select targets for subsequent chemical
analysis, e.g., μ-Raman spectroscopy (as shown in Figure 8) or
any other single particle identification method. The TUM-
ParticleTyper localizes particles using an adaptive threshold with
results comparable to the “gold standard” method (manual
localization by an expert) and surpasses the Otsu thresholding
(commonly used particle recognition approach) by doubling the
rate of true positive localizations. An additional useful option is
the inclusion of a statistical process to calculate the minimum
number of particles and/or fibers that must be chemically
identified to be representative for all fragments recognized on
the substrate or filter.272

Generally, the recognition of particles on the entire filter will
provide more reliable results.201,272 However, especially for the
particles in the lower μ-range, it is often not feasible due to
technical limitations and/or time reasons. Therefore, the subset
of filter is usually analyzed. The percentage of measured filter

area varies from study to study and strongly depend on the lower
size limit for analyzed particles. Because the number of particles
(exponentially) increase with decreasing the particle size,
smaller areas are usually measured if particles below 5−10 μm
included in the analysis. For example, 30% (five sections with the
area of 23.6 mm2) and 5% (five sections with the area of 3.8
mm2) of the filter area have been analyzed for the size ranges
10−500 and 1−10 μm, respectively, by Cabernard et al.158 In the
other study by Oßmann et al., particles down to 1 μm have been
measured on the 4.4% of the filter (five sections with the area of
5.0 mm2). Obviously, it is difficult to compare the percentages of
measured filter areas from different studies because the filters
with different total area are used. Even more relevant is the fact
that the number of particles on the same area can vary
significantly from filter to filter, strongly depending on the
sample origin and sample preparation procedure. Therefore, the
number of obtained spectra and hence the analysis time can vary
significantly. The important question regarding the representa-
tive subsampling on the filter is currently under discussion. Here,
the distribution of the particles has to be considered in order to
avoid over- and/or under-estimations of extrapolated particle
counts, as has been pointed out by Thausen et al.274

Furthermore, the choice of the subsampling modus (systematic
or random windows) as well as the number and size of windows
can have significant influence on the representativity of the
achieved results, as reported by Schwaferts et al.275 A
comprehensive assessment of different proposed subsampling
methods on a selection of real-world samples from different
environmental compartments has been recently presented by
Brandt et al.276 They compared the performance of different
subsampling approaches, based on two different method
categories: (i) particle-based methods and (ii) measure box
placement methods on 27 environmental samples from different
compartments, such as rainwater, river water, sediment, and
wastewater sludge. The results indicated that the subsampling
errors are mainly due to statistical counting errors (i.e.,
extrapolation from low numbers) and only in edge cases
additionally impacted by inhomogeneous distribution of
particles on the filters. Furthermore, increasing the fraction of
MP particles in the samples leads to the lower subsampling
errors, highlighting the importance of proper sample prepara-
tion,276 as already discussed above.
Automated Ramanmeasurements lead to high number (many

thousands) of spectra, therefore time-efficient and reliable
processing of spectra (baseline correction, smoothing, normal-
ization)177,258 and their assignment are inevitable.178 Usually,
library search tools are applied for the evaluation of spectra.
These tolls rely on instance-based supervised machine learning.
Meanwhile, automated evaluation approach is available and
used in several studies.187,201,271,272 Although commercial
libraries are often applied, they are usually include only
pristine/virgin synthetic polymers.178 However, it has been
reported that MP spectra of the same polymer type can differ
significantly due to the presence of additives (e.g., pigments) and
especially weathering of MPs (e.g., UV induced degrada-
tion).257,258,263,277,278 Therefore, it is essential to include the
spectra of MPs, found in the environment into custom-made
libraries. To address this issue, Munno et al. created two spectral
libraries (available free of costs) that are representative of MPs
found in environmental samples. They present a spectral library
of plastic particles (SLoPP), consisting of 148 reference spectra,
including a diversity of polymer types, colors, and morphologies.
To account for the effects of MP aging, a spectral library of
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plastic particles aged in the environment (SLoPP-E) consisting
of 113 reference spectra was created. The latter includes a
diversity of MP types, colors, and morphologies from environ-
mental samples, obtained across a range of matrices,
geographies, and time. SLoPP and SLoPP-E increase the
likelihood of spectral matching for a broad range of MP particles
because they include plastics containing a range of additives and
pigments that are not generally included in commercial
libraries.278 Dong et al. also introduced a preliminary Raman
database of weathered MPs (RDWP) including 124 Raman
spectra of weathered particles for accurate identification of MPs
in natural environments, which is open to all users.263

Additionally, it is suggested to extend the library with the
spectra of expected nonplastic particles and organic materials
presented in the marine environment,258 i.e., quartz, calcite,
aragonite, gypsum, soot, cellulose, methylcellulose, cellulose
acetate, viscose rayon, keratin, and skin, to improve the exclusion
of nonplastic (but MP resembling) particles. Very recently,
Cowger et al. introduced a new open-source library (Open
Specy) of reference Raman and IR spectra, which allows user to
view, process, identify, and share their spectra to a community
library.279

Alternative to instance-based characteristics used for spectral
correlation, model-based supervisedmachine learning approach,
i.e., a random forest classification, can be applied. This approach,
first proposed for the time efficient identification of MPs using
large FTIR imaging data,180 was recently adopted for assignment
of Raman spectra. A training set of 598 spectra (75 spectra per
each synthetic polymer) acquired from eight different polymer
types, namely PA, PC, PE, PET, PP, PS, PU, and PVC was used
to train RFCmodel.213 The identification of nonplastic particles
with RFC approach has not been demonstrated yet. Although
model-based classification requires the creation of training set
and the number of polymer types which can be identified is
limited yet, the further development of this approach can help to
speed up the evaluation of spectral data and improve the
assignment of spectra with low signal-to-noise ratio. Especially
for the automated RM analysis, the selection of suitable
substrates is essential. They should exhibit no or minimal
spectral interference (Raman bands and fluorescence) in the
region of interest, be chemically inert, and have a flat,
homogeneous, preferably reflective surface.67,182,185 For the
Raman imaging of small MP particles Si wafers262 and Al
slides246 shown to be applicable. The filter membranes should
offer good filtration characteristics and have pore size being not
significantly lower as the minimal detectable particle size to
avoid clogging. Most applicable substrates that meet these
requirements are Si filters182,183,247 or metal (Au or Al)-coated
polycarbonate (PC) filters.49,50,158,185 To minimize PC filter
roughness and to facilitate focusing for better optical images and
for Raman measurements, special filter holders can be used.272

Additionally, fractionated filtration into different size classes,
e.g., using filters of different pore sizes, can be helpful to avoid
filter overload and to optimize the recognition of particles in
optical images and the laser focusing during Raman measure-
ments.15 To further improve the laser focusing, automated
focusing systems can be applied.67,183,201

Furthermore, following parameters/options have been shown
to be well suited for the automated analysis: 532 nm laser,201

dark field exposure, and objectives with longer working distance.
Additionally, PTFE filters found to be applicable for the analysis
in bright field.271 It has to be noted that in case of polymer-based

filters (PC, PTFE), MPs of according polymer type have to be
excluded from results.
Thus, the entire size range of microplastics (1 μm to 5 mm)

and also nanoplastics (<1 μm, down to approximately 300 nm)
can be analyzed by μ-Raman spectroscopy, providing multi-
dimensional information, e.g., (i) type of polymer (and
pigments), (ii) particle number, (iii) size/size distribution,
(iv) particle shape (spheres, irregular particles and fibers), and
(v) plastic/nonplastic ratio. Especially for the analysis of small
MPs (<20 μm), μ-Raman spectroscopy becomes the method of
choice.
Although μ-Raman spectroscopy remains most often applied

Raman-based technique for MP analysis, recently, a proof of
concept for the real time analysis of MPs in streaming water
using Raman spectrometer and custom-based flow cell has been
demonstrated by Kniggendorf et al.280 Individual MP particles
(microbeads or fragments) of the sizes near 100 μm added to tap
water at concentrations of 0.5 g/L were detected in the presence
of other particulate and fluorescent contaminants (glass
microbeads, surfactant, and humic acid). MP of five different
polymers, namely PA, PE, PMMA, PS, and PP, were analyzed in
tap water streaming with 1 L/h through flow cell with inner
cross-section of 3 × 3 mm2.280 The experiment is promising for
the future monitoring of MP in (tap) water and beverages,
however, the detection limit has to be improved to enable the
analysis of real samples, where expected MP concentrations are
significantly lower and strongly depends on the lower size limit
of themethod. For example, Pivokonsky et al. reported on values
ranging from 338 ± 76 to 628 ± 28 MPs/L in treated drinking
water using μ-Raman for the analysis of particles down to 1 μm;
on the other hand, Kirstein et al. found 0.022± 0.019MPs/L for
drinking water analyzed by μ-FTIR with size limit of 6.6 μm.53

To improve the sensitivity of MP analysis in the (flow) cell,
the Raman tweezers, namely optical tweezers combined with μ-
Raman spectroscopy, has been recently introduced.243,253,281

This approach has been previously successfully used for the
analysis of single cells282 and cell sorting,283,284 virology,285 and
analysis of nanomaterials.253,286 The application of Raman
tweezers which have shown high potential for optical trapping
and chemical identification of microplastics below 20 μm and
nanoplastics down to 50 nm, will be addressed in more details in
section 3 “Chemical Analysis of Nanoplastics”.

2.3.1.4. Nonconventional Raman Techniques. The im-
proved sensitivity of Raman analysis can be achieved by applying
nonlinear Raman techniques such as coherent anti-Stokes
Raman scattering (CARS) and stimulated Raman scattering
(SRS). In CARS and SRS, a strong signal is caused by the
molecular vibrational modes of interest only. Thus, the problem
of fluorescence can be solved completely if fluorescing
contaminants exhibit no emission in the frequency region of
interest, enabling rapid analysis of environmental samples
without removal of (in)organic and biological matrix.
In CARS, the sample is irradiated with two laser beams. The

pump laser beam has a fixed frequency (ν1), whereas the
frequency of the Stokes laser beam (ν2) can be tuned in the
range ν2 < ν1. The interacting beams give rise to a beat frequency
ν1 − ν2, which in turn interacts with the sample. As result,
nonlinear four-wave mixing process, radiation of frequency ν3 is
generated, where ν3 = 2ν1 − ν2. If the beat frequency ν1 − ν2
coincides with the frequency of Raman active vibration mode,
strong anti-Stokes signal at the frequency ν3 will be
observed.287,288 Thus, Raman signals can be obtained by
CARS via scanning the beat frequency over the spectral range
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of interest. The potential of CARS for the detection and imaging
of MPs ingested by zooplankton was first shown by Cole et al. in
2013.289 The authors scanned the region from 2775 to 3100
cm−1 and used Raman bands at 2845 and 3050 cm−1 (aliphatic
and aromatic C−H str., respectively) to visualize PS beads (0.4−
3.8 μm) in 2D images. Meanwhile CARS has been applied for
the visualization of 8 μm amino-coated and carboxylated PS
beads in gills of the shore crab290 as well as ca. 80 nm and ca. 110
nm nanoparticle-containing acrylic copolymer (ACP) particles
in fairy shrimp and zebrafish embryos.291 Thus, the 2D analysis
of small microplastics and even nanoplastics down to 80 nm in
biota samples can be realized by CARS. However, CARS
application requires complex and expensive instrumental setup
and user expertise. Furthermore, the interpretation of results is
challenging because CARS can be affected by an electronic,
nonchemically specific background, such as those produced
from solvents.288,292

SRS microscopy is the next promising approach which can
provide very fast imaging of MPs. SRS microscopy is based on
the coherent interaction of two different laser beams with
vibrational levels in the molecules of the sample. The SRS signal
is generated when the beams’ photon energy difference matches
a vibrational state of the molecules in the focal volume.
Detection is usually achieved by amplitude modulating one of
the beams before the sample and detecting the modulation
transfer imposed on the other beam. The obtained SRS
signature at different wavenumbers resembles the spontaneous
Raman spectrum of the target analyte.293 Zada et al. have
demonstrated the feasibility of this approach for the imaging of
MPs of five polymers, namely nylon, PET, PS, PP, and PE. The
spectral range from 950 to 1850 cm−1 has been used for the
analysis of particles with the spatial resolution limit of 12 μm, 1
cm2 of the filter has been scanned in less than 5 h.293 Recently,
the applicability of SRS for the determination of natural and
synthetic microfibers from environmental samples (i.e., from the

fish gastrointestinal tract, deep-sea, and coastal sediments,
surface seawater, and drinking water) has been shown by
Laptenok et al.255 As expected, the majority of the analyzed
environmental fibers has a natural origin.
A rapid in situ imaging of MP can be realized by fiber-

delivered hand-held SRSmicroscope as demonstrated by Liao et
al.294 A stimulated Raman signal of PS and PMMA beads (both
5 μm in diameter) has been detected by temporally separating
the two ultrafast pulses propagating in the fiber and then
overlapping them on a sample through a highly dispersive
material (e.g., paper). The reported setup which allows for the
imaging in regions 2800−3100 cm−1 (CH str. vibrations) and
1550−1800 cm−1 with spatial resolution down to 1.4 μm seems
to be very promising for the chemical analysis of plastic and
nonplastic microparticles.
Furthermore, SRS has a potential for high-throughput single-

particle analysis, as has been reported by Zhang et al.295 The
developed 32-channel multiplex stimulated Raman scattering
flow cytometry (SRS-FC) technique allows for the chemical
analysis of single particles (e.g., 10 μm beads of PS and PMMA
and polycaprolactone, PCL) at a speed of 5 μs per Raman
spectrum. The spectral range from around 2800 to 3100 cm−1

(CH str. vibrations) has been used for the discrimination of
different particles in suspension at approximately 0.4 m/s flow
speed and a throughput of up to 11 000 particles per second.
This is a 4 orders of magnitude improvement in throughput
compared to conventional spontaneous Raman flow cytometry.
Figure 9 shows an example for the analysis of a mixture of PS and
PMMAMPs with a time-dependent spectral graph selected in a
1.8 ms time interval, containing spectra from eight PMMA and
five PS beads (Figure 9A) and strong SRS signals at 2956 and
2956 cm−1, assigned to aliphatic and aromatic C−H str. of
PMMA and PS, respectively (Figure 9B,C). By comparing the
normalized SRS spectra to spontaneous Raman spectra from the
same type of beads, the authors have demonstrated the spectral

Figure 9. Spectral acquisition in SRS-FC for 10 μm MP particles. (A) In a spectrum-time window recorded in 1.8 ms, eight PMMA beads (peak
centered at 2955 cm−1) and five PS beads (peak centered at 3060 cm−1) were detected. (B) SRS (dashed line with open squares) and spontaneous
Raman (solid line) spectra of PS beads. (C) SRS (dashed line with open circles) and spontaneous Raman (solid line) spectra of PMMA beads.
Reproduced with permission from 295. Copyright 2017 Optical Society of America, under OSA Open Access License.
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fidelity of the developed SRS-FC device to spontaneous Raman
spectroscopy. The applicability of the setup for the analysis of
particles in Raman fingerprint region (800−1800 cm−1) has
been demonstrated as well.295

Thus, SRS-based techniques have a high potential for the fast
and sensitiveMP analysis, but the complex setup and the need of
extended user experience (analogue to CARS) are still the
limiting factors for the broad applicability of SRS in MP studies.
2.3.1.5. Combination of (FT)IR and Raman Analysis. It is

important to underline the complementarity of (FT)IR and
Raman analysis. Generally, the molecular vibrations are IR
active, if the absorption of IR radiation leads to the change in the
dipole moment of the molecule during the process of vibration.
The vibrations are Raman active, if the polarizability of the
atomic electron shell of the whole molecule changes. Because of
different selection rules, IR and Raman spectroscopy result in
differing spectra with respect to vibration activities and
intensities for different functional groups (polar covalent
bonds are more active in IR; nonpolar, aromatic, double and
triple bonds, and bonds involving heavy atoms are pronounced

in Raman). Therefore, complementary information can be
gained on the polymers and (in)organic additives.183,208

The critical comparison and validation of both spectroscopic
methods with respect toMPs have been presented by Kap̈pler et
al., who investigated environmental samples by both Raman and
FTIR spectroscopy. The authors conclude that both methods
are in principle suitable for the identification of MP particles
from the environment.183 However, in some cases, especially for
colored particles, a combination of both spectroscopic methods
was necessary for the complete and reliable characterization of
the chemical composition. While FTIR spectroscopy was found
to be superior for the identification of acrylic resin (e.g., typical
for paint particles) as well as for the characterization of particles
which exhibit high fluorescence background (e.g., some fibers),
μ-Raman spectroscopy have shown to provide detailed
information on pigments (e.g., TiO2 in form of anatase and/or
rutile and Cu(II)-phthalocyanine used as blue dye), which was
not achievable by IR analysis (as illustrated in Figure 10).
Furthermore, for the particles deposited on Si filter substrate
(fraction <400 μm), the authors have found significant
underestimation (about 35%) of MP by FTIR imaging

Figure 10. Optical microscopic images of four MP particles >500 μm as well as corresponding ATR-FTIR and Raman spectra. (A) White spherical
particles, diameter approximately 1 mm. (B) White fragmented particle, approximately 5 mm × 2 mm. (C) Blue particle, approximately 0.8 mm × 0.8
mm. (D) Black fiber, diameter approximately 30 μm, length 2−3 mm. Adopted with permission from ref 183. Copyright 2016 Springer.
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(transmission mode) compared to Raman, especially in the size
range <20 μm. On the other hand, the Raman imaging has
illustrated to be considerably more time-consuming. Therefore,
for the analysis of particles on the filters (MP < 500 μm), the
authors proposed the size division of samples onto two fractions
at 50 μm and the use of rapid FTIR imaging or detailed but more
time-consuming Raman imaging for particle fractions >50 μmor
<50 μm, respectively.183

The proposed size division at 50 μmhas been recently applied
by Kumar et al. for the analysis of MP down to a size of 3 μm in
commercially important mussels.213 The number of MPs per
sample found in the size fraction >50 μm using FPA μ-FTIR
imaging varied from 0.13 to 2.45/gram wet weight (g ww) of the
mussel samples with an average number of 0.63 ± 0.59 MP
particles/g ww. The most common synthetic polymer types
detected were PP (39% ± 6.3%), PET (32% ± 2.8%), PAN
(8.2% ± 1.4%), and PE (7.2% ± 0.6%). In the fraction <50 μm,
where 211 MP particles were detected by μ-Raman spectros-
copy, the most common synthetic polymer types were PA
(40.2%), PP (16.5%), PE (14.6%), and PAN (13.2%). The
results suggest that the different size fractions of MP particles
can be dominated by different polymer types, e.g., PP and PET
or PA for the particle fractions >50 μm or <50 μm,
respectively.213

Cabernard et al. compared the performance of FPA μ-FTIR
(reflection mode) and μ-Raman combined with automated
particle recognition for the quantification of MP particles from
the aquatic environment (surface water from North Sea)
deposited on Au-coated PC filters.158 They found that for MPs
≤ 500 μm, μ-Raman analysis quantified two times higher MP
numbers but required a four times longer time compared to
FTIR imaging. Furthermore, μ-Raman approach enabled
identification of 19 different polymer types, compared to 10
polymer types detected by FTIR imaging. On the basis of these
results, the authors have conclude that the environmental
concentration of MPs≤ 500 μmmay have been underestimated
until now, which may be attributed to the exceptional increase in
concentration with decreasing MP size.158

This conclusion is in agreement with the results reported by
Pivokovski et al.51 The authors analyzed particle size fractions
>10 μm and 1−10 μm from raw and treated drinking water with
FTIR and Raman imaging, respectively, and found that MPs
smaller than 10 μm were the most plentiful in all samples,
accounting for up to 95%.
The discussed results indicate clearly that the combination of

(FT)IR and Raman analysis can provide complementary results
and allow for the reliable size resolved chemical analysis of MPs.
The detailed and valid information on MP contamination is of
high relevance for the assessment of MP associated risks for the
environment and human health. Special attention has to be paid
to the identification and quantification of small MP particles,
which number is unknown or most probably underestimated yet
because this MP fraction is most significant concerning
ecotoxicity.158

While until now μ-Raman spectroscopy has been the sole
method applied for the identification and quantification of MP
fraction <10 μm, due to the diffraction limited size limitation by
the (FT)IR applications, the recent development of optical
photothermal (O-PT) IR spectroscopy allows performing of the
noncontact IR analysis with submicrometer resolution.10 This
technique utilizes a visible laser probe (532 nm) to measure the
photothermal response of the targeted particles following IR
absorption induced by a tunable pulsed laser for theMIR region.

Furthermore, the configurations are available for the simulta-
neous IR and Raman analysis at the same spot and with same
spatial resolution via additional detection of inelastic light
scattering caused by the visible probe laser,223,224 as discussed in
more detail at the end of section 2.3.1.1 “IR Spectroscopy”. This
opens unique possibilities for the complementary IR and Raman
analysis of (plastic) particles with submicrometer resolution in
the future.10,226

2.3.2. Additional Techniques for Particle-based Chem-
ical Analysis of MPs. As already mentioned above by the
discussion of ICP-MS technique, its application the in single-
particle mode (SP-ICP-MS) has a potential for the detection
and quantification ofMPs in the size range from approximately 1
μm to 5−10 μm. However, the identification of polymer type(s)
has to be performed by other methods, e.g., FTIR spectrosco-
py.141,142

The analysis of MPs in the lower μ-range296−298 and the
characterization of weathered plastic surfaces299 can be
performed by time-of-flight secondary ion mass spectrometry
(ToF-SIMS). This is a surface analysis technique with a high
molecular specificity and imaging capability. It is suitable for the
analysis of inorganic elements and organic compounds, and can
carry out rapid mass spectrometry scanning and characteristic
organic ion imaging. ToF-SIMS has been already widely used for
the investigation of different environmental samples.297 In the
field of MP studies, this technique can provide information on
the identity and degradation state of particles as well as on their
size and distribution in complex samples. Jungnikel et al.
reported on the applicability of ToF-SIMS for the analysis and
imaging of small PE microparticles formed during sea surf
simulation using primary PE pellets. The measurements of MPs
smaller than 10 μmwere performed directly in the model system
Ottawa sand using nano-Bi primary ion beam source. The lateral
and depth resolution in imaging mode was 70 and 9 nm,
respectively, and scans with a field of view of 500 × 500 μm2

were obtained, applying a 2048 × 2048 pixel measurement
raster. To enhance the ion count per pixel, the pixel binning was
used to reduce the image array down to a size of 128 × 128 for
the environmental samples. The authors found that ion withm/z
113 derived from the PEmatter is suitable to detect and visualize
microplastic particles directly within Ottawa sand without the
removal of matrix. The formation of MPs was observed already
after 14 days of sea surf simulation. Within the subsequent
period of 14 days to 1 month of exposure, the number of
detected smallest-sized particles (1−1.4 μm2) increased
significantly (50%) while the second smallest fraction (1.5−
2.4 μm2) increased even further to 350%.296 Recently, Du et al.
have reported on the suitability of ToF-SIMS for the
characterization of MPs in soils.297,298 Four types of MPs,
namely PP, PVC, PET, and PA 6 were successfully identified in
terms of particle size and abundance by combining the high
molecular specificity with ion imaging capability of ToF-SIMS
using nano-Bi primary ion beam source for the rastering over
500 × 500 μm2 area with 128 × 128 pixels in 2D image mode.
The analysis of standard samples revealed positive characteristic
ions for PVC (C4HCl

+), PET (C8H5O3
+) and PA 6 (CH4N

+)
which were further used as fingerprints for polymer
identification. While PE and PP produced almost the same
ions, it was found that the ion ratio C5H11

+/C6H11
+ of PP was

higher than that of PE, enabling to distinguish PP and PE in the
samples. For farmland soil samples, fractions <25 μm were
analyzed after sieving step and removal of natural organic matter
using 30% H2O2. Although PVC and PA 6 were detected in this
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type of soils, PP was found to be most abundant. The authors
explained this finding by an extended use of plastic mulching
(made of PP) for agriculture production in analyzed area. In the
analyzed fractions (<25 μm), the proportion of MPs < 15 μm
was over 59%.297 In the following study, the authors investigated
soil fractions <35 μm in suburb region and found completely
different picture in term of found polymers and size distribution.
While four types of MPs (PP, PVC, PET and PA 6) were
identified, PET and PA 6 accounted for the largest proportion
(up to approximately 30% for each). For the investigated soil
fractions (<35 μm), the proportion of MPs < 10 μm was more
than 26.3%, while that of 20−25 μm and 25−35 μm were
relatively small (17.83% and 9.3%, respectively).298 The results
clearly indicate the high potential of ToF-SIMS for the analysis
of different MPs in lower μm-range, nevertheless further
research is needed to clarify the applicability of this technique
for the detection of nanoplastics and to ensure the
representativity of obtained data.

2.4. Combination of Different Methods for Comprehensive
MP Analysis

2.4.1. Identification of Individual MP Particles.
Although different mass-based and particle-based methods can
be applied for the MP identification and quantification, MP
particles are highly complex and diverse, having high variety
physical, chemical, and biological characteristics (e.g., polymer
type(s), size, shape, surface properties, additives, etc.). There-
fore, no method along can provide data sufficient for the
comprehensive characterization of this extremely challenging
analyte. The one example on complementary results has been
already discussed for the combination of IR and Raman
spectroscopy data.
Regarding the identification of MP particles, very valuable

complementary information can be achieved by a combination
of such fundamentally different approaches as Py-GC/MS and
spectroscopic methods. Kap̈pler et al. have performed critical
comparison of Py-GC/MS and μ-ATR-FTIR methods by
analyzing MPs in environmental samples and conclude that
both methods are well suited to characterize the chemical nature
of environmental MPs and can complement each other. Being
nondestructive and more time-efficient (about one min for one
spectrum), IR approach allowed for the identification of the
polymer type and inorganic additives. On the other hand,
destructive and time-consuming (about 30 min for one run) Py-
GC/MS provided the additional information on organic
additives and heterogeneous/multicomponent polymer systems
(e.g., alkyd paints).81 Hermabessiere et al., who compared Py-
GC/MS and Raman analysis of MPs have also report on their
complementarity. While the MP particles were identified by
both methods, Py-GC/MS led to results with a finer polymer
identification, i.e., two particles classified as PP by μ-Ramanwere
identified as PE−PP copolymer. Furthermore, one PA particle
was found to contain PE, PP, and PA 6.80

2.4.2. Simultaneous Identification and Quantification
of Polymers from Complex Samples. The comparison
between results derived by applying mass-based and particle-
based methods is essential for the harmonization in the field of
MP analysis. Recently, Kirstein et al. have used μ-FTIR and Py-
GC/MS to assess theMP contamination of drinking water.53 An
aliquot of 20−52% for the sample or blank and the rest were
analyzed by spectroscopic and thermoanalytical approach,
respectively. Both methods successfully determined low MP
contents in drinking water with values between zero and 0.022±

0.019MPs/L (analyzed down to 6.6 μm).However, μ-FTIR and
Py-GC/MS identified different polymer types. While eight
polymer types were found by μ-FTIR, namely PA, PES, acrylic
compounds, PVC, PS and less frequently PE, PU and PP, only
five of those were identified with Py-GC/MS (PE, PU, and
acrylic compounds were not detected or below LODs). Besides
information on number and size of particles, the mass of
polymers has been estimated based on μ-FTIR data according to
Simon et al.157 Briefly, the particle volume was calculated by
assuming that particles are ellipsoids, the third dimension was
defined as 0.67 times the minor dimension. Following, the mass
was estimated using the resulting particle volume and the
respective density of the polymer. The estimated and
determined mass concentrations based on μ-FTIR and Py-
GCMS data, respectively were of the same order of magnitude
throughout all drinking water samples, and became more
comparable with increasing concentration of a given polymer
type. Most detected MPs were smaller than 150 μm, and 32%
were smaller than 20 μm.53 Independently and simultaneously,
Primpke et al. reported on the μ-FTIR and Py-GC/MS analysis
performed on a set of environmental samples (surface water,
sediment, and wastewater samples after matrix removal) which
differ in the complexity and degree of MP contamination. The
measurements were conducted consecutively, and exactly for the
same samples. First, the samples deposited on aluminum oxide
filters were investigated with μ-FTIR. Subsequently, these were
crushed, transferred to glass fiber filters, in pyrolysis cups, and
measured via Py-GC/MS. Although the overall trends in MP
contamination were very similar, differences were observed in
polymer compositions, i.e., FTIR indicated a particularly high
presence of the PMMA/PUR group, and Py-GC/MS detected
higher shares of PE and PVC. While the PP shares were
comparable, the relative PET and PS contents varied between
both methods.85 While the polymer masses empirically
calculated from FTIR data according to Simon et al.157 deviated
from the masses derived based on Py-GC/MS data (from 10
time underestimation to 6 time overestimation), the accuracy of
the estimation improved with decreasing contamination level.
To optimize the FTIR-based mass estimation, a modified mass
calculation was performed, which combines various particle
shapes and sizes present into a reference particle. For this
purpose, the average particle length and minimum width were
calculated for each polymer type and used as a reference particle
in terms of mass. The area of the individual particles was divided
by the reference area calculating the reference particles
represented, and multiplied by the reference particle mass.
The application of the improved mass calculation approach has
reduced the difference compared with the results of Py-GC/MS
down to a factor of 3.85 The presented data clearly demonstrated
the complementarity of μ-FTIR and Py-GCMS for the
simultaneous identification and quantification of MP in complex
samples. While μ-FTIR detects a broad range and even very low
numbers of smaller sized MP particles, Py-GC/MS, when
exceeding a detection threshold, enables a condensed overview
of polymer types represented by a shared chemical backbone
expressed by basic polymer clusters (i.e., “PE” or “PS”). These
comprehensive data are essential for the future modeling and
source tracking studies.85

2.4.3. Electron Microscopy for Detailed Character-
ization of MP Particles. To perform detailed characterization
of plastic particles, the established methods for their chemical
analysis, like Py-GC/MS, FTIR and μ-Raman spectroscopy are
often complemented by scanning electron microscopy/energy
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d i s p e r s i v e X - r a y s p e c t r o s c o p y ( S E M /
EDX).51,77,131,186,263,266,300 SEM is a powerful technique
which provides information on size, shape and surface properties
of plastic particles and fibers300−302 as well as on their
weathering,186 microbial colonization39 and (bio)-
degradation303,304 with spatial resolution in the nm-range.
Furthermore, this technique has also a high potential for the
characterization of nanoplastics252,305−307 The measurements
can be performed in high vacuum (<10−4 Pa), in this case the
coating of insolating samples by metal (Au, Al, Pt) or carbon is
often required to improve the quality of images. Alternatively,
uncoated samples can be analyzed utilizing so-called environ-
mental or variable pressure mode with chamber pressure in the
range from 1 to 2000 Pa using nitrogen, atmospheric gas or
water vapor (e.g., for analysis of wet samples).67,308,309 In
combination with EDX, SEM can be efficiently applied for the
discrimination between organic (plastic and nonplastic) and
inorganic MP particles308 and for the detection of PVC and
PTFE particles based on EDX signals of the chlorine and
fluorine elements, respectively.266

2.4.3.1. Combined Application of ElectronMicroscopywith
Spectroscopic Techniques. Because almost all MP types are
characterized by carbon-dominant EDX signals, the applicability
of SEM/EDX as a sole technique for the quantitative analysis of
MP particles is more than questionable,310 the identification has
to be confirmed by e.g., spectroscopic methods. For example,
Wagner et al. reported on the successful identification of MP
particles (PE, PP and blended PE+PP and PS) in fish gut using
μ-FTIR and μ-Raman after detecting potential MPs by SEM/
EDX.308 To facilitate more time-efficient workflow, several high-
precision repositioning technologies have been developed.67,311

An excellent possibility for the detailed chemical and
morphological analysis of (plastic) micro- and nanoparticles
offers correlated μ-Raman spectroscopy and SEM/
EDX.306,312,313 Sarau et al. recently reported on the analysis of
standard MP particles by hyphenated SEM-Raman system.313

By merging the obtained data in one software, it was possible to
navigate on the entire filter surface and correlate at identical
locations MP morphology at the spatial resolutions of electron
(1.6 nm at 1 kV for the used SEM, and approximately 100 nm
minimum MP size) and optical (approximately 1−10 μm)
microscopies with chemical identification by μ-Raman spec-
troscopy. It was found that low-voltage SEM works without a
conductive coating of MPs providing high-resolution surface
imaging of single and clustered MP particles and enabling
subsequent Raman measurements. An example for the
correlative analysis is shown in Figure 11. The optical image
of such an object under the Raman objective is blurred (Figure
11a). The SEM image reveals the three-dimensional structural
details of the agglomerate which consists of many sticking
particles with varying sizes ranging from approximately 100 nm

to 13 μm (Figure 11b), while Raman imaging indicates its main
PE composition (Figure 11c).313

2.4.3.2. Transmission Electron Microscopy. Besides SEM,
transmission electron microscopy (TEM) has also been applied
for the characterization of microplastics and nanoplastics in soil
samples.94,314,315 For example, Watteau et al. applied TEM/
EDX together with Py-GC/MS for the MP detection in soil
amended with municipal solid waste composts.94 For the TEM/
EDX measurements subsamples for different size fractions were
fixed in osmium tetroxide, dehydrated, embedded in epoxy resin
and cut in ultrathin sections using ultramicrotome. The authors
used ultrastructural specific features of plastics as well as EDX
signals of Ti and Ba (which are initially added during the
polymer production) to distinguish plastics from soil organic
matter. The presence of PS has been confirmed by Py-GC/MS
analysis.94

It has to be noted that SEM and TEM techniques are very
time-consuming and often requires laborious sample prepara-
tion steps and, hence, cannot be applied for the analysis of high
number of particles required for representative studies.
However, they provide very valuable detailed information on
particle morphology and elemental composition, and help to
perform comprehensive analysis of diverse NMPs.

2.4.4. Methods for Chemical Characterization of
Weathered NMPs. Because weathered NMPs are expected
to have a higher toxicity potential,36,316−319 the methods for the
characterization of the chemical alteration of plastic particles are
of importance. The process of weathering contributes to the
degradation of NMPs and is driven by biotic (e.g., microbial
colonization) and abiotic (e.g., photo-oxidation) factors,
resulting in a modified surface topography and changes to the
surface chemistry.316,320 For the chemical analysis of particle
surface modified due to weathering, FTIR technique was shown
to be very efficient. Usually, the appearance of additional
absorption bands corresponding to OH, CO, and COOH
groups can be observed.186,187 As reported by ter Halle et al., all
ketone, carboxylic acid and ester functional groups formed upon
UV irradiation contribute to the carbonyl signal (1650−1850
cm−1) in ATR-FTIR spectra. Therefore, carbonyl index can be
used as the aging index by the characterization of weathered
plastic particles.186 Furthermore, byproducts of oxidative
degradation and erosion of NMPs can be analyzed by FTIR
spectroscopy after solvent extraction from the environmental
samples (e.g., costal sediments), as shown by Ceccarini et al.83

The authors found signals typical for oxidized moieties, such as
aliphatic carbonyl (CO str. at 1720−1740 cm−1 with shoulder
down to 1660 cm−1 from conjugated ketone CO str.) and
hydroxyl groups (broad O−H str. band at 3430−3400 cm−1 and
C−O str. at 1020 cm−1). The spectra were generally comparable
to those from artificially aged PE, PP, and PS reference samples.
It was also reported that GPC followed by Py-GC/MS or 1H

Figure 11.Morphological and chemical imaging of clusteredMP particles at (a) low optical and (b) high SEM spatial resolution along with the Raman
composition overlay indicating mainly (c) PE agglomerated particles. Reproduced with permission from ref 313. Copyright 2020 SAGE.
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NMRcan be applied for the analysis of polymer extracts, in order
to separate and chemically characterize higher and lower
molecular weight fractions.83 Moreover, volatile photodegrada-
tion products can be determined using an analytical procedure
combining headspace with needle trapmicroextraction andGC/
MS. Such analysis performed by Lomonaco et al. revealed that
plastic debris can release harmful VOCs (e.g., acrolein, benzene,
propanal, methyl vinyl ketone, and methyl propenyl ketone).36

3. CHEMICAL ANALYSIS OF NANOPLASTICS

3.1. Challenges and Objectives

Nanoplastics (NPLs, plastic particles 1 nm −1 μm)18−21

represent an emerging topic of relevance in environmental and
food science42,44,45,68,321 as well as in human toxicol-
ogy.59,60,322,323 For example, when tested on a model of
human intestinal epithelium, nano-PET particles showed high
propensity to cross the gut barrier, with unpredictable long-term
effects on health and potential transport of associated
chemicals.60 It is assumed that because of the large surface-to-
volume ratio of NPL particles, they may (ad)sorb larger
amounts of external toxic compounds than MPs. The factors
influencing the sorption/desorption of chemicals associated
with NPLs are still to be known, but may be assimilated to a
Trojan horse effect mechanism, in which the plastic debris
contribute toward the flux of contaminants.324 NPLs have been
recently recognized as one of the least studied types of marine
liter but potentially one of the most hazardous.1,325 Thus,
information on the chemical composition (including polymer
type, additives and sorbed contaminants), number concen-
trations, size/size distribution and mass of NPL particles as well
as on their shapes and surface properties are essential for the
understanding of NPL impacts on the environment and human
health. Furthermore, the knowledge on the formation and
(bio)degradation of NPL particles, on their colloidal behavior
and heteroaggregation with inorganic colloids and natural
organic matter (NOM) in the environment will help to
understand the sources, transport and fate of this challenging
particulate analyte.21,68,326−329 It is worth mentioning that the
influence of the NOM on NMPs fate, effects and detectability
strongly depends on the particle size. The NOM is a minor
component compared with the host plastic at the microscale. As
the plastic size decreases, the contribution of NOM increases
and it becomes analytically challenging to discriminate the
plastic component, especially given similar carbon-based
structures.329

While several studies reported on NPLs in the environment
(North Atlantic surface water97 and coast,330 Alpine snow120

and soil331) as well as in personal care products,332 the degree of
the contamination remains largely unknown. However, taking
into account that with decreasing size, the particle number
concentration increases substantially for MPs found in both
environmental and food samples,50,51,156,158 a high abundance of
NPLs could be generally assumed for the same samples.
Analogue to microplastics, nanoplastic particles can be inten-
tionally produced (primary NPLs, generated e.g., for cleaning
products or as calibration standards for nanoparticles) or formed
by the degradation and fragmentation of (micro)plastics
(secondary NPLs). For example, Gigault described the
generation of NPL particles from millimeter scale plastics by
UV radiation.333 Lambert and Wagner found the formation of
NPLs during the degradation of PS disposable coffee cup lid,334

whereas Dawson reported that MP particles (approximately 30

μm) ingested by a planktonic crustacean (Antarctic krill) were
fragmented into pieces less than 1 μm in diameter.335

At this point, it has to be mentioned that the analysis of
engineered nanoparticles (ENPs) is already well established and
the knowledge with respect to the tools and methods developed
as well as the experience in handling particulate contaminations
can serve as a solid basis for the NPLs studies.326 However, these
tools are not fully fit for the purpose. While ENPs are mostly
inorganic, NPLs are mainly carbon-based with low or no
crystallinity and the limited elements incorporated. Therefore,
new approaches have to be developed for the determination of
their chemical composition.
Thus, by the analysis of NPLs we are facing a considerable

methodological gap.68 On the one hand, similar to MPs, the
NMP particles are diverse, having a high variety of
physicochemical characteristics (e.g., polymer type, size, surface
properties, etc.), while even less structural diversity compared to
MPs can be expected due to the substantially larger number of
fragmentations during NPLs formation.68 Hence, the experience
from the realm of MPs is essential for NPL studies. On the other
hand, themethods developed for the analysis ofMP particles can
only partially be transferred to NPLs due to their small masses
and sizes.
Following challenges have to be carefully considered:

• NPL particles in real samples can have relatively low
concentrations (mass-fraction) and their number can be
comparable or even lower as the number of nonplastic
particles in the (colloidal) matrix. Furthermore, the
contribution of the NOM in heteroaggregates increases
with decreasing of NPL size. Hence, similar to the MP
analysis, we are searching for a needle in a haystack, but
numbers of (nonplastic) particles are considerably larger.
This underlines the importance of appropriate ap-
proaches for the preconcentration and enrichment of
NPLs from complex matrices;

• Sensitivity of the existing mass-based methods can be
insufficient for the NPLs detection and quantification
(high LODs and LOQs) making the optimization of
already existing and the development of new methods as
well as their combination with efficient preconcentration
and enrichment for NPLs necessary;

• Particle size detection limit of the most nondestructive
particle-based methods is diffraction limited, impeding
the analysis of NPLs below approximately 300 nm.Hence,
the approaches which combine the techniques providing
information on particle number and size/size distribution
in nm-range, and enabling the identification of particles
are required. In this context, the methods allowing for the
representative NPL analysis have to be developed;

• There are only restricted number of reference materials
which resemble real NPL particles, hampering the
development, optimization and validation of methods
for sampling, sample preparation and detection of NPLs.

• Level of contamination within the nm-range is signifi-
cantly higher compared to the μ-range, making the
contamination prevention and the analysis of procedural
and laboratory blanks inevitable.

3.2. Preconcentration, Enrichment and Fractionation of
Nanoplastic Samples

For the reliable and representative analysis of NPLs, methods for
the preconcentration (increasing number of particles in the
sample) and/or enrichment (increasing plastic to nonplastic
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particles ratio) are essential. The methods suitable for the
preconcentration can rely on the membrane filtration,97,100

whereas cascade of the filters with decreasing pore size can
prevent/minimize the pore clogging and hence facilitate the
process. Moreover, the size fractionation of (NPL) particles can
be achieved by the cascade filtration, as reported by Hernandez
et al.332 They obtained the several fractions containing NPLs
larger and smaller than 100 nm from personal care product
samples and detected PE particles using FTIR and X-ray
photoelectron spectroscopy for bulk measurements. Further-
more, ultrafiltration,98,333 ultracentrifugation336 and evapora-
tion of solvent307 can be utilized as summarized in recent review
article by Schwaferts et al.68

In case when no information on the number and size of
particles is desired and only the mass of the polymer(s) has to be
determined (e.g., using Py-GC/MS or HPLC), liquid extraction
of soluble polymers, or depolymerization of polymers insoluble
in common solvents (e.g., PA, PET and PC)118,147,148 can be
applied, as already discussed in section 2.2 “Mass-based
Methods for Analysis of Microplastics”.
For the enrichment of NPLs for the subsequent particle-based

analysis, the digestion of organic matrix using H2O2, acid (e.g.,
65% HNO3) or alkaline treatment can be applied.68,321,337

Enzymatic treatment was found to be useful for the tissue
digestion.68,337 The density separation (e.g., with ZnCl2) tested
for the extraction of NPLs e.g., from biosolids and soils was
found to be rather inefficient for the removal of inorganic matrix
(enrichment <30% for 0.05 and 1.0 μmPS beads).338 Recently, a
new method for the enticement of MPs in environmental waters
has been proposed by Zhou et al.99 The method is based on
cloud-point extraction using Triton X-45 and allowed to achieve
an enrichment factor of up to 500 for NPL particles made of PS
(approximately 65 nm) and PMMA (approximately 85 nm),
without disturbing their original morphology and sizes. The
concentration of extracted NPLs has been quantified using Py-
GC/MS.99

Besides preconcentration and enrichment, the size fractiona-
tion of polydisperse mixture of (plastic) particles is highly
desired. While the cascade filtration using filters with small pore
size (e.g., below 100 nm) is characterized by low flow rates and,
hence, the restricted sample volume, several other techniques
can be applied for this purpose. Field-flow fractionation (FFF) is
a separation technique which utilizes a perpendicular force on
particles in flow. Depending on their diffusivity, determined by
characteristics like size, shape and/or density, particles are
retained in the flow channel for different durations, resulting in
the fractionation of particles in the sample. FFF works without a
stationary phase, precluding interactions between plastic
particles, however, their interactions with the membrane of
the flow channel can occur making optimization steps
necessary.68 Nowadays, different FFF types exist, using various
separating fields, like thermal, electric, gravity (or centrifugal), or
cross-flow (e.g., asymmetrical flow FFF, AF4), which cover the
whole nm-range and can extend to the low μm-range.
Furthermore, the latter technique is also able to preconcentrate
to some extent by creating a focusing flow that collects up to 50
mL of the sample at the beginning of the flow channel.68,339

Among all other FFF-based techniques AF4 is more frequently
used for the fractionation of NPLs,68,98,281,321,323,340,341 whereas
even better separation of particles (characterized e.g., by the
same size but different density, as was shown for PS and PMMA,
both 500 nm in diameter) can be achieved by the applying of
centrifugal FFF (CF3).281

Further separation techniques can be based on chromatog-
raphy, where a stationary phase is utilized for the separation of
the analytes. For example, hydrodynamic chromatography
(HDC), being a solution-phase liquid separation method,
combines the advantages of fluid dynamics and exclusion
chromatography and allows for particle size determination in the
range from 10 to 1000 nm.69,342 Pirok et al. developed an online
two-dimensional separation system which combines HDC with
size-exclusion chromatography (SEC) and allows relating the
particle-size distribution of the particles to the molecular-weight
distribution of constituting polymers.343 In the first dimension,
HDC was used to obtain information on the particle size
distribution after that separated particles were dissolved in THF.
In the second dimension, SEC was applied to separate the
constituting polymer molecules according to their hydro-
dynamic radius for each of 80 to 100 separated fractions.
Using the developed system, the combined two-dimensional
distribution of the particle-size and the molecular-size of a
mixture of various PS (of approximately 900 nm, 500 and 200
nm) and polyacrylate (PACR of approximately 80 and 60 nm)
nanoparticles were obtained.343 The applicability of HDC for
the separation of NPLs originating from fragmentation, which
may have rough surfaces, has not been demonstrated yet and it
remains unclear whether the separation could suffer from the
particle interaction with the stationary phase.
An elegant approach for the characterization of NPLs from

complex matrices (tissues of salt-water mussels) based on a
microcavity size selection and the subsequent size-exclusion
Raman analysis has been recently proposed by Valsesia et al.344

The approach combines a step of enzymatic digestion/filtering
to eliminate the biological matrix with a detection/identification
procedure, which uses a micromachined surface, composed of
arrays of cavities with well-defined submicrometer depths and
diameters. To create arrays of cavities on a standard silicon
chips, a SEM instrument equipped with a focal ion beam has
been used. Two different patterns have been prepared: holes
with 1.25 μm separated by 2 μm and three holes of 300 nm size
positioned on the vertexes of an equilateral triangle with side of 1
μm. This sensor surface, exploits capillary forces in a drying
droplet of analyte solution to drive the self-assembly of
suspended nanoparticles into the cavities, leaving the individual
particles isolated from each other over the surface. The resulting
array, when analyzed using confocal μ-Raman spectroscopy,
permitted the size selective analysis of the individual
submicrometer NPLs trapped in the cavities structure. The
developed approach has been successfully tested for the
detection of NPLs in mussels which were exposed to PS
beads.344

Although several applicable methods for the preconcentra-
tion, enrichment, and fractionation of NPLs have been already
developed, low concentrations of NPLs in real samples and the
complexity of matrices with a high number of nonplastic
particles make the sample preparation really challenging,
hampering the reliable analysis of NPLs in environmental and
food samples.

3.3. Mass-based Methods for Analysis of Nanoplastics

Depending on analytical question, the information on the
presence of NPLs and their mass in distinct size fraction (e.g., <
1 μm) may be sufficient, e.g., for the monitoring and modeling.
In this case, mass-based methods can be applied. Till now Py-
GC/MS remains most often used.97−99 Ter Halle et al. first
reported on the detection of nanoplastics in North Atlantic
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Subtropical Gyre (NASG) using Py-GC/MS.97 For the
identification of polymers, a database of commercial polymers
was combined with chemometric approach using PCA. The
analysis of the colloidal fraction <1.2 μm after filtration revealed
the presence of PVC, PET, PS, and PE with relative proportion
of their anthropogenic pyrolytic fingerprints being 70, 17, 9, and
4, respectively. Although these numbers cannot be transformed
into the proportion of plastics in the sample because the
pyrolytic efficiency is not the same for each type of plastic, they
indicate the relatively high abundance of NPLs made of PVC
and PET compared to PE, PS, and PP (not detected in NPL
fractions), which are found to be predominant for MP
fractions.97 Recently, Py-GC/MS was applied to demonstrate
the presence of NPLs (PS and PVC) in sand water extracts from
cost exposed to NASG.330 However, the identification of NPLs
in complex environmental matrices remains a challenge due to

low concentrations of NPLs compared to the NOM, as was
pointed out by Blancho et al.345 The authors applied Py-GC/MS
for the identification of PP and PS and studied possible
interferences with environmental matrices by spiking NPLs in
various organic matter suspensions (i.e., algae, soil natural
organic matter, and soil humic acid) and analyzing an
environmental suspension of NPLs. Two different and
complementary strategies were developed depending on the
plastics composition and the NOM content. While PPNPLs can
be directly identified in complex media, PS NPLs require a
preliminary treatment. For this purpose, H2O2 and UV light
were used to selectively degrade NOM without affecting NPLs.
The proposed strategies open new possibilities for the
detection/identification of NPLs in environmental matrices
such as soil, dust, and biota.345

Figure 12. (a) Overlaid total ion chromatogram of PCV deposited by filtration compared with PTFE filter blank (0.1 μm pore size) with clearly
identifiable signals from PVC decomposition products, namely toluene, styrene, and naphthalene. (b) Comparison of extracted ions (91, 117, 130m/
z) for PVC from sample deposited with only PVC (bottom) particles and a sample deposited with a mix of plastics particles (PP, PS, PVC) (above)
deposited on 0.1 μm filter. Adapted with permission from ref 100. Copyright 2020 Elsevier.
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Mintenig et al. developed an approach for the analysis of
NPLs in aqueous environmental samples, which combines
cross-flow ultrafiltration, AF4, and Py-GC/MS.99 The authors
used PS NPLs (50, 100, 200, 500, and 1000 nm in diameter) as
model particles to spike different environmental samples
(drinking and surface water) and found LODs and LOQs
ranging for 50−100 ng and for 100−250 ng, respectively
(estimated values were based on the signal of tristyrene, which is
specific for PS, NPLs of 200 nm diameter were applied for
calibration). Under the given settings and pyrolyzed volumes of
25 μL, the LOD and LOQ of 4 mg/L and 4−10 mg/L were
assessed. Preconcentrating NPLs by cross-flow ultrafiltration
enabled for the identification of PS when its original
concentration in an aqueous sample was >20 μg/L. Very
recently, Wahl et al. demonstrated feasibility of coupling AF4 to
Py-GC/MS for the identification of NPLs in NOM-reach
environmental sample, namely in a soil amended with plastic
debris. The AF4-based size fractionation of water extracts (<0.8
μm fractions) prior to chemical analysis makes it possible to
circumvent the organic matter impact on NPL detection. Using
this approach, PP, PS, and PVC NPLs with a size ranging from
20 to 150 nm were identified in soil for the first time.331

Sensitive analysis of different NPL particles with the size limit
down to 100 nm can be achieved using Py-GC/ToF
spectrometry, as recently reported by Sullivan et al.100 The
preconcentration of samples utilizing PTFE membranes as
sample support allowed for the identification and quantification
of model NPLs (PP, PS, and PVC) extracted from spiked
aqueous samples with LODs < 50 μg/L. Figure 12 gives an
example on the analysis of PVC particles deposited on the filter
with 0.1 μm pore size. Decomposition products of PVC
(toluene, styrene, and naphthalene) can be clearly distinguished
from the filter background (Figure 12a) and identified in the
mixture of PVC with PP and PS (Figure 12b). For the
verification of the developed method the analysis of a complex
sample (river water) was performed, revealing the presence of
PS with a semiquantifiable result of 241.8 μg/L.100

Furthermore, a promising method providing very sensitive
identification and (semi)quantification of NMPs, which is based
on thermal desorption-proton transfer reaction-mass spectrom-

etry (TD-PTR/MS), was recently proposed by Materic et al.
The estimated LOD for PS was below 1 ng, and it was possible to
detect PS in complex samples (snow with DOM) down to 10
ng.100 Alternative approach based on the use of HPLC after
polymer extraction and depolymerization has been developed by
Castelvetro et al. The approach providing LOD and LOQ of
15.3 and 51.1 μg/L, respectively, for PET, is shown to be suitable
for the identification and quantification of PET and PANMPs in
complex samples (e.g., WWTP sludge),118 as discussed in more
detail in section 2.2 ”Mass-based Methods for Analysis of
Microplastics”. Thus, several methods have been developed and
already tested for the identification and (semi)quantification of
NPLs in different environmental samples, but further
optimization and validation of detection methods as well as
application of efficient preconcentration and enrichment for
NPLs will improve the analysis reliability.

3.4. Nondestructive Spectroscopic Methods for Analysis of
Nanoplastics

The spatial resolution of spectroscopic methods established for
the analysis of microplastics is governed by the diffraction limit
of light and, hence, confined to approximately 10 μm and
approximately 300 nm for μ-(FT)IR and μ-Raman, respectively,
allowing for the analysis of (almost) entire size range of MPs.
Although, μ-Raman appears to be partially applicable for the
analysis of particles in the nanometer range, the recognition of
particles smaller than approximately 500−1000 μm (depending
on particle properties, used substrate and illumination mode) is
challenging. Therefore, the combination of SEM and μ-Raman
spectroscopy for high resolution images on the one hand, and
the reliable spectroscopic identification of particles on the other
hand, has been established and applied for the analysis of small
MPs (as discussed in section 2.4.3.1 “Combined Application of
Electron Microscopy with Spectroscopic Techniques”) and
most recently also NPLs.252,305−307 In this light, Sobhani et al.
have demonstrated that Raman imaging can be successfully used
to visualize and identify NPLs down to 100 nm by distinguishing
the laser spot, the pixel size/image resolution, the NPLs size/
position (within a laser spot), the Raman signal intensity, and via
the sample preparation.252 The combined method has been
tested for the analysis of paint-polishing dust samples collected

Figure 13. SEM (a), Raman images (b−g), spectra (h), intensity distribution (i,j), and the relationship between the Gaussian peak width (w) and the
diameter of nanoplastics (d) (k). NPLs 100 nm in diameter were distributed on a gold wafer surface and mapped with the pixel size of 100 nm × 100
nm with contour lines (b) and without color interpolation, (d,f) are the offsetting images of (b); (h) shows the spectra (from top to bottom) at each
pixel along the x-axis, from the center to the left boundary in (b). Reproduced with permission from ref 305. Copyright 2020 Elsevier.
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from a driveway, when a vehicle’s clear coating of poly acrylic
was polished by hand. The authors estimated that billions−
trillions of NMPs with the size down to approximately 200 nm
have been generated by hand-polishing an engine hood.252 In
the following study, the authors focused on the visualization and
identification of NPLs smaller than the diffraction limit of the
laser and examined the lateral intensity distribution of the
Raman signal emitted by NPLs in the size range of 30−600 nm
within the excitation laser spot as reported by Fang et al.305 To
image and visualize individual nanoplastics, the authors
decreased the mapping pixel size and offset the color to
intentionally image only the high-intensity portion of the Raman
signal (emitted from the center of the laser spot, to determine
the exact position of the NPLs as illustrated in Figure 13 for the
100 nm PS particle. The imaging of particles in the range of 30−
80 nm was possible but very challenging because the Raman
signal becomes very weak and barely distinguishable from the
noise. Nevertheless, the high potential of the SEM-Raman
combination has been demonstrated. Furthermore, instruments
available on the market allow to perform correlative Raman
imaging and SEM, opening new possibilities for the optimized
and detailed morphological and chemical analysis of NPL
particles.
In this context, Zhang et al. applied correlated Raman imaging

and SEM for direct observation of the release of NPLs from
commercially recycled plastics.306 Although several difficulties
have to be considered when combining SEM and Raman, i.e.,
carbon deposition on the particles and their damage by electron
beam during SEM, challenges in relocating the same particle
when switching, and a need for vacuum conditions in the SEM
chamber,67,346 this approach provides detailed morphological
and chemical information on NPLs and seems to have a high
potential for the analysis of tiny plastic particles.
To tackle the problem of the weak Raman signal for small

NPL particles, the applicability of surface-enhanced Raman
scattering (SERS) has been recently explored.347−349 Generally,

Raman signals of analytes can be significantly enhanced if they
are located close to or are attached to nanometer-sized metallic
structures (Ag or Au), like colloids or rough surfaces.
Enhancement factors in the range of 103−1011 can be achieved
due to electromagnetic (“localized surface plasmon resonance,
LSPR”) and chemical (“charge transfer, CT”) enhancement
effects.350 Recent paper by Lv et al. has demonstrated that
Raman signal of PS beads with 100 and 500 nm in diameter can
be significantly enhanced (up to 5 × 102 and 4 × 104,
respectively) by using Ag colloid (prepared according to Lee and
Meisel protocol351) as SERS media.347 In comparison with PS
NPLs, the enhancement for PE and PP MPs (both 10 μm in
diameter) was not so strong. The authors illustrated the
applicability of SERS for sensitive detection of NPLs in pure
water and seawater.347 Independently and almost simulta-
neously, Zhou et al. reported on SERS enhancement for PS
beads with 50 nm in diameter utilizing Ag colloid (prepared
according to Leopold and Lendl protocol352) and applied the
method for the analysis of model NPLs in river water.348 In this
light, Le ̂ et al. developed novel nanostructured Raman substrates
for the sensitive detection of NPLs in water.349 They prepared
anisotropic nanostar dimer-embedded nanopore substrates and
successfully tested the method for the sensitive detection of PS
beads with 400 nm in diameter, whereas no significant
enhancement was achieved for PS NMPs with diameters of
800 nm, 2.3 μm, and 4.8 μm.349 While the SERS enhancement
has been demonstrated for PS beads in the size range of 50−500
nm, the applicability of this approach for the detection of other
polymer types as well as for fragmented NPLs with irregular
shape still has to be proven. Furthermore, interferences of
organic residues from the matrix, e.g., humic like substances
which are usually present in environmental samples,353 have to
be overruled.
It has to be mentioned that the complementary IR and Raman

analysis of NPLs down to approximately 300 μm can be in
principle performed by the novel technique, namely optical

Figure 14. Example for the analysis of PLA nanoparticles in the hydrated cell using AFM-IR. (a) 3D display of the IR map at 1770 cm−1 (the band at
1760 ± 4 cm−1 is assigned to the CO str. vibration of PLA ester groups) of the entire macrophage. (b,c) The two red and blue squares show ROIs
containing NLPs, which were further zoomed. For each zoom, an IRmap was performed at 1770 cm−1, and several IR spectra were acquired in specific
locations indicated by arrows. The color of the IR spectra corresponds with that of the related arrows. The scale bar represents 500 nm. Reproduced
with permission from ref 360. Copyright 2018 Wiley-VCH.
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photothermal IR spectroscopy,9,10,223,224 which has been already
addressed at the end of section 2.3.1.1 “IR Spectroscopy”.
However, the feasibility of this techniques for the character-
ization of NPL particles has not been demonstrated yet.
3.4.1. Scanning Probe Microscopy Coupled to Spec-

troscopy.While the already discussed vibrational spectroscopic
techniques are shown to be powerful for the reliable
identification, quantification and characterization of MP and
(partially) NPL particles, they cannot solve the restriction on the
spatial resolution imposed by the diffraction limit of light.354

Here, impressive efforts in the development of scanning probe
techniques for the chemical analysis at the nanoscale354−358

suggest a huge potential of these techniques in the field of NPL
studies. These nanoscale techniques include atomic force
microscopy (AFM) combined with spectroscopy, namely
AFM-IR (or photothermal induced resonance), nano-FTIR,
and tip-enhanced Raman spectroscopy (TERS). In AFM-IR a
pulsed tunable IR laser source is focused on a sample (either
from below in total internal reflection or from above) near the
AFM tip and tuned to an absorbing band of the sample. The
absorbed light leads to the local photothermal expansion of the
sample, which is registered by the AFM tip. Because a transient
cantilever oscillation is proportional to the IR absorption,
measuring the AFM cantilever oscillation amplitude as a
function of wavelength (or wavenumber) results in a local
absorption spectrum with nanoscale spatial resolution (around
20−50 nm).355,358 The AFM-IR technique has been already
successfully applied for the chemical identification and nano-
meter-scale chemical imaging of polymer nanostructures by
Felts et al. They analyzed PE and PS nanowires deposited on the
IR-transparent ZnSe prism in the total internal reflection mode
and achieved a spatial resolution better than 100 nm.359

Furthermore, AFM-IR allows for the localization and chemical
characterization of NPLs directly within a cell without labeling
as reported by Pancani et al.360 They analyzed macrophages
incubated with PLANPLs smaller than 200 nm, as such particles
are among most employed nanocarriers in drag delivery (e.g., to
treat complex pathologies such as cancer and severe infections).
As an example, Figure 14 shows a 3D IR map of the dehydrated
cell recorded at 1770 cm−1 (the band at 1760 ± 4 cm−1 is
assigned to the CO str. vibration of PLA ester groups) as well
as two regions of interest (ROIs) and corresponding spectra
illustrating the detection and identification of PLA particles with
mean diameter of approximately 180 nm. The authors
concluded that the AFM-IR could become a powerful tool to
unravel the fate of individual unlabeled NPL particles inside
cells.360

The nano-FTIR method is based on scattering type of
scanning near field optical microscopy (s-SNOM) and allows
measurement of broadband IR absorption spectra of surfaces
with spatial resolutions as low as 10−20 nm. In nano-FTIR
experiments, the IR-beam (e.g., broadband laser) is focused on
the near field probe, typically metal coated tip and a local
antenna effect creates a nanoscaled focus with the dimension of
the tip. During the scanning of the surface with the tip, periodic
changes in near-field interactions between tip and sample occur.
The resulting changes in local scattering intensity are detected
then using an asymmetric Michelson interferometer. The
amplitude and phase of scattered light can be related to the
local IR absorption bands of the sample, and the obtained
spectra agree well with bulk FTIR data for a wide range of
samples.357 The nano-FTIR has been successfully applied for the
analysis of NPLs. For example, already in 2006, Brehm et al.

reported on the detection of PMMA beads with 30−70 nm in
diameter.361 In this light, Huth et al. demonstrated that PMMA
samples can be chemically characterized with a spatial resolution
of 20 nm.362 Recently Meyns et al. successfully tested the
suitability of library-based search using commercial and open
source analysis software (siMPle) for the identification of
different polymers detected by nano-FTIR. It was found that
even polymer samples weathered in the environment can be
correctly identified by this method without prior cleaning,
opening wide fields of applications for the identification and
characterization of diverse polymer samples.363

Nanoscale Raman spectroscopy (TERS) utilizes AFM (or
scanning tunneling microscopy, STM) to scan a plasmonic
metal nanostructure over a sample surface in order to locally
enhance the field in a manner analogous to SERS. Metallic
nanostructures are typically produced by metal coating of
nonconductive AFM tips (or electrochemically etching
conductive STM wire tips). In TERS experiments, the probe
tip is positioned above the sample and a laser excites the
particle’s localized LSPR, a coherent oscillation of conduction
electrons. The LSPR drastically enhances (up to 100−1000-
fold) the local electric field in the nanoparticle’s vicinity, leading
to enhancement factors of up to 108.358 Nowadays, different
configurations of TERS systems are available, including bottom-,
top-, and side-illumination as well as parabolic mirror-based
setup enabling the sensitive chemical analysis with the spatial
resolution of approximately 30−50 nm and for some samples
(e.g., carbon nanotubes) even down to l.7 nm (using
STM).354,358,364 Thus, TERS could provide nanoscale resolved
chemical information on NPL particles, but currently only one
study by Yeo et al. has reported on the TERS analysis of a
polymer-blend thin film (made of PS and polyisoprene, PI) with
spatial resolution of approximately 20 nm,365 hence the
applicability of this very promising techniques in the field of
NPLs still has to be explored.
Obviously, scanning probe techniques enable for the reliable

identification and characterization of NPL particles with the
spatial resolution below the diffraction limit and thus can foster
our understanding of formation, distribution, and modifications
of tiny plastic particles in various samples. However, the
measurements are laborious and time-consuming, therefore only
a small fraction of the sample with restricted number of particles
can be analyzed in reasonable time that can hamper the
representativeness of the analysis using nanoscale methods.

3.4.2. Raman-based Analysis of Nanoplastics Enabled
by Optical Tweezers. The Raman analysis of NPLs and small
MPs can be performed directly in aqueous media because water
is very weak Raman scatterer. Such analysis can be realized by
using optical tweezers which hold the particles in the focus of the
laser beam, enabling the spectroscopic identification. Gillibert et
al. illustrated the applicability of the approach combining optical
tweezers and μ-Raman spectroscopy for the trapping and
chemical identification of NMPs.253 Plastic particles (PE, PP,
PS, PET, PVC, PMMA, and PA 6) in size range from 20 μm and
down to 50 nm dispersed in seawater were studied using 633 and
785 nm excitation lasers. The analysis at the single particle level
allowed the authors to unambiguously discriminate plastics from
organic matter and mineral sediments and to assess the size and
shapes of NMPs (beads, fragments, and fibers), with spatial
resolution only limited by diffraction. The method was tested on
both model particles and naturally aged environmental samples,
illustrating its potential for the characterization of real
samples.253
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In this context, online coupling of field-flow fractionation and
Raman microspectroscopy enabled by optical tweezers for the
analysis of NPLs has introduced by Schwaferts et al.281 The
authors realized the hyphenation of particle separation and
characterization (using AF4 or CF3 combined with UV- and
multiangle light scattering, MALS detectors) with the
subsequent chemical identification by online μ-Raman spec-
troscopy in a flow cell, as illustrated in Figure 15. The utilization
of 2D optical tweezers for the particle trapping allowed
identification of particles of different reference materials
(polymers and inorganic, namely PS, PMMA, and SiO2) in
the size range from 200 nm to 5 μm, with concentrations in the
order of 1 mg/L (109 particles/L). The developed technique
showed a high potential for applications in NPL analysis, as well
as in many other fields of nanomaterial characterization.281

However, the efficient preconcentration and enrichment of the
NPLs from environmental and food matrices has to be
developed in order to enable the reliable and representative
analysis of NPL particles in real samples.
It has to be noted that the proper development, optimization,

and validation of methods for sampling, sample preparation, and
detection of NPLs requires realistic reference materials.
Although certified reference materials for NPLs are not available
yet, several promising approaches have already been proposed,
as discussed in section 4.1. “Reference Materials for Micro-
plastics and Nanoplastics”. Furthermore, the issue of contam-
ination during the sampling, sample preparation, and the
detection of NPLs has to be carefully considered because the
expected numbers of particles within the nanometer range are
significantly higher compared to the micrometer range.
Therefore, the measures developed for the contamination
prevention in the field of MP research have to be extended for
the nanometer range (including the filtration of water and
chemicals using the filters with small pore size, sample
preparation in the laminar flow box or even in clean room,
etc.). Altogether, it highlights the importance of procedural and
laboratory blanks, as discussed below.

4. VALIDATIONOFMETHODS, QUALITY ASSURANCE,
AND QUALITY CONTROL

The development, optimization, and improvement of chemical
analysis by both mass-based and particle-based methods

requires reliable method validation. In this light, the use of
blanks to calculate false positives and application of reference
plastic particles to estimate the recovery rates (and found false
negatives) for the sampling, sample preparation, and detection
steps are essential. Furthermore, the comparison of data derived
for the same reference materials and especially real samples,
analyzed using similar and also different methods, is extremely
important and helpful for the proper validation of the methods.
The establishment of a quality program to manage (i.e.,

quality assurance, QA) and maintain (i.e., quality control, QC)
the accuracy and precision for the all steps of the NMP analysis,
including sampling, sample preparation, and detection has been
recognized as mandatory for reliable NMP stud-
ies.8,13,20,23,178,366−371 Brander et al., who thoroughly addressed
this issue, defined QA as “A series of steps or activities put in
place in a systematic way to ensure that data that is generated is
accurate and reliable” and QC as “The process of verifying or
checking all data, results, or reported methods to ensure their
validity and correctness and to prevent erroneous conclu-
sions”.369 Several measures are found to be essential to ensure
QA/QC: (i) performing of all steps in plastic-free of low-plastic
working conditions, i.e., using glass, metal, or ceramic equip-
ment (alternatively items made of seldom or pigmented
polymers can be used) and cotton clothes, (ii) using laminar
flow box or clean room for the sample preparation, if feasible,
(iii) applying an appropriate cleaning procedure for the used
equipment, solvents and chemicals, (iv) estimating procedural
and laboratory blank values, recovery rates and including
replicates, and (v) participating in interlaboratory comparisons
and proficiency tests.8,13,20,23,178,366−370 To perform recovery
rate experiments as well as interlaboratory comparisons and
proficiency tests, appropriate reference materials for NMPs are
required. These reference materials, being homogeneous and
stable, have to mimic the diversity of plastic particles, including
broad size range as well as different polymer types, shapes, and
aging states. Thus, a high variety of reference plastic particles as
pure materials or imbedded in simple and complex matrices is
required for the reliable harmonization and standardization of
methods for the MP analysis.
4.1. Reference Materials for Microplastics and Nanoplastics

Although different reference materials are available and several
protocols for the preparation of microplastic and nanoplastic

Figure 15. Scheme for NPLs analysis by online coupling of FFF and μ-Raman spectroscopy enabled by optical tweezers. After the separation by FFF,
NPL particles in fractions of 350 and 500 nm were identified by μ-Raman as PS and PMMA, respectively. Adopted with permission from ref 281.
Copyright 2020 American Chemical Society.
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particles have been proposed,60,187,372−377 there is no certified
products yet. Taking into account the rates of production for
different polymers, and the available information on the
contamination of environmental and food samples, thermo-
plastic polymer types, namely PE, PP, PS, PET, PA, and PVC,
seems to be more relevant.20 Furthermore, reference materials
for fibers related to textile applications as well as for tire wear
particles, which both are supposed to contribute at high extent to
MP contamination,113,378 are required.
The reference plastic particles larger than 30−50 μm can be

efficiently produced in “top-down” approach by cryogenic
milling using pristine or aged polymers from plastic pellets or
plastic products, as was reported by Eitzen et al.372 and Seghers
et al.373 The resulting particle size distributions are usually very
wide (more than 200 μm in mean particle diameter), which
corresponds to the environmental occurrence observed.20,372,373

For the preparation of reference materials with the particle
size smaller than 10−50 μm, the application of cryogenic milling
was found to be less efficient because only small fraction of
particles in lower micrometer range can be obtained.
Furthermore, the handling of very small dried particles is
challenging, because they are easily airborne.20 Therefore, the
fragmentation in aqueous medium can be a more suitable
alternative for the preparation of NMP particles.341 In this
context, von der Esch et al. proposed a method for simple
generation of suspensible secondary microplastic reference
particles via ultrasound treatment at alkaline conditions.187 This
approach, tested for PS and PET as well as for biodegradable
plastic, namely PLA, is applicable for the preparation of
microplastic particles of in the entire size range (1−1000 μm)
and a multitude of shapes (irregular particles, spheres, films, and
fibers) as well as nanoplastic particles (<1 μm). The FTIR
analysis revealed modified particle surfaces typical for aged MPs
(additional OH, CO, and COOH groups), explaining the
good suspensibility of produced NMPs in water without
addition of any surfactants.187 The “top-down” approach in
aqueous medium can be also realized by applying of laser
ablation, as demonstrated by Magri et al.60 The produced PET
nanoparticles have an average dimension of approximately 100
nm, with significant size and shape heterogeneity. Furthermore,
weak acid groups were detected on the particle surface, similarly
to photodegraded PET plastics. Thus, the particles can mimic
real environmental nanopolutants. When tested on a model of
intestinal epithelium, nano-PET showed a high propensity to
cross the human gut barrier.60

Particles in the lower micrometer range can be also generated
using “bottom-up” approach by a controlled synthesis of
polymeric building blocks, as already established for PS particles
in the field of nanomaterials.20 Recently, an alternative method
for the production of PE particles with radii between 200 and
800 nm utilizing emulsions of toluene in water with PE dissolved
in toluene has been presented by Balakrishnan et al.374 The yield
of PEmicroparticles was very small in the absence of a surfactant
but increased substantially by addition of a surfactant (Tween
60, Tween 80, and a biosurfactant). The authors found that, by
using a biosurfactant, the presence of an eco-corona at the
surface of the particles could be mimicked, improving the
bioavailability of particles in experiments with Daphnia
magna.374 For the estimation of recovery rates379 at different
steps of analysis and conductions of exposure experiments with
different organisms,380 micro- and nanoplastics labeled with
fluorescence dyes are often applied. However, the use of
fluorescence signal alone for the detection of labeled plastic

particles can lead to artifacts in uptake and translocation studies
due to the leaching of the fluorescent dye, as has been recently
demonstrated by Schür et al.381 For environmental studies,
reference materials labeled with stable isotope (13C)376,382 or
radio isotope (14C)377 are found to be very useful. Al-Sid-Cheikh
et al. proposed the procedure for the one-step synthesis of 14C-
labeled sulfonate end-capped PS nanoparticles of different sizes
(20 and 250 nm), which can be detected and quantified by
autoradiography. This radio-labeling approach can be applied
for the quantification, mass balance, and recovery of the labeled
particles from complex matrices at low predicted environmental
concentrations.377 However, the radiolabeling methodology
comes with severe disadvantages, such as stringent and
restrictive safety and material handling regulations and the
need for instrumentation solely dedicated to analyses of
radioactive 14C-containing samples. These limitations can be
circumvented by the application of 13C-labeled polymers, as
reported by Sander et al.376 This stable isotope labeling
approach can be used for the assessment of rates and extents
of the environmental transformation of plastic pollutants at and
below the nanoscale to low-molecular-weight products and their
environmentally harmless microbial transformation products.
Understanding the chemical transformation at this scale is
critical for assessing potential risks associated with the
occurrence of micro- and nanoplastics in the environment.376

In this light, Taipale et al. used compound-specific isotope
analysis to track the fate of fully labeled 13C-PE MP carbon
across the aquatic microbial−animal interface. Isotopic values of
respired CO2 and membrane lipids showed that MP carbon was
partly mineralized and partly used for cell growth. Microbial
mineralization and assimilation of PE-MP carbon was most
active when inoculated microbes were obtained from highly
humic waters, which contain recalcitrant substrate sources.383

An alternative approach utilizing metal-doped materials to
investigate the fate, transport, mechanistic behavior, and
biological uptake of nanoplastics in complex environmental
systems was introduced by Mitrano et al.375 They reported on a
method to synthesize nanoplastic particles doped with a
chemically entrapped metal used as a tracer (i.e., Pd), which
provides a robust way to detect nanoplastics more easily,
accurately, and quantitatively, e.g., using (SP)-ICP-MS. The
general structure of the nanoparticles synthesized was a PAN
core material that contained the metal tracer, followed by the
addition of a cross-linked PS shell.375 These metal-doped
particles are thought to be good proxies for nanoplastics,
opening the window to accurately assess the potential
environmental hazards that NPLs pose.325 Recently, the
metal-doping method was extended for the production of In-
doped PET microfibers, enabling long-term assessment of
nanoplastic particles and microplastic fibers (using Pd- and In-
labeled materials, respectively) in complex matrices.384

4.2. Interlaboratory Comparison Studies

Generally, interlaboratory comparison (ILC) tests are con-
ducted for the following purposes: (i) to validate analytical
methods, i.e., to evaluate their performance (correctness and
precision) and (ii) to check the suitability of laboratories for the
analysis of certain samples.20 To evaluate the performance
(correctness and precision) of different methods, applied for the
identification and quantification of microplastics and to develop
harmonized and standardized methodology for the future
studies, ILC tests are essential. In this context, several national
and international ILC were already conducted (e.g., in the frame
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of projects BMBF-MiWa, BASEMAN, QUASIMEME, and
SCCWRP). Becker et al. presented the results of ILC for the
identification andmass-based quantification ofMP in freshwater
suspended organic matter using different thermoanalytical
methods. They found that participants utilizing Py-GC/MS,
TED-GC/MS, and TGA-FTIR were able to correctly identify all
polymers and to report reasonable quantification results in the
investigated concentration range (PE, 20.0 μg/mg; PP, 5.70 μg/
mg; PS, 2.20 μg/mg; PET, 18.0 μg/mg).125 Isole et al. reported
on results for particle-based analysis of MPs in the size range of
0.4−5.7 mm mixed with 1 L of seawater conducted by 12
laboratories. Because large standard deviations for the data
obtained without using spectroscopic methods (FTIR and
Raman) were found, the authors recommended the spectro-
scopic identification of small MP particles.385 The results of ILC
for 17 laboratories from eight countries analyzing samples
comprised of five different types of MP reference particles (PE,
PVC, PET, PMMA, and PS) with diameters ranging from 8 to
140 μm suspended in ultrapure water were presented by Müller
et al.386 While for the identification of polymer type μ-Raman
and thermoanalytical methods (Py-GC/MS and TED-GC/MS)
performed best, the quantification of polymer mass for identified
polymer types was questionable for thermoanalytical methods,
whereas other methods failed to determine the correct polymer
mass. Quantification of particle number per identified polymer
type was most successful for μ-FTIR. The results indicated
clearly the need for the optimization of individual methods and
for harmonization and standardization of MP analysis.386 The
another recent comparative test organized by the German
Federal Institute of Materials Research and Testing (Bundesan-
stalt für Materialforschung und -prüfung, BAM) was carried out
by 15 laboratories, using MPs made of PE (aged) and PET
imbedded in KBr matrix.387 It was demonstrated that the
different analytical methods for the identification and
quantification of microplastics within the two approaches,
namely thermoanalytical (Py-GC/MA, TED-GC/MS) and
spectroscopic (μ-FTIR and μ-Raman) provide comparable
results. All four analytical methods were able to identify the two
added polymers (PE and PET). For the thermoanalytical
methods, all mass contents fall within the range of the target
value. Recovery was better for PE than for PET, probably due to
the properties of the marker compound. For the spectroscopic
methods, all results are within a z-value of |2.00|, which is
generally considered as a solid result and indicates a satisfactory
measurement accuracy of the participating laboratories. Briefly,
the z-value was calculated according DIN 38402-45,388 a
German standard for round-robin tests. For this, the difference
between the measured value of each individual laboratory (the
mean value of the measurement results within a laboratory) and
the expected value (mean value over all measured values) was
determined and set in relation to the standard deviation over all
measured values.387 The most extended ILC test, where around
100 laboratories from Europe (EU, EFTA, and UK) as well as
from Australia, Asia, and the USA took a part, has been recently
organized by Joint Research Center (JRC), European
Commission, in collaboration with the BAM.389 The partic-
ipants obtained two sample kits, each comprising of PET
particles (size range approximately 30−200 μm with particle
number of 797 ± 151 and particle mass of 293 ± 41 μg as mean
and SD, respectively)373 imbedded in NaCl carrier containing a
surfactant (Triton X-100). The kits were provided together with
a bottle with 950 mL of water (Milli-Q), into which the content
of the vial should be quantitatively transferred and one vial with

60 mL of 0.1% Triton X-100 solution for the transfer of the
NaCl−carrier mixture into the water bottle to generate the
actual test item, i.e., the water sample containing MP particles.
The final report is still in preparation and should be published
soon. The preliminary results were made available for the
participants of ILC test and indicated that μ-(FT)IR and μ-
Raman spectroscopy were the most applied techniques for the
MP analysis (39% and 16% of all participants, respectively),
providing the reliable identification and particle-based quanti-
fication of MPs > 30 μm. Also, the methods applying pyrolysis
combined with GC/MS were found to be suitable for the
identification and mass-based quantification of PET in aqueous
matrices. Furthermore, both qNMR and HPLC provided
reliable results.389 Following ILC tests using different polymers
in the lower micrometer range in simple (e.g., NaCl) or more
complex (e.g., sediment) matrices should help to validate further
different mass-based and particle-based methods for the
chemical analysis of MP in different complex samples and to
contribute to the harmonization and standardization in the field
of MP studies. Because the methods for the identification and
quantification of nanoplastics are still under development, no
comparative tests were carried out yet and will be a subject of
future efforts.

5. SUMMARY AND PERSPECTIVES
Microplastics and, recently, nanoplastics have been recognized
as emerging particulate anthropogenic pollutants, and this
triggered a high scientific and public interest and growing
concern. The urgent questions, on the occurrence of these tiny
particles in the environment, drinking water, food, etc., on their
sources and sinks, on fragmentation and degradation of NMPs,
on the transport and fate of particles and associated (in)organic
contaminants, and, especially, on effects of NMPs on the
environment and human health, stimulated an avalanche of
studies in this field. These studies become more and more
interdisciplinary, including analytical and environmental chem-
istry, polymer and material science, recycling, water and waste
management, agricultural and food science, toxicology, and
medicine as well as social science and legislation.
However, to investigate the high complexity and diversity of

this (probably one of the most challenging) analyte, the essential
necessity to adopt and optimize the existing and to develop and
validate new efficient methods is evident. To fulfill all
requirements, the methods have to enable reliable and sensitive
identification, quantification, and characterization of NMPs in
the entire size range and in different media. Therefore, on the
one hand, time- and cost-efficient methods suitable for the
representative and high throughput analysis are required for
monitoring studies. On the other hand, methods providing
detailed information on the chemical composition, number,
size/size distribution, shape, surface properties, associated
additives, and sorbed contaminants, weathering state, etc., are
needed for better understanding of the NMP fate in the
environment and for thorough assessment of the potential eco-
toxicological risks. Furthermore, by taking into account the
ubiquity of plastic particles and fibers, suitable measures for the
contamination prevention during all steps of the MP analysis
have to be considered.
Sensitive methods for the chemical identification and mass-

based quantification are desired in order to facilitate the regular
and repeated MP analysis, e.g., to monitor the level of MP
pollution and to control the feasibility and efficiency of measures
taken to prevent plastic contamination. These methods have to
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be combined with representative sampling and, in the case of low
MP contents (typical for the most real samples), efficient sample
preparation (e.g., removal of (in)organic matrices or extraction
of soluble polymers). The fractionation using, e.g., cascade
filtration, can suffer from imprecise separation of MPs according
to size classes (e.g., smaller particles can be collected in larger
size fractions due to the filter clogging, while long fibers can
reach lover size classes due to their smaller diameter), but it can
help to achieve (semi)size-related information on the MP
occurrence relatively quickly and efficiently. As discussed above,
nowadays, Py-GC/MS and TED-GC/MS are the most
applicable mass-based methods. While the former is charac-
terized by the higher absolute sensitivity, the latter allows us to
analyze relatively large masses of samples (up to 100 mg, which
is about 200 times larger than those for Py-GC/MS). Therefore,
MP analysis of highly polluted samples (containing more than
0.5−1 wt % for the each of analyzed polymer types) can be
performed without the matrix removal. However, taking into
account that the expected entire MP content in most
environmental and food samples is significantly below 1 wt %,
the efficient sample preparation is required for the both
methods.
The high sensitivity of Py-GC/MS has been already verified

for the detection of NPLs in model and real samples. Moreover,
several very sensitive methods for mass-based analysis of NMPs,
namely Py-GC/ToF, TD-PTR/MS, and MALDI-ToF/MS,
have been recently introduced. Furthermore, soluble polymers
can be efficiently identified and quantified by utilizing Py-GC/
MS as well as q1H NMR and HPLC. While all mass-based
methods are destructive and provide information on MP
contents of single polymer types, regardless of any particle
appearance, they should be considered rather as complementary
than competitive to particle-based methods. Thus, mass-based
methods can be applied in combined studies consecutively, i.e.,
after nondestructive analysis, in order to achieve complementary
data (e.g., detailed information on copolymers, organic
additives, and weathering products, in addition to the data on
polymer masses).
The studies on souses and sinks of plastic particles, on their

fate and transport, on mechanisms and time scales of
fragmentation as well as on eco-toxicological impacts of MPs,
require efficient methods for the chemical identification and
particle-based quantification. Here, representative sampling and
efficient sample preparation are essential. The latter is applied in
order to remove (in)organic matrices which can hamper proper
identification and quantification of MPs and to increase plastic/
nonplastic ratio, thus facilitating representative analysis for
similar time efforts. These methods have to deliver reliable
information on the occurrence of MPs and, hence, to provide
solid basis for toxicological tests at environmentally relevant
concentrations. In the context of MP impact on humans,
information on MP contamination of drinking water, food, and
especially air (which is assumed to be the main source of the
NMP uptake by humans, including plastic particles and fibers) is
highly desirable. Generally, the (further) development and
optimization of methods for MP studies down to lower μ-range
and, in particular, nanometer range are of high importance for
the understanding of risks associated with NMPs because
smaller particles are considered to be more hazardous.
Among all methods, including both mass-based and particle-

based, IR spectroscopy, which has been already applied in the
first MP study conducted by Thompson et al. in 2004,16 remains
the most applicable. This can be explained by the accessibility of

instruments (e.g., ATR-FTIR are available in most analytical
laboratories) and also by the reliability of measurements. To
tackle the problem of strong water absorption, the thorough
drying of the samples is required before the analysis. Being
combined with microscopy (μ-FTIR), this method becomes
applicable for the identification and particle-based quantification
(including information on particle number, size/size distribu-
tion, and shape) with spatial resolution down to approximately
10−20 μm. The utilization of FPA-based detection, where
several detectors are placed in a grid pattern, allows for the time
efficient μ-FTIR analysis of large filter areas, providing the so-
called hyperspectral imaging (which combines spatial and
spectral information in one huge data set). This technique has
been automated, already resulting in several detailed monitoring
studies of different environmental samples, drinking water, and
food. Recently, a promising alternative approach, where
quantum cascade laser is applied as the light source, has been
introduced for theMP analysis. Furthermore, HIS utilizing near-
or mid-IR range has been shown to have a high potential for fast
screening of samples even without sample preparation.
Another type of vibrational spectroscopy, namely μ-Raman

spectroscopy, is an efficient method for the chemical
identification and quantification of MPs down to 1 μm (and
even NPLs down to approximately 300 nm). While this method
is applicable for the analysis of MPs in the entire size range, and
can detect more particles in the same size range than μ-FTIR
spectroscopy, the real power of μ-Raman lies in the analysis of
particles smaller than 10−20 μm, which cannot be assessed by
conventional IR techniques. However, the μ-Raman analysis is
usually more time-consuming and often suffers from the
fluorescence interference (which can be minimized by the
proper sample preparation and optimization of measurement
parameters). Because FPA detectors are not applicable for the
Raman instrumentation, only small images are usually obtained.
Therefore, the particle recognition approach, utilizing optical
image with the subsequent μ-Raman analysis in particle-by-
particle mode, is used in this case. Meanwhile, commercial and
also open-source programs for the automated Raman analysis,
enabling detection, identification, and quantification of
thousands of (plastic) particles and fibers on the filter, are
available. IR and Raman spectroscopy, being complementary,
can be efficiently applied for detailed analysis of MP samples. In
this context, a novel technique of optical photothermal IR
spectroscopy enables simultaneous measurements of IR
absorption and Raman scattering at the same location and
with the same spatial resolution, thus opening unique
possibilities for the complementary NMP analysis down to
approximately 1 μm and even below.
It is important to stress that for the reliable identification of

MPs in environmental and food samples by both (FT)IR and
Raman spectroscopy, suitable spectral libraries are required. To
ensure the correct identification, these libraries have to include
spectra not only for pristine but also for pigmented and
weathered plastics as well as for nonplastic materials.
Alternatively, model-based classificationmethods can be applied
for the data analysis, wheremultivariatemodels of the actual data
are used for the identification.
Besides classical μ-Raman spectroscopy, nonconventional

Raman techniques, namely anti-Stokes Raman scattering and
stimulated Raman scattering, were shown to have a potential for
the MP analysis. While complex setups are needed, these
techniques do not suffer from the fluorescence interference and
enable the fast and sensitive identification and quantification of
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MPs. Furthermore, the applicability of ToF-SIMS for the
analysis of MPs down to lower μ-range has been recently
demonstrated.
To facilitate the representative and high throughput analysis

of MPs using particle-based methods, the automation of the
measurements and data processing is inevitable. Furthermore,
statistical models to calculate the minimum number of particles
which have to be analyzed for statistically meaningful results
have been developed. However, especially for the MP analysis in
the lower size range, additional approaches are needed, in order
to accelerate the recognition of potentially MP particles. Here, a
combination of fluorescent staining (e.g., using Nile Red dye)
with the subsequent automated (FT)IR (down to 10 μm) or
Raman (down to 1 μm) analysis appears promising.
The comparison, harmonization, and standardization within

both mass-based and particle-based methods as well as between
these two principally different, but highly complementary
approaches are needed in order to validate the methods and
to obtain an overall picture of the MP occurrence. For this
purpose, several interlaboratory comparison tests have already
been conducted. However, the availability of suitable reference
materials which mimic real MPs, including different polymer
types, broad size range, and different shapes is still limited,
hampering the development of harmonized and standardized
methods for the MP analysis. Methods for the identification and
quantification of NPLs are still under development, and
therefore their comparison and harmonization will be a topic
of future studies.
Extended studies onMP occurrence in the entire size range (1

μm to 1 mm and 1 mm to 5 mm for MPs and large MPs,
respectively) and systematic comparison of achieved results are
still to be conducted. These studies will help us to assess the
differences in the chemical identity of MP particles in different
size classes and to understand the relation between size/size
range of MP particles and their number concentrations. This
information is not only important for the risk assessment but can
also allow us to identify suitable criteria and proxy functions for
the prediction of MP concentration in the lower μ-range (e.g.,
data on the MP occurrence down to 50 μm can be utilized to
estimate MP concentrations down to 1 μm). This knowledge,
inter alia, can be used for the development of time- and cost-
efficient in situ and fieldmethods for the routine analysis ofMPs.
The detailed characterization of MPs will require the

combination of complementary and development of new
methods. They are necessary for understanding the behavior
of NMP particles, their fragmentation and (bio)degradation,
transport and release of (in)organic additives, weathering
products, sorbed chemicals, and (pathogenic and/or antibiotic
resistant) microorganisms. For the analysis of particle
morphology and surface properties, SEM/EDX is often applied
in a combination with spectroscopic methods. Here, the
correlative SEM-Raman approach is shown to be efficient for
the morphological and chemical characterization of small MPs
and also NMPs down to 100 nm. Furthermore, detailed
information on metals, associated with NMPs in a form of
additives and/or sorbed inorganic contaminants can be achieved
by the application of (SP)-ICP-MS. While the present review is
focused on the chemical analysis of NMPs as particulate
anthropogenic analyte and, hence, research topics on sorbed
chemicals and microbial communities are not addressed, these
issues must be kept in mind when evaluating eco-toxicological
effects caused by NMPs.

Special efforts will be necessary for the (further) development,
optimization, and validation of methods suitable for the analysis
of nanoplastics. NPLs are expected to have greater eco-
toxicological impacts. On the one hand, these tiny particles
may penetrate through cell membranes. On the other hand, due
to their large surface-to-volume ratio, NPLs may sorb larger
amounts of external chemicals as compared to MPs of the same
mass and therefore are assumed to have the Trojan horse effect
in the transport of contaminants. For the detailed character-
ization of NPLs, the methods allowing nanoscale resolution are
required. Here, SEM/EDX, the combination of SEM and
Raman instrumentations as well as near-field spectroscopic
methods (namely AFM-IR and nano-FTIR) are found to be very
useful.
To obtain reliable and representative information on the

occurrence of NPLs in the environment, drinking water, and
food, combined approaches are necessary which allow for (i)
efficient preconcentration, enrichment, and size fractionation,
(ii) determination of numbers as well as sizes (and shape) of
particles, and (iii) chemical identification. For the analysis of
inorganic NPL constituents, the methods developed in the field
of engineered nanoparticles studies, namely SP-ICP-MS and SP-
ICP-ToF/MS, will be efficient. For the chemical identification of
NPL polymers, the methods already applicable in the field of
MPs studies can be adopted. In this context, the combination of
FFF methods (including particle characterization by UV- and
MALS detectors) with the offline (e.g., using Py-GC/MS) or
online (using μ-Raman spectroscopy) NPLs identification has
demonstrated first promising results. However, the development
of more sensitive detectors for the online analysis of NPLs is
highly desirable. Here, the combination of FFF with stimulated
Raman scattering approach seems to have a high potential.
Furthermore, the (further) development of the efficient
preconcentration and enrichment of NPLs remains to be a
critical prerequisite for the feasible analysis of NPL particles in
real samples.
Although the systematic work on the optimization, harmo-

nization, and standardization of methods for the MP analysis as
well as (further) development in the field of NPLs are in
progress, substantial advances have been already achieved. The
knowledge gained so far is essential for:

• Evaluation of the NMP occurrence in environmental and
food samples, the clarification of their sources and sinks,
transport and fate, and, hence, the development of
appropriate mitigation measures.

• Understanding of NMP impacts on the environment and
human health, which expected to be diverse for NMPs
with different characteristics.

• Development of polymer materials with desired proper-
ties and clear life cycle, in order to prevent uncontrolled
release of NMP particles and fibers in the environment
and their occurrence in drinking water and food
(including conventional polymers, foreseen for recycling
as well as biodegradable materials for different applica-
tions, e.g., in agriculture, food packaging and medicine).

Thus, the unforeseen problem of plastic pollution, which
followed huge advances in technology, medicine, and lifestyle
due to the development of versatile polymer materials, fosters
intense research efforts in the field of NMPs. The gained
knowledge will hopefully help in preventing such undesirable
side effects for novel materials in the future.
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To tackle the challenges associated with the analysis of NMPs
as particulate anthropogenic pollutants, many available
analytical methods have been adopted and optimized. On the
other hand, numerous novel approaches have been developed
for the comprehensive analysis of this complex and diverse
analyte. These approaches enable the automated recognition,
characterization, chemical identification, and quantification of
(plastic) microparticles as well as automated data processing,
and thus the reliable and representative MP analysis can be
achieved. Furthermore, the efficient characterization of NPLs
can be realized by combining the size fractionation and (online)
chemical identification. The developed methods open new
possibilities for applications in fields far beyond the NMP
research, where information on the chemical composition of
(complex) particles including (in)organic and (micro)biological
origin is desired together with robust data on particle number,
size/size distribution, and shapes. For example, these methods
could be applied for the development and characterization of
particles with tailored properties for catalysis and pharmacology,
while in microbiology, the representative and detailed analysis of
morphological and chemical characteristics of samples can be
achieved. Thus, NMP research is likely to play a role of an
efficient catalyst, stimulating development of novel analytical
methods for multiple interdisciplinary fields.
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ABBREVIATIONS
ACP = acrylic copolymer
AFM = atomic force microscopy
ATR = attenuated total reflection
CT = charge transfer
CPE = cloud point extraction
CARS = coherent anti-Stokes Raman scattering
CP = Curie point pyrolyzer
DSC = differential scanning calorimetry
DOM = dissolved organic matter
EM-CCD = electron-multiplying charge coupled device
detector
EDX = energy dispersive X-ray spectroscopy
EGA = evolved gas analysis
EC = external cavity
FFF = asymmetrical FFF or AF4 centrifugal FFF or CF3,
field-flow fractionation
FC = flow cytometry
FPA = focal plane array detector
FTIR = Fourier transform infrared spectroscopy
GPC = gel permeation chromatography
HPLC = high performance liquid chromatography
HQI = hit quality index
HDC = hydrodynamic chromatography
HIS = hyperspectral imaging
ICP-MS = inductively coupled plasma mass spectrometry
ILC = interlaboratory comparison test
LDIR = laser direct infrared analysis
LOD = limit of detection
LOQ = limit of quantification
LSPR = localized surface plasmon resonance
MALDI-ToF/MS = matrix-assisted laser desorption/ioniza-
tion time-of-flight mass spectrometry
MCT = mercury cadmium telluride detector
MF = micro furnace pyrolyzer
MPs = microplastics
MIR = mid-infrared region
MALS = multiangle light scattering detector
NPLs = nanoplastics
NMPs = nanoplastics and microplastics
NOM = natural organic matter
NIR = near-infrared region
NASG = North Atlantic Subtropical Gyre
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OES = optical emission spectroscopy
O-PT = optical photothermal IR spectroscopy
PLS-DA = partial least-squares discriminant analysis
PAN = polyacrylonitrile
ABS = poly(acrylonitrile-co-styrene-co-butadiene)
PA = polyamide
PB = polybutadiene
PCL = polycaprolactone
PBAT = polybutylene adipate-co-terephthalate
PE = polyethylene
HDPE = PE of high density
LDPE = PE of low density
PET = polyethylene terephthalate
PES = polyester
PI = polyisoprene
PLA = polylactide
PMMA = poly(methyl methacrylate)
PP = polypropylene
PS = polystyrene
PTFE = polytetrafluoroethylene
PUR = polyurethane
PVA = poly(vinyl acetate)
PVC = polyvinyl chloride
PLE = pressured liquid extraction
PCA = principal component analysis
Py-GC/MS = pyrolysis gas chromatography mass spectrom-
etry
QA = quality assurance
QC = quality control
q1H NMR = quantitative protonnuclear magnetic resonance
QCL = quantum cascade laser
RDS = random decision forest classifiers
ROI = region of interest
SEM = scanning electron microscopy
SNOM = scanning near-field optical microscopy
STM = scanning tunneling microscopy
SI = single-particle mode ICP-MS
SEC = size-exclusion chromatography
SIMCA = soft independent modeling of class analogy models
SRS = stimulated Raman scattering
SBR = styrene−butadiene rubber
SVR = support vector machine regression
SERS = surface-enhanced Raman scattering
THF = tetrahydrofuran
TD-PTR/MS = thermal desorption-proton transfer reaction-
mass spectrometry
TDU = thermal desorption unit
TED = thermo-extraction and desorption GC/MS
TGA = thermogravimetric analyzer
ToF-SIMS = time-of-flight secondary ion mass spectrometry
TERS = tip-enhanced Raman spectroscopy
TRWPs = tire and road wear particles
TWP = tire wear particles
TEM = transmission electron microscopy
UMAP = uniform manifold approximation and projection
WWTPs = wastewater treatment plants
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F.; Kühn, S.; Bravo Rebolledo, E. L.; Heße, E.; Mielke, L.; Ijzer, J.;
Kamminga, P.; et al. Microplastic in a Macro Filter Feeder: Humpback
Whale Megaptera Novaeangliae. Mar. Pollut. Bull. 2015, 95, 248−252.
(166) Wu, P.; Tang, Y.; Dang, M.; Wang, S.; Jin, H.; Liu, Y.; Jing, H.;
Zheng, C.; Yi, S.; Cai, Z. Spatial-Temporal Distribution ofMicroplastics
in Surface Water and Sediments of Maozhou River within Guangdong-
Hong Kong-Macao Greater Bay Area. Sci. Total Environ. 2020, 717,
135187.
(167)Woodall, L. C.; Sanchez-Vidal, A.; Canals, M.; Paterson, G. L. J.;
Coppock, R.; Sleight, V.; Calafat, A.; Rogers, A. D.; Narayanaswamy, B.
E.; Thompson, R. C. The Deep Sea Is a Major Sink for Microplastic
Debris. R. Soc. Open Sci. 2014, 1, 140317−140317.
(168) Enders, K.; Käppler, A.; Biniasch, O.; Feldens, P.; Stollberg, N.;
Lange, X.; Fischer, D.; Eichhorn, K.-J.; Pollehne, F.; Oberbeckmann, S.;
et al. Tracing Microplastics in Aquatic Environments Based on
Sediment Analogies. Sci. Rep. 2019, 9, 15207.
(169) Piehl, S.; Leibner, A.; Löder, M. G. J.; Dris, R.; Bogner, C.;
Laforsch, C. Identification and Quantification of Macro- and
Microplastics on an Agricultural Farmland. Sci. Rep. 2018, 8, 17950.
(170) Ziajahromi, S.; Neale, P. A.; Rintoul, L.; Leusch, F. D. L.
Wastewater Treatment Plants as a Pathway for Microplastics:
Development of a New Approach to Sample Wastewater-Based
Microplastics. Water Res. 2017, 112, 93−99.
(171) Tagg, A. S.; Sapp, M.; Harrison, J. P.; Ojeda, J. J. Identification
and Quantification of Microplastics in Wastewater Using Focal Plane
Array-Based Reflectance Micro-FT-IR Imaging. Anal. Chem. 2015, 87,
6032−6040.
(172) Trainic, M.; Flores, J. M.; Pinkas, I.; Pedrotti, M. L.; Lombard,
F.; Bourdin, G.; Gorsky, G.; Boss, E.; Rudich, Y.; Vardi, A.; et al.
Airborne Microplastic Particles Detected in the Remote Marine
Atmosphere. Commun. Earth. Environ. 2020, 1, 64.
(173) Cai, L.; Wang, J.; Peng, J.; Tan, Z.; Zhan, Z.; Tan, X.; Chen, Q.
Characteristic of Microplastics in the Atmospheric Fallout from
Dongguan City, China: Preliminary Research and First Evidence.
Environ. Sci. Pollut. Res. 2017, 24, 24928−24935.
(174) Weisser, J.; Beer, I.; Hufnagl, B.; Hofmann, T.; Lohninger, H.;
Ivleva, N. P.; Glas, K. From the Well to the Bottle: Identifying Sources
of Microplastics in Mineral Water. Water 2021, 13, 841.
(175) Yang, D.; Shi, H.; Li, L.; Li, J.; Jabeen, K.; Kolandhasamy, P.
Microplastic Pollution in Table Salts from China. Environ. Sci. Technol.
2015, 49, 13622−13627.
(176) Primpke, S.; Wirth, M.; Lorenz, C.; Gerdts, G. Reference
Database Design for the Automated Analysis of Microplastic Samples
Based on Fourier Transform Infrared (FTIR) Spectroscopy. Anal.
Bioanal. Chem. 2018, 410, 5131−5141.
(177) Renner, G.; Nellessen, A.; Schwiers, A.;Wenzel,M.; Schmidt, T.
C.; Schram, J. Data Preprocessing & Evaluation Used in the
Microplastics Identification Process: A Critical Review & Practical
Guide. TrAC, Trends Anal. Chem. 2019, 111, 229−238.
(178) Cowger, W.; Gray, A.; Christiansen, S. H.; DeFrond, H.;
Deshpande, A. D.; Hemabessiere, L.; Lee, E.; Mill, L.; Munno, K.;
Ossmann, B. E.; et al. Critical Review of Processing and Classification
Techniques for Images and Spectra in Microplastic Research. Appl.
Spectrosc. 2020, 74, 989−1010.
(179) Renner, G.; Schmidt, T. C.; Schram, J. A New Chemometric
Approach for Automatic Identification of Microplastics from Environ-
mental Compartments Based on FT-IR Spectroscopy. Anal. Chem.
2017, 89, 12045−12053.
(180) Hufnagl, B.; Steiner, D.; Renner, E.; Löder, M. G. J.; Laforsch,
C.; Lohninger, H. A Methodology for the Fast Identification and
Monitoring of Microplastics in Environmental Samples Using Random
Decision Forest Classifiers. Anal. Methods 2019, 11, 2277−2285.
(181) Löder, M. G. J.; Kuczera, M.; Mintenig, S.; Lorenz, C.; Gerdts,
G. Focal Plane Array Detector-Based Micro-Fourier-Transform
Infrared Imaging for the Analysis of Microplastics in Environmental
Samples. Environ. Chem. 2015, 12, 563−581.
(182) Käppler, A.; Windrich, F.; Löder, M. G. J.; Malanin, M.; Fischer,
D.; Labrenz, M.; Eichhorn, K.-J.; Voit, B. Identification of Microplastics

by FTIR and Raman Microscopy: A Novel Silicon Filter Substrate
Opens the Important Spectral Range Below 1300 cm-1 for FTIR
Transmission Measurements. Anal. Bioanal. Chem. 2015, 407, 6791−
6801.
(183) Käppler, A.; Fischer, D.; Oberbeckmann, S.; Schernewski, G.;
Labrenz, M.; Eichhorn, K.-J.; Voit, B. Analysis of Environmental
Microplastics by Vibrational Microspectroscopy: FTIR, Raman or
Both? Anal. Bioanal. Chem. 2016, 408, 8377−8391.
(184) Tagg, A. S.; Sapp, M.; Harrison, J. P.; Sinclair, C. J.; Bradley, E.;
Ju-Nam, Y.; Ojeda, J. J. Microplastic Monitoring at Different Stages in a
Wastewater Treatment Plant Using Reflectance Micro-FTIR Imaging.
Front. Environ. Sci. 2020, 8, 145.
(185) Oßmann, B. E.; Sarau, G.; Schmitt, S. W.; Holtmannspötter, H.;
Christiansen, S. H.; Dicke, W. Development of an Optimal Filter
Substrate for the Identification of Small Microplastic Particles in Food
byMicro-Raman Spectroscopy. Anal. Bioanal. Chem. 2017, 409, 4099−
4109.
(186) ter Halle, A.; Ladirat, L.; Martignac, M.; Mingotaud, A. F.;
Boyron, O.; Perez, E. ToWhat Extent AreMicroplastics from the Open
Ocean Weathered? Environ. Pollut. 2017, 227, 167−174.
(187) von der Esch, E.; Lanzinger, M.; Kohles, A. J.; Schwaferts, C.;
Weisser, J.; Hofmann, T.; Glas, K.; Elsner, M.; Ivleva, N. P. Simple
Generation of Suspensible Secondary Microplastic Reference Particles
Via Ultrasound Treatment. Front. Chem. (Lausanne, Switz.) 2020, 8,
169.
(188) Dris, R.; Gasperi, J.; Saad, M.; Mirande, C.; Tassin, B. Synthetic
Fibers in Atmospheric Fallout: A Source of Microplastics in the
Environment? Mar. Pollut. Bull. 2016, 104, 290−293.
(189) Dris, R.; Gasperi, J.; Rocher, V.; Tassin, B. Synthetic and Non-
Synthetic Anthropogenic Fibers in a River under the Impact of Paris
Megacity: Sampling Methodological Aspects and Flux Estimations. Sci.
Total Environ. 2018, 618, 157−164.
(190) Vianello, A.; Boldrin, A.; Guerriero, P.; Moschino, V.; Rella, R.;
Sturaro, A.; Da Ros, L. Microplastic Particles in Sediments of Lagoon of
Venice, Italy: First Observations on Occurrence, Spatial Patterns and
Identification. Estuarine, Coastal Shelf Sci. 2013, 130, 54−61.
(191) Salzer, R.; Siesler, H. W. Infrared and Raman Spectroscopic
Imaging; Wiley-VCH Verlag GmbH & Co. KGaA: Weinheim, 2009.
(192) Primpke, S. A.; Dias, P. A.; Gerdts, G. Automated Identification
and Quantification of Microfibres and Microplastics. Anal. Methods
2019, 11, 2138−2147.
(193) Imhof, H. K.; Schmid, J.; Niessner, R.; Ivleva, N. P.; Laforsch, C.
A Novel, Highly Efficient Method for the Separation and
Quantification of Plastic Particles in Sediments of Aquatic Environ-
ments. Limnol. Oceanogr.: Methods 2012, 10, 524−537.
(194) Coppock, R. L.; Cole, M.; Lindeque, P. K.; Queirós, A. M.;
Galloway, T. S. A Small-Scale, Portable Method for Extracting
Microplastics from Marine Sediments. Environ. Pollut. 2017, 230,
829−837.
(195) Al-Azzawi, M. S. M.; Kefer, S.; Weißer, J.; Reichel, J.; Schwaller,
C.; Glas, K.; Knoop, O.; Drewes, J. E. Validation of Sample Preparation
Methods for Microplastic Analysis in Wastewater Matrices
Reproducibility and Standardization. Water 2020, 12, 2445.
(196) Tagg, A. S.; Harrison, J. P.; Ju-Nam, Y.; Sapp, M.; Bradley, E. L.;
Sinclair, C. J.; Ojeda, J. J. Fenton’s Reagent for the Rapid and Efficient
Isolation of Microplastics from Wastewater. Chem. Commun. 2017, 53,
372−375.
(197) Loeder, M. G. J.; Imhof, H. K.; Ladehoff, M.; Loeschel, L. A.;
Lorenz, C.;Mintenig, S.; Piehl, S.; Primpke, S.; Schrank, I.; Laforsch, C.;
et al. Enzymatic Purification of Microplastics in Environmental
Samples. Environ. Sci. Technol. 2017, 51, 14283−14292.
(198) Lusher, A. L.; Munno, K.; Hermabessiere, L.; Carr, S. Isolation
and Extraction of Microplastics from Environmental Samples: An
Evaluation of Practical Approaches and Recommendations for Further
Harmonization. Appl. Spectrosc. 2020, 74, 1049−1065.
(199) Liu, F.; Vianello, A.; Vollertsen, J. Retention of Microplastics in
Sediments of Urban and Highway Stormwater Retention Ponds.
Environ. Pollut. 2019, 255, 113335.

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.1c00178
Chem. Rev. 2021, 121, 11886−11936

11930

https://doi.org/10.1016/j.marpolbul.2015.04.007
https://doi.org/10.1016/j.marpolbul.2015.04.007
https://doi.org/10.1016/j.scitotenv.2019.135187
https://doi.org/10.1016/j.scitotenv.2019.135187
https://doi.org/10.1016/j.scitotenv.2019.135187
https://doi.org/10.1098/rsos.140317
https://doi.org/10.1098/rsos.140317
https://doi.org/10.1038/s41598-019-50508-2
https://doi.org/10.1038/s41598-019-50508-2
https://doi.org/10.1038/s41598-018-36172-y
https://doi.org/10.1038/s41598-018-36172-y
https://doi.org/10.1016/j.watres.2017.01.042
https://doi.org/10.1016/j.watres.2017.01.042
https://doi.org/10.1016/j.watres.2017.01.042
https://doi.org/10.1021/acs.analchem.5b00495?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.5b00495?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.5b00495?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s43247-020-00061-y
https://doi.org/10.1038/s43247-020-00061-y
https://doi.org/10.1007/s11356-017-0116-x
https://doi.org/10.1007/s11356-017-0116-x
https://doi.org/10.3390/w13060841
https://doi.org/10.3390/w13060841
https://doi.org/10.1021/acs.est.5b03163?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s00216-018-1156-x
https://doi.org/10.1007/s00216-018-1156-x
https://doi.org/10.1007/s00216-018-1156-x
https://doi.org/10.1016/j.trac.2018.12.004
https://doi.org/10.1016/j.trac.2018.12.004
https://doi.org/10.1016/j.trac.2018.12.004
https://doi.org/10.1177/0003702820929064
https://doi.org/10.1177/0003702820929064
https://doi.org/10.1021/acs.analchem.7b02472?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.7b02472?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.7b02472?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C9AY00252A
https://doi.org/10.1039/C9AY00252A
https://doi.org/10.1039/C9AY00252A
https://doi.org/10.1071/EN14205
https://doi.org/10.1071/EN14205
https://doi.org/10.1071/EN14205
https://doi.org/10.1007/s00216-015-8850-8
https://doi.org/10.1007/s00216-015-8850-8
https://doi.org/10.1007/s00216-015-8850-8
https://doi.org/10.1007/s00216-015-8850-8
https://doi.org/10.1007/s00216-016-9956-3
https://doi.org/10.1007/s00216-016-9956-3
https://doi.org/10.1007/s00216-016-9956-3
https://doi.org/10.3389/fenvs.2020.00145
https://doi.org/10.3389/fenvs.2020.00145
https://doi.org/10.1007/s00216-017-0358-y
https://doi.org/10.1007/s00216-017-0358-y
https://doi.org/10.1007/s00216-017-0358-y
https://doi.org/10.1016/j.envpol.2017.04.051
https://doi.org/10.1016/j.envpol.2017.04.051
https://doi.org/10.3389/fchem.2020.00169
https://doi.org/10.3389/fchem.2020.00169
https://doi.org/10.3389/fchem.2020.00169
https://doi.org/10.1016/j.marpolbul.2016.01.006
https://doi.org/10.1016/j.marpolbul.2016.01.006
https://doi.org/10.1016/j.marpolbul.2016.01.006
https://doi.org/10.1016/j.scitotenv.2017.11.009
https://doi.org/10.1016/j.scitotenv.2017.11.009
https://doi.org/10.1016/j.scitotenv.2017.11.009
https://doi.org/10.1016/j.ecss.2013.03.022
https://doi.org/10.1016/j.ecss.2013.03.022
https://doi.org/10.1016/j.ecss.2013.03.022
https://doi.org/10.1039/C9AY00126C
https://doi.org/10.1039/C9AY00126C
https://doi.org/10.4319/lom.2012.10.524
https://doi.org/10.4319/lom.2012.10.524
https://doi.org/10.4319/lom.2012.10.524
https://doi.org/10.1016/j.envpol.2017.07.017
https://doi.org/10.1016/j.envpol.2017.07.017
https://doi.org/10.3390/w12092445
https://doi.org/10.3390/w12092445
https://doi.org/10.3390/w12092445
https://doi.org/10.1039/C6CC08798A
https://doi.org/10.1039/C6CC08798A
https://doi.org/10.1021/acs.est.7b03055?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.7b03055?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1177/0003702820938993
https://doi.org/10.1177/0003702820938993
https://doi.org/10.1177/0003702820938993
https://doi.org/10.1177/0003702820938993
https://doi.org/10.1016/j.envpol.2019.113335
https://doi.org/10.1016/j.envpol.2019.113335
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00178?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(200) Poulain, M.; Mercier, M. J.; Brach, L.; Martignac, M.;
Routaboul, C.; Perez, E.; Desjean, M. C.; ter Halle, A. Small
Microplastics as a Main Contributor to Plastic Mass Balance in the
North Atlantic Subtropical Gyre. Environ. Sci. Technol. 2019, 53, 1157−
1164.
(201) Brandt, J.; Bittrich, L.; Fischer, F.; Kanaki, E.; Tagg, A.; Lenz, R.;
Labrenz,M.; Brandes, E.; Fischer, D.; Eichhorn, K.-J. High-Throughput
Analyses of Microplastic Samples Using Fourier Transform Infrared
and Raman Spectrometry. Appl. Spectrosc. 2020, 74, 1185−1197.
(202) Kang, H.; Park, S.; Lee, B.; Ahn, J.; Kim, S. Modification of a
Nile Red Staining Method for Microplastics Analysis: A Nile Red Plate
Method. Water 2020, 12, 3251.
(203) Maes, T.; Jessop, R.; Wellner, N.; Haupt, K.; Mayes, A. G. A
Rapid-Screening Approach to Detect and Quantify Microplastics Based
on Fluorescent Tagging with Nile Red. Sci. Rep. 2017, 7, 44501.
(204) Mason, S. A.; Welch, V. G.; Neratko, J. Synthetic Polymer
Contamination in Bottled Water. Front. Chem. 2018, 6, 407.
(205) Harrison, J. P.; Ojeda, J. J.; Romero-Gonzalez, M. E. The
Applicability of Reflectance Micro-Fourier-Transform Infrared Spec-
troscopy for the Detection of Synthetic Microplastics in Marine
Sediments. Sci. Total Environ. 2012, 416, 455−463.
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