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Chapter 2 )
Analytical Chemistry of Plastic Debris: Sk
Sampling, Methods, and Instrumentation

Robert C. Hale, Meredith E. Seeley, Ashley E. King, and Lehuan H. Yu

Abstract Approaches for the collection and analysis of plastic debris in environ-
mental matrices are rapidly evolving. Such plastics span a continuum of sizes,
encompassing large (macro-), medium (micro-, typically defined as particles
between 1 pm and 5 mm), and smaller (nano-) plastics. All are of environmental
relevance. Particle sizes are dynamic. Large plastics may fragment over time, while
smaller particles may agglomerate in the field. The diverse morphologies (fragment,
fiber, sphere) and chemical compositions of microplastics further complicate their
characterization. Fibers are of growing interest and present particular analytical
challenges due to their narrow profiles. Compositional classes of emerging concern
include tire wear, paint chips, semisynthetics (e.g., rayon), and bioplastics. Plastics
commonly contain chemical additives and fillers, which may alter their toxicologi-
cal potency, behavior (e.g., buoyancy), or detector response (e.g., yield fluorescence)
during analysis. Field sampling methods often focus on >20 pm and even >300 pm
sized particles and will thus not capture smaller microplastics (which may be most
abundant and bioavailable). Analysis of a limited subgroup (selected polymer types,
particle sizes, or shapes) of microplastics, while often operationally necessary, can
result in an underestimation of actual sample content. These shortcomings compli-
cate calls for toxicological studies of microplastics to be based on “environmentally
relevant concentrations.” Sample matrices of interest include water (including
wastewater, ice, snow), sediment (soil, dust, wastewater sludge), air, and biota.
Properties of the environment, and of the particles themselves, may concentrate
plastic debris in select zones (e.g., gyres, shorelines, polar ice, wastewater sludge).
Sampling designs should consider such patchy distributions. Episodic releases due
to weather and anthropogenic discharges should also be considered. While water
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grab samples and sieving are commonplace, novel techniques for microplastic isola-
tion, such as continuous flow centrifugation, show promise. The abundance of non-
plastic particulates (e.g., clay, detritus, biological material) in samples interferes
with microplastic detection and characterization. Their removal is typically accom-
plished using a combination of gravity separation and oxidative digestion (including
strong bases, peroxide, enzymes); unfortunately, aggressive treatments may damage
more labile plastics. Microscope-based infrared or Raman detection is often applied
to provide polymer chemistry and morphological data for individual microplastic
particles. However, the sheer number of particles in many samples presents logisti-
cal hurdles. In response, instruments have been developed that employ detector
arrays and rapid scanning lasers. The addition of dyes to stain particulates may
facilitate spectroscopic detection of some polymer types. Most researchers provide
microplastic data in the form of the abundances of polymer types within particle
size, polymer, and morphology classes. Polymer mass data in samples remain rare
but are essential to elucidating fate. Rather than characterizing individual particles
in samples, solvent extraction (following initial sample prep, such as sediment size
class sorting), combined with techniques such as thermoanalysis (e.g., pyrolysis),
has been used to generate microplastic mass data. However, this may obviate the
acquisition of individual particle morphology and compositional information.
Alternatively, some techniques (e.g., electron and atomic force microscopy and
matrix-assisted laser desorption mass spectrometry) are adept at providing highly
detailed data on the size, morphology, composition, and surface chemistry of select
particles. Ultimately, the analyst must select the approach best suited for their study
goals. Robust quality control elements are also critical to evaluate the accuracy and
precision of the sampling and analysis techniques. Further, improved efforts are
required to assess and control possible sample contamination due to the ubiquitous
distribution of microplastics, especially in indoor environments where samples are
processed.

Abbreviations

ABS Acrylonitrile butadiene styrene

AFM Atomic force microscopy

APPI Atmospheric pressure photoionization
ATR Attenuated total reflectance

BPA Bisphenol A

DART Direct analysis in real time

DCM Dichloromethane (methylene chloride)
DESI Desorption electrospray ionization
EA/IRMS FElemental analyzer/isotope ratio mass spectrometry
EDS Energy-dispersive X-ray spectroscopy

EM Electron microscopy
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ESCA
EVA
FM
FPA

FR
FTIR
GC
GPC
HDPE
HRMS
IR

LC
LC-MS/MS
LDPE
LOD
m/z
MALDI
MP
MPSS
MS
MW
NP

NR
O-PTIR
PA

PC

PE

PET

PP

PS

PU
PVC
Py-GC/MS
QA

QC
Q-TOF
rpm

RT

SEC
SEM
SFC
TD-PTR-MS
TED-GC/MS

TEM
TGA

Electron spectroscopy for chemical analysis
Ethylene vinyl acetate

Fluorescence microscopy

Focal plane array

Flame retardant

Fourier transform infrared spectroscopy
Gas chromatography

Gel permeation chromatography
High-density polyethylene
High-resolution mass spectrometry
Infrared (spectroscopy)

Liquid chromatography

Liquid chromatography/tandem mass spectrometry
Low-density polyethylene

Limit of detection

Mass-to-charge ratio

Matrix-assisted laser desorption/ionization
Microplastic

Munich plastic sediment separator
Mass spectrometry

Molecular weight

Nanoplastic

Nile red

Optical photothermal IR

Polyamide

Polycarbonate

Polyethylene

Poly(ethylene terephthalate)
Polypropylene

Polystyrene

Polyurethane

Polyvinyl chloride

Pyrolysis-gas chromatography/mass spectrometry
Quality assurance

Quality control

Quadrupole time of flight

Revolutions per minute

Room temperature

Size exclusion chromatography
Scanning electron microscopy
Superecritical fluid chromatography

Thermal desorption-proton transfer reaction-mass spectrometry

Thermal  extraction  desorption-gas  chromatography/mass

spectrometry
Transmission electron microscopy
Thermogravimetric analysis
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TMAH Tetramethylammonium hydroxide

TOF Time of flight

TOF-SIMS  Time-of-flight secondary ion mass spectrometry
UHMW Ultrahigh molecular weight

UHPLC Ultrahigh performance liquid chromatography

XPS X-ray photoelectron spectroscopy
pFTIR Micro-Fourier transform infrared spectroscopy
pRaman Micro-Raman spectroscopy

2.1 Introduction

To date, the lack of sampling and analytical methods capable of adequately charac-
terizing the diversity of plastic debris in the environment has handicapped studies of
their distribution, fate, and consequences. Plastic debris in the environment exists in
a continuum of sizes. Debris has been classified as macro- (>25 mm), meso-
(5-25 mm), micro- (1 pm to 5 mm), and nanoplastic (<1 pm). Where not differenti-
ated, the use of the term “microplastics” here will mean all particles <5 mm. In the
environment, plastics fragment over time, rates varying depending on polymer com-
position and ambient conditions. As such, size distributions are not static. Most
published methods have been designed to detect only a subset of microplastics
(often those > 300 pm). Hence, resulting measurements are likely underestimates.
Commonly, the number of particles detected in a sample (within a size range) or the
identities of only select polymer types are reported, versus the complete plastic
mass-based concentration. Readers should take these limitations into account when
interpreting published studies. Plastics in the environment exhibit a range of proper-
ties and composition.

Representative sampling followed by comprehensive, accurate analysis of micro-
plastics is a prerequisite for understanding their fate and biological consequences
and for crafting effective solutions. When developing and applying methodologies,
researchers must carefully consider study goals (Fig. 2.1). Both field and controlled
(lab or mesocosm) approaches are needed to answer important questions. Controlled
experiments typically utilize specific, preselected test plastics. A good understand-
ing of plastic composition and properties is essential. Also, while the majority of lab
studies employ un-weathered materials, plastics start to be altered once in use and
following environmental release. The extent of weathering is a function of ambient
conditions and duration, adding further complexity and variability to the microplas-
tics to be analyzed (Luo et al. 2019, 2020; Zhang et al. 2021).

In studies of field-collected samples, the analytical methods typically applied do
not encompass the complete range of plastic characteristics (e.g., polymer type, size,
morphology). Polymers targeted are generally those manufactured in greatest abun-
dance or commonly reported in surveys, e.g., those in single-use containers, such as
polyethylene (PE), poly(ethylene terephthalate) (PET), and polystyrene (PS). This is
comparable to prioritizing high production volume chemicals for monitoring, with-
out factoring in their relative risks or potential to alter ecosystems. To elaborate,
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Fig. 2.1 Researchers must first delineate their study goals and then select appropriate sampling
and analysis approaches. For example, focusing on the detailed characteristics (e.g., size, shape,
texture, composition, extent of weathering) of a few 10 pm microplastic particles (via, e.g.,
MALDI-MS) is informative (represented by the microscope icon). However, such a narrowly
defined focus may not be compatible with a goal of assessing the range of diverse microplastics in,
for example, an entire forested area. Further, ignoring large debris in favor of microplastics alone
is problematic as the former will eventually degrade into many small fragments. Microplastics
present at the time of sampling represent a snapshot of a dynamic situation. Further, remedies such
as removal (and better prevention) of large plastic debris are critical. Documentation and removal
of large debris also can be performed by those lacking sophisticated analytical tools, such as “citi-
zen scientists.” (Photo: Alaskan forest floor adjacent to a marine shoreline. Credit: Ted Raynor,
GoAK.org)

single-use beverage containers are dominant plastic debris components. However,
microplastics (mostly PE, polypropylene (PP), and PET) generated from these may
exhibit modest chemical risk (Lithner et al. 2011), as these products were designed
to present minimal threats to human health. In contrast, e-waste plastics typically
contain percent concentrations by weight of persistent and toxic additives (Singh
et al. 2020), such as flame retardants (Li et al. 2019) and metals (e.g., Cd, Cr, Hg, Pb,
and Sb) at levels that may exceed hazardous waste guidelines (Turner et al. 2019).
Hence, from an ecosystem health perspective, less abundant plastic products might
be disproportionately impactful and worthy of prioritization for analysis.

Some have criticized laboratory-based studies for the use of “unrealistically”
high microplastic concentrations. However, if existing measurements do not ade-
quately represent the true levels present in the environment, this pronouncement
may be hasty (Hale 2018; Covernton et al. 2019). In addition, environmental bur-
dens are increasing at exponential rates, with an estimated doubling rate in, for
example, coastal marine sediments of 15 years (Brandon et al. 2019). The quantifi-
cation of microplastics in surface waters further illustrates this point. Most
approaches to date have deployed sampling gear (e.g., plankton nets) with openings
exceeding 300 pm. Thus, smaller particles may not be retained. Smaller microplas-
tics are more difficult to detect but ironically may be more abundant in environmen-
tal samples (e.g., Enders et al. 2015). They may also present heightened toxicological
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impacts (von Moos et al. 2012; Kogel et al. 2020) due to their ability to infiltrate
tissues (e.g., lung alveoli in mammals) and penetrate cell membranes (Prata et al.
2020). Small microplastics and nanoplastics also exhibit exaggerated surface areas
and thus enhanced capacity for environmental interactions, including contaminant
sorption (Wang et al. 2019).

Spatially, most published monitoring has focused on microplastics at the water’s
surface. Recently, interests in denser polymers and fibers and debris at depth have
emerged. Studies on microplastics in air (Gasperi et al. 2018), soils (Ng et al. 2018),
and sediments (Gomiero et al. 2019) are appearing in growing numbers. For exam-
ple, Choy et al. (2019) observed in vertical transects off Monterey Bay, California,
greater microplastic water concentrations between 200 and 600 m than at the sur-
face. They reported that weathered PET and polyamide (PA) fibers (negatively
buoyant polymers) dominated. Kane et al. (2020) reported up to 1.9 million micro-
plastics (primarily fibers) m=2 in deepwater, sedimentary drift deposits in the
Tyrrhenian Sea. Yu et al. (2018) observed that PET and cellulose-derived fibers
were the major forms on southeastern US coastal beaches. Fibers present additional
sampling and detection challenges due to their elongated shapes and small cross
sections. Hence, analytical methods must be refined to accommodate these.

Additional subclasses of microplastics merit scrutiny. Paint chips and tire wear
fragments have been less studied but are reported to be major components of micro-
plastic debris in some environmental samples (Hale et al. 2020). These present
novel analytical issues and will be discussed later in greater detail. Paint chips have
been observed to be abundant in surface waters with substantial boat traffic (e.g.,
Imhof et al. 2016), as well as near shipyards (Turner 2010). Chips often exhibit
distinct colors, facilitating visual identification. However, they may be quite small
and contain high concentrations of additives that can confound spectra often used
for polymer identification. Pigments can contain toxic organic or metallic com-
pounds, so their identification and health consequences should be assessed (Turner
2010; Luo et al. 2020). Importantly, the ecological repercussions of natural particles
(e.g., cellulose, chitin, and minerals) and processed bio-based (e.g., cellulose ace-
tate, polylactic acid) versus fossil fuel-based plastics merit further evaluation. Their
determination adds an additional layer of analytical considerations.

Recent reviews of microplastic analysis techniques have been published (e.g.,
Hidalgo-Ruz et al. 2012; Loder and Gerdts 2015; Van Cauwenberghe et al. 2015;
Lusher et al. 2017; GESAMP 2019; Fu et al. 2020). Our goals in the subsequent
sections of this chapter will be to present representative accepted, as well as some
more novel approaches, and to describe challenges and conceptual elements.

2.2 About the Analytes

Being complex solids composed primarily of high molecular weight and low vola-
tility polymers, sampling and analytical considerations for plastic debris diverge
from those of more commonly monitored lower molecular weight contaminants,
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such as pesticides or metals. The latter are amenable to well-established and widely
available techniques, such as gas chromatography/mass spectrometry (GC/MS) and
atomic absorption/emission spectroscopy. For plastics, additional characteristics of
interest exist, including polymer composition, particle shape, and size. The immense
diversity of plastic products in commerce, and thus in the environment, makes their
determination challenging (Hale 2017; Rochman et al. 2019). Weathering and abra-
sion during use and following discard may alter size distributions. Even in the lab,
plastic fragmentation can occur. For example, Dawson et al. (2018) observed the
generation of nanoplastics by the stomach and gastric mill of Antarctic krill that were
fed a defined size class of microplastics in the lab. Aggressive treatment of embrit-
tled microplastics during sample preparation may also affect size distributions.

Plastic composition is an essential factor when choosing sampling and analysis
methods as it dictates their fate/behavior in the field and during preparation.
Polymers are composed of repeating units or monomers. Plastics may also be com-
posites (e.g., reinforced with fibers) or copolymers (mixture of different polymers).
Polymer chains can differ in molecular weight within the same plastic. Chains may
be compositionally homogeneous, i.e., consist of the same, or different monomers.
The polymeric chains can be composed of, arranged, and chemically linked in vari-
ous ways. The resulting materials may be amorphous or crystalline, which affects
their properties. Residual monomers, as well as catalysts used in synthesis, may be
retained in plastic products, adding heterogeneity. Plastics are often infused with
additives to achieve the desired color, flame retardancy, flexibility, or other charac-
teristics (Hahladakis et al. 2018). Additive levels, at times reaching percent by
weight levels, can complicate the analysis of the plastics (Lenz et al. 2015) and alter
their environmental fate and behavior. Fillers (e.g., calcium carbonate, clay, talc,
carbon black) may also be incorporated to modify properties or reduce costs and
may interfere with the spectroscopic analysis. Tires are an example of a complex
product, consisting of natural or synthetic rubbers, polymeric and metallic fibers,
carbon black, and a host of additives. Such materials may confound commonly
applied identification techniques such as IR spectroscopy.

Once in the environment, plastic debris chemical composition may be modified
by weathering, complicating analysis. For example, photooxidation can alter spec-
troscopic results by increasing the relative carbonyl to methylene absorbance of
both polymers and additives (Su et al. 2019; Khaled et al. 2018). After release,
debris from diverse sources will intermingle, creating complex heterogeneous
mixtures.

Polymer type, form, and additive content affect physical behavior and toxico-
logical outcomes. For example, Luan et al. (2019) reported that certain functional
groups on PS resulted in differing effects during the key development stages of the
clam Meretrix meretrix. Luo et al. (2019) attributed fluorescent additives, leached
from polyurethane (PU) microplastics, to effects on microalgal photosynthesis.
Hence, composition is important to determine analytically.

To date, the analysis of additives in plastic debris has been limited (e.g.,
Hermabessiere et al. 2017). However, extensive work has been done related to addi-
tive migration from packaging to food (Hahladakis et al. 2018). Considerable
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interest has also arisen regarding environmental contaminants that are polymer
additives, e.g., flame retardants, in indoor dust and subsequent human exposure (Wu
et al. 2007). Analysis of additives is important, but a detailed discussion is beyond
the scope of this chapter.

2.3 Sampling

Depending upon study goals, a variety of environmental matrices have been chosen
for sampling, for example, water, sediments/soils/dust, air, marine snow, plankton,
and specific tissues of larger organisms (e.g., digestive tissues, gills, liver, mus-
cle, etc.).

2.3.1 Aqueous Matrices

Such samples may include natural surface or drinking water, wastewater (influent,
in process or effluent), or precipitation (rain, melted snow, or ice). For natural
waters, the surface microlayer, water column, and sediment interstitial water may be
of particular interest. Each type presents different challenges due to collection
requirements and the level of matrix interferences, as well as the abundance and
characteristics of the plastics therein. Historically, surface water has been most
commonly evaluated due to ease of collection and the presumption that most plas-
tics are buoyant. Recently, data showing substantial microplastics in other environ-
mental compartments have been published (Kooi et al. 2017; Erni-Cassola et al.
2019). Knowledge of site characteristics, such as weather, season and flow patterns,
and basin morphology, are critical to designing appropriate sampling and interpret-
ing results.

Method selection criteria include their ability to retain and quantify the salient
range of particle sizes (and shapes) and should be evaluated by the analyst (Koelmans
et al. 2019). In their global review of small floating plastic debris, van Sebille et al.
(2015) estimated that >90% of the surface water trawls contained meshes >330 pm.
Hence, the sample particle distributions will differ from those in the field (Dai et al.
2018). Approaches that exclude small microplastics will underestimate the total
abundances present (Pabortsava and Lampitt 2020; Covernton et al. 2019). For
example, Dris et al. (2018) reported a 250-fold increase in fiber counts when sam-
pling with an 80 pm versus a 330 pm mesh net. Collection methods may perform
well for spherical microplastics but poorly for elongated fibers or fragments. Fibers
can pass more readily through the mesh, depending on the angle of contact. Changes
in particle collection efficiency over time due to blockage of openings can also
occur (Prata et al. 2019).

Grab sampling of water may be employed to capture smaller particles, e.g., using
buckets for surface and Niskin, Van Dorn, or other remote capture devices at depth.
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In a novel study, Choy et al. (2019) used a remotely operated vehicle equipped with
in situ samplers that pumped water (ranging from 1007 to 2378 m?) through 100 pm
mesh filters at selected depths up to 1000 m. Determination of coincident water
characteristics (e.g., temperature, salinity, suspended solids, chlorophyll content)
may also aid in interpreting microplastic results. Pumping water through a series of
sieve(s) or meshes has also been explored (Prata et al. 2019), permitting larger,
composite samples to be evaluated. Tamminga et al. (2019) observed orders of mag-
nitude higher numbers of microplastics and more efficient collection of fibers by
passing water through a cascade of filters compared to the collection with a manta
net. However, comparatively rare debris may be missed due to the smaller volume
of water sampled by pump or grab approaches versus towing nets across wide areas.
For sampling surface microlayer microplastics, Ng and Obbard (2006) used a rotat-
ing drum while Song et al. (2014) sampled via a dipped mesh screen.

While continuous flow centrifugation (CFC) has been widely used for the sam-
pling of suspended particulate matter, to date it has seen limited usage for the col-
lection of microplastics. However, Leslie et al. (2017) collected and concentrated
suspended riverine particulate matter by CFC and processed pooled concentrates
using salt-based density separation techniques. They noted most microplastics in
the suspended particulate matter were <300 pm. Hildebrandt et al. (2020) demon-
strated CFC in the lab for the collection and pre-concentration of Pd-doped nano-
plastics from ultrapure water and filtered and unfiltered Elbe River (Germany)
water. One versus two centrifuges in series and various water flow rates were evalu-
ated. They noted the possibility of removing high-density minerals from suspen-
sions, as well as separating micro- from nanoplastics. Shipboard sampling and
passage through the centrifuges would eliminate the need for storage containers,
resultant nanoplastic sedimentation/surface adhesion losses, and reduced contami-
nation potential. Compared to filter-based systems, CFC can be run continuously
for days, allowing large volumes to be processed.

2.3.2 Air Samples

Microplastics in air are an emerging concern. Outdoors, airborne microplastics can
be rapidly transported long distances. Indoors, human exposure via microplastic
inhalation and ingestion may be particularly important due to the confined space,
abundance of plastic products therein, and low air turnover. Citizens of developed
countries often spend >90% of their time indoors. While data pertaining to micro-
plastics remain limited, there is substantial literature on ambient particles in indoor
and outdoor air (e.g., Whalley and Zandi 2016). These are typically collected on
filters of varying porosity (Zhang et al. 2020a). Note that glass fiber filters are often
used here and this matrix may enmesh and obscure microplastics, complicating
later spectroscopic evaluation.

Dry and wet deposition of microplastics was recently evaluated by Brahney et al.
(2020) in several remote US wilderness areas by initial collection in buckets. Wet
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samples were subsequently filtered through 0.45 pm polyethersulfone filters and dry
material reacquired using a ceramic blade. Stationary high volume, portable per-
sonal, and passive samplers may also be used. Sommer et al. (2018) used a Sigma-2
passive sampler to collect airborne particulates near three German roadways.
Particles were collected on a transparent adhesive acceptor surface, over 7 days. As
in the case of water strata, the collection of air samples at different heights may
yield particles of different characteristics (Quang et al. 2012). Akin to growing con-
cerns over the toxicological consequences of small microplastics in water, inhala-
tion of fine airborne particulate matter <10 pm (PM10) has long been recognized as
a serious health concern due to its ability to infiltrate lung alveoli (e.g., Anderson
et al. 2012). Approaches such as the breathing thermal manikin have been devel-
oped in an attempt to mimic human exposure (Vianello et al. 2019).

2.3.3 Sediments, Soils, and Dust

Microplastic contents of these matrices are of increasing concern. Bedded sedi-
ments are typically collected as a core or grab. Sediments integrate conditions over
extended periods compared to surface water samples, but burdens can vary over
short distances. Study goals drive the location and number of discrete samples.
Sampling depth is a consideration for cores. As plastics have only become prevalent
in the environment since the 1950s, investigations of distributions in sediment cores
are rare. However, Brandon et al. (2019) reported plastic debris in a core from the
Santa Barbara Basin spanning the period 1834-2009. These authors were limited to
larger debris as visual sorting of candidate microplastics was utilized, followed by
FTIR polymer identification of selected targets. The authors, after correcting for
sample contamination, reported an exponential increase in plastic deposition from
1945 to 2009, with a doubling time of 15 years. Sediments were passed through a
104 pm mesh, so true microplastic concentrations were likely higher. In contrast to
most surface water investigations, they also noted that fibers were the dominant
form detected in their sediments.

Microplastic loads and particle characteristics vary widely in different sub-
environments. For example, Haave et al. (2019) found that distributions of small
(<100 pm) and large microplastics (>500 pm) in sediments of a Norwegian urban
fjord differed spatially, with small microplastics preferentially observed in areas of
higher organic matter deposition. In another example, Ceccarini et al. (2018) col-
lected materials on a transect from subtidal sediments to supralittoral sand. They
found large plastic fragments accumulated above the storm berm and higher-density
polymer particles in the benthic sediments. Their work underscores the need for
techniques that can generate results for the total amount of plastics present (inclu-
sive of sizes normally below the limits of spectroscopic detection of discrete parti-
cles) in a sample. Other solids, such as municipal wastewater sludge, are increasingly
being examined. Due to the surface skimming and sedimentation processes utilized,
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treatment sludges may contain >90% of microplastics that enter wastewater facili-
ties (Mahon et al. 2017).

As plastics are primarily manufactured, used, and discarded on land (Hale et al.
2020), the soil is an important media to examine. However, compared to aquatic
sediments, terrestrial soils have been less frequently considered. Méller et al. (2020)
reviewed available soil sampling and microplastics analysis methods. The former
included the use of stainless-steel scoops or shovels for surface samples and cores
for samples at depth. They also emphasized choosing a sampling strategy (e.g.,
judgmental, random, grid, transect, or stratified) consistent with the study goals.

2.3.4 Biological Samples

The diversity of biological organisms is immense, and sampling will depend greatly
on study objectives. More variables are in play for biological compared with abiotic
media. Stationary organisms will better reflect local conditions than mobile/migra-
tory species. Some organisms may preferentially ingest specific particle sizes (Ward
et al. 2019). Small organisms may be composited (e.g., collected onto filters), while
larger specimens may be collected (using nets, traps, or hook and line) and analyzed
individually, in their entirety, or dissected. An important consideration is whether
the microplastics reside within tissues proper or are associated with external or
internal (e.g., digestive tract) surfaces. If not within tissues proper, toxicological
risks may be less. Microplastics within digestive systems may pass through the
body and be depurated. To remove digestive tract-entrained microplastics, the
organism may be allowed to depurate gut contents, or the digestive tract manually
flushed or removed in the lab. Disposition of microplastics within organisms and
mode of meal preparation may also alter the likelihood of subsequent human expo-
sure via ingestion, i.e., if the organism is first depurated, eaten in its entirety (e.g.,
many shellfish), or otherwise prepared (e.g., filleted finfish). Food preparation often
differs regionally and between ethnic groups.

2.3.5 Sample Preservation

Preservation of microplastic samples is not commonly described, in part as most
plastics are resistant to biodegradation. However, Courtene-Jones et al. (2017)
examined freezing versus formaldehyde/ethanol preservation of microplastics in
mussel tissue, reporting no differential effects of these treatments. While most plas-
tics are recalcitrant, coincident sample constituents may be susceptible to decompo-
sition, especially biological tissues. Hence, the lack of preservation may alter the
concentration calculation, as the matrix weight is normally used in the denominator
for sediments and tissues. Microplastic-containing samples are often held in oxidiz-
ing agents for extended periods of time as part of the purification process. For
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example, Song et al. (2014) digested solids, sieved from surface waters, with 34.5%
H,0, for 2 weeks. Semisynthetic polymers (manufactured from natural precursors)
may be more labile and degraded. Common products generated from natural materi-
als include cellophane packaging, cigarette filters, and rayon-based textiles.
Cellulose acetate was reported to represent >50% of synthetic particles in landfill
leachates (Su et al. 2019), deep-sea sediments (Lusher et al. 2013), ice cores (Obbard
et al. 2014), and fish (Lusher et al. 2013).

2.4 Laboratory Processing

As a result of environmental weathering, field sampling, and lab preparation, physi-
cal changes in plastic debris may occur due to abrasion with instruments, sieves or
sand grains, or sample freeze/thaw cycles (Klein et al. 2018). Biofilm formation and
electrostatic interactions on surfaces facilitate agglomeration of microplastics, alter-
ing their apparent size and behavior in the environment and during collection and
analysis (Rummel et al. 2017; Michels et al. 2018; Lapointe et al. 2020). Depending
on matrix complexity, a sequence of preparative steps is typically employed, com-
monly organic matter digestion and density-based separation. Steps can be divided
into sample preparation, microplastic concentration, matrix purification, microplas-
tic size separation, and particle detection (Fig. 2.2). Some methods focus on evalu-
ating the characteristics of individual particles (e.g., those applying vibrational
spectroscopic techniques such as Raman or IR spectroscopy), while others focus on
the bulk, weight-based concentration of polymers present in the sample (e.g.,
pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS)) or solvent extrac-
tion. As such, sample preparation may be dictated by the characteristics of the
detection technique (discussed later).

2.4.1 Sample Preparation

Researchers may process constituents into particle size classes (so-called binning)
by passage through a series of increasingly fine sieves or filters. This is especially
useful if the ultimate detection approach does not yield individual particle charac-
teristics (e.g., Py-GC/MS). For example, Gomiero et al. (2019) separated micro-
plastics by sequential passage through 250, 100, 40, and 10 pm stainless-steel
sieves. The samples had previously been subjected to oxidative and enzymatic
cleanup, as well as density-based separation steps (discussed below). Bulk separa-
tion/characterization techniques (e.g., solvent extraction, followed by spectroscopy
or thermogravimetry) may provide an estimate of total microplastics that encom-
pass contributions from particles smaller than what even sophisticated analytical
instruments can detect (typically 10-20 pm, Raman down to 1 pm). Notably,
Gomiero et al. (2019) reported that the 40-100 pm fraction, a size range below
which is often reported in the literature, contributed most to the total polymer



2 Analytical Chemistry of Plastic Debris: Sampling, Methods, and Instrumentation 29

Shore Sublittoral Water column
Grid |[ Bulk Pump | [Batch Sample

c
=]
®
®
a
@

w

Fig. 2.2 Possible strategies described in the literature for the analysis of plastic debris in sediment
and water samples, from sampling to reporting of the results. The sample preparation here is split
into the pretreatment, density separation, and the posttreatment of microplastics. Fourier transform
infrared spectroscopy (FTIR), scanning electron microscopy energy-dispersive X-ray spectros-
copy (SEM-EDS), pyrolysis- or thermal desorption-gas chromatography/mass spectrometry (Py-
GC/MS, TDS-GC/MS), and others may be deployed for the plastic analysis. When ASE separation
is utilized, chromatographic analysis techniques not listed here, as well as spectrometric identifica-
tion, may also be employed. (From Klein et al. (2018). http://creativecommons.org/licenses/
by/4.0/. Used with minor editing of the original figure legend)

quantity of their field samples. It should be noted that in that study, the field-col-
lected sediments were initially homogenized before further treatment in “a standard
stainless-steel orbital mixer (approx. 20 rpm, 10 min at RT) using the K-beater
knife.” The sediments were predominantly fine sand. Plastics in the environment
may be embrittled by weathering, such as ultraviolet (UV) oxidation (Song et al.
2017; Khaled et al. 2018). Hence, it is possible that abrasive lab homogenization
techniques may further fragment brittle microplastics. To their credit, Gomiero
et al. (2019) performed a series of procedural validations using spiked unweathered
microspheres of three sizes and polymer types (PE, PP, and polyvinyl chloride,
PVC). But such polymer types are less vulnerable to alteration by caustic treatments
than PA and polycarbonate (PC). In addition, microspheres may be size-fractionated
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more consistently and be less vulnerable to fragmentation than plastic films or
fibers. Further supporting the above concern about abrasive handling fragmenting
plastic debris, Efimova et al. (2018) used a laboratory rotating mixer and coarse
beach sediment to intentionally generate secondary microplastics in the laboratory.

2.4.2 Chemical and Enzymatic Digestion

Field samples often contain inorganic (e.g., clay minerals) and organic particles
(e.g., detritus) that can interfere with the plastic analysis. The removal requirements
for such particles vary, depending on the matrix (e.g., water, tissue, or sediments).
Plastic debris from the field quickly accumulates an organic coating that may alter
its chemical composition, properties (McGivney et al. 2020), and behavior (e.g.,
promoting aggregation or increasing their apparent density) or confound later spec-
troscopic analysis. A host of chemical agents have been employed to eliminate such
films. Hydrogen peroxide (at different concentrations and temperatures) has been
commonly used to oxidize labile organics. Duration of contact varies from hours to
days. Some researchers have utilized Fenton’s reagent (a solution of H,0, and Fe?";
Tagg et al. 2017). Alternatively, acids (e.g., HCI, HNO;, formic) and bases (e.g.,
NaOH, KOH) have been employed, especially for digesting biological tissues.
Repeated treatments and concurrent heating may be required to fully oxidize labile
organic matter. However, PA and ester-based polymers (e.g., PET) appear more
vulnerable to degradation by these treatments (Karami et al. 2017; Hurley et al.
2018). Wolff et al. (2019) reported substantial alterations of ethylene vinyl acetate
(EVA), PU, and PA after exposure to treatment with H,O,, NaClO, ZnCl,, and hex-
ane. Hence, purification methods should initially be validated for the targeted poly-
mer types.

Enzymatic digestion has also been applied to samples. Enzymes typically cause
less polymer degradation than caustic agents. Unfortunately, such procedures can
be complex (e.g., including detergents, proteases, lipases, chitinases, and cellu-
lases), time-consuming (>10 days), and expensive. Enzyme treatments may also be
augmented with caustic treatments to enhance the removal of interferences (Loder
et al. 2017). Increased steps and handling of samples also enhance the potential for
introduction of contaminants, loss of targeted plastics, or alteration of their physical
characteristics.
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2.4.3 Physical Separation of Plastics from the Matrix:
Filtration and Sieving

To permit more facile detection, plastics are typically retrieved from air, aqueous, or
solid phases and concentrated on surfaces, e.g., filters or sieves. In some cases, par-
ticulates may then be transferred from the initial filter to a second for optimal spec-
troscopic analysis. Analyst goals must guide desired filter characteristics: plastic
size retention, filter composition and thickness/structure, and compatibility with the
chemical agents used and with the instrumental detection approach to be employed.
Filter configuration (e.g., punched holes, fiber weaves, or sintered metal disks) may
control particle size/shape retention and the ease of retrieval of retained plastics. As
this step can be labor-intensive and result in microplastic loss, refinements are ben-
eficial. In this context, Nakajima et al. (2019a) developed a stainless-steel sieve (32
pm mesh) apparatus resistant to common oxidizing agents but compact enough to
submerge in a glass beaker. They reported its use reduced the number of collections,
rinsing, and transfer steps and generated better microplastic recoveries than widely
used filter-based methods.

Researchers should ensure filter constituent materials do not contribute plastics
or interfere with spectroscopic detection of targeted polymers. Filters/sieves them-
selves can be constructed of a range of materials, including quartz, stainless steel,
nylon, cellulose, silicon, silver membrane, gold-coated PC, alumina-based mem-
brane, and Teflon™ (Loder et al. 2015; OBmann et al. 2017; Wolff et al. 2019;
Wright et al. 2019; Kippler et al. 2015). Wright et al. (2019) collected inhalable
microplastics of several polymer types on a variety of filter types (quartz, polytetra-
fluoroethylene, alumina, cellulose, and silver membrane) and then evaluated their
compatibility with Raman imaging. Best results were obtained with silver mem-
brane filters. Képpler et al. (2015) investigated filter materials for FTIR and recom-
mended a silicon-based membrane. Particulates can become entrained in fibrous
surfaces such as quartz fibers (Wright et al. 2019), and some materials may release
fragments or interfere with the spectra of the targeted polymers. Consequences will
vary depending on the detection scheme applied (e.g., visible light, FTIR, or Raman)
and the polymer types targeted.

2.4.4 Density and Other Physical Separation

Flotation of plastics and sedimentation of dense inorganic particulates (ranging
from 1.6 to >2.4 g cm™) is a common purification step, especially for sediments,
sludges, and water samples. While some common polymers (e.g., PE and PP)
exhibit densities lower than water, others are near neutral buoyancy or denser (PVC,
PC, PS, PET, PA, ABS, tire rubber: 1.0-1.4 g cm™3; Teflon: 2.2 g cm~3). Note: the
presence of intact air pockets in foamed polymers (e.g., PS or PU) will increase
buoyancy. Water surface tension can keep even dense plastics at the surface for
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extended periods. The presence of polymer fillers and additives can also alter plastic
behavior. For example, the densities of carbon black, calcium carbonate (CaCO;),
and glass fiber fillers typically exceed 2 g cm™. To achieve flotation of a range of
polymer types, analysts have typically used concentrated saline solutions consisting
of NaCl, Nal, sodium polytungstate, ZnCl,, and ZnBr, (GESAMP 2019). Choices
are based on effectiveness, cost, and safety. The behavior of the microplastics in
said solutions should be carefully monitored. For example, Rodrigues et al. (2019)
observed that salt can deposit on the surface of microplastics, increasing their over-
all density, leading to their sinking and loss.

A variety of devices have been used for the gravity separation of plastics from
denser particulates. These include simple glass funnels (Rodrigues et al. 2019) to
the elaborate stainless-steel Munich Plastic Sediment Separator (MPSS; Imhof
et al. 2012). Retention of plastics in the settled solids, as well on the container sides,
may decrease their recovery. Again, the presence of polymeric material in the con-
struction of settling apparatuses could lead to possible sample contamination.
Nakajima et al. (2019b) engineered a simple all-glass separator, the JAMSTEC
microplastic-sediment separator (JAMSS unit). It is comprised of two glass plates
(Fig. 2.3), the upper consisting of an open cylinder and the lower, a chamber with
capacities of 30, 60, or 100 ml. The design is based on the Combined Plate or
Utermohl Chamber, long-used for examining settled phytoplankton. The approach
is to settle the solids into the lower container and then to isolate these from the over-
lying water column (containing the more buoyant microplastics) by sliding the
upper plate. The plastics can then be poured onto a filter or sieve, followed by water
washes of the chamber to dislodge any adhering microplastics.

Wang et al. (2018) evaluated the recovery of polystyrene nano- and microplastics
from sewage sludge and soil. They noted that 100 pm microbeads were effectively
recovered by ZnCl, solution-based flotation, but smaller beads were not. They also
evaluated flotation efficiency as a function of time, indicating substantial periods
were needed to reach 90% for particles <5 pm. Moller et al. (2020) reviewed several
extraction methods for removing plastics from soils, including electrostatic separa-
tion for dry solids, oil extraction (utilizing the lipophilicity of the plastics), froth
flotation (using a stream of air), various density-based approaches, and magnetic
separation using lipophilic nanoparticles functionalized with iron.

2.4.5 Solvent Extraction

If research goals do not require the visualizing and counting/characterization of
individual particles, but rather quantifying the total mass of plastic in a sample,
solvent dissolution/extraction of plastics from a sample matrix may be appropriate.
Polymer solubility must be initially established. Solvents that are most effective for
a given polymer typically have similar solubility parameters, and solvation typically
increases with temperature (Miller-Chou and Koenig 2003). Separation of unde-
sired co-extractives is typically necessary. As an example, Ceccarini et al. (2018)
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Fig. 2.3 JAMSTEC microplastic-sediment separator (JAMSS) unit. (a) The upper plate (left)
incorporates an open glass tube, while the lower plate (right) includes a cylindrical glass container.
(b) Small, middle, and large models of assembled JAMSS, consisting of a cylindrical container of
30, 60, and 100 ml volume, respectively. (¢) JAMSS during density flotation with sediment in the
lower container. (d) Separation of sediment and supernatant by sliding the two plates against each
other. (e) JAMSS can be placed on a magnetic stirrer to ensure the sediments are well mixed during
microplastic flotation. (f) Microplastics in the supernatant in the upper tube are poured out and
rinsed from the internal walls of the tube. (From Nakajima et al. (2019b). http://creativecommons.
org/licenses/by/4.0/. doi: 10.7717/peerj.7915/fig-1)

extracted dried sand collected along a beach transect by first refluxing at ~37 °C
with dichloromethane (DCM). This was followed by a second extraction of the sand
in the same device with xylenes at 135—-140 °C to obtain remaining, less-degraded
polyolefins. Molecular size distributions of the extracted polymers were determined
by gel permeation (also known as size exclusion (SEC)) liquid chromatography
(GPC). 1H NMR, FTIR, and Py-GC/MS analyses of extracts were also performed.
It is noteworthy that the authors observed greater amounts of DCM extractable
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residues (presumably degraded polymerics) in the more UV-exposed dune and
backshore sands than in the foreshore sediments, highlighting the role of polymer
weathering.

In another example, Fuller and Gautam (2016) pre-extracted municipal waste
and soil samples in a pressurized fluid solvent extractor (Dionex ASE-350). Between
2 and 10 g of dried sample were extracted. They first were extracted with methanol
at 100 ‘C to remove soluble fats and oils. The solids were then re-extracted with
DCM at 180 °C. The solvent was removed by evaporation, yielding a solid residue,
wherein the various polymers from the original sample were intermixed. FTIR anal-
ysis indicated spatial homogeneity in the resulting solidified plastic. The resulting
FTIR spectra may be complex, as they will represent a composite of the different
polymers present. If the extract is sufficiently free of nonplastic co-extractives,
gravimetric determination of polymer mass allows a concentration determination.
The authors (Fuller and Gautam 2016) performed recovery studies with PE, PP,
PVC, PS, and PET. They suggested the method could be applicable to PU and PC,
based on their detection in field-collected samples. Advantages include the simpli-
fication of cleanup/isolation procedures and the ability to automate analysis and
quantitate total plastics, regardless of particle size. Again, most spectroscopy-based
microscopic approaches focus on individual particle counts and are either instru-
ment, time-intensive, or ineffective for microplastics below about 20 pm (Wolff
et al. 2019). While data on microplastic shape and size were not obtained by Fuller
and Gautam (2016), pre-separation of solids by passage through a sequence of dif-
ferent sized sieves could yield insightful data on particle size characteristics. The
simplicity and ease in automation of the extraction method would provide some
relief from the increased sample numbers.

2.5 Microplastic Detection and Instrumentation

Synthetic polymers are complex, typically high molecular weight organic mole-
cules, and thus share attributes with natural dissolved (DOM) and particulate organic
matter (POM). Hence, consideration of analytical techniques useful in studies of
those materials may be fruitful (e.g., Materi¢ et al. 2020). Being commercial prod-
ucts, extensive analytical work has also been done on polymers for developmental
and quality control purposes and may also serve as a rich source of techniques.
Indeed, considerable literature from the industrial plastic perspective has been avail-
able for years (e.g., Hakkarainen 2012). When selecting a mode of detection, the
range of analytes (e.g., polymer types and sizes) to be included and particle charac-
teristics (weight-based concentrations, particle abundances, or shapes) to be mea-
sured must be considered. In theory, it is desirable to obtain as complete as possible
a suite of plastic particle characteristics. However, this is rarely achieved, even when
using highly sophisticated instrumentation, due to the diversity of microplastic mor-
phologies and polymeric compositions. Tradeoffs between detailed characterization
of a limited number of particles and large sample throughput must be made. Complex
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Table 2.1 The capability of different instrumental approaches for analyzing microplastics.
Researchers can follow the color code to identify what methods fulfill their desired data
requirements. The cells denoted by “possible” indicate that it can be accomplished upstream of the
analysis. For example, it is feasible to quantify particle count in ATR-FTIR by physically interacting
with and counting individual particles, while FPA-pFTIR can count small microplastics contained
in the field of view. Notably, no single technique is capable of addressing all questions of interest.
 Surface weathering and biofilm may be characterized. Solvent extraction of matrices (e.g.,
sediments) can be used to coalescence microplastics of all sizes into a single mass, including
particles below the size detection capabilities (generally <10 pm) of individual target-based
techniques

Goals and Capabilities of Various Instr

P

Identify polymers $333 ym
Particle size Additives fassociated compounds Automation
Polymer type I / s1 ] Laboratory processing required
Particle Particle Polymer Polymer Additives/associated  Limit of
Technique coual s T weight compounds D o0 Automation Chemical Digestion Required
ATR-FTIR  Possible Possible | Yes Possible Possible . No N_o. !l minimal b_lolozlml z_mw\h, Yes, if biological growth:
‘A | rinsing or chemical digestion.
WFTIR Possible  Yes Yes No Possible 210-20 pm No Yes: chemical digestion
FPA-puFTIR Yes Yes No Possible 210-20 pm Yes Yes: chemical digestion
| A Possible . 3

Raman Yes | Yes No No  tm (scanning mode)  Ye5: chemical digestion
O-PTIR Yes Yes No No No Yes: chemical digestion
Py-GC/MS No  Possible  Yes Yes 0|Il Possible No, unless high biological growth (chemical digestion)
TED-GC/MS  No  Possible| Yes Yes Opm Possible  No
MS No  Possible  Yes Yes 210-20 ym* No Yes: polymer pre-extraction (e.g. ASE)
Xps Possible Possible  Yes Possible No! - No No, if biofilm desired. Yes, if biofilm not desired: digestion.

analytical schemes (due to financial, temporal, and manpower resource limitations)
restrict the number of samples that can be examined. Several detection techniques
described here are themselves hybrid approaches, i.e., consisting of an initial ana-
lyte introduction or separation process (e.g., chromatography, thermal desorption,
pyrolysis), followed by compositional measurement proper (e.g., MS, FTIR, or
Raman). Each technique should be selected based on its ability to answer the desired
research questions. A table detailing discussed techniques, as well as their limita-
tions in addressing different research questions (Table 2.1), is presented.

2.5.1 Visual Identification

Many investigations of plastics in the environment rely on the initial visual identifi-
cation of particles using light microscopy, e.g., dissecting scopes. Such equipment
is widely available. In the course of such studies, relatively large plastic debris may
be removed with forceps for additional evaluation. Plastic debris identification cri-
teria used by human observers include shape, color, texture, and absence of internal
structures. However, such decisions are vulnerable to error depending on observer
experience, matrix, and particle characteristics. Visual assessment of melting char-
acteristics may be useful by contacting the particle with a hot needle (discussed
later). Reliability of identification drops with decreasing target size but smaller
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particles will typically outnumber larger ones. Microplastics often are homoge-
neous in hue (although differential weathering may alter this) and lack internal
structures or organelles. Filamentary structures are common in nature, so fiber iden-
tification imparts additional concerns. Fibers present narrow cross-sectional areas
for examination and thus may be misidentified. Transparent particles may be over-
looked using light microscopy. An interesting advanced technique is the use of
“optical tweezers” for shepherding nanoplastics in liquids. Gillibert et al. (2019)
demonstrated this, in combination with Raman microscopy, on a range of micro-
and nanoplastics in fresh and saltwater, as well as particles that exhibited a thin
biofilm.

2.5.2 Dyes and Fluorescence Microscopy

A number of stains have been evaluated for visualizing microplastics. Lipophilic
Nile red has become a popular choice (Maes et al. 2017). This dye fluoresces, facili-
tating the detection and counting of small particles (Erni-Cassola et al. 2017). Prior
digestion of coincident natural organic matter (e.g., cellulose and chitin) in the sam-
ple is recommended, as these polymers may also absorb dye to varying degrees. PE,
PP, PS, and PA absorb the Nile red and fluoresce intensely; less hydrophobic poly-
mers (e.g., PC, PET, PVC, and PU) absorb less and exhibit less intensity (Erni-
Cassola et al. 2017). As brightness and particle size affect detectability, smaller
particles and less lipophilic polymer types are more difficult to quantify by this
approach due to their fainter signals. The fluorescent dye technique facilitates the
identification of individual particles and shapes but is less diagnostic for polymer
type. Image analysis software allows calculation of approximate plastic mass, based
on the particle area and assumed density. As polymer thickness and composition
(and hence density) are unknown, this approach can encompass considerable error.
Flow cytometry, widely used for cell counting in phytoplankton and hematology
research, has occasionally been used in microplastic-related lab experiments (e.g.,
Summers et al. 2018; Woods et al. 2018; Fu et al. 2020) but less so in field monitor-
ing efforts. In this technique, particles in suspension are focused “single file” with a
sheath fluid and passed by a laser. Impinging light may then be scattered forward or
sideways, as a function of the size and granularity of the particle, respectively.
Additionally, absorption may occur and particle fluorescence measured. Treatment
of microplastics with Nile red might be advantageous here. Prior digestion of sam-
ples with chemical agents to remove biofilms or oxidize biogenic particulates might
also facilitate detection. A major limitation of using dyes and fluorescence micros-
copy, however, is that the dye may interfere with subsequent polymer identification.
Further, it has been shown that fluorescent compounds may leach from the polymer
in tissues, so fluorescence itself may not be a reliable indicator of particle location
(Schiir et al. 2019).

It should be noted that fluorescent pigments, dyes, and optical brightening or
whitening agents are widely used in the plastic and textile industries (Christie 1994).
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Fig. 2.4 Image of polyurethane microplastics (<53 pm) ingested by brine shrimp nauplii (Artemia
sp.). Additives within the polyurethane elicited a fluorescent response. Imaged on an Olympus
FV1200 laser scanning confocal microscope. Credit: Hamish Small (VIMS) and Virginia Worrell
(Virginia Governor’s School)

Thus, certain types of plastics may be detected without the addition of dyes.
Dehghani et al. (2017) employed fluorescence microscopy to assess microplastics
in urban dust samples. Bulk street sweeping samples were collected from the central
district of Tehran, Iran. Fluorescent particles and fibers were visible in all samples.
Hale et al. (2020) observed that colored PU foam commonly used in gymnastic pits
fluoresced strongly. Additionally, <53 pm microplastics (produced by cryogenic
fragmentation of bulk foam) were readily ingested by brine shrimp larvae in the lab.
These microplastics were easily observed within the digestive tract by fluorescence
microscopy (Fig. 2.4).

2.5.3 Electron Microscopy (EM)

While not typically used for direct polymer identification, scanning electron micros-
copy (SEM) is a powerful technique for delineating minute structural features,
including deformities in, as well as colonizing organisms on, plastic debris surfaces
(Zettler et al. 2013; Gniadek and Dgbrowska 2019). EM exhibits orders of
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magnitude greater spatial resolution (~0.0004 um) than light microscopy (~0.3 pm).
This derives from the differences in wavelengths between visible light (400-700 nm)
and the high-energy electrons (0.001-0.01 nm) used for illumination (Girao et al.
2017). This concept also contributes to the resolution limitations of IR spectroscopy
(2.5-20 pm). High-energy electron beams in EM are, however, capable of altering/
damaging specimens, so care must be taken when imaging. Instrumentation and
sample preparation costs for EM are also much greater than for light microscopy.
The technique is not suitable for inspecting large microscopic fields or for rapid
sample throughput. EM can be combined with energy-dispersive X-ray spectros-
copy (EDS) to provide additional elemental composition information of targets
(Gir@o et al. 2017). For example, Wang et al. (2017) applied SEM/EDS to evaluate
elemental signals from selected particles. They succeeded in identifying the pres-
ence of chlorine in PVC microplastics, as well as ruling out nonplastic minerals in
samples. Fluorinated polymers may also be amenable to this technique. Fries et al.
(2013) identified the presence of Ba, S, O, and Zn associated with Wadden Sea
microplastics with SEM/EDS. They also detected TiO, nanoparticles, which they
theorized were used as white pigments or UV blockers in plastics. Ghosal and
Wagner (2013) used SEM/EDS to identify Br and Sb, components of polymer
organic and inorganic flame retardant additives, as well as TiO, in residential dusts
containing microplastics. Further, they applied micro-Raman spectroscopy
(pRaman) to associated particles and identified PE. They suggested ingestion of
such microplastics could be an important human exposure pathway for these addi-
tives. Care must be exercised to remove possible matrix interferences from samples.
For example, Br and Cl ions are common in seawater and residues may complicate
conclusions.

2.5.4 Chromatography

Chromatography is widely used to separate components of complex mixtures by
their properties, including polarity, solubility, volatility, and molecular size. Systems
typically consist of a sample inlet, chromatographic column, and a detector. Analytes
chemically or physically interact with a stationary phase contained within the col-
umn and are transported through the column by a mobile phase (e.g., a gas, liquid,
or supercritical fluid). Analyte retention time (or volume) and detector response
(e.g., a characteristic spectrum) are used for identification. Gas chromatography
(GC) requires volatilization of analytes and employs a gaseous mobile phase. As
such, GC has limited applicability to the direct analysis of low volatility polymers.
However, it is invaluable for separating volatile constituents (e.g., additives), as well
as polymer thermal degradates (see section on pyrolysis). Its facile coupling with
low-cost mass spectrometers greatly expands its value.

Liquid chromatography (LC) in the form of size exclusion liquid chromatogra-
phy (SEC), also known as gel permeation chromatography (GPC), has considerable
utility in polymer analysis. Analyte elution time is a function of the pore/exclusion
size of the media. Traditionally, larger molecules emerge earlier from the column
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than smaller molecules (which take a more circuitous path through the media).
Hence, it has efficacy for both purification and characterization of polymeric mate-
rials. SEC has been widely used in polymer science, engineering, and product qual-
ity control, less so, to date, in the delineation of plastic contamination of the
environment. Advancement in MS interfaces capable of handling liquid eluents has
increased the power of this technique. LC has also been coupled to a variety of
spectroscopic detectors, and their use is now appearing in the plastic debris-related
literature. For example, Hintersteiner et al. (2015) evaluated molecular weight dis-
tributions of olefinic microplastics, following isolation from the sample matrix (in
this case, personal care products). They dissolved the microplastics in
1,2,4-trichlorobenzene at 160 °C and separated the polymers by molecular size
using high-temperature SEC with IR spectroscopy detection. Calibration was
accomplished using PS standards ranging from 700 to 2 million g mol~'. LC typi-
cally exhibits lower resolution capabilities than GC. However, the development of
ultrahigh performance (UHP) LC instruments, equipped with columns containing
particles of extremely small size, has reduced this disadvantage.

Superecritical fluid chromatography (SFC) often exhibits higher-resolution capa-
bilities than LC and has been used to characterize polymers (e.g., Takahashi 2013).
In SFC the pressure and temperature of a gas (e.g., CO,) are manipulated in such a
way that it exhibits properties intermediate to a gas and liquid. Commercially avail-
able SFC equipment has become widely available, as are improved interfaces com-
patible with modern detectors. However, no published references were found to
indicate it has yet been used for the analysis of microplastics obtained from environ-
mental media.

2.5.5 Infrared (IR) Spectroscopy

IR spectroscopy, commonly performed with a Fourier transform infrared (FTIR)
spectrometer, is an established technique for identification of polymeric materials.
IR spectroscopy is a nondestructive technique, allowing reanalysis of the same
material. The two primary modes most commonly applied for microplastic analysis
are transmittance and reflectance (Chen et al. 2020). The long wavelengths of IR
radiation limit the spatial resolution of FTIR to 2.7 um, but instrument limitations
reduce the spatial resolution to about 10-20 pm, depending on the design.
Compositional identification is achieved by comparing the sample spectrum with a
known reference polymer. FTIR may be suitable for the identification of colored
microplastics whose pigments may fluorescence and interfere with Raman spectra.
FTIR may also be valuable for monitoring the degree of weathering of polymers,
e.g., the development of hydroxyl and carbonyl groups (Cai et al. 2018).

For larger plastic debris (>500 pm), FTIR can be paired with an attenuated total
reflectance (ATR) accessory, which measures the surface composition of materials.
The IR from an ATR typically penetrates the polymer to a depth of 0.5-2 pm (Li
et al. 2018b), problematic for heterogeneous, layered materials. The measurement
requires physical contact of a crystal (composed of germanium, zinc selenide,
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silicon, or diamond) with the targeted material. This requirement can lead to logisti-
cal issues with some materials, e.g., small micro- or nanoplastics, and is not ame-
nable to samples with numerous targets. However, ATR-FTIR has been used to
identify larger microplastics in Arctic deep-sea sediments (Bergmann et al. 2017)
and in fish from the African Great Lakes (Biginagwa et al. 2016).

Micro-FTIR (uFTIR) combines vibrational spectroscopy and microscopy, allow-
ing the analysis of smaller particles. Use in transmission or reflectance mode per-
mits application using membrane filters with minimal sample preparation.
Transmission mode requires an IR-translucent substrate, while the reflectance mode
can be applied to thick and more opaque samples (Li et al. 2018b). Application to
irregularly shaped particles can result in non-interpretable spectra, due to refractive
errors (Harrison et al. 2012). Li et al. (2018a) used pFTIR to demonstrate that super-
market-purchased mussels in the UK contained microplastics and concluded that
their quantification should be included in food safety management measures.

Manual repositioning of a pFTIR stage across a viewing field containing numer-
ous particles is subject to human bias, tedious, and time-consuming. Field-derived
samples may contain hundreds of candidate particles. As a consequence, commer-
cial instruments have been developed to automate this process and generate spectral
image maps. However, the process can still be slow (hours to days), as a function of
required resolution and sample complexity. That being said, pFTIR analysis is typi-
cally faster than pRaman (described below). Instrument cost increases with
increased capabilities and in the present market may be beyond many lab budgets.

The use of focal plane array (FPA) pFTIR detectors allows for analysis of mul-
tiple particles at one time with high resolution. Such FTIR imaging can produce a
detailed, high-throughput analysis of total microplastics on a filter. However, parti-
cles with irregular shapes may still not be suitable for FPA-pFTIR imaging.
Additionally, only a few pFTIR instruments can analyze particles <20 pm. Fibers,
due to their narrow cross-sectional areas, also present challenges. However, Tagg
et al. (2015) successfully demonstrated that FPA-based pFTIR imaging could iden-
tify a range of microplastics in wastewater. Primpke et al. (2017) developed an
automated image analysis method using FPA-pFTIR to provide particle identity,
count, and size of microplastics in complex matrices, increasing data quality and
ease of data interpretation. Later, Primpke et al. (2018) generated a FTIR reference
library for automated analysis of microplastics. Other reference libraries and auto-
mated sampling software are available, such as siMPle (simple-plastics.eu; Liu
et al. 2019; Primpke et al. 2019).

2.5.6 Raman Spectroscopy

Akin to FTIR, Raman is a nondestructive, vibrational spectroscopic technique
increasingly used in the analysis of plastic debris. Unlike IR spectroscopy, where
the absorbance of radiation by molecules is measured, in Raman a narrow wave-
length laser is used to excite the surface of a particle, and the photons resulting from
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inelastic scattering (Raman scattering) are detected and recorded as a spectrum. The
spectrometer may be interfaced with a microscope (designated pRaman). Compared
to FTIR, Raman is adept at identifying nonpolar functional groups (e.g., aromatic,
C—H, etc.; Képpler et al. 2016). Hence, IR spectroscopy and Raman are comple-
mentary techniques. pRaman typically has greater spatial resolution potential than
PFTIR, down to about 1 pm. However, fluorescence from irradiated materials can
overwhelm the relatively weak Raman scattering. But the analyst may be able to
minimize fluorescence by choosing a different excitation wavelength. Both FTIR
and Raman are typically used to analyze particles on a filter or other surface, follow-
ing pretreatment of sample to eliminate interfering materials. The filter or window
on which the samples are placed may limit the wavenumber range possible in trans-
mission mode.

Raman can identify plastics from a variety of environmental matrices. However,
to date available studies are heavily skewed towards water and sediments (most
recently reviewed in Erni-Cassola et al. 2019). Recently, Wright et al. (2019) applied
pRaman spectral imaging to the identification of microplastics in inhalable air,
while simultaneously evaluating routine air quality monitoring metrics. Fortin et al.
(2019) characterized microplastics <10 pm by pRaman in water from an advanced
wastewater treatment facility. Cabernard et al. (2018) reported that pRaman identi-
fied more particles in the 10 to 500 um range. Particle agglomeration and losses
were observed, suggesting the need for surrogate spiking and percent recovery stud-
ies in the microplastic analysis.

Researchers are developing open-access reference libraries for Raman spectra.
For example, Munno et al. (2020) established a spectral library of plastic particles
(SLoPP) encompassing 148 diverse reference spectra. Their SLoPP-Environmental
or SLoPP-E libraries included spectra of 113 particles collected globally. This addi-
tion is important as weathering can modify spectral characteristics. When compared
to manufacturer reference libraries, 63% of particles tested registered the strongest
matches using SLoPP or SLoPP-E, illustrating the utility of reference libraries cre-
ated specifically with microplastic identification in mind.

Two notable studies have compared pRaman to FPA-uFTIR for analysis of
microplastics in environmental samples. Képpler et al. (2016) found that Raman
was superior at identifying PVC particles, while polyesters and particles with high
dye content or fluorescence were more accurately identified with FPA-pFTIR. Due
to this and its greater resolution, pRaman detected significantly more particles than
FPA-pFTIR. Yet, when methods were automated to reduce the analysis time from
38 h to 90 min (closer to the 20-min sampling time of FPA-pFTIR), the same num-
ber of particles was identified. This underscored the opinion that longer processing
times are necessary to reap the advantages of Raman. Cabernard et al. (2018), in a
study of North Sea surface waters, arrived at similar conclusions. These authors
reported that the Raman signal was obstructed by highly pigmented particles, limit-
ing identification, particularly for rubber and ethylene vinyl acetate (EVA) micro-
plastics. Képpler et al. (2016) identified TiO, in inorganic particles by Raman. The
TiO, peak was also identified as a white pigment, along with an acrylic resin using
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FTIR. Imhoff et al. (2016) also identified paint particles using Raman by their char-
acteristic high pigment content.

2.5.7 Scanning Probe Microscopy (SPM)

SPM is a family of technologies that has been widely used in materials science.
Atomic force microscopy (AFM) uses a mechanical cantilever to physically mea-
sure the surface topography of a sample at low micron and even sub-nanometer
scales (Dazzi et al. 2012). The interaction volume between the physical probe and
sample may be on the picometer scale.

The high resolution of AFM can be invaluable for characterizing minute physical
features, as small as an atom. However, instruments can typically only interrogate
micron-sized spatial areas and must be used in workspaces carefully engineered to

Raman
o A pulsed, tunable IR laser (red) is Spectrometer
guided onto the sample surface

The IR laser is made collinear
with the 532nm detection
laser (green)

“Simultaneous Raman
measurements are acquired
by additionally detecting the
Raman shifted light returned
from the sample surface

The reflected green
light returns to the
detector, and the IR
Microscope signal is extracted
Objective

The collinear beams are focused
on the sample surface through a
microscope objective

- When IR absorption occurs, the
thermal response of the sample
surface is monitored by the
green detection laser

Fig. 2.5. O-PTIR employs a visible light (in this case, 532 nm) detection laser to evaluate target
absorption of IR from a second tunable laser. As such, the approach is not subject to typical IR
refraction limitations, permitting sub-micron spatial resolution. The system here was combined
with a Raman spectrometer, allowing the collection of complementary spectral information. IR
and Raman spectra were obtained from several locations (shown as green, blue, and purple colors)
across a 4 x 14 pm microplastic particle present in NIST SRM#2585 (indoor dust). Spectra were
consistent with a polymethacrylate polymer. (Images courtesy of Photothermal Spectroscopy Corp)
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eliminate ambient vibrations. In AFM-IR, the thermal expansion of materials fol-
lowing the incidence of IR radiation is measured (Fu et al. 2020).

Optical photothermal IR (O-PTIR) is a novel technique that uses a visible laser
light source, rather than a mechanical cantilever, to evaluate thermal expansion of
the targeted material following illumination with a collinear, tunable mid-IR laser
(Fig. 2.5). This approach allows the extraction of a signal that closely approximates
widely available FTIR spectra. Spatial resolution is <1 pm, far lower than conven-
tional IR. Since the system is not based on IR transmittance, thicker samples can be
evaluated than with conventional IR absorption. It is also compatible with irregular
surfaces. The system can be coupled with Raman spectroscopy, allowing the collec-
tion of Raman and IR spectroscopy data for the same particle. As these techniques
are complementary, identification capabilities are increased.

Merzel et al. (2019) recently applied AFM-IR, O-PTIR, and fluorescence micros-
copy to image and chemically interrogate nanometer-sized PS beads taken up and
retained by freshwater mussels during an in-laboratory exposure. They noted, while
sensitive, AFM-IR analysis was time-consuming and applicable only to the immedi-
ate surface of the material examined. The presence of a surface biofilm also inter-
fered with spectra acquisition for the underlying polymer. In contrast, O-PTIR was
faster and less vulnerable to biofilm interference.
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2.5.8 Mass Spectrometry (MS)

MS is a powerful tool for the identification and quantification of organic materials.
The technique measures the mass-to-charge ratio (m/z) of ions generated from the
fragmentation of an analyte. A variety of ionization approaches, differing in energy,
have been developed, depending on the material under study. MS with specialized
interfaces can be utilized for the identification of polymers, degradation products,
and additives. Interfaces include chromatographic (i.e., GC and LC) and thermal
techniques (i.e., pyrolysis (Py), thermogravimetric analysis (TGA), thermal extrac-
tion desorption (TED)) for better characterization of different type of plastics.
Spectra acquisition is very rapid, on the order of milliseconds, depending on the
instrument design and desired mass range. MS is popular to identify and quantify
both targeted and untargeted additives (e.g., plasticizers (Peters et al. 2018), flame
retardants (Hale et al. 2002; Khaled et al. 2018), and pigments (Imhof et al. 2016))
in plastic debris, as well as surface-sorbed contaminants.

High-resolution and tandem (where two or more mass analyzers are coupled)
MS instruments are becoming more widely available. However, MS (with the
exception of pyrolysis applications) for the analysis of plastics present in environ-
mental matrices has to date been limited. This is due to the relatively low mass
range of most MS compared to that of many polymers. MS units capable of high
molecular weight analyses tend to be expensive and complex and may require con-
siderable operator skill.

Limited or no sample preparation is a desirable feature. In some cases, ambient
(direct) analysis of plastics is feasible by probing surfaces with an energetic beam.
However, these techniques may not be applicable to molecules with molecular
weights >3000 Da (Schirinzi et al. 2019). In other approaches polymers are dis-
solved, separated from the matrix (via vaporization, pyrolysis, or liquid chromatog-
raphy), and then detected by MS.

Schirinzi et al. (2019) evaluated several MS-based techniques for the analysis
of PS microplastics obtained from natural waters, including SEC/atmospheric
pressure photoionization (APPI) MS, direct analysis in real-time (DART), matrix-
assisted laser desorption ionization (MALDI), and desorption electrospray ion-
ization (DESI). They reported that SEC/APPI-MS exhibited the greatest
sensitivity, with a detection limit of about 20 pg. MALDI-MS has been explored
for the detection of various synthetic polymers (Weidner and Trimpin 2011). A
challenging aspect of MALDI-MS analysis is the identification and discrimina-
tion of plastic fragments in the presence of coincident interferences, e.g., bio-
films. Lin et al. (2020) recently used MALDI-MS to identify and quantify PS
particles ranging from 100 nm to 4 mm. Signals were enhanced by thermal pre-
treatment, enabling higher quantification accuracy. Lin et al. (2020) examined the
feasibility of such methods to analyze commercial plastic products, as well as
microplastics from river water and fish. MALDI-MS thus is a promising tool for
the evaluation of limited numbers of microplastics in samples (Huppertsberg and
Knepper 2018).
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In a novel study, Wang et al. (2017) depolymerized ester-containing polymers
(i.e., PC, PET) using alkali and heat. They then subjected the resulting products
(bisphenol A and p-phthalic acid) to liquid chromatography/tandem mass spectrom-
etry (LC-MS/MS). Sample matrices included wastewater sludge, marine sediments,
indoor dust, and shellfish. As contributions of bisphenol A and p-phthalic acid from
non-polymer sources were possible, samples were also assessed for their pre-
depolymerization levels to differentiate pre-existing contamination by these con-
stituents. The authors reported particularly high concentrations of PC (246 mg/kg)
and PET (430 mg/kg) in the dust sample.

Materi¢ et al. (2020) applied thermal desorption-proton transfer reaction-
mass spectrometry (TD-PTR-MS) to detect nanoplastics of several polymer
types in 0.2 pm-filtered water samples derived from snow cores from the Austrian
Alps. TD-PTR-MS has mainly been employed for volatile compounds but has
recently been extended to semivolatiles. Materi¢ et al. (2020) used chemical
ionization via hydronium ions to produce low fragmentation ions. Evaporation/
sublimation of constituents was achieved by ramping from 35 to 350 °C at
40°/min.

Time-of-flight secondary ion mass spectrometry (TOF-SIMS) is capable of pro-
viding compositional and spatial distribution information for plastics. Excitation of
a surface by a focused ion beam causes an emission of secondary ions and clusters
from the sample. The TOF analyzer then measures the exact mass of these, allowing
for compositional determination. The resulting data can be used to create images of
very thin polymer surfaces (on the order of nm). For example, Jungnickel et al.
(2016) applied this technique to image 10 pm PE particles.

Direct analysis in real time (DART) is an ion source that uses a heated helium,
argon, or nitrogen plasma stream to desorb and excite molecules from surfaces.
These may then be drawn into the inlet of a high-resolution MS, permitting exact
mass measurements and subsequent constituent identification. Zhang et al.
(2020b) introduced selected microplastics into a thermal desorption/pyrolysis
inlet connected to a DART ionization device interfaced with a Q Exactive™
hybrid quadrupole-orbitrap MS. They reported the detection of both additives
(plasticizers, antioxidants, and cross-linking agents) and polymers (PE, PP, PET,
PS, polyester, PA). Multivariate statistical evaluations of the ions produced from
the thermal desorption and pyrolysis processes were used to establish
identifications.

Elemental analyzer/isotope ratio mass spectrometry (EA/IRMS) is widely used
in geochemistry to establish the origin of organic matter using carbon isotopes and
to evaluate food authenticity (e.g., via nitrogen isotope patterns). Berto et al. (2017)
demonstrated that carbon isotopic composition is sufficient to discriminate fossil
fuel-derived polymers (e.g., high- and low-density PE) from plant-derived bioplas-
tics in commercial products. This method also was advantageous for testing darkly
colored samples, which are problematic in some spectroscopic techniques. However,
EA/IRMS alone provides limited information about the specific type, shape, size,
and composition of MPs.
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Fourier transform ion cyclotron resonance mass spectrometry (FTICR-MS) has
long been used for the characterization of synthetic polymers (e.g., Brenna and
Creasy 1991), petroleum residues (Chen et al. 2016), and natural organic matter
(Riedel and Dittmar 2014). FTICR-MS is a promising technique, allowing the accu-
rate mass analysis of high molecular weight species. However, it has not been
widely applied to the issue of plastic debris to date. Instruments are costly.

Inductively coupled plasma MS (ICP-MS) has occasionally been employed to
characterize a range of elements, particularly metals (common in pigments) associ-
ated with plastics. Samples are typically digested using strong acids prior to analy-
sis. See the pigment discussion below for more details.

2.5.9 Thermal Analysis Techniques

A variety of thermal analysis techniques are applicable to microplastics. A simple
approach is the application of a hot needle to selected particles to evaluate melting
potential (Silva et al. 2018). Natural materials do not typically melt or curl. Pefialver
et al. (2020) recently reviewed a number of thermal analysis techniques. These
range from gravimetric measurements across time and temperature gradients, to
more sophisticated hyphenated techniques. Gravimetric measurements, being rather
nonspecific, are vulnerable to the presence of interferences from nonplastic materi-
als. Detection limits may be problematic as many approaches (e.g., pyrolysis) are
sample size limited. Pre-concentration of microplastics may reduce this shortcoming.

Pyrolysis-GC/MS (Py-GC/MS) has proven to be a valuable technique for micro-
plastic characterization. This destructive method thermally deconstructs samples over
one or multiple temperature ranges. Polymers that produce characteristic degradates
may thus be identified and quantitated. Further, GC peaks for additives or sorbed
hydrophobic organic pollutants may be identified using an additional thermal desorp-
tion step. Py-GC/MS has typically been employed for discrete plastic particles. More
recently, it has been adapted to analyze mixtures, allowing higher-throughput analy-
sis. As it is not dependent on particle size, Py-GC/MS is a promising technique for
nanoplastic analysis (Mintenig et al. 2018; Ter Halle et al. 2017), provided sufficient
material is input. Unlike FTIR or Raman methods, however, pyrolysis by itself does
not permit the acquisition of particle counts, shape, or size data, unless other tech-
niques (or pre-sieving into size classes) are employed prior to pyrolysis.

A sample is typically introduced to the pyrolyzer in a glass thermal desorption
tube or stainless-steel cup. These can accommodate small pieces of plastic, gener-
ally less than 1.5 mm diameter. The development of larger pyrolysis chambers
would advance this technique, allowing characterization of microplastics that have
been concentrated on a filter. For polymer analysis, high temperatures (~700 °C) are
required. At lower temperatures (590 °C), pyrolysis is possible with thermoche-
molysis, established by spiking the sample with, for example, ~10 pl of tetrameth-
ylammonium hydroxide (Gomiero et al. 2019; Fischer and Scholz-Boéttcher 2017).
Pyrolysis thermally degrades the polymer, yielding organic pyrolysates, which are
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characterized via subsequent GC/MS. Comparison of the chromatographic finger-
print to that of known polymers can reveal polymer type and peak integration of one
or more marker compounds used to obtain analyte mass (Fischer and Scholz-
Bottcher 2017). For example, in a study of plastic pollution analysis using Py-GC/
MS, Fries et al. (2013) presented a PE chromatogram containing a characteristic
series of n-alkanes, n-alkenes, and n-alkadienes (also shown in Ter Halle et al.
2017). A comprehensive list of characteristic decomposition products for different
polymers can be found in Fischer and Scholz-Béttcher (2017). Fries et al. (2013)
were able to identify eight polymer types collected from sediments using this tech-
nique, including PE, PP, PS, and PA. Likewise, Doyen et al. (2019) and Gomiero
et al. (2019) identified multiple polymers in plastics extracted from beach sedi-
ments, while Hendrickson et al. (2018) used Py-GC/MS to validate polymer identi-
fication in surface waters of Lake Superior. Py-GC/MS has the ability to characterize
the relative contribution of different polymers in complex, layered polymers, or
copolymers.

Complex samples with multiple unknown polymers may be analyzed using
Py-GC/MS. For example, Ter Halle et al. (2017) used ultrafiltration to concentrate
nanoplastics in seawater and then validated their presence using dynamic light scat-
tering analysis. The thermal degradation products were compared to known poly-
mer standards, and advanced statistics were applied to estimate the relative percent
contribution of up to three polymers per sample. Weight-based estimates were not
possible using this approach. An alternative statistical approach can be found in
Zhang et al. (2020b). The complexity of these analyses was underscored by the
shared pyrolysis products from multiple compounds (Fischer and Scholz-Béttcher
2017). Further, coincident matrices in the sample can contribute thermal decompo-
sition products, such as styrene from chitin (Fischer and Scholz-Bottcher 2017).
Sample digestive pretreatment may be effective in eliminating much of this
interference.

An additional capability of Py-GC/MS is investigating polymer additives or
particle-sorbed contaminants. To detect volatile or semi-volatile organic additives,
thermal desorption is typically employed prior to pyrolysis. Here, a sample is first
heated to 350 °C, for example, in order to release the more volatile constituents.
Cryogenic cooling is employed to trap thermal decomposition products prior to GC
and subsequent pyrolysis of the sample. Fries et al. (2013) used this “double-shot”
technique to detect phthalates, benzaldehyde (flavoring substance), and 2,4-di-tert-
butylphenol (antioxidant) in plastics. Alternatively, in place of separate thermal
desorption and pyrolysis steps, compositional data may be collected over a tempera-
ture ramp whereby thermally desorbed compounds will elute early, while pyrolysis
decomposition products elute later. Zhang et al. (2020a, b) demonstrated this
approach, in conjunction with high-resolution MS. As such, Py-GC/MS can simul-
taneously investigate complex organic compounds within/on plastics not feasible
using IR or Raman spectroscopic techniques.

A related technique to Py-GC/MS is thermal extraction desorption GC/MS
(TED-GC/MS). This approach employs thermal decomposition over a longer period
of time, utilizing a thermal desorption unit (Duemichen et al. 2019). This process is
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amenable to larger samples and reduces the need for pretreatment. Eisentraut et al.
(2018) used TED-GC/MS for the analysis of street runoff and sludge samples.
Street runoff was sieved and reconcentrated on glass fiber filters, while sludge was
homogenized with a ball mill. In addition to traditionally identified thermoplastics
(i.e., PE, PP, etc.), these authors reported the presence of tire wear particles using
marker compounds (elastomers, antioxidants, and vulcanization agents). Overall,
TED-GC/MS and Py-GC/MS hold promise for the characterization of plastic debris,
independent of size, and for increasing sample throughput.

Thermogravimetric analysis (TGA) is a method where the loss in sample mass is
evaluated as a function of temperature, under specific atmospheric conditions.
Without additional detectors such as MS or IR, qualitative information provided is
limited. Sample pretreatment is typically modest. The relatively high sample
amounts employed in TGA units (about 200 times higher during TED-GC/MS than
Py-GC/MS) enable the measurement of heterogeneous matrices, reducing sample
representativeness concerns (Diimichen et al. 2015; Elert et al. 2017). However,
further investigations of the applicability of this method for matrices with high con-
centrations of impurities, such as natural organic matter, are needed. Mengistu et al.
(2019) utilized a simultaneous thermal analyzer, a TGA interfaced with a FTIR, to
systematically evaluate responses from tire granules and sediments amended with
tire granules. Here, both sample mass losses over a temperature and time program
and IR spectral information were obtained. The formulated sediments (wetted to
50% by volume) consisted of 5% organic matter (conifer bark), 75% quartz sand,
and 20% kaolinite clay.

2.5.10 X-ray Photoelectron Spectroscopy (XPS)

XPS, also known as electron spectroscopy for chemical analysis (ESCA), is a tech-
nique for qualitative and quantitative measurement of elemental composition and
chemical/electronic state of elements in materials. X-ray irradiation of a surface
produces spectra denoting spatial and depth distribution. The kinetic energy and
number of electrons that escape from the surface (1-12 nm) of the material are
simultaneously measured. Hernandez et al. (2017) used XPS to evaluate the chemi-
cal composition of PE nanoplastics in personal care products, while Lu et al. (2018)
investigated the aqueous aggregation of PS microspheres under varying pH, humic
acid, and ionic conditions.

XPS can also provide valuable information on chemical changes occurring in the
first atomic layer (<3 nm) of polymeric surfaces. Tian et al. (2019) examined the
formation of C—O groups on PS nanoplastics after 48 h of UV irradiation. In con-
trast, no significant changes were observed by FTIR analysis. Future application of
XPS to the study of micro- or nanoplastic surface weathering under environmental
conditions may be insightful. Furthermore, XPS may facilitate a deeper understand-
ing of biofilm formation on plastics. In this context, Feng et al. (2018) explored
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changes via XPS in extracellular polymeric substances released by microorganisms
in activated sludge.

2.6 Microparticle Classes of Emerging Concern

Many researchers exclude biogenically-derived or partially synthetic plastic debris
(e.g., cellulose-derived products such as rayon) from their consideration of “micro-
plastics” in the environment. However, organismal effects may occur via physical
mechanisms, irrespective of the particle’s precursors (fossil fuel, bio-based, or
wholly natural). For example, negative impacts may arise from physical (e.g.,
blocking of digestive tracts or overall reduction of caloric value of ingested materi-
als) rather than chemical interactions (Wright et al. 2013). Suaria et al. (2020)
reported that naturally occurring and man-made cellulosic fibers outweighed by
>10-fold synthetic microfibers in the waters from six ocean basins. Reed et al.
(2018) reported that rayon fibers were the most abundant microplastic class detected
in marine sediments near the Rothera Research Facility (Antarctica). These likely
arose from textiles released via wastewater. Further, biopolymers have been touted
as a replacement for fossil fuel-based polymers. However, the mechanisms of toxic-
ity of microparticles remain uncertain.

Analysis of natural precursor-derived particles (e.g., rayon) can be problematic
due to their vulnerability to caustic sample preparation techniques commonly used
for wholly synthetic microplastics. In addition, their chemical similarity to natural
detritus may confound subsequent instrumental analysis. Surface coatings and tire
wear are two additional classes of particles that are environmentally prevalent.
However, to date, they have not garnered the level of attention paid to other micro-
plastics. In part, this arises from their complex nature and difficulties in their
analysis.

2.6.1 Surface Coatings/Paints

Buildings, roadway markings, and vessels are frequently treated or painted. Modern
surface coatings often have polymeric components. Fragments are released as a
result of abrasion and weathering. Paints may be formulated with pigments contain-
ing metals (e.g., Ba, Cd, Cr, Cu, Fe, Hg, Pb, Sn, Ti, and Zn) and organic constitu-
ents. Specialty coatings may contain intentionally toxic chemicals such as
antifoulants and microbicides. Takahashi et al. (2012) observed that paint particles
constituted up to 0.2% of cores of UK estuarine sediments. Here, particles were
manually separated and weighed. The authors noted that metallic entities were
rather homogeneously distributed vertically in the cores. They hypothesized the
metals, being more water-soluble, may have been released from the pigment
particles.
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Song et al. (2014) investigated microplastics in the waters of Jinhae Bay, Korea.
They observed that paint particle abundance exceeded that of other microplastic
classes and that most paint particles were small, less than 100 pm. Alkyd resins and
poly(acrylate/styrene) from fiberglass were common. Particles concentrated in the
water’s surface microlayer, a zone of considerable physical and biological activity.
Microplastics were collected on GF/F glass fiber filters and identified by ATR-
FTIR. Imhof et al. (2016) investigated microplastics and paint particles in freshwa-
ter lake sediments. They reported that paint particles were small: 1-50 pm. Hence,
they exhibited high surface area to volume ratios. Samples were treated with hydro-
gen peroxide and sulfuric acid to remove organic interferences. They were stirred
for 1 week and collected on 2.2 pm quartz fiber filters (Whatman QM-A).
Microplastics were identified by pRaman. Particle abundances were determined by
counting selected regions of the filter. However, this approach may result in errors
if the particles are heterogeneously distributed on the filter. The authors also noted
that the pigment particles were brittle. Hence, rigorous physical treatment of sam-
ples could distort the original particle size distributions. In some cases, the authors
were unable to identify associated polymers in the particles. Imhof et al. (2016)
determined metal content by inductively coupled plasma MS. Cabernard et al.
(2018) evaluated particles from North Sea surface waters by pRaman and ATR-
FTIR and reported many large (>500 pm) “varnish” fragments (suggesting precur-
sors derived from nonfossil fuel sources). Smaller particles were collected on a
gold-coated mirror for pRaman or gold-coated PC filters for FTIR in reflectance
mode. They also encountered colored particles that exhibited substantial fluores-
cence, interfering with Raman analysis. Aggregation of particles on the filter, reduc-
ing apparent particle numbers, was observed. The presence of dark pigments and
fibers was an additional analytical challenge. Cabernard et al. (2018) also noted
long analysis time, residual organics interfering with spectra, and the presence of
salt precipitates from lab procedures compromised results.

2.6.2 Tire Particles

Tire wear fragments have been reported by some to be among the most abundant
synthetic microparticles, especially near roadways (Kole et al. 2017; Sommer et al.
2018; Hale et al. 2020). In addition, substantial amounts of scrap tires are recycled,
including use on playgrounds and athletic fields. In addition to the rubber infill, such
fields may incorporate polymer fibers to simulate grass blades, as well as polymeric
carpet backing (Cheng et al. 2014). Tire scrap and other waste plastics are also
being incorporated into asphalt pavements. Materials are subsequently subjected to
additional weathering and fragmentation to varying degrees. Fragments may be
transported by runoff to surface waters. From there they may be transported by
runoff to surface waters. Particle composition varies as a function of the manufac-
turer and may include natural rubber, carbon black, ABS plastic, metal and fiber-
glass belts, and other materials. A variety of techniques (Leads and Weinstein 2019)
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have been used to quantify tire wear, including visual examination, Py-GC/MS,
SEM-EDX (scanning electron microscopy-energy-dispersive X-ray analysis), FTIR
(for ABS), and investigation of specific chemical markers, such as benzothiazole.

Analysis of tire particles using spectroscopic methods (Sommer et al. 2018) can
be impeded by near-complete absorption of IR light due to filler components in tire
fragments (e.g., carbon black) and strong fluorescence (Eisentraut et al. 2018).
Thermoanalytical methods, like Py-GC/MS and TED-GC/MS, are an alternative
approach. These techniques utilize markers such as decomposition products and
vulcanizing agents for identification. Eisentraut et al. (2018) used TED-GC/MS to
simultaneously measure microplastics originating from thermoplastics and tire
wear abrasion products in environmental matrices. Unice et al. (2012) developed a
protocol to analyze and quantify tire particles in environmental matrices using
Py-GC/MS.

Optimal markers should be selective, stable, and easily detectable. Benzothiazole-
based vulcanization agents have previously been used as chemical markers to esti-
mate presence (Spies et al. 1987). However, their suitability in quantification (and
identification) of tire particles has been questioned due to their water solubility/
leachability and reactivity (Eisentraut et al. 2018; Wagner et al. 2018; Klockner
et al. 2019). Zn as an elemental marker has potential due to its high concentration in
tires. Unfortunately, there are numerous sources of Zn (Klockner et al. 2019). Thus,
using elemental markers like Zn for the detection of tire particles in environmental
matrices may be suitable only if coincident interferences are removed prior to anal-
ysis of the fragments of interest.

Natural rubber (NR) is the main elastomeric constituent of truck tires but has
been found in other tire materials (Wagner et al. 2018). NR decomposition products
include dimers, trimers, and tetramers of isoprene. However, coincident natural
sample constituents may exhibit similar decomposition products (Eisentraut et al.
2018). Thus, analysis of NR in environmental samples may be problematic if such
extraneous organics cannot be excluded. Styrene-butadiene rubber (SBR), a syn-
thetic petroleum-based product, has also received attention as a chemical marker
compound. SBR is abundant in tires, exhibits limited leaching, and has few non-tire
sources (Eisentraut et al. 2018).

Sommer et al. (2018) used multiple approaches to identify tire-derived aerosol
particulates collected near German roadways. These included transmitted light
microscopy and SEM-EDX, as well as diagnostic particle axial ratios and volumes.
The authors noted that most tire wear particles exhibited rounded, elongated shapes,
with adhering road and brake wear particles. Mengistu et al. (2019) developed a
method for detection and quantification of tire wear particles in sediments that
entails the use of FTIR, simultaneous thermal analysis (STA), and parallel factor
analysis (PARAFAC). STA and FTIR were first used to generate data matrices,
which then provided data for the PARAFAC. PARAFAC was used to decompose the
overlying components in the spectral data into groups of substances for easier anal-
ysis. Mengistu et al. (2019) speculated that with further development and incorpora-
tion of PARAFAC with FTIR analysis, the method proposed could be automated for
faster analysis of tire wear particles in sediment samples.
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2.7 Quality Assurance and Quality Control

The development of appropriate goals and hypotheses is the first and most critical
step in plastic debris studies. However, to date many published works have relied on
opportunistic field studies or biased sampling designs. This is due in part to the
contemporaneous inception of plastics manufacturing (circa 1950) and the recent
discovery of the widespread environmental distribution of microplastics. The sig-
nificance of results must be evaluated in the context of the quality and extent of the
sampling, accuracy, and inclusiveness of the analysis methods applied.

de Ruijter et al. (2020) discussed important quality criteria for evaluating micro-
plastic risk assessments. Among those most pertinent to analytical studies were
delineating particle size, shape, polymer type, source of microplastic, appropriate
reporting units, chemical purity, effectiveness of lab preparation steps, and verifica-
tion of background contamination and replication. The selection of appropriate
study materials to meet study goals is essential. On account of the wide range of
plastics made, care must be taken when extrapolating findings from a small subset
of plastics to the wide range in commerce. In some lab studies, the basis for polymer
types chosen includes concordance with those used in previous studies (a standard-
ization mindset) or their facile acquisition (i.e., commercially available or already
in-hand materials). For example, low- and high-density polyethylenes (LDPE and
HDPE, respectively) are common in surface waters. However, ultrahigh molecular
weight (UHMW) PE has been used as a representative polymer in some influential
studies (e.g., Teuten et al. 2007; Bakir et al. 2012) to evaluate microplastic sorption
of water-borne organic pollutants. However, UHMWPE is a high crystallinity poly-
mer. It is used in niche applications such as surgical implants in humans and high-
precision mechanical gears due to its extreme hardness, inertness, and durability.
UHMWPE’s prevalence in the environment is likely very low. Its environmental
behavior, versus widely used LDPE and HDPE, merits examination. Additive and
filler packages may also differ. Unfortunately, plastic manufacturers often provide
an incomplete list of ingredients of plastic products or declare composition “confi-
dential business information.” Accordingly, researchers on occasion have published
lab exposure or behavior studies without describing the chemical composition
(polymer type or additives present) of the microplastics used (e.g., Ogonowski et al.
2016; Barboza et al. 2018a, b; Pacheco et al. 2018; Martins and Guilhermino 2018).
This makes the applicability of results uncertain. Hildebrandt et al. (2019) cautioned
that the actual size ranges of commercial microplastic products may differ from sup-
plier specifications and should be verified before use in recovery exercises. They
also noted the use of nonspherical microplastics would be more germane in valida-
tion exercises, as secondary microplastics are most abundant in the environment.

Contamination of samples during collection and analysis is problematic due to
the ubiquitous presence of plastics, especially indoors (e.g., Wesch et al. 2017;
Catarino et al. 2018). Where feasible, sampling equipment, materials/reagents used
in preparation, and storage containers should be free of plastic components to
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reduce potential sample contamination. Nets and lines commonly consist of poly-
meric (e.g., PE, PP, and PA) materials, which may shed fragments (Welden and
Cowie 2017). The use of natural fiber sampling nets is an option. Glass containers
and metal sieves may be used. However, container closures (e.g., caps) may be a
source of microplastic contamination, as shown for bottled water (Winkler et al.
2019). Cotton or non-shedding clothes are recommended for persons collecting and
analyzing samples. Nylon is a common component of clothes, protective apparel
(e.g., gloves), and water purification apparatuses. Airborne microplastics are very
abundant indoors (Catarino et al. 2018) where lab preparation occurs. Hence, sam-
ples should be covered where possible. Wesch et al. (2017) noted that the use of a
clean bench with particle filtration reduced sample contamination by >96%. Harsh
sample treatment (e.g., exposure to abrasion and caustics) may reduce analytical
interferences, allowing better spectra to be obtained, but can fragment particles,
altering the sample’s original size distribution.

Inclusion of lab and field blanks, as well as positive controls (amending matrices
with microplastic standards representing the targeted polymer types, sizes, and
shape characteristics) is necessary for quantitative approaches. These should be
passed through all procedural steps to evaluate possible contamination and analyte
losses (Koelmans et al. 2019). Blank results should be reported. The use of multiple
devices or containers during sample processing, exposure to particle-laden ambient
air, and addition of preservatives increase the potential for contaminant introduc-
tion. Reagents (e.g., oxidizers and preservatives) may be passed through filters to
reduce particulates. But the filters themselves must not introduce interferences, and
laboratory blanks should be inspected (Koelmans et al. 2019). For example, Fortin
etal. (2019) suggested that some sub-10 pm microplastics detected in highly treated
wastewater effluent samples evaluated may have arisen from polymeric materials
used in the purification equipment itself.

Calls have been made to standardize microplastic sampling and analysis methods
to facilitate comparisons between studies. However, sampling and analytical
approaches for microplastics remain a “work in progress.” Thus, coalescing on
immature methods that fail to adequately identify the range of microplastics is ill-
advised. Provencher et al. (2020) discussed the concept of method harmonization
versus strict standardization. These authors also point out the responsibility of man-
uscript reviewers and journal editors in ensuring the appropriateness of the meth-
ods, data, and language used by authors.

The question of units for expressing microplastic measurements is critical.
Commonly, studies simply report the number of a limited range of particle sizes
(e.g., those between 300 and 5000 pm) present. However, this may be misleading
(Simon et al. 2018; Rivers et al. 2019). As discussed previously, particle size char-
acteristics are subject to change (i.e., plastic debris fragments over time into smaller
particles). Importantly, all enumerations to date are likely underestimates due to a
failure to report small micro- and nanoplastics. Studies should strive to determine
and report mass-based concentrations of the plastics present. Masses may be esti-
mated by determining particle volumes (e.g., by flow cytometry), although a lack of
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density measurements will be a source of error in such calculations. However, most
polymer densities reside within a range of only about 10%. Alternatively, areas of
particles derived from microspectroscopic assessments could be determined and
summed by polymer type. Such area totals, as well as estimated volumes and asso-
ciated masses, could then be calculated (Simon et al. 2018). This would be a signifi-
cant step forward towards determining mass balances of MPs in the environment.

2.8 Conclusion

Over the last 70 years, plastic debris has entered all global environmental compart-
ments, resulting in the formation of complex mixtures of chemically and physically
distinct particles. This reality poses extraordinary sampling and analysis challenges.
The researcher’s first and most critical task is to formulate appropriate study goals.
This is essential, as no single currently available sampling or analysis protocol is
capable of capturing, identifying, and quantitating the full range of plastic debris
present (Fig. 2.1; Table 2.1). To date, polymer analysis priorities have largely been
guided by plastic production statistics, preexisting data on debris distribution (often
skewed towards selected locales, such as beaches and the water’s surface), and ease
of sampling and detection. This has begun to change.

Risk at the individual, population, and ecosystem levels should be a driving force
for studies and thus for prioritizing analysis method development. But such data
remain incomplete. The study of impacts may be well served by controlled expo-
sures. However, even in lab studies, greater diligence regarding the identities and
properties of the study materials is warranted (Kogel et al. 2020). The first step to
investigate environmental plastic pollution, field sampling, is critical. Careful prep-
aration and highly sophisticated detection instrumentation cannot rescue what inap-
propriate sampling has missed or compromised. Researchers must recognize that
plastic debris in the environment is composed of an immense diversity of polymers
of varying properties. Polymers are also commonly augmented with additives or
fillers, contributing up to percent by weight of the final plastic product. Their pres-
ence may affect plastic debris toxic potential and environmental behavior, as well as
their recovery during sampling and subsequent sample preparation (and responses
during instrumental detection). Size, shape, and surface texture of debris also affect
the behavior in the field and during analysis. Small micro- (<20 pm) and nanoplas-
tics are particularly difficult to characterize and enumerate and accordingly have
been rarely reported (Kogel et al. 2020). Ironically, these are likely the most abun-
dant, in part due to the continuous fragmentation of plastic debris in the environment.

The recognition that small microplastics are important is driving sampling
towards more inclusive approaches, e.g., the use of pumps and filter arrays to cap-
ture and separate them into size classes. However, this may come at the cost of
extended analysis time and representative sampling (due to a small sample size).
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Techniques such as continuous flow centrifugation are promising in this arena.
Automation is desirable from the perspective of analysis cost, accuracy, and preci-
sion. Complex, labor-intensive treatment schemes also increase the opportunity for
analyte loss and sample contamination.

Powerful analytical techniques (e.g., MALDI-MS and AFM) to probe the surface
properties of plastics exist. However, these are expensive and inappropriate to quan-
tify large numbers of microplastic targets. pFTIR is becoming more available and is
amenable to the automation of particle searching. FPA detectors further reduce
analysis time. However, conventional FTIR does not resolve particles below about
10 pm. pRaman has capabilities to detect smaller particles (<1 pm) but is more
expensive, time-consuming, and vulnerable to interference from fluorescence. In
terms of evaluating total plastic in samples, approaches such as solvent extraction
and thermal analysis hold promise. They can encompass submicron plastic debris,
but their qualitative power is limited unless enhanced with supplemental techniques.
By themselves, they do not provide plastic debris size, shape, or texture data,
although sample pre-sieving permits separation into particle size bins. But this, in
turn, increases the number of samples to be analyzed. However, these techniques
may be readily automated and, compared to more sophisticated approaches, are
inexpensive and rugged.

As daunting as the above seems, researchers concerned about plastics in the envi-
ronment may be able to take advantage of some, to date, largely untapped resources,
i.e., expertise and research in other disciplines. These include polymer chemists in
the academic and commercial fields, the professionals who actually design and for-
mulate plastics. As such, they possess substantial experience characterizing poly-
mers, as well as knowledge of their behavior. Unfortunately manufacturers often
deem compositional details of plastic products confidential. This is a complex issue,
involving legal and business concerns (i.e., trade secrets). In some cases these may
be fundamentally less important than associated toxicological issues. However, sug-
gestions to remedy this are beyond the scope of this analytical chemistry-tasked
chapter. Plastics are engineered to fulfill the performance requirements of specific
applications at as low a cost as feasible, maximizing financial returns. Regrettably,
postconsumer environmental safety and fate have not always been adequately eval-
uated and incorporated into the calculation. These considerations must evolve if we
are to successfully tackle growing global plastic contamination. Bioplastics are also
entering the market in increased volumes, due to concern over finite fossil fuels and
the expectation that these materials are more “eco-friendly.” This expands the diver-
sity of analytes and their similarities to naturally occurring polymeric materials
present further challenges for analytical methods.
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