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Development of analytical methods for the characterization (particle size determination, chemical

identification, and quantification) of the low mm-range microplastics (MPs; 1–10 mm) and nanoplastics

(NPs; 1 nm to 1 mm) in air – coarse (PM10; <10 mm), fine (PM2.5; <2.5 mm) and ultrafine (PM1; <1 mm)

particulate matter – is a quickly emerging scientific field as inhalation has been identified as one of the

main routes of human exposure. The respiratory tract may serve as both target tissue and port of entry

to the systemic circulation for the inhaled MPs and NPs with their small particle size. As an outcome, the

interest of the scientific community, policy makers, and the general public in indoor airborne MPs and

NPs increased tremendously. However, there is a lack of detailed knowledge on the indoor and outdoor

sources of MPs and NPs, their levels, and their health impact. This is mainly related to a lack of

standardized sampling and analytical methods for size determination, chemical identification, and

quantification. In this review, recent developments in mass spectrometry-based analytical methods for

size determination, chemical identification, and quantification of the MPs and NPs in indoor air and dust,

are discussed.
1. Introduction to airborne
microplastics and nanoplastics

Particulate plastics include a group of plastic polymers from
5 mm down to the nanometer range.1 They are ubiquitously
present and scientists have pointed out their persistent nature2

and their possible impacts on humans who can be exposed to
particulate plastics via ingestion, inhalation, and dermal
contact.3 In environmental sciences, the term microplastics
(MPs) is used for plastic particles with a size range between 1
mm and 5 mm (<5 mm) in diameter. The term nanoplastics
(NPs) refers to plastic particles with a size <1 mm.1 Inhalation
has been identied as one of the main routes of human expo-
sure to coarse (PM10; <10 mm) and especially ne (PM2.5; <2.5
mm) and ultrane (PM1; <1 mm) particulate matter, and many
studies report on the impact of air pollution on human
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health.4–6 So far, however, few studies on the presence of indoor
and outdoor airborne coarse plastic (2.5–10 mm) and ne plastic
(1–2.5 mm) particles (further referred as low mm-rangeMPs; 1–10
mm) have been conducted to date.3,6–9 Only limited number of
studies exist on the actual occurrence of indoor and outdoor
airborne ultrane plastics (further referred to as NPs; 1 nm to 1
mm).10–12 This is mainly due to the lack of standardized sample
collection and preparation strategies, as well as of analytical
methods for their detection, quantication and characteriza-
tion. The complex composition of MPs and NPs including
different types of polymer material (e.g., polyethylene (PE),
polypropylene (PP), polystyrene (PS), polyethylene terephthalate
(PET), polyvinyl chloride (PVC), polyurethane (PU), nylon,
acrylic), their different sizes and shapes (e.g., bers, fragments),
surface morphologies and charges makes method development
even more difficult and novel approaches are required. In
addition, there is a limited knowledge on exposure sources and
levels, kinetics, and toxicity (including mechanisms of action
and dose–response relations) for the different types of MPs and
NPs.5,12,13 Low mm-range MPs and NPs in outdoor air may orig-
inate from tire wear, road paintings, agricultural plastic foil,
reuse of sewage treatment plant sludge, waste incineration,
industrial discharge, and aerosolization of sea water.7,14,15 It is
not yet known to what extent wear and tear of, for instance,
synthetic carpets, furniture, painting, 3D printed items and
synthetic fabrics contribute to MPs and NPs occurring in indoor
J. Anal. At. Spectrom., 2021, 36, 695–705 | 695
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air.7,12,15,16 As people spend approximately 70–90% of their life-
time indoors (whether at home or at work),17 it has been
hypothesized that indoor MPs, including microbers, and NPs
can have a signicant impact on human exposure and health.18

However, due to the lack of sufficiently powerful and versatile
analytical approaches and thus, of correct data on the presence
and distribution of MPs and especially NPs in air, it is very
difficult to assess the exposure risk of inhaled MPs and NPs and
its impact on human health,5 as a result there is an urgent need
for method development.
2. Deposition of inhaled particles in
the human respiratory tract

Several studies have revealed that indoor airborne MPs
concentrations may be very low (1.7 and 16.2 particles per
m3).3,19 However, various parameters e.g., ventilation rate, air
ow, room partitioning and climatic conditions affect their
dispersion and presence in indoor air.16,19 In a very rst study on
human exposure to MPs and microbers breathing thermal
manikin was used to simulate human respiration.3 From this
experiment it was estimated that a male person with light
activity inhales 272 MPs per day.3 In another study, inhalation
of airborne MPs including microbers (length > 5 mm, with
diameter < 3 mm) via indoor air has been estimated at 26–130
airborne MPs per day.19 Considering that bers of size 250 mm
have been found in the deep human lung,12 the presence of
indoor airborne low mm-range MPs and NPs and reliable expo-
sure assessment should be investigated very carefully.

Regional deposition of inhaled MPs and NPs in the human
respiratory tract is mainly dependent on the particle size
Fig. 1 Left: size-dependent regional deposition of inhaled particles with d
tract. Right: overview of conventional analytical techniques available to c
Partly expanded, adapted, and redrawn, with permission from Poh et al.

696 | J. Anal. At. Spectrom., 2021, 36, 695–705
(Fig. 1). The interplay between the properties of the MPs and
NPs (size, shape, and density), human physiology and lung
anatomy are essential factors inuencing human exposure and
has been extensively studied in recent years.20–24 Lower density
polymers (e.g., PE), bers and plastic particles with a size below
5 mm have a higher potential to be deposited in the lower
airways.25 Aer deposition, clearance relies on mucus progres-
sion towards the pharynx by beating epithelial cell cilia, alveolar
macrophage phagocytosis, or translocation to the circulation or
lymphatic system. The large surface area of small particles in
the respiratory system may induce chronic inammatory
responses.26 It has been shown that PS nanospheres (64 nm)
lead to the inux of neutrophils into and inammation of rat
lungs, as well as proinammatory gene expression in epithelial
cells, due to the conrmed high oxidant activity caused by the
large surface area of these nanospheres.27 In vitro, PVC particles
induced signicant cytotoxicity in rat and human pulmonary
cells and gave rise to hemolysis.28 Occupational exposure to
airborne MPs in workers active in the synthetic textile, ocking
or the vinyl chloride or PVC industries has been associated with
respiratory symptoms and the development of airway and
interstitial lung disease due to absence of proper protection in
the work area.29–33 The reported correlation is interesting
because the same inammatory responses can be expected to
occur in susceptible individuals with a compromised respira-
tory system who are exposed to lower indoor airborne MPs and
NPs, as well as children due to the deposition of the plastic
particles on the oor.15,16,34 Consequently, powerful analytical
tools are required in order to ll the knowledge gap on the:

(1) sources and occurrence of low mm-range MPs and NPs
among the atmospheric and settled particles in indoor
ifferent size (PM10, PM2.5, and PM1) in the specific regions of respiratory
ollect and potentially identify low mm-range MPs and NPs in indoor air.
2018.35

This journal is © The Royal Society of Chemistry 2021
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environments where people spend most of their time including
home, the workplace, schools and kindergartens;

(2) potential exposure and translocation of low mm-range
MPs and NPs from the respiratory system to blood and other
tissues;

(3) respiratory system toxicity and/or systemic health effects
of low mm-range MPs and NPs aer inhalation exposure.
3. Analytical challenges

There is a lack of standardized sampling and analytical
methods for size determination, chemical identication, and
quantication of low mm-range MPs including the bers and
NPs in air and dust, thus hampering a reliable exposure
assessment.36 So far, very few studies have focused on the
detection and size distribution of airborne MPs in the indoor
and outdoor environment.16 As a result, airborne MPs, micro-
bers and NPs present a relevant analytical challenge. Optical
methods such as Fourier-transform infrared spectroscopy
(FTIR)37 or Raman microspectroscopy (mRaman)38 can be
deployed for the analysis of MPs (Fig. 2), but due to existing
limitations of these analytical methodologies (related to, e.g.,
the wavelength of the light source and interferences coming
from the contamination of samples with other particles from
other sources), chemical identication of individual particles
below 10 mm for FTIR and below 0.5 mm for mRaman is trou-
blesome.38 Several other analytical methods that can provide
information on particle size (e.g., transmission electron
microscopy, dynamic light scattering, nanoparticle tracking
analysis) are not capable of identication of the type of polymer.
Finally, analytical techniques for the detection and character-
ization (i.e., shape, size, polymer composition) of low mm-range
MPs and especially NPs in indoor air require relatively high
particle concentrations (number/mass) for analysis. Therefore,
further research in this eld is required to develop reliable
analytical methods for characterization of individual plastic
particles and bers in the low micrometer and nanometer
range.

The major challenges facing research in this area are (i) the
complex composition of low mm-range MPs and NPs, their
different sizes and irregular shapes; (ii) the absence of reference
materials mimicking the intrinsic properties of such particles,
except for the PS particle size standards intended for the vali-
dation and monitoring of particle counters and supporting
sample preparation processes; (iii) the difficulty of obtaining/
maintaining plastic-free test systems; (iv) the observation that
analytical methods that can provide information on particle size
are typically not capable of identication of the type of polymer,
and vice versa. According to size distributions demonstrated in
recent studies, an increase in the plastic particle number is
observed with decreasing size, which raises concerns as to
human exposure to smaller-sized plastic particles and their
potential impact on human health. Methods for NP sampling,
sample pre-treatment and determination are non-specic and
still in a development phase.4 Consequently, emerging prom-
ising techniques will have to be anticipated to contribute
This journal is © The Royal Society of Chemistry 2021
towards the characterization of airborne low mm-range MPs and
NPs (Fig. 2).

This review will summarize novel developments in mass
spectrometry (MS)-based analytical methods that could play an
important role for size determination, chemical identication,
and quantication of MPs and NPs in indoor air and dust, and
discuss how these contribute to exposure assessment. Chal-
lenges in sample collection and pre-treatment will also
discussed.
4. Sample collection and preparation
strategies

Characterization of airborne and settled low mm-range MPs and
NPs in indoor environments highly relies on the sample
collection procedures and pre-treatment protocols that are in
a development phase only.40 Sample collection and preparation
strategies preceding low mm-range MPs and NPs analysis are
crucial steps and have to be successfully accomplished to
enable adequate results to be obtained. Obliviously, the smaller
the size of the plastic particles in indoor air, the more difficult it
is to isolate them. It is evident that there is no standardized
procedure for sampling and sample treatment of airborne low
mm-range MPs and NPs yet.4 However several methods have
been described for other matrices, including: (i) sieving for
aquatic systems,41 (ii) density separation for sediments,42 and
chemical/enzymatic digestion for food and biota samples.43 In
general, conventional air sample collection includes (i) active
air sampling that provides necessary information on particles
concentration and is necessary for exposure assessments, and
(ii) passive sampling of settled particles giving the possibility to
provide mass balance calculations. For collection of airborne
and settled low mm-range MPs and NPs different types of
sampling devices, sample pumps, sampling lters, sampling
volumes, sampling times, and sampling conditions can be
used. Up to now, a stand-alone sampling pump was used for
collection of airborne MPs.16 To collect settled MPs, a vacuum
pump or vacuum cleaner can be used.4,34 However, these
methods are still in a development phase and have not been
tested for indoor air NPs yet. In addition, existing airborne dust
samplers: (i) stationary cascade impactors for simultaneous
collection of airborne particles of different size fractions; (ii)
stationary cowled sampling heads (with an aluminum lter for
sampling plastic bers); (iii) particle sampling by ltration on
a porous TEM grid (operational in the 5–150 nm size range);44

and (iv) personal cascade impactors available with 6, 8, and 10
impaction stages, to obtain size-fractionated particle samples as
small as 56 nm can be of use. For collecting settled dust, (i) wipe
sampling methods for other types of particles (e.g., particulate
matter, oor dust, etc.),45 (ii) tape li sampling, and (ii) micro-
vacuum sampling46 might be used. All these sampling proce-
dures are relevant for spectroscopic identication of low mm-
range MPs (Fig. 2). As an illustration, low-pressure cascade
impactors are extensively used to characterize the mass size
distribution of airborne particles and as such necessary for the
exposure studies/assesment.47 Many cascade impactors capable
J. Anal. At. Spectrom., 2021, 36, 695–705 | 697
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Fig. 2 Capabilities and limitations of different analytical techniques to characterize MPs and NPs in terms of particle size and/or composition in
comparison to size dependent regional deposition of inhaled particles in the respiratory tract based on the International Commission on
Radiological Protectionmodel provided byOberdörster et al., 2005.39 *In combination with light scattering, ultraviolet-visible (UV-vis) absorption
spectrometry, and/or mass spectrometry (MS) for particle detection.
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of classifying particles into different size fractions in the range
of approximately 30 nm to 10 mm are already available.48,49 The
basic operating principle of a low-pressure cascade impactor is
classication of particles based on their aerodynamic diameter:
where the larger particles with more inertia are collected rst in
the uppermost impactor stages, the smaller particles with less
inertia are collected downstream the gas ow of 10 or 30
L min�1 (Fig. 3). The size classied particles are collected on
Ø25 mm collection substrates with aluminum foils that are
convenient for spectroscopy measurements.
698 | J. Anal. At. Spectrom., 2021, 36, 695–705
Dry sampling methods should be extended to wet sampling
methods and extensive sample preparation procedures
including matrix removal in order to show full potential of MS-
based analytical methods for MPs and NPs characterization.
The removal of organic material is crucial for the detection and
characterization of MPs and NPs by spectroscopy-based
methods and even more for MS-based analytical methods.
Consequently, MPs and NPs collected using a cascade impactor
should be further treated.49 As an example, aer MPs and NPs
are collected and dispersed in water by ultrasonic-assisted
This journal is © The Royal Society of Chemistry 2021

https://doi.org/10.1039/d1ja00036e


Fig. 3 Analytical process for sample collection (e.g., size-partitioning using a cascade impactor) and preparation, as well as characterization of
MPs and NPs in airborne dust and settled dust including spectroscopy and MS-based analytical methods as complementary analytical
techniques.
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extraction or pressurized liquid extraction, matrix removal, and
MPs and NPs extraction protocols will play an important role for
further analysis (Fig. 3) taking into account that insufficient
matrix removal introduces matrix effects in the mass spec-
trometry analysis. Of course, it needs to be ensured that the
plastic particles are not affected during the matrix removal and/
or MPs and NPs extraction protocols used, which could include:
(1) oxidizing procedures,50 (2) wet acid treatment,51 (3) alkaline
digestion,52 (4) enzymatic digestion,43 and (5) density separa-
tion.53 Preconcentration and ltration steps are also needed in
order to meet the specic requirements of the MS-based tech-
niques employed in this context. In general, validation of matrix
removal/MPs and NPs extraction procedures is rarely
mentioned in most of the recent publications dealing with MPs
and NPs in environmental samples.54 Therefore, there is a clear
need to verify the impact of the current sample preparation
approaches and evaluate possible risk of blank contamination,
losing MPs and NPs, and nally degradation of low mm-range
MPs and NPs by introducing standardized materials in
recovery tests. Finally, pre-concentration techniques (ltration,
density separation, centrifugation) for MPs and NPs analysis in
relevant sample extracts should also be considered to allow
sufficient concentration of low mm-range MPs and NPs for
further analysis.
This journal is © The Royal Society of Chemistry 2021
5. Mass spectrometry-based
analytical methods for microplastics
and nanoplastics characterization

Mass spectrometry (MS) andmicrospectroscopy are state-of-the-
art techniques that are rapidly developing and increasingly
tested for the characterization of MPs and possibly NPs. To
characterize MPs down to 10 mm size, microspectrosopic tech-
niques (e.g., mRaman, mFTIR, LDIR) are being extensively used.
However, for analyzing the low-mm-range MPs and NPs, it is
evident that other techniques are better suited to provide a full
characterization. In this context, recent developments in MS
techniques could play an important role in size determination,
chemical identication, and (semi)-quantication of low-mm-
range MPs including microbers and NPs in indoor air. By
combining the unique advantages of different MS techniques
(e.g., spICP-MS for particle detection, size characterization and
mass quantication, thermal decomposition followed by GC-
MS for polymer identication and (semi)-quantication in
bulk sample), researchers may be able to adequately address the
challenges raised in the eld of low-mm-range MPs and NPs
research.
J. Anal. At. Spectrom., 2021, 36, 695–705 | 699
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5.1 Single particle ICP-MS for MPs and NPs particle size
determination and mass/number quantication

Since its introduction by Degueldre et al.,55 the popularity of
single-particle inductively coupled plasma-mass spectrometry
(spICP-MS) has grown very rapidly. The fact that different
international directives demand the characterization of engi-
neered nanomaterials, denitely contributed to this success.
Nowadays, spICP-MS is generally considered a well-established
technique for analysis of samples containing low concentra-
tions (mass/number) of (engineered) nanoparticles.56,57 In
contrast to traditional ICP-MS analysis characterized by the
continuous introduction of a sample solution into the ICP ion
source, spICP-MS relies on the introduction of a diluted
suspension of (engineered) nanoparticles. Each nanoparticle
reaching the ICP leads to a burst of ions, giving rise to a short
transient signal, also called single event. Provided character-
ization of the transport efficiency, the number of events detec-
ted can be related with the number of particles in suspension,
while the intensity of every individual signal can be related to
the analyte mass provided adequate calibration. As such, spICP-
MS provides a wide range of relevant nanoparticle information,
such as elemental composition, size (spherical equivalent
diameter – nm) and size distribution, particle number density
(particles per mL) and mass concentration (mg L�1). Further-
more, the continuous baseline can also be used to calculate the
ionic content, and thus, spICP-MS provides information on
elements present in both dissolved and nanoparticulate form.56
Fig. 4 Use of spICP-MS for MPs and NPs size determination and quanti
into the ICP, a burst of ions is generated for each particle, giving rise to
detected is related with the number of particles in suspension, while the
Upper panels: spICP-MS based on C-monitoring. Lower panels: spICP-
permission from Bolea-Fernandez et al.57 Copyright © 2020 The Royal
2020 American Chemical Society.

700 | J. Anal. At. Spectrom., 2021, 36, 695–705
Recently, ICP-MS manufacturers have developed instruments,
offering shorter detector dwell times, enhancing the ability to
detect short temporally resolved signals, as the signal of each
individual nanoparticle can now be described by a few data
points instead of a single one.58 The use of dwell times within
the microsecond range has signicantly improved the signal-to-
background ration and thus, the size detection limits attainable
via spICP-MS.

Very recently, Bolea-Fernandez et al.57 reported for the rst
time ever on the use of spICP-MS based on carbon monitoring
for the detection and size characterization of microplastics (1
and 2.5 mm polystyrene microspheres). This method relied on
the monitoring of the 13C isotope (relative abundance¼ 1.07%),
the use of microsecond dwell times and the introduction of
microplastic suspensions at very low liquid ow rates (10
mL min�1). Potential issues related with poor transport effi-
ciencies for relatively large particle sizes were circumvented by
using a high-efficiency sample introduction setup originally
designed for the introduction of intact cells. Aer this proof-of-
concept study, a very similar approach has been applied to the
analysis of microplastics in some consumer products, including
the screening of microplastics in personal care products and
those released from food packaging, thus demonstrating the
potential of this technique for analyzing real-life samples.59

Although polymer identication by this technique is not
possible, and one must rely on other techniques for this
purpose, it is evident that spICP-MS is highly promising for the
fication. After the introduction of a diluted suspension of MPs and NPs
a short transient signal, also called single event. The number of events
intensity of every individual signal can be related to the analyte mass.
MS based on Au-monitoring (after labeling of the NPs). Adapted with
Society of Chemistry and Javier Jiménez-Lamana et al.60 Copyright ©

This journal is © The Royal Society of Chemistry 2021
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detection and characterization of low mm-range MPs (Fig. 4).
Furthermore, it needs to be noted that dissolved atmospheric
CO2 and other C-species present in the samples of interest, as
well as C impurities originating from the Ar gas still give rise to
a high background signal, limiting the practical size detection
limit to sizes close to 1 mm and thus, hampering the detection of
NPs.57,59

The spICP-MS technique can be used for the monitoring of
NPs (lowest detectable size of 135 nm) upon metal labeling by
using positively charged gelatin-coated gold nanoparticles
(AuNPs@gel) as tags adsorbed to polystyrene NPs to make them
more easily detectable by ICP-MS.60 This approach can be seen
as an “indirect” way (i.e. metal-labelling) of obtaining accurate
particle number density results for NPs by relying on the
monitoring of the 197Au nuclide. Although this method was
successfully applied to the detection and quantitative determi-
nation of the number concentration of NPs with sizes up to 1
mm in different water samples, it does not allow yet obtaining
information on the size or mass concentration of NPs (Fig. 4).

It is clear that while the use of spICP-MS for MPs and NPs
characterization is still in a very early stage. The works pub-
lished so far point towards a great potential of this technique for
becoming a standard tool for low mm-range MPs and NPs
particle size determination and mass/number quantication in
the not so distant future and become crucial for exposure and
risk assessment studies.
5.2 Thermal decomposition coupled with MS-based
techniques for MPs and NPs chemical identication and
(semi)-quantication

Thermal decomposition coupled with mass spectrometry-based
techniques have been increasingly applied for the bulk identi-
cation of low mm-range MPs and NPs in very complex envi-
ronmental samples as a complementary method to
spectroscopic approaches (mFTIR and mRaman).38 The main
principle of thermal decomposition coupled with MS-based
techniques relies on chemical analysis of the polymer break-
down products formed during thermal degradation of polymer
mixture and includes different analytical techniques being: (1)
pyrolysis gas chromatography mass spectrometry (Pyr-GC-MS),
(2) thermogravimetry (TGA), (3) TGA-mass spectrometry (TGA-
MS), (4) thermal extraction desorption-gas chromatography-
mass spectrometry (TED-GC-MS), (5) TGA-differential scan-
ning calorimetry (TGA-DSC), (6) thermal desorption/pyrolysis
direct analysis in real time (DART)-high resolution mass spec-
trometry.61–64 Taking into account that only bulk information on
the polymers present can be obtained without achieving an
insight into the particle size distribution by applying destructive
thermal analysis methods65 followed by MS-based chemical
analysis and extensive data processing, we will summarize most
promising techniques for low mm-range MPs and NPs chemical
identication and/or (semi)-quantication66 i.e. Pyr-GC-MS,
TED-GC-MS67 and thermal desorption/pyrolysis DART-MS.64

Pyr-GC-MS. The main principle of Pyr-GC-MS relies on the
thermal degradation of polymer materials in their monomers
and additives at high temperatures (>500 �C) under an inert
This journal is © The Royal Society of Chemistry 2021
atmosphere and their sequential separation by GC.68 Specic
polymer break-down markers and their indicator ions can be
further identied and (semi)-quantied by MS with high
condence.64 Pyr-GC-MS is gaining a lot of attention for both
qualitative and quantitative analysis of MPs and NPs present
within bulk sample that are not able to be detected by micro-
spectroscopic techniques.62 The main advantages of Pyr-GC-
MS are (1) no sample preparation procedures are required, (2)
analysis is independent on the individual size and shape of the
MPs and NPs, (3) the approach offers very low detection limits
(down to ppt to ppm), and (4) a fully automated system can be
used.68–70 The main limitations of using Pyr-GC-MS for chemical
identication and (semi)-quantication of low mm-range MPs
and NPs, however, are (1) destruction of samples, (2) the
method allows 0.5 mg of sample only and larger amounts will
potentially lead to the system overload and/or contamination,
(3) the data processing is extensive and complex, (4) inorganic
additives cannot be detected, (5) individual MPs and NPs
cannot be analyzed in terms of the particle size, (6) particle-by-
particle analysis is not feasible, and (7) it is limited to a few
restricted polymers (e.g., PS, PVC).63,71 The most recent studies
show that in combination with sample deposition on PTFE
lters as sample support, pyrolysis gas chromatography time of
ight mass spectrometry (Pyr-GC-TOF-MS) allows chemical
identication and (semi)-quantication of MPs and NPs present
within complex aqueous sample at concentrations of 50 ppb
and down to particle sizes >100 nm.72 This improved perfor-
mance and use of lters (used in existing air sampling proce-
dures) as sample support suggest that chemical identication
and (semi)-quantication of airborne MPs and NPs without
further sample preparation steps is possible. Finally, recent
studies showed that the use of lters as sample support is also
benecial to rst determine the particle size distribution by
mFTIR and successively use Pyr-GC-MS for reliable polymer-type
determination in bulk sample.73

TED-GC-MS. The main advantage of TED-GC-MS over Pyr-
GC-MS is the possibility to analyze the most frequently identi-
ed microplastic such is PE. The higher sensitivity and selec-
tivity of TED-GC-MS comes from 2 separate steps in the process,
i.e. (1) the thermal extraction/desorption and (2) GC-MS-based
chemical analysis.67 TED-GC-MS relies on the thermal
extraction/pyrolysis of the sample on the TGA balance inside the
TGA furnace combined with solid phase extraction of complex
volatile hydrocarbons released at high temperatures. In the
second step the solid-phase adsorber is transferred to the TD-
GC/MS analysis system. In this, the polymer breakdown
markers are thermally desorbed in the introduction system and
analyzed by the GC/MS system for polymer identication and
(semi)-quantication. Interestingly, using TED-GC-MS for
analysis of air ltration fractions without additional sample
preparation step would be possible as the major part of the
environmental matrix will be eliminated at high temperatures.
In addition, this enables analysis of signicantly larger sample
quantities (up to 100 mg) without risk of system overload or
contamination, and thus allows analysis of more representative
samples.67,74 The main drawbacks of using TED-GC-MS are
similar as these for Pyr-GC-MS, with emphasis on the complex
J. Anal. At. Spectrom., 2021, 36, 695–705 | 701
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Fig. 5 Ionization mechanism of the IonRocket thermal desorption/pyrolysis unit coupled with DART-MS with an example of mass spectra
generated as a sample is heated from ambient temperature to 600 �C, during which thermal desorption of volatile compounds in the polymers
and pyrolysis (thermal decomposition) of the polymers occur (adapted with permission of Zhang et al., 2020,64 Copyright © 2020 Elsevier).
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data interpretation, extensive and time-consuming method
development and no possibility for particle-by-particle analysis.

Thermal desorption/pyrolysis DART-MS. While other tech-
niques might require extensive sample preparation procedures,
expensive equipment, and time-consuming analyses to acquire
analytical results, DART-MS potentially leads to a rapid and
straight forward identication of polymer additives in different
plastic products without any previous sample pretreatment.75

The combination of thermal desorption/pyrolysis and DART-MS
(Fig. 5) has recently been put forward as a novel approach for
rapid ngerprinting of environmental microplastics and the
screening of additives.64 As previously reported, thermal
desorption and pyrolysis experiments produce chemical
ngerprints inclusive those of additives for characterization
and classication of MPs by polymer types.64 Themain principle
of thermal desorption/pyrolysis DART-MS involves thermal
degradation of the polymer additives present in MPs at high
temperatures (>600 �C) from �5 mg samples and ionization of
the compounds thus formed by DART operated in the positive
mode using He as the reagent gas, involving a ion–molecule
reactions with the sample molecules and consequent produc-
tion of analyte (indicator) ions.76 Indicator ions for additives
released via thermal desorption and polymer degradation
products generated by pyrolysis are further identied and
(semi)-quantied by collecting high-resolution mass spectra (m/
z 50–750).64 Although, thermal desorption/pyrolysis DART-MS
presents a promising tool for MPs chemical identication and
(semi)-quantication, the minimal particle size that can be
addressed is not yet known. Further research should be devoted
to the development of coupling strategies for NPs character-
ization where size separation techniques (e.g., size exclusion
chromatography, capillary electrophoresis) can be guided to the
mass spectrometer through the DART ion source.76
5.3 MALDI-TOF-MS

A novel method for chemical identication and quantication
of MPs and NPs is by using matrix-assisted laser desorption/
ionization-time-of-ight mass spectrometry (MALDI-TOF-
MS).66,77 As is the case for DART-MS, MALDI-TOF-MS is being
applied in many elds including (bio)polymers analysis.78 The
702 | J. Anal. At. Spectrom., 2021, 36, 695–705
main principle of MALDI-TOF-MS includes a so ionization of
sample components, their separation in a time-of-ight
analyzer and detection over a wide mass range.66,77 Recent
studies showed that coupling the thermal fragmentation with
MALDI-TOF-MS signicantly enhances the intensities of
ngerprint peaks in low-mass regions making chemical iden-
tication and mass quantication of PS and PET MPs/NPs
possible.66 Matrix normalized MALDI-TOF-MS can be applied
for environmentally relevant PS and PET MPs/NPs identica-
tion, by dissolving the samples, environmental matrix and cat-
ionization reagents in tetrahydrofuran.77 It can be anticipated
that aer further development, this technique will be suited to
the chemical identication of MPs and NPs in indoor air.
5.4 LC-HRMS

A simple method for the direct quantication of polycarbonate
(PC) and PET MPs in environmentally relevant samples (sludge,
marine sediments, indoor dust, digestive residues in mussel
and clam, sea salt and rock salt) relying on alkali-assisted
thermal hydrolysis and subsequent determination of the
depolymerization products (e.g., bisphenol A and p-phthalic
acid) using liquid chromatography-tandem mass spectrometry
(LC-MS/MS) was reported.79 However, until very recently it was
rarely used. In order to extend this analytical technique to
quantitative analysis of NPs, liquid chromatography coupled to
high-resolution mass spectrometry (LC-HRMS), equipped with
an atmospheric pressure photo ionisation source (APPI), oper-
ated in negative conditions was applied successfully.80 Finally,
isocratic chromatographic separation of particles bellow
144 nm was achieved using an advanced polymer chromato-
graphic column and toluene isocratic as the mobile phase. As
a result, remarkable low method limits of detection and mass
quantication of approximately 30 pg L�1 and 100 pg L�1,
respectively for particles bellow 144 nm were achieved.79
6. Perspectives and outlook

Due to their different nature, low mm-range MPs including
microbers and NPs existing in indoor air present new analyt-
ical challenges and no single method will provide all the
This journal is © The Royal Society of Chemistry 2021
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information required for a comprehensive characterization
(size determination, chemical identication, and (semi)-
quantication). As making the right decision of the methods
used to attempt characterization of the low mm-range MPs and
NPs is still challenging, there is limited knowledge on the
indoor and outdoor low mm-range MPs and NPs sources, levels,
extent, and human health impact aer inhalation exposure. In
order to close the present knowledge gaps allowing dedicated
policy actions to improve air quality and accomplish health
benets, further research is urgently needed with special
attention to:

- Careful optimization of sample collection and preparation
strategies;

- Development and optimization of MS-based analytical
methods to improve their capabilities and reduce the size
detection limits;

- Further establishment of standardized analytical methods
for chemical identication, and (semi)-quantication of MPs
and NPs in indoor air and dust;

- Monitoring studies to obtain information on relevant
sources, levels, and extent of airborne low mm-range MPs and
NPs as well as chemical additives and the sorbed pollutants that
have potential to leach of plastics in order to assess exposure to
MPs and NPs in view of risk assessment.

This review shows that although further research in this area
is denitely still needed, the existing expertise in air sampling
procedures and the new developments in MS-based analytical
methods hold great promise for adequate characterization of
the sources of indoor as well as outdoor low mm-range MPs and
NPs, their levels, characteristics and exposure assessment in
view of health impact. Finally, the choice of the method/
combination of methods depends on the research question
asked and has to be evaluated carefully.

Abbreviations
(sp)ICP-MS
This journal is ©
(Single-particle) inductively coupled plasma-mass
spectrometry
mRaman
 Raman microspectroscopy

AFM
 Atomic force microscopy

CE
 Capillary electrophoresis

DART-MS
 Direct analysis in real time-mass spectrometry

DLS
 Dynamic light scattering

FTIR
 Fourier-transform infrared spectroscopy

HDC
 Hydrodynamic chromatography

MALDI-
TOF-MS
Matrix-assisted laser desorption/ionization time-
of-ight mass spectrometry
MALS
 Multi-angle light scattering

MPs
 Microplastics

NPs
 Nanoplastics

NTA
 Nanoparticle tracking analysis

PE
 Polyethylene

PET
 Polyethylene terephthalate

PU
 Polyurethane

PP
 Polypropylene

PS
 Polystyrene

PVC
 Polyvinyl chloride
The Royal Society of Chemistry 2021
Pyr-GC-MS
 Pyrolysis-gas chromatography mass spectrometry

SEC
 Size exclusion chromatography

STM
 Scanning tunneling microscopy

TED-GC-MS
 Thermal extraction/desorption-gas

chromatography-mass spectrometry

TEM
 Transmission electron microscopy
Conflicts of interest

There are no conicts to declare.

Acknowledgements

Milica Velimirovic is a senior postdoctoral fellow of the
Research Foundation – Flanders (FWO 12ZD120N). Eduardo
Bolea-Fernandez thanks Research Foundation – Flanders for his
postdoctoral grant.

References

1 J. P. G. L. Frias and R. Nash,Mar. Pollut. Bull., 2019, 138, 145–
147.

2 R. C. Thompson, Science, 2004, 304, 838.
3 A. Vianello, R. L. Jensen, L. Liu and J. Vollertsen, Sci. Rep.,
2019, 9(1), 8670.

4 C. E. Enyoh, A. W. Verla, E. N. Verla, F. C. Ibe and
C. E. Amaobi, Environ. Monit. Assess., 2019, 191(11), 668.

5 L. F. Amato-Lourenço, L. dos Santos Galvão, L. A. de Weger,
P. S. Hiemstra, M. G. Vijver and T. Mauad, Sci. Total Environ.,
2020, 749, 141676.

6 R. Akhbarizadeh, S. Dobaradaran, M. A. Torkmahalleh,
R. Saeedi, R. Aibaghi and F. Faraji Ghasemi, Environ. Res.,
2021, 192, 110339.

7 Y. Zhang, S. Kang, S. Allen, D. Allen, T. Gao andM. Sillanpää,
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M. I. Setyawati, K. W. Ng and S. H. Chotirmall, Part. Fibre
Toxicol., 2018, 15(1), 46.

36 Q. Chen, Y. Li and B. Li, J. Hazard. Mater., 2020, 383, 121224.
704 | J. Anal. At. Spectrom., 2021, 36, 695–705
37 A. L. Lusher, N. A. Welden, P. Sobral and M. Cole, Anal.
Methods, 2017, 9, 1346–1360.

38 C. Schwaferts, R. Niessner, M. Elsner and N. P. Ivleva, Trends
Anal. Chem., 2019, 112, 52–65.

39 G. Oberdörster, E. Oberdörster and J. Oberdörster, Environ.
Health Perspect., 2005, 113(7), 823–839.

40 L. M. Hernandez, N. Youse and N. Tufenkji, Environ. Sci.
Technol. Lett., 2017, 4, 280–285.

41 M. F. Costa and A. C. Duarte, Microplastics Sampling and
Sample Handling, Comprehensive Analytical Chemistry, ed.
T. A. P. Rocha-Santos and A. C. Duarte, Elsevier, 2017, ch.
2, vol. 75, pp. 25–47.

42 J. S. Hanvey, P. J. Lewis, J. L. Lavers, N. D. Crosbie, K. Pozo
and B. O. Clarke, Anal. Methods, 2017, 9(9), 1369–1383.

43 F. Barbosa, J. A. Adeyemi, M. Z. Bocato, A. Comas and
A. Campiglia, Environ. Res., 2020, 182, 109089.

44 B. R'Mili, O. Le Bihan, C. Dutouquet, O. Aguerre-Chariol and
E. Frejafon, Aerosol Sci. Technol., 2013, 47(7), 67–775.

45 ASTM D6480 - 05, Standard Test Method for Wipe Sampling of
Surfaces, Indirect Preparation, and Analysis for Asbestos
Structure Number Surface Loading by Transmission Electron
Microscopy, 2010.

46 ASTM D5755 - 09, Standard Test Method for Microvacuum
Sampling and Indirect Analysis of Dust by Transmission
Electron Microscopy for Asbestos Structure Number Surface
Loading, 2014.

47 C. Asbach, Exposure Measurement at Workplaces in
Nanoengineering, Nanoengineering, Global Approaches to
Health and Safety Issues, ed. P. I. Dolez, Elsevier, 2015, ch.
3.3, pp. 523–555.

48 C. Misra, M. Singh, S. Shen, C. Sioutas and P. M. Hall, J.
Aerosol Sci., 2002, 33, 1027–1047.

49 K. Ramgolam, O. Favez, H. Cachier, A. Gaudichet, F. Marano,
L. Martinon and A. Baeza-Squiban, Part. Fibre Toxicol., 2009,
6, 10.

50 A. Karami, A. Golieskardi, C. K. Choo, N. Romano, Y. B. Ho
and B. Salamatinia, Sci. Total Environ., 2017, 578, 485–494.

51 K. Enders, R. Lenz, S. Beerand and C. A. Stedmon, J. Mar.
Sci., 2017, 74, 326–331.

52 J. Pinto da Costa, V. Reis, A. Paço, M. Costa, A. C. Duarte and
T. Rocha-Santos, TrAC, Trends Anal. Chem., 2019, 111, 173–
184.

53 M. Claessens, L. Van Cauwenberghe, M. B. Vandegehuchte
and C. R. Janssen, Mar. Pollut. Bull., 2013, 70(1–2), 227–233.

54 J. Grbic, B. Nguyen, E. Guo, J. B. You, D. Sinton and
C. M. Rochman, Environ. Sci. Technol. Lett., 2019, 6(2), 68–72.

55 C. Degueldre and P.-Y. Favarger, Colloids Surf., A, 2003, 217,
137–142.

56 M. D. Montaño, J. W. Olesik, A. G. Barber, G. Challis and
J. F. Ranville, Anal. Bioanal. Chem., 2016, 408, 5053–5074.

57 E. Bolea-Fernandez, A. Rua-Ibarz, M. Velimirovic, K. Tirez
and F. Vanhaecke, J. Anal. At. Spectrom., 2020, 35, 455–460.
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