UNIVERSITY OF AMSTERDAM
X

UvA-DARE (Digital Academic Repository)

Analytical approaches for studying occurrence and fate of environmental micro-
and nanoplastics

Hayder, M.W.

Publication date
2026

Link to publication

Citation for published version (APA):
Hayder, M. W. (2026). Analytical approaches for studying occurrence and fate of
environmental micro- and nanoplastics. [Thesis, fully internal, Universiteit van Amsterdam].

General rights

It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations

If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, P.O. Box 19185, 1000 GD Amsterdam, The Netherlands.
You will be contacted as soon as possible.

UVA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

Download date:16 Sept 2026


https://handle.uba.uva.nl/personal/pure/en/publications/analytical-approaches-for-studying-occurrence-and-fate-of-environmental-micro-and-nanoplastics(ca6decaf-a41f-4932-b94f-76abb665aa85).html

Chapter 2. Quantification of micro- and nanoplastics

Chapter 2. Quantification of micro- and nanoplastics
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M. Hayder, K. Davies, G.-J.M. Gruter, Quantification of micro- and
nanoplastics, in: Analysis of Microplastics and Nanoplastics, Elsevier, 2025:
pp. 333-369. https://doi.org/10.1016/B978-0-443-15779-0.00003-1.

Abstract:

Quantitative analysis of micro- and nanoplastics (MNPs), providing precise,
accurate and reliable data, is necessary to make meaningful contributions to a
comprehensive understanding of MNPs fate in the environment. However,
while for microplastics both mass-based and particle-based techniques are
widely described in the literature, nanoplastics have so far been quantified in
environmental samples mostly by mass-based techniques and together with
microplastics. Different proof-of-concept particle-based methods for
nanoplastics quantification have been proposed. Here a critical review of
feasible, mass-based and particle-based, quantification techniques for
analysing MNPs from environmental matrices is presented, with a particular
focus on nanoplastics. Based on the findings of this review, we can conclude
that it is currently not possible to precisely quantify MNPs from the
environment using analytical methods presently available, and further
research efforts are necessary.
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2.1. Introduction

Plastic pollution has recently become a persistent environmental issue that
threatens our planet’s ecosystems, as well as human health [1]. Microplastics
and nanoplastics, abbreviated as MPs and NPs respectively, are small
synthetic plastic particles which are present in all environmental
compartments across the globe, as well as in food chains and drinking water
[1-3]. Although definitions for these terms are still under debate, according to
Frias and Nash [4], MPs can be defined as synthetic solid particles, insoluble
in water, with size ranging from 1 um to 5 mm, of either primary or secondary
manufacturing origin [4]. NPs, on the other hand, have been defined as
unintentionally produced polymeric particles, presenting a colloidal
behaviour, within the size range from 1 to 1000 nm” [5], though a more
general definition, incorporating only the <1000 nm size, gained popularity
[6-9]. MPs and NPs can generally be distinguished by their size differences,
transport properties, bioavailability, interactions with environmental media,
and diffusion times for plastic additives release [10—12].

MNPs can end up in the environment through various pathways, for example
through direct release from indiscriminate waste disposal, blown by wind, or
enter through surface run-off [13—15]. They can come from different sources
and are typically further categorised as having either primary or secondary
origin. Primary particles are manufactured intentionally in their specific shape
and size for a planned application, for example as a component of cosmetics
[16,17]. Secondary origin refers to particles or fibers that are formed in the
environment through fragmentation, or photochemical, biological and/or
mechanical degradation processes of plastic debris [6,11,18]. While MPs can
generally be of either primary or secondary origin, NPs result mostly from the
degradation of plastics products or MPs and are therefore mostly considered
of secondary origin [19].

Micro- and nanoplastics (MNPs) have become increasingly ubiquitous in the
environment [1,14,20,21] and are recognised as pollutants of concern,
especially due to their unknown toxicological effects and overall
environmental and health impacts [22,23]. It is estimated that MNP pollution
in the environment is far greater than previous estimations and very little is
known regarding their true levels in various environmental compartments
[10]. The MNPs abundance is expected to continue to rise in the future,
concurrently with the growing worldwide plastic production [24,25] and their
poor biodegradability (accumulation).

It is thus of critical importance to identify, quantify and characterize the
presence and distribution of MNPs accurately in the environment in order to
fully understand their impact and to develop effective and efficient mitigation
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strategies. Attempts to standardize methods for measuring the presence and
concentrations of plastic particles in environmental matrices are taken
[6,26,27]. Overall, there has been a significant increase in the number of
reported methods for detection and identification of MNPs (though more for
MPs than for NPs) from environmental samples in the past decade, and
various techniques have been found to be feasible [9,28,29]. Methods devoted
to their quantification, however, remain scarce, and are therefore limited in
the literature.

With the current state of knowledge on MNPs and available analytical
techniques, there are still significant gaps in our understanding of sources of
MNPs, their fate, and the effects and potential health consequences of MNPs
reported on organisms so far are inconsistent [23]. The information available
on the outcome of NPs presence is even more limited, though it is expected
that these outcomes are more hazardous than those of MPs [16,30,31]. Some
key methodological gaps include the absence of a widely accepted standard
protocol for sampling, identification, and quantification of MNPs. The lack of
such a standardised method makes it difficult to compare data across studies
using different approaches [32]. Further research of advanced and innovative
methods is needed to address these knowledge gaps and improve the
development of quantification methods for different types of MNPs from
complex environmental matrices [6,14,33]. Studies that involve a combination
of techniques are essential to fully quantify and characterise MNPs,
comprehensively understand the dynamics of MNP pollution in the
environment, and to ultimately develop more effective mitigation strategies
on this pollution [34-36].

The overall objective of this chapter is therefore to critically assess various
analytical methods that can be utilised for the quantification of MPs and NPs
from different environmental samples and to compare these by evaluating the
advantages and shortcomings of each technique. While several more methods
than the ones discussed below are feasible for the quantification of MPs, only
techniques that have also been applied to NPs will be assessed.

Importantly, unlike for most environmental pollutants, the definition of
concentration (and, consequently, of quantification) of MNPs can be
understood in two ways. Firstly, the mass of plastic material present in a
certain amount (weight or volume) of the sample can be measured, which
results in a mass concentration (e.g. mg/kg or pg/L). Secondly, single particles
can be counted and expressed as particle concentrations (e.g. particles/L)
[37,38]. So far, no single technique has been widely validated to obtain both
types of concentrations simultaneously. In this chapter, the analytical methods
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will therefore be described separately, depending on the concentration type
they allow to measure.

2.1.1. Challenges in nanoplastic quantification

NPs are perceived as more difficult to study than MPs. In general, as the size
of the plastic particles decreases, the contribution of natural organic matter
(NOM) increases [10], making it analytically more challenging to separate the
plastic component from the environmental matrix [39]. Moreover, with a
decreasing particle size, the particle number concentration increases
substantially in samples without a steep increase in mass concentrations, and
therefore a high abundance of NPs can be assumed [6,40]. Like MPs, NPs
have a high variety of physicochemical characteristics [41,42]. Additionally,
MNPs are mainly carbon-based, hampering the use of some of the common
analytical techniques. Methods that are suitable for separating and analysing
MPs from complex samples, may not work or may only be partially
transferrable to NPs.

In order to obtain a reliable representation of NPs from complex
environmental samples, it is often crucial for preconcentration, enrichment
and fractionation steps to be taken [16,43]. The necessity of these steps comes
from the various challenges that come with analysing NPs using either mass-
based or particle-based methods [44]. Some of the main challenges of NP
quantification include [6,29]:

L. low concentrations of NPs in environmental samples and high
concentrations of sample matrix
ii. insufficient quantification limits of existing methods, thereby

making optimization of these methods essential by including
efficient preconcentration and enrichment

1. some methods typical for MPs are physically limited by
diffraction, hence the analysis of particles below 1 pum is hindered

iv. limited reference materials resembling real NPs, which in turn
impedes method development, optimization, and validation for
sampling of NPs

v. an increased level of procedural contamination, making the

analysis of procedural and laboratory blanks unavoidable.

The diffraction-limited applicability of common techniques for analysis of
MPs on particle number basis is, an enormous obstacle when it comes to NP
quantification. As explained in Chapter 2.2, well-established quantification
techniques, such as FTIR, are of no use for NP analysis. It is therefore hardly
surprising that while mass-based quantification methods used for MPs can —
after certain adjustments — be also applied to NPs, particle-based techniques
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for NPs are still in their proof-of-concept stage. The approach of visual
observation of particles and polymer identification of single particles,
common for MPs, is not feasible for NPs.

The lack of possibilities for direct observation of smallest particles encourages
the use of other techniques, e.g. based on light scattering. Those, however,
most often base the results on calculation including an assumption of spherical
shape of the particles, which cannot be expected for environmental NPs [29].

For the analysis of NPs, different methods for pre-treatment steps have been
developed. For pre-concentration, membrane filtration, for example, can be
used. Here, a cascade of filters with decreasing pore sizes prevents pore
clogging and facilitates increasing the number of particles in the sample [6].
Ultrafiltration, ultracentrifugation, or evaporation of solvent could also be
used as pre-concentration steps. Enrichment steps to perform before NP
analysis, may include digestion of organic matrix using H>O,, acidic, alkaline
or enzymatic treatment. Size fractionation of NPs is possible with cascade
filtration or with asymmetrical flow field-flow fractionation (AF4) or
centrifugal field-flow fractionation (CF3) [6]. Although different methods for
pre-treatment of NPs have been developed, the complexity of environmental
samples and the low concentrations of NPs in them make the sample
preparation difficult, thereby hindering reliable analysis of NPs in complex
samples.

Due to the current methodological gaps, NPs in environmental samples remain
largely unquantified today. To accurately quantify NPs in environmental
samples, it is predicted that a multi-dimensional analytical approach,
combining different techniques, is likely to be required [10,29,39].

2.2. Quantification of number concentrations of micro- and nanoplastics

2.2.1. Particle-based quantification of microplastics

Particle-based methods can provide a more in-depth characterization of MNPs
than mass-based methods. These methods can chemically identify and
quantify MPs by providing data on particle number, size/size distribution and
shape. Several particle-based approaches are feasible for the qualification and
quantification of MPs in environmental samples. Frequently reported ones
include microscopy followed by Fourier Transform Infrared (FTIR)
spectroscopy, Raman spectroscopy or Laser Direct Infrared (LDIR)
spectrscopy, and microspectroscopy (u-FTIR and p-Raman). These
techniques are well established and have been proven to be suitable for
studying MPs in environmental matrices [6,25,45—47].
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For MP analysis the most commonly used techniques are p-FTIR and p-
Raman spectroscopy, where the spectrometers are coupled with an optical
microscope. These techniques enable identification of polymer types, by
measuring the vibrations of each molecular bond, and thus quantification and
characterisation of MP particles [6,37]. Due to the specific nature of plastics,
several other steps are also involved, including sampling, sample preparation,
detection, and determination of procedural and laboratory blanks, as well as
determining recovery rates with reference materials, which best mimic MP
particles in real environmental samples [3,6]. FTIR and Raman spectroscopy
both provide non-destructive, reliable data, but differ in spatial resolution and
in their applications. FTIR has a diffraction-limited spatial resolution and only
particles >20 um can be identified and quantified efficiently [6,33]. This
technique is therefore not relevant for NP quantification. p-Raman
spectroscopy enables a significantly better spatial resolution, down to as low
as 1 pm or in some cases to 300 nm, in contrast to 4-FTIR spectroscopy [6,33].
Another advantage of Raman spectroscopy, is its insensitivity to water,
allowing MPs analysis in aqueous samples to take place.

Although NPs have been identified and detected by a few techniques, no
particle-based method has been found to be fully appropriate for NP
quantification. The limitation is not due to instrumentation-related issues but
rather constrained by physical laws. Thus, conventional FTIR and Raman will
never be considered suitable for NPs analysis. Furthermore, no suitable
particle-based methods have been found due to the general challenges that
NPs face, such as low concentrations, matrix effects and surface contaminants
that make the analytical tasks more difficult at a nanoscale. Moreover, the lack
of reliable sampling and direct identification methods that provide quantitative
data make the analytical strategies intrinsically challenging [48].

Thus, such techniques are not established for NP research yet, however, many
studies are ongoing, and some proof-of-concept studies have been done, some
of which have shown promising results. These will be discussed below. None
of these methods have been applied to environmental samples yet and thus
remain proof-of-concept methods. Advantages and disadvantages of each
technique are highlighted in Table 2.1.

2.2.2. Single particle-inductively coupled plasma mass spectrometry
(SP-ICP-MS)

Inductively coupled plasma mass spectrometry (ICP-MS) is extensively used
for trace analysis in environmental chemistry and can quantify individual
chemical components, or trace metals or elements, in MNP studies [6,49-52].
A novel strategy using ICP-MS in the single-particle mode (SP-ICP-MS) has
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been developed for the detection and quantification of NPs at environmentally
relevant concentrations [53]. In this study, the authors first used PS as a model
for the method development. PS particles were synthesised and functionalised
with carboxyl groups on the surface to mimic aged environmental NPs, which
have negatively charged surface due to oxidation processes [53]. The
synthesised NPs were conjugated with gelatin-functionalised positively
charged gold nanoparticles (Au NPs), enabling them to be detectable by SP-
ICP-MS. The Au adsorbed onto the surface of the NPs produces a signal with
SP-ICP-MS, and thereby allows the counting of individual nanoparticles, and
thus their quantification, with high accuracy and an error of <5% [53]. The
method is summarised in Figure 2.1.

Au nanoparticles
(positively charged)

UO %
‘ SP-ICP-MS
(detection and
& . \ quantification of Au)
. Labelled PS
. nanoparticles

PS nanoparticles
(negatively charged)

Fig. 2.1: Summarised method used for the detection and quantification of NPs using
SP-ICP-MS, adapted and redrawn from [53]

This developed method was then applied to analyze the modelled NPs in water
samples. For this, the NPs were prepared in three matrices, namely in drinking,
tap, and river water, and exposed to Au nanoparticles. The resulting mixture
of the conjugated NPs and Au nanoparticles were analyzed by SP-ICP-MS.
NPs were well detected by this method and could be easily discriminated from
the background, irrespectively of the matrix. This allows counting of the NPs
particle-by-particle, leading to their accurate quantification [53].

This method is highly sensitive and selective and shows potential applicability
to quantify environmental samples containing NPs. The NP number
concentration quantification limit was determined to be 8.4-10° NPs/L and the
calibration curve showed a linear relationship up to 3.5:10° NPs/L. The NP
number concentration of model PS NP suspension in the water samples
(5.74-10" NPs/L — 2.12-10% NPs/L) were well correlated with the theoretical
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concentrations calculated. The mass concentration of the NPs, however, is
missing. The authors conclude that additional NP separation and/or
preconcentration would be required if this method was used to quantify real
NPs from complex environmental samples and suggest that further analytical
development is needed [53].

However, the efficiency of conjugating Au nanoparticles to NPs was not
discussed. While the conjugation is detected successfully by SEM, one cannot
safely assume that all the NPs can be reliably labelled with the Au
nanoparticles. The conjugation may also be dependent on the surface or
chemical composition of the particles, which may result in underestimation of
quantification outcomes.

This approach has since been optimized for counting NPs in environmental
samples; multistep pretreatment extraction steps and quantification of PS from
biological samples was demonstrated using the SP-ICP-MS counting method
[54]. The extraction steps included alkaline digestion, centrifugation, and
cloud point extraction (CPE) (for enrichment of NPs), while the quantification
was achieved by labelling the extracted NPs with Au nanoparticles, followed
by SP-ICP-MS. The authors noted that NPs with different charges may
interact differently way with biological samples, which may affect the
labelling of NPs [54]. Therefore, in this study, greater emphasis was given to
the efficiency of the Au-labelling process on PS NP surfaces. A specific
method was used, which incorporates cetyltrimethylammonium bromide
(CTAB). This improved the labelling efficiency by 70%, and by using
surfactant to enhance labelling allows a wider application of this in-situ
labelling method, making it potentially applicable for quantifying more types
of NPs. The developed method was further validated by spiking different
organisms (bacterium, nematode, algae and earthworm species) with PS NPs.
Good recovery and relatively reliable quantification results were obtained,
demonstrating its applicability for studying biological effects of NPs. This
method can be further explored in future research efforts to apply this method
to quantify NPs present in real environmental samples [54].

As mentioned above, the main drawback of this method is lack of certainty
that all environmental NPs bind Au nanoparticles with the same efficiency.
For studies based on micro- and mesocosms in well-controlled laboratory
conditions (e.g. studies on uptake and transport of NPs) this may be excluded
by using polymer particles doped or labelled with rare metals, which serve as
a tracer. Then conventional ICP-MS may be used. This approach has gained
attention after 2019, when Mitrano et al. described synthesis and ICP-MS
quantification of palladium-doped PS particles [55]. It has been shown that
the Pd signal and particle concentration are linearly related, making those
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particles easily quantifiable. The approach was further applied to a small-scale
system mimicking a wastewater treatment plant (WWTP) and allowed to
conclude that NPs leave a WWTP primarily through the sludge [55]. Pd-doped
PS NPs were used to investigate uptake of nanoplastics to different plant
organs [56]. In this study, cucumber plants were grown hydroponically in
presence of PS NPs and ICP-MS was used to quantify Pd, which was then
recalculated to PS uptake. It has been shown that the particles were present
both in roots (in highest concentration) and stems but not in the leaves [56]. It
can be hypothesised that the transport to leaves and, later, to edible parts of
the cucumbers might have become quantifiable if the experiment had been
carried out for a longer period of time as 14 days is a rather short exposure
period. Interestingly, the obtained results were compared to values obtained
by Py-GC-MS, performed on plants exposed to plain PS standard
nanoparticles. Both techniques yielded highly similar concentrations, proving
that for studies where no environmental NPs are included both techniques be
used interchangeably [56]. In turn, Eu-doped PS particles were used in another
study [57]. There, tomato plants were exposed for five weeks to Eu-PS
particles and ICP-MS was the only technique applied to measure the uptake.
Eu was found in all plant organs (root, stems, leaves and fruit) with large
prevalence in roots, thus signalling the transport of NPs. In this study, another
advantage of ICP-MS was also explored, namely the ability to simultaneously
determine concentrations of different metals. Thanks to that influence of NPs
on uptake of some heavy metals could be investigated as well [57].

The obvious advantage of using polymer nanoparticles chemically linked with
metals is that this approach enables reliable and sensitive quantification.
However, as mentioned above, it is only applicable in fate studies on standards
and not for quantification of NPs present in the environment. This issue has
recently been tackled by investigating the applicability of SP-ICP-MS for
MNP quantification by direct measurements of carbon [58]. In this case, the
single-particle mode is crucial as is enables differentiation between dissolved
matter and particles (either naturally occurring or MNPs). The authors did
manage to discern between MPs down to 1.56 um from organic matter (algae)
by tracing which particles contained Mg and P and which ones were only
constituted by carbon. Nevertheless, the PS particles in the size range of NPs
could not be detected by the setup as their carbon content generates a signal
too low to be quantified [58].

Overall, even though ICP-MS is a technique commonly associated with metal
analysis only, it should not be excluded from the NPs studies. For fate studies
specially synthesised metal-labelled particles are easily and reliably
quantifiable even in very low concentrations (of course, the tracer metal
should be a rare metal to avoid measuring a signal coming from a different
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source that the NPs). The use of SP-ICP-MS depends on NP efficiency of
binding metals while direct measuring NP levels in environmental samples
remains impossible.

2.2.3. Light scattering (LS)

Light scattering measurements, such as dynamic light scattering (DLS) or
nanoparticle tracking analysis (NTA), are a widely accepted method of
measuring nanoparticle size distributions. They are, however, not polymer
selective, which largely limits their applicability for NP measurements in
environmental samples.

As early as in 2016, NTA was used in NP research to observe size distribution
and number concentration changes in particles released from a PS piece
incubated in water [59]. A measurable size range of 30-2000 was reported and
concentrations of ca. 108 NPs/mL could be measured. Notably, in this study, a
known polymer was studied in ultrapure water, therefore no polymer
identification was needed [59]. A similar approach was applied in a more
recent study, where expanded PS degradation was investigated in water [60].
After 2 and 4 days, ca. 10° NPs/mL in the size range 0-500 nm were observed
[60]. Finally, degradation of PS, PP and PE in pure water was studied again in
2023 [61]. Different polymers were incubated separately, thus the
concentrations measured by NTA (ca. 10° NPs/mL) corresponded to different
polymers [61]. Notably, these studies focused on NP generation, therefore
polymer identification was not crucial. In case of environmental samples,
however, usability of NTA alone would be greatly limited, as the results could
be biased by natural particulate matter present in the sample matrix.

NileRed is a conventional plastic staining method for MPs detection utilizing
fluorescence microscopy, which enables the counting of the stained plastic
particles in fluorescence microscopy images. From the fluorescent area
covered by the particles in these images, the particle size can be determined
directly [62]. These methods have been integrated by combining fluorescence
microscopy, NileRed staining, DLS, microscopy and Raman spectroscopy to
determine PS particle diameters as minute as 45 nm and to quantify number
concentrations as low as 2-10° NPs/mL [62].

A specific procedure was followed, which included fluorescence staining of
PS particles, acting as the plastic particle standard (40 — 400 nm), grinding a
disposable PS cup to obtain PS NPs (size < 0.45 um) as the test sample. The
results of staining the plastic particle with NileRed and fluorescence
microscopy showed that quantification of the number concentration and the
particle sizes was achievable. This was possible as particles were visibly
detectable as fluorescent spots with different intensities, allowing the sizes of
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the particles to be determined [62]. However, it should be noted that the
accuracy of this size determination is particle size-dependent [62]. The authors
conclude that this presented strategy will enable monitoring of sizes and
concentration of NPs released from medical plastics, from consumer items, as
well as in environmental samples. However, more studies are likely to be
performed before this method can be directly applied to environmental
samples. Moreover, this technique will only become applicable for NP
quantification once standards for the other polymer types of NPs, other than
PS are available. This technique, however, does seem promising and will be
worth further investigating.

2.2.4. Raman-based analysis

Surface-Enhanced Raman Spectroscopy (SERS) method has been proposed
as a very sensitive technique with high potential for investigating plastic
particles that are smaller than the size-related LOD of traditional («-)Raman
[63]. This technique substantially enhances weak Raman signals by the use of
a rough metal surface, allowing MPs and NPs of different sizes and types to
be detected [64]. Several studies have successfully detected MNPs from
environmental samples [63], however quantification of these using this
technique has been limited.

One of the first studies applying SERS for NP quantification focused on
circumventing size-dependent effects that NPs with different diameters
present in SERS [65]. This, however, resulted in mass quantification and is
thus described in Chapter 2.3.5.

Another SERS proof-of-concept method employs nanowell-enhanced Raman
spectroscopy (NWERS) technique, which appears promising for visualization
and quantification of NPs in environmental samples [66]. This was achieved
by developing a novel NWERS substrate, consisting of self-assembled SiO;
sputtered with a thin layer of silver films. The new substrate produces several
durable nanowells, which are able to capture NPs. Essentially, one
nanoparticle and the nanowell beneath it, together, form a stable composite, in
which the NP has the lowest energy in the nanowell. This setup allows the
NWERS to reach a higher spatial resolution as the nanowell separates NPs
from each other at an appropriate concentration [66]. For the experiment, PS
particles with different dimensions (200-1000 nm) were used for NP
simulation. Additionally, for validation of this method samples of bottled, tap
and river water were spiked with PS NPs, to test the visualization and
quantification from these samples.

Results showed that using the developed substrate, the defects of a commercial
substrate could be overcome when small-sized NPs are encountered [66].
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Consistent signal intensity of PS-nanowell composites allow for direct
visualization of NPs below the resolution limit of a typical optical microscope.
Thus, single PS particles ranging from 200 nm to 1 pm in diameter were
successfully visualised [66]. For a proof of practical applicability of the
method, PS NPs were spiked into bottled, tap and river water samples. LODs
all reached 0.5 pg/g. The signals in river water were observed with lower
intensities, which could be attributed to more contaminants being present in
river water compared to bottled or tap water [66]. Although this method seems
clearly capable of detecting NPs on these substrates, the authors did not
discuss the quantification part in great detail. Furthermore, no mention of
possible improvements or future research were given.

2.2.4.1. Bioindicator + Raman

Another interesting proof of concept study focused on detecting, counting and
characterizing NPs in the marine environment with the use of animal
bioindicators [48]. A novel method was presented in which NPs present in
seawater are absorbed by live organisms, and are then isolated, followed by
NP detection, size-separation, counting, and Raman-based identification.
Bioindicators are used as they present a possible solution to the problem of
the low NP concentrations in environmental matrices. The tunicate Ciona
robusta (C. robusta), chosen for this procedure, is an effective bioindicator for
MP and NP contamination in marine environments. It can filter significant
volumes of water and accumulate and concentrated particles [48]. Briefly, the
procedure involved C. robusta organisms which were exposed to PS NPs,
distributed in seawater. They were then harvested, pretreated and
enzymatically digested. The samples were then size-fractionated and
characterised using multidetector-asymmetrical-flow field-flow fractionation
(MD-AF4) [48]. Each of the fractions collected was spotted onto a chip,
allowing the number concentration of the total particles present in one
individual to be estimated. As the last step of the procedure, Raman
spectroscopy was used for unambiguous chemical identification of NPs.

The results demonstrated clearly that the accumulation of PS NPs in C.
Robusta increased with both increased concentration and exposure time, as
predicted. MD-AF4 was applied to the specimens and it successfully
fractionated a known number of 100 nm PS particles. [48]. The total number
of particles passing through the organism filters, the number of particles
counted by SEM on the chip and the concentration in the solution
(particles/mL) were also measured. Therefore, the NP concentration in the
organism can determined.

This study firstly proved C. robusta’s capability to concentrate NP sized
particles without altering their shape or size. It also showed that the extraction
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and purification techniques for the particles allowed their counting (or
quantification), and identification, through the multi-technique analysis.
Future studies should be performed on quantitative assessment of all possible
losses and evaluation of concentration efficiency, and a focus should be on
validating the methods and application to other NPs [48]. One concern,
however, is that analyte-membrane interactions may affect the fractionation
process, changing the retention time and decreasing recovery. Such
interactions should be assessed in the future [48]. This approach may be
suitable to other biological matrices and could be used for the quantitative
monitoring of the accumulation of NPs in the food chain and in the
environment. It also has potential for risk assessments of MPs and NPs in
marine environments and is thus worth further investigating for future MNP
studies.

Table 2.1: Advantages and disadvantages of different proof of concept methods for
the quantification of MPs (light grey) and NPs (white)

Technique | Advantages Disadvantages Ref.
Feasible and accurate
approach for trace level Costly instrumentation
quantification in MP needed
studies
Provides information on Does not provide
both size distribution and | information for identifying
mass concentration of MP | polymer composition N
Accurate quantification Preconcentration steps ;«
SP-ICP-MS achlevablg with SP-ICP- Wou!d be required if -
MS at environmentally applied to real 2"
relevant concentrations environmental samples oy
Does not provide =,
information for identifying
polymer composition
Sensitive and selective Efficiency of labelling
NPs with nanoparticles is
crucial but has not been
thoroughly investigated.
Low complexity No polymer identification |
is provided 3
LS Allows direct Results may be biased in g:
quantification of number polydisperse samples xQ
concentrations and size, Quantification is o,
with high accuracy performed based on the

68



Chapter 2. Quantification of micro- and nanoplastics

assumption of spherical
shape, which is unlikely to
be true in environmental

samples
A tunicate organism Number concentration of
efficiently preconcentrates | total particles present is an
NPs estimation

Further investigations are

Ejrl(l){gﬁgitor AF4 useful for handling still required, as N ¥
complex matrices — can preconcentration by living
analyze samples obtained | organisms may depend on
from biogenic sources the NP properties and

external conditions
Simple, and low-cost Need for detailed substrate
technique optimization
Trade-off between 2
SERS Highly sensitive measuremf{nt time and g‘
representativeness o
Detection of single L,

Possibility to be used on-

site for quantification particles may be

cumbersome

2.3. Quantification of mass of micro- and nanoplastics

Mass-based methods are destructive and provide information on polymer
content present in the sample, irrespective of particle size, number and shape.
Therefore, these methods should in principle be feasible for both MPs and
NPs. The mass-based approach is typically the method of choice for the
modelling and monitoring of MPs mass information [6,70]. Different size
classes of MNPs can, in general, be distinguished by size separation (e.g.
filtration) during sample pretreatment and separate analysis of the obtained
sub-samples. Techniques that have been applied to quantify MPs and NPs
from environmental samples will be outlined, discussed and criticised.
Advantages and disadvantages of different methods are summarized in Table
2.3 at the end of this chapter.

2.3.1. Pyrolysis-gas chromatography-mass spectrometry (Py-GC-MS)

Py-GC-MS is currently among the most popular analytical techniques for the
quantification of total mass of MNPs [54]. This method is efficient for both
identification and quantification of MPs and NPs in various environmental
samples [6,11,71,72]. After heating a sample to a certain temperature in inert
environment, specific degradation products are formed, which can then be
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separated by GC, thus generating a chromatogram which represents
fingerprints of respective polymers [6]. The volatile degradation products are
identified using MS. Therefore, polymer mass can be determined, allowing
for simultaneous identification and quantification of different MNPs in
environmental samples. These methods are not limited by particle sizes but
often require larger particle mass than spectroscopic methods [11].

Py-GC-MS has been applied to, among others, sediment, soil, sewage sludge,
marine and freshwater environments, airborne emissions and drinking water,
to quantify and analyze MPs polymer types [6,35]. Although quantification of
MPs can, in some cases, be conducted directly in the matrix [46], it most often
requires some form of pretreatment, including separation from the matrix,
removal of accompanying inorganic and organic matter and concentrating the
MNPs to improve the sensitivity. Multiple pretreatment steps can lead to
losses of analytes, increase the chances of non-detects and thus reduce the
representativeness of a sample. The techniques used for these steps mainly
depend on the type of matrix. For MPs analyses from wastewater, sequential
filtration steps are often required to isolate the MPs from the high organic
matter content present. Alternatively, pressurised liquid extraction (PLE) is a
possibility as the high temperature and pressure enhance solubilization of MPs
[71]. The accuracy of polymer quantification generally may strongly depend
on the quality of the organic matrix removal.

Although NP analysis is more challenging and some adjustments need to be
made, significant progress in NPs research using Py-GC-MS has been made.
Py-GC-MS is effective for identification and quantification of NPs if
combined with proper pretreatment steps, necessary due to the high detection
limits. These steps, however, are conventionally not easy, adding to the
challenges of such analyses. In one study, a novel method for preconcentration
of NPs for subsequent analysis by Py-GC-MS was presented [73].
Specifically, PS and PMMA NPs in environmental water samples were
preconcentrated using cloud point extraction (CPE) and thermal degradation.
The CPE-obtained extract was then submitted to Py-GC-MS analysis for the
mass quantification of NPs [73]. The LODs were determined to be 1.1 pg/L
for PS and 0.6 pg/L for PMMA.

Upon application to different water samples, however, no PS or PMMA NPs
were detected, nor quantified. A reason for this could be that the NPs
concentrations were below the LOD [73]. When the samples were spiked, the
method proved to be feasible for quantification. The recoveries were higher
than 84.6% and 76.5% for PS and PMMA NPs, respectively, at respective
spiked levels of 8.47 and 12.1 pg/L [73]. Therefore, these results show the
capability of this overall method to quantify trace amounts of NPs (mass and
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number concentration) in environmental samples. Although feasible to
quantify NPs, this technique is still not enough to understand the level of NP
contamination in the environmental matrix due to the low concentrations of
NPs, and further enrichment methods are therefore still necessary for this
setting.

Another study also focused on quantifying PS and PMMA NPs in natural
waters using Py-GC-MS but combined it with prior enrichment by
agglomeration with alkylated iron oxide (FesO4) particles and membrane
filtration, as can be seen in Fig. 2.2. [74].

Alkylated Fe;O,
particles

.
v
L

o

NPs (different shapes)

Agglomeration Filtration

Fig. 2.2. Overall process of concentration, separation and quantification of NPs in
environmental waters, adapted and redrawn from [74].

Commercial NPs, in particular PS and PMMA, were characterized,
concentrated, and separated using this protocol. The suitability of alkylated
Fe;04 to efficiently adsorb NPs with different sizes, morphologies, and
polymer types was tested, and the results confirmed its appropriateness. Even
the smallest NPs studied, 20 nm PS, were effectively agglomerated by these
adsorbents (extraction efficiency of 94%) [74]. The obtained large Fe;O4-NP
agglomerates facilitate filtration and enable highly sensitive Py-GC-MS
analysis. The LOD and limit of quantification (LOQ) were determined to be
0.02 pg/L and 0.07 pg/L for PS NPs, and 0.03 pg/L and 0.10 pg/L for PMMA
NPs, respectively [74].

Subsequently, the applicability of this method was evaluated by analyzing 15
different water samples. PS NPs were detected in 11 of these samples. The
concentrations of PS NPs in all the river water samples and three of the
seawater samples were higher than the LOQ, ranging from 0.18 to 0.73 pg/L,
while PMMA NPs were not detected. For spiked samples recoveries ranging
from 71.9% to 119% for all samples were obtained, confirming the feasibility
of this method for NPs analysis [74]. As this method successfully quantifies
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PS NPs in these samples unlike the previous study, one could assume that
enrichment by agglomeration and membrane filtration is more effective than
CPE for NP studies. This demonstrates clearly how critical the pretreatment
steps are for analysis of NPs. It is hypothesized that this method is also capable
of concentrating NPs of other polymer types, however, as standards of most
conventional polymers (PE, PP, PET, and PVC) of relevantly small size
currently are not widely available, it is impossible to quantify them in this
study [74].

A yet another pretreatment method involving membrane filtration,
ultrafiltration and hydrogen peroxide (H»O,) digestion was investigated for
NPs studies in aquatic environments [11]. This pretreatment processes is
schematically depicted in Fig. 2.3.
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Fig. 2.3. Pretreatment processes of water samples for NP detection and quantification
by Py-GC-MS, adapted and redrawn from [11].

In this study, six selected polymers (PET, PE, PS, PP, PMMA, and PVC) were
studied and then used in applying the developed method to river surface water
and groundwater samples for identification and quantification purposes. In
surface water samples, PE and PP dominated, accounting for up to 27.2% and
50.3% of the total NP mass, with concentrations reaching 0.242 pg/L and
0.389 ug/L, respectively. Typically, PS standard is used to represent NPs for
studying their effects in the environment but this study clearly indicated that
PE and PP dominated in the aquatic samples while PS only accounted for a
small portion [11]. This suggests that studies on PE and PP standards are
highly relevant and should be further investigated. The authors note that
number concentrations of NPs are crucial for evaluation of the NP pollution
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level. Therefore, a rough estimation of the particle numbers was attempted by
calculations based on the measured mass and polymer densities. However, as
it is not possible to determine the shapes and sizes of the different NPs in the
different samples with the used techniques in this study, an assumption was
made that particles were spherical, which is unlikely in the environmental
samples. Therefore, as the authors admit, this figure does not represent reality
fully as the variability of the shapes and sizes of NPs are not considered here

[11].

This is method was thus capable of quantifying NPs in complex water
samples. Environmentally relevant polymers were measured here, which is
critical for a representative assessment of NPs in the environment. Some
improvements, however, could be made in the future work. The pretreatment
method used here, for example, could lead to some sample loss as portions of
agglomerated NPs may be filtered out in the filtration steps, resulting in
underestimations of the true NP concentrations [11]. Furthermore, the NP
recovery rates were only evaluated by standard PS NPs, but this may vary for
other NP types and therefore should be investigated in more details.

On the other hand, sample pretreatment was minimized in a study using PTFE
membranes for sample preparation and Py-GC-time of flight (ToF) MS for
analysis [75]. PTFE membranes, on which MNPs can be deposited from
aqueous samples, enable particles >100 nm to be concentrated. The membrane
is later submitted to analysis, allowing for the NPs to be identified. A ToF
detector transmits all ions, notably improving resolution and sensitivity
notably [75]. A river water sample was analyzed, with PS, PVC and PP
targeted. The LODs were only calculated for the former two and ranged from
43 to 49 pg/L. The analysis yielded a result of 242 ug/L+17% of PS MNPs,
while the other two polymers were not detected. The results demonstrated that
Py-GC-ToF with PTFE membrane sample preparation is suitable for the
identification and quantification of MNPs from complex environmental
samples. However, the authors stress that only semi-quantifiable results were
obtained, implying that the results are estimations of their approximate
concentrations, and average values are used [75].

Advantages and disadvantages of the different types of pretreatment methods
discussed above are summarized in Table 2.2. Furthermore, an overview of
the different benefits and limitations of Py-GC-MS as an analytical technique
for MP and NP analysis is given in Table 2.3. Notably, the abovementioned
studies were applied to aquatic samples only and no mention of their
suitability to other sample matrices was given. Py-GC-MS with its various
pretreatment approaches might not be suitable for soil or sediment samples,
which are also samples relevant to be investigated [11]. Additionally, although
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these studies quantified PS, PMMA, PET, PE, PP and PVC from various
environmental samples, often only one or two polymer types were detected
and quantified at a time, even though many more types are likely present in
the sample. This suggests that these quantification results are not truly
representative of the NPs present in the samples. Not only are not all NPs
detected, identified, and quantified at once, but whether the NPs that were
successfully quantified are representative for a larger region remains

questionable.

Table 2.2: An overview of the advantages and disadvantages of Py-GC-MS with each
pretreatment approach discussed above

Pretreament Advantage Disadvantage Ref.
Preserves sizes and Lack of
shapes of NPs reproducibility for
quantitative purposes
of NPs
Low sample preparation | Does not detect NPs
requirements in environmental
samples due to low
concentrations —
CPE possible sensitivity [73]
issue
High selectivity Only for aqueous
samples
Easy operation
Good  tolerance  to | Smal] sample volume
sample-matrix
interference
Able to effectively
adsorb NPs of different
Alkylated Fe;O4 | sizes/shape/polymer Only for aqueous
and membrane | types [74]
filtration Detects PS NPs at samples
environmentally
relevant concentrations
Filtration Ability to remove low May filter out portion
(membrane and | molecular NOM and of agglomerated NPs (1]
ultrafiltration) high efficiency for larger than 1 pm
and H,O» concentrating large leading to potential
digestion volumes of water underestimation of
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number of NPs in
samples

PTFE No matrix removal
membranes ) (probable matrix
Inexpensive interferences)
Difficult to analyze [75]

- MNPs that may emit
Fast and simple sample | gimilar breakdown

preparation products as the filter

High enrichment factors

Until recently, no study had investigated the presence of plastic particles in
human blood. However, gaining an understanding of this contamination and
its associated potential health effects is critical to evaluate the risk of MNP
exposure to public health. MNPs (>700 nm) of five common polymers (PE,
PP, PET, PS and PMMA) were quantified by Py-GC-MS in blood from 22
donors [35]. Sample preparation included enzymatic digestion of blood
proteins and collection of MNPs on a filter with pore size 700 nm. Human
blood is a highly complex matrix, making it particularly difficult to get a true
representative value of the amount of MNPs present in an individual. The
results of the recovery experiments verified that the method was able to
extract, identify, and quantify low ppm concentrations of the target polymers.
However, the recoveries varied largely not only among the polymers (27-
201%) but also depending on the spiked amount (up to 2-fold). The LOD and
LOQ of the targeted polymers ranged from 0.10 (PMMA) to 0.68 (PP) pg/mL
(LOD) and from 0.33 (PMMA) to 2.3 (PP) ug/mL (LOQ). The assessment of
concentrations of MNPs in blood showed that 17 samples contained a
quantifiable polymer mass. The average of the total concentrations for each
donor was 1.6 pg/mL (0-12.4 pg/mL). However, the authors stress that the
results should be interpreted as estimations that may be helpful as a starting
point for future research efforts and that the sensitivity of this method should
be improved in future studies [35].

This was the first study to semi-quantify MNPs in blood samples, providing
evidence that MNPs exist in the human bloodstream. Although a sensitive
method was developed, reliable quantification of MNPs remains challenging
due to sample complexity. It is probably partly due to the complex matrix that
recoveries were highly variable. Further work should thus be performed on
the sample pretreatment and matrix interferences in Py-GC-MS, before this
method can be used more widely for MNP fate studies.
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2.3.2. Thermal desorption-proton transfer reaction-mass spectrometry
(TD-PTR-MS)

Other thermal desorption mass spectrometry-based approaches are explored
in parallel to Py-GC-MS because of its ability to identify and quantify the
mass of individual polymers in a sample [76,77].

In thermal desorption proton transfer reaction-mass spectrometry (TD-PTR-
MS), after thermal desorption of polymers, soft ionization occurs via
hydronium ions are generated from water vapour [6,78]. In 2020, TD-PTR-
MS was applied to analyze common MNPs in snow samples [79]. The snow
samples were melted and filtered over a 0.2 pm pore size PTFE filter to
separate MPs from NPs. The analysis by TD-PTR-MS was performed as
described in a previous work [78]. A fingerprint algorithm, which scores the
mass spectra similarity between a reference material and a sample, was
developed in this study for polymer identification when present in organic
matrix. However, the PTR ionization efficiency is not 100%. Therefore, the
obtained concentrations can only be considered semi-quantitative and
represent the lower threshold of the actual ion concentration (with a £60%
uncertainty) [79,80].

The results of this study showed that PET NPs <200 nm were successfully
identified and semi-quantified as 4.6-23.6 ng/mL in surface snow.
Additionally, 5.6-22.9 ng/mL PET, PVC and PPC MNPs >200 nm were
quantified [79]. The LOD for PS in this study was reported as tens of ng,
indicating a sensitivity that is approximately 100 times higher than earlier
reported methods [79]. This method can analyze various environmental
samples, requiring only a small sample size, without performing a
preconcentration step, making it suitable for high-throughput analysis. This
sensitivity, in particular, makes a novel contribution to chemical
characterization and quantification at the nanogram scale.

Considering the concentration of the PET determined in the snow sample
(5.6-22.9 pg/L) using TD-PTR-MS, and in the surface water sample (0.011—
0.079 pg/L) using Py-GC-MS, discussed earlier, a large difference is observed
[11,79]. Although these two methods and the samples are not truly
comparable, the large concentration difference is striking. A possible reason
for the low the mass concentrations of PET NPs in the water sample could be
related to the NP sources and respective pathways of the NPs entering the
different environmental samples [11]. Furthermore, the higher mass
concentration in the snow sample study could be an overestimation as the
result is only semi-quantitative. However, this concise comparison serves as
an indication to the current lack of precision in determining accurate
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quantitative values, necessary for a complete understanding of the impact
MNPs have on the environment.

More recently, TD-PTR-MS and a specific sampling technique were used to
detect and measure NPs in sea water samples from a Greenland firn core and
a sea ice core from Antarctica [81]. The analysis by TD-PTR-MS, as well as
the data processing, were performed as previously described in [79]. The final
concentrations presented here can still only be considered semi-quantitative
for the same reason as mentioned above. The results in Greenland showed an
average concentration of NPs of 13.2 ng/mL, with PE (6.5 ng/mL), PET
(2.7 ng/mL), PS (0.11 ng/mL), PVC (0.11 ng/mL) and PP or PPC
(0.57 ng/mL) being quantified [81]. PE was the major contributor,
contributing to 49% of the total NPs mass. This is consistent with other studies
which also showed PE to be the dominant type. In the Antarctica samples, the
average NP concentrations were determined to be 37.7-67.0 ng/mL in different
parts of the core, respectively. The polymers detected and quantified here were
PE (38.0 and 19.8 ng/mL), PP (20.7 and 9.0 ng/mL) and PET (8.3 and
8.9 ng/mL) (representing the top and bottom of the core, respectively). Again,
PE was found to be the dominant polymer type, contributing more than 50%
of the total NP mass [81].

The advantages and disadvantages of this TD-PTR-MS method are
summarised in Table 2.3. This study was the first to semi-quantify NPs and
thereby provide experimental data for polymers in the polar regions. The
extent of NPs impact on the environment is still not completely understood,
however, more research is clearly needed to determine their sources, transport
pathways, and their effects on the environment.

Finally, in the Wadden Sea study, the authors used the same TD-PTR-MS
technique as previously, however, they managed to convert the semi-
quantitative data to fully quantitative concentrations of NPs and ultrafine MPs
[80]. In this study two sampling strategies to quantify the seawater
concentrations at two different sites were used: site A samples were analyzed
directly without preconcentration every hour for 4 hours, while site B samples
were preconcentrated using a cascade filter setup and analyzed every hour for
24 hours. For the quantification here, an additional step was included: the
semi-quantification was performed as before, after which polymer-specific
correction factors were used to convert the values to full-quantitative NP
concentrations. The quantification results were the following: PS NPs at site
A had an average concentration of 4.5 + 3.0 pg/L and 3.8 + 1.7 pg/L at 1 m
and 3 m water depths, respectively. NPs of other polymer types were not
detected here. At site B, PS and PET NPs were both detected. The average
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concentration of both PS and PET combined, with a size >300 nm was
3.1 pg/L [80].

This study represents the first fully quantitative results of environmental PS
and PET NPs in the marine environment. These results give indications for
both the presence and concentration of ultrafine MPs and NPs in the Wadden
sea, though they still have certain limitations. The temporal resolution of the
measurements, for example, are small, as only a small array of geographically
distributed stations was covered [80]. Additionally, the direct measurement
(site A) may not resolve the low PET concentrations in the water column. The
higher sensitivity when preconcentrating the sample (site B), is related to the
higher amount of the water sample concentrated on the filter. Even though the
preconcentration step lowers the detection limit, more steps in the sampling
protocol could increase the risk of contamination. For future studies, the
sensitivity could be further improved through procedural and instrumental
measures [80].

Hypothetically, if the ultrafine MPs and NPs concentrations were upscaled to
the entire surface area of the Wadden Sea, then the average measurement of
4.2 ug/L of PS NPs (<200 nm) would be equivalent to 21.6 tons of these tiny
particles. Similarly, for PS and PET MPs (> 2.7 pm) an upscaled measurement
would equate to 18.0 and 9.3 tons of these MPs, respectively. These values
help to demonstrate the implications and impact of such MPs and NPs in the
environment [80].

These studies proved the ability TD-PTR-MS technique to (semi)-quantify
MNPs from snow and sea water samples. The semi-quantification presented
in the first two studies shows potential for making estimations of
concentrations of NPs in the environment. This is especially important for
polymer types that do not have analytical standards available yet. However, it
is also related to lower threshold values of the NP concentration as explained
earlier. The fully quantitative method developed in the last study, gives a
concentration value, however, is also limited by not accounting for the
uncertainties in the filtering efficiency used in site B [80]. Although the
method shows great potential, many unknowns still exist, and further
developments are still needed for a comprehensive analysis of MPs [79].

2.3.3. Depolymerization methods

Another approach for the quantification of MNPs involves a depolymerization
reaction, followed by analysis of the resulting decomposition products of the
polymeric chains (monomers or their derivatives) [82]. Analysis is typically
done by either GC-MS or liquid chromatography (LC) coupled with MS or
ultraviolet (UV) detector [34]. A high sensitivity is generally obtained, making
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this approach promising for a mass-based quantitative analysis of PET, PC,
and PA MNPs and fibers in samples [6,83].

This approach has been used for various environmental samples, however,
many studies required time-consuming pretreatment steps to be performed,
leading to potential analyte loss and increased interferences, making them
unfavourable [34,82,84,85]. In a recent study in our group, a novel method
was developed, aimed at overcoming this disadvantage. A simplified three
step in-matrix depolymerization by excess of ethylene glycol technique was
established, for PET MNPs quantification in different complex environmental
samples, namely beach sand, indoor dust, sewage sludge, and domestic
wastewater, followed by LC-UV or LC-MS analysis [34,86]. In this
depolymerization reaction, PET is selectively and quantitatively
depolymerised to bis(2-hydroxyethyl) terephthalate (BHET), as depicted in
Fig. 2.4 [34].
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Fig. 2.4: Overall depolymerization reaction of PET with excess ethylene glycol and
zinc acetate catalyst with the required reaction conditions. Reproduced with
permission from [34].

To calculate the amount of PET present in the environmental samples, the
analytical quantification of BHET was used according to the equation 2.1 (rxn
mixture — reaction mixture, MW-molecular weight). It was assumed that all
quantified BHET derived from the depolymerization of PET in the reaction
mixture. The molecular weight of the PET repeating unit is 192.0 g/mol [34].

PET mass in rxn mix
BHET mass in rxn mix

Eq.2.1. =~ MW of BHET

X MW of PET repeat unit

Method validation was performed by determining the recovery and linearity
of the calibration curves. In influents and effluents from wastewater treatment
plants the LOD of PET was 2.0 pg/L and 1.2 ug/L, respectively, and a recovery
of 98% of PET in the wastewater matrix was found. The PET MNPs were
detected in all influents at concentrations ranging between 24.9 pg/L and
680 pg/L, and in most of the effluents at concentrations from below LOD to
23.1 pg/L. The results of the PET concentrations in the different samples were
the following: in dust, PET concentrations varied largely between samples,
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ranging from 1.2 to 305 mg/g; in liquid sludge, the PET concentration was 1.5
mg/L; in beech sand BHET signals were <LOD, likely because beaches in the
Netherlands are frequently provided with off-shore sand [34,86].

The developed 3-step depolymerization method proved the practical
application of depolymerization reactions to quantify PET MNPs. LC-UV and
LC-MS, though rather unusual for MNP analysis, can both be used for the
analysis. LC-UV is generally more accessible in routine laboratories, less
expensive and easier to operate but does not provide such low LODs as LC-
MS. The sensitivity of the method can be further improved, if required, by
using LC-MS, when available [34,86]. Furthermore, this method is predicted
to be applicable for the trace analysis of PET in other matrices after validation.
PET was the only polymer type quantified here, however, through slight
modifications to the method, it also has potential to be applied for other
condensation polymers such as polycarbonate (PC), polyamide (PA) or other
polyesters.

This had been achieved in another study, where an alkali-assisted thermal
hydrolysis method was applied successfully to quantify PC and PET MPs in
environmental samples (marine sediments, sludge, indoor dust, sea salt, and
digestive residues in mussel and clams) [82]. Quantification was achieved by
determining the amounts of hydrolysis products, i.e. their respective
monomers, BPA and PTA, using an HPLC gradient elution program for the
chromatographic separation and a tandem MS system to analyze bisphenol A
(BPA) and phthalic acid (PTA). In this method, however, the samples can be
contaminated with the quantified depolymerization products, which would
produce false positive results. Therefore, BPA and PTA were firstly quantified
in the samples and their concentrations were subtracted. In sewage sludge,
recoveries of 87-97% and LOQs of 8.3-53 pg/kg were obtained for PC and
PET, respectively. 3-430 mg/kg PET and 0.8-64 mg/kg PC were quantified in
the environmental samples [83].

A similar method for PA (nylon 6 and nylon 6,6) MPs quantification in
wastewater was developed as a proof of concept and still requires further
validation before becoming a reliable quantification method [85]. Briefly, PA
is depolymerized via acid hydrolysis and subsequent derivatization of the
monomers, 6-aminohexanoic acid (AHA) from nylon 6 and hexamethylene
diamine (HMDA) from nylon 6,6, with a fluorophore. High sensitivities for
these monomers are observed by reversed phase HPLC analysis with
fluorescence detection. This method allows the total mass of each one of the
two PAs to be quantified in wastewater sludge with high accuracy, sensitivity
and selectivity. The high resolution and sensitivity of the HPLC analysis
enables an easy extension of this method to a wider range of environmental
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matrices, including samples such as agricultural soils. This will improve the
understanding of the actual impact of PA MNPs polluting the environment
[85]. Further studies should look at improving this technique for real sample
application.

PET MPs can also be quantified via hydrolysis with subsequent chemical
extraction followed by LC-UV. A simple tool to determine PET MPs mass
contents was presented, based on an alkaline hydrolysis/extraction from
environmental samples and the succeeding quantification of the monomer
terephthalic acid by LC-UV analysis [87]. This procedure was applied to
determine and quantify PET MPs from various environmental samples,
including soil, sediment, sewage sludge, compost, fermentation residues,
indoor dust, and suspended particles from water management systems. The
results obtained for the mass contents of the different samples were
successfully verified by comparing this LC-UV method to TED-GC-MS, as
both methods produced results with similar values [87]. These results indicate
that this method can successfully be applied to various complex matrices,
which is advantageous. Additionally, it is a cost-effective and simple method,
which has potential for other condensation polymer type MPs in terrestrial
environments [87].

The depolymerization-based methods exhibit certain unique advantages over
other approaches in MNP analysis. Notably, the sample pretreatment (and the
associated potential analyte losses) can be largely avoided. The simplicity and
low cost of analysis are other benefits. On the other hand, these methods
cannot be extended to the currently most commonly produced polymers, such
as PE and PP, therefore their applicability is limited for a general MNP risk
assessment. A great application of depolymerization-based methods could
therefore include e.g. fate/modelling studies with the use of MNPs of
hydrolysable polymers, studies of fate of textile litter and studies focusing on
the chosen polymers only.

2.3.4. Nuclear Magnetic Resonance

Nuclear magnetic resonance (NMR) was applied for the first time for
identification and quantification of MP particles in solution [88]. Although
this chapter is focused on quantification techniques of NPs in particular, NMR
is worth mentioning, even though it has not been applied to NPs yet.
Quantitative '"H NMR spectroscopy (QNMR) has been used, though in this
study only as proof of concept, for qualification and quantification of PE
granules (<300 um), PET fibers (length of 500 pm), and PS beads (0.5—1 mm).
These were analyzed as prototypical MP particles in model samples, using the
standard calibration curve and an internal standard. An important step,
however, before any analysis of MP particles with this method, is to find the
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correct conditions for dissolving the various types of polymers [88]. This
method has been applied to quantify synthetic polyesters, particularly PBAT,
in agricultural soils [89]. Here, Soxhlet extraction or accelerated solvent
extraction (ASE) was coupled with gNMR spectroscopy detection. gNMR is
a powerful technique for structure identification, obtainable with high
certainty. Although it has a rather high LOD, when compared to other
detection methods, this is countered, in this particular scenario, by the fact that
polyesters have only a few distinct monomer units that are thus present in a
high concentration in the film [89]. Future studies may allow following PBAT
biodegradation in soils by quantifying the resulting decrease in PBAT’s
concentrations.

Proton NMR can be useful for various purposes regarding MNPs studies. It is
ideal for chemical analysis and clearly allows for simple quantification of
MPs, though more efforts for further improvements may be necessary.
However, qNMR is currently not appropriate for the detection and
quantification of NPs due to their low concentrations in environmental
matrices, though an application for it in the future may become feasible,
possibly through using preconcentration or enrichment steps. Alternatively,
gNMR can also be used for investigations of degradation products of PP, PE,
PS and PET MPs or for understanding the mechanisms and kinetics of
degradation pathways [90]. It can contribute to improving chemical
characterization of environmental samples and offer reference data on the
degradation (aging) of MNPs in the environment. Therefore, even if '"H gNMR
may not be suitable for quantification of NP occurrence, it can still be effective
for obtaining a more comprehensive understanding of the effects of MNPs on
the environment.

2.3.5 Surface-Enhanced Raman Spectroscopy (SERS)

As mentioned in Chapter 2.2.3., in a proof-of-concept study, preparation
strategy to make SERS analysis size-independent was developed, allowing for
quantification of PS particles of different sizes (100-800 nm) [65]. NPs are
represented by a suspension of PS particles in this study. By dissolving the
dried PS NPs in toluene to form the PS solution, the size-dependence effect of
NPs are evaded. In the last step, the organic solvent is evaporated, and PS is
preconcentrated by the “coffee-ring effect”, in which molecules migrate from
the centre to the edge of a droplet [65]. A PS film is formed on the substrate,
and the SERS spectra of the films can be obtained. The resulting spectra were
collected, and the effect of interferences was investigated. The results of
confirmed that concentrations as low as 10-40 pg/mL were detectable, that
size-dependent effects were avoided. The potential of the developed method
for environmental samples was investigated by spiking tap, mineral and river

82



Chapter 2. Quantification of micro- and nanoplastics

water with PS NPs. The calibration curve was used for the quantitative
analysis of PS concentration in these water samples. The PS concentrations
were quantified successfully, with LODs of PS 0f 0.53, 0.38, and 0.32 pug/mL,
for tap, mineral and river water, respectively [65]. This study therefore
provided evidence that the developed approach allows accurate quantification
of NPs in real samples with different particle sizes and concentrations [65].

In another study, polymer dissolution was omitted and SERS was performed
after the NPs were coagulated with Au nanoparticles in presence of potassium
iodide [91]. The benefit of KI, besides enabling coagulation, is the purification
of Au particles from impurities, which enhances detection. PS MNPs (50 nm-
2 um) were analyzed by this method, though only NPs were successfully
quantified in the whole measured concentration range. The LODs differed for
different sizes and ranged from 6.25 (100 nm) to 25.0 pg/mL (200 and 500
nm). Subsequently, lake water samples were spiked with the same PS NPs and
recoveries from 87.5% to 110% were observed [91].

Overall, SERS is a very promising technique for detecting and quantifying
NPs in diverse media and is generally well suited for application to
environmental samples. The suitability of this method for the quantification
of NPs in other aqueous matrices, such as seawater, however, remains
questionable.

Mass-based methods are particularly useful when data on the presence of NPs
and their mass in a certain size fraction are needed. Disadvantages that all
mass-based methods have in common, however, is that they are all destructive,
cannot report number of particles, size distribution, shapes or colours of NPs.
Another limitation that should be considered, particularly if MPs and NPs are
both present, is that a few large particles overprint numerous small particles,
as the small particles do not largely contribute to the mass [6]. Until now, the
most frequently used method is Py-GC-MS for such quantifications.
Nonetheless, this review presented several other methods that have also been
developed and tested for the (semi)quantification of NPs in various
environmental samples.
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Table 2.3: Comparison of the advantages and disadvantages of different analytical

techniques for MNP analysis

throughput analysis

Only small sample sizes
required — suitable for high

2]
-
= o
£ | Advantages Disadvantages &
g
=t
Detects plastic-associated
additives and degradation
- ts, deliveri
by-products, de tverng Often necessary to perform a
data necessary for reliable . .
risk assessments of MPs previous extraction from
Compatible with most pre- macromolecules, see Table 2.2
treatments applied for
extraction.
From the technical point of
v | For small samples (5- view, Py-GC-MS can be
> | 200 ug) no pre-treatment performed on liquid samples =~}
O | mav be required after certain hardware =
O y d adjustments, however, drying =
& is mostly more convenient —
Poor reproducibility — due to
Achieves detection of sample inhomogeneity, slow
. } . transfer to GC column, or
lower MP dimensions with . .
high sensitivity catalytic events in the
& pyrolyzer that change the
chemical nature of the sample
Achieves quantitative Difficulty in interpreting
results with hieh accurac results due to several reactions
and precision & Y| that can occur and density of
P peaks in chromatograms
:r?:;;;)ir;I(Z)?t:t)l?eardi)(;g;nfir Not possible to differentiate PP
. from PPC, or to resolve PE of
E co;np onents along with different densities with current
o [ROYmers fingerprint method — due to | =
E Very low LOD mass spectra similarity &“
QI f—
=~

PTR-MS standard
quantification error (estimate
uncertainty of + 60%)
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Sensitive, accurate, fast,
simple and low-cost
No need for earlier particle
isolation or complex
sample pretreatment
Mass basis quantification -
sum of all PET fibers and
g | fragments in a sample are
'E | quantified — useful for risk =
& | assessment and for Limi . 0
5 . . imited to  condensation | |
£ | monitoring spatial and olvmers onl )
= | temporal trends poLy y ¥
& | Can be performed under =
2 | ambient pressure
conditions
Handles large sample
volumes well — decreasing
the probability of non-
detects and increases
representativeness of
samples
Dissolution of analytes in
Fast and straightforward appropriate deuterated solvents
quantification is indispensable (may be
difficult for some polymers)
[ Solid-state NMR spectroscopy | __
E not sensitive enough — would g
S . lead to inaccurate results
A generally widely known : - -
and applied techniques Quar.ltlﬁcatlon (.)fMPS m
matrix not possible
High cost of necessary
instrumentation

2.4. Assessment of suitability of quantification techniques per plastic

Different methods for the quantification of MPs and NPs were discussed
above. Often, one method was only appropriate for one or a few polymer
types, and this is also changed depending on the environmental matrix
analyzed. An overview of the application of the discussed analytical methods
per polymer per environmental sample type is given in Table 2.4 below.
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Table 2.4: The application of the various discussed methods to the analysis of different
olymer types of MPs (“I*) and NPs () in different environmental samples

2 Analytical techniques
z
%]
— Q
= = -
= + g
@» ] <
= 3 e
o - = +
2 £ I - Z
z 2 v | 3|5 = g
B = E I g Ay 8 n
[5} 1 Qﬁ O . —
g e @) = 2 = B, | &
= = S| &l glE| T S| 2| B
= = e & | = e w| 8| H|E
=% = [a ) = ) Z = — /M A Z
=
“i | ?
Applicable | R s 3? gn
o) — 8 Ne =
references f‘l\ﬁ“ o o gﬁ _ Q | 5{ _
— 21 < e o N| o | » o
=g = AT I I S A CAT B IR I
None 2 2 | au2
Freshwater o 2ufu2 o2 | o2
Drinking + 32 2| 42
water
Surface
water
PS Sea water o+ o+ 2
Ice o+
Soil
Sewage
sludge/ + b
wastewater

! Full names of polymer types can be found in Table 2.6 at the end of this chapter.
2MNPs only quantified after samples were exposed to MNP proxy on purpose
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Blood

Organisms

PET

None

Freshwater

Sewage
sludge/
wastewater

Drinking
water

Surface
water

Ground
water

Blood

Snow

Ice

Sea water

Sand

Indoor dust

Sediment

Organism
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Salt (sea
and rock)

Soil

Compost

Sewage
sludee

Sediment

PC Indoor dust

Organism

Salt (sea
and rock)

None 2 w2

Freshwater o

Sewage
sludge/ +
wastewater

Surface &
ground

PE
Blood

Ice o

Drinking
water

Sea water o+

Freshwater

PMMA |Wastewater

Seawater w2
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Blood

PP

Freshwater

Sewage
sludge/
wastewater

Drinking
water

Blood

Ice

Sea water

PA

Freshwater

Sewage
sludge/
wastewater

PVC

Freshwater

Sewage
sludge

Snow

Ice

Sea water

PPC

Snow

Seawater
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Table 2.6: Full polymer type names of abbreviations used

PS Polystyrene PP Polypropylene
PET Polyethylene terephthalate PA Polyamide
PC Polycarbonate PVC  Polyvinyl chloride
PE Polyethylene PPC Polypropylene carbonate
PMMA Poly (methyl
methacrylate)

2.5. Conclusions and future perspectives

In this chapter, various number-based and mass-based analytical techniques
(potentially) applicable for MNP quantification in different environmental
matrices were critically assessed. Considering the challenges that are present
when analyzing NPs, different mass-based methods, namely Py-GC-MS, TD-
PTR-MS, depolymerization and SERS, were discussed. These methods are all
destructive, however, they reliably report polymer content in a sample,
irrespective of particle size, number, or shape. The most frequently used of
these for quantifying NPs is Py-GC-MS preceded by different pretreatment
protocols. Particle-based methods are not widely established for NPs,
predominantly because of the limitations imposed by physical laws,
preventing conventional FTIR and Raman spectroscopy from being suitable
for NP analysis. Proof-of-concept methods, specifically SP-ICP-MS, LS and
SERS, were also evaluated for their potential application to environmental
samples. Although these have promising prospects, most still require further
research before their application to environmental samples would become
feasible. The advantages and disadvantages of each of the existing or
promising methodologies are highlighted, demonstrating the presence of
uncertainty in current data.

To quantify MNPs, different techniques, taking their respective advantages
and disadvantages into account, are needed for different samples. As the
complexity of the sample matrix increases, the need for multiple orthogonal
methods is likely to increase in order to quantify MNPs in that specific sample.
Moreover, a further difficulty lies in estimating the sample size require to
achieve true representativeness, especially as sample homogeneity decreases
with increase in particle size. Therefore, it is supposedly not possible to
reliably quantify MNPs using analytical techniques presently available. Even
though significant research is ongoing and some techniques show great
potential, several challenges are still to be overcome. Environmental samples
may contain various types of polymers, and different polymers may have
different optimal analytical methods for their accurate quantification. This
raises the question of whether it would be more appropriate for each polymer
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type to be quantified individually or should a compromise approach be
adopted to quantify the entire sample using a single method. The complexity
of environmental samples presents a challenge in achieving a true
representative evaluation of MNPs pollution in the environment. Considering
the various techniques, their benefits and shortcomings, and their application
to a specific polymer type, it can be concluded that it is still not possible to
quantify MNPs accurately today using analytical techniques presently
available, and further research in the future is necessary before the knowledge
gaps can be filled. The implications of this research are significant and highly
relevant in understanding the effects of MNPs in environments and ultimately
developing efficient mitigation strategies.
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