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Microplastic pollution is a growing environmental problem. Consequently, an emerging area of research is
the analysis of these micro-particles, to identify the distribution and impacts of plastic in the environment.
This paper details the development and application of a pyrolysis-gas chromatography-mass spectrometry
(Py-GC-MS) method for the quantification of microplastic pollution in terrestrial samples. Initial analysis of
plastic standards using Py-GC-MS revealed diagnostic pyrolytic products, which were utilised alongside
internal standards and linear regression to create calibrations for each studied synthetic plastic. A
microplastic extraction protocol for soils and sediments was developed, namely an overnight density
separation with wet peroxide digestion, and its efficacy confirmed through spiking and recovery
experiments. Matrix effects were observed for PE, PS and PVC, highlighting the need to use multiple
diagnostic compounds per plastic, where possible. Overall, these findings demonstrate that Py-GC-MS
can be successfully applied for the determination of microplastic concentrations in terrestrial samples,
with a view to establishing effective mitigation strategies.

The majority of plastic pollution originates on land and therefore, with regard to mitigation, the terrestrial environment needs to be of primary focus.
Particularly when considering microplastic, tackling plastic pollution at the source is crucial, before smaller and more damaging particles can develop. However,

our knowledge and understanding of the spatial and temporal profile of terrestrial microplastic is still lacking and, without improvement, mitigation efforts
cannot successfully target plastic pollution at the source. Furthermore, vast quantities of plastic also end up in terrestrial environments and the impact on these

ecosystems is only just being realised. There is a real need, therefore, to quantify terrestrial polymer contamination and determine source-to-sink litter pathways

around the world.

1. Introduction

The impacts of microplastic on organisms and the environment
is largely unknown.'”® Microplastic is ubiquitous throughout
environmental matrices, impacting organisms ranging from
those that are unicellular to mammalian. In addition, they exist
with a whole host of different chemical and physical properties.*
There are therefore thousands of different potential ecotoxico-
logical studies to determine the impact of a given plastic on
a given organism under specific conditions.” Establishing the
extent of microplastic pollution not only helps us ascertain how
important determining its impact is, but it also enables us to
focus our efforts on organisms that are likely to be the most
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affected, using environmentally-relevant polymers and
concentrations.® In addition, determining environmental
microplastic concentrations both spatially and temporally
facilitates the identification of sources of microplastic pollution
to the environment. Thus, it is possible to establish where
mitigation efforts are best placed.

There are several approaches to identify and quantify
microplastic in environmental samples.” Firstly, the micro-
plastic must be extracted from a complex natural matrix, but
once this has been achieved, it can be analysed in several ways.
Spectroscopic methods are the most common techniques,”®
however, few studies using such approaches produce mass-
related quantitative results. Whilst particle count is an impor-
tant metric in the context of biological impacts, mass is the
most relevant parameter when considering sources, pathways
and flux. Due to the small size of the particles found, deter-
mining their mass gravimetrically on an analytical balance is
challenging and imprecise. Pyrolysis is, potentially, a better
option as it provides not only mass-based data, but also
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polymer-specific information. Pyrolysis also requires less
sample pre-treatment than Fourier-transform infrared spec-
troscopy (FT-IR) and Raman analysis with protocols relying less
heavily on the manual selection of particles, thereby reducing
the potential for human error.

Historically it has been challenging to quantify using pyrol-
ysis, and consequently it has predominantly been used for
qualitative and semi-quantitative work.”® The process is inher-
ently complex as a wide range of pyrolytic products are
produced in almost all environmental samples.* This results in
matrix effects that can heavily impact the peak areas of the
target compounds. For example, internal surfaces can become
coated with heavier breakdown products that condense within
the instrument, affecting the way that other pyrolytic products
interact with these surfaces.®'* Generated artefacts may also
coelute or affect the volatility of other pyrolysis products.'”
Another major factor affecting the reliable analysis of complex
samples is variability in pyrolytic breakdown.**** Small changes
in the analytical conditions can affect the composition of
pyrolytic products, making quantification challenging and
necessitating time-consuming optimisation of a given pyrolysis
set-up, alongside external calibration.

Recent advances, such as improvements in instrument
design, have enhanced our ability to quantify using pyrolysis,
with studies demonstrating low limits of detection (LOD < 1
pg).*>*¢ Nonetheless, very few papers have utilised Py-GC-MS for
the analysis of microplastic in environmental samples, with
only one study incorporating internal standards in their cali-
bration.™ Since one of the challenges of pyrolysis is to overcome
matrix effects from the wide range of generated species, the use
of internal standards can help to account for them, enabling
more accurate quantification.***”

To analyse terrestrial microplastic, particles are usually
extracted from their soil or sediment matrix.**** Depending on
sample type, there are various methods utilised for microplastic
extraction.”®** For samples containing inorganic sediment,
particle isolation is achieved via a density separation. Here the
sample is suspended in a salt solution and left to settle out; the
dense, inorganic material falls to the bottom, while the less
dense microplastic floats. The choice of salt solution is some-
what contentious, however, as cost, efficacy and environmental
factors are considered.”” As an inexpensive and
environmentally-friendly option, sodium chloride (NaCl) is
widely used, but it has attracted criticism for not providing
a dense enough solution to extract all plastics.>®** Denser salt
solutions such as sodium iodide (Nal) or zinc chloride (ZnCl,)
have been deployed as alternatives, however cost and toxicity
concerns make them less desirable.?” As a compromise, many
studies use a hybrid approach with an initial density separation
using an inexpensive, low-density salt, followed by extraction
with Nal or ZnCl,.>* More recently, potassium formate (CHKO,)
has been suggested as an eco-friendly, medium-density
option.?¢

Due to its low density, organic matter is not removed during
density separation, thus necessitating further sample process-
ing. Not only is this required for volume reduction, but organic
matter is also amenable to pyrolysis, and therefore will interfere
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with pyrolytic characterisation of microplastic. Again, there are
many methods for the removal of organic material.**** Typi-
cally, a peroxide digestion is performed,”*® but this has a variety
of limitations. It can degrade or completely digest, the micro-
plastic particles as well as the targeted organics; it can bleach
particles, masking their identity during visual inspections, and
lastly its use is restricted in many labs. Alternatives such as acid
and base digestions are also not recommended, as they have
been shown to have similar disadvantages and are less effective
at removing organic matter.”” Studies using very organic rich
samples may benefit from the use of enzymes for their diges-
tion, although the protocol for this is more involved, leading to
a greater risk of contamination or sample loss.*®**® Restrictions
around enzyme use also limit their application. The order in
which these steps are undertaken, and the manner in which
they are performed, is also undecided.**** Nuelle et al. deter-
mined that treatment with hydrogen peroxide was the most
effective means of reducing the amount of organic matter with
minimal impacts to the plastic particles.”” Therefore, this was
investigated here, using various workflow designs.

Based on the literature, it may be hypothesised that Py-GC-
MS can be successfully employed to qualify and quantify
microplastic in complex environmental samples. The aim of
this study is to develop a successful methodology using
a pyrolysis-based analytical platform, to quantify microplastic
in complex environmental matrices such as soil and sediment.
Calibration, using internal standards, will be investigated for
environmentally-relevant polymers to ascertain the potential for
quantification, and to determine the most effective workflow for
future applications. Several extraction protocols will also be
explored to determine the most effective method to separate
microplastic from beach sediment and soil, focussing on
density separation and the various methods for the removal of
organic material. The chosen protocol will be validated by spike
and recovery experiments to determine efficacy and to verify
that it is appropriate for the analysis of terrestrial samples.

2. Methods

2.1. Analysis of polymer standards

Standards of eight common plastics were purchased from
Goodfellow Ltd [polyamide 6 (PA6), polycarbonate (PC), poly-
ethylene terephthalate (PET), polypropylene (PP) and polyvinyl
chloride (PVC)] and Sigma Aldrich [polyethylene (PE), poly-
methyl methacrylate (PMMA) and polystyrene (PS)] to deter-
mine specific diagnostic moieties for each polymer. These are
required to identify the specific plastics present in complex
environmental samples." PET, PMMA, PS and PVC were
purchased as powders, whilst PA6, PC, PE and PP were bought
as granules. The latter four standards were cut using a scalpel to
obtain particles of the required mass (see calibration details,
below), before adding them to quartz pyrolysis tubes. Powders
were added directly using a small spatula or syringe needle.
Each standard was pyrolysed with and without the addition of
tetramethylammonium hydroxide (TMAH) and the subsequent
pyrograms compared with an in-house library and those from
the literature.'®'*?*3%3! The National Institute of Standards and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Technology (NIST08) database was also used for compound
identification. Diagnostic compounds were selected for each
polymer standard based on their specificity and abundance, as
described by Fischer and Scholz-Bottcher.™

Calibration was performed by weighing between 3 and 107 pg
of polymer standard directly into quartz pyrolysis tubes using
a Mettler Toledo XP6 microbalance. This range is restricted at the
upper end by the limits of the pyrolyser and at the lower end by
the sensitivity of the microbalance. Eight different internal
standards were tested for their use in aiding quantification: 5a-
androstane, bisphenol A-d,,, 5B-cholanic acid, 9-fluorenone and
pyrene-d;o, each were introduced as 20 pL at 0.1 pg pL ™' in
methanol, whilst 20 uL of anthracene-d,,, 1,2-dibromobenzene
and naphthalene-dg were added at 0.1 pg pL~" in n-hexane. The
internal standard solutions were added directly to the quartz
pyrolysis tubes up to 1 hour before pyrolysis and left for solvent to
evaporate at room temperature. 9-Fluorenone, anthracene-d,,
5a-androstane and pyrene-d;, were selected as the internal
standards for subsequent use and were added to each calibration
sample as described above. Calibration models were created for
each plastic standard, using the mass-filtered peak areas of
selected diagnostic compounds and linear regression. Various
combinations of diagnostic compound, diagnostic ion and
internal standard were investigated to determine the most
appropriate calibration method for each plastic. The coefficient
of determination (R*) and the process standard deviation (syo)
were calculated in each case to enable comparison.' See Tables 1
and 2 for the diagnostic compounds selected for each polymer.
For the selected models, limit of detection (LOD) and limit of
quantification (LOQ) were calculated by extrapolating the signal-
to-noise (S:N) ratio from the lowest three calibration points
across all calibrations for each polymer, using a S : N ratio of 3 for
LOD and 10 for LOQ.** 95% quantification and prediction bands
were determined and plotted for the selected calibration method
for each plastic.™

2.2. Spiked sample matrix

Several protocols for the extraction of microplastics from sedi-
ments and soils were developed. To test the extraction efficiency
of each one, they were conducted on a spiked inorganic sedi-
ment matrix (sand) and a more organic-rich soil matrix. Firstly,
the sand was furnaced at 450 °C for 4 hours, to remove any
potential plastic contamination. However, this could not be
replicated for the soil matrix due to its organic content. Instead,
the soil was density separated with water to remove any light
microplastic, and mixed with 50% furnaced sand to create an
organic-rich matrix. Then, approximately 50 g of sand or soil
matrix was weighed into a furnaced glass sample vial or jar and
between 5 and 100 pg of up to three different plastic standards
added. An additional PET standard (granule, Goodfellow Ltd)
was also procured and used in the spike and recovery experi-
ment detailed in Section 2.2.2.3. Blanks of furnaced sand were
extracted alongside the spiked samples in each case to establish
whether any contamination was introduced during sample
preparation. Each sample was then thoroughly mixed and
freeze dried ready for subsequent analysis.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.2.1. Density separation. All extraction methods require
an initial density separation to remove inorganic matter and
reduce sample volume. Following previous studies, CHKO, was
selected as the salt solution as it has a high density (1.6 g mL™")
in addition to being non-hazardous and inexpensive.>*** Due to
its low organic content, the spiked sand did not require organic
matter digestion. Therefore, spiked sand was used to test the
density separation methods initially, whilst spiked soils were
then extracted using the funnel density separation and then
subjected to organic matter digestion (Section 2.2.2).

Each spiked sand or soil sample (approximately 50 g) was
transferred from its sample jar to a furnaced 250 mL glass beaker.
Approximately 100 mL of 1.6 g mL ' CHKO, (aq) was added to the
beaker and the sample thoroughly mixed with a solvent-cleaned
metal spatula. The supernatant was then transferred via pour-
ing to a funnel equipped with latex tubing and a clamp and any
immediately settled material was drained back into the beaker. A
further aliquot of CHKO, (aq) was added and the separation
repeated. The beaker was thoroughly rinsed with CHKO, (aq) to
ensure any microplastic stuck to the sides was washed into the
funnel. The density separation was left to settle overnight. All
settled material was drained and the remaining solution filtered
through 13 mm GF/A Whatman filters. Multiple filters were used
to prevent overloading. The funnel, filters and surrounding
glassware were thoroughly rinsed with double-distilled water to
ensure all microplastic particles were transferred to the filter
paper. All filters were dried at 50 °C overnight before being stored
in covered, furnaced, glass Petri dishes.

The soils had more floating matter than the pure sand
samples, which could not necessarily be contained on a filter
paper. In these cases, the floating matter was also transferred to
the glass Petri dish and dried overnight, ready for subsequent
organic matter digestion.

2.2.2. Organic matter digestion

2.2.2.1. Organic matter digestion in a crucible. Following the
density separation, the spiked soils were subjected to a wet
peroxide digestion. Here, the dried filter papers and floating
matter were transferred to a sintered glass crucible (porosity
grade 5, 1.0-1.6 pm pore size) and Fenton's reagent added.
Fenton's reagent comprised equal parts hydrogen peroxide
(H,0,, 30% in water) and iron(u) sulfate solution [Fe(un)SO, (aq),
50 mM] and was added in 5 mL aliquots until all organic matter
had been digested (as indicated by a lack of effervescence upon
addition). The solution was then removed using a vacuum and
the crucible and its contents thoroughly rinsed with double-
distilled water, before being transferred to a covered, fur-
naced, glass Petri dish and dried overnight at 50 °C.

2.2.2.2. Organic matter digestion in a filter apparatus. In this
method the dried filters and floating matter from the spiked
soils were transferred to a furnaced glass filter holder, equipped
with a pre-combusted 25 mm GF/C Whatman filter. Fenton's
reagent was added in 5 mL aliquots, as above, until there was no
further effervescence upon addition. The solution was then
vacuum filtered and the filter paper thoroughly rinsed with
double-distilled water. Subsequently, the filter holder was
thoroughly rinsed onto a clean filter and all filters and floating

Environ. Sci.: Adv., 2025, 4,159-171 | 161
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matter were transferred to a covered, furnaced, glass Petri dish
and dried overnight at 50 °C.

2.2.2.3. Organic matter digestion in a beaker. After density
separation, the dried filters and floating matter from the spiked
soils were transferred to furnaced 100 mL beakers. Here, Fen-
ton's reagent was added in 5 mL aliquots until there was no
further effervescence upon addition. Between additions the
beakers were mixed on a shaker table to ensure all matter stayed
in contact with the solution. The contents of each beaker were
then filtered through pre-combusted GF/C Whatman filters and
thoroughly rinsed with double-distilled water. As above, the
filter holder was additionally rinsed onto a clean filter paper and
everything transferred to a covered, furnaced, glass Petri dish
for drying at 50 °C overnight.

2.2.3. Contamination considerations. All glassware and
glass fibre filters were furnaced at 450 °C for 4 hours before use
and all solutions were filtered through pre-combusted GF/C
Whatman filters (1.2 pm pore size). All procedures took place
in a fume hood and all samples and solutions were covered with
pre-combusted foil when not in use. A 100% cotton lab coat was
worn and loose fibres were removed from clothes and lab coats
using a lint roller.”® Hands were thoroughly washed before all
procedures, paying particular attention to under the nails.
Nitrile gloves were only worn when necessary. Blanks were used
to assess the potential impact of lab contamination.

2.2.4. Pyrolysis-gas chromatography-mass spectrometry.
After drying, all filters were milled in a small agate bullet
mortar. The contents were quantitatively transferred to multiple
quartz pyrolysis tubes for analysis. All tubes for a given replicate
were pyrolysed and analysed in the same GC-MS analysis, by
stacked addition to the pyrolysis trap. One aliquot of internal
standard mixture was added per sample run, comprising 20 pL
of 0.1 mg mL™" of 9-fluorenone, 5a-androstane and pyrene-d;,
in methanol and 20 uL of 0.1 mg mL™" of anthracene-d,, in n-
hexane. These were added directly to quartz pyrolysis tubes up
to 1 h before pyrolysis and left to dry at room temperature.

Py-GC-MS analyses were performed using a Chemical Data
Systems (CDS) 6200 pyroprobe pyrolyser equipped with a DISC
module and autosampler and a Tenax-TA trap, attached to
a ThermoScientific Trace 1310 gas chromatograph (GC, Ther-
moScientific, Hemel Hempstead, UK) with an Agilent HP-1
fused capillary column. The column comprised 100% dime-
thylpolysiloxane, with a 60 m x 0.32 mm i.d. and a 0.25 pm film
thickness. The GC was coupled, via a heated transfer line (310 °
C), to a ThermoScientific single quadrupole mass spectrometer
(MS). Pyrolysis was performed in a quartz tube, positioned
inside a platinum filament coil, at 610 °C for 20 s before being
flushed by a helium carrier gas (30 mL min ') to a Tenax-TA
trap held at 50 °C. After pyrolysis, the trap was heated to 300 °
C, and this temperature was maintained for 4 min. The trap
contents were flushed through a 310 °C transfer line to the GC.
Injection into the GC occurred using a split-splitless injector
with split ratio of 20: 1, maintained at a temperature of 310 °C
with a 2 mL min~' helium carrier gas flow. The ramped
temperature cycle of the GC oven began at 40 °C for 4 min,
before linearly increasing to 310 °C at 4 °C min~ ', where the
temperature was maintained for 15 min. The MS operated in
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electron ionisation (EI) mode with an electron energy of 70 eV,
and scanning at 5 scan per s from m/z 50-650, with a 2-7 min
filament delay. The EI source was held at 300 °C. A summary of
the pyrolytic conditions used can be found in Table S1 (ESIf).
Thermally assisted hydrolysis and methylation (THM) was per-
formed by adding 10 puL of TMAH (25% in water) directly into
the quartz pyrolysis tube and allowing it to evaporate at room
temperature for an hour before pyrolysis.

3. Results and discussion

3.1. Analysis of polymer standards by Py-GC-MS

3.1.1. Identification of plastic diagnostic compounds. Each
polymer pyrolyses to give a characteristic pyrogram, with
specific peaks and intensities. Each peak corresponds to
a thermolytic product of the polymer or sample, which can be
identified via mass spectrometry by comparison with the liter-
ature, libraries, and databases. As a transmethylating agent,
TMAH can alter the structure of the pyrolytic products gener-
ated and, in some cases, increase sensitivity. The details of the
most prominent peaks for each standard, with and without the
addition of TMAH, are provided in Fig. S1-S8 and Tables S1-S8
(ESIY), with mass filtered pyrograms and further details given in
Fig. S9-S24 (ESI}). Diagnostic moieties and ions for each poly-
mer were selected based on their abundance and specificity. For
each of the eight polymers analysed here, one or more
compounds have been chosen, to enable their identification in
complex environmental samples.

The primary thermal degradation pathways for polymeric
compounds are: chain scission, unzipping and side-group
scission.** PP and PE are examples of polymers that primarily
undergo chain scission where the main chain-bonds are broken
to create terminal radicals. Stabilisation via hydrogen abstrac-
tion results in the formation of a terminal alkene and an
alkane.®® Subsequent chain scission at the saturated part of the
chain produces either two terminal alkenes or an alkane and
a terminal alkadiene. In the case of PP this is a series of methyl
branched terminal alkenes and dienes, whilst PE pyrolyses to
give a characteristic series of terminal dienes, terminal alkenes
and alkanes. The addition of TMAH did not affect the pyrolytic
behaviour of PP or PE. As PP's most abundant pyrolytic prod-
ucts, 2,4-dimethylhept-1-ene and the three 2,4,6,8-
tetramethylundec-1-enes were selected as its diagnostic moie-
ties. The choice for PE is slightly more difficult, as dienes,
alkenes and alkanes are also generated on pyrolysis of many
natural materials, such as fats and waxes."*® In general, these
interferences decrease with increasing chain length, as the
natural distributions differ to those of PE. Thus, the C,,, Cy;3
and C,, terminal dienes, alkenes and alkanes have been
selected as diagnostic compounds for PE.**

PMMA, PS and PA6 largely pyrolyse into their monomer units
(methyl methacrylate, styrene and e-caprolactam, respectively),
in a process known as unzipping.****> No change in the thermal
decomposition of PMMA or PS was observed after THM, and
therefore the abundant monomer, methyl methacrylate, was
chosen as the diagnostic species for PMMA. Styrene, however, is
also a pyrolytic product of PVC and PET and some natural

© 2025 The Author(s). Published by the Royal Society of Chemistry
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products, including chitin.*” Hence, it is not suitable as a diag-
nostic compound. The other major pyrolytic products, formed
via chain scission, are the styrene dimer and trimer. Whilst
these are less abundant, neither have been observed in pyro-
grams of biopolymers and thus are suitable diagnostic moie-
ties.” In the case of PA6, the monomer unit becomes
methylated after the addition of TMAH, producing N-methyl
caprolactam. In the literature N-methyl caprolactam has been
chosen as the diagnostic species for PA6,"* however it has low
abundance here, due to the incomplete methylation of e-
caprolactam. As a result, e-caprolactam was chosen as the
diagnostic compound. This highlights one of the potential
problems of using derivatising agents, as varying degrees of
derivatisation can alter the peak areas of selected pyrolytic
products, and thus impact quantification.

Side-group scission occurs when the polymer has easily
cleavable bonds to the side groups, such as in PVC.** HCI is
easily lost to give almost exclusively aromatic pyrolytic products,
with the most prominent peaks corresponding to toluene and
naphthalene.?® These species are not impacted by the addition
of TMAH, although its presence is responsible for the elution of
trimethylamine at 16-30 min. The choice of diagnostic moiety
for PVC is difficult, as its pyrolysis products are either not
specific or not abundant. The two methylnaphthalene isomers
have been selected as a compromise, as they are thought to be
specific to PVC and are relatively abundant when the signal
from both species is combined.

During pyrolysis, PET and PC mainly cleave along their
backbones, forming a variety of aromatic carbonyls and alco-
hols, respectively. After THM, additional pyrolytic products
were also observed, namely dimethyl terephthalate for PET and
p-methoxy-tert-butylbenzene and 2,2-bis(4’-methoxyphenyl)
propane (dimethyl bisphenol A) in the pyrogram of PC. If TMAH
is to be used, these two species will be used as diagnostic
compounds. If not, divinyl terephthalate and 2-(benzoyloxy)
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ethyl vinyl terephthalate have been selected as the diagnostic
compounds for PET and p-tertbutylphenol,
propenylphenol and bisphenol A selected for PC.

After THM, additional pyrolytic products were observed in
the pyrograms of PA6, PC and PET, whilst the other polymers
remain unaffected. Whilst the THM pyrogram of PET contains
the most abundant product, this is not the case for PC. The peak
corresponding to bisphenol A was greatly reduced by the addi-
tion of TMAH, due to the production of 2,2-bis(4’-methox-
yphenyl)propane. Since there is also a low abundance of the
styrene trimer after addition of TMAH to PS, it can be concluded
that THM is likely not a beneficial approach for future analyses.

The other potential interference comes from co-polymeric
materials. They are very difficult to identify, and their pyro-
Iytic products may contribute to the signal of one of the diag-
nostic compounds identified above. Thus, it cannot be
determined, for example, whether the styrene oligomers
detected are from styrene acrylonitrile (SAN), acrylonitrile
butadiene styrene (ABS) or from PS." Related polymers, such as
alkylated PMMA, will also amplify the diagnostic ion peak for
PMMA and thus the quantity of polymer measured. The same
applies for the inclusion of polybutylene terephthalate (PBT) in
the qualification/quantification of PET.

3.1.2. Calibration. Using the peak areas of the identified
diagnostic compounds and most prominent ions, calibration
curves for each polymer were created, using plastic masses up to
107 pg. Multiple ions were also selected to increase the amount
of data incorporated into the calibration and reduce errors from
variations in mass fragmentation. As can be seen in Table 1,
each polymer has R> values between 0.87 and 0.96 for at least
one diagnostic compound. However, for other diagnostic
compounds, the linear regression has a much lower R* value.
There are multiple potential reasons for this, including vari-
ability in pyrolytic breakdown or differing interactions with the
internal surfaces of the pyrolyser.'®** One way to attempt to

p-iso-

Table 1 R? values from the calibration of each plastic using selected diagnostic compounds, with and without various internal standards.
Calibrations with a satisfactory linearity (R > 0.90) have been highlighted in bold

Polymer  Pyrolytic product No internal standard 9-Fluoren-one  Anthracene-d,, 5a-Andros-tane Pyrene-d;q
PA6 e-Caprolactam 0.93 0.83 0.94 0.82 0.94
PC p-Tertbutylphenol 0.95 0.57 0.95 0.60 0.96
p-Isopropenylphenol 0.46 0.84 0.44 0.81 0.45
Bisphenol A 0.52 0.46 0.59 0.13 0.46
PE C,,—C,,4 terminal dienes 0.98 0.74 0.94 0.56 0.91
C,,—C,,4 terminal alkenes 0.96 0.74 0.92 0.53 0.89
C,,-C,, alkanes 0.94 0.83 0.95 0.72 0.95
PET Divinyl terephthalate 0.83 0.76 0.93 0.44 0.92
2-(Benzoyloxy)ethyl vinyl terephthalate  0.92 0.71 0.97 0.38 0.95
PMMA Methyl methacrylate 0.87 0.25 0.91 0.03 0.89
PP 2,4-Dimethylhept-1-ene 0.80 0.50 0.60 0.44 0.80
2,4,6,8-Tetramethylundec-1-enes 0.96 0.92 0.91 0.93 0.97
PS But-3-ene-1,3-diyldibenzene 0.85 0.82 0.92 0.79 0.84
Hex-5-ene-1,3,5-triyltribenzene 0.95 0.92 0.93 0.92 0.94
PVC Methylnaphthalenes 0.89 0.46 0.90 0.47 0.93
Fluorene 0.89 0.47 0.93 0.49 0.95
Anthracene 0.92 0.46 0.90 0.46 0.90

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Diagnostic moieties and ions selected for each polymer standard

Molecular Diagnostic Retention

Polymer Pyrolytic product ion/m/z ion/m/z time/min LOD/pug LOQ/ug

PA6 e-Caprolactam 113 113, 85 25.73 0.041 0.137

PC p-Tertbutylphenol 150 135, 107 26.84 0.014 0.048
p-Isopropenylphenol 134 134,119,91  27.08 0.045 0.150
Bisphenol A 228 213,119 49.88 0.017 0.056

PE Cy,—Cyy terminal dienes 306, 320, 334 55, 82,96,69 51.31, 53.41, 55.44 0.682, 0.515, 0.458 2.273,1.717, 1.527
C,-C,, terminal alkenes 308, 322,336 97, 83,57, 69 51.50, 53.59, 55.60 0.174, 0.169, 0.121  0.579, 0.564, 0.403
C,,-C,4 alkanes 310, 324, 338 57,71, 85 51.68, 53.76, 55.76  0.212, 0.238, 0.187  0.707, 0.795, 0.624

PET Divinyl terephthalate 218 175,104, 76 35.28 0.080 0.266
2-(Benzoyloxy)ethyl vinyl terephthalate 340 297,149,105 58.71 0.085 0.282

PMMA Methyl methacrylate 100 100, 99 7.30 0.004 0.013

PP 2,4-Dimethylhept-1-ene 126 70, 55, 57 10.47 0.023 0.078
2,4,6,8-Tetramethylundec-1-ene 210 69, 57, 55 28.09, 28.37, 28.66  0.090, 0.636, 0.159  0.302, 2.120, 0.531
(isotactic, heterotactic and syndiotactic)

PS But-3-ene-1,3-diyldibenzene 208 91, 130 39.53 0.008 0.027
(styrene dimer)
Hex-5-ene-1,3,5-triyltribenzene 312 91, 117 55.86 0.004 0.012
(styrene trimer)

PVC Chlorobenzene 112 112, 77 10.72 2.967 9.889
Methylnaphthalenes 142 142, 141, 115 26.89, 27.41 0.564, 0.567 1.881, 1.890
Fluorene 166 165, 166 36.12 0.401 1.336
Anthracene 178 178,176 41.38 0.193 0.642

account for some of this variability, and other instrument
differences between sample runs, is to use an internal standard.

Various internal standards were investigated to determine
their suitability for microplastic quantification. As a variety of
different plastics and diagnostic moieties were investigated,
a mixture of structurally dissimilar internal standards is desir-
able, to replicate the behaviour of different pyrolytic products.
Initially bisphenol A-d,,, 5B-cholanic acid, 1,2-dibromobenzene
and naphthalene-dg were investigated but proved unsuccessful.
Therefore, a mixture of 5a-androstane, anthracene-d;,, 9-fluo-
renone and pyrene-d;, were chosen and added to each sample
and calibration run. In some cases, this improved the linearity
of the calibration, whilst for others it was notably worse
(Table 1). The most likely explanation for the poor correlation
when using 9-fluorenone or 5o-androstane as the internal
standard is lack of compound stability. Since the pyrolysis tubes
are left uncovered on the autosampler after internal standard
addition, this suggests that these standards were evaporating or
degrading after addition and are therefore not suitable for
quantification.

Therefore, the proposed ions and diagnostic compounds for
the calibration of PA6, PC, PE, PET, PMMA, PP, PS and PVC are
listed in Table 2. See Fig. 1 for the selected calibration model for
each plastic.

3.1.2.1. Calibration range. The calibration range used here
is restricted by the limits of the pyrolyser and the sensitivity of
the microbalance used for polymer addition. The largest
amount of organic material that can be pyrolysed is approxi-
mately 100 ng, to prevent overloading the system. Some samples
of larger polymer masses were analysed and their peak areas
added to the calibration curves (Fig. 2). In general, these did not
fit with the linear regression established, demonstrating the

164 | Environ. Sci.: Adv., 2025, 4, 159-171

lack of linearity at higher masses. Carry over between samples is
also a problem when analysing samples containing more
pyrolysable material, resulting in more blanks between sample
runs and increasing analysis time. The lowest point in each
calibration is mostly limited by the sensitivity of the microbal-
ance (1 pg) and the user's practical ability to accurately weigh
out very small amounts of standard. Realistically, this is about
2-3 ng (depending on the standard) and this forms the lower
limit of the calibration range. In future studies, homogenously
spiking diatomaceous earth with ground plastic standard could
be useful means of extending this calibration range. The
extrapolated limit of detection (LOD) and limit of quantification
(LOQ) are very low for the selected diagnostic compounds for
most polymers, with values below 1 pg in almost all cases (Table
2). For PMMA the LOD is as low as 0.004 pg, demonstrating the
sensitivity of this technique. For PP and PVC, however, the LOQ
is 2.12 and 1.89 pg, respectively. Nevertheless, given that the
lowest point in the calibration curve is unlikely to be this low,
these limits should not pose a problem.

3.1.2.2. Calibration stability. Validation standards were run
after the initial calibration to test the stability of the calibration
over time. Whilst some validations fitted within the prediction
bands, others fell outside of the acceptable range, necessitating
new calibrations for subsequent samples. For several plastics
these differed substantially to the original calibrations. One
reason for this could be changes to the internal surfaces of the
pyrolyser and GC over time.'>** The peak areas observed for
a given pyrolytic product are affected by its interactions with
these surfaces, which in turn are impacted by the contents of
samples previously analysed by the instrument. Therefore, the
type of samples run between calibrations could influence their
values. The resultant instrument maintenance will also have an

© 2025 The Author(s). Published by the Royal Society of Chemistry
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range added.

effect. Differing compounds will be affected differently by this,
which could explain why some calibrations are more dissimilar
than others. All of this highlights the importance of validation
standards and regular calibration. It is therefore recommended
that a new calibration be run before each batch of samples.

3.2. Developing a method for the extraction of microplastic
from soil and sediment

3.2.1. Matrix effects. For the soils and sediments that

underwent the spiked extraction procedure, no microplastic

166 | Environ. Sci.. Adv., 2025, 4, 159-171

was found in any of the blank samples. However, some, but not
all, diagnostic compounds for PE, PS and PVC were observed in
these chromatograms. For example, alkanes and terminal
alkenes were found, indicative of PE, but not the terminal diene,
demonstrating that PE is not present and that other sources are
contributing to the alkane and alkene peaks. This calls into
question the alkane's use in quantifying PE, since it will likely
be overestimated in environmental samples. It also highlights
the need to check that other diagnostic species are present to
verify the presence of a given polymer. The same was observed

© 2025 The Author(s). Published by the Royal Society of Chemistry
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for PS with the styrene trimer being observed in organic matter
samples, in the absence of the dimer. Consequently, the C,,-C,,4
terminal diene and styrene dimer are recommended for PE and
PS quantification, respectively. Both diagnostic compounds still
produce good calibrations, although the LOD and LOQ are
increased in both cases. Nevertheless, if detection of all diag-
nostic compounds is required to verify the presence of a poly-
mer, the LOD is relevant regardless of which peak is chosen for
calibration.

Most of the pyrolytic breakdown products of PVC are
commonly found in the pyrolysis of natural materials.'**" This
makes it challenging to select specific diagnostic compounds for
PVC identification and quantification in environmental samples.
Benzene*' and methylnaphthalenes'" have been used for
quantification in the literature, but neither are very specific.
While chlorobenzene is specific to PVC, its abundance is too low
to make it suitable for quantification. Nevertheless, it can still be
used to confirm the presence of PVC, as has been done in the
literature.*>** Other abundant peaks in the pyrogram of PVC
include biphenyl, fluorene and anthracene. Unfortunately,
biphenyl is also a pyrolytic product of PET and PS, and while
fluorene and anthracene both calibrate well (Table 1), they were
still observed in blanks with an organic-rich matrix. The choice is
therefore somewhat of a compromise, and the most appropriate
diagnostic compound to use will be sample dependent. Along-
side chlorobenzene, all three diagnostic species should still be
used to confirm the presence of PVC.

3.2.2. Extraction method comparison

3.2.2.1. Density separation. Initially, the density separation
method was tested on spiked, furnaced sand, where it proved to
be effective at extracting most plastics (Fig. 3a). All values fell
within the prediction bands for each calibration, with the
exception of one data point for PE and all those for PET (Fig. S1,
ESIT). One explanation for PET not having an acceptable
recovery could be electrostatic effects. Since the PET standard
used here is a fine powder, the high surface area of the particles
makes them susceptible to such effects. The other impact of the
small particle size is that they are more difficult to retain when
filtering. The pore size of GF/A and GF/C Whatman filters is 1.6
pm and 1.2 um, respectively, giving a limit to how small
a particle can be preserved. The other plastic standards that are
powders have higher particle sizes and hence are not affected. A
different PET standard is therefore required to test this and
future extraction methods.

3.2.2.2. Organic matter digestion. The density separation in
Section 3.2.2.1 was initially tested in isolation on spiked
samples with an inorganic matrix, to determine the efficacy of
this part of the method. Now that a successful density separa-
tion protocol has been established, the method was applied to
spiked samples with a higher organic matter content. For these
samples an organic matter digestion was also required, in our
case utilising Fenton's reagent.

To limit the amount of glassware used, thereby minimising
sample losses and contamination, the organic matter diges-
tion was first performed in a crucible, as utilised by Fischer
and Scholz-Bottcher.* Overall, this method did not appear to
be very effective. Samples still contained large quantities of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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organic material (determined via visual inspection), causing
them to be split between more pyrolysis runs, increasing run
time, error and the LOD. The main reason for the incomplete
digestion was difficulty in ensuring that the organic matter
stayed in contact with the peroxide solution, since it drained
through the crucible. It therefore needed to be replenished
more, making the method wasteful, time-consuming and
ineffective. The second challenge with this method was
transferring the matter quantitatively from the crucible into
a Petri dish. It was challenging to ensure than the smallest
particles were removed, without damaging the sintered glass.
It was therefore not surprising that the recovery of plastic from
this method was poor, with only 60% of the spiked soils con-
taining the plastic of interest.

To reduce the impact of matrix effects, a more effective
method for removing organic matter is required. Since one
problem with the crucible method is the loss of microplastic
during transfer from the crucible, the digestion was instead
repeated in a filter funnel. Here, everything could be washed
directly onto the filter paper, facilitating easy transfer to a Petri
dish. In addition, more Fenton's reagent was retained as there
was a smaller surface area to drain through. There was
a concern that Fenton's reagent might affect the filter paper's
structural integrity, causing the loss of microplastic particles.
Nevertheless, the method proved to be effective at recovering
the microplastic added to the soil samples (Fig. S2, ESIT). The
spiked plastic was observed within the prediction bands in all
but two samples, with only PE and PS each missing from one
sample. There were some problems with Fenton's reagent
leaking out of the side of the filter holder after being left to
digest overnight. Additionally, as for the crucible method above,
repeated applications of Fenton's reagent were required to
maintain the digestion conditions, as it constantly drained
through the filter. Therefore, this method was deemed to be
quick and effective, as it reduces transfer between glassware
and the potential for contamination and particle losses, but
only for samples with low amounts of organic matter.

For more organic-rich samples, a new approach was
required and the more traditional method of performing the
digestion in a beaker was used. Whilst it was more difficult to
rinse the beaker to ensure all matter was transferred to the
filter apparatus, there was no danger of particle losses through
the filter during digestion and the sample remained in contact
with the Fenton's reagent for the entire digestion period. The
method is also effective (Fig. 3b and 4), popular in literature
and easy to perform in bulk.”** The recovery of most plastics is
slightly lower than when no organic matter digestion is used,
however, therefore it is recommended that organic matter
digestion should only be applied when necessary. A new PET
standard, purchased as a granule, was also utilised in this
spike and recovery experiment. As can be seen in Fig. 4, the
recovered quantity of PET falls within the prediction bands,
demonstrating that it likely is the small particle size of the
previous standard that prevented its recovery. Indeed, this
illustrates that PET can be extracted and quantified using this
method, should the particle size be above the pore size of the
filter paper.
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4. Conclusion

There are numerous techniques applied to the analysis of
microplastic, each with its challenges and disadvantages, with
accurate quantification being of particular difficulty. Py-GC-MS
is increasingly being utilised for microplastic identification in
complex environmental samples, and its true potential is only
just being realised. Specific and abundant diagnostic moieties
have been identified for the eight polymer types analysed, sug-
gesting that they will be identifiable in more complex media.
Since the addition of TMAH appears to decrease the detection
sensitivity of PC and PS, THM should not be used. There is also
the potential for incomplete methylation with TMAH, which can
impact the accuracy of quantification. Of the different types of
plastics investigated, all have at least one diagnostic compound
that demonstrated linearity with the mass of polymer, sug-
gesting that quantitative analysis is possible. Internal stand-
ardisation also improved on these calibrations.

A variety of microplastic extraction methods were tested here,
with a view to determining an effective extraction protocol for
microplastic from terrestrial samples. An appropriate method for
inorganic and organic matter removal was determined, specifi-
cally density separation via overnight settling, followed by
hydrogen peroxide digestion in a beaker. Organic matter diges-
tion in the filter apparatus also proved effective when only a small
quantity of organic matter needs digesting. These methods were
verified through the use of spiked sand and soils. Limitations in
the selection of appropriate diagnostic compounds were identi-
fied for some plastics, with matrix interferences affecting PE, PS
and PVC. New diagnostic compounds were chosen for both PE
and PVC, although the choice for PVC is sample dependent. The
presence of some plastic diagnostic compounds as natural
pyrolysis products emphasises the need to use all identified
diagnostic compounds of a given plastic to confirm its identity in
a sample pyrogram. The application of these pyrolytic and
extraction protocols to spiked samples demonstrates the appli-
cability of the developed method to detect the presence of
microplastics in environmental samples.
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