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and quantification of
microplastics and organic pollutants in mussels by
microwave-assisted sample preparation and
analytical pyrolysis†

Greta Biale,a Jacopo La Nasa,‡ab Lorenzo Fiorentini,a Alessio Ceccarini,ab

Diego Carnaroglio,c Marco Mattonai *a and Francesca Modugno ab

Sampling, separation, detection, and characterization of micro- and nanoplastic pollutants is a critical goal

to assess their amount, fate, and the related hazards for ecosystems. There is still a major lack of

understanding of the most relevant mechanisms of interaction and exchange of this class of pollutants

with the environment and with organisms. In the last few years a number of studies highlighted the

importance of the evaluation of the chemical species associated with the presence of microplastics in

the environment, such as plasticizers, low-molecular weight degradation products, and different kinds of

organic contaminants. In this work we combined microwave-assisted extraction and digestion, together

with analytical pyrolysis coupled with gas chromatography and mass spectrometry (Py-GC-MS), to

quantify microplastics together with different classes of associated pollutants. This method was

developed using mussels as a matrix and it can be potentially applied to characterize and quantify,

together with microplastics, polymer additives (phthalate plasticizers, UV stabilizers, etc.), polycyclic

aromatic hydrocarbons (PAHs), polychlorinated biphenyls (PCBs), and emerging contaminants like anti-

inflammatory drugs. This method allowed the quantification of more than 40 different contaminants in

a single chromatographic run, with recoveries higher that 87% in most cases and limits of detection/

quantitation in the nanogram range. The method was also tested on a standard microplastic calibration

mixture containing 11 different polymers, and recoveries higher than 84% were obtained in most cases.
Environmental signicance

In recent years, there has been a noticeable increase in studies evaluating interactions between chemical species and microplastics in the environment. While
several established analytical approaches exist for characterizing and quantifying microplastics in environmental samples, the accurate quantication of both
microplastics and associated chemical species, such as plasticizers, adsorbed persistent organic pollutants, and aliphatic aromatic hydrocarbons, remains
a challenge. This study introduces a new analytical approach, employing microwave-assisted sample pretreatments and analytical pyrolysis, to characterize and
quantify microplastics and various classes of pollutants. Implementing this method could offer new insights into pollution studies, providing a comprehensive
understanding of the behavior of contaminants in the environment.
1. Introduction

Microplastic (MP) pollution is, nowadays, one of the most dis-
cussed environmental problems, being acknowledged at the
same time as a social, a health,1 and an ecological issue.2,3

Researchers have conrmed that MPs need to be considered
emistry, Via Giuseppe Moruzzi 13, 56124,

ipi.it

ersity of Pisa, Pisa, Italy

tion (ESI) available. See DOI:

4

reactive systems,4 being plastic degraded by various biological
and atmospheric agents,5 releasing degradation products and
additives in the environment,6,7 and interacting with different
kinds of pollutants.8 In the last years different analytical
approaches have been optimized and applied for MPs research.9

In fact, prior the actual analysis, the samples need to be pre-
treated. Pretreatment is commonly considered the most crucial,
and time-consuming step in MP analysis protocols, and it
usually consists of several steps, that vary on the basis of the
complexity of the matrix.10

When biota samples such as shellsh are taken into account
for MPs analysis, the sample pretreatments are usually aimed at
eliminating the animal tissue from the sample before MP
determination,11–13 and the most used ones for this purpose are
© 2024 The Author(s). Published by the Royal Society of Chemistry
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digestion promoted by alkali solutions,14 and oxidation.15 Less
common approaches use acid solutions,16 and enzymes treat-
ment17,18 to remove all the proteinaceous fraction. Sometimes
digestion is followed by a density separation step.19

Pyrolysis-based techniques, and in particular pyrolysis-gas
chromatography-mass spectrometry (Py-GC-MS), proved to be
very powerful tools for the detection and quantication of MPs
in different kind of matrices,20 from marine biota, to sediments
and even spider webs.14,21

In this study we propose an innovative approach based on
microwave-assisted pretreatments and Py-GC-MS, to quantify in
mussels not only MPs, but also different kind of organic
contaminants frequently found in the marine environment like
polychlorinated biphenyls (PCBs),22–24 polycyclic aromatic
hydrocarbons (PAHs),24–26 phthalates (phthalic acid esters,
PAEs),27–29 and a series of compounds commonly dened as
contaminants of emerging concerns (CECs). CECs are
compounds, such as some pharmaceuticals, pesticides, and UV
lters, found in waterbodies that may have a negative impact on
the marine ecosystem and on the biota, and are currently under
no regulations.30 The efficiency of the proposed method was
tested using commercial our deriving from lyophilized
mussels (Perna Canaliculus) as matrix to avoid, in this pilot
study, the lyophilization step that may be necessary when
approaching analysis of mussels.

Mussels have been frequently studied because they are lter-
feeding organisms, capable of processing large quantities of
water at a rate of one and a half liters per hour (quantity related
to a single mussel).31–33 This along with their widespread pres-
ence in the marine environments in a wide range of latitudes,
makes them suitable for monitoring studies in which mussels
are employed as water pollution sentinels.33 Moreover, in
a recent study, different species of mussels were tested as active
agents to reduce waterborne microplastics, and it has been
observed that, under controlled laboratories conditions, 1 kg of
mussels is capable of lter out 40 146 MPs per hour.34

In this work we take a step forward in the use of microwave-
assisted pretreatment,27,35 combining its extraction power with
the potential of Py-GC-MS in order to reduce the time required for
the sample preparation and enhance the sensitivity of themethod.

The samples underwent two separate and parallel steps:
a microwave-assisted hydrolysis for the digestion of the matrix
before MPs quantication, and a microwave-assisted solvent
extraction for the quantication of the organic contaminants.

The samples spiked with solutions of standard reference
contaminants underwent microwave-assisted extraction and
the resulting extracts were subjected to thermal desorption at
350 °C. Samples spiked with MPs underwent microwave-
assisted digestion and subsequently analyzed by Py-GC-MS at
600 °C. EGA-MS analysis was used to optimize the temperature
to be used in the thermal desorption step.

2. Materials and methods
2.1 Chemicals

The method validation for the PCBs was performed using the
PCB standard solution 7 (Analytical grade, Merck, US)
© 2024 The Author(s). Published by the Royal Society of Chemistry
containing 2,4,4′-trichlorobiphenyl (PCB28), 2,2′,5,5′-tetra-
chlorobiphenyl (PCB52), 2,2′,4,5,5′-pentachlorobiphenyl
(PCB101), 2,2′,3,4,4′,5′-hexachlorobiphenyl (PCB138),
2,2′,4,4′,5,5′-hexachlorobiphenyl (PCB153), 2,2′,3,4,4′,5,5′-hep-
tachlorobiphenyl (PCB180), and decachlorobiphenyl (PCB209).
The optimization for the PAHs was performed using the PAH
Calibration Mix (certicate reference material, Merck) contain-
ing naphthalene, acenaphthylene, acenaphthene, uorene,
phenanthrene, anthracene, uoranthene, pyrene, benz(a)
anthracene, chrysene, benzo(b)uoranthene, benzo(k)uo-
ranthene, benzo(a)pyrene, dibenz[a,h]anthracene, benzo[g,h,i]
perylene, and indeno[1,2,3-C,D]pyrene. The CECs used in the
study were (analytical grade, Merck) methiocarb, diclofenac, 3-
tert-butyl-4-hydroxyanisole, and 2-ethylhexyl 4-methox-
ycinnamate, while the PAEs were (analytical grade, Merck)
dimethyl phthalate, dibutyl phthalate, bis(8-methylnonyl)
phthalate, bis(7-methyloctyl) phthalate, benzyl butyl phtha-
late, and bis(2-ethylhexyl) phthalate. Hexamethyldisilazane
(HMDS, analytical grade, Merck) was used as derivatizing agent
in the pyrolysis analysis.

To optimize the microwave-assisted digestion for the quanti-
cation of MPs, and to build the calibration curves for the
determination of the polymers, a microplastic calibration stan-
dard (MPs-SiO2, Frontier Laboratories, Japan) was used, con-
taining the following polymers: PE, PP, PS, ABS, SBR, PMMA, PC,
PVC, PET, N6, and N66 diluted in silicon dioxide (SiO2).
Monopalmitin, dipalmitin, and tripalmitin used as references for
the EGA-MS analysis were purchased from Merck (purity > 99%).
2.2 Microwave-assisted approaches

2.2.1 Microwave-assisted extraction for the organic pollut-
ants. The system used for the extractions was an Ethos X
Advanced Microwave Extraction System equipped with a SK-15
high-pressure rotor (Milestone Srl, Italy). The optimization
was performed by spiking 0.5 g of commercial lyophilized our
of Perna Canaliculus with the standard solutions containing the
different classes of pollutants at an average concentration of
5.0 ppm. The extractions were performed with 5 mL dichloro-
methane using a glass vial kit. The optimization was performed
testing different temperatures in the range 60–100 °C, while the
extraction times were in the range 30–60 min. The best condi-
tions were obtained carrying out the extraction at 80 °C for
60 min.

2.2.2 Microwave-assisted extraction for the digestion of
mussels. The system used for the digestions of mussels was the
same reported in Section 2.2.1. The digestions were performed
using the glass vial kit testing hydrochloric acid (HCl) 6.0 M,
nitric acid (HNO3) 2.0 M, and sodium hydroxide (NaOH) 4.0 M.
The recoveries were evaluated by spiking 0.5 g of commercial
lyophilized our of Perna Canaliculus with 2.0 mg of a micro-
plastic calibration standard mixture containing 160 mg of PE, 40
mg of PP, 9.0 mg of PS, 19 mg of ABS, 16 mg of SBR, 8 mg of PMMA,
4 mg of PC, 40 mg of PVC, 16 mg of PET, 5 mg of N6, and 18 mg of
N66, homogeneously dispersed in an inorganic inert diluent
(SiO2). The digestions were performed for 30 min at 120 °C
using 10 mL of acid/base and an irradiation power of 1800 W.
Environ. Sci.: Adv., 2024, 3, 76–84 | 77
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The recovery of the MPs by ltration aer the digestion was
performed using Whatman® QM-H quartz ber membrane
lters (penetration 0.3 mm at 15 cm s−1).
2.3 Evolved gas analysis-mass spectrometry

EGA-MS experiments were performed using an EGA/PY-3030D
micro-furnace pyrolyzer (Frontier Laboratories) coupled to
a 6890 gas chromatograph and a 5973 mass spectrometric
detector (Agilent Technologies). The temperature ramp of the
pyrolysis furnace began at 50 °C and increased steadily at
a rate of 10 °C per minute until it reached 700 °C. Simulta-
neously, the temperature of the interface connecting the
pyrolysis furnace to the GC-MS system was automatically
maintained 100 °C above the furnace temperature, with
a maximum limit of 300 °C. For the GC injector, it operated in
split mode at a xed temperature of 280 °C, using a 20 : 1 split
ratio.

The evolved pyrolysis products were sent to the mass spec-
trometer detector through an UADTM-2.5N deactivated
stainless-steel capillary tube (3 m × 0.15 mm, Frontier Labo-
ratories) held at 300 °C. The gas carrier was helium (1
mL min−1, 99.9995% purity). The temperature of the transfer
line to the mass spectrometer was set at 280 °C. The mass
spectrometer was operated in EI positive mode (70 eV,m/z range
35–700). The temperature of the ion source and quadrupole
analyzer was 230 °C and 150 °C, respectively.
2.4 Analytical pyrolysis-gas chromatography-mass
spectrometry

The analyses were performed using a multi-shot pyrolyzer EGA/
PY-3030D coupled with an AS-1020E autosampler (Frontier
Laboratories). The system was interfaced with an Agilent
Technologies 8890 gas chromatograph, which was combined
with a 5977B mass selective single quadrupole mass spec-
trometer detector (Agilent Technologies, USA). The chromato-
graphic separation for both the analysis was performed using
a HP-5MS capillary column (30 m × 0.25 mm, lm thickness
0.25 mm, Agilent Technology).

2.4.1 Conditions for the analysis of pollutants. Different
volume of the extracts (50–100 mL) recovered from the extraction
of the pollutants were directly transferred into the pyrolysis cup
and dried under nitrogen stream. The thermal desorption
temperature was optimized using the EGA-MS data and was set
at 350 °C while the Py-GC interface was at 280 °C. The
temperature of the pyrolysis furnace was chosen based on the
results of EGA-MS analyses. The GC injector was operated in
split mode at 280 °C, with a 10 : 1 ratio. The chromatographic
conditions for the analysis were 35 °C held for 6 min, 20 °
C min−1 to 310 °C held for 40 min. The helium (99.9995%
purity) gas ow was set in constant ow mode at 1.0 mL min−1.
The mass spectrometer was operated in EI positive mode both
in scan and selected ion monitoring (SIM) acquisition.

Quantitation was performed by monitoring sets of m/z
signals characteristic of each compound, and integrating the
chromatographic peaks in the ion proles. The list of the m/z
78 | Environ. Sci.: Adv., 2024, 3, 76–84
ions used for the SIM acquisition is reported in Table S.1 the
ESI.†

2.4.2 Conditions for the analysis of microplastics. The
quartz lter containing the microplastics were then quantita-
tively transferred into the pyrolysis cup for the analysis by
portioning the quartz lter using a Micro-puncher 400D
(Frontier Laboratories). The pyrolysis temperature was set at
600 °C while the Py-GC interface was set at 280 °C. The GC
injector was operated in split mode at 280 °C, with a 10 : 1 ratio.

The GC temperature program was 40 °C for 5 min, followed
by a 10 °C min−1 ramp to 310 °C kept for 20 min. The helium
gas (99.9995% purity) ow was set to 1.2 mL min−1. The mass
spectrometer operated in EI positive mode (70 eV) in the mass
range m/z 35–700. The mass spectrometric identication of the
pyrolysis products was performed using the NIST20 library and
the F-Search library (Frontier Laboratories).

Quantitation of the polymers was performed by selecting
a characteristic pyrolysis product for each polymer as molecular
marker for that polymer and a characteristic m/z signal in its
mass spectrum, and integrating the corresponding chromato-
graphic peak in the ion prole. The markers used for the
quantication of the polymers and the corresponding m/z
signals are reported in Table S.2 in the ESI.† The choice of
polymeric marker compounds and corresponding m/z signals
was based on available literature references.36
2.5 QA/QC

2.5.1 Sample weights. The weights of mussels samples
subjected to the solvent extractions were measured on a AS
220.R2 PLUS analytical balance (Radwag, Poland) with a preci-
sion of 0.1 mg. The extracts and standards for the Py analyses
were weighted on an XS3DU microanalytical balance (Mettler-
Toledo, USA) with seven digits and a precision of 1 mg.

2.5.2 Vials and ltration system cleaning. The glass and
Teon vessels used for the sample pretreatments and the
ltration system were cleaned using a traceCLEAN system
(Milestone, Italy) with nitric acid (65%) at 500 °C for 30 min,
and then washed with water and acetone.

2.5.3 Pyrolysis cup and quartz lters cleaning. The quartz
lters and the pyrolysis cup were thermally cleaned before every
analysis using a butane blowtorch (temperature ca. 1400 °C) in
order to remove all the possible organic compounds that could
affect the analysis.

2.5.4 Py-GC-MS cleaning procedure. The Py-GC-MS system
was cleaned with two different subsequential runs aer each
sample. The pyrolysis chamber was set at 600 °C, with the Py-GC
interface at 280 °C. The GC injector was operated in split mode
at 280 °C, with a 20 : 1 ratio. The chromatographic conditions
were 60 °C for 1 min, followed by a 20 °C min−1 ramp to 310 °C
kept for 10 min. The helium gas (99.9995% purity) ow was set
to 1.2 mL min−1. The rst run was performed using an empty
pyrolysis cup added with 5 mL of HMDS to remove the most
polar compounds, while the second analysis was performed
without the derivatizing agent to remove possible excesses of
derivatizing agent in the Py-GC-MS system.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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3. Results and discussion
3.1 Optimization of the desorption temperature

Evolved gas analysis was used to dene the optimal tempera-
tures to perform the thermal desorption of the pollutants and
the pyrolysis of the polymers. Fig. 1 reports as examples the
thermograms obtained for a selection of PAHs, PCBs, phtha-
lates, and CECs, together with the thermal prole of the
microplastic calibration standard containing 11 polymers, and
acylglycerols.

The thermal desorption temperatures of the pollutants were
in the range 50–350 °C: the PCBs and PAHs were characterized
by desorption temperatures in the range 50–320 °C while the
phthalate plasticizers were in the range 50–280 °C. The CECs
were instead characterized by different desorption tempera-
tures, with methiocarb in the range 110–200 °C, diclofenac 210–
320 °C, 3-tert-butyl-4-hydroxyanisole 70–150 °C, and 2-ethyl-
hexyl 4-methoxycinnamate 210–340 °C. As for the MPs stan-
dard, the degradation temperatures of all the polymers were in
the range 350–600 °C. Based on these results, the temperature
selected for the thermal desorption of the pollutants was 350 °C,
while the pyrolysis was performed at 600 °C. Finally, two
Fig. 1 EGA-MS thermal profiles obtained for a selection of contami-
nants and for the microplastic standard. PCBs: PCB28, PCB180;
PCB209; PAHs: pyrene, benzo(a)pyrene, indeno[1,2,3-C,D]pyrene;
phthalates: dibutyl phthalate, benzyl butyl phthalate, bis(2-ethylhexyl)
phthalate, bis(7-methyloctyl) phthalate; CECs: 2-ethylhexyl 4-
methoxycinnamat, 3-tert-butyl-4-hydroxyanisole, diclofenac,
methiocarb; acylglycerols: dipalmitin, tristearin. All the standards are
listed in ascending order of degradation temperatures.

© 2024 The Author(s). Published by the Royal Society of Chemistry
standards of acylglycerols (tripalmitin and dipalmitin) were
analyzed in order to evaluate their thermal degradation
temperature. The EGA-MS analysis highlighted that at
a temperature of 350 °C, monopalmitin, dipalmitin, and tri-
palmitin generate their respective fatty acids acyl substituents
and glycerol.

3.2 Calibration curves

Calibration curves for the pollutants were built using different
diluted solutions containing each a different class of pollutants.
The solutions for the phthalate plasticizers and the CECs were
prepared in acetone with an average concentration of 50 ppm,
while for the PAHs and PCBs two different commercial standard
solutions were used, prepared in isooctane with a concentration
of 10 ppm. Different volumes of standard solutions were added
directly in the pyrolysis cup and dried under nitrogen ow prior
the analysis. The calibration curves were built in the range 0.05–
1.0 mg. 2 mL of a solution containing 50 ppm of anthracene-d10
and dibutyl phthalate-3,4,5,6-d4, and 4 mL of HMDS were added
in the cup before the analysis and used as internal standards
and derivatizing agent respectively. The areas of all the stan-
dards were integrated on the SIM chromatogram (ESI†). All the
calibration curves showed a good linearities with R2 values in
the range 0.9547–0.9991. No traces of thermal degradation
products were detected in the chromatograms, conrming that
the thermal desorption conditions were sufficiently mild to
avoid the decomposition of the pollutants.

The calibration curves for the microplastics were built using
the microplastic calibration standard set. Different amounts of
standard were weighted in the pyrolysis cup and added with 2
mL of a solution containing 50 ppm of anthracene-d10 as
internal standard. The polymers mass range were: 11–39 mg for
PE, 2.8–9.6 mg for PP, 0.6–2.0 for PS, 1.2–4.3 mg for ABS, 1.4–5.0
mg for SBR, 0.6–1.9 mg for PMMA, 0.3–1.0 mg for PC, 4.1–14.5 mg
for PVC, 1.1–3.9 mg for PET, 0.3–1.2 mg for N6, and 1.2–4.3 mg for
N66. Quantitation of each polymer was achieved by integrating
the peak areas of specic pyrolytic markers (ESI†). All calibra-
tion curves showed good linearity with R2 values in the range
0.9821–0.9996. The calibration curves obtained for both the
pollutants and the polymers are summarized in Table 1.

3.3 Microwave-assisted extraction approach

The optimization of the extraction procedure and the evaluation
of the extraction recoveries of the different classes of pollutants
were performed by spiking a commercial lyophilized our
produced with the bivalve mollusk of Perna Canaliculus. Blank
analyses were carried out to rule out the possible presence of
relevant concentrations of pollutants that could affect the
recoveries evaluation. Different extraction times and tempera-
tures were tested to maximize the extraction yields for the
different classes of pollutants. The optimization of the method
allowed us to dene the best experimental conditions for the
extractions at 80 °C for 60 min. Table 2 reports the method
features optimized for the recovery and quantication of the
pollutants, while the total ion (TIC) and SIM chromatograms
obtained at the best extraction conditions are reported in Fig. 2.
Environ. Sci.: Adv., 2024, 3, 76–84 | 79
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Table 1 Calibration curves obtained by Py-GC-MS thermal desorption (350 °C) for PCB, PAHs, phthalates, and CECs

Slope Intercept R2

Pollutants
2,4,4′-Trichlorobiphenyl (PCB28) 1.19 × 107 1.44 × 105 0.9965
2,2′,5,5′-Tetrachlorobiphenyl (PCB52) 8.61 × 106 7.99 × 104 0.9971
2,2′,4,5,5′-Pentachlorobiphenyl (PCB101) 1.19 × 107 2.23 × 105 0.9769
2,2′,3,4,4′,5′-Hexachlorobiphenyl (PCB138) 8.47 × 106 −1.52 × 104 0.9986
2,2′,4,4′,5,5′-Hexachlorobiphenyl (PCB153) 7.58 × 106 −2.99 × 104 0.9990
2,2′,3,4,4′,5,5′-Heptachlorobiphenyl (PCB180) 8.28 × 106 2.27 × 105 0.9638
Decachlorobiphenyl (PCB209) 6.37 × 106 9.45 × 104 0.9820
Phenanthrene 2.60 × 107 5.92 × 105 0.9670
Anthracene 3.08 × 107 −1.27 × 105 0.9916
Fluoranthene 3.48 × 107 1.24 × 106 0.9978
Pyrene 3.77 × 107 1.32 × 106 0.9886
Benz(a)anthracene 3.57 × 107 −1.42 × 105 0.9907
Chrysene 3.60 × 107 2.07 × 105 0.9890
Benzo(b)uoranthene 3.42 × 107 −2.53 × 105 0.9940
Benzo(k)uoranthene 3.70 × 107 −1.26 × 104 0.9744
Benzo(a)pyrene 3.61 × 107 −1.13 × 106 0.9923
Dibenz[a,h]anthracene 8.51 × 107 −2.82 × 106 0.9953
Benzo[g,h,i]perylene 3.45 × 107 −7.76 × 105 0.9890
Indeno[1,2,3-C,D]pyrene 5.83 × 107 4.42 × 105 0.9972
Methiocarb 7.36 × 106 −6.82 × 104 0.9875
Diclofenac 5.84 × 106 −1.59 × 105 0.9547
3-tert-Butyl-4-hydroxyanisole 2.37 × 105 −8.81 × 103 0.9914
2-Ethylhexyl 4-methoxycinnamate 2.67 × 107 −6.26 × 105 0.9656
Dibutyl phthalate 2.80 × 107 −1.01 × 106 0.9937
Bis(8-methylnonyl) phthalate 1.84 × 107 −1.54 × 106 0.9584
Bis(7-methyloctyl) phthalate 2.16 × 107 −1.78 × 106 0.9694
Benzyl butyl phthalate 1.49 × 107 −1.12 × 106 0.9832
Bis(2-ethylhexyl) phthalate 1.94 × 107 −1.45 × 106 0.9825

Polymers
Polyethylene (PE) 2.55 × 104 −7.83 × 104 0.9953
Polypropylene (PP) 3.83 × 104 −4.28 × 103 0.9995
Polystyrene (PS) 2.15 × 105 1.21 × 104 0.9996
Acrylonitrile butadiene styrene (ABS) 1.03 × 105 −7.19 × 104 0.9821
Styrene-butadiene rubber (SBR) 9.79 × 104 −1.01 × 103 0.9993
Polymethylmethacrylate (PMMA) 9.30 × 105 −5.89 × 104 0.9991
Polycarbonate (PC) 1.04 × 106 −2.63 × 105 0.9913
Polyvinyl chloride (PVC) 1.58 × 105 −2.14 × 103 0.9966
Polyethylene terephthalate (PET) 4.36 × 105 2.54 × 104 0.9992
Nylon 6 (N6) 3.66 × 105 −2.03 × 104 0.9965
Nylon 66 (N66) 1.63 × 105 −5.16 × 104 0.9956
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From a qualitative point of view the TIC was characterized by
the presence of a high abundance of desorption products
associated to the lipidic content of the mussels. Thus, the
extraction protocol used to remove the pollutants proved to be
effective also in the extraction of the acylglycerol portion of the
mussels. As highlighted in Section 3.1, the selected temperature
of 350 °C for the thermal desorption of the contaminants was
also suitable for the pyrolysis of these species to the corre-
sponding fatty acids and glycerol. The degradation of acylgly-
cerols to fatty acids led to a simplication of the
chromatographic prole, reducing the possible interferences of
matrix components on the detection of analytes of interest. The
use of HMDS as derivatizing agent to obtain the corresponding
trimethylsilyl esters, allowed us to perform a comprehensive
characterization of all the lipid species. In detail, the analysis
highlighted the presence of cholesteryl benzoate, cholesta-3,5-
80 | Environ. Sci.: Adv., 2024, 3, 76–84
diene, and cholesterol as most abundant sterols. The analysis
also highlighted the presence of several fatty acids and poly-
unsaturated fatty acids, whit tetradecanoic acid (myristic),
hexadecenoic acid (palmitic), octadecenoic acid (oleic), octa-
decanoic acid (stearic), and eicosapentaenoic acid as most
abundant fatty acids. Finally, the analysis also showed the
presence of phosphates. These results agreed with the litera-
ture, proving that the analytical procedure can provide also
useful information not only on the pollutants but also on the
lipid content of the mussels. Alternatively, a fraction of the
extract can be analyzed with complementary analytical
approaches, such as reverse phase liquid chromatography,37 in
order to obtain a more complete overview of the chemical
composition of the lipid fraction of the mussels.

From a quantitative point of view, even if the analyses were
carried out using a single quadrupole analyzer, the use of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Recoveries, coefficients of variation (CV%), and limits of detection (LOD) and quantitation (LOQ), obtained by Py-GC-MS thermal
desorption (350 °C) for PCB, PAHs, phthalates, and CECs

Compounds Recovery (%) CV% LOD (ng) LOQ (ng)

2,4,4′-Trichlorobiphenyl (PCB28) 97 5 0.003 0.008
2,2′,5,5′-Tetrachlorobiphenyl (PCB52) 97 8 0.003 0.008
2,2′,4,5,5′-Pentachlorobiphenyl (PCB101) 122 13 0.033 0.100
2,2′,3,4,4′,5′-Hexachlorobiphenyl (PCB138) 109 7 0.008 0.025
2,2′,4,4′,5,5′-Hexachlorobiphenyl (PCB153) 99 11 0.005 0.014
2,2′,3,4,4′,5,5′-Heptachlorobiphenyl (PCB180) 104 15 0.002 0.007
Decachlorobiphenyl (PCB209) 87 5 0.001 0.002
Phenanthrene 118 12 0.001 0.004
Anthracene 101 9 0.004 0.013
Fluoranthene 92 15 0.001 0.004
Pyrene 94 5 0.001 0.004
Benz(a)anthracene 91 6 0.001 0.004
Chrysene 88 5 0.006 0.018
Benzo(b)uoranthene 88 7 0.001 0.002
Benzo(k)uoranthene 107 12 0.001 0.003
Benzo(a)pyrene 87 11 0.001 0.003
Dibenz[a,h]anthracene 101 10 0.000 0.001
Benzo[g,h,i]perylene 107 12 0.001 0.003
Indeno[1,2,3-C,D]pyrene 87 15 0.002 0.007
Methiocarb 110 10 0.044 0.134
Diclofenac 108 7 0.011 0.032
3-tert-Butyl-4-hydroxyanisole 102 18 0.441 1.336
2-Ethylhexyl 4-methoxycinnamate 115 8 0.023 0.069
Dibutyl phthalate 90 7 0.098 0.298
Bis(8-methylnonyl) phthalate 119 5 0.014 0.044
Bis(7-methyloctyl) phthalate 114 6 0.049 0.150
Benzyl butyl phthalate 90 11 0.083 0.250
Bis(2-ethylhexyl) phthalate 100 14 0.076 0.230

Fig. 2 Py-GC-MS chromatogram obtained for themussels spiked with the standard solution of pollutants at the best extraction conditions; total
ion chromatogram (TIC), above; selected ion monitoring (SIM) chromatogram, below.

© 2024 The Author(s). Published by the Royal Society of Chemistry Environ. Sci.: Adv., 2024, 3, 76–84 | 81
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a combination of SIM and full scan acquisitions allowed us to
evaluate the presence of all the classes of compounds spiked in
the samples. The method features were evaluated according to
the ICH guidelines. The recoveries of all the compounds were in
the range 87–122%, while the coefficients of variation were all
lower than 18%. Only the recoveries of naphthalene, acenaph-
thylene, acenaphthene, and dimethyl phthalate were charac-
terized by values lower than 60%, with very high coefficient of
variation and thus a poor reproducibility. This aspect could be
related to the volatility of the analytes, that could be partially
lost during the drying step of the procedure, aer the extraction.

The limits of detection were evaluated on the procedural
blanks and were in the range 0.001–0.441 ng, while the limits of
quantication were in the range 0.001–1.360 ng. These values
were obtained by adding in the pyrolysis cup a volume of 140 mL
of solvent, corresponding to the same max volume used for the
mussel extracts. Thus, the LODs and LOQs were expressed as
the minimum amount of pollutant detectable in the pyrolysis
cup. While for most of the contaminants the values were
comparable, the CECs and phthalate plasticizers showed higher
values. In detail the highest limits were obtained for methio-
carb, 3-tert-butyl-4-hydroxyanisole, dibutyl phthalate, benzyl
butyl phthalate, and bis(2-ethylhexyl) phthalate. Although these
values were up to hundred times higher than those detected for
PCBs, and PAHs, they were still lower than 1.5 ng, making the
method still capable of detecting them at trace levels.
3.4 Microwave-assisted digestion approach

The effects of the microwave-assisted digestion for the analysis
of microplastics were tested directly on the microplastic cali-
bration standard used for the pyrolysis calibration, using
hydrochloric and nitric acids, and sodium hydroxide as
reagents. In the same way as the analysis of non-polymeric
pollutants in Section 3.3, blank analyses were performed on
non-spiked mussel our to ensure that no peak ascribable to
polymer markers could be detected in the matrix. The use of the
standard microplastic mixture allowed us to evaluate the
recoveries of MPs aer the different digestion approaches using
plastic particles with sizes more in agreement with
Table 3 Recoveries, coefficients of variation (CV%), and limits of detect
standard for HCl and HNO3 digestions; recoveries obtained for the mus

Polymer LOD (mg) LOQ (mg)

HCl digestion

Recovery (%)

PE 0.05 0.16 99
PP 0.08 0.24 96
PS 0.02 0.06 96
ABS 0.04 0.11 106
SBR 0.08 0.25 104
PMMA 0.001 0.003 103
PC 0.01 0.03 93
PVC 0.02 0.07 113
PET 0.13 0.40 —
N6 0.02 0.07 34
N66 0.05 0.16 16

82 | Environ. Sci.: Adv., 2024, 3, 76–84
environmental microplastics. Working with polymers with
these reduced dimensions enabled us to obtain more accurate
analytical data that better reect the behavior of MPs in envi-
ronmental samples. To evaluate the recoveries for the different
procedures (Table 3), we used the set of calibration curves built
with the same microplastics standard.

In the preliminary test performed using sodium hydroxide
for the alkaline digestion critical challenges were encountered
during the ltration step, which were caused by the high
content of saponiable lipids in the matrix. As a result, this
pretreatment cannot be used as a standalone sample purica-
tion method for microplastic analysis. For this reason, nitric
and hydrochloric acids were tested to perform an acidic
digestion.

The MPs recoveries obtained with nitric acid varied widely
for each polymer. As expected, recoveries were low for poly-
amides (N6, N66) and rubber (SBR) due to their poor chemical
resistance in acidic and strong oxidative environments.
However, low recoveries were also obtained for PS, ABS, and PC.
Furthermore, the coefficient of variation for the recoveries of all
polymers was higher than 12%, with values up to 46% obtained
for PVC. On the other hand, the recovery of PET was too high (up
to four times higher respect to the initial standard amount),
suggesting possible interference deriving from the procedure:
the quantication was performed using benzoic acid as
a pyrolysis marker, this marker could derive also from the
oxidation of other polymers present in the mix, such as PS, that
was in part lost during the digestion (recovery 73%).

The MPs recoveries obtained using hydrochloric acid for the
digestion, excluding the polyamides that are partially hydro-
lyzed during the pretreatment, were in the range 96–106%.
Similar to what was obtained with nitric acid, the recoveries for
PET were up to two times higher than the initial amount of
polymer present in the standard, suggesting also in this case
a signicant contribution of benzoic acid from the oxidation/
degradation of other polymers than PET. The CV% obtained
for the polymers were lower than 16%. Compared to the
digestion performed using nitric acid, the HCl digestion
provided better analytical performances. Additionally, the
ion (LOD) and quantitation (LOQ), obtained by Py-GC-MS for the MPs
sels spiked sample spiked with the MPs standard using HCl digestion

HNO3 digestion Spiked Mussels

CV% Recovery (%) CV% Recovery (%)

1 110 12 87
1 100 18 104
3 73 16 88
1 71 17 105
2 32 32 98
2 107 23 109
6 41 35 114
16 129 46 138
— — — —
9 36 20 —
11 19 37 —

© 2024 The Author(s). Published by the Royal Society of Chemistry
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solutions and residues were more easily manageable during the
ltration process. Considering these advantages, we decided to
perform the method validation following the ICH guidelines on
the HCl procedure.

We evaluated the limits of detection and quantication
based on the procedural blanks, and the results are reported in
Table 3.

Finally, the MPs recoveries were also determined by spiking
the commercial Perna Canaliculus our. Excluding the poly-
amides and the PET, all the recoveries for the polymers were in
the range 87–114%, with coefficients of variation similar to
those obtained for the analysis on the microplastic calibration
standard. Only PVC was characterized by a recovery of about
140% (while it was 113% in absence of matrix). This result can
be indicative of a matrix effect on the analysis since the quan-
tication was performed using naphthalene as a marker.
Unfortunately, this polymer is characterized by a pyrolysis
prole mainly constituted by aromatic compounds, limiting the
selection of the pyrolysis marker to perform quantitative anal-
ysis. Naphthalene can derive from the pyrolysis of different
natural sources (e.g. residues of proteinaceous material from
the digestion38), and thus can inuence the analytical result.

4. Conclusions

The increasing awareness on the environmental impact of
microplastics and their interactions with other contaminants
leads to the necessity of multi-target analytical protocols. We
believe that the method presented in this work constitutes
a reliable tool for the detection and quantitation of both low-
molecular weight contaminants and microplastics.

The use of microwave-assisted extraction allowed us to avoid
the conventional, time-intensive pretreatment procedures for
microplastics analysis. The analysis of low-molecular weight
contaminants and microplastics in two separate runs also
provided simpler chromatographic proles, increasing the
method performances and reducing the risk of matrix inter-
ference. The promising results obtained for a chemically
complex sample such as seafood suggests that this method
could also be applied to other matrices, such as water- and
sediment-based ones.

Additional improvements of the method are required to
obtain higher extraction recoveries, especially for polymers
such as PET and nylon. A screening of possible alternative
pyrolytic markers could also improve the accuracy of the
method towards PET, avoiding the risk of overestimation when
oxidized aromatic species are present in the sample. Future
studies could also aim at combining the two microwave
extraction steps into one, further reducing the time and volume
of chemicals required for sample preparation. As this method
constitutes an innovation in the eld of microplastic analysis,
validation by interlaboratory test could also be considered in
the future.
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