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Abstract: Pyrolysis-GC/MS is increasingly used to quantify microplastics (MP) in environmental
samples. In general, prior to analysis, purification steps are carried out to reduce the environmental
matrix in sediment samples. The conventionally used protocol of density separation followed by
digestion of organic matter does not allow for complete isolation of MP from the associated organic
and mineral matter. Among the pyrolysis products used as indicator compounds for plastic polymers,
some may originate from other substances present in the environmental samples. In this paper, the
indicator compounds are reviewed for the most common polymers: PE, PP, PS, PET and PVC and
selected taking into account potential interactions with substances present in environmental matrices.
Even after a purification step, a residual mineral fraction remains in a sediment sample, including
matrix effects. This effect may be positive or negative, depending on the investigated polymer and is
thus important to consider when using Pyr-GC/MS for the quantification of MP in sediment samples.
It also shows that no external calibration can be used to reliably quantify MP in such samples and
that the use of internal standards is compulsory.
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1. Introduction

For the past two decades, microplastics (MP) have been identified as a risk to the envi-
ronment and numerous studies have been carried out. Most of the time, MP quantification
is based on the observation and the characterization of a sub-sample by either Fourier
transform infrared (FT-IR) or Raman microspectroscopy [1,2]. The results are expressed as
a number of particles per unit of area or volume. These methods allow for determining the
morphological characteristics and size distribution of the particles which are primordial for
the assessment of ecotoxicological risk [3]. Mass is sometimes approximated from calcula-
tions integrating the number, shape and density of particles [4], but the reliability of such
an approximation is questionable. Primpke et al. [5] showed that mass estimation was even
more difficult for larger particles whose mass is overestimated. Moreover, spectroscopic
methods are unable to characterize particles below a limit resolution (1 to 25 µm depending
on the method and the equipment), while it was reported that the toxicity increases when
the size of the particles decreases [6].

More recently, pyrolysis coupled with gas chromatography and mass spectrometry
(Pyr-GC/MS) has been developed to detect [7,8] and quantify MP polymers in environ-
mental samples [9–13]. Unlike spectroscopic methods, Pyr-GC/MS allows the complete
molecular characterization of the particles, without minimal size limitations [14].

Prior to Pyr-GC/MS analysis, environmental samples undergo purification steps to
isolate MP from the environmental matrix. However, this purification is not complete,
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and several organic and mineral constituents survive these treatment steps, especially in
complex matrices such as sediments or soils. Hurley et al. [15] reported that the efficiency
of removing organic matter from soil varied from 34% to 108% depending on the used
reagent (H2O2, Fenton’s reagent, NaOH, KOH). These remaining particles will hamper the
characterization and quantification of MP particles through Pyr-GC/MS. Upon thermal
cracking, the polymers release pyrolysis products of lower molecular weight. Some of
these products are defined as indicator compounds when they allow the detection of
targeted polymers. However, some constituents of the remaining natural organic matter
may release the same pyrolysis products as the targeted polymers [15–18], hence a potential
MP overestimation. The identification of pyrolysis products that are specific to the targeted
polymers is therefore necessary.

Moreover, the mineral matrix initially associated with MP in sediments and soils survives
the aforementioned purification procedures. Such minerals, especially clay, were reported to
adsorb pyrolysis products and consequently lead to MP underestimation [16]. Taking into
consideration the organic and mineral matrix effects is therefore crucial for the quantitative
analysis of MP, especially in complex environmental samples, such as soil and sediments.

The aim of the present study is to contribute to the understanding of interferences that
occur when using Pyr-GC/MS to quantify the most common plastic polymers (polyethylene
(PE), polystyrene (PS), polypropylene (PP), polyethylene terephthalate (PET) and polyvinyl
chloride (PVC)) in a riverine sediment sample. The microscopy FTIR analysis was used to
indicate that non-plastic particles remain after purification steps, potentially hampering
the selection of indicator compounds and including a matrix effect. A reappraisal of the
reliability of the indicators, given the likely presence of remaining natural organic matter,
is first presented, hence the selection of indicator compounds that are used for the present
study. The extent of the matrix effect in these samples is then investigated. Furthermore,
implications and perspectives for the development of Pyr-GC/MS for MP quantification in
sediments are discussed, emphasizing the need to use internal calibrations to overcome
the matrix effects induced by both organic and inorganic residual matter remaining after
purification steps.

2. Materials and Methods
2.1. Sample Preparation and FTIR Analysis

A muddy surficial (0–10 cm) sediment sample (1 kg) was collected at the estuary
of the Seine river near Le Havre, France (N 49◦26′36.409′ ′ E 0◦16′15.445′ ′). It was man-
ually homogenized with a spatula and freeze-dried. To remove the densest mineral ma-
terial, 30 g of dried sediments were submitted to density separation with NaI solution
(d = 1.60–1.70 kg·m−3) [19]. A custom-made JAMSS (JAMSTEC Microplastic Sediment
Separator) device based on drawings from Nakajima et al. [20] was used to recover the
supernatant after 24 h. The supernatant was sieved at 500 µm and the upper fraction was
discarded. The fraction below 500 µm was filtered with a glass vacuum filtration unit
with a stainless-steel filter of 10 µm porosity and 47 mm in diameter, to remove NaI. The
obtained retentate was treated with 100 mL of 30% H2O2 to remove most of the organic
matter without affecting the plastic particles [15]. After heating at 40 ◦C for 24 h and stirring
at 300 rpm, the sample was filtered on four alumina filters (Whatman Anodisc ø 25 mm,
0.2 µm porosity).

The resulting filters were analyzed using FTIR imaging microscopy (Nicolet iN10
MX, Thermo Fischer Scientific, Waltham, MA, USA) to assess the nature of the residual
particles. The number of particles on one of the filters was estimated using the Particle
Wizard option of OMNIC Picta™ software. The SiMPle software [21] was used to process
the data obtained from the µFTIR imaging analysis.

2.2. Matrix Effect Evaluation

The matrix effect was evaluated for four polymers: PP, PS, PET and PVC. External
calibration curves were established for PP and PS (from Sigma-Aldrich, Munich, Germany:
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428116-250G and 331651-25G, respectively). Polymer particles were weighed with a 1 µg
precision balance (Mettler Toledo XPE26) to prepare pyrolysis cups with amounts ranging
from 1 to 30 µg. To evaluate the matrix effect, additional cups were also prepared with
1–30 µg of PP and PS and 8 mg of sediment matrix. The added sediment matrix corresponds
to the settled part of the density separation. The addition of these few mg of matrix allows
for representing the residual matrix present in the sediment sample after density separation.

In addition, in order to determine whether the matrix effect depends on the matrix
mass, samples were prepared with a fixed amount of polymer, 25 µg of PET (Sigma-Aldrich:
429252-250G) and 500 µg of PVC (Sigma-Aldrich: 81387-250G) mixed with 1–10 mg of
matrix sediment. A higher amount of PVC was required due to its lower sensitivity as
reported by Gomiero et al. (2019) [11]. To improve the detection of the polar PET pyrolysis
products, 10 µL of TMAH was added as a derivatizing agent in each cup [22].

2.3. Pyrolysis Gas Chromatography–Mass Spectrometry

Pyr-GC/MS analyses were carried out with a pyrolyzer (Pyroprobe 6250, CDS) coupled
to a gas chromatograph (7890B, Agilent, Santa Clara, CA, USA) and to a mass spectrometer
(5977B, Agilent). Samples were pyrolyzed at 650 ◦C for 10 s under helium. To improve the
detection sensitivity of the PET, tetramethylammonium hydroxide (TMAH 25% methanol)
was added as a derivatization agent. The released pyrolysis products were on-line separated
using a non-polar GC column Rxi5Sil MS (30 m × 0.25 mm × 0.5 µm, Restek, Bellefonte,
PA, USA) and an oven ramp (initial temperature of 50 ◦C maintained during 1 min, raised
at 3 ◦C/min until 310 ◦C, the final temperature, maintained during 10 min). The mass
spectrometer is operated in electron impact and SCAN modes. The molecules are ionized
and fragmented in an electron impact source (70 eV; 230 ◦C) and fragments are analyzed
with a quadrupole mass spectrometer, operating at 2 scans/s from 35 to 650 m/z.

3. Results
3.1. Preselection of Indicator Compounds

The FTIR analysis showed that a significant number of non-plastic particles remain,
even after purification of the sample. Indeed, out of the 2340 particles counted, only 51
were identified as a plastic polymer. These non-plastic particles are composed of both
inorganic and organic materials which, as detailed below, can generate interference with
the pyrolysis products of the targeted polymers.

In order to determine the most appropriate indicator compounds for the five most
common polymers in the environment, namely PE, PP, PS, PET and PVC, the literature
was reviewed regarding the use of Pyr-GC/MS for MP quantification in environmental
samples. Table 1 lists the indicator compounds and their fragment ions used for the
quantification of polymers in these studies. The indicator compounds were usually selected
through pyrolysis of pure standard polymers without environmental and sample treatment
considerations. Fischer and Scholz-Böttcher, 2017 were the first to provide a database for
MP quantification by analyzing eight standard polymers both individually and as a mixture
and they compared their results to a database of synthetic polymers [23].

For the quantification of PE, the used compounds belong to the alkane, alkene and
alkadiene triplets (C10 to C20) but the nature of the proposed indicator compound and
its chain length varies between studies [9–12,22,24,25]. However, these compounds were
reported upon pyrolysis of many natural environmental substances, such as higher plant
constituents [26–28] and their fossil counterparts [29], sediments [30,31] including coals [32],
as well as particulate organic matter and humic substances. As a result, the quantification
of PE in the environment can only be confidently achieved after the complete removal of
the natural organic matter, which is barely checked. Complete removal of natural organic
matter without damaging plastic polymers is, up-to-date, not achievable. Taking this
into account, the PE was discarded from the polymers to be analyzed in the presently
investigated sediment sample.
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Table 1. Indicator compounds used for the identification and quantification of the five most abundant
polymers in the environment according to the literature data. * compound only formed upon
thermochemolysis with TMAH. n.c.: not considered for quantification.

Polymers Indicator Compound(s) Abbreviation
Indicator Fragments (m/z)

References
Identification Quantification

PE

dec-1-ene (C10) 83, 97, 111, 140 83 [12]
1,12-tridecadiene (C13) 55, 81, 67, 95 unspecified

[24]1,13-tetradecadiene (C14) 81, 95, 109 unspecified
1-pentadecene (C15) 97 97

[9]
1,14-pentadecadiene (C15) 81 81

55, 81, 95, 109 unspecified [24]
1,16-heptadecadiene (C17) 82, 95 unspecified

[25]1,17-octadecadiene (C18) 82, 95 unspecified
1-tetradecene (C14) 83 83 [11]
alkanes (e.g., C20) 99, 85 85

[10]alk-1-enes (e.g., C20) 97, 83 83
α, ω-alkadienes (n-C16-26) 95, 82 82 [22]

PP
2,4-dimethyl-1-hept-1-ene PP-P1

70, 83, 126
126

[12]
126 [9]

126, 70
70 [10,22]

unspecified [25]

2,4,6,8-tetramethyl-1-undecene PP-P2
111, 69 n.c. [10,22]
69, 210 69 [11]

PS

styrene PS-P1
51, 78, 104 104 [24]

104 104 [9,15,33]
78, 104 unspecified [25]

3-buten-1,3-diyldibenzene
(styrene dimer) PS-P2

91, 208
208 [11]
n.c. [10,22]

91, 104, 130, 208 unspecified [24]

5-hexen-1,3,5-triyltribenzene
(styrene trimer) PS-P3

117, 194, 91, 312
91

[12]
207, 91 [10,22]

91, 117, 194, 207 unspecified [24]

PVC
benzene PVC-P1

78, 74, 52
78

[12]

78
[10,22]

[33]
1-methylnaphthalene PVC-P2 142 142 [11]

chlorobenzene PVC-P3 112, 77 n.c. [10,22]

PET
Dimethylterephtalate * PET-T1 194, 163 163 [10,11,22]

vinyl benzoate PET-D1 105, 77, 148, 51 105 [12]

For PP, the most abundant pyrolysis product 2,4-dimethyl-1-heptene (PP-P1, Table 1)
is commonly used as an indicator compound [9,10,12,22,25], although Gomiero et al. [11]
instead proposed the 2,4,6,8-tetramethyl-1-undecene (PP-P2, Table 1). Due to the specific
pattern of their branching, these compounds cannot originate from natural organic matter,
making them reliable indicator compounds for PP quantification.

In the case of PS, styrene is the most abundant pyrolysis product, and it was used
in several studies for PS quantification [15,25]. However, with styrene being formed
upon pyrolysis of phenylalanine [34,35], it was reported in the pyrolysates of numerous
environmental samples, such as peats [36], soil, compost and green waste [37], sludge [38],
sediments and marine particulate organic matter [39]. Nevertheless, it was noted that in
the natural environments, the styrene-to-toluene ratio ranges between 0.1 and 0.4 [40] and
it was thus proposed to consider that styrene originates from PS only when this ratio is
higher than 1 [37]. Although this approach is useful to assess the PS source of styrene, it
cannot be used to accurately quantify PS. Other compounds, present in lower abundance
in the pyrolysate but more specific, must be used for PS quantification. In this way, the
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styrene dimer and/or trimer (PS-P2 and PS-P3, Table 1) are reliable indicator compounds
for PS quantification and were chosen in several studies.

The most abundant pyrolysis product of PVC is benzene (PVC-P1, Table 1), a ubiqui-
tous and thus unspecific pyrolysis product in environmental samples [41]. Similarly, the
methylnaphthalene (PVC-P2, Table 1) that is a ubiquitous pyrolysis compound of natural
organic matter was also mentioned as an indicator compound of PVC [38,42]. As a result,
although benzene and methylnaphthalene were sometimes used for PVC quantification, it
is essential to use chlorobenzene (PVC-P3, Table 1) to establish reliable calibration curves.
Indeed, although formed in low abundance compared to benzene and methylnaphthalene,
this compound is highly specific to the pyrolysis of PVC.

As for PET, benzoic acid and vinyl benzoate are the most abundant pyrolysis prod-
ucts [43]. These are polar pyrolysis products that have a low resolution when GC/MS
analysis is performed using an apolar column. A tailing effect of the peaks is observed,
which can lead to co-elution problems and complicates the peak integration. This draw-
back could be overcome by using a polar column but it would lead to poor detection of
the pyrolysis products of the other polymers, thus preventing a simultaneous analysis
of all polymers. However, as the benzoic acid is formed through decarboxylation of the
monomer, this side reaction can be limited through the use of TMAH as derivatizing
agent [44]. In the presence of TMAH, the most abundant pyrolysis product by far is the
1,4-dimethylterephthalate, which can thus be used for quantification [10,11,22]. When
quantification of MP includes PET, we therefore recommend performing the pyrolysis in
the presence of TMAH. It must be noted that this has no impact on the aforementioned
pyrolysis products of the PP, PS and PVC as they do not contain OH or NH groups and are
thus unaffected by TMAH. In addition to the interferences associated with natural organic
matter, it must be noted that styrene and benzene proposed as indicator compounds of PS
and PP, respectively, are also produced, although in small amounts, upon pyrolysis of PET
without TMAH.

3.2. Matrix Effect

As a mineral residue is still observed in the supernatant after density separation, a
matrix effect can be anticipated. To investigate its extent, calibration curves were established
with 1 to 30 µg of MP (PP and PS) in the presence of matrix (8 mg of the settled part after
density separation) and compared with the curves obtained with quartz wool, considered
as an inert matrix.

For PP, the two aforementioned indicator compounds, 2,4-dimethyl-1-hept-1-ene (PP-
P1) and 2,4,6,8-tetramethyl-1-undecene (PP-P2) were used. The m/z 70 ion was chosen
to establish the calibration curves with PP-P1, as in the study of Fischer and Scholz-
Böttcher [10,22]. This ion was preferred to the m/z 126 molecular ion that is used in some
studies [9,12] because of its higher intensity. For PP-P2, the m/z 69 ion was selected for
the calibration curve, as in Gomiero et al. [11], due to its higher intensity than the m/z
210 molecular ion.

For PP-P1, the slope of the calibration curve is more than five times lower in the
presence of sediment matrix (Figure 1), whereas PP-P2 cannot even be detected in the
presence of sediment matrix. This likely reflects the adsorption of the pyrolysis product
onto or within clay sheets, as reported by Espitalié et al. (1980) [45], and confirms the
observation of Fabbri et al. (1998) [16]. Both indicator compounds show that the use of an
external calibration curve for this type of sample would lead to the underestimation of the
PP mass. It is, however, preferable to use the m/z 70 ion of PP-P1 to establish the calibration
curve because of the higher contribution of this compound, hence better detection.
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Figure 1. Calibration curves for PP indicator compounds (a) PP-P1 and (b) PP-P2 with quartz wool
(inert matrix) and in the presence of 8 mg of sediment matrix.

In the same way, two compounds were considered for PS quantification, the styrene
dimer (PS-P2) and trimer (PS-P3). The base peak (m/z 91) was used to establish the calibra-
tion curves with the two selected indicator compounds for the same reasons as mentioned
above for PP. For both indicator compounds, the calibration curves in the presence of matrix
show lower slopes than those with inert matrix, five times lower for PS-P2 and nine times
lower for PS-P3 (Figure 2). Moreover, even though both compounds are subject to the
matrix effect, it can be seen that the correlation coefficient of the PS-P2 curve remains high
in the presence of the matrix compared to that of the PS-P3 curve. Given these results, we
recommend the use PS-P2 to calibrate PS, rather than PS-P3.

Figure 2. Calibration curves for PS indicator compounds (a) PS-P2 and (b) PS-P3 with quartz wool
(inert matrix) and with 8 mg of the sediment matrix.
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3.3. Influence of the Amount of Matrix

For PVC and PET, only one indicator compound was selected. For these compounds,
the impact of the amount of matrix on the signal attenuation was evaluated by mixing 1 to
10 mg of the matrix with a fixed amount of PVC (500 µg) and PET (25 µg).

For PVC, the ion m/z 112 of the chlorobenzene (PVC-P3) was selected as it is the base
peak on the mass spectrum. The abundance of this indicator compound is about three
times lower in the presence of a sediment matrix (Figure 3). This attenuation is constant
whatever the amount of matrix in the 1–10 mg range, indicating that the matrix effect is not
dependent on the amount of matrix. However, the use of an external calibration would
lead to a major underestimation of the PVC amount in this type of sediment sample.

Figure 3. (a) PVC and (b) PET analyzed in the presence of increasing amount of sediment matrix
(1–10 mg).

For PET, the signal of the dimethyl terephthalate base peak at m/z 163 is about 240 times
lower in the inert matrix than in the presence of the sediment matrix. The signal increase in
the presence of sediment matrix could a priori be explained by the presence of remaining
PET in the settled sediment after density separation. However, this increase is not propor-
tional to the amount of added matrix, thus ruling out this hypothesis as the sole source of
the increase. Therefore, it seems more likely that this increase reflects the catalysis of the
depolymerization reaction by the sediment matrix. Such a phenomenon was previously
reported, where the clay minerals promoted or inhibited the pyrolysis reactions depending
on the nature of the involved organic matter [46]. These observations show that the use of
external calibration curves even when combined with the addition of TMAH is not suitable
for the quantification of PET in such samples.

4. Discussion

The purpose of these experiments was to highlight the challenges associated with the
use of Pyr-GC/MS for the quantification of MP in sediments. The results obtained after
the treatment of a solid environmental sample showed that the different purification steps
did not allow the total removal of the organic and mineral matrix. It is therefore important
to take into account the potential effect that may result from the presence of this residual
matrix, especially since the isolation of MP is even more difficult for small particles (<50 µm).
Pressurized liquid extraction was proposed to extract MP from solid matrices and thus
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completely remove the mineral fraction. These methods are highly relevant for the analysis
of nanoplastics as they enable the extraction of MP without size limitations [14]. However,
it seems difficult to ensure extraction efficiency for all polymers, which are not highly
soluble in organic solvents such as dichloromethane, tetrahydrofuran or trichlorobenzene,
as proposed in some studies [9,12,25]. For the fraction above 50 µm, it is possible to sort the
particles with tweezers and to analyze them particle by particle [8]. However, this takes an
excessively long time, which is not desired for the development of quantitative MP analysis,
and above all, does not allow for the analysis of the finest particles.

In addition to the classic pretreatments of digestion of the organic matter (oxidants,
acid, and basic reagents), some solutions were proposed to reduce the interferences, re-
viewed by Ainali et al. [47]. Although these strategies can provide an improvement in the
analysis, the presence of interfering organic compounds cannot be fully avoided. This is
now well-documented and the interest in selecting indicator compounds/ions that are
specific to the targeted polymers was highlighted [48,49].

In contrast, the presence of a residual mineral matrix is barely taken into account.
However, the present study clearly demonstrates the effects associated with the residual
mineral fraction, emphasizing that the use of external calibration curves for quantification
is not appropriate for sediment samples. To take into account such interactions upon
pyrolysis, the use of an internal standard in environmental samples, such as sediments
but also likely soils, thus appears compulsory. To avoid interferences with residual or-
ganic matter, Fischer and Scholz-Bottcher [22] used androstane, deuterated anthracene,
9-dodecyl-1,2,3,4,5,6,7,8-octahydro anthracene, and cholinic acid as internal pyrolysis stan-
dards. However, the volatile nature of these molecules used as internal standards could
result in different behaviors during pyrolysis compared to the targeted polymers. Thus,
polymers enriched in deuterium are sometimes used as an internal standard [9,48–52].
Especially, PS-d5 is increasingly used as an internal pyrolysis standard. Nevertheless, it was
recently shown that this deuterated polymer can lead to HD exchange during pyrolysis,
notably in the presence of mineral matrices such as alumina filters or sand [53]. Therefore,
the authors suggested using a specific polymer, poly(4-fluorostyrene), given its physico-
chemical properties being close to PS. This internal standard seems to provide promising
results for PS, PP and PE, although it is necessary to test the relevance of its use for a wider
variety of polymers, especially the more polar ones.

As the present study demonstrates that it is impossible to use any external calibration
for a reliable MP quantification in sediment samples, no limit of detection or quantification
can be proposed for broad use. Indeed, the extent of the mineral matrix effect is expected to
vary with the nature of the mineral itself, as previously demonstrated by Fabbri et al. [16].

5. Conclusions

Pyr-GC/MS is increasingly proposed for the quantitative analysis of MP in environ-
mental matrices as it allows simultaneous analysis of several polymers in the whole sample
(including the finest fraction) and the first developments are promising. However, although
sample purification protocols are becoming more efficient in processing solid samples such as
sediments, the presence of residual mineral and organic matrices remains a major drawback.

The selection of indicator compounds, taking into account potential interfering sub-
stances in environmental samples, was reviewed for PE, PP, PS, PET and PVC. Depending
on the polymers, the selection of indicator compounds appears more or less tricky due to
the specificity of their pyrolysis products and the proportion in which they are formed.

The establishment of calibration curves in the presence of a sediment matrix has
highlighted an attenuation of the signal for PP, PS, and PVC. This effect is attributed to
the adsorption of pyrolysis products on the clay phase of the mineral residue. It has also
shown that the presence of mineral matter can promote the formation of some pyrolysis
products, as in the case of PET in the presence of TMAH. Because of potential interferences
with residual organic matter and mineral matrix effects, the use of an internal standard
is emerging as a prerequisite for the quantification of plastic polymers in complex envi-
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ronmental samples such as sediments. In contrast, no external calibration can be used to
reliably quantify MP in such samples. Moreover, the variability of the extent of the matrix
effect precludes the general establishment of any limits of detection/quantification of MP
in such samples.
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