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Abstract
The quantification of microplastics (MP) in environmental samples is currently a challenging task. To enable low quantification
limits, an analytical method has been developed combining pressurized liquid extraction (PLE) and pyrolysis GC-MS. The
automated extraction includes a pre-extraction step via methanol followed by a subsequent PLE using tetrahydrofuran. For the
most frequently used synthetic polymers polyethylene (PE), polypropylene (PP), and polystyrene (PS), limits of quantification
were achieved down to 0.007 mg/g. Recoveries above 80% were attained for solid matrices such as soil and sediments. The
developed method was applied for MP quantification in environmental samples such as sediment, suspended matter, soil, and
sewage sludge. In all these matrices, PE and PP were detected with concentrations ranging from 0.03 to 3.3 mg/g. In sewage
sludge samples, all three polymers were present with concentration levels ranging between 0.08 ± 0.02 mg/g (PP) and 3.3 ±
0.3 mg/g (PE). However, especially for solid samples, the analysis of triplicates revealed elevated statistical uncertainties due to
the inhomogeneous distribution of MP particles. Thus, care has to be taken when milling and homogenizing the samples due to
the formation of agglomerates.
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Introduction

Plastic particles with a size smaller than 5 mm, widely referred to
as microplastics (MP), stand in the focus of recent environmental
studies worldwide [1–10]. However, in environment samples,
the quantification of MP is still a major challenge. Due to their
special properties (very high molecular weights, poor solubility
in most solvents),MPs cannot be analyzed by classical analytical
methods such as GC-MS or LC-tandem MS. Basically, two dif-
ferent analytical strategies have been discussed in recent publi-
cations [11–14]. The first one is based on isolation of MP parti-
cles by density separation and spectroscopic (FTIR, Raman)
identification [15–17]. These methods deliver information about
polymer species, particle numbers, and size distribution [18].

These are important parameters to estimate the toxicological po-
tential. However, for MP monitoring, evaluation of sources and
sinks, as well asMP distribution in environmental systems, mass
concentrations are more suitable than particle numbers. Using
spectroscopic methods, only a rough estimation of the MP quan-
tities can be attained [19]. The second strategy is based upon
thermal decomposition coupled to mass spectrometry, which is
more suitable for MP quantification [20]. Unice et al. developed
a quantification method for polymers of tires using pyrolysis-gas
chromatography mass spectrometry (pyr-GC-MS).
Quantification was based upon specific pyrolysis products and
deuterated internal standards. The method needed only a minor
sample preparation and yielded a limit of detection of 14 μg/g of
tire tread in soil and sediments [21]. For the quantification of
thermoplastics, Duemichen et al. described a combination of
thermal extraction with thermogravimetric analysis and a subse-
quent analysiswith thermal desorption gas chromatographymass
spectrometry (TDS-GC-MS). After pyrolysis at 600 °C and en-
richment of the degradation products on solid-phase absorbers,
plastic species were quantified by GC-MS analysis detecting
polymer-specific decomposition products [22]. This method en-
ables the quantification of various plastics species such as poly-
ethylene (PE), polypropylene (PP), and polystyrene (PS) in

Georg Dierkes and Tim Lauschke contributed equally to this work.

* Thomas Ternes
Ternes@bafg.de

1 German Federal Institute of Hydrology, Am Mainzer Tor 1,
56068 Koblenz, Germany

2 Institute of Integrated Natural Sciences, University Koblenz-Landau,
Universitätsstr. 1, 56070 Koblenz, Germany

https://doi.org/10.1007/s00216-019-02066-9

/Published online: 30 August 2019

Analytical and Bioanalytical Chemistry (2019) 411:6959–6968

http://crossmark.crossref.org/dialog/?doi=10.1007/s00216-019-02066-9&domain=pdf
mailto:Ternes@bafg.de


different environmental matrices such as soils, water, and mus-
sels. However, the achieved limits of detection (LOD) of 5 g/kg
are relatively high, due to a high signal background in GC-MS
analysis caused by the formation of decomposition products of
natural matrix ingredients. Another crucial issue is the inhomo-
geneous distribution of theMP particles in the sample matrix. As
a consequence, the sample in-weights have to be sufficiently high
to obtain representative aliquots. However, the required elevated
in-weights are frequently not feasible for most of the used anal-
ysis systems, especially when analyzing MP > 100 μm. Several
approaches have been reported to minimize matrix effects and to
reduce the LOD. For instance, Fischer and Scholz-Böttcher used
a rather time-intensive enzymatic and chemical digestion as well
as a density separation for the treatment of fish samples prior to
pyr-GC-MS analysis [23]. Fuller and Gautam described an alter-
native extraction procedure for MP using pressurized liquid ex-
traction (PLE) [24]. In a first extraction step, sample matrices
were reduced by liquid extraction with methanol using elevated
temperatures and pressures. Extraction of polymers was enabled
with dichloromethane (DCM) at 180 °C and 100 bar. Under
those extreme conditions, even polymers such as PE and PP
are soluble in DCM. Fuller and Gautam used infrared spectros-
copy for a qualitative analysis of relatively high quantities (sev-
eral milligrams) of polymers. However, there is a need for a
quantification of MP below 1 mg/g to enable a reliable determi-
nation in environmental samples.

In this paper, we present a combination of PLE and pyr-
GC-MS for the quantification of MP in environmental sam-
ples. The described method has been designed for a high
throughput analysis of the most frequently found plastic sorts
PE, PP, and PS present at low concentrations in complex ma-
trices such as sediments, soil, and sewage sludge.

Material and methods

Chemicals

PE and PS were purchased from PSS Polymer (Mainz,
Germany). PP, sea sand, and tetrahydrofuran (THF)
(unstabilized) were obtained from Sigma-Aldrich (Schnelldorf,
Germany). Methanol (LC-MS grade) was obtained from Merck
(Darmstadt, Germany). The internal standard polystyrene-d5 was
purchased from Polymer Source (Montreal, Canada). Glass fiber
extraction thimbles and silica gel 60 (70–270 mesh) were re-
ceived from Macherey-Nagel (Düren, Germany).

Calibration

For calibration, different amounts of the polymers were dilut-
ed in calcined sea sand (600 °C, 2 h) as inert matrix. The
polymers were ground in a cryo mill from Retsch (Haan,
Germany) to a fine powder. Two hundred fifty milligram of

each polymer was weighed in and the mixture of polymers
was then mixed with calcined sea sand to obtain 10 g of
polymer/sand mixture. This mixture was homogenized for
20 min in a planet mill (Fritsch, Idar-Oberstein, Germany).
To obtain calibration curves, the stock mixture was serially
diluted in sand by mixing 1–2 g mixture with an adequate
amount of sand to reach the desired polymer concentrations
for each calibration point. The mixture was homogenized in a
planet mill after each dilution step. Calibration ranged from
0.005 to 10 mg/g. Calibration samples were extracted and
analyzed in the same way as the environmental samples.
Calibration curves were fitted by the MassHunter
Quantitative Analysis tool (Agilent, Santa Clara, CA, USA)
using 1/x weighting.

Pressurized liquid extraction

Approximately 1 g sample was weighed into 10-mL stainless
steel extraction cells (Dionex, Sunnyvale, CA, USA) and ex-
tracted using an ASE-350 (Dionex, Sunnyvale, CA, USA)
with the parameters listed in Table 1. In a first step, a pre-
extraction with methanol was performed to reduce disturbing
matrix effects. MP extraction was enabled by using THF at
185 °C and 100 bar. Extracts were collected in 60-mL vials
containing 200 mg calcined silica gel (600 °C, 2 h). After
extraction, 10 μL of polystyrene-d5 (270 μg/mL in dichloro-
methane) was spiked as internal standard and the solvent was
subsequently evaporated, while precipitating polymers were
captured on the silica gel. MP adhered to vial walls were
rinsed off with DCM for at least three times. For homogeni-
zation, the silica gel was subsequently ground for 5 min by
means of a planet mill.

pyr-GC-MS

For pyr-GC-MS analysis, 20 mg of milled silica gel were
weighed into a 80-μL pyrolysis cup (Eco-Cup LF, Frontier
Laboratories, Saikon, Japan) and pyrolyzed at 600 °C.
Measurements were performed with a Multi-Shot Pyrolyzer
EGA/PY-3030D (Frontier Laboratories, Saikon, Japan) and
an Auto-Shot Sampler AS-1020E (Frontier Laboratories,
Saikon, Japan). The pyrolyzer was attached to an Agilent
7890B gas chromatograph (Santa Clara, CA, USA) equipped
with an Ultra ALLOY® UA-5(MS/HT) metal capillary sepa-
ration column (Frontier Laboratories, Saikon, Japan). Column
dimensions were 30 m length, 0.25 mm inner diameter, and
0.25 μm film thicknesses. Chromatographic separation was
performed by the following temperature program: hold at
40 °C for 2 min, increase at 20 °C min−1 to 320 °C and hold
for 13 min. For detection, an Agilent MSD 5977B (Santa
Clara, CA, USA) in scheduled selected ion monitoring
(SIM) mode was used.
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Figure 1 depicts the different steps of the whole analytical
process.

Quantification

For quantification of the polymers, characteristic pyrolysis
products were monitored. These indicator compounds were
specific for the certain polymers (Table 2 and Fig. 2).

Background contamination and spiking experiments

To estimate the extent of cross-contamination of the samples,
procedural blanks using calcined sea sand were carried out
during each sample series. To evaluate the risks of a sample
contamination during sample preparation, glass fiber filters
(1.6 g, 176 cm2) were placed in the fume hood and on the
lab bench where samples were prepared. After 26 days, the
filters were extracted and analyzed as well.

Validation

To determine the selectivity of the developed method, natural
matrices were mixed with sea sand (3 wt%) and 1 g of this
mixture was extracted by PLE as described above.Wood from
a cherry tree (Prunus avium), leafs from evening primrose
(Oenothera sp.), and yew needles (Taxus baccata) were

collected in a domestic garden in the area of Bingen
(Germany) by the owner. Carp filet (Cyprinus carpio) and
crayfish (Gammarus sp.) were collected from the river
Rhine in Germany and freeze-dried and milled. Motor oil
based on mineral oil and cellulose filters was taken from lab-
oratory stock. Humic acids (~ 30–40%) were purchased from
Carl Roth (Karlsruhe, Germany).

To evaluate the influence of MP particle sizes on reproduc-
ibility and to determine minimum sample mass for represen-
tative aliquots, mixtures of sand and different sized PE parti-
cles (fraction 10–50 and 200–400 μm)were analyzed. Exactly
20 mg PE was mixed with calcined sea sand to a total weight
of 2 g and intensively homogenized in a hand mortar. This
mixture (10 mg/g) was diluted by mixing 400 mg with cal-
cined sea sand to obtain a total weight of 4 g and a concentra-
tion of 1 mg/g. After intensive homogenization of the samples
in a hand mortar, the detection was performed either by direct
in-weighing of 20 mg into the pyrolysis cup or after an extrac-
tion of 200 mg or 1 g by PLE as described above.

Recovery experiments were carried out by analyzing 1 g
sand containing 3 wt% of humic acids spiked with 0.05 and
0.75 mg/g MP (PE, PP, PS). Reproducibility of the method
was determined by extracting five environmental samples six
to seven times and a subsequent detection by pyr-GC-MS.

Environmental samples

To evaluate the appropriateness of the developed analytical
method for environmental samples, a variety of matrices were

Fig. 1 Scheme of the whole analytical process

Table 2 Indicator compounds and selected ions

Polymer Pyrolysis product Indicator ion (m/z) tR (min)

Polypropylene 2,4-Dimethyl-hept-1-ene 126a

70
4.89

Polyethylene 1,14-Pentadeca-diene 81a 10.29

Polyethylene 1-Pentadecene 97a 10.32

Polystyrene Styrene 104a

91
5.54

Polystyrene-d5 Styrene-d5 109a 5.50

a Used for quantification

Table 1 Parameters for
pressurized liquid extraction Parameter Pre-extraction (clean-up) Microplastic extraction

Extraction solvent Methanol Tetrahydrofuran

Extraction temperature (°C) 100 185

Heating time (min) 5 9

Static time (s) 5 15

Cycles 3 7

Rinse volume (%) 45 50

Purge time (s) 75 75

System rinse volume (mL) 15 15
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collected and air dried. To reduce the risk of contamination,
any contact of the samples to plastic tools and vessels was
avoided during sampling and storage. Stainless steel spades
were used for sampling of sediments, soils, and sewage sludge
which where thereafter transported/stored either in glass or
aluminum vessels. Not less than 500 g was collected for each
sample. Sediments taken at the shore of an island in the river
Rhine (Niederwerth, Koblenz, Germany) were fractionated
(630, 200, 63 μm) by wet-sieving and subsequently ground
and homogenized in a planet mill (Fritsch, Idar-Oberstein,
Germany). All other samples were also ground and homoge-
nized in a planet mill, but were not sieved. Suspended matter
of the rivers Rhine (km 590.3) and Moselle (km 2.1) were
collected by means of continuous flow centrifugation in the
area of Koblenz. Road side soils were collected on an arterial
road (approx. 9000 vehicles per day) in Cologne (Germany)
directly at the kerb. Sewage sludge was taken from two waste-
water treatment plants (WWTPs) in Bavaria (Germany) with
population equivalents of 70,000 and 170,000, respectively.
Furthermore, a potting soil was bought in a local store in
Koblenz, Germany. For solvent extraction, 0.3 to 1 g of the
samples was weighed in. Extractions and analyses were al-
ways carried out at least in triplicate as described above.

Results and discussion

MP inhomogeneity of the samples is a big challenge in MP
quantification. To get representative aliquots of the samples,
especially when analyzing MP particles > 100 μm, relatively

high sample in-weights are needed. Typical in-weights in ther-
mo analytical methods for MP determination lie in the range
of 10–50 mg [21, 25, 26]. To evaluate the minimum sample
in-weight, we analyzed mixtures of sand and PE particles of
two different size fractions (10–50 μm and 200–400 μm) at
two different spiked concentrations (1 mg/g and 10 mg/g).
Direct analyses of 20 mg, the maximum manageable sample
in-weight using 80-μL pyrolysis cups, by pyr-GC-MS indi-
cated large statistical uncertainties with relative standard devi-
ations (RSD) of up to 50% (ref. Table 3). Therefore, higher in-
weights were applied up to 1000mg for PLEwith THF. RSDs
below 10% were achieved for the 10–50 μm fractions using
an in-weight of 200 mg, while for the 200–400 μm fractions,
even an in-weight of 1000 mg still indicated larger variations
with a RSD of 21%. It can be concluded that samples with
large MP particles (> 200 μm) should be ground in a cryo mill
prior to PLE to ensure a homogeneous distribution of the
particles in the sample matrix.

Extraction of polymers

We developed an extraction procedure optimized for the quan-
tification of small MP concentrations (< 1 mg/g). Due to the
poor solubility of PE and PP in most solvents, extraction of
these plastics is impossible under conditions applied for or-
ganic emerging contaminants [27, 28]. However, at 180 °C,
the polymers PE, PP, and PS can be dissolved and extracted
with DCMwith elevated recoveries [24]. The use of DCM has
two main disadvantages: (i) high toxicological potential for
humans and (ii) a precipitation of the extracted polymers in

Fig. 2 Extracted ion
chromatograms of a standard
mixture (0.25 mg/g)
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the capillaries of the PLE, leading to cross-contaminations and
sometimes even to clogging of the whole tubing system dur-
ing method development. For these reasons, the less toxic and
less volatile THF was tested as substitute. THF yielded quan-
titative extraction recoveries for PE, PP, and PS in sediments
and soils when using an extraction temperature of 185 °C at
100 bar for 9 min. This increased temperature also prevents
the clogging of the 100 μm frit in the static valve [24]. In order
to identify the optimum conditions and cycle numbers for
extraction via PLE, 1 mg of PE and PP was weighted into
an extraction cell and were extracted with THF at 185 °C as
described above. Each extraction cycle was analyzed separate-
ly for PE and PP. Since particle size is a crucial parameter with
regard to solvation behavior, relatively large particles of PE
(ca. 2 mm) and PP (> 200 μm) were added to the extraction
cells. During the first three cycles, more than 80% of PE and
PP was recovered (ref. Table 4). A quantitative extraction of
PE and PP was reached after four and six cycles, respectively.
Even relatively large particles could be extracted under the
selected conditions. To ensure a complete extraction and to
prevent cross-contaminations, seven extraction cycles were
applied for the extraction of environmental solid samples.
PS was not included in this experiment as it was not in our
target list at that time. However, it can be safely assumed that 7

extraction cycles are also sufficient for PS, since it is readily
soluble in THF even at room temperature [29].

Under the chosen conditions, not only polymers but also
natural organic matter (NOM) was extracted when analyzing
sediments and soil. For that reason, a pre-extraction via meth-
anol was applied, enabling a separation of an appreciable
amount of the NOM and, thus, improving the recoveries and
statistical variations of the polymers in pyr-GC-MS analysis
due to reduced matrix effects disturbing the measurements
(ref. chapter “Matrix interferences”).

During the cooling of the extract, PP and PE precipitate in
the vials, while PS remains dissolved. Considering the very
low amounts of plastics in the samples (5 μg), adhesion of a
precipitated polymer film to the glass surface of the extraction
vial would render the recovery of the analyte impossible. In
order to avoid this and to enable the transfer of the extracted
analytes into the pyrolysis cups, two strategies were tested: (i)
insertion of glass fiber extraction thimbles into the vials and
(ii) covering of the vial bottom with silica gel prior to extrac-
tion, inducing a sorption of the polymers on these materials
instead of the glass surface. As the glass fiber thimbles were
unstable and fragmented during extraction, only the silica gel
was appropriate for usage. In order to cover the whole bottom
of a 60-mL vial, 200 mg of silica gel was added. After solvent
evaporation, the silica gel with the sorbed extraction residues
was removed from the vial, homogenized, and weighed into
the pyrolysis cups. Considering a sample in-weight of 1 g, an
enrichment factor of 5 can be realized by the extraction step
described above.

pyr-GC-MS

For the quantification of PE, PP, and PS via pyr-GC-MS,
specific indicator substances formed during pyrolysis
were used as previously reported [22, 23]. The trimer
2,4-dimethylhept-1-ene and the monomer styrene were
chosen for PP and PS, respectively. Styrene is not a par-
ticularly specific indicator substance for PS, since it can
be formed from other synthetic polymers such as acrylo-
nitrile butadiene styrene (ABS) or styrene-butadiene rub-
ber (SBR) during thermolysis. The styrene trimer is more
specific, but the sensitivity and the reproducibility are
significantly reduced. Therefore, we used the monomer,
taking into account that the results do not represent PS
concentrations, but a sum parameter of styrene containing
synthetic polymers. For PE, two indicator substances were
monitored: the alkene 1-pentadecene and the alkadiene
1,14-pentadecadiene. The latter was more selective (ref.
chapter validation), while the former was more sensitive
(ref. chapter calibration). To maximize sensitivity, the se-
lected ion fragments of each indicator substance were
measured in SIM mode.

Table 3 Reproducibility depending on sample in-weight (n = 3)

Size fraction (μm) Concentration (mg/g) In-weight (mg) RSD (%)c

10–50 1 20a 30

10–50 10 20a 18

200–400 1 20a 49

200–400 10 20a 50

10–50 1 200b 8

10–50 10 200b 3

200–400 1 200b 25

200–400 10 200b 27

200–400 1 1000b 21

200–400 10 1000b 3

a Direct in-weight into pyrolysis cup
b PLE step prior to pyr-GC-MS
cCalculated from triplicates

Table 4 Percentage of
extracted MP by cycle
number

Cycle PE (%) PP (%)

1–3 86.7 83.3

4 13.3 13.2

5 0 3.0

6 0 0.5

7 0 0

8 0 0
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Calibration

The preparation of different calibration concentrations
from a stock solution by serial dilution was impossible,
due to the poor solubility of PE and PP in most solvents.
Direct weighing of certain quantities of the polymers was
also an unsuitable method due to uncertainties of weighing
of small quantities when preparing the lower calibration
levels. Therefore, as an alternative, a serial dilution of the
stock mixture with an inert matrix (calcined sea sand) was

carried out. Calibration points were generated by analyzing
known concentrations of mixtures of the three polymers
(PE, PP, PS) diluted in sand. After extraction, polysty-
rene-d5 was added as internal standard. Relative peak areas
were calculated with regard to polystyrene-d5 to prepare
the calibration curves. For all three polymers, linear cali-
bration curves down to 0.005 mg/g were achieved (ref.
Table 5 and Fig. 3). For PP and PS, linear responses were
obtained up to 1 mg/g, while for PE, a linear response even
up to 10 mg/g was achieved.

Table 5 Calibrations (y = relative
peak area with regard to
polystyrene-d5, x = polymer
concentration in mg/g)

Polymer Equation Range R2

c min (mg/g) c max (mg/g)

PP y = (0.726 ± 0.014) x + (0.004 ± 0.007) 0.005 1 0.988

PE (m/z = 97) y = (0.329 ± 0.010) x + (0.070 ± 0.009) 0.005 10 0.972

PE (m/z = 81) y = (0.138 ± 0.004) x + (0.045 ± 0.013) 0.1 10 0.983

PS y = (53.17 ± 0.91) x + (11.66 ± 0.46) 0.005 1 0.991

Fig. 3 Calibration curves
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Limits of quantification

Due to ubiquitous occurrence of plastics in labs, false-
positive detection of MP is a crucial issue. Therefore,
the quantification is not limited by the sensitivity of the
detection system, but by background concentrations.
Thus, LOQs were defined as the concentration at which
95% of blank samples show a lower signal. To estimate
background concentrations, blank samples containing on-
ly sand were extracted and analyzed. From the average
relative responses of 11 blank samples, the blank polymer
concentrations with the one-sided confidence interval
(t(p = 0.95;n-1 = 10) = 1.812) were calculated and assumed as
limits of quantification (LOQ). The obtained LOQs are
shown in Table 6.

Matrix interferences

Quantification of MP by pyr-GC-MS is based on the in-
direct determination of the polymers by their thermal deg-
radation products (pyrolysis products). These products
could, however, also be formed from matrix ingredients
present in environmental samples. Therefore, the selectiv-
ity of the indicator compounds was tested by analyzing
organic materials which were not contaminated by plastic
species. Each of the chosen organic materials represents a
typical ingredient of environmental matrices such as pro-
teins, fats, or polysaccharides. Table 7 provides bias for
the different polymers induced by mixtures of 30 mg or-
ganic material in 1 g sea sand. The tested matrices led to

no noteworthy bias for PP. For PS, only wood (lignin)
caused an increased background of 0.042 mg/g. No bias
was caused by protein-rich matrices such as crayfish or
fish meal. Proteins and more precisely the incorporated
amino acid phenylalanine are well-known precursors for
styrene during pyrolysis [23]. Proteins were eliminated
during the pre-extraction step and thus not extracted by
THF. Thus, it is very likely that the quantification of PP
and PS in environmental samples is not strongly biased by
the presence of naturally occurring substances as long as
no high portions of wood are present.

Interferences were indeed found for PE. The highest bias
was obtained with engine oil, since 30 mg engine oil generat-
ed similar signals as 1.1 mg PE. However, this might only be a
problem for environmental samples highly contaminated by
oil or gasoline spills. In those cases, the use of the alkadiene as
indicator substance gave better results. This was also found for
fish filet. This matrix contains relatively high amounts of fatty
acids which release n-alkanes and n-alkenes during
thermolysis [30]. With increasing carbon number and number
of double bounds (0, 1, or 2), these interferences decrease
strongly [23, 31]. The used indicator compound 1,14-
pentadecadiene was not formed by the thermolysis of fatty
acids.

For the other tested matrices such as wood or leaf,
the matrix-induced bias was in the same range, indepen-
dent of whether 1,14-pentadecadiene or 1-pentadecene
was used for quantification. However, the much higher
sensitivity and lower LOQ for the alkene compared with
the alkadiene has to be taken into account. The high
specificity of the analytical method is caused by the
pre-extraction with methanol, solvent extraction with
THF, and the selected indicator compounds for quanti-
fication. Interfering matrix compounds were either not
extracted or were washed out in a pre-extraction step.
The developed method was suitable for MP quantifica-
tion even in matrices containing high quantities of or-
ganic compounds.

Table 6 Limits of
quantification Polymer LOQ (mg/g)

PP 0.007

PE (m/z = 91) 0.007

PE (m/z = 81) 0.16

PS 0.008

Table 7 Matrix interferences

Matrix
compound

Substance
class

PE m/z = 81 1-pentadecene
(mg/g)a

PE m/z = 97
1,14-penta-decadiene (mg/g)a

PP
(mg/g)a

PS (mg/g)a

Wood Lignin 0.20 ± 0.01 0.14 ± 0.01 < 0.007 0.042 ± 0.003

Leaf Cellulose, organic matter < 0.16 0.21 ± 0.01 0.007 ± 0.001 < 0.008

Humic acids Organic matter 0.20 ± 0.01 0.057 ± 0.003 < 0.007 < 0.008

Fir needle Tree gum, terpene < 0.16 0.16 ± 0.01 0.011 ± 0.001 < 0.008

Fish filet Proteins, fat < 0.16 0.021 ± 0.001 < 0.007 < 0.008

Crayfish Chitin, proteins < 0.16 0.099 ± 0.006 < 0.007 < 0.008

Engine oil Hydrocarbons 0.27 ± 0.02 1.08 ± 0.07 < 0.007 < 0.008

Filter paper Cellulose < 0.16 < 0.007 < 0.007 < 0.008

aMatrix-induced bias in mg polymer by 1 g of matrix (30 mg compound in 1 g sea sand)
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Contamination during sample preparation

To detect sample contaminations caused by atmospheric de-
position [32], glass fiber filters were displayed at different
sites (fume hood and lab bench) in the lab for 26 days. None
of the filters showed MP concentrations above the LOQ.
Thus, contaminations of the samples during sample prepara-
tion can be neglected.

Recoveries and reproducibility

To check whether different matrices have effects on the ex-
traction efficiency and reproducibility, spiking experiments
were performed in a synthetic matrix (3% humic acids in sea
sand) at two different concentration levels (0.05 and 0.75 mg/
g). Recoveries for PP and PS (Table 8) indicate that matrix
effects are not dominant when considering statistical uncer-
tainties of around ± 20%. For PE at both spiking levels, all
recoveries laid above 100%. This might be an indication for a
slight over-determination between 15 and 31%. However,
since the statistical uncertainties were in a similar range, this
cannot be finally concluded. Recoveries for other organic ma-
terial (fish filet, crayfish, leaf, fir needle) lay in the same range
(data not shown).

To check the reproducibility of the analytical method, five
different environmental matrices (soil and sewage sludge)
were analyzed in six to seven replicates over the whole

analytical method (ref. Table 9). Relative standard deviations
were about 10% or lower, highlighting a high reproducibility
and reliability of the method.

Environmental samples

Sediments, suspended particulate matter, soils (roadside and
potting soil), and sewage sludge were analyzed with regard to
their contamination with PP, PE, and PS MP. Table 10 sum-
marizes the quantitative results and confidence intervals
(95%).

In sediment from the river Rhine, PP and PE were
detected with concentrations of 0.032 ± 0.001 and 0.028
± 0.006 mg/g, respectively, independent of the grain size
(> 63 μm or > 200 μm), while PS was not present at all
above the LOQ (0.008 mg/g). However, PE and PP were
detected in the suspended matter of Rhine (km 590.3) and
Moselle (km 2.1) in concentrations up to 0.98 ± 0.02 and
0.055 ± 0.010 mg/g, respectively. In the sewage sludge, all
three polymers were detected with concentrations ranging
from 0.08 ± 0.02 mg/g (PP) up to 3.3 ± 0.3 mg/g (PE). The
sewage sludges were sampled at two different WWTPs
with 70,000 and 170,000 population equivalents, respec-
tively. The analyzed potting soil contained PE in similar
concentration as in sewage sludge, but only traces of PP
were detected and PS was not detected at all. In contrast,
in the soils taken at the kerb of a road with about 9000
vehicles per day in Cologne (Germany), all three poly-
mers were found with concentrations up to 0.85 ±
0.07 mg/g (PE). The relatively low PS concentrations
compared with sewage sludge are quite surprising, since
styrene, the used indicator, can also be released during
pyrolysis of SBR, a polymer in tire tread. Thus, high
contents of SBR could pretend elevated PS concentrations
not present in reality.

However, the extraction rates of SBR by PLE and the ex-
tent of styrene released during SBR pyrolysis were not evalu-
ated in this study, but will be investigated in future studies. In
any case, these results confirm that the developed analytical
method is appropriate to detect MP of PE, PP, and PS in
several kinds of matrices.

Table 8 Recoveries for different polymers and spiking levels

Polymer Spiking level (mg/g) Recovery average (%)a

PP 0.05 95 ± 9

0.75 85 ± 15

PS 0.05 77 ± 19

0.75 118 ± 17

PE (m/z = 81) 0.05 n.a.

0.75 123 ± 1

PE (m/z = 97) 0.05 114 ± 35

0.75 131 ± 15

n.a.: concentration < LOQ
aConfidence interval t(0.95; n-1 = 2) = 4.303

Table 9 Reproducibility
Sample n PE PP PS

average (mg/g) RSD% average (mg/g) RSD% Average (mg/g) RSD%

Soil 1 7 0.79 6.0 0.039 7.4 0.054 9.6

Soil 2 6 0.85 7.3 0.040 9.2 0.057 7.9

Sludge 1 7 3.03 6.8 0.100 12.3 0.61 4.1

Sludge 2 7 3.27 4.2 0.081 10.0 0.50 4.0

Potting soil 7 2.81 7.1 < 0.007 n.a. < 0.008 n.a.
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Conclusion and outlook

MP quantification in solid environmental samples is still a chal-
lenge. For detecting small quantities of MP in sediments and
soils, an extraction step is necessary. Due to the particularmanner
of the polymers and inhomogeneous distribution especially of
particles > 100 μm in the sample, an in-weight of at least 1 g
sample is required to get a representative aliquot of the sample.
Often-used density separation is very time-consuming and diffi-
cult to automate. The same is true for the subsequent removal of
the organic matrix by enzymatic, oxidative, or acidic/basic diges-
tion. The presented MP extraction in combination with pyr-GC-
MS enables a quantification of MP in sediments, soils, and sew-
age sludge in less than 7 h. The described solvent extraction
offers matrix removal andMP enrichment in one fully automated
step. Disturbance by matrix components, which are known to
appear in thermo analytical methods [25], could be reduced to
aminimum. Themethodwas successfully validated for the quan-
tification of PE, PP, and PS at low concentrations in the presence
of different organic matrix compounds demonstrating the selec-
tivity of the extraction method and the used indicator com-
pounds. In all analyzed environmental samples,MPwas detected
pointing out the ubiquitous occurrence ofMP in the environment
and the need for analytical methods for comprehensive monitor-
ing campaigns. The method will be expanded by further plastic
types (e.g., tire polymers and polyethylene terephthalate). In fu-
ture studies, the method will be used for MP monitoring in soil
and sediment of freshwater systems. The method is not able to
determine the number and the size of the particles, and thus, it
can be seen as a complementary method to those using the den-
sity separation and spectroscopic methods such as Raman andμ-
FTIR. A possible application is as a fast screeningmethod before
a detailed analysis of selected samples by more time-consuming
spectroscopic methods.
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