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Abstract

Polyurethanes (PUR) are a group of polymers synthesized from different diisocyanate and polyol monomers resulting in a
countless number of possible structures. However, the large market demand, and the variety of application fields justify the
inclusion of PUR in microplastic (MP) investigation. This study aimed at providing comprehensive information on PUR
within MP analysis by pyrolysis—gas chromatography-mass spectrometry to clarify whether (i) it is possible to make a reli-
able statement on the PUR content of environmental samples based on a few pyrolysis products and (ii) which restrictions
are required in this context. PUR were managed as subclasses defined by the diisocyanates employed for polymer synthesis.
Methylene diphenyl diisocyanate (MDI)- and toluene diisocyanate (TDI)-based PUR were selected as subclasses of great-
est relevance. Different PUR were pyrolyzed directly and under thermochemolytic conditions with tetramethylammonium
hydroxide (TMAH). Distinct pyrolytic indicators were identified. The study supported that the use of TMAH greatly reduced
the interactions of pyrolytic MP analytes with the remaining organic matrix of environmental samples and the associated
negative effects on analytical results. Improvements of chromatographic behavior of PUR was evidenced. Regressions
(1-20 pg) showed good correlations and parallelism tests underlined that quantitation behavior of different MDI-PUR could
be represented by the calibration of just one representative with sufficient accuracy, entailing a good estimation of the entire
subclass if thermochemolysis were used. The method was exemplary applied to road dusts and spider webs sampled around
a plastic processing plant to evaluate the environmental spread of PUR in an urban context. The environmental occurrence
of MDI-PUR as MP was highly influenced by the proximity to a potential source, while TDI markers were not observed.
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Introduction are differently coupled during the synthesis, resulting in

a manifold number of possible PUR structures, forms and

Polyurethanes (PURs) consist of a wide group of polymers
defined by the presence of a urethane bond. Depending
on the required polymer type, diisocyanates and polyols
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properties. The diisocyanates used in PUR synthesis can
be classified as aliphatic or aromatic. For the most widely
used PURs, starting molecules are limited to a small num-
ber of monomers for both groups. Diisocyanates affect the
reactivity and curing properties of PURs: the aliphatic ones
are mostly employed in applications where transparency and
color are highly desired, such as coatings. Aromatic diiso-
cyanates are part of the majority of foams and elastomers
[1-3]. The other reactants, the polyols, can be classified as
polyethers, polyesters, acrylics, polycarbonate, triols, and so
on. Many molecules can be included in each category; there-
fore, a huge number of compounds can be used as polyol.
Molecular weights, functionalities and molecular structures
of polyol chains are important parameters in formulations,
defining physical properties such as flexibility [1]. Accord-
ing to Plastic Europe, the European demand for PUR was
about 8% of the whole plastic demand in 2020. It was on the
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fifth position after polyethylene, polypropylene, polyvinyl-
chloride and polyethylene terephthalate (PE, PP, PVC and
PET, respectively) which mainly represent packaging, build-
ings and synthetic fibers [4]. The compositional versatility
of PURSs results in their wide range of applications. Foams
(flexible and rigid) constituted more than 60% of the PUR
produced in Europe, the Middle East and Africa (EMEA) in
2017, followed by coatings (14%), elastomers (8%), adhe-
sives and sealants (6%) and binders (4%) [5].

PURs are basically present in every aspect of our everyday
lifes; therefore, it is easy to understand why they are included
among the commonly investigated polymers in the analysis
of environmental microplastics (MPs). Figure 1 aims to sum-
marize the complexity of this polymer class depending on the
chemicals that constitute the structure and the fields of appli-
cation. In the analysis of MPs, pyrolysis gas chromatography/
mass spectrometry (Py-GC/MS) is gaining interest, and an
ever-increasing number of studies on environmental MPs are
published. Many of these are focused on polymers which
derive from packaging or disposable items, such as PE, PP,
PET and polystyrene (PS) [6—12]. Nowadays, the investiga-
tion and quantification of MPs in environmental matrices is
already extended to many other polymers [13, 14]. Moreover,
mass-related results obtained by thermal methods need to be
extended from single pure polymers (used for the quantifi-
cation) to clusters containing the same basic polymers (in
real samples). Each cluster includes not only the respective
pure polymer, but also its copolymers, polymer-containing
formulations and even related polymers that release cor-
responding characteristic indicator ion(s) during pyrolysis
[15-17]. PURSs are not always considered in the analysis of
environmental MPs. One possible reason for this exclusion
is the complexity of the analytical investigation. Spectro-
scopic methods, such as Fourier transform infrared (FTIR)
spectroscopy, focus on the shared urethane bond signal for
characterization, which is often clustered with other polymers
due to overlaps in complex mixtures [17, 18]. The analysis
of such a heterogeneous polymer class by thermal methods
such as Py-GC/MS is further challenging due to the lack of
a unique degradation product that allows identification and
quantification of all PURs at once. Moreover, analytical dif-
ficulties have been encountered in PUR identification and
quantification by Py-GC/MS. One of the main pyrolytic indi-
cators of PUR is the diisocyanate involved in the urethane
bond. Matsueda et al. observed that the diisocyanate could
be easily hydrolyzed to a diamine depending on the matrix
[19]. The formation of isomers of amine-diisocyanate was
observed in the analysis of PUR foams and paintings by La
Nasa et al. [20]. The formation of new or different peaks
leads to difficulties in the identification of PUR, but also to
errors in its quantification.

Although the analysis of PUR-MPs is challenging, the
assessment of relevance, sources and fate of PURS in the
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environment is of great importance to understand their con-
tribution to global MP pollution. The main aim of this study
is to increase the knowledge of this relevant but diverse
polymer class, to get analytically hold of its environmental
occurrences as microparticles. This project intended to pro-
vide comprehensive information about different commonly
used PURs under defined Py-GC/MS conditions, unreactive
and under methylating conditions with tetramethylammo-
nium hydroxide (TMAH). The PURs were compared with
respect to their thermal fragmentation behavior. The aim was
to clarify whether (i) it is possible to make a reliable state-
ment on the PUR content in environmental samples based
on a few, characteristic thermal decomposition products
and (ii) which restrictions are required in this context. The
superordinate goal was also to integrate a reliable analysis
of PURs into an already existing Py-GC/MS method for the
simultaneous analysis of plastics. Finally, the information
gathered from Py-GC/MS of model PURs was applied to
evaluate MP contamination by PUR and other polymers in
an urban environment close to an industrial area.

Experimental
PUR samples

Four standard MDI-PURs varying in chemical composition
(named MDI-PUR_A, MDI-PUR_B, MDI-PUR_C, MDI-
PUR_D) were kindly provided by Frontier Lab (Japan) and
GEBA GmbH (Germany), whereas a commercial TDI-PUR
was selected among items of daily use (additional informa-
tion in Supplementary Information (SI), Table S2). Particles
of each polymer were prepared by using a scalpel blade and
were directly inserted into the pyrolysis cups (Eco-Cup LF,
Frontier Lab). Particles were weighed using a Cubis Ultrami-
cro balance (MSE2.7S-000-DM, Sartorius, Germany) with
readability of 0.0001 mg and repeatability of 0.00025 mg.
The particles were placed into the cups and covered by a
glass fiber filter (1 um pore size, @ 6 mm punched from @
4.7 cm Whatman, pre-treated at 400 °C for 4 h) to avoid their
loss during sample preparation and analysis.

Polymers were individually analyzed to understand their
respective thermal degradation behavior by direct pyrolysis
and thermochemolytic conditions. Analyses with and with-
out TMAH were also performed by adding MDI- and TDI-
PUR particles (~25 pg) as well as PET (~ 10 pg) to 10 mg
of a representative solid matrix (coastal sediment fully
processed for MP analysis: density separation and enzy-
matic digestion, according to Fischer and Scholz-Béttcher
[21]) (exact weights in SI, Table S8). The sediment matrix
was finely ground in an agate ball mill to guarantee a high
degree of homogeneity. Accordingly, identical matrix back-
ground during the respective pyrolysis experiments was
ensured. Additionally, quantification performance of the
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Fig.1 Combinations of monomers (diisocyanates, diols and chain extender) for the formulation of different PUR types. Area of the squares of

each field of application reflects its relative proportion of production

different PURs was evaluated by internal standardization
and calibrations.

Py-GC/MS and thermochemolysis

Analyses were performed using a multi-shot pyrolyzer
(EGA/PY-3030D Frontier Lab) interfaced to a GC/MS
system (6890 N and MSD 5973 Agilent Technology).
Each sample was spiked with two solutions of internal
process standard (ISTDpy): 20 pL of 20 ug mL~" TOHA,
20 ug mL™, cholanic acid 40 ug mL~!, in n-hexane, and 20
uL of deuterated polystyrene (d-PS), 125 ug mL™" in DCM,
were added directly into each pyrolysis cup [21] (TOHA:
9-tetradecyl-1,2,3,4,5,6,7,8-octahydro anthracene, DCM:
dichloromethane). When experiments required thermochem-
olysis conditions, 20 uL. of TMAH (25% in methanol, Sigma
Aldrich) was also added into pyrolysis cups. After solvent
evaporation (both with and without TMAH), an auto-shot
sampler (AS-1020E, Frontier Lab) was charged with the
sample cups, which automatically fell into the pyrolysis
chamber one at a time. The interface temperature was set at
320 °C and pyrolysis experiments were conducted at 590 °C.
Pyrolyzates were directly introduced into the GC system
in a DB-5ms column (Agilent J&W, 30 m, 0.25 mm ID,
0.25 pm film) with a deactivated retention gap for the sepa-
ration (Trajan 064,062, 3 m, 0.25 mm ID, VSPD tubing).

The gas chromatograph was operated in a constant helium
flow 1.2 mL min~! and the split ratio was set at 12.5:1. The
oven programmed temperature was set at 35 °C for 2 min
and ramped at 4 °C min~! to 310 °C, where it was held
for 60 min. Mass spectra were recorded under 70 eV elec-
tron ionization in the m/z 50-550 interval at a scan rate of
2.91 s™!. Ton source and quadrupole temperatures were set
at 230 °C and 150 °C, respectively. Peaks were identified
by comparison with the data of the 8.0 NIST library and
literature.

Statistics

Linear regression models were elaborated for four chemi-
cally different MDI-PURSs, with the aim of understanding
whether significant differences occurred in their calibrations.
The slopes of the obtained regression curves were subjected
to one-way analysis of variance (ANOVA) to test their paral-
lelism, with a significance level a=0.05.

Sampling campaign
To prevent any secondary contamination during sam-
pling, only plastic-free and pre-cleaned (pre-washed with

pre-filtered ethanol, 0.3 um pore size) equipment was
used, such as glass containers, aluminum foil, wooden
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toothpicks, stainless steel spoons and spatulas. No syn-
thetic cloth or face mask was worn during sampling.
Immediately after sampling, the samples were stored in
glassware, protected with aluminum foil and transported
to the laboratory.

The sampling took place in the mid-sized city of Olden-
burg (Germany), in November 2021. Five road dust (RD)
samples were collected at public drain covers and sampling
started from the north, continuing contraclockwise around
the plant (Fig. 2, black arrows: RD from 1 to 5). It was not
possible to sample on the east side of the plant because of
the lack of public drains for the presence of the railway
(orange line in Fig. 2). Spider webs (SW) were sampled at
covered places at bus stops (under the protecting roof) or at
a pylon of the railway (Fig. 2, white arrows: SW from 1 to
3). Only three suitable sampling points were found close to
the plant, and a transect was drawn in the southern side mov-
ing from west to east (white dotted line in Fig. 2). In each
sampling point (SW-1-3) a single sample was collected by
rolling spider webs up on a wooden toothpick. The sampling
area was located about 4 km from the one of a previous
study by GoBBmann et al. (more details in SI, Fig. S13-15,
Table S10), where road dusts and spider webs were analyzed
as well [16]. This latter paper is going to be used as a refer-
ence for a more comprehensive discussion of the results of
the present study.

Sample pre-treatment

After the sampling campaign, all samples were stored in
cleaned glass bottles, covered with aluminum foil. Then,
they were dried in an oven at 90 °C for 3 days. According

Fig.2 Sampling area and
selected sampling points. Black
arrows represent the sampling
points of road dust (RD) sam-
ples at public drains, starting
from the northernmost (RD-1)
and moving on the black dotted
line until RD-5. White arrows
show the sampling points of spi-
der web (SW) samples, starting
from the westernmost (SW-1)
and moving on the white dotted
line until SW-3
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to the literature, no PUR degradation was expected below
290 °C [22, 23]. The road dusts were homogenized in an
agate ball mill (Pulverisette 5, Fritsch, GmbH) and trans-
ferred into a 1 mm analytical stainless-steel sieve (@ 10 cm,
Retsch) to eliminate particles > 1 mm. Dried spider webs
were cleaned by manually removing parts of insects or
rocks with the help of tweezers and a binocular micro-
scope. Road dust pre-treatments were initially performed
on 10 mg of dried sample; then the amount of sample was
doubled to 20 mg and two replicates were performed with
this weight. Conversely, the spider webs collected in each
sampling point were processed as a single sample. Each
sample was transferred in an Erlenmeyer flask, where an
advanced oxidation process, using Fenton reagent (iron
sulphate and hydrogen peroxide 30% v/v), was performed
to eliminate the accompanying organic matter [14, 16, 24].
The remaining sample was filtered on a glass fiber filter (&
13 mm, 0.3 um pore size, Pall Life Sciences; pre-treated in
a muffle furnace at 400 °C for 4 h). With respect to the study
of Gofimann et al. [16], the pore size of glass fiber filter was
reduced, from 1 pm to 0.3 pm. By folding the entire glass
fiber filter, the resulting filter cake was transferred into a
pyrolysis cup for the analysis. Laboratory procedural blanks
were performed in parallel to each set of samples, including
all preparation steps, to monitor any potential secondary
MP contamination. Analogous to the entire sample prepa-
ration procedural blanks (n=4) were performed and ana-
lyzed. In the case of any observed polymer-related signal,
the results (mean) were subtracted from sample signals on a
raw data basis. Subtraction was performed considering the
ratios of the peak areas of each respective polymer marker
to the ISTD,, area.

g mmm '-’ Road dust sampling

Spider web sampling
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Results and discussion
Selection of PURs

The identification of a few characteristic thermal degradation
products representative of such a heterogeneous class of poly-
mers was not an easy task, and two aspects were considered in
this study. The first one was the pyrolytic identification. Direct
pyrolysis of PURs leads to the formation of peaks related
to both the diisocyanate and the polyol used in the polymer
synthesis. Nowadays, studies which have included PUR in the
analyses of MPs focused on the pyrolytic markers deriving
from one diisocyanate, namely methylene diphenyl diisocy-
anate (MDI) [13, 19, 21]. Thermal degradation of the struc-
tural unit of diisocyanates typically produces one prominent
peak, while polyols are often fragmented into many peaks
of lower intensities [25] (see pyrograms in SI, Fig. S2-S5).
Thus, the detection of pyrolysis markers from the diisocyanate
portion is more favorably placed than those from polyol for
the analysis of PURs. For this reason, the study focused on
pyrolytic indicators of diisocyanates as representative for the
presence of the related PURs. In addition to the advantage of
the high peak intensity, the choice to focus only on thermal
indicators of diisocyanates (excluding those from polyols)
also reduces the number of peaks that can be detected while
analyzing different PURs. The second important aspect was
related to the environmental occurrence of PUR in the form of
microparticles; therefore, it was reasonable to focus on poly-
mer types that are the most commonly found in the environ-
ment. The production data put the spotlight on foams, which
constitute more than 60% of the produced PUR. Due to the
areas of application, foams are usually positioned in indoor
environments (e.g. mattress) or in even more hidden and
enclosed places (e.g. cavity wall) where they are not subjected
to strong environmental degradation induced by wind, rain
or sunlight. For this reason, their occurrence in the environ-
ment in the form of MP may not be fully representative of the
whole PUR class. When looking at polymer types that are the
most likely to be degraded from daily use, elastomers must be
included. Elastomers constitute the majority of PUR that we
use in our everyday lives such as artificial leather bags, jack-
ets, and shoes. Considering PUR foams and elastomers, the
largest portion is made by aromatic diisocyanates, with meth-
ylene diphenyl diisocyanate (MDI) and toluene diisocyanate
(TDI) the most widely used. Actually, MDI and TDI are the
most representative diisocyanates in the whole PUR world.
In fact, they are not only employed in foams and elastomers
synthesis, but they also constitute most of PUR adhesives and
sealants and a part of hydro repellent coatings [1-3] From this
viewpoint, MDI- and TDI-PUR should reasonably constitute
the most significant and representative portion of the whole
PURs to be expected as microparticles in the environment.

PUR characterization by Py-GC/MS
and TMAH-Py-GC/MS

The analyses of several commercial items (more details in
SI, Table S7) such as artificial leather, insulating foams, dif-
ferent types of sponges, confirmed that MDI and TDI are
the most common used diisocyanates in PUR foams and
elastomers.

Direct pyrolysis As expected from the pyrolysis of both
MDI- and TDI-PURs, diisocyanate portions produced one
main peak, whereas polyols produced many peaks of low
intensities (SI, Fig. S2-S5 and Table S3-S6). Both for MDI-
and TDI-PUR, direct pyrolysis led to the formation of a
diamine from the starting diisocyanate: 4,4’-methylendiphe-
nyl diamine (MDA) and 2,5-toluene diamine (TDA), respec-
tively. MDI-PUR is a polymer already investigated among
MPs of the reference study [16], whereas TDA was recog-
nized as main marker of the thermal degradation of commer-
cial items. As mentioned above, the pyrolysis of PUR should
release the starting diisocyanate [25], but experimental con-
ditions affect the composition of pyrolyzates. Matsueda et al.
noticed interactions in pyrolytic response of MDI-PUR due
to the presence of inorganic diluents. They found out that
a quantitative conversion of MDI to MDA occurred when
MDI-PURs were pyrolyzed in presence of inorganic mate-
rials containing surfaces hydroxy groups [19]. Related to
these findings, the identification of MDA and TDA in the
present study can be attributed to the influence of the glass
fiber filter. Moreover, environmental degradation may also
lead to changes of form and properties of PURs [26], and the
diisocyanate content may be partially converted in diamine
[20, 27, 28]. PUR-microparticles from environmental sam-
ples could be affected by degradation at different degrees,
inevitably leading to errors in quantification by Py-GC/MS.

TMAH-Thermochemolysis Pyrolytic indicators under
the thermochemolysis conditions were adopted from
the pyrolysis of the previously analyzed polymers with
the addition of TMAH [21]. 4,4'-Methylenebis-N,N-
dimethyl benzeneamine (Me,-MDA) was recognized
as main indicator for MDI-PUR in accordance with lit-
erature [13]. In case of thermochemolysis of TDI-PUR,
N 1,N4,N4,2-tetramethylbenzene-1,4-diamine (Me;-TDA)
was tentatively identified from the mass spectra of the main
peak (m/z 149 base peak, loss of methyl radical from the
molecular ion at m/z 164; mass spectrum reported in SI,
Fig. S6). The partial methylation of the TDA was attrib-
uted to the ortho position of the amine that defined a less
favorable condition to the -CH; addition on nitrogen, due
its steric hindrance. The fully methylated form of TDA was
identified (Nl N! ,N4,N4,2-pentamethylbenzene- 1,4-diamine,
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Me,-TDA; m/z 163 base peak, molecular ion at m/z 178,
mass spectrum in Fig. S6), but the intensity of the peak was
very low. In fact, it was necessary to extract the ion chro-
matogram at m/z 178 to identify the peak. All the obtained
markers are listed in Table 1. Thermochemolysis conditions
led to a good identification of the two PUR types generating
reproducible peaks. TMAH addition is usually convenient in
the pyrolysis of MPs from environmental samples because
it simultaneously allows the protection of active groups
from matrices and polymers, the improvement in detection
sensitivity of polar polymers like PET and PC [21, 29, 30]
and the minimization of polymer interactions [31]. Unfortu-
nately, the TMAH reaction negatively affects the detection
sensitivity of PUR if only standards are examined. TDI- and
MDI-PUR were analyzed in particles of comparable weight
(see Fig. 3a) both in direct pyrolysis and under thermoche-
molysis conditions. Figure 3a shows the extracted ion chro-
matograms (EIC) at the specific m/z for the selected markers
and an overall loss in sensitivity resulted, both for Me,-MDA
and Me;-TDA, due to TMAH reactions. The comparability
of the pyrograms was confirmed by the peak area ratio with
ISTD,,,. In Fig. 3a these influences are highlighted, showing
the comparison between Py-GC/MS (in blue) and thermo-
chemolysis conditions (in red), both for MDI- and TDI-PUR
analysis. Furthermore, without TMAH peak shape of both
MDA and TDA were greater than the respective methylated
compounds. This effect could have a negative impact on the
detection sensitivity of PURs in environmental samples.

PUR characterization by Py-GC/MS
and TMAH-Py-GC/MS in the presence of a matrix

However, the use of TMAH might be crucial in the analysis
of environmental MPs. In the perspective of environmental
investigation, it is important to take into account that resid-
ual matrix may be present in the analyzed sample despite the
application of an intensive sample pre-treatment to reduce
accompanying inorganic and organic matrices. Compounds
deriving from pyrolysis of any organic matter affect the qual-
ity of the resulting pyrogram, producing noise and gener-
ating molecules with active groups (e.g. hydroxyl groups)
that can potentially promote secondary reactions [31]. In
this context it is expected that the presence of TMAH dur-
ing pyrolysis prevents a large share of these reactions. As a
result of thermal methylation, the reactivity of polar groups,
either in the matrix or generated during pyrolysis, is reduced
[32]. Furthermore, TMAH achieves concrete benefits in
polymer identification and quantification [30]. In order to
evaluate MP pollution, it is important to include and simul-
taneously detect as many polymers as possible in the inves-
tigation, not only PURs. The use of TMAH enhances the
chromatographic separation behavior and elution of less
volatile and polar polymers, allowing a great increase in
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sensitivity for the quantification of crucial polymers (e.g.
PET) [21, 29, 30].

To clarify the role of TMAH in PUR identification and
analysis within environmental MPs, experiments were con-
ducted to investigate the pyrolytic behavior of PURs in the
presence of a natural, environmental matrix. For this pur-
pose, exactly weighed particles of MDI-PUR, TDI-PUR and
PET (considered a widespread, representative MP) were
added to a sediment matrix after appropriate pre-treatments
for MP analysis. Samples were analyzed with and without
TMAH (more details in SI, Table S8). The main results are
presented in SI, in Fig S7 and S8. The absence of pyroly-
sis markers of MDI- and TDI-PUR in the pure sediment
was verified (see SI, Fig. S8). In the presence of TMAH,
the markers of all the three polymers were detectable (SI,
Fig. S8), whereas without TMAH the identification of
TDI-PUR and PET could not be confirmed. The chroma-
tographic elution of TDA marker was not appropriate for
TDI-PUR identification, and some important markers from
PET were missing (e.g. divinyl terephthalate) (SI, Fig. S7).
As expected from the pyrolysis of isolated, single PUR par-
ticles (Fig. 3a), the intensity of MDI-PUR marker peak was
lower when measured with TMAH, compared to the direct
pyrolysis. However, the difference in the intensities of the
respective signals between direct and TMAH pyrolysis was
greatly reduced in the presence of a matrix (Fig. 3b). These
findings evidence the effect of the accompanying matrix,
highlighting that the associated interactions/reactions with
polymer decomposition products negatively affect polymer
investigation in direct pyrolysis. It is assumed that reactive
matrix compounds are “deactivated”/derivatized by TMAH,
opposing the loss of signals and, accordingly, the notice-
able reduction in detection sensitivity. These observations
support the hypothesis that, besides the significant improve
of detection sensitivity for some polymers, the addition
of TMAH to pyrolysis greatly reduces the interactions of
pyrolytic MP analytes with the remaining organic matrix of
environmental samples and the associated negative effects
on analytical results. In conclusion pyrolysis with TMAH
should be favored for MP analysis from complex environ-
mental samples.

Calibration results

Calibration curves were created with four different MDI-
PUR standards (MDI-PUR_A, B, C and D; chemical details
about MDI-PUR standards in SI, Fig. S2-S5, Table S3-S6)
and one commercial TDI-PUR by TMAH-Py-GC/MS. The
resulting curves showed good linearity with all three dif-
ferent ISTDpy (d-PS, TOHA, cholanic acid), from which
d-PS was selected as the ISTD,,, to carry on with further
polymer quantification. Over the whole calibration range
(0.7-39.8 pg) good regression models were obtained for all



Determination of polyurethanes within microplastics in complex environmental samples by...

2897

Table 1 Summary of main thermal degradation products from Py-GC/MS analysis of MDI-PUR and TDI-PUR, without and with TMAH addition

MDI-PUR TDIPUR
Py-GC/MS
Mark HoN NH»
arker 4,4'methylenebis HoN
benzeneamine 2,5toluene diamine
(MDA) (TDA)
m/z 198 122
RT (min) 4475 27.47
TMAH-Py-GC/MS Partially methylated form Fullymethylated form
H I
N ~N N ~N
o0, | .
Marker N NT | |
| | N, N4 N4 2- NN N4 N4 2-
4.4'-methylenbis-N,N-dimethyl| tetramethylbenzenel 4- pentamethylbenzene-1,4-
benzeneamine diamine diamine
(Mes-MDA) (Mes-TDA) (Mes-TDA)
m/z 254 164 178
RT (min) 52.60 35.38 33.42
Fig.3 EICs from Py-GC/MS MDI-PUR TDI-PUR
analysis of MDI-PUR (on the 100 - 100 -
left) and TDI-PUR (on the
right) both with and without QNHQ .
TMAH (red line and blue HzNNHz o - W!thOUt TMAH
line, respectively). EIC at m/z \ / - with TMAH
198 for MDA, m/z 254 for 8
Me,-MDA, 122 for TDA and a) PYROLYSIS &
m/z 164 for Me;-TDA. Com- OFSINGLE 5 °°] 501
parison between analyses of sin- PARTICLES & /@H
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the investigated polymers (R?>=0.942-0.944). An exception
was MDI-PUR_A (R*>=0.715), which exhibited a typical
“plateau behavior” over 20 pg (SI, Table S9 and Fig. S9a).
Nevertheless, by limiting the mass range to 1-20 pg, results
changed and all polymers, including MDI-PUR_A, showed
satisfactory linearity (SI, Table S9 and Fig. SOb). The main
regression parameters are shown in Table 2. These results
suggested that MDI-PURs, although of partly different
chemical constituents and resulting structures, may behave
comparably during pyrolysis and result in similar yields of
respective indicator molecule/ion.

Considering a signal-to-noise (S/N) ratio of 3 as the limit
of detection (LOD) and an S/N ratio of 10 as the limit of
quantification (LOQ), the S/N ratios were calculated for the
lowest points of the calibration curves to indicate how far the
calibration ranges were from those limits. Interestingly, they
showed almost the same S/N of around 30 related to~ 1 pg
polymer weight, although polymer structures of the investi-
gated MDI-PURs differed. An exception was MDI-PUR_A,
which showed only half the sensitivity for the same poly-
mer mass (S/N=15). The detection sensitivity of TDI was
substantially lower; 9 pug polymer had an S/N ratio of 32.
The sensitivity might represent a great obstacle in the trace
analysis of PURs, in particular if accompanied by residual,
natural, organic matrix. The main regression parameters are
summarized in Table 2.

Statistics

In the context of MP quantification in the environment,
calibrations play a fundamental role. Even though specific
pyrolytic markers were selected as representative of the
related diisocyanate-PUR subclasses (e.g. MDI or TDI), the
quantification can be challenging. Given the huge number
of possible PUR structures, the use of one standard polymer
for the quantification of the whole subclass might lead to
mistakes. To assess the feasibility of a generalization with
respect to PUR quantification in environmental samples, we
applied statistical measures. In this section, only calibrations

Table 2 Regression parameters for standard MDI-PURs calibrations
within two mass ranges, 1-40 pg and 1-20 pg. The table includes
coefficient of determination (R?), process standard deviation (s, cal-

based on d-PS internal standardization are considered. In
analytical pyrolysis, the slope and the intercept represent the
linear relationship between the independent variable, poly-
mer weight, and the dependent variable, pyrolytic response.
These two parameters are fundamental in regression model
description and they indicate the quantification behavior of
a calibration. In particular, when two mathematical func-
tions are parallel (same angular coefficients), those functions
are said to be mathematically similar [34]. It is plausible
to conclude that, based on the same thermal degradation
indicator (e.g. Me,-MDA for MDI-PURs), different PURs
can be assumed as one when their regressions have the same
slopes. Equations of MDI-PUR_A, B, C, D calibrations were
considered to perform parallelism tests in order to under-
stand whether statistically significant differences occurred
within their angular coefficients. One-way ANOVA test
was elaborated to solve the problem, comparing the effect
of four different polymer structures (MDI-PUR_A, B, C, D)
on the pyrolytic response of Me,-MDA (considered in area
ratio with ISTDypy, d-PS). Curves for both mass ranges are
shown in Fig. 4. The test was performed on both regression
models in the 1-40 pg (number of considered curves, k=3.
MDI-PUR_A was excluded due to its poor linearity in the
range) and 1-20 pg (k=4) mass ranges. ANOVA revealed
a statistically significant difference in pyrolytic response
of Me,-MDA of at least two MDI-PURs (F, ,,=7.8,
a=0.05) when calibrations were elaborated in the 1-40 pg
mass range. On the other hand, when the mass range was
reduced to 1-20 g no statistically differences were revealed
(F3,24=2.7, ®=0.05). Data and obtained results for the two
tests are summarized in Table 3. These results indicated that,
within a limited mass range, a reliable mass estimation of the
total MDI-PURs is possible just using one thermal decom-
position product (Me,~-MDA). Results are almost independ-
ent of the polymer used for calibration and accordingly
regardless of the whole MDI-PUR structures.

As aresult of the comparison, MDI-PUR_D was selected
for the further calibration, in order to maintain the same
polymer used for quantification in the reference study [16].

culated by the residual standard deviation of a linear regression to the
slope [33]), intercept (a), slope (b) and points used for the calibration
()

1-40 pg 1-20 pg Lowest point S/N
(ug) lowest

R? S%0 a b n R? S%0 a b n point
MDI-PUR_A 0.715 9.7 - - 10 0.923 2.6 -0.04 0.04 8 0.8 15
MDI-PUR_B 0.944 3.4 -0.06 0.05 10 0.905 2.9 0.04 0.04 8 0.7 32
MDI-PUR_C 0.942 39 —-0.15 0.06 10 0.944 2.1 -0.09 0.05 8 0.7 30
MDI-PUR_D 0.962 3.1 0.02 0.04 10 0.961 1.6 -0.04 0.05 8 1.1 33
TDI-PUR 0.936 33 0.1 0.03 13 9.3 32
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Particle size effect

The particle size has considerable relevance in thermal
analyses. The same temperature applied on particles of
different sizes may lead to nonidentical heating rates
in different parts of the same particle (e.g. the surface
and the center), resulting in different pyrolysis yield
[35, 36]. The issue may be even more important when a
surface-related chemical reaction (thermochemolysis) is
included. Given that regression models and ANOVA tests
of pyrolyzed MDI-PURs showed them to be influenced
by the mass of the polymer (over 20 ug), the assessment
of possible particle size effects was necessary. Two sets
of samples of the standard MDI-PURs were prepared for
pyrolysis to investigate this aspect. In the first set, the
pyrolyzed sample was a single large particle (LP, about
250 um) of 40 pg of MDI-PUR (SI, Fig. S11). In the sec-
ond set, the pyrolyzed sample was made by assembling
4-5 small particles (SP, < 100 um) that in total weighed
40 pg. The weight of each SP ranged between 5 and 10 pg.
MDI-PUR_D was excluded from the first set of experi-
ments, because it was available already ground in SP,
whereas the others were in pellet form (pictures in SI,
Fig. S1). Two replicate analyses were performed both for
LP and SP of MDI-PUR_A, B, C and for SP of MDI-
PUR_D. Pyrolytic behavior was investigated by the ratio
of Me,-MDA area by the one of deuterated styrene trimer
(from d-PS) as ISTDyy, both extracted for the specific
target ion (m/z 254 and m/z 98, respectively). Apparently,
it was not possible to identify a univocal trend shared
among all MDI-PURs. Results were transferred to a bub-
ble chart (Fig. 5) for adequate visualization. The vertical
y-axis reflects the ratio y/x: y is the peak area ratio of
Me,-MDA to ISTD,,, both extracted and integrated at the
specific target ion (m/z 254 and m/z 98, respectively); x

N INd
o [

-
&)

AMe4-MDA/ Adeuterated styrene trimer
& 5

o
)

0 10 20 30 40
Pyrolysed polymer (ug)

is the exact weight of the pyrolyzed polymer. The same
variables (x and y) were used to build regression mod-
els. When y is normalized on x, the ratio explains the
function that correlates the two variables. Therefore, for
each MDI-PUR, LP and SP bubbles (black and white,
respectively) are overlapped when the two conditions are
identified by the same function. In particular, the position
of the bubble explains the mean value of normalized y for
each MDI-PUR, and the size of the bubble describes the
relative standard deviation (RSD%). Hence, the larger the
bubble, the higher the variability.

The bubbles of the four standard MDI-PURs have dif-
ferent relative positions (Fig. 5). Accordingly, they are
described by different functions (respective calibrations
are shown in SI, Fig. S12), showing different pyrolytic
behaviors. For MDI-PUR_A and MDI-PUR_C, the black
bubbles (LP) and the white bubbles (SP) overlap even
though they are not exactly centered in the same point. In
both cases, RSD% (reflected by the diameter) increased
when polymers were pyrolyzed in SP (from 17 to 42% for
MDI-PUR_A and from 25 to 42% for MDI-PUR_C), sug-
gesting that no significant size dependence can be detected
here. The larger standard deviation observed for the small
particles might be related to a surface effect. Interestingly,
results for MDI-PUR_B were totally different. In this case,
black and white bubbles did not overlap. This indicates
that two different functions describe the respective pyro-
lytic behaviors of the two particle sizes (LP and SP). In
contrast, the RSD% values calculated for LP and SP analy-
sis (accordingly the bubble size) were comparable, 12%
and 17%, respectively. In this case, particle size seemed
to strongly affect the pyrolytic response of the polymers.
Finally, results for SP of MDI-PUR_D were reported. In
comparison with other MDI-PURs, the related bubble is
placed in an intermediate position, with an RSD% of 14%.

---MDI-PUR_A
--- MDI-PUR_B
--------- MDI-PUR_C
——MDI-PUR_D

5 10 15 20
Pyrolysed polymer (ug)

Fig.4 Comparison of calibration curves elaborated from different MDI-PUR standards (A, B, C, D) in two different mass ranges, 1-40 pg (a)

and 1-20 pg (b)
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Table 3 Data and results of ANOVA tests on calibrations on two dif-
ferent mass ranges (1-40 pg and 1-20 pg). Deviations, degrees of
freedom (df), variances (S?), number of total observation (N) and

number of considered calibrations (k) calculated as preliminary data.
Value of observed and tabulated F-statistics (Fopg and Fr,p, respec-
tively) resulting from the test with a=0.05

Mass range 1-40 pg 1-20 pg

Deviation df s? Deviation df s?
Error between angular coefficients 0.53 2 0.263 0.08 3 0.025
Error within each curve 0.80 24 0.033 0.23 24 0.009
N 30 32
k 3 4
o 0.05 0.05
Fogs 7.8 2.7
Frap 34 3.0

These results underline the highly variable and hardly
predictable pyrolytic behavior of MDI-PURs most likely
related to the polymer structures and the investigated mass
range. Assuming that PUR particles from a wide variety of
sources and sizes may be present in environmental samples,
a unified behavior is assumed for their analysis.

Environmental occurrence

Despite the high production and the wide variety of appli-
cation fields, discrete sources for PURs in environmental
compartments are not easily predictable. Regarding environ-
mental matrices of previous investigations, MDI-PUR could

0.07

0.06

0.02

0.01

Fig.5 Bubble chart of results obtained from Py-GC/MS analysis
of large and small particles (LP and SP, respectively) of three dif-
ferent MDI-PURs (MDI_PUR_A, B, C and D). y indicates the
ratio of Me,-MDA area by the one of deuterated styrene trimer as
ISTD,,,, both extracted for their specific target ion (m/z 254 and m/z
98, respectively), and x is the pyrolyzed polymer weight (ug). MDI-
PUR_D was investigated for SP only

@ Springer

be detected only sporadically [13, 16]. In order to obtain
suitable environmental samples that could be assumed to
also contain PUR, road dusts and spider webs were collected
in close vicinity to a plastic processing plant in the mid-sized
city of Oldenburg (Germany). While road dust represents the
washout of urban particulates in general, spider webs are an
appropriate tool to reflect the airborne particulate load [16].

Qualitative detection Chemically oxidative pre-treated road
dust and spider web samples were analyzed with respect to
their potential PUR content. The analytical strategy was based
on the information collected during the preceding characteri-
zation phase. The pyrograms generated by thermochemolysis
of the entire samples were investigated by extracting the PUR
target ions applied for the preparation of calibration curves at
the related retention time (RT) (TMAH-Py-GC/MS conditions
in SI, Table S1). In order to broaden information about MP
contamination, other polymer clusters indicated by prefix “C-
were investigated, according to the quantification method used
by Gofimann et al. [16] (details about polymer clusters and their
thermal degradation indicators in SI, Table S11).

Me,-MDA was detected in all samples except for SW-3,
confirming the presence of C-MDI-PUR MPs in the sur-
roundings of the factory as a potential emission source.
The absence of C-MDI-PURs in SW-3 may be related to
the sampling point itself. SW-3 was located at a pylon of
the railways; therefore, the collected spider web was much
less protected from environmental influences compared to
SW-1 and SW-2. These sampling points were located at bus
stops, where the platform roof guarantees a safe barrier. This
lack of full coverage over the sampling point may cause a
shorter life span, for example because of the cleaning of
spider webs during rain events. More likely, the reason for
the absence of C-MDI-PURs in this web sample is related to
the position of the sampling point. Sampling was performed
beyond the railway line (more details in SI, Fig. S13 and
S15, Table S10). Here, the high train frequency might work
as an impediment in the microparticle pathway, acting in the
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way that emissions from the potential PUR source are too
dispersed to be trapped by the spider webs. A more detailed
discussion is elaborated in the quantitative section.

Me,;-TDA was not detected in any of these samples. A peak
with a very similar mass spectrum was found at an RT 3 min
earlier than expected. In GC analyses, RT is a basic parameter
to assign a compound in unknown samples. However, the co-
elution of accompanying matrix-related compounds of vari-
able polarities might affect the elution behavior, causing slight
changes in RT. In order to resolve this doubt, the fully methyl-
ated form of the compound (Me,-TDA) was investigated in the
same pyrograms. It was absent as well, suggesting that TDI-
PURs were not present in the given samples. Given that the
pyrolytic behavior in sediment matrix was tested (SI, Fig. S7
and S8), the absence of TDI-PUR markers indicates that the
suspected emission source does not process this polymer type,
justifying its absence in the form of microparticles. However,
even though the LOD was not calculated, similar S/N ratios
were found for~9 ug and~1 pg of Me;-TDA and Me,-MDA,
respectively, suggesting lower sensitivity for TDI-PUR with
respect to MDI-PUR.

Quantification C-MDI-PURs were quantified using the cali-
bration curve of the standard MDI-PUR_D, in the range of
1-20 pg, the same standard MDI-PUR used in the reference
study [16]. The derived results are summarized in the histo-
grams and pie charts in Figs. 6 and 7. Here, concentrations
of other polymer clusters at the respective sampling points
are given as well (detailed information in SI, Table S11,
S12). Concentrations of C-MDI-PURs in road dust were
calculated from triplicate analyses for each sampling point
(RD-1-5). Mean concentrations and standard deviations are
shown in the histogram in Fig. 6. Polymer concentrations
were related to the weight of dried road dust, and C-MDI-
PUR ranged between 82 and 131 pg g™!, with satisfactory
RSD% from 14 to 29% (SI, Table S12). Considering that
sampling points were selected in the vicinity of the potential
PUR emission source, no strong variation in C-MDI-PUR
within the area was expected. Nevertheless, the total amount
of investigated polymers was not homogeneous. Pie charts
in Fig. 6 show the MP composition considering the investi-
gated polymers (C-MDI-PUR, C-PE, C-PP, C-PET, C-PS,
C-PVC, C-PMMA, C-PC, CTT and TTT, polymer explana-
tion and more details in SI in Table S11). Polyamides were
included among the investigated polymers, but the related
markers were absent in pyrograms. The size of each pie chart
is proportional to the total amount of polymers per sample
type quantified at the respective locations (full quantita-
tive results in SI, Table S12). The signal of some polymers
ranged below the LOQ or showed a high RSD%. Those poly-
mers were excluded from pie charts, but their occurrence
is shown in the labels close to the charts in Fig. 6. How-
ever, the qualitative composition of quantified MPs, other

than C-PUR, was homogeneous. It showed a clearly related
pattern (concentrations in SI, Table S12) and, excluding
tire wear particles, C-PET and C-PVC were predominant.
It is already known that quantification of C-PVC is chal-
lenging. Pyrolysis products suitable for quantification rely
in particular on polycyclic aromatic hydrocarbon (PAHs),
which might be assigned to other organic matter [13, 15, 25].
Samples were pre-treated by Fenton reaction, which ensured
substantial degradation of low molecular weight and most
polymeric organic matter. However, it was shown recently
that treated polymeric residues of some particular soot types
have the ability to release PAHs and consequently interfere
with results [16]. GoBmann et al. evaluated the amount of
PAHs generated by potential contamination sources (diesel,
charcoal and wood stove soot) in the context of urban and
congested traffic areas. Those results were used to estimate
a correction factor for a restricted, semi-quantitative deter-
mination of *C-PVC indicated by an asterisk. Assuming an
overall qualitative composition of urban soot, and consider-
ing the closeness of the two sampling areas, the same cor-
rection factor was applied in the present study. Despite the
overall comparable MP composition, each sampling point
reflected site-specific conditions. Further details on sites and
polymer concentrations are given in SI (Table S10, S12 and
Fig. S13-15). The lowest amount of polymers and relative
predominance of CTT was detected in RD-1, which repre-
sented the road entering the plant. RD-2 showed the greatest
variety of polymer types. This might be related to the broad
parking area that allows wind circulation on one hand, and
to the directly adjacent high building of the plant on the
other hand, which acts as a barrier causing particle deposi-
tion. RD-3 showed the highest quantified polymer amount
(Fig. 6). A nearby shopping center, with comparatively high
traffic volume and the use of diverse polymers, might be a
possible explanation. Finally, RD-4 and RD-5, only a few
meters apart from each other, resulted in comparable poly-
mer patterns with similar MP concentrations, except for tire
particles and *C-PVC (results in SI, Table S12). The fact
that RD-5 shows higher overall TTT and CTT concentra-
tions could be a result of the close main street (SI, Fig. S14).

Spider webs were represented by a single sampling each,
and the polymers quantified herein were referred to the total
weight the respective sample. MDI-PUR contaminated samples
reflected a coherent, relative position to the potential MDI-PUR
source (production plant). SW-2 was the closest to the source
and showed the highest concentration of C-MDI-PUR, followed
by SW-1 with 0.12 pg mg™" and 0.08 pg mg~!, respectively
(Fig. 7). As suspected earlier, the absence of C-MDI-PUR in
SW-3 is plausibly attributed to its sampling point behind the
railway. This assumption is strengthened by the absence of
other polymers (C-PE, C-PP, C-PMMA, C-PS, CTT and TTT)
quantified in SW-1 and SW-2 and the overall very low total
polymer content restricted to C-PET and *C-PVC only (Fig. 7).
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Fig. 6 On the left, histogram showing concentration of C-MDI- charts showing the relative distribution of C-MDI-PURs com-
PURs at RD-1, RD-2, RD-3, RD-4 and RD-5 in dried road dust pared to other analyzed polymer clusters in road dust for the same
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Fig.7 On the left, histogram showing concentration of C-MDI-PURs other analyzed polymer clusters in spider webs for the same sampling
SW-1, SW-2 and SW-3 in dried spider web samples. On the right, pie points
charts showing the relative distribution of C-MDI-PURs compared to
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In particular, the divergent, non-comparable sampling condi-
tions prevented meaningful data comparison here.

According to studies of Gomann et al., C-MDI-PURs
were not detected in road dusts and spider webs collected in
urban traffic and residential areas of the same city [14, 16].
The closest sampling point was approximately 1.5 km as the
crow flies of the area discussed here. These previous results
and the observations of the presented study lead to the gen-
eral outcome that a detectable presence of C-MDI-PUR in
environmental samples seems to be highly dependent on the
proximity to potential sources/emitters, like a production
plant in the given case.

Conclusions

In the context of MP pollution, the given study intended to provide
thermoanalytical mass-related information about the complex
polymer group of PURS, representing 8% of European annual
plastic demand. This had the particular aim of analyzing this het-
erogeneous group in environmental samples. Due to the highly
diversified structures of PURs, a univocal identification of the
whole group by thermal analysis of complex samples is not pos-
sible. Diisocyanates have been shown to be key indicators of the
related PUR subclass (e.g. MDI for MDI-PURs or TDI for TDI-
PURSs), but experimental conditions may affect their pyrolytic
behavior. Specifically, the formation of diamines can be promoted
by interactions with inorganic matrices or by the environmental
degradation of the material, leading to possible errors in polymer
quantification by Py-GC/MS. However, this problem is over-
come when thermochemolysis is coupled to Py-GC/MS, where
the main indicators are the methylated form of diamines. Even
though thermochemolysis conditions strongly affect the sensitivity
of the analysis of MDI- and TDI-PURs when individually pyro-
lysed, the use of TMAH was found to be basically advantageous
in the simultaneous investigation of a broad variety of polymers in
complex environmental matrices. In addition to greatly increased
detection sensitivity for ester- and ether-based plastics, the thermo-
chemolytic process also has the positive side effect of minimizing
matrix interferences and secondary reactions for analytes such
as PURSs. The study showed that when Py-GC/MS is coupled to
thermochemolysis, one thermal degradation indicator can be used
to identify the whole aromatic PUR subclass (e.g. Me,-MDA for
MDI-PURs and Me;-TDA for TDI-PURS respectively), regardless
of the heterogeneity of the PUR structures. Regression models for
thermal decomposition products of both TDI and MDI-PURSs pro-
vided satisfactory correlation results for single polymers. Moreo-
ver, promising results were obtained when regressions of chemi-
cally different MDI-PURs were compared. ANOVA showed that,
within a limited mass range, no significant differences occurred
in calibration sensitivities of different MDI-PURSs. This enables a

reliable mass estimation of total MDI-PURSs as a cluster, regard-
less of chemical heterogeneity.

Environmental investigations under the same analytical con-
ditions confirmed the capability of the method to investigate
C-MDI-PURs as a representative polymer cluster within others.
Results showed that C-MDI-PUR detection in an urban context
is strongly related to the presence of an emission source. Road
dust and spider webs were confirmed to be suitable sample
types for the simultaneous investigation of MPs, reflecting the
contamination level of the sampling area.

Thermal analysis showed a trustworthy analytical role
in the context of tracking and characterizing MP pollution.
Despite the challenges defined by the heterogeneity of this
broad class of contaminants, Py-GC/MS is gaining increas-
ing acceptance, providing reliable characterization and mass
quantification of different polymers. The study highlighted
the potential of thermochemolysis-Py-GC/MS for the inves-
tigation of PUR subclasses within MPs, providing informa-
tion that supports the possibility for a reliable statement on
the PUR content in environmental samples based on a few
characteristic thermal decomposition products.
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Acknowledgements Sincere thanks to Anke Miillenmeister-Sawall for
technical support.

Author contributions 1. Coralli: sample analysis, data evaluation, and
writing of the manuscript preparing figures; I. GoBmann: sample anal-
ysis and review of the manuscript; D. Fabbri: guidance, review and
editing of the manuscript, funding acquisition; B. Scholz-Bottcher:
idea, guidance, writing, review and editing of the manuscript, fund-
ing acquisition.

Funding Open Access funding enabled and organized by Projekt
DEAL. This study was possible thanks to mobility incentives for young
researchers founded by the University of Bologna within the Marco
Polo Program (IC, DF). Collaboration (IG, BSB) was funded by the
German Federal Ministry of Education and Research (Bundesministe-
rium fiir Bildung und Forschung, BMBF), in the joint research project
FACTS (grant ID 03F0849C; JPI-Oceans).

Data availability All relevant data are provided via the Supplementary
Information (SI) via the files SI_Coralli et al.pdf.

Declarations
Research involving human participants and/or animals Not applicable.

Informed consent Not applicable.

Conflict of interest The authors declare that they have no conflict of
interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,

@ Springer


https://doi.org/10.1007/s00216-023-04580-3

2904

Corallil. et al.

provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

10.

11.

12.

13.

14.

Szycher M (2012) Structure — Property relations in polyurethanes.
Routledge Handbooks Online. https://doi.org/10.1201/b12343-4.
Dutta AS (2018) Polyurethane foam chemistry. In: Recycling of
Polyurethane Foams. Elsevier Inc. https://doi.org/10.1016/B978-
0-323-51133-9.00002-4.

Frisch KC, Klempner D. 24 - Polyurethanes. In: Allen G, Bev-
ington JC, editors. Comprehensive Polymer Science and Supple-
ments. Amsterdam: Pergamon; 1989. p. 413-26.

(2021) Plastics - the Facts 2021 Plastics Europe. https://plasticseu
rope.org/knowledge-hub/plastics-the-facts-2021/.

(2018) Polyurethanes chemicals and products in Europe, Middle
East & Africa (EMEA), 2018. https://www.ialconsultants.com/
expertise/markets-covered/polyurethanes.

Steinmetz Z, Kintzi A, Muifioz K, Schaumann GE. A simple
method for the selective quantification of polyethylene, poly-
propylene, and polystyrene plastic debris in soil by pyrolysis-
gas chromatography/mass spectrometry. J Anal Appl Pyrol.
2020;147:104803. https://doi.org/10.1016/j.jaap.2020.104803.
Liu G, Wang J, Wang M, Ying R, Li X, Hu Z, Zhang Y. Disposa-
ble plastic materials release microplastics and harmful substances
in hot water. Sci Total Environ. 2022;818:151685. https://doi.org/
10.1016/j.scitotenv.2021.151685.

Huber M, Archodoulaki V-M, Pomakhina E, Pukanszky B,
Zinocker E, Gahleitner M. Environmental degradation and forma-
tion of secondary microplastics from packaging material: A poly-
propylene film case study. Polym Degrad Stab. 2022;195:109794.
https://doi.org/10.1016/j.polymdegradstab.2021.109794.

Hee YY, Weston K, Suratman S. The effect of storage conditions
and washing on microplastic release from food and drink contain-
ers. Food Packag Shelf Life. 2022;32:100826. https://doi.org/10.
1016/.fps1.2022.100826.

Bouwmeester H, Hollman PCH, Peters RJB. Potential health impact of
environmentally released micro- and nanoplastics in the human food
production chain: Experiences from nanotoxicology. Environ Sci Tech-
nol. 2015;49:8932-47. https://doi.org/10.1021/acs.est.5b01090.
Barnes DKA, Galgani F, Thompson RC, Barlaz M. Accumulation
and fragmentation of plastic debris in global environments. Philo-
sophical Transactions of the Royal Society B: Biological Sciences.
2009;364:1985-98. https://doi.org/10.1098/rstb.2008.0205.

Lim SJ, Park Y-K, Kim H, Kwon J, Moon HM, Lee Y, Watanabe A,
Teramae N, Ohtani H, Kim Y-M. Selective solvent extraction and
quantification of synthetic microfibers in textile laundry wastewater
using pyrolysis-gas chromatography/mass spectrometry. Chem Eng
J. 2022;434:134653. https://doi.org/10.1016/j.cej.2022.134653.
Fischer M, GoBmann I, Scholz-Bo6ttcher BM Fleur de Sel — An
interregional monitor for microplastics mass load and composition
in European coastal waters? J Anal Appl Pyrol. 2019;144:104711.
https://doi.org/10.1016/j.jaap.2019.104711.

GoBmann I, Halbach M, Scholz-Boéttcher BM. Car and truck tire
wear particles in complex environmental samples — A quantitative
comparison with “traditional” microplastic polymer mass loads.

@ Springer

15.

16.

17.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

Sci Total Environ. 2021;773:145667. https://doi.org/10.1016/j.
scitotenv.2021.145667.

Dibke C, Fischer M, Scholz-Béttcher BM. Microplastic mass con-
centrations and distribution in German bight waters by pyrolysis—
gas chromatography—mass spectrometry/thermochemolysis reveal
potential impact of marine coatings: Do ships leave skid marks?
Environ Sci Technol. 2021;55:2285-95. https://doi.org/10.1021/
acs.est.0c04522.

GoBmann I, SiiBmuth R, Scholz-Bottcher BM. Plastic in the
air?! — Spider webs as spatial and temporal mirror for microplas-
tics including tire wear particles in urban air. Sci Total Environ.
2022;832:155008. https://doi.org/10.1016/j.scitotenv.2022.155008.
Roscher L, Halbach M, Nguyen MT, Hebeler M, Luschtinetz F,
Scholz-Bottcher BM, Primpke S, Gerdts G. Microplastics in two
German wastewater treatment plants: Year-long effluent analysis
with FTIR and Py-GC/MS. Sci Total Environ. 2022;817:152619.
https://doi.org/10.1016/j.scitotenv.2021.152619.

. Primpke S, Wirth M, Lorenz C, Gerdts G. Reference database

design for the automated analysis of microplastic samples
based on Fourier transform infrared (FTIR) spectroscopy. Anal
Bioanal Chem. 2018;410:5131-41. https://doi.org/10.1007/
$00216-018-1156-x.

Matsueda M, Mattonai M, Iwai I, Watanabe A, Teramae N, Rob-
berson W, Ohtani H, Kim Y-M, Watanabe C. Preparation and
test of a reference mixture of eleven polymers with deactivated
inorganic diluent for microplastics analysis by pyrolysis-GC—
MS. J Anal Appl Pyrol. 2021;154:104993. https://doi.org/10.
1016/j.jaap.2020.104993.

La Nasa J, Biale G, Ferriani B, Colombini MP, Modugno F. A
pyrolysis approach for characterizing and assessing degradation of
polyurethane foam in cultural heritage objects. J Anal Appl Pyrol.
2018;134:562-72. https://doi.org/10.1016/].jaap.2018.08.004.
Fischer M, Scholz-Béttcher BM. Microplastics analysis in envi-
ronmental samples — Recent pyrolysis-gas chromatography-mass
spectrometry method improvements to increase the reliability of
mass-related data. Anal Methods. 2019;11:2489-97. https://doi.
org/10.1039/C9AY00600A.

Allan D, Daly J, Liggat JJ. Thermal volatilisation analysis of TDI-
based flexible polyurethane foam. Polym Degrad Stab. 2013;98:535—
41. https://doi.org/10.1016/j.polymdegradstab.2012.12.002.
Mikulcic H, Jin Q, Stan¢in H, Wang X, Li S, Tan H, Dui¢ N.
Thermogravimetric Analysis Investigation of Polyurethane Plastic
Thermal Properties Under Different Atmospheric Conditions. J
Sustain Dev Energ Water Environ Syst. 2019;7:355-67. https://
doi.org/10.13044/j.sdewes.d6.0254.

Tagg AS, Harrison JP, Ju-Nam Y, Sapp M, Bradley EL, Sinclair
CJ, Ojeda 1. Fenton’s reagent for the rapid and efficient isolation
of microplastics from wastewater. Chem Commun. 2017;53:372—
5. https://doi.org/10.1039/C6CCO8798A.

Tsuge S, Ohtani H, Watanabe C. Pyrolysis—GC/MS data book of
synthetic polymers - Pyrograms, thermograms and MS of pyrolyz-
ates. Elsevier; 2012.

Rutkowska M, Krasowska K, Heimowska A, Steinka I, Janik H.
Degradation of polyurethanes in sea water. Polym Degrad Stab.
2002;76:233-9. https://doi.org/10.1016/S0141-3910(02)00019-8.
Lattuati-Derieux A, Thao-Heu S, Lavédrine B. Assessment of
the degradation of polyurethane foams after artificial and natural
ageing by using pyrolysis-gas chromatography/mass spectrom-
etry and headspace-solid phase microextraction-gas chromatog-
raphy/mass spectrometry. J Chromatogr A. 2011;1218:4498-508.
https://doi.org/10.1016/j.chroma.2011.05.013.

Mutsuga M, Yamaguchi M, Kawamura Y. Quantification of iso-
cyanates and amines in polyurethane foams and coated products
by liquid chromatography—tandem mass spectrometry. Food Sci
Nutr. 2014;2:156-63. https://doi.org/10.1002/fsn3.88.


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1201/b12343-4
https://doi.org/10.1016/B978-0-323-51133-9.00002-4
https://doi.org/10.1016/B978-0-323-51133-9.00002-4
https://plasticseurope.org/knowledge-hub/plastics-the-facts-2021/
https://plasticseurope.org/knowledge-hub/plastics-the-facts-2021/
https://www.ialconsultants.com/expertise/markets-covered/polyurethanes
https://www.ialconsultants.com/expertise/markets-covered/polyurethanes
https://doi.org/10.1016/j.jaap.2020.104803
https://doi.org/10.1016/j.scitotenv.2021.151685
https://doi.org/10.1016/j.scitotenv.2021.151685
https://doi.org/10.1016/j.polymdegradstab.2021.109794
https://doi.org/10.1016/j.fpsl.2022.100826
https://doi.org/10.1016/j.fpsl.2022.100826
https://doi.org/10.1021/acs.est.5b01090
https://doi.org/10.1098/rstb.2008.0205
https://doi.org/10.1016/j.cej.2022.134653
https://doi.org/10.1016/j.jaap.2019.104711
https://doi.org/10.1016/j.scitotenv.2021.145667
https://doi.org/10.1016/j.scitotenv.2021.145667
https://doi.org/10.1021/acs.est.0c04522
https://doi.org/10.1021/acs.est.0c04522
https://doi.org/10.1016/j.scitotenv.2022.155008
https://doi.org/10.1016/j.scitotenv.2021.152619
https://doi.org/10.1007/s00216-018-1156-x
https://doi.org/10.1007/s00216-018-1156-x
https://doi.org/10.1016/j.jaap.2020.104993
https://doi.org/10.1016/j.jaap.2020.104993
https://doi.org/10.1016/j.jaap.2018.08.004
https://doi.org/10.1039/C9AY00600A
https://doi.org/10.1039/C9AY00600A
https://doi.org/10.1016/j.polymdegradstab.2012.12.002
https://doi.org/10.13044/j.sdewes.d6.0254
https://doi.org/10.13044/j.sdewes.d6.0254
https://doi.org/10.1039/C6CC08798A
https://doi.org/10.1016/S0141-3910(02)00019-8
https://doi.org/10.1016/j.chroma.2011.05.013
https://doi.org/10.1002/fsn3.88

Determination of polyurethanes within microplastics in complex environmental samples by...

2905

29.

30.

La Nasa J, Biale G, Fabbri D, Modugno F. A review on challenges
and developments of analytical pyrolysis and other thermoanalyti-
cal techniques for the quali-quantitative determination of micro-
plastics. J Anal Appl Pyrol. 2020;149:104841. https://doi.org/10.
1016/j.jaap.2020.104841.

Fischer M, Scholz-Béttcher BM. Simultaneous trace identification and
quantification of common types of microplastics in environmental sam-
ples by pyrolysis-gas chromatography—mass spectrometry. Environ Sci
Technol. 2017;51:5052—60. https://doi.org/10.1021/acs.est.6b06362.

Isabel GoBmann is a PhD stu-
dent in the working groups
Organic Geochemistry and Pro-
cesses and Sensing of Marine
Interfaces at the Institute of
Chemistry and Biology of the
Marine Environment (ICBM).
She has been working in micro-
plastic analytics with Py-GC/MS

31. Coralli I, Giorgi V, Vassura I, Rombola AG, Fabbri D. Secondary for several years and is continu-
reactions in the analysis of microplastics by analytical pyrolysis. ously refining the method in
J Anal Appl Pyrol. 2022;161:105377. https://doi.org/10.1016/j. terms of detection sensitivity,
jaap.2021.105377. broader spectrum of polymers

32. Challinor JM. A pyrolysis-derivatisation-gas chromatography and field of application together
technique for the structural elucidation of some synthetic poly- with her supervisor Barbara
mers. J Anal Appl Pyrol. 1989;16:323-33. https://doi.org/10. Scholz-Béttcher.
1016/0165-2370(89)80015-4.

33. Reichenbdcher M, Einax JW Challenges in analytical quality Daniele Fabbri, PhD, is Full Pro-
assurance. Springer Sci Business Med. (2011).https://doi.org/10. fessor in Analytical Chemistry at
1007/978-3-642-16595-5. the Department of Chemistry

34. Smith WC, Sittampalam GS. Conceptual and statistical issues in “Giacomo Ciamician”, University
the validation of analytic dilution assays for pharmaceutical appli- of Bologna, Italy. He has been
cations. J Biopharm Stat. 1998;8:509-32. https://doi.org/10.1080/ working on the development of
10543409808835257. methods in analytical pyrolysis

35. Zhou S, Garcia-Perez M, Pecha B, McDonald AG, Westerhof and their application to environ-
RIM. Effect of particle size on the composition of lignin derived mental topics in a variety of
oligomers obtained by fast pyrolysis of beech wood. Fuel. national and international projects
2014;125:15-9. https://doi.org/10.1016/j.fuel.2014.01.016. that included the analysis of

36. Mlonka-Mgdrala A, Magdziarz A, Dziok T, Sieradzka M, Nowak microplastics, the characterization

W. Laboratory studies on the influence of biomass particle size on
pyrolysis and combustion using TG GC/MS. Fuel. 2019;252:635-
45. https://doi.org/10.1016/j.fuel.2019.04.091.

Publisher's note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Irene Coralli attended the PhD
program in Chemistry at the
Department of Chemistry G. Cia-
mician, University of Bologna.
Her background studies are in
environmental sciences, and she
is now a postdoctoral research
fellow focused on the study of
polymers of environmental inter-
est by analytical pyrolysis.

of biochar and sorbents for carbon
capture and sequestration.

Barbara M. Scholz-Bottcher is
Senior Scientist in analytical and
environmental chemistry at the
Institute of Chemistry and Biology
of the Marine Environment
(ICBM), Carl von Ossietzky Uni-
versity, Oldenburg, Germany. She
has been working now for several
years in the field of microplastics
and has established pyrolysis-gas
chromatography-mass spectrom-
etry as a powerful analytical tool
for simultaneous identification and
trace quantification of different
polymers in complex environmen-
tal samples. The group is continu-

ously improving the now internationally recognized method and applies it
successfully in a growing number of scientific projects.

@ Springer


https://doi.org/10.1016/j.jaap.2020.104841
https://doi.org/10.1016/j.jaap.2020.104841
https://doi.org/10.1021/acs.est.6b06362
https://doi.org/10.1016/j.jaap.2021.105377
https://doi.org/10.1016/j.jaap.2021.105377
https://doi.org/10.1016/0165-2370(89)80015-4
https://doi.org/10.1016/0165-2370(89)80015-4
https://doi.org/10.1007/978-3-642-16595-5
https://doi.org/10.1007/978-3-642-16595-5
https://doi.org/10.1080/10543409808835257
https://doi.org/10.1080/10543409808835257
https://doi.org/10.1016/j.fuel.2014.01.016
https://doi.org/10.1016/j.fuel.2019.04.091

	Determination of polyurethanes within microplastics in complex environmental samples by analytical pyrolysis
	Abstract
	Introduction
	Experimental
	PUR samples
	Py-GCMS and thermochemolysis
	Statistics
	Sampling campaign
	Sample pre-treatment


	Results and discussion
	Selection of PURs
	PUR characterization by Py-GCMS and TMAH-Py-GCMS
	PUR characterization by Py-GCMS and TMAH-Py-GCMS in the presence of a matrix
	Calibration results
	Statistics
	Particle size effect
	Environmental occurrence

	Conclusions
	Acknowledgements 
	References


