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Summary

The worldwide production of plastic has grown exponentially since the 1950’s and
revolutionized our daily life. Simultaneously, plastic pollution in the environment has become
a global issue and micro- (MP) and nanoplastics (NP) have now been detected even in the
most remote ecosystems. There is currently a data gap due to a lack of analytical methods on
the occurrence and characterisation of two highly relevant categories of plastic in the soil
environment: tire wear particles (TWP), which concentration in the environment is expected to
be high and carry toxic additives, and NP, which toxicity has been demonstrated on soil
organisms and is characterized by its ability to cross cell membranes. The effects of micro-
and nanoplastic (MNP) on their surrounding environment are determined by their size,
morphology, surface characteristics and chemical composition, which can be affected by soil
residence time. As the soil is often considered as sink for MNP, it is crucial to investigate and
understand the different weathering factors which might affect the MNP properties. To address
these knowledge gaps, three main objectives were identified in the scope of this study:
develop an extraction and single particle identification method for the quantification and
characterisation of (i) TWP and (ii) NP in soil samples and (iii) characterise the physico-
chemical properties at the surface of plastic debris occurring in the soil environment, as well
as assess the effect of soil and UV weathering as single ageing factors.

In order to realise the first objective, a method of extraction and identification of TWP in soll
samples based on their black colour was developed using optical microscopy. Cryo-grinded
TWP down to a size of 35 uym could be detected with a >85% but the tests conducted with
environmental TWP showed that the density used in this study was not efficient to separate
the whole range of TWP occurring in different densities. Yet, TWP concentration in highway
adjacent soil samples ranged between 8084 +1059 and 2562 + 1160 TWP kg™ dry soil and
showed similar trends and magnitude order than previously reported concentrations. Thus,
the developed protocol was estimated sufficiently accurate for TWP monitoring in soil samples.

Regarding the second objective, an extraction and identification method for NP in soil samples
was developed using X-ray spectro-microscopy (STX-NEXAFS). The results demonstrated
the suitability of the technique for the imaging and chemical characterisation of individual NP
with @ minimum dimension of =100 nm and its application to the analysis of pure NP and for
NP present in environmental and food matrices. However, it was not possible to obtain
quantitative data on the NP present in the samples, as the method was too time consuming to
allow the measurement of a high number of particles.

For the last objective, STXM-NEXAFS was applied to the characterisation of the surface
alterations of natural-soil weathered, soil-incubated and UV exposed polymers. A surface
alteration on a depth varying between 150 and 1000 nm on could be observed and the analysis
of the replicate’s measurement acquired on the same plastic debris highlighted the
heterogeneity of the processes affecting polymers surface. The comparison of UV weathered
and natural-soil weathered samples showed that the two treatments led to different surface
alterations and the absence of surface alteration after one-year soil incubation indicated slow
aging of polymers in this medium. Moreover, the very first step of surface fragmentation was
observed on a PS fragment, providing an insight on the factors and processes leading to the
release of MP and NP in soils.

Overall, the present research contributed significantly to the development of innovative
methods to characterise MNP in the soil environment. The results obtained helped to provide
ground information on the characteristic of environmental MP and NP, which is of high
importance to design ecotoxicological test using environmentally relevant material as well as
validate predictive models to better understand the potential risk that MP and NP represent
for the ecosystems.
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Chapter 1

1.1 Introduction

1.1.1 Plastic definitions in an environmental context

Plastic material was mostly developed in the XX® century and has played an essential role in
the advancement of technology. Due to its light weight, plastic role as a construction or
packaging material significantly reduced fuel consumption during transportation. Additionally,
plastic low-cost and versatility allowed for the development of completely new products, such
as cell phones and computers, accessible to a large public (Brydson, 1999). Since its
commercialisation in the 1950’s, the global plastic production has grown exponentially and
plastic has become omnipresent in our everyday life (PlasticsEurope, 2022). It has been
estimated that, between 1950 and 2015, about 8300 million metric tons of plastic have been
produced worldwide, 79% of which are accumulated in landfills or in the environment (Geyer
et al., 2017). So, while this material revolutionized modern technology, plastic pollution
omnipresence and its potential negative effects on the ecosystems also became a global issue
despite early warnings from the scientific community (Carpenter and Smith, 1972). But what
is plastic exactly? It is a wide class of materials, which consist at least partly in organic
polymers and can be moulded into solid, non-soluble objects (Hartmann et al., 2019). An
organic polymer is formed by a high number of repetitions of a single monomer containing
carbon. The polymer type of plastic material is thus determined by the composition of its
repeated monomers (Figure 1-1). In the present dissertation, the most commonly studied
polymer types : polyethylene (PE), polypropylene (PP), polystyrene (PS), polyethylene
terephthalate (PET), polyvinyl chloride (PVC), polycarbonate (PC), polymethyl-methacrylate
(PMMA) polyamide (PA) and polyurethane (PU) (de Ruijter et al., 2020; Zhang et al., 2019)
are grouped together under the term of “traditional” plastics, as suggested by (GoRmann et
al., 2021). However, in an environmental context, the polymer type only is not sufficient to
characterise the plastic material as several additional characteristics will determine its fate and
impact in the environment. Indeed, plastic debris can contain a wide diversity of additives and
can be found in a variety of sizes, morphologies and colours. In the context of plastic pollution,
a nomenclature based on the plastic debris size has emerged but no consensus regarding the
upper and lower size limits has yet been reached (Hartmann et al., 2019). In the present
dissertation, macroplastics (MaP), microplastics (MP) and nanoplastics (NP) represent
particles of a size range >2mm, 2mm-1um and <1um respectively. Microplastics and
nanoplastics (MNP) can occur as primary, when they were manufactured in this size range for
their initial purpose, or secondary if they result from the breakdown of a larger plastic debris
(Cole et al., 2011). Thus, “plastic material”’ is a term which represents a vast category of
material having a broad diversity of physical and chemical characteristics and being present

in a large size range in the environment.
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Figure 1-1:Chemical structure of the most commonly used polymers: Polyethylene (PE), Polypropylene (PP),
Polyethylene Terephthalate (PET) and Polystyrene (PS).

1.1.2 Sources and impact of plastic in the terrestrial ecosystem

Plastic objects can enter the soil environment through several pathways, which are
summarized in Figure 1-2. The road runoff plastic is mainly composed of tire wear particles
(TWP) originating from the abrasion of vehicle’s tires on the asphalt (Rogge et al., 1993). A
modelling approach determined that TWP accounted for 93% of the plastic emitted per capita
per year in Switzerland, which makes tire rubber the dominant source of plastic in the
environment (Sieber et al., 2020). In agricultural systems, common practices will contribute
significantly to the input of plastic in the soil. For example, it has been estimated that the total
input of MP to soil through sewage sludge amendments lies between 63000 and 430000 tons
per year in Europe (Nizzetto et al., 2016) and an accumulation of plastic following sequential
sewage sludge applications was observed in field experiments (Corradini et al., 2019).
Nonetheless, sewage sludge amendments, have been banned in several European countries
and is forbidden in Switzerland since 2003. Composts from households and industry are also
used as natural fertilizers but have been shown to contain MaP and MP in concentrations
ranging from 20 to 146 particles kg™ dry weight (Weithmann et al., 2018). Coated fertilizers
are widely used in golf courses and rice crops and allow to physically regulate the release of
a fertilizer over time but are suspected to be a significant source of MP in those soils (Katsumi
et al., 2020). Plastic mulches provide a wide range of benefits for the agriculture but is prone
to UV degradation and its complete removal after use is difficult, leading to an accumulation
of plastic fragments in the soil (Huang et al., 2020) and contributing up to 30% of the potential
terrestrial sources of MP (Khalid et al., 2022). Finally, contaminated irrigation water (Pérez-
Reverén et al., 2022), urban runoff that is not captured by the sewer systems (Hurley and
Nizzetto, 2018), littering (Braun et al., 2023) and atmospheric deposition (Kernchen et al.,

2022) are known sources of plastic in soils.

Once in the soil, plastic can affect the soil physico-chemical properties, such as the structure,
porosity, bulk density, soil water, pH, organic matter and nutrients availability with negative,
neutral or positive impact (Wang et al., 2022b). Several studies have already observed

negative effects of MNP on soil organisms such as the microbiota and the functional diversity
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of enzymes in soil (Awet et al., 2018), earthworms (Kwak and An, 2021; Zhu et al., 2018) or
plants (Lozano et al., 2021). Regarding soil living organisms, determinant factors to predict
MNP toxicity are the polymer type, the particles size and surface charges, their concentration
and their shape (Wang et al., 2022a). For example, concentration was a key factor to assess
the effect of PS MP on earthworms growth and fitness (Cao et al., 2017) and (Sun et al., 2020)
showed that positively and negatively charged PS nanobeads were both impacting the
phenotype of the plant Arabidopsis thaliana but with different toxicity mechanisms. Thus, a full
characterisation of the plastic occurring in the environment is crucial to correctly assess the

risk that MNP represent for the organisms.

< =« Atmospheric deposition
RN

Road runoff
Tire wear

Irrigation
water

Figure 1-2: Main sources of Macro-, micro- and nanoplastic in soil.

1.1.3 Assessing plastic concentration in the soil environment

To quantify and characterise the plastic present in soil samples, MaP, MP and NP are most
often separated from the soil matrix and identified by their polymer type. However, no agreed
standard method is yet available (Junhao et al., 2021). The challenge in developing a
standardized method arise from the diversity of plastic particle sizes and density occurring in
the environment, as well as the heterogeneity in the constituent and their proportions of the
soil matrix. MP extraction generally consists in a density separation to allow the elimination of
the soil mineral fraction, followed by a reduction of the soil organic matter (SOM). The most
common techniques applied for traditional MP identification in environmental samples are light
microscopy, Fourier-transform infra-red spectroscopy (FTIR), attenuated total reflectance
FTIR (ATR FTIR), Raman spectroscopy and pyrolysis gas chromatography mass
spectrometry (Py-GC/MS). The great asset of FTIR and Raman spectroscopy is to provide a
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full characterisation of the particles by providing the polymer type, size and shape
characteristics of the plastic occurring in the environment. Py-GC/MS does not allow for single
particle analysis but has a high sensitivity allowing for a low limit of detection (Mdller et al.,
2020). With the help of these techniques, traditional MP concentrations in the range of <1 to
12760 items kg™ dry soil were observed in terms of particles count and between 0 to 55.5 mg
kg™ dry soil in term of mass. Soils with a sewage sludge amendment had an average MP
concentration of 1998 items kg ' or 2.2 mg kg' dry soil and was equivalent to soils prone to
receive road dust or littering but was one order of magnitude higher than soil where plastic
mulch was used. Additionally, a positive relationship between population density and MP
concentration in soil was observed, as concentration in industrial areas > suburban areas >

rural areas (Biks and Kaupenjohann, 2020).

However, most of the studies focusing on the occurrence of MP in the soil do not include TWP,
as the most common identification techniques used for traditional MP are not suitable for TWP
detection. Yet, TWP represent an important category of MP, as their environmental
concentrations are expected to be high and several studies have already shown TWP toxic
effects on soil organisms, mainly due to leaching of chemicals (Kim et al., 2022, 2021; Selonen
et al., 2021; Sheng et al., 2021). Most of the available data on TWP in soil are based on
prediction models and the measurement data are scarce (Mennekes and Nowack, 2022).
Tires are generally composed of about 50% natural or synthetic (styrene-butadiene) rubber,
45% softening and hardening materials and 5% of other additives. Their final composition can
vary widely, depending on the application of the final product (Verschoor, A. et al., 2016).
Despite the fact that they only partly consist of artificial polymers, TWP are still considered as
MP (Committee for Risk Assessment (RAC), 2020). FTIR and Raman spectroscopy cannot
be used to detect TWP because they are typically opaque to IR light, due to black carbon total
absorbance, and do not deliver specific Raman spectra (Muller et al., 2022; Wagner et al.,
2018). ATR-FTIR can be used to identify TWP but this method is limited by the size of particles
it can measure (2500um) (Leads and Weinstein, 2019). Mass spectrometry techniques target
analytical markers, which can be organic, polymeric, or elemental, to infer TRWP bulk mass
in environmental samples. Molecular markers are organic additives which can be traced using
chromatography techniques coupled with mass spectrometry (MS) (Knight et al., 2020). If they
are considered specific to trace TWP, organic markers are prone to leaching and degradation
(Unice et al., 2015) thus increasing significantly the uncertainty of the results. Polymeric
markers are representative of the polymeric fraction of the tires and are potentially more
consistent than molecular markers. (Rgdland et al., 2022) used Py-GC-MS to assess the
suitability of different polymeric markers as well as markers combinations to quantify the

amount of TWP in environmental samples. They obtained an accuracy range of 85-151 %,
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reflecting how inferring the concentration of TWP from an indirect measure is hindered by the
high variability of tires initial composition and marker stability. Therefore, the currently
available techniques either fail to positively identify the TWP (FTIR, Raman) or to provide TWP
size and shape distribution (mass spectrometry). Nevertheless, mass spectrometry
techniques provided the first TWP mass estimations in soil lying between 155 and 64000 mg
kg™ dry soil and showed a positive correlation between the TWP concentrations, the proximity
from the road, the traffic density and the break and acceleration frequency (Klockner et al.,
2021a; Mdller et al., 2022; Panko et al., 2012; Thomas et al., 2023; Unice et al., 2015). These
mass concentrations agree well with the prediction that TWP are much more abundant in the
environment than traditional MP. To the best of our knowledge, only one study reported TWP
concentration in soil in particle number. They analysed road runoff water and found
concentrations ranging from 0.66 to 65 TWP/mL (Knight et al., 2020) but did not provide
systematic information on particle size and morphology. Thus, most of the data reporting TWP
in soil are mass-based and no information on TWP shape and size distribution are yet
available, due to the lack of identification methods for environmental TWP allowing single

particle characterisation.

The number of studies which successfully quantified and characterized NP in soil are much
lower compared to MP. Particles of a size <1 um typically behave as colloids (Gigault et al.,
2018) and thus cannot be extracted with the same methods developed for MP. For example,
sodium bromide (NaBr) saturated solutions are often used for the density separation of MP,
but in the case of NP, the ionic strength of the solution induces a strong aggregation of the
NP, which hinders an efficient separation from the soil matrix. Moreover, the identification of
NP from environmental matrices cannot be achieved using infrared or Raman spectroscopy
as they have a spatial resolution limited to 20 and 1 um respectively (Cerasa et al., 2021). NP
of PE, PS and PVC could be recently detected and quantified in a size range of 20-150 nm in
a soil amended with plastic debris using a combination of asymmetric field flow fractionation
(AF4) and Py-GC/MS (Wahl et al., 2021). This work was the first to show evidence of the
presence of NP in soil samples, but the techniques applied could not deliver single particle
information (size, morphology) which are needed to fully characterise environmental NP. To
achieve single particle analysis at the nm scale, the detection technique must be able to
provide high resolution images and to collect single particle signal but currently, to our

knowledge, no such method is available.

1.1.4 Plastic fate and impact in the soil
Once emitted in to the environment, MNP can be further transported vertically and horizontally
by a combination of abiotic (water flow, ploughing) and biotic (earthworms, roots growth)

factors (Helmberger et al., 2020). They can eventually exit the soil and enter the aquatic
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system by reaching the groundwater (Re, 2019) and the marine environment is generally
accepted to be the ultimate sink of plastic particles (Villarrubia-Gémez et al., 2018). However,
the retention time of plastic in soil can vary on large time scales and be influenced by the
plastic debris properties (size, zeta potential) and soil properties (Hurley and Nizzetto, 2018;
Lehmann et al., 2019). In the terrestrial system, several mechanisms can lead to plastic partial
or total degradation. These mechanisms include abiotic processes, such as thermal
degradation (Pielichowski and Njurguna, 2005), photo-degradation (Cai et al., 2018; Luo et
al., 2020b) and mechanical breakdown (He et al., 2018), as well as biotic processes such as
bio-fragmentation (Cadée, 2002; Dawson et al., 2018) and biodegradation (Danso et al., 2019;
Sander et al., 2019; Zumstein et al., 2018). The efficiency of these mechanisms to degrade
plastic will depend on the physico-chemical properties of the polymer, such as the particle size
(Luo et al., 2020a; Wang et al., 2020), its chemical structure (Gewert et al., 2015) and its
crystallinity (Julienne et al., 2019), and environmental conditions, such as the oxygen
concentration and humidity (Wang et al., 2020), temperature (Chen et al., 2020) and organic
matter concentration (Cai et al., 2018; Liu et al., 2020). So far, most of the research concerning
plastic weathering was conducted in aquatic or air media but only little is known about plastic
aging in soils (Buks and Kaupenjohann, 2022; Duan et al., 2021). Among the diversity of
weathering factors, the most studied is UV radiation. It has been showed that UV-induced
photo-oxidation can lead to surface morphology alterations (cracks, fragmentation) and a
deterioration of mechanical properties (Ainali et al., 2021; Cai et al., 2018; Meides et al., 2022).
Photo-oxidation generally results in an cleavage in the polymeric chain and oxygen present in
the atmosphere binds to the formed radical, increasing the proportion of hydroxyl (O-H) and

carbonyl (C=0) groups in the material (Ranby, 1989).

Before being buried in soil, plastic fragments can lie in sunlight for an undetermined period of
time and be exposed to UV radiation. Once buried in the soil, plastic is no longer exposed to
UV but to soil microorganisms and roots in a mostly humid environment where expected aging
factors include secreted enzymes, organic and inorganic acids, bioturbation, frequent leaching
and freeze-thaw cycles. However, the effect and importance of these weathering factors are
yet unknown (Biiks and Kaupenjohann, 2022). Previous work used a biodegradable '3C-
labelled poly(butylene-co-terephthalate) (PBAT) to show for the first time the biodegradation
of a polymer in agricultural soil (Zumstein et al., 2018) and many different enzymes and/or
bacterial stains have been tested for their efficiency of polymer biodegradation (Amobonye et
al., 2021). However, the consequent polymer surface modifications are still unknown, yet

important to assess the particles fate and impact in the soil.
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1.1.5 Objectives and structure of this study

Given the potential threat that MNP represent for the soil living organisms and their possible
effects on the soil properties, there is an urgent need to quantify and characterize the MNP
pollution in soil. Currently, methodological gaps are hindering the quantification and
characterisation of two highly relevant categories of environmental plastic. First, the TWP
which were estimated to represent more than 90% of the plastic emitted per capita in
Switzerland and which concentration in the environment is expected to be high. Secondly, the
NP which toxicity has been demonstrated on soil organisms and is characterized by its ability
to cross cell membranes. Moreover, the effects of MNP on their surrounding environment are
determined by their size, morphology, surface characteristics and chemical composition,
which can be affected by soil residence time. As the soil is often considered long-term
reservoir for MNP, it is crucial to investigate and understand the different weathering factors
which might affect the MNP properties. Therefore, the aim of this PhD thesis was to contribute
to the development of new extraction and identification protocols for MNP present in soil as
well as characterise the surface physico-chemical properties of the plastic being retained in
the soil for long periods of time. The general structure of this dissertation is represented in
Figure 1-3. The Chapter 1 presents an overview of the different optimisation steps and

methods tested to achieve the three following objectives:

e Develop an easy-to-use single particle based method to quantify and characterise
TWP in the soil (Chapter 2)

¢ Develop an extraction protocol and single particle identification method to characterise
NP in the soil (Chapter 3)

¢ Investigate the physico-chemical ageing of plastic surfaces exposed to UV and soil
(Chapter 4)

The purpose of these objectives is to address the current methodological gaps for the
extraction and identification of two highly relevant categories of plastic (TWP and NP) and to
provide a first characterisation of sizes and shapes distribution, as well as surface chemical

characteristics, for plastic occurring in the soil environment.
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Figure 1-3: Schematic representation of the chapter structure and objectives of the thesis.

The Chapter 3 has been published in the Journal of Hazardous Material in 2022 and the
Chapter 2 and 4 will soon be submitted in peer-reviewed journals. As these chapters are
meant to be understood independently, repetitions between the 1%t chapter and the following

ones are possible but necessary to provide an overview of the thesis.

Along with the primary objectives outlined above, | also lectured twice in the Soil
Biogeochemistry course and co-supervised Bachelor (Benjamin Guggisberg, Sarah Volken,
Saskia Gianola) and Master (Gaby Witschi, Milo Fieber, Tobias Stadler, Laure-Héléne Vinot,
Maeva Bragoni, Yannick von Kanel, Michelle Diir) students on plastic-related themes. | co-
authored one of the Master’s project that dealt with MP in drainage water and was published
in the journal Science of the Total Environment in 2022 (Appendix A). | instructed two PhD
students (Adrian Grunder and Hannah Forsyth) on the lab techniques relating to MNP and
trained external students, lab technicians and professors to the method of MP extraction from
soil. | implemented a R script to automatize the comparison of our MP FTIR spectra to our
own reference measurement and the OpenSpecy database (Cowger et al.,, 2021)
simultaneously. | worked together with Tobias Stadler and Adrian Grunder on the extraction
and identification protocol for traditional MP in soil which will soon be published in a peer-
reviewed journal and of which I'll be a co-author. | was involved in four successful beamtime
applications at the Swiss Light Source facility (Institute Paul Scherrer, Switzerland) and a fifth
one at the Advanced Light Source facility (Berkeley Lab, USA). Finally, | had the opportunity

to present my research in national (Swiss Geoscience Meeting 2019, MP-CH meeting 2022 &
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2023) and international conferences (German and Swiss Soil Science Society meeting 2019,
Eurosoil 2020, Society of Environmental Toxicology and Chemistry 2022 and Microplastics
2022).

1.2 Material and methods

The purpose of this section is to provide an overview of the many optimization procedures
carried out prior to arriving at the final protocols, which are covered in more details in the

appropriate chapters.

1.2.1 TWP extraction and identification in soil samples

The protocol for traditional MP and TWP extraction applied in Chapter 2 was adapted from
earlier work (Olsen et al., 2020; Scheurer and Bigalke, 2018) and optimised for our detection
method. Preliminary tests showed that, when the final extracts were filtered down a filter for
further FTIR analysis, three main factors were slowing down or hindering a proper
identification of the TWP present in the sample: (i) a high quantity of fine particles on the final
filter formed a dark background and was challenging the particles automatic detection by
lowering the contrast between the particles and the background, (ii) the remaining NOM after
Fenton reaction alone could cover significant areas on the final filter and potentially hide
underlying TWP and (iii) the accumulation of precipitated iron oxides from the Fenton reaction
on the final filter was significantly affecting particles colour and could even form a layer thick

enough to cover and hide TWP.

To decrease the quantity of fine particles on the final filter, we examined the impact of a larger
filter pore size in the first filtration phase by substituting the initial 0.45 um PC filters by 10 ym
stainless steel filters. In this aim, a density separation was applied to soil sample replicates
and filtered through both filters. The improvement was then assessed by visual comparison.
To reduce the amount of NOM, a new step, which was previously applied to MP extraction in
the marine environment (Olsen et al., 2020), was implemented before the Fenton reaction.
This step consists in immersing the sample in 25 mL NaUT (6% urea, 8% thiourea, 8% NaOH)
solution before freezing it for 40 min at -20 °C to initiate a crystallisation process. The crystals
formation causes the NOM structure to weaken and makes its later mineralisation easier. The
effect of this new step was assessed by measuring the area covered by the particles on the
filters after the Fenton reaction on soil sample replicates. Finally, a treatment of 2M H>SO4
was tested to remove the iron oxide precipitates on the final filter by adding sequences of 3 x
50 pL H2SO4 + 15 mL MilliQ water until full dissolution of the iron oxides.

Next, the efficiency of optical microscopy together with a machine learning algorithm to detect
TWP based on their black colour was evaluated and the minimum particle size detected was

determined. The extraction and identification procedure recovery and the method limit of
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detection (LOD) and quantification (LOQ) were assessed using cryo-grinded TWP and tunnel
dust samples. Additionally, as a similar black colour-based identification was previously
applied to detect charcoal particles in sediments samples (Mooney and Tinner, 2011), we
investigated charcoal possible interferences in the TWP identification process. The newly
developed method of extraction and identification was finally applied to highway adjacent soil
samples and the observed concentrations were compared to previously reported TWP
quantification data. The identification protocol and the experimental design applied to TWP in

soil is presented in detail in Chapter 2.

1.2.2 NP extraction and identification in soil samples

In Chapter 3, we aimed to develop an extraction protocol and an identification method allowing
for the full characterisation of NP in soil. First, a magnetic extraction developed previously for
MP and involving coated Fe nanoparticles to magnetize the plastic was tested. For this, Fe
nanoparticles were modified with hexadecyltrimethoxysilane (HDTMS), forming Fe
nanoparticles with hydrophobic tails which preferentially bind to the plastic in environmental
samples (Grbic et al., 2019) and allow to extract the plastic with a magnet. To test the efficiency
of this method to selectively bind to the plastic, a spike soil extract was prepared: soil samples
were suspended in a sodium pyrophosphate tetrabasic (TSPP) solution, homogenised and let
settle for 18 h. Then, 5 mL of the top solution were collected and spiked with 2 mL of 100 nm,
250 nm, 500 nm and 1 ym PS nanobeads mix. The spiked soil solution was then incubated
for 12 h with the modified Fe nanoparticles. A magnet was used to retains the Fe nanoparticles
and the material they had bound to at the bottom of the vials while the liquid phase was
discarded. Finally, the extract was re-suspended into 3 mL of MiliQ water and a 2 uL drop of
the solution was deposited on a silicon wafer and imaged using scanning electron microscopy
(SEM) and energy dispersive x-ray (EDX). Next, extraction steps from protocols applied to
metallic nanoparticles (Schwertfeger et al., 2017) and MP from soil (Scheurer and Bigalke,
2018) were adapted to NP: (i) the elimination of the soil mineral fraction by centrifugation
assisted density separation at a speed of 22 000 rpm (acceleration of approx. 109.500 g) for
2 h was tested on PS 100 nm beads with a NaBr (p = 1.5 g/cm?®) and a sucrose (p = 1.3 g/cm?)
cushion and (ii) the reduction of total organic carbon (TOC, Vario TOC cube, Elementar ®) as
proxy for SOM oxidation was tested with a 24-h 5% H-0O- treatment with a unique or sequential
H.O- additions and the potential effects of the treatments were investigated on PS nanobeads

by SEM imaging.

Preliminary tests of NP deposition on a substrate for further analysis using pure PS nanobeads
centrifuge-deposited on a SiN substrate revealed a very low recovery rate. The suitability of a
1 uL drop deposition and 4 hours at 2780 x g force centrifugation in glass tubes for the

deposition of NP on various substrate compositions (SiN and MgO) was therefore examined
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by SEM imaging using a PS beads size mixture of 100, 250 and 500 nm and homemade PC
NP (see Appendix D.1 for detailed preparation of the NP) suspended in pure ethanol. The
particles were automatically counted on the SEM images using the Fiji open-source software
(Schindelin et al., 2012).

For the subsequent NP identification, three synchrotron based analytical techniques were
tested for their suitability to image and identify NP in environmental matrices. In a synchrotron,
electrons are accelerated to a speed almost equal to the speed of light and their trajectory is
bended by dipole magnets for their path to form a round-cornered polygon. The redirection of
the accelerated electrons generates a beam of light (beamline) which is characterised by a
high brilliance, c.a. a high concentration of photons (Boscherini et al., 2015). This
characteristic of the beam makes it very powerful for the investigation of nanosized objects,

as it allows to collect a strong signal on a high spatial resolution.

We first tested synchrotron infrared nanospectrosopy (SINS) coupled with atomic force
microscopy (AFM) for the identification and imaging of the particles at the 5.4.1 beamline of
the Advanced Light Source (ALS) in the Berkeley Lab (California, USA). It allows to acquire
FTIR spectra in the 400-11000 cm™ frequency range with a 20 nm spot size (Figure 1-4, A).
SINS-AFM main advantage is that the identification of the particles relies on IR spectroscopy,
for which consequent polymer databases and libraries are already available (Cowger et al.,
2021; Primpke et al., 2020). For this technique, samples must be AFM compatible (e.g. objects
present on the substrate should have a height < 1 ym) and be deposited on a highly reflective
surface to maximise the detection of the scattered IR. PS nanobeads of 100, 250 and 500 nm
as well as homemade NP of PP, PC PET, PVC, polyurethane (PUR) and polyamide (PA)
suspensions were prepared in 100% and 50 % ethanol to test SINS capacity to identify the
polymer type of single NP. The 50% ethanol solutions were prepared to allow sample
transportation by plane and allow new NP deposition directly at the Berkeley Lab. The
suspensions in 100% ethanol were deposited on silver-coated SiN substrates by a 4 h
centrifugation at 2780 x g in glass vials and 1 pL of the 50% ethanol suspensions was drop
deposited on gold substrates. Additionally, spiked and unspiked water and soil samples were
extracted and deposited onto silver-coated SiN substrate to assess the capability of SINS to

distinguish the different polymers from NOM.

The second analytical technique we tested was photo-emission electron microscopy (PEEM)
at the Surfaces/Interfaces Microscopy (SIM) beamline of the Swiss Light Source (SLS) of the
Institute Paul Scherrer (PSI, Switzerland) (Figure 1-4, B). The PEEM has a spatial resolution
down to 100 nm and provides near-edge absorption fine structure (NEXAFS) spectra of the

investigated material by varying the energy of incident X-rays between 280 and 350 eV, just
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above the carbon 1s absorption edge, and collecting the scattered electrons. Its main
advantages are its capacity of acquiring spectra over a 15x15 uym? area at once, allowing for
the simultaneous measurement of several particles, and that PEEM only analyses first 5 nm
at the surface of the material and is thus not limited by the thickness of the NP for signal
acquisition. To test the ability of PEEM-NEXAFS to identify NP polymer type, pure
suspensions of 250 nm PS beads and homemade PC NP as well as a mixture of PET, PA,
PMMA were prepared in 100% ethanol and were deposited by a 4 h centrifugation at 2780 x
g in glass vials onto SiN substrates carrying a MgO stripe in their middle. NEXAFS spectra

were acquired on a 15 x 15 pm field of view with a 3 s dwell time.

The last method tested was scanning transmission x-ray microscopy (STXM) coupled with
NEXAFS spectroscopy at the PolLux beamline at SLS of PSI and is described in detail in
Chapter 3. With the STXM, a sample can be scanned using monochromated x-rays with
photon energies just above carbon 1s absorption edge and render an image of all the objects
containing carbon in the sample with a spatial resolution of 30 nm (Figure 1-4, C). As for
PEEM, the photon energy can be varied in the C1s absorption energy range (280-320 eV) to
acquire NEXAFS spectra. At first, NEXAFS spectra of NP were acquired on manufactured PS
nanobeads and homemade NP to assess the suitability of STXM-NEXAFS to identify NP
polymer types and determine the lower size limit of the method. The combination of the
extraction and identification method was then tested by extracting spiked water and soll
samples. Finally, the optimised method was applied on unspiked samples of tea preparation
and soil samples to assess its suitability to differentiate NP from food and environmental

matrices.
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Figure 1-4: Schematic representation of the three synchrotron-based techniques tested in this study for the
identification of NP in environmental matrices (figure credits: Alexandra Foetisch and Benjamin Watts).

1.2.3 Physico-chemical ageing of plastic surfaces

In Chapter 4, the knowledge acquired on the STXM-NEXAFS technique, during the
development of the identification of NP in soil (Chapter 3), was transposed to a new
application in order to study the surface chemical alteration of plastic debris occurring in the
soil environment. For this purpose, NEXAFS spectra were acquired on the surface — bulk
material (BM) gradient of plastic debris collected from agricultural and roadside soil samples,
providing polymer chemical information with a spatial resolution of 30 nm. To perform this
analysis, polymers needed to be cut in ~200 nm thick sections by ultramicrotomy and
deposited onto a SiN substrate (Figure 4-1). Preliminary tests showed that, depending on the
type of plastic object and the type of polymer, the sections were not always sharp or even in
thickness. Indeed, fabric, foam and film lacked sufficient rigidity and PA and PE were too soft
to provide high-quality sections. Thus, fabric, foam, and film were imbedded into an epoxy
resin before the cutting, and cryo-ultramicrotomy was tested on a PE fragment in the aim to

retrieve useful sections.

Additionally, the single weathering factors were tested in controlled experiments: (i) the effect
of soil burial was tested by incubating five different polymers in two different soils for a three-
month and one-year duration and (ii) the effects of UV radiation were investigated by exposing
polymers to UV in an accelerated weathering experiment. Potential changes in surface
morphology due to soil weathering were investigated using SEM on soil incubated polymers.

Finally, the characteristics of the chemical surface alteration were investigated the same ways
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as for the environmental plastic debris and the results were compared. As no optimized
software was available for the treatment and analysis of the data generated with this specific
application of the STXM, a semi-automated data processing script was written on the open-
source platform Rstudio (RStudio Team, 2020).

1.3 General results and discussion

1.3.1 Easy-to-use single particle based method to quantify and characterise TWP in
soil
One of the main challenges arising when studying MP in the soil environment is to efficiently
isolate the plastic from the soil mineral and organic constituents. The development,
optimisation and validation of the extraction method which was performed in collaboration with
Adrian Grunder, Tobias Stadler and Benjamin Kunde and will be published shortly. For this
reason, only the optimisation and validation steps relevant to TWP are discussed in this thesis.
The Figure 1-5 shows a simplified representation of the different extraction steps applied to

TWP in soil in Chapter 2 and the pictures illustrate the effects of the different optimised steps.

The visual comparison of the soil extract replicates filtered on the 0.45 ym PC filter and the 10
pum stainless steel filter (Figure 1-5, A) showed a clear difference. Reduced particles filter
coverage results from the fine size fraction particles that are retained on the 0.45 ym pore size
filter passing through the 10 ym pore size filter. As a 35 ym minimum size threshold was
determined for optical identification of TWP (see section 2.3.1), a potential loss of TWP under
that size threshold would not affect the results in our case. The introduction of the NaUT
treatment before the Fenton reaction allowed to significantly reduce the amount of unwanted
remaining NOM on the final filter (Figure 1-5, B). The mean reduction of the filter area covered
by NOM was 33.2% but varied between 9.6 to 75.9 % depending on the soil tested (data not
shown). Regarding the significant improvement brought by this step, we decided to include it
into the extraction protocol. However, (Olsen et al., 2020) tested the effect of the NaUT
treatment coupled with a 30% H.O, + 1% NaOH oxidation step on PE, PS, PP, PET and PA
and observed structural changes for PA (embrittlement) and weight loss for PET and PA.
Thus, it would still be important to assess the effect of the NaUT treatment combined with the
Fenton reaction to ensure a proper recovery of all MP polymers, including TWP. Finally, the
implementation of an acidic treatment to dissolve the iron oxide present at the surface of the
filter after the last filtration allowed to remove almost completely the orange layer impacting
the colour of the particles presents (Figure 1-5, C). As the acidic treatment was not as strong
as previously applied (Bigalke et al., 2022), we assumed it would not degrade the plastic

present on the filter.
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In brief, the optimised extraction method consists in the following steps. After sampling, the
soil is dried and sieved to 2 mm. The soil aggregates are broken by ultrasonication and the
mineral fraction of the soil is eliminated by density separation using a sodium bromide (NaBr)
salt solution of a density 1.5 g/cm?®. After centrifugation, the supernatant is filtered through a
metallic filter (10 um pore size). The retentate, containing mainly the plastic and the natural
organic matter, are resuspended in the NaUT solution and kept at -20°C for 40 min, until
crystals appear into the solution. The NaUT solution is then washed away and the SOM is
oxidized by Fenton reaction which uses hydrogen peroxide as oxidizing agent and Fe as
catalyst. The samples are washed afterwards on a metallic filter (10 ym pore size) and a
second density separation (NaBr, 1.5 g/cm?) is applied to remove residual minerals. The
resulting supernatant is finally filtered onto an Anodisc filter and the 2M H.SO4 acidic treatment

is applied to remove the iron oxide from the Anodisc filter.
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Figure 1-5: Schematic representation of the different steps for the extraction of MP from soil samples. The optimized
steps are highlighted in orange and optical pictures illustrate the improved steps effects. (A) Fine particles
reduction, (B) NOM reduction, (C) iron oxides dissolution. (Figure credit: Adrian Grunder, Tobias Stadler, Alexandra
Foetisch).

In Chapter 2, the above presented method was applied to extract TWP from soil and they
were identified on optical microscopy images by a machine learning segmentation model. An
85.4 % recovery rate was achieved using cryo-grinded TWP for particle sizes > 35 um with a

LOD and LOQ calculated at 1 particle. The density of traditional MP typically varies between
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0.9 and 1.45 g/cm?® (He et al., 2020) and saturated salt solution of 1.2 to 1.5 g/cm?® are
commonly used in MP research (Blasing and Amelung, 2018; Nabi et al., 2022; Perez et al.,
2022). However, the density of TWP can vary widely between 1.2 and 2.2 g/cm?® (Kléckner et
al., 2021b, 2019) depending on the amount and type of mineral encrustment that is carried on
their surface (Kovochich et al., 2021). A density separation performed on a tunnel dust sample
showed that the 1.5 g/cm?® density of the NaBr solution was not high enough to isolate the
whole TWP fraction present in environmental samples (Appendix C.4). The ultrasonication
applied during the extraction could induce a partial loss of the encrusted mineral particles and
thus change the range of densities in which environmental TWP are present. It is thus not
possible to infer the recovery rate of our method on environmental TWP. Recent work has
shown that the majority of the TWP in highway tunnel dust were present in the <1.7 g/cm
fraction (Klockner et al., 2021b) and density solution of 1.8-2.2 g/cm?® using sodium iodide
(Nal) or sodium polytungstate (SPT) were suggested for the extraction of TWP from
environmental samples. Although these solutions allow to obtain higher recovery rates, they
are harmful for the environment and their use should be minimized. The analysis of the
highway soil showed a general decrease of the TWP concentrations with 8080 + 1059, 9106
+ 3234, 4091 + 623 and 2562 + 1160 particles kg™ dry soil for a distance of 1, 2, 5 and 10 m
from the road, as observed in previous studies (Baensch-Baltruschat et al., 2021; Fauser et
al., 2002; Knight et al., 2020; Mdiller et al., 2022; Panko et al., 2012). This indicates that, even
if the totality of TWP cannot be extracted, the method already allows to detect general patterns
in their occurrence. However, future research should focus on studying the effect of
ultrasonication on the TWP mineral encrustment stability to allow a better estimation of

environmental TWP concentration.

TWP have been very well characterized in previous work for TWP generated on a road
simulator (Kovochich et al., 2021) and detected in air born samples (Rausch et al., 2022) using
SEM-EDX. They are most of the time described as “having an elongated shape and a mineral
encrustment” (Kreider et al., 2010). However, our results showed that, in the 2mm - 35um size
range, TWP circularity was well distributed between 0.25 and 0.75 (Figure 2-4) , indicating
there was a smooth distribution of the elongated and almost spherical particles in that size
range, which, to our knowledge, was never reported before. The experimental design
presented in Chapter 2 did not allow to assess if the particles having a broader shape
distribution resulted from their formation processes being different compared to other study
sites or from an ageing of the particles in the environment. Yet, the application of the colour-
based identification method would be suitable to answer this specific question and future
research should investigate the effect of the different factors affecting TWP formation (road

type, vehicle speed, tire initial composition, frequency of breaks and acceleration) on the
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shape and sizes of the TWP present in soil. Moreover, the TWP mass concentration can be
inferred from the measured dimensions of each particle (Tanoiri et al., 2021) and compared

to results obtained with different MS analytical techniques such as.

1.3.2 Single particle based method to quantify and characterise NP in soil

In the specific case of NP, the same extraction protocol as for MP or TWP could not be applied.
Due to their size range, NP can behave differently in similar conditions (Gigault et al., 2018).
The attempt to use a magnetic extraction on PS nanobeads led to the formation of massive
NP aggregates (Figure 1-6). The sizes of the spheres observed in the samples were always
larger than expected. The EDX analysis (Appendix B.1) revealed that all the spheres were
covered by Fe, suggesting the change of size was due to the presence of an iron outer layer.
In addition to the spheres, irregularly shaped particles in a wide size range were also
observed. Because of the iron covering them, it was not possible to determine their elemental
composition with EDX but they could be composed of Fe alone or Fe-covered SOM. Such
aggregates hinder single-particle analysis as the particles are not physically isolated.
Moreover, the iron covering the particles might interfere with the detection signal to identify
the polymers. Thus, a further separation of the NP from the iron would be required. However,
the modified Fe hydrophobic tails form S-O bonds (bond energy of 452 kd/mol) with the plastic
surface, which are stronger than C-C bonds (bond energy of 345.6 kJ/mol) (Grbic et al., 2019),
allows for efficient separation without affecting the polymer unlikely. As a result, due to the
probably low selectivity of the modified Fe nanoparticles to bond to plastic and the difficulty

represented by the isolation of the NP from the Fe, this method was not further considered.

Figure 1-6: SEM back scattering images of a PS nanobeads aggregate formed during NP magnetic extraction.

Nevertheless, more promising results could be obtained by adapting and combining steps

applied for the extraction of metallic nanoparticles and MP. While the elimination of the mineral

18



Summarizing overview

fraction by density using NaBr (p = 1.5 g/cm®) induced a strong aggregation of the PS beads
in the suspension (Figure 1-7, A), the sucrose allowed to concentrate the nanobeads at the
surface of the cushion in a homogenous cloud (Figure 1-7, B) and was thus selected for this
application in Chapter 3. Yet, it was not possible to reach a density >1.3 g/cm?® and it is likely
that denser polymers, such as PET or PVC (~1.45 g/cm?®) could be lost during this step. Thus,
more effort should be dedicated in finding a suitable solution with a higher density or different

conditions to ensure the recovery of most traditional polymers.

Figure 1-7: Effect of density separation using NaBr (A) and sucrose (B) cushions on the behaviour of PS 100 nm
beads in solution.

The results of the SOM oxidation optimisation are presented in detail in Section 3.2 and
Appendix D.3. The sequential addition of H2O2 every 2 h to maintain a ~5% H>O- concentration
showed a continuous reduction of the TOC in the samples while the effect of a single H.0>
addition stopped after 2 h incubation. The SEM imaging of the 100 nm PS spheres after 24 h
of sequential additions showed that the solution still contained a concentration of sucrose high
enough for it to crystallise on the substrate and nanobeads surface (Figure 1-8). Thus, it was
not possible to infer possible surface modifications induced by the treatment. Still, the beads
were spherical and had a diameter corresponding to the expected 100 nm spheres, indicating
that this treatment did not induce a size reduction or shape alteration. PS beads are often
used for method validations as they are commercially available, and their spherical shape
allows to recognise them in a sample without the help of a spectroscopic method.
Nonetheless, MP research showed that not all the polymers have the same sensitivity to the
same treatment (Monteiro and Pinto da Costa, 2022). The availability of nanospheres made
of other polymers than PS at a reasonable price would help to assess the effects of the

different treatments on a wider range of nano polymers.
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Figure 1-8: SEM InLens images of PS 100 nm beads after 24 h of H202 sequential addition. (Image credit: Laure-
Hélene Vinot)

The Chapter 3 describes in detail the final extraction protocol. In summary, it consists in a first
homogenisation of the soil sample into a dispersant solution and a settlement to separate
particles according to their sizes (Stokes, 1851). The smaller particle fraction is collected and
centrifuged on top of a sucrose cushion, to separate the mineral from the organic fraction. The
remaining SOM is oxidized with 5% hydrogen peroxide (H202) and the sample is filtrated and

concentrated by pressure assisted filtration until reaching a final volume of 10 mL.

After their extraction, single NP identification requires particles to be deposited on a substrate
on which every particle can be localised and measured, or areas of the substrate can entirely
be scanned. The NP extracted from any environmental matrix needs then to be deposited on
the smallest area to minimise the surface which need to be scanned. Depending on the
amount of material to be measured (e.g. remaining OM, actual NP), the characterisation of all
particles would still be too time consuming. In that case, it is conventionally accepted to
measure random areas of the substrates and to extrapolate the results for the whole sample.
However, this extrapolation method assumes that particles are homogeneously distributed.
Thus, an ideal NP extraction method would allow to maximise the concentration of NP in the
final extract, which should then be distributed homogeneously on a substrate. In the field of
metallic nanoparticles, an homogeneous deposition is most often achieved by centrifuging the
particle down on a substrate (Markelonis et al., 2015). As preliminary test showed a poor
recovery of PS beads on a SiN wafer, we tested the effect of the substrate composition on the
recovery by centrifuging PS and homemade PC NP suspensions down SiN and MgO
substrates. The recovery of PS nanobeads was ~16 x higher on a MgO than a SiN substrate
(Figure 1-9, A and B) and the recovery of PC, on the contrary, was ~3 x higher on a SiN than
a MgO substrate (Appendix B.2). These results show that the material of the substrate, the

polymer type and/or the conditions of NP production will affect NP their recovery when being
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deposited by centrifugation, resulting most likely from the interaction of the charges present at
the surface of each material. This also suggests that the recovery of environmental NP after
their extraction will depend on their surface properties, which can vary according to the
polymer types and the conditions in which they were released into the environment. In light of
these results, drop deposition of PS suspensions was also tested in the aim to ensure the
whole NP fraction deposition on the final substrate. Drop deposition only allowed to deposit a
very small fraction (uL) of the NP suspension, while centrifugation can deposit a much bigger
volume (mL) on the substrate. Additionally, a coffee ring effect where particles aggregate in
concentric circles (Hu and Larson, 2002; Mampallii and Eral, 2018) was systematically
observed, leading to a highly heterogeneous distribution of the particles (Figure 1-9, C).

Despite a recovery fluctuating with the different polymer and substrate test materials,
centrifugation was preferred over drop deposition as NP homogenous distribution was more
favourable for single particle analysis. Thus, even if the method developed in Chapter 3
allowed to detect NP from soil samples, work effort should focus on ways to maximise NP
concentration in the final extract solution and homogeneously distribute NP on a substrate
with an equivalent recovery rate for all polymer types to allow quantitative analysis of NP in

soil (and other matrices) samples.

Figure 1-9: SEM secondary electron images illustrating the challenge of NP concentration and of their homogenous
distribution on a substrate. (A) PS nanobeads suspension deposited by centrifugation on a magnesium oxide
(MgO) substrate. (B) Same PS nanobeads suspension as shown in (A) deposited by centrifugation on a silica (Si)
substrate. (c) Coffee ring effect after drop deposition and evaporation of a PS nanobeads suspension. The zoom
in show that’s the visible circle segments are nanobeads aggregations.
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After NP extraction, SINS-AFM was tested for NP identification. Despite our expectations,
several reasons led us to conclude that this technique could not be applied in NP monitoring.
Indeed, even after a sample preparation fitting the AFM requirements, the golden cantilever
tip broke several times. The replacement of the probe implied the realignment of the setup,
which could take up to 4 h. The sample scanning with AFM was slow and the absence of
motorized stage hindered the possibility of targeting an area previously localized by SEM or
optical microscopy. Additionally, despite AFM having a high spatial resolution for imaging and
allowing almost a three-dimensional representations of the particles, some particles could be
missed out when they do not adhere strongly to the substrate by dragging them along the
scanned area. No NP polymer could be positively identified because of a weak signal to noise
ratio and apparent AFM instability. Indeed, the closer the AFM tip is to the reflective surface,
the stronger the signal is. It could thus be possible that the weak signal to noise ratio observed
in our measurements was induced by the particles being too thick and hence the tip being too
far from the reflective surface. A PC measurement example is provided in Figure 1-10 A and
the resulting absorption spectrum is displayed together with PC reference measured by ATR-
FTIR. While some features could be observed in the 1300-800 cm™' region, they did not match
the ATR-FTIR spectrum of the corresponding material, and no signal was detected above
1300 cm™. Indeed, in addition to being influenced by the sample's composition, the near-field
effect of the tip-sample region can also impact the scattered light and, consequently, the
resulting nanoFTIR spectrum. A direct comparison between far-field (e.g. ATR-FTIR) and
near-field (nanoFTIR) spectrum is thus not always possible, challenging the polymer chemical
identification (Nan et al., 2021). Finally, the instability of the AFM affected more than 60% of
all acquired spectra by inducing sinusoidal waves in the signal and rendering unreliable
spectra (Appendix B.3). With these first results, no additional beamtime was requested at the
ALS 5.4.1 beamline. However, nanoFTIR should not be disregarded as a potential method for
identifying NP polymers. The MIRIAM beamline B22 at Diamond Light Source (Oxford, UK)
offers near-field FTIR microscopy in photo-thermal mode. This means that, instead of
measuring the scattered IR light, the expansion of the material is tracked by the AFM tip while
being exposed to IR. The variation in the material expansion when exposed to a 4000-400 cm-
"IR range can then be converted into a FTIR spectrum. This technique has already allowed
to identify 700 nm PMMA beads embedded into a protein film (Cinque et al., 2016) and further
tests could be conducted to determine the lower particle size threshold this technique can
achieve. Unfortunately, we did not have the opportunity to test this technique, as the last call

for beamtime application was in 2018 and has not been renewed since.

The tests conducted to assess PEEM suitability to identify NP ruled out this option. The

different steps to introduce a sample into the chamber, focusing the beam and start measuring
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could take up to several hours, preventing an acceptable sample throughput. As we were
working with solutions containing only NP, we expected to obtain a signal specific to every
polymer type, similar to NEXAFS previously measured on different polymers (Appendix D.7).
Replicate measurements acquired on a pure 250 nm PS beads sample (Figure 1-10, B) or a
pure PC sample showed all the same spectrum which was not corresponding to the PS or PC
NEXAFS reference. When measuring the mix of NP, all particles < 1uym analysed rendered
the same spectrum as observed for the PS beads (data not shown). Nevertheless, we were
able to recognise some typical features of PA and PMMA on several particles > 2um (Appendix
B.4), indicating a probable effect of the particle size on PEEM ability to identify the polymer
type. The other polymers present in the mix (PET, PP) were not detected at all. It is likely that
the three dimensional state of the particles in the system impacted the images and spectrum
acquisition due to localized charging occurring with non-conductive material (Gilbert et al.,
2000) and hindering the identification of NP with this technique. Therefore, the use of PEEM

for NP identification was not carried on further.

Finally, STXM appeared to be a good candidate for the NP identification task. The detailed
protocol for NP identification with STXM-NEXAFS is presented in Chapter 3. It allowed to
positively identify NP and determine their polymer type in food and environmental matrices.
An example of a PA nanoparticle measurement from a tea infusion prepared with PA teabags
is presented in Figure 1-10, C. The technique allowed to detect and characterize the size and
shape NP extracted from agricultural soil samples for the first time and led to a publication in
the Journal of Hazardous Material in 2022. The STXM has a spatial resolution of 30 nm but
the minimum NP size which can be positively identified is limited by its thickness. Indeed, the
investigated material needs a minimum thickness of around 100 nm to absorb a sufficient
amount of photons and render spectrum with an acceptable signal to noise ratio (Appendix
D.8). However, to our best knowledge, no single particle analysis technique achieved yet to
provide chemical information on environmental NP <100 nm and effort should be made to

lower this threshold.

Even if NP could be detected with this technique, no quantitative data could be acquired due
to the time needed for a measurement and the challenge of NP concentration and recovery
with the applied centrifugation deposition. Thus, the combination of STXM-NEXAFS with a
thermal analytical technique such as Py-GC/MS could provide complementary information on

the total mass per polymer and the particles size and shapes in the > 100 nm range.
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Figure 1-10: Examples of images and spectra acquisition for (A) a homemade PC nanoparticle with SINS-AFM,
(B) PS nanobeads with PEEM and (C) a PA formed by the fragmentation of a tea bag with STXM-NEXAFS. The
black line corresponds to a reference spectrum and the purple line to our measurements. The position of the
measured NP is indicated by a circle on the images.

1.3.3 Surface physico-chemical properties of plastic occurring in soil

While numerous studies have described the effect of UV radiation on polymers (Ainali et al.,
2021; Cai et al., 2018; Fechine et al., 2002; Kamweru et al., 2011; Myllari et al., 2015; Ramani
and Ranganathaiah, 2000; Turton and White, 2001), (Bliks and Kaupenjohann, 2022) recently
highlighted the lack of knowledge on the effect of biogeochemical aging factors occurring in
the soil (secreted enzymes, organic and inorganic acids, bioturbation, frequent leaching and
freeze-thaw cycles). The exposition of plastic particles to the soil is susceptible to change its
surface properties and thus to play an important role in determining their fate and impact in
the soil environment. Most of these biogeochemical factors, as opposition to UV irradiation,
cannot be accelerated while maintaining environmentally relevant conditions and the
processes affecting the polymers surface are expected to be slow. Consequently, an analytical
tool allowing to detect changes in polymer chemical composition on a nanoscale was needed.

The knowledge on the STXM-NEXAFS technique acquired when developing the Chapter 3
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gave the opportunity to extend its application and the Chapter 4 consist in a pioneer work in
characterising traditional plastic surface composition with a spatial resolution of 30 nm.

The preparation of polymer thin sections for this type of analysis worked well for hard polymer
fragments such as PET (Figure 1-11, A), PS, PC and PP but PA and PE fragments (Figure
1-11, B, D) were too flexible to produce high quality sections. As an alternative, it is possible
to embed plastic into an epoxy resin to form a hard and easy to cut shell. However, only areas
of the section which are detached from the epoxy resin during the cutting process can further
be analysed by STXM, significantly decreasing the suitable areas for the chemical analysis.
The epoxy embedment still allowed to obtain good quality sections for a PET fabric despite
the initial flexibility of the object (Figure 1-11, F), but did not improve the section quality of PA
fragments (Figure 1-11, B), PE films (not shown) or PU foam (Figure 1-11, C). Cryo-microtomy
was tested on a PE fragment and allowed to produce sections of a much better quality (Figure
1-11, E). Yet the deposition of the section onto the SiN substrate was challenging and we did
not manage to lay the sections flat during the allocated time. Thus, more time dedicated to the
development of an efficient deposition method for cryo-microtomed sections could allow to
expand the range of polymers that can be analysed for surface chemical composition. The

efficiency of the combination of embedment with cryo-microtomy should also be tested.

Figure 1-11: Microtomy sections optical microscopy images of (A) PET, (B) PE, (C) PU embedded into epoxy, (D)
PA, and (E) cryo-microtomed PE. The white scale bars represent 100 um. (F) Microtomy section SEM secondary
electron image of a PET fabric embedded into epoxy. The black scale bar represents 5um. The position of the
polymer is indicated with black arrows when embedded into epoxy.

Our results showed that, indeed, plastic fragments recovered from soil samples could have a
modified surface and that the surface alteration, when present, was different compared to

polymers only exposed to UV radiation, supporting the hypothesis of (Blks and
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Kaupenjohann, 2022). However, no surface chemical (Figure 4-4) or morphology (Appendix
B.5) alteration after one year of controlled soil incubation could be detected. Therefore, further
experiments including long term field incubation need to be conducted. This would allow to
investigate the effect of the weathering factors in a more dynamic environment than a bottle

in an incubator and to estimate a timescale for the weathering processes occurring in the soil.

The observation of surface fragmentation initiation on a weathered PS debris gave an insight
of the most probable chemical signature of a future secondary NP (Figure 4-3). The predicted
chemical signature of the particle would then be different from the initial polymer composition.
This rises again the question of the ability of the detection techniques in the nanoscale range
to positively identify this particle as plastic and to still be able to retrieve its polymer type.
These possible surface alterations and particles formation processes should be taken in
account when choosing the adequate test material for ecotoxicological studies or investigating
the behaviour and interaction of the plastic in the environment. In that sense, (Alimi et al.,
2022) highlighted the need of harmonized weathering protocol in effects studies to allow the
comparability of the results. Thus, the mechanisms and the effects of the biogeochemical
factors occurring in the soil need to be further investigated to produce testing material which
is environmentally relevant. Nonetheless, one should keep in mind that a harmonized protocol
allows for reproducibility but in the case of a heterogeneous matrix such as the soil, a unique
method might fail to be representative for the whole diversity of soil occurring in the terrestrial

environment.

1.4 Conclusions

The work presented in this thesis aimed to contribute to close the methodological gaps to
quantify and characterize two highly relevant categories of plastic debris occurring in the soll
environment as well as investigate the effect of soil weathering on polymer surface chemical
composition to better understand and predict MNP interaction within the soil. The different
analytical techniques tested and developed in this thesis are summarized in Table 1-1. In the
following paragraphs, the main objectives are repeated with respective conclusions, followed

by a general conclusion.

Develop an easy-to-use single particle based method to quantify and characterise TWP

in the soil

As stressed by the UN Plastics Treaty adopted in May 2022, there is an urgent need of a
standardized protocol for monitoring TWP in the environment to assess their potential risk, as
well as evaluate the effect of future mitigation measures (UNEP, 2022). Indeed, the majority
of the data currently accessible were estimated using prediction models, and almost no

validation data backs up these estimates (Mennekes and Nowack, 2022).The TWP extraction
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and identification method developed in Chapter 2 showed to be efficient to characterise
environmental TWP not only in terms of concentration, but also in providing qualitative
information on the particle size and shape distributions. The colour-based detection of TWP
has a real advantage over mass-spectrometry techniques because it is common for all TWP
regardless of their initial composition and is not prone to change by an exposition to

environmental weathering factors.

To the best of our knowledge, this is the first time such data on TWP in soil have been reported.
The application of the developed method to environmental soil samples could thus provide
monitoring data to validate or adjust the prediction models. It could also be applied in research
focusing on TWP transport dynamic in the soil or on the effect of driving conditions on the
particle size and shape of TWP released in the environment, for example. This knowledge
would make it possible to characterize environmental TWP more accurately in terms of their
size and shape, which are key elements in determining their potential toxicity and providing

the basis for the development of environmentally relevant test material.

Develop an extraction protocol and single particle identification method to characterise
NP in the soil

The method developed in Chapter 3 allowed to detect the presence of NP in agricultural soils
for the first time, but challenges in sample preparation and STXM low sample throughput did
not allow to collect quantitative information. The real advantage of STXM-NEXAFS lies in its
ability to efficiently differentiate polymers from NOM in a nanoscale and is thus powerful to
validate the presence of NP in a well characterized sample. The presence of NP in agricultural
soil suggests a potential plant uptake and transfer to livestock and humans through crop
consumption. Currently, NP ecotoxicology tests are using elevated NP concentrations and
commercially available testing material in order to detect an effect on organisms and to
characterise the toxicity mechanisms. However, to determine the risk that NP can represent
for the environment, organisms’ exposure to NP in the soil needs to be assessed. Combining
STXM-NEXAFS with a thermal analytical method like Py-GC/MS could provide further details
on the total mass per polymer and give the most complete NP characterisation in soil to date.
This information would allow to design more realistic ecotoxicology tests to assess not only
the toxicity but also the risk that NP represent in the soil environment. Though, both STXM-
NEXAFS and Py-GC/MS rely on the chemical composition of the polymer to identify the plastic
in a sample, but the chemical structure of soil environmental NP is unknown. Indeed, the
factors inducing a release of NP and NP exposition to environmental conditions can affect
their chemical fingerprint, and the ability of the different techniques applied for weathered NP

detection has not yet been assessed. It is thus critical to understand better the processes
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leading to NP release in the soil and the NP chemical characteristics, as well as determine the

ability of the two techniques to positively identify them.
Investigate the physico-chemical ageing of plastic surfaces exposed to UV and soil

The application of STXM-NEXAFS allowed polymer surface characterisation on a depth
gradient at a resolution which was never achieved before. Such a resolution enables the
identification of very thin altered layers at the polymer surface and can be used to investigate
the physicochemical processes induced by a wide range of environmental weathering factors.
Itis particularly interesting in the case of soil weathering, as the soil biogeochemical processes
are expected to be slow and can hardly be accelerated while maintaining environmentally
relevant conditions. The soil incubation performed in Chapter 4 did not induce any detectable
surface alteration on the tested polymers but longer incubations in more dynamic conditions
(field experiments) could be conducted to provide a time estimation for the weathering
processes to occurs in soil. The comparison of UV and naturally-soil weathered plastic agreed
well with (Buks and Kaupenjohann, 2022) assumptions that soil biogeochemical factors are
affecting polymers surface and that artificial aging of test material using UV radiation might fail
to produce soil representative MNP. Thus, the effect of individual soil weathering factors could
be compared with environmental plastics surface to determine which factors lead to which
alteration and to propose a procedure for the fabrication of environmentally relevant artificially
aged polymers. As plastic surface features govern their distribution, transport, and interaction
within the soil ecosystems, soil plastic surface characterisation could be useful in improving
prediction of these phenomena. To broaden the range of polymers that can be investigated
with this technique, efforts should be dedicated to optimise the sample preparation using cryo-

microtomy to section the more flexible polymers such as PE, PA and PU.
General conclusion

Both the scientific community and the public became alarmed by the possible damage that
plastic might represent for the environment as plastic pollution became more and more
obvious. If it is generally accepted that plastic in the environment significantly degrade
landscape natural beauty, the risks it represents for the environment has not fully been
assessed yet. The aim of plastic monitoring is to provide a comprehensive understanding of
the distribution, behaviour and impact of plastic in the environment. The main aim of this PhD
thesis was to address the methodological and data gaps for the characterisation of MNP in
soil samples. The development and use of the techniques introduced in the present thesis can
considerably advance our understanding of the sources, interactions, and behaviour of
plastics in soil as well as their shape and physico-chemical properties. Yet, these analytical

techniques continue to have limitations that hinder the characterisation of the whole plastic
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diversity occurring in the soil environment. Therefore, more research is required, in particular
to enhance quantitative estimations and decrease the minimum size examined. The results
obtained with these techniques brought attention to the fact that MNP characteristics varied
depending on the environmental compartment they were occurring in. This emphasizes how
crucial it is to monitor MNP in soil because its characteristics cannot always be expected to
be identical to those of other mediums, such air or water. A full characterisation of MNP in soil
is of high importance for plastic risk assessment, as its toxicity is determined by these
characteristics. Risk assessment studies, can then be able to provide the ground information
for policies and management strategies, which aim to reduce the negative impact of plastic on
environment and human health. The participation of this research in the process of risk

mitigation is highlighted in Figure 1-12.

MNP Risk

assessment

Method
developpment

Polymer
Shape
Size
Concentration

Policies
Management strategies

Optical microscopy Toxicology NE

SINS Surface characteristics Exposure mitigation
PEEM-NEXAFS
STXM-NEXAFS MNP monitoring Regulation
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Figure 1-12:Process of plastic risk mitigation
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Table 1-1: Possible applications of the analytical methods tested in this study.

Optical microscopy

SINS-AFM

PEEM

STXM-NEXAFS

Instrument used in

this study

Leica M205C microscope
equipped with a LED300 RL

ring illuminator and a DMC5400

5.4.1 beamline of the
Advanced Light Source (ALS)
in the Berkeley Lab

Surfaces/Interfaces
Microscopy (SIM) beamline of
the Swiss Light Source (SLS)

PolLux beamline of the Swiss
Light Source (SLS) of the
Institute Paul Scherrer (PSI,

camera (California, USA) of the Institute Paul Scherrer ~ Switzerland)
(PSI, Switzerland)

Spatial resolution 1.5 um <20 nm 100 nm 30 nm
Single MP Yes No ? No
particle NP No Yes Yes Yes
Particle imaging Yes Yes Yes Yes
Chemical No Too weak for NP Not possible for NP Yes
information
Quantitative Yes No No No
Measurement time 4 h/sample 2-4 h/sample mounting 2 h /sample mounting 30 min/sample mounting

15 min/particle

15 min/particles

15 min/particles

Accessibility Basic lab equipment Through beamtime Through beamtime Through beamtime
application proposal application proposal application proposal
Cost Inexpensive as it requires only The analysis and scientific/technical assistance is covered by the synchrotron facility. The

common lab equipment

costs include travel and accommodation for ~four people to cover the 24h shifts. For STXM,

yet, remote experiments are possible once the users are trained on the machine.

Application in this
study

TWP

NP

NP

NP, weathering
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All Black : A colour-based identification of TWP

Abstract

Despite tire wear particles (TWP) have been estimated to represent up to more than 90% of
the total microplastic (MP) emitted in European countries and may have environmental health
effects, only few measurements data are available today. The lack of data is due to the fact
that no standardized, cost efficient or accessible method is available yet so most of the times,
TWP detection in environmental matrices requires highly trained scientific staff and state of
the art instruments and implies too much effort to analyse a relevant number of samples. Here,
we present a method using only a conventional optical microscope to identify TWP in soil by
their colour. Our method showed a mean recovery of 85% in the 35-2000 um particles size
range with a limit of detection of 1 particle, corresponding to the operational resolution. We
applied the method to a highway adjacent soil at 1 m, 2 m, 5 m, and 10 m and detected TWP
in all samples with a tendency to higher concentrations at 1 and 2m than 5 and 10 m from the
road. The observed TWP concentrations varied between 2562 and 9106 TWP/kg and were in
the same order of magnitude than what was previously observed in highway adjacent soil.
These results demonstrate the method potential to provide quantitative data on the occurrence
and characteristics of TWP in the environment. Since the method can be easily implemented
in many labs, we suggest it as a protocol for large scale TWP monitoring in soil, to address

our knowledge gap regarding TWP in soils.

2.1 Introduction

Microplastics (MP) are distributed globally and have negative consequences on a variety of
organisms (Luo et al., 2021; Wagner et al., 2018). MP in the terrestrial environment have been
increasingly studied for more than a decade and it is estimated that a significant part of all the
MP emitted are tire wear particles (TWP) (An et al., 2020; Baensch-Baltruschat et al., 2020;
Sieber et al., 2020; Siegfried et al., 2017; Sommer et al., 2018; Wang et al., 2019), originating
from the abrasion of vehicle’s tires on the road (Rogge et al., 1993). Because of its estimated
high contribution to the overall MP pollution and its toxic additives (Cao et al., 2022; Tian et
al., 2022), there is a urgent need to assess TWP environmental concentrations in soils.
However, while there are first data about the concentrations characteristics of traditional MP
(such as e.g. PE, PP or PET)(Biks and Kaupenjohann, 2020), only model generated
predictions of the amount of TWP emitted in soil are yet available (Baensch-Baltruschat et
al., 2021, 2020; Luo et al., 2021). In Switzerland, a rubber input of 0.96+ 0.35 kg/capita into
the natural environment, 4% of which ended up the soil compartment, was estimated for 2018
(Sieber et al., 2020). (Kole et al., 2017) predicted the amount of tire material emitted per capita
in 13 countries and found a range of 0.23-4.5 kg /year with an average at 0.81 kg/year. They
found a value of 1.1 kg/year for Germany, which was confirmed by (Juergen Bertling et al.,

2018), who predicted 1.22 kg/year. However, measurement data to validates these
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estimations are scarce (Mennekes and Nowack, 2022) and the TWP characteristics in soil,

such as size and shape, are yet unknown.

Tires are generally composed of about 50% natural or synthetic (styrene-butadiene) rubber,
45% softening and hardening materials and 5% of other additives. However, the composition
can vary widely, depending on the application of the final product (Verschoor, A. et al., 2016).
Despite the fact that they only partly consist of artificial polymers, TWP are still considered as
MP (Committee for Risk Assessment (RAC), 2020). TWP are formed from the abrasion of the
tire thread on the asphalt typically results in TWP encrusted with mineral from the road. The
amount and characteristics of TWP emitted depend on a variety of factors ranging from which
initial material the tire and the road are made of, to the habits of the driver (Luo et al., 2021).
Observed TWP produced in simulators had a minimum size of around 40 nm (Gustafsson et
al., 2008) and a maximum size of around 400 um (Kreider et al., 2010). Once formed, TWP
can be deposited on the road and be washed out with the road runoff or emitted in the air and
transported to other environmental compartments (Baensch-Baltruschat et al., 2020).
Regarding road sided soil, TWP can be transported further away than the directly adjacent
zone of the road due to air turbulence induced by high speed vehicles, wind and spray water
(Baensch-Baltruschat et al., 2020; Folkeson et al., 2009). When reaching the soil, TWP are
suspected to affect soil properties, such as bulk density and water holding capacity, and leach

chemical substances, both affecting soil organisms (Kim et al., 2022).

Most of protocols applied to extract traditional MP from soil include a density separation (Nabi
et al., 2022) in order to remove the soil mineral fraction. The mineral incrustation at the surface
of TWP can extend particles density from 1.2 g/cm?® to 1.5-2.2 g/cm?® depending on their size
(Kayhanian et al., 2012). Thus, density solution of a density lower than 2.2 might not be able
to isolate the whole TWP fraction (Gomann et al., 2021) and can lead to an underestimation
of environmental TWP concentrations. Yet, the stability of the incrusted mineral at the surface
of the TRWP has not been studied and it is unclear how different extraction processes might
affect their stability (Kléckner et al., 2021b), thus modifying TWP density.

The most common identification techniques used for traditional MP are not suitable for TWP
detection. FTIR and Raman spectroscopy cannot be applied as TWP are typically opaque to
IR light, due to black carbon total absorbance, and do not deliver specific Raman spectra
(Mdller et al., 2022; Wagner et al., 2018). ATR-FTIR can be used to identify TWP but this
method is limited by the size of particles it can measure (=500um) (Leads and Weinstein,
2019) and is time consuming as single particle measurements are acquired manually.
Previous studies have reported TRWP concentrations in soil ranging from 155 to 64 000 mg/kg

using Pyrolysis Gas Chromatrography mass spectrometry (Py-GC/MS)(Panko et al., 2012),
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Liquid Chromatography (LC-MS)(Kléckner et al., 2021a; Unice et al., 2015), thermal extraction
desorption gas chromatography (TED-GC)(Miller et al., 2022) and Headspace Gas
chromatography (HS-GC/MS)(Thomas et al., 2023) and observed a positive correlation
between TRWP concentration and the proximity to the road, the traffic density and the break

and acceleration frequency.

However, mass spectrometry techniques target analytical markers, which can be organic,
polymeric or elemental, to assess TRWP presence and abundance in environmental samples.
Molecular markers are organic additives which can be traced using chromatography
techniques coupled with mass spectrometry (MS)(Knight et al., 2020). If they are considered
specific to trace TWP, organic markers are prone to leaching and degradation (Unice et al.,
2015) thus increasing significantly the uncertainty of the results. Polymeric markers are
representative of the polymeric fraction of the tires and are potentially more consistent than
molecular markers. (Radland et al., 2022) used Py-GC-MS to assess the suitability of different
polymeric markers as well as markers combinations to quantify the amount of TWP in
environmental samples. They obtained an accuracy range of 85-151 %, reflecting how
inferring the concentration of TWP from an indirect measure is hindered by the high variability
of tires initial composition and marker stability. Moreover, none of the techniques cited above
has been broadly established as they all require specialized and high cost equipment and
expert knowledge. Furthermore, beside the total concentration, the size and shape of MP are
very important to understand their possible toxicity and consequences in soils (Colpaert et al.,
2022; de Souza Machado et al., 2019; Rillig, 2012) but mass based techniques are not able

to deliver information about the particle size and shape distribution.

(Rausch et al., 2022) applied scanning electron microscopy coupled with energy dispersive x-
ray spectroscopy (SEM-EDX) with a machine learning algorithm using morpho-textural and
elemental information to automatically quantify and characterise TRWP in air born samples.
However, for soil, the TRWP would first need to be extracted to avoid soil organic matter
(SOM) interferences and the TWP elemental signature could be affected by the extraction,

complicating the process. Additionally, SEM-EDX is comparably expensive to MS techniques.

Based on our information,(Knight et al., 2020) are the only one so far to have performed a
direct single particle analysis of TWP in soil. They used optical microscopy to quantify TWP
down to a 50 ym size and identified them by their colour, their elasticity and their resistance
to stress cracking. Despite their size limitation due to manual particles handling, they could
report concentrations between 0.6 £0.33 and 65 + 7.36 TRWP/mL in roadside drains but did
not describe TWP size and shape distributions. Thus, there is an urgent need for an extraction

and identification protocol allowing a direct and precise quantification of TWP in different soils
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and providing morphological information that are crucial to better understand their formation

processes, fate and potential effect on organisms.

In the present study, we aimed to develop a method of extraction and identification of TWP in
soil samples based on their characteristic black colour, providing information on the particles
number, size and shape with optical microscopy, which is commonly available in many
laboratories worldwide. To do so, we (i) evaluated the efficiency of optical microscopy together
with a machine learning algorithm to detect TWP based on their black colour and determined
the minimum particle size detected (ii) Assessed the extraction and identification procedure
recovery, as well as the method limit of detection (LOD) and quantification (LOQ), (iii)
investigate possible interferences in the TWP identification process from SOM and charcoal
and (iv) apply the extraction and identification method to highway adjacent soil samples and

compare our results to previously reported TWP concentrations.

2.2 Material and methods

2.2.1 Sample materials

Plastic free soil sample from a high mountain area (study site n°29 from (Scheurer and
Bigalke, 2018)) was used for validation purpose and four soil samples for method application
were collected at increasing distances from a highway in Mattstetten (47°01’30N 7°31°030),
Switzerland, during the summer of 2019. The road has a traffic density of 55000 cars/day
(SARTC, Swiss Automatic Road Traffic Counts). The soils were taken at 1m (MAT1), 2m
(MAT2), 5m (MAT5) and 10m (MAT10) away from the road and consist of 3 subsamples
collected in 0-5 cm depth on a 10x10 cm? area and 5 meters apart from each other on a
straight line parallel to the road. Detail of sampling plan and soil characterisation are provided
in Appendix C.1. The sampling was conducted wearing non-black cotton cloths and using a
small steel spade, which was cleaned with distilled water after each sampling to avoid cross-
contamination. The soils were packed in aluminium trays, dried at 50°C for 24h in a drying
oven, sieved at 2 mm using a metallic sieve (Retsch, stainless steel, 2mm) and stored at room
temperature. The reported concentrations in the present study take only in account the size

fraction <2mm.

To assess a potential TWP loss during the density separation using NaBr, environmental TWP
from a highway tunnel dust were collected in the Buttenberg tunnel (Switzerland, BE). The
dust next to the road was sampled into corning tubes using a clean white toothbrush. In a
second time, 9.9 mg of the collected dust was suspended into 35 mL of sodium bromide (NaBr)
solution, vortexed for 30 s, shaken for 30 min and centrifuged at 2500*g for 30 min. The
particles in the supernatant were separated from the pellet as described in (Grunder et al, in

prep) using a decanting aid and deposited down polycarbonate filters (Whatman Nucleopore,
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47 mm, 0.8um pore size, WHA111109) by vacuum assisted filtration. The pellet material was
resuspended into MiliQ and deposited on a filter in the same way. The particles were then
transferred onto a carbon conductive tab fixed on a SEM holder. The morphology and
elemental composition of the particles TWP present in the supernatant were analysed by SEM
(GeminiSEM 450, Zeiss) and EDX spectroscopy and compared to the particles in the pellet
material. Measurements were acquired in backscattering mode with a working distance of 8.5
mm and 12 kV.

2.2.2 Spiking material

We choose to use self-made cryo-grinded TWP as spiking material, as no reference material
exists yet for TWP and that TRWP produced from road simulator are not commercially
available. Moreover, we needed a spiking material containing only TWP without road material
to correctly quantify the particles number in the spikes before the extraction process. Thus
also road site dust was no option because it still contains a larger portion of not TWP material

(Gunawardana et al., 2012).

Tire chips were produced from 4 different tires (Bridgestone Potenza S001 225/45R1895Y
MO, Continental WinterContact TS860 195/65R15 91T M.S, Kleber Viaxer 155/65 R13 and
Falken Azenis FR510 255/35 ZR20 97Y) using a planer plough. The chips were then milled
with liquid nitrogen using a ultracentrifugal mill (ZM200, Restch, Germany) and sieved to < 0.3

mm.

For quality control of the extraction and identification method, spikes were prepared by
suspending 0.1046 g of the resulting TWP powder into 20 mL of ethanol (= 99.8%, Prod.-No
51976, Sigma Aldrich, USA). The suspension was sonicated for 10 minutes and stirred in a
magnetic plate for 30 minutes. To spike the individual samples, 15 pL of the suspension were
collected from the stock solution while being stirred and deposited onto an Anodisc filter
(Whatmann ® Anodisc inorganic filter, AlO, pore size = 0.2 um, diameter = 13 mm) placed into
a vacuum filtration apparatus. The solution was vacuum filtered and the filter was
photographed under the microscope (see section 0). After picture acquisition, the spiking
material was flushed into 50 mL corning tubes using 35mL of a 0.2 ym filtered (Whatman®
membranes, 47 mm, 0.8 um pore size) sodium bromide (NaBr) density solution. In total, 9
spikes were prepared; 3 of them were directly redeposited on a new Anodisc filter to assess
the potential loss of particles in the transfer process (S0), 3 were used as positive control to
assess the extraction and identification recovery (S) and 5 g of the plastic free soil was added
to the last 3 spikes (SPFS) before proceeding to their extraction to assess the recovery rate
in a complex matrix. Charcoal from a fireplace located in Bern surroundings (46.956987,

7.422781) was sampled in three positions according to the centre of the last fire made there
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(Appendix C.2), to obtain charcoal formed at different temperatures. The sampling was done
with a stainless steel spatula, which was washed with ethanol in between sample position,
and the charcoal material was transferred into glass vials. To determine a possible
interference of the charcoal with the TWP during the identification process, 3 charcoal spikes
with (CPFS) and without plastic free soil (C) were prepared by hand picking fragments of each
charcoal sampling position and depositing them onto an Anodisc filter. After picture
acquisition, the charcoal material was flushed into a corning tube using 35 mL of the NaBr

density solution.

2.2.3 Extraction

All extraction steps were conducted under a clean hood wearing white cotton lab coat and
blue nitrile gloves. The extraction was done according to Grunder et al. (in prep.) The mineral
fraction of the soil was eliminated by density separation using a sodium bromide (NaBr) salt
solution of a density 1.5 g/cm?3. As a first step, the samples were mixed with the density solution
into a 50 mL PP transparent corning tube with orange cap, vortexed for 30 secs, ultra-
sonicated for 10 min, shaken for 30 min and centrifuged for 30 min at 2500xg. After
centrifugation, the supernatant was filtered through a metallic filter (10 um pore size) and the
retentate, containing the plastic and the natural organic matter mainly, were resuspended in a
NaUT (6% urea, 8% thiourea, 8% NaOH) solution and kept at -20°C for 40 min, until crystal
appeared into the solution(Olsen et al., 2020). The NaUT solution was then washed away and
the SOM was oxidized by Fenton reaction, which uses hydrogen peroxide as oxidizing agent
and Fe as catalyst. The samples were washed afterwards on a metallic filter (10 um pore size)
to remove iron oxides from the Fenton reaction and a second density separation (NaBr, 1.5
g/cm?®) was applied to remove residual minerals. The resulting supernatant was finally filtered
onto an Anodisc filter and the filter was stored in plastic boxes covered with aluminium foil. To
asses a possible contamination of the samples during the extraction process, blanks (B) were
also extracted. The detailed extraction protocol has been described in a previous publication.
All samples were processed in triplicates and summary of each sample purpose can be found
in Table 2-1.

Table 2-1: Sample overview and description. The name corresponds to the samples abbreviations used in the
present publication. The type of sample

NAME TYPE OF SAMPLE DESCRIPTION
SAMPLE
B Procedural Only extraction solution; to assess the possible contamination
blank of the samples during extraction

S0 Positive control ~ Spike redeposited on filter without going through the extraction

process; to assess the potential particles loss during transfer.
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S Positive control  Only TW particles; to assess the effect of the extraction
method on the particles as well as the method recovery rate
for TW.

C Interference Only charcoal; to determine it can be a source of interference
with TW particles during the identification method.

PFS | Matrix blank Only plastic free soil; allows to determine the background
signal from the soil only

SPFS | Positive control  Plastic free soil and TW; allows to determine the recovery rate
in soil of the tire into a complex matrix

CPFS | Interference in Plastic free soil and charcoal; to determine its possible
soil interference with TW identification in a complex matrix.

MAT1 | Environmental 1 m distance from highway; environmental sample

MAT2 | Environmental 2 m distance from highway; environmental sample

MATS5 | Environmental 5 m distance from highway; environmental sample

MAT10 | Environmental 10 m distance from highway; environmental sample

2.2.4 Images acquisition, particles identification and quantification

Images of spikes and extracted samples were acquired using a Leica M205C microscope
equipped with LED300 RL ring illuminator and mounted with a DMC5400 Leica camera at a
magnification of 50x. The light intensity was set at 100% and the exposure was 180 ms. Four
high resolution images per filter of 1.5 um/pixel were acquired with the Leica software LASX.
The plugin Live Image Builder XY was used to record each of the four pictures, as it was not
possible to record the whole filter with the plugin because of file size limitations. The four
recorded images were then manually assembled using GIMP2.0 (The GIMP Development
Team, 2019), rendering a 1.8 GB file. Filters pictures were then individually screened and all
material corresponding to insect, seeds, roots and leaf fragments were manually covered in
white. The automated picture post-processing using the open source platform Fiji (Schindelin
et al., 2012, https:/ffiji.sc/) implied an increase of the exposure and of the black levels to
remove the filter blueish colour and enhance the contrast between TRWP and the background.
The particles were finally identified by classifying each pixel of the filter final pictures into a
TWP or background category using the Weka Segmentation (Arganda-Carreras et al., 2017)
plugin in Fiji. Sub-regions of the pictures acquired for blanks, TWP spikes, charcoal spikes
and plastic free soil were used to train machine learning models by marking black particles as
potential TWP and other coloured particles as background. The results of the segmentation
render a red (TWP)/green (background) binary image. In Fiji, the images were converted into

8 bits and the automatic threshold was applied for the TWP to be black and the background
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to be white. A watershed function is applied to separate particles which touch each other. For
this, the Fiji Adjustable Watershed plugin was used with a watershed tolerance of 3. Finally,
the “Analyze particles” tool of Fiji was used, including particles size of 0 to infinity, to obtain
the number and measures of all TWP present on a filter. The minimum Feret diameter (mF)
was then used as the particles size estimation in the data analysis. Thus, all mention of size
in the following text refers to the mF diameter. A detailed example of the image processing is
available in Appendix C.3. All measurements for individual particles are available in the

supplementary files.

2.2.5 Data analysis and statistics

All data processing, analysis and plots were performed using RStudio (RStudio Team, 2020).
The efficiency of the whole procedure was assessed by computing the particles number
recovery rate in different sizes classes of sample S0, S and SPFS. The effect of the distance
from the road on the mean particle number found after extraction was tested by running a non-
parametric independent Kruskal-Wallis rank sum test and significant difference were assessed
using a Dunn posthoc test using the FSA R package. Finally, an estimation of TWP soil
contamination was extrapolated from measurements data in particles number Kg dry soil by

multiplying the mean particles number of each sample by the initial subsample weight.

To investigate the size measurement accuracy of the microscopic setup and particle
recognition, the mF was manually measured on 101 random particles across all the S samples
before extraction. The accuracy was calculated by dividing the mF of the particle as identified
by the classification model by the manual mF measurement and multiply it by 100. A locally
weighted smoothing (LOESS) regression implemented in the R package “ggplot2” was used
to help visualize the relation between the particles mF and the measurement accuracy. Finally,
a segmented linear model was fit to the data, to identify from which mF value the accuracy
starts to stabilize, using the n/sLM function of the “minpack.Im” (Elzhov et al., 2022) R
package.

The operational resolution of the method corresponds to a minimum of 1 particle in the
processed subsample. Procedural blanks (B) were used to calculate the method limit of
detection (LOD) and limit of quantification (LOQ) for soil samples according to a recent study
(Horton et al., 2021) where:

LOD = meaniank + 3*standard deviationpiank Eq. (1)

LOQ = meanpiank + 10*standard deviationpiank Eq. (2)
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2.3 Results and discussion

2.3.1 Particle detection and recovery

The analysis of the image segmentation showed that the detection of particles, as well as the
accuracy of their measurements, were size dependant (Figure 2-1). As the segmentation
model was trained to identify black pixels, it was not able to detect the objects where the light
diffraction rendered only blue, yellow and red pixels, without having black pixels in the particle
centre (Figure 2-1, a). From around 15 um size, the particles were detected but the error in
the size measurement was important, as most of the particle surface is still diffracting the light
(Figure 2-1, b). The relation between the measurement accuracy and the detected particle
size is shown in (Figure 2-1 ,right). The change of point detection function (red line) indicates
that the accuracy stabilises around 90% for particles bigger than 25 pym. Hence, the
experimental set up used in this study allowed to detect and measure particles size accurately
down to a size of 25 ym. For smaller sizes, the measurement accuracy dropped drastically
and the size estimation was not reliable anymore. To lower this detection limit, pictures of a
higher magnification could be acquired. However, this would imply dedicating more time for
pictures acquisition, processing and segmentation for each sample in our instrumental setup,
resulting in a lower sample throughput. Additionally, increasing the magnification will increase
the depth of focus and might render sharp images for small objects but blurry for the biggest
ones, thus affecting the reliability of the particles size measurements. Time could be save if
(1) pictures were acquired using a motorized xyz microscope stage, which would automatically
optimise the focus for each picture and drastically improve the efficiency of picture acquisition
and if (2) the segmentation model was run on an analysis cluster having more than 32 RAM.
With this equipment, increasing the picture magnification and thus lowering the particles
minimum size which is detected is feasible. Nonetheless, we consider a minimum detection
size of 25 ym acceptable as it is similar to yFTIR where particles <20 ym are not consistently
detected (Kappler et al., 2016).
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Figure 2-1: Particle minimum size detected by the segmentation model. Left: examples of TWP of increasing sizes
(a-d) with the red outline showing how their detected perimeter by the segmentation model. Right: Accuracy of the
measurement according to the particle size. The particles showed on the right are highlighted by triangles in the
graph. A LOESS regression is displayed (blue line) to show the general trend of the data. A segmented linear
model (red line) shows from which size value the accuracy of the measurement stabilises. The dashed lines indicate
the position of the minimum patrticle size from which a mean of 90% size accuracy is obtained (25 um) and the
particle size threshold in this study (35 um).

The mean recoveries of the different types of spiked samples, according to the minimum
particle size taken in account, are shown in Figure 2-2. Regardless of the minimum particle
size, the mean recovery rates of the S0 and S samples were generally lower than for the SPFS
samples. Indeed, during sample processing and extraction, we observed that the cryo-grinded
TWP were adhering on the PP corning tube walls when they were processed without soil. In
presence of soil (SPFS), however, no abnormal particle adhesion was observed. It is most
likely that the mechanical forces induced by the shaking steps in presence of soil, together
with the chemical interaction of the TWP with the soil constituents have prevented their
adhesion. If a few studies have reported loosing particles in their extraction process because
of them sticking to their vial’s walls (Hidalgo-Ruz et al., 2012; Imhof et al., 2012) this difference
in particle’s behaviour with and without soil matrix has, to our knowledge, not been reported
yet. We hypothesized that the adherence was due to a modification of particles surface
charges induced by the cryo-grinding and/or sieving processes. In this regards, the SO and S
samples were considered as non-representative of the method efficiency in soils and only the
SPFS replicates were used to assess the method recovery rates for soil samples. The mean
recovery rates of the SPFS samples tended to increase when excluding small particles sizes
from the analysis (Figure 2-2), as it was already observed in previous studies (Colson and
Michel, 2021; Huang et al., 2021; Kotar et al., 2022). This can be due to the fact that smaller
particles takes longer to migrate in the upper layers of the density separation solution (Wang
et al., 2018). In the literature, mean recovery rates for MP extracted from soil samples can
vary between 71% for high density polymers and 93% for low density polymers (Way et al.,
2022). To minimize the error in the reported particles concentration values, we chose 80% as
a threshold for an acceptable mean recovery rate, setting the minimum particle size taken in
account in this study to 35 uym (recovery rate = 85.4 % + 9.54% standard error) (Figure 2-2).

This particle size threshold is also conservative regarding the accuracy of the automated size
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measurement, as it is above the estimated minimum particle size detected with a 90% size
measurement accuracy (Figure 2-1, dashed lines).
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Figure 2-2: Mean recovery rates with their standard deviation of the TWP spikes samples according to the different
minimum particle size taken in account. S0: spike redeposited on filter without going through the extraction process.
S: extraction of TWP alone. SPFS: extraction of plastic free soil spiked with TWP. The horizontal dashed line
highlights the threshold of an 80% recovery rate.

This recovery rate, however, was obtained by testing the method using cryo-grinded TWP.
This kind of spiking material can have different properties than TWP produced from road
simulator and environmental TWP, especially in its density. TWP produced from road abrasion
are typically incrusted with mineral road material, which can result in particles densities up to
2.3 g/cm? (Klockner et al., 2021b, 2019; Rausch et al., 2022). The results of the SEM-EDX
analysis on the particles present in the supernatant and in the pellets after the sonication and
density separation of the tunnel dust showed that TWP were still present in the pellet
(Appendix C.4). This indicate that the sonication applied in the extraction protocol do not allow
to remove completely the mineral encrustments at the surface of the TWP. Thus, a density
>1.5 g/cm? is needed to isolate the whole diversity of environmental TWP. As a maximum of
TWP was previously found in the 1.3-1.7 g/cm?® density fraction (Kléckner et al., 2021b), this
issue can be overcome by replacing NaBr by another salt, such as zinc chloride (ZnCl;) or
sodium iodide (Nal), which have densities of 1.7 and 1.8 g/cm?® respectively but are less

environmental friendly and more expensive than NaBr.
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2.3.2 Blanks and interferences

In the procedural blanks without (B) and with soil (PFS), no particles in the size range 35-2000
um could be detected (Figure 2-3). This shows that the measures applied to avoid
contamination were sufficient and that the chosen plastic free soil matrix did not cause any
interference in the results. Regarding those information, the LOQ and LOD were fixed at the
same level than the operational resolution, thus 1 particle per subsample and no blank
correction was applied to the environmental samples (MAT1-10). Moreover, as a similar
detection technique was used for quantifying charcoal in sediments (Mooney and Tinner,
2011), the reduction of charcoal content by the extraction process was assessed. The charcoal
was not completely reduced by the extraction process and a mean of 1.33 + 1.53 and 1.33
2.31 particles were identified in the C and CPFS samples respectively after extraction. Thus,
the extraction procedure led to a mean reduction of 92.25 % of the detected particles number.
Despite this strong reduction, an elevated concentration of charcoal and the conditions
(temperature, original organic material) in which it is formed present in the soil can interfere

with the TWP detection and lead to overestimations.
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Figure 2-3: Mean particles number detected in procedural blanks (B, PFS) and interference testing samples (C,
CPFS) before and after extraction in the size range 35-2000 um.

2.3.3 Environmental samples

To compare the results of the extraction and identification method to previously reported TWP
concentrations, soil samples of increasing distances from a highway were extracted and
analysed. The extrapolated (Appendix C.5) mean particles number were 8080.4 + 1059. 8,
9106.6 + 3234.8, 4091.15 + 623.8 and 2562.8 + 1160.3 particles kg™ dry soil for MAT1, MAT2,
MATS and MAT10 respectively (Figure 2-4). (Yu and Flury, 2021) demonstrated that the

accuracy of an extrapolated concentration is strongly dependant on the contaminant actual
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concentration, its spatial distribution in the studied matrix and the volume of matrix extracted.
As road sided soils are expected to be highly contaminated and to have a uniform TRWP
distribution, it can be expected that the error of these estimations would lie between 5 and
10%. This assumption is also supported by the low standard error in between replicates. There
was no significant difference in the particles count at a distance of 1, 2 and 5 m from the road
but the particle count at 10 m was significantly lower than the samples closer to the road. To
our knowledge, only one study so far reported TRWP concentrations in soil samples as particle
count (Knight et al., 2020) but had a particle size limit of 50 ym and did not report their
concentrations in particles/kg, which hamper direct concentration comparison. However, they
extracted a similar sample amount and had particles concentrations in the same order of
magnitude, which shows our concentration are consistent with previous findings. Moreover,
the mean particles number tended to decrease with increasing distances from the road, as it
was already observed before(Baensch-Baltruschat et al., 2021; Fauser et al., 2002; Knight et
al., 2020; Muller et al., 2022; Panko et al., 2012). A rough estimate of the total TWP mass
content in each sample was calculated using the model developed by (Tanoiri et al., 2021)
(Appendix C.6), giving concentration of 1.32, 1.94, 0.205 and 0.261 mg/kg for MAT1, MAT2,
MATS and MAT10 respectively. These mass estimations are one order of magnitude lower
than the ones reported from soil samples using styrene-butadiene rubber as a marker(Muller
et al., 2022). The difference most likely arise from using a density of 1.5 g/cm?3 to isolate the
TWP from the soil. Figure 2-4 B and C show the cumulative frequency of the particles size
and circularity, respectively, for each environmental sample triplicate. MAT5 and MAT10 tend
to have a higher proportion of smaller particles than MAT1 and MATZ2, which agree with the
assumption that bigger particles will be transported on a shorter distance than smaller
particles. With a particles upper size limit of 2000 ym, most of the TRWP identified in all
environmental samples had a mF in the 35-150 um size range and only 1 particle of 300 um
was found in MAT2. Finally, the distance from the road did not seem to have an effect the
circularity of the particles (Figure 2-4 C) and there was a continuum of particles circularity
cumulative frequency, meaning that their shape were well distributed between elongated and
round particles. No correlation between the particle size and circularity was found (Appendix
C.7).
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Figure 2-4: TRWP found in environmental samples. (A) Mean particles number kg'! with standard error. Different
letters indicate significant differences between mean particles number (Dunn test, p-value <0.05) (B) Cumulative
frequency of the particles size for each environmental sample’s triplicate. (C) Cumulative frequency of the particles
circularity determined by the image analysis for each environmental sample’s triplicate.

2.3.4 Addressing the TWP data gap

A stressed by the UN Plastics Treaty adopted in May 2022, there is an urgent need of a
standardized protocol for monitoring TWP in the environment to assess their potential risk, as
well as evaluate the effect of future mitigation measures (UNEP, 2022). In another context,
California, within the Safe Drinking Water Act, was the first state to agree on MP standard
operating procedures (Frond et al., 2022) to monitor plastic in California’s drinking water,
allowing a large scale understanding of MP distribution. Such an agreement need also to be
reached for TWP. Having a simple method facilitate its application on a large scale, as it
maximises the number of laboratories and scientific staff taking part in the monitoring effort.
The method presented in this study required basic lab and IT equipment (Appendix C.8) and
can be easily trained to scientific staff. Here, 16 samples required 7 days of technical work for
samples and blank extractions and image acquisition and 2 additional days of automated
analysis for TWP identification. The samples throughput is thus the main limitation of the
method. If the presence of non TWP black particles was not detected in the matrix blank, this
is prone to vary with the origin of soil analysed, as their organic constituent may vary broadly.
Additionally, a high content of charcoal might also interfere in the analysis. Despites its
limitations, the results presented above showed that this method was able to detect similar
patterns identified by GC-MS and PyGC-MS (Miiller et al., 2022; Thomas et al., 2022). Direct
concentration comparison with literature was not yet possible, as the 3 studies on TRWP in

soil available had different particles size range and/or reported their concentrations in mg/kg
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(Knight et al., 2020; Muller et al., 2022; Thomas et al., 2022). Single-particle analysis is a
direct measure and gives information on particles number and size and shape distribution,
which are not available from MS techniques but are crucial for risk assessment. Furthermore,
the direct particle identification by colour is an advantage, compared to the detection through
analytical markers in the case of TWP: all tyres are black, while the proportion of the target
markers can vary broadly in the initial composition of the tires, resulting in large errors in
recovery rates. Moreover, the concentration of the targeted analytical marker can also change
with time when the TWP undergo weathering processes (Mattonai et al., 2022), complicating
even more the analysis of environmental TWP, while, to our knowledge, no study showed that

weathering factors could affect TWP colour.

2.4 Conclusion

The study presented here showed that optical microscopy coupled with a machine learning
classification algorithm was able to accurately detect and measure black particles on white
filters down to a mF size of 35um, making it a powerful tool for TWP detection in environmental
samples. A method recovery of >85% was achieved using cryo-grinded TWP, with an LOD
and LOQ corresponding to the operational resolution of 1 particle. The recovery rate, however,
is most likely lower for environmental TWP as they are characterised by a surface mineral
encrustment, which can increase the particles density above the used NaBr (1.5 g/cm?) density
solution. The extract recovery rate of environmental TWP from soil is thus unknown and this
issue could be addressed by using a salt of a higher density, such as ZCl or Nal. While no
particles were detected in the B or in the PFS, pieces of charcoal remained after the extraction,
indicating it could interfere with the TWP detection if present in high concentration. Finally, the
analysis of TWP concentration in highway adjacent soil samples showed similar trend and
magnitude order than previously reported concentrations. Thus, we believe this operation
protocol is sufficiently accurate and easily implementable in many laboratories, as only basic

lab and IT equipment are required, to allow a large-scale monitoring of TRWP in soil samples.
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Abstract

Nanoplastics (NP) are of environmental and human health concern. We tested a novel NP
extraction method and scanning transmission X-ray spectro-microscopy (STXM) in
combination with near-edge X-ray absorption fine-structure spectroscopy (NEXAFS) to image
and identify individual NP in environmental and food matrices. We 1) discussed the potential
of STXM compared to other methods potentially suitable for NP analysis, 2) applied the
method on NP suspensions of eight of the most common polymers, 3) analyzed environmental
water and soil samples spiked with NP and 4) characterized NP in tea water infused in plastic
teabags and unspiked soil samples. Here we show that STXM has methodological advantages
and that polymers give characteristic spectra, which allows NP identification in environmental
and food matrices. For soils we deliver a visual and spectroscopic characterization of NP,
proving their presence and highlighting their diversity. Thus, STXM, can be used for the

detection and characterisation of NP in different types of matrices.

3.1 Introduction

Since 1950, about 8300 million metric tons of plastic have been produced worldwide, 79% of
which are accumulated in landfills or in the environment (Geyer et al., 2017). Among the
diversity of plastic waste generated, nanoplastics (NP), plastics of a size < 1 ym, are of
environmental importance. They can be either released directly from manufactured products
or produced by the physical, chemical or mechanical degradation of larger polymer objects.
As several studies on microplastics (MP) have shown that the particle size distribution found
in the environment is heavily skewed towards the smallest detectable particles (Enders et al.,
2015; Fok et al., 2017; Scheurer and Bigalke, 2018), one can expect NP to be present in high
numbers. However, research on NP occurrence in the environment is in its infancy and limited
monitoring data are available (Jiang et al., 2020). Indeed, infrared (IR) and Raman
spectroscopy as commonly used in MP research have a resolution limited to the >10 ym and
>1 um size range, respectively (Schwaferts et al., 2019). Chromatographic analysis of
pyrolysis products or extracted polymers allow for the identification of polymers but do not
provide any information on the size or shape of the particles analysed (Duemichen et al., 2019;
Ter Halle et al., 2017). Yet, all these characteristics are critical to assess any potential NP
environmental effect. Until now, the behavior and fate of NP in the environment have mostly
been studied using artificial NP labeled with metals, fluorescent dyes or enriched stable
isotopes (Li et al., 2020; Mitrano et al., 2019; Sander et al., 2019).

Here, we demonstrate how scanning transmission X-ray spectro-microscopy (STXM) can be
effectively applied for imaging and identifying NP in different environmental matrices. For this

purpose, we 1) discuss analytical techniques potentially suitable for NP analysis and introduce
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STXM, 2) purchased or produced NP of polypropylene (PP), polyethylene (PE), polyvinyl
chloride (PVC), polyethylene terephthalate (PET), polystyrene (PS), polyamide (PA),
polycarbonate (PC) and polymethylmetacrylate (PMMA) and acquired STXM images and
NEXAFS spectra of individual NP to confirm the suitability of this technique to identify and
characterize plastics in the nano size range, 3) developed an extraction protocol, combined it
with STXM and tested it for NP extraction from spiked water and soil samples and 4) analyzed
unspiked samples like tea from plastic tea bags and natural soil samples to test the application

of the method on environmental and food matrices.

3.2 Material and methods

3.2.1 Nanoplastic materials

We purchased or produced nanoparticles suspension of eight common polymers. Pellets of
PA Radilon, PC Makrolon, LDPE Lupolen, HDPE Hostalen, PMMA Altuglas, and PP Moplen
and PVC lab bottles were provided by Semadeni Plastics group, Switzerland. NP preparation
was performed by adapting previously published methods (Astner et al., 2019). In a first cryo-
grinding step, 60 — 80 g of the initial material was grinded twice for 10 s with a Pulverisette 11
(Fritsch, Germany) in liquid nitrogen. The resulting powder was then sieved and the fractions
<250 pym or <63 pym (depending on the available mass) were collected and milled in a cryo-
grinding jar with 15 mm or 3 mm stainless steel beads. The jar was sealed, frozen into liquid
nitrogen and shaken at a frequency of 28 Hz for 5 min with a mixer mill (MM 400, Retsch
GmbH, Haan, Germany). The freezing and grinding steps were repeated ca. 40 times to
maintain the brittleness of the material while grinding. A portion of the resulting powder was
suspended in 600 pL ethanol (299.8%, Prod.-No 51976, Sigma Aldrich, USA) and allowed to
settle for 5 min before collecting the nanoparticle-containing supernatant. Protocols specific to
each polymer are available in the supplementary material (Appendix D.1). Nanoparticles of
PET were produced from a regular transparent PET water bottle (M-Budget still water,
Switzerland) by adapting an existing method (Rodriguez-Hernandez et al., 2019)(Appendix
0). Fluorescent PS nanobeads of 100 nm (micromer®-redF, plain, 30-00-102) and 250 nm
(micromer®-greenF, plain, 29-00-252) were purchased from Micromod, Germany. White, non-
fluorescent 500 nm PS beads (95585-5ML-F) were purchased from Sigma-Aldrich (USA).

3.2.2 Natural water and soil samples

A water sample was collected in Lake Luzern (47°02'31.5"N 8°19'62.9"E, Switzerland) in
November 2020 with a 3 m pole and a glass bottle from a pontoon at the outflow of the lake.
The water sample had a conductivity of 210 uS cm™ and was kept refrigerated until spiking it
with a mix of approximately 0.07 g PC, 0.3 g PMMA and 3 g PP powders resulting from the
cryo-grinding and 10 mL of suspended PET particles to 1 L of the lake water sample. Soll
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samples were collected in the mountains in Laax (GR, Switzerland) at a site which did not
contain any MP (Scheurer and Bigalke, 2018). This clean soil was spiked with approximately
1 g of PA powder or 41 uL of 250 nm PS beads in 50 g of soil to test the extraction analysis.
Further soil was sampled at two agricultural fields in Sant’Antonino (SAN; Tl, Switzerland) and
Gampelen (GAM; BE, Switzerland) with a history of mulch foil application and irrigation and
two roadside soils in Belpberg Dufti (DUF; BE, Switzerland; 8 m wide rural street, 2 m from
the road) and Wohlen bei Bern, Breitacher (BRA; BE, Switzerland; 6 m wide rural street, 10 m
from the road), respectively. These soils were not spiked but analyzed to observe the NP
composition of their respective localities. Green and peppermint tea in plastic teabags were

purchased from a local grocery store.
Water and soil samples extraction

All equipment used for the extraction of NP was cleaned first with a brush, soap and water,
ultrasonicated for 10 minutes, rinsed with ethanol, rinsed with MilliQ water and finally dried
under a laminar flow clean bench (FMS SuSi, Spetec, Erding, D). All work except the
ultracentrifugation was done on the clean bench with HEPA (H14) filtered air and all-cotton

lab coats were worn.

Soil samples (50 g) were suspended in 1 L of 2.5 mM ultrafiltrated (<10 KDa, Amicon Stirred
Cell, Merck Millipore, Sigma Aldrich, USA) tetrasodium pyrophosphate (TSPP, NasP.O-,
>95%, Sigma Aldrich, USA), shaken for 30 min at 100 rpm, ultrasonicated for 2 min with a
Labsonic L (B. Braun, Switzerland) at a frequency of 20 kHz and a power of 100 W, and then
allowed to settle for 18 h (Schwertfeger et al., 2017). Then, 30 mL of solution were collected
from the surface with a glass volumetric pipette and transferred into a new glass vial. A5 mL
aliquot of sucrose solution (299%, Sigma Aldrich, USA) of a density 1.37 g mL" (1220 g L™
MilliQ water) was deposited at the bottom of 38.5 mL polyclear tubes (25-30-70, Hemotec,
Switzerland) while carefully avoiding to deposit any drops on the tube wall. 30 mL of the
solution collected after settlement was then gently deposited on the top of the sucrose solution
and the tubes were centrifuged at 22 000 rpm (acceleration of approx. 109.500 g) for 2 h
(Ultracentrifuge CP100NX, HITACHI, Japan) for the mineral particles (density >1.37 g mL™")
to migrate through the sucrose to the bottom of the centrifuge tube. After centrifugation, the
upper solution and the upper 5 cm (~2 mL) of the sucrose were collected with a pipette and
transferred to a new glass vial. Then, the walls of the tubes were rinsed with ethanol, which
was also collected with a pipette and added to the first supernatant. In order to oxidize the
remaining natural organic matter (NOM) and sucrose from solution, hydrogen peroxide (H20x,
30%, Sigma Aldrich, USA) solution was added to the samples to reach a concentration of a

5% (v/v). The addition was repeated every 2 h for 22 h. This treatment was chosen to avoid
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high H>O2 concentrations in the samples which could oxidize NP. The dissolved C in the
sample was analyzed with a DOC analyzer (DIMATOC 2000, Dimatec, Essen, D), by
combustion of the sample and detection of the released CO.. After every 2 h the 5% H20; are
consumed by the oxidation of the sucrose and OM in the sample, so that the H.O-
concentration never exceeds 5%. After about 11 additions, the concentration of dissolved C
in the sample showed only a slow decrease, so that no further H.O, was added (Appendix
D.3). After this treatment, samples were washed and concentrated using an ultrafiltration cell
(Amicon Stirred Cell, Merck Millipore, Sigma Aldrich, USA) with a <10 kDa polyethersulfone
membrane (Biomax Ultrafiltration Discs, Sigma Aldrich, USA). The samples were transferred
into the ultrafiltration cell and the cell volume was completed (200 mL) with MilliQ water. The
sample was then filtrated until approx. 10 mL of solution remained. The last two steps were
repeated three times to further wash dissolved compounds (TSPP, sucrose, salts, etc.) from
the sample. The 10 mL of sample remaining in the cell at the end of the procedure was
transferred into a clean glass vial and the ultrafiltration membrane was rinsed with 10 mL of
ethanol (99.8%, Sigma-Aldrich; ref 51976-500ML-F). Our final soil extract was thus a

suspension in a 50:50 ethanol/water solution.
Spiked water and soil samples extraction

NP in tea were produced following the procedure described in a previous study (Hernandez
et al., 2019) except that in our experiment the tea was kept in the tea bag during preparation
to have a realistic matrix for the analysis of food samples. A single tea bag of each tea was
soaked in 12 mL 95°C MiliQ water for 5 minutes. The spiked water and the tea samples were
treated with the same procedure than the soil samples except without the first extraction step
with the TSPP, which was not necessary for liquid samples. So spiked water and tea samples
were treated with a density separation step, an oxidation of organic matter step, a washing

step in the ultrafiltration cell and finally deposited on the membrane for analysis.

3.2.3 STXM sample preparation

Standard (SiRN-5.0-200-1.0-100) and finder (with gold finder grid; SiRN-5.0-200-1.0-
100+G1Au20) membranes (1x1 mm, 100 nm thick SisNs windows) were purchased from
Silson, U.K. Nanoplastic particles were placed on the membranes either by drop deposition
(particles from pure plastic suspensions; the membrane was tilted to reduce the coffee ring
effect) or by sedimenting the particles out of the 50:50 water:ethanol solution onto the
membrane fixed to the bottom (via an aluminium holder) of a 15 mL glass centrifuge tube for
3.5 h at 3400 g (for particles which where extracted from soil, tea and water samples). Some
membranes with finder grid were analyzed by SEM (Gemini 450, Zeiss; JSM7001F, JEOL)

prior to or after STXM measurements with the aim of either localising particles more quickly
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on the membrane during the STXM measurement or of acquiring a high-resolution picture of
NP. A voltage of 15 and 10 kV was used with secondary-electron in-lens detector and
membranes were coated with a c.a. 5 nm gold layer. After recognizing the serious radiation
damage caused by SEM analysis prior to STXM (Appendix D.4), samples were only imaged
by SEM after the STXM analysis.

3.2.4 Data acquisition and processing

The STXM measurements were performed at the PolLux beamline of the Swiss Light Source
(SLS) synchrotron at the Paul Scherrer Institute in Villigen, Switzerland. The detailed beamline
layout has been described before (Raabe et al., 2008). A 25 nm zone plate was used to focus
the monochromated soft X-ray beam (spot size of ~30 nm) on the membrane and particles
were imaged by raster scanning an area of the membrane at 350 eV. Once a particle was
found, a zoomed-in and focused picture was taken. NEXAFS spectra were then acquired by
line or stack measurement in the energy range between 280 and 350 eV corresponding to the
C K-edge. We analyzed a variety of sizes of NP for each polymer to test for which size range
STXM is suitable. The acquired NEXAFS spectra were extracted with aXis2000
(http://unicorn.mcmaster.ca/aXis2000.html) and normalized and plotted with RStudio (RStudio
Team, 2020) to allow comparison of the characteristic peaks for the individual NP with
published reference spectra (Dhez et al., 2003). As no reference could be found for PVC, we
measured our own reference on a microtomed sample. Particle size was measured on SEM
and/or STXM pictures using ImagedJ. The given size on this study corresponds to the longest
distance between any two points along the selection boundary (Merkus, 2009; Appendix D.5).
The thickness is estimated by multiplying the optical density value at 320 eV by the attenuation
length. The attenuation length depends mostly on the material chemical structure and density
(Appendix D.6).

3.3 Results and discussion

3.3.1 Relating STXM to other analytical methods for NP analysis

Identifying NP in environmental matrices requires the ability to interrogate individual
nanoparticles, coupled with a spectroscopic tool with natural contrast (i.e. is not reliant on
labelling) that is capable of providing information about molecular structure such that polymers
can be distinguished from the natural organic matter that is abundant in all ecosystems. The
examination of individual particles typically requires nanoscale focusing, both to isolate the
signal of a single particle and to obtain sufficient signal strength. For many analytical probes,
this is restricted by the Abbe diffraction limit (Abbe, 1873), which says that the probe beam
cannot be focused to less than about half of its wavelength. While there exist many super-

resolution strategies to circumvent this limit, they each introduce their own restrictions that
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may preclude their application to label-free spectroscopy. For example, super-resolution
techniques based on sub-pixel localisation or the manipulation of sample fluorescence are
generally unhelpful for spectroscopic applications (Chapman et al., 2020; Wéll and Flors,
2017). Further, super-resolution techniques based on near-field effects can have severely
limited application to nanoparticles larger than the evanescent wave, thus excluding the

majority of the nano-scale size range.

The list of analytical techniques capable of differentiating organic materials is limited by the
specific need to probe the molecular structure, which is what defines the identity of an organic
substance (Favre and Powell, 2014). Other physical properties such as the density, or
constituent elements of an organic substance are not indicative of the molecular structure and
therefore do not make a significant contribution toward material identification. Vibrational
spectroscopies, such as IR and Raman spectroscopy indicate the characteristic oscillations of
functional groups within the sample, and so provide an excellent probe for differentiating
organic materials (Hashimoto et al., 2019). While the visible wavelengths used for Raman
allow sub-micron focusing and optical trapping of nanoparticles (Gillibert et al., 2019; Penders
et al., 2018), the signal is typically very weak and easily overwhelmed by fluorescence effects.
Recently, Raman spectroscopy was coupled with scanning electron microscopy (Zhang et al.,
2020) to spectroscopically identify sub-micron particles and PVC NP. While technically fulfilling
the requirements for nanoscale imaging and spectroscopy, this characterization strategy may
not be generally applicable to all NP characterizations. Firstly, the Raman signal to noise ratio
is expected to deteriorate rapidly as the particle size decreases below the spatial resolution of
the visible laser probe. Secondly, it is our experience that some polymer types are very
sensitive to electron beams (Figure S1) such that particle spectra are modified beyond
recognition after SEM imaging. Applications of IR spectroscopy to nanoparticles require a
super-resolution technique (Nan et al., 2020). Nuclear magnetic resonance (NMR) can be
used to identify molecular structures and, although super-resolution techniques are routinely
applied to exceed the Abbe diffraction limit of the radio-frequency excitation pulses, sub-
micron resolution is difficult to attain (Glover and Mansfield, 2002). However, nanoscale NMR
measurement has been demonstrated by exploiting the extreme sensitivity of near-surface
nitrogen-vacancy defects in diamond (Mamin et al., 2013). Mass spectrometry techniques
such as secondary ion mass spectrometry (SIMS) measure the mass of molecular fragments
blasted from the sample, the distribution of which indicate the elements and molecular groups
comprising the sample material (Wien, 1997). While these probes can be focused to
nanoscale resolution, the limited volume of individual nanoparticles severely restricts the
statistical significance of measurements on small nanoparticles (Liang et al., 2015) unless a

post-ionisation scheme is used to enhance the secondary ion yield (Popczun et al., 2017).
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Pyrolysis gas chromatography mass spectrometry is analogous to SIMS and while a nano-
focused heat source could be implemented, the material volume provided by an individual
nanoparticle is unlikely to produce convincing pyrogram statistics. The method can be applied
to samples which are prior fractionated to a defined size by filtration or other separation
techniques (Ter Halle et al., 2017; Wahl et al., 2021), and thus confirm the association of
polymers with particles in the nano-size range. However, it cannot measure the characteristics
(size, shape, molecular structure) of the individual NP. Wahl et al. (2021) used asymmetric
flow-field flow fractionation to separate nanoparticles from plastic-contaminated soil extract
and identified molecular species indicative of common polymers via pyrolysis gas
chromatography mass spectrometry. While this method establishes the presence of
nanoparticles in the soil and their association with polymer materials (or their breakdown
products), it lacks evidence that any individual nanoparticles are chiefly composed of polymer.
For example, inorganic nanoparticles associated or coated with polymer are also consistent
with the observations by Wahl et al. (Wahl et al., 2021) but are not consistent with the common

understanding that NP should consist of the same material throughout its thickness.

Finally, spectroscopies involving electronic excitations of the core shell of carbon atoms can
identify the bonding schemes present in an organic material and are routinely probed by
beams of electrons (electron energy loss spectroscopy; EELS) or soft X-rays (near-edge X-
ray absorption fine-structure spectroscopy; NEXAFS) with nanoscale resolution (Hitchcock et
al., 2008). Scanning and transmission electron microscopy (SEM/TEM) can provide excellent
spatial resolution for EELS, but causes a high rate of radiation damage in organic samples
(Hitchcock et al., 2008). While this radiation damage tends to not significantly alter the size
and shape of the organic nanoparticles, the molecular structure, and hence the absorption
spectrum, is significantly altered (Appendix D.4). Note that energy dispersive X-ray
spectroscopy (EDX), which is commonly performed in electron microscopes, only provides
elemental composition and is unable to discern polymers from natural organic matter
commonly found in the environment (Egerton, 2009). NEXAFS spectroscopy has been
successful in positively identifying polymer materials (Dhez et al., 2003; Watts et al., 2011) by
measuring spectra at the carbon K-edge (near 300 eV, or about 4 nm wavelength) (Ade and
Hitchcock, 2008; Watts and Ade, 2012). Soft X-rays in this spectral range can also be focused
by a Fresnel zone plate for the nanoscale imaging of structures composed of polymer,
biological and other organic materials (Raabe et al., 2008). Soft X-ray microscopy can be
implemented in full-field, scanning and ptychographic designs, however, STXM has strong
advantages for performing nano-spectroscopy of organic materials due to the ease of keeping
focus while acquiring spectra and excellent radiation dose efficiency (Jacobsen, 2019). As a

non-destructive technique, STXM can also be combined with complementary techniques for
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further analysis of NP. Thus, e.g. SEM images can be acquired after the sample analysis by
STXM to observe the particles with high spatial resolution (Appendix D.5) or EDX can be used
to investigate metal additives within NP. To find back the particles analysed by STXM with

other techniques finder membranes with a 100x100 um gold grid can be used.

STXM raster-scans a sample region across a nano-focused X-ray beam to form X-ray
transmission images with spatial resolution down to 7 nm (Raabe et al., 2008) (, a). Varying
the photon energy of the incident X-ray beam allows STXM to perform X-ray spectroscopy on
nanoscale objects and to use spectroscopic effects to generate quantitative contrast
mechanisms based on physical and chemical properties such as elemental composition,
oxidation state, molecular structure, molecular orientation and local magnetization (Ade and
Stoll, 2009). The minimal optical design of STXM maximizes the radiation dose-efficiency and
positioning precision, both laterally (for high spatial resolution) and along the optical axis for
easy focusing, which is important for performing spectroscopy with the dispersive Fresnel
zone plates required for soft X-ray nano-focusing. As a synchrotron-based method, STXM is
not easily available for routine measurement in one’s own lab, but can be accessed (free of
charge for academic use) by any researcher after a successful application to one of the many
facilities worldwide (e.g. CA, CH, CN, DE, FR, GB, JP, UK, US) (https://lightsources.org;
https://wayforlight.eu).

NEXAFS spectroscopy at the carbon K-edge (X-ray photon energy near 300 eV) involves
resonance peaks that correspond to photo-excited transitions from the C 1s orbital to
unoccupied molecular orbitals corresponding to anti-bonding states. The peaks will thus
indicate the presence and the proportion of particular bonding types, characterising the
molecular structure surrounding the absorbing C atoms. This means that C K-edge NEXAFS
spectra can function as highly specific fingerprints of organic materials and there is no need
for labelling or staining in order to positively identify a material. The influence of other factors
such as physical state and intermolecular interactions are very small and a C K-edge NEXAFS
spectrum is typically well represented simply by the sum of the spectra of its component
structures (Stéhr, 1992). Moreover, in the case of C-based polymers, a given set of bonds is
usually repeated many times and, thus, the corresponding C K-edge NEXAFS spectra tend to
consist of strong, clearly defined resonance peaks that make them straightforward to identify
(Dhez et al., 2003) (Figure 3-1, c and Figure 3-2, a-h; Appendix D.7). On the contrary, natural
organic matter is normally a mixture of a broad variety of bonding types and gives nonspecific

spectra (Figure 3-2, i-j).

In practice, a spectro-microscopy analysis of nanoparticles deposited onto an X-ray

transparent substrate can be performed in a number of ways. First, organic particles can be
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separated from any mineral and salt particles remaining from the sample preparation by
comparing images measured with photon energies below (280 eV) and above (350 eV) the C
K-edge. Materials with a high carbon content will show a strong difference in X-ray absorption
between these two energies, while other materials will show little contrast. Once located, the
spectrum of a particle is measured by recording the X-ray transmission through the particle

location while scanning the photon energy across the C K-edge.
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Figure 3-1: lllustration of STXM principle and NEXAFS acquisition for PMMA and PC polymers. (a) Schematic
illustration of the setup of a STXM instrument, (b) STXM image taken at 350 eV photon energy of a pair of particles.
The white scale bar is 500 nm. (c) NEXAFS spectra of the particles in (b) and identified as PMMA and PC. The
particles thicknesses are estimates from the post-edge absorbance to be 200 nm and 140 nm respectively.

3.3.2 Nanoplastic identification

The spectra of nanoparticles composed of eight common polymers were matched with
reference spectra (Dhez et al., 2003). STXM, as a transmission technique, is mostly limited
by the thickness (Z dimension) of a particle and not by its size appearance in a 2D image (X
and Y dimension). Particles were observed and identified down to a particle thickness of about
100 nm (Figure 3-2), at which point the statistical efficiency of the technique is rapidly
decreasing (Appendix D.8). Note that the STXM measurements were performed on a bend-
magnet beamline and an undulator-based instrument would provide about 100 times more X-
ray flux and hence a commensurate improvement in either spectral quality or acquisition rate.
In some cases, we used self-produced NP, with varying lower size limits. In line with the

theoretical considerations, we observed that the spectral quality remained unchanged with
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respect to the lateral size of the particle but decreased with decreasing thickness of the
particle, causing noisy spectra at particle thicknesses <100 nm e.g. for the thinnest particles
of PP, PVC, PS and PMMA (Figure 3-2, a, c, e, h). Depending on polymer properties,
mechanical grinding and chemical precipitation can lead to nanoparticles with varying shapes.
The thinner a particle is, the more photons will be required to obtain a spectrum of the same
quality. As particles tend to deposit with a preference to lay flat against the substrate, the

shortest dimension of a particle is the one limiting its analysis.

The spectra can be attributed to specific polymers by comparing the exact position and relative
intensity of the main peaks to those of reference spectra of polymers or of molecules with
shared bonding structures (Dhez et al., 2003). Some of the polymers studied showed
differences in the spectra compared to the references, the most common being a decrease of
the main peak intensity, often accompanied by the appearance of a new peak at 285 eV
(Figure 3-2). These differences between experimental (Figure 3-2, a-h black lines) and
reference, (Figure 3-2, a-h blue lines) spectra indicate radiation damage induced by the X-ray
beam during the STXM analysis. Similar differences between the nanoparticle measurements
and reference materials can be observed in Figure 3-3. The estimated radiation dose
(Appendix D.9) in many cases are above the critical doses for the alteration of carbonyl, phenyl
and C-H groups in polymers, which are quite sensitive to ionizing radiation and have been
systematically studied (Coffey et al., 2002; Wang et al., 2009). The most significant radiation
damage effect observed in common polymers is a decrease in the C1s — T*c-0 resonance
near 287 eV, often accompanied by an increase in the C1s — 1*c=c resonance near 285 eV,
that is caused by the reduction of carbonyl groups (which produces vinyl C=C bonds). Such
radiation damage is clearly seen in the spectra in Figure 3-2 and Figure 3-3, especially for PA
and PMMA for which carbonyls dominate the molecular structure, but also for PET and PC
(note that the C1s — 1*c=0 resonance for PC is shifted to 291 eV), which also contain carbonyl
groups. The radiation dose could be further reduced by careful attention to the spatial scanning
parameters in order to evenly spread the dose across the entirety of the limited nanoparticle
volume, and by limiting the spectral quality (in terms of energy points measured and counting
time) to the minimum required for identification. While the deposition of a carbonaceous layer
is @ common issue during STXM analysis, it appears unlikely in this case as none of our
spectra show an increase at 288.5 and 293 eV, which would be typical for a carbon layer

deposition (Leontowich and Hitchcock, 2012).
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Figure 3-2: Differentiation of polymers by C K-edge NEXAFS spectroscopy. (a-h) Comparison of NP spectra from
eight polymers (black spectra) compared with a reference spectrum (blue)(Dhez et al., 2003). All spectra have
been normalized to fit the scale. The energy position was corrected for the first peak of PS to match the reference:
(a) polypropylene, (b) polyethylene high and low density, (c) polyvinyl chloride, (d) polyethylene terephthalate, (e)
polystyrene, (f) polyamide, (g) polycarbonate, (h) polymethylmethacrylate. The thickness [nm]/ Feret diameter [nm]
of the particle corresponding to the spectrum is written on the left hand-side of each NEXAFS spectrum. As no
PVC reference spectrum was available in the literature, we measured the NEXAFS spectrum of a microtomed PVC
sample. (i-j) NEXAFS spectra of common natural organic matter occurring in tea and soil, respectively. (k) Humic
acid (pH =6) reference spectrum (Christl and Kretzschmar, 2007).

Finding NP in spiked environmental matrices

In environmental samples, a wide variety of particles exist simultaneously in the media and
can interfere with the identification and characterisation of NP, making it difficult to find NPs
simply by being present in much higher numbers. A method to extract NP from soil and water
samples (Figure 3-3, a; Figure 3-4, a) was developed, based on methods for the extraction of
metallic nanoparticles (Schwertfeger et al., 2017) and for the purification of MP (Hurley et al.,
2018; Liu et al,

sensitivity to oxidation and aggregation) (Schwaferts et al.,

2019), with some adaption to NP specific characteristics (e.g., higher
2019). With this aim, the density
separation was modified to use sucrose to prevent aggregation of NP in concentrated salt
solutions like ZnCl, or NaBr that are often used in MP research (Blasing and Amelung, 2018;

Liu et al., 2019). A gentle oxidation step using low concentration hydrogen peroxide to remove
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natural organic matter but prevent oxidation of NP and a final ultrafiltration step (Ter Halle et
al., 2017) were added to the procedure to clean the samples and preconcentrate the NP prior
to their deposition on a silicon nitride membrane by centrifugation. The method was tested on
PA NP and was found to have no influence on the NEXAFS spectra of the particles (Appendix
D.10).

A lake water sample from Lake Lucerne (Switzerland) and a soil sample from a remote
mountain soil (Laax, Switzerland) were spiked with NP and then subjected to the above
described extraction and analysis procedures. The water sample was spiked with PMMA, PC,
PET and PP, and the soil sample, which had proven to be clean from MP and larger plastics
(Scheurer and Bigalke, 2018), with PA (Figure 3-3, a). In the water sample, NP of PMMA, PC
and PET were found (Figure 3-3, b blue lines) but not of PP, possibly because too few PP
particles spiked were in the NP range (< 1000 nm). In the spiked soil sample, we retrieved the
PA NPs (Figure 3-3, b, brown line).
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Figure 3-3: Identification of NP in spiked water, brewed tea water and spiked soil samples. (a) Schematic
representation of the spiking and extraction protocol for water and soil matrices. The water sample was spiked with
powder of PMMA, PC, PET and PP. The tea bags were made out of PA. A soil sample was spiked with a powder
of PA and another soil sample with 250 nm PS beads. (b) NEXAFS spectra together with a normalized reference
spectrum (grey lines, (Dhez et al., 2003)) and STXM image of the corresponding particle found in the water spiked
sample (blue lines), the peppermint and green tea (dark green, light green) and the soils (brown lines). The
measured spectra and the corresponding reference were normalized at the pre (280 eV) and post edge (295 eV)
energy to fit the scale. The images were acquired at 350 eV and the white scale bar is 250 nm. The number in the
image refers to the particle thickness (nm). The small peak at 285 eV, which is not visible in the reference spectra
of PMMA and PA but in the spectra from the NP, as well as the differences between the reference and the measure
spectra in the 287-293 eV region for PC and PET are most probably due to radiation damage.

Characterising NP in environmental and food samples

To assess the suitability of the method to find NP in unspiked food samples, we first analyzed
green and peppermint tea prepared from PA teabags (Figure 3-3, a). In spite of the high
organic matrix of the tea, we were able to differentiate PA from the tea matrix and find PA NP
in both tea samples, confirming the previous report of teabags releasing NP in tea infused

water (Hernandez et al., 2019) (Figure 3-3, b green lines).
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For the soils, samples SAN and GAM were collected at agricultural sites, where mulching foil
had been applied, while samples DUF and BRA were from pasture sites close to roads. In the
road site soils we did not check for tire wear particles but for other plastic waste usually found
close to roads due to plastic waste thrown out of cars. We found NP of three different polymers
(PA, PP, PS) in a size range of 250-900 nm and mostly irregularly shaped (Figure 3-4). The
presence of PA in the roadside soil can be attributed to NP formation from packing material
waste, while the NP in the arable soils most probably originate from mulch foil, nets and
nonwoven covers (PP), strings to fix foil tunnels (PA) and other agricultural applications (PS)
(Scarascia-Mugnozza et al., 2011). The fact that no PE (the most commonly used polymer for
mulch films) was found, even at the sites with mulching film application, might be either due
to PE being a polymer not very susceptible to NP formation (either slow formation or short
lifetime) or due to the spectrum of aged PE being very similar to natural organic matter and

thus, difficult to differentiate.

NP formation has been reported recently in a heavily plastic contaminated soil by AF4 and py-
GC-MS (Wahl et al., 2021) and in marine waters (Ter Halle et al., 2017). Our results show the
occurrence as well as the characteristics of individual NP in common agricultural soils at
common plastic concentrations. The finding of NP in the studied soils show that NP form from
larger plastic items in the soils. This NP formation will be favored by physical stress applied to
plastic waste occurring in soil such as cutting the grass at roadside soils that will also cut the
plastic waste and ploughing at arable soils might also that grind larger plastic items to NP.
Beside the physical stress, UV radiation will age plastics as long as they occur at the soil
surface and microbial attack might cause disintegration of certain polymers after the plastics
are buried into the soil (Krueger et al., 2015; Otake et al., 1995). Beside providing useful
insights on NP formation in soils, our results also have implications for the design of
ecotoxicological and environmental fate (e.g. transport) studies. While in most such studies,
spherical PS/PE NP are used (Thomas et al., 2021) — due to its easy availability and defined
shape — our data clearly show that NP from different polymers occur and that their shape is
mostly not spherical but rather what is referred as a fragment. Work on engineered
nanoparticles has shown that nanoparticle shape has implications for its toxicity (Demir, 2020;
Pikula et al., 2020) and transport in porous media (Wang et al., 2016). NP extracted from the
marine environment have also been reported to have different toxicities from artificial spherical
NP (Baudrimont et al., 2020).
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Figure 3-4: Identification of NP in 4 natural soil samples. (a) Schematic representation of NP extraction from soil
matrices. (b) NEXAFS spectra together with a normalized reference spectrum (grey lines) (Dhez et al., 2003) and
STXM image of the corresponding particle found in Sant’ Antonino (SAN, brown lines), Gampelen (GAM, blue
lines), Belpberg Dufti (DUF orange line), and Wohlen b.B Breitacher (BRA, yellow line). The images were acquired
at 350 eV. The small peak at 285 eV, which is not visible in the reference spectra of PP and PA but in the spectra
from the NP, is most probabaly due to radiation damage. The white scale bar is 500 nm. The number on in the
image refers to the thickness [nm].

3.4 Conclusion

We have demonstrated the use of STXM for the imaging and chemical characterisation of
individual NP with a minimum dimension down to about 100 nm. We show that it can be
applied to the analysis of pure NP and for NP present in environmental and food matrices.
While STXM cannot provide statistically significant information on particle numbers, its
strength is the high-resolution imaging and spectral investigation of individual particles or
complex particle mixtures. For the soil samples analyzed here, three different polymers with

different shapes and sizes were found. These results indicate the formation of NP in normal
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agricultural soils and have implications for future studies on soil nanoparticles and nanoparticle

ecotoxicology.

Among the analytical techniques available to analyze the molecular structure of particles,
STXM is probably one of the most suitable for the analysis of NP characteristics, because of
its high spatial and spectral resolution and the ability to limit radiation damage to the sample.
However, STXM analysis of complex samples requires the use of extraction techniques that
concentrate NP and eliminate most of the other materials from the sample matrix. Because of
the considerable time needed to image particles by raster scanning (1-10 minutes/image
depending on the resolution) and for spectral analysis (10-30 minutes depending on the dwell
time), it is impractical to analyze enough particles to obtain a statistically significant
quantification of the NP concentration in a sample. The strength of STXM is instead the
differentiation of natural environmental particles (e.g. clay particles, natural organic matter)
from NP and to combine imaging with spectroscopy to deliver a full chemical, size and shape
characterization of the NP. Due to its high lateral resolution, STXM can trace chemical
changes in individual NP or can analyze complex particle aggregates. STXM can be accessed
(free of charge for academic use) by any researcher after a successful application to one of

the many facilities worldwide (https://lightsources.org; https://wayforlight.eu).
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Abstract

Once emitted into the environment, macro- (MaP), micro- (MP) and nanoplastics (NP) are
exposed to environmental weathering. Yet, the effects of biogeochemical weathering factors
occurring in the soil environment are unknown. As the transport, fate, and toxicity of MP and
NP depend directly on their surface properties, it is crucial to characterize their transformation
in soils to better predict their impact and interactions in this environment. Here, we used
scanning transmission x-ray micro spectroscopy to characterize depth profiles of the surface
alteration of environmental plastic debris retrieved from soil samples. Controlled weathering
experiments in soil and with UV radiation were also performed to investigate the individual
effect of these weathering factors on polymer surface alteration. The results revealed a
weathered surface on a depth varying between 1 um and 100 nm in PS, PET and PP
environmental plastic fragments naturally weathered in soil. Moreover, the initial step of
surface fragmentation was observed on a PS fragment, providing an insight on the factors and
processes leading to the release of MP and NP in soils. The comparison of environmental,
soil incubated (for 1 year) and UV weathered samples showed that the treatments led to
different surface chemical modifications. While the environmental samples showed evidence
of alteration involving oxidation processes, the UV weathered samples did not reveal oxidation
signs at the surface but only decrease in peak intensities (indicating decrease of the number
of chemical C bonds). After a one-year incubation of samples in soil no clear aging effects

were observed, indicating that the aging of polymers can be slow in soils.

4.1 Introduction

The total amount of plastic accumulated in landfills and the environment between 1950 and
2016 was estimated to be 4900 Mt (Geyer et al., 2017) and was projected to become approx.
12000 Mt in 2050 (Geyer 2020). Much of the plastic ends up in soils and can affect its
physicochemical properties, and the health of soil organisms and plants growing in the soil (;
Ren et al., 2021a; Rodriguez-Seijo et al., 2017). The main sources of plastic in soil are littering
(Braun et al., 2023; Ledieu et al., 2022; Pietz et al., 2021), road runoff (Knight et al., 2020;
Sommer et al., 2018), and atmospheric deposition (Kernchen et al., 2022; Wright et al., 2020).
In agriculture, practices such as sewage sludge (Corradini et al., 2019), compost (Weithmann
et al., 2018) amendments, the use of plastic mulches (Khalid et al., 2022) and coated fertilizers
(Katsumi et al., 2020), contribute significantly to the plastic input in soils (Hurley and Nizzetto,
2018). Once in the soil, plastics can fragment, forming micro- (MP, 0.001-5 mm) and
nanoplastics (NP, <0.001 mm). To understand the impact, fate and accumulation of plastic in
soil, it is important to assess how they change over time and to determine the factors causing
such changes. In the environment, plastic debris will be exposed to several weathering factors,

which can lead to changes in their morphology, chemistry, and physical properties. The
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possible mechanisms of environmental plastic degradation include abiotic processes, such as
thermal degradation (Pielichowski and Njurguna, 2005), photo-degradation (Cai et al., 2018;
Luo et al., 2020b) and mechanical breakdown (He et al., 2018), as well as biotic processes
such as bio-fragmentation (Cadée, 2002; Dawson et al., 2018) and biodegradation (Danso et
al., 2019; Zumstein et al., 2018). In turn, the efficiency of the different mechanisms to degrade
plastic will depend on the particle size (Luo et al., 2020a; Wang et al., 2020) and physico-
chemical properties of the polymer, such as its chemical structure (Gewert et al., 2015) and
crystallinity (Julienne et al., 2019), and environmental conditions, such as the oxygen
concentration, humidity (Wang et al., 2020), temperature (Chen et al., 2020), and organic
matter concentration (Cai et al., 2018; Liu et al., 2020). So far, most of the research concerning
plastic weathering has been conducted in aquatic or air media but only little is known about
plastic aging in soils (Duan et al., 2021). Before being buried in soil, plastic fragments can lie
in sunlight for some period of time. Previous work has investigated the effect of UV on polymer
chemistry and morphology using mostly attenuated total reflectance Fourier transformed
infrared spectroscopy (ATR-FTIR) and scanning electron microscopy (SEM). The most
common reported effects of UV on polymers are the formation of hydroxyl (OH) and carbonyl
(C=0) groups (Ainali et al., 2021; Cai et al., 2018; Fernandez-Gonzalez et al., 2021). In the
soil, plastic is no longer exposed to UV but instead to soil microorganisms and roots in a mostly
humid environment where the expected aging factors include extracellular enzymes and
organic and inorganic acids, as well as mechanical effects, e.g. by bioturbation, soil
compaction, or freeze-thaw cycles. However, the effect and importance of these weathering
factors are yet unknown (Bliks and Kaupenjohann, 2022). Previous work used a
biodegradable *C-labelled poly(butylene-co-terephthalate) (PBAT) to show for the first time
the biodegradation of a biodegradable polymer in agricultural soil (Zumstein et al., 2018).
Many different enzymes and/or bacterial strains have been tested for their efficiency to
biodegrade conventional and biodegradable polymers (Amobonye et al., 2021). However, the
consequent polymer surface modifications of conventional polymers are still unknown, despite

their importance in assessing the particles’ fate and impact in the soil.

The study of plastic biodegradation in soil is challenging, as the processes cannot be
accelerated while maintaining environmentally relevant conditions. ATR-FTIR usually has a
penetration depth varying between 0.2 and 5 um, and will therefore not detect changes on
polymer surface if the depth of alteration is outside this scale range. A high resolution
analytical technique providing chemical information on a nanoscale is therefore required. Such
a technique would allow to investigate the potential effects of soils on polymer surface
chemical properties. Scanning transmission x-ray microscopy (STXM) coupled with near-edge

x-ray absorption fine structure (NEXAFS) spectroscopy. The STXM technique uses X-rays
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generated by a synchrotron with a photon energy that covers the 1s K- carbon edge and
provides information on the type and proportion of carbon bonds in the material under study.
It was previously used to identify NP in environmental matrices (Foetisch et al., 2022) and can

provide chemical information with a 30 nm resolution (Raabe et al., 2008).

In this study, we applied for the first time STXM-NEXAFS spectroscopy to access the depth
and chemical changes of plastic fragments aged under different conditions in order to better
understand the mechanisms and temporal development of environmental plastic ageing. The
objectives were: a) to access the depth of surface chemical alteration of environmental plastic
fragments found in soils, b) to compare it with the surface chemical alteration of plastics
incubated in soil under controlled laboratory conditions for one year, and c) to reveal the depth
of surface chemical alteration aged under UV exposure (300-400 nm wavelength). For this
purpose, we characterised the surface alterations along a depth profile from the surface to the

bulk material (BM) of the plastic fragments aged under the different conditions.

4.2 Material and methods

4.2.1 Environmental samples

Environmental plastic fragments weathered in natural conditions (history unknown) of
polystyrene (PS), polyethylene terephthalate (PET) and polypropylene (PP) were retrieved
from agricultural and roadside soil samples collected between 0-20 cm depth in Switzerland
in 2018 and 2021. The samples labelled GUR were collected from an agricultural soil in
Gurzelen (BE, 46°46'45.94" N, 7°32'15.57" E) where compost had been applied. The samples
labelled SAN were collected from an agricultural field in Sant’Antonino (TI, 46° 9' 42.45"N,
8°57'41.43"E) where plastic mulch had been applied. Finally, samples labelled ES were
collected from a roadside soil in Bern’s surroundings (BE, 46°57'31.59"N, 7°23'19.99"E) where
littering was apparent. The soil samples were sieved and macroplastics with a size of 5-100
mm collected, washed (see section 4.2.2), and analysed by ATR-FTIR (ATR-FTIR, LUMOS

II, Bruker Cooperation, Billerica, Massachusetts) to assess their polymer composition.

4.2.2 Soil incubation

Soil was collected from a pasture near Geneva, Switzerland (Avully, 46°10'10.21"N,
6°0'5.51"E). The soil had a clay, lime, and sand content of 17, 32 and 52% [w/w], respectively,
a total nitrogen and carbon content of 0.12 and 1.12% [w/w], respectively, and a pH of 5.4.
The moist soil was sieved to 10 mm on the day of sampling and homogenized by a repetition
of soil division and re-homogenisation until reaching portions of around 110 g. Each soll

portion was then transferred into brown glass vials (11x5 cm) for the incubation.
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Fragments of approx. 500 ym diameter of PA Radilon, PC Makrolon and PEHD Hostalene
(Semadeni Plastic Group, Switzerland) were selected after cryo-grinding initial pellets with a
Pulverisette11. Fragments of approx. 1 mm of PET and PU were produced by cutting a water
bottle and a foam stopper, respectively, with a blade on a glass slide. The polymers were
chosen to represent the plastic most often found in the soil (Buks and Kaupenjohann, 2020)
as well as a diversity of hydrolysable and non-hydrolysable polymers (Amaral-Zettler et al.,
2020). The plastic fragments were then distributed evenly in brown glass vials containing the
soil at 2.5 cm under the surface using a tweezer. Fragments were incubated in the soil at 30°C
and 60% humidity. The soil water content was adjusted to 60% of the water holding capacity
twice a week (Appendix E.2), by adjusting the weight of the soil with water. After one year of
incubation, fragments were visually sorted from soil by spreading it in water on a glass petri
dish under a magnification lamp. Negative control of PA, PET, PE, PP, PS, PC and PU
underwent the same treatment to reproduce the handling and matrix conditions but were
incubated only for 24 h. For each polymer, 9 fragments were incubated to ensure at least 3
replicates for SEM imaging and 3 replicates for STXM-NEXAFS spectroscopy. Fragments
retrieved from the soil treatment and environmental soil samples were shaken in water with
tweezer and placed into petri dishes with 2% sodium dodecyl sulphate (SDS). They were
gently agitated for 5 min on a shaking plate. Finally, the SDS was discarded and replaced by
MiliQ water at 50°C and the fragment were agitated again for 5 min on a shaking plate. This
washing procedure was chosen in order to remove soil being present on the fragment while
not affecting the surface of the polymer (adapted from Montazer et al., 2018). The polymer
fragments were individually wrapped into aluminium foil and kept at room temperature until

further analysis.

4.2.3 UV treatment

PS Total ®, polycarbonate (PC) Makrolon ®, PP Total ® (Semadeni Plastic Group,
Switzerland) and PET from a water bottle (Aproz®) were exposed to UV irradiation. Pellets of
PS, PC and PP were sectioned by microtomy (UCG6, Leica Microsystems, Vienna, Austria) to
create a flat and fresh surface which was not exposed to UV radiation before. PET did not
need such a preparation, as the fragments were already flat. For this experiment the samples
could not be produced by cryomilling (as for the soil incubation) as bigger particles were
needed for the two sectioning steps. Fragments were placed into a glass Petri dish and
covered with a thin plastic foil (Migros, Tangan N°11) to prevent fragments from moving under
the air flow of the UV chamber. UV treatment was performed in an Atlas Suntest CPS+
chamber (Atlas Material Technology LLC, Chicago, USA) equipped with a Xenon lamp (1500
W) and a Daylight filter. The irradiation, between 300 and 400 nm, had an intensity of 65 W/m?

and the chamber was cooled by a continuous air flow. The Petri dish was placed into the UV
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aging chamber and fragments were removed after 160 hours of exposure, corresponding to
approximately 63 days of exposure in central Europe (calculation according to Gewert et al.,
2018, Section Sl 1) The fragments were aged only on one side. The non-exposed side was
marked using a metallic pen (Edding 780, gold colored), which can be detected by optical

microscopy to avoid confusing the exposed and not exposed sides.

4.2.4 Sample preparation for STXM

For further STXM-NEXAFS investigation of the aging processes occurring on a gradient from
the surface to the bulk material (BM) of the different polymers, the fragments were cut in thin
sections by ultramicrotomy (UCB6, Leica Microsystems, Vienna, Austria). Initially, the examined
fragments from uncontrolled soil weathering were embedded into an epoxy resin to facilitate
the sectioning. However, the contact between the epoxy resin and the polymer increased the
difficulty of locating the surface of the polymer in the STXM. Thus, this procedure was not
applied in the following samples. Instead, the remaining fragments from the different
treatments were glued on a microtomy block and cut into 200 nm thick slices (Figure 4-1, a).
This procedure allows to have particle surfaces free from epoxy resin. Between two and four
slices of our own initial macro particle were deposited on a SiN>, membrane (SiRN-5.0-200-
1.0-100, Silson, United Kingdom) for STXM analysis and dichlorethane was applied on the
slices to flatten them (Figure 4-1, b). As mentioned above, we chose PA, PC, PE, PET and
PU polymers that were likely to be found in soil and that covered the range of potential
degradability in soil, according to their chemical composition (whether or not they have
heteroatoms in their backbone). However, after finishing the soil incubation, when we tried to
produce the microtomy sections we found that we could not use PA, PE and PU, because
they were too soft to be cut by microtomy. So, we replaced PA, PE and PU by PP and PS for
the UV aging experiment. Finally, we were able to cut thin sections of PC, PET, PP and PS.
However, due to the experimental sequence, we only have soil incubations for PC and PET.
PA, PE and PU were too flexible and soft and all sections produced showed uneven thickness
and/or ripped edges. Therefore, PA, PE and PU could not be further analyzed with STXM-
NEXAFS and are not present in the results and discussion section. PA, PE and PU were too
flexible and soft and all the sections produced showed an uneven thickness and/or ripped
edges. Therefore, PA, PE and PU could not be further analysed with STXM-NEXAFS and are
not present in the Results and Discussion section. This method of sample preparation is thus
suitable only for the less-elastic polymers and for fragment sizes which allows them to be
handled manually. Future work could overcome this problem by using cryo-microtomy to

produce the polymer sections.
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a  Polymer material b Polymer section C NEXAFS stack acquisition

Figure 4-1: Sample preparation for STXM-NEXAFS analysis. (a) The polymer was glued on a block and microtomed
in thin sections. (b) The sections were deposited on SiN membranes for STXM analysis. (c) NEXAFS stacks were
acquired on the edge of the section. The light blue part corresponds to the area outside the thin section, while the
dark blue part corresponds to the edge of the thin section.

4.2.5 STXM data acquisition

The STXM measurements were performed at the PolLux beamline of the Swiss Light Source
(SLS) synchrotron at the Paul Scherrer Institute in Villigen, Switzerland. The detailed beamline
layout has been described before (Raabe et al., 2008). A nickel Fresnel zone plate with an
outermost zone width of 25 nm was used to focus the monochromated X-ray beam (spot size
of ~30 nm) on the membrane and the transmitted X-rays were detected by a photomultiplier
tube coupled with a phosphor screen. Sections were imaged in STXM by raster scanning an
area of the membrane at 350 eV to locate their edges. Once an edge was located, NEXAFS
stack measurements along a set of 0.3-1* lines of 2-5 ym in length were acquired in the energy
range between 280 and 320 eV corresponding to the C K-edge (energy resolution: 283-283
eV = 0.5, 283-289 eV = 0.1, 289-294 eV = 0.25, 294-300 eV = 0.5 and 300-320 eV = 1) and a
dwell time of 60 ms. The spatial resolution of the NEXAFS acquisition in the surface- BM
direction was of 30 nm. Each stack included a portion of empty membrane (for Io
normalization), the edge of the section and a portion of the BM (l) (Figure 4-1, c). The
estimated energy dose of each measurement is available in Appendix E.3. A minimum of three
stacks were acquired at random places around the section for each fragment analysed. A
summary of data available for the different polymers and different sample treatment types
(field weathering , UV, soil incubation and control) is provided in Table 2. No PC fragment
could be found in the environmental field samples and, for logistic reasons, a control for PP
was not measured. Finally, since the different experiments were run in parallel and not

sequentially, PS and PP were not included in the initial soil incubation experiments.
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Table 2: Summary of the samples for the four polymers and four treatments used in this study. Fragment refers to
the name of the sample while n indicates the number of replicate measurements acquired on the same fragment.

Polymer Field weathering UV 160h Soil incubation Control
Fragment n Fragment n Fragment n Fragment n
PS GUR3b 11 PS3 3 NA NA  PS_ctrl 5
GURS3 11
ES6 4
ES9 4
ES15 4
PET SAN1a 4 PET3 3 PET_A_S 4 PET_ctrl 4
ES2 5
PC NA NA  PC3 3 PC_A_S 3 PC_trl 3
PP SAN2b 4 PP3 4 NA NA NA NA
ES10 3

4.2.6 Data processing

All 1o were manually extracted using aXis2000 (“http://unicorn.mcmaster.ca/aXis2000.html,”
n.d.) and data were further processed with RStudio software (RStudio Team, 2020). The whole
stack measurement was extracted from the HDF5 data file and converted in a dataframe using
the rhdf5 library (Fischer et al., 2020). The stack (I) was normalized to lo following the Beer-

Lambert Law:

OD = -log (l/1o) < Raw data
(2)

where OD is the optical density, | is the intensity of the measured spectra in the thin section
and lo the intensity of the background spectra outside the thin section. Data were then
normalized using the pre- and post-edge absorption intensities to mask the effect of the

section thickness on spectra intensity:
ODnorm= (OD - ODpre-edge)/ (ODpost-edge - ODpre-edge) e NOFma“ZGd data (3)

where ODyre-edge is the mean OD value between 280 and 283 eV and ODyost-edge is the mean
OD value between 310 and 320 eV. The thickness of the section along the stack is then
approximated by multiplying the ODyost-edge by €ach polymer attenuation length (Appendix E.4).
All spectra acquired on a thickness < 40 nm are marked as background and not considered in
the next processing steps. The 40 nm cut off value was chosen according to the minimum

particle thickness measured in previous work (Foetisch et al., 2022) where the noise to signal
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ratio still allowed peak identification. A non-ideal (e.g. not sudden) sample thickness onset at
the edge of the material could be caused by a combination of the sample particles surface not
being parallel to the normal of the section plane and image blurring by the finitesiz of the X-
rays beam focus. The energy calibration offset of the STXM at PolLux was estimated at -0.4
eV by comparing the bulk PS C 1s (C—H) — 1 mc_¢. peak energy in our measurements to the
values provided by (Dhez et al., 2003). To detect the presence of chemically distinct layers in
the particle from the surface to the BM, the spectra of one stack measurement was divided in
three groups using a complete linkage hierarchical clustering (hclust function from stats
package) (RStudio Team, 2020). This method allows the identification of clusters of similar
spectra. All spectra from a given group were averaged and the average of each group of a
stack plotted together. The number of groups was chosen to summarize the data while still
allowing the observation of a potential evolution of the spectral features along the depth
gradient. Additionally, the intensity of spectral features for each polymer was displayed along
the surface — BM gradient to track their evolution. The energies corresponding to the different
electronic transitions for PS, PET, PC and PP as identified by (Smith et al., 2001), (Dhez et
al., 2003) and (Klein et al., 2008) are given in Table 3. Source code for all RStudio scripts is
available on the Zenodo platform (10.5281/zenodo0.8037412).
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