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Glossary
aging weathering, however the term aging inclues annealing, thus in context to envi-

ronmental compartments the term weathering is preferred (Andrady & Koongolla,
2022). 11

bio-based polymers fully or partially based on biologically-available resources, however
may or may not be classified as biodegradable or compostable (Di Lorenzo &
Androsch, 2019). 22, 26

bioassimilation conversion of a polymeric item to biomass (Laycock et al., 2017). 26

bioavailability property of being physically and chemically accessible to the action of
cells and enzymes released by them (Laycock et al., 2017). 26

bioavailable status of a plastic item that can be processed by cells (Laycock et al.,
2017). 26

biodegradability ’plastic biodegradation is the microbial conversion of all its organic
constituents to carbon dioxide, new microbial biomass and mineral salts under
oxic conditions, or to carbon dioxide, methane, new microbial biomass and mineral
salts under anoxic conditions’ (SAPEA, 2020). 22, 26

biodegradable polymers may be based on renewable resources (bio-based) or non-
renewable resources (fossil-based). In the first case, they are based on naturally
available resources, but can not be found as polymers in nature. In the second
case they are based on non-renewable resources (and maybe partly on renewable
resources), however they are still classified as being biodegradable. Both types
belong to the category of synthetic biodegradable polymers (Jiang et al., 2012). 26

biodisintegration disintegration resulting from the action of cells (Laycock et al., 2017).
26

bioerosion faster degradation at the surface than inside resulting from biodegradation
(Laycock et al., 2017). 26

biofragmentation fragmentation of a polymeric item due to the action of cells (Laycock
et al., 2017). 26

biomass material of biological origin excluding material embedded in geological forma-
tion or transformed to fossil (Laycock et al., 2017). 26

biomineralization mineralization caused by cell-mediated phenomena (Laycock et al.,
2017). 26

iv



compostable property of a plastic that undergoes biological degradation during com-
posting to yield carbon dioxide, water, inorganic compounds, and biomass at a
rate consistent with other known compostable materials and leaves no visually
distinguishable or toxic residues (Laycock et al., 2017). 26

degradation ’a deleterious change in the chemical structure, physical properties, or
appearance of the polymer, which may result from chemical cleavage of the macro-
molecules forming a polymeric item, regardless of the mechanism of chain cleavage’
(Laycock et al., 2017). 8

fossil-based polymers fully based on fossil fuels (crude oil), but may or may not be
biodegradable (Di Lorenzo & Androsch, 2019). 26

naturally-occurring polymers directly derived from biomass, including those modified
chemically, such as starches, modified starches, chitin, chitosan, cellulose, cellulose
acetate, and natural rubber (Di Lorenzo & Androsch, 2019). 20, 26

weathering The combined effect of solar UV radiation, high temperatures, and me-
chanical stresses acting in concern to bring about degradation in the environment
(Andrady & Koongolla, 2022). 11
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1 Summary

1 Summary
Among various environmental issues, posing a problem to our planet’s ecosystems, the
plastic pollution has become a topic of increasing global concern. Plastic plays an indis-
pensable role in our lives, owing to its durability, versatility, lightweight, and low cost.
A rising demand in plastic results in increasing volumes of waste and mismanagement,
which entails large amounts of plastic being distributed in natural compartments. Once
exposed, they subjected to a variety of environmental stressors, provoking degradation.

The initiator of degradation are typically abiotic impacts. Solar UV-irradiation, tem-
perature, the presence of water, humidity, and mechanical stress lead to changes in the
polymer’s physical and chemical composition, modifying the material characteristics.
This provokes embrittlement, fragmentation, and the formation of secondary particles.
With dimensions < 1 mm, they are referred to as microplastic (MP).

Plastic and especially MP are ubiquitous. Research to date has rarely addressed the
connection between degradation, fragmentation, and MP formation in dependence of
time. The aim of this thesis is to fill this knowledge gap by thoroughly investigating the
degradation of different polymer systems via accelerated-controlled weathering.

The first paper investigates amorphous polystyrene (PS) as tensile bars and particles, ex-
posed to accelerated weathering for 3200 hours (two years of outdoor weathering). Sam-
ples were taken at 13 time intervals and changes in molecular weight, particle size, tensile
strength, surface characteristics, and chemical composition investigated. A new method
to quantify chemical defects was developed via 13C multi cross polarization (multiCP)
nuclear magnetic resonance (NMR) spectroscopy (paper 4). The correlation of all data
enabled the development of a two-stage degradation model. Stage I involves surface
abrasion from irradiation and mechanical impact on the outer surface. Stage II involves
fragmentation by embrittlement, provoked by the decreasing molecular weight. Within
3200 hours, 500 secondary particles are released from fragmentation.

The second paper focuses on low-density polyethylene (LDPE) as a semi-crystalline poly-
mer system. LDPE particles and tensile bars were exposed to accelerated weathering,
whilst monitoring physical and chemical changes. Due to the semi-crystalline char-
acter, changes in crystallinity were additionally investigated via differential scanning
calorimetry (DSC), X-ray diffraction (XRD), and solid-state 13C NMR. The two-stage
PS degradation model is applicable for semi-crystalline LDPE as well, however needs to
be expanded by a third stage: nanoparticle formation and agglomeration. Fragmenta-
tion of LDPE led to the release of 14,000 secondary particles.

The third paper addresses the degradation of semi-crystalline polypropylene (PP) pow-
der, additionally containing unknown stabilizers, we could identify as Irgafos® 168 and
Irganox® 1010. To examine their direct influence, Soxhlet extraction from another PP
batch was performed, and both batches were exposed to accelerated weathering. Com-
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1 Summary

parison of both experiments revealed a stabilization period of 350 hours, where no
degradation could be tracked for stabilized PP. Once the stabilizers are consumed,
degradation sets in rapidly. Non-stabilized PP shows a rapid disintegration, progressing
according to our model. On a long-term view, the influence of these stabilizers is negli-
gible. Within approximately two years of outdoor weathering, one PP particle releases
as much as 100,000 particles.

The fourth study of this thesis (unpublished) compares outdoor weathering of PS, LDPE,
and PP to long-term laboratory degradation. All three polymer systems were exposed
to natural weather conditions for two years. Samples were drawn monthly, and the data
compared to accelerated weathering. While the mechanisms of degradation are the same,
the time scales vary between all three systems. This study highlights, that degradation
and fragmentation is largely dependent on the polymer characteristics, influencing its
susceptibility towards temperature. This especially applies to the fragmentation rate,
which is linked to the formation of secondary MP particles.

The fourth publication included in this study, is a methodology paper describing the 13C
multiCP NMR approach we developed to investigate the chemical defects in weathered
polymers. 13C multiCP NMR is a bulk-sensitive method and able to provide quantita-
tive data. This method was used for the investigation of PS, LDPE, and PP, the first
three publications of this thesis.

The fifth publication is a case study investigating the toxicological affect of weathered
PS beads to murine macrophages. Non-weathered and weathered PS beads were exposed
to the cells, and their cytotoxic potential investigated. Our results show, that there are
distinct differences between weathered and non-weathered PS particles, highlighting the
necessity to focus on realistic environmental samples, e.g., weathered, not pristine.

In summary, this thesis includes a variety of new insights into the environmental degra-
dation of three polymers commonly found as plastic waste in nature: PS, LDPE, and
PP. We thoroughly investigated the degradation and fragmentation behaviors using ac-
celerated, laboratory-controlled weathering, as well as outdoor, natural weathering. We
were able to develop a degradation model, and to calculate fragmentation rates, giving
a numerical approximation for the formation of secondary MP particles. Our data fills
some knowledge gaps, and provides a relevant basis for further research in this field.
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2 Zusammenfassung

2 Zusammenfassung
Unter den zahlreichen Umweltproblematiken, welche die Ökosysteme unseres Planeten
belasten, hat sich Plastikverschmutzung zu einer globalen, besorgniserregenden The-
matik entwickelt. Plastik spielt in unserem täglichen Leben eine unersetzliche Rolle,
besonders durch seine Beständigkeit, Vielseitigkeit, das geringe Gewicht und den niedri-
gen Preis. Die steigene Nachfrage führt auch zum Erzeugnis großer Mengen an Abfall
und zu unsachgemäßer Entsorgung, was ermöglicht, dass Plastik in die Umwelt gelangt.
Dort wird es einer Vielzahl an Umweltfaktoren ausgesetzt, die den Abbau begünstigen.

Die Initiatoren für Degradation sind typischerweise abiotische Bedingungen. Sonnene-
instrahlung (UV), Temperatur, Wasser und mechanische Beanspruchung führen zu phy-
sikalischen und chemischen Modifikationen, wodurch sich die Materialeigenschaften än-
dern. Dies führt zu Versprödung, Fragmentierung und der Bildung von sekundären
Partikeln. Bei einer Größe < 1 mm werden diese Partikel als MP bezeichnet.

Plastik und besonders MP sind ubiquitär. Bisherige Forschung hat sich kaum mit
den Zusammenhängen zwischen Abbau, Fragmentierung und der MP-Bbildung in Ab-
hängigkeit von der Expositionsdauer befasst. Das Ziel dieser Arbeit ist es, diese Wis-
senslücke zu schließen, indem der Abbau verschiedener Polymersysteme durch beschle-
unigte, kontrollierte Alterung ausgiebig untersucht wurde.

Die erste Publikation befasst sich mit amorphem Polystyrol (PS) in Form von Zugstäben
und Partikeln, welche über 3200 Stunden (zwei Jahre Außenbewitterung) beschleunigter
Bewitterung ausgesetzt wurden. Zu 13 Zeitintervallen wurden Proben entnommen und
Änderungen in Molekulargewicht, Größe, der Zugfestigkeit, Oberflächeneigenschaften
und chemischen Zusammensetzung untersucht. Eine neue Methode zur Quantifizierung
chemischer Defekte wurde mittels 13C multiCP NMR (Kernspinresonanz-) Spektroskopie
entwickelt (4. Publikation). Durch Korrelation aller Daten entwickelten wir ein zweistu-
figes Degradationsmodell. Stufe I beinhaltet Oberflächenabrieb durch UV-Strahlung
und mechanischem Eintrag. Stufe II die Fragmentierung durch Versprödung. In 3200
Stunden werden durch Fragmentierung 500 sekundäre MP Partikel freigesetzt.

Die zweite Publikation konzentriert sich auf low-density Polyethylen (LDPE) als teilkris-
tallines Polymersystem. PE-Partikel und Zugstäbe wurden beschleunigter Bewitterung
ausgesetzt, sowie die physikalischen und chemischen Veränderungen verfolgt. Aufgrund
der teilkristallinen Struktur wurden Kristallinitätsänderungen zusätzlich mittels DSC
(dynamische Differenzkalorimetrie), XRD (Röntgendiffraktometrie) und 13C NMR un-
tersucht. Das zweistufige Modell ist auch auf teilkristallines PE übertragbar, muss
jedoch um Stufe III erweitert werden: Nanopartikelbildung und Agglomeration. Die
Fragmentierung von PE führt zur Freisetzung von 14.000 sekundären MP Partikeln.

Die dritte Publikation befasst sich mit dem Abbau von teilkristallinem Polypropy-
len (PP), das zusätzlich unbekannte Stabilisatoren enthält, die wir als Irgafos® 168
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2 Zusammenfassung

und Irganox® 1010 identifizieren konnten. Um ihren direkten Einfluss zu untersuchen,
wurde ein weiterer PP Batch mittels Soxhlet-Extraktion aufgereinigt, und anschließend
beide Batches beschleunigter Bewitterung ausgesetzt. Der direkte Vergleich ergab eine
Stabilitäts-Phase von 350 Stunden, in welcher für additiviertes PP kein Abbau verfolgt
werden konnte. Sobald die Additive verbraucht sind, setzt die Degradation zügig ein.
Additivfreies PP hingegen weist umgehende Degradation, gemäß unseres dreistufigen
Modells, auf. Langfristig ist der Einfluss dieser Additive allerdings vernachlässigbar.
Innerhalb von 3200 Stunden beschleunigter Alterung werden von einem PP-Partikel bis
zu 100.000 sekundäre Partikel freigesetzt.

Die vierte, bisher unveröffentlichte Studie vergleicht die Außenbewitterung von PS, PE
und PP mit Langzeit-Laborbewitterung. Alle drei Polymere wurden zwei Jahre lang
natürlichem Wetter ausgesetzt. Eine monatliche Probennahme erfolte, sowie ein Ver-
gleich der Daten mit der beschleunigten Bewitterung. Während die Abbaumechanis-
men dieselben sind, variieren die Zeitskalen zwischen allen drei Polymertypen zwischen
beschleunigter und natürlicher Bewitterung. Diese Studie verdeutlicht, dass Abbau und
Fragmentierung weitestgehend von den Eigenschaften des Polymers abhängen, welche
auch die Anfälligkeit gegenüber Temperaturschwankungen beeinflussen. Dies gilt ins-
besondere für die Fragmentierungsrate und die Bildung sekundärer MP-Partikel.

Die vierte Veröffentlichung ist ein Methodenpaper, das die 13C multiCP NMR Methodik
beschreibt, welche wir zur Quantifizierung chemischer Defekte entwickelt haben. 13C
multiCP NMR ist eine volumenempfindliche Methode, die quantitative Daten liefern
kann. Diese Methode wurde in den ersten drei Veröffentlichungen dieser Arbeit an PS,
PE und PP angewendet.

Die fünfte Veröffentlichung addressiert die toxikologische Wirkung von bewitterten PS-
Kügelchen auf mausartige Makrophagen. Unbewitterte und bewitterte PS-Kügelchen
wurden den Zellen ausgesetzt und ihr zytotoxisches Potential untersucht. Unsere Ergeb-
nisse zeigen, dass es deutliche Unterschiede zwischen bewitterten und nicht bewitterten
PS-Partikeln gibt, was die Notwendigkeit sich auf realistische Umweltproben zu konzen-
trieren, z.B. bewittert, verdeutlicht.

Zusammenfassend enthält diese Dissertation eine Vielzahl neuer Einblicke in den Abbau
von drei Polymeren, PS, PE und PP, die häufig als Müll in der Natur vorkommen. Wir
haben das Abbau- und Fragmentierungsverhalten mit beschleunigter, im Labor kontrol-
lierter Bewitterung, sowie mit natürlicher Außenbewitterung ausführlich untersucht. Die
Ergebnisse ermöglichten uns die Entwicklung eines Abbaumodells und die Berechnung
von Fragmentierungsraten, was eine numerische Näherung für die Bildung sekundärer
MP-Partikel darstellt. Unsere Ergebnisse konnten einige Wissenslücken schließen und
liefern eine wichtige Grundlage für weitere Forschungen auf diesem Gebiet.
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3 Introduction

3 Introduction
The global population has more than tripled in the past 70 years (1950-2020), reaching
a total of 7.8 billion people in 2020128. This population growth is accompanied by an
increase in human consumption45, and thus a rising demand of non-renewable resources,
such as precious metals and fossil fuels (oil, gas). For polymer production, monomers,
such as ethylene, propylene, and styrene, are extracted from crude oil and natural gas60.
As the majority of plastic produced today is still based on fossil fuels, polymer produc-
tion thus promotes the rising demand in oil and gas95.

Plastic is everywhere. It is a key part of our everyday lives: from the clothes we wear, the
food we buy, the cars we drive, to communication devices, sports, clean water, hygiene,
and safety. Plastic is cheap to produce, lightweight, and durable, plastic products are
extremely versatile materials121. While plastic makes our lives easier in multiple ways,
the challenges and issues of our extensive plastic consumption and misuse are accumu-
lating, making petrochemical plastic waste a topic of serious global concern, which can
no longer be neglected97;82;8;56;121.

Single-use products, extensive waste production, and poor waste management strate-
gies have led to the accumulation of large amounts of plastic waste in natural compart-
ments12;51;108. Plastic pollution is among the greatest environmental concerns of modern
times108;39;124. There is even a geological marker for this era: plastiglomerate, a material
consisting in a matrix of once-molten plastic, rock fragments, sand grains, shells, and
organic matter such as wood31.

Plastic fragments down to nm-size have been reported from every environmental com-
partment of the Earth108;71;63. The plastic found in nature typically reveals a complex
composition, often consists in multi-material compounds, contains additives, stabilizers,
dyes, their weathering products, and sorbed contaminants63. Factors such as solar ra-
diation, temperature fluctuations, water, and mechanical stress will further modify the
structure. A comprehensive understanding of the change in size, chemical composition,
and physical properties is crucial in order to draw conclusions on the effects of plastic
in the environment.

Current topics of extensive research around the global plastic-issue are finding innova-
tive solutions for sustainable polymers32, mitigating waste accumulation18, cleaning of
the oceans from marine plastic debris106, as well as developing approaches to reduce
plastic waste production in the first place93. Numerous studies have addressed the im-
pacts of plastic and plastic derivatives on the oceans, humans, and plants, concluding
that immediate and chronic, mechanical and chemical disruptions can be caused within
organisms82. Nevertheless, the mitigation of the plastic pollution is proceeding in a
very slow manner. Recycling strategies and a proper waste management system are
not given in every country, largely affecting waste management and pathways of plas-
tic into the environment. A topic of high potential are sustainable and biodegradable
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polymers, which are able to degrade under environmentally relevant conditions leading
to formation of CO2 or CH4, and H2O2. Still, designing biodegradable polymers with
ideal properties, while assuring complete biodegradation in diverse environmental com-
partments, is still extremely challenging, since biodegradation by definition occurs only
under certain environmental conditions11. There is not a distinct solution to mitigate
plastic waste and pollution, it has to be tackled from different directions.

3.1 Plastic in the Environment - Sources
The global plastic production has increased dramatically since the 1950s, when large-
scale manufacturing, and the start of ’our plastic age’ began121;139. Since then, and up
to 2015, a total of 8300 million tonnes (Mt) of primary plastic material (polymer resin,
synthetic fibers, and additives) have been produced51, with an annual growth until 2019
(figure 1)96;94.

Figure 1: Development of the global plastic production in million tons from 1950-2019.
Data source: Geyer et al. 51 .

The life span of plastic products produced nowadays varies between 1-50 years. Thus,
not all plastic made within one year is also discarded in the same year of production96.
In Europe in the year 2020, 55 Mt of plastic were produced and 30 Mt of post-consumer
waste were collected96. Owing to the large percentage of plastic produced for single-use
products, especially packaging, which makes up ca. 40 %, the European waste produc-
tion is extremely high (figure 295). Within Europe, Germany is the country with the
largest plastic post-consumer waste production (5.3 Mt in 201895).
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Figure 2: Plastic demand by segment for Europe (EU28+NO/CH) in 2019. Image
source: PlasticsEurope 95 .

Recycling methods and incineration of plastic waste have not been established at con-
siderable scales before 198051. While the end-of-life management of plastic waste has
been improved over the years, still in 2020 in Europe only 35 % was recycled, 42 % used
for energy recovery, and 23 % was sent to landfills96. 8 % of the plastic waste collected
in 2020 were exported from the EU into other countries114, and are ultimately declared
as recycled. Unfortunately, even this data needs to be interpreted with caution. Recent
studies by Bishop et al. 15 and Jambeck et al. 65 have shown, that a large proportion of
plastic waste exported for recycling ends up as mismanaged waste either on land or in
the ocean. By aggregation of data on PE waste flows in 2017, Bishop et al. 15 were able
to model the fate of PE exported for recycling from Europe. Based on their data, 31 %
of PE exported for recycling is not actually recycled, but either incinerated or put into
landfills. This is due to the poor waste management infrastructure of the importing,
typically low- or middle-income countries, where the average mismanaged waste fraction
is 68 %65;15;78. As of this, Bishop et al. 15 estimated, that approximately 3 % of all
exported plastic waste ultimately enters the oceans, a number being up to three orders
of magnitude higher than previously assumed65. Once in the environment, plastic mate-
rials may be extremely persistent, taking up to hundreds of years until they degrade61;107.
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3.2 Plastic Degradation - Origin of Microplastic
When exposed in natural compartments, plastic is subjected to several environmental
stress factors via biotic or abiotic mechanisms, ultimately leading to degradation (figure
3)58. As a consequence, the size, shape, color, and chemical composition are modified,
affecting the physical characteristics of the material, the interaction with organisms, and
the distribution within the different compartments50;7;118.

Figure 3: A variety of possible pathways for primary or secondary microplastic (SMP)
to enter the environment, as well as ways of transport within the environment.

Plastic debris is usually referred to as macroplastic, however distinct definitions are still
a matter of debate57;44. Recently, Hartmann et al. 57 suggested, that from a nomencla-
ture point of view the SI prefixes for length should be used, defining nanoplastic (NP):
1 to < 1000 nm in diameter, microplastic (MP): 1 to < 1000 µm, mesoplastic: 1 to <
10 mm, and macroplastic: 1 cm and larger. In this work, this nomenclature is adapted
to a great extent.

Upon exposure to environmental stress factors enabling degradation, such as UV-light
and mechanical impact, fragmentation of larger plastic material is triggered, and sec-
ondary particles in macro-, micro-, and nanometer-scale are produced (figure 3)8. While
numerically, there is a greater abundance of MP in natural compartments than there
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is of large plastic items, MP in general constitutes far less to the entire plastic mass
found within oceans23. However, not all MP found in the environment is produced from
degradation. Two classes of MP are distinguished, primary MP and SMP30. While def-
initions regarding MP are still somewhat inconsistent and not standardized to date, the
following paragraphs are largely oriented on the classification suggested by the Fraun-
hofer Institute for Environmental, Safety, and Energy Technology UMSICHT14.

3.2.1 Primary Microplastic

Primary MP can be divided into type-A and type-B14;6. Type-A is intentionally pro-
duced in a size from 1 to < 1000 µm for specific applications, while type B is released
as MP during use of a product (figure 3).

Primary MP type-A is commonly found within personal care and cosmetic products,
where the particles serve as abrasives. Examples are beads in facial and body scrubs
(figure 4), toothpaste, shower gel, makeup, glitter, and others55;43;129;80;119. There is also
primary MP manufactured for industrial purposes, e.g., abrasives to blast-clean surfaces,
laser-powder for three-dimensional (3D) printing, or as pellets, beads or powder, being
the raw material used for further processing like molding47;14.

Figure 4: Primary MP in facial peeling. a) Ingredient list of the product containing
polyethylene. b)-c) the scrub contains green particles < 1 mm in size, which
are visible with bare eye. d) Filtered particles from the facial peeling.

Pathways of primary MP type-A into the environment depend on their area of applica-
tion. Particles from industrial use are commonly accidentally released during manufac-
turing or transport on land or at sea119;8. Especially around industrial plastic production
areas, or close to cities, there is an accumulated number of particles found in the sur-
rounding soil, water or atmosphere72;126;10;74.
Primary MP type-A from cosmetic products (figure 4) enters the environment via waste-
water from domestic or industrial drainage systems33. While most waste water treatment
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plants are able to remove up to 99.9 % of the MP from the wastewater streams, a large
proportion of particles (ca. 20 %) will remain within the secondary sewage sludge52.
These sludge soils are commonly used as fertilizer. Within the European Union (EU),
up to 5 Mt of sludge are distributed on farm land every year74, and thus accumulated
within soils. While there are certain demands considering the quality of these sewage
sludges (e.g., heavy metals), there are only few limitations regarding their use as fer-
tilizer, resulting in MP-contamination of soils. In Germany, within three years it is
permitted to dispense up to 5 tonnes of sludge per hectare25.

Another source of primary MP type-A into soils and water from agriculture are polymer-
based pesticides36;134;111. These so-called ’smart polymeric systems’ enable the controlled
release of pesticides, herbicides, and agrochemicals, based on interaction of pesticides
with synthetic or natural polymers111. Upon degradation of the polymer, these chem-
icals are successively released into the environment. In this way, they may fulfill their
purpose punctually, e.g., inside plants or organisms, and in a controlled and continuous
manner111;36. Although these MP are the consequence of degradation, their intentional
purpose and exposure classifies them as primary.

Primary MP type-A have been a matter of debate in recent years, which has caused
the emergence of regulations in some countries. In Germany, according to the consumer
protection service, MP in personal care products does not pose a health risk, and conse-
quently there is no justification for a ban138. Nevertheless, companies themselves have
chosen to voluntarily omit the use of synthetic polymers within their products55, follow-
ing the consumer’s demands.

Primary MP type-B are particles released during the use of polymer products14;6. Ex-
amples are the abrasion of synthetic textile fibers, tire wear, paint, wear down of plastic
running tracks, artificial turf, and rubber roads14;6;58. According to recent studies, paint
fragments are often overlooked or excluded. Still, they make up one of the most abun-
dant types of MP, alongside fibers and tire wear, to be found within the ocean46;125;127.
The transition between the MP-formation being a consequence of degradation, or a con-
sequence of use is vague and debated. However, since these particles are released during
use of a product, they are referred to as primary.

Sources of primary MP type-B into the environment are mainly wear-off during use. Tire
wear is transported into waterways via runoff or by wind through the atmosphere125.
Main sources of paint fragments originate from coastal structures or boats. Fibers
typically result from textile abrasion during wearing or washing. Browne et al. 24 experi-
mentally determined, that polyester products can shed > 1900 fibers in one wash. These
fibers are then accumulated in waste water and sewage sludge fertilizer, as previously
mentioned74. The most abundant type of polymer fibers found in coastal waters from
18 different shore lines on six continents were polyester (56 %) and acrylic (23 %)24.

10



3 Introduction

3.2.2 Secondary Microplastic

Plastic particles having reached sizes between 1 to < 1000 µm as a consequence of degra-
dation, and subsequent fragmentation of larger plastic debris by environmental forces,
are referred to as SMP (figure 3)57;8;6. Compared to primary MP, SMP are far more
abundant within oceans8;9.

While degradation can be triggered during use of the plastic products (primary MP
type-B), the dominating source of SMP is degradation within natural compartments.
The exposure to several environmental stress factors will affect the polymer structure,
resulting in a modification of the chemical and physical properties. Exposure to sun-
light will particularly affect the material stability, enhancing embrittlement, leading to
fragmentation, and formation of smaller particles, as can be seen in figure 550.

Figure 5: a) Cooler bag found on the terrace of the MCI building at the University
of Bayreuth. The bag has most likely been exposed to outdoor weathering
conditions for 1-2 years, the material embrittled and fragmentation led to SMP
particle formation. b)-d) Meso- and microplastic particles from the cooler bag
in various sizes, found on the soil around the bag.

Transfer of SMP can thus be direct, from degradation on-site, or indirect, from trans-
portation in between compartments30. Additionally, SMP can result from primary MP,
from the influence of weathering. Throughout this thesis, the term weathering is pre-
ferred over aging, due to minor deviations within their definitions (see also Glossary).

SMP can be extremely diverse in material and composition. Mismanaged waste in nat-
ural compartments can comprise any polymer type or size. Degradation and fragmen-
tation affect macro- as well as MP. A decreasing size facilitates transportation within
environmental compartments or ingestion by small animals or filter-feeders38. Ingestion
however, is largely dependent on the size of the plastic and the size of the organisms. The
smaller the plastic fragment is, the larger will the variety of organisms be, which are able
to ingest these fragments48. Further, a smaller size will also facilitate translocation from
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the gut into the circulatory system, enhance interaction with cells or become assimilated
into tissues22;48;73;87. Small MP particles, accumulating in lower trophic level organisms,
may easily be transported within food chains, and ultimately be consumed by humans76.

With decreasing size, further pathways of transportation gain relevance, e.g., atmo-
spheric transport of airborne particles. This is relevant, as particle diameters < 10 µm
are considered a concern for human respiratory health81. With decreasing size, the phys-
ical characteristics of the particles, and thus their interaction with one another and other
environmental particles will also change. This is of even greater significance considering
particles in the nm-range (nanoplastic).

3.2.3 Nanoplastic

Microplastic can further degrade into pieces smaller than 1 µm, referred to as NP57.
While no NP has yet been detected in environmental samples64, only in recent years,
the scientific community has acknowledged the presence of NP in the environment16.

Finding NP in natural samples is plausible, but also uncertain due to a variety of chal-
lenges in sampling, separation, and detection64. In addition, the individual character-
ization of NP is very demanding, since the majority of analytical technology relies on
bigger sizes and higher sample quantities. As a consequence, the abundance of NP in
environmental samples, their effect on plants, living organisms, and their fate in the
natural environment is rarely studied to date64.

As of their small size, not only detection and analysis is challenging, their physicochem-
ical behaviors, and biological interactions also largely differ from MP117. NP have a
strong tendency to agglomerate and hetero-agglomerate with colloidal organic matter or
natural inorganic colloids117;64. As a consequence, no free NP is expected to be available
within natural samples (e.g., surface waters). Knowledge gaps on NP are still large, thus
to date no distinct conclusions can be drawn on the occurrence, persistence, reactivity,
toxicity, transport, fate, and risks of NP on plants, animals, humans, and ecosystems.

12



3 Introduction

3.3 Mechanisms of Plastic Degradation
As mentioned in the previous chapter, SMP and NP result from degradation and frag-
mentation of larger plastic material. Mismanaged waste ending up in natural compart-
ments is exposed to a multitude of environmental stress factors, which are separated
into two dominating pathways: abiotic and biotic degradation58;26;50;28.

3.3.1 Abiotic Degradation

Abiotic degradation can proceed either via physical or chemical mechanisms. Physical
modifications will affect the morphology of the polymer material, leading to abrasion,
cracking, and embrittlement, typically proceeding from the surface into the bulk. Chem-
ical alterations will affect the molecular level, and include changes such as chain-scission,
molecular weight reduction, oxidation, recombination, and the formation as well as ac-
cumulation of degradation products28. Although they represent two different types of
processes, physical and chemical mechanisms are linked to one-another, showing strong
inter-dependencies.

Chemical degradation generally proceeds in three steps: 1) initiation of the reaction, 2)
propagation, and 3) termination. The chemical degradation reaction is initiated either
by exposure to UV-radiation (photolytical), heat (thermal) or water (hydrolytical)50.
Once initiated, chemical and physical degradation proceed simultaneously. A progress-
ing chemical degradation provokes embrittlement, which in turn will facilitate physical
degradation, such as surface and bulk cracking, fragmentation, and formation of MP
and NP. In this thesis, photo-initiated abiotic degradation is paramount, thus thermal
and hydrolytical-initiation will not be discussed.

Initiation
The initiation step is induced by the absorption of light. In natural environments the
exposure to sunlight is the main factor triggering polymer degradation. The energy
of photons from the UV-A (280-315 nm) and UV-B area (315-400 nm) is sufficiently
high to break chemical bonds, namely carbon-carbon (C-C) bonds (375 KJ/mol) and
C-H bonds (420 KJ/mol)112;140. Photo-initiation however relies on the presence of chro-
mophoric, light-absorbing groups in the polymeric material. In PS, as an exemplary
polymer system, there is a phenyl chromophore in each repeating unit (phenyl ring).
Upon irradiation, the energy of the photons causes bond-cleavage and abstraction of a
H-atom, resulting in formation of a low molecular weight H-radical and an alkyl macro-
radical (reaction 1)140. These radicals are highly reactive. As they are constantly in
search for a binding partner, radical-forming reactions induce an auto-catalytic progres-
sion of the reaction, also referred to as the propagation step112.
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Reaction 1: Initiation step of polymer degradation. Upon exposure to sunlight (hν),
a H-atom is abstracted from the polymer backbone, leading to formation
of an alkyl macroradical. PS = polystyrene, PP = polypropylene, PE =
polyethylene.

Not every polymer absorbs light. Polyolefins, e.g., PP and polyethylene (PE), are fully
saturated, and do not contain any chromophoric groups within their structure. They are
thus expected to be inert towards photo-initiation theoretically, yet they are susceptible
and readily photodegrade. This is ascribed to the presence of impurities or structural
abnormalities within the macromolecular structure53;50.

Propagation
The propagation step involves reaction of the alkyl macroradicals with molecular oxy-
gen (O2), thus the presence of O2 is essential for progression of the degradation (reaction
2). O2 is incorporated into the chain, leading to formation of a peroxy macroradical (step
I). This peroxy radical will further abstract a H-atom from another chain, which leads
to the formation of a hydroperoxide, and again an alkyl macroradical4;112.

Reaction 2: Propagation step I, the alkyl macroradical reacts with O2, forming a peroxy
macroradical which abstracts another H-atom to form hydroperoxide.

Hydroperoxides represent the first molecular reaction product resulting from the photo-
initiated oxidation process. However, they represent an unstable intermediate. As they
are also photolabile, they may undergo homolysis upon further exposure to light, leading
to the extraction of a hydroxyl-group, and thus formation of an alkoxy macroradical and
a hydroxyl radical (reaction 3)140. Further, they may extract a H-atom from one and the
extraction of a hydroxyl-group from another hydroperoxide, ultimately leading to the
formation of a peroxy and an alkoxy macroradical, and release of water (H2O) (reaction
3)140.
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Reaction 3: Propagation step II, possible pathways of hydroperoxides to photodecom-
pose.

The propagation step is extremely complex with many smaller side reactions taking
place. While O2 is essential for the first propagation reaction, it is not inevitably nec-
essary for many of the subsequent reactions54. Alkyl macroradicals may also be formed
by reaction of the polymer chain with a hydroxyl radical (reaction 4). Abstraction of
a H-atom from another chain will release H2O. Further, the alkoxy macroradicals from
step II, (reaction 3) may also abstract a H-atom from another chain, resulting in forma-
tion of alkyl macroradicals and alcohol (reaction 4).

Reaction 4: Propagation step III, possible reaction pathways of polymer chains with
radicals.
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The propagation reactions include an on-going process of hydroperoxide-formation and
-degradation. Propagation step IV involves another major degradation step, characteriz-
ing polymer break-down. Alkoxy radicals are susceptible to β-cleavage, where breaking
up of C-C bonds leads to fission of the backbone (chain-scission), generating further
radicals which contribute to the reaction. β-cleavage leads to a decrease in molecu-
lar weight, enhancing embrittlement and polymer fragmentation4;112;140;28. Functional
groups formed in this step are ketones and aldehydes (reaction 5).

Reaction 5: Propagation step IV, alkoxy macroradicals are susceptible to β-cleavage,
leading to formation of ketones and aldehydes.

Accumulating oxygen-containing reaction products within the polymeric structure en-
hances the photodegradability. Carbonyl-compounds like ketones, resulting from poly-
mer degradation, are chromophoric groups, which absorb light, facilitating and acceler-
ating polymer break-down4;112.

Ketone degradation proceeds through two major radical-forming reactions called Norrish
type I (reaction 6) and Norrish type II (reaction 7), the latter leading to chain-scission
via β-cleavage, further reducing the molecular weight of the polymer140;54. Both Norrish
reactions are photo-initiated.

Norrish I (reaction 6) will produce two radical intermediates via α-cleavage of the ketone,
forming an acyl and alkyl radical. The acyl radical may further react with O2 resulting
in carbonyl compounds which will form alkyl peroxyl radicals (reaction 6). The acyl
radical may also release carbon monoxide (CO) forming yet another alkyl radical54.
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Reaction 6: Ketones are photolabile, thus exposure to UV can lead to radical formation
without chain-cleavage (Norrish I).

Norrish II reactions will lead to backbone-scission via β-cleavage (reaction 7). Penetra-
tion of UV leads to H-transfer from the backbone to the carbonyl group, β-cleavage then
results in formation of an olefin and a methyl ketone54. For PS, the H-transfer within
Norrish II involves ring-opening of the phenyl ring and subsequent backbone-cleavage
via β-scission112.

Reaction 7: Exposure to UV may also lead to radical formation with chain-cleavage
(Norrish II), which results in a reduction of the molecular weight.

Termination
The final step of photodegradation is the termination step, involving radical recom-

bination reactions leading to the formation of inactive products. Numerous reactive
intermediates, formed from initiation or during propagation, are involved in the termina-
tion reactions. Disproportionation and crosslinking are the dominating mechanisms112.
During the final termination reactions, the reactive species, which are the driving force
during propagation, completely disappear. Carboxylic acids are among the final inert
end products forming8.
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Termination reactions may involve the alkyl macroradicals from the initiation step.
Via crosslinking of two alkyl macroradicals, propagation is omitted, and the molecular
weight (MW) increased (reaction 8)54.

Reaction 8: Crosslinking of alkyl macroradicals resulting in an increase in MW.

Crosslinking may also affect peroxy and alkyl macroradicals, as given in reaction 9.

Reaction 9: Crosslinking of peroxy and alkyl macroradicals.

Alkyl radicals may be affected by disproportionation resulting in formation of an olefin
and an inactive chain-end (reaction 10). Alkyl radical recombination leads to formation
of an alkyl chain.

Reaction 10: Disproportionation of alkyl radicals.
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Finally, carboxylic acids are formed from alkyl peroxyl radicals abstracting a H-atom
from another chain or from acyl radicals reacting with hydroxyl radicals (reaction 11)54.

Reaction 11: Formation of carboxylic acids as inert end-products.

Despite crosslinking, the polymer chains themselves remain susceptible to photo-initiated
degradation, with on-going weathering, the MW is thus continuously decreased and
low-MW-compounds accumulate54. The repairing mechanisms of crosslinking can thus
account for some of the damage being done, however, with chromophoric groups accu-
mulating, chain-scission will dominate over crosslinking, consequently shifting the entire
molecular weight distribution (MWD) to lower values110.

Degradation Rates
The rate at which plastic materials will degrade is strongly dependent on the intensity
of single parameters, such as UV-irradiation, temperature, and O2-availability. A higher
UV-intensity will accelerate chemical degradation110;54;41. Temperature will strongly
increase the general reaction rate (Arrhenius relationship), as with every 10 ◦C temper-
ature increase, the reaction rate is said to double112;9. This however, will only apply to
the propagation reaction, as the first step of photooxidation, the initiation via photons,
is unaffected by elevated temperatures.

In environmental settings with high temperature and UV-irradiation, polymers will de-
grade faster than in cooler compartments with a lower UV dose41;9. A typical setting for
outdoor exposure of polymers is Florida in the United States of America. This is due to
the subtropical weather: a high UV-intensity along with high annual UV activity, high
temperatures, abundant rainfall, and high humidity59;92.
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3.3.2 Biodegradable Polymers and Biodegradation

Biodegradation or biotic degradation is the microbial conversion of all organic con-
stituents to carbon dioxide (CO2, under aerobic conditions), or methane (CH4, un-
der anaerobic conditions), new biomass, and mineral salts105. Within the category of
biodegradable polymers there are two groups: naturally-occurring polymers and syn-
thetic biodegradable polymers.

Naturally-Occurring Polymers
There are numerous molecules of large molecular weight, which are naturally-occurring,
and consequently also able to naturally degrade. Examples are starch, cellulose (polysac-
charides, figure 6), proteins, DNA, sugar, and many more99;34. Naturally-occurring poly-
mers typically derive from 1) plant, 2) animal or 3) microbial sources, representing three
sub-groups99.

Figure 6: Chemical structures for a) starch and b) cellulose, representing two naturally-
occurring polymers. Graphic modified from Jiang and Zhang 67 .

Starch is produced by plants for the storage of energy. For commercial use, it is isolated
from feedstock such as potato, wheat, rice or corn as granules68;34. Owing to its poor
processability, stability, and mechanical properties, native starch is typically chemically
modified and starch-composites are produced83. Starch-based polymers may be used for
short-lived applications such as packaging or as cupboard, paper, paint, in cosmetics,
and pharmaceuticals34.
Cellulose is a structural element in the fiber walls of plants13. Unlike starch, cellulose
has a high thermal stability and elastic modulus, therefore natural cellulose-based mate-
rials (e.g., wood, hemp, cotton) can be used as they are34;13. To improve its properties,
cellulose can also be chemically modified. Typical applications are within the food, drug,
medical, cosmetic, and hygiene sector13.

Natural polymers are biogenic, abundant, and renewable, which has made them regain
a lot of interest in recent years. Their use is a common approach to minimize the depen-
dency on crude oil, while additionally designing more sustainable polymers69. Natural
polymers are generally used as a component to synthesize modern biodegradable mate-
rials via blending, derivation or graft copolymerization83.
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Synthetic Biodegradable Polymers
Synthetic polymers in general are produced and designed by humans as the result of
decades of research105. Synthetic biodegradable polymers represent a category therein,
next to the group of synthetic non-biodegradable polymers. Synthetic polymers may be
fully or partially based on biologically-available resources, they are thus named bio-based
polymers. Conversely, fossil-based polymers are fully based on fossil fuels (petrochemi-
cals). Polymers from both subgroups may or may not be biodegradable. Due to frequent
confusion concerning the terms bio-based and biodegradable, figure 7 shows the connec-
tion and differences between both, based on the European Commission40.

Figure 7: Graphic overview of synthetic polymers and the interrelation between bio-
based, fossil-based, biodegradable, and non-biodegradable polymers. Graphic
modified from the European Commission 40 .

The term biodegradable means a polymer is able to degrade from the action of naturally-
occurring microorganisms, such as algae, fungi or bacteria77. Biodegradability can be
further divided into aerobic and anaerobic biodegradation. According to the definitions
given by the Science Advice for Policy by European Academies (SAPEA)105, ’plastic
biodegradation is the microbial conversion of all its organic constituents to carbon diox-
ide, new microbial biomass, and mineral salts under oxic conditions, or to carbon dioxide,
methane, new microbial biomass, and mineral salts under anoxic conditions’105.
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Examples of bio-based and biodegradable polymers are polyhydroxyalkanoate (PHA)
or polylactic acid (PLA), the latter being typically used as compostable garbage bags
(figure 8). Examples for fossil-based, biodegradable polymers are poly(ϵ-caprolactone)
(PCL) ([C6H10O2]n) or polyethylene succinate (PES) ([C6H8O4]n)103;77;3. The major-
ity of commercially-available, synthetic biodegradable plastics are polyesters, such as
PLA ([C3H4O2]n), PCL, polyhydroxybutyrate (PHB) ([C4H6O2]n), and the copolymer
poly(butylene adipate-co-terephthalate) (PBAT).

Polyesters contain ester units, which are prone to chemical hydrolysis (action of only
H2O) or enzymatic hydrolysis (action of H2O and enzymes)135. Aliphatic polyesters
are biodegradable under natural conditions. Ester-bonds also occur in nature and the
enzymes, which are able to degrade these bonds, are ubiquitous in a variety of living
organisms, such as bacteria and fungi. While aromatic polyesters (e.g., poly(ethylene-
therephtalate) (PET)) have long been considered as non-biodegradable, PET-degrading
enzymes such as PETase from Ideonella sakaiensis are now commonly used to study the
enzymatic degradation of PET89.

Figure 8: PLA bag labeled as 100 % compostable according to the DIN regulation.

Although bio-based polymers seem to have a great potential of replacing commodity
polymers, such as PP or PE, there are still numerous challenges in need of elabora-
tion, especially concerning the biodegradability itself. Biodegradable polymers are not
meant to be discarded as waste into nature, but designed in order to facilitate the
biodegradability in industrial compost plants2. Nevertheless, biodegradable polymers
are not completely biodegradable under any circumstances in any natural environment,
but require specific conditions or several parameters to be fulfilled at the same time,
e.g., sufficient moisture, microbial interaction, and an optimal temperature in a medium
with ideal pH90. In natural environments, these conditions are usually not met over a
sufficiently long time scale to enable complete biodegradation. In industrial composting
plants however, ideal conditions can be reached and held, in order to assure biodegra-
dation in a short amount of time. Consequently, the term biodegradable is a definition
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according to the European Norm EN 1343235, which is extremely misleading for the
average consumer. Within this norm, a material is defined as being biodegradable (or
compostable, e.g., figure 8), if within 12-weeks time 90 % of the starting material is frag-
mented into particles < 2 mm in size, and within 6 months time 90 % is mineralized.
However, it is not further defined, what happens to the remaining 10 %. A recent study
has investigated how well compostable bags degrade in an industrial compost plant115.
The authors were able to detect a large proportion of MP being of biodegradable plastic
origin, within the final compost intended as fertilizer for agriculture and gardening115.
The use of these MP-polluted fertilizers thus enables the entering into the natural envi-
ronment, further contributing to the MP-pollution, rather than having positive effects115.

Applications for biodegradable polymers are within the agricultural, the medical sec-
tor, as well as for consumer goods, and food packaging86. For agricultural applications,
biodegradable polymers may be used as mulch films, for designing slow release fertilizers,
pesticides, or plant bots or bags (figure 8)2;3. Especially within this sector, biodegradable
polymers are of special interest, considering the large proportion of non-soil degradable
polymer fragments, which contribute substantially to the MP pollution in soils74.

Big advantages of designing bio-based polymers are that their components are eco-
nomical, readily available, and supposedly non-toxic13;99. Considering the striving for
CO2-neutrality, increasing prices of oil and gas, and non-renewable resource depletion,
the development and application of sustainable technologies is crucial. Bio-based and
biodegradable polymers are becoming topics of growing industrial, economic, and sci-
entific interest, with Europe leading in terms of research and development74;69. If
biodegradable polymers are the solution to mitigate the MP issue, is still a matter of
debate. The general mechanisms of biodegradation have been widely studied on differ-
ent biodegradable polymers in recent years84;3;29;143;90;135;77. Nevertheless, the correlation
of biodegradation to MP-formation, as well as MP-elimination via biodegradation, are
still poorly understood90;103;77. Additionally, degradation products accumulating from
biodegradation have also been reported to pose potential risks135. Further studies are
necessary, nevertheless, polymers made from renewable resources are considered to be a
step into the right direction2.

Biodegradation
As previously described for abiotic degradation, biodegradation will also result in a
modification of the chemical and physical properties of a polymer, but can also lead to
complete metabolism, and conversion into CO2 and biomass in the presence of O2, or
CH4 and biomass in the absence of O2

105. In general, biodegradation can be divided into
three steps. The first involves the colonization of microorganisms on the surface (biofilm
formation) and the release of enzymes (figure 9, Step 1). The second step includes de-
polymerization of the macromolecules into smaller molecules (oligomers, monomers) via
hydrolysis or oxidation from the enzymes (figure 9, Step 2). The final step involves min-
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eralization of these small molecules by incorporation of the polymer carbon into biomass
or release as CO2 (figure 9, Step 3)143.

Depending on the molecule structure, the step of depolymerization (step 2) may proceed
via two processes: enzymatic hydrolysis or enzymatic oxidation84. Both result in chain
scission, which involves the formation of lower molecular weight oligomers, dimers, and
monomers103;90;113. Characteristics of step 2 are consequently a rapid decrease in molec-
ular weight accompanied by only minor weight loss86.

Figure 9: Schematic drawing of the three-step biodegradation process. Step 1 is the
colonization of microorganisms on the surface of the polymer. Step 2 is the
depolymerization and formation of low-molecular-weight compounds. Step 3
is the conversion of these low-molecular-weight oligomers or monomers into
CO2 and biomass. Graphic modified from Sander 103 .

The final step includes microbial uptake and utilization of the remaining low-molecular
weight fragments for energy production. This step is characterized by a slower decrease
in molecular weight and extensive weight loss, as ca. 50 % of the polymer is converted
into its monomer and into CO2

86. In laboratory experiments, the amount of CO2 being
produced can be quantitatively determined. This enabling the calculation of the per-
centage of biodegradation, a value typically used to quantify this process2.

Biodegradation can either proceed from the surface into the bulk, or directly affect the
bulk. Bulk degradation may also proceed after surface degradation. Which process is
prevalent depends on the polymer thickness and the degradation mechanisms77. In the
case of bulk degradation, a decrease in molecular weight from chain-scission occurs be-
fore a mass loss is recorded. This is observed with chemical hydrolysis, requiring a high
rate of water diffusion (figure 10).
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Polymers, which may be affected by this are PLA and PCL77;84. Chemical hydrolysis in
the absence of microbes however, proceeds via abiotic, rather than biotic impact. In a
natural setting, enzymatic hydrolysis is prevalent, where the enzymes act as a catalyst
for the degradation reactions84. Exemplarily for PLA, water and enzymes attack the
ester group in the backbone, water is absorbed, followed by cleavage of the ester bond,
as displayed in figure 10.

Figure 10: Hydrolysis mechanism on the example of PLA chain scission. Enzymes, and
H2O will attack the ester bond within the chain and lead to chain cleavage,
which reduces the molecular weight. Complete enzymatic mineralization will
lead to the formation of CO2 and H2O.
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The low-molecular weight fragments are further degraded into monomers, which are ul-
timately metabolized into CO2 and H2O86. Below the example of PLA is given:

PLA high MW H2O−−→ PLA low MW

PLA low MW H2O + microorganisms−−−−−−−−−−−−−−−−−−−→ lactic acid (monomer)

lactic acid (monomer) H2O + microorganisms−−−−−−−−−−−−−−−−−−−→ CO2 + H2O

(3.1)

Similar as previously mentioned for abiotic degradation, biodegradation and its rates also
depend on the prevalent conditions, the combination and severity of parameters such as
temperature, moisture, O2-availability, pH, humidity, bio-surfactants, microorganisms,
and enzyme concentration2;77. Under natural, environmental conditions, abiotic param-
eters such as sunlight, wind, and wind speed can accelerate the degradation rate and
the mechanisms acting on degrading2. Biodegradation typically proceeds faster for low-
molecular-weight, more-hydrophilic, and more-amorphous polymers, as biodegradation
preferentially affects the amorphous domains over the crystalline86.

Commercial synthetic polymers with a C-C backbone (such as PE, PP, PS) are resis-
tant towards biodegradation, owing to their hydrophobicity and their high molecular
weight97. However, they may become susceptible towards biotic impact, once abiotic
degradation has sufficiently modified and deteriorated the material, causing a lowering
of the molecular weight, and the formation of functional groups, such as carbonyl com-
pounds97;116;90. It further needs to be considered, that an interplay of abiotic and biotic
mechanisms is common in natural environments, and that both factors may affect the
polymer successively or synergistically77.

A list of definitions described within this section along with further definitions on the
topic of biodegradation are given within the glossary, referring to Laycock et al. 77 . The
following terms are described: naturally-occurring polymers, bio-based polymers, fossil-
based polymers, biodegradable polymers, biodegradability, bioassimilation, bioavailabil-
ity, bioavailable, biodisintegration, bioerosion, biofragmentation, biomass, biomineral-
ization, compostable.
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3.4 Weathering of Plastic
Most plastic found in the environment has been exposed to extensive weathering via
abiotic and biotic impacts (figure 5). Consequently, it is crucial to understand how
weathering affects the chemical and physical properties of plastic in both macro- and
micrometer scales. From the analysis, conclusions can be drawn concerning the toxicity
and the potential negative impacts weathered plastic materials in the environment may
have on the ecosystems, living organisms, and humans.

In order to investigate the details of weathered plastic, there are two approaches. One
is to sample plastic objects from the environment, which have been exposed to natural
weathering. These environmental plastic samples can then be identified and investi-
gated. The second approach is to artificially weather plastic samples under precisely
chosen, modifiable laboratory conditions in order to reconstruct the weathering proce-
dure. Both approaches have advantages and disadvantages, which will be discussed in
the upcoming sections.

3.4.1 Naturally-Weathered Samples

Collecting weathered plastic or MP directly from the environment delivers realistic sam-
ple material, which represents the material living organisms and ecosystems are exposed
to (figure 5). The weathering conditions are not enhanced or accelerated, but have acted
in real-time. Investigating naturally-weathered samples is powerful, delivering real data
and results. Nevertheless, naturally-weathered samples are also extremely complex to
investigate due to various reasons.

Polymer products used for everyday purposes, which accumulate in natural environ-
ments, typically consist of a mixture of the polymer itself along with different chemical
additives, such as stabilizers, plasticizers, pigments, flame retardants, or antioxidants85.
This makes the pristine composition of the polymer product extremely complex already,
without weathering being involved. Upon exposure to abiotic and biotic impacts, the
polymer and its additives are modified, adding even more complexity to the sample
matrix. Stabilizers are often not chemically-bound to the polymer, and may leach out
of the system or diffuse within the polymer matrix. All of these individual components
are detectable within various methods, overlying and influencing the main information
about the polymers themselves91.

What the polymer experiences, and how it weathers, highly depends on the environment
and mechanisms it is exposed to. Natural weathering conditions (e.g., temperature, hu-
midity, light) fluctuate daily and annually, while biotic and abiotic degradation act
simultaneously26. The plastic item may be transferred from one compartment to an-
other, experiencing distinct changes in the prevalent conditions. Leaching and diffusion
of polymer additives are controlled by solubility of the additive in the surrounding media
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and the diffusion coefficients of the additive-polymer system21. Owing to this complex-
ity, up to current research it has not yet been possible to give details on the life-cycle
and environmental impact a naturally weathered plastic object may have experienced104.
Dating of macro litter has been reported to be possible in various studies via printed
dates on food containers, logos, design or indicators for production year42;27;102. While an
approach for MP-dating via additive-identification was suggested by Lechthaler et al. 79 ,
no data on age-determination of environmental MP has yet been reported. Without
knowing the time of exposure, the degradation rates, stability, and persistence of plastic
in the environment is hard to predict.

Another challenge of analyzing environmental plastic samples is understanding the in-
fluence of single parameters. Fluctuating conditions and the simultaneous action of
different abiotic and biotic impacts makes it hard or even impossible to distinguish the
individual effects. An approach to investigate simple, but natural conditions is the out-
door exposure of well-defined materials, as displayed in figure 11.

Figure 11: Outdoor weathering at the department MCI during a) summer, and b) winter.
The seasonal fluctuation of solar radiation and temperature are evident, a)
representing long days of sunshine during the summer months, b) showing
gray, cloudy weather, and snow-covered samples during winter.

Controlled outdoor weathering enables a step by step determination of individual effects
on degradation (e.g., seasonal fluctuations), while keeping the weathering mechanisms
naturally realistic. This compromise between fully natural and fully controlled exposure
brings along many advantages. Nevertheless, outdoor experiments are poorly repro-
ducible, since the actual weather is very variable. Further, natural weathering is a very
slow process, demanding long time scales to assure sufficient degradation9;17.
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3.4.2 Laboratory-Accelerated Weathering

To overcome the time issue, laboratory-accelerated weathering is a powerful tool to
mimic polymer degradation to the same extent, as reached with natural weathering, but
consuming less time. A weathering chamber (Q-SUN Xe-3) from Q-Lab is displayed in
figure 12. Single parameters can be varied, added or excluded, which enables to draw
direct conclusion on the effect these individual parameters have on polymer weathering.
Additionally, a more precise control and continuity of temperature and radiation inten-
sity is assured, less fluctuation implying more reliable data9;98;61;17.

Figure 12: a) Q-Sun Xe-3 weathering test chamber for controlled, accelerated laboratory
weathering. Images in b)-c) show the inside of the test chamber, which is
equipped with mirrors. Photograph in c) by Christian Wißler.

Nevertheless, real natural settings are challenging to imitate, as a variety of different
processes act simultaneously, requiring individual monitoring in a laboratory-controlled
setup. Additionally, the intensities need to be chosen carefully in order to assure a real-
istic imitation. With accelerated weathering, conditions are often kept permanent (e.g.,
24-hour irradiation), and elevated (e.g., temperatures > 25 ◦C) which will unavoidably
hinder other processes to act simultaneously. For instance, a higher irradiation dose will
also lead to elevated temperatures. Even if both are kept in a realistic range, it may be
challenging to grow a biofilm or involve living organisms, as they will most likely not
withstand the increased temperature and irradiation136. At a certain severity, intensified
accelerated weathering thus also has some limitations.

Accelerated weathering is widely used in the industry, especially for service life predic-
tion, durability, development of additives, e.g., to improve aging resistance98;109. For
industrial use, accelerated weathering aims at improving materials in order to achieve
ideal performance and longevity, thus the main kinetics of polymer degradation have
been extensively studied for the past 50 years9. The focus on environmental issues has
only developed with growing concerns towards plastic debris, MP-pollution, and their
consequences for the environment and its inhabitants8;30;62.
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3.5 The Microplastic Issue
Plastic is produced on a large-scale since the 1950s, being a breakthrough invention51.
Reusable products like cutlery and dishes were replaced by single-use items, saving time,
work, and stress. Nowadays, a world without plastic is unimaginable and unrealistic.
The problems single-use production and its extensive waste generation entail, have long
been overlooked. Plastic consumption is now seen from a more critical point of view, and
has even emerged to becoming a topic of global concern133. While polymer degradation
studies started with the large-scale production of plastic1, the term microplastic has yet
only first been used in the year 2004 by Thompson et al. 120 .

Numerous studies have since investigated the impacts of MP in the environment, leading
to an almost exponential increase in scientific publications including the term microplas-
tic in the last years17. Up to date, a variety of negative effects have been concluded.
Depending on the size (section 3.2.2), MP can be ingested by animals30;121 and retained
in the gut, where the accumulation is said to lead to suffocation, malnutrition, and star-
vation (figure 13)22;5;131;130. Another recent study by Kwon et al. 75 suggests a potential
risk of small MP to lead to cell death of microglial cells (macrophages of the central ner-
vous system) in murine and human brains. Oxidative stress, immunological responses,
neurotoxicity, trans-generational toxicity, genomic instability, reproductive abnormali-
ties, and disruption of the endocrine system have been reported5;142. The toxicity of
additives or other leaching chemicals, and the sorption behavior of chemicals on MP is
commonly investigated, yet still debated123;88;133.

Figure 13: a) Image of a juvenile green turtle Chelonia mydas trapped within a discarded
crab trap. b) several plastic fragments which were recovered from the gut of
a juvenile green turtle (image courtesy Kathy Townsend). Reprinted with
permission from Vegter et al. 130 . Copyright© 2014 Inter-Research.
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In summary, there is still a knowledge deficiency on specific consequences of MP on
the environment and its inhabitants. Many questions regarding how harmful MP are
for ecosystems and humans still can not be precisely answered. While the majority of
studies typically addresses toxicity of MP or aged MP impacting the health and fitness
of individual species, correlations to a larger scale of communities or ecosystems is cur-
rently still lacking88. Additionally, a big focus is often put on the size of the MP, rather
than on their composition. A recent study by Brehm et al. 20 on the example of the
water mussel Dreissena bugensis demonstrates, that mussels cannot distinguish between
natural or MP particles during their filtration. The uptake of different polymers (PS,
PLA, polyamide (PA), PET) was comparable to the uptake of the mussel shell control
fragments. The authors suggest that the increased toxicity observed from PET particle
uptake does not correlate to the size of the fragments, but to the composition. Analysis
of the PET revealed the presence of anthranilamide, anthranilonitrile, and butylated
hydroxytoluene, chemicals which are toxic to aquatic organisms20.

Laboratory studies investigating biological effects, transport or migration of MP are of-
ten executed with pristine, non-aged particles. In environmental settings, samples are
however much more complex. A recent study by Ramsperger et al. 100 has shown, that
pristine PS beads from different manufacturers reveal distinct differences in monomer
content, ζ-potentials, and surface charge densities. These characteristics largely influence
the particle-cell interaction, supporting the necessity to sufficiently characterize all kinds
of particles100;66. This particularly also applies to plastic or MP recovered from natural
compartments, which is extremely diverse. Consequently, it is crucial to understand
the individual polymer systems (aged, non-aged), their compositions, characteristics,
and behaviors as a function of environmental exposure and weathering, before drawing
conclusions on their impacts, especially those of aged MP particles, on animals, plants,
humans, and ecosystems.
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4 Challenges
Polymer degradation and the kinetics of photooxidation have been thoroughly studied,
thus the main mechanisms are well understood49;1;19. The focus however has mainly
been on polymer performance and economic benefits37. Investigations around MP, its
presence, behaviors, characteristics, and consequences are numerous to date, neverthe-
less, MP-studies are still a fairly new field in science, bearing a variety of challenges.

MP sources into environmental compartments are manifold, and so is MP in general. It
may be of primary or secondary origin119;8. The size, shape, color, and composition of
plastic products is wide-ranging, as polymers are constructed to remain undamaged un-
der certain conditions. Since plastic products are extremely diverse to begin with, their
MP counterparts are at least as complex. Environmentally weathered plastic has always
experienced some kind of degradation132. In order to produce environmentally-relevant
laboratory experiments, realistic sizes, concentrations, shapes, and compositions need to
be chosen101;137.

To reduce the complexity, many laboratory experiments are performed with non-aged
polymer materials141, which may also substantially differ in properties100. It is thus even
more necessary to thoroughly characterize the characteristics of all aged and non-aged
plastic or MP. A severe hurdle within MP studies is the lacking of standardization. To
begin with, the exact size-definition of MP is currently still disputed, and a variety of
different classifications are published44;57;47. There are no standard methods for sam-
pling, preparation, and analytical investigation57;8;122. Macroscopic plastic litter is easier
to collect, MP particles however, are typically sampled with sieves or nets of varying
sizes, often excluding small fractions8. Variations within the sampling method, prepara-
tion, and the analytical techniques will fundamentally effect the results and conclusions.
Consequently, comparison of different studies is often limited17.

Polymer degradation studies rarely address the complex interplay of embrittlement,
fragmentation, and MP particle formation. Additionally, reliable data on fragmentation
rates, and thus on the formation of SMP is scarce8;70. Actual numbers and the abun-
dance of MP particles in the environment can only be estimated, currently hindering a
proper numerical modeling for the life cycle of plastic objects in natural compartments17.

MP research is not only of scientific relevance, it has become a global topic of public
interest. One of the frequently asked questions posed by society and consumers is if MP
are dangerous and toxic for the natural environment, plants, animals, and humans. In
order to provide answers to the questions arising, it is crucial to understand the funda-
mentals of MP formation and degradation. In order to acquire reliable and reproducible
data using well-defined and controllable parameters, laboratory-controlled accelerated
weathering is a tool preferentially used9.
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This thesis was prepared in the sub-project C01, which is part of the collaborative re-
search center (CRC) 1357 microplastic at the University of Bayreuth. In the sub-project
C01, three working groups are involved. A big advantage of the CRC 1357 is the very
close cooperation of interdisciplinary projects from the fields of biology, geosciences,
chemistry, and physics. Within the CRC 1357, consistent definitions are used and uni-
form materials produced. This allows for a comparison of individual studies within the
CRC, and overcomes some of the most challenging difficulties previously mentioned.

Within the scope of this thesis, multiple laboratory-controlled accelerated weathering
studies were performed with the focus of particle degradation, fragmentation, and the
formation of SMP particles. Accelerated weathering was performed using an industrially-
available weathering chamber, which is commonly used within the automobile industry.
A protocol was developed, tested, and maintained over all of the following studies, en-
abling the comparability. Initially, the polymer materials were relatively primitive in
composition (pristine PS, free of stabilizers). In each study, macroscopic tensile bars
and microscopic particles were exposed simultaneously, the weathering conditions were
kept simple and controllable. The combination of materials and methods was chosen in
a way that the experiments can be easily reproduced, expanded, and complexioned.

The general aim of the publications included in this thesis was to investigate the degra-
dation of the chosen polymer systems in a very detailed manner using a broad variety of
analytical techniques ranging from the surface into the bulk of the materials, and from
optical investigation down to the atomic level. Analysis was performed as a function of
exposure time, allowing for detailed conclusions on the interplay of polymer degradation,
fragmentation, MP formation, and the influence of geometry, individual weathering pa-
rameters, and polymer type.

The first three publications involve thorough degradation protocols of the polymers
PS, PE, and PP. For amorphous PS and semi-crystalline LDPE, the observations and
conclusions drawn from particles and tensile bar weathering were processed into general
degradation models. A new approach for solid-state NMR spectroscopic analysis enabled
the quantitative determination of functional groups evolving from photooxidation. Fur-
ther, numerical values for the release of SMP particles forming from degradation, could
be calculated.

We increased the sample complexity with every study, starting with amorphous, stabili-
zer-free PS, followed by semi-crystalline LDPE and semi-crystalline, stabilized PP. The
correlation of all results enabled the development of a two-stage particle degradation
model for amorphous PS, which could be extended by a third stage after investigation
of the semi-crystalline polymer systems LDPE and PP. Fragmentation rates could be
calculated for all three polymers, following particle size investigations over the entire ex-
periment duration, which corresponds to approximately two years of outdoor weathering.
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To verify our results from accelerated weathering in terms of degradation mechanisms
and rates, we further performed outdoor exposure of the same polymer systems over a
time scale of two years.

During outdoor weathering, samples were drawn monthly, then processed and analyzed
in the same manner as the accelerated experiments. Correlation of the data sets from
laboratory and natural weathering confirmed, that the mechanisms of simulated solar
radiation and natural sunlight are the same. Discrepancies were noted in the time scales
of degradation and fragmentation, which vary for each polymer individually.

In order to quantitatively investigate the polymer defects forming from photo-initiated
oxidation, we developed a new method using multiCP 13C NMR spectroscopy. This
approach enables the determination of small quantities of defects up to 1 % in samples
with a natural abundance of 13C. Ideal parameters were elaborated using PS enriched
with 13C at the α-position to 23 %. The quantitative multiCP method was utilized for
the accelerated and the outdoor experiments, and the proportion of functional groups
investigated in a qualitative manner.

Lastly, we performed a case study using spherical PS beads exposed to laboratory weath-
ering for different time intervals up to 600 hours (h). The effect of weathered and
pristine PS on the cellular response of murine macrophages was investigated using bi-
ological essays, transcriptome analysis, and metabolic pathway prediction. Our results
demonstrate a significant difference within the celluar response towards weathered and
non-weathered PS particles. This study further highlights the necessity of a profound
characterization of all kinds of MP particles prior to performing further experiments.

This thesis includes a total of five publications and one manuscript, to be submitted.
The conclusions from our studies deliver a profound basis of how polymers degrade under
abiotic impact, how fragmentation is correlated to the extent of degradation, and how
SMP particles are formed.
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7 Synopsis

7 Synopsis
Within this thesis, three of the most abundant polymer systems, found as plastic litter
within the natural environment, were chosen for experiment and analysis: PS, LDPE,
and PP. All three systems were exposed to laboratory-controlled, accelerated simulated
weathering for 3200 h, and investigated for changes in their physical and chemical char-
acteristics as a function of exposure time. A graphical overview of the individual papers
of this thesis is given in figure 14. A total of 13 samples were drawn at different time
intervals, and then analyzed with a variety of methods to allow for a thorough charac-
terization as a function of increasing exposure time. Intervals of sampling were at 24,
50, 100, 200, 400, 600, 800, 1200, 1600, 2000, 2400, 2800, and 3200 h.

Figure 14: Overview of the thesis. Paper 1: development of a weathering protocol and
two-stage degradation model for PS. Paper 2: transfer of conclusions to semi-
crystalline LDPE. Paper 3: investigation of semi-crystalline PP containing a
processing stabilizer. Paper 4: exposure of PS, LDPE, and PP to natu-
ral, outdoor weathering to verify the mechanisms and rates from accelerated
weathering. Paper 5: development of a quantification method for photoox-
idative defects using 13C multiCP NMR spectroscopy. Paper 6: Pristine and
artificially-aged PS MP particles differ in regard to their cellular response.
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7.1 Polystyrene - an amorphous polymer system
The first part of the thesis is based on polystyrene, an amorphous polymer with no addi-
tives besides 600 ppm zinc stearate, representing a very basic and simple system (chapter
8.1). For long-term accelerated weathering, a commercially-available PS (PS 158 N) de-
livered from INEOS Styrolution Group (Frankfurt am Main, Germany) was purchased.
With the first experiment, we aimed at establishing the weathering protocol, analytical
procedures, and a degradation model for amorphous polymer systems.
Tensile bars and particles were prepared from PS 158 N and placed into the weather-
ing chambers located at the departments Polymer Egineering (DPE) and MCI at the
University of Bayreuth. Samples were drawn at the above previously time intervals and
characterized individually. Results from both geometries were compared in order to in-
vestigate the influence of geometry on the degradation mechanisms and time scales, as
well as to link the degradation rates of both, macroscopic tensile bars and microscopic
particles.

Particle degradation in previously published literature is based merely on estimations,
and numeric data for secondary particle production is rarely studied2;11. To investi-
gate particle degradation in our studies, the particle size evolution was measured with
increasing exposure time. For this a Microtrac FlowSync Particle Size Analyzer (Mi-
crotrac Retsch GmbH, Haan, Germany) was used. This instrument works with laser
diffraction (3 lasers and 2 detectors) coupled with dynamic image analysis, thus delivers
two-dimensional (2D)-images of the particle sample, and various numerical values ob-
tained from the measured size distribution. In the particle size development, two trends
can be observed: during the first 600 h of exposure, the particle size decreases linearly.
From 600 h onward, it evolves in an exponential manner. To determine changes in the
surface morphology, optical microscopy as well as scanning electron microscopy (SEM)
were executed for chosen samples. Within the first 400 h, the particle SEM images show
that particle surfaces seem to become smoother and rounded off. We attribute this effect
to degradation being a surface effect within the first weathering stage. Photooxidation
initiated by simulated UV irradiation along with soft mechanical impact from stirring
result in a modification of the particle surface. We classified these observations as the
first weathering stage for particles, namely surface abrasion (figure 15).

Polymer degradation is typically accompanied by a decrease in MW. Photooxidation
propagation step IV (reaction 5) involves β-cleavage, where breaking up of C-C bonds
leads to fission of the backbone, and thus a reduction of the MW. These reactions can
also be retraced via gel-permeation chromatography (GPC)-measurements, where MWs,
and MWDs can be determined. For PS tensile bars and particles, the MW decreases
with increasing weathering, the initially long, linear polymer chains are cleaved, result-
ing in shorter chains. Crosslinking reactions are common, as described in section 3.3.1,
and indicated with red dots in figure 15.
The MW reduction of the particles seems to proceed slower than the MW-reduction
of tensile bars. To explain this, it is important to consider the effect of mechanical
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impact. The macroscopic tensile bars do not experience any mechanical influence, but
continuous simulated solar radiation and intervals of simulated rain (18 min of spray
within 120 min of irradiation), which is not comparable to stirring (e.g., particle-particle,
particle-beaker, and particle-stirring device collisions). While the bars are thoroughly
irradiated from one side (which is ultimately sampled and analyzed), the particles expe-
rience irradiation, surface degradation, and mechanical stress. With on-going exposure,
the weathered surface material becomes increasingly brittle, develops a crack-pattern,
and is ultimately abraded by mechanical impact. This is a continuing process, where
surface material is constantly degraded and abraded, exposing non-weathered material
from the bulk. As the particle size decreases, this effect is accelerated, which is repre-
sented by the exponential trend in particle size decrease. We interpret this turnover in
the particle degradation mechanisms (surface to bulk), as the second stage of particle
degradation (figure 15).

Figure 15: Two-stage degradation model for amorphous PS MP particles exposed to the
environmental stress factors solar radiation and mechanical stress13.

Photooxidation does not only lead to a reduction in MW, but also to the incorpora-
tion of O2 from the formation of oxygen-containing functional groups (chapter 3.3.1,
e.g., carboxylic acids, figure 15). To further investigate the alteration from weathering
as a function of the sample depth with exposure time, scanning electron microscopy
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and energy-dispersive X-ray spectroscopy (SEM-EDX) measurements were performed,
revealing the O/C-ratio from the surface down to 100 µm. The results support the modi-
fication of the chemical composition, and the accumulation of oxygen-bearing functional
groups. At 2000 h, the O/C ratio has increased from 0.005 to 0.15 at a depth of 30 µm.
This highly weathered and oxidized area is further referred to as the photooxidative zone
d.
Stage II is dominated by particle fracturing. From the progression of the photooxida-
tive zone into deeper layers, embrittlement is provoked. Whole particles break up as
mechanical forces continue to trigger collision. As a consequence, large numbers of SMP
particles are formed ranging down to sizes < 1 µm. From the average particle size deter-
mined analytically, the secondary particle production could be calculated. For PS, we
were able to calculate that from one mother particle, approximately 500 SMP particles
are released during our experimental runtime (calculation in chapter 8.1). These SMP
particles are thoroughly oxidized and polar, their polymer chains are short and highly
branched (figure 15).

As described in detail within section 3.3.1, photo-initiated degradation, as we per-
form in our weathering setup, leads to radical formation, and subsequent reactions
with ambient O2. Our observations from SEM-EDX measurements and the develop-
ment of the photooxidative zone d thus correlate well to the literature. Qualitative
and semi-quantitative investigations of oxygen-containing functional groups are typi-
cally performed using Fourier-transform infrared spectroscopy (FT-IR). To provide a
complementary method for the quantification of polymer defects, we developed a new
method to investigate and quantify functional groups via solid-state 13C multiCP NMR
spectroscopy. Details of this method have also been published in an analytical paper,
which is presented in section 7.5.

7.2 Low-density polyethylene - a semi-crystalline polymer system
The second part of the thesis focuses on a slightly more complex system, a semi-
crystalline LDPE (Lupolen 1800p) from LyondellBasell Industries (chapter 8.2). With
the results from our first study, we expressed the assumption, that our two-stage degra-
dation model is valid for predicting the abiotic degradation and mechanisms of other
commodity polymers with a C-C backbone13. We used the semi-crystalline LDPE system
to verify that the assumptions made also apply for polymers with increased complexity.
The experimental framework of LDPE weathering remains the same as previously de-
scribed for PS. This further ensures a confirmation of our weathering protocol and the
transferability to other polymers. The increase in complexity required the expansion of
analytical techniques by additionally including measurements regarding the evolution of
crystallinity upon weathering.

In general, particle degradation proceeds in a similar manner, compared to PS. Within
stage I, both particle size measurements and SEM images reveal the same observations:
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a linear decrease in particle size accompanied by a smoothening and rounding of the sur-
faces. Stage I, namely surface abrasion, is comparable to amorphous PS. Simultaneously,
the molecular weight decreases, indicating chain-scission via β-cleavage, as previously
described (chapter 3.3.1). Profound differences however, lie within the semi-crystalline
character and the low glass-transition temperature (Tg) of LDPE7;9.

Crystallinity
Semi-crystalline polymers consist in chains being amorphous (disordered), as well as
crystalline (ordered). Figures 16 and 17 graphically display the evolution of LDPE
polymer chains upon weathering. Degradation affects the amorphous and crystalline
domains differently, the amorphous chains are much more prone to degradation than
the crystalline. Thus, the amorphous chains are continuously cleaved, leading to further
formation of functional chain end-groups (green dots).

Figure 16: LDPE on the molecular chain level, made of amorphous as well as crystalline
domains. Within stage I of degradation, amorphous domains are prefer-
entially degraded, leading to chain-scission and the formation of functional
end-groups (green dots). Crosslinking may occur (purple stars). Molecular
rearrangement leads to the formation of new crystalline domains (orange).

Meanwhile, crosslinking may occur (purple stars) leading to a slight increase in MW, but
since chain-scission happens at a faster rate than crosslinking, the overall MW decreases.
Cleaved chains will reorganize in an ordered manner, forming crystalline domains, indi-
cated with blue (original) and orange (reorganized) bars in figure 16.

In order to track the changes in crystallinity, DSC measurements were performed. With
increasing weathering, the degree of crystallinity increases with a linear trend from 40 %
to 70 %. This observation was verified via solid-state NMR spectroscopy, where very
similar values were observed.
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Figure 17: As weathering proceeds (stage II), the degradation of amorphous domains is
continued. Further functional chain end-groups are accumulating, and crys-
talline domains are formed at the expense of amorphous regions. In the final
stage III of degradation, crystallites are also affected from photooxidation,
leading to disintegration.

To get insights into the size of the crystalline domains and their evolution, XRD-
measurements were performed. Within the first stages of weathering, the size of the
crystalline domains increases from 13 to 20 nm (stage I-II), then reaches a plateau.
With on-going weathering (stage II), the process of chain-scission and molecular chain
reorganization is intensified (figure 17). In the final stage III, the crystalline domain
size, determined from XRD, decreases again, indicating that these domains are also af-
fected by degradation. This final, third stage of weathering, observed for semi-crystalline
LDPE, is new compared to amorphous PS, where we identified only two-stages of degra-
dation (figure 15).

Glass-transition temperature Tg

Another difference of LDPE to PS is the Tg, which is defined as the temperature, at
which the polymer chains start to exhibit macromolecular mobility within the molecu-
lar structure. For PS, Tg = ∼ 100 ◦C14, which displays a temperature well above the
experimental temperature (55 ◦C). For LDPE however, the Tg is below 0 ◦C7;9, mean-
ing the polymer chains are very flexible, and may easily rearrange at our experimental
temperature.
This fact supports the observations made for fragmentation of particles. We do not ob-
serve crack-formation and propagation, as we did for PS. Crack-patterns are also absent
within the bar surfaces at that point of weathering, where the tensile strength already
indicates embrittlement. Our explanation for this are surface healing effects, which are
possible due to the chain mobility LDPE has at our experimental temperature. Crack-
formation is compensated up to a certain point, where the amorphous domains are
sufficiently depleted, resulting in a decrease of tie-molecules and entanglement. From
this point on, a direct disintegration of the particles sets in, leading to formation of
smaller SMP particles (figure 18).
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Figure 18: Degradation of LDPE on the particle level. Stage I: surface abrasion, stage
II is dominated by surface cracking, where bigger flakes are directly taken
off, and no cracks are observed within particles, but direct disintegration.
Stage III represents the intensification, fragmentation continues, leading to
the formation of nanoparticles. Their small size and high surface-to-volume-
ratio leads to agglomeration.

This is also very evident within the particle size analysis. The transition from linear to
exponential, so the transition from stage I to stage II, correlates well with the observa-
tions made for PS. The exponential trend, however, shows a much faster time constant
τ LDP E being 537 h, and τ P S 930 h. LDPE particles thus disintegrate more rapidly than
PS particles do, ultimately resulting in a far lower average particle size after 3200 h of
weathering (⊘ PS3200 h = 20 µm; ⊘ LDPE3200 h = 8 µm). The final stage III observed
for LDPE is new, and has not been observed for PS. This stage is dominated by fur-
ther fragmentation and the formation of many small, nanometer (nm)-sized particles.
While they are not resolved within the numerical particle size analysis, due to agglom-
eration effects (figure 18), they are clearly visible in SEM images. This third stage is
also evident in the crystallinity measurements, where it is dominated by disintegration
of crystalline domains. We assume, that in stage III, the NP are highly crystalline, po-
lar, short-chained oligomers with a high proportion of oxygen-bearing functional groups.
The data obtained from DSC, NMR, and XRD measurements correlate well.

Using the same approach as for PS, we were able to calculate the fragmentation rate of
LPDE. Within 3200 h of weathering, one mother particle (190 µm) releases 14,000 SMP
particles in total. This rate largely exceeds the rate calculated for PS (500 SMP parti-
cles), and highlights the fact, that fragmentation is largely dependent on the polymer
and its material characteristics. Our particle model, developed for amorphous polymers,
is adaptable for semi-crystalline polymers, however, a third stage needed to be added,
considering that crystallinity strongly influences the fragmentation behavior.
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7.3 Polypropylene - a semi-crystalline polymer system containing
stabilizers

For the third part of the thesis, the polymer system PP (Moplen HP 526J, Lyondell-
Basell) was chosen (chapter 8.3). This PP grade remains with having semi-crystalline
character, yet adds another component of complexity to the analytical investigations. As
indicated by the manufacturer10, standard processing stabilizers are added. Thus, the
third experiment was performed with a semi-crystalline, additivated polymer system.
Weathering was executed in the same manner as previously reported, with a special fo-
cus on the influence of the stabilizers present. The degradation behavior was correlated
to the exposure time. Within this study, exclusively particles were investigated.

To elucidate the effect of stabilizers on the degradation of PP, we performed a Soxhlet
extraction with tetrahydrofuran (THF) at 80 ◦C for 14 days. This PP fraction, sup-
posedly without stabilizer, was subsequently also exposed to simulated solar radiation
using the known protocol. Since the actual stabilizers included within PP HP 526J are
not given, we performed further purification steps with the THF residue after Soxhlet
extraction. Via column chromatography, multiple fractions were recovered and further
analyzed with matrix-assisted laser desorption ionization time-of-flight mass spectrom-
etry (MALDI-TOF) and liquid-state 1H NMR spectroscopy.

PP particles with and without stabilizer
All samples taken from the experiments with and without stabilizer, were analyzed in
the same way as previously reported. Particle size analysis, molecular weight distri-
butions, development of crystallinity, as well as the proportions of functional groups
accumulating were determined as a function of exposure time.

Figure 19: Average particle size as a function of exposure time a) for PP with stabilizer,
and b) for PP without stabilizer.
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For PP with stabilizer, no changes are observed within the first 350 h of weathering.
This applies for the average particle size (figure 19), degree of crystallinity, melting
temperature (Tm), and MWD. PP without stabilizer, however, shows rapid changes
in all of these values from 50 h on. This first stage of seeming stability highlights the
influence of the stabilizers on polymer degradation.

Identification of the stabilizers
The stabilizer composition is not given in detail by the manufacturer. The THF-residue,
recovered after Soxhlet extraction, was purified and then analyzed via MALDI-TOF MS,
liquid-state 31P, and 1H NMR spectroscopy. Two stabilizers could be identified.

Figure 20: Chemical structures of a) Irgafos® 168, b) its oxidized form, and c) Irganox®

1010.

The MS spectra obtained from MALDI-TOF measurements could be precisely assigned
to Irgafos® 168 (tris(2,4-di-tert-butylphenyl)phosphite, figure 20a). The dominant peaks
however, correspond to the oxidized species (tris(2,4-di-tert-butylphenyl)phosphate, fig-
ure 20b), as given in the literature5;16. The observations could be supported with 31P
NMR spectroscopy. The second stabilizer could be assigned to Irganox® 1010. We could
not identify oxidation products or the initial molecule (1176 g/mol, figure 20c), but only
low molecular weight fragments (< 800 g/mol). Here too, the presence of Irganox® 1010
could be verified via liquid-state 1H NMR spectroscopy.
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Irgafos® 168 and Irganox® 1010 are primary and secondary antioxidants, thus they hin-
der oxidation of the polymer, which may be induced during processing. Although they
are no UV-stabilizing agents, they still deactivate peroxy radicals and hydroperoxides,
which are also formed during the initiation step of photooxidation.

The PP grade chosen for this study contains stabilizers, complicating degradation by a
further parameter. Nevertheless, we found a possibility to 1) extract and 2) identify
the stabilizers, 3) directly compare stabilized and non-stabilized PP, and 4) draw con-
clusions on the effect of the stabilizers on degradation.

Our semi-crystalline particle model, developed for LDPE, is also adaptable to PP. The
additional stage III is observed here too, however stage I happens so much faster, it is
hardly visible within the data trends. We attribute the rapid onset of degradation to
the polymer structure of PP. Every second carbon in the chain is a tertiary C-atom,
leaving the single H-atoms very prone to abstraction. Stable radicals, and subsequently
peroxides and alcohols are formed6. Using our quantitative multiCP solid-state NMR
approach, we were able to identify and quantify these compounds, where elevated values
of peroxides and alcohols were noted, supporting our theory.

For PP, the mechanisms of degradation are the same as for LDPE, however the rates
differ. Despite the distinct differences within the first 400 h of weathering, comparing
stabilized and non-stabilized particles, the long-term degradation proceeds with similar,
exponential trends. After 3200 h the data for particle size, molecular weight, crys-
tallinity, and also the proportion of chemical groups forming are within the same range.
The stabilizer thus only effects the first two stages of weathering.

Fragmentation however, is more pronounced for PP, than what was observed for LDPE.
The final sample drawn has an average particle size of 4 µm, largely differing from the
size of the starting material (∼ 190 µm). For PP, we were able to calculate, that a total
number of 100,000 SMP particles were formed as a result of fragmentation. This number
is higher by one order of magnitude compared to LDPE. Additionally, nanometer-sized
particles are also resolved within SEM images, where NP adhere to the surface of larger
particles. Stage III of NP formation and agglomeration is thus the same as previously
determined for LDPE.

Comparing all three studies, we verified our degradation model, which was first estab-
lished for amorphous PS, and then adapted to semi-crystalline polymers (LDPE and
PP). We conclude, that fragmentation and the formation of SMP particles largely de-
pends on the polymer type and its properties. Fragmentation was smallest for PS, and
highest for PP, where not only the semi-crystalline character, but also the polymer struc-
ture plays an important role.
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Figure 21: Fragmentation leads to formation of large amounts of SMP particles. Average
particle sizes of the reference material (0 h), and particles after 3200 h as well
as particle production for PS, LDPE, and PP.

Besides the formation of large amounts of SMP particles, we were able to additionally
trace the formation of NP particles. These however, are not present as free particles,
as they agglomerate due to their high surface-to-volume ratio, and surface charge. Our
experimental conclusions support the observations made within environmental samples,
were free secondary NP particles are challenging to observe and detect3;17.

7.4 Outdoor weathering of PS, LDPE, and PP to verify the
mechanisms and rates from accelerated weathering

Within the fourth part of the thesis, all three polymer systems previously described (PS,
LDPE, PP) where exposed to natural weathering outside on a rooftop at the Univer-
sity of Bayreuth (chapter 8.4). The weathering parameters correspond to the natural
outdoor conditions in Bayreuth, and were recorded using the data from the weather
station of the Botanical Garden at the University of Bayreuth, which is located within
∽ 500 meters from our experiments. This outdoor degradation procedure was run over
a total test duration of 1.5 years, supposedly corresponding to 2400 h of accelerated
weathering in our laboratory setup.

The general aim of this study was to verify, that despite the elevated irradiance and
temperature conditions of our weathering chamber, the mechanisms remain the same as
they will be in an outdoor setting. Outdoors, natural sunlight and its varying intensity,
along with temperature fluctuations of day, night, weather, and seasons will decelerated
the degradation process. Comparison of the data obtained from both experiments, en-
ables us to check the applicability of our conclusions and the developed models for the
environmental degradation of PS, LDPE, and PP.
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All three polymer systems degrade upon exposure to outdoor weathering, revealing
trends that are very similar to those observed from accelerated weathering. Exemplar-
ily, figure 22 a) displays the average particle size of PS as a function of exposure time in
days/months. First, the trend evolves as a linear decrease, then shifts to an exponential
decay. The molecular weight number-average molecular weight, in g/mol or kg/mol (Mn)
in figure 22 b) decreases continuously, starting with the first month of exposure. The
only plateau in the trend resembles the winter months with short days and low UV-
activity. After 1.5 years the Mn has reached a value of 14,700 g/mol, which is almost
identical to accelerated weathering (14,800 g/mol after 2000 h).

Figure 22: Average particle size as a function of exposure time a), and molecular weight
Mn in b) for PS particles exposed to outdoor weathering for 1.5 years (July
2020-January 2022).

Similar conclusions can be drawn when comparing the semi-crystalline polymers LDPE
and PP. The trends of the particle size, molecular weight, and the thermal characteristics
correlate nicely. Further, the influence of the stabilizers present in PP are also evident.
Solid-state 13C NMR measurements were also performed on chosen samples of all three
experiments. The spectra verify that the main defects forming from degradation are
peroxides, ketones, carboxylic acids, vinylidenes, and alcohols.

The trends and mechanisms obtained from outdoor degradation are largely comparable
to those from accelerated-laboratory weathering. While the mechanical characteristics,
trends, and the chemical evolution is very similar between both settings, the time scales
show some deviations. This can largely be traced back to a) lower temperatures, specif-
ically affecting LDPE and PP, b) fluctuations in irradiance, and c) seasonal fluctuations
in temperature, irradiance, and the sunshine duration between the summer and the
winter months.
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7.5 Quantification of photooxidative defects in weathered MP
using 13C multiCP NMR spectroscopy

Conventional approaches for the identification of polymer defects developing upon degra-
dation are FT-IR or attenuated total reflectance (ATR) FT-IR, and Raman spectroscopy.
Both are very sensitive methods, nevertheless, they are surface-dependent, and FT-IR
is also influenced by fluorescence4. While the carbonyl index typically derived from FT-
IR delivers semi-quantitative values, a lack of standardization leaves the comparability
between multiple studies questionable1.

Using multiCP (cross-polarization) as a calibration method for quantitative solid-state
13C NMR spectroscopy, is a method previously introduced by Johnson and Schmidt-
Rohr 8 . This method was also applied for the quantification of polymer defects within
our previous studies on PS, LDPE, and PP, however weak signals and long measuring
times hindered a thorough quality assessment. Using PS as polymer system, the mul-
tiCP approach was optimized and adapted (chapter 8.5). For this, PS was synthesized
and 13C-enriched by 23 % at the α-position. The 13C-enriched PS was also exposed to
accelerated laboratory weathering and subsequently analyzed at different exposure times
for the formation of polymer defects (e.g., peroxides, carboxylic acids, ketones, alcohols).

The 13C-enrichment allowed for a markedly higher sensitivity along with a measurement
time reduction by a factor of ∼ 40012. In figure 23, a 13C CP MAS NMR spectrum of
PS with 13C in natural abundance (red) is plotted along with a spectrum of PS, 13C-
enriched by 23 %. Both samples were exposed to simulated solar radiation for 2400 h.
The three significant PS peaks, which can also be seen in the reference PS spectrum
(inset figure 23), are assigned to the aliphatic backbone (I, II at 35 to 50 ppm), the
aromatic ipso carbon (III at 145 ppm), and the aromatic CH units (IV, V, VI at 128
ppm) of the phenyl rings.

This study enabled to investigate the influence of essential parameters in order to find
the ideal conditions for samples with 13C in natural abundance. Although PS is the
system which was investigated here, most photooxidative defects arising will originate
at the α-position. The experimental parameters are thus transferable to other polymer
systems.
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Figure 23: Comparison of 13C CP MAS NMR spectra of PS enriched by 23 % at the α-
position (black), and PS in natural abundance (red) of the particle samples
weathered for 2400 h. Inset: 13C multiCP MAS spectrum of pristine 13C-
enriched PS12.

In this publication I performed weathering of the PS reference particles, with 13C in
natural abundance, as well as PS enriched in 13C, both for different exposure times.
Anika Mauel and Björn Pötzschner performed NMR measurements, and optimized the
method. Renée Siegel supported the NMR measurements.

7.6 Case study: Comparison of pristine and artificially weathered
PS MP in regard to their cellular response

The final part of this thesis addresses a topic previously mentioned within the challenges
in section 4 (chapter 8.6). Various experimental studies regarding potential toxic effects
of MP particles are performed using pristine, non-weathered materials20;15;19, which do
not reflect realistic samples of environmental relevance. Thus, in our final study, we in-
vestigated the influence of weathered versus non-weathered PS micro particles on murine
macrophages.

For the experiment, 2 µm PS micro beads (Polyscience Europe GmbH, Eppenheim,
Germany) were exposed to our standard weathering protocol for 200, 400, and 600 h,
corresponding to 43, 86, and 130 days of natural weathering. Since the chemical changes
introduced upon weathering were thoroughly studied for PS in our previous study (chap-
ter 7.1), the focus was put on the surface characteristics (ζ-potential, size distribu-
tion, and SEM imaging), and on investigating the effects of weathering on a biological
level. For this purpose, the cellular responses of the murine liver macrophage cell line
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Immortalized mouse Kupffer cells (ImKC) were investigated at the level of metabolic
activity, the membrane integrity, reactive oxygen species formation, genotoxicity, and
inflammatory response.

Physically, the aged PS beads showed a exposure time-dependent decrease in particle
size along with a decrease in the ζ-potential. On a biological level, both types of par-
ticles are similarly taken up by the cells. Nevertheless, the pristine and shortly aged
particles (PSpristine-PS43) showed a higher pro-inflammatory response, while the long-
time weathered particles (PS130) revealed increased cytotoxic effects on the cells. In
addition to changes within the composition of the particles (e.g., the accumulation of
oxygen-containing functional groups), the shape of the particles also changed. Sharp
edges, which are formed from fragmentation after 130 d, can also damage the plasma
membrane of the cells. This leads to an increased release of the intracellular enzyme
lactate dehydrogenase (LDH), which could be detected for the sample exposed for 130 d.

Figure 24: Overview of the biological/noxious effects of PSpristine versus PSweathered for
43, 86 or 130 days18.

In summary, both particles (pristine and weathered) showed interaction with ImKC cells,
however the interactions differ in terms of their cytotoxic potential. While the PSpristine

particles show no effect regarding the metabolic activity, they bear a higher inflamma-
tory potential (figure 24). The weathered particles however, show increased cytotoxic
effects, while bearing a lower inflammatory potential. We assume, that the shape (e.g.,
rough edges) plays a major role in regard to the noxiousness. Considering that MP in
the environment mostly consist in SMP, which have formed from fragmentation of larger
plastic debris, sharp edges are very common.

Our results reveal the distinct differences between weathered and non-weathered PS
particles on the cellular response, highlighting the necessity to focus on the effects of re-
alistic samples, bearing those physicochemical characteristics of MP in the environment.
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Within this publication, I performed weathering of PS beads for different exposure times.
Julia Jasinski provided particle characterization and confocal microscopy. Alfons Weig
analyzed the RNA sequencing data. Matthias Völkl, Alfons Weig, and Valérie Jérôme
analyzed the data and created the figures.

Within this thesis, we first thoroughly investigated the simulated environmental degra-
dation of the polymer systems PS, LDPE, and PP. We established degradation models
for the fragmentation of macro- and microplastic into SMP particles, and traced the
formation of NP. With each study, we increased the complexity, and verified our con-
clusions previously drawn. For PS, LDPE, and PP the general degradation mechanisms
are very similar, however fragmentation is largely material-dependent. The formation of
SMP particles was numerically determined for all three polymer systems, revealing that
the fragmentation rates (Fr) differ according to: FrP S < FrLDP E < FrP P .

We further performed outdoor weathering experiments, using the same polymer systems,
to verify that accelerated weathering is a suitable tool to investigate polymer degradation
in a reasonable time scale. Additionally, we established a new method to quantify the
defect proportions arising upon degradation. For this, quantitative multiCP solid-state
13C NMR spectroscopy is used. Lastly, we investigated the cytotoxic potential for PS
beads weathered according to our protocol. Comparing weathered and non-weathered
PS samples, both show cellular responses, however the aged particles bear a higher
cytotoxic potential on murine macrophages than the pristine particles do.
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Individual Contributions to the Publications
In the upcoming section, the individual contributions of each author to the publications
included within this thesis are given in detail. The work that I have contributed to each
publication was performed at the chair Macromolecular Chemistry I at the University
of Bayreuth between September 2019 and September 2022.

Paper 1:
Reconstructing the Environmental Degradation of Polystyrene by Accelerated Weathering
Environmental Science & Technology 2021, 55, 12, 7930-7938.
Nora Meides, Teresa Menzel, Björn Poetzschner, Martin G.J. Löder, Ulrich Mansfeld,
Peter Strohriegl, Volker Altstädt, Jürgen Senker
For this publication, I established a weathering protocol for particle weathering in wa-
ter. I performed the weathering experiments of the PS particles, sample extraction and
preparation, measured and evaluated the particle size, and measured the GPC measure-
ments of particles and tensile bars, including evaluation of the particle data. Further, I
investigated the particle characteristics via SEM with the aid of M.H. and U.M. Evalu-
ation of the images of particles was done by myself. Finally, I visualized the two-stage
degradation model using the software Inkscape. I also designed the graphical abstract
for this publication. T.M. performed weathering of tensile bars and tensile testing. B.P.
conducted Monte Carlo simulations and NMR measurements. U.M. performed SEM
and SEM-EDX measurements. I wrote a large proportion of the manuscript with T.M.,
especially the introduction and results and discussion part. T.M., B.P., and myself each
wrote the materials and methods part of our individual methods. M.L., P.S., J.S., and
V.A. supported us with writing and finalizing the manuscript. We were all involved in
the final discussions. P.S., J.S., and V.A. supervised the project. I completed the final
formatting of the manuscript. J.S. and P.S. are both corresponding authors.

Paper 2:
Degradation of low-density polyethylene to nanoplastic particles by accelerated weather-
ing
Science of the Total Environment 2022, 826, 154035, 0048-9697.
Teresa Menzel, Nora Meides, Anika Mauel, Ulrich Mansfeld, Winfried Kretschmer,
Meike Kuhn, Eva M. Herzig, Volker Altstädt, Peter Strohriegl, Jürgen Senker, Hol-
ger Ruckdäschel
In this publication, I performed weathering of LDPE particles, particle sample extraction
and preparation. Further, I measured the average particle size and size distributions,
as well as investigated the thermal properties via DSC measurements. With the help of
M.H. and U.M., we analyzed the particle characteristics via SEM. I performed the im-
age evaluation and editing. Finally, I designed the three-stage degradation model using
the software Inkscape. T.M. conducted weathering of tensile bars, DSC measurements,
tensile testing and FT-IR measurements. She further designed the graphical abstract.
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A.M. was responsible for NMR measurements, Monte Carlo (MC) simulations and pow-
der XRD measurements. M.K. and E.M.H. performed WAXS measurements of chosen
samples. U.M. performed SEM imaging and SEM-EDX measurements of tensile bars,
W.K. conducted 1H HT liquid NMR spectroscopy and HT GPC measurements. T.M.,
A.M., and myself wrote the manuscript. H.R., V.A., P.S., and J.S. supported the dis-
cussions and helped finalizing the manuscript. H.R., V.A., P.S., and J.S. are supervisors
of the project, H.R., and J.S. are corresponding authors.

Paper 3:
Quantifying the fragmentation of polypropylene upon exposure to accelerated weathering
Microplastics and Nanoplastics, 2022, 2:23.
Nora Meides, Anika Mauel, Teresa Menzel, Volker Altstädt, Holger Ruckdäschel, Jürgen
Senker, Peter Strohriegl
In this publication I performed the Soxhlet extraction of PP particles, weathering of PP
with and without additive, sample extraction and preparation. Further, I performed the
purification of the stabilizer residue, and analysis of the residue via MALDI-TOF mass
spectrometry. For identification of the stabilizer, I performed a further weathering ex-
periment of reference stabilizer compounds, and subsequent MALDI-TOF measurements
to identify the stabilizer. For particle characterization, I performed average particle size
and particle distribution measurements, DSC measurements for thermal characteristics.
M.H. and U.M. helped with SEM imaging, I performed the evaluation and processing of
the SEM images. A.M. performed solid-state 13C NMR spectroscopy, and liquid-state
1H and 31P NMR spectroscopy. W.K. measured the molecular weight of both PP ex-
periments via HT GPC. I wrote the manuscript, supported by A.M., T.M., P.S., H.R.,
V.A., and J.S., all authors joined the discussions and helped finalizing the manuscript.
P.S., H.R., V.A., and J.S. are supervisors of the project, P.S. is corresponding author.

Paper 4:
Environmental degradation of polystyrene, polyethylene, and polypropylene - a compari-
son of natural and accelerated weathering
Manuscript ready for submission.
Nora Meides, Anika Mauel, Teresa Menzel, Wolfgang Babel, Volker Altstädt, Holger
Ruckdäschel, Jürgen Senker, Peter Strohriegl
In this manuscript, I performed the outdoor weathering experiment of all three poly-
mers over a total experimental duration of 1,5 years. I further established the weathering
setup enabling outdoor exposure. I also performed the cryo-cooled experiments in the
accelerated weathering chamber. I managed the monthly sample extraction, sample
preparation, particle size and size distribution measurements. I performed GPC mea-
surements and data evaluation of PS, as well as DSC measurements and data evaluation
of LDPE and PP. Further, I prepared the plots of the weather data from the ecological
botanical garden (data provided by W.B.). HT GPC measurements of LDPE and PP
were performed by W.K., A.M. was responsible for the 13C solid-state NMR measure-
ments. I wrote the manuscript with the help of A.M., T.M., P.S., J.S.; V.A., and H.R.
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are supervisors of the project and helped finalize the manuscript and joined the discus-
sions. P.S. is corresponding author.

Paper 5:
Quantification of photooxidative defects in weathered microplastics using 13C multiCP
NMR spectroscopy
RSC Advances, 2022, 12, 10875-10885.
Anika Mauel, Björn Pötzschner, Nora Meides, Renée Siegel, Peter Strohriegl, Jürgen
Senker
In this publication I performed accelerated weathering on the PS particles for different
exposure times, as well as particle preparation (filtering and drying). Further, I per-
formed GPC-measurements, data evaluation and wrote the experimental parts to my
experiments and measurements. A.M. and B.P. planned and executed the 13C multiCP
NMR measurements and developed an ideal setup to achieve best results for multiCP
experiments. A.M., B.P., R.S., and J.S. wrote the manuscript, P.S. and myself read the
final manuscript and supported the revision process until final publication.

Paper 6:
Pristine and artificially-aged polystyrene microplastic particles differ in regard to cellular
response
Journal of Hazardous Materials, 2022, 435, 128955.
Matthias Völkl, Valérie Jérôme, Alfons Weig, Julia Jasinski, Nora Meides, Peter Stroh-
riegl, Thomas Scheibel, Ruth Freitag
In this publication I performed accelerated weathering on the particles for different ex-
posure times. I also wrote proportions of the manuscript in the introduction section,
the methods part, was involved within the discussion part and also during the revision
process. M.V., V.J., A.W., J.J., T.S., and R.F. designed all further experiments. M.V.
performed most of the cell-based experiments. J.J. provided particle characterization
and confocal microscopy. A.W. analyzed the RNA sequencing data. M.V., A.W., and
V.J. analyzed all further data and created the figures. M.V., V.J., A.W., P.S., T.S., and
R.F. wrote the manuscript. V.J., A.W., T.S., P.S., and R.F. reviewed and edited the
manuscript and supervised during the experiments.
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Accelerated Weathering
Nora Meides,# Teresa Menzel,# Björn Poetzschner,# Martin G. J. Löder, Ulrich Mansfeld,
Peter Strohriegl,* Volker Altstaedt, and Jürgen Senker*

Cite This: Environ. Sci. Technol. 2021, 55, 7930−7938 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: The fragmentation of macro- into microplastics (MP) is the main
source of MP in the environment. Nevertheless, knowledge about degradation
mechanisms, changes in chemical composition, morphology, and residence times is
still limited. Here, we present a long-term accelerated weathering study on
polystyrene (PS) tensile bars and MP particles using simulated solar radiation and
mechanical stress. The degradation process was monitored by gel permeation
chromatography (GPC), scanning electron microscopy (SEM), energy-dispersive
X-ray (EDX), 13C magic-angle spinning (MAS) NMR spectroscopy, tensile testing,
and Monte Carlo simulations. We verified that degradation proceeds in two main
stages. Stage I is dominated by photooxidation in a near-surface layer. During stage
II, microcrack formation and particle rupturing accelerate the degradation. Depending on the ratio and intensity of the applied stress
factors, MP degradation kinetics and lifetimes vary dramatically and an increasing amount of small MP fragments with high
proportions of carboxyl, peroxide, and keto groups is continuously released into the environment. The enhanced surface area for
adsorbing pollutants and forming biofilms modifies the uptake behavior and interaction with organisms together with potential
ecological risks. We expect the proposed two-stage model to be valid for predicting the abiotic degradation of other commodity
plastics with a carbon−carbon backbone.

KEYWORDS: microplastics, polymer degradation, photooxidation, two-stage degradation model,
quantitative 13C MAS NMR spectroscopy, Monte Carlo simulations, microcrack formation, particle fragmentation

■ INTRODUCTION

A multitude of plastic applications led to an exponentially
growing global plastic production over the last 70 years and
reached almost 360 million tons in 2018.1 About 60% of the
global plastics production consists of single-use commodity
plastics with an aliphatic backbone like polypropylene (PP),
polyethylene (PE), and polystyrene (PS).1−5 If current
production and waste management trends continue, roughly
12 billion tons of plastic waste is assumed to accumulate in
natural environments and landfills by 2050.6 Once in the
environment, plastics lead to potentially severe consequences
for sea- and wildlife with inestimable long-term implications
for the world’s ecosystems.7−10 In particular, microplastics
(MP), defined as plastic fragments smaller than 5 mm,11 are
environmental contaminants of increasing scientific and public
concern, as plastics are expected to persist for ages due to their
high durability and low biodegradability and thus accumulate
in the environment.12 Due to their small size, MP harbor a
high risk of entering terrestrial and aquatic food chains on the
basis of the food web.13,14 The ecological risks are suspected to
increase with decreasing MP particle size, in tandem with a
growing surface-to-volume ratio, which enlarges the surface
area of a particle.15

Meanwhile, the presence of MP is verified in every
environmental compartment.16,17 Its majority originates from
abrasion during usage, weathering, and fragmentation of larger
commodity plastic items into so-called secondary MP.16

Although a basic understanding of the processes underlying
fragmentation is present, detailed mechanistic knowledge of
the physicochemical processes of the degradation chain under
environmental conditions is lacking. However, this knowledge
is imperative to enable a reliable risk assessment, to develop
mitigation measures and efficient strategies for future handling
of the MP challenge.
Several analytical techniques are available that can be used to

follow the degradation of polymers. To reach molecular
resolution, gel permeation chromatography (GPC) is
commonly used. GPC provides information on the molecular
weight distribution (MWD) and is thus sensitive to chain
scissions and cross-linking.16,18,19 For a chemically resolved
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8.1 Reconstructing the Environmental Degradation of Polystyrene
by Accelerated Weathering.
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fingerprint of the polymer defects, Fourier transform infrared
(FTIR) spectroscopy is often applied.20,21 However, attenu-
ated total reflection (ATR)-FTIR spectroscopy is surface-
dependent, making the quantification of defect concentrations
challenging.20 Nuclear magnetic resonance (NMR) spectros-
copy is a bulk method and provides quantitative amounts of
degradation products.22,23 Its element selectivity increases the
distinguishability between the individual defect types, further
enhanced by selective isotopic labeling.22 As such, solid- and
liquid-state 13C NMR spectroscopic studies of PP,24,25

PE,26−29 PS,30,31 and other common polymers32−34 are used
to monitor the intermediates and final chain defects.
The degradation of commodity plastics, mostly investigated

for PE and PP,2−5 is commonly attributed to a complex
interplay of photooxidation, mechanical stress,35−37 and
recently also biotic degradation.38,39 The radical-driven
photooxidation leads to continuous chain scissions of the
polymer backbone and subsequent formation of hydroxy,
peroxo, keto, carboxy, and vinyl defects.21,24,25,28 In parallel,
cross-linking of polymer chains by radical recombination
occurs.40 Previous studies report that the distribution of
defects is inhomogeneous in depth relative to the sample
volume.16 This results in regions with varying properties like
polarity and durability, which in turn are supposed to facilitate
fragmentation of the plastic objects by surface ablation and
rupturing.16,41,42 Despite these general ideas for the degrada-
tion, central aspects regarding time and length scales as well as
defect concentrations must be clarified. In particular, the
interaction between chemical composition and stress-induced
particle breakup is not yet understood.
Therefore, we conducted a comprehensive accelerated

weathering study of commercial PS to follow the abiotic
degradation processes from macroscopic to atomic length
scales. PS is one of the most abundant polymer types to be
found as macro- and microplastic litter in aquatic, marine, and
soil environments.18,43 Compared to PP and PE, the
degradation of PS MP is significantly less well investigated
and mainly limited to rather short time scales.31,44−46 By
combining accelerated weathering experiments on two sets of
samples, we strive to resolve the influence of two main abiotic
environmental stress factors: (i) solar radiation and (ii)
mechanical stress like shear forces and abrasion. We weathered
macroscopic PS tensile bars and 160 μm PS particles in water
in a commercial weathering chamber that allows us to enhance
the natural weathering conditions artificially. While the bar’s
surfaces were subjected only to simulated solar radiation, the
particles were also exposed to moderate mechanical stress by
constant stirring. The abiotic degradation of the PS samples
was monitored by a variety of analytical techniques such as
GPC, scanning electron microscopy (SEM), SEM-energy-
dispersive X-ray (EDX), particle size analysis, and mechanical
testing. In addition, we used solid-state 13C magic-angle
spinning (MAS) NMR spectroscopy to develop a quantitative
picture of the degradation products and chain defects as a
function of exposure time. Further, Monte Carlo (MC)
simulations of the chain degradation allowed us to link the
GPC and NMR spectroscopic data. This approach led to a
comprehensive degradation model for PS under the influence
of simulated solar radiation and mechanical stress.

■ EXPERIMENTAL SECTION
Materials, Methods, and the Accelerated Weathering

Test. A commercially available PS (Styrolution PS 158N)

manufactured by INEOS Styrolution Group (Frankfurt am
Main, Germany) was used to produce both tensile bars and
MP particles. The number- and weight average molecular
weights (Mn and Mw) as well as the dispersity (Đ = Mw/Mn)
determined by GPC were Mn = 125 000 g/mol, Mw = 281 000
g/mol, and Đ = 2.25. PS 158N is a standard PS type and
contains no additives besides 600 ppm of zinc stearate,
according to the manufacturer. For tensile bar weathering
experiments, ISO 527-2 type 1A tensile bars were prepared by
injection molding (Arburg Allrounder 470H 1000-170, Arburg
GmbH, Loßburg, Germany). For particle weathering experi-
ments, the pellets were ground using an Ultra Centrifugal Mill
ZM 200 (Retsch GmbH, Haan, Germany) and sieved with an
Alpine Air Jet Sieve E200 LS (Hosokawa Alpine AG,
Augsburg, Germany) to 125−200 μm sized particles.
Tensile bars and particles were exposed to controlled

accelerated weathering conditions in the industrial test
chamber Q-SUN XE-3 (Q-LAB Corporation, Westlake,
OH). The irradiation source is composed of three xenon arc
lamps emitting radiation similar to natural sunlight due to the
Daylight-Q filter system filtering radiation with wavelengths
smaller than 295 nm (emission spectrum in Figure S1). In
both experiments, irradiance was set to 60 W/m2 at 300−400
nm and relative humidity to 50%. The irradiance corresponded
to 594 W/m2 total irradiance (Table S1). Compared to an
average mid-European irradiation of 114 W/m2, the irradiance
in the chamber was 5-fold enhanced (Figure S2 and Table S1).
Weathering conditions for the bars corresponded to the ISO

4892-2:2011 standard with a chamber temperature of 38 °C.
Spray periods of 18 min with deionized water within a 120 min
irradiation cycle were applied. Ten samples (five for
mechanical testing and five for analytical measurements) of
tensile bars were taken for analysis after 0, 200, 400, 800, 1000,
1400, and 2000 h. For particle weathering, 20 g of the PS
powder was constantly stirred in a quartz glass-covered beaker
in 600 mL of deionized water (55 °C) using a poly-
(tetrafluoroethylene) (PTFE)-coated magnetic stirrer at 150
rpm. Particle samples were taken for analysis after 0, 24, 50,
100, 200, 400, 600, 800, 1200, 1600, 2000, 2400, 2800, and
3200 h. Per MP sample, 1−2 g of particles were taken from the
MP−water dispersion, filtered with a suction filter, and dried at
40 °C in a vacuum oven. These sample amounts represented a
sufficiently large ensemble for reproducible averaging.
A detailed description of the experimental conditions for

GPC, SEM, SEM-EDX measurements, particle size analysis,
mechanical testing, solid-state NMR spectroscopy, and Monte
Carlo simulations is given in the Supporting Information (SI).

■ RESULTS
Particle Weathering. In the case of particle weathering in

water, simulated solar exposure and mechanical stress by
stirring led to a decrease in particle size (Figure S5).
Quantitative particle size measurements show that the decrease
in particle size is combined with the broadening of the particle
size distributions (Figure 1a). The average particle size of the
reference sample is ∼160 μm, with particle distribution ranging
from ∼100 to 300 μm. It was observed that 2000 h of
weathering, however, led to a decrease in the average particle
size down to 50 μm with particle sizes ranging from ∼10 to
200 μm (Figure 1a). During the first 600 h of weathering, we
observed a linear decay in size (Figure 1b). From 600 h
onward, the trend evolves exponentially (∝exp(−t/τ)) with a
time constant (τ) of 930 h. The particle breakdown accelerates
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and the particle size reaches 20 μm at 3200 h. For samples
weathered for 2000 h and longer, the formation of a tail toward
large particle sizes is visible within the particle size
distributions (Figures 1a and S6). This effect is attributed to
agglomeration effects as a consequence of the increased surface
area and polarity.
Within the first 400 h of exposure, the primarily angular

particles developed smooth surfaces and rounded shapes.
Further, thin platelet-shaped fragments were ablated from the
particle surfaces (Figure 2a,b). Prominent fractures and deep
microcracks become visible beyond 800 h (Figure 2c,d). After

2400 h of exposure, fragments <1 μm were observed due to
particle disintegration (Figure 2d, yellow arrows). They are not
resolved within the particle size analysis since they adhere to
larger particles.
For the dark control experiment (same experimental setup,

but no simulated solar radiation), no changes in the particle
size were observed. The complete data set is given in Table S3
and Figures S7 and S8.

Tensile Bar Weathering. Weathering of the tensile bars
with periods of water spraying and constant simulated solar
radiation led to PS-typically yellowing,45 an optical loss of
transparency and gloss (Figure S9). However, on a micro-
scopic scale, no influence on the surface texture was detectable
up to an exposure time of 400 h (Figure S10). From 800 h
onward, we observed the first microcracks. They developed in
a preferred direction (Figure 3a), possibly due to the polymer

orientation during injection molding. As the exposure time
increased, further cracks appeared perpendicular to the
previous ones. This led to an even finer surface and more
regular texture (Figure 3b). This regularity is the dominant
surface effect with prolonged weathering >1400 h (Figure
3c,d) and no further variation in the surface texture was
observed.
For the determination of a depth profile of the photo-

oxidation, SEM-EDX line scan measurements were carried out
on weathered surfaces after exposure times of 800 and 2000 h
(Figure 4a). The reference sample shows a constant O/C ratio
of approx. 0.005, independent of the sample depth. This value
reflects the solubility of O2 in PS. In the case of the weathered
samples, the O/C ratio is significantly increased up to a sample
depth of 30 μm. With increasing distance from the surface, the
oxygen content decreases in an exponential manner,
approaching the value of the reference sample. This indicates
the chemical uptake of O2 by photooxidation, further referred
to as the photooxidative zone d.
A characteristic value to display PS embrittlement is the

elongation at break (εB) (Figure 4b). For short exposure times,
we observed an increase in εB. This observation on weathered
PS was already reported elsewhere47 and is probably due to
cross-linking, leading to a temporarily improved entanglement.
For longer exposure times, εB decreases again and reaches a
plateau at about 800 h and roughly 60% of the initial value.

Figure 1. (a) Selected particle size distributions of PS particles for
exposure times between 0 and 3200 h. (b) Average particle sizes as a
function of exposure time. Full data is given in Table S2 and Figure
S6.

Figure 2. SEM micrographs of (a) virgin particles at 0 h of exposure,
(b) rounded particles after 400 h of exposure, (c) fractured particles
after 800 h, and (d) the fractured surfaces of a particle after 2400 h of
exposure. Arrows in (d) indicate <1 μm sized fragments on the
particle surface.

Figure 3. Optical micrograph images of PS bar surfaces for different
exposure times: (a) 800 h with microcracks, (b) 1000 h with finer
surface texture, and (c) 1400 h with regular surface texture supported
by a (d) SEM micrograph of the same sample with higher resolution.
(Additional microscope images are given in Figure S10.)
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The rapid drop indicates the ductile-to-brittle transition. In
addition, the formed microcracks act as initial breaking points
on the surface of samples.
Evolution of Chain Defects. The molecular weight

distributions (MWDs) for the weathered tensile bars and
particles were determined by GPC measurements and are
given in Figure 5a, together with the corresponding number
average molecular weights (Mn) and dispersities (Đ) (Figures
5b and S11). Regardless of the sample geometry, a shift of the
MWDs to lower values was observed with increasing exposure
time. For the bar surface, Mn decreases from 125 000 to 2900
g/mol within 2000 h. Mn of the particles decreases to 5400 g/
mol within 3200 h. Furthermore, the distributions broaden
continuously as reflected in an increase of Đ from 2 to 4
(Figure 5b and Tables S4 and S5). For exposure times longer
than 800 h, the surface of the bars degrades faster compared to
the particles. For the dark control experiment, no changes in
MWD, Mn, and Đ were observed (Table S6 and Figure S12).
To reproduce the experimental MWDs of the particles, MC

simulations were performed on the degradation of a polymer
chain ensemble subjected to chain scissions and cross-linking.
The dispersity of the measured spectra (Figure 5c) could be
matched almost perfectly by adjusting the cross-link proba-
bility Pcl twice. At an Mn of 44 000 g/mol, Pcl changed from
0.250 to 0.290 and again to 0.305 when Mn reached 15000 g/
mol. We attribute the small increase in Pcl to an increase in
mobility, as the polymer chains become shorter in the course
of the degradation. The resulting simulated MWDs (Figure

5d) reproduce very well the observed MWDs for similar Mn
values. From the simulations, we conclude that an average
particle sample developed a cross-link density of 1.4% and
3.2% of chain scissions per repeating unit (RU) for an
exposure time of 3200 h.
Solid-state 13C cross-polarization (CP) MAS NMR spectra

of the tensile bar’s surface layer and the particles are shown in
Figure 6a,b. For reference PS (0 h, black line), three prominent
peaks are visible, which are assigned to the aliphatic backbone
(35−50 ppm), the aromatic ipso carbon (128 ppm), and the
aromatic CH units (145 ppm) of the phenyl rings. Smaller
signals between 0 and 30 ppm are attributed to the additive
zinc stearate. With increasing exposure time, several additional
peaks typical for peroxide (III, 77 ppm), carboxyl (II, 172
ppm), and ketone (I, 201 ppm) groups emerged (Figure 6a) as
a consequence of the photooxidation (Figure S13a). Based on
liquid-state NMR measurements (Figure S13b), the ketone
resonance was assigned to end-chain ketones only. Due to the
stabilization of the radicals on the aliphatic carbon in the α
position to the phenyl rings, the peroxide units are expected to
be preferentially located at the methine carbons. We attribute
this to the stabilization of benzyl radicals. For both sample
geometries, the intensity of the defect resonances increases
with exposure time, with markedly higher intensities for the
tensile bar surfaces (Figure 6a,b).
As CP experiments are not necessarily quantitative in terms

of intensity ratios, calibration is needed. Therefore, quantita-
tive multi-CP spectra were recorded for the selected samples of
both sample suites, and a correction factor ci for each
resonance was derived with values between 0.68 and 0.92
(Table S7 and Figure S14). This procedure is reliable since all
spectra were recorded with identical experimental conditions
(further discussion is given in the SI on page 14). From the
spectral intensities (Tables S9 and S10), the proportion of the
respective chemical groups, with respect to the total number of
RUs in the polymers, were calculated (see Section 2.2.8 in the
SI). The result is shown in Figure 6c for the bar surfaces and
the particle samples. By calculating the typical molecular
weight of a single polymer chain (Figure S4) from the number
of end groups (Figure 6c) and correlating these values toMn of
the observed MWDs, the lower limit of the cross-link density
was derived (see Section 2.2.8). In accordance with the
spectral intensities, the proportion of the degradation products
is higher by a factor of about 3 for the bar surface materials.
Nevertheless, weathering experiments for both suites follow a
similar linear trend up to exposure times of 1400 h for bars and
1600 h for particles. For longer exposures, a saturation effect is
observed for the peroxide and carboxyl groups as well as for
the cross-link density in the case of the bars, while the ketone
defect proportion continues to increase linearly (Figure 6c).
For the particles, no saturation was observed except for the
peroxide units. Compared to the tensile bars, the turning point
is shifted with 2000 h to larger values. The trend for the ketone
proportions implies an induction period, most likely
originating from the weak signal-to-noise ratio for this
resonance for short weathering times.
The total proportion of end groups (ketone and carboxyl

groups), the derived cross-link densities for the NMR, and the
simulations of the GPC data follow similar trends (Figures 6d
and S15), with the absolute values of the simulations being
systematically smaller by a factor of ≈1.8. We attribute the
smaller defect content observed for the GPC data to the
relatively simple model used for the simulations, which, e.g.,

Figure 4. (a) Graphical plot of the O/C ratio versus the sample depth
of PS bars for the reference sample (black), materials weathered for
800 h (green) and 2000 h (blue) determined by SEM-EDX
measurements. The dashed red lines represent a guide for the eye.
The SEM micrograph displays the line scan from the weathered
surface to the inside of the sample. (b) Effect of weathering on the
elongation at break εB, determined by tensile tests.
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omits end groups created without dividing the macromolecules
into individual objects. For both methods, chain scissions were
observed to occur more frequently by factors of 1.6 (NMR)
and 2.4 (simulation) compared to cross-links. Thus, on
average, 67% chain scissions and 33% cross-links take place.

■ DISCUSSION
For this study, PS tensile bars and PS particles were subjected
to accelerated weathering under laboratory-controlled con-
ditions, focusing on two main abiotic environmental stress
factorssimulated solar radiation and mechanical forces
induced by stirring. The tensile bars were only exposed to
radiation without mechanical stress. They developed a depth
profile with an exponential character for the proportion of the
photooxidation degradation products (Figure 4a). For
exposure times of 800 and 2000 h, the photooxidative zone
d did not reach beyond a near-surface layer of ∼30 μm in
depth. This agrees well with the results published by Audouin
et al.,47 reporting the thickness of this near-surface layer to be
independent of the exposure time.
The content of polar carboxyl, peroxide, and keto groups

within d increases linearly along with the cross-link density as a
function of the exposure time (Figure 6a,c). Therefore, the
initially nonpolar and linear PS chains turn gradually into
increasingly polar and branched oligomers (Figure 7 top). For
the bar surfaces, Mn decreases from 125 000 to 3300 g/mol
within 2000 h (Figure 5a,b). This corresponds to an average
oligomer with roughly 32 RUs and 16 polar groups. On
average, five short chains with six RUs are linked in at least four
positions and form a highly branched molecule. At this stage,

we expect the oligomers to become too short and polar to
further degrade in the same manner. This is evident by the
saturation of the contents of carboxyl groups, peroxide units,
and cross-links (Figure 6c). We assume that at this stage, the
chain lengths become short enough and the polarity high
enough to make the oligomers water soluble. As previously
reported, the high oxygen content might also facilitate the
complete decomposition and the release of carbon dioxide.46

After an initial rise in ductility (Figure 4b), due to increased
entanglement as a result of continuous cross-linking, the
simultaneous growth of chain defects embrittles PS for
exposure times larger than 200 h. In addition, the observed
Mn reaches values smaller than the critical molecular weightMc
of roughly 34 000 g/mol for PS,48 suggesting that the
macromolecules become too short for an effective entangle-
ment. The ductile-to-brittle transition is displayed by a drop in
the ultimate elongation at break (Figure 4b). At a threshold
reached between 400 and 800 h, microcracks appear on the
tensile bar surfaces (Figure 3a) due to this embrittlement. The
first cracks are predominantly aligned along the injection
molding direction because of the polymer orientation during
processing.49 With increasing exposure, further cracks develop
transversely to the previous ones forming a regular pattern
(Figure 3). These patterns enclose regions with the material of
increased polarity. The resulting texture resembles the patterns
formed by spinodal dewetting of a polar fluid with high surface
tension on a hydrophobic surface.50,51 Thus, we attribute this
effect to the difference in polarity between the degraded
surface layer and the mostly unaffected PS bulk. Once the first
cracks in the near-surface layer appear, their propagation into

Figure 5. (a) MWD for tensile bar surfaces (solid lines) and particles (dashed lines) for exposure times between 0 and 2000 h. The MWD is cut at
1000 g/mol due to the limited resolution of the column set at low MW. (b) Graph of Mn (black) and Đ (blue) as a function of exposure time for
bar surfaces (continuous lines) and particles (dashed lines). Đ for the tensile bar sample at 2000 h cannot be determined due to the limited
resolution of the columns. (c) Mw over Mn of the MC simulation (black dots) compared to the measured values (red squares). (d) Comparison of
simulated (dashed lines) and measured (solid lines) MWD for particles of selected exposure times. Full data are given in Tables S4 and S5.
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the bulk is facilitated.53 We expect the appearance of these
cracks to mark the beginning of a second macroscopic
degradation mechanism.
In contrast to the tensile bars, the MP particles are exposed

to both factors solar radiation and moderate mechanical stress
by turbulent stirring. The particles decrease slowly and linearly
in size for short exposure times, resulting from the abrasion of
smaller fragments from the particle surfaces (Figures 1b and
2b). We refer to this period as stage I. Based on the particle

size measurements, degradation stage I is associated with an
exposure period between 0 and 400 h. Andrady16 refers to
stage I as “fragmentation by surface ablation.” He suggests that
this stage is driven by mechanical forces such as wave action,
abrasion with sand, and contact with animals.42 We monitored
the influence of only mechanical stress and performed a dark
control experiment. The particles were subjected to moderate
mechanical stress by stirring under identical conditions, as
described above, but in the absence of simulated solar
radiation. In the dark, the particles do not change their
morphologies and sizes at all (Figures S7 and S8), meaning
that the decrease of molecular weight, induced by irradiation, is
a prerequisite for abrasion as observed during stage I.
For exposure times >800 h, cracks become visible on the

particle surfaces (Figure 2c) and fracturing of particles into
smaller fragments occurs (Figure 7). From this point onward,
the particle size decreases exponentially from 130 to 20 μm
within 2400 h and thus breakdown is accelerated (Figure 1b).
We refer to this time regime as stage II. The observed
exponential decrease of the average particle size is correlated to
an exponential increase of the defect proportions (Figure 6c).
This is caused by the continuous formation of new particle
surfaces upon particle breakup, subsequently exposed to
radiation. The observed difference of 65% between the time
constants of the trends of the particle sizes and the defect
proportions (NMR spectroscopic and GPC data) is in

Figure 6. 13C CP MAS NMR spectra of (a) the tensile bar’s surface layer with marked functional groups: (I) ketones, (II) carboxylic acids, and
(III) peroxides and (b) the particles for different exposure times. The individual spectra are normalized and shifted horizontally for a better
overview. Exemplarily, the refinement of the 13C NMR spectrum for the 2000 h tensile bar is shown in gray lines in (a). Further information
regarding the fitting procedure is given in Section 2.2.6 and Table S8 in the SI. (c) The derived proportions of functional groups and cross-links
with respect to the number of RUs are depicted for tensile bars (full symbols and solid lines) and particles (open symbols and dashed lines) as a
function of exposure time. The lines are a guide for the eye. (d) The sum of the proportions of the end group and cross-link densities for the NMR
measurement (green squares) and the GPC simulation data (blue circles) of the particles. Exponential fits (∝exp(−t/τ); red lines) are shown with
time constants (τ) of 1700 (NMR measurement) and 1450 h (GPC simulations).

Figure 7. Two-stage degradation model for microplastic particles
exposed to the environmental stress factors solar radiation and
mechanical stress.
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accordance with a stochastic and thus asymmetric particle
breakdown (Figures 1b and 6d). This additionally matches the
increasing disparity of the particle sizes (Figure 1a). Assuming
the MP particles as spheres, their average volume (160 μm
diameter and 2 145 000 μm3 volume) decreases by 99.8% to
4200 μm3 and approximately 500 small daughter particles with
an average diameter of 20 μm are released from one single
particle of the starting material.
The lower defect proportions observed for the particle

experiments compared to the bars (Figure 6c) correlate with
the proposed two-stage degradation model (Figure 7).
Additionally, due to geometry factors, the particles are exposed
to less solar radiation on average. For short exposure times,
only a surface layer with a thickness of approximately 30 μm,
corresponding to the determined photooxidative zone d, is
affected by degradation and ablation. With the occurrence of
microcracks, additional surfaces and secondary particles
participate in the photooxidation process. Photooxidation
and particle rupturing repeat themselves until the average
particle size is smaller than depth d. After 3200 h of exposure,
an average particle is smaller than d and consists of oligomers
with an Mn of 5600 g/mol, 54 RUs, 8 polar groups, and at least
3 cross-links between the PS chains with an average length of
18 RUs. For the degradation of both tensile bars and MP
particles, chain scissions and cross-links were observed to occur
in a ratio of 2:1.
Although this study used laboratory-controlled weathering

conditions, the design of the two experimental settings, the
sample geometries, and the derived two-stage model allow for
drawing conclusions of abiotic MP degradation in natural
environments. The weathering experiments of PS bars with
simulated solar radiation and alternating rain and dry phases
mimic natural conditions on land, where mechanical stress
might be almost absent. In contrast, for MP at rivers, oceans,
coastlines, and beaches, collisions with its environment
become increasingly important. In our experiments, only
moderate mechanical stress is applied, which can be compared
to MP floating in rivers or oceans. We do not consider the
effect of harsh mechanical stress induced by collisions with
pebbles or sand,52 which mimics the swash zone and leads to a
strong decrease in particle size within a short time. We thus
reconstructed this scenario by stirring PS particles in a water
column and exposing them to simulated solar radiation with
the same intensities as used for the tensile bar experiment. The
acceleration factor of the set laboratory weathering conditions,
with respect to natural weathering, was extrapolated based on
the experimental conditions. An experimental runtime of 2400
h (100 days) is comparable to 1.5 years of outdoor weathering
in the area of Central Europe (see Table S1).
The two-stage model implies that MP objects degrade much

slower in natural environments where mechanical impacts
occur less frequently and with less force. Deposition on land,
where mechanical stress is mainly governed by wind,
approaches these conditions, in particular, in more shielded
compartments. Here, the narrow photooxidative zone remains
intact for longer times. For the limiting case of no mechanical
stress, the zone degrades homogeneously into increasingly
smaller and more polar macromolecules, finally dissolving or
decomposing into carbon dioxide.46 The cycle starts again by
the degradation of the next near-surface layer. As a
consequence, roughly every two years a zone of 30 μm is
degraded, leading to MP lifetimes of several tens of years under
these conditions. With more collisions, typical for beaches and

coastlines, as well as shear stress of turbulent flows in rivers and
oceans, the lifetime becomes much shorter, as fracturing of MP
objects after an induction period (stage II) continually creates
fresh surfaces. Our results suggest that fracturing occurs in
cycles, which might become as short as half a year, speeding up
the MP degradation exponentially.
At rivers, oceans, beaches, and coastlines, MP fracturing

already produces an increasing amount of small MP particles,
on the order of a few tens of micrometers, at an early stage of
the degradation process.54 Based on our data, out of one MP
particle, on average, 500 small daughter particles are released
during an estimated environmental lifetime of 1.5 years. As
these particles are partially oxidized by the degradation and
thus are hydrophilic, biofilm formation by bacteria and other
microbes55,56 and the uptake by microorganisms are
facilitated.57,58 MP degradation products enter the food web
early and thus interact almost instantaneously with flora and
fauna.57,59 Due to the high degree of oxidation and the
presence of peroxide groups, a negative impact on organisms is
likely.59,60 As the original MP objects act as a reservoir, a
constant level of potentially harmful particles is maintained
over a time period of up to several tens of years, depending on
how intense the solar radiation is and how often MP is
subjected to mechanical stress.61

In addition to the environmental stress factors selected for
this laboratory study (solar radiation and mechanical stress),
we expect several other factors like biofilm formation,
biodegradation, temperature fluctuations, harsh mechanical
grinding, oxygen fugacity, salinity, and more to affect MP
degradation in the environment. Recent studies of biode-
gradation on weathered PS films have demonstrated that once
exposed to abiotic degradation, marine consortia can further
participate in the degradation process, leading to a reduction in
molecular weight and sample weight.38,39 Stronger mechanical
stresses might also lead to faster particle fragmentation.
Efimova et al.52 highlighted the significant size reduction of
various polymer samples by interaction with marine pebbles,
mimicking the swash zone on beaches in a laboratory
environment. Biofilm formation, temperature, and oxygen
fugacity influence the penetration of solar radiation, the oxygen
diffusion, and thereby the reaction rate of the photooxidation.
A recent study reported different degradation rates for plastic
pellets (PS, PP, and PE) in ultrapure water and simulated
seawater.44 Salinity changes the solubility of the degradation
products as well as the surface tension of the particle−water
interfaces and thus the microcrack formation. Within the scope
of the current work, these environmental stress factors could
not be addressed and will be the subject of forthcoming
studies. Although these parameters modify the lifetimes, sizes,
and chemical composition of the generated MP particles, we
are confident that the main abiotic degradation mechanisms of
the derived two-stage modelphotooxidation and fragmenta-
tionare generic for all commodity plastics with aliphatic
backbones. Thus, we envision being able to model the abiotic
degradation of common MP within light-exposed aquatic and
terrestrial environmental compartments in the future.
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2. Experimental   54 

 

Figure S1 Q-SUN daylight-Q filter compared to direct sunlight. Modified from Q-Lab Corporation, 2014, Technical Bulletin 
LX-5060, A Choice of Filters for Q-Sun Xenon Test Chambers. 

 55 

 
Figure S2 Global Irradiation in kWh/m2 and Solar Electricity Potential in Europe. Source: European Commission. 
 

 56 
 57 
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Table S1 Calculation of total irradiance in the Q-SUN Xe-3 weathering chamber as well as the acceleration factor for Central 58 
Europe. 59 

 60 

2.2.1 Dark Control Particle Experiment 61 

Non-irradiated powder and bars served as reference material. In addition, the impact of mechanical stress on PS particles from 62 

stirring was monitored by a dark control experiment. The same sample setup, as previously described, was used. 20 g of PS 63 

powder was constantly stirred in a quartz glass-covered beaker within 600 ml of deionized water (55°C) using a PTFE coated 64 

magnetic stirrer at 150 rpm. To ensure complete darkness, the experiment was run inside a dark chamber. Samples were taken 65 

in the same intervals as the UV experiment, and processed and analyzed equally.  66 

 67 

2.2.2 Gel Permeation Chromatography (GPC) 68 

Measurements of the MWD were performed via GPC using a Waters gel permeation chromatography set equipped with a 515 69 

HPLC Pump, 2707 Autosampler, 2414 Refractive Index Detector and 2998 Photodiode Array Detector (Waters GmbH, 70 

Eschborn, Germany). The column set consisted in a guard column (ResiPore Guard, 5 x 0.75 cm, particle size 3 µm) and two 71 

separation columns (ResiPore Guard, 30 x 0.75 cm, particle size 3 µm). Tetrahydrofuran (THF) was used as the mobile phase 72 

and calibration was performed using narrow distributed PS standards. A sample volume of 100 µl (1 mg/ml) was measured 73 

with a flow rate of 0.5 ml/min at ca. 30°C. 1,2-dichlorobenzene was used as internal standard. 74 

Tensile bars for GPC analysis were prepared by removing the near-surface layer to an approximate thickness of 0.05 mm with 75 

a scalpel. For GPC analyses of tensile bars and particles, 2 mg were dissolved in 2 ml THF and filtered with a 0.2 µm syringe 76 

filter. Mn, Mw and Ð were determined using the software EMPOWER 3 (Waters). 77 

 78 

2.2.3 Scanning Electron Microscopy (SEM) and Energy-dispersive X-ray spectroscopy (EDX) 79 

For visualizing surface changes of the bars and particles during accelerated weathering, field-emission scanning electron 80 

microscopy (FESEM) was performed with a Zeiss LEO 1530 (Carl Zeiss Microscopy GmbH, Jena, Germany) and a Zeiss 81 

ULTRA PLUS (Carl Zeiss Microscopy GmbH, Jena, Germany), each at an acceleration voltage of 3 kV.  82 

Energy-dispersive X-ray spectroscopy (EDX) for determination of the carbon to oxygen ratio was performed on a FEI Quanta 83 

FEG 250 at 5 kV equipped with a 100 mm2 Thermo Fisher UltraDry EDX detector and an Everhart-Thornley electron detector. 84 

To prepare the tensile bars, a block of the sample was cut normal to the weathered surface with a glass knife using an 85 

ultramicrotome. Tensile bars and particles were coated with a thin layer of platinum by a Cressington 208 HR sputter coater 86 

using an argon plasma. 87 

 88 

2.2.4 Particle Size Analysis 89 

Particle size distributions of each sample were measured using a Microtrac FlowSync Particle Size Analyzer (Microtrac Retsch 90 

GmbH, Haan, Germany). This instrument uses laser diffraction (3 lasers and 2 detectors) coupled with dynamic image analysis. 91 

Measurements were run as wet analysis using deionized water as the mobile phase. 2-5 mg of particles were added to 2 ml of 92 

5 wt.-% Na4P2O7 and a few droplets of Tween® 20 detergent to avoid aggregation. This mixture was poured into the water-93 

Calculation of total irradiance in Q-SUN Xe-3 chamber 
Calculation factor (according to Q-Lab, GER) 9.9 - 

Lamp settings  60 W/m2 
Total irradiance in Q-SUN Xe-3 chamber 594.17 W/m2 

Acceleration factor of Q-SUN Xe-3 chamber compared to Central Europe 

Solar irradiance per year (Central Europe) 1000 kWh/m2 
Hours per year 8765 h 

Solar irradiance Central Europe 114 W/m2 
Acceleration factor of Q-SUN Xe-3 chamber 5.2 - 
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filled measuring cell and diluted with 200 ml water. A 60 second ultrasound treatment (40 kHz) was further performed to 94 

ensure complete suspension of the particles. The values display the average of three measurements (Tabs. S2 and S3). 95 

 96 

2.2.5 Mechanical Testing 97 

Tensile testing of 1A type tensile bars was performed according to ISO 527-2 using a universal testing machine (Zwick Z020, 98 

ZwickRoell GmbH & Co. KG, Ulm, Germany) with an extensometer. The values for the elongation at break (eB) are averaged 99 

from five replicates for each exposure time.   100 

 101 

2.2.6 Solid-State NMR Spectroscopy 102 

All 13C CP MAS NMR spectroscopic experiments were acquired with a Bruker Avance-III HD spectrometer operating at a B0 103 

field of 9.4 T. The 13C (n0 = 100.6 MHz) MAS NMR spectra were obtained with a ramped 1H-13C cross polarization (CP) 104 

experiment using a commercial 3.2 mm triple resonance probe (Bruker). The spectra were recorded with a spinning frequency 105 

of 20 kHz and a contact time of 2.0 ms. The corresponding nutation frequency υnut for the 13C channel was set to 50 kHz while 106 

for the 1H channel the nutation frequency was varied linearly from 26 kHz to 53 kHz. During acquisition, proton broadband 107 

decoupling with a spinal-64 sequence (υnut (1H) = 70 kHz) was applied. All 13C NMR spectra were referenced to 108 

tetramethylsilane (TMS) using the secondary standard adamantane. The spectra were deconvoluted with the simulation package 109 

SOLA included in Topspin 3.2. To obtain quantitative spectral intensities, we used a multi-pulse CP sequence (Fig. S3).1 For 110 

this sequence, several CP blocks (contact time 500 µs, υnut (13C) = 50 kHz, 40 kHz ≤ υnut (1H) ≤ 55 kHz) are applied, separated 111 

by a time tz of 3 s to allow for the proton spins to relax. The (90°)-x pulses at the end and the beginning of each CP block were 112 

set to 2.5 µs (1H) and 3.8 µs (13C).  113 

114 
Figure S3 Quantitative multi-CP sequence1 for determining quantitative intensities for otherwise non-integrable CP MAS NMR 115 
spectroscopic experiments. The individual CP blocks are separated by a time tz. During this time, the carbon and proton signal 116 
is stored in z-direction using (90°)-x pulses on both channels at the end of each CP block. The time tz is short enough to leave 117 
the carbon magnetization unchanged due to the long 13C spin-lattice relaxation times. A further (90°)x pulse turns the 118 
magnetization back to the xy-plane and the next CP block is applied. After several blocks, the 13C magnetization of the nuclei 119 
belonging to different chemical sites saturates and a quantitative spectrum is obtained. 120 
 121 

All 13C MAS NMR spectra were refined using the Sola fitting program included in Topspin 3.6. It applies a pseudo-Voigt 122 

function for each resonance (equation given below) with A being the amplitude, w the Gauss/Lorentz ratio, b the broadening 123 

and x0 the isotropic chemical shift of the resonance.  124 

                             𝑓(𝑥) = 𝐴 ∗ ((1 − 𝑤) !"
#$(&'&!)")""

+𝑤	 √#+,!
√$"

𝑒'
#$%"
&" (&'&!)

"
/          125 

As Sola does not provide certainty intervals for the individual refinement parameters, we determined the errors for the peak 126 

intensities for the polymer defects (ketone, carboxy and peroxide groups) by varying the amplitudes of the resonances, but 127 

making sure that the modified simulated line shapes still match the observed ones within the signal-to-noise-ratio, thus keeping 128 

the refinement in an acceptable range. The errors of the defect proportions were then derived by applying error propagation. 129 

 130 

2.2.7 Simulation of Molecular Weight Distributions of Weathered PS 131 

MC simulations of the degradation were conducted in MatLab R2009b using the experimental MWD of reference PS with 132 

23500 initial polymer chains, represented by their molecular mass, to provide a sufficient statistic. For every timestep, either 133 
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one chain scission in a chain or one crosslink between two chains was carried out. The occurrence of these two processes was 134 

randomly selected within the adjustable probabilities for crosslinks Pcl and for chain scissions Pcs = 1 - Pcl. In case of chain 135 

scissions, a randomly chosen polymer chain was cut at a random position within the chain, resulting in two chains with reduced 136 

molecular weight. To avoid the formation of soluble decomposition products, which cannot be detected in the GPC 137 

experiments, chains shorter than or equal to 3 PS repeating units (RUs, M = 312 g/mol) were rejected from the cutting process. 138 

In case of crosslinking, two chains were randomly chosen and combined by addition of their molecular weights. If one chain 139 

was randomly selected twice, crosslinking occurs within the same chain, which does not change the molecular weight for this 140 

step. This procedure was repeated until we reached a MWD comparable to the experimental distribution for the longest 141 

exposure time. The crosslink density is defined as the total number of performed crosslinks, divided by the total number of 142 

RUs. The proportion of end groups corresponds to the total number of chain scissions, multiplied by two and divided by the 143 

total number of RUs for all chains.   144 

The code is available on request. 145 

 146 

2.2.8 Calculation of Defect Proportions 147 

To calculate the proportion of the chemical groups of ketones, carboxylic acids and peroxides, one first has to calculate the 148 

proportion of styrene RUs (pru) relative to the proportion of the defects. This is given by 149 

 150 
pru = [1 – (8*Ik) - (2*Ic) - (8*Ip)]/8        (1) 151 

 152 
while Ik is the relative intensity of the ketone resonance, Ic of the carboxylic acid resonance and Ip of the peroxide resonance 153 

on the total spectral intensity (normalized to 1). From the total intensity, one has to subtract 8-times the intensity of the ketone 154 

resonance intensity, since one ketone group contains 8 carbon atoms. Analogously the carboxylic acid group contains 2 and 155 

the peroxide group contains 8 carbons. The result is the total spectral intensity of carbons from the styrene RUs. This divided 156 

by 8, since one styrene RU contains 8 carbons, gives the relative proportion of styrene RUs. The absolute proportion of the 157 

ketone (apk), carboxylic acid (apc) and peroxide groups (app) is then given by 158 

 159 

apk = Ik/(pru + Ik + Ic + Ip)              (2) 160 

apc = Ic/(pru + Ik + Ic + Ip) 161 

app = Ip/(pru + Ik + Ic + Ip) 162 

 163 

since the ratio of the different groups is Ik : Ic : Ip : pru. The absolute proportions are plotted in Fig. 6c. 164 

 165 

From the NMR and GPC data, the minimal average number of crosslinks per macromolecule can be calculated.  166 

First, one defines an average mass MNMR (dependent on the weathering time t), which is the average mass of individual polymer 167 

chains when crosslinks are not considered, e.g. if three chains are crosslinked together. MNMR is given by the average individual 168 

mass of the three chains, averaged over the whole sample (Fig. S4). 169 

Further, the average polymer mass derived from the GPC experiments, which includes polymer structures with crosslinks, is 170 

defined as MGPC (see Tab. S5 and Fig. S11). We neglect the change of the average mass per RU Mru with weathering, and 171 

assume that the average mass equals the mass of the PS RU (104.15 g/mol). Even for a large amount of degradation products, 172 

like in our experiments, this is valid within ± 3 %, since the averaged molecular weight of the degradation products with respect 173 

to their proportion in the degraded polymer is similar to the molecular weight of the styrene RUs. It is then obvious that is must 174 

hold 175 

 176 
MNMR = MGPC/(cl+1)      (3) 177 
  178 

while cl is the minimum average number of crosslinks per molecule. 179 
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 180 

Figure S4 Illustration of the definition of MNMR and MGPC. The blue lines represent individual polymer chains, the green lines 181 
represent crosslinks. 182 

Now we consider the proportion of end groups. EGA should be the proportion of all end groups on the total number of RUs, 183 

EGN the proportion of new emerged end groups, due to the weathering, and EG0 the proportion of end groups at the beginning 184 

of the experiment, without weathering. It holds 185 

     EGA = EGN + EG0 .     (4) 186 

The proportion of new end groups EGN is given by the NMR results and is the sum of the proportion of ketone and carboxylic 187 

end groups: 188 

     EGN = apk + apc       (5) 189 

EG0 is given by the average polymer mass at the beginning 190 

      EG' = 2 ∗	 (!"
(#$%&

 ,      (6) 191 

whereby 𝑀)*+'	is the average molecular weight without weathering. The factor of 2 occurs because every chain contains 2 end 192 

groups. Thus, the proportion of all end groups EGA can be calculated. However, EGA itself is linked to the average NMR 193 

molecular weight MNMR (s. above) via 194 

EG, = 2 ∗	 (!"
('()

  .      (7) 195 

Combining equations (3) and (7) the minimal average number of crosslinks per macromolecule cl can be calculated. This over 196 

the total number or RUs per macromolecule is defined as the crosslink density, as shown in Fig. 6c.  197 
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 3. Results   198 

 199 

   

Figure S5 SEM micrographs of PS particles. a) Reference material, b) 800 h and c) 2000 h of exposure and mechanical 
stress by stirring. 

 200 

 201 

Table S2 Average particle size values of all particle samples. Measurement 1-3 are displayed, values of all three 
measurements are averaged. 

Particle Size Data – Simulated Solar Radiation 
Weathering 

Time 
Measurement 

1 
Measurement 

2 
Measurement 

3 
Average 

Size 

hours µm µm µm µm 

0 160.1 159.5 159.8 159.8 
24 164.3 164.6 164.2 164.4 
50 162.8 162.9 164.0 163.2 
100 161.2 160.9 161.8 161.3 
200 156.6 156.5 155.9 156.3 
400 153.4 152.2 151.2 152.3 
600 139.5 138.5 138.1 138.7 
800 111.8 111.4 110.6 111.3 
1200 93.42 88.92 87.77 90.04 

1600 63.99 63.50 63.39 63.63 
2000 50.42 50.20 50.08 50.23 
2400 34.72 34.32 34.49 34.51 
2800 29.91 29.58 29.52 29.67 

3200 22.81 22.56 21.42 22.26 
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 217 

Table S3 Average particle size values of all particle samples from the dark control experiment. Measurement 1-3 are 
displayed, values of all three measurements are averaged. 

 

Particle Size Data – Dark Control Experiment 
Experiment 

Runtime 
Measurement 

1 
Measurement 

2 
Measurement 

3 Average Size 

hours µm µm µm µm 

0 158.2 158.6 158.9 158.6 
24 158.9 158.1 158.5 158.5 
50 150.0 151.0 150.3 150.4 
100 152.4 153.5 151.6 152.5 
200 152.3 152.7 153.1 152.7 
400 150.6 150.7 150.6 150.6 
600 151.9 153.8 155.7 153.8 

800 155.7 155.7 156.4 155.9 
1200 154.3 154.6 154.3 154.4 
1600 152.8 151.9 152.1 152.2 
2000 153.2 153.2 153.4 153.3 
2400 152.5 153.0 153.9 153.1 
2800 156.0 156.1 156.0 156.0 

3200 151.3 152.0 151.8 151.7 
 218 

 
Figure S6 Particle size distribution of PS particles from 0 - 3200 h of weathering.  
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Figure S7 Average particle size of the dark control experiment. The average particle size does not change with increasing 
experiment duration, as observed for the weathering experiment (Fig. 1b). 

 219 

 220 

 

Figure S8 SEM images of particles from the dark control PS experiment after 2000 h. a) Overview of multiple particles at 
50x magnification and b) particles at 250x magnification showing their surface characteristics. They are not rounded and 
show no signs of degradation. 
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Figure S9 Optical changes showing distinct yellowing with increasing simulated solar radiation of a) Tensile bar PS 
samples and b) PS particles.  

 221 

 
Figure S10 a) Optical microscopy image displaying the surface characteristics of a bar surface at 0 h. b) Optical microscopy 
image of a bar surface after 400 h of weathering. No change in surface morphology can be observed until this stage. 

 222 

 

Figure S11 Molecular weight distribution for all samples that were taken from the particle PS experiment (0-3200 hours). 
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 223 

Table S4 Average molecular weight (Mn and Mw) in g/mol and dispersity (Ð) from GPC measurements as a function of 
the weathering time for both PS tensile bar surface material and PS particle samples. 
 

Weathering 
Time [h] 

Tensile Bars Particles 
Mn [g/mol] Mw [g/mol] Ð Mn [g/mol] Mw [g/mol] Ð 

0 125000 281000 2.25 125000 281000 2.25 
200 83700 220600 2.63 103200 252600 2.45 
400 62900 195800 3.07 65700 210300 3.20 
800 7500 30500 3.87 43500 147000 3.38 
1400 7900 29000 3.67    
2000 2900 7300  14800 59200 4.01 

 224 

Table S5 Average molecular weight (Mn and Mw) in g/mol and dispersity (Ð) from GPC measurements as a function of the 
weathering time from 0 to 3200 hours of simulated solar exposure for PS particle samples. 
 

GPC Data – Simulated Solar Radiation 
Weathering 

Time Mn Mw Ð 

hours g/mol g/mol  

0 125000 281000 2.25 
24 125100 275300 2.20 
50 114900 274600 2.39 
100 122200 270200 2.21 

200 103200 252600 2.45 
400 65730 210300 3.20 
600 54450 181400 3.33 
800 43470 147000 3.38 
1200 25670 105500 4.11 
1600 17800 78100 4.40 
2000 14800 59200 4.01 
2400 8700 41600 4.79 
2800 7900 36400 4.62 

3200 5400 25100 4.64 
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 226 
Table S6 Average molecular weight (Mn and Mw) in g/mol and dispersity (Ð) from GPC measurements of the control dark 
experiment. 
 

GPC Data – Dark Control Experiment 
Experiment 

Runtime Mn Mw Ð 

hours g/mol g/mol  

0 125000 281000 2.25 
24 114600 273700 2.39 
50 113100 273100 2.41 
100 117700 269700 2.29 
200 117200 267700 2.28 
400 112900 276100 2.45 
600 106200 260400 2.45 
800 95800 236600 2.47 

1200 106300 270600 2.54 
1600 117800 274600 2.33 
2000 118700 269100 2.27 
2400 108700 252800 2.33 
2800 110300 253100 2.29 

3200 104600 248200 2.37 
 227 

 
Figure S12 Molecular weight distribution for all samples from the dark control experiment. 

 228 
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a) 
 

 
b) 

 
Figure S13 a) Mechanism for the formation of crosslinks, hydroperoxides, keto groups, olefins and carboxylic acids during 
the photooxidation of PS b) Liquid-state NMR spectrum of 13C enriched (α position) PS in THF. The resonances of carboxy, 
keto and vinyl groups are visible. Only one keto resonance is detectable at 197 ppm, indicating that mainly end chain keto 
groups and no in chain keto groups evolve during degradation. 

 229 
Table S7 Correction factors of the individual resonances derived from the quantitative NMR spectra. 230 

 cketone ccarboxylic acid cperoxide 
Plate surface  0.75 0.92 0.70 
Particles 0.70 0.80 0.68 

 231 

To further corroborate the validity of the quantitative CP measurements, the derived intensities for the resonances for the ipso 232 

carbon, the aromatic CH groups as well as the aliphatic CH/CH2 units were compared the ones derived with single pulse 233 

excitation and the expected intensity ratio of 1:5:2. The intensity ratios for the SP NMR spectrum of the tensile bars weathered 234 

for 2000 h amounts to 0.97:5:2.18. The ratios from the quantitative CP NMR spectra are 1.05:5:1.9 for the particle sample 235 
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(3200 h) and 0.99:5:2.13 for the tensile bar sample (2000 h). The small deviations show the accuracy of the quantitative 236 

experiments. Due to the broadband excitation profile of the SP and CP experiments, we are confident that also the intensities 237 

of the ketone, carboxy and peroxide resonances, are quantitative. For the latter a crosscheck using a SP NMR experiment is 238 

not possible due to the long spin-lattice relaxation times (T1 > 50 s), limited measurement times and thus poor signal-to-noise 239 

ratios for the defects. 240 

 
Figure S14 Comparison of a quantitative (black) and normal cp (red) spectrum for the 2000 h bar surface sample. Both 
spectra are normalized to the intensity of the main aromatic resonance at 130 ppm. The measurement time of the quantitative 
spectrum was 4 days compared to 1 day for the normal cp spectrum. 

 241 
Table S8 Deconvolution parameters for the 2000 h CP PS plate spectrum. Peak 1, 2 and 9 resemble the ketone, carboxy 
and peroxide resonance, respectively. The intensities are normalized to the intensity of peak 6 (main aromatic resonance). 
The errors in brackets for resonances 1, 2 and 9 were derived based on varying the signal intensity within the signal-to-
noise-ratio (see section 2.2.6).  
 

peak chemical 
shift intensity G/L 

ratio broadening 
1 203.88 42.6 (6.0) 0.5 1705 
2 172.11 96.0 (7.0) 0.45 1202 
3 155.37 16.2 0.59 870 
4 145.23 213.0 1.00 632 
5 137.55 11.7 0.47 385 
6 127.86 1000 0.20 497 
7 125.92 139.7 1.00 331 
8 122.40 54.9 0.47 1992 
9 75.56 70.7 (7.0) 0.67 2027 
10 45.88 119.7 0.15 750 
11 39.67 204.0 0.22 477 
12 34.19 15.7 0.00 534 
13 29.38 4.9 0.51 164 
14 26.64 132.9 0.20 2005 
15 0.94 77.6 0.50 4500 
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 242 

Table S9 Intensities of the resonances obtained from the deconvolution procedure for the 13C CP MAS NMR spectra of the 
PS particles. Additionally, the estimated errors for the defects derived as described in section 2.2.6 are given. The term 
“quant.” refers to the 13C MAS NMR spectrum obtained with quantitative CP. The hyphen marks resonances which could 
not be detected with sufficient accuracy. 

 

Weathering 
time / h 

aromatic 
CH 

aromatic 
Cipso aliphatic ketone ketone 

error carboxy carboxy 
error peroxide peroxide 

error 
3200 quant. 1062 222 407 8.5 1 16.5 1 13 1 

3200 1217 297 423 14 3 24 3 22 2 
2800 1178 304 427 10.5 2 18 2 21 3 

2400 1190 273 427 5 3 14 2 17 2.5 
2000 1077 269 400 3 2 11 3 15.5 2.5 
1600 1086 247 397 - - 7.5 2.5 8.5 2 
1200 1196 311 441 - - 7.5 2.5 5.5 2 

800 1237 341 445 - - 6.5 2.5 2 2 
400 1235 328 457 - - 3.5 3 - - 
0 1248 337 455 - - - - - - 

 243 

 
Table S10 Intensities of the resonances obtained from the deconvolution procedure for the 13C CP MAS NM spectra of PS 
tensile bars. Additionally, the estimated errors for the defects derived as described in section 2.2.6 are given. The term 
“quant.” refers to the 13C MAS NMR spectrum obtained with quantitative CP. The hyphen marks resonances which could 
not be detected with sufficient accuracy. 

 

Weathering 
time / h 

aromatic 
CH 

aromatic 
Cipso aliphatic ketone ketone 

error carboxy carboxy 
error peroxide peroxide 

error 
2000 quant. 1176 232 399 32 5 86 6 48 5 

2000 1168 227 345 43 6 94 7 71 7 
1400 1167 246 370 35 6 89 7 82 7 
800 1146 267 397 17 3 39 5 43 4.5 

400 1164 312 379 - - 4 3 7 4.5 
200 1150 300 375 - - 4.3 3 6.5 4.5 
0 1248 337 455 - - - - - - 

 244 
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Figure S15 Proportion of end groups (red) and crosslink density (green) as a function of weathering time from the NMR 
data and the MC simulations. The lines are guides for the eyes. 

 245 
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• Development of a three-stage degradation
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• Nanoplastic particles visualized, strongly
adhering to microplastic particles
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1. Introduction

The global plastic waste generation has exceeded 300 million tons
annually since 2015. With almost one third, polyethylene (PE) represents
the largest share (Geyer et al., 2017). The combination of easy processing,
chemical resistance, and a low price makes PE a good candidate for various
applications. High-density PE (HDPE), consisting of slightly branched poly-
mer chains, is used for both long-term applications e.g., pipes, tubes, and
short-term applications like milk and shampoo bottles. In contrast, highly
branched low-density PE (LDPE) is mainly used for cheap consumer goods
(reusable bags, trays, agricultural films, food packaging) with a lifetime of
less than one year. Due to the steadily increasing demand for packaging, PE
is one of themost abundant polymersworldwide. Consequently, PE is ubiqui-
tous in marine and terrestrial environments (Andrady, 2011; Bishop et al.,
2020; Da Costa et al., 2018; Engler, 2012) due to improperly disposed plastic
waste or littering. Once entering the environment, abiotic and biotic impacts
lead to progressive degradation, fragmentation, and the formation of micro-
and nanoplastic particles (Bishop et al., 2020; Da Costa et al., 2018;
Fairbrother et al., 2019; Julienne et al., 2019; Meides et al., 2021).

Recently, microplastic (MP) and nanoplastic (NP) have been defined by
their largest dimension, ranging from 1 μm to <1000 μm and 1 nm to
<1000 nm, respectively. These include various polymer types (thermoplas-
tics, thermosets, elastomers, inorganic/hybrids) and shapes (spherical, cy-
lindrical, spheroidal, fragments, films, fibers) (Hartmann et al., 2019).
The small particle size facilitates transport and distribution in environmen-
tal compartments. Therefore, MP can be easily transported by surface wa-
ters to larger water bodies or by wind in the atmosphere (Laermanns
et al., 2021; Lehmann et al., 2021; Liu et al., 2019; Petersen and Hubbart,
2021; Wright et al., 2020; Zhou et al., 2018). Environmental samples col-
lected from aquatic and terrestrial compartments and investigated in vari-
ous studies contain a multitude of polymers. Due to their use as cheap
consumer goods, PE, polypropylene (PP), and polystyrene (PS) (Hu et al.,
2018; Morét-Ferguson et al., 2010; Wilber, 1987; Xu et al., 2020) are prom-
inent among the plastics found in nature.

The environmental degradation of PE has been extensively studied (Biale
et al., 2021; Da Costa et al., 2018; Fernández-González et al., 2021; Gewert
et al., 2018; Maria et al., 2011; Ojeda et al., 2011). In natural compartments,
PE is exposed to several environmental stress factors often interfering with
each other. In order to reduce the complexity and to better understand the in-
fluence of single stress parameters, laboratory experimentswith a reduced pa-
rameter space are beneficial. Although biodegradation of PE has recently
been discussed (Jeon et al., 2021), the complete conversion of a plastic car-
bon source to metabolites is not supposed to result in MP (Ghatge et al.,
2020; Sander, 2019). Thus, abiotic degradation is more likely responsible
for progressive deterioration of the physical and chemical structure, leading
to fragmentation and resulting in the formation of MP particles. Recent
weathering studies analyze chemical and morphological changes (Canopoli
et al., 2020; Fernández-González et al., 2021; Martínez-Romo et al., 2015;
Ojeda et al., 2011), study the evolution of crystallinity and brittleness
(Garvey et al., 2020; Ojeda et al., 2011), investigate soluble oligomers
(Biale et al., 2021; Gewert et al., 2018) and additive leaching (Suhrhoff and
Scholz-Böttcher, 2016). A wide range of weathering sources, from natural
to simulated solar radiation, as well as a variety of different lamps, intensities,
and exposure times were used. Environmental samples, as well as pristine
polymers with varying geometries (films, powders, pellets, or pipes), and
commercial disposableswith a complexmultilayer composition have been in-
vestigated in these studies making comparisons challenging.

To simplify the complexity of environmental conditions, we designed a
laboratory-controlled experiment that allows us to study the interaction be-
tween two prominent degradation mechanisms and their impact on the pro-
gressive deterioration of LDPE. The first mechanism is photooxidation.
Photo-initiated radical reactions lead to either crosslinking or chain-
scissions, the latter introducing oxygen-containing functional groups
(Fotopoulou and Karapanagioti, 2017). The initial oxidation step is the for-
mation of peroxides, followed by generation of alcohols, ketones, or alde-
hydes (Chabira et al., 2008; Grause et al., 2020; Mowery et al., 2005). The

latter can be further oxidized to carboxylic acids (Fig. S8). Upon weathering,
the long and nonpolar PE chains gradually transform into increasingly polar
oligomers, which eventually become soluble (Biale et al., 2021; Gewert
et al., 2018). The second mechanism is physical degradation by mechanical
stress. Changes in crystallinity and brittleness lead to particle fragmentation
and rupturing. This, in turn, produces a large number of small, defect-rich
particles during weathering (Garvey et al., 2020; Meides et al., 2021).

The interplay between the two mechanisms was recently studied for
amorphous PS. It was shown that PS degrades in two stages. The first
stage is characterized by surface abrasion, followed by particle fragmenta-
tion in the second stage (Meides et al., 2021). Once degradation by photo-
oxidation has reduced the molecular weight sufficiently, the sample
embrittles and the turnover to stage II is initiated. It is an open question
whether LDPE degradation proceeds in the same manner for two reasons:
First, LDPE is semi-crystalline, adding complexity to the degradation pro-
cesses (Garvey et al., 2020). Second, the glass transition temperature of
LDPE is far below typical environmental degradation temperatures,
allowing for rapid chain dynamics within the amorphous regions (Han
et al., 1994; Lechner et al., 2014; Wool, 2008).

Thus, we conducted a laboratory-controlled long-term accelerated
weathering study of semi-crystalline, additive-free LDPE (LyondellBasell,
2021) combing results from two sample geometries. While macroscopic
tensile bars were continuously exposed to simulated solar radiation,
micrometer-sized particles were additionally subjected to mechanical
stress. The study of chemical andmorphological changes in both sample ge-
ometries allowed us to link the results of the mechanical testing of the ten-
sile bars with LDPE particle degradation. In this way, we were able to
bridge a fundamental experimental gap since mechanical testing is not pos-
sible for MP particles. This approach allows the development of a model for
the degradation of LDPE.

We monitor photooxidative degradation by combining Gel Permeation
Chromatography (GPC), 13C Magic-Angle Spinning (MAS) as well as high-
temperature (HT) 1H liquid-state Nuclear Magnetic Resonance (NMR) Spec-
troscopy and Monte Carlo (MC) Simulations. As previously shown (Meides
et al., 2021), this combination enables the identification of relevant defects,
determining their proportions, and estimating average chain compositions
as a function of the weathering time. Energy-Dispersive X-ray Spectroscopy
(EDS) adds depth-dependent information, whereas Fourier-Transform Infra-
red (FTIR) spectroscopy enables the determination of near-surface defects.
Using 13C MAS NMR spectroscopy for the main defect characterization has
some advantages compared to other frequently used techniques like FTIR
and Raman spectroscopy or thermo-analytical approaches such as pyrolysis-
gas chromatography–mass spectrometry (Py-GC–MS) (Canopoli et al.,
2020; Da Costa et al., 2018; Dong et al., 2020; Fairbrother et al., 2019;
Fernández-González et al., 2021; Martínez-Romo et al., 2015; Nava et al.,
2021; Ojeda et al., 2011). NMR analysis is non-destructive and provides
volume-averaged results for typical photooxidative defects like aldehydes,
ketones, carboxylic acids, peroxides, and alcohols. With a multiple cross-
polarization (multiCP) experiment, these defects can further be quantified
to obtain defect proportions (Johnson and Schmidt-Rohr, 2014; Meides
et al., 2021). Chemical changes are correlated to trends for the particle sizes
(Particle Size Analyzer, Scanning Electron Microscopy (SEM)), the crystallin-
ity (Differential Scanning Calorimetry (DSC), X-ray Diffraction (XRD)), and
themechanical properties (Tensile Testing). The laboratory-controlled condi-
tions in combinationwith a broad range of analytical methods allow to probe
and link the effects of chemical and physical degradation on various length-
and time scales. The derived data thus offer a comprehensive understanding
of the environmentally relevant abiotic degradation pathways for semi-
crystalline LDPE.

2. Material and methods

2.1. Material

A commercially available, additive-free LDPE (Lupolen 1800P), deliv-
ered by LyondellBasell Industries (Basell Polyolefine GmbH, Wesseling,

T. Menzel et al. Science of the Total Environment 826 (2022) 154035
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Germany), was used. The initial number- (Mn) and weight-average (Mw)
molecular weight isMn=36,600 g/mol andMw=368,000 g/mol, respec-
tively, the dispersity is Ð = 10.1 (Ð = Mw/Mn). Pellets were ground with
an Ultra Centrifugal Mill ZM 200 (Retsch GmbH, Haan, Germany) and sep-
arated into several fractions by sievingwith an Alpine Air Jet Sieve E200 LS
(Hosokawa Alpine AG, Augsburg, Germany). We used the 125–200 μm
fraction for the particle experiment. For the surface experiments, type 1A
tensile bars (ISO 527-2) with 4 mm height were injection molded with an
Arburg Allrounder 470H 1000-170 (Arburg GmbH, Loßburg, Germany).

2.2. Methods

2.2.1. Accelerated weathering
Particles and tensile bars were placed into a test chamber Q-SUN XE-3

(Q-LAB Corporation, Westlake, OH, USA) equipped with three xenon
lamps and a Daylight-Q filter (Fig. S1) and irradiated with 60 W/m2 (at
300–400 nm), corresponding to a total irradiance of 594 W/m2. Compared
to the average mid-European spectral irradiance, we achieve a five-fold ac-
celeration (Fig. S2, Table S1). Relative humidity was set to 50%, chamber
temperature to 38 °C.

For the particle experiment, we weighed 20 g LDPE powder into a
quartz glass beaker coveredwith a quartz-glass lid to enable UV penetration
from all sides. LDPE particles were constantly stirred in 600 ml deionized
water (55 °C). We used a magnetic stirrer with a PTFE-coated stirring
device. A total of 13 samples (1–2 g each) were extracted for analysis be-
tween 0 and 3200 h, filtered and dried at 40 °C under vacuum. As the
xenon lamps were never switched off, the weathering time is identical to
the total irradiation.

For the surface experiment, 80 tensile bars were exposed to weathering
conditions according to ISO 4892-2:2011. One weathering cycle of 120 min
irradiation includes an 18 min spray period with deionized water. The
weathering cycle was repeated until an overall weathering time of 0, 200,
400, 800, 1400, 1600, 2000 and 3200 h was reached, and ten tensile bars
were taken for each weathering time for sufficient statistics in tensile testing.

2.2.2. Gel Permeation Chromatography (GPC)
Molecular weight distribution (MWD), Mn, Mw, and Ð for particles and

bars were measured via GPC using an Agilent (Polymer Laboratories Ltd.)
PL-GPC 220 high-temperature chromatographic unit. The set is equipped
with RI and PD detectors and three linear mixed bed and guard columns
(Olexis). Analysis was performed at 150 °C (Pasch, 2001) using 1,2,4-
trichlorobenzene (TCB) as the mobile phase. The samples were prepared
by dissolving 2–3mg polymer (0.1 wt.-%) in 1.5ml of themobile phase sol-
vent (TBC) in an external oven at 150 °C under continuous stirring. The so-
lutions were run without filtration. For the tensile bar surfaces, material
from 0–1mm, 1–2mm, and 2–3mmdepthwas collected by cutting orthog-
onal to the exposed surface. The molecular weights of the samples were
referenced to linear HDPE standards (Mw = 142,000–701,000 g/mol,
K = 40,600, and Alpha = 0.725) and were corrected with K and Alpha
values for highly branched (high pressure) LDPE (K = 40,600 and
Alpha = 0.550).

2.2.3. Scanning Electron Microscopy (SEM) and Energy-dispersive X-ray Spec-
troscopy (EDS)

For visualizing surface changes, field-emission scanning electron mi-
croscopy (FESEM) was performed on particles with a Zeiss ULTRA PLUS
(Carl Zeiss Microscopy GmbH, Jena, Germany) at an acceleration voltage
of 3 kV and a FEI Quanta 250 (Field Electron and Ion Company, Thermo
Fisher Scientific, Hillsboro, USA) high-resolution field emission gun (FEG)
scanning electronmicroscope at 10 kV. The tensile bar surfaces were inves-
tigated with a Zeiss ULTRA PLUS (Carl Zeiss Microscopy GmbH, Jena,
Germany) at an acceleration voltage of 3 kV. For energy-dispersive X-ray
spectroscopy (EDS), a 60 mm2 Thermo Fisher UltraDry EDS detector was
used on a Zeiss LEO 1530 (Carl Zeiss Microscopy GmbH, Jena, Germany)
operating at 10 kV. Prior to the investigation, the bars were cut perpendic-
ular to the exposed surfacewith a glass knife under cryo conditions using an

ultramicrotome. Particles and bars were coated with a thin layer of plati-
num by a Cressington 208 HR sputter coater.

2.2.4. Particle size analysis
Particle size distributions and the average particle sizewere determined

with aMicrotrac FlowSync Particle Size Analyzer (Microtrac Retsch GmbH,
Haan, Germany) with a lower detection limit of 10 nm.Measurementswere
performed in deionized water with 2–5 mg of particles, 2 ml of 5 wt.-%
Na4P2O7, and a few drops of a 2wt.-%dioctyl sulfosuccinate sodium salt de-
tergent. 60 s of ultrasound at 40 kHz were applied to avoid aggregation.
The tabulated values display the average of threemeasurements (Table S2).

2.2.5. Mechanical testing
The exposed tensile bars were characterized by tensile testing according

to ISO 527-2. Therefore, a Zwick Z020 (ZwickRoell GmbH & Co. KG, Ulm,
Germany) was equipped with an extensometer. The measured values for
the elongation at break (εB) were averaged from ten samples taken at
each exposure time.

2.2.6. NMR spectroscopy
Liquid-state high-temperature 1H NMR spectra were acquired with a

Varian INOVA 300 spectrometer (1H: ν0 = 300 MHz) at 120 °C. The sam-
ples were prepared by dissolving 9–15 mg of the polymer in 0.5 ml
C2D2Cl4 at 120 °C before measuring. Solid-state 13C MAS NMR spectra
were recorded using a Bruker Avance-III HD spectrometer operating at a
B0 field of 9.4 T (13C: ν0 = 100.6 MHz), a 3.2 mm triple resonance probe
(Bruker), and a spinning frequency of 20 kHz. Ramped 1H13C CP experi-
ments were performed with a contact time of 2.0 ms, a 13C nutation fre-
quency νnut of 54 kHz, a ramped continuous wave (cw) pulse with νnut
varying linearly from 40 kHz to 55 kHz, and 1H spinal-64 decoupling (υnut
(1H) = 88 kHz) during acquisition. Quantitative 13C MAS NMR spectra
were obtained with fully relaxed single-pulse excitation (recycle delay
5000 s) for the particle sample weathered for 1600 h and with a multi-
pulse CP sequence (Johnson and Schmidt-Rohr, 2014) for particle and sur-
face samples exposed for 3200 h. For the latter, six short CP excitations
(contact time: 500 μs, υnut (13C) = 54 kHz, 40 kHz≤ υnut (1H)≤ 53 kHz)
sandwiched between 90° pulses on both channels were used, separated by
a delay of 3 s to allow for the proton spin bath to relax. The 1H and 13C
90° pulses were adjusted to 2.5 μs and 3.8 μs, respectively. All spectra
were deconvoluted with pseudo-Voigt functions using SOLA included in
Topspin 3.6. All 1H and 13C NMR spectra were referenced with respect to
tetramethylsilane (TMS).

2.2.7. Differential Scanning Calorimetry (DSC)
To determine the crystallinity of surfaces and particles, DSC measure-

ments were performed on 8–10 mg sample material using a Mettler Toledo
DSC 3+ andDSC 1 (Mettler-Toledo GmbH, Gießen, Germany). The surface
material of tensile bars was scratched off from 0 to 1 mm depth. The sam-
ples were heated with 10 K per minute under N2-atmosphere from 25 to
200 °C and cooled to 25 °C. An isothermal stage of 5 min was applied in be-
tween. The degree of crystallinity χc in the first heating cycle was deter-
mined with ΔHm° = 293.6 J/g for a hypothetically 100% crystalline PE
(Ojeda et al., 2011). A baseline correction was performed, and the melting
peak was integrated using the STARe software. Two samples were mea-
sured for each exposure time with identical results.

2.2.8. X-ray Diffraction (XRD)
Powder X-ray diffractograms (PXRD) were measured with CuKα radia-

tion (λ = 1.54 Å) in Bragg-Brentano geometry on a Panalytical
EMPYREAM instrument (Malvern Panalytical GmbH, Kassel, Germany)
using flat-plate samples spinning with 0.25 Hz, a 2ϴ range of 5–50°, a
step size of 0.013° and a PIXcel1D detector. Prior to deconvolution
with pseudo-Voigt profiles, air scattering was subtracted from the
diffractograms, and a baseline correction was performed. Crystalline do-
main sizes were estimated with the Scherrer formula (K ~ 1) (Garvey
et al., 2020; Scherrer, 1912).
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Wide-angle X-ray Scattering (WAXS) was performed on a Xeuss 3.0
instrument (Xenocs SAS, Grenoble, France) with a CuKα source (λ =
1.54 Å), a Dectris EIGER 2R1Mdetector, and a sample-to-detector distance
of 46.1 mm. Scattering experiments were carried out at room temperature
under vacuum. The 2D scattering patterns were integrated using the XSACT
software to obtain I(Ψ) data. The data were evaluated by analyzing the
(110) reflex.

2.2.9. Fourier-Transform Infrared (FTIR) spectroscopy
FTIR spectra were recorded with a PerkinElmer Spectrum 100

(PerkinElmer, Waltham, USA) in attenuated total reflection (ATR) mode.
For each sample, four scans between 650 and 4000 cm−1 with a resolution
of 4 cm−1 were accumulated. Themaximumpeak height of the asymmetric
CH stretching vibration at 2915 cm−1 was normalized using the Spectrum
V.6.3.5 software.

3. Results

In this study, we performed accelerated weathering on LDPE particles
and tensile bars. Under controlled abiotic laboratory conditions, both
LDPE geometries were subjected to simulated solar radiation and water.
While tensile bars were exposed to intervals of rain without mechanical
stress, particles were constantly stirred in water and therefore additionally
subjected to abrasion. Degradationwasmonitored using a variety of analyt-
ical tools covering macroscopic and atomic length scales.

3.1. Weathering of tensile bars and particles

For LDPE particles weathered in water, the effect of simulated solar ra-
diation in combination withmoderate mechanical stress from stirring leads
to a decrease in particle size (Fig. 1). The first 400 h result in the formation
of smoother surfaces by surface abrasion (Fig. 1a–b). We attribute this to
stage I of our degradation model (Fig. 7). From 800 h onwards, smooth sur-
faces continuously evolve to rather rough shapes, indicating rapid break-up
and the transition into stage II of particle fragmentation. However, no
cracking of whole particles is observed (Fig. 1c), as in the case of PS
(Meides et al., 2021). Particle break-up of LDPE is driven by surface frag-
mentation. We attribute this to the morphological differences between
amorphous PS and semi-crystalline LDPE. Fragments of various sizes are at-
tached to the particle surfaces. After 2000 h of exposure, particles are very
small and still have sharp edges (Fig. 1d). The ongoing fragmentation is
traceable within SEM images of particle surfaces at high magnification
(Fig. 1e–f). Secondary NP particles attach to the surface of larger ones rep-
resenting stage III.

Quantitative particle size measurements reveal a constant particle size
of ~190 μm within the first 400 h, followed by an exponential decrease
(∝ exp(−t/τ), τ = 537 h), indicating rapid particle disintegration (Fig. 2a,
Table S2). From 2000 h onwards, the average particle size reaches a linear
plateau. Particle size decrease is accompanied by a broadening of the parti-
cle size distribution (Fig. 2b). For the reference sample (0 h), the smallest
particles are 80 μm and the largest 420 μm. After 3200 h, the particle

Fig. 1. SEM images of a) an initial particle at 0 h, b) the surface of a rounded particle after 400 h, c) fractured particles after 800 h, and d) fragments of particles after 2000 h of
weathering. e) SEM image showing various particles<1 μmon the surface of a larger particle at 2000 h of weathering. f) The diameters of these particles are on the order of a
few hundred nanometers.
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sizes range from 0.5 μm to 120 μm. The bimodal character developing at
high weathering stages in Fig. 2b is due to agglomeration. This effect be-
comes clearly visible from 1600 h onwards, masking the continuous de-
crease of the particle size, visible in the SEM images, and resulting in a
plateau of the average particle size (Fig. 2a). These trends define the
three stages of particle degradation (Fig. 7). Surface abrasion does not
trigger particle size decrease, resulting in consistency up to 400 h. Fragmen-
tation dominates stage II, evident by the exponential decrease from400 h to
2000 h. In stage III the measured particle sizes remain constant. This is in
contrast to the SEM micrographs (Fig. 1e–f), where NP particles adhering
to larger particles are clearly traceable, proving an ongoing particle disinte-
gration. The plateau arises since particle disintegration is compensated by
particle agglomeration. Despite surfactant addition and ultrasound
treatment, aggregates are not disrupted in the particle size measurement,
demonstrating strong adhesion. This is caused by the increasing surface-
to-volume ratio and surface polarity (Liu et al., 2021; Suresh et al., 2011;
Vicentini et al., 2019). Consequently, a large portion of NP particles formed
during the later stages of weathering is not detectable in the particle size
measurements (Fig. 2a).

Compared to PS (Meides et al., 2021), the fragmentation rate of LDPE is
roughly three times higher. 14,000 daughter particles of 8 μm average size
are released from one initial particle (190 μm average size) within 3200 h.
The number of daughter particles was estimated by comparing the volumes
from the 0 h mother particle and the daughter particles (Table S2). 14,000
daughter particles may even be underestimated since with decreasing
average size, agglomeration of stage III strongly influences the values
determined by particle size measurements (Fig. 2b).

The transition from stage I into stage II, observed for particles, correlates
to the trends of the elongation at break determined from tensile bars
(Fig. 2c). The elongation at break is a common indicator for embrittlement

evolving due to degradation processes (White, 2007). Although it is a bulk-
sensitive method, surface defects promote the fracture behavior. The
characteristic drop from 95% to 25% (Fig. 2c) indicates embrittlement,
correlating to stage II observed from particle weathering. The failure at
low strain, from 1400 h onwards, is attributed to the occurrence of
microcracks (Fig. 3b–d), facilitating the crack propagation under mechani-
cal load. After 3200 h, the elongation at break has lost 75% of its initial
value.

Mechanical embrittlement (Fig. 2c) coincides with the transition from
stage I to II around 400 h. However, for LDPE, this does not overlap with
the visual surface embrittlement defined by the appearance of microcracks
at the surface. First microcracks are only visible after longer exposure times
>1400 h (Fig. 3b). This is a fundamental difference to amorphous PS,where
mechanical and surface embrittlement correlate (Meides et al., 2021). The
microcracks on the LDPE surfaces are preferentially aligned due to the pro-
cessing by injectionmolding and subsequent crystallization. This is a conse-
quence of a preferred orientation of the polymer chains and of the
crystalline domains, as suggested by 2D WAXS measurements (Fig. S4).
With increasing exposure, microcracks grow in length and width, resulting
in a more pronounced crack pattern (Fig. 3c). With 3200 h of exposure, the
polymer chain orientation has less impact on the crack orientation. Smaller
cracks are visible within an orthogonal pattern of microcracks with
10–20 μmwidth (Fig. 3d). Surface embrittlement is attributed to a progres-
sive depletion of amorphous regions by chain-scission and surface oxida-
tion, resulting in a decrease of tie-molecules and entanglements. This
should lead to microcrack formation for exposure times exceeding 400 h.
However, microcracks are absent until 1400 h (Fig. 3a–b). This can be ex-
plained by considering the semi-crystalline character of LDPE, with a
glass transition temperature below 0 °C (Han et al., 1994; Lechner et al.,
2014), far below the experiment temperature. Consequently, self-healing

a) b)

c) d)
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Fig. 2. a) Average particle size values and b) particle size distributions from0 to 3200 h. c) The elongation at break from0 to 3200 h for exposed tensile bars. d) TheO/C-ratio
versus the sample depth for LDPE tensile bars at 0, 400, 800, 1400, and 3200 h exposure determined by SEM-EDS measurements. The bars were cut perpendicular to the
exposed surface. The mapping was recorded from the exposed surface 1200 μm into the bulk, as indicated by the arrow in the insert.
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by enhanced surface rearrangement seems likely (Kang et al., 2018; Wool,
2008). This effect also applies to particle degradation, where no pro-
nounced particle cracking is observed in the transition from stage I to II
(Fig. 1a–d).

To determine the progression of oxygen-containing functional groups as
a function of sample depth, the O/C-ratio was determined via SEM-EDS
(Fig. 2d). The formation of microcracks increases oxygen uptake reaching
a photooxidative zone d of almost 100 μm after 1400 h. The composition
of d is discussed in detail in Section 3.3. The growth of surface cracks in
depth and width further enhances oxygen uptake and likely accelerates
the degradation progress. Consequently, hindered polymer chain dynamics
in combination with microcrack formation enable a progression of d into
depths of up to ~700 μm by 3200 h (Fig. 2d).

3.2. Development of crystallinity with weathering

Changes in crystallinity for semi-crystalline LDPE particles and surfaces
were tracked by DSC, 13C NMR spectroscopy, and XRDmeasurements. The
DSC scans are plotted in Fig. 4a and b. The initial heating curves at 0 h show
a broadmelting range from~65 °C to 110 °C. The broad range is attributed
to a nonuniform distribution of crystallite sizes (Ehrenstein, 1999).With ex-
posure, the shoulder initially present at lower temperatures shifts to higher
temperatures (arrows in Fig. 4a–b, Table S3), and the melting enthalpy in-
creases. This indicates the growth of the smaller crystalline domains into
larger domains with higher melting temperatures. The shoulder merges
into the main melting peak as weathering proceeds. Both geometries
show a similar trend of an increasing degree of crystallinity by ~25% for
particles (Fig. 4d) and ~20% for surfaces, as calculated by the integration
of the melting peak. However, for surfaces, the process is slightly delayed.

The intensity evolution (Fig. 4c) of the CH2
13C NMR resonances of the

amorphous (33 ppm) and crystalline (35 ppm) domains (Assink et al.,
2001) for particles is in good agreement with the DSC analysis. The down-
field resonance (crystalline phase) increases, while the upfield resonance
(amorphous phase) decreases. The combination of both results reveals the
depletion of amorphous regions, accompanied by an increase of crystallin-
ity. This is in line with previous studies (Garvey et al., 2020; Ojeda et al.,
2011; Roy et al., 2007).

XRD measurements allow the estimation of changes in the crystalline
domain size during weathering. For both geometries, the full width at
half maximum (FWHM) initially decreases, indicating an increase in the av-
erage crystalline domain sizes (Figs. 4e, S5, Tables S5–6). The increased
molecular motion of shorter chain fragments enhances the rearrangement
into crystalline lamellae (Grause et al., 2020). While for the bar surfaces
the domain size continuously increases with exposure time, for particles,
a plateauwith amaximumof~19 nm is reached (1200−2000 h), followed
by a slight decrease to 17 nm domain size (2000−3200 h). This indicates
that the crystalline domains are also affected by disintegration at late stages
of weathering (Martínez-Romo et al., 2015; Ojeda et al., 2011). In addition,
molecular rearrangements along with a disruption of the lamellar order are
supposed to change the physical properties, enhancing oxygen diffusion
and subsequently photooxidation (Garvey et al., 2020).

The observations show that chain-scissions occur preferentially within
the amorphous domains. Subsequent rearrangements of the fragmented
chains allow for the growth of the crystalline domains. As the amorphous
regions steadily decline, even crystalline domains are degraded at late
stages, resulting in a decreasing average domain size (Fig. 4e). This corre-
lates with the observation of an additional stage III in SEM micrographs,
where NP particles are traceable from 2000 h onwards (Fig. 1e–f). We sup-
pose that mechanical forces play a decisive role in stage III. The bars are un-
affected from mechanical stress, while the particles are continuously
stirred. We assume that the resulting NP particles have a high degree of
crystallinity and consist of oligomers with a large proportion of functional
groups, formed by oxygen uptake.

3.3. Evolution of chain defects

To assess the degradation on a molecular scale, the evolution of chain
defects was investigated via GPC, FTIR and NMR spectroscopy. For both ge-
ometries, a shift of the MWD to lower molecular weights is observed
(Fig. 5a–b). For particles, the shift is more pronounced compared to bar sur-
faces, where the decrease in MW proceeds slower. The change inMW is ac-
companied by an initial growth of Ð until 200 h, followed by a final
narrowing of the distribution. This behavior reflects the characteristics of
a multi-stage degradation pathway. High degrees of crosslinking are

Fig. 3. SEM images of LDPE bar surfaces. a) At 800 hwithout any surface structure, b) 1400 hwith first microcracks, c) 2000 hwith growingmicrocracks, and d) 3200 hwith
surface structures of an orthogonal crack pattern and microcracks.
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predominantly visible in stage I, indicated by the crossing of the 0 h refer-
ence line at high-molecular weights (Shyichuk and White, 2000). This ef-
fect is more pronounced for bar surfaces than particles, leading to a
stronger increase in Ð (Table S7). Crosslinking declines with the progres-
sion of stage I, resulting in a narrowing of the MWD and a decreasing Ð
for both geometries. In the literature, this behavior has been reported for
polyolefins, where it was attributed to chain-scission in amorphous as
well as crystalline domains (Ojeda et al., 2011).

Crosslinking densities and defect proportions were quantified by MC
simulations, which reconstruct the experimental particle MWDs. Polymer
degradation was simulated using a large ensemble of chains undergoing
chain-scissions and crosslinking (SI, page 9). The probability for
crosslinking (Pcl) was adjusted until the Ð of the measured MWDs could
be closely reproduced (Fig. S6). The resulting simulated MWDs are in
good agreement with the experimental data (Fig. 5c) and reflect the first
two stages of degradation (Fig. 7). During stage I crosslinking and chain-
scission occur with almost equal probability (Pcl = 42%, Pcs = 58%). Be-
tween 200 h and 600 h, Pcl was reduced in two steps, first to 36.5% and
then to 20%, corresponding to the transition to stage II. Thefirst adjustment
was performed atMn of 15,000 g/mol, and the second atMn of 4750 g/mol.
As crosslinking mainly occurs in amorphous regions (Dole, 1979), the rear-
rangement of amorphous into crystalline units consequently lowers Pcl with
ongoing weathering. For longer exposure times, Pcl remains at 20%. After
3200 h, 1.5% of the repeating units (RUs) developed crosslinks and 8.2%
of the RUs contain newly formed end groups due to chain-scission.

For particles and surfaces, defect types were determined via solid-state
13C CP MAS NMR (Fig. 6) and FTIR spectroscopy (Fig. S10). The signals

at 35 ppm and 33 ppm were assigned to the crystalline and amorphous
CH2 units of the aliphatic backbone (Assink et al., 2001). Additionalweaker
signals between 0 and 50 ppm were attributed to the chain architecture of
LDPE (Fig. S7) (Chabira et al., 2008). The CH2 units were additionally
identified by their characteristic vibrational bands (Fig. S10). Upon irradi-
ation, signals for carboxylic acids (I, 178 ppm, ν(C=O): ~1714 cm−1),
vinylidenes (two carbon signals: II, 141 ppm and III, 117 ppm, ν(CH):
3100 cm−1 - 3000 cm−1 (shoulder)), peroxides and alcohols
(superimposed resonances: IV, 60–90 ppm, ν(OH): 3450 cm−1 (broad))
emerge as a result of photooxidation. This matches findings in previous
studies for PS and PP (Meides et al., 2021; Mowery et al., 2005, 2007).
For both sample geometries, the intensity increases with exposure time.

We use the bulk-sensitive 13C NMR spectroscopy to quantify the defect
proportions. For this purpose, the intensity ratios were calibrated with
multi-CP experiments (Meides et al., 2021). The most frequent defect
types are peroxides and alcohols, followed by carboxylic acids. Olefins
play only a minor role (Fig. 6c–d). Ketones and aldehydes (~210 ppm)
were not detected in significant quantities. Ketones most likely underwent
photolysis via Norrish I and Norrish II reactions (Feldman, 2002), and alde-
hydes were oxidized to carboxylic acids (Fig. S8). This trend was observed
for both sample geometries. The bands for the carboxylic acids are most
prominent in the FTIR spectroscopic data, while the resonances for other
oxidation products are very weak and partially overlapping. As ATR-FTIR
is surface-sensitive, this might imply that carboxylic acids are preferentially
formed in near-surface regions. In the NMR spectra, a saturation effect was
observed after 2000 h for the alcohol and peroxide proportion in particles,
while the other defects increased linearly. The entire proportion of end

a) b) c)

d) e) 

Fig. 4.Heating curves determined from DSC for a) particles and b) tensile bar surfaces for different exposure time intervals. Black arrows indicate the melting shoulder as it
merges into themelting peak. c) 13C CPMAS NMR spectra of the particles, normalized to the integral of the backbone signal (integral between 0 and 50 ppm). d) Comparison
of trends of crystallinity for particles measured by DSC and NMR and e) qualitative determination of the average size of crystalline domains by XRD for particles and surfaces
according to the Scherrer-formula (Scherrer, 1912).
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groups (keto- and carboxyl groups) and crosslinks are in good agreement
with the ones derived from the MC simulations (Fig. 6c, S4). After
3200 h, an average chain in the particle sample consists of 40 RUs with
approximately one induced crosslink and 8 polar groups resulting from
photooxidation.

In addition, the total amount of oxygen-containing chain defects was
analyzed by EDS as a function of the penetration depth from the surface
of tensile bars. The accumulation of polar groups leads to a photooxidative
zone d with a depth of up to 700 μm (Fig. 2d). At 3200 h, the depth-
dependent change of the MW of tensile bars was determined via GPC for
three layers, with 1 mm thickness each. Although degradation also appears
in deeper layers of 1–2 and 2–3mm, the process is retarded compared to the
uppermost layer of 0–1mm (Fig. 5d). Independent of the depth, the interior
between 1 and 3 mm shows a consistent degradation state. This state is
comparable to the surface layer between 200 and 400 h of exposure, with
its characteristically high degree of crosslinking. Depth-dependent, qualita-
tive 1H HT liquid-state NMR measurements (0–1 mm, 1–2 mm) at 0 h and
3200 h (Fig. S9) validate these findings. The initial sample at 0 h shows the
presence of terminal double bonds (α-olefins), while they vanish deeper in-
side the sample (1–2 mm) after 3200 h. Since unsaturated bonds are more
prone to radical formation, their disappearance indicates predominant
crosslinking in the absence of oxygen in deeper layers. In contrast, a high
number of α-olefins was observed in the top layer (0–1 mm) at 3200 h, as
photooxidation and Norrish II reactions are more likely (Fig. S8)
(Feldman, 2002). These results demonstrate a deeper penetration of UV-
radiation, while oxygen diffusion into the material is limited (Audouin
et al., 1994; Celina, 2013). Due to the scarcity of oxygen in 1–3 mm
depth, photooxidation only occurred to a marginal extent. Consequently,

crosslinking is the predominant radical termination mechanism in deeper
layers.

4. Discussion

For semi-crystalline LDPE, three stages of degradation were identified.
Stage I (0–400 h) proceeds in a similar manner as for amorphous polymers
(e.g., PS) (Meides et al., 2021) and is characterized by surface abrasion
(Fig. 7), accompanied by continuous chain-scission and crosslinking.
Due to a higher mobility of polymer chains in the amorphous regions
(Texperiment ≫ Tg), the crosslinking probability (Pcl = 42%) is remarkably
high. The difference between amorphous PS and semi-crystalline LDPE on
the degradation of surfaces and the fragmentation rate of particles becomes
evident with the onset of stage II.

In our experimental weathering simulation, a rapid, exponential de-
crease in particle size (Fig. 2a) is observed, along with a characteristic
drop in the elongation at break (Fig. 2c), marking a decrease in tie
molecule density and entanglement, as a consequence of a decrease in
MW (Fig. 5a–b). Due to the low Tg of LDPE, self-healing by molecular rear-
rangements in the amorphous regions prevents microcrack formation dur-
ing stage II (Figs. 1, 3). With continued weathering, a consistent increase
in the degree of crystallinity of ~15% (Fig. 4d) and a growth of the crystal-
line domains are recorded (Fig. 4e). This leads to stress-induced crack
formation on the surfaces, visible from 1400 h onwards (Fig. 3). Large
quantities of secondary MP (SMP) particles are formed as stage II proceeds,
resulting in 5000 SMP particles with ~11 μm diameter released from one
mother particle of ~190 μm after 2000 h (Table S2). This exceeds the num-
ber of particles produced under similar conditions for PS (Meides et al.,

a) b)

c) d) 

Fig. 5. a) MWD of a) particles and b) tensile bar surface material in 0–1 mm depth. c) Simulated (dashed) vs. experimental (solid) particle MWDs are displayed for exposure
times of 400, 1600, and 3200 h. d) MWD for surfaces at 3200 h in 1–2 and 2–3 mm depth compared to the reference material.
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2021) by a factor of 10. SMP preferentially consist of mechanically frac-
tured, highly crystalline domains from the surfaces of a mother particle.
Thus, LDPE disintegrates via surface cracking instead of bulk cracking ob-
served for amorphous polymers.

As weathering proceeds, amorphous regions are preferably degraded
and consequently decrease. The average size of crystalline domains in-
creases by approximately 50% for both geometries, while crystallite growth
of particles stagnates (plateau in Fig. 4e). The probability for crosslinking
reactions drops to~20% and thus becomes less likely in stage II. In parallel,
polymer chains are more strongly affected by chain-scission (Fig. 5a–b).
This results in a high proportion of polar end-groups (Fig. 6a-b), increasing
the surface polarity. The high surface-to-volume ratio and polarity of parti-
cles result in agglomeration, traceable in the particle size distributions
(Fig. 2b) and SEMmicrographs (Fig. 1c–f). As weathering proceeds, degra-
dation starts to affect the crystalline domains, resulting in the disintegration
of crystallites and finally a reduction of the average crystallite domain size
(Fig. 4e). Fragmentation of particles reaches a maximum and NP particles
are traceable in SEM micrographs (Fig. 1e–f), where they adhere to larger
particles. We assume that these NP particles consist of polar oligomers
with a high degree of crystallinity and identify this as stage III in our
model (Fig. 7).

In general, the degradation paths in this study are identical for
micrometer-sized particles and macroscopic tensile bars, however, bar sur-
face degradation is retarded. Smaller defect proportions are observed for
the bar surfaces at 3200 h (Fig. 6c–d) retaining in stage II. Since they are
not exposed to mechanical stress, compared to the particles constantly
stirred in water, the disintegration of crystalline units is hindered. The ab-
sence of mechanical stress results in a highly oxidized top layer, slowly

progressing into the sample depth (Fig. 2d). The upper-most surface acts
as a protective layer for the sample interior, delaying the overall degrada-
tion. The lack of ablation maintains this protective layer. Due to a limited
diffusion, the oxygen deficiency leads to the predominance of crosslinking
in deeper layers (Fig. 5d). The degradation state at 3200 h in 1–3mmdepth
of the tensile bars is similar to the top layer after 200 to 400 h of exposure.

The experimental parameters chosen for our laboratory-controlled stud-
ies are clearly defined. Sampling was made in specific time intervals and
sufficient sample amounts are obtained, enabling representative measure-
ments with a multitude of analytical tools. Despite the laboratory-
controlled conditions, we are confident, that fundamental conclusions on
environmental weathering under natural conditions can be drawn from
our accelerated weathering results. LDPE particles weathered in water in
the presence of moderate mechanical stress are comparable to natural
weathering in an aqueous environment, such as rivers or the ocean. LDPE
tensile bars are exposed to simulated solar radiation in the absence of me-
chanical stress, the chosen parameters thus mimic weathering on land.

5. Conclusion

While the basic processes and degradation pathways for LDPE are com-
parable to PS (Meides et al., 2021), the fracture dynamics and fractionation
rates are strongly influenced by its semi-crystalline character. The break-up
processes of LDPE proceed via surface fragmentation, a profound differ-
ence, significantly increasing the rate of SMP particle production. 14,000
SMP particles are released from one 190 μm-sized mother particle within
3200 h, equivalent to 1.5 years of outdoor weathering in Central Europe
(Meides et al., 2021). These SMP have an average particle size of 8 μm.

a) b)

c) d)

Fig. 6. 13C CP MAS NMR spectra of the a) particles and b) bar surfaces for different exposure times. Upon irradiation, the generation of new signals assigned as signals I
(carboxylic acid), II (vinylidene carbon 1), III (vinylidene carbon 2), and IV (peroxide and alcohol) is observed. The spectra are normalized to the integral of the backbone
signal (integral between 0 and 50 ppm). The spectra are shifted vertically. Individual fits for the peaks in the spectrum of the particles and surfaces at 3200 h are shown
in black. Resulting proportions of functional groups for c) particles and d) bar surfaces. The lines serve as guide to the eye.
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SEM images (Fig. 2e–f) clearly show NP particles with sizes in the range of
100 to 300 nm. Compared to the virginmaterial, the overall particle surface
is increased by a factor of ~30 (Table S2). This favors the agglomeration of
NP particles on the surface of MP particles (Fig. S3). Consequently, no free
NP particles could be identified in our experiments. While agglomeration of
NP particles was predicted in literature (Andrady, 2011; Jakubowicz et al.,
2021), we deliver experimental evidence. Agglomeration becomes increas-
ingly important with decreasing particle size, particularly when entering
the micro- and nanoscale. We are confident that these observations are
also applicable for weathering under environmental conditions. Due to a
large excess of organic and inorganic colloidal particles in the natural envi-
ronment, the polar MP and NP particles will attach to their surfaces (Lu
et al., 2021).

The toxicity of nanoparticles is a general concern (Hewitt et al., 2020)
which has been recently discussed also for micro- and nanoplastic (Liu
et al., 2021). The negative effects of MP and NP particles become more
prominent with decreasing size, enabling increased incorporation into tis-
sue and cells. We found highly stable particle aggregates, and no free NP
particles could be detected. Our finding is of relevance, as the formation
of larger aggregates will reduce direct uptake into tissue and cells. On the
other hand, aggregates of natural organic and inorganic colloidal matter
with NP particles will be unavoidably ingested by organisms and ultimately
enter the food chain. Our results show that oxygen-containing functional
groups, including peroxides, are formed upon weathering of MP. In partic-
ular, peroxides are suspected to be cytotoxic (Chance et al., 1979). Highly
weathered NP particles thus pose a potential threat to our ecosystem.
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positions (1 to 5) as shown in b). 
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the backbone resonances of the crystalline (dark grey) and amorphous (light grey) phase become visible. The 
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Figure S10 – ATR-FTIR spectra of tensile bar surfaces for different exposure times: a) Overview of all vibrational 
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1) stretching vibrations (ν(CH2)). The bending (1472 cm-1 and 1463 cm-1) and rocking (730 cm-1 and 719 cm-1) 
methylene resonances (δ(CH2)) of the crystalline fractions occur as doublets and overlap with broad bands at 
1467 cm-1 and 723 cm-1 typical for the amorphous fractions, respectively (Hagemann et al., 1989; Zerbi et al., 
1989).Upon weathering vibrational bands for carboxylic acids (I,ν(C=O): ~1714 cm-1), vinylidenes (II+III, ν(C-
H): 3100 cm-1 - 3000 cm-1 (shoulder)) as well as peroxides and alcohols (IV, ν(O-H): 3450 cm-1 (broad)) emerge 
as result of photooxidation. Additionally, broad vibrational bands around 1170 cm-1, typical for oxidation products 
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Enlarged sections of the FTIR spectra (Enlargement factors 15(left) and 2.3(right)) simplify the observation of 
vibrational bands corresponding to photooxidation products. Spectra are normalized to the peak height of the 
asymmetric stretching vibration (ν(CH2)) and shifted horizontally for better overview. 
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with corresponding calculated crystalline domain sizes. 

Table S7 – Number-averaged (Mn), weight-averaged (Mw) molecular weights in g/mol and dispersity (Ð) values 
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Material and Methods 

 
 

Figure S1 – Q-SUN daylight-Q filter compared to direct sunlight. Modified from Q-Lab Corporation, 2014, Technical 
Bulletin LX-5060, A Choice of Filters for Q-Sun Xenon Test Chambers. 
  

 

  

Figure S2 – Global horizontal irradiation for Europe and for Germany in kWh/m2 for 2019. Source: SOLARGIS. 
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Table S1 – Calculation of total irradiance in the Q-SUN Xe-3 chamber. 

Calculation of total irradiance in Q-SUN Xe-3 chamber 

Calculation factor*1 9.9 - 
Lamp settings  60 W/m2 

Total irradiance in Q-SUN Xe-3 chamber 594 W/m2 
Acceleration factor of Q-SUN Xe-3 chamber compared to Central Europe 

Solar irradiance per year*2 1000 kWh/m2 
Hours per year 8765 h 
Solar irradiance 114 W/m2 

Acceleration factor of Q-SUN Xe-3 chamber*3 5.21 - 
*1calculation factor extracted from Q-Sun Irradiance Conversion Sheet provided by Q-Lab Germany 
*2value was derived from Figure S2 for the longitude of Central Europe 
*3this value was calculated by division of the total irradiance in the Q-Sun Xe-3 chamber (594 W/m2) by the solar irradiance 
determined for Central Europe (114 W/m2) 

Results 

Particle Size Analysis 

Table S2 – Average particle size, particle volume, secondary microplastic particle (SMP) quantity, surface area, total surface 
area (quantity*surface) for LDPE particles at different exposure times from 0 to 3200 h. SMP quantity was calculated by 
comparison of the volumes from the 0 h mother particle and the daughter particles. 

LDPE Lupolen 1800p Particles 

Exposure 
Time  

Average 
Particle Size Particle Volume SMP Quantity Surface Area Total Surface Area 

(Quantity*Surface) 
hours  µm  µm3 counts µm2 µm2 

0 192.2 3717567 - 116053 - 

24 187.6 - - - - 

50 191.3 - - - - 

100 190.5 - - - - 

200 189.8 - - - - 

400 186.6 - - - - 

600 154.0 - - - - 

800 97.8 - - - - 

1200 33.3 19247 193 3473 - 

1600 16.2 2222 1673 824 - 

2000 11.2 742 5013 396 1986233 

2400 9.6 459 8100 288 - 

2800 7.7 234 15859 184 - 

3200 7.8 265 14024 200 2798670 
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Polymer Crystallite Orientation  

The crystallite orientation in the 2000 h tensile bar surfaces were examined with WAXS measurements at different 

overlapping positions. The 2D data show clear changes in orientation of the 110 reflex of the PE crystal structure 

depending on the measured position. Figure S4a shows how this orientation varies on a length scale of hundred 

microns, indicating that aligned domains are present on a similar length scale. Looking at the directional 

distribution of the five measured positions (Figure S4b) the data show that along one measurement direction (2,1,3) 

the orientation is very similar, while this is not the case for the direction of perpendicularly positioned 

measurements (4,5). The SEM images of tensile bar surfaces show microcracks on this length scale. The 

combination of these two observations suggests that the polymer crystallites are oriented in a certain direction and 

that the direction of the microcracks is correlated with this orientation.  

 
Figure S3 – SEM images of LDPE particles after 2000 h of exposure, visualizing agglomerates of particles. 

a) 

 

b) 

 

Figure S4 – a) Normalized intensity of the 110 reflex of a PE tensile bar weathered for 2000 h plotted for different scattering 
directions (Ψ). The X-ray beam, with approx. 900 µm diameter, was shifted to five different overlapping positions (1 to 5) 
as shown in b). 
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Degree of Crystallinity 

Table S3 – Crystallinity determined via DSC and 13C CP MAS NMR spectroscopy for particles and tensile bar surfaces at 
different exposure times from 0 to 3200 h. 

LDPE Lupolen 1800p 
 Crystallinity Particles Crystallinity Surfaces 

Exposure 
Time DSC NMR* DSC NMR* 

hours % % % % 

0 41 40 25 30 

24 41 - - - 

50 40 - - - 

100 41 - - - 

200 40 - 30 43 

400 44 42 30 43 

600 48 48 - - 

800 49 48 34 41 

1200 51 52 - - 

1600 54 57 - 42 

2000 53 60 39 45 

2400 61 65 - - 

2800 60 67 - - 

3200 63 68 42 49 
* NMR spectroscopic CP data calibrated with fully relaxed one-pulse experiments for the 1600 h sample. 

To determine the degree of crystallinity the amorphous and crystalline resonances in the 13C CP MAS NMR spectra 
were deconvoluted with Lorentzian lines. While the intensity was allowed to vary independently, the chemical 
shift difference was fixed to 2.3 ppm, to improve deconvolution of the overlapping resonances. Regardless of the 
irradiation doses, Assink et al. (Assink et al., 2001) observed constant linewidths of the crystalline resonances that 
can be explained by the defined long-range order in the crystalline phase. Thus, the linewidth of the crystalline 
resonance was kept constant, while the width of the amorphous phase could vary independently. As the CP spectra 
are not quantitative in terms of intensity ratios, they were calibrated with quantitative 13C one-pulse NMR spectra 
of the 1600 h weathered samples.  

Table S4 – Correction factors for the crystalline and amorphous resonances derived from quantitative 13C one-pulse NMR 
spectra of the 1600 h exposed particle and tensile bar surface sample. 

Correction factor Crystalline resonance Amorphous resonance 

Particles 1.425 0.718 

Surfaces 1.190 0.842 
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Calculation of Crystalline Domain Size 

The diffractograms were deconvoluted with pseudo-Voigt profiles using MatLab R2019b. The obtained reflex 

positions and FWHMs of the 110 and 200 reflexes for particles and tensile bar surfaces were used to estimate 

crystalline domain sizes by applying the Scherrer Formula (K~1) (Scherrer, 1912). 

Table S5 – Reflex positions and FWHMs of the 110 and 200 reflexes in the exposed particle samples with corresponding 
calculated crystalline domain sizes. 

Particles 110 200 Average 
Exposure 

Time 
Reflex 

Position FWHM Crystalline 
Domain Size 

Reflex 
Position FWHM Crystalline 

Domain Size 
Crystalline 

Domain Size 
hours °2 Theta °2 Theta nm °2 Theta °2 Theta nm nm 

0 21.46 0.531 16.9 23.71 0.916 9.84 13.4 

400 21.50 0.450 18.0 23.78 0.808 11.2 14.6 

600 21.50 0.462 19.5 23.80 0.753 12.0 15.7 

800 21.51 0.449 20.0 23.80 0.700 12.9 16.4 

1200 21.53 0.414 21.7 23.84 0.647 13.9 17.8 

1600 21.51 0.389 23.1 23.84 0.570 15.8 19.5 

2000 21.56 0.389 23.1 23.89 0.575 15.7 19.4 

2400 21.59 0.405 22.2 23.94 0.561 16.1 19.2 

2800 21.62 0.438 20.5 23.96 0.576 15.7 18.1 

3200 21.62 0.451 19.9 23.96 0.589 15.3 17.6 
  

a) 

 

b) 

 
Figure S5 – XRD measurements of a) particles and b) tensile bar surfaces. Upon ageing the amorphous halo decreases 
indicating an increase of crystallinity. 
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Table S6 – Reflex positions and FWHMs of the 110 and 200 reflexes in the exposed tensile bar surface samples with 
corresponding calculated crystalline domain sizes. 

Surfaces 110 200 Average 
Exposure 

Time 
Reflex 

Position FWHM Crystalline 
Domain Size 

Reflex 
Position FWHM Crystalline 

Domain Size 
Crystalline 

Domain Size 
hours °2 Theta °2 Theta nm °2 Theta °2 Theta nm nm 

200 21.47 0.833 10.8 23.73 1.15 7.83 9.30 

400 21.45 0.829 10.8 23.71 1.08 8.36 9.60 

800 21.59 0.731 12.3 23.86 1.06 8.54 10.4 

1400 21.54 0.551 16.3 23.83 0.786 11.5 13.9 

1600 21.55 0.563 15.9 23.83 0.815 11.1 13.5 

2000 21.55 0.530 17.0 23.85 0.725 12.4 14.7 

3200 21.54 0.424 21.2 23.83 0.642 14.1 17.6 

 

Molecular Weight Distribution – GPC Data 

Table S7 – Number-averaged (Mn), weight-averaged (Mw) molecular weights in g/mol and dispersity (Ð) values for particles 
and tensile bar surfaces at different exposure times. 

LDPE Lupolen 1800p (Mn = 36600 g/mol, Mw = 368100 g/mol, Ð = 10.0) 
 Particles Tensile Bar Surfaces 

Exposure 
Time  Mn  Mw  Ð  Mn  Mw  Ð  

hours  g/mol  g/mol    g/mol  g/mol   

0 31400 273400 8.7 29600 249200 8.4 

24 29700 246900 8.3 - - - 

50 24500 301200 12.3 - - - 

100 24700 310900 12.6 - - - 

200 15800 247700 15.6 24900 442300 17.7 

400 7300 58900 8.0 20800 285700 13.7 

600 4300 23100 5.5 - - - 

800 3500 13800 4.0 9200 97300 10.6 

1200 2400 7900 3.3 - - - 

1600 2000 5900 3.0 - - - 

2000 1500 4800 3.1 5800 65400 11.2 

2400 1300 3900 3.0 - - - 

2800 1100 3600 3.2 - - - 

3200 1100 3100 2.9 3700 23900 6.4 

3200 (1-2 mm) - - - 16500  695300 42.0  

3200 (2-3 mm) - - - 14100 442000 31.4 
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Molecular Weight Distribution – Monte Carlo Simulations 

For the MC simulations MatLab R2019b was used. The experimental MWD of reference PE particles served as 

starting point and was modelled with 30000 initial polymer chains. These chains are represented by their molecular 

weight and consequently their number of repeating units (RUs, M = 28.05 g/mol). For each time step, either one 

chain was subjected to chain scission or two chains were crosslinked. The occurring processes were randomly 

chosen under consideration of an adjustable crosslinking probability (Pcl) and chain scission probability (Pcs = 1 - 

Pcl). During crosslinking two randomly selected chains were combined by addition of their RUs, while in case of 

chain scissions a randomly selected polymer chain was cut between two randomly chosen repeating units, resulting 

in two polymer chains with reduced molecular weight. Chains shorter than 4 RUs were excluded from scission. 

This process was iterated until the simulated MWD was comparable to the experimental one after 3200 h. The 

crosslink density corresponds to the total number of performed crosslinks, divided by the total number of RUs. 

The proportion of new end groups is given by the doubled number of chain scissions, divided by the total number 

of RUs (Meides et al., 2021). The code is available upon request. 
 

  

a) 

 

b) 

 
Figure S6 – a) Mw over Mn of the MC simulation (black dots) compared to the measured values (red squares) for particles. 
The Ð of the measured MWDs could be reproduced when Pcl was first set to 42 % and then reduced to 36.5 % and 20 %, 
respectively, and b) comparison of particle end group and crosslink proportions obtained by NMR spectroscopy and MC 
simulations. 
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Solid-State 13C NMR spectroscopy 

 

Figure S7 – 13C CP MAS NMR spectrum of the initial PE particles between 0-50 ppm. The differences between the backbone 
resonances of the crystalline (dark grey) and amorphous (light grey) phases become visible. The weaker signals are attributed 
to the microstructure of PE. Signals at 40 ppm, 36 ppm and 29 ppm correspond to the methine carbons with attached branches 
Cbr (yellow) and α (orange) and β (red) carbon atoms neighboring Cbr in the chain, respectively. The signals at 16 ppm, 13 
ppm and 10 ppm correspond to methyl end groups (turquoise) and methyl groups on isolated ethyl branches (light and dark 
green). The two signals at 25 ppm (pink) and 22 ppm (dark blue) are attributed to the carbon atoms next to the chain ends 
(Chabira et al., 2008; Chabira et al., 2012). 

Table S8 – Correction factors for particles and tensile bar surfaces. Used to calibrate the defect intensities in the CP spectra 
(Meides et al., 2021). 

Functional Group 
Particles Surfaces 

ci 3200 h ci 3200 h 

Carboxylic acid 1.00 1.06 

Vinylidene C1 (141 ppm) 0.46 0.46 

Vinylidene C2 (117 ppm) 0.52 0.58 

Peroxide + Alcohol 0.94 0.91 

 

Solid-State 13C NMR spectroscopy: Calculation of defect proportions  

ρru = [1 – (2 ∙ ICOOH) – (2∙ 0.5 · (Iolefin1 + Iolefin2)) – (2 ∙ IPOOH+OH)] / 2                               (Eq. 1) 

with:  ρru   proportion of ethylene RUs relative to the proportion of defects 

  ICOOH  relative intensity of the carboxylic acid resonance 

  Iolefin1  relative intensity of the olefin resonance at 141 ppm 

  Iolefin2  relative intensity of the olefin resonance at 117 ppm 

   IPOOH+OH  relative intensity of the hydroperoxide resonance superimposed  

    with the relative intensity of the alcohol resonance. 

 

Since the ratio of the different groups is ICOOH : 0.5(Iolefin1+Iolefin2) : IPOOH+OH : pru, the absolute proportions of the 

carboxy groups (apCOOH), vinylidene groups (apolefin) and peroxy groups and hydroxy groups (apPOOH+OH) can be 

calculated once ρru is known:   
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apCOOH = ICOOH /( pru + ICOOH + 0.5 · (Iolefin1 + Iolefin 2) + IPOOH+OH)                (Eq. 2) 

apolefin = 0.5·(Iolefin1 + Iolefin2) /( pru + ICOOH + 0.5 · (Iolefin1 + Iolefin 2) + IPOOH+OH)              (Eq. 3) 

apPOOH+OH = IPOOH+OH /( pru + ICOOH + 0.5 · (Iolefin1 + Iolefin 2) + IPOOH+OH)               (Eq. 4) 

Solid-State 13C NMR spectroscopy: Calculation of end group and crosslink densities 

From the NMR results the proportion of new end groups (EGN) can be calculated: 

EGN = apCOOH + apolefin                    (Eq. 5) 

The combination of NMR and GPC data allows for the calculation of the minimal average number of crosslinks 

per macromolecule (cl) (Meides et al., 2021): 

𝑐𝑙 = 	!!"#"!$%&
!$%&

                     (Eq. 6) 

with:  MGPC   average Mn at given weathering time derived from GPC experiments 

  MGPC0  average Mn prior to weathering derived from GPC experiments 

  MNMR  =	 #	∙!'(
&')

                    (Eq. 7) 

  Mru  molar mass of repeating unit (Mru = 28.05 g/mol for LDPE) 

  EGA  proportion of all end groups = 𝐸𝐺( + 𝐸𝐺)                                             (Eq. 8) 

  EG0  proportion of end groups at the beginning = 2	 ∙ 	 !'(
!!"#*

              (Eq. 9)  
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Degradation Mechanism  

 

Liquid state 1H HT NMR spectroscopy 

 

Figure S9 – 1H HT NMR spectra of PE bars for different exposure times and sample depths. The spectra are normalized to 
the integral of the backbone signal (integral between 0 and 1.6 ppm). Individual spectra are shifted horizontally for better 
overview. 

  

 
Figure S8 – Mechanism for the formation of crosslinks, hydroperoxides, ketones, alcohols, aldehydes, olefins, and 
carboxylic acids during the photooxidation of polyethylene.  
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ATR-FTIR spectroscopy 

a) 

 
b) 

 
Figure S10 – ATR-FTIR spectra of tensile bar surfaces for different exposure times: a) Overview of all vibrational bands. 
The polymer CH2 units were identified by prominent asymmetric (~2915 cm-1) and symmetric (~2848 cm-1) stretching 
vibrations (ν(CH2)). The bending (1472 cm-1 and 1463 cm-1) and rocking (730 cm-1 and 719 cm-1) methylene resonances 
(δ(CH2)) of the crystalline fractions occur as doublets and overlap with broad bands at 1467 cm-1 and 723 cm-1 typical for 
the amorphous fractions, respectively (Hagemann et al., 1989; Zerbi et al., 1989).Upon weathering vibrational bands for 
carboxylic acids (I,ν(C=O): ~1714 cm-1), vinylidenes (II+III, ν(C-H): 3100 cm-1 - 3000 cm-1 (shoulder)) as well as peroxides 
and alcohols (IV, ν(O-H): 3450 cm-1 (broad)) emerge as result of photooxidation. Additionally, broad vibrational bands 
around 1170 cm-1, typical for oxidation products such as alcohols, carbonyl compounds, esters, ethers, or ketals/acetals, 
are observed (Da Costa et al., 2018). b) Enlarged sections of the FTIR spectra (Enlargement factors 13 (left) and 1.5 (right)) 
simplify the observation of vibrational bands corresponding to photooxidation products. Spectra are normalized to the peak 
height of the asymmetric stretching vibration (ν(CH2)) and shifted horizontally for better overview. 
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Quantifying the fragmentation 
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Abstract 

Polymers are omnipresent in our everyday lives. For specific applications, their properties can be extensively modified 
by various types of additives, e.g., processing stabilizers, antioxidants, UV-stabilizers, flame retardants, and plasticizers. 
While several additives are nowadays considered to be toxic or persistent in the environment, quantitative data char-
acterizing plastic fragmentation and microplastic formation have not yet been discussed in detail. Here, we present 
a long-term, laboratory-controlled accelerated weathering study on polypropylene (PP) particles with and without 
processing stabilizers. We were able to identify the stabilizers as Irgafos® 168, and Irganox® 1010. For both PP sam-
ple sets, we monitored the degradation using a combination of various analytical methods, such as gel permeation 
chromatography, particle size distributions, scanning electron microscopy, solid-state 13C magic-angle spinning NMR 
and liquid-state 1H, 13C, 31P NMR spectroscopy, differential scanning calorimetry and matrix-assisted laser desorption 
ionization time of flight mass spectrometry. The stabilizers prevent degradation by simulated solar radiation for about 
350 h. Then, degradation sets in rapidly, leading to an exponential decrease in molecular weight and particle size, 
accompanied by an increase in crystallinity and the formation of oxygen-containing functional groups. After 3200 h, 
representing approximately 2 years of outdoor weathering, both PP samples exhibit comparable characteristics and 
sizes, regardless if a stabilizer was initially present. During degradation, an extremely large number of 100,000 daugh-
ter particles (4 µm) are formed and released from one MP particle of 192 µm diameter. Their physical properties and 
chemical composition have largely changed, resulting in a very low molecular weight and a hydrophilic character. 
These particles no longer resemble pristine PP. We thus expect them to be more prone to biodegradation compared 
to the starting material.

Keywords:  Degradation, Microplastic, Nanoplastic particles, Photooxidation, Additives, Secondary daughter MP 
particle production
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Introduction
Plastics are nowadays inevitably a part of our everyday 
life. They are cheap, lightweight, and durable, and their 
properties can be easily adapted, leading to a wide range 
of applications. In 2019, the global plastic production 
reached a total of 368 million tons, still increasing year 
by year [1]. The largest end-use market in Europe, with 
a contribution of 40%, is the packaging industry, where 
polypropylene (PP) is one of the dominating polymer 
types [1]. Materials made of PP are often single-use items 
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for wrappers, food packaging, containers and bottle caps. 
This leads to the generation of large amounts of PP waste, 
often exported to developing countries with poor waste 
management strategies [2, 3]. Ultimately, a large amount 
of the exported waste is expected to end up in environ-
mental compartments, where abiotic and biotic degrada-
tion mechanisms lead to fragmentation and break-down 
[2, 4, 5]. As a consequence, microplastic (MP) is formed, 
often defined as plastic fragments of all polymer types 
and shapes with the largest dimension ranging from 
1 µm to 1000 µm [6]. In recent years, MP has become a 
great concern and is seen as an emerging ecological risk 
[7–10].

Not only are large quantities of secondary MP formed 
from degradation and fragmentation, their chemical 
structure is also modified throughout the ageing process. 
The initially non-polar polymer chains turn gradually 
into increasingly polar oligomers [5, 11, 12]. As a con-
sequence of pronounced oxidation, aged MP particles 
become hydrophilic, enhancing biofilm formation [13, 
14] as well as the uptake by organisms [15, 16]. Recent 
studies have addressed the toxicity of small polymer MP 
particles [17] and negative effects on organisms [18, 19].

Toxicity may not only originate from the polymer itself 
or from changes in the chemical composition during 
weathering but can also result from leaching and degra-
dation of low molar mass compounds present in almost 
all polymers. Plastics for everyday products are opti-
mized to maintain their properties for a specific period of 
time. For this purpose, a variety of additives are used to 
stabilize the polymers a) during processing and b) during 
their service life. With regard to their application, differ-
ent classes of additives are distinguished such as process-
ing aids, antioxidants, thermo- and UV-stabilizers, flame 
retardants and plasticizers [20]. Some low molar mass 
compounds frequently present in consumer products 
and plastic packaging, are now considered environmen-
tally harmful or even toxic, such as phthalates, bisphenol 
A, biocides, certain flame retardants, and highly fluori-
nated substances [21]. Consumer goods and packaging 
products are very complex materials containing a vari-
ety of substances [22]. This complexity is maintained or 
even increases once polymer materials of any origin are 
released into natural compartments. The incorporated 
stabilizers and their degradation products can leach from 
the plastics, posing an environmental concern [20].

In recent years, multiple studies have addressed the 
environmental weathering of PP, polystyrene (PS), and 
polyethylene (PE), reporting changes in chemical com-
position, a decrease in molecular weight due to chain-
scission and the formation of degradation products 
such as peroxides, alcohols, and carboxylic acids [23–
29]. These changes are induced by photooxidation and 

typically accompanied by a modification of the physical 
properties, leading to embrittlement and fragmentation 
[5, 7, 30–32]. In natural compartments, physical stress 
factors such as mechanical impacts will additionally 
enhance fragmentation and break-down, leading to MP 
formation [33].

Photooxidation of polymers and the influence of pol-
ymer additives on polymer break-down has been thor-
oughly investigated for the past decades [34–36]. While 
the underlying mechanisms of photooxidative degrada-
tion are well understood, much less is known about the 
role of stabilizers and their degradation products  [20]. 
Quantitative data regarding fragmentation rates as 
well as secondary MP particle production and release 
remain scarce [32, 37–40], and are lacking for stabi-
lized polymer systems. Furthermore, numeric data for 
time scales in which the stabilizers avoid degradation, 
and the effect of the stabilizers on the fragmentation of 
macroplastic has only gained little attention up to date.

To bridge this knowledge gap, we combined labora-
tory weathering with extensive analytical investigations 
and calculation of fragmentation rates for a commer-
cially available stabilized PP. In order to monitor the 
influence of stabilizers on the polymer degradation, 
with special focus on the fragmentation into smaller 
particles, the stabilizers were removed from a second 
PP batch by Soxhlet extraction and identified. A mul-
titude of analytical methods, such as gel permeation 
chromatography (GPC), light scattering for particle size 
distributions, scanning electron microscopy (SEM), 
and differential scanning calorimetry (DSC) were com-
bined to trace the degradation and fragmentation of 
stabilized, and non-stabilized PP as a function of expo-
sure time.

Additionally, solid-state 13C magic-angle spinning 
(MAS) NMR spectroscopy was performed for identifica-
tion and quantification of photooxidative defects accu-
mulating with proceeding degradation. As previously 
reported [5, 41] quantification is enabled by a  multiple 
cross polarization (multiCP) pulse sequence [42, 43]. 
Although solid-state NMR spectroscopy has rarely been 
considered for investigation of degradation products, it 
serves as a complementary method to other commonly 
used techniques, such as Fourier transform infrared 
(FTIR) or Raman spectroscopy, and pyrolysis–gas chro-
matography-mass spectrometry (Py-GC–MS) [23, 24, 28, 
29, 44–46]. NMR spectroscopy provides volume-aver-
aged results and can give information on the dynamics 
of the system, e.g., details on the distribution and varia-
tions of crystalline and amorphous regions. It is a non-
destructive method however, it does require relatively 
large amounts of sample material, which can pose a prob-
lem for environmental samples.
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The data presented in this study deliver a profound 
understanding of fragmentation rates resulting from 
photooxidative degradation, also considering the influ-
ence of stabilizers. The derived numbers give an approxi-
mation for how many micro- and nanoplastic particles 
can potentially be released, when PP is exposed to solar 
radiation and mechanical stress in an aqueous environ-
mental setting. Experimentally determined numeri-
cal fragmentation rates have not yet been reported in 
the literature. Thus, this study fills a knowledge gap and 
delivers important information concerning micro- and 
nanoplastic formation.

Experimental
Material and methods
Polypropylene (PP, Moplen HP526J) in pellet form was 
provided by LyondellBasell Industries (Basell Polyole-
fine GmbH, Wesseling, Germany). As stated in the data 
sheet, this PP grade is supplemented with a standard 
processing stabilizer. Particles were produced from PP 
pellets by cryo-milling with an ultra centrifugal Mill 
ZM-200 (Retsch GmbH, Haan, Germany). Particles were 
then separated into several fractions using an Alpine 
air jet sieve E200 LS (Hosokawa Alpine AG, Augsburg, 
Germany). For the experiments from this study, the 
fractions < 125  µm and 125–200  µm were used. Refer-
ence compounds Irgafos® 168 (Tris(2,4-di-tert-butyl-
phenyl)phosphate), and Irganox® 1010 (Pentaerythritol 
tetrakis(3-(3,5-di-tert-butyl-4-hydroxyphenyl)propion-
ate)) were purchased from BASF (Ludwigshafen, Ger-
many). 500  mg Irganox® 1010 was dissolved in 100  ml 
tetrahydrofuran (THF) and placed into the Q-Sun Xe-3 
for 100 h. THF was then evaporated to dryness and the 
compound, further referred to as Irganox® 1010weathered, 
was analyzed via MALDI-TOF MS.

Soxhlet extraction
A Soxhlet extraction was performed on a PP frac-
tion < 125 µm in size. 24 g PP particles were placed into 
a glass thimble onto a cellulose filter and covered with 
glass wool. Extraction was performed in a Soxhlet appa-
ratus with 700  ml of boiling THF for 14  days. Particles 
were filtered off and dried under vacuum (40  °C) and 
subsequently weathered according to the procedure 
described below. The extraction solvent was evaporated, 
and the residue was dissolved in hexane and ethyl acetate 
(19:1) and passed over a silica column. The products were 
investigated via MALDI-TOF MS.

Matrix assisted laser desorption ionization‑time of flight 
mass spectrometry (MALDI‑TOF MS)
The residue of the stabilizer extraction, as well as 
Irganox® 1010weathered, were analyzed via MALDI-TOF 

MS using the solvent-based dried droplet sample prepa-
ration procedure. Sample and matrix (DHB – 2,5-dihy-
droxybenzoic acid) were dissolved in THF with a 
concentration of 10 mg/ml, mixed with a ratio of 5:20 and 
a thin layer applied onto the target plate. Mass spectra 
were acquired with a Bruker autoflex® maX TOF/TOF 
(Bruker Daltonics GmbH & Co. KG, Bremen, Germany) 
in positive ion reflector mode between 200–2000  Da. 
The instrumental settings were optimized for best reso-
lution and highest intensity. In total, 5000 shots were 
taken randomly across the dried-droplet sample spot. 
The obtained spectra were processed with the flexAnaly-
sis software.

Accelerated weathering
Both stabilized and  unstabilized  particle fractions were 
weighed to 20  g each and transferred into quartz glass 
beakers filled with 600  ml deionized water and covered 
with quartz glass lids. Stirring of the water-particle mix-
ture was enabled using magnetic stirrers and PTFE-
covered stirring devices. This setup was placed into a 
Q-SUN XE-3 test chamber (Q-LAB Corporation, West-
lake, OH, USA) and irradiated for a total of 3200 h. The 
test chamber is equipped with three xenon lamps, oper-
ating at 60  W/m2 each (at 300–400  nm), which corre-
sponds to a total irradiance of 594 W/m2 (300–800 nm) 
and a five-fold acceleration compared to mid-European 
conditions (Fig. S1, Tab. S1). This acceleration resembles 
approximately two years of outdoor weathering in cen-
tral Europe. Further, Daylight-Q filter systems, cutting 
off radiation with wavelengths < 295  nm, were installed. 
This assures an irradiation spectrum very similar to the 
spectrum of natural sunlight (Fig. S2). Additional settings 
were relative humidity at 50% and chamber temperature 
at 38 °C.

At each sampling time (24, 50, 100, 200, 400, 600, 800, 
1200, 1600, 2000, 2400, 2800 and 3200 h), 1–2 g of sam-
ple material were drawn from the water-sample mixture, 
filtered, and dried under vacuum at 40 °C. Samples were 
stored in a dark and dry place until further analysis.

High temperature gel permeation chromatography 
(HT‑GPC)
Molecular weight distributions (MWD) as well as Mn, 
Mw, and Ð values were measured via GPC using an Agi-
lent (Polymer Laboratories Ltd.) PL-GPC 220 high-tem-
perature chromatographic unit. This set is equipped with 
RI and PD detectors as well as three linear mixed bed 
and guard columns (Olexis). Analysis was performed at 
150 °C (Pasch, 2001) using 1,2,4-trichlorobenzene (TCB) 
as the mobile phase. All samples were prepared by dis-
solving 2–3 mg of PP particles (0.1 wt.-%) in 1.5 ml of the 
mobile phase solvent (TBC) in an external oven at 150 °C 

8 Publications and Manuscripts

124



Page 4 of 13Meides et al. Microplastics and Nanoplastics            (2022) 2:23 

upon continuously stirring. The solutions were run with-
out filtration. The determined molecular weights were 
referenced to linear HDPE standards (Mw = 142,000 – 
701,000 g/mol, K = 40,600, and Alpha = 0.725) and were 
corrected with K and Alpha values for i-PP (K = 19,000 
and Alpha = 0.725).

Scanning electron microscopy (SEM)
Field-emission scanning electron microscopy (FESEM) 
was performed on particles with a Zeiss ULTRA PLUS 
(Carl Zeiss Microscopy GmbH, Jena, Germany) at an 
acceleration voltage of 3 kV and a FEI Quanta 250 (Field 
Electron and Ion Company, Thermo Fisher Scientific, 
Hillsboro, USA) high resolution field emission gun (FEG) 
scanning electron microscope at 10 kV, operating at low 
vacuum. Particles were coated with a thin layer of plati-
num by a Cressington 208 HR sputter coater prior to 
investigation.

Particle size analysis
Particle size distributions and the average particle size 
were determined with a Microtrac FlowSync Particle Size 
Analyzer (Microtrac Retsch GmbH, Haan, Germany) 
having a lower detection limit of 10 nm. Measurements 
were performed in deionized water with 2–5 mg of par-
ticles. 2  ml of 5 wt.-% Na4P2O7, and a few drops of a 2 
wt.-% C20H37NaO7S (dioctyl sulfosuccinate sodium salt) 
detergent were added and 60  s of ultrasound at 40  kHz 
were applied to avoid aggregation. Average values from 
three measurements were calculated by the Microtrac 
software.

Differential scanning calorimetry (DSC)
DSC measurements were performed on 8–10 mg sample 
material using a Mettler Toledo DSC 3+ (Mettler-Toledo 
GmbH, Gießen, Germany). The samples were heated with 
10 K per minute under N2-atmosphere from 25–200  °C 
and cooled to 25  °C. An isothermal stage of 5  min was 
applied between the heating and the cooling cycle. The 
degree of crystallinity χc in the first heating cycle was 
determined using ΔHm

0  = 207.1  J/g for a hypothetically 
100% crystalline PP [29]. Determination of χc and Tm was 
performed using the STARe software.

NMR spectroscopy
Liquid-state 1H, 13C and 31P NMR spectroscopic experi-
ments were recorded on a Bruker Avance-III HD spec-
trometer with 5  mm CryoProbe™ Prodigy BBO 500 S2 
head operating at a B0 field of 11.7 T (1H: ʋ0 = 500.1 MHz, 
13C: ʋ0 = 125.8  MHz, 31P: ʋ0 = 242.9  MHz). Deuter-
ated chloroform (CDCl3) was used as solvent. Via 
the residual solvent resonance all 1H and 13C spec-
tra were referenced to tetrametylsilane. For the 31P 

spectra, triphenylphosphine oxide was used as secondary 
standard.

Solid-state 13C MAS NMR spectroscopic experiments 
were recorded on a Bruker Avance-III HD spectrometer 
operating at a B0 field of 9.4 T (1H: ʋ0 = 400.1 MHz, 13C: 
ʋ0 = 100.6 MHz) using a 3.2 mm triple resonance probe 
(Bruker) with zirconia rotors (approx. 25 mg sample). A 
spinning frequency of 20 kHz was applied which is suf-
ficiently fast to avoid the occurrence of spinning side-
bands as the chemical shift anisotropies (20–40  ppm) 
of aliphatic carbons are averaged [47]. 13C CP experi-
ments were performed for a series of PP samples with 
different weathering times. The contact time was set to 
2.0 ms, and the same Hartmann-Hahn conditions as for 
the multiCP experiments were used. MultiCP measure-
ments [43] were conducted for the longest weathered 
sample. The parameters for the multi-pulse CP measure-
ments [42] were optimized for the PP samples. Seven CP 
blocks with a contact time of 400 µs (υnut (13C) = 47 kHz, 
39 kHz ≤ υnut (1H) ≤ 55 kHz), separated by a time tz of 3 s, 
were applied. At the end and the beginning of each CP 
block (90°)-x pulses with pulse lengths of 2.5 µs (1H) and 
3.8  µs (13C) were used. Proton decoupling was applied 
during acquisition using the spinal-64 sequence at a B1 
field of 70 kHz.

For defect quantification, all spectra were deconvoluted 
with pseudo-Voigt profiles using the SOLA program 
included in TopSpin 3.2 (Bruker). To account for the 
small defect proportions, a serial refinement procedure 
was applied. For the two spectra with longest weathering 
times and thus highest defect proportions, simultane-
ous, free refinements with one set of isotropic chemical 
shift, line broadening and Gauss/Lorentz ratio, for each 
defect resonance, were performed. The corresponding 
intensities were refined separately. For shorter weather-
ing times, the obtained fitting parameters were applied 
in subsequent refinements, and only the intensity was 
varied. This reduces the degrees of freedom sufficiently, 
allowing to derive meaningful intensities for spectra with 
lower signal-to-noise ratios. In contrast, for the more 
intense backbone signals, a free refinement of all param-
eters was possible. All refinement parameters are given in 
Table S5.

Results and discussion
We performed accelerated weathering laboratory experi-
ments under abiotic conditions, using particles of a 
standard PP grade. To elucidate the influence of stabiliz-
ers on the degradation, we used one batch with and one 
batch without stabilizers.

Using MALDI-TOF MS and 1H, 13C and 31P liquid-
state NMR spectroscopy, the Soxhlet extracted additives 
were analyzed and two stabilizers could be identified. 
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The MS spectra are shown in Figures S3A and S4A + B. 
Three peaks at m/z 663.2, m/z 685.2 and m/z 701.2 are 
dominant in Figure S3A. They match values for tris(2,4-
di-tert-butylphenyl)phosphate, the oxidized species of 
the well-known stabilizer Irgafos® 168 [48, 49]. Tris(2,4-
di-tert-butylphenyl)phosphite (Irgafos® 168) itself could 
not be detected. These findings were validated by the 
obtained NMR spectra (Fig. S5A-C) exhibiting the typi-
cal resonances for tris(2,4-di-tert-butylphenyl)phosphate. 
In particular, the 31P NMR spectrum (Fig. S5C) shows a 
single resonance at -19.9 ppm, demonstrating, that only 
the phosphate is present. Additionally, Irganox® 1010 
could be identified as a second stabilizer by analysis of 
Irganox® 1010 reference material, treated with simulated 
solar radiation in THF for 100 h (Irganox® 1010weathered). 
The dominant peaks observed in the MALDI spectra 
of the extracted stabilizer (Fig. S4A) and in Irganox® 
1010weathered (Fig. S4B) are almost identical and represent 
fragments of the original Irganox® 1010 molecule (Fig. 
S4C). These observations could be confirmed by 1H and 
13C liquid-state NMR spectra (Fig. S5D-E).

Since Irgafos® 168 and Irganox® 1010 are processing 
stabilizers, their main purpose is to assure stability of the 
respective polymer during melt processing, e.g. extrusion 
[48]. Temperature, shear strain, or other critical factors 
may lead to chemical degradation, reducing the molecu-
lar weight, and resulting in a decrease of the mechanical 
strength. To assure stability throughout melt processing, 
stabilizers, such as radical scavengers and hydroperoxide 
decomposers, are often added. Irgafos® 168 is a hydro-
lytically stable phosphite processing stabilizer acting as a 
secondary antioxidant [50]. It is often used in combina-
tion with the primary antioxidant Irganox® 1010, a steri-
cally hindered phenol. By deactivation of peroxy radicals 
and hydroperoxides, formed during autoxidation, degra-
dation of the polymer is prevented. The most important 

reactions during the decomposition of PP are shown in 
Figure S6 [49, 51]. The mechanism is very similar for 
both, thermal and photochemical decomposition. The 
major difference is, that the energy to create free radi-
cals by a homolytic cleavage of C-H bonds comes from 
heating, in the case of thermal oxidation, and from high 
energy photons of the sunlight, in the case of photooxi-
dation. In natural environments, photooxidation is the 
dominating mechanism to induce degradation. Following 
the initial formation of radicals, a multitude of reactions 
proceed via hydroperoxides, and peroxide and alkoxy 
radicals, leading to chain-scission and crosslinking (Fig. 
S6, top scheme). The chain-scissions are accompanied 
by the formation of oxygen-containing functional groups 
like alcohols, ketones and carboxylic acids. The stabilizer 
combination is able to prevent decomposition by reacting 
with all reactive intermediates marked in red in Figure S6 
(top scheme). Thereby, the stabilizer combination, which 
is usually added in quantities of ~ 0.1 to 0.2 wt.% [51], 
retards degradation up to the point where it is completely 
consumed. Afterwards, degradation sets in.

To study the degradation of PP, particles were irradi-
ated with simulated solar radiation, while being stirred in 
water and thus subjected to additional mechanical stress. 
Degradation of both sample sets, with a special view on 
the influence of the stabilizers, was monitored over a 
total experimental duration resembling approximately 
two years of outdoor weathering under mid-European 
conditions.

Particle size
Values for the average particle size are displayed in Fig-
ure  1 (Tab. S2) and particle size distributions in Figure 
S7. To ensure efficient extraction of the additives, a 
smaller particle fraction was chosen for unstabilized 
PP  (Ø = 119  µm)  compared  to the stabilized particle 

Fig. 1  Average particle size for A PP particles with stabilizer and B PP particles without stabilizer. The induction phase, characterized by the 
presence of Irgafos® 168 and Irganox® 1010, is highlighted in yellow. Degradation proceeds in an exponential manner with τ = 149 h for PP with 
and τ = 427 h for PP without stabilizer (∝ exp(− t/τ))
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fraction (Ø = 192 µm). The average size of the particles 
with stabilizer in Figure 1A remains constant up to 350 h, 
then rapidly decreases in an exponential manner. We 
attribute the linear trend between 0–350 h to the influence 
of the stabilizer, since it is absent for PP without addi-
tives (Fig. 1B). We refer to this phase as the induction 
phase, highlighted in yellow in Fig. 1. The exponential 
fit from 350  h onwards, reveals a lifetime τ of 149  h, 
in which the particles have reached half of the origi-
nal size. PP particles without stabilizer (B) start to 
decrease already from 50  h onwards, but decay slower, 
with τ = 427 h. After 800 h, both samples reach the same 
particle size of ~ 20  µm, which slowly decreases further 
to ~ 5  µm in the remaining 2400  h of experiment dura-
tion (Tab. S2). During weathering the particle size dis-
tribution broadens, as can be seen in Figure S7. Further 
details on the particle size at long irradiation times will 
be discussed in the upcoming sections.

Molecular weight distributions
Molecular weight distributions (MWD) for both sample 
sets were obtained by HT GPC (Tab. S3, Fig. S8). Initially, 
MWDs from both experiments are broad (Fig.  2A, 2B) 
with dispersity (Ð) values of > 7, typical for commercial 
PP. Throughout the exposure to simulated solar radia-
tion, PP particles are highly affected by photooxidation, 
radical formation and chain scission. The Mn decreases 

from Mn,0 = 68,000  g/mol down to Mn,3200 ~ 1000  g/
mol within 3200 h (Tab. S3). Major differences between 
the stabilized and non-stabilized PP are evident within 
the first 300 h of weathering. The PP sample with stabi-
lizer shows a uniform MWD (Fig. 2A) with curves from 
0–250  h overlapping. The Mn-values (Fig.  2C) decrease 
very slowly in a linear trend until 300 h, then evolve in an 
exponential manner, revealing rapid decrease of the poly-
mer chain length. This linear trend represents the induc-
tion phase, which was also observed within the particle 
size data (Fig. 1). The PP sample without stabilizer shows 
an immediate shift of the MWD to lower values and 
a reduction of Mn, starting with the first sample drawn 
after 24 h (Fig. 2B, 2D, S8).

Within both, the particle size measurements (Fig. 1A) 
and the MWD (Fig.  2A), PP with stabilizer shows only 
little effects from weathering with steady values in par-
ticle size and only slow decrease in molecular weight Mn 
in the beginning. This is due to the deactivation of reac-
tive intermediates from autoxidation by Irgafos® 168 and 
Irganox® 1010. Once degradation starts, it proceeds rap-
idly and in an exponential manner, catching up with the 
non-stabilized PP within few sampling times. Mn values 
are similar (~ 2000 g/mol) for both PP samples after 800 h 
of weathering (Tab. S3). Fragmentation however pro-
ceeds far faster for the stabilized PP from 350 h onwards, 
than what is observed for the non-stabilized PP, which 

Fig. 2  Molecular weight distributions for A PP with additive and B PP without additive for chosen exposure time intervals. C Mn as a function of 
exposure time for PP with and D without stabilizer. The induction phase is highlighted in yellow

8 Publications and Manuscripts

127



Page 7 of 13Meides et al. Microplastics and Nanoplastics            (2022) 2:23 	

degrades from 50 h on. This is a striking observation. The 
only difference between the two PP samples is the pres-
ence of stabilizers and predominantly their degradation 
products in the stabilized PP sample, in the time interval 
where particle size decreases in an exponential manner. 
Both, stabilizers and degradation products are absent in 
the non-stabilized PP sample. We speculate that the pres-
ence of the degradation products may be responsible for 
the faster fragmentation, and thus the lower value of τ 
determined for the exponential decay of the stabilized 
sample. After 3200  h, the average particle size, as well 
was the final MW, are almost equivalent for samples with 
and without stabilizer.

Crystallinity and melting temperature
The thermal characteristics of PP with and without sta-
bilizer were investigated via DSC and are shown in Fig. 3 
(Fig. S9). The melting temperature Tm and degree of crys-
tallinity χc for the reference sample were determined to 
Tm,0 = 165  °C; χc,0 =  ~ 50% (Tab. S4). Heating curves for 
both PP experiment  series, displayed in Fig.  3A, show 
similarities for PP with stabilizer (solid lines) at 0 and 

200 h, while PP without stabilizer (dashed lines) shifts to 
lower values. The influence of the stabilizer within the 
first 350 h becomes evident when looking at Tm (Fig. 3B, 
3D) and trends for the degree of crystallinity χc (Fig. 3C, 
3E) for both PP experiments. No change in Tm can be 
detected within the induction phase of stabilized PP, high-
lighted in yellow (Fig. 3B, 3C). The start of degradation is 
marked in green, with a prominent drop in Tm by ~ 6 °C. 
The decrease in Tm can be explained by increasing crystal 
defects occurring as a consequence of degradation [29]. 
As degradation continues (grey), Tm decreases further 
from 156 °C to 120 °C (Tab. S4). This is accompanied by a 
broadening of the melting peak (Fig. 3A), and an increase 
in the melting enthalpy ∆Hm. From integration of the 
melting peak, χc  was determined, and a similar trend is 
observed (Fig. 3C): no change in χc within the induction 
phase, followed by a rapid increase by 17%, marking the 
beginning of degradation. For PP without stabilizer, the 
induction phase is absent, and degradation is initiated 
directly. Tm decreases by 13  °C with a linear trend from 
0–200 h and χc increases by 17%. The long-term degrada-
tion proceeds similar for both PP experiments.

Fig. 3  A Melting curves of PP with (solid) and without stabilizer (dashed) for 0, 200, 350, 400 and 2000 h of weathering. Individual curves are shifted 
vertically for better comparability. B Tm in °C and C crystallinity in % as a function of exposure time from 0 to 2400 h for PP with stabilizer. D Tm 
and E crystallinity for PP without stabilizer. The induction phase is highlighted in yellow. Green marks the start of degradation while grey indicates 
on-going degradation with minor changes of Tm and crystallinity
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The 13C CP MAS NMR spectra for both sets of weath-
ering experiments (with and without stabilizer combina-
tion) show the typical resonances for the amorphous and 
crystalline regions of PP [52] (Fig. S10, S11). The intensity 
of the crystalline region increases fast up to 200  h. For 
longer weathering times, the lineshape does not change 
significantly anymore. For stabilized PP, a similar trend 
is observed, which is delayed by roughly 200 h, marking 
the induction period where the stabilizers are consumed. 
These trends are in line with the conclusions drawn from 
the DSC measurements. For longer weathering times, the 
spectral overlap is, however, too strong to allow for quan-
titative analysis of the spectral intensities, and thus for 
calculation of the degree of crystallinity.

The thermal and NMR characteristics for both PP 
experiments correlate well with the observation previ-
ously made for MW and MWD (Fig.  2). For semi-crys-
talline polymers, chain-scission takes place mainly in the 
amorphous regions. The disassembled polymer chains 
then rearrange due to the high mobility of the chains 
within the temperature range of our experiments, which 
is well above the glass-transition temperature of PP. The 

chains rearrange in a preferably ordered way, which leads 
to an increase in crystallinity [53]. These chain dynam-
ics also influence the particle fragmentation and hinder 
crack-formation. In early weathering stages (0–350  h, 
Fig.  1A) the particle size thus remains constant, while 
molecular weight values already indicate a slow decrease 
in chain length from chain-scission (Fig.  2C). At late 
stages of degradation, the crystallinity for both PP sam-
ples slowly decreases again (Fig. 3C, 3E). We explain this 
saturation effect by an increasing amount of polar poly-
mer defects [29] hindering the alignment of the residual 
short polymer chains. Our observations match previous 
studies, investigating the environmental degradation of 
PP, where an increase in crystallinity is reported [54, 55] 
along with a decrease in the MW [55].

Development of chemical functional groups
To trace the continuous degradation by quantifying 
chain-scissions and formation of chemical functional 
groups, 13C CP MAS NMR spectra were recorded for 
both sets of weathering experiments (Fig. 4A, 4B). Com-
pared to the reference material, additional peaks develop, 

Fig. 4.  13C CP MAS NMR spectra of A PP with stabilizer and B without stabilizer for different weathering times. Upon irradiation, the generation 
of new signals assigned as signals I (ketone), II (carboxylic acid), III (peroxide) and IV (alcohol) is observed [56, 57]. No refinement of vinylidenes 
was performed between 100–150 ppm, since the resonances of the decomposition products of Irgafos® 168 superimpose with the vinylidene 
resonances. The spectra are normalized to the intensity of the methyl sidechain carbon signal (at approx. 24 ppm). Individual spectra are shifted 
vertically for better comparability. Exemplarily, the individual fits for the peaks in the spectrum of the 3200 h weathered particles are shown as black 
lines; Derived proportions (SI Eq. 2 - Eq. 6) of alcohols, peroxides, carboxylic acids and ketones, as functions of the exposure time, for PP particles C 
with and D without stabilizer. Trend curves with exponential build-up and an induction period (PP with stabilizer) are included as guide for the eye
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gaining intensity with increasing exposure time. These 
peaks could be assigned to the degradation products of 
PP depicted in Figure S6, as ketones (215 ppm), carbox-
ylic acids (179  ppm), peroxides (85  ppm) and alcohols 
(74 ppm) [56, 57]. Due to the low intensity in the spectral 
range typical for ketones, end-chain and in-chain ketones 
[56] are handled as one broad resonance (Fig. S12). Fur-
ther details on the refinement procedure are given in 
the section “Experimental”. Quantification was achieved 
by calibrating the CP spectra to a quantitative multi CP 
experiment, as previously described [43]. The propor-
tions of the chemical groups are displayed in Fig. 4C and 
4D. The defect resonances of the stabilized PP (Fig. 4C) 
remain below the detection limit during the first 200 h of 
exposure, which is in accordance with the presence of the 
induction phase. Between 200 and 800 h, a rapid increase 
for the proportions of all defects occurs. For longer expo-
sure times, a turnover to an attenuated increase was 
observed. In the case of non-stabilized PP (Fig. 4D), pho-
tooxidation sets in with the start of the weathering exper-
iments. Nevertheless, also for this sample a turnover to 
a smaller photooxidation rate was found with an onset 
of 400  h exposure time. In both cases, the highest pro-
portions of the polar defects were observed for peroxide 
and alcohol groups, followed by carboxylic acids. Ketone 
defects play only a minor role and were observable only 
for larger weathering times. We attribute the high perox-
ide and alcohol proportions to the large number of ter-
tiary C-atoms, forming stable radicals and subsequently 
peroxides and alcohols [27].

Particle surface and degradation characteristics
The changes in particle size and shape during the deg-
radation of PP have been visualized by SEM. A selection 
of images from experiments with and without stabilizers 

are displayed in Fig.  5. More images are given in Fig-
ures S13 and S14. Aside from the difference in particle 
size between both fractions, surface characteristics for 
both particle fractions are very similar (Fig.  5, S13, and 
S14). The reference sample before irradiation consists of 
particles with rough shapes and harsh edges, resulting 
from cryo-grinding (Fig.  5A, 5E). Within the first stage 
of weathering, particle edges start to smoothen and are 
rounded off (Fig.  5B, 5F). With continuous exposure to 
simulated solar radiation and mechanical stress, particles 
start to disintegrate to average particle sizes < 10 µm for 
both experiments (Tab. S2). Dominant crack patterns are 
absent upon break-down, which can be attributed to the 
high flexibility of PP at ambient temperature, resulting 
in self-healing by surface rearrangement of the polymer 
chains [58]. This is in accordance with the interpreta-
tion of the thermal characteristics determined from DSC 
(Fig. 3C, 3E) and NMR spectroscopy (Fig. S11).

Recently, we developed a three-stage degradation 
model for semi-crystalline, non-stabilized polymers, 
using unstabilized LDPE as exemplary material [41]. 
Stage I represents surface abrasion, characterized by a 
roughly constant particle size, accompanied by a round-
ing of the particle surface. In stage II fragmentation 
starts, particle size decreases, the molecular weight is 
reduced and first chemical functional groups can be 
identified. The final stage III represents the formation of a 
large number of small microplastic and nanoplastic (NP) 
particles. They likely agglomerate, as a result of their high 
surface-to-volume ratios and an increasingly polar sur-
face, resulting from the large number of oxygen-contain-
ing functional groups.

Our three-stage model is also applicable to PP without 
stabilizer. However, the transition from stage I to stage 
II is very short, which is evident in the particle size and 

Fig. 5  A-D SEM images of PP with stabilizer and E-H without stabilizer. A&E Virgin particles, reference material, B&F smoothed particles after 200 h, 
C&G particle fragments after 800 h and D&H particle surfaces after 2000 h. Smaller particles in the nanometer-range are visible on the surfaces
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MW measurements (Fig.  1B, Fig.  2D). This behavior is 
related to the chemical structure of PP. Every second car-
bon in the PP backbone is a tertiary C-atom, making PP 
very susceptible to photooxidation. The single H-atoms 
of tertiary C-atoms are prone to abstraction, leading 
to the formation of a large number of stable radicals 
[27], which is also evident in the proportion of chemi-
cal groups developing (high proportion of peroxides and 
alcohols, Fig.  4C, 4D). Once degradation is initiated, it 
proceeds in an autocatalytic manner [59]. Consequently, 
solar radiation leads to a rapid polymer break-down in 
the absence of a stabilizer.

Fragmentation sets in together with a loss of MW 
(stage II), leading to embrittlement. This results in par-
ticle break-up and the formation of large quantities of 
secondary daughter MP particles and a rapid decrease 
in particle size (Fig. 1B). Due to surface-healing by rear-
rangement of the polymer chains above Tg [58], no 
microcracks could be observed. With further weathering, 
decreasing particle size and accumulation of degradation 
products, the particle properties change. Stage III is ini-
tiated with the average particle size having decreased 10 
times. A multitude of daughter particles are formed from 
disintegration, reaching sizes < 10  µm, and even ranging 
down to the nanometer scale (Fig. 5D, 5H). They contain 
a high content of oxidation products and are highly polar. 
Due to their large surface-to-volume-ratio and polarity, 
MP and NP particles have a strong tendency to agglom-
erate (Fig. 5D, 5H) and almost no free NP particles with 
sizes < 1 m could be observed in our particle size meas-
urements (Fig. S7).

In PP with stabilizer, particle size and MW are not 
affected up to 300 h of weathering. Surface abrasion how-
ever is clearly traceable in the SEM images, where rough 
edges disappear from being rounded off (Fig.  5B). The 
induction period observed here is relatively short. We 
expect a much longer stability if an efficient UV-stabi-
lizer, e.g., a Hindered Amine Light Stabilizer (HALS), is 
added to the polymer, which is usually the case in poly-
mers for outdoor use. Once the stabilizer combination 
is consumed, degradation sets in rapidly, leading to an 
exponential decrease in molecular weight and particle 
size, and a high fragmentation rate, accompanied by an 
increase in crystallinity and the formation of functional 
groups resulting from degradation. Comparing stage 
III for both experiments, the influence of the stabilizer 
becomes negligible. While it suppresses degradation for 
the first 300 h, polymer break-down is accelerated from 
400–600 h.

The fragmentation rate of PP is extraordinarily high, 
and even faster for the stabilized, than for the non-sta-
bilized fraction. This is a striking observation, indicat-
ing that the stabilizers and their  degradation products 
accelerate fragmentation, even though they assure some 
stability in early stages of exposure. From one mother 
particle (~ 190  µm) 100,000 daughter particles are cre-
ated and released within ~ 2  years (3200  h accelerated 
weathering). Within the last stage however, the daughter 
particles from both experiments have almost the same 
size (~ 5  µm), low MW (Mn = 1000  g/mol), a crystallin-
ity (χc) of 50–60%, and a similar proportion of functional 
groups (Fig.  1-4).

The small size of MP enables an easy distribution 
throughout multiple environmental compartments, 
ingestion by aquatic organisms and accumulation 
through the food chain [60]. A recent study has demon-
strated, that secondary PP MP particles, especially with 
sizes < 20 µm are cytotoxic to human cells [17]. In addi-
tion to their small size, sharp edges from fragmenta-
tion [61], the degree of weathering, and accumulation of 
oxygen-containing functional groups [62], as well as the 
leaching of additives [63] may further enhance the cyto-
toxicity to living organisms. This highlights not only the 
necessity to evaluate the effects of relevant, weathered 
samples in future studies, but also the urge for a further 
evaluation of the environmental behavior and the ecolog-
ical risks MP and NP particles may bear.

Conclusion
We conclude, that the stabilizer combination present in 
our PP sample prevents degradation for a time frame of 
300–350 h, while the non-stabilized PP starts to degrade 
immediately. The stability period of 350  h is very short 
and can be explained by the fact that the PP used in this 
study contains only a small amount of additives prevent-
ing thermal and photochemical oxidation.

The fragmentation rate of PP is particularly high. Com-
paring the time constants of particle disintegration, we 
estimate that PP degrades ~ 6 times faster than PS [5], 
and ~ 4 times faster than LDPE [41]. The average particle 
size of the reference (~ 190 µm) decreases down to 4 µm 
after 3200 h of irradiation with simulated solar radiation, 
which is comparable to ~ 2  years of outdoor weathering 
in Central Europe (Tab. S1). From one PP mother parti-
cle, 100,000 daughter particles are formed, and released 
into the environment. This value is extraordinarily high, 
and highlights the immense secondary PP MP-pollution 
from inadequate waste disposal.
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The degradation of polymers under environmen-
tal conditions is a complex process, whereas laboratory 
experiments, like the ones presented here, can be run 
with reduced complexity. In our case, the simultaneous 
influence of solar radiation, and mechanical stress was 
investigated. From such experiments, a large number 
of samples can be collected after freely selectable time 
intervals, thus aged MP particles become available in suf-
ficient amounts for detailed analysis. This allows investi-
gations with a multitude of analytical methods, including 
e.g., solid-state NMR spectroscopy. Despite the reduced 
number of experimental parameters, we believe that the 
major conclusions from laboratory weathering can be 
transferred to environmental conditions. In this context, 
our experiment resembles the degradation of PP on the 
surface of a river or the sea, neglecting the influence of 
biofilms. The experimental setup, with a permanent 
exposure of the MP to simulated solar radiation, in com-
bination with mechanical stress induced by stirring, pro-
vides optimum conditions for the degradation of MP. In 
natural environments, additional parameters control the 
time scales, in which degradation occurs. Exemplarily, 
biofilm formation may serve as a shield, and thus  may 
lower light exposure. If biofilm formation leads to an 
increase of the particle density, it may even sink to the 
ground, where the absence of sunlight combined with a 
very small amount of oxygen leads to an increase of the 
MP-lifetime by several orders of magnitude.

It is essential to consider, that the chemical structure of 
the small daughter MP particles, obtained at the end of 
our artificial ageing experiment, is very different from the 
starting material. The highly weathered and fragmented 
secondary daughter MP particles consist of hydrocarbon 
chains with a molecular weight of 1000 g/mol, and a large 
number of oxygen-containing functional groups, e.g., 
carboxylic acids. Their physical properties and chemi-
cal composition have largely changed, no longer resem-
bling pristine PP. We expect, that these particles could 
be much more prone to biodegradation compared to the 
hydrophobic, high molecular weight starting material. 
This question should be addressed in future studies.
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marked in grey were obtained by simultaneous free refinements of defect 
peaks in the two spectra with longest weathering times and were kept 
constant in the subsequent refinements. Table S6. Correction factors 
for PP with and without stabilizer determined with quantitative multi-CP 
spectra of the respective 3200 h weathered sample. Used to calibrate the 
defect intensities in the CP spectra [5].
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shifted vertically for better comparability. Additionally, the baselines (green), individual refinements for the peaks (black) 

and the cumulative lineshape (orange) are shown in the spectra. No refinement of vinylidenes was performed between 100 – 

150 ppm since the resonances of the decomposition products of Irgafos® 168 superimpose with the vinylidene resonances. 

𝑓(𝛿) = 𝐼 ∙ [(1 − 𝑥)
2 𝐿𝐵

4𝜋∙(𝛿−𝛿𝑖𝑠𝑜)2+𝜋∙𝐿𝐵2 + 𝑥 ∙  
√4 ln(2)

√𝜋 𝐿𝐵
 ∙  𝑒

−
4 ln(2)

𝐿𝐵2 (𝛿−𝛿𝑖𝑠𝑜)2

]                             (Eq. 1) 

Figure S13. SEM images of PP with stabilizer after irradiation for different time intervals. 

Figure S14. SEM images of PP without stabilizer after irradiation for different time intervals.  
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Experimental Section 

Materials and Methods 

Accelerated Weathering 

 

  

Figure S1. Global horizontal irradiation for Europe and for Germany in kWh/m2 for 2019. Source: SOLARGIS. 

 

 

Table S1. Calculation of total irradiance in the Q-SUN Xe-3 chamber. 

Calculation of total irradiance in Q-SUN Xe-3 chamber 

Lamp settings*1 60  W/m2 

Calculation factor*2  9.9  

Total irradiance in Q-SUN Xe-3 chamber 594 W/m2 

Acceleration factor of Q-SUN Xe-3 chamber compared to Central Europe 

Solar irradiance per year*3 1000 kWh/m2 

Hours per year 8765 h 

Solar irradiance 114 W/m2 

Acceleration factor of Q-SUN Xe-3 chamber*4 5.21 - 

*1measured in the wavelength interval from 300 to 400 nm 

*2 calculation factor converting the irradiance from 300 to 400 nm to the whole emission range of the Xenon lamp (300 – 800 

nm). Extracted from Q-Sun Irradiance Conversion Sheet provided by Q-Lab Germany 

*3value was derived from Figure S1 for the longitude of Central Europe 

*4this value was calculated by division of the total irradiance in the Q-Sun Xe-3 chamber (594 W/m2) by the solar irradiance 

determined for Central Europe (114 W/m2) 
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Figure S2. Q-SUN daylight-Q filter compared to direct sunlight. Modified from Q-Lab Corporation, 2014, Technical 

Bulletin LX-5060, A Choice of Filters for Q-Sun Xenon Test Chambers. 
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Results 

Identification of the Processing Stabilizer via MALDI-TOF Mass Spectrometry 

A 

 

 

B 

Tris(2,4-di-tert-butylphenyl)phosphite 

Irgafos® 168 

 

C42H64O3P 

 

C 

Tris(2,4-di-tert-butylphenyl)phosphate 

Irgafos® 168, oxidized form 

 

C42H64O4P 

 

 

 

m/z = 647.5 [M+H]+ (Fouyer et al., 2012; 

Schwarzinger et al., 2012) 

 

 

 

 

m/z = 663.5 [M+H]+ (Fouyer et al., 2012; 

Schwarzinger et al., 2012) 

m/z = 685.4 [M+Na]+ (Schwarzinger et al., 2012) 

m/z = 701.4 [M+K]+ (Schwarzinger et al., 2012) 

 
Figure S3. (A) MALDI spectrum of the first processing stabilizer in PP HP526 J. The three prominent peaks 

could be assigned to the oxidized species of Irgafos® 168 (Schwarzinger et al., 2012). (B) Chemical structure of 

Irgafos® 168 (Tris(2,4-di-tert-butylphenyl)phosphite) and (C) Tris(2,4-di-tert-butylphenyl)phosphate) together 

with m/z values from the literature. 
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A 

 
 

B 

 

C 

 
 

Figure S4. (A) MALDI-TOF-MS spectrum of the second processing stabilizer in PP HP526 J. The prominent peaks are 

identical to those arising from Irganox® 1010 reference material, treated with simulated solar radiation in THF for 100 h 

in (B). The structure of Irganox® 1010 is given in (C). 
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Identification of the processing stabilizers via 1H, 13C and 31P liquid-state NMR spectroscopy 

A 

 
 

D 

 

B 

 
 

E 

 

C 

 

  

Figure S5. Comparison of 1H (A), 13C (B), and 31P (C) NMR spectra of the first extracted additive, tris(2,4-di-tert-

butylphenyl)-phosphate and Irgafos® 168 as well as 1H (D), 13C (E) spectra of the second extracted additive, Irganox® 1010 

and Irganox® 1010 reference material, treated with simulated solar radiation in THF for 100 h. The 1H and 13C spectra were 

normalised to the proton and carbon resonances of tert-butyl groups and the 31P spectra to the highest peak. 
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Degradation Mechanisms 

 
 

 
 

 
Figure S6. Above: Scheme for the photooxidative degradation of PP explaining the formation of hydroperoxides, 

alcohols, ketones, olefins and carboxylic acids. Below: Reactions of the radical scavenger Irgafos® 168 with reactive 

hydroperoxides and peroxy- and alkoxy radicals. The reactive intermediates marked in red (above) are deactivated by the 

phosphite Irgafos® 168 which itself is oxidized to the phosphate (Maier and Schiller, 2016). 
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Average Particle Size and Particle Size Distributions 

Table S2. Average particle sizes in µm for PP samples with and without stabilizer at exposure times from 0 h to 3200 h. 

Values display the average of three measurements. 

 With Stabilizer Without 

Stabilizer 

Exposure 

Time 

Average 

Particle Size 
σ* Particle 

Volume 
DMP Quantity Surface Area 

Total Surface Area 

(Quantity*Surface) 

Average 

Particle Size 

hours µm µm µm3 counts µm2 µm2 µm 

0 192.4 3.2 3705973  115812  119.4 

24 197.0 1.9     119.7 

50 189.9 3.1     121.6 

100 197.5 3.6     108.8 

150 199.7      - 

200 200.1 3.1     85.4 

250 197.4      - 

300 193.4      - 

350 187.0      - 

400 148.1 0.8     53.6 

450 98.5      - 

500 68.2      - 

550 51.8      - 

600 41.3 0.9     31.4 

800 16.5 0.04     22.2 

1200 9.4 0.04     13.4 

1600 5.6 0.01     8.6 

2000 4.2 0.02     6.6 

2400 4.1 0.04     5.8 

2800 4.2 0.14     4.9 

3200 4.1 0.21 36 102696 53 10^9 5.1 

*σ is defined as the standard deviation of three independent measurements, from which the average particle size 

was calculated 

A 

 

B 

 
 

Figure S7. Average particle size distributions for (A) PP with stabilizer and (B) PP particles without stabilizer. 
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Molecular Weight Data 

Table S3. Number-average (Mn), weight-average (Mw), peak (Mp) molecular weights in g/mol, and dispersity (Ð) values for 

PP samples with and without stabilizer for different exposure times. 

 PP with stabilizer PP without stabilizer 

Exposure Time Mn Mw Mp Ð Mn Mw Mp Ð 

hours g/mol g/mol g/mol  g/mol g/mol g/mol  

0 68300 795800 342000 11.7 68800 532000 256700 7.7 

24 - - - - 53500 293700 174000 5.5 

50 75000 739700 328200 9.9 13000 47700 41300 3.7 

100 63400 698600 296200 11.0 5400 17200 13700 3.2 

150 44900 731200 328200 16.3 - - - - 

200 35100 669100 296200 19.1 3300 8800 7500 2.7 

250 64600 661800 296200 10.2 - - - - 

300 30000 162700 93900 5.4 - - - - 

350 10400 40300 31500 3.9 - - - - 

400 5000 16100 10900 3.2 2100 4500 4000 2.1 

450 3500 9300 7600 2.7 - - - - 

500 3000  6500 4100 2.2 - - - - 

550 2500 5000 3800 2.0 - - - - 

600 2400 4400 3700 1.9 1800 3400 2000 1.9 

800 1900 3500 2200 1.8 1500 2700 1900 1.8 

1200 1600 2600 1900 1.7 1200 2000 1600 1.7 

1600 1300 2200 1700 1.6 1100 1700 1500 1.6 

2000 1300 1900 1600 1.5 1000 1500 1300 1.6 

2400 1100 1700 1500 1.6 800 1400 1200 1.7 

2800 900 1600 1300 1.7 800 1200 1200 1.7 

3200 1000 1500 1300 1.6 700 1200 1000 1.7 

 

A 

 

B 

 

Figure S8. Molecular weight distributions in g/mol of (A) PP with stabilizer and (B) PP without stabilizer for exposure 

time intervals from 0 h to 3200 h. 
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Crystallinity and Melting Temperature 

Table S4. Crystallinity and melting temperature measurements for PP with stabilizer and PP without stabilizer. 

 PP with stabilizer PP without Stabilizer 

Exposure Time Crystallinity ꭓc Melting Temp. Tm Crystallinity ꭓc Melting Temp. Tm 

hours % °C % °C 

0 52.1 164.8 45.1 164.7 

24 49.7 164.6 52.5 164.8 

50 49.6 164.4 54.0 163.6 

100 48.0 164.7 52.7 157.7 

200 51.0 164.6 61.6 152.6 

350 48.7 162.4 - - 

400 64.6 156.1 61.3 150.0 

600 65.7 148.5 58.4 147.2 

800 67.7 145.8 63.4 145.0 

1200 63.0 142.2 61.0 143.0 

1600 62.2 137.8 58.8 141.0 

2000 59.50 135.8 57.1 136.1 

2400 57.9 130.9 59.8 133.4 

2800 48.0 122.9 57.8 131.2 

3200 51.3 119.5 63.0 125.3 

 

 

A 

 

B 

 
 

Figure S9. DSC measurements. Heat flow in W/g vs. temperature in °C for (A) PP particles with stabilizer and (B) PP 

particles without stabilizer. 
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Evaluation of Crystallinity via 13C CP MAS NMR Spectroscopy 

 
 

Figure S10. 13C CP MAS NMR spectrum of the PP particles with stabilizer prior to weathering with signal assignment. In 

the enlarged PP spectra (blue and orange rectangle) the differences of the resonances of the amorphous (signal a1 and 

b1) and crystalline (signal a2 and b2) phase become visible (Hronský et al., 2014). 

 

 

A 

 

B 

 

Figure S11. 13C CP MAS NMR spectra of the PP particles with (A) and without (B) stabilizer for 0, 400 and 3200 h 

weathering time. Upon irradiation, a shift of signal intensity from the amorphous phase resonances (30 ppm, 48 ppm) to 

the crystalline phase resonances (28 ppm, 46 ppm) is observed (Hronský et al., 2014). The spectra are normalised to the 

integral of the backbone signal (35-20 ppm and 55-35 ppm). 
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Calculation of Defect Proportions via 13C CP MAS NMR Spectroscopy 

 

Table S5. Refinement parameters for the 13C CP NMR spectra of weathered PP samples with and without stabilizer. 

Refinements were carried out with pseudo-Voigt lineshapes (Eq. 1) where δiso is the isotropic chemical shift, LB the line 

broadening, x the Gauss/Lorentz ratio and I the relative intensity. The latter is given in percent as fraction of the total 

spectral intensity. Refinement parameters marked in grey were obtained by simultaneous free refinements of defect peaks in 

the two spectra with longest weathering times and were kept constant in the subsequent refinements.  

𝑓(𝛿) = 𝐼 ∙ [(1 − 𝑥)
2 𝐿𝐵

4𝜋∙(𝛿−𝛿𝑖𝑠𝑜)2+𝜋∙𝐿𝐵2 + 𝑥 ∙  
√4 ln(2)

√𝜋 𝐿𝐵
 ∙  𝑒

−
4 ln(2)

𝐿𝐵2 (𝛿−𝛿𝑖𝑠𝑜)2

]                   (Eq. 1) 

 

Spectrum Peak Assignment δiso [ppm] LB [ppm] x Intensity [%] 

PP with 

stabilizer 3200 h 

Ketone 216 29.8 0.5 1.1 

Carboxylic acid 179.8 11.9 0.9 1.3 

Peroxide 86.8 8.8 0.2 1.6 

Alcohol 75.6 8.8 0.2 2.2 

CH2 
46.4 2.6 0.0 17.8 

50.1 10.0 0.0 3.0 

CH 
28.5 1.5 0.0 19.2 

29.7 4.9 0.0 6.2 

CH3 
23.9 2.3 0.3 41.6 

19.6 7.2 0.2 4.1 

PP with 

stabilizer 2800 h 

Ketone 216 29.8 0.5 1.4 

Carboxylic acid 179.8 11.9 0.9 1.2 

Peroxide 86.8 8.8 0.2 2.0 

Alcohol 75.6 8.8 0.2 2.2 

CH2 
46.5 2.6 0.0 18.6 

50.6 11.6 0.0 4.0 

CH 
28.6 1.5 0.0 19.8 

29.9 5.3 0.0 7.8 

CH3 
24.1 2.3 0.4 41.3 

19.4 5.8 1.0 1.6 

PP with 

stabilizer 2400 h 

Ketone 216 29.8 0.5 1.0 

Carboxylic acid 179.8 11.9 0.9 1.0 

Peroxide 86.8 8.8 0.2 1.7 

Alcohol 75.6 8.8 0.2 2.0 

CH2 
46.5 2.6 0.0 18.4 

51.0 11.4 0.0 3.7 

CH 
28.5 1.5 0.0 21.9 

30.1 5.9 0.0 5.3 

CH3 
24.1 2.3 0.4 41.0 

20.7 7.1 0.5 4.2 

PP with 

stabilizer 2000 h 

Ketone 216 29.8 0.5 1.1 

Carboxylic acid 179.8 11.9 0.9 1.2 

Peroxide 86.8 8.8 0.2 1.7 

Alcohol 75.6 8.8 0.2 1.8 

CH2 
46.5 2.6 0.0 19.1 

50.4 11.3 0.0 3.5 

CH 
28.5 1.5 0.0 20.9 

29.9 5.4 0.0 6.8 

CH3 
24.0 2.3 0.4 42.3 

19.4 5.7 1.0 1.5 
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Spectrum Peak Assignment δiso [ppm] LB [ppm] x Intensity [%] 

PP with 

stabilizer 1600 h 

Ketone 216 29.8 0.5 0.7 

Carboxylic acid 179.8 11.9 0.9 1.0 

Peroxide 86.8 8.8 0.2 1.6 

Alcohol 75.6 8.8 0.2 1.7 

CH2 
46.5 2.5 0.0 18.8 

50.4 10.8 0.0 4.0 

CH 
28.5 1.6 0.0 24.1 

31.5 4.8 0.0 3.4 

CH3 
24.0 2.3 0.4 42.2 

20.5 7.5 0.9 2.5 

PP with 

stabilizer 1200 h 

Ketone 216 29.8 0.5 0.8 

Carboxylic acid 179.8 11.9 0.9 0.7 

Peroxide 86.8 8.8 0.2 1.4 

Alcohol 75.6 8.8 0.2 1.3 

CH2 
46.3 2.6 0.0 20.6 

50.9 9.8 0.0 3.1 

CH 
28.4 1.4 0.0 20.2 

29.4 4.0 0.0 6.6 

CH3 
24.0 2.2 0.3 44.6 

18.1 5.9 1.0 0.6 

PP with 

stabilizer 800 h 

Ketone 216 29.8 0.5 0.7 

Carboxylic acid 179.8 11.9 0.9 0.5 

Peroxide 86.8 8.8 0.2 1.4 

Alcohol 75.6 8.8 0.2 0.8 

CH2 
46.3 2.5 0.0 19.2 

50.6 10.3 0.0 3.3 

CH 
28.4 1.5 0.0 22.8 

30.3 5.3 0.0 4.1 

CH3 
23.9 2.3 0.3 45.0 

19.7 7.1 0.4 2.1 

PP with 

stabilizer 600 h 

Ketone 216 29.8 0.5 0.0 

Carboxylic acid 179.8 11.9 0.9 0.0 

Peroxide 86.8 8.8 0.2 0.9 

Alcohol 75.6 8.8 0.2 0.8 

CH2 
46.2 2.8 0.4 16.0 

48.0 8.7 0.0 8.6 

CH 
28.3 1.5 0.0 21.6 

29.5 5.7 0.8 7.0 

CH3 
23.8 2.3 0.4 43.5 

19.1 6.0 1.0 1.4 

PP with 

stabilizer 400 h 

Ketone 216 29.8 0.5 0.0 

Carboxylic acid 179.8 11.9 0.9 0.0 

Peroxide 86.8 8.8 0.2 0.5 

Alcohol 75.6 8.8 0.2 0.4 

CH2 
46.4 2.6 0.0 18.9 

48.5 3.7 0.0 3.3 

CH 
28.4 1.5 0.0 20.3 

29.8 4.2 1.0 5.6 

CH3 
23.9 2.2 0.4 45.7 

21.4 7.8 0.0 5.2 
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Spectrum Peak Assignment δiso [ppm] LB [ppm] x Intensity [%] 

PP with 

stabilizer 200 h 

Ketone 216 29.8 0.5 0.0 

Carboxylic acid 179.8 11.9 0.9 0.0 

Peroxide 86.8 8.8 0.2 0.0 

Alcohol 75.6 8.8 0.2 0.0 

CH2 
44.1 2.8 0.0 14.6 

45.9 2.5 0.0 8.1 

CH 
26.4 1.6 0.0 18.4 

28.2 1.9 0.0 9.9 

CH3 
22.0 2.1 0.3 41.8 

19.8 8.5 0.0 7.2 

PP with 

stabilizer 0 h 

Ketone 216 29.8 0.5 0.0 

Carboxylic acid 179.8 11.9 0.9 0.0 

Peroxide 86.8 8.8 0.2 0.0 

Alcohol 75.6 8.8 0.2 0.0 

CH2 
46.3 2.5 0.6 9.9 

47.9 3.7 0.0 14.3 

CH 
28.4 1.5 0.0 18.2 

30.3 1.9 0.0 9.9 

CH3 
24.0 2.1 0.2 44.5 

24.4 1.1 0.2 3.2 

PP without 

stabilizer 3200 h 

Ketone 214 29.8 0.5 1.3 

Carboxylic acid 178.7 11.9 0.9 1.1 

Peroxide 84.6 8.8 0.2 2.0 

Alcohol 74.0 8.8 0.2 2.2 

CH2 
44.4 3.1 0.0 18.1 

48.5 14.4 0.0 4.0 

CH 
26.5 1.6 0.0 18.0 

27.1 5.2 0.0 9.7 

CH3 
22.0 2.3 0.4 35.4 

18.1 8.2 0.0 6.0 

PP without 

stabilizer 2800 h 

Ketone 214 29.8 0.5 1.6 

Carboxylic acid 178.7 11.9 0.9 1.2 

Peroxide 84.6 8.8 0.2 2.1 

Alcohol 74.0 8.8 0.2 2.0 

CH2 
44.4 3.1 0.0 18.6 

49.6 12.4 0.0 3.1 

CH 
26.5 1.6 0.0 19.8 

27.2 5.6 0.0 8.4 

CH3 
21.9 2.3 0.5 33.8 

19.0 7.5 0.0 7.7 

PP without 

stabilizer 2400 h 

Ketone 214 29.8 0.5 0.9 

Carboxylic acid 178.7 11.9 0.9 0.9 

Peroxide 84.6 8.8 0.2 1.9 

Alcohol 74.0 8.8 0.2 2.0 

CH2 
44.4 3.1 0.0 18.9 

49.8 15.3 0.0 4.2 

CH 
26.5 1.5 0.0 18.7 

27.1 4.9 0.0 9.2 

CH3 
22.0 2.3 0.4 36.7 

18.1 7.2 0.0 5.2 
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Spectrum Peak Assignment δiso [ppm] LB [ppm] x Intensity [%] 

PP without 

stabilizer 2000 h 

Ketone 214 29.8 0.5 1.1 

Carboxylic acid 178.7 11.9 0.9 0.9 

Peroxide 84.6 8.8 0.2 1.4 

Alcohol 74.0 8.8 0.2 1.5 

CH2 
44.3 3.0 0.1 18.1 

48.0 6.7 0.0 1.9 

CH 
26.4 1.6 0.2 19.9 

27.7 4.3 0.0 4.2 

CH3 
22.0 2.3 0.3 37.9 

20.0 11.9 0.0 12.4 

PP without 

stabilizer 1600 h 

Ketone 214 29.8 0.5 1.2 

Carboxylic acid 178.7 11.9 0.9 0.8 

Peroxide 84.6 8.8 0.2 1.7 

Alcohol 74.0 8.8 0.2 1.5 

CH2 
44.3 3.0 0.2 17.0 

47.2 9.9 0.0 4.0 

CH 
26.4 1.6 0.2 19.5 

27.3 6.1 0.7 5.0 

CH3 
21.9 2.3 0.4 35.2 

20.2 9.6 0.0 13.3 

PP without 

stabilizer 1200 h 

Ketone 214 29.8 0.5 0.6 

Carboxylic acid 178.7 11.9 0.9 0.5 

Peroxide 84.6 8.8 0.2 1.1 

Alcohol 74.0 8.8 0.2 1.1 

CH2 
44.2 3.0 0.0 19.9 

49.1 6.1 0.0 0.7 

CH 
26.5 1.6 0.0 23.4 

28.1 5.8 1.0 2.2 

CH3 

11.7 18.9 0.4 2.1 

-16.8 53.8 0.1 1.9 

21.9 2.3 0.4 38.3 

19.3 6.6 0.0 7.6 

PP without 

stabilizer 800 h 

Ketone 214 29.8 0.5 0.6 

Carboxylic acid 178.7 11.9 0.9 0.2 

Peroxide 84.6 8.8 0.2 1.0 

Alcohol 74.0 8.8 0.2 1.0 

CH2 
44.3 3.0 0.2 18.5 

48.0 6.7 0.0 2.6 

CH 
26.5 1.7 0.0 24.9 

29.5 3.6 1.0 1.1 

CH3 

-7.6 49.1 0.4 2.1 

21.9 2.3 0.4 38.2 

19.4 9.2 0.0 9.3 
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Spectrum Peak Assignment δiso [ppm] LB [ppm] x Intensity [%] 

PP without 

stabilizer 600 h 

Ketone 214 29.8 0.5 0.5 

Carboxylic acid 178.7 11.9 0.9 0.5 

Peroxide 84.6 8.8 0.2 0.9 

Alcohol 74.0 8.8 0.2 0.6 

CH2 
44.4 3.0 0.1 20.0 

48.8 4.1 0.3 1.1 

CH 
26.5 1.7 0.5 19.2 

28.0 4.4 0.9 4.3 

CH3 

0.5 49.5 1.0 2.5 

22.1 2.4 0.3 42.1 

19.3 9.7 0.0 7.9 

PP without 

stabilizer 400 h 

Ketone 214 29.8 0.5 0.4 

Carboxylic acid 178.7 11.9 0.9 0.4 

Peroxide 84.6 8.8 0.2 0.9 

Alcohol 74.0 8.8 0.2 0.6 

CH2 
44.4 2.9 0.2 19.5 

48.5 6.9 0.0 2.8 

CH 
26.5 1.6 0.4 20.1 

27.4 6.2 1.0 5.4 

CH3 

1.2 50.7 0.0 1.7 

22.1 2.3 0.3 41.5 

19.2 9.6 0.0 6.2 

PP without 

stabilizer 200 h 

Ketone 214 29.8 0.5 0.4 

Carboxylic acid 178.7 11.9 0.9 0.3 

Peroxide 84.6 8.8 0.2 0.8 

Alcohol 74.0 8.8 0.2 0.6 

CH2 
44.4 2.9 0.3 18.6 

47.9 5.4 0.0 3.1 

CH 
26.5 1.7 0.2 23.6 

29.0 3.9 1.0 1.9 

CH3 

-0.7 38.8 0.8 1.3 

22.1 2.3 0.3 42.3 

19.9 9.6 0.0 6.5 

PP without 

stabilizer 0 h 

Ketone 214 29.8 0.5 0.0 

Carboxylic acid 178.7 11.9 0.9 0.0 

Peroxide 84.6 8.8 0.2 0.0 

Alcohol 74.0 8.8 0.2 0.0 

CH2 
44.1 2.6 0.5 10.4 

46.0 3.0 0.0 13.0 

CH 
26.4 1.6 0.2 17.4 

28.3 1.9 0.0 10.1 

CH3 

-0.7 49.5 0.2 2.5 

22.1 2.0 0.3 38.7 

21.4 5.5 0.0 7.9 
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Table S6. Correction factors for PP with and without stabilizer determined with quantitative multi-CP spectra of the 

respective 3200 h weathered sample. Used to calibrate the defect intensities in the CP spectra (Meides et al., 2021). 

Functional Group 
PP with stabilizer PP without stabilizer 

ci 3200 h ci 3200 h 

Ketone 0.49 0.50 

Carboxylic acid 0.85 0.84 

Peroxide 0.76 0.74 

Alcohol 0.80 0.77 

 

ρru = [1 – (3 ∙ Iketone) – (2 ∙ ICOOH) – (3 ∙ IPOOH) – (3 ∙ IOH)] / 3                               (Eq. 2) 

with:  ρru   proportion of propylene RUs relative to the proportion of defects 

  Iketone  relative intensity of the ketone resonance 

  ICOOH  relative intensity of the carboxylic acid resonance 

  IPOOH  relative intensity of the peroxide resonance 

   IOH  relative intensity of the alcohol resonance. 

 

Since the ratio of the different groups is Iketone : ICOOH : IPOOH : IOH : pru, the absolute proportions of the carbonyl 

groups (apketone), carboxy groups (apCOOH), peroxy groups (apPOOH) and hydroxy groups (apPOH) can be calculated 

once ρru is known:   

apketone = Iketone /(pru + Iketone + ICOOH + IPOOH + IOH)                             (Eq. 3) 

apCOOH = ICOOH /(pru + Iketone + ICOOH + IPOOH + IOH)                 (Eq. 4) 

apPOOH = IPOOH /(pru + Iketone + ICOOH + IPOOH + IOH)                  (Eq. 5) 

apOH = IOH /(pru + Iketone + ICOOH + IPOOH + IOH)                 (Eq. 6) 

8 Publications and Manuscripts

153



20 
 

 

Figure S12. 13C CP MAS NMR spectra of the PP particles with stabilizer for 0, 2800 and 3200 h weathering time. The 

spectra are normalised to the intensity of the methyl sidechain carbon signal (at approx. 24 ppm). Individual spectra are 

shifted vertically for better comparability. Additionally, the baselines (green), individual refinements for the peaks (black) 

and the cumulative lineshape (orange) are shown in the spectra. No refinement of vinylidenes was performed between 100 

– 150 ppm since the resonances of the decomposition products of Irgafos® 168 superimpose with the vinylidene 

resonances. 
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SEM Images 

 
Figure S13. SEM images of PP with stabilizer after irradiation for different time intervals. 
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Figure S14. SEM images of PP without stabilizer after irradiation for different time intervals. 
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Abstract 

Secondary microplastics (MP) have to date been verified in every environmental compartment of the earth. In 

order to understand the time scales and degradation rates of the formation of MP from macroplastic particles under 

exposure to environmental stress factors, accelerated, abiotic laboratory weathering has gained significant attention 

in polymer degradation research. The constant irradiation and controlled parameters enable the detailed 

investigation in a reasonable time frame. However, direct evaluation of the applicability to an outdoor setting is 

rarely performed. To test the transferability of accelerated weathering in an industrially available weathering 

chamber to outdoor weathering, we performed a direct comparison study using polystyrene (PS), 

polypropylene (PP), and polyethylene (LDPE) particles. Accelerated weathering was performed over a total 

experimental duration of 3200 h. Outdoor weathering for a supposedly corresponding 1.5 years. Both experiments 

were continuously sampled, and degradation investigated via gel permeation chromatography, particle size 

analysis, differential scanning calorimetry, SEM imaging, and 13C NMR spectroscopy. Our results show that the 

degrading mechanisms are the same, comparing accelerated to outdoor weathering. The time scales however, are 

strongly influenced by individual parameters, especially the temperature.  

 

Keywords:   

Degradation, microplastic, fragmentation, photooxidation, accelerated weathering  
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Introduction 

Plastic pollution in natural compartments all over our planet has become a topic of global concern. A major 

contribution to this issue is mismanaged plastic waste, either discarded directly into nature, or disposed in dumps, 

or open, uncontrolled landfills (Jambeck et al., 2015). The European population contributes indirectly to this issue. 

8 % of the post-consumer plastic waste collected in Europe in 2020 was exported from the European Union to 

other countries for recycling (Statista, 2021). A recent study by Bishop et al., 2020) has investigated the fate of 

exported plastic waste, with a special focus on polyethylene (PE), one of the most commonly used type of plastic. 

The authors conclude, that 31 % of PE waste exported for recycling, is not actually recycled, but either incinerated 

or disposed in open landfills. Nevertheless, this proportion remains classified as recycled and is filed as such within 

the statistics. Open landfills greatly contribute to the distribution of plastic waste (Brooks et al., 2018). Wind and 

animals have direct access to these sites, enabling an easy distribution to environmental compartments, such as the 

oceans (Andrady, 2017; Eerkes-Medrano et al., 2015). Bishop et al., 2020 ultimately modelled, that approximately 

3 % of all exported PE waste, amounting to 83,000 tons, ends up in the oceans.  

Upon exposure in the environment, multiple stress factors will affect the chemical and physical composition of 

plastic materials (Gewert et al., 2015). UV-radiation in particular, will lead to radical formation, chain scission, 

and cross-linking, reducing the molecular weight, which further enhances embrittlement (Dobkowski, 1995; 

Fayolle et al., 2008). Chemical degradation is directly linked to a modification in the physical properties, and on-

going exposure leads to fragmentation, and ultimately the formation of secondary microplastic (MP) particles 

(Andrady, 2017; Fairbrother et al., 2019; Gewert et al., 2015; Zweifel, 1998).  

The majority of MP in the environment is secondary MP, resulting from degradation and fragmentation processes, 

as a consequence of weathering (Andrady and Koongolla, 2022). While precise definitions of the size range of MP 

particles have been a matter of debate in recent years (Frias and Nash, 2019; Hartmann et al., 2019), within this 

study, we adapted the nomenclature suggested by Hartmann et al., 2019, defining MP to a size range between 

1 - 1000 µm. In order to understand how MP are formed and degrade under natural influence, it is crucial to mimic 

these processes, either in an environmental setting, or in a laboratory-controlled weathering chamber. Accelerated 

weathering chambers are frequently used in testing the lifetime of plastic parts in industry and have also become 

a useful tool in microplastic research (e.g., Atlas Suntest, Q-Lab weathering chambers). These chambers can mimic 

natural sunlight almost perfectly and enable the imitation of natural weathering in an accelerated, yet very 

controlled manner. 

Previous studies have addressed the direct comparison of outdoor to accelerated weathering, however there are 

only few studies, and the results are diverse. Gijsman et al., 1996 exposed PE films to accelerated and outdoor 

weathering in the Netherlands, and conclude, that weathering takes place only during the spring and summer. They 

argue that the acceleration factor depends on the parameter measured and propose different mechanisms between 

accelerated and outdoor weathering. Further exposure sites of studies focusing exclusively on outdoor weathering 

were Florida (Hill et al., 2021), Florida and France (Moreira et al., 2021), or China (Lv et al., 2015). Other studies 

perform both types of weathering with a focus on additive testing (Al-Salem, 2009), or service life prediction (Qin 

et al., 2021). Understanding polymer degradation processes and the correlation to MP formation is not addressed 

in these studies. Additionally, due to variations in composition, shape and thickness, comparison studies should 

be performed for every material.  
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In our recent publications (Meides et al., 2021; Meides et al., 2022; Menzel et al., 2022), we thoroughly 

investigated the degradation and fragmentation rates for three commodity polymers (PS, LDPE, and PP) using 

accelerated-laboratory weathering (Q-Sun Xe-3 weathering chamber) for ~ 4 months (3200 h). With this study we 

want to verify, that the mechanisms are comparable from the laboratory to the outdoor setting. We want to check 

if our conclusions drawn from accelerated weathering are applicable to natural weathering. To do so, we performed 

outdoor weathering as well as accelerated laboratory weathering on three different polymers, PS, PP, and LDPE. 

We used the same basic experimental setup for both settings; however, temperature, and solar irradiance were 

certainly different in the outdoor setup. In order to compare both experiments, we used the data from the 

meteorological station located in the botanical garden at the University of Bayreuth, which is positioned only 

~ 100 meters from our experiment. Outdoor degradation was monitored over a total exposure time of 1.5 years, 

from July 2020 to January 2022. We compared both sets of data for all three polymers using a multitude of 

analytical tools, such as gel permeation chromatography, particle size analysis, differential scanning calorimetry, 

SEM imaging, and 13C NMR spectroscopy. 

Results and discussion 

Surface characteristics  

SEM images of PS particle surfaces from outdoor weathering experiments are displayed in Figure 1a-c. Within 

the first stage of weathering, the particles are rounded off, revealing smoother surfaces. Crack patterns become 

visible within individual particles after 10 months of exposure (Figure 1b). These patterns indicate weakness in 

the structure and represent potential breaking points with further irradiation and mechanical influence. This is 

supported by the image of PS particles after 12 months of outdoor weathering (Figure 1c). The large starting 

particles break up and secondary daughter particles with smaller sizes are formed. These particles have different 

sizes and shapes, down to < 1 µm (Figure 1c). 

 

Figure 1 – Surface characteristics of PS particles from outdoor weathering a) of a reference particle, b) after 10 months 

and c) after 12 months. 

Similar observations can be made from SEM images of PP particles and LDPE particles (Figure S1). However, 

while the particles become smaller with increasing weathering, harsh fractures remain largely absent. More 

dominant surface characteristics are flakes which seem to be peeling off and small particles attached to the surface 

of larger ones (Figure S1e+l). LDPE particles reveal hardly any changes after 10 and even 12 months 

(Figure S1e+f). A closer view to the particle surface after 10 months reveals many < 1 µm particles, potentially 

down to the nanometer-scale for PP (Figure S1o). After 12 months of outdoor exposure, PP particles are extremely 

small compared to the other two polymers (Figure S1m).  
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Average particle size 

Quantitative particle size measurements allowed for the determination of the average particle sizes (Figure 2, 

Table S1) as well as particle size distributions (Figure S2) at each exposure time. The data are plotted with each 

month of sampling (between July 2020 to January 2022) at the bottom of the x-axis, as well as the exposure time 

in days at the top. Seasonal changes are highlighted in yellow for summer and blue for winter.   

All three polymer systems show similar trends: within the first few months of weathering, the particle size evolves 

in a linear trend. While PS and PP slowly decrease up to 10-11 months of outdoor weathering, LDPE particles 

remain largely unchanged within this time frame, showing only minor fluctuations (198 ± 4 µm, Table S1). After 

11-12 months, the linear trend turns into an exponential decay of the particle size for all three polymers, which is 

differently pronounced for each system. PS degrades in a rather slow manner (Figure 2a), showing a more rapid 

decrease in the following summer months (May-Oct), with a particle size changing from 121 to 48 µm. In the 

subsequent winter months, the particle size decreases only down to 38 µm with τ = 80 days (Table S1). LDPE 

shows the slowest fragmentation character (Figure 2b), with a time constant τ = 199 days for the exponential decay. 

Here too, the summer months show a faster size decrease (May-Oct, 187-78 µm), whereas the winter months show 

a slower size reduction (Oct-Jan, 78-51 µm). The turning point of linear to exponential is the same for all three 

systems and occurs within the summer months of May to July. PP however reveals a sharp turning point from 

linear to exponential (Figure 2c), with a pronounced reduction of the particle size from 168 µm down to 5 µm 

(May-Oct). In the final months the size remains between 5 to 4 µm, the time constant of the exponential decay 

being τ = 27 days. 

a) 

 

b) 

 

  c) 

 

Figure 2 – Average particle size as a function of exposure time in months (x-axis, bottom) and in days (x-axis, top) for a) 

PS particles in green, b) LDPE particles in blue and c) PP particles in purple. Summer months are highlighted in orange, 

winter months are highlighted in blue. 
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Development of molecular weight 

Investigations of the molecular weight (MW) and molecular weight distributions (MWD) were performed using 

gel permeation chromatography. Data for number-average (Mn) and weight-average (Mw) as well as the peak 

molecular weight (Mp) and dispersity Ð values are given in Table S2-4, the MWD in Figure S3. The Mn is plotted 

in dependence of the exposure time in months (x-bottom) and days (x-top) in Figure 3.  

The trends for the development of the Mn are unique for all three polymers. A linear trend is clearly visible within 

PP (Figure 3c), whereas PS and LDPE (Figure 3a+b) immediately reveal a reduction of the Mn in the first months 

from July to October, which is more pronounced for LDPE (30-16 kg/mol) than it is for PS (127-90 kg/mol, Table 

S2). Further, PS shows a roughly linear decrease over the entire duration of the experiment, with a slight plateau 

at the end. This may correlate to the winter time with lower UV activity. The final Mn of PS has reached 15 kg/mol 

(Table S2). LDPE seems to show distinct seasonal dependence. Mn decreases exponentially during the first 8 

months (July-March), with a slight plateau during the winter time. During the summer months the Mn decrease 

seems to be speeding up again, until reaching a further plateau from October to January (Figure 3b). After 18 

months, the Mn of LDPE has decreased down to 5000 g/mol. PP shows a different behavior: from July to December 

no reduction of the MW can be observed, resulting in a linear plateau of ~ 66-70 kg/mol (Figure 3c). Then, the Mn 

decreases rapidly with a reduction from 66 kg/mol to 9 kg/mol (Dec-Apr). After 1.5 years, the Mn has reached 

1600 g/mol. 

 

a) 

 

b) 

 

  c) 

 

Figure 3 – Development of molecular weight (Mn) as a function of exposure time in months (x-axis, bottom) and in days (x-

axis, top) for a) PS particles in green, b) LDPE particles in blue, and c) PP particles in purple. Summer months are 

highlighted in orange, winter months are highlighted in blue. 
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Identification of polymer defects 

Photooxidation was monitored via solid-state 13C NMR spectroscopic experiments (Figure 4). The prominent 

peaks observed in the spectra of all three polymers can be assigned to the carbons of the repeating units unaffected 

by weathering. For PS (Figure 4a) the resonances between 35-55 ppm correspond to the aliphatic backbone while 

the resonances at 128 ppm and 145 ppm correspond to the CH units and the ipso carbon of the phenyl ring. In the 

PP spectra (Figure 4c), the dominant peaks at 44, 27 and 22 ppm can be assigned to the CH2, CH and CH3 groups, 

respectively (Hronský et al., 2014). For LDPE (Figure 4b), the peaks at 35 and 33 ppm are attributed to crystalline 

and amorphous CH2 units in the aliphatic backbone (Assink et al., 2000), whereas additional weaker signals 

between 50-0 ppm correspond to the microstructure within the chain architecture of LDPE (Chabira et al., 2008). 

Upon outdoor exposure, new peaks emerge within the spectra of all three polymers. Previously, these could be 

assigned to polymer defects such as ketones (~ 205 ppm), carboxylic acids (~ 175 ppm), vinylidenes (~ 141 and 

~ 117 ppm), peroxides (~ 83 ppm) and alcohols (~ 74 ppm) (Mauel et al., 2022; Meides et al., 2021; Meides et al., 

2022; Menzel et al., 2022; Mowery et al., 2005; Mowery et al., 2007). Here, in the outdoor weathered PS, PP and 

PE samples, carboxylic acids, peroxides and alcohols were detected. Additionally, vinylidene polymer defects 

emerged in the LDPE samples. Ketone defects are still below the detection limit after 1.5 years of outdoor 

weathering. 

  

a) 

 

b) 

 

  c) 

 

Figure 4 – Solid-state 13C NMR spectra of a) PS, b) LDPE and c) PP for exposure times of 0, 10, 12, 15, and 18 months 

compared to the spectra of the respective polymers after 3200 h of accelerated weathering. With increasing exposure time, 

new peaks arise within the spectra, which can be attributed to defect types such as ketones (I), carboxylic acids (II), 

vinylidenes (III), peroxides (IV), and alcohols (V). The spectra are either normalized to the intensity of the aliphatic 

backbone (PS and LDPE) or to the intensity of the methyl side chain carbon signal (PP). Individual spectra are shifted 

vertically for better comparability. Exemplarily, the individual fits for the peaks in the spectra of the 3200 h weathered 

particles are shown as black lines. 
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Development of thermal characteristics for semi-crystalline PP and LDPE 

Thermal characteristics of both semi-crystalline polymers (LDPE and PP) were investigated via differential 

scanning calorimetry (Figure 5, Table S5, Figure S4). The melting curves are given in Figure 5a, and Figure 5b. 

For LDPE, the melting curves in Figure 5a remain around the same Tm (106-108 °C) during the entire experimental 

duration, however the shape of the peak shows some changes with increasing weathering. In the curve of the 

reference sample, a small shoulder is visible at lower temperatures, between 50-70 °C. This shoulder indicates 

smaller crystallites with lower Tm. With increasing weathering, the shoulder slowly shifts to higher values, 

indicated by the black arrow in Figure 5a. Ultimately, this shoulder merges into the main melting peak, indicating 

growth of the smaller crystallites to larger ones with increasing outdoor exposure. This observation matches the 

development of crystallinity ꭓc (Figure 5c), which increases in a linear manner over the exposure time frame of 

1.5 years (36 – 53 %). For PP in b), the melting curves remain very similar within the first months (July-April), 

with a consistent melting temperature Tm of 164 °C (Table S5). The crystallinity shows a minor increase during 

this time frame, from 41 % to 52 %. From May on, the melting peak shifts to lower values, resulting in a lowering 

of Tm from 164 to 139 °C until the end of the experiment. The development of the crystallinity for PP is slightly 

more complex (Figure 5d). After the linear increase until May (52 %) a rapid increase in crystallinity by ~ 15 % 

was recorded from May to June (66 %), followed by an almost immediate decrease from July to September (66 % 

to 48 %) and a further decline down to 44 % at the end of the experiment.  

a) 

 

b) 

 
c) 

 

d) 

 

Figure 5 – Thermal characteristics for semi crystalline LDPE and PP. Heat flow vs. temperature in °C for chosen samples 

of a) LDPE and b) PP. Development of crystallinity ꭓc as a function of exposure time for c) LDPE and d) PP. 
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Discussion 

Correlation of the chain defects and thermal characteristics to the particle fragmentation 

Comparing the data for the chain defects (MWD and Mn), the thermal properties (Tm and ꭓc), to the particle 

fragmentation (particle size in µm) we can correlate the characteristics of each of the curves plotted in Figure 2, 

Figure 3, and Figure 5.  

For PS, the turning point of fragmentation is from May-June, where the particle size decrease shifts from a linear 

to an exponential decrease (Figure 2a). This timing overlaps with the development of the molecular weight, which 

decreases in a linear manner, without showing distinct characteristics, but reaches a value below the critical MW 

(Mc) at the same time, as particles start to break up (Figure 3a). The Mc of PS is around 34 kg/mol (Dobkowski, 

1995), which is reached between May (39 kg/mol) and June (33 kg/mol) in our study. Below Mc, the polymer 

chains are becoming too short for sufficient entanglement, enhancing embrittlement and break up. Chain scission 

is a result of photoinitiated degradation and subsequent radical reactions of polymers exposed to solar radiation at 

the presence of oxygen (Gewert et al., 2015). For PS particles, degradation and fragmentation can be correlated 

very well. 

For LDPE particles, the particle size remains unchanged for almost one year, whereas the Mn continuously 

decreases and the crystallinity steadily increases (Figure 2b, Figure 3b, Figure 5c). As observed for PS, the 

initiation of fragmentation of LDPE coincides with the surpassing of Mc (Mw = ~ 70 kg/mol, Fayolle et al., 2007) 

in June (Mw (June) = 60 kg/mol). From this point on, the particle size rapidly degrades, accompanied by a further 

decrease in molecular weight and an on-going increase in crystallinity. As previously mentioned, the MW of LDPE 

seems to be very dependent on the temperature. We attribute these observations to the temperature of our 

experiment, which is, on average, above the glass-transition temperature (Tg) of LDPE, which is < 0 °C (Han et 

al., 1994).  

Above Tg, the molecular structure exhibits macromolecular mobility, facilitating chain movement and the reactions 

of macroradicals. Rearrangements of the chains thus lead to a ‘healing’ of potential crack-patterns (Bracco et al., 

2018; Wool, 2008). Degradation primarily affects the amorphous domains (Hiejima et al., 2018), thus amorphous 

chains are cleaved and then rearrange in a preferably ordered manner, leading to an increase of crystallinity. With 

the tie-molecules declining, embrittlement and fragmentation are provoked. While for amorphous polymers, 

embrittlement is directly correlated to the critical MW (Mc), for semi-crystalline polymers, the lamellar thickness 

plays the more prominent role (Fayolle et al., 2008). 

In the trends of PP, the molecular weight (Figure 2c) remains unchanged in the first months until the trend shifts 

from linear to exponential during winter. We attribute the initial stability within the MW (and the particle size) to 

the presence of stabilizers, as indicated by the manufacturer (LyondellBasell, 2021), and experimentally and 

analytically verified in a previous study (Meides et al., 2022). Once the stabilizers are consumed, degradation sets 

in rapidly, leading to an exponential decrease of the MW, despite the lower solar irradiance during winter. 

Meanwhile, the particle size is consistent for another few months until May (Figure 3c). At this state, the Mn is as 

low as 5000 g/mol and sunshine duration and radiation are higher (Figure 8). The degree of crystallinity slowly 

increases in the first 10 months until May (Figure 5b+d), indicating that the molecular chains rearrange while 
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preserving the particle size and shape. Similarly, SEM images do not show any distinct signs of fragmentation, 

such as deep cracks (Figure S1e+l), unlike what was observed for PS. Here too, connections can be drawn to the 

Tg of PP (< 0 °C, Gitsas and Floudas, 2008). Once the MW has reached Mc (Mc (PP) = < 7000 g/mol, Wool, 2008), 

no sufficient entanglement can be ensured, resulting in fragmentation and break-up (Mn (May) = 5000 g/mol). As 

soon as fragmentation is initiated, the crystallinity shows a rapid increase (May-July). However, once the 

amorphous chains have been largely consumed, the crystalline domains and tie-molecules are also affected by 

degradation. This leads to a decrease in crystallinity and an even more pronounced break-up resulting from the 

reduction of tie-molecules (Grause et al., 2020). This effect is intensified between July and September. From this 

point on, the crystallinity decreases. 

While we assume, that the influence of the stabilizer on the fragmentation of PP may be substantial (Meides et al., 

2022), the LDPE system represents a polyolefin system without the external influence of stabilizers on degradation, 

and reflects the strong dependence of degradation on the temperature (e.g., Figure 3b). This matches a previous 

study by Fairbrother et al., 2019, who also report a strong temperature dependence on chemical changes during 

photodegradation of PE. 

Correlation to accelerated, laboratory-controlled weathering – Particle characteristics 

Comparing the surface characteristics of PS from outdoor weathering (Figure 1a-c) directly to the observations 

made in accelerated weathering (Figure 6, and Meides et al., 2021), the development of the particle characteristics 

is very comparable. Within the first stage of weathering, we observed smoothening of sharp edges and a rounding 

of the particles (Figure 6b). This first stage (stage I) of surface abrasion indicates, that UV irradiation affects the 

particles only from the surface. Within the first stage, only a thin layer is affected, leading to minor embrittlement, 

the peeling off of smaller flakes, and a rounding off from mechanical impact. Changes in molecular weight and 

particle size are small (linear trends, comp. Meides et al., 2021). With prolonged weathering, and UV irradiation 

reaching deeper layers, a further decrease in molecular weight (below Mc) leads to embrittlement, which ultimately 

triggers fragmentation in stage II. The particles break apart, forming a large number of secondary daughter 

particles. 

 

Figure 6 – Surface characteristics of PS particles from accelerated weathering a) of reference material, b) of a particle 

after 400 h and c) of particles after 1600 h (Meides et al., 2021). 

The same observations apply to the semi-crystalline systems LDPE and PP. The developed model from accelerated 

weathering is also applicable to the results from outdoor weathering. For LDPE and PP, no dominant cracks are 

observable (Figure S1d-b), but rather larger flakes peeling off of the outer surface layer (surface cracking) which 

lead to disintegration of the individual particles. 

8 Publications and Manuscripts

166



10 
 

Correlation to accelerated, laboratory-controlled weathering – Particle size, molecular weight and thermal 

characteristics 

In order to compare the data from natural exposure to the data from accelerated weathering, the acceleration factor 

of 5.2, as calculated from the global irradiation for Central Europe (Figure S5, Table S6 and Meides et al., 2021), 

was used. The data from the Q-Lab chamber was decelerated with this factor and thus the “actual” exposure, 

under natural weathering conditions, was calculated. 2400 h of accelerated weathering should correspond to 1.5 

years of outdoor weathering or 520 days, according to our calculations previously made (Figures S5, Table S6). 

The data trends correlate well, but the time scales show some deviations. Thus, we performed an adjustment of the 

acceleration factor for each polymer and plot, in order to draw conclusions on the actual acceleration of our 

weathering chamber.  

a) 

 

b) 

 
Figure 7 – a) Average particle size for outdoor PS (solid symbols) and accelerated PS (open symbols). b) Molecular weight 

Mn for outdoor PS and accelerated PS at 55 °C and at 20 °C. Both sets of data from accelerated weathering were decelerated 

by a factor of 7 relative to the outdoor setting, corresponding to a total of 583 days. 

 

For PS, the outdoor data and the accelerated data (decelerated by a factor of 7) are given in Figure 7a for the 

particle size and Figure 7b for Mn. Using a deceleration of 7, both data sets overlap almost perfectly, especially 

the Mn. PS thus seems to show only a minor dependence on temperature and UV-intensity fluctuations of the 

seasons. We ascribe this to the high Tg of PS, which is at > 100 °C (Andrady, 2017). During the outdoor and the 

accelerated experiments, we are far below the Tg at all times, thus the molecular chains of PS are stiff, hampering 

molecular movement and rapid reactions (Shrivastava, 2018). Nevertheless, higher temperatures will still have a 

small effect on the reaction rate, especially given the large temperature deviation between the simulation chamber 

(55 °C) and winter temperatures (0 to – 20 °C, Figure 8b). This explains the discrepancy from a factor 5, which 

was calculated exclusively using the solar irradiance. The factor 7 considers all other influences, especially the 

temperature. An irradiation experiment within the same accelerated weathering chamber, but cooled to 20 °C with 

a cryostat, was run to investigate the actual T-dependence of PS photooxidative degradation (Table S7). The data 

reveals a slowing down of degradation during the first stage of weathering (0-600 h), on a long-term view however, 

the effect of a cooler temperature is negligible (Figure 7b). The extension of the linear first stage of weathering is 

more pronounced in Figure S7. Apart from the minor discrepancies, the evolution of chain defects for PS from all 

three experiments (outdoor, and accelerated at 55 °C, and 20 °C) overlap almost perfectly (Figure 7b). 

For amorphous PS, the dominating degradation mechanism is the irradiation intensity, while other parameters, 

such as temperature, play only a secondary role. The dependence on certain parameters however, depends on the 
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polymer type and varies between different polymer systems. For polyolefins (LDPE and PP), temperature plays a 

dominant role and thus has a stronger influence on the degradation rates.  

For polyolefins in general, degradation is slightly more complex. Because they do not contain any chromophoric 

groups within their structure, they do not absorb UV irradiation, and are thus expected to be immune towards 

photo-initiated degradation. Nevertheless, they do degrade due to the presence of smaller impurities or structural 

abnormalities (Gewert et al., 2015). LDPE data from both sets show a decrease in molecular weight from the first 

sample on, accompanied by an increase in crystallinity. Because both experiments are constantly above their Tg, 

the molecular chains are mobile and inhibit fragmentation for a specific amount of time. With deceleration factors 

between 10-13, the data from both experiments can be correlated nicely.  

For PP, we observe some stability during the first few months of outdoor exposure. The same characteristics are 

also observed within the data sets from accelerated, laboratory weathering, which we could attribute to the presence 

of the stabilizers Irgafos® 168 and Irganox® 1010, which inhibit degradation for a certain amount of time (Meides 

et al., 2022). As soon as degradation sets in, a rapid exponential decrease is observed in the particle size, and the 

molecular weight, accompanied by a drastic increase in crystallinity. With a deceleration factor of 13 for the 

development of the particle size and 19 for the molecular weight, not only the trends, but also the data correlate 

nicely (Figure S6). We attribute the higher deviation to the previously calculated acceleration factor of 5 (Table 

S6) to the strong temperature dependence of LDPE and PP on degradation. 

The observations made for the development of chemical defects as a consequence of photooxidation in an outdoor 

setting, correlate well to the data obtained from laboratory-accelerated weathering. For PS, during accelerated 

weathering we were able to identify ketones, carboxylic acids, peroxides and alcohols (Mauel et al., 2022; Meides 

et al., 2021), for PP we observed ketones, carboxylic acids, peroxides and alcohols (Meides et al., 2022), and for 

LDPE carboxylic acids, vinylidenes as well as peroxides and alcohols (Menzel et al., 2022). The same functional 

groups could be observed after outdoor exposure, indicating that the mechanisms are equivalent. Only ketone 

defects are still below the detection limit after 1.5 years of outdoor weathering. 

Weather data from the Botanical Garden, University of Bayreuth 

In order to evaluate the influence of the different weathering parameters, which ultimately influence the 

degradation in an outdoor setting, we acquired weather data from the weather station located in the botanical 

garden at the University of Bayreuth. Values for the global irradiation in kWh/m2 and the mean temperature in °C 

are given in Figure 8a and b. In addition, the consistent values from the accelerated weathering chamber are plotted 

in the same graphs. The global radiation is seasonally dependent, being highest in summer and lowest in winter. 

This also applies to the temperature. Not only is it coupled to the total sunshine duration (Figure S8a-b), which is 

lower in winter in the northern hemisphere, but also dependent on weather in general. On cloudy days, the 

irradiation is low, which will have an influence on the initiation reaction, requiring the energy of photons in the 

UV-A range (Singh and Sharma, 2008). 
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a) 

 

b) 

 
Figure 8 – Weather data from the Botanical Garden, University of Bayreuth. In a) the global radiation in kWh/m2 is plotted 

with the average daily irradiation within the chamber (5-fold accelerated, as calculated using the global irradiation of 

Germany). In b) mean temperature values in °C are given for each day of exposure, along with the consistent chamber 

temperature from accelerated weathering (55 °C) and cryo-cooled accelerated weathering (20 °C). 

Surprisingly, visible effects of the seasonal fluctuations in solar irradiance and temperature on the degradation of 

the three investigated polymers, are only clearly traceable within the degradation of LDPE (Mn in Figure 3b). For 

the other polymers, degradation proceeds in a continuous, but slower manner, with comparable trends to 

accelerated weathering. 

Conclusion 

We exposed particles from standard polymer grades of PS, PP, and LDPE to accelerated-controlled laboratory 

weathering in a Q-Sun Xe-3 test chamber for 3200 h, and performed similar experiments using the same polymer 

grades simultaneously in an outdoor setting for 1.5 years (567 days). According to our calculations, 3200 h of 

accelerated weathering correspond to 1.5 years of outdoor weathering (Central Europe).  

Comparing outdoor weathering to accelerated weathering, the trends we observe for the evolution of the particle 

size, the molecular weight, as well as the trends for crystallinity and the development of functional groups, as a 

consequence of degradation, are very similar for both experimental setups. This observation applies to all three 

polymer systems: amorphous PS, and semi-crystalline PP and LDPE. We conclude from this, that the mechanisms 

of degradation are equivalent. This could be supported by solid-state 13C NMR measurements, where ketones, 

carboxylic acids, peroxides, vinylidenes, and alcohols could be identified. 

The most prominent difference between both setups are the time scales, which are not as comparable as the trends. 

Degradation proceeds slower for all three experiments from outdoor weathering, compared to laboratory 

weathering. The results clarify, that photooxidative degradation does not only depend on the irradiation intensity, 

and individual degradation parameters play a paramount role, here the temperature. The amorphous PS chains are 

immobile at our experimental temperatures, while LDPE and PP reveal a high chain mobility in the amorphous 

domains. The reaction rate of the propagation reactions is highly dependent on the individual polymer 

characteristics (e.g., amorphous or crystalline, Tg). The polymer characteristics are thus directly linked to the 

degradation rate.  

Our study emphasizes that accelerated weathering is a very powerful and useful tool to study the environmental 

degradation of different polymer systems, and enables the simulation of degradation in reasonable time scales. For 
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PS, considering only the irradiation intensity gives a satisfactory fit for both data sets. For polyolefins (LDPE and 

PP) the situation is more complex, as also temperature plays an important role for the degradation rate. Generally, 

the degradation mechanisms are the same, as demonstrated by the identification of the same degradation products 

in accelerated and outdoor weathering. 

Experimental  

Materials 

Commercially available polymer grades were purchased for the experiments in this study. PS (Styrolution PS 

158N) pellets were manufactured by INEOS Styrolution Group (Frankfurt am Main, Germany), PP (Moplen 

HP526J) as well as LDPE (Lupolen 1800p) in pellet form was provided by LyondellBasell Industries (Basell 

Polyolefine GmbH, Wesseling, Germany). PS 158N is a standard PS type and contains no additives besides 600 

ppm of zinc stearate, according to the manufacturer. LDPE is claimed to be free of additives, PP contains standard 

processing stabilizers which could recently be identified as Irgafos® 168 and Irganox® 1010 (Meides et al., 2022). 

All particles were produced by grinding of pellets via cryo-milling, using an ultra centrifugal Mill ZM-200 (Retsch 

GmbH, Haan, Germany). Particles were then separated into several fractions using an Alpine air jet sieve E200 

LS (Hosokawa Alpine AG, Augsburg, Germany). For all experiments, the fraction between 125-200 µm was used. 

Methods  

Outdoor Weathering 

For exposure to outdoor conditions, 20 g of each polymer powder was weighed into quartz glass beakers, 600 ml 

of deionized water added to the particles and the beaker was covered with a quartz glass lid. Stirring of the particle-

water mixture was performed using magnetic stirring plates and PTFE-covered stirring devices, operating at 80 

rounds per minute. All three beakers and stirring plates were placed on the roof outside of the Department of 

Macromolecular Chemistry I, building NWII on the university campus of the University of Bayreuth. All three 

experiments were continuously kept outside during the entire time frame between July 14th 2020 and January 21st 

2022. The weathering conditions were continuously monitored by the weather station located in the ecological 

botanical gardens at the University of Bayreuth, which is located approximately 500 meters from our experimental 

setup. Temperature in °C, global irradiance in kWh/m2, and total hours of sunlight were recorded and for each day 

an average value determined. These daily averages are plotted in Figure 8 and S8. 

Samples were taken on a monthly basis, where 1-2 g of particles were extracted from the particle-water mixture, 

filtered with a suction filter and dried at 40 °C under vacuum. Samples where then stored in a dark and dry place 

until further processing and analysis. 

Accelerated Weathering  

The data, materials, methods and the weathering protocols for accelerated weathering was previously published. 

The PS data is published in Meides et al., 2021, the LDPE data in Menzel et al., 2022, and the PP data in Meides 

et al., 2022. The same polymer grades, particle production, size range and quantities were used, as described above 

for the outdoor weathering experiments. The weathering setting is described in the upcoming paragraph. 
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Cryo-cooled Accelerated Weathering 

For the cryo-cooled experimental setup, double-wall beakers were purchased from proQuarz (proQuarz GmbH, 

Mainz, Germany) and connected to a Julabo F32 cryostat (Julabo Labortechnik GmbH, Seelbach, Germany) set to 

20 °C. Circulation of 20 °C-water at all times allowed for a sample temperature of ~ 20 °C as well. This setup was 

placed into a Q-SUN XE-3 test chamber (Q-LAB Corporation, Westlake, OH, USA) and exposed to simulated 

solar radiation for 3200 h. This chamber is equipped with three xenon lamps, operating at 60 W/m2 each (at 300-

400 nm), and Daylight-Q filter systems. This assures an irradiation spectrum very similar to the spectrum of natural 

sunlight, and corresponds to a total irradiance of 594 W/m2 (300-800 nm) and a ~5-fold acceleration compared to 

Mid-European Conditions (Figure S5, Table S6). Additional settings were relative humidity at 50 % and chamber 

temperature at 38 °C. 

At each sampling time (24, 50, 100, 200, 400, 600, 800, 1200, 1600, 2000, 2400, 2800 and 3200 h), 1-2 g of sample 

material was taken from the water-sample mixture, filtered and dried as described above.  

Particle Size Analysis 

Particle size distributions and the average particle size were determined with a Microtrac FlowSync Particle Size 

Analyzer (Microtrac Retsch GmbH, Haan, Germany) having a lower detection limit of 10 nm. Measurements were 

performed in deionized water with 2-5 mg of particles. 2 ml of 5 wt.-% Na4P2O7, and a few drops of a 2 wt.-% 

detergent were added. For PS, Tween®20 was used, for PP and LDPE, dioctyl sulfosuccinate sodium salt detergent 

was added. Then, 60 seconds of ultrasound at 40 kHz were applied to avoid aggregation. Average values from 

three measurements were calculated by the Microtrac Software. 

Gel Permeation Chromatography, GPC (PS) 

Measurements of the MWD, Mn, Mw, and Ð values were performed via GPC using a Waters gel permeation 

chromatography set equipped with a 515 HPLC Pump, 2707 Autosampler, 2414 Refractive Index Detector and 

2998 Photodiode Array Detector (Waters GmbH, Eschborn, Germany). The column set consisted in a guard 

column (ResiPore Guard, 5 x 0.75 cm, particle size 3 µm) and two separation columns (ResiPore Guard, 30 x 0.75 

cm, particle size 3 µm). Tetrahydrofuran (THF) was used as the mobile phase and calibration was performed using 

narrow distributed PS standards. A sample volume of 100 µl (1 mg/ml) was measured with a flow rate of 0.5 

ml/min at ca. 30 °C. 1,2-dichlorobenzene was used as internal standard. 

High Temperature GPC (PP, LDPE) 

MWD of semi-crystalline polymers (PP, LDPE) were measured using an Agilent (Polymer Laboratories Ltd.) PL-

GPC 220 high-temperature chromatographic unit. This set is equipped with RI and PD detectors as well as three 

linear mixed bed and guard columns (Olexis). Analysis was performed at 150 °C (Pasch, 2001) using 1,2,4-

trichlorobenzene (TCB) as the mobile phase. All samples were prepared by dissolving 2-3 mg of PP particles (0.1 

wt.-%) in 1.5 ml of the mobile phase solvent (TBC) in an external oven at 150 °C upon continuously stirring. The 

solutions were run without filtration. The determined molecular weights were referenced to linear HDPE standards 

(Mw = 142,000 – 701,000 g/mol, K = 40,600, and Alpha = 0.725) and were corrected with K and Alpha values for 

i-PP (K = 19,000 and Alpha = 0.725). 
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Differential Scanning Calorimetry (DSC)  

DSC measurements were performed on 8-10 mg sample material using a Mettler Toledo DSC 3+ (Mettler-Toledo 

GmbH, Gießen, Germany). The samples were heated with 10 K per minute under N2-atmosphere from 25-200 °C 

and cooled to 25 °C. An isothermal stage of 5 min was applied between the heating and the cooling cycle. The 

degree of crystallinity ꭓc in the first heating cycle was determined using ∆Hm
0= 207.1 J/g for a hypothetically 100 

% crystalline PP, and ∆Hm
0= 293.7 J/g for LDPE (Ojeda et al., 2011). Determination of ꭓc and Tm was performed 

using the STARe software. 

Scanning Electron Microscopy (SEM) 

Field-emission scanning electron microscopy (FESEM) was performed on particles with a Zeiss ULTRA PLUS 

(Carl Zeiss Microscopy GmbH, Jena, Germany) at an acceleration voltage of 3 kV and a FEI Quanta 250 (Field 

Electron and Ion Company, Thermo Fisher Scientific, Hillsboro, USA) high resolution field emission gun (FEG) 

scanning electron microscope at 10 kV, operating at low vacuum. Particles were coated with a thin layer of 

platinum by a Cressington 208 HR sputter coater prior to investigation. 

NMR Spectroscopy 

All 13C CP MAS NMR spectroscopic experiments were acquired with a Bruker Avance-III HD spectrometer 

operating at a B0 field of 9.4 T. The 13C (ν0 = 100.6 MHz) MAS NMR spectra were obtained with a ramped 1H-

13C CP experiment using a commercial 3.2 mm triple resonance probe (Bruker). The spectra were recorded with a 

spinning frequency of 20 kHz and a contact time of 2.0 ms. The corresponding nutation frequency υnut for the 13C 

channel was set to 50 kHz while for the 1H channel the nutation frequency was varied linearly from 26 kHz to 53 

kHz. During acquisition, proton broadband decoupling with a spinal-64 sequence (υnut (1H) = 70 kHz) was applied. 

All 13C NMR spectra were referenced to tetramethylsilane (TMS) using the secondary standard adamantane. The 

spectra were deconvoluted with the simulation package SOLA included in Topspin 3.6. To obtain quantitative 

spectral intensities, we used a multi-pulse CP sequence. For this sequence, several CP blocks ((PS: contact time 

250 µs (7 loops), PP: contact time 400 µs (6 loops), PE: contact time 500 µs (6 loops)) are applied, separated by a 

time tz of 3 s to allow for the proton spins to relax. The (90°)-x pulses at the end and the beginning of each CP 

block were set to 2.5 µs (1H) and 3.8 µs (13C).   
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Figure S1. SEM images of PS (a-c), LDPE (d-i) and of PP (k-p) at different magnifications. 
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Average Particle Size and Particle Size Distributions 

 

Table S1. Average particle size values for each exposure time in months and days for polystyrene (green), low-density 

polyethylene (blue), and polypropylene (purple). 

Exposure Time Average Particle Size 

Month Months Days Polystyrene LD-Polyethylene Polypropylene 

   µm µm µm 

July 0 0 158.9 195.7 196.9 

Aug 1 31 153.7 191.2 195.5 

Sept 2 61 151.0 195.1 198.5 

Oct 3 92 144.4 194.3 196.0 

Nov 4 122 140.0 195.9 195.1 

Dec 5 153 136.5 198.3 195.2 

Jan 6 184 130.2 195.2 193.0 

Feb 7 212 129.5 202.4 187.7 

Mar 8 243 124.8 202.7 184.7 

Apr 9 273 122.0 196.2 181.9 

May 10 304 120.7 187.0 168.1 

Jun 11 334 109.4 187.2 64.4 

Jul 12 365 81.0 170.2 8.4 

Aug 13 396 69.7 149.4 6.1 

Sept 14 426 59.0 105.8 6.0 

Oct 15 457 47.6 78.2 4.5 

Nov 16 487 44.0 64.7 4.9 

Dec 17 518 40.1 57.2 3.9 

Jan 18 549 38.7 50.6 3.7 
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5 
 

a) 

 

b) 

 

 c) 

 

Figure S2. Particle size distributions for a) outdoor PS, b) outdoor LDPE and c) outdoor PP. The bimodal distribution in c) is 

due to agglomeration effects as a consequence of very small particle sizes and their large surface-to-volume ratio. 
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Molecular Weight Data 

 

Table S2. Number-average (Mn), weight-average (Mw), and peak (Mp) molecular weights in g/mol, and dispersity (Ð) values 

for PS. 

Polystyrene 

Exposure Time Mn Mw Mp Ð 

Month Months Days g/mol g/mol g/mol  

July 0 0 126500 263600 224600 2.1 

Aug 1 31 109200 253300 201900 2.3 

Sept 2 61 98700 241300 189000 2.4 

Oct 3 92 89200 231900 176300 2.6 

Nov 4 122 87000 229300 166600 2.6 

Dec 5 153 76500 228000 167800 3.0 

Jan 6 184 72100 211200 149100 2.9 

Feb 7 212 60400 190600 137100 3.2 

Mar 8 243 54800 186500 131800 3.4 

Apr 9 273 45600 181200 122800 4.0 

May 10 304 39400 165400 107600 4.2 

Jun 11 334 33700 144300 88600 4.3 

Jul 12 365 27000 120900 73500 4.5 

Aug 13 396 21400 101400 61600 4.8 

Sept 14 426 17000 90400 53400 5.3 

Oct 15 457 15100 77200 46200 5.1 

Nov 16 487 15400 87800 51300 5.7 

Dec 17 518 13900 84300 48800 6.1 

Jan 18 549 14700 82600 48300 5.6 
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Table S3. Number-average (Mn), weight-average (Mw), and peak (Mp) molecular weights in g/mol, and dispersity (Ð) values 

for LDPE. 

Low-density Polyethylene 

Exposure Time Mn Mw Mp Ð 

Month Months Days g/mol g/mol g/mol  

July 0 0 29700 362100 131600 12.2 

Aug 1 31 24000 203400 79400 8.5 

Sept 2 61 15500 138700 56700 8.9 

Oct 3 92 15700 167600 58800 10.7 

Nov 4 122 14300 158400 54600 11.1 

Dec 5 153 12600 159400 53600 12.0 

Jan 6 184 13700 143500 52700 10.5 

Feb 7 212 13400 124600 51700 9.3 

Mar 8 243 14100 126500 49900 9.0 

Apr 9 273 12000 120900 44700 10.1 

May 10 304 11200 82600 23800 7.4 

Jun 11 334 9500 56700 19200 6.0 

Jul 12 365 7500 44200 16500 6.0 

Aug 13 396 6300 31300 16300 5.0 

Sept 14 426 5600 25000 14100 4.5 

Oct 15 457 5100 21900 13200 4.3 

Nov 16 487 5000 20300 13600 4.1 

Dec 17 518 4900 21700 13000 4.5 

Jan 18 549 5000 22900 13800 4.5 
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8 
 

Table S4. Number-average (Mn), weight-average (Mw), and peak (Mp) molecular weights in g/mol, and dispersity (Ð) values 

for PP. 

Polypropylene 

Exposure Time Mn Mw Mp Ð 

Month Months Days g/mol g/mol g/mol  

July 0 0 67300 818400 315000 12.2 

Aug 1 31 66400 729500 296200 11.0 

Sept 2 61 70300 744300 315000 10.6 

Oct 3 92 66900 685500 273100 10.2 

Nov 4 122 67300 657800 302400 9.8 

Dec 5 153 66300 537000 284400 8.1 

Jan 6 184 58400 445500 246900 7.6 

Feb 7 212 44800 312200 186900 7.0 

Mar 8 243 34100 197800 122200 5.8 

Apr 9 273 8600 39900 36100 4.7 

May 10 304 5400 19400 12400 3.6 

Jun 11 334 3100 7400 4300 2.4 

Jul 12 365 2200 4000 3500 1.9 

Aug 13 396 1900 3100 2000 1.6 

Sept 14 426 1700 2800 1900 1.6 

Oct 15 457 1700 2600 1900 1.6 

Nov 16 487 1600 2600 1900 1.6 

Dec 17 518 1500 2500 1900 1.7 

Jan 18 549 1600 2700 1900 1.7 
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a) 

 

b) 

 

  c) 

 

Figure S3. Molecular weight distributions for the different months of exposure from a) outdoor PS, b) outdoor LDPE and 

c) outdoor PP. 
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10 
 

Thermal Characteristics  

 

Table S5. Thermal characteristics (crystallinity ꭓc in % and melting temperature Tm in °C) determined for LDPE and PP via 

DSC measurements. 

 low-density Polyethylene Polypropylene 

Exposure Time Crystallinity ꭓc Melting Temp. Tm Crystallinity ꭓc Melting Temp. Tm 

Month Months Days % °C % °C 

July 0 0 36 107 41 164 

Aug 1 31 42 107 46 164 

Sept 2 61 43 107 46 164 

Oct 3 92 44 107 47 164 

Nov 4 122 41 107 48 164 

Dec 5 153 42 107 49 164 

Jan 6 184 41 107 47 164 

Feb 7 212 45 107 48 164 

Mar 8 243 41 107 50 164 

Apr 9 273 47 107 51 163 

May 10 304 43 108 52 158 

Jun 11 334 47 108 66 150 

Jul 12 365 50 108 66 147 

Aug 13 396 50 107 57 144 

Sept 14 426 48 107 48 144 

Oct 15 457 48 107 50 142 

Nov 16 487 50 106 48 140 

Dec 17 518 49 107 47 139 

Jan 18 549 53 107 44 139 
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11 
 

a) 

 

b) 

 

c) 

 

d) 

 
Figure S4. Heat flow in W/g vs. temperature in °C from all months of exposure for a) outdoor LDPE and b) outdoor PP. 

Tm in °C for all months of exposure for c) outdoor LDPE and d) outdoor PP. 
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12 
 

Calculation of Acceleration factor 

  

Figure S5. Global horizontal irradiation for Europe and for Germany in kWh/m2 for 2019. Source: SOLARGIS. 

 

Table S6. Calculation of total irradiance in the Q-SUN Xe-3 chamber. 

Calculation of total irradiance in Q-SUN Xe-3 chamber 

Lamp settings*1 60  W/m2 

Calculation factor*2  9.9  

Total irradiance in Q-SUN Xe-3 chamber 594 W/m2 

Acceleration factor of Q-SUN Xe-3 chamber compared to Central Europe 

Solar irradiance per year*3 1000 kWh/m2 

Hours per year 8765 h 

Solar irradiance 114 W/m2 

Acceleration factor of Q-SUN Xe-3 chamber*4 5.2 - 

*1measured in the wavelength interval from 300 to 400 nm 

*2 calculation factor converting the irradiance from 300 to 400 nm to the whole emission range of the Xenon lamp (300 – 800 

nm). Extracted from Q-Sun Irradiance Conversion Sheet provided by Q-Lab Germany 

*3value was derived from Figure S1 for the longitude of Central Europe 

*4this value was calculated by division of the total irradiance in the Q-Sun Xe-3 chamber (594 W/m2) by the solar irradiance 

determined for Central Europe (114 W/m2) 
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Correlating particle size, molecular weight and thermal characteristics to accelerated-laboratory 

weathering 

a) 

 

b) 

 
    

c) 

 

d) 

 
    

e) 

 

f) 

 

Figure S6. a)-b) Average particle size, b)-c) molecular weight Mn, and e)-f) degree of crystallinity for outdoor and 

accelerated LDPE and PP. Outdoor data: solid symbols, accelerated data: open symbols. Both sets of data from accelerated 

weathering were decelerated relative to the outdoor setting, by a factor given within each graphic. 
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14 
 

Comparison of temperature-dependence of the degradation of PS 

 

Table S7. Molecular weight Mn in g/mol for PS from accelerated weathering, exposed at 20 °C and at 55 °C. The exposure 

time was decelerated by a factor of 7. 

Exposure Time PS at 20 °C PS at 55 °C 

actual decelerated Mn Mn 

hours days g/mol g/mol 

0 0 116100 122400 

24 7 123300 125100 

50 15 120900 115000 

100 29 110300 122300 

200 58 105800 103300 

400 117 96600 65800 

600 175 84400 54500 

800 233 53800 43500 

1200 350 39400 25700 

1600 467 24500 17800 

2000 583 18300 14800 

2400 700 14200 8700 

2800 817 11000 7900 

3200 933  5500 

 

 

 
 

Figure S7. Molecular weight (Mn) in g/mol for accelerated PS at 55 °C (green) and 20 °C (blue). For PS at 20 °C, the linear 

first stage of weathering is longer (0-600 h) than for the experiment at 55 °C (0-200 h). The long-term trends however 

evolve in the same manner. After 2000 h of exposure, the Mn is within the same range for both sample sets. 
  

8 Publications and Manuscripts

189



 

15 
 

Documentation of weather parameters from July 2020 – January 2022 

a) 

 
 

b) 

 

 c) 

 

Figure S8. Additional weather data from the Botanical Garden at the University of Bayreuth. a) Sum of the sunshine 

duration in hours as a function of exposure time in days, b) accumulated sunshine duration in hours and c) accumulated 

global irradiation in kWh/m2 for accelerated-controlled laboratory weathering and outdoor weathering. 
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Quantification of photooxidative defects in
weathered microplastics using 13C multiCP NMR
spectroscopy†

Anika Mauel, ‡a Björn Pötzschner,‡a Nora Meides,b Renée Siegel, a

Peter Strohriegl*b and Jürgen Senker *a

Weathering of microplastics made of commodity plastics like polystyrene, polypropylene and polyethylene

introduces polar polymer defects as a result of photooxidation and mechanical stress. Thus, hydrophobic

microplastic particles gradually become hydrophilic, consisting of polar oligomers with a significant

amount of oxygen-bearing functional groups. This turnover continuously changes interactions between

microplastics and natural colloidal matter. To be able to develop a better understanding of this complex

weathering process, quantification of the corresponding defect proportions is a first and essential step.

Using polystyrene, 13C enriched at the a position to 23%, we demonstrate that 13C cross polarisation (CP)

NMR spectroscopy allows for probing the typical alcohol, peroxo, keto and carboxyl defects. Even the

discrimination between in- and end-chain ketones, carboxylic acids and esters as well as ketal functions

was possible. Combined with multiCP excitation, defect proportions could be determined with excellent

accuracy down to 0.1%. For materials with 13C in natural abundance, this accounts for a detection limit

of roughly 1%. The best trade-off between measurement time and accuracy for the quantification of the

defect intensities for multiCP excitation was obtained for CP block lengths shorter than 250 ms and total

build-up times longer than 2 ms. Further measurement time reduction is possible by using multiCP

excitation to calibrate intensities obtained from series of 13C CP MAS NMR spectra. As photooxidation is

an important degradation mechanism for microplastics in the environment, we expect these parameters

to be transferable for probing defect proportions of weathered microplastics in general.

Introduction

Like for no other material class, polymer materials feature
a uniquely broad range of applications due to their low
production costs and favourable, easily adjustable properties.
Meanwhile, plastic production reaches more than 350 million
tons per year,1 with more than half of this amount belonging to
commodity plastics like polypropylene (PP), polyethylene (PE)
and polystyrene (PS) for single-use applications.1–4 Insufficient
waste management causes large quantities of plastic materials
to be released into the environment.5 Once in the environment,
plastic is expected to persist for ages due to its inherently high
durability and chemical inertness. It accumulates and is
intensely discussed to pose substantial risks for whole

ecosystems.6–9 In particular, small particles with dimensions in
the micrometre regime are likely to be ingested by sea- and
wildlife, inevitably entering the global food chain.10,11 Such
particles were dened as microplastic (MP), if their dimensions
are smaller than 1 mm.12 MP particles were found in substantial
amounts in aquatic and terrestrial environmental
compartments.13,14

Degradation of plastics in natural environments plays an
important role in understanding the interaction of MP particles
with their abiotic and biotic surroundings.12,15,16 Starting from
hydrophobic materials, the combination of fragmentation and
photooxidation creates substantial numbers of chain scissions,
polar defects and crosslinks.17–19 Weathering gradually changes
MP polymer chains to highly polar, heavily branched, medium-
sized oligomers.17 Polar and charged groups expressed on
particle surfaces favour particle cell interactions and cellular
responses,20 as well as the formation of an ecocorona by
adsorption of natural inorganic and organic colloidal parti-
cles21,22 or by deposition of biolms due to microbe activity.23,24

This in turn enhances the uptake by microorganisms.25,26

Considering that, e.g., weathered PS MP particles accumulate
hazardous peroxo groups with proportions of several per cent,17

the uptake of weathered MP is likely to have negative effects on
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the organisms.26,27 Additionally, the small particle sizes enable
fast transport and thus a global distribution.22,28–30

The underlying degradation mechanisms of commodity
plastics are meanwhile well understood.2,3,17–19,31–33 PE, PP and
PS consist of an aliphatic backbone and aliphatic or aromatic
side chains. Light- and stress-induced radical formation in the
presence of oxygen leads to (photo)oxidation, subsequent chain
scissions and crosslinking (Fig. S4†).18,34–36 As a consequence,
a broad variety of functional groups is formed, with the most
frequent ones being alcohols, peroxo units, aldehydes, keto
groups, carboxy functions and vinyl units.17,18,37–41 The indi-
vidual defect proportions depend on several factors like chem-
ical composition, solar and stress intensity, oxygen fugacity,
salinity, temperature uctuation and more. As the defect types
vary in polarity and the ability to form charges as a function of
the pH, a prediction of MP physicochemical properties and
subsequent model building is not possible without quantifying
the defect proportions.17

Typical defect proportions are on the order of a few per cent,
which makes their quantication challenging.17,18 In the past,
mostly Fourier Transform Infrared (FTIR), Raman (Ra) and
Nuclear Magnetic Resonance (NMR) spectroscopy were used for
this purpose.3,17,20,36,42,43 FTIR and Raman spectroscopy are very
sensitive and are able to probe defect proportions down to a few
per mill, if optimal conditions are reached.3,41 Nevertheless, the
detection limit for Ra spectroscopy is inuenced by uores-
cence.41 FTIR spectroscopy is oen used in a semiquantitative
fashion by reporting a carbonyl index, which estimates the
integral proportion of carbonyl-containing functional groups.
Several methods are established to determine the carbonyl
index, each leading to a range of possible values.44 Especially,
when the attenuated total reection (ATR) technique is used,
the results become surface dependent and require
concentration-dependent calibration.3,41 E.g., for weathered
LDPE particles, signicantly higher carboxyl proportions were
detected with FTIR spectroscopy compared to 13C MAS NMR
spectroscopy, which was attributed to a preferential accumula-
tion of carboxyl groups close to the surfaces.45 NMR spectros-
copy is an element sensitive bulk method and can be used in
a quantitative fashion.46 If the samples are soluble, 1H liquid-
state NMR spectroscopy provides sufficient sensitivity.42 Never-
theless, an unambiguous assignment is challenging, as most
photooxidation defects consist of quaternary carbon atoms.20,47

Using 13C as probe instead, provides a better resolution,
however, reduces the sensitivity and oen requires labelling.
Additionally, signal intensities are inuenced by cross relaxa-
tion, as the decoupling times, during which the proton bath is
saturated, are on the order of the spin–lattice relaxation
times.34,37,40,48 They are also inuenced by anisotropic spin–spin
relaxation, due to the medium slow polymer dynamics.

Polymer defects were also probed using high-resolution 13C
solid-state NMR spectroscopy.38,39,49–51 As cross relaxation
between 1H and 13C is inefficient for the typically short free
induction decay (FID) times, single-pulse (SP) excitation prom-
ises sufficient resolution and quantitative intensities.38,39,50 Slow
spin–lattice relaxation, however, leads to extremely long
measurement times. Most studies thus rely on 13C labelling for

probing the weak defect signals. Alternatively, 1H–13C cross
polarisation (CP) was applied to enhance sensitivity and reduce
measurement times.48,49 As CP excitation is not quantitative,
this approach requires calibration.48,49 As an alternative to the
insensitive but quantitative SP excitation, recently, the multiCP
technique was successfully invoked.17 MultiCP relies on a series
of short, successive CP bursts separated by a short waiting
period, where the polarisation is stored.52 In this way, T1r effects
are minimized, allowing the signal intensity of carbon species
with small build-up rates to develop properly. 1H–13C multiCP
NMR spectra are, therefore, expected to obtain a quantitative
character, if the total polarization transfer times are long
enough, and were used for a broad variety of materials covering
porous, organic and hybrid materials as well as polymers.17,53–58

In particular, for chemical units with small effective hetero-
nuclear dipole sums caused by low proton densities in their
vicinity17,53,56,57 and fast molecular dynamics,52,54 signicant
improvements with deviations from the quantitative intensities
below 10% could be reached.57

The quantitative determination of proportions, as low as the
ones observed for photooxidative defects, is even more chal-
lenging with 13C MAS NMR spectroscopy. Although recently,
multiCP excitation was applied to determine quantitative 13C
MAS NMR spectra of weathered PS, the low sensitivity coming
along with natural abundance prevented to optimise the
experimental conditions for the defect resonances themselves.17

However, previous studies suggest that this is crucial.51–57

Depending on the material properties, the number of CP blocks
and the block length needed to be varied between 3 to 10 and 15
ms to 1 ms. Therefore, we performed a case study, evaluating the
performance of multiCP for the defect quantication of
weathered PS MP particles. These were prepared from partially
13C enriched PS (PS-13C) by accelerated weathering. The ob-
tained results provide guidelines for the optimal setup of mul-
tiCP experiments in order to excite the markedly different
defects introduced upon weathering. As the defect types are
similar for most commodity plastics like PE and PP, our results
impact on the quantication of polymer defects for a major part
of weathered MP in the environment.

Experimental
Polystyrene: synthesis

PS-13C was synthesised by radical polymerisation (Fig. S1†) of
80% styrene (Sigma Aldrich, Missouri, United States of America)
and 20% styrene-a-13C (99% 13C enriched in a position, Sigma
Aldrich). While the stabiliser 4-tert-butylcatachol was removed
via an Alox column from styrene, styrene-a-13C was used
without further purication, thus containing small amounts of
4-tert-butylcatechol as stabiliser. The radical initiator azobisi-
sobutyronitrile (AIBN) was freshly recrystallized prior to use.
4.4 ml styrene (38 mmol, 0.80 eq.), 1.1 ml styrene-a-13C
(9.5 mmol, 0.20 eq.) and 68 mg AIBN (0.48 mmol, 0.010 eq.)
were mixed in a Schlenk ask under dry argon (Ar 5.0, Riessner-
Gase, Germany) atmosphere and were degassed applying three
freeze–pump–thaw cycles. The reaction mixture was heated to
60 �C and stirred overnight for 20 h. The solid product was
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dissolved in 45 ml toluene at 80 �C. Subsequently, the dissolved
polymer was precipitated in 1 l methanol, ltered off and dried
in a drying chamber at 40 �C under vacuum. 4.5 g (91% yield)
PS-13C was obtained with an enrichment degree of 23% at the a-
carbon as determined by quantitative 13C MAS NMR spectro-
scopic experiments. It was ground using an Ultra Centrifugal
Mill ZM 200 (Retsch GmbH, Haan, Germany) and sieved with an
Alpine Air Jet Sieve E200 LS (Hosokawa Alpine AG, Augsburg,
Germany) resulting in 125–200 mm sized particles.

Accelerated weathering

The accelerated weathering experiments were carried out under
controlled laboratory conditions in a test chamber Q-SUN XE-3
(Q-LAB Corporation, Westlake, OH, USA) according to
a protocol developed previously.17 The weathering chamber is
equipped with three xenon arc lamps and a Daylight-Q lter
system. The latter lters radiation with wavelengths smaller
than 295 nm. The emitted radiation is thus similar to natural
sunlight (comparison of the emission spectrum to sunlight is
given in Fig. S2†). The irradiance was set to 60 W m�2 at 300–
400 nm, corresponding to 594 W m�2 total irradiance (for
calculation of the irradiance refer to Table S2†), and the relative
humidity was adjusted to 50%. The chamber-irradiance is ve-
fold enhanced in comparison to the average mid-European
irradiation of 114 W m�2 (Fig. S3 and Table S2†). 2 g of PS-13C
particles were weighed into a quartz glass beaker and covered
with a quartz-glass lid to enable light penetration from all sides.
The particles were constantly stirred in 200 ml deionized water
(55 �C) using a PTFE-coatedmagnetic stirrer at 150 rpm. Particle
samples with a weight of 0.3 g each were taken for analysis aer
0 h, 200 h, 600 h, 1400 h, 1900 h, 2400 h from the MP-water-
dispersion, ltered with a suction lter, and dried at 40 �C in
a vacuum oven.

Solid-state NMR spectroscopy
13C MAS NMR spectra were acquired with a Bruker Avance-III
HD spectrometer operating at a B0 eld of 9.4 T correspond-
ing to Larmor frequencies n0 of 400.01 MHz and 100.62 MHz for
1H and 13C, respectively. Samples were spun in a commercial
3.2 mm triple resonance probe. The 13C NMR spectra were
referenced with respect to tetramethylsilane (TMS) using the
secondary standard adamantane. Cross polarisation (CP)
experiments were carried out with a ramped 1H–13C CP
sequence at a spinning frequency of 20 kHz, a recycle delay of
3 s and a contact time of 2.0 ms, except for the contact time
dependent measurements, where the contact time was varied
from 100 ms to 15 ms. The corresponding nutation frequency
ynut for the 13C channel was set to 50 kHz. The power for the
shaped pulse (linear ramp from 50% to 100%) on the 1H
channel was adjusted to maximal polarisation transfer. 1H–13C
multi-pulse CP experiments were recorded with a sequence
(Fig. S5†) published in ref. 51 for PS-13C weathered for 1900 h
and 2400 h, respectively. While contact times and number of
blocks were varied, the Hartman–Hahn conditions and the
recycle delay were adopted from the 1H–13C CP NMR experi-
ments and for tz 2 s and 3 s were used, respectively. A list of the

performed experiments is given in Table 1. The (90�)�x pulses at
the end and the beginning of each CP block were set to 2.5 ms
(1H) and 3.8 ms (13C). During acquisition, proton broadband
decoupling was applied with a spinal-64 sequence (ynut (

1H) ¼
70 kHz). The spectra were deconvoluted using pseudo-Voigt
proles within the simulation package SOLA included in
TopSpin 3.2 (Bruker).

Results and discussion

Recently, we proposed a strategy for the quantication of defect
proportions based on 13C multiCP NMR spectroscopy.17

However, due to the extremely long measurement times of
several days for one sample, a thorough quality assessment of
the applied strategy could not be carried out, in particular not
for the weak signals of the polymer defects themselves. By
preparing the model system PS-13C (partially enriched with 13C
at the a carbon) we could reduce the measurement time by
a factor of z400 corresponding to the enhancement of NMR
active 13C nuclei. Since the majority of photooxidative defects
are introduced at the a position (Fig. S4†),17,18,37,38,47 we achieve
a markedly higher sensitivity for probing the defects. This
allows for a systematic exploration of the parameter space of the
multiCP experiment, in order to determine the accuracy and
reliability of the derived defect proportions.

Synthesis and qualitative analysis of weathered PS-13C

PS-13C was synthesized by radical polymerization using a mix of
styrene-a-13C (99% enriched), non-enriched styrene, in
a proportion of one to four, and a radical initiator. The resulting
PS-13C exhibits a number average molecular weight Mn of
51 500 g mol�1, a weight average molecular weight Mw of
194 500 g mol�1 and a dispersity D of 3.78. A quantitative 13C
multiCP NMR spectrum (Fig. 1 inset) of the pristine material
shows the typical peaks for the ipso carbon at 149 ppm, the
aromatic CH groups at 130 ppm and the aliphatic backbone
consisting of CH2 and CH units at about 43 ppm with intensity
ratios of 1 : 5.1 : 22.4. The resonances of the aliphatic groups
are strongly superimposed due to the high signal intensity of
the partially 13C enriched CH groups. Similar intensity ratios

Table 1 Conducted multiCP 13C MAS NMR spectroscopic experi-
ments for pristine and two weathered samples of PS-13C

Weathering
time

Number
of blocks, n

Block
length, sblockmultiCP

Total pol.
time, stotCP

Waiting
time, tz

0 h 12 250 ms 3000 ms 3 s
2400 h 20 150 ms 3000 ms 2 s

13 150 ms 1950 ms 2 s
13 150 ms 1950 ms 3 s
20 150 ms 3000 ms 3 s
12 250 ms 3000 ms 3 s
6 500 ms 3000 ms 3 s
3 1000 ms 3000 ms 3 s
8 250 ms 2000 ms 3 s

1900 h 8 250 ms 2000 ms 3 s
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were obtained for 13C multiCP NMR spectra of different
weathering times (Fig. 2 and Table S5†). This ratio corresponds
to approximately 23% 13C enrichment for the aliphatic CH
carbons (ESI chapter S2†). PS-13C particles were weathered
following the same protocol as previously used.17 Fig. 1 shows
the intensity improvement for the defect signals due to 13C
labelling compared to the non-enriched sample. Both samples
were weathered for 2400 h and the CP spectra were adjusted to

one day measurement time and are normalised to the intensity
of the ipso carbon. Within the obtained accuracy for weathered
PS in natural abundance the intensity gain for PS-13C matches
the expectation due to the isotope enrichment, demonstrating
that the defects are indeed introduced mostly at the a position
(Fig. S4†). For dark control experiments (same experimental
setup, but without irradiation) carried out on commercial PS
with 13C in natural abundance, no degradation takes place,
which is demonstrated by the unchanged particle sizes and
molecular weight distributions as function of the exposure
time.17 This proves that irradiation is crucial to introduce
oxidation defects for the chosen controlled weathering
conditions.

13C CPMAS NMR spectra acquired for a set of PS-13C samples
aer various weathering times are shown in Fig. 2. The
improved S/N ratios allow for a more detailed signal assignment
due to a better resolution and the possibility to apply spectral
editing by contact-time dependent CP measurements. Even for
short weathering times, the seven typical resonances (a–e) of the
emerging defects were observed. Surprisingly, also for the
pristine PS-13C resonances characteristic for alcohol and
peroxide units (region around 70–90 ppm) were found. This
suggests that already the processing, e.g. the grinding, of the
samples introduces some defects, due to the emergence of
radicals in the presence of strong mechanical forces,59 as PS-13C
is free of any additives.

Contact-time dependent measurements (Fig. 3a) reveal
pronounced differences for the build-up behaviour. We use
a classic I–S model for the CP build-up60 for the renement. It
reads as

I ¼ I0 
1� TIS

T1H
1r

!�
 
exp

 
� t

T1H
1r

!
� exp

�
� t

TIS

�!
(1)

with TIS being the CP build-up time, T1H1r representing the spin–
lattice relaxation time within the rotating frame of the 1H bath,
and I0 being the maximum intensity. This equation holds in the
limit of abundant protons (I) and TIS/T

13C
1r z 0, (T13C1r being the

spin–lattice relaxation time in the rotating frame of the non-
abundant (S) carbons), which is usually fullled for poly-
mers.49,59 We expect T1r in the rotating frame to be proportional
to the corresponding T1 values in the laboratory frame. With
T1(

1H)¼ 1.55 s and T1(
13C)$ 60 s the corresponding T13C1r values

would be on the order of 100 ms (T13C1r $ 60 s/1.55 s �
T1H1r ) based on the T1H1r values obtained from the renement
(Table S3†).

The build-up time constant TIS varies between 90 ms and
1700 ms (Fig. 3b and Table S3†) and the relaxation time
constants of 1H within the rotating frame T1H1r differ between
1800 ms and 3900 ms (Table S3†). The TIS values for the joint
renement of the CH2 and CH units of the aliphatic backbone
and aromatic CH‘s are smaller than 100 ms and thus within the
expected range.59 TIS decreases with the number of protons in
the vicinity of a carbon atom, and is particularly small if the
protons are covalently attached to carbon atoms. The other
eight resonances have longer or much longer built-up times

Fig. 1 Comparison of 13C CP MAS NMR spectra of PS-13C (black) and
PS in natural abundance (red) of the particle samples weathered for
2400 h. Both spectra are normalized to the intensity of the ipso carbon
resonance at 149 ppm and were shifted horizontally for a better
overview (full-scale spectra are given in Fig. S6†). Inset: 13C multiCP
MAS spectrum of pristine PS-13C. The relative intensities for the
resonances of the ipso carbon(III), the aromatic carbons (IV, V and VI)
and the aliphatic carbons (I (enriched), II) were determined by
deconvolution.

Fig. 2 13C CP MAS NMR spectra of PS-13C for weathering times
between 0 h and 2400 h. The functional groups are marked; (a) in-
chain and (a') end-chain ketones, (b) carboxylic acids and (b') esters, (c)
ketals, (d) peroxides and (e) alcohols. The spectra for the individual
weathering times are normalized and horizontally shifted for a better
overview. An exemplary fit of the different peaks of the spectra with
pseudo-Voigt functions is shown in black for a weathering time of
2400 h.
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ranging from 150 ms for the alcohol resonance to 1700 ms for
a resonance at 110 ppm. This resonance could not be detected
in previous studies carried out on samples without 13C enrich-
ment due to the small proportion of the corresponding defect.
The TIS values for these signals agree with the previous
assignment to quaternary carbon atoms, not directly bound to
a proton.17,18,37,38

In this way, we assigned (a) ketones (z200 ppm), (b) carboxy
units (172 ppm), (c) ketals (105 ppm), (d) peroxide groups (85
ppm) and (e) alcohols (76 ppm). Due to the improved S/N ratio,
a distinction between the alcohol and the peroxide signals is

now possible, proving that both defect types are present in
weathered PS, which was an open debate up to now.17,18,47

Additionally, the signals for ketone and carboxy groups split
into two resonances each (Fig. 2, peaks a/a' and b/b' and Fig
S7†). For the ketone signal group, the chemical shi difference
of 7 ppm is characteristic for the difference between (a) in- and
(a') end-chain ketones. Both types of defects occur, with the low
eld-shied in-chain ketones (204 ppm) being less frequent
than the end-chain ketones (197 ppm). The intensity ratio of
both resonances (1.7 � 0.3) suggests that roughly 40% in-chain
ketones are formed. The splitting for the carboxy resonances
implies that, although the majority of –CO2R units consist of
carboxylic acids (b), also esters (b') are formed. Their intensity
ratio of 4 � 1 shows that approximately 20% ester groups are
formed. The resonance at 105 ppm (c) expresses the typical shi
range for vinylidene carbon atoms, which might be a result of
the disproportionation reaction (Fig. S4†).18,37However, the long
TIS value of 1.7 ms, contradicts this assignment since it is
characteristic for quaternary carbon units. Thus, it is more
likely, that this signal is caused by (hemi)ketal formation
(Fig. S4†) by a subsequent reaction of the ketones.61 This also
explains why this resonance occurs only in later weathering
stages aer formation of a substantial amount of ketones.

The occurrence of ester and ketal functionalities, suggests
two additional crosslinking mechanisms. While C–C bond
formation by pairing two radicals dominates early weathering
stages, the formation of esters and ketals will become important
for later stages, as they require the presence of carboxylic acids,
ketones and alcohols in substantial amounts. This explains the
surprisingly high crosslinking rates previously observed for
weathered PS.17

Quantitative analysis

To be able to derive a better understanding of weathered plastic
particles, a reasonably fast and accurate quantitative charac-
terisation of photooxidative defects is essential. We recently
proposed a strategy for this purpose.17 13CmultiCP NMR spectra
were recorded for selected, preferably longer weathering times,
and 13C CP NMR spectra were acquired for the complete set of
weathered samples. The quantitative 13C multiCP NMR spectra
provide a correction factor ci for each resonance, which is
calculated as ci ¼ ImultiCP

i /ICPi aer normalising both the 13C CP
and multiCP NMR spectra of the calibration sample to the same
overall spectral intensity. The intensities of each defect reso-
nance within the 13C CP spectra for sample (a) are then cor-
rected by Iquanti (a) ¼ ci � ICPi (a). The strategy is time efficient, as
multiCP spectra take signicantly longer to be recorded with
similar S/N ratios. For the present study the measurements are
four to ve times faster. As long as the materials under inves-
tigation are comparable, similar lling factors and measure-
ment parameters for all CP experiments are used, this strategy
should be applicable to a broad range of polymers and micro-
plastic samples.

The accuracy of the defect proportions thus crucially
depends on how accurate the quantitative relative intensities
can be determined for the corresponding resonances within the

Fig. 3 (a) Contact-time dependent intensities of the characteristic
resonances for weathered PS-13C. The intensities were derived by
deconvolution of the 13C CP NMR spectra acquired with contact times
between 100 ms and 15 ms. The build-up curve for each defect signal
(circles) was normalized to the maximum intensity and refined using
eqn (1) (solid lines). The determined values for TIS and T1H1r are given in
Table S3.† (b) CP build-up time TIS derived from the contact-time
dependent build-up curves obtained from the refinements of the CP
spectra for the different resonances: (from left to right: ketone groups
(a), carboxy groups and esters (b), ketals (c), peroxide groups (d),
alcohols (e), ipso carbon, aromatic CH carbons, aliphatic CH and CH2

carbons). The shoulders in resonance (a) and (b) were evaluated
together with the main peaks of resonance (a) and (b), respectively,
since for short CP build-up times shoulder andmain peak could not be
resolved and the shape of the resonances for longer build-up times
does not change for different build up times (Fig. S7†). Due to the
heavily superimposed resonances for the aliphatic CH and CH2

groups, these two signals were also treated with one build-up curve.
Typical TIS ranges for quaternary carbons and CHn groups are marked
by dashed lines.
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13C multiCP spectra. The high sensitivity provided by PS-13C,
enables us to explore the parameter space of the multiCP
experiment in a systematic fashion, in particular, for the defect
signals. Thus, it provides guidelines and trends to improve the
accuracy of future experiments on weathered MP. The multiCP
NMR sequence (Fig. S5†) used for this work, is adopted from ref.
51. It consists of a series of n short CP blocks. Between the
blocks, a z-lter stores the 1H and 13C polarisation along the
external magnetic eld. It allows decayed 1H polarisation to
relax according to T1H1 and ips back the 1H and 13C polarisation
into the xy plane of the doubly rotating frame before the next CP
burst. Thus, already created polarisation does not decay and is
added to the one generated within the next block.51 If the
waiting time tz during the z-lter is much shorter than the spin–
lattice relaxation of 13C nuclei and much longer than the one of
1H nuclei (T1H1 � tz � T13C1 ) and the block length of the indi-
vidual CP blocks does not become too short, the I–S model can
be applied and the intensity build-up of a resonance with
a nominal intensity of one follows eqn (2):54

Ii
�
stotCP

� ¼ IN

�
1� exp

�
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TIS

��
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exp
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�
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The individual blocks of multiCP experiments should be
much shorter than T1H1r , to avoid relaxation within the rotating
frame. With values between 1.8 ms and 3.9 ms obtained for
T1H1r (Table S3†), we carried out a set of experiments with block
lengths from 1ms down to 150 ms. According to eqn (2), the total
contact time stotCP should be on the order of or larger than 3� TIS,
which accounts for roughly 95% transfer efficiency. With values
for TIS (Table S3†) between 90 ms (CHn groups) and 1000 ms
(carboxy units), we chose to record two series of measurements
with stotCP either set to 2 ms or 3 ms. Finally, the waiting time tz
during the z-lter should allow for the spin–lattice relaxation of
the decayed 1H polarisation and should thus be on the order of
2 � T1H1 . However, to avoid signicant decay of 13C polarisation,
tz � T13C1 also has to be fullled. T1H1 was determined to 1.5 s
and T13C1 was estimated to be larger than 60 s. Therefore, we
explored the inuence of tz by collecting 13C multiCP NMR
spectra with tz being either 2 s or 3 s. Furthermore, three
samples with weathering times of 0 h, 1900 h, and 2400 h were
probed. The latter two samples were chosen to guarantee
meaningful defect proportions. An overview of all multiCP
experiments and values for IN for each resonance (eqn (2)) are
given in Tables 1 and S4.† With some limitations, IN might be
used to correct the intensities obtained from multiCP experi-
ments. Additionally, it allows to estimate whether the chosen
block lengths and number of blocks are appropriate to avoid
heavy losses due to T1H1r . To benet from eqn (2) though, TIS and
T1H1r need to be determined separately, which might not always
be feasible for studies on complex materials like microplastics.

For the chosen block lengths sblockmultiCP and number of blocks
n, IN varies between 0.60 and 0.98 (Table S4†) suggesting that
signicant deviations for the intensities are to be expected, in
particular for longer sblockmultiCP and smaller n. This trend (Fig. 4
and Table S5†) is nicely reproduced for the relative intensities
for the three main resonances of PS-13C (ipso carbon, aromatic
CH and aliphatic CH/CH2). For s

block
multiCP of 500 ms and 1 ms (n

adjusted to yield a stotCP of 3 ms) the relative intensities of the
signals of the aromatic CH groups and the aliphatic CH/CH2

units are signicantly smaller than the expected stoichiometric
values (1 : 5 : z22). The deviation becomes stronger for longer
block lengths. For sblockmultiCP ¼ 1 ms, the aromatic CH and
aliphatic units are underestimated by roughly 20% to 30%
(Fig. 4).

This demonstrates that the block lengths need to be kept
short enough to avoid polarisation loss due to T1H1r , in particular,
for chemical units with small TIS (e.g. CH and CH2) and thus fast
build-ups. Consequently, the number of blocks becomes large
to adjust the long stotCP necessary to accommodate for quaternary
carbon atoms with large TIS values (Table S3†). For sblockmultiCP of
250 ms and 150 ms the expected relative intensities were ob-
tained. With respect to a nominal intensity of 1 for I(Cipso),
I(CHaro) scatters between 5.1 and 5.5 and I(Caliphatic) lies
between 21.1 and 22.6. This implies that convergence is reached
and that quantitative intensities and thus proportions can be
calculated with an accuracy of roughly 10%, estimated from the
variation of the determined relative intensities. As similar
relative intensities were also obtained for stotCP ¼ 2 ms, the
inuence of the total contact-time is less severe in the chosen
regime. Especially, for the sblockmultiCP ¼ 150 us measurements (see
Fig. S8†), the spectral shape and thus the relative intensities do

Fig. 4 Comparison of the relative intensities for the aromatic CH units
(top) and the aliphatic CH/CH2 groups (bottom) for various multiCP
experiments before (blue) and after correcting with IN (orange). All
relative intensities are given after normalising the intensity for the ipso
carbon to one (Table S5†). For small block length average relative
intensities of 1 : 5.4 : 22.0 for I(Cipso), I(CHaro) and I(Caliphatic) were
obtained matching the expected stoichiometry and enrichment
degree.
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not change when reducing stotCP from 3 ms (20 blocks) to 2 ms (13
blocks) or when reducing the waiting time tz to 2 s (Fig. S8†).
This indicates that we are already in the limit of sufficient long
waiting times tz and total contact-times stotCP.

Using IN to correct for lost polarisation during the individual
CP blocks allows for compensating the major part of the
polarisation losses (Fig. 4). For 13C multiCP experiments with
sblockmultiCP ¼ 500/1000 ms average relative intensities of 4.9 for
I(CHaromatic) and 19.7 for I(Caliphatic) were reached. Although
they are close to the plateau values of 5.4 and 22.0 established
from the shorter block lengths, the remaining differences are
on the order of 10%. They might be caused by deviations from
the I–S model due to coherent polarization transfer, which
should be strongest for the proton bearing groups. For smaller
sblockmultiCP, IN approaches unity and thus leads to small corrections
only. Within the limit of the aimed for accuracy of 10%, IN
might then be neglected. This is important, as for many
complex materials the determination of TIS and T1H1r , needed to
calculate IN, is challenging and would reduce the applicability
of multiCP experiments.

In a second step, the intensities determined from the 13C
multiCP NMR spectra were used to calibrate the 13C CP NMR
spectra. Calibration factors ci were derived for every resonance
as described above (Fig. 5, blue bars and Table S6†). In partic-
ular, for the analysis of the defect resonances, the calibration is
advantageous, for two reasons. First, a direct comparison to
expected proportions is not feasible since the latter are not
known in advance. Second, the defect intensities are weak, on
the order of roughly 10% of the total accumulated intensity and
their intensity changes are easier recognized in the calibration
factors ci. Due to its very weak intensity, we exclude the ketal
resonance at 110 ppm from this analysis. For comparison, the ci
values were also corrected with IN (Fig. 5, orange bars and Table
S7†), to test how well the I–S model (eqn (2)) can be used to
account for polarisation losses, if the block length sblockmultiCP of the
CP blocks becomes too long. The general CP conditions were
chosen to be the same for both the CP and multiCP experi-
ments. To obtain better S/N ratios though, all CP NMR spectra
were obtained with a contact time stotCP of 2 ms, due to the
markedly higher signal intensity compared to 3ms. Fig. 6 shows
the typical differences between a 13C CP (stotCP ¼ 2ms) and a 13C
multiCP spectrum (sCP ¼ 250 ms with 12 blocks and stotCP ¼ 3 ms).
Interestingly, with these conditions the defect intensities
derived from the CP NMR spectra are overestimated compared
to the quantitative values obtained from the multiCP experi-
ments. As a consequence, all ci values for the defects are smaller
than one (Fig. 5).

As observed for intensities of the main PS-13C resonances
within the 13CmultiCP NMR spectra, the ci values for the defects
converge for sblockmultiCP smaller than 250 ms to values between 0.6
and 0.7 depending on the defect type. This trend holds for stotCP of
2 ms and 3 ms as well as for tz of 2 s and 3 s equally, demon-
strating that both total contact-times and waiting times are long
enough, to guarantee a sufficient polarisation build-up for the
polymer defects. For sblockmultiCP larger than 500, the calibration
factors grow and approach one for sblockmultiCP¼ 1000 ms. Correcting
the 13C multiCP NMR spectra with IN before calibration

improves the ci values for sblockmultiCP of 500 ms and 1000 ms mark-
edly. For smaller block lengths the correction is negligible. We
attribute the increase in ci for longer sblockmultiCP to polarisation
losses for the resonances of the aromatic and aliphatic CH and
CH2 units. They exhibit the smallest IN of around 0.6 (Table
S4†) and thus should suffer the strongest losses.

Underestimating the intensities of the main PS resonances,
in turn, leads to an overestimation of the defect intensities and
thus an increase for ci. Nevertheless, the corrected ci values do
not reach the plateau derived from the experimental data for the
smaller block length, suggesting that additional polarisation
losses due to, e.g., T13C1r and T13C1 relaxation as well as coherent
polarisation transfer, beyond the I–S model, are playing a role.
While the calibration factors ci for the ipso carbon atoms exhibit
the same trend as for the defect ci values, the ones for the
aromatic and aliphatic CH and CH2 units are apparently inde-
pendent of the conditions chosen for the multiCP experiments.

Fig. 5 Comparison of calibration factors ci (blue) for the major poly-
mer defects. The ci were derived by dividing the intensities of reso-
nance i, obtained from the 13C multiCP NMR spectrum, by the ones
extracted from the 13C CP NMR spectrum. Both NMR spectra are
normalised to the same total intensity. Calibration factors ci which are
corrected for polarisation loss due to T1H1r within the CP blocks
according to eqn (2) are given in orange.
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As they share similar build-up and relaxation behaviour and
account for 95% of the total spectral intensity, calibration leads
to constant ci values (Fig. 4).

To show that the optimized experimental conditions for the
multiCP experiment (sblockmultiCP ¼ 250 ms, 12 blocks) are mean-
ingful also for samples in natural abundance we remeasured
a sample of commercial PS (weathered for 3200 h) from ref. 17,
which was previously obtained with a block length of 500 ms and
6 blocks. The comparison between both spectra is given in
Fig. S10.† As expected from Fig. 4, the intensity of the aromatic
and aliphatic proton bearing groups is enhanced by roughly
20%. Especially the expected intensity ratios 1 : 5 : 2 of the three

main polystyrene resonances (ipso C, aromatic CH's and
aliphatic CH/CH2) are correctly reproduced. In consequence,
the total defect proportions amounting to 13% are roughly 20%
smaller than the previously reported ones (16.5%).17 This
matches the expected trends of the correction factors shown in
Fig. 5.

Applying the proposed calibration method, the intensities
derived from the 13C CP MAS NMR spectroscopic experiments
were calibrated according to the correction factors for sblockmultiCP ¼
150 ms and 20 blocks (Table S6†). From these spectral intensi-
ties, the proportion of the respective defects was calculated
according to Meides et al.,17 additionally considering the
selective 13C enrichment of 23% at the a position of PS (see ESI†
for calculations). Within the probed weathering time, the
proportions for all defect types grow with a linear trend. Rates
between 6.6 � 10�6 h�1 and 7.7 � 10�6 h�1 were observed,
demonstrating that all defect types grow at similar rates.
Considering that weathering in our controlled weathering
experiment is roughly 5 times faster compared to average
central European conditions, the maximum gain of total defect
proportions of PS microplastic particles in the environment is
extrapolated to roughly 5% per year (Fig. 7). The rates are
slightly smaller than observed for commercial non-additivated
PS in natural abundance.17 For shorter weathering times, the
improved S/N ratio allows for probing even very small defect
proportions down to 0.1%. In this way, we show that the implied
induction period for ketone formation17 was caused by a lack of
sensitivity. Here, a continuous increase of the ketone propor-
tions was observed.

Conclusion

For the present study, we synthesised PS-13C – polystyrene
partially 13C labelled at the a position – by radical polymerisa-
tion with an enrichment degree of z23%. Accelerated weath-
ering by exposure to mechanical stress and simulated solar
radiation, then allowed to introduce typical photooxidative
defects. They increase in a linear trend as function of the
weathering time up to individual proportions of 2%. As most
defects originate at the a position, PS-13C proved to be a highly
sensitive model system for probing defect types and their
proportions by combining 13C CP and multiCP MAS NMR
spectroscopy. While detection via 13C offers the necessary
resolution for identifying and distinguishing the defect types,
CP excitation promises reasonable measurement times. Cali-
bration with multiCP NMR spectra led to quantitative relative
intensities and thus to defect proportions. As the S/N ratio was
improved roughly 20 times, we could explore the inuence of
essential parameters for the multiCP experiment on the inten-
sities of the defects themselves.

In addition to the typical alcohol, peroxo, keto and carboxy
functions already described earlier,17 the higher sensitivity for
PS-13C allowed to distinguish between in- and end-chain
ketones, carboxylic acids and esters. Even (hemi)ketal func-
tionalities in very low proportions could be identied. The
presence of ester and ketal groups suggest that carboxylic acids
and ketones react with alcohol units for longer weathering

Fig. 6 Comparison of 13C CP (stotCP ¼ 2 ms; black line) and multiCP 13C
(sblockmultiCP ¼ 250 ms with 12 blocks and stotCP ¼ 3 ms; red line) MAS NMR
spectra for PS-13C weathered for 2400 h. Both spectra are normalized
to the same total intensity (full scale spectra are given in Fig. S9†).

Fig. 7 Proportion of the defect groups with respect to the total
number of repeating units of PS-13C in dependence of the weathering
time. The defect proportions were refined with a linear function
allowing to derive growth rates for carboxylic acids (6.6 � 10�6 h�1),
ketones (6.9 � 10�6 h�1), alcohols (6.7 � 10�6 h�1) and peroxide (7.7 �
10�6 h�1) functions. The non-zero interception for the peroxides and
alcohols is a consequence of the grinding procedure of the pristine
PS-13C.
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times. They thus introduce two additional crosslinking mech-
anisms, besides radical pairing and subsequent C–C bond
formation. For selected PS-13C samples (0 h, 1900 h and 2400 h
weathering times), we characterised 1H and 13C spin–lattice
relaxation, which exhibits averaged time constants of 1.5 s
(T1H1 ) and z60 s (T13C1 ) in the laboratory frame and of 3 ms
(T1H1r ) and z100 ms (T13C1r ) in the double rotating frame. The CP
build-up time constants TIS, determined via contact-time
dependent measurements, vary markedly from 90 ms for CH/
CH2 units up to 1 ms for carboxy units. Remarkably, although
all defect types are quaternary in nature, already their TIS values
reach down to 150 ms.

The broad spread for TIS requires a careful setup for the
multiCP experiments. We explored the inuence of essential
parameters, like number of CP blocks, their block length and
the waiting time between the successive blocks, to determine
ideal conditions and guidelines for samples with 13C in natural
abundance, where an adjustment on the defect resonances
themselves is not possible. While the effect on the main reso-
nances of PS-13C (Cipso, CHaromatic and Caliphatic) was best
studied on the relative intensities of the 13C multiCP NMR
spectra, for the defect resonances i the calibration factors ci ¼
ImultiCP
i /ICPi turned out to be more meaningful. We found
convergence for all resonances (both main and defects) for total
contact-times (stotCP) and waiting times (tz) longer than 2 ms and
2 s, respectively. This matches previously reported guide-
lines,51,54 where tz > 2 � T1H1 , tz < T13C1 and stotCP z 3 � TIS should
be adjusted. While chemical units with large TIS values turned
out to be relative insensitive with respect to the CP block length
(sblockmultiCP), in particular, the intensities for the aromatic and
aliphatic CH and CH2 units showed large deviations from ex-
pected relative intensities for longer block lengths. For a block
length of 1 ms already a polarisation loss on the order of 20 to
30% occurred. This effect could be avoided for block length
smaller than 250 ms and the best conditions were observed for
150 ms. Thus, to reach a total contact-time larger than 2 ms,
a minimum of 8 and 13 blocks is required, respectively.

As weathered MP generally contains a broad mix of defects
and functional groups, which may cover the whole range
between quaternary and primary carbon atoms, multiCP
experiments with block lengths shorter than 250 ms and total
contact times longer than 2 ms are advisable for future experi-
ments. This opposes, to a certain extent, previous studies on
other complex materials,51–57 where oen signicantly longer
block length were used. The necessary short block lengths,
however, increase the measurement time markedly, as the
number of repetitions will be large. Collecting 13C multiCP
NMR spectra for whole sample series is thus not feasible. We,
therefore, suggest to calibrate conventional 13C CP NMR spectra
with selectively acquired multiCP experiments. Our results
demonstrate that the proposed strategy offers a reasonable fast
and accurate way to characterise polymer defects for MP even
for 13C in natural abundance and for the low inherent defect
proportions. We expect that both the calibration and the ob-
tained parameter range are applicable to other types of
commodity plastics and thus will help to overcome the chal-
lenge of determining average stoichiometries for weatheredMP.

In addition, the presented approach will be transferable to
a broad range of organic, inorganic and hybrid materials sup-
porting structure determination of complex materials.
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S. Gekle, Ejection of marine microplastics by raindrops:
a computational and experimental study, Microplast.
Nanoplast., 2021, 1(1), 1–19.

29 K. Liu K, T. Wu, X. Wang, Z. Song, C. Zong, N. Wie and
L. Daoji, Consistent Transport of Terrestrial Microplastics
to the Ocean through Atmosphere, Environ. Sci. Technol.,
2019, 53(18), 10612–10619.

30 F. Petersen and J. A. Hubbart, The occurrence and transport
of microplastics: The state of the science, Sci. Total Environ.,
2021, 758, 143936.

31 T. Ojeda T, A. Freitas, K. Birck, E. Dalmolin, R. Jacques,
F. Bento and F. Camargo, Degradability of linear
polyolens under natural weathering, Polym. Degrad. Stab.,
2011, 96(4), 703–707.

32 K. N. Fotopoulou and H. K. Karapanagioti, Hazardous
Chemicals Associated with Plastics in the Marine
Environment: Degradation of various plastics in the
environment, Springer, Cham, 2017.

33 F. A. Bottino, A. R. Cinquegrani, G. Di Pasquale, L. Leonardi
and A. Pollicino, Chemical modications, mechanical
properties and surface photo-oxidation of lms of
polystyrene (PS), Polym. Test., 2004, 23(4), 405–411.

34 F. Horii, Q. Zhu, R. Kitamaru and H. Yamaoka, Carbon-13
NMR study of radiation-induced crosslinking of linear
polyethylene, Macromolecules, 1990, 23(4), 977–981.

35 A. V. Shyichuk and J. R. White, Analysis of chain-scission and
crosslinking rates in the photo-oxidation of polystyrene, J.
Appl. Polym. Sci., 2000, 77(13), 3015–3023.

36 G. Grause, M.-F. Chien and C. Inoue, Changes during the
weathering of polyolens, Polym. Degrad. Stab., 2020, 181,
109364.

37 Y. Shi, J. Qin, Y. Tao, G. Jie and J. Wang, Natural weathering
severity of typical coastal environment on polystyrene:
Experiment and modeling, Polym. Test., 2019, 76, 138–145.

38 D. Vaillant, J. Lacoste and G. Dauphin, The oxidation
mechanism of polypropylene: contribution of 13C-NMR
spectroscopy, Polym. Degrad. Stab., 1994, 45, 355–360.

39 D. M. Mowery, R. A. Assink, D. K. Derzon, S. B. Klamo,
R. L. Clough and R. Bernstein, Solid-state 13C NMR

10884 | RSC Adv., 2022, 12, 10875–10885 © 2022 The Author(s). Published by the Royal Society of Chemistry

RSC Advances Paper

8 Publications and Manuscripts

200



investigation of the oxidative degradation of selectively
labeled polypropylene by thermal aging and g-irradiation,
Macromolecules, 2005, 38, 5035–5046.

40 R. A. Assink, M. Celina, T. D. Dunbar, T. M. Alam,
R. L. Clough and K. T. Gillen, Analysis of hydroperoxides
in solid polyethylene by MAS 13C NMR and EPR,
Macromolecules, 2000, 33(11), 4023–4029.

41 S. F. Chabira, M. Sebaa and C. G'sell, Oxidation and
crosslinking processes during thermal aging of low-density
polyethylene lms, J. Appl. Polym. Sci., 2012, 124, 5200–5208.

42 W. J. Shim, S. H. Hong and S. E. Eo, Identication methods
in microplastic analysis: a review, Anal. Methods, 2017, 9,
1384–1391.

43 N. Peez, M.-C. Janiska andW. Imhof, The First Application of
Quantitative 1H NMR Spectroscopy as a Simple and Fast
Method of Identication and Quantication of
Microplastic Particles (PE, PET, and PS), Anal. Bioanal.
Chem., 2019, 411(4), 823–833.

44 J. Almond, P. Sugumaar, M. N. Wenzel, G. Hill and C. Wallis,
Determination of the carbonyl index of polyethylene and
polypropylene using specied area under band
methodology with ATR-FTIR spectroscopy, e-Polym., 2020,
20, 369–381.

45 T. Menzel, N. Meides, A. Mauel, U. Mansfeld,
W. Kretschmer, M. Kuhn, E. M. Herzig, V. Altstädt,
P. Strohriegl, J. Senker and H. Ruckdäschel, Degradation
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• Biological reaction of macrophages 
differ between aged and pristine MP. 

• Fragmentation and formation of ROS 
are assumed to contribute a high 
noxiousness. 

• Artificially weathered MP induce higher 
toxicitiy compared to pristine particles. 

• Pristine particles show an higher in
flammatory potential.  
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A B S T R A C T   

Microplastic particles (MP), arising from the gradual decomposition of plastics in the environment, have been 
identified as a global problem. Most investigations of MP cytotoxicity use pristine spherical particles available 
from commercial sources when evaluating their impact on mammalian cells, while only limited data is available 
for the more relevant “weathered microplastic”. In this study, we exposed murine macrophages to polystyrene 
MP either after up to 130 days of accelerated ageing or in pristine condition. Weathered and pristine MP were 
physicochemically characterized, and their cytotoxicity was investigated using biological assays, transcriptome 
analysis, and metabolic pathways prediction. Whereas the response to pristine MP is mainly dominated by a TNF- 
α release, sharp-edged weathered MP induce broader adverse cellular reactions. This study stresses the impor
tance of including more realistic test particles (e.g., weathered particles) in combination with a broad range of 
biological assays when evaluating the potential risk of microplastic exposure. 
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Reactive oxygen species 
Microplastic   

1. Introduction 

The spread of microplastic is a recognized global problem (Issac and 
Kandasubramanian, 2021; Conkle et al., 2018; Frei et al., 2019; 
Weithmann et al., 2018; Amato-Lourenço et al., 2020). Possible accu
mulation in the food chain and finally the human body seems to be a 
logical and therefore troubling consequence (Jiang et al., 2020). In 
recent years, various studies analysed the toxicity of microplastic to
wards mammalian cells (Liu et al., 2020a, 2020b; Rudolph et al., 2021; 
Stock et al., 2019; Wu et al., 2019; Liang et al., 2021; Vlacil et al., 2021; 
Hwang et al., 2020). Most of these studies concluded that microplastic 
particles (MP) are not as harmful as feared and that they exert effects 
only at concentrations far above the current environmental ones. 
However, it has been reported by several groups that environmental 
concentrations are difficult to measure for MP < 5 µm and could be 
indeed much higher than assumed (Lindeque et al., 2020). Furthermore, 
after intake in organisms (e.g., mice, human), MP accumulate over time, 
are embedded in tissues, and yet persist in the body (Deng et al., 2017; 
Amato-Lourenço et al., 2021; Ibrahim et al., 2021). In a recent contri
bution, the concentration of microplastic in human blood was estimated 
to be 99.4 µg/mL/day (Lee et al., 2021). As recently reviewed, estab
lished biological effects of MP on mammalian cells comprise mainly 
cytotoxicity, oxidative stress, genotoxicity and inflammatory response 
(Rubio et al., 2020b). In this context, the liver as detoxifying organ 
seems to be of particular concern in in vivo as well as in cell line-based 
studies (Zhao et al., 2021a, 2021b; Lu et al., 2018; Li et al., 2021a, 
2021b). Even though possible changes on the transcriptional level have 
been reported (Wu et al., 2020; Jin et al., 2019), only a few studies to 
date used RNA sequencing for in-depth investigation of the tran
scriptome of cells challenged with MP. 

Moreover, most prior in vitro studies of MP effects on cells used 
pristine spherical polystyrene (PS) particles due to their defined size and 
easily accessible surface chemistry (i.e., functionalization) (Rozman and 
Kalčikova, 2021; Weis and Palmquist, 2021), both of which have been 
demonstrated to be of high importance for particle-cell interactions 
(PCI) (Rudolph et al., 2021; Banerjee and Shelver, 2021; Kurtz-Chalot 
et al., 2017; Ramsperger et al., 2021, 2020). However, such pristine 
test particles do not necessarily replicate the effect of MP found in the 
environment (Rubin et al., 2021), since the latter must be expected to 
become degraded under the influence of mechanical stress as well as 
photo- and biotic-degradation (Syranidou et al., 2017; Gewert et al., 
2015; Meides et al., 2021). This degradative process, commonly referred 
to as “ageing” or “weathering“, leads to the formation of secondary 
plastic particles with changed size and surface characteristics (physical 
and chemical) (Rozman and Kalčikova, 2021; Liu et al., 2021, 2020b). 

Laboratory approaches to mimic this degradation process have been 
suggested and rely on repeated milling (Han et al., 2020) to simulate 
mechanical abrasion or (accelerated) weathering mostly via photooxi
dation (Meides et al., 2021). Mechanical stress alone is insufficient to 
fully simulate the environmental ageing of MP since photodegradation 
also plays an important role (Liu et al., 2021). Photo-initiated radical 
reactions with oxygen lead to chain-scission, accompanied by molecular 
weight decrease and a deterioration of the mechanical properties (Yousif 
and Haddad, 2013). As a result, oxygen-containing functional groups are 
formed (e.g., peroxides, -COOH, reactive oxygen species (ROS), ketones) 
which accumulate at the surface of MP (67–200 µm) along with 
increasing degradation processes (Meides et al., 2021; Zhu et al., 2019). 
As recently reported, the oxygen-to-carbon (O/C) ratio of in-house 
UV-aged 1 µm PS-MP increased by 4.7-fold in comparison to pristine 
ones (i.e., O/C: 0.031) (Chen et al., 2021). These “weathered” MP are 
more toxic than pristine ones to a wide range of model organisms (e.g., 

bacteria, algae, fish) (Huang et al., 2021; Zou et al., 2020; Guimarães 
et al., 2021; Wang et al., 2020a, 2020b; Zhao et al., 2021b). However, 
only a few reports are available for mammalian cells. Increased toxicity 
of photooxidized-particles compared to pristine ones was recently 
demonstrated using human intestinal epithelial (Caco-2) and lung 
epithelial (A549) cells (Yu et al., 2021; Zhu et al., 2020). Both reports 
stressed the fact that there is a correlation between the duration of the 
light irradiation time and the oxidative potential of the particles, which 
in turn augments their cytotoxicity. Jeon et al., on the other hand, 
showed a decreased cytotoxicity for weathered MP compared to milled 
ones (Jeon et al., 2021). However, none of these works attempted to 
elucidate the cause of the observed biological effects on a broader basis. 

In this work, we analysed the biological effects induced by artificially 
weathered PS-MP vs. the corresponding pristine ones. The particles (2 
µm) were exposed for up to 600 h of controlled accelerated weathering 
corresponding to 130 days of natural irradiation and their physico
chemical properties were characterised. Cellular responses were inves
tigated at the level of metabolic activity, membrane integrity, reactive 
oxygen species formation, genotoxicity and inflammatory response 
using the murine liver macrophage cell line ImKC. To better understand 
the cellular response at the molecular level, we extended our investi
gation to the analysis of the cellular transcriptome via RNA sequencing. 
Using extensive data mining, ranging from single genes regulation to 
pathway analysis, we unravelled the major cytotoxic differences be
tween pristine and weathered MP. 

2. Methods 

2.1. Materials 

If not otherwise indicated, cell culture materials were obtained from 
Greiner Bio-One (Frickenhausen, Germany) and Thermo Fisher Scien
tific (Schwerte, Germany). L-glutamine, penicillin, streptomycin, Dul
becco’s Phosphate-Buffered Saline without Ca2+ and Mg2+ (DPBS), 
RPMI1640 (Roswell Park Memorial Institute) was obtained from Lonza 
(Lonza Group Ltd, Basel, Switzerland). Phalloidin- 
tetramethylrhodamine B isothiocyanate, foetal calf serum (FCS), 4′,6- 
Diamidino-2-phenylindol (DAPI), 3-(4,5-dimethyl-2-thiazolyl)− 2,5- 
Diphenyl-2H-tetrazolium bromide (MTT), 2′,7′-dichlorofluorescein 
diacetate (DCFDA), antimycin A from Streptomyces sp. were obtained 
from Sigma Aldrich (Taufkirchen, Germany). The ELISA Max™ Deluxe 
Set mouse TNF-α was purchased from Biolegend (San Diego, CA, USA). 
The CyQuant™ LDH Cytotoxicity Assay Kit was purchased from Invi
trogen (Waltham, MA, USA). Low melting agarose was purchased from 
Carl Roth (Karlsruhe, Germany). The following components were used 
for RNA extraction, quantification, and library preparation for next- 
generation sequencing: RNeasy Plus Micro Kit (Qiagen, Hilden, Ger
many), Precellys kit with 0.5 mm glass beads (VWR, Darmstadt, Ger
many), NEBNext Ultra II Directional RNA Library Prep Kit, NEBNext 
Poly(A) mRNA Magnetic Isolation Module, and NEBNext Multiplex 
Oligos (New England Biolabs, Frankfurt am Main, Germany). 

2.2. Particles 

Non-functionalized (plain) 2 µm polystyrene particles (non-fluores
cent Cat. # 19814–15 and fluorescent Fluoresbrite® YG Microspheres, 
Cat. # 18338–5, PS-YG, ExMax 441 nm, EmMax 486 nm, 5.68 ×109 par
ticles/mL, size CV ≤ 5) were purchased from Polyscience (Polyscience 
Europe GmbH, Eppenheim, Germany). The microplastic particles (MP) 
solution was delivered as a sterile aqueous suspension at a concentration 
of 25 mg/mL. According to the supplier, all MP therein are plain 
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particles with a slight residual anionic surface charge from sulphate 
ester. These MP have been extensively characterized by our group in the 
past, revealing the presence of 3‰ styrene monomers as well as the 
absence of surfactant (Ramsperger et al., 2021). The non-fluorescent 
particles showed no autofluorescence in the ex/em ranges of interest 
for the intended experiments. The fluorescence measurement of the MP 
was conducted using flow cytometry at 525 nm (Cytomics FC500, 
Beckman Coulter, Krefeld, Germany). Data analysis was done using the 
FlowJo software v 10.5.0 (Tree Star, Stanford University, CA, USA, 
2018). 

2.3. Accelerated weathering 

Accelerated weathering was carried out according to Meides et al. 
Meides et al. (2021) and is described in detail in the supplementary 
information. The applied irradiance was calculated to be 594 W/m2 in 
total (Fig. S1, Table S1). Compared to the average mid-European irra
diation of 114 W/m2 (Fig. S2), the irradiance in the weathering chamber 
is thus 5.2-fold enhanced (Table S1). Samples were drawn after 200 
(PS43), 400 (PS86) and 600 h (PS130) of incubation in the weathering 
chamber, translating to approximately 43, 86 and 130 days of weath
ering in nature. The effective ageing time was calculated according to 
Eq. (1).  

2.4. Particles preparation 

PSpristine were used as received. Weathered particles (2.5 mg/mL in 
Milli Q water; 50 mL total volume) were recovered by centrifugation 
(16,000 g, 5 min), washed with 1 mL Milli Q water and incubated 
overnight in 1 mL of 70 vol% ethanol in sterile Milli Q water. After in
cubation, particles were collected by centrifugation (16,000 g for 
5 min), the ethanol solution was discarded and the remaining ethanol 
was evaporated overnight under sterile conditions. Particles were then 
resuspended in 1 mL sterile Milli Q water, centrifugated at 16,000 g for 
5 min, the supernatant was then carefully discarded. Thereafter, the 
particles were suspended in sterile MilliQ water to reach a final con
centration of 25 mg/mL. For experiments, MP were diluted 1/167–1/ 
1667-fold in complete growth medium to reach final concentrations of 
150 µg/mL and 15 µg/mL, respectively. 

2.5. Particle characterization 

The ζ-potential measurements were performed using the LiteSizer 
500 (Anton Paar Germany GmbH, Ostfildern-Scharnhausen, Germany) 
and Omega cuvettes (Anton Paar Germany GmbH, Ostfildern- 
Scharnhausen, Germany). Briefly, 2.5 µL of the stock solution was 
directly diluted in 1 mL of a 1 mM aqueous KCl solution or complete 
growth medium and measured immediately. Measurements with MP 
incubated in complete growth medium were conducted as follows: 
2.5 µL of the stock solution was incubated in 1 mL complete growth 
medium overnight at 37 ◦C. Thereafter, the MP were collected using 
centrifugation (17,000 g for 40 min at room temperature (RT)) and 
resuspended in 1 mL of a 1 mM KCl solution for measurement. Three 
measurements, with at least 100 runs each, were performed at 21 ◦C 
with an adjusted voltage of 200 V. The ζ-potential was calculated using 
the Helmholtz-Smoluchowski equation (von Smoluchowski, 1906). 

For particle imaging, a 0.5 mg/mL aqueous particle solution was put 
on a silica wafer. The samples were dried overnight and were afterwards 

sputter coated with platinum. The imaging was performed using SEM 
(FEI Apreo Volumescope, Thermo Fisher Scientific, magnification: 
50,000, 2 kV, Everhart-Thornley detector (ETD)). 

2.6. Cell culture 

The murine hepatic resident macrophage (Kupffer cells) cell line 
ImKC was obtained from Merck (SCC119, Merck KGaA, Darmstadt, 
Germany). This cell line was cultivated in RPMI1640 medium supple
mented with 10% (v/v) FCS, 2 mM glutamine and 100 U/mL penicillin/ 
streptomycin (complete growth medium) in a standard cell culture 
incubator (5% CO2, 95% humidity, 37 ◦C). Cells were passaged three 
times a week. Detaching of the cells was performed by incubating the 
cells in pre-warmed (37 ◦C) citric saline buffer (135 mM potassium 
chloride, 15 mM sodium citrate) for 10 min. 

2.7. Qualitative analysis of MP uptake 

15,000 cells were seeded in each well of an 8-well Ibidi slide (µ-Slide 
8 Well, ibiTreat, ibidi GmbH, Gräfelfing, Germany). After 24 h incuba
tion, fluorescent particles were added (150 µg/mL, total cultivation 
volume: 300 µL). Thereafter, cells were fixed for 15 min at RT with pre- 
heated 3.7% (v/v) paraformaldehyde in DPBS. Afterwards, the cells 
were permeabilized with 0.1% (v/v) TritonX-100 for 10 min at RT. Actin 

filaments and nuclei were stained with 100 nM rhodamine-phalloidin 
and 100 nM DAPI, respectively. The samples were analysed using a 
confocal laser scanning microscope (TCS SP8, 63x oil immersion 
objective, laser: 408 nm, 488 nm, and 552 nm, Leica Microsystems, 
Wetzlar, Germany). Z-stacks were taken with a step size of 0.2 – 
0.33 µm. 

2.8. Quantitative analysis of MP uptake 

MP uptake was performed as previously described (Rudolph et al., 
2021). Briefly, for quantification of the particle-cell-interaction, 150, 
000 cells per well were seeded in 12-well culture plates and incubated 
for 24 h for cell adhesion. Afterwards, 150 µg/mL fluorescent particles 
(PSpristine, PSaged) were added. After another 24 h of incubation, the cells 
were collected as described above and analysed using flow cytometry 
(Cytomics FC500, Beckman Coulter, Krefeld, Germany). Analysis was 
done using the FlowJo software v 10.5.0 (Tree Star, Stanford University, 
CA, USA, 2018). 

2.9. MTT assay 

MTT (3-(4,5-dimethyl-2-thiazolyl)− 2,5-diphenyl-2 H tetrazolium 
bromide) assay, based on the reduction of tetrazolium salt to formazan, 
was used to analyse the metabolic activity of the cells. This assay is an 
established assay for the toxicological assessment of microplastic 
(Rudolph et al., 2021; Stock et al., 2019; Hesler et al., 2019). Briefly, 10, 
000 cells/well were seeded in a 96-well plate in a 100 µL complete 
growth medium. After 24 h incubation in the cell culture incubator, the 
medium was aspirated, and a freshly prepared particle suspension in the 
desired concentration was added. In this study, we used 15 and 
150 µg/mL MP, both shown to be sublethal as shown in our previous 
studies for pristine particles (Rudolph et al., 2021; Ramsperger et al., 
2021). Cells were then cultivated for another 24 h in the cell culture 
incubator. Afterwards, the medium was replaced by 50 µL per well 

Irradiation time [h] ∗ Acceleration factor
24

= effective weathering in the environment [days] (1)   
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freshly prepared MTT reagent (1 mg/mL MTT in MEM without phenol 
red, sterile-filtrated). Cells were incubated for 2 h, the supernatant was 
removed, and 100 µL isopropanol was added to dissolve the formazan 
crystals. The whole plate was shaken for 5 min at 600 rpm. The absor
bance was measured at 570 nm (reference wavelength 650 nm) using a 
Tecan GENios Pro plate reader (Tecan Austria GmbH, Gröding, Austria) 
and metabolic activity was calculated according to Eq. (2). Cells put 
through mock treatment (i.e., incubated without MP) were used as a 
negative control (blank, corresponding to 100% metabolic activity). 
Cells incubated with 0.3% v/v Triton X-100 were used to prepare the 
positive control. As part of the experimental setting, we previously 
examined the influence of MP on the MTT assay readout and showed 
that, at the used concentration range, MP do not interfere with the ab
sorption measurement (Ramsperger et al., 2021). 

metabolic activity [%] =
Abs570sample

Abs570blank
x 100 (2)  

where: Abs570-sample is the mean value of the measured absorption of the 
test sample; Abs570-blank is the mean value of the measured absorption of 
the negative control. 

2.10. Reactive oxygen species assay 

The intracellular ROS assay is based on the conversion of the non- 
fluorescent, membrane-permeable dye 2′,7′-dichlorofluorescein diac
etate (DCFDA) into the fluorescent 2′, 7′-dichlorofluorescein (DCF) upon 
oxidation by ROS. 150,000 cells per well in 1 mL complete growth 
medium were seeded in a 12-well plate. After 24 h of incubation (5% 
CO2, 95% humidity, 37 ◦C), freshly prepared particle suspensions were 
added at the respective concentration. Cells incubated without MP or in 
the presence of 50 µM Antimycin A under otherwise identical conditions 
were used as negative (NC) and positive controls, respectively. After 
60 min incubation, 37.5 µM DCFDA was added per well and incubated 
for another 24 h in the cell culture incubator. Cells were then collected, 
washed in DPBS and measured using flow cytometry at 525 nm 
(Cytomics FC500, Beckman Coulter, Krefeld, Germany). ROS amount 
was calculated according to Eq. (3). 

ROS amount [%] =
MFIsample

MFINC
x 100 (3)  

where: MFIsample is the mean fluorescence intensity of the green fluo
rescence of the test sample; MFINC is the mean fluorescence intensity of 
the green fluorescence of the negative control (i.e., cells incubated 
without MP). 

2.11. LDH assay 

The lactate dehydrogenase (LDH) assay measures the release of the 
cytosolic enzyme LDH in the supernatant upon plasma membrane 
damage. The assay was done according to the manufacturer’s in
structions. Briefly, 10,000 cells were seeded in 100 µL of complete 
growth medium in a 96-well plate and incubated for 24 h under cell 
culture conditions. The medium was then aspirated and a freshly pre
pared particle suspension was added at the respective concentration. 
Cells incubated without MP under otherwise identical conditions were 
used as a negative control to record the spontaneous LDH release. Af
terwards, cells were cultivated for another 24 h in the cell culture 
incubator. To estimate the maximum releasable LDH, 10 µL of the 
diluted lysis buffer (proprietary composition) was added to cells without 
MP (45 min incubation). 50 µL of supernatant from each well was 
transferred to a fresh 96-well plate, then 50 µL of the freshly prepared 
reaction mixture was added and incubated for another 30 min in the cell 
culture incubator. Finally, 50 µL of stop solution were added to each 
well and the absorbance was measured at 490 nm (reference wavelength 
680 nm). The cytotoxicity was calculated according to Eq. (4): 

% LDH release =
Abssample − Absspontaneous

Absmax − Absspontaneous
(4)  

where: Abssample is the mean value of the measured absorption of the test 
sample; Absspontaneous is the mean value of the measured absorption of 
the negative control; Absmax is the mean value of the measured ab
sorption of the positive control. 

2.12. COMET assay 

A detailed step-by-step protocol of the COMET assay can be found in 
the supplementary information. Briefly, 150,000 cells were seeded in a 
12-well plate, incubated for 24 h and treated with the respective (15 and 
150 µg/mL) particle concentration for another 24 h (5% CO2, 95% hu
midity, 37 ◦C). Cells were then harvested, resuspended in 0.1 mL of a 
solution of 1% low melting point agarose in DPBS and then transferred 
onto agarose pre-coated slides. After conducting the lysis and pre- 
treatment, electrophoresis was conducted at 20 V (0.6 V/cm) and 
200 mA for 30 min, conditions which had been established as suitable in 
pre-experiments. DNA on the slides was stained with 2 µg/mL DAPI 
(1 mL) for 20 min in the dark. Slides were analysed using a fluorescent 
microscope (BX51, Olympus Life Science Solutions, Hamburg, Ger
many). Pictures were taken and afterwards analysed with the COMET
SCORE™ software (version 2.0.0.38; http://rexhoover.com). 

2.13. ELISA TNF-α 

TNF-α was analysed to screen the inflammatory potential of the MP. 
10,000 cells/well were seeded in 100 µL of growth medium in a 96-well 
plate and incubated for 24 h in the cell culture incubator. Afterwards, 
the particles were added and incubated for another 24 h (5% CO2, 95% 
humidity, 37 ◦C). As a negative control, cells were incubated without 
MP, while cells in the positive control were stimulated with 2.5 µg li
popolysaccharides (LPS). TNF-α release in the cell culture medium was 
detected by ELISA according to the manufacturer’s instructions. 

2.14. RNA sequencing 

Samples for the RNA sequencing (RNA seq) were prepared as follows: 
300,000 cells/well were seeded in 2 mL of complete growth medium in a 
6-well plate and incubated for 24 h (5% CO2, 95% humidity, 37 ◦C). The 
indicated particle concentration was added and incubated for another 
24 h (5% CO2, 95% humidity, 37 ◦C). Afterwards, the supernatant was 
discarded, the cells were washed twice with DPBS and 350 µL lysis 
buffer RLT© was added to each well. The lysate was transferred to an 
RNAse-free Eppendorf tube and immediately frozen at - 20 ◦C. There
after, the lysate was homogenized with 0.5 mm glass beads (Precellys 
kit, tube size 2 mL) at the intensity setting 6 for 40 s on a Fast Prep 24 
device (MP Biomedicals, Eschwege, Germany). Total RNA was purified 
from the homogenate using the RNeasy Plus Micro Kit and the RNA 
quality was analysed using a Fragment Analyzer and the DNF-471 kit 
(Agilent, Waldbronn, Germany). RNA-Seq libraries were constructed 
using the NEBNect Ultra II Directional RNA Library Prep kit for Illumina 
in combination with the NEBNect Poly(A) mRNA Magnetic Isolation 
Module and NEBNext Multiplex Oligos as described in Section 1 of the 
instruction manual (New England Biolabs, Frankfurt am Main, Ger
many). The quality of the obtained cDNA libraries was analysed using a 
Fragment Analyzer and the DNF-477 kit. The sample libraries were 
combined in a single library pool and sequenced in 2 × 150 bp mode on 
a NovaSeq instrument (Genewiz, Leipzig, Germany). 

2.15. Statistics 

Demultiplexed RNA-Seq data were analysed using the OmicsBox 
bioinformatics package (ver. 2.0.36; www.biobam.com/omicsbox), 
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which included all of the following tools: Reads were pre-processed by 
Trimmomatic to remove remnants of Illumina TruSeg3 adapters and 
reads with Q score below 25 were filtered out. The selected reads were 
mapped to the mouse reference genome (genome assembly GRCm39, 
www.ensembl.org) by STAR, and gene-specific quantifications of map
ped reads were created using HTseq. Pairwise differential expression of 
the count data was performed by edgeR. Gene Ontology (GO) enrich
ment analyses were conducted using Fisher’s Exact Test and the 
GRCm39 functional annotation, and the resulting GO terms were filtered 
by FDR < 0.05. Gene Set Enrichment Analyses (GSEA, implemented in 
the OmicsBox package) were conducted based on a rank matrix (rank =
sign(logFC) * -log10(P-Value)) using gene ontology sets based on the 
GRCm39 functional annotation as well as the Kyoto Encyclopedia of 
Genes and Genomes (KEGG). In addition, networks of enriched GO were 
predicted using ClueGO (Bindea et al., 2009), a Cytoscape plug-in, based 
most recent ClueGO database releases (May 13, 2021). Enriched path
ways of the KEGG database were identified by a mouse-specific KEGG 
dataset available in Cytoscape-ClueGO. Unless otherwise indicated, 
default settings of the bioinformatics tools were used to analyse the data. 

Statistical analysis was performed using Origin software 2019b 
(Origin, Northampton, MA, USA). All data were tested for the homo
geneity of variances (Levene test). To investigate differences in MP in
teractions with cells results, a one-way ANOVA with a Tukey post hoc 
test was used. 

3. Results 

3.1. Particle characterization 

The goal of this study was, to compare the noxic effects of pristine 
(spherical beads with smooth surface) particles and artificially weath
ered corresponding ones. It is well-recognized in the microplastics 
research field that surface property and size of the particles both influ
ence their uptake rate and noxious effects. In this context, it was 
important to cut down the number of parameters changed and hence to 
choose an ageing stage that leads to changes in surface properties while 
preserving the size of the particles as much as possible. Therefore, we 
prepared the weathered particles using the same weathering chamber 
and procedure used in the past (Meides et al., 2021) but restricted the 
irradiation time to 200, 400, and 600 h, where the degradation is mainly 
consisting of surface abrasion, to preserve the particle size (as shown 
using DLS in the current manuscript, Table 1). Due to the acceleration 
factor (5.2) of the weathering chamber, these irradiation times 
approximately correspond to 43 (PS43), 86 (PS86) and 130 days (PS130) 
of ageing in the environment. Particle characteristics (i.e., size, surface 
charge and topology) are decisive for the effects of MP on cells (Ram
sperger et al., 2021). Here, qualitative scanning electron microscopy 
(SEM) revealed that prolonged weathering of the particles intensified 
the degradation effect (Fig. 1). 

While there was almost no difference in morphology between 
PSpristine, PS43 and PS86, PS130 showed a high frequency of cracks and 
pits in the majority of the MP (75%). The analysis using dynamic light 

scattering (DLS) confirmed that extending the irradiation time led to a 
decrease in the average particle size from 1.80 µm to 1.21 µm. In case of 
fluorescent particles, weathering led to a decrease in the fluorescence by 
two orders of magnitude (Fig. S3). Compared to PSpristine and PS43, PS130 
exhibited a broader fluorescence range being in line with DLS and SEM 
data, since it can be ascribed to the presence of smaller fragments. In all 
cases, the remaining fluorescence was still high enough to be detectable 
with the methods used in this study (e.g., confocal microscopy, flow 
cytometry). ζ-potential measurements were performed to estimate the 
influence of the weathering on the surface charge of the MP. Small but 
significant differences in surface charge were identified when KCl was 
used as an ionic background stabiliser. The charge of PSaged was lower 
(13% for PS43 and PS86, 18% for PS130) compared to that of PSpristine. 
When incubated in a complete cell culture medium containing serum 
proteins, the charge of the different MP decreased about two-fold while 
minor, ageing-dependent differences remained (Table 1). 

In addition, the exposition of reactive groups on the surface, usually 
reported as oxygen-to-carbon (O/C) ratio, should also be considered as it 
plays an important role in microplastic ageing processes (Wang et al., 
2020a, 2020b). In this context, we found an increased O/C ratio for both 
PS MP and tensile bars exposed to the same weathering method (Meides 
et al., 2021). Further, these data demonstrated that independently of the 
geometry and size of the sample the ageing progression underwent a 
two-stage degradation process. Whereas the first stage (< 800 h of 
treatment) mainly consists of surface abrasion, the second step (> 800 h 
of treatment) involves a progressive fragmentation of the samples. 
Consequently, it can be assumed that this former characterization of the 
particles is also valid for the, here, used 2 µm particles. 

3.2. Qualitative and quantitative particle uptake 

In this study, we used murine hepatic stellate macrophages (ImKC), 
which are, as previously shown by our group (Rudolph et al., 2021), 
well-suited for the investigation of the potential adverse effects of MP in 
in vitro assays. We first determined the uptake of PSaged and PSpristine 
using confocal microscopy using 150 µg/mL fluorescent particles per 15, 
000 cells in 300 µL complete growth medium and 24 h incubation. Even 
though the particle fluorescence for PSaged was reduced (Fig. S3) cellular 
uptake could be demonstrated (Fig. S4). Using a gating strategy previ
ously developed (Rudolph et al., 2021), quantitative analysis using flow 
cytometry showed no significant difference in the particle-cell interac
tion (PCI) for PSpristine, PS43 and PS130 (Fig. S5). When treated with 
150 µg/mL MP, only 60% of the cells did show any interaction with the 
particles (Table S2). The tendency for particle uptake by the cells is 
therefore similar for weathered and pristine MP. 

3.3. Evaluation of cellular toxicity 

To gain a deeper understanding of the cellular responses after 
exposure of cells to PSaged and PSpristine, we performed a multi- 
parametric cytotoxicity assessment. Therefore, our study first 
compared results obtained after MTT or the LDH assay in identically MP- 
treated cells. The metabolic activity of the cells was measured using the 
MTT assay. The cells were treated with 15 µg/mL and 150 µg/mL MP 
and incubated for 24 h, i.e. conditions, which had previously been 
shown to be non-toxic for PSpristine (Rudolph et al., 2021). A particle 
concentration in this range has been recently estimated in human blood 
(Lee et al., 2021). Therefore, the concentrations chosen here can be 
considered as physiologically relevant. 

3.3.1. Cytotoxicity and genotoxicity of PSaged compared to PSpristine 
While the effect of the PSpristine was again negligible, cells responded 

differently to the PSaged (Fig. 2A). The metabolic activity significantly 
dropped for PS130 at low (63%) and high concentrations (48%) 
compared to the control group with no further treatment. PS43 and PS86, 
also caused a reduction in metabolic activity, albeit only when applied at 

Table 1 
Size distribution measured using DLS and ζ-potential for PSprisitne and PSaged.   

MP size (µm) ζ-potential (mV)  

KCL Mediuma KCl Mediuma 

PSpristine 1.80 ± 0.03b 1.50 ± 0.04b -76.7 ± 0.3c -30.7 ± 0.1c 

PS43 1.63 ± 0.11 1.88 ± 0.05 -67.1 ± 0.7 -33.9 ± 0.2 
PS86 1.50 ± 0.12 1.49 ± 0.10 -67.8 ± 0.4 -29.5 ± 0.1 
PS130 1.21 ± 0.04 1.63 ± 0.22 -64.6 ± 1.6 -26.4 ± 0.2 

Data represent mean value ± SD, n = 3. 
a Medium: complete growth medium. 
b Data from Riedl et al. (2021). 
c Data from Rudolph et al. (2021). 
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high concentrations. 
Although the MTT assay is a useful tool for the first evaluation of 

cytotoxic effects, it may be biased by various biological aspects (Stepa
nenko and Dmitrenko, 2015). To gather additional information, putative 
effects of MP on ImKC cells were subsequently studied in more detail, 
including membrane integrity, genotoxicity, oxidative stress and im
mune response. 

To estimate the degree of cell membrane damage, the lactate dehy
drogenase (LDH) release was quantified using control cells to normalize 
for background LDH release. While no significant effects were detected 
for PSpristine, PS43 and PS86, neither for the low nor the high concentra
tion, PS130 induced concentration-dependent LDH release and subse
quently higher membrane damage (Fig. 2B). In case of genotoxicity, the 
COMET assay is an established method to detect DNA damages in single 
cells using denaturing electrophoresis (Ostling and Johanson, 1984). 
This assay was used to detect possible genotoxicity induced by the MP 
and included untreated cells and cells incubated with 170 µM H2O2 as 
negative and positive controls, respectively (Fig. 2C, Fig. S6). Cells 
incubated with PSpristine showed an increased percentage in tail DNA at 
the highest particle concentration (Median = 21.84% Tail DNA) 
compared to control cells with no further particle treatment (14.98%), 
indicating some impact of MP on DNA integrity. Similar effects were 
detected upon incubation with PS43 (18.05%) and PS86 (19.55%). The 
most pronounced DNA damage was observed in the presence of 
150 µg/mL PS130 (33.69%) with a significantly higher percentage of tail 
DNA compared to that of untreated and PSpristine treated cells. The high 
deviation in the respective data sets was probably due to different 
amounts of taken-up MP resulting in a broad variation in the cellular 
response. 

3.3.2. Evaluation of the reactive oxygen species production 
Another influencing factor of the outcome of the previous assays 

might be an intracellular accumulation of ROS (Valdivia et al., 2015; 
Haider et al., 2021). In Fig. 2D, the ROS amount was first determined by 
considering the whole cell population. At low concentrations, none of 
the treatments showed a statistically significant increase in ROS pro
duction in comparison to non-treated cells. However, the amount of ROS 
significantly increased (1.3-fold) when PS86 and PS130 were applied at a 
high concentration. Since ROS were measured using flow cytometry, the 
amount of ROS can be analysed at the single-cell level and yet correlated 
with the number of MP interacting with cells, (Fig. S7) (Rudolph et al., 
2021). When the subpopulation showing PCI was gated (PCI+ gate, 
Fig. S7), the ROS amount increased significantly (1.2-fold for PSpristine, 
2.0-fold for PS43, 2.7-fold for PS86, 2.7-fold for PS130) compared to cells 
without MP (PCI- gate, Fig. S7) corresponding to the ROS intracellular 
background in the same sample (Fig. 2E). 

3.4. Detection of TNF-α as pro-inflammatory response to MP 

The inflammatory response in macrophages is usually triggered by 
the uptake of foreign matter including MP (Merkley et al., 2021) or the 
secretion of cytokines from other cells (Frostegård et al., 1999). One of 
the main cytokines in the cell-mediated inflammatory response is the 
secreted TNF-α cytokine (Coppack, 2001), which we analysed to get a 
first survey for a pro-inflammatory response (Fig. 3). 

While control cells with no further treatment did show an amount of 
secreted TNF-α (0.35 ng/mL) comparable to that described in literature 
(Wang et al., 2014), MP treated cells consistently showed an increased 
level. Surprisingly, the level of secreted TNF-α was the highest for 
PSpristine exposed cells (a 7.8-fold increase compared to control). With a 
7.0-fold and 6.7-fold increase, comparable and slightly lower TNF-α 
levels were detected for PS43 and PS86 treated cells, respectively. 
Exposure to PS130 on the other hand, resulted in the lowest, albeit still 
significant, induction of TNF-α (2.5-fold increase). LPS (2.5 µg/mL) was 
used as positive control and induced a TNF-α secretion with a 69-fold 
increase. 

3.5. Gene expression and metabolic pathway 

We limited the transcriptome analysis to untreated cells and cells 
challenged with PSpristine as well as PS130 at the highest concentration, 
which induced the most significant effects as shown above. Comparing 
the transcriptome for differentially-expressed (DE) genes, significant 
differences could be observed between untreated samples and the 
samples treated with PSpristine and PS130, respectively. This variation in 
gene regulation is reflected in the multidimensional scaling (MDS) plot 
(Fig. 4A). Replicates show a small overall distribution, ensuring a high 
significance in the subsequent analysis. The unique separation of 
PSpristine (mainly dim 1) and PS130 (mainly dim 2) samples compared to 
control ones argues for fundamental differences in the transcriptional 
response to the two types of particles. The number of induced (up) and 
repressed (down) genes were considerably larger in the PSpristine vs. 
control pairwise comparison (251 up, 126 down; log2FC > ± 1, false 
discovery rate (FDR) < 0.05) compared to the PS130 vs. control com
parison (39 up, 15 down; log2FC > ± 1, FDR < 0.05), where only 20 
induced and eight repressed overlapping genes were seen (Supplemen
tary Data 1). Focussing on the top 10 up- and top 10 downregulated 
genes for the respective treatment (Table S3 and S4) indicates a partial 
association with immune response-related processes. In particular, a 
challenge with PSpristine induced bi-directional regulation (five upregu
lated, five downregulated), while PS130 treatment exclusively led to 
downregulation (four downregulated genes) of genes. 

For a deeper correlation to possible biological effects, gene set 
enrichment analysis (GSEA) using the gene ontology (GO) annotations 
of the mouse genome were performed using DE gene rank matrices of 
PSpristine or PS130 treated cell samples vs. control cell samples, respec
tively. Again, the majority of enriched GO terms elicited by PSpristine or 
PS130 treatments highlight different transcriptional responses towards 
the two types of MP as shown in a Venn diagram (Fig. 4B). Based on the 
hierarchical structure of the GO database, the top 50 upregulated and 
the top 50 downregulated GO terms for PSpristine and PS130 (by 
normalized enrichment score (NES)) were reduced to most specific 
terms. The 36 remaining GOs were then manually sorted into unifying 
terms (Table 2). Again, both treatments showed a high difference, with 
20 GOs showing a unique response for either PSpristine or PS130. The most 
affected parental terms were “cellular respiration (eleven annotations)”, 
“immune response (seven annotations)” and “membrane-related (six 
annotations)”. 

Furthermore, a cluster analysis of involved upregulated GOs was 
performed using the Cytoscape plug-in ClueGO. This type of analysis 

Fig. 1. Representative SEM pictures of PSpristine, PS43, PS86 and PS130. Shown are SEM pictures of MP at the respective ageing time, scale bars = 1 µm.  

M. Völkl et al.                                                                                                                                                                                                                                   

8 Publications and Manuscripts

207



Journal of Hazardous Materials 435 (2022) 128955

7

(caption on next page) 

M. Völkl et al.                                                                                                                                                                                                                                   

8 Publications and Manuscripts

208



Journal of Hazardous Materials 435 (2022) 128955

8

confirmed that most of these GOs were specifically clustered for the 
respective treatment (Fig. S8B). Within these clusters, nine specific 
groups were highly connected for the respective treatments (Fig. S8A). 

Finally, the Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathway database (mouse-specific version of ClueGO) was analysed 
using induced genes to identify enriched KEGG pathways. Using the 

default pathway selection parameters of ClueGO, 35 KEGG pathways 
could be identified from 251 PSpristine induced genes. Among the ten 
most significant (based on FDR) pathways, seven could again be allo
cated to known inflammation-related pathways (e.g., “cytokine-cyto
kine receptor, TNF signalling, IL-17 signalling and NF-κB signalling”) 
(Fig. 5) (Li et al., 2021b, 2019, 2017; Osborn et al., 1989). However, the 
same default pathway selection parameters did not result in any 
enriched pathway predictions neither for downregulated genes of 
PSpristine treatments nor for up- and downregulated genes in PS130 ex
periments. This can most probably be ascribed to the considerably 
smaller number of identified genes in both cases (Data S1). 

4. Discussion 

Our investigation of cellular responses (membrane integrity, meta
bolic activity, genotoxicity, oxidative stress) in the presence of pristine 
vs. weathered PS-MP revealed that even though both particle types are 
similarly taken up by the cells, only the long-time weathered MP 
induced cytotoxic effects in a dose-dependent manner, while pristine 
and short to middle-time weathered MP tended to induce a pro- 
inflammatory response in a concentration-dependent manner. 

As recently reported, the cytotoxicity of PS MP could also at least 
partly be related to leachable components (i.e., surfactants used to sta
bilize sub-micron MP, unreacted monomers due to incomplete purifi
cation) (Choi et al., 2020; Campanale et al., 2020). Therefore, we chose 
for our study conditions that are expected to reduce the influence of 
leachable components to the minimum (i.e., sub-lethal MP concentra
tions, extensive washing of PSaged). We have shown in the past that 
PSpristine does not contain a detectable amount of surfactant, however, a 
non-negligible amount of residual styrene monomers (3 µg/mL) was 
found (Ramsperger et al., 2021). Such styrene monomers concentration 
is in a range (1.04–10.4 µg/mL) reported as non-toxic for the C2C12 

Fig. 2. Toxicity evaluation of ImKC cells on different biological levels for PSpristine and PSaged. Black bar bars represent 15 µg/mL, grey bars 150 µg/mL MP 
treatment. Data represent mean ± SD with at least n = 3 biological replicates if not otherwise noted. Cells without any treatment acted as a negative control. (A) MTT 
assay was used to determine the cellular metabolic activity. * significantly lower compared to PSpristine within a concentration group, # significantly lower than all 
previous data points within a concentration group, p < 0.05. (B) LDH assay was used to determine the membrane integrity. * significantly higher compared to all 
other samples, p < 0.05. (C) COMET assay was used to estimate the genotoxicity. Pictured is the percentage of Tail DNA for the respectively treated cells. Data are 
represented with whisker boxplots showing the 25% and 75% quartile with the whiskers representing the maximal and minimal values. Outliers are defined as 1.5 
times the value of the 25% and 75% quartile threshold and are represented as diamonds outside the boxplot. The median is indicated as a black line and the mean 
value as a black square. Control (n = 314), H2O2 (n = 59), PSpristine 15 µg/mL (n = 418), PSpristine 150 µg/mL (n = 324), PS43 15 µg/mL (n = 103), PS43 150 µg/mL 
(n = 107), PS86 15 µg/mL (n = 71), PS86 150 µg/mL (n = 71), PS130 15 µg/mL (n = 72), PS130 150 µg/mL (n = 102). * significantly higher compared to control, # 
significantly higher within MP-treated groups, + significantly higher than all other groups, p < 0.05. (D) Intracellular ROS quantification. Quantity was normalized 
to a negative control without MP. * significantly higher within concentration and treatment groups, p < 0.05. (E) Shown is the fold increase of ROS amount in the 
subpopulation of cells with PCI (PCI+ gate, Fig. S7) in comparison to cells without PCI (ROS intracellular background, PCI- gate, Fig. S7) in the same sample. 
* significantly higher compared to PSpristine, p < 0.05. 

Fig. 3. TNF-α concentration measured in the medium. Black bars represent 
15 µg/mL, grey bars 150 µg/mL of MP treatment. Cells without any treatment 
acted as negative control (control). Data represent mean ± SD, n = 3 biological 
replicates. * significantly higher compared to control, # significantly higher 
than PS130, + significantly higher within a treatment group, p < 0.05. 

Fig. 4. Different transcriptomic impacts of 
PS130 and PSpristine (A) Multidimensional 
scaling plot based on the log2 fold changes (FC) 
between control, PSpristine and PS130 samples. 
The axes of the MDS plot represent dimensional 
reductions of genes expression visualizing the 
variability of the transcriptional changes for a 
given treatment. (B) Venn diagram comparing 
the most specific GOs identified by GSEA for 
PSpristine and PS130, respectively, against the 
control. Red: upregulated genes; blue: down
regulated genes.   
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murine cells (Surinlert et al., 2020). In line with these results, we 
showed here that PSpristine hardly induced any aberrant cellular re
sponses independently of the used assays. This points out, that even if 
styrene monomers were still present, they did not influence the cellular 
response at the MP concentrations tested. Furthermore, extensive 

washing of PSaged post-weathering make the presence of residual 
leachable components in the PSaged fraction very unlikely. Hence, the 
noxic effects of MP reported in this contribution can most probably be 
ascribed to the PS MP and not to co-contaminants. 

Most of these results can be correlated with physicochemical (i.e., 

Table 2 
Direct comparison of all appearing gene ontologies (GOs), reduced to most specific ones for PSpristine and PS130 treatment. Grey boxes highlight upregulated GOs.  

Parental GO term Gene Ontology GO ID [GO-xx] NESa     

PSpristine vs. Control PS130 vs. Control 

Uptake early endosome  0005769  2.904    
vacuole organization  0007033  2.714    
nucleotide transport  0006862  -2.248   

Ribosomes cytosolic small ribosomal subunit  0022627  -3.388  -3.540  
cytosolic large ribosomal subunit  0022625  -2.963  -3.764  
structural constituent of ribosome  0003735  -2.913  -6.619 

Immune response positive regulation of response to external stimulus  0032103  3.152    
cellular response to interleukin-1  0071347  2.799    
regulation of inflammatory response  0050727  -2.482  -2.460  
transforming growth factor-beta binding  0050431  -2.242    
interleukin-1 production  0032612  -2.238    
cellular response to interferon-beta  0035458    -3.348  
defence response to virus  0051607    -3.307 

Oxygen Level cellular response to hypoxia  0071456  2.858  2.068  
positive regulation of reactive oxygen species metabolic process  2000379  -2.402   

Cellular Respiration mitochondrial respiratory chain complex I  0005747  -3.174  -3.658  
proton-transporting V-type ATPase complex  0033176  3.114  2.353  
fatty acid beta-oxidation  0006635  -2.884  -2.107  
mitochondrial respiratory chain complex I assembly  0032981  -2.830  -3.644  
proton-transporting ATPase activity, rotational mechanism  0046961  2.779  2.017  
glycolytic process  0006096  2.660    
NADH dehydrogenase (ubiquinone) activity  0008137  -2.449  -2.348  
mitochondrial electron transport, NADH to ubiquinone  0006120  -2.240  -2.848  
small GTPase binding  0031267  2.030  3.856  
mitochondrial large ribosomal subunit  0005762    -3.447  
GTPase activator activity  0005096    2.890 

Membrane-related nucleotide transmembrane transporter activity  0015215  -2.366    
basement membrane  0005604  -2.363    
cell projection membrane  0031253  2.123  2.788  
apical plasma membrane  0016324  2.095  2.878  
focal adhesion  0005925    3.294  
phosphatidylinositol binding  0035091    2.988 

Other positive regulation of peptidyl-serine phosphorylation  0033138  2.671    
DNA repair  0006281  -2.230    
cholesterol biosynthetic process  0006695  2.228  3.123  
ALTERNATE of GO:0140658  0070615    3.054  

a NES: normalized enrichment score. 

Fig. 5. Pathway analysis by KEGG for the upregulated genes of PSpristine Shown are the ten most significantly upregulated pathways predicted by KEGG analysis 
with Cytoscape ClueGO. 
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decrease of the surface charge) and morphological (i.e., degradation) 
changes of the PS-MP as introduced during the weathering step. As 
recently reported by our group, PS-MP degradation can be divided into 
two main steps (Meides et al., 2021). During step I, photooxidation re
actions occur at the surface. As a result, MPs experience chemical chain 
scission, O2 /H2O addition, and formation of reactive oxygen free rad
icals on the surface (Zhu et al., 2019, 2020). In this context, we previ
ously showed a linear time-dependent formation of functional groups 
like carboxylic acids, peroxides and ketones for weathered PS particles 
(150 µm) within the first 1500 h of comparable accelerated weathering 
(594 W/m2) (Meides et al., 2021). During step II, the formation of 
microcracks and particle splintering accelerate the degradation process. 
In the present study, such major degradation of the MP was only visible 
for the longest treatment in the weathering chamber (PS130). As a result, 
PS130 exhibited sharp edges, which presumably damaged the plasma 
membrane, as detected by an increased release of the intracellular 
enzyme LDH, upon PCI in this case. Membrane damages induced by 
plastic micro-fragments displaying sharp edges have been reported for 
human cell lines and primary blood cells (Choi et al., 2020, 2021). In 
line with this, PS-MP with preserved smooth spherical morphologies did 
not cause loss of the plasma membrane integrity. In terms of cytotox
icity, distincting between apoptosis and necrosis mechanisms vields 
important basic information for determining the mode of action of MPs. 
Our study compared results obtained when using the MTT or the LDH 
assay in identically MP-treated cells. Considering that MTT and LDH 
assays are indicators of apoptosis and necrosis, respectively (Hu et al., 
2021), this allows us to draw some hypotheses on the mechanism of 
action of the investigated MP. Whereas PSpristine neither induce 
apoptosis nor necrosis, the observed cytotoxic effects of PSaged could 
mainly be attributed to necrosis. However, some apoptotic processes 
cannot be fully excluded in the latter. The MTT assay was performed at a 
late time point (e.g., 24 h post-treatment), at which the apoptosis pro
cess was assumably already completed. Yet, the observed decrease in 
metabolic activity could also reflect a post-apoptotic secondary necrosis 
process (Silva et al., 2010). 

Furthermore, we can hypothesize that the physical aspect (i.e., 
sharpness) of PS-MP affects the cellular uptake mechanisms with 
spherical particles recruiting the endocytic and phagocytic pathways 
(Banerjee and Shelver, 2021; Behzadi et al., 2017), whereas 
irregular-shaped structures use a non-biological pathway (i.e., destabi
lization of the plasma membrane). Noticeably, macrophage phagocy
tosis of PS-MP also depends on the protein corona covering the particles, 
which in turn is influenced by the surface topology (Chen et al., 2020). 
The membrane damaging effects might also induce organelle dysfunc
tion, which could be partly responsible for the reduced metabolic ac
tivity detected after PS130 treatment. Recently, Pan et al. showed that 
pristine PS-MP (5 µm) treatment decreased the mitochondrial mem
brane potential of exposed cells (Pan et al., 2021). In terms of geno
toxicity, for all MP induced DNA damages, as shown by the COMET 
assay, however, the most pronounced effects were again detected for 
PS130. Damage to the nuclear envelope might have led to DNA frag
mentation, in particular, if concomitantly a release of lysosomal en
zymes occurred. 

As mentioned above, PSaged display ROS on their surface, i.e., mol
ecules that exert an adverse effect on several cellular processes in a time 
and concentration dependent-manner (Juan et al., 2021). The observed 
linear increase in the intracellular ROS accumulation for of PSpristine to 
PS86 treatments reaching a plateau for PS130 weathered MP can be 
ascribed to ROS present on the PS-MP (Rubio et al., 2020; Rubio et al., 
2020). Since ROS accumulation was analysed using flow cytometry, we 
only measured the intracellular content of living cells (i.e., displaying an 
intact cell membrane). The stagnation of the intracellular ROS content in 
presence of PS130 might be a consequence of the loss of plasma mem
brane integrity concomitantly induced by these particles. ROS accu
mulation has been reported for pristine PS particles in various cell lines 
(Rudolph et al., 2021; Shengchen et al., 2021) and for 

phenol-formaldehyde particles with a translated ageing time of 18 and 
37 days in lung epithelial cells (A549) (Zhu et al., 2020). ROS are known 
to have an impact on various biological pathways, e.g. cross-reactions 
with mitochondria, nucleophilic reactions with biomacromolecules, 
biomembranes and cytoskeleton or DNA (Valdivia et al., 2015; Haider 
et al., 2021; Marchi et al., 2012). Moreover, ROS accumulation leads to 
mitochondrial dysfunction resulting in a lower metabolic activity (Hu 
and Palić, 2020; Jeong et al., 2016; Zorov et al., 1757), which could be a 
reason for the reduction of the metabolic activity after PS130 treatment 
observed in our study. High ROS amounts can also influence the integ
rity of the membrane (Valdivia et al., 2015; Rosado et al., 2002). Finally, 
increased oxidative stress is known to contribute to DNA damages 
(Rubio et al., 2020a; Visalli et al., 2021). Hence, besides the morphology 
of the particle as discussed above, the accumulation of reactive groups 
and radicals on the surface of weathered MP could very well be 
responsible for the toxicity observed at the cellular level. 

Since all assays demonstrated that the noxiousness of MP increased 
with weathering, similar findings were expected for the pro- 
inflammatory response, indicated by TNF-α secretion. Surprisingly, the 
concentration of TNF-α in the supernatant was significantly higher in 
case of cells challenged with PSpristine compared to PS130 ones. However, 
cells with damaged plasma membranes, i.e., those exposed to PS130, 
were not able to produce TNF-α anymore, hence reducing the accumu
lation of TNF-α in the supernatant. Moreover, we cannot exclude that 
the impairment of various biological pathways in PS130 challenged cells, 
as discussed above, might in the end reduce the overall translational 
activity and hence TNF-α production. Importantly, TNF-α secretion is 
dependent on phagocytosis (Green et al., 1998; Shanbhag et al., 1994). 
PSaged and especially the presumable more reactive fragments might 
enter the cells via non-biological pathways like piercing the plasma 
membrane due to their sharp edges. PSpristine, which are assumed to be 
uptaken by the phagocytic pathway (Rudolph et al., 2021), might 
therefore show an induced inflammatory response. This finding is in 
accordance with a previous report, in which pristine microplastic was 
shown to induce a higher TNF-α production in human mast cells in direct 
comparison to mechanically fragmented and rougher particles (Choi 
et al., 2021). 

The analysis of the transcriptome allows a tentative linking of 
various cellular responses with potential molecular pathways. The 
identification of downregulated genes located in enriched GOs terms, 
like “cellular respiration” and “ribosome”, i.e., genes relevant for 
cellular metabolism and translation, are in line with the results of the 
detected biological adverse effects. The higher upregulation of genes 
associated with “uptake” for PSpristine supports the hypothesis, that more 
pristine MP enter the cells via phagocytosis compared to PS130. The 
biological uptake of MP strongly depends on the nature of the protein 
corona (Banerjee and Shelver, 2021). Here, we can postulate that the 
weathering process, besides modifying the morphology of the PS-MP, 
also influences the surface topology, which in turn might change the 
composition of the protein corona (Chen et al., 2020). Moreover, 
PSpristine treatment allocated mainly pathogen-driven responses sug
gesting that the cells recognize PSpristine as some kind of biotic system. 
Finally, KEGG pathways prediction identified several signalling path
ways implicated in inflammatory responses for PSpristine challenged 
cells, in particular, the TNF-α signalling pathway, which correlates well 
with the accumulation of this pro-inflammatory cytokine measured in 
the cell culture medium of PSpristine treated cells. Other studies found 
similar inflammation pathways after exposure to 5 µm PS-MP and 
< 2.5 µm environmental particulate matter (Li et al., 2021b, 2017). 

5. Conclusion 

To conclude, PSaged showed coherent noxious effects on ImKC cells, 
indicating an increased cytotoxic potential for PSaged, while PSpristine 
bears higher inflammatory potential (Scheme 1). Especially, fragmen
tation and formation of ROS are hereby assumed to contribute to the 
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high noxiousness. Comparison of the transcriptomic data revealed major 
differences between the effects of PSaged and PSpristine, giving first in
sights at a molecular level. Our results demonstrate for the first time that 
noxic effects of pristine and weathered MP induce different cellular re
sponses at the transcriptional level. The proposed tentative identifica
tion of targeted biological pathways requires, however, some 
confirmations by proteomics analysis. Most importantly, it is urgently 
recommended to include accelerated-weathered MP in investigations in 
the microplastic field and to converge towards natural exposure models, 
as well as to investigate a broad range of biological effects when esti
mating a potential risk of microplastic. 
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Meides, N., Menzel, T., Poetzschner, B., Löder, M.G.J., Mansfeld, U., Strohriegl, P., 
Altstaedt, V., Senker, J., 2021. Reconstructing the environmental degradation of 
polystyrene by accelerated weathering. Environ. Sci. Technol. 55, 7930–7938. 

Merkley, S.D., Moss, H.C., Goodfellow, S.M., Ling, C.L., Meyer-Hagen, J.L., Weaver, J., 
Campen, M.J., Castillo, E.F., 2021. Polystyrene microplastics induce an 
immunometabolic active state in macrophages. Cell. Biol. Toxicol. https://doi.org/ 
10.1007/s10565-021-09616-x. 

Osborn, L., Kunkel, S., Nabel, G.J., 1989. Tumor necrosis factor alpha and interleukin 1 
stimulate the human immunodeficiency virus enhancer by activation of the nuclear 
factor kappa B. PNAS 86, 2336–2340. 

Ostling, O., Johanson, K.J., 1984. Microelectrophoretic study of radiation-induced DNA 
damages in individual mammalian cells. Biochem. Biophys. Res. Commun. 123, 
291–298. 

Pan, L., Yu, D., Zhang, Y., Zhu, C., Yin, Q., Hu, Y., Zhang, X., Yue, R., Xiong, X., 2021. 
Polystyrene microplastics-triggered mitophagy and oxidative burst via activation of 
PERK pathway. Sci. Tot. Environ. 781, 146753. 

Ramsperger, A.F.R.M., Narayana, V.K.B., Gross, W., Mohanraj, J., Thelakkat, M., 
Greiner, A., Schmalz, H., Kress, H., Laforsch, C., 2020. Environmental exposure 
enhances the internalization of microplastic particles into cells. Sci. Adv. 6, 
eabd1211. 

Ramsperger, A.F.R.M., Jasinski, J., Völkl, M., Witzmann, T., Meinhart, M., Jérôme, V., 
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Freitag, R., 2021. In vitro cultivation of primary intestinal cells from Eisenia fetida as 
basis for ecotoxicological studies. Ecotoxicology. https://doi.org/10.1007/s10646- 
021-02495-2. 
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