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Abstract 1 

Abstract 

The marine environment is polluted by plastics of all forms and sizes. To reduce this 

serious pollution, it is important to identify its sources. This work focuses on the me-

chanically induced breakdown of plastic into smaller fragments as a source of secondary 

microplastic, the time scale in which these microplastics are formed as well as the influ-

ence of different environmental conditions like matrix conditions, collision potential or 

UV irradiation on the abrasion and fragmentation behaviour of plastic debris. 

Since a systematic investigation of parameter influence is not possible in the environ-

ment, laboratory experiments were developed to simulate natural conditions such as 

drift on the beach or wave action in the (low tide) surf and swash zone. For this purpose, 

selected plastic objects (PET bottles, HDPE caps, PS cups and LDPE bags) were ex-

posed to collision and/or friction forces under different conditions. Besides visual in-

spection of the destruction procedure, a number of different methods was used to char-

acterize the process, e.g., counting of visible fragments (larger than 350 µm), micro-

scopic analysis of the surface structure (binocular, SEM) and highly resolved analysis of 

particle numbers in the size range below 350 µm. In order to extract microplastic parti-

cles (<5 mm) from the matrix, extraction methods were developed that were adapted to 

the given sample properties (matrix volume). Furthermore, based on the particle num-

bers, the power law model was applied to analyse the fragmentation process in the con-

text of the observed particle size distributions. 

Plastic samples exhibited various signs of mechanical impairment in form of surface 

abrasion, cracks, tears, perforation, crumpling and finally fragmentation. The formation 

of fragments in different sizes (macro-, meso- and microplastics) was observed. The 

plastic objects were classified according to their degree of destruction to elucidate the 

effect of the different experimental conditions. 

Results show that fragmentation and abrasion depend on individual properties of the 

plastic objects such as thickness or shape and on the potential of weakening the plastic 

structure by mechanical forces (collisions) or chemical degradation (UV irradiation). 

Environmental conditions also influence the plastic damage; surface abrasion plays a 

major role on the beach; fragmentation will most likely happen in the surf- and in the 

swash zone. However, both processes occur simultaneously and interact with each oth-

er. Formation of secondary microplastics was shown to be likely in the marine environ-

ment; it must therefore be considered as an important process in the light of microplastic 

contamination.  

Keywords: marine environment, plastic litter, fragmentation, abrasion, secondary mi-

croplastic 
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Kurzfassung 

Die Meeresumwelt wird durch Plastikmüll aller Formen und Größen verschmutzt. Um 

diese Verschmutzung zu verringern, ist es wichtig, deren Quellen zu ermitteln. Diese 

Arbeit konzentriert sich auf den mechanisch induzierten Zerfall von Kunststoff in klei-

nere Fragmente als Quelle von sekundärem Mikroplastik, die Zeitskala, in der diese Art 

von Mikroplastik gebildet wird, sowie den Einfluss verschiedener Umweltparameter 

wie Matrixbedingungen, Kollusionspotenzial oder UV-Bestrahlung auf das Fragmentie-

rungsverhalten von Plastikmüll. 

Da in der Umwelt eine systematische Untersuchung des Parametereinflusses nicht mög-

lich ist, werden Laborexperimente entwickelt, die natürliche Bedingungen wie Wind-

verwehungen am Strand oder die Wellenbewegung in der Brandungszone simulieren. 

Dazu werden ausgewählte Kunststoffobjekte (PET-Flaschen, HDPE-Verschlüsse, PS-

Becher und LDPE-Tüten) unter verschiedenen Bedingungen Kollisions- und Reibungs-

kräften ausgesetzt. Neben der visuellen Inspektion des Zerstörungsprozesses werden 

verschiedene Methoden zu dessen Charakterisierung eingesetzt, wie z. B. das Zählen 

der sichtbaren Fragmente (>350 µm), die mikroskopische Analyse der Oberflächen-

struktur (Binokular, REM) und eine hochauflösende Analyse der Partikelanzahl im 

Größenbereich unter 350 µm. Um Mikroplastikpartikel (<5 mm) aus der Sandmatrix zu 

extrahieren, wurden Extraktionsmethoden entwickelt, die an die gegebenen Probenei-

genschaften (Matrixvolumen) angepasst sind. Darüber hinaus wurde auf der Grundlage 

der Partikelzahlen das Potenzgesetzmodell angewandt, um den Fragmentierungsprozess 

im Zusammenhang mit den entstandenen Partikelgrößenverteilungen zu analysieren. 

Die Kunststoffproben wiesen verschiedene Anzeichen von mechanischer Beeinträchti-

gung in Form von Oberflächenabrieb, Rissen, Perforation, Zerknittern und schließlich 

Fragmentierung auf. Fragmente in verschiedenen Größen (Makro-, Meso- und Mikro-

plastik) entstanden in Abhängigkeit der Versuchsbedingungen. Der Grad der der Be-

schädigung der unterschiedlichen Plastikobjekte wurde zur Aufdeckung des Einflusses 

der äußeren Bedingungen in Kategorien eingeteilt. 

Die Ergebnisse zeigen, dass Fragmentierung und Abrieb von individuellen Eigenschaf-

ten der Plastikobjekte wie Dicke oder Form und vom Potenzial der Schwächung der 

Struktur durch mechanische Kräfte (Kollisionen) oder chemische Degradation (UV-

Bestrahlung) abhängen. Auch die Umweltbedingungen haben Einfluss auf die Schädi-

gung der Kunststoffe; der Oberflächenabrieb spielt am Strand eine große Rolle, die 

Fragmentierung in der Schwemmzone. Beide Prozesse treten jedoch gleichzeitig auf 

und beeinflussen sich gegenseitig. Es hat sich gezeigt, dass die Bildung von sekundärem 

Mikroplastik in der Meeresumwelt wahrscheinlich ist; sie muss daher als ein wichtiger 

Prozess im Hinblick auf die Verunreinigung durch Mikroplastik betrachtet werden. 

Schlagwörter: Marine Umwelt, Plastik Verschmutzung, Fragmentation, Abrasion, se-

kundäre Mikroplastik Partikel 
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1 Introduction 

A widely discussed problem of our century is the pollution of the environment with 

plastic. Due to their functional characteristics like durability, carrying capacity and little 

weight as well as cost-effective production, plastic materials are used in almost every 

aspect of our daily life. The world’s plastic production increased over the last decades 

with a peak of primary plastic production in 2017 of 64.4 million tons and a slightly 

decreasing trend since then (57.9 million tons in 2019) (PlascticEurope, 2020; Plas-

ticEurope, 2019). 

Consequently, plastic objects of all sizes are almost ubiquitously found in the environ-

ment. This can lead to serious hazards for marine life caused by entanglement or inges-

tion, both with the potential of leading to death. The advantageous characteristic of long 

durability unfortunately causes problems when plastic items end up in the environment 

after use, since this results in exceptionally long resistance times. This leads to the ne-

cessity of intervention by humankind to solve the problems we have caused.  

Over the last years, a lot of research has been undertaken to determine the extent of con-

tamination, identify the main sources as well as to clean up aquatic ecosystems (Barnes 

et al., 2009; Bergmann et al., 2015; Kershaw et al., 2011; W. C. Li et al., 2016; R. C. 

Thompson et al., 2009). Potential contamination sources are littering, discarded fishing 

gear (Naji et al., 2017), illegal dumping of waste (Kershaw et al., 2011), tourism and 

discharges from rivers including input from storm water events or sewage outfalls 

(Bergmann et al., 2015; Naji et al., 2017). Plastic may then accumulate on the coastlines 

and in beach sediments because of transport in the aquatic environment. It is assumed, 

that plastic materials with similar densities as water float on the sea surface, while dens-

er materials can even accumulate on the sea floor (Woodall et al., 2014). Even micro-

scopic small plastic particles were found in the world’s oceans in distant untouched are-

as like the deep-sea sediment (Bergmann et al., 2017; van Cauwenberghe et al., 2013). 

Many studies have proven the presence of plastic debris including all material types and 

size ranges in the aquatic environment (Barnes et al., 2009; Gewert et al., 2017). It is 

important to get a meaningful assessment over the plastic pollution so long-term and 

large-scale monitoring of the environment is necessary. Therefore, plastic debris is clas-

sified in size classes (macro-, meso-, micro- and even nanoplastic) but no unique, offi-

cial definition has been established so far. Unfortunately, this leads to a lack of compa-

rability of data from different studies. Besides particle size, another classification is of-

ten made according to the origin of microplastic particles (MPP). Primary microplastics 

were already manufactured in a micro size range. This category includes industrial pel-

lets and microbeads for cosmetic products. Secondary microplastics are formed from 

larger particles as a result of mechanical stress and weathering governed by environ-

mental factors. 
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Synthetic fibres released from textiles are also considered secondary microplastics but 

should preferably be treated separately due to their different sources and environmental 

fate (de Falco et al., 2018; Shaikh & Agrawal, 2014). Tyre and road wear particles 

(TRWP) constitute a large fraction of microplastics as well, originating from driving 

processes and accumulate in soils and aquatic compartments. Like microplastics, TRWP 

are suspected to be hazardous to health for living creatures, but further research is need-

ed (Baensch-Baltruschat et al., 2020). 

Caused by weathering processes plastic garbage can become brittle and break into 

smaller fragments, which is assumed a significant source of so-called secondary micro-

plastic particles (Duis & Coors, 2016). Chemical and microbiological degradation pro-

cesses lead to weakening of the polymer structure by oxidation (Singh & Sharma, 

2008), which then facilitates breakdown into fragments. At the same time, friction stress 

due to environmental forces can cause abrasion of very small particles from the plastic’s 

surface (Song et al., 2017). 

Different environmental factors can affect the respective processes involved. To date, 

only little data exist on the extent and time scale of plastics fragmentation and abrasion 

under environmental conditions. Since observations of single objects in the aquatic en-

vironment over time are practically impossible and boundary conditions are not control-

lable, laboratory experiments are mandatory to get insight into the processes forming 

secondary microplastics.  

In this work, the focus is on the systematic investigation of the formation of secondary 

microplastics under typical environmental conditions such as UV irradiation, matrix 

conditions and sediment grain size in the (low tide) surf- or swash zone or the beach. 

For this, a set of experiments representing such conditions was performed on an orbital 

shaker with a horizontal amplitude with different typical plastic litter items.  
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2 Aim of the Study 

To date, there is still a large knowledge gap regarding the main sources of microplastics 

in the aquatic environment, and especially the origin of microplastic contamination of 

the marine environment is disputed. To minimize environmental pollution with micro-

plastic particles (MPP), effective strategies to reduce plastic emission need to be devel-

oped. A major source of MPP is probably abrasion of and fragmentation from larger 

plastic objects (secondary microplastic) discarded into the environment by intentional 

littering. 

This research focusses on the question to what extent and on which time scale second-

ary MPP can be generated by mechanically induced breakdown under the influence of 

environmental forces. In order to get an idea of the contribution of secondary MP to the 

overall plastic contamination it is fundamental to explore the potential of larger plastic 

objects for fragmentation and abrasion under different environmental conditions. This 

would allow a first overview over the expected numbers and particle size distributions 

(PSDs) of secondary microplastics and a first assessment which marine areas have the 

highest potential for their formation. 

The aim of this study is to get deeper insight into the fragmentation and abrasion behav-

iour of different daily used plastic objects under simulated marine environmental condi-

tions such as they are present in the swash- and low tide surf zone and on beaches. The 

focus of the investigations lies on the identification of environmental conditions (sun-

light, wave action, collisions and friction) and properties of the objects (material, densi-

ty, shape) that induce or favour fragmentation and abrasion processes (mechanical deg-

radation). 
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3 Scientific State of the Art 

3.1 Definitions and categorization of plastic particles 

The history of microplastics began in the 1970s with first findings of microscopic-small 

plastic particles in the North Sea (Buchanan, 1971) and in 1974 in the North Atlantic 

and Caribbean on the sea surface (Colton et al., 1974). The term “microplastic” (MP) 

was first introduced by Richard C. Thompson, who described small plastic particles in 

the size region of 20 µm on beaches and estuarine and subtidal sediments in Great Brit-

ain (Richard C. Thompson et al., 2004). An early definition used by different interna-

tional working groups was based on the size of industrial plastic pellets specifying mi-

croplastics as particles smaller than 5 mm in diameter. It was introduced by the National 

Oceanic and Atmospheric Administration (NOAA) (Arthur et al., 2009). Several other 

size classifications have been suggested since then (Andrady, 2015; Browne et al., 

2007), but until today no general classification scheme has become accepted. However, 

due to pragmatic reasons many analytical data are still reported in size classes given by 

the sampling equipment (e.g., 335 µm manta trawl). Not at least this lack of standard-

ized size definitions makes comparison of microplastic numbers reported by different 

researchers very difficult. 

Another important issue is the lower boundary delimiting microplastics from nanoplas-

tics, which most likely have other physical characteristics. By now, this lower boundary 

is not generally defined, but is often defined by practical and technical limitations of the 

analytical equipment during the individual studies. A logical boundary often suggested 

is 1 µm. 

Table 1 demonstrates the dilemma of different size class categorization in the literature. 

For example, the intermediate fraction of mesoplastics is defined differently in the vari-

ous classification schemes. 

Table 1: Examples for size categories for plastic debris in scientific literature. 

Author Year of 
publication 

Nanoplastics Microplastics Mesoplastics Macroplastics 

(Browne et al., 2007) 2007 <1 µm 1-1000 µm - >5 mm 

(Moore, 2008) 2008 - <5000 µm - >5 mm 

NOAA  
(Arthur et al., 2009) 

2009 - <5000 µm - - 

EU MSFD GES 
(Joint Research Cen-

tre, 2014) 
2013 - 20-5000 µm 5-25 mm >2.5 cm 

(GESAMP Joint Group 
of Experts on the Sci-
entific Aspects of Ma-

2015 <1 µm 1-1000 µm 1- 25 mm 2.5-100 cm 
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Author Year of 
publication 

Nanoplastics Microplastics Mesoplastics Macroplastics 

rine Environmental 
Protection, 2015) 

(Wagner et al., 2014) 2014 <20 µm 20-5000 µm 5-25 mm >2.5 cm 

(Andrady, 2015) 2015 <1 µm 1-1000 µm 1-25 mm 2.5-100 cm 

(Koelmans et al., 
2017) 

2017 <335 µm 335-5000 µm - >5 mm 

(Hartmann et al., 
2019) 

2019 <1 µm 1-1000 µm 1-10 mm >1 cm 

(PlastikNet, 2020) 2020 <1 µm 1-5000 µm - - 

Hartmann et al. (2019) recently proposed a framework for plastic debris categorization 

in general is proposed. Seven criteria are discussed, which consider different character-

istics for plastic particle definition. These criteria define plastics firstly along chemical 

composition, solid state and solubility (criteria I−III) and secondly according to their 

physical properties size, shape and structure, colour and origin (criteria IV−VII). This 

framework with the combination of important plastic characteristics seems to be a 

promising proposal for future. 

In this thesis, the classification of the MSFD GES Technical Subgroup on marine litter 

for the Marine Strategy Framework Directive (Joint Research Centre, 2014) is used. 

Due to the potential for particles with different sizes to differ in their behaviour, a dis-

tinction is made between large MP (5mm-1 mm) and small MP (<1 mm). 

3.2 Sources of microplastic particles 

The development of effective countermeasures to reduce MP pollution requires identifi-

cation of the emission sources and pathways into the environment. Known sources for 

MPP in the marine environment are first divided in ocean- or land-based. Discarded or 

lost fishing equipment and ship and boat traffic (by littering of waste and sewage or 

cargo loss) are the major ocean-based sources (Andrady, 2011; Cole et al., 2011; Ham-

mer et al., 2012). Land-based sources are littering at beaches by coastal tourism, land-

fills on the coasts or illegal dumping from industrial facilities supporting microplastic 

pollution (Hammer et al., 2012). Due to transport of microplastics along waterway sys-

tems (limnic system) followed by entering the ocean, MP contamination sources for 

rivers should also be included. (Sighicelli et al., 2018) even discussed whether the fresh-

water system is the major source of the marine environment. A widely discussed MP 

source is treated effluent from wastewater treatment plants (WWTP), which is potential-

ly polluted due to microbeads from use of cosmetic products, fragments from household 

articles or textile fibres. However, multiple studies show that most of it is removed from 

the wastewater stream (Gatidou et al., 2019; Sun et al., 2019) and is enriched in sewage 

sludge (Edo et al., 2020). This sludge is partly used for fertilizing agricultural fields 

where the MPP can accumulate. The use of plastic foil on agriculture fields in interac-
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tion with weathering and wind action is also supposed to enhance the MP contamination 

of soils. During heavy rainfall, surface runoff and erosion may lead to MP-transport into 

the aquatic system from soil (Hammer et al., 2012).  

Furthermore, the formation of secondary microplastics through the breakoff of larger 

plastic objects due to weathering and mechanical stress is undeniable as an MPP source 

both on land and at sea (W. C. Li et al., 2016; Yang et al., 2021). However, the analysis 

of the main formation processes and the general contribution to pollution have not yet 

been studied in detail. 

3.3 Analysis of microplastics 

A huge number of investigations on the occurrence of plastic materials in marine and 

freshwater systems have been performed to date. However, most of the sampling results 

are not comparable with each other because of the non-uniform sampling and extraction 

procedures as well as the large uncertainties still associated with MP quantification. 

There are three basic steps involved in the MP analysis (J. Li et al., 2018):  

1. Sampling 

2. Extraction and purification 

3. Identification and quantification  

3.3.1 Sampling and extraction methods 

Efficient separation of MPP from the matrix is one of the limiting factors in the analysis 

of microplastics from environmental samples. Since this is a crucial step, several extrac-

tion procedures have been suggested so far. In the following, the most commonly used 

sampling and extraction methods are briefly described. 

3.3.1.1 Water samples 

The extraction of water samples is often partly integrated into sampling by filtering the 

water phase. Surface water samples are taken mainly with neuston or plankton nets with 

a mesh size between 50 to 3000 µm. The most common mesh size is 300 µm, since 

smaller mesh sizes lead to fast clogging of the nets by natural debris (Löder & Gerdts, 

2015; Mai et al., 2018). Another frequently used tool is a filter cascade, which filters the 

water samples over subsequently arranged filters with different pore widths. Thus, this 

method already includes separation of the MPP into different size classes (Löder & 

Gerdts, 2015). In addition, the sample volume can be increased due to the distribution 

on several filters dependent on the contamination of organic particles in the water. 

These cascade systems have the advantage to allow an easy sampling of the water col-

umn supported by submersible water pump, which increase the sample flow rate (Klein 

et al., 2018). 
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3.3.1.2 Sediment samples 

For sediment samples, there is no commonly accepted sampling strategy developed by now 

(Klein et al., 2018). Mostly non-plastic tweezers or spoons are used to transfer between 

500 g up to 10 kg sediment (Hidalgo-Ruz et al., 2012) in storing containers or bottles (Lö-

der & Gerdts, 2015). The sampling location (beach zone and sampling depth) depends on 

the underlying assumption of the studies. However, without a standardized sampling 

method comparable data on plastic particle distribution is limited (Löder & Gerdts, 

2015).  

For the inevitable extraction of plastics from the sediment sample matrix, various meth-

ods have been suggested in the literature. For macroplastics, on-site picking of large 

objects and sieving (down to 2 mm) is a practical method to separate plastic items di-

rectly from the sediment matrix. Depending on the grain size distribution of the sedi-

ment, the extraction of smaller particles is more complicated. 

The most common methods to extract MP from sediment samples are based on density 

separation using the principle of flotation or fluidization. Here, the sample is added to a 

solution that has a higher density than plastic particles and a lower density than sedi-

ment. After a certain operating time, the supernatant containing MPP is collected and 

subsequently filtered. The most frequently used separating fluid is saturated sodium 

chloride (NaCl) solution (Claessens et al., 2011; Richard C. Thompson et al., 2004). 

However, with a density of 1.2 g/cm³, the extraction of plastics such as PVC (1.2-

1.4 g/cm³) or PET (1.38 g/cm³) is hardly possible. For extraction of these MP with high-

er densities, higher density solutions of zinc chloride (Imhof et al., 2012), sodium tung-

state or sodium iodide (Nuelle et al., 2014) are used. A major disadvantage of these salts 

is that they are very expensive and ecologically harmful or even toxic. Thus, re-use of 

the solutions after appropriate clean-up is imperative. 

Besides using the same general principle of flotation, the practical setup can be quite 

different. Sediment samples are added to the separating fluid in flasks, columns or other 

appropriate vessels. A commercially available extraction setup is the Munich Plastic 

Sediment Separator (MPSS), which can separate MPP in samples of up to 6L (Imhof et 

al., 2012). Some methods additionally make use of fluidization introducing turbulent 

flow by gentle air or water flow, which is meant to support the buoyant lift of the parti-

cles (Claessens et al., 2013; Naji et al., 2017; Nuelle et al., 2014; Zhou et al., 2018). 

Another widely used method is the use of a closed flow system with an elutriation col-

umn where the MPP are collected in a directly installed mesh (Claessens et al., 2013; 

Hengstmann et al., 2018; Kedzierski et al., 2016; Wessel et al., 2016). 

Other less common extraction methods are based on the electrostatic behaviour of MPP 

(Felsing et al., 2018), their hydrophobic properties using oil separation (Crichton et al., 

2017), their solubility performing solvent extraction (Ceccarini et al., 2018) or the use 
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of a pressurized fluid extractor (Fuller & Gautam, 2016). All these methods require a 

specialized equipment, whose acquisition is only profitable for routine analysis. 

The development of a feasible method for the extraction of microplastic particles from 

sediment samples is inevitable for the study of abrasion and fragmentation behaviour, 

since a high sample throughput is to be expected. 

3.3.1.3 Purification 

A purification step for separating MP from natural debris is often necessary to reduce 

false positive or false negative MP detects. Additionally, signals from organic debris 

may interfere with the applied analytical detection techniques. Purification most often 

makes use of either chemical or enzymatic procedures. The most common method is the 

oxidation of organic constituents with hydrogen peroxide, Fenton reactant or sulfuric 

acid. It is important to consider that some polymer materials are also oxidizable (e.g., 

polycarbonates, see Klein et al., 2018) or have a low pH tolerance like PA or PS (Cole 

et al., 2014). Alternatively, an alkaline treatment (NaOH, KOH) could be used, but 

again some polymers are not completely persistent against high pH values (e.g., Nylon, 

PE or PVC). Another published method is the use of an ultrasonic bath in combination 

with organic solvents like sodium dodecylsulfate (Enders et al., 2015) but this method is 

suspected to lead to an emergence of small plastic particles especially from weathered 

plastics (Löder & Gerdts, 2015). 

A gentler method for removal of biological material is the enzymatic digestion using the 

enzyme proteinase K, or a mixture of different enzymes including cellulase. However, 

these treatments are very time consuming (up to 15 days per sample) and expensive in 

comparison with chemical treatments (Cole et al., 2014; Klein et al., 2018). 

3.3.2 Identification and quantification 

The most common and simple method to identify plastic and determination of particle 

numbers in the samples is the optical analysis under a stereomicroscope (Frias et al., 

2018; Hidalgo-Ruz et al., 2012; Zhao et al., 2017). Optical analysis is, however, no reli-

able method, not at least because it strongly depends on the expertise of the individual 

person. Natural particles of different origin can easily be mistaken for plastics due to 

their physical appearance (colour, surface structure etc.). Reported error rates range 

from 20% (Eriksen et al., 2013) up to 70% (Hidalgo-Ruz et al., 2012). Thus, optical 

analysis should always be combined with a more specific identification method, if pos-

sible. 

Pyrolysis (Pyr) in combination with gas chromatography (GC) coupled with mass spec-

trometry (MS) for MP mass determination or spectroscopic identification methods like 

Fourier transform infrared (FTIR) or Raman for particle number determination are the 

methods of choice. These methods allow for unequivocal identification of most of the 

polymer types according to their chemical composition. 
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Pyr/GC-MS includes thermal destruction and analysis of the gaseous pyrolysis products 

(Fries et al., 2013). In the GC-MS, each polymer produces a specific chromatogram 

(pyrogram) with characteristic fragments that can be used as markers in a fingerprint-

ing-like procedure (Fischer & Scholz-Böttcher, 2017). 

Identification with FTIR spectroscopy is based on the absorption of infrared light by 

molecular functional groups. Each material produces a characteristic spectrum. Attenu-

ated total reflectance (ATR) FT-IR (Fok et al., 2017), and focal plane array detector-

based µFT-IR imaging (Löder & Gerdts, 2015) make it possible to detect particles down 

to 20 µm and scan even large areas of filters for MPPs directly.  

For a Raman spectrum, the samples are irradiated by a monochromatic laser source re-

sulting in interaction of the laser light with the molecules and atoms. The so-called Ra-

man shift, the difference in the frequency of the backscattered light as compared to the 

irradiating laser frequency (Löder & Gerdts, 2015), leads to a material-specific Raman 

spectrum. Using the µ-Raman technique allows for scanning whole filters for MPP. A 

main advantage is the possibility to detect particles down to 1 µm (Klein et al., 2018). 

For analysing additives of polymers a thermal desorption spectroscopy (TDS) is used. 

By increasing the surface temperature, thermal energy is transferred to absorbed mole-

cules inducing them to desorb by breaking bonds resulting in characteristic TDS spec-

tra.  

For the identification methods, good purification of the samples is necessary to prevent 

misidentification. In addition, the degree of weathering/degradation of a sample might 

lead to erroneous results if the molecular structure of the sample had changed or a bio-

film on the sample surface had grown (Fernández-González et al., 2021). 

3.4 Weathering and plastic degradation 

A change in the polymer material induced by environmental impact is called weather-

ing. Exposure to natural parameters like sunlight, heat, oxygen and physical stress (so 

called weathering factors) can induce degradation of plastic materials. In material sci-

ences, degradation of plastics is defined as breakdown of the polymer material resulting 

in changes of its properties inducing the weakening of the material. Due to their differ-

ent molecular structures, degradation pathways of polymer materials vary widely (Gew-

ert et al., 2015). Weathering of plastics plays an important role for plastic abrasion and 

fragmentation behaviour since the degradation leads to a decrease of stability of the 

plastic (Figure 1). 
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3.4.1 Chemical degradation 

The weathering factors UV light and/or heat induce the decomposition of the molecular 

structure in the presence of oxygen (photo-oxidative, thermo-oxidative degradation). 

This process is called chemical degradation. Due to light absorption of chromophores 

included in the molecular structure of the polymers (as impurities or as structural parts), 

the molecular chains break und the molecular weight decreases leading to chain scission 

and/or cross-linking. These changes of the molecular structure may lead to increased 

brittleness and cracking/crazing of the material. Common effects are discoloration, tack-

iness and loss of surface gloss. UV irradiation results in the weakening of the material 

structure. Oxygen is an important factor, since it builds free radicals (hydroperoxides) 

and increases the degradation rates (Feldman, 2002). It is assumed that degradation in-

duced by light is orders of magnitude higher compared to other degradation processes 

(Wang et al., 2016). To protect polymer materials against chemical degradation addi-

tives like heat and/or light stabilizers or UV absorbers are added. They absorb or block 

UV radiation to reach the chromophores in the material matrix or hinder reactive free 

radicals or excited species generated by UV light to react with the molecular structure 

by converting them into stable forms (Zweifel, 1998). 

Biological degradation is the breakdown of the molecular structure by living microor-

ganism like bacteria, algae or fungi by biochemical processes (Zhang et al., 2021). This 

process can potentially lead to the complete mineralisation of the original material 

(Shah et al., 2008) which depends on different factors like the molecular structure of the 
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Figure 1: Connection between different processes which are important in the marine environment 

for plastic abrasion and fragmentation behaviour. 
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plastic material, the environmental conditions (pH-value, temperature etc.) as well as 

the microorganism themselves (concentration, specific degradation mechanism etc.) 

(Ali et al., 2021). However, conventional plastics shows minimal biological degradation 

rates under environmental conditions (Zhang et al., 2021). Nevertheless, colonisation of 

microbes especially on rough plastic surfaces leading to a formation of a biofilm (bio-

fouling) has been observed (Yuan et al., 2020). This biological formed shield protects 

plastics from UV irradiation and decreases the photo-oxidative degradation. It may also 

affect their sinking behaviour in the aquatic environment. 

3.4.2 Mechanical degradation 

As opposed to chemical alterations of the molecular structure by biological or chemical 

degradation, physical/mechanical degradation does not necessarily cause changes of the 

molecular structure but damage or even destruction of plastic debris leading in the 

emergence of smaller fragments often caused by physical forces to which plastics may 

be exposed in the environment. There are two important mechanical degradation pro-

cesses identified by now (see Figure 2) which are described in the following. 
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The first process is called abrasion, which is the process of loss of very small particles 

from the material’s surface due to friction. In the environment, the mechanism of 

ploughing (plowing) seems to be important as well. It leads to the formation of surface 

asperities (plastic deformation), which is caused by the friction forces when the plastic 

surface rubs against harder material such as sand or stones whilst no direct material re-

moval is included (Barge et al., 2007; Lancaster, 1969). Ploughing and abrasion lead to 

the change of material`s mechanical properties and thus to material fatigue, shear stress 

and tensile tearing. Surface roughness is increased, which changes the optical properties 

of the material. This leads to an increasing fraction of scattered light making its visible 

appearance less shiny and dull. These changes in surface texture are most likely induced 

by hard particles dragged along the surface resulting in small scratches and/or indenta-

tions (so-called grooves; Cooper, 2012). The cavities in the surface open up the possi-

bility for wedging of fine sediment particles or the emergence of small microplastic 

particles and at the same time reduces the thickness of the material. Finally, the objects 

become perforated or break into pieces, which happens when the thickness falls below a 

critical value depending on the sample type. 

The second process is the fragmentation, which is defined as the breakdown of larger 

particles into two or more smaller particles (fragments) induced by collision forces 

when plastic objects collide with harder materials like sand grains, rocks or stones. A 

classical fragmentation process leads to the stepwise formation of two or more frag-

ments of similar size starting from the original object (Figure 3). Such stepwise frag-

mentation could not be observed in the fragmentation experiments since it would have 

required multiple observations over time. 

 

Figure 3: Classical fragmentation pattern. 

Mechanical stress can lead to several different states of destruction depending on exper-

imental conditions, exposure time and sample type. Abrasion will preferably lead to the 

emergence of small microplastics (<1 mm), while fragmentation initially results in the 

formation of fragments in the size range of large microplastics and mesoplastics (1 mm-

25 mm). Material breaking and the formation of small fragments subsequently leads to 

holes in the polymer structure. Cracking of samples without formation of fragments can 

also be observed in the first step. Under the influence of collision energy, these cracks 

are intensified finally leading to the emergence of long shaped fragments.  

Fragmentation and abrasion are assumed to have different influence on plastic debris in 

diverse environmental compartments. On the beach, friction between plastic particles 

and sand induced by wind and water movement probably plays a major role. In the surf 
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zone, plastics are affected by turbulent wave action making collisions more probable. 

Especially at beaches with high tidal dynamics, large areas on the beach, in the mud-

flats, or in the free water phase plastics can be affected by the movement of water (low 

and high tide). In the open ocean, fragmentation and abrasion are less likely to occur. 

Instead, biofouling and colonisation of the surface by microbes will most likely happen. 

Nevertheless, weathering during long exposure times may enhance the susceptibility of 

plastic litter for mechanical degradation even in open waters. 

3.5 Fate of plastics in the marine environment 

Plastic debris can accumulate in different marine zones (open water, surge or beach). 

Depending on the boundary conditions, it is exposed to different environmental factors 

(UV-light, heat, microorganisms and movements). It is assumed that the degradation 

induced by UV-light and/or heat preferentially takes place on the beach. In the open 

water (for floating debris) and in the surf zone, plastics are more protected from light, 

oxygen and direct heat so that chemical degradation rates are higher on beaches (An-

drady, 2011; Corcoran et al., 2009; Ryan et al., 2009). Consequently, beaches are con-

sidered as the reservoir of highly fragmented particles (Rezania et al., 2018). 

As already described, weathering of plastic debris can facilitate the generation of MPP. 

MPP are able to migrate easily between environmental compartments by water or wind 

action because of their low weight and buoyancy. Due to tidal action, MPP generated on 

beaches can migrate into coastal water and finally into the open ocean (Fok et al., 2017). 

Since many MPP have a low density, they are likely to accumulate in the top water lay-

er. However, it is discussed that colonisation of microorganisms on MPP may increase 

the density of the particles and thus reduce their buoyancy (Rummel et al., 2017). This 

would allow for sinking of materials with densities similar to water and thus to slow 

sedimentation (Wang et al., 2016). Once having entered the water body, water currents 

even open up the possibility of migration to remote areas introducing the accumulation 

to the global ocean circulation (Yang et al., 2021). 

3.6 Laboratory fragmentation studies 

Chemical degradation of plastic material, especially the UV-mediated oxidation, is the 

process best investigated so far. Several studies under natural as well as under artificial 

conditions have been reported (Bertoldo et al., 2003; Cai et al., 2018; Gulmine et al., 

2003; Valadez-Gonzalez et al., 1999). Systematic investigation of fragmentation and 

abrasion under natural conditions is much more difficult since shear stress factors can 

hardly be controlled aggravating generalization of experimental observations. To date, 

only very few laboratory experiments, which investigate the fragmentation of plastics 

through mechanical stress under simulated environmental conditions have been pub-

lished.  
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Cooper (2012) exposed plastic debris to mechanical impacts and identified six different 

specific surface textures, which he subsequently compared to surfaces from plastic sam-

ples taken out of the coastal zones of Hawaii and Newfoundland. He concluded that 

“beaches are the most optimal sites for the degradation of synthetic polymers in natural 

environments” (Cooper, 2012). Song (2017) investigated mechanical abrasion of PE, PP 

and EPS after UV irradiation in beach sediment on a roll mixer (37 rpm) in a two-month 

experiment. His results show that UV-oxidative degradation enhance the fragmentation 

of plastic materials. Secondly, the rate of degradation of different plastic materials 

proved to be different. EPS, for example, reacts fast to mechanical stress even without 

UV irradiation. (Kalogerakis et al., 2017) found mild abrasion of PE bags in experi-

ments for estimating the onset of a fragmentation process conducted in roller bottles 

(13 rpm) filled with beach sediment for 24h. This very short duration time and slow 

movement conditions resulted in low fragmentation only of irradiated samples. The re-

sults confirm that UV irradiation in combination with material characteristics (thick-

ness, additives) have an influence on the mechanical degradation in the environment. As 

a hypothesis, weakening of the material by weathering needs to be above a certain 

threshold before fragmentation starts. Consequently, it is assumed that plastics fragment 

faster onshore (on the beach) than offshore (in the open water).  

Efimova (2018) developed an experiment simulating the swash zone in the marine envi-

ronment using an adopted concrete mixer where LDPE, PP and PS samples were mixed 

with pebbles and water for 24 hours. Visual inspection of traces of mechanical stress 

was performed every three hours. The results show an increase in mass and number of 

MPs over time for all investigated materials. Statistically significant linear dependencies 

were derived for the relation between the fraction of mass and total number of generated 

MP particles (after the fragmentation of 1 kg of plastic). A conclusion they draw from 

their results is that the swash zone seems to be a high fragmentation area with a frag-

mentation rate higher than in the open water. Furthermore, it was observed that emerged 

MPP from different polymer samples were different in fragment shapes. Chubarenko et 

al. (2020) replicated the Efimova experiment to investigate the influence of sediment 

size on the fragmentation process with four different sediment sizes (sand, granules, 

small and large pebbles). The results show that larger sediment particles lead to for-

mation of more MPPs when treating polymers. The texture of the natural coast poten-

tially plays an important role for the fragmentation rate of plastic debris. 

Chen and his team (2021) analysed the influence of mechanical action of water flow 

with a constant temperature shaker (200 rpm) in interaction with sunlight UV irradiation 

with an ultraviolet lamp (average UV intensity was approximately 1.52±0.02 wm2) on 

thin PE and PP films (<10 µm). Results show, even without sediment particles, the for-

mation of MPP in water setups after 23 weeks (freshwater, seawater with different salin-

ities) while samples exposed under land-conditions were unaffected (Chen et al., 2021). 
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The results of the different studies indicate that the fragmentation of MPP from larger 

plastic debris is a main source for MPP in the ocean. Weathering and chemical degrada-

tion and the resulting weakness of plastic structure increase the fragmentation probabil-

ity of plastic debris. Especially on beaches and in the swash zone, mechanical degrada-

tion of plastics will lead to the formation of smaller particles. 

3.7  Own preliminary work  

Experimental investigation of the abrasion and fragmentation behaviour of plastic debris 

in the marine environment is difficult, since simulating natural conditions in laboratory 

experiments is not trivial. For the development of the experimental setup in this study, 

experiences and results from earlier fragmentation studies with different plastic materi-

als were used (Reuwer, 2015). In the following, the main conclusions from this prelimi-

nary work are described shortly. 

Cut offs from plastic items (PE foils, PP caps, PS cups and PET bottles) were shaken 

for different durations (30d/ 17d) on an overhead shaker in different setups. To simulate 

beach, seawater and surf zone conditions, the plastic objects were shaken in 1L bottles 

with sand, artificial seawater or a mixture of sand and seawater, respectively.  

Experiments showed that in the pure seawater setup no visible signs of mechanical 

stress on the material’s surface occurred and no microplastic particles could be detected. 

This led to the conclusion, that plastic floating on the seawater surface will not fragment 

at all before it has been weakened by weathering.  

Under beach and surf conditions, all tested plastic objects showed clearly visible signs 

of mechanical stress after 30 days of treatment. Surface roughness was increased and 

discoloration of the materials was observed. The visible increase of surface roughness 

was attributed to abrasion of small particles. Thicker filmstrips and bottle caps (poly-

propylene) did not fragment, but visual inspection revealed abrasion of material from 

the surface of the PP bottle caps, e.g., the white imprint on top of the cups was obvious-

ly abraded. This process was more effective in the surf experiment compared to the 

beach experiment (Figure 4). 

 

Figure 4: Polypropylene bottle caps before (left) and after 30 days shaking under beach condi-

tions (middle) and breakwater conditions (right). 
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Other investigated items were fragmented into more or less smaller particles during the 

experiments. Thin foil sheets (15x80 mm) from polyethylene bags bore clearly visible 

signs of physical impact. The foils were partly perforated and showed cracks and kinks. 

They were also crumpled with wrinkles and curled up at the edges. Fragments with 

elongated shapes were detected originating from the edges of the foils. Plastic cups and 

similar items broke into smaller fragments most likely supported by the tension origi-

nating from their hollow shape. Figure 5 exemplary depicts the result of the fragmenta-

tion process of a polystyrene cup. After 30 days of shaking with sand, the cup was 

fragmented into five large parts (Figure 5, middle) and 71 smaller particles (Figure 5, 

right). 

 

Figure 5: Polystyrene cup before (middle, above) and after 30 days of shaking under surf (left) 

and beach conditions (right) along with extracted fragments (middle, bottom). 

The experiments showed that fragmentation of plastic material as result of friction stress 

in the marine environment will most likely produce large numbers of plastic fragments 

of all size classes including meso- and microplastics (and potentially nanoplastics). To-

tal numbers, form and size class distribution of fragments were different between the 

different forms of investigated plastic items, but similar for different polymers of the 

same form. These results led to the assumption that fragmentation behaviour of plastic 

debris is dependent on the objects’ characteristics, e.g., shape and thickness. 

Plastic bags and packaging materials fragmented within 30 days of exposure, while 

thicker sheets persisted in their original form. Hollow objects formed for specific use 

like bottles or cups obviously fragment easier due to inner tensions. The observed time 

scale of the fragmentation process in the experiments gave reason to define 30 days of 

exposure to mechanical stress as adequate to cause visible damage to plastic samples in 

shaker experiments.  

Therefore, it can be concluded that disposed plastic items indeed constitute a large 

source for formation of secondary microplastics in the medium-term. 
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4 Hypotheses 

The mechanisms of mechanical degradation and its effects on plastic litter in the marine 

environment are still not well known. Especially the processes of surface abrasion and 

fragmentation in interaction with natural compartment conditions are insufficiently ex-

plored. Based on the existing data and literature information, a number of hypotheses 

regarding the abrasion and fragmentation behaviour of plastic objects in the environ-

ment was set up. The experiments allow the first systematic analysis of the influences 

on the mechanical degradation pattern of the plastic samples and the emergence of sec-

ondary microplastic particles. 

The following hypothesis were selected for further investigation: 

I. Particle size distributions from fragmentation can be described by a power law 

relationship, especially in closed experimental systems. 

II. Fragmentation of plastic material in the environment occurs under mechanical 

stress and produces plastic fragments of all size classes including meso- and mi-

croplastics. 

III. Object form (shape, compactness, stiffness) of plastic litter has an influence on 

the fragmentation behaviour leading to individual destruction patterns. 

IV. Fragmentation of plastic objects is triggered by collisions with environmental 

structures (stones, rocks, weirs). 

V. UV exposure leads to material weakening and subsequently an increasing of the 

fragmentation probability. UV irradiated plastic samples show higher levels of 

fragmentation under identical conditions than virgin items. 

VI. In the swash zone, friction stress may also cause abrasion. In the low tide surf 

zone, shear stress by wave action will cause fragmentation of plastic objects into 

pieces. 

VII. On the beach, friction stress from wind-induced movement along the sand sur-

face will mainly induce abrasion. Abrasion will lead to an increasing number of 

small microplastics, while the plastic object is not necessarily fragmented. 

VIII. Grain size distribution of the sediment (sand) affects the size distribution of 

abraded particles. Fragmentation probability is affected by grain size.  

To describe the fragmentation process, the power law model was considered, which 

describes particle size distributions of a classical fragmentation pattern for a plastic ob-

ject (I). Mechanical degradation (stress) leads to the destruction of plastic litter, to per-

foration and cracking with the emergence of fragments in all sizes. The experimental 

data was subsequently analysed by the power law, to examine the application potential 

for fragmentation process in the marine environment (II). Plastic characteristics such as 

polymer type, thickness or object form may have an influence on the destructive effects 

of abrasion and fragmentation on the plastic objects. A significant influence of the pol-
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ymer type on mechanical degradation processes had not been observed in the prelimi-

nary experiments, where standard sheets of different polymer types had been exposed in 

an overhead shaker. Therefore, in this work the focus lays on the influence of object 

form (III). 

The environmental conditions to which plastic waste is exposed determine its fragmen-

tation and abrasion behaviour. In this study, fragmentation and abrasion processes on 

the beach (wind induced) and in the (low tide) surf zone or rather in the swash zone 

(wave induced) on plastics was investigated. Since pre-experiments show no significant 

effect on plastics in open water experiments, they were not further considered. In par-

ticular, the effect of collusions with hard materials such as stones (IV), the wave run-up 

on the beach (VI) and friction stress with sediment particles (VII) were taken into ac-

count. But also the influence of UV irradiation on the breaking behaviour (V), which 

plays especially on beaches a main role, and the sediment grain size distribution were 

considered (VIII). 
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5 Materials and Methods 

5.1 Fragmentation experiments 

Simulating natural conditions in the surf/swash zone or on ocean beaches in laboratory 

experiments is a challenging task. One aim of this study was to conduct experiments 

simulating the abrasion and fragmentation behaviour under beach and surf/swash condi-

tions as realistic as possible. 

In preliminary experiments in an overhead shaker turbulent movement with high fric-

tion stress in the surf zone had been simulated. In this thesis, the focus was set on hori-

zontal movements of plastic litter induced by wind on beaches (beach conditions) and 

waves in flat water of the low tide surf zone and the swash zone (breakwater condi-

tions). To represent such less turbulent conditions an orbital shaker with a horizontal 

amplitude was applied. 

Since the objectives of this work were to analyse the natural parameters that influence 

the fragmentation of plastic debris in MPP, as well as to get a first insight into the time 

horizon that plastic litter needs for fragmentation, two experimental approaches were 

investigated: 

➢ EINP: Experiments to investigate the influence of natural parameters on plastic 

debris 

➢ EFP: Experiments to investigate the fragmentation pattern over the time 

5.1.1 Investigated plastic items 

The aim of the experiments was to get more insight into the abrasion and fragmentation 

behaviour of commercial plastics in the marine environment. Besides nets and ropes 

from the fishing industry (Schulz et al., 2017) bottles, carrier bags and food packaging 

dominate among litter objects found (Veiga et al., 2016). These items are mainly made 

of PET, PE and PS, which are all thermoplastic polymers. They can be elastically de-

formed within a certain temperature range depending on the type of material in a re-

versible process. However, thermal degradation does not start under environmentally 

relevant temperatures. All investigated test objects are commonly used food packaging 

items from these three plastic materials bought in a local supermarket (Table 2 and Fig-

ure 6). The size of the samples determines the minimum size of the shaking vessels (see 

chapter 5.1.2), especially their opening. PS cup samples have a colourless protective 

coating, which causes the surface to appear glossy. All samples were emptied and 

cleaned with tap water prior use in the experiments. 

Since plastic objects entering the environment by intentional littering are mostly whole 

objects such as complete bags, foils, bottles and cups, samples were exposed to the ex-
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perimental conditions in their original form. This included the LDPE bottle caps 

screwed onto the PET bottles. 

Table 2: Description of the examined plastic samples. 

Material Item Thickness 
[mm] 

Colour Sample 
area 

[cmxcm] 

Sample 
size 

Experiment 

PET Bottles 
0.35 

Medium 
transparent - Large EINP* 

HDPE Bottle cap 
1.04 
Thick 

orange with black 
imprint logo on top 

- Small EINP* 

PS Yoghurt cup 
0.18 

Medium 

outer layer: 
red/purple/yellow 
inner layer: white 

- Medium EINP* 

LDPE Carrier bag 
0.01 
Thin 

transparent 21 x 47 Very large EINP* 

PS 
Yogurt cup 

part 
0.18 

Medium 
outer layer: red 

inner layer: white 
2 x 2 - EFP** 

LDPE 
Garbage bag 

part 
0.028 
Thin 

pinkish 5 x 5 - EFP** 

LDPE 
Carrier bag 

part 
0.01 
Thin 

transparent 5 x 5 - EFP** 

*EINP: Experiments to investigate the influence of natural parameters on plastic debris 

**EFP: Experiments to investigate the fragmentation pattern over the time 

 

Figure 6: Sample dimensions. 



5 Materials and Methods 34 

Due to the 30 days run time of the experiments, several objects were exposed to the 

different experimental conditions together in one batch sample in order to generate as 

much results as possible in the available time. The samples were selected to differ in 

colour, because the colour does not affect the abrasion and fragmentation behaviour but 

facilitates visual recognition and attribution of fragments to the original objects in the 

mixed approach. 

The surface of all samples was smooth at the start of the experiments to allow for evalu-

ation of abrasion by inspecting changes in surface roughness. Reproducible quantitative 

determination of surface roughness with a scattered light sensor was planned, but 

proved inapplicable, since this technique requires flat samples which were not available 

from the investigated objects. Surface roughness of the samples was thus visually ana-

lysed using a stereomicroscope and a scanning electron microscope (SEM) for selected 

subsamples. 

Material thickness of samples was measured (see chapter 5.5.1) and samples were cate-

gorized according to their measured thickness as thin (≤0.01 mm), medium (1 mm-

0.01 mm) and thick (> 1mm). 

Since samples are manufactured by moulding the materials into their provided shapes 

(bottles, cups, or caps) internal stress of the samples may occur. Due to their low thick-

ness, PE bags are very flexible. 

5.1.2 Experimental design 

All experiments were conducted on a universal shaker with a horizontal amplitude (SM-

30; Edmund Bühler GmbH) to simulate shear stress conditions at the beach and in the 

low tide surf- and swash zone. Investigated plastic objects were exposed to sand, artifi-

cial seawater and a seawater/sand mixture (Table 3). 

Table 3: Experimental shaker setup of the fragmentation experiments. 

Experimental shaker setup Environmental situation 

Sand + plastic objects Beach, wind-induced friction 

Seawater + plastic objects Open seawater 

Sand/Seawater + plastic objects Low tide surf zone / swash zone 

Pre-experiments showed that under open seawater conditions neither abrasion nor frag-

mentation was to be expected within 30 days of exposure to friction stress. Due to the 

result that no visual signs of mechanical stress were observable in pre-experiments, the 

final experiments were performed only under beach and breakwater conditions. 

Aquarium sand of two different grain sizes was purchased from Hornbach Baumarkt 

AG. Medium sand substitute (0.2-0.6 mm) and coarse sand substitute (1-2 mm) were 
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pre-washed with deionized water to minimize contamination with organic or inorganic 

impurities. The sand was then dried in a laboratory oven chamber at 150 °C. 

Artificial seawater was prepared according to (Zaroogian et al., 1969) and stored in the 

refrigerator at 5 °C until use. 

Table 4: Constituents of artificial seawater after Zaroogian et al. (1969). 

Constituents Chemical formula Amount [g] 

Potassium bromide KBr 0.1 

Potassium chloride KCl 0.7 

Calcium chloride dihydrate CaCl2 x 2H2O 1.47 

Sodium sulfate Na2So4 4.0 

Magnesium chloride hexahydrate MgCl2 x 6H2O 10.78 

Sodium chloride NaCl 23.5 

Sodium hydrogen carbonate NaHCO3 0.2 

Pure Water H2O 1L 

The EINP experiments were conducted in 3500 mL glass bottles (ø:15 cm, height: 

28 cm) and an aquarium-like tub (50 cm x 42 cm) made of acrylic glass (PMMA) to 

allow for investigation of whole objects. The size of the bottles restricted the number of 

parallel setups on the shaker to two (bottles) or one (tub). 

Since in the EFP experiments, at least eight time points under identical conditions were 

necessary, smaller glass bottles (250 mL) had to be used. These did not allow for inves-

tigation of whole objects such as cups or bottles. Thus, smaller parts were cut out of the 

respective objects and exposed.  

  

Figure 7: Wave tub (left side) and 3.5L glass bottle (right side) as shaking vessels. 

Originally, the aquarium experiment was meant to simulate more turbulent wave 

movement, giving it the term wave tub. However, due to the restriction of the shaking 

frequency, turbulent movement with waves breaking at the inner walls of the aquarium 

could not be achieved. Higher frequencies could be used in the bottle experiment (BE), 

where they induced movement of the plastics and the matrix in the bottles at all. The 
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large volume of the wave tub together with the restricted shaking frequency prevented 

steady collisions of the samples with the inner walls of the tub. Thus, wave tub experi-

ments simulate wind-induced friction and wave movements in the swash zone (Table 5). 

Table 5: Description of the environmental situation simulated by the fragmentation experi-

ments. 

Experimental design Matrix Environment 

Bottle experiment 

Beach conditions Environmentally not relevant 

Breakwater conditions 
Environment with high collisions potential 

like rocky coasts, reefs, surf zone high tide 

Wave tub experiment 
Beach conditions Wind induced friction on the beach 

Breakwater conditions Wave runup in the swash zone 

Due to the smaller volume of the bottles and the higher shaking frequency, collisions 

were achieved in bottle experiments. Thus, they simulate environmental conditions with 

high collision potential like rocky coasts or reefs (Table 5). Generally, experiments in 

small vessels (relative to the sample dimension) are not representative for simulating the 

abrasion and fragmentation behaviour of plastic objects on beaches but may represent 

effects of collision forces typical for conditions like cliffs or rocky coastlines. 

The objects were placed in the vessels together with the respective medium (Table 3) 

and then the vessels were fixed on the orbital shaker. The shaking frequency was ad-

justed to resemble friction stress for plastic objects under environmental conditions on 

the beach or in the low tide surf- and swash zone. For the glass bottle experiments, 

275 rpm proved necessary to move the objects within the bottles, while in the wave tub 

150 rpm was sufficient. To investigate the influence of the shaking frequency, two glass 

bottle experiments were repeated with a lower frequency of 150 rpm (beach and break-

water conditions, non-UV irradiated samples). The shaker was then operated continu-

ously for 30 days. 

The grain size of the sand matrix potentially affects the abrasion of small microplastics 

from plastic samples (Hypothesis 4). Chubarenko et al. (2020) observed a connection 

between sediment size and the number of fragments generated. It is conceivable that 

gravel (particles >2 mm), coarse sand (2 mm >particle >0.63 mm) and medium sand 

(0.63 mm >particle >0.2 mm) determine the size of formed microplastic particles. This 

hypothesis was investigated in parallel experiments with coarse sand (1 to 2 mm) and 

medium sand (0.2 to 0.6 mm). 

5.1.2.1 Experiments to investigate the fragmentation pattern over time (EFP)  

An important issue in the analysis of the abrasion and fragmentation behaviour of plas-

tics in the environment is not only the fragmentation itself, but also the timeframe, in 
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which the process proceeds. This was investigated by analysing weekly samples during 

selected fragmentation experiments lasting for eight weeks. 

The experiments were conducted on the horizontal shaker in 250 mL glass bottles at a 

shaking frequency of 275 rpm. Five different plastic samples were exposed, namely: 

• Irradiated and non-irradiated polystyrene (PS) parts  

• Irradiated and non-irradiated garbage bags of polyethylene (LDPE) parts 

• Non-irradiated polyethylene (LDPE) carrier bag parts 

The setup was restricted to resembling breakwater conditions using 100 g of medium 

sand (0.2 to 0.6 mm) and 40 mL artificial seawater as matrix. The sand was pre-cleaned 

by wet sieving over a 63 µm soil sieve to remove matrix particles smaller than 63 µm 

prior to the experiment.  

5.1.3 UV irradiation 

As pointed out in chapter 3.4, weathering of plastics can weaken the chemical structure 

backbone leading to higher vulnerability against mechanical stress. A crucial factor, 

which affects the stability of plastics in the environment, is UV radiation from sunshine. 

Especially on the beach, plastic objects lying on the sand surface are exposed to natural 

sunlight. Additionally, the temperature of the surrounding environment is often relative-

ly high since sand heats up when exposed to sunlight. 

To analyse the influence of sunlight radiation, all fragmentation experiments were con-

ducted with the original samples and identical samples irradiated with artificial sunlight 

prior to the fragmentation experiment. 

Samples were continuously irradiated with artificial sunlight in the irradiation chamber 

of a Suntest CPS+ (Atlas Material Testing Technology GmbH) for 10 or 15 days, re-

spectively. The apparatus simulates average global outdoor sunlight in the wavelength 

region between 300 and 800 nm. Irradiation energy was set to 700 Wm-², which results 

in a total power of 16.8 kWhm-2 over one day of continuous irradiation. PE carrier bags 

were irradiated for 10 days and PET bottles, PE caps and PS yoghurt cups for a total of 

15 days. The reduced UV irradiation time for PE carrier bags was necessary since the 

samples became too brittle to be transferred to the experimental vessel without disinte-

gration/damage if they were irradiated for longer than 10 days. 

The temperature in the test chamber was held at about 40°C due to the use of a water-

cooling system. 

5.1.4 Overview of conducted experiments 

In total, 16 different fragmentation experiments (EINP) were conducted. In each setup, 

all selected plastic items were investigated together due to time constraints. To facilitate 
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later separation of plastic fragments, all items had different colors. The results of the 

experiments were compared to prove or disprove the hypotheses listed in chapter 4. 

Figure 8 shows the cascade of experiments.  

Furthermore, four separate experiments over a period of eight weeks (EFP) were per-

formed to analyse the temporal development of the fragmentation pattern. For practical 

reasons, only small parts cut out of three of the samples (PS cup, LDPE bags) were in-

vestigated. 

 

Figure 8: Presentation of the variable parameters of 16 experiments EINP. 
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In the following table (Table 6), all parameters and boundary conditions of the fragmen-

tation experiments are summarized: 

Table 6: Experimental conditions for fragmentation experiments (EINP) and fragmentation 

pattern experiments (EFP). 

 Fragmentation Experiments (EINP) Fragmentation Pattern (EFP) 

Vessel 
3.5 L Bottle 275 rpm 

250 mL Bottle 275 rpm 
Wave Tub 150 rpm 

Samples 
All items together 

Original Form 

One sample at a time 

Cut-out parts 

Shaking 

Duration 
30 d Different durations up to 56 d 

Conditions 

Beach 2-3 kg sediments 

Breakwater 

100 g sediment 

Breakwater 
5-6 kg sediment 

40 mL seawater 
3 L seawater 

Sediment 

types 

Coarse sand particles [<63 µm] 

excluded 
Medium sand 

particles [<63 µm] 

included Medium sand 

Irradiation UV Non-UV UV Non-UV 

Extraction Large volume samples Small volume samples 

5.1.5 Sample processing  

Samples should be ideally analysed for plastic particle numbers separated into different 

size classes. Therefore, the sample had to be processed to remove as much matrix and 

background as possible.  

5.1.5.1 EINP 

In a first step (see chapter 5.3.3.3), the samples were sieved into different size fractions 

using a standard sieve stack for soil analysis with mesh sizes 2 mm, 630 µm, 200 µm, 

and finally 63 µm (Retsch; DIN-ISO 3310/1). To minimize transfer loss of plastic parti-

cles the sample vessel was rinsed three times with pure water. The sieve stack was then 

placed on a mechanical shaker (AS200 basic; Retsch) for 15 minutes under a gentle 

stream of pure water (wet sieving) to accelerate the sieving process. 

Large, visible fragments and not fragmented plastic objects were taken off the top sieve, 

dried at room temperature, photographed, visually categorized by size, and inspected for 

visual signs of mechanical stress on the surface. All remaining size fractions were dried 

in the sieves in a drying oven at 50 °C for 72 hours. An overview over the sample pro-
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cessing shows Figure 9. The fractions were then transferred to glass beakers and stored 

until extraction with the method for large sample volumes (see chapter 5.3.3). 

The smallest particles (<63 µm) present in the filtrate of the bottom sieve were collected 

by filtration over a cellulose-nitrate filter (8 µm). However, it turned out that the filtrate 

contained a large amount of very small particles, which led to long filtration times and 

the need for further sample clean up. Since no practical method was available for this 

additional purification step articles smaller than 63 µm (sediment particles as well as 

microplastics) could not be considered in the following analyses with a few exceptions. 

5.1.5.2 EFP 

Here, the artificial seawater was vaporized slowly by about 50 °C in a drying chamber. 

Plastic samples bigger than 1 cm were taken out, dried and stored. Then, the sample was 

dispersed in a sodium chloride solution and five internal standard plastic particles were 

added (Table 9). Extraction was conducted with the extraction method developed for 

small sample volumes (see chapter 5.3.2). 

5.2 Quality control 

To avoid contamination of the samples from airborne microplastics, all glassware and 

other materials used were pre-cleaned in a dishwasher, rinsed with deionized water and 

Unbroken plastic object 

Particles >2 cm Fractioning 

Analysis 

Analysis 

Extraction 

Figure 9: Overview Sample Processing EINP. 

Storing 

Particles <63 µm 
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covered with aluminium foil prior to use. The use of plastic items in the experiments 

and subsequent treatments and analyses steps was avoided (exceptions: shaking vessel 

bottle cap, blue PP; extraction method: PTFE tube). During all experiments and sample 

handling, cotton clothes and laboratory cotton coats were worn. No commercial plastic 

gloves for laboratory use were used, since they are suspected to be a potential source for 

plastic blanks (Witzig et al., 2020). The use of a clean bench for the analysis of micro-

plastics in this study was not required since all experiments were designed to allow for 

unequivocal distinction of MPP under investigation (due to color and material type) 

from potential airborne contaminants.  

For the analysis of environmental samples, the use of ultrapure water is recommended 

in the literature, since there are hints that tap water and even demineralized water may 

contain particle blanks in the low µm range (Koelmans et al., 2017). Since the focus of 

the laboratory experiments in this study was on particles larger than 100 µm, demineral-

ized water was considered sufficiently clean to be used. 

Blank samples of tap water, demineralized water and distilled water were analysed by 

filtering 10L over 0.45 µm cellulose-nitrate filter and visual inspection under a stere-

omicroscope. Blanks were almost exclusively composed of fibres of different length 

giving no cause for concern. Since the experiments were targeted at microplastic frag-

ments, fibre blanks were simply ignored during data evaluation.  

All samples were weighed prior to exposure. After each experiment, the visual remains 

of the plastic objects were weighed again to ensure that inexplicable mass loss had not 

occurred. Few samples increased in weight, which is only imaginable if intercalation of 

matrix constituents into the surface structure had occurred. 

To identify individual plastic fragments formed during the experimental process that 

could not be assigned unequivocally to a polymer material by visual inspection, it was 

possible to analyse their chemical composition by pyrolysis (Pyr) in combination with 

gas chromatography (GC) coupled with mass spectrometry (MS) or by Fourier-

transform infrared spectroscopy (FTIR). 

5.3 Optimization of extraction methods 

Most methods described in literature are based on the principle of density separation by 

flotation. However, due to their complex experimental setup they are expensive, often 

very time consuming and not practical for high volume samples. For small volume sam-

ples (50-250 g), a density separation was developed based on the air-induced overflow 

(AIO) method from Nuelle et al. (2014). For the EINP in this study, the extraction of 

samples up to 6 kg was necessary (see chapter 5.1.2). Thus, the development of a more 

practical high-throughput extraction method for large volume samples was necessary. 
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5.3.1 Recovery experiments 

To evaluate the effectiveness of the extraction methods, recovery experiments were per-

formed with eight different types of plastics. Low-density plastics (PE, PP and EPS) as 

well as high-density plastics (PS, PA, PET, PVC and PUR) were tested with a focus on 

PET and PVC particles, which have the highest densities. Microplastic particles were 

produced by cutting different plastic items (Table 7) into small pieces of a size between 

600 µm and 1500 µm. For better visual identification of the particles, items of different 

colours were used. 20-30 particles of each plastic material were added per kg sand and 

homogeneously mixed with the sand. The resulting sample was completely extracted 

with the respective method. For evaluation of the small volume method 100 g sand were 

used, while for the large volume method, the amount of sand was 1 kg. 

Table 7: Selected plastic items for recovery test. 

Microplastic Average Density [g/cm³] * Origin of the Material Colour 

PA 1.078 Industrial pattern white 

PE 0.854 spray bottle Red 

PET 1.333 bottle green 

PP 0.861 bottle top blue 

PS 1.052 Yoghurt cup yellow 

PUR 1.26 Industrial pattern dark yellow 

PVC 1.338 pipe orange 

* Densities from https://polymerdatabase.com/home.html [17.11.2021];  

Copyright © 2021 polymerdatabase.com;  

inter alia: https://polymerdatabase.com/polymers/polyethylene.html 

5.3.1 Separating fluids 

Three different separating fluids were tested for the different extraction methods (Table 

8). A saturated sodium chloride (NaCl) solution was prepared, dissolving 360 g house-

hold salt in 1 L ultrapure water. A simple salt/sugar solution was made from mixing a 

saturated sodium chloride solution (NaCl) in ultrapure water with household sugar until 

the intended density was reached (1.30 g/cm³). Both ingredients were purchased in a 

local grocery store in food quality. 

A zinc chloride solution (ZnCl2) (55%, weight/weight) was prepared with a density of 

1.30 g/cm³ at 20 °C. 550 g ZnCl2 (analytical grade, Grüssing GmbH, Germany) were 

added to 1000 ml of ultrapure water in a 2 L glass beaker, stirred and heated until it was 

fully dissolved. All solutions were prepared in ultrapure water and filtered prior to use 

(Cellulose-acetate; 0.45 µm; Sartorius AG, Germany). Due to its hazardous properties 

and high cost, the zinc chloride solution was purified and reused after its use. 
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Table 8: Separating fluids. 

Solution Concentration [g/mL] Density [g/cm³] Prize per L 
[Euro] 

Water - 1 - 

Sodium-chloride 
(sat) 

0.36 1.19 0.36 

Salt-Sucrose 0.36 (NaCl) + 0.5 (Sucrose) 1.3 0.70 

Zinc-chloride 0.55 1.3 10.00 

5.3.2 Small volume sediment samples 

To separate LDPE and PS microplastic particles from 150 g of sediment matrix, the 

method of Nuelle et al. (2014), which is based on fluidisation in a sodium chloride 

(NaCl) solution with air-induced overflow of the low-density particles and was adapted 

to the current sample requirements. 

A closed system has been developed to reduce airborne blank values. A 2 L conical 

flask (Figure 10d) with socket NS 29/32 equipped with a magnetic stir bar is filled with 

the sample and the separating fluid and placed on a magnetic stirrer (Figure 10e). The 

solution is connected to a reservoir (Figure 10a) via a gas wash bottle head (Figure 10h). 

 

 

 

Figure 10: Experimental setup of the settling approach for small volume samples 

a) Fresh Solution Tank        e) Magnetic Stirrer 

b) Water Pump          f) Microplastic Filter 

c) Hose Clamp          g) Vacuum Filtration unit 

d) Floating Tank with Sample      h) Head of a Gas Washing Bottle 
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Using a conventional water pump for aquaria (Eheim compact ON 300, 7W; Figure 

10b), fresh solution is continuously pumped through the sample from the reservoir (Fig-

ure 10a). The connection tube can be blocked with a hose clamp (Figure 10c) to prevent 

solution backflow when the pump is switched off. Surplus solution including floating 

microplastics leaves the flask via the outlet and is directly filtered through a pre-

weighted 8 µm filter (cellulose nitrate) placed on a vacuum filtration unit (Figure 10f, 

g).  

The sample is initially stirred for about 5 minutes without pumping so that lighter parti-

cles float upwards to the surface of the density solution. Heavier particles, which have 

also been suspended by the movement of the stir bar, are then allowed to re-settle for 

about 4 hours. This settling time has been selected to ensure complete settling of sedi-

ment particles in the micrometre size range. Transfer of the microplastics from the solu-

tion surface is then initiated by switching on the water pump and opening the hose 

clamp. Approximately 100 mL of the density solution is pumped through the separating 

system onto the filter for filtration (pump speed for Hmax for 0.2 m = about 0.8 L/min). 

These three steps (mixing, settling and pumping) are repeated three times to allow MPP 

buried under the sediment load to be freed. After switching of the pump, the fluid inside 

the head of the gas wash bottle is decanted carefully onto the filter and removed. All 

parts of the extractor are rinsed with bi-distilled water and added to the filter to catch 

MPP possibly adhered to the glass surfaces. About 10 cm of the remaining solution in 

the flask are also decanted on the filter. Then the flask is refilled with fresh solution and 

decanted again in order to transfer particles adhered onto the inner walls of the flask on 

the filter. After filtration, the filter is dried for 48 hours at 40°C and the remains on the 

filter (filter cake) are analysed for microplastics.  

To make sure that the full range of MP particles can be extracted, the separating fluid 

must have a higher densitiy than the largest density of MP present in the sample. In this 

study, the small volume sample method was applied only to experimental setups with 

low density particles, so that a NaCl solution could be used. This has the advantage that 

no purification for recycling the solution was necessary. For samples, which contain 

MPP with higher densities, a solution with a higher density is necessary. 

5.3.2.1 Microplastic recovery 

For evaluation of MP recovery, samples are spiked with an internal MP standard (Table 

9) before processing. Standard particles were of bright colours different from the sample 

objects to allow for easy identification.  
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Table 9: Characteristics for internal MP standards. 

Sample 

Type 

Sample Col-

our 

Sample Density 

[g/cm³] 

Standard 

Type 

Standard 

Colour 

Standard Density 

[g/cm³] 

PS red/white 1.04 PS blue 1.04 

PE pink 0.93 PP blue 0.91 

PE transparent 0.93 PP blue 0.91 

Recovery tests were performed with plastic materials with a low density since only low-

density materials have been processed in small volume samples in this study. Recovery 

rates from 88% for PE up to 100% for PP (Figure 11). 

The developed method for the extraction of small volume samples using a NaCl solu-

tions is well applicable for low density samples. 

 

Figure 11: MP and sediment recovery rates for small sample method. 

5.3.3 Large volume sediment samples 

Large sample volumes of up to 6 kg sand bear the risk of insufficient recovery in flota-

tion approaches where the sample is just stirred with the separating fluid, because mi-

croplastics may be buried under the sand layer preventing them from floating upwards 

to the solution’s surface. Thus, a settling approach was tested, in which the sample was 

added to the top of the separating fluid in a column setup. This allows for settling of the 

denser sand particles while the lighter microplastics would float or at least remain sus-

pended in the top liquid layer. 

5.3.3.1 Experimental setup 

The experimental setup is shown in Figure 12. The method is appropriate for extraction 

of up to 3 kg sediment sample requiring a total of 2800 mL of separating fluid. A glass 

column (length 105 cm, i.d. 5.5 cm, Figure 12a) equipped with a stopcock (i.d. 0.8 cm, 

Figure 12c) at the bottom is filled with about 1600 mL of separating fluid. The column 

is connected to a collection vessel (volume 1200 mL, Figure 12f) via a connector 
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(Figure 12d) with an additional outlet (Figure 12e) to allow outflow of surplus solution 

into a waste collector. At the bottom of the column, an air dispenser (Figure 12b) is in-

troduced creating a continuous gentle upward airflow. By reduction of the surface ten-

sion of the separating fluid, this shall prevent matrix and plastic particles from aggrega-

tion at the surface and support the separation of the plastic particles from the matrix in 

suspension by adherence of very fine air bubbles at the particle surface fortifying the 

density differences and supporting the buoyancy of the lighter particles. Since on the 

other hand, these bubbles can cause foaming of the separating fluid if airflow was too 

high, which hampered sample introduction, the optimum flow rate between 6 and 

8 ml/sec was determined as most practicable with sufficiently high recovery rates. 

Higher flow rates led to extensive foaming of the solution. 

 

Figure 12: Experimental setup of the settling approach for large volume samples. 

The sediment sample to be extracted is introduced manually with a spoon in portions of 

10 g with an introduction frequency of 6 spoon per min for medium sand and 1 spoon 

a) Separation column 

b) Fine air diffuser 

c) Valve / Discharge 

d) Connecting piece for draining the solution 

e) Discharge 

f) Collecting vessel 



5 Materials and Methods 47 

per min for coarse sand into the column from the top via a funnel, while the stopcock 

valve is open. Particles with high density are transferred into the collecting vessel by 

settling, while lighter particles remain floating in the column. The sediment supplants 

the separating fluid in the system, which is drained via the outlet into a beaker. This 

outflow has an influence on the extraction time since the surplus solution does not pass 

the connector. If the outflow is too big, a negative pressure is created so microplastic 

particles floating in the separating fluid can be pulled down. 

After the sand sample has been completely filled into the column system, the air diffus-

er is held open for another 5 minutes and then closed. The solution is allowed to rest for 

about 45 minutes until no more visible particles settle. Then, the valve (Figure 12c) is 

closed and the solution in the column is filtered through a pre-weighed cellulose-nitrate 

filter (8 µm, Sartorius AG, Germany) and a cellulose acetate filter (0.45 µm) and dried 

for 48 hours at 40 °C.  

Small particles especially organics and microplastics tend to adhere on the surfaces of 

the inner glass walls. In extraction pre-experiments, such behaviour was also observed. 

When the separating fluid is drained after settling, particles visibly adhere onto the inner 

walls of the extraction column possibly because of electrostatic forces. Thus, all glass 

vessels including the separating column have to be thoroughly rinsed to minimize the 

loss of microplastic particles by surface adhesion. This rinsing step should be made with 

water followed by ethanol, because these liquids partly break up the adhesive forces. 

Subsequently, the remains on the filter (filter cake) are analysed for microplastics. 

The size of the valve (Figure 12c) determines the maximum size of particles in the sam-

ple that can be extracted. Particles with a size close to the valve opening will lead to 

clogging of the valve. Using a valve with an inner diameter of 8 mm allowed for extrac-

tion of MPP from sample matrices with a grain size below 2 mm. Larger particles - alt-

hough smaller than 8 mm - sometimes caused clogging problems due to wedging when 

their spherical form was irregular. 

5.3.3.2 Optimization of extraction parameters 

For an efficient use of the extraction method, an optimisation of different method pa-

rameters was necessary. The determination of extraction parameters resulting in the best 

MPP recovery considering minimum interference by co-extracted matrix constituents 

was conducted by performing recovery experiments under different parameter settings. 

Choice of separating fluid 

The efficiency of the different separating fluids considering practicability was tested at 

constant airflow. Best MPP recovery rates (average: 92%) were achieved with zinc-

chloride solution. Using deionized water or sodium chloride resulted in much lower 

recoveries of 59% and 66%, respectively. Salt-sucrose solution proved to be inappropri-
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ate due to handling problems. The solution’s viscosity is very high, which increases the 

filtration time exponentially. 

Effect of matrix particle size 

The extraction of microplastics from large volume sediment samples by flotation is im-

peded by the possibility of MP particles being buried under the sediment matrix pre-

venting them from floating upwards into the top liquid layer. The potential influence of 

the sediment particle size was tested for three size fractions (0.063 mm-2 mm, 1-2 mm, 

0.063-1 mm) from a commercial sand sample gained by sieving according to ISO 

14688-1:2002. Additionally, a mixture of MPP without sand matrix was investigated to 

observe the unaffected sinking behaviour of MPP in the separation fluid. 

MPP recovery was shown to be independent of the particle size of the matrix (grain size 

of sand). However, the amount of matrix particles not separable from the MPP with the 

method was higher for sand with small grain sizes. The settling time of particles in the 

column is not only dependent on the particle density, but also on the particle diameter. It 

could thus be useful to increase the holding time for MP extraction from samples with 

small matrix particles. 

Settling time  

In the density separation approaches, settling velocity of MP particles and matrix parti-

cles are important parameters that determine the definition of the minimum required 

holding time for an efficient separation. Very small sediment particles (fine sand and 

smaller) were suspected to require up to 24 hours for complete settling in the extraction 

column (1 m height) depending on the separating fluid. For independent estimation of 

settling times of particles Stokes-Law formula is often used. However, this formula is 

not valid over the full range of density differences and particle sizes in MP separation. 

Furthermore, it is only valid for non-turbulent flows. This can be distinguished by the 

Reynolds number (R1), which depend on the density and dynamic viscosity of the fluid 

as well as the characteristic flow length and velocity. 

𝑅𝑒 =  
𝜌𝑓 ⋅𝑣⋅𝑑 

𝜂
        (R1) 

For estimating settling times, the approach described by Dietrich (1982) was applied, 

which additionally considers the effect of particle characteristics such as shape and 

roundness (equations (D1) – (D7)). It uses the Corey shape factor (CSF) and the Power 

roundness index (Pr) as additional parameters. This approach can be used independently 

of Reynolds numbers.  

Equation (D1.a) was used for calculation of the settling velocity ws combining the ef-

fects of density difference between the fluid and the particle, the fluid kinematic viscosi-

ty (ν) and the shape characteristics described by the sum parameter 𝑤∗ (D1.b). 
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𝑤𝑠 = 3√
𝑤∗⋅(𝜌𝑠−𝜌𝑓)⋅𝑔⋅𝜈

𝜌𝑓
        (D1.a) 

𝑤∗ = 𝑅3 ⋅ 10𝑅1+𝑅2         (D1.b) 

Parameter 𝑤∗ combines the effect of three different processes represented by parameters 

R1, R2 and R3. 

R1 is the uncorrected settling velocity derived from the dimensionless particle size D* 

according to equation (D2): 

𝑅1 = 3.76715 + 1.92944 ⋅ (𝑙𝑜𝑔𝐷∗) − 0.09815 ⋅ (log 𝐷∗)2 − 0.00575 ⋅ (log 𝐷∗)3 −

0.00056(log 𝐷∗)4         (D2) 

D* (equation D3) was estimated from the standardised particle diameter DN and must be 

in the range between 0.05 and 5 x 109 to be used with equation (D2). 

𝐷∗ =
(𝜌𝑠−𝜌𝑓)⋅𝑔

𝜌𝑓⋅𝑣2
⋅ 𝐷𝑁

3   (D3) 

The effect of the particle shape in general is considered by R2 calculated from the Corey 

shape factor (CSF) and the dimensionless particle size D* according to equation (D4): 

𝑅2 = (log (1 −
1−𝐶𝑆𝐹

0.85
)) − (1 − 𝐶𝑆𝐹)2.3 ∗ tanh (𝑙𝑜𝑔𝐷∗ − 4.6)   (D4) 

CSF (equation D5) represents the ratio of the shortest diameter dmin and the square root 

of the product of the two other dimensions. 

𝐶𝑆𝐹 =
𝑑𝑚𝑖𝑛

√𝑑1∙𝑑2
         (D5) 

For natural sediment particles, a CSF of 0.7 is assumed (Dietrich, 1982).  

The Powers roundness index (Pr) was used as indicator for the particle roundness in 

calculation of R3 by equation (D6). Pr is between 1 (perfect angular) and 6 (perfectly 

round); sediment particles are generally attributed a Pr –value of 3.5 (Dietrich, 1982). 

𝑅3 = [0.65 − (
𝐶𝑆𝐹

2.83
⋅ tanh(𝑙𝑜𝑔𝐷∗ − 4.6))]1+ 

3.5−𝑃𝑟
2.5          (D6) 

For particles with low values (D* <0.05) outside the application domain of equation (D 

3), shape and roundness play only a minor role. In this case, an alternative estimation 

equation (D7) for W* can be used.  

𝑊∗ = 1.71 ⋅ 10−4𝐷∗
2         (D7) 

Large particles (very high DN) with exceptionally high D*-values (>5 x 109) cannot be 

treated with this approach at all. 
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Table 10: Parameters of the determining equations for settling velocity after Dietrich (1982). 

Parameter Unit Value 

d cm Flow length 

v cm/s Flow velocity 

Ws cm/s Settling Velocity 

𝝆 S g/cm³ Particle Density 

𝝆 f g/cm³ Fluid Density 

g cm/s² Gravity of Earth 

ν cm²/s Kinematic Viscosity 

η Pa*s Dynamic Viscosity 

W* - Dimensionless Settling Velocity 

R1 - Uncorrected Settling Velocity 

R2 - Shape Factor 

R3 - Roundness Factor 

D* - Dimensionless Particle Size 

CSF - Corey Shape Factor 

Pr - Powers Roundness Index 

DN cm Standardised Particle Diameter 

The efficiency of the extraction method can be enhanced by better separation of MPP 

and small sediment particles. The more interfering matrix particles were present in the 

final extract, the more difficult the MP detection was. To get an idea of the holding 

times necessary to allow for complete settling of different matrix particles, their sinking 

speed was estimated depending on density and size. Theoretical settling times were then 

calculated by multiplication of the sinking speed with the column height (105 cm).  

Figure 13 illustrates that the influence of the density of the separation fluid is more pro-

nounced in the small particle size range, while it almost vanishes for particles with di-

ameters larger than 750 µm. For example, particles of a size of 63 µm have six times 

higher settling times in zinc-chloride than in sodium chloride. 

 

Figure 13: Estimated settling time of standard sediment particles (Form:3.5; CSF:0.7) for zinc-

chloride and sodium-chloride. The y-axis is log-scaled. 
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Generally, settling times of particles increase exponentially with decreasing size. For 

example, 20 µm standard particles need 1.5 hours to settle in ZnCl2- solution in the 

105 cm separating column, whereas in NaCl- solution this takes only 11 minutes. Very 

small particles (10 µm) may require around 6 hours of settling time in ZnCl2- solution, 

which would explain incomplete matrix settling within the standard holding time of 45 

minutes. Thus, settling time was increased to 24 hours for the extraction of respective 

samples. To check whether this settling was feasible to keep PET (1.37 g/cm³) suffi-

ciently long in suspension, settling time of a standard PET particle was compared with 

sediment (Figure 14). 

 

Figure 14: Settling times [min] for sediment and PET particles [µm] in zinc-chloride 

(Form:3.5; CSF:0.7; Separating way: 105 cm). The y-axis is log-scaled. 

At a settling time of 24 hours, PET particles smaller than about 22 µm were completely 

settled, which means that if such small PET particles were formed by abrasion process-

es, they could not be extracted with the proposed method. All other plastic materials 

(PE, PP and PS) have lower densities than the separating fluids preventing them from 

settling at all. 

5.3.3.3 Pre-sieving of samples 

Kedzierski et al. (2016) introduced a pre-sieving step for sediment samples in their den-

sity separation to enhance the MP extraction. This step reduced the particle size varia-

bility of the sediment and should lead to a more efficient separation of microplastic 

from the sediment particles in the separation column. Since the diameter to volume ratio 

of particles in one size fraction was levelled off, the possibility of larger sediment parti-

cles dragging down small MP particles was minimized. (Cashman et al., 2020) also de-

scribed that removing the smallest sediment fraction (<45 µm) prior to analysis im-

proves the extraction efficiency. 

To explore the influence of such a pre-separating step, 1 kg samples were divided into 

different size fractions following the ISO 14688-1:2017 classification of soil (>2 mm, 

2 mm-630 µm, 630 µm-200 µm, 200 µm-63 µm) in a stainless-steel sieve stack on a 
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mechanical shaker (about 15 minutes, dry and wet sieving). The smallest fraction 

(<63 µm) was discarded and the remaining sediment was spiked with microplastics be-

fore sieving. Each fraction was extracted separately but subsequently in the same sepa-

ration column with the standard method (zinc-chloride solution, airflow: 6-8 mL/sec 

(see Figure 15). 

 

Figure 15: Description of pre-sieving experiments. 

Figure 16 shows the results for the MPP recovery for the tested pre-sieving steps. Of the 

different plastic materials, EPS was the only one showing lower recovery after pre-

sieving. This might be explained by the pressure exerted on the material during wet 

sieving, causing EPS particles to stick in the sieve. Recovery rates of all other materials 

were increased up to 100 %. The pre-sieving process also reduced the amount of sedi-

ment still co-extracted on the filter hindering MP identification. 

 

Figure 16: Microplastic recovery of pre-sieving steps [%]. 

Pre-sieving was thus considered a useful pre-processing step to achieve better micro-

plastic particle recoveries. It improves the average recovery rate from 91% to 97%.  
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5.3.4 Sample clean-up for samples with large numbers of particles 

After the extraction of the sample with the developed methods, a filter cake consisting 

of plastic particles of all size classes and co-extracted sediment particles was formed. 

Microplastic identification and MP particle counting proved impossible when too many 

sediment particles were still present due to insufficient separation efficiency of the ex-

traction step. In this case, an additional clean-up step had to be filled in. The filter cake 

was carefully removed from the filter and visible particles were transferred into petri-

dishes for identification and counting. The filter and the sample cake were analysed 

under a stereo microscope at a magnification of 6.5x up to 40x to detect small micro-

plastics by the naked eye. Then, the sample cake was further analysed for particles 

<350 µm as described in chapters 5.4.3 and 5.4.4. 

Figure 17 shows the sample processing for sample cakes with large numbers of parti-

cles. Instead of transferring the countable particles into petri dishes, they are separated 

into size fractions by dry sieving in a sieve stack column (>2 mm, 2 mm-1 mm, 1 mm-

500 µm, <500 µm). In the individual size fractions, the lighter polymers (PE and PP) 

were density separated from PS and PET in 250 mL beaker glasses using water as sepa-

rating fluid. After 4 hours settling time, the solution was carefully decanted and filtered 

through cellulose nitrate filter (8 µm). The remains were analysed in a second step: PS 

and PET were separated using a saturated sodium chloride solution (1.19 g/cm³) and 

likewise processed. Again, the remains containing PET and sediment particles were 

subsequently filtered under rinsing with deionised water. Finally, all plastic particles on 

the filters were transferred into petri dishes, photographed and (if possible) counted. 

 

Figure 17: Sample Clean-up for samples with large numbers of particles. 
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In some experiments, LDPE bag samples fragment completely into meso- and micro-

plastic particles of two different forms (thin-long shaped or squared shaped). The re-

moval of such particles was impossible due to the enormous particle numbers. The 

LDPE particles from such sample cakes were not separated from sediment particles and 

further analysed by a thermogravimetric analysis (see chapter 5.4.3). 

Surprisingly, LDPE bag samples sometimes disintegrated into long-shaped meso- and 

microplastic fragments, which formed entanglements hardly separable from the sedi-

ment matrix and other small plastic particles after extraction (Figure 18). These entan-

glements were carefully removed from the bulk sample before the above described 

clean up step was applied for the other three sample types. Entanglements were careful-

ly released with tweezers (Figure 18b). Unlike PET, PS and HDPE samples, counting 

individual LDPE particles was not possible due to the entanglements and the large 

number of particles (Figure 18c).  

 

Figure 18: PE bag sample cake forming an entanglement after extraction (a). Entanglement was 

carefully released (b). Sample section with a x40 magnification (c). Red particles were PS sam-

ple microplastics trapped in the LDPE-entanglement. 

 

Figure 19: PE-matrix particle entanglements suspended in ultra-pure water before sonification 

(left) and after sonification (right). 
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Separation of the PE particles from the entanglements with ultrasonic treatment (Figure 

19) did not succeed as well. Free-floating meso- and microplastics formed more or less 

globular entanglements again after sonification for only 10 seconds. Therefore, these 

samples were analysed by a thermo-gravimetric analysis as described in chapter 5.4.3 

and µ-Raman analysis of suspended sub-samples described in chapter 5.4.4 (Figure 20). 

 

 

 

5.4 Analysis and counting of microplastic particles  

5.4.1 Microscopic particle counting 

Ideally, particle numbers for different size classes in the meso- and microplastic range 

should have been determined for the different experimental setups. Large particle num-

bers indicate a high grade of destruction of the samples due to abrasion and/or fragmenta-

tion. Observed particle numbers are important for the evaluation of the effect of experi-

mental boundary conditions. 

For each sample type, larger fragments manually collected were pre-sorted by size and 

then photographed. With the help of graph paper, fragments were measured (largest 

side) and divided into five particle-size categories (>2.5 cm-macroplastic; 2.5 cm-

5 mm-mesoplastic; 5-2 mm-large microplastic; 2-1 mm - small microplastic; 1 mm-

350 µm - very small microplastic). Smaller particles were analysed by µ-Raman analy-

sis (see chapter 5.4.4). 
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Figure 20: Analysis of microplastic <350µm. 
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For microplastic microscopic analysis, collected particles were optically analysed under 

a stereo microscope Wild M3Z (Leica Microsystems GmbH, Wetzlar, Germany) at a 

magnification of x6.5 up to x40. This allowed for unequivocal identification of particles 

larger than 350 µm to 5 mm in at least one dimension with the help of a measuring eye-

piece. If possible, the identified particles were allocated to the polymer material accord-

ing to their unique colour.  

5.4.2 Particle number estimation by weight 

Some sample extracts had too high MPP numbers to be counted manually. For these 

samples, an estimation was made by weighing. For each size fraction, the average 

weight per particle was estimated by weighing a defined number of particles (5-10) rep-

resenting the size distribution as best as possible. Total MPP weight of the fraction was 

then used to estimate the total MPP number in the fraction. 

5.4.3 Thermo-gravimetric analysis  

The sample cakes consisting of PE and matrix entanglements were subjected to a ther-

mo-gravimetric analysis in form of an incineration at 600 °C. Organic material under-

goes thermal decomposition under these conditions leaving behind inorganic constitu-

ents. Since we assume that natural organic matter is not present in the sample extracts, 

this fraction represents the amount of plastic material solely, while the inorganic frac-

tion is composed of the sediment matrix. Incineration of weighed sub-samples was con-

ducted in porcelain crucibles, which had been burnt out before adding the sample. 

Combustion of flammable ingredients was performed with a Bunsen burner under a 

fume hood. Complete incineration was then achieved by placing the crucible in a muffle 

furnace at 600 °C for about 2 hours. The remains were cooled down in a desiccator and 

then its weight was determined. The weight of the residue was used to estimate the 

amount of inorganic sand matrix (residue) and plastic material (ignition loss) in the dif-

ferent samples.  

5.4.4 µ-Raman analysis  

The sample cake residue was analysed using µ-Raman analysis to gain insight into the 

number and size distribution of small MP particles not identifiable under a microscope 

(5 µm - 350 µm). The analyses were kindly conducted by an external project coopera-

tion partner (TZW: DVGW-Technologiezentrum Wasser; Karlsruhe). Due to restricted 

capacities during the Corona pandemic, only a limited number of samples could be ana-

lyzed. 

Sample cakes were removed from the filter and suspended in distilled water. The sus-

pension was stirred with a magnetic stirrer to achieve homogeneous distribution. A sub-

sample (2 mg sample weight) was taken with an Eppendorf pipette and vacuum-filtered 

through 25 mm PTFE filters (1-2 µm, sintered, Pieper Filter GmbH) using a stainless 
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steel in-line filter holder (Pall Corp.). The rest of the suspension was subsequently fil-

tered through a cellulose nitrate filter (8 µm) and dried in a desiccator.  

The subsamples were analysed by µ-Raman using a Horiba LabRAM HR Evolution 

system (Horiba Jobin Yvon) equipped with a Syncerity EMCCD camera (Horiba Jobin 

Yvon) and a confocal BXFM-ILHS microscope (Olympus). As µ-Raman analysis is 

very time consuming, two “piece of cake” sections per filter (Schymanski et al., 2021) 

were analysed, which corresponds to approx. 30% of the filter area. Particles were 

measured using the ParticleFinder tool of the software LabSpec (ver. 6, Spectroscopy 

Suite Software, Horiba Jobin Yvon). Measurements were performed using x20 and x10 

magnification in the wavenumber range 50-3300 cm−1. The excitation wavelength was 

532 nm (air cooled solid-state laser kit). 600 gr/mm spectral grating, 50 to 150 μm pin-

hole, 2-3 seconds acquisition time, automatic baseline-correction and 1 accumulation 

were used. For polymer identification, acquired spectra were compared with a spectra 

database using the software TrueMatch (WITec GmbH). Spectra match was manually 

verified by experienced lab personal. The number of polymers detected on the two filter 

sections (“piece of cake”) was subsequently extrapolated to the entire filter. 

These numbers were then extrapolated by an extrapolation factor derived from the pro-

portion of the amount (g) of the subsample to the total amount of sample cake. The fac-

tors ranged from 26 to 450 (see Table 27.) Original sample counts and extrapolated data 

are listed in the appendix (see Table 36 to Table 40, Appendix). 

5.4.5 Sample Treatment - Process diagram 

As discussed in the previous chapters, it was not useful to treat all samples from the 

different experimental setups in the same way. Depending on the outcome of the exper-

iments, different extraction steps, processing and further clean-up were necessary. Also, 

analytical methods applied to characterize the extent of abrasion and fragmentation 

were different. Figure 21 shows an overview of the different treatment schemes applied 

and in Table 11 the treatments are assigned to the different experimental setups (EINP). 

All EFP samples passed process scheme 3 or 4 as the number of plastic fragments pro-

duced was manageable, so clean up steps were not necessary. 
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Table 11: Analysis process for samples from EINP. 

Experimental 
design 

Sediment grain 
size 

Matrix UV-Exposure Process  
number 

Bottle 

Coarse sand 

Beach 
UV irradiated 4b 

Non-UV irradiated 2 

Breakwater 
UV irradiated 4b 

Non-UV irradiated 4c 

Medium sand 

Beach 
UV irradiated 4b 

Non-UV irradiated 2 

Breakwater 
UV irradiated 4a 

Non-UV irradiated 4c 

Wave tub Coarse sand Beach 
UV irradiated 2 

Non-UV irradiated 2 

4 

3 

2

1

No 

4a 

 

No 

4b 

Counting 

/Estimation 

 

Microscopic validation 

Incineration µ-Raman Removal of PE  

entanglements 

Removal of  

fragments  

>350µm 

Sample clean-up 

LDPE completely 

fragmented 

Are there PE 

entanglements? 

Large number of 

fragments 

Countable num-

ber of fragments 

No visible num-

ber of fragments 

Filter cake after extraction: 

Meso- MPP and Sediment 

How do the sample look like? 

Sample residue: 

Sediment and plastic particles <350µm 

Yes 

4c 

Procedure Step Analysis Step Sample State 

Figure 21: Process diagram. The illustrated process starts with the filter cake after the extraction. 

Black boxes show the number of process scheme. 
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Experimental 
design 

Sediment grain 
size 

Matrix UV-Exposure Process  
number 

Breakwater 
UV irradiated 2 

Non-UV irradiated 1 

Medium sand 

Beach 
UV irradiated 2 

Non-UV irradiated 1 

Breakwater 
UV irradiated 2 

Non-UV irradiated 1 

5.5 Evaluation of abrasion and fragmentation  

5.5.1 Visual inspection  

All samples were visually inspected for signs of mechanical stress and abrasion. Objects 

were photographed before the experiments and thereafter and all scratches, abrasion 

traces, cracks and changes of surface roughness were noted. 

To enable the comparison of effects on the investigated objects by the experimental 

conditions, a categorization system based on observed signs of mechanical stress i.e., 

visible signs of fragmentation and abrasion was developed. Samples were categorized 

using several descriptive statements for signs of abrasion and fragmentation (Table 12) 

including the most important observations from chapter 6.1. 

Table 12: Signs of fragmentation and abrasion used for sample categorization. 

Signs for fragmentation  

Sample object is original without breaches F0 

Sample is torn into several fragments F1a 

Original sample shape is still clearly identifiable F1b 

Plastic object is perforated or cracked F2 

Mesoplastic and microplastic fragments have been generated F3 

Signs for abrasion  

Sample shows no visible signs of mechanical stress on the surface A0 

Surface is visibly affected (change in light reflection) A1 

Thickness has measurably decreased A2 

Based on the observations from Table 12 a decision tree (Figure 22) was developed 

resulting in a categorisation of the samples according to their degree of destruction from 

0 (no visible fragmentation or abrasion was observed) to 5 (the sample was fragmented 

into meso- and microplastics), henceforth referred to as the destruction category. Since 

abrasion and fragmentation often occur simultaneously, the system considers both pro-

cesses. 

This categorization system, however, does not consider different levels of abrasion. 

Thus, an additional classification of abrasion was introduced ranging from 0 (no abra-
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sion) to 2 (strong abrasion) based on surface texture damages like scratches and asperi-

ties which affects the surface haze. Figure 23 exemplary shows the three stages of abra-

sion as observed for a PS cup sample. For all samples that allowed for thickness meas-

urements of the object before and after exposure, this information was used for confir-

mation. 

Figure 22: Decision tree for classification of samples into destruction categories. 

Yes, there are 

only signs of 

abrasion on the 

surface? 

Category 1 

 

Yes, object perfo-

rated or cracked; 

Visible plastic 

fragments were 

formed? 

No, fragmentation 

had occurred; 

Degree of fragmen-

tation? 

No 

Category 

2 

Yes 

Category 

3 

Large frag-

ments domi-

nate 

Category 4 

Me-

so/Microplastics 

dominate 

Category 5 

Object visi-

bly affected? 

No 

Category 0 

Yes, 

Shape of object per-

sists? 
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Figure 23: Example of PS cup samples in the three different abrasion categories. Red sample: 

Abrasion category 0; Purple sample: Abrasion category 1; Yellow sample: Abrasion category 2. 

5.5.2 Sample thickness 

Material thickness of selected sample objects was measured with a digital Digimatic 

CD-15CPX calliper from Mitutoya (Japan) with a resolution of 0.01 mm. The average 

value from three aliquots (1 cm x 1 cm) of each sample was determined. 

Samples were selected for their signs of surface abrasion. A distinction was made be-

tween high, medium or low level of abrasion (Table 13). 

Table 13: Selected samples for thickness analysis. 

Sample 
type 

Experimental 
design 

Sediment grain 
size 

Matrix UV-Exposure Level of 
abrasion 

PET BE Medium Sand Beach UV Low 

PET WTE Medium Sand Beach UV Low 

PET BE Coarse Sand Breakwater Non-UV High 

PS BE Coarse Sand Beach Non-UV Low 

PS WTE Medium Sand Beach UV Low 

PS BE Medium Sand Breakwater UV High 

5.5.3 Sample surface analysis 

For the evaluation of the destruction level of the sample surface by abrasion, a scanning 

electron microscope (SEM) analysis was performed for selected objects (HDPE cap, PS 

cup and PET bottle samples). This method delivers surface images from a focused elec-

tron beam. The surface is scanned in a raster pattern leading to spatial representations of 

the sample morphology. The microscopic principle is easy: High energy electrons hit 

the sample and interact with sample atoms at various depths within the sample produc-

ing so-called secondary electrons (backscattered electrons) and characteristic X-rays, 

which are detected and displayed on a computer screen. Its high resolution makes SEM 

useful for the analysis of microplastic generation from plastic debris (Schwaferts et al., 

2019). 
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A high vacuum SEM (Joel JSM-IT 200, JEOL GmbH) with a 10kV electron accelerat-

ing voltage and a 30° sample tilt was used. Sample preparation was conducted as fol-

lowing: About 1 cm x 0.5 cm sample parts were transferred onto a conductive and adhe-

sive carbon tape mounted on an aluminium SEM sample holder. Before introducing the 

samples in the high vacuum chamber, they were sputter-coated with gold to make the 

plastic electrically conductive preventing accumulation of electrostatic charge. 

Sample-selection was made based on the visually evaluated level of destruction (Table 

14) categorized into high, medium and low level. 

Table 14: Selected samples for SEM. 

Sample 
type 

Experimental 
design 

Sediment grain 
size 

Matrix UV-Exposure Level of de-
struction 

HDPE BE Coarse Sand Beach UV High 

HDPE WTE Medium Sand Beach UV Low 

PET BE Coarse Sand Breakwater Non-UV High 

PET BE Medium Sand Beach UV Medium 

PET WTE Coarse Sand Breakwater Non-UV Low 

PET WTE Medium Sand Beach UV Low 

PS BE Medium Sand Breakwater UV High 

PS WTE Medium Sand Beach UV Low 

5.5.4 Cluster analysis  

To divide a set of objects into homogeneous groups (clusters) a cluster analysis can be 

performed. Objects in a cluster should be more similar in selected properties to each 

other than to objects in other clusters. Resulting clusters can highlight the influence of 

test parameters (experimental design, sediment grain size, matrix condition, UV irradia-

tion) by grouping samples/objects together due to their signs of fragmentation and abra-

sion. 

Cluster analysis is not a direct procedure, but a collective term for statistical procedures 

that allow for structuring a data set by assigning individual samples to groups. There are 

numerous clustering models (connectivity model, centroid model etc.) available using 

different algorithms and proximity measures for discovering a cluster structure. The 

success of the application depends on the appropriate combination of data and model 

(Wiedenbeck, 2010). Here, the connectivity model “Hierarchical clustering” was used 

since the aim of the process is to create groups of objects with similar signs of fragmen-

tation and abrasion. Hierarchical clustering can be divided in agglomerative (Ward, 

Complete Linkage, Single Linkage etc.) and divisive algorithms. While agglomerative 

algorithms start with the number of examined objects, divisive algorithms group objects 

by division of a totality into groups (Backhaus et al., 2016). The choice of the proximity 

measure is dependent on the scale of measure of the variables (Finch, 2021; Tzeng et 

al., 2009). A distinction is made between similarity (Dice, Simple match, Jaccard etc.) 
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and distance measures (Euclidean distance). The former reflects the similarity between 

two objects, the second measures the dissimilarity between two objects. Here, data 

grouping is based on binary variables and the similarity between the objects is sought. 

Hierarchical cluster analyses via SPSS (IBM SPSS statistic 26) were conducted with 

binary variables (0 and 1; absence or presence) for the selected properties for each sam-

ple type and for all samples together. A complete linkage algorithm with the simple 

matching coefficient (M-coefficient) as proximity measure was applied. A single link-

age algorithm was used to identify outliners to which the complete linkage algorithm is 

susceptible. The seven included variables, which are based on visual signs of abrasion 

and fragmentation of the samples, are listed in Table 15. An overview of the data for all 

sample objects is shown in Table 41 in the appendix. Resulting dendrograms are ana-

lysed for clusters and connections between the investigated parameters (Figure 60). 

Table 15: Separating variables of the cluster analysis. 

Variables for cluster analysis Number 

Sample is visibly affected 1 

Original sample shape is destroyed 2 

Surface haze 3 

Plastic object is perforated or cracked 4 

Mesoplastic particles (5 mm-25 mm) emerged 5 

Large MPP (1 mm-5 mm) emerged 6 

Small MPP (<1 mm) emerged 7 

5.5.5 Fragmentation model approaches 

The particle size distribution (PSD) of plastics in our ecosystem plays a key role in the 

definition of effective measures for removal of plastics from our environment. The 

smaller the particles are, the more difficult it is to clean the marine ecosystem from the 

plastic particles. Modelling the size distributions of MPP may help to understand 

sources, transport pathways and accumulation sinks in natural water bodies. Such a 

model could also help to overcome the problem of insufficient comparability of MPP 

exposure data between different studies applying different sampling procedures and 

analytical methods.  

To date, only few studies on the use of models in this research field are existing. A 

promising approach for modelling the size distribution of plastic particles in a sample or 

a compartment has been published by Kooi and Koelmans (2019). They adopted the 

well-known power law (Bader, 1970; Patterson et al., 1999) to describe particle size 

distributions in environmental samples. 

𝑁(𝑑 ≥ 𝑙) =  𝐾 ∗ 𝑙−𝛼      (𝑃1) 
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With N as number of particles larger than particle size l, K as scaling factor (K >0) and 

alpha (α) as exponential growth factor (α >0). α as the exponent of the power law func-

tion has an influence on the slope of the function. 

This equation describes the particle size distribution in systems where milling or frag-

mentation processes induced particle breakdown into smaller pieces. It represents the 

exponential increase in total number of smaller particles by fragmentation. The more 

fragmented the original objects are, the more pronounced the sum function is shifted to 

lower particles. 

Equation P1 describes the cumulative number of particles with respect to the minimum 

size l. It can thus be directly used to estimate the total number of particles within a de-

fined size category 𝐺 = {𝑙 ∈ ℝ| 𝑙1  ≤ 𝑙 < 𝑙2} 

𝑁𝐺 = 𝑁(𝑑 ≥ 𝑙1) − 𝑁(𝑑 ≥ 𝑙2) = 𝐾 ∗ (𝑙1
−𝛼 − 𝑙2

−𝛼)      (𝑃2) 

Another formulation of the power law is given by equation P3 where again l constitutes 

the particle size; A is the scaling factor and β the exponential growth factor. 

𝑑𝑁

𝑑𝑙
=  𝐴 ∗ 𝑙−𝛽       (𝑃3) 

This equation represents the negative slope of the sum function, because total particle 

number N decreases with increasing (exclusion) size. Equation P3 is thus equivalent to 

the derivative of equation P1 with A = -(α * K) and β = α +1. Note that since α and K 

are positive numbers, the new scaling factor A must be negative. 

Observations of particle size distributions in the environment can be best fitted with 

equation P2, when the particle numbers of sufficient size categories G have been count-

ed. Kooi and Koelmans (2019), however, have chosen an approach, where equation P3 

is used as an approximation. In this case, the local derivative at the mean of the size 

class is interpreted in terms of average slope. Important pre-requisites for application of 

this approximation to environmental data, is that the size class borders are on a loga-

rithmic scale and due to the exponential relationship of slope with size, the size class 

widths have to be reasonably small. In how far this pre-requisite is fulfilled by existing 

datasets as used by Kooi and Koelmans (2019) is at least debatable. 

Since environmental data are reported for relatively large size class categories often 

defined by practical restrictions (e.g. sampling equipment), in this thesis all size distri-

bution data are directly fitted to equation P2. Parameter fitting of α and K was per-

formed using an iterative optimisation method minimizing the sum of squared residues 

(SSR) between observation (Nobs) and prediction (Npre) (equation P4). 

𝑆𝑆𝑅 = ∑(𝑁𝑜𝑏𝑠 − 𝑁𝑝𝑟𝑒)²      (𝑃4)  

For practical reasons, the evaluation of the experiments allowed only particle counts for 

relatively broad size categories and a minimum size of 350 µm (5 cm / 2.5 cm / 0.5 cm / 



5 Materials and Methods 65 

0.2 cm / 0.1 mm / 0.035 mm). Only for a few selected experiments, particle numbers for 

smaller size classes were available from µ-Raman analysis. Here, the SSR of the loga-

rithmic values is minimised since in these cases the particle numbers in the individual 

size classes differed by orders of magnitude introducing a bias towards the smaller size 

classes with extremely high numbers in the optimization step. 

𝐿𝑜𝑔(𝑁𝐺) = 𝐿𝑜𝑔(𝐾 ∗ (𝑙1
−𝛼 − 𝑙2

−𝛼))      (𝑃5.1) 

𝐿𝑜𝑔(𝑁𝐺) = 𝐿𝑜𝑔 (𝐾) + 𝐿𝑜𝑔(𝑙1
−𝛼 − 𝑙2

−𝛼)      (𝑃5.2)     

However, in these experiments, abrasion was most likely the main process, which is not 

consistent with the power law. Unusual high particle numbers in the small size classes 

are thus an indicator that besides fragmentation also abrasion had occurred. The model 

will most likely fail to describe the observed particle size distribution. In this way, the 

model can be used to distinguish between fragmentation and abrasion processes. 

For statistical analysis of the goodness-of-fit, the dimensionless efficiency coefficient 

(NSE-value) introduced by (Nash & Sutcliffe, 1970) for hydrological models was addi-

tionally calculated (Ritter & Muñoz-Carpena, 2013). 

𝑁𝑆𝐸 = 1 −  
∑(𝑁𝑝𝑟𝑒 − 𝑁𝑜𝑏𝑠)²

∑(𝑁𝑜𝑏𝑠 − 𝑁𝑜𝑏𝑠
̅̅ ̅̅ ̅̅ )2

      (𝑃6)  

with Nobs and Npre as the observed and predicted numbers of MPP and 𝑁𝑜𝑏𝑠
̅̅ ̅̅ ̅̅  as the mean 

of the observed numbers. The denominator gives the total variance of the observations 

and the enumerator represents the remaining variance not explained by the model. Full 

agreement between prediction and observation was achieved at NSE = 1 (no remaining 

variance). Negative values suggest, “that the mean of the observed values is a better 

predictor than the evaluated model itself” (Ritter & Muñoz-Carpena, 2013). 
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6 Results and Discussion 

6.1 Visible analysis 

Mechanical stress can lead to different states of destruction depending on the sample 

type and experimental conditions. In the following chapter, visible signs of destruction 

are described separately according to the four sample types, considering the experi-

mental conditions. 

6.1.1 PET bottles 

250 mL PET bottles (height: 20 cm) had been selected as representative sample. The 

wall thickness was measured to be 350 µm. Results of the visual inspection are shown 

in Table 16 and Table 18 separated in bottle and wave tub experiments. 

Table 16: Categorisation results of PET bottle samples exposed in bottle experiments. 

Experimental 
design 

Sediment 
grain size 

Matrix UV Exposure Destruction 
Category 

Abrasion 
Category 

Bottle 

Coarse 
sand 

Beach 
UV irradiated 3 1 

Non-UV irradiated 3 1 

Breakwater 
UV irradiated 3 1 

Non-UV irradiated 3 1 

Medium 
sand 

Beach 
UV irradiated 3 1 

Non-UV irradiated 2 1 

Breakwater 
UV irradiated 3 1 

Non-UV irradiated 3 1 

Effects of mechanical stress were much more pronounced in the bottle experiments 

(BE) than in the aquarium. Moderate abrasion of the sample bodies was observed for all 

samples (abrasion categories 1). Fragmentation had also occurred recognizable from the 

perforations (Figure 24). Holes at the bottleneck and the base with uneven edges indi-

cating that material cracking leads to their expansion and the formation of plastic frag-

ments (Figure 24a, Table 17). In addition, some holes were formed, that exhibited 

smooth edges (Figure 24b) indicating that abrasion leads to material removal resulting 

in sample perforation. Based on these observations the samples were classified in de-

struction category 2 or 3, respectively. 
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Figure 24: Effects of mechanical stress detected by PET bottle samples exposed in BE. 

Thickness measurements and SEM images were taken in regions with increased surface 

haze (Figure 24a) and next to the perforated regions (Figure 24b). Thickness had de-

creased by up to 50 µm (16%) proving that material removal took place in regions 

where the surface haze was increased. Next to perforation holes, thickness decrease was 

even higher (150 µm corresponding to 40%). This large material loss by abrasion weak-

ened the molecular structure making the bottle partly fragile. Most likely, this was the 

trigger for the subsequent perforation.  

Table 17: Number of meso- and microplastic PET bottle particles formed in bottle experiments. 

Experimental 
design 

Sediment 
grain size 

Matrix UV-Exposure 2.5 cm- 
5 mm 

5 mm- 
2 mm 

2 mm-
1 mm 

1000 µm-
350 µm 

Total 

Bottle 

Coarse 
sand 

Beach 
UV irradiated 1 4 6 3 14 

Non-UV irra-
diated 

0 2 1 0 3 

Breakwater 
UV irradiated 5 114 22 100 240 

Non-UV irra-
diated 

9 142 10 200 376 

Medium 
sand 

Beach 
UV irradiated 1 4 3 6 14 

Non-UV irra-
diated 

0 0 0 0 0 

Breakwater 
UV irradiated 25 78 31 1 135 

Non-UV irra-
diated 

4 37 119 58 218 

PET bottles were only little smaller than the 3 L glass bottles leading to many collisions 

of the PET bottles with the inner walls of the glass bottles during the experiment. This 

repeatedly occurring mechanical collision stress must be seen as another reason for the 
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observed fragmentation. Since all PET samples exposed in bottle experiments showed 

the same degree of destruction, an influence of sample matrix, sediment grain size and 

UV irradiation could not be identified. However, numbers of MPP formed during expo-

sure may give a deeper insight (Table 17). Generally, it was difficult to detect PET bot-

tle particles visibly because of their transparency. Numbers clearly indicate that expo-

sure under breakwater conditions result in a higher number of fragments than under 

beach conditions (Figure 25). In the sand/water matrix, the samples seem to be exposed 

to higher collision forces.  

 

Figure 25: Particle size distribution of non-UV irradiated PET bottle samples exposed in BE 

under different experimental conditions. The y-axis is log-scaled. 

In the wave tub experiments (WTE), no fragmentation of the samples was observed at 

all. They were thus classified in destruction category of 0 or 1, respectively (Table 18). 

Table 18: Categorisation results of PET bottle samples exposed in WTE. 

Experimental 
design 

Sediment 
grain size 

Matrix UV-Exposure Destruction 
Category 

Abrasion 
Category 

Wave tub 

Coarse 
sand 

Beach 
UV irradiated 1 1 

Non-UV irradiated 1 1 

Breakwater 
UV irradiated 1 1 

Non-UV irradiated 0 0 

Medium 
sand 

Beach 
UV irradiated 1 2 

Non-UV irradiated 1 2 

Breakwater 
UV irradiated 0 0 

Non-UV irradiated 0 0 

Almost all samples exposed to breakwater conditions were not visibly affected (destruc-

tion category 0) without visible fragments being formed. Only one UV-irradiated sam-

ple exhibited increased surface haze (category 1). Probably, direct contact of the bottle 
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with the sand layer was reduced by the water leading to less friction stress for the sam-

ples. 

The surface texture of samples exposed to beach conditions showed signs of moderate 

abrasion (Figure 26). Two bottles exposed to medium sand (beach setup) were stronger 

affected with circular traces of abrasion around the bottleneck and the base (Figure 26; 

red arrows). 

 

Figure 26: Effects of mechanical stress detected by PET bottle samples exposed in WTE. 

Friction stress during the experiment could have been concentrated here if the bottles 

were always moved in the same direction over the sand. This highlights that random 

factors play a role for the extent of abrasion of plastic objects in the environment mak-

ing general predictions of their fate almost impossible. SEM images of the surface of 

the virgin bottle and objects from different experiments with different stages of surface 

impairment confirm the influence of the boundary conditions (Figure 27).  

Original PET bottles had a smooth surface making the recording of a SEM image diffi-

cult since the camera needed a focus point. Only some small grooves could be observed 

(Figure 27a, magnification x170). 

Figure 27b shows a sample with increased surface haze from BE. The surface texture 

exhibited linear flat grooves with flaked edges, and deeper and longer fractures. The 

whole sample was also covered with small curvy grooves. In addition to wide grooves, 

small and flat impact sites, so-called pits (Cooper, 2012), probably caused by sediment 

particles heavily hitting the plastic surface were also observed. Pits might be caused by 

ploughing, as surface asperities can result from squeezed layers of material due to the 

hitting forces of sediment particles. In comparison, the surface of the sample cut out 

next to a perforated area was completely covered with curved grooves of varying depths 

(Figure 27c). The surface was fissured with long, deep fractures. These observations of 

surface texture damage along with a reduction in thickness support the assumption that 

perforation is induced by abrasion will generate small microplastic particles. 
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                                             a 

 
b 

 

c 

 
d 

 

e 

 

Figure 27: SEM images of PET bottle samples (magnification x170). The original PET surface (a) in 

comparison to samples exposed in BE with abrasion category 1 (b and c) and from WTE with abrasion 

category 1 (d) and category 2 (e). 

Samples from WTE exposed under beach conditions exhibited long linear fractures in 

different directions (Figure 27d). Wide grooves of about 25 µm indicate dragging of 

sediment particles along the plastic surface. The picture also confirms that adherence of 
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(sand) particles to the surface occurs. SEM images of the circular abrasion area (see Fig. 

26) supports the visible categorization into abrasion category 2. Surface texture was 

much more spoilt showing curved grooves of different depth (Figure 27e). The surface 

texture of the sample was fissured proving a more effective abrasion.  

In conclusion, PET bottles showed signs of abrasion under all experimental conditions, 

while fragmentation occurred only in the bottle experiments. The 30 days exposure 

time, however, was not long enough to lead to a complete breakup of the bottles. 

6.1.2 HDPE caps  

PET drinking bottles are often equipped with PE caps consisting of high-density poly-

ethylene (HDPE). If such drinking bottles enter the environment by littering, the caps 

are often still screwed on the bottle. Thus, PE caps (height:1 cm; diameter: 3 cm) were 

exposed in the experiment together with the PET bottles. There, the bottles oriented 

themselves horizontally in the shaking vessels reducing the contact time with the sedi-

ment and thus the friction stress of the caps.  

HDPE caps were visibly affected in almost all experiments mainly due to abrasion in 

form of scratches on the surface. (Figure 28, Figure 29). Table 19 (BE) and Table 20 

(WTE) summarize the observations of the 16 experiments. 

Table 19: Categorisation results and total number of meso- and microplastic of HDPE cap sam-

ples exposed in BE. 

Experimental 
design 

Sediment 
grain size 

Matrix UV-Exposure Destruction 
category 

Abrasion 
category 

Total 
number 
of parti-

cles 

Bottle 

Coarse 
sand 

 
Beach 

UV irradiated 1 1 0 

Non-UV irradiated 1 1 2 

Breakwater 
UV irradiated 4 2 526 

Non-UV irradiated 4 2 322 

Medium 
sand 

Beach 
UV irradiated 1 1 0 

Non-UV irradiated 1 1 0 

Breakwater 
UV irradiated 4 2 213 

Non-UV irradiated 4 2 286 

In the bottle experiment, fragmentation and material shrinkage occurred under breakwa-

ter conditions resulting in an emergence of meso- and MPP (destruction category 4; 

Figure 28), whereas in the beach setup only surface abrasion was observed (destruction 

category 1). Samples exposed under breakwater conditions also exhibited a higher abra-

sion (abrasion category 2) in comparison to samples exposed under beach conditions 

(abrasion category 1). This indicates that breakwater conditions support abrasion pro-

cesses. 
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Figure 28: Effects of mechanical stress detected by PE cap samples exposed in BE. 

In WTE, the samples were visibly less affected and fragmentation did not occur (Table 

20). 

Table 20: Categorisation results of HDPE cap samples exposed in WTE. 

Experimental 
design 

Sediment 
grain size 

Matrix UV-Exposure Destruction 
category 

Abrasion 
category 

Wave tub 

Coarse 
sand 

 
Beach 

UV irradiated 1 1 

Non-UV irradiated 1 1 

Breakwater 
UV irradiated 0 0 

Non-UV irradiated 0 0 

Medium 
sand 

Beach 
UV irradiated 1 1 

Non-UV irradiated 1 1 

Breakwater 
UV irradiated 0 0 

Non-UV irradiated 0 0 

Samples exposed under breakwater conditions were not affected (destruction category 

0, Figure 29a). This indicates that the samples did not have contact with sediment parti-

cles due to their position on the bottle neck, so abrasion did not occur. Meso- and MPP 

were not observed (Table 35, appendix). Under beach conditions, all samples exhibited 

surface scratches (destruction category 1; Figure 29b) independent from the experi-

mental design. The size of the matrix particles and the previous UV irradiation did not 

seem to have any influence. 

 

Figure 29: Effects of mechanical stress detected by PE cap samples exposed in WTE. 
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Comparisons in surface texture between cut out sample parts with abrasion category 1 

and 2 classifications were made using SEM images. Surface structure of original HDPE 

samples exhibited a characteristic pattern. Figure 30a (magnification x270) shows the 

wavy structure in irregular smooth partitions extending over the entire sample area. 

Samples classified in abrasion category 1 showed the same wavy patterns on the sur-

face, but elevation edges lost their smoothness and were sharper (Figure 30b). In addi-

tion, deep elongated troughs and deep scratches or linear fractures appeared making the 

texture pattern more irregular. Destruction of the surface was even more pronounced for 

samples with an abrasion category 2 classification (Figure 30c). The original wavy sur-

face texture was no longer recognizable. No linear fractures appear, but curvy grooves 

of different depth emerged. Furthermore, the surface seems to be brittle. This indicates 

that the upper surface layer was almost completely removed by experimental procedure. 

a

 

b

 
                                             c 

 

Figure 30: SEM images of HDPE samples (magnification x270). The original HDPE surface (a) in compar-

ison to samples with abrasion category 1 (b) and category 2 (c) classifications. 

Due to their compact shape and material thickness, the caps are more resistant against 

mechanical stress so fragmentation played a minor role. However, during the 30 day-
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exposure, the material was obviously sufficiently weakened, e.g. by abrasion, so that it 

can break under certain conditions with strong collision energy. 

6.1.3 PS cups 

Commercial PS yoghurt cups (h: 4.5 cm; d: 3 cm) with a polymer wall thickness of 

0.18 mm were selected as samples. Depending on the experimental design, PS cups 

showed signs of abrasion and fragmentation from destruction category 0 to 5 (Table 21 

and Table 23). 

 

 

It is assumed that HDPE caps collide more often with the inner walls of the glass 

bottle when fixed on the PET bottle compared to motile single caps.  

To check this assumption, BE under breakwater conditions were repeated with 

single PE caps not screwed onto the bottles. Observed destruction was much less 

than for caps screwed onto the PET bottles (Figure 31). Moving freely protected 

the samples from hard collisions with the glass wall so that only abrasion was ob-

served (scratched surface). This experiment highlights, that mechanical collisions 

with hard materials increase the destruction level of plastic debris significantly.  

 

Figure 31: PE cap samples after exposing to similar breakwater -BE. Sample was screwed 

onto PET bottles during experiment (left side) or motile in the 3L glass bottle (right side). 

 

Box 1 

 Does the position of the HDPE cap during the experiments affect  

fragmentation processes? 
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Table 21: Categorisation results of PS cup samples exposed in BE. 

Experimental 
design 

Sediment 
grain size 

Matrix UV-Exposure Destruction 
Category 

Abrasion 
Category 

Bottle 

Coarse 
sand 

Beach 
UV irradiated 4 2 

Non-UV irradiated 3 2 

Breakwater 
UV irradiated 5 2 

Non-UV irradiated 5 2 

Medium 
sand 

Beach 
UV irradiated 4 2 

Non-UV irradiated 3 2 

Breakwater 
UV irradiated 3 2 

Non-UV irradiated 3 2 

In the bottle experiments, samples were generally more destructed exhibiting perfora-

tions and longitudinal cracks. Half of the samples fragmented into macroplastics (Figure 

32c) and/or formed a large number of long shaped meso- and microplastics (Figure 

32d). It is assumed that the form of the fragments was caused by the longitudinal cracks, 

which can extend over the whole sample body before splitting (Figure 32c). All BE 

samples showed strong abrasion (class 2), which weakened the structure of the plastic 

object and eventually led to fragmentation. This was corroborated by the observation 

that holes in the cups were surrounded by white edges, where the coloured layer was 

already abraded (Figure 32a and b). The perforation of the samples occurred due to the 

smaller thickness of the walls, which was proven by a thickness measurement (Figure 

32a) that showed that the thickness was reduced by about 100 µm (56%). Since thick-

ness measurements were performed next to the perforated regions (red square) a thick-

ness decreases of around 55% down to less than 0.1 mm is necessary before perforation 

of the cup starts. 

Figure 32: Effects of mechanical stress detected by PS cup samples exposed in BE. 
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Under beach conditions, UV irradiated PS cups fragmented into many large micro- and 

mesoplastics, whereas non-UV irradiated samples exhibited perforation but kept their 

cup shape. This supports the assumption that UV irradiation weakens the sample struc-

ture and facilitates fragmentation; PS cups seemed to be more affected than PET bottles 

or HDPE bags. Under breakwater conditions, no effect of UV irradiation was observed. 

It was also notable that in the breakwater experiment non-UV irradiated samples formed 

more particles than UV irradiated samples (Table 22), which hints an overlying effect of 

collision frequency and strength. 

Table 22: Number of meso- and microplastic PS cup particles formed in bottle experiments. 

Experimental 
design 

Sediment 
grain size 

Matrix UV- 
Exposure 

>2.5cm 2.5cm- 
5mm 

5mm- 
2mm 

2mm-
1mm 

1000µm-
350µm 

Total 

Bottle 

Coarse 
sand 

Beach 

UV irra-
diated 

10 148 70 142 136 506 

Non-UV 
irradiated 

0 7 36 29 10 82 

Breakwater 

UV irra-
diated 

0 10 10 206 1900 2126 

Non-UV 
irradiated 

0 47 26 700 5900 6673 

Medium 
sand 

Beach 

UV irra-
diated 

8 180 204 245 300 937 

Non-UV 
irradiated 

0 6 40 68 96 210 

Breakwater 

UV irra-
diated 

0 2 29 14 1 46 

Non-UV 
irradiated 

0 0 48 109 42 199 

Under breakwater conditions, both samples in experiments with coarse sand fragmented 

into small MPP (destruction category 5), whereas in experiments with medium sand 

samples were only cracked and perforated (destruction category 3). This indicates that 

larger sand particles may support MP destruction under breakwater conditions. 

PS cups exposed in WTE showed no signs of destruction or fragmentation (Table 23). 

Table 23: Categorisation results of PS cup samples exposed in WTE. 

Experimental 
design 

Sediment 
grain size 

Matrix UV-Exposure Destruction 
Category 

Abrasion 
Category 

Wave tub 

Coarse 
sand 

Beach 
UV irradiated 0 0 

Non-UV irradiated 0 0 

Breakwater 
UV irradiated 2 1 

Non-UV irradiated 0 0 

Medium 
sand 

Beach 
UV irradiated 3 1 

Non-UV irradiated 0 0 

Breakwater 
UV irradiated 0 0 

Non-UV irradiated 0 0 
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Only 2 of 8 samples exhibited signs abrasion and fragmentation in form of cracks with 

the glossy coating being faded and only a low number of emerged MPP (<15 particles 

in total). Both affected samples were UV irradiated before experiments, indicating a 

weakening effect of UV irradiation. However, since they do not have any other experi-

mental parameter in common, one was exposed under breakwater conditions in coarse 

sand and the other under beach conditions in medium sand, an explanation for their de-

struction is almost impossible to find. The thickness of one sample was measured 

(Figure 33 b, red square). It decreased about 20 µm (11%). Since the colour of this sam-

ple was still visible, it is assumed that the shiny layer which coated the PS cups was at 

least 20 µm thick. The other samples were not affected by the experiments (Figure 33a). 

 

Figure 33: Effects of mechanical stress detected by PS cup samples exposed in WTE. 

The surface of the original PS cup sample was very smooth which made the recording 

of a SEM image challenging, since the camera needed a focus point. Nevertheless, fine 

scratches were observable caused by transport and storing processes during lifetime. 

Also, a few small particles (<50 µm) and some fibres adhere to the surface probably due 

to air pollution (Figure 34a, magnification x170).  

As described earlier, abrasion of the samples led to thickness reduction, followed by 

perforation and finally fragmentation due to cracking. Sample surfaces from samples 

where only the glossy coating was reduced, exhibited lots of cracks, scratches and 

grooves, probably caused by dragging sand particles over the plastic surface (Figure 

34b). The damages of the surface proved a change in gloss since the reflection of the 

light of smooth surfaces is focused and thus more radiant. A grid of flat linear and cres-

cent fractures covered the whole sample. Cooper (2012) described these kinds of tex-

tures as an “early indication of stresses occurring on particles which have been embrit-

tled through photooxidative processes”. Since this sample was exposed to UV irradia-

tion before experiments this kind of surface damage is conceivable. 

The surface texture of samples where the colour was already abraded, showed less deep 

relatively wide grooves and scratches (Figure 34c). Additionally, it was covered with 
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small curvy grooves (<5 µm) of different depth making it uneven. Furthermore, dark 

shadowed areas were visible, where the surface edges of the elevations were smoother 

but of the same depth (Figure 34d, magnification x4500). This could be an effect of 

ploughing rather than abrasion with the dark area resulting from material squeezed by 

sediment grains. Although the sample was also UV irradiated no grid of fractures was 

observed explainable by the loss of the outer sample layer due to friction. 

a 

 

b 

 
c 

 

d 

 

Figure 34: SEM images of PS cup samples (magnification x170) a) original sample, b) samples with re-

duced glossy coating and c) samples with abraded colour. d) shows the dark shadowed area with a magni-

fication of x4500. 

The PS cup is due to its hollow form and thin walls susceptible to abrasion leading to 

loss of thickness and subsequent fragmentation. Especially collisions with hard materi-

als supports the fragmentation process. 

Based on the observations, a fragmentation process for PS cups was developed (Figure 

35). Depending on the test conditions, fragmentation starts after initial weakening by 

abrasion and/or other processes (UV). The cups initially break into large pieces (macro-

plastic) starting at the bottom of the cup, which forms a weak point due to the cup pro-

duction process. Cups were form by injection moulding which means that the melted PS 
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foil is injected directly into a custom mould. As a consequence, the kink between the 

ground and the body is structurally weak. As a result, larger fragments were formed 

along the lateral cup surface often showing additional longitudinal cracks. These frag-

ments break down into smaller long-shaped particles. Smaller fragments break off from 

the fragment edges and finally microplastics will emerge. 

 

Figure 35: Theoretical fragmentation of a PS yoghurt cup. 

6.1.4 LDPE bags  

Transparent LDPE carrier bags (21 cm x 47 cm, 0.01 mm thick) from the supermarket 

were selected as samples.  

LDPE bags exhibited higher destructions in form of perforation up to completely frag-

mentation into meso- and microplastics in comparison to the other sample types. It is 

assumed that the low thickness and the flexibility of the bags played an important role 

here. 

 

d

dd
d
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Observations show that LDPE bag samples exhibited two damage patterns: 

1. Samples did not fragment, the original shape was kept, abrasion and perforation oc-

curred 

2. Samples fragmented a) in macroplastic particles, countable 

b) in meso- and microplastics, particles build inseparable en-

tanglements (Figure 36a and b) 

c) in microplastics, particles were to small and numerous to 

count (Figure 36c and d) 

Since counting of fragments was almost impossible for the PE samples from damage 

pattern 2b and c, the fraction of PE in the sample cake after extraction was estimated via 

thermogravimetric analysis. 

 

Figure 36: Fragmentation pattern of LDPE bag samples. In a and b (magnification of x25) sam-

ple cakes from LDPE bags with damage pattern 2b are shown. C and d (magnification of x25) 

show sample cakes from samples with damage pattern 2c.  

Table 24 shows the categorisation of LDPE bag samples in destruction and abrasion 

categories exposed in BE. In addition, the damage patterns were listed. 

UV irradiated samples fragmented completely into microplastics. UV irradiation seems 

to severely weaken the structure of the LDPE bags and make them brittle. Collisions 

subsequently lead to fragmentation of the samples. Emerged microplastics were too 
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numerous to count (damage pattern 2c). The colour of the particles changed from trans-

parent to greyish/brownish depending on experimental conditions (Figure 36). 

Table 24: Categorisation results of LDPE bag samples exposed in BE. 

Experimental 
design 

Sediment 
grain size 

Matrix UV-Exposure Destruction 
Category 

Abrasion 
Category 

Damage 
pattern 

Bottle 

Coarse 
sand 

Beach 
UV irradiated 5 2 2c 

Non-UV irradiated 3 2 1 

Breakwater 
UV irradiated 5 2 2c 

Non-UV irradiated 4 2 2b 

Medium 
sand 

Beach 
UV irradiated 5 2 2c 

Non-UV irradiated 3 2 1 

Breakwater 
UV irradiated 5 2 2c 

Non-UV irradiated 4 2 2b 

Non-irradiated samples, when exposed under beach conditions, were crumpled with 

wrinkled surfaces (Figure 37b and c). Crack formation and tearing was observed (Figure 

37a and c) leading to smooth edged tears, tattering (Figure 37a and d) and the formation 

of long shaped macro- and mesoplastic fragments (in destruction category 3; damage 

pattern 1). Whereas non-irradiated PE bags exposed under breakwater conditions frag-

mented with a dominating number of long shaped mesoplastic particles leading to plas-

tic entanglements in which sand as well as other material particles got caught (Figure 

36a; damage pattern 2b). 

 

Figure 37: Effects of mechanical stress detected by unbroken LDPE carrier bag samples. 
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In WTE, the bag samples exhibited also relative high signs of fragmentation shown in 

Table 25. 

Table 25: Categorisation results of LDPE bag samples exposed in WTE. 

Experimental 
design 

Sediment 
grain size 

Matrix UV-Exposure Destruction 
Category 

Abrasion 
Category 

Damage 
pattern 

Wave tub 

Coarse 
sand 

Beach 
UV irradiated 3 1 1 

Non-UV irradiated 3 1 1 

Breakwater 
UV irradiated 4 2 2a 

Non-UV irradiated 2 2 1 

Medium 
sand 

Beach 
UV irradiated 3 2 1 

Non-UV irradiated 2 2 1 

Breakwater 
UV irradiated 4 2 2a 

Non-UV irradiated 2 2 1 

The samples were less damaged overall compared to samples exposed in BE, but the 

same trends can be seen regarding to UV irradiation and matrix conditions. Under 

breakwater conditions, UV irradiated samples fragmented into large rectangular formed 

macroplastics (damage pattern 2a; Figure 37d) whereas non-irradiated samples exhibit-

ed tears and perforation (destruction category 2; damage pattern 1). Under beach condi-

tions, samples were only torn and perforated, but fragmentation did not occur (damage 

pattern 1). 

Visual determined surface abrasion of the samples exposed in BE and WTE was in the 

same range. It led to a loss of shine and increased surface haze resulting in a classifica-

tion of all samples in abrasion category 2 (Figure 38b and d). The samples were opaque 

and the surface haze was further enhanced by small sharp wrinkles. Only two samples 

showed less signs of abrasion than all other samples (Figure 38a and c). They were ex-

posed in WTE under beach conditions with coarse sand. The surface was less opaque in 

comparison to corresponding samples leading to an abrasion category 1 classification. 
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Figure 38: Comparison between LDPE bag sample with abrasion category 1 (a and b) and with 

abrasion category 2 classifications (b and c). C and d are magnified with x25. 

Thermogravimetric analysis of the different filter cakes from LDPE bag fragmentation 

experiments should allow a rough estimation of the amount of LDPE fragments or MPP 

in the entanglements and in the non-separable mixtures of LDPE bag MPP and sand 

particles. Since the organic fraction in the cakes consists almost exclusively of LDPE 

fragments or MPP, the weight difference before and after incineration of a subsample 

can be equalled to its LDPE amount. Four sample cakes of the 16 experiments were too 

low in weight to apply the method; all contained samples were not broken (damage pat-

tern 1). 

First, blank samples of original sand were analysed confirming a low organic fraction of 

less than 0.4 %. Results of the thermogravimetric analysis of the other 12 experiments 

are shown in Table 26. 
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Table 26: Results of the thermogravimetric analysis. 

Experimental 
design 

Sediment 
grain size 

Matrix UV-Exposure Ignition 
Loss 
[%] 

Incinerated 
filter cake 
amount 

[mg] 

Proportion 
of the orig-
inal LDPE 
bag in the 
filter cake 

[%] 

Damage 
pattern 

Bottle 

Coarse 
sand 

Beach 
UV irradiated 56 481 23 2c 

Non-UV irra-
diated 

40 120 6 1 

Breakwater 
UV irradiated 61 768 50 2c 

Non-UV irra-
diated 

77 3285 158 2b 

Medium 
sand 

Beach 
UV irradiated 58 1419 69 2c 

Non-UV irra-
diated 

27 23 1 1 

Breakwater 
UV irradiated 76 452 30 2c 

Non-UV irra-
diated 

76 2233 108 2b 

Wave tub 

Coarse 
sand 

Beach 
UV irradiated 33 20 1 1 

Non-UV irra-
diated 

- - - 1 

Breakwater 
UV irradiated 64 183 12 2a 

Non-UV irra-
diated 

- - - 1 

Medium 
sand 

Beach 
UV irradiated 6 19 1 1 

Non-UV irra-
diated 

- - - 1 

Breakwater 
UV irradiated 9 25 1 2a 

Non-UV irra-
diated 

- - - 1 

Bags can be divided into four cases which corresponds with the previous determined 

damage pattern of the LDPE bag samples. In addition, results show that the separation 

from small sand particles was not possible since the amount of residue [%] proves the 

presence of sand particles in the filter cake. 

1) Samples with damage pattern 1: 

The proportion of the LDPE bag sample on the filter cake was <6% which is plausi-

ble since the sample showed no bigger fragmentation signs.  

2) Samples with damage pattern 2a: 

Macroplastics were emerged, the proportion of LDPE on the filter cake was <12% 

indicating that also a small proportion on plastic was generated in the experiments. 

3) Samples with damage pattern 2b: 

The content of plastic was over 100% of the original LDPE bag weight. Bags frag-

mented into elongated meso- and microplastics that had become entangled. The 
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height proportion of incinerated plastic indicates that other plastic material (PS cup, 

PET bottle and HDPE cap fragments) also got caught in the entanglements (see Fig-

ure 36a and b). 

4) Samples with damage pattern 2c 

Since the samples fragmented completely into small plastic particles during the ex-

periments (Figure 39), it was assumed that the proportion of plastic on the sample 

cake was 100% of the original bag sample weight. Though, the proportion of the 

original weight was between 23-69%. This implies that about 1000 mg of these 

samples was lost during the extraction and treatment process. On the one hand, plas-

tic particles might be drawn down by heavier sand particles during the extraction 

process ending up in the collecting vessel. On the other hand, small particles 

(<63 µm) might be washed out during the wet pre-sieving process before extraction. 

Further investigations of these two processing steps are needed. 

Generally, results show that LDPE bag samples were extremely vulnerable to mechani-

cal stress especially when exposed to UV irradiation. Due to their low thickness, they 

crack easily starting a fragmentation process. UV irradiation weakens the structure and 

makes them extremely brittle leading to a high number of small MPP. Abrasion oc-

curred but seems not to play a major role for the fragmentation process since the plastics 

were weak anyway. 

 

Figure 39: PE-sediment mixtures with ignition loss of under 10 % (a and c) and over 60% (b 

and d) before incineration. C and d are magnified in with x16. 
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PE bag particles are a serious problem for the environment. Sizes in micrometre ranges 

are not as plastic identifiable by eye anymore (Figure 39). This leads especially in the 

environment to problems since a distinction for animals between plastic and natural 

debris is not possible anymore. Also, the cleaning of beaches from not optically detect-

able fragments proofing difficult.  

6.2 µ-Raman analysis 

Due to the large effort and the restricted lab capacities caused by the Corona pandemic, 

only four selected samples could be examined by µ-Raman (Table 27). Samples were 

chosen for their level of destruction. A distinction was made between different levels: 

abrasion and fragmentation, only abrasion, no visible impairment of the surface. 

Table 27: Selected samples for µ-Raman analysis. 

µ-
Raman 
sample 
number 

Experi-
mental 
design 

Sediment 
grain size 

Matrix UV-
Exposure 

Level of destruction Extrapola-
tion Factor 

1 BE 
Coarse 
Sand 

Beach UV 
Abrasion and 

 Fragmentation 
450 

2 BE 
Coarse 
Sand 

Breakwater UV 
Abrasion and  

Fragmentation 
160 

3 BE 
Medium 

Sand 
Beach Non-UV 

Only Abrasion, PS 
sample fragmented 

26 

4 WTE 
Medium 

Sand 
Breakwater UV 

no visible impairment 
of the surface 

112 

In general, detection of MPP was hampered by the amount of inorganic particles in the 

sample cake. Sample clean-up was not sufficiently effective, so that large numbers of 

not clearly identifiable spectra (fingerprint peaks in the noise) were detected. 

Particles of four polymer types were clearly identified (PE, PS, PET and PP), of which 

PP had not been used in the experiments. However, the cap of the glass bottles used for 

the bottle experiments was made of PP. It is well imaginable that during the experiment 

MPP were formed from the bottle cap through abrasion. Counted MPP from PP were 

not evaluated further, but this gives an additional hint that abrasion had occurred. Un-

fortunately, the µ-Raman detection method cannot distinguish between LDPE and 

HDPE so that the amount of PE particles cannot unequivocally be assigned to abrasion 

from the small bottle caps (HDPE) or the bag (LDPE). 

Since samples had been pre-sieved through a 63 µm sieve prior to extraction and analy-

sis (see chapter 5.3.3.3), detection of smaller particles was not expected. However, some 

MPP <63 µm were detected indicating that the wet sieving step does not fully remove 

them from the sample. Most likely some MPPs are associated with bigger matrix parti-

cles, e.g., by adhesive forces. Although these particle numbers do not fully represent the 
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MPP fraction below 63 µm, their existence corroborates that abrasion had occurred dur-

ing the experiments. 

Results of the Raman analysis of selected samples are presented in Table 28 together 

with the visual sample assessments. 

Table 28: Overview of the µ-Raman analysis results. 

µ-
Raman 
Sample 
number 

Material Destruc-
tion Cat-

egory 

Abrasion 
Category 

Frag-
menta-

tion 

Abrasion parti-
cles>350

µm 

Extrapo-
lated 
parti-
cles< 

350µm 

1 

HDPE 1 1 x ✓ 0 
14300* 

LDPE 5 2 ✓ ✓ yes 

PS 4 2 ✓ ✓ 506 20300* 

PET 3 1 ✓ ✓ 14 21300* 

2 

HDPE 4 2 ✓ ✓ 518 
1600 

LDPE 5 2 ✓ ✓ High 

PS 5 2 ✓ ✓ 2126 0 

PET 3 1 ✓ ✓ 241 25000 

3 

HDPE 1 1 x ✓ 0 
0 

LDPE 3 2 ✓ ✓ 15 

PS 3 2 ✓ ✓ 210 0 

PET 2 1 x ✓ 0 3500 

4 

HDPE 0 0 x x 1 
7900 

LDPE 4 2 ✓ ✓ high 

PS 0 0 x x 4 0 

PET 0 0 x x 0 0 

*Mean value between two sub-samples 

In all four investigated sample cakes, PE particles below 350 µm were detected. Alt-

hough it was not possible to distinguish between LDPE and HDPE with the µ-Raman 

technique, it can be assumed that they were mostly formed from the LDPE bag, since 

the bags showed strong signs of fragmentation and abrasion, while the HDPE caps did 

predominantly not. 

In the sample cake which belongs to unaffected samples (µ-Raman sample number 4) 

no PET and PS particles <350 µm were detected. This was in agreement with the obser-

vations during visual inspection. 

PET particles were found in three of the sample cakes, although for µ-Raman sample 

number 3 no fragmentation of the PET bottle was observed. The assumption that abra-

sion leads to the release of small particles was supported. To distinguish between the 

two processes, particle numbers were analysed by the power law model (chapter 6.5).  
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PS particles were only detected in one sample cake, although three PS samples showed 

fragmentation (destruction categories >2) and visible signs of abrasion (category 2). It 

might be possible, that µ-Raman analysis failed in this case due to the relatively high 

concentrations of colorants of the PS cup objects (Figure 40). However, parallel micro-

scopic analyses (magnification x100) of the two sample cakes in question gave the same 

result of MPP absence. Positive MPP detection in the third sample cake was supported 

by the occurrence of (red) PS particles identifiable with the naked eye. These particles 

could have theoretically been formed by fragmentation rather than abrasion. 

  
 

Figure 40: PS cups from samples which sample cakes were analysed by µ-Raman spectrosco-

py. a) µ-Raman sample number:1; b) µ-Raman sample number:3; c) µ-Raman sample num-

ber:2 

In conclusion, PE and PET samples which exhibited signs of fragmentation or abrasion 

generated particles in all size classes including MPP below 350 µm. Very small PS par-

ticles as were expected from an abrasion process could not be detected. 

6.3 Cluster analysis 

The appearance and structural destruction of the samples is a very good indicator for the 

influence of natural parameters on the fragmentation or abrasion of plastic debris. Clus-

ter analysis forms a variety of possible group assignments which are described in a den-

drogram (appendix; Figure 60). 

Treating all 64 samples (4 objects in each of the 16 experiments) as one data set resulted 

in the smallest number of categories (clusters) of 2, while 13 was the highest number 

created (after 64 of course). The division into destruction categories by the decision tree 

yields (almost) the same result as the cluster analysis. Samples in the same cluster were 

b 

c 

a 

c 
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in the same or similar destruction categories. The division of both classification systems 

was based on the given data set resulting from the visually observed signs of abrasion 

and fragmentation, which explains the high level of correlation. 

On the x-axis of the dendrogram (Figure 60), the heterogeneity within the clusters is 

plotted (standardized by SSPS from 0-25). Thus, a dendrogram shows the optimal num-

ber of clusters for a data set by looking at the x-axis since the greatest increase in heter-

ogeneity usually determines the optimal number of clusters. For the 64-sample data set 

the greatest increase in heterogeneity occurs between a four-cluster solution and a two-

cluster solution. This means that the dendrogram suggests a three-cluster solution. The 

decision tree classification, on the other hand, divides into 6 categories (destruction cat-

egories; 0-5) making some distinctions that a binary data set cannot reproduce. One ex-

ample for that is the division into destruction category 4 and 5, which was made by the 

degree of fragmentation determined by size distributions of generated fragments. The 

cluster analysis can thus not divide samples from destruction categories 4 and 5. On the 

other hand, the cluster algorithm distinguishes between samples which differ in one 

variable entry. This was not given by following the queries of the decision tree, which 

ends once it reaches a category. These differences lead to minor discrepancies in the 

sample classification between the two division systems (even if the result of the cluster 

algorithm was set to 6 clusters). 

The results of the cluster analysis did not provide any hidden effect pattern of a particu-

lar experimental parameter (experimental design, sediment sand grain size, matrix con-

dition, UV irradiation) but supported the conclusions from the visual analysis. This was 

not completely surprising, since the visible signs of fragmentation and abrasion formed 

the basis of both methods. So, the cluster analysis is a helpful tool to support the catego-

risation system and to visualise destruction degrees of samples due to fragmentation and 

abrasion. 

6.4 Fragmentation pattern over time 

The evolution of fragments over time is important for estimating the particle distribution 

of plastic waste in the environment. Fragmentation of plastic objects is generally initiat-

ed when mechanical forces cause the objects to break into pieces. The time resolved 

experiments (EFP) were conducted in 250 mL glass bottles under breakwater conditions 

recording weekly time series up to 56d days. The results for artificial cut-out parts from 

the PS cup (2x2 cm) and the PE bag (5x5 cm) are described below. 

6.4.1 Polystyrene cup samples 

The PS parts did not fragment under the experimental conditions but showed signs of 

increasing abrasion and mechanical destruction over time in the 56 days exposure peri-

od. The edges of the samples were rounded and material loss was observed, but the 
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original part did not fragment (Figure 41). Surface roughness increased and the coloured 

side was visually affected (loss of colour), which must have led to formation of small 

microplastics with abrasion being the main process at the beginning. Perforation of one 

sample after 35 days of exposure (Figure 41, middle) was consistent with the weakening 

of the structure by abrasion. 

 

Figure 41: Fragmentation of PS parts over the time. 

In general, the number of MPPs (350 µm-10 mm) showed increasing tendency over 

time, but no clear correlation (Figure 42). Although test conditions were held identical 

for all samples, mechanical stress was most likely variable because movement behav-

iour of the samples in the vessels cannot be controlled. 

 

Figure 42: Visible MPP size distribution of the non-UV irradiated PS cups over time. The 

original parts were not included (see Figure 41). 

Figure 42 shows the MPP size distribution for the non-UV irradiated PS samples. Parti-

cles bigger than 10 mm were not formed. Total number of MPP was low at the begin-

ning (days 7 - 21). After longer exposure, the material was weakened leading to an in-
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creasing number of MPP. However, from 28 days to 56 days no significant increase 

occurs; total numbers were in the range from 40 - 95 particles. Surprisingly, the particle 

size distribution of visible MPP was similar in all samples, with the exception of one 

sample (49d). 

6.4.2 LDPE bag samples 

Two different LDPE samples were tested differing in thickness (LDPE carrier bag, 

0.01 mm; LDPE garbage bag, 0.028 mm). The thicker garbage bag was also investigat-

ed after UV irradiation for 10 days. Due to their flexibility, the LDPE samples often dug 

themselves in the sand matrix. This led to wrinkles on the surface due to folding.  

The thicker garbage bag samples were not fragmented at all even after 56 days exposed 

under breakwater conditions (Figure 44a). Only visible signs of abrasion were detected. 

The thin LDPE carrier bags, on the other hand, were already completely wrinkled after 

7 days (Figure 44c). After 21 days, the samples showed cracks and especially the sam-

ple edges were frazzled resulting in thin, elongated fragments. After 35 days, the sample 

remnants consisted only of several long, coherent fibre-like fragments. Figure 43 shows 

the generated MPP distribution for non-UV irradiated carrier bags. The number of 

emerged particles increased over the time. The size distribution of the plastic fragments 

also shifted to smaller ranges the longer the test time was set. 

 

Figure 43: Visible MPP size distribution of the non-UV irradiated LDPE carrier bag over time. 
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Since the original PE garbage bag did not fragment over 56 days, the experiment was 

repeated with an UV irradiated sample. This could not be done with the PE carrier bag 

as well, because after more than 10 days of UV irradiation, the samples became brittle 

and broke into pieces even before they were exposed to mechanical stress (see chapter 

5.1.3). Observed changes in colour and surface transparency of the carrier bags after 

irradiation gave reason to the assumption that the abrasion and fragmentation behaviour 

could be affected (Figure 44b). This was corroborated by the fact that these samples 

were fragmented already after five days of exposure (Figure 44b). The size distribution 

of plastic fragments was shifted to the smaller size categories with time (Figure 45). 

Most fragments had an elongated shape changing the ratio of length to width over time 

as they fragmented further. 

 

 
a) Non-UV PE Garbage Bag 

 
b) UV PE Garbage Bag 

 
c) Non-UV PE Carrier Bag 

 

Figure 44: Fragmentation of different LDPE samples over the time. 
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Figure 45: MPP size distribution of UV irradiated LDPE garbage bag over time.  

UV light obviously weakens the LDPE bag enabling fragmentation in the experiment, 

which had not been observed for non-UV irradiated bags. This is in line with the irre-

sistance of LDPE against UV-light leading to enhanced brittleness. 

The results show that PE bags are prone to fragmentation in the environment. The ex-

tent and the time scale of the process depend on boundary conditions and thickness of 

the bags. The process starts by frazzling at the edges and formation of elongated frag-

ments. These fragments break into smaller parts and finally end up as microplastics that 

can no longer be distinguished by eye from sediment particles or organic debris such as 

algae (see chapter 6.1.4). UV irradiation intensifies this process strongly.  

6.5 Evaluation of fragmentation model approaches 

The power law model is generally used to describe the state of fragmentation by the 

resulting size class distribution. It can be used to represent a particular MPP size distri-

bution in a sample to allow a comparison of samples independent of their often prag-

matically selected size classifications. The use of the model for evaluation of the frag-

mentation in conjunction with the abrasion process in this study is described below. 

6.5.1 Application to experimental data sets 

The model was applied to all experimental data with clear indication of fragmentation 

and a sufficiently high number of counted particles in at least four defined size catego-

ries. For this, the particle counts in the visual size range were fitted to the power law 

equation (P2) by minimization of the SSR. Since the number of particles for LDPE bag 

samples cannot clearly be identified, they were not taken into further consideration. 

From the 16 experiments only 16 samples (all from bottle experiments) had a sufficient-
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ly high particle count, of which only 9 had a positive NSE value, while the model com-

pletely failed to describe the other seven datasets. Results are shown in Table 29. 

Table 29: Results of the power law fitting of samples from BE with a sufficiently high particle 

count (> 45). Samples 1-9 have a positive while samples 10-16 have a negative NSE value in-

ducing that the model fitting failed. 

Sample 
number 

Sediment 
grain size 

Matrix UV- 
Exposure 

Material Total 
number 

of count-
ed frag-
ments 

>350µm 

Total 
number of 
modelled 
fragments  
>350µm 

α K NSE 

1 
Coarse 
sand 

Beach UV PS 506 514 0,2 662,2 0,60 

2 
Coarse 
sand 

Breakwater UV PS 2126 2147 2,06 246,14 1,00 

2 log      1731 2,2 178,4 0,93 

3 
Coarse 
sand 

Breakwater non-UV PS 6673 6741 2,0 837,7 1,00 

3 log      5043 2,05 588,60 0,96 

4 
Medium 

sand 
Beach UV PS 937 863 0,4 617,3 0,69 

5 
Medium 

sand 
Beach non-UV PS 210 205 0,6 109,6 0,79 

6 
Coarse 
sand 

Breakwater UV PET 241 238 0,5 156,3 0,39 

7 
Coarse 
sand 

Breakwater non-UV PET 361 339 0,8 144,4 0,62 

8 
Coarse 
sand 

Breakwater UV HDPE 518 522 1,0 175,9 0,98 

9 
Coarse 
sand 

Breakwater non-UV HDPE 285 279 1,2 153,1 0,92 

10 
Coarse 
sand 

Beach non-UV PS 82 76 0,2 90,9 -0,17 

11 
Medium 

sand 
Breakwater UV PS 46 48 0,1 110,0 -0,20 

12 
Medium 

sand 
Breakwater non-UV PS 199 203 0,4 146,5 -0,05 

13 
Medium 

sand 
Breakwater UV PET 135 142 0,1 300,0 -0,11 

14 
Medium 

sand 
Breakwater non-UV PET 218 217 0,5 140,0 0,09 

15 
Medium 

sand 
Breakwater UV HDPE 213 225 0,3 229,6 -0,26 

16 
Medium 

sand 
Breakwater non-UV HDPE 286 296 0,3 265,6 -0,23 

Figure 46 shows the particle size distributions of sample 1-9. Sample number 6 has the 

lowest NSE value, the power law model does not fit the counted PSD well. This result-

ed from the particle count in the size fraction 2-5mm, which was relatively high com-

pared to the particle counts in the other size fractions, so the model failed to describe the 
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observed distribution. In general, the more uniform the size distribution of the particles, 

the worse the power law model fits. Data sets with a high number of small particles in 

comparison with the larger size fractions show a better model fit (for example sample 

number 8 and 9). 
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Figure 46: Counted particle size distribution of samples 1-9 in five four size classes, respectively, compared 
to distributions modelled with the power law model. 

Since the numbers of particles in the smallest fractions for samples 2 and 3 were one 

magnitude higher than in the other size fractions, both samples were fitted both linearly 

and logarithmically using P2 and P5.2 to compare the influence of the SSR values of the 
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creased by using logarithmical fitting. Since K has the function of a scaling factor in the 

model, the decrease of K by stable alpha results in a lower number of particles in the 

total particle amount. Here, decreasing the influence of the dominating size fraction 

(smallest fraction) results in better model fittings in bigger size fraction by decreasing 

the number of particles in the smallest. Since the power law can only show fragmenta-

tion, this was the first indication of an abrasion process.  

6.5.2 Analysis of the α-values 

The influence of α-values on the size distribution of particles is shown by varying α 

with a fixed K-value of 10 for the particle sum function (equation P1; Figure 47). 
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Curves intersect at (1000 µm/10 particles). For bigger α-values, a shift to higher num-

bers in smaller particles sizes was clearly observable. Furthermore, it can be observed 

that although the K-value remains fixed, the total particle number increases; the influ-

ence of large α-values was significant. 

 

Figure 47: Sum function of particle numbers over their size with four different α-values and 

fixed K-value. The y-axis is log-scaled. 

The experiments conducted in this work resulted in distributions with α-values between 

0.2 and 2.2. A distinction can be made between the nine investigated data sets: 

➢ α-values>1: 

Samples were fragmented with high numbers of small MPP in comparison with 

numbers in bigger sized fractions and destruction category classifications of 4 

and 5 (sample number 2, 3, 8 and 9) 

➢ α-values<1: 

Samples were fragmented in numbers of particles mainly uniformly distributed 

over the selected size classes (sample number 1 and 4-7) 

Power law functions with α<1 have distributions with generally more meso- and large 

MPPs (up to 5 mm) than smaller particles while functions with α≥1 have a distribution 

with more smaller particles (Woyzichovski, 2020). 

These observations lead to the assumption that the α-value for a power law fitting of a 

fragmentation process of a plastic object over a period of time increases, providing that 

the object breaks into smaller fragments. To analyse this, datasets from the EFP, which 

observed the development of PSDs over the time of 54 days, were fitted with the power 

law. 
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Unfortunately, there were no evaluable results with regards to emerged particle num-

bers. A trend for a slow increase in emerged particles over the time was observable, but 

the total number of particles was mostly small for applying the power law while data 

sets with positive NSE did not show a significant α-value pattern. The conditions in the 

EFP were not intense enough to cause progressive fragmentation within the observation 

period. Furthermore, the samples differed in their individual abrasion and fragmentation 

behaviour, although they were exposed under the same conditions in parallel approach-

es. The experimental forces were not controllable, an unidentified factor within the ex-

perimental approaches led to an inconsistent fragmentation. Thus, the effect of time 

cannot be separated from the effects of this factor. However, there are numerous factors 

that influence abrasion and fragmentation behaviour in the marine environment and that 

are also likely to lead to unpredictable fragmentation of plastic debris. The analysis of 

environmental data by using the power law is therefore complicated by influence factors 

induced by environmental conditions. 

6.5.3 Including particles <350 µm to power law fittings 

There were also reliable particle counts in the lower size range (<350 µm) available 

from µ-Raman analysis for sample 1 and sample 6. Both samples showed clear indica-

tions of abrasion, e.g. increased surface haze (see Table 30).  

Table 30: Description of investigated samples with particles <350 µm by the power law model. 

Sample 

Number 

Sample Destruction 

Category 

Abrasion 

Category 

Description 

1 PS cup 4 2 

Fragmented completely into fragments of 

different sizes, glossy coating on the sur-

face has faded 

6 PET bottle 3 1 Perforation, Surface haze is increased 

The power law equation can be used to construct a continuous sum distribution of the 

plastic particle numbers for the samples. Extrapolation of the sum function to lower size 

classes allows for the estimation of expected MPP numbers in this range, if the fit de-

scribes the fragmentation process realistically. In this case, an unusual high number of 

small MPP (<350 µm) predicted by the model hints at an additional abrasion process 

overlaying the fragmentation. 

Figure 48 shows the counted size distribution using µ-Raman for each sample, showing 

that number of particles below 350 µm calculated by the original model was for both 

samples much smaller than the counted one. The power law underestimates the particles 

numbers in the smaller size range significantly indicating that additional abrasion had 

occurred. However, particle counts were extrapolated from the mean value of a 2 g sub-

samples of the total sample introducing large uncertainties since each counted particle in 
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the subsample was grossed up to 450 respectively 160 particles in the total sample rep-

resented by “dilution factors”. 

Figure 48: Counted and modelled particle size distributions including particle sizes <350 µm 

identified by µRaman for the two investigated samples. Values on the y-axes are log-scaled. 

To check the validity of this finding, the model fit was repeated including particle 

counts from the µ-Raman analysis. Due to the large range of particle counts the loga-

rithmic transformation of equation P2 was used (P5.2). For both samples, α-values in-

creased (S1 from 0.2 to 0.72; S6 from 0.49 to 1.14) which was in agreement with the 

fact that the particle numbers detected in the lower size ranges were higher than predict-

ed by the fit of the pure fragment data. Figure 49 shows the size distributions for both 

samples. 

While for sample 1 the total number of modelled fragments (14055) still lower than the 

counted particles (about 22000), which suggests that small particles were created by 

abrasion, the modelled fragment number for sample 6 (33500) was higher than that of 

the counted one (about 25200). Visually, the fragmentation of sample 6 did not follow 

the classical fragmentation pattern, as perforation occurred at individual spots, but the 

entire surface showed increased surface haze. Thus, the power law cannot show good 

fittings for PET bottles. 
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Figure 49: Counted and modelled particle size distributions including particle sizes <350 µm 

identified by µRaman for the two investigated samples using the new alpha and K values. Val-

ues on the y-axes are log-scaled. 

The application of the power law to experimental data analysing the fragmentation of 

plastic objects under controlled conditions has shown that the number of small particles 

cannot result from fragmentation into smaller pieces alone. Fragmentation and abrasion 

of object surfaces must occur simultaneously. 

6.6 Hypothesis 

6.6.1 Hypothesis I - Applicability of the Power Law to the MP 

Fragmentation Process 

Since the volume or mass of the plastic waste remains constant in a closed system, it is 

assumed that the experimental description of a fragmentation process is possible. The 

power law suggests exponential increase of particles with decreasing size as is known 

for a classical fragmentation pattern. 

Figure 50 shows the theoretical development of a fragmentation process of a plastic 

object over the time represented by different sum functions of particle numbers over 

their sizes. At the starting point t0, considered object was fragmented into ten 50 mm 
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Particle size distributions from fragmentation can be described by a power law rela-

tionship, especially in closed experimental systems. 
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fragments (red line). After a period of time (t1>t0) the number of bigger particles de-

creased while the number of small particles resulting from the fragmentation processes 

(<5 mm) increased (purple line). If time progresses even further (t2≫t1), the 5 mm 

fragments will be completely fragmented, while the number of small fragments will 

increase exponentially (yellow line). 

 

Figure 50: Theoretical development of plastic particle formation over the time (t0 <t1<<t2) 

illustrated by the sum function of the particle number over the particle size. The y-axis is log-

scaled. 

As mentioned earlier, data sets which are uniformly distributed over particle sizes can-

not be fitted well by the power law. For illustrating a fragmentation process of plastic 

debris with the power law, the process must have formed enough small fragments. Fur-

ther analysis is needed to find the tipping point of the process but it is assumed that it 

depends on the median of the total number of fragments formed during the process and 

the defined particle size categories. To be able to compare data sets with different size 

categories, application of the continuous model representation is necessary. 

Mechanical stress (degradation) causes plastic debris not only to fragment but also to be 

abraded. Abrasion leads to the emergence of small particles, so that the particle number 

is massively increased, especially in the small particle size classes. In these controlled 

experiments, all samples had at least an increase in surface haze. This leads to the con-

clusion that fragmentation and abrasion take place simultaneously and cannot be sepa-

rated from each other. Thus, the model does not fit because it only represents one of the 

two processes involved. 

For environmental samples, the power law can be used to compare data sets with differ-

ent particle size categories, as a continuous representation of particle numbers over time 

can be achieved regardless of size classes. An estimate of the number of particles in 
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smaller size ranges that are not detectable by analytical techniques can be achieved by 

extrapolation. For this a good model fit is important, which is expressed here by the 

NSE value. Data sets with low or negative NSE values cannot be represented by the 

power law as well as data sets with low particle counts. This excludes data sets with a 

uniform distribution of particles over the particle size or a distribution with the majority 

of particles in the larger size range. However, a redesign of the size classes by reducing 

the size of the class ranges may help. 

In addition, it is very important to consider a lower particle size boundary. It is assumed 

that the particles change their fragmentation behaviour after reaching a certain size and 

break no longer following a classical fragmentation pattern. However, further research 

is needed to investigate fragmentation behaviour of small MPP (<100 µm) and nanopar-

ticles. 

All in all, the power law is useful to analyse the controlled fragmentation process of 

plastic waste when this process is far enough advanced, which means that many parti-

cles in small size classes have been already formed. The Power law can be used to rep-

resent the actual size distribution.  

6.6.2 Hypothesis II – Emergence of meso- and microplastics 

Fragmentation is considered to be the major breakdown process of large plastic items 

into smaller pieces in the environment. A classical fragmentation pattern of plastic de-

bris leads to the stepwise emergence of smaller fragments. The longer a fragmentation 

process continues, the more and smaller fragments are formed. The size distribution of 

the fragments will be more or less exponential but will change with time.  

The results of meso- and microplastic analysis (x>350 µm) support this hypothesis. Par-

ticles in the size range from 350 µm to 25 mm were formed. The number of particles 

produced within the exposure time varies depending on the experimental boundary con-

ditions and the individual sample properties (see chapter 6.1). Especially the design of 

the experiment and the correlated potential of the samples to collide with the walls of 

the test vessels have a strong influence on the formation of fragments. More collisions 

took place in BE, which was why (higher) fragmentation was observed. In addition, 

prior UV irradiation led to a higher fragmentation at least for PS cups and LDPE bag 

samples. PET bottles and HDPE caps were more fragmented when exposed under 

breakwater conditions.  

Hypothesis II 

Fragmentation of plastic material in the environment occurs under mechanical stress 

and produces plastic fragments of all size classes including meso- and microplastics. 
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If sufficient particles have been formed by fragmentation, the data sets can be approxi-

mated by the power law. The conditions during the experiments - just like in the envi-

ronment - cannot be standardised, i.e. randomness plays a role and causes deviations 

from the classical fragmentation pattern. Thus, not all particle size distributions of sam-

ples obey to the power law. Experiments showed that plastic litter follows a classical 

fragmentation pattern in the environment is not probable since even in experiments, 

which took place under controlled conditions (as possible), plastic objects showed vari-

ous fragmentation pattern. Environmental influences, which lead on the one hand to a 

weakening of the plastic structure (weathering of plastics) and on the other hand to in-

dependent forces affecting plastics (e.g., increasing wind speeds on the beach), compli-

cates a prediction of plastic fragmentation. 

In conclusion, fragmentation occurred when plastics were exposed to mechanical forces 

leading to a formation of fragments in all sizes dependent on experimental conditions 

and sample properties. 

6.6.3 Hypothesis III – Sample characteristics 

Stiff, but hollow plastic objects, for example bottles and cups, are likely to be more sus-

ceptible to fragmentation when they are exposed to a momentum (e.g. by collision with 

other objects) stronger than the molecular binding forces. Compact objects such as bot-

tle caps are more resistant against breaking. Flexible objects, e.g. bags and foils, also 

behave differently. 

  

Compact formed plastic litter was more stable against collisions since the object stabil-

ity itself was higher. Only four HDPE caps fragmented at all (BE, breakwater condi-

tions) (Figure 51). The destruction of hollowed plastics was in the medium range but 

was strongly dependent on the plastic sample type. LDPE bag samples showed a differ-

ent fragmentation pattern than all other samples. Collisions did not have a big impact, 

but they were still the most destroyed sample type in BE. Due to the harsh shaking con-

ditions in combination with the flexibility of the samples, they were buried in the sedi-

ment. This led to shear stress caused by the movement of the sediment particles and 

resulted in tearing of the samples into fragments (Figure 52b) which was supported by 

their low thickness.  

Hypothesis III 

Object form (shape, compactness, stiffness) of plastic litter has an influence on the 

fragmentation behaviour leading to individual destruction patterns. 
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Figure 51: Destruction categories for each sample and experiment in comparison. 

The breaking behaviour of PET bottles and PS cups also exhibited differences (Figure 

52a, c). Both sample types were manufactured by moulding but while bottles were blow 

moulded (the shape is formed by injected air into liquid raw plastic), cups were formed 

by injection moulding (the melted plastic is injected directly into a custom mould). Due 

to this production process, cups have a weak point around the perimeter of the bottom 

part. This makes cups more vulnerable against collisions breaking more easily into 

pieces (Figure 52c). Since PET bottles do not have such weak points, none of the PET 

samples lost their shape during the mechanical stress exposure. 
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Figure 52: Selected samples to illustrate the influence of stiffness, compactness and flexibility 

on fragmentation and abrasion pattern. 

In addition to the visible signs of fragmentation expressed by the destruction categories, 

the number of visible microplastic particles (>350 µm) is a clear indicator of the vulner-

ability of the samples to fragmentation (Figure 53). Mostly all LDPE bags had been 

completely fragmented into a huge number of particles, which could not be manually 

counted due to their large quantity. 

In almost all corresponding experiments, the number of PS cup particles was higher 

than particles from PET bottles and HDPE caps. Only in breakwater experiments with 

medium sand, PS cups exhibited less meso- and microplastics than the other two sample 

types. Results consequently leads to a gradation of the degree of fragmentation of the 

sample types from LDPE bags over PS cups to PET bottles and HDPE caps. Samples 

with thick walls in combination with a stable and stiff shape (HDPE caps and PET bot-

tles) potentially require higher impact forces and/or more time to break than thinner 

samples (PS cups, LDPE bags). 
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Figure 53: Total numbers of particles for HDPE caps, PET bottles and PS cups for each exper-

iment. 

All these characteristics can be influenced by functional additives. The addition of stabi-

lisers, antistatic agents, flame retardants, plasticizers, lubricants, slip agents, curing 

agents, foaming agents, etc. to enhance the materials stability towards stress/degradation 

factors is a common plastic treatment. This leads to the conclusion that the more addi-

tives were added to a plastic debris the longer it can resist degradation (photodegrada-

tion as well as mechanical degradation depending on additive type). Degradation rate is 

thus most likely reduced. The samples were not tested for additives in this work, but as 

they were conventional plastic items mainly from food packaging, it can be assumed 

that non-toxic additives were contained. 

All in all, different fragmentation behaviour of the four sample types can be observed. 

According to the individual sample form, different signs of destruction and fragmenta-

tion pattern occurred. 

6.6.4 Hypothesis IV – Collisions trigger fragmentation 

The process of fragmentation of an object is classically observed during milling. This 

includes that physical forces are exerted onto the objects by the grinder leading to 

breaking of the material into smaller pieces (fragments). It is thus assumed that frag-

mentation of plastic objects is also related to external physical forces acting upon the 

plastics. In the environment, this may happen by collisions with pebbles, stones, rocks 

on cliffs/reefs or weir structures.  
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Hypothesis IV 

Fragmentation of plastic objects is triggered by collisions with environmental struc-

tures (stones, rocks, weirs). 
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In the fragmentation experiments, such situations were represented by the conditions of 

the bottle experiments, where the objects experience collisions with the inner wall of the 

glass bottle throughout the shaking process. External forces in the WT experiment were 

most likely too small to initiate fragmentation, because the setup did not induce wall 

collisions even though the frequency of the shaker was set to the maximum practical 

value. Here, fragmentation may only happen when the objects become (partly) buried 

under the sand or the sand-water matrix during the course of the experiment. 

In this respect, the size of the samples in relation to the volume of the shaking vessel is 

an important experimental parameter. In BE, the size of the selected samples was only 

little less than that of the 3.5 L glass bottle, so that the inner walls of the vessel limited 

the freedom of movement of the samples. Thus, bumping against the walls during shak-

ing was enabled and the resulting collision forces supported fragmentation.  

Figure 54 shows the destruction category distribution of all samples separated for BE 

and WTE experimental setup. 

 

Figure 54: Classification of samples into destruction categories regarding the experimental 

design. 

In BE, all samples except four had been fragmented (category ≥2). As described in the 

result, the collision force on HDPE caps was not sufficient enough to led to fragmenta-

tion under beach conditions. Due to the much lower collision potential in WTE, only 10 

of 32 samples fragmented, nine samples showed only signs of abrasion (category 1) and 

13 samples were not affected at all (category 0). The number of meso- and microplastic 

particles (>350 µm) for PET bottle, HDPE caps and PS cup confirms these observa-

tions. Almost no particles for the three sample types were found in WTE (44 particles in 

total), while a high number of particles were counted in BE (Table 35, appendix).  

Plastic items obviously will break more easily when they are surrounded by natural 

counterparts like stones or other hard materials. In the marine environment, physical 

boundaries limiting the freedom of movement of plastic debris may exist at rocky sea-
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shores, where the objects are waving between rocks and cliffs due to tidal movements. 

Especially in areas where natural bottlenecks occur, fragmentation processes (through 

impacts and collisions) may be accelerated. The results are consistent with the experi-

ments of Chubarenko et al. (2020), who compared rocky shores with "grinding mills" 

where MP are generated and exported to the sea. 

 

6.6.5 Hypothesis V – UV Irradiation  

UV irradiance is known to weaken the structure of plastics by oxidative processes of the 

material itself or by reactive loss of additives (especially UV stabilisers). Plastics be-

come brittle and are thus more prone to breaking and fragmentation. 

 

The BE was developed to simulate environmental conditions with collisions be-

tween plastic litter and hard surfaces. Shaking frequency was adjusted at 275 rpm 

since then movement of the samples relative to the matrix started and collisions 

between the samples and the inner wall of the bottle regularly occurred. Reducing 

the shaking frequency to 150 rpm (as used for WTE), reduced the number of colli-

sions and lead to lower fragmentation probability.  

One beach experiment and one breakwater setup were investigated applying both 

frequencies, 150 rpm and 275 rpm. Non-UV irradiated samples and medium sand 

were selected as representative conditions for the comparison. Observations during 

the shaking process confirmed that at the lower shaking frequency no collisions 

with the walls occurred. 

Seven of the eight samples were not affected at all under these experimental condi-

tions (category 0). Only the LDPE sample exposed under breakwater conditions 

showed signs of abrasion and one single crack (category 2). Since LDPE bags were 

generally affected stronger under breakwater conditions, this observation is not 

surprising.  

Shaking frequency is an important experimental factor determining the number of 

collisions per time and increasing the level of fragmentation. 

 

Box 2 

 Influence of the shaker frequency in BE on the fragmentation intensity 
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This hypothesis was checked by experiments with samples that had previously been 

irradiated for 10/15 days (depending on the sample type) under artificial UV-light in 

comparison to the results for non-irradiated samples. 

10/15 days UV irradiation had different effects on the fragmentation of the different 

sample types (Figure 55). HDPE caps were not influenced at all by previous irradiation 

exhibiting the same degradation behaviour as before. PET bottles also tend to stay unaf-

fected with only two samples reacting by stronger abrasion or enhanced fragmentation, 

respectively (chapter 6.1.1). 

 

  

  

 

Figure 55: Classification of samples into destruction categories regarding UV irradiation. 

For the HDPE caps and PET bottles, 15 days of UV irradiation in the irradiation cham-

ber was obviously not strong enough to weaken these samples in a way that mechanical 

degradation was enhanced. Environmental exposure over 3 months may thus not yet 
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Hypothesis V 

UV exposure leads to material weakening and subsequently an increasing of the 

fragmentation probability. UV irradiated plastic samples show higher levels of 

fragmentation under identical conditions than virgin items. 
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contribute to enhanced generation of MPP from such plastic objects. However, it may 

be that sample thickness plays an additional role since UV rays mainly affect the sample 

surface. The thicker an item the less material (volume) can be damaged.  

In contrast, PS cups and LDPE bags changed their behaviour in the experiments after 

UV irradiation (Figure 55), mainly in the BE (collision experiments), but also partly in 

WTE. PE bags exhibited higher degrees of destruction after UV irradiation. Non-

irradiated PS cups that did not fragment under all experimental conditions were suffi-

ciently weakened by the irradiation to initiate this process. 

It is known that certain materials are more vulnerable to UV radiation, so UV stabilisers 

(additives to inhibit-photoinitiation) are added to the polymer matrices (Yousif & Had-

dad, 2013). However, differences in the UV vulnerability of the different polymer types 

could not be investigated by this experimental setup. 

The results provide experimental evidence that UV irradiation of plastic objects increas-

es the probability for fragmentation of many plastic objects. It is likely that material 

thickness, light intensity, polymer type or additive composition are important parame-

ters in this respect. Especially thin materials (LDPE carrier bags) become brittle, which 

increases the probability for fragmentation. Kalogerakis et al. (2017) and Song et al. 

(2017) also suggested that UV irradiation weakens the plastic structures and increases 

fragmentation depending on the irradiation time and the sensitivity of the plastic to UV 

light. 

6.6.6 Hypothesis VI – Mechanical stress in the low tide surf- and swash 

zone 

In addition to sandy beach zones, marine litter is also present in the surf- and swash 

zone of beaches. Plastic objects washed ashore from the open ocean are often trapped 

there for a certain time by wave action, where they experience mechanical stress (during 

breaking of waves) as well as friction stress when washed ashore with ripples. 

To test the first part of the hypothesis, solely the results from WTE under breakwater 

conditions were considered since this setup simulates a gentle wave runup on the beach. 

Most of the samples were less affected in the experiments than expected; ten samples 

were even completely unaffected showing neither fragmentation nor signs of abrasion. 

Two UV irradiated samples showed signs of abrasion (PET bottle) or beginning frag-

mentation (cracking, PS cup) corroborating the intensifying effect on mechanical degra-

dation. 

Hypothesis VI 

In the swash zone, friction stress may cause abrasion. In the low tide surf zone, 

shear stress by wave action will cause fragmentation of plastic objects into pieces. 
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LDPE bags again were the exception exhibiting tears (non-UV irradiated) or fragment-

ing (UV irradiated) with additional signs of surface abrasion (abrasion category 2). Con-

tact pressure through the sand-water matrix was probably high enough for initiating the 

process of abrasion and subsequent fragmentation of those objects that were weakened 

by prior UV irradiation. 

This was corroborated by µ-Raman analysis (µ-Raman sample number 4: WTE; medi-

um sand, breakwater, UV) showing that the irradiated PE samples generated a large 

number (7900 particles; dilution factor 112) of microplastic particles smaller than 

350 µm in the experiment (see chapter 6.2).  

Nevertheless, the first part of the hypothesis is not fully confirmed by the experimental 

results. During the 30 days experimental exposure relatively little abrasion was ob-

served. Either friction stress for plastics in the swash zone was not adequately repre-

sented by the experimental conditions here or it was less than expected. 

Wave action and collisions with sediment particles lead to shear stress in the low tide 

surf zone. In the experimental setups, waves could not be generated so that conditions 

were not fully representative for the surf zone. However, forces exerted onto the objects 

in breakwater conditions in BE could be close to what they experience in the surf zone. 

Although an ultimate proof of this part of the hypothesis was not possible, the stronger 

fragmentation of objects in the BE breakwater experiments does at least not contradict 

it. 

The results indicates that gentle wave movements in the swash zone indicates that only 

gentle abrasion processes occurs while almost no fragmentation of the object can be 

observed. Experimental setups did not simulate the turbulent wave movements in the 

surf zone, so the second part of the hypothesis cannot be confirmed. 

6.6.7 Hypothesis VII – Friction stress on the beach 

Plastic litter pollute beaches all over the world. Once the objects have been emitted, 

they can be moved along the sand surface, e.g. by wind, causing friction between plas-

tics and the (hard) sand particles 

For testing this hypothesis, solely the results from experiments simulating open beach 

conditions (wave tub with pure sand) were considered.  

Figure 56 shows the distribution of all 16 samples in their abrasion categories for each 

sample type. All PET bottles, PE caps and LDPE bags showed clearly visible signs of 

Hypothesis VII 

On the beach, friction stress from wind-induced movement along the sand surface 

will mainly induce abrasion. Abrasion will lead to an increasing number of small 

microplastics, while the plastic object is not necessarily fragmented. 
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abrasion through friction stress on the surface (abrasion category 2). One PS cup was 

even cracked (UV irradiated) with the glossy coating being faded, while three PS cups 

were not visibly affected. As already mentioned, PS cups were coated with a shiny layer 

assumed to be at least 20 µm thick. This layer protected the cups from abrasion. How-

ever, UV irradiation seems to affect this coating, which explains in connection with a 

random experimental factor the cracking of one cup. 

 

Figure 56: Overview over the abrasion categories of samples exposed in WTE under beach 

conditions divided by sample type. 

Figure 57 exemplary shows surface asperities observed for a UV irradiated PS cup and a 

PET bottle. Both pictures give reason to the assumption that friction stress exerted by 

the sand particles led to the emergence of very small particles in the size range below 

20 µm. Though originally planned, confirmation by µ-Raman analysis could not be de-

livered by the cooperation partner.  

  
Figure 57: SEM images of samples exposed in WTE under beach conditions. On the left side: PS 

cup surface (destruction category 3) with a magnification of x500. 

On the right side: PET bottle surface (destruction category 1) with a magnification of x170. 
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Since the number of visible meso- and microplastic particles (>350 µm) was negligible 

for PE, PET and PS samples, the minor role of fragmentation in this surrounding is con-

firmed by the results. Although visual analysis hints at abrasion being the main degrada-

tion process for plastic litter on beaches, the ultimate proof is thus still pending. 

6.6.8 Hypothesis VIII – Influence of the sediment grain size 

Abrasion through friction between sand and plastic surfaces produces small plastic par-

ticles. The grain size of the sediment particles is suspected to determine the size of the 

abraded particles. It could also be that the weakening effect of friction stress is stronger 

with larger sand particles (coarse sand), which then was responsible for higher fragmen-

tation probability. 

The first part of the hypothesis could not be analysed because results from Raman anal-

ysis were not available for the samples. SEM pictures alone do not provide sufficient 

evidence to decide whether the size distribution of MP particles emerged from abrasion 

was different in the different setups. 

25 of 32 samples were classified in the same destruction category in medium and coarse 

sand experiments. Table 31 shows the seven samples where the grain size could have 

affected the abrasion and fragmentation behaviour. 

Table 31: Samples that with their destruction categories that were affected by the grain size 

distribution of the sediment changing their abrasion and fragmentation behaviour.  

Experimental 

design 

Matrix UV- 

Exposure 

Sample 

Type 

Destruction Category 

Medium Coarse 

BE Beach Non-UV PET 2 3 

WTE Breakwater UV PET 0 1 

BE Breakwater UV PS 3 5 

BE Breakwater Non-UV PS 3 5 

WTE Beach UV PS 3 0 

WTE Breakwater UV PS 0 2 

WTE Beach Non-UV LDPE 2 3 

Experiments with coarse sand caused stronger destruction for six samples, while one PS 

sample was more affected in medium sand experiments (Figure 58, left side). Here, pri-

or UV irradiation affected the protective coating (cf. chapter 6.1.3). This resulted in 

Hypothesis VIII 

Grain size distribution of the sediment (sand) affects the size distribution of abraded 

particles. Fragmentation probability is affected by grain size.  
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cracking of the samples exposed in medium sand experiments while the sample exposed 

in coarse sand was not as much affected due to prior UV irradiation. Experimental de-

sign and parameters as well as sample type seemed not to play a role. Only the compact 

HPDE cup was unaffected while for example PS cups - both irradiated and non-

irradiated - in the breakwater bottle experiment were clearly affected: In the coarse sand 

setup fragmentation had occurred leading to a large number of microplastic particles, 

while with medium sand the cups had only formed a few large fragments (Figure 58, 

right side). 

 PS, WTE, Beach, UV PS, BE, Breakwater; UV 

Medium sand 

  

Coarse sand 

  

Figure 58: PS samples which were exposed in corresponding experiments with medium and 

coarse sand. 

The sum of visible microplastic particles (>350 µm) formed during the experiments 

may serve as a proxy for the level of fragmentation. Almost no fragmentation (no parti-

cles) was observed in WTE, so that only BE results are discussed further. A clear ten-

dency towards stronger fragmentation when samples were exposed with coarse sand 

occurred in the breakwater setup (Figure 59); especially PS cups were much more frag-

mented than exposed with medium sand. Unsurprisingly, such a trend could not be ob-

served in the beach setup, where abrasion has already been identified as the major pro-
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cess. Differences in numbers of visible particles were most likely the result of random 

variance in the experiments.  

  
Figure 59: Number of meso- and microplastic particles for corresponding coarse and medium sand bottle 

experiments for HDPE caps, PS cups and PET bottle samples, divided by matrix conditions. The y-axis is 

logarithmically scaled. 

The results corroborate the second part of the hypothesis. In the breakwater setup, 

coarse sand seems to increase fragmentation efficiency possibly due to the larger colli-

sion energy exerted by the larger particles in the BE. Chubarenko et al. (2020) also ob-

served such an effect for size classes ranging from coarse sand (1-1.5 mm) to pebbles 

(4-6.4 cm). Therefore, it can be assumed that the observed effects of grain size on frag-

mentation would have been more prominent, if the grain size differences had been larg-

er. 

To conclude, experiments showed that a dependence of the fragmentation probability on 

the sediment grain size in the environment especially for larger sediment particles is to 

be expected, while influences on abrasion processes could not be analysed in this study. 

6.7 Environmental relevance  

The fate of plastic debris and the formation of secondary microplastic in the aquatic 

and, in particular, the marine environment has not been investigated in detail to date and 

literature is rare. Knowledge of the effect of environmental boundary conditions on me-

chanical degradation are important to understand the environmental exposure and can 

help to control plastic pollution. Experiments should give a first insight into the abra-

sion and fragmentation behaviour of plastic debris under selected boundary conditions. 

In this respect, it must be notified that the boundary conditions in the (marine) environ-
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ment are much more variable and complex as in the laboratory experiments. However, 

even in the “controlled” experiments it was impossible to install reproducible conditions 

with regard to the mechanical forces exerted onto the plastic objects. In this chapter, the 

results are interpreted in terms of their environmental relevance. 

One objective of this work was to get an idea of the time horizon for the destruction of 

plastic in the environment by mechanical stress. In this respect, it was interesting to re-

late the experimental conditions to what happens in the environment. 

 

 

 

Results of this simple calculation suggests that 2.5 years in the swash zone would lead 

to abrasion on the surface of plastic debris but not necessarily induce fragmentation. 

This would lead to numerous microplastic particles, which accumulate in the sediment 

or in the drift line or migrate into the open ocean. The only exceptions are thin, possibly 

pre-damaged objects such as bags, which will fragment earlier due to friction-induced 

weakening by abrasion. Such objects would fragment in macro-, meso- and microplas-

tics after only a few months. 

For beach experiments, similar estimations could be made under the assumption that 

each shaker movement represents movement of a plastic object triggered by a gust of 

wind. However, it was necessary to estimate the number of gust of winds per day that 

 

 

The shaking frequency expressed in revolutions per minute (rpm) describes the 

number of movements of the vessel per minute. One revolution of the shaker motor 

causes the vessel to be moved one time back and forth. One such movement could 

be interpreted as one wave in breakwater experiments or one movement of plastic 

on the beach caused by a gust of wind (in beach experiments). This simplifying 

assumption can be used for comparison with environmental conditions:  

The wave frequency of gravity waves is usually in the range of 3 min-1 to 60 min-1 

(Toffoli & Bitner-Gregersen, 2017) with a geometric mean of 13.4 min-1. Assum-

ing 10 min-1 as representative for the Baltic Sea (Efimova et al., 2018), this simpli-

fied calculation results in a total number of gravity waves of 432000 waves within 

30 days. In breakwater experiments, a shaking frequency of 275 rpm (BE) and 

150 rpm (WTE) were applied, which is 27.5 and 15 times more than the estimated 

wave frequencies. This means that 30 days exposure in the breakwater experiment 

roughly corresponds to exposure in coastal areas of 4.5 years (BE) or swash zone 

exposure of 2.5 years (WTE).  

 

Box 3  

A first approach for the projection of experimental conditions to correspond-

ing time intervals at natural conditions: 

Shaking Frequency 



6 Results and Discussion 117 

are strong enough to move a certain plastic on the beach, which is virtually impossible. 

Another important point to mention is that wave or wind speed are not the influence 

factors, although they are strongly affecting the friction force for abrasion or the colli-

sion energy for fragmentation. Other factors are the angle of inclination of the beach 

surface, the percolation of the beach sediment, the wave period or the grain size of the 

beach (Efimova et al., 2018). Here, results showed, that grain size of particles on sandy 

beaches will most likely affect the fragmentation probability only little. However, 

pebbles and stone may exert larger forces on the plastic and thus increase fragmentation 

probability. 

In the breakwater bottle experiments, at least the HDPE caps and the PET bottles collide 

with the inner walls of the shaking vessel during any movement of the shaker (see chap-

ter 6.6.4). The impact force depending on the wave energy plays a major role for the 

fragmentation probability. It needs to be above a certain threshold to induce fragmenta-

tion, which is dependent on the characteristics of the plastic object such as the form or 

thickness. These factors make an interpretation of the experiments regarding the time 

horizon for fragmentation of plastics in such environmental areas complex. However, 

the high levels of destruction observed in these experiments may be looked at as repre-

sentative for high tide surf zones, where collision forces arise from the breaking of 

waves forcing objects to collide with the sediment. The results indicate that the frag-

mentation probability of plastic waste will probably be higher in such environmental 

areas than on beaches with "flatter" inclination. Cliffs and areas along steep coastlines 

are other environments, where the fate of plastics could be similar to what occurred in 

the breakwater bottle experiments. Collisions can also play a role for plastics in rivers, 

namely when the objects pass rapids or transverse structures such as weirs. Thus, the 

potential for the formation of secondary MPP is high there. These particles subsequently 

follow the waterway systems and entering the oceans. 

Besides the collision energy, the number of collisions an object experiences also has an 

influence on the fragmentation probability. During the WTE experiments, the pulse for 

movement of the objects was not strong enough to enable collisions with the wave tub 

walls. The extent of fragmentation and the time scale depend on many, often highly 

variable influences (e.g. mechanical forces) and are difficult to generalise. 

UV irradiation weakens the structure of plastic objects leading to surface damage and 

brittleness. This leads to a higher fragmentation probability; especially thin objects are 

affected. The LDPE bags became after 15 days in the Suntest chamber brittle enough to 

break without mechanical force. The weakening reduced the threshold of the impact 

force for a breakup into fragments. Thus, plastics may fragment more quickly in envi-

ronments with higher sunlight intensity. Direct UV exposure can be reduced by attached 

organic matter and/or burying the plastics in sand (Song et al., 2017). However, open 

beach areas are predestined locations with high UV exposure. High temperatures of the 

upper sand layer induced by sunlight additionally support chemical degradation pro-
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cesses. UV vulnerable plastic debris (like thin PE bags) can become brittle easily and 

generate MPP only by the slight touch of wind. 

 

 

The experimental results allow for identifying environmental conditions that favor 

abrasion as well as those that favor fragmentation. Also, they show that abrasion starts 

immediately under certain conditions and releases small MPP (and eventually 

nanoplastics), whereas fragmentation often starts temporally delayed after pre-damage 

by abrasion, photo-oxidation or other influences. However, surface abrasion were 

observed in all experiments where fragmentaion took place. This indicates that abrasion 

and fragmentation processes occur simultaneously under environmental circumstances 

especially under breakwater conditions. Abrasion and other weathering factors poten-

tially weaken the plastics structures increasing the fragmentation probability. It is ex-

pected that the number of particles and the size distribution will increase to some extent 

according to the Power Law, but exact predictions are impossible due to the additional 

abrasion. 

Further ideas for calculating a time horizon for the mechanical degradation of plastic 

debris to microplastics from experiments are discussed now. Analysing the formation of 

small sand particles and comparing it with sand formation rates from geological data 

could give an indication of the time horizons for the formation of MPP. The formation 

time in experiments divided by real formation rates could be a calculation factor and 

thus indicate the time ratio between experiments and environment (depending on envi-

ronmental conditions). Analysis of the small sand particles produced could not be per-

formed with the available laboratory equipment. 

Experimental results were not meaningful enough to enable estimation of the time hori-

zon of fragmentation behaviour (or mechanical degradation rate) in the natural marine 

 

 

UV irradiation was simulated using a Suntest test chamber for accelerated weather-

ing by setting the irradiation energy to 700 Wm-², which results in a total power of 

16.8 kWhm-2 over one day of continuous irradiation. The total annual solar irradia-

tion at a city located close to the North Sea in the period 1981-2010 was around 

1000 kWhm-2 (DWD, 2010). From this, the average daily irradiation power calcu-

lates to 114 Wm-2. The total irradiation power of the Suntest is thus approximately 

six times higher than under outdoor conditions close to the North Sea. PE carrier 

bags were irradiated for 10 days and PET bottles, PE caps and PS yoghurt cups for 

a total of 15 days. This is equivalent to outdoor light-induced weathering times of 

60 days (2 months) or 90 days (3 months) respectively. 

Box 4  

A first approach for the projection of experimental conditions to correspond-

ing time intervals at natural conditions: 

UV Irradiation 
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environment, but they show the influence of the tested parameters on different plastic 

debris and their influence on the mechanical degradation rate in general. Different 

fragmentation patterns can be seen for different tested sample types. The results allowed 

a first assessment of the importance of secondary microplastics formation from frag-

mentation and abrasion as MPP source. 

Fragmentation has been shown to be dependent on the number and strength of collisions 

with the walls of the vessels or matrix components (sand). On the other hand, areas on 

the beach with high collision potential for plastic objects in the marine environment are 

rare. On the beach as well as in the swash zone with only gentle wave action (wave 

runup) and low collision potential (WTE), plastic debris fragmentation is expected to be 

negligible, whereas abrasion by friction and thus the formation of small MP particles is 

most likely an important process. Main sources of secondary MP fragments could be 

rocky coastal sections with high wave action. However, UV irradiation on the beaches 

increase the fragmentation probability by weakening the material. Overall, the complex 

interaction of environmental conditions and weathering factors make predictions of the 

fragmentation behaviour of plastic waste in the marine environment very difficult, but 

the strong potential for formation of secondary MPP in all environmental areas has been 

proven in this thesis.  
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7 Conclusion and Outlook 

The results of this thesis clearly show that the generation of secondary MPP in the ma-

rine environment due to fragmentation as well as abrasion processes induced by wave 

and wind action is undeniable. Abrasion was identified as the main process under condi-

tions, where friction stress is the dominant influence factor. On sandy beaches, this hap-

pens through wind-induced movement of plastic litter objects. Advancing abrasion on 

the one hand leads to the preferable emergence of small microplastic particles and on 

the other hand contributes to weakening of the material measurable through reduced 

thickness.  

Fragmentation is a more gradual process, where the plastic objects break into smaller 

pieces forming macroplastic and mesoplastics fragments in the first place. These pieces 

can undergo further fragmentation causing more and more little fragments to emerge 

with longer exposure times. The probability of “breaking” into pieces is dependent from 

environmental boundary conditions and material properties. For example, hollow stiff 

objects such as yoghurt cups are more susceptible than flexible polyethylene bags and 

turbulent conditions. Typical environments offering conditions that favour fragmenta-

tion are areas with high collision potential (cliffs, coasts).  

It was furthermore demonstrated that UV irradiation of plastic objects has the potential 

to weaken the material leading to brittleness and decomposition. The effect is depending 

on the material and the objects thickness as well as time and intensity of irradiation. It 

was estimated that UV irradiation of plastic objects over a few months contributes to the 

weakening of the material increasing the probability for fragmentation. 

Fragmentation and abrasion behaviour are dependent on environmental factors and site 

conditions. The samples follow different destruction patterns, which is conditioned by 

their individual properties such as shape/form and thickness of the object. The results 

lead to the conclusion that mechanical degradation is a major source of secondary MPP 

in the marine environment.  

However, experimental conditions were not controllable or replicable in a way that the 

results could be generalized. Neither the expected number of secondary MPP generated 

under certain conditions nor the time frame of fragmentation can be clearly defined to 

date. Abrasion, however, will form small MPP on the short-term if plastic objects are 

exposed to respective friction stress on sandy beaches or in high tide surf zone.  

Further research should focus on the analysis of the variability of experimental parame-

ters to get further insight into the environmental relevance of the processes. Abrasion of 

particles from the plastic surface should be quantified by application of advanced ana-

lytical methods for small microplastics to samples exposed under realistic conditions.  
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More insight into the effect of turbulent wave action was possible by direct comparison 

of parallel experiments on an overhead shaker and a horizontal shaker.  

Experimental setups to better represent conditions in the swash zone of beaches are 

needed to investigate mechanical degradation of plastics in this highly relevant envi-

ronmental compartment. Furthermore, the mechanical degradation of MPP <1 mm and 

the resulting fragmentation/abrasion behaviour is of interest. It is conceivable that very 

small particles change their break behaviour by changing the "item form". The smaller 

the particles, the smaller the length/height/width ratio, and the rounder they become. 

The breakage of particles with a round shape is less likely, but abrasion still occurs. 

The largest obstacle for detailed investigations of abrasion and fragmentation of plas-

tics, however, is the lack of a standardised method for extraction of microplastics from 

sediment samples that is suitable for all sample volumes. Analytical methods require 

extracts that are almost free of matrix components, because they interfere with the de-

tection and quantification process. In this study, first progress was achieved in improv-

ing the MP extraction from large sample volumes. As a compromise, interfering parti-

cles smaller than 63 µm were excluded by pre-sieving, whereby the information on par-

ticle numbers in this size class was lost. 

Modelling the fragmentation process can be helpful to compare observations of MPP 

numbers between different sites, time points or experimental setups. Particle size distri-

butions of classical fragmentation processes can be approximated by the power law. In 

the experiments, the power law often failed to describe the observed size class distribu-

tion due to under-predicting numbers in the small size classes (< 350 µm). This led to 

the conclusion that fragmentation rarely occurs without abrasion taking place at the 

same time. While the larger size classes are formed by fragmentation, abrasion prefera-

bly generates small microplastics explain the observed bias. The original idea that the 

form of the power law representation of MPP datasets could shed light on the state of 

the fragmentation process proved unworkably, because the size class distribution of an 

individual sample is dependent on too many variable and uncontrollable factors.  

The results of this study strongly suggest that to stop the emission and/or intentional 

littering of plastic objects in the environment is a necessary step to prevent ongoing pol-

lution by secondary MPP. However, it also became clear that generation of MPP 

through mechanical degradation of plastic litter already present in the marine environ-

ment will further proceed. In this respect, the actual accumulation of plastic litter on 

open beaches, in the swash- and surf zone and in other coastal areas is problematic, 

since a steady increase in meso- and microplastics will occur. Cleaning activities reduc-

ing the amount of large plastic objects - although only second-best choice - are thus still 

essential to reduce potential precursors for secondary MPP. To date, efficient cleaning 

of the marine environment from microplastics is not feasible and the respective pollu-

tion of the environment is thus irreversible. The analysis of the impact on marine flora 
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and fauna is therefore a top priority, followed by the identification of accumulation 

hotspots and further transport pathways that could pose a potential hazard. 
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A Materials and Methods 

Table 32: Overview of the experimental procedure for the analysis of plastic particles for all samples in bottle experiments. 
    

Sample type Macro- 
meso- 

and MPP 

Meso- 
and 
MPP 

count-
ing 

Sam-
ple 

Clean 
up 

Thermogravimet-
ric Analysis (LDPE 

fragmentation 
pattern) 

µ-
Raman 

Microscop-
ic 

Analysis: 
Counting 

Estima-
tion over 

weight 

Thick-
ness 

SEM 

BE 
Coarse 
Sand 

Beach 

UV 

LDPE bag - No 

Yes 

Yes (2c) 

Yes Yes 

no No No 

HDPE cap removed Yes - no No Yes 

PS cup removed Yes - no No No 

PET bottle removed Yes - no No No 

Non-
UV 

LDPE bag removed No 

no 

Yes (1) 

No Yes 

no No No 

HDPE cap removed Yes - no No No 

PS cup removed Yes - no Yes No 

PET bottle removed Yes - no No No 

Breakwater 
UV 

LDPE bag - No 

Yes 

Yes (2c) 

Yes Yes 

no No No 

HDPE cap removed Yes - yes No No 

PS cup removed Yes - yes No No 

PET bottle removed Yes - yes No No 

Non- LDPE bag - No Yes Yes (2b) No Yes no No No 



 

    
Sample type Macro- 

meso- 
and MPP 

Meso- 
and 
MPP 

count-
ing 

Sam-
ple 

Clean 
up 

Thermogravimet-
ric Analysis (LDPE 

fragmentation 
pattern) 

µ-
Raman 

Microscop-
ic 

Analysis: 
Counting 

Estima-
tion over 

weight 

Thick-
ness 

SEM 

UV HDPE cap removed Yes - yes No No 

PS cup removed Yes - yes No No 

PET bottle removed Yes - yes Yes Yes 

Medi-
um 

Sand 

Beach 

UV 

LDPE bag - No 

Yes 

Yes (2c) 

No Yes 

no No No 

HDPE cap removed Yes - no No No 

PS cup removed Yes - yes No No 

PET bottle removed Yes - no Yes Yes 

Non-
UV 

LDPE bag removed No 

no 

Yes (1) 

Yes Yes 

no No No 

HDPE cap removed Yes - no No No 

PS cup removed Yes - no No No 

PET bottle removed Yes - no No No 

Breakwater 

UV 

LDPE bag - No 

no 

Yes (2c) 

No Yes 

no No No 

HDPE cap removed Yes - no No No 

PS cup removed Yes - no Yes Yes 

PET bottle removed Yes - no No No 

Non-
UV 

LDPE bag - No 

Yes 

Yes (2b) 

No Yes 

no No No 

HDPE cap removed Yes - no No No 

PS cup removed Yes - no No No 

PET bottle removed Yes - no No No 

 



 

 

Table 33: Overview of the experimental procedure for the analysis of plastic particles for all samples in wave tub experiments. 

    

Sample type Macro- 
meso- 

and MPP 

Meso- 
and 
MPP 

count-
ing 

Sam-
ple 

Clean 
up 

Thermogravimet-
ric Analysis (LDPE 

fragmentation 
pattern) 

µ-
Raman 

Microscop-
ic Analysis: 
Counting 

Estima-
tion over 

weight 

Thick-
ness 

SEM 

WTE 
Coarse 
Sand 

Beach 

UV 

LDPE bag removed Yes 

No 

Yes (1) 

Yes Yes 

No No No 

HDPE cap removed Yes - no No No 

PS cup removed Yes - no No No 

PET bottle removed Yes - no No No 

Non-
UV 

LDPE bag 
To less 
sample 

Yes 

No 

No (1) 

No Yes 

No No No 

HDPE cap removed Yes - no No No 

PS cup removed Yes - no No No 

PET bottle removed Yes - no No No 

Breakwater 

UV 

LDPE bag removed Yes 

No 

Yes (2a) 

No Yes 

No No No 

HDPE cap removed Yes - yes No No 

PS cup removed Yes - yes No No 

PET bottle removed Yes - yes No No 

Non-
UV 

LDPE bag 
To less 
sample 

Yes 

No 

No (1) 

No Yes 

No No No 

HDPE cap removed Yes - yes No No 

PS cup removed Yes - yes No No 

PET bottle removed Yes - yes No Yes 



 

    

Sample type Macro- 
meso- 

and MPP 

Meso- 
and 
MPP 

count-
ing 

Sam-
ple 

Clean 
up 

Thermogravimet-
ric Analysis (LDPE 

fragmentation 
pattern) 

µ-
Raman 

Microscop-
ic Analysis: 
Counting 

Estima-
tion over 

weight 

Thick-
ness 

SEM 

Medi-
um 

Sand 

Beach 

UV 

LDPE bag removed Yes 

No 

Yes (1) 

No Yes 

No No No 

HDPE cap removed Yes - no No Yes 

PS cup removed Yes - yes Yes Yes 

PET bottle removed Yes - no Yes Yes 

Non-
UV 

LDPE bag 
To less 
sample 

Yes 

No 

No (1) 

No Yes 

No No No 

HDPE cap removed Yes - no No No 

PS cup removed Yes - no No No 

PET bottle removed Yes - no No No 

Breakwater 

UV 

LDPE bag removed Yes 

No 

Yes (2a) 

Yes Yes 

No No No 

HDPE cap removed Yes - no No No 

PS cup removed Yes - no No No 

PET bottle removed Yes - no No No 

Non-
UV 

LDPE bag 
To less 
sample 

Yes 

No 

No (1) 

No Yes 

No No No 

HDPE cap removed Yes - no No No 

PS cup removed Yes - no No No 

PET bottle removed Yes - no No No 
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B Results 

Table 34: Meso- and microplastic particle counts (>350 µm) for all samples in BE. 
    

Sample 
type 

>2,5 
cm 

2,5 
cm- 

5mm 

5mm- 
2mm 

2mm-
1mm 

1000µm-
350µm 

Total 

BE 

Coarse 
Sand 

Beach 

UV 

LDPE bag Bag was completely fragmented into MPP 

HDPE cap 0 0 0 0 0 0 

PS cup 10 148 70 142 136 506 

PET bottle 0 1 4 6 3 14 

Non-
UV 

LDPE bag 4 140 120 74 40 378 

HDPE cap 0 0 1 1 0 2 

PS cup 0 7 36 29 10 82 

PET bottle 0 0 2 1 0 3 

Breakwater 

UV 

LDPE bag Bag was completely fragmented into MPP 

HDPE cap 0 13 83 72 350 518 

PS cup 0 10 10 206 1900 2126 

PET bottle 0 5 114 22 100 241 

Non-
UV 

LDPE bag Bag was completely fragmented into MPP 

HDPE cap 0 20 53 12 200 285 

PS cup 0 47 26 700 5900 6673 

PET bottle 0 9 142 10 200 361 

Medium 
Sand 

Beach 

UV 

LDPE bag Bag was completely fragmented into MPP 

HDPE cap 0 0 0 0 0 0 

PS cup 8 180 204 245 300 937 

PET bottle 0 1 4 3 6 14 

Non-
UV 

LDPE bag 0 5 5 5 0 15 

HDPE cap 0 0 0 0 0 0 

PS cup 0 6 40 68 96 210 

PET bottle 0 0 0 0 0 0 

Breakwater 

UV 

LDPE bag Bag was completely fragmented into MPP 

HDPE cap 0 8 112 81 12 213 

PS cup 0 2 29 14 1 46 

PET bottle 0 25 78 31 1 135 

Non-
UV 

LDPE bag Bag was completely fragmented into MPP 

HDPE cap 0 17 99 132 38 286 

PS cup 0 0 48 109 42 199 

PET bottle 0 4 37 119 58 218 
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Table 35: Meso- and microplastic particle counts (>350 µm) for all samples in WTE. 

    Sample 
type 

>2,5 
cm 

2,5 
cm- 

5mm 

5mm- 
2mm 

2mm-
1mm 

1000µm-
350µm 

Total 

WTE 

Coarse 
Sand 

Beach 

UV 

LDPE bag 0 0 8 21 24 53 

HDPE cap 0 0 0 0 0 0 

PS cup 0 0 3 4 5 12 

PET bottle 0 0 0 0 0 0 

not identi-
fied 

0 0 1 6 8 15 

Non-
UV 

LDPE bag 0 0 5 7 2 14 

HDPE cap 0 0 0 0 0 0 

PS cup 0 0 0 0 0 0 

PET bottle 0 0 0 0 0 0 

Breakwater 

UV 

LDPE bag Bag was completely fragmented into MPP 

HDPE cap 0 0 0 0 0 0 

PS cup 0 0 0 0 0 0 

PET bottle 0 0 0 0 0 0 

Non-
UV 

LDPE bag 0 0 0 0 0 0 

HDPE cap 0 0 0 0 0 0 

PS cup 0 0 0 0 0 0 

PET bottle 0 0 0 0 0 0 

Medium 
Sand 

Beach 

UV 

LDPE bag 0 17 55 28 4 104 

HDPE cap 0 0 0 0 0 0 

PS cup 0 0 3 3 0 6 

PET bottle 0 0 0 6 0 6 

Non-
UV 

LDPE bag 0 0 0 0 0 0 

HDPE cap 0 0 0 0 0 0 

PS cup 0 0 0 0 0 0 

PET bottle 0 0 0 0 0 0 

Breakwater 

UV 

LDPE bag Bag was completely fragmented into MPP 

HDPE cap 0 0 1 0 0 1 

PS cup 0 0 0 0 4 4 

PET bottle 0 0 0 0 0 0 

Non-
UV 

LDPE bag 0 0 0 0 0 0 

HDPE cap 0 0 0 0 0 0 

PS cup 0 0 0 0 0 0 

PET bottle 0 0 0 0 0 0 
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Table 36: Results from µ-Raman analysis (Bottle experiment; Coarse sand; Breakwater; UV). 

Experiment BE Coarse 
sand 

Breakwater UV 
  

 
(Particle/Filter) 

Material 350-100 µm 100-50 µm 50-20 µm 
20-

10 µm 
10-5 µm Total 

PE 0 0 3 0 7 10 

PS 0 0 0 0 0 0 

PET 7 14 21 28 86 156 

PP 17 0 0 7 0 24 

Extrapolation Factor 160     

 (Particle/Filter) 

Material 350-100 µm 100-50 µm 50-20 µm 
20-

10 µm 
10-5 µm Total 

PE 0 0 555 0 1109 1664 

PS 0 0 0 0 0 0 

PET 1109 2219 3328 4438 13868 24963 

PP 0 1109 0 1109 555 2774 

 

Table 37: Results from µ-Raman analysis (Bottle experiment; Medium sand; Beach; Non-UV). 

Experiment BE Medium 
sand 

Beach non-UV 
  

 (Particle/Filter) 

Material 350-100 µm 100-50 µm 50-20 µm 20-10 µm 10-5 µm Total 

PE 0 0 0 0 0 0 

PS 0 0 0 0 0 0 

PET 3 14 10 27 78 132 

PP 0 0 0 0 0 0 

Extrapolation Factor 26     

 (Particle/Filter) 

Material 350-100 µm 100-50 µm 50-20 µm 20-10 µm 10-5 µm Total 

PE 0 0 0 0 0 0 

PS 0 0 0 0 0 0 

PET 89 358 268 715 2056 3487 

PP 0 0 0 0 0 0 
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Table 38: Results from µ-Raman analysis (Wave tub experiment; Medium sand; Breakwater; 

UV). 

Experiment WTE Medium 
sand 

Breakwater UV 
  

 (Particle/Filter) 

Material 350-100 µm 100-50 µm 50-20 µm 20-10 µm 10-5 µm Total 

PE 3 13 10 10 35 71 

PS 0 0 0 0 0 0 

PET 0 0 0 0 0 0 

PP 0 0 0 0 0 0 

Extrapolation Factor 112     

 (Particle/Filter) 

Material 350-100 µm 100-50 µm 50-20 µm 20-10 µm 10-5 µm Total 

PE 359 1437 1078 1078 3953 7905 

PS 0 0 0 0 0 0 

PET 0 0 0 0 0 0 

PP 0 0 0 0 0 0 

 

Table 39: Results from µ-Raman analysis (Bottle experiment; Coarse sand; Beach; UV; Sub-

sample 1). 

Experiment BE Coarse 
sand 

Beach UV 
  

Subsample 1 (Particle/Filter) 

Material 350-100 µm 100-50 µm 50-20 µm 20-10 µm 10-5 µm Total 

PE 0 0 0 13 10 22 

PS 0 0 3 19 54 77 

PET 0 0 3 32 29 64 

PP 0 0 0 0 3 3 

Extrapolation Factor 451     

 (Particle/Filter) 

Material 350-100 µm 100-50 µm 50-20 µm 20-10 µm 10-5 µm Total 

PE 0 0 0 5771 4329 10100 

PS 0 0 1443 8657 24528 34628 

PET 0 0 1443 14428 12986 28857 

PP 0 0 0 0 1443 1443 
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Table 40: Results from µ-Raman analysis (Bottle experiment; Coarse sand; Beach; UV; Sub-

sample 2). 

Experiment BE Coarse 
sand 

Beach UV 
  

Subsample 2 (Particle/Filter) 

Material 350-100 µm 100-50 µm 50-20 µm 20-10 µm 10-5 µm Total 

PE 0 3 10 14 14 41 

PS 0 0 0 3 10 14 

PET 0 0 3 10 17 31 

PP 0 0 0 0 0 0 

Extrapolation Factor 451     

 (Particle/Filter) 

Material 350-100 µm 100-50 µm 50-20 µm 20-10 µm 10-5 µm Total 

PE 0 1542 4625 6167 6167 18502 

PS 0 0 0 1542 4625 6167 

PET 0 0 1542 4625 7709 13876 

PP 0 0 0 0 0 0 

 



Table 41: Data of all 64 sample objects used for the cluster analysis (1=yes; 0=no). 

    

Sample 
type 

Sample is 
visibly 

affected 

Original 
sample 
shape is 

destroyed 

Surface 
haze 

Plastic ob-
ject is perfo-

rated or 
cracked 

Mesoplastic 
particles 
(5mm – 
25mm) 
emerge 

Large MPP 
(1mm – 
5mm) 

emerge 

Small MPP 
(<1mm) 
emerge 

Bottle 
Experi-
ment 

Coarse 
Sand 

Beach 

UV 

LDPE bag 1 1 1 1 1 1 1 

HDPE cap 1 0 1 0 0 0 0 

PS cup 1 1 1 1 1 1 1 

PET bottle 1 0 1 1 1 1 1 

Non-UV 

LDPE bag 1 0 1 1 1 1 1 

HDPE cap 1 0 1 0 0 1 0 

PS cup 1 0 1 1 1 1 1 

PET bottle 1 0 1 1 0 1 0 

Breakwater 

UV 

LDPE bag 1 1 1 1 0 1 1 

HDPE cap 1 1 1 1 1 1 1 

PS cup 1 1 1 1 1 1 1 

PET bottle 1 0 1 1 1 1 1 

Non-UV 

LDPE bag 1 1 1 1 0 1 1 

HDPE cap 1 1 1 1 1 1 1 

PS cup 1 1 1 1 1 1 1 

PET bottle 1 0 1 1 1 1 1 

Medium 
Sand 

Beach 

UV 

LDPE bag 1 1 1 1 1 1 1 

HDPE cap 1 0 1 0 0 0 0 

PS cup 1 1 1 1 1 1 1 

PET bottle 1 0 1 1 1 1 1 

Non-UV 
LDPE bag 1 0 1 1 1 1 0 

HDPE cap 1 0 1 0 0 0 0 



    

Sample 
type 

Sample is 
visibly 

affected 

Original 
sample 
shape is 

destroyed 

Surface 
haze 

Plastic ob-
ject is perfo-

rated or 
cracked 

Mesoplastic 
particles 
(5mm – 
25mm) 
emerge 

Large MPP 
(1mm – 
5mm) 

emerge 

Small MPP 
(<1mm) 
emerge 

PS cup 1 0 1 1 1 1 1 

PET bottle 1 0 1 1 0 0 0 

Breakwater 

UV 

LDPE bag 1 1 1 1 1 1 1 

HDPE cap 1 1 1 1 1 1 1 

PS cup 1 0 1 1 1 1 1 

PET bottle 1 0 1 1 1 1 1 

Non-UV 

LDPE bag 1 1 1 1 1 1 1 

HDPE cap 1 1 1 1 1 1 1 

PS cup 1 0 1 1 0 1 1 

PET bottle 1 0 1 1 1 1 1 

Wave tub 
Experi-
ment 

Coarse 
Sand 

Beach 

UV 

LDPE bag 1 0 1 1 0 1 1 

HDPE cap 1 0 1 0 0 0 0 

PS cup 0 0 0 0 0 1 1 

PET bottle 1 0 1 0 0 0 0 

Non-UV 

LDPE bag 1 0 1 1 0 1 1 

HDPE cap 1 0 1 0 0 0 0 

PS cup 0 0 0 0 0 0 0 

PET bottle 1 0 1 0 0 0 0 

Breakwater 
UV 

LDPE bag 1 1 1 1 1 1 1 

HDPE cap 0 0 0 0 0 0 0 

PS cup 1 0 1 1 0 0 0 

PET bottle 1 0 1 0 0 0 0 

Non-UV LDPE bag 1 0 1 1 0 0 0 



    

Sample 
type 

Sample is 
visibly 

affected 

Original 
sample 
shape is 

destroyed 

Surface 
haze 

Plastic ob-
ject is perfo-

rated or 
cracked 

Mesoplastic 
particles 
(5mm – 
25mm) 
emerge 

Large MPP 
(1mm – 
5mm) 

emerge 

Small MPP 
(<1mm) 
emerge 

HDPE cap 0 0 0 0 0 0 0 

PS cup 0 0 0 0 0 0 0 

PET bottle 1 0 1 0 0 0 0 

Medium 
Sand 

Beach 

UV 

LDPE bag 1 0 1 1 1 1 1 

HDPE cap 1 0 1 0 0 0 0 

PS cup 1 0 1 1 0 1 0 

PET bottle 1 0 1 0 0 1 0 

Non-UV 

LDPE bag 1 0 1 1 0 0 0 

HDPE cap 1 0 1 0 0 0 0 

PS cup 0 0 0 0 0 0 0 

PET bottle 1 0 1 0 0 0 0 

Breakwater 

UV 

LDPE bag 1 1 1 1 1 1 1 

HDPE cap 0 0 0 0 0 1 0 

PS cup 0 0 0 0 0 0 1 

PET bottle 0 0 0 0 0 0 0 

Non-UV 

LDPE bag 1 0 1 1 0 0 0 

HDPE cap 0 0 0 0 0 0 0 

PS cup 0 0 0 0 0 0 0 

PET bottle 0 0 0 0 0 0 0 



 

Figure 60: Dendrogram from hierarchical cluster analysis.  
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