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Summary 

The pollution of the environment with microplastics (MP) is ubiquitous. Therefore, it is essential 

to understand how MP behaves in the environment, how it interacts with widely distributed 

environmental colloids, and how these interactions affect the fate and transport of MP. This 

dissertation investigated how interactions of MP with naturally occurring iron oxyhydroxides 

influence the surface properties of MP particles, the heteroaggregation and the sedimentation 

in water. 

In Study 1, the heteroaggregation of 1 µm polystyrene (PS) and ferrihydrite, a naturally 

occurring iron oxyhydroxide, was investigated in dependency of the pH. Interactions between 

the particles strongly depended on electrostatic interactions. At acidic pH values, the 

negatively charged PS particles were coated with positively charged ferrihydrite particles, 

leading to charge reversal. At alkaline pH, no aggregation occurred since both particle types 

were negatively charged and repelled each other. At neutral pH values, PS was also coated 

with ferrihydrite particles. However, the low charge of ferrihydrite in this pH range, contrary to 

the acidic range, caused charge neutralization of coated PS particles leading to strong 

heteroaggregation, resulting in rapid sedimentation. After just one day, PS particles had almost 

completely sedimented. In the acidic and alkaline pH range, only slight sedimentation occurred 

because repulsion forces prevented the formation of larger aggregates. Concluding, 

interactions with natural colloids influence not only the surface properties of MP in aquatic 

environments but also drive sedimentation and therefore influence MP transport in water. 

In Study 2, aggregation and sedimentation were examined for UV-weathered PS particles, in 

addition to pristine particles. UV-irradiation led to a decrease in particle size, roughening and 

"shrinking" of the surfaces, reduction of negative surface charge and the formation of dissolved 

and particulate weathering products. These altered properties of the PS particles also affected 

the heteroaggregation with ferrihydrite. With increasing UV-weathering, the isoelectric point 

shifted from neutral to acidic. Remarkably, maximum heteroaggregation and sedimentation for 

weathered PS with ferrihydrite were observed not only at the isoelectric point but over a wider 

pH range, presumably due to the increased surface reactivity of the UV-weathered particles. 

The formation of functional groups on the surface due to UV-weathering might have allowed 

not only electrostatic interactions between the particles to take place but also additional 

interactions such as hydrogen bonding. It is furthermore likely that PS weathering products, 

such as oligomers, additionally influenced the aggregation behavior through interactions with 

PS and ferrihydrite. In summary, UV-induced changes of the PS surface increased the 

interactions with ferrihydrite and the subsequent sedimentation of PS. Additionally, with 

increasing UV-weathering the formation of dissolved weathering products was observed and 

eventually 90% of the PS escaped from the suspension, most likely as gas. 
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Since strong interactions between PS and ferrihydrite were observed in the first two studies, 

Study 3 examined how MP coating with ferrihydrite affects the initial hydrophobic properties of 

MP in soil. For this purpose, MP hotspots (PS and polyethylene terephthalate (PET), 20-75 

µm) were introduced into sand, and the capillary rise of water was imaged using time-series 

neutron radiography. Uncoated MP hotspots were non-wettable. For coated MP hotspots, 

differences were observed depending on polymer type: while coated PS remained non-

wettable, water was attracted into the coated PET hotspots. Our results suggest that the 

ferrihydrite coating of MP alters surface wetting properties depending on the polymer type and 

thus counteracts the hydrophobic properties of pristine MP. The dynamics of MP coating and 

wettability are key factors for biotic and abiotic degradation processes. 

Study 4 developed an analytical method for quantifying PS particles with diameters in the lower 

micrometer range from aqueous solution. For laboratory experiments with MP (e.g. 

sedimentation experiments from Study 1 and 2) a fast and simple quantification method is 

essential and often associated with lower requirements than for environmental samples. Here 

it was shown that a Total Organic Carbon (TOC) analyzer is suitable for quantifying PS in the 

lower micrometer range. For successful oxidation of PS to CO2 in the instrument, the addition 

of iron or aluminum hydroxides as an additional catalyst was necessary. This increased the 

recovery from 52.9% to 89.7%. Thus, the presented TOC method offers a simple and fast 

alternative for quantifying MP samples in the lower micrometer range when no other organic 

substances are present in the sample. 

In summary, this dissertation shows that the surface properties of MP particles in the 

environment and their sedimentation strongly depend on interactions with natural particles and 

colloids. In the aqueous phase, strong heteroaggregation with iron oxyhydroxides caused MP 

sedimentation. In soil, MP coating with iron oxyhydroxides rendered the initial hydrophobic 

surface of MP more wettable. Therefore, the consideration of interactions with environmental 

colloids is essential to draw predictions about MP behavior and its fate in the environment. 
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Zusammenfassung 

Die Verschmutzung der Umwelt mit Mikroplastik (MP) ist allgegenwärtig. Daher ist es wichtig 

zu verstehen, wie sich MP in der Umwelt verhält, wie es mit weit verbreiteten Umweltpartikeln 

interagiert und wie sich diese Wechselwirkungen auf den Verbleib sowie den Transport von 

MP in der Umwelt auswirken. Diese Dissertation untersucht, inwieweit Wechselwirkungen von 

MP mit natürlich vorkommenden Eisenoxyhydroxiden die Oberflächeneigenschaften von MP-

Partikeln und deren Sedimentation im Wasser beeinflusst. 

In Studie 1 wurde die Heteroaggregation von 1 µm Polystyrol (PS) und Ferrihydrit, einem 

natürlichem vorkommenden Eisenoxyhydroxid, unter Einfluss des pH-Wertes untersucht. Die 

Interaktionen zwischen den Partikeln waren stark von den elektrostatischen 

Wechselwirkungen abhängig. Bei sauren und neutralen pH-Werten wurden die negativ 

geladenen PS-Partikel mit positiv geladenen Ferrihydrit-Partikeln beschichtet. Im sauren 

Bereich führte dies zu einer Ladungsumkehr von negativ zu positiv. Im neutralen Bereich 

hingegen sorgte die Ferrihydrit-Beschichtung für eine Ladungsneutralisierung, welche zu 

starker Heteroaggregation führte. Diese starke Heteroaggregation führte zu rascher 

Sedimentation des MP. Bereits nach einem Tag waren die PS-Partikel fast vollständig 

sedimentiert. Im sauren und alkalischen pH-Bereich blieb die Sedimentation aus, da die 

beschichteten Partikel im sauren Bereich eine hohe positive Ladung annahmen, welche 

weitere Aggregation verhinderte. Im alkalischen Bereich fand keine Aggregation statt, da PS 

und Ferrihydrit beide negativ geladen waren und sich somit weitestgehend voneinander 

abstießen. Abschließend lässt sich feststellen, dass Wechselwirkungen mit natürlichen 

Partikeln nicht nur die Oberflächeneigenschaften von MP beeinflussen, sondern auch zu 

verstärkter Sedimentation führt, welche den Transport von MP im Wasser beeinflusst. 

In Studie 2 wurde die Aggregation und Sedimentation statt mit fabrikneuen PS-Partikeln mit 

UV-bestrahlten Partikeln untersucht. Durch UV-Bestrahlung nahm die Partikelgröße ab, die 

Oberflächen wurden rauer und „schrumpeliger“, die negative Oberflächenladung nahm ab und 

gelöste und partikuläre Verwitterungsprodukte entstanden. Die veränderten Eigenschaften der 

PS-Partikel führten zu veränderter Heteroaggregation mit Ferrihydrit. Mit zunehmender 

Bewitterung wurde der Ladungsnullpunkt vom neutralen in den sauren Bereich verschoben. 

Auffällig war, dass maximale Heteroaggregation und Sedimentation von gealtertem PS mit 

Ferrihydrit nicht nur am Ladungsnullpunkt zu beobachten war, sondern über einen größeren 

pH-Bereich, vermutlich durch die erhöhte Oberflächenreaktivität der bestrahlten Partikel. 

Durch die Entstehung von funktionellen Gruppen auf der Oberfläche konnten sich nicht nur 

elektrostatische Wechselwirkungen zwischen den Partikeln, sondern auch andere 

Interaktionen wie z.B. Wasserstoffbrückenbindungen ausbilden. Ein weiterer Aspekt, der 
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Einfluss auf das Aggregationsverhalten hatte, waren durch die Alterung entstandene 

Verwitterungsprodukte, die ebenfalls mit PS und Ferrihydrit wechselwirkten. 

Zusammenfassend erhöhten UV-induzierte Veränderungen der PS-Oberfläche die 

Wechselwirkungen mit Ferrihydrit und dadurch die Sedimentation von PS. Darüber hinaus 

wurde mit zunehmender UV-Verwitterung die Bildung gelöster Verwitterungsprodukte 

beobachtet, und letztendlich entwichen etwa 90% des PS aus der Suspension als Gas. 

Nachdem in den ersten beiden Studien starke Wechselwirkungen zwischen PS und Ferrihydrit 

festgestellt wurden, wurde in Studie 3 untersucht, inwieweit eine Beschichtung von MP mit 

Ferrihydrit die initial hydrophoben Eigenschaften von MP im Boden verändert. Dafür wurden 

MP Hotspots (PS und Polyethylenterephthalat (PET), 20-75 µm) in Sand eingebracht und der 

Kapillaraufstieg von Wasser mittels Neutronenradiographie abgebildet. Unbeschichtete, 

fabrikneue MP Hotspots waren nicht mit Wasser benetzbar. Für beschichtete MP Hotspots 

wurden Unterschiede je nach Polymertyp beobachtet: beschichtetes PS war weiterhin 

wasserabweisend, beschichtetes PET hingegen sog Wasser in den Hotspot auf. Unsere 

Ergebnisse zeigen, dass eine Ferrihydrit-Beschichtung die Oberflächenbenetzbarkeit von MP 

je nach Polymerart verändert und somit den hydrophoben Eigenschaften von fabrikneuem MP 

entgegenwirkt. Die Dynamik der MP-Beschichtung und die zunehmende Benetzbarkeit sind 

Schlüsselfaktoren für biotische und abiotische Abbauprozesse im Boden. 

In Studie 4 wurde eine analytische Methode zur Quantifizierung von PS-Partikeln, mit 

Durchmessern in den unteren Mikrometern, aus wässriger Phase erarbeitet. Für 

Laborexperimente mit MP (z.B. Sedimentationsversuche aus Studie 1 und 2) ist eine schnelle 

und einfache Quantifizierungsmethode nicht nur essenziell, sie ist oft auch mit geringeren 

Anforderungen als bei Umweltproben verbunden. Hier wurde gezeigt, dass sich ein Total 

Organic Carbon (TOC) Analysator zur Quantifizierung von PS im unteren Mikrometerbereich 

eignet. Für eine erfolgreiche Oxidation von PS zu CO2 in dem Instrument ist die Zugabe von 

Eisen- oder Aluminiumhydroxiden als zusätzlicher Katalysator notwendig. Dadurch kann die 

Wiederfindung von 52,9% auf 89,7% erhöht werden. Die TOC-Methode bietet somit eine 

einfache und schnelle Alternative für die Quantifizierung von MP in dem unteren Mikrometer-

bereich für Proben, in denen keine weiteren organische Substanzen vorhanden sind. 

Zusammenfassend wurde in dieser Arbeit gezeigt, dass die Oberflächeneigenschaften von MP 

in der Umwelt sowie deren Sedimentation stark von den Wechselwirkungen mit natürlichen 

Partikeln und Kolloiden abhängen. In der wässrigen Phase führt starke Heteroaggregation mit 

Ferrihydrit zu Sedimentation von MP und im Boden verändert eine Beschichtung von MP mit 

Ferrihydrit die initial hydrophoben Eigenschaften der MP-Partikel. Somit ist es essenziell, die 

Wechselwirkungen mit natürlichen Substanzen zu berücksichtigen, wenn Vorhersagen über 

das Verhalten oder den Verbleib von MP in der Umwelt getroffen werden. 
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1 Introduction 

1.1 Plastic - an emerging environmental pollutant 

Nowadays, plastics are present in almost every part of our lives. Plastic products dominate 

packaging and are widely used for clothing, transportation, electronic devices, household 

items, agriculture and medical equipment (Geyer, 2020; PlasticsEurope, 2022). Advantageous 

properties such as low density, low costs and high durability make plastic products a powerful 

material for many applications. The total global plastic production grew from around 2 million 

tons (Mt) in 1950 to 390.7 Mt in 2021 (Geyer, 2020; PlasticsEurope, 2022). The largest 

contribution was packaging materials with 44%, followed by the building and construction 

sector with 18% (PlasticsEurope, 2022). The lifetime of plastic products varies from a few 

seconds or minutes (e.g., packaging or medical products) to several years. However, the 

increasing amount of plastic produced is accompanied by an enormous quantity of plastic 

waste. Geyer (2020) estimated the global recycling, incineration and discard rates for non-fiber 

plastic waste: Since 1980, the recycling and incineration rate increased from zero to 18% and 

26%, respectively, in 2017, while the discard rate decreased from 100% to 56% (Geyer, 2020). 

However, the absolute amount of discarded waste increased, as the global plastic production 

was increasing. In 2017 around 210 Mt were discarded (Geyer, 2020). The calculated discard 

includes disposal in landfills, dumps and the natural environment. 

In the environment, initially advantageous properties such as the high resistance and durability 

of plastics are causing a major environmental challenge: the accumulation of plastic waste in 

the environment. Today, nearly every environmental compartment is contaminated with 

plastics. It has been detected in the marine and coastal environment (Browne et al., 2011; 

Cózar et al., 2014), freshwater (Eerkes-Medrano et al., 2015; Horton et al., 2017), soils 

(Scheurer and Bigalke, 2018; Zubris and Richards, 2005), air (Cai et al., 2017; Dris et al., 

2016), and even at remote places like Antarctica (Kelly et al., 2020). 

1.2 Microplastic in the environment 

In the environment, plastic products or fragments are exposed to a variety of environmental 

stressors - biotic and abiotic - leading to degradation (Gewert et al., 2015; Shah et al., 2008; 

Singh and Sharma, 2008; Zhang et al., 2021). Plastic particles smaller 5 mm are defined as 

microplastic (European Chemicals Agency, 2019; SAPEA, 2019) (MP) and are further 

classified as primary or secondary material. Even though most researchers use 5 mm as cut-

off, the size classification of MP differs, and no uniform definition has been reached in the 
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microplastic community. The classification of MP into primary or secondary material depends 

on whether the particles are produced in the size of MP (primary) or whether they originate 

from the fragmentation of larger items (secondary) (GESAMP, 2015). 

In the early 1970s, first reports on the presence of MP in North Atlantic surface waters (Austin 

and Stoops-Glas, 1977; Carpenter and Smith, 1972; Colton et al., 1974) and on New Zealand 

beaches (Gregory, 1977) were published. Later, particularly in the last 10-15 years, the number 

of scientific publications on MP increased rapidly (Figure 1), accompanied by a growing 

concern about potential environmental threats caused by MP. 

Figure 1. Annual number of publications related to microplastic from 2000 - 2022. Data from 

Web of Science (accessed on 07.12.2023) searching for “microplastic”, “micro-plastic”, 

“nanoplastic”, or “nano-plastic” (black) and in combination with “aggregation” (red). 

The United Nations Environmental Programme (UNEP) identified MP as one of six emerging 

issues of environmental concern (UN Environment, 2017). Not only the widespread presence 

of MP particles in the environment is emerging but also the potential threat to ecosystems and 

their habitants. It has been shown that MP can induce chemical and physical toxicity and 

negatively influence feeding, growth, reproduction and survival on biota (Bergmann et al., 

2015; Foley et al., 2018; SAPEA, 2019; Wagner and Lambert, 2018). 

To understand the risk MP is posing to the environment and its habitants, it is essential to study 

its transport and fate to then evaluate which environmental compartments might be most 

affected. For MP particles in the micron and submicron range, surface characteristics play a 

greater role compared to larger material due to the increased surface-to-volume ratio. 

Interactions with other naturally occurring substances, e.g. aggregation (the process of two 

particles colliding, followed by attachment (Alimi et al., 2018)), control the environmental fate 

and transport of MP and must therefore be included in modelling transport processes. 
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However, in comparison to the total number of publications in the field of MP research, 

aggregation processes have not yet received much attention (Figure 1) and therefore require 

further investigation. 

In the following, background information on colloidal science and environmental colloids is 

presented that is necessary to evaluate the interactions of MP with environmental colloids and 

the resulting impact on MP aggregation and mobility. 

1.3 Basics of colloidal science 

Colloids are historically defined as particles with a size range between 1 nm and 1 µm that 

remain stable in aqueous phase over a specific time period and therefore exhibit potential for 

mobility and transport (Goodwin, 2009; Lead et al., 1997; Spielman-Sun et al., 2024). However, 

Spielman-Sun et al. (2024) recently suggested that the definition of a colloid, especially the 

size range, should be more flexible: it would be preferable to use a wider size range or a size 

range that is adapted to the substance of interest. Another challenge is that in many studies, 

the particulate phase is differentiated from the dissolved phase by filtration, e.g. aquatic 

chemists usually use 0.2 or 0.45 µm pore sizes to distinguish between particulate and 

dissolved phase (Lead and Wilkinson, 2006). Not only do the filter sizes vary depending on the 

discipline, but the group of colloids is often completely neglected when only differentiating 

between particulate and dissolved phases by filtration (Bao et al., 2023; Lead and Wilkinson, 

2006). In this thesis, the definition of a colloid is not strictly based on the size range between 

1 nm and 1 µm but rather on the traditional characteristics of colloidal chemistry: any organic 

or inorganic entity with a size large enough to have a supramolecular structure and exhibit 

properties distinctly different from those of the surrounding aqueous phase (Lead and 

Wilkinson, 2006). On the other side, the upper size limit is reached when interfacial phenomena 

become qualitatively less important due to the smaller relative surface-to-volume ratio of the 

colloid/particle (Lead and Wilkinson, 2006). In other words, colloids are generally small enough 

that, when no aggregation is taking place, Brownian motion is sufficient to keep them 

suspended in the water column for periods longer than hours to days (Lead and Wilkinson, 

2006). 

Most colloids are charged. The surface charge can arise from (i) chemical reactions at the 

surface (i.e. iron oxyhydroxides, silica), (ii) isomorphous replacement within the lattice 

(aluminosilicates) or (iii) ion adsorption (Filella, 2006; Stumm and Morgan, 2012). Close to the 

electrically charged surface, a countercharge is established in the solution (Stumm and 

Morgan, 2012). Different models explain this electric double layer, e.g. the diffusive double-

layer by Gouy-Chapman (Stumm and Morgan, 2012). In this model, electrostatic and thermal 
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forces are considered to explain the distribution of counter ions close to the charged surface. 

The surface charge is compensated by an unequal distribution of co- and counter-ions that 

extend to a certain distance from the surface (Tadros, 2015). In the first layer, the direct 

surrounding of the surface, more counter-ions are located and strongly bound to the surface, 

while the second layer is almost diffusively distributed in the liquid and ions are less strongly 

bound (Stumm and Morgan, 2012). Within this diffusive layer, a theoretic boundary exists, in 

which ions and particles form a stable entity. If the charged particle moves in a liquid, the ions 

within this boundary (also called shear or slipping plane) move with it. The electric potential at 

the slipping plane is called zeta potential (Stumm and Morgan, 2012). The magnitude of the 

zeta potential indicates the potential stability of a colloidal system. It is calculated from the 

experimentally determined electrophoretic mobility, the velocity of charged particles within an 

electric field between anode and cathode (Stumm and Morgan, 2012). The zeta potential states 

whether a surface charge is positive or negative and indicates the isoelectric point (pHIEP). The 

pHIEP is defined by “the condition where particles do not move in an applied electric field” 

(Stumm and Morgan, 2012), hence the net surface charge of a particle is zero. Furthermore, 

the zeta potential is strongly affected by pH and ionic strength of the surrounding liquid. 

Generally, if the zeta potential has a large negative or positive value, the particles are likely to 

repel each other and stay separated. However, if the zeta potential values are rather low (< 30 

mV), the tendency of particle aggregation is enhanced, as the repulsion forces between the 

particles are smaller. Aggregation can occur between identical particles (homoaggregation) or 

between different particle types (heteroaggregation) and often leads to subsequent 

sedimentation (Praetorius et al., 2014; Velzeboer et al., 2014). 

1.4 Environmental colloids 

Colloids and suspended particles are ubiquitous in natural waters. They are present in fresh 

surface waters, groundwaters, oceans and soil waters in high concentrations (> 106 cm-3) 

(Stumm and Morgan, 2012). Particles and colloids in natural waters are extremely diverse and 

range from organisms, biological debris and organic macromolecules to various minerals, 

clays and oxides (Stumm and Morgan, 2012). They are highly dynamic and continuously 

generated, e.g. by precipitation and nucleation from oversaturated solutions or by physical 

fragmentation and erosion (Stumm and Morgan, 2012). Furthermore, they undergo changes 

in composition and can be removed from the water by dissolution or aggregation and 

subsequent settling (Stumm and Morgan, 2012). 

We only have limited knowledge of the actual size distribution of naturally occurring colloids, 

whether they exist as isolated entities or as aggregates (Lead and Wilkinson, 2006). The sizes 

of one colloid type often spread over orders of magnitude (Figure 2). Furthermore, in natural 
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waters, colloids are typically present as components of heteroaggregates and only rarely found 

in purified forms (Lead and Wilkinson, 2006). 

Figure 2. Size distributions of several environmental colloids, particles and solutes. Based on 

Lead and Wilkinson (2006) and Spielman-Sun et al. (2024). 

One group of environmental colloids is the one of iron oxides, hydroxides, and oxyhydroxides 

(from here on collectively referred to as “iron oxyhydroxides”). They are common minerals 

which are widespread in the environment (Joshi and Kappler, 2020; Schwertmann and Cornell, 

2000). They consist of ferrous (Fe(II)) or ferric (Fe(III)) iron, oxygen (O) and/or hydroxyl (OH) 

groups (Table 1) and can be found in the hydrosphere, pedosphere, atmosphere, biosphere 

and lithosphere (Cornell and Schwertmann, 2003; Joshi and Kappler, 2020). Iron 

oxyhydroxides typically occur as small crystals with dimensions in the micro- or nanometer 

scale (Cornell and Schwertmann, 2003). Due to their high surface-to-volume ratio and high 

reactivity, they participate in various interactions between the above mentioned environmental 

compartments (Cornell and Schwertmann, 2003). The dissolved concentrations of iron can 

range from several nanomoles to millimoles per liter in aqueous phases and from microgram 

to high milligram per gram in solids (Kappler et al., 2021). 

Initially, iron oxyhydroxides are introduced into the environment during the weathering of rocks 

(i.e., oxidation and hydrolysis of iron-containing silicates, sulfides or carbonates) 

(Schwertmann and Cornell, 2000). Under anaerobic conditions, re-mobilization of iron 

oxyhydroxides may occur by microbial reduction (Schwertmann and Cornell, 2000). Generally, 

the precipitation, dissolution and reprecipitation of iron oxyhydroxides is controlled by pH, 

redox potential (Eh), temperature and water activity (Schwertmann and Cornell, 2000).  
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Since iron oxyhydroxides are not only widely distributed in the environment but also strongly 

interact with other particles and colloids, the fate of various substances, e.g. heavy metals, 

natural organic matter (NOM) or eutrophication compounds, is affected by the iron cycle 

(Cornell and Schwertmann, 2003). For example, when iron oxyhydroxides precipitate in 

aqueous systems, they may bind toxic heavy metals or NOM, which then co-precipitate with 

the iron oxyhydroxide (Cornell and Schwertmann, 2003; Curtinrich et al., 2022; Nierop et al., 

2002; Peiffer et al., 1999). However, under anaerobic conditions, dissolution of the iron 

oxyhydroxide and consequently re-mobilization of the bound substances may take place 

(Cornell and Schwertmann, 2003). Hence, iron oxyhydroxides play a crucial role on 

mobilization and transport of substances within aquatic environments, particularly in 

understanding the mechanisms of heteroaggregation. When MP particles enter the 

environment, they are likely to interact with iron oxyhydroxides. These interactions, such as 

heteroaggregation, will in turn influence the fate of MP in the environment.  

Table 1: The iron oxyhydroxides (Cornell and Schwertmann, 2003). 

Oxyhydroxides and hydroxides Oxides 

Goethite α-FeOOH Hematite α-Fe2O3 

Akageneite β-FeOOH Maghemite γ-Fe2O3 

Lepidocrocite γ-FeOOH  Magnetite Fe3O4 

Schwertmannite Fe16O16(OH)y(SO4)z * n H2O β-Fe2O3 

Ferrihydrite Fe5HO8 * 4 H2O  ε-Fe2O3 

Feroxyhyte δ'-FeOOH Wüstite FeO 

High pressure FeOOH 

δ-FeOOH 

Bernalite Fe(OH)3 

Fe(OH)2 

Green Rusts Fex
IIIFey

II(OH)3x+2y-z(A-)z, A-=Cl-, 1/2 SO4
2- 

To study how MP properties and the fate of MP are affected by interactions with environmental 

particles, we chose ferrihydrite as a representative for iron oxyhydroxides in the environment. 

Ferrihydrite is a poorly crystalline iron oxyhydroxide that is widespread in the environment and 

due to its very small particle size (primary particle diameter in the low nanometer range) an 

important vector for mobilization and transport of various substances in the environment 

(Jambor and Dutrizac, 1998; Kappler et al., 2021; Schwertmann and Cornell, 2000). 

Ferrihydrite often occurs “in, at, or near aerated surfaces of soils, rivers, lakes and both 

hydrothermal and cold springs” (Guo and Barnard, 2013). Its composition is not yet fully 

understood and seems to be variable. However, the formula Fe5HO8 * 4 H2O is often used 
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(Schwertmann and Cornell, 2000). Due to the high surface area of ferrihydrite (> 200 m2/g) 

(Schwertmann and Cornell, 2000) it is an important sorbent in various processes in the natural 

environment.  

1.5 Interactions of microplastic with environmental colloids 

As previously mentioned, various naturally occurring particles and colloids exist in the 

environment. MP particles entering the environment will inevitably get into contact with those 

substances. Interactions between MP and naturally occurring colloids, such as 

heteroaggregation, are likely to influence the surface and transport properties of MP. 

To date, several studies have investigated the homoaggregation of MP particles in 

dependency of pH or ionic strength (Liu et al., 2021; Oncsik et al., 2014; Sun et al., 2020). 

However, theses studies were typically conducted under the absence of environmental 

substances. Since the number of natural particles and colloids surpasses that of MP particles 

in the environment, homoaggregation of MP is less relevant than heteroaggregation of MP with 

those natural substances. Consequently, homoaggregation of MP particles will not be 

discussed in detail. 

Interactions of MP with environmental colloids are influenced by several factors. On the one 

hand the environmental conditions such as pH, ionic strength, type of electrolytes and 

coexisting particles and colloids. On the other hand the MP properties themselves, such as 

composition, surface charge and particle size (Wang et al., 2021). Alterations of some of these 

factors might influence other parameters. The surface charge of particles for example is highly 

dependent on pH or ionic strength. 

The aggregation of MP with organic material has been widely reported in the past few years. 

The effect of dissolved organic matter (DOM) on the stability of MP particles cannot be 

generalized as it varies strongly among the studies (Sharma et al., 2021). The main 

explanation for this might be the influence of surface charge on the aggregation. As different 

studies use different model MP particles with different charges, the observed effects of DOM 

on MP stability vary. DOM was found to stabilize MP particles in the aqueous phase by 

enhancing electrostatic and steric repulsion and to destabilize MP by bridging or reversing 

surface charge (Cai et al., 2018; Li et al., 2018; Pradel et al., 2021). Furthermore, 

heteroaggregation between MP and biogenic particles, such as microalgae or phytoplankton, 

has been shown to increase the sedimentation rate of MP (Lagarde et al., 2016; Long et al., 

2015; Michels et al., 2018). It can be concluded that electrostatic interactions are one of the 

most important factors determining if aggregation occurs or whether MP is stabilized by 

environmental colloids. This has not only been observed for organic material but also for 
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inorganic particles. Similarly charged minerals and MP particles were found to repel each other 

and thus stabilize MP in suspension (Sharma et al., 2021; Zhang et al., 2020). However, 

opposingly charged minerals or iron oxyhydroxides and MP have been found to interact and 

adsorb to one another (M. Li et al., 2019; Oriekhova and Stoll, 2018). Li et al. (2019) 

demonstrated that, depending on particle size, iron oxyhydroxides adsorbed onto the MP 

surface or vice versa if the particle size of iron oxyhydroxides clearly exceeds that of MP 

particles. Such coating of MP particles by environmental substances can largely modify the 

surface properties of MP. The surface charge can be reversed by the coating which further 

influences interactions with other particles and may also promote the uptake of MP by 

organisms and cells (Ramsperger et al., 2022; Wieland et al., 2024).  

Further studies demonstrated that polystyrene (PS) and iron oxyhydroxides form 

heteroaggregates depending on pH and particle concentration (Oriekhova and Stoll, 2018; Vu 

et al., 2022). At conditions where charge neutralization was achieved, a strong increase in 

aggregate size was observed. Heteroaggregation of engineered nanoparticles (ENPs) with 

natural colloids and suspended solids was reported to strongly affect the aquatic transport and 

sedimentation of ENPs (Praetorius et al., 2014; Velzeboer et al., 2014). Furthermore, first 

studies investigating the effect of MP heteroaggregation on its sedimentation in water were 

conducted. They revealed that heteroaggregation between MP and biogenic particles or 

organisms increased the sedimentation of MP (Lagarde et al., 2016; Long et al., 2015; Michels 

et al., 2018). Even though iron oxyhydroxides are highly abundant in aquatic systems (Cornell 

and Schwertmann, 2003) and strongly interact with other water constituents and influence their 

transport (Lalonde et al., 2012; Lo and Waite, 2000; Nierop et al., 2002; Peiffer et al., 1999), 

no systematic study on MP heteroaggregation and subsequent sedimentation of MP with iron 

oxyhydroxides has been performed.  

1.5.1 Effect of UV-weathering on MP and its interactions 

In the environment, plastic particles are exposed to various weathering processes that induce 

changes in their polymer properties due to abiotic and/or biotic processes (Zhang et al., 2021). 

Biotic degradation refers to the degradation of plastics caused by organisms and abiotic 

degradation includes chemical or physical degradation mechanisms, e.g. light, temperature, 

water or mechanical stress (Zhang et al., 2021). The exposure of plastic particles to sunlight 

is one of most important processes initiating plastic degradation in the environment and has 

gained more and more attention in recent years. UV-weathering does not only trigger the 

formation of MP from larger plastic debris but also cause changes in chemical composition, 

surface charge, and mechanical properties of particles (Meides et al., 2021; Zhang et al., 2021, 
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2022). All these changes might influence the interactions of MP with natural particles and 

colloids.  

Previous studies report increased negative surface charge of MP due to UV-weathering (Jin 

Liu et al., 2019; Y. Liu et al., 2019; Wang et al., 2023; Zhang et al., 2022). Hence, electrostatic 

attraction or repulsion forces between particles might be altered by UV-weathering. The 

increase in negative charge is attributed to the formation of oxygen-containing functional 

groups (OFGs) on the MP surface (Y. Liu et al., 2019; Wang et al., 2023; Zhang et al., 2022). 

This might not only impact the surface charge of MP but also enable other interaction forces 

to take place. In case of PS for example (a polymer consisting of a long hydrocarbon chain 

with attached phenyl groups), the formation of OFGs, such as carboxyl or carbonyl groups 

renders the polymer surface more polar and might allow interactions forces like hydrogen 

bonding or ligand exchange to take place (Duan et al., 2021; Zhang et al., 2022). Furthermore, 

UV-weathering increases surface roughness of MP, which offers more active surface sites for 

interactions with environmental compounds (Duan et al., 2021). First results reported that UV-

weathered PS nanoparticles interacted with clay minerals even though the pristine PS particles 

and clay minerals repelled each other (Zhang et al., 2022). Moreover, the adsorption of PS 

nanoparticles onto iron minerals was found to be enhanced after UV-weathering of PS (Zhang 

et al., 2022). Hence, changes on the MP surface caused by UV-weathering are expected to 

intensify interactions with natural particles and must be considered when studying the 

aggregation and sedimentation behavior of MP particles in the environment. 

Even though UV-induced changes on the MP surface affect interactions with environmental 

colloids, to our knowledge, no study on the effect of UV-weathering on heteroaggregation and 

subsequent sedimentation of MP has been performed yet. In this thesis, we will look at the 

combined effect of UV-weathering and heteroaggregation of MP with iron oxyhydroxides on 

sedimentation to gain a more comprehensive understanding of these processes. 

1.5.2 Impact of MP interactions on MP wettability in soil 

As highlighted in the previous chapters, research on MP particles in aqueous phase showed 

that interactions with environmental particles affect the surface properties of MP. These 

processes do not exclusively happen in aquatic environments. Terrestrial ecosystems are also 

confronted with increasing amounts of MP pollution. Once MP are incorporated in soil, they 

are exposed to several soil water constituents that might alter MP surfaces through adsorption 

and aggregation. Hence, interactions with potential binding agents such as minerals, metal 

hydroxides and organic matter have the potential to alter MP properties in soils (Lu et al., 2021; 

Ren et al., 2021; Yan et al., 2020).  
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In terrestrial ecosystems, MP contamination often occurs locally by deposition of larger plastic 

fragments with hotspots of high MP content (Cramer et al., 2022). As MP particles are typically 

hydrophobic, they are likely to increase the soil water repellency, when they are deposited at 

the soil surface or incorporated in the bulk soil (Cramer et al., 2022). Consequently, locally 

reduced soil water content and air entrapment may occur, affecting soil functions such as 

capillary water flow and MP degradation (Cramer et al., 2022). Previous experiments have 

shown that soil water repellency increased due to polyethylene terephthalate (PET) deposition 

in soil with the effect of inhibiting capillary rise (Cramer et al., 2022). The areas with high MP 

content were bypassed by water leading to locally reduced soil water contents. These 

observations imply that MP in soil is not easily wetted by soil water which might affect MP 

degradation as water accelerates biotic and abiotic degradation processes (Ali et al., 2021). 

As shown in aquatic systems, interactions of MP with environmental particles influence their 

surface properties (Li et al., 2018; Oriekhova and Stoll, 2018; Schefer et al., 2023; Vu et al., 

2022). A coating of MP with more hydrophilic particles might further increase the MP wettability 

(Lu et al., 2021; Ren et al., 2021; Yan et al., 2020) and hence decrease the effect of soil water 

repellency that was found for pristine particles (Cramer et al., 2022). As the presence of water 

accelerates biotic and abiotic degradation processes, it is highly relevant to understand the 

wetting kinetics of MP in order to predict MP degradation. However, studies on interactions of 

MP with soil water components and the resulting changes of MP surface properties are scarce, 

as most studies focused on interactions in aquatic systems. Therefore, this thesis will not only 

focus on the interactions of MP in water but will also shed a light on the influence of MP 

interactions with environmental substances on MP wettability in porous media. 

1.6 Analytical challenges in quantifying sub-micrometer MP 

Quantification of MP particles remains a challenge, especially for particles in the colloidal size 

range. For environmental samples, several identification methods are used, such as Fourier-

transform infrared spectroscopy (FTIR), Raman spectroscopy, and gas chromatography-mass 

spectroscopy (GC-MS) (Prata et al., 2019). All of these techniques have limitations, e.g. 

detection limit, lower-size limit of detection, complex samples preparation, analysis time, 

accuracy, costs or availability of equipment (Prata et al., 2019). 

For laboratory studies, e.g. sedimentation studies of colloidal PS in the presence of 

environmental colloids, the requirements differ compared to real environmental samples. On 

the one hand, the type and size of MP particles as well as the sample matrix is known 

compared to environmental samples, on the other hand, the small size of colloidal MP faces 

new challenges like lower-size limits of detection. For studying the sedimentation of MP in the 
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presence of inorganic particles, new possible analysis methods come into play, as MP particles 

present the only organic compound in the sample. In environmental science, Total Organic 

Carbon (TOC) analyzers are well established for quantifying dissolved and particulate organic 

carbon in aquatic samples (Aiken et al., 2002; Blaurock et al., 2022, 2021; Knorr, 2013; Volk 

et al., 2002). For MP analysis however, the application of a TOC analyzer is rare, even though 

it allows quantification of sub micrometer MP particles as no lower-size limit exist. Hong et al. 

(2021) used a TOC method with solid sample combustion to quantify MP from sewage samples 

after removing other organic material by digestion with Fenton’s reagent. The recovery ranged 

between 76% and 98% for six different types of plastics (Hong et al., 2021). Contrary to those 

relatively high recoveries, Aiken et al. (2002) found only unsatisfactory recoveries for 1 µm PS 

beads with an average of 43.3%.  

Hence, it remains unsolved whether TOC analysis serves as a reliable, fast and cost-effective 

alternative for quantifying MPs in well-defined MP samples from laboratory experiments. In this 

work, we will test the applicability of a TOC analyzer for micrometer-sized MP analysis in 

aqueous systems for samples without other organic material.  
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2 Objectives and Structure 

The presented thesis was conducted as part of the Collaborative Research Center (CRC) 1357 

Microplastic at the University of Bayreuth. The CRC investigates the formation, migration and 

effects of MP in the environment. This work was carried out in the subproject B01 that aimed 

to investigate the mechanisms of interaction on and with MP particles in water. As part of this 

subproject, my focus was set on the interactions between MP particles with ferrihydrite, as 

representative for iron oxyhydroxides in the environment.  

The overall goal of this dissertation was to understand the interactions and aggregation 

between MP and ferrihydrite. Because many MP particles are exposed to UV-weathering in 

the environment, rendering their size, shape, surface properties and composition, we 

investigated not only pristine MP particles, but also UV-weathered particles to obtain a 

comprehensive understanding of the effects of weathering on aggregation. Furthermore, we 

aimed to understand how aggregation processes affect the surface properties, the 

sedimentation, and the environmental behavior of MP. Since the adsorption of environmental 

colloids onto the initially hydrophobic surfaces of MP might change their wettability, a further 

objective was to investigate if ferrihydrite coating reduces the soil water repellency induced by 

hydrophobic properties of MP. 

This thesis comprises four studies. While Study 1 and 2 investigated the heteroaggregation 

and subsequent sedimentation of pristine and UV-weathered MP particles in water, Study 3 

shed a light on the effect of ferrihydrite coating on the wettability of MP hotspots in porous 

media during capillary rise. Study 4 tested the applicability of TOC measurements for the 

quantification of micrometer-sized PS particles from laboratory-based experiments. In the 

following, I will formulate the research questions and hypotheses of all four studies in detail: 

Study 1: Heteroaggregation of PS microplastic with ferrihydrite leads to rapid removal 

of microplastic particles from the water column 

This study aimed to investigate under which pH conditions heteroaggregation between PS and 

ferrihydrite occurs and how this affects the sedimentation of PS in aquatic systems. 

Research questions of Study 1: 

• Do PS particles interact with ferrihydrite and how do pH variations influence the

interactions?

• How is the sedimentation of PS affected by heteroaggregation with ferrihydrite?
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We hypothesize that interactions between PS and ferrihydrite occur based on electrostatic 

attraction forces. Hence, if the particles are oppositely charged, we assume interactions to take 

place. At pH values at which charge neutralization occurs, we expect the formation of 

heteroaggregates, which will presumably lead to enhanced sedimentation of the aggregates. 

Study 2: UV-weathering affects heteroaggregation and subsequent sedimentation of 

polystyrene microplastic particles with ferrihydrite 

In Study 2 we first investigate how UV-weathering influences PS surface properties and 

secondly how these changes influence the heteroaggregation and sedimentation of PS 

particles with ferrihydrite. 

Research questions of Study 2: 

• How does UV-weathering of 1 µm PS influence the surface properties of the particles,

e.g. zeta potential, surface roughness and size?

• How do these changes influence the heteroaggregation and sedimentation of PS with

ferrihydrite?

We hypothesize that UV-weathering will reduce particle size, increase surface roughness and 

lead to the formation of oxygen-containing functional groups on the MP surface. These groups 

are likely to reduce surface charge of weathered MP and enhance surface reactivity as further 

interactions might take place, e.g. hydrogen bonding. This would intensify the interactions 

between weathered PS and ferrihydrite, likely leading to aggregation and sedimentation taking 

place over a wider range of conditions. 

Study 3: Ferrihydrite coating reduces microplastic induced soil water repellency 

In this study, we investigate how pre-coating or in-situ coating of MP with ferrihydrite affects 

the water repellency of MP in porous media during capillary rise.  

Research questions of Study 3: 

• How does a pre-coating of MP with ferrihydrite change the wettability of MP in porous

media?

• Can a coating also be formed in-situ when a pristine MP hotspot is embedded in porous

media and capillary rise with ferrihydrite suspension is performed?

• Are there differences in wettability and coating between different polymer types (PS

and PET)?
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We hypothesize that a pre-coating of MP with ferrihydrite increases the wettability of MP. 

Furthermore, we expect that capillary rise with ferrihydrite suspension leads to an in-situ 

coating of MP and hence to increased wettability. Lastly, we assume that the wettability of 

pristine MP as well as the coating differs between the polymer types, as they have different 

compositions and thus different surface groups that influence these processes. 

Study 4: A rapid method to quantify sub-micrometer polystyrene particles in aqueous 

model systems by TOC analysis 

In this study, we investigate if the quantification of MP from samples with a simple matrix (no 

other organic substances except for MP) can be done by TOC analysis.  

Research questions of Study 4: 

• Can the concentration of micrometer-sized MP particles in aqueous samples be

successfully determined using a TOC analyzer?

• Does the particle size have an influence on the recovery of the TOC measurements?

We hypothesize that the quantification of MP in the lower micrometer range is feasible using 

TOC analysis. However, with increasing particles size, the catalytic combustion in the 

instrument might not be sufficient to convert the complete particle to CO2, reducing the 

recovery of the samples. Hence, an additional catalyst might be necessary to improve the 

recovery. 
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3 Material and Methods 

3.1 Selection of particles 

3.1.1 Microplastic particles 

For Study 1 and 2, spherical PS particles with a diameter of 1 µm were used (Microparticles). 

According to the manufacturer, sulfate groups remained on the particle surface due to the 

manufacturing process. The particles density was 1.05 g/cm3. In Study 3, we used irregular 

shaped PS and PET particles with a size range of 20-75 µm. The original material (Veolia 

Deutschland GmbH) was milled by a centrifugal mill (ZM200, Retsch GmbH) and sieved into 

the required size fraction. In Study 4, we used spherical PS particles with diameters of 0.5, 1, 

2 and 6 µm (Polyscience). 

To investigate the different wettability of pristine MP particles compared to coated MP particles 

(Study 3), we coated 20-75 µm PS and PET with ferrihydrite. For this, we shook 2 g of PS or 

PET for 2 h in ferrihydrite suspension at 16 rpm in an overhead shaker and then filtered the 

suspension to separate the coated MP from the remaining ferrihydrite colloids in the 

suspension. The filter was dried overnight at 40 °C. To calculate the amount of iron adsorbed 

to the PS or PET surface, the specific surface area was determined by the Brunauer–Emmett–

Teller (BET) method. The amount of iron adsorbed onto the MP surfaces, was determined 

photometrically after dissolving and reducing the adsorbed ferric particles to ferrous iron. 

3.1.2 Metal hydroxides 

In all four studies, we used the poorly crystalline iron oxyhydroxides ferrihydrite. We 

synthesized 6-line ferrihydrite according to Cornell and Schwertmann (2003). By XRD analysis, 

we confirmed that the synthesized product was 6-line ferrihydrite (from here on referred to as 

“ferrihydrite”). In addition to ferrihydrite, in Study 4, we used aluminum (Al) hydroxide. The 

details regarding the synthesis can be found in the Method section of Study 4. 

3.2 UV-weathering of microplastic 

In Study 2, we investigated the aggregation and sedimentation of laboratory-controlled UV-

weathered 1 µm PS particles. To obtain UV-weathered MP, we used a UVACUBE 400 

irradiation chamber for solar simulation, equipped with a SOL500 lamp (both Dr. Hönle AG). 

The acceleration factor of the weathering chamber compared to average German irradiation is 

10 (calculated based on data provided by the supplier). PS suspensions with a concentration 

of 100 mg/L were irradiated in quartz beakers for various periods between 0 and 1000 h. 

However, for aggregation and sedimentation studies we only used the periods of 0, 48 and 
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96 h, because for longer UV-irradiation, almost all PS particles were found in the size fraction 

< 0.45 µm and approx. half of the carbon/PS was removed from the sample as gas. 

From all irradiated samples, the amount of total organic carbon (TOC) in the samples was 

determined to investigate how much carbon has left the sample as gas. Furthermore, we 

determined the dissolved organic carbon (DOC) fraction. Therefore, the suspensions were 

filtered through 0.45 µm. Please note that even though we use the term ‘DOC’, carbon found 

in this size fraction might be either dissolved or present as particles smaller than 0.45 µm. 

3.3 Sedimentation experiment 

Sedimentation experiments in Study 1 and 2 were conducted in narrow glass vessels. The 

tested pH range of samples containing pristine or weathered PS (10 mg/L) and ferrihydrite (10 

mg/L) was 3 to 11. In Study 1, the reaction time was set to one day and one week. For Study 

2 (weathered particles) we only looked at a reaction time of one day, as the results of Study 1 

showed that the relevant sedimentation patterns were already observed after one day. After 

the reaction and sedimentation time of one day or one week, we carefully removed the upper 

8 mL of the samples with a pipette. This part was stored in an additional vial and is referred to 

as ‘solution’. The lower 2 mL of the sample are referred to as ‘sediment’ (Figure 3). The 

concentration of PS in solution and sediment was determined by TOC analysis.  

Figure 3. Simplified illustration of the experimental setup of sedimentation experiments with 

PS and ferrihydrite (10 mg/L each). 

3.4 Determination of zeta potential and hydrodynamic diameter 

To study the aggregation of PS and ferrihydrite, we used a ZetaSizer Nano ZS (Malvern 

Panalytical) for Study 1 and 2. With the zeta potential we gained information of the surface 

charge of PS and ferrihydrite as well as those samples in which both particles were present. 

By Dynamic Light Scattering (DLS) we determined the z-average hydrodynamic diameter of 

the samples to see at which pH conditions aggregation took place. The tested pH range was 

3 to 11. In all samples, the concentrations of PS and ferrihydrite were 10 mg/L each. 
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Additionally, in Study 2 we determined the zeta potential of UV-weathered particles to 

investigate how the surface charge is influenced by UV-weathering. 

In Study 3, the zeta potential values of 20-75 µm PS and PET particles were derived from 

streaming potential measurements. They were conducted with the electrokinetic analyzer 

SurPASS 3 (Anton Paar GmbH) and a cylindrical cell. 

3.5 TOC analysis 

In Study 4 we tested the applicability of a TOC analyzer (TOC-L-Analyzer, Shimadzu) for 

quantification of sub-micrometer PS particles. Therefore 0.5, 1, 2 and 6 µm PS suspensions 

of various concentrations were measured using the TOC analyzer in the presence and 

absence of Fe and Al hydroxides. The metal hydroxides were added to the samples to test 

their catalytic effect on the oxidation of PS to CO2. 

Furthermore, the TOC analyzer was used to (i) measure the amount of PS that sedimented 

after interaction with ferrihydrite and (ii) to determine the amount of TOC and DOC in PS 

samples after UV-weathering. Detailed description of the measurement protocols can be found 

in the corresponding publications. 

3.6 Scanning electron microscopy and energy-dispersive X-ray 

spectroscopy 

Scanning electron microscopy (SEM) was performed for Study 1-3. In Study 3, the dried 

(pristine or ferrihydrite-coated) PS and PET was placed on a standard sample holder and 

coated with a thin layer of platinum (Cressington 208 HR sputter coater). SEM images were 

recorded with a Zeiss ULTRA PLUS (Carl Zeiss Microscopy) and used to identify if a successful 

coating of PS and PET with ferrihydrite was done. In Study 1 and 2, the sample preparation 

slightly differed. Instead of dried material, the suspensions containing PS, ferrihydrite, or PS 

and ferrihydrite was investigated and analyzed regarding the aggregation. 4 µL of one sample 

was dropped onto a glow-discharged carbon-supported TEM copper grip (S160 Plano) and 

dried under ambient conditions. Analogous to Study 3, the samples were coated with platinum, 

and SEM images were recorded.  

Additionally, energy-dispersive X-ray spectroscopy (EDS) was done for a subset of samples 

using a Zeiss LEO 1530 (Carl Zeiss Microscopy) operating at 2 kV and equipped with an 

UltraDry EDS detector using Pathfinder software (Thermo Fisher Scientific). EDS resolution 

was enhanced by use of a thin layer of carbon as specimen support and low acceleration 

voltage. 
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3.7 Neutron imaging 

In Study 3, we used neutron imaging to quantify the water saturation of MP hotspots in porous 

media during capillary rise. Time-series neutron radiography was conducted at the NEUTRA 

beamline at the Paul Scherrer Institute in Villigen, Switzerland. We filled aluminum containers 

halfway with pre-treated and washed quartz sand (700-1200 µm, Raneem, Sand-Schultz 

GmbH). Then, a MP hotspot (0.02 g) was added with a funnel and afterwards the other half 

was filled with sand (Figure 4).  

Figure 4. Schematic setup of a sample container filled with sand and MP hotspot during 

capillary rise. 

The hotspots consisted of pristine or with ferrihydrite coated PS or PET. Capillary rise was 

imaged to estimate the water saturation of the hotspot. The filled sample container was placed 

in an open container with in and out flow, providing a constant water table for capillary rise. A 

peristaltic pump at constant flow rate supplied the respective liquid. The imbibition of three 

different liquids was recorded for ten or six replicates of different MP hotspots (Table 2). As 

liquids for capillary rise, we used (i) deionized water with 10 mM NaCl (water), (ii) 10 mg/L 

ferrihydrite suspension with 10 mM NaCl (Fh10) and (iii) 100 mg/L ferrihydrite suspension with 

10 mM NaCl (Fh100). We performed two wetting-drying cycles for the experiments with Fh10 

and Fh100 and one cycle for experiments with water.  

Table 2. Capillary rise experiments for neutron imaging. 

MP Liquid Repetitions 

Pristine PET Water, Fh10, Fh100 10 

Coated PET Water 6 

Pristine PS Water, Fh10, Fh100 10 

Coated PS Water 6 
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4 Summary of Results and Discussion 

4.1 Study 1: Heteroaggregation of PS microplastic with ferrihydrite 

leads to rapid removal of microplastic particles from the water 

column 

In this study we investigated the interactions between 1 µm PS particles and ferrihydrite. Over 

a pH range between 3 and 11 we analyzed if aggregation between the particles took place. 

Since particle aggregation strongly influences the settling of particles in water, we additionally 

investigated the sedimentation of PS in presence and absence of ferrihydrite. 

Figure 5. a) Zeta potential and b) z-average hydrodynamic diameter of PS, ferrihydrite (Fh), 

and samples with PS and ferrihydrite (PS+Fh). For ferrihydrite samples with pH < 6, the count 

rates were not sufficient for reliable light scattering measurements and therefore should be 

regarded with caution (dashed line). In b) simplified illustrations of interactions between PS 

and ferrihydrite are embedded: At acidic pH, negatively charged PS particles are coated with 

positively charged ferrihydrite leading to charge reversal. At neutral pH, coating of PS with 

ferrihydrite results in charge neutralization allowing strong heteroaggregation. At alkaline pH, 

both particle types are negatively charged, thus repulsive forces prevent aggregation. 

PS particles were highly negatively charged over the tested pH range with zeta potentials 

ranging between -44 mV (pH 3) and -82.9 mV (pH 11) (Figure 5a, black data points). Strong 

electrostatic repulsion between the particles prevented major homoaggregation. However, with 

a mean hydrodynamic diameter of 1.7 µm, we assume some homoaggregates must have 

formed despite strong repulsion (Figure 5b). After one day of settling (in the absence of 

ferrihydrite), the PS concentration in the sediment was only slightly increased compared to the 

solution. However, after one week of settling time, the PS concentration in the sediment 

increased. Between 30.4% and 47.8% of the PS in the sample was found in the sediment. 

Please consider that due to the experimental setup (Figure 3a), 20% of the PS should already 

be found in the sediment if no sedimentation occurs. As no pH dependence for the 
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sedimentation has been observed and high zeta potential values suggest strong repulsion 

between the particles, we attribute the sedimentation primarily to long-term storage effects. 

For ferrihydrite particles, we found positive zeta potential values at acidic and neutral pH 

values, the isoelectric point at pH ≈ 8.7 and negative zeta potential values for pH > pHIEP

(Figure 5a, orange data points). At pH 6-9, electrostatic repulsion between ferrihydrite particles 

was low which allowed homoaggregation. This was confirmed by low zeta potential values 

suggesting low repulsion and by increased hydrodynamic diameter values (Figure 5b), 

indicating the formation of homoaggregates. 

The results of zeta potential and hydrodynamic diameter of PS differed greatly after the 

particles reacted with ferrihydrite for one week. Instead of a high negative surface charge, we 

found positive charges for acidic and neutral pH values (Figure 5a, blue data points). Another 

striking observation is the sharp increase in aggregate size at circumneutral pH (Figure 5b). 

This can only be explained by strong aggregation between the particles. Heteroaggregation 

took place at this pH range because the negative PS particles were coated by ferrihydrite 

particles. Since ferrihydrite particles had only a very low positive charge at circumneutral pH, 

charge neutralization was almost achieved. Therefore, electrostatic repulsion between the 

ferrihydrite coated PS particles was minimal and allowed further aggregation of the coated 

particles. On SEM images we can clearly see such heteroaggregates in which ferrihydrite 

serves as a bridging agent between the PS particles (Figure 6). 

Figure 6. a) SEM image of a formed heteroaggregate of PS and ferrihydrite at pH 6.5. 

Ferrihydrite is found on the surface of PS and as linkage between the PS particles. b) EDS 

analysis confirms that the aggregated material is ferrihydrite. 

In the acidic pH range, the negatively charged PS particles were also coated with ferrihydrite. 

However, no increase in aggregate size was observed (Figure 5b). At this pH range, 

ferrihydrite particles contained a stronger positive surface charge compared to neutral pH 

values. Thereby, a coating of PS with nano-sized ferrihydrite particles led to charge reversal 



Summary of Results and Discussion 

26 

but any further aggregation of the coated PS particles was prevented by the strong positively 

rendered charge (Figure 5a). 

At alkaline pH values, both types of particles were negatively charged, and electrostatic 

repulsion inhibited major interactions. The detection of two different zeta potential peaks per 

measurement suggest the presence of two differently charged species. As one measurement 

point aligns well with the zeta potential of ferrihydrite and the other one with that of PS, the 

assumption of those particles staying separated in suspension is strengthened. Simplified 

illustrations of interactions between PS and ferrihydrite particles at different pH ranges are 

embedded in Figure 5b. 

Looking at the sedimentation of PS in presence of ferrihydrite, clear correlations with 

aggregation results are observed. Maximal sedimentation (after one day and one week) was 

found at circumneutral pH values, where maximal heteroaggregation of PS and ferrihydrite 

was observed. With 90-93% of PS found in the sediment at pH 6-6.5, almost all PS particles 

were removed from the water column already after one day of settling. Furthermore, compared 

to blank samples (without ferrihydrite) the sedimentation of PS was (at least slightly) enhanced 

to approx. 50% at all pH conditions in presence of ferrihydrite, for a sedimentation time of one 

week. After only one day of sedimentation however, the sedimentation in presence of 

ferrihydrite did not increase compared to the absence of ferrihydrite at pH values where no 

heteroaggregation took place. 

In conclusion, Study 1 showed that interactions of PS particles and ferrihydrite are strongly 

pH-dependent as they are driven by electrostatic interaction forces and the surface charge of 

ferrihydrite varies over the pH-range. At circumneutral pH, charge neutralization of 

suspensions with PS and ferrihydrite resulted in the formation of heteroaggregates which 

subsequently sedimented. Overall, our findings suggest that MP particles tend to form 

environmental corona at their surface. This might consist of iron oxyhydroxides but also of 

other environmental colloids. Once MP particles enter the aquatic environment, their surface 

properties are strongly controlled by the interactions with natural constituents and 

heteroaggregation is likely to reduce their residence time in the water column since it results 

in fast sedimentation. 
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4.2 Study 2: UV-weathering affects heteroaggregation and 

subsequent sedimentation of polystyrene microplastic particles 

with ferrihydrite 

In Study 2, we first investigated the influence of laboratory-controlled UV-weathering on 

surface properties of PS particles. Subsequently we studied the impact of UV-weathering on 

pH-dependent heteroaggregation and sedimentation of PS with ferrihydrite. 

UV-weathering of PS strongly impacted the size, shape, surface characteristics and 

composition of particles. With increasing weathering, the particle sizes decreased, the shapes 

became more irregular, surface roughness increased and for some particles the formation of 

cavities was observed. Furthermore, opposing to our hypothesis, the initial strong negative 

zeta potentials of PS rendered less negative after UV-weathering. We attribute this to UV-

induced cleavage of negatively charged sulfate groups from the PS surface, which are 

remnants from the manufacturing process. However, the surface charge remained within a 

negative range. We ascribe this to the formation of oxygen-containing functional groups on the 

PS surface, induced by UV-irradiation (Y. Liu et al., 2019; Wang et al., 2023; Zhang et al., 

2022). Interestingly, the TOC mass of PS samples decreased strongly, especially between 48 

and 240 h of UV-irradiation. The fraction of DOC (< 0.45 µm) peaked after 144 h of weathering. 

For longer weathering (> 144 h), DOC and TOC concentrations were similar, suggesting that 

most particles were smaller than 0.45 µm, some might even be present as dissolved 

weathering products. After 300 h, only approx. 10% of the initial carbon (and thus PS) remained 

in the samples. Hence, a substantial proportion of carbon must have been released from the 

samples, likely in gaseous form. These results confirm previous work showing the formation 

of DOC and/or gases like CO2 during the UV-weathering of plastic particles (Juanjuan Liu et 

al., 2019; Pfohl et al., 2022; Ward et al., 2019). Our observations of a temporary increase in 

DOC accompanied by a continuous PS mass loss match well with a previously established 

three-stage chemical-reaction for UV-induced degradation (Duan et al., 2021): (i) Initiation: 

chain scission of bonds within the polymer structure, formation of radicals (e.g. R., RO., ROO.) 

and reactive oxygen species, such as hydroxyl or superoxide radicals takes place (Duan et al., 

2021). (ii) Propagation: highly active radicals promote self-catalyzed reactions (Duan et al., 

2021). The analyzed PS particles degrade further into smaller particles, dissolved species and 

gaseous components. (iii) Termination: total mineralization of the particles (Duan et al., 2021). 

For the analyzed PS particles however, 10% of the initial carbon mass remained in the samples 

and was therefore not transformed into gas.  

The interactions between pristine PS and ferrihydrite after one day of reaction aligned well with 

those of one week reaction time (Study 1): charge neutralization allows strong 
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heteroaggregation at circumneutral pH with subsequent sedimentation. PS weathering of 48 h 

did not affect the heteroaggregation and sedimentation substantially. However, strongly 

weathered PS particles (PS96h), showed a very different behavior of heteroaggregation and 

sedimentation with ferrihydrite compared to pristine PS (Figure 7). The pHIEP of PS96h and 

ferrihydrite samples was shifted to an acidic pH value of approx. 4. This also changed the pH 

range where heteroaggregation and sedimentation occurred (Figure 7). Furthermore, the 

maximum aggregate size decreased compared to pristine particles (Figure 7a). The pattern 

that heteroaggregation takes place at the pHIEP and results in sedimentation also applied for 

UV-weathered particles. However, aggregation and especially sedimentation were not only 

observed at the pHIEP, but over a broader pH range between 3 and 7 (Figure 7b). We conclude 

that interactions between PS and ferrihydrite causing heteroaggregation and sedimentation, 

were intensified after 96 h of PS weathering.  

Figure 7. a) z-average hydrodynamic diameter and b) sedimentation of pristine PS (PS0h) and 

PS exposed to UV-irradiation for 96 h (PS96h) after reaction with ferrihydrite for one day. 

Our results suggest that aside of electrostatic interactions, further interactions must have taken 

place between PS96h and ferrihydrite particles. The electrostatic interactions should not change 

substantially as the surface charge of weathered PS remained in a similar range compared to 

pristine PS (even though it became less negative). Therefore, we attribute the interactions 

being expanded over a broader pH-range to two factors: (i) the formation of oxygen-containing 

functional groups on the MP surface increased the surface reactivity and likely enabled other 

interaction forces to take place: e.g. hydrogen bonding or ligand exchange (Duan et al., 2021; 

Zhang et al., 2022). (ii) Small particle fragments or dissolved substances formed during 

weathering were likely to be involved in the interactions between PS96h and ferrihydrite (Figure 

8).  

In summary, in Study 2 we showed that UV-weathering strongly influences the surface 

properties and reactivity of PS and therefore also impacts the interactions with ferrihydrite (and 
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likely other particles and colloids present in a natural setting) resulting in a wider pH range 

where aggregation-facilitated sedimentation occurs. 

Figure 8. Conceptual model representing the different interactions of pristine and UV-

weathered PS particles with ferrihydrite. For pristine MP particles, the interactions with 

ferrihydrite are predominated by electrostatic interactions. With increasing UV-weathering, not 

only the more active surface sites are formed on the MP surface that allow further interactions 

(e.g. hydrogen bonding) with ferrihydrite. Additionally formed degradations products might also 

interact with ferrihydrite or the MP particles. 

4.3 Study 3: Ferrihydrite coating reduces microplastic induced soil 

water repellency 

In Study 3 we tested the influence of ferrihydrite coating on the wettability of MP in porous 

media. Therefore, we investigated if pristine and coated (pre or in-situ coated) MP hotspots 

embedded in quartz sand show differences in their wettability during capillary rise with water 

or ferrihydrite suspension.  

The analysis of water saturation from neutron imaging showed low water saturations for 

pristine MP hotspots during capillary rise with water (Figure 9a). Even though the water 

saturation of PET was slightly higher compared to PS, both pristine MP types were considered 

non-wettable, and the rising water bypassed the hotspots (Figure 9b+c). Pre-coating of PET 

with ferrihydrite clearly changed the water saturation. The coated PET hotspots were rendered 
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wettable (Figure 9a), and we observed water flow into the hotspot during capillary rise (Figure 

9e). For PS, only minor differences in water saturation between pristine and coated PS 

particles were visible. The water saturation of coated PS increased slightly compared to 

pristine PS, but the hotspots were still non-wettable (Figure 9d).  

Figure 9. a) Water saturation of MP hotspots after capillary rise with water (control = without 

MP hotspot). b)-e) Neutron images during and at the end of capillary rise of water. The hotspots 

consist of b) pristine PS, c) pristine PET, d) ferrihydrite-coated PS and e) ferrihydrite-coated 

PET. For each set, the left image is taken at a time step at which the rising water reaches the 

hotspot. For coated PET, water flow into the hotspot is observed whereas for the other variants, 

water bypasses the hotspot. The right image of each set is taken at the end of capillary rise. 

The increase in wettability of coated PET compared to coated PS can be explained by the 

effectiveness of the ferrihydrite coating. The amount of ferrihydrite adsorbed onto the PET 

surface was approx. four times higher compared to PS. As zeta potential values of pristine PS 

and PET were similar, we attributed this disparity not to effects of surface charge but to the 

presence of functional groups in the polymer backbone of PET which enhanced ferrihydrite 

adsorption compared to PS.  

Table 3. Mean static contact angles of pristine and coated MP (°), n = 11. 

Pristine PS Pristine PET Coated PS Coated PET 

143.7 ± 3.3 123.8 ± 3.9 127.1 ± 3.7 101.7 ± 4.4 

Static contact angle (CA) measurements of pristine and coated MP align with the effectiveness 

of ferrihydrite coating but do not fully explain the different water saturation of MP hotspots 

during capillary rise. Particles with CA below 90° are typically considered to allow for good 

wettability, whereas those with higher CA are regarded as hydrophobic (Bachmann et al., 
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2003, 2000). Pristine PET showed lower static CA than pristine PS (Table 3). Ferrihydrite 

coating decreased the CA for both polymer types, indicating a change in polarity. Coated PET 

exhibited the lowest CA whereas the value for coated PS was in the range of pristine PET 

(Table 3). Even though all particles exceeded the threshold of 90° and theoretically needed to 

be considered as hydrophobic, the lower CA of pristine and coated PET compared to pristine 

and coated PS indicated higher surface polarity and therefore a higher wettability. Hence, this 

explains the higher water saturation of pristine PET compared to PS and the more effective 

coating with ferrihydrite. However, the wettability of coated PET observed during capillary rise 

seems to contradict the result of static CA measurements. Even though the value of coated 

PET was the lowest along the other MP variants, it still indicated non-polarity. Such 

discrepancy arises from methodological differences between static CA measurements (quasi-

two-dimensional system) and capillary rise that adheres to effective, dynamic CA of water in a 

three-dimensional pore space. 

In a second experiment we investigated if coating of MP with ferrihydrite can also be 

established in-situ. But regardless of the ferrihydrite concentration in the imbibing liquid (10 or 

100 mg/L ferrihydrite), contrary to our hypothesis, no effective in-situ coating of pristine MP 

with ferrihydrite was observed after two wetting-drying cycles and the MP hotspots remained 

non-wettable. However, the water saturation of the MP hotspots increased slightly but not 

significantly. In line with results of pre-coated MP, the water saturation of PET increased 

stronger compared to PS, presumably due to the presence of more functional groups in the 

PET polymer backbone. Generally, the slight increased water saturation suggests that 

ferrihydrite coating occurred locally, likely at the edges of the hotspot. As the suspension 

bypassed the hotspots, we assumed that only the MP particles at the hotspot boundaries had 

contact with the imbibing ferrihydrite suspension. Therefore, an increased number of wetting-

drying cycles might allow the ferrihydrite suspension to propagate deeper into the MP hotspot, 

and thus allow stronger in-situ coating of MP.  

In conclusion, depending on polymer type, capillary driven imbibition of water into MP hotspots 

was facilitated by ferrihydrite pre-coating of MP. Contrary, in-situ coating of pristine MP 

hotspots with ferrihydrite suspension (regardless of ferrihydrite concentration) did not establish 

a coating that increased the wettability and thus did not allow imbibition of water in two wetting 

cycles. As the presence of water accelerates biotic and abiotic degradation processes, the 

understanding of wetting kinetics is important to predict MP degradation (Ali et al., 2021). Our 

results indicate that natural particles like iron oxyhydroxides can increase the wettability of MP 

in porous media. This might counteract previously observed limitation of capillary flow and 

reduced local water contents due to MP particles in soil (Cramer et al., 2022). 
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4.4 Study 4: A rapid method to quantify sub-micrometer polystyrene 

particles in aqueous model systems by TOC analysis 

In Study 4, we propose a quantification method for MP particles in model systems based on 

the determination of the carbon content. For several laboratory experiments with MP, e.g. 

sedimentation experiments from Study 1 and 2, a fast quantification method is required. At the 

same time, the requirements of MP detection from laboratory samples are often lower 

compared to environmental samples. In cases where no other organic substances are present 

in the samples, the quantification can be done by determining the carbon concentration. In 

environmental science, TOC analyzers are traditionally used for quantifying DOC or particulate 

organic carbon (POC) in aquatic samples. In this study we proved its applicability for 

commercially available PS particles in the lower micrometer range (0.5, 1, 2, 6 µm).  

Figure 10. Total recovery in percent for each particle size in presence and absence of Fe or 

Al hydroxide in the PS samples. 

The recovery of PS varied depending on particle size. We found lower recoveries with 

increasing particle size from 88.5% (0.5 µm) to 24.5% (6 µm) (Figure 10). Based on the low 

recovery for larger particles, we assumed that PS particles were not completely oxidized to 

CO2 during the high-temperature catalytic oxidation in the instrument. The particle size (but not 

the concentration) seemed to be the limiting factor for a complete oxidation to CO2, as smaller 

particles (with a higher surface-to-volume ratio) offer a larger surface area for chemical attacks 

during the high-temperature catalytic oxidation. 

With addition of Fe or Al hydroxides to samples prior measurement, the unsatisfactory 

recoveries were improved strongly. For 0.5-2 µm PS, the recoveries were enhanced to over 
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90% and the precision increased. For the largest tested particles (6 µm), recoveries of 67.1% 

and 88.8% were found in presence of Fe or Al hydroxides, respectively.  

Hence, our findings suggest that the Pt-catalyst used in the instrument was not sufficient for 

complete oxidation of PS particles to CO2. The addition of metal hydroxides increased the 

catalytic activity and allowed for complete oxidation of particles and their subsequent TOC 

measurement. This agrees well with previous literature reporting an enhanced catalytic activity 

of Pt/Al2O3 to oxidize CO at room temperature by deposition of iron oxide on the Pt/Al2O3 

catalyst (Cha et al., 2021). However, an upper limit in PS particle size seemed to exist as 

indicated by the relatively low recoveries and high standard deviations found for 6 µm PS 

particles despite the addition of metal hydroxides. 

Concluding, with the addition of Fe or Al hydroxides, TOC measurements present a fast, 

simple, and cheap alternative to commonly used methods for MP quantification in experiments 

studying the environmental behavior of MP in the sub-micrometer and nanometer range. We 

recommend the application for this method for samples in which no other organic particles 

(except MP) are present. 
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5 Conclusions 

The pollution of the environment with plastic and MP has received tremendous attention in 

recent years, and the number of scientific studies has rapidly increased (Figure 1). Despite 

the scientific effort to understand the (transport) behavior of MP in environmental 

compartments and its interactions with other particles and colloids, the details have not yet 

been fully understood. This dissertation addresses different MP-types (weathered and non-

weathered, PS and PET), combined with two different environmental settings (water and soil) 

in the presence of naturally occurring colloids (ferrihydrite). This combination enabled us to 

further understand the interactions of MP with environmental colloids and to evaluate the 

consequences of interactions of MP with iron oxyhydroxides for (i) MP sedimentation in water 

and (ii) the effect on MP wettability in soil. Details will be discussed in the following chapters. 

5.1 Environmental implications of MP aggregation and sedimentation 

Study 1 and 2 clearly demonstrate that the presence of ferrihydrite is not only a driving factor 

for heteroaggregation but also promotes the sedimentation of PS. The interactions between 

MP and ferrihydrite are strongly pH-dependent, mainly because the surface charge of iron 

oxyhydroxides varies strongly over the pH-range. Hence, for pristine MP particles, electrostatic 

interactions between MP and ferrihydrite determine whether the particles aggregate or not. At 

pH conditions, where charge neutralization is achieved, heteroaggregation takes place. The 

formation of large aggregates of PS and the much denser ferrihydrite leads to rapid 

sedimentation. Hence, through this process of heteroaggregation and subsequent 

sedimentation of the aggregates, MP particles are likely to be removed from the water column 

and transported to deeper water layers or the sediment (Lagarde et al., 2016; Leiser et al., 

2021a, 2021b, 2020; Y. Li et al., 2019; Long et al., 2015; Michels et al., 2018).  

Increased sedimentation of MP facilitated by heteroaggregation impacts the residence time in 

water, and thus influences the exposure time of aquatic organisms to MP. The transport of MP 

particles to the sediment implies that exposure times of aquatic organisms might be reduced 

and concurrently the risk for organisms living in the benthic zone might be increased as 

sediments of rivers, lakes and the sea may act as a sink for MP particles (Leiser et al., 2021b; 

Näkki et al., 2019; Turner et al., 2019; van Emmerik et al., 2022). Hence, future studies 

examining the risks of MP on organisms, should not primarily focus on organisms in the water 

column but also on organisms in the sediment. 

Through interactions of MP with environmental colloids, the behavior of MP particles is not only 

impacted by heteroaggregation that is driving sedimentation. Also coating processes of MP 

with natural substances, affecting surface properties (even though not sedimentation) might 
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influence the environmental behavior of MP. Within this thesis we showed that ferrihydrite 

coating can reverse the surface charge of MP and increase the hydrophilicity of the particles. 

These changes in physicochemical properties in turn have the potential to impact uptake 

mechanisms of organisms and cells (Ramsperger et al., 2022; Wieland et al., 2024). 

In Study 2, we set our focus on more environmentally relevant MP, considering particles 

previously exposed to UV-irradiation, to mimic the process of natural weathering of MP. 

Exposure to UV-irradiation modified surface properties, sizes and shapes of PS particles, and 

led to the formation of dissolved and particulate weathering products. This, in turn, increased 

the reactivity of the particles, likely due to the formation of hydrophilic functional groups on the 

surface, allowing interactions via hydrogen bonding (Duan et al., 2021; Zhang et al., 2022). 

These results indicate that with increasing weathering and subsequently increasing number of 

reactive functional groups on the surface, the importance of electrostatic attraction forces on 

aggregation may decrease, as for those particles also additional specific interactions are 

possible. Hence, the impact of surface charge, which played the major role on interactions of 

pristine particles, might be reduced for weathered particles. 

The interactions between weathered PS and ferrihydrite were not only influenced by the altered 

surface properties due to UV-weathering but also by the presence of UV-induced degradation 

products. In natural environments, it is questionable if these products would have such a strong 

impact on MP aggregation as they probably distribute quickly in larger water bodies. 

Furthermore, the amount of natural particles in the environment surpasses that of MP particles 

by far (Koelmans et al., 2022). This makes it more likely that MP particles or their degradation 

products interact with naturally occurring colloids rather than with each other. The degradation 

products (in this work measured as DOC fraction) might become part of the natural DOC 

fraction that is known to adsorb on iron oxyhydroxides (Gu et al., 1996; Sharp et al., 2006) and 

form iron-DOC flocs (Droppo et al., 1997; Sharp et al., 2006) which might be transported as 

environmental colloids. Hence, not only the interactions of MP particles with iron oxyhydroxides 

but also those of their degradation products may affect the overall fate of MP in the 

environment.  

Furthermore, in the environment, not only UV-weathering of MP might increase the reactivity 

and thus the heteroaggregation and sedimentation of MP particles. A formation of biofilms on 

MP will change the physicochemical properties of MP particles and is likely to enhance their 

adhesiveness, thus making them more “sticky” (He et al., 2022; Michels et al., 2018; Rummel 

et al., 2017). This will subsequently increase the aggregation with other natural colloids and 

thereby the potential of sedimentation. 
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To understand the fate of MP in water bodies, it is certainly not enough to study under which 

conditions they sediment; it is also necessary to consider whether the settled particles are re-

mobilized under certain conditions – especially when redox-active iron species are involved. 

The mobility and reactivity of iron in the environment is redox-dependent (Kappler et al., 2021). 

For example, microbial iron reduction might result in the dissolution of iron oxyhydroxides. 

Consequently, the mobility of substances and particles bound to iron oxyhydroxides is strongly 

dependent on the precipitation and dissolution of iron minerals (Kappler et al., 2021). One 

could therefore assume that MP particles, which have previously sedimented after 

heteroaggregation with iron oxyhydroxides, might be re-mobilized and therefore released from 

the sediment under iron-reducing conditions. However, a recent study has shown otherwise: 

Leiser et al. (2021b) investigated not only the sedimentation of polyethylene (PE) particles 

facilitated by iron-organo aggregates, they also studied the re-mobilization from the sediment 

under oxic and anoxic conditions. Surprisingly, no significant remobilization of MP particles 

was observed, not even under anoxic conditions and iron reduction (Leiser et al., 2021b). 

These results were explained by the transport of the aggregates from the sediment surface 

deeper into the sediments (Leiser et al., 2021b). Such deeper penetration of MP particles into 

the sediment might not only explain recent findings of MP particles being found in sediments 

deposited before the start of the industrial production of polymers (Dimante-Deimantovica et 

al., 2024) but also indicate that deposition of MP particles in sediments might be stable over a 

longer time period (Leiser et al., 2021b).  

Even though the experiments in this thesis were conducted under laboratory conditions, we 

are confident that the process of aggregation and subsequent sedimentation is highly relevant 

in natural environments. Besides ferrihydrite a variety of additional inorganic, organic or 

biogenic particles is present in the environment, representing potential aggregation “partners” 

with diverse properties (Lagarde et al., 2016; Leiser et al., 2021a, 2020; Y. Li et al., 2019; Long 

et al., 2015; Michels et al., 2018). Therefore, it is likely that also MP particles with properties 

other than the strongly negatively charged MP particles studied here, will interact with certain 

environmental particles.  

5.2 Environmental implications of interactions on MP wettability 

Within this thesis we could not only show that the sedimentation of MP particles is enhanced 

by heteroaggregation with ferrihydrite. We further investigated how interactions of MP particles 

with ferrihydrite affect surface properties and wettability of MP incorporated in porous media. 

We showed that environmental relevant substances, such as ferrihydrite, can render the 

wettability of MP in porous media: the initial hydrophobicity of pristine MP particles was 
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reduced by ferrihydrite coating. The change in wettability depends on a successful coating of 

the hydrophobic MP surface by ferrihydrite.  

The results of Study 3 are of high environmental relevance, because pristine MP was 

previously found to increase soil water repellency and limit capillary flow which can lead to a 

reduced local water content (Cramer et al., 2022). Here, we could show that the wettability of 

MP hotspots increased by coating with ferrihydrite, however depending on polymer type. For 

PET particles, the ferrihydrite coating allowed the water to enter the MP hotspot during capillary 

rise and render it completely wettable. This implies that contrary to the pristine PET hotspot, 

water was allowed to the enter the hotspot of coated PET. Transferred to the environment, this 

finding indicates that also microorganisms and their enzymes, which migrate with water flow, 

will get into contact with MP, which in turn can facilitate biotic degradation of MP particles.  

Connecting the results of Study 2 and 3, we can assume that UV-weathering of MP will 

increase the wettability of MP particles. Photooxidation due to UV-weathering forms carboxy, 

peroxyl and keto groups on the MP surface (Meides et al., 2021). The increased number of 

(hydrophilic) functional groups on the surface itself will already increase the wettability of MP 

but it will furthermore increase the reactivity of MP. This, in turn, allows coating of the surface 

with environmental colloids, such as ferrihydrite, that will further enhance the wettability. 

Weathering of MP could also decrease the differences in wettability and coating among 

different types of polymers as it generally increases the hydrophilicity of all polymer types. 

5.3 Limitations and Outlook 

As in any study, our laboratory experiments face several limitations and cannot fully mimic the 

complexity of the real environment. The choice of spherical PS particles (Study 1, 2, 4) does 

not represent the variety of shapes of MP particles in the environment (e.g. angular, fibers 

etc.). However, our goal was to gain a first understanding of interactions of MP particles with 

environmentally relevant substances and therefore well-defined model particles are of 

advantage, especially for measuring colloidal properties such as zeta potential. The spherical 

PS particles used in Study 1, 2 and 4 face further limitations: firstly, we only analyzed PS 

particles and no other polymer types in these studies. However, the availability of polymers 

(other than PS) in the colloidal size range was very limited and we therefore could not 

investigate either the aggregation and sedimentation behavior nor the applicability of the TOC 

method for other polymer types. Secondly, the surface charge of PS particles in Study 1 and 

2 was strongly negative due to the manufacturing process. However, the milled, irregularly 

shaped PS and PET particles used in Study 3 showed similar interactions with ferrihydrite even 
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though their surface charge was significantly lower (zeta potential of approx. -40 mV at neutral 

pH).  

In future studies, the focus should be on secondary MP particles with diverse properties 

(shape, size, surface charge, polymer type, weathering). The accumulated knowledge of the 

past years regarding research on interactions of spherical, colloidal MP with environmental 

particles however can serve as a basis to be expanded upon with more complex systems. This 

also applies for the sample matrix. For our experiments, we chose a rather simple sample 

matrix (ionic strength of 10 mM). In aquatic environments, the variety of other dissolved 

substances and other particles is by far larger and should be considered in future work. The 

presence of other particles in the environmental systems might offer even more potential 

interaction partners for MP heteroaggregation.  

Another aspect of high interest is the reversibility of aggregation and sedimentation. In this 

thesis it was shown that heteroaggregation promotes in sedimentation of MP. Thus, sediments 

might act as a sink for MP particles. But the question remains, if such aggregates might be re-

mobilized under specific environmental conditions, e.g. anoxic conditions which will result in 

the reduction of Fe(III) and the dissolution of the iron minerals. Leiser et al. (2021b) did not 

observe re-mobilization of MP in iron-organo flocs during anoxic conditions due to entrapment 

of MP in the sediment. However, it remains unclear how aggregates consisting of MP and iron 

minerals behave after iron reduction and dissolution. Especially for aggregates that have not 

penetrated deeper into the sediments (as it was observed from Leiser et al. (2021b)), we 

assume that re-mobilization of MP particles takes place after iron reduction. Furthermore, if 

MP-heteroaggregates disintegrate after reduction of iron, it is still unknown whether those MP 

particles remain in or on the sediments or get re-mobilize to the water column. 

One aspect that has – to the best of my knowledge - not yet received much attention, is to 

investigate the role of aggregation and subsequent sedimentation of MP in rivers or water with 

strong currents or turbulences. Rivers are considered as the main transport pathway of MP 

particles from land to sea (Meijer et al., 2021). Hence, understanding the mechanisms of MP 

retention in rivers is crucial to gain insights into the load of MP that is transported into the sea 

and the amount of MP being stored in the riverbeds or estuaries. Previous research found that 

a considerable amount of MP is stored in the riverbeds (van Emmerik et al., 2022). However, 

it is unknown whether aggregation-facilitated sedimentation of MP is a main driver for this or if 

these processes do not play such a big role in rivers due to higher turbulence and flow 

compared to stagnant water bodies. 

Furthermore, our results on UV-weathering of PS beads have revealed some interesting 

aspects that should be further investigated but do not fall within the main research focus of this 
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thesis. (i) Generally, accelerated UV-weathering was done for 1 µm MP particles designed for 

research. For the future, it is necessary to investigate if differences between the weathering 

processes of such particles in comparison to more environmentally relevant secondary MP 

particles exist. The observation of PS particles becoming hollow during UV-weathering might 

indicate different weathering processes of MP beads compared to larger material, e.g. MP that 

was milled from lager debris (Meides et al., 2021). This could be caused by different 

manufacturing processes of PS (emulsion polymerization vs. seeded growth). (ii) For the 

analyzed 1 µm PS, 90% of the carbon mass was transferred into gas after only 12 days of 

accelerated weathering. This seems rather fast. Future research should investigate the effect 

of particle size on total mineralization as well as the impact of the irradiation intensity of the 

weathering chamber. The continuous accelerated irradiation in the weathering chamber 

compared to the discontinuous irradiation in the environmental (day-night cycle) might have 

led to additional acceleration of the weathering process (beyond the factor calculated solely 

based on radiation intensity) and thus to the fast conversion of PS to gaseous compounds. 

For capillary rise experiments (Study 3), an in-situ coating of MP hotspots with ferrihydrite was 

not achieved during two wetting-drying cycles. Therefore, in upcoming experiments, the 

number of wetting-drying cycles of capillary rise experiments with ferrihydrite containing soil 

solution should be enhanced. These cycles were supposed to mimic fluctuating moisture 

conditions in the vadose zone, a process that is expected to happen numerous times in the 

environment. The initial hydrophobicity of MP prevented the ferrihydrite containing soil solution 

to enter the MP hotspot and thus to get into contact with the MP particles. An increased number 

of wetting and drying might allow the ferrihydrite suspension to propagate further into the MP 

hotspots in each wetting cycle and eventually render the particles wettable. Another interesting 

aspect for capillary rise experiments would be the analysis of UV-weathered particles. As UV-

weathering increases the hydrophilicity of MP, the water repellency of MP during capillary rise 

should be reduced compared to pristine particles. 

Lastly, even though our experiments were designed to gain a better understanding of MP 

behavior in the environment, our results of rapid sedimentation after aggregation with iron 

oxyhydroxides might be valuable for industrial applications, e.g. wastewater treatment plants 

(WWTP). The removal of MP in WWTP is of great relevance as they play an important role in 

releasing MP to the environment (Browne et al., 2011). A common step in the treatment of 

wastewater is the elimination of phosphate. This is often achieved by the precipitation of iron 

or aluminum salts. As our results show that MP forms heteroaggregates with iron 

oxyhydroxides, the precipitation step might already be an efficient way of MP removal from 

wastewater in WWTP. Therefore, it should be investigated to what extent WWTPs already 

remove MP particles from the wastewater by precipitation of iron or aluminum salts, whether 
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there are differences between different particle sizes, polymer types, particle shapes etc. and 

how the removal rate can generally be increased. 

In conclusion, the research findings of this thesis have demonstrated that interactions of MP 

with environmental colloids significantly impact the properties of MP. Through adsorption and 

surface coating, both the charge and wettability can be altered, which in turn affects further 

interactions of MP in water, or conversely, increases its wettability in porous media. 

Furthermore, heteroaggregation between the particles facilitates strong sedimentation of MP 

and therefore influences its fate and transport in the environment. 
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