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Abstract

The world is facing a plastic pollution crisis, suffocating ecosystems, endangering biodiversity,
and jeopardizing the health of our planet. Despite increasing awareness, the fact remains that
plastic waste continues to flood the environment. Plastics persist indefinitely and degrade into
smaller fragments known as microplastics. Microplastics have now infiltrated every corner of
the planet, pervading ecosystems, the food chain, and even the human body. Microplastic
pollution in rivers has emerged as a pressing environmental challenge. Riverbank filtration
(RBF) along major rivers (e.g. River Danube) plays a crucial role in providing drinking water for
millions. However, being highly dynamic, RBF systems are susceptible to contamination.
Urban runoff and wastewater treatment plants (WWTPs) are well-known contributors to
microplastics in rivers. However, commercial and recreational shipping also directly release
high amounts of microplastics in rivers through the discharge of paint particles and grey water.
Smaller microplastic particles (diameter < 20 um) are more likely to be transported to aquifers
through hyporheic exchange. These microplastics interact with pathogens and undergo
further fragmentation, posing serious risks to groundwater contamination. However, the
transport behavior of sub-micron-sized microplastics (diameter < 20 um), particularly their
shape and size and their aggregation with pathogens during aquifer passage, remains poorly
understood. Therefore, this doctoral dissertation aims to address the critical environmental
challenge of microplastic pollution and their potential threats to groundwater systems, with a
three-pronged research approach focusing on: first, the development and implementation of
(microplastic-rich) fecal pollution from commercial ships and vessels and their detection and
monitoring, secondly, the complex interactions and co-transport mechanisms between
pathogenic organisms and microplastic particles, and finally, the detailed examination of
microplastic transport processes after degradation, within the dynamic environment of

different types of riverbank sediments.

In this dissertation, after a brief introduction, the first study investigated how ships contribute
to (microplastic-rich) fecal pollution in rivers, a concern often overlooked. We developed a
novel, integrated approach combining three elements: theoretical fecal pollution source
profiling (PSP) to compare municipal and shipborne sewage, high-resolution field assessments
using cultivation-based indicators and gPCR-based source tracking markers, and statistical
analyses of pollution levels linked to satellite-based ship tracking (AlS) data. We applied this
methodology to a 230 km river section of the Danube in Austria, enabling detailed pollution
assessments along and across the river, especially near docking areas. The results showed that
despite high local contamination potential, shipborne fecal pollution had minimal overall
impact at both local and regional scales, due to effective sewage disposal practices. We

successfully traced localized emissions to specific ship types (cruise, passenger, and freight) at
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a docking station. This novel methodology can be applied to any river with ship-tracking data,
offering a valuable tool for focused monitoring and evidence-based water quality

management.

The second study explored the critical role of microplastics in facilitating pathogen transport
and survival in the environment. Microplastics, originating from personal care and consumer
products (PCCPs), enter sewage systems and can interact with human enteric viruses during
wastewater treatment, forming persistent aggregates. The mechanisms governing
microplastic-virus interactions and their impact on virus survival and co-transport in riverbank
sediments were investigated. Batch experiments were conducted under varying temperature
conditions using the PRD1 phage (a surrogate for adenovirus) mixed with microplastics.
Furthermore, column experiments examined virus transport in saturated quartz sand.
Microplastics were quantified using solid-phase cytometry, while viruses were analyzed via

gPCR and culture-based methods.

The third study focused on the rapid degradation of microplastics into fragments and their
transport behavior compared to spherical microplastics. Polystyrene microspheres were
physically abraded with glass beads to simulate fragmentation. Column experiments were
conducted to examine the transport of fragmented microplastics (FMPs ~1 um in diameter)
and spherical microplastics (SMPs ~1, 10, and 20 um in diameter) through natural gravel

(medium and fine) and quartz sand (coarse and medium).

Understanding microplastic transport in riverbank sediments is crucial for evaluating
groundwater contamination risks. This dissertation highlights that microplastic size and shape
significantly influence transport, with fragmented particles exhibiting higher mobility in sandy
aquifers compared to spherical particles. Moreover, microplastics can act as vectors for
pathogens. In the presence of microplastics, the co-transport experiments demonstrated
enhanced virus transport in quartz sand, raising public health concerns. This dissertation
emphasizes that microplastic surface charge makes them ideal particles for fostering
pathogen transport in groundwater and their potential role in waterborne viral transmission

and environmental contamination.
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Kurzfassung

Die Welt befindet sich in einer enormen Zunahme der Verunreinigung unserer Umwelt durch
Plastikabfille, die die Okosysteme extrem belasten, die biologische Vielfalt gefdhrdet und die
Gesundheit unseres Planeten aufs Spiel setzt. Trotz des wachsenden Bewusstseins bleibt die
Tatsache bestehen, dass die Umwelt weiterhin mit Plastikmull Gberflutet wird. Kunststoffe
bleiben auf unbestimmte Zeit bestehen und zerfallen in kleinere Fragmente, das so genannte
Mikroplastik. Mikroplastik ist inzwischen in jeden Winkel der Erde zu finden und durchdringt
Okosysteme, die Nahrungskette und sogar den menschlichen Kérper. Die Verschmutzung von
Flissen durch Mikroplastik hat sich zu einem dringenden Umweltproblem entwickelt. Die
Flussuferfiltration (RBF) entlang groRer Flisse (z.B. der Donau) spielt eine entscheidende Rolle
bei der Trinkwasserversorgung von Millionen Menschen. Da RBF-Systeme sehr dynamisch
sind, sind sie anfalliger flr Verunreinigungen. Stadtische Abwasser und Klaranlagen sind
bekannte Verursacher von Mikroplastik in Flissen. Aber auch die Berufs- und
Freizeitschifffahrt bringt durch die Einleitung von Farbpartikeln und Grauwasser groRe
Mengen an Mikroplastik direkt in die Fliisse. Kleinere Mikroplastikpartikel (Durchmesser < 20
um) werden mit groRerer Wahrscheinlichkeit durch hyporheischen Austausch in
Grundwasserleiter  transportiert. Diese Mikroplastikpartikel interagieren mit
Krankheitserregern und werden weiter fragmentiert, was ein ernsthaftes Risiko fir die
Kontamination des Grundwassers darstellt. Das Transportverhalten von Mikroplastik im
Submikronbereich (Durchmesser < 20 um), insbesondere seine Form und GroRe sowie seine
Aggregation mit Krankheitserregern wahrend der Passage im Grundwasserleiter, ist noch
kaum erforscht. Daher zielt diese Dissertation darauf ab, die potenzielle Bedrohung fiir
Grundwassersysteme durch eine Mikroplastikverschmutzung besser zu verstehen und damit
auch die Moglichkeiten flr entsprechende legistische MaBRnahmen in Hinsicht auf den Schutz
von Grundwasser zu ermoglichen. Dazu wurde ein mehrteiliger Forschungsansatz gewahlt, der
sich auf Folgendes konzentriert: erstens die Entwicklung und Umsetzung von
(mikroplastikreichen) fakalen Verschmutzungen durch kommerzielle Schiffe und Boote und
ihre Erkennung und Uberwachung, zweitens die komplexen Wechselwirkungen und Co-
Transportmechanismen zwischen pathogenen Organismen und Mikroplastikpartikeln und
schliefRlich die detaillierte Untersuchung von Mikroplastik-Transportprozessen innerhalb des
dynamischen Umfelds verschiedener Arten von Flussufersedimenten.

In dieser Dissertation wird nach einer kurzen Einfihrung erstmals untersucht, wie Schiffe zur
(mikroplastikreichen) fakalen Verschmutzung von Fliissen beitragen, ein Problem, das oft
Ubersehen wird. Wir haben einen neuartigen, integrierten Ansatz entwickelt, der drei
Elemente kombiniert: die theoretische Erstellung von Fakalienverschmutzungsprofilen (PSP)
zum Vergleich von kommunalen und schiffsbedingten Abwaéssern, hochauflosende
Felduntersuchungen mit kultivierungsbasierten Indikatoren und gPCR-basierten Markern zur
Quellenverfolgung sowie statistische Analysen des Verschmutzungsgrads in Verbindung mit
satellitengestitzten Schiffsverfolgungsdaten (AIS). Wir haben diese Methodik auf einem 230
km langen Flussabschnitt der Donau in Osterreich angewandt, was eine detaillierte Bewertung
der Verschmutzung entlang des Flusses und in der Nahe von Anlegestellen ermdglichte. Die

il
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Ergebnisse zeigten, dass trotz des hohen lokalen Verschmutzungspotenzials die fakale
Verschmutzung durch Schiffe sowohl auf lokaler als auch auf regionaler Ebene nur minimale
Auswirkungen hat, was auf die effektive Abwasserbehandlung auf Schiffen zurtickzufiihren ist.
Es ist uns gelungen, die lokalisierten Emissionen bestimmten Schiffstypen (Kreuzfahrt-,
Passagier- und Frachtschiffen) an einer Anlegestelle zuzuordnen. Diese neuartige Methode
kann auf jeden Fluss mit Schiffsverfolgungsdaten angewandt werden und bietet ein wertvolles
Instrument fur eine gezielte Uberwachung und ein evidenzbasiertes
Wasserqualitdtsmanagement.

Eine weitere Arbeit galt der Untersuchung der kritischen Rolle von Mikroplastik bei der
Erleichterung des Transports und des Uberlebens von Krankheitserregern in der Umwelt.
Mikroplastik, das aus Korperpflege- und Konsumgitern (PCCPs) stammt, gelangt in die
Kanalisation und kann wahrend der Abwasserbehandlung mit menschlichen Darmviren
interagieren, wobei es persistente Aggregate bildet. Die Mechanismen, die die
Wechselwirkungen zwischen Mikroplastik und Viren steuern, und ihre Auswirkungen auf das
Uberleben und den Co-Transport von Viren in Ufersedimenten wurden untersucht. Es wurden
Batch-Experimente unter verschiedenen Temperaturbedingungen mit dem PRD1-Phagen (als
Ersatz fiir pathogene Adenoviren) gemischt mit Mikroplastik durchgefiihrt. Auerdem wurde
in Sdulenexperimenten der Virustransport in gesattigtem Quarzsand untersucht. Mikroplastik
wurde mittels Festphasenzytometrie quantifiziert, wahrend Viren mittels gPCR und
kulturbasierten Methoden analysiert wurden.

Die dritte Studie befasste sich mit dem schnellen Abbau von Mikroplastik in Fragmente und
deren Transportverhalten im Vergleich zu kugelférmigem Mikroplastik. Polystyrol-
Mikrokugeln wurden mit Glasperlen physikalisch abgerieben, um eine Fragmentierung, wie
sie in der Natur passiert, zu simulieren. Es wurden Sdulenexperimente durchgefiihrt, um den
Transport von fragmentiertem Mikroplastik (FMP ~1 um Durchmesser) und kugelférmigem
Mikroplastik (SMP ~1, 10 und 20 um Durchmesser) durch natirlichen Kies (mittel und fein)
und Quarzsand (grob und mittel) zu untersuchen.

Das Verstandnis des Mikroplastiktransports in Flussufersedimenten ist fir die Bewertung der
Risiken einer Grundwasserkontamination von entscheidender Bedeutung. Diese Dissertation
zeigt, dass GroRe und Form von Mikroplastik den Transport erheblich beeinflussen, wobei
interessanterweise fragmentierte Partikel in sandigen Grundwasserleitern eine hohere
Mobilitdat aufweisen als kugelférmige Partikel. AuBerdem kann Mikroplastik als
Transportmittel flr Krankheitserreger dienen. In Anwesenheit von Mikroplastik zeigten die
Co-Transportexperimente einen verstarkten Virustransport in Quarzsand, was Anlass zu
Bedenken hinsichtlich der offentlichen Gesundheit gibt. In dieser Dissertation wird
hervorgehoben, dass Mikroplastik aufgrund seiner Oberflachenladung die idealen Partikel ist,
um den Transport von Krankheitserregern im Grundwasser zu férdern, und dass sie eine nicht
zu unterschitzende Rolle bei der Ubertragung von Viren durch Wasser und bei der
Umweltverschmutzung spielen.
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Chapter 1 Introduction

Plastic pollution has escalated into a global environmental crisis in recent decades, highlighting
challenges posed by its end-of-life cycle (Shim and Thomposon, 2015). Plastics are synthetic
organic polymers derived from oil and gas (Thompson et al., 2009). Since the introduction of
Bakelite, the first modern plastic in 1907, advancements in cost-effective manufacturing
techniques have facilitated the mass production of plastics, revolutionizing industries and
consumer products worldwide (Cole et al., 2011). In recent years, plastic production has surged
to alarming levels, with global output reaching 380 million tons and accounting for 6-8% of

total global oil production (Thompson et al., 2009; Walker, 2021; Zhao et al., 2022; Zhu, 2021).

Plastics enter the environment through various pathways, including mismanaged waste,
wastewater treatment plants, landfills, agricultural practices, river and atmospheric transport,
beach littering, aquaculture, and shipping and fishing activities (Law, 2017; Windsor et al.,
2019; Ziajahromi et al., 2017). Once released, plastics continuously degrade into smaller
particles (less than 5 mm) known as “microplastics - MPs” (Thompson et al., 2004).
Microplastics are commonly classified as primary and secondary MPs. Primary MPs are
intentionally manufactured for personal care and cosmetic products (PCCPs), industrial
abrasives, and textile fibers (Cole et al., 2011; Fu and Wang, 2019). Secondary MPs formed
through the degradation of larger plastic items (bottles, agricultural films, wear of tires, marine
paints, synthetic turfs) due to use and exposure to environmental conditions (Cole et al., 2011;

Galafassi et al., 2019).

Every year more than 2.3 million tons of plastic waste are carried by rivers to oceans (Eriksen
et al., 2023; Lebreton et al., 2017). Rivers act not only as transport pathways but also as zones
of accumulation for microplastics (Duis and Coors, 2016; Frei et al., 2019; Lebreton et al.,
2017). Commercial ships are often overlooked as significant contributors of microplastics
pollution in rivers and oceans. They release microplastics through various sources, including
paints and coatings, abrasive materials (used for hull cleaning), cargo spills (plastic pellets),
generation of black water (sewage from vessels), gray water (wastewater from laundry,
washbasins, showers, and sinks), and ballast water (seawater used to maintain ship stability)

(Folbert et al., 2022; Peng et al., 2022; Shim and Thomposon, 2015; Tamburri et al., 2022).
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Cruise ships make up less than 1% of the global merchant fleet, yet they produce 25% of aquatic
waste, releasing over 1 billion gallons of both treated and untreated wastewater annually (Lee
et al., 2018). Mikkola (2020) reported that untreated gray water discharges from cruise ships
can lead to the emission of 10-500 g of microplastics per annum per person. A comprehensive
microplastic screening study within the Joint Danube Survey 4 revealed the presence of
microplastics in the riverine environment, with a maximum concentration of 22.24 pg/mg

(Kittner et al., 2022).

In fluvial ecosystems, microplastics do not remain inactive (Ochirbat et al., 2023). Their
surfaces often adsorb chemicals, heavy metals, nutrients, pathogens and organic matter which
facilitate the formation of microbial biofilms (Shen et al., 2019). This biofilm layer on the
microplastic surface creates a conducive environment for pathogens to attach and colonize.
Viruses are widespread and abundant components of Earth's microbiomes, influencing host
evolution, metabolic processes, and biogeochemical cycles (Li et al., 2024a). Most of the
studies have primarily focused on the microplastic interactions with algae, bacteria, protozoa,
and fungi (Mammo et al., 2020). A few studies on virions on microplastics have shown that
non-enveloped viruses can hitchhike on microplastics and prolong their survival and infectivity
by adhering to the microplastic surface in surface water (Lu et al., 2022; Moresco et al., 2022).
But microplastic-associated virus transport and infectivity have not been investigated properly

in river sediments and porous media.

Rivers can serve as hotspots for microplastic fragmentation due to the continuous movement of
water and sediments, which promotes mechanical interactions between microplastics, water,
sediments, and riverbeds (Liro et al., 2024; Liro et al., 2023). Such conditions favor their
fragmentation into micron-sized microplastics that are more likely to infiltrate to greater depths
in sediments (Mancini et al., 2023). Like solutes, the transport of sub-pore-scale microplastics
into streambed sediments can be driven by hyporheic exchange (Boos et al., 2021; Frei et al.,
2019). The residence time of microplastics in the hyporheic zone can vary widely, from just a
few hours to several years (Drummond et al, 2022). Microplastics, as an emerging
environmental pollutant, are increasingly discovered in hyporheic zones and groundwater

worldwide (Zhang et al., 2025).

Riverbank filtration (RBF) is commonly used for drinking water supply in the world (Derx et
al., 2010; Kuehn and Mueller, 2000; Tufenkji et al., 2002; van Driezum et al., 2018).
Riverbanks can also capture microplastics from urban and agricultural runoff (Liu et al., 2021b;

Werbowski et al., 2021). The concentration of microplastics in the riverbanks of the Yangtze

2
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River has been reported to be 3877 + 2356 particles/kg (Zhou et al., 2021). This is especially
alarming, as RBF is an essential source of drinking water worldwide. Moreover, microplastics
have also been detected in groundwater at varying concentrations, ranging from less than 0.7
particles/m? to 40 particles/L in different aquifers (Mintenig et al., 2019b; Samandra et al.,
2022). Given these factors, concerns and interest in the impact of microplastics on human health

have surged significantly.

The European Commission’s Science Advice for Policy (SAPEA) and the World Health
Organization (WHO) report limited data on microplastic toxicity and human exposure, with no
direct evidence yet of health risks (SAPEA, 2019; WHO, 2019). However, recent research
provides evidence that microplastics can enter the human body via ingestion, inhalation, and
skin contact (Liu and You, 2023). Scientific evidence indicates that microplastics are present
not only in human tissues that are directly exposed to the external environment, such as the
lungs, sputum, alveolar lavage fluid, and feces (Amato-Lourencgo et al., 2021; Huang et al.,
2022b; Qiu et al., 2023; Yan et al., 2022), but have also been found in the completely enclosed
human organs, such as the heart, human bone marrow, placenta, limb joints and testis and semen
(Guo et al., 2024; Li et al., 2024¢; Weingrill et al., 2023; Yang et al., 2023; Zhao et al., 2023).
Growing evidence suggests that microplastics can affect human health, particularly through
accumulation in the bloodstream, potentially leading to widespread exposure throughout the
body (Leslie et al., 2022). Microplastics in carotid artery plaques have been linked to higher
risks of heart attack, stroke, and death (Marfella et al., 2024). Additionally, the presence of

microplastics in feces has been associated with inflammatory bowel disease (Yan et al., 2022).

Currently, the European Union (EU) lacks dedicated legislation, regulating microplastic
pollution. However, some existing laws indirectly address marine plastic litter and
microplastics, which includes the Marine Strategy Framework Directive (MSFD), Waste
Directive, Single-Use Plastics (SUP) Directive, and the Directive on Port Reception Facilities
(Khan et al., 2024). To safeguard the quality of freshwater ecosystems, the European
Commission introduced the Water Framework Directive (WFD), but it has not yet explicitly
addressed microplastic pollution. Recently, the EU has adopted a more targeted approach with
the Drinking Water Directive (EU 2020/2184), which recognizes microplastics as an emerging
concern and mandates regular monitoring of water bodies used for drinking water (European
Commission, 2024). However, this directive currently focuses only on MPs larger than 20 pm
in size, excluding smaller particles, which are most pertinent to groundwater as the larger

microplastics do not infiltrate easily.
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This doctoral thesis tackles the pressing and complex issues surrounding microplastic pollution
in freshwater ecosystems. As plastic waste levels have skyrocketed worldwide, microplastic
pollution (particle size < 20 pum) has become a pervasive environmental concern for
groundwater systems. Commercial ships, though often overlooked, contribute significantly to
this pollution, introducing microplastic-associated pathogens. This dissertation attempts to
understand the extent of ship pollution and its impact on the Danube River. Since microplastics
in the aquatic environment do not stay in isolation, they interact with microbial contaminants
(forming biofilms) which can aid in pathogen survival and dissemination in the hyporheic-
groundwater zone, posing a potential health risk. The thesis delves into these interactions and
examines how microplastics could influence pathogen transport. Furthermore, the
fragmentation of microplastics into sub-micron-sized particles (< 20 um) can affect their
mobility and potential for deeper infiltration into riverbed and aquifer sediments. This
dissertation further explores how the shape, size, and fragmentation of microplastics affect their
transport in different porous media. Given the current lack of comprehensive legislation on
microplastics, particularly in the drinking water domain, this dissertation addresses an essential
gap in knowledge, by addressing microplastic transport for particle sizes below 20 um, that can

provide information for more effective environmental and health protection measures.

Fundamental Science Questions

1. How much pollution do commercial ships add to the river, and how effectively

can it be measured? (Chapter 2)

2. How do microplastics interact with microbial contaminants in the aquatic
environment, and can this affect pathogen transport through saturated sand

(streambed sediments)? (Chapter 3)

3. How does microplastic fragmentation impact their transport and behavior in
various saturated porous media (different sized-streambed sediments)?

(Chapter 4)
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Chapter 2 introduces an innovative approach to assess the impact of ships on the microbial
water quality of the River Danube in Austria. A python-code was developed to compute the
number of ships, defining different categories (e.g., cruise, freight, passenger) using the DoRIS
database (Austrian Danube Rivers Information Services). To implement this approach, first,
microbial pollution source profiling was conducted to estimate the pollution impact, comparing
two different ship wastewater handling practices. Second, the current status of river microbial
fecal pollution was assessed through analysis of standardized fecal indicators (cultivation
method) and genetic microbial source tracking markers. Finally, a correlation analysis was
performed between observed fecal pollution levels and ship traffic, both along the entire river

reach and at specific ship docking stations.

Chapter 3 unveils the crucial role of microplastics in interacting with microbial contaminants,
highlighting their impact on virus persistence and dissemination. PRD1 bacteriophages were
used as a surrogate for rotavirus/adenovirus. Batch experiments were conducted to investigate
virus persistence (with and without microplastics) in drinking water at various temperatures.
Additionally, column co-transport experiments in saturated quartz sand were carried out to
evaluate how microplastics influence the mobility of the virus. Also, the co-transport scenario
was compared to separate transport experiments where viruses and microplastics were injected
independently. The enumeration of viruses was performed by qPCR and culture-based methods

to differentiate between total and infective viruses.

Chapter 4 examines the influence of microplastic fragmentation, by comparing the transport
behavior of irregular-shaped microplastics in saturated porous media. Microspheres present in
personal care and cosmetic products (10 and 20 um) were physically abraded with glass beads
to simulate natural fragmentation process. Laboratory column experiments were conducted to
investigate how the shape and size of microplastics affect the transport behavior of both

fragmented and spherical microplastics in natural gravel and quartz sand.
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Chapter 2 Assessing the impact of inland navigation on
the fecal pollution status of large rivers: A
novel integrated field approach

Abstract

The contribution of ships to the microbial fecal pollution status of water bodies is largely
unknown but frequently of high concern. No methodology for comprehensive and target-
oriented system analysis was available so far. We developed a novel approach for integrated
and multistage impact evaluation. The approach includes, i) theoretical fecal pollution source
profiling (PSP, i.e., size and pollution capacity estimation from municipal vs. ship sewage
disposal) for impact scenario estimation and hypothesis generation, ii) high-resolution field
assessment of fecal pollution levels and chemo-physical water quality at the selected river
reaches, using standardized fecal indicators (cultivation-based) and genetic microbial source
tracking markers (qPCR-based), and iii) integrated statistical analyses of the observed fecal
pollution and the number of ships assessed by satellite-based automated ship tracking
(i.e., automated identification system, AIS) at local and regional scales. The new approach was
realized at a 230 km long Danube River reach in Austria, enabling detailed understanding of
the complex pollution characteristics (i.e., longitudinal/cross-sectional river and
upstream/downstream docking area analysis). Fecal impact of navigation was demonstrated to
be remarkably low at regional and local scale (despite a high local contamination capacity),
indicating predominantly correct disposal practices during the investigated period.
Nonetheless, fecal emissions were sensitively traceable, attributable to the ship category
(discriminated types: cruise, passenger and freight ships) and individual vessels (docking time
analysis) at one docking area by the link with AIS data. The new innovative and sensitive
approach is transferable to any water body worldwide with available ship-tracking data,

supporting target-oriented monitoring and evidence-based management practices.

Water quality analysis Ship data assessment

1
Faecal pollution status Association ships & pollution  Impact scenario estimation
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2.1 Introduction

Maritime and inland navigation has been an important part of human history, enabling
civilizations to explore new lands and establish trade routes (Sanches et al., 2020). Currently,
approximately 80-90% of global cargo is transported by ships and ferries using maritime
transportation (Schnurr and Walker, 2019). Freight transportation and the transportation of
people, especially cruise tourism, have experienced rapid growth within recent decades (Cari¢
and Mackelworth, 2014; Wondirad, 2019). Inland navigation is an important extension for the
waterway transportation of goods and persons into intercontinental areas, with the world’s
busiest rivers being the Yangtze River (cargo traffic volume: 4360 million tons in 2018), the
Rhine River (311 million tons in 2019), the Illinois Inland River (90.5 million tons in 2017)
and the Danube River (69 million tons in 2019) (Danube Comission, 2021; David et al., 2021;
Farazi et al., 2022; Wu et al., 2022b).

Within the European Union, the total inland waterway network has a length of 26000 km with
an approximate annual transportation volume of 558 million tons of goods, accounting for 6%
of all goods being transported in the EU in 2019 (Viadonau, 2019b). River cruise tourism is
very popular, with 1.64 million tourists taking a river cruise in Europe in 2018 (Interreg -
Danube Transnational, 2019). The advent of the COVID-19 pandemic led to an abrupt decrease
in 2020, though a rise towards the pre-pandemic level has been observed within recent years

(Viadonau, 2021, 2022).

Environmental pollution arising from the shipping industry is increasingly in the focus of global
research, especially in terms of air emissions and water pollution, such as from wastewater
discharges (Cao et al., 2018; Jagerbrand et al., 2019). For maritime navigation, the International
Maritime Organization (IMO) adopted the International Convention for the Prevention of
Pollution from Ships (MARPOL), which includes regulations concerning the prevention of air
pollution as well as pollution from oil, noxious and harmful substances, garbage and sewage
(Annex IV) (MARPOL, 1997; Vaneeckhaute and Fazli, 2020). For inland navigation, there are
no internationally harmonized regulations concerning pollution arising from ships, though
several national or river-specific regulations/roadmaps exist, such as the CCNR roadmap for

the Rhine River (CCNR, 2022).

Microbial fecal pollution can have a direct impact on human health if the water resource is used
for recreational activities, water withdrawal for drinking water production or irrigation due to

the possible presence of pathogens (World Health Organization, 2017, 2021). In urban coastal
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areas or at large rivers, fecal pollution primarily arises from municipal wastewater, though ship
wastewater discharges may pose an additional impact source. To date, only a minor number of
publications have studied the impact of wastewater discharge from ships on ambient waters. A
few studies have been published on the impact of maritime cruise ships in vulnerable maritime
regions, such as the Bering Sea, the Baltic Sea or the Adriatic Sea (Huhta et al., 2007; Loehr et
al., 2006; Peri¢ et al., 2016). Some studies performed calculations of the generated amount of
wastewater and/or discharged general chemical pollutants (COD, BOD, SS, TN) based on ship
numbers assessed using inland AIS for the Yangtze River or from interviews with watermen at
the Danube River in Serbia, but without investigations of the water quality of the river (Chen
et al., 2022; Presburger Ulnikovic et al., 2012). Even fewer studies have investigated the
microbial fecal water quality of maritime bays/ports and the local number of smaller pleasure
boats or sailing ships, frequently reporting a connection of ships and elevated concentration of

fecal coliform bacteria (Faust, 1982; Koboevi¢ et al., 2022; Sobsey et al., 2003).

The aim of this study was to develop and evaluate a novel integrated field approach for the
impact assessment of ships on the microbial fecal pollution status of navigable river reaches by
1) fecal impact scenario estimation/comparison using pollution source profiling (i.e., catchment
specific analysis of the produced numbers of E. coli from potential sources of fecal pollution)
including different wastewater handling scenarios from navigation and their comparison
municipal wastewater disposal, as a basis for subsequent hypothesis formulation and field
analysis, 1i) high-resolution longitudinal and cross-sectional microbial and chemical water
quality analysis at selected river locations, and iii) statistical analysis covering observed fecal
pollution patterns and detailed ship traffic activities for the investigated river locations
(covering regional river reach vs. local ship dock impact considerations). The chosen study
region was a 230 km river reach of the Danube River in Austria, as a representative large

navigable river with high international importance (ICPDR, 2021; Kirschner et al., 2009).

Microbial fecal pollution analysis was based on standardized fecal indicator bacteria
enumeration (cultivation-based) and state-of-the-art (QPCR-based) genetic microbial source
tracking (Demeter et al., 2023). For precise ship data assessment, raw navigational data from
the Donau Riverine Information Service (DoRIS), including inland Automated Identification
System (AIS) data, were processed to extract near-real-time ship counts within specific
timeframes and areas. The novel approach is suggested to be universally applicable to other

large navigable water bodies worldwide if the needed raw navigation data are available.
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2.2 Materials and methods

2.2.1 The selected Danube River reach, transects and docks
The investigated river reach stretches from river-km 2111-1873 in the upper region of the
Danube River, including the large city of Vienna as well as a highly touristic region for cruise

ships in the Wachau Valley in the province of Lower Austria (Figure 1).

The catchment of the Danube River reach in Austria has a size of 28.074 km? and the sub-
catchment of the investigated Danube reach has an area of 14,126 km? (data assessed from the
website of the Hydrographic Service in Austria www.ehyd.gv.at). A total number of
approximately 3,370,000 citizens including average daily tourists were registered in the
investigated sub-catchment in the year of 2019. This vast catchment area is subject to the
influence of the alpine regime, which governs hydrological conditions, resulting in highly
variable flow patterns and peak water levels, particularly in early summer (Schiemer et al.,
1999). Land use in the sub-catchment in Lower Austria is unevenly distributed, with 40%
agricultural land, 40% forest, and 13% grassland (Petschko et al., 2014). The areas south of the
Danube and the relatively flat northeast region are predominantly agricultural, while the steeper
slopes in the south and southwest are mainly covered by coniferous and deciduous forests (Eder

etal., 2011).

The average discharge of the Danube River in this region is approximately 1800 m?/s, and the
river width ranges from 217 (Wachau Valley) to 330 m in the flatlands. The 7 sampling
transects (A to G) were selected with respect to river morphology, settlements/cities, and highly
frequented Danube ship docks to sensitively detect potential fecal emission from navigation
(further details are given in the legend of Figure 1). As many as 4 additional transects (B+, C+,
D+, E+) were chosen for upstream/downstream sampling of ship docking areas (B+/B, C+/C,
D+/D, E+/E), resulting in a total of 11 sampled transects. The touristic region of the Wachau

Valley lies between sampling site (B) Melk and site (D) Krems.

10



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

LOWER AUSTRIA

LOWER AUSTRIA

Danube

Danube

Investigated reach 4

AUSTRIA

Danube

Figure 1 Study area

Overview map of the investigated Danube River reach (dark blue) in the centre of Europe. Upper right
map A shows the region of Lower Austria with the sampling locations (4) St Pantaleon - rkm 2108; (B")
Melk - upstream ship docks - rkm 2036.6; (B) Melk - downstream ship docks - rkm 2035.5; (C")
Diirnstein - upstream ship docks - rkm 2009; (C) Diirnstein - downstream ship docks - rkm 2008; (D")
Krems - upstream ship docks - rkm 2003; (D) Krems — downstream ship docks - rkm 2002; (E*) Tulln —
upstream ship docks: rkm 1964.4; (E) Tulln — downstream ship docks - rkm 1963.4; (F) Wien/Vienna -
rkm 1915, (G) Hainburg - rkm 1883. The Wachau Valley spans from (B) — Melk to (D) — Krems. Upper
right map B: The investigated Danube River reach and sub-reaches for the theoretical impact
estimation, i.e., pollution source profiling (PSP).

2.2.2 Water quality and fecal pollution

2.2.2.1 Sampling at selected transects

To account for possible transversal differences in water composition, each transect consisted of
5 sampling points symmetrically distributed in the cross-profile with orographically left or
right: appr. 10-20 m distance from the riverbank, middle: center of river, and middle-left/right:
half-distance of outer and center point. Sampling was performed in collaboration with local
authorities and the Austrian shipping inspectorate with their official ship, enabling precise
navigation to the same sampling locations each time. Due to logistics, sampling at the 11
transects was performed on four different days each month, with a 4-week interval, resulting in
a total of 48 different sampling days within the monitoring timeframe from March 2019 to
March 2020 (Table A1, Appendix A). Water samples were taken with a sampling rod in
approx. 30 cm water depth, stored in the dark in cooling boxes during transportation to the lab,

and processed within hours (< 6 h).

11
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2.2.2.2 Chemical and physical water quality parameters
Temperature (°C), pH (-), conductivity (uS/cm) and oxygen (mg/L) were measured directly on
the ship using a multimeter device (HQ40D, Hach U.S.) equipped with the corresponding
probes. Chemical oxygen demand (COD), total phosphorus (mg/L), total nitrogen (mg/L) and
NHs-nitrogen (mg/L) were analyzed in the laboratory by spectrophotometric methods following
the manufacturer’s instructions (LCK 1414, LCK349, LCK304, Hach U.S.).
2.2.2.3 Fecal indicator bacteria and genetic microbial fecal source tracking
markers
All water samples (n = 665) were analyzed for the standard fecal indicator bacterium E. coli
following ISO 9308-2 (ISO, 2012) using Colilert-18 (IDEXX, Germany). Analysis of genetic
microbial fecal source tracking (MST) markers was performed for water samples (n = 100)
from three transects (St. Pantaleon — A, Krems — D and Hainburg G). River water samples (500
mL) were filtered through a polycarbonate filter (pore size 0.22 um, GTTP04700, Merck
Millipore) and stored at -80 °C. DNA extraction was performed following a bead-beating and
phenol/chloroform protocol (Linke et al., 2021; Mayer et al., 2018; Reischer et al., 2006). DNA
was redissolved in 100 pL of 10 mM TRIS at pH 8. Samples were analyzed for human-
associated genetic fecal markers HF183/BacR287 (Green et al., 2014) and BacHum (Kildare
et al., 2007), as well as for the ruminant-associated marker BacR (Reischer et al., 2006) and the
pig-associated marker Pig2Bac (Mieszkin et al., 2009). All qPCR reactions were performed in
duplicate with a total reaction volume of 15 pL on a Rotor-Gene Q thermocycler (Qiagen,
Hilden, Germany) with each including 2.5 pL sample DNA dilution (1:4). The reaction
mixtures and cycling parameters were applied as described previously (Linke et al., 2021;
Mayer et al., 2018; Reischer et al., 2013). Quality assessment was performed as described in
(Mayer et al., 2018; Reischer et al., 2006; Reischer et al., 2011). All qPCR runs in this study
revealed calculated qPCR efficiency between 95-100%, R-square values of the calculated
standard curves were > 0.99 and no-template and extraction controls were consistently negative.
A previously established threshold of detection (TOD) concept was applied, considering the
filtration volume, the DNA extract volume, potential dilutions and the minimal amount of
detectable targets per reaction (Reischer et al., 2007; Reischer et al., 2006). It is a robust
approximation for the sample limit of detection, covering sampling and sample processing and
the efficiency of the qPCR analysis (Demeter et al., 2023). The results of the qPCR analysis
were expressed as marker equivalents per 100 mL [logio (ME + 1)/100 mL].

12
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2.2.3 Ship data assessment (SDA) using the DoRIS database

In Europe, standardized River Information Services (RIS) were implemented and harmonized
to enable reliable and efficient inland waterway transport via the EU Directive 2005/44/EC
(European Parliament, 2005). The Austrian version Donau RIS (DoRIS) is maintained by via
Donau GmbH, operating the 23 land-based AIS stations connected to a central database server

storing and processing all ship tracking data.

We developed a Python programming language-based script for ship data assessment (SDA)
using raw navigational data from the DoRIS database (Via Donau GmbH), including inland
AIS data of all ships navigating the Austrian Danube River reach (rkm: 2223—1873) in the 12-
month monitoring timeframe (see Appendix A1 for the script). The resulting database consisted
of 101 966 ASCII files (one file per ship per day), including 23 AIS data fields with data records
every 15 seconds, resulting in a total of 405 000 000 data records.

The script was designed to extract data based on two input fields: 1) a specific date and
timeframe and ii) the start and end distance of a specific river area (in river kilometers) (Figure
2). The obtained reduced ship datasets for specific areas/timeframes were sorted into three main
shipping categories, namely, cruise (with accommodation), passenger (without
accommodation), and freight (including working) ships, based on the Electronic Reporting
International (ERI) and AIS codes, with small pleasure boats and others not being considered.
Three different ship data assessment approaches were performed for subsequent analysis,
namely, 1) daily shipping activity at different Danube River reaches for pollution source
profiling, i1) reverse ship traffic approximation (RSTA) accounting for the flow of the polluted
water for association analysis of the general fecal pollution and ships at the entire river reach
(regional), and iii) counting of ships in the ship dock areas within the timeframe of sampling
for local ship association analysis. For more details on the RIS and the three different ship

counting concepts, see Appendix A2.
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Figure 2 Flow chart of ship data assessment

Scheme of the ship data assessment process: Input data of date/time and river reach for ship data
extraction and compilation and subsequent sorting by ERI (Electronic Ship Reporting) and AIS
(Automated Identification System) codes for obtaining the number of ships per type in the selected
area/timeframe.

2.2.4 Pollution source profiling (PSP) for impact scenario estimation

PSP was designed for the analysis of fecal pollution sources for a specific catchment/river reach
to estimate the amount of fecal bacteria emitted from all considered human and animal fecal
pollution sources (Derx et al., 2023; Frick et al., 2020; Reischer et al., 2011). Here, we
transferred the concept to estimate human fecal pollution based on the daily E. coli load,
extending it for inland navigation and investigation of different ship wastewater handling
scenarios (correct/incorrect) and comparison with municipal wastewater input (see Appendix
A2 for details). PSP was performed for the selected Danube River reach, as well as the sub-
reaches: upstream of Vienna, Vienna and downstream of Vienna with high and low season
differentiation as performed for ship activity assessment (Figure 1 panel B and Appendix A2

for details).

2.2.4.1 PSP parameters and scenarios

Estimates of fecal emissions from ships and from municipal wastewater treatment plants
(WWTP) were based on the number of people contributing to the given source, the amount of
E. coli shed per person and day, and the reduction in E. coli concentrations due to treatment
(depending on the investigated scenario and ship type). The amount of E. coli shed per person
and day was calculated using 108 CFU E. coli per gram feces and 150 g feces per person and
day according to Reischer et al. (2011). For municipal wastewater input calculation, the number
of citizens and tourists in the catchment and the three sub catchments were obtained from the

government of Lower Austria for the year 2019. A median reduction of logio 2.3 for biological
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wastewater treatment was assumed as reported by Mayer et al. (2016). Summer tourism in
Austria (May to September) significantly builds around outdoor recreation activities, with the
peak holiday season occurring in July and August (Falk, 2014; Probstl-Haider et al., 2021),
while in winter (December to February), tourism industry predominantly focuses on ski sports
(Steiger and Scott, 2020). These tourism patterns are also related with seasonal variation in ship
numbers in Austria. Referring to these patterns, which are also reflected in the annual ship
traffic statistics (2019 — 2022, (Viadonau, 2019a, 2021, 2022), we selected the two months
January and February for low season (LS) and July and August for the high season (HS)
investigation. Information about the anticipated number of passengers was obtained from the
local authorities (Government of Lower Austria expert judgement: Giinther Konheisner) with:
1) cruise (with accommodation): 185 persons (both seasons), ii) passenger (day trip — without
accommodation): high season on weekdays: 250 persons; on weekend: 500 persons; low season
weekend/weekday: 20 persons; and iii) freight: 5 persons (both seasons). The treatment of ship
wastewater and therefore the reduction in emissions is dependent on the type of ship as well as
the assumed scenario of correct or incorrect ship wastewater handling, therefore two different
scenarios with 1) the correct handling of wastewater (scenario 1) and ii) with incorrect handling

of wastewater were assumed for theoretical load calculation (scenario 2) for both seasons:

Scenario 1 - Correct Wastewater Handling Ship Emission: assuming, i) cruise ships with an
on-board WWTP, achieving a logio 1.9 reduction of E. coli (referring to the 25" percentile
reduction by mechanical biological wastewater treatment according to Mayer et al. (2016), as
no specific reduction data for on board WWTPs was available, ii) passenger ships equipped
with sewage tanks, assuming no emissions to the waters if correctly handled (i.e., transfer to
municipal WWTPs), and 1iii) freight ships with no wastewater treatment or storage facilities,

hence direct emission (no reduction).

Scenario 2 - Maximum Potential Ship Emission: in case of incorrect wastewater handling there
is no reduction of any of the emissions from cruise, passenger or freight ships assumed (no

treatment, no storage).

2.2.5 Statistical analysis and data visualization
Statistical analysis and data visualization were performed using R and RStudio (R Core Team,
2022; RStudio Team, 2021) with the support of Microsoft Excel (Microsoft Corporation, 2019).

For more details on the RStudio packages used, specific functions and additional software used
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for graphic design, see Appendix A3. For all statistical tests the level of significance was set
to p <0.05 and in case of multiple testing, correction of probability was applied (Bonferroni or

false discovery rate (fdr).

2.2.5.1 Statistical analysis of the water quality data

Analysis of variance (ANOVA) was used for the analysis of the microbial fecal pollution data
i.e., differences in the decadic logarithm of the concentration of E. coli at the different transects
and sampling points. Post-hock Tukey test was additionally performed to obtain more
information of the specific group differences. Non-parametric spearman rank correlation was
used for the investigation of the correlation of E. coli concentrations and the other physio-
chemical parameters assessed in the water samples. For specific information on the used R
functions see Appendix A3.

2.2.5.2 Associations of fecal pollution and ship activity: Correlation and

regression analysis

For the entire selected river reach association analysis (regional analysis), spearman rank
correlation was performed with the E. coli concentrations (decadic logarithm) from transects
A, B, C,D, E, F, and G and 1) environmental/hydrological parameters such as the 3-day sum of
precipitation and river/tributary discharge, i1) wastewater treatment plant discharge data, and
1i1) the number of ships counted with respect to river flow, sampling time and date (see RSTA
Appendix A2, Figure Al). For E. coli concentrations, median values of the cross-section
samples were used for correlation analysis, resulting in a total of 84 individual sample sets (11,
11, 13, 13, 12, 12, and 12 for transects A to G, respectively). For detailed information on the
environmental parameters, WWTP discharge data and the used functions, see Appendix A3,

Table A2 and Table A3.

For the ship dock analysis (local analysis), the change in E. coli concentration of samples on
the respective side of the ship docks (orographically right river side: B+/B, E+/E; left: C+/C,
D+/D) was calculated as the ratio of increase (downstream divided by upstream, see Figure
A4, Appendix A) or the positive difference (downstream minus upstream) of E. coli
concentrations (see Figure 10) and plotted against the number of ships between the
upstream/downstream sampling transects during sampling. Spearman rank correlation as well
as a multiple linear regression analysis was performed to assess relations among the number of
ships and hydrological parameters (precipitation/rain, river discharge) on the increase on E. coli
concentrations (dependent variable) at the dock C+/C. For detailed information on the used

functions see Appendix A3.
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2.3 Results

2.3.1 Establishing AlS-based shipping activities for the selected Danube
reaches

The inland AIS data-based SDA script was used to analyze the ship traffic volume in the
investigated Danube River reach, revealing frequent activity with seasonal differences.
Especially for cruise and passenger ships seasonal fluctuations were observed, in line with ship
schedules and elsewhere reported seasonal patterns (Viadonau, 2019a, 2021, 2022). The daily
median ship number at the entire Danube River reach (river-km: 2111-1873) in the high season
(HS, summer months) was 159 ships in total, with approx. 44% of cruise ships (n = 69), 5% of
passenger ships (n = 8) and 46% of freight ships (n = 73) (Figure 3, left panel) during the
analyzed period. In the low season (LS, winter months), the median daily ship number
decreased to 114, with the highest drop in cruise ships (n = 31), though the daily number of

passenger ships (n = 5) and freight ships (n = 73) remained almost the same.

Sub-reaches of the river reach were analyzed to obtain detailed information, revealing a higher
number of cruise ships for the reach in Vienna (HS/LS: n = 44/6) and upstream of Vienna
(HS/LS: n = 44/26) in comparison to the downstream Vienna reach (HS/LS: n =27/1) (Figure
3, right panels). No passenger ships were observed in the LS upstream and downstream of
Vienna, which is appropriate, as passenger ferries did not operate in winter months. Freight
traffic is highest for the Danube reach upstream of Vienna (HS/LS: n = 50/48), followed by the
reach in Vienna (HS/LS: n = 35/37) and the downstream of Vienna reach (HS/LS: n = 26/24)
(Figure 3, right panels).
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Figure 3 Seasonal variation in number of ships

Bar chart of the daily shipping activity with seasonal (HS: high season; LS: low season) differentiation
for all ships (3, ships) and ships per type (cruise, passenger, and freight) for the river reaches and
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investigated period 03/2019—03/2020 i) entire investigated reach of the Danube River in Lower Austria
(river-km: 2111-1873), and sub-reaches of the Danube River in Lower Austria: ii) upstream of Vienna
(river-km: 2111-1937), iii) in Vienna (viver-km: 1937-1918) and iv) downstream of Vienna (river-km:
1918-1873). Median value given, lower/upper error bars: smallest/largest value within 1.5 times
interquartile range below/above 25"/75™ percentile. HS: high season (summer months, 2019); LS: low
season (winter months, 2020).

2.3.2 PSP reveals high local fecal pollution potential from the shipping industry
For the PSP, we estimated the theoretical daily emitted number of E. coli from ships, with
correct or incorrect ship wastewater handling scenarios, versus the daily emitted number of E.
coli from municipal WWTPs. The scenario of correct ship wastewater handling for the entire
Danube River reach resulted in a theoretical daily fecal load of 12.9 logio CFU E. coli during
HS and 12.8 logio CFU E. coli during LS (Figure 4 left panel, ‘correct handling ship emission”)
for the investigated period of 03/2019-03/2020. In the case of incorrect ship wastewater
handling, the daily fecal load was considerably higher, with 14.4 logio (HS) or 13.9 logio (LS)
CFU E. coli, which in HS is in the same order of magnitude as the input from mechanically
biologically treated municipal wastewater (14.4 logio CFU E. coli) (Figure 4 left panel, “max.
potential ship emission”). The results for sub-reaches gave analogous results: For two of the
three sub-reaches, the theoretical daily emitted load in the case of incorrect ship wastewater
handling was slightly higher than the input from treated municipal wastewater in the high
season (Figure 4 right panels). In general, the scenario assuming correct ship wastewater
handling resulted in a lower input by 1 to 2 orders of magnitude for all sub-reaches compared

to incorrect wastewater handling.
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Figure 4 Comparison of E. coli loads of ships and WWTPs

Bar chart of the estimated E. coli load (log1o CFU per day) discharged into i) the entire reach of the
Danube River in Lower Austria (viver-km: 2111-1873) and the sub-reaches ii) upstream of Vienna
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(river-km: 2111-1937), iii) Vienna (viver-km: 1937 to 1918) and iv) downstream of Vienna (river-km:
1918—1873) for emissions from municipal WWTP emission, from ships with correct treatment of ship
wastewater (correct handling ship emission) and for ships with incorrect/no ship wastewater treatment
giving the maximum potential load/worst-case scenario (max. potential ship emission). Median value
given, lower/upper error bars: smallest/largest value within 1.5 times interquartile range below/above
2575t percentile. HS: high season (summer months, 2019); LS: low season (winter months, 2020).

Hypothesis formulation based on PSP scenarios: Even under the incorrect wastewater handling

scenario from entire navigation activities (i.e., 100% raw wastewater direct emission input to
the river reach), the PSP indicates that the pollution capacity from the shipping industry does
not exceed municipal fecal wastewater emissions (mechanical biological treatment without
disinfection). We assume that the realistic situation ranges somewhere in between the highly
unrealistic worst case and the optimum situation of correctly handled emissions, amounting to
a few percent (3-6%) in comparison to treated municipal wastewater emissions. Considering
the long mixing stretches between the selected transects (A to G, Figure 1) and the inherent
statistical uncertainty observed in microbiological quantification, we hypothesized that fecal
emissions from shipping cannot be detected at the regional scale for the current situation of
wastewater disposal at the investigated Danube River reach (i.e., regional-scale fecal pollution
hypothesis). In contrast, especially for spatially aggregated ships with incorrect wastewater
handling, we hypothesize that navigation sources have the highest fecal pollution capacity
locally (i.e., local-scale fecal pollution hypothesis), such as observed downstream of docks (i.e.,
pairs of B+/B, C+/C, D+/D, E+/E, Figure 1). These two hypotheses formed the foundation for
the subsequent field investigations and statistical analyses (see section 2.2.5.2 for details on

performed statistics).

2.3.3 Realizing water quality assessment at high spatial resolution

2.3.3.1 Overall fecal pollution, classification and chemo-physical parameters
Water quality analysis for the entire selected river reach during 03/2019-03/2020 (n = 665)
revealed an overall concentration range of E. coli from logio 0.9 to logio 3.38 (MPN+1) per 100
mL, with a median concentration of logio 2.08 (MPN+1) per 100 mL (Table 1). The Danube
River discharge on the sampling days was distributed over the annual variation within the
monitoring year, which was in the same range as the years before (Figure A2, Appendix A).
Descriptive statistics of the assessed key fecal indicator parameter E. coli as well as of the two
human-associated fecal MST markers and chemical and physical parameters are given in

Table 1.
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Table 1: Water quality parameters

Descriptive statistics of analyzed water quality parameters: fecal indicator bacteria E. coli, human-associated microbial fecal genetic source tracking
markers (HF183/BacR287 and BacHum) and chemo-physical parameters. n... number of samples, n > LOD (TOD for MST markers) number of
samples with concentrations higher than the limit of detection (LOD) or threshold of detection (TOD), median, arithmetic mean, and range (minimum
value to maximum value).

mean Range

% 0, % 1 1
parameter n n>LOD % >LOD median (arithmetic) (min-max) unit
E. coli 665 665 100 2.08 2.16 000 338 [losn(MPN+D)
per 100 mL
HF183/BacR287 logio (ME+1)
(human-associated) 100 75 75 3.36 3.49 2.32 4.83 per 100 mL
BacHum logio (ME+1)
(human-associated) 100 84 84 3.91 3.95 2.78 5.39 per 100 mL
temperature 665 665 100 11.4 12.2 33 21.9 °C
pH 665 665 100 8.2 8.2 6.8 8.7 -
conductivity 665 665 100 312 315 164 494 uS/cm
oxygen 665 665 100 10.7 10.7 8.1 15.0 mg/L
COD 665 414 62.3 6.0 6.9 <5 21.0 mg/L
nitrogen
(total) 665 620 93.2 2.0 2.0 <1 5.0 mg/L
phosphorus 665 74 11.10 0.06 0.06 <0.05  0.09 mg/L
(total)
ammonium 665 495 74.40 0.03 0.04 <0.015 040 mg/L

*TOD (Threshold of Detection) for MST markers
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According to the fecal pollution classification of Kavka et al. (2006), the majority (94%) of
water samples ranged within the low and moderate fecal pollution levels. Only 6% of samples
showed critical levels of fecal pollution, though no strong or excessive fecal pollution events
were observed (Figure S left panel). Spearman rank correlation analysis of E. coli and the
chemical and physical parameters revealed significant positive correlations between E. coli
concentration and chemical oxygen demand - COD (rho = 0.20, adjusted p = 1.6x107), total
phosphorous - P total (tho = 0.23, adj.p = 2.8x10”7) and ammonium - NH4-N (tho = 0.32, adj.p

= 5.7x10°'%) concentrations (Figure 5 right panel).
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strong 4-5  10.000 - 100.000 mailL. :

Figure 5 Fecal pollution classification

Left panel: Fecal pollution classification of all water samples (n = 665) based on E. coli concentration
according to Kavka et al. (2006). Pie chart giving the proportion of samples as well as number and
percentage of samples within each pollution class. Right panel: Spearman rank correlation table of all
E. coli concentration values (n = 665) and physical (pH, conductivity) and chemical (chemical oxygen
demand (COD), total nitrogen, total phosphorus and ammonium) water quality parameters. Rho values
are given only if the p value is below the level of significance (alpha <= 0.05) after p value adjustment
using the Bonferroni method. n.s.: not significant.
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2.3.3.2 Microbial source tracking uncovers dominating human fecal pollution

Genetic microbial source tracking analysis was performed to further characterize the observed
fecal pollution: human (including human wastewater from municipal and ship origin) and
suspected animal sources (ruminant and pig/boar) on 100 out of the 665 samples taken in the
12-month sampling timeframe. The results revealed human fecal pollution to be dominant with
a positive detection rate of 75%, a median of logio 3.18 and a range from logio 2.32 to 4.83 for
HF183/BacR287 and 84%, a median of logio 3.63 and a range from logio 2.78 to 5.39 (ME+1)
per 100 mL for BacHum, respectively (range min to max of positive detects). The animal-
associated markers showed a considerably lower occurrence, with only 23% for the ruminant-
associated marker BacR and 7% for the pig-associated marker Pig2Bac, both with a median
value below the TOD, i.e., not detectable (Figure 6). Association with Danube River discharge
showed that especially at base flow (< 1800 m?/s), human-associated fecal pollution was
dominant, and animal-associated markers were predominantly detected at higher river
discharge, where the concentration of human-associated markers was also increased (Figure 6

right panel).
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Figure 6 Microbial source tracking markers (MST) concentrations

Left panel: Boxplot of genetic fecal marker concentrations: human-associated HF183/BacR287,
BacHum and animal-associated BacR (ruminant) and Pig2Bac (pigs). For nondetects, the sample-
specific %> ToD was taken as the value for plotting; the mean ToD is highlighted with a dotted line.
Right panel: Scatterplot of the microbial source tracking marker concentrations (v axis) and the
Danube River discharge, n = 100, positive detects: HF183/BacR287 n(pos) = 75, BacHum n(pos) =
84, BacR n(pos) = 23, Pig2Bac n(pos) = 7.
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2.3.3.3 Longitudinal fecal pollution analysis at selected river transects

The performed water quality analysis allowed for a detailed investigation of the fecal pollution
at the investigated Danube River reach, as of the high resolution of sampling (for the fecal
indicator bacteria (FIB) E. coli see Figure A3, Appendix A). Longitudinal concentrations of
E. coli at the eleven sampling transects ranged from a median of 1.91 logio to log 2.29 logio
(MPN+1) per 100 mL (all five cross-profile samples gathered; Figure 7). Performed ANOVA
revealed that there was no significant difference in the annual median E. coli concentrations
between the transects (p = 0.1, n = 55 - 65). Descriptive statistics of all analyzed water quality
parameters for each individual transect are given in Table A4 (Appendix A). The fecal
pollution dataset at the principal sampling locations A to G (dark blue) was used for the regional

river reach association analysis in section 2.3.4.1.
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Figure 7 Observed E. coli concentrations along River Danube

Boxplots of the observed E. coli concentrations (logo(MPN + 1) per 100 mL) in longitudinal display
for all transects A to G for the annual data. n = total number of samples (including all individual
samples of each cross-profile at each sampling day). Median values given, lower/upper error bars:
smallest/largest value within 1.5 times interquartile range below/above 25"/75" percentile.

2.3.3.4 Cross-sectional high-resolution fecal pollution analysis

Cross-profile analysis showed strikingly homogeneous E. coli concentrations for the majority
of the transects (Figure 8). Only for transect F (Wien/Vienna) a statistically significant
difference of E. coli concentrations across the profile, with increased concentrations at the

orographic right river side, was obtained (ANOVA, p <0.001, n= 11 - 13). A plausible reason
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is the inflow of the Danube channel at the right river side, which receives wastewater from the
Vienna WWTP 6.5 km upstream of the sampling transect, wastewater from smaller WWTPs

as well as combined sewer overflows (CSOs) of the Viennese sewer.

Additionally, an upstream/downstream ship dock comparison of E. coli concentrations with
respect to the upstream/downstream and river cross-profile position and the sampling date was
performed. Only one significant upstream—downstream difference in concentrations of the
orographically left sample of the dock C+/C (Diirnstein) was revealed, whereas for the other,
no significant differences were obtained. These upstream/downstream pairs were used for

investigation of the local ship dock area association analysis in section 2.3.4.2.
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Figure 8 Observed E. coli concentrations across River Danube

Boxplots showing the E. coli concentration in the cross-profile with upstream downstream samples
being paired. Median value given, lower/upper error bars: smallest/largest value within 1.5 times
interquartile range below/above 25"/75™ percentile. Asterisk * indicates a significant difference of E.
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coli logio(MPN+1)/100 mL at the cross-profile position to all the others at the sampling transect
assessed by ANOVA and a post-hoc Tukey test (p < 0.05, n = 11— 13).

2.3.4 Associations of fecal pollution with ship activity, WWTP discharge and
hydrological parameters

2.3.41 Correlation analysis at the investigated river reach (regional scale)

To obtain insight into influential factors on the observed fecal pollution on the regional scale
(covering the entire investigated river reach), a spearman rank correlation analysis with
hydrological parameters (precipitation, river discharge), municipal WWTP discharges and the
number of ships assessed by the RSTA approach was performed. Data from the principal
sampling transects (A to G, n = 84) were used, as described in section 2.2.5 and Appendix A2.
Positive significant correlations of E. coli concentrations after p-value adjustment using fdr
were observed for all hydrological parameters: 1) 3-day sum of local precipitation (rho = 0.33,
adj.p = 5x107), ii) Danube River discharge (rho = 0.48, adj.p = 1.2x10°) and iii) discharge of
tributaries with a confluence point < 36 rkm upstream (rho = 0.30, adj.p = 1.9x10°%; Figure 9
upper panel). For WWTP discharge, no significant correlation with WWTPs situated directly
at the Danube, but a significant correlation with WWTPs at tributaries (< 90 rkm, rho 0.30,
adjp = 1.9x10?) was obtained. The analysis with the number of ships, including a
differentiation of the ship types (cruise, passenger, and freight), showed no significant
correlation, irrespective of which metric (1 m/s, 2 m/s river velocity; <2 h, <8 h, < 16 h water
flow time) was used (Figure 9 lower panels). Hence, on the regional scale (entire investigated
river reach), the number of ships did not have a measurable influence on the E. coli
concentration in the monitoring timeframe, and fecal pollution was mainly triggered by rainfall

and higher river and municipal WWTP discharge.
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Figure 9 Correlation of E. coli concentrations with environmental factors

Spearman rank correlation coefficients (rho) of E. coli concentrations at the transects with
meteorological and hydrological parameters (upper panel) and the numbers of ships in the upstream
counting area for i) ships (total), ii) cruise liners, iii) passenger ferries and iv) freight vessels
considering 1 m/s or 2 m/s river flow velocity and a water flow time < 2 h, < 8 h and < 16 h before
sampling (lower panels). Hydrological parameters (upper panel): Sum of precipitation during 3 days
before sampling, Danube River discharge, tributary river discharge as well as WWTP discharge at the
Danube River for WWTP < 36 rkm, or from 36 — 90 rkm, or WWTP at tributaries up to < 90 rkm
upstream of the sampling point on the same day of sampling. n.s. not significant (p > 0.05) after p-value
adjustment using fdr.

2.3.4.2 Correlation analysis at the ship docks (local scale)

In contrast to the regional fecal pollution analysis, we observed a significant correlation of the
increase in E. coli concentrations and the number of ships in the ship dock area at one of the
four investigated docks, namely, Diirnstein (C+/C). The disintegration of ships per type
revealed that cruise ships accounted for the high correlation (rho = 0.828 and p = 0.02, Figure

10), with a maximum difference in E. coli (downstream minus upstream) of 233 MPN per 100
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mL. Multiple linear regression analysis revealed that precipitation and river discharge were
insignificant parameters for the increase in E. coli concentrations at dock Diirnstein, but the
number of cruise ships was significant (p = 0.02). Note that no WWTP discharge point and no
confluence point of a river is situated between transects C+ and C. At all the other ship docks
(B+/B), (D+/D) and (E+/E), no association with the number of ships and increase in pollution

was observed (Figure A4, Appendix A).
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Figure 10 Ship numbers and E. coli concentrations at docking station

Scatterplot of the number of ships in the ship dock area and the increase in E. coli concentrations of
the downstream (C) and upstream (C+) sample pairs at the left river side at the ship dock area of
Diirnstein. Spearman rank correlation coefficients rho and p values are given in the plot. The dotted
line gives a fitted linear model.

2.4 Discussion

2.41 Realization of a novel integrated approach for assessing the impact of
inland navigation by an interdisciplinary toolbox

The impact of inland navigation on the microbial fecal water quality of a large river was

assessed using a new, integrated, highly interdisciplinary approach. It is based on three pillars:

(1) pollution source profiling (PSP, i.e., estimates of theoretically emitted numbers of E. coli)
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to assess the theoretical impact of various ship fecal emission scenarios, (2) PSP-targeted
longitudinal and transversal water quality analyses combined with tailor-made ship-traffic data
extraction, and (3) statistical analysis between pollution source patterns on regional and local

scales to test the formulated pollution hypotheses.

The approach combined field-data from A) satellite-based automatic identification system
(AIS) used for targeted ship traffic assessment and B) highly resolved water quality analysis
based on chemical data and cultivation-based standard fecal indicator enumeration (ISO 9308-
2 (ISO, 2012)) in combination with state-of-the-art quantitative genetic microbial source
tracking (also referred to as genetic fecal pollution diagnostics, GFPD (Demeter et al., 2023;
Steinbacher et al., 2021)).

Internationally, there have been two main approaches to assess the impact of navigation on
water quality thus far. In one approach, the studies estimated the pollution potential of vessels
by calculating nutrient loads or sewage volumes, often incorporating complex ship traffic data,
but without any water quality investigations (Chen et al., 2022; Huhta et al., 2007; Loehr et al.,
2006; Parks et al., 2019; Peri¢ et al., 2016; Presburger Ulnikovic et al., 2012). In the other
approach, the studies focused rather on the microbiological water quality around ports, without
having any ship data (Dheenan et al., 2016; Luna et al., 2019). We found only three studies on
the association of the occurrence of ships and microbiological-fecal pollution (Faust, 1982;

Koboevi, 2022; Sobsey et al., 2003), all performed at maritime ports.

However, to the best of our knowledge, no study has yet investigated the microbiological water
quality of rivers in relation to local and regional ship traffic and no PSP considering all major
wastewater sources (including ships) has yet been combined with a multiparametric water

quality investigation.

Here, we propose to integrate the state-of-the art of these assessment types into a common
framework. The approach is directly transferrable to any other water body (and not limited to
lotic/river systems), especially given the increasing global coverage of RIS, including inland
AIS (Creemers, 2023; Trivedi et al., 2021). It can also support evidence-based water

management decisions of local authorities.
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2.4.2 The local impact of navigation was unexpectedly low but sensitively
traceable

As hypothesized by the PSP, river sections directly downstream of ports and docks would be
crucially affected by wastewater discharges from ships. In our study area, assuming all ships
illegally discharge raw wastewater (see section 2.3.2 and Figure 4 PSP scenario ‘Maximum
Potential Ship Emission’), the total fecal pollution load from navigation would equal the sum
of the total municipal wastewater load entering the considered Danube River reach. The local
consequences of such a scenario would be serious, given the extremely high concentrations of
fecal microorganisms in raw wastewater (log 7 to log 8 MPN/100 mL E. coli (Harwood et al.,
2019)), demonstrating the local pollution capacity of navigation on beaches, recreation zones

and other types of local usages.

Our investigation found only one site, at dock C+/C, where a statistical increase in E. coli
concentrations was indicated downstream (Figure 8). Strikingly, this increase also matched the
identified significant correlation with the number of cruise ships extracted from the big-AIS-
data near-real-time ship traffic monitoring system (Figure 10). Furthermore, using the
developed SDA algorithm, we were able to trace back to the individual ships causing this
correlation as well as to analyze the average time of the ships in the dock area. In fact, cruise
ships spent up to 1 to 3 h at dock C+/C, with seasonal differences, with highest average docking
times from May to October and shorter times in the area in the winter months (see Figure AS,
Appendix A). In contrast, freight ships all over the year only spent approx. 15 minutes in the
area, passing the dock C+/C (see Figure AS, Appendix A). The used AIS data were “blinded”
before being handed over by the authorities for analysis, not intended to identify any specific
ship or company involved. However, these results impressively demonstrate the capacity of
this suggested approach for analysis and monitoring (including aspects of sensitivity and
specificity) by combining “field” water quality data with “post hoc” extraction of AIS stored
near-real-time ship trafficking data. It should also be mentioned that the detectability of
changes in water quality could even be improved by replacing grab sampling with automated
time series sampling, triggered by passing ships (e.g., comparable to event sampling (Stadler

et al., 2008).

Both the minor increase in fecal pollution at dock C/C+ and the lack of increase in pollution at
the other three sites indicate that ship wastewater was most likely treated and handled

adequately (e.g., ship emissions from correctly managed on-board wastewater treatment) for
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the selected Danube reach and time period. Since the investigation was triggered by citizen
complaints and considerable media attention, the navigation industry probably had a higher
awareness of the importance of correct wastewater handling. Hence, the approach also proved
very useful to analyze and highlight the obviously correct realization of the intended
management practice. Although a statistically significant but only moderate increase was
detected, the formulated local-scale fecal pollution hypothesis had to be clearly rejected, as the

potential pollution capacity was not realized at all.

2.4.3 Regional impacts of navigation were not detectable, but this could change
in the future

On the regional scale, we hypothesized that the impact of navigation on Danube River fecal
pollution patterns would not be discernible under the current state-of-the-art municipal sewage
disposal (secondary treatment and no disinfection), irrespective of the assumed type of ship
wastewater handling and PSP scenario. Indeed, the recovered results showed no statistically
significant increase in the longitudinal development of fecal pollution levels between the
selected transects (A to G, Figure 7), and no correlation between ship counts in any of the ship
classes (and RSTA calculation schemes) versus the E. coli concentrations was detectable
(Figure 9). The regional-scale fecal pollution hypothesis was thus clearly supported by our
field data.

However, these proportions may shift in the future, bringing the impact of inland navigation
more to the forefront. Proposed changes in European Union law regarding urban wastewater
management (EU Regulation 2020/741, 2022) are expected to lead to a reduction in fecal
microorganism loads from both treated municipal wastewater and combined sewer overflows
in the coming years. If the proposed changes are implemented across the Danube River basin,
it is reasonable to assume that the fecal pollution level in the river attributable to municipal
wastewater will decrease considerably (e.g., up to 10 000-fold for viral particles (Demeter et
al., 2021)), leading to an increase in the relative importance of fecal input from inland

navigation.

On the other hand, cruise tourism on the Danube River has great potential to increase
(Jaszberényi and Miskolczi, 2020). In fact, before the COVID-19 pandemic, during the
investigation period, cruise ship tourism on the Danube in Austria grew by 15% in 2019

compared to 2018 (Viadonau, 2019a). Assuming the same trend in the next decades, ship

30



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

activity and therefore fecal pollution load from inland navigation could substantially increase.
If these two potential changes occurred concurrently, the relationship between municipal
wastewater loads and ship discharges could flip, making the navigation sector a critical

potential emission source on both the local and regional scales.

2.4.4 Large rivers are subject to multiple pressures, and water quality varies on
longitudinal and cross-sectional scales

Fecal pollution can change over time and along the investigated river reach because of
changing river morphology, confluence with tributaries and point and nonpoint sources.
Therefore, longitudinal investigations are frequently performed in river water quality analyses
(Ballesté et al., 2019; Fernandez et al., 2022; Kirschner et al., 2009; Kirschner et al., 2017);
however, cross-sections are seldom investigated (Kirschner et al., 2017). In contrast in coastal
regions, several studies have been performed to study water quality variations at high spatial
resolution (along the shore and in transects (Ahn et al., 2005; Amorim et al., 2014; Manini et

al., 2022).

Our spatially highly resolved water quality investigation at the Danube River showed that there
were neither significant longitudinal differences in E. coli concentrations along the 223 km
Danube River reach nor significant cross-sectional variations at most of the transects (see
Figure 7 and 8). The observed concentration of E. coli, indicative of general fecal pollution,
ranged from logio 0.9-3.38 MPN/100 mL, with a median of 2.10 MPN/100 mL for the Danube
River in the monitoring timeframe, consistent with former surveys of the Danube River
(Demeter et al., 2021; Kirschner et al., 2009). This is a typical concentration range for a
moderately polluted water body with input from state-of-the-art WWTPs. Other navigable
rivers show similar E. coli concentration levels, for example, the Rhine River with
concentrations between < logio 1.18 and logio 4.10 and an average of logio 2.91 MPN/100 mL
(Herrig et al., 2019), or the upper Mississippi River with mean values of logio 1.89 in 2011 and
logio 1.18 CFU/100 mL in 2012 (Staley et al., 2014). However, many rivers are considerably
more polluted, such as the rivers of the Bogotd basin in Columbia, with maximum
concentrations up to log 6 and log 7 E. coli MPN/100 mL at many of the sites (Fernandez et
al., 2022). Although there are approaches towards global and freely available data concerning
the water quality of surface water, such as the GEMStat Water Quality Dashboard project by
the UN (https://gemstat.org/), profound and standardized microbial fecal pollution analysis of
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large rivers on a global scale is scarce. Additionally, in the EU, there is data scarcity, as
microbial fecal pollution monitoring is not included in the Water Framework Directive
(European Parliament, 2000); hence, we can conclude that the herein published highly resolved

multiparametric water quality dataset is one of its kind.

2.4.5 Increasing use of AIS and RIS in research

The use of AIS data as a big data source for ship-associated research purposes has been
increasing in recent decades (Chen et al., 2022; Yang et al., 2019). Especially for maritime
research, this data source is used for investigations, e.g., ship behavior analysis for the detection
of illegal fishing (Iacarella et al., 2023; Kurekin et al., 2019). AIS and inland AIS were already
used for an environmental impact evaluation of exhaust gas emissions from ships in maritime
waters (Goldsworthy and Goldsworthy, 2015; Toscano et al., 2021) and from inland navigation
at the Yangtze River (Huang et al.,, 2022a; Zhang et al., 2023). Despite providing
comprehensive navigational information, AIS data-based research must consider that only
vessels equipped with turned-on AIS transponders are incorporated in the database and that

manually edited information might be wrong or not up to date (Harati-Mokhtari et al., 2007).

Inland AIS is one essential tool of RIS, beginning in 1998 in Europe and implemented
increasingly globally, such as in India (Trivedi et al., 2021) and the United States of America
(Creemers, 2023). RIS is an integral part of the trend towards digitalization in the navigational
and water sector, i.e., Intelligent Transport Systems (ITS) and e-Navigation (e-Nav) (Creemers,
2023); hence, inland AIS/RIS data will be increasingly available for research purposes in the

future.

2.5 Conclusions

e Wedeveloped and applied a novel integrated approach for evaluating the impact of inland
navigation on the microbial fecal water quality of navigable rivers, based on the three
pillars (1) pollution source profiling (PSP), allowing for theoretical (in silico) impact
scenario analysis, (2) highly resolved and advanced field-analysis (in situ) of fecal
pollution levels, chemo-physical water quality and ship traffic and (3) statistical analysis

between pollution patterns and ships on regional and local scales.

32



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

e Ship tracking data was extracted from inland AIS data by a specifically developed script,
enabling retrospective back tracing of the individual ships per type (i.e., cruise, passenger,

freight) on regional and local scale.

e High resolution multi-parametric water quality analysis at the investigated Danube River
reach revealed low longitudinal and cross-sectional pollution gradients, from dominant
human origin (demonstrated by genetic fecal pollution diagnostics, GFPD), hence
identifying E. coli as a suitable proxy for human wastewater from municipal WWTPs or

ships.

e PSP highlighted a high theoretical fecal pollution potential from ships (regionally, with
highest pollution capacity locally), which was not detected during the investigated period,

indicating correct management of ship wastewater.

e Minor local impact was detectable and attributable to the associated docked cruise ships,
highlighting the sensitivity of the approach, and showing its possible extensions towards

investigation of e.g., the docking times of individual ships.

The approach is transferable to any other water body with available AIS data over the world,
enabling detailed understanding of local and regional navigational fecal pollution
characteristics, with highest potential for research and authorities worldwide, heading towards

a digitalization of the water management sector.
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Chapter 3  Microplastics as vectors for virus transport in
saturated porous media

Abstract

The prevalence of microplastics in skin cleaning products and clothing results in microplastics
being present in sewage due to personal hygiene and laundry. During wastewater treatment,
viruses can come into contact with microplastics, potentially forming aggregates. After
agricultural sludge application these aggregates could infiltrate into deeper soils, threatening
shallow groundwater. The mechanisms behind microplastic-virus aggregation and their effect
on virus survival and co-transport in soils remain unknown. To investigate this, batch
experiments were conducted by mixing PRDI phage (a surrogate for adenovirus) with
microplastics in groundwater under different temperatures. Subsequently, column experiments
were performed to understand the effect of microplastics on virus transport in saturated quartz
sand. Microplastic quantification was done using solid-phase cytometry, while virus
enumeration was performed by gPCR and culture-based methods. The findings highlight that
the surface charge of microplastics played an important role in governing virus attachment
and transport. Batch experiments revealed a significant reduction in the persistence of infective
viruses in the presence of microplastics. The co-transport experiments showed that
microplastics act as vectors, enhancing the transport of both total and infective viruses through

saturated quartz sand, posing a risk for waterborne viral transmission.

Microplastic-Virus Microplastics facilitate
co-transport virus transport

Virus transport
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3.1 Introduction

Microplastics in the form of microbeads are widely used in personal care and consumer
products due to their stability, durability, low cost, and ease of production (Fendall and Sewell,
2009; Lei et al., 2017). Approximately 6% of the liquid skin cleaning products marketed in the
European Union, Norway and Switzerland contained microplastics (Gouin et al., 2015). A
survey by Cosmetics Europe reported that 4360 tons of microplastics were used in 2012 (Duis
and Coors, 2016). It is estimated that 4594 to 94,500 microplastics can be released into the
environment in a single use of an exfoliant (Napper et al., 2015). Once used, these microplastics
are washed directly into sewers and cannot be filtered or removed during wastewater treatment
due to their small size (Deng et al., 2022), with over 90% accumulating in sludge (Murphy et
al.,2016; Wu et al., 2022a). Unlike natural materials, the surface charge of virgin microplastics
rapidly changes in the aquatic environment, allowing nutrients and contaminants to adsorb
(Bowley et al., 2021). This attachment of nutrients promotes biofilm formation, enabling
microplastics to host diverse microbial communities on their surfaces, known as a Plastisphere
(Amaral-Zettler et al., 2020; Kesy et al., 2019; Li et al., 2019b; Oberbeckmann et al., 2018).
Plastisphere formation can influence environmental behavior of microplastics, creating
favorable conditions for the dispersion and prolonged survival of microplastic-associated
pathogens (Tang and Li, 2024; Zhai et al., 2023; Zhong et al., 2023). Enteric viruses are the
most common pathogens in wastewater and sludge (Corpuz et al., 2020) and can have very
long survival times (Sidhu et al., 2010). During wastewater treatment processes, microplastics
are exposed to high concentrations of enteric viruses, creating a perfect environment for the
viruses to interact with microplastics (Moresco et al., 2022). Eventually, microplastic-
associated pathogens in wastewater treatment will end up as treated sewage sludge (Gholipour
et al., 2022). About 50% of treated sludge (biosolids) is used in agricultural applications
(Huang et al., 2023; US EPA, 2016). Due to the recurring application of treated sludge to
enhance soil quality for crop yield, these newly formed microplastic-associated pathogens
could impact human health and the environment. These impacts include effects on soil fertility,
surface and groundwater contamination, destruction of biodiversity, and the potential to affect
crop yield (Eisfeld et al., 2022). Moreover, this emerging microplastic-associated pathogen risk

has the potential to contaminate drinking water sources, triggering disease outbreaks.

Compared to other contaminants, less focus has been placed on the potential interaction and

transport of microplastics with microbial pollutants (Lu et al., 2022). In this context, research
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has demonstrated that microplastics could play a crucial role in influencing both the
composition of microbial communities and the dissemination of microorganisms, including
antibiotic-resistance genes (Deng et al., 2020; Karkman et al., 2019; Liu et al., 2021a; Moon et
al., 2020; Slizovskiy et al., 2020; Syranidou and Kalogerakis, 2022). Several studies have
focused on the interactions of microplastics and enteric viruses using batch tests (Lu et al.,
2022; Moresco et al., 2022; Ochirbat et al., 2023; Pastorino et al., 2020; Zhang et al., 2022a),;
however, research on the co-transport of microplastic-associated pathogens in porous media
has predominantly focused on bacterial pathogens (Gao et al., 2021; He et al., 2021; He et al.,
2018). To the best of our knowledge, no study has explicitly investigated microplastic-virus
co-transport in saturated porous media and it is still unclear whether microplastic-virus co-
transport can prolong virus survival and transmission in groundwater. Therefore, given the
potential risks to public health, a comprehensive study was done to unravel the mechanisms
driving microplastic-virus co-transport and to evaluate the potential for groundwater

contamination.

This study aims to investigate the mechanisms responsible for the persistence and mobility of
a human enteric virus (using a surrogate) and microplastics in saturated porous media. PRDI
bacteriophage has been widely used as a surrogate for rotavirus and adenovirus, due to its
similar properties (Bales et al., 1991; Sinton et al., 1997; Stevenson et al., 2015; Yahya et al.,
1993), and long survival time in the environment (Blanc and Nasser, 1996). The research was
conducted in two phases. First, batch experiments were conducted to evaluate the survival and
infectivity of PRD1 phages, under different temperature conditions (both with and without
MPs). Secondly, column co-transport experiments were carried out in quartz sand, mixing
PRDI1 phages with polystyrene (PS) microplastics, as well as injecting them separately.
Experimental breakthrough data were analyzed to understand the transport and retention of
total and infective PRD1 phages (with and without MPs) in quartz sand. Additionally, a two-
site kinetic model accounting for attachment and detachment was used to simulate the
experimental breakthrough curves (BTCs). Finally, colloid filtration theory (CFT) and
Derjaguin-Landau-Verwey-Overbeek theory (DLVO) were used to examine the interactions

between quartz sand and PRD1 or the MP-PRD1 aggregate, within the porous media.
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3.2 Materials and methods

3.2.1 Polystyrene microplastics

A study on microplastic distribution in groundwater revealed polystyrene as the most prevalent
polymer detected (Esfandiari et al.,, 2022). Therefore, to mimic microplastics in the
environment, commercially available 1 um plain polystyrene yellow-green fluorescent
microspheres (Polysciences Inc., Warrington, PA, USA) were used in the experiments. The
major benefit of using these microspheres for laboratory experiments is the ease with which
they can be detected by solid-phase cytometry (Stevenson et al., 2014). For characterization of
the microplastics, the zeta potential was measured with a Zetasizer Pro ZSU3200 (Malvern,

Worcestershire, UK) and each measurement was repeated three times.

3.2.2 Laboratory preparation of viruses

PRD1 phage is an icosahedral phage with a diameter of 62 nm and an isoelectric point between
pH 3 and 4 and negatively charged at pH values between 5 and 8 (Blanc and Nasser, 1996;
Loveland et al., 1996). PRD1 was purchased from the German Collection of Microorganisms
and Cell Cultures (DSMZ, Braunschweig, Germany; DSM No. 19107). For enumeration and
propagation of PRD1, the related bacterial strain Salmonella enterica (S. enterica) (DSMZ,
Braunschweig, Germany; DSM No. 19207) was used. Bacteria were grown overnight in
tryptone soya broth (TSB) with 0.6% (w/v) yeast extract (Oxoid Ltd., Hampshire, UK) at 37
°C. Afterwards, the overnight culture was diluted ten-fold in fresh medium and incubated at 37
°C for 3-6 hours to obtain a maximum number of viable cells in the logarithmic growth phase
(log phase). For propagation of virus stocks, virus solutions were used for plaque assays,
according to the protocol of Kropinski et al. (2009) and plates with confluent lyses continued
to be used. These plates were overlaid with 5 mL TSB or saline-magnesium (SM) buffer (5.8
g NaCl, 2.4 g Tris HCI, 1.0 g CaCl2, 0.1 g gelatine, add 1.0 mL H20O, pH 7.5) and shaken for
about 3 hours, and then stored overnight at 4 °C. Afterwards the medium was separated and
centrifuged at 8000 rpm for 2 minutes. The supernatant was filtered (0.02 um), aliquoted, and
stored at -20 °C.

3.2.3 Batch experiments

The persistence of the viruses (with and without MPs) was determined by performing two
independent batch experiments. Each experiment was performed with three independent vials
per condition (with and without microplastics) and stored at different temperatures i.e. 4 °C,

ambient temperature ~22 °C, 30 °C and 37 °C, respectively. These temperatures were chosen
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because between 4 and 22 °C (typical groundwater temperatures fall within this range),
minimal differences in inactivation are expected, whereas inactivation rates should increase at
30 and 37 °C. For each condition, we investigated a total of 6 samples and 3 independent vials
on two separate days. The initial phage concentration was determined, and samples were taken
after 1, 3, 7, and 10 days respectively, and quantified for their presence (QPCR, phage genome
number PGN/mL) and infectivity (small drop plaque assay, plaque forming unit PFU)/mL).
Statistical analyses were performed in SPSS 28 (IBM, New York, USA). Differences were
assessed with one-way ANOVA followed by post-hoc comparisons (Tukey HSD) and paired
t-tests after confirming the normal distribution of the studied PRD1 phages (total and infective)

under different temperatures and experimental conditions (with and without microplastics).

3.2.4 Column experiments

Column experiments were performed using quartz sand (grain size diameter: 0.6—1.3 mm, bulk
density: 2.65 g/cm3) purchased from Carl Roth GmbH + Co. KG, Karlsruhe, Germany. The
median grain diameter (d50) of 0.95 mm was assumed. The details of the experimental
parameters are provided in Table 2. Based on the standard gravimetric method, the porosity of
the porous media was calculated by measuring the volume of water needed to saturate the dry
soil used to pack the column (pore volume), divided by the total column volume. The zeta
potential of the quartz sand was measured using a SurPASS electrokinetic analyzer (Anton
Paar) based on a streaming potential and streaming current measurement (Luong and Sprik,

2013). This zeta potential indicates the surface charge at the solid-liquid interface.

Transport experiments were performed under saturated flow conditions using a Plexiglas
column (70 mm inner diameter and 300 mm length). The column diameter met the minimum
dcol/d50 ratio (the ratio of the column diameter to the effective particle diameter of the porous
media) and was much higher than the recommended value of 50, to ensure minimal potential
wall effects in the column (Knappett et al., 2008). Stainless-steel-mesh screens (Spectrum
Labs, New Brunswick, USA) were placed on both ends of the column to prevent the loss of
quartz sand. The column was filled with quartz sand and saturated with Viennese tap water
(chemical analysis shown in Table B1, Appendix-B), which is sourced from karst
groundwater. To ensure homogenous packing and minimize air entrapment, the column was
filled with porous media and tap water from the bottom up, in 2 cm increments while gently
stirring with a small steel rod. Before the experiment, the columns were flushed with tap water

for a minimum of 20 pore volumes.
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A solution of sodium bromide, NaBr, (1.0 mM/L, 102.89 mg/L) prepared in tap water (1 pore-
volume) served as a conservative tracer to investigate the transport properties of the packed
column. The electrical conductivity (EC) of the injected tracer was measured by a hand-held
portable EC meter (WTW ProfiLine Cond 3310, Xylem Analytics Weilheim, Germany) in a
flow-through cell. Three different influent solution scenarios were performed in the
experiments: (i) PRDI1 in tap water, (ii) a mixture of PRD1 and microplastics in tap water, and
(111) microplastics in tap water. During the experiment, 2 pore-volumes (approx. 980 mL) of
the influent solution was pumped in the upward direction at a constant flow rate of 6.5 mL/min
(Darcy velocity = 2.45 m/day), and afterwards, the columns were flushed with 5 pore-volumes
of tap water, at the same flow rate. A magnetic stirrer was used to stir the suspension constantly
during the experiments to ensure that microplastics were evenly dispersed in the influent
solution. A fraction collector (CF2 Fraction Collector, Spectrum Chromatography, Texas,
USA) automatically collected column effluent samples in 15 mL test tubes after every 2-minute
time interval. All column tests were done in duplicate (each column test contained freshly

packed material).

3.2.5 Microplastic and virus enumeration

The enumeration of microplastics in the effluent solution was done with solid-phase cytometry
(SPC) using a ChemScan™ RDI (bioMérieux, Marcy I’Etoile, France). The detailed procedure
for the microplastic counting has been previously published (Ameen et al., 2024; Stevenson et
al., 2014) and is available in the Section 4.2.6 (Chapter 4). Additionally, to enumerate the total
and infective PRD1 phages in the influent and effluent samples, quantitative polymerase chain
reaction (QPCR) and small-drop plaque assay (culture-based) methods were used, respectively.

The details of these methods are included in Appendix B1.
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Table 2: Overview of column experimental parameters.

Injected
Experimental Measured .
Scenario Run flow rate concentration pH
Co
m/min — PGN/mL or PFU/mL or
¢ MPs/mL —
Total Phages?
PRDI1 Al 0.17 1.18 x 10° 7.55
A2 0.17 1.27 x 10° 7.45
PRDI1 with MPs B1 0.17 2.83x 10° 7.95
B2 0.17 1.54 x 10° 7.85
Infective Phages®
PRDI Al 0.17 2.77 x 10° 7.55
A2 0.17 1.77 x 10¢ 7.45
PRDI1 with MPs B1 0.17 1.36 x 107 7.95
B2 0.17 7.0 x 10° 7.85
Microplastics ¢
MPs C1 0.17 4.45x 107 7.82
C2 0.17 4.51x 107 7.78
MPs with PRD1 Bl 0.17 4.55x 107 7.95
B2 0.17 4.32x 107 7.85

® Counted by quantitative polymerase chain reaction (qQPCR) method.
® Counted by single drop plaque assay method.

¢ Counted by solid-phase cytometry.
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3.2.6 Numerical analysis

3.2.6.1 Transport modeling

The breakthrough curves of the total and infective PRDI phages (with and without
microplastics) were modeled using the HYDRUS-1D software package (Simunek et al., 2013).
Advection—dispersion equations for colloid transport are implemented in a numerical model
using a two-site attachment-detachment model and the following equations (Schijven and

Simtinek, 2002):

9C | pp0S1 | P 3S; _ o?c . oc

at 6 at T 0o ot Dbv axz Vox G-D
Pp 0S P

?ba_tl = kalc _— ?b kdlsl (3.2)
Pp 0S p

?ba_: = kazc _— ?b deSZ (33)

where C is the concentration of PRD1 with and without microplastics (PGN/mL or PFU/mL), t
is time (min), py is dry bulk density (g/cm?), 8 (dimensionless) is porosity, S1 and S2 are the
concentrations of adsorbed PRD1 at the first and second kinetic sorption sites (PGN/mL or
PFU/mL), D is dispersivity (cm), v is pore water velocity (cm/min), x is the distance along the
flow path (cm), ka1 and ka. are attachment rate coefficients (min'), while k41 and kq are

detachment rate coefficients (min''), at the first and second kinetic sorption sites, respectively.

3.2.6.2 Colloid filtration theory
The removal of the PRD1 phage (with and without microplastics) was quantified using colloid
filtration theory, which calculates the attachment efficiency, o (dimensionless), and can be

computed using the following equation (Tufenkji and Elimelech, 2004a):

2 a Cc
= — = n—
3 (1—9)xn0 CO

(3.4)

where d is the mean soil grain (dso) size (mm), 0 is the porosity (dimensionless), x is the column
length (cm), C/C, represents the normalized concentration of colloids at the breakthrough
plateau (dimensionless). The maximum value from the HYDRUS-1D modeled values was used
for C/C, because the observed values did not produce a steady Cmax. The predicted single
collector contact efficiency, no (dimensionless), was computed using the following equation

(Tufenkji and Elimelech, 2004a):
Mo =1p+1n+71g (3.5)
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where 1, is dependent on hydrodynamic interactions, van der Waals, and gravitational forces.
np is the contact due to Brownian forces (diffusion), n; is the contact due to interception, and
nG is the contact due to gravity (settling). Equation 3.5 relies on additional equations and
parameters which are outlined in the Appendix B2. The calculations governing microplastic-
associated virus filtration and their respective contributions are provided in
Table B2 (Appendix-B). The contact and attachment efficiencies for the co-transport scenario
(i.e. PRD1-MP aggregates) were estimated considering transport dominated by microplastic

colloidal properties (e.g., colloid size and density, Hamaker constant and approach velocity).

3.2.6.3 DLVO theory

The DLVO theory (Derjaguin and Landau, 1993; Verwey and Overbeek, 1955) was applied to
further understand the interactions and attachment of the PRDI1, microplastics, and the
microplastic-associated PRD1 with the quartz sand grains. To quantify these interactions, we
calculated the inter-surface potential energy as the sum of van der Waals attraction (VDW)
(Gregory, 1981) and electrical double layer repulsion (EDL) (Feriancikova and Xu, 2012)
energies over the separation distance between approaching surfaces. Since microplastics
behave like a colloid due to their shape, size and surface charge, the classical DLVO theory is
applicable (Wang et al., 2022b). All of the interaction energies were normalized by KgT.
Details about the DLVO can be found in the Appendix B3.

3.3 Results and discussion

3.3.1 Influence of microplastics on virus quantification

To determine the optimal DNA extraction protocol and to investigate a possible interference
or inhibitory effect of microplastics on qPCR analysis of PRDI, both the qPCR efficacy and
DNA-extraction efficacy in the presence of microplastics were tested. For this purpose, four
different PRD1 concentrations (4—8-logio PFU/100uL) were mixed with microplastics and
either directly inserted into the qPCR reaction or used as input for NucleoSpin-based DNA
extraction and subsequent qPCR. The results of the control samples (PRDI1 without
microplastics) demonstrate that both DNA extraction methods show good performance and
efficiency, with R? values of 0.93 for direct insertion and 0.90 for the NucleoSpin when
compared to the infective phage numbers (Figure 11a). As expected, qPCR-based
quantification leads to ~1-logio higher PGN values compared to the PFU values, as not all viral

particles are infective while the genome can still be quantified. The quantitative results from
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PRD1 with microplastics showed no significant difference between any of the conditions tested
(Figure 11b), demonstrating an inhibitory effect on neither the PCR reaction nor the DNA
extraction efficacy. Overall, the results demonstrate that the presence of microplastics does not
interfere with qPCR-based quantification of PRD1 from aqueous samples and that both direct
as well as NucleoSpin DNA extraction are suitable for the subsequent analysis of experimental
samples. Following the evaluation, it was decided that the direct extraction method would be
used when analyzing the effluent samples. Throughout the sample analysis, the accuracy of
detecting PRD1 genomes remained consistent in tap water, whether microplastics were present
or not. These findings align with previous studies that investigated the detection and stability
of enteric virus genomes in surface and groundwater (Espinosa et al., 2008; Gassilloud and
Gantzer, 2005; Gassilloud et al., 2003; Helmi et al., 2008). It is important to mention here that
the detection of viral genome copies by the qPCR method does not necessarily imply the
presence of active and infective viruses (Hamza et al., 2011), therefore, culture-based methods
are used to detect infectivity. On average, the detected number of viral genome copies by gPCR
was 1-3-logio units higher than the plaque assay method and is consistent with findings from
other studies that compared the detection of enteric viruses to infectivity in environmental
samples (Fongaro et al., 2012; Moresco et al., 2022; Moresco et al., 2015). Care must be taken
and a comparison should be done because the composition and concentration of a bacterial
strain (S. enterica) and the elution buffer composition (TSB) are known to inhibit PCR
amplification (Skraber et al., 2009), suggesting that the detected genome copies may

underestimate the actual number of viral genomes present, in some cases.
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Figure 11 Comparison of DNA extraction methods
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Correlation between (a) PFU and PGN numbers using either direct or NucleoSpin-based DNA
extraction and (b) mean PGN/mL numbers of samples without MPs (control), and with MPs using either
direct or NucleoSpin-based DNA extraction, including 95% confidence intervals.

3.3.2 Microplastics reduce virus infectivity

3.3.2.1 Total phages

To evaluate whether the attachment onto microplastics prolongs or hinders virus infectivity,
PRDI1 was mixed with microplastics and stored at four different temperatures for up to 10 days.
As a baseline, total phages were enumerated using qPCR. During the 10 days, a minor loss of
0.51 log10 was observed, as would be expected, for total phages determined via qPCR in the
absence of microplastics (paired t-test, p<0.001) (Figure 12a). In the presence of microplastics,
the loss of total phages was 1.03 logl0 (paired t-test, p<0.001) (Figure 12b). No significant
differences were observed between the four temperatures investigated for both scenarios with
and without microplastics (ANOVA, p>0.05) (Figure 12a-b). As already after one day, a slight
(0.3 1og10) but significant decrease in total phage particles was observed (paired t-test, p<0.01),
experimental error (e.g. a possible aggregation or adsorption of phages to the test tube or loss
during pipetting) and DNA breakage during storage cannot be excluded. Overall, the results
show high stability over 10 days.

3.3.2.2 Infective phages

In contrast to the qPCR results (total phages), a much stronger decrease in the number of
infective PRD1 phages could be detected during the 10-day experiment for all scenarios tested
(Figure 12c¢-d). Significant differences between the various temperature conditions occurred
(ANOVA, p<0.001 for both with and without microplastics present), however, without
microplastics, the results obtained at 4°C and 22°C were not significantly different from each
other (Tukey HSD post hoc test, p>0.05). Without microplastics, the loss of infective PRDI1
phages over 10 days was 0.41 and 1.15 logl0 at 4 °C and 22 °C (paired T-test, p<0.001),
respectively, while at 30 °C, 3.88 log10, and 37 °C, 5.39 log10 infective phages were lost after
10 days (paired T-test, p<0.001). With microplastics, an even higher loss of infective phages
was observed; at 4°C, 22°C and 30°C already 2.93-5.02 log10 were lost after 10 days, while in
the samples stored at 37 °C no infective phages could be found after 7 days (corresponding to

a loss of 6.75 log10, p<0.001).
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Figure 12 Virus persistence with and without microplastics

Persistence of PRD1 bacteriophages in the absence and presence of microplastics (MPs) under varying
temperature conditions (4°C, ambient temperature ~ 22°C, 30°C, and 37°C) over 10 days. Panels (a)
and (b) illustrate the persistence of total PRD1 phages without and with MPs, respectively. Panels (c)
and (d) demonstrate the persistence of infective PRDI phages under identical conditions (i.e. without
and with MPs, respectively). Error bars represent the standard deviation from replicate experiments (n
>2).

The findings of this study suggest that temperature significantly influenced the survival of
infective PRD1 phages, with their infectivity decreasing over time, especially when mixed with
microplastics. The presence of microplastics accelerated the inactivation of infective viruses,
even at low temperatures (4 and 22 °C), and this inactivation rate significantly increased at high
temperatures. The majority of the observed loss of infectivity can be attributed to temperature
and, to a lesser degree, the attachment of the phages to the microplastics, which is a potential
inactivation mechanism (Schijven and Hassanizadeh, 2000), possibly due to the surface
structure being disturbed upon attachment. Studies have shown that overall virus stability and

infectivity decreased with time when they co-existed with microplastics (Lu et al., 2022;
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Moresco et al., 2022). Lu et al. (2022) reported that over half of the infectious viruses (T4
phage) mixed with 2 pm polystyrene microplastics remained detectable after 10 days at 24 °C
whereas, in the present study, no PRD1 phages were infective at 37 °C after 6 days. This may
be due to the internal lipid membrane of the PRD1 phage capsid, which makes it more
susceptible to inactivation, while, the T4 phage, with its tail structure, demonstrates greater
infectivity and thermostability (Firquet et al., 2015; Moresco et al., 2022; Wigginton and Kohn,
2012). Our work clearly indicates, when compared to Lu et al. (2022), that the structural
formation of viruses exhibits different behavior regarding their persistence in the presence of
microplastics. At high temperatures (30 and 37 °C), the viruses (without MPs) retained
infectivity even after 10 days. Since groundwater temperatures typically range from 10 to 22
°C (Yates et al., 1985), and virus migration is relatively slow in deep groundwater but can be
significantly faster in shallow groundwater, the prolonged survival of viruses in groundwater

can pose substantial risks to drinking water safety (Zhang et al., 2022b).

3.3.3 Electrostatic interaction facilitating co-transport

Variations in the surface charge (measured as zeta potential) of viruses and microplastics can
lead to charge-dependent repulsion or aggregation of colloids. Most viruses are negatively
charged at environmentally relevant pH values, and most porous media in aquifers are
negatively charged under similar conditions, indicating low potential attraction between the
two surfaces (e.g. pure quartz); however, viruses can attach electrostatically where patches of
positive charge are present due to impurities, for example iron or calcite. In this study, the zeta
potential of quartz sand was -43 mV (pH = 8.2), while microplastics and PRD1 had zeta
potential values of -42.4 + 2.2 mV (pH = 7.82, EC = 372 uS/cm) and -8.9 = 2.16 mV (pH =
7.5, EC =381 uS/cm), respectively. The zeta potential values of PRD1 reported in this study
align well with previously reported values, ranging from -7.8+2.6 mV in 10 mM NaCl at pH
7.9 (Stevenson et al., 2015) to -9.8 mV (Mesquita et al., 2010). Upon mixing PRDI with
microplastics, the net zeta potential of the microplastic-associated PRD1 solution decreased to
-17.74+2.16 mV (pH = 7.9, EC = 379 uS/cm). Therefore, it is likely that the less negative
PRDI1 was attracted to the more negative microplastics, which may have caused attachment.
Consistent with these findings, Lu et al. (2022) and Dang and Tarabara (2021) showed that
polystyrene-microplastics adsorbed over 90% of a viral dose (T4 phage and adenovirus),

highlighting the potential for electrostatic interactions being the predominant attachment
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mechanism between the two types of colloids. Due to the large-sized microplastic being more
negative than the PRD1, and the overall surface charge of the microplastic-associated PRD1
also being more negative than PRDI1, it would be expected that the mobility of the PRD1 would
be enhanced (more repulsion with sand grains) and the mobility of the microplastics would
remain the same or would slightly decrease, due to the decreased negative charge of the
microplastics in the presence of PRD1. This effect was observed by Stevenson et al. (2015)
when they injected polystyrene-microplastics of the same size but different charge; the mobility
of the less negative microplastics were enhanced and the mobility of the more negative

microplastics decreased.

In order to evaluate to what extent surface charge facilitated attachment, the DLVO
interaction energy profiles were calculated for three interaction scenarios over a range of
different ionic strengths: (1) microplastics and the quartz sand; (2) PRD1 and the quartz sand;
and (3) MP- PRD1 aggregates and the quartz sand (Figure B1, Appendix B). For microplastics
and the quartz sand system, repulsion is predicted due to their similar charge. The interaction
energy calculations reveal the presence of a high repulsive energy barrier (PDLVO/kgT
maximum value being 108.53) to deposition at a low ionic strength (3 mM), and therefore,
indicates less attachment of microplastics to sand grains in the Viennese tap water matrix,
which has an ionic strength of approximately 3 mM. For ionic strengths > 10 mM, the presence
of a secondary energy minimum is observed (®DLVO/kgT = -0.05 to -0.49) at a greater
separation distance than that of the energy barrier. This is because the EDL interaction
decreases exponentially with respect to separation distance, whereas the VDW attraction
exhibits a power-law dependency with a slower decay (Tufenkji and Elimelech, 2004b). When
repulsion dominates, a secondary minima can occur; however, the magnitude is quite small,
and the separation between surfaces is significant (Gentile et al., 2021). Still, microplastics’
removal is observed even at the lowest ionic strength examined, with straining being the most
likely dominant removal mechanism. Similarly, repulsion is predicted between PRD1 and
quartz, as both have a negative charge. The interaction energy indicates a low energy barrier to
deposition at all ionic strengths (PDLVO/ kgT maximum value for 3 mM being 4.65), which
means that PRD1 shows weak repulsion but aggregation at the primary minima and at greater
separation distances, thus predicting more potential for attachment of PRD1 to quartz sand. At
a low ionic strength (3 mM) a primary minimum is observed (PDLVO/kgT = -11.66),
indicating high virus attachment to sand grains (Cmax/Co = 0.9 x 10?). For MP-PRD1

aggregates and the quartz sand system, repulsion is expected to be dominant due to negative
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charge of aggregates and sand. The interaction energy calculations reveal the presence of a low
repulsive energy barrier to deposition at all ionic strengths (PDLVO/kgT = 6.27) and,
therefore, aggregates are expected to attach to the quartz sand surfaces more than microplastics
alone, but less than PRD1 alone. The MP-PRD1 aggregate removal is observed at the lowest
ionic strength examined (Cmax/Co = 3.34 x 107 at 3 mM in tap water). The values of each energy
barrier, as well as the primary and secondary minima are shown in Table B3 (Appendix B).
DLVO calculations showed that the change in zeta potential affects the depth of the energy
minima and the height of the energy barrier of interacting colloids (Bradford et al., 2017). If
the energy barrier remains greater than 7 kgT (e.g., microplastics and their co-transport with
viruses), primary minima interactions are unlikely to occur, except at sites with surface
roughness or charge heterogeneity (Bradford et al., 2017; Torkzaban et al., 2013). Additionally,
if the secondary minimum is less than 1.5 kgT in magnitude, it is considered insignificant (Shen

etal., 2018).

3.3.4 Microplastics enhance virus transport in porous media

To understand the impact of microplastics on the transport of viruses and the reciprocal
influence of viruses on microplastics within porous media, PRD1 and microplastics were
enumerated in the effluent solution after column breakthrough. Total and infective PRDI1
concentration curves (Figure 13a-b) show that the presence of microplastics influenced the
transport of viruses by enhancing their transport (more viruses came through with the MPs, as
opposed to without MPs). PRD1 concentration data was highly scattered, and concentrations
did not reach a constant plateau, which was also observed with the conservative tracer (Figure
14a). The maximum concentration of infective phages passing through the column was
approximately 2 orders of magnitude lower than what was injected (10* vs. 10 PFU/mL). The
influent concentration of infective phages was 10® PFU/mL, as compared to the total number
of phages injected (10° /mL), counted by qPCR. In the presence of microplastics, the
concentration of infective viruses exhibited a more rapid increase and a fluctuating dynamic,
with both increases and decreases occurring more dramatically. This interaction between the
PRDI1 and microplastics suggests a complex dynamic (e.g. straining, blocking and/or
electrostatic interaction), where the presence of microplastics influences the movement and

distribution of viruses within the porous media.
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Figure 13 Virus concentration in effluent solution

Observed virus concentrations of (a) total PRD1 and (b) infective PRD1 phages plotted over time with
and without MPs. Error bars represent standard deviation from replicate column experiments (= 2). R1
and R2 refer to experimental run 1 and 2, respectively. Experiments were conducted at ambient
temperature (22 °C) and flow velocity = 2.45 m/day.

Figure 14a illustrates the breakthrough of a conservative tracer (NaBr) and the shape of the
curve (two peaks) shows that the porous material is heterogeneous, with strong preferential
flow paths. The early and sharp rise of NaBr (first peak) represents the extremely rapid
movement of water and solute through the macropores. A second NaBr peak occurred after
approximately 82 minutes due to the breakthrough of solute from the matrix material.
Figure 14b demonstrates the reciprocal effect of PRD1 phages on the breakthrough of
microplastics, showing that the presence of PRDI slightly enhances microplastic transport.
This enhancement is evident from the slightly higher breakthrough and the observed delay in
the microplastic peak and is possibly due to the breakthrough of microplastics from the matrix

material (slower flow region).

The experimental (observed) breakthrough curves for total PRD1 (Figure 14¢-d), revealed that
the peak Cmax/Co values of PRD1 were 0.97 x 107 and 0.91 x 107 (without MPs) and 1.84 x
1073 and 3.34 x 107 (with MPs). The maximum effluent recovery of total PRD1 was remarkably
enhanced in the presence of microplastics, increasing from 0.1% and 0.09% to 0.18% and
0.33%, respectively. When transported alone, PRDI1 exhibited relatively constant (flat)
breakthrough curves, and the maximum breakthrough of PRD1 alone was reduced, due to high
attachment in the absence of the microplastics. On the other hand, the breakthrough of total
PRDI1 (with MPs) showed that the time to peak breakthrough was retarded (increasing
breakthrough with time). This is possibly due to the heterogeneity of the quartz sand and virus

transport occurring through the matrix (slower-moving water zones) which can also be
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observed from the NaBr tracer breakthrough curve (Figure 14a). Another explanation is that
the presence of microplastics can alter the available number of deposition sites in quartz sand
for PRD1 phage attachment, thereby enhancing their transport as ideal attachment sites become
filled (a phenomenon known as blocking) and competition for adsorption sites increases (Pelley
and Tufenkji, 2008). However, it is unlikely that this observed increasing breakthrough with
time is due to blocking, as the infective phages do not mimic this pattern. Whether this effect
is due to blocking or not, the initial breakthrough of PRD1 with microplastics is clearly higher
than PRD1 alone.

Examination of the breakthrough curves for infective PRD1 (Figure 14e-f) indicates that the
peak Cmax/Co values for infective PRD1 phages were 1.53 x 10 and 1.93 x 107} (without MPs)
and 2.01 x 107 and 7.14 x 107 (with MPs). The effluent recovery of infective PRD1 was 0.15%
and 0.19% (without MPs), compared to 0.20% and 0.71% (with MPs). The relative
concentration values of infective PRD1 are higher compared to the total PRD1 because the
initial concentration (C,) of infective phages is much lower. The presence of microplastics
enhanced the recovery of infective PRD1 in the effluent solution, just like it facilitated the
transport of total phages. No blocking or retardation was observed for infective PRD1 phages.
Most likely, the dual porosity of the heterogeneous quartz sand allowed infective phages to
travel through various pore systems at different velocities, resulting in two breakthrough peaks.
These observations demonstrate that the coexistence of microplastics affects virus (both total

and infective) transport and enhances the mobility of viruses in saturated porous media.
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Figure 14 Observed and modeled breakthrough curves

Experimental and Hydrus 1D modeled (attachment/detachment) breakthrough curves (BTCs). (a) NaBr
tracer, (b) MPs with and without virus transport scenario. Total PRDI1 phage BTCs: (c) without MPs
and (d) with MPs, measured via gPCR. Infective PRDI phage BTCs: (e) without MPs and (f) with MPs,
measured using plaque assay method. R1 and R2 refer to experimental runs 1 and 2, respectively.
Scattered points represent observed experimental data, while solid and dashed lines indicate modeled
data. C/C, is the effluent concentration normalized by the influent concentration.

Furthermore, to gain a deeper understanding about the attachment and detachment processes
and to comprehensively characterize the transport of total and infective PRD1 in the porous

media, HYDRUS-1D was used to simulate breakthrough curves (Figure 14). Two attachment
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and detachment rate coefficients were necessary for accurately modeling the BTCs observed
in the experiments (Table 3). When transported alone, both total and infective PRDI1
demonstrate a higher degree of attachment, as evidenced by their elevated primary attachment
rate coefficients (kai= 0.18 and 0.17 min™') and their smaller size resulted in higher relative
dispersivity (A= 0.60 cm). However, when co-transported with microplastics, both total and
infective PRD1 show reduced primary attachment rate coefficients (ko= 0.12 and 0.11 min™")
and lower dispersivity (A= 0.33 cm), due to the larger size of the aggregates. This is to be
expected as larger colloids have lower dispersivity, since smaller colloids can access smaller
pore spaces. In the absence of microplastics, high attachment of PRD1 could be attributed to
the smaller size of the viruses accessing the smaller dead-end pores and the less negative charge
causing more attachment to the negative porous media. However, the modeled BTCs for
microplastics, both with and without PRD1 phages, exhibit almost similar A, ka2, and kq> values

(Table 3), indicating a minimal impact of viruses on the transport of microplastics.

Generally, when two different contaminants co-exist, the one with higher mobility can act as a
vehicle and facilitate the transport of the other contaminant with relatively lower mobility in
the porous media (Abdel-Fattah et al., 2013; Li et al., 2019a; Peng et al., 2017), a phenomenon
that can be referred to as "hitchhiking" (Kirstein et al., 2016). Consistent to the findings of this
work, studies indicate that microplastics not only serve as carriers for pathogens (Gao et al.,
2021; He et al., 2021; Yan et al., 2020), but also for heavy metals (Cu and Pb), enhancing their
mobility in aquifers (Duan et al., 2021; Purwiyanto et al., 2020; Wang et al., 2022a). Enhanced
transport could be observed due to blocking of ideal transport sites by other colloids, but the
10’/mL influent concentrations of microplastics should be insignificant compared to the
10°/mL influent concentrations of PRD1 (Camesano et al., 1999; Pelley and Tufenkji, 2008),
although the relative size is larger. Furthermore, the size aspect must be taken into account and
the co-transport of microplastics and viruses in porous media is also possibly governed by
straining processes (Zhang et al., 2022b). The ratio of PRD1 phage to median grain size (dp/dso
= 0.00007) is less than 0.0017, indicating that straining is not expected to occur (Bradford et
al., 2002). Similarly, the ratio of PRD1-MP aggregate (assuming the 1 pm diameter of the MPs)
to median grain size is 0.00105, which also falls below the threshold ratio. Additionally, when
transported alone, PRD1 could deposit in immobile zones, like grain junctions, small pores,
and/or pore constrictions causing higher removal (Bradford et al., 2002), which they would not
be able to access if attached to the microplastics. For these reasons, the removal of PRDI in

this study is assumed to be governed by electrostatic interactions causing attachment, as well
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as removal in small pore spaces and immobile zones, when transported alone. The transport of
microplastics (with or without PRD1) is much higher than PRD1, probably due to the enhanced
mobility in coarse sand (dso = 0.95 mm) of larger colloids, as mentioned above, as well as the

stronger negative charge.

Table 3: Overview of CFT and Hydrus modeled parameters

Summary and comparison of collision coefficients and the calculated and modeled parameters using
HYDRUS-1D for PRDI phage with and without microplastics: contact efficiency (,), attachment
efficiency (a), dispersivity (D), attachment rate coefficients at primary and secondary sorption sites (ka1
and kgz), detachment rate coefficients at secondary sorption sites (ka). C/C,, for CFT calculations, is
maximum effluent concentration/influent concentration.

Experimental D Kai Kaz Kaz 2
Scenario Run C/Co Mo “ (cm)  (min')  (min!)  (min?) R

Total Phages

PRD1 Al 7.62x 10 0.31 0.40 0.93
A2 7.92x10* 0.046 0.58 0.60 0.18 0.20 0.20 0.96

PRD1 with MPs B1 1.50x 107 0.23 0.07 0.13 0.92
B2  3.04x 107 0.006 0.30 0.33 0.12 0.14 0.16 0.92

Infective Phages

PRD1 Al 1.06x 107 025 030 072
A2 129x10° 0046 055 060 017,00 g0 070

PRDI1 with MPs Bl  1.40x103 0.23 0.28 0.20 0.80
B2  584x10° 004 g5y 033 0.1 0.26 0.23 0.83

Microplastics

MPs Cl  527x10" 0.40 0.012 0.18 0.12 0.94
2 sa3x10t 0006 g5 040561 0.15 0.13 0.96

MPs with PRD1 Bl 6.88x10" 0.006 23 0.005 0.13 0.16 0.96
B2 6.18x 10" 030 2% 0010 0.17 0.10 0.95
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3.3.5 Virus removal in porous media

Colloid filtration theory (CFT) was also applied to compare the removal of total and
infective PRD1 in the porous media (Table 3). Calculations for the MP-PRDI1 aggregate
assumed that the physical characteristics of the MP size and density dominate. The single-
collector contact efficiency 1, (ratio of the rate at which colloids collide with the porous media
to the rate at which colloids flow) of both total and infective PRDI1 is 0.046, whereas, for the
MP-PRD1 aggregate it is 0.006. High values of 1, indicate PRD1 are expected to experience
more collisions with the quartz sand surface in comparison to MP-PRD1 aggregates. The
attachment efficiency a (the number of successful contacts resulting in attachment divided by
the total number of collisions), is found to be high for PRDI (total: 0.58, infective: 0.55). For
MP-PRDI1 co-transport, a is further reduced (0.23 and 0.30 for both total and infective phages).
Theoretically, large values of a for PRD1 suggest higher removal by attachment, which is in

agreement with the experimental BTCs (Figure 14c-f).

The calculation of single-collector contact efficiency took into account aspect ratio (Ng)
and van der Waals forces (Nvaw). The MP-PRDI1 aggregates had a high aspect ratio (Table B2,
Appendix B) compared to PRDI1 alone, but retention did not necessarily increase with
increasing aspect ratio (Liu et al., 2010). Similarly, high van der Waals forces indicate a strong
attraction between the MP-PRD1 aggregates and quartz sand, which would typically promote
their retention (Table B2, Appendix B). However, experimental breakthrough data showed
less removal of these aggregates suggesting that, rather than van der Waals forces alone,
electrostatic interactions (Lu et al., 2022) and hydrophobic effects (Dika et al., 2015) played a
dominant role in influencing the interactions between microplastics and viruses. These factors
have likely reduced the overall attachment between the aggregates and quartz sand. Moreover,
PRDI1 exhibited greater Brownian diffusion as compared to the MP-PRD1 aggregates (Table
B2, Appendix B), implying more removal by attachment, which is also evident by the higher
attachment efficiency (Table 3). Several studies identified 60 nm as the critical diameter below
which virus transport can occur over significantly longer distances, and removal is mainly due
to electrostatic interactions (Cao et al., 2010; Chrysikopoulos et al., 2010; Dowd and Pillai,
1997; Walshe et al., 2010). At 62 nm, the size of PRDI sits right on the cusp of this threshold,

however, it seems that in the present study, electrostatic interactions were dominant.
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3.3.6 Environmental implications

The potential for microplastics to serve as vectors for virus transmission in the
environment remains unclear and is a matter of ongoing scientific discussion (Li et al., 2022;
Luetal., 2022; Moresco et al., 2022; Wang et al., 2024). The co-transport experiments in quartz
sand clearly demonstrate that microplastics enhanced the transport of viruses in porous media
and, therefore, could pose greater health risks. The long lifespan, low density, and hydrophobic
nature of microplastics allow them to accumulate various organic and inorganic compounds,
potentially serving as nutrient sources for diverse microbes, including plant pathogens. This
raises concerns about their potential role in enhancing transmission of viruses in various
environmental settings. Moreover, the widespread presence of microplastics and viruses
together in wastewater and sludge (Gholipour et al., 2022), along with their current application
of improving agricultural soil properties for high crop yields (Dhanker et al., 2021), raises
substantial concerns about their potential to transport pathogens to shallow groundwater
aquifers. More importantly, the accumulation of microplastic-virus aggregates in porous media
can further be amplified due to recurrent irrigation and surface runoff. Therefore, the enhanced
transport of viruses in the presence of microplastics in saturated porous media could play a
significant role in waterborne viral infections and outbreaks (Gerba et al., 1996; Murphy et al.,
2017), particularly in groundwater systems where microplastics and viral contamination co-

exist.

3.4 Conclusions

The present work represents a pioneering effort to study the influence of microplastics
on the interactions and transport dynamics of both total and infective viruses within saturated
quartz sand. Research findings validate the efficacy of qPCR and plaque assay enumeration
techniques for quantifying viruses in the presence of microplastics. This study provides
compelling evidence that microplastics could play a critical role in facilitating virus transport
through porous media. On the other hand, interactions between infective viruses and
microplastics can cause virus inactivation and may reduce their persistence in the environment.
The co-transport of microplastics and viruses is an emerging concern, requiring further research
in natural aquifer materials, in order to assess the extent of potential groundwater contamination

and subsequent health risks.
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Chapter 4 Fate and transport of fragmented and spherical
microplastics in saturated gravel and quartz
sand

Abstract

Microplastics in urban runoff undergo rapid fragmentation and accumulate in the soil,
potentially endangering shallow groundwater. To improve the understanding of microplastic
transport in groundwater, column experiments were performed to compare the transport
behavior of fragmented (FMPs ~1 um diameter) and spherical (SMPs ~1, 10, and 20 um
diameter) microplastics in natural gravel (medium and fine) and quartz sand (coarse and
medium). Polystyrene microspheres were physically abraded with glass beads to mimic the
rapid fragmentation process. The experiments were conducted at a constant flow rate of
1.50 meter day™ by injecting two pore volumes of SMPs and FMPs. Key findings indicate that
SMPs showed higher breakthrough, compared to FMPs in natural gravel, possibly due to size
exclusion of the larger SMPs. Interestingly, FMPs exhibited higher breakthrough in quartz
sand, likely due to tumbling and their tendency to align with flow paths, while both sizes (larger
and smaller relative to FMPs) of SMPs exhibited higher removal in quartz sand. Therefore, an

effect due to shape and size was observed.

4.1 Introduction

Plastics are undoubtedly a marvel of the modern era, which have benefited society across many
sectors and outpaced almost any other material with a global annual production of 368 million
metric tonnes (da Costa et al., 2020). Improper handling and disposal of plastics in the
environment lead to various degradation processes including mechanical abrasion, in-situ
weathering, ultraviolet (UV) induced degradation, photo-degradation, bio-degradation,
oxidative degradation, and hydrolysis (Andrady, 2011; Cai et al., 2018; Fournier et al., 2021;
Mendoza and Balcer, 2019; Ren et al., 2020; Song et al., 2017), ultimately resulting in the
formation of microplastic particles smaller than 5 mm (Thompson et al., 2004). The European

Commission defines microplastics as ranging in size from 0.1 pm to 5 mm and can be found in
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various forms such as filaments, fragments, spheres, and foams (Mendoza and Balcer, 2019).
Microplastics are also released directly into the environment due to anthropogenic activities
(Rochman, 2018); the main sources being cosmetic products (Habib et al., 2020), wastewater
effluent and sludge (Edo et al., 2020; Kosuth et al., 2018), apparel and home textiles (Belzagui
et al., 2019; Henry et al., 2019), abrasion of vehicle tires (Knight et al., 2020; Luo et al., 2021)
and paint fragments generated from boats and ships, road markings and buildings (Gaylarde et
al., 2021; Turner, 2021). Over the past few years, there has been increasing concern regarding
the widespread presence and distribution of microplastics (Kershaw and Rochman, 2015;
Marsden et al., 2019) across various environments, including marine habitats, rivers, surface
runoff, lakes, groundwater, sediments, soil, glaciers, and in such isolated places as Arctic and
Antarctic regions (Aves et al., 2022; Cha et al., 2023; Chia et al., 2021; Koutnik et al., 2021;
Miranda et al., 2020; Wu et al., 2019).

Microplastics, often referred to as colloidal contaminants, can quickly migrate in the
environment, posing ecological and health risks (Flury and Aramrak, 2017; Liu et al., 2021b;
Molnar et al., 2015; Senathirajah et al., 2021). Due to their small size and altered surface
properties, they can act as carriers for contaminants (Cortés-Arriagada, 2021; Liu et al., 2019).
As microplastics age, their physical and chemical properties can change, making their fate more
unpredictable (Luo et al., 2020). Physical fragmentation, the breaking down of microplastics
into smaller pieces, is an important aging mechanism that is often overlooked. Microplastics
that accumulate in urban stormwater runoff experience physical aging due to mechanical
abrasion, as stormwater runoff contains a mixture of precipitation, suspended sediment, natural
and anthropogenic debris, and chemical pollutants (Gilbreath and McKee, 2015; McKee and
Gilbreath, 2015; Werbowski et al., 2021).

Microplastics that accumulate from surface and urban stormwater runoff have the potential to
move downwards into the subsurface through infiltration enhanced by rainfall and natural
freeze-thaw cycles (Koutnik et al., 2022a; Koutnik et al., 2022b; Li et al., 2023). Although
groundwater is a critical resource for many regions of the world, the presence of microplastics
in groundwater has been neglected as a potential risk, due to the assumption that soil serves as
an effective barrier against microplastic contamination (Alimi et al., 2018; Goeppert and
Goldscheider, 2021; Panno et al., 2019; Re, 2019; Samandra et al., 2022). On the contrary,
O'Connor et al. (2019) argued that soil is not only a microplastic sink but a viable route to

deeper soils and groundwater. Goeppert and Goldscheider (2021) have experimentally
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demonstrated the transport of microplastics up to a distance of 200 meters (in the groundwater
flow direction) in an alluvial aquifer. Samandra et al. (2022) also identified the presence of
eight most commonly found microplastics, ranging in size from 18 to 491 pum, within an
unconfined alluvial aquifer in Australia. Mintenig et al. (2019a) analyzed groundwater and
drinking water samples for the presence of microplastics (50 to 150 um) and found
polyethylene, polyamide, polyester, polyvinylchloride and epoxy resin. Susceptible to pollution
from surface runoff due to fracture networks and preferential flow, karst groundwater systems

are especially at risk (Panno et al., 2019).

Several factors such as microplastic shape and size, porous media properties, and groundwater
chemistry influence the transport of microplastics in the subsurface environment (Hou et al.,
2020). Koutnik et al. (2021) found that only 20% of global research on microplastics considers
particles smaller than 20 um, which are more likely to be transported to groundwater.
Nonetheless, the potential impact of these smaller particles (diameter < 20 pum) is likely
underestimated. A limited number of studies have investigated microplastics at the micron level
even though most fragmented particles found in soil environments are micron-sized (Hou et al.,
2020). It is generally agreed upon that larger microplastics have less mobility in saturated
porous environments, as they are likely to get filtered out by the pore structure in aquifer
material (Dong et al., 2018). The most recent research demonstrates that smaller microplastics
have increased vertical transport in porous media, and also the morphology of microplastics
can play a critical role in attachment and detachment within the subsurface environment (Dong
et al., 2021; Dong et al., 2022; Hou et al., 2020; O'Connor et al., 2019; Rillig et al., 2017;
Waldschldager and Schiittrumpf, 2020). The aquifer material characteristics also play a
significant role in the transport of microplastics. Coarse-grained porous media promote the
transport of microplastics due to their larger pores and preferential flow paths (Hou et al., 2020).
Recently, the focus has been directed towards studying the transport of microplastics in
groundwater, but limited to investigating uniform-shaped microspheres, while in nature, most
microplastics found are fragmented and irregular in shape (He et al., 2020; He et al., 2019;
Hitchcock, 2020; Pifion-Colin et al., 2020). Despite this, the impact of various parameters (e.g.
fragmentation, size, shape etc.) on the transport of microplastics in different aquifer materials

has not yet been extensively studied.

The present study aims to understand and investigate the transport behavior of spherical (SMPs)

and fragmented (FMPs) microplastics in two different sizes of gravel and quartz sand.
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Polystyrene microspheres were chosen to replicate the impact of fragmentation on microplastics
within an urban environment. The reason for using polystyrene is due to its abundance in the
natural environment, low weathering, and heat resistance (Alimi et al., 2018). These
microspheres have a density ranging from 1.04-1.11 gram cm™ and can exist as submerged or
floating in the aquatic environment (Duis and Coors, 2016). The present research focused on
the rapid physical breakdown of 10 and 20 um microplastics through mechanical abrasion,
resulting in a random size distribution (approx. average diameter ~1 um). In gravel, 20 um
SMPs are compared to 1.60 and 1.80 um FMPs, whereas in quartz sand 10 um SMPs are
compared to 1.20 and 1.40 um FMPs. Also, 1.40 um FMPs were compared to their
corresponding similar sized SMPs (1 pm) in coarse quartz sand, for a better understanding of

the role of shape and size during subsurface transport.

4.2 Materials and methods

4.2.1 Preparations of microplastics

Commercially available plain polystyrene yellow-green fluorescent microspheres were used in
the column transport experiments: 1, 10, and 20 pm (Fluoresbrite© YG Microspheres,
Polysciences Inc., Warrington, PA, USA). The major benefit of using these microspheres for
laboratory experiments is the ease with which they are detected by solid-phase cytometry and
epifluorescence applications due to their strong fluorescent intensity and emission/excitation
spectra (Stevenson et al., 2014). To mimic irregular-shaped microplastics present in the
terrestrial environment, 10 and 20 pm polystyrene microspheres were physically fragmented
through a mechanical abrasion process, based on the method developed by Ranhand (1974). To
achieve rapid and reproducible fragmentation, 1 mL of the microsphere stock solution was
mixed with 1 gram of glass beads (1 mm diameter) in a FastPrep-24TM Classic homogenizer
(MP Biomedicals, Eschwege, Germany). To ensure consistent fragmented particle size, a
controlled constant mixing speed (impact velocity) of 20 revolutions per minute was applied to
provide consistent impact force between the microspheres and the glass beads. The abrasion
process was conducted for a duration of 10-15 minutes. This time duration was chosen based
on trials to achieve the target FMP size range of approximately 1 um. The abrasion time was
varied depending on the microsphere size: 10 minutes for 10 pm and 15 minutes for 20 pm
microspheres. The mixing time for 20 um microspheres was extended due to the Zetasizer

measurement limit of 10 um. The fragmented particles were extracted from the solution, using
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a pipette, after the heavier glass beads were allowed to settle. For the characterization of
microplastics, the zeta potential and mean diameter (Table C1, Appendix C) were measured
with a Zetasizer Pro ZSU3200 (Malvern, Worcestershire, UK). Each measurement was

repeated using at least three different samples.

4.2.2 Properties of influent water

The influent water used for the column experiments was standard Viennese tap water, sourced
from an Alpine karstic spring. In this study, tap water offered several advantages over local
groundwater, exhibiting lower electrical conductivity, reduced levels of iron and sulfate, and
being free from emerging contaminants (Oudega et al., 2021). Also, tap water is of a consistent
quality (Table B1, Appendix B) and is readily available in large volumes, making it an ideal
choice for maintaining controlled conditions during experiments. Furthermore, the use of tap
water provided a more realistic simulation of microplastic fate in the natural environment,
enabling accurate determination of critical transport parameters like attachment, detachment,

and dispersion coefficients within different porous media.

Throughout the column experiments, from injection to effluent collection, the pH, temperature,
and electrical conductivity remained stable. Zhao et al. (2024) found that many water quality
parameters are poorly correlated with the microplastics in an urban drinking water source. Also,
studies in freshwater ecosystems suggest total dissolved solids and electrical conductivity have
a minimal influence on microplastic aggregation. While pH, temperature, total suspended
solids, and dissolved oxygen have a significant impact (Buwono et al., 2021; Khoironi et al.,

2023; Rakib et al., 2023; Zhao et al., 2024).

4.2.3 Tracer preparation and analysis
A solution of sodium bromide (1 mM L', 102.89 mg L) prepared in tap water served as a
conservative tracer to investigate the transport properties of the packed columns. The bromide
concentration and electrical conductivity (EC) of the injected tracer were measured by a flow-
through cell (WTW TetraCon 325) and a hand-held portable EC meter (WTW ProfiLine Cond
3310, Xylem Analytics Weilheim, Germany).

4.2.4 Porous media

Four different soil materials were used as porous media to study the transport behavior of
microplastics. Natural aquifer material was extracted from a borehole depth of 5 to 6 m below
the ground surface, at a site southeast of Vienna, Austria, and the portions held back on the 8

and 4 mm sieves were used for the “medium gravel” and “fine gravel” columns, respectively
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(both with a bulk density of 1.52 gram cm™). The median grain diameters (dso) values of 4 and
8 mm for medium and fine gravel respectively. Similarly, two types of quartz sand (grain size:
0.6-1.3 and 0.4-0.8 mm, bulk density: 2.65 g cm™) were purchased for the “coarse quartz” and
“medium quartz” sand column experiments (Carl Roth GmbH + Co. KG, Karlsruhe, Germany).
The median grain diameters (dso) of 0.95 and 0.60 mm for coarse and medium quartz
respectively. Based on the standard gravimetric method, the porosity of the porous media was
calculated by measuring the volume of water needed to saturate the dry soil used to pack the

column, divided by the total column volume (Table C1, Appendix C).

4.2.5 Column experiments

Transport experiments were conducted under saturated flow conditions using Plexiglas
columns (70 mm inner diameter and 300 mm length). For quartz sand experiments, the column
diameters met the minimum dco1/dso ratio (the ratio of the column diameter to the media effective
particle diameter) that was much higher than the recommended value of 50, to ensure minimal
potential wall effects in the column (Knappett et al., 2008). Although the dco/dso ratio in the
gravel experiments was below 50, the symmetrical shapes of both the tracer and microplastic
breakthrough curves resemble those observed with quartz sand, suggesting negligible wall
effects (Figure C1, Appendix C). Stainless steel-mesh screens (Spectrum Labs, New
Brunswick, USA) were placed on both ends of the column to prevent the loss of porous media
and the caps were threaded to tighten against the outside of the column. A rubber O-ring was
embedded in the column end to create a tight seal. All tubings were made of Teflon. To ensure
homogeneous packing and minimize air entrapment, the column was filled with the porous
media in 2 cm increments while gently stirring with a small steel rod. This careful filling
procedure ensured uniform flow throughout the column, as evidenced by the good recovery
rates of the tracer (NaBr) and the nearly identical, symmetrical breakthrough curves with
minimal tailing (Figure C1, Appendix C), as expected for a homogeneously packed soil
column (Sobotkova and Snehota, 2014). The pore volume (PV) for the influent solution was
calculated by the product of porosity and the volume of the column. Before the experiment, the
columns were flushed for a minimum of 20 PV with tap water. The influent microplastics
concentration (Table 4) was prepared by mixing 1 mL of microplastics stock solution (spherical
or fragmented) and two pore volumes of tap water. To preclude the possibility of ripening or
blocking, relatively low microplastic concentrations (approx. 10* particles mL') were
introduced in the influent suspension solution, which was pumped in an upward direction at a

constant flow rate of 4 mL min™! (Darcy velocity = 1.5 meter day™). Afterward, the columns
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were flushed with 5 PV of tap water, at the same flow rate. A magnetic stirrer was used to stir
the suspension constantly during the experiments to ensure that microplastics were evenly
dispersed in the influent. A fraction collector (CF2 Fraction Collector, Spectrum
Chromatography, Texas, USA) automatically collected column effluent sample in a 15 mL test
tube every 5 minutes. All column tests were done with at least two replicates (each column

freshly packed).

4.2.6 Microplastic enumeration

The enumeration of FMPs and SMPs in the effluent solution was carried out by Solid-Phase
Cytometer (SPC) using the ChemScan™ RDI (Biomerieux, Craponne, France). The SPC
system has been used in the past mainly for the detection of colloids in environmental samples
(Baudart et al., 2002; Mignon-Godefroy et al., 1997; Schauer et al., 2012). Stevenson et al.
(2014) used this simple and efficient method for enumerating microspheres in natural water
samples. Details on the SPC system and the enumeration process are described by Mignon-
Godefroy et al. (1997). The following section provides a comprehensive explanation of the

microplastic enumeration procedure.

a) Filtration: 1 mL of effluent solution was filtered onto a 25 mm black polyester 0.4 um pore
size filters (AES Chemunex, bioMérieux, Marcy I’Etoile, France) using a Multifold
Vacuum Filtration Device (Pall, Port Washington, NY). The black polyester filter was then
carefully placed on a support pad (AES Chemunex, bioMérieux, Marcy 1’Etoile, France),
which was already saturated with 100 pL of phosphate-buffered saline to hold the filter in

place.

b) Automated enumeration with SPC: The filter was placed on the ChemScan™ RDI sample

holder, and the scan was initiated. An argon laser (488 nm emission wavelength) scanned
the entire 25 mm filter area in 3 to 5 minutes. Microplastic particles (referred to as
fluorescent events) were distinguished from other background interferences based on their
fluorescence intensity (500 — 530 nm wavelength with the green channel) and then counted.
Following a complete scan, the system generates raw data and result maps based on
discriminant settings, highlighting fluorescent events. These maps mark the exact location
of each microplastic on the filter. Subsequently, these microplastics were visually examined
and confirmed using a microscope equipped with a motorized stage. The most important
discriminant parameters are the number of “lines” and the number of “samples” for the

shape and the peak intensity of the signal. The ratio of the fluorescent light detected in the

63



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

secondary channel (fluorescence from microplastics) to the fluorescent light detected in the
primary channel (fluorescence from the probe) is another important discriminant parameter
and is referred to as the S/P ratio. The discriminant settings were set as follows: number of
“lines,” 1 to 50; number of “samples,” 1 to 250; peak intensity, 250 to 65536; and S/P ratio,
0 to 0.898 (Table C2, Appendix C).

c) Validation of counted microplastics: The verification of microplastics was achieved through

a visual inspection by a Nikon Eclipse 80i epifluorescence microscope directly connected
to the ChemScan™ RDI system. The microscope employs a 100x magnification objective,
resulting in a final magnification of 1000x for detailed analysis of each fluorescent particle
identified by the laser scan. The microscope is equipped with an automatic stage that can
be driven by the user such that the whole filtration area can be scanned. Up to 250 events
were validated per filter, with a ratio being used if above, and all events were validated
when enumeration results were less than 250. For each effluent sample, a minimum of three

replicates was analyzed.

4.3 Theoretical considerations

4.3.1 Filtration efficiency

The transport and deposition behavior of the microplastics (SMPs and FMPs) in the saturated
porous media was quantified using colloid filtration theory (CFT), which calculates the
attachment (collision) efficiency (a). The attachment efficiency represents the fraction of
collisions (contacts) between suspended microplastic particles and collector sand grains that
result in successful attachment (Elimelech and O'Melia, 1990). It is common to use column
experiments to determine the attachment efficiency for given physicochemical conditions. The
collision efficiency was computed using the following equation by Tufenkji and Elimelech
(2004a):

2 d c

- 5 (1-0)x1 In C_o (4 1)

a =

where d is the mean soil grain size (mm), 0 is the porosity, x is the column length (cm), C/Co is
the normalized steady-state breakthrough microplastic concentration (particles mL™), and no is
the predicted single-collector contact efficiency and can be computed using the following

equation (Tufenkji and Elimelech, 2004a):
Mo =1p +1N+7g (4.2)
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where 1, is the overall contact efficiency between microplastics and soil grain and is dependent
on hydrodynamic interactions, van der Waals, and gravitational forces. np is the contact due to
Brownian force (diffusion), nr is the contact due to interception, and ng is the contact due to
gravity (settling). Equation 4.2 relies on additional equations and parameters outlined in Table
C3 (Appendix C). The respective contribution of different filtration mechanisms was
computed by dividing the individual contact efficiency by the total contact efficiency (i.e.
diffusion: mp/mo, interception: mi/mo, gravitation: mng/no). The calculations governing
microplastic filtration and their respective contributions in different soils are provided in Table
C4 (Appendix C). The removal efficiency () is computed using the following equation
(Tufenkji and Elimelech, 2004a):

n=nyXa (4.3)

4.3.2 Transport modeling

The breakthrough curves (BTCs) of the microplastics (SMPs and FMPs) were modeled using
the HYDRUS-1D computer software package (Simunek et al., 2013). HYDRUS-1D is a widely
used finite-element model that can simulate the movement of water and particle-like solutes in
both saturated and unsaturated porous media (Simunek et al., 2016). Several studies have
already simulated the transport of microplastics in saturated gravel and quartz sand using
HYDRUS-1D (Gui et al., 2022; Li et al., 2024b; Ren et al., 2021). In this study, the advection-
dispersion equations were implemented in a numerical model using an attachment-detachment

model comprised of the following equations:

Pp0S _ 5, %€ 0c¢
+96t /11/62 v~ (4.4)
Pp 0S p
9b ot = kgt C — kgetS (4.5)

where C is microplastics concentration (particles mL™), t is time (min), pp is dry bulk density
(gram cm™), S is microplastic concentration (particles mL™'), D is dispersivity (cm), x is the
distance along the flow path (cm), v is pore water velocity (cm min™'), ka is an attachment rate

coefficient (min™'), and kqe: is a detachment rate coefficient (min™).
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4.4 Results

4.4.1 Microplastic fragmentation

The fragmentation rate of a material is influenced by the number, mass, and impact velocity of
colliding particles (Arnold and Hutchings, 1989). During the abrasion process, the impact
velocity remained constant, but the abrasion time was varied (high for 20 pm SMPs), which
increased the number of particle strikes and reduced the SMP diameter. The hardness of the
particles also impacts the fragmentation rate. The glass beads used in this study were harder
(>5000 HV) than the sand (1200 HV) and polystyrene (20 HV) (Barlet et al., 2015), resulting

in high abrasion and significant particle size reduction (Figure 15).

Another key factor regarding the effectiveness of the fragmentation process is the microplastic
shape. Visual observation showed the plowing impact of the glass beads on the smooth and
regular surface of the microspheres, by displacing them to the side and causing a frontal impact.
Perfect spherical particles (SMPs) now become rough and irregular in shape, after abrasion,
and are broken down into smaller particles and debris (FMPs). Walley et al. (1987) found that
at equal impact velocities, angular particles like sand caused more damage to polyethylene
surfaces due to increased contact points. Although spherical glass beads were used in this study
to simulate abrasion of microplastics, particles in the environment are often angular, which can
significantly increase fragmentation and wear rates, potentially by a factor of 10 or more

(Hutchings, 1992).
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Figure 15 Particle size distribution of MPs after fragmentation

Particle size distribution of microplastics after going through an abrasion process. FMPs generated
from 20 um (a) and 10 um (b). The mean diameter values are the volume-based distribution median.
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4.4.2 Microplastic transport in natural gravel and quartz sand

The transport behavior of SMPs and FMPs was analyzed by comparing BTCs in two different
grain size ranges and two textural classes each (natural gravel and quartz sand). In gravel, a
higher removal of FMPs was observed, whereas in quartz sand, there was more removal of
SMPs (Figure 16). In coarse gravel (8§ mm), the percent mass recovery was 88—90% for SMPs
and 74-76% for FMPs (Figure 16a). In fine gravel (4 mm), there was a decrease in mass
recovery ranging from 72—74% for SMPs and 59-62% for FMPs (Figure 16b), indicating more
FMP retention in gravel than for SMPs. The percent mass recovery of microplastics was further
reduced in both quartz sands but, in contrast to the findings in the gravel experiment, more
retention of SMPs compared to FMPs was observed (Figure 16c-d). In coarse quartz sand
(0.6—1.3 mm), the mass recovery ranged from 12—-14% for SMPs, whereas it was 30-31% for
FMPs. A similar trend was observed in the medium quartz sand (0.4-0.8 mm), where the

percent mass recovery was 5 to 6% for SMPs and 19 to 23% for FMPs.

Irrespective of the porous media, larger-sized SMPs (10 and 20 pum diameter) experienced
straining (Table C1, Appendix C), defined by dy/dso > 0.0017 (Bradford et al., 2002). To
characterize the SMPs and FMPs behavior in the porous media, BTCs were modeled using
HYDRUS-1D (Figure 16). For gravel media, high values of dispersivity (D) and the
detachment rate (kqet) highlight the importance of grain size and type of porous media (Table
4). The attachment rates (Ka) in medium and fine gravel were 0.0028 and 0.0060 cm™ for FMPs,
and 0.0012 and 0.0032 cm’!, for SMPs respectively, indicating higher attachment of FMPs
compared to SMPs, in gravel, which was also evident from the percent recovery results
(mentioned above). In contrast, in coarse and medium quartz sand, the attachment rates were
0.0090 and 0.0136 cm™ for FMPs, and 0.0182 and 0.0245 cm™ for SMPs, respectively,
indicating higher attachment of SMPs compared to FMPs, which is also in accordance with the

percent recovery results.
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Figure 16 Breakthrough of SMPs and FMPs in different soils

Observed and simulated BTCs for SMPs and FMPs in four different materials (a: medium gravel 8§ mm;
b: fine gravel 4 mm; c: coarse quartz sand 0.6—1.3 mm; d: medium quartz sand 0.4—0.8 mm). Symbols
represent experimental data, and the lines are the fitted breakthrough curves using HYDRUS-1D. SMPs
= spherical microplastics (10 and 20 um only), FMPs = fragmented microplastics. R1 and R2 are
experimental runs 1 and 2 respectively. The column was packed with fresh material for each run. BTCs
were plotted in the form of the normalized effluent concentration (C/Co). Particle size distribution of
microplastics after going through an abrasion process. FMPs generated from 20 um (a) and 10 um (b).
The mean diameter values are the volume-based distribution median.
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Table 4 Summary of experimental and modeling results.

Using HYDRUS-1D in porous media: mean microplastic diameter (dwp), dispersivity (D), initial influent concentration (C,), maximum effluent concentration
(Cumax), attachment rate coefficient (kax), detachment rate (kaet) coefficient, and coefficient of determination (R?).

Porous media C(;lelznn Type dwmp D I?;ZV Co Crnax Cinax/Co Katt Ket R?
(um) (cm) (cm min!) (particles mL™) - (min!) (min") -
Medium gravel Al FMPs 1.60 0.8 0.110 1.65x 10* 1.26 x 10* 0.76 0.0028 0.00015 0.99
(8 mm) A2 0.100 1.68 x 10* 1.25x 10* 0.74 0.0028 0.00015 0.96
BI SMPs 20 0.110 6.45x 10° 5.74x 10° 0.88 0.0012 0.00015 0.99
B2 0.110 6.45x 10° 5.79x 10° 0.90 0.0012 0.00015 0.98
Fine gravel Cl FMPs 1.80 0.8 0.110 5.75 x 10* 3.40 x 10* 0.59 0.0060 0.00015 0.98
(4 mm) C2 0.110 5.79 x 10* 3.60 x 10* 0.62 0.0060 0.00015 0.95
D1 SMPs 20 0.100 6.76 x 10° 5.00x 10° 0.74 0.0032 0.00015 0.98
D2 0.110 6.76 x 10° 4.88x 10° 0.72 0.0035 0.00015 0.97
Coarse quartz sand El FMPs 1.40 0.4 0.084 2.32x 10* 7.25x 10° 0.31 0.0090 0.00002 0.98
(0.6-1.3 mm) E2 0.084 2.32x 10* 7.05x 10° 0.30 0.0097 0.00002 0.97
F1 SMPs 10 0.086 4.84 x 10* 577 x 10° 0.12 0.0182 0.00002 0.94
F2 0.091 4.84 x 10* 6.78 x 10° 0.14 0.0178 0.00002 0.97
Gl SMPs 1 0.091 2.55x 10* 6.27 x 10° 0.24 0.0120 0.00002 0.98
G2 0.096 2.55x 10* 5.62x 10° 0.22 0.0145 0.00002 0.94
Medium quartz sand H1 FMPs 1.20 0.4 0.088 2.30x 10* 430x 10° 0.19 0.0136 0.00002 0.98
(0.4-0.8 mm) H2 0.090 2.30x 10* 5.25x 10° 0.23 0.0126 0.00002 0.97
I1 SMPs 10 0.085 4.64 x 10* 2.18x 10° 0.04 0.0245 0.00002 0.92
12 0.094 4.64 x 10* 2.38x 10° 0.05 0.0265 0.00002 0.94
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4.4.3 Effect of particle shape on microplastic transport

To investigate the role of particle shape during microplastic transport in the porous
medium, column experiments were conducted using FMPs and SMPs with a similar average
diameter of approximately 1 um in saturated coarse quartz sand (experiments E1, E2, G1, and
G2, Table 4). The FMPs were visually classified as asymmetrical with uneven and fractured
surfaces. The average diameter of injected FMPs was 1.40 um. The FMPs showed higher
values of Ciax/Co (Table 4), and higher values of percent mass recovery (31%), compared to

SMPs (24.5%), indicating higher mobility (Figure 17).
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Figure 17 Comparison of 1 um SMPs and FMPs in coarse quartz sand

Average values of observed breakthrough curves (BTCs) of FMPs and SMPs (both ~1 um) in coarse
quartz sand (0.6-1.3 mm). Symbols represent experimental data, and the lines are the fitted
breakthrough curves using HYDRUS-1D. RI and R2 are experimental runs 1 and 2, respectively. The
column was packed with fresh material for each run. BTCs were plotted in the form of the normalized
effluent concentration (C/C,).

4.4.4 Filtration efficiency of microplastics

CFT was applied to better understand the filtration, retention, and transport of microplastics in
different saturated aquifer materials. Figure 18 shows the values based on averages of column
test runs 1 and 2, each run being done in a freshly packed column. As shown in Figure 18a,
the single-collector contact efficiency “no” of SMPs ranged from 0.58 (medium gravel) to 0.49
(fine gravel), while FMPs exhibited lower values of 0.0051 to 0.0063, respectively. Whereas,

in the case of coarse and medium quartz sand, 1o ranged from 0.092 to 0.087 for SMPs and
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0.0078 to 0.0096 for FMPs, respectively. High values of 1, indicate that SMPs are expected to

experience more collisions with the collector surface (Figure 18a).

As illustrated in Figure 18b, the attachment efficiency “o” of FMPs ranged from 1.62 (medium
gravel) to 1.11 (fine gravel), whereas SMPs exhibited lower values of 0.006 and 0.009,
respectively. This indicates a high removal rate of FMPs compared to SMPs through
attachment in gravel (Figure 18d). However, the computed a values for FMPs are reduced to
0.54 (coarse quartz sand) and 0.38 (medium quartz sand), whereas SMPs exhibited increased
values of 0.079 and 0.084, respectively (Figure 18b). Compared to gravel, the significantly
higher a values of SMPs in both quartz sands result in a higher removal rate of SMPs by
attachment (Figure 18d). Moreover, SMPs also experience straining phenomena in quartz sand
(Table C1, Appendix C), leading to high removal rates despite having lower o values
compared to FMPs. Since the colloid filtration theory does not apply to gravel porous media
(o >1) and irregular colloids, a comparison of attachment rate coefficient katt (min™') clearly
showed high attachment of FMPs in gravel and high attachment of SMPs in quartz sand
(Figure 18c). Furthermore, a comparison was made between the attachment efficiency of 1
pm-sized SMPs (0=0.60) to similar-sized FMPs (04=0.54) in coarse quartz sand (experiments
E and G), which clearly showed high attachment of 1 pm-sized SMPs, which is consistent with
the experimental data (Figure 17).

Figures 18e-f present a summary of the contribution of different filtration mechanisms (gravity
settling, interception, and Brownian diffusion) to microplastic retention and transport in porous
media. In medium and fine gravel, the retention of FMPs (1.60 and 1.80 pum diameter) was
mostly influenced by settling (0.71 and 0.65 respectively) and, to a lesser degree, diffusion
(0.29 and 0.34), while the behavior of the SMPs (20 um diameter) is entirely controlled by
settling. On the contrary, in coarse and medium sand, respectively, the filtration of FMPs (1.40
and 1.20 um diameter) is influenced mostly by diffusion (0.73 and 0.85) and, to a lesser degree,
settling (0.24 and 0.12), while the behavior of the SMPs (10 um diameter) is almost entirely
controlled by settling (0.95 and 0.90) and interception (0.04 and 0.08).
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Figure 18 Filtration efficiencies of FMPs and SMPs in various soils

Filtration efficiencies of fragmented (FMPs) and spherical (SMPs) microplastics in various porous
media. Panels (a-d) show single-collector contact efficiency, attachment efficiency, attachment rate
coefficient (kau), and removal efficiency, respectively. Panels (e-f) depict the contribution of SMPs and
FMPs to different transport mechanisms. Data represents the average of the column test runs 1 and 2
with fresh soil material.

4.5 Discussion

4.5.1 Role of different aquifer materials in microplastic transport

Both gravel types (medium and fine) had a similar impact on the transport of FMPs under
saturated conditions, resulting in a high retention of FMPs (~1 pm) when compared to the
larger-sized SMPs (20 um). In such coarse material, it is surprising that the smaller particles
were retained more. One potential reason for this phenomenon is that in natural gravel, the
presence of clay particles may fill up the concave locations within the pore spaces and decrease
the availability of these locations to retain larger SMPs (Liang et al., 2022). Another important
explanation involves the size exclusion of the SMPs from small pore spaces. In comparison to
the conservative tracer BTCs, earlier peak times of SMPs BTCs were observed in gravel
(Figure C1, Appendix C). This suggests that SMPs can only be transported through the larger
pores of gravel, resulting in an earlier detection peak. Similar observations have been reported
regarding MPs and colloidal particles, which are compelled to navigate through the broader
preferential flow paths to facilitate their transport (Bradford et al., 2003; Li et al., 2024b). In
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this context, Sirivithayapakorn and Keller (2003) experimentally demonstrated that the
observed preferential flow paths are less evident in the case of smaller colloids (0.05 pum),
compared to the larger colloids (1-3 pm). On the contrary, size exclusion phenomena were not

observed in the BTCs for either type of quartz sand.

In the coarse and medium sands, FMPs showed higher mobility, compared to the 10 pm SMPs,
due to the effect of straining of the SMPs (Table C1, Appendix C), which is the removal of
colloids due to small pore spaces acting as a sieve and is dependent on median grain size.
Minimum values of dp/dso (dp is colloid diameter and dso is median grain size), where straining
has been observed in angular silica sand, range from 0.0017 (Bradford et al., 2002) to 0.02
(Tufenkji et al., 2004). Since some straining values in the experiments are in the above-
mentioned range (Table C1, Appendix C), straining could provide a possible explanation for
the increased retention of SMPs in both quartz sands; however, none are above the 0.02

threshold from Tufenkji et al. (2004).

The zeta potential represents surface charge and serves as a key factor for microplastic stability
in solutions (Dong et al., 2018). Variations in the zeta potential reflect size-dependent
dispersion and aggregation of microplastics. The zeta-potential of FMPs ranged from
-21.754£3.79 to -22.17£2.05 mV, while the zeta potential of the SMPs ranged from -18.22+1.51
to -19.55+£3.61 mV (Table C1, Appendix C). These values indicate strong repulsive forces
between the microplastics, causing them to disperse more easily from each other. The zeta
potential influences the electrostatic interactions (Mei and Lu, 2014), which are crucial for
microplastic attachment to porous media. A more negative zeta potential is more conducive to

adsorb to less negatively charged particles (Shen et al., 2020).

Since no tailing was observed in any of the experiments (Figure 16), both FMPs and SMPs
were likely deposited in the primary minimum, with no energy barrier hindering their
interaction with the porous media (Knappett et al., 2008). Moreover, the calculation of single-
collector contact efficiency took into account hydrodynamic interactions and van der Waals
forces (Table C4, Appendix C). The primary interaction mechanism between SMPs and
porous media across all soils was gravitational force (Figure 18e), whereas, for FMPs,
Brownian diffusion was the key mechanism in quartz sand (Figure 18f), as reflected by aspect
ratio and van der Waals number (Table C4, Appendix C). Consistent with previous
experimental observations (Elimelech, 1994; Knappett et al., 2008; Zhuang et al., 2005) and
theoretical computation (Huber et al., 2000), microplastics-collector interaction changes

nonlinearly with microplastic size. Retention and transport of smaller colloids are more
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subjected to the influence of diffusion, while behaviors of larger colloids are mainly controlled

by interception and sedimentation (Close et al., 2006; Knappett et al., 2008).

4.5.2 Microplastic shape affects its environmental fate and transport

The experiments (tests E1, E2, G1, and G2) examining the influence of microplastic shape on
transport were performed with a similar size of microplastic in coarse quartz sand, for which
straining due to large particle sizes is not a removal mechanism (dp/dso < 0.0017), and zeta
potential is similar for both particle types (Table C1, Appendix C). It was found that the FMPs
(~1.40 um) exhibit a higher degree of mobility compared to SMPs (~1 um). This may be due
to the unique ability of FMPs to align themselves with the direction of flow, thereby
significantly enhancing their overall transport efficiency. Previous studies have found that
microplastics with a smaller diameter had higher mobility in the quartz sand (O'Connor et al.,
2019; Pradel et al., 2020), which contradicts the findings of tests E and G where the 1 pm SMPs
are transported less than the slightly larger FMPs (Figure 17). Therefore, the observed
enhanced mobility of FMPs may be due to shape instead of size; an explanation for this could
be that the higher aspect ratio of FMPs (Table C4, Appendix C) exposes them to larger surface
tension forces, causing them to re-orient or re-align with the flow direction to counteract the
dynamic fluid forces (Liu et al., 2010; Xu et al., 2008). This could also be described as a
tumbling (rotational) movement leading to greater mobility within saturated quartz sand
(Aramrak et al., 2013). Comparable to this study, Tumwet et al. (2022) also reported high
mobility of FMPs in quartz sand, due to velocity fluctuations because of the asymmetrical
shapes, and experimentally demonstrated that the shape of microplastics is one of the critical
factors during transport. The current study found that even though FMPs had a larger average
particle diameter and would be anticipated to have higher removal, the irregular shape of the
particles emerged as the primary factor influencing mobility within saturated coarse quartz

sand.

4.5.3 Microplastic response to filtration mechanisms

Considering the transport of FMPs in natural gravel, high values of attachment efficiencies
predicted that more removal of FMPs would occur (Figure 18b), which was in agreement with
the experimental breakthrough data (Figure 16a-b). However, there were inconsistencies in
the case of quartz sand. Despite higher values of the attachment efficiency for FMPs, compared
to the larger 10 um SMPs (which would imply more removal), experimental breakthrough data
showed less removal of FMPs (Figure 16¢-d). Several factors can potentially contribute to

these inconsistencies, including the size, shape, and roughness of the FMPs. One explanation
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is that since the majority of the FMPs used in the current study were approximately 1.20 to
1.80 um in diameter (Table 4), this diameter range falls in the transition zone where all three
filtration mechanisms can act simultaneously (i.e. Brownian diffusion, interception, and gravity
settling). Moreover, straining is also likely playing a role, as Bradford et al. (2002) advised
using caution when applying CFT when the dp/dso ratio is above the 0.0017 threshold, which
is the case for the 10 and 20 pm SMPs, but especially (high dp/dso) in the coarse and medium
quartz sand. Additionally, the particle shape and surface roughness of FMPs may influence the
kinetic interactions with collector surfaces during the filtration process leading to more
breakthrough. Several researchers suggest that grain surface area, angularity, and roughness
can all play a role in physicochemical filtration (Bhattacharjee et al., 1998; Saiers and Ryan,
2005; Shellenberger and Logan, 2002). These inconsistencies indicate that additional factors
beyond those accounted for by CFT should be taken into account, such as the shape of

microplastics.

4.5.4 Implications for groundwater management

Understanding microplastic retention and transport behavior in saturated porous media is
imperative to be able to evaluate the potential risks of microplastics in groundwater. The results
of this study suggest that the size and shape of microplastics were important factors influencing
groundwater transport in various aquifer materials, and fragmented particles showed greater
mobility in quartz sand (Figure 16¢-d). Concerning microplastic shape and size, Pivokonsky
et al. (2018) reported fragments as the most abundant morphotype (size range: 1-10 pum),
whereas spherical particles were the least prevalent in raw drinking water. Despite this fact,
there is a lack of comprehensive data concerning the size, shape, and rates at which
microplastics undergo fragmentation and how they are transported in various aquifer materials.
The findings of the current study showed that these fragmented particles could pose a more
significant threat to sandy aquifers, as they can potentially be transported further than spherical
particles of the same size and could act as vectors for long-distance transport due to their co-
existence with pathogens in wastewater effluents and sludge (Edo et al., 2020; Pham et al.,

2021).

The experiments in the current study are focused on saturated conditions, whereas in the
terrestrial environment, microplastic transport to groundwater via infiltrating water primarily
occurs through the unsaturated (vadose) zone. The transport processes in the vadose zone are
highly complex, characterized by intricate air-water interfaces within pore spaces (Bradford

and Torkzaban, 2008). This complexity results in the formation of liquid film entrainment,
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which contributes to the fate of microplastics influenced by flow velocity, volume fraction, and
pore sizes (He et al., 2023; Wu et al., 2021). In natural environments, soil saturation conditions
fluctuate, underscoring the importance of studying both conditions together to improve

predictions of microplastic mobility and potential contamination risks.

4.6 Conclusions

This study aimed to understand the transport of microplastics in saturated porous media
based on their size and shape. The transport behavior of FMPs and SMPs was compared in
different aquifer materials, such as natural gravel and quartz sand. The experiments showed
that the soil type and the size and shape of microplastics influence the transport of
microplastics. In gravel, the larger SMPs experienced higher breakthrough than FMPs, possibly
due to size exclusion. The irregular shape and rough surface of FMPs may increase their
attachment to impurities (e.g., clay particles) present on the natural gravel surface. Due to
straining, the larger SMPs showed higher retention in quartz sand. It was found that FMPs were
more mobile than similar-sized SMPs in the coarse quartz sand, possibly due to the high aspect
ratio forcing them to re-align with the flow direction. The results indicate that settling was the
primary retention mechanism for SMPs in gravel, while diffusion was dominant for FMPs in
quartz sand. The outcome of this study suggests that future research should use irregularly
shaped plastic materials to closely replicate microplastics in the natural environment and to

better assess the risks of microplastic transport in soil and groundwater.
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Chapter 5 Conclusions

5.1 Conclusions

This dissertation addressed the pressing environmental issue of microplastic pollution and its
potential risks to groundwater systems, employing a multi-faceted research approach. First, it
focuses on the development and monitoring of microplastic-rich fecal pollution originating
from commercial ships and vessels. Second, it investigates the complex interactions and co-
transport mechanisms between pathogens and microplastic particles. Lastly, it examines how
the shape and size of spherical and fragmented microplastics influence their transport dynamics

within diverse riverbank sediments.

To tackle these emerging problems, the first study (Chapter 2) developed and implemented an
innovative integrated framework to evaluate the impact of commercial and recreational ships
on (microplastic-rich) fecal water quality of the River Danube. Built on three pillars, pollution
source profiling (PSP), high-resolution field analysis, and statistical analysis between pollution
patterns and ships, this approach offers a comprehensive method for understanding the
interplay between ship traffic and water quality dynamics. By extracting and analyzing Danube
River Information Services (DoRIS) data with a python-language-based script, we enabled
precise tracking and retrospective analysis of individual ships by type, laying the foundation
for detailed pollution assessments on both regional and local scales. Our high-resolution
analysis of the River Danube demonstrated minimal longitudinal and cross-sectional pollution
gradients, with human wastewater identified as the dominant pollution source, confirmed by
genetic fecal pollution diagnostics (GFPD). While PSP suggested a high theoretical pollution
potential from ships, effective wastewater management prevented significant pollution during
the study period. Nonetheless, localized impacts linked to docked cruise ships were detected,
underscoring the sensitivity and applicability of this methodology for identifying fine-scale
pollution sources. This novel methodology is not only adaptable to other rivers worldwide with
available AIS data but also holds immense potential for advancing digitalization in water
sector. By providing actionable insights into the interactions between inland navigation and

water quality, this research supports the global pursuit of improved environmental protection
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and public health, offering an innovative tool for researchers and authorities aiming to

safeguard aquatic ecosystems and human well-being.

Secondly, building upon the exploration of microbial pollution in aquatic environments,
Chapter 3 extends the investigation to understand the role of microplastics in facilitating
pathogen transport and survival in groundwater. Using qPCR and plaque assay (culture-based)
techniques for virus quantification in the presence of microplastics, this study establishes a
robust methodological foundation for studying these complex microplastic-virus interactions
and processes. Through this dissertation, we established that microplastics can facilitate virus
transport, enhancing mobility and potential contamination pathways. However, their
interactions with viruses can lead to virus inactivation, potentially reducing environmental
persistence. Our work provides a baseline that emphasizes the co-transport of microplastics,
and different viruses emerge as a critical concern, underscoring the need for further research in
natural aquifer materials to further understand the mechanisms governing these interactions.
Such studies are essential to accurately evaluate the risks of groundwater contamination and
the associated public health implications. By advancing our knowledge of microplastic-virus
dynamics, this work lays the groundwork for developing strategies to mitigate emerging

environmental and health challenges posed by these pollutants.

Expanding upon the investigation of microplastic-virus interactions and the role of
microplastics in enhancing virus transport in saturated quartz sand, Chapter 4 investigated the
transport of microplastics in various saturated porous media, focusing on the influence of size
and shape. Comparative experiments with fragmented microplastics (FMPs) and spherical
microplastics (SMPs) in natural gravel and quartz sand revealed significant effects of soil grain
particle size and microplastic characteristics (shape and size) on transport behavior. In gravel,
SMPs exhibited higher breakthrough rates than FMPs, likely due to size exclusion, while the
irregular shape and rough surface of FMPs increased their attachment to surface impurities. In
quartz sand, SMPs showed higher retention due to straining, whereas FMPs were more mobile
in coarse sand, potentially because their high aspect ratio facilitated alignment with flow paths.
The study identified settling as the primary retention mechanism for SMPs in gravel, while
diffusion dominated for FMPs in quartz sand. This study emphasizes the critical role of
microplastic shape and size in groundwater transport dynamics and suggests that future
research should prioritize using irregularly shaped plastics (size less than 20 pm) to better

mimic natural environmental conditions.
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5.2 Challenges

Although there is growing interest in studying the presence of microplastics in natural
environments, only a limited number of studies provide data on the properties of different
porous media and their relationship to groundwater. The absence of standardized analytical
detection methods and a lack of hydrogeological information relevant to groundwater transport
of microplastics, make it challenging to compare results, significantly influencing the
understanding of the transport dynamics in groundwater. This dissertation aims to address this
gap by investigating microplastic transport through various soil types, emphasizing the
importance of soil characterization for a thorough evaluation of microplastic occurrence in

groundwater.

Fourier Transform Infrared Spectroscopy (FTIR) is widely recognized as one of the most
effective methods for identifying plastic fragments with sub-micrometer dimensions. However,
these microplastics are often similar in size to the pore throats of various soil types, but the size
of many microplastics fall below FTIR's detection threshold when present in saturated porous
media. This limitation has contributed to the global underestimation of microplastic
contamination in groundwater. This dissertation overcomes the challenge of detecting sub-
micron microplastics by introducing the solid-phase cytometry technique, providing a more

accurate approach for identifying these particles in environmental samples.

The complex and poorly understood dynamics of microplastic transport in groundwater,
combined with the limitations of existing modeling and detection methods, call for a proactive
approach. To protect vital drinking water resources, it is imperative to implement strict
regulations on industrial and agricultural activities that could contribute to microplastic

contamination in vulnerable aquifers.

The recent increase in plastic production, along with continuous degradation and fragmentation
of existing plastic waste, is set to intensify microplastic pollution on a global scale. This
growing threat not only jeopardizes the environment but also extends its reach into previously

untouched and pristine ecosystems, creating long-term, far-reaching consequences.

5.3 Recommendations

In recent years, biodegradable plastics (BPs) have gained attention as a promising alternative

to conventional petroleum-based plastics. However, although it was not the topic of this
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dissertation, it is important to recognize that not all BPs fully degrade in natural conditions,
and it is recommended that future research should investigate the unique properties of BPs.
Some may fragment into microplastics more quickly than traditional plastics, creating new
environmental challenges. Additionally, the impact of BPs on microbial contaminants in water
and soil is not well understood, particularly in relation to their ability to interact with pathogens
and promote their transport. Given the increasing use of biodegradable plastics, it is crucial to
prioritize the ecological safety of these materials before their widespread commercialization.
Future research should focus on understanding how BPs degrade, their interactions with
pathogens, and the potential for increased microbial contamination in water and agricultural
soils. This knowledge will be vital for assessing the environmental risks of BPs, ensuring that
their use does not inadvertently exacerbate existing pollution problems. Therefore, it is
essential to develop and implement comprehensive safety standards for biodegradable plastics

to mitigate potential environmental and health impacts.

Furthermore, to address the growing environmental concerns of the plastisphere (fate of
biofilms on plastics), future research should focus on the overland transport of microplastic-
pathogen aggregates in agricultural soils. Specifically, future research should explore how
biosolids application (to enhance soil quality for agricultural yield), irrigation, and rainfall
influence the vertical infiltration of these aggregates into deeper soils and their runoff into
freshwater systems. Investigating the factors such as soil type, rainfall intensity, and catchment
topography that govern this transport is critical. This knowledge would help develop effective

management strategies to reduce microplastic contamination and protect freshwater resources.
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Table A1: Overview of the sampling dates at the respective transects, us...upstream, ds...downstream

Sampled transects

Nr. A B+ B C+ C D+ D E+ E F G
St. us
transect | Pantaleon us Melk ds Melk Diirnstein  ds Diirnstein  us Krems ds Krems us Tulln ds Tulln Wien Hainburg
rkm 2108 2036.5 2035.6 2009 2008 2003 2002 1964.4 1963.4 1915 1883
- - - 6.3.2019 6.3.2019 6.3.2019 6.3.2019 21.3.2019 21.3.2019 13.3.2019 13.3.2019
27.3.2019 27.3.2019 27.3.2019 3.4.2019 3.4.2019 3.4.2019 3.4.2019 17.4.2019 17.4.2019 10.4.2019 10.4.2019
13.5.2019 13.5.2019 13.5.2019 8.5.2019 8.5.2019 8.5.2019 8.5.2019 22.5.2019 22.5.2019 15.5.2019 15.5.2019
27.5.2019 27.5.2019 27.5.2019 5.6.2019 5.6.2019 5.6.2019 5.6.2019 17.6.2019 17.6.2019 12.6.2019 12.6.2019
g 1.7.2019 1.7.2019 1.7.2019 3.7.2019 3.7.2019 3.7.2019 3.7.2019 17.7.2019 17.7.2019 10.7.2019 10.7.2019
E 29.7.2019 29.7.2019 29.7.2019 31.7.2019 31.7.2019 31.7.2019 31.7.2019 12.8.2019 12.8.2019 7.8.2019 7.8.2019
éﬂ 26.8.2019 26.8.2019 26.8.2019 28.8.2019 28.8.2019 28.8.2019 28.8.2019 11.9.2019 11.9.2019 2.9.2019 2.9.2019
? 23.9.2019 23.9.2019 23.9.2019 2.10.2019 2.10.2019 2.10.2019 2.10.2019 16.10.2019 | 16.10.2019 | 9.10.2019 9.10.2019
Z 23.10.2019 | 23.10.2019 | 23.10.2019 | 30.10.2019 | 30.10.2019 | 30.10.2019 | 30.10.2019 | 13.11.2019 | 13.11.2019 | 6.11.2019 6.11.2019
20.11.2019 | 20.11.2019 | 20.11.2019 | 25.11.2019 | 25.11.2019 | 25.11.2019 | 25.11.2019 | 11.12.2019 | 11.12.2019 | 4.12.2019 4.12.2019
18.12.2019 | 18.12.2019 | 18.12.2019 15.1.2020 15.1.2020 15.1.2020 15.1.2020 27.1.2020 27.1.2020 22.1.2020 22.1.2020
- - - 12.2.2020 12.2.2020 12.2.2020 12.2.2020 | 26.02.2020 | 26.02.2020 | 19.02.2020 | 19.02.2020
04.03.2020 | 04.03.2020 | 04.03.2020 11.3.2020 11.3.2020 11.3.2020 11.3.2020 - - - -

11

13

12

12
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Al: Script for DoRIS ship data extraction

"# Python Libraries\n",
"import pandas as pd\n",
"from tabulate import tabulate\n",
"import matplotlib.pyplot as plt\n",
"import os\n",
"import glob\n",
"\n",
"# Get the current working directory\n",
"script_dir = os.getcwd()\n",
"\n",
"# Get the current working directory\n",
"#script dir = os.path.dirname(os.path.realpath(__ file ))\n",

"\n",

"# Construct input file paths\n",

"# Note: Schiffe0519 is the folder name where all the daily data folders are stored (e.g. 2019-
05-01)\n",

"ship_database path = os.path.join(script_dir, 'ship_database', 'May2019') \n",

"# input_date.txt is the file where all the user defined dates for analysis are stored\n",
"input_date path = os.path.join(script_dir,'input_date.txt') \n",

"\n",

"# Construct output file paths\n",

"output extracted path = os.path.join(script_dir, 'OutputFile Extracted Ship Data.xlsx')\n",
"output categorized path = os.path.join(script_dir,

'OutputFile Categorized Ship Data.xlIsx')\n",

"output summary path = os.path.join(script_dir, 'OutputFile Summary.xlsx')\n",
"\n",

"# Reading ship database files \n",

"# Important: input_date.txt is the file where all the user defined dates are stored in yyyy-
mm-dd format (e.g. 2019-05-01)\n",

"csv_file=[]\n",

"with open(input_date path, 't') as x: #change it to your directory path\n",

" for line in x:\n",

" line = line.strip()\n",

"newFolder = ship database path+'/'+line\n",

" dirname = newFolder\n",

" path = os.path.join(dirname,\"**\")\n",

" for x in glob.glob(path):\n",

"csv_file.append(x)\n",

"print (\"Total number of files:\",len(csv_file)) \n",

"\nH’

"##### Ship data extraction based on user inputs (Longitudnal river section and time interval)
HH#H\n",

"# Define river longitudnal section (only input values in the range: 1883 to 2223 km -
Danube river in Austria)\n",

"while True:\n",

" try:\n",

" a = float(input('"Enter start point (choose value between 1883 and 2223): "))\n",

103



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

" b = float(input('Enter finish point (choose value between 1883 and 2223): '))\n",
"if 1883 <=a <=2223 and 1883 <=b <=2223:\n",

" break\n",

" else:\n",

" print(\"Invalid input. Please enter values in the range: 1883 to 2223 km.\")\n",
" except ValueError:\n",

" print(\"Invalid input. Please enter a number.\")\n",

"print (\"River longitudnal section:\",a,\"to\",b,\"km\")\n",

"\n",

"# Define time interval in HH:MM:SS (e.g. 00:00:00 to 23:59:59)\n",

"while True:\n",

"try:\n",

" ¢ = str(input('Enter start time (choose between 00:00:00 to 23:59:59): '))\n",

" d = str(input('Enter finish time (choose between 00:00:00 to 23:59:59): : "))\n",
" pd.to_datetime(c, format='%H:%M:%S', errors="raise')\n",

" pd.to_datetime(d, format="%H:%M:%S', errors="raise')\n",

" break\n",

" except ValueError:\n",

" print(\"Invalid input. Please enter a time in the format HH:MM:SS.\")\n",
"print (\"Time interval:\",c,\"to\",d)\n",

"\n",

"# Analyze data files and extract ship data based on user inputs\n",
"extracted ship data = pd.DataFrame()\n",

"files = csv_file\n",

"for fin files:\n",

"try:\n",

" data = pd.read_csv(f,index_col="timeStampLocal',delimiter=";', usecols=[0,6,13,14,15],\n",
" parse_dates=['timeStampLocal'], dayfirst=True, decimal=',")\n",

" except Exception as e:\n",

" print(\"Error reading file {f}: {e}\")\n",

" continue\n",

"\n",

"# Check if necessary columns exist\n",

" necessary _columns = ['riverkm', 'shipName']\n",

" if not all(column in data.columns for column in necessary columns):\n",

" print(\"File {f} is missing necessary columns\")\n",

" continue\n",

"\n",

" datal = data.loc[(data['riverkm']>=a) & (data['riverkm']<=b)]\n",

" data2 = datal.between_time(c,d, include start = True, include end = True ) \n",
" data2 = datal.between_time(c,d, include start = True, include_end = True ).copy() \n",
" data2.drop_duplicates(subset = ['shipName'], keep = 'first', inplace = True)\n",
"\n",

" if data2.empty: \n",

" continue\n",

" extracted_ship data = extracted ship data.append(data2)\n",

" extracted_ship data.sort values(\"riverkm\", inplace = True)\n",

"\n",

"#print (extracted ship data)\n",

"\n",
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"# Save extracted ship data\n",

"extracted ship data.to_excel(output extracted path, header=True) #change it to your
directory path\n",

"\n",

"# Assign categories to ship types\n",

"df = pd.read_excel(output extracted path) #change it to your directory path\n",
"\n",

"# Function to map vessel type to ship category\n",

"def map ship type(vesselType):\n",

" if vessel Type == 8440 or vesselType == 8443:\n",

" return \"Cruise Ship\"\n",

" elif vessel Type == 8444 or vesselType == 1910 or vesselType == 1900:\n",
" return \"Passenger Ship\"\n",

" elif vesselType == 8510 or vesselType == 8450:\n",

" return \"Other Ship\"\n",

" else:\n",

" return \"Freight Ship\"\n",

"\n",

"# Applying the function to create a new column\n",

"df['ship_category'] = df]'vesselType'].apply(map_ship type)\n",

"\n",

"# Displaying the updated DataFrame\n",

"print(tabulate(df, headers="keys', tablefmt="fancy grid"))\n",

"\n",

"# Save the categorized ship data\n",

"df.to_excel(output_categorized path, header=True) # Change it to your directory path\n",

"\n",

"column_summary = df'ship category'].value counts()\n",
"#display(column_summary)\n",
"column_summary.to_excel(output summary path, header=True) # Change it to your
directory path\n",

"plt.figure(figsize=(10,5)) \n",
"column_summary.plot.bar()\n",

"plt.xlabel(\"Ship Category\")\n",

"plt.ylabel(\"Number of Ships\")\n",

"plt.title(\"Ship Category Summary\")\n",

"plt.show()"

]
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A2: Ship data assessment (SDA) using the DoRIS database

River Information Services (RIS) and inland Automated Identification System (AlS)

In Europe, standardized River Information Services (RIS) were implemented and harmonized
to enable a reliable and efficient inland waterway transport via the EU Directive 2005/44/EC,
(EUROPEAN PARLIAMENT, 2005). The RIS includes unified mandatory technical
regulations for navigational equipment such as the inland Automated Identification System
(AIS). Information transfer between ships and base-stations as well as from ships to ships is
performed via radio signals received/transmitted by AIS transponders sending static, dynamic
and trip-related data. Static data includes the official ship number, call sign, vessel name, type,
length, and beam, all entered/updated by vessel operators. Dynamic and trip-related data
includes ship position, time stamp, navigational status, destination, and estimated time of
arrival and is updated automatically every 2-10 seconds while underway and every 3 minutes
while at anchor (Commission et al., 2011; Vallant and Hofmann-Wellenhof, 2008; Zednicek
et al., 2006).

Ship counting concepts

Pollution source profiling: Daily shipping activity was assessed for the entire investigated
Danube River reach (river-km 2111 to 1873) as well as the sub-reaches: upstream of Vienna
(river-km 2111 to 1937), Vienna (river-km 1937 to 1918) and downstream of Vienna (river-
km 1918 to 1873). Number of ships per day with high season (HS-July/August 2019) and low
season (LS-January/February 2020) differentiation was assessed using the SDA script and each
ship being only counted once per day and reach.

Association analysis between general fecal pollution on the entire Danube River reach and ship
numbers (regional): As water pollution is travelling with the river flow, a reverse ship traffic
approximation (RSTA) concept was applied, enabling backtracking ships which passed the
sampled water volume before it was sampled. The concept includes an extrapolation of river
water/pollution flow by the formation of counting areas with the length, which the water travels
within a specific time-frame depending on the flow velocity. Danube River flow lies between
1 m/s and 2 m/s, with both metrics being used for extrapolation. Extrapolation was started at
the time-point and river-km of sampling for each individual sampling transect. The chosen time
span was 1 h, which resulted in 3.6 river-km (1 m/s) or 7.2 river-km (2 m/s) in length of
counting area, which was stepwise shifted upstream and back in time, assuming a constant river
flow. The numbers of ships in the counting areas were assessed using the SDA script, with
subsequent summarizing of ships for certain river flow time-spans/distances, allowing for
association analysis with increasing time and distance metrics (see Figure S1). Selected river
flow times until the water was sampled were 2 h, for short time/distance analysis, 8 h for
medium time/distance analysis or 16 h for long time/distance analysis. As two different river
flow velocities (1 or 2 m/s) were used for the ship traffic approximation, 6 different
combinations for analysis from 3.6 river-km to a maximum of 115 river-km counting distance
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upstream of the 7 sampled transects, without the upstream pairs were used for the correlation
analysis (see Chapter 2, Figure 9).

‘ Reverse ship traffic approximation ‘ | Metrics for correfation |
.. 2050 [ ]
E 1 < 16 h water flow time |
‘; river flow velocity
£ (2000 ] 1mis | 2mis
o] n
9 3
T >
g 1950 : < 8 h water flow time
9]
k7]
j=N
5 .
1900 -+ -
<2 h water flow time
12:00 00:00 12:00
2 ot
time before sampling
@ sampled transect (rkm & time point)

Figure Al: Scheme of the reverse ship traffic approximation: including the counting areas of
1h in time and 3.6 km or 7.2 km in length. Ships were summarized for short time/distance (< 2
h water flow time, yellow), medium time/distance (< 8 h water flow time, brown red) and long

time/distance (< 16 h water flow time, blue) for the correlation analysis.

Association analysis at the ship dock areas (local)

For counting ships in the ship dock areas, the respective river kilometer of the
upstream/downstream sampling transects (B*/B, C*/C, D*/D, E'/E) and the exact timespan for
sampling (~30 minutes) was used as time and area input in the SDA script.
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A3: Statistical analysis and data visualization

Used packages were mainly ggplot2 (Wickham, 2016), reshape (Wickham, 2007) and dplyr
(Wickham et al., 2021). Arrangement and drawing of schematic plots was performed using
Inkscape (InkscapeProject, 2022) or created with BioRender.com.

For analysis of differences in the mean decadic logarithm of the E.coli concentrations of
different groups (longitudinal, cross-sectional) analysis of variances ANOVA using the
function anova(lm())with a level of significance of 0.05. For the post-hock Tukey test the
function TukeyHSD() was used. Spearman rank correlation analysis was performed using the
functions cor(), cor.mtest(), p.adjust() with method = “bonferroni” for calculation in 3.3.1
water quality (n = 665) and method = ‘‘fdr” (false discovery rate, Benjamini and Hochberg,
1995) for calculations in main manuscript chapter 3.4.1 associations between ships and
microbial faecal pollution (n = 84). Visualization of the correlation was performed using
corrplot() function from the packages stats (R Core Team, 2022) and corrplot package (Wei
and Simko, 2021). Rho values with a p-value higher than 0.05 (after adjustment) are given with
n.s. (not significant) in correlation analysis plots. For scatterplots linear trend and Spearman
rank correlation for local analysis were calculated using functions ggpubr::stat cor(),
geom_smooth (method = MASS::rlm). For the multiple linear regression analysis at dock C+/C
the function /m() was used.

The parameters for the regional association analysis ie., correlation of E. coli with
environmental data, 3-day sum of precipitation (closest gauge), the average daily river
discharge of the sampling day (closest gauge at the Danube River) and the sum tributary river
discharges with a confluence point of 36 rkm upstream of the sampling transect were taken
(https://www.noel.gv.at/wasserstand/#/de/Messstellen, see Table A2). For WWTPs, a metric
approach was performed for summing the discharge (data from the day of sampling) from
different WWTPs with discharge point upstream of the sampled transect with 1) up to 36 rkm,
i1) from 36 rkm to 90 rkm upstream at Danube or iii) up to 90 rkm upstream at selected
tributaries. Daily discharge data from 22 WWTPs in the catchment area with a population
equivalent ranging from 14.000 —4.000.000 was provided by the government of Lower Austria
(Table A3). For the correlation with the number of ships, RSTA concept was applied as
described in Appendix A2.
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Table A2: Used gauges for precipitation data, selected rivers and their confluence points with the Danube River

Precipitation River Discharge
Nr. Gauge Name Gauge Nr. Tlg?s(lc ¢ Nr. Rivers col;llillille]r)nizlll)l::i!n ¢ Gauge Gauge Nr.
P1 Hollern 116350 G R1 Schwechat 1914 Schwechat 208157
P2 Franzensdorf 108969 F R2 Gr. Tulln 1965 Siegersdorf 208017
P3 Tulln (Bildeiche) 108779 E R3 Perschling 1972 Atzenbrugg 208009
P4 Gedersdorf (Krems) 108761 C/D R4 Krems 1978.5 Imbach 207878
P5 Melk 107284 B R5 Kamp 1978.5 Stiefern 207993
P6 St. Pantaleon 108985 A R6 Pielach 2034.5 Hofstetten (Bad) 207852
R7 Melk 2036 Matzleinsdorf 207837
R8 Weitenbach 2037 Weitenegg 207811
R9 Erlauf 2047 Niederndorf 207803
R10 Ybbs 2058 Greimpersdorf 207688
R11 Enns 2112.5 Steyr (Ortskai) 205922
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Table A3: Selected WWTP at the Danube River and selected tributaries

WWTP Danube WWTP Tributary
WWTP Population . rkm receiving VYWTP Pop}llation km discharge points o
Danube Nr. equivalent (PE) dlsch.arge water Tributary equivalent upstream of receiving water
point number (PE) confluence

WWTP D1 144 000 1906 Danube WWTP_T1 130 000 24 Schwechat R1

WWTP_ D2 370 000 1914 Danube WWTP_ T2 27000 25 Schwechat R1

WWTP_D3 4 000 000 1921 Danube WWTP_T3 45 000 33 Schwechat R1

WWTP_D4 280 000 1980 Danube WWTP_ T4 34 000 6 Gr. Tulln R2

WWTP_D5 255000 1997 Danube WWTP_T5 47 000 19 Gr. Tulln R2

WWTP_D6 14 000 2035.5 Danube WWTP_Té6 70 000 22 Kamp R5

WWTP_D7 25000 2042 Danube WWTP_T7 40 000 57 Kamp RS

WWTP_ DS 16 800 2043 Danube WWTP_T8 35000 17 Pielach R6

WWTP_D9 20 000 2058 Danube WWTP_T9 64 500 12 Erlauf R9

WWTP D10 950 000 2119 Danube WWTP_T10 150 000 19 Ybbs R10
WWTP_TI11 31 000 46 Ybbs R11
WWTP_TI12 140 000 26 Enns R11
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Figure A3: E. coli concentrations (logl0 (MPN+1) per 100 mL) of each individual sample (n = 655) visualized with respect to longitudinal as

well as cross-sectional position and sampling month with specific days given above each sampling spot per transect.
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Table A4: Descriptive statistics of the analyzed parameters for the single transects,

us... upstream, ds...downstream

transect code river kilometer
St Pantaleon A 2108
. . mean range .
variable n  median o ifiraries) unit
E. coli 55| 229 | 237 | 143 | 3.19 | 'cwe®MPREDAR
temperature 55 13.3 12.8 4.4 214 °C
pH 55 8.10 8.09 7.00 8.30
conductivity 55 314 307 164 494 uS/cm
oxygen 55 10.5 10.7 8.6 13.6 mg/L
COD 55 3.0 4.7 1.0 11.0 mg/L
nitrogen
(total) 55 3.0 3.0 1.0 6.0 mg/L
phosphorus 55 1.0 1.1 1.0 3.0 mg/L
(total) . . ) ) g
ammonium 55 5.0 4.8 1.0 9.0 mg/L
HF 183 11 26 | 3.47 345 | 240 | 483 | amas
BacHum 27 | 392 | 400 | 310 | 534 | %00
BacR 12 | 347 345 | 251 | 407 | e bome
Pig2Bac I 2.08 2.08 208 | 2.08 | eoitioome
us Melk B+ 2036.6
. : mean range ;
variable n  median e, i) unit
E. coli 55| 2.08 2.10 1.41 | 3.30 | o8 MPREDIA0O
temperature 5% 13.1 12.8 4.6 21.4 °C
pH 55 8.10 8.07 7.70 8.30
conductivity 55 316 312 229 376 pS/em
oxygen 55 10.7 10.6 8.5 14.7 mg/L
COD 55 2.0 4.7 1.0 11.0 mg/L
nitrogen
(total) 55 3.0 3.0 1.0 5.0 mg/L
phosphorus
(total) 55 1.0 1.1 1.0 3.0 mg/L
ammonium 55 5.0 4.9 1.0 11.0 mg/L
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logio
HF 183 11 0 - - - - (ME+1)§100 mL
l 10
BacHum 0 - - - - (ME+ 10)%1 00 mL
logio
BacR 0 - - - - (ME+1)§1 00 mL
a 10 10
Pig2Bac 0 - - - - (ME+1)§1 00 mL
ds Melk B 2035.5
mean range
variable n median  (arithm. ang unit
) (min-max)
E. coli 55 2.13 2.12 128 | 319 | neiohoome
temperature 55 13.1 12.8 4.6 21.4 °C
pH 55 8.10 7.98 6.80 8.30
conductivity 55 317 314 228 409 pS/em
oxygen 55 10.5 10.5 8.4 13.1 mg/L
COD 55 7.0 5.1 1.0 10.0 mg/L
nitrogen
(total) 55 3.0 2.9 1.0 5.0 mg/L
phosphorus 55 1.0 1.0 1.0 3.0 mg/L
(total) . . . . g
ammonium 55 4.0 4.3 1.0 10.0 mg/L
logio
HF 183 II 0 - - - - (ME+1)§1 00 mL
1 10
BacHum 0 - - - - (ME+ 1(;'(/51 00 mL
1 10
BacR 0 - - - - (ME+1(;'(/51 00 mL
. 10 10
Pig2Bac 0 - - - - (ME+1)§1 00 mL
us Diirnstein C+ 2009
. . mean range .
variable n  median T iz ) unit
E. coli 65 | 191 2.11 1.28 | 3.30 | 'ogw MPNEDA0O
temperature 65 10.60 11.90 3.50 | 20.60 °C
pH 65 8.20 8.23 7.60 8.50
conductivity 65 338 321 232 393 uS/em
oxygen 65 10.9 10.9 8.3 14.2 mg/L
COD 65 8.0 6.1 1.0 11.0 mg/L
nitrogen
(total) 65 3.0 2.8 1.0 5.0 mg/L
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phosphorus
(total) 65 1.0 14 1.0 5.0 mg/L
ammonium 65 5.0 4.8 1.0 11.0 mg/L
logio
HF 183 I 0 - - - - (ME+1)§100 mL
logio
BacHum 0 - - - - (ME+1)§1 00 mL
l 10
BacR 0 - - - - (ME+ 10)%1 00 mL
0 lo 10
Pig2Bac 0 - - - - (ME+1)§1 00 mL
ds Diirnstein C 2008
mean range
variable n median  (arithm. rang unit
) (min-max)
E. coli 65 1.97 2.16 128 | 324 | qoneiohoome
temperature 65 10.70 11.86 3.50 | 21.00 °C
pH 65 8.30 8.26 7.80 8.50
conductivity 65 338 321 220 391 pS/em
oxygen 65 11.0 10.9 8.6 13.6 mg/L
COD 65 8.0 5.6 1.0 11.0 mg/L
nitrogen
(total) 65 3.0 2.9 1.0 5.0 mg/L
phosphorus 65 1.0 1.4 1.0 6.0 mg/L
(total) . . . ) g
ammonium 65 4.0 4.4 1.0 11.0 mg/L
1 10
HF 183 1I 0 - - - - (ME+1(;‘(/5100 mL
logio
BacHum 0 - - - - (ME+1)§1 00 mL
1 10
BacR 0 - - - - (ME+1(;%1 00 mL
. 1 10
Pig2Bac 0 - - - - (ME+1(;%1 00 mL
us Krems D+ 2003
; . mean range .
variable n  median ettt it ) unit
E. coli 65 | 1.92 | 214 | 130 | 3.1 | g0 MPNDA0
temperature 65 10.80 11.80 3.50 | 20.70 °C
pH 65 8.30 8.26 7.80 8.50
conductivity 65 339 322 212 392 uS/em
oxygen 65 11.0 10.9 8.5 13.5 mg/L
COD 65 8.0 6.3 1.0 11.0 mg/L
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nitrogen
(total) 65 3.0 2.8 1.0 5.0 mg/L
phosphorus 5| 1.3 1.0 | 40 mglL
(total) ’ ) ) )
ammonium 65 4.0 4.5 1.0 11.0 mg/L
logio
HF 183 11 0 - - - - (ME+1)§100 mL
l 10
BacHum 0 - - - - (ME+ 10)%1 00 mL
l 10
BacR 0 - - - - (ME+ 10)%1 00 mL
. lo 10
Pig2Bac 0 - - - - (ME+1)§1 00 mL
ds Krems D+ 2002
mean range
variable n median  (arithm. ang unit
) (min-max)
E. coli 65 1.93 2.10 LIS | 3.02 | auneitoome
temperature 65 10.8 11.9 3.5 21.9 °C
pH 65 8.30 8.22 7.60 8.50
conductivity 65 339 325 222 411 pS/em
oxygen 65 10.9 11.0 8.2 14.4 mg/L
COD 65 8.0 5.6 1.0 11.0 mg/L
nitrogen
(total) 65 3.0 2.8 1.0 5.0 mg/L
phosphorus
(total) 65 1.0 1.3 1.0 5.0 mg/L
ammonium 65 4.0 4.6 1.0 12.0 mg/L
logio
HF 183 Il 16 3.3 3.5 2.9 4.6 | ME+1y100mL
BacHum 2 3.57 386 | 287 | 539 | weeioome
BacR 6 3.73 3.64 | 3.04 | 398 | qptiom
Pig2Bac 5 2.70 264 | 231 | 291 | qupifihome
us Tulln E+ 1964.4
. . mean range :
variable n  median T iz i) unit
E. coli 60 | 206 | 211 | 095 | 3.19 | g0 MPNEDI00
temperature 60 11.45 11.53 3.40 20.90 °C
pH 60 8.30 8.27 7.40 8.70
conductivity 60 315 328 219 408 uS/em
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oxygen 60 10.9 11.0 8.1 14.5 mg/L
COD 60 8.0 55 1.0 11.0 mg/L
nitrogen
(total) 60 3.0 2.8 1.0 4.0 mg/L
phosphorus 5, | 1.2 1.0 | 40 gL
(total) ’ ) ) )
ammonium 60 5.0 4.6 1.0 13.0 mg/L
logio
HF 183 I 0 - - - - (ME+1)§100 mL
l 10
BacHum 0 - - - - (ME+ 10)%1 00 mL
l 10
BacR 0 - - - - (ME+ 10)%1 00 mL
0 lo 10
Pig2Bac 0 - - - - (ME+1)§1 00 mL
ds Tulln E 1963.4
mean range
variable n median  (arithm. ang unit
) (min-max)
E. coli 60 2.02 210 | 090 | 301 | aonisSioome
temperature 60 11.40 11.49 3.30 | 20.30 °C
pH 60 8.30 8.30 8.10 8.60
conductivity 60 313 325 215 407 pS/em
oxygen 60 10.9 10.9 8.3 15.0 mg/L
COD 60 8.0 6.4 1.0 11.0 mg/L
nitrogen
(total) 60 3.0 2.7 1.0 4.0 mg/L
phosphorus
(total) 60 1.0 1.1 1.0 4.0 mg/L
ammonium 60 5.0 4.7 1.0 9.0 mg/L
logio
HF 183 II 0 - - - - (ME+1)§1 00 mL
logio
BacHum 0 - - - - (ME+1)§1 00 mL
1 10
BacR 0 - - - - (ME+1(;%1 00 mL
. lo 10
Pig2Bac 0 - - - - (ME+1)§1 00 mL
Wien F 1915
. . mean range .
variable n  median o fifir i) unit
E. coli 60 | 204 | 216 | 132 | 3.38 | g0 MR
temperature 60 11.40 12.59 3.80 20.70 °C
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pH 60 8.30 8.23 7.60 8.40
conductivity 60 296 292 226 379 uS/em
oxygen 60 10.3 10.4 8.2 14.4 mg/L
COD 60 1.0 4.5 1.0 11.0 mg/L
nitrogen
(total) 60 3.0 2.6 1.0 5.0 mg/L
phosphorus
(total) 60 1.0 1.4 1.0 6.0 mg/L
ammonium 60 5.0 5.0 1.0 14.0 mg/L
logio
HF 183 11 v - - - - (ME+1100 mL
l 10
BacHum L - - - - (ME+1/100 mL
l 10
BacR L - - - - (ME+1/100 mL
. lo 10
Pig2Bac 0 - - - - (ME+1)§1 00 mL
Hainburg G 1883
mean ranee
variable n median  (arithm. ang unit
) (min-max)
E. coli 60 216 | 229 | 136 | 338 | nowihoome
temperature 60 11.65 12.69 4.10 | 21.10 °C
pH 60 8.40 8.32 7.70 8.50
conductivity 60 285 289 222 390 pS/em
oxygen 60 10.1 10.3 8.3 13.5 mg/L
COD 60 7.0 5.3 1.0 10.0 mg/L
nitrogen
(total) 60 3.0 2.7 1.0 5.0 mg/L
phosphorus
(total) 60 1.0 1.3 1.00 4.0 mg/L
ammonium 60 4.0 3.9 1.0 11.0 mg/L
HF 183 11 33 3.41 352 | 232 | 454 | e ome
BacHum 35 400 | 396 | 278 | 487 | i fihome
1 10
BacR 5 2.53 2.64 2.44 2.99 (ME+1(;§100 il
Pig2Bac 1 200 | 200 | 200 | 2.00 | aeeSioome
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Table B1: Chemical analysis of tap water.

Parameter value
pH 8.0
Electrical Conductivity (uS cm™) 250
Temperature (°C) 8.6-10
Dissolve Oxygen (mg L) 9.7-10.3
Total Organic Carbon (mg L) 0.4
Chloride (mg L") 2.6
Sodium (mg L) 1.2
Calcium (mg L") 46
Potassium (mg L) <0.5
Magnesium (mg L) 9.3
Sulfate (mg L) 11
Nitrite (mg L) <0.01
Nitrate (mg L) 4.9
Iron (mg L) <0.05
Manganese (mg L) <0.02
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B1. Virus Enumeration

Polymerase chain reaction primers, standards and amplification

Quantification of PRD1 genome copies was performed as previously published (Sommer et al.,
2021). The primers for PRD1 qPCR were used according to the protocol of Stevenson et al.
(2015) using the non-specific DNA-dye EvaGreen® (Jena Bioscience GmbH, Jena, Germany).
One qPCR reaction of 25 pL final volume contained 2.5 pL of 10 x reaction buffer (Biozym
Scientific GmbH, Hessisch Oldendorf, Germany), 1.2 uM EvaGreen®, 200 uM of each dNTPs
(dATP, dTTP, dGTP and dCTP), 120 nM of each PRDI primer (Forward JSF1:
AAACTTGACCCGAAAACGT and Reverse JSR2: CGGTACGGCTGGTGAAGTAT)
(Eurofins Genomics, Ebersberg, Germany) and 1 U of Tag DNA polymerase (Biozym
Scientific GmbH, Hessisch Oldendorf, Germany). All qPCR assays were performed in an
Mx3000 real-time PCR thermocycler (Stratagene, San Diego, CA, USA) with the following
cycling conditions: 2 min 94 °C, 45 x (30 s 94 °C, 30 s 59 °C, 30 s 72 °C) (Fister et al., 2015).
All gPCR experiments were performed in duplicate and included a standard series for
calculation of a standard curve and a negative amplification control, whereas the standard curve
was used for quantification of the viral nucleic acids expressed as phage genome numbers

(PGN/mL).

Small-drop plague assay method

The enumeration of infective virus titers of PRD1 was performed using a small-drop plaque
assay (Mazzocco et al., 2009). All viruses were used at concentrations of approximately
108-10° plaque-forming units (PFU/mL). Initially, an overnight culture of S. enterica was
diluted 10-fold in SM buffer (Kropinski et al., 2009; Mazzocco et al., 2009). A 10-fold serial
dilution of the virus was prepared in the bacteria-containing buffer. Subsequently, 20 pL of
each dilution was dropped onto a tryptone soya agar (TSA)-plate and incubated overnight at
37°C. Following overnight incubation, plaques were counted and compared with the untreated,
positive controls. All plaque assay experiments were repeated at least twice as duplicates and

the results are expressed as plaque-forming units (PFU/mL).
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B2. Equations for Colloid Filtration Theory (CFT)

The following equations and parameters used for computing the collision coefficients (contact
and attachment efficiencies) of PRD1 and MP-PRDI1 (Tufenkji and Elimelech, 2004a):

The overall contact efficiency (equation 5) of colloids in a porous media medium can be
decomposed into three primary components np (diffusion), 01 (interception), and ng (settling

or gravity). In equation 3.5, the contact efficiency due to diffusion (np) is described as:

np = 2.44A§/3N§0'081N§e°'715N19d%2 (B1)

The governing parameters in equation SE1 are specific surface area of the colloid (As), aspect

ratio (NRr), Peclet number (Np¢) and Van der Waals number (Nvqw) and are given as follows:

d B1.1
v & (BL1)
c
_ Ud, (B1.2)
pe — D.,
A B1.3
Nyaw = ﬁ ( )

In equation 5, the contact efficiency due to interception (1) is described as;

n; = 0.5545 Ng®7® N 1%° (B2)

The governing parameters in the equation SE2 are specific surface area of the colloid (As),

aspect ratio (NR), and attraction number (Na) and is given as follows:

A (B2.1)

N, = ——————
4 12mpailU

In equation 5, the contact efficiency due to gravitational forces (nG) is described as;

Ng = 0.22NR—0.24 NéllN‘L?d?/\?3 (B3)

The governing parameters in the equation SE3 is the gravity number (Ng), and is given as

follows:

_ 2a3(pp— pr)g (B3.1)
€79 nij

where d; is the particle diameter (PRD1= 62nm and MP= 1um), d. is the quartz sand grain
collector mean (dso) diameter (0.95 mm), U is the influent solution velocity (2.89 x 107 m/s),
D is the bulk diffusion coefficient, A is the Hamaker constant (PRD1: 7.0 x 102! J, MP: 6.78
x 102°]), As is the Happel model parameter (31.71), k is the Boltzmann constant (1.38 x 10"
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Joule/K), T is fluid absolute temperature (295 K), a, is PRD1/MP particle radius, pp is the
PRD1/MP particle density (PRD1: 1349 kg/cm?®, MP: 1050 kg/cm?®), pr is the fluid density
(1000 kg/m?), u is the absolute fluid viscosity (1.005 x 10~ kg/m.s), and g is the gravitational

acceleration (9.81 m?%/s).
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Table B2: Computation of single collector contact efficiency and contribution to various filtration mechanisms.

Experimental

Single-collector contact efficiency

Scenario Nr Nee Nvaw Na Ne Diffusion Interception GraYlty Overall
(settling)

no n G Mo
Total Phages
PRD1 6.53E-05 3.96E+03 1.72E+00 6.65E+00 6.13E-06  4.57E-02 2.16E-06 3.75E-06 0.046
PRD1 with MPs 1.05E-03 6.39E+04 1.67E+01 2.48E-01 9.38E-04  5.62E-03 1.51E-04 5.77E-04 0.006
Infectious Phages
PRD1 6.53E-05 3.96E+03 1.72E+00 6.65E+00 6.13E-06  4.57E-02 2.16E-06 3.75E-06 0.046
PRD1 with MPs 1.05E-03 6.39E+04 1.67E+01 2.48E-01 9.38E-04  5.62E-03 1.51E-04 5.77E-04 0.006
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B3. Equations for DLVO theory

We applied DLVO to calculate the potential energy between MPs and sand, PRD1 and sand,
and PRDI-MP aggregates and sand under saturated conditions by treating as sphere-plate
geometry according to the following equations (Wang et al., 2022b).

@DLVO (h) = pvdw (h) + @edl (h) (B4)
pvdw (h) = ——2% (85)

w(h) = — ¢

6h [1 + %h

1+ exp™*h

pedl (h) = mr €€ lZIPclps 1n< ) + @Z + %) In(1 — exp™™M)|  (B6)

1— exp~*h

(B7)

_ [2000,N,e?]**
= €r€okpT

where @DLVO is the total interaction energy; ¢vdw is the gravitational potential energy
corresponding to van der Waals force; ¢@edl is the electrostatic potential energy; h represents
the distance between the colloid and the medium (nm). Three different scenarios were applied
to calculate Hamaker constants in water-mineral system: Awmp-quartz-water = 4.25 x 102! J (Wang
et al., 2022b; Wu et al., 2020), Aprpi-quartz-water = 0.4 x 1072° J (Loveland et al., 1996), and
A(MP+PRDI1)-quartz-water = 1.49 X 102! J computed by the formula given by (Elimelech et al., 1995;
Gentile et al., 2021).

radius of colloid (rc), rmp =5 x107 m, rprp1 = 3.1 x 10 m, rpro1+mp = 5 X 107" m; radius of soil
grain (rs) = 4.75 x 10 m; characteristic wavelength (L) of the sphere-plate interactions = 107
m (Sotirelis and Chrysikopoulos, 2015); dielectric constant (er) of water = 78.36 F m™! at 25
°C; vacuum dielectric constant (o) = 8.845 x 102 Fm!; yc and ys (V) are the surface potential
of colloid and soil particles represented by zeta potential, yMP = -42 x 107 V, yPRD1 = -9 x
102V, y(PRD1+MP)=-17 x 10 V, and yquartz=-43 x 107 V.

K represents the inverse of Debye-Hiickel length (m™); where Is is ionic strength = 3 x 10> M
(tap water); Avogadro's constant (Na) = 6.02 x 10>} mol!; basic charge on the electron (e) =
1.602 x 107" C; Boltzmann constant (kg) = 1.38 x 102* J K'!; absolute temperature (T) = 298.15
K.
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MP-Quartz
3mM
10mM
30mM
100mM

®DLVO / kgT
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PRD1-Quartz
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50 = 100mM

T T

60 80 100
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6
5
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X — 3mM
~
Q3 40  —— 10mM
- —— 30mM
8 2 —— 100mM
1
0
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Seperation distance (nm)

Figure B1: Plots of the DLVO potential energy profiles for colloid-mineral surface interactions
corresponding to a minimum separation of 1 nm. (a) DLVO potential energy for MP-quartz.
(b) DLVO potential energy for PRDI1-Quartz. (c) DLVO potential energy for PRD1-MP-
Quartz.
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Table B3: Calculated Secondary Minimum Depth and Energy Barrier.

Tonic Primary Secondary Energy
Scenario Strength ~ Minimum Minimum Barrier
(mM) (ksT) (ksT) (ksT)
MP-Quartz 3 - -0.01 108.53
10 - -0.05 96.16
30 - -0.15 78.21
100 - -0.49 50.34
PRD1-Quartz 3 -11.66 -0.01 4.65
10 -4.47 -0.04 4.03
30 -0.33 -0.14 3.04
100 - -0.46 0.75
PRD1-MP-Quartz 3 - -0.005 6.27
10 - -0.023 5.06
30 - -0.077 3.97
100 - -0.27 2.03

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

129



“Y}ayloljqig usip\ N.L 1. wulid ul a|gejrene si Sisay) [2I0120p SIY1 JO UoIsIaA [eulblio panoidde ay 1
“regBnian ¥ayloljgig UsIpn NL Jop ue 1sI uoneuassiq Jasalp uoisiaAfeulblo apnipab ausiqoidde aiqg

qny a8pajMmous| JNoA

Oayrolqie

130



Supplementary material to

Appendix C
Chapter 4

“Y}ayloljqig usip\ N.L 1. wulid ul a|gejrene si Sisay) [2I0120p SIY1 JO UoIsIaA [eulblio panoidde ay 1 < any a3pajmout InoA
“regBniian aylolgig UsIp\ NL 19p Ue 1sI uoneuassiq 1asalp uoisiaAfeuiBLO apjonipab susiqoidde aig v—@r_u.o__ﬂ_m



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

Table C1: Summary of column experiment parameters: soil median grain size (dso), mean
microplastic particle size (dmp), and mean zeta potential of microplastics (C).

Porous media Porosity dso  Column MP dmp d Straining
0 (mm) test type  (um) (mV) ratio
dmp/dso
: 0.38 8 Al FMPs 1.60 2119+ 0.0002
Medium gravel 172
(8.0 mm) A2
B1 SMPs 20 -18.40 = 0.0025
0.89
B2
: 0.36 4 Cl FMPs 1.80 2175+ 0.0004
Fine gravel
3.79
(4.0 mm) C2
D1 SMPs 20 -18.22 + 0.0050
1.51
D2
0.41 0.95 El FMPs 1.40 2217+ 0.0015
Coarse quartz sand 205
(0.6 — 1.3 mm) E2
F1 SMPs 10 -19.39 + 0.0105
3.54
F2
Gl SMPs 1 -21.05+ 0.0011
2.50
G2
Medium  quartz  0.43 0.60 H1 FMPs 1.20 2148 £ 0.0020
sand 2.21
(0.4 — 0.8 mm) H2
I1 SMPs 10 -19.55+ 0.0167
3.61
12
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Figure C1: Observed BTCs of tracer (NaBr) and microplastics (SMPs and FMPs) in four

different materials (a: medium gravel 8§ mm; b: fine gravel 4 mm; c: coarse quartz sand 0.6—

1.3 mm; d: medium quartz sand 0.4-0.8 mm). SMPs = spherical microplastics (10 and 20 um

only), FMPs = fragmented microplastics. Symbols (square and circle) represent experimental

data. R1 and R2 are experimental runs 1 and 2 respectively. The column was packed with fresh

material for each run. BTCs were plotted in the form of the normalized effluent concentration
(C/Co).
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Table C2: Discriminant settings used for the ChemScanTM RDI (AES Chemunex, Ivry sur

Seine, France). The settings are a version of the Beads.APP provided by the manufacturer.

Discriminant Settings Minimum Maximum
S/P Area Ratio 0 0.898
T/P Area Ratio OFF OFF
Single Line Samples 500 -
Samples 1 250
Lines 1 50
Peak Intensity 250 65536
Peaks Per Line - 2.5
Wiggles Per Line - 5
Half Width - 15
Specific Intensity (AS) 10 -
Specific Intensity (HW) 35 -
2D Gaussian Fit - 1800
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Table C3: Summary of equations and dimensionless parameters governing microplastic
filtration by Tufenkji and Elimelech (2004a):

Equation 2: Mo =1p +1; +1¢
Equation A: np = 2_4414;/3NR—0.081N[?30.715N1%332
Equation B: n; = 0.55A4, N3¢75 NQ-125
Equation C: ne = 0.22Nj%2* NF1INDOS3

Different parameters used in above equations:

Ng = d_p Aspect ratio
dc
N = ud, Peclet number
pe D,
A Van der Waals number
Nyaw = kT
N = 4m ay(pp — Pr)g Gravitation force number
a3 kT
N, = A Attraction number
AT 121 az U
N = 2 az(pp — pr)g Gravity number
€79 nij

where dp, is the microplastic particle diameter, d. is the grain collector diameter, U is the influent
solution velocity, D« is the bulk diffusion coefficient, A is the Hamaker constant (1.0 x 10°2°J),
As is the Happel model parameter (31.70-49.10), k is the Boltzmann constant (1.38 x 1073
Joule/K), T is fluid absolute temperature (295 K), a, is microplastic particle radius, pp is the
microplastic particle density (1050 kg/cm?), pr is the fluid density (1000 kg/m®), pu is the
absolute fluid viscosity (1.005 x 10~ kg/m.s), and g is the gravitational acceleration (9.81 m?/s).
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Table C4: Computation of single collector contact efficiency and contribution to various filtration mechanisms.

MP

dmp

Single collector contact efficiency

Soil type  (pm) Nr Nee Noaw Na Ne Diffusion Interception Graylty Overall
(settling)
b L) Mo
NG
Medium Gravel SMP 20 2.50E-03 6.48E+06 2.46E+00 1.52E-04 6.23E-01 1.93E-04 3.46E-04 5.75E-01 0.58
FMP  1.60 2.00E-04 S.18E+05 2.46E+00 2.37E-02 3.99E-03 1.44E-03 9.45E-06 3.87E-03 0.0053
Fine Gravel SMP 20 5.00E-03 3.24E+06 2.46E+00 1.52E-04 6.23E-01 3.13E-04 1.26E-03 4.87E-01 0.49
FMP  1.80 4.48E-04 290E+05 2.46E+00 1.89E-02 4.99E-03 2.14E-03 4.04E-05 4.09E-03 0.0063
Coarse Quartz Sand SMP 10  1.05E-02 3.85E+05 2.46E+00 6.07E-04 1.56E-01 1.22E-03 3.79E-03 8.74E-02 0.092
FMP 140 1.52E-03 S5.54E+04 2.46E+00 2.93E-02 3.23E-03 5.69E-03 2.39E-04 1.88E-03 0.0078
SMP 1 1.0SE-03 3.85E+04 2.46E+00 6.07E-02 1.56E-03 7.60E-03 1.42E-04 9.15E-04 0.0087
Medium Quartz Sand ~ SMP 10  1.67E-02 243E+05 2.46E+00 6.07E-04 1.56E-01 1.56E-03 7.26E-03 7.83E-02 0.087
FMP  1.20 2.00E-03 291E+04 2.46E+00 4.21E-02 2.24E-03 8.46E-03 3.54E-04 1.18E-03 0.010
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