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Summary

The history of plastic is only about as long as a human life. Yet its intensive use has led to
an omnipresence of small particle fragments - known as microplastics (MP) - worldwide. Their
dispersal in the environment follows the natural laws of physics, as does natural particulate matter.
This way, they have eventually entered the geological record of the Earth as a novel persistent
anthropogenic entity. Sediments are considered an ultimate sink for MP in the aquatic environment.
However, investigations of this matter- and particle-rich compartment are rare and it is currently
impossible to reliably quantify MP inventories and draw MP distribution maps as the knowledge
on transport behaviour is very limited.

This thesis takes the route of searching the parallels in the transport behaviour of MP and
natural particulates. Hydrodynamic driving forces act on this pool of particles present in the
aquatic environment and generate characteristic distribution patterns for different particle sizes,
shapes and densities. Sediment grain size is a known indicator of the hydrodynamic conditions in
aquatic sedimentary environments and has been applied in normalisation procedures for dissolved
contaminants. Herein, it is investigated whether MP as a particulate pollutant spatially correlates
with sediment properties and how such correlations could be applied to yield more accurate estimates
of pollution levels when accounting for the hydrodynamic regime effect.

Geographically, the focus of the presented work is estuaries (or transitional systems in a broader
context) of the Baltic Sea, with case studies in the Warnow and the Schlei. Estuaries are thereby
highlighted as key indicator environments for monitoring trends in microplastic pollution. They
constitute a bottleneck for plastic transport pathways. The high hydrodynamic diversity of estuaries
provides a pronounced depositional behaviour in these systems. In both estuaries investigated, clear
correlations between MP and sediment grain size, for example, expressed by the percentage of grains
below 63 pm in size (i.e. the mud fraction) could be identified. Bed shear stress was the dominant
force of particle sorting, explaining the observed shift in particle size between MP and sediment, as
they have different typical material density ranges. By reviewing sampling designs and methods used
in available studies, it could be shown that several factors can be detrimental to the identification
and accuracy of MP sediment relationships. In particular, the spatio-temporal connectivity of the
study area and sufficient sample size with representative coverage of the hydrodynamic conditions,
e.g. proxied through grain size variability, are critical. MP concentrations that significantly deviate
from the granulometric normalisation regression provide valuable information on the major MP
sources in a system, which can then be further monitored and regulated. It is concluded that
granulometric normalisation can correct for the hydrodynamic regime bias, allowing for a more
reliable data interpretation of sinks and sources and for comparisons of MP levels within and across
aquatic sedimentary systems.

In a second step, it was investigated whether granulometric proxies are sufficient predictors in
empirical predictive modelling to spatially predict MP. Contrary to the former study on the Warnow,
the Schlei, a more complex system, was selected where the spatio-temporal connectivity assumption
was severely constrained. A large number of generated predictors (multiple natural particulate
proxies, spatio-temporal discontinuity and geographic variables) and the different model classes
(generalised linear models, linear and tree-based Extreme Gradient Boosting and Random Forest)
were used in the development of a machine learning (ML) modelling pipeline. This endeavour
was challenged by the small sample number (n = 26), which is much lower than in most ML
applications but typical for MP surveys. The goal was to obtain reliable and rigorously validated
predictions at locations where observed MP concentrations are not available. The presented
pipeline accommodates this by adapting and combining nested cross-validation with adjustable
stratification and ensembling for predictive stability. This concept is reflected in the acronym
NIXVEGS (Nested Iterative stratified X-Validation-to-Ensemble-modelling through Grid Searches).
Again, the percentage of mud was identified as one of the most suitable granulometric proxies, on
par with a derived variable representing the first principal coordinate of the grain size distribution.
However, the data reflect the recency of a significant localised MP input event and the higher
geomorphological and hydrodynamic complexity, which necessitated the introduction of a predictor
to account for the discontinuity in MP propagation. Based on a hydronumeric model, predictors




were generated of which one describing the mean traveling time of a passive tracer (i.e. a water
molecule) provided the best fit in combination with the granulometric proxy. At more than 180
stations with available grain size data, NIXVEGS estimated that ~20 trillion MP particles (50 -
5000 nm) reside in the Schlei sediments, extending to a layer depth most relevant for the ‘plastic age’
(0 - 15 cm). Based on advancements in the analysis of all three dimensions of MP particles, a more
reliably mass estimate of MP was provided, amounting to ~14.4 tonnes. These model estimates
represent the highest resolution picture of an MP inventory for an entire geomorphological region to
date. The generalisation score (on unseen data) reached a R? of 0.7 and proved robust in a sensitivity
analysis. The entire data-analytical workflow follows FAIR principles (findability, accessibility,
interoperability, reusability). The co-development of an MP database enabled structured data
management across projects and allowed error-free querying of data by reproducible executable
Jupyter notebooks and Python scripts that build the model environment. A web application is
provided that allows readers to comprehensively explore the entire raw particle data in various
visualisations.

While the theoretical and model-conceptual developments represent the main scientific contributions
of this thesis, they would not have been possible without further methodological advances. This
concerns the optimisation of purification techniques for solid-matter-rich samples, which were
required to increase sample throughput. A modular protocol scheme was developed, adaptable
to different sample matrix compositions. A conical spiral conveyor was invented that can assist
gentle agitation of sediments in density separation. Several other publications on method and
model development or evaluation are described as part of the foci in this thesis, i.e. on electrostatic
MP separation, a novel immobilised laboratory ring-trial design, digestion method validations,
error estimation of subsampling strategies, evaluation on environmental representativeness of MP
exposure studies and an uncertainty analysis for hydronumeric MP models.




Zusammenfassung

Die Geschichte des Plastiks ist nur etwa so lang wie ein Menschenleben. Doch seine intensive Nutzung
hat zu einer weltweiten Verbreitung von kleinen Partikelfragmenten - bekannt als Mikroplastik (MP)
- gefithrt. Deren Ausbreitung in der Umwelt unterliegt denselben physikochemischen Prozessen wie
natiirliche Partikel. Auf diesem Weg gehen sie schliellich als neuartige persistente anthropogene
Partikelklasse in die Bildung geologischer Schichten ein. Sedimente gelten als ultimative Senke fiir
MP in der aquatischen Umwelt. Untersuchungen dieses Kompartiments sind jedoch selten, und es ist
derzeit weitgehend unmoglich, MP-Besténde zuverlissig zu quantifizieren und MP-Verteilungskarten
zu erstellen, auch da das Wissen iiber das Transportverhalten sehr begrenzt ist.

Diese Dissertation verfolgt den Ansatz, die Analogien im Transportverhalten von MP zu natiirlichen
Partikeln zu untersuchen. Hydrodynamische Kréfte wirken auf diese Partikelvorkommen in der
aquatischen Umwelt und erzeugen charakteristische Verteilungsmuster fiir verschiedene Partikel-
groflen, -formen und -dichten. Die Sedimentkérnung ist ein haufig verwendeter Indikator fiir die
hydrodynamischen Bedingungen und wurde bereits fiir Normalisierungsverfahren von gelosten
Schadstoffen angewendet. Mittels empirischer statistischer Verfahren wurde untersucht, ob MP als
partikuldrer Schadstoff rdumlich mit bestimmten Sedimenteigenschaften korreliert und wie solche
Korrelationen genutzt werden kénnen, um unter Beriicksichtigung der lokalen Auswirkungen des
hydrodynamischen Regimes genauere Abschitzungen der Belastung des Systems zu gewinnen.

Geografisch liegt der Fokus der vorgestellten Arbeiten auf den Astuaren (oder transitionalen Syste-
men im weiteren Sinne) der Ostsee mit Fallstudien in der Warnow und der Schlei. Die Rolle der
Astuare als wichtige Indikatorgebiete fiir die Beurteilung der MP-Belastung und deren Entwicklung
wird dabei hervorgehoben. Astuare stellen einen dynamischen Filter fiir den Transport von Partikeln
auf dem Weg zum Meer dar. Die hohe hydrodynamische Vielfalt und biogeochemische Reaktivitét
in Astuaren sorgt fiir ein ausgeprigtes Ablagerungsverhalten dieser Systeme. In beiden unter-
suchten Astuaren konnten eindeutige Korrelationen zwischen MP und der Sedimentkorngréfe, z. B.
ausgedriickt durch den prozentualen Anteil an Feinsediment (Korngréflen < 63 nm), festgestellt
werden. Die Bodenschubspannung war die dominierende Kraft der Partikelsortierung. Sie erklirt
den beobachteten Groflenunterschied zwischen MP und Sedimenten, da beide Partikeltypen unter-
schiedliche charakteristische Materialdichten aufweisen. In einer Metaanalyse von Beprobungs- und
Analysemethoden fritherer Studien konnte gezeigt werden, dass mehrere Faktoren die Identifizierung
und Genauigkeit der MP-Sediment-Beziehung beeintréchtigen kénnen. Entscheidend sind dabei
insbesondere die rdumliche und zeitliche hydrologische Konnektivitdt des Untersuchungsgebiets
und eine ausreichende Stichprobengrofie mit einer repriasentativen Abdeckung der hydrodynamis-
chen Bedingungen, z. B. {iber die Variabilitdt der Korngréfie. MP-Werte, die signifikant von der
granulometrischen Normalisierungsregression abweichen, kénnen wertvolle Informationen tiber die
Hauptquellen von MP in einem System liefern, die dann weiter iiberwacht und reguliert werden
konnen. Es wird gezeigt, dass eine granulometrische Normalisierung die durch das hydrodynamische
Regime verursachten Verzerrungen in den MP-Konzentrationsdaten ausgleicht und so eine zuver-
lassigere Interpretation der Daten ermdglicht. Dies erméglicht die Beurteilung von Senken und
Quellen sowie einen Vergleich von MP-Belastungen innerhalb eines oder zwischen verschiedenen
aquatischen Sedimentsystemen.

In einem zweiten Schritt wurde untersucht, ob granulometrische Proxys in empirischen Modellen
ausreichen, um MP rdumlich vorherzusagen. Im Gegensatz zur fritheren Studie in der Warnow
wurde ein komplexeres System, die Schlei, ausgewéhlt, in dem die Annahme einer hinreichen-
den rdumlichen und zeitlichen Konnektivitit stark eingeschrénkt ist. Eine Vielzahl generierter
Priadiktoren (mehrere natiirliche Partikelproxys, rdumliche und zeitliche Diskontinuitéts- sowie
geografische Variablen) und verschiedene Modellklassen (generalisierte lineare Modelle, lineares
und baumbasiertes Gradient Boosting und Random Forest) wurden in der Entwicklung einer auf
maschinellem Lernen (ML) basierenden Modellierungspipeline verwendet. Dies wurde durch die
geringe Probenanzahl (hier n = 26) erschwert, die zwar fiir MP-Studien typisch ist, jedoch weit
unter anderen Anwendungsfillen von ML-Techniken liegt. Ziel war es, validierte Vorhersagen
an Orten zu erhalten, an denen keine beobachteten MP-Konzentrationen verfiigbar sind. Die
vorgestellte Pipeline berticksichtigt dies durch die Anpassung und Kombination von algorithmischen




Komponenten wie “Nested Cross-Validation” mit regulierbarer Stratifikation und Ensemblebildung
fir bessere Modellstabilitét. Dieses Konzept spiegelt sich im Akronym NIXVEGS (Nested Iterative
stratified X-Validation-to-Ensemble-modelling through Grid Searches) wider. Wie bereits in der
Warnow wurde auch hier der prozentuale Feinsediment-Anteil als einer der am besten geeigneten
granulometrischen Proxys identifiziert, gleichauf mit einer abgeleiteten Variable, die die erste
Hauptkoordinate der Korngrofienverteilung reprasentiert. Allerdings spiegelt sich in den Daten der
Einfluss eines kiirzlich erfolgten signifikanten lokalen MP-Eintragsereignisses wider. Zusammen mit
der héheren geomorphologischen und hydrodynamischen Komplexitéit der Schlei erforderte dies die
Einfiihrung eines Pradiktors, der diese Diskontinuitét der MP-Ausbreitung beriicksichtigt. Auf Basis
eines hydronumerischen Modells wurde eine Reihe potenzieller Pradiktoren generiert. Einer, welcher
die mittlere Transportdauer eines passiven Tracers (d.h. Wassermolekiil) beschreibt, wurde als am
besten passend identifiziert, in Kombination mit dem granulometrischen Proxy. An iiber 180 Sta-
tionen mit verfiigharen Korngréendaten schiatzte NIXVEGS, dass sich ~20 Billionen MP-Partikel
(50 - 5000 pm) in den Schlei-Sedimenten befinden, die sich bis zu einer Schichttiefe erstrecken,
welche fiir das ‘Plastikzeitalter’ am relevantesten ist (0 - 15 cm). Basierend auf Fortschritten in der
Analyse aller MP-Partikel aller drei Dimensionen konnte eine genauere Masseabschidtzung von MP
ermittelt werden, die etwa 14,4 Tonnen fiir das MP-Inventar der Schlei betragt. Dieser Modellansatz
ermoglicht ein hochaufgelostes Bild eines MP-Bestands fiir eine gesamte geomorphologische Region.
Die Generalisierungsgenauigkeit (d.h. die Vorhersagegenauigkeit auf ungesehenen Daten) wurde
durch NIXVEGS auf einen R? von 0,7 geschétzt und erwies sich als robust in einer Sensitivitdtsanal-
yse. Der gesamte datenanalytische Workflow folgt den FAIR-Prinzipien (findability, accessibility,
interoperability, reusability). Diese Studie stiitzt sich dazu auf eine parallel entwickelte Datenbank
fiir MP-Partikel, welche eine strukturierte Datenverwaltung {iber Projekte hinweg und eine fehler-
freie Abfrage der Daten durch reproduzierbar ausfithrbare Jupyter-Notebooks und Python-Skripte
erlaubt. Dariiber hinaus wird eine Webanwendung bereitgestellt, die es dem Nutzer erméglicht, die
gesamten Partikel-Rohdaten umfassend in verschiedenen Visualisierungen zu untersuchen.

Die theoretischen und modellkonzeptionellen Entwicklungen stellen die wesentlichen wis-
senschaftlichen Beitrige dieser Dissertation dar. Sie wiren jedoch ohne weitere methodische
Fortschritte nicht moglich gewesen. Dazu gehort die Optimierung von Aufreinigungsverfahren
fur partikelreiche Proben, um den Probendurchsatz zu erhohen. Es wurde ein modulares
Protokollschema entwickelt, das an verschiedene Probenmatrizen angepasst werden kann. Ein
konischer Spiralférderer wurde entwickelt, der eine schonende Durchmischung von Sedimenten bei
der Dichte-Trennung ermoglicht.

Mehrere andere Veroffentlichungen zur Methoden- und Modellentwicklung bzw. -evaluierung
werden im Rahmen der Foki dieser Arbeit beschrieben. Dies umfasst unter anderem Unter-
suchungen zur elektrostatischen MP-Abscheidung, ein neuartiges Design fiir Labor-Ringversuche
unter Nutzung immobilisierter Partikel, zwei Verfahren zur Validierung von Aufschlussmethoden,
Fehlerbestimmungen von Probenteilungsstrategien, eine Evaluierung der Umweltrepriasentativ-
itdt von MP-Expositionsstudien und eine Unsicherheitsanalyse anhand eines hydronumerischen
MP-Transportmodells.
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Synopsis

The short history of plastic (debris)

The first semi-synthetic plastics, Parkesine and celluloid, were invented in the 1860s and ought to
replace constrained materials such as horn or ivory. The onset of plastics came with the promise
to make manufacturing independent of limited natural resources. The first fully synthetic plastic
(no natural molecules involved), Bakelite, was invented in 1907, at the start of the electrification
period in Europe and Northern America, as a substitute for shellac for electrical insulators. This
innovation stimulated synthetic polymer research, leading to the development of many new polymer
types over the coming decades (Freinkel, 2011). Plastics represent a material group with seemingly
unlimited transformability, which can be moulded into nearly anything and has virtually become
accessible to everyone. During the 1950s, plastics began an exponential rise to become global mass
products (Geyer et al., 2017). Human society benefits from the versatility, durability and relatively
low cost of these materials (Andrady & Neal, 2009). Many technological innovations, human health
and prosperity depend on and have been built with the help of synthetic polymers. It appears hard
to imagine modern medicine and research, or packaging and electronic devices in our daily lives,
without plastics. However, formerly positively connoted product properties - strong, lightweight
and durable - turn into persistent and potentially hazardous complex debris when interacting with
organisms in the environment (Rochman et al., 2013a).

Already shortly after the beginning rise of plastics, in the late 1960s, plastic debris was found in
marine biota and first negative effects were associated, such as the reduction in digestive efficiency,
meal size and body mass (Kenyon & Kridler, 1969; Harper & Fowler, 1987; Ryan, 2015). Certain
species of marine mammals and sea birds were found to be especially prone, to be affected by
floating plastic debris. For example, the entanglement in plastic debris has been identified as a
driver for the decline of a local seal population (Fowler, 1987).

A decade later, small synthetic fibres, pellets and small fragments, nowadays termed ‘microplastics’
(MP), were reported in surface water samples from the North Sea and the North West Atlantic
(Buchanan, 1971; Carpenter & Smith, 1972; Colton et al., 1974). Carpenter & Smith (1972) already
highlighted the potential risk of intestinal blockage and transfer of plasticisers and persistent organic
pollutants (e.g. polychlorinated biphenyls) to organisms. In response to the initial publications on
marine plastic pollution, a multilateral treaty, MARPOL 73/78 (IMO, 1988) on the reduction of
ship-generated litter, as well as industry initiatives on plastic pellets and recycling, were drawn
up. While these measures had some effect, they were outweighed by the ongoing increase in plastic
production and land-based waste generation volumes in the years to follow (Ryan, 2015).

In the 2000s, reports on large garbage patches in ocean surface water gyres (e.g. Moore et al., 2001;
Law et al., 2010) and the increasing accumulation of MP in coastal environments (Thompson et
al., 2004), drew the attention of a broader scientific community and the public to these pervasive
particulate pollutants (Carpenter, 2022). In retrospect, it is remarkable that what made people
aware of the consequences of plastic handling and consuming practices was the discovery of these
tiny remnants of modern life in assumingly pristine areas like places such as remote islands and the
open marine environment far from human habitation (Ivar Do Sul et al., 2009), even though their
intimate surroundings had long been affected by this pollution.

Over the next two decades, numerous research studies have identified MP in various environments,
from ocean surface and sub-surface waters (Law et al., 2010; Enders et al., 2015) and coastal areas
(Browne et al., 2011) to the deep sea (Van Cauwenberghe et al., 2013), from marine environment to
lakes (Eriksen et al., 2013; Imhof et al., 2013), rivers (Mani et al., 2015), the atmosphere (Dris et
al., 2016) and terrestrial soils (Piehl et al., 2018). Research began to focus on identifying sources
to the aquatic system such as waste water treatment plants (WWTP) (Murphy et al., 2016) as
well as direct human exposure pathways through food intake (Rochman et al., 2015; Yang et
al., 2015; Mason et al., 2018) and inhalation via household dust (Vianello et al., 2019). More
recently, human excrement (Schwabl et al., 2019), blood (Leslie et al., 2022) and various organs
were analysed, although quantification in parts remain limited by methodological constraints (as
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reviewed in Roslan et al., 2024). In essence, MP were found wherever researchers looked. Over the
last decade, significant efforts have been made to identify ever smaller particles of plastic pollution,
beyond what can be reliably identified visually (Lenz et al., 2015; Képpler et al., 2015; Ivleva, 2021).
Simultaneously, purification and quality control techniques were developed and adapted to enable
the chemical identification of MP in various sample types (Hidalgo-Ruz et al., 2012; Loder et al.,
2017; Enders et al., 2020Db).

Today, the global plastic production volume has reached 414 million tonnes (PlasticsEurope, 2024).
Under current projections, approximately 1,100 million tonnes per year would be reached in 2050,
amounting to 33.000 million tonnes of plastics produced in total (Geyer, 2020). While in the
past only 10% were recycled, the significant share of plastic waste was discarded to landfills and
open dumpsites (76%) including the losses to the environment, and a minor part was handled
in incineration plants (14%) (Geyer, 2020). It is estimated that approximately 20 million tonnes
of plastic enter aquatic ecosystems annually (Borrelle et al., 2020). However, these estimates
do not include MP and remain generally difficult to validate. Although relative recycling and
incineration rates are projected to increase (Geyer, 2020), the continued acceleration of plastic
production and inadequate waste management, and the persistence and irreversible discharge
of (micro)plastics to ecosystems prospect an exacerbation scenario. Under a business-as-usual
trajectory, over 60 million tonnes of plastic could be discharged annually by 2050 (Yan et al.,
2024), which represents a conservative estimate compared to other projections that reach two or
three times higher numbers (Lebreton & Andrady, 2019; Lau et al., 2020; OECD, 2022). These
projections greatly vary globally depending on economic and population growth (OECD, 2022).
According to the environmental Kuznets Curve, there is an inverse U-shaped relationship between
the deterioration of the environment and economic income per capita, based on global gross domestic
product (GDP) (Grossman & Krueger, 1991; Shafik & Bandyopadhyay, 1992; Barnes, 2019). The
model developed by Yan et al. (2024), incorporating changes in population demographics, economic
activity, and technological advancements (Dietz & Rosa, 1997) into the Kuznets Curve, projects
that plastic pollution will be significantly reduced in higher-income countries, whereas lower-income
countries are likely to initially experience increased environmental inputs. However, even countries
with more advanced waste management systems targeting macroplastics face the problem that MP
is less easily mitigated (Thompson et al., 2024).

Along with this second wave of scientific and public awareness on marine plastic pollution, a new
momentum started for finding global solutions to this global problem. In 2022, a resolution was
adopted to establish an internationally legally binding instrument to address plastic pollution
at all stages of the lifecycle; however, there is currently still no final agreement on concrete
measures (UNEP, 2022, 2025). Developing appropriate monitoring procedures is essential for
reliably quantifying (micro)plastic pollution levels and evaluating the effectiveness of measures at
regional and cross-national levels, which have yet to be implemented.

The generation of persistent polymeric particles

Plastic debris has been defined as ‘objects consisting of synthetic or heavily modified natural polymers
as an essential ingredient that, when present in natural environments without fulfilling an intended
function, are solid and insoluble at 20 °C’ (Hartmann et al., 2019). Polymers are macromolecules,
repetitively connected chains of subunits (monomers) in a process called polymerisation. Although
polymers can contain substantial amounts of heteroatoms, carbon typically forms their backbone
except for some cases such as silicone rubber. Chain length, arrangement and type of monomers
determine their properties. Generally, polymers with higher molecular weights tend to be stronger
and more durable (Carraher Jr., 2017).

Most natural polymers, such as deoxyribonucleic acid (DNA), cellulose and lignin, have functional
groups that make them accessible to biodegradation (Zhao et al., 2022). Lignin is an example of a
complex and variable natural polymer which evolved to fulfil structural functions in plants and
to provide resistivity against microbial attack (Hahn & Hennecke, 2023). Over long time periods,
complex ecosystems of fungal and microbial organisms have co-evolved that work in a sequential
or complementary manner to effectively degrade it with the help of secondary metabolites and
intracellular and extracellular enzymes (Janusz et al., 2017). The vast abundance of lignin in nature,
coupled with its chemical structure and configuration consisting of multiple reactive functional
groups, makes it accessible for enzymatic attack. Most synthetic polymers are chemically more
uniform and lack such functional groups that act as chemical handles for enzymatic attack (Hahn
& Hennecke, 2023). Often they are equipped with additives to increase resistence towards certain
environmental conditions. On evolutionary time scales, they have only existed for a short period
and for most plastic polymers natural degradation mechanisms have not evolved to be able to
consume them at rates at which we release them into the environment.

Despite their better resistance towards biodegradation, as any matter, living or non-living, plastics
undergo an inevitable deterioration process under environmental exposure. Photo-, oxidative and
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mechanical forces (for certain polymers also hydrolysis) work in tandem to fragment the polymer
backbone down to micro- and nanometre scales (Andrady, 2011). Polymer chemistry, morphology
as well as environmental conditions fundamentally determine surface degradation rates. Chamas et
al. (2020) exemplarily calculated fragmentation rates under different environmental settings: while
for high-density polyethylene (HDPE) bottles an average material thickness reduction of 4.3 nm
per year (ranging from 0 - 11 pm) was measured under marine conditions, low-density polyethylene
(LDPE) plastic bags reached between 1.6 and 83 pm per year under photo-thermal composting
conditions on land. Three-dimensional disintegration such as cracks were not considered by this
study which would further increase surface area and degradation rates. Based on initial volumes
and surface area, half-lives varied between months to thousands of years (Chamas et al., 2020).
However, realistic lifetime estimates for MP do not exist due to the limitations in conducting
long-term studies that adequately represent the high diversity of environmental pathways and actual
exposure to degradative forces. Conditions span from relatively rapid mechanical break down and
UV exposure on beaches to nearly complete conservation in deep sea environments characterised by
limited light, low temperature and oxygen levels (Zalasiewicz et al., 2016). Replicating those in a
test setting is difficult. The conservative conditions deep in the sea are illustrated by plastic pellets
that were found unchanged, conserved for 29 years within a shipwreck in the Red Sea, Egypt. In
contrast, companion pellets that had beached nearby showed various structural changes (Briimmer
et al., 2022). Also in analogy to the natural polymer amber which can be preserved for millions of
years on the sea bed, similarly long life spans for plastics under conserving conditions are reasonable
(Chubarenko & Stepanova, 2017).

Thus, depending on the environmental conditions and chemical structure, most synthetic polymers
can only be biodegraded once their molecular weight is small enough (Gewert et al., 2015).
Microorganisms can remineralise polymers into inorganic substances (Guggenberger, 2005), foremost
carbon dioxide, water and salts, although many natural polymers are also integrated into biomass or
humic substances under aerobic conditions or methane under anaerobic conditions. Remineralisation
represents the final stage in the degradation process, from which the remaining compounds are re-
integrated into biogeochemical cycles (Hahn & Hennecke, 2023). Certainly, degradation mechanisms
appear not to be able to cope with the current production pace, leading to a steady accumulation
in the environment (Thompson et al., 2024).

In recent years more bacteria and fungal genera were identified that are capable of degrading various
synthetic polymers (Ibrahim et al., 2024). Although the mechanisms involved are largely unknown
(Hahn & Hennecke, 2023), given the various abilities and high adaptability of microorganisms to
degrade other complex energy-rich organic structures, it seems reasonable that similar versatile and
complex webs of degrading mechanisms evolve for plastic polymers (Andler et al., 2022). However,
synthetic polymers are still a niche carbon source compared to other organic compounds, implying
that evolutionary pressure for organisms to evolve suitable enzymatic attack mechanisms remain
low outside of substantial pollution hotspots (Oberbeckmann & Labrenz, 2020). Yoshida et al.
(2016) identified polyethylene terephthalate (PET)-degrading bacteria in the sediments near a PET
bottle recycling facility in Japan. Microbial and enzymatic degradation are interesting for technical
recycling applications due to enhanced, cleaner recyclates and improved sustainability (Akram et
al., 2024). A first enzymatic bio-recycling plant in France has been installed (Tournier et al., 2020).

Studying these processes in the environment is difficult, also because many bacterial communities
growing on polymers are not directly metabolising their constituents. While some might be
important for involved processes e.g. by feeding on plastic degradation products, others just use
the opportunity to colonise a floating surface as a hitchhiking vehicle through the ocean in order to
consume water solutes and organic matter (Oberbeckmann et al., 2021). The complex and ever-
changing interplay of physicochemical and biological degradation processes introduces considerable
uncertainties in degradation rates (Gewert et al., 2015; Hahn & Hennecke, 2023). For instance, it
has been noted that degradation efficiencies may be overestimated due to the relatively rapid initial
breakdown of monomeric or oligomeric residues within the polymeric matrix (Klaeger et al., 2019).
On the other hand, natural communities of degraders and their metabolic supporters may be more
efficient than individual representatives extracted for study (Hahn & Hennecke, 2023). Yet, if and
where environmental biodegradation of plastic polymers can contribute a quantitatively significant
effect to its removal is unclear.

As a result of this continuous but foremost physicochemically driven fragmentation process, MP
are being created as an intermediary size unit, often defined as being between 1 pm and 1 or 5
mm in their longest dimension. While the upper limit of 1 mm complies with the metric system
(Hartmann et al., 2019), 5 mm is a more practical limit coined when scientists found plastic pieces
in nature that escaped reliable identification and characterisation by the naked eye (Thompson et
al., 2004). The effective lower size limit is mainly determined by the capabilities of the analytical
detection limits. Although some analytical techniques can achieve sub-micron scale such as Raman
spectroscopy (Gillibert et al., 2019), they are not yet widely applied, and practical limits arise
concerning increasing self-contamination in the processing pipeline when working with particles in
the sub 10 nm range under typical laboratory conditions (i.e. no certified cleanroom facilities). The
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chemical analysis of MP is a large research field on its own with multiple analytical approaches
that were customised to MP characterisation as summarised by several comprehensive reviews
on the topic (Ivleva, 2021; Primpke et al., 2020). In the context of this thesis foremost Raman
spectroscopy has been used. This technique coupled to microscopy and highly automated particle
recognition routines is applied in state-of-the-art MP particle quantification methods, achieving
particle detection limits in the lower micron size range, 1 nm theoretically, 4 pm practically (Brandt
et al., 2020). The identification thereby is facilitated by collecting the spectral Raman scattering
signal induced by an incident laser on a particle surface. The bands of varying intensity reveal
the vibrational frequencies of excited Raman-active chemical groups and together form a chemical
fingerprint of the material present at the measurement spot (Kappler et al., 2016). The high-
throughput collection and evaluation of spectra on tens of thousands of particles per sample is
the basis for the complete quantification and characterisation of the MP load in entire sample sets
(Brandt et al., 2020). In contrast to mass-based methods such as pyrolysis-gas chromatography
coupled mass-spectrometry, Raman and other vibrational spectroscopic methods such as Fourier
transform infrared (FTIR) operate particle-based and provide information on particle characteristics
such as size and shape, which are fundamental information regarding the study of particle transport
processes.

In recent years, efforts were devoted to detect nanometer-sized plastic particles. The scales and
occurrences of nanoplastics, however, have so far been explored primarily through theoretical
models and under laboratory experiments, as isolating these particles from environmental matrices
becomes increasingly challenging at smaller sizes (Koelmans et al., 2015; Mattsson et al., 2021).
The existence of nanoplastics seems plausible, due to the continuous breakdown of matter, resulting
in increasingly numerous and smaller particles which approach the smallest possible polymer
and eventually oligomer units ranging in the lower nanometer scales (as a comparative example:
the length of a CC-bond is 0.154 nm, a polyvinyl chloride (PVC) monomer unit measures 0.25
nm, Wunderlich, 2005). Under ultraviolet (UV) radiation in the laboratory, Pfohl et al. (2022)
demonstrated that polymers continuously fragmented down to 10 nm suggesting that the formation
of water-soluble organics and internalisation by microbes is possible. Yet, the stability of micro-
and nanoplastics in the natural environment remains largely unknown. A certain size range could
exist where they exhibit enhanced stability, being sufficiently small to avoid physical damage due to
increased mobility, yet large enough to resist microbial degradation. Given the analytical challenges
that already arise for small MP (e.g. single particle handling and characterisation), protocols
adopted for MP appear mostly inapplicable for nanoplastics (Zhang et al., 2022; Azeem et al.,
2023). The focus of this thesis lies within the MP size spectrum.

Physicochemical impacts of MP

Plastic production demands large quantities of chemicals. Additives are commonly applied to impart
or enhance specific properties, e.g. plasticisers, flame retardants, surfactants, thermal and UV
stabilisers, antioxidants, pigments, antistatics, nanoparticles or nanofibres, biocides, and fragrances.
Residues of processing aids such as lubricants, solvents and catalysts facilitate plastic production or
processing and can be retained in the plastic products. Unpolymerised monomers, breakdown and
by-products of the reactions can remain in the polymers due to incomplete or impure production
processes (Wiesinger et al., 2021). According to a review by Wagner et al. (2024), more than 16,000
different chemical substances are associated with the production and manufacturing of synthetic
polymers. 15 chemical groups related to plastics are categorised as hazardous, e.g. phthalates,
bisphenols, parabenes, aromatic amides, benzotriazoles. However, these numbers are incomplete
due to the problem of missing characterisation, usage declaration and harmonisation of information
and regulations (Wagner et al., 2024).

Under EU criteria, approximately a fourth of the plastic-associated chemicals are categorised as
substances of potential concern due to their persistence, bioaccumulation and toxicity (Wiesinger
et al., 2021). For over 10,000 plastic-associated compounds hazard information is missing. Half of
those are assigned a high level of concern, due to high production volumes exceeding 1,000 tonnes
annually (Wagner et al., 2024). The additive content in common technical polymers ranges between
0.05% - 70%. Many compounds are not covalently bound to the polymer matrix and leak throughout
all stages of a (micro)plastic life cycle from production, transport, usage, potential recycling stages
to the dump site, and as part of a chemical degradation process leading to ecosystem exposure.
Continued fragmentation increases the exposure potential to a larger range of organisms due to
increased mobility and the increase of particle numbers and exposure surface. Associated chemicals
still entrapped in the polymer matrix experience a time-delayed release, also referred to as the
‘plastic toxicity debt’ (Rillig et al., 2021), as newly exposed larger relative polymer surface areas
are created. Thus, ecosystem implications can be expected long-term and outlast the materials
operating life.

The effects of the hazardous chemicals associated with plastics span from carcinogenicity, muta-
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genicity, endocrine disruption, reproductive toxicity, developmental toxicity, ecotoxicity to aquatic
organisms, nerve damage, metabolic effects, and biocidal effects (Groh et al., 2019). Chemical
cocktail effects can occur from intendedly added substances during production as well as substances
absorbed during their life cycle. The creation of new chemical additives and their potential chemical
cocktail effects outpace the capacity in toxicological exposure risk assessments (Wiesinger et al.,
2021; Wagner et al., 2024). Recent leachate toxicity tests that are capable of capturing the mixture
effect of MP revealed that polycarbonate (PC), rubber, polyurethane (PU) and PVC induce
highest toxicity, polypropylene (PP) and polyamide (PA) showed lowest toxicities across studies
and organisms tested, as summarised by Wagner et al. (2024). These leachate tests also showed
that preproduction pellets are less toxic than the final products, which were equipped with further
additives.

Human exposure to plastic-related chemicals (additives, residual monomers, degradation products)
is supposedly highest in situations involving direct contact, for instance, among workers in the
plastic or recycling industry (Koch & Calafat, 2009; He et al., 2015). Elevated exposure is also
linked to household products such as dust from carpets and other textiles (Soltani et al., 2021;
Abb et al., 2009) and leachables from food-contact materials (Muncke et al., 2020; Hutter et al.,
2016). A recent review classified the effects of MP on humans as suspected to be harmful for the
reproductive, digestive, and respiratory system, however, the current body of evidence is rated low
(Chartres et al., 2024).

There are documented physicochemical effects of plastics at all sizes on a broad range of biota.
Among the most relevant are internal (intestinal blockage, injury) and external physical damage
(entanglement, suffocation, mobility loss), accumulation and resulting reduction of food intake and
oxidative stress (Koelmans et al., 2022a). Although there are more adverse effects described in the
literature (e.g. inflammation, see also a comprehensive review by Koelmans et al. (2022a)) they
currently suffer a low weight of evidence (de Ruijter et al., 2020). Overall the physical harm posed
by MP is not fully explored. It is plausible that, analogous to asbestos fibres, combustion-derived
particles and mineral dust, certain shapes and sizes of MP can inflict similarly severe adverse health
outcomes (Wilber & Clarke, 2001; Newcombe & Macdonald, 1991; Bour et al., 2018; Rillig et al.,
2019; Koelmans et al., 2022a; Wieland et al., 2022). Under most environmental conditions, however,
MP are vastly outnumbered by other anthropogenic and natural particulates, and dose-effect studies
typically test concentrations orders of magnitude above environmentally relevant levels (Lenz et al.,
2016). Only few studies exist that included natural particles as references at similar concentrations
in order to discriminate between the mechanical stress and the chemical exposure (Casado et al.,
2013; Watts et al., 2016; Ogonowski et al., 2016; Straub et al., 2017; Scherer et al., 2020). In Scherer
et al. (2020) and the critical review by Ogonowski et al. (2018) it was concluded that MP effects
were largely indistinguishable from those of natural particles, pointing towards a primarily physical
mechanism of action - a conclusion that is also supported by studies on the effects of suspended
sediment (Wilber & Clarke, 2001; Newcombe & Macdonald, 1991). Furthermore, the lower effect
levels observed for MP compared to minerals were explained by their longer relative suspension
time in water. However, open questions remain, particularly concerning environmentally realistic
MP morphology and ageing stages, chronic and population-level effects, and the use of standardised,
realistic dose metrics (Ogonowski et al., 2018).

Physical particle properties are relevant for the damage they can cause on different organisms, re-
quiring particle-based analysis to produce the data. In this context, Rillig et al. (2019) hypothesised
that synthetic particles with shapes most dissimilar to natural particles at equivalent size scales pose
the highest risk to organisms. However, this depends on the morphology of particles to which the
organisms are adapted to handle. The multidimensionality of physical and chemical configurations
of MP complicates a comprehensive risk assessment, yet the context of other environmental factors,
such as the natural suspended particle load, should always be considered (Ogonowski et al., 2018;
Kooi et al., 2021; Koelmans et al., 2022a). This includes the relatively recent exploration of presence
and effects of MP in the human body, where the general particle effect has not yet been put in this
context, aside from current methodological limitations of small sample volumes and insufficient
blind control (Leslie et al., 2022; Noonan et al., 2023).

MP particles can act as carriers for environmental pollutants, particularly hydrophobic organic
chemicals such as polycyclic aromatic hydrocarbons (PAH) and polychlorinated biphenyls (PCB),
which has been documented by several studies analysing MP from marine environments (Teuten et
al., 2009; Rochman et al., 2013b; Sgrensen et al., 2020). Fragmented and aged plastics typically
exhibit higher absorption capacities, owing to their larger relative surface-area-to-volume ratio of
MP compared to larger plastic debris. The property of MP to attract and retain hydrophobic
organic pollutants is even utilised in toxicological screenings to sample these chemicals and assess
water pollution levels (Fries & Zarfl, 2012). Adsorption and desorption of chemicals is governed by
equilibrium partition coefficients. Consequently, MP can have either a cleansing or contaminating
effect. Koelmans et al. (2016) showed that the partitioning coefficients between organic pollutants
and MP typically do not reach equilibrium in marine environments and that the total share of
organic pollutants adsorbed to natural matter by far outweighs those adsorbed to MP, mainly
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because MP are far less abundant. As a result, MP make only a minor contribution in transferring
organic pollutants to organisms as the uptake of (contaminated) natural food is by far higher
(Gouin et al., 2011; Koelmans et al., 2016, 2022b). Thus, while chemicals inherently associated
with plastic production and MP composition pose relevant concerns when exposed to organisms
as addressed above, MP represent only one of many particulate vectors that transport persistent
organic pollutants (POP).

Knowledge on the extent, composition and distribution of MP is pivotal to determine exposure rates
and perform meaningful risk assessments of this emerging contaminant that potentially jeopardises
ecosystem integrity (Lenz et al., 2016; Koelmans et al., 2022a).

Plastics share in crossing planetary boundaries

MP are not an isolated environmental problem but deeply interconnected with several major
contemporary threats to human and ecosystem well-being. Within the concept of planetary
boundaries (Rockstrom et al., 2009) the relevance and problem areas of this globally emerging
contaminant can be outlined (Steffen et al., 2015; Persson et al., 2022; Richardson et al., 2023).
This framework defines measurable control parameters of several key processes to trace the scale of
change in Earth system processes, aiming to keep them within ‘safe’ operating spaces, i.e. conditions
similar to those of the Holocene epoch, to which the human and many other contemporary species
are adapted. Abruptly crossing these safe planetary boundaries provokes persistent changes in
the current state of natural systems, known as regime shifts, thereby jeopardising life as it exists
today. These processes can lead to irreversible changes such as extinction, or can be long-lasting
such as climate change and persistent contamination (Zalasiewicz et al., 2024). Within the concept,
(micro)plastics are defined as novel entities, i.e. introduced substances which are not readily
compatible with natural systems or whose abundance and cycling are substantially altered by
anthropogenic activities (Steffen et al., 2015; Villarrubia-Gémez et al., 2024). The following key
processes regarded by the planetary boundaries framework are particularly relevant in the context
of plastic pollution (Carney Almroth et al., 2022; Schmidt et al., 2024; Villarrubia-Gémez et al.,
2024):

e Chemical pollution: the uncontrolled release of chemical substances of known or unknown
toxic effects associated to plastic manufacturing, recycling, usage and disposal is persistent in
the environment and incompatible with natural systems

o Biodiversity loss: the ongoing loss of biodiversity is exacerbated by plastic pollution, for
instance, when already endangered species ingest (micro)plastic debris or become entangled
in it

e Climate change: the alteration of global climate patterns due to increased greenhouse gas
emissions, which are linked to plastic production and waste management practices. Nearly all
plastics (98 - 99%) today are produced from fossil-carbon resources, i.e. reactivated storage
carbon (Walker & Fequet, 2023). Plastics are roughly 80% carbon by mass, underscoring their
role in global carbon cycling in the context of climate change (Bazargan et al., 2013). By 2024,
atmospheric carbon dioxide (CO,) reached ~427 ppm (520 ppm, including CO, equivalents of
other greenhouse gases) with mean surface temperatures 1.6°C above pre-industrial levels
(Rohde, 2025). Plastics contribute about 7% of global greenhouse gas emissions, comparable
to emissions from the cement industry (8%, Mishra et al. (2022)). Projections expect a 10 -
13% share by 2050 from plastic production and incineration alone (Shen et al., 2020). These
estimates omit emissions from plastic degradation, secondary effects of fossil fuel extraction
such as wood clearing or pipeline leakage, and biogeochemical feedback (e.g. impacts on the
phytoplankton carbon pump), which remain to be quantified (Shen et al., 2020).

Hence, there is a clear incentive to investigate the effects of this novel entity. Understanding its
distribution processes and abundance is an important prerequisite for generating the necessary
motivation to respond when and where impacts of plastic pollution become attributable and evident.

Tracing human impact in geological records

On geological time scales, synthetic plastic has existed only for a very short moment in time.
However, due to its persistence in environmental systems, it will remain evident in Earth’s historical
geological records. Sediment cores taken around the world show a temporal MP distribution that
resembles global plastic production trends, if undisturbed conditions are selected and minimum
dating standards are applied (Brandon et al., 2019; Dong et al., 2020; Chen et al., 2022; Martin
et al., 2022; Turner et al., 2019). Future archaeologists could take this material as one of the
key signals of our times. MP have already been discussed as a supplementary marker under the
Anthropocene concept, as their rise coincides with the increased acceleration of resource usage and
cycling Zalasiewicz et al. (2016). The Anthropocene, coined by Crutzen (2002) in his publication
‘the geology of humankind’, is proposed as the point in time when human influence significantly
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accelerated and became dominant over natural processes, as a clear deviation from stable Holocene
conditions, that the current biosphere is adapted to. The close linkage to the planetary boundary
concept is apparent (Zalasiewicz et al., 2024), and the search for geostratigraphic markers of the
Anthropocene could be interpreted as its sedimentary manifestation.

MP are an interesting candidate in this context as they are an entirely novel anthropogenic material,
also termed ‘technofossil’ (Chen et al., 2022), absent in geological records before production began.
Besides, many other markers have been identified, for instance, black carbon from increased
fossil fuel combustion, pesticides and plutonium from hydrogen-bomb tests in 1952, the latter
of which has been found to be the most favourable primary marker (Waters et al., 2022). The
formalisation of the Anthropocene as a geological epoch, aiming at defining a starting point for
this proposed ‘stratigraphic unit’, has not been agreed upon. While there is clear evidence of
the distinct anthropogenic changes and acceleration of resource usage which are preserved in
sediments (Subramanian, 2019), the extent of these changes cannot currently be foreseen. Epochs
are traditionally defined in retrospect, when their propagation and extent can be evaluated based on
geological time scales. Currently existing strata of the proposed epoch are very young and represent
only the potential lower boundary (Prillaman, 2023). Nevertheless, this demonstrates the ability of
the sediment to archive and document human-induced change, reflected in the increasing trends of
multiple constituents including particulates as MP. Even if plastic emission were to substantially
decrease, the existing plastic legacy in land and water repositories would lead to further MP
deposition on the sediment beds over centuries (Waters et al., 2022). A review paper by Chen et al.
(2022) aligned specific strata with polymer types that were invented and subsequently introduced
in the respective time period. Four layers were distinguishable: rayon (from 1910s), mixed polymer
types (from 1930s), PP and polystyrene (PS) (from 1950s), and PET (from 1970s), despite the
overall marked quantitative increase from the 1950s onwards. Together with the above mentioned
studies, this shows clear evidence for chrono-stratigraphic preservation of MP in sediments. Yet, it
has to be noted that potential vertical particle migration, dating uncertainties and contamination
constitute reoccurring problems in these analyses (Barsanti et al., 2020; Dimante-Deimantovica et
al., 2024). MP samples from sediment cores are especially prone to erroneous results, as sample
volumes are typically too small to deliver statistically robust MP numbers. As new layers of
sediment continue to accumulate over time, pressure increases, expels pore water and compacts the
sediment (Parga Martinez et al., 2024). If the sediment is not disrupted by extreme storm events,
bioturbation or anthropogenic influences, MP can be regarded as ultimately removed from active
cycling in the ecosystem. This kind of long term storage or sequestration is considered the major
sink mechanism and predominantly occurs in deep sea environments (Woodall et al., 2014; Einsele,
2000).

Sediments as passive MP samplers: an untapped potential
for monitoring

Despite their relevance as the potentially largest MP reservoir, spanning more than 70% of Earth’s
surface, sediments are greatly understudied and MP estimates are subject to major uncertainties,
as reliable quantification and monitoring remain challenging (Alimi et al., 2018). In contrast to
sediments, surface and intermediate waters have a highly dynamic nature which hampers reliable
spatio-temporal comparisons of MP abundances and determination of MP inventories. This is
reflected in the many publications finding contradicting or unexplained temporal or spatial trends
(Tekman et al., 2022) and the search for the missing plastic fraction (van Sebille et al., 2020).
Several multi-decade studies exist, for instance, surface water monitoring of the Western North
Atlantic and the North Pacific subtropical gyre showed an increase in MP abundance (Goldstein
et al., 2012; Wilcox et al., 2020), whereas beach litter surveys from the North Sea (Schulz et al.,
2015), water and fish stomachs from the Baltic Sea (Beer et al., 2018) and waters within the North
Atlantic subtropical gyres (Law et al., 2010, 2014) showed no clear temporal trends. Overall, water
bodies represent intermediate ‘pass-through’ compartments with high spatio-temporal variability,
and together with the high dilution factor, they appear disadvantageous for long-term monitoring
particulates. When entering the aquatic environment, MP begin their journey to the sediments,
governed by the physics of natural particle transport. This ‘top-down’ movement of MP is also
supported by a modelling study that estimated a residence time for plastic at the ocean surface
layer to lie just within a few years, with 99% of aquatic plastic debris expected to be found in the
deep sea (Koelmans et al., 2017). This process can occur over shorter or longer time scales and may
involve multiple intermediate reservoirs and cycles, such as interactions with biota, resuspension, re-
attachment cycles of biofilms, as explained in more detail below (‘MP particle transport dynamics’).
As the lower boundary of all aquatic environments, sediments are characterised by continuous
particle deposition and accumulation (Dutkiewicz et al., 2015). This makes them a particularly
suitable compartment for monitoring, as they act as passive particle samplers with a natural
archiving function. With the ability to document the time-resolved emergence and vanishing of
contaminants, sediments can offer valuable feedback on environmental management interventions.
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Accordingly, they have been widely used to assess long-term trends of various pollutants, including
organic contaminants, heavy metals and trace elements (Chiaia-Herndndez et al., 2022). The
characteristics and hence the distribution and deposition behaviour of macroplastic debris vary
greatly, resulting in non-linear trends and localised occurrences in sediments (Canals et al., 2021).
In contrast, MP are smaller, more abundant, more mobile, and share physical property ranges
with naturally occurring particulates. As a result, their spatial distribution is broader and more
finely resolved, enabling more representative and feasible monitoring. In the context of this thesis,
estuarine sedimentary environments are identified as largely overlooked intermediate MP reservoirs
that need to be approached by improvements in the quantification of MP in this complex particulate
matrix.

MP particle transport dynamics

Reliably determining plastic inventories in the aquatic environment is difficult, not only because
of the sheer scale. Plastic-particle distribution in water is highly dynamic in space and time -
hydrodynamic. The multidimensionality of physical properties of plastic particles adds up to this
(Koot et al., 2021). Although atmospheric transport to the aquatic environment also plays a role,
the focus here lies on hydrodynamic processes on a particle’s path from the surface into and along
the sediments. To better understand the distribution and sorting of MP in the aquatic environment,
an overarching research question of this thesis is whether and how sediment qualities, grain size
distributions in particular, reveal MP distribution patterns. In order to provide the necessary
background, a brief overview of major particle transport mechanisms is provided here.

Surface water transport

Plastic distribution in surface waters is influenced by a multitude of physical processes: large-scale
and sub-meso-scale open ocean processes (geostrophic flow, eddies), Stokes drift, internal tides,
windage, Langmuir circulation or coastal currents and waves, ice formation processes, river plumes,
coastal fronts and extreme events as well as biology; scaling with water depth and size of an aquatic
region (van Sebille et al., 2020). It has been shown that the large-scale distribution of positively
buoyant MP can be largely explained by the Ekman theory or geostrophic circulation, which is
capable of describing the accumulation of macro to micro-scale plastic in the subtropical gyres,
although many smaller scale processes are involved and influence their distribution (Kubota, 1994;
Martinez et al., 2009; Onink et al., 2019). Yet, due to the strong sensitivity to particle density near
that of water, reliable predictions, especially on smaller regional scales, remain difficult. Many of
these physical processes were already intensively studied in other contexts such as plankton, ice, oil
pollution and sediments distribution. As plastic is a unique anthropogenic tracer it aids to further
understand physical processes, validate and improve ocean circulation models. A comprehensive
review on these physical processes affecting (micro)plastic transport in surface waters is provided
by van Sebille et al. (2020). While many aquatic MP sampling campaigns have focused on surface
waters, considerably less data are available on their vertical distribution (Liu et al., 2020). Actual
surface MP concentrations greatly depend on the turbulence level, primarily driven by wind forcing
or geostrophic circulation. As a result, surface sampling is influenced not only by momentary
horizontal variability but also prone to inconsistencies related to the vertical distribution of MP
(Kukulka et al., 2012). Despite having higher densities than water, denser MP and other fine
particulates are often found in surface waters, when sufficient diffusivity keeps them suspended
(Enders et al., 2015). Under low-diffusivity conditions, a sea surface microlayer can establish
concentrating particulate matter and biofilm aggregates through surface tension effects and air
enclosure (Valero et al., 2022).

Transport in suspension

Suspended MP distribution patterns largely mirror prevailing oceanographic conditions (van Sebille
et al., 2020). In the convergence zones of oceanic gyres, for instance, sub-surface waters exhibit a
more pronounced separation of polymer type (i.e. high vs. low densities), in concentrations and size,
reflecting the mixing processes, i.e. wind-driven Ekman transport and downwelling, at the surface
ocean. A one-dimensional vertical diffusion-advection model can simulate the size dependence of
low-density MP, supporting their vertical distribution in the sub-surface waters (Enders et al., 2015).
Overall physical mechanisms that determine the vertical net transport of a particle - sinking or not
sinking - are described by the downward gravitational forces and upward Stokes drag, predominantly
governed by the densities of the particle and water, particle size and shape (Stokes, 1851). For
larger particles in the micrometre range Stokes’ law becomes inaccurate (e.g. for quartz > 100 pm)
and semi-empirical equations more suitable, as inertial forces start to dominate over viscous forces,
a transition from laminar towards turbulent flow as described by the Reynolds number (Ferguson
& Church, 2004). For MP this transitional size would be larger, depending on the specific density.
While striving towards neutral buoyancy through sinking or rising, the particle’s motion can be
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counteracted by turbulent mixing, a force that keeps particles in suspension. When the turbulence
level falls below a particle’s drag threshold, the particle settles onto the sediment bed (Khatmullina
& Isachenko, 2017).

Terminal settling velocity has been an intensively studied parameter in sedimentology and hydrody-
namics. More recently, studies determined settling and rising velocities for MP with a range of
physical properties under laboratory conditions (e.g. Khatmullina & Isachenko, 2017; Kaiser et al.,
2019; Waldschlager & Schiittrumpf, 2019). Although irregular particles tend to orient with their
smallest cross-section to the flow to minimise resistance, this orientation can be regularly interrupted
by a variety of secondary movements such as oscillation and rotation (Gram et al., 2016; Bagaev et
al., 2017). It is thus argued that hydrodynamic drag models for MP need to incorporate shape
descriptors (Waldschldager & Schiittrumpf, 2019; Chubarenko et al., 2024). Among the available
descriptors, sphericity was found to be the most suitable due to its capability to also describe thin
films (Van Melkebeke et al., 2020). The shape-dependent drag model of Dioguardi et al. (2018)
suited best for a large variety of shapes of 140 MP tested by Van Melkebeke et al. (2020). The
findings underscore the importance of a detailed shape determination in MP analysis, when aiming
to describe the pathway of MP in water. Ideally the extent in three spatial dimensions needs to be
known, yet particle height is not typically determined in MP studies. As part of this thesis height
measurement methods were refined and validated (Enders et al., subm.).

Bed load transport

Once a particle is deposited on the sediment bed, it remains subject to near-bed turbulence induced
by currents or wave action. This can lead to repeated re-initiation of motion. Such particle
remobilisation is part of near-bottom, short-distance transport, known as bed load transport, which
excerpts different modes of motion: rolling, saltation and sliding (Van Rijn, 1984). During extreme
storm events or other periods of intense hydrodynamic forcing, particles may be resuspended to the
water column, potentially enabling longer distance transport. The hydrodynamic force required to
remobilise a specific particle is described by the critical bed shear stress. One of the most widely
applied empirically derived equations to describe the onset of particle motion on the sediment bed
is the modified Shield’s diagram by Soulsby (Shields, 1936; Soulsby, 1997).

This function expresses that the critical bed shear stress mainly depends on grain size, where
smaller grains are more likely to be transported than larger ones, however, finer sediment tends to
compress i.e. consolidate over time which reduces the initiation of motion of single particles. Yet, it
neglects further complexities associated with the sediment such as particle - particle interactions of
different grain sizes, the variability of specific particle densities and shapes other than spherical,
sorting, peak turbulence, interlocking, bed morphology, bed armouring or grain exposure (Yang et
al., 2019).

First measurements of MP resuspension thresholds show a dependence on the same parameters
as natural particles (Ballent et al., 2012; Waldschldger & Schiittrumpf, 2019). Waldschlager &
Schiittrumpf (2019) derived critical bed shear stress values for four different shapes of virgin MP
and varying sizes > 500 pm and set up a customised formula. However, these equations cover only
a limited range of MP characteristics and sediment grain sizes, with notable limitations for smaller
MP.

Post-depositional reworking

Multiple processes can disturb sediments, leading to resorting of sediments that disrupt their chrono-
logical integrity and group formerly unrelated particles. These disturbances reduce stratigraphic
resolution and vertically homogenise dating profiles, stratigraphic markers, as well as MP contents.

Hydrodynamic mixing

Wind, wave and current generate turbulent forces that lead to re-suspension of deposited sediment.
In shallow estuaries, without tidal activity, waves and storms are the primary drivers (Green &
Coco, 2014). Depending on the hydrodynamic force, short (bed load transport) or long term
(suspended) transport of matter can be induced, as described above. In practice, it is not trivial to
distinguish between suspended and bed load transport in the field as well as in the laboratory due
to interference and overlaps in temporal and spatial scales (Ancey, 2020a).

Bioturbation and anthroturbation

Bioturbation refers to the mixing of particles within the sediment or their resuspension into the
water column due to biological activity. Some organisms simply move through the sediments
in search of food or shelter, while others ingest sediment and subsequently defecate it, thereby
dislodging sediment volume (Meysman et al., 2006; Kristensen et al., 2012). Biogenic sediment
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displacement and bubble formation have also been shown to promote granular size segregation
(Srivastava et al., 2021; Savranskaia et al., 2022). Through these processes benthic organisms
can facilitate both the burial as well as the remobilisation of archived MP, either directly via
bioturbation or through ingestion and subsequent transfer to higher trophic levels (Sandgaard et
al., 2023). Several laboratory and mesocosm studies have demonstrated that bioturbation also
applies to MP (Nakki et al., 2017; Cozzoli et al., 2019; Panté et al., 2024, 2025). While it may
be regionally relevant in some natural environments, the larger scale extent and impact remains
hard to predict (You et al., 2023). Although, there is a lack of studies comparing natural sediment
grains to MP concerning burial depth and efficiency, there is no evidence suggesting that MP is
disproportionately affected by bioturbation (Gebhardt & Forster, 2018).

Direct anthropogenic sediment disturbances originate from fishing activities such as bottom trawl-
ing, from hydraulic modifications such as dredging (extraction and redeposition of sediment) or
construction of coastal or offshore infrastructure as well as from mining and drilling (Bruns et al.,
2023; Chen et al., 2022; Bailey et al., 2024; Gazis et al., 2025; Jones et al., 2021). Such interventions
not only actively displace sediments, but can also lead to long-term alterations in hydrodynamics,
resulting in the reorganisation of sediment layers. Also indirect anthropogenically altered conditions
can rework the sediments by reshaping benthic community extension and composition, with effects
on local hydrodynamics, erosion and bioturbation intensity (Widdows & Brinsley, 2002). As for
instance through nutrient-driven eutrophication which typically initially enhances productivity, over
longer periods creates anoxic dead zones (Middelburg & Levin, 2009; Murray et al., 2019). Similarly,
pollutants can influence the benthic community with a shift towards more tolerant or functional
organisms. This has been observed in the vicinity of munition dump sites of the two world wars,
where the bacteria community is significantly different to areas without pollution impact (JanBen
et al., 2021). Yet the presence of physical structures typically leads to a local increase of biological
activity and biodiversity (Vedenin et al., 2024).

Infiltration

The vertical transport of finer particles into existing pore spaces between coarser sediments has been
demonstrated, both for MP (e.g. Waldschlidger & Schiittrumpf, 2020; Mancini et al., 2023; Munz
et al., 2024) and clastic sediments (see reviewed papers in Packman & MacKay, 2003; or Jaiswal
et al., 2024), with the first systematic flume study performed by Einstein (1968). Infiltration can
lead to temporary or long term retention of fine sediments and changes the sediment stratigraphy.
Existing studies investigating the infiltration mechanism of MP, are in overall agreement with the
former sedimentological observations concluding on particle size ratios, shape and infiltration depth
profile (Waldschlager & Schiittrumpf, 2020). The median grain size ratio of the infiltrating fines
to the coarser substrate, termed the infiltration size ratio depends on the hydrodynamic forcing
on the sediment bed and the resulting hyporheic flow (Jaiswal et al., 2024). Stream beds can
become clogged when intersticial pores are fill up, then inhibiting further infiltration and effectively
clogging the sediment bed. Infiltration of fine sediments and MP has been described in laboratory
studies to occur at infiltration size ratios between 0.32 and 0.11 (Schruff, 2018; Waldschlager &
Schiittrumpf, 2020). Below 0.11, particles tended to percolate through. Generally, the infiltration
potential and depth are higher for particles with higher sphericity, whereas density differences of the
fine infiltrating particles appear not to be determining (Mancini et al., 2023). As density is a main
difference between MP and clastic sediment grains, MP is unlikely to be more prone to infiltration.

Most studies describe the infiltration behaviour of fines in fluvial systems, typically dominated by
coarse gravel, due to their relevance in stream bed management (Schruff, 2018). Their experimental
designs typically use simulated stream beds in the form of open-circuit or recirculating flumes, with
relatively large hydrodynamic forcing and non-representative model particles such as spherical-
shaped glass spheres as sediment infiltrated by non-degraded MP (Boos et al., 2024). More realistic
environmental particles with higher particle angularity and multimodal size distributions would
reduce the likelihood of infiltration (Waldschlager & Schiittrumpf, 2020). Furthermore, organic
matter presence and quickly established biofilms on particles exposed to the aquatic environment,
makes them more prone to agglomerate to larger material composites, reduce single particle
transport as well as pore spaces, and thus infiltration of particles in the lower micrometre scale
(Boos et al., 2024). The relevance of this process in other environments besides coarse stream bed
and energetic coastal swash zones, such as estuaries and marine waters with calmer hydrodynamic
forcing on the sediment bed and smaller median grain sizes, infiltration is likely to play a minor role
(Tian et al., 2023). This is supported by a median size comparison of MP and sediments of samples
taken in the Schlei (Enders et al., subm.), where an effective infiltration ratio in coarser sediment
regions was not reached. Overall, it often remains a challenge to distinguish between infiltration
and hydrodynamic mixing in sedimentology, while bioturbation can leave traces of fossils, speckles
and burrow structures or a speckled stratigraphy, infiltration is more difficult to identify.
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Aggregation

Despite the large fraction of initially positively buoyant MP (PE and PP), many studies find equal
shares of high and low-density polymers, reflecting the full range of produced polymers, in sediment
samples (Enders et al., 2019; Klein et al., 2015). That is largely because, over time and with ongoing
fragmentation a majority of MP are transported in aggregates such as other suspended fine particles.
These aggregates or flocs can consist of a variety of inorganic (clay, silt) and organic dead (detritus,
faeces, organic debris) and alive (microorganisms) particulate matter (Droppo, 2001; Papenmeier et
al., 2014). Flocs occur in the water column as well as on the sediment bed surface (Droppo, 2001).
Microflocs (referred to up to a upper size limit between 100 - 160 pm) are considered relatively
dense and stable. They can aggregate to macroflocs which can reach sizes orders of magnitude
larger than their constituent particles, yet are more porous and fragile. Organic-rich flocs can grow
up to several millimetres, containing up to the order of one million of inorganic particles (Eisma,
1986; Papenmeier et al., 2014).

Floc properties can greatly deviate from those of the constituting particles and alter their net
transport behaviour. Non-permeable flocs have a higher terminal velocity than its individual parts,
but lower then an equally sized sediment particle of equivalent-volumetric diameter (Strom &
Keyvani, 2011). Therefore floc formation constitutes a major contribution to a faster deposition
of MP (Long et al., 2015; Thit et al., 2022). Floc composition and size is constantly changing,
as a response to environmental conditions and available building components. Smaller particles
sizes become more influenced by particle-particle interactions, due to their increased surface-area-
to-volume ratio and usually longer time in suspension. The formation of flocs depends on the
collision probability, which in turn depends on the hydrodynamic turbulence and concentrations of
dissolved ions and other solutes, as well as particle abundance, coatings and electro-chemical forces
between them (attraction by van der Waals, repulsion by electrical double layer forces) (Mhashhash
et al., 2018; Papenmeier et al., 2014; Thit et al., 2022; Alimi et al., 2018). While a certain level
of turbulence fosters flocculation as it increases collision probability, with stronger turbulences,
however, disintegration becomes more likely (Eisma, 1986; Mhashhash et al., 2018). Estuaries
are particularly effective flocculation and particle trapping zones. The large volumes of material
transported through estuaries, combined with the mixing of freshwater and seawater, create sharp
salinity gradients and ionic shifts that promote floc formation especially at the turbidity maximum
(Burchard et al., 2018).

Experimental results demonstrate that high density polymers are integrated into aggregates with
fine-grained sediment particles, leading to an increase in settling velocity compared to the individual
PVC particles (Andersen et al., 2021). It has been shown that MP < 162 pm are predominantly
transported within aggregates, independent of their density, even though floc sinking velocity may
decrease due to the reduced net density. MP integration did not significantly influence overall floc
size compared to flocs formed without MP (Leiser et al., 2021; Wu et al., 2024). Given the low
relative number of MP compared to natural particles, their impact on the reduction or acceleration
of organic matter and carbon sequestration appears relatively minor. A recent study determined
that plastic-derived carbon accounted for between 0.3% to 3.8% of the total particulate organic
carbon flux exported via the biological carbon pump in the North Atlantic Ocean (Galgani et al.,
2022).

Biofouling

The formation of an eco-corona, layers of various biomolecules such as proteins, nucleic acids,
surfactants and lipids on the surface of particles occurs rapidly in the aquatic environment (Galloway
et al., 2017; Yang et al., 2025). This nutritional layer attracts bacteria attaching to these surfaces
to take the advantage of increased nutrient availability compared to the surrounding water. The
colonisation by microorganisms accompanied by the self-production of extracellular polymeric
substances composed of a polysaccharides, is referred to as biofilm formation (Thit et al., 2022).
Studies have shown that within a few weeks of exposure, mature biofilms can develop on the
MP surface in the aquatic environment (Kaiser et al., 2017). The presence of organic matter
and microorganisms enhances particle stickiness and early biofouling (Eisma, 1986), accelerating
aggregation, continued biofouling and ultimately promoting faster sinking. Biofilm formation has
been shown to be one of the main drivers for vertical transport of intrinsically buoyant MP (Kaiser
et al., 2017). However, this net increase in settling velocity, can also be temporarily reversed
upon detachment, remineralisation or grazing by biota, leading to up- and downcycling in the
water column (Kooi et al., 2017). Most plastic materials are characterised by hydrophobic surface
properties. Yet, biofouling can change the polarity of MP towards hydrophilic behaviour, which
has been experimentally determined by a significant reduction in wetting contact angle down to
below 40° (Van Melkebeke et al., 2020). As a result, this increases the likelihood of aggregation
and sinking.

Despite concerns that plastic could serve as a transport vector for pathogenic bacteria (Zettler et
al., 2013), recent metagenomic studies, which used natural particles as reference material, showed
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that the species were not plastic-specific but merely followed biogeographical and environmental
vectors (e.g. nutrients, light, temperature, salinity) (Oberbeckmann et al., 2021). While specific
surface properties play a role in the initial attachment of microorganisms, e.g. species capable of
attaching on very smooth surfaces via polysaccharide holdfasts are reported as early colonisers
on MP, the species composition and biofilm extent are in continuous change, depending on the
respective environmental conditions and the evolution of competing as well as synergistic processes
within these self-sustaining communities (Oberbeckmann & Labrenz, 2020). This indicates that MP
in the aquatic environment act mainly as a surface for opportunistic colonists as it is also known
for other particulates (Zobell, 1943; Oberbeckmann & Labrenz, 2020). The biofouled appearance
mimics natural particles which leads to non-selective uptake by various biota, such as filter or
deposit feeders. Depending on the intestinal system conditions (e.g. pH, enzymes, passage time)
MP particles can deteriorate, leach chemicals or fragment and thereby further change their physical
properties (Dawson et al., 2018). Egestion incorporates MP in faecal matter, usually facilitating
particle sinking, and thereby affecting the place of deposition.

Challenges in quantifiying and predicting MP transport

Experimentally gained knowledge at single particle level and derived transport functions can be
applied in hydrodynamic numerical modelling (HNM) to describe the particles’ pathway from
sources to sinks and would constitute one approach to estimate inventories from limited data
sets (Shiravani et al., 2023). However, these models are only as good as the data available for
individual particles, particle interactions, hydrodynamic and environmental processes. Due to the
scarcity of MP experimental data, modelling studies often use knowledge and functions gained from
sediment transport (Osinski et al., 2020; Waldschléger et al., 2022). First experimental studies
have determined parameters of sedimentary MP transport of selected MP particles as summarised
above (e.g. Khatmullina & Isachenko, 2017; Ballent et al., 2012; Kaiser et al., 2019; Waldschlager
& Schiittrumpf, 2019).

For a comprehensive parametrisation of HNM, able to couple MP transport over larger areas and
across compartments, the available observed or experimental data are far from sufficient and thus
requires far-reaching extrapolations and assumptions. In order to generate a detailed picture of
realistic MP transport dynamics in sedimentary environments, necessary experiments would need
to cover large parameter ranges. Process equations need to cover MP intrinsic properties like
sizes, shapes, densities and chemical compositions, as well as surface charges and zeta potentials
(Khatmullina & Chubarenko, 2019; Thit et al., 2022). However, these particle properties are subject
to analytical uncertainties that increase as the analysed particle size ranges become smaller. For
example, the size and shape measurement may be subject to larger relative errors when fitted
particle outlines miss the correct particle boundaries due to a lack of optical features (Schnepf et
al., 2023). The number and accuracy of acquired size dimensions and shape descriptors, either as
categorical, numerical or continuous, strongly vary between studies (Kooi & Koelmans, 2019; Kooi
et al., 2021; Waldschlager et al., 2022). They depend on analytical capabilities whose uncertainties
propagate to prediction results. Density is usually inferred from the bulk density of the assigned
polymer type, rather than being measured directly, as the latter would be too time-consuming and
impractical for environmental MP samples (Stead et al., 2024).

Fragmentation, leaching, biofilm coatings, or hetero- and homoaggregation, inevitably alter and
expand the already large diversity of intrinsic MP particle properties and states. Obviously, this
constitutes an immense complexity that is difficult to cover through experimental measurement
(Khatmullina & Chubarenko, 2019). In situ, natural particulates and MP form unstable particle
aggregates, whose overall physical characteristics determine transport behaviour (Droppo, 2001; Wu
et al., 2024). A few of these characteristics have been described in the literature (Thit et al., 2022).
These include the effects of temperature and water viscosity on flocs, their sinking velocities and
internal molecular reactivity and mobility. Several key processes, such as stability and degradation
of aggregates and rates of leaching, however, remain largely unknown, as summarised and discussed
in detail in a recent review (Thit et al., 2022). Along the pipeline of extraction (i.e. sampling and
purification) and analysis, the natural state of aggregates is not conserved, as the aim of MP particle
analysis is to obtain well-separated and purified single particles for material identification and
property measurements (Droppo, 2001; Munz et al., 2024). In addition, the individual particles may
undergo alterations due to laboratory processing (Lenz et al., 2021). Consequently, the properties
of particles and the behaviour deduced from these properties do not accurately reflect the actual
fate of the particles in nature.

Even if the intrinsic particle properties could be sufficiently determined, the presence and character-
istics of the sediments such as grain size, stratification, inorganic and organic content influence how
MP and other particulates can be effectively transported. Experimental estimation of mechanistic
MP characteristics can cover only a tiny fraction of the existing diversity. Oftentimes studies employ
generic particles, e.g. smooth spheres of pristine PS or glass beads as a substrate, to investigate
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transport behaviour (Thit et al., 2022). In fact many sedimentological studies have used PS beads
as tracer particles to study sediment transport behaviour (Bizmark et al., 2020). While such
simplifications are inevitable to obtain experimental results under controlled settings, they limit
the representativeness for the particles actually present in the environment (Thit et al., 2022). In
consequence of the above limitations, models are often restricted to describing MP distribution
only qualitatively (e.g. for localisation of deposition areas) or if concentration levels are reported,
these are subject to high uncertainties (Schernewski et al., 2021; Sandgaard et al., 2023). Above all,
hydrodynamic modelling does not spare taking sufficient environmental samples and high-quality in
situ, measurements, each as separate sets for calibration or validation purposes, respectively (Wright
et al., 2017). HNM can make highly valuable contributions by forecasting potential contamination
levels and future MP fluxes under various scenarios, only by adapting or updating relevant input
parameters, however, current concerns regarding the parametrisation and validation of MP HNM
need to be addressed (Wichmann et al., 2019). High-resolution coupled HNM is not widely available
as they pose high developmental and computational costs, with only three-dimensional HNM
being able to depict complex flow regimes with sufficient accuracy (Papanicolaou et al., 2008). A
recent comprehensive review summarises the existing literature on models concerning MP transport
(Waldschlager et al., 2022). The difficulty in achieving accurate model predictions arises from
the fact that MP transport is characterised by non-linearity and feedback loops (Fersch et al.,
2020). These are part of dynamic earth system processes, in which interactions across the different
spheres are difficult to track. The hydrosphere, atmosphere, geosphere, and biosphere are intricately
connected, each contributing to model uncertainty.

As an example of effects of processes in the atmosphere, Osinski et al. (2020) showed that
uncertainties in weather inputs can substantially influence predictions on MP concentrations in
Baltic Sea sediments.

Interactions within the geosphere, including mixing of sediment layers or beaching are usually not
represented in HNM (She et al., 2023; Peleg et al., 2024). Factors such as sediment composition (grain
size, stratification, inorganic and organic particulates) influence deposition and erosion behaviour
of sediments, with lacking predictability in the transition from non-cohesive to cohesive sediments
(Grabowski et al., 2011). The composition and hydrodynamic regime shape geomorphology
by creating specific bedforms and sorting patterns or armouring (Ferdowsi et al., 2017). This
demonstrates the interconnectivity of the geosphere and hydrosphere, where sedimentary structures
are not only shaped by water movement but also feed back into it by modifying local flow conditions
(Ancey, 2020b). In turn, these geomorphological features affect particle motion by shielding or
exposing particles to flow direction. However, small geomorphological features such as certain
bedforms or riffles remain unaccounted for in HNM, as their spatial extent is below typical
model grid resolutions. While bedforms are a result of hydrodynamic processes, they in turn
influence local threshold bed shear stress highlighting the inter-connectivity between the flow regime,
geomorphology and individual particles (Ancey, 2020a).

Interactions with the biosphere may remain some of the greatest challenges for simulation:
macrophytes, for example, modify local hydrodynamics by attenuating flow and stabilising sediments
through root systems and canopy drag. This can reduce bed shear stress and promote fine sediment
and MP deposition (Kerpen et al., 2024). Conversely, vegetation patches can also channel flow,
increasing erosion in surrounding zones (Cozzoli et al., 2019; Le Hir et al., 2007). Similarly, biofilms
can stabilise sediment beds while gas production by microorganisms or macrobenthic activity
(bioturbation) can induce granular segregation, bed destabilisation, and even resuspension (Cozzoli
et al., 2019; Van Melkebeke et al., 2020; Srivastava et al., 2021). These interactions are spatially
variable on small scales, species-dependent, and subject to seasonal cycles, making them particularly
difficult to generalise or incorporate into deterministic models (Le Hir et al., 2007).

Anthropogenic influences, i.e. effects of the technosphere, on the sediment bed stratigraphy can be
equally multifaceted as bioturbation, which are yet hard to monitor or integrate into hydrodynamic
models (Zalasiewicz et al., 2014; De Borger et al., 2021).

Earth scientists proclaim that the intensively studied field of sediment dynamics is still among the
least understood within the discipline, which manifests in the mismatches between empirically and
theoretically derived results (Zhang, 2014). This elucidates that we are yet far from reaching a deep
understanding of MP transport dynamics. Empirical models, which are commonly applied in water
research can here complement HNM especially for purposes of spatial prediction and inventory
estimations (Martin et al., 1999; Moodley et al., 2024).

Proxy-based empirical predictive modelling
Reliable quantification and long-term monitoring of MP remain notoriously challenging. Sampling,

purification and analysis of MP samples always involve the trade-off between time and cost on
the one hand versus data quantity, accuracy and size range coverage on the other (Hidalgo-Ruz
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et al., 2012). This results in a scarcity of MP data and makes it interesting to look for parallels
between MP and the natural particles that surround them in order to establish potential proxies,
i.e. quantities that are easier to obtain yet strongly predictive of MP abundance or other MP-
related variables. Mineral grain-size distributions and organic-matter contents are controlled by the
same hydrodynamic forces that sort MP. Because these parameters are routinely measured during
standard sediment surveys, and can be obtained far more quickly and cheaply than MP, they are
available at much higher spatial resolution than current MP data sets (Blott & Pye, 2001; Heiri et
al., 2001). By building on these relationships, proxy-based empirical models allow to interpolate MP
loads across entire aquatic systems like estuaries and coastal basins. By combining a dense grid of
proxy measurements with only a modest number of direct MP determinations, high-resolution maps
of MP inventories can be generated while analysing far fewer samples than direct measurement
alone would demand for the same scale, resolution and accuracy.

The remainder of this chapter covers the qualities of potential proxies and how they can be used
to normalise the variability in MP data introduced by the hydrodynamic regime. This enables to
reveal actual MP sources and sinks and track spatial and temporal trends in sedimentary systems.

Characteristics of potential proxies

MP can be regarded as a unique contaminant class, namely due to its large variety of physical and
chemical properties and the resulting complexity of transport behaviour and risk (Koelmans et al.,
2022a). New chemical interactions and metabolites with unknown distribution, persistence and
risks can occur in the environment with the introduction of these novel human-made materials.
However, the physical properties of MP particles, which are relevant for their transport behaviour
and distribution pattern, largely overlap with that of other natural particulates (Koelmauns et al.,
2022a), which suggests their usage in normalisation and proxy analysis as the conceptual basis of
this thesis.

¢ Density

In the literature, clastic sediment density is often reported to average 2.65 g cm™. Due to its
resistance to mechanical and chemical decomposition, quartz is the mineral with the highest
overall prevalence in coastal and riverine aquatic sediments and therefore often used as a
reference value. This simplification, however, neglects the large range of the various mineral
and respective densities between 1.7 - 3.1 g cm™ (montmorillonite to apatite or the biogenic
aragonite) (Harris, 2020).

Different density ranges are reported for organic matter, for instance, between 0.9 - 1.3 g
cm™ (Harris, 2020). An exact determination can be challenging, due to the fragility and their
permeability to the fluid medium of many organic components. Organics buried in sediments
are referenced as 1 - 1.5 g cm™3, therefore usually higher density separation thresholds of 1.6
or 1.8 g ecm™ are used for the fractionation between organics and minerals (Mayer et al., 2004;
Kreyling et al., 2013; Wakeham & Canuel, 2016).

The density of MP is commonly found between 0.89 - 1.6 g cm™ (from PE to various paint
resins, Enders et al. (2019)), although, there are exceptions, such as expanded PS with
0.05 g cm™ or polytetrafluoroethylene (PTFE) with 2.3 ¢ cm™ (Chubarenko et al., 2016).
The density range of organic matter largely overlaps with MP, while minerals show nearly
no overlap. Therefore density separation is an important step in sample purification from
sedimentary matrices (Enders et al., 2020b).

e Shape

Description of particle or grain shape is common in MP studies and sedimentology. Minerals,
organic matter and MP all exhibit a wide range of shapes. For minerals these are determined
by the crystal structure, which is a result of the chemical composition and the conditions
under which the mineral formed (Aydinalp, 2012). Blott & Pye (2008) highlighted that form
(in three dimensions), roundness (angularity), irregularity (deviations from regular shape) and
sphericity (similarity to a sphere), together can describe all appearances of grains. Biogenic
minerals express a large variety of bio-designed shapes and geometric features that fulfil
specific ecological functions, such as providing structural support or protection (Hamm et al.,
2003).

Particulate organic matter comes in various shapes. As it is produced by living organisms,
its shapes are often more complex and diverse than those of clastic minerals, exhibiting
shapes from ellipsoidal or spherical to filaments, plates and clusters of cells as well as various
forms of appendages (Reynolds, 1984; Kruk et al., 2010). As organic matter degrades it
re-agglomerates into porous flocs which are highly irregular and variable (Alldredge & Silver,
1988; Droppo, 2001).
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MP shapes can be highly irregular, often showing cues from their original application even
in the micrometre range. Many studies manage shape analysis through non-standardised
categories (fibre, granule, bead, pellet, flake, film, etc.) which are of limited use for comparative
analysis. Similar to mineral grains, MP shapes can be expressed through geometric descriptors,
such as elongation, roundness and solidity (Schnepf et al., 2023). Alternatively, Kooi &
Koelmans (2019) proposed the use of parameters of continuous probability density functions
to represent MP shapes (and other properties), allowing for better mathematical comparability
of particle properties across studies, albeit at the cost of intuitive interpretability of the discrete
shape categories. For identification and quantification of MP, visual shape characteristics
alone are in most cases not sufficiently distinct. While Ismayilova et al. (2021) were able to
discriminate fresh industrial MP from soil particles with > 80% certainty, for environmentally
fragmented MP such attempts are insufficient to characterise MP purely morphologically
(Lenz et al., 2015). This indicates that MP shapes are no unique feature.

Size

All non-living solid matter in the environment is subject to fragmentation processes that
generate continuously smaller particles from larger, although at very different rates. They are
countered by formation, aggregation and growth, i.e. processes that facilitate the regeneration
of larger compounds. The size of particles is a key factor in determining their transport
behaviour and distance, as it influences settling velocities, bed shear stress, and the likelihood
of aggregation. In sedimentology, particle size is often classified into three main categories:
sand (2000 - 63 pm), silt (< 63 - 4 pm), and clay (< 4 pm) (Wentworth, 1922). Various size
parameters are typically determined, such as mean, mode, sorting, skewness, kurtosis, among
various cumulative percentile values (Blott & Pye, 2001). Size fractions can be determined
e.g. by sieving (Folk & Ward, 1957). However, continuous grain size distributions are now
routinely determined using laser diffraction instruments, which provide a volumetric grain
size distribution averaged over multiple scans (ISO, 2020). Depending on the method and
instrument, significant deviations in the size measurements can occur (Flemming, 2007; Varga
et al., 2019).

In biogeochemistry organic matter of sizes > 0.7 pm are classified particulate organic matter
(POM), the fraction below is classified as dissolved organic matter (DOM). Organic matter
size determination is challenged by sufficiently conserving size during sampling and analysis.
Therefore, the organic fraction usually still contains a substantial fraction of minerals (Arnarson
& Keil, 2007; Kreyling et al., 2013; Wakeham & Canuel, 2016). As organic matter sizes
undergo continuous change due to microbial and fungal degradation as well as agglomeration
and growth, the representativeness of this property may be limited.

For MP, depending on the analytical method, different size dimensions (typically only the
longest) are determined (Schnepf et al., 2023). Sizes are typically reported in count histograms,
however, oftentimes relatively low numbers constitute an accuracy limitation for this physical
property determination (Wagner et al., 2022). Due to technical limitations often no more
than two dimensions are measured, which hinders an accurate size and shape description as
well as mass calculations. Particle characterisation in three spatial dimensions is necessary for
more accurate estimates of volume and mass, which are important for transport predictions
(Enders et al., subm.). A conversion to MP mass has often been demanded as it enables
validation and integration in HNM as well as potential comparability to mass-based analytical
methods (Koelmans et al., 2020). Overall, due to the different methods applied for these
three sediment components, comparability between these different materials is subject to
uncertainties.

As particle size decreases, transport in aquatic environments increasingly occurs in aggregates,
thereby reducing the relative importance of individual particle properties.

Source

The largest fraction are clastic sediments which are weathered rocks of various sources, such as
solidified magma (igneous), lithified mineral or organic matter (sedimentary) and recrystallised
minerals upon high pressure and heat (metamorphic) (Huggett, 2011). Most clastic sediment
(85%) originates from land-based sources (terrigenous), which is comparable to known entry
pathways and quantities for MP. Minerals of biological origin, bioclastic sediments, consist
of leftovers from structure-building organisms (e.g. calcareous algae, corals) and are often
composed of calcium carbonate CaCO3 (Holden, 2017).

Particulate organic matter is derived from a variety of sources, including terrestrial plants,
aquatic vegetation, animals and their faeces, and microbial biomass. Similar to MP, its
composition is highly diverse, but due to its evolutionary long existence, pathways of microbial
degradation and consumption of its stored carbon are well established for almost all types
of organic matter, with few exceptions like biologically derived pyrogenic carbon (char coal,

23



Bowring et al., 2022) or sporopollenin (spore wall polymers, Wellman, 2004).

MP by definition have no natural sources, and are predominantly derived from land, with
estimates suggesting that around 80% of MP originates from terrestrial environments (Andrady,
2011). This includes a wide range of materials, such as fragments and films from larger plastic
items (secondary MP), fibres from textiles, shredded paint flakes from ships and other coated
constructions and microbeads from personal care products or technical applications (primary
MP). As silicones or heavily modified elastomers like tyre wear particles are often considered
MP, there are basically no chemical constraints to what can be classified as MP other than
containing > 1% of a synthetic polymer (European Parliament and of the Council, 2023).

¢ Omnipresence

Minerals and organic matter occur ubiquitously in all aquatic sedimentary environments.
Their prevalence reflects repeated deposition - resuspension cycles, and their small sizes
provide high mobility and long transport distances (Prothero et al., 2004).

MP are also found everywhere, while their numbers are still orders of magnitude lower than
those of natural particles (Koelmans et al., 2016; Gorokhova et al., 2020). For instance,
measurements of particulate organic carbon (POC) in water usually range between mg to g
per kg sediment (Leipe et al., 2011), whereas MP typically ranges between ng to ng per kg
dry weight of sediment (Fischer & Scholz-Béttcher, 2019; Bouzid et al., 2025).

¢ Persistence

The persistence of a material is defined by its resistance to degradation, which is determined
by its chemical structure and the environmental conditions it is exposed to. Minerals fragment
during transport as a result of collision and chemical dissolution, the latter of which varies
greatly depending on the mineral type. For instance, a highly polymerised silicate like quartz
dissolves at rates on the order of 1076 mol ecm™ s™!, whereas carbonate minerals such as
calcite dissolve with ~101° mol cm™ s7!, making quartz 100,000 times more persistent (White
& Brantley, 1995; Morse & Arvidson, 2002). Especially in the sand size fraction, quartz
appears as relatively stable, while with smaller sizes dissolution increases due to the larger
surface-to-volume ratio (Boggs, 2006).

Organic matter, on the other hand, is generally more susceptible to microbial degradation,
leading to a faster breakdown compared to MP and minerals, but is also regenerated at a
faster rate. Degradation rates vary for different organic matter between 10*2 - 10*5 days as
summarised by Koelmans et al. (2022a).

Similar to natural matter, the fragmentation of (micro)plastic is an ongoing process which
highly depends on environmental conditions (see section ‘The generation of persistent polymeric
particles’). As full mineralisation is to date only observed for very few synthetic polymers,
MP are considered highly persistent. Although the atomic building blocks of MP greatly
overlap with organic matter, their arrangement and invariability, provide MP with a stability
(~ 10° days, ranging from 10!-® - 107-?) that is closer to that of inorganic materials (1053
days, ranging from 10*2 - 10%, as summarised by Koelmans et al., 2022a), dominated by
mechanical abrasion and chemical dissolution.

While there is a large variety of other particulates present in natural sediments, such as amber and
black carbon as well as other anthropogenic pollutants that adsorb onto natural matter (e.g. Hg),
they do not fulfil all proxy requirements. In some cases their overall presence in aquatic environments
in sufficent quantities is not guaranteed, in others they are not routinely measured. Organic matter
and clastic sediment grain size distribution are the most promising proxies for normalisation and
prediction due to their omnipresence in all aquatic environments and overlapping physical property
ranges. A good proxy is one that behaves conservatively with respect to the processes that govern
MP distribution, i.e. it is not significantly impacted by other creation or removal processes over
relevant time scales (Liss, 1976). In that regard, sediment grain size has an advantage for being a
universal MP proxy compared to organic matter content.

Proxy-normalisation

Spatio-temporal analysis is fundamental for understanding transport and deposition processes of
contaminants (Chiaia-Hernandez et al., 2022). The application of normalisation procedures in
pollution studies is a valuable tool to identify zones of higher or lower pollution. What the data
is normalised for depends on the processes that govern the distribution of the pollutant other
than the pollutant’s own introduction (Kersten & Smedes, 2002). In the context of pollution of
aquatic habitats, this is mostly the hydrodynamic regime. Similar to studies concerning dissolved
and sorptive pollutants, MP studies can benefit from a normalised view into MP concentration
data. The study of the transport behaviour of the dissolved measurands may require multi-step
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normalisation, e.g. accounting for the additive effects of preferred sorption to particles with a larger
surface-area-to-volume ratio and hydrodynamic sorting (Kersten & Smedes, 2002). MP, being
particulate pollutants, can be normalised with a suitable proxy of natural particles in order to
identify pollution levels in relation to hydrodynamics. Sources and sinks can then be identified
as deviations either below or above the normalisation line which can either be a regression or
the connection between the end-members (i.e. minimum and maximum of the proxy) (Kersten &
Smedes, 2002). As such, this concept is an adaptation of the conservative mixing theory applied to
describe the source and sink characteristics in estuaries in regard to certain dissolved compounds
where for instance salinity is often used as the property that behaves conservatively towards the
estuarine mixing of fresh- and saltwater (Liss, 1976; Stedmon & Markager, 2003).

Viewing or comparing MP sediment data directly, i.e. without normalisation, may obfuscate actual
patterns due to the inherent hydrodynamic regime bias (Enders et al., 2019). In consequence, one
may observe large ranges of MP concentrations within and across studies (as can be seen in the
review by Harris, 2020), with variance on small spatial scales potentially exceeding those of larger
spatial scales (Barrett et al., 2020; Martin et al., 2017). This has implications for the interpretation
of MP levels, for spatially as well as temporal comparisons and the determination of inventories of
MP. Higher MP levels of a specific site are not necessarily an indication of high local MP input, a
sink or a ‘hotspot’, but could exist due to the distribution dynamics if the present hydrodynamic
conditions favour smaller, thus more abundant MP (i.e. align well along the normalisation line as
shown in Figure 1).
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Figure 1: Proxy-normalised view on MP data can reveal actual areas of increased pollution inputs.
Without proxy normalisation, interpretations with respect to spatial and temporal trends, sources
and sinks or hotspots are likely to be inaccurate. Incomplete coverage of the present range of the
proxy may lead to inrepresentative results and biased MP pollution level estimations

MP is omnipresent but patchy. As there is no ‘natural background MP’ the pristine baseline is zero
MP. Whether high concentrations found at a certain location indicate an actual source or are the
expected state formed by the hydrodynamic regime is not discernible from MP data itself. Proxy
normalisation means viewing the MP distribution relative to that of one or several conservative
properties, i.e. a quantity that ideally has no other influences than the effect it is used to normalise
for (Liss, 1976). Applying this concept helps to avoid misinterpretations of MP dynamics like the
identification of sink or source areas and ‘hotspots’ (Van Cauwenberghe et al., 2013; Hurley et al.,
2018).

Under the proxy-normalisation framework, a source is an area whose MP storage is above its
dynamic-equilibrium line (i.e. with significant excess MP relative to the normalisation line). This
surplus remained as it has not been sufficiently mixed and sorted at the time of sampling due
to insufficient mixing since introduction to the respective sedimentary system and hence with a
tendency to cede the pollutant to connected regions Figure 2. It is crucial to note that the term
‘source’ is commonly used more broadly. Original input zones or entry points to the environment
(e.g. an industrial site, WWTP, etc.), as well as processes or subsystems that facilitate net MP
fluxes between environmental compartments are termed sources in the available MP literature
(Woodward et al., 2021). Snow melt and flooding events are sources of MP to the river; the river is
a source of MP to the sea (Hurley et al., 2018; Woodall et al., 2014).

A sink is an area with an unsaturated potential for MP uptake in the sense of the proxy-normalisation
concept Figure 2. Equivalently to sources, the term sink can describe processes or subsystems.
Biological processes such as biofouling that facilitate sinking of MP from the surface to the sea bed
or the sediment bed that functions as a sink for matter residing in the water column (Kvale et al.,
2020; Woodall et al., 2014). The term sink can refer to either intermediate or temporal sinks, or
ultimate sinks, depending on the time horizon (Sandgaard et al., 2023).
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Figure 2: Regional sink source analysis applying the proxy normalisation concept

A cross-disciplinary definition is that a source or sink is a subsystem with a measurable net export
or import of a target entity (Loreau et al., 2013). The analysis of sink-source dynamics is only
meaningful when the temporal and spatial context is clearly defined. For instance, typical sinks in
a narrower spatial context can also act as sources and vice versa: in case of resuspension events
sub-regions of ocean sediments can act as a MP source to the water column and the organisms
feeding there. Apart from some attempts using hydrodynamic models (e.g. Kvale et al., 2020), the
terms sources and sinks remain descriptive and little quantified. The proposed proxy normalisation
concept provides a more quantifiable method to define sink and source dynamics Figure 2.

Prediction

Commonly performed basic statistical analysis (mean, standard deviation, etc.) of non-normalised
MP data may yield non-representative estimations of MP concentration. Comparing these estimates
across different studies or areas (as e.g. in Harris, 2020) would imply a certain representativeness
of values, which is however not guaranteed if the regional hydrodynamic ranges are not fully and
equally covered. Also extrapolation from a non-representative data set includes potentially large
error ranges. Yet, no systematic and comprehensive data interpretation scheme has evolved as a
basis for a reliable MP level assessment that accounts for the hydrodynamic regime bias.

Applying normalisation to the data enables modelling MP distribution in a connected, albeit
hydrodynamically heterogeneous system as one spatially well-resolved inventory, allowing one to
depict the geographic legacy of the local MP pollution. Two studies in this thesis (described in
detail in Focus 1 [page 31] and Focus 2 [page 33]), explore the modelling approach first for a
simple well-connected system (Enders et al., 2019), and in extension for a geomorphologically
and hydrodynamically more complex system containing discontinuities (Enders et al., subm.). In
general, the application of the normalisation concept can show whether modelling with a natural
particulate proxy alone is sufficient (i.e. in well-connected systems) or if there are discontinuities
which necessitate the inclusion of further variables (more complex systems).

Once potential proxy variables are found, they can be used as predictor variables in an empirical
modelling approach. As both, the choice of which variables to use as well as the model algorithm
and its setup (e.g. model hyperparameters) are decision points with a potential impact on the
model output, it is useful to avoid human bias by employing a data-driven approach (Cawley &
Talbot, 2010). Here, certain practices from the field of machine learning (ML) models (e.g. nested
cross-validation, stratification, ensembling) can be useful when adapted using meaningful settings
for the sparse data scenarios typical for MP studies. Applying such practices allows for an efficient
model selection as well as a rigorous validation and safeguards against the risk of overfitting (Varma
& Simon, 2006).

ML has advanced rapidly within the Earth sciences (Bergen et al., 2019) and has likewise been
employed across multiple facets of MP research from spectral noise reduction to polymer-type
identification and image classification (Zhen et al., 2023; Brandt et al., 2021b; Ramanna et al.,
2023). A recent study has demonstrated the development of a classifier for MP pollution levels
on compiled data sets in surface seawater at global scale and used it for inference of predictor
variable importance (Chen et al., 2023). In the context of the present work, empirical predictive
modelling (EPM) based on ML principles are a key development that facilitates the identification
of patterns in data that would otherwise be difficult to detect using classical statistical approaches.
This includes testing and evaluating large combinatorial parameter spaces through the application
of grid-search, as well as deducing the explanatory power of input variables, thereby increasing our
understanding of the processes that drive MP distribution.
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A predictive instance of such a proxy model (i.e. the model equation with fitted coefficients or
weights) is not universal. The relationship between MP and natural particulates depends on the
characteristics of the MP stock and the processes that dominate its distribution in the region being
studied. For example, sorting may be dominated by sinking velocity, shear stress or the ratio of
aggregates versus single particle sinking. If MP and sediment sorting is dominated by the sinking
velocity (as they can be in calmer regions such as stagnant waters) the size offset between MP and
sediment grains would be smaller compared to regions where sorting is predominantly driven by
bed shear stress (Enders et al., 2019). Since particle abundance is related to particle size, these
processes affect the relationships present in the respective model instances used to predict the
spatial distribution of MP concentrations. The modelling pipeline used to train and validate the
empirical model has the flexibility to adapt to different these regional particularities.

Estuaries as model and indicator environments in the Baltic

The study regions selected for this thesis are two Baltic Sea estuaries: the Schlei and the Warnow.
Like most of the Baltic they are minimally influenced by tidal activity and water level changes
occur primarily due to wind conditions (Medvedev et al., 2013). Yet they differ in their hydro-
geomorphological character and anthropogenic pressures. Whereas the Warnow estuary (~10 km in
length) is a partially mixed, hydro-geomorphologically simple estuary with a relatively continuous
salinity gradient (Winkel, 2003), the Schlei (~42 km in length) features several narrowings and bays
forming discontinuities in the hydrodynamic connectivity between inner and outer sub-systems.
The freshwater input to the Warnow (527 million m?® annually) is about double that of the Schlei
(250 million m? annually), whereas the Warnow has relatively greater exchange with the Baltic Sea,
for the Schlei it appears more restricted (Ronspief et al., 2020; Schwarzer et al., 2019). The Warnow
estuary at the city of Rostock is densely populated (~210,000), accommodates mass tourism, and is
affected by urban, maritime and industrial pollution. In contrast, the Schlei is mostly surrounded
by rural and provincial settlements (largest city Schleswig, population: ~24,000), and is affected
by strong agricultural impacts. However, the Schlei has experienced a significant plastic pollution
incident in recent history (NABU, 2018). There is little and mostly modelling-derived qualitative
information in the relevant scientific literature on MP pollution in either estuary (Schernewski et
al., 2021; Piehl et al., 2021; Siegel et al., 2021; Escobar-Sanchez et al., 2025), and no studies besides
(Enders et al., 2019; Enders et al., subm.) have specifically addressed the sediment compartment or
provided quantitative in situ data. To the knowledge of the author, this data gap applied equally
to other Baltic Sea estuaries.

Estuaries, in a broader sense, are semi-enclosed coastal water bodies where freshwater from land
mixes with saltwater from the open sea (Cameron & Pritchard, 1963; Fischer, 1976). They are
sensitive environments with large natural fluctuations of physicochemical properties that challenge
the natural adaptability of inhabiting organisms (Wolowicz et al., 2007). Many estuaries are already
exposed to multiple stress factors (e.g. major shipping activities, coastal engineering, agricultural
inlets) due to an intensive anthropogenic usage. An increasing majority of the human population
(8.5 billion predicted for 2050) lives at and affects estuaries and other ocean-draining water systems
(Bianchi, 2007). Here, MP constitutes a newly emerging pollutant, relevant from a socio-ecological
perspective. These areas, where the river meets the sea, are also referred to as transitional waters as
an overarching term (McLusky & Elliott, 2007). Although, due to the high variability in estuarine
physiography, there is some ambiguity regarding a single definition, for instance, in cases where
there is inconsistent freshwater inflow or periodic closures to the sea. Other classifications emphasise
tidal range as a key feature (Potter et al., 2010).

The Baltic Sea itself is often considered one of the largest estuaries in the world. It is a semi-enclosed
sea with a significant surplus of freshwater input, fostering estuarine circulation (Kullenberg &
Jacobsen, 1981; Blenckner et al., 2021). With an area of 1.7 million km?, the drainage basin of the
Baltic Sea is over four times the size of the Baltic Sea itself, and is inhabited by around 85 million
people from 14 countries (Sweitzer et al., 1996). Only rare inflow events from the North Sea through
the Danish Straits deliver larger saltwater masses into the Baltic’s deeper basins. Consequently,
the Baltic Sea has a long water residence time of up to 30 years (D66s et al., 2004), making it
susceptible to accumulation of pollutants of all kinds. Its isolated geography and significant human
impact, such as chemical pollution and eutrophication caused by agricultural runoff and wastewater
(Kanwischer et al., 2022; Murray et al., 2019), or chemical leaching from ammunition dump sites
(Beldowski et al., 2016), together with an increased seawater temperature rise, have led to the Baltic
Sea being described as a ‘time machine’ and a model environment for studying changes caused by
human activity before they occur elsewhere (Reusch et al., 2018). At the same time, the region also
benefits from decades of cross-national cooperation and management experience in addressing these
environmental issues. Similar accumulation effects are expected for MP, however, little is known
about MP retention and distribution of MP in the Baltic Sea and its estuaries (Schernewski et al.,
2021). Sampling campaigns performed in the Baltic Sea found MP ranges between 0.07 to 3300
MP m™ in water and 0 to 10179 MP kg'! dry weight in sediments (Enders et al., 2019; Esiukova
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et al., 2020; Narloch et al., 2022). Yet, due to the described limitations in sample purification
and analysis, sample number and coverage remain insufficient and it remains unrealistic to gain
a comprehensive picture of the spatial distribution of MP in the Baltic Sea region. Grain size,
even though it is one of the fundamental properties of sediment as it bears information on the
respective hydrodynamic conditions, has rarely been explicitly analysed in sedimentary MP studies
of the Baltic Sea and its estuaries. Tracking MP in larger sea environments such as the Baltic Sea
is limited as many interacting processes and a greater temporal delay obscure the link between
sources and depositions. With more than 105 major watersheds discharging into the Baltic Sea
(Mérth et al., 2007) and delivering their MP loads into currents that disperse them across the sea,
monitoring becomes difficult. In contrast, estuaries comprise a more confined area and their MP
inventories reflect pollution levels closer to the terrestrial sources, offering clearer trends and better
prospects for management interventions. Additionally, their strong gradients in biogeochemistry
and hydrodynamic conditions render estuaries unique model environments (Bianchi, 2007) for
investigating particulate MP proxies. Conclusively, comprehensive and reliable evaluation of MP
levels of estuaries not only provides knowledge on the respective environment itself, but can be
used as key indicator systems for changing MP level inputs to the marine environment.

Rivers and estuaries are recognised as major carriers of MP to the marine environment (Duis &
Coors, 2016; Biltcliff-Ward et al., 2022). While MP abundances of sedimentary systems in the
fluvial hinterlands spread over larger areas and have been shown to be highly fluctuating due to
comparatively high sensitivities towards flooding events (Hurley et al., 2018), estuaries represent
bottlenecks for MP sources deriving from land. Despite their prominent role in trapping particles
and contaminants (Kennedy, 1984), they have not yet been a major focus in MP research and
monitoring campaigns (Biltcliff-Ward et al., 2022). The trapping function of estuaries for suspended
particulate matter, especially organic and fine-grained material, by flocculation and sedimentation
is well-known (Wollast, 2003). On geological time scales estuaries are ephemeral: they evolve and
continuously fill up with sediments, which might never reach the open sea. The trapping efficiency
for natural particles, is known to depend, among other factors, on discharge volumes, residence times
and tidal influence (Kennedy, 1984; Jay et al., 2007). Similarly, estuaries are thought to play a key
functional role in controlling MP trapping mechanisms and release to the sea (Lépez et al., 2021). In
addition to the studies on MP and sediment floc formation discussed under ‘Aggregation’, another
laboratory study demonstrated that MP sedimentation is generally enhanced in the presence of
high loads of suspended matter (Mohlenkamp et al., 2018), a condition characteristic of estuaries.
A recent model calculation of emission sources to the Baltic Sea found that most MP remained in
the vicinity of river mouths and cities and recommended these regions for designing monitoring
strategies (Schernewski et al., 2021). This indicates a strong need to develop suitable sampling and
monitoring schemes including relevant proxies with a stronger focus on estuaries to receive a better
picture of the evolution of this particulate pollutant.

MP has already been incorporated into several regulations aimed at protecting aquatic environ-
ments. In the European Union, the Marine Strategy Framework Directive (MSFD) (The European
Parliament and of the Council, 2008) mandates member states to achieve ‘good environmental
status’ In the MSFD, MP is integrated under Descriptor 10 aiming to ensure that: ‘properties
and quantities of marine litter do not cause harm to the coastal and marine environment’. For the
Baltic Sea region, this is integrated in the Helsinki Commission (HELCOM) Baltic Sea Action Plan
on Marine Litter, which emphasises the need for the collection of baseline data on the extent and
impacts of MP and systematic monitoring programmes in the Baltic Sea region (HELCOM, 2015).
Worldwide, many regional action plans now address marine litter mitigation (Vince & Hardesty,
2018), including the previously mentioned resolution for a binding plastic treaty as a United Nations
instrument (UNEP, 2022).
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Knowledge gaps and objectives

As demonstrated in the background section, sediments can present a time-integrative archive of
overall plastic pollution in aquatic ecosystems. However, knowledge of their actual MP loads is scarce
and the data-analytical methods for understanding MP distribution processes, both towards and
within the compartment remain underexplored. Especially, there is a lack of investigation into the
relationship between MP and other natural particulates that may reveal a hydrodynamic regime bias
in MP data. Determination of environmental plastic inventories and spatio-temporal monitoring
strategies are needed in the light of recent policy advances. However, their implementation
requires further theoretical advancements and technical developments. The former involves data-
analytical procedures that address MP in relation to the transport of natural particulates, and
provide modelling and mapping approaches. The latter concerns laboratory methodology, like
techniques suitable for extraction of the smaller MP fractions from complex matrices, the abilities
to estimate measurement-associated uncertainties, or improvements in applied routines of analytical
chemistry that enhance quality and speed of the high-throughput data acquisition in MP particle
characterisation.

The publications that form the canon of this thesis, aim to address these knowledge gaps by fulfilling
the following objectives:

1. to develop a conceptual framework and data analytical procedure accounting for hydrodynamic
variability in MP data via proxies of natural particulates (Enders et al., 2019; Enders et al.,
subm.; Osinski et al., 2020)

2. to determine regional MP inventories via spatial prediction from proxy-calibrated small
precursory MP data sets and predictive modelling following FAIR data principles (Enders et
al., subm.; Cerkasova et al., 2023)

3. to adapt and evaluate purification protocols to extract small MP from particle-rich matrices
and define best practises for the field (Enders et al., 2020b, 2016; Enders et al., 2020a; Lenz
et al., 2021)

4. to assess the quality and comparability of procedures applied in MP quantification or exposure
studies (Lenz et al., 2021, 2024, 2016; Enders et al., 2020b; Enders et al., 2020a)
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Focus 1: Tracing microplastics
through sediment analogies

This focus explores the scientific potential to establish environmental proxies for MP in sediments.
Empirically found correlations between MP (> 500 pm) and grain size fractions are interpreted
in the context of the theory of initiation of motion of sediments. The observation of grain size
MP relationships are used to derive the methodological prerequisites which enable the deduction
of MP distributions from sediment analogies for modelling purposes. Besides exploring the EPM
potential, the application of HNM in the context of MP distribution is investigated with respect to
its abilities for qualitative and quantitative predictive performance and uncertainty.

Enders et al. (2019): Tracing microplastics in aquatic environments based on sediment
analogies

Previously published results were contradictory regarding the existence of an MP - sediment
relationship (Vianello et al., 2013; Strand et al., 2013; Romeo et al., 2015; Ballent et al., 2016;
Alomar et al., 2016; Fastelli et al., 2016; Blaskovi¢ et al., 2017; Peng et al., 2017; Maes et al., 2018;
Renzi et al., 2018) and the use of granulometric normalisers had not been systematically explored.
In the Warnow estuary, we found that certain size-fractionated groups of MP (> 500 pm, density >
1 g em™) significantly correlated with sediment classes with a shift in size that could be explained
by the density difference of the two particulate materials (see Fig. 4 A, B; Fig. 5 in Enders et
al. (2019)). This empirically derived relationship was in general agreement with the theory of the
onset of motion of sediments (threshold bed shear stress), which appeared to dominate the sorting
mechanisms for MP and sediments. By using generalised linear models several predictors were
tested, of which grain size, percent mud (i.e. the share of grains < 63 um) in particular, was the
most determining factor to explain MP distribution patterns. For most functional classes of MP
such as paint flakes and ordinary polymers, the introduction of a source factor such as distance
to marinas and the WWTP, respectively, further improved statistical power. This source factor
represents the surplus MP fraction that remains unmixed and unsorted because post-depositional
bed shear stresses have been too low.

Based on the data from this study and reviewing sample designs and methods employed in existing
studies, we demonstrated that several factors can distort the identification and accuracy of the
relationship between MP and sediment. Especially, the spatio-temporal connectivity of the study
area and a sufficient sample size with a representative coverage of the hydrodynamic conditions,
i.e. grain size variability, are critical for a proxy calibration of sufficient accuracy.

For the Warnow estuary we could show that at hydrodynamic equivalence MP abundances in this
Baltic Sea estuary were higher by nearly two orders of magnitude compared to the two closest
Baltic Sea basins. These results suggest that there is a high potential of estuarine sediments and
other near-source depositional regions to function as potential long- or intermediate-term MP
storage. Overall, this focus showed that MP level interpretation, e.g. source and sink determination
or inter-region comparisons are only meaningful when the hydrodynamic regime is accounted
for. Otherwise, MP variability may be falsely attributed to source load differences, MP-specific
accumulation or erosion processes. It is concluded that granulometric normalisation can correct for
the hydrodynamic regime bias, which allows a more reliable data interpretation and comparison
within and across aquatic sedimentary systems. The measurement of granulometric proxies is
recommended for future studies along with MP determination and used as a basis for sample
selection as well as normalisation of MP levels.

Osinski et al. (2020): Model uncertainties of a storm and their influence on microplas-
tics and sediment transport in the Baltic Sea

A numerical model of the Baltic Sea was developed to investigate how uncertainties in meteorological
forcing fields, i.e. atmospheric conditions, propagate to affect erosional and depositional conditions
for MP. The starting point of the model was a storm event, which was necessary to initiate sufficient
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sediment transport. Throughout the four-step model cascade, the uncertainties originating from the
atmospheric model propagated further to variability in storm tracks. This in turn influenced the
direction of ocean waves and currents, ultimately impacting the bottom shear stress that initiates
sediment and MP transport. As a result, significant quantitative variations in the transported MP
loads among the ensemble members (i.e. multiple realisations predicting MP transport pathways)
became visible. Uncertainty increased with decreasing MP sizes and densities. The authors
concluded that, even if the deposition and resuspension behaviour of MP were fully understood
(for simplification only spherical model MP were used), uncertainties relating to atmospheric
conditions and their propagation through the ocean circulation model cascade would still impede a
reliable quantitative MP estimation. Despite these limitations, the model could provide a valuable
qualitative evaluation regarding potential depositional and erosional areas. This information can
assist future monitoring studies, for instance, by optimising the location and coverage of sampling
station across different hydrodynamic, depositional, and erosional conditions. Further research is
needed to determine how sensitive the spatial distribution of erosional and depositional regions is
under storm scenarios or multiple storm succession.
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Focus 2: Machine-learning assisted
mapping the microplastic legacy

The finding of correlations of MP to natural particulates motivated an investigation on proxy
candidates for spatial prediction of MP distributions and the calculation of system-wide inventories.
By integrating an environmental MP-targeted database, a reproducible model pipeline was developed,
aided by procedures typically used in ML workflows. This enabled rigorous validation of the model
performance in a combined nested cross-validation scheme that included, besides the actual model
fit, the data-driven design decisions of the model selection (model types, hyperparameters and
predictors chosen among multiple sediment constituents).

Enders et al. (subm.): Machine-learning enabled microplastic inventory prediction in
aquatic sedimentary systems

Based on the findings of the study of the Warnow estuary (Enders et al., 2019), it was hypothesised
that granulometric proxies are sufficient predictors of sedimentary MP spatial concentration
distributions in EPM. As a case study region for developing such a modelling approach, the Schlei
(Schleswig-Holstein, Germany), was selected. The Schlei recently made headlines due to a local
plastic pollution incident (NABU, 2018). Being geomorphologically and hydrodynamically more
complex than the previously studied Warnow estuary, it challenges the spatio-temporal connectivity
assumption, yet offers the opportunity to develop a more universal model framework. Due to
improvements in the preparation techniques of matter-rich samples (Enders et al., 2020b), a wider
MP size spectrum and larger data set size could be included. The high number of generated
predictors: multiple natural particulate proxies, spatio-temporal discontinuity and geographic
variables; the tested model classes: generalised linear models (GLM), linear and tree-based Extreme
Gradient Boosting (XGB linear, XGB tree) and Random Forest (RF); inspired the exploitation of
modern ML concepts for the development of a model application. This endeavour was challenged
by the yet relatively small sample size (n = 26), as it is typically the case for environmental MP
data. Many ML algorithms operate best in the context of thousands of samples or more, which is
not realistically achievable for environmental MP studies. Therefore, measures were implemented to
adapt certain ML techniques specifically to small data set scenarios, such as nested cross-validation
(NCV) with adjustable stratification, and ensembling for predictive stability. For referring to the
resulting model selection, validation and prediction pipeline, the included components or concepts
were used together to form the acronym NIXVEGS (Nested Iterative (stratified) X-Validation-
to-Ensemble-modelling through Grid Searches). Correlations with several granulometric proxies
(e.g. the first principal coordinate of grain size [PCol| and the percentage of the mud fraction
[perc_MUD] fitted best) could be confirmed for these smaller MP sizes. However, due to the
hydrodynamic complexity of the studied system, including its geomorphological peculiarities, size,
and recent localised heterogeneous MP inputs, it was found indispensable to have a predictor
that accounted for discontinuities in MP propagation. Based on a hydronumeric model (provided
by the Federal Waterways Engineering and Research Institute, BAW) predictors were generated,
one of which (describing the mean travelling time of a passive tracer, i.e. a water molecule) was
identified to be the best fitting in combination with the granulometric proxy for prediction of
spatial MP distribution in the Schlei sediments, based on NIXVEGS’ nested cross-validation. At
over 180 stations with available grain size data (provided by the Christian-Albrechts-University of
Kiel, CAU), NIXVEGS estimated that a total inventory of ~20 trillion MP particles (50 - 5000
nm) residing in the Schlei sediments, extending to a depth covering nearly the entire ‘plastic age’,
as estimated from the sedimentation rates calculated by Schwarzer et al. (2019). Yet, due to a
potential for deeper mixing activity in the Schlei sediments, MP extending beyond the 15 cm horizon
cannot be excluded. It should be noted that the lower depth layers used in our model (samples
extending down to a sediment depth of 15 cm) are subject to greater uncertainty as they are based
on only four sampling stations. However, we observed that these deeper samples largely reflected
the MP and sediment characteristics of their corresponding top-layer samples. This warranted
merging them and estimating the total MP inventory of the Schlei sediments at a layer thickness of
15 cm.
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As part of this study, advancements in the analysis of all three dimensions of MP particles
(i.e. particle length, width and height) could be integrated in the employed micro-spectroscopic
analysis software GEPARD (Brandt et al., 2020). Previous studies tried to estimate the third
dimension from those available in 2-dimensional representations. In the data of this study (see
exploratory data analysis web application) it can be seen that the first and second dimension do
not carry sufficient information to predict the third dimension at satisfying accuracy. Thus, it can
be concluded that measuring the third dimension is indispensable for a reliable estimate of volume
and mass of MP. Based on the mass conversion, the MP inventory of the Schlei surface sediments
was calculated to comprise ~14.4 tonnes. Overall, these estimates represent the highest resolution
picture of an MP inventory for an entire geomorphological region to date. The generalisation score
(i.e. the performance of the regression model on unseen data) reached R? of 0.7 based on NCV
(i.e. including method selection decision into the validation) and proved robust in the sensitivity
analysis (e.g. ranging from 0.63 to 0.72 under different perturbations input variations: +10%, +5%,
max. value exclusion).

The entire data-analytical workflow follows FAIR, principles (findability, accessibility, interoper-
ability, reusability (Wilkinson et al., 2016)). The data-analytical work for this study included the
development of retrieval and processing tools for data stored in a dedicated MP database (Cerkasova
et al., 2023). This enabled structured data management through a transparent, reproducible and
validatable workflow of querying, managing and transforming data using Jupyter notebooks and
Python scripts that build the model environment. An exploratory data analysis web application
allows the readers of the study to comprehensively explore the entire MP and model data.

Following on from Focus 1, a comparison of grain size normalised data from the literature, confirmed
that estuaries and fjords exhibit the highest accumulation of MP, as compared to beaches, rivers,
lakes and the open sea. This establishes their pivotal role and key position in the context of
monitoring.

Cerkasova et al. (2023): A public database for microplastics in the environment

The multitude of data and metadata recorded in one research project can be enormous and requires
large efforts to prevent errors during all steps of data handling. These challenges inspired the
development of a relational MP database to streamline data management and handling across data
contributors, projects and institutions facilitating an efficient data transfer. The database schema
‘Marine Plastic Database’ (MPDB) is structured to be highly versatile for the kind of particle-based
MP data. It ensures data integrity (invalid data is detected), consistency and security, and is
referenced in the public-facing meta-database which makes the information findable for other public
research data portals, aligning with FAIR principles. The MPDB allows to track the entire analytical
history of a particle: from the particle properties (e.g. polymer type, size, shape) over preparational
techniques (e.g. density separation, splitting, chemical treatment) back to sampling location and
methods. This way all MP data can be related, stored, updated and queried for data-analytical
and statistical applications. Additionally, a blind sample subtraction script has been developed in
order to streamline and automate the procedure for self-contamination during sample preparation
and analysis (Enders et al., subm.; Cerkasova et al., 2023). It bases on matching phenotypes,
i.e. particles with identical values in sample, colour, shape, and polymer type. Control for
internal contamination is an integral part of MP studies, transparent and consistent procedures
much-needed. To the knowledge of the authors, the MPDB is the first public MP database designed
to preserve the entire analytical workflow, from spectra to harmonised particle metadata, so that
the full data pipeline remains transparent, traceable and reusable. The data stored in the MPDB
has been used by several studies (e.g. Piehl et al., 2021; Siegel et al., 2021; Enders et al., subm.)
and reports (Bertling et al., 2021) and sparked interest in further developments of such databases
in the scientific MP community (Sherrod et al., 2024).
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https://gitlab.ipfdd.de/gepard/gepard
https://robna.github.io/MPSchleiSediments
https://iowmeta.io-warnemuende.de/geonetwork/srv/eng/catalog.search#/metadata/IOW-MPDB

Focus 3: Methodological
advancements

The efficiency and reproducibility of extraction and analysis methods are a bottleneck to generate
larger scale and reliable data sets (Martin et al., 2022). To realise the studies concerned with the
proxy model methodological advancements were necessary. Focus 3 presents the outcome of method
developments from sample processing to analytical measurement validation and data analytics.
These advancements improved the extraction and characterisation of smaller MP from larger sample
numbers with lower uncertainties from various matter-rich matrices.

MP extraction from matter-rich samples

Enders et al. (2020b): When every particle matters: A QuEChERS approach to
extract microplastics from environmental samples

At the baseline stands the optimisation of purification techniques for matter-rich samples, like
sediments, sludge, and soils, which was required to increase sample throughput, harmonise MP
sample work up of diverse environmental matrices in a standard laboratory while ensuring sufficient
analytical accuracy. Therefore, a universal framework of modular protocols was developed adaptable
to various environmental sample compositions. It was designed to be used in a standard laboratory
and meet predefined user requirements: Quick, Easy, Cheap, Effective, Rugged, Safe (QUEChERS).
This modular extraction pipeline targets MP in a size spectrum between 10 pm and 5 mm. The
reduction of non-MP matter is a crucial step for state-of-the-art particle-based analysis methods,
such as Raman or FTIR spectroscopy. The analysis time is directly proportional to the number of
particles, as every single one undergoes spectral evaluation.

A conical spiral conveyor was developed that assists gentle agitation of the sediment while being
in the density separation medium, which enhances the recovery rates of MP from particle-rich
matrices. This is advantageous compared to formerly applied techniques which used stirring blades
or manual shaking which, however, bear the risk to disintegrate particles due to harsh grinding
forces or are ineffective for larger sample volumes. Generally, only minor adaptations had to
be made on standard laboratory equipment e.g. widening of separation funnel inlet and outlet
for the conveyor to be applied and the sediment to pass. To adhere to QUEChERS targets, the
need for specialised equipment was to be kept at a minimum, thereby lowering the barriers for
other laboratories to adopt and implement these protocols. Recovery tests have been performed
using differently sized fluorescent MP particles covering the entire treatment pipeline for a typical
sub-aquatic sediment sample, which showed a size dependent recovery, i.e. lower recovery for
smaller size classes of MP. Comprehensive quality assurance and control measures were defined and
implemented, e.g. working in a laminar flow bench, micro-filtration of all solutions, implementation
of a water-tap-filtration device, parallel blind sampling, MP-free laboratory utensils and room air
filtering. An overall aim was to contribute towards a standardisation of MP purification techniques.
With new protocols evolving, the modular structure provides the flexibility to be extended and can
be used as a foundation to selectively extract MP from matrices beyond environmental samples.
The development and implementation of this modular MP extraction pipeline was crucial for the
systematic work up and analysis of MP samples for the development of a robust MP EPM in
the Schlei described above, extending size and sample number ranges. Above that, the modular
extraction approach has helped to realise multiple studies in IOW laboratories (e.g. Brandt et al.,
2020; Enders et al., 2020a; Siegel et al., 2021; Piehl et al., 2021; Tagg et al., 2022; Kaiser et al.,
2023).

Lenz et al. (2021): Measuring impacts of microplastic treatments via image recognition
on immobilised particles below 100 pm

It is an immanent goal in MP purification procedures to effectively reduce non-MP matter, while
keeping MP unaltered and retained for analysis. The effectiveness of the matrix removal is evaluated
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by measuring reductions in both sample volume and the number of non-MP particles during spectral
analysis. However, each stage of sample processing carries inherent risks, MP loss, structural changes,
aggregation or disintegration, which can falsify results. As particles below 100 pm easily cannot be
handled individually, available evaluation study concepts rely on bulk analysis, where recovered
particle numbers in relation to the count of originally spiked particles are evaluated, as for instance
done in Enders et al. (2020b). However, these kind of tests come without the possibility to
distinguish between chemical treatment loss (e.g. dissolution) and handling loss (e.g. sticking to
glassware, filtration loss), which are less constant as they depended on the individual operator and
handling variability. Additionally, the evaluation of losses and changes on the respective polymer
types is challenging when target particle sizes are < 100 pm. If particles could, instead, be evaluated
on an individual basis with respect to their alterations upon chemical treatment, higher detail
and insight could be gained, e.g. on size dependent recoveries, or morphology and surface changes
including spectroscopic effects. Having stationary particles with an attachment to a surface that
can withstand the treatment steps would allow for such evaluations also for particles resembling
environmental occurring MP instead of specifically labelled or spherical laboratory-grade fluorescent
test beads of distinct properties in order to be found again. To address this, a novel approach was
developed where MP particles between 10 and 70 pm were immobilised on a silicon substrate, which
allowed pre-post evaluation of treatment methods on individual particles via image analysis. This
included an evaluation of quantitative parameters such as particle loss, particle size and morphology.
A qualitative complementary evaluation of spectral changes that compromise polymer recognition
via spectroscopic analysis on bulk MP samples has also been performed.

These advancements in polymer resistivity testing specifically of small MP increased the reliability
of the chemical treatment protocols as described for use on MP in this size range in the former
publication by Enders et al. (2020b). Overall, polymer resistivity could be confirmed for most of
the 19 different polymer types tested, with minor restrictions. Significant polymeric degradation
has been observed for epoxy resins and PC under strong oxidative treatment (particle loss of 46%
and 25%, respectively). Acrylonitrile-butadiene-styrene (ABS) particle loss of 30% was observed
under density separation solution (sodium polytungstate, pH 3). Generally, Raman spectra of post-
treatment measurements showed fewer recognition hindering artefacts like changes in band position
and intensity than FTIR. Interestingly, for three of the five paint resins (PU-, Alkyd-, Rosin-based)
no spectra of sufficient quality could be exploited prior to treatment by both applied analytical
techniques, questioning their exhaustive quantification in environmental samples using current
methods. This underpins existing analytical limitations: certain MP particles can be systematically
underdetermined or lost due to size reduction between sampling and analysis, indicating that
reported MP abundances are to be considered as conservative lower estimates, assuming sound
analytical procedures and rigour were applied.

Enders et al. (2020a): Evaluation of electrostatic separation of microplastics from
mineral-rich environmental samples

The application of a modular MP purification pipeline is efficient and targeted for matter-rich
samples, yet, for certain sample types larger volumes need to be processed to yield sufficient
statistical robustness. The MP abundances present in the sample determines the initial sample
volume that would be necessary to enable a robust statistical analysis (Cowger et al., 2024).
Extrapolation errors can be substantial when MP numbers are low, as investigated by Brandt et al.
(2021a). Thus, for known low-MP regions higher sample volumes would be advantageous. Following
the granulometric dependency of MP numbers in sediments, samples with coarser grain sizes and
relatively low organic matter content are those with lower MP numbers.

A promising recently published MP separation method via electrostatic separation (Felsing et
al., 2018) was evaluated for application of matter-rich samples. However, the formerly found MP
recovery rates of nearly 100% across different MP sizes and mass reduction of 99% across various
matter-rich matrices could not be reproduced. In finer grained sediments with high organic matter
content such as the case for soils and many aquatic sediments, mass recovery rates greatly varied
between 1% for soils, 17% for commercial calcite rich sand and 93% for beach sand. Especially
the influence of fine organic matter and fine calcite particles may impede sufficient separation.
Concerning MP recovery rates a strong size-dependency has been observed. In beach sands, 95%
and 90% of MP particles of 2 mm and 0.45 mm are recovered, while for ~125 pm, ~63 pm, and ~20
pm sized MP the recovery falls below 80%, 60%, and 50%, respectively. These deviations in results
from the pioneering study were in overall agreement with another study, recognising their averagely
higher recovery rates and mass reduction due to differences in sediment composition, larger MP
and grain sizes, different polymer types and analytical overestimation (Kurzweg et al., 2022).

It is concluded that the application of electrostatic separation can be useful for coarse-grained
samples of low organic matter content, which are also typically scarcer in small MP < 100 pm. As
such beach monitoring could profit from the faster throughput of larger sample volumes. However,
a subsequent density separation for the elimination of the remaining matter fraction is still required.
More research would be needed to safely apply this method for larger application ranges, especially

36



with respect to matrix effects, polymer types and shapes, as well as other test parameters such as
humidity. This study shows the importance of reproducibility in science in general.

Enders et al. (2016): Extraction of microplastic from biota: recommended acidic
digestion destroys common plastic polymers

In the early 2010s, monitoring fish for (micro)plastics was integrated into the MSFD and OSPAR
guidelines (Hanke et al., 2013). ICES issued a preliminary monitoring protocol for the digestion of
organic matter for MP purification in 2015 (ICES, 2015), recommending the use of a 4:1 mixture
of nitric and perchloric acid, as well as application at 80°C. However, during the Danish national
monitoring campaign, the acidic mixture was found to have detrimental effects on multiple polymer
types when this protocol was followed. Of the 21 polymer types tested, only six (PP, LDPE,
HDPE, PTFE, one type of PVC and ethylene-vinyl acetate (EVA)) showed no changes. Others
exhibited changes ranging from surface alterations to near-complete dissolution (e.g. PA, PU, ABS,
three rubber elastomers and polymethylmethacrylate (PMMA)). A protocol involving a mixture of
potassium hydroxide and sodium hypochlorite (1:1, 30%) was found to be an effective alternative
MP-preserving digestion method, as validated via visual inspection and Raman spectroscopic
measurements before and after treatment. The destructive effects observed in the digestion trials
in this study were carried out using plastic items within the macroscopic size range. Even more
severe effects are expected on a microscopic scale. Dedicated testing in this size range is therefore
warranted, as for instance demonstrated by subsequent studies (Lenz et al., 2021). Consequently,
this study is an early example of the importance of method validation in MP quantification.

Analytical accuracy validation and procedural reality check

Brandt et al. (2021a): Assessment of subsampling strategies in microspectroscopy of
environmental microplastic samples

Particle-based spectroscopic methods such as Raman or FTIR have a high accuracy regarding the
chemical classification of polymers. However, instrumental and software limitations can lead to
measurement times on the order of hours to days per sample, hindering the analysis of large sample
sets. In order to increase sample throughput, it is common practice to measure only a subset of the
purified sample on a filter substrate, especially in case of particle-rich samples. However, usually
less than 1% of the particles on the analytical substrate are identified as MP, which often means
that absolute numbers of MP particles are so low that subsampling and subsequent extrapolation
bear unacceptable errors. This is further aggravated when total MP results are segregated into
sub-fractions by polymer, colour, shape or size category. The authors provide a quantitative analysis
on the statistical robustness of commonly applied subsampling strategies during analysis. Based on
the evaluation of 27 different environmental samples it was found that a minimum 50% of particles
should be analysed, when accepting a subsampling error of no more than 20%. In scenarios with
very low MP numbers or uneven distribution on the filter, statistical subsampling where every nth
particle is measured proved most accurate. When statistical analysis on sub-fractions is targeted,
the entire filter should be analysed to ensure sufficient statistical robustness.

Lenz et al. (2024): What goes around should not move around: immobilizing mi-
croplastics as a new approach for analytical ring trials

There are multiple methods available to analyse MP < 100 pm. Their comparability is one of
the major challenges in the chemical analysis of MP. Several ring trials approach this issue by
adapting procedures often used for benchmarking analytical proficiency for liquid or dissolved
analytes. Typically, individual sample specimens are prepared by a host and sent to the trial
participants. Hence all participants work in parallel, each measuring their own independent specimen.
Adapting such a concept to MP in the lower micrometre ranges includes the problem that potential
uncertainties on the contained MP numbers are hard to control completely and are indistinguishable
from actual differences in the detection proficiency of a participant, i.e. the specific analytical
uncertainty. This can lead to vastly deviating results among ring trial participants (Miiller et al.,
2020; Van Mourik et al., 2021; Belz et al., 2021; Ciornii et al., 2025). Herein, a novel ring trial
design is being presented which is based on permanently immobilised MP on one sample which is
then circulated among participants for sequential evaluation. This way production differences and
pretreatment effects become obsolete and the specific analytical uncertainty can be identified. In
the group of participants in a proof of concept application of the serial ring trial design, the relative
standard deviation of 5% was ascertained. In comparison, the parallel design ring trial, including
the potential additive errors described above, resulted in 23% relative standard deviation on average.
A pre- and post-measurement by the ring trial host ensures a quality check that no significant
particle loss occurred. The approach for creating the immobilised sample is based on filtration
immobilisation using an inorganic binder, which leads to an optimal distribution of particles on
the filter (avoiding particle conglomeration) and instant adherence of the particles on the filter
substrate, with minimal remaining of the adhesive. In contrast to the previously used organic
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binder (Lenz et al., 2021), potassium silicate does not interfere with spectral bands of polymers.
The serial ring trial design directly helps to further improve MP analysis methods also at the lower
end of the detection limits, as it enables analytical comparisons based on the same particle. It
provides certainty on the comparability of analysis results of analytical consortia. The uncertainty
coming from the purification and handling of the sample can now be separated from the purely
analytical uncertainty. Besides their use in ring trials, the immobilisation-filtration technique can
find further applications in correlative microscopy (as is currently tested for fluorescence microscopy
and correlation of mass- and particle-based analysis techniques), sample archiving and the creation
of analytical calibration samples for particulate analytes, potentially also beyond MP. It is currently
filed for a patent.

Lenz et al. (2016): Microplastic exposure studies should be environmentally realistic

Besides accuracy and uncertainty of study results in MP experiments, another critical aspect is
the environmental relevance. Multiple toxicological dose-response studies were performed during
the last decades, in order to investigate the potential effect of MP on various organisms. In
a response letter in PNAS to one of these studies (Sussarellu et al., 2016), Lenz et al. (2016)
shared the observation that when reviewing the concentrations used by toxicological studies with
environmentally identified levels, large differences became apparent. Experimental concentrations
were, on average, two to seven orders of magnitude higher than those identified in environmental
surveys. Clearly, working with respective environmental concentrations would in many setups be
hindered by practical limitations. For instance, the highest concentrations reported in an Atlantic
surface water survey with a lower mesh size of 10 pm were at the order of one MP particle per 2 L
of water (Enders et al., 2015). Depending on the experimental setup (exposed species, toxicological
endpoint, exposure time), this could easily lead to situations where it becomes challenging or
impossible to draw statistically significant conclusions, be it due to limited encounter rates or too
weak effects. However, that does not mean that effects established at higher concentrations are not
relevant, but it is important to keep in mind that current environmental MP concentrations are
often lower than those where measurable acute toxicological effects are observed. Notably, chronic
or additive effects of so-called ‘chemical cocktails’ are difficult to address in these studies and are
important issues to be addressed in future research.

38



Perspectives and closing remarks

The publications presented in this thesis contribute new insights and methodological advances
for the quantification of MP pollution in sediments. The concept of grain size normalisation is
introduced in the context of MP abundance assessment, which allows for comparative pollution
level assessments in sediments. With it, a robust and adaptable model framework is developed
which is applied to regional distribution analysis and inventory determination and can be a valuable
toolkit in MP monitoring studies.

Granulometric proxy-based modelling is based on the assumption that the processes that drive
particle transport are the same for MP as for sediments. This means that any MP-specific process
would disrupt the relationship, appearing as smaller-scale deviations that increase model uncertainty
if they occur in a non-continuous manner or cannot be represented by additional variables. Larger-
scale MP attenuation effects, such as those observed due to the geomorphological obstacles in the
Schlei, were accounted for by introducing a spatio-temporal discontinuity variable.

Several limitations and challenges could occur when applying the model to other environments
where the primary hydrodynamics are occasionally interrupted. For instance, continental slopes and
sub-marine canyons repeatedly experience turbidity currents that deliver high loads of MP to the
deeper sediments (Kane et al., 2020). In theory, they represent a pronounced spatial and temporal
discontinuity; therefore, an attempt should be made to demarcate the spatially and temporally
connected sub-area. However, this may be difficult, as the sorting processes within turbidity currents
are rather chaotic (Symons et al., 2017). They overlap with ocean-current-driven bed load transport
processes and are difficult to model (Salles et al., 2008). It is up to future research to determine
whether the presented modelling pipeline is applicable in such hydrodynamically highly variable
environments, where several major sorting mechanisms overlap. Similarly, singular or local events,
whether of natural (e.g. local flora or fauna) or anthropogenic origin (e.g. dredging) are difficult to
incorporate in prediction models. A comprehensive analysis of local processes and exploratory data
analysis based on a granulometric normalisation plot is necessary prior to modelling in order to
identify and potentially exclude technically justified outliers for a better model robustness regarding
the entire region studied.

As any model can only be as good as the data that are provided, a reliable MP extraction and
analysis pipeline is essential. Several methodological improvements have been made as part of this
thesis to increase sample throughput and method validity, ultimately fostering data comparability.
However, there is still room for further improvements in purification techniques as typically far less
than 1% of the analysed particles in a purified sample are confirmed MP. At the same time, analytical
methods should be further automated in order to accelerate sample throughput. Measurement and
spectral assessment are still very time-consuming tasks, which include manual work by experts. It
must be acknowledged that MP < 5 pm (including nanoplastics) must be handled in a certified
clean room facility in order to effectively prevent contamination of overall particle numbers in
these size ranges. Although high-throughput analysis as it is known from grain size or organic
matter analysis seems currently unrealistic for MP, an increase in sample numbers and measurement
accuracy would directly improve model accuracy.

Dedicated campaigns for spatio-temporal monitoring of sedimentary MP would require sampling
more recent layers for higher temporal resolution and keeping layer depth constant with respect to
sedimentation rates. Therefore box corers are preferable, as they better preserve sediment layers
and sample a larger surface area compared to grab samplers. Although the entire range of grain size
variability should be covered, finer cohesive sediment regions are especially valuable with respect
to temporal comparability as they are less prone to vertical movement and disturbance during
sampling.

Empirically found correlations between MP (> 500 pm) and grain size fractions are interpreted in
the context of the theory of initiation of motion of sediments. In Schlei sediments an extended and
more precise size correlation was possible as exact particle sizes were retrieved in three dimensions.
Here, finer sediments (< 63 pm) showed a shift relative to MP sizes, similar to what was found
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in the Warnow sediments. However, in coarser sediments the size relationship changed and grain
sizes were larger relative to MP. This could indicate that larger MP particles are not available in
the Schlei at sufficient concentrations while under increased hydrodynamic forcing smaller sized
particles get trapped between pore spaces (beginning infiltration). Kane et al. (2020) observed that
MP did not deposit above a certain threshold bed shear stress. However, this observation was not
made in Warnow sediments where only MP > 500 pm were explored and correlated well with bed
load particle transport behaviour.

Ouly a few particles (n < 10) in the size range of those that dominated the shorelines of the Schlei
after the pollution event (NABU, 2018), were present in the analysed sediment samples. One reason
for this observation could be that our sampling design, using a grab sampler covering only 0.04 cm?,
may have missed these larger and consequently less abundant size fractions. On the other hand,
especially larger low-density sheets (typical shape of food-packaging derived plastic debris) were
more likely to stay at the surface for a reasonable time to leave the Schlei towards the Baltic Sea.
Intercepted by coastal vegetation and beaching, plenty of these larger snippets were visible around
the coastal zone where multiple clean-up events predominantly targeted this fraction, potentially
removing them before they would end up in larger amounts on the sediment bed.

Literature data reviewed here (see Fig. 4 Enders et al., subm.) indicate that the granulometric
normalisation approach is applicable to other sedimentary environments, such as lakes and rivers.
Also for Baltic Sea beaches it can be hypothesised that the hydrodynamic effect dominates the
MP distribution in contrast to degrading macroplastics or direct local pollution at these sites.
This means that degraded macroplastics probably take an indirect route through the sea or air
before coming to rest on the beach again, where they are then sorted by means of hydro- and
aerodynamics. Such a hypothesis would be supported by recent modelling studies which describe
mechanisms of repeated beaching (e.g. Schernewski et al., 2021). The model concept developed
for the Schlei can be adapted to other systems, as long as sufficient grain size data are obtainable
and the spatio-temporal connectivity assumption holds or can be adequately represented through
available variables. It can be used to predict MP abundances in sediments based on grain size
distributions, which can be derived from standard sedimentological surveys. This allows for a more
efficient and cost-effective monitoring of MP in sediments, as it reduces the need for extensive
sampling and analysis of MP particles.

The concept as presented in Enders et al. (2019) has been picked up in a relevant review paper (Harris,
2020) and other MP sediment studies confirming the MP-sediment relationship and recommending
further use of such normalisation procedures (e.g. Vermeiren et al., 2021; Croiset et al., 2024; Van
Daele et al., 2024), demonstrating that now more studies acknowledge the importance of grain
size normalisation and test it for further sedimentary settings. As rivers are often characterised by
high topographic variability and large water-level fluctuations (Rolf et al., 2022), the identification
of a normalisation line can be challenging. Even at small spatial scales, temporal changes can
be substantial, for instance, when floodplains are included in a streambed data set, which are
not constantly submerged and therefore not continuously connected to the river flow (Croiset et
al., 2024). Assessing spatio-temporal connectivity, even at small spatial scales, is essential for
meaningful normalisation. Van Daele et al. (2024) applied granulometric proxy normalisation in a
river bed, and successfully distinguished between depositional and erosional areas. The authors
proposed that a constant normalisation factor could exist based on the similar factor found between
the two studies. However, currently available data are not sufficient to support this. The two studies
used different preparation methods and different lower MP size limits which significantly affect the
composition of the MP pool, and influence the statistical relationship between the two constituents.
This problem had already been addressed in Enders et al. (2019) as well as in (Enders et al., subm.)
where the authors compared data from available studies, showing largely variable normalisation
factors. Although there is an indication from the data in Enders et al. (2019) that MP represent a
size scale where polymer-type distribution broadly mirror the global plastic production shares thus
representing the universal stock of plastic polymers. Yet, site-specific differences in particle shape,
polymer type, and size distribution are inevitable.

The application of the developed concepts in monitoring and environmental management can
contribute to the containment of the plastic pollution problem by providing a more accurate
assessments and information needed for targeted mitigation measures. However, as long as the
current linear economic model of plastic mass production and consumption remains in place, the
problem of plastic pollution will persist. With preventive measures in place and better recycling
practices, a certain plateau of MP discharge to the environment will not be deceeded due to
non-avoidable wear of plastic materials in use. A transition to safe-by-design applications and
increasing circular economies that close material cycles are necessary to reduce the overall plastic
pollution burden in the environment (UNEP, 2023; Brander et al., 2024).
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Abstract: Aquatic sediments act as major sinks for microplastic (MP) pollution, yet
accurately quantifying their MP distributions and inventories on a regional scale remains
challenging, especially in hydrodynamically complex estuarine environments. Existing
distribution models focus on ocean basins or simple hydrodynamic systems but lack
sufficient adaptability to the spatial heterogeneity typical of estuaries. To address this
limitation, we developed NIXVEGS, an open-source empirical spatial prediction pipeline
adapting machine learning components like nested cross-validation and ensemble modeling
specifically for the sparse data characteristic of environmental MP studies. It integrates
granulometric proxies and spatio-temporal connectivity to predict MP distributions and
provides data-driven decisions in model selection combined with performance validation on
unseen data under the best possible utilization of the available observations. The model
predictions increased spatial data coverage 7.6-fold from an original set of 26 analyzed MP
sediment concentration in the Schlei estuary (Baltic Sea coast, Northern Germany). We
demonstrate the application of NIXVEGS and use its predictions to estimate the region’s
sedimentary MP inventory at ~20 trillion particles (50-5000 um) or ~14.3 tons. Estuarine
sediments are key environments for monitoring MP pollution evolution, where NIXVEGS can
assist regional plastic management and contribute to the understanding of a global MP
budget.

Keywords: Grain size, Proxy, Geological analysis, Spectroscopy, FAIR data, Cross-validation,
Predictive modeling, Environmental monitoring

Synopsis: We developed NIXVEGS, a predictive modeling tool leveraging readily obtainable
sediment proxies, to significantly enhance the spatial coverage of microplastic
concentrations from limited direct measurements.
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Introduction
Sediments as the largest passive MP samplers

Global plastic cycling is influenced by a multitude of physical processes 1. Similar to natural
debris, the majority of the global plastic legacy ends up in sediments - places of continuous
particle deposition 23. Even initially buoyant MP are found to deposit in sediments as a result
of particle agglomeration, biofouling and degradation 4, which manifests in their frequent
presence in sedimentary environments >6, The distribution dynamics of MP, like other
suspended solids, are governed by the physics of particle motion. The hydrodynamic regime
determines the sediment grain size distribution: while finer sediment particles dominate
low-energy environments, coarser ones prevail in high-energy regimes due to their higher
threshold for initiating motion 578, The same principles apply to the transport of MP, as
evident from observed correlations in MP concentrations and sediment grain size 59-11, yet,
with an observable size shift due to the lower densities of plastics compared to natural
sediment 5. Unlike surface or intermediate water compartments, where MP levels fluctuate
spatially and temporally, making unambiguous trend analyses difficult, sediments provide a
more stable and integrated record of the temporal evolution and spatial extent of plastic
pollution 12-16,

In systems of uninterrupted hydrodynamic connectivity and sufficient steady state with
respect to distribution and sorting processes, granulometric normalization is an effective tool
for studying sedimentary MP pollution levels 5. It helps in evaluating the influence of the
hydrodynamic regime or in performing source and sink analyses. If the hydrodynamic
connectivity can be assumed to be sufficient, the MP distribution could readily be predicted
based on a granulometric proxy 5. However, for many environmental settings, this
connectivity assumption does not hold. The local interplay between MP inputs,
hydrodynamic forcing, geomorphological peculiarities, and spatial extent of the studied
system may reveal spatio-temporal discontinuities in the granulometric normalized MP
concentrations.

Reliably quantifying MP is crucial for assessing risk and changes in biogeochemical cycles 17-
19, While worldwide geological records show MP increasing in sediments since the 1950s 20-
22 we still lack fundamental understanding of the mechanisms driving their distribution 23.24,
and reliable quantification of MP inventories remains elusive. Indeed, sediments are among
the least studied compartments for MP pollution 2526 since quantifying this heterogeneous
synthetic, polymeric material group 27 embedded within diverse sediment matrices is highly
demanding. Despite MP-analytical methods improving in efficiency, their laborious nature
restricts exhaustive measurement campaigns resulting in overall small datasets, especially if
the full spectrum of MP sizes, shapes and polymers is covered 5. Data scarcity spawns an
incentive for MP distribution modeling, but it is challenged by the large material diversity
and a lack of data analytical standards.

Given these challenges, hydrodynamic numerical models (HNMs) offer a promising approach
to predicting sedimentary MP distributions and inventories by simulating particle transport
dynamics directly. However, the accuracy of HNMs relies heavily on precise parameterization
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of numerous complex processes, many of which remain incompletely understood 232829,
Variables such as MP particle properties (e.g., shape, density, biofouling, degradation state)
and environmental factors (such as sediment composition and biotic activity), require
empirical data specific to MP for accurate representation. Additionally, directly transferring
knowledge from sediment transport models to MP dynamics has notable limitations 2324,
Sediment dynamics, despite extensively researched, continues to be acknowledged one of the
least understood areas within Earth science 39, which pertains all the more to models where
MP is added to the equation. Consequently, while HNMs exhibit strong theoretical
foundations, their ability to reliably simulate MP distributions is often constrained by
necessary assumptions and simplifications. Furthermore, model generalizability remains
limited, as parameterizations and process equations usually cannot be directly applied from
one environmental setting to another without significant adjustments 28.

For specific cases, state-of-the-art HNMs have helped to gain valuable first principle
estimates of plastic pollution at ocean basin or global scales 1831-33, Others have provided
detailed local insights based on hydro-numeric simulations of select key systems 3435,
However, there is a lack of models for predicting MP distribution at regional scales, especially
for systems of high geomorphological and hydrodynamic heterogeneity such as estuarine
sediments. These ecosystems at the fluvial-marine interface, which typically represent
bottlenecks for MP of terrestrial origin, and which are often affected by high anthropogenic
activity, are ideal monitoring sites to study the evolution of (micro)plastic pollution. Hence,
there is a clear need to model the regional-scale distribution pattern of MP and determine
their inventories in these key indicator ecosystems. Empirical predictive modeling (EPM),
relying on multivariate regression, can be harnessed in combination with selected techniques
from modern machine learning (ML) methodology to provide a data-driven model and
validation framework that can be applied to a wide range of systems. EPM facilitates a
description of variable relations despite limited knowledge of the many underlying
subprocesses involved by leveraging several easier-to-obtain covariates as predictors. EPM
is often employed in water quality assessments 28.

Here we report the development of NIXVEGS (Nested Iterative (stratified) X-Validation-to-
Ensemble-modeling through Grid Search): an open-source empirical spatial prediction tool
using ML techniques to determine MP abundances in complex sedimentary ecosystems.
NIXVEGS encompasses the complete ML pipeline for model selection, evaluation and
prediction (SI, Fig. S4). The model founds on the hydrodynamic equivalence principle
between MP and sediment grains. It is an integral part of a data analysis workflow starting
with data preparation (querying MP data from the database MPDB 36, blind corrections and
augmentation from external data sources) and concluding with geospatial interpolations and
inventory estimation, all implemented as reproducibly executable Jupyter notebooks (see
overview Fig. 1).
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Figure 1. Overview of data analysis pipeline for prediction of the MP legacy in
sedimentary systems. Insight into all underlying MP and sediment data is provided in the
accompanying web application for exploratory data analysis (EDA app).
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Figure 3

Figure S1

The model was established and validated on a MP dataset of 26 sediment samples in a field
measurement campaign in spring 2018, taken along the 42 km long Schlei, and investigated
using spectroscopic, geological and geo-chemical analyses (Fig. 2 A). The Schlei is influenced
by the annual discharge of about 250 million m?* of freshwater from several tributaries and
by wind-driven inflow of brackish water through its open connection to the non-tidal Baltic
Sea, resulting in a slight estuarine circulation. The Schlei combines several aspects of a
complex geomorphological and hydrodynamic setup, and has a high societal and ecosystemic
value. It has moreover been impacted by a major source of MP pollution, with meso- and
microplastic snippets, leftovers from shredded, packaged food used in the biogas plant in the
city of Schleswig, which entered the Schlei waterbody via the local waste water treatment
plant (WWTP). Local newspapers published estimates of several tons supposedly being
released over the course of 2-3 years 37. A reliable model of MP pollution distribution could
have supported knowledge-based decisions and effective regulatory interventions, but was
lacking at the time of discovery of the pollution event.

NIXVEGS - a ML tool chain for empirical MP modeling

ML is now rapidly developing in the field of earth science 38 and has also been adopted in
several areas of MP research, such as pollution level classification, spectral noise reduction,
or polymer type and image classification 3942, Regarding MP concentration regression,
however, there is no protocol available to yield local predictions or geospatial interpolations
thereof 43.

NIXVEGS addresses this gap and accounts for the typical properties and requirements of
regional MP prediction. Most ML use cases involve datasets with several orders more
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observations than the typically small MP environmental datasets, making it challenging for
ML to achieve high predictive power while performing stably under rigorous testing.
NIXVEGS encompasses several key elements including model configuration grid search,
nested cross-validation (NCV) with adjustable stratification, and ensembling for predictive
stability. While each of these methods have individually been described previously, NIXVEGS
combines and balances these elements in a novel manner to compensate difficulties arising
from modeling with small datasets. With NCV being at the core of NIXVEGS, it safeguards
against overfitting not only in the actual model training, but also in selection of predictor
variables, model algorithms, and hyperparameters. For NIXVEGS’ other core components
(i.e., grid search, stratified k-fold cross-validation [CV], regression algorithms, predictions)
we rely on functionalities implemented in the widely recognized ML libraries sci-kit-learn
and xgboost 4445, How these components are linked together is described in the
supplementary information (SI, Fig. S4).

NIXVEGS uses sediment grain size proxy variables as predictors describing the similarities in
the hydrodynamic deposition behavior between MP and natural particles. Where areas are
hydrodynamically well-connected, correlations of MP abundance with certain sediment grain
size fractions are clearly evident 5. However, if present, spatio-temporal discontinuities need
to be accounted for by the EPM to effectively model the system’s MP distribution, which is
addressed by NIXVEGS. With this model framework we aim to provide the tools needed to
generate realistic MP distribution maps, allowing us to estimate a sedimentary MP inventory
for an entire geomorphological region.

Methods

We summarized the methodological steps crucial for the core of our analysis and model
approach. Further details and reasoning for certain methodological choices are provided in
a more comprehensive version of the methods section in the SI.

Sample collection

Sediment was collected at a total of 32 stations from May 14 - 16, 2018, using a Van Veen
grab from aboard a ship (Klaashahn, IOW) in a transect from the Inner Schlei to the Baltic Sea
opening 46. The deliberate choice of the sampling locations aimed to balance grain size
coverage (by consulting grain size maps of the Schlei 46), spatial coverage (covering the entire
extent and depths) and usage coverage (i.e., regions of more pristine and more anthropogenic
character). After carefully opening the grab, the top 5 cm of sediment were transferred into
a MP-free cleaned glass jars (one per sampling location and additionally also one sample of
the 10-15 cm layer at S1, S2, S4, S10) and stored dark at 4°C. Of the 32 stations, 28 samples
were later analyzed for MP, two only for sediment properties, and two were lost.

We used data on sediment properties from a second sample set, collected at 183 stations by
an earlier sediment survey on courtesy of Kiel University. Information on sampling and
analysis of this subset of data can be found in #¢. Principal procedural steps were comparable
between the two studies. A van Veen grab was used to obtain 161 samples, whereas the 22
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samples were taken using a gravity corer. For each core sample, sediment grain size
measurements from the upper 5 cm were averaged for comparability to the grab samples.

MP sample preparation

The detailed MP extraction protocols, method validation and contamination prevention
measures are documented in a separate method article 47. We here report the essential
procedural steps and refer to respective protocol modules (m1 - m6) as part of the modular
decision tree (see Fig. 2 in 47) as they are identical as described in these published protocols.
Samples were freeze dried (m1), homogenized (m2) and defined dry masses (160 g on
average) transferred into a density separation using sodium polytungstate (1.8 g cm-3, m5).
The application of the conical spiral conveyor (see Fig. 3 in 47) in a customized glass
separation funnel under addition of a few droplets of hydrogen peroxide allowed a gentle
release and separation of lighter particles. Density and pH (3 - 3.4) were checked regularly
and readjusted if necessary. Remaining organic constituents in the filtered supernatant were
reduced by applying 30% hydrogen peroxide (m4.1). Samples were then filtered in the
analytical laboratory (IPF Dresden) onto silicon filters with ~50 pm pore size using a custom-
built glass filtration device 48 under a laminar flow cabinet (Telstar Aeolus V3) 4°.

Larger MP suspects (> 1 mm) were individually picked and rinsed. In cases of particle
overloading, stacked sieve filtration was applied (m6). Blanks covering the entire MP
extraction (using an MP free sediment matrix, n = 8) and spectroscopic analysis pipeline (one
per sample) were prepared to account for own MP contamination.

Spectroscopic analysis

MP particles on the Si-filters were identified and quantified via particle analysis combined
with Raman p-spectroscopy using the GEPARD software 4850, On a WITec alpha 300R
microscope (Oxford Instruments Group), using a 20x objective with a 532 nm excitation,
Raman spectra were acquired as 5 accumulated scans of 5 mW and 0.5 s integration. Larger
particles were individually measured with Raman spectroscopy (WITec alpha 300R,
Renishaw inVia Qontor) or ATR-FTIR spectroscopy (Bruker ATR microscope Hyperion 2000,
coupled to a FTIR spectrometer Vertex 70) 1.

Geological and geochemical analysis

On homogenized and freeze-dried subsamples, deprived of organic matter by 30% H:202,
grain size distribution was analyzed in two replicates per sample using a Mastersizer 3000
(Malvern Panalytical) in wet dispersion mode with 10 s initial ultrasonication. Five
consecutive measurements were performed and averaged for statistical analysis. Grain size
data were exported in log scale in 116 histogram intervals.

TOC was calculated as averages of duplicates by subtraction of the total inorganic carbon
(TIC) from the total carbon (TC). TIC and TC (TN, TS) determination was conducted on
lyophilized, homogenized and ground sample material using the elemental analyzers multi-
EA 4000 (Analytik Jena) and Euro-Vector EA (Hekatech).

The size distribution of organic matter was determined based on homogenized subsamples
(5 - 40 g dry weight [dw]). The centrifuged supernatant of a density separation (sodium
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polytungstate 1.8 g cm-3) 52 was pipetted to a beaker. This process was repeated up to 10
times to ensure complete separation of the light fraction. Samples were filtered onto a 0.4 um
filter using MilliQ water 53, rinsed off and size analyzed using the laser-sizer Mastersizer 3000
in wet dispersion.

Data analysis and modeling summary

Reproducibly executable jupyter notebooks and python scripts (overview Fig. S1) were used
to develop empirical and geospatial models and are available at
https://github.com/robna/MPSchleiSediments under GNUv3 open-source license. This also
includes a web app for exploratory data analysis (EDA app). More details and rationales on
the development of the modeling pipeline are provided in the SI.

Response variable

We used the total particle- and mass-based MP abundances per kg sediment dw
(Concentration (Fig. S2), MassConcentration, see EDA app: sample domain data) as
response variables for predictive modeling and spatial interpolation.

Database

MPDB, a MP-specific database 3¢ for FAIR-data compliant 54 particle-based analysis
workflows (findable via the [OW-META database), was used to store MP related particle-,
spectroscopic- and metadata (Fig. S1). The MPDB notebook contains the necessary functions
to query the relevant entries from the MPDB. This includes the procedures of aggregating the
particle-based raw data into sample-based data, according to the principles described in 36.
All relevant information that was extracted from the MPDB for the model development can
also be seen in the EDA app.

Blank correction was done by matching MP phenotypes between environmental and blank
samples (see also SI and 3¢ under 3.4. Data sanitation - Phenotyping and Blank Subtraction).
In short, MP particle phenotypes were characterized by having the same sample, polymer
type, shape and color properties.

Particle size, volume and mass and approximation

We advanced and validated (based on > 100 manual particle height measurements) the
particle height determination algorithm in GEPARD to enable an accurate determination of
all three spatial dimensions needed for more accurate conversion to volume, hence, mass-
based data. The relevant changes can be comprehended in the GEPARD repository.

Volumes of irregular shaped particles V;,.- were calculated as ellipsoids based on particle
length [, width w and height h, according to Eq. 1. Fibers were approximated as cylindrical
volumes V¢, (Eq. 2).

wlwh
Vipr = T (1)
mlw?
Veip = 2 2
7
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Particle volumes were then multiplied by the density of the identified polymer type to yield
particle masses (see “densities” in settings.py for used values).

Predictor variables

Predictors in the context of this study are vectors of non-MP related properties with values
for each station (see SI for further details on their composition).

Geographic features

Depth, the water depth in meters at measured a sample’s location. In lack of measured depths
in the prediction dataset, depth values were sampled from a bathymetry map (digital
elevation model [DEM], 5 m grid, provided on courtesy of the BAW, based on comprehensive
bathymetric echosounder and multibeam echosounder measurements, for details on
validation see SI, Fig. S3). Dist_Land is measured as the shortest distance in meters between
a sample’s location and the shoreline.

Sediment grain size properties

Grain size variables were generated using GRADISTAT 55 on the log-scaled binned volume-
based grain size distributions. Median grain size in pm (SED_D50) and the percentage below
63 um (perc_MUD) was used. In addition, a 2D representation of grain size was calculated
and used as predictor variables (PCo1, PCo2). They were created from a principal coordinate
analysis (PCoA) using Bray-Curtis dissimilarity 5¢ as a distance measure.

Samples with missing data in either in TOC (n = 26) or the grain size variables SED_D50,
perc_MUD, PCol and PCo2 (n = 11) were imputed by regressions as described in the SI (also
including explanations for the choice of specific granulometric proxies).

Spatio-temporal discontinuity

A numeric model 57, based on the unstructured finite volume code UnTRIM (Unstructured
Tidal Residual Mudflat model 58), was used to simulate the hydrodynamic behavior of the
Schlei. Simulated spherical drifters (300, 100, 50, 18 and 0 pm radius, 1.113 kg/m?®) were
released for three different periods (2017-06-01 to 2017-08-01, 2017-10-15 to 2017-12-15,
2018-04-01 to 2018-06-01). They were traced forward 5° originating from 54°31'31.499"N,
9°36'11.582"E, a point at shore near the location of the highest granulometric normalized MP
particle concentrations at S8 and S10 (see also Fig. 3 D). The resulting tracer paths were used
to infer knowledge about how the tracers had moved through the system in respect to the
sampling locations in four different implementations (see Table S1). Six variables (Disco1 to
Disco6) were generated using varying settings of these implementations (see Table S2).
Tracks of location, depth and time step of each tracer are provided in the data sources.

ML pipeline

Through NIXVEGS (implemented in a jupyter notebook, Fig. 1, Fig. S4) we create a model
which has predictive capabilities for estimating the response variable Concentration for
samples in the prediction set. Theoretically it is founded on the principles of cross-validation
(CV) 69, or, more specifically, nested-cross-validation (NCV) 1, and grid-search (GS), i.e., the

8

69



exhaustive model optimization on a given parameter space. NIXVEGS is structurally similar
to the NCV proposed by ¢2, but extends the concept by adaptations specifically addressing the
problems and needs arising under small dataset conditions.

NIXVEGS’ adjustable components are:

1. CVscheme:
- number of repetitions for the outer and inner loop
- number of folds for the outer and inner CV

2. scoring scheme:

- selection scorer: evaluation metric used to select a “best” model in the grid-
search procedure, see Table S3

e inner fold aggregator of the selection scorer: median, interquartile
mean (iqm), or mean
- generalization scorer: evaluation metric used as the final generalization score,
see Table S3

e outer fold aggregator: median, igm, or mean
e repetitions aggregator: median, igm, or mean
3.  model candidate configurations:
- predictor variable sets: selection from allowed variable combinations

- model class: generalized linear models (GLM), gradient boosting for linear
regressors (XGBlinear), gradient boosting for tree regressors (XGBtree), random
forests (RF)

- model hyperparameter values: depending on model class
Model algorithms

The tested model algorithms included two from the linear family. A GLM has previously been
used to model MP concentrations, based on granulometric proxies 5. In the present study the
GLM was implemented for a gamma distribution with a log link using the TweedieRegressor
class of the scikit-learn library with power=2 and a L2 regularization parameter alpha=0. A
linear gradient boosting model, here referred to as XGBlinear, was implemented using the
XGBRegressor class from the xgboost library 45. It was set up with hyperparameters to
resemble the settings of the GLM model, however, allowing ensembles of up to 300 base
estimators with the fixed hyperparameter set: booster=gblinear, objective=reg:gamma,
n_estimators=300, reg_alpha=0, reg_lambda=0. Two model classes of tree-based estimators
were included for comparison to the linear models. XGBtree was also implemented from the
XGBRegressor class of the xgboost library, sharing the same hyperparameters as XGBlinear,
but using booster=gbtree. Additional decision-tree-related hyperparameters were varied and
optimized within NIXVEGS based on the following allowed values: tree_method=exact,
learning_rate=[0.1, 0.25], max_depth=[2, 3], min_child_weight=[5, 7]. A RF model 63, implemented
using the RandomForrestRegressor class of the scikit-learn library, was allowed to vary in the
following hyperparameters: n_estimators=[10, 100, 300], max_depth=[None, 2, 4],
max_features=[None, 1/3]. All non-mentioned hyperparameters were left at their default
values.
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Model composition

After consolidation of the sample set, 26 samples were found usable for the modeling dataset,
187 for the prediction dataset.

A set of 12 predictor variables was available for the automated feature selection inside
NIXVEGS:

e granulometric proxies: in situ measured SED_D50, perc_MUD and the computed
variable PCo1 as descriptors of the sediment grain size, and hence, the hydrodynamic
regime. PCo2 was included for representing other, more oblique sediment
characteristics.

e discontinuity variables: Discol to Disco6 generated from hydrodynamic tracer
simulations (see SI). Parameter variations concerning passive or advective transport,
seasonal coverage of the simulation time, sedimentation behavior and influence
radius are described in SI

e geographic properties: water Depth and Dist_Land (distance to closest point at
shore) were accepted as relevant geographical descriptors.

The choice of which combinations of predictor variables become part of the predictive model
is left to the exhaustive feature selection of the CV optimization within NIXVEGS. Limitations
on allowed predictor combinations (e.g., mutually exclusive features and model class
dependent restrictions, see also SI) were applied to avoid collinearities and unnecessary
expense of computation. This resulted in 130 and 18 distinct predictor variable sets for linear
and tree-based model candidates, respectively.

Model validation

The CV and scoring schemes were chosen under consideration of the small dataset size and
modeling goal. We used 100 and 10 randomized repeats, each with k = 3 folds splitting for
the outer and inner CV loop, respectively. We used the coefficient of determination (R?) as
scorer for both, the selection and generalization scoring scheme. When the GS had trained
and selected the best models, their outer test set scores were calculated and aggregated first
across folds within repetitions (outer fold aggregator) as median, then across repetitions
(repetitions aggregator) as mean, to obtain the final NCV generalization score.

While R? is the main scorer used here in model selection and to asses overall model
performance, we also evaluated other statistical metrics including the Mean Squared Error
(MSE), Mean Absolute Error (MAE), and Mean Absolute Percentage Error (MAPE) and, for
the latter two also their median-version (MedAE and MedAPE). These metrics provide
complementary perspectives on the uncertainties associated with the model predictions: R?
normalizes the explained variance relative to the total variance, MSE, MAE and MedAE
quantify the absolute deviations between observed and predicted values, whereas MAPE and
MedAPE express these errors in relative terms. Table S3 details mathematical definitions and
range meanings of these metrics.
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Adaptation for small datasets

For validation of our model results, NIXVEGS provides the CV scores. A range of CV-related
settings i.e., the number of folds k, the type of scorer and the use of a stratification scheme,
were evaluated (Fig. 3 F). We tested different stratification schemes (i.e, tertile and %
quantile) to evaluate performance estimation more independent of the described
sensitivities towards k arising from small datasets. Based on this sensitivity analysis, we use
a repeated stratified k-fold CV scheme, with k = ns4,45 = [3,3] drawn from s = ngqeq =
[3,3], repeated 7 = Nyepetitions = [100...500,10] times and scored using scorer = [R?, R?],
for the outer and inner CV of NIXVEGS, respectively (Fig. 3 F). This setup results in 300 to
1500 unique aggregable splits which is approximately on par with what a leave-two- or
leave-three-out scheme would achieve (325 and 2600, respectively), but with the advantage
that it allows for a more balanced response variable distribution. More details of the
sensitivity analysis and reasoning for the chosen CV schemes are provided in the SI.

Prediction

EPMensemble

The ensemble of models is composed of Nyyeer repetitions = 100 members. Before predicting,

every ensemble member was refit on the entire set of samples. Their individual predictions
were then aggregated according to the repetitions aggregator, for each sample.

EPM.s'mgle

A single-model EPM was instantiated running a non-nested grid search CV with the same CV
scheme and grid previously used in the inner NCV loop, selecting a ‘best candidate’
configuration. This configuration was then fitted to all data available before prediction.

MP mass calculations

The calculation of MP mass concentration was based on the summed observed MP particle
masses per sample.

MassConcentration at the prediction stations was then approximated from the predicted
numeric Concentration via an empirical regression (R? = 0.910, Eq. 3, Fig. S5)

MassConcentration = 0.1451 - Concentration™'®**  (3)
Geospatial interpolation and inventory estimation

The predicted and observed values (together n = 213), were used to interpolate the
response variables on a regular 10 m grid over the entire Schlei area. Three grids were
independently interpolated: Concentration, MassConcentration and SedDBD , i.e,
sediment dry bulk density. For the final numeric- and mass inventory estimation, we used
the interpolation method OK (Table S4), as it resulted in the lowest leave-one-out cross-
validation (LOOCV) error in a comparison of several interpolation methods (R? = 0.41, for
details see SI, Table S4). Sediment dry bulk density SedDBD was interpolated likewise. The
total MP inventory estimates Ej,yentory Were then calculated according to Eq. 4,
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Epnyentory (MP|Schlei) = Z d?-1-SedDBD,, - MPconc,,  (4)
x‘y

with (x, y) being the coordinate points of the MP concentration grid MPconc and SedDBD, d
the grid point distance and [ the relevant sediment layer thickness.

Results

MP concentrations quantified in 28 Schlei surface sediment samples in sizes 50-5000 pm
range from 52 to 27610 MP kg1 dw, with a mean and median at 3967 and 1771, respectively.
All MP data on sample and particle level can be viewed in the accompanying EDA app. Via
NIXVEGS we achieve a 7.6-fold availability increase of MP data points in the Schlei (n = 213)
and provide results of our model validation. Finally, we estimate MP concentrations on
regular 10 m grid in the entire Schlei by geospatial interpolation and use the gridded data to
obtain an approximate MP inventory within a sediment layer depth of 0-15 cm, relevant for
the local time horizon of the plastic age.

Granulometric pre-analysis - proxy normalization reveals major
discontinuities

Looking only within continuous subregions (e.g., Inner Schlei / Outer Schlei, Fig. 2 A), we see
in the granulometric proxy-normalization of the MP concentrations that a significant fraction
of the small-scale MP variability is explained by differences in hydrodynamic conditions
(Fig. 2 B). This underscores the importance of taking local grain size distributions into
consideration for planning MP sampling campaigns. If we sample only within a narrow part
of the available grain size spectrum, we may inherit a substantial bias regarding the MP
concentrations. This is referred to as the hydrodynamic regime bias. The following
granulometric proxies, with their respective R? (average of Inner- and Outer Schlei) were
found to be viable predictor candidates for an EPM: PCol: 0.78 > perc_MUD: 0.76 >
SED_D50: 0.63 > TOC: 0.61. This observation is in line with former study results of the well-
connected Warnow estuary 5, where comparable R* were found (perc_MUD: 0.73, SED_D50:
0.8). Note that reported R? values refer to linear correlations between logio of numeric MP
concentration and the respective proxy. Discontinuities, however, result in an apparent
segregation into different MP concentration levels (Fig. 2 B), that cannot be explained by the
hydrodynamic regime effect. A comparison at hydrodynamic equivalence in fine-grained
sediments, for instance, shows that stations S08, SO3 and S22 span over two orders of
magnitude.
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Figure 2. Granulometric normalization and spatio-temporal discontinuities in the MP
dataset. (A) Overview and regional map of the Schlei with sampling stations. (B)
Granulometric proxy normalization of MP concentrations in Schlei sediments segregated by
hydro-geomorphological subregions (inner and outer Schlei, orange and red). Small-scale
outliers (green) are excluded from regression analysis. MP data are log transformed. The x-
axis represents the first principal coordinate of sediment grain size where higher values
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13

74



When the MP dataset of the entire system is normalized with respect to the local
hydrodynamic sorting conditions, spatio-temporal discontinuities become visible as
deviations of the MP distribution pattern from the gradient of the granulometric proxy,
demonstrated in Fig. 2 B. While spatial and temporal discontinuities are intimately linked, for
comprehensibility we consider them separately below. The Schlei sediments provide
favorable conditions to study these effects as both, spatial and temporal continuity as an
assumption for granulometric proxy prediction is challenged by the geomorphological and
hydrodynamic complexity of this system. Spatio-temporal discontinuities are herein defined
as the deviation from the ideal state of a continuous hydrodynamic connectivity of all parts
of the system.

Spatial discontinuity: A major discontinuity can be observed by the segregation of proxy-
normalized samples into different MP pollution levels in inner and outer Schlei samples
(Fig. 2 B). A narrowing, at the village of Missunde, constitutes a major geomorphological
barrier, which represents an obstacle for MP to distribute beyond at equal rate.

Temporal discontinuity: The observable singling out of station S08 and S10 as the stations of
the highest grain size normalized MP concentrations (Fig. 2 B), indicated the proximity of a
significant MP point source with an input rate above the system’s distribution efficiency.
Indeed, the point source (WWTP) of the reported pollution incident is located there at the
inner Schlei basin (Fig. 2 A). Other stations close by (S11, S06 and S07, zoomed-in inset Fig. 2
B) follow this trend. MP concentrations decreasing with distance from this region of highest
MP contamination, despite the absence of geomorphological barriers, point towards a
temporal discontinuity.

The findings from the granulometric and discontinuity analyses are twofold. Firstly,
granulometric properties reveal information on the hydrodynamic influence that also drives
parts of the MP distribution processes. Hence, they are important predictive variables for our
proxy-based EPM. Secondly, to adequately represent MP concentrations and reach sufficient
explanatory power, the proxy-based EPM must be extended by another key class of predictor
variables describing locally present spatio-temporal discontinuities in the hydrodynamic
distribution efficiency.

The variability in polymer composition also reflects this spatio-temporal segregation (Fig. 2
C). The faster sinking denser polymer types as PET, PS, or PVC are proportionally more
abundant near the high MP concentration areas, supporting the identification of the major
source region. Less dense polymers as PP or PE can propagate further outwards, where they
are more abundantly found. Interestingly, S27, a station nearby a smaller WWTP, is most like
the polymer composition found at the major source region, indicating a general WWTP
polymer type fingerprint.

NIXVEGS results

The path of integrating granulometric, geographic and hydrodynamic spatio-temporal
discontinuity predictors to produce an interpolated MP concentration prediction of the Schlei
sediments is schematically shown in Fig. 3 A.
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Model validation

The score of an NCV includes the evaluation of the selection process of model configurations,
and is therefore an estimate of the performance (on unseen data) of the entire modeling
pipeline. NCV ensures the evaluation is done on data that were not used during model
training, providing a more realistic estimate of general performance. By contrast, with non-
nested CV, there is no independent evaluation of the model selection, which entails the
possibility of overfitting the model selection to the available data ¢4 NIXVEGS achieved a
generalization score of R? = 0.70 (¢ = 0.11), aggregated as mean of 100 repetitions with 3
folds, aggregated as median (see Fig. 3 B). Aggregating up to 500 repetitions showed no
significant difference in performance. Other metrics show the model’s overall error in
absolute terms (~1000 and ~1700 MP particles kg1 dw for MedAE and MAE, respectively)
or as relative numbers (~54%, ~110%). In NIXVEGS’ jupyter notebook, an interactive
version of Fig. 3 E allows exploring the local error on a per sample basis, while an additional
histogram unravels the votes cast by members of the EPMensemble in relation to the original
observed MP concentration for a selected station.

Model selection

NIXVEGS generates a predictive model instance by performing a non-nested grid search CV
with the same CV scheme previously used in the inner NCV loop. The resulting best-
performing model configuration (here: GLM of family gamma with log link and the predictor
set perc_MUD, Discol, Depth) is then fitted to all available data before making predictions.
We refer to this as the single empirical predictive model (EPMsingle), which aligns with
recommendations from the NCV methodology literature for deriving a predictive model
instance after obtaining a robust NCV performance estimate.

However, through NIXVEGS we also obtain an empirical predictive model ensemble
(EPMensemble) composed of the “best candidate” configurations, refitted to all data, of the
various folds and repetitions. Its aggregation resembles the procedure previously used to
aggregate the generalization score. There are justifications for each type of predictive
models, EPMsingle and EPMensembie (details of justifications are provided in the SI). Notably, the
EPMsingle predictor set coincides with the most abundantly selected predictors in the
EPMensemble (Fig. 3 C), indicating a good model stability with respect to the predictor selection
process. The predictor variables perc_MUD and PCol (being similar to each other,
Rﬁcm,pem_MUD = 0.98) were the most abundantly selected granulometric predictors in the
different ensemble members, however, never together in a single member due to the
restrictions on mutually exclusive predictors (see SI).

There was a clear preference for discontinuity predictor variables computed from the mean
time that tracers travelled until their first appearance in a station’s vicinity. The predominant
selection of Discol shows a preference for the longer time period 'allseasons'. A longer period
is less sensitive to seasonal variations. The simulated drifter Disco1l indicates that a passive
tracer (i.e., no advection) is a genuine measure of the distribution efficiency through the
system. This is plausible because the depositional component is already covered in the model
in form of the granulometric proxy. The importance of the proxy and discontinuity predictors
can also be seen when the geographic variables are excluded (NIXVEGS generalization R? =
0.66, 0 = 0.12).
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that a generalization performance of 0.70 (R% median of folds) can be expected for unseen
data. Other metrics show the error evolution in the unit of the response variable (MAE,
MedAE), its square (MSE) or as relative deviation (MAPE, MedAPE). (C) The composition of
the ensemble revealed that primarily model classes based on linear regressors were selected
in combination with the predictors perc_MUD (sediment fraction < 63 um) and Discol, a
tracer simulation derived variable accounting for spatio-temporal discontinuities present in
the system (C). (D) Geospatial interpolation of the predicted and observed MP concentrations
(213 stations) on a 10 m grid by Ordinary Kriging. Highest concentrations can be found in the
inner Schlei in the vicinity of a WWTP (at the location of the letter “D”). (E) shows the
prediction residuals as deviation from the identity line (dashed). (F) shows the sensitivity
analysis as mean of Noyger repetiions = 30 using different cross-validation schemes: 2 to 8 folds
combined  with  strong  stratification  (maxQ: quantile stratification  with
% quantiles), medium stratification (tertile) and no stratification (the latter also in different

variations of the model selection criterion: median R% mean R? median MAPE and median
MedAPE).

In a more streamlined and less complex waterway structure, with a major water input and
output, discontinuity could be simplified by determination of the shortest distance through
water from the main source. However, for our dataset, replacing predictors related to spatio-
temporal discontinuities (Discol — 6) with a simple direct distance through water from the
point of the trace release to each station, would result in a substantially lower R? score of
0.44. Indeed, for systems with a more complex hydrodynamic flow field such as the Schlei,
major discontinuities occur that are better represented by the water’s mean traveling time.
The importance of the spatio-temporal discontinuity variables corroborates the conclusions

of an earlier study reviewing the relevant literature in search for a MP-sediment relationship
5

The two linear model algorithms (GLM, XGBlinear) vastly outperformed the tree models
(XGBtree, RF) on the present regression problem (Fig. 3 C). In contrast to linear models,
models using decision trees as base learners cannot predict outside the range of the response
variable seen during training. The likelihood of the response extrema being excluded from
the values seen during training of a particular split gets higher with decreasing size of the
dataset. Tree-based models are especially strong in approximating highly-non-linear
relationships and handling large predictor sets ¢3.65, neither of which apply here.

Model predictions

Given the size of the investigation area (51.2 km?), with 213 predicted and observed stations,
we reach a high-resolution picture of the inventory of ~4 MP stations per km?2. Interpolated
on a regular 10 m grid, MP concentrations indicate accumulations mainly in the vicinity of
city of Schleswig, the WWTP, as well as the southern part of the Inner Schlei’s larger basin
(“Grofse Breite”). The middle and outer stretches of the Schlei show 2 to 10-fold lower
concentrations (Fig. 3 D).
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Sensitivity analysis

The choice of the CV parameters, i.e., number of folds k, stratification scheme and model
selection criterion, were based on theoretical considerations with respect to the small
dataset size (see SI), aided by a sensitivity analysis of NIXVEGS’ aggregated performance
score towards changes in these CV parameters (Fig. 3 ). Both of the stratified schemes show
a higher stability of the score for varying values of k, as compared to the non-stratified CV,
signaling that a stratification is preferable to counteract the increased likelihood of drawing
highly unrepresentative splits in small datasets. As the performance in stratified CV stays
relatively stable for k = 3, the threefold tertile stratified CV emerges as a preferential choice
allowing for robust performance evaluation while keeping computational demands low.

As the uncertainty associated with the model input is unknown (e.g., sampling, purification
or measurement method uncertainties), we conducted sensitivity analyses, where we
perturbed the target variable by adding 10% on all samples, or changing them *5%
(randomly repeated 5 times), or by excluding the most extreme value. The generalization
score exhibited negligible changes, R* = 0.7, 0.63 - 0.7 and 0.72, respectively. The inventory
estimate varied only around +1.5% (EPMensemble) when introducing the random variance,
showing the robustness of the model.

Estimated Schlei MP inventories

Based on the upper 15 cm sediment layer, the total inventory of the Schlei is thus estimated
at 19.8 trillion MP particles, equating to approximately 14.3 tons of MP. These numbers are
based on the combined observed and predicted MP concentrations using the EPMensemble
model. For EPMsingle, the numbers are at 18.8 trillion MP particles and 14.3 tons, respectively.
For reference and transparency, if we limit the inventory calculations strictly to the
uppermost sediment layer (0-5 cm, from where most of our measured MP samples were
taken), estimated MP numbers would be 6.6 and 6.3 trillion particles (~4.8 tons) for
EPMensemble and EPMsingle, respectively. As we argue in the discussion, however, the 15 cm
layer provides a more realistic inventory approximation of the accumulated MP legacy.

To put this unimaginable number of MP into perspective, all MP in the Schlei sediments
tightly compressed would form a cube with a side length of 2.35 m (Fig. 3 D). When visualized
as easily graspable everyday (macro)plastic objects, it would approximate 1 thin plastic knot
bag (typically used for fruits, 9 um thick, see details in SI) per interpolation cell (10 x 10 m),
roughly 5 million bags in total.

Discussion

Evidence-based decision-making in environmental management relies on sufficiently
spatially resolved data 66, We demonstrate that robust EPMs of sedimentary MP distribution
can be established using natural particulate and hydrodynamic proxies combined with
rigorous validation techniques. Yet, a universal pre-trained model applicable to all
sedimentary environments and MP compositions is neither realistic nor necessarily
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desirable. Instead, EPMs offer the flexibility to adapt to regional MP levels, compositions, and
the complex interactions of external factors (i.e., hydrodynamic forces, agglomeration, and
biofouling) making them well-suited for targeted plastic management strategies. The
developed modeling pipeline can be fed new data of other sedimentary systems, improving
plastic monitoring and management in more regions at a significantly lower analytical
expenditure. When planning sampling locations for modeling-ready datasets, it is important
to consider both coverage of grain size variability and spatial extent. As a practical
consideration, locations for labor-intensive MP-measured stations should prioritize
granulometric diversity to improve normalization accuracy. Sediment-only stations, which
are used as prediction points and from which more can be analyzed, should prioritize spatial
coverage of the system and potential subsystems.

Mitigating systemic misestimations

Comparisons of MP pollution from several regions, as for example extensive meta-analyses
67, are often left with only average MP concentration values to establish pollution levels or
inventories. In this study, sampling locations were deliberately chosen to broadly cover the
available grain size spectrum. Yet, we see that simply projecting out the mean of our observed
MP concentrations to estimate the system's MP inventory may yield results far from what we
obtained through NIXVEGS. The average concentration of the 26 samples used to train the
model lies at 3967 kg™! dw, approximating an inventory of 31.4 trillion MP particles, which
would be an > 50% overestimation compared to NIXVEGS' mean concentration of 2499 kg™*
or 19.8 trillion MP. Although the means in the above comparison vary considerably, they
could have been very close by chance. However, without the model we would still only have
knowledge of the local MP concentration at the few observed stations, whereas with NIXVEGS
we could use the available sediment data to infer the spatial distribution of MP
concentrations at 213 sites in total. Until MP analyses with significantly higher sample
numbers are feasible, proxy models that account for the hydrodynamic regime allow efficient
MP inventory estimation and detailed pollution mapping.

Controlling validation overoptimism

Under the acronym NIXVEGS we presented a model selection and validation pipeline whose
outputs are twofold: an estimate of model performance on unseen data (generalization
score) and a predictive model instance. If the same model selection would be conducted
inside a non-nested (i.e., ordinary) CV - be it LOOCV or another scheme - the obtained score
is expected to be higher, but includes the risk of the model selection criterion to be overfitted
to the available data ¢4 As such, NIXVEGS' nested CV score should be regarded as a
conservative estimate on how good a model can be built to approximate the response
variable, given a set of possible model configurations and the available data.

A non-nested CV is also run as part of NIXVEGS after the NCV score has been determined, but
for a different purpose. Its score (being with R* = 0.88, as expected, higher than the NCV
score) is neglected, knowing about its included bias. The resulting “best candidate” model
configuration, however, is what gets utilized as the “EPMsingle” predictive model instance.

The accompanying EDA app provides the possibility to approximate any of the available

variables by a freely configurable GLM. The app’s preset at loading shows the same model

configuration found as NIXVEGS’ “EPMsingle”. The LOOCV of this model can be seen further
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down in the EDA app with an R? of 0.91, however, underlying the same caveat that such a
score is less reliable due to the included bias.

Estuaries are key indicator environments

In a meta-analysis of various studies, we present a cross sedimentary compartment
comparison normalized for the hydrodynamic regime which allows a reliable site-
representative comparison of MP pollution levels (Fig.4). We see that NIXVEGS’ first
principles of using granulometric proxies for spatial MP prediction may also find application
in many other sedimentary environments. Yet, spatio-temporal discontinuities and multiple
interfering major source inputs may be more difficult to track in the open sea, while beaches
are additionally directly influenced by aerodynamic sorting processes and direct littering.
Transitional systems 8 such as estuaries and fjords as well as riverine systems store some of
the highest numeric MP concentrations, are closer to sources and may show changes faster
in contrast to the open marine environment. While freshwater systems can reach
exceptionally high pollution levels, it has been shown that they can be substantially
diminished after flooding events 2669, passing the MP load on to transitional systems that are
usually more confined. This bottleneck effect positions estuaries as key indicator ecosystems
for monitoring MP pollution, emphasizing the need for tools such as NIXVEGS to determine
the MP inventory.
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individual compartments are shown in opaque color. To allow comparability only studies with
a lower size limit of MP < 63 um which reported grain size as perc_MUD (most common proxy
for grain size) were included in the analysis. For studies with less than 5 stations per
connected compartment or negligible variation in perc_MUD no regression line is displayed.

Limitations and uncertainties in inventory estimation and sediment layer
depth

As NIXVEGS is an empirical predictive- and not a process-driven model, it estimates the state
of an unknown variable based on the available input without a time component. It may be
continuously re-run with new input (e.g, when a repeated monitoring campaign would
provide new data) obtaining time series of MP distributions, however, it will by itself not
allow a projection of the response variable’s evolution into the future.

The choice of sediment depth horizon significantly influences MP inventory estimates. Here,
we opted to calculate the inventory to a depth of 15 cm, based on sedimentation and
granulometric data. The onset of widespread global plastic production around 1950
coincides with observations of increasing MP deposits in the sedimentary record 20. Known
sedimentation rates in the Schlei (2.2 mm a1, increasing up to 4.2 mm a-1 pre-1980 46) suggest
that this period corresponds roughly to the lower boundary of 10-20 cm.

To evaluate this assumption practically, we collected additional sediment samples from
deeper layers (10-15 cm) at selected locations. Interestingly, MP concentrations and
sediment grain sizes at these depths closely resembled those from the surface layer (0-5 cm)
in sample S02 and S04, indicating vertical sediment mixing. Such mixing in the Schlei
sediments foremost results from wind-driven hydrodynamic reworking and anthropogenic
disturbances, both of which obscure distinct sedimentary chronologies. The intensity and
depth of mixing may vary significantly throughout different locations of the Schlei. Station
S10, located near the WWTP outlet showed inverse MP concentrations of 1200 and 11267
MP kg1 dw for the 0-5 cm and 10-15 cm layers, respectively.

An analysis of particle sizes (MP, organic matter, and sediment grains) demonstrated distinct
patterns related to sediment type. In fine sediments, MP particle sizes were typically about
one order of magnitude larger than the median sediment grain size, aligning with previous
findings 5 as we elaborate in the SI (including Fig. S6). However, coarser sediments exhibit
similar sizes of MPs and sediment grains, supporting observations of significant vertical
mixing processes which trap MP intergranular. Infiltration, however, appears not to play a
relevant role (for details see SI, Fig. S6). This granulometric complexity highlights the
inherent difficulties in precisely defining an optimal sediment depth for MP inventory
assessments.

Thus, while selecting 15 cm as a sedimentary depth horizon provides a pragmatic estimate
of the MP legacy in the Schlei, we acknowledge inherent limitations. On the one hand, the
limited number of deeper samples (10-15 cm) introduces uncertainties about sediment
mixing intensity across the entire Schlei estuary. On the other hand, due to strong local
differences in mixing, MP inventories could extend even deeper, implying that our reported
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MP inventories may represent conservative estimates. Therefore, the presented inventory
estimate based on a 0-15 cm sediment layer constitutes a workable approximation, balancing
practical feasibility, empirical evidence, and historical context. Future studies focusing
explicitly on deeper sediment sampling and higher vertically resolved profile analyses would
help refine sedimentary MP inventories and provide stronger constraints on the vertical
distribution of MPs.

Conclusion

Limited data availability remains a key challenge in accurately quantifying sedimentary MP.
By using sediment properties as proxy variables, the predictive modeling approach
presented here significantly improves the spatial data coverage of MP concentration
estimates without requiring extensive direct MP analyses. For future studies, sampling
strategies that combine a few MP-measured sites strategically chosen to represent local
sedimentological diversity with numerous sediment-only samples targeted to maximize
spatial coverage, can significantly reduce systemic uncertainties and enable the
quantification of regional MP inventories. This combined methodological approach,
presented as a fully open-source pipeline NIXVEGS, facilitates robust MP assessments,
supports targeted management strategies, ultimately advancing our understanding of the
role sedimentary environments play in the global MP budget.
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ABSTRACT: Microplastics have gained importance as pervasive
environmental particulate pollutants. Their analysis demands
precise quantification methods, with interlaboratory comparisons
(ILCs) being crucial for performance assessment. Typically, ILCs
follow a parallel design: participants each analyze their own sample
specimen, often with significant variability due to challenges in
producing identical subsamples of the particulate analyte,
inseparably masking the relevant uncertainty sources the ILC
intends to measure. We provide a filtration-immobilization
approach for particles <100 pm, creating permanently immobilized
microplastics samples. This enables serial ILC designs where
participants sequentially measure the same sample. Demonstrating
the concept using 5 polymers immobilized on 10 um pore-sized
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silicon filters, we expose the specific measurement uncertainty being 77% lower than the total combined uncertainty observed in a

parallel ILC (relative standard deviations: S and 23%, respectively).

Particle immobilization opens further applications in sample

archiving and creation of durable reference samples also for other fields of particulate matter research beyond microplastics.

KEYWORDS: spectroscopy, microscopy, particles, colloid, proficiency, validation, round robin, fixation

B INTRODUCTION

The contamination of the environment with microplastics
(MPs), i.e., synthetic polymer particles commonly accepted to
be between 1 and 1000 pm," has created a need for reliable
data on the characteristics and quantities of MPs. This has led
to a wide variety of methodological developments. The
resulting significant differences in resolution and quality of
analyses are impeding the comparability of data between
studies”™* and more comprehensive environmental risk
assessments.’

To solve this issue, interlaboratory comparisons (ILCs) play
a crucial role in evaluating the reliability and accuracy of
methods for the characterization and quantification of MP
particles in various sample:s,6 including environmental, food,
and tissue matrices. Several ILC studies aimed at MP-analytical
proficiency can be found in the recent literature® '* using
different sample types such as environmental matrices spiked
with specific MP types,'> artificial samples such as
suspensions,'> or MP particles in solid media like tablets or
ice cubes.”'" These studies typically follow a parallel design,
where each participant receives and analyzes their own sample
specimen, assuming equality in MP numbers and composition.
This design, based on reporting guidelines like DIN 38402-
45:2014-06, as cited by ref 12, ISO 13528," or the TUPAC

© 2024 The Authors. Published by
American Chemical Society

7 ACS Publications 22224

technical report,'® resembles established procedures for soluble
analytes, where homogeneity issues are less of a concern and
accurate reference measurements are available. As particulate
pollutants, MPs pose significant challenges to this equality
assumption, especially for particle sizes in the lower micro-
meter range where individual handling of particles is
impractical.'”

The need for comparable and reliable MP quantification led
to innovations in creating homogeneous sample specimens for
ILCs and reference materials,""**7° as well as assessment and
correction methods®' and reporting guidelines.””** Their
perpetual integration in new ILCs can improve precision and
reduce the uncertainty of the true MP content, gradually
making the determination of analytical proficiency more
reliable. However, the fundamental problem remains: parallel
ILC designs capture compounded effects caused by a range of
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Figure 1. Uncertainties propagating through the pipeline of MP quantification. Colored areas enclose the shares captured by parallel (beige) and
serial (mint) ILC design concepts. The relevance of the uncertainty contributors with regard to field samples is shown to the right of the pyramid. It
is highlighted that uncertainties arising from the way in which the parallel ILC sample is produced (L0) are irrelevant to real samples and should
therefore preferably be excluded by an ILC design. Other uncertainty sources (L1 and L2) can be relevant, but because they depend on the sample
conditions, they should be addressed separately from an ILC estimating the specific measurement uncertainty.

uncertainty sources whose contributions cannot be further
decomposed (Figure 1). At this point, it is important to
emphasize the principles of metrology, such as uncertainty
propagation according to the “Guide to the expression of
uncertainty in measurement” (GUM)>* by the Joint
Committee for Guides in Metrology (JCGM) whose
terminology we apply here to the field of MP analysis.

All steps from planning the sampling to evaluating and
reporting the final data contribute to the combined uncertainty
in the MP-analytical chain. Therefore, any uncertainties
intrinsic to the production of the parallel sample specimens,
e.g., from splitting or weighing, are included at the base of the
final result (Figure 1). Here, we use the term “specific
measurement uncertainty” to describe the combined un-
certainty associated with the chemical measurement acquis-
itions (e.g., microspectroscopy), data evaluation, manual result
control, and reporting (Figure 1, L3—LS). In parallel ILCs, the
specific measurement uncertainty is inseparable from un-
certainty contributions of production and distribution of
sample specimens (Figure 1, L0), sample treatments like
purification and measurement preparations (Figure 1, L1), and
subsampling (Figure 1, L2). The first is specific to the ILC
design itself and, as such, not informative about a participant’s
proficiency to quantify MP field samples (compare Figure 1,
“Relevance for field samples”). The latter two are of potential
relevance when considering field samples but may vary
depending on the pretreatment requirements of the matrix
such as sediments, biota, or food samples. They should,
therefore, be addressed by separate QA/QC measures™ or a
posteriori data alignments.®

22225

Currently there is no approach available to investigate the
specific measurement uncertainty in ILCs to build the basis for
a subsequent evaluation of the total combined uncertainty of
the whole sample preparation and analysis process. To address
this gap, we adapt the concept of MP particle immobilizations,
first described for experiments in the <100 pm size
fraction,'”*° to the requirements of ILCs using an inorganic
adhesive. For two common spectroscopic substrate types,
porous Si wafers and alumina membranes, we describe an
immobilization-by-filtration approach, leading to a permanent
fixation of particles on the surface of the carrier. It can be
measured sequentially by all ILC participants, with each
laboratory measuring the same filter and passing it onto the
next participant in the ILC consortium. This methodological
paradigm shift renders the ILC literally a “ring trial”, or “round-
robin test” as it is also often called, relating to its historic
meaning of an institution of coordinated collective activity.””**
We refer to this concept as the serial design to distinguish it
from the parallel ILC design. It eliminates the unwanted
uncertainty sources introduced by the repetitive sample
specimen creation in the parallel design approach. Therefore,
the observed variance of the results represents a more accurate
magnitude of the specific measurement uncertainty.

B METHODS

We conducted a comparison between a parallel design ILC
where participants received independent sample specimens of
samples P1—P3 and serial ILCs where participants received the
same specimens of three different sample types subsequently:
S1-S3 (Table 1).

https://doi.org/10.1021/acs.est.4c09427
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Table 1. Sample Names and Their Poolings (Pool) that
Were Prepared for the Parallel and Serial ILC Designs Are
Listed with Their Key Specifications

Design

.. Targetarea Substrate
pi - : !
Sample concepts I";;(i’:r;" determined for Particles
Pool nam';s parallel serial by transport
P1 v aqueous
suspension,
o P2 N n/a 0.005%
i surfactant
P3 N (TritonX)
cryo-milled
s1 v coordinate Si filter fragments of
< definition 10 pm LDPE, PA12,
21 y % aren PET, PP, PS
. (=]
;F g e
. ) B o -
o @ ) A2 S1| filter between 71
s23 v 3 s Hm pm and 10
£ g aron um analytical
S2.4 v 2 = e stainless
= steel sieves
@
[%]
S3.1 v % alumina
3 o mcglrEiL:‘r filter 0.2 um
s3.2 v 9 | (Anodisc)

To encourage broader adoption, we emphasize that the
proposed serial ILCs using immobilized particle samples can
be conducted using standard laboratory equipment. Any
special or custom-made devices, although detailed here for
possible replication, can be replaced by commercially available
alternatives without compromising the immobilization’s
success.

Sample Preparation. Sample preparation steps were
conducted in specialized MP-analytical laboratories under
laminar flow benches. As an exception, steps involving
handling of dry MP powders such as grinding, mixing, or
adding powders to suspension media were conducted outside
the laminar flow bench to avoid workplace contamination.
White cotton lab coats were used during all procedures.

We obtained the MP particles by sieving five previously
cryo-milled (Cryomill, Retsch, Germany) environmentally
relevant polymers. The resulting particle shapes were irregular
(see also Figure SIS.2). Fibers were not included in this study.
We used low-density polyethylene (LDPE), polyamide 12
(PA12), polyethylene terephthalate (PET), polypropylene
(PP), and polystyrene (PS). The raw materials and grinding
and sieving procedures were identical as reported by a previous
study."”

The creation of the aqueous suspension samples P1—P3 and
the adhesive particle suspension for the immobilized samples
S1 and S2 is described in full detail in SII. In the samples of
the serial ILC design (S1—S3), the homogeneity of particle
distribution on the filters was not assumed or required, as all
participants measured the same defined area of each sample.
The selected measurement areas were chosen based on their
representativeness of the overall particle immobilization.

Immobilization on Si Wafers. Porous silicon wafers were
inserted in the precleaned filtration apparatus,” connected to
an adjustable vacuum pump (SC920, KNF Neuberger). The
device contained red PTFE discs for sealing. For sample S1, a
silicon wafer was used (11 mm length and width and 250 ym
thickness) with conical pores (15/8 um terminal diameters
and SS um interpore distance) supplied by Fraunhofer
Institute for Reliability and Microintegration, Moritzburg,
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Germany; for more details, see ref 30. We refer to it as a
nominal 10 um filter.

For S2, we used a nominal 1 um pore size filter (Si wafer: 10
mm length and width, 200 gm thickness, cylindrical 1 ym pore
diameter, 1.5 ym interpore distance, from SmartMembranes
GmbH, Halle, Germany).

The prepared potassium silicate adhesive particle suspension
(SI1) was placed on top of a high-frequency excentrical shaker
for homogenization, while volumes were being extracted for
filtration using 1 mL Pasteur glass pipettes. We applied 2 and 6
mL for S1 and S2, respectively, where particle coverage was
found to be suitable on visual inspection. Filtration was
conducted at approximately 100 mbar. After curing in a
vacuum drying oven (40 °C, 100 mbar, 12 h), filters were
flushed with running MP-free water and compressed air to
remove any loose particles. This rinsing process was repeated
three times. Dark field microscopic images were acquired after
each iteration to evaluate the removal of loose material. It was
considered complete as no substantial further changes in the
particle amounts could be manually observed between the
images taken after the second and third rinse.

Immobilization on Alumina Filters. The dry powder
mixture of MP particles was suspended in MP-free water and
filtered onto an Al,O; membrane (Anodisc, Whatman,
polypropylene outer ring support, 45 pm height, 25 mm
diameter, 60 ym membrane thickness, 0.2 um pore size). The
filter was then placed inside a glass Petri dish on top of a
droplet of the potassium silicate adhesion medium (SI1),
which was allowed to soak through the filter material by
capillary rising, wetting the particles from below. Two filters of
this type were created and measured, S3.1 and S3.2, with
different amounts of MP particles.

Target Area Definition. Measuring the entire filter area was
not a viable approach for several participants in terms of
measurement time and amount of data produced. Instead,
rectangular areas of approximately 2 by 2 mm were defined for
measurement by each participant. Three approaches to
marking the specific target areas were investigated, coordinate
definition, laser engraving, and color markings, for samples
S1—S3, respectively (see also Table 1 and Figure 2 as well as
details and dimensions provided in SI2).

Serial ILC Round Trip. The filters were sent to the
participants in custom-made filter holders (Figure SI3) by
standard mail. In the case of Si filter samples (S1 and S2),
participants were advised to rinse the sample with MP-free
water and dry it with compressed air prior to measurement to
avoid contamination. For the Al,O; membrane sample S3, this
was not possible due to the fragile nature of the substrate.
Al,O; membranes provide a less smooth and less even surface
than the samples prepared on Si filters. Hence, participants
were advised to use adhesive tape on the outer ring support to
improve surface flatness during measurement. Participants
measured the samples using the method of their choice before
repackaging them and sending them onto the next participant.
Finally, the samples were received and remeasured by the host
participant to assess potential particle losses from the repetitive
handling and transport.

Sample Analysis. The samples from the parallel and serial
ILCs were analyzed individually by each participant with no
further requirements other than using their laboratory’s state-
of-the-art MP analysis techniques and parameters like they
would use to analyze field samples. A total of eight participants
were involved in the measurements; however, due to the

https://doi.org/10.1021/acs.est.4c09427
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Figure 2. Approaches to defining the measurement area. (a) Dark
field image of sample S1 with visual guidelines (green) provided to
the participants for manual targeting. (b) Laser-engraved frame and
resulting target areas Al1—A4 of sample S2 shown as a dark field
overview with insets showing SEM images of the area boundaries and
the square 1 um pores. (c) Bright field overview of the ALO;
membrane sample S3 with the target area defined by a black marker.

developmental character of this study, not every participant
measured every sample and the order of participants varied
between samples. Table 2 details the chosen techniques and
key parameters of the participants, as well as the samples they
measured. A participant in the context of this study is a unique
constellation of an institute, an analyst, a measurement
instrument, and an analysis software. Participants A—D and
G were located all at the same institute and differed only in the
technical and analytical choices as described in Table 2.
Common Area Correction. The target area definition of
samples S1 and S3 (compare Figure 2a and Figure 2c) resulted
in slightly different areas measured by each participant. This
was partly due to different rotation angles of the sample on the

instrument stages, different image acquisition modes of the
instruments, and/or manual inaccuracies. To evaluate results
from the same area only, the largest common area was defined
by superimposing the obtained particle distribution images in
the GNU image manipulation software (https://gimp.org). All
images were manually registered to a common coordinate
system. A rectangle contained within each image was then
defined graphically as the common measurement area. Particles
completely outside this common area were counted for each
image and polymer type, and their numbers were subsequently
subtracted from the original particle counts reported by each
participant. The definition of the target area by laser engraving
for sample S2 made such a correction unnecessary. The areas
were sharply defined and macroscopically visible. As particles
in the interstices were burnt off by the laser, a simple
measurement of a slightly larger area gave the same particle
numbers as measuring an area to its exact extent.

Statistical Analysis. Results were reported by participants
as numbers of particles per polymer type, size range, and
sample. Total MPs (TMPs) were calculated as the sum of
particles of the five added polymers. We use the terms P, S2,
and S3 to refer to mean aggregated results from samples P1—
P3, S2.1—S2.4, and S3.1—S3.2, respectively. For results derived
from Raman spectroscopy, only size classes >10 pm were
considered to increase comparability to FTIR results, which
were left untruncated.

In the absence of an unbiased reference value for the MP
particle numbers in the samples, we used the arithmetic mean
and standard deviation between participants as measures of
centrality and agreement. To evaluate the deviation of the i"
participant’s result (P;) obtained for a sample from the overall
mean of the results reported by all participants for that sample,
we calculated a “relative deviation from the mean” (RMD, eq
1) where P denotes the overall sample mean.

P
RMD = (:‘ - 1)-100%
p (1)

Using the relative standard deviation among participants
(RSD, eq 2), we compare the dispersion of reported results
between the different ILC design concepts.

Table 2. ILC Participants with Spectroscopic Techniques and Measured Samples

analyzed
technique instrument measurement parameters software samples
participant A Raman WITec 20X objective, 532 nm, 10 mW, 10 X 0.5 s acquisitions ~Gepard®' all
B microscopy alpha300R Witec ParticleScout + Gepard31 S1, 82, S3
C Gepard®' + ML-prototype S1
Raman“
D  micro-FTIR  PerkinElmer transmission, IR range of 4000—650, 8 cm™" resolution, 4 ML-prototype FTIR® all
E imaging Spotlight400 scans/pixel (6.25 ym)
F Bruker Lumos II  transmission, IR range of 3600—1250, 8 cm™! resolution, Bruker Opus v7.5 + P1, P2, P3,
2 scans/pixel (5.7 pm) BayreuthMicroplasticsFinder”> 2, S3
G  Raman Renishaw inVia 20X objective, 633 nm, 50% power, 7 X 0.5 s acquisitions Gepard31 S1, S2, S3
microscopy  Qontor
H LDIR Agilent quantum-cascade laser IR source, IR range of 1800—975, Agilent Clarity software v1.5 S2
imaging 8700LDIR 8 cm™! resolution, 1 scan/particle

“Machine learning-based prototypes for MP quantification developed by Purency GmbH, Vienna, Austria.
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Due to the low number of participants using Raman (N < 4)
and FTIR (N < 3) spectroscopy, mean differences between
these groups were evaluated by one-sided, nonpaired, exact
permutation tests>> and accepted as statistically significant for
p < 0.05, ie, the proportion where the mean of values
assigned to the lower group was greater than the mean of
values assigned to the higher group in not more than 5% of all
possible permutations.

Results were regarded as statistical outliers where exper-
imental values were more than 1.5 times the interquartile range
below the first or above the third quartile of all participants.
They were excluded where technically justified, i.e., where a
limited compatibility between the properties of a certain ILC
sample and the applied measurement technique was identified.

The stability of a sample was evaluated by comparing the
TMP measurements, conducted by the same participant, at the
beginning x,,. and at the end x,,, of the serial ILC. We used a
stability criterion ¢ (eq 4) in adaptation from ISO 13528."
Here, we used the ratio between the “two-sided” relative pre/
postdeviation A (eq 3) and the RSD among the participants
as a stability criterion, accounting for the fact that samples with
multiple measurement areas may not have comparable absolute
MP particle numbers. “Two-sided” here indicates that we take
the double of the difference from the mean as the expected
deviation range would be centered around the mean going into
positive and negative directions.
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Acceptable stability was expected when ¢ < 0.3. When the
calculated stability was only marginally above this threshold, ¢
had to be corrected to include the measurement uncertainty
(u) according to eq 6 as recommended for testing against the
same threshold.'® We determined u as the average relative
distance of r replicate postmeasurements from their mean (eq

5).

r — r
Z,‘:l lxpost - xpost,il . _ Z,‘:l xpost,i
uy=——""7, with xpost =
r'xpost r (5)
_ Arel
c= —— &
RSD + 2/u*A, (6)

A spreadsheet file that was used for the calculations and
figure generations and a Jupyter notebook containing the
calculations of the permutation tests are provided in the data
deposit.**

B RESULTS AND DISCUSSION

We report on a novel immobilization technique for MPs and
its application in serial ILCs compared to parallel ILCs. As
absolute numbers of particles varied significantly between
samples, we show the numbers of MP particles reported by the
participants here relative to their mean (Figure 3), but raw
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count data are presented as bar charts
Information (Figure SI4.1).

in the Supporting
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Figure 3. Particle numbers shown as percentage deviation from the
participant mean per sample (RMD). Large symbols show the most
important results per sample type. These are the pooled results for P
and S2 where multiple sample parts were available and the single
sample results S1 and S3.2. Sample S3.1 needed to be excluded for
lack of stability. Small symbols indicate the RMDs for the constituting
sample parts. Asterisks indicate significant differences between the
subgroups’ mean RMDs (Raman vs IR, see also Table 2 for references
of the techniques used by each participant). Participant F’s result for
sample S1 was excluded as a statistically and technically justified
outlier, and it is shown here semitransparently for reference only (not
included in the mean calculation). Key data of the samples are
provided below the horizontal axis. Sample name: terminology used
according to Table 1 (P: samples used in parallel ILCs; S: samples
used in serial ILCs). Npaus: number of parts that were pooled under
this sample name. N,,o: number of reports returned by participants
(for brevity showing the sum of reports in multipart samples). Npyp:
reported particle numbers of TMP as mean over participants
(polymer and participant-specific results are provided in the data
deposit™). Absolute particle numbers are shown in Figure SI4.1.

The serial ILC design, by isolating the specific measurement
uncertainty, significantly reduces observed variation among
participants compared to the parallel ILC, with a 77% lower
RSD in the small-scale ILC comparison we conducted here
(Figure 4).

Isolation of the Specific Measurement Uncertainty by
MP Immobilization. The parallel ILCs resulted in an RSD of
23% as derived from the mean of the three suspended samples,
following Table 1 (pooled as sample P in Figure 4). The RSD
spreads from 5% (P1) to 34% (P3) and is shown as whiskers in
Figure 4. The high RSD, along with the absence of a consistent

https://doi.org/10.1021/acs.est.4c09427
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Figure 4. RSD among participants for the different ILC samples.
Dashed lines indicate the RSD levels of TMP in the serial ILC of S1,
which was 77% lower than in the parallel ILC design (results of
samples P1, P2, and P3 were pooled as “P”). Whiskers show the
extents to the minimum and maximum of the unpooled RSD values.
RSD values of S2 can be seen in an extended version in the
Supporting Information (Figure SI4.2). P, parallel samples; S, serial
samples.

pattern among participants over the three samples (see Figure
4, P1-P3, for details), suggests that uncertainty sources like
sample production, transport, and preparation for spectroscopy
(see LO—L2 in Figure 1) may have contributed an important
share of the overall variation of the results. Hence, the
magnitude of the specific measurement uncertainty (L3—LS,
Figure 1) cannot be estimated. The serial ILCs, with particles
immobilized on the measurement substrates, exclude produc-
tion- and preparation-derived uncertainties by design, as every
participant measures the same sample. Thus, the specific
measurement uncertainty can be investigated independently.

The S1 series on the 10 um Si filter substrate resulted in an
RSD of 5% (with participants A—E and G, Figure 4), giving an
indication of the specific measurement uncertainty within the
ILC consortium. It is observed that, generally, individual
polymers have a larger RSD than TMP. The TMP individual
values reported by the participants vary with RMDs between
—9 and +6% around their mean (Figure 3). There was no
significant difference between the RMD means of the ad hoc
Raman and Fourier transform infrared (FTIR) subgroups for
S1.

To test whether the serial ILC concept can be extended to
other applications, a smaller pore size Si filter (S2) and
aluminum oxide as another common filter substrate (S3) were
explored in further ILCs. While the FTIR participants reported
largely consistent results for the Al,Oj-based sample S3,
participant F reported difficulties in obtaining a reliable
measurement result for the Si sample SI. Their analysis
technique is based on a machine-learning polymer recognition
model trained on Al,O; substrates, which can be expected to
have limited compatibility with the Si substrate. This
underlines the importance of taking filter substrate preferences
into account when designing an ILC. The use of different filter
substrates can help to make an equitable assessment.

The overall RSD of S3 is 14% with regard to all participants
(A, B, and D—G). However, when separated by the
spectroscopic technique, the RSD is comparable to what has
been described for S1: 7 and 5% for Raman and FTIR
spectroscopy, respectively (Figure 4). Raman-based measure-
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ments of S3 have, on average, a significantly higher RMD of 25
percentage points (%pt) difference, significant at p < 0.05
(Figure 3) compared to FTIR-based techniques. The other
filter S3.2 is excluded from analysis as a substantial particle loss
of 21% has been recorded between pre- and postmeasurements
of the host participant, indicating that the immobilization was
not sufficient (see also Figure 6 and Stability of Filtration-
Immobilization).

For the 1 ym Si filter (S2), an even stronger segregation can
be observed with respect to the spectroscopic technique. On
average, Raman participants are >120%pt higher in terms of
RMD compared to FTIR and LDIR. Accordingly, the RSD is
substantially higher: 71% for TMP and up to 91% for the
individual polymers, exceeding the RSD of the parallel ILC. In
order not to distort the scale of Figure 4, S2 was omitted there.
An extended version including S2 is presented in the
Supporting Information (Figure SI4.2). We assume that a
reason for the observed systematically lower TMP estimates of
the FTIR and LDIR participants for the 1 um filter S2, and,
although weaker, for the AL O, filters S3 (see also Figure
SI4.1), is likely an excess of potassium silicate adhesive, which
remains in the smaller pores due to capillary forces and thus
adversely affects the FTIR signal intensity. Further, the
properties of Si wafer filters like material thickness and pore
diameter, pattern, and distance could cause interferences in the
IR wavelengths.’® In combination with the potassium silicate
adhesive, this may have reduced polymer recognition for IR-
based techniques. This was indeed the case when considering
the LDIR transflectance measurements as the spectra of many
particles appeared “blurred” or distorted due to the partial
coverage by the adhesive. In transflectance, the IR light
interacts twice with the surface of the particles plus with the
reflecting substrate.

Radar charts in Figure 5 show the RMDs of the participants
for the five polymer types. The closer the lines are to the most
intense color region (RMD =+ 10%), the higher the consensus
within the consortium. The host or initial participant is located
at the top of the polygon, and the other participants follow
clockwise in the order the samples were sent around. The trials
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Figure 5. Reported results of the three serial ILC trials with samples
S1—-S83 as percentage deviation from the overall participant mean.
Entries marked by asterisks indicate the post-transport control
measurement of each ILC sample and do not constitute an own
participant. Hairlines delineate the ad hoc subgroups of Raman, FTIR,
and LDIR measurements.
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finish with remeasurement by the host (marked with an
asterisk in Figure S) to determine the immobilization stability.
The remeasurement results were not included in the mean for
the RMD calculations.

S1 showed high consensus among the participants (Figure
5). Overall, we conclude that the use of the 10 um Si filter, in
contrast to 1 um pore-sized filter S2, allowed better
comparability between Raman and FTIR results. We attribute
this observation to the resulting size range of particles
(excluding the sub-10 ym fraction), which is better suited to
the typical limits for FTIR, and to a lower capillary retention of
the potassium silicate adhesive in the larger pores of S1.

As to the polymer type, the largest singular positive
deviation from the overall participants mean in S1 occurs for
the polyamide PA12, which has been identified as a software-
caused false-positive problem by participant D. The machine
learning-based analysis was sensitive to even weak presence of
bands in the natural amide region, leading to pixels being
erroneously classified as polyamide. This illustrates that the
isolation of the specific measurement uncertainty achieved
herein enables certain analysis pipelines to be debugged.

Neither parallel nor serial ILC designs can determine the
absolute truth of the particle number present. This is clearly so
when particle sizes get close to the instrumental detection
limits, as it was the case here, at least for FTIR and LDIR at
around 10 um. Nevertheless, when only larger sizes are
considered, agreement might be possible and very relevant. At
least for the immobilized design, a theoretically viable—but
very time-consuming—way to obtain an accepted true
reference value would be an analysis with individual optical
microscopy and manual spectroscopic assessment of all
immobilized particles in a target area of a sample. However,
even then, it would be difficult to achieve absolute certainty
about the number of MP particles present. In borderline cases,
it may be impossible even for human assessors to make a final
decision about the extent of a single particle, because MPs do
not always exhibit unequivocally visually separable particle
boundaries.

The serial ILC performed here serves as a demonstrative
proof of concept for the idea of using immobilized samples in
serial ILCs. We recommend for benchmarking or standardizing
ILCs, prepared in this manner, to use replicated samples as
well as repetitions of the pre- and postmeasurements (n > 3).
They serve as a control of successful immobilization and allow
to estimate the intra-analytical measurement uncertainty.
Furthermore, the number of participants was low and the
apparent particle numbers varied between the different ILC
types (see also the table within Figure 3). Presenting more
equal particle numbers to a larger group of participants will
lead to increased stability of the uncertainty estimations that
can be attributed to the applied analysis techniques.

Stability of Filtration-lmmobilization. The develop-
ment of the immobilization method in the present study was
adapted from a previous approach where spin-coating was used
to distribute an adhesive on a carrier.' The change to the
filtration-immobilization principle proved advantageous as the
amount of residual adhesive on the substrate surface is
substantially reduced. We provide insights of spectroscopic
effects of the remaining adhesive in SIS.

In the serial ILC concept, the host participant repeats their
measurements after the ring trial completion to ascertain
whether particle loss occurred (Figure 6). Negligible differ-
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ences indicate the adequate stability and permanence of the

immobilization.
Host participant: A (paman) B (Raman) F (Frir)
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Figure 6. Relative differences of particle numbers per polymer
identified by the host participant before and after the serial ILC. S2*
was calculated only on the particle fraction >20 ym due to the
reasons explained in the main text. The dashed line indicates the
change in particle counts as the average “pre/postdifferences” of those
samples with acceptable sample stability, ie., only opaquely plotted
bars. Note that the value for total MPs was very low in $3.2 (bar not
visible).

Participant B, who made the pre/postcomparison of sample
S2 using Raman spectroscopy, received a software upgrade
from the manufacturer between the two measurements that
improved the instrument’s ability to detect smallest particles.
The stability of the immobilization was therefore only
evaluated on the >20 ym particle fraction of the pre- and
postmeasurements. The comparison including particles
between 10 and 20 um is presented for reference (Figure 6)
and shows a spurious increase in the abundance of particles in
the postmeasurement.

In adaptation of the ISO 13528" stability criteria ¢ (eqs 4
and 6) to the serial ILC, we observe that samples S1, S2, and
§3.2 qualify for being included in the ILC results. Their relative
pre/postdifferences are within the threshold for acceptable
stability of ¢ < 30%, namely, at 25, 14, and 1% of the
interparticipant RSDs, respectively. For sample S1, this result
was obtained using eq 6 with an expected measurement
uncertainty of 0.056 and would have been 32% when using eq
4.

In addition to actual changes in particle numbers due to
sample transport, deviations between pre/postmeasurements
are also influenced by the expected—and here unknown—
intra-analytical variance of the host participants. However, the
overall low pre/postdifference (Figure 6; dashed line: —4% on
average of the samples accepted according to the “criterion c”)
implies that only relatively small intra-analytical variances are
to be expected here.

There was an apparent difference of immobilization stability
between the two Al,Oj filters (S3.1 and S3.2). In contrast to
the Si filters, a rinsing procedure to remove insufficiently
immobilized particles after curing was not applied due to the
fragility of the material. Future studies aiming for immobilized
samples on alumina membranes should explore other solutions
for removing loose particles.

Pre/postdifferences in the individual polymer types appear
to largely cancel out each other in TMP, which is especially
obvious for samples S2 and S3.2. This indicates a differential
polymer type misclassification problem, not only between
participants (Figure 4) but also intra-analytically. This reveals
an interesting research question on whether there is in general

https://doi.org/10.1021/acs.est.4c09427
Environ. Sci. Technol. 2024, 58, 22224—22234

96



Environmental Science & Technology

pubs.acs.org/est

a significantly lower uncertainty on TMP counts than on
quantifications of individual polymers.

Perspective of Environmental Particle Evaluation.
Below, we summarize the lessons learned from the
interlaboratory trials presented here and give recommenda-
tions to encourage much needed further methodological
advancement in this area. The approach we present here is
targeting the size range of about 10—100 ym. It would likely be
suitable for MPs up to about 500 ym, but the effectiveness of
the filtration immobilization is yet to be evaluated in this size
range. As such, we only cover a part of the environmentally
relevant MPs. For larger sizes, simpler methods like obtaining a
true reference value by manual counting become viable and are
therefore likely to be preferred.

With sample S1, we found a 10 um filter well suited for
comparative measurements with Raman, FTIR, and LDIR
spectroscopy, while the 1 ym filter S2 posed several obstacles
to FTIR and LDIR detection. This includes a higher presence
of particles in size ranges where physical limitations restrict
successful detection by these techniques. In Raman spectros-
copy, potassium silicate shows distinct bands at 545 and 1029
em™' (Figure SIS.1), but they did not interfere with the
polymer classification, primarily because Raman spectroscopy
is acting on the up-facing surfaces of the particles, where little
or no excess adhesive is expected. For FTIR and LDIR
spectroscopy measured in transmission and transflectance
modes, respectively, any adhesive between the particles and the
filter surface or inside the filter pores will interact with the IR
light. However, this will not result in conjugate spectra (i.e.,
polymer spectra clearly superimposed inorganic bands of the
adhesive) because the FTIR measurements for polymer
identification were made against a background of potassium
silicate on the filter material. Instead, the IR adsorption of the
silica compounds manifests itself as increased noise because it
limits the IR energy that can reach the detector. Regarding the
concentration of potassium silicate, we chose the lowest tested
concentration as the best option. It seems reasonable thinking
that further dilutions may be a promising endeavor to decrease
potential impacts to certain techniques.

Many analytical protocols employ subsampling measure-
ment approaches due to instrumental or computational
limitations or to reduce measurement time. This entails
extensive extrapolation of the actual measurement result to the
whole sample, contributing to the uncertainty propagation. In
fact, subsampling approaches (see also Figure 1) have been
demonstrated to cause substantial errors in the determination
of the total particle numbers.”> A major advantage of the
immobilized serial ILC design is that such a subsampling error
is eliminated by the precise definition of a commonly measured
area. Here, the laser engraving technique developed for Si filter
S2 proved to be highly useful in that it expedites and unifies
measurements and result evaluations. Due to the particles
being removed from the interstice, minor unavoidable
differences in the size and positioning of the measurement
areas will not significantly affect the results when all
participants select areas slightly larger than the visible target
areas.

For a permanently immobilized serial ILC sample, we
consider three properties to be most desirable:

e The substrate and immobilization achieve sufficient
stability, i.e., they withstand the repetitive handling,
transportation, and measurement.
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Its physical properties do not interfere with or
discriminate against certain measurement techniques,
e.g., sufficient IR transparency is warranted.

The sample allows for some form of return to original
state, e.g., by rinsing off any adherent contaminating
particles prior to each participant’s measurement.

Compared to the creation of numerous sample specimens
for parallel ILCs, the immobilized approach requires less strict
contamination control during production. Contamination
during sample generation is excluded by design as everything
that gets immobilized becomes part of the sample. It is still
advisable to prepare samples under reasonable analytical
laboratory conditions to avoid unintentionally introduced
particles, producing spurious results.

Outlook and Future Perspectives. The immobilized
filters in our serial ILC were prepared at small research
laboratory scale. While offering significant advantages over
traditional parallel designs, they are not intended as a
permanent solution. They serve as an intermediate step in
establishing robust analytical protocols and identifying sources
of measurement uncertainty. However, the concept should be
the taken up for the development and supply of certified
reference materials (CRMs) that can be routinely used for
method validation and quality control in laboratories world-
wide. CRMs, produced and certified by accredited organ-
izations such as the European Joint Research Centre (JRC),
the German Federal Institute for Materials Research and
Testing (BAM), the National Metrology Institute of Japan
(NMI)), the International Atomic Energy Agency (IAEA), or
the United States National Institute of Standards and
Technology (NIST), provide a standardized and traceable
means of validating analytical methods and ensuring
interlaboratory comparability. For MPs, however, the provision
of CRMs presents unique challenges due to the particulate
nature of the analyte. Collaboration between research
institutions, regulatory bodies, and accredited reference
material producers is essential to overcome these challenges
and establish commercially available immobilized and
suspended CRMs for MP analysis.

With immobilized MP CRMs available, automated reprodu-
cible measurements may be set up with minimal manual
involvement. These procedures can run routinely on a periodic
schedule or after any changes in measurement protocols,
equipment, or personnel. Over time, the results can become
highly valuable for the laboratory to monitor the relative
analytical proficiency and spot any arising problems in MP
detection.

Further questions should be addressed to establish a broader
applicability of the immobilized samples. For instance,
knowledge on immobilization stability of larger MP sizes
(e.g, 100—1000 ym), fibers or natural particulates, may allow
for an application also to field samples. This can reduce particle
loss or disarrangement in the transition from sample
preparation to spectroscopic measurement. Additionally, it
may be used to build up persistent sample archives for
repeatable measuring. At the current stage, however, we do not
recommend the immobilization technique for quantitative
sample preservation. We included here steps of sample flushing
to remove incompletely immobilized particles, which would
obviously not be an option in field samples intended for MP
quantification. Provided that the objective is to conduct an ILC
or similar experiment—where the total number of MPs present
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in the sample prior to immobilization is not of interest—we
may reasonably assume that the technique would work just as
effectively if MPs from the environment were used instead of
the milled and sieved pristine particles employed in this study.

Our results suggest that other research on particulate
pollutants beyond like fly ashes, cement dust, soot, or spores
can benefit from adapting the immobilization technique to
yield reproducibly measurable samples. In particular, further
developments targeting immobilization of atmospheric partic-
ulate matter samples will help in comparability studies of
microspectroscopic and mass spectroscopic analyses®*° (see
also SI6). Likewise, other multianalysis studies, such as
correlative microscopy or spectroscopy, could benefit from
enhanced precision and accuracy when working with particle
immobilizations.
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Abstract: During recent years plastics became one of the focuses of EU policy. A harmonisation
and comparability of microplastics monitoring results across Europe is needed. The complexity of
microplastic data makes it necessary to develop a specific, tailor-made database rather than adapting
and modifying one of the existing databases. To meet this demand, we present a publicly accessible,
flexible, and extendable structured relational database for particle-based microplastic data. The
developed relational database is adaptive and meets the specific demands of microplastics, e.g., a
large variety of sampling, processing and analytical methods, many types of plastics, and a very wide
size spectrum ranging from micrometres to millimetres. In this paper we discuss the development of
the database, data entry specifics, sample analysis methods, microplastics data manipulation and
quality assurance, and database integration and accessibility.

Keywords: microplastic data; database; marine; particles; EU policies; Marine Strategy Framework
Directive

1. Introduction

Environmental policy in European countries is driven by ambitious European Union
(EU) legislation, which has affects beyond the EU member states. Some major EU policy
fields are the marine and coastal environment, nature and biodiversity, and water. The
water policy aims at protecting the European Union’s water resources and ecosystems and
ensuring access to clean drinking and bathing water. This includes specific policies, e.g.,
on marine, surface, bathing and drinking water, floods, nitrate pollution, groundwater,
urban wastewater, water reuse, water scarcity, and droughts. Most environmental policies
are implemented though legally binding directives. These directives are accompanied
by implementation guidelines that regulate, for example, monitoring, methodological
standards, quality thresholds, and environmental quality assessment. A consequence
of EU environmental policy implementation is the collection of enormous amounts of
heterogeneous environmental data.

The need to deal with this data initiated the development of the EU Shared Environ-
mental Information System (SEIS). It was established to improve the collection, exchange,
and use of environmental data and information across Europe [1]. The SEIS serves as an
umbirella for specific data platforms such as the Marine Information System for Europe
(WISE-Marine) and regional sea platforms, e.g., for the North Sea (OSPAR), or the Baltic
Sea (HELCOM). WISE-Marine and the regional platforms directly support European envi-
ronmental policies” implementation. These international approaches are complemented
by national environmental data platforms, for example, in Germany the Marine Data
Infrastructure Germany (MDILDE).

The general marine data management in Europe consists of three major elements:
SeaDataNet, EMODnet, and Copernicus CMEMS. SeaDataNet is a distributed marine data
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infrastructure for diverse in situ data sets. EMODnet is using available data for prepar-
ing multi-resolution maps of all European seas, and Copernicus is the earth observation
program and offers information services mainly based on satellite data.

It is obvious that the large amount of heterogeneous data, multiple platforms that
depend on data-exchange, and a wide range of potential data uses require rules that ensure
data quality and accessibility. These rules are provided by the EU INSPIRE Directive. An
important aspect is that INSPIRE contains guidelines on metadata documentation based on
EN ISO 19115 and EN ISO 19119. Metadata provide the required background information
about data. Metadata descriptions are a prerequisite so that data, physically stored in a
database, can be found and used by others.

During recent years, plastics became one focus of EU policy. In 2018, the EU adopted
the plastics strategy (EC COM/2018/028, 2018) with the aim to protect the environment
and reduce marine litter. It is part of the circular economy action plan, revised in 2020,
and builds on existing measures to reduce plastic waste. In the marine environment this
is complemented by the EU Marine Strategy Framework Directive (MSFD 2008 /56 /EC).
The MSFD has the aim to protect and achieve a good environmental status (GES) in marine
ecosystems. The GES is assessed on the basis of eleven descriptors and marine litter is one
of them, which aims to ensure that properties and quantities of marine litter do not cause
harm to the coastal and marine environment. As a consequence, the state-of-pollution of
the marine environment has to be assessed, environmental targets and associated indicators
have to be developed, major emission sources have to be identified and quantified, and
effective measures leading to reductions in marine litter pollution have to be tested. One
focus is on trends in the amount, distribution, and composition of microplastics. This has
caused a wide range of scientific and monitoring activities during the last decade and the
need to establish joint databases that follow FAIR (Findable, Accessible, Interoperable, and
Reusable) data principles [2].

A first European litter database, linked to EMODnet, exists [3]. It focuses on macro-
litter, the size fraction above 25 mm, found at beaches using the 100 m monitoring
method [4]. A recent review shows that the database suffers from many data weak-
nesses, for example, spatiotemporal heterogeneity, inconsistencies in the different litter
identification lists, and variability in the survey protocols and data sources. The conclu-
sion is that a harmonisation and comparability of results across Europe are still needed.
For microplastics, a comparable database does not exist yet, but there are several lessons
learned from the macro-litter beach database. A public microplastic database should be
available at an early stage of monitoring. It needs to be flexible and adaptive and must
meet the specific demands of microplastics, e.g., a large variety of sampling, processing
and analytical methods, many types of plastics or a very wide size spectrum ranging from
micrometres to five millimetres. The complexity of microplastic data makes it necessary to
develop a specific, tailor-made database rather than adapting and modifying one of the
existing marine databases. This means that the new database needs to be visible for and
integrated into existing database structures.

To meet this demand, we present a publicly accessible, flexible, and extendable struc-
tured database (DB) for particle-based microplastic data, that meets the FAIR data principles,
takes into account the INSPIRE metadata requirements, and is linked to and harvested by
other databases.

2. Materials and Methods
2.1. Basic Requirements and Background

The database was developed to meet the data storage and reporting requirements of
two international projects with focus on coastal and marine microplastics in the Baltic Sea re-
gion, namely Bonus MicroPoll (https://www.io-warnemuende.de/project/192/micropoll.
html, accessed on 12 December 2022) and MicroCatch (https://www.io-warnemuende.de/
microcatch-home.html, accessed on 12 December 2022). Database requirements were that
relevant sample parameters had to be efficiently (i.e., no data loss, consistency, simplicity)
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communicated between the entities. It had to be possible to reconstruct each individual
microplastic particle’s history from sampling to final analysis. This was the key for as-
serting data quality in terms of good scientific practice. It had to be possible for sample
recruiters to share sample locations, sample type, sampling method, and time. Contact
details of the responsible persons of each sub-task had to be taken into account. Important
information concerning the sample purification, such as treated sample amount, blanks
(contamination control), purification methods, and date had to be represented. Among
relevant parameters of microplastic analysis were, e.g., polymer type, size, particle shape,
colour, analysis method, the fraction analysed (if a purified sample was split), and blanks.

All the above information and additional required details were implemented into the
Marine Plastic Database (MPDB) design and optimised over several years with respect to
scientific accuracy, relevance, clarity, and consistency of terms and information within and
across database tables. In particular, the two latter requirements were driven by the goal to
make the MPDB publicly available. Therefore, we aimed at reducing the information to a
minimum that is mandatory for marine plastic-monitoring in the environment. At the same
time, it was important to keep flexibility with respect to the large variability of different
sample requirements (e.g., concerning purification or analysis methods). The database
had to take into consideration that microplastic monitoring involves different actors across
various stages with different tasks, such as sample collection, sample purification, and
spectroscopic analysis.

2.2. Types of Data

Quantitative microplastic (MP) data is typically either mass- or particle-based, both
methods having their own advantages and limitations. Eventually, the targeted polymer
types and size ranges, and the foremost research question determines the analytical method
of choice.

Mass-based data, as for example from pyrolysis gas chromatography mass spectrome-
try (Py-GC-MS), usually necessitates less sample purification and hence accelerates data
generation. Losses caused during pre-treatment, which particularly affect the small size
classes, become obsolete and make this analysis especially advantageous for target particles
in the sub-micrometre range. Limitations arise on the detection of multiple polymer types,
as interferences can occur [5] that involve increasing resources and efforts when aiming at
a large coverage of materials addressed by the umbrella term “microplastics”. Microplastic
particles” polymer types that appear in low amounts are prone to fall below the limit of
detection if they belong to a rarely occurring type, or if the particles are so small that
they, although being numerous, do not provide enough mass [6,7]. In any case, the main
disadvantage is that only the mass of the MP polymer type is obtained and there is no
information on particle sizes and their distribution.

Any research question that requires a higher resolution of particle size, examples are
the determination of transport patterns, normalisation of biofilm coverage, or the encounter
rates of potentially affected organisms necessary for a respective risk assessment, will
demand or consider particle-based data acquisition. Particle-based analysis is usually
performed using p-Raman- or Fourier-Transform-Infrared-Microspectroscopy (FTIR) with
the ability to detect very low numbers of polymer particles. The methods are either done in
imaging or particle measurement mode. Imaging entails scanning the entire filter area and
acquiring spectra at every pixel. After spectra evaluation, adjacent pixels with the same
chemical classification are grouped as particles [8,9]. In particle measurement, at first an
optical image of the filter is acquired, from which the location of the individual particles is
determined, together with information about size, shape, and colour or texture. Only then
are the spectra acquired at the locations where particles were found [10,11].

2.3. Morphological Properties of Microplastic Particles

The minimum size of particles to be detected depends on the spectroscopy technique
used (FTIR: approx. 10-15 pm, Raman: approx. 1 um). Which technique is used also de-
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pends on the sensitivity of the analysis towards certain substances [12]. Spectra quality, and
thus, method reliability can be impacted by fouling of particles or fluorescent components
(in case of Raman).

Using the particle-based approach, concentrations are typically reported as MP counts
per unit environmental matrix (e.g., kg’l, orm—3 ). Inaddition, other particle characteristics,
such as shape properties or colour can be determined on a per-particle basis.

The particle count concentrations themselves are, however, of limited usefulness when
being reported without substantial context. As an example, estimates of how many trillion
“pieces” of MP are polluting the ocean, are readily incorporated and circulated by various
media [13,14]. It is questionable if actual informative content about the pollution’s extent
can be conveyed in this manner, or rather, if a broader public attraction is intended simply
by the magnitude of an unimaginable high number. Representations of particle sizes (e.g.,
as individual particle properties or continuous distributions [15]) and study design details
(e.g., applied mesh sizes) are examples of such augmenting data that should preferably be
communicated alongside MP concentrations. The same is true for comparative data on
natural particles where applicable (e.g., as proxy for the hydrodynamic regime in sediment
MP studies [16]). An appropriate database structure for particle-based MP pollution data
should therefore provide the possibility to map all relevant morphological data which is
then available for any future assessment. From simple to sophisticated, such morpholog-
ical properties (“morphologicals” hereafter) may include size class [16,17], longest size
dimension, [18] or multiple size dimensions, area [19,20], circumference, or shape related
aspects, such as sphericity, convexity, eccentricity, right up to fully 2D or 3D descriptions
of the irregular particles (e.g., as point meshes). Referenced studies in the above list give
examples from the scientific literature that utilised the respective morphological features
to describe their identified particles. The more sophisticated morphological features may
have higher demands for the analytical process, but they give the resulting data set a higher
diagnostic quality for describing the interactions the identified particles may invoke in the
environment. Although not trivial, particle mass estimates may be inferred if the reported
particle morphological data are of sufficient detail, i.e., at least a proper shape classification
and maximum extents in 3 dimensions. This allows to link the realms of particle- and
mass-based analyses, which would be highly beneficial to the field of MP research. In
contrast, inferring morphological data from destructive mass-based analytics is unfeasible.

Fortunately, for the choice of appropriate morphological features, it is not necessary to
start ab initio, as much knowledge can be transferred from other particle-based research
fields, such as from sedimentology, with a great repertoire on various size characteristics of
sediment grains [16,20,21].

2.4. Software and Tools

Prerequisite for a database is that it contains a structured set of data, meaning that
data should be organised using formal design and modelling techniques. Structured data,
which usually reside in relational databases, provide benefits, including but not limited
to data integrity and independence from applications or programs, increased consistency,
decreased updating errors, improved data access to users, and data security. This ensures
that the research data meet the FAIR principles—findable, accessible, interoperable, and
reusable. It is worth noting that the mentioned advantages entail additional expenses such
as the time and intellectual requirements to design a complex database, possible software
and hardware costs, and costs for training the personnel to use and administrate, as well as
maintain the database.

An SQL (structured query language) database can be effectively set up to represent
multiple levels of abstractions. It is a collection of highly structured tables, wherein each
row reflects a data entity, and every column defines a specific information field. Relational
databases are built using the structured query language to create, store, update, and
retrieve data.
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The MySQL™ software delivers a very fast, multithreaded, multi-user, and robust
SQL database server [22], hence was considered to be a perfect tool for the development of
the MP database. The MySQL software is Dual Licensed; in this study the MySQL as an
Open-Source product under the terms of the GNU General Public License (https:/ /www.
fsf.org/licenses/, accessed on 10 December 2022) was used. Depending on user preferences
and requirements, other tools were in use as well, such as the HeidiSQL, [23] MySQL
Workbench (https:/ /www.mysql.com/products/workbench/, accessed on 10 December
2022), and certain Python libraries (mysql.connector [24]) for automated access to the DB.
Any relational database management system (RDBMS) can be used to access the database,
as long as it uses SQL as its standard database language. The database server is hosted
by the Leibniz Institute for Baltic Sea Research Warnemiinde-IOW, which allows usage by
registered users. As in any database management system (DBMS), users may perform tasks
which correspond to their rights, granted by the administrator: view, edit, delete, etc. The
possible database usage possibilities are explained in MySQL documentation (available
at https://dev.mysql.com/doc/, accessed on 10 December 2022), and many tutorials and
videos present online [25].

2.5. Database Development

The database development process was conducted following a classical waterfall
model [26], with iterative process revision (Figure 1). Firstly, specific needs for data were
identified, followed by determination of data types. The first step was carried out mainly by
the environmental scientists, who oversaw collecting or analysing samples; judging from
their experience, these users could immediately identify what data should be collected,
whether it is possible to collect all the data (obligatory fields in the database), which data is
optional or incidental (optional fields), and what could be further used in later research
(quantification of entries). This step was followed by a conceptual model development,
which established connections between possible tables and entities. The conceptualisation
was completed with tight communication between the team members, who oversaw
sampling and analysis, and those responsible for the MPDB technical implementation
(database developer). Where one could identify the relationships between data, the other
could comment on the possibility of implementing such a relationship and to assure
database structure logic.

B . Logical scheme . Initial database ’ ) el
model implementation

Database model,
initial entity Initial
relationship implementation
diagram

Database testing, Database
use-test

implementation

release, creation
of views

Maintenance

Figure 1. Marine Plastic Database development process stages.

Further steps (logical schema, initial and final implementation) were completed by
the developer, based on the possible use-case scenarios, provided by the MPDB users.
Currently the database is in its finalised stage, with maintenance and the support to create
custom database views on demand. Database views are pre-established query commands,
which are kept in the database dictionary to generate a certain preview of structured
data, possibly combining entries from multiple tables or other views, performing certain
calculations, or simplifying multiple tables to a single table, which can then be used for
further data analysis. The use of such views greatly facilitates data extraction for specific
repetitive evaluation tasks.

The MPDB development stages 1 to 4 (see Figure 1) were revisited several times,
as some requirements and improvement suggestions were received after the initial test-
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ing of the database, which in turn assured a reliable product that suits the users and
stakeholder needs.

2.6. Data Entry

The most efficient method of data entry depends on the type of data, its amount, and
the frequency with which it accrues. Some data entries are best entered manually, e.g.,
to populate the ‘contributors’ table (a contributor is a person who is working with the
samples or analysis), or some categories, such as the ‘colour’ or the ‘shape’ (we use the
term “auxiliary” tables, when describing such entity properties). Such tables are usually
referred to as pre-populated categories. For bulk data entry, however, a manual approach
would be counter-productive and undermine the development of the relational database in
the first place. Instead, the database ought to be populated wherever possible with bulk
entries using queries, spreadsheets (comma-separated values (CSV) sheets), any structured
text document, as well as using fully- or semi-automated scripts.

Data entry for the ‘samples’ table were most useful in the form of SQL ‘insert’ queries
which pulled a prepared CSV file into the table. The creation of data describing samples
typically involves highly manual tasks, such as insertion of information from handwritten
field work logbooks. Most researchers will prefer a simple spreadsheet application for this
work. In such a case, a simple export of the DB table into a CSV file format may be utilised
and further used as a template where the new data can be appended. This ensures that the
later CSV upload to the DB can be completed by a standard SQL script without errors or
data incompatibilities in a semi-automated way.

The tables containing actual analytical result data (such as “particles’ or ‘analysis’)
receive the highest number of entries (as there may be hundreds or thousands of MP
particles per sample) and are therefore impractical to be populated by manual data entry
or individual CSV files. For this purpose, a Python software package was developed which
performs an automated particle measurement and data evaluation and entry [27]. Using the
mysql.connector Python library [24] allowed streamlining the necessary data compilation,
conversion, and SQL insertion to reduce manual effort to a minimum. The custom-made
graphical user interface (GUI) allowed reviewing summarised and categorised particle
information and uploading the results of hundreds of particles in less than a minute.

3. Results
3.1. Database Structure

The final structure of the MPDB is presented in an enhanced entity-relationship
(EER) database diagram which represents requirements and complexities of the developed
database (Figure 2). There are 14 auxiliary tables, 3 main, and 2 junction tables. The data
in the auxiliary tables have to be entered only once or updated very rarely, i.e., if new
contributors (a person who is working with the samples or analysis) are engaged in the
procedure, then their information should be entered once. Every contribution (sample
or analysis) will be automatically assigned to that person with a unique ID. Hence, the
information is stored once and is referenced via a foreign key attribute.

The three main tables of the database are: samples, analysis, and particles (see also
Figure 3). Any sample may be analysed via various methods and yield many particles.
For instance, a certain sample was treated with several different purification methods,
all of which had to be registered in the database. Similarly, a certain particle could be
measured with both methods, FTIR and Raman, yielding individual results that should
all be included in the MPDB. Hence, the standard relational database rule of one-to-
one or one-to-many relationship is not sufficient; a many-to-many connection had to be
established. This is achieved via the two associative or junction tables: ‘sample2methods’
and ‘particles2analysis’. The connections are stored in these junction tables via the copies
of the primary keys of joining tables (Figure 2).
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Figure 2. Enhanced entity-relationship diagram of the final version of the Marine Plastic Database.
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Figure 3. The Marine Plastic Database with main and auxiliary tables as well as requirements
and advantages.

The database users usually work with the main tables and the junction tables. The
unique ID keys are assigned automatically. The ‘samples’ table receives entries for actual
environmental samples as well as blank samples for contamination control. The field
‘Is_blank’ requires a Boolean-type entry to unambiguously mark the type of each sample.
We use two different kinds of blanks: one covering the particle analysis steps (called lab
blanks) and others covering the sample purification (called process blanks).

Lab blanks represent potential contamination introduced during analysis preparation
and spectroscopic measurement (FTIR or Raman microspectroscopy) of a sample, which
is a critical step for introducing contaminations. There is one corresponding lab blank
for each environmental sample. Process blanks cover the sample type-specific treatment
pipeline [28], where a group of process blanks typically represent potential contamination
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from the purification procedures of all environmental samples treated alike during a certain
time period.

Based on the ‘Is_blank’ flag, and the entries for ‘Process_blank’ and ‘Lab_blank” an
extraction of either type of samples (environmental sample, process blank, lab blank) can
be achieved easily by querying the wanted sequence. Particles found in a blank may be
used to adjust the particle numbers of their corresponding environmental samples. A
recommendation of how to implement a blank correction in the particle domain is given in
Section 3.4. A recent review on blank procedures [29] evaluates several further options.

3.2. Data Extraction and Example Queries

Database data retrieval for further analysis is usually done via the data export of views.
Database users may use the existing views or ask the administrator to create views based
on their description.

3.2.1. Data Filtering Scenario

Some data may need only a simple filtering from one specific table. A simple data
filter example may be as follows:

“every sample, from the MicroCatch project from compartment “water” from location
between 12.17-12.2 and 53.95-55.0 (lat, long) in the year 2018”.

The SQL query snipped for the example is:

SELECT * FROM ‘samples’

WHERE

samples.Project = ‘MicroCatch” AND

samples.Compartment = ‘water’” AND

year(samples.Date) = 2018 AND

samples.GPS_LON >=12.17 AND samples. GPS_LON <= 12.2 AND

samples.GPS_LAT >= 53.95 AND samples.GPS_LAT <= 55.0;

3.2.2. Data Retrieval from Two Tables Scenario

When extraction of data from multiple tables is needed, the best solution is to create a
new joint table, which is called a View, where all the related data entries are linked. After
this, the new table can be filtered as in the data filtering scenario. An example for this
scenario can be a modified query, as follows:

“every particle, from location between 12.17-12.2 and 53.95-55.0 (Lat, long) in 2018,
with a size fraction of 11-100 pm”.

Creation of view:

CREATE VIEW ‘particles_v_samples” AS

SELECT p.’Sample’,s.’Date’, s.”"GPS_LON’, s."GPS_LAT’ p.’Size_fraction’

FROM ‘particles” AS p

INNER JOIN ‘samples’ AS s

ON p."Sample’ = s.”Sample_name’;

Filtering the view:

SELECT * FROM micropoll.particles_v_samples

WHERE

year(particles_v_samples.year) = 2018 AND

particles_v_samples. GPS_LON >=12.17 AND particles_v_samples. GPS_LON <= 24.2 AND

particles_v_samples. GPS_LAT >= 53.95 AND particles_v_samples.GPS_LAT <= 59.0 AND

particles_v_samples.Size_fraction = '11-100";

3.2.3. Data Extraction to a Local File Scenario

The data may be extracted to a spreadsheet or other formats for further analysis.
Extraction requires either the usage of DBMS tools (like the export tools available from
MySQL workbench, or HeidiSQL), or the direct application of SQL commands:

INTO OUTFILE ‘D:\full_path\samples_table.csv’
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FIELDS TERMINATED BY *,

ENCLOSED BY "

LINES TERMINATED BY ‘\n’;

The provided examples present only a fraction of the user possibilities and may be
modified, i.e., to include only unique values of entries, or additional fields or filters. As
the stored data has a spatial locator (X and Y coordinates), one can, for example, utilise the
functionality of various GIS tools and plugins to plot and represent the data on maps.

3.3. Data Quality Assurance—Dealing with Different Particles

Microplastics—being particulate pollutants that are typically investigated individually
for properties such as material, colour, shape, or size—generate data on a per particle
basis (at least for quantitative particle-based studies). For statistical analysis, interpretation
and dissemination to the general public and stakeholders, data are typically transferred to
aggregated information, e.g., counts of particles or averages of sizes, which are reported
per sample, or time, or region. This section aims to elucidate the importance of a trans-
parent handling and dissemination of the raw particle data as a means for better data
compatibility and re-usability among MP studies. The understanding of particle-based
vs. aggregated data is crucial to be able to perform data operations, such as correcting for
self-contamination (blank correction) or limit of detection (to be implemented for removal
of singular erroneous or misfit results) as explained in the examples below.

Conceptually, we distinguish between data in the “sample domain” (sampling meta-
data such as sample quantity, location, dates) as opposed to the “particle domain” (individ-
ual properties of each particle). Particle domain data (PDD) can be used to generate sample
domain data (SDD) by aggregation. Sums, means, or other descriptive statistics of PDD
from a particular sample or sample group may be aggregated to yield the respective SDD.
SDD, in turn, cannot be decomposed into the underlying PDD because the information on
individual particles is lost in aggregation.

Figure 4 illustrates the distinct representations of data that are handled by the MPDB:
in PDD the base of a single entry is an individual particle and it holds particle property
data; whereas in SDD the base is a sample, which has sample metadata and aggregated
particle data. The phenotyping procedure (PhT) is used to conduct operations on PDD and
translate them into SDD.

data representatlons
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Figure 4. The distinct representations of data that are handled by the MPDB and the algorithms we
use are illustrated in this info graphic.
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To elaborate the implications of the distinction of SDD and PDD, let us consider the
concentration of MP of a sample. In SDD this would be a number of MP per reference
quantity of the environmental matrix (e.g., 100 m~2 or 23 kg~!). Here, each MP within that
number is considered equal, as there are no individual particles regarded by SDD, only
their sum. If the underlying raw data (PDD) would only consist of identical particles, a
value correction would seem intuitively feasible by a simple subtraction of the required
amount. However, MP samples usually do not consist of a number of homogeneous MP
particles, but for example, of a red PET fibre and a transparent PE fragment, which can
only provide information on possible sample contamination of their kind and not of MP
in general. The blank correction must, therefore, be done in PDD, where each particle is
not equal. In PDD, a subtraction in a mathematical sense is, however, not possible, as each
datum represents an individual, not an aggregation. Instead, an elimination of individuals
can be an approach to facilitate the correction.

In case of negligible contamination, this theoretical excursion into particle identity
should be of little relevance for reported MP data. However, experience shows that
(1) contamination is an issue of concern, especially for studies working with small MP, and
(2) not seldomly, MP data sets are on the brink of statistical exploitability due to low num-
bers of the costly to identify specimens, therefore data handling and sanitation procedures
are to be chosen carefully.

The here described implications of working with particle data versus aggregated data
does not only apply to MP research. Approaches of particle-based data conversion are, for
example, discussed in polydisperse systems modelling [28].

3.4. Data Sanitation-Phenotyping and Blank Subtraction

As stated above, the omnipresence of MP easily leads to self-contamination of MP
samples, which necessitates blank sample corrections. As the raw data of particle-based
MP studies is represented in PDD, a number of individual particles needs to be selected for
being regarded as introduced by the sampling and lab procedures, and therefore rejected
from final results. The decision of which particle needs to be eliminated must be based on a
set of rules. Naturally, there will be no perfect correspondent among the individuals, so the
rules need to be designed to find the best matching pair of a blank and an environmental
MP particle. Although we know what particles were present in the environmental and
respective blank samples, the result will differ depending on the selected elimination rules
and methods. To facilitate a matching procedure between ‘non-equal’ particles, we propose
a phenotyping procedure that aggregates all relevant categorical particle properties and
uses size as single continuous measure for discrimination. A phenotype is a group of
particles that share the same values for ‘sample’, ‘colour’, ‘shape’, and ‘polymer type’. It is
recommended to unify the categories of colour and shape into few, unambiguous clusters,
i.e., red, green, blue, other, or fibre, non-fibre. More detailed specifications of phenotypes
come along with a higher uncertainty (e.g., due to differences in illumination or particle
shape recognition), especially when working with small MP. Particle size may be converted
into a single measure, if not already so, i.e., in some cases we receive a major and a minor
length for each particle (first and second dimension), where we take the geometric mean
of the two as it is more area-preserving than the arithmetic mean. Phenotyping provides
groups of particles which are both SDD (number of particles of phenotype X per sample
Y) as well as PDD (the actual particle data in each phenotype group including the single
measure size attribute).

It now becomes possible to conduct a blank correction process in PDD by identify-
ing the corresponding blank for the sample in question and consecutively matching the
phenotypes present in both. Particle elimination may then be conducted by matching and
removing the nearest sized sample particle for each blank particle one by one. In a case
where multiple (process-) blanks were taken to cover the same work process they would
be, together as a group, valid for all samples prepared by that process. Consequently, for a
certain phenotype, the average number of particles per blank is equal to its expected value
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of contamination from the work processes covered by the blanks. However, averaging is
a SDD operation and cannot be easily performed in PDD. Therefore, we recommend the
following procedure/algorithm:

e  After phenotyping (as described above) the lists of particles are—for each phenotype

separately—concatenated from all blanks;

The combined list is sorted by size;

It then needs to be shortlisted to only yield the number of particles required by the
SDD average (hence, total number of particles of the respective phenotype in all blanks
divided by the number of blanks and rounded to the next integer);

e To achieve minimal size distribution deformation, the particles would best be selected
beginning from the median of the sorted combined list and selecting every n-th element
towards smaller and larger sizes alternately until k particles are selected, with n being
the number of blanks and k the respective phenotype’s SDD average;

e  The shortlisted group of particles may be used further for the actual blank subtraction
procedure on the sample particles in the same way as if there was only one relevant
blank available.

Rounding, stereotyping particles into phenotypes, and the use of a unified size mea-
sure are assimilations that unavoidably introduce distortions, leading to an apparent,
systematic error in the results. After all, every particle is not equal.

3.5. Data Manipulation and Quality Assurance

Depending on the analysis setup, it may be adequate to eliminate rarely occurring
outliers from the data set, such as unlikely polymer types, which may otherwise elicit
wrong-headed conclusions. For example, it might be decided that for a particle phenotype
that occurs only once in the entire data set or in a sample, there is not enough analytical
support that this is a valid particle, and it should thus be excluded as an outlier. This
concept is also known as limit of detection and limit of quantification and applied in many
other analytical research branches [30-32] in order to increase the soundness of a particular
dataset. In MP analysis, such rare occurrences may be caused by poor signal-to-noise
spectra, cosmic ray artefacts in Raman spectra, or unsystematic human error, which may
justify setting a limit of detection.

However, sample size, reference library size, number of blanks, and whether it is
applied on sample or data set level, are just a few factors that influence the outcome of
such limit determination. This is mainly due to the statistics of small numbers, which MP
data scientists are faced with. Where total MP numbers are low, the ultimate probability for
certain particle (pheno-)types to appear is accordingly low. In such cases, data become less
robust by eliminating phenotypes below the limit of detection, hence one might conclude
that ‘every particle counts’. Nevertheless, an initial data quality check is recommended
to identify instances of rarely occurring phenotypes, as they can lead to the detection of
erroneous data entries.

3.6. Database Integration and Accessibility

An important aspect is the MPDB connection to existing international database struc-
tures. A prerequisite to comply with FAIR principles is a description of the data available in
the database: the metadata. MPDB is hosted by the Leibniz Institute for Baltic Sea Research
(IOW) and stored on a server under the micropoll.io-warnemuende.de domain, and the
metadata are available at http://micropoll.io-warnemuende.de/iow-metadata.xml, ac-
cessed on 20 December 2022. The MPDB metadata are stored on a central meta-database at
IOW, IOWMETA. IOWMETA transfers this meta-information to national German databases
and major international databases. This ensures knowledge about the existence of MPDB
and its content (Figure 5).
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Figure 5. Integration of the microplastic database into national German and international
database structures.

The second important aspect is access to the data. Presently, potential users may request
MPDB access via e-mail to the main author. The potential database users are encouraged to
familiarise themselves with the database documentation (Supplementary Materials).

4. Discussion

We provide the first elaborated MP-related database and aim at contributing towards
a universal data repository. SQL-supporting DBMS tools provide flexible data entry and
storage possibilities with many applications in various fields. The development and
maintenance of such a database requires significant knowledge and resources that are hardly
always available. One solution is the use of already established and tested database models.
This can be achieved by replicating the DB structure from the EER diagrams (Figure 2)
or directly via the provided SQL ‘create...” statements (see Data availability statement
below). The MPDB structure can be used for developing new, modified data repositories.
The database re-installation and maintenance can be handled by IT departments of other
research facilities or can be outsourced to such service providers. This has been done with
respect to the Leibniz Institute of Polymer Research Dresden who uses and further develops
an independent version of the database with a focus on microplastic in food. Alternatively,
the presented MPDB version, which is hosted by the Leibniz Institute for Baltic Sea Research,
can be used and further developed on request. This solution ensures that the database
content is visible for other databases, through the metadata data information, and the
content accessible on request.

Environmental sciences benefit from open-access data, developed and stored in struc-
tured relational databases. Taking into account that almost any sampling and analysis
campaigns are costly, comparable data repositories with transparent metadata and structure
are of importance for the scientific community and stakeholders.

Knowledge on emission, transport, and behaviour of microplastic in the environment
presently largely results from calculations and modelling studies. Examples for the Baltic
Sea are the approaches by Osinski [33], Piehl [34], or Schernewski [35,36]. A major short-
coming is the lacking result validation with microplastic field data. The MPDB and its
content is a major step to overcome this weakness. The usage of structured databases
ensures access to reliable data. Invalid, incomplete, or faulty data entries are detected,
removed, or clarified either in the data entry phase (i.e., data with missing required fields
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is not allowed in the database), or data usage (i.e., the retrieval of data, which is not related
to a specific attribute will not appear in the generated view).

5. Conclusions and Outlook

The Marine Plastic Database meets all technical requirements with respect to data
storage and documentation, but access to data requires expert knowledge. For end-
users or stakeholders (non-researchers/scientists) the MPDB is presently not user-friendly.
Several possible solutions might be examined to shape the data for easy interpretation.
This process would involve two stages: (1) developing use-case scenarios for data en-
try/viewing/presentation, and (2) development of a front-end application or solution.
Possible stakeholder use-case scenarios might be the preview of abundance of MP in their
region or area of interest, prevailing MP types and their sources (media), etc. The front-end
implementation solution examples would be to create an online platform for MPDB data
filtering and preview, or a standalone tool (an application), developed solely for the user.
To achieve this, one would require further development (web or application), extra tools
and services (i.e., a server with management software). All these solutions can be explored
in future uses of the MPDB. We welcome the usage of the database and are open for a
collaboration aiming at an improved user-friendliness.
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Abstract

The treatment of samples for microplastic (MP) analysis requires purification steps that sufficiently reduce the non-
MP content while preserving the targeted particles integrity. Besides their macromolecular structure this also
encompasses their in situ numbers and sizes. However, any step of sample manipulation will come at a cost:
particle loss, fragmentation, coagulation or degradation may lead to distorted results, predominantly in the smaller
fraction of the MP size range. Therefore, the evaluation of MP resistivity against applied methods such as chemical
digestions is a vital criterion for obtaining meaningful results on MP content of a sample. We developed a
framework to test the applicability of MP purification methods and apply it to four protocols commonly used to
prepare environmental samples for MP particle identification. The approach was designed for MP particles being
too small to be handled manually (i.e. 10-70 um). The evaluation consists of a two-tiered assay: a simple particle
suspension approach is used to confirm a post-treatment qualitative recognisability of the target polymers by the
analysis method of choice (here Raman and FTIR). In a following quantitative part, immobilised particles are used to
evaluate the preservation of particle numbers and areas after the treatment on an individual particle level. A Python
image analysis package was written that identifies, matches and measures particles on pairs of pre- and post-
treatment images, and is available as open source software. Our results show that the chemical digestions using
hydrogen peroxide, cooled Fenton’s and a combined alkaline / oxidative treatment using potassium hydroxide and
sodium hypochlorite are suitable methods for preparing MP samples for a microspectroscopic analyses. Also acidic
sodium polytungstate solution used for MP density separations and a pentane based protocol for lipid removal
were found applicable for small sized MP. Certain degradative effects were found when acrylonitrile butadiene
styrene is exposed to acidic treatments, as well as for MP from acrylate and epoxy based paint resins in strong
oxidative regimes. Several paint resins tested here were spectroscopically not identifiable by polymer attributed
bands even before treatment, indicating that these materials might slip through analyses of environmental samples
and consequently being underreported. We conclude that evaluating chemical treatment procedures on MP <

100 um is feasible, despite limitations of the current methodology which we discuss. Our results provide more
certainty on the tested methods for MP studies specifically targeting small sizes and should be extended for more
protocols used in MP laboratory practises.
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Introduction

Microplastic (MP) purification techniques were devel-
oped by a number of studies in order to facilitate mea-
surements of abundance of this inhomogeneous group
of environmental contaminants [1-12] and reviews of
recent developments are available [13-18]. Within MP,
practically any synthetic polymeric material can be of
interest, among others classical thermoplastics, varieties
of elastomers as well as paint resins. The challenge has
been to extract all relevant particles from the large diver-
sity of sample matrices.

Depending on the system studied these matrices typic-
ally consist to large degrees of inorganic fractions like
minerals from sediments and soils [19], and organic con-
tent such as detritus, tissue or microbial films, particu-
larly confounding spectroscopic analysis [20]. The
contained MP loads often range in the ppm to ppt (w/w,
[21]). Physical density and chemical inertness to certain
degradative agents are the two most harnessed proper-
ties of MP to facilitate a separation from the respective
sample matrix. However, both of these principles involve
deficiencies contributing to uncertainties in the resulting
numbers or masses of MP obtained through the subse-
quent analysis of the treated samples.

For density separation, hydrodynamic problems occur
that can hinder the intended particle advection. These
include flocculation or coagulation of targeted and non-
targeted particles altering the apparent density [22] as
well as forces such as turbulence and adhesion [23]
counteracting the — with decreasing particle size dimin-
ishing — impact of buoyancy. Also mechanical action in-
volved in any extraction technique can contribute to
errors for instance if samples are incompletely trans-
ferred between vessels or particles are altered through
activities such as shaking, grinding, stirring or ultra-
sonication [24]. In chemical digestion processes loss of
relevant particles can occur through unwanted chemical
interactions of certain MP species with the applied
digestant such as oxidation, hydrolytic polymer chain
cleavage, or bleaching.

Purification steps aiming at the removal of non-
targeted material through dissolution involve chemicals
that exhibit degradative effects on these materials while
— in the optimal case — leaving the present MP unim-
pacted. Based on the high chemical diversity of both, the
material group of plastics and the unwanted constitu-
ents, the selection of suitable protocols for purification
are a critical and difficult task. This includes the rigorous
testing of the MP particles resistivity to a method in
question. A broad range of plastic polymer types needs
to be examined, as their large chemical diversity pro-
vides a variety of possibilities for chemical degradation.
The size range of particles being tested needs to match
the lower sizes of MP targeted by the planned
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environmental studies aiming to apply the respective
protocol. Existing method development and validation
studies often tested against larger MP or macroplastic
items [1, 25, 26], which allows relatively simple experi-
mental designs. The resistance of larger plastic objects
(e.g. millimetre sized pellets) against a digestive reagent
is, however, no sufficient cause to assume that this
would be equally the case for MP orders of magnitude
smaller. Hence, MP particles in the lower um size are of
paramount importance in method validation tests, which
was also emphasised by another recent study [12]. There
are reasons to attest them a higher vulnerability to
chemical degradation than larger particles, due to their
increased surface to volume ratio, resulting in a higher
number of exposed polymer backbones, functional
groups and chain ends. Furthermore, the polymer matri-
ces of MP particles in the lower micrometre scale are
not necessarily homogenous, even when coming from
the same origin. In the environment, weathering may
reach individual particles differently and therefore pro-
duce varieties of particles differing in mean molecular
weight and prevalent functional groups as well as end
groups. The shares of crystalline and amorphous do-
mains (i.e. regions of different chain folding and con-
formation) are related to vulnerability to degradation
[27] and the typical domain size depends on the molecu-
lar weight of the chain fragment [28]. In semi-crystalline
polymers the sizes, numbers and shapes of MP formed
in fragmentation of degrading macroplastics depend on
their crystalline morphology [29]. Varying additive con-
tent also influences certain polymer properties like
mechanical strength or oxidative resistance [30].

Aim and scope

The scope of the present study is to evaluate the resist-
ance of MP against chosen chemical agents on the ex-
ample of treatment protocols previously recommended
for purification of MP samples (as summarised by
Enders et al. [31]). As stated above, there is already an
extensive knowledge base in the literature on a variety of
treatment methods, although rather heterogeneous.
There is a knowledge gap, however, for resistivity of par-
ticles in the lower pm sizes, including a lack of methods
for manipulations and measurements on an individual
particle basis and simultaneously in large numbers. The
endpoint of evaluation hereby should be the qualitative
and quantitative detectability of the treated MP by
microspectroscopic analyses and microscopic imaging.
Our contribution is to study the impact of protocols in-
cluding oxidative, alkaline, acidic and organic solvent
based chemicals. They are tested on 19 polymer types
(including 5 synthetic paint resins) in the size range of
10 to 70 um (Table 1). Our primary objective is to en-
able method testing for particles below 100 um, which
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Table 1 Specifications of test MP particles,  rosin may not be regarded as a polymeric resin matrix, but was included as it is a
common ingredient in self-eroding antifouling coatings of ships, and may therefore be a relevant type of environmental paint flakes

Group Sample Name  Long Name Origin (product name and manufacturer)  Colour  Density

Commodity Plastics ~ ABS acrylonitrile butadiene styrene Terluran GP-22, Ineos Styrolution white 1.04
EVA ethylene vinyl acetate Escorene Ultra FL 00328, Exxon Mobil white 0951
HDPE high density polyethylene HDPE HTA 108, Exxon Mobil white 0961
LDPE low density polyethylene LDPE LD 100.BW, Exxon Mobil white 0923
PA6 polyamide 6 Ultramid B40, BASF white 1.14
PA6.6 polyamide 6.6 Ultramid A34 01, BASF white 1.13
PA12 polyamide 12 Vestamid L1600, Evonik white 1.01
PC polycarbonate Lexan 121R, Sabic white 1.2
PET polyethylene terephthalate ES306030/1 powder, Goodfellow white 13-14
PMMA polymethyl methacrylate Plexiglas 8N, Evonik white 1.19
PP polypropylene Moplen HP400R, LyondellBasell white 09
PS polystyrene Polystyrol 143 E, BASF white 1.043
PVC polyvinylchloride EVIPOL SH6830, Globichem white ~ 14
TPU thermoplastic polyurethane Elastollan C85A10, BASF white 1.19

Paint resins rosin ° maritime antifouling rosin resin Hempel's Classic 76110, Hempel red n/a
acrylate general purpose primer acrylic resin b1, JW. Ostendorf white n/a
PU anticorrosive polyurethane resin Temadur SC 533, Tikkurila Oyj black n/a
epoxy maritime anticorrosive epoxy resin Hempadur 45148, Hempel red n/a
alkyd maritime primer alkyd resin Hempel's Underwater Primer 26030, Hempel ~ grey n/a

cannot easily be handled or manipulated due to their
small size. A description of where the scope of this study
has its boundaries is detailed further in the SI (S1).

We evaluate polymer resistivity to each protocol based
on the following two questions:

e Qualitative: Are there diminishing effects on the
spectroscopic recognisability of the polymer?

e Quantitative: Are sizes or particle numbers
significantly altered?

Besides the reporting of the tested resistivities, this
study commits to the principles of the open science ap-
proach, wherefore underlying data and procedures, in-
cluding all implementations of algorithms that were
developed in this study, are made publicly available.

Comparison of our concept to other approaches in
current literature

Several studies reported polymer resistivity based on
particle recoveries in spiked real matter matrices (e.g.
sediments [10], soil and sludge [32, 33], or biota [10,
11]). This allows combining the evaluation of the efficacy
of a digestion (matrix reduction) and the possible effect
on the MP particles. However, also interactions between
the matrix and MP particles may occur and can obfus-
cate the effects of the treatment itself on the polymers.

While this may be regarded as being more realistic with
respect to an actual environmental MP purification, it is
less comparable and generalisable. The influence of
matrix parameters (e.g. grain size, material composition)
and the interaction with the spiked MP particles (coagu-
lation, grinding, etc.) during purification treatments are
not yet well understood [31]. When the focus is primar-
ily on effects of the treatment on the polymer, the com-
bination of digestion efficiency and polymer resistivity
tests is not compulsory to yield insight into effects indi-
vidual treatments may have on certain polymer particles.
We chose to operate in a matrix-free environment, as to
gain primary insight into the genuine reagents-particles-
interactions, but acknowledge that these treatments
would only practically be used in the presence of a
matrix, that must be reduced, as this is the primary goal
of these treatments. Hence, our assessments can be valu-
able basis for future matrix-specific treatment valida-
tions, which are an important and logical next step.
Evaluation tests could be done without a matrix solely
by applying the treatment to a particle suspension. The
post-treatment state may then be measured by solid
state technique, e.g. microscopic imaging after an add-
itional filtration step, or by liquid phase techniques such
as Beckman-Coulter-Counters, flow-cytometry, laser dif-
fraction or dynamic image analysis. Each of these tech-
niques will have their own advantages and limitations,
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but commonly, it can be said that the experimental
setup and conduction would be comparably simple, as
the techniques are well established, and large particle
amounts could be measured (for microscopic imaging
with the constraint of required filter area and measuring
time). It is however not possible to relate the post-
treatment measurements directly to the pre-treatment
state of the same particle. When measuring effects on
median particle sizes or similar properties, this is of little
relevance when the particle number is large enough to
yield meaningful statistical aggregates. Particle counts
and their treatment-induced changes, are, however, not
readily inferred from suspended bulk measurements.
Furthermore, approaches working with mobile particles
are prone to errors owed to the manual handling of the
particles (e.g. filtration, rinsing), which are difficult to ac-
count for when working with small MP. Here lies the
prospect of the technique used in the present study,
where MP particles are immobilised on a plane surface,
and microscopic measurements of individual particles
can be linked between pre- and post-treatment
conditions.

General background on the experimental model design
To evaluate the applicability of MP treatment protocols,
we expose the test material of irregularly shaped MP
particles to the chemicals and physical conditions of the
respective protocol (Fig. 1). Before and after exposure
we take the measurements on those particles as detailed
below.
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In a typical MP particle-based analysis the particle ma-
terial is first qualitatively determined (e.g. spectroscopic-
ally, to decide acceptance or rejection as MP) and,
second, for confirmed MP further properties are ob-
tained optically (e.g. size, colour, shape). For our method
validation concept, we formalised those distinct categor-
ies of measurements as two separate experimental ap-
proaches that are each optimised for their respective
requirements.

Using qualitative measurements, i.e. Raman and Fou-
rier transform infrared (FTIR) spectra, we need to deter-
mine whether a reagent has reacted with a polymer to a
degree that it would no longer be recognised as what it
is by means of its spectroscopic signal. To obtain this in-
formation it is not necessary to handle individual parti-
cles, which is difficult and time demanding in the
targeted size range. Instead, here it is sufficient to work
with bulk particle suspensions. An approximate amount
of test particles is added to the liquid reagent and re-
moved after the treatment period is over. A complete re-
covery of particles is not necessary. Spectra can then be
acquired on any of the recovered particles. However,
qualitative measurements alone are insufficient to evalu-
ate a protocol’s applicability. We need to assume that
fractions of particles could be destroyed by the treat-
ment, while others persisted and could be measured.

Quantitative measurements allow us to make a state-
ment on whether and to which degree particles have
been lost or deformed during the treatment. Due to the
chosen size range individual handling of particles (e.g. by
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tweezers) for transfer or counting, is no suitable ap-
proach here. At the same time, large numbers of parti-
cles should be processed to allow for a robust statistical
analysis of the measurements. The here presented ap-
proach is based on immobilising the MP particles on a
silicon wafer coated with a thin film of epoxy resin. This
method allows us to compare pre- and post-
measurements on an individual particle basis which en-
ables a more granular analysis, e.g. with respect to differ-
ences across the particle size spectrum. A microscopic
image of a defined region of the wafer serves as the pre-
treatment data point and is compared to an image of the
exact same region after the treatment has been
conducted.

It should be noted here that this combination of a
qualitative and quantitative approach will not be able to
pick up qualitative-only effects (i.e. chemical alterations
not leading to effects on the quantitative particle proper-
ties), that do not occur in all particles of a polymer in a
specific treatment, but rather only a hypothetical minor-
ity with certain characteristics. By the nature of the par-
ticles used herein - all being produced in the same
manner from pristine raw materials - such deviant be-
haviours are not assumed to be occurring relevant num-
bers. It would be, however, a question worth
investigating for future studies aiming at particle stability
during treatments with a more detailed focus on exact
particle properties, such as very narrow size and shape
ranges, or specific surface properties.

Methods

Preparation of polymer test materials

For the group of commodity plastics pre-production
polymer pellets were cryo-milled and sieved to yield par-
ticles of the targeted size range. The raw materials of
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each polymer type (see Table 1), were individually sub-
mitted to cryogenic ball milling (Retsch CryoMill, 50 ml
grinding jar, 25mm ball, 5-6g raw material, pre-
cooling: 10 min at 5 Hz, 6 grinding cycles consisting of 2
min milling at 35Hz and 2min cooling at 5Hz). The
fraction that was used in the following procedures con-
sisted of particles that passed a 71 um, but were retained
on a 10pum stainless steel analytical sieve (Topas
GmbH). The group of paint resin polymers was obtained
from commercial consumer or industrial products of
common outdoor appliances or maritime paints, which
were tempered as recommended by the manufacturers
and squeegeed in customary manner. Films were left to
cure and later ground and sieved as described above by
cryo-milling.

Treatment specifications

The specifications were adapted from the original proto-
col references and are detailed in Table 2. All treatment
solutions were filtrated at 1.5 pum prior to application
(vacuum filtration in glass bottles, Whatman 943-AH
glass filter membranes) and 3-5 ml of the respective re-
agent were added to ensure that all MP particles were
wetted.

In contrast to all other treatments, the H,O, treat-
ments were not consistent between the qualitative and
the quantitative analyses. Qualitatively we tested Fen-
ton’s catalysed H,O, digestions (cooled and uncooled),
as well as a non-catalysed 2 weeks long exposure. The
quantitative approach did not include Fenton’s catalysed
reactions. The strongly exothermic progression of Fen-
ton’s reactions were regarded as a practically not feasible
application for the particle immobilisations: strong heat
and foam formation would hinder an equal exposure of
all particles on a wafer. Also the 2 weeks long exposure

Table 2 Short specifications and protocol references to the tested treatments

Treatment name Specifications

Protocol
Reference

Water (negative control) ultra-purified water, 24 h, RT

H,0, Fenton’s (Fe)
uncooled ?

H,0, Fenton’s (Fe) cooled
a

H,0, LT ? 30% H,0,, non-catalysed, 14 days, RT
H,0, © 30% H,0,, non-catalysed, 24 h, RT
KOH + NaClO

RT
Pentane (CsH, o)

30% H,0, + catalyst (667 mgml~ " of Fe(I)SO,, pH 4), ca. 10 min, max. 85 °C (measured after 5min)  [2]

30% H,0, + catalyst (667 mgml~ " of Fe(I)SO,, pH 4), 24 h, 20-30°C (on ice, measured after 5min)  [2]

(31]
31]

per 1L: 700 ml H,0, 150 ml NaClO 14% active chlorine and 150 ml saturated KOH (1120g L™ "), 5h,  [1]

15 min in an immiscible water - ethanol (pH 3) - pentane mixture (5:1:1), shaken 3 times, 30-35 °C [31]

SPT Sodium polytungstate solution 1800 kg m~3, acidified with HCI (pH 3), 24 h, RT [31]

HCI (positive control)
dissolve MP

one wafer with PA6, only for image processing algorithm calibration: 10% HCl, 20 min, RT, to fully -

RT room temperature, LT Long term
2 only in qualitative part, ® only in quantitative part
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to non-catalysed H,O, was replaced by a 24 h period, as
it was uncertain whether the epoxy adhesive layer would
withstand the 2 weeks exposure to a degree necessary to
uphold its function of immobilising the particles. For
many MP sample purifications scenarios this still resem-
bles a typical application duration, i.e. for water samples
[31]. The longer treatment in the qualitative part could
be regarded to cover any effects that would also occur in
the 24 h quantitative measurements, but not necessarily
vice versa. This should be kept in mind when drawing
detailed conclusions from the here presented data on
the specific treatment protocols.

Qualitative analysis

Preparation and spectra acquisition

Prior to treatment, FTIR and Raman spectra were ob-
tained on the milled test-MP particles as a spectroscopic
reference. Approximately 5 mg of each of these particles
were submitted to the respective treatments (Table 2).
After the treatment procedure was completed, the parti-
cles were retained in a wet filtration on a vacuum filtra-
tion device with a stainless steel sieve of 10 pm nominal
pore size (Sporl KG). On the filter, the particles were
thoroughly rinsed with MP-free H,O (prepared accord-
ing to Enders et al. [31]) before few particles were manu-
ally transferred to a Si wafer as a plane spectroscopic
substrate. Post-treatment spectroscopy was conducted
using ATR-FTIR (PerkinElmer Spotlight 400, spectral
resolution: 4 cm™ 1, 32 scans, or Bruker ATR microscope
Hyperion 2000 with 20x ATR objective, coupled to Bru-
ker FTIR spectrometer Vertex 70, spectral resolution: 4
cm™ !, 100 scans) and Raman microscopy (Renishaw,
inVia Qontor, laser: 532nm, 100 accumulations, 0.5
s per scan, magnification: 50x, laser power: 60 pW - 4
mW). The settings used for each instrument were manu-
ally chosen to provide a sufficient spectroscopic data
quality that allowed for the intended analyses and con-
clusions to be drawn. Which spectra were measured on
which instrument and settings may be inferred from the
deposited spectra data set [34], where the name of the
spectrometer is given for each spectrum measured. For
each treatment and polymer, three different MP particles
were spectroscopically analysed as replicates as a
minimum.

Data analysis

To compare and evaluate the Raman spectra, all repli-
cates of one treatment and a representative spectrum of
the untreated material (reference) were plotted together
using the Renishaw WiRE 5.2 software. Changes, such as
baseline shifts or the occurrence of new peaks were
noted. For spectra with newly emerged peaks, a library
search was conducted using the WITec TrueMatch 5.2
software. We searched the range of 200 to 4000 cm™*
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after a shape background subtraction was applied (sub-
tract shape size: 200). The hit quality index (HQI) was
then calculated as the Pearson Correlation Coefficient of
the non-derivative spectra. The commercially available
ST Japan Raman libraries for pristine polymer references
were used. For the FTIR spectra, reference and
treatment-specific spectra were plotted in the same way
using either the Perkin Elmer Spectrum software or the
Bruker OPUS (v7.5) software and changes were noted.
Manual spectra evaluation was used to detect any
changes in molecular vibration frequencies and to sug-
gest their origin. For example, the emergence of new IR
bands in the range of 1580-1600 cm™' and 1350-1380
cm™ ! indicates generation of a carboxylic acid salt as a
result of polymer oxidation. The FTIR spectroscopic
evaluations included also the calculation of HQIs, which
were performed to assist in the manual spectra evalu-
ation, but were deliberately not used as the sole decision
criterion. Their calculation was conducted in the Bruker
OPUS software using the proprietary Euclidean-
distance-based HQI algorithm and the following list of
libraries: ATR-LIB-COMPLETE Vol 1-3 (ST Japan),
Hummel Industrial Polymers (Chemical Concepts),
Hummel (Bruker), MERCK (Bruker), Polymer library
(Bruker), General library IR (Bruker) and a custom li-
brary of self-measured common polymer types.

To classify changes in the spectroscopic signals, we
assigned each treated polymer to one of four categories
(Table 3). The decision on a category was derived as the
result of the manual spectra evaluation as described
above. Where replicates exhibited different changes in
spectra, the decision was based on what the majority of
replicates indicated. We defined the categories with the
goal to differentiate the spectra into groups of similar
chances for successful spectroscopic polymer recogni-
tion. Similar categorisation approaches have been taken
by other MP treatment validation studies [1, 14]. Cat-
egory “x” was assigned when an evaluation could not be
conducted, because, independent of treatment, no ex-
ploitable spectral bands spawned from the respective
polymer with the respective spectroscopic technique.

When identifying environmental MP spectroscopically,
usually semi-automated library searches are used instead
of manual spectra evaluations. For a subset of the poly-
mer types, we reported Raman HQI values of the highest
correct polymer type match and compared deviations
between the reference HQI (untreated polymer) and
HQI of treated replicates with our manual category
assignments.

Quantitative analysis

Based on the qualitative test and previously published
resistance studies, a set of polymers and treatments was
selected for further quantitative analysis. The decision to
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Table 3 Categories used to evaluate the impact of a treatment on the spectroscopic recognisability of the treated polymers.
Exemplary spectra for each category can be found at the given page numbers in the respective data deposits: °
Raman-+FTIR_commaodityPolymers.pdf, b Raman+FTIR_paintResins.pdf

Category Definition Consequences Example Example
Spectra Spectra
Raman FTIR
0 no relevant changes, spectra identical within natural polymer recognition unhindered p.771in [341*  p. 156 in
background noise levels [34)°
1 changes in non-band spectral properties, i.e. baseline slope or polymer recognition unhindered, p.44in 347 n/a
elevation, fluorescence changes do not mask polymer bands
2 emergence of new bands or individual band intensities polymer recognition largely unhindered,  p. 23 in [341° p.111in
increased due to polymer degradation processes (e.g. oxidation) changes do not mask polymer bands [34]°
3 removal or strong alteration of polymer specific bands polymer recognition is hindered p.20in [34° n/a
X no polymer specific spectrum measurable independent of no evaluation possible p.31in [34° p.41in
treatment [341°

not analyse all polymers that were included in the quali-
tative part was due to the limited analytical capacities.
Of chemically similar polymer types only one represen-
tative was used (polyethylenes and polyamides). In the
group of paint resins, we limited the selection to the
acrylate and epoxy based products, of which we got us-
able results in the qualitative part of the study.

Preparation of particle immobilisations

For the quantitative analysis particles were immobi-
lised on silicon wafers with a thin epoxy resin layer
as an adhesive (see Fig. 2). Rectangular pieces, ca. 1—-
2 cm?, 700 um thick, were cut from the silicon wafer
material and initially cleaned by being immersed and
rotated for at least 10 min in piranha solution (H,SO,
60% and H,O, 30% mixed in a 1:1 ratio just before
the wafers were added). The cleaned wafers were
coated with a layer of epoxy resin (L20+EPH 161
thinned with acetone, 100:25:25 weighed ratio, Hex-
ion). The resin has a drip time of 90 min. A single
wafer piece was mounted on a spin coater chuck and

spun at 7500 rpm for approximately 20s (Polos BL
MCD, APT GmbH, Germany). The film thickness was
determined via z-axis differences for focus on the
wafer surface versus focus on the film surface using
the same instrument and settings as described below
(Image acquisition and reagent application). On eight
random locations the mean thickness was 4.25um
with a standard deviation of 1.98. After a short curing
interval of approximately 2min, the test-MP of one
polymer type were applied to the glue surface by
trickling them through a stainless steel mesh (100 um
pore size, held approximately 5cm above the wafer)
with help of a metal spatula. The particles came to
rest on the still adhesive resin layer and the wafer
was left at 40°C to fully cure overnight. For each
treatment, one wafer per polymer was prepared in
this way. During spin coating and particle application
the wafers were only handled inside a ventilated cabi-
net and were placed in closed-lid transparent poly-
styrene boxes for transport and curing, as to prevent
unintended dust particle settling.

particle boundary artefacts: a

r\

layer profile

epoxy layer

w_f\;\_ﬁ—m

WP particles 4 . ‘ s ~ “,

b c
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—n

/

10-70 um
~ 4 um
700 um

Fig. 2 Composition of the microscopic substrate. MP particles imaged in reflected DIC mode appeared bright on dark background, however the
contrast depended on the presence and direction of topographical features in the range of the polarised beam shear. Boundary creeping effects
can lead to deviations or defects in the epoxy layer around particles, which may scatter light and become visual obstacles for image analysis: (a)
sloping due to attraction to particle, (b) pit formation (depressions which become visible when particles would be destroyed). Normal smooth
layer surface (c) typically found in inter-particle space shows no optical interference and provides an evenly dark background. Drawing not

to scale
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Image acquisition and reagent application

Optical microscopic images were acquired with a Zeiss
Axio Imager.Z2m digital microscope on a defined region
of each coated wafer (prior to treatment) after they had
been rinsed with ultra-purified H>O and dried with ni-
trogen purge gas to remove any loose particles or dust.
Each wafer was then exposed to one of the treatment re-
agents (see Table 2) and rinsed again with ultra-purified
H,O to remove any residual chemical reagents. A post-
treatment image was then obtained from the same area
on the wafer as for the pre-treatment image. All images
were taken using the Zeiss Zen software v2.7, a 20 x ob-
jective in reflected light differential interference contrast
(DIC) mode. DIC was chosen as it gave the largest con-
trast difference between particles and background, when
compared with other techniques (bright field and dark
field). The resulting image signal-to-noise ratio
depended however strongly on the polymer type, limit-
ing the applicability of this technique for some polymers
(i.e. PVC and PMMA, see also section Methodological
caveats for an evaluation of diagnostic limitations). Im-
ages were acquired as tiling mosaics with a fixed zero
overlap stitching. It was necessary to postprocess the im-
ages manually. For pairs of corresponding pre- and post-
treatment images areas of visual artefacts (e.g. air en-
trainment on wafer borders) were cropped simultan-
eously (Fig. 3 shows the differences between original and
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processed images). Differing light conditions in the ori-
ginal images were accounted for by histogram adaptation
(conducted equally for pre- and post-image pairs). The
images used for analysis were in 8-bit tiff format with a
pixel resolution of 0.72 pm px~ .

Image analysis

Particle identification algorithm The analysis routine
for the DIC images was written in python and is avail-
able for use and contribution under GNU GPL v3.0 at:
https://github.com/robna/ImmobileParticles_
MatchAndAnalyse, and as a static citable version [35]. A
number of open source python libraries were used, most
notably: Altair [36] which builds on the declarative visu-
alisation grammar Vega-Lite [37], pandas [38, 39], stats-
models [40], OpenCV [41] and SKimage [42]. The
routine consists of a three-step procedure (Table 4).
First, a particle recognition routine identifies particles
on both the pre- and the post-treatment image. Their
coordinates are used to align the images, i.e., to remove
any image tilt and offset. From the aligned images, for
each particle in the pre-treatment image the correspond-
ing particle in the post-treatment image is identified (if
present). This particle matching allows determining and
comparing particle statistics, such as size or brightness,
before and after the treatment on a per-particle basis.

Pre treatment condition

original
images

process
ed
images

B but after the manual postprocessing step

Fig. 3 DIC images were used to document the state of particles. The here shown examples were used as the calibration pair for particle
recognition, where PAG6 particles were exposed to HCl, leading to their complete destruction by polymer hydrolysation. What is left after the
treatment are visual marks on the epoxy layer (depressions), where particles sat. For a successful automated image analysis, particles need to be
identified in pre- and post-images, while depressions need to be excluded. a: pre-treatment image with high contrast between bright particles
and dark background. b: post-treatment image with depressions still recognisable as visual marks of weaker brightness. ¢, d: equivalent to A and

Post HCI treatment
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Table 4 Steps of the image analysis. More detailed documentation of the applied algorithms is provided along with the source

code https//github.com/robna/ImmobileParticles_MatchAndAna

lyse

Initial Pre image a Threshold © Post image
particle > g ~ - ‘
detection . o .-
. q R ¥
. H@. S
3 .
¢ o 100 200 -
Finding Align Offset
corresponding __7————
particles o
s <
AY
—>4
AX

Obtaining particle
properties

Measure

Compare

- particles get separated from background by thresholding with hysteresis [43]

— a lower threshold is calculated using Otsu’s method [44], which selects full
particle areas

— areas are accepted as particles if > 10% of their pixels also exceed a higher
threshold fixed at 75% maximum brightness

+ image registration: pre- and post-images get aligned
— particles found in pre- image are matched to equivalent particles in post-
image if present

matched particles get measured on pre- / post-images

Iﬁ é + measurements are used to compute change rates of properties

Using a positive control for calibration of particle
detection The task of the automated image analysis is
to discriminate particles from background and match
corresponding particles in pre- and post-treatment im-
ages. In case a treatment would have destroyed particles,
marks in the resin layer are expected to remain visible in
the post-treatment image (e.g. a depression where the
particle was sitting) and could potentially be falsely clas-
sified as a particle. Hence, the detection method has to
be capable of distinguishing depressions from actual par-
ticles as well. For this purpose, as a positive control, we
used one additional wafer with PA6 particles. This wafer
was submerged in hydrochloric acid (37%) for 20 min at
room temperature (which was shown to completely dis-
solve PA6, [14]). Pre- and post-imaging, as well as any
rinsing steps were conducted as described above. The
images that were obtained of this wafer are shown below
(Fig. 3). They also serve as a general example of the type
of image material that the quantitative part of this study
is based on.

The destruction of the particles was confirmed by Ra-
man microscopy (Renishaw, inVia Qontor, laser: 532
nm). Twenty randomly selected depressions in the epoxy
layer were analysed, where no distinct PA6 spectrum
was present in 17 out of 20 cases (85.0%). In places
where PAG6 attributed bands could still be detected, a vis-
ual microscopic inspection revealed that particle struc-
tures were no longer clearly recognisable, indicating that
only residues of the PA material were left. This shows
that the HCI treated PA6 wafer can be regarded as a

suitable positive control where > 85% of particles were
effectively removed and can be used for calibration of
the particle detection algorithm. Translated to a non-
embedded particle system (e.g. suspensions) where parti-
cles would be exposed to the digestant from all sides,
this is likely to be a complete particle loss.

The calibration of the particle detection algorithm was
conducted on several parameters, most notably the
upper brightness threshold, the tolerated displacement
and particle size limits. For various combinations of
values of these parameters, the resulting particle num-
bers detected in the pre- and post-treatment images of
the positive control wafer were compared with the goal
of identifying the parameter set that produced the lowest
false positive and false negative errors. Because particles
were intentionally destroyed on this wafer, false positives
are equivalent to features being recognised on the post-
treatment image, while false negatives correspond to
particles remaining undetected on the pre-treatment
image, despite being obviously present to a human ob-
server. This optimised parameter set was then used for
the particle detection in all other images and can be
viewed in the source code.

The calibrated image analysis resulted in a particle
count reduction of 85.2% (#,aicheal Mpre = 30/203), which
corresponds to the visually and Raman spectroscopically
determined particle loss of 85%. In the 30 remaining
particles the average area was reduced by 86.3% (A,
matched! Apre, matchea = 320/2332 um?, compare Fig. 6). For
this fraction it remains unclear whether the particles had
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been destroyed incompletely (thus, identified correctly),
or misidentified as false positives, despite having been
removed. This can occur due to the misidentification of
depressions with bright embedded air bubbles or optical
artefacts (e.g. bright halos appearing around depressions,
see also Fig. 3 bottom images), which could not be
avoided. This sets a measurement uncertainty, and if any
of the tested treatments would have caused an equiva-
lent reduction in particles, it should ultimately be inter-
preted as a complete destruction.

Data analysis

As the number of particles per imaged wafer was not
constant, measured values of counts and particle area
are reported as relative changes. In counts (1) they are
calculated from the number of particles in a pre-
treatment image which could be matched to a particle
present in the corresponding post-treatment image in
relation to the total pre-treatment particle count. A rela-
tive particle loss L,.; is calculated according to Eq. 1,
ranging from 0.0 (all particles were matched) to 1.0 (all
lost). Particle areas were aggregated as the mean area
per matched particle & in both, pre- and post-treatment
images, whereof relative changes C,.. were calculated
(Eq. 2).

n
L. (n) =1-—2 (1)
Npre
a
Crel.(ﬁ) = _pmt 1 (2)
ﬂpre
Where

.= number of particles in pre-treatment images.
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n,,= number of particles that could be matched be-
tween pre- and post-treatment images. Indices for a
alike.

Statistics Influences of non-treatment factors, such as
varying contrast and image quality as well as available
particle number on a wafer, appeared to have confound-
ing effects on the successful particle recognition and
matching. These factors were formalised as #,,. being
the total particle count that could be identified on a par-
ticular wafer before treatment exposure on the one
hand, and a range of image histogram obtained variables
(Table 5), on the other.

Generalised linear model (GLM) residual analyses
were used to estimate and remove these impact of the
confounding factors. For an application-oriented intro-
duction and references for further reading on GLMs, we
recommend the website of the statistical package stats-
models [45], which was used here for the model calcula-
tions. The models followed the form of Eq. 3, with X
being an i x j matrix of the linearly combined independ-
ent explanatory variables (predictor terms), y being the
dependent response variable and g(.) some function of
the conditional expectation of the response, that links it
to the linear term of p predictors multiplied with indi-
vidual coefficients f;.

)4

GEG=plX =x)) =) B %

j=0

(3)

For particle count losses, the binomial distributions for
particles matched (successes) and lost (failure) were used
as the dependent variable. The model was fitted to the
predictor terms using a logistic link function (as given in

Table 5 Image quality related attributes tested as explanatory confounding factors in the statistical modelling applied to the
quantitative particle data. Lo = lower threshold as calculated by the particle hysteresis detection algorithm. @ chosen as suitable for
modelling of influences on particle count loss, ® chosen as suitable for modelling of influences on particle area change, © used for

calculation of the background distortion index (BDI)

Name Description

Mathematical Expression

pre_histBGpeak pre-treatment image background brightness

pre_histFGpeak  pre-treatment image foreground brightness

post_ post-treatment image background brightness
histBGpeak
post_ post-treatment image foreground brightness
histFGpeak

pre_histDelta ®  contrast spreading between the image background and

foreground prior to treatment

histBGpeakSum  combined background brightnesses
C

mismatch between pre- and post-treatment background

histBGpeakDist
o< brightness

grey value at the local histogram maximum between but not
including 0 and Lo

grey value at the local histogram maximum between but not
including Lo and 255

grey value at the local histogram maximum between but not
including 0 and Lo

grey value at the local histogram maximum between but not
including Lo and 255

pre_histFGpeak—pre_histBGpeak

pre_histBGpeak + post_histBGpeak

| pre_histBGpeak—post_histBGpeak |
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Eq. 4, with m; being the probability of a single success,
which is equivalent to the predicted response ). For par-
ticle areas the absolute mean of area changes of each
wafer was modelled using an identity link of the mean y
(Eq. 5) assuming a Gamma distribution.

i it
L i,Mj5

gu) =u (5)

The model was optimised by systematically varying the
type and number of employed predictors, whereby the
final set was chosen according to the significance of the
obtained coefficients, the models deviance and general
logic explainability of the ensemble. For both models
(count loss and area change) ,,, was chosen as one pre-
dictor. A second predictor was chosen from the set of
image quality related attributes and is indicated with as-
terisks in Table 5.

The resulting model setups are shown in pseudo-
formula notation in Eq. 6 and Eq. 7 for the count loss
and area change GLM respectively.

particle_counts[successes, failures|~y + B, Hpr + B, pre_histDelta
(6)
area_change~B, + B, Hpr + 5, histBGpeakDist ~ (7)

The predicted response was then taken as the portion
of particle loss caused by the confounders, whereas the
responses standard residuals were regarded as the
remaining unexplained, hence treatment-attributed por-
tion of the effect. Only where the residuals exceeded the
95% prediction interval of the water fitted response, ef-
fects were interpreted as significant.

Besides for the GLM models the image quality predic-
tors (Table 5) were also used to calculate a generic index
(background distortion index, BDI, see Eq. 8) providing
a rough estimation of contrast problems due to the
image background brightness level. The index number is
higher for image pairs of worse quality. It was used for
illustration purposes and to determine a limit of which
images are not of acceptable quality and need to be ex-
cluded from analysis. The two coefficients a and y were
empirically found by optimising an ordinary least
squares regression of relative particle losses against BDI.
The calculated BDIs were normalised to range from 0 to
100, in order to be independent of the average image
brightness. A BDI of 0 corresponds to the best and 100
to the worst image quality present.

BDI = a histBGpeakSum + y histBGpeakDist (8)

with a =2, and y=9.
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Using negative controls for method uncertainty
estimations As a negative control, one wafer per poly-
mer type was exposed to ultra-purified water (see Table
2). The GLMs were trained using an iteratively
reweighted least squares algorithm [46] on the set of the
negative control samples (see SI (S2) for details).

Results and discussion

Qualitative analysis

Commodity polymers

Overall, none of the post-treatment polymer spectra,
both in FTIR and Raman, showed substantial spectral
band changes that would hinder recognition (Fig. 4,
Commodity polymers). However, minor alterations were
detected in several cases, which are further detailed
below.

Using Raman, increased fluorescence or baseline shift-
ing (category 1 changes) were the most frequently seen
effects, but did not hinder a successful recognition of the
MP’s polymer type. Only for PVC in the H,O, Fe un-
cooled treatment clear degradation effects on the poly-
mer basis became visible in multiple measured replicate
spectra. Two peaks around 1124 and 1511cm™* (C=C
double bonds) strongly increased, which are a direct re-
sult of the dehydrochlorination reaction due to thermo-
oxidative processes [47]. It is noteworthy that these deg-
radation processes appear to affect individual PVC parti-
cles differently, as we see from the varying spectral
characteristics between the replicate measurements (see
also deposited spectroscopic data at https://doi.org/10.
5281/zenodo.4568683 [34]) and also from varying de-
grees of visual yellowing from white over beige to
yellowish brown across particles.

In 10 out of the 125 Raman measurements multiple
new peaks appeared which could not be attributed to
specific functional group frequencies and were therefore
not regarded as a polymer related change (these cases
are indicated by * in Fig. 4, compare annotated deposited
spectra [34]). These peaks were treatment and polymer
unspecific and most frequently appeared in the water
control. This lead to the suspicion that the water, used
to rinse after the treatment, introduced the impurities.
Switching to ultra-purified water for the remaining tests
(i.e. HyO, LT, Pentane, SPT) completely prevented these
unknown peaks. They do not carry exploitable informa-
tion for the question of polymer recognisability and their
emphasis in Fig. 4 merely serves the purpose of clarity
when comparing the here presented results to the ori-
ginal spectra provided in the deposited spectra [34].

In FTIR, the polymer basis was always clearly identifi-
able. We detected, however, minor polymer degradation
processes in the HyO, LT treatment. This concerned
ABS, PC, PMMA, PP, PVC, TPU where new bands
could be assigned to carboxylic acids which may have
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Fig. 4 Spectral changes expressed as categories as they were assigned by manually comparing the post-treatment spectra to the pre-treatment
references. Asterisks (*) indicate spectra with newly evolved bands which, however, could be traced back to inorganic impurities originating from
the rising water (not used in category assignment). White tiles indicate data not available (measurements were not taken due to expected
unexploitable spectra, as other measurements of the same polymers indicated)
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resulted from oxidising polymer chain ends. In the
SPT treatment, similar oxidations were observed for
ABS and PVC. The corresponding Raman spectra,
however, did not systematically indicate these
changes. This is plausible as FTIR is sensitive to polar
organic groups, such as C=0 and its variations (e.g.
esters, anhydrides, amides, imides), while Raman is
less sensitive to these.

It appears that for FTIR category 2 changes occur ra-
ther treatment-specific, whereas for Raman spectra no
treatment-specific impacts were seen. Instead, several
cases of category 1 effects appeared in a rather polymer-
specific manner. Although category 1 effects were also
found in the water control of HDPE and TPU, it is no-
ticeably the actual treatments that got assigned to this
category.

As Fig. 5 shows, the HQI of the treated samples lie
in the range of the untreated reference for most
tested polymer types. For some treatments, the HQI
range of the replicates varied more than for others. In
the case of LDPE, the HQI distribution reflects the
assignment of the categories (compare Fig. 4). That
is, the KOH + NaClO treatment introduced category 1
changes, while no significant changes occurred in the
other treatments. Only for KOH + NaClO, the HQI
drops to around 90-59 for the different replicate
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spectra. Similarly, the correct material type was found
amongst the first ten hits in the library search, except
two single replicates of a polymer-treatment-
combination. One pentane-treated HDPE was identi-
fied as aliphatic fatty acid or alcohol. This is, from
our experience, a frequently occurring problem in
Raman spectroscopy. This and the fact that it only
happened for one in three replicates should not lead
to classifying the pentane treatment as harmful for
this polymer type. The second not correctly identified
spectrum resulted from a KOH + NaClO-treated PET
replicate. Here, the occurrence of the inorganic
contaminant calcium carbonate led to extra bands
that prevented a semi-automated polymer identifica-
tion. Overall, this confirms the assumption that none
of the treatments induced changes that prevented the
identification by a manually supervised spectral library
search, as it is common in microplastics research.
The result of a HQI based polymer attribution
depends, however, on the available references, the
applied algorithm and search parameters. It is not
generalisable between studies and laboratories and
therefore not used as a systematic evaluation criterion
here.

In summary, our qualitative results indicate that,
regarding the spectroscopic recognisability of MP

100

HQI

40

20

HDPE LDPE PA6

. o )
} ;?-T L
60 -

PET PVC

Fig. 5 Raman Hit quality indices (HQI) were measured on a subset of polymers for all treatments against a commercial library (ST Japan). Red
lines (Reference) indicate which HQI level was reached using a spectrum of the untreated material of the respective polymer. Boxes show median
HQI and .25 /.75 percentiles of a set of replicate spectra, n= 3. The grey box at the bottom provides the assigned qualitative categories for
comparison. Note that categories were assigned in a manual spectral evaluation process and deliberately not based on the HQI values. Apparent
discrepancies are discussed in the text. Both, manual categorisation and achieved HQI values, are resulting in the same predicate regarding
polymer recognisability: the tested treatments do not alter spectra in a way that a successful polymer identification would be hindered
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particles of any of the tested commodity polymers, all of
the tested treatments are safe to apply, when the chosen
analysis technique is either FTIR or Raman spectros-
copy. However, effects on the treated polymers spectra,
that were less critical to polymer recognition (i.e. cat-
egory 1, Table 3), occurred frequently. Raman baseline
shifts can be caused by heating of the sample during
measurement [48]. Fluorescence mainly originates from
sample characteristics, but background conditions such
as ambient lighting, can play a role as well [49]. Both ef-
fects are too unspecific to be assigned to a polymer deg-
radation process. Changes in the ATR-FTIR baseline can
occur due to multiple changes in the optical path, e.g.
the contact between the sample and the ATR crystal.
They reflect physical rather than chemical changes, and
again, are not fit to indicate a change in the polymer
composition.

Paint resins

Out of the five paints, in all but one (acrylate) the
polymer resin was not identifiable, already in the pre-
treatment Raman spectra. In the KOH + NaClO as
well as in the H,O, Fe cooled treatment acrylate
showed effects of degradation, however, was still rec-
ognisable. After the uncooled H,O, Fe treatment,
however, the polymer related bands were not found
any longer, making an identification impossible. All
other four paint spectra were substantially masked by
fluorescence in both pre- and post-treatment spectra.
In some cases, pigments (inorganic bands) dominated
the spectra. One black (PU) and one grey paint
(alkyd) showed an additional band which is indicative
for black carbon (1343cm™' and 1581 cm™ %, [47)]).
But as black carbon can stem from various sources in
environmental samples, without any signal of the
polymer bases the Raman spectra of these paint resins
are unspecific and an identification by an automated
detection procedure is not possible. As a result, no
conclusions can be drawn concerning effects of the
tested treatments on the polymer bases and associated
processes of polymer degradation based on Raman
spectroscopy.

The polymeric binders were clearly detectable for
acrylate and epoxy based paints using FTIR spectros-
copy. In these paints none of the treatments lead to a
change in spectral quality, except the H,O, LT treat-
ment, which introduced carboxylic acid salt signatures
around 1600, 1350 and 789 cm™ ' in acrylic paint, in-
dicating polymer oxidation processes. While for PU
based paint no exploitable spectral properties could
be found in neither pre- nor post-treatment spectra,
the paints based on rosin and alkyd exhibited some
weaker bands that could be attributed to the organic
binder matrix by an experienced spectroscopist,
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however not with sufficient confidence. Hence, we
note that only the epoxy and the acrylic paint can be
regarded as reliably identifiable by their polymer FTIR
bands and are thus useful for evaluating the treat-
ments effects on polymer recognisability. Chemical
treatment-caused spectral changes i.e. bands weaken-
ing or disappearing were found in acrylic paint for
H,O, (Fe+LT) and SPT treatments. This did, how-
ever, not hinder the recognition of the polymeric
binder as only inorganic components were affected
indicating mineral depletion (CaCOj). Thus, no
restricting categories were assigned based on this ob-
servation (Fig. 4).

Comparing Raman and FTIR spectra of paints, overall
masking was weaker in the FTIR spectra. Where peak
changes were present, they were dominatingly caused by
pigments or other fillers, for both techniques. Only for
acrylic paint the strong thermo-oxidative regime of high
temperature Fenton’s catalysed H,O, treatment made an
unambiguous spectral recognition impossible in Raman,
however not in FTIR.

In paints based on rosin, polyurethane and alkyd the de-
tection of binder matrix bands was not possible already on
the untreated material (at least not to a degree of certainty
that would allow the identification if the material was un-
known). Thus, degradative effects of the treatments can-
not be studied with the here applied techniques. Our
conclusions are limited to the observation that in general
a reliable detection of paint flakes of these resins using
spectroscopic identification is not guaranteed. In contrast
to commodity plastics, paint resins are typically composed
of high amounts of non-polymeric constituents and only a
smaller portion of the polymer itself. Accordingly, it is
questionable whether paint resins can be exhaustively and
reliably identified in environmental systems using spectro-
scopic methods [20, 50]. The chemical bonds of many in-
organic and organic pigments and other paint
constituents are strong Raman scatterers, which renders
them well detectable in Raman spectra (also better than
with FTIR). On the downside they frequently mask the
weaker bands of the polymeric binder due to their strong
intensities or additional fluorescence. Large reference li-
braries containing spectra of large varieties of paint com-
posites preferably from different manufacturers might be
able to detect paint flake MP based on their (pigment
dominated) fingerprint. This approach has also been taken
by other studies [13, 51]. Most pigments are, however, not
solely applied in synthetic polymers but in a large diversity
of technical applications, which is why an indirect identifi-
cation of MP via those pigments cannot be done in a sys-
tematic way. Furthermore, due to the large variety in
different paint compositions, an automatic detection is
limited unless the particular paint product is available in
the spectral library.
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Quantitative analysis

Particle property comparisons

As for the qualitative data, a high level overview on the
quantitative data can be gained from the heat maps that
summarise the relative changes that we could attribute
to the treatments (Fig. 6). Noticeable are elevated values
present in various polymers exposed to the H,O, treat-
ment. Further, for ABS, PC and epoxy based paint there
are higher values found across treatments.

To enable a deeper insight into the quantitative data-
set, we provide an interactive version of the heat map
figures (Fig. 6), augmented with plots of individual par-
ticle data showing detailed and aggregated differences
between pre- and post-treatment images. It may also be
used to understand the necessity and effect of the GLM
corrections that were applied to the data. The interactive
figure may be downloaded from: https://doi.org/10.5281/
zenodo.4568524 [52].

Particle counts From the GLM corrected data, it can be
seen that the majority of polymer treatment combinations
did not show any loss significantly different from the nega-
tive control. Exceptions are the SPT treated ABS (30%) and
the H,O, treatments of epoxy based paint and PC (46%
and 25%, respectively). For these three polymers also the

Page 15 of 21

corresponding water treatments show particle losses higher
than any of the other polymers. This indicates that for im-
ages of these polymers not all of the confounding effects
could be removed by the GLM correction, and the actual
treatment caused changes must be lower.

For the H,O, treated epoxy paint particles we con-
clude that the relative loss in the GLM corrected data is
indeed indicative of an actual treatment caused effect.
Influences of confounding factors were comparably low
for this image pair (n,, = 212, BDI=0). The modal
value of particle brightness is reduced in the post-
treatment image ( pre_histFGpeak = 183 and post_
histFGpeak = 103 out of maximum of 255, respectively,
see Table 5 for explanations), indicating a possible ma-
terial erosion, which could not be explained by other
factors. This is further substantiated by looking at indi-
vidual particles in a pre-post-comparison, where dark in-
dentations or holes become visible, in places where the
particle surface or boundary were priorly intact (Fig. 7).

It is known that certain polyepoxides are susceptible to-
wards peroxides, in fact, this is utilised in certain technical
applications. One study used 24% and 50% H,O, to super-
ficially degrade epoxy resins and expose embedded fibres
in a fibre reinforced polymer (FRP) [53]. For the recycling
of carbon fibres from FRPs, acetified H,O, (30%) was

Fig. 6 Relative changes on particle numbers and mean particle area as obtained from the image analysis and subsequent GLM correction.
Changes are shown in percent of the matched values to pre-treatment values. Significant changes that exceed the 95% prediction interval of the
negative controls are marked by an asterisk. White tiles indicate data not being available for different reasons (for details see Methodological
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Fig. 7 Particles of epoxy based paint resin treated with H,0,. Images show the same particles before and after the treatment. The post-treatment
images (bottom row) show dark spots where the particles have allegedly been damaged by the treatment. Scale bar equals 10 um
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deemed effective for an epoxide matrix decomposition in
an overnight treatment [54]. When epoxy resin particles
are targeted within environmental MP studies and perox-
ide digestion protocols are applied, we recommend for fu-
ture studies to note that numbers are likely
underrepresenting the actual environmental load for these
polymers. In our data the corrected particle loss exceeded
that of the epoxy water digestion by 35 percentage points.
Hence, it can be assumed, that a reported concentration
of epoxy MP particles in a certain environment are only
covering approximately 65% of the total load present, at
least for particles in the here studied size range.

The effect of H,O, could also be seen on the epoxy layer
that we used to immobilise the particle on the Si wafers. In-
creased brightness and haziness of the image background
was apparent especially around the wafer edges, which
made more encroachments by manual image postproces-
sing necessary in those wafers. Small defects in the layer
were promoted to brighter visual appearances after the
treatment that could lead to false positive detections, while
increased brightness in the near field surrounding of parti-
cles, is likely a contributor to the observed particle area
growth that was observed in several H,O, treated polymers.
These effects on the layer show that with the epoxy resin
used here, we have not yet found the optimal immobilisa-
tion adhesive for the purpose of the study. We argue
though, that the effects do not constitute a failure of the
immobilisation technique, as we know from the positive
control wafer (PA6 treated with HCIl) the detailed visual
characteristics of spots where particles got removed from
the layer. Such appearances were not what we could typic-
ally observe in the images of H,O, treated wafers, instead,
the image objects at places where particles were expected
generally resembled what particles looked like in the other
treatments (including the negative control water treatment).
This is yet not sufficient evidence to fully exclude that a
loosening of particles may have occurred in some places
due to the layer being affected, but it shows the this was
not predominant process. Hence we conclude: the spin-

coated epoxy layer did resist our H,O, treatment at least to
a degree that particles could be held in place and measured
after the treatment. It could be further improved by finding
an adhesive composition that does not show any visual nor
integrity-related impacts from any of the tested treatments.
Experiences and advice from our adhesive layer develop-
ment phase are detailed in the SI (S3).

The wafer of H,0O, treated PC suffered the problem of
having a low total particle number (n,, = 26), which
could not be entirely alleviated by the applied GLM cor-
rection. The particle brightness was not reduced on this
wafer after the treatment (pre_ and post_histFGpeak
were at 88 and 89, respectively), suggesting that there
was no treatment caused effect acting on all particles
collectively. Instead the loss was driven by only six parti-
cles that could not be matched between the images. The
low n,,. is thus regarded here as the main reason for the
resulting significant loss.

The loss of particles from the SPT treated ABS wafer
should only with certain reservations be seen as an indi-
cator of particle degradation, as the image quality was
on the brink of our exclusion level (BDI = 26). We inter-
pret the observed losses as partly treatment caused and
discuss this interpretation below (Comparison of qualita-
tive and quantitative results).

Most prominent, but also expected, is the loss of
nearly all particles in the positive control wafer (HCI on
PAG6), where 69% of pre-treatment particles could no
longer be confirmed to be present post treatment (85%,
without GLM correction, see also Using a positive con-
trol for calibration of particle detection).

Particle areas In contrast to particle counts, changes of
particle area were recorded to differ in negative (area de-
crease) as well as positive (area increase) direction. The
largest decrease of particle area can be seen in the posi-
tive control, however, also the SPT treated ABS was re-
corded with a significant area reduction of 30%. But as
noted above, one should take this result with caution,
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due to the low image quality of this wafer. Several poly-
mers treated with H,O, revealed significant area in-
creases post treatment (PP, TPU and PC with a 34%,
60% and 220% average increase, respectively). The ex-
treme increase in particle area of PC was mostly caused
by two outliers where in the pre-treatment image the
particle was only partly detected by the thresholding al-
gorithm. An increase in area or particle volume would
not hinder a MP detection, however, it may lead to a
distorted representation of particle sizes.

For the H,O, treated epoxy paint particles, where we
described a significant particle loss above, we do not see
a change in area for the remaining matched particles.
The formation of dark holes in particles (Fig. 7) is not
represented in the post-treatment area measurements,
because particles are identified as closed shapes by the
detection algorithm.

Methodological caveats

The here presented technique for quantitative MP treat-
ment evaluation was limited in two ways. Limitations
were caused either by effects of a specific treatment on
the adhering epoxy layer, or, by polymer specific charac-
teristics which impeded a contrast rich DIC imaging.

The KOH + NaClO treatment disrupted the adhesion
between the spin coated layer and the underlying Si
wafer, which lead to a partial or complete detachment of
the epoxy film and wrinkling artefacts on the images in
several cases. The film itself did not seem to be degraded
or otherwise affected as microscopic imaging could con-
firm that the epoxy matrix and attached MP particles
were visually intact. However, the correct placement for
a post-treatment imaging was disturbed and the layers
were partially outside of the microscope’s focal plane,
which resulted in darker areas that could no longer be
recognised by the particle detection. This affected espe-
cially the KOH + NaClO treated wafers of PP and PET,
where such areas needed be mutually excluded from the
pre- and post-treatment images in the manual image
postprocessing. The H,O, treatment had a different ef-
fect on the epoxy layer, however without affecting the
image quality to an extent where the image analysis
would be impeded. The wafers treated with H,O, were
showing varying degrees of obliqueness in the otherwise
clear epoxy layer, indicating a surface affect or softening
of the layer. The resulting implications are discussed in
the above section.

For PVC, PMMA, PS and, to a lesser degree, ABS the
chosen microscopy mode (reflected DIC) was not able to
generate images that have a good particle to background
contrast. The image postprocessing did increase the par-
ticle brightness for the particle detection algorithm but
at the cost of a proportionally gained brightness of the
image background. For reasons unbeknown to us, the
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surface topography of MP particles of these polymers
did not create an optical path length difference that
would allow for contrast rich DIC images. The size
range of the particles of these polymers was not different
than for the other polymers and further investigations
beyond the scope of the study would be necessary to
clarify whether this is indeed due to polymer specific op-
tical characteristics or rather special interactions be-
tween the particles and the uncured epoxy layer at the
time of application. Unless a solution is found to create
particles and immobilisations of these four polymers that
yield a sufficient contrast, the more suitable approach
would be applying a different microscopic technique.
Possible candidates are discussed in the SI (S3).

With the current state of the experimental approach,
the polymers of PVC, PS and PMMA, could not be in-
cluded in the analysis, due to the above-mentioned rea-
sons. PMMA and PVC were excluded due to low image
qualities. Of the ABS wafers only the KOH + NaClO
treated sample had image qualities that resulted in a BDI
exceeding the set cut-off of 27. For PS, however, the BDI
was not able to ascertain that the image quality was un-
suitable for an analysis, because the image defects in PS
were slightly different than in PVC and PMMA. While
the latter showed a general and evenly low contrast be-
tween particles and background, PS had mostly a stron-
ger contrast but included many optical artefacts (ie.
bright ring-like halos around particles). It was attempted
in image postprocessing to remove the artefacts manu-
ally, however, the PS images could not be improved suf-
ficiently. Images of PVC and PS can be viewed in the
deposited imaging dataset at https://doi.org/10.5281/
zenodo.4568488 [55] as an example of the contrast
problems.

The above discussed caveats currently pose certain
limitations in terms of applicability, explanatory power
and required work effort. The true value, however, is
present here as the possibility of the immobilisation ap-
proach to study effects on individual particles simultan-
eously on large particle numbers in the smaller MP size
ranges. How this compares to other concepts is dis-
cussed below in the section Comparison of experimental
concepts. Additionally, in the SI we describe more de-
tailed the lessons learned and attempts to further meth-
odological improvements for interested readers (S3).

Comparison of qualitative and quantitative results

While the quantitative particle data provides insights in
the particle-based alterations of a treatment, it does not
convey whether these can be recorded by the chosen
analysis technique (here Raman and FTIR spectroscopy).
As an example, particles might still be present after a
treatment, but changes on the surface of the particles or
the polymer matrix might render them undetectable.
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The other way round - a polymer type is recognised post
treatment but the quantitative measurements reveal par-
ticle losses or area changes - is also a possible scenario.
In fact, the epoxy based paint resin in our data is an ex-
ample, where we observed a significant particle loss after
a 24-h H,O, exposure, while FTIR recorded no changes
to the polymer spectrum even after a prolonged 2 weeks’
exposure or the uncooled Fenton’s with its 80 + °C tem-
peratures. The two-tiered approach, providing qualita-
tive and quantitative data on the same polymer
treatment model systems, therefore allows for a higher
certainty on the applicability of the tested treatments.
For a comprehensive evaluation both aspects are of
importance.

A related study also reported qualitative (spectroscopic)
and quantitative (recovery of spiked particles) data [11].
They noted a qualitative change on H,O, treated PVC
(see also below section for further details: Comparison of
our results to current literature), however could not con-
firm that the described polymer degradation would mani-
fest in the quantitative measurements.

In our data, SPT treated ABS that was indicating nega-
tive changes in particle numbers in the quantitative re-
sult, also showed alterations in the spectra of FTIR
(assigned category 2, emergence of new bands or band
intensities altered), and Raman (category 1, baseline
drift). The treatment with SPT resembles a density sep-
aration where HCl is used to acidify the solution to pH
3, in order to prevent sodium poly tungstate precipita-
tion [31]. We know that ABS is attacked by acidic diges-
tions [1], however, this was only shown for highly
concentrated and strongly oxidative acids (HNO; 69%
and HCIO, 70%), neither of which applies to the here
deployed solution. As it was demonstrated there, the
acidic treatment lead to a bloating and bubbling dissol-
ution of the macroplastic piece that was tested [1]. The
present results indicate an area reduction of those parti-
cles that were found again after the treatment. A testable
conjecture beyond the scope of this study, is that a count
and area decrease was detectable — despite working
under a much weaker acidic environment — because of
the small size range of particles that were used here, and
which potentially are more easily damaged by acids.

Comparison of our results to current literature

To our knowledge, polymer chemical resistance tests
in qualitative and quantitative manner have not yet
been performed on such small MP particles. Partly re-
lated studies reported recovery rates of >90% of
spiked particles using fluorescence-labelled micro-
spheres < 30 um as representatives of small MP for a
novel magnetic separation [12] and in a density separ-
ation and digestions [10]. Working with aliquoted
pipetting of bulk particle suspensions, they noted that
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direct comparisons of the same particles’ pre- and
post-treatment counts was infeasible in this size range
[12]. Generally, our overall finding, that, with respect
to spectroscopic recognisability, no considerable
changes to the polymeric bands were caused by the
tested treatments on MP<70um, is in agreement
with other studies which used larger MP particles.
One study tested the same KOH + NaClO protocol on
a similar set of 12 commodity polymers (> 5mm) and
performed Raman spectroscopy on pre- and post-
treatment particles, finding no relevant changes on
the polymer matrix [1]. Dehaut et al. [5] applied a
KOH protocol without an additional oxidiser, also
reporting no effect on Raman spectra even at 60 °C in
all 11 polymers that were comparable between their
and our study. Similarly, Hurley et al. [25] found no
significant spectral changes applying a Fenton’s proto-
col (cooled, <40°C) to a set of 8 different commodity
polymers (~3 mm) using FTIR.

In our Raman measurements, the only polymer de-
gradative effect was observed in PVC, where the forma-
tion of C=C double bonds (caused by
dehydrochlorination) occurred only in the uncooled
H,0O, Fe treatment (> 80°C, 10 min) as a direct conse-
quence of thermo-oxidative processes on the polymer
matrix (as we also observed in an early study [47]). Like-
wise, Raman spectra measured by Karami et al. [11] on
PVC particles treated with 50 °C H,O, were described as
being diminished in the C - CI stretching band, which
would be indicative of the same dehydrochlorination
process that we observed. But, as mentioned above, PVC
exposed to 60 °C in a KOH based treatment (10%, 24 h)
exhibited no effect on Raman spectra [5], albeit the pres-
ence of a hydrolytic and thermo-oxidative pressure. The
difference lies apparently in the stronger oxidising po-
tential of the H,O,, that induces detectable — but non-
critical — polymer degradation of PVC. It should be
noted though, that the occurrence of PVC thermo-
oxidative degradation depends on the specific PVC ma-
terial and its added stabilisers. It is plausible that for
other PVC compositions this effect may be induced
alone by temperature rises above 60 °C.

In general, negative impacts of elevated temperatures
during treatments have also been demonstrated by various
studies. For instance, increased mass loss for PA in H,O,
(among other treatments), was reported for temperatures
between 60 and 70°C [14] and for >70°C [25]. In our
qualitative analysis PA did not show signs of degradation,
however, we cannot infer whether particle losses or area
changes may have resulted from these treatments, as no
treatments involving elevated temperatures were part of
our quantitative analysis. Yet, the non-catalysed H,O,
treatment (room temperature) resulted in no change of
PA6 particle numbers or areas.
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For the pentane treatment [31] we could now demon-
strate polymer resistivity among our test series. The
protocol, which involves a weakly acidic digestant (etha-
nol acidified to pH 3 using acetic acid is added to the
sample before pentane), had no impact on the spectra of
any of the tested polymers, hence also not on the poly-
amides, known to be susceptible to acidic degradation.
PA6 particles, which we tested quantitatively, suffered
no detectable impact by the pentane treatment in par-
ticle numbers or areas. Similarly, the acidic SPT was not
affecting particle numbers or sizes, except for ABS,
where a minor degradative effect could not be excluded,
based on our data.

It was reported that PA6.6 melted when applying
H,0, at 70 °C and a significant weight and size loss was
measured [25]. In our uncooled catalysed H,O, treat-
ment (reaching up to 85°C for the 10 min treatment
duration) PA 6 showed a yellowing effect despite not
showing significant quantifiable losses in size or area.
Potentially, the temperature exposure in our treatment
was not long enough to melt the polymer compared to
their exposure time (12 h).

Studies exist that found degradative effects of alkaline
protocols on PET [5, 14, 25], however also other factors
such as elevated temperatures were involved in some of
these cases. Our qualitative results of the protocol using
KOH + NaClO do not show signs of degradation of PET
in FTIR or Raman spectra; neither do we see a signifi-
cant particle loss or area change in the quantitative data.
The quantitative are, however, of lower confidence, as
these samples were affected by the KOH + NaClO in-
duced displacement of the epoxy layer, complicating
image analyses.

Comparison of experimental concepts

To our knowledge, working with particles immobilised
by adhesives to obtain quantitative measurements has
not been performed so far. A related approach was de-
veloped recently for measuring PS nanoplastic spheres,
where etched cavities in Si wafers were serving as a
nanofabricated grid [56]. Particles placed in suspension
on the cavity array were assembling by capillary forces
and thus temporarily arrested for subsequent material
and size determination using Raman spectroscopy. Al-
ternative approaches to microscopy have been applied to
determine size changes, such as laser sizing [57]. How-
ever, when measuring in wet dispersion problems can
arise for polymers with a lower density than water as a
sufficient particle dispersion can be challenging to
achieve. Absolute particle counts cannot be determined
using this technology and problems can arise if post-
treatment particle numbers fall below the measurement
limit of the specific laser sizer [57]. Also Coulter coun-
ters or flow cytometry, might be suitable techniques for
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these kind of measurements. Usually applied for count-
ing plankton or cells, they allow simultaneous count and
size measurements. A disadvantage, however, is the ne-
cessity for a filtration step to purify the particles for a
post-treatment measurement. Finally, direct microscopic
imaging of filtered bulk particle suspensions before and
after a treatment could be a viable approach as well.
However, like all methods using mobile particles entails
the problem, that count data is difficult to obtain for
small-sized MP. Particles can get lost in transfer steps
and effects like breaking apart, aggregation, handling loss
or real treatment-caused degradation are difficult to dis-
entangle. This has been observed by others as well.
Thiele et al. [13] used MP particles < 600 um (that could
still be manually handled) for spiking and recovery tests
in a treatment evaluation and reported issues with par-
ticle loss in transfer steps that needed to be mathematic-
ally accounted for. With an immobile particle approach
these problems do not arise.

Conclusion

We identified the need in the scientific community for a
method to evaluate the impact of treatment procedures
on MP particles that are smaller than what can be easily
be handled manually, e.g. using fine-tipped tweezers. Stud-
ies which aim at identifying MP in the lower pm sizes rely
on the certainty that the investigated MP particles are not
destroyed by the chosen sample purification protocol.

In summary, we could show that conducting treatment
evaluations with immobilised MP particles in the lower
micrometre sizes is possible and has a range of advantages.
From a theoretical perspective this could be readily adapted
for even smaller MP and nanoplastics. In contrast to mobile
particle approaches, particle properties changing due to a
treatment can be studied here on individual particle level.

For the first time it was possible to demonstrate for MP
as small as 10 um, that purification methods, which are
already routinely used, do not substantially alter the spec-
troscopic detectability, nor quantitative properties for many
of the most common polymer types. Our results substanti-
ate the validity of applications that extract particles in this
size range by those methods. It turned out that polymer
resins used as binders in synthetic paints are distinct from
MP derived from commodity plastics. In chemical treat-
ments they were more easily taking damage and their spec-
troscopic recognisability was severely limited independent
of treatment. A tentative conclusion hereof is that numbers
of paint flakes, found in environmental samples, are likely
to be underestimated compared to other MP species.

We recommend that future studies take up the ap-
proach — and lessons learned — for qualitative and quan-
titative evaluations on immobilised MP, to yield further
certainty of applicability of their respective methodo-
logical setups.
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The analysis of environmental occurrence of microplastic (MP) particles has gained notable
attention within the past decade. An effective risk assessment of MP litter requires
elucidating sources of MP particles, their pathways of distribution and, ultimately,
sinks. Therefore, sampling has to be done in high frequency, both spatially and
temporally, resulting in a high number of samples to analyze. Microspectroscopy
techniques, such as FTIR imaging or Raman particle measurements allow an accurate
analysis of MP particles regarding their chemical classification and size. However, these
methods are time-consuming, which gives motivation to establish subsampling protocols
that require measuring less particles, while still obtaining reliable results. The challenge
regarding the subsampling of environmental MP samples lies in the heterogeneity of MP
types and the relatively low numbers of target particles. Herein, we present a
comprehensive assessment of different proposed subsampling methods on a selection
of real-world samples from different environmental compartments. The methods are
analyzed and compared with respect to resulting MP count errors, which eventually
allows giving recommendations for staying within acceptable error margins. Our results are
based on measurements with Raman microspectroscopy, but are applicable to any other
analysis technique. We show that the subsampling-errors are mainly due to statistical
counting errors (i.e., extrapolation from low numbers) and only in edge cases additionally
impacted by inhomogeneous distribution of particles on the filters. Keeping the
subsampling-errors low can mainly be realized by increasing the fraction of MP
particles in the samples.

Keywords: microplastics, subsampling, microspectroscopy, Raman, Fourier-Transform infrared

INTRODUCTION

The occurrence of microplastic (MP) particles in environmental compartments has gained notable
interest in both scientific and mainstream media, a trend that is predicted to increase in the coming
years (Halden 2015). A major cause of concern related to plastic materials is its accumulation
potential due to their high persistence in the environment, while production rates further increase
and concomitantly the plastic waste (Jambeck et al., 2015; Brandon et al., 2019; Borrelle et al., 2020).
Assessments of the abundance of MP particles in various kinds of samples can be found throughout
the literature e.g., in water (Lenz and Labrenz 2018; Liu et al., 2019; Karlsson et al., 2020), sediment or
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soil (Claessens et al., 2013; Vianello et al., 2013; Bergmann et al.,
2017; Enders et al, 2019), wastewater treatment plants (Tagg
et al,, 2015; Murphy et al., 2016) as well as biota (Lusher et al.,
2017). Understanding sources, pathways and sinks of MP
particles is key to understand how to effectively limit further
spreading of this pollutant (Halle et al., 2016; Geyer et al., 2017;
Siegfried et al., 2017). Therefore, large numbers of environmental
samples have to be analyzed quantitatively, as not only the spatial
but also the temporal occurrence of MP particles at a given
location is of high relevance. Methods suitable for
comprehensive monitoring studies need to be fast, quantitative
and automated to deal with the high number of samples to
process.

The currently used analytical tools can be sorted into two
categories: mass and particle-based methods. Mass based
methods are pyrolysis gas chromatography and mass
spectrometry (Py-GC-MS) (Fischer and Scholz-Béttcher, 2019;
Logemann et al.,, 2018; Dierkes et al., 2019) or thermoextraction
and desorption coupled with gas chromatography-mass
spectroscopy (TED-GC-MS) (Fischer and Scholz-Bottcher,
2019; Duemichen et al., 2014; Diimichen et al, 2015;
Diimichen et al, 2017). Their main advantages are short
analysis times and straightforward application. Also
challenging environmental samples can be processed in few
hours (Fischer and Scholz-Bottcher, 2019; Diimichen et al.,
2017), with only relatively little sample preparation. The better
the removal of organic matter, however, the more robust the
analysis results will be, as organic compounds can hamper the
correct data interpretation (Primpke et al., 2020a). As a drawback,
only the integral mass fraction of polymer within the sample is
obtained, without giving details on particle numbers or size
distribution. Furthermore, the techniques are destructive,
which makes it impossible to reuse the samples after
measurement. Particle-based methods, such as spectroscopic
imaging by Fourier-Transform infrared (FTIR) spectroscopy
(Loder et al., 2015; Képpler et al., 2016; Primpke et al., 2017;
Primpke et al, 2019) or microspectroscopic particle
measurement using FTIR (Browne et al.,, 2010; Vianello et al.,
2013; Loder et al.,, 2015; Tagg et al., 2015; Wagner et al., 2017;
Képpler et al., 2018; Poulain et al., 2019) or Raman (Lenz et al.,
2015; Képpler et al., 2016; Anger et al., 2018; Schymanski et al.,
2018), register size, morphology and chemical classification of
each particle (mass fractions can be estimated by applying volume
estimates and bulk density values (Simon et al., 2018)). Particles
>500 pm are often picked and investigated manually. For
particles <500 um, a purified particle dispersion (i.e., after
removal of non-MP particles) is typically filtered onto a
suitable filter substrate and then subjected to either imaging or
individual particle measurement. The imaging approach entails
scanning the entire filter area without a-priori knowledge about
particle locations. Each spectrum at each measured pixel is
evaluated and particle information is obtained by grouping
together adjacent pixels with identical spectral classification
(Primpke et al., 2017; Primpke et al., 2019; Primpke et al,
2020b). The particle measurement approach is done in two
passes. First, an optical image is acquired with a light
microscope (LM) to identify particles. Then, spectra are only
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acquired where particles were detected. Figure 1 illustrates both
approaches graphically.

Both methods are inherently slower than the mass-based
techniques and require elaborate sample purification steps to
remove non-plastic particles (Enders et al., 2020). Increasing the
fraction of MP particles per sample allows for a faster and more
reliable analysis, as less particles have to be processed and
overloaded filters are avoided, which can lead to erroneous
results. The currently used microspectroscopic techniques
cannot compete with mass-based techniques regarding their
sample throughput rates. However, to assess the potential
toxicological impacts on both biota and humans, knowledge
about MP particle size distribution and numbers is critical
(Mas6 et al, 2003; Zettler et al, 2013). Hence,
microspectroscopic methods for MP analysis are of high
current relevance and the acceleration of sample throughput
rates is one of the major challenges.

One approach to speed up imaging and particle measurements
is to measure only a certain fraction of any sample and to
extrapolate the obtained results. This can be achieved in two
ways: 1) Subsampling before filtration: only a fraction of the entire
sample is filtered onto the sample substrate which will be
completely measured. This method requires very careful
homogenization of the sample to avoid extrapolation errors.
For homogenization, different densities and the fast
sedimentation of the particles in aqueous suspensions pose
challenges. The success of this splitting before filtration is
largely influenced by the method and splitting tools applied.
ii) Subsampling during analysis: The entire sample is filtered on
one or multiple filters, but only a fraction of each filter is
measured. This method circumvents the challenges of prior
homogenization and sample splitting, but requires a robust
strategy to select which areas or particles to measure. The
main statistical problems therein arise from both, the
inhomogeneous distribution of the particles on the filter and
the low numbers of MP particles, of typically around 1%. The
present study focuses on pathway ii) ie., the statistical
subsampling of particles that are already on the filter
substrate. The results are applicable to any MP sampling
technique probing particles spatially distributed on a filter
substrate, irrespective of the exact measurement technique.
However, we do not strive to determine hard numbers for
potential speed gains, as these are highly dependent on the
actually used method and measurement requirements. Speed
optimization of each analysis technique is an important,
yet difficult endeavor requiring careful balancing the runtime
with result quality, which is highly specific for the respective
methods.

Subsampling on a Substrate: Challenges

Filtering particles from an environmental sample onto a
microscopy filter does not lead to a homogeneous distribution
of particles on the filter area. Comprehensive guidelines explain
the challenges and recommend strategies for successful filtrations.
(Merck, 2018). The stream of water is usually not of a constant
flow-rate, leading to different forces on the particles on the filter
throughout the filtration process. Air bubbles can be present that

January 2021 | Volume 8 | Article 579676

138



Brandt et al.

Microplastic Subsampling Assessment

Imaging:

Particles on filter

Particle Measurement:

Optical particle recognition

Spectroscopic Measurement
at Particle Locations

Particles on filter

=z
> p

4

FIGURE 1 | Schematic comparison of spectroscopic imaging and particle measurement. Reproduced from Brandt et al. (2020).
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FIGURE 2 | Distribution of measure areas on a circular filter, following
different layouts. (A) Spreading on a quarter of the filter. (B) Forming a cross.
(C) Following a spiral. (D) Random placement. The green squares correspond
to 7.3% of the filter area and the red boxes to 8.2%, respectively. Both
together represent 15.5% of the filter area (Huppertsberg and Knepper 2018).

introduce additional unpredictable forces. Often, the particle
concentration on the filter follows a gradient with low
concentrations around the filter center and higher
concentrations closer to the filter perimeter (Thaysen et al,
2020). To minimize coagulation of particles on the filter, the
flow rate can be reduced or tangential flow filtration can be
performed (Buffle and Leppard 1995).

Frontiers in Environmental Science | www.frontiersin.org

Further inhomogeneity is introduced by the nature of the
environmental particles. Depending on the sample origin (e.g.,
rainwater or wastewater treatment sludge) and given the large
range of MP types itself, the samples contain a broad variety of
particles different in size, density and shape; properties that have
a significant influence on particle distribution dynamics. In
addition, particles that tend to aggregate easily clump together
and can even incorporate particles of other types. The low
fraction of MP particles per sample can lead to low statistical
robustness of any deduced conclusions (Anger et al., 2018;
Karlsson et al., 2020). All such factors make the selection of a
representative subset an especially challenging task and have to be
considered during the assessment.

Proposed Subsampling Strategies

The strategies proposed to select a representative subset during
analysis can be sorted into two categories, corresponding to two
different workflows.

The first category, the “area selection strategy,” does not need
any a priori knowledge and distributes a number of box-shaped
areas to measure over the entire filter area. It is mostly suitable for
imaging protocols. Different layouts for distributing the
measuring boxes can be considered to account for the
inhomogeneous distribution of particles on the filter, such as a
cross or a spiral layout (refer to Figure 2). (Huppertsberg and
Knepper, 2018). The number and size of the boxes can be
adjusted to cover a desired fraction of the filter. After the
spectroscopic measurements within the box areas, the result is
then extrapolated according to the fraction of filter area covered
by the boxes. It is theoretically possible to design area-based
subsampling approaches that do not rely on placing rectangular
boxes, for instance dividing the filter in cake-piece shaped
sections. Such a section accounts for a radial inhomogeneity
by covering central and peripheral area of the filter. Their
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TABLE 1 | Summary of origin of analyzed samples (WWTP = wastewater treatment plant).

Compartment Origin Number of samples
Rainwater Weser catchment area, Germany 5
Riverine surface water Warnow catchment area, Germany 6
Riverine sediment or beach sand Schlei river, Germany, baltic sea beaches in Germany, Denmark, Sweden 10
Wastewater sludge Municipal WWTP designed for 50.000 inhabitants, Germany 6

practical application could be limited, however, as most FTIR- or
Raman-software packages are restricted to the selection of
rectangular areas for measurement. The viability of the
different layouts will be assessed practically later in this
manuscript.

The second category, the “particle selection strategy,”
requires some a priori knowledge that is gained from first
acquiring an overview optical image from the entire filter using
a light microscope (LM). That image can be used to determine
the number and location of each particle or even characterize
the particles further regarding their size, shape and color
(thereby decreasing the uncertainty about the particle
location) and the actual fraction of particles measured can
be adjusted more precisely. If further information per particle
is derived, more sophisticated chemometric methods for
finding representative subsamples can be engaged
(Chaudhuri, 1994; Daszykowski et al., 2002; Rodionova and
Pomerantsev, 2008).

It is also possible to combine both approaches. Imhof et al., for
instance, chose to manually identify particles larger than 500 pm
and to automatically measure all smaller particles based on an
“area selection strategy,” measuring approx. 1.6% of the filter area
(Imhof et al., 2016).

Different subsampling strategies are currently in use that
usually measure about 1-10% of the filter area. Their use is in
most cases justified by hypothetical considerations, but
practical validations of the subsampling strategies are
scarce. A recent study by Mintenting et al. assessed the
subsampling and errors of riverine water samples and
concluded that at least 50% filter coverage is needed for
robust particle counts, which is substantially higher than
most studies aim for (Mintenig et al., 2020).

With this publication, we revisited 27 MP samples from
different environmental compartments that were measured by
Raman microspectroscopy, without using any subsampling
method. The GEPARD software was used for particle
detection and automated Raman measurement, an appropriate
tool to reduce analysis time and remove operator-bias (Brandt
et al., 2020). As a side effect, all information about the filtered
sample (e.g., particle count, coordinates, sizes and spectral
identification) is stored in particle datasets. These datasets are
used to re-evaluate the sample by simulating a measurement
using a dedicated subsampling strategy and determining the
subsampled result. Comparing subsampled to original result
allowed us to draw quantitative conclusions about the
statistical robustness and usability of the investigated
subsampling strategies.

Frontiers in Environmental Science | www.frontiersin.org

MATERIALS AND METHODS

Sample Details and Filtration

27 fully analyzed samples from different environmental
compartments were the basis for our analysis (Table 1). The
samples underwent purification procedures identical to
established schemes as presented by Enders et al. (Enders
et al., 2020), a study which presents a flow chart of detailed
protocols for the different sample conditions. Reproducibility of
the applied purification methods is thereby ensured. An
exception to the above are the rainwater samples that
underwent a combination of oxidation with Fenton’s reagent,
enzymatic digestion and density separation using ZnCl, (Loder
etal., 2017). The final filtration was done using a tailor-made glass
filtration device. After cleaning all glass parts with 3% H,0, and
sonication in MilliQ water (3 x 10 min, renewal of the MilliQ
water after each 10 min interval), 10 x 10 mm silicon filters with
10 or 50 pum holes were inserted into the filtration device using red
PTFE filter holders that also act as seals. During filtration, the flow
rate of the water is observed to avoid overloading of the filters.
The filtration is done in a laminar flow box (Telstar Aeolus V) to
avoid contamination from air-borne particles. Full details about
used filters and the filtration setup are already published and can
be found elsewhere (Képpler et al, 2015; Brandt et al., 2020).
Without prior homogenization, each sample was filtered onto
several filters. Only one of these filters per sample was used in the
following analyses, so the particle numbers and MP content are
not representative for the actual environmental sample.
Therefore, further information on the sample origin and the
sampling is neglected. The analyzed samples counted between
1,500 and 33,000 particles per filter. In the following, both
“sample” and “filter” refer to the single filter representing each
environmental sample.

Particle Measurements

Full details about the measurement workflow using the GEPARD
software are reported in a separate publication (Brandt et al.,
2020); only a short summary is given here.

LM images were acquired directly in the Raman microscope
(WITec® alpha 300R), which is also used for the spectroscopic
measurements using a 532nm laser and a 600L/mm
spectroscopic grating. The optical LM images were acquired in
dark-field at adjustable focus heights, which allows constructing
an image of optimal depth-of-field for both, small and large,
particles. A watershed-based image segmentation algorithm was
used to localize particles and determine their boundaries. Raman
spectra were collected for each particle (typical conditions: 0.5 s
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integration time, five accumulations) and the TrueMatch®
software (WITec®) was used for spectral evaluation. The
results from spectra database matching were combined with
the particle information from the particle recognition step to
obtain complete information about particle type and size
distributions.

Data Processing

The datasets generated by the GEPARD software contain all
information about particle location, contour and chemical
classification. This readily allows revisiting the datasets and
selecting particles from the entirety of the particle list
according to any desired subsampling strategy. The code for
all calculations is realized in form of a Python script, the full
source code can be found on https://gitlab.ipfdd.de/Brandt/
subsampling.

To assess the performance of any considered subsampling
model it is necessary to derive quantitative measures of its
performance. We calculated the subsampling-error according
to Equation 1. A subsampling model was applied to each fully
measured dataset and the subsampled count of MP particles
determined (SI chapter “Application of Subsampling Methods”).
To estimate the total MP particle count, the subsampled count
was extrapolated by dividing by the subsampling fraction. That
estimated MP particle count was then divided by the original MP
particle count.

mpCount pamplea / fraction

100% 1
mpCount ,yiginal 6 (M

subsamplingError =

To reduce statistical deviations, each filter was processed 10 times.
For each iteration, the filter was rotated about 36" around the filter
center and then the subsampling is repeated. This increases the
number of performed tests by 10-fold and reduces noise in the
results, making data interpretation more robust.

Implemented Subsampling Methods
Hereafter, we describe the implemented subsampling methods.
The first two followed the particle selection strategy, i.e., rely on
knowledge about particle location, and the remaining methods
follow the area selection strategy, i.e., they represent different
approaches for placing rectangular areas (boxes) for conducting
measurements. To test practically relevant fractions, we tested
fractions from 2 to 90% in terms of particle count fractions, and
from 2% to the maximum achievable fraction in terms of filter
area coverage for the individual box selection methods.

Random Particle Subsampling

The method is based on a prior particle recognition step. Out of
the list of detected particles, a given number is selected on a
completely random basis to represent the desired fraction of
particles measured.

SizeBin Particle Subsampling

The concept is the same as in the random particle subsampling
with additional accounting for size distribution bias to reduce the
uncertainty related to low number size fractions (as usually the
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TABLE 2 | Highest achievable filter coverage for the implemented patterns. By its
pattern, the cross layout is only feasible with five or 9 boxes (3 or five boxes
across, respectively). The other patterns were arbitrarily set to have either 5, 10 or
20 boxes.

Number of boxes Cross Spiral Random Random quarter
5 54% 26% 46% 21%
9 38% n.a. n.a. n.a.
10 n.a. 29% 47% 17%
20 n.a. 25% 43% 14%

case for larger particles). Therefore, the detected particles are first
grouped into size bins. The chosen size limits in between the bins
are 5 pum, 10 um, 20 pm, 50 um, 100 pm, 200 pm, and 500 pm.
After sorting the particles into the bins, a certain number of
particles is randomly drawn from each bin so that the measured
fraction of particles is equal for all bins. At least one particle is
taken from each bin (given, that the bin is not empty). For
example, when 10% of all particles have to be measured, the
algorithm will select 5 particles out of a bin with 50 particles, 20
out of a bin with 200 particles and 1 out of a bin with only 4
particles.

Box Selection Subsampling
Four different layouts were implemented for placing measuring
boxes on the circular filter:

i. Cross layout with either 3 or 5 boxes across, respectively
(Figure 2B)

ii. Spiral layout with 5, 10 or 20 boxes. The first box is located in
the center and the last one touches the perimeter of the filter
area. (Figure 2C).

ili. Random layout with 5, 10 or 20 boxes. The boxes are placed
randomly on the filter area. Given this random character, the
highest achievable fractions can vary slightly, also depending
on how many tries the algorithm was allowed to perform to
find a valid solution. The implemented algorithm sets the
random number generator to a fixed seed prior to
calculation to yield the same random pattern for each
run (Figure 2D).

iv. Random layout on a quarter of the filter with 5, 10 or 20
boxes. Same as iii), but box placement is restricted to only a
quarter of the filter (Figure 2A).

In all box selection approaches, the size of the (square) boxes is
adjusted so that the desired fraction of filter area is covered,
without having the individual boxes overlap or range over the
filter perimeter. The maximum achievable fraction of filter to be
covered is summarized in Table 2 (More details about box
placement and the link to the code for interactive visualization
can be found in SI chapter 1).

Figure 3 shows a graphic user interface (gui) to visualize the
implemented methods on real samples, measured by GEPARD.
All the subsampling methods in Figure 3 are configured to select
10% of the sample i.e., 10% of the particles are measured by the
“random” and the “size bin” selection, whereas 10% of the filter
area is covered by the respective box selection methods. The gui
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allows adjusting the measured fraction of each method, as well as
the number of boxes for the box sampling methods. Furthermore,
the loaded sample can be rotated about a given angle. A text box
above the filter scheme summarizes sample details (particle
count, MP percentage) and displays the results from the
respective subsampling method.

RESULTS AND DISCUSSION
Particle-Based Subsampling

At first, we investigated the subsampling-error (%) as a function
of the measured fraction of particles (%) for the four respective
sample categories (Figure 4), see SI chapter “Selected Images of
Filters” for example images. We chose grouping the samples by
their environmental origin because a sample’s origin is always
known. Sorting samples into categories allows deduction of
parameters influencing subsampling efficiency and, vice versa,
allows estimating subsampling efficiency if a sample’s category
was known. Hence, any correlation between environmental
compartment and subsampling performance would allow for a
better planning of the subsampling strategy without any further
sample characterization. The averaged particle numbers per filter
are given in the plot titles for each category, as well as the average
MP percentage within these particles. Each data point in Figure 4
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represents the average over all filters from the respective group of
sample types (number of filters is given in plot title), where each
filter was evaluated 10 times. The resulting subsampling-error
exponentially decreases with increasing measured fraction and
approaches 0 at 100% (note the logarithmic x-axis in Figure 4).
Comparing the two different particle based subsampling methods
shows that sorting particles into size bins (Figure 4, green) or not
(Figure 4, orange) does not seem to have a systematic advantage
across sample types.

The results illustrate that measuring only small filter fractions
(both in terms of particle count or covered filter area) can lead to
large counting errors. Measuring less than 5% of the entire
particle population leads to errors exceeding 50%. Even worse,
also the error margins increase with decreasing fraction measured
in the plots in Figure 4. For example, at 5% measured fraction, the
subsampling-error could be 20% or 80%. This large range of
potential errors of a particular filter demonstrates that measuring
such small fractions does not allow a sensible extrapolation of MP
occurrences.

Comparing the results from the different compartments shows
that the subsampling-errors are generally lower when the sample
has more particles (i.e., higher number of particles is measured at
a given fraction) or the sample has a higher content of MP
particles. Especially the MP content is critical: The high MP
content of the rainwater samples compensates the low particle
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FIGURE 4 | Subsampling-errors and their standard deviation of Random and SizeBin Subsampling, as derived from the different sample types (rainwater, river
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count (at 10%, only about 300 particles are measured!) and the
subsampling-errors are comparable to the sludge samples with a
substantially higher particle count (at 10%, about 1,700 particles
have to be measured) but low MP content.

Reliably predicting magnitude and standard deviation of the
subsampling-error is a complicated task. Anger et al. used the
normal distribution to estimate the number of particles to achieve
a certain error, but applying the formula requires knowing MP
fraction and the prediction interval (Anger et al., 2018). Karlsson
et al. used the Poisson distribution to model the probability
density functions of MP occurrence observations (Karlsson
et al., 2020). The Poisson distribution is better suitable for
smaller sample sizes and, for application to the present study
results, only requires an estimate of the MP fraction (mean equals
variance in the Poisson distribution). Figure 4 also shows the
theoretically expected errors and error margins for the Poisson
distribution, assuming the average MP count indicated in the plot
titles. The agreement of theoretical and experimental
subsampling-errors is good for the samples from sediment and
beach sand, having the lowest absolute number of MP particles.
However, the Poisson distribution more and more
underestimates the subsampling-error with increasing number
of MP particles. A more in-depth statistical discussion of the topic
should be the scope of a separate study.

The estimation of the present MP content on a particular filter
is difficult, but vital for the determination of the minimum
subsampling fraction to measure. Based on the divers set of
different sample types and applying the random particle
subsampling, we found, that if we accept a maximum
subsampling-error of 20%, the minimum fraction of particles
to measure is either 50% of all particles, or a total of 7,000
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particles (Figure 5). These thresholds are valid even for MP
fractions approaching as low values as 0.1%. Note, the set of filters
herein analyzed was characterized with relatively low total
particle counts (maximum of 33,000), which hinders applying
our findings to larger filters with substantially higher particle
counts. These results furthermore show decreasing subsampling-
errors with increasing MP content. This, in turn, highlights the
tremendous importance of effective sample purification measures
to increase the MP fraction. As a result, not only analysis times
shorten by reducing the total number of particles to consider, but
also the extrapolation of results becomes more reliable when
applying subsampling methods.

Measuring at least 5,000 particles per filter might be a realistic
target for scientific purposes, but might also be impractical for
monitoring applications with substantially higher sample counts.
Measurement times can vary greatly depending on the exact
parameters for optical scan and spectroscopic measurement. Our
Raman  microspectroscopy  approach ~ would  require
approximately 6 to 8h for such a measurement, including
optical scan (1-3h), particle detection (several minutes) and
spectroscopic measurement (approximately 5h, a more
comprehensive review of commonly used analysis times for
Raman microspectroscopy is given by Anger et al. (2018)).
The particle-based methods allow exploiting information from
the optical microscope image to decrease the subsampling-errors
at very low measured fractions. The image of the filter not only
allows to precisely count and locate the particles, but also to
analyze each particle in terms of its characteristics regarding
shape, color, size and texture. A classifier that allows
distinguishing MP from non-MP particles (with a certain level
of confidence) based on these characteristics can be trained by
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running a feature extraction on a large number of particles of
known type (i.e., MP and non-MP, respectively). This “artificial”
up-concentration of MP particles post purification reduces the
error-margins in subsampling and is especially useful when only
low percentages of particles can be measured. Procedures for the
classification of particles from microscopy can be found
throughout literature and give valuable information about
what kind of particle features to exploit (Xu et al, 1997; Xu
et al,, 2018; Peng and Kirk, 1998). Developing a machine-learning
model for effective MP classification from microscopy images goes
beyond the scope of this manuscript, due to the complexity of such
an endeavor, especially due to the low content of MP particles
i.e., the highly imbalanced datasets (Batista et al., 2004; Wei and
Dunbrack 2013). Instead, we decided to assess the final reduction
in subsampling-errors, given a classifier with a certain accuracy
score would exist. That helps deciding on whether to actually start
the efforts of developing a real classifier. As our datasets where
already fully analyzed, a dummy classifier can be readily set up
yielding any desired score from 0.5 (i.e, no actual knowledge,
sampling is completely random) to 1.0 (ie., perfect classifier).
Three dummy classifiers with scores of 0.6, 0.7, and 0.8 were tested,
respectively. The concept is to use the classifier to extract a
subsample of all particles, which will have a higher MP fraction
than the original set of particles. As discussed above, a higher
fraction of MP has the highest potential to increase subsampling
accuracy. Then, the desired number of particles is chosen on a
random base from the subset with increased MP fraction. Details
about the dummy classifier and the exact calculations can be found
in SI chapter “Details on Trained Random Particle Subsampling”.
Figure 6 shows the results of the three classifiers, as compared to
the purely random particle subsampling.

The subsampling-errors at low measured fractions decrease
significantly when the score of the used classifier increases. The
results clearly show that the application of a classifier substantially
decreases the very high subsampling-errors below 10% measured
fraction, even if their classification score is not higher than 0.6 to
0.8. The effect gets less pronounced at higher measured fractions
wherefore it is most sensible to apply the methods if the measured
fractions are lower than 10%. It is important to keep in mind that
the final particle assignment is done according to the results of the
spectroscopy measurement, regardless of the used classifier’s initial
guess. Subsampling based on a classifier, however, complicates the
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step of extrapolation as the sample measured is no longer a random
representative of the statistical universe of the filter. Refer to SI
chapter 5 for more details on the calculations. The obtained
findings are good reason for engaging in development of a real
classifier suitable for MP classification on LM images. However,
also other techniques, such as particle staining with fluorescent
dyes, could be exploited for an according pre-selection of a subset
with increased MP content (Shim et al.,, 2016).

Box-Based Subsampling

A closer investigation on distribution of the particles on the filters
is necessary before reviewing the box-based subsampling method.
The patchy and inhomogeneous distribution of the particles on
the filter exemplifies the difficulty to design a pattern for a box
selection subsampling (Figure 3, MP particles in red, others in
blue). Analyzing the impact of particle distribution heterogeneity
on the subsampling-error of the box-placement methods requires
quantification of the heterogeneity, which is a difficult endeavor.
Comparable literature studies are scarce but, fortunately, a recent
study investigated the distribution of particles on filters (Thaysen
et al., 2020). However, only examples from artificially produced
model samples were included. They proposed plotting particle
count as a function of particle distance to filter center to observe
particle distribution patterns. They exhibited “starburst” particle
distributions with highest particle density around the filter center.
To compare our results of real environmental samples to their
results we did the same calculations for filters from different
environmental compartments. However, we converted “particle
count” into “particle density”. Particle density is obtained by
dividing particle count by the area of the filter section that is
represented by the respective distances (intuitively, the section
from 1 to 2 mm away from filter center is smaller than the section
from 4 to 5mm). Thereby, the differences in area of the filter
sections is taken into account and patterns emerge more clearly
(the original plots with particle count as function of distance from
filter center (i.e., without correction for filter increasing area of
filter sections) can be found in supporting information
Supplementary Figure S1). However, the distance from the
filter center distribution alone does not fully capture particle
distribution inhomogeneity. For instance, the method would be
insensitive to particles distributed only on one half, or quarter, of
the filter. To overcome this potential error we developed and
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implemented an orthogonal approach to calculate the “average
particle patchiness” value. The approach entails dividing the filter
area in cells (e.g., 50 x 50), and calculating the number of particles
in each cell. The average particle patchiness is then obtained by
dividing standard deviation of the particle number per cell by its
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mean value. Supplementary Figure S2 in the SI shows example
images of filters with low, medium and high particle patchiness
and the respective (increasing) values.

In Figure 7, the filters are grouped again according to their
environmental origin. Again, knowing if there was any
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correlation between particle distribution homogeneity and
sample compartment would be useful (see SI chapter “Selected
Images of Filters” for example images). In case of the rainwater
filters, particle density on the filters peaks at around 5mm,
indicating a ring formation of particles at the perimeter of the
filter (refer to Supplementary Figure S$3); inhomogeneous particle
distribution is also indicated by the high patchiness value of about
1.5. The samples from all other compartments show a similar
pattern with almost constant particle density from center to the
border of the filter, where particle density eventually decreases
(refer to Supplementary Figures 4 - 6). The analyzed examples did
not reveal any “starburst” pattern as to be expected from model
samples (Thaysen et al, 2020), but drawing any conclusions is
difficult, without taking into account details about sample workup
and filtration procedures (Merck, 2018). Conversely, observing the
averaged particle counts and the corresponding patchiness values
indicates a correlation. Higher overall particle counts lead to a
more homogeneous distribution of the particles on the filter. In
fact, the observed patchiness of all investigated samples correlates
well with the particle count, as shown in the left panel of Figure 8.
It is important not to misunderstand that finding! The goal should
not be to maximize the absolute particle count, but to increase the
number of MP particles on a filter. The right panel of Figure 8
shows that the correlation between patchiness and particle count is
the same if only MP particles on the filter are considered. The trend
is the same, although the absolute values of the patchiness increase
substantially. Refer to Supplementary Figure S2 in the SI for a
visualization of different levels of patchiness.

Reviewing the subsampling-errors of the box subsampling
methods, our investigations showed that the obtained
subsampling-errors are very similar for the individual layouts
when applied to the filters grouped according to their
environmental origin (refer to Supplementary Figure
S7-Supplementary Figure S10). The number of boxes to
create the individual layouts does not seem to have a notable
effect, although the cross layout shows slightly lower errors when
using five, instead of three boxes across. Only in case of the
rainwater samples with low particle counts and inhomogeneous
particle distribution (resulting in many empty spaces on the filter
ie, high patchiness), the errors from box measurement
subsampling exceed the errors from the random particle
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subsampling. Otherwise, the observed subsampling is
dominated by the counting error, rather than an additional
error resulting from inhomogeneous particle distribution.

Figure 9 shows the subsampling-error of the box-placement
methods when sorting the filters into categories with different
particle counts. Including the random particle subsampling-
error, which is not affected by particle patchiness, allows
distinguishing the pure counting error from errors resulting
from inhomogeneous particle distribution on the filter. In case
of very low particle numbers (<2000) the subsampling-error from
the box-based methods is substantially higher than for the
random particle subsampling, which indicates an additional
contribution of particle distribution inhomogeneity to the
subsampling-error. At higher particle counts, the subsampling-
errors from random particle subsampling and the box-placement
methods come closer together, indicating a decreasing influence
of the particle distribution inhomogeneity. At around 5,000
particles (corresponding to a patchiness of approximately 1.0,
see Figure 8) the box-based sampling methods do not perform
worse than the random particle subsampling.

In order to keep the subsampling-error and its deviation
within one sigma below a 20% error margin, the covered area
of the filter should be at least 50%. A 50% filter area coverage
could only be fully realized with the cross layout with three boxes
across and, near enough, the random box layout (with 47%
coverage at 10 boxes, Table 2). In contrast to the particle-
based subsampling, the box placement methods do not bear
opportunities for exploiting machine-learning methods to
increase accuracy at low measured fractions.

Counting all MP vs. Counting Particular MP
Types

To simplify the quantitative assessment, herein only the integral
MP particle numbers were considered without discrimination into
different polymer types or morphological features. Most studies,
however, require information of MP species such as chemical
classification, color, size and shape. There are no standard
categorization methods in place as it depends on the research
question and the precise analytical tasks chosen. However, the
issue shall be addressed with some general reflections.
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Our study demonstrated the occurrence of high subsampling-
errors and high error margins when measuring low fractions of
particles on a filter. As a differentiation of different particle types
would decrease the individual particle numbers, the subsampling-
errors would increase accordingly. In other words, if particle types
have to be distinguished, the overall number of particles to measure
has to be increased. Thus, predicting which MP particle classes are
present in a sample results in even larger uncertainties than
estimating the integral MP content. A general recommendation
about required particle numbers cannot be reliably given for such
cases. A practical approach should entail measuring a certain
fraction of all particles, counting the particles in all categories of
interest and deciding if more particles need to be measured. As a
consequence, already reducing the initial sample volumes prior to
the purification steps can limit the final robustness of the results
i.e,, when yielding to small numbers of the target particles. Treated
sample volumes should therefore be generously calculated.
Karlsson et al. discussed how many particles have to be
measured for having a statistically robust number (Karlsson
et al,, 2020). Their study concluded a reasonable number would
be of about 30 particles per class. This is in agreement with the
results of our analysis that revealed an error of about 20%
(Figure 4) when having measured about 30 MP particles.
Nevertheless, exceptions have to be made for “very rare” categories.

CONCLUSION AND OUTLOOK

Spectroscopic particle measurements are of high importance
when it comes to MP analysis in environmental samples but
need to be sped up to be established as monitoring tools. We
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compared the performance of different subsampling approaches,
based on two different method categories: 1) particle-based
methods and 2) measure box placement methods on 27
environmental samples from different compartments, such as
rainwater, river water, sediment and wastewater sludge.

The results can be summarized in three general findings. First,
none of the tested subsampling methods was identified to clearly
outperform the others. The dependency of the subsampling-
errors on the fraction measured was very similar for all
methods; differences could only be seen in edge scenarios, as
for instance in the case of filters with relatively low particle counts
and inhomogeneous particle distribution on the filter. There, the
particle-based subsampling proved to be more accurate than the
box-based methods. In the majority of samples however, the
observed subsampling-error was due to the counting error
(i.e.,, extrapolating from a low number of measured particles)
and particle distribution inhomogeneity is negligible.

Second, the magnitude of the averaged subsampling-error easily
exceeded 50% if only 5% or less of the filter was measured. More
critically, the standard deviation of the subsampling-error strongly
increases when decreasing the measured fraction. If reliable particle
counts with an error of less than 20% are required, the measured
fraction should be at least 50% or, in the case of particle-based
subsampling, at least 7,000 particles. However, if exact counts of
particular types of MP particles are of interest, the measured fraction
would have to be increased even further, thus reducing the time
saving from the subsampling. It might be advisable to measure the
entire filter in these cases.

Third, the best way to increase accuracy at low particle counts is
to increase the fraction of MP particles in the sample. This can be
done by further optimization of sample preprocessing steps or by
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implementing methods to identify possible MP particles prior to
spectroscopic measurement (by specifically trained classification
models or fluorescent staining). That finding seems trivial, but is
important to keep in mind when designing workflows for workup
and analysis of certain sample types. If only qualitative results are
required (i.e., are MP particles present or not), higher error margins
can be tolerated. Vice versa, if robust particle numbers are required,
sample preprocessing should be optimized or, if not possible, higher
fractions of the sample have to be measured.

To increase the validity of the herein gathered results to a larger
diversity of filters, especially with higher particle counts, we encourage
scientists in the field to critically reassess their measurements similarly
as described here. Deeper statistical considerations would be
beneficial for underpinning the observed effects.

The decision on the most appropriate subsampling strategy for
a fast and proper quantification of specific objects from different
environmental compartments is important for several scientific
disciplines, going far beyond microplastic research. Only one
example would be the microscopic quantification of specific
prokaryotic groups via phylogenetic staining of cells e.g., by
Fluorescence in situ hybridization (FISH). Therefore, we also
understand this study as a general stimulus for a more extensive
and interdisciplinary research on statistically relevant counting of
small and less abundant objects in the environment.
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Abstract. Microplastics (MPs) are omnipresent in the
aquatic environment where they pose a risk to ecosystem
health and functioning. However, little is known about the
concentration and transport patterns of this particulate con-
taminant. Measurement campaigns remain expensive, and
assessments of regional MP distributions need to rely on a
limited number of samples. Thus, the prediction of poten-
tial MP sink regions in the sea would be beneficial for a
better estimation of MP concentration levels and a better
sampling design. Based on a sediment transport model, this
study investigates the transport of different MP model par-
ticles, polyethylene-terephthalate (PET) and polyvinyl chlo-
ride (PVC) particles with simplified spherical sizes of 10 and
330 um, under storm conditions. A storm event was chosen
because extreme wave heights cause intense sediment ero-
sion down to depths that are otherwise unaffected; there-
fore, these events are critical for determining accumulation
regions. The calculation of metocean parameters for such ex-
treme weather events is subject to uncertainties. These uncer-
tainties originate from the imperfect knowledge of the ini-
tial conditions and lateral boundary conditions for regional
models, which are necessary to be able to run a numeri-
cal model. Processes, which can be resolved by the model,
are limited by the model’s resolution. For the processes for
which the model resolution is too coarse, parameterizations
are used. This leads to additional uncertainty based on the
model physics. This sensitivity study targets the propagation
of uncertainty from the atmospheric conditions to MP ero-
sion and deposition, on the basis of freely available mod-
els and data. We find that atmospheric conditions have a
strong impact on the quantity of eroded and deposited ma-
terial. Thus, even if the settling and resuspension properties
of MP were known, a quantitative transport estimation by

ocean models would still show considerable uncertainty due
to the imperfect knowledge of atmospheric conditions. The
uncertainty in the transport depends on the particle size and
density, as transport of the larger and denser plastic particles
only takes place under storm conditions. Less uncertainty ex-
ists in the location of erosional and depositional areas, which
seems to be mainly influenced by the bathymetry. We con-
clude that while quantitative model predictions of sedimen-
tary MP concentrations in marine sediments are hampered by
the uncertainty in the wind fields during storms, models can
be a valuable tool to select sampling locations for sedimen-
tary MP concentrations to support their empirical quantifi-
cation. The purpose of this study is to support the strategic
planning of measurement campaigns, as the model predic-
tions can be used to identify regions with larger net deposi-
tion after a specific storm event.

1 Introduction

The presence of MP particles has been proven in a variety
of different ecosystems (e.g. Huerta Lwanga et al., 2016;
Andrady, 2011). MPs constitute potential transport vectors
for toxic substances, both substituted chemicals during pro-
duction and adsorbed environmental pollutants, which can
be assimilated by aquatic organisms (Besseling et al., 2019).
The pollution of the environment with these synthetic par-
ticles, which are foreign and incompatible with natural cy-
cles, is happening at an unprecedented rate and contributes to
the degradation of ecosystem services worldwide (Watkins
et al., 2017). The relevance of these particulate pollutants
for specific ecosystems cannot, however, be assessed when
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drivers of their distribution are not understood and their cur-
rent stocks remain unknown.

Currently, MP data collection from various environmen-
tal compartments is expensive and time-consuming; conse-
quently, only small data sets are presently achievable. Here,
numerical models, which are known and vigorously applied
in sediment transport studies (e.g. Sassi et al., 2015), can
help to complement sparse measurements. For this purpose,
an initial data set is necessary to calibrate and validate the
numerical models. The initial model set-up can be applied
as a support tool for measurement campaign planning, as it
can help identify regions in which net deposition can be ex-
pected. This is the major purpose of this study.

Plastic denotes a wide range of different polymer types
with different density ranges. Among the most widely pro-
duced (PlasticsEurope, 2019) are polyvinyl chloride (PVC),
which has a density of 1275kgm™3, and polyethylene-
terephthalate (PET), which has a density of 1400kgm™3
(Andrady and Neal, 2009); these two plastics were used as
model particles in the present study.

During cyclone “Xaver” in October 2017, mean horizontal
bottom water currents exceeded 0.5 ms™!, e.g. in the Arkona
Basin (Bunke et al., 2019). We expect that significant trans-
port and sorting of larger and denser plastic particles only
takes place under such storm conditions. This assumption is
justified in this study by a 1 month model run including storm
and calm conditions. The interest of this study is the identi-
fication of potential areas of accumulation of MP particles
to support the planning of measurement campaigns by iden-
tifying potential areas of interest, because we assume that
a stock of high-density plastic particles exists in Baltic Sea
sediments.

Extreme events have a strong impact on particle transport
(e.g. Bartholoma et al., 2009). The idea that storm events de-
termine the relocation of settled MP is supported by existing
knowledge from the amber hunting community. It has been
observed that beach combing and jewellery hunting for am-
ber only becomes profitable after strong wave and ocean cur-
rent activity. Amber is a naturally occurring polymer with a
density range between 1050 and 1150 kgm—3 (similar to MP)
and is especially abundant in the Baltic Sea. It was produced
along time ago by the resin of trees and now forms a standing
stock on the Baltic Sea seafloor. Amber was also taken into
account in laboratory measurements by Shields (1936), who
found that the initiation of motion of amber can be described
by the Shields curve and is comparable to that of sediments.

Chubarenko and Stepanova (2017) compared the transport
behaviour of amber with that of MPs and found dimension-
less critical bottom shear stresses close to that represented by
the Shields curve. They also found a variation depending on
the plastic type and shape. Therefore, the Shields curve was
adapted to calculate the critical shear stress.

A sediment transport model is applied in this study to sim-
ulate the transport of MP as suspended matter with sizes
of the order of sand particles. Certain factors cannot be ac-
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counted for, such as the plastic type and shape, which can
influence the critical bottom shear stress (Chubarenko and
Stepanova, 2017; Enders et al., 2019) and the settling veloc-
ity of particles (Khatmullina and Isachenko, 2017). Based on
laboratory measurements using MPs down to 0.4 mm in size,
Waldschldger and Schiittrumpf (2019) calculated a sinking
formula depending on the particle shape. For simplicity, the
standard Stokes formula (Stokes, 1851) for spherical parti-
cles is used here.

Although the critical bottom shear stress and the settling
velocity are assumed to strongly impact the uncertainty in the
transport behaviour, this initial study focuses on a quantifica-
tion of the metocean uncertainty in the transport behaviour.
There are several other approaches to estimate the transport
of MPs (e.g. Ballent et al., 2013; Bagaev et al., 2017). These
models are based on deterministic metocean products and
metocean models. Our objective is instead to assess whether
the relocation of MP particles during a single storm event is
quantitatively predictable, or whether it is too sensitive to the
meteorological uncertainties to allow for a sufficiently pre-
cise model estimation. If this uncertainty is too large, even
precise knowledge of a particle’s sinking and erosion proper-
ties would not allow for an estimation of its transport.

A well-known method to quantify sensitivity to uncer-
tainties in numerical models is the use of an ensemble ap-
proach. Ensemble forecasts have been used in operational
weather prediction for more than 25 years (Buizza, 2018)
and have also been successfully applied in different areas,
such as aviation (e.g. Osinski and Bouttier, 2018), the en-
ergy sector (e.g. Taylor and Buizza, 2003), or hydrology (e.g.
Pappenberger et al., 2008). An application of ensemble fore-
casts to quantify the uncertainty in the morphological im-
pact of storms was proposed by Baart et al. (2011). Osinski
et al. (2016) applied a windstorm tracking algorithm to the
operational ensemble forecasts of the European Centre for
Medium-Range Weather Forecasts (ECMWF) and demon-
strated strong variation in the track as well as in the dam-
age potential of the different realizations of historical storm
events in the ensemble members. This range of uncertainty
should also be reflected in the uncertainty in the transport of
suspended matter. An ensemble of 30 members, produced by
a mesoscale atmospheric model in non-hydrostatic mode, is
applied in the presented study to estimate these uncertainties
in the transport behaviour of MPs.

Existing studies on the transport of MPs in the marine en-
vironment are mainly based on a particle tracking approach
(e.g. Jalén-Rojas et al., 2019b; Liubartseva et al., 2018).
Jalén-Rojas et al. (2019a) showed the importance of apply-
ing a 3-D model to estimate MP transport. This is the case
in this study, and an Eulerian approach was applied in our
model, i.e. MP is stored as a concentration in grid cells and a
bottom reservoir.
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2 Data and models

For our assessment, we applied a four-step model chain, as il-
lustrated in Fig. 1. Firstly, ensemble data based on stochastic
perturbations were produced with the WRF-ARW (Weather
Research and Forecasting Model in the Advanced Research
WREF variant) atmospheric model to account for uncertainties
in the representation of storm events. Secondly, the atmo-
spheric fields were passed to the WAVEWATCH III® wind
wave model. Thirdly, atmospheric and wave ensemble data
were then applied to drive the GETM (General Estuarine
Transport Model) regional ocean model. Finally, a transport
module in GETM simulated the transport of PET and PVC
with particle sizes of 10 and 330 um. The WRF-ARW at-
mospheric model was applied here to produce an ensemble
hindcast of a storm surge event in the Baltic Sea and to pro-
vide the necessary forcing fields for the wave and the ocean
model. The simulation period covered 1-4 January 2019.
This includes the storm Alfrida (the reader is referred to the
ECMWEF Severe Event Catalogue: https://confluence.ecmwf.
int/pages/viewpage.action?pageld=129123779, last access:
2 April 2020) which moved across southern Sweden and
especially hit the island of Gotland, where wind speeds of
27.5ms~! (10 Bft) were reached (The Local, 2019). Storms
of this strength occur approximately two to three times per
year in the Baltic Sea, although at different locations. WAVE-
WATCH III® was used to produce ensemble hindcasts of
wave parameters based on the WRF-ARW output. GETM
was driven by the ensemble hindcasts of the corresponding
atmospheric and wave parameters from the unperturbed and
perturbed model runs.

2.1 The WRF-ARW atmospheric model

Version 4.1.1 of the WRF-ARW atmospheric mesoscale
model (https://github.com/wrf-model/WRF/releases, last ac-
cess: 14 March 2020) (Skamarock et al., 2019) was used in
this study for ensemble hindcasting. A region slightly larger
than the Baltic Sea was used with a horizontal resolution of
about 0.063°, and output was written every 5 min. Vertically,
89 pressure levels were applied up to 50hPa, correspond-
ing to levels 2 to 90 in the ERAS reanalysis (Copernicus
Climate Change Service, C3S). Initial and lateral boundary
conditions originated from the ERAS reanalysis. Osinski and
Radtke (2020) tested different ensemble generation strategies
with WRF-ARW driven by ERAS and compared the outcome
with the uncertainty measure provided by the ERAS reanaly-
sis. As demonstrated in Osinski and Radtke (2020), stochas-
tic perturbations, namely stochastically perturbed parameter-
ization tendencies (SPPT; Buizza et al., 1999) and stochastic
kinetic energy backscatter (SKEB; Shutts, 2005), were used
here to produce a small ensemble of 30 members to study
the impact of the uncertainty in the atmospheric forcing on
the transport patterns, which includes random perturbations
of the lateral boundary conditions (Skamarock et al., 2019).
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Figure 1. Schematic overview of the model chain used in this study.

Instead of validating the atmospheric data against observa-
tions, the wind data were validated indirectly by the wave
model output. A visual comparison of the WRF-ARW wind
fields against UERRA/HARMONIE-v1 and ERAS data can
be found in Osinski and Radtke (2020).

Sources of uncertainty in atmospheric model predictions
originate from the initial conditions and from the model
physics; for a regional model, they also originate from lateral
boundary conditions. Osinski and Radtke (2020) compared
different ensemble generation methods and proposed the use
of the ERAS5 data from the Ensemble of Data Assimilations
as initial conditions to allow for a spread from the start of the
simulation. The initial conditions in the presented study are
based on the high-resolution ERAS reanalysis, and the model
approach includes perturbations of the model physics and the
lateral boundary conditions. In contrast, the desired spread
needs to develop in the model ensemble in the method cho-
sen here. We selected this method to keep our results com-
parable with a potential future application in forecast mode.
While we ran the model for a storm event in the past, the
same could be done for a predicted storm, possibly based on
a deterministic forecast product.

2.2 The WAVEWATCH III® wind wave model

Wave-induced bottom shear stress is an important driver
for the resuspension of bottom sediments and, poten-
tially, of high-density MPs on the seafloor, as investi-
gated in this study. To be able to prescribe wave param-
eters at high spatial and temporal resolution, the WAVE-
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Figure 2. Bathymetry [m] of the 1 nautical mile WAVEWATCH m® set-up. Black dots show stations for the validation of water level and
significant wave height. The black rectangle shows the subregion for plots of the transport simulation results.

WATCH 1II v6.07® (https:/github.com/NOAA-EMC/WW3
third-generation spectral wind wave model, last access:
14 March 2020) (Tolman, 1991; The WAVEWATCH me®
Development Group (WW3DG), 2019) was applied in a
three-level one-way nested configuration. The model domain
with the highest resolution is based on the same grid as
in the GETM model (Grdwe et al., 2019). Dissipation and
wind input were based on the formulation of Ardhuin et al.
(2010), and the SHOWEX bottom friction scheme was ap-
plied following Ardhuin et al. (2003). For the latter, a map
of the D50 (median diameter of the particle size distribution)
sediment grain size was prescribed based on the European
Marine Observation and Data Network (EMODnet; http:
/Iwww.emodnet-geology.eu/, last access: 14 March 2020)
data. The wave spectrum was discretized in the same way
as in the ERAS reanalysis: 24 directions starting at 7.5°
with a 15° direction increment, and 30 frequencies start-
ing at 0.03453 Hz geometrically distributed with a step of
1.1. A set-up with a 0.1° resolution covering the North
Sea and a small part of the eastern Atlantic Ocean was
used to produce boundary conditions for the Baltic Sea set-
up at the border with the North Sea. The 0.1° model was
nested into a set-up for the Atlantic Ocean with a 0.5° res-
olution. The GEBCO_2014 Grid, version 20150318 (http:
/Iwww.gebco.net, last access: 14 March 2020), was used
as bathymetry for the Atlantic and North Sea set-ups. The
Baltic Sea set-up had a resolution of 1 nautical mile with a
bathymetry based on the work of Seifert et al. (2001). The
0.5° set-up is driven by ERAS winds and the ERAS sea ice
cover fraction. For the 0.1° set-up, UERRA/HARMONIE-
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vl (Ridal et al., 2017) winds and the ERAS sea ice cover
fraction were used because of their higher spatial resolu-
tion. The Baltic Sea set-up was driven by two data sets: the
UERRA/HARMONIE-v1 wind for a reference simulation,
and the wind produced with the WRF-ARW wind ensemble
for the MP ensemble simulations. Sea ice was taken from
the Ostia reanalysis (http://marine.copernicus.eu/services-
portfolio/, last access: 29 November 2020). An obstruction
grid based on the GSHHS (Global Self-consistent, Hierarchi-
cal, High-resolution Shorelines) (Wessel and Smith, 1996)
coastline data set has been generated with the Gridgen soft-
ware (https://github.com/NOAA-EMC/gridgen, last access:
14 March 2020) to take unresolved orography into account.

Observation data from buoys available from the
Copernicus Marine Environment Monitoring Service
(http://marine.copernicus.eu/services-portfolio/access-to-
products/, last access: 14 March 2020) (CMEMS) were used
for validation and calibration. A comparison with station
data in Fig. 3 shows good agreement in the significant wave
height as well as verification scores over January 2019
(Table 1). The spread in the ensemble is visible at all stations
and is expected to provoke differences in the bottom shear
stress, leading to differences in the resuspension.

Waves affect the seafloor until a water depth of about half
the wave length. The dominant wavelength in the Baltic Sea
is between 20 and 70 m and can reach up to 130m (Kri-
auCitniené et al., 1961).
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Figure 3. Significant wave height at five stations from the 1 nautical mile WAVEWATCH III® model run. Wind data are from
UERRA/HARMONIE-v1, WRF-ARW is unperturbed, and the 30 WRF-ARW members are generated with stochastic perturbations.

Table 1. Verification scores — root mean square error (RMSE), scat-
ter index (SI, Zambresky, 1989), and correlation (COR) — for sig-
nificant wave height simulated by WAVEWATCH m® driven by
UERRA/HARMONIE-v1 for January 2019.

Station Bias[m] RMSE SI[%] COR
BrofjordenWR 0.08 026  22.64 0.96
Knollsgrund -0.02 0.20 1525 0.98
Northern Baltic —0.11 0.29 18.33  0.96
FinngrundetWR 0.01 0.24 18.05  0.98
Tallinnamadal 0.22 0.41 61.75  0.85

2.3 The GETM regional ocean model

GETM (General Estuarine Transport Model; Burchard and
Bolding, 2002; Hofmeister et al., 2010; Klingbeil and Bur-
chard, 2013) is an ocean model specifically designed for the
coastal ocean (see review by Klingbeil et al., 2018). In the
present study, GETM was applied to the Baltic Sea with the
model set-up of Griwe et al. (2019), on the same 1 nauti-
cal mile grid as the innermost WAVEWATCH III® nest. The
model domain is shown in Fig. 2. The original set-up was ex-
tended by coupling it to FABM (Framework for Aquatic Bio-
geochemical Models; Bruggeman and Bolding, 2014) in or-
der to consider sediment and MP. For an accurate 3-D trans-
port of these quantities, GETM provides high-order advec-
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tion schemes with reduced spurious mixing (Klingbeil et al.,
2014), a state-of-the-art second-moment turbulence closure
for vertical mixing from GOTM (General Ocean Turbulence
Model; Burchard et al., 1999; Umlauf and Burchard, 2005),
and flow-dependent lateral mixing (Smagorinsky, 1963). Nu-
merical mixing leads to an unrealistically high diffusion of
transported concentrations, reducing the peak concentrations
and overestimating the area in which tracers spread. The ac-
curacy of the model is further increased by adaptive vertical
coordinates that guarantee an optimal vertical mesh aligned
to the dynamic boundary layers and to the stratified interior
(Grawe et al., 2015). Air-sea fluxes were calculated from
the meteorological data provided by the atmospheric model
according to the bulk formulas of Kondo (1975). Based on
the data provided by the wave model, GETM calculated the
mean and maximum combined wave- and current-induced
bed stress during a wave cycle. The latter was used in FABM
for the erosion of sediment and MPs from the bottom pool
(see Sect. 2.4). A realistic initial state as the starting con-
dition for the hydrodynamical model was obtained by pro-
longing the simulations from Griwe et al. (2019) with the
UERRA/HARMONIE-v1 atmospheric data set. Further de-
tails about open boundary conditions and river discharge can
be found in Griwe et al. (2019).

A detailed validation of the model set-up can be found
in Griwe et al. (2019) and Radtke et al. (submitted).
For demonstration purposes, only the spread in sea sur-
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face elevation due to the different atmospheric forcing
sets is shown here (Fig. 4). A verification of the wa-
ter level at different stations from EMODnet (https://www.
emodnet-physics.eu/, last access: 14 March 2020) showed
satisfactory performance for both forcing data sets (WRF-
ARW and UERRA/HARMONIE-v1). A large spread is also
visible in the water level, especially at the peak of the surge.

The ensemble generation in the GETM model in this study
is only based on the ensemble hindcasts of the atmospheric
and wave parameters driving the model runs. Brankart et al.
(2015) showed that stochastic perturbations in the ocean
model are also important for uncertainty estimation. The un-
certainty in the ocean currents could therefore be underesti-
mated.

2.4 Microplastic representation

In GETM and FABM, sediment and MPs are represented
as Eulerian concentration fields. GETM simulated the 3-D
transport of the pelagic concentrations, whereas the FABM
model calculated the interaction with the corresponding bot-
tom pools due to erosion and deposition and provided settling
velocities to GETM. In FABM, a model for non-cohesive
sediments (see Sassi et al., 2015) was used to calculate ero-
sion, settling, and deposition of both sediment and MPs. The
different transport was caused by the lower densities of MPs,
which exceed that of the ambient water, i.e. we only consid-
ered sinking particles. This study focuses on model MPs with
the sizes and densities reported by Stuparu et al. (2015): 10
and 330 um for both PVC with a density of 1275 kgm ™3 and
PET with a density of 1400kgm 2. To study the impact of
density and particle size on the uncertainty in the transport,
additional densities of 1100, 1200, and 1300 kg m~> and par-
ticle sizes of 200, 250, 300, and 350 um were tested. As our
main aim is to support measurement campaigns and larger
particles are easier to sample, we focus our attention on par-
ticles above 300 um.

The simulations in this study started from homogenous
bottom pools of 1 kgm™=2 as a purely hypothetical reference
value as well as zero suspended material in the water col-
umn. Rivers and open boundaries were assumed to not im-
port material into the model domain. MP transport in the
model is affected by wave activity and different types of cur-
rents. Tidal currents are represented, but they only play a role
in the Danish straits, as the interior of the Baltic Sea is non-
tidal. Turbidity currents cannot be represented in our model,
as the concentration of suspended matter has no influence on
seawater density in the model. Thermohaline circulation, in
contrast, is fully taken into account.
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3 Results and discussion
3.1 MP relocation and its uncertainty

After a 2d storm surge event, a rearrangement of particles
could be observed in the model with some locations domi-
nated by erosion and others by deposition. This can be seen
by the change in the amount of MP stored in the bottom pool
(PET and PVC with a diameter of 330 um). To demonstrate
the range of uncertainty in the transported amount of MP,
two different grid cells in the Gotland Basin were selected
(Fig. 5): 57.69° N, 21.35° E (Fig. 6a-b) as a net erosion loca-
tion, and 57.66° N, 21.32° E (Fig. 6¢—d) as a net deposition
location. Relative to the initial concentration, net erosion var-
ied between 39 % and 72 % for PVC and between 16 % and
45 % for PET. Net accumulation varied between —13 % and
38 % for PVC and between 22 % and 34 % for PET. Thus,
for PVC in the deposition grid cell (Fig. 6¢), weak erosion
is visible in some ensemble members, whereas the major-
ity of the ensemble members show net deposition at this lo-
cation. For the denser PET, the uncertainty range is smaller
than for PVC, implying that its transport is less sensitive to
uncertainties in the wind fields and more predictable. Still,
the transported amount, even in this particle class, varies by
around a factor of 2 between realizations, showing that a re-
alistic quantitative estimation of MP transport is impossible
in ocean circulation models, even if the precise sinking, set-
tling, and resuspension properties of the MP particles were
perfectly known.

3.2 Erosion and deposition areas

Now we consider the spatial patterns where erosion and sed-
imentation take place. The spatial pattern in four selected
ensemble members and the deterministic runs is shown in
Fig. 7. We chose four members with a considerable spread
in the simulated wave height (Fig. 7g). The overall spatial
pattern is very similar between the different realizations. The
main impact of the metocean uncertainty lies in the amount
of the transported material. The perturbations of the atmo-
spheric model also produce deviations in the track of the
storm between ensemble members, which impacts the direc-
tion of ocean waves and currents and, in turn, the direction
in which the bottom shear stresses are directed. These find-
ings indicate that the bathymetry has a predominant impact
on the region where erosion and deposition take place, as the
locations are insensitive to changes in the track of the storm.
For this specific storm surge event and selected region, net
deposition took place on the south-western sides of ridges,
and net erosion took place on the north-eastern sides. Model
MP with a diameter of 330 um in deeper regions, below 50 m,
was completely unaffected. It is well known that water depth
plays a major role in sediment erosion by waves, as deep-
water waves (with wavelengths much shorter than the water
depth) show an exponential attenuation in their velocity am-
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Figure 4. Water level at six stations with the 1 nautical mile GETM model; atmospheric data from UERRA/HARMONIE-v1l, WRF-ARW is
unperturbed, and the 30 WRF-ARW members are generated with stochastic perturbations.

plitude with depth (e.g. Kundu and Cohen, 2001). Our find-
ings suggest that this causes stability in the spatial patterns of
MP transport against changes in the wind forcing and makes
the areas where erosion and deposition take place during a
specific storm event predictable.

The uncertainty ranges of the spatial pattern of the model
results were further investigated by means of the ensemble
statistics composed of the mean, minimum, and maximum of
each individual grid cell of all ensemble members (Fig. 8).
The net effect — whether the location was characterized by
deposition or erosion — appeared largely consistent for the
entire uncertainty range. Only a few locations showed de-
viations from this finding where some ensemble members
shifted between weak erosional and depositional net effects.
The larger extent of the erosional areas was due to more se-
vere representations of the storm event in some ensemble
members. Overall, these findings suggest stability in spatial
patterns of MP transport against changes in the wind forcing.
Areas of erosion and deposition during a specific storm event
are predictable.

3.3 Effect of particle size on transport uncertainty

Next, we investigate the effect of particle size on the un-
certainty in the transport by reducing the size of the parti-
cles to 10 um. The small PET particles show a net erosion
across almost the whole model domain due to slower reset-
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Figure 6. Changing bottom concentration of PVC (a, ¢) and PET (b, d) particles with a 330 um diameter in the two grid cells indicated in
Fig. 5, relative to the initial concentration. The different curves show 30 perturbed runs and 1 unperturbed run with WRF atmospheric forcing
and another simulation with UERRA/HARMONIE-v1 forcing. Panels (a) and (b) show a grid cell predominated by processes of net erosion,

whereas panels (¢) and (d) show a cell with net sedimentation.

tlement. That is, they are still found in the water column up
to 1.5d after the storm (at the end of the simulation). This
partly explains the large difference between the ensemble
minimum and maximum (Fig. 9b, c): When sedimentation
takes longer, quantitative differences in erosion strength will
result in larger transport deviations, as the material can be
advected further. This finding is also supported by theory on
sediment transport: smaller particles (if unconsolidated) are
suspended under lower shear stress levels and also require
calmer metocean conditions to deposit. Thus, the uncertainty
in MP transport appears to strongly depend on the particle
diameter and density.

To find out whether this is a systematic effect, the un-
certainties in the amount of transported material dependent
on the particle properties size and density were investigated
in more detail. These relationships were studied based on
sensitivity runs with 30 ensemble members for (1) PVC
with grain sizes of 200, 250, 300, and 350 um as well as
(2) 330 um MP with different densities of 1100, 1200, 1300,
and 1400 kg m3 (Fig. 10a, b). The seafloor concentrations at
the end of the model run deviate between the ensemble mem-
bers. Relative deviations from the ensemble mean were cal-
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culated. Figure 10c and d show that the relative uncertainty
increases with decreasing density and/or particle diameter,
with the exception of the 1100 um MP class, which shows a
smaller uncertainty as it is almost completely resuspended at
the chosen location. We conclude that the uncertainty in the
amount of transported material on the seafloor at a specific
time depends strongly on the properties of the transported
material. Thus, the application of an ensemble approach (us-
ing more than one model realization to predict transport path-
ways) is especially important if finer and lighter material is
to be represented in future model applications.

3.4 Pathways of atmospheric uncertainty propagation

In the following, the mechanism by which the atmospheric
uncertainty affects the MP transport is identified. In our
model, this can be caused (a) by influencing the wave height,
which changes the bottom shear stress and, therefore, MP
mobilization, or (b) by directly affecting the ocean circula-
tion through factors such as momentum input, thereby influ-
encing both mobilization and transport. We focused on these
two major pathways and attempted to distinguish their in-
fluence. The possibility of interlinkage by wave—current in-
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teraction is neglected in the present model cascade. To es-
timate the respective uncertainties of MP transport of the
two above-mentioned pathways, an ensemble driven with the
wave data from the unperturbed WRF-ARW run with the per-
turbed WRF-ARW atmospheric forcing and vice versa (with
perturbed wave data and unperturbed atmospheric data) has
been conducted. By comparing (Fig. 11) the outcome with

https://doi.org/10.5194/0s-16-1491-2020

the original ensemble, where both perturbed atmospheric and
wave data were used, it can be seen that the impact of the
wave field depends on the properties of the transported ma-
terial. The lighter or smaller the MP, the more important the
impact of the wave uncertainty on the amount of transported
material. For denser and larger MP, the uncertainty in the di-
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rect effect of atmospheric uncertainty on hydrodynamics is
predominant.

3.5 Importance of storms for MP transport

Higher-density MPs of about 300 ym diameter were only
transported under severe storm conditions, as demonstrated
in Fig. 12. The continuation of the simulation for the rest
of January 2019 caused almost no further erosion or deposi-
tion. This confirms the assumption regarding the importance
of extreme events for MP transport, which complicates its
direct empirical determination. Budget methods will be re-
quired to empirically determine quantities of transported MP.
A budget method relates (a) the input and (b) the output of a
quantity to (c) changes in its mass, e.g. inside an area of in-
terest. If two of the three values are known, the third one can
be determined. That is, transport rates might be more reliably
derived from observed amounts before and after storm events
than by multiplying abundances of suspended MP by instan-
taneous volume transports, both of which might show strong
temporal variation during extreme weather conditions.

3.6 Similarities between MP and sediment transport
The finding that spatial patterns of MP can be reliably pre-
dicted by ocean models, while the quantitative estimation of

MP is prone to considerable uncertainties shows that addi-
tional approaches are required for a more reliable estima-
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tion of large-scale MP concentration levels. Here, the re-
cently found MP-sediment proxy postulated by Enders et al.
(2019), which is based on correlations between certain high-
density polymer size fractions (> 1000kgm™2, > 500 um)
and sediment grain size fractions, would be an achievable
method. Estimations of MP levels can be based on a rela-
tively small in situ data set and extrapolated to larger spa-
tial scales by using the MP—sediment correlates. Lower den-
sities of MP (1000—1600kgm~3) compared with sediments
(quartz: 2650 kgm™3) are offset by a larger size. This rela-
tionship was explained by comparable threshold bed shear
stresses (and thus erosion rates) between these size fractions,
which appeared to be the predominant mechanism determin-
ing the sorting in the described study area (Warnow Estuary,
Baltic Sea, Germany; Enders et al., 2019). Although the MP
size ranges covered in the present study were below those
investigated by Enders et al. (2019), it is assumed that simi-
lar patterns can be found for smaller size ranges. Indeed, in
the present study, after the storm surge event, model PVC
with a diameter of 330 um co-occurred with 64 um sediment
grains, as apparent by the high correlation coefficient shown
in Fig. 13. This correlation is found to be largely explained by
similar erosion rates (Fig. 12b), whereas bottom concentra-
tions, predominantly determined by deposition, are also in-
fluenced by the settling velocity of particles and, thus, differ
slightly (higher amounts of PVC). Therefore, it is expected
that areas largely influenced by the settling of MP show a
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larger difference in the expected MP—sediment size relation
than described by the current MP—sediment proxy. For in-
stance, larger (and/or heavier) MP particles than 330 um PVC
(such as PET) would be closer to the deposition rate of sed-
iment grains of 64 um (Fig. 12a). Existing maps of sediment
substrate type, which typically differentiate between median
grain sizes above and below 63 um (e.g. EMODnet, 2020),
may therefore also provide information about the MP con-
centrations to be expected. However, as this investigation is
purely based on our model results with the above-mentioned
uncertainties, in situ measurements are inevitable to further
research the influences on this MP—sediment proxy.

Ocean Sci., 16, 1491-1507, 2020

4 Conclusions

A storm surge event in the Baltic Sea in January 2019 has
been hindcast by a four-step probabilistic model chain started
from an homogeneous initial MP distribution. The model val-
idation showed a good performance for water level and sig-
nificant wave height compared with different station data.

A strong variation in the amount of transported MP be-
tween ensemble members was found. This illustrates that
quantitative modelling of MP transport during storm events
already exhibits substantial uncertainty due to uncertainties
in meteorological forcing fields (e.g. wind speeds). A test
with different particle sizes and densities showed a depen-
dence of the uncertainty in the transport on the particle prop-
erties. The impact of the metocean uncertainty on sediment
and MP transport increases with decreasing particle density
and/or size.
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The spatial distribution pattern where material was eroded
or accumulated in the model runs was stable against the at-
mospheric perturbations, illustrating the capability of a nu-
merical model to identify regions of interest where seafloor
sampling of MP concentrations is promising.

The demonstrated procedure could also be applied
in forecast mode, by exchanging the ERAS5 reanaly-
sis data used in this study for data such as the freely
available GFS forecasts (https://www.emc.ncep.noaa.gov/
emc/pages/numerical_forecast_systems/gfs.php, last access:
14 March 2020). As a synoptic-scale winter storm event can
be well predicted at medium-range timescales (3-5 d), this
would allow for the production of ensemble simulations of
MP transport a couple of days in advance in order to iden-
tify sampling regions, as a strategic support tool for measure-
ment campaigns. The impact of the uncertainty from the lack
of knowledge on settling velocities and critical bottom shear
stresses would then have to be taken into account. One idea
to reduce the necessary computational resources is a cluster-
ing of the atmospheric ensemble data and driving the rest of
the model chain (wave and ocean model) with a reduced set
of representative ensemble members.

As a consequence of the insensitivity of the location of
erosional and depositional areas to the uncertainty in the
metocean forcing and a substantially smaller transport dur-
ing moderate conditions, this study indicates that it would, in
principle, be possible to construct a map of the spatial dis-
tribution of high-density MP particles in the Baltic Sea using
long model runs containing several storm events. Differences
between storm events might be larger than the uncertainty
in a single event. To get a more general picture of erosional
and depositional regions in the Baltic Sea, other storm events
with different tracks also have to be taken into account.

The demonstrated ensemble approach can also be useful
for other applications, such as implementation in the mar-
itime transport sector. After a strong storm event, it could
help to predict whether it would still be possible for large
vessels to enter a harbour or whether the morphodynamic
changes are so strong that dredging would be necessary.
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Appendix A: Mathematical description of the particle
sinking and erosion model

Sinking velocity of the particles is initially calculated using
the Stokes formula:

gD? pp — pw

) Al
18v  pw (AD

WStokes =

where g is the gravitational acceleration, D is the particle
diameter, v is the kinematic viscosity of water, and o, and py
are the densities of the particle and the water respectively. To
correct for larger particles whose sinking velocity would be
overestimated by the Stokes formula, a Newtonian correction
is applied by an iterative algorithm:

— aReynolds number is calculated as Re = 0.64wgink D /v;

— arelative drag coefficient is derived from this Reynolds
number as Cp = 18.5/Re®® following Perry and
Chilton, as cited by Khalaf (2009);

— the wupdated velocity is calculated
4gD Pp—pPw
3Cp  pw

geometric mean between the two velocities wsokes and

v/D.

as  Wsink =

, which can be understood as a weighted

This correction makes large particles sink slower than the
Stokes formula suggests. However, we also erroneously ap-
plied the correction to the small particles where it resulted in
an undesired upward correction. This has no effect on parti-
cle erosion, but it accelerates redeposition, which may even
lead to an underestimation of the influence of meteorological
uncertainty for the small particles in our study.

Erosion takes place when the actual shear stress exceeds
the critical shear stress. To determine the critical shear stress,
we follow the Shields curve, using the version that was cor-
rected by Soulsby (1997). First, we calculate the dimension-
less particle diameter D,, which relates the particle diame-
ter D to a viscosity-determined length scale, following Rijn
(1984):

D, =35 P
V2 pw

D, (A2)

where v is the kinematic viscosity of water, pj is the particle
density, and py is the water density. Then, we calculate the
critical Shields parameter for non-cohesive grains, 6. (also
dimensionless), following Soulsby (1997) as cited by Zier-
vogel and Bohling (2003):

0.3
- 10,055 (1 - *0-02’)*) . A3
o= 1i12p, T ¢ (A3)
The critical shear stress can then be calculated as
Ta=D (Pp - Pw) Ocr- (A4)
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Table Al. Sinking velocities and critical shear stress in the model
at 10°C.

Diameter Density Sinking Critical
velocity shear stress

(um) (kgm=3) (mms~!) (Nm~2)

10 1275 0.15  0.006210895

330 1275 8.14  0.045142586

10 1400 0.20  0.009277999

330 1400 10.98  0.062337737

The actual shear stress is calculated from the wave-
induced and the current-induced shear stress, 1y and 7. re-
spectively. The current-induced shear stress itself, however,
is also modified by the wave field, as it changes the bottom
drag coefficient according to the DATA2 formula given by

Soulsby (1997):
32
rm=<l+1.2< ) )‘L’C,

where 7. is the shear stress induced by the current in the ab-
sence of waves. The shear stresses induced by currents and
waves are combined depending on the angle o between cur-
rents and waves:

Tw

(A5)

Tc T Tw

,[2

= r\% + rﬁl + 2Ty T cos(). (A6)
If the actual shear stress exceeds the critical one, the de-
posited material becomes resuspended with first-order kinet-
ics, i.e. proportional to its mass in the sediment pool.

The actual values for sinking velocities and critical
stresses depend on temperature, as it influences sea water vis-

cosity. Values for 10 °C are presented in Table A1.
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Reliable, easy, cost-effective and reproducible ways of extracting microplastics (MP)
from environmental samples remain important requirements for MP research. In this
context, electrostatic separation is a new proposition, especially for extracting MP
from mineral-rich samples and large sample volumes. However, there is little research
evaluating the reliability of the technique. This study has evaluated the effectiveness of
the Korona-Walzen-Scheider (KWS) system; a small-scale version of larger machines
designed to sort recycling materials. Recovery rates of a variety of sizes of MP,
spiked in beach sediments, were found to be highly dependent on the MP size.
MP > 2 mm achieved 99 - 100% recovery (with the exception of fibers: ~80%),
MP of 63-450 uwm achieved ~60-95% recovery and MP of 20 wm achieved ~45%
recovery. For particle-based analysis, additional density separation is still inevitable for
the analysis of small MP after KWS separation and further reduces the overall recovery
rates. Mass reduction rates of beach and commercial reference sand greatly differed, 93
and 17%, respectively. Mineral analysis using SEM-EDX suggested that lower reduction
rates found in commercial sand was due to high presence of small (<50 wm) calcite
particles. Tests based on environmental soil samples revealed comparatively low mass
reduction rates (~1%), suggesting that KWS treatment was inefficient for soils due to
high levels of fine particulates. Sieving to remove fine particles improved mass reduction,
though only to ~15%. To specifically test for influence of fine particulates, recovery
rates were determined for sand samples spiked with a defined amount of silicate dust,
resulting in a reduction of certain MP recovery rates, especially medium-sized (450 pwm)
MP. Conclusively, several key influential parameters were identified, such as mineral
composition and grain size, that can negatively effect sediment mass reduction as well
as MP recovery rates. Given the variability in recovery rates, the use of internal standards
is recommended when using the KWS, particularly for smaller MP (<500 wm). For large-
volume (beach) sand samples, where interest is mainly in MP > 450 wm, electrostatic
separation is a reliable and fast approach for MP extraction from the environment.

Keywords: electroseparation, method test, protocol, anthropogenic litter, plastic, monitoring, reference material

INTRODUCTION

Current limitations in the field of microplastics (MP) extraction from complex matrices foster the
development of, and search for, new approaches. Electrostatic separation is one of the techniques
that has recently been proposed by Felsing et al. (2018) for MP purification of different sample
matrices, ranging from beach sand to more complex matrices like freshwater suspended particulate
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matter and freshwater sediments. In their study, a set of six
different commodity polymers were tested at four different size
ranges (2-5 mm, 0.63-2 mm, 200-630 pm and 63-200 pwm)
using a Korona-Walzen-Scheider (KWS-XS, Hamos GmbH) and
yielded recovery rates of 90-100%.

The intended effect of electrostatic separation is to selectively
separate non-MP particulates from MP particles, thereby
reducing the non-MP particulate portion. This reduces the
amount of material submitted to the subsequent steps and hence
allows for preparation of larger initial sample volumes. The
subsequent treatment of the electrostatically reduced sample
is completed with already-established methods (e.g., density
separation and digestion).

Density separation alone is the most widely used reduction
method of the inorganic fraction. By using a variety of different
density salt solutions (e.g., ZnCl,, Nal, sodium polytungstate) it
can reduce bulk particulate material in many samples (Hidalgo-
Ruz et al., 2012). However, there is a general lack of efficient
separation procedures targeting large sample volumes of several
kilos which is often needed when dealing with relatively low
MP numbers in order to increase statistical robustness. The
Munich Plastic Sediment Separator has been designed to density
separate larger volumes, though, it appears to be a rather labor-
intensive method (Imhof et al., 2012). Electrostatic separation is
not as exhaustive as density separation in eliminating the entire
mineral fraction (99.98 £ 0.03%, Enders et al., 2020), although
approximately 98% mass could be reduced in previous tests in
just 5 h (Felsing et al., 2018). However, due to deviating objectives
a direct comparison to other established methods is difficult
(though respective reviews exists, see Stock et al., 2019). Most
other purification techniques where chemicals (acidic or basic)
or mechanical forces (e.g., stirring during density separation) are
involved require elaborate testing of MP resistivity (Lenz et al.,
2020). Electrostatic separation can be considered a very gently
treatment and such tests can be omitted as no effect on the MP
integrity is to be expected.

The working principle of electrostatic separation using the
KWS is based on the different electrical conductivity of the
sample particulates, with mineral particulates being generally
more conductive than plastics. As water content fundamentally
changes the electrostatic behavior of particles, an initial (freeze)
drying step is needed. The dried sample is then entered at
the sample-entry funnel of the instrument and transported
by a vibrating conveyor plate toward the Corona electrode
system. For better visualization of this process, see the KWS-
XS schematic in the supporting information (Supplementary
Information, Figure S1). The particles become charged in a
high-voltage electrical field (max. 35 kV, DC) between the
grounded drum and an above-mounted rake-shaped electrode.
More conductive mineral particles discharge quicker and jump
off the drum with the dividing flap guiding them into the
“sediment container.” Less conductive plastics discharge slower
and remain adhered to the rotating drum and only detach
later into a separate collection container (the herein named
“plastic container”). All particles that remained adhering to the
drum are mechanically removed by a scraping plate, which lets
them fall into the plastic container as well. By recycling the

content of the plastic container into the top (i.e., repeated runs),
the mineral fraction is further reduced and MP are further
refined. According to the prior study, three repetitions were
found to be most efficient. As the working principle is already
thoroughly explained by Felsing et al. (2018), in the following,
the focus is concentrated only on the additional findings of
this method e.g., concerning influential factors on the recovery
rates as well as on the working steps necessary to allow a
replication of the method.

Based on the results by Felsing et al. (2018), the aim
of the present study was the validation of the instrument-
functionality for current sample matrices and the determination
of their standard error to be reported in future studies. The
main scope was to use electrostatic separation for beach
samples, as they (by experience) often require relatively large
initial volumes (up to several kilos) to reach statistically
robust MP numbers. Beach sediments are usually on the
less complex end (low in organics, relatively homogeneous
grain size distribution) of possible environmental matrix
compositions and reached highest enrichment rates in the
prior study mentioned above. However, more complex matrices
(freshwater suspended particulate matter) also appeared to
reach reasonable recovery rates and mass reductions. This is
why we also report observations on the extraction efficiency
of soil samples, a matrix which typically challenges other
methods due to their complex compositions (rich in organics,
heterogeneous grain size distribution, high levels of aggregation;
Moller et al., 2020).

The extraction
three requirements:

efficiency was evaluated based on

e areasonable mass reduction of the initial sample mass that
allows for a subsequent quick and easy density separation
in a separation funnel [as presented in Enders et al. (2020)]

e reasonable and reproducible (i.e., consistent) recovery rates
of MP

e low influence of matrix-related variables (i.e., grain
size, mineral composition) on recovery rates and
mass reduction

As the prior study showed no differences in recovery rates
between polymer types, the present study focuses only on
different particle sizes with a broader overall size range from
20 wm to 4 mm, as well as with finer steps between each size range
compared to prior tests (Felsing et al., 2018).

MATERIALS AND METHODS

Test Material

Recovery rates were determined using the same model of
electrostatic separator (2nd prototype, KWS-XS, Hamos
GmbH) as presented in Felsing et al. (2018). Sets of different
recovery-test MP of various sizes, polymers and shapes
(Table 1 and Supplementary Information, Figure S2)
were prepared and the test sediment samples spiked. The
smaller the particles, the higher the number of spiked test
MP due to the expected lower recovery rates. Spiked MP
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TABLE 1 | Set of spiked MP of various size (longest dimension), color,
polymer type and shape.

Number Size Color Polymer Shape
added

20, 40 4 mm black PAB6 (Polyamide) pellet
20, 40 2 mm white HDPE (High-density  pellet

Polyethylene)

20 2mm green PE fiber
20, 40 450 pm red PAB pellet
60 - 80 125-150 pm green (florescent) PE sphere
60 - 220 63-74 wm  blue (florescent) PE sphere
20 - 201 20-27 wm  green (florescent) PE Sphere

An image of the listed particles can be found in the Supplementary Information,
Figure S2. Added numbers of spiked MP varied (see 1st column,).

were counted visually (>450 pwm) aided with a binocular
microscope (Zeiss Stemi 2000) and an ultraviolet light source
(Tattu U2, 395 nm) where necessary (<150 wm, fluorescent
microspheres, Cospheric LLC).

Test samples were composed of either:

(a) 100 g (d/w) beach sand from the Baltic Sea (Warnemiinde
beach, 0-2 c¢cm surface, d50 = 319 pm, 197-530 wm [10, 90 th
percentiles], Supplementary Information, Figure S3A)

(b) 100 g (d/w) commercial sand (Aquarienkies, Rosnerski
Quarz Verpackungswerk, d50 = 310 pum, 193-512 pm [10, 90th
percentiles], Supplementary Information, Figure S3B)

(c) 100 g (d/w) sand as described in (a) added with 30 g
micro glass beads with a size range of 40-70 wm (Strahlgut,
Samore GmbH)

(d) 500 g w/w (~440 g d/w) agricultural soils (0-30 cm surface
mixed-core soil, from two test fields, one with 10 tons ha=! of
sludge from a waste water treatment plant previously applied in
2014, the other without sludge).

Preparation

Test samples (a)-(c) were baked for 5 h at 500°C to eliminate
any MP contamination present in the sample which would
potentially hinder a quick determination of the recovery rates.
The soil samples (d) were not baked but freeze dried (according
to Enders et al., 2020) as both the organic fraction was intended
to be preserved and the determination and thus conservation of
environmental MP was targeted in addition to the recovery rates
of the spiked MP standards.

The test sediments were added together with the spiked
MP into the entry-funnel at the top of the KWS and
a test run started according to the attached protocol
(Supplementary Information, Text S1). The procedures
described here were written based on the steps reported by
Felsing et al. (2018) and experiences made by the authors
of this study. For example, run repetitions were set to five
(instead of three) in order to increase the mass reduction.
Subsequently, a small-scale density separation was performed
according to Enders et al. (2020) to allow unhindered
identification of the spiked test-MP. A schematic overview
of the separation steps can also be found in Felsing et al.
(2018, Figure 3).

Optimal Instrument Settings

At first, optimal instrument settings had to be identified to
perform recovery tests. Those initial tests were performed using
the test MP between 4 mm and 450 wm in size (Table 1),
as they could be quickly visually identified without performing
a subsequent density separation. For beach sands (a, ¢) two
different high voltages (20 kV, 22 kV) were tested and the
full set of MP recovery rates and mass reduction determined.
The voltage optimum was found to be at 22 kV. While higher
voltages generally improved the separation efficiency, when
further increased (up to 25 kV), smaller particles were strongly
dissipated and scattered in an uncontrollable manner. The
drum speed was set relatively slow, 5 rpm (4%), as otherwise
centrifugal forces and particle-particle interactions prevented
independent separation of particles. To ensure the maintenance
of a mono-layer of sample material on the drum, the terminal
vibration strength of the conveyor plate was set between 60 and
120 rpm (1-2%). Initially, higher vibration strength might be
needed as it depends on the sample weight on the conveyor
plate which has to be transported. Depending on the sample
type, drum speed and vibration strength can be changed but
must be configured to ensure mono-layering of particulate
matter on the drum. The sample-entry funnel on top of the
KWS comes with a relatively large output opening (12 cm),
which caused large variations of sample weight present on
the conveyor plate and thus a lot of manual adjustment of
the required vibration intensity to achieve a mono-layer (as a
function of the sample being processed). Since, in this original
design, failure in properly adjusting the vibration strength during
sample-processing could influence the results (by impacting
drum mono-layering), the funnel was modified with additional
tapering using an adjustable stainless steel plate. The new opening
can be adjusted to approximately 5-10 mm (Supplementary
Information, Figure S1). It is further noted that the original
particle shield (Polyvinyl chloride) above the vibration plate and
drum, built to reduce the loss of particles to the KWS interior,
was unmounted due to several reasons. These are: (1) Both sand
and MP particles were found adhering to the shield surface and
were thus lost from the sample; (2) The PVC shield constitutes
a potential source of plastic contamination, and (3) It hindered
control of mono-layering. Given these benefits, it is not expected
that the shield removal negatively effects results. As an additional
modification, a hardboard sheet was added above the sediment
container to reduced the loss of sediment to the KWS interior
(Supplementary Information, Figure S1). The metal dividing
flap that determines the boundary between sediment and plastic
container was set to an angle of 19.5°, the optimally determined
position where maximum sediment would be separated without
any large MP falsely entering the sediment container (standard
procedures and parameters in Supplementary Information,
Text S1, Figure $4).

Mineral and Grain Size Classification

SEM-EDX analyses were completed at the IOW by the authors
using a Zeiss Merlin VP Compact Scanning Electron Microscope
(SEM) combined with an Oxford X-Max 80 energy-dispersive
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x-ray (EDX) spectrometer to analyse mineral content of
two exemplary sand samples (software: Oxford AZtec 3.3).
Samples were vacuum sputter-coated with elemental carbon
to provide good electrical conductivity (Cressington Carbon
Coater 108carbon/A, TESCAN GmbH, 10 nm layer thickness).
Measurements were taken with an aperture of 30 pm, a
working distance of 8.5 mm and a kV of 15.00 using Inca
feature 5:04 software. An upper limit of 1000 features (ie.,
particulates) were measured per sample. Mineral classification
was applied according to the in-house-developed Baltic Sea
Standard. Homogenized and freeze dried subsamples were grain
size analyzed in two replicates using the laser-sizer Mastersizer
3000 by Malvern (10 s ultrasound applied).

RESULTS

Recovery Rates

Across the different types of sand sediment matrices (a-c),
MP recovery rates decreased with MP size (Figure 1, data in
Supplementary Information Table S1). The standard deviation
increased for smaller MP as well as fibers.

For beach sand (a), the MP recovery rates decreased from
100 to 10% median recovery, including losses generated during
density separation (Figure 1, red box plots; Supplementary
Information Tables S1A-D). The recovery rates presented
here were determined after the density separation, a necessary
procedural step, as otherwise remaining sediment particles
hindered a direct analysis, especially of the particles <150 pum.
To determine KWS specific recovery rates, the recovery rates
of the density separation only were determined separately and
subtracted from the total (Figure 1, opaque bars; Supplementary
Information Tabled S1L-M), resulting in a corrected recovery
rate declining from 100 to 45% with size. There was no difference
in recovery rates between the two different voltages (20 and
22 kV), thus recovery rates were averaged (Supplementary
Information Tables S1A-D).

Median recovery rates for the commercial sand (b) were
slightly lower compared to the beach sands (Figure 1, turquoise
box plots; Supplementary Information Tables S1E-G), with
the exception that the recovery rates of the smallest spiked MP
(20-27 pm) were significantly higher (¢-test, p = 0.03).

The presence of the fine (40-70 pm) glass beads (c) resembling
fine sediment grains or, more generally, dust, partly distorted
the previously described recovery-rate pattern for beach sand
sediments (Figure 1, dark blue box plots; Supplementary
Information Tables STH-K). While the large particles (>2 mm)
were unaffected, the recovery rate of the intermediate size class
(450 wm) was significantly reduced (t-test, p = 0.04) by nearly
40%. Spiked MP (125-150 and 63-75 um) closer to the size
spectrum of the added dust particles showed a slightly increased
recovery rate compared to the previous test without additional
dust. It seems reasonable to assume that the added dust particles
cannot sufficiently adhere to MP particles of similar size and thus
do not negatively affect the recovery rate. However, larger MP
which can be sufficiently surface-coated by dust can obtain a
higher net-conductivity and enter the sediment container more

frequently. This negative effect on the intermediate size class
seems to amplify when using glass beads as sole sample matrix
(one observation only; Supplementary Information Table S10).

Mass Reduction

The main reason of applying the KWS is the selective MP
refinement by reduction of the mineral mass fraction. In case
no considerable mass-reduction is achieved for a specific sample,
electrostatic separation would simply constitute an increase in
methodological efforts and resources (as well as an extra step
for possible contamination and loss of particles), without any
prominent benefit. Therefore, besides MP recovery rates, the
mass reduction is the ultimate measure of treatment effectiveness.

The mass reduction of beach sand was influenced by the
voltage applied and resulted in 74% at 20 kV and 93% at 22 kV.
Comparable numbers were acquired with dust added, 70% at
20 kV and 94% at 22 kV. Thus, a higher voltage generally
increases the mass reduction. However, as already mentioned
in the above section “Optimal instrument settings,” a further
increase strongly affected the smaller particles that scattered in
an uncontrollable manner.

The effectiveness of the method in terms of mass reduction
for the commercial sand was substantially lower compared to the
beach sand, resulting in a 17% average (at 22 kV), MP recovery
rates were within the same ranges. The lower mass reduction,
and thus a larger remaining volume, of the commercial sand
probably explains the higher recovery rates of the smallest spiked
MP, which appear not to be actively separated. An increase in
voltage (to 25 kV) did not have a measurable effect on the
mass reduction of commercial sand, as the majority of the
material remained adhered to the drum before being collected
into the plastic container by the scraping plate. As the grain
size distribution of both sand types (a, b) were very similar,
likely mineral compositions (e.g., mineral specific electrical
conductivity) plays a larger role.

The mass reduction can also be influenced by the angle of
the dividing flap between the sediment and plastic containers.
The larger the angle, the more of the mineral fraction will be
separated (and ultimately eliminated). However, over-increasing
the flap angle comes at the cost of MP recovery rates, as certain
(particularly large) MP will start to be eliminated from the sample
if the angle is too extreme. As stated above, an optimum angle
was determined to be 19.5°; the highest angle where no large
MP were lost to the sediment container (runs: n = 3). It has
been observed that an initially higher angle (starting at 28°) lead
to an increased loss of MP, particularly the 4 mm black pellets
and the 2 mm fibers (up to 10%), to the sediment container.
The rounded morphology of these MP occasionally initiated
rolling movement on the drum which, combined with drum-
centrifugal force, likely explains the higher trajectory and loss
to the sediment container of these MP. For the sands used in
this study, a higher flap angle of 28° did not further increase
mass reduction rates. It was observed that the eventual non-
separated sediment fraction was adhering to the drum, indicating
that further increase of the angle would have a negligible effect.
While initial instrument settings, such as the angle of the dividing
flap or high voltage, can influence the separation efficiency, the
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FIGURE 1 | Box plot series showing recovery rates (incl. density separation, DS) of MP of different size classes from beach sand (red), commercial sand (turquoise)
and beach sand with additional presence of dust (dark blue). Whiskers represent the 25 and 75 percentiles. KWS-specific median recovery rates of MP of different
size classes, mathematically corrected for density separation, are shown as opaque bars behind the box plots.

determining factor for the final mass reduction seems to depend
on sediment composition.

Sediment Composition

It was not initially clear why beach and commercial sand
had different mass reduction rates, since they are expected
to be compositionally similar (i.e., mainly quartz(SiO2)-based).
However, given there was a clear difference in mass reduction,
and that the two sands had a different visual appearance
(beach sand brown in color while commercial sand was white,
Supplementary Information, Figure S3), it was necessary to
further analyse the mineral composition of the sediment to
better understand if, and how, mineral composition influences
reduction rates. SEM-EDX spectroscopy was applied to the
two sand samples. It was apparent that the commercial sand
contained higher levels (50.5%) of small (<50 pm) calcite
particles in comparison to beach sand (23.5%). A visual
demonstration of this difference can be seen in Figure 2.
Aside from this, the elemental analysis showed slightly lower
levels of certain metal elements (e.g., aluminum, potassium and
magnesium) in the commercial sand.

From the obtained data we can only presume that either
the actual mineral composition differences lead to changes
in the material conductivity and thus different electrostatic
separabilities. Or, that the compositional differences lead to
distinct hygroscopic properties that entail varying material
humidities at the time of separation. The latter may be tested in a
humidity controlled environment, which is, however, beyond the
scope of this study.

Soils

Initially, soil samples (d) achieved ~1% visually estimated
reduction after two runs. This ineffectiveness of the KWS was
postulated to be due to the high levels of silt and clay particulates
present in soils (especially agricultural soils). Therefore, dry-
sieving to remove the <100 wm quotient was applied (according
to Enders et al., 2020). After a further six runs of the sieved
sample, the mass was reduced overall by ~15% (total eight runs
taking ~7 h per 500g w/w sample, not including reductions of
the sieved-out fraction). This indicates that removal of the dust-
sized quotient of the soil samples improved the performance
considerably (from ~1 to ~15% reduction); however, this
reduction rate was far below that observed for beach sand.
Due to such a comparatively poor reduction, it was considered
redundant to test recovery rates for KWS treatment of soil.
This is because to enable MP analysis, other methods, such as
sieving, and multiple cycles of density separation and H,O,
digestion were required. This makes KWS-specific recovery rates
difficult to accurately determine, and ultimately without value,
given the lack of usefulness of the KWS approach for these
samples going forward.

DISCUSSION

Influential Factors

Microplastics recovery rates for different mineral-rich samples
using the KWS scaled with MP size, with generally the highest
rates achieved for the largest particles. In consequence, a general
standard error for overall MP recovery using the KWS is not
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FIGURE 2 | SEM images of (A) commercial sand and (B) beach sand. Mineral classification of sediment particles for (C) commercial sand and (D) beach sand. High
amounts of small calcite particles can be seen in the commercial sand samples (purple in C), which are largely absent in the beach sand sample (D).

SiO, (Al rich)

useful and thus not determined, suggesting to report a standard
error per size range (see Figure 1).

The results demonstrated that, aside from customisable
instrument settings, many factors concerning the composition
of the sediment matrix can potentially influence MP recovery
rates obtained by electrostatic separation. While some of these
factors can be easily adjusted, such as sample condition e.g.,
humidity by prior freeze-drying, factors determining sample
composition are more complex to control for. Among those are
grain size distribution (especially with respect to the smaller
“dust” fraction), mineral composition as well as organic matter
content (potentially causing aggregation). This study showed that
increased presence of dust of one specific grain size strongly
influenced the recovery rate of certain MP sizes. An explanation
for this effect could be an increased surface-coating of MP by
smaller silicate particles causing a higher net-conductivity and
increased loss to the sediment container. SEM-EDX analysis
suggested that presumably the high presence of calcite dust (as
seen in the commercial sand, Figure 2) or lower presence of
metal-rich minerals reduced sediment reduction rates, lowering
the usefulness of the approach. It is, however, still unclear which
dust sizes or mineral compositions have the greatest impact on

size-dependent recovery rates and mass reduction rates. The
amount of dust likely negatively scales with the specific recovery
rates, as observed when using the dust particles as the sole sample
matrix. In contrast to the freshly produced and clean test MP,
environmental MP are usually coated with organics and fine dust.
Therefore, the actual recovery rates for environmental MP are
likely below those presented here.

Soil observation results also suggest that high presence of fine
particulates and the presence of agglomerates (as typical for soils)
in samples limits KWS applicability. As the primary purpose of
implementing electrostatic separation is for the bulk reduction
of sample volume, it turned out that KWS treatment, even with
a large amount of fine particles being removed by dry-sieving,
enabled only a reduction of the original volume of ~15%. Taken
into account that the time taken to perform this reduction was
7 h, the value of the applied method was low for our purpose.
Indeed, even after sieving and KWS treatment, an advanced
density separation was still required to process the samples.
Methods for the refinement of MP in environmental samples
benefit from having the least steps necessary, given the problems
of particle loss and contamination (Dehaut et al., 2019; Enders
etal., 2020). As such, the method applied to soils within this study
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offers limited promise. However, it should be considered that dry-
sieving does not completely remove dust, as conglomerates of
fine material and those adhering to larger particles may not pass
through the sieve. Wet-sieving (performed before freeze-drying),
which uses water to carry material through the sieve, is likely
to be more efficient at dust-removal. However, it is unknown
how much of a pronounced difference this might have on KWS
reduction rates on agricultural soils. Given issues surrounding
agglomeration of particulates in soils, reduction rates are still
anticipated to be well below those of sand, and progressing
directly to a larger-scale density separation is likely to produce
better results than wet-sieving combined with KWS.

The material requirements reported by the manufacturer of
the KWS (hamos GmbH) are in line with our findings in view
of a conservative perspective. The company recommends sizes
of 2-12 mm for plastic separation and >100 pm for mineral
separation. Ideally, the material is dust-free and completely
disintegrated (no composites/agglomerates).

Other Limitations

As already mentioned the KWS has originally been developed
for large-scale recycling material separation, focusing on plastic
particles of several millimeters to centimeters (Tilmatine et al.,
2009; hamos GmbH, 2020). Although the KWS-XS has been
downscaled in size which allows an application of smaller samples
in a usual scientific lab, certain limitations derive from the design
of the instrument and related physics of particles. The KWS
has a relatively closed outer hull which prevents contamination
from outside. However, when working with particles down
to the smaller micrometers in size, the arrangement of the
functional inner parts would obviously require a more closed
system of higher precision, with less surfaces and corners causing
potential particle losses. It has frequently been observed that
larger particles, especially fibers and smaller MP, repeatedly
remained adhered to the drum as a result of not being dislodged
by the scraping plate which is installed to provoke particles,
still adhered once passing the sediment (waste) container, to fall
into the plastic container. The scraping plate also unintentionally
collects particles on the rear side over time, and requires manual
opening and scraping to ensure all relevant particles are collected
in the MP container. This process is, however, less effective
the smaller the MP. In the case of soil samples, clay presence
was so high that, given the inefficiency of the scraping plate at
consistently removing small particles, after a number of runs the
drum was permanently coated in fine particulates. This made
mono-layering highly challenging and probably contributed to
the lower mass reduction rates. In general, the large surface areas
inside the KWS offer small particles plenty of space to stick
to due to electrostatic forces of attraction. This effect can be
observed after sample runs that contained relatively small grain
sizes, after which all surfaces gathered dust. Accordingly, cleaning
between sample runs is exhaustive. A size measurement of the
dust collected on the inner surfaces of the KWS after a beach sand
separation showed an average size of 54 pm, ranging from 33 to
79 pm as the 10 and 90th percentiles, respectively. Occasionally,
larger MP (>450 pm) fell to the bottom of the instrument,
outside the remit of the collection containers.

The MP container collecting the refined material has to
be thoroughly rinsed and the rinse water collected following
sample transferral to the density separation (or any other desired
next experimental step). In some cases, more than 50% of the
spiked MP < 150 pm were found in this rinsate (and included
in the results).

Scope of Application

The results of the present study showed that a reduction of MP
recovery rates correlated with size, with the smallest fraction (20—
27 wm) achieving consistently less than 20% recovery (incl. KWS
and density separation) for sands that were sufficiently reduced in
mass. In contrast, Felsing et al. (2018) found as high as 100% for
all MP size fractions tested, from their largest (2-5 mm) to their
lowest size fraction (63-200 pm), in both quartz and beach sand.
Although this is a much larger and broader range size category
than in the present study, the most comparable size class to their
smallest size fraction is 63-74 pwm, which achieved less than 60%
for beach and commercial sands, when corrected for the density
separation (for best comparability as Felsing et al. (2018) counted
recovery rates without density separation).

Instrument settings were overall comparable between the two
studies. Although drum speed and vibration of the conveyor
plate were slightly faster in the prior study, as long as the
mono-layering is ensured, no influence on the recovery rate
is expected. The angle of the metal flap divider between the
collection containers was also in a similar range (20°) in the
Felsing et al. (2018) study (Kochleus, 2020). However, in the
present study, it has been shown that, rather than the instrument
settings, sample matrix variance influences the mass reduction to
the greatest degree, as demonstrated by SEM analysis of the two
sand samples as well as the ineffectiveness of KWS treatment on
the soil samples.

A difference between the designs of the two studies concerns
the shape of the spiked MP used. Whereas the prior paper
used MP with a flake-like (flat) morphology, the present study
used mainly pellet or round MP. Flat particles have a larger
surface area-volume ratio which presumably better-adhere to the
drum, whereas round MP, due to the relatively small contact
area compared to mass, are more likely to fall from the drum
prematurely if the electrostatic force is insufficient compared to
gravity acting upon the particle. As mentioned above, this fall-
off effect was observed especially for the larger MP (>2 mm).
However, it is unlikely that shape significantly affects the recovery
of the smaller MP. The small MP fraction reported by Felsing
et al. (2018) describes particles within a comparatively larger
size range (e.g., 63-200 wm) and the actual size distribution of
particles within that range is unknown. This makes it difficult to
compare to the finer small-MP size ranges used in the present
study (125-150, 63-74, and 20-27 pm). The MP sample number
was lower in the previous study (n = 10), compared to the present
study (n > 20), for the individual spiked MP which increases the
risk of statistical outliers.

However, an important factor to consider when comparing
studies testing electrostatic separation is that we now know that
mineral composition plays an important role. SEM analysis of
the two sand samples within the current study showed that
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TABLE 2 | Summary of advantages and limitations of electrostatic separation
(using the KWS) for MP purification from sediments.

Advantages Limitations

o relatively fast and easy method

e reduction of a potentially large
sediment fraction

e no polymer resistivity tests needed
due to non-destructive separation

o additional (established) treatment steps
needed if a particle-based analysis is
targeted

e mass reduction depends on multiple
matrix-related factors which can negatively

mechanism impact the efficiency: (1) mineral
e generally good recovery rates for composition, presence of less conductive
large MP or less hygroscopic minerals; (2) grain size,

presence of fine sediment (<100 pwm)

o decreasing MP recovery rates with
smaller MP sizes

o fine sediments (<100 wm) can reduce
MP recovery rates

e improvements on the instrument design
needed

Findings are elaborated in more detail above.

both the size and composition of particulate matter can have
a marked difference on mass reduction. Therefore, comparing
reduction or recovery rates between samples where mineral
composition is unknown is a challenge. Yet, the difference in
results between the two studies are so pronounced that, even
with a difference in mineral composition, it is likely that more
unknown factors are in play.

Microplastics samples treated with electrostatic separation
require further subsequent treatment steps such as density
separation and digestion. Ultimately, the recovery rates of the
respective procedural steps add up. The sum of all this can
be quite considerable for some size classes, as shown with
the example of combined electrostatic and density separation
(Figure 1, box plots). The more methodological handling steps,
the more errors occur and it is generally recommended to keep
the individual treatment pipeline as short and simple (but robust)
as possible. Therefore, it has to be evaluated case by case, whether
the requirements shown in the present paper fit both the sample
type and the research question. Less complex sediment matrices
with expectantly low MP content that statistically require larger
initial sample volumes (>1 kg) may justify such a first volume
reduction step. In any case, the additional financial investment,
as well as per-sample time and effort related to electrostatic
separation has to be taken into account. A simple density
separation (hand-shaking) in a separation funnel is efficient to
up to ~50 g of sediment (lower for organic-rich samples). For
samples up to 500 g (or even up to 1 kg if the sample is split), a
density separation, combined with advanced stirring, such as the
spiral sediment conveyor (Enders et al., 2020) is most-likely more
efficient and robust for a greater range of research questions.
However, samples significantly larger than this can make density
separation too challenging as a first step. In these cases, the KWS
approach could be used to reduce the starting volume, especially
for sand samples. However, given the variance in recovery rates
due to MP size and sample composition, the use of internal
standards is highly beneficial, especially for the smallest sizes
targeted (something typically determined by analysis limitations).

MP that are highly unusual (so as not to be confused with real
environmental MP) and easy to distinguish (i.e., brightly colored)
are most recommended. UV-fluorescent MP are highly beneficial
for this purpose.

Despite the above, open questions still remain from the
current state of knowledge, and of particular concern are the
recovery rates of environmental (degraded) MP and the influence
of MP shape. Larger systematic tests would be needed to better
understand these questions, as well as to quantify the impact of
the identified key influential parameters of the sediment matrix.
As a concise summary of the above findings, advantages and
limitations of electrostatic separation (using the KWS) for MP
purification from sediments are listed in Table 2.

CONCLUSION

Based on the presented results, the application of the KWS for
MP purification can be recommended for sediments of relatively
large grain sizes (above 100 pum), in absence of dust and for large
MP sizes between 0.5 and 5 mm, especially where large sample
volumes (>1 kg) are desired. It should be tested in advance
whether the mass reduction of the targeted matrix achieves
the required volume for further processing, given that although
mineral composition has shown to be of influence, the extent
of this influence is unknown. The use of internal standards is
highly recommended, especially for small MP, as recovery rates
vary with MP size as well as sediment composition.
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ABSTRACT

The identification of microplastics (MP), especially small (<500 wm) MP, using automated surface-chemistry
approaches requires the best possible reduction of natural particles whilst preserving the integrity of the targeted
synthetic polymers particles. In general, both natural and synthetic particles can be highly diverse physically and
chemically and MP extraction, particularly from complex matrices such as sediments, sludge and soils, requires
efficient method pipelines. Our paper presents a universal framework of modular protocols (presented in a
decision tree) that fulfil predefined user requirements (QUEChERS: Quick, Easy, Cheap, Effective, Rugged, Safe) as
well as providing best practises for reasonable MP working conditions within a standard laboratory. New
procedures and technical innovations for density separation of particle-rich matrices are presented, such as a
spiral conveyor developed and validated for MP recovery. In sharing such best-practice protocols, we aim to help
in the push towards MP quantification method standardisation.

e Publication of protocols of an entire MP extraction (10 wm - 5 mm) pipeline for particle-based analysis of
various environmental matrices

e Modularity: Optimised quantitative sample preparation adapted to particle sizes and sample matrices

o New protocols and technical innovations (e.g. spiral conveyor) optimise MP extraction

© 2020 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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control; PTFE, polytetrafluoroethylene; UR, user requirements; SR, system requirements; TS, technical solution; SI,
supplementary information; MQ (water), MilliQ (water)/ ultrapure water; SOPs, standard operation procedures.
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Sodium hypochlorite solution, 14% active chlorine (CAS Number 7681-52-9, VWR)
Acetic acid 100% (CAS Number 64-19-7, VWR)
Ethanol 99% (CAS Number 64-17-5, VWR)
Pentane (CAS Number 109-66-0, VWR)
Tween80 (CAS Number 9005-65-6, Merck)
Lab equipment
Devices
e Laminar flow bench, “Clean bench” (52020 1.8, Thermo Scientific)
e Pump (Model 412721, Welch)
Freeze dryer (Delta 1-24 LSCplus, Christ)
Water purification system (Milli-Q Reference A+with Q-POD dispenser, Merck Millipore)
Sieve shaker (AS200 control, Retsch)
Stereoscope microscope (Stema 2000, Carl Zeiss)
Ultrasonic bath (Sonorex Super, Bandelin)
Muffle oven (L15/11/B170, Nabatherm GmbH)
Freezer (—20 °C)
Fridge (4 °C)
Fine particulate air filter (Vita Shield IPS, Philips)
pH meter (WTW Ingold, Mettler Toledo)
Analytical balance (EMB 2000-2, Kern)
Stain steel filtration device for tap water filtration (01WTGDO5, Wolftechnik Filter-
systeme GmbH & Co) equipped with stainless steel stand and handle (custom-made: IOW
workshop)
e Electrical overhead stirrer (Heidolph, RZR 1)
Appliances
e All-Glass Vacuum-filter device (@ 47 mm, metal clamp; Sartorius stedium GmbH)
e Large stainless steel sieves (g 20 cm, different mesh sizes; Retsch)
e Small stainless steel sieves (g 47 mm, different mesh sizes; VWR)
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Separation funnels, 250 ml (Squibb, Lenz Laborglas GmbH)

o Separation funnel with extra wide opening (50 mm) and valve outlet (10 mm), 500 ml,
1000 ml, (Squibb, custom-made: Hellbach Glasbldserei)

Stainless steel (g 20 mm) and brass (g 35 mm) spiral conveyors (custom-made: [OW
workshop)

Stainless steel filter (¢ 47 mm, 10 wm; Sporl KG)

Stainless steel filter (200 wm; F. Carl Schréter)

Glass fibre filter (¢ 47 mm; Whattman 934-AH)

Glass syringes (variable volumes (i.e. 20 ml, 50 ml); FORTUNA® OPTIMA®)

Glass beakers (VWR, variable volumes i.e. 250 ml, 600 ml, 1 I)

Glass Erlenmeyer flasks with ground glass lid and metal clamp (50 ml, 100 ml; Labsolute)
Ceramic bowls (varying sizes, Jizerska porcelanka s.r.o.)

Aluminium foil (30 pm thickness; Roth)

Stainless steel tweezers (Dumont)/spoons/spatulas

Glass Petri dishes (VWR)

Microscopic glass slides (VWR)

Fluorescent Green Polyethylene Microspheres (UVPMP-BG-1.025 125-150 wm, Cosphe-
ric)

Method details
Protocols background

Microplastics (MP) are particulate synthetic polymerised hydrocarbons which are foreign to
natural cycles and act as persistent pollutants if occurrent in the environment. It is to be expected that
globally rising production volumes induce rinsing levels of this environmental pollutant if the
development of waste management systems do not keep pace and non-circular economic practices
persist. Commonly reported sizes of MP range between 1 pm to 5 mm. In contrast to many other
environmental pollutants (e.g. heavy metals, pesticides), MP act as dispersed or suspended solid
particles and their number and size determine distribution patterns and possible encounter and
interaction rates with biota. Therefore, reliable techniques determining numbers and sizes of MP in
various environmental matrices are greatly needed.

MP research has intensified considerably since being first scientifically described. Sampling,
extraction and analysis methods have been developed and improved continuously to reach higher
accuracies. However, the extraction of especially small MP (<500 pwm) from various environmental
matrices remains very time consuming and a general lack of standards persists. Especially particle-
rich matrices such as sediments, sludge and soils require more efficient MP extraction pipelines.
Ongoing developmental processes in this research field (see recent review by Zarfl [1]) produce a large
variety of protocols which usually depend on the conditions and resources of the laboratories, as well
as the sample type and research questions involved. There are numerous scientific publications on MP
extraction of a specific sample matrix [2-5], which can be disadvantageous, both in terms of additional
costs and required expertise when diversifying the MP extraction work between several sample types.

Objectives

We present a comprehensive compilation of both modified and new methods for MP purification,
organised into individual methodological modules designed to be adaptable to the sample type
proposed for analysis, and flexible enough to be implemented in a general-purpose research
laboratory. Although an optimal working condition for MP sample treatment would require a purpose-
built clean lab facility (see SI.1 for further information), the de facto condition for many researchers is
to work in a standard laboratory, often used by several other research disciplines simultaneously. Yet
some adaptations to a general lab are highly encouraged, the most important of which is the
installation of a laminar flow bench to be used exclusively as an MPF zone for all steps involving work
on open MP samples. Within the proposed protocol modules are also novel technical steps to further
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improve both accuracy and efficiency of MP purification. This is especially important given the
increasing shift from visual analysis of large MP only towards a focus on the full spectrum of MP size
and type using highly-precise, automated, particle-based analysis approaches. Therefore, the
overarching aim of this paper is to enable and encourage an adoption of MP-suitable working
conditions. To pursue this goal, the following objectives are satisfied:

e a set of coordinated protocols and devices are presented

e a technical solution to density separations is demonstrated that addresses shortcomings of existing
methods

e advise is given to the reader on how to construct a full workflow from the provided protocols, which
is adapted to the specific sample properties

Analytical requirements: when every particle counts

The endpoint of automated particle-based analyses, i.e. via micro Fourier transform infrared
(WFTIR) or Raman spectroscopy, is the quantification of MP particles based on their chemical
compositions or fingerprints without prior visual inspection. Independent of the sample type, the
analysis time is mainly dependent on the final number of particles that has to be measured. Thus,
when extracting MP from environmental samples, the overarching goal is the best possible reduction
of natural particles while preserving the targeted synthetic polymers in numbers, sizes, shapes as well
as their chemical composition. The final particle number also greatly depends on the particle size
limit. While a common definition of the lower MP size is not yet established, the presented protocols
are designed and applied for MP of 10 wm to 5 mm. It should be noted, that MP cover a size range
differing up to 500-fold. An analysis attempt in one go would lead to restricted efficiency and quality in
the analysis, i.e. by larger particles eclipsing smaller ones. We suggest several options to size-
fractionate large, manually handleable particles from smaller MP and prepare them for single particle
analysis, e.g. attenuated total reflection (ATR) FTIR (personal communication with Fischer) [6].

All the methods proposed here have been developed with the “QuEChERS” (quick, easy, cheap,
effective, rugged and safe) approach in mind [7,8], and are presented in a way reminiscent of systems
engineering [9,10]. Fig. 1 visually demonstrates how these approaches have been applied to the
presented MP methodology; giving users the methods to achieve their desired goals whilst meeting
QuECheERS standards.

In order to analyse a variety of sample matrices, which can differ markedly in composition (i.e.
water vs soil), different methodological steps may be needed. By segmenting the methods into
modules, certain procedures can be included or omitted as required by the sample type in question,
greatly increasing the flexibility of the proposed methods. In order to ascertain which modules should
be combined and in what order for a given sample matrix, a decision tree is an ideal way to guide a user
to what specific methods they require.

The protocol tree: a decision tree for the protocol modules

We used a decision tree to visualise the complete workflow of connectible protocol modules (see
section Protocol modules m0-m6), referred to as the protocol tree (Fig. 2).

How to use the protocol tree and modules?

The sample matrix and the numbers and the sizes of targeted MP determine the route through the
tree. They define the optimal protocol pipeline along the tree structure adapted for a given individual
case. Essential advancements of the presented methods originate from newly developed equipment
applied in the protocols and are described in the respective section (New Equipment). All other
materials needed are listed in the beginning of the paper. General MP laboratory procedures, including
the cleaning of equipment and laboratory, MPF-filtration of solutions, etc. are described in the general
module (mO). Further general measures of quality assurance and control (QA/QC) are described in the
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Fig. 1. The scheme detailing the three main components of a system engineering approach is meant to be read from the kernel
(the “black box”) of a yet to be analysed MP sample. Under the overall goal of enabling a sample to be submitted for efficient
microspectroscopic particle identification, the main objectives are the near-complete reduction of natural substances and the
preservation of the contained MP. Users requirements (UR, placed around the kernel) formulate typical considerations of MP
researchers working under these objectives. They are summarised here by the targets of a QUEChERS approach. One or more UR
define a system requirement (SR, in rounded boxes) that specifies what a solution must provide in order to achieve the UR
targets. The coloured circles indicate which SR are derived from which UR. Finally, the approach culminates in technical
specifications (TS) that satisfy the previously defined requirements. Part of the solutions are the equipment (chemicals,

respective Sl section (S1.2). To cover the diversity of samples in volume and composition some protocol
modules contain different optional paths to follow, indicated by an arrow (p—).

Modularity and variations due to sample composition

The two widely used techniques to extract MP for a particle-based analysis are a separation by
particle density (MP typically range from 900 to 1600 kg m~3) which primarily eliminates the mineral
fraction (e.g. quartz, p = 2650 kg m~3), and chemical destruction i.e. digestion of particulate organic
matter (see e.g. review by [11]). Covering the entire range of possible sample matrices (conceivably
substances like honey, household dust, food waste, construction rubble, etc.) would make the decision
tree increasingly complex. The focus of the presented protocol workflows is on environmental
samples, such as water, soils, sludge, sediments and biota. Biota, for instance, comprise a large range of
different biogenic material compositions (chitin, keratin, lipids, etc.) ranging from small zooplankton
to stomach contents of birds, some of which may require a repetition or skipping of modules. In most
of these cases a freeze drying step may be omitted if the dry weight is not required. Besides, freeze
drying facilitates the following digestion step by breaking up cell walls (i.e. in samples rich in plant-
based material). In case of a sample being largely made of animal tissue, this time-consuming step
may be left out and still yields readily digestible samples. Also, a density separation module might not
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Fig. 2. The decision tree comprises the procedural steps involved in the preprocessing of environmental samples for later
particle-based MP chemical analysis. The decision tree starts after accomplished sampling with the sample being transferred
from the sampling device, if applicable. It consists of a number of protocol modules equipped with indices (m0-m6) each of
them referring to the detailed protocols. The digestion module m4 is further subdivided by specific treatments in a scheme
below. These protocol modules are linked through various decisional paths that have to be taken for a complete pretreatment.
The background colours indicate whether the sample is in dry (brown) or wet (blue) condition. Vacuum-filtration often finalises
wet modules and is included in the respective protocol modules. As filtration is an important intermediate step, it is indicated by
a respective symbol (close up of a filter unit, see legend).

be necessary, if only negligible amounts of dense non-MP particles remain after digestion. Generally,
fewer treatment modules, hence less sample manipulation, is preferential when dealing with
potentially small numbers of MP. The required minimum particle size determines parts of the
procedural details (e.g. m3 or m6) to assure that also the smallest targeted MP can be reliably
quantified.

Digestion modules (m4.1-m4.3) more often necessitate a case-by-case adaptation and are therefore a
good example of methodological variation based on sample type. While a purely oxidative treatment
with hydrogen peroxide can successfully be applied for purification of water or sediment samples (m4.1),
it often fails to degrade animal tissues in reasonable time [2]. A combined alkaline-oxidative treatment
based on diluted potassium hydroxide and sodium hypochlorite [12,13] serves as a more appropriate
choice for many biota samples (m4.2). The high fat, oil or wax content that can be present in biota samples
can in principal be broken up by simple alkaline hydrolysis. However, this process may require longer
reaction times or higher temperatures than what is desirable for MP purifications. Therefore, remaining
lipid constituents are recommended here to be removed by an additional n-pentane based washing
module instead (m4.3).In contrast to the other digestion and density separation modules, the application
ofan-pentane based treatment has not yet been described for MP sample purification. The effectiveness
of the proposed method in terms of achieving better spectral qualities in Raman or FTIR analysis is
promising for sample matrices where lipids could not be sufficiently removed by the other protocols.
Apart from biota samples, the application of the n-pentane treatment was preliminarily tested for
primary sludge samples from waste water treatments plants that contain potentially high levels of fats
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and oils, partly due to artificial substitution. This is especially challenging during MP extraction as fats
and oils enclose sample material and this way reduce the effectiveness of the other treatments. A
proposed digestion pipeline for these specific sample matrices is a treatment with n-pentane enclosed
by repeated hydrogen peroxide digestions. However, the n-pentane module is presented here as a
preliminary method, as its inertness to targeted polymers is currently being evaluated (R. Lenz,
unpublished data). The general principle is based on classic organic chemistry procedures to dissolve or
extract emulsified or deposited lipids from a sample and was applied before in a similar manner e.g. in
infant milk fat extraction protocols [ 14,15]. Fischer and Scholz-Béttcher, 2017 [ 16] used petroleum ether
to prepare greasy fish stomach samples for a mass-based MP analysis (Pyrolysis-Gas Chromatography -
Mass-Spectrometry). Compared to n-pentane, use of petroleum can reduce operating costs but has
higher healthrisk due to its hexane contents. The lipid removal potential and resistance of polymers can
be expected to be comparable between the two chemicals. The following section presents all protocol
modules that build the protocol tree.

Protocol modules
mO - General module

» Irrespective of the protocol pathway selected it is recommended to read the general module as a
prerequisite for many other modules as it covers overarching procedural steps when working with MP.
It only contains procedures that are specific for the here applied protocols and materials and/or are not
yet exhaustively covered in the MP literature and/or are not standard laboratory routines.'

Clean bench SOPs: Ensure to keep all surfaces in the laminar flow bench MPF and ready to use.
Solely use tissues made of non-disintegrating natural fibres. All water used to clean surfaces should be
MPF water. Before use, make sure to rinse all materials with MPF water or muffle at 500 °C. Before
muffling, cover with aluminium foil and open again only inside the clean bench to avoid
contamination. All sample containers should be rinsed with MPF water when entering the clean
bench coming from non-MPF conditions (such as field sampling or cold storage). Additionally, vessels
like beakers or Erlenmeyer flasks which hold samples inside the bench are to be thoroughly rinsed
with MPF water or MPF MQ before being poured into a filtration or another container. This is
important, as a complete separation of droplets from the inner and outer walls cannot be guaranteed
during pouring and rinsing procedures. Contamination should also be prevented by entering the
bench with arms and hands when working in it. Always wear a 100% cotton lab coat and nitrile gloves
kept over the lab coat sleeves to protect the skin and avoid contamination by synthetic clothes. Before
entering always use abundant MPF water to wash your hands/gloves.

Cleaning fine stainless steel filters (e.g. 10 jum): After usage, rinse all stainless steel filters with
MPF water from the tap to remove coarse dirt. Put the filters in a glass beaker, fill with MPF water and
cover with aluminium foil (at all times). Apply repetitive ultrasonic bath sessions with changing
power values (50-100%).> Recommended are 10 min at 35 kHz and 225 W (for a volume of the
ultrasonic bath of 18.7 1). In the initial session, diluted H,O, can be added if the filters contain organic
matter. Alternatively few drops of MPF Tween80 can be added. Rinse the beaker and filters and renew
the MPF water in between subsequent baths to make sure that all particles are removed from the both
the filters and the residual water. It is advisable to apply a minimum of 3 repetitions. However, if the
water in the beaker remains cloudy or hazy after sonification the procedure should be repeated. After
the final treatment, discard the water from the beaker, rinse and fill up with fresh MPF water. At this
point, the MPF filters are ready to be used. Keep them inside the bench in a beaker. Just before use,
rinse again with MPF water using tweezers and a syringe.

T Note: This document does not include a complete health and safety evaluation of the laboratory procedures. Please carry out
a risk assessment for all field and lab work activities and adhere to the health and safety guidelines at your institute or
organisation.

2 It was observed that changing the power resulted in a more efficient removal of matter.
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MPF solutions: It is essential when working with MP to ensure that all solutions which get in
contact with the sample and/or are used in the clean bench are MPF. Use a vacuum filtration system to
filter all solutions (apart from tap water, see tap water filter in the SI.3). Use a filter below your
minimum size threshold to ensure a complete removal, e.g. the presented protocols predominantly
use 10 pwm as the minimum size threshold, a 1.5 m glass fibre filter (cleaned beforehand?) is used for
the last filtration. Make sure that the solutions are filtered in pre-cleaned MPF glass bottles and are
covered with aluminium foil inside the bench. Appropriate labelling of samples and solutions is part of
standard laboratory routines. During MP-extraction it can help to consistently label all the MPF
solutions accordingly with “MPF”. Inside the clean bench, keep one glass syringe for each specific
solution in use and avoid cross-over.

SPTrecovery: The SPT solution can be used for many density separation cycles either by recycling at
the manufacturer (if available) or by vacuum filtration in the laboratory. After usage of the SPT solution
leave it to settle in a collection flask (>24 h). Pour the supernatant into a separate collection flask. As
soon as stirred up particles appear, leave the remaining solution to completely settle again for later
recovery. Check pH of recovered SPT before use and adjust to pH 3 if necessary by adding droplets of
HCI (10%). Check the density by weighing a defined volume (e.g. 100 ml) and adjust to 1800 kg m—> by
dissolving the required amount of crystalline SPT salt in the recovered solution. Vacuum-filter the SPT
solution onto a MPF glass fibre filter as explained in the MPF solution section above. In case of high
particle content, a pre-filtration on a filter with larger pore sizes (e.g. on 10 wm stainless steel filters)
may be applied beforehand to expedite the process. Reconfirm pH and density again after filtration.

Explanatory remarks

» Starting condition: Any sampling equipment or specific pretreatment step, such as the removal
of sample material from a given sampling device, must be completed beforehand. The assumed
sample condition for the following protocols begins with the sample material in a dedicated vessel
(e.g. glass beaker).

» Finishing condition: The aspiration of a complete pipeline is to bring an environmental
MP sample from any possible compartment to an acceptable condition for particle-based chemical
analysis. The presented protocols assume that there is a temporal or spatial discontinuity between
the sample purification and the analysis, which is why treatments end with readily purified
MP particles suspended in MPF MQ water, stored in a sealed MPF glass container (e.g. Erlenmeyer
flasks with ground glass joint). This specific procedure is described in detail below (Final Filtration)
and is to be conducted at the end of a protocol pipeline. As it would be repetitive to include them in
every respective section they are stated here as a general instruction. In case the sample will be
submitted to chemical analysis instantly within the same lab, the finalising filtration may be
conducted directly onto the desired analysis substrate.

Filtration: Vacuum-filtration often finalises wet modules and is described in detail in the
respective protocol modules. The symbol is to be found in the protocol tree (Fig. 2). Additional
ultrasonification: Depending on filter pore size and sample composition, removing the sample
particles from the filter by rinsing may be non-exhaustive? . In such cases the filter should be
additionally cleaned in an ultrasonic bath for minimum 2 minutes and residues added to the sample®.
Check if additional ultasonification is needed to remove all sample particles from the filter.

Final Filtration: The “Final Filtration” symbol is included as an optional path in the respective
pro 1 modules where applicable. This is your last step before chemical analysis. Flush your filtering
sample again using MPF MQ water to remove all solutes from the sample® (it is marked in the protocol

3 To MPF-clean glass-fibre filters, transfer them to a clean petri dish and cover it with aluminium foil. Bake all filters at 500 °C
for 5 h. Only remove the filters from the petri dish inside the bench.

4 Check filter after rinsing step under a binocular microscope for remaining material.

5 The use (or avoidance) of an ultra-sonification should be conducted in a systematic way within one study.

6 Remaining solutes can influence spectroscopic results.
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tree with the filtration symbol and an asterisk). At the end of a filtration the filter is removed from the
apparatus using tweezers.

D— If you see >3 MP particles too large for microspectroscopic analysis, apply the module
“Size-fractionation: wet sieving & picking” (m6).

Then rinse off the remaining sample particles from the filter into the same final Erlenmeyer flask
using MPF MQ water. Place the filter in a clean beaker and cover it with MPF MQ water and sonicate for
2 min to remove all particles from the filter. Then rinse the filter off and add the residues into the same
Erlenmeyer flask that containes the bulk of the sample. Close with glass stopper and secure with metal
clip. Once the filter is cleaned without residues it can be removed. The sample should be stored in a
fridge (4°C).”

m1 - Freeze-drying

» Freeze drying is usually performed for one or several of the following three reasons: a) reduction
of water in the sample and breakage of particle conglomerates (resulting in a “fluffy” texture) to allow
unrestricted performance of the next processing steps (e.g. digestion or density separation), b)
determination of the dry weight and c) breakage of cell walls and membranes during the freezing step
to increase later digestion efficiency.

1. Filter: If the sample is predominantly liquid, filter it in the vacuum filtration set up on a
stainless steel filter of the lowest size threshold (e.g. 10 wm). Replace filters if clogged. Make sure to
properly rinse all walls, including the sample vessel and the vacuum filtration funnel that the sample
was in contact with. Depending on the sample matrix, it may be appropriate to use a diluted detergent
solution (e.g. Tween80) to remove sample adherences from the glass ware. Collect all filters
(containing sample material) in a glass beaker and add the sample rinsate of the filtration funnels.
Cover with aluminium foil.

2. Freeze: Freeze the sample at —20 °C (~24 h).®

3. Cover: Cover sample with an air-permeable MPF membrane with a mesh size smaller than that
of the lowest detection size (dust-free tissue paper is ideal for most applications). Fix coverings firmly
in place (elastic bands are appropriate). It is recommended to perform the uncovered part near an air
filtration device or within an MPF clean bench to avoid contamination.

4. Freeze-dry: Freeze-dry the sample according to machine manufacturer’s guidelines until the
sample is completely dry.

5. Weigh: If the sample is not further split, the dry weight is now to be determined.

m2 - Volume-fractionation (homogeneous splitting)

»Depending on the initial sample volume, a volume fractionation can be necessary to reduce the
amountofsample thatistreated, or splitinto several sub-fractions (e.g., for method comparison purposes).
If this step is used as sub-sampling (i.e. not all split parts are to be further processed) an effective
homogenisation of the sample is most critical for a successful volume fractionation.

1. Mix: For freeze-dried samples, shake the sample with the lid closed for minimum 2 min. Then
wait until all particles settled. Open the lid and mix the sample with a clean MPF long metal spoon for
further minimum 2 min® within the MPF clean bench or, if not possible, near an air filtration device. If
mixing in the available sample container is restricted, transfer the sample to a MPF-cleaned bowl (i.e.
ceramic or stainless steel) and proceed with the homogenisation process.

2. Split: Transfer the required sample (dry) weight directly into a separate glass beaker, tarred on
a scale. If required, several replicate sub-fractions can be obtained in this way.

7 Cooling the extracted MP sample prevents new biofilms to establish, which would hamper spectroscopic analysis.

8 If the sample is in a glass container, there is a risk of the glassware breaking as a function of the increasing volume. Placing
the sample at a <45° angle can improve matters as this increases the expandable surface area. However, the use of non-
breakable MPF containers, such as stainless steel or aluminium, is an ideal alternative for large water volumes.

9 Mixing times need to be adjusted depending on sample volume and container.
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m3 - Size-fractionation (dry sieving)

» To further ease processing and analysis of samples where the predominant particle size is
substantially smaller than the lower MP size limit, the sample volume can be reduced by sifting out a
lower particle size fraction by dry sieving. In principle, this method can also be applied to
compartmentalise the sample into a variety of sample fractions of differing particle size, e.g., for
differing analytical approaches (visual, surface chemistry, chromatography).'°

1. Prepare: Select sieve sizes appropriate to the size-fractions desired and form a stack. Use a
close-fitting stainless steel lid, alternatively thick aluminium foil, to cover the sieve(s) from the top
and the bottom. Then slowly add the sample (ideally freeze-dried) to the top sieve, in an MPF clean
bench or near an air filtration device. Close the sieve stack making sure there are no gaps where
sample material may escape (or contaminated air may enter).

2. Sieve: Secure sieve stack in shaker. The amplitude and time can be adjusted according to how
easily the sample sieves. We suggest, however, to start with lower amplitudes and shake times and
document progress. Two rounds of 5—-10 min at 0.75-1.5 mm amplitudes have been found to be
sufficient for a variety of soil samples.

m4 - Digestion
» Chemical digestion is a major step to reduce the organic matter content of a sample. A set of

different digestion sub-modules are provided that are to be applied for different sample matrices (see
scheme below).!!

Undigested sample
fine cellulosic or humic Organismic sample
OM, microbial biofilms (protein rich, tissues) oil / fat rich sample

|m4.1 HO, |.[m42 ﬁggé]
|m4.3 Pentane'
;4:
, y v
[ Digested sample ]

m4.1 — Hydrogen peroxide (H>0,) digestion

» Hydrogen peroxide (H,0,) at 30% is a strong oxidizer. Typically, it is the primary choice for
digesting water, sediment, soil, waste water and sludge samples. However, in certain cases the sample
matrix might contain substances that are highly resistant to the treatment in which cases other
subsequent digestion steps may be added.

1. Add: Depending on the nature of the sample, i.e. organic matter content and presence of iron
ions, the reaction after the addition of H,O, can be very energetic (bubble formation and temperature
rise). Because of that, it has to be added very carefully and in small amounts. With a glass syringe, add
up to 5 ml of H,05 to the sample. For unknown sample matrix even smaller amounts (~2 ml) should be
added initially and observed.'? To anticipate heat generation or an overflow event, the beaker can be

10 pry sieving should only be applied if unavoidable as it comes at the risk of losing small particles either during the transfer
processes or due to adherence on larger particle surfaces. If applied, use it consistently for the entire data set.

' None of the chemicals proposed here are listed under “severely hazardous” (class 3) in the water hazard class (German
Water Hazard Classification).

12 Bubbles indicate that the oxidation of the organic matter started (CO, is formed as a result of the chemical reaction between
H,0, and organic C). Bubble formation can be delayed by several minutes to hours after addition.
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kept in a second MPF container (e.g. larger beaker or ceramic bowl) with cold MPF water to avoid
temperature rise to more than 40 °C. When working in a fume hood without appropriate MPF
conditions an aluminium foil lid should cover the sample at all times and only shortly opened to insert
the tip of the glass syringe.

2.Proceed: Add more H,0, with a syringe until it completely covers the whole sample. Shake the
sample and rinse the walls with H,05 to allow all particles to be in contact with the digestion solution.
The beaker should be kept closed in a fume hood for minimum 24 h. Generally, additional H,O, should
be added or replaced (filter sample and add new H,0,) for as long as the digestion process continues or
organic matter remains visible."®

p—» If the sample remains with large indigestible non-MP debris manually pick each item, rinse off
adherent smaller particles into the sample and discard. It is recommended to cut very large pieces (e.g.
blades of grass, leaves, braches) into smaller ones to allow a more efficient disintegration of biofilms
and particle conglomerates during the digestion process.

3. Filter: To endthe digestion, filter the digested sample in the vacuum filtration set up on a
stainless steel filter of the lowest size threshold (e.g. 10 um). Carefully rinse the stainless steel filter
that remained in H,0, from the previous filtration step from all sides using MPF water, hold it
withtweezers and/or a gloved hand. Replace filters if clogged. Once the filter is cleaned without
residues it can be removed. Make sure to properly rinse all walls, including the beaker and the vacuum
filtration funnel that the sample was in contact with. Depending on the sample matrix, it may be
appropriate to use a diluted detergent solution (e.g. Tween80) to remove sample adherences from the

glassware.
" @

m4.2 - Potassium hydroxide (KOH) digestion

» This protocol module may be applied for samples high in protein content like animal tissue (e.g.
stomach analysis). It can also be applied for environmental samples with a challenging matrix
composition, that do not sufficiently digest in H,0-.

1. Prepare: A saturated KOH stock solution is prepared by dissolving 1120 g/l of dry KOH salt
(pellets) in water inside a tightly-closed glass bottle. Shake well until complete dissolution. Beware of
heat generation, it may be advisable to reduce the temperature with a water bath. The digestion
solution is prepared according to the below recipe:

Per 11 of digestion solution to add to a glass bottle: 700 ml of water (tap water or MilliQ)

ml NaClO (14% active chlorine)

ml KOH stock solution

After adding the active chlorine, re-seal the bottle and shake well for homogenisation. The ready
digestion solution can now be MPF filtered (see General Module mO).

2. Digest: Add 5 ml of MPF-filtered digestion solution per gram wet-weight of sample' into the
sample vessel, however at least so much that the sample is completely covered with solution. Shake
gently to allow the solution to reach all parts of the sample. Leave for 5 h incubation at room
temperature.

3. Filter: To stop the digestion, filter the digested sample in the vacuum filtration set up on a
stainless steel filter of the lowest size threshold (e.g. 10 um). Carefully rinse the stainless steel filter(s)
that remained in the digestive solution from the previous filtration step from all sides using MPF
water, hold it by tweezers and/or gloved hand. Replace filters if clogged. Once the filter is cleaned
without residues it can be removed. Make sure to properly rinse all walls, including the beaker and the
vacuum filtration funnel that the sample was in contact with. Depending on the sample matrix, it may

13 This recommendation aims to provide H,0, in excess to the available digestible OM.
14 To estimate the required amount of digestion solution measure the wet weight of the samples.
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be appropriate to use a diluted detergent solution (e.g. Tween80) to remove sample adherences from

the glass ware.
&)

m4.3 — n-Pentane (CsH;,) digestion

» Oil and fat constituents in sample matrices can sometimes remain in the digested sample and
hinder a successful spectroscopic analysis.'® Possible use-cases of n-pentane'® include digested
animal tissues (e.g. in fish stomach analysis) post-KOH digestion and primary sludge samples from
waste water treatment facilities post-H,0- digestion. The procedure requires extended times with the
sample exposed to air and should therefore be conducted inside the MPF clean bench. Check if your
work safety regulations require wearing a gas mask (filter type “AX”).

1. Solubilise: As a precondition, the digested sample should be contained in a tightly sealed
vessel (e.g. Erlenmeyer flasks with ground glass joint) and must be suspended in MPF water or MPF
MQ. To better solubilise the fatty constituents, hold the sample in a 35 °C water bath during the
procedure. Wait for the sample to warm up to approx. 35 °C, then add 10 ml of the acidified ethanol
(pH ~ 3.0, acidified with acidic acid) per 50 ml of sample. Close and shake the sample for 1 min. Place
in the warm water bath again.

2. Wash: When the ethanol is fully mixed in the sample continue by adding 10 ml of n-pentane
per 50 ml of sample. Close the lid tightly and shake for 2 min. Stop shaking and open the flask
periodically to release pressure.” Return the sample to the warm water bath and allow the phases to
separate for 5 min, with a loosely-closed lid.

3. Remove: Remove the pentane phase from the top of the sample using a glass pipette.'® Stop
just before the pentane layer disappears to avoid sucking the sample.!® Repeat the above steps a
further two times.

4. Filter: To remove any remaining dissolved fats and pentane continue with a vacuum filtration.
Filter the sample in the vacuum filtration set up onto a stainless steel filter of the lowest size threshold
(e.g. 10 pm). Make sure to properly rinse all walls, including the Erlenmeyer flask and the vacuum
filtration funnel that the sample was in contact with. Check if additional ultasonification is needed to
remove all sample particles from the filter (see Filtration above). Once the filter is cleaned without
residues it can be removed. Make sure to properly rinse all walls, including the beaker and the vacuum
filtration funnel that the sample was in contact with. Depending on the sample matrix, it may be
appropriate to use a diluted detergent solution (e.g. Tween80) to remove sample adherences from the

glass ware.
QO

mb5 - Density separation

» Density separation is a major step to reduce the inorganic matter content of a sample.

15 Droplets of fat or oily remains may or may not be visible, but fatty acids, their salts or alcohol combinations can be identified
by spectroscopic analysis if present in the sample.

16 Based on theoretical chemical considerations, it is not expected that the protocol could impact the integrity, numbers or
spectral recognisability of common plastic polymers. However, a detailed test on actual MP is yet to be completed.

17 Pentane has a boiling point of 36 °C, pressure may build up in the tightly closed containers.

18 The pentane phase should not contain any MP due to a lower density (630 kg m~3) than that of plastics and low surface
tension. This was checked by observing the behaviour of standard fluorescent PE spheres mixed in a water/pentane dispersion.

19 Low density MP particles might float directly in the phase boundary.
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1. Transfer: Choose a separation funnel of appropriate volume.’° Transfer the sample (dry or
suspended in SPT) from a beaker or filter to the separation funnel.

D—> Size fractionation: If the sample contains particles >5 mm or larger than the outlet valve,
manually pick (if just very few larger particles) or sieve the sample during transfer to prevent blockage
in the outlet valve or during the stirring of the sample. Sieving: Place a glass or metal funnel?! in the
top of the separation funnel with a small sieve (e.g. 4 mm pore size) inside and pass the entire sample
(preferably dry) through with help of a metal spatula. Thoroughly rinse the large particles that
remained on the sieve with SPT to rinse all adhering smaller particles into the sample. Optionally,
retained particles can also be transferred to a beaker with a few droplets of H,0, and SPT to ensure a
complete detachment of adhering particles. The detachment process might take some minutes. The
rinsate is then added to the separation funnel.

Fill approximately 10% of the separation funnel (valve closed!) with MPF SPT (1800 kg m—3).

Add a first fraction of the sample (maximum up to 5 cm high from the lower tip of the separation
funnel) and shake thoroughly to ensure that all particles in the lowest tip of the separation funnel are
coated by the SPT solution. Then gently swing/shake the separation funnel inclining it ~45°.

D—> If the sample does not contain more than approximately 5 g of solids (e.g. water samples)
repeat gentle swinging of the separation funnel every 15 min during the first hour to resuspend the
settled material and disintegrate agglomerates.

p—> If the sample does not allow for digestion before density separation, add a few droplets of
H,0, solution during the shaking process to initiate the disintegration of particle conglomerates, wait
for the reaction to proceed.””

2. Upwell: If the sample material exceeds a volume where shaking of the separation funnel
becomes insufficient in freeing possible overlays of particles (as often the case for sediment and soil
samples) continue with the following steps. Firstly, prefill a part of the required SPT solution into the
separation funnel followed by a small amount of the sample material. Subsequently add the remaining
sample material and SPT solution. Top up with a minimum of 5 cm SPT solution to form the separation
phase. Thoroughly rinse all equipment that was in contact with the sample material with SPT, such as
the beaker, funnel and sieve and add it to the separation funnel. Insert the spiral conveyor to the
sample and mount it to the electrical overhead stirrer. Centre and place it as low as possible but make
sure it does not touch the walls of the separation funnel. Run it at relatively low speed (~35-60 rpm)
for approximately 2 h. The time needed to allow sufficient reshuffling of the material depends on
sample composition, amount and dimensions of the separation funnel and spiral conveyor.?®> After
conveying, stop the spiral conveyor and thoroughly rinse adhering material into the separation funnel
with ample MPF SPT while slowly lifting it out of the separation funnel. Release the lower tip
(approximately 3 cm) of the separation funnel into a beaker and re-add to the separation solution.?*

20 Maximum filling level of the separation funnels should not exceed 2/3 of the total volume. If samples with high matter
content (e.g. sediment, soils, etc.) are treated and the application of the spiral conveyor is needed, use the appropriate
separation funnels equipped with a wider neck and wider outlet valve (see section: Modified separation funnels - a versatile
application for particle-rich samples).

21 The here-presented set up also allows for sieving without a funnel, as the neck of the separation funnel fits the size of the
small sieves applied. However, using a funnel potentially prevents loss of material.

22 Be careful when adding H,0 to the density separation. Always add only a few droplets to prevent the risk of strong foam
formation and loss of sample material. Consider that the addition of H,0, dilutes the density of the solution, therefore adjust or
use an initially higher density.

23 The time reported here is based on sufficient extraction results based on test MP particles (125-150 wm) in very fine
sediments (40-70 p.m) in a 500 ml separation funnel (see section: Conical spiral conveyor - a gentle way to separate particles).
Larger volumes or more complex sample compositions may require longer time. If in doubt, test the specific sediment matrix
with recovery particles.

24 In order to recover potential MP that have become trapped close to the outlet of the separation funnel.
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3. Wait: Rinse the inner walls of the separation funnel to ensure that all particles are in the
separation solution. Leave it to separate for 1.1 h per 1 cm rising distance in the fluid separation
phase.?”

4. Divide: Slowly (no stirring up of particles) release the sedimented fraction into a MPF beaker
placed below the separation funnel and shut the valve securely before any surface floating particles
could be flushed out.

5. Repeat (*Xps): Depending on the sediment composition (especially fine/organic rich samples)
the density separation (DS) cycle has to be repeated (Xps times) to reach a higher purification
efficiency. Therefore, refill some MPF SPT, shake and leave it again to settle for 15 h. After this, evaluate
whether you need to repeat again. As a rule, apply as many separation cycles until no further material
has settled.

6. Filter: When the separation is finished, rinse the supernatant upside down from the
separation funnel into the vacuum filtration apparatus equipped with a stainless steel filter of the
lowest size threshold (e.g. 10 wm). Replace filters if clogged. Recover the undiluted SPT solution by
transferring it from the filtration apparatus to a dedicated SPT recovery container (see General module
mO). Then continue to thoroughly rinse the content of the separation funnel (incl. walls and glass
stopper if used) into the vacuum filtration funnel using MPF water and a syringe. Take care not to lose
any droplet or particle. Rinse all walls of the top part of the vacuum filter apparatus. Once the filter is
cleaned without residues it can be removed. Depending on the sample matrix, it may be appropriate to
use a diluted detergent solution (e.g. Tween80) to remove sample adherences from the glass ware.

@
m6 - Size-fractionation (wet sieving or visual sorting)

» Samples which remain relatively rich in larger particles (500 wm) even after passing the
treatment pipeline should be size-compartmentalised to ease later chemical analysis.

D—>» The sorting and picking process should always be conducted in a very conservative manner,
meaning that only particles with clear indications of natural origin may be discarded and any other
particle is to be picked and retained for analysis. This is important to minimise researcher bias.
Whether to use 0.5 or 1 mm as a cut-off size should be decided according to the following criteria
table:

Situations suggesting a cut-off size of

0.5 mm 1 mm
Experience level of the High: picking of 500 wm particles in a Low: only for particles larger 1 mm, can an
separator conservative manner is only possible with  inexperienced user conduct a conservative
an experienced eye and hand separation after a basic introduction
Number of particles in Particles potentially disturbing the Particles potentially disturbing the
500-1000 pm and microspectroscopic analysis are numerous microspectroscopic analysis are predominantly
>1000 wm size range in the 0.5-1 mm range in the >1 mm range
Size cut-off predefined by Lower than 300 wm (e.g. sediment samples, 300 pm and larger (e.g. Manta samples)
sampling technique flow-through filtration water samples)

It should be noted that a 500 vm cut-off size should preferably be used in all cases where possible
and meaningful, as it will be more beneficial to ease and expedite the microspectroscopic analysis of
the remaining small fraction.

25 The required rising time (waiting time) is calculated based on a spherical 10 wm particle of a density of 1.7 g cm~> that
travels a certain distance measured between the bottom to the top of the separation phase in SPT of 1.8 g cm> (Stokes law).
Example: For a distance of 13.5 cm (maximum height experienced by the authors) this particle needs 13.7 h to rise to the top (1.1
h for 1 cm).
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D—» Depending on the number of particles, a case by case decision needs to be taken whether wet
sieving is applied before visual sorting. In general, when more then 10 particles are above the chosen
upper size limit for microspectrosopic analysis, it is advisable to first wet sieve the particles according
to the below steps:

Optional wet sieving prior to visual sorting and picking

1. Set up: Prepare a filtration set-up as usual (e.g. 10 or 200 m filter depending on minimum size
limit) and place an additional 1 mm?°® stainless steel sieve into the vacuum filtration apparatus.

2.Rinse: Turn on the vacuum pump and transfer the sample by using ample MPF water, rinse the
sample container and the filtrate thoroughly.?’ Finish this step by rising the sample and all relevant
walls with MPF MQ water.

3. Conserve: Stop the pump and place the 1 mm filter into a petri dish and observed it under a
binocular microscope. Particles on the smaller filter (e.g. 200 um) are filled (back) into the Erlenmeyer
beakers by using MPF MQ water.

Visual sorting and picking

1. Sort on sieve: If applicable, firstly check the larger (i.e. >0.5 mm or >1 mm) fraction on the
sieve (or on the original vacuum filter, if no wet sieving was applied) for prominent plastic suspects,?®
separate them using fine tweezers and rinse off potentially adhering smaller particles with MPF MQ
above the sample. Sandwich the separated particle between two MPF microscopy glass slides using
tweezers. These “sandwiches” can then be closed with two small stripes of paper tape and labelled
with a running number (e.g.: [station name]_[sample number/ ID]_[consecutive number of the plastic
suspect (starting with 001)]). It is advisable to mark the location of the particle in the sandwich by
circling it with a permanent marker on the outside.

p— If the possibility exists, particles may be directly transferred to the analysis stage of an ATR-
FTIR instead of “sandwiching”.

2. Sort in petri dish: When further picking on the sieve is limited (due to the dark background
and/or a high number of particles overlaying each other) rinse the sieve content into a petri dish using
MPF MQ?*® water and continue picking all MP suspects. Ensure to assess all particles, so none remain
on the filter.

3. Creation of particle groups: In case of a high number (>>40) of particles of identical
morphological characteristics (i.e. colour, size class and surface structure) only transfer a subsample
of 40 particles into individual sandwiches, labelled with an additional consecutive index number (e.g.:
[ ...].[1-40]). Count all other particles of the same kind (e.g. using a click counter) and place together
into an additional glass slide sandwich or petri dish, name accordingly (e.g.: [ ... ].rest:[remaining
total particle number]).>°

25 The pore size of the filter used here is 1 mm, which is based on the experiences made by the authors especially when
treating Manta net samples. However, this needs to be evaluated case by case and filters can be changed or substituted with
additional filters depending on the specific sample compositions.

27 The step of flushing and rinsing the filters/sieves used to perform size-compartmentalisation of the sample must be
executed exhaustively in order to prevent smaller particles remaining within the larger size fractions as they may otherwise be
lost for analysis.

28 The pre-analysis of plastic suspects should be executed in a conservative manner, which increases the number of false-
positives, however, this also prevents false-negative particles and thus the loss of particles. False-positives will be identified and
eliminated in the later chemical analysis.

29 MPF MQ is recommended here, to dilute and wash out solutes in and on the picked particles, as they are subjected to
spectroscopic analysis thereafter.

30 Based on the subsample of 40 particles which undergo chemical analysis, the remaining particles will be extrapolated for
plastic/non-plastic origin, as well as polymer type distribution. If the analysed fraction of particles is too diverse, a larger
subsample can be compiled.
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New equipment

Within the postulated protocols, the required work effort is reduced and extraction efficiency is
increased by the conception and application of new equipment. The technical advancements are
explained and validated in the following section. Minor accessory equipment, namely simple and
mobile tap water filters is presented in the SI.3, Fig. SI.1 which provides ample MPF water supply in the
laboratory and thus contribute to QA measures.

Modified separation funnels — a versatile application for particle-rich samples

The application of glass separation funnels for density separation was applied previously [17-19].
They exhibit many advantages as such that they fulfil all relevant system requirements previously
defined (Figs. 1 and 3). Firstly, glass allows for visual control of the status and quality of the separation
process. Secondly, by having a steep sloping wall, the Squibb-form separation funnels was chosen in
order to prevent particle adherence to walls when rising while still having an acceptable volumetric
capacity that allow handling in standard laminar flow benches. Furthermore, separation funnels are
off-the-shelf, long-lasting products of little cost. The previous problem of only fitting small amounts of
sample material [19,20] is overcome by using the newly developed conical spiral conveyor, presented
in the respective section below, which allows for efficient MP extraction despite an enormous overlay
of particles. Some modifications on the separation funnels were required for matter-rich samples, for
instance, to overcome the problem of clogging [17] when using very fine or very coarse materials.
Standard outlet valves of all separation funnels, especially those intended for particle-rich samples,
were replaced by larger ones (¢ 10 mm) to ease the release of sedimented particles. To satisfy the non-
contaminating system requirement, plastic handles and nuts were replaced by stainless steel parts.
Furthermore, a widening of the standard neck size (¢ 25 mm) was necessary to allow the installation of
the larger spiral conveyor (g 35 mm, Fig. 3). We decided that 50 mm was the optimum size as this also
fits the sieves potentially used for particle fractionation (m5). While custom equipment can be costly,
these adaptations typically come at a low cost and constitute a one-time investment, fulfilling
QuEChERS requirements (Fig. 1). All customisations of glass ware can be provided by a glass blower.
Protocol modularity can limit costs, simplify the procedures and equalise extraction effectiveness
when working with various sample matrices. Hence, the modular use of equipment is of advantage
and is implemented by the universal application of the separation funnels for samples from water,
sediments, beaches, soils, waste water, etc.

Conical spiral conveyor — a gentle way to separate particles

During density separation, it has to be ensured that particles get in contact with the liquid phase of
the density separation solution in order to prevent trapping of particles by overlaying material.
Different approaches were applied in previous studies, such as shaking or stirring the sample (e.g.
[4,13]). However, shaking (by hand or machine) is efficient only on relatively small sample amounts
and stirring blades, such as those implemented in the MicroPlastic Sediment Separator (MPSS; [4]),
are prone to disintegrate MP particles by grinding sample matter directly against a hard (i.e. stainless
steel) surface and thus falsify results [21]. To increase the extraction efficiency of MP from particle-rich
samples whilst overcoming these potential limitations, we developed a custom-made spiral conveyor
that allows for gentle and sufficient separation of the particles (Fig. 3A ). Instead of uncontrolled
mixing, particles from the bottom of the separation vessel are gently transported upwards and
released in a fountain-like manner to the liquid separation phase above. Once freely suspended,
particles can separate based on their physical features and either float to the top, stay in suspension or
settle again to the sedimented solid phase. A side effect of the gentle movement is the disintegration of
material conglomerates which contributes to an efficient separation process. The conical shape
reduces the bottom-facing area of the rotating spiral conveyor to just a fine tip. Compared to other
stirring procedures described in the literature which use flat rotor blades or rods (e.g. Imhof, 2012 [4])
this is an important improvement, as it minimises the area and thus the possibility of grinding and
squeezing particles between the rotating element and the vessel walls.
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Fig. 3. A) Sketch showing the custom-made conical spiral conveyor, which improves the extraction efficiency of MP in a density
separation despite being buried by particulate matter. The spiral conveyor is operated within a separation funnel (Squibb form).
The particles of the sample are transported upwards and released in a fountain-like manner into the density separation solution
above, where they can freely separate. A video (picture sequence over 2 hours) visualising the efficiency of the density
separation process by means of the conical spiral conveyor is provided as supplementary material to the paper. Approximately
0.5 g of test MP i.e. fluorescent green polyethylene microspheres (125-150 wm, p = 1025 kg m~>) were added initially in the
lower part of the sediment fraction (glass particles, 40-70 pm). SPT (p=1800kg m~) is added as the density separation
solution. When starting the spiral conveyor, it can be observed that the test MP are being transported upwards and partially rise
to the top. Some test MP cannot be freed in the first cycle and are covered again by sediments. After several cycles (after ~2 h) all
particles are extracted and float on the top of the density solution (supernatant). B) The technical drawing of the large spiral
conveyor (g 35 mm) with details on the physical dimensions. Other sizes can be up or down-scaled accordingly.

The principal functioning of the spiral conveyor is based on the widely-used industrial screw
conveyors. In the lower 80 mm, the spiral conveyor fits the conical shape of the Squibb form separation
funnels with a 5 mm wide gap in between. As different sample volumes are required depending on the
sample type and research question, two different conveyor sizes were built that allow sufficient
mobilisation of the particle phase. The smaller one (¢ 20 mm) is designed for the application in 250 ml
separation funnels, the larger one (¢ 35 mm) for 500-1000 ml separation funnels. The spatial dimensions
of the larger spiral conveyor are given in Fig. 3B. Other sizes could be simply scaled up or down or adapted
to other types of separation vessels. It is important to note, that the screw conveyor part is designed to
protrude into the separation solution above the sedimented particles foran efficient separation process to
work. The shaft fitsinto adrill chuck of a typical electrical overhead stirrer for quick (dis)mounting. Due to
the corrosive nature of most separation media, stainless steel is considered the optimal material. In the
case of the larger conveyor, brass was used due to limitations of the available lathe machine. The
presented set up for particle-rich matrices has a volumetric capacity of up to 1 1, appropriated to fit
approximately 500 ml of particulate matter. By experience, this is a reasonable amount to achieve robust
MP numbers. This volumetric capacities compares to other methods like the elutriation approach [22],
though requiring less space and less steps involved in the separation process to reach reasonable
extraction efficiencies. There are few, such as the MPSS, that have a larger sample capacity (~6 kg, [4]),
however, most other separators hold substantially smaller volumes [17,20].

Method validations and comparison
Recovery and reduction rates
A first semi-quantitative validation test was given by the video sequence shown above (link, Fig. 3A)

demonstrating the efficiency of the density separation process by means of the conical spiral conveyor.
Additionally, we performed recovery tests as a measure of extraction efficiency of the entire MP
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extraction procedure based on beach sediment samples (n = 7, d50 ~ 300 pwm). The recovery tests
followed the respective pathway though the protocol tree including the operation of the spiral conveyor
to separate particle-rich matrices. Test particles were visually identified using a microscope by their
specific morphological characteristics. Polyamide particles (PA-6) of 450 jum (n = 20) in size were used
and resulted inrecovery rate of 95 4 6%. This value is within the higher margin of other available recovery
rates of other MP extraction methods, e.g. modified decanting, elutriation, MP sediment separator,
sequential density extraction, oil extraction (see Table 1 in [17] or [19,23] for comparison). However,
recovery rates are known to decrease with MP size [20] and most studies lack sufficient tests [24],
especially in the size range below 300 wm (longest dimension). We determined the recovery rate of
smaller MP using PE fluorescent particles of 125-150 wm (n = 60-80) in size resulting in 78 + 6%. In this
size class, however, reasonable comparisons to other studies are difficult as insufficient data is available.
Not all study designs in the available literature (keyword search Web of Science: microplastics, recovery,
sediment/soil/sludge) were technically able to extract the full range of polymer types (e.g. p=900-
1400 kg m—3). Of those that were, only very few studies tested the distinct size range of small MP from
real, particle-rich environmental matrices (e.g. soils, sediments, sludge), whilst applying particle-based
analytics and reporting sufficient information on the recovery test to allow a comparison. For instance,
Imhofetal. [4] and Claessens et al. [22] tested particles between 40-309 pum and ~250 pwm respectively,
resultingin arecovery rate above 95%. However, a comparison of our recovery rates to the two mentioned
is in question for several reasons. These studies used sediments that underwent several cleaning steps
(sequential density separation, elutriation) before performing recover tests which ultimately resultsin a
test matrix of very low conglomeration potential and thus not a realistic sample matrix. It is expected that
several factors such as the sediment composition, i.e. grain size and/ or organic matter content influence
the extraction efficiency, potentially to a significant degree. This is a current knowledge gap that needs to
beinvestigated in detail in a separate study. Further, when testing such small MP it is important to ensure
that the size remained unchanged after the treatment as some techniques are prone to disintegrate MP
[21] and thus potentially falsely increase the MP number. This remained unclear in some cases [4].
Hengstmann et al. [25] performed tests in a comparable size range (63-200 .m) to our study acquiring
smaller recovery rates of 66 + 17%. However, they used MP test particles with a higher density which often
show reduced recovery rates compared to lighter once. Inconsistencies between recovery test designs
existassome studies tested the entire MP extraction pipeline (present, [23]), while others determined the
recovery rates of the separation step solely [4,25]. The latter is likely to achieve higher values. The use of
large MPsize class ranges (e.g.100-500 m, [20]) without determining the size distribution (e.g. median,
mean value) complicates a comparison to more narrow size ranges, such as those used in the present
study, as the size-dependency of extraction efficiency remains disregarded. For a reasonable comparison
of extraction methods, standards on the test material and procedure are needed. To date, a comparison of
recovery rates of small MP (<500 p.m) between different studies is not reliable due to the listed reasons.

Another measure of method validation is the mass reduction, i.e. the weight difference between the
initial and treated dry weight sample. The mass reduction of exemplary sediment samples, ranging
from beach sand (low in organics, coarse sediment) to estuary sediments (high in organics, fine
sediment) was 99.98 + 0.03% (n=6) on average (SI.4, Table SI.1). Neither the initial sample mass nor
the different sample matrix complexities could entirely account for the variability in the amount of
material left in a sample after treatment. It can be assumed that the final number of particles also
depends on the instruments and procedures used as well as on the operator.

Process time

While selecting the best methodological steps is critical for final accuracy of results, improvements
must also be time-efficient. The time consuming nature of MP extraction was often reported in the
past (e.g. Zarfl, 2019 [1]), however, without documentation of the concrete time measurements [24].
We report estimated procedural time for exemplary protocol pipelines, conducted by an experienced
person, for better comparability of methods and planning of treatment procedures (SL.5, Table SI.2).

This paper presents a compilation of all methods necessary to fully process any given
environmental sample ready for automated surface chemistry analysis. These methods are presented
in a modular way which can be adapted to what a special sample requires. New equipment has also
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been described which, combined with the presented methods, significantly improve the methods for
extracting both large (>0.5 mm) and small (<0.5 mm) MP from environmental samples.
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1

Microplastics (MP) data collection from the aquatic environment is a challenging endeavour that
sets apparent limitations to regional and global MP quantification. Expensive data collection causes
small sample sizes and oftentimes existing data sets are compared without accounting for natural
variability due to hydrodynamic processes governing the distribution of particles. In Warnow estuarine
sediments (Germany) we found significant correlations between high-density polymer size fractions
(>500 pm) and sediment grain size. Among potential predictor variables (source and environmental
terms) sediment grain size was the critical proxy for MP abundance. The MP sediment relationship
can be explained by the force necessary to start particle transport: at the same level of fluid motion,
transported sediment grains and MP particles are offset in size by one to two orders of magnitude.
Determining grain-size corrected MP abundances by fractionated granulometric normalisation is
recommended as a basis for future MP projections and identification of sinks and sources.

The majority of the plastic that reaches aquatic environment originates from land-based sources' and is thought
to eventually reach the sea via streams and rivers, with sea basins as an ultimate sink for particles>*. This concept
is widely accepted in scientific literature and leads to the preclusion of microplastics (MP) deposition and tempo-
rary or long-term storage in rivers and coastal environments and thus potentially results in an underestimation of
the total plastic removal. Recent studies (e.g.**) showed the potential of freshwater systems to retain a substantial
fraction of MP. As deposition is the dominant sink for MP in aquatic environments®” it is important that the
controlling mechanisms are studied and understood®'°.

A valid estimation of the actual plastic load in sediments is currently prevented due to the lack of data anal-
ysis standards that account for natural variability and the generally low sample densities. The observation that
small scale spatial variations in MP abundance can exceed those across larger spatial scales'” indicates that local
hydrodynamic conditions that influence particle motion have to first be taken into account before valid compar-
isons across temporal and spatial scales can be made. Being part of the general pool of suspended solids within
a specific hydrodynamic regime, the distribution dynamics of MP - likewise all natural particulate matter — can
be obtained from the physics of particle motion. With decreasing sediment grain sizes the threshold for the
initiation of particle motion decreases''. Thus, the sediment grain size distribution is mainly determined by the
hydrodynamic (turbulence) regime; for non-cohesive particles, fine-grained sediments are found in low-energy
environments, coarser sediments in high-energy environments'2. Accordingly, a relationship between organic
(particulate) matter and sediment grain size has often been described'.

Hereby, MP correlations to ubiquitous and natural particles, such as organic matter or siliclastic sediments
could be useful tools to infer MP contamination levels. In other contaminant studies granulometric and geo-
chemical normalisation approaches are standard'?. Herein, normalisation is defined as a mathematical procedure
to adjust MP abundance values for the influence of the natural variability in sediment granulometry induced by
the energetic condition of the environment. Comprehensive surveys continue to be expensive due to the wide
variety of synthetic polymer composites collected under the umbrella term ‘microplastics’ requiring extensive
sample preparation measures. The development of proxies for MP data would allow for sensible extrapolations to

1Leibniz Institute for Baltic Sea Research Warnemiinde (IOW), SeestraRe 15, 18119, Rostock, DE, Germany. ?Leibniz
Institute for Polymer Research Dresden (IPF), Hohe Str. 6, 01069, Dresden, DE, Germany. *email: matthias.labrenz@
io-warnemuende.de
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larger spatial scales which is ultimately necessary for a quantification of the MP contamination in aquatic systems
across the world.

Only relatively few studies have systematically examined sedimented MP in relation to environmental con-
ditions that influence particle transport. Conclusions on whether or not MP abundance varies with sediment
composition, such as grain size or organic matter content, were vastly diverging. Whereas Strand et al., Maes et al.
and Vianello et al.'*-' found indications for the existence of such a relationship, others®!”-* could not confirm it.
Such controversy in the literature exemplifies the existing knowledge gaps for a potential MP - sediment relation-
ship. In this study, it is hypothesised that MP distribution patterns can be approximated by patterns of sedimen-
tary composition. This relationship is investigated in sediments of an estuary that receives freshwater from the
Warnow river in Germany and flows to the Baltic Sea. The selected site is representative of a large sediment grain
size distribution and composition and an expectantly significant exposure to MP contamination due to intensive
anthropogenic usage (urban, industrial).

The overall aim of this study is to establish the basis for a proxy for rational MP distribution maps which
account for heterogeneous sedimentary environments. At first a conventional documentation of MP abundances
and composition and a characterisation of MP intrinsic physical properties with respect to spatial distribution
is provided for the area studied. In order to explore the parameters that determine the distribution of MP in the
Warnow estuary generalised linear models (GLM) were developed. This multiple regression analysis was per-
formed on a large set of potential MP sources (e.g. population density, marinas, etc.) and environmental parame-
ters (e.g. sediment grain size, depth, etc.). Major factors were then analysed in detail. As a result the principal part
of the study focuses on the MP-Sediment relationship. A correlation analysis is performed between MP fractions,
defined by physical properties, and sediment grain size fractions. The empirically derived relationships are eval-
uated based on fundamental sediment transport concepts (critical shear stress''). Limitations of the analysis are
being discussed. For validation of the results with respect to the hydrodynamic conditions in the Warnow estuary
shear stress data was retrieved from an established hydrodynamic coastal ocean model®. By compiling available
MP data sets from the literature that provide sediment grain size parameters, major influential factors on the
quality of the MP - sediment relationship were identified. Exemplary offshore data (deep basins from the Baltic
Sea) is provided for comparison based on the presented integrated normalisation approach. Additional one-year
sediment trap samples complemented the analysis in order to improve our understanding of long-distance MP
transport and sea-based sources. Finally, land-based point sources and recommendations and prospect of the
granulometric normalisation approach of MP data is summarised.

Results and Discussion
Initial analysis. MP abundance and composition in the Warnow estuary. ~ Total MP (TMP) abundances along
the river bed were highest in the upper part of the estuary and then steadily decreased downstream towards the
mouth of the river (Fig. 1A). Abundances appear to range over two orders of magnitude and assigned to three
different areas. The upper Warnow estuary (S1-S7) showed a median TMP abundance of 93 [46-100] kg~' dry
weight (DW), with one station standing out with higher relative MP numbers of 346 kg ™' DW (S5). The Baltic Sea
opening had comparatively low abundances of 2[2-2] kg™! DW (S8, S9), whereas the Alter Strom (adjacent side
arm of the Warnow estuary) revealed highest levels of 379 +28 kg™ DW (n=3, S10) (Fig. 1A) of the area studied.
MP were categorised based on polymer types and morphology. That is, ordinary polymers (Fig. 1A, blue bars)
including those of higher density (HD) and those of lower density (LD) than water (o0, = 1.00-1.01g cm ™),
paint resins (Fig. 1A, red bars) and micro polystyrene (PS) beads (Fig. 1A, white bars). Most of these PS beads
were spectroscopically identified as a variety of ion exchange polymers and dominated TMP by 58% in the estu-
ary. Specifications of the identified PS beads are provided in the supplementary information (SI), Fig. S1. In total,
paint and ordinary polymers were equally common across the sample set. A more detailed description for the
composition and distribution of each MP category is provided in the SI, Text S1.

Fractionation of MP species based on physical properties. The diversity of plastic compositions brings with it a
variety of properties that influence particle transport hampering the prediction of TMP distribution based on one
single proxy. In order to identify MP distribution patterns within the present hydrological environment MP were
grouped according to the most determining intrinsic variables with regard to particle transport behaviour: size,
density and shape!"?.

Size: In the estuary, the size distribution appeared to be dependant on density with significant differences
between HD and LD polymers (SI, Fig. S2A). HD polymers increased in numbers with smaller sizes, following a
power law regression scaling with an exponent of —3.88 (Spearman: r,=— 1, p=0.08). Whereas, LD polymers
remained at a constant low level without variations in size. As an exception, one sample is positioned in a side arm
(Alter Strom) of the Warnow estuary which connect at the estuary mouth. Here, both LD and HD polymers show
a decrease in abundance below 1000 m (SI, Fig. S2B).

Density: Spectroscopically identified polymer types were used to infer typical density ranges. Ordinary
polymers composed the group of poleolefines, including polypropylene (PP) and polyethylene (PE), acetates,
including copolymeric polyvinylacetate and ethylenvinylacetate (PVAc/EVA), polystyrenes (PS), polyamides
(PA), acrylates, including polymethylmethacrylate (PMMA) and polyacrylonitrile (PAN), and polyvinylchlo-
rides (PVC). These polymers span a large range of typical densities from 0.89-1.41 gcm ™%, summarised in%.
Excluded from this analysis were polytetrafluorethylene (PTFE) and polyethylene terephthalate (PET), as they
appeared in contamination controls (S, Text S2). Based on a report from the EPA* we calculated that paint resins
possess an average density of approximately 1.6 gcm >, PS beads were density categorised according to their basis
polymer PS (see SI, Text S1).

HD polymers were more than twice as abundant as LD polymers within the ordinary polymer category along
the estuary. By density, paint and PS beads were also assigned to the category of HD polymers which resulted in
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Figure 1. MP abundance maps of all sediment samples taken: (A) the Warnow estuary and (B) Arkona

and Gotland basins in the Baltic Sea (referred section: MP contamination levels comparison to Baltic Sea
basins). Sedimentation rates derived from sediment trap sampling in the two basins are displayed next to the
stations. Blue bars indicate the occurrence of ordinary polymers, red bars paint resins and white bars PS beads.
Respective abundances [kg~' DW] are shown above the bars. Representative replicates (n = 3) were available
for station S2 and S10 amounting to 78 + 10kg~! DW and 379 + 28 kg~! DW, respectively. Possible deviations
when adding up polymer type-specific abundances can arise due to rounding differences. Marinas and harbours
are shown as black shapes. Sampling stations are highlighted as black circles along with the respective station
number. Presented maps are projected in a geodetic system WGS 84 (EPSG:4326) and were created in QGIS®
using OpenStreetMaps (OSM) data®.

a percentage contribution of approximately 90% and 95% within the overall data set and Warnow estuary (excl.
Alter Strom), respectively. The plastic composition is, thus, clearly dominated by HD polymers (Fig. 2A). In the
Alter Strom sediments, LD polymers were more abundant, with 23%. Otherwise, the overall polymeric distribu-
tion largely coincided with those found in the estuary.

The critical shear stress, calculated for the Warnow estuary stations (simulated maximum over one year, see
section Hydrodynamic model), is introduced as an important measure of the energetic environment (Fig. 2B)'!.
Generally, the larger the shear stress forces on the sediment bed the larger the proportion of HD polymers
(r=0.73, p=0.04) relative to LD polymers (HD =TMP — LD). The significance level of this correlation rose
(r=0.82, p=0.01) when excluding HD fibres, hence only HD particulate polymers were considered (Fig. 2B).
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Figure 2. MP distribution by polymer type with distinct given densities and their dependency of shear stress.
(A) MP distribution with numbers n above the bars. Grey scaling indicates the corresponding given densities
of the polymers, increasing from light to dark (0.89-1.6 gcm™?). The black line indicates the transition from LD
to HD polymers determined by the density of water (~1 gcm ). The polymeric category “other” consists of a
variety of different HD polymers and consequently displayed separately from the grey scale. (B) HD particles
(=TMP - LD - HD fibres) percentage of all polymers as a function of simulated maximum shear stress in

the Warnow estuary. Two stations were excluded from the correlation for reasons of missing coverage by the
hydrodynamic model (S1) or low sample size (S9).

The influence of shape is addressed in the following paragraph. Conclusively, hydrodynamic conditions appear to
be an important influential factor on the selection of different polymer types i.e. densities.

Shape: Shape categories were split into fibres and particles, the latter of which was dominated by irregular
fragments and spheres. Fibrous MP were usually composed of PAN, PA and PP and remained at a rather low level
in the estuarine transect. In the Alter Strom, fibres reached abundances of 84 + 45kg~! DW, roughly equalling
particulate ordinary polymers. Although most fibres by density can be related to the HD polymer fraction (64%,
overall), their rather dispersed distribution pattern aligned much better with that of non-fibrous LD polymers
(r=0.99, p<0.001).

Exploration of determining parameters for MP distribution. GLMs were developed to explore which parameters
- potential sources and/or environmental factors - can explain MP distribution patterns in the Warnow estuary.
The abundance of each MP category, paint resins, ordinary polymers, PS beads (restricted to ion exchangers) as
well as TMP was analysed separately in order to find type specific emitters. Tested potential source terms were:
distance to closest waste water treatment plant (WWTP), marina, recycling station, mixed water and rain water
sewers as well as population density, number of tourism activity points, industrial areas and metal companies in
1000 m radius. Environmental parameters included physical parameters such as salinity, depth and maximum
shear stress. Further, different types of natural (particulate) matter such as organic matter (total organic carbon
(TOC) x 2.22), TOC/N, sediment grain size (<63 ;zm) and CaCO; were tested to evaluate their potential usage as
proxies. This is based on the assumption that various types of particulate matter and MP are similarly influenced
by the present hydrodynamic conditions. A table including values of explanatory variables with units, parameter
definition and references of data acquirement is included in the SI, Table S3.

Explanatory variables (unstandardised) represent an estimation of parameter influence in original units and
are given in descending order of importance. This is evaluated by the change of several statistical parameters such
as decrease of deviance, Akaike information criterion (AIC), increase in coefficient of determination 7, level of
significance, t-values and residual analysis. All predictor terms that composed the final models attained a level
of significance of p < 0.05. Further GLM specifications and residual analysis are provided in the Materials and
Methods section and SI, Fig. S3A-C. Best model fits for the individual MP categories are composed as follows:

log(paint resin) = 2.352 + 0.032 Grain Size (<63 ym) — 0.003 Distance Marina (1)

with 72=0.97, a residual deviance of 54 with 7 degrees of freedom and Chi-squared vs. constant model: 725,
p < 0.001. The strongest impact (r>= 0.84, p < 0.001) on the model for paint resins (Eq. (1)) had the term sed-
iment grain size (<63 pm). Additionally, the distance to marinas (and harbours), one potential source term,
showed significant impact. In other words, the MP composition of stations close to marinas and harbours were
dominated by paint resins. This significant correlation is even supported when it is used as the only predictor
(Fig. 3A, Spearman: r,= — 0.7, p=0.03). Industrial areas, including metal and ship constructing sectors also fit
paint resin distribution, however, had to be excluded due to model overfitting.
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Figure 3. Relationship of MP and major identified sources: (A) between paint resin abundance and distance to
marinas per station (n= 10) and (B) ordinary polymers to distance to WW'TP per station (n = 8). The outliers
$10 and S1 (grey triangles) would decrease the regression fit r? to 0.09 and were consequently excluded from the
analysis.

log(ord. polymer) = 0.505 + 0.0452 Grain Size (<63 jum) + 0.0249 Org. Matter )

with r?=0.77, a residual deviance of 199.1 with 7 degrees of freedom and Chi-squared vs. constant model:
431, p <0.001. Apart from sediment grain size distribution, organic matter had an explanatory power for ordi-
nary polymers (Eq. (2)). A reason for this could be the overlap in density ranges, contrarily to the heavier paint
resins. Initially, the distance to the WWTP was the most significant source term for local ordinary polymer
abundance. However, the occurrence of two outliers and consequent model overfitting excluded this term from
the final model. When excluding the outliers the model fit improved (r*= 0.92, among other parameters of evalu-
ation) now containing both grain size (<63 ;4m) and distance to WWTP as significant explanatory variables. This
indicates that distance to WWTP ascribes a type specific emitter. The linear regression between ordinary poly-
mers and the distance to WWTP is presented separately (Spearman: r,= —0.84, p=0.01, Fig. 3B). It is noted that
PS beads from station S1 were added to the pool of ordinary polymers as they were not identified as ion exchang-
ers (Fig. S1) and likely originate from different sources. They were not explained by the distance to the WWTP
either (see outlier S1, Fig. 3B) and possibly diverge due to the increased distance of S1 upstream of the WWTP.
Station S10 is furthest away from the WWTP and situated in a sheltered side arm of the Warnow wherefore addi-
tional source terms or deviating hydrodynamic conditions could explain the divergence from the regression fit.

Available source terms could not explain the distribution pattern of ion exchanger beads. This may be due to
the versatile applicability of these beads. At the same time they could originate from a specific point emitter which
might not be covered by the identified industrial activities used for the parameterisation.

log(TMP) = —0.4207 + 0.0826 Grain Size (<63 jm) + 0.056 CaCO,
—0.0002 Distance WWTP 3)

with 2 =0.99, a residual deviance of 20.7 with 6 degrees of freedom and a Chi-squared vs. constant model:
1280, p < 0.001. TMP distribution (3) was best explained (> = 0.58) by the fine fraction of sediments (<63 um).
The correlation with CaCOj is introduced based on a cooccurrence with ion exchangers. Apart from a possible
correlation in transport behaviour with CaCO; (if e.g. from fragmented mussel shells), it could also be indicative
of the composition of the ion exchanger polymers or related application processes (i.e. decalcification) which
would lead to increased CaCO; levels. Regarding the small set of data points statistical robustness and causality of
this correlation is not clear. If ion exchargers were excluded from TMP the relative importance of sediment grain
size increased (1 =0.95).

Conclusively, the MP composition found in the Warnow sediments can be explained by both the
co-occurrence of natural (particulate) matter and potential source terms. Local occurrences of paint resins and
HD ordinary polymers could, in turn be used as specific source indicators. Diffuse sources were generally dif-
ficult to fit as the impact is more dispersed and indiscernible from unexplained statistical deviations or unex-
plored source terms. A higher resolution and larger sample size could likely result in higher model accuracy.
Independent of the MP categories, sediment grain size (<63 yum) appeared as the most prominent explanatory
parameter. This suggests, that both materials are similarly influenced by present hydrodynamic conditions. Lower
energetic environments would have the capacity to trap more MP of averagely smaller sizes compared to higher
energetic environments. The selected fine sediment fraction (<63 pim) is the most widespread granulomeric nor-
maliser of contaminants in use. This specific size threshold is principally based on physical properties (point at
equal particle bond - weight ratio) and a measure of the clay fraction characterised by a high binding capacity and
coating formation e.g. with organic matter (reviewed in'?). However, the variable nature of grain size spectra is
reduced to only one parameter at the expense of accuracy. Therefore sediment grain size should undergo a more
detailed evaluation with respect to their potential usage as a proxy for MP contamination levels.

MP - Sediment relationship. Field data. A correlation analysis of the empirically derived MP, frac-
tionated by the afore described physical properties and distinct sediment grain size fractions revealed strong
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Figure 4. Relationships between MP and sediment distribution patterns. (A-C) Correlation analysis of specific
MP and sediment grain size fractions in relative abundances. The inclusion of the outliers (shown as grey
triangles) S10 and S1, would unduly influence the regression fit (decrease of r* to 0.31 and 0.07, respectively)
and were consequently excluded from the analysis. (D) Correlation of TMP (log transformed, black squares)
and HD polymers (grey diamonds with dashed line) as absolute values with median grain size (d50). (D, insert)
Residual analysis of TMP values normalised by the median grain size (d50). Individual studentised residuals
are shown as pluses non of which is deemed a clear outlier. (E) Fine sediment fraction (<63 y1m) against TMP
abundance (log transformed, black squares). Y-axis label is shared with (D). Graphs in different shades of grey
present an assemblage of available study sites®!*!® showing comparable relationships. Small black diamonds
with the dashed line represent LD polymers and fibres. For later reference, in both (D) and (E), the respective
position of the Baltic Sea sample, Arkona Basin (AB, d50=17.3 + 1.7 um, <63 ym=99.6 +0.4%, n=4%), is
marked as a cross. The Gotland Basin with comparable sediment grain size features (GB, <63 pm =95.7 £ 3.5%,
n=3%) does not display in the log rendering as MP numbers equal zero. The used grain size data for the

two Baltic Sea sediment samples showed neglectable variation across our sampling region®**. Significant
correlations are marked with asterisks. All data displayed on a log scale are based on log transformed regression
coefficients.

correlations for HD particulate polymers (Fig. 4A,B). Station S8 and S9 were excluded as MP numbers were
too low to calculate statistically robust percentage values of the respective MP fractions. HD particulate MP of
sizes between 1000 and 5000 um correlated with the fraction of fine sand (125-250 ;um) with high significance
(r=0.96, p <0.001, Fig. 4A). Likewise, HD particulate MP of 500 to 1000 ;2m significantly correlated (r=0.94,
p=0.002, Fig. 4B) with a grain size range between medium silt to very fine sand (16-125 yum). The performed
correlation analysis was based on grain size fractions classified by Udden and Wentworth?® and those that yielded
most significant fits are presented. LD particulate polymers and fibres showed no clear correlation with either of
these fractions. As mentioned before, the spatial distribution of LD polymers and HD fibres of the studied size
range equalled each other. The best fit of this MP category was found with silt, although not significant (4-63 zim,
r=0.51, p=0.2, Fig. 4C). Instead, a significant correlation was found between LD particles in combination with
all fibres and the fine sediment fraction of <63 ym (r=0.88, p=0.002, dashed line in Fig. 4E).

The median grain size (d50) highly correlated with TMP abundance (r=— 0.9, p < 0.001); the finer the
sediment, the more abundant TMP (Fig. 4D). The correlation was determined by the preponderance of HD
particulate polymers (r=— 0.9, p < 0.001, Fig. 4D, grey diamonds). The sedimentary fine-grained fraction
(<63 um) correlated with TMP (r=0.86, p=0.001, Fig. 4E), as also demonstrated by the high predictive power in
Egs. (1)-(3) of the GLM. No correlation was found between organic matter (total organic carbon, TOC) and TMP
(SI, Fig. $4).

Theoretical validation. 'The transport behaviour of MP and non-cohesive sediment particles is controlled by
their respective densities, shapes and grain sizes. Assuming a flat seafloor and spherical particles, the threshold
bed shear stress 7, required to initiate movement on a sediment or MP particle can be calculated'':

T = O8(p,, — p)d (4)
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Figure 5. Threshold bed shear stress of quartz and plastic, HD ordinary polymers (average density 1.2 gcm™)
and paint resins (average density of 1.6 gcm™) respectively. Stars and arrows indicate the equivalent quartz
sediment grain and MP size (diameter) that is mobilised when subjected to the same bed shear stress. Stars are
placed at the mean MP size fraction, 2500 and 750 um, derived from the empiric analysis (Fig. 4A,B). The area
between the dashed lines indicates the simulated maximum shear stress range (52-S10) in the Warnow area
based on a one-year average (see Hydrodynamic Model under the Materials and Methods section).

Here, 7, is the bed shear stress [Nm 2] exerted on the bottom at the initiation of movement that depends on
the current velocity profile, water depth, water density and particle grain size, g is the acceleration due to gravity
[m s72], p is the density of water [kg m~’], p,, is the density of quartz (2.65gcm™>) and plastic (assumed with
1.2 and 1.6 gcm™?), respectively. d is the grain diameter [m]. ©,, is the threshold Shields parameter, describing
the equilibrium of force exerted on a particle by water movement and the counteracting force due to the particle
weight. It is estimated from the Shields curve following Soulsby'!. The density ratio p,/p may be directly important
in controlling the threshold of motion, invalidating the above approximation of ©, that was developed for den-
sity values of quartz grains. Such effects were measured for the case of large density differences (e.g. for different
atmospheric pressures). However, for transport in water no impact of changing density ratios between 1.2 and
3gem to the threshold of motion initiation have been reported®.

The results of the threshold bed shear stress calculation for particles of different grain size and density are
shown in Fig. 5. The results show a non-linear relationship for the initiation of motion for quartz and MP particles
of the same diameter. For large MP particles (2500 1m as an average) of a high density (1.6 gcm ?), an initiation of
motion comparable to quartz grains of 1000 ;zm can be expected, while large HD MP particles of a lower density
(1.2gem™?) would initiate transport with the fine sand fraction. Smaller MP particles (750 m as an average) of
higher density initiate movement with quartz grains of the very fine sand fraction, while those of lower density
mobilise with the medium silt fraction. Generally, the size difference between quartz and MP particles, mobilised
under the same bed shear stress, decreases with increasing grain size and decreasing density difference.

The theoretical approximations are in general agreement with the empirical results, within the available accu-
racy limits discussed below. The analysed HD MP and sediment fractions show a shift in grain size by approxi-
mately one to two orders of magnitude. While effects of shape on particle movement were sparsely considered and
a better distinction of MP grain sizes is required, the agreement of theoretical and available field data indicates
that the observed particle size difference is the fundamental feature of HD MP dynamic. A better validation of
the MP sediment relationship would require a higher resolution of MP size intervals. However, much higher MP
abundances per sample are then required. Simulated shear stress data (see Hydrodynamic model) was retrieved
to validate whether thresholds are sufficient to initiate motion of the particles measured. The transport of MP dur-
ing average environmental conditions at the Warnow stations is limited (0.003 N'm~?). The maximum bed shear
stresses for a one-year modelling run (2014) were found to range between 0.02-0.11 N m 2 between stations,
indicating that less dense or smaller HD particles are mobilised. Thus the bulk of MP transport in the Warnow
estuary is likely to occur during extreme events causing increased bed shear stress. For LD MP, a comparison
with established sediment dynamic models is not possible. While a correlation between LD polymers and sed-
iment coarser than medium silt may have been not found due to the low number of LD particles in the sample
distribution, no correlation is expected. LD polymers would initially stay afloat and thus have fundamentally
different transport mechanics compared to sediment particles. LD may settle when influenced by external factors
such as attach-detach cycles of biota®. This points towards a hydrodynamic relationship with fine-grained sed-
imentary components of a higher cohesive capacity i.e. sedimentation as a result of aggregation or flocculation,
indicated by a significant correlation between LD and the fine sediment fraction (r=0.77, p=0.02, when all
fibres included: r =0.88, p=0.002). Such a transport mechanism is supported by previous studies that found a
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TMP-TOC relationship'**! for data sets dominated by sizes below the minimum size class analysed in the present
study. This indicates that a correlation exists between TOC and TMP <500 pm.

Summarising, a fractionated granulometric normalisation based on mathematical correlations between the
abundance of specific MP categories (defined by size, density and shape) and the reference sediment grain size
fraction to eliminate hydrodynamic variability is the more accurate approach to account for different MP com-
positions within data sets. The application of single hydrodynamic parameters (e.g. d50, <63 m) for a granulo-
metric normalisation is recommended as an approximation of MP abundances in case no further fractionation
is possible. HD particulate MP > 500 ;sm were best explained by the d50, based on the underlying direct size
fractionated correlations (Fig. 4A,B). LD and fibrous MP (and supposedly TMP < 500 um) were better explained
by the <63 um fine fraction. On the one hand, the application of LD MP and thus TMP abundances for the d50
normalisation within the studied size limits is questionable due to the absence of a clear correlation with a sedi-
ment grain size fraction (Fig. 4C) and median sediment grain size (r = — 0.64, p=0.06, when all fibres included:
r=—0.79, p=0.01). On the other hand, the shown correlation between the <63 pm fraction and TMP (or HD
particles only: r =0.86, p=0.002) is likely to be based on a cross-correlation between <63 ysm and d50. A single
accurate proxy is thus difficult to obtain for the entire MP pool (~10 um-5mm, 0.89-1.6 gcm ) and requires a
selection tailored to the composition of the MP data set under investigation.

Residual analysis and MP re-assessment. 'TMP abundances as a function of sediment composition, such as
median grain size, could explain a large degree of variability within the data set (decrease of mean squared error
from 3.7 to 0.8, TMP log transformed). A residual analysis of the grain sized normalised TMP abundance val-
ues and the determined regression (base)line showed an independent distribution without any clear outliers
(below =£3), although station S5 is close to this threshold (Fig. 4D, insert). Generally, such residual analysis can
reveal stations that currently function as a sink or source (positioned below or above the regression line) to the
investigated system at the time of measurement. In theory, granulometric normalised MP abundances would
approach an optimum of zero residual deviance in a hydrological system of sufficient connectivity and steady
state. Conclusively, granulometric normalisation of MP data is of importance when assessing MP abundances
because site-specific differences were largely explained by grain size differences. Lacking this, variations might
be misinterpreted as source load differences and hot spot areas. Concerning the fractionated granulometric nor-
malisation approach it was observed that at stations with a low grain size, such as in S1 and S10, the exerted
shear stress might be too low to transport certain size specific MP that entered locally. This could be the reason
why these stations appeared as outliers in the size fractionated correlation analysis (Fig. 4A,B, respectively). This
phenomenon of very fine grained areas hence low shear stress levels could represent a potential limitation in the
MP projection based on shear stress correlates and needs further investigation, e.g. concerning the influence of
sinking velocity.

Implementation.  Study site cross - comparison reveals essential parameters. The data of other study sites
confirms the general relationship between MP and sediments as compiled and presented in Fig. 4E>'%!6, However,
a comparison of MP contamination levels between different study sites is difficult due to a) different sampling and
analysis techniques and b) often insufficient consideration of the hydrodynamic environment.

The MP - sediment relationship depends on the respective MP input level and spatio-temporal connectivity
of the available sampling stations. A larger sample area coverage can cause a less prominent correlation such as
in Strand et al. and Ballent et al.>'. Similarly, less significant fits can occur when temporal connectivity is not
fully guaranteed. Highest correlations were consequently achieved by Vianello et al.' and the present study, both
based on small scale well-connected sampling areas and periods. Deviations in the course of the shown graphs
(4E) can occur due to different analytical preparation steps applied. A table comparing the displayed studies
in different systemic parameters is provided in the SI, Table S1. Varying MP size thresholds as well as different
density separation thresholds were applied during MP isolation by these studies. If the mentioned systemic differ-
ences were resolved an accurate comparison of the (normalised) MP contamination level between sites could be
made. An additional common constraint of studies that reported the absence of a relationship between MP and
sediments, is a missing coverage of large variability ranges of sediment grain sizes'”'8 or complete exclusion of
the fine fraction'’, partly owed to a low sample sizes. A sample coverage spanning a sufficient range of grain sizes,
representative for the region of interest, is thus essential to determine the MP contamination level in sediments.
The sedimentary environment in which MP resided in the Warnow estuary spanned a reasonable diversity of sed-
iment types, from clayey silt and very silty sandy mud to slightly silty sand (classified according to Flemming??)
with a d50 range across 100 um. Some of the above referenced studies did not verify MP suspects via spectro-
scopic or other chemical test measures (SI, Table S1) which allows no unambiguous and thus sound identification
and quantification, especially in the small size range™®.

MP contamination level comparison to Baltic Sea basins. Two Baltic Sea basin sediment samples were analysed
and grain-size normalised to be compared to the MP contamination levels found in the Warnow estuary. These
samples, together with sediment trap samples, revealed valuable information on the connectivity of the two sys-
tems in terms of MP bed load transport and major transport pathways to this environment.

No plastics within the analysed size range were found in the sediment trap samples from the Gotland basin
over the entire period of nearly 10 months (excluding 9 PET fibres counted as contamination suspects, see
Text S1). In the Arkona basin samples, a cumulative number of 12 ordinary polymers, all of which were fibrous,
and 7 paint resins were identified (Fig. 6). Assuming a constant intra-annual MP sedimentation rate, this amounts
to 0.1m~2d~!, which sums up to 37 m~2 per year (Fig. 1B). The maximum entry within a sampling interval of
10 days amounted to 3 MP. There were slightly more MP during the late summer and autumn months which
generally coincides with a higher sedimentation rate of natural particles (Fig. 6B). However, differences between
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Figure 6. Ordinary polymer (blue) and paint resin (red) distribution found in the Arkona basin sediment trap
samples. (A) cumulative and (B) over time. (B) Numbers on the x-axis represent the time in months over the
sampling year from December 2012 until January 2014. The grey line illustrates the sediment flux (<400 zim).
Ordinary polymers are all of a fibrous nature.

time intervals were marginal due to the small sample size and could well derive from increased local MP input,
as, for instance, from maritime activities. The observation is made that paint resins in contrast to ordinary poly-
mers descend independent from the natural particle flux, indicating a sea-based origin independent from natural
particle transport routes. Sedimentation rates were based on the <400 yum fraction, which is used as a proxy for
the total material flux.

The polymer composition in the Arkona basin sediment trap sample showed that only approximately 5% of
MP (i.e. one PE fibre) belonged to the group of LD polymers (Fig. 6A); a percentage comparable to the Warnow
estuary. One paint resin and one PA fibre could be identified in the Arkona basin sediments, being equivalent
to 5kg~! DW (Fig. 1B) and largely matche the polymer composition found in the water column. Also MP abun-
dances between the two interlinked compartments show reasonable consistency as discussed in a hypothetical
comparison as follows. Reported mean sedimentation rates in the Arkona Basin of 3mmm~2 y~!'3* imply that
the taken sediment sample comprises layers equivalent to the last 33 years. Based on the MP sedimentation rate
from sediment trap sampling, 1233 MP m~2 could have sedimented during this time period based on current MP
sedimentation rates. An extrapolation of the MP abundances found in the Arkona sediment sample of 5kg™' DW
equal 222 MP m 2 Based on knowledge from sediment records, it seems reasonable to assume that current MP
sedimentation rates rose with production volumes during the last decades®. Then, the cumulative number of sed-
imented MP would be about half of that currently measured and, thus, lied within the same order of magnitude.

The calculation of MP sedimentation rates in the sea basins paired with the time integrated abundances found
in the sediment below indicate a direct link between water column borne and benthic MP in this region. This
would imply that a majority of the local MP burial originated from vertical deposition of particles rather than
horizontal near-bottom transport, suggesting a sea-based origin or long distance transport of particles in suspen-
sion. The comparison of the MP abundances found in the Baltic Sea basins normalised to grain size (Fig. 4D,E,
crosses) showed a contamination level of one to two orders of magnitude below that of the estuary. Under the
restriction of the low sample size, these comparative data points shall exemplify the impact of the granulometric
normalisation on the interpretation of MP contamination levels (methods identical). Otherwise, it would have
been within the same range of that of the estuary. A larger data set (across a larger grain size range) is nevertheless
needed to draw a grain size corrected MP contamination curve and thus determine the contamination level of
the Baltic Sea region.

MP sinks: Sorting of particles in suspension along their deposition velocities is ultimately influenced by the
environment’s turbulence level. With a diminishing level of turbulence along a depth gradient from coastal envi-
ronments, the deep sea basins are expectantly a sink for very fine sediments (<63 ym) and thus MP that correlate
with that fraction (fibres, LD polymers and MP < 500 zm). This is in coherence with our findings of a predom-
inance of fibres and generally very small numbers of MP > 500 4m in the basins. The absence of HD ordinary
particles, suggests no significant long distance transport to the sea basins but their sedimentation closer to the
source. Paint resins with a higher relative threshold bed shear stress and sinking velocity as well as their sedimen-
tation decoupled from natural particle flux suggests a sea-based entry. That fibres can reach the Baltic Sea basins
from land-based sources was recently demonstrated in a modelling study’. Our finding, that fibres dominated sea
basin sediments, echo the MP composition found by another study?, (paint resins excluded). The function of low
energetic environments as a sink for smaller MP (<500 ym) and its scale should be focused on in future studies.
Particles of sizes where density-determined advection becomes negligible compared to turbulence-driven diffu-
sion are considered equally distributed throughout the sea®. Then other mechanisms gain influence: conglom-
eration of suspended material rises the particles deposition velocity and consolidation and cohesion of deposited
material increases the threshold shear stress necessary to initiate motion. Once deposited, (Baltic) sea basins
foster an ultimate burial of MP, due to the relatively low resuspension probability. In the Baltic, only rare inflow
events of dense, saline North Sea water or strong cyclonic winds could temporarily resuspend MP>¢.

Backtracking point sources. A large-scale correlation between population density and MP along river
shores was recently demonstrated*. In the present study, sediment samples were taken in a relatively dense spatial
resolution, which allowed to reveal direct sink source relationships. As a result, major point sources were back-
tracked to the WWTP and harbour areas.

Despite the generally high filtering efficiency of MP by WWTPs, absolute release numbers were found
to be significant®®. The relatively high threshold shear stress required to transport paint resins explains their
most significant source backtracking curve within the data set (Fig. 3A). The occurrence of paint resins coin-
cides with previously documented elevated heavy metal burdens of copper, cadmium and lead in the estuary®.
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Cross-correlations with other emitters of heavy metals are possible. However, heavy metal leaching from the paint
matrix and their function as transport vehicle of contaminants to the environment is unquestioned*. Copper, for
instance, is an active ingredient in most antifoulant paints and a chromophore complex constituent of many blue
and green pigments*!, reaching highest concentrations compared to other heavy metals.

The found micro PS beads are likely to be emitted by nearby industries, as a contribution of this sector has
been shown to exist®*2 In the present study, parameterisation and thus allocation to the industrial sector were,
however, complicated due to the broad application possibilities of these products. PS ion exchangers are being
used for water purification, desalinisation, softening, demineralisation and micro-fouling control and are used
predominantly in metal or pharmaceutical sectors. It is especially due to the above mentioned industrial sectors
that billions of m? of untreated waste water enter the aquatic environment annually in Germany*. In an Austrian
case study*, the generous thresholds that are set for industrial MP discharges were criticised. Similar ‘spherules’
in water samples were identified along the Rhine river which occurred at very high frequencies (overall average
of 60%), especially in areas of high industrial density*>. Proportions (58% overall), morphology (opaque, 300-
1000 pm in size), their polymeric assignment to cross-linked PS and the proximity to industrial areas compare
with our findings in Warnow estuarine sediments. Their apparent presence in both compartments, the sediments
and the water surface, might be explained by the inclusion of gas bubbles within the spherules as occasionally
observed by the mentioned study*. Ageing effects, described for ion exchangers as the oxidative breakage of
cross-linkers past water uptake, can also cause swelling and softening*. The general dominance of the PS based
ion exchanger beads shows that they constitute a so far largely ignored MP species of potentially very large quan-
tities in urban waters.

Conclusions and Prospects of Granulometric Normalisation

Particles, whether they are of clastic sediment or synthetic polymeric nature are principally governed by the same
environmental laws. The presented direct correlations in transport - deposition behaviour between the two mate-
rials can be used as a foundation for an improved estimation and projection of the MP distribution in sediments
confirming our initial hypothesis. Fractionated granulometric normalisation based on mathematical correlations
between specific MP categories and the reference sediment grain size fraction to eliminate hydrodynamic varia-
bility is highly recommended. This has implications on the interpretation of former study results, concluding that
without correction for variability of natural particle composition in consequence of hydrodynamic differences,
rational comparison of MP abundances between samples is impeded. We propose this as a basis for the prediction
of MP distribution from small precursory MP deposition data sets by using spatial sediment grain size data along
with data on local sources. Considerations on spatio-temporal connectivity of the system studied and heteroge-
neity of the sedimentary matrix are pivotal for a sound and comprehensive assessment. Resolving the physical
fate of MP in the aquatic environment can be approached by building upon the extensive knowledge of sediment
transport mechanisms. Using sediment grain size as a proxy, identification of pathways, sinks and sources of MP
on a regional and potentially global scale are achievable objectives. Changing anthropogenic influences, over
space and time, can subsequently be determined, which is of direct importance when applied as a stratigraphic
indicator of the anthropocene*. In a nutshell, a close look at sediment distribution maps is of importance prior to
sampling as well as during data interpretation when assessing an area’s MP contamination level.

The developed MP-sediment relationship should be understood as a first approximation derived from field
data. The basic calculations of sediment and MP dynamics and the comparison to normalised data of previ-
ously published data supports the idea of a general applicability of the fractionated granulometric normalisation.
However, further validation and extension by larger data sets covering larger MP size ranges, analysing the influ-
ence of shape in more detail and testing the relationships found in areas with similar as well as deviating hydro-
dynamic conditions, such as fluvial and marine, are needed. In areas where other mechanisms determine particle
sorting (i.e. sinking velocity), correlations might deviate. It is questionable whether beaches and shorelines reflect
the same direct linkage between MP and sediment grain size**’. The more complex distribution behaviour of
LD polymers should be a future research focus to complete our understanding of MP transport and deposition
patterns.

Materials and Methods

Sample collection. Warnow estuary. Sediment sampling in the Warnow estuary followed a transect, from
past the sluice gate (S1) in the centre of the city Rostock, downstream to approximately 2 km past the estuary
where it disembogues into the Baltic Sea (S8, S9). A total of 9 stations were sampled along the lower Warnow, plus
one station (S10) in the adjacent side arm Alter Strom connected via the Baltic Sea. In close intervals of 0.8 to
5km, sampling was conducted from aboard a boat by deploying a Van-Veen grab (which covers an area of 0.04 m?
and has a maximum capacity of 51). Wet weights ranged from 1550 to 2700 g. At two stations a total of three repli-
cates were taken and analysed exemplary to evaluate local variability. The sampled sediment was then transferred
into a 1.51 glass jar with the use of a metal bowl and spoon, which were thoroughly rinsed with micro-filtrated
water (MilliQ) beforehand. The samples were stored in a dark room at a temperature of 4 °C until processing.

Arkona and Gotland basin. ~ Sediment trap sampling: Sediment trap sampling was part of a larger bentho-pelagic
monitoring program and comprised two series, one in the Arkona, the other in the Gotland basin, with individ-
ual sampling intervals (1-20) of 10 and 14 days, respectively (location information: SI, Table S2). The round and
funnel-shaped inlet of the sediment traps spans 80 cm in diameter, covering an area of 0.503 m?. The sediment
trap content was collected in a 400 ml PE vessels and subsequently sieved, as only the fraction >500 ;zm was
investigated for this study. The remains were fixed in formaldehyde and kept in 20 ml glass vessels.

Sediment sampling: Sediment samples at the two Baltic Sea stations (same locations as sediment traps) were
taken with a box corer during the Poseidon cruise 488 in 2015. The box corer covers an area of 15 x 15cm and
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a sampling depth of 10 cm was attempted. 1 kg wet weight from each location, comprising 500 g of two separate
samples, taken in parallel, was the basis for later analysis.

Sample preparation. Sediment samples. DW analysis was conducted by determining the weight differ-
ences of a defined amount of homogenised wet sediment subsample between pre- and post-drying in a drying
closet, at 60 °C for 48 h, until no further weight reduction was measurable. Wet sediment samples were den-
sity separated using a MicroPlastic Sediment Separator (MPSS, Hydro-Bios). The instrument is entirely made
of stainless steel and glass, except for EPDM o-rings and PTFE hoses and sealings. The MPSS has a documented
recovery rate of 100% in the analysed size class. A detailed description of the MPSS*® and appropriate protocols*
are published.

In this study we used sodium polytungstate (TC-Tungsten Compounds) at a density of approximately
1.8gcm? as a density separation solution. A methodological remark on the recommended density separation
threshold that includes paint resins is available in the SI, Text S3. Each sediment sample was added to 4l of prefil-
tered sodium polytungstate in the MPSS with a metal spoon. By means of a vacuum pump, the density solution
was transferred from a stainless steel barrel to the sediment container, passing two prefilters of 10 and 5 ym. A
rotor (20 rpm) at the bottom of the container stirs the sample to free potential MP and pass them into the conical
stand pipe and then into the dividing chamber for final separation. Larger floating pieces (>1 cm) such as shells
or pieces of wood were removed (rinsing ensured no MP loss) as they can cause clogging of the dividing chamber.
In order to avoid precipitation reactions, causing the clogging of filters and leakage, the pH had to be kept at an
optimum of 3 to 3.4. This was achieved by adding prefiltered 37% hydrochloric acid after each passage when the
solution had been in contact with the sediment at higher pH. Density was checked regularly and readjusted if nec-
essary. The separation process lasted 24 h while the MPSS hull was occasionally knocked, to limit the possibility
of MP adhering to the walls. Following this, the separation chamber was closed and dismantled and the superna-
tant transferred into a beaker glass. The remaining residues in the separation chamber were rinsed with MilliQ
into a second glass beaker. After each sample run, the sodium polytungstate was filtered through a 15 yzm mesh
back into the storage barrel. The liquids were collected to be recycled by the producer. Prior to each new sample
treatment, a cleaning sequence guaranteed a contamination free MPSS. For general contamination prevention
measures and control testing, see SI, Text S2.

Since this study intended to examine the larger fraction of MP, the supernatant was passed through a stainless
steel sieve with apertures of 500 zm. Samples not directly analysed, were stored in beakers filled with MilliQ and
covered with aluminum foil. The sample was subsequently pre-analysed under the microscope (Zeiss Stemi 200,
magnification: 6.5 to 50 x) in a custom-built Bogorov chamber (20 x 20 cm). MP suspects were manually isolated
according to defined visual criteria®>*!. These suspects were then placed between two glass slides, which were
then kept bound together with parafilm, pending spectroscopic analysis. The sieve was thoroughly scanned for
potential MP remains.

After density separation, some of the samples (S1, S2, 3, S8, S9) underwent further treatment in order to
reduce organic material content and ease subsequent visual and spectral analysis. An array of treatments with
SDS, enzymes, sodium hydroxide (NaOH), hydrogen chloride (HCI) or a repeated density separation were applied
depending on the degree of biogenic or silicate debris®. All applied chemicals are known to be non-destructive
to MP33,

Sediment trap samples. Some of the Gotland samples (1-2, 3-4, 7-9, 10-12, 13-15, 16-17) were pooled because
of their low sample volume. In total, 49 subsamples were taken. Sediment trap samples were transferred to glass
petri dishes and examined for MP by means of a binocular microscope (Zeiss Stemi 2000, 6.5-8x magnification,
50x for a detailed study of the particle morphology) from top to bottom in horizontal lines. This was then repeated
up to three times in different orientations of the petri dish. In case of large volumes, the sample was subdivided.
By means of fine tweezers with 0.05 x 0.01 mm tips, isolated MP were transferred in 1.5 ml PE Eppendorf-tubes
previously filled with 700 ul sample water. As the removal of biofilms and other material is generally recom-
mended to ensure best possible spectra quality during FTIR and Raman spectroscopy>*, the isolated MP sus-
pects underwent a 72 h purification treatment by adding 750 ul of 30% hydrogen peroxide (H,0,) solution. Both
efficiency and resistance by plastic of the oxidising agent is known from other studies®. Temperature rise of the
exothermic reaction was ensured to be minimal®. Via bottle top filtration, the samples were transferred onto
PC filters of 3 um pore size (47 mm in diameter) which were then separated using filter paper stored in petri
dishes until further analysis. MP suspects were photo-documented in a second binocular run (Zeiss Discovery
V.8 Stereo with camera module AxioCam ICc 3, Software Axio Vision, 16-128x magnification), and pregrouped
into plastic or unknowns. Subsequent spectroscopic analysis would correct for false positive misidentifications.

Chemical characterisation via p-ATR-FTIR and Raman-spectroscopy. All MP suspects were
analysed via micro-attenuated total reflection - Fourier transform infrared spectroscopy (y-ATR-FTIR) as
single point measurements. A Bruker Vertex 70 FTIR- spectrometer coupled with a Bruker Hyperion 2000
FTIR-microscope equipped with a 20x ATR objective with a germanium crystal and a Mercury Cadmium
Telluride single element detector was used. Measurements were taken with a resolution of 4cm™" in a wavenum-
ber range of 4000-600 cm ! with 100 scans per sample. The contact area of the germanium crystal approximates
25 x 25 ym. The FTIR detector requires liquid nitrogen for cooling and this must be filled 30 minutes before
operation and repeated every 5-6 hours. Background spectra were regularly measured against air with the same
setting as described above. Appropriated signal-to-noise ratios required a close contact between the ATR crystal
tip and MP suspect situated on the glass slide. Between measurements the ATR crystal was cleaned with ethanol
to avoid cross-contamination.
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The software Opus 7.5 (Bruker Optics) was used for spectral measurement, processing and evaluation. Multiple
reference libraries were indexed: ATR-FTIR Library complete Volume 1-3, Hummel Industrial Polymers Vol. 1-3,
Bruker Optics, as well as internal IPF libraries. Plastic-positive spectra as well as some exemplary non-plastic spec-
tra were archived and are available upon request. For items yielding insufficient spectral quality (about 5-10% of
the samples) complementary measurements were either taken via Raman-microspectroscopy or were excluded.
Single point measurements by Raman-microspectroscopy were performed as described in Képpler et al.>.

Morphological characterisation. Potential MP items were categorised according to shape, colour and size.
MP length were digitally measured via GIMP (version 2.8.16) across their longest dimension and categorised into
500-1000-2000-5000, >5000 4m intervals. In case of repeatedly occurring identical items, a subset was meas-
ured spectroscopically.

Geological and chemical analysis.  Grain size distribution was analysed in two sample replicates with the
laser-sizer CILAS 1180 with ultrasound applied. For station S5-S8, grain size data is based on only one meas-
urement due to problems during sample splitting, which could not guarantee grain size independent separation.
Prior to analysis, the samples were homogenised. A 30% H,O, pretreatment ensured organic matter-free material.
Organic and inorganic carbon, nitrogen and CaCO; determination was conducted on lyophilised sample material
using elemental analysers multi-EA 2000 (Analytik Jena) and EA 1110 CHN (CE-instruments). These granulo-
metrical methods are well established in geological studies®’.

Hydrodynamic model. For data retrieval of simulated shear stress values from the Warnow estuary model sim-
ulations were carried out with the help of the three-dimensional coastal ocean model GETM (General Estuarine
Transport Model*®). It calculates time series of salinity, temperature and current velocity among others, on a
high-resolution grid with 20 m horizontal resolution. As GETM has been successfully applied in numerous studies
(e.g. in®), particularly in the Warnow estuary?***¢!, only very fundamental information on the model is provided.
For more detail the reader is referred to the previously mentioned publications. Here, the same underlying model
configuration has been used with a state-of-the-art turbulence closure scheme GOTM (General Ocean Turbulence
Model) and a second-order advection scheme (SUPERBEE) to reduce numerical diffusion and fully conserve mass,
energy and momentum. Meteorological forcing is calculated from output of the German Weather Service Local
Model (DWD-LM) with a horizontal resolution of 7km. Sea level, temperature and salinity at the open boundary are
generated by larger scale outer models of the western Baltic Sea (see® for details) and time series of Warnow river dis-
charge are provided by the Federal Maritime and Hydrography agency. The barotropic processes are captured in terms
of sea level with a root mean square error of 0.08 m and bottom temperature is reproduced with a rm.s.e. of 0.82 °C.

Statistical analysis. Regional abundances are presented as median value with the 25 and 75-percentiles
[0.25-0.75] due to non-normalility. Replicated samples are presented as mean + standard deviation (SD).
Two-tailed Pearson correlation coefficient r was used to test for the degree of association in case of linear rela-
tionships; otherwise Spearman’s rank r, is mentioned when applied. In figures containing regression analysis the
coefficient of determination 2 is given as a measure of Goodness-of-fit (least square) together with the fitted
equation. Outliers were based on studentized residuals with the threshold at £3.

As the MP abundance data u; [kg~! DW] analysed with the GLMs was both not normally distributed and
integer based, the poisson link function was chosen:

lOg(lT,) = ﬂo + ﬁlxi,l + ﬁzx;,z + ...+ ﬁﬁ[,k; i=1,.,10 (5)

After a first preselection, a set of k predictor variables x; were tested. Unstandardised 3 coefficients were cal-
culated to estimate parameter influence. Both backward and forward simplification approaches were applied to
achieve best model fit. Whether to include or remove a term was evaluated by means of the AIC, deviance and
the significance of the standardised regression coefficients (p < 0.05). Overfitting was addressed by using the
adjusted r% Exploratory data analysis (EDA) assisted the decision process to, for instance, avoid colinearity among
variables which would reduce statistical power. Colinearity was resolved either by using a combination of the
two variables for logical relationships or exclusion of one of them. Model validation was conducted via residual
analysis, visualised in the probability plot of the Pearson residuals for standard normal distribution and the plot
of residuals vs. fitted values. The GLM was built in matlab (version 2017b).

Geospatial analysis. Source related predictor variables mentioned above were generated using the near-
est neighbour analysis and intersection geoprocessing tool in QGIS®? using the UTM-33N (EPSG:7417) pro-
jection. Data from potential diffuse sources were determined within a buffer zone of 1000 m (radius) which was
a trade-off between the catchment zone and practicality, as this avoided overlapping of influence zones. Point
sources were measured as distances. Diffuse sources were counted within a 1000 m radius. Parameterisation was
based on a qualitative assessment of the present estuary with regards to potential MP emitting sources, as they
are generally widely discussed in the literature®. This was assisted by EDA. It is noted that the data set may not
be complete and data retrieval is dependent on both the type of reference and the method of choice. A transfer of
the model to other locations would possibly require incorporation of additional parameters of relevance and/or
to dispense with others.
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The chemical digestion of tissue from marine biota for microplastic analysis is currently conducted following a variety of protocols published
in scientific literature. Often there is a lack of information on whether and to which degree the applied chemicals are destructive to micro-
plastic particles of various polymer types. In the present study we report that a digestion protocol recently recommended by ICES using nitric
and perchloric acid has strong detrimental effects on several common plastic polymers, in particular polyamide and polyurethane and to a
lesser degree acrylonitrile butadiene styrene, polymethyl methacrylate and polyvinylchloride. Raman spectroscopic measurements revealed
changes in peak occurrence and intensity for several polymers that did not otherwise show visual macroscopic changes. We developed and
tested an alkaline digestion protocol in order to preserve small microplastic particles while removing organic tissue material. We recommend

this method for the development of guidelines for plastic microplastic monitoring in biota.

Keywords: digestion, method development, microplastic, stomach samples.

Introduction

Plastic is accumulating in the oceans (Eriksen et al., 2014) where
as a result of exposure to various environmental stressors (e.g.
Ultra Violet light and abrasion), it breaks down to ever-smaller
fragments resulting in microplastic. Plastic of all sizes is of poten-
tial harm to marine life overlapping with the feeding size spec-
trum of a wide range of organisms (Enders and Lenz, 2015). The
quantification of microplastic in the stomachs of various biota is
central to assessing the impact and extent of plastic pollution and
to determining its pathways through food webs and sinks (Setild
et al., 2014). The development of techniques to isolate and char-
acterize microplastic is, however, still in progress and methodolo-
gies across different studies are barely standardized. The
monitoring of plastics in fish has been integrated into the
European Union Marine Strategy Framework Directive (Galgani
et al, 2013) and Oslo-Paris Commission (OSPAR) guidelines.
OSPAR has requested a common monitoring protocol for plastic
particles in fish stomachs, which was provided through a special
advice report (ICES, 2015).

Before microplastic distribution and impacts can be systemati-
cally assessed standardized sampling and laboratory techniques
are required. A major challenge is the removal of organic matter
that is often associated with microplastic particles. This can be
both detrital organic matter or in the form of tissue or secretion
in the case of samples from living biota. Due to the hydrophobic
nature of many plastics organic matter in environmental samples
will aggregate on its surfaces to form biofilms. Before microplastic
can be characterized, either visually or spectroscopically, the or-
ganic matrix must be removed. Various approaches have been de-
veloped including: enzymes (Cole et al, 2014); bases such as
sodium hydroxide (NaOH; Claessens et al., 2013; Cole et al,
2014) or potassium hydroxide (KOH; Foekema et al., 2013); alka-
line cleaning agents (Strand and Tairova, 2015); concentrated
acids such as nitric acid or hydrochloric acid (HNO;, HCJ;
Claessens et al, 2013), or perchloric acid (HCIO,, Zoeter
Vanpoucke, 2015); oxidants such as hydrogen peroxide (H,Oy;
Nuelle ef al., 2014); or other bleaching agents such as sodium hy-
pochlorite (NaClO; Serensen et al., 2013).
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For Permissions, please email: journals.permissions@oup.com

212

G20z aunr go uo 1senb Aq 6,181 42/92E/ L/ L/oPIMe/swiseoywoo-dno-olwepese)/:sdpy Woly pepeojumoq



Extraction of microplastic from biota

Table 1. Description of the four digestions solutions tested.
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Acid mix (ICES)

4:1 (v:v) HNO3 69% (AnalR, VWR International S.A.S.) + HCIO4 70% (Rectapur, VWR International S.AS.), procedure:

Addition of 5ml/g and digestion for 5 hours and subsequent heating in a laboratory oven for 10 min in 80 °C.
KOH Solution of KOH pellets (Emsure, Merck) in microfiltrated H,O 1120 g/L, procedure: refer to “Methods” section.
NaClO NaClO solution, 14% active chlorine (VWR International S.A.S.), procedure: refer to “Methods” section.

Industrial CIP agent

VIP 1 (Novadan Aps, Kolding, Denmark), ready solution containing ~3% Potassium hydroxide, ~1% Potassium

tripolyphosphate, ~1% Potassium silicate, and ~7% Sodium hypochlorite, procedure: refer to “Methods” section.

A preliminary protocol for the digestion of organic matter in
conjunction with microplastic isolation and sample preparation
has been issued by ICES. The procedure recommends the usage
of a mixture of HNO5;:HCIO, (4:1) as digestive agents (ICES,
2015) and had the goal of contributing towards the standardiza-
tion of current methods. During preparations for national moni-
toring activities for microplastics in fish stomachs (Lenz et al.,
2016) it was decided to follow the ICES recommendations as they
aim to harmonize microplastic protocols. During the course of
the sample preparations we found indications that the recom-
mended acid combinations had severe effects on a range of com-
mon polymers. An assessment of the suitability of the different
digestion chemicals used for microplastic isolation was therefore
initiated. In this study, we report the results of tests run on a set
of 21 common plastic polymers that underwent the tissue diges-
tion treatment following the ICES protocol. For comparison par-
allel digestions with KOH, NaClO, and a commercially available
alkaline cleaning agent were also carried out.

Methods

Plastic resistance to test chemicals

Polymer samples were chosen from a selection of consumer plas-
tic items of which the material or recycling label was visible.
Several pieces of roughly 0.5 x 1cm in size but with varying
thicknesses (~1 mm) were cut and transferred into a separate
8 ml laboratory glass vials with a black butyl/PTEE screw top lid.
Further effort to standardize the plastic samples was hindered by
the variable properties of the materials such as densities, pliabil-
ity, and structure (e.g. compact, expanded, or fibrous). A 5-ml al-
iquot of digestion reagent was added to each vial and the vials
were stored upright and unshaken during the testing period. Four
different digestion solutions were compared: the recommended
acid mix (ICES, 2015); a KOH solution; a NaClO solution; and a
commercially available industrial cleaning-in-place (CIP) agent
(Table 1). The effects of the different treatments were docu-
mented photographically before the addition of chemicals and af-
ter 30 min, 1 h, and 5h. Following this treatment period at room
temperature all samples were exposed to 80 °C for 20 min, while
still submerged in the digesting agent, as recommended in the
ICES advice guidelines (ICES, 2015) and observed changes were
documented in the same manner. In the case of the ICES treat-
ment an extra image series was recorded after 10 h to better screen
for subtle changes. Observed effects were categorized by severity
into four levels (Table 2).

Raman micro-spectrometry

In order to better evaluate weak chemical changes on the outer
matrix of the polymer a selection of samples was measured with
Raman micro-spectroscopy after the digestive treatments (5 h

Table 2. Definition of the four different impact levels that the
outcome of the digestions was classified into.

Level of

impact Description

L1 Initial visually recognizable changes (colour, surface
morphology)

L2 Morphological changes and early stages of dissolution

L3 Strong morphological disintegration and change
of bulk structure

L4 Complete dissolution or disintegration

plus 20 min at 80 °C). The spectra were compared with a spectral
library of the same polymers in original condition.

Testing tissue digestion effectiveness

A comparison study was conducted in order to test for digestion
effectiveness of fish stomachs among the treatments with: (i) KOH,
(ii) NaClO; (iii) KOH and NaClO in combination; and (iv) VIPI.
VIP1 is a ready-made solution which contains both KOH (3%)
and NaClO (7%) as the main ingredients. This is also the reason
for selecting to test each individually for their digestive power first
and then later in combination. The cod stomachs tested in this
study were caught in the Baltic Sea (Lenz ef al., 2016) and weighed
between 8 and 22g. For each gram of tissue, 5ml test solution
(i-iv) was added to the sample respectively contained in a labora-
tory glass bottles. All treatments were first subjected to a 15 min ul-
trasonic bath followed by two hours of thorough shaking. The
most effective digestion solution was then further diluted to find
an optimum i.e. most economical concentration.

Results

ICES acid mix treatment

Examples of the observations from the ICES exposure are shown in
Figures 1—4 and are summarized in Table 3. More comprehensive
photographic documentation is presented in the Supplementary
Material S1. The strongest effects were observed for polyamide
(PA), polyurethane (PU), and a black tire rubber elastomer, all of
which were completely dissolved by the acidic treatment. In the
case of PA6 the complete dissolution (L4) was observed within sec-
onds to minutes after submersion in the acid mix. Other structur-
ally affected polymers were acrylonitrile butadiene styrene (ABS),
polymethyl methacrylate (PMMA), and polyvinyl chloride (PVC).
The latter being affected in moderation, mainly colour leaching
and softening (L2-L3). The structure of polymer samples of poly-
carbonate (PC), expanded and solid polystyrene (EPS, PS) and
polyethylene terephthalate (PET) was only slightly affected result-
ing in staining or colour loss (L1). No effects were observed for
polypropylene (PP), high- and low-density polyethylene (HDPE,
LDPE), ethylene-vinyl acetate (EVA), and polytetrafluoroethylene
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Figure 1. ABS bloating by acidic treatment after 5h (left), 10 h
(middle), and additional heating to 80 °C (right). Scale bar = 0.5 cm.
Note: The White spot is a reflection on the glass vial. The entire
picture series can be found under Supplementary Material S1.

Figure 2. No observable changes after acidic treatment of
polyolefins (PP left, HDPE right). Scale bar = 0.5cm.

i

Figure 3. PA-6 before (left) and after first contact with acidic
treatment. Scale bar = 0.5cm.

(PTFE). Heating to 80 °C after the digestion period was found to
have an exacerbating effect on the polymer destruction in all cases
where an initial effect was observed. Raman micro-spectroscopy
measurements were performed on all polymer samples, which did
not show severe visible changes after the acid mixture treatment.
The spectra revealed that apart from ABS (Supplementary Material
S2) all remaining polymers had spectra similar to that of the origi-
nal polymers although some showed signs of degradation or peak
shifts (Table 4).

Alkaline treatments

All tested polymers were unaffected by the alkaline treatments ac-
cording to the defined levels (Table 2) during both the individual
and combined reagent treatments. The characteristics of acquired
Raman spectra, however, differed between treatments (Table 4).
Minimal changes were seen for the 30% dilution 1:1 combined
KOH:NaClO solution which was the found optimized protocol.

K. Enders et al.

Figure 4. PU before (left) and after 5h of acidic treatment. Scale
bar = 0.5cm.

Table 3. Tested polymer types in the acid test treatment with
observed impact levels corresponding to the classification in Table 2.

0.5h 1h 5h 10h 80°C No change
PP X
LDPE X
HDPE X
PS L1
EPS L1
ABS L1 L2 L3
PU L2 L3 L4
PA 1 L4
PA 2 L2 L3
EVA X
PET L1
PC L1
Nitrile L1 L3 L4
PVC1 L1 L2
PVC2 L1 L2
PVC3 X
PMMA L2 L3
PTFE (Teflon) X
RE 1- Rubber L3 L4
elastomer
RE 2- Rubber L2 L3 L4
elastomer
RE 3- Rubber L1 L2 L3 L4
elastomer

Results are shown for different digestion time incubations at room tempera-
ture and for after an additional 20 minutes at 80 °C. The final column indi-
cates polymers where no change was evident.

The polymer samples treated with.pure and saturated KOH solu-
tions exhibited larger spectral deviations and lower quality spectra
(Table 4, Supplementary Material S2). Despite these alterations to
the Raman spectra as a result of the digestions all polymer types
could still be recognized by comparison with the library of clean
spectra from the untreated polymers.

Testing tissue digestion effectiveness

Table 5 shows that among all chemicals tested KOH in combina-
tion with NaClO had the most satisfactory effect, dissolving sam-
ple tissue completely. Either KOH or NaClO alone were not as
effective. The VIP1 treatment was nearly comparable although
some mucoid sediment remained undissolved. The KOH:NaClO
mixture was then tested in three different proportions (Illa, IIIb,
IlIc) of which IIc (1:1) was found to be optimal. Higher
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Table 4. Evaluation of Raman spectra changes after chemical treatments with the acid mix, saturated KOH and KOH:NaClO 30% solution

Colour legend:

Recognizable, largely identical

Not recognizable
n/a: not measured

Acid mixture

KOH, saturated solution

30% KOH: NaClO

PP

LoPE

HDPE

PS slightly noisy, florescence

EPS n/a

ABS not recognizable, change in peak positions
and fluorescence. 1605 cm ™' peak
remains

PA
PET

PC
PVC

PMMA
PTFE n/a n/a

The spectra measured are presented in the Supplementary Materials. Grey shadings symbolize the degree of spectral matching compared to spectra of the

untreated clean polymer.

Table 5. Descriptive test results for digestion effectiveness of KOH (1), NaClO (Il), KOH: NaClO (ll), and VIP1 (IV).

Treatment Post treatment
| 100% KOH Layer of black/brown slime afloat, no big pieces remain.
lla 30% NaClO Milky solution, fish stomach still floating as one piece.
115} 100% NaClO Only half of mixture added because of very strong foam formation, risk of spillage
m 1:1 (KOH:NaClO) Sample tissue completely dissolved
IVa 30% VIP1 Sample mostly dissolved, slimy sediment remaining.
IVb 100% VIP1 Sample dissolved better, less slimy sediment remaining.

a and b indicate when different concentrations were applied. The most effective treatment is highlighted in bold.

Table 6. Results of testing different proportions of KOH:NaClO as a digestion reagent.

Treatment Post treatment
lla 2:1 (KOH:NaClO) Numerous small items afloat: undigested stomach content, many of visible biological origin (food items).
b 1:2 (KOH:NaClO) Foam formation (minimized by cooling glass bottle in cold water), few small pieces (food remaining)
llic 1:1 (KOH:NaClO) Foam formation (slightly less than above). Sample tissue completely dissolved

The most effective one is marked in bold.

proportions of NaClO caused foam formation, while lower
NaClO concentrations reduced the digestion effectiveness (Table
6). Finally a diluted version (30%) of the 1:1 KOH:NaClO mix-
ture was tested and found to still be capable of full digestion and
offer a more economical working reagent.

Discussion and recommendations

The tests performed here were carried out on macroscopic plastic
fragments and one can assume that the detrimental effects docu-
mented for the ICES treatment are likely more severe for

microplastics due to the comparatively larger surface area and
more fragile nature. This is particular relevant for studies investi-
gating microplastic below 300 um in size. Raman spectroscopic
results revealed that several of the treatments had negative effects
on the quality of the spectra obtained and therefore could poten-
tially influence the spectral matching of environmental samples
to pure polymer spectra. In particular, the spectra of ABS were
greatly influenced.

Several of the other tested polymers lost dyes when exposed to
the acid mix treatment. Although this was classified only as low
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impact level L1, this increases the likelihood that discoloured
microplastics of the concerned polymers are overlooked during
visual analyses. The fact that marine microplastics are usually ex-
posed to environmental weathering for extended periods before
eventual sampling and isolation (in contrast to the new polymers
used in this study) may result in the digestion having more ad-
verse effects than documented here. Environmental weathering
from UV degradation is already known to impair microplastic
identification (Lenz et al., 2015).

Various studies have already applied the recommended acid
mixture (De Witte et al., 2014; Vandermeersch et al., 2015;
Zoeter Vanpoucke, 2015) or nitric acid alone (Van
Cauwenberghe and Janssen 2014) and are therefore likely to sys-
tematically underestimate microplastic abundance and docu-
mented polymer diversity. Therefore abundances based on the
use of the ICES protocol (ICES, 2015) should be interpreted as a
conservative estimate with some bias with respect to polymer de-
tection. The results of this study show the importance of conduct-
ing chemical resistance tests prior to a wide application of any
microplastic sample digestion protocols and further study on
other spectroscopic techniques is warranted.

Another study (Strand and Tairova, 2015) successfully used
VIP1 for sediment and tissue digestion purposes. The main diges-
tive ingredients in VIP1 are the same as in the KOH-NaClO-
mixture and in order to test the VIP1 solution a small quantity of
the same batch that the authors originally work with was obtained
(J. Strand and Z. Tairova, pers. comm.). Hence, VIP1 used in the
present study was already several months old and has been
opened before which makes it likely that active chlorine has dete-
riorated to some extent. This would mean that the effectiveness
was limited and perhaps better results can be obtained when us-
ing a fresh VIP1 solution. However, its widespread availability to
the scientific community is limited and its actual composition is
unknown and this makes it an inappropriate choice for a com-
munity-standardized method. The results presented here suggest
that due to the widespread availability and effective digestion
ability the usage of a 30% KOH:NaClO mixture is the most ap-
propriate and we recommend it therefore as a fast, inexpensive
and effective digestion method. For 1 L of reagent 150 ml of satu-
rated KOH solution (1120 g/L) and 150 ml NaClO solution (14%
active chlorine) is mixed into 700ml micro-filtrated water.
Although not tested in this study it is likely that this solution is
similarly appropriate to remove biofilms, algae, flocculated or-
ganic particles and other protein and lipid rich materials of bio-
logical origin. The success of the reagent combination also aligns
with findings by Strand and Tairova (2015) and Cole ef al. (2014)
which suggest that the KOH and NaClO are useful as active com-
pounds in digestion protocols for sediment and tissue micro-
plastic samples, as well as biota-rich sea water samples.

The alkaline treatments, both KOH and the optimized 30%
KOH:NaClO solution did not impair the identification of the
tested polymers by Raman micro-spectrometry. Occurring chem-
ical alterations produced minor peak changes in spectra or ele-
vated background noise levels which however did not mask the
original polymer signal. We therefore argue that the presented so-
lution can also be applied for the analysis of small microplastic
particles (<300 pm). We recommend it being further compared
with enzymatic digestion protocols under aspects of economy, di-
gestion effectiveness and plastic resistance. Having evidenced the
complete dissolution of sample tissue in reasonable work time
while not impairing the integrity of the most common plastic

K. Enders et al.

polymer groups, we argue for the described method being consid-
ered in international guidelines targeting the standardization of
protocols.

Supplementary data
Supplementary material is available at the ICESJMS online ver-
sion of the article.
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@ LETTER

Microplastic exposure studies should be

environmentally realistic

Robin Lenz*", Kristina Enders?, and Torkel Gissel Nielsen?

To understand the impact of microplastic (MP) pollution to
aquatic ecosystems, it is important to identify the mech-
anisms of interaction with organisms. Exposure experi-
ments, like the study of Sussarellu et al. (1) recently
published in PNAS, may provide such insights. How-
ever, the results of dose-response experiments must
always be interpreted in light of environmental con-
centrations, and the experimental concentrations ex-
amined by Sussarellu et al. (1) and several others (2-8)
are orders-of-magnitude higher than those reported
from field studies (Fig. 1).

Experimental studies on effects of MP on mussels
(2, 3), lugworms (4), copepods (5-7), and oysters (1)
have documented reduced feeding, survival, and fe-
cundity, as well as promoted polychlorinated biphenyl
bioaccumulation linked to MP uptake. In addition,
nano-sized plastic particles may reduce body size and
lead to reproductive malfunctioning in Daphnia (8), and
to reduced CO; uptake and enhanced production of
reactive oxygen species in algae (9).

Al of these experimental studies use MP concentra-
tions far above the levels documented in the marine
environment (Fig. 1). Many of those studies used MP
beads smaller than those reported from the field, but
even if one extrapolates field-measured concentrations
of MP particles to the size range used in experiments,
experimental and expected field concentrations are very
far apart. Studies that determined concentrations for
micro-bead exposures from field measurements of larger-
sized MP assumed a mass-conserving fragmentation
(Fig. 1), which compares to a theoretical 3D fragmen-

tation process, where numbers of particles will scale in-
versely with the particle radius to the power of 3. In
contrast, the environmental concentrations documented
in studies appear to follow a slightly lower exponent
(2.67) (Fig. 1), possibly caused by size-dependent re-
moval processes, lower dimensional breakdown (i.e., of
flakes, sheets, and fibers), or considerable influence of
new MP input of larger sizes. Additionally, decreased
detection accuracy of applied sampling methods in their
respective lower size ranges might play a role.

Experimental exposure concentrations tend to be
between two to seven orders-of-magnitude higher
than environmental levels. The most recent study (1)
used concentrations closest to those found in na-
ture. However, Sussarellu et al. calculate their MP
concentrations based on sediment data from a pol-
lution hot-spot area close to a ship-breaking yard in
India (8, 10); thus, these data are unlikely to be re-
presentative of general concentrations beyond the
local area.

Microplastic research is an emerging field, and there
is a lot of misunderstanding and in some cases over-
reaction or misinterpretation of results from MP science
in the public. We therefore strongly suggest that future
studies of MP impact on marine ecosystems should also
include concentrations that have been documented in
the environment to yield more realistic estimates of
sublethal effects.
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Fig. 1. Comparison between MP concentrations used in exposure studies (fat colored lines) and observed environmental levels (red diamonds:
average concentrations; error bars: minimum and maximum concentration). The red line extrapolates the field data with best fit using a power law
regression (y = 3,188 - x %%7; 95% confidence intervals as pale red areas). The dotted gray isolines show equal mass concentrations for particles
density = 1.04 g - cm~3. The x-axis scale is the diameter of the micro beads in exposure experiments and the mesh size used in environmental studies,
respectively.
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Appendix

Abbreviations

Abbreviation Definition

ABS acrylonitrile butadiene styrene

DOM dissolved organic matter

EPM empirical predictive modelling

EVA ethylene-vinyl acetate

EU European Union

FAIR Findable, Accessible, Interoperable, and Reusable

FTIR Fourier Transform Infrared Spectroscopy

GEPARD Gepard Enabled PARticle Detection

GLM generalised linear model

HDPE high-density polyethylene

HELCOM Helsinki Commission (Baltic Marine Environment Protection
Commission)

HNM hydrodynamic numerical modelling

ICES International Council for the Exploration of the Sea

LDPE low-density polyethylene

MARPOL 73,78

NIXVEGS

OSPAR
PA
PAH
PC
PCB
PCol
PE
perc_ MUD
PET
PMMA
POM

PVC
QuEChERS
RF

WWTP
XGB linear
XGB tree

International Convention for the Prevention of Pollution from Ships
machine learning

microplastics

Marine Plastic Database

Marine Strategy Framework Directive

nested cross-validation

Nested Iterative (stratified) X-Validation-to-Ensemble-modelling through
Grid Searches

Oslo and Paris Convention for the Protection of the North-East Atlantic
polyamide

polycyclic aromatic hydrocarbons

polycarbonate

polychlorinated biphenyls

first principal coordinate

polyethylene

percentage of mud fraction

polyethylene terephthalate

polymethylmethacrylate

particulate organic matter

polypropylene

polystyrene

polytetrafluoroethylene

polyurethane

polyvinyl chloride

Quick, Easy, Cheap, Effective, Rugged, and Safe

random forest

wastewater treatment plant

extreme gradient boosting (linear base learner)

extreme gradient boosting (tree-based base learner)

221



Statement on the usage of language tools

In the preparation of this synopsis, language assistance tools including dict.cc, Linguee.com,
DeepL.com and ChatGPT were consulted to support the refinement of English grammar, style, and
readability, in instances of linguistic uncertainty. ChatGPT was additionally employed on occasion
for preliminary literature searches, with all outputs subsequently verified through manual in-depth
review, for a final typographical check and verification of the completeness of the abbreviation list.
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