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Summary

Summary

Although plastics have only been invented in the first half of the 20 century,
they are possibly the most abundantly used materials in the history of human
innovations. However, an estimated 60% of all plastics ever produced have been
disposed of in landfills or the natural environment. Here, they may fragment into
ever smaller pieces due to e.g. UV-radiation or mechanical abrasion. These
microscopic plastic fragments are called microplastics. While microplastic
contamination of aquatic ecosystems has been studied extensively, the focus has
only recently shifted to terrestrial ecosystems, where data is still scarce and often
not comparable. Due to a lack of appropriate analytical methods for complex
solid matrices such as soils, the direct assessment of microplastic pollution is
challenging. Therefore, hardly anything is known about the fate, degradation and
fragmentation behavior in natural soils. Also, not all microplastic input pathways
are recognized or fully understood. Therefore, I aimed to

1) develop a suitable method to identify and quantify microplastics in soils

2) use the developed methods to identify the contamination extent and fate
of microplastics in agricultural and floodplain soils

3) observe the fate of plastics and microplastics in organic waste treatment
plants, to assess the role of composts/digestates as input pathways for
microplastics into arable soils.

Following the order of these research aims, the first part of my dissertation covers
the development of an appropriate method to quantify microplastics in soils. In
a literature review considering advantages and limitations of various methods
used for other environmental matrices, | evaluated potentially suitable sample
preparation and analysis methods for a particle-quantitative analysis with
reliable polymer identification in soils (Article 1). In a direct comparison of the
effects of sample purification protocols on different types of plastics, my second
study showed that protocols using high temperatures and strong acids or bases
are detrimental to certain types of plastics. This may lead to distorted analytical
results. Although some of the effects were already known, my study gave a
systematic overview on which protocols may be detrimental to certain plastics,
while also showing non-detrimental alternatives for sample purification:
Fenton’s reagent, sequential oxidative-enzymatic-digestion and the treatment
with a ZnClL, brine (Article 2). Based on this knowledge I developed a method to
purify soil samples for micro-FTIR spectroscopy. This is the first protocol that
allows the particle-quantitative analysis of microplastics <500 um of a relatively
large sample without destroying conventional plastics (Article 3).
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In part two of this thesis, I applied the newly-developed methods to determine
the abundance and fate of microplastics in specific soils. To study the fate of
conventional and biodegradable plastics in soil, I analyzed spiked PE and
PLA-PBAT-blend particles on an operating agricultural field after o, 1, and 17
months. This experiment showed that both plastic types remained unaltered in
the soil for nearly one and a half years. Therefore, even the biodegradable plastic
seems to persist for some time in the soil environment (Article 4). My method
was also used in a collaboration with the Institute of Geography, University of
Cologne, on the soil of a Rhine River floodplain. In a first step towards
understanding the complex dynamics of microplastic transport between
environmental compartments, it showed that flooding events are a significant
input pathway of microplastics into adjacent soils. Furthermore, the local
topography and vegetation cover significantly influence the deposition and
retention of microplastics in soils (Article 5).

Part three focuses on organic fertilizers from biowaste treatment (BWT) plants
as potential microplastic input pathways into soils. In collaboration with the
Chair for Process Biotechnology, I was able to show for the very first time that
composts/digestates derived from household organic waste contained significant
amounts of microplastics. These fertilizers are commonly applied to agricultural
fields (Article 6). In a follow-up study the comparative analysis of organic
fertilizers from different plants gave insight on how processing equipment
influences the on-site generation of microplastics. Here, I was able to detect
microplastics <500 pm in liquid digestate for the first time. The results showed a
surprisingly high proportion of microplastics with a PBAT signature, possibly
caused by the use of compostable organic waste collection bags (Article 7).
Theoretically, these bags should be 100% compostable. Unfortunately, the
certification norms for compostability do not represent realistic conditions in
municipal BWT plants and I demonstrated that small microplastic fragments of
the biodegradable PLA, PBAT or a PLA-PBAT-blend were present in liquid
digestate. As composted fragments showed a tendency to a higher crystallinity
and a shift towards a higher PBAT/PLA ratio than tested reference bags, it has
become questionable if the bags are biodegradable, or simply fragment into very
small microplastics (Article 8).
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Zusammenfassung

Obwohl Kunststoffe erst in der ersten Halfte des 20. Jahrhunderts erfunden
wurden, sind sie wahrscheinlich die am haufigsten verwendete Materialgruppe
in der Geschichte menschlicher Innovationen. Doch schatzungsweise 60% aller
jemals hergestellten Kunststoffe wurden auf Miilldeponien oder in der Umwelt
entsorgt, wo sie zu immer kleineren Teilchen zerfallen - z. B. durch UV-
Strahlung oder mechanischen Abrieb. Diese mikroskopisch kleinen
Kunststofffragmente werden als Mikroplastik bezeichnet. Wahrend die
Belastung aquatischer Okosysteme durch Mikroplastik bereits ausgiebig
untersucht wurde, hat sich erst seit kurzem der Schwerpunkt auf terrestrische
Okosysteme verlagert. In diesem Bereich gibt es noch immer nur wenige Daten,
die oft untereinander nicht vergleichbar sind. Da es fiir komplexe feste Matrices
wie Boden kaum geeignete Mikroplastikanalysemethoden gibt, bleibt die direkte
Erfassung der Mikroplastikkontamination von Boden eine Herausforderung.
Aufderdem sind nicht alle Eintragspfade von Mikroplastik in Boden bekannt.
Daher war es mein Ziel:

1) eine geeignete Methode zur Identifizierung und Quantifizierung von
Mikroplastik in Boden zu entwickeln,

2) diese Methode zu nutzen um das Ausmafd der Verschmutzung und den
Verbleib von Mikroplastik in Ackerboden und Auenbdden zu

untersuchen,
3) den Verbleib von Kunststoffen und Mikroplastik in Bioabfall-
behandlungsanlagen zu priifen, um die Rolle von

Komposten/Garprodukten als Eintragspfad fiir Mikroplastik in
Ackerboden besser beurteilen zu konnen.

Der Ordnung meiner Ziele folgend, befasst sich der erste Teil dieser Dissertation
mit der Entwicklung einer geeigneten Methode zur Partikel-basierten
Quantifizierung von  Mikroplastik in  Boden mit zuverldssiger
Polymeridentifikation. In einem Literaturvergleich der Vor- und Nachteile
verschiedener Methoden, die zur Analyse anderer Umweltmatrices eingesetzt
werden, stellte ich fest, dass fiir eine partikelquantitative Analyse von kleinem
Mikroplastik (<500 pm) nur die Mikro-Raman oder Mikro-FTIR-Spektroskopie
in Frage kommen. Voraussetzung dafiir ist eine geeignete Probenaufbereitung
(Artikel 1). In einer Untersuchung der Effekte von Probenaufbereitungs-
protokollen auf verschiedene Arten von Kunststofffolien zeigte meine zweite
Studie, dass Protokolle, die hohe Temperaturen und starke Sauren oder starke
Basen verwenden, die Zersetzung bestimmter Kunststoffarten verursachen. Dies
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kann zu verzerrten analytischen Ergebnissen fithren. Obwohl einige
der Auswirkungen bereits bekannt waren, gab diese Studie erstmals
einen systematischen Uberblick dariiber, welche Protokolle nicht geeignet
sind und bot gleichzeitig Alternativen fiir die Probenaufbereitung, wie z. B.
das Fenton-Reagenz, der sequentielle oxidativ-enzymatische Verdau oder die
Behandlung mit einer ZnCl,-Lésung (Artikel 2). In Anbetracht dieser
Erkenntnisse  entwickelte ich eine Methode zur Aufbereitung von
Bodenproben fiir die Mikro-FTIR-Spektroskopie. Dies ist das erste Protokoll,
das eine partikelquantitative Analyse von Mikroplastik <500 pm aus einer
relativ groflen Probe ermoglicht, ohne herkommliche Kunststoffe zu zerstéren
(Artikel 3).

Im zweiten Teil dieser Arbeit habe ich die neu entwickelten
Methoden angewandt, um das Vorkommen und den Verbleib von Mikroplastik
in Boden zu untersuchen. Um das Verhalten von konventionellen und biologisch
abbaubaren Kunststoffen in Ackerbéden zu untersuchen, analysierte ich
auf einem konventionell bearbeiteten Acker eingebrachte PE- und PLA-PBAT
Partikel nach o, 1 und 17 Monaten. Dieses Experiment zeigte, dass beide
Kunststofftypen fast eineinhalb Jahre lang unverdandert im Boden verblieben.
Dies demonstrierte, dass sogar der biologisch abbaubare Kunststoff im
Ackerboden tiiber liangere Zeitraume nicht abgebaut wird (Artikel 4). Die
zweite  Bodenuntersuchung wurde in Zusammenarbeit mit dem
Geographischen Institut der Universitit zu Koln in einer Rheinaue bei
Kéln durchgefithrt. Hier zeigte sich, dass Uberschwemmungsereignisse
ein wichtiger Eintragspfad fiir Mikroplastik in angrenzende Bdden sind.
Dartiber hinaus haben die Topographie und Vegetationsdecke einen
erheblichen Einfluss auf die Deposition und Retention von Mikroplastik in
Boden. Dies ist ein erster Schritt zum Verstindnis der komplexen
Transportwege zwischen Umweltkompartimenten (Artikel 5).

Der dritte Teil dieser Arbeit befasst sich mit organischen Diingemitteln
aus Bioabfallbehandlungsanlagen als potenzielle Eintragspfade fiir
Mikroplastik in Boden. In Zusammenarbeit mit dem Lehrstuhl fiir
Bioprozesstechnik gelang es mir erstmals zu zeigen, dass eine erhebliche
Menge an Mikroplastik in Komposten/Garresten enthalten ist,
wenn diese aus organischen  Haushaltsabfillen generiert werden.
Solche organischen Diingemittel werden dann direkt auf landwirtschaftliche
Felder ausgebracht (Artikel 6). In einer Folgestudie habe ich eine
vergleichende Analyse von Komposten und fliissigen Garresten durchgefiihrt,
die Aufschluss dariiber gibt, wie die Anlagentechnik die Entstehung von
Mikroplastik beeinflusst. Im Rahmen dieser Studie gelang es mir erstmals,
Mikroplastik <500 pm in fliissigen Garresten nachzuweisen, wobei ein
tiberraschend hoher Anteil an Mikroplastikpartikeln aus PBAT bestand. Dies
wurde moglicherweise durch die Verwendung kompostier-
barer
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Bioabfallsammelbeutel verursacht (Artikel 7). Theoretisch sollten diese Beutel zu
100% kompostierbar sein. Leider entsprechen die Zertifizierungsnormen fiir
Kompostierbarkeit nicht den realen Bedingungen in kommunalen
Bioabfallbehandlungsanlagen. In der neuesten Studie konnte ich kleine
Mikroplastikfragmente aus biologisch abbaubarem PLA, PBAT oder PLA-PBAT-
Blends in fliissigem Garrest aus Bioabfallbehandlungsanlagen nachweisen. Da
kompostierte Fragmente zusatzlich eine Tendenz zu einer hoheren Kristallinitat
und eine Verschiebung hin zu einem hoheren PBAT-PLA-Verhiltnis als bei den
getesteten Referenzbeuteln aufwiesen, ist es fraglich, ob die Beutel tatsdachlich
biologisch abbaubar sind oder ob sie einfach dazu neigen, in sehr kleine
Mikroplastikpartikel zu zerfallen (Artikel 8).
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1. Introduction

A brief history of plastics

Stages in human history are often defined by the material of the tools that were
used during this period - the stone age, the bronze age and the iron age.
Arguably, we have now arrived in the plastic age, as nearly all of the tools we use
today are at least in part made of plastic. However, this new age has developed
in a very short time indeed. The first fully synthetic plastic was developed in 1907
by Leo Hendrik Baekeland and was called “Bakelite” (Baekeland, 1909). Its
malleability, durability and insulating properties were quickly recognized and
used industrially for telephones and household appliances. Shortly after Bakelite,
a whole range of new synthetic polymers were invented: PVC (1912), Cellophane
(1913), PMMA (1924), PE (1933), PU (1937), PA (1938), PS (1944), and PP (1954)
(Chalmin, 2019). While all these synthetic polymers have different molecular
structures and properties, their malleability coined their collective name: Plastic
- a term used for an astoundingly wide range of substances. This also includes
bio-based and biodegradable plastics, two denominations that are not
interchangeable, as the former merely describes plastics that are made from
biomass, but are not necessarily biodegradable, and the latter describes plastics
that can be degraded by microorganisms, but could also be petrol-based
(Filiciotto & Rothenberg, 2021). The uses for plastics are endless, as they can be
molded into any form, used as a coating, extruded into a film, expanded into an
insulating foam or spun into thread at a cheap price. This is why global plastic
production increased exponentially from 1950, when the annual plastic
production was at 1.5 million metric tons (Chalmin, 2019) to 368 million metric
tons in 2019 (Plastics Europe, 2020).

10
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Figure 1: Timeline of the beginning of the Plastic Age

Plastics - a solution or a problem?

Due to their versatility, light weight, durability and low production costs, plastics
have revolutionized our way of living. Lightweight packaging material reduces
the amount of energy needed to transport goods, lowering costs. The shelf life of
perishable goods can be increased, simply by packing them in sterile plastic. In
the building sector, plastic pipes allow for a hygienic and safe water supply while
their resistance to corrosion and impermeability are indispensable for modern
plumbing systems. The medicine sector has also significantly profited from
plastics, as single-use health care equipment such as gloves or syringes facilitate
the fast treatment of patients and eliminates the risk of transferring diseases
from one patient to another via contaminated appliances. These are just a few
examples of how plastics have become essential in modern society
(PlasticsEurope, 2021). However, with the emergence of single-use every-day
products, plastic waste disposal has first become a logistical and then an
environmental problem. The maxim to “reduce, reuse and recycle” waste does
not seem to be feasible concerning plastics. Reducing plastic waste is near
impossible considering how much plastic is used in everyday products, and
avoiding plastic nowadays is a considerable challenge for individual consumers.
Large scale reuse of plastic products is only practicable for a very small number
of products (e.g. refilling hard-plastic bottles) and is essentially not done (Geyer,
2020). Therefore, recycling seems to be the last option of sustainability. However,
recycling plastics comes with its own problems, as mechanical recycling is only
possible for thermoplastics. Furthermore, recycled plastic cannot completely
replace virgin material production, as contamination and mixing of plastic types
- as happens when collecting plastics waste - often makes recycled plastic inferior
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in its properties. Therefore, it must be acknowledged, that in this case “recycling
delays, rather than avoids, final disposal” (Geyer, 2020, p. 23). Thus, incineration
- as a form of energy recovery - is still the most common plastic waste
management practice in Europe today (Plastics Europe, 2020). However, in a
model-based estimation, Geyer et al. 2017 assume that the majority (around 60%)
of all plastics ever produced globally were discarded directly into the natural
environment or in landfills (Geyer et al., 2017). Controlled landfilling is a
controversial but legal waste disposal method in many countries, unmanaged
landfills are often illegal and equivalent to direct disposal into the environment.
Here, conventional plastics either persist as they are, or fragment into so-called
microplastics (i.e. plastic particles in the size range of 1pum - 1000 pm).
Fragmentation wusually occurs due to physico-chemical degradation or
mechanical abrasion (Cooper & Corcoran, 2010). Microplastics are seen as
problematic, as they are persistent in the natural environment and will therefore
accumulate over time. Their small size and sheer abundance in the natural
environment make them bioavailable to a very wide range of organisms. Ample
studies have shown in the field and in laboratory observations, that organisms
exposed to plastic particles in the appropriate size range will ingest these
particles (Botterell et al., 2019; R. R. Hurley et al., 2017; Schépfer et al., 2020).
Consequently, the uptake of plastic particles with no nutritional value is likely to
have negative effects on the fitness of animals. Larger plastic debris have been
shown to be ingested by a variety of bigger animals, reducing their fitness and
often with fatal consequences (Derraik, 2002). However, in this section I will lay
my focus on microplastics. A study by Schopfer et al.,, (2020), showed that the
soil-dwelling nematode Caenorhabditis elegans produces less offspring when
exposed to high levels of microplastics, independent of the microplastic type.
Botterell et al., (2019) reviewed studies on the uptake and effects of microplastics
on marine zooplankton, where negative effects of microplastic uptake on feeding
behavior, reproduction, growth, development and lifespan were reported. The
exact mechanisms of the detrimental effects on organisms (blockages of the
gastrointestinal tract, inflammation, uptake into cells, leaching additives etc.) are
still being investigated and cannot be generalized for all species or microplastic
types (Laforsch et al., 2021). Also the long-term effects of microplastics on eco-
systems are still not fully understood; but due to their persistence in the
environment and indications that microplastics of a specific shape (e.g. fibers)
can alter soil properties (De Souza Machado et al., 2019), as well as the soil
microbiome (Sun et al., 2022), many scientists advocate to treat microplastics as
potentially harmful on the precautionary principle.

Contrarily to the controversially discussed conventional plastics, biodegradable
plastics are seen as a sustainable alternative due to their perceived low impact

12
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after entering the natural environment. However, biodegradation only occurs if
there is an interaction between microorganisms and the material, and this
interaction is dependent on environmental factors such as temperature, oxygen
availability, light, humidity and pH-value (Agarwal, 2020). Therefore studies in
the laboratory often overestimate natural biodegradability rates; and partial
degradation may lead to the formation of microplastics (Filiciotto & Rothenberg,
2021), of which the fate and effects in the environment are not yet clear.

Defining microplastics

The term microplastic was coined in 2004 by Thompson et al., who alerted the
public that beach sediments are contaminated with microscopic plastic
fragments. In 2008 scientists at the International Research Workshop on the
Occurrence, Effects and Fate of Microplastic Marine Debris defined
microplastics as “plastic particles smaller than 5 mm” (Arthur et al., 2009). This
definition is most commonly used in literature, but it is ambiguous in its
meaning. “Plastic particles smaller than 5 mm” has the drawback of not stating a
lower cut-off size and does not define what is meant by plastic. For example, tire
wear is considered a major microplastic pollutant, but is rubber-based, which is
usually not considered as plastic in polymer sciences (Hartmann et al., 2019).
Without a consistent and universal definition of what is meant by
“microplastics”, microplastic research to date is struggling to generate
comparable data, as lower size limits and analyzed polymer types vary strongly.
Furthermore, a constructive scientific and public debate on the occurrence and
fate of microplastics in the environment is impossible if there is no
comprehensive definition of what microplastics are. Therefore, Hartmann et al.,
(2019) devised a new definition of plastic debris as “objects consisting of synthetic
or heavily modified natural polymers as an essential ingredient (criterion I) that,
when present in natural environments without fulfilling an intended function, are
solid (I1) and insoluble (III) at 20 °C. [They] further recommend using the criteria
size (IV), shape (V), color (VI), and origin (VII) to further categorize plastic debris”
(Hartmann et al, 2019, p. 1045). They also propose the following size
categorisation: nanoplastics (1 - <1000 nm), microplastics (1- <1000 um),
mesoplastics (1 - < 10 mm), and macroplastics (> 1 cm) (Hartmann et al., 2019, p.

1044).

A further, often used categorization is into primary microplastics - plastics that
are manufactured in a small size (e.g. industrial scrubbers, plastic powders and
micro-beads in cosmetics) and secondary microplastics that are the result of the
fragmentation of larger plastic items (GESAMP, 2015). These categories may help
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to identify potential sources and pathways for the microplastics entering the
environment.

Microplastic sources and their input pathways to soils

Primary Secondary
Microplastics Microplastics
Plastic
. mulching :
Cosmetics i

Coated
fertilizer

Compost &

" -
Cleaning

agents Plastic

Synthetic
fibre

shedding

Figure 2: Potential microplastic sources and input pathways to the environment*

Microplastics can be found in all environmental compartments around the globe
(Wang et al., 2021). Initially microplastic research was exclusively conducted in
marine ecosystems, later expanding to freshwater systems, but only very recently
the focus has shifted to include microplastics in the terrestrial environment.
Sources and input pathways of microplastics into the environment are manifold,
with human population being the root cause. Waldschldger et al., (2020) made
an effort to give a comprehensive overview over the sources, input pathways and
transport of microplastics in the environment. They defined sources as “the place,
product or action that generates MP” while “entry paths are therefore defined as
the particles’ way from the source into the environment.” (Waldschlager et al.,
2020, p.2). Sources can therefore be plastic production sites, synthetic textiles,
landfills, construction sites, littering, tire abrasion and more, while the pathways
can be loss (e.g. of virgin plastic pellets during transportation to a processing
site), atmospheric drifting, surface runoff, wastewater effluent and sewage sludge
application (Waldschldger et al., 2020). As the atmosphere, hydrosphere,
lithosphere and biosphere are all interconnected and microplastics can be

14
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transported via wind, water and biota, it is difficult to pinpoint the exact sources
and pathways of microplastics into one specific environmental compartment.
However, here [ will try to give an overview over the most important sources and
pathways that lead to a direct input of microplastics into soils.

Worldwide the most evident, albeit not easily quantifiable source of plastic
pollution is littering and inappropriate waste management, i.e. uncontrolled
landfills (Blasing & Amelung, 2018). The larger plastic debris is likely to degrade
over time due to UV-radiation and mechanical abrasion (Gabbott et al., 2020)
and soils are assumed to be long-term sinks for these litter-derived secondary
microplastics (R. R. Hurley & Nizzetto, 2018). Another very significant source of
microplastics is tire wear from cars. Emissions are estimated at around
133 000 t/a in Germany alone, which can be transferred off the streets and into
soils via surface water runoff or wind (Wagner et al., 2018). The normal daily
handling of plastic products can also cause significant release of microplastics
into the surroundings (Sobhani et al., 2020). Agricultural practices also
contribute significantly to the input of microplastics into soils. Plastic mulching
is often used to increase the harvest yield by increasing the soil temperature and
reducing evaporation. However, the use of large plastic foils on fields that are
worked with large machinery leads to the often unintentional incorporation of
plastic into the soil (Blasing & Amelung, 2018). In some countries, such as Japan,
the use of plastic-coated fertilizer also contributes to the direct input of
microplastics into soils (Katsumi et al., 2020). Also, the irrigation with untreated
or partially treated wastewater, which is common practice in regions with water
scarcity, is likely to be a major input pathway of microplastics into soils, as
sewage often contains high amounts of small microplastics, such as fibers from
synthetic textiles that were shed during washing. Where wastewater is treated,
the amount of microplastics in the effluent is usually significantly reduced - up
to 90% of the microplastics are removed from the water and retained in the
sewage sludge (Blasing & Amelung, 2018). However, due to the high nutrient
content of sewage sludge, it is often used as a soil amendment, but has been
shown to contain alarming amounts of microplastics that are then applied to
agricultural fields where they accumulate over time due to recurring sludge
application (Corradini et al., 2019; Crossman et al., 2020; Nizzetto et al., 2016; Van
den Berg et al., 2020). Another input pathway is the atmospheric deposition of
airborne microplastics into soils. Kernchen et al., (2021) estimated an average
airborne microplastic deposition of 0.05 + 0.1 kg/ha in one year from
measurements taken in the German Weser catchment area.

This section demonstrates how multifarious the microplastic sources and input
pathways are, and I make no claim to completeness. Due to the infinite uses of



Introduction

plastics in our daily lives, there may be some input pathways that have not yet
been recognized. One example for such a pathway is indeed part of this
dissertation: Only recently I was part of a research team that demonstrated for
the first time that compost derived from household organic waste is a significant
input pathway of microplastics to agricultural soils - a fact that was simply
overlooked for years.

The extent of microplastic pollution in soils

Worldwide, only very few studies have conducted an assessment of microplastic
pollution in soils. In a case study conducted by Fuller and Gautam (2016) the
microplastic contamination of soil samples taken from an Australian industrial
site ranged between 300 and 67500 mg/kg. Scheurer and Bigalke (2018) analyzed
soils from 29 floodplains in Swiss nature reserves, stating that 9o% of the
floodplain soils were indeed contaminated with microplastics. They reported a
mean concentration of 5 mg/kg and a maximum concentration of 55.5 mg/kg.
Huerta Lwanga et al. (2017) studied home garden soils in Mexico and found a
mean contamination of 0.87 particles/kg. Liu et al. (2018) observed an average of
78 particles/kg in the surface layer (0-3 cm) of 20 agricultural soils in Shanghai,
China, while the deeper layers (3-6 cm) revealed an average abundance of
62.5 particles/kg. Zhang and Liu (2018) analyzed soils in southwestern China,
where the use of plastic greenhouses is common practice. The study showed
abundances of 7100 to 42960 particles/kg. These studies on the pollution of soils
were revolutionary in the sense that they were among the very first to
quantitatively analyze microplastics in soils. However, due to the different size
ranges analyzed, the different analytical methods used, as well as the different
concentration units reported (mass vs particles per kg dry weight), the results of
these studies are not directly comparable. Furthermore, the data given is very
location specific. Therefore, estimating the extent of microplastic pollution on a
larger scale is extremely difficult, as the general data situation on microplastics
in soils is still too thin. However, Biiks and Kaupenjohann (2020) attempted to
give an overview of global microplastics pollution in soils based on 23 studies
that were published before August 2020. Of 223 sampling sites distributed
unevenly across the globe (mainly in East Asia and Europe) the median of
microplastics found in soils were 1167 particles/kg (n = 218; 25% - 89 items/kg;
75% - 2870 items/kg) and 0.6 mg/kg (n = 29; 0.004, 2.65 mg/kg), depending on
which concentration unit was reported. Biiks and Kaupenjohann, (2020)
acknowledge the limitations of reporting absolute microplastics concentrations
based on data sets that were collected with different and incomparable methods.
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However, they managed to give a general overview of the relations of
microplastic contamination to underlying entry pathways, land use and the
vicinity to urban locations. Their review showed, that sites exposed to sewage
sludge application exhibited microplastic loads one order of magnitude above
the loads found on agricultural sites using plastic mulching. They further
showed, that the microplastic concentration within soils is positively correlated
to population density, as sites in the vicinity of urban areas were generally more
heavily polluted than rural areas (Biiks & Kaupenjohann, 2020).

While critically scrutinizing the methods used in previous literature, it became
apparent that many methods could only reliably analyze for a very limited group
of plastic types. Some protocols intrinsically eliminated high-density polymers
due to the use of density separation procedures with pure water or a NaCl
solution (p = 1.2 g/cm?) during sample processing. Others used solvent
extraction, which is usually also limited to a handful of polymer types, dependent
on the solvents used and again other protocols used high temperatures or strong
acids and bases in an attempt to remove the residual organic matter, that may
however also degrade certain plastic analytes. Therefore, the need for robust and
reliable methods of sampling, sample processing, analysis and evaluation of a
wide range of microplastics in soils is still given.

Detecting microplastics

Ever since the scientific community has been made aware of the microplastic
pollution in the sea in 2004 (Thompson et al., 2004), microplastics research has
emerged and evolved, and with it the methods to detect microplastics. Initially,
microplastics were identified visually, assessing their color and structure under
a light microscope (Day et al., 1990; Shaw & Day, 1994). However, this kind of
assessment is extremely error prone (Hidalgo-Ruz et al., 2012) and should always
be corroborated with a chemical analysis to verify if the particle in question is
indeed plastic, and if yes, which type. In the following section, I will only mention
the most commonly used and established instrumental detection methods for
microplastics in environmental samples.

Pyrolysis gas chromatography mass spectrometry (Pyr-GCMS)

Pyr-GCMS is a thermal analytical technique, during which the analyte is
thermally degraded under an inert atmosphere (pyrolysis) (Hermabessiere et al.,
2018). Dependent on the pyrolysis temperature, the polymer is degraded to
characteristic volatile components that, once separated in a gas chromatography
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column and detected in a mass spectrometer, allow the fingerprint-like
identification of the polymer due to the pyrolysis pattern (Kappler et al., 2018).
For Polyesters and Polyethers, that have polar subunits and cannot appropriately
be analyzed via a simple Pyr-GCMS can however be analyzed if pyrolyzed in the
presence of a derivatization agent. This method is called Thermochemolysis and
can improve the chromatographic data quality (Kappler et al., 2018). The Pyr-
GCMS method has the advantage that it allows the mass quantification and
identification of the polymer type as well as any contained organic additives that
may be harmful to the environment while being robust against any inorganic
components in the sample (Fries et al., 2013). However, it is a destructive method,
and therefore not repeatable for the same sample. Furthermore, as a mass-
quantitative method, data on the number, size, and shape of the microplastics
contained in the sample is not given. This is in so far a major drawback as these
parameters play a decisive role in the effects the particles have on organisms and
soil properties (De Souza Machado et al., 2019), which in turn are important
factors to consider in a comprehensive risk assessment. Additionally, the sample
capsules, and therefore the sample amount per run is very small (0.5 mg), which
perhaps impedes representativeness for the environment from which the sample
was taken. Moreover, the setup is often prone to blockages (Diimichen et al.,
2017).

Thermal extraction desorption gas chromatography mass
spectrometry (TED-GCMS)

Another thermal analytical technique found in microplastic research is the TED-
GCMS. This is a combination of a thermal extraction via thermogravimetric
analysis (TGA), where the sample is pyrolyzed at temperatures up to 600°C and
the volatile pyrolysis products are adsorbed on solid phase adsorbers, from where
they are subsequently analysed via a thermal desorption gas chromatography
mass spectrometry (Diimichen et al., 2017). This method allows the identification
of the most common plastic types in up to 100 mg of homogenized
environmental samples, without much sample preparation (Eisentraut et al.,
2018). However, as with all thermal mass-quantitative methods, the method is
destructive and the number, size and shape of the microplastics cannot be
identified via this technique, especially if the sample has to be homogenized
(milled) before analysis.
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Raman spectroscopy

Raman spectroscopy is based on the inelastic scattering of light that delivers a
material specific pattern (Raman spectrum) dependent on the molecular
vibrations of the material. Thus the material can be identified according to its
fingerprint spectrum (Araujo et al., 2018). Raman micro-spectroscopy is
commonly the tool of choice for the particle quantitative measurement of small
microplastic particles (lower micrometer to nanometer range) (Anger et al., 2018;
Gillibert et al., 2019; Kappler et al., 2015). The technique is non-destructive, has
an excellent spatial resolution and can be used to identify a very wide range of
plastic types. However, Raman spectroscopy is prone to fluorescence
interference - e.g. by natural organic matter and has an inherently low signal to
noise ratio (Araujo et al., 2018), therefore environmental samples that are to be
analysed need to undergo a thorough sample purification and preconcentration
in order to obtain good spectra and allow a chemical point-by-point mapping of
the particles in a relatively small area, as Raman imaging takes a lot of time (38 h
for 1 mm? (Kappler et al., 2016)).

Fourier-transform infrared spectroscopy (FTIR)

A complementary vibrational spectroscopy method to Raman spectroscopy is
FTIR spectroscopy. It exploits the fact that infrared light is absorbed at specific
wavelengths when it excites certain molecular vibrations. These excitable
vibrations are dependent on the molecular structure of the sample - causing a
fingerprint absorption IR-spectrum for specific substances (Loder & Gerdts,
2015). FTIR spectroscopy can be used in different techniques and modes.
Attenuated total reflectance (ATR) FTIR spectroscopy is often used to identify
the material of larger fragments (>500pum) that can easily be handled, e.g. using
tweezers. The fragments are placed on a diamond crystal through which an
infrared laser beam is directed. The beam is reflected at the interface between
the crystal and the plastic fragment, whereby an interaction between the light
and the plastic takes place, causing the absorption of specific regions of the
infrared spectrum (Bruker, 2021). The attenuated spectrum is material specific,
and in our case allows the identification of the plastic type. For smaller particles,
that cannot be handled manually (10-500pm), the p-FTIR imaging method has
become the most abundantly used method for particle quantitative microplastic
analysis (Elert et al., 2017). Focal plane array (FPA) detectors are state of the art
in p-FTIR imaging and allow faster imaging with higher resolution than single
element- or line array detectors. For the p-FTIR spectroscopy, a purified sample
is filtered onto an IR-transparent material and screened completely, giving a
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chemical image with a resolution of 10 pm. Each pixel in the chemical image is
represented by a spectrum, which can now be automatically identified and
assigned to a certain plastic type - e.g. by using a random forest classifier
(Hufnagl et al., 2019). In comparison to Raman mapping, the FPA detector based
p-FTIR imaging has a relatively short measurement time and reliably identifies
most plastic types while also maintaining the information on particle number,
shape and size (Loder et al., 2015). However, particles smaller than 10 pm cannot
be detected via this technique and particles that are too thick (critical thickness
is dependent on the material) will cause total absorption of the infrared beam in
transmission mode, which leads to an unidentifiable spectrum, therefore the
detectable size range for p-FTIR imaging analysis has to be considered.

Comparabilitiy

In an international laboratory comparison for microplastic detection methods
(u-FTIR spectroscopy, p-Raman spectroscopy, pyr-GCMS, TED-GCMS, scanning
electron microscopy, light scattering particle counter and stereo microscopy)
Miiller et al. (2020) showed a “Remarkable [] variance of results between the
methods but also within the methods.” (Miiller et al., 2020, p.1). This pinpointed
the need for a standardization or harmonization and validation of methods for
microplastic detection. This is not only true for the instrumental detection
methods, but when dealing with environmental samples, this includes sampling
techniques, sample processing, analysis and reporting.

The four techniques mentioned above are very different, but all are applied for
the analysis of microplastic contamination of environmental samples. However,
they all require some sort of sample pre-treatment, either to accommodate a
representative sample amount and/or to remove any environmental matrix that
may disturb the analysis. The methods used to pre-process environmental
samples for microplastics analysis are as diverse as the samples themselves. As
the analyte size ranges became smaller and the environmental matrices to be
analyzed became more complex, ever new sample processing methods were
developed, but to date, none of them has become standardized. And for the
extremely complex environmental matrices of soils, only very few attempts at
analyzing them for small microplastics have been pursued at all.
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1)

2. Knowledge gaps & objectives

Method development

Knowledge gaps:

Reliable particle-quantitative analysis of soil samples is an essential tool
for the deeper understanding of the contamination extent, fate and
potential impact of microplastics in the terrestrial environment. However,
current analytical protocols have considerable limitations concerning the
use of plastic-destructive purification protocols, analyzable sample sizes,
lower size limits of the microplastic particles detected, and a limited
spectrum of analyzed plastic types (e.g. only low-density plastics) that
may hamper correct result-reporting.

Objectives:
e develop a robust and reliable sample purification and analysis
method for soils and complex environmental matrices
e enable the microplastic analysis of relatively large, more
representative sample sizes
e permit the identification of particles down to the lower
micrometer range

e cover the analysis of a large spectrum of plastic types
Microplastic pollution and fate in soils

Knowledge gaps:

Previous reports on microplastics in soils were often limited to the finding
of a certain amount of microplastics in samples at specific locations.
However, next to nothing is known about the fate and
fragmentation/degradation behavior of microplastics in agricultural and
natural soils.

Objectives:

e apply the here developed methods in a field experiment to
determine if biodegradable plastics degrade/fragment differently
compared to conventional plastics in the agricultural soil
environment

e use the here developed methods in collaboration with colleagues
from the University of Cologne to gain deeper insight into the
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mechanisms influencing flooding-related microplastic deposition
and subsequent migration into floodplain soils.

3) Assessment of organic fertilizers as microplastic input pathways

Knowledge gaps:

Household organic waste is often very highly contaminated with plastic.
This causes great problems for biowaste treatment (BWT) plants, whose
aim it is to biologically process the organic waste into high quality
composts, which are then used as fertilizers and soil amendments in
agriculture. Most BWT plants take great pains to remove the plastic from
their input material, but unfortunately it is not possible to remove
everything. Furthermore, the extent of contamination of organic
fertilizers with small microplastics and the influence of plant technology
on the microplastic generation within BWT plants have not been
examined in the past.

Objectives:

¢ determining if and how much microplastic is present in
composts and digestates derived from BWT plants, which may
thereby reach agricultural soil

e finding out if the respective technology or the technical
processes in different BWT plant types influence the
abundance and size of microplastics in the end-products.

o assessing the fate of biodegradable plastics in BWT plants and
elucidate if biodegradable plastic bags contribute to the
microplastic contamination in digestates derived from organic
household waste.
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3. Method development

Article 1 - Finding Microplastics in Soils - A Review of
Analytical Methods.

In Article 1 I aimed to give a critical overview over methods reported in peer
reviewed literature for sampling, extraction, sample purification and
instrumental detection of microplastics in complex environmental samples. By
assembling and critically assessing these methods, I focused on determining
techniques that would potentially be suitable for a meaningful microplastics
analysis of soils. I additionally compiled a comprehensive list of field sampling
approaches suitable to the respective research objectives. Also dependent on the
objective is the instrumental analysis method to determine the microplastics
content in a sample. My research gave me insight to a wide variety of promising
methods, of which many however are based on a mass-quantitative analysis. This
means that ecologically relevant information on the particle number, shape and
size is lost. If this information is not relevant for the research question, methods
like Pyr-GCMS and TED-GCMS seem a valid option. However, for a
comprehensive hazard and risk assessment, vibrational spectroscopy methods
such as Raman and FTIR spectroscopy were deemed the most appropriate
options, as they are the only methods currently available that allow the particle-
quantitative analysis of microplastics with a reliable polymer identification.
However, both methods require a thorough sample cleanup without changing
the microplastics properties in any way. I found that a single step microplastics’
extraction protocol for small microplastics is not practicable, as soils are made
up of a complex mixture of minerals and organic matter that cannot be removed
in one step without destroying the microplastics. Therefore, as a first step an oil-
extraction or a density separation with a high-density brine using salts such as
Nal (p =1.8 g/cm3), Nag[H,W.,Os] (p=1.4 g/cm3), ZnCL, (p =1.6-1.7 g/cm3) or NaBr
(p = 1.55 g/cm3) is necessary. In a second step a digestion is required to remove
the residual organic fraction. Fenton’s reagent and a sequence of adapted
enzymes were deemed the most appropriate methods presented in literature, but
many other more controversial digestion methods using acidic or alkaline
solutions were also presented.
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Article 2 - Microplastic sample purification methods -
assessing detrimental effects of purification procedures
on specific plastic types

Article 2 is a systematic comparison of the effects of sample purification
protocols on different types of plastic films. Seven purification protocols (with
sodium hydroxide, hot nitric acid, peroxymonosulfuric acid, sequential
enzymatic digestion, hydrogen peroxide, Fenton’s reagent and zinc chloride
brine) were compared in their effects on eight of the most common plastic types
(PE, PP, PET, PVC, PU, PC, PS, PA).Visible and gravimetric changes, surface
degradation via ATR-FTIR and bulk erosion on a molecular level via gel
permeation chromatography (GPC) were analyzed. It became evident that strong
acids and high temperatures, while very effective in removing environmental
organic matter (ICES, 2015; Naidoo et al., 2017), cause a strong degradation of the
polymers PA, PC, PET, PS, PUR and PVC. Strong alkaline solutions may cause
damage to the polyesters PC and PET. Contrarily, Fenton’s reagent, a sequential
oxidative-enzymatic digestion including H.O, and several technical grade
enzymes as well as the treatment with a ZnCl, brine commonly used for density
separation, did not degrade the eight plastic types tested in this experiment.

Article 3 - Tackling the challenge of extracting
microplastics from soils: A protocol to purify soil
samples for spectroscopic analysis.

In Article 3 I developed a protocol that allows the purification of up to 250 g soil
sample in such a way that vibrational spectroscopic analyses such as micro-FTIR
or micro-Raman spectroscopy become possible. A sequence of freeze drying,
sieving, density separation with a ZnCl, brine and an enzymatic-oxidative
digestion procedure allows the removal of over 99.9 % of the mineral mass and
an average reduction of 77 % of the remaining organic fraction. In order to test
the method for any negative effects on the microplastic particles, I surveyed
microplastics (PA, PE, PET, PVC and PLA) in the size range of 100 pm to 400 pm
and of different shapes. Visual integrity and analysis via ATR-FTIR, gel
permeation chromatography (GPC) and differential scanning calorimetry (DSC)
showed that none of the conventional microplastics were affected by this
approach, however, PLA was shown to be slightly degraded by the enzyme
protease. In an application of the protocol to a natural soil sample 160
microplastic particles down to a size of 10 um (lower limit of detection for the
micro-FTIR analysis used) were found. 85% were fragments and 15% were fibers.
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The polymer types successfully identified were PP, PS, PE, PET, PBT and PAN.
The protocol is effective, but time consuming and further research and
development toward automated systems may be necessary to make the method
feasible in larger microplastic monitoring schemes.

Soil subsampling Freeze drying Fractioning Density separation

upto250g ' aggregate

Soil sample dispersion
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separation

Transfer to
sample carrier

Figure 3: Workflow of the sample purification and analysis protocol

Conclusions - Method development

The results of a study are only ever as good as the methods used to produce them.
In this chapter and during my PhD studies in general, I was mainly focused on
finding methods to make a particle-quantitative analysis of microplastics in
complex environmental matrices possible. During the process, I became aware
of many issues that the microplastics research community needs to address in
order to obtain reliable results. While writing Article 1, [ was initially
overwhelmed by the sheer abundance of methods used to analyze microplastics
in environmental samples and the lack of any sort of standard that would allow
a comparison of the studies. It is crucial for the scientific community to establish
a unified, unambiguous definition of “microplastics” and to ensure that reporting
is conducted in such a way that informed readers can easily evaluate the meaning
of reported microplastic numbers or weight units. Furthermore, it is important
to establish standardized validation methods (including the development of
standard microplastics and standard samples with which to conduct the
validation) that allow an objective evaluation of the method’s suitability. To date
no such standardized validation procedures exist for microplastics analysis. Once
the reliability of any method can be objectively confirmed, the choice between
mass quantitative (Pyr-GCMS, TED GCMS) and particle quantitative (Raman and
FTIR spectroscopy) analyses is heavily dependent on the research question at
hand. Independent of the analytical instruments chosen, my research has shown
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in Article 2 that if a sample purification procedure is necessary, future studies
should refrain from using high temperatures, strong acids or bases, as these can
degrade certain plastic types, which may lead to unreliable results. A density
separation with a ZnCl2 brine and an organic matter removal with Fenton’s
reagent and/or a sequential enzymatic digestion are on the other hand are fine
for the detection of conventional plastics. This finding was corroborated in the
additional analyses I conducted to test the sample purification method I
developed in Article 3. The study in Article 3 however also showed, that the
enzyme protease can degrade PLA and should therefore not be used if
biodegradable polymers are on the analyte-spectrum. The protocol is effective
and allows the analysis of up to 250 g of soil sample. However, in terms of time-
and resource efficiency, an automation of the system would be necessary to make
it eligible for any kind of broad scale monitoring. In general, I believe that the
methods used for microplastic analysis in environmental samples are still in their
infant stages. There is a necessity to invest time and resources into refining the
currently available methods and most importantly establish a standard
validation method to assess their accuracy. In a next step the methods
themselves should be standardized and harmonized to make studies comparable
which would give added value and enable meta-analyses that allow a more
comprehensive understanding of the real environmental pollution with
microplastics.
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4. Microplastic pollution and fate in soils

Article 4 - Microplastics persist in an arable soil but do
not affect soil microbial biomass, enzyme activities, and
crop yield

In Article 4 the methods developed in chapter 3 were applied in a field
experiment where I examined the background concentrations and the fate of
conventional microplastics (PE) and biodegradable microplastics (a blend of PLA
and PBAT here termed PLA/PBAT) over time. Additionally, the effects of
microplastics in combination with organic fertilizers on the soil carbon turnover
and crop yields were studied. The analysis for background contamination with
microplastics showed an average loading of 296 + 110 (mean + standard error)
particles/kg soil, with nine different polymer types - of which PP (108 + 36
particles/kg), PS (76 + 34 particles/kg) and PE (60 + 25 particles/kg) were by far
the most abundant. Randomized plots in the field were treated with 2 g/m? of
the following microplastic type — PE and PLA/PBAT. The average microplastics
concentration at the start of the experiment was 1003 + 76 PE particles/ kg and
134 + 15 PLA/PBAT particles/kg. After one month as well as after 17 months the
plots were sampled again, and no significant change in number or size
distributions of the respective microplastics could be detected. This allows the
assumption, that both the conventional and the so-called biodegradable plastics
tested here persist in soils under field conditions. While persistence is a cause for
concern, no direct negative effects on the agricultural performance of the field
could be attributed to the addition of the microplastics to the soil in the given
time-frame. The microbial carbon turnover and enzyme activities of treated plots
showed no significant differences to the control. Also, the crop yields of silage
maize and summer barley were not affected by the addition of the microplastics
to the plots.

Article 5 - Flooding frequency and floodplain topography
determine abundance of microplastics in an alluvial
Rhine soil

Article 5 is a collaborative study with the Institute of Geography, University of
Cologne, on the fate of microplastics in the dynamic interface of the Rhine River
and an adjacent floodplain. The floodplain “Rheinaue Langel-Merkenich” near
Cologne was analyzed for the abundance of microplastics in three locations along
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the river. Due to the unique topography of the site, microplastic input via runoff
from outside the floodplain is unlikely. Therefore, it is assumed that most of the
microplastics found in the soil were deposited during flooding events. Using the
methods described in chapter 3 (with an additional CaCl,-brine density
separation to remove the high amount of black carbon particles present in these
samples) a very heavy general contamination (25502 - 84824 particles/kg) with
microplastic particles was observed. The study here verified that topography and
vegetation are key factors to the incorporation of suspended microplastic
particles into the floodplain soil. In the location closest to the riverside
vegetation is sparse and erosion is evident. Here, the least amount of
microplastics was found, even though it is the most frequently flooded location.
This is most probably due to recurrent erosive forces during flooding events, that
prevent particles from settling and may re-suspend any deposited particles. In
contrast, a grassy depression farthest from the riverside showed the highest
microplastic contamination, even though flooding occurs less frequently. The
depression is cut off from the main flow once the flood recedes. In the resulting
ephemeral pool, all particles transported during the flood will settle and the grass
coverage hinders re-suspension in the next flood, promoting microplastics
accumulation in the soil and transport to deeper layers. A seldomly flooded
grassy rise in between the former two locations contained an intermediate
amount of microplastics, showing that flooding frequency is not necessarily
correlated to microplastics accumulation.

Conclusions - Microplastic pollution and fate in soils

Soil systems are deemed to be one of the major sinks for microplastics; and
although the number of studies concerned with microplastics contamination in
soils is steadily rising, the scientific community still does not have a full
understanding of the extent of microplastics pollution, the transport
mechanisms or the fate of microplastics entering the soil system. In the
agricultural field study (Article 4) we could show that even arable soils that are
not treated with commonly known plastics input pathways (sewage sludge,
compost, plastic mulching etc.) still had a noticeable background contamination
with common plastic types. This may be due to the use of plastics in day-to day
agricultural practices, atmospheric deposition, littering, or a combination of all,
but is difficult to pinpoint. The study also showed that PE and the so-called
biodegradable blend of PLA/PBAT used in this study did not degrade over the
course of nearly one and a half years, highlighting that microplastics are a
persistent pollutant. However, the study also showed that the soil system seemed
quite resilient towards the relatively high loading with microplastics, as no
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significant differences in crop yield, enzymatic activity or microbial carbon
turnover could be detected. This is however not yet cause for relief, as a
laboratory study conducted with the same types of polymers has shown that
nematodes (Caenorhabditis elegans) can ingest the plastics and showed a
decreased reproduction rate when exposed to the microplastics (Schopfer et al.,
2020). Article 5 on the other hand demonstrated that the soil-sample purification
method developed in chapter 3 is inadequate when the soil is heavily loaded with
black carbon particles. Here a third step to separately remove the carbon with a
CaCl,-brine density separation was required. The data acquired in this study give
indications to which factors of the natural riverbank-floodplain system are
relevant to long-term microplastic deposition in soils during flooding events. It
seems that topography and vegetation cover, which influence hydrological
parameters such as flow-velocities and turbulences that in turn influence erosion
or sedimentation, are more decisive concerning microplastic deposition than
flooding frequency alone.
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5. Assessment of organic fertilizers as
microplastic input pathways

Article 6 - Organic fertilizer as a vehicle for the entry of
microplastic into the environment.

Article 6 represents a first-time quantitative analysis of microplastics in organic
fertilizers. The study was conducted in collaboration with the Chair for Process
Biotechnology of the university of Bayreuth. As the research took place before
methods were developed to allow the analysis of microplastics <1 mm in complex
solid matrices, the analyzed sizes are in the range of 1 - 5 mm. It shows that not
only do all products from the surveyed biowaste treatment (BWT) plants contain
microplastics, but the amount between the plants varies strongly. This is due to
the substrate pre-treatment, BWT plant type and type of organic waste used. The
results (14 - 895 MPs/kg pw), extrapolated to the amount of organic fertilizer that
is applied to Germany’s agricultural fields each year, let us assume that the
amount of microplastics in the range of 1-5 mm introduced into the
environment in Germany alone ranges between 35 billion and 2.2 trillion
microplastic particles every year. Eleven polymer types were identified via ATR-
FTIR spectroscopy, showing that plastic types conventionally used in packaging
amongst others could also be found in the compost and digestate of BWT plants.

Article 7 - Microplastic contamination of composts and
liquid fertilizers from municipal biowaste treatment
plants — effects of the operating conditions

Article 7 represents a survey of the compost and digestate from several different
biowaste treatment plants treating different types of organic waste (green
clippings and household organic waste) as well as agricultural biogas plants using
energy crops and manure for biogas production. The collaborative survey with
the Chair for Process Biotechnology of the University of Bayreuth showed that
while the fertilizers from the agricultural biogas plants were hardly
contaminated at all, the composts and digestates deriving from organic waste
treatment plants varied from extremely high to moderate contamination levels.
While this is probably linked to the quality of the incoming organic waste, it
appears that the operating conditions and equipment technology used also
influence the amount of microplastics found in the final compost and digestate:
Shredding of the incoming material, while potentially constructive to a better
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processing of the organic matter, seems to significantly increase the amount of
microplastics in the compost or digestate. On the other hand, sieving the
compost at the end of the process is effective in removing a large proportion of
the larger plastics fragments (>5 mm), but does not significantly reduce the
amount of microplastics in the compost or digestate that is then applied to the
agricultural fields. In a first-time analysis of liquid digestates from biowaste
treatment plants for microplastic particles in the size range of 10 - 500 pm, I
found a surprisingly high amount of microplastic particles (up to 10 ooo particles
per liter). In some cases, a large portion of the microplastics found in the liquid
digestates contained the IR-signature of biodegradable plastics.

Article 8 - Municipal biowaste treatment plants
contribute to the contamination of the environment
with residues of biodegradable plastics with putative
higher persistence potential

Article 8 aimed at determining if biodegradable plastic bags, commonly used for
organic waste collection, can be completely degraded under the realistic
conditions of municipal BWT plants. The goal was to see if residues of the
biodegradable plastics can be found in the fertilizer products (compost and
liquid digestate). The BWT plants in the study - analyzed in collaboration with
the Chair for Process Biotechnology of the University of Bayreuth - conducted a
two-stage treatment of the organic waste in form of an anaerobic digestion for
biogas production and a subsequent composting of the solid residue. Varying
amounts (o - 50 particles/kg dry weight) of large microplastic fragments (1 mm -
5 mm) were found in the finished products, whereby 4 - 80 % of the particles that
were found in the composts were derived from the biodegradable plastics PLA,
PBAT or a blend of both. The chemical analysis via ATR-FTIR spectroscopy
showed a very high similarity of the fragments found in the compost to the
spectra of pristine commercially available composting bags made of
biodegradable plastics. The analysis also showed, that biodegradable plastic
fragments tended to be smaller than those of the non-biodegradable plastics,
indicating a quicker fragmentation process due to a certain degree of partial
degradation. In order to better assess if there were any chemical alterations to
the biodegradable plastic fragments found, an 'H-NMR analysis was conducted,
confirming that the fragments and pristine bags are composed of PLA/PBAT
blends of varied ratios. There seemed to be a shift in the composted fragments
towards a higher PBAT ratio compared to the pristine bags tested in this study.
This indicates a faster degradation of PLA than the PBAT. Furthermore,
differential scanning calorimetry and wide-angle X-ray scattering showed that
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the reference biodegradable polymers are semi-crystalline in their molecular
structure, meaning that parts of the structure are amorphous (no systematic
bound structure) and others are crystalline. The composted fragments showed a
shift towards a higher crystallinity compared to the pristine bags, indicating that
the crystalline structures within the co-polymer are less readily bioavailable than
the amorphous structures. This may have negative implications for the
continued biodegradation in the environment. This may mean that the
fragments persist longer in the environment than anticipated based on data from
laboratory tests (Napper & Thompson, 2019). At the time of the study the method
to purify compost and do a meaningful analysis of microplastics via micro-FTIR
had not yet been completely established, therefore an 'H-NMR analysis was
conducted for the < 1imm fraction, showing that the compost samples contained
0.5 - 1.5% (by dry weight) extractable material of which 6 - 30% were made up of
the biodegradable polymers PLA and PBAT.

In two of the analyzed BWT plants the fermentation percolate is collected and
used as liquid fertilizer that is directly applied to fields without further
treatment. Here, no fragments > 1 mm were found (possibly due to the percolate
being collected in a press filtration procedure, filtering out any larger particles).
However, I adapted the enzymatic-oxidative purification protocol for this study
in order to be able to analyze the percolate for small microplastic particles. In
the smaller ranges approximately 20 ooo microplastic particles per liter were
found, of which 53 - 65% were biodegradable plastics. This shows that there is a
higher abundance of biodegradable plastic fragments in the very small ranges
compared to the abundance of any conventional plastic.

Conclusions - Organic fertilizers as microplastic input
pathways

Concerning the assessment of fertilizers as microplastic input pathways, my
research indicates that soil amendments derived from household organic waste
not only introduce conventional microplastics in large amounts into the
environment, but also fragments of so-called biodegradable plastics, that - in
theory - are supposed to be degraded during the composting process itself. It is
known that the conventional plastic will not degrade in the environment in a
reasonable amount of time. However, the degradation kinetics of already
composted biodegradable plastic fragments in soils under environmental
conditions are still unknown. Therefore, in future research studies it should be
investigated if fragments of the composted biodegradable plastics further
degrade within the soil matrix under realistic conditions. It should also be
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investigated if the degradation rates of biodegradable plastics are slower than the
input rates via the compost, as this may lead to accumulation. I am also of the
opinion, that the certification process for so-called compostable plastic products
(e.g., EN 13432) does not represent realistic conditions in BWT plants. nor does
it consider fragments smaller than 1 mm. Therefore the certification norm to call
a product “compostable” should be revised in the face of this new scientific
evidence. Research into the degradation of so-called biodegradable plastics
under realistic composting and environmental conditions should be strongly
driven forward, as many people see biodegradable plastics as a potential solution
to our growing problem of macro-and microplastic pollution in the environment.
My research so far indicates that biodegradable plastics fragment faster and into
smaller pieces than conventional plastics, but still persist to a certain extent in
the digestates that are applied to agricultural fields. If they are proven to persist
in the soil over an unreasonable period of time, this would have major
implications for the perception of the “environmentally friendly plastics”. The
smaller the fragments are, the more likely they are to become bioavailable with
to-date unknown consequences for organisms and environmental health.
Therefore, the investigation into the fragmentation/degradation of
biodegradable microplastics is not only of academic interest, but should also be
an issue in a public debate, involving the plastics- and agricultural industries,
policy makers and the general public.
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Figure 4: Steps from development and research towards change in society*

In the course of this PhD thesis, I developed a method that allows the reliable
identification of conventional and biodegradable microplastics in soils down to
a size of 10 pum. This method could also be adapted for smaller amounts of liquid
digestate, allowing a first-time analysis of this complex matrix. The focus during
the method development was to ensure that the sample purification preceding
the p-FTIR analysis is effective in removing complex environmental matrices,
while not destroying or in any way affecting the microplastic composition in the
sample.

Several surveys I discuss in my critical literature review and my own empirical
study on the topic confirmed that the use of high temperatures and strong acids
or bases lead to the destruction of certain polymer types (Nuelle et al., 2014; Roch
& Brinker, 2017; Rocha-Santos & Duarte, 2015; Schrank et al., 2022). On the other
hand Fenton’s reagent, the use of zinc chloride and the use of technical enzymes
are effective in removing mineral and biogenic matter, while retaining
microplastic integrity (R. R. Hurley et al., 2018; Loder et al., 2017; Moller et al.,
2021; Tagg et al., 2015). These then became the basis for my soil sample
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purification protocol in Article 3. In parallel I contributed data to the machine-
learning-based program for automated microplastic particle identification after
p-FTIR analysis. This specific program allows a faster and more extensive particle
identification than previous more time-consuming database search algorithms
(Primpke et al., 2017). My work in method development and evaluation was the
foundation for many of the findings published in the course of this PhD thesis
concerning the fate of microplastics in soils, composts and digestates.

In the earliest application of the here developed analysis protocol, I was able to
assess for the first time how relatively small microplastic particles (conventional
PE and biodegradable PLA-PBAT-Blend) degrade/fragment over time in an
agricultural field. The study showed that even though the field was worked with
heavy machinery and the plastics were exposed to natural weather conditions for
17 months, no complete degradation or further fragmentation of the particles
took place. Put into perspective, Sintim et al. (2020) reported that the
degradation rate of biodegradable plastic mulch films in soils was initially slow
and only started increasing after 1.5 years. After three years the degradation
(assessed by surface area reduction) was reported to be between 26 - 83 %,
dependent on climate and polymer types. Especially PLA-based mulches showed
limited degradation in soils under ambient conditions, and the relatively long
degradation periods raise concerns over the sustainability of continuous use of
biodegradable plastic mulch foils (Sintim et al., 2020). In my study, the spiked
plots showed no significant differences in crop yield and carbon turnover in
comparison to the control plots. This may be seen as a confirmation of the
findings of De Souza Machado et al. (2019), that stated microplastics with a
similar shape to natural soil particles had less effects on the soil’s biophysical
properties (which impact plant performance) than particles with a completely
different shape (such as fibers).

The second survey that applied my methods, showed that floodplain soils are
contaminated with small microplastics. Scheurer & Bigalke, (2018) also found
that soils of Swiss floodplains were contaminated with microplastics. Their
numbers, however, were far less (max. 598 MPs/kg) from the ones found on the
Rhine River floodplain near Cologne in a similar size range (7 619 - 21048
MPs/kg). This difference may be due to the locations of the sampling spots, as
the sampling site of our study was downriver and in close proximity to the City
of Cologne with 1,08 Mio. inhabitants (Wollny, 2022) while the number of
inhabitants in the catchment areas of the sampling sites in Switzerland were
mostly less than 500 0oo (Scheurer & Bigalke, 2018). Another likely reason for the
discrepancy could be the different extraction methods of microplastics: Scheurer
& Bigalke, (2018) centrifuged a slurry of soil and NaCl-solution with a density of
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1.2 g/cm3, to separate the mineral from the organic fraction, followed by a
treatment with 65% HNO; at 9o°C. They therefore potentially lost high-density
particles during the density separation and most polymers susceptible to
degradation via acids and high temperatures, e.g PA and PET. The conspicuous
lack of PA and PET (usually quite commonly found in the environment) in the
microplastics composition of the found particles in Swiss-floodplains-study
highlights the need for appropriate microplastic extraction methods from soils.
The input of microplastics into floodplain soils is most probably due to
floodwater of the river, as other studies indicate that flood events remobilize
microplastics embedded in the river sediment, causing a generally higher load of
microplastics in river water during flooding events than under normal flow
conditions (R. Hurley et al., 2018; Woodward et al., 2021). The comparison of
microplastic abundance at certain soil depths with hydrological, topographical
and vegetation data gave indications that topography and vegetation cover
influence the deposition and retention of microplastics more than flooding
frequency alone. To my knowledge this is the first time this correlation has been
made in the context of microplastic transport.

Investigating organic fertilizers as another input pathway for microplastics into
soils, I was able to prove for the first time that composts or digestates derived
from plastic-contaminated household organic waste contain a significant
amount of microplastics. This was later corroborated by several other studies in
different countries (Gui et al., 2021; van Schothorst et al., 2021). Van Schothorst
et al. (2021) found similar numbers of microplastics in compost in the size range
of 1 - 2 mm (21 MPs/kg) to the numbers we found in the size range of 1 - 5 mm
(20 - 24 MPs/kg). This is insofar interesting, that van Schothorst et al., (2021)
used a density separation step with distilled water, only allowing the extraction
of low-density polymers, whereas our study also included high-density plastics
such as PVC. However, one big drawback of the method used by van Schothorst
et al. (2021) is the lack of information on the plastic types found: Only exemplary
particles were measured via FTIR spectroscopy, while the identification plastic -
non plastic was determined by visually assessing thermal effects (melting) of
plastics on a hot plate according to the method of Zhang et al. (2018). Here a
qualitative and quantitative assessment would benefit risk assessment for
microplastics input into the environment. The microplastic extraction method
development and adaptation to liquid digestate allowed me to do such a
qualitative and particle-quantitative analysis of the percolate of biowaste
digestion plants. [ proved for the first time, that it contained a large amount of
microplastic particles <500 pm, of which more than half had a PBAT signal. This
indicates that the use of biodegradable plastic bags for organic waste collection
may promote the generation of microplastics in the BWT plants, increasing
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contamination levels in the end products. The exact effects of the different
conventional microplastics and of so-called biodegradable microplastics in soils
are not yet fully understood, therefore efforts should be made to reduce
microplastic emissions to a minimum. Consequently, it is also necessary to know
which equipment and technology in a BWT plant enhance microplastic
generation and which ones help to reduce the output of microplastics in the end
product. Once microplastics have entered the environment, they are impossible
to remove again - at least not without causing severe damage to the environment
during the cleanup process. Therefore, even if we cannot yet completely assess
the extent of environmental pollution with microplastics, nor give a concise risk
assessment concerning the various types of microplastics, I believe we should act
after the precautionary principle and reduce the plastic and microplastic input
into the environment as far as possible. Where possible, consumer awareness
along the lines of “reduce, reuse, recycle” should be raised, but also the industry
must be made accountable for their product designs to allow the realization of
reuse and recycling, while the respective governmental policies need to be
adapted and implemented. This approach should be seen as a holistic effort to
reduce the waste of resources as well as reduce the plastic and microplastic
emissions.

Based on experiences gained during my PhD studies, I believe there is hope for
improvement. Especially after the publication of the study which showed for the
first time that composts and digestates from BWT plants are considerably
contaminated with microplastics, I saw the potential impact that science can
have on political decisions: At the beginning of this PhD thesis (2018), the legal
threshold for plastic contamination of composts and digestates used as soil
amendments in Germany was 0.1% of the dry weight for particles >2 mm. At
approximately 5 million tons of compost and digestate from BWT plants being
distributed to fields in Germany each year (estimated from the annual biowaste
input into biowaste treatment plants (Statistisches Bundesamt, 2022)), a legal
annual output of 500 0ooo tons of plastic fragments >2 mm via the biowaste
treatment plants is conceivable. The additional weight of fragments <2 mm is not
considered in this scenario. Ever since, also in part due to the results of studies
in this thesis, awareness for the role of biowaste-derived fertilizers as
microplastic input pathways has risen. As a response, the size-threshold for the
legal weight limit of plastic particles was reduced to >1 mm in October 2019
(Dlingemittelverordnung (DiMV), 2012). While organic fertilizers are still likely
to contain a high number of microplastics <1 mm, that are not yet considered in
this new legal threshold, actions like this are small but consistent steps towards
reducing the microplastic input into soils.
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While I believe my research has allowed new insights into the fate and
degradation/fragmentation behavior of microplastics in the terrestrial
environment, there are still method improvements and several knowledge gaps
that I would like to fill in my future research: The here developed method for
microplastic extraction from soils and digestate is quite time consuming and
warrants further development and automatization to allow high-throughput
analyses in microplastic monitoring schemes. [ am also of the opinion, that more
effort and resources should be spent in harmonizing microplastic sampling,
extraction, analysis and reporting, as currently the results of different research
groups are hardly ever comparable. In the meantime, I will be further
investigating the fate of biodegradable plastic bags in BWT plants - from the
input to the output. | would like to know if the biodegradable bags fragment and
degrade within the digestion- and composting process, or if residual small
microplastics remain in the compost/digestate, with to date unknown
consequences for soil health and effects on soil dwelling organisms.
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ABSTRACT: Research on microplastics in soils is still un-
common, and the existing publications are often incomparable
due to the use of different sampling, processing, and analytical
methods. Given the complex nature of soils, a suitable and efficient
method for standardized microplastic analysis in the soil matrix has
yet to be found. This paper proposes a critical review on the
different published methods for sampling, extraction, purification,
and identification/quantification of microplastics in complex
environmental matrices, with the main focus on their applicability
for soil samples. While large microplastic particles can be manually
sorted out and verified with chemical analysis, sample preparation
for smaller microplastic analysis is usually more difficult. Of the
analytical approaches proposed in the literature, some are

Sample Processing

established, whereas others are a proof of principle and have not yet been applied to environmental samples. For the sake of
development, all approaches are discussed and assessed for their potential applicability for soil samples. So far, none of the published
methods seems ideally suitable for the analysis of smaller microplastics in soil samples, but slight modifications and combinations of

methods may prove promising and need to be explored.

1. INTRODUCTION

Microplastics have been defined as “plastic particles smaller
than S mm”," and while this upper size limit is widely accepted,
the lower size limit is still under scientific debate. Some groups,
such as the Joint Group of Experts on the Scientific Aspects of
Marine Environmental Protection (GESAMP) include “par-
ticles in the nano-size range”.2 Frias and Nash,’ proposed the
following definition: “Microplastics are any synthetic solid
particle or polymeric matrix, with regular or irregular shape and
with size ranging from 1 pym to 5 mm, of either primary or
secondary manufacturing origin, which are insoluble in water”.
This is the definition that is also followed by the authors of this
critical review. We also distinguish between “large” micro-
plastics (>500 ym—S mm) and “small” microplastics (1 gm—
500 pm), as some analytical methods perform better when
searching for larger microplastic particles.

Research on microplastics has shown that synthetic polymer
particles can be found in all environmental compartments
worldwide, ranging from the arctic sea ice,* to the waters of
remote mountain lakes,’ to agricultural soils.” Initially,
microplastic research mainly focused on the marine environ-
ment, where numerous studies analyzed the occurrence and
abundance of microplastic particles in the ocean and along
beaches, while many other studies showed the negative effects
of microplastics on marine organisms.7 Later, researchers
began to examine river and lake systems, which are also
strongly affected by microplastic pollution and are considered
to be significant microplastic transportation pathways.®

© 2020 American Chemical Society

7 ACS Publications 2078

However, considering that the majority of plastic waste is
generated and emitted on land, it is rather surprising that
microplastic research has only recently expanded to terrestrial
ecosystems, where soils may be a significant long-term sink for
microplastic particles.”'® Especially urban and agricultural soils
are assumed to be prone to microplastic contamination, as they
are most exposed to human activities and therefore micro-
plastic input pathways.'' Potential pathways are littering and
street runoff,'” often containing tire wear,"” atmospheric
deposition,"* irrigation with wastewater, as well as applying
soil amendments such as compost derived from biowaste'” or
sewage sludge.'® Plastic mulching is also a potentially
significant source of microplastic contamination in agricultural
soils, where a long-term accumulation of the plastic fragments
may have severe effects on the soil quality.'”"®

It has been stated, that microplastics are likely to be
transported through the soil vertically, for example, due to
biopores, cracking or plowing, and horizontally, due to soil
biota or agricultural activities such as harvesting and plowing."’
De Souza Machado et al.*” suspect that microplastic pollution
may be a major stressor on the terrestrial environment, causing
physicochemical changes to the soil ecosystem by impacting
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the soil structure and chemical composition (e.g., by leaching
hazardous additives). Shifts in the microbial activity within the
soil due to the presence of microplastic could also be
observed.””*' Further, introduced plastic particles can be
transferred along the terrestrial food chain.”>™** Although
model studies give a first estimation of the macro- and
microplastic input into terrestrial and aquatic environments,
estimating the terrestrial input to be significantly higher than
the aquatic input,'’ the actual extent of terrestrial and
microplastic pollution is still unknown.”>*® This is mainly
attributed to the lack of customized analytical tools to detect
microplastics in soils. Due to the complexity of the soil matrix,
containing variable proportions of mineral and organic matter
in various grain sizes, and the added difficulty of tracing a solid
analyte in a sample composed of solids, a comprehensive
method for the effective microplastic analysis in soils is yet to
be developed.””**

The following review aims to give a critical overview over
the methods developed and used in scientific literature for
sampling, extraction, purification, and detection of micro-
plastics in complex environmental samples with a special focus
on their applicability for the analysis of soil samples. While
other recent reviews on the topic have already given an
overview over the most commonly used analytical methods
and their challenges,zg’29 this review is more extensive. It
includes novel innovations to analyze microplastics in other
environmental compartments, that may inspire readers to think
“out-of-the-box” to find new solutions to the challenging
problem of finding solid analytes in a complex solid matrix.
Furthermore, the often-neglected aspects of representative
sampling of a nonhomogeneously distributed particulate
contaminant and quality assurance during sample processing
and analysis are also discussed in depth.

2. SAMPLING

Arguably, representative sampling is one of the most important
steps during environmental analysis: Nonrepresentative
sampling will lead to unreliable data, independent of the
reliability the subsequent sample processing and analysis.*’
Naturally, each sampling design must be adapted to the
respective research question. Especially when dealing with such
an inhomogeneous matrix as soil, in combination with solid
analytes such as microplastics, the sampling design must be
very well planned in order to achieve reliable results.”’ This
means the research objective, the sampling area, as well as the
sampling depths must be accurately defined beforehand. The
history of utilization (e.g agricultural farmland where plastic
mulching has been applied) and possible discharge from point
sources (e.g., bins, picnic sites, etc.) or diffuse sources such as
nearby roads should be taken into account. Furthermore,
potential accumulation zones such as hollows, where micro-
plastics from surface runoft may be deposited or ridges and
hedges where wind velocities are decelerated and deposition of
windborne particulate matter increases, should be identified.
Depending on the research objective, several different sampling
approaches may be used. An overview of possible sampling
approaches is given in Table 1.

After selecting a suitable sampling approach according to the
respective research objective, the number of sampling points at
each site must also be addressed.

Samples can be taken as single point samples, or composite
samples (several discrete point samples of the same size within
a spatial unit are combined and homogenized to a single
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one).”> As microplastic particles are particulate and vary
strongly in their size, it is likely that the microplastic
distribution within the soil varies significantly as well. To
overcome this heterogeneity, using composite samples taken
from defined subunits within a sampling site may prove
beneficial to get a more representative image of the extent of
microplastic contamination, without having to transport, store,
and analyze too many samples. Zhang and Liu'® applied this
method by defining five plots at each sampling site, taking six
point samples randomly from each plot and combining these
to a single composite sample. Scheurer and Bigalke®* assumed
a similar approach, compositing five samples taken along
parallel transects with differing distances to the river.

The number of sampling points at each site (single point
samples or composite samples) could be determined by a
statistical power analysis. However, the ideal number of
replicates and the sample volume is strongly restricted by
sample processing and subsequent analysis methods, which are
still the bottleneck of microplastic quantification in all
environmental compalrtments.35 Hence, at this point in time,
no recommendation regarding the minimum amount of
sampling points per spatial unit can be given.

As soils are a three-dimensional medium, the sampling depth
is of utmost importance and should always be defined and
documented. If, for instance, the deposition of microplastics on
the surface of an undisturbed soil is in the focus of the study,
bulk sampling of the predefined first few centimeters may be
sufficient. If the vertical distribution of microplastics after
plowing should be taken into account the sampling depth must
be adapted accordingly. On the other hand, if the
contamination at varying depths of the soil is to be determined,
core sampling is required. To date, mainly the soil surface
within the upper 10 cm has been analyzed,”'******” as this is
the range where the bulk of microplastic particles is most
probable to be. However, the downward transportation
mechanisms of microplastic particles of various sizes in
undisturbed soils have not yet been analyzed.*® This should
be done before defining a standard depth for soil surface
analysis.

The resulting sample amount (mass/volume) for each
sampling point should also be defined and documented. It
should exceed the amount required for the microplastic
quantification, allowing for additional aliquots of the sample to
be used (after homogenization) for the determination of water
content, as backup samples, and samples for recovery analysis
(as a control for the suitability of the method for this specific
soil).”” Due to the heterogeneous nature of microplastic
distribution, larger samples taken in the field are more
representative than small amounts and can be reduced to a
smaller laboratory sample by homogenization and splitting.*”
In the literature, sampling amounts were chosen arbitrarily,
ranging from 50 g22 to 4 kg.36 So far, too little is known for us
to recommend the minimum amount for representative soil
samples, but it should at least exceed the mass or volume of the
reference unit to avoid unjustifiable extrapolation. A sensible
reference unit would be items per kg(dw), (mean dry weight
determined from aliquots of the sample using a standard
procedure, e.g., ISO 1146540). In this case, the samples taken
from the field should exceed 1 kg significantly, taking into
account their water content and additional aliquots that may
be needed as mentioned above.

The sampling tools can vary, depending on the objective, a
stainless-steel spoon, scoop, or shovel can be used for surface
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samples, whereas a core sampler may be used if an analysis of
deeper horizons is the objective. All samples should be
transferred into clean and labeled metal or glass containers
with (plastic free) lids for transportation and storage.
Generally, measures should be taken to avoid the contami-
nation of samples with microplastics from tools, clothing, or
the ambient air of laboratories and storage facilities. Further
information on this topic is given in section 5. For more
information on which sampling methods were used by
previous research groups, please refer to the Supporting
Information (SI Table S1).

3. EXTRACTION

For an analysis of microplastic particles, it is usually necessary
to remove the bulk of the sample matrix, preferably isolating
the microplastic particles from the matrix and removing
adhering substances. For inhomogeneous solid samples such as
soils, microplastic isolation is challenging—and becomes even
more so with decreasing grain size of the soil matrix—and
particle sizes of the microplastic particles.”" Soil particles can
form relatively stable aggregates, which may enclose micro-
plastic particles and obscure them from analysis."®** Thus,
finding a method for soil aggregate dispersion without risking
the destruction or artificial fragmentation of microplastic
particles is an important first step for the microplastic analysis
of soils.

3.1. Manual Extraction. The simplest method for
microplastic isolation is sieving and manual sorting, using a
stereo microscope to exclude obviously mineral or biogenic
matter, for example, particles with visible cell structures.* This
method can be combined with the “hot needle test” to further
confine the number of putative microplastic particles.
However, manual sorting and visual identification is extremely
time and labor intensive, restricted to sizes >500 pm and is
highly prone to misidentification and bias, rendering a
subsequent reliable polymer identification indispensable.**~*

3.2. Electrostatic Separation. A rather novel method-
ology is the electrostatic separation of microplastic particles
from solid matter. While experiments conducted by Hidalgo-
Ruz et al.*® in this direction failed, Felsing et al ¥ managed to
modify a smaller fair demonstration device of an electrostatic
separation unit commonly used in the recycling industry to
isolate microplastics from sand and sediment samples. The
method allows a relatively high sample throughput with a mass
reduction of up to 99% and recovery rates of 90—100% for
pristine microplastic particles ranging from 63 ym to 5 mm.
However, to achieve these high recovery rates, the samples
underwent the procedure three times, with a temporal effort of
3—4 h per 150 g sample. Furthermore the authors claim that
the method is independent of organic matter content, particle
density, shape, age, or biofouling.48 However, the method is
not suitable for moist samples,”® and its suitability for cohesive
soil samples is questionable due to the unavoidable formation
of aggregates. Furthermore, the applicability for very small
particles must be verified, as the adhesive forces to the metal
drum and scraper may be higher than the gravity-force,
possibly leading to significant losses of the small microplastic
fraction in the final sample.

3.3. Consecutive Matrix Removal, Removal of the
Mineral Fraction. 3.3.1. Oil Extraction. Crichton et al.*’
developed the oil extraction protocol, a simple approach for
the extraction of microplastic from solid samples, taking
advantage of the lipophilic surface properties of most plastics.

2080

Dried sediment samples are mixed with water and canola oil,
then agitated thoroughly and left to settle until the oil, water,
and mineral fractions are completely separated, any micro-
plastic particles coming into contact with the oil should thus be
conveyed into the oil layer, which can easily be transferred
onto a filter. According to Crichton et al.*” recovery rates range
from 90—100% for all seven tested pristine polymer types,
showing better recovery results than two compared density
separation methods with Nal and CaCl,. The procedure is
simple, safe, cheap, and time efficient, but may require an
additional step to remove organic substances from a sample.*’

A recent study conducted by Mani et al.” tested the oil
extraction method using castor oil to separate microplastics
(0.3—1 mm) from four complex environmental matrices:
Fluvial and marine suspended surface solids as well as marine
beach sediments and agricultural soil. The method showed
high recovery rates for the four pristine polymers (poly-
propylene PP, polystyrene PS, poly(methyl methacrylate)
PMMA, and glycol modified polyethylene terephthalate PET-
G) used in the spiking experiment, with an average recovery
rate of 99% =+ 4% (mean + SD) and a mean matrix reduction
of 95% =+ 4% (dry weight). For validation, nonspiked Rhine
river suspended solids underwent the castor oil extraction
protocol. Of 978 microplastic particles found in total in the five
examined samples, 773 microplastic particles were recovered in
the upper oil phase, whereas 205 microplastic particles were
recovered from the lower aqueous and solid phase, resulting in
a recovery rate of 74% =+ 13%. For organic-rich sample
matrices, an additional H,0, digestion step was required to
achieve an adequate sample purification.””

3.3.2. Density Separation. For the separation of micro-
plastics from sediment, density separation protocols are the
most commonly aIpplied using high density salt solutions as
extraction media.”’ In an early study by Thompson et al.”> a
method was devised using a saturated NaCl solution to
separate microplastic from sand. After stirring and sedimenta-
tion the plastic-containing supernatant is sucked into an extra
flask from where it is transferred onto a filtering system.*"*>
Losses may occur in the tubing or while decanting, which is
why more sophisticated devices have been built since.
Furthermore, saturated NaCl solution can only achieve a
maximum density of 1.2 g cm™>, and several synthetic
polymers, such as polyethylene terephthalate (PET) and
polyvinylchloride (PVC) have higher densities and are not
extracted by saturated NaCl solutions. Thus, alternative salt
solutions such as Nal (p = 1.8 g em™3),*"*% Na [H,W,,04]
(p=1.4 g cm™)** Zn,Cl (p = 1.6—1.7 g cm™>),">*° and NaBr
(p=155¢ cm™3)*” were recommended,’’ although costs and
hazardousness of these solutions may impose a need for
alternatives.

Imhof et al>> developed the Munich Plastic Sediment
Separator (MPSS), to separate a diverse range of microplastics
from a maximum of 6 L of sediments using a ZnCl,-solution. A
removable sample chamber equipped with a filter holder allows
for a direct transfer of the microplastic particles onto a filter,
separating the sample from the density solution. As no
decantation or repetitive extraction steps are required, losses
and contamination can be avoided. According to Imhof et al,>®
recovery rates of 95—100% can be achieved. However, Zobkov
and Esiukova®® evaluated the MPSS and found the recovery
rates of pristine plastics to be similarly high as stated by Imhof
et al,, but the recovery of aged plastics was significantly lower
at only 13—39%. Moreover, ZnCl, is hazardous and corrosive,
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Table 1. Overview over Possible Sampling Approaches Dependent on the Research Objective®”*>**
Sampling Objective Description
Approach
Judgmental Verify a suspected | Judgmental sampling is a subjective
sampling contamination. choice of sampling points, based on expert
information (e.g. historical utilisation, visual
inspection etc.) This method is simple to
implement, but biased and may only be
suitable for studies focusing on specific
sampling zones such as hollows.
Simple Identify the Random sampling is the random
random contamination of a | distribution of sampling points under the
sampling supposedly premise that each point has an equal
homogeneously chance of being selected and is selected
contaminated site. | independently of the positions of the other
sampling points. It allows unbiased
statistical analysis. Attention: Microplastics
are often not distributed homogenously.
Systematic Identify the Systematic grid sampling is the distribution
grid sampling contamination of sampling points along the nodes of a
extent, delineate regular pattern (e.g. squares or triangles).
hot-spots or spatial | The initial point is selected at random and
concentration from here the coordinate axis is defined.
gradients. Then the remaining sampling points are
spaced in regular intervals from this initial
point. This method provides an even
coverage of the site and is simple to
implement.
Transect Identify the Transect sampling is a one-dimensional
sampling contamination systematic sampling method. Sampling

extent along linear
features (e.g.
roads, drainage
ditches), define
concentration
gradients, identify
the extent of
contamination in
an area.

points are collected in regular intervals
along one or more straight lines. The
transect lines can be, but do not have to
be, parallel to each other. Defining and
implementing transects in the field is
easier than using a grid.

extent in defined
sub-areas within
the total sampling
area

Unaligned grid Identify the Unaligned grid sampling combines the
sampling contamination benefits of random sampling and
extentin a systematic grid sampling. The grid is
sampling area defined as above, but the sampling points
are located randomly within the grid
compartments. This allows for a good
coverage while maintaining randomness.
Stratified Identify the Stratified random sampling is the division
sampling contamination of the initial sampling area into smaller

compartments (strata). This is helpful if the
strata differ from each other significantly,
and it is assumed, that the contamination
within each stratum is distributed more
homogeneously than in the sampling site
as a whole.

has a low pH value, and may react with natural components of
sediment, especially carbonates, resulting in bubbling and a
foam that significantly hampers the procedure.”® It is also
questionable if soil aggregates will be adequately dispersed in
the MPSS, or if a previous dispersion is required, especially for
cohesive soils. Furthermore, the large surface area which may
corrode due to the nature of the ZnCl, may be problematic if
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small particles get caught on the rough surface and cannot rise
upward, possibly causing significant losses. Coppock et al.>’
saw the need for a cheaper and portable microplastic-sediment
separator and devised the Sediment-Microplastic-Isolation unit
consisting of PVC tubes, a PVC ball valve, and zinc chloride
agitated by a magnetic stir bar. The principle mirrors that of
the MPSS and shows similarly high recovery rates of 92—98%.

https://dx.doi.org/10.1021/acs.est.9b04618
Environ. Sci. Technol. 2020, 54, 2078—2090
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However, PVC must be excluded from the analysis as abrasion
from the PVC tubing may contaminate the samples. This may
compromise the value of the analytic results, as PVC is a
relevant contaminant in environmental samples such as
sediments and possibly soils, and excluding it from the analysis
poses a significant loss of information. Also inspired by the
MPSS is the so-called Bauta-separator developed by the
Norwegian Technical Institute. Instead of a metal cone, a glass
cylinder constricted at the top and fitted with a ball valve and
separation chamber is used. The separation medium is a mixed
solution of ZnCl, and CaCl,, and the stated recovery rate was
between 82% for fibers and 100% for pellets.”” The
applicability of these methods for terrestrial soils has not yet
been tested but may face similar constrictions as mentioned for
the MPSS, especially concerning the dispersion of soil
aggregates.

Claessens et al.”> developed an elutriation step with water
after the principle of Barnett’s fluidized sand bath®' to reduce
the sample bulk before density separation. The sediment
sample is aerated and fluidized while an upward stream of
water transports small and light particles toward the top, where
they overflow and are retained on a 35 ym filter. Subsequently
the reduced sample undergoes a density separation with a Nal
solution. The extraction efficiency is stated to be higher than
98%.%> However, for the fluidization method, loose sand is
necessary, thus this protocol may be unsuitable for most soil
samples.

Recently, Liu et al.”” developed a device specifically designed
for the extraction of microplastics from soil samples, using an
acrylic glass cylinder constructed with an aeration disc at the
bottom and two rows of holes (diameter 5 mm) at the top. A
circumjacent tray with an inclination collects the floating
particles and transports them toward a tube leading to a
vacuum filtration system. Here, the particulate matter is
retained and the liquid is recycled via a circulation pump back
to the separator cylinder, in order to retain the constant
overflow. The soil samples (50—200 g) are mixed with the
separation medium and stirred manually for S min and then
left to subsequently settle for 2 h. After settling, the aeration
disc is turned on and separation medium continuously added
until the system overflows into the tray leading to the
collection filter. A NaBr solution (1.55 g cm™) was
determined as the most suitable separation medium, due to
its relatively high density and low viscosity. Recovery rates of
over 90% were reported for 10 types of microplastics (PA, PC,
PP, ABS, PE, PS, PMMA, POM, PET, and PVC). PE particles
of different size ranges (100—500 pm, S00—1000 ym, 100—
3000 pm) and shapes (particle, fiber, film) were tested with the
device. The recovery rates only differed marginally for the
different sizes, whereas the shape of “particles”, that is,
fragments, showed the highest recovery rate (98.3%), opposed
to films, with the lowest recovery rate (85%).

This method appears promising for soil sample analysis for
microplastic particles >100 xm, and although particles down to
32 pum were found in soil samples, the recovery rate (i.e.,
reliability) of the device for smaller particles (e.g., 1—100 ym)
must first be systematically determined. One severe drawback
of the described system is that the separation cylinder is made
of Plexiglas (i.e, PMMA). Abrasion caused by the stirring of
coarse soils may lead to overestimation of the PMMA
contamination in the samples, thus, a nonplastic material
should be used, or PMMA excluded from the analysis.
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Reviewing the above-named publications, no upper or lower
size limit for the extraction of microplastic particles using
density separation has been established. In general, the
recovery rates of the particles were established for size ranges
between 40 ym>> and 5 mm.*”** The applicability for smaller
microplastics and nanoplastics have not yet been analyzed.
However, according to the Stokes equation, small particles
have very low settling velocities, that are further reduced by
high drag coeflicients which are dependent on the particle
shape, thus, an in-depth empirical study of the minimum size
of various microplastic particles in common density separation
fluids is called for.

3.3.3. Froth Flotation. Another method, which is not only
dependent on the density of the matter, but also on the
hydrophobicity of its surface, is froth flotation, commonly used
in the recycling industry.”>"** Air bubbles will selectively
attach to the more hydrophobic particles and carry them
upward, thus separating them from the less hydrophobic
matrix. According to Imhof et al.>® however, the mean
efficiency of the froth flotation to separate microplastic from
sediment is quite low (55 + 28%), with high differences
between polymer types.

3.3.4. Magnetic Extraction. Another method relying on the
hydrophobic nature of microplastic surfaces is the method
introduced by Grbic et al.”> By functionalizing iron nano-
particles with hydrophobic hydrocarbon tails (using hexadecyl-
trimethoxysilane (HDTMS)), the iron nanoparticles will bind
to the microplastic surfaces, and allow extraction with a
magnet. In addition to water samples, the method was tested
for sieved (mesh size 45 ym) benthic sediment spiked with
microplastics (200 ym to 1 mm; PP, PVC, PU, PS, and PE).
The recovery rates ranged from 49% (PP) to 90% (PE), albeit
with high standard deviations within trials. This method is a
proof of concept, that still has a few disadvantages: Lipophilic
substances, that may very well be present in soil organic matter
may result in nonspecific binding, reducing the effectiveness of
the method. The authors suggest using the method for
sediment samples after density separation or digestion, after
which perhaps a further extraction method would no more be
necessary. Furthermore, brittle microplastic particles were
shown to fragment during the procedure. In environmental
samples, where aged microplastics may be more brittle than
pristine particles, this could distort the results significantly.
Grbic et al.® propose that limiting microplastic contact with
the magnet may reduce fragmentation. However, the question
of the iron interfering with possible subsequent analytical
characterization methods is not addressed, and should be
further examined. While the authors describe that sonicating
the magnet in a surfactant or acid solution can remove the iron
nanoparticles from the microplastic surfaces, this method may
lead to further fragmentation of microplastic particles,” and is
thus undesirable.

3.3.5. Vertical Density Gradient Separation. A new
methodology for density separation developed for the recycling
industry uses a liquid containing colloidal ferromagnetic
particles. A magnetic field around the liquid creates a vertical
density gradient, with the highest density being at the bottom
and the lowest density being at the top of the liquid container,
thus a separation of a samg)le into different strata of various
densities can be achieved.”® This method may have potential
concerning the isolation of microplastics from environmental
samples; however, no research in this field has been conducted
yet, and the costs may be unjustifiably high.
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In general, density separation may be useful to remove the
mineral fraction of soil samples, but methods developed for
aquatic sediments must be adjusted to the new matrix
“terrestrial soil” which can be extremely heterogeneous as
stated above. Special care must be taken here that no
microplastic losses occur due to enclosure in soil aggregates.
Also, soil organic matter has a similar density (p = 1-14 ¢
ecm™>)* to most plastics and needs to be removed separately,
as organic compounds can impede microplastic analysis.

3.4. Consecutive Matrix Removal, Removal of the
Organic Fraction. 3.4.1. Acidic and Alkaline Digestion.
Acidic and alkaline digestion methods are frequently reported
in literature to remove the organic fraction of the sample
matrix. Due to the fact that also soils contain organic matter, a
digestive step is imperative for an undisturbed analysis.
Claessens et al.>* determined, that the most efficient chemical
digestion of mussel tissue was obtained by treating the sample
with 22.5 M HNO,. Also the ICES (international council for
the exploration of the sea) recommends an acid blend of
HNO;:HCIO, (4:1) to digest marine animal tissue for
microplastic analysis.”” However, several studies state that
certain strong acids may destroy specific polymers such as
polystyrene and polyamide.®®™”" Alkaline digestion is similarly
discussed, especially for the digestion of animal tissue.
However, treatment with NaOH was found to destroy
polyamide and polyethylene (PE) fibers while leading to
melding or discoloration of other polymers.”””* Foekema et
al.”* digested fish intestines with 10% KOH solution at room
temperature for 2—3 weeks. While apparently successful and
nondestructive to synthetic polymers, the procedure is time-
consuming and may not be apzplicable for plant material or
stabilized soil organic matter.”””” Generally, purification of
samples with strong acidic or alkaline solutions will lead to
uncontrolled bias in the resulting microplastic composition of
the sample.”

3.4.2. Oxidisation with Hydrogen Peroxide. Oxidization
treatment with boiling hydrogen peroxide (30% H,0,) is
commonly used in soil analysis to remove soil organic matter.”®
It has also been used, at lower temperatures, to destroy organic
matter in the context of microplastic isolation from organic
rich sediment matrices: Nuelle et al. (2014)%° allowed samples
to remain in 30% H,0O, for 7 days. Around 50% of the biogenic
matter was dissolved completely, but polyamide (PA),
polycarbonate (PC), and polypropylene (PP) pellets showed
visible signs of degradation such as discoloration and size
reduction. Liebezeit and Dubaish®® claim that a 30% H,0,
treatment overnight does not affect plastic particles;®
however, it is not stated if pristine or weathered plastic
polymers were used, which can affect results. Zhao et al.”’
observed in a study concerning microplastics in marine snow,
that 30% hydrogen peroxide treatment of organic-rich samples
often results in the formation of a dense foam, which may
suspend a significant portion of the sample above the
reagent.”” They therefore propose using 15% H,0, at 75 °C
for 24 h, instead, which is claimed to be just as effective as 30%
H,0,; however, temperature sensitive polymers may be altered
at such high temperatures. Instead of reducing the concen-
tration in order to avoid the alteration of microplastic samples,
Tagg et al.”® propose reducing the exposure time. Fenton’s
reagent uses ferrous cations to catalyze the oxidization of
organic components with H,O,. It was successfully used in the
isolation of microplastic particles in wastewater and shows no
alteration of the surface of PE, PP, and PVC microplastics,
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while differences in the PA particles are attributed to variations
of the nylon fragment stock rather than the effect of Fenton’s
reagent.”® However, the effect on weathered plastics was not
tested here, and may show different results than when using
pristine particles. Hurley et al,,”” conducted a test series for the
removal of organic matter from complex, organic-rich
environmental matrices with 30% H,0, at 60 and 70 °C,
with Fenton’s reagent at room temperature and 1 M NaOH as
well as 10 M NaOH at 60 °C and 10% KOH at 60 °C. They
found that oxidization with Fenton’s reagent at room
temperature has the highest organic removal rate for soils
and sewage sludge while having no effects on any of the tested
microplastic granules. They also tested the effect of the order
of digestion procedure combined with density separation by
water and Nal: Organic matter removal followed by density
separation or density separation followed by organic matter
removal, and found the order to have no significant effect on
the recovery rate.”” To exclude any effects of the highly
reactive H,O, on weathered microplastics on environmental
samples, it may be advisible to test weathered microplastics
instead of pristine granules. Furthermore, care should be taken
that organic-rich samples treated with Fenton’s reagent do not
exceed temperatures above 60 °C due to the strong exothermal
reaction to avoid thermal degradation.”® Hurley et al.””
recommend not to let reaction temperatures exceed 40 °C.
Frei et al.*" successfully used Fenton’s reagent for the removal
of organic matter in sediment samples from the hyporheic zone
of rivers.

Hurley et al.”” show that Fenton’s reagent can effectively
reduce organic matter from soil samples, as this method is
relatively cost and time-efficient, it shows potential to become
an important step in the microplastic analysis of terrestrial
samples. However, certain biogenic matter will not be
removed, thus a complementary organic removal step may
be necessary (personal observation).

3.4.3. Enzymatic Digestion. Organic matter within soils is
one of the most difficult fractions to remove without
destroying the microplastic particles. Thus, an adapted
enzymatic digestion may be beneficial; however, most reports
on enzymatic digestion procedures were developed for aquatic
samples. Cole et al.”> developed one of the first enzymatic
digestion protocols using Proteinase-K for plankton-rich
seawater samples, resulting in digestion efficiencies >97% by
weight. The enzymatic method was then compared to
digestion protocols using HCl and NaOH and proved to
have the highest efficiency with the additional benefit of not
degrading the plastic particles. Other groups further developed
the enzymatic digestion protocols for mussel tissue”"*>** and
fish guts,”” reporting good matrix removal rates and very high
microplastic recovery rates, with no degradation of the polymer
particles. However, all the above-named enzymatic protocols
are aimed at removing animal soft tissue, and exclusively use
proteolytic enzymes, that will not be able to remove the
stabilized plant organic matter contained in soils. Thus, a more
promising approach was derived by Loder et al.:”> A sequential
enzymatic digestion coupled with short-term reactions with
H,0,. The used enzymes target specific organic compounds
and using different enzymes may result in better digestion
efficiencies than, for example, a single oxidization step using
H,0,. The presented protocol by Loder et al.”” is adequate for
complex aquatic samples, but the removal of terrestrial plant
matter and stabilized soil organic matter will probably require a
different set of enzymes; thus, an adaptation of this protocol

https://dx.doi.org/10.1021/acs.est.9b04618
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may be necessary for terrestrial samples. In the authors’
exgerience, (unpublished results) and as proposed by Loder et
al.”> a sequential combination of Fenton’s reagent, SDS and
specific enzymes can enhance the purification of soil organic
matter compared to the use of Fenton’s reagent alone.

4. IDENTIFICATION AND QUANTIFICATION

Since microplastic occurrence in the environment has become
a scientific issue, a surprising amount of methods has been
developed for the qualitative, quantitative, or combined
analysis of microplastics in environmental samples. Some of
these methods may be well applicable for soil samples, if the
preceding sample purification is adequate.

4.1. Methods That Are Based on Visual Identification.
The earliest and simplest mode of microplastic analysis was
visual identification under a light microscope,***> which
however, is extremely Jprone to bias with error rates ranging
from 20% to 70%." To reduce the shortcomings of the
purely visual distinction between plastic and natural particles,
some publications recommend the “hot needle test” which
makes use of the thermoplastic properties of many synthetic
polymers.”*’~" Zhang et al.”” further developed this
principle for a simple identification of low-density polymers
in soils: After a density separation with water the residue in the
supernatant is analyzed by comparing microscope-images
taken prior and after heating the sample at 130 °C for 3—5
s. Melted particles are then identified as thermoplastic
polymers. While simple and feasible in most field laboratories,
this form of identification neglects high density and
thermosetting plastics, does not consider that some natural
substances such as wax also melt at certain temperatures, is
destructive and lacks the possibility of identifying the exact
type of polymer.

Similarly indiscriminate, but nondestructive is the use of
polarized light microscopy under which certain synthetic
particles appear vibrantly illuminated.'*”>** Maes et al.”®
proposed the use of Nile Red—a lipophilic fluorescent dye—
to specifically stain microplastic particles in environmental
samples and make them fluoresce under a microscope by
applying blue light and an orange filter.”” This method has,
however, not yet been tested for soil samples containing
organic matter, where it may be possible that the dye
unselectively adsorbs to other lipophilic compounds in the
surrounding matrix.

4.2. Chromatography. More sophisticated methods,
which allow the qualitative and quantitative identification of
individual polymer types include various extraction methods
coupled to a chromatographic unit. Suggested developments in
the literature include high temperature gel-permeation
chromatography (HT-GPC) for the identification of poly-
olefins in cosmetics,”® liquid extraction with size-exclusion
chromatography (SEC) for the identification and quantifica-
tion of polystyrene (PS) and polyethylene terephthalate (PET)
in soil samples,”” and pyrolysis gas chromatography mass
spectrometry (Pyr GC-MS). Pyr GC-MS is a sensitive and
well-established method for the characterization and mass-
quantification of many polymer types and their organic
additives.”””*™'%* Together with u-ATR-FTIR spectroscopy,
Pyr GC-MS has been shown to be well suitable for the
detection of microplastics in environmental samples.'”
However, it also has several drawbacks. The size of the
pyrolysis capsule and accordingly the samgle amount per run is
exceedingly small, 1.5 mm”” and 0.5 mg,""* respectively, which
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requires an extensive sample cleanup for matrix-rich samples,
making it rather unsuitable for bulk analysis. Additionally it is
prone to contaminations or even blockages.'”* To overcome
these shortcomings, Diimichen et al.'"** developed the thermal
extraction desorption gas chromatography mass spectrometry
(TED GC-MS) for microplastic detection. Each run can
accommodate up to 100 mg of sample, which requires no
pretreatment other than grinding and mixing in an attempt to
homogenize the samples. The processing time requires 2—3 h,
which is less than most of the current spectroscopic methods
available.'”* This new analytical method may still need some
refinement, but seems suitable for the fast analysis of many
different environmental sample types, including soils. Eisen-
traut et al,'” confirmed the possibility of identifying tire wear
in environmental samples using TED GC-MS, an achievement
that is very important to monitor the massive input of
microplastic particles into the environment by traffic. However,
if sample grinding is necessary, quality controls should take
place, ensuring that the risk of microplastic losses and
contamination remain at a minimum. One significant drawback
of TED GC-MS is—as with all extraction-chromatography
methods—that it is destructive. Hence, information on the
number, size, and morphology of the plastic particles cannot be
obtained, although this information may be crucial in the
context of assessing the effects of microplastics on organisms
and eco-systems: The bioavailability of polymer particles is
dependent on its size and form and the environmental impact
is most probably dependent on the concentration of
bioavailable particles in the ecosystem. In addition, the
morphology of the microplastics may also be important in
the context of their influence on the soil structure and
function.*

4.3. Thermogravimetric Analysis. A different thermal
analysis method is the thermogravimetric analysis (TGA).
Majewsky et al.'% coupled TGA with differential scanning
calorimetry (DSC) for the microplastic analysis of wastewater.
However, in that study, only polyethylene (PE) and
polypropylene (PP) could clearly be identified. David et
al.'"”” attempted coupling TGA with mass spectrometry (MS)
to quantitatively analyze polyethylene terephthalate (PET) in
soil samples without sample pretreatment. While successful,
the method still requires further development and is, to the
best of the author’s knowledge, still restricted to the analysis of
PET only.

Thermogravimetric analysis and chromatography bear
several promising approaches for fast mass-quantitative
identification of microplastics in soils and other complex
matrices.'”® However, they are limited insofar that subsequent
analyses are impossible due to the destructive nature of the
methods and number, size and form of the particles remain
unknown, resulting in the drawbacks mentioned above in the
chromatography section.

4.4. Vibrational Spectroscopy. Vibrational spectroscopy,
such as Raman or Fourier transform infrared (FTIR)
spectroscopy are the most commonly used state of the art
analytical methods in microplastic research, because they
enable the precise identification of polymer types, their
abundance, shape, and size. Raman microspectroscopy allows
chemical imaging of samples down to a pixel resolution of 500
nm,'” while focal plane array (FPA) based micro-FTIR
spectroscopy allows the identification of particles in a size
range from 10 to 500 ,um.”o Larger particles (>500 pm) can
be analyzed by attenuated total reflectance (ATR)- FTIR
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spectroscopy.''" For further information on the function and
application modes of FTIR and Raman spectroscopy, please
refer to Renner et al."'" and Kippler et al."'* Information on
the automatic software recognition of microplastics in samples
measured with a micro-FTIR s%)ectrometer can be found in the
publications by Hufnagl et al.'"> and Primpke et al.''* Raman-
and FTIR-based chemical imaging complement each other and
should be chosen in accordance with the specific research
questions: The Raman imaging run time is significantly higher
than FTIR imaging,l "> but is independent of the shape, size, or
thickness of the measured particles, which can influence the
results in micro-FTIR imaging. Black particles often result in
unidentifiable FTIR-spectra, due to the high absorption of
infrared radiation. Additionally, Raman is insensitive to water
and atmospheric CO,. However, background fluorescence of
organic matter or pigments in the polymers may strongly
interfere with the desired spectra, making them unidentifi-
able."'” This may be especially problematic when dealing with
soil samples with a high soil organic matter content. For both
vibrational spectroscopy methods, a thorough sample
purification is needed prior to the concentration on the filter
surface on which the analysis takes place.”> For solid samples,
this fact significantly reduces the amount of sample that can
realistically be processed. Thus, the need for an easy high-
throughput technique for a representative amount of solid
samples, such as soils, has been recognized and solutions have
been proposed.

Fuller and Gautam''® used pressurized fluid extraction
(PFE) to dissolve specific microplastics from a soil matrix, let
the polymer-solvent-extract evaporate and measured the solid
residue with ATR-FTIR spectroscopy.'"> This method is fast,
as it does not require sample purification and it is independent
of particle size. However, similar to the chromatographic
methods, it is also a destructive method and only allows mass-
quantitative analysis, not providing information on number,
size, and shape of the polymer particles. Additionally, multiple
polymer types in one sample produce complex absorption
spectra that may hamper identification.

A similar, novel method was introduced by Schmidt et al.''®
who used short-wave infrared (SWIR) imaging spectroscopy to
analyze surface water samples taken from the Teltow Canal in
Berlin (Germany). The purified (using H,0,) samples were
filtered onto several glass fiber filters each (diameter 47 mm)
and scanned with a SWIR imaging spectrometer, measurement
speed: 52 048 mm” per hour, resulting in the measurement of
10 filters within 20 min. The lower detection limit is for
particles of a size of 560 um by 280 um (2 pixels). The
evaluation of the spectroscopic images was done automatically
by the “PlaMAPP” algorithm, yielding a 75% true detection
efficiency. To achieve more reliable results, additional manual
checking was required.''® While the SWIR imaging spectros-
copy can process many sample filters in comparatively little
time, its drawbacks are the rather large lower size limit and the
need for improvement for correct particle detection in the
automated analysis algorithm.

4.5. Proton Nuclear Magnetic Resonance Spectros-
copy (‘H NMR). A completely new approach for size-
independent microplastic analysis was recently described by
Peez et al.''” Using quantitative "H NMR spectroscopy, model
samples of polyethylene (PE) particles, polystyrene (PS)
beads, and polyethylene terephthalate (PET) fibers could
successfully be qualitatively and quantitatively analyzed with a
calibration curve method. Each analyte was separately
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dissolved in the corresponding deuterated solvent: Deuterated
toluene for PE, deuterated chloroform for PS, and deuterated
chloroform with trifluoracetic acid for PET, and subsequently
measured with an NMR spectrometer. Polymer mixtures were
not tested. Although the method is described as cost-efficient
and fast (approximately 1 min per measurement), there is the
severe drawback of having to completely remove any organic
matter from the environmental sample to avoid signal
overlays.''” As a 100% removal of organic matter from soil
samples without destroying the plastic as well is not possible at
this point in time, the 'H NMR method is deemed unsuitable
for microplastic detection in soil samples.

4.6. In-Situ ldentification. An approach for an in situ
methodology was developed by Paul et al,,''® who attempted
to combine near-infrared (NIR) spectroscopy (opposed to the
mid-infrared range used in conventional FTIR spectroscopy)
with chemometrics to identify microplastics in soils. Near-
infrared radiation can penetrate deeper than mid-infrared
radiation, enabling analysis of particles even when coated with
a thick biofilm, and the method is generally not sensitive to
water."'® Paul et al.''® were not able to achieve a sensitive
quantification of the plastic content in soil samples. However,
Corradini et al.''” developed a method to “rapidly assess
microplastic concentrations in soils without extraction”"”
using a portable visible NIR spectroscope. Here the micro-
plastic concentration is to be estimated directly on the field,
without time- and labor-consuming extraction and detection
procedures. LDPE, PET, and PVC (0.5—1 mm) particles in
artificially polluted soil samples were successfully detected,
with an accuracy of 10 g kg™! and a detection limit of around
15 g kg™" in the predictive model. Current limitations to this
method are the low accuracy and high detection limit (which
may be much higher than realistic concentrations in natural
soils) as well as the need for a training set to accurately predict
the polymer concentrations, which has to be adapted to
different soil types. Additionally, only the concentration is
given, while no information is obtained on the size or shape of
the polymer particles. As the method is nondestructive though,
where necessary subsamples for plastic extraction and analysis
could be taken after the NIR assessment.

Shan et al.'*’ also addressed a method for in situ
microplastic analysis on soil surfaces by hyperspectral imaging.
Like FTIR or Raman spectroscopy, hyperspectral imaging is a
nonbiased, nondestructive identification method, giving
information on the spatial position, size, and specific
reflectance spectrum of objects. However, the method is
limited by the particle size and can only be applied to the soil
surface, whereas polymer particles situated in deeper soil strata
are neglected.'”® Hyperspectral imaging or visible NIR
spectroscopy for microplastic analysis in environmental
samples are methods in development and have the potential
for rapid automated identification methods in soil samples in
the future,''*'*"'

5. QUALITY ASSURANCE/QUALITY CONTROL

Synthetic polymers are ubiquitous, and the risk of contami-
nation of environmental samples during sampling, sample
processing, and analysis for microplastics is very high, for
example, by contamination with abraded particles from plastic
equipment, synthetic fibers from clothes, or airborne polymer
particles and fibers.”> Thus, precautions must be taken during
each processing step: Generally, plastic material should be
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avoided and replaced wherever possible by alternative
materials like metal or glass.

Woodall et al.'** comprehensively describe using a forensic
science approach to minimize sample contamination. Recom-
mended steps are all equipment and material should be
thoroughly cleaned with prefiltered (0.2 ym) deionized water
and 35% ethanol.””> Samples should be taken with clean metal
tools and stored in clean glass or metal containers with a lid.
While handling the samples or being in the laboratory, only
clothing made of natural fibers should be worn and covered by
a 100% cotton lab coat. To avoid cross contamination, all tools
have to be thoroughly cleaned before coming into contact with
the next sample. To control if the cleaning steps are sufficient,
regular equipment (rinsate) blanks should be taken after
“decontamination”, by rinsing the equipment with filtered
water and collecting the rinsate for subsequent analysis. Any
certified precleaned labware obtained from third parties should
previously be tested for contamination. Furthermore, taking
field blanks to assess the extent of unavoidable contamination
on site is imperative. A field blank is prepared, treated, and
kept with the actual samples throughout the sampling event to
identify any ambient contamination of the samples during the
sampling process. Thus the empty field blank jars are opened,
rinsed, and if possible filled with, for example, sand that was
previously treated in a muffle kiln at 550 °C to remove all
plastics or any other microplastic-free particular matrix similar
to the sample matrix before being closed, sealed, and
transported the same way as the soil samples.'**

Processing in the laboratory should take place under a
laminar flow box/clean box/clean lab to prevent airborne
contamination. Furthermore, restricting access to the labo-
ratory to a minimum of employees and covering vents with
natural-fiber dustfilters will also help reduce ambient
contamination.'”® All lab-equipment should be plastic-free;
where this is not possible a polymer that seldom occurs in
environmental samples should be used and characterized, for
example, Teflon, which will be excluded from the analyte list.
To monitor possible sample contaminations, it is essential to
apply blank samples that undergo the same treatment as the
environmental samples,’” as well as monitoring used liquids
and the ambient air (e.g., by laying out wet filter papers for a
defined amount of time.'*’ Finally, prior to and after working
in a workspace all surfaces should be wiped clean.

Apart from reducing and monitoring any sample contami-
nation, other QA/QC procedures have been widely lacking in
past microplastic research, not only for soils, but also for the
analysis of samples from other environmental compartments:
The comprehensive validation of procedures and interlabor-
atory comparisons of protocols, even among similar analytical
methods, are severely lacking in frequency and quality.'”
Regular internal quality control and external proficiency tests
have never, to the best of the authors’ knowledge, been
conducted. This is mainly due to a lack of certified reference
materials,”’ that are urgently needed for such procedures.
Hence, research efforts are currently being made on this topic
on a national and international level. Validation processes must
address standardized microplastic particles of different polymer
types, sizes and forms. Also “aged” particles vs “pristine”
particles is a factor that should be considered. This is a major
task that has, to date, not been addressed appropriately. But
not only the spiking material is lacking, but also a standard
procedure for spiking with very small microplastic particles.
The smaller the particle size, the more difficult the spiking of a
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matrix becomes, as many small polymer particles tend to stick
to walls, forceps or other equipment, ™ so counting and
manually transferring them into the sample is near impossible
for sizes smaller than 100 pgm. Emulsifying an exact mass of
particles for transfer is possible, but only applicable for mass-
quantification analysis (e.g, Pyr GC-MS or TED GC-MS) as
long as the losses during transfer are negligible (which may not
be the case, depending on the adhering forces of the particles
in the pipet). However, for number-quantification analysis
(e.g., vibrational spectroscopy) determining the exact number
of particles within any volume before transferring it completely
to the sample may prove difficult. One possibility, (unpub-
lished data) would be to emulsify a defined amount of
microplastics in a liquid that hardens upon drying and is
resoluble in water (e.g., gelatin), allowing the exact
determination of particle number in each hardened gelatin
platelet under a microscope before transferring it (loss free) to
the sample, where it can be redissolved and homogenized in a
mixture of soil and water, which can subsequently be dried
again. This procedure not only allows the addition of an
exactly defined number of very small standard particles to the
sample, but also allows the particles to be incorporated into
soil aggregates formed by the drying of moist soil, making the
validation more representative of environmental soil samples.”

During the research for this critical review, it has become
apparent, that not only a standardized analytical process has to
be found, but that beforehand, a consensus on how to validate
any given analytical process for each environmental matrix
must be determined.

6. PERSPECTIVES AND OUTLOOK

As with all analytical processes there is a trade-off between
time- and effort reduction for sample preparation and analysis
on one hand and on information quality of the generated data
on the other hand. This also holds especially true with respect
to the new research field of microplastic analysis in soil
samples. Thus, researchers as well as readers should be
cautious of large extrapolation factors when normalizing data
to larger units (e.g., kg) as a consequence of the small sample
amounts currently processable in microplastic analysis of soils.
Authors of publications based on such data should be aware of
the potential uncertainties related to such extrapolation and
call attention of the readers.

Nevertheless, the research conducted in the frame of this
critical review has shown, that several different analytical
methods can be validly used for microplastic detection and
quantification, depending on the research question at hand. In
order to enhance the methods toward a standard protocol for
soil-microplastic monitoring, several aspects need to be
addressed in the near future:

(1) Developing a framework of sampling procedures, in
order to harmonize sample taking and to render projects
with similar research questions comparable.

(2) Automating currently labor-intensive purification proto-
cols, to reduce bias and promote parallel processing of
several samples at once.

(3) Promoting in situ microplastic detection methods.

(4) Establishing standard validation processes for micro-
plastic detection methods and develop appropriate
reference materials.

(5) Developing methods that are capable of identifying
nanoplastic particles in soil samples.
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In the meantime, the currently available methods can not
only be used to exemplarily analyze soil samples for
microplastic contamination, but are often also suitable to
analyze sources and input pathways of microplastic into the
environment. Investigating the extent of microplastic input into
soils through pathways such as sewage sludge, compost, road
runoff, etc. may help find measures to reduce the entry of
plastics and microplastics into the environment in the first
place. This is important as precautionary principle in the face
of the potential environmental risks and the thusly connected
public pressure on policy makers, consumers and industry to
take action. To correctly assess the risk of microplastics in the
terrestrial environment and to form a scientific basis for
regulatory action concerning microplastic input pathways, it is
important that research institutions work closely together in
terms of empirical research, method development, and quality
control standards.
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Supporting Information

Table S1 summarizes sampling strategies used in the few published studies analysing
microplastic contamination in terrestrial soils. To date, no sampling standard has been
derived for monitoring microplastic abundance in soils 2, therefore laboratories around
the globe have individually developed their own sampling method, rendering the results
of the studies incomparable to each other. The following table gives examples of

possible sampling techniques used in recent literature.

Table S1: Sampling methods used for MP analysis in soils in recent scientific literature

Research question Matrix Sampling Method Reference

Quantifying the extent | Coastal Nr. of samples: 120

of MP pollution along soils Mass per sample: 4 kg

the Shandong (China) Nr. of sites: 53 along >3000 km coastline

coastline and identify Sample point Area: n.d.

a correlation between Soil depth: 0-2 cm

the occurrence of MP Method: Simple random sampling

and different intensive 2-3 replicates per site, taken randomly

human activities using multipoint mixed method along
intertidal zone using a stainless steel
shovel.

Developing a method Floodplain Nr. of samples: 87

of identifying, soils Mass per sample: n.d.

quantifying and Nr. of sites: 29

measuring MPs in soll Sample point area: 8 cm x 8 cm

and evaluating the Soil depth: 0-5 cm

extent of MP Method: Transect sampling

contamination in 0,5-1 m above max. waterline, 3 composite

Swiss floodplain soils samples per site composed of 5

S1
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of protected areas (no
evident anthropogenic

pollution)

subsamples collected in intervals of 4m
parallel to the river. The three parallel lines
were distanced 1 m apart (i,e. 1 m,2m, 3

m away from the high water line). Steel

tools.

Investigation of Agricultural | Nr. of samples: 120 duplicate samples

microplastic pollution soil Mass per sample: 1 kg

in agricultural Nr. of sites: 20

(vegetable-crop) soils Sample point area: 50 cm x 50 cm

around Shanghai’s Soil depth: 0-3 cm & 3-6 cm

suburbs Method: n.d.
At each of the 20 sites 3 duplicate samples
were taken with a depth up to 3 cm and 3
duplicate samples were taken with a depth
from 3-6 cm in a sample point of 0,5 x 0,5
mZ.

Investigation of the Agricultural | Nr. of samples: 50

abundance and soil and soil | Mass per sample: n.d.

distribution of MPs in of a riparian | Nr. of sites: 5

soil aggregate forest Sample point area: 30 m x5 m

fractions Soil depth: 0-5 cm & 5-10 cm
Method: Random sampling
At each site 30 m x 5 m plots were set, in
which randomly 6 subsamples per sample
were taken with a spade. 5 samples for
each depth.

Investigation of plastic | Garden soil | Nr. of samples: 100

pollution in home in small Mass per sample: 50 g

gardens in Mexico, agroforestry | Nr. of sites: 10

with a specific focus land-use Sample point area: n.d.
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on the transfer of low- | systems of | Soil depth:0-10 cm & 10-20 cm
density polymers Mexican Method: n.d.
through a terrestrial homesteads | 5 samples per garden at a depth of 0-10 cm
food web (sall, and 5 samples per garden at a depth of 10-
earthworms, chickens) 20 cm were taken
Analysing different soil | Compost, Nr. of samples: 6
conditioners for the (liquid Vol. per sample: 3 litres
abundance, form and agricultural Nr. of sites: 2
type of MP digestate Sample point area: n.d.
contamination not included Soil depth: n.d.
here ) Method: Transect sampling
4 x 0,75 litre subsamples at a constant
height of each processing heap in the
plants were taken and pooled
Assessing microplastic | Agricultural | Nr. of samples: 14
contamination of a soil Vol. per sample: 5 litres

conventionally treated
field in southern

Germany

Nr. of sites: 1

Sample point area: 32 cm x 32 cm

Soil depth: 0-5 cm

Method: Transect sampling

Each sample was taken from an area of 32
cm x 32 cm with a depth of 5 cm along one

of two transects in the field
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1. Introduction

The contamination of the environment with plastic debris has become a
ubiquitous issue. It is in the focus of many studies examining marine (See
et al., 2020; Diaz-Mendoza et al., 2020; Barboza and Gimenez, 2015;
Botterell et al., 2019; Browne et al., 2015), freshwater (Wagner and
Lambert, 2018; Li et al., 2018a; Dris et al., 2018) as well as terrestrial eco-
systems (Sarker et al., 2020; Piehl et al., 2018; He et al., 2018; Bldsing and
Amelung, 2018). Microplastic has become the focal point of scientific and
public interest (Li et al., 2018a; Crawford et al., 2017; Science Advice for
Policy by European, 2019; Chae and An, 2018; Li, 2018). An often used
and historical size definition defines microplastic as plastic particles smaller
than 5 mm (Arthur et al., 2009). However, the authors here prefer the def-
inition by Hartmann et al. (Hartmann et al., 2019) which specifically de-
fines microplastic as particles between 1 pm and 1 mm.

Due to the omnipresence and longevity of the minuscule synthetic par-
ticles, microplastics accumulate in the environment and may pose potential
hazards for ecosystems and organisms with widely unknown implications
for human health. Thus, scientists and policymakers are showing increasing
interest in monitoring the occurrence of microplastics to assess their poten-
tial risks. However, to enable comprehensive monitoring of microplastics in
the environment, a standard operating procedure for the identification and
quantification of microplastics is needed but does not — as of now — exist
(Wagner and Lambert, 2018; Zhao et al., 2018; Braun et al., 2018; de
Souza Machado et al., 2018; Miiller et al., 2020). In the past few years, a
general scientific consensus has been achieved that microplastic identifica-
tion based on visual characteristics alone is highly prone to misidentifica-
tion and should thus be superseded by more reliable chemical
identification (Hidalgo-Ruz et al., 2012; Loder and Gerdts, 2015; Ivleva,
2021). Especially for particles below a certain size, usually 500 pm
(Moller et al., 2020), chemical verification is indispensable. Additionally,
the identification of polymer types may be of consequence for source iden-
tification and risk assessment. A wide range of analytical methods from vi-
brational spectroscopy (e.g., Fourier Transform Infrared (FTIR)-
microspectroscopy, Raman microspectroscopy) to mass spectrometry
(e.g., pyrolysis-gas chromatography-mass spectrometry (Pyr GC-MS) and
thermal extraction desorption gas chromatography-mass spectrometry
(TED-GC-MS)) are available. While mass spectrometric methods allow
the quantification of the total mass content of synthetic polymers in a sam-
ple (Zarfl, 2019; Fischer and Scholz-Bottcher, 2019; Moller et al., 2021), vi-
brational spectroscopic methods provide the identification and
enumeration of single particles down to the lower micrometer range
(Moller et al., 2021; Primpke et al., 2020; Anger et al., 2018). The latter is
important for risk assessment since particle properties such as size and
shape may account for adverse effects (Wagner and Lambert, 2018; Dris
et al., 2018; Ramsperger et al., 2020). However, both analytical strategies
struggle with the high content of organic and inorganic matter in an envi-
ronmental sample, disrupting the analysis by covering and shielding the an-
alyte or causing interferences during measurements (Képpler et al., 2016;
Loder et al., 2017). Additionally, biofouling can interfere with spectro-
scopic methods (Loder and Gerdts, 2015; Zhao et al., 2017). Therefore, a
prerequisite for a reliable analysis of microplastic from environmental sam-
ples is removing the sample matrix by a purification procedure that does
not negatively affect the microplastic particles themselves. An additional
benefit of these purification procedures is the accompanying pre-
concentration of the microplastic particles.

To date, various sample purification methods have been developed to
remove the natural sample matrix, often combining a density separation
to remove the bulk mineral fraction and a chemical digestion step to elim-
inate the remaining organic matter from the sample (Herrera et al., 2018;
Hurley et al., 2018; Miller et al., 2017). A very different approach that
will not be surveyed in this study but should be mentioned at this point is
the solvent extraction of microplastics from environmental samples. Here,
the objective is not to remove the surrounding matrix but to extract the
analyte-plastics in an organic solvent, which is then separated from the ma-
trix and later used in the analysis (Thomas et al., 2020). This approach
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inherently destroys the solid-state of plastics and prevents the use of
particle-quantitative analysis methods. As the information on microplastics'
size and shape are ecologically relevant (de Souza Machado et al., 2019),
this approach will not be addressed here. We will solely concentrate on
methods that aim to purify samples without altering the microplastic parti-
cles' integrity.

Depending on the sample matrix and the aim of the research, several
sample purification methods with different advantages and disadvantages
are available: Strong acids (Imhof et al., 2016; Cole et al., 2014; Claessens
et al., 2013), alkaline solutions (e.g. Karami et al., 2017; Dehaut et al.,
2016), oxidation agents (e.g. hydroxide peroxide or Fenton's reagent,
Zhao et al., 2017; Tagg et al., 2017) as well as enzymes (e.g., Loder et al.,
2017; Cole et al., 2014; Courtene-Jones et al., 2017; Catarino et al., 2018)
or combinations of the methods mentioned above (Moller et al., 2021).
The main differences occur in the digestion efficiency of the matrix, aggres-
siveness against plastics, the complexity of the methods (number of steps in-
volved), and the time necessary. Often the digestion efficiency and the time
effort are the main drivers to choose a specific purification method. How-
ever, the effects on the different plastic materials are often not sufficiently
tested, or validation experiments are often solely based on gravimetry
and/or visual inspection of larger fragments, that may not represent small
microplastics.

Hence, this study aims to overview the different currently used sample
purification methods, their applicability for environmental samples, and al-
ready proven degenerative effects on synthetic polymers. Secondly, we seek
to provide a comprehensive investigation of seven selected sample purifica-
tion methods on standardized films of the eight most common plastic types
with a large surface and a small thickness to resemble microplastic as well
as possible while maintaining the possibility of using a wide variety of an-
alytical methods: (I) the degradation of the films was analyzed by gravimet-
ric and visual inspection as frequently used for validation in previous
studies; (II) we additionally used measurements of bulk erosion and poly-
mer fragmentation by gel permeation chromatography (GPC) which pro-
vides a direct measurement on polymer chain degradation, and can
therefore give insights into the degradative effect of a sample purification
method on small particles; (III) further, attenuated total reflection Fourier
transform infrared (ATR-FTIR) spectroscopy was applied, to analyze molec-
ular changes on the surface of a specific plastic material.

These analyses should discern which protocols are suitable for the puri-
fication of environmental samples and cause unwarrantable changes to the
analyte plastics. The results of this study are accompanied by extensive lit-
erature research bringing together all currently available studies which
evaluated sample processing and purification protocols. This integrative ap-
proach might be the first step towards developing a universally applicable
standard operation procedure for the extraction and purification of samples
during microplastic monitoring.

2. Materials and methods
2.1. Plastic film production

In order to assess visual integrity and to have enough cohering material
for the experimental analyses, we decided to use relatively thin plastic films
as reference material (100 pm). The large surface area allows simple han-
dling and reduces the probability of accidental loss (e.g. by particles stick-
ing to filtration funnels). At the same time, the thickness of just 100 pm
will ensure that degrading processes become evident quickly (high surface
area to volume ratio). The raw material (granulate) of the eight plastics, low
density-polyethylene (LD-PE), polypropylene (PP), polyethylene tere-
phthalate (PET), polyvinylchloride (PVC), polyurethane (PUR), polycar-
bonate (PC), polystyrene (PS), and polyamide (PA6) was pressed into
films of 100 pm thickness using a hydraulic press (Carver Model #3925,
Inc. Laboratory Equipment, USA). For a detailed description of the poly-
mers, including trade name, density, mean film weight, glass transition
temperature, and melting temperature, please see Table S1. These films
were cut into squares of 10 X 10 mm by a razor blade (Fig. S1). Each
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quadratic film was stored in a pre-cleaned glass vial which was covered by
aluminum foil.

2.2. Experimental procedure

To analyze the extent of chemical degradation caused by current sample
purification methods, the films of the selected plastics underwent each of
the eight treatments (including control) in triplicates. Before and after un-
dergoing the treatments, the films were visually analyzed for apparent cor-
rosion (higher transparency, jagged edges, change in color, change in
shape). ATR-FTIR spectrometry was used to identify changes in surface
chemistry, measurement of dry weight, and gel permeation chromatogra-
phy (GPC) was used to assess changes in the molecular weight distribution.
Due to a potential surface change when pressing the sample on the ATR-
crystal during ATR-FTIR analysis, the ATR-FTIR pre-treatment examina-
tions were performed on a separate set of blank films, which were then
compared to the films that underwent the treatments. For all other analyt-
ical methods, pre-treatment and post-treatment examinations were carried
out with the same set of films. An overview of the experimental procedure
is given in Fig. 1.

In order to document the pre-treatment conditions, the films were
rinsed with filtered de-ionized water and dried in their respective reac-
tion vials covered with aluminum foil at 50 °C under vacuum (10~ 2
mbar) for at least 24 h (Heraeus Instruments Vacutherm, Thermo Fisher
Scientific Inc., USA). Before weighing with a set of precision scales
(Ohaus Discovery DV215CD, Ohaus Corporation, USA), one edge
(0.5-0.8 mg) was removed from each film with a razor blade for GPC
analysis. Here the edges of the three replicates per treatment were
pooled to gain enough material for the analysis. Subsequently, the
films underwent their respective treatments. After that, they were re-
moved from the reaction vials, examined visually and thoroughly rinsed
with ultrapure water, then dried at 50 °C under vacuum (10~ 2 mbar)
for 24 h. After determining the dry weight, a second edge per film
was cut off and pooled for GPC analysis to compare the results with
the pre-treatment condition. The remaining film was then analyzed by
ATR-FTIR spectroscopy. A detailed description of the analytical
methods and treatments is given below. The classification of the disin-
tegration level was based on a classification established by Enders
et al. (2017) but was adapted to include not only the recognizable vi-
sual changes but also the weight, GPC, and ATR-FTIR measurements
(Table 1). The assignment of the disintegration levels to the purification
protocols is based on the respective analytical measurement showing
the highest effect.

blank films
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2.2.1. Loss of mass and visual degradation

Chemically induced surface- and bulk erosion is expected to lead to a re-
duction in mass. Thus the dry weight of each film was determined before
and after the treatment. The mass measurements of the vacuum-dried
films were performed by a Semi-Micro Analytical Balance (Ohaus Discov-
ery DV215CD, Ohaus Corporation, USA) with d = 0.01 mg. We are
aware that dry plastic films can carry a static charge that may increase
the measuring error, therefore we chose a relatively large deviation margin
of 5% of the original film weights as an effect threshold in our reporting.
First, each of the three replicate films were weighed individually before
and after treatment (original weights ranged from 7.3 mg to 39 mg, depen-
dent on plastic type). Then, the difference in mass was calculated individu-
ally and converted to the percentage of the original film weight before
treatment. Then the mean mass difference was calculated for each treat-
ment. Additionally, any obvious macroscopic visually discernible degrada-
tion of the films (e.g., complete loss, partial loss, fragmentation, change of
shape and change in color) was photo-documented under a stereomicro-
scope (Leica M50, Leica Microsystems, coupled with an Olympus DP 26
camera, Olympus Corporation).

2.2.2. Bulk erosion and polymer fragmentation: molecular weight and molecular
weight distribution

The degree of bulk erosion (bulk erosion meaning the degradation oc-
curs evenly throughout the entire polymer film) and polymer fragmenta-
tion at the molecular level was evaluated using the molecular weight and
the molecular weight distribution, analyzed by gel permeation chromatog-
raphy (GPC) on an Agilent 1200 system with a refractive index (RI) detector
for PS, PC, PET, PA6, PVC, and PUR. PE and PP were analyzed by high-
temperature gel permeation chromatography (HT-GPC) on an Agilent
(Polymer Laboratories Ltd.) PL-GPC 220 high-temperature chromato-
graphic unit equipped with DP (differential pressure) and RI detectors
and four linear mixed bed columns (3 x PSS Polefin linear XL + 1 guard col-
umn). For a detailed description of the application and the used solvents,
please refer to the Supplementary Information.

2.2.3. Surface alterations: attenuated total reflection Fourier transform infrared
(ATR-FTIR) spectroscopy

Potential chemical changes on the surface of the films were analyzed by
ATR-FTIR spectroscopy to visualize alterations of the plastic material, such
as the formation of functional groups (e.g., hydroxyl groups). The films
were probed using a “Tensor 27” FTIR spectrometer equipped with an
ATR unit (Bruker Optik GmbH, Germany). To identify polymer alterations,
we focused on the spectral region between 1800 and 1500 cm ™t (Fig. 3).

films for treatments

% 1) 3 replicates
% 2) ATR-FTIR analysis

5 °
1) 3 replicates per treatment 3
@
>  2) corners cut off and pooled %
t for GPC [
@
3) weight analysis §
4) treatment
5) weight analysis g
(——— 6) corners cut off and pooled &
= m for GPC 3
=
(2]
7) ATR-FTIR analysis 8
(2]

Fig. 1. Overview of the experimental procedure. For each polymer type, a triplicate of blank films was used for the pre-treatment ATR-FTIR analysis. Another triplicate of
films for each polymer type underwent the treatments including control with ultrapure water and was used for all other pre- (GPC, weight) and post-treatment (weight,

GPC, ATR-FTIR) analytical methods.
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Table 1
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The disintegration caused by different microplastic purification methods was classified based on disintegra-
tion levels introduced by Enders et al. (2017). The original levels were adopted to include weight, bulk
changes (e.g., GPC, DSC), and surface alterations (spectroscopic methods like FTIR/Raman) besides notice-
able visual changes. Thus, treatment classification is always based on the highest disintegration level. In ad-
dition, the adopted classification system was also used to classify the effects of purification approaches found

in already published literature.

Disintegration | Visually Weight Surface alterations Bulk changes
level recognizable reduction/loss (changes in (changes in GPC
changes FTIR/Raman chromatogram)
spectra)
Lo No effect 0-5% No effect No effect
L1 Color changes, 6-25% Weak changes: Weak shift
beginning surface Increased or
erosion decreased peak
intensity; reduced
peak sharpness
L2 Morphological 26 - 50% Significant changes: Significant shift
changes and early Additional bands or
stage of reduction of bands
disintegration
Strong 51-75% Significant changes Significant shift with
morphological with gravimetric gravimetric
changes, manifestation manifestation
loss/change of
bulk structure
Complete 76%-100% Measurement not Measurement not
dissolution/disinte possible due to possible due to
gration dissolution dissolution

For a detailed description of the ATR-FTIR spectrometer and measurement
settings, please refer to the Supplementary Information.

2.3. Treatments

2.3.1. Control

15 ml ultrapure water was added to each replicate glass vial containing
one respective plastic film as a control. The samples were incubated for 13
days, and 5 h in a climate chamber at 20 °C. The duration of this treatment
isanalogous to that of the enzymatic digestion protocol, the most prolonged
treatment conducted in this study.

2.3.2. Alkaline: sodium hydroxide (NaOH)

Alkaline digestion is a hydrolytic process rendering solid biogenic mat-
ter (e.g., proteins, lipids, and some carbohydrates) into an aqueous solution
of low molecular compounds and was therefore applied in several studies
quantifying microplastic in environmental samples (e.g., Karami et al.,
2017; Dehaut et al., 2016; Braun et al., 2021). Alkaline digestion is specif-
ically suited for the maceration of animal tissue, as large carbohydrate mol-
ecules such as cellulose are resistant to alkaline hydrolysis (Thacker and
Kastner, 2004). Furthermore, maceration can be performed with NaOH or
KOH, whereas KOH is the more potent maceration agent (Gibb, 2015).

In this survey, 15 ml of sodium hydroxide solution (50%) was added to
the glass vials containing the polymer films and incubated for 7 days at
room temperature (~20.5 °C) based on a protocol introduced by Nuelle
et al. (2014). However, there are other, more recent studies using high
NaOH concentrations for the reduction of biogenic matter before
microplastics analysis (Ibrahim et al., 2017).

2.3.3. Acidic: hot nitric acid (HNO3) and peroxymonosulfuric acid (H,SOs)

Acids of different strengths have been used in microplastic research to
treat environmental samples. Therefore, we selected two of them to cover
the entire spectrum of available and applied acids.

Nitric acid, for example, is a strong mineral acid and, in higher concen-
trations, a strong oxidizing agent. Therefore, it is well suited for the rela-
tively quick destruction of biogenic matter and is often the method of
choice for pre-treating organic samples for diverse analytical examinations.
To test the degradative potential of nitric acid, 10 ml of nitric acid (69%,
15,7 M, Sigma-Aldrich Co., USA) were added to each reaction vial
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containing one film. Next, the reaction vials were heated in a heating
block until boiling. After 2 h, the glass vials were filled with warm ultrapure
water and filtered over a stainless-steel mesh to recover the film or its re-
mains. Hot nitric acid treatment has been used in several protocols to digest
biota (Claessens et al., 2013; Van Cauwenberghe and Janssen, 2014).

A much stronger acid than nitric acid is Peroxymonosulfuric acid, gen-
erated by mixing hydrogen peroxide with sulfuric acid. This strong oxidiz-
ing agent was used to efficiently remove the high amount of organic
impurities in studies examining the contamination of lake sediments before
Raman spectroscopy analysis (Imhof et al., 2016; Imhof et al., 2018; Imhof
etal., 2013) and for river sediments before infrared spectroscopy and visual
inspection (Klein et al., 2015). The H,SOs was prepared directly before the
application by mixing hydrogen peroxide (30%) with sulfuric acid (98%)
dropwise to a ratio of 3:1 until bubbles were visible. Then, 15 ml of the
stock solution were added into the replicate glass vials and incubated for
48 h at room temperature (~20.5 °C).

2.3.4. Engymatic: sequential enzymatic digestion

The use of an enzyme for the gentle purification of organic-rich samples
for microplastic analysis was first described by Cole et al. (2014), who used
the proteolytic enzyme Proteinase-K to digest marine zooplankton samples.
Due to increasing sample complexity and high costs for Proteinase-K, the
idea of enzymatic digestion was taken up and further developed (Loder
et al., 2017; Courtene-Jones et al., 2017; Catarino et al., 2018). In this sur-
vey, the enzymatic digestion protocol of Loder et al. (2017) was used, as ad-
aptations of this method were already applied by several studies (Moller
et al., 2021; Mintenig et al., 2017; Mani et al., 2015; Dris et al., 2015;
Kumar et al., 2021) to remove organic material from environmental sam-
ples without the use of strong acidic or alkaline treatments. Using technical
grade enzymes combined with intermittent oxidation steps with hydrogen
peroxide provides sufficient purification of most aquatic samples to allow
for subsequent analysis with vibrational spectroscopy methods. The indi-
vidual reagents were added sequentially to the glass vials containing the re-
spective films. Then they were incubated at the given temperature. After
each incubation, the films were removed, and both the film and the vial
were rinsed with ultrapure water. Finally, the reagent of the next step
was added before the film was set back into the vial. The list of reagents, in-
cubation time, temperature, and pH is given in Table S2 in the
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Supplementary Information. Likewise, the protocols for the production of
both buffers are available in the Supplementary Information.

2.3.5. Oxidative: hydrogen peroxide (H,05)

Hydrogen peroxide (H,05) is a strong oxidizing agent known to break
down organic matter. It is often used as an oxidation agent to prepare var-
ious environmental samples (Zhao et al., 2017; Nuelle et al., 2014; Liu et al.,
2018; Tagg et al., 2015). Hydrogen peroxide is also used in the enzymatic
digestion protocol and may potentially degrade specific synthetic polymers
(Biirkle GmbH, 2011). Therefore, hydrogen peroxide was tested on its own
at a concentration of 30%. First, 15 ml were added to each replicate glass
vial, covered by aluminum foil, and incubated for 24 h at 37 °C. Then the
film was removed, rinsed with ultrapure water, the hydrogen peroxide
was replaced by fresh hydrogen peroxide, and the film was placed back
into the glass vial for another 24 h at 37 °C. This procedure was repeated
a third time, but this time only for 5 h. This incubation procedure was ap-
plied to mimic the hydrogen peroxide steps used in the enzymatic purifica-
tion protocol of Loder et al. (2017).

2.3.6. Oxidative: Fenton protocol

The Fenton reaction was suggested as a more efficient alternative to the
sole application of hydrogen peroxide (Hurley et al., 2018; Tagg et al.,
2017; Masura et al., 2015). This application of hydrogen peroxide accom-
panied by a ferric ion (Fe(I)) catalyst allows the quick decomposition of
biogenic matter to carboxylic acids, aldehydes, carbon dioxide, and water
under relatively mild conditions (Dyachenko et al., 2017).

The Fenton protocol was conducted as follows (Masura et al. (2015)):
20 ml of a 0.05 M FeSO, solution and 20 ml H,0, (30%) were added to
test tubes containing one film each. The mixture was amber in color. The
test tubes were heated in a heating block at 75 °C. As soon as gas bubbles
appeared at the surface, the heating block was turned off, but the exother-
mic reaction was allowed to continue in the warm block until the solution
color turned from amber to yellow (1.5-2 h). Exothermic reactions of this
kind can peak to temperatures of around 90 °C (Al-Azzawi et al., 2020).

2.3.7. Zinc chloride (ZnCl,) solution

Density separation procedures with highly dense brines are often used
as a sample preparation step before microplastic analysis, either to extract
the microplastics from a sediment or soil sample (Moller et al., 2020;
Quinn et al., 2017; Coppock et al., 2017) or to remove mineral suspended
matter from water samples (Rodrigues et al., 2018).

Dense brines such as aqueous solutions of zinc chloride, sodium iodide,
or calcium chloride are often used to achieve a density of 1.6-1.8 g cm ™3
(Zhao et al., 2017; Herrera et al., 2018; Hurley et al., 2018; Miller et al.,
2017; Coppock et al., 2017; Hamm et al., 2018).

Zinc chloride was used exemplarily to verify the effects of common den-
sity separation fluids on the examined polymer types. Here, 15 ml of zinc
chloride stock solution with a density of 1.8 g cm™> was added into
20 ml glass vials, covered with aluminum foil, and incubated for 48 h at
room temperature (~20.5 °C).

3. Results

The effects of seven different purification approaches based on acidic,
alkaline, oxidative, and enzymatic digestion and the extraction via density
separation on eight of the most relevant plastic types evaluated with three
different methods are compiled in Fig. 4. In the following paragraphs, re-
sults for each of the three parameters are given. To conclude, we present
the results of an extensive literature review of currently published studies
evaluating the effects of purification protocols on plastic particles.

3.1. Weight and visual degradation
The application of hot nitric acid, sodium hydroxide, and

peroxymonosulfuric acid (H,SOs) resulted in a severe and visually apparent
disintegration of specific polymer types (Fig. 4 & Fig. S2). For the other
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treatments, no distinct visually identifiable effects were detected. The aver-
age mass losses were strongly associated with a visible disintegration — only
those films that showed visible degradation also showed a significant loss in
mass. For all other treatments, the mass loss was below 5% (Table 2).

The hot nitric acid protocol (69%, 15.7 M HNO3, ~85 °C) destroyed all
PA6 and PUR films (Fig. S2), leaving a transparent, colorless or clear yellow
liquid, respectively. PET was disintegrated into a white precipitate, and the
PS and PC films were reduced to small yellowish beads with a mean mass
loss of 35.5% and 67.5%, respectively (Table 2 & Fig. S2). In addition, a de-
formation of the LDPE films was observed, but with no significant loss of
mass.

The sodium hydroxide treatment (50% NaOH, 7 days 20.5 °C) dissolved
two PC replicates completely into a clear and colorless solution, while the
third replicate was found swollen and fragmented. As a result of the alka-
line treatment, the PET films became thinner, more transparent, and
showed an average mass reduction of 68.3% (Table 2 & Fig. S2).

Peroxymonosulfuric acid led to the degradation of PUR to a yellowish
residue (Fig. S2) and severe frothing and fragmentation of PA6.

3.2. Bulk erosion and polymer fragmentation: molecular weight and molecular
weight distribution

The GPC analysis was only conducted for films that were not morphol-
ogically altered during the exposure to specific treatments. However, cer-
tain optically intact films exposed to specific treatments display an
apparent negative shift in the average molecular weight distribution com-
pared to the control, which is an indicator for the degradation of the poly-
mer (Figs. 2 & 4).

Hot nitric acid caused significant molecular degradation of PE and PP,
as evidenced by the shifting of GPC curves to the lower mass region. The
GPC of PET after treatment with sodium hydroxide showed no significant
change in the molecular weight and molecular weight distribution com-
pared to the pristine PET despite a significant weight loss as seen by
weighing the sample before and after treatment. The hydrogen peroxide
treatment and the enzymatic digestion (which also utilizes intermittent hy-
drogen peroxide steps) caused a measurable degradation of PA, while the
Fenton treatment showed no effect on any of the polymers.

The use of zinc chloride resulted in the broadening of GPC curves which
might be due to the complexation of ZnCl, with PUR. On the other hand,
treatments with peroxymonosulfuric acid and sodium hydroxide did not
show any evident shift in the molecular masses of the respective plastic
films that remained after the treatment.

3.3. ATR-FTIR

Additional functional groups were formed for PE and PP after the treat-
ment with nitric acid (Figs. 3 & 4). For both plastics, additional peaks were
visible between 1800 and 1500 cm ™~ (Fig. 3, panels A and C), indicating
carbonylated compounds formation (Bickstrom et al., 2017). The treat-
ment combinations of PA6-HNO3, PA6-H,SOs, PC-HNO3, PC-NaOH, PET-
HNO3, PS-HNO3, PUR-HNO3 and PUR-H,SOs led to a complete loss of the
polymer films or the films were too damaged to allow a follow-up ATR-
FTIR measurement. The polymer films in the treatment combinations
PA6-H,0,, PA6-Enzymatic digestion and PUR-ZnCl, showed weak changes
in the GPC analysis, but none in the ATR-FTIR spectra (Fig. 3, panels E, F,
G). PET-NaOH films on the other hand showed a significant reduction in
weight, but no alterations in the GPC analysis, nor in the ATR-FTIR spectra
(Fig. 3, panel H).

3.4. Overview of published purification protocols

The available literature was screened for papers evaluating sample puri-
fication methods, and the results were classified in the same degradation
levels as described in Table 1 and compared to the evaluation of purifica-
tion methods performed during this study. Although not all studies evalu-
ated the assessed methods with comparable polymers, particles, size
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Table 2
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Average changes in the mass of examined polymers after being exposed to different sample purification protocols. Only changes in
mass are represented when the effect threshold of 5% for L1 was exceeded. The level of degradation is depicted in the same color
scale as shown in Table 1, where white represents no degradation (LO), and dark red depicts complete degradation (L4).
Figures signify the average percentage change in mass + standard error. The asterisk * signifies complete disintegration.

PAG PC PE PET PP PS PUR PVC
ZnCl, <5% <5% <5% <5% <5% <5% <5% <5%
Enzymatic  <5% <5% <5% <5% <5% <5% <5% <5%
digestion
H,0, <5% <5% <5% <5% <5% <5% <5% <5%
Fenton’s  <5% <5% <5% <5% <5% <5% <5% <5%
reagent
HNO; S355E6:5% 1 <5% ns —51.2+6.6% *—100% <5%
H,S0s <5% <5% <5% <5% <5% *—100% <5%
NaOH <5% <5% <5% <5% <5% <5%

12.7%

Control <5% <5% <5% <5% <5% <5% <5% <5%

classes, and protocols, this additional and comprehensive information is de-
signed to complement the results provided by this study (Tables S3-S9). In
addition, our study is one of the very few studies that also included GPC in
their analysis.

Between 2013 and 2021, 25 studies performed a purification of envi-
ronmental samples to quantify microplastic and evaluated purification effi-
ciency and the influence on the analyte itself. Some studies evaluated
multiple purification protocols. Applied approaches were for example alka-
line treatments with NaOH (n = 7) and KOH (n = 11), acid treatments with
HNO; (n = 6), or HCl (n = 1), both in various concentrations. These are
accompanied by oxidative protocols solely using hydrogen peroxide (n =
5) or the Fenton reaction (n = 7), as well as enzymatic approaches (n =
5). Also, combinations of different approaches like alkaline and oxidative
(n = 2), acidic in combination with a second acid, oxidation agents or mi-
crowave digestion (n = 7), or alkaline, acidic and oxidative (n = 1) were
applied. Effects of density separation was evaluated based on ZnCl, (n =
4), NaCl (n = 1), sucrose (n = 1) and canola oil (n = 1).

All observed effects of sample purification protocols were categorized
according to the scheme presented in Table 1, summarized, and compared
to the results found in our study (Fig. 5).

Considering the validation of the sequential enzymatic digestion in (B),
we would like to note that this was performed by nine consecutive steps,
where two steps involved hydrogen peroxide, which caused the L2 level
degradation of PA6 only. This could be replaced by Fenton, which does
not cause any alterations (Moller et al., 2021).

4. Discussion

Selecting a specific purification method to eliminate organic matter
from environmental samples is crucial for reliable microplastic particle ver-
ification via chemical identification by different vibrational spectroscopic
and mass spectrometric techniques. The importance increases if particles
down to a few micrometers or the sub-micron range are analyzed. To facil-
itate the selection of an appropriate purification method, we evaluated six
commonly used sample purification methods (alkaline, acidic, oxidative,
enzymatic digestion, or combinations of the above) and one density separa-
tion extraction method (ZnCl,) using gravimetry, visual inspection, mea-
surement of surface modifications (ATR-FTIR), bulk erosion, and polymer
fragmentation (GPC). In addition, we summarized the current published
data, discussed the results accordingly, and gave recommendations for sam-
ple processing.

4.1. Alkaline sample purification methods

Both sodium hydroxide (NaOH) and potassium hydroxide (KOH) was
shown to effectively digest environmental samples, especially animal tis-
sue, in a short time (Karami et al., 2017; Li et al., 2018b; Prata et al.,
2019). However, a drawback of the alkaline treatment is the degradation
of specific plastic particles, which depends on the exposure duration,
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temperature, and concentration of the alkaline solution. In this study, the
exposure of the plastics to a 12 M/50% NaOH solution for 7 days at room
temperature (20.5 °C) led to a complete dissolution of PC films and a signif-
icant loss of weight (—68.3 + 22%) of the PET films. However, as no shift
in the molecular weight distribution (via GPC) was observed, this indicates
the degradation of PET by the surface erosion mechanism. In contrast to the
bulk erosion mechanism, where degradation takes place homogeneously
throughout the polymer, retaining size but reducing molecular mass, sur-
face erosion is a heterogeneous process, in which the degradation only
takes place at the surface, reducing size over time, but not affecting the
polymer particle's core. PET is a hydrophobic polymer, and therefore so-
dium hydroxide first degrades the outer surfaces exposing newer surfaces
for the degradation. Likewise, the exposure to 10 M NaOH at higher tem-
peratures and a shorter exposure (60 °C for 24 h) similarly resulted in a sig-
nificant decrease in size and weight for PC and PET (Hurley et al., 2018;
Dehaut et al., 2016). PC and PET have carbonate and ester linkages, so
they are susceptible to saponification - the alkaline hydrolysis of these or-
ganic functional groups - when exposed to concentrated alkaline solutions.
When treated with a diluted alkaline solution, e.g., 1 M NaOH or 10% KOH
(at 60 °C), the hydrolytic effect is less severe, but still significant as can be
seen in the loss of mass of around 16% for PC particles exposed to 10%
KOH for 24 h at 60 °C. Hurley et al. (2018) reported that exposure time
and temperature are key factors when considering degenerative effects of
alkaline treatments. Here, no visible effects and only slight alterations of
the polymer surface were detected by Raman microspectroscopy for ABS,
PA, PET, PC, PVC, and PMMA after treatment with highly concentrated
(20 M/113%) KOH at 20 °C for 5 h followed by short-term exposure of
20 min at 80 °C. However, the authors did not record potential changes in
weight during their experiments.

According to Cole et al. (2014), after the treatment with 10 M NaOH at
60 °C for 24 h PA, PE, and unplasticized PVC were visibly damaged or dis-
colored. We could not confirm these findings, nor were mentions made to
this effect by other literature sources (Herrera et al., 2018; Hurley et al.,
2018; Dehaut et al., 2016). Nevertheless, the degenerative potential on
polyesters in general (which also include polylactic acid (PLA) and cellulose
acetate (CA), should always be taken into account before choosing a purifi-
cation protocol based on alkaline solutions, especially if the goal is to ana-
lyze smaller microplastic particles (Kiihn et al., 2017). Low temperatures
and short exposure periods may reduce damage to microplastics (Munno
et al., 2018), but this may also negatively impact the purification
effectiveness.

4.2. Acidic sample purification methods

Organic material can be efficiently removed using various acidic sample
purification methods. For example, nitric acid (22.5 M) digestion efficiency
was described as higher than hypo-chloric acid, hydrogen peroxide, and so-
dium hydroxide when digesting mussel tissue (Claessens et al., 2013). In
2015 the International Council of the Exploration of the Sea (ICES)
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Fig. 2. Determination of the molecular weight distribution as a measurement of bulk erosion by high-temperature GPC for PE and PP and GPC for PC, PUR, PA, PVC, PS, and
PET. Significant shifts of the molecular weight distribution are marked with an inverted triangle; weak shifts are marked with an *.

recommended the use of an acid mixture of HNO3:HClIO4 (4:1 v:v) to digest
organic matter at >80 °C as purification protocol for the monitoring of plas-
tic particles in fish and shellfish (ICES, 2015). However, while the organic
matter destruction with acids may be very effective, our study, among

others, has shown that hot nitric acid (80 °C, 15.7 M HNOs, 2 h) is excep-
tionally destructive to PA, PET, and PUR, which were entirely dissolved
by the procedure. Furthermore, as verified by ATR-FTIR analysis, PE and
PP showed a significant shift towards a lower molar mass in the GPC
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Fig. 3. Examples of ATR-FTIR spectra with visible effects compared to spectra with no visible effects. Blue spectra (upper spectra) represent the control treated with water, red
spectra the respective treatment (lower spectra). (A) PE after treatment with HNO3. The formation of carbonylated compounds is visible after treatment with HNO3 in the
wavenumber range of 1800-1500 cm! (grey bars). (B) PE after treatment with enzymatic digestion. No changes are visible. (C) PP after treatment with HNO3. The
formation of carbonylated compounds is visible after treatment with HNOj3 in the wavenumber range of 1800-1500 cm! (grey bars). (D) PP after treatment with Fenton.
No changes are visible. (E) & (F) PA6 after H,O, and enzymatic digestion, no alterations visible. (G) PUR after ZnCl, treatment, no visible effects. (H) PET after treatment
with NaOH. Although significant weight loss occurred, the ATR-FTIR spectra show no visible changes. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)

analysis and changes in their surface functional groups on a molecular
level. Similar results were reported by Catarino et al. (2017; 65%/14 M
HNO3; 20 °C; overnight then 60 °C; 2 h), Karami et al. (2017; 69%/,/15.5
M HNO3; 25 °C; 96 h), Dehaut et al. (2016; 65%,/14 M HNO3; 20 °C; over-
night then 60 °C; 2 h) and Claessens et al. (2013; 22.5 M/95% HNO3; 20 °C;
overnight then 100 °C; 2 h). It became apparent that the combination of
HNO; with HCIO4 as proposed by the ICES in 2015 causes severe
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degradation of several common polymers (e.g., PA, PUR, ABS, PMMA,
PVC, tire rubber). Additionally, surface alterations of ABS, PE, PVC, and
PMMA were detected by Raman microspectroscopy, rendering the mixture
equally unsuitable as the pure hot nitric acid procedure (Dehaut et al.,
2016; Enders et al., 2017).

Another strong acid tested in our study was peroxymonosulfuric acid
(H2SOs), which showed a good digestion efficiency and facilitated Raman
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microspectroscopy to identify microplastic in lake sediments (Imhof et al.,
2016; Imhof et al., 2018; Imhof et al., 2013). However, after a 48 h expo-
sure to H,SOs at 20.5 °C, PA and PUR were severely degraded, confirming
that these two polymers are not resilient to any stronger acid. Another
strong acidic treatment frequently mentioned in microplastic literature
but noted for its relatively low digestion efficiency of organic matter is hy-
drochloric acid (HCI). For example, Karami et al. (2017) reported that 37%
HCI (25 °C, 96 h) disintegrated PA and led to the clumping of PET and
caused surface modifications of PVC.

In general, it can be said that the use of strong acids to purify environ-
mental samples for microplastics analysis is not recommendable, as many
plastics are susceptible to acidic degradation (Fig. 5), which may lead to bi-
ased analytical results. Especially PA, PU, and PET undergo substantial deg-
radation. Concerning the treatment of microplastic samples with weaker
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acids (ascorbic acid, citric acid) in the context of use as enhancers or
buffers, no detrimental effects on common polymer types have been re-
ported (Weisser et al., 2021).

4.3. Oxidative sample purification methods

The oxidation of organic material is another efficient way for sample pu-
rification (Vandermeersch et al., 2014; Van Cauwenberghe et al., 2015). It
is often performed using hydrogen peroxide (H,0,, 15%-35%), which was
reported to be more efficient than alkaline (NaOH) or acidic (HCI) treat-
ments (Zhao et al., 2017; Karami et al., 2017; Nuelle et al., 2014; Qiu
et al., 2016). However, the treatment of large sample volumes or samples
that have previously undergone a density separation step with ZnCl,, Nal,
or CaCl, should be performed carefully due to the exothermic reaction
and the undesirable production of gases and the formation of HCI or HI
(Nuelle et al., 2014). Furthermore, temperature regulation is an essential
aspect of the oxidative purification procedure: Cooling may be necessary
to prevent thermally induced damage to the microplastics during a highly
exothermic reaction. At the same time, other samples may require heating
to initiate the oxidation reaction and reduce the reaction time (Moller et al.,
2020). In this study, the polymer types treated with 30% H,0 at 37 °C for
24 h seemed to be unaffected by the treatment, except for PA, which
showed changes in the molar mass by GPC analysis. The same pattern for
PA was observed after the treatment with the sequential enzymatic purifi-
cation, which includes two oxidative steps performed with hydrogen perox-
ide. Thus, we conclude that not the enzymatic treatment was responsible
for this observation, and the effects on PA were linked to the H>O, steps in-
cluded in the sequential enzymatic purification approach.

While no surface changes could be determined via ATR spectroscopy in
our study, Karami et al. (2017) showed that a 35% H,0, treatment of
PA66 at higher temperatures (60 °C, 96 h) alters peak intensity at 1435
ecm ™! (CH, bending mode) and 1118 cm ™! in Raman spectra (Karami
et al., 2017; Nagae and Nakamae, 2002). Such alterations can be a sign of
polymer degradation at the particle surface through structural rearrange-
ment or chemical decomposition (Mazeikiené et al., 2006). Similarly, PS
and PVC did not show any signs of degradation by H,O, in our study, but
slight variations in their respective Raman spectra, indicating alterations
in the polymer structure, were reported by Karami et al. (2017). However,
these could be caused by a much longer exposure time and higher reaction
temperature, allowing a more thorough matrix removal and affecting the
targeted polymers.

The Fenton reaction is a modification of the hydrogen peroxide treat-
ment by adding a ferrous ion catalyst, commonly a solution of Fe(II) sulfate.
NOAA recommended the Fenton reaction at 75 °C as a protocol for remov-
ing organic material (Masura et al., 2015). However, in the last years, it has
been increasingly used in microplastic sample treatment as it is more effec-
tive than hydrogen peroxide alone, and it seems to be less aggressive to
polymers (Hurley et al., 2018; Tagg et al., 2017). No hydrolytic changes
to the polymer surface or bulk erosion were detected in this study at
75 °C. Additionally, no other study reported color changes or other signs
of degradation (Hurley et al., 2018; Al-Azzawi et al., 2020; Weisser et al.,
2021).

In contrast to the original NOAA protocol (Masura et al., 2015), it is ad-
vised that the reaction temperature does not exceed 40-50 °C to avoid the
reaction to moving from the formation of hydroxyl radicals into the direct
degradation of hydrogen peroxide (Walling, 1975; Bishop et al., 1968).
Such a temperature reduction results in a higher purification efficiency at
lower, more polymer friendly temperatures. Moller et al., (2021)) corrobo-
rated that treatment with Fenton's reagent at lower temperatures (2 X 1 h
of Fenton's reagent at 30-40 °C in addition to several enzymatic digestion
steps) show good purification results without affecting the tested polymers
(100-400 pm of PA, PET, PE and PVC). They analyzed the plastics visually,
via ATR-FTIR, GPC and DSC and found no signs of degradation for these
conventional plastic types. Only biodegradable plastics like PLA-based
blends might show changes if small particles are treated by the Fenton pro-
tocol as (Pfohl et al., (2021)) described. One limitation is the high
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exothermic characteristic of the Fenton reaction, requiring careful thermo-
regulation, e.g., via an ice bath (Munno et al., 2018). The addition of ascor-
bic acid has been shown to increase the effectiveness of the Fenton reaction
(Weisser et al., 2021). In some cases, depending on the sample, the Fenton
reaction can produce oxidized iron, leading to an orange precipitate that
can be removed by adding citric acid alone or in combination with a density
separation step, e.g., by ZnCl, (Weisser et al., 2021).

4.4. Combination of acidic and alkaline agents with/without oxidative treat-
ments for sample purification

Roch and Brinker (2017) developed a rapid purification method for the
extraction of microplastics from the gastrointestinal tracts of fishes is a se-
quence of 1 M NaOH (50 °C, 15 min), 10 M HNO3 (50 °C, 15 min followed
by 80 °C, 15 min) combined with a density separation with Nal. While effec-
tive in removing the fish tissue, the study also reported a complete loss of
PA and visible changes to PET, PS, and PVC.

Several studies combined an acidic and/or alkaline treatment with oxi-
dative agents to increase the digestion efficiency of organic material. For
example, Enders et al. (2017) suggest a 1:1 combination of potassium hy-
droxide (KOH, 30%) and sodium hypochlorite (NaClO) at 20 °C for 5 h
followed by 80 °C for 20 min which had a good digestion efficiency for
biota. Although no substantial effects on PP, PE, PS, PET PC, PVC, PMMA,
and PTFE were observed, slight surface alterations for ABS were visible as
alterations of Raman spectra. Nevertheless, potential changes in weight as
a consequence of this treatment were not measured in this study.

A similar combination of sodium hypochlorite (NaClO, 9%), this time
with nitric acid (HNO3, 65%), was performed at 20 °C for 5 min by
Collard et al. (2015). Herein no adverse effects on weight and Raman spec-
tra were reported, however, if detrimental effects occur after longer expo-
sure times was not tested. However, according to Correia & Loeschner
(2018), the combination of nitric acid and hydrogen peroxide led to the
generation of large agglomerates after treating PS nanoparticles.

4.5. Enzymatic sample purification methods

Effectively removing biogenic matter from samples while avoiding the
use of strong acids or bases is a clear advantage of enzymatic purification
protocols (Zhao et al., 2018). Proteinase K was the first enzyme used in
the context of “gentle” sample purification of zooplankton samples de-
scribed by (Cole et al., 2014). Several research groups further developed
the approach (Loder et al., 2017; Courtene-Jones et al., 2017; Catarino
etal., 2018). To cope with the complexity of different environmental matri-
ces, amodular and sequential protocol of SDS, protease, cellulase, hydrogen
peroxide, chitinase and again hydrogen peroxide was developed by Loder
et al. (2017) and adapted by several other studies (Mintenig et al., 2017;
Mani et al., 2015; Dris et al., 2015; Kumar et al., 2021; Alligant et al.,

79

10

2020). In this study, all tested plastics remained unaffected after the se-
quential enzymatic-oxidative treatment. This finding is confirmed by sev-
eral other studies (Cole et al., 2014; Courtene-Jones et al., 2017; Catarino
et al., 2017;Weisser et al., 2021). Furthermore, enzymatic purification of
fish samples with Proteinase K did not affect PS nanoparticles in contrast
to acid digestion, resulting in the large agglomerates of PS nanoparticles
(Correia and Loeschner, 2018).

In our study, solely hydrogen peroxide as an intermediate step resulted
in hydrolytic surface alterations of PA (as discussed above). However, the
oxidative step can be substituted by the more efficient and less aggressive
Fenton reaction (e.g., Loder et al., 2017; Weisser et al., 2021). Furthermore,
the treatment with the enzyme protease will degrade the biodegradable
polylactic acid (PLA), as described by Moller et al. (2021), and the use
thereof should be critically considered if PLA is on the analyte spectrum.

While the high removal efficiency and the flexibility to adapt the se-
quence of enzymes to different sample matrices are advantageous, several
drawbacks must be considered. On the one hand, long incubation times
are necessary to perform enzymatic digestion effectively. Furthermore,
the samples have to be handled and filtered in between each step of the pro-
tocol, increasing the risk of particle loss and/or sample contamination with
each additional step.

However, the enzymatic-oxidative purification approach's high purifi-
cation efficiency and broad adjustability for different sample matrices
(compare: Moller et al., 2021; Loder et al., 2017; Kumar et al., 2021;
Weisser et al., 2021) is a striking reason to nonetheless perform such a labo-
rious sample purification method. Its application results in an excellent
quality enhancement of the subsequent identification and quantification
process when using vibrational spectroscopy (Moller et al., 2021; Loder
etal,, 2017; Kumar et al., 2021; Weisser et al., 2021) or mass spectrometric
methods (Fischer and Scholz-Bottcher, 2017) and thus the generation of re-
liable data on the whole spectrum of microplastics present in a sample
(Loder et al., 2017). Moreover, enzymes are more environmentally friendly
than many other purification agents and should thus be favored (Zhao et al.,
2018).

4.6. Density separation

Density separation is a commonly performed step for reducing the sam-
ple size before removing organic material by purification. Dense brines of
zinc chloride, sodium iodide, or calcium chloride solutions with a density
of 1.6-1.8 g cm > are used to remove minerals or other denser material
(Herrera et al., 2018; Hurley et al., 2018; Miller et al., 2017; Coppock
et al.,, 2017; Hamm et al., 2018). However, their corrosiveness and acidity
may potentially be aggressive towards some plastics (Zobkov and
Esiukova, 2017). Another drawback is their toxicity to the aquatic environ-
ment (Zobkov and Esiukova, 2017). Density separation with oil also
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showed a good efficiency for sediment samples but the effectiveness de-
pends on the amount of organic matter in the sample (Radford et al., 2021).

Concerning the validation of density separation procedures, the recov-
ery rate of microplastics is often assessed from a spiked (artificial) sample.
However, the microplastic particles' integrity after the treatment is not
checked, even though some brines, like zinc chloride, are known for their
corrosive properties (Zobkov and Esiukova, 2017). No degrading effects
of density separation procedures on the microplastic particles were de-
tected by four recent studies (Table S9, Moller, 2021; Radford, 2021;
Rodrigues, 2018; Weisser, 2021). In this study, we exemplarily investigated
the effects of zinc chloride solution (1.8 g cm ™3, 48 h, ~20.5 °C) on eight
plastic types and found no visual degradation or reduction of weight during
our experiments.

Furthermore, only GPC analysis showed a particular shift of the molec-
ular mass distribution for PUR, indicating a complexation of zinc chloride
with PUR. In contrast a heightened aggregation of PA as well as an agglom-
eration and melting of EVOH particles of 125-200 pm after the treatment
with ZnCl, at 1.85 kg/1, whereas no changes of the FTIR spectra were ob-
served (Weisser et al., 2021). Thus, it is generally recommended to extend
the exposition time of microplastic samples to density separation solutions
no longer than necessary to reduce potential effects to a minimum.

4.7. Purification protocols in the context of microplastic analyses

We emphasise the need to carefully select an appropriate sample purifi-
cation protocol when targeting microplastic analysis of the whole spectrum
of plastics potentially present in the samples. By evaluating several com-
monly used purification protocols, our study results accompanied by an ex-
tensive literature review (Fig. 5) may be a first step for recommendations of
purification approaches for harmonizing microplastic analysis with partic-
ular respect to reducing the risk of biased research results due to the appli-
cation of destructive purification protocols and the associated loss of
sensitive plastics. Most of our own findings are corroborated by the until
now published literature evaluating purification strategies. Differences
are mainly due to differences in the analytical approach to assess degrada-
tion processes.

Dependent on the research question, the environmental matrix, and the
microplastic-analyte spectrum, some methods may be appropriate, while
others are not. Polyesters, for example, are susceptible to degradation by
strong bases, while strong acids, especially at high temperatures, can de-
grade an extensive range of plastic species to various degrees (PA, PET,
PUR, PS, PC, PE, PP). In this context, researchers must also always consider
that the tested polymers were made from pristine plastics, which may be
more resilient to degradation than aged and embrittled plastics that may
occur in the environment. We cannot exclude the possibility that aged
microplastics may degrade under conditions that do not degrade pristine
particles, but we believe that we can say with confidence that treatments
that degrade pristine (and relatively thick) films will also degrade aged
microplastics and should therefore not be used. Readers must also consider
that even though no visible or gravimetrically apparent changes may occur
for relatively large particles used in many validation studies, the GPC anal-
ysis here, as in the example of the hydrogen peroxide treatment on PA,
showed that degradation on a molecular level may still occur. This molecu-
lar degradation may translate to loss of mass and is especially relevant for
smaller particles or thin fibers in the nano- and lower micrometer range,
rendering molecular assays on degenerative effects of purification protocols
essential before doing any micro-, or nanoplastic analysis. When choosing a
validated protocol for a specific study goal, it is also necessary to consider
and adhere to the given time and temperature of the given protocol.
While higher temperatures and longer exposure times may increase the di-
gestion efficiency of the sample matrix, the comparisons between studies
have made it apparent that these factors may also lead to a degradation of
microplastic that was not evident in the validation process adhering to
the time and temperature of the tested protocol. Protocols including sonica-
tion in the purification process should be avoided. Especially in the case of
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weathered and brittle microplastics, the introduced strong mechanical
force can lead to the disintegration into smaller particles with increasing
risk of fragmentation if combined with heat or one of the treatments men-
tioned above (e.g., potassium hydroxidem, Loder and Gerdts, 2015; von
der Esch et al., 2020; Davranche et al., 2019). The same is true for the appli-
cation of microwave digestion (Karlsson et al., 2017).

5. Conclusions

Comparing the results of degenerative effects of purification proto-
cols on thin polymer films, we show that the use of strong acids and
bases is destructive to many conventional plastic types. Given the even
higher surface to volume ratio in microplastics and a higher porosity
due to environmental aging, destructive effects of these purification
protocols on microplastics is likely much higher. Therefore, such treat-
ments are deemed unsuitable for most environmental microplastic anal-
yses. Acknowledging this is especially important considering the fact
that e.g. alkaline solutions are - to date still often advocated as purifica-
tion protocols for certain matrices (Lee and Lee, 2021; Alfonso et al.,
2021) without testing for negative effects on polyesters on a molecular
level (e.g., via GPC analysis).

Treatment with hydrogen peroxide showed degradation on a molecular
level for PA but can easily be substituted with Fenton's reagent, which is
highly effective in a much shorter exposure time and showed no adverse ef-
fects on any of the tested plastic types. However, the treatment with
Fenton's reagent for soil organic matter is often not enough to remove a con-
siderable amount of the sample matrix (Moller et al., 2020). In that case, the
combination of Fenton's reagent and sequential enzymatic digestion may
lead to the required purification results, although this leads to higher
time and resource expenditures.
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Materials and methods
Film production

Table S1: Platelet specifications. Platelet material and trade name, density (p), mean platelet weight (@ mpiatelet )
+ standard deviation, glass transition temperature (T,) and melting temperature (Tp,).

Material Trade name p [g/em?] O mplatetet [mg] Tg [°C] Tm [°C]
PA6 Ultramid B3K 1.13 11.29+1.0 n.d. 220°C
PC Makrolon 2800 1.20 142+1.2 145 280

PE (LD) Purell 1840H (Lyondell Basell) 0.92 143423 -100 110
PET RT 32/49 (Invista) 1.39 144+1.1 n.d. 250

PP Bormed HD810 MO 0.90 8.6x1.1 -10 164

PS Vestyron 325 (Evonik) 1.04 11.5+£1.0 89 n.d.
PUR Thermoplast 1.10 13.3+1.0 n.d n.d.
PVC Vinoflex 5715 1.20 30.1£6.0 n.d. n.d.

Figure S1: Photography of the 10 mm % 10 mm x 100 um films with corresponding polymer denomination
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Enzymatic: Sequential enzymatic digestion

Table S2. List of chemicals used during the sequential steps of the enzymatic purification protocol. Adapted
from Loder, Imhof [1]. Buffer for ph 9 was Tris-buffer* and for ph 5 Sodium acetate buffer*

Step Reagents Concentration Volume Lr;clgbation 1:;?222326
1 Sodiumdodecylsulfate (SDS)* 10 % 15 ml 24 h 50 °C
2 Protease A-01%* ~1000 Ulglg’ %25 SmrLF e 24h 50 °C
3 Lipase FE-01%% >18 000 Ulgl},; (1)'; 5m111f }r)‘l’ltffge 24h 50 °C
4 Amylase TXL** =40 000 Ulg‘},; ?25 5m111fbmu¥f1:rse 24h 50°C
5 Cellulase TXL** =70 Ulg‘};) ?25 Smr:ﬂclfllllf‘;gse 72h 50 °C
6 Hydrogen peroxide*** 30% 15 ml 24 h 37°C
7 Hydrogen peroxide*** 30% 15 ml 24h 37°C
8 Chitinase** ~100 UIH(;},; (1)'; SmILlci‘liltfif’gse 96 h 37°C
9 Hydrogen peroxide*** 30% 15 ml 5h 37°C
10 Final rinsing with ultrapure water

* Carl Roth GmbH & Co. KG, Germany
** ASA Spezialenzyme GmbH, Germany
*#* VWR International GmbH, Germany

Buffer production
pH 9: Tris HCl 1 M buffer

For 1 L buffer solution 121.14 g Tris are dissolved in 800 mL ultrapure water and a pH value

of 9 is adjusted with concentrated HCI. Afterwards the solution is filled up to 1 L.

pH 5: NaOAc (C2H3Na02) 1 M buffer

For 1 L buffer solution 82.03 g NaOAc (anhydrous) are dissolved in 800 mL ultrapure water

and a pH value of 5 is set with concentrated acetic acid. The solution is filled up to 1 L.

Gel permeation chromatography settings

Gel permeation chromatography (GPC)
The GPC measurements for PS and PC were performed on an Agilent 1200 system equipped
with a refractive index (RI) detector and a single column (SDV Linear XL 5 pm, PSS
Polymer Standards Service GmbH, Germany). The analysis was performed at 23 °C using

chloroform as the mobile phase. The molecular weights of the samples were referenced to
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polystyrene standards (PSS Polymer Standards Service GmbH, Germany). PET and PA6 were
analysed using an Agilent 1200 system equipped with an RI detector and four columns (PSS
PFG 300 7 um). The GPC analysis was performed at 23 °C using hexafluoroisopropanol as
the mobile phase. The molecular weights of the samples were referenced to
poly(methylmethacrylate) standards (PSS Polymer Standards Service GmbH, Germany).

The analysis of PVC and PUR were carried out on an Agilent 1200 system equipped with an
RI detector and one column (4x PSS SDV 5 um 100/ 1000 / 10000 / 100000). The GPC
analysis was performed at 40 °C using tetrahydrofuran as the mobile phase. The molecular
weights of the samples were referenced to poly(methylmethacrylate) standards (PSS Polymer

Standards Service GmbH, Germany).

High temperature gel permeation chromatography (HT-GPC).
For the polyolefins PP and PE the analysis of the average molecular weight and molecular
weight distribution was conducted using a high temperature gel permeation chromatography
(HT-GPC). The analysis was carried out on an Agilent (Polymer Laboratories Ltd.) PL-GPC
220 high temperature chromatographic unit equipped with DP and RI detectors and four linear
mixed bed columns (3 x PSS Polefin linear XL + 1 gard column). The HT-GPC analysis was
performed at 150 °C using 1,2,4-trichlorobenzene as the mobile phase. The samples were
prepared by dissolving the polymer (0.1 wt-%) in the mobile phase solvent in an external
oven and the solutions were run without filtration. The molecular weights of the samples were
referenced to polystyrene standards (Mw = 518-2,600,000 g mol-1, K =12.100 and Alpha =
0.707) and were corrected with K and Alpha values for the measured polymers (PE: K =

40,600 and Alpha =0,725; PP: K = 19,000 and Alpha = 0,725).
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Attenuated total reflection Fourier transform infrared (ATR-FTIR) spectroscopy settings

The platelets were analysed using a *Tensor 27‘FTIR spectrometer with ATR-unit (Bruker
Optik GmbH, Germany). It was equipped with a silicon carbide Globar as M-IR source, an
internal deuterated L-alanine doped triglycine sulfate (DLaTGS) single detector working at
room temperature and a pure diamond ‘attenuated total reflectance’ (ATR) unit (Platinum-
ATR-unit, Bruker Optik GmbH) used for sample measurements. The diamond has a sample
interface of 2x2 mm, 45° single reflection and 1.66 pum penetration depth. The system was
operated by the software OPUS 7.5 (Bruker Optik GmbH) during measurements and analyses.
IR spectra were recorded in the wavenumber range 4000 - 400 cm™! with a resolution of 8 cm’
"'and 16 co-added scans. The background measurement against air was conducted prior to
each sample measurement with the same settings. In order to identify polymer modifications,
we focused on the spectral region between 1800-1500 cm™'. No corrections were applied for

the measured IR spectra.
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Results

Weight and visual degradation

1 mm

1 mm

1mm

1 mm B

Figure S2: Optically visible degradation of PA, PUR, PET, PS, PE and PC films after the treatment with hot
nitric acid (HNO3) for 2 h. Alteration of PC and PET films after the treatment with sodium hydroxide (NaOH)
for 7 days at room temperature (~20.5°C) and the degradation of PUR films after the treatment with
peroxymonosulfuric acid (H>SOs) for 48h at room temperature (~20.5°C).
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Overview of published purification protocols

Alkaline sample purification methods

Table S3: List of studies that evaluated sample purification methods on their potential to degrade common

plastics based on alkaline solutions.

The degradation strength was classified according to the classification scheme in Table 1.

Observed
Sample Protocol Puri.ﬁ cation effect on Size .Of assessed Evaluation method | Reference
matrix efficiency synthetic particles/fibers
polymers*
Organic rich 40%/ IQM Ifjg’ I;Q/’é)’ E, pellets <Smm and '
. NaOH; 9% fragments generated from | visually [2]
sediment 60°C; 24h PUR, PS commercial products
’ L2: PET
PS spheres (1.5 — 3.0 mm),
PA fishing line (400 um
LO: PS diameter, length 1mm),
10M/40% le PVC PES fibers (10 — 30 um visually. weicht
Zooplankton NaOH; 91% ) diameter, length 0.75 - 1.5 ¥, Welght, [3]
L2: PE, PA counts
60°C; 24h L3: PES mm), PVC granules (60 —
’ 120 pm), PE fragments
(60— 500
pum) from cosmetics
LO: ePS,
LDPE,
HDPE,
10M/40% PAI2, PAS, weight, visually, Pyr-
~~ ] Mussel tissue | NaOH; n.d. PMMA, PP, |n.d. GC/gMé R V>V 14
= 60°C; 24h PS, PSXL, > Raman
@) PTFE, PUR
M L3: CA,PVC
- L4: PC
[ sludge: Pellets:
m mass loss 34.6 PP (3 - 6.3 mm)
o +3.01% LO: PP LDPE (3.4 — 4.5 mm)
organic matter L]jPE ’ HDPE (3.6 - 5.0 mm)
s | 10M/40% | removal 67.2% ’ Granules: o
Z Sludge, soil NaOH: + 5.84% HDPE, PS, PS (3.1 - 4.0 ) weight, size, optical 5
=1 and no matrix ao o oo PA, PMMA ' - mm changes ]
) 60°C; 24h soil: mass loss L2: PET PA (2.9 - 4.4 mm)
=] 4.38% + L3: PC PC (3.1 - 3.8 mm)
o 2.90%, organic ’ PMMA (2.8 - 4.3 mm)
< matter removal Beads:
ﬁ 64.4% +42.7% PET (2.9 - 3.6 mm)
< sludge: Pellets:
mass loss PP (3 - 6.3 mm)
314%+ LO: PP LDPE (3.4 — 4.5 mm)
2.88%, organic W HDPE (3.6-5.0 mm)
LDPE,
Sludge, soil IM/4% matter removal HDPE, PS Granules: weight, size, optical
and no ’matrix NaOH; 60.9% + 5.60% PA PI\,/[M/,X PS (3.1 - 4.0 mm) change’s ’ [5]
60°C; 24h soil: mass loss Ll" PC PA (2.9 - 4.4 mm)
4.59% + L2: PET PC (3.1 - 3.8 mm)
1.39%, organic ’ PMMA (2.8 - 4.3 mm)
matter removal Beads:
67.6% £ 20.5% PET (2.9 - 3.6 mm)
0,
L0 (94% Fragments (125 — 500
Mussel tissue | 1M NaOH, 100% iZf;Yf;)rgT um): PET, HDPE, PVC recovery, rate, visual, [6]
(frozen) 1h, stirred . ; Fibers (500 — 1000 pm): FTIR
HDPE, PVC,
PA Nylon thread
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Alkaline (NaOH or KOH)

LO: PE, PA

50%/12.5M PP, PS, PUR, Films: 10 mm x 10 mm x visual, gravimetry,
No matrix NaOH; PVC 100 m bulk erosion (GPC), | this study
20°C, 7 days L3: PET H ATR-FTIR
L4: PC
sludge: Pellets:
mass loss 29.2 PP (3 - 6.3 mm)
+ 8.56%, LO: PP, LDPE (3.4 — 4.5 mm)
organic matter | LDPE, HDPE (3.6 - 5.0 mm)
Sludge, soil 10%/2M removal 56.8% | HDPE, PS, Granules: weight, size, optical
and no ’matrix KOH; 60°C; | £ 16.6% PA,PMMA, |PS (3.1 -4.0 mm) change’s ’ [5]
24h soil: mass loss | PET PA (2.9 - 4.4 mm)
2.34%+ L1: PC PC (3.1 - 3.8 mm)
1.53%, organic PMMA (2.8 - 4.3 mm)
matter removal Beads:
34.5% £ 22.5% PET (2.9 - 3.6 mm)
L2: PET
L3: CA
LO: LDPE,
. 10%/.2M o, o I1_12]? PIE&—E,A weight, visually, Pyr-
Mussel tissue 2K¢81H’ 60°C; | >99% PC, PMMA., n.d. GC/MS, Raman [4]
PP, PS,
PSXL,
PTFE, PUR,
uPVC, ePS
LO: LDPE, fragments (<300 pm):
10%/2M HDPE, PP, |LDPE, HDPE, PP, PS, recovery rate. SEM
Fish tissue KOH; 25°C; | 97% PS, PET, PET, PVC, PA6, PA R y rate, 7]
96h PVC, PA-6: aman spectroscopy
PA-6,6
LO: LDPE, fragments (<300 pm):
10%/2M HDPE, PP, |LDPE, HDPE, PP, PS, recovery rate. SEM
Fish tissue KOH; 40°C; | 99% PS, PET, PET, PVC, PA6, PA R M o 7]
96h PVC, PAG, aman spectroscopy
PA
Pristine and aged plastics
6%/1M Cradonyl | ABS, CA. EVA. P, PS
Fish tissue 4K£1H, 20°C; | good L1: PA PE, NBR. PA, PBT. PC, weight [8]
L4: PLA PET, PP, PUR, PVC,
SAN, PHB, PLA
L1: ABS,
saturated PA; PET; )
KOH PC: PVC, S;txﬂfir;lfnts. 05cmx 1
solution PMMA ;
Fish tissue (20M/113%) | good LO: PP, PP, PE, PS, ABS, PU’ PA, visually [9]
N nor. EVA, PET, PC, Nitrile,
; 20°C; 5h LDPE, PVC, PMMA, PTFE
then 80°C; HDPE, PS, Rubk;er ’ ’
20 min EPS, PU,
EVA, Rubber
Spheres: cera
microcrystallina, PE, EPS
—125um — Imm
No matrix KOH 56g/L LO: PE Fragments: PE — 125um- recovery rate, FTIR | [10]

Imm
Fibers: Nylon — 125um-
Imm
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Previous tests
confirmed the
resistance of

1-5 mm fibers (PET, PP)

plastic
S KOH 10% particles . .
Fish tissue 20°C 2-3 against  10% particles >0.2 mm visually [11]
KOH
(Mergia,
unpublished
data)
- limited effect
m no matrix, on 3 fluorescent PS beads:
efficiency with o fluorescence | A Thermo Fisher Scientific
a zebrafish and gn%{) 6(1)8CA) >99% mixed well B Baseline ChromTech if::::rrl:iscensc‘:EM ATR- | [12]
D. magna | 5, ’ > >95% ingested | dispersed Research Centre FTIR v,
"S mixed and after C: Big Goose ChromTech
ingested treatment Research Centre
= LO: PS
% Errlmted effect 3 fluorescent PS beads:
Z fluorescence A Thermo Fisher Scientific fluorescence
~1 no matrix NaOO H 10M, aggregation B Bascline ChromTech intensity, SEM ATR- | [12]
) 60°C, 24h Research Centre
after L FTIR
= treatment C: Big Goose ChromTech
.T'; LO: PS Research Centre
-z size distribution
2 (Malvern Mastersizer
. S long bed), spectral
. o, | not considered | L4: PLA, | PS, LDPE, PVC, PP, PET,
el KON W% e e ot PET | PR LA chngs b I 1
uae ’ 2 polymers L1: PS, PVC |size: 80 — 330 um o ’
effectivity by
reduction of dry
weight
250 — 500 pm fragments
LO: PET, PE
0, > >
Soil  organic K?H 10%, PVC, PP, PS (PE, PVC, PS)
matter 40°C  and | 20-70 % fragments 500 pm-1 mm fragments | ATR-FTIR [14]
50°C, 24h & (PET, PE, PVC, PP, PS)

*Polymer abbreviations:

o1

Cellulose acetate (CA), high and low density polyethylene (HDPE & LDPE), polylauryllactam
(PA12), polycaprolactam (PA6), polyamide (PA), polycarbonate (PC), polyethylene terephthalate (PET), poly(methyl-
methacrylate) (PMMA), poly- propylene (PP), polystyrene (PS), cross-linked polystyrene (PSXL), polytetrafluoroethylene
(PTFE), polyurethane (PUR) and polyvinyl chloride (PVC). expanded polystyrene (ePS), polyester (PEST).




Acidic sample purification methods (one acid e.g. HNO3; HCI, H2S0y)

Table S3: List of studies that evaluated sample purification methods on their potential to degrade common
plastics based on acidic solutions.
The degradation strength was classified according to the classification scheme in Table 1.

square 5 mm?, PVC
fragment irregular

Observed
Saml?le Protocol Purl.ﬁ cation | effect on Size 0 fassessed Evaluation method Reference
matrix efficiency synthetic particles/fibers
polymers
22.5M/95%
HNO3; L4: PA Fragments:
. 20°C; L3 (without |PVC, PE —250um .
Mussel tissue overnight n.d. tissue): PS Fibers of unknown origin recovery rate, visually | [15]
then 100°C; with different sizes
2h
L3: PA-12
Protocol 3: L1: CA,
LDPE,
65%/14M
HDPE, PA-
HNO3; 12 weight, visually, Pyr
~ : oC. > > e
6 Mussel tissue (Z)Sercn,i o n.d. PC. PET, n.d. GC/MS, Raman [4]
N then 6§°C' PMMA, PP,
(~] oh ’ PS, PSXL,
m PTFE, PUR,
N uPVC, ePS
—
@)
an strong 3 fluorescent PS beads:
- decrease of | A Thermo Fisher Scientific
6 HNO3, 69% fluorescence | (5 pm) fluorescence intensit
no matrix (Wiw), aggregation | B Baseline ChromTech SEM ATR-FTIR Y, [12]
Z 70°C, 2h after Research Centre
m treatment C: Big Goose ChromTech
o L2: PS Research Centre
ey
v
-
&
ot
= 35%/6.5M L3:PET, | pragmens 123um-300um:
< Mussel tissue | HNO3; 100% HDPE ’ ’ recovery, rate, visual, [6]
(frozen) 60°C; >12h, ° L4: PA Nvlon thread: 5000m- FTIR
stirred LO: PVC yo cad: M
1000pum
Nylon (Polyhexamethylene
5500/12M L4: PA (24h) nonanediamide) cylindrical
HD PE pellet round 4 mm?
S HNO3; L0: HDPE .
Fish tissue and and film square 5 mm? Visually, recovery rate,
. room n.d. (film, pellet . . [16]
no matrix bead 0.3 mm diameter, PS | weight
temperature & bead), PS, foam round 5 mm?. PES
4 weeks PVC,PES | oamrou i
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L4: PA, PET,

I;;\IO/?? 57 EISJRPS visual, gravimetry,
no matric O n.n . bulk erosion (GPC), this study
M, boiling, L2: PC, PE, ATR-FTIR
2h PP
L0: PVC
LDPE, HDPE, PP, PS,
PET, PVC, PA-6; PA-6,6
. fragments, <300um recovery rate, SEM,
S 37% HCI; L4:PA, Raman spectroscopy
Fish tissue 25 °C- 96,11 >95% L3: PET [7]
= ’ L2: PVC . .
5 LDPE, HDPE, PP, PS foil |recovery rate, weight
0,25mm? (derived from
CQ, packaging products)
=
« ) LDPE, HDPE, PP, PS,
5 Il;i'_g’/g'@ PET, PVC, PA-6; PA-6,6
an 69%/15.5M L3:LDpE, | tagments, <300um S
« | Fish tissue HNO3;25 |>95% HDPE, PP recovery rate, SEM, =15,
ey °C: 96h L2: PET . Raman spectroscopy
@) ’ Ve ’ LDPE, HDPE, PP, PS foil
) ;
Z L1: PS O,ZSmm (derived from
m packaging products)
.
b;[) ascorbic LO: PE, PP, visual, FTIR in
L X PET(PEST), |PE, PP, PET(PEST), PVC, [ reflection mode on
~ 1o matrix a‘“Ld (1%% PVC, PS, PS, PTFE, PA, PLA, gold-coated [17]
.2 Elfl’) Ih J PTFE, PA, EvOH, size: 125 - 200 um | polycarbonate
= PLA, EvOH membranes
<
LO: PE, PP, visual, FTIR in
citric acid PET(PEST), |PE, PP, PET(PEST), PVC, | reflection mode on
no matrix (30 mL, PVC, PS, PS, PTFE, PA, PLA, gold-coated [17]
0.55M) 24h PTFE, PA, EvOH, size: 125 - 200 um | polycarbonate
PLA, EvOH membranes
H2S05
Peroxymon
oseu(l)fu};ic0 Eg gg%PUR Films 10 10 visual, gravimetry,
no matrix acid (3:1 n.d. PUR PC.PS. |1 6(‘)nsm mm XU MmMX - bulk erosion (GPC), | this study
H202 & PE I;P U ATR-FTIR
H2S04), ’
20.5°C, 48h

*Polymer abbreviations: Cellulose acetate (CA), high and low density polyethylene (HDPE & LDPE), polylauryllactam
(PA12), polycaprolactam (PA6), polyamide (PA), polycarbonate (PC), polyethylene terephthalate (PET), poly(methyl-
methacrylate) (PMMA), poly- propylene (PP), polystyrene (PS), cross-linked polystyrene (PSXL), polytetrafluoroethylene
(PTFE), polyurethane (PUR) and polyvinyl chloride (PVC). expanded polystyrene (ePS), polyester (PEST).
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Acidic sample purification methods in combination with a second acid, oxidation

agents or microwave digestion (e.g. HNO3; & HCIO4, H:SOs5, HNO3 & NaClO))

Table S5: List of studies that evaluated sample purification methods on their potential to degrade common
plastics based on acidic solutions in combination with a second acid, an oxidation agent or microwave digestion.
The degradation strength was classified according to the classification scheme in Table 1.

Observed
Sam}?le Protocol Plll‘l.fi cation effect Ofl Size .Of assessed Evaluation method | Reference
matrix efficiency synthetic particles/fibers
polymers
Protocol 4: L3: PA-12
4:1 mixture
L1: CA,
65%/14M
HNO3 & LDPE,
= 65% HDPE, PA- eight, visually, Pyr
S | Mussel tissue ° n.d. 12, PC, PET, |n.d. weight, visually, EyT= | g
L HCIO4; PMMA. PP GC/MS, Raman
E s
< st PTFE, PUR,
L then boiling WPVC. ePS
j: 10 min ’
=
=
=]
(D)
D)
7}
< strong
- HNO3 decrease of | fluorescent PS beads:
e A Thermo Fisher Scientific
o (69%) : fluorescence B Baseline ChromTech fluorescence
3 no matrix HCL (37%), aggregation Rescarch Centre intensity, SEM ATR- [ [12]
= 1:1, 80°C, 1 after o FTIR
C: Big Goose ChromTech
e & 2h treatment Research Centre
= L2: PS
<
=
ot
E
=
()
=
o
2 HNO3 strong 3 fluorescent PS beads:
. o decrease of . o
(69%) : fluorescence A Thermo Fisher Scientific fluorescence
i . HCL (71%) . B Baseline ChromTech . .
() ’ -
<ﬂ no matrix 4:1,20°C & Zgiegatlon Rescarch Centre ;n;elﬁsny, SEM ATR- [[12]
90°C, 1,6 treatment C: Big Goose ChromTech
& 12h L2: PS Research Centre
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th a second treatment

ion wi

inat

b

icin com

Aci

9% NaClO;
20°C;

overnight
then formaldehyde
filtered; - none Y
65% HNO3 .
NaClO
& 9% treatment:
Fish ti NaCloO; d ’ PET, PVC, PE, PP, PS, visually, weight, 13
1Sh fissue 20°C; Smin; Very goo hone PC, PA - 0.5-4 mm Raman [18]
Methanol:
then
filtered: loss of mass
99% ’ for PVC
0,
methanol; (25%, L1)
ultrasonicati
on; 20°C, 5
min
L3: plastic
. recovery
E/ihirs(iivgive <25% for PP, | Reference:
Wigth LDPE,PE  |PP & PE (3 um),
Marine biota N n.d. and EPS Household samples: Recovery rate, weight | [19]
65%/14M .
P2: plastic PA, EPS, PET and 2 type
HNO3 and ;
then H202 recovery 50 — | of LDPE (0.25 mm?)
75% for PET,
PA
4:1 mixture
L3: PA, PU .
0, ] )
(6&97/‘651\]03 tire rubber | LDPE, HDPE, PP, PS, Visually
0 . -6 —
Fish tissue HCl104; n.d. L2: ABS, PET, PVC, PA-6; PA-6,6 recovery rate, SEM, | [9]
o PMMA, PVC | fragments, <300pum
20°C; 5h ) Raman spectroscopy
then 80°C: L1: PS, EPS,
en o, PET, PC
20 min
formaldehyde
: LO for all
65% HNO3 NaClO: L0
for all
& 9% Methanol: L1
Fish tissue NaCloO; very good loss of meiss PET, PVC, PE, PP, PS, visually, weight, [18]
20°C; Smin; | V<Y & PC, PA — 0.5-4 mm Raman
then ?Z)r (};\)/C
. 5%
filtered; HNO3 &
NaClO: L0
for all

*Polymer abbreviations: Cellulose acetate (CA), high and low density polyethylene (HDPE & LDPE), polylauryllactam
(PA12), polycaprolactam (PA6), polyamide (PA), polycarbonate (PC), polyethylene terephthalate (PET), poly(methyl-
methacrylate) (PMMA), poly- propylene (PP), polystyrene (PS), cross-linked polystyrene (PSXL), polytetrafluoroethylene
(PTFE), polyurethane (PUR) and polyvinyl chloride (PVC). expanded polystyrene (ePS), polyester (PEST).
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Enzymatic sample purification methods

Table S6: List of studies that evaluated sample purification methods on their potential to degrade common
plastics based on single enzymes or a sequential use of different enzymes and/or other agents.
The degradation strength was classified according to the classification scheme in Table 1.

Observed
Sample matrix | Protocol Purlfi cation | effect on Size .Of assessed Evaluation method | Reference
efficiency synthetic particles/fibers
polymers
PS spheres (1.5 — 3.0 mm),
PA fishing line (400 um
diameter, length 1mm),
Proteinase-K; LO: PS, PA, | PES fibers (10 - 30 pm visually, weight
Zooplankton 50°C: 2h > 1>97% PES, PE, diameter, length 0.75 - 1.5 counts ’ ’ [3]
’ PVC mm), PVC granules (60 —
120 um), PE fragments (60
—-500
um) from cosmetics
V)
(,1),'312§A) LO: PET, Visuall
Mussel tissue | PO 88% HDPE, PVC, | <0.5 mmand 0.5-5.0 mm | | a3 FECOVEY 1 oy
digestion; 38- PP. PS. PA rate, SEM
42°C; 30 min T
L0 (93% Fragments: PET, HDPE,
Corolase recovery PVC - 125um-500pm te. visual
Mussel tissue | 7086; 60°C; | 100% rate): PET, ;"Tcﬁzery’ rate, visual, | 161
>12h HDPE, PVC, | Nylon thread: 500pm-
PA 1000um
LO: PET,
sequence of d PUR, PC,
SDS, 5 Very goo PS, PE, PP, . visual, gravimetry,
. according to Films 10 mm x 10 mm x . .
¢y | no matrix enzymes and Loder. Imhof PVC 100 pm bulk erosion (GPC), | this study
= hydrogen [1] ? L1: PA (due ATR-FTIR
< peroxide to hydrogen
E peroxide)
5‘ ssfl:ggence of Reference:
= rotéinase—K L0: PP, PE, | PP & PE (3 pm), Recovery rate
= | Marine biota %202 (30% > | n.d. LDPE, PET, | Household samples: covery rate, [19]
0) weight
filtration until PA, EPS PA, EPS, PET and 2 type
of LDPE (0.25 mm?)
dry.
10% SDS 48
h 50°C;
Fenton’s
reagent:
1:1 0.05M
FeSO4
solution H202 Visual
(30%), 1h, LO: PET, PE, >
40°C; PVC, PA ATR-FTIR,
Soil organic Protease 12 h | 77.2 £ 6.6% Bulk erosion .(.GPC)’
& 100-400 um thermal transition [21]
matter 50°C; (SD) L3: PLA due . .
Pectinase 48 to Protease cl'laracter.lstlcs via
h 50°C: treatment dlffer'entlal scanning
Viscozyme calorimetry (DSC)
48 h 50°C;
Cellulase 24
h 40°C;
Fenton’s
reagent 1 h
40°C

*Polymer abbreviations: Cellulose acetate (CA), high and low density polyethylene (HDPE & LDPE), polylauryllactam
(PA12), polycaprolactam (PA6), polyamide (PA), polycarbonate (PC), polyethylene terephthalate (PET), poly(methyl-
methacrylate) (PMMA), poly- propylene (PP), polystyrene (PS), cross-linked polystyrene (PSXL), polytetrafluoroethylene
(PTFE), polyurethane (PUR) and polyvinyl chloride (PVC). expanded polystyrene (ePS), polyester (PEST).
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Oxidative sample purification methods

Table S7: List of studies that evaluated sample purification methods on their potential to degrade common
plastics based on oxidative agents.
The degradation strength was classified according to the classification scheme in Table 1.

Observed
Sample matrix | Protocol Purification | effect on Size of assessed Evaluation Reference
P efficiency synthetic particles/fibers method
polymers
sludge:
mass loss
41.3% +
0,
2.r1 irfi)’ Pellets:
e PP -3-6.3 mm
removal L1: PS, PAG6, IﬁDDI;% B éi_;%smrglm
80.2% + PVC Granules: o
Sludge, soil 30% H202; | 4.20% LO: PP, LDPE, ’ weight, size,
. o o PS —3.1-4.0 mm : [5]
and no matrix | 60°C; 24h | soil: mass HDPE, optical changes
PA-6,6 —2.9-4.4 mm
loss 41 PMMA, PC,
6.54% PET PC-3.1-3.8 mm
) PMMA - 2.8-4.3 mm
1.01%, ]
roanic Beads:
org PET - 2.9-3.6 mm
matter
removal
96.3% +
14.9%
limited effect | 3 fluorescent PS beads:
Ha05 30% on A Thermo Fisher Scientific fluorescence
. fluorescence B Baseline ChromTech . .
no matrix (Wiw), . intensity, SEM [12]
65°C. 24h well dispersed | Research Centre ATR-FTIR
o ’ after treatment | C: Big Goose ChromTech
> LO: PS Research Centre
= LO:
<& formaldehyde
= & PET, PVC,
4 o ) PE, PP, PS,
o go/zé\llaﬂo, PC. PA
Fish tissue overn’i bt | very eood Fragments: 0.5-4 mm: PET, | visually, weight, [18]
e Y8 L0:NaClO & |PVC, PE,PP,PS,PC,PA | Raman
filtered: PET, PVC, PE,
i PP, PS, PC, PA
L1: Methanol
& PVC
Cospheric polyethylene
microspheres (500-600 mm),
polystyrene powder (PS, 250
organic matter | H202 15%, pum, Goodfellow Cambridge
from marine 30% 24h, [n.d. LO: PE, PS Ltd., Huntingdon, England), | Raman [22]
snow 75°C and polyethylene powder
(PE, Alfa Aesar, Ward Hill
MA, US)
LO: PET, PUR, visual, gravimet
. H20230%, PC,PS,PE, |Films 10 mm x 10 mm x 100 » BT Yol
no matrix 37°C. 24h n.d. PP. PVC m bulk erosion this study
’ LLPA M (GPC), ATR-FTIR
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250 — 500 pm fragments: PE,
PVC, PS

. . o .
rSn‘:tlt:rrgamc ?5% 320 4{‘1” ~80-90% IEQ,'CP 'g; 1;1;, 500 pm-1 mm fragments: | ATR-FTIR [14]
i > PET, PE, PVC, PP, PS
) 1-5 mm fibers: PET, PP
2
N
o] e
= size distribution
'E (Malvern
o . Mastersizer S long
. 20 ml H202 Ll: PLA, PVC PS, LDPE, PVC, PP, PET, bed), spectral
activated o 71.3% + LO: PS, LDPE,
sludge (30%), 1.2% PVC. PP. PET PA, PLA changes by puFTIR [[13]
60°C,24H | PA T * | size: 80 — 330 um and TD-Pyr-
GC/MS, effectivity
by reduction of dry
weight
L0: TPU ester, | Particle obtained by cryo-
— milling: size 80 pm, 250 pm,
TPU_ether, .
, 315 pum, 1 mm) Scanning Electron
Fenton's PA6, LD-PE . 1 I .
. reagent; L2: PLA- Biodegradable polymer Mlcroscppy, ATR-
no matrix ' n.d ) blends: PLA-based, PBAT- | FTIR, Size [23]
pH3, 21°C, based, PBAT- S
based and PBS-based, distribution, GPC,
2h based, PBS- h .
based thermoplastic polyurethane | p-CT
L3: tire rubber (TPU_ester, TPU_ether),
’ PAG6, tire rubber, LD-PE
sludge:
mass loss
43.8% +
6.61%, Pellets:
organic PP -3-6.3 mm
matter LDPE -3.4-4.5 mm
Fenton's removal LO: PP, LDPE, | HDPE — 3.6-5.0 mm
Sludge, soil reagent; 86.9% + HDPE, PS, Granules: weight, size
and 1%0 ‘matrix 2050"6' 9-87% PA-6.6, PS —3.1-4.0 mm 0 ti%alychan’ es [5]
San - |soil:mass | PMMA,PC, |PA-6,6—29-4.4 mm P 8
= loss 6.81% = | PET PC-3.1-3.8 mm
S 1.56%, PMMA — 2.8-4.3 mm
= organic Beads:
é matter PET —2.9-3.6 mm
removal
106% =
13.8%
Fenton's LO: PE, PP,
e R
Wastewater min éz 10 ood concentr;f[ions) PP~ 85mm? Visually (surface [24]
W . & ) . PVC - 13mm? area) , ATR-FTIR
min L1: PA (at high B )
. Nylon — 12mm’
cooling catalyst
phase concentrations)
Fenton’s
reagent
1:10.05M . .
LO: PET, PUR, | .. visual, gravimetry,
no matrix Scfliggn n.d. PC, PS, PE, ﬁﬁlms 10mm x 10 mm x 100 bulk erosion this study
H202 PP, PVC, PA (GPC), ATR-FTIR
(30%), 75
°C,m 24h
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Fenton

activated
sludge

Fenton: 10
ml FeSO4
7TH20
(20g/L)
with ph3,
add 20 ml
H20 30% +
additional
50 ml at
90°C, 2x
10 min,
addition of
H2S04
98% in
drops to
dissolve
FeO for
30s

83.5% +
1.8%

L1: PLA, PVC,
PET

LO: PS, LDPE,
PP, PA

PS, LDPE, PVC, PP, PET,
PA, PLA
size: 80 — 330 um

size distribution
(Malvern
Mastersizer S long
bed), spectral
changes by pFTIR
and TD-Pyr-
GC/MS, effectivity
by reduction of dry
weight

[13]

no matrix

Fenton:
(100 mL
30%
H202, 12.5
mL 0.5 M
FeSO4). 1h

LO: PE, PP,
PET(PEST),
PVC, PS,
PTFE, PA,
PLA, EVOH

125 - 200 pm: PE, PP,
PET(PEST), PVC, PS,
PTFE, PA, PLA, EvOH,

visual, FTIR in
reflection mode on
gold-coated
polycarbonate
membranes

[17]

Soil organic
matter

Fenton: 25
mL H202
(30%), 25
mL 0.05M
FeSos
solution;
50°C

~50-90%

LO: PET, PE,
PVC, PP, PS

250 — 500 um fragments (
PE, PVC, PS)

500 pm-1 mm fragments
(PET, PE, PVC, PP, PS)
1-5 mm fibers (PET, PP)

ATR-FTIR

[14]

Treated
wastewater
effluent,
sewage sludge,
raw wastewater

Fenton:
100 mL
0.05M
FeSO4, 100
mL 30%
H202,
sequence
ofupo3
cycles

n.d.

38-50 um: PMMA particles

100 pm: PS beads

p-FTIR

(Cunsolo et
al. 2021)

*Polymer abbreviations: Cellulose acetate (CA), high and low density polyethylene (HDPE & LDPE), polylauryllactam
(PA12), polycaprolactam (PA6), polyamide (PA), polycarbonate (PC), polyethylene terephthalate (PET), poly(methyl-
methacrylate) (PMMA), poly- propylene (PP), polystyrene (PS), cross-linked polystyrene (PSXL), polytetrafluoroethylene
(PTFE), polyurethane (PUR) and polyvinyl chloride (PVC). expanded polystyrene (ePS), polyester (PEST).
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Other combinations for sample purification

Table S8: List of studies that evaluated sample purification methods on their potential to degrade common
plastics based on combinations of different treatment agents.
The degradation strength was classified according to the classification scheme in Table 1.

Observed
Sample Protocol Purification | effect on Size of assessed Evaluation Reference
matrix efficiency synthetic particles/fibers method
polymers
LO:, . .
TPU ester particles obtained by cryo-
L - ’ milling: size 80 pm, 250 pm,
. TPU _ether. .
.Z Basic PA6_LD-P’E 315 pm, 1 mm) Scanning Electron
N Piranha L3: I’)L A- Biodegradable polymer Microscopy, ATR-
,.g no matrix (H202 and bas.e 4 PBAT- blends: PLA-based, PBAT- | FTIR, Size [23]
o NH3); 21°C, based. PBS- based and PBS-based, distribution, GPC,
é 2h base d, thermoplastic polyurethane | p-CT
Ld- ti;e (TPU _ester, TPU_ether),
= ' PAG, tire rubber, LD-PE
= rubber,
< LO: PP,
g - LDPE, HDPE,
= (KOH:NaCl i%sm;s[} PA
g Fish tissue 0); 20°C; Sh | very good EVA’ PE’T > 1 0.5cm x lem x Imm visually [9]
o then 80°C; o0
< 20 min PC, Nitrile,
PVC, PMMA,
PTFE, Rubber
L
>
ot
~—
<
=
ot
»
(= 1M/4%
) NaOH; 50°C;
= 15 min then L4: PA
s add L2: EES, ;IETP FIJ’AL ?EEC’ I:PI 2mm | Weight, visual
.2 Fish tissue 65%/14M 100% LDPE, PVC- EPSL 1_’5 mm ATRg-F’TIR ’ [25]
HNO3 & soft and rigid
’5‘ H20; 50°C; L1: PET
< 15 min; then
q)ﬁ 80°C; 15 min
=
© pu
—(
<
<
—
<

*Polymer abbreviations: Cellulose acetate (CA), high and low density polyethylene (HDPE & LDPE), polylauryllactam
(PA12), polycaprolactam (PA6), polyamide (PA), polycarbonate (PC), polyethylene terephthalate (PET), poly(methyl-
methacrylate) (PMMA), poly- propylene (PP), polystyrene (PS), cross-linked polystyrene (PSXL), polytetrafluoroethylene
(PTFE), polyurethane (PUR) and polyvinyl chloride (PVC). expanded polystyrene (ePS), polyester (PEST).
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Density separation

Table S9: List of studies that evaluated sample purification methods on their potential to degrade common
plastics based on density separation agents.
The degradation strength was classified according to the classification scheme in Table 1

. . Observed effect | .
Sample Purification . Size of assessed .
it Protocol . on synthetic . Evaluation method | Reference
matrix efficiency particles/fibres
polymers
L1: PUR . visual, gravimetry,
no matrix n.d. LO: PET, PA, Fﬁlmslo mm x 10 mm x 100 bulk erosion (GPC), | this study
PC,PS,PE, PP | M ATR-FTIR
Density
separatio LO0: LDPE,
Freshwater n with n.d. HDPE, PP, PS, II;ED{:]E’ g{ 2D ri]rir; })SPr’nfr’r?’ PVC, Visually, FTIR [26]
o zinc PVC, PET ’
chloride
.E
o Znch ig ?XOH visual, FTIR in
= densit LO: PE. PP PE, PP, PET(PEST), PVC, reflection mode on
& | no matrix y A PS, PTFE, PA, PLA, EvOH, | gold-coated [17]
1.75 PET(PEST), S
g ke/L, 24h PVC. PS. PTFE. | 1% 125 -200 pm polycarbonate
S PA, PLA, EvOH membranes
ZnCI2
solution Visual
. density | >99% (dry LO: PE, PET, ’
Soil 18 wh) PVC, PA, PLA 100-400 pm ( all) ATR-FTIR [21]
g/em?, 24
h
ZnCI12 250 — 500 um fragments (
density . PE, PVC, PS)
Soil 1.7 n.d. I};gé) Fi)jl;’ };]g’ 500 um-1 mm fragments ATR-FTIR [14]
g/em?, e (PET, PE, PVC, PP, PS)
overnight 1-5 mm fibers (PET, PP)
D
=
o puy
s NaCl
2 soalution 250 — 500 um fragments (
S densit LO: PET, PE PE, PVC, PS)
< Isoil 12 Y n.d. PV‘C PP’ PS’ 500 um-1 mm fragments ATR-FTIR [14]
=) - Sl (PET, PE, PVC, PP, PS)
= grem 1-5 mm fibers (PET, PP)
:_a overnight
=
N
5SmL
Canola
o oil in 300
© .
= m.L' LO: PET, PE, PP, 250 — 500 um fragments (
distilled PS
E water in L1: PVC (oil PE, PVC, PS)
& | Soail . n.d. . 500 um-1 mm fragments ATR-FTIR [14]
an orbital residue may
= (PET, PE, PVC, PP, PS)
~ shaker, 2 change the IR 1.5
-5 mm fibers (PET, PP)
@) h at 100 spectra)
rpm,
settling
overnight
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g Density

(=) separatio LO: LDPE,

"5‘ Freshwater nwitha |n.d. HDPE, PP, PS, LDPE, HDPE, PP, PS, PVC, Visually, FTIR [26]
= sucrose PVC, PET PET=0.2 mm -5 mm

4 ) solution

*Polymer abbreviations: Cellulose acetate (CA), high and low density polyethylene (HDPE & LDPE), polylauryllactam
(PA12), polycaprolactam (PA6), polyamide (PA), polycarbonate (PC), polyethylene terephthalate (PET), poly(methyl-
methacrylate) (PMMA), poly- propylene (PP), polystyrene (PS), cross-linked polystyrene (PSXL), polytetrafluoroethylene
(PTFE), polyurethane (PUR) and polyvinyl chloride (PVC). expanded polystyrene (ePS), polyester (PEST).
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Tackling the Challenge of Extracting Microplastics from Soils:
A Protocol to Purify Soil Samples for Spectroscopic Analysis

Julia N. Méller,®* Ingrid Heisel,® Anna Satzger,® Eva C. Vizsolyi,® S.D. Jakob Oster,® Seema Agarwal,b Christian Laforsch,®*
and Martin G.J. Léder®*

“Department of Animal Ecology | and BayCEER, University of Bayreuth, Bayreuth, Germany
PDepartment of Macromolecular Chemistry II, University of Bayreuth, Bayreuth, Germany

Abstract: Microplastic pollution in soils is an emerging topic in the scientific community, with researchers striving to de-
termine the occurrence and the impact of microplastics on soil health, ecology, and functionality. However, information on
the microplastic contamination of soils is limited because of a lack of suitable analytical methods. Because micro-Fourier-
transform infrared spectroscopy (u-FTIR), next to Raman spectroscopy, is one of the few methods that allows the determi-
nation of the number, polymer type, shape, and size of microplastic particles, the present study addresses the challenge of
purifying soil samples sufficiently to allow a subsequent p-FTIR analysis. A combination of freeze-drying, sieving, density
separation, and a sequential enzymatic-oxidative digestion protocol enables removal of the mineral mass (>99.9% dry wt)
and an average reduction of 77% dry weight of the remaining organic fraction. In addition to visual integrity, attenuated total
reflectance FTIR, gel permeation chromatography, and differential scanning calorimetry showed that polyamide, poly-
ethylene, polyethylene terephthalate, and polyvinyl chloride in the size range of 100 to 400 um were not affected by the
approach. However, biodegradable polylactic acid showed visible signs of degradation and reduced molecular weight
distribution after protease treatment. Nevertheless, the presented purification protocol is a reliable and robust method to
purify relatively large soil samples of approximately 250 g dry weight for spectroscopic analysis in microplastic research and
has been shown to recover various microplastic fibers and fragments down to a size of 10um from natural soil samples.
Environ Toxicol Chem 2022;41:844-857. © 2021 The Authors. Environmental Toxicology and Chemistry published by Wiley
Periodicals LLC on behalf of SETAC.

Keywords: Microplastics; Soil contamination; Analytical chemistry; Purification protocol; Enzymatic-oxidative digestion;
p-FTIR

INTRODUCTION introduce microplastics directly into soil systems, such as using
treated wastewater for irrigation (He et al. 2018), applying
sewage sludge and certain compost types as fertilizers
(Weithmann et al. 2018; Corradini et al. 2019; Van den Berg
etal. 2020), or practicing plastic-film mulching (Zhou et al. 2019).
However, nonagricultural soils have also been shown to contain
microplastics, such as floodplain soils (Scheurer and Bigalke
2018), soils on industrial sites (Fuller and Gautam 2016), and soils
in home gardens (Huerta Lwanga et al. 2017).

Ongoing research indicates that different types of micro-
plastics may potentially influence a soil's health and functionality
This article contains online-only Supplemental Data. in different ways. For instance, De Souza Machado et al. (2019)

This is an open access article under the terms of the Creative Commons conducted a study in which soils and spring onions
Attribution License, which permits use, distribution and reproduction in any

medium, provided the original work is properly cited.

Introduction of macro- as well as microplastics into soils is
estimated to exceed the numbers emitted into water bodies
by far (Kawecki and Nowack 2019). Hence, a substantial pro-
portion of plastic pollution is expected to enter and remain
permanently in the soil column (Rillig et al. 2017; Hurley and
Nizzetto 2018; Rochman 2018). One entryway for microplastics
into soils is mismanagement of waste (Lebreton and Andrady
2019), but also common agricultural practices are known to

were exposed to 6 microplastic types, including beads, fibers,
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allowing the tentative assumption that the microplastic's shape
and size may also be relevant to the impact on soil properties. To
better assess the impact of plastics on soil functionality, it is in-
dispensable to accurately evaluate the microplastic con-
tamination with regard to polymer type, shape, and size.
Therefore, appropriate analytical tools and methods are nec-
essary.

To date, there is no established standard method for the
sampling, extraction, purification, and identification/quantifi-
cation of microplastic particles in soil samples (Méller et al.
2020). However, methods developed for analyzing aquatic
sediments, which have been the focus of research for a com-
paratively longer time than soils, can potentially be adapted
and the lessons learned from them considered for the proc-
essing of soil samples for microplastic analysis. The following
paragraph describes several methods mentioned in the liter-
ature to extract microplastics from sediment and soil samples.

One of the simplest methods used to extract microplastic
particles from soil samples is manual sorting, which is often
applied for particles >1 mm (Piehl et al. 2018, soil). Other
methods used are oil extraction (Scopetani et al. 2020, com-
post and soil) and density separation with highly dense salt
solutions using Nal, ZnCl,, NaBr, or Nag[H,W1,0,] (Méller et al.
2020, diverse matrices) to remove the mineral matrix. These
extraction procedures are often found in combination with one
or several purification steps to remove the organic compo-
nents. These can include an oxidization step with hydrogen
peroxide (H,O,; Nuelle et al. 2014, marine sediment) or
Fenton's reagent (Tagg et al. 2017, wastewater; Hurley et al.
2018, sludge and soil) or alternatively an enzymatic digestion
procedure (Léder et al. 2017, marine sediment and water). The
methodologies used to identify the microplastic particles also
vary between microplastic research groups. Some methods are
based on visual identification, for example, by staining the
microplastic particles with the fluorescent Nile red (Maes et al.
2017, marine sediment), while others rely on a combination of
gas chromatography and mass spectrometry (GC-MS) to
identify the polymer type and mass of the microplastics in a
sample. Examples of this type of approach include pyrolysis
GC-MS used for marine sediments (Nuelle et al. 2014) and
thermal extraction desorption (TED) GC-MS developed by
Dimichen et al. (2017) and used for digestate. These methods,
however, only allow the analysis of very small sample sizes
(0.5mg for pyrolysis GC-MS and 20 mg for TED GC-MS), and
therefore require a high degree of sample purification if a
larger amount of sample is targeted (Diimichen et al. 2017). Itis
also important to note the loss of information on particle
numbers, sizes, and shapes when using these methods. In
comparison, focal plane array (FPA)-based micro-Fourier-
transform infrared spectroscopy (u-FTIR) and Raman micro-
spectroscopy are established methods that can identify the
polymer type, number, shape, and size of small (<500 pm) mi-
croplastic particles within environmental samples (Léder et al.
2015; Kumar et al. 2021). A precondition for the identification
of microplastic particles via these methods is that microplastic
particles are extracted and ideally isolated from the environ-
mental matrix (Loder et al. 2017).

Opposed to aquatic sediments, soils are rich in terrestrial
plant debris and humus, which are difficult to break down.
Although harsh purification steps with, for example, strong
acidic solutions are able to destroy the organic soil content,
they also alter the original plastic composition by destroying
labile plastic types (Scheurer and Bigalke 2018). To our
knowledge, no plastic-conserving approach has been pub-
lished yet that explicitly addresses those issues related to the
spectroscopic analysis of microplastics (10 um-5mm) in soil
samples. Therefore, we developed an effective sample purifi-
cation protocol specifically for the extraction and purification of
microplastics (10 um-5mm) from soil samples that allows re-
moval of the bulk mineral matter via density separation and
removal of the organic matter by a plastic-friendly enzymatic-
oxidative digestion protocol, thereby conserving the original
plastic composition.

We investigated the purification efficiency of the protocol
for an agriculturally used silt loam soil by analyzing the mass
reduction of the total purification protocol. To validate the
plastic-friendliness, potential destructive effects on micro-
plastics sized 100 to 400 pum of different plastic types—PA,
polyethylene (PE), polyethylene terephthalate (PET), polyvinyl-
chloride (PVC), and polylactic acid (PLA)}—were analyzed. We
investigated visual integrity and changes in the functional
groups on the polymer surfaces via attenuated total reflectance
(ATR)-FTIR spectroscopy, mean molar mass distribution via gel
permeation chromatography (GPC), as well as changes in the
thermal transition characteristics via differential scanning calo-
rimetry (DSC).

MATERIALS AND METHODS

The protocol is designed to allow the extraction and iden-
tification of microplastics from 10um to 5mm. Because the
process of manual extraction and ATR-FTIR analysis of particles
>500 um is not new as such, the focus will mainly lie on the
purification procedure for particles <500 um. Empirical experi-
ments concerning the purification efficiency were conducted
using three 250-g subsamples of a composite sample of silt-
loam soil obtained from the first 10cm of an experimental
agricultural field near Stuttgart, southwest Germany, on
4 December 2019. Another 250-g aliquot of the same soil was
used to verify the purification method for analysis of a natural
sample.

Prevention of sample contamination

Sample contamination with microplastic particles from
the ambient air, clothing, chemicals, or laboratory tools is a
significant concern in microplastic analysis of environmental
samples. Thus, precautionary measures were applied. Samples
were always covered with a glass lid or aluminum foil unless
direct handling was necessary. In this case samples were han-
dled under a laminar-flow box. The tools used were made of
glass, metal, or polytetrafluorethylene (PTFE), which is ex-
cluded from analysis. All required reagents and deionized
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water were filtered through 0.2-um-pore membranes (0.2-um
mixed cellulose ester membrane, diameter 47 mm, Whatman
ME 24; Merck) before use, and enzymes were filtered through
0.45-um membranes (0.45-um regenerated cellulose mem-
brane, diameter 100 mm, Whatman RC 55; Merck). All labo-
ratory equipment was thoroughly rinsed with prefiltered
deionized water, 35% ethanol, and again water before use
and in between steps. Screw caps made of plastics were re-
placed by glass caps. Cotton laboratory coats were worn at all
times. Blank samples undergoing the same procedures as
the environmental samples were used to monitor possible
contamination.

Detailed description of the purification
procedure

Following is a description of the purification procedure in a
step-by-step manual. Figure 1 shows a flowchart of the entire
process.

Sampling and subsampling. Depending on the research
question, different soil sampling techniques may be required
(Moller et al. 2020), but often the field-sample amount
exceeds the 250 g that can be processed with this protocol.
Therefore, homogenized (thoroughly mixed but not ground)
soil samples (~2kg) are divided into subsamples of 250 g by

Sampling and
subsampling
Freeze drying

>500 um <500 um

Density separation —
large separation funnels

3
J Enzymatic-oxidative digestioh

Manual sorting &
photo documentation
¥

@ [ ATR-FTIR measurement
)

Spectral analysis SDS 48h 50°C
Fenton’s reagent  1h 40°C
Protease 12h 50°C
Pectinase 48h 50°C
Viscozyme 48h 50°C
Cellulase 24h 40°C

Fenton’s reagent  1h 40°C/
:

Second density separation —
small separation funnels

¥

Transfer to sample carrier

2

H-FTIR or Raman spectroscopy ]

¥
@ Automated polymer
classification and analysis

FIGURE 1: Flowchart of the soil purification protocol for microplastic
analysis (10 um-5mm). ATR-FTIR=attenuated total reflectance
Fourier-transform infrared spectroscopy; SDS = sodium dodecyl sul-
fate; p-FTIR = micro-Fourier-transform infrared spectroscopy.

JONICRRCION

the cone-and-quarter method described by Schumacher
et al. (1990).

Freeze drying. Subsamples are freeze-dried under vacuum
for 24 h to reduce the soil's aggregate stability (Staricka and
Benoit 1995).

Sieving. Subsamples are wet-sieved with prefiltered (0.2 um)
deionized water through a sieve cascade with mesh sizes of
5mm, 1mm, and 500 um (50 mm height, 203 mm diameter;
Retsch).

Proceedings for particles >500 um. The residues on the
larger sieves (>500pum) are manually sorted under a stereo-
microscope with forceps, photographed, and stored for a
subsequent ATR-FTIR measurement and spectral analysis of all
potential microplastic particles (Loder et al. 2017).

Density separation for particles <500 um. The suspension
containing the <500-um soil fraction is transferred into a pre-
cleaned, 2-L-volume glass beaker; covered with a glass lid; and
left to settle overnight. This greatly facilitates decanting and
filtering the supernatant water over stainless steel mesh filters
(47 mm diameter, mesh size 10 pm; Rolf Kémer; filtration unit
3-branch stainless steel vacuum manifold with 500-mL funnels
and lids; Sartorius) to remove the water in preparation for a
density separation step with a highly dense aqueous zinc
chloride (ZnCly) solution (p=1.8 gcm™3; Th. Geyer; Imhof et al.
2012). The filter is kept, and the retained particles are washed
back into the beaker with the prefiltered (with a 1-um poly-
propylene (PP) absolute filter cartridge, followed by a 2-um
stainless steel mesh filter) ZnCl, solution. If necessary, the
particles may be scraped off the filter gently using a small metal
spatula. The sludge remaining at the bottom of the beaker is
then mixed with approximately 1L of the prefiltered ZnCl,
solution

and stirred with a stir bar for 20 to 30 min to disperse any
remaining aggregates. Subsequently, a custom-made straight-
walled glass separation funnel (@=15cm, H=45cm) with a
volume capacity of approximately 4L is filled with
approximately 1L ZnCl, solution, and an overhead stirrer
(LLG-uniSTIRRER OH2, 3-hole paddle stirrer, @ =67 mm) is
inserted and set to 50 rpm. Under continuous stirring, the ho-
mogenized soil-ZnCl, mixture is transferred into the separation
funnel, and another 1 L of the ZnCl, solution is used to rinse all
remaining particles from the beaker into the funnel, resulting in
a final volume of approximately 3 L. The filled separation funnel
is then covered with aluminum foil and stirred for 2h before
being left to settle overnight. After a minimum of 12h of
sedimentation, the bottom sediment and ZnCl, solution are
slowly drained from the funnel, collected, and stored in a clean
glass beaker, leaving the low-density fraction (i.e., organic and
plastic) floating in the supernatant (0.6L) in the separation
funnel. This fraction is then discharged into a second clean
glass beaker via the tap at the bottom and rinsed out of the
separation funnel with a fresh ZnCl, solution. The collected
supernatant is then filtered over 10-um stainless steel mesh

© 2021 The Authors
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filters. The filter cake is then briefly washed with 98% filtered
(0.2 um) ethanol and then with filtered deionized water to re-
move residual ZnCls. This filter cake is then placed, along with
the filter, into a 290 mL precleaned mason jar with a glass lid
(WECK) to be further processed with the sequential enzymatic-
oxidative digestion protocol (see section Enzymatic-oxidative
digestion).

The density separation procedure is then conducted a
second time with the drained sediment, to increase recovery.
The supernatant is collected and filtered, and the filter cake
and second filter are added to the same mason jar as the
supernatant collected from the first density separation be-
cause it is part of the same sample. The ZnCl;, solution used
during the density separation process is collected and re-
generated by filtration for future use. The density of the ZnCl,
solution is checked during regeneration, if the solution
reaches a density of 1.7 gcm™ as a result of the dilution with
the moist sample, more ZnCl; is added to increase the den-
sity back to 1.8 gcm™.

Enzymatic-oxidative digestion. The present enzymatic pu-
rification protocol for soil samples is an optimized adaptation of
the universal enzymatic purification protocol published by
Léder et al. (2017).

The filter cake containing the low-density fraction of the
density separation step is consecutively washed off the
stainless steel filters into a reaction jar with a small amount of
water or buffer using a self-designed high-pressure spray
bottle with a needle nozzle, to which the respective chemical
reagent or enzyme is added (see Table 1). The filters are also
placed into the reaction jar. The mixture is then incubated at
the respective temperature (see Table 1), under gentle agi-
tation in an incubation cabinet. Subsequently, the filters,
which are continuously used in every procedural step, are
taken out of the jar and thoroughly rinsed with filtered, de-
ionized water, washing any adhering particles back into the
reaction jar. The cleaned filters are then placed into the
stainless steel vacuum filtration unit funnels, through which
the sample is then filtered. The jar is thoroughly rinsed onto
the filters, and the filter cake on the stainless steel filters is
washed with filtered deionized water to avoid reagents from
the previous step interfering with subsequent reactions.
Thereafter, any residual particles sticking to the filtration
funnel are washed into the reaction jar with water or the ap-
propriate buffer to avoid further dilution. The filters and filter
cake are also added for the consecutive step.

TABLE 1: Enzymatic-oxidative digestion protocol for soil samples®

Step a. Sodium dodecyl sulfate (SDS) is an anionic detergent
capable of solubilizing lipids and proteins from cell walls (Cic-
colini et al. 1998). We used 50 mL of a 10% (w/v) SDS solution
per reaction jar, incubated for 48 h at 50 °C.

Step b. Fenton's reagent is a strong oxidizing agent com-
posed of H,O, and a ferrous ion (Fe?*) catalyst, proposed in
several previous publications as purification protocols for
complex environmental samples because it is more effective at
removing organic compounds than H,O, alone (Tagg et al.
2017; Hurley et al. 2018). In the present protocol, 25 mL of 30%
H.O, is added to the sample and continuously stirred with a
magnetic stir bar, before adding 25 mL of a 0.05M Fe(ll) sol-
ution (composed of 7.5g iron[ll] sulfate heptahydrate
[FeSO4x7H,QO] in 500 mL ultrapure water and 3mL con-
centrated sulfuric acid). The reaction with organic compounds
is strongly exothermic; thus, an ice bath should be made ready
beforehand and used when the reaction temperature reaches
38 to 39°C to keep the reaction temperature below 40°C
because too high temperatures may adversely affect some
microplastic particle types (Munno et al. 2018).

Step c. Protease hydrolyzes insoluble protein structures into
soluble peptides. In the present study, 5 mL of Protease A-01
(subtilisin, EC 3.4.21.62, enzymatic activity 1.100U mL™"; ASA
Spezialenzyme) are used in 25 mL of 0.1 M Tris-HCI buffer, set
to pH 9.0 with concentrated HCIl. The samples are then in-
cubated at 50 °C for 12 h.

Step d. Dead plant matter containing lignin and cellulose
structures are extremely stable, making their removal from
environmental samples difficult without resorting to chemically
harsh procedures that would also damage plastic particles
(Loder et al. 2017). However, specific types of fungi are capable
of degrading lignocellulosic structures. Ramos et al. (2016)
explored the in vitro production of plant cell wall-degrading
enzymes by Macrophomina phaseolina (a fungal plant
pathogen). They established, that a sequence of pectinases
followed by hemicellulases and cellulases “promote initial
tissue maceration followed by cell wall degradation” (Ramos
et al. 2016). To emulate the fungal plant degradation, com-
mercially available technical enzymes were used: pectinase
degrades pectin, which can be found in the primary cell walls of
all land plants as well as in the middle lamellae between
cell walls (Willats et al. 2001). In our protocol we use 5mL of
Pektinase L-40 (polygalacturonase, pectin depolymerase, EC

Step Volume Reagents Incubation time Incubation temperature
a 50 mL 10% sodium dodecyl sulfate 48 h 50°C
b 50 mL Fenton's reagent 1h 40°C
c 25+5mL Tris HCI 0.1 M buffer, pH 9,protease 12h 50°C
d 25+5mL NaAc 0.1 M buffer, pH 5,pectinase 48 h 50°C
e 25+ 1mL NaAc 0.1 M buffer, pH 5, viscozyme L 48 h 50°C
f 25+ 5mL NaAc 0.1 M buffer, pH 5,cellulase 24 h 40°C
g 50 mL Fenton's reagent Th 40°C

This protocol enables the removal of soil organic matter and cellulosic plant residue.
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3.2.1.15; ASA Sperzialenzyme) in 25mL of 0.1 M NaAc buffer
set to pH 5 with concentrated acetic acid and incubated for
48 h at 50°C.

Step e. Viscozyme L (endo-beta-glucanase, V2010; Novo-
zymes) is a cellulolytic enzyme mix extracted from Aspergillus
aculeatus, with the key enzyme being endo-1,3(4)-beta gluca-
nase, splitting the B-(1,3) linkages of the molecules. The
product also contains activity of arabanase, xylanase, cellulase,
and hemicellulose. Viscozyme L (1 mL) is added to the sample
with 25 mL of 0.1 M NaAc buffer set to pH 5 and incubated at
50°C for 48 h.

Step f. Cellulase TXL (endo-1,4-beta-glucanase, EC3.2.1.4;
ASA Spezialenzyme) is a very similar cellulolytic enzymatic mix
(cellulase, hemicellulase, xylanase) extracted from Tricho-
derma longibrachiatum, splitting the B-(1,4) linkages of the
molecules. Cellulase TXL (5 mL) is added to the samples with
25mL of 0.1 M NaAc buffer set to pH 5 and incubated at 50 °C
for 24 h.

Step g. A second Fenton's reagent step is conducted, as
described in step b, to remove any residual organic matter.

Second density separation. After the second Fenton's re-
agent step, the sample is filtered with 10-um stainless steel
filters and washed clean of any residual H,O5. The sample (filter
cake) is then washed off the filter with a 1.8 gcm™ ZnCl;, sol-
ution into a precleaned glass beaker, using a stainless steel
spatula to ensure the complete transfer of particles. The filter is
then checked under a stereomicroscope to verify that no par-
ticles remain on the filter surface and then discarded. The ZnCl,
solution—-sample mixture is then transferred into a small,
straight-walled separation funnel with a volume capacity of
approximately 400 mL and stirred with a glass rod, which is
then rinsed back into the separation funnel with ZnCl; solution
to ensure that no particles are extracted accidentally. After
stirring, the separation funnels are immediately covered with a
glass lid and left to settle overnight (at least 12 h). This step is
necessary to remove any silt or clay particles that were not
removed in the first density separation step. The sediment is
then released from the separation funnel and discarded,
whereas the upper lightweight fraction containing floating
microplastic particles is filtered onto a 10-um stainless steel
mesh filter. This is then rinsed with 98% ethanol and deionized
water to remove residual ZnCl,.

Transfer to sample carrier. The filter is taken out and rinsed
off thoroughly with deionized water into a small glass beaker
and transferred, with a small custom-made glass funnel
(& =10mm), onto one or more aluminum oxide filters (0.2 pm,
Anodisc; Whatman GE Healthcare), depending on the amount
of particulate content in the purified sample. In this context it is
important to avoid thicker layers of material because over-
lapping particles will obstruct the proper identification of mi-
croplastic particles in the sample.

u-FTIR spectroscopy. The aluminum oxide filters are then
measured using a Bruker Hyperion 3000 FTIR microscope
(Bruker Optik), equipped with a 64 x 64-pixel FPA detector in
conjunction with a Tensor 27 spectrometer. The samples are
measured in transmission mode with a 3.8 x infrared objective
(spatial resolution 11.05 um) and a wavelength range of 3600 to
1250cm™" with a resolution of 8cm™ and a coaddition of
6 scans. Data processing is conducted using the Bruker OPUS
software, Ver 7.5 (Bruker Optik).

Polymer classification. Automated spectral analysis is per-
formed with the “BayreuthParticleFinder” module in ImagelLab,
Ver 4.1 (EPINA). This software tool allows a fast and reliable
automated identification of currently 22 common plastic poly-
mers based on the principle of random decision forest classi-
fiers (Hufnagl et al. 2019). Alternatively, other spectroscopic
analysis tools, such as the free software siMPle (Primpke et al.
2020), may be used. In principle, the purified samples may also
be analyzed using Raman microspectroscopy, which potentially
would allow a pixel resolution of down to 500 nm (Kappler et al.
2015). In this case smaller mesh sizes of the filters used during
the whole density separation and purification procedure would
be necessary.

Determination of purification efficiency

Purification efficiency was determined by gravimetric
analysis. A sample of approximately 2kg silt loam obtained
from the first 10 cm of an experimental agricultural field near
Stuttgart, southwest Germany, was thoroughly mixed in an
aluminum pan with a spoon and then freeze-dried. Three
subsamples of 250 g each were taken by the cone-and-quarter
method and underwent the density separation procedure de-
scribed in the section Density separation for particles <500 um.
Before filtering the supernatant containing the lightweight
fraction, the 10-um stainless steel mesh filters were oven-dried
at 105°C and weighed with a laboratory precision scale
(d=0.01 mg, OHAUS Explorer), with the respective weights
noted. The filtered lightweight fraction was then oven-dried on
the filter at 40°C for approximately 48h and weighed until
mass consistency (+0.2 mg). The previously determined weight
of the filters was subtracted to obtain the mass of the light-
weight fraction.

After undergoing the enzymatic-oxidative digestion
protocol as well as the second density separation step (see
sections Enzymatic-oxidative digestion and Second density
separation), the purified sample was again transferred onto the
same stainless steel filter and washed off thoroughly with 98%
ethanol and water to remove any residual ZnCl,. The purified
sample and filter were then dried at 40 °C and weighed until
mass consistency. The mass difference of the sample matter
before and after treatment was recorded and the mean purifi-
cation efficiency calculated. In addition, the organic matter
reduction after each purification step was photo-documented
(see Figure 2) using a stereomicroscope (Leica M50; Leica
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FIGURE 2: Sequential organic matter removal in the course of enzymatic-oxidative digestion—sample 3. Visual documentation of the removal
efficiency of the single steps in the purification protocol. (A) Organic matter after density separation. (B) After 48-h sodium dodecyl sulfate. (C) After
1-h Fenton's reagent. (D) After 12-h protease. (E) After 48-h pectinase. (F) After 48-h viscozyme L. (G) After 24-h cellulase. (H) After 1-h Fenton's

reagent. (I) After 24-h density separation in zinc chloride solution.

Microsystems; Olympus DP 26 camera; Olympus) and the
imaging software cellSens (Olympus).

Determination of effects of the enzymatic-
oxidative digestion procedure on microplastic
particles

Seven different microplastic particle types were chosen to
assess if the enzymatic-oxidative digestion protocol causes any
damage on a visible or molecular level. Next to polymer types
commonly found in environmental samples, such as the
chemically resistant PE as well as polymers more vulnerable to
chemical degradation such as PA, PET, and PVC, the bio-
degradable PLA was also tested. Polylactic acid is an increas-
ingly popular plastic material used, for example, in 3D printing,
food packaging, and bin liners for organic waste. Thus, PLA
may also be among the synthetic polymers found in soils, es-
pecially agricultural soils amended with compost derived from
biowaste-treatment plants.

The PLA fragments (@ =200pum-1mm) were obtained
by cryo-milling virgin PLA pellets (Ingeo Biopolymer 7001D;
Nature Works) and sieving the ground product. The milling and
sieving were conducted by the Institute for Plastics Technology
in Stuttgart. The fragments of PA (@ = 150-300 um, Schaetti fix
5230) and PE (& = 100-400 um, Schaetti fix 140) were obtained
from Schaetti. The fragments of PET (& = 200-400 um) and PVC

(& =150-200 um) were obtained by cryo-milling and sieving
virgin pellets at the University of Bayreuth. Green fluorescent
PE beads (@ =150-180 um, UVPMS-BG-1.00) were obtained
from Cospheric, and yellow fluorescent PET fibers (& =16 um,
[=1mm) were obtained from a high-visibility raincoat and cut
to a length of 1 mm using a pair of microscissors.

Using needle and fine-point high-precision forceps,
25 particles of each microplastic type were counted out, pho-
tographed, and fixed on a gelatin platelet (1 x 1 cm) cut from a
sheet of gelatine leaf (Dr. Oetker Blatt Gelatine) under a
stereomicroscope (Leica M50) equipped with an Olympus DP
26 camera. The gelatin is used to ensure that all particles
can be transferred from under the stereomicroscope into the
reaction containers without losing them (e.g., from static
forces). The gelatin was then dissolved in water at 40 °C and
filtered off, with the particles remaining on the 10-um stainless
steel mesh filter. All particles then underwent the complete
enzymatic-oxidative digestion protocol including the second
ZnCl, solution treatment.

Visual analysis

After every step, once the reagents were filtered off, the
filter containing the microplastic particles was carefully laid
under the stereomicroscope and screened for the microplastic
particles, which were then photographed. Despite rinsing the
filtration funnels thoroughly with water in an attempt to transfer
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any adhering particles onto the filter, some particles stuck to
the bottom of the funnel when extracting the filter; these par-
ticles were then directly washed back into the reaction jar with
the subsequent reagent and were not photographed at the
respective point in time. After the final step (ZnCl; solution), all
particles were extracted from the filter with a needle and
photographed without the filter as background to better
compare the particles’ appearance before and after the treat-
ments. Because of static forces causing the particles to “jump,”
some particles were lost during transfer with the needle. The
extracted particles were then kept safe for later u-FTIR and
ATR-FTIR analyses.

ATR-FTIR analysis

Because the quality of the p-FTIR spectra in transmittance
mode is dependent on the particle shape and size (e.g.,
very thick particles may result in the total absorption of the
infrared radiation, whereas spherical particles and fibers
often show disrupted spectra as a result of radiation scattering),
ATR-FTIR spectroscopy was chosen as a method to compare
pristine particles and the particles that underwent the
enzymatic-oxidative digestion protocol. For each polymer
type, respectively, 5 of the particles that underwent the
enzymatic-oxidative digestion protocol were selected ran-
domly and measured via ATR-FTIR spectroscopy (Alpha
ATR-FTIR equipped with diamond crystal; Bruker Optik). For
the measurement of each particle, 8 background scans
were pooled, followed by 8 sample scans with a spectral res-
olution of 8 cm™ in a wavenumber range of 4000 to 400 cm™".
Using the software OPUS 7.5, the resulting spectra were
compared to the spectra of untreated control particles, to
determine if any changes to the functional groups in the pol-
ymer had occurred.

GPC analysis

To determine changes in the molar mass distribution of the
pristine particles and particles that underwent the purification
treatment, a GPC analysis was conducted.

For PLA, the GPC measurement was performed on an in-
strument with 4 styrene divinylbenzene (SDV) gel columns (par-
ticle size = 5 um) with porosity range from 10% to 10° A (Polymer
Standards Service GmbH [PSS]) together with a refractive index
detector (1200 Series, Agilent). Tetrahydrofuran (HPLC grade)
was used as a solvent (for dissolving the polymer and as an
eluting solvent) with a flow rate of 1.0 mLmin~". As internal
standard toluene (HPLC grade) was used. The calibration was
done with narrowly distributed polystyrene (PS) homopolymers
(PSS calibration kit). An injection volume of 20 uL was used for
the measurements. The sample was dissolved in tetrahydrofuran
and filtered through a 0.22-um PTFE filter before analysis.

The molar mass of the rest of the polymers with the ex-
ception of PE was measured using hexafluoroisopropanol
(HFIP; HPLC grade) as the eluting solvent. The GPC measure-
ment was performed on an instrument with a perfluorinated gel

(PFG) precolumn and 2 PSS-PFG columns (particle size = 7 pm)
with porosity range from 100 to 300 A (PSS) together with a
refractive index detector (Agilent 1200 Series). Hexa-
fluoroisopropanol with potassium trifluoroacetate (4.8g in
600 mL HFIP) was used as a solvent (to dissolve the polymer
and as an eluting solvent) with a flow rate of 0.5 mL min~". As an
internal standard, toluene (HPLC grade) was used. The cali-
bration was done with narrowly distributed polymethyl meth-
acrylate (PMMA) homopolymers (PSS calibration kit). The
sample was dissolved in HFIP with potassium trifluoroacetate
and filtered through a 0.22-um PTFE filter before analysis. An
injection volume of 20 uL was used for the measurement, and
the GPC columns were maintained at room temperature. The
molar masses reported are in reference to PMMA standards.

The average mass of PE can only be analyzed by high-
temperature GPC and could therefore not be analyzed in the
scope of the present studly.

DSC analysis

The DSC measurements were carried out on NETZSCH DSC
204F1 Phoenix instrument under a nitrogen atmosphere with a
gas flow rate of 20mLmin™". A sample size of approximately
5mg was used for each measurement. The samples were
heated with a heating rate of 10 Kmin™".

The degree of crystallinity was calculated using the
following formula:

_ AHm - AHc

Xe= == 5 100%

In this equation, AHm is the enthalpy of melting, AHc is the
enthalpy of crystallization, and AHm? is the enthalpy of melting
for 100% crystalline polymer. Values for the enthalpy of melting
for 100% crystalline PLA, low-density PE, and PET were taken
as 93.6Jg™" (Turner et al. 2004), 293 Jg™" (Atkinson and Ri-
chardson 1969), and 130J 9’1 (Mdiller et al. 2005), respectively.
The actual chemical structure of PA is not known. Therefore,
the percentage of crystallinity was not calculated.

RESULTS

Purification efficiency

The vast majority of the soil mass is already removed in the
density separation step: of a 250-g soil sample, 52, 38, and
160mg solid particulate matter (>10um) remained in the
supernatant phase of the ZnCl; solution for samples 1, 2, and 3,
respectively. Thus, the removal of the mineral fraction results in a
mass removal of >99.9%. Nevertheless, the low-density fraction
remaining in the supernatant still contains too much matter for a
comprehensive p-FTIR analysis. For the sake of simplicity, the
particulate matter extracted from the supernatant will henceforth
be described as the “lightweight fraction.”

After the lightweight fraction was extracted, dried, and
weighed, it underwent the digestion protocol, as described in
the sections Enzymatic-oxidative digestion and Second density
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separation. As can be seen in Figure 2, each digestion step
contributes slightly to the overall high purification efficiency.
Figure 2A shows the lightweight fraction collected on a 10-um
stainless steel mesh filter (& = 47 mm) after undergoing density
separation. Although the SDS step (Figure 2B) only shows a
slight discoloration of the material, the subsequent step with
Fenton's reagent already shows a visible decrease of organic
matter (Figure 2C). The enzymes protease, pectinase, visco-
zyme, and cellulase (Figure 2D-G) show a slight but significant
reduction in the mostly plant-derived organic matter, which is
almost completely removed by the second Fenton's reagent
step (Figure 2H). The small granular structures visible in
Figure 2H, which are most likely of mineral origin, are removed
in the second density separation step, leaving a manageable
amount of seeds, black carbon particles, and some plant-based
fragments on the filter to be analyzed for the presence of mi-
croplastics. In terms of mass loss, the enzymatic-oxidative di-
gestion protocol and second density separation protocol
allowed a mass reduction of 73.9, 73.0, and 84.8% for samples
1, 2, and 3, respectively (see Figure 3). An average purification
efficiency of 77.2 + 6.6% (standard deviation) can be achieved
for the lightweight fraction of soil samples. The mass losses in
between the single steps of the enzymatic-oxidative digestion
steps were not recorded.

Effects of the enzymatic-oxidative digestion
procedure on microplastic particles

For investigation of any obvious destructive effects on the
added microplastic particles caused by the purification

150
I

100
1

52.13

Lightweight fraction [mg]

50
1

38.09

-73.85%
-72.96%
13.63
10.30
o J
Sample 1 Sample 2

Soil samples

TABLE 2: Number of spiked particles, number of recovered particles,
and number of optical matches

Recovery after

No. spiked enzymatic digestion Optical

particles protocol matches
PET fibers 25 23 23
PET fragments 25 23 23
PE spheres 25 23 21
PVC fragments 25 24 22
PE fragments 25 22 21
PA fragments 25 10 9
PLA fragments 25 30 0

PET = polyethylene terephthalate; PE = polyethylene; PVC = polyvinylchloride;
PA = polyamide; PLA = polylactic acid.

protocol, the microplastic particles were photographed under a
stereomicroscope before, during, and after the enzymatic-
oxidative digestion protocol. The number of spiked and re-
covered particles as well as the number of optical matches per
microplastic type are given in Table 2. Optical matches are to
be understood as particles that do not show any visual differ-
ences in shape and size when comparing the photographs from
before and after the enzymatic-oxidative digestion protocol
(see Supplemental Data, Figure S1). With the exception
of PA and PLA, the recovery rates for the investigated polymers
were 88 to 96%. The reduced recovery in those polymers was
most probably due to losses during the manual transfer from
the filter. All of the recovered PET fibers and PET fragments
were optical matches, whereas 2 of the recovered PE spheres

160.14

- Mass before purification

|:| Mass after purification

r-84.82%

24.31

Sample 3

FIGURE 3: Lightweight fraction purification efficiency. The dark column represents the mass of the lightweight fraction (i.e., particulate matter
remaining in the supernatant after density separation) before the enzymatic purification procedure. The light column represents the remaining mass
after the purification procedure. The percentages given in bold next to the braces respectively represent the percentual mass loss.
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FIGURE 4: Degradation of a polylactic acid particle during the enzymatic-oxidative digestion protocol. (A) Particle before enzymatic-oxidative
digestion protocol. (B) Particle after 48 h in sodium dodecyl sulfate and 1 h in Fenton's reagent. (C) Particle after 12-h protease. (D) Particle after the
5 subsequent steps (i.e., 48-h pectinase, 48-h viscozyme L, 24-h cellulase, 1-h Fenton's reagent, and 24-h ZnCl, solution).

were sharp-edged fragments, indicating that at least one of the
spheres had been broken mechanically. Two of the PVC par-
ticles and one of the PE particles seemed to have become
slightly smaller and rounder, possibly due to mechanical
abrasion when the particles are washed against the 10-um
stainless steel mesh filter with a high-pressure water jet. Poly-
amide showed very low recovery rates but high optical match
rates, indicating losses as a consequence of the handling and
filtration steps, rather than degradation processes. One ex-
ception is PLA, where >25 particles were recovered, because of
fragmentation of the particles. All PLA particles showed a no-
table degradation in size and shape. When comparing the
particles after each step of the enzymatic-oxidative digestion

signs of degradation after the 12-h protease step. The particles
showed signs of surface erosion, becoming smaller and parti-
ally fragmented. No further degradation could be observed
after the 5 following steps (Figure 4), indicating that the pro-
tease step was indeed the cause of the PLA particle degra-
dation.

ATR analysis

Because of the shapes (spheres) and often relatively large
thickness of the particles, ATR-FTIR analysis (instead of u-FTIR
analysis) was conducted to determine any changes in the
functional groups of the particles’ surface. The PET fibers, PET

protocol, it became apparent that the particles only showed fragments, PE spheres, PVC fragments, low-density PE
(A) (B)
100 100
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FIGURE 5: Molar mass curves of polylactic acid (A) and polyamide (B) fragments before and after digestion using hexafuoro-2-propanol eluent in
gel permeation chromatography. The black curve represents the pristine polymer and the red curve, the polymer after undergoing the digestion
protocol. PLA = polylactic acid; PA = polyamide; Norm. W = normalised molecular weight.
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fragments, and PA fragments showed no changes in the
spectral bands compared to the control particles, whereas 3 of
the 5 PLA fragments showed a broad band in the region of
3300 to 3650cm™, indicating —~OH stretching, possibly as a
result of degradation processes.

GPC analysis

Figure 5A shows the molar mass comparison of PLA before
and after treatment, as determined by GPC using PS as
the calibration standard. There was a change in the
average molar mass, M, (humber average molar mass), after
treatment from approximately 128.000gmol™" to approx-
imately 89.000gmol™!, with a slight shift in molar mass
dispersity from 1.93 to 1.75. The GPC curve remained unim-
odal. Proteolytic enzymes, such as proteases, are well
known to catalyze the hydrolysis of ester bonds in aliphatic
polyesters (PLA). Although, slight degradation of PLA with
macromolecular chain scission was observed, PLA was not
completely degraded under the conditions used in the present
study based on the slow rate of hydrolysis. Other enzymes used
for the treatment are not specific for polyester hydrolysis.

There was no change in the molar mass of the other poly-
mers studied in the present study (see Figure 5B; Supplemental
Data, Figures S2-S5), showing the tolerance to the steps used
for sample preparation. These polymers have either a strong
C-C backbone (PE, PVC) or a not easily hydrolyzable
C-heteroatom backbone (PA, PET).

DSC analysis

DSC measurements were carried out to study the effect of
the digestion procedure on thermal transitions of polymers.
Polyvinylchloride was amorphous with a glass transition tem-
perature (Tg) 85+ 2 °C, which remained unchanged on diges-
tion. Pristine PLA showed a very low degree of crystallinity
(~1%). It showed a Tg of 64 +2°C, broad crystallization, and
melting peaks centered at 110 and 151 °C, respectively. After
digestion, PLA had almost the same thermal behavior in DSC
measurements concerning crystallization and melting with a
degree of crystallinity of approximately 2%. The significant
difference was in the enthalpy of crystallization, which was
significantly higher (20.8Jg™") than that of pristine PLA
(2.26 Jg7"). This might be due to the decrease in molar mass,
as evident by GPC measurement, providing better crystal-
lization tendency during heating. Low-density PE, PET, and PA
showed semicrystalline behavior. Melting transitions were seen
as broad peaks without significant change in thermal transition
behavior, degree of crystallinity, and enthalpy of melting after
digestion (see Supplemental Data, Figure S6 and Table S1).

Application to an environmental sample

In an exemplary 250-g subsample from the same silt-loam
experimental agricultural field near Stuttgart, which was fully
digested and analyzed via p-FTIR spectroscopy, a total of
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FIGURE 6: Distribution of microplastic types within different size
classes in an exemplary environmental sample. PAN = polyacrylonitrile;
PBT = polybutylene terephthalate; PE =polyethylene; PET = poly-
ethylene terephthalate; PP = polypropylene; PS = polystyrene.

160 microplastic particles were found, of which 85% were
fragments and 15% were fibers. The plastic types that
were identified were, in decreasing abundance, PP (32.5%), PS
(27.5%), PE (22.5%), PET (10%), polybutylene terephthalate
(5%), and polyacrylonitrile (2.5%). Of the identified particles,
85% were <201 um: 10 to 100 um (40%), 101 to 200 um (45%),
201 to 300um (10%), 301 to 400 um (2.5%), 401 to 500 um
(2.5%; see Figure 6).

DISCUSSION AND CONCLUSION

The aim of the present study was to develop a soil sample
purification method that 1) allows the identification micro-
plastics in general but with a special focus on small (<500 um)
microplastic particles, 2) does not destroy conventional plastic
types, and 3) enables the analysis of a relatively large sample
volume of 250 g dry weight.

In this section, the differences of the soil purification pro-
tocol from previously published protocols (see Table 3) will be
discussed.

Scheurer and Bigalke (2018) were among the first to
publish a microplastic analysis protocol for soils that allows
assessment of the size and number of microplastic particles
using p-FTIR analysis. However, the use of NaCl solution
(1.2 g cm™3) for density separation and hot nitric acid digestion
to remove the organic matter may lead to underestimation
of polymers with a density >1.2 gcm™ and to an acid-induced
destruction of PA, PET, and acrylonitrile butadiene styrene.

17
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Han et al. (2019) later developed a flotation device, using a
NaCl-Nal  solution (1.59cm’3), which  can separate
even high-density polymers from the mineral matrix. As a
measure to reduce the organic matter, they propose oxidizing
the lightweight organic matter with 35% H,O, for a duration of
7d, as described by Nuelle et al. (2014). In this context
Nuelle et al. (2014) stated that PE and PP particles showed a
reduction in size of approximately 10% after the long treatment
with H;O,. This decrease in size may therefore bias any ana-
lytical results that include the assessment of microplastic size
ranges and gives cause to assume that particles in the lower
micrometer range may not be detected at all because they may
have been dissolved completely.

By comparison, in the present study, visual analysis
confirmed by the molecular assays (ATR-FTIR, GPC, and
DSC analyses) showed that even relatively small particles
(100-400 um) made of PE, PVC, PET, and the relatively sensitive
PA are not degraded during the applied purification protocol.
Therefore, the present protocol is more suitable than other
chemical digestion protocols using strong acids, strong bases,
high temperatures, or long oxidation periods that may destroy
common microplastic particles occurring in environmental
samples (Loder et al. 2017; Hurley et al. 2018; Munno et al.
2018). Nevertheless, the biodegradable PLA particles showed
signs of degradation and fragmentation after the protease di-
gestion step, which needs to be considered when choosing a
method for the desired analysis.

A possible alternative to the present protocol was devised
by Hurley et al. (2018), in which they used Nal (1.Sgcm’3)
as a density separation medium and Fenton's reagent to re-
move the organic residue (removal efficiency 106 +13.8%
by weight). At this point it is important to note that the
organic matter removal efficiencies between Hurley's study
and our study cannot be compared directly: whereas we
measured the mass loss of the lightweight (organic) fraction
before and after treatment, Hurley et al. (2018) determined
the total organic matter content by loss-on-ignition
(5.79 £0.19% of the sample mass) and assumed the mass
loss after Fenton's oxidation to directly reflect the loss of
organic matter. Potentially, also inorganic matter such as
CaCO3 can be oxidized, which may explain the >100% removal
efficiency. This is important because the Fenton's oxidation
procedure used in our study is similar to the one used by
Hurley et al. (2018), but, as can be seen in Figure 2C, the
organic matter removal was not complete and therefore
might hamper p-FTIR measurements. Nevertheless, because
the method presented by Hurley et al. (2018) is time- and
resource-efficient, application of their protocol is advisable as a
first step. If, however, the residual organic matter is still too
much to allow a spectroscopic analysis, the enzymatic-oxidative
digestion protocol may be used to increase organic matter
removal.

All of the above-mentioned protocols use a salt solution for
separation of the mineral fraction from the lightweight fraction.
High-density salt solutions using Nal or ZnCl, are expensive
and hazardous, and therefore require an internal recycling
process. Scopetani et al. (2020) presented an olive oil-based

separation which is density-independent and relies on the
oleophilic properties of most plastics. The method showed
good recovery rates for PE, polyurethane (PU), PS, poly-
carbonate, PVC, and PET. But less oleophilic polymers, such as
PTFE, will not be recovered and tests should be conducted if
dirt and biofilms will change the extraction efficiency of aged
polymers.

In comparison to previously published methods, our soil
purification protocol is more elaborate but also allows proc-
essing of higher sample volumes and is very effective at re-
moving stabilized soil organic matter. A current drawback of
the purification protocol is the necessity of regularly filtering
the samples over a vacuum filtration unit. This can be
time- and labor-consuming and may make the system sus-
ceptible to losses and/or contamination. However, this could
be avoided by applying capsuled methods like the single-pot
method described by Scircle et al. (2020). The costs for each
250-g sample are, on average, 2.11 euros for the reagents of
the enzymatic-oxidative digestion (see Supplemental Data,
Table S2; not including costs for laboratory equipment and
ZnCl; solution, which is internally regenerated and reused).

In conclusion, the present soil purification protocol has a
high purification efficiency without affecting the commonly
tested polymer types but does affect the biodegradable PLA.
Experiments with an environmental soil sample have shown
that a wide range of polymers in the shapes of fibers and
fragments down to a minimum size of 10 um can be identified
with the presented method. Identifying the abundance, types,
shapes, and sizes of the microplastic pollution is important for
any microplastic-related risk assessment because these are
relevant parameters for changes in the soil's biophysical
properties as well as for the potential uptake of microplastics
by soil-dwelling organisms (Wang et al. 2019). To fill the
knowledge gap on the actual extent of microplastic pollution in
soils, this purification protocol in combination with an auto-
mated p-FTIR analysis could be an asset in future microplastic-
monitoring schemes relying on a qualitative and quantitative
microplastic assessment.

Supplemental Data—The Supplemental Data are available on
the Wiley Online Library at https://doi.org/10.1002/etc.5024.
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Visual Effects of the enzymatic digestion procedure on microplastic particles

Figure S1 depicts exemplary particles photographed under a stereomicroscope (Leica M50, Leica
Microsystems, coupled with an Olympus DP 26 camera, Olympus Corporation) before and after they
underwent the digestion protocol. None of the tested particles with the exception of PLA( S1 Panel
G) showed any obvious signs of degradation.

PET Fibres \ ‘ PVC Fragments

LDPE Fragments

B B

F PA Fragments

r
&

Figure S1: Overview over the effects of the purification protocol on microplastics. No obvious effects for PET Fibers (4), PVC
fragments (B), PET fragments (C), LDPE Fragments (D), PE beads (E), PA fragments (F). The PLA fragments became smaller,
thinner and show signs of corrosion (G).
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Effects of the enzymatic digestion procedure on molar mass distribution of microplastic particles

GPC plots
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Figure §2: Molar Mass curves of PVC fragments before and after digestion using Hexafuoro-2-propanol (HFIP) eluent in
Gel Permeation Chromatography.
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Figure S3 Molar Mass curves of PET fragments before and after digestion using Hexafuioro-2-propanol (HFIP) eluent in Gel

Permeation Chromatography.
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Figure S4: Molar Mass curves of PA fragments before and after digestion using Hexafuoro-2-propanol (HFIP) eluent in Gel

Permeation Chromatography.
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Figure S5 Molar Mass curves of PLA fragments before and after digestion using Hexafuoro-2-propanol (HFIP) eluent in Gel

Permeation Chromatography.
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Effects of the enzymatic digestion procedure on the thermal transition characteristics of microplastic
particles

DSC first heating curves before and after digestion of different polymers
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Figure S6: Heat Flow curves microplastis particles before and after digestion measured by Differential scanning calorimetry

(DSC).
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Table S1: Thermal transition and crystallinity characteristics of polymers before and after treatment

Sample
Name

Melting
enthalpy
(AHm), J/g

Enthalpy of
crystallisation
(AHc), )/g

% Crystallinity
(Xc)

Tm1(°C)

Tm2(°C)

PA
fragments
before
digestion

89

Not
determined
as type of PA
is not known

114

71

PA
fragments
after
digestion

104

121

Broad
shoulder

LDPE
fragments
before
digestion

123

42

106

Broad
shoulder

LDPE
fragments
after
digestion

130

45

106

Broad
shoulder

PE spheres
before
digestion

253

86

115

66

PE spheres
after
digestion

248

85

116

PET
fragments
before
digestion

71

55

241

231

PET
fragments
after
digestion

69

53

241

232

PET fibres
after
digestion

40

31

252

PLA
fragments
before
digestion

149

PLA
fragments
after
digestion

22

21

151
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Table S2: List of reagents used in enzymatic-oxidative purificationt and respective costs needed per 250 g sample

Reagent
10% SDS

FeSO4

30% H202

Protease
Pectinase
Viscozyme L
Cellulase
Tris/HCL 10
%

NaAc 10 %

127

Bulk Cost

32,4 €/ kg
36,50 €/
kg

18,50
€/kg

44 €/|
42 €
816 €/I
40 €/|
372€/
Kg
25,50
€/kg

Amount needed for
solution

100g /|

15g/I

n.a.

n.a.
n.a.
n.a.
n.a.

(121g/1)*0,1

(82g/1)*0,1

Amount
used
50 ml

25 ml

25 ml

5ml
5 ml
1ml
5 ml

25 ml

75 ml

cost of used amount /
sample
0.162

0.0136875

0.4625

0.22
0.21
0.816
0.2

0.011

0.015

dh dh dh dh
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Abstract
Background: Microplastics (MP, plastic particles <5 mm) are ubiquitous in arable soils

due to significant inputs via organic fertilizers, sewage sludges, and plastic mulches. How-
ever, knowledge of typical MP loadings, their fate, and ecological impacts on arable soils is
limited.

Aims: We studied (1) MP background concentrations, (2) the fate of added conventional
and biodegradable MP, and (3) effects of MP in combination with organic fertilizers on
microbial abundance and activity associated with carbon (C) cycling, and crop yields in an
arable soil.

Methods: On a conventionally managed soil (Luvisol, silt loam), we arranged plots in
a randomized complete block design with the following MP treatments (none, low-
density polyethylene [LDPE], a blend of poly(lactic acid) and poly(butylene adipate-co-
terephthalate) [PLA/PBAT]) and organic fertilizers (none, compost, digestate). We added
20 kg MP ha! and 10 t organic fertilizers ha™!. We measured concentrations of MP in the
soil, microbiological indicators of C cycling (microbial biomass and enzyme activities), and
cropyields over 1.5 years.

Results: Background concentration of MP in the top 10 cm was 296 + 110 (mean + stan-
dard error) particles <0.5 mm per kg soil, with polypropylene, polystyrene, and polyethy-
lene as the main polymers. Added LDPE and PLA/PBAT particles showed no changes in
number and particle size over time. MP did not affect the soil microbiological indicators of
C cycling or crop yields.

Conclusions: Numerous MP occur in arable soils, suggesting diffuse MP entry into soils.
In addition to conventional MP, biodegradable MP may persist under field conditions.
However, MP at current concentrations are not expected to affect C turnover and crop

yield.

KEYWORDS
field experiment, LDPE, microbial biomass, organic fertilizers, PLA/PBAT, plastics contamination, soil
enzyme activity
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1 | INTRODUCTION

Microplastics (MP) are commonly defined as plastic particles of various
shapes and sizes between 100 nm and 5 mm (Okoffo et al., 2021; de
Souza Machado et al.,, 2018). MP are suspected threats to soil organ-
isms and functions (Helmberger et al., 2020; Pathan et al., 2020; Rillig
et al,, 2021; Q. Wang et al., 2022). Arable soils receive MP primarily
due to amendment with sewage sludge, organic fertilizers, and plas-
tic mulch (Corradini et al., 2019; Gui et al., 2021; van Schothorst et al.,
2021; Vithanage et al., 2021; J. Wang et al., 2021; Weithmann et al.,
2018; Yang et al., 2021). In addition, MP can enter soils through both
wet and dry atmospheric deposition (Allen et al., 2019; Brahney et al.,
2020; Kernchen et al., 2022). Soils receiving MP via sewage sludge
application and plastic mulching have a global median background con-
centration of 1200 particles kg™ soil (Biiks & Kaupenjohann, 2020).
Similarly, van Schothorst et al. (2021) found on average 888 particles
kg1 insoils that received annual compost inputs of 10t ha™! in the past
7-20years. However, the reported uncertainties are large; robust esti-
mates of MP loadings in soils due to organic fertilizer application are
therefore not available (Biks & Kaupenjohann, 2020; Gui et al., 2021).

Biowasteas well as the composts and digestates derived thereof
have been found to contain plastics and there is some evidence that
plastic pieces can break down and form MP during biowaste pro-
cessing (Judy et al., 2019; Gui et al., 2021; Rodrigues et al., 2020;
Watteau et al., 2018; Weithmann et al., 2018). Composts contain plas-
tics mainly from packaging and plastic bag residues, which are usually
made up of low-density polyethylene (LDPE) (Bandini et al., 2020;
Gui et al, 2021; Rodrigues et al., 2020; Weithmann et al., 2018).
There have been attempts to tackle plastic contamination of com-
posts and soils by replacing conventional plastics such as LDPE with
biodegradable polymers (Agarwal, 2020; Liao & Chen, 2021; Qin et al.,
2021). Polymer blends with poly(lactic acid) (PLA) and poly(butylene
adipate-co-terephthalate) (PBAT) are biodegradable alternatives to
LDPE (Agarwal, 2020; Liao & Chen, 2021; Musiot et al., 2018). LDPE
is resistant to microbial degradation due to its stable carbon (C) back-
bone (Kumar Sen & Raut, 2015; Krueger et al., 2015). In contrast,
PLA/PBAT blends are hydrolyzable through enzymes such as lipases,
cutinases, and esterases, and thus potentially biodegradable in soil or
compost (Freitas et al., 2017; Jia et al., 2021; Palsikowski et al., 2018;
Tabasi & Ajji, 2015; Weng et al., 2013; Zumstein et al., 2018). How-
ever, there is significant uncertainty about the fate of biodegradable
MP fragments originating from composts in arable soils. Indeed, there
issome evidence for incomplete biodegradation of some biodegradable
plastics, rapid fragmentation of biodegradable MP and thus more rapid
in situ formation of MP in composts and soils compared with conven-
tional polymers (Liao & Chen, 2021; Meng et al., 2022; Qin et al., 2021;
Steiner et al., 2022). Biodegradable polymers could thus pose a greater
risk of adverse effects on soil organisms and functions if they are not
readily mineralized.

MP have many modes of action in soils. They can induce physico-
chemical changes in habitats by affecting soil porosity, bulk density,
water holding capacity, and soil water repellence (X. Zhanget al., 2021),

and form specific habitats for soil microorganisms, referred to as the
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plastisphere (Bandopadhyay et al., 2020; Ruthi et al., 2020; M. Zhang
et al, 2019; Zhou et al,, 2021). Less is known about the influence of
MP on C cycling, but MP are C-rich substrates and have the poten-
tial to change soil organic C and thus C cycling (Meng et al., 2022;
Rillig et al., 2021; X. Zhang et al., 2021). Soil C cycling involves the
decomposition of organic compounds originating from plant, microbial,
and animal residues. The degradation of different complex compounds
(cellulose, chitin < xylan < lignin) is catalyzed by microbially pro-
duced enzymes (Burns et al., 2013). For example, B-glucosidase and
N-acetyl-glucosaminidase catalyze the final hydrolytic cleavage of cel-
lobiose and chitobiose di- and oligomers after depolymerization of
cellulose and chitin (Kandeler, 2015; Maillard et al., 2018), whereas -
xylosidase hydrolyzes cleavage products, for example, xylobioses and
other short xylooligosaccharides, from different hemicelluloses such as
xylan (Dodd et al., 2011; Uffen, 1997). Phenoloxidases oxidize redox
mediators initiating the depolymerization of lignin (Burns et al., 2013).

In a recent study under field conditions, increases of C cycling
enzymes (a- and 3- glucosidase) were observed in response to LDPE-
MP addition (Lin et al, 2020). A meta-analysis identified multiple
negative impacts on plant growth including crop yield and plant height,
resulting from pollution of croplands with plastic residues from mulch
films (D. Zhang et al., 2020). Given the importance of agricultural soils
for food production, understanding the loadings and the extent to
which MP, and especially biodegradable MP, affect C cycling and crop
yields in agroecosystems is crucial (Rillig et al., 2017; G. S. Zhang & Liu,
2018; X. Zhanget al., 2021).

This study aimed to better understand the fate of MP and effects
of MP on microbial abundance and activity related to C cycling, as well
as crop yields in arable soils. We established a field experiment (1) to
investigate MP background concentrations, (2) to quantify concentra-
tions of added conventional and biodegradable MP after one and 17
months of addition, and (3) to identify potential effects of MP and of
MP-containing organic fertilizers on soil microbial abundance, activi-
ties of selected C cycling enzymes, and crop yields. We expected that
(1) the arable soil shows a low but significant background MP loading
(before setup), (2) biodegradable MP (PLA/PBAT) fragment in soil, (3)
conventional MP (LDPE) persist and are not altered, (4) biodegradation
of PLA/PBAT leads to increased activity of lipase in soil as this enzyme
catalyzes ester bond cleavage, but microbial abundance, activities of
enzymes catalyzing other reactions, and crop yields are not affected
because breakdown of PLA/PBAT is slow and direct toxic effects MP on
plants are unlikely, and (5) due to its persistence, LDPE has no impact on

soil microbiological indicators of C cycling or crop yields.

2 | MATERIAL AND METHODS

2.1 | Microplastics

As biodegradable plastics, we used a blend of PLA (IngeoTM Biopoly-
mer 7001D; NatureWorks LLC, Minnetonka, MN, USA) and PBAT
(Ecoflex F Blend C1200; BASF SE, Ludwigshafen, Germany) in a mix-

ing ratio of 80/20% w/w, which was compounded at the Institut fir



MICROPLASTICS FIELD EXPERIMENT

Kunststofftechnik (University of Stuttgart, Stuttgart, Germany). LDPE
(Lupolen 2420H; LyondellBasell Industries N.V., Rotterdam, Nether-
lands) served as the representative conventional MP. Polymer pellets
were cryomilled (-196°C) with a speed rotor mill (Pulverisette, Fritsch
GmbH, Idar-Oberstein, Germany) to obtain MP and subsequently frac-
tionated using stainless-steel sieves to obtain two MP particle size
fractions of <0.5 and 0.5-2 mm. Both fractions were then mixed in a
1:1 ratio (mass based).

2.2 | Organic fertilizers

Solid digestate (C/N: 11, dry mass: 22.2%, substrate: 48.8% plant
residues such as silage, 51.2% animal by-products such as manure)
was provided by the research station Unterer Lindenhof of the Uni-
versity of Hohenheim. Compost (C/N:17, dry mass: 61.8%, substrate:
green cuttings) originated from Hackselplatz Méhringen in Stuttgart,
Germany.

Since there were no detection methods for MP particles <1 mm
in composts and digestates at the initiation of the experiment (Wei-
thmann et al.,, 2018), we used the plastic loading of the fractions 1-5
and >5 mm in the compost and digestate as indicators of MP loading.
The plastic loading of digestates and composts was determined after
sieving and detection via attenuated total reflection Fourier-transform
infrared (ATR-FTIR) spectroscopy (cf. Section 2.4). The compost (one
batch) contained three polypropylene (PP) particles in the fractions 1-
5 mm per kg and three particles (50% were PP and 50% polystyrene
[PS]) in the fraction >5 mm per kg. The digestate (mean of two batches)
contained 11 particles in the fraction >5 mm per kg (25% were PE and
75% PP) and no particles in the 1-5 mm fraction.

2.3 | Study site characteristics, experimental setup,
and soil sampling

The experiment was established on a conventionally managed agri-
cultural field at the research station Heidfeldhof (University of
Hohenheim, central point of the field: 9°11'22.984” longitude,
48°43'11.137” latitude, EPSG: 4326, WGS 1984). In the past, neither
plastic mulch nor compost had been applied. In addition to the mineral
fertilizers commonly used in conventional management, the field was
sporadically fertilized with manure from the research station Meierei-
hof (University of Hohenheim). The soil is a Luvisol with texture silt
loam (3.4% sand, 76.2% silt, 20.5% clay), total soil C and nitrogen (N)
content of 1.19 and 0.13%, respectively (C/N ratio: 9), and pH of 6.3
(measured in 0.01 M CaCl,). Weather conditions at the study site and
farm management during the experiment are shown in Figure 1.

The experimental design included the factors MP (none, LDPE,
PLA/PBAT) and organic fertilizer (none, compost, digestate) arranged
in a complete randomized block design with four blocks (Figure 2). The
area of one plot was 32 m? (length: 8 m, width: 4 m). To avoid carry-
over effects from one plot to another by tillage, a 5 m-wide buffer area

between the plots was established in the direction of machine travel. In

consideration of German biowaste regulations that permits an applica-
tion of max. 30 t compost ha™! (note that all mass data are given on dry
matter basis) over 3 years (BioAbfV, 2017), we applied 10t ha~ of com-
post and digestate. MP were applied at a concentration of 2 g m=2. To
homogeneously apply the MP, we weighted 10 kg soil randomly taken
from the field per plot and added 68 g MP, then homogenized these
MP-soil mixtures using a drilling machine with a stirring unit for 2 min
in metal buckets (35 L). From these MP-soil mixtures, we took the
amount required for two square meters, that is, 0.59 kg, added these
to the plots (treatments without fertilizer) or mixed these with the
amount of compost for two square meters, that is, 2 kg, using a drilling
machine (treatments with compost). We chose these MP-soil mixtures
and compost because they could be mixed, transported, and distributed
well in the field. Due to the low bulk density of the digestate, it could
not be mixed in the metal buckets with the MP-soil mixtures. There-
fore, we applied the digestate and MP-soil mixtures (treatments with
digestate and MP) separately to the field.

To investigate MP background contamination and determine soil
properties, we took 15 randomly selected soil subsamples (Ap horizon,
depth: 0-10 cm) on 32 m2 (n = 4) from the plots without fertilizer and
without MP using a soil core sampler (cross-sectional area: 9.53 cm?)
before the start of the experiment. To analyze MP particles added to
the field and soil biological variables, before setup and 1 month (M1),
5 months (M5), and 17 months (M17) after setup, eight subsamples
were taken from a 4 m2 sampling square in the center of each plot
(Ap horizon, depth: 0-10 cm) and pooled into composite samples of
approximately 1 kg for each timepoint. Since the soil sampled in this
way contained very few MP particles >0.5 mm at M1 and M5, we addi-
tionally sampled an area of 900 cm? per plot using a spade at the end of
the experiment (M17).

Soil samples for soil biological analyses were stored at -20°C until
analysis.

2.4 | MP analyses

To characterize the background contamination of the arable soil with
MP and to investigate the fate of added MP particles, MP were
extracted and measured according to Moller et al. (2022). In brief, soil
samples were freeze-dried and sieved to 0.5 mm. All further analyses
were done with aliquots of 250 g soil.

MP >0.5 mm were collected with tweezers and analyzed by
ATR-FTIR spectrometry (spectrometer: Alpha ATR unit, Bruker 27;
equipped with a diamond crystal for measurements). Spectra were
taken from 4000 to 400 cm™! (resolution 8 cm~1, 16 accumulated
scans; Software OPUS 7.5). Particles were identified by comparing the
measured spectra against standard spectra from an in-house database
described previously (Léder et al., 2015) and the database provided
by the manufacturer of the instrument (Bruker Optik GmbH, Leipzig,
Germany). Anincident light microscope (microscope, Nikon SMZ 754T,
digital camera, DS-Fi2; camera control unit, DS-U3; software, NIS Ele-
ments D) was used for visual documentation and size estimation of all
synthetic plastic particles identified by ATR-FTIR.
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FIGURE 1

(A) Monthly average air temperature measured in 2 m above ground and monthly precipitation from nearby meteorological station

and (B) overview of field management, soil sampling, and harvest. Meteorological data were obtained from LTZ (2021).
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Soil samples taken from the 900 cm? areas at M17 (corresponding
to approximately 10 L soil) were analyzed in their entirety to detect
large particles >0.5 mm. To this end, the soil samples were partitioned
into 20 Fido jars (Bormioli Rocco, Fidenza, Italy; capacity 3 L each) and
suspended with 2.5 L of water. The diluted samples were sieved at
2 mm and the retained particles were collected with tweezers (frac-

tion >2 mm). All material <2 mm was sieved at 0.5 mm mesh size,

133

FIGURE 2 Experimental design of the field
experiment. Plots were arranged in a complete
randomized block design (n = 4).
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and the retained particles were again collected with tweezers (fraction
0.5-2 mm).

According to Maller et al. (2022), MP <0.5 mm were extracted via
density separation with a zinc chloride brine (p = 1.8 g cm~Y) and
an enzymatic-oxidative purification step (Loder et al., 2017). Parti-
cles were then transferred onto an aluminum oxide sample carrier
and analyzed by chemical imaging via Focal Plane Array-based u-FTIR
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spectroscopy (Loder et al., 2015). Identification of MP in the large
chemical imaging data sets was performed with the help of an auto-
mated software solution based on Random Decision Forest Classifiers
(Hufnagl et al., 2022). For quality control, the results of the automated
MP classification was checked by trained experts. We only analyzed
the samples from plots without organic fertilizers, that is, the sam-
ples from 12 out of 36 plots (see Figure 2), at M1 and M17 as well
as the MP-soil mixtures that were added to the plots with MP treat-
ment (in total: 12 + 12 + 8 = 32 samples). We had to limit the
number of analyzed samples due to the extensive and time-consuming
extraction and purification procedure (Mdller et al., 2022). In addition,
the high organic matter content of compost and digestate interferes
with the treatment of the samples. Thus, these samples could not be
analyzed. Due to high numbers of MP particles, deviating from the
above-mentioned protocol, for the initial MP-soil mixtures that were
added to the field, four subsamples of 5 g each were analyzed.

We calculated the initial MP concentrations in soil at the start of the
field experiment (MPg,rt), assuming that the applied MP-soil mixtures

were homogeneously mixed within the top 10 cm of soil (Equation 1):

Miix X Crmix

1
(dx pg) W

CMmpi =
where cyp; is the initial MP concentration in the soil of the field experi-
ment (particles kg™1), myy is the mass of applied MP-soil mixtures per
area (0.294 kg m2), cix is the measured MP concentration of the MP-
soil mixtures (particles kg™1), d is the depth of the soil layer (10 cm), and
og is the bulk density of top soil (1400 kg m=3).

Since soil samples were separated into two fractions due to siev-
ing of 0.5 mm and these two fractions were analyzed differently as
described above, we excluded particles >0.5 mm in the small frac-
tion (5.1-38.5%) and particles <0.5 mm in the large fraction (0-2.1%),
respectively (Table S1). Due to sieving of MP to 2 mm before use in our
study, particles >2 mm were filtered from datasets (this applied only to
MP-soil mixtures).

We derived particle size distributions of LDPE and PLA/PBAT par-
ticles as initially added to the soil based on MP particles detected
in MP-soil mixtures (Figure S1). The median size of LDPE particles
in the small and large fractions were 186 and 1092 um, respectively
(Figure S1). The median size of PLA/PBAT particles in the small and
large fractions were 200 and 1013 um, respectively (Figure S1).

25 |
cycling

Soil microbiological indicators of carbon

To assess effects of MP and organic fertilizers on the soil microbial
abundance and activity, we used microbial biomass C and activities of
enzymes involved in C cycling as soil microbiological indicators. These
were measured before as well as 1 month (M1), 5 months (M5), and 17
months (M17) after the setup of the experiment.

Microbial biomass C (Cpyic) and nitrogen (Nyic) were quantified via
chloroform fumigation extraction according to Vance et al. (1987). For
adescription of the method, we refer to Blocker et al. (2020).

We analyzed the activity of enzymes that catalyze the degrada-
tion of organic substrates of different complexities: we considered
3-glucosidase, N-acetyl-glucosaminidase, B-xylosidase, and phenolox-
idase as indicators of the degradation of the polymers cellulose, chitin,
xylan (hemicellulose), and lignin. In addition, we analyzed the activity
of lipase because of its possible involvement in the depolymerization
of PLA/PBAT. The activities of B-glucosidase, 3-xylosidase, N-acetyl-
glucosaminidase, and lipase were measured using microplate assays
with fluorogenic substrates (Cooper & Morgan, 1981; German et al.,
2011; Marx et al., 2001). Lipase activity was determined based on
an adapted protocol from Cooper and Morgan (1981). Substrates
and standards were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Standard stock solutions of 5 mM 4-methylumbelliferyl (MUF,
M1381) were obtained by dissolving MUF in methanol and deionized
water (1:1). Standard working solutions (10 uM MUF) were pre-
pared in 0.1 M Tris-HCI buffer pH 6.8 (lipases) or MES buffer pH
6.1 (B-glucosidase, B-xylosidase, N-acetyl-glucosaminidase). For each
soil sample, we prepared a standard curve with concentrations of O,
0.5, 1, 2.5, 4, 6 uM MUF in soil suspension aliquots and buffer. Lipase
substrate stock solutions (10 mM) were obtained by dissolving the
substrates MUF heptanoate (M2514) in dimethyl sulfoxide (D8418).
Working solutions (1 mM) were prepared by adding sterile 0.1 M Tris-
HCI buffer pH 6.8. Substrate solutions of R-glucosidase, 3-xylosidase,
and N-acetyl-glucosaminidase were prepared and analyzed as outlined
in Kramer et al. (2013).

Phenoloxidase activity was photometrically measured as described
in Ali et al. (2015) with the following slight modifications. Before the
measurement, we preincubated the microplates at 30°C and measured
absorbance of the soil suspensions at a wavelength of 414 nm.

2.6 | Crop yields

Silage maize and summer barley were harvested in September of the
first year (4 months after setup) and in August of the second year of the
experiment (15 months after setup), respectively (Figure 1(B)).

To determine the biomass of the silage maize (Zea mays), we
removed every second plant by cutting it 1 cm above its root sys-
tem. We determined maize plant dry matter biomass (including cobs)
after chopping the plants and drying them at 60°C and 110°C (for 3
days each). Two-step drying is common practice at the research station
to accelerate drying to mass constancy at 110°C. We then multiplied
mean silage maize biomass per plot by the number of plants per plot to
obtain silage maize biomass yield per plot. Grainyield of summer barley
(Hordeum vulgare) was determined from an area of 12 m2 (1.5 m x 8 m)
per plot and grains were sampled using a plot threshing machine. Crop

yields were converted to t ha™?.

2.7 | Data analyses

All data analyses and figures were carried out using the statistical
software R 4.0.2 (R Core Team, 2020). In addition to the packages

134



SCHOPFERET AL.

explicitly mentioned in this section, we used: broom.mixed 0.2.6 (Bolker
& Robinson, 2020), broom 0.7.0 (Robinson et al., 2020), flextable 0.5.10
(Gohel, 2020), patchwork 1.0.1 (Pedersen, 2020), scales 1.1.1 (Wickham
& Seidel, 2020), and tidyverse 1.3.0 (Wickham et al., 2019).

The MP background concentrations (before setup) and concen-
trations of MP particles >0.5 mm were evaluated only descriptively
because there were too few data for inferential statistical analysis.
For particles <0.5 mm, differences in particle number between MPg,,+,
M1, and M17 were tested using a linear mixed effects model with par-
ticle number as dependent variable, and timepoint (MPg;,t, M1, and
M17) as the explanatory variable, while accounting for a random effect
for plot (ID). Tukey contrasts were computed using functions from
the emmeans 1.5.0 package (Lenth, 2020). Particle size distributions
of particles <0.5 mm were compared by plotting empirical cumulative
density functions and using the Kolmogorov-Smirnov test (ks.test), to
test whether the MP particles in MPg;,t, M1, and M17, originated from
the same distribution (van Schothorst et al., 2021). Empirical cumula-
tive density functions were calculated based on pooled samples per
treatment group (n = 4).

Crop yields were evaluated using a linear model with the crossed
factors plastic type and fertilizer and accounting for a block effect. Soil
enzyme activities, Cpyic, and Np,;c data were analyzed by means of lin-
ear mixed effects models. Therefore, the linear model used for crop
yield data was extended by the initial state of the variable of inter-
est as covariate to account for the field variability (Value_TMinus1).
We integrated the repeated measures factor timepoint (i.e., M1, M5,
and M17) by crossing it with the treatment structure, accounted for
a block and block-timepoint interaction effect, and a random effect
for the randomization unit (i.e., plot) (Piepho et al., 2004). The models
were fitted to the data using functions from base R and the package
Ime4 1.1-23 (Bates et al., 2015). We used ANOVAs in the case of linear
mixed effects models with the Kenward-Rogers approximation for the
degrees of freedom using functions from the ImerTest 3.1-2 package
(Kenward & Roger, 1997; Kuznetsova et al., 2017) to identify signifi-
cant effects (p < 0.05) and subsequently compared estimated marginal
means. If an interaction with timepoint was significant, we evaluated
simple contrasts per timepoint level.

Model assumptions, that is, variance homogeneity and normal dis-
tribution of the residuals, were checked visually and met for all
variables except for N-acetyl-glucosaminidase activity, for which the

model assumptions were met after log-transformation.

3 | RESULTS

3.1 | Background loading of MP in the arable soil

The arable soil had a MP loading with nine different polymer types at
a background concentration of 296 + 110 (mean + standard error)
particles kg™1. PP (108 + 36 particles kg™1), PS (76 + 34 particles kg™1),
and polyethylene (PE, 60 + 25 particles kg™1) were the most abundant
polymers and were found in all analyzed samples (Figure 3(A)).

Other MP were polyacrylonitrile, PE terephthalate, polyvinyl
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chloride, polybutylene terephthalate, ethylene-vinyl acetate, and
polysulfone.

PS particles were smallest with a median particle size of 60 um
(Figure 3(B)). PP and PE particles had median sizes of 156 and 146 um,
respectively. While the particle size distribution of PS MP was signifi-
cantly shifted to lower particle lengths compared with PP (p = 0.014),
the particle size distribution of PE MP was similar to that of PP and PS
MP (p=0.187 and p = 0.188).

3.2 | Fate of added MP <0.5 mm in soil

At the start, soil amended with LDPE and PLA/PBAT contained
1003 LDPE kg1 and 134 PLA/PBAT particles kg™! of MP <0.5 mm
(MPgtrt; Figure 4(A)). After 1 month (M1), we detected on average 419
fewer LDPE particles kg! than at MPg,; (not significant, t, = -2.7,
p = 0.082). The mean number of LDPE particles 17 months after MP
addition (M17) and PLA/PBAT particles at M1 and M17 did not differ
significantly from MP;.,+ (Table S2 and Figure 4(A)). The particle size
distribution of LDPE and PLA/PBAT MP at M1 and M17 did not differ
from MPg,+ (Figure 4(B)).

3.3 | Fate of added MP >0.5 mm in soil

We found a total of 57 particles >0.5 mm (27 varnish, 13 PE, 16
PLA/PBAT, and one PP) at the final sampling (M17), in all soil samples
taken together (n = 36). PLA/PBAT and LDPE particles (up to 2) were
detected in soil samples from only two (PLA/PBAT) and three plots
(LDPE) without fertilizer treatment, respectively. Due to this low
recovery, a quantitative comparison of particles >0.5 mm with MPg,¢
was not possible. PLA/PBAT particles occurred only in soil samples
from plots where PLA/PBAT had been added (Figures 5(A)-5(C)).
All PLA/PBAT particles found looked similar (white and irregularly
shaped) (Figures 5(A)-5(C)) and like the originally added particles
(Figure S2).

However, PE particles (Figures 5(D)-5(F)) occurred not only in soil
samples of plots, where PE had been added. They also had different
shapes including plastic film residues (Figure 5(D)), fibers (Figure 5(E)),
or irregularly shaped pieces (Figure 5(F)). PE particles found were dis-
tinct from the initially added PE particles (Figures S2(D)-S2(F)). All

varnish particles were of the same type (Figures 5(G)-5(l)).

3.4 | Soil microbiological indicators of carbon
cycling and crop yields

We investigated the effects of adding 2 g MP m™2 on soil microbial
abundance and activity related to C cycling and crop yields based on
soil microbiological indicators (Cpic, Nmic, and activities of C cycling
enzymes), biomass of silage maize, and grain yield of summer barley.
Overall, MP from LDPE and PLA/PBAT did not cause changes of the soil

microbiological indicators at 1, 5, and 17 months after MP addition, or
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in crop yields compared with MP-free soil (Figures 6, S3, and S4 and
Tables S3 and S4). The exception was LDPE at M5, which reduced N
significantly by 36% compared with the MP-free soil (Figure S4(A) and
Table S5).

No combined effects of MP with organic fertilizers were detected,
but amendment of soil with composts and digestates affected the activ-
ity of C cycling enzymes in soil (Figures 6(B), S3 and Tables S3-S6).

Lipase activities responded to the addition of compost (M1 and M5)
and digestate (M5) significantly increasing from 37 to 62% compared
with fertilizer-free soil (Figure 6(B) and Table S5). B-Xylosidase showed
significantly enhanced activity in soil amended with digestate in com-
parison with the fertilizer-free soil at M5 (+60%) and M17 (+23%)
(Figure S3(B) and Table S5). Both 3-xylosidase and 3-glucosidase activi-
tiesincreased by 47% in response to compost addition at M5 compared
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with the fertilizer-free soil, but statistical uncertainties were large
for B-xylosidase (p = 0.061) (Figures S3(A) and S3(B) and Table S5).
Compared with nonfertilized soil, N-acetyl-glucosaminidase activities
increased 59% (significant) after digestate addition at M5 (Figure S3(C)
and Table S6).

After 17 months, the activities of B-xylosidase, N-acetyl-
glucosaminidase, and B-glucosidase were significantly higher in the soil
amended with digestate compared with compost (Figures S3(A)-S3(C)
and Table S5). Strikingly, this coincided with increased Ny, in the
soil enriched with digestate compared with compost at M17 (+22%,
p=0.026) (Figure S4(A) and Table S5).

Independent of timepoint, phenoloxidase activity was 16.6% higher
in soil amended with digestate in comparison with fertilizer-free soil
(Figure S3(D)). However, statistical uncertainties were large (p = 0.069)
(Table S7).

Biomass vyields of silage maize (mean and standard error:
19.70 + 0.48 t ha 1) were not significantly higher on soil amended
with compost and digestate in comparison with nonfertilized soil
(Figure S4(B) and Table S4). However, grain yield of spring barley
(estimated marginal mean: 6.95 t ha™1) was larger (significantly) on
soil amended with digestate compared with compost (6.31 t ha™1) and
larger (though not significantly) than on nonfertilized soil (6.46 t ha™1)
(Figure S4(C) and Table S7).

4 | DISCUSSION

41 |
types

The arable soil was loaded with diverse MP

The arable soil in our study contained 296 + 110 (mean + standard
error) MP particles <0.5 mm kg™! as background concentration. This
concentration was lower than estimates for arable soils amended with
compost (888 + 500 particles kg™! soil; van Schothorst et al., 2021),
sewage sludge (930 + 740 particles kg1 soil for low-density plastics
and 1100 + 570 particles kg™! for high-density plastics; van den Berg
et al,, 2020), or plastic mulch (18,760 particles kg™! soil; G. S. Zhang &
Liu, 2018).

The most common plastic types found in our soil were PP > PS > PE.
These are among the most economically important polymers and are
also those that have previously been most frequently detected in soil
(PlasticsEurope, 2019; X. Zhang et al., 2021). In accordance with our
results, Piehl et al. (2018) identified PP, PS, and PE as the most abun-
dant MP particles (>1 mm) in a conventionally managed field that
had not been amended with organic fertilizers or sewage sludges, and
where no plastic mulches had been applied. Since the input of MP via
the latter sources can be excluded in our study, the recovered MP
presumably entered the soil by littering and atmospheric deposition
(Allen et al., 2019; Dris et al., 2016; Kernchen et al., 2022; Scheurer
& Bigalke, 2018). The relatively high number of extracted varnish par-
ticles (Figure 5) suggest that abrasion of protective coatings from
agricultural machinery could be an important source of MP in arable

soils (Figure S5).

We found that more than 75% of the PP, PS, and PE particles were
smaller than 0.2 mm (PS: <117 um, PE: <159 um, PP: <196 um), con-
sistent with previous results from J. Wang et al. (2021). The current
detection limit is 10 um (Mdller et al., 2020); we expect, therefore,
that smaller particles occur even more frequently. This could have dra-
matic consequences for soil organisms because particles <10 um can
be ingested by key member species of the soil food web such as nema-
todes, resulting in intestinal damage and neurotoxicity (Fueser et al.,
2019; Lei et al., 2018; Schopfer et al., 2020). PS particles in particular
pose arisk to soil animals; these were the smallest in our study (median
of 60 um). However, concentrations of small MP down to nanometer
sizes are currently undetectable due to restrictions of analytical meth-
ods (Moller et al., 2020). Further progress in MP analytics is needed to
better assess potential threats of small MP to soil organisms and their
functions.

We can confidently state that the PLA/PBAT particles >0.5 mm we
found at the last sampling of the experiment (M17) were the particles
we had added. We found these exclusively in the PLA/PBAT treated
plots but with no finds in the corresponding background loading. All
PLA/PBAT particles looked similar and resembled the original particles.
In contrast, we cannot rule out that a significant portion of the PE parti-
cles we found were part of the background loading. For one thing, LDPE
particles also occurred in plots to which no LDPE had been added, and
for another, the PE particles found had various shapes (Figure 5) and
differed from the originally added LDPE particles (Figure S2).

At the last sampling, we found only very few particles >0.5 mm.
We can exclude the possibility that the particles had been fragmented
(with the exception of the fragmentation <0.01 mm, which we could
not detect with our method) because this should have been detected
via a clear shift in the size distribution of the particles <0.5 mm. The
low recovery, we suggest, could be due to the possibility that the
amount of soil or area sampled was insufficient or that the method-
ology for analyzing these large particles needs further development.
Methodological limitations apply especially to the LDPE particles,
which had a more fibrous shape than the predominantly irregularly
shaped PLA/PBAT particles. The LDPE particles may have been more
prone to fall through the sieve during MP analysis in wet sieving. It is
also possible that a significant proportion of large particles were trans-
ported vertically or horizontally. A recent study provides evidence for
horizontal transport of MP (irregularly shaped polymethyl methacry-
late particles with a mean length of 1215 um), which occurred along
preferential pathways dictated by the micro- and macro-relief of the
soil surface (Laermanns et al., 2021). However, more studies on the
transport (including vertical transport) of particles in the field will be

required to test our assumption.

4.2 | MP persisted in the arable soil

Both tested polymers persisted in the soil of the field experiment
over 17 months. The number of added LDPE particles <0.5 mm (584-
1003 particles kg™1; Figure 4) in our study roughly represents the

LDPE accumulation that can be expected after 7-20 years of compost
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accumulation (van Schothorst et al., 2021). PE is highly resistant to
microbial degradation in soil due to its large molecular size, lack of
functional groups, and high hydrophobicity (Albertsson, 1978; Krueger
et al., 2015), which explains the unaltered particle size distribution
compared with the initial particles, indicating a lack of fragmentation
in the studied soil. Surprisingly, S. Zhang et al. (2020) found that fer-
tilization with N and phosphorous stimulates the fragmentation of
LDPE. According to the authors, LDPE fragmentation was triggered by
increased soil microbial diversity and abundance. This behavior and its
mechanisms need to be confirmed by further studies.

Contrary to our expectations, we recovered the same number of
PLA/PBAT particles <0.5 mm as initially added to the soil, most likely
due to the lack of biodegradation (Figure 4). The few existing stud-
ies on the persistence of films of PLA, PBAT, and PLA/PBAT blends
in soil under field conditions demonstrate their low biodegradability
within the time period of our field experiment (Liao & Chen, 2021; Rud-
nik & Briassoulis, 2011; Sintim et al., 2020). PLA exhibited changes in
mechanical properties after 11 months in a Mediterranean soil but was
visually poorly disintegrated (Rudnik & Briassoulis, 2011). In another
study, mass loss of 1-8% and 1-7% were observed for PLA and PBAT,
respectively, after 6 months, whereas a PBAT/PLA blend (90/10%
w/w) showed no significant degradation (Liao & Chen, 2021). A lower
degradability of PLA/PBAT (75/25% w/w) blend compared with the
sole polymers was also observed in a laboratory study (Palsikowski
et al., 2018). While 21% of the PBAT-C and 16% of PLA-C were min-
eralized, only 10% of PLA/PBAT-C were mineralized after 180 days in
soil. Liao and Chen (2021) attributed the poor degradation of the blend
in their study to the blending of PLA with PBAT; blending would change
physical properties and increase hydrophobicity, thus impeding micro-
bial colonization and microbial degradation. This could explain, why no
fragmentation of PLA/PBAT was observed in our study.

Based on our results, nonbiologically pretreated PLA/PBAT parti-
cles are likely to accumulate in the soil under field conditions, given
the highly variable climatic conditions with extremes such as cold and
drought that may slow the biodegradation of PLA/PBAT.

4.3 | MP did not affect soil microbial biomass,
enzyme activities, and crop yields

We did not find any effect of LDPE on soil microbiological indica-
tors of C cycling, likely due to its inert nature (Restrepo-Flérez et al.,
2014). However, we found an effect of LDPE on N, (Figure S4(A)),
but this occurred only sporadically (at one timepoint) and the mea-
surement uncertainties were large (Table S5). In line with our results,
Lin et al. (2020) did not observe significant changes in soil microbial
biomass C and microbial community composition due to the addition
of LDPE at concentrations 5, 10, 15 g m=2 (corresponding to 11,361,
23,789, and 39,172 particles kg™1). In a recent field study, no effects
of LDPE-MP on microbial abundance and composition were detected
even at extremely high application rates up to 1000 g MP m~2 (Brown
et al., 2022). However, Lin et al. (2020) found substantial increases in

C cycling enzymes such as a-glucosidase and B-glucosidase at all con-
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centration levels between 36 and 86%, and an increase in L-leucine
aminopeptidase, an N cycling enzyme, by 83-116%. They explained
the enhanced enzyme activities by greater water availability due to
a MP-induced increase of water holding capacity, which would posi-
tively influence enzyme activities. Compared with Lin et al. (2020), in
our study, we used LDPE particles at a much lower concentration of
2gm 2 MP (584-1003 LDPE particles kg™1) and larger LDPE particles
(Figure S1; 90th percentile of particles <0.5 mm and >0.5 mm of 430
and 1619 um, respectively,compared with a 90th percentile of 68 umin
their study). Accordingly, particles in our study had a lower specific sur-
face area with less potential to affect soil physical properties including
water holding capacity (Ng et al., 2018).

As expected, the addition of PLA/PBAT particles did not affect any
of the soil microbiological indicators of C cycling. However, contrary to
our expectation, PLA/PBAT also did not increase lipase activity in soil.
This was likely due to the lack of biodegradation of PLA/PBAT particles
(see Section 4.2) in soil and to the fact that soil microorganisms were
apparently not able to use the added PLA/PBAT blend as a C source. In
another study, PBAT/PLA MP affected soil C and N pools (Meng et al.,
2022). For instance, there were significantly higher dissolved organic C
and N due to addition of 2 and 2.5% PBAT/PLA MP additions in com-
parison with the control. Again, the lower concentration of PLA/PBAT
particles in our study could explain why we did not detect changes in
soil microbiological indicators of C cycling.

We verified previous studies in which compost and digestate led
to a stimulation of enzyme activities (Alburquerque et al., 2012; Crec-
chio et al., 2004; Vinhal-Freitas et al., 2010). Depending on the quality
of the organic fertilizers, we found slightly different temporal pat-
terns of degradation of high molecular weight organic compounds.
The increased lipase activities in fertilized soil after one and five
months of addition reflected the rapid breakdown of fats and oils con-
tained in compost and digestate into free fatty acids, diacylglycerols,
monoglycerols, and glycerol (Hanc et al., 2021). The more pronounced
increase due to compost compared with digestate addition indicates
a higher lipid content in compost than in digestate. Breakdown of
other compost- and digestate-derived polymers (hemicellulose, cellu-
lose, and chitin) were induced at a later timepoint. For example, the
degradation of chitins in soil fertilized with digestate as well as the
degradation of cellulose in compost-amended soil were only evident
five months after addition. The degradation of hemicellulose derived
from amendments was still visible after 17 months. Since we did not
find any differences in microbial biomass under the two organic amend-
ments, the observed increase in activities was likely due to higher
enzyme production of already present microorganisms.

Crop vyield, that is, silage maize biomass and grain yield of summer
barley, was not affected by MP addition in our study. Direct effects
due to uptake and accumulation in plants have been observed for MP
<2 um (Mateos-Cérdenas et al., 2021). Uptake by plants was unlikely
in our study since MP were too large for uptake by plants. While addi-
tional mechanisms of MP effects on plant biomass remain unclear,
changes in soil structure, bulk density, improved aeration, and micro-
porosity, as well as rooting and nutrient immobilization, are discussed

as possible results of both negative and positive effects of MP on plant
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biomass (Boots et al.,2019; Lozano et al., 2021; Mateos-Cardenas et al.,
2021; Qi et al., 2018; Rillig et al., 2019). Such indirect effects are again
likely to occur if MP concentrations exceed certain thresholds, which
may be the case in fields with plastic mulch and sewage sludge appli-
cation where MP loadings are particularly high (Biiks & Kaupenjohann,
2020; G. S. Zhang & Liu, 2018; D. Zhang et al., 2020). However, Brown
et al. (2022) did not observe growth and yield reductions of wheat
plants even with loads of LDPE-MP >100 g m~2. While these results,
as in our case, indicate that MP might not pose a risk with respect to
plant growth, this should be confirmed by investigations of other sites
(with different soil types and climates) as well as plant species and MP
types. Nevertheless, for fields with lower MP concentrations, such asin

our study, no negative effects of MP on plant biomass can be expected.

5 | CONCLUSIONS

Our results highlight that diverse MP can be found in arable soils even
without agricultural practices such as organic fertilization, sewage
sludge addition, or plastic mulching. This indicates that there are sig-
nificant diffuse MP inputs into soils through atmospheric deposition,
littering, and, to our knowledge noted for the first time, due to the
abrasion of coatings of agricultural machinery. In particular, small MP
particles <0.2 mm were frequently found in the soil. Soil organisms
caningest such particles with to-date unknown long-term environmen-
tal risks. There remains much uncertainty regarding concentrations of
small MP <0.01 mm and nanoparticles, and methods for their detection
in soil are needed.

We provide evidence that conventional as well as biodegradable MP
can persist and accumulate in soil under field conditions. Current MP
loadings in arable soil under agricultural practices such as amendment
with organic fertilizers have no detectable immediate negative conse-
quences neither on soil microbial abundance and activity related to C
cycling, nor on crop yields. However, due to regular MP inputs from
diffuse sources and from organic fertilizers and sewage sludge con-
taminated with MP, as well as the high persistence of many polymers,
long-term effects of MP on soil microbial abundance and activities
related to C and nutrient cycling cannot be excluded. Additional long-
term field studies examining different soil types and polymers will be
crucial to assess the risks of environmental threats of MP to functions
of agricultural soils.
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Table S1. Number and proportion of particles <0.5 mm and >0.5 mm by sample type and analysis (UFTIR,
ATR-FTIR). Particles that were removed from the small fraction (UFTIR analysis) and large fraction (ATR-
FTIR analysis) datasets are shown in grey. M1 and M17 stand for one month and 17 months after setup of

the experiment.

Analysis Particle numbers (absolute) | Proportion of particles (%)
Sample type <0.5mm >0.5mm <0.5mm >0.5mm
small Background contamination (all
fraction MP types) 74 4 94.9 5.1
(MFTIR- | LDPE-soil-mixture (only PE) 4774 1246 79.3 20.7
ATR)
Soil from LDPE plots at M1
(only PE) 146 34 81.1 18.9
Soil from LDPE plots at M17
months (only PE) 231 36 86.5 135
PLA/PBAT-soil-mixture (only
PLA/PBAT) 1274 475 72.8 27.2
Soil from PLA/PBAT plots at
M1 (only PLA/PBAT) 32 20 61.5 38.5
Soil from PLA/PBAT plots at
M17 (only PLA/PBAT) 36 5 87.8 12.2
large LDPE-soil-mixture (only PE) 27 1249 2.1 97.9
fraction
PLA/PBAT-soil-mixture (only
(ATR) PLA/PBAT) 1 952 0.1 99.9
Soil from all plots at M17 (all
polymer types) 0 57 0 100

Table S2 Pairwise contrasts of LDPE and PLA/PBAT particle number of MPstart, M1 and M17 separate for
MP type. Lower and upper 95 % confidence intervals (ClI low, CI up), t statistics, df degrees of freedom and p

values. Numbers in bold indicate p values < 0.05.

MP type

Contrast Difference |Cl low|Clup| t |df| p
LDPE M1 — MPstart -419 -900 | 62 |-2.67| 6 |0.082
M17 — MPgtar -79 -560 | 402 |-0.50 | 6 | 0.872
M17 — M1 340 -141 | 821 | 2.17 | 6 | 0.156
PLA/PBAT | M1 — MPgart -6 -100 | 89 |-0.19| 6 | 0.981
M17 — MPgtar 10 -84 | 105 | 0.33 | 6 | 0.942
M17 — M1 16 -78 | 110 | 0.52 | 6 | 0.865
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Table S3 ANOVA tables with variable (Var.), numerator degrees of freedom (Num df), denominator degrees
of freedom (Den df), sum of squares (sumsq), mean sum of squares (meansq), F and p values. Numbers in
bold indicate p values < 0.05.

\Var. Factor l(]lfum Den df [sumsq meansq |F p
VValue_TMinusl 1 23 8.58e+05 [8.58e+05 [6.44 0.018
Timepoint 2 48 2.44e+07 |1.22e+07 [91.41 |<0.001
Fertilizer 2 23 8.34e+06 |4.17e+06 [31.32 (< 0.001
PlasticType 2 23 2.8%9e+05 |1.44e+05 [1.08 0.355

% Block 3 23 1.07e+06 [3.57e+05 |2.68 0.071
= Fertilizer:PlasticType 4 23 2.87e+05 |7.18e+04 [0.54 0.708
Timepoint:Fertilizer 4 48 4.34e+06 [1.09e+06 [8.15 < 0.001
Timepoint:PlasticType 4 48 1.18e+05 |2.95e+04 [0.22 0.925
Timepoint:Block 6 48 8.5e+05 [1.42e+05 |1.06 0.397
Timepoint:Fertilizer:PlasticType 8 48 4.92e+05 [6.15e+04 |0.46 0.877
Value_TMinusl 1 23 6.86e+02 [6.86e+02 [0.12 0.732
Timepoint 2 48 6.18e+05 [3.09e+05 |54.38 |<0.001
Fertilizer 2 23 3.37e+04 [1.69e+04 |2.97 0.071
_% PlasticType 2 23 1.12e+04 [5.59e+03 ]0.98 0.389
K3 Block 3 23 2.88e+04 19.61e+03 [1.69 0.197
§ Fertilizer:PlasticType 4 23 2.91e+04 |7.28e+03 [1.28 0.307
3 Timepoint:Fertilizer 4 48 0.62e+04 |2.4e+04 |[4.23 0.005
Timepoint:PlasticType 4 48 2.8e+03 |7.01e+02 [0.12 0.973
Timepoint:Block 6 48 1.95e+04 [3.25e+03 [0.57 0.75
Timepoint:Fertilizer:PlasticType |8 48 9.02e+04 |1.13e+04 |1.98 0.069
\Value_TMinusl 1 23 3.66e+02 [3.66e+02 [2.33 0.141
Timepoint 2 48 2.53e+04 |1.26e+04 [80.23 [<0.001
Fertilizer 2 23 1.9e+03 [9.52e+02 [6.05 0.008
% PlasticType 2 23 1.11e+02 |5.55e+01 ]0.35 0.707
2 Block 3 23 1.46e+03 [4.88e+02 3.10 0.047
% Fertilizer:PlasticType 4 23 2.44e+02 16.11e+01 [0.39 0.815
ch Timepoint:Fertilizer 4 48 2.5e+03 |6.24e+02 (3.96 0.007
Timepoint:PlasticType 4 48 2.58e+02 16.45e+01 [0.41 0.801
Timepoint:Block 6 48 1.16e+03 [1.94e+02 |1.23 0.307
Timepoint:Fertilizer:PlasticType  [8 48 1.6e+03  |2e+02 1.27 0.282
\Value_ TMinusl 1 23 4.92e+06 [4.92e+06 |1.54 0.227
Timepoint 2 48 1.27e+08 [6.36e+07 [19.88 |<0.001
° Fertilizer 2 23 2.27e+07 |1.14e+07 |3.55 0.045
§ PlasticType 2 23 1.63e+06 [8.14e+05 ]0.25 0.777
= Block 3 23 4.21e+07 |1.4e+07 |4.38 0.014
e Fertilizer:PlasticType 4 23 1.26e+07 [3.14e+06 ]0.98 0.436
% Timepoint:Fertilizer 4 48 1.61e+07 [4.03e+06 |1.26 0.299
Timepoint:PlasticType 4 48 5.05e+06 [1.26e+06 |0.40 0.811
Timepoint:Block 6 48 1.87e+07 [3.12e+06 ]0.98 0.452
Timepoint:Fertilizer:PlasticType  [8 48 1.27e+07 |[1.59e+06 [0.50 0.852
g _ |Value_TMinusl 1 23 5.43e+04 |5.43e+04 44.60 |<0.001
O Timepoint 2 48 2.29e+04 |1.14e+04 [9.39 < 0.001




\Var. Factor gfum Den df [sumsq meansq |F p
Fertilizer 2 23 4.17e+03 [2.08e+03 |1.71 0.203
PlasticType 2 23 3.63e+03 |1.82e+03 [1.49 0.246
Block 3 23 1.73e+04 [5.75e+03 }4.72 0.01
Fertilizer:PlasticType 4 23 6.69e+03 |1.67e+03 [1.37 0.274
Timepoint:Fertilizer 4 48 1.03e+04 [2.58e+03 |2.12 0.093
Timepoint:PlasticType 4 48 8.77e+03 [2.19e+03 (1.80 0.144
Timepoint:Block 6 48 2.17e+04 |3.61e+03 [2.97 0.015
Timepoint:Fertilizer:PlasticType 3 48 5.25e+03 [6.56e+02 ]0.54 0.821
Value_TMinusl 1 23 4.9e+02  |4.9e+02 [17.38 [<0.001
Timepoint 2 48 2.54e+03 |1.27e+03 }45.03 |<0.001
Fertilizer 2 23 8.73e+00 ]4.36e+00 [0.15 0.857
PlasticType 2 23 2.18e+02 |1.09e+02 |3.87 0.036

g Block 3 23 8.44e+02 |2.81e+02 [9.98 < 0.001
< Fertilizer:PlasticType 4 23 3.22e+01 [8.04e+00 |0.29 0.884
Timepoint:Fertilizer 4 48 4.48e+02 [1.12e+02 [3.97 0.007
Timepoint:PlasticType 4 48 4.63e+02 [1.16e+02 }4.10 0.006
Timepoint:Block 6 48 4.17e+02  16.94e+01 [2.46 0.037
Timepoint:Fertilizer:PlasticType |8 48 1.66e+02 [2.08e+01 [0.74 0.658
Value_TMinusl 1 23 1.57e-04 |1.57e-04 ]0.01 0.922
Timepoint 2 48 3.46e+00 |1.73e+00 [107.80 (< 0.001
o [Fertilizer 2 23 8.42e-02 |4.21e-02 |2.63 0.094
N _8 PlasticType 2 23 1.79e-02 [8.97e-03 ]0.56 0.579
*E E Block 3 23 2.16e-02  |7.2e-03 0.45 0.721
3 S |Fertilizer:PlasticType 4 23 2.73e-02 16.83e-03 0.43 0.788
< § Timepoint:Fertilizer 4 48 2.79e-01  16.98e-02 }4.35 0.004
= Timepoint:PlasticType 4 48 1.78e-02 }4.45e-03 |0.28 0.891
Timepoint:Block 6 48 2.09e-01 |3.48e-02 |2.17 0.062
Timepoint:Fertilizer:PlasticType 3 48 1.2e-01 1.5e-02 0.93 0.498

Table S4 ANOVA table for silage maize biomass and grain yield of summer barley with variable (Var.),
numerator degrees of freedom (df), sum of squares (sumsq), mean sum of squares (meansq), F and p
values. Numbers in bold indicate p values < 0.05.

\Variable Factor df [sumsq meansq |F p
Fertilizer 2 [1.92e-01 [9.58e-02 [0.01 0.987
PlasticType 2 [3.95e+01 |1.97e+01 |2.69 0.089

Silage maize - biomass Block 3 |5.71e+01 |1.9e+01 |2.59 0.076
Fertilizer:PlasticType |4 ]1.13e+01 |2.82e+00 [0.38 0.818
Residuals 24 [1.76e+02 [7.35e+00
Fertilizer 2 [2.71e+00 ]1.35e+00 |4.92 0.016
PlasticType 2 |1.17e+00 [5.83e-01 [2.12 0.142

Summer barley - grain yield Block 3 [1.27e+01 [4.22e+00 |15.37 [<0.001
Fertilizer:PlasticType [4 [9.58e-02 [2.39e-02 [0.09 0.986
Residuals 24 16.6e+00 [2.75e-01
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Table S5 Simple contrasts of Fertilizer or PlasticType within Timepoint levels. Absolute and relative
differences (Diff.) between treatment groups with lower and upper 95 % confidence intervals (Cl low, Cl up), t

statistics, df degrees of freedom and p values. Numbers in bold indicate p values < 0.05.

\Var.

Cl low

Clup

. . o
Contrast Timepoint |Diff. Cllow [Clup Diff. (%0) %) (%) t df |p
ggnmtf(‘;ft 107759 | 718.33 | 1436.85 | 58.25 |38.83 | 77.67 | 7.18 |70.89|< 0.001
g(')%‘iﬁg’:te M1 147.24 | -209.47 | 503.95 | 7.96 |-11.32| 27.24 |0.99 |70.97| 0.587
Digestate - -930.35 | -1289.69 | -571.00 | -31.78 |-44.05|-19.50 |-6.20|70.88|< 0.001
Compost
ggnmtf(‘))ft 858.76 | 499.50 | 1218.02 | 62.46 |36.33 | 88.59 | 5.72 |70.89|< 0.001

(D] .

g |gestate- M5 | 50545 | 148.74 | 862.16 | 36.76 |10.82 | 62.71 |3.3970.97| 0.003
g'gesme' 35331 | -71266 | 6.04 | -1582 |-31.91| 027 |-2.35|70.88| 0.055
ompost
Compost - 14513 | -214.12 | 50439 | 510 |-7.52|17.71 | 0.97 [70.89| 06
Control
g(')%‘:ﬁﬁte M17 | 25427 | -10244 | 61098 | 893 |-3.60 | 21.46 | 1.71 |70.97| 0.21
g'geswte' 10914 | -25021 | 468.48 | 3.65 | -8.36 | 15.66 | 0.73 |70.88| 0.748
ompost
Compost - 2.83 943 | 1510 | 7.48 |-24.92| 39.87 |0.55|70.97| 0.845
Control
Digestate - M1 0.26 12.01 | 1252 | 068 |-31.71] 33.08 | 0.05|70.97| 0.999
Control
Digestate - 257 | -1483 | 969 | -6.32 |-36.45| 23.81 |-0.50(70.97| 0.87
Compost

o  |COmpost- 1182 | -044 | 2400 | 4732 |-1.76 | 96.40 | 2.31 (70.97| 0.061

2] Control

S - )

g  |Digestate M5 1498 | 271 | 2724 | 59.94 |1086109.02|2.92 |70.97| 0.013

=, |Control

X .

&  [Digestate - 315 | -911 | 1541 | 857 |-24.74| 41.87 | 0.62 [70.97| 0.812
Compost
Compost - 648 | -1875 | 578 | -9.86 |-2851| 8.80 |-1.27(70.97| 0.42
Control
Digestate - M17 14.89 2.62 2715 | 22.64 | 3.99 | 41.30 | 2.91 |70.97| 0.013
Control
Digestate - 21.37 9.11 33.63 | 36.05 |15.37 | 56.74 | 4.17 [70.97|<0.001
Compost
Compost - 958 | -6453 | 83.69 | 3.95 |-26.58| 34.48 | 0.31(70.91| 0.949
Control
[C)'gesmte' M1 323 | -7051 | 7698 | 1.33 |-29.05| 31.71 | 0.10 [70.97| 0.994

® ontrol

w -

3 [C)'gesmte' 635 | -80.80 | 6810 | -252 |-32.02| 26.99 [-0.20|70.83| 0.977

% ompost

(&)

= (Compost - 80.62 651 | 15473 | 46.77 | 3.78 | 89.76 | 2.60 |70.91| 0.03

;.” Control
Digestate - M5 5862 | -15.13 | 132.36 | 34.00 | -8.78 | 76.78 | 1.90 |70.97| 0.145
Control
Digestate - 2201 | -96.46 | 5244 | -8.70 |-38.12| 20.73 |-0.71|70.83| 0.76
Compost
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Var.

Cl low

Clup

Contrast Timepoint |Diff. Cllow [Clup Diff. (%) %) |(%) t df |p
Compost - -53.90 | -128.01 | 20.21 | -13.94 |-33.10| 5.23 |-1.74|70.91| 0.197
Control
Digestate - M17 68.31 | -5.43 | 142.06 | 17.66 | -1.40 | 36.73 | 2.22 |70.97| 0.075
Control
Digestate - 12221 | 47.76 | 196.66 | 36.71 |14.35 | 59.08 | 3.93 |70.83|< 0.001
Compost
L DPE - 062 | 580 | 465 | -3.02 |-28.70| 22.66 |-0.28|70.70| 0.957
Control
(PLAPBATI-| M1 | -316 | -848 | 217 | -1537 |-41.29| 1055 |-142|70.42| 0336
Control
(LP[')-ﬁE/PBAT)' 254 | 778 | 270 | -12.74 |-39.04| 1356 |-1.16(70.85| 0.481
LDPE - -8.19 | -1347 | -2.92 | -36.56 |-60.08|-13.03 [-3.72{70.70| 0.001
Control
g (PLAPBAT) -1 s 014 | 546 | 519 | -061 |-24.36| 23.13 |-0.06/70.42| 0.998
z Control
I(_P[;-E)“E/PBAT)' 806 | 282 | 1330 | 56.65 |19.82 | 93.48 |3.68|70.85| 0.001
LDPE - 016 | -544 | 511 | -057 |-18.88| 17.74 [-0.07|70.70| 0.997
Control
(PLAPBATY-| m17 | 207 | 235 | 820 | 1031 |-817 | 28.79 |134|70.42| 038
Control
(PLAJFBAT) - 313 | -210 | 837 | 10.94 |-7.35|29.23 | 1.43|70.85 0.33
LDPE
Compost - 0.76 -4.54 6.06 3.78 |-22.40| 29.95 | 0.35 |70.56| 0.936
Control
Digestate - M1 368 | -892 156 | -18.16 |-44.05| 7.72 |-1.68(70.84| 0.22
Control
Digestate - -4.44 | -9.70 081 | -21.14 |-46.14| 3.86 |-2.02|70.79| 0.114
Compost
Compost - 458 | 072 | 983 | 2639 |-4.13 5691 |2.07(70.56| 0.103
Control
£ Digestate - M5 223 | -301 | 747 | 12.86 |-17.32| 43.04 | 1.02 [70.84| 0.567
z Control
Digestate - 235 | -7.60 | 290 | -10.70 [-34.64| 13.23 (-1.07|70.79| 0.535
Compost
Compost - 212 | -7.42 318 | -7.25 |-25.40| 10.89 |-0.96|70.56| 0.606
Control
Digestate - | 197 | 371 | 154 | 895 | 1269 |-526 | 3063 | 169 |70.84| 0215
Control
Digestate - 5.82 0.57 11.08 | 21.50 | 2.10 | 40.89 | 2.65|70.79| 0.026
Compost
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Table S6 Contrasts of N-acetyl-glucosaminidase activities by Timepoint. Statistical tests are performed on
log-transformed data. The ratios of the contrasts and 95 % confidence intervals (Cl low, Cl up) are back-
transformed to the original scale of the data. t statistics, df degrees of freedom and p values. Numbers in
bold indicate p values < 0.05.

Contrast Timepoint |Ratio| CI low Clup t df p
Compost / Control 1.03 0.76 1.40 0.25 68 | 0.967
2 Digestate / Control M1 | 092 068 124 | -066 | 68 |0.789
©
E Digestate / Compost 0.89| 0.66 121 |-090| 68 |0.642
g Compost / Control 130 0.96 1.76 210 | 68 |0.097
o A
S Digestate / Control 159 | 1.18 216 | 371 | 68 |0.001
2 M5
> Digestate / Compost 1.22| 0.90 166 | 159 | 68 |0.255
(5]
fz“.é Compost / Control 0.82| 0.60 110 |-161| 68 |0.249
Digestate / Control M1z | 114 | 085 155 | 1.07 | 68 |0539
Digestate / Compost 1.40 | 1.04 1.90 | 2.67 | 68 |0.026

Table S7 Main effect contrasts of Fertilizer for grain yield of summer barley and phenoloxidase activity.
Absolute and relative differences (Diff.) between treatment groups with lower and upper 95 % confidence
intervals (Cl low, Cl up. t statistics, df degrees of freedom and p values. Numbers in bold indicate p values <
0.05.

Var.
Contrast Diff. Cllow | Clup |Diff. (%)|Cl low (%)|Clup (%0)| t |df| p
_ |Compost - Control| 014 | -0.68 | 039 | -221 | -10.49 607 |-067]24]0.785
| & - -
o% Digestate 050 | -004 | 103 | 7.70 -0.58 1598 | 2.32 | 24| 0.072
2L o Control
> o
& .
ge Digestate - 0.64 0.11 117 | 1013 1.67 18.60 | 2.99 |24 0.017
> Compost
Compost - Control| -25.07 | -1283.02 | 1232.89 | -035 | -17.95 17.25 |-0.05]23]0.999
S 3 Digestate -
S 2 118534 | -80.72 |2451.40| 1658 | -1.13 3430 | 234 | 23] 0.069
_qc,_'g Control
X N
o -
° Dc'geState 121040 | -57.11 |2477.91| 1699 | -0.80 3479 | 239 | 23 0.063
ompost
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Figure S1 Particle size distributions of MP particles in MP-soil-mixtures of a LDPE < 0.5 mm (n = 4,774), b
LDPE 0.5—-2 mm (n =1,053), ¢ PLA/PBAT < 0.5 mm (n = 1,274), and d PLA/PBAT 0.5 -2 mm (n = 857).
The dashed lines show the 10th, 50th (median), and 90th percentiles from left to right.

a b

PLA/
PBAT

PE

Figure S2 Representative microscopic images of MP > 0.5 mm as initially added to the field detected in the
MP-soil-mixtures. a — ¢ PLA/PBAT, d — f PE.
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Figure S3 a B-glucosidase b R-xylosidase ¢ N-acetyl-glucosaminidase, and d phenoloxidase activity as a
function of MP and organic fertilizers one month (M1), five (M5), and 17 months (M17) after the addition of 2
g m2 MP. Data are presented as estimated marginal means (n = 4) with lower and upper 95 % confidence
intervals (error bars). Note that data of N-acetyl-glucosaminidase are log-transformed.
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Figure S4 a Microbial biomass nitrogen, b biomass of silage maize, and ¢ grain yield of summer barley as a
function of MP and organic fertilizers after one month (M1), five (M5) and 17 months (M17) after the addition
of 2 g m2 MP. Data are presented as estimated marginal means (n = 4) with lower and upper 95 %
confidence intervals (error bars).
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Abrasion of
coating?

Figure S5 Land machine harvesting summer barley on the site of the field experiment. Possible entry of red
varnish particles due to abrasion of the red protective coating.
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Microplastics in a Rhine floodplain origi-
nate mainly from fluvial input.

Spatial distribution of microplastics seems
to be a consequence of local topography
and flooding frequency.

Up to 75% of the found microplastics in
the Rhine floodplain are smaller than
150 pm.

The investigated floodplain accumulates
microplastics in deeper soil.
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Editor: Dimitra A Lambropoulou Rivers are major pathways for the transport of microplastics towards the oceans, and many studies focus on

microplastic abundance in fluvial ecosystems. Although flooding strongly affects transport of microplastics, knowledge

KéyWD'ﬂSf ) about the potential input via floodwaters, spatial distribution, and fate of microplastics in adjacent floodplains remains
x‘fgl’lla_mc ) very limited. In this study, we suggest that local topography and flood frequency could influence the abundance of
loodplain sor

microplastics in floodplains. Based on this concept, we took soil samples in a Rhine River floodplain in two different

Riverine microplastics s . . .
P depths (0-5 cm and 5-20 cm) along three transects with increasing distance to the river and analysed the abundance

Microplastics contamination

of microplastics via FTIR spectroscopy. Flood frequency of the transects was estimated by a combination of hydrody-

Rhine
Flood modelling namic modelling with MIKE 21 (DHI, Hgrsholm Denmark) and analysis of time series of water levels. Microplastic
FTIR spectroscopy abundance per kg dry soil varied between 25,502 to 51,119 particles in the top 5 cm and 25,616 to 84,824 particles

in the deeper soil (5-20 cm). The results of our study indicate that local topography and resulting flooding patterns
are responsible for the amount of microplastics found at the respective transect. Differences in soil properties, vegeta-
tion cover and signs of earthworm activity in the soil profile seem to be related to microplastic migration and accumu-
lation in the deeper soil. The interdisciplinary approach we used in our work can be applied to other floodplains to
elucidate the respective processes. This information is essentially important both for locating potential microplastic
sinks for process-informed sampling designs and to identify areas of increased bioavailability of microplastics for
proper ecological risk assessment.
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1. Introduction

The occurrence of microplastics (plastic particles smaller than 5 mm) in
our environment is a global challenge (Dris et al., 2020). Microplastics is an
umbrella term for a heterogeneous pot-pourri of particles with different in-
trinsic properties affecting their transport, including i.e., diverse polymer
types, sizes, shapes, densities, environmental ageing or biofouling
(Rochman et al., 2019; Laforsch et al., 2021; Millican and Agarwal,
2021). Those particles have been found in literally all environmental com-
partments, even in remote areas such as coral islands (Imhof et al., 2017) or
the Arctic (Bergmann et al., 2019). Research on microplastics started in the
marine environment (Thompson et al., 2004) and shifted its focus to terres-
trial and freshwater systems only recently (Frei et al., 2019; Horton et al.,
2017; Dris et al., 2018), since it became clear that fluvial ecosystems act
as a major transport route for microplastics towards the oceans (Napper
etal., 2021; Lebreton et al., 2017; Meijer et al., 2021). Most plastic products
are used and disposed of on land. Therefore, the large majority of
microplastics originates from land-based sources (Jambeck et al., 2015)
and could enter rivers through, e.g., runoff from urban, industrial and agri-
cultural areas, effluents from industrial and waste water treatment plants,
atmospheric deposition or littering (Liu et al., 2019; Blédsing and
Amelung, 2018; van den Berg et al., 2020; Mintenig et al., 2017; Klein
and Fischer, 2019; Dris et al., 2015; Geyer et al., 2017).

Rivers are not only pathways for microplastics, they are dynamic eco-
systems which reach beyond the river channel into the adjacent floodplains
and should consequently receive autonomous attention in microplastic re-
search. Most of the studies which investigated microplastics in rivers fo-
cused on river water and sediments separately from the floodplains.
These studies showed that fluvial sediments can serve as temporal and
long-term sinks for microplastics (Ding et al., 2019; Scherer et al., 2020;
Scheurer and Bigalke, 2018; Hurley et al., 2018; Roebroek et al., 2021;
Woodward et al., 2021; Laermanns et al., 2021). However, floodplains
are an important interface between terrestrial and fluvial ecosystems, and
might therefore also play an important role in the “plastic cycle” (Horton
and Dixon, 2018).

The concept of plastic cycle emphasizes the connection between differ-
ent environmental compartments when studying the transport, retention,
and fate of microplastics (Horton and Dixon, 2018). Floods seem to be
one of the driving forces in this plastic cycle (Lechthaler et al., 2021;
Hurley et al., 2018). They intensify the erosion of riverbeds and riverbanks,
which strongly affects re-mobilisation and subsequent deposition of
microplastics (Hurley et al., 2018; Woodward et al., 2021). In this context,
erosion experiments showed that microplastics are more mobile than natu-
ral river sediments (Waldschlager and Schiittrumpf, 2019). Only recently,
the impact of floods on the transport of microplastics into floodplains and
their subsequent entry into floodplain soils have gained more scientific at-
tention (Lechthaler et al., 2021; Weber et al., 2021). Based on the available
literature and our considerations, we suggest that floodplains may act as
sinks for microplastics, when hydraulic conditions during flooding favour
sedimentation. On the other hand, floodplains may act as a reservoir and
a source of microplastics via potential re-mobilisation of particles during
erosive conditions. Local topography of alluvial floodplains affects the
above-mentioned hydraulic conditions, and should thus also determine
the quantity and spatial distribution of microplastics in the floodplain intro-
duced during flooding. Once deposited in the floodplain, microplastics can
migrate down the soil profile with infiltrating water depending on soil
properties or be transported to the deeper soil by bioturbation (Maaf3
et al., 2017; Rillig et al., 2017; Weber et al., 2021). Floodplain soils may
thus act as a long-term sink for microplastics if sedimentation and subse-
quent migration into the soil column dominates over re-mobilisation by
erosive forces during flooding (Lechthaler et al., 2021). Permanent vegeta-
tion cover is most probably the main factor that reduces or prevents erosion
and thus re-mobilisation of particles. However, whether this sketched con-
cept holds true under natural conditions has not been in the focus of
microplastic research so far. Moreover, the current research on
microplastics within floodplains completely overlooked the interactions
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of topography and hydrology as a factor for the spatial distribution of river-
ine microplastics in floodplains.

The Rhine as one of the largest and highly anthropogenically modified
rivers in Europe has been of a particular interest for microplastic research
(Mani et al., 2016, 2019b, 2019a; Klein et al., 2015; Hel$ et al., 2018). It
crosses six European countries, and nearly 60 million people live in its
catchment (Belz, 2010). The land use in its surroundings is diverse and po-
tential sources of microplastics are numerous (Mani et al., 2019b). Several
studies reported microplastics concentrations of 1.6-14.7 particles m ™~ in
its surface waters and of 0.26-11.07 x 10° particles kg ™! in its benthic sed-
iments (HeR et al., 2018; Mani et al., 2016, 2019b). The shoreline sedi-
ments of the Rhine contain 228-3763 microplastic particles kg ™! (Klein
et al., 2015). Weber and Opp (2020) reported that deposition of
microplastics in a floodplain was the largest close to the river channel and
declined with distance from the river. However, the relationship between
the abundance of microplastics in the Rhine floodplains and local topogra-
phy, flooding frequency and soil properties as potential factors for migra-
tion and transport of microplastics into the deeper soil have not been
addressed so far.

In this study, we aim to analyse the abundance and vertical distribution
of microplastics in a Rhine floodplain soil. To elucidate our concept of how
local topography and flood frequency could influence the abundance of
microplastics in floodplains, we relate the amount of microplastics to differ-
ences in flooding frequency driven by the water level in the Rhine and the
local topography, soil properties, vegetation cover, and signs of earthworm-
related bioturbation. Therefore, we collected soil samples in three transects
in an agriculturally undisturbed Rhine floodplain at the soil surface and in
the deeper soil column for microplastic analysis. To determine the interplay
between local topography and frequency of floods, we modelled different
flooding scenarios at the three investigated transects.

2. Materials and methods
2.1. Study site

The study site is located at the left shore of the Lower Rhine, in a flood-
plain at the Rhine kilometre 704.7-704.8 in the nature reserve ‘Rheinaue
Langel-Merkenich’ in Cologne (51°03’01.5”N 6°55’13.1”E, North-Rhine
Westphalia, Germany) opposite the city of Leverkusen. We chose this site
based on its land cover (permanent grassland) and its spatial isolation
from the built-up areas by a dike and natural topography. On the flood-
plain, intensive agriculture, including ploughing, is prohibited since at
least 1991 (protected nature reserve). The grass at the study site is
mowed once a year. Additionally, we evaluated aerial photographs from
1945 (HES-NCAP, ncap.org.uk/NCAP-000-001-102-801, accessed on
2022-02-14) and 1988-1994 (provided by Land NRW, dl-de/by-2-0,
https://www.govdata.de/dl-de/zero-2-0, https://www.tim-online.nrw.de,
accessed on 2021-02-14, Supplementary Fig. S1). They also suggested the
absence of intensive agriculture in this area and showed no major changes
in topography (e.g., no buildings). Thus, potential sources of microplastics
should be mainly limited to the fluvial inputs during flooding (originating
from e.g., industrial and municipal sewage effluents, Supplementary
Fig. S9) and, to a lower extent, to atmospheric deposition (Kernchen
et al., 2021). Airborne microplastic inputs were not part of our study and
should be addressed in the future. The Lower Rhine has a pluvio-nival re-
gime along its course in the state of North-Rhine Westphalia (Belz, 2010).
Therefore, at the study site, the highest runoffs and floods usually occur
in winter and lowest runoffs in summer.

2.2. Soil sampling

We took soil samples in October and November 2019 in three transects.
They followed different contour lines (i.e., elevations) parallel to the Rhine
with increasing distance to the river shore (Fig. 1). The contour lines were
identified by monocular levelling. Transect 1 (T1, length 35 m, patchy grass
cover) was situated close to the river shore in-between of two groynes.
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Fig. 1. A and B: location of the sampling area. C: land cover of the floodplain in the nature reserve ‘Rheinaue Langel-Merkenich’ with the sampled transects T1, T2 and T3, red
points mark the soil sampling locations. D: digital elevation model of the study area. The elevation is given in meters above sea level (m a.s.1.). The fringy feature at the shore
shows shrubs. Data sources: A: ©GeoBasis-DE / BKG 2019 (data changed); B: waterways shape file: https://mapcruzin.com/free-germany-arcgis-maps-shapefiles.htm, last
accessed 2022-04-14, data derived from https://www.openstreetmap.org/ licensed under the Open Data Commons Open Database License (ODbL) https://
opendatacommons.org/licenses/odbl/ and districts of the Citiy of Cologne: https://opendata-esri-de.opendata.arcgis.com/datasets/esri-de-content::stadtteile-k%C3%
B6In/about ©Stadt K6ln; C: accessed via Google Earth satelite, GeoBasis-DE/BKG (©2009); D: dl-zero-de/2.0, Datenlizenz Deutschland — Zero — Version 2.0, https://

www.govdata.de/dl-de/zero-2-0, www.geoportal.nrw.

Transect 2 (T2, length 26 m, homogeneous grass cover) lay approximately
11 m further inland on an embankment and about 1.6 m higher than T1.
Transect 3 (T3, length 61.5 m, homogeneous grass cover) was located in
a depression the farthest inland in approximately 57 m distance to T1 and
about 0.5 m lower than T2.

We took three soil cores in each transect for the analysis of
microplastics. Therefore, we hammered three stainless-steel cylinders (di-
ameter: 50 mm, length: 200 mm) per transect into the soil. The sampling
points of the three soil cores were spaced roughly equidistantly within
the transects. After excavating the sampling cylinders, we divided each
core in two samples, namely the topsoil (0-5 cm) and the deeper soil
(5-20 cm) samples. All three samples from one depth were pooled per tran-
sect, transferred to the same glass container (Weck GmbH, 1500 ml) and
capped with a glass lid. Sample pooling allowed to obtain one representa-
tive sample per depth and transect.

Additionally, we dug a pit and prepared a soil profile with a spade in
each transect. These profiles varied in depth between 45 cm and 85 cm. Pre-
paring soil profiles beyond the sampling depth of 20 cm is necessary for
their correct description. The soil profiles were described, and the soil
color was classified with a Munsell soil color chart (Munsell Color (Firm),
2010) according to the World Reference Base classification (WRB) released
by the Food and Agriculture Organization of the United Nations (FAO)
(FAO, 2014). This information is provided in the Supplementary Figs. S2,
S3 and S4 along with the photographs of the soil profiles. According to
the FAO (2006, their Tables 79 to 81), we classified the size and abundance
of roots, and examples and abundance of biological activity. The categories
for the root diameter range from “very fine” to “coarse”, and abundance
from “none”, “very few”, “few”, “common” to “many”. The abundance of
biological activity can vary from “none”, “few”, “common” to “many”. Sub-
sequently, we took bulk soil samples with a spatula from the soil surface to
the maximum depth of the profiles in roughly 5 cm increments to deter-
mine the physico-chemical soil properties in the laboratory.

To account for microplastic contamination during sampling, we placed
three clean sampling glass containers next to our sampling spot and left
them open until the sampling ended. These glass containers served as

blank samples and were processed together with the samples later in the
laboratory.

2.3. Soil properties

Bulk soil samples were dried in glass beakers for 48 h at 40 °C and sieved
to < 2 mm. For soil texture analysis (i.e., percentage of sand, silt, and clay
particles), we treated the samples with hydrogen peroxide (H,0,, 15%)
until organic matter was destroyed completely. Then, we added sodium py-
rophosphate (Na4P,0,, 46 g L™ 1) to avoid coagulation during the measure-
ment. Each sample was measured three times by laser diffraction (LS 13320
Beckmann Coulter™ Laser Diffraction Particle Size Analyzer) in 116 chan-
nels using the optical Fraunhofer model. The measurements cover a particle
size range from 0.4 to 2000 pm. The data were processed with GRADISTAT
software version 8 (Blott and Pye, 2001) based on Folk and Ward (1957).
Additionally, we analysed soil C and N contents and provide the results in
the Supplementary Information (Supplementary Figs. S2, S3 and S4).

2.4. Prevention of microplastic contamination

To prevent contamination in the laboratory, the soil samples were han-
dled under a laminar flow box whenever possible (Laminar Flow Box FBS,
Spetec GmbH). Furthermore, the laboratory was equipped with an air puri-
fier (DustBox with HEPA H14 filter, Mocklinghoff Lufttechnik GmbH) to re-
duce air-borne contamination. All tools and devices were cleaned twice
before and after each usage by rinsing with filtered deionized water and fil-
tered 35% ethanol (2 and 0.2 pm, respectively). All chemicals, solutions,
and liquids were filtered before use. Cotton lab coats were worn during
the sample preparation and analysis.

To account for and quantify potential contamination in the laboratory,
the blank samples taken in the field underwent the same sample prepara-
tion procedures as the original soil samples. After analysis of the blank sam-
ples, the mean values of microplastic particles per polymer, shape and size
class were calculated and rounded to the next larger integer. Subsequently,
those values were subtracted from the respective polymer types, shapes,
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and size classes in the sample results to correct the concentrations in the soil
samples.

2.5. Extraction and purification of microplastics from soil samples

To extract microplastics from soil samples and prepare the samples for
the subsequent Fourier-transform Infrared Spectroscopy (FTIR) analysis,
we followed the protocol by Modller et al. (2021). The protocol was modi-
fied to account for the separation of black carbon particles by an additional
density separation with a CaCl, brine. The supporting information contains
a flow chart of the procedure (Supplementary Fig. S5). In this section, we
describe the procedure briefly.

To destroy soil aggregates, we freeze-dried all soil samples in the glass con-
tainers covered with ash-free paper filters to allow evaporation (mesh size: 2
pm). From the dry samples taken in 5-20 cm depth, we took a subsample of
250 g after thorough homogenization. The dry topsoil samples (0-5 cm)
were shaken in filtered deionized water (< 0.2 pm) on a laboratory shaker
for 24 h to separate the soil components from vegetation. After this procedure,
we picked the plant rests manually and washed the remaining particles off and
back into the sample. The dry mass of the resulting topsoil samples varied be-
tween 388 g and 567 g and was processed completely. Subsequently, all sam-
ples were wet-sieved in a metal sieve cascade with stainless-steel meshes in a
size of 5 mm, 1 mm and 500 pm and thoroughly rinsed during the whole siev-
ing process. Putative microplastic particles on the 5 mm, 1 mm and 500 pm
sieves were sorted under a binocular stereo microscope (Olympus SZ61),
photographed, and their size was measured. Subsequently, they were stored
until the attenuated total reflection (ATR) FTIR analysis. The fraction < 500
um was density-separated with a ZnCl,, brine (density 1.7-1.8 g cm ) to re-
move mineral particles and the organic matter was destroyed in an
enzymatic-oxidative digestion including a second density separation with a
ZnCl, brine after the purification process (Loder et al., 2017).

Because our samples contained a high amount of black carbon particles
(verified by FTIR) after the purification and ZnCl, density separation, we
performed an additional density separation with a CaCl, brine
(1.23-1.40 g cm %) in small glass beakers (200 ml). During this separation
process, the particles in the sample separated into two layers, namely a less
dense layer free of black carbon particles at the surface and a layer enriched
with black carbon at the bottom. After the separation process has finished,
we froze the samples at — 80 °C and separated the frozen layers, namely top
and bottom layer, into two glass beakers. Subsequently, we filtered them on
stainless-steel filters (mesh size 5 pm) and took representative aliquots from
each layer (procedure described in the Supplementary Information). We
used 1/8-1/64 of the sample material from the surface layer, and from the
bottom layer 1/74-1/249 respectively. These aliquots were filtered with an
in-house made glass funnel with 10 mm diameter on aluminium oxide filters
(mesh size 0.2 pm, 25 mm diameter Anodisc, Whatman GE Healthcare, 2-9
filters per sample) for subsequent measurement with micro-Focal Plane
Array-based FTIR spectroscopy (p-FPA-FTIR) (Loder et al., 2015).

2.6. FTIR spectroscopy

2.6.1. Particles > 500 ym

We analysed every putative microplastic particle > 500 pm with an
ATR-FTIR spectrometer (Bruker Alpha FTIR spectrometer with platinum
ATR) equipped with a diamond ATR crystal. The measurements were per-
formed in the wave number range from 4000 to 400 cm~* with a resolution
of 8 cm ™! and an accumulation of 8 scans. We measured the background
against the ambient air with the same settings before particle analysis
started. All spectra were checked against reference spectra from an in-
house developed plastic polymer spectral library (Loder et al., 2017).

2.6.2. Particles < 500 ym

The Anodisc filters with the particles < 500 pm were measured with p-
FPA-FTIR microscope (Hyperion 3000, Bruker) connected to a spectrome-
ter (Tensor 27, Bruker). We measured the whole sample filters in transmis-
sion mode with a 3.5 X IR objective in a wave number range from 3600 to
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1250 cm ™! with a resolution of 8 cm ™! and an accumulation of 32 scans.
The background was measured 32 times on the pure Anodisc filter. The
focal plane array detector combined with the IR objective results in a spatial
resolution of 11.05 pm per pixel. The data was converted to the ENVI file
format in the Bruker OPUS Software (version 7.5) imported in the Epina
ImageLab software (version 3.47) and the polymer type of each particle
identified by a random forest decision classifier software tool for
microplastics (BayreuthParticleFinder) (Hufnagl et al., 2022). This classi-
fier can identify 22 different polymers automatically and enables an ex-
tremely rapid analysis within 0.5 h per filter. Each automatically
identified microplastic particle was manually double-checked against refer-
ence spectra according to a four-eye principle by experienced staff for qual-
ity assurance. Subsequently, the particle sizes were measured and shapes
recorded from the photographs of the Anodisc filters. We used the largest
dimension of the particle as its size.

2.6.3. Microplastic size and shape classification

We classified the microplastic particles into eight size classes, namely
11-50 pm, 51-100 pm, 101-150 pm, 151-300 pm, 301-500 um,
501-1000 pm, 1001-5000 pm and > 5000 pm (Fig. 3). Additionally, we
assigned the particles to three shape categories, namely fragments, beads,
and fibres (Fig. 4). The shape of less than 1% of microplastic particles re-
mained undetermined due to their small size (e.g., only one pixel in the
chemical image) or overlap with other particles. Those particles were re-
corded as unidentified shape. However, their IR spectra clearly confirmed
that they were microplastics.

2.7. Hydrodynamic modelling and analysis of flood frequencies

To determine the frequency of flooding of the three transects and thus
possible input of microplastics, we used the Rhine water levels between
1950 and 2020 from the gauging station in Cologne “Kolner Pegel”. The
station is situated at the Rhine kilometre 688 (16.7 km upstream of the sam-
pling site) and the data were provided by the Federal Waterways and Ship-
ping Agency (WSV) and the German Federal Institute of Hydrology (BfG).
To use the data, we corrected the water level data based on the decreasing
elevation gradient in northern direction from gauging station to our sam-
pling site (3.09 m bed level difference). To avoid confusions, in this re-
search all water levels reference to the Amsterdam Ordinance level (NAP)
and are given in meters above sea level (m a.s.l.). We used the dataset
from Geobasis NRW (©Land NRW, dl-de/by-2-0, https://www.govdata.
de/dl-de/zero-2-0, accessed 2021-07-24) for the digital elevation model
(DEM) at our sampling site.

We simulated the flooding with the MIKE 21 software (DHI, Hgrsholm
Denmark), a model for the simulation of a 2D free-surface flow. In the
model, the rising water levels of the Rhine flooded the DEM of our study
site. The goal of the flood simulation was to determine the respective
threshold of the Rhine level at which each of the transects is flooded. In
our simulations, we excluded the impact of wind turbulences, infiltration
into the soil, interactions with groundwater and the riverbed.

These thresholds were used for the analysis of frequency of floods in
each transect. We determined the number of flooding days between Janu-
ary 1950 and April 2020, defined as days at which the Rhine exceeded
the threshold levels in the time series of water levels provided by the
“Kolner Pegel”. Additionally, we calculated the frequency and duration of
flooding events. An event is defined as consecutive days at which the
Rhine level exceeded the respective threshold. The analysis was done in R
(R Core Team, 2021) using the packages tidyverse (Wickham et al., 2019)
and lubridate (Grolemund and Wickham, 2011).

3. Results and discussion
3.1. Soil characteristics of the transects

Erosion and deposition processes within floodplains influence the
development of the soil (Supplementary Fig. S6) (Asselman and
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Middelkoop, 1995). Accordingly, we found typical floodplain soils, so-
called fluvisols at our study site. In the riverside transect T1, the fluvisol
was young and shallow (Supplementary Fig. S2) because the flooding peri-
odically interrupts the soil development (Graf-Rosenfellner et al., 2016). In
T2 and T3, we found deeper soils with horizons which are typical for the pe-
dogenesis (i.e., soil development) of fluvisols located farther landwards
(Supplementary Figs. S3 and S4).

All samples which we analysed for microplastic came from the humic
topsoil, labelled Ah, and the underlying weathered horizon, denoted Bw
(Ah and Bw are standard denominations for soil horizons, cf. Supplemen-
tary Information). These horizons reflect the sedimentation and erosion dy-
namics in the floodplain in their texture (i.e., proportions of clay, silt, and
sand) (Graf-Rosenfellner et al., 2016). We found the largest sand content
(up to 70%) and intercalated layers of sand within the first 20 cm of soil
at the riverside in T1 (Supplementary Fig. S2). The deposition of coarse sed-
iments indicates a high flow velocity, which can hold fine-grained particles
in suspension. The larger the sand content, the larger the proportion of
macropores in the soil and consequently also the saturated hydraulic con-
ductivity, i.e., the ability of the saturated soil to conduct water. The propor-
tion of sand declined to roughly 45% on embankment T2 and further to
approximately 20% in the depression T3 (Fig. 2). In contrast, the propor-
tions of clay and silt increased from T1 to T3 and indicate slower flow veloc-
ities farther landwards and more favourable sedimentation conditions
behind the embankment T2 and in the depression T3. According to FAO's
categories (FAO, 2006), the abundance of fine roots (root diameter < 2
mm) could be classified as “common” (second most frequent category
with 50-200 roots) in T2 and T3. The abundance of biological activity is
categorized as “common” (second most frequent category) with a high
share of “earthworm channels”. In contrast, in T1, we noticed “few”
(20-50) fine roots and “few” signs of biological activity only.

3.2. Detected microplastics in the floodplain soil

3.2.1. Abundance of particles and polymers

We are aware that for our study we analysed two pooled depth-specific
samples per transect only. However, we aimed at producing representative
samples for each of the three transects and ensured this by our sampling de-
sign, sample pooling and homogenization. Furthermore, the processing of
comparatively large samples (minimum of 250 g), the analysis of the
whole surface of the sample filter via p-FPA-FTIR and a maximum control
of contamination ensured robust data. We detected microplastics in all sam-
ples, and our results indicate that a large amount of microplastic particles
was deposited in the floodplain we studied. After subtraction of the blank
values (in total 21 particles made of 13 polymers in the size range of
11-1000 pm in the three blanks), the number of microplastics within the
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transects of the floodplain varied between 25,502-51,119 microplastics
kg~ ' in 0-5 cm depth and 25,616-84,824 microplastics kg~ ' in 5-20 cm
depth, respectively.

The lack of standardization in microplastic analysis seriously hampers
the comparability between studies (Moller et al., 2020) because published
research differs in sampling, sample preparation, and analysis. Neverthe-
less, we compare our data with the available literature on microplastic
abundance and simultaneously point out the size ranges reported there
and our results in the comparable size range. Klein et al. (2015), for exam-
ple, found 228-3763 microplastics kg ™! at the Rhine shore (their size
range: 63-5000 pm; our results in the range 51-5000 pm: 20,844-75,084
microplastics kg ~1). Weber and Opp (2020) found up to 8.57 microplastics
kg ! in floodplain soils of the Lahn (Hesse, Germany), a tributary of the
Rhine (their size range: 2000-5000 pm; our results in the range
1001-5000 pm: 82-1044 microplastics kg~ 1). In a follow-up study,
Weber et al. (2021) reported on the average 3.33 microplastic particles
kg~ ! in the topsoils of several Lahn floodplains (their size range:
500-5000 pm; our results in the range 501-5000 pm: 955-3540
microplastics kg~ !). However, the data of Weber et al. are based on 158
meso- and microplastic particles only (Weber et al., 2021). In another flood-
plain study at the Inde river (North Rhine-Westphalia, Germany),
Lechthaler et al. (2021) identified 176 putative microplastics kg~ by mi-
croscopy (their size range: 500-5000 pm). However, only 28 out of 88
tested particles were finally identified as microplastics by FTIR. In Swiss
floodplains, Scheurer and Bigalke (2018) reported up to 598 microplastics
kg~ (their size range: 125-5000 pm; our results in the range 150-5000
pm: 7619-21,048 microplastics kg~ !). Furthermore, Lenaker et al. (2019)
reported up to 6229 microplastics kg ~* (size range: 125-5000 um) in the
sediments at the Menomonee river (USA). Although the published results
differ widely both in the analysed size ranges and the numbers of detected
microplastics, the amount of microplastic which we found at our study site
is consistently larger, even when excluding the size ranges from our data
that are not covered by the other publications. In addition, our analysis cov-
ered a size range from 11 to 5000 pm, and we provide a more comprehen-
sive inventory of microplastics than reported in the available literature. The
large numbers of microplastics that we found have to be considered as an
alarming sign of microplastic contamination.

The investigated floodplain soil samples contained microplastics and
macroplastics made of 16 different polymer types, namely in alphabetic
order acrynolite butadiene styrene (ABS), ethylene vinyl acetate (EVAc),
polyamide (PA), polyacrylonitrile (PAN), polybutylene terephthalate
(PBT), polycarbonate (PC), polyethylene (PE), polyethylene terephthalate
(PET), polylactic acid (PLA), polymethyl methacrylate (PMMA),
polyoxymethylene (POM), polypropylene (PP), polystyrene (PS), polyure-
thane (PU), polyvinyl chloride (PVC) and silicone. In detail, we found 12
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Fig. 2. Soil texture (percentage of clay, silt, and sand) in the soil profiles of transects T1 (A), T2 (B) and T3 (C).
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Fig. 3. Distribution of microplastic particles by polymer type in different soil depths (0-5 and 5-20 cm) and transects. T1 (36.6 m a.s.l.), T2 (38.18 m a.s.1.) and T3 (37.65m a.
s.1.) indicate the transects 1, 2 and 3, respectively. The distance from the Rhine increases from T1 to T3. Numbers on top of each transect show total particle numbers.

polymer types in 0-5 cm and 14 polymer types in 5-20 cm soil depths in the
riverside transect T1 (Fig. 3). On the embankment T2, we found 15 polymer
types in 0-5 cm and 12 polymer types in 5-20 cm soil depth. Finally, in the
depression T3, we detected 11 polymer types in 0-5 cm and 13 polymer
types in 5-20 cm soil depth. The distribution of polymers was unrelated
to their densities. The most abundant microplastics in the floodplain
(0-5 cm and 5-20 cm) consisted of PS (40.3%), PP (18.2%) and PE
(15.4%) (Fig. 3). They are also among the six most demanded polymers
in Europe (PE: 29.8%, PP: 19.4%, and PS: 6.2%) and utilized mostly as
single-use products (Plastics Europe, 2020). In other studies in floodplains,
Scheurer and Bigalke (2018) identified seven, Lechthaler et al. (2021) six
and Weber et al. (2021) 12 different polymers, respectively. However,
they found mainly microplastics made of PE. Weber and Opp (2020) re-
ported five different polymers and characterized most of their particles as
strongly degraded, without further polymer identification. We have to em-
phasize that the number of reported polymers depends on the one hand on
the sources of microplastics in the respective study areas and on the other
hand on the applied methods for identification.

3.2.2. Particle sizes and shapes

Macroplastic particles (> 5000 pm) were sparse and present in five of six
samples only. In all transects, we found microplastic particles (up to 75%
share) in the size range of 11-150 pm. In contrast, microplastic particles
in the size range of 150-5000 pm accounted for up to 25% of particles
only. In general, the number of microplastic particles increased with de-
creasing particle size, which is in accordance with other microplastic stud-
ies in floodplain soils and river sediments (Klein et al., 2015; Scheurer and
Bigalke, 2018; Weber and Opp, 2020; Lechthaler et al., 2021; Lenaker et al.,
2019). One exception to this ‘increasing number with decreasing size’ rela-
tionship was the size range between 11 and 50 pm. There, we found fewer
particles than in the range of 101-150 pm. This could be due to a stronger
vertical displacement of smaller particles (i.e., beyond the analysed depth
of 20 cm).

Most particles present in our samples were fragments, beads and only a
few were fibres (Fig. 4, Supplementary Figs. S7 and S8). Fragments and
films seem to dominate in floodplain soils of the Lahn and Inde rivers
(Lechthaler et al., 2021; Weber and Opp, 2020; Weber et al., 2021).
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Fig. 4. A: Size distribution and B: Shape distribution of microplastic particles by soil depth. T1 (36.6 m a.s.l.), T2 (38.18 m a.s.1.) and T3 (37.65 m a.s.l.) indicate the transects
1, 2 and 3, respectively. The distance from the Rhine increases from T1 to T3. Numbers on top of each bar show total particle numbers.
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However, Christensen et al. (2020) found mainly fragments (80%), but no
films in three river floodplains in Virginia (USA). In our study, 65% of all
detected particles were fragments, two times more than reported by
Weber and Opp (2020) (32%), Weber et al. (2021) (32%) or Lechthaler
et al. (2021) (30%). They could have entered the floodplain soil by atmo-
spheric and fluvial depositions, or developed locally by fragmentation of
larger plastic particles (Kernchen et al., 2021; Hurley et al., 2018; Chamas
et al., 2020). None of the particles we analysed were films.

We found a considerable share of beads in T2 and T3 (up to roughly
40% in T2, 0-5 cm depth, Fig. 4). Most of the beads were made of PS
(Supplementary Fig. S7), and approximately 70% were smaller than
100 pm (Supplementary Fig. S8). The occurrence of beads in the studied
floodplain could be related to the detection of beads in the Rhine's sur-
face water. In particular, Mani et al. (2019a) found 0.5 spheres m~3
(analysed size range: 300—> 5000 pm) in the surface water at the
Rhine kilometre 705, close to our sampling site. Mani et al. (2019a) re-
ported that PS beads were usually used as ion exchanger and attributed
their sources to various effluents into the Rhine such as the nearby
wastewater treatment plants and diverse polymer industries. In con-
trast, Weber and Opp (2020) and Weber et al. (2021) found no beads
in floodplains of the Lahn river. Lechthaler et al. (2021) detected a
small share of beads of 8.9% only in the Inde catchment. However, the
sampling areas in those studies were surrounded by different land-
uses in the respective catchments, and microplastic sources might
therefore differ compared to our study area. Additionally, their studies
focused on macroplastic and coarse microplastics only (size range:
2000—> 5000 pm in Weber and Opp (2020), 500-> 5000 pm in Weber
et al. (2021); Lechthaler et al. (2021), respectively) and thus, small
beads could have remained undetected.

We found the largest share of fibres (9%) in riverside transect T1 in
5-20 cm soil depth (Fig. 4). They were made of PET, PP, PBT, PE, PVC
and PA. However, fibres accounted for 3.7% of all detected microplastics
only. Similarly, the number of fibres in the sediments of the Elbe, the
Rhine, and the Main reported in the literature were small (Laermanns
et al., 2021; Klein et al., 2015). Weber and Opp (2020) and Weber et al.
(2021) found up to 19-24.2% fibres in the floodplain soils of the Lahn
and Lechthaler et al. (2021) detected 8.9% fibres in the Inde floodplains.
These findings accord well with our results and indicate that fibres are
less frequent than fragments in floodplain soils. However, we are aware
that fibres with a small diameter are at the lower detection limit (10 pm)
of p-FPA-FTIR used in our study and could thus be underestimated
(Primpke et al., 2019). Analogous to the identification of polymers and par-
ticle numbers, the applied method also affects the characterization of parti-
cle shapes.

3.2.3. Possible sources of microplastics in floodplain soils

The floodplain we studied is isolated from potential microplastic entry
pathways from built-up areas by a dike. Therefore, inputs of microplastics
are limited to fluvial and aeolian deposition and littering. In general, flood-
plains could receive microplastics from different sources during flooding
(Woodward et al., 2021). Our study site is located close to many potential
microplastic point sources such as wastewater treatment plants and several
large plants of plastic producing chemical industry that have effluents into
the Rhine (Supplementary Fig. S9) (Mintenig et al., 2017; Lechner and
Ramler, 2015). In addition to those point-sources, diffuse sources such as
atmospheric deposition, littering and runoff from agricultural, urban and
industrial areas might contribute microplastics to the Rhine and subse-
quently to the study site during flooding (Bergmann et al., 2019; Dris
et al., 2015; Kernchen et al., 2021; Rehm et al., 2021). One has to keep in
mind that the Rhine traversed roughly 705 km before reaching our study
site. Along its long course, it may have collected microplastics from a
large variety of different sources, including inputs from its tributaries
(Klein et al., 2015; Laermanns et al., 2021). Therefore, tracing the origin
of riverine microplastics at our study site is hardly possible. Additionally,
during flooding, microplastic particles can be re-mobilized from riverbed
sediments. Hurley et al. (2018) and Woodward et al. (2021) studied several
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urban, suburban and rural river catchments in northwest England and re-
ported that up to 70% of microplastics stored in riverbed sediments could
be flushed during large flood events. This implicates that additionally to
microplastics present in the water during normal flow conditions, the
microplastic load in the river could increase during high water by
microplastics re-suspended from the riverbed sediment. That is precisely
the point of time when high numbers of microplastics may enter floodplains
by flooding.

The atmospheric deposition of microplastics is also a potential source at
our study site. Kernchen et al. (2021), for example, reported a mean daily
deposition of around 100 fibrous and fragment-shaped microplastic parti-
cles per m? in the Weser catchment and calculated an annual deposition
of 232 tons of microplastics for the whole catchment area. Obviously, par-
ticles in atmospheric deposition were small, and Kernchen et al. (2021) re-
ported that 90% of the microplastics were in a size range below 100 pm and
64% even below 50 pm. In contrast, we found a different size distribution of
microplastics, namely roughly 50% below 100 pm and only roughly 13%
below 50 pum, respectively. This indicates that the aeolian deposition of
microplastics is probably a minor input pathway for the floodplain site
we investigated.

3.3. Influence of flood events and local topography on distribution of
microplastics

Our flood simulations (Fig. 5) show that the Rhine floods the transect T1
(modelled threshold 36.56 m a.s.L.) at the shore first. Subsequently, if the
water level rises, T3 (modelled threshold 37.61 m a.s.l.) is flooded from
the Northwest by the Rhine water flowing into the depression. And finally,
the embankment T2 (modelled threshold 38.14 m a.s.l.) is flooded by the
highest Rhine level. The studied floodplain has a connection to the Rhine
in the Northeast (Fig. 5A). Therefore, all transects are flooded at roughly
the same Rhine level as their elevation. In the period between 1950 and
2020, T1 was flooded most often (on average 47.88 days per year) and
the flood events lasted longer (Fig. 6 and Supplementary Fig. S10). In con-
trast, T3 and T2 were flooded considerably less frequently (T3: on average
20.28 days per year; T2: on average 12.71 days per year) (Fig. 6 and Supple-
mentary Fig. S10) and the flood events were shorter.

The distribution of microplastics in the studied transects could be
the result of the interplay of flooding, local topography and vegetation
cover and thus of the dynamics of erosion and deposition processes. Ob-
viously, flooding also affect the vegetation cover, which in turn can pre-
vent erosion, and the soil formation (Graf-Rosenfellner et al., 2016).
The transect T1 is the most affected by erosion processes during flood
events due to the longer inundation period and a faster, and thus more
erosive, flow directly at the riverside (c.f. the erosion break-off edge in
Supplementary Fig. S6) (Magilligan et al., 2015). Accordingly, it has a
young and shallow soil with a coarse soil texture (Supplementary
Fig. S2) and a patchy grass vegetation. Therefore, although this transect
is flooded most frequently and the flooding events last longer than in
other transects, we found the smallest total number of microplastics
there (Fig. 6). Landwards, the number of microplastics increased from
T2 to T3, although the flooding frequency decreased. This finding
clearly shows that the influence of flooding frequency is modulated by
topography (Asselman and Middelkoop, 1995). Transect 3 has the
highest overall microplastic concentration. It is located the farthest
from the Rhine in a depression and has the deepest soil with a dense
grass cover preventing erosion. When the water level decreases with
the falling flood, the depression could be cut off from the Rhine and be-
come a sink for sediments and microplastics, which seems to lead to an
accumulation of particles over time. Similarly to T3, T2 has a well-
developed soil profile and a dense grass cover which prevents erosion
(Graf-Rosenfellner et al., 2016). However, T2 is situated on an embank-
ment. This transect has the largest altitude and thus the lowest flooding
frequency and duration. However, although we found fewer particles in
T2 than in T1 in 0-5 cm soil, the overall number of particles is larger and
microplastics seem to accumulate in the deeper soil similarly to T3.
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37.5ma.s.l. A[5] , 37.65 ma.s.l. A

Fig. 5. Flood scenarios at the study site Langel-Merkenich in Cologne, Germany. A: Rhine level 37.5 m a.s.1., T1 is flooded, and Rhine water starts to flood the alluvial flood-
plain. B: Rhine level 37.65 m a.s.l., flooding of T3. C: Rhine level 37.7 m a.s.l. T1 and T3 are flooded, the Rhine floods the site also from the South. D: Rhine level 38.3 m a.s.1.
all transects are flooded. Background by OpenStreetMap 2021, https://www.openstreetmap.org/ licensed under the Open Data Commons Open Database License (ODbL)

https://opendatacommons.org/licenses/odbl/.

3.4. Vertical distribution of microplastics in the soil

The interplay between flooding frequency, local topography and vege-
tation cover also affects the vertical distribution of microplastics in the stud-
ied transects. Additionally, soil texture and bioturbation can affect the
vertical migration of microplastics. Once deposited on the soil surface in

the floodplain, microplastics might migrate vertically into deeper soil
with infiltrating flood or precipitation water, by preferential flow due to
soil cracks and macropores (e.g., along plant roots or in earthworm bur-
rows) or be transported by bioturbation (O'Connor et al., 2019; Rillig
et al., 2017; Mohanty et al., 2015; Frei et al., 2019). Similarly, Weber and
Opp (2020) found mesoplastic and coarse microplastics in floodplain soils
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deeper than predicted by sedimentation rates. They explained this by the
interplay of sedimentation and vertical displacement. Therefore, care
should be taken when using microplastics as markers for sedimentation
time as suggested by e.g., Lechthaler et al. (2021). For our study site, sedi-
mentation rates of the Rhine are unavailable, and we cannot address this
issue here.

To investigate patterns of migration, we sampled two depth intervals,
namely the soil surface (0-5 cm) and the deeper soil (5-20 cm). The distri-
bution of microplastics between the two depths shows different patterns of
vertical migration of microplastics in the investigated floodplain. In T2 and
T3, the transects which are located farther from the river, we consistently
found more microplastics in the respective 5-20 cm depth than in the
upper 0-5 cm soil (Figs. 3 and 6). We suppose that microplastic particles ac-
cumulated in deeper soil due to vertical transport from the surface to the
deeper soil. Because the permanent grass cover in T2 and T3 protects the
soil surface from erosion, sediments, and microplastic particles could be
re-mobilized less easily by wind, runoff or the next flooding event once de-
posited at the soil surface. In contrast, in the riverside T1, we found a higher
microplastic abundance in the upper 0-5 cm than in the deeper soil and the
overall lowest concentration in 5-20 cm compared to the other transects.
There, the vegetation cover is sparser and the interplay between deposition
and erosion at the soil surface seems to be more dynamic (Sections 3.1 and
3.3).

We further compared the distribution of microplastic particle sizes be-
tween soil depths, and plotted the cumulative proportion of microplastic
particles over the eight size classes (Fig. 7B). The distributions are similar
in T2 and T3 and differ from T1. In the riverside transect T1 in the soil
depth 5-20 cm, the proportion of small microplastics (size: 11-50 pm) is
larger and simultaneously the proportion of particles in the size range
151-1000 pm is smaller. This coincides with the increasing sand content
within the first 20 cm in the soil profile at T1, and could therefore indicate
a translocation of smaller microplastics via macropore flow (Section 3.1).
Due to the larger pore sizes in the soil and larger saturated hydraulic con-
ductivity in T1, microplastics might infiltrate directly into the water-
saturated sediment during flooding. Frei et al. (2019), for example, re-
ported an infiltration of pore-scale microplastics (20-50 pm) into the
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hyporheic zone of river sediments. Similarly, Boos et al. (2021) monitored
the infiltration of smaller particles (1-10 pm) across the streambed inter-
face directly. However, it remains unclear whether microplastics larger
than 10 pm migrate vertically in soils more than a few centimetres deep
via soil pores only. Yu and Flury (2021), for example, mentioned an exclu-
sion of microplastics particles > 10 um in soil based on their size and shape
(Yu and Flury, 2021). In contrast, O'Connor et al. (2019) measured vertical
infiltration of relatively large microplastics (21-535 pm) in sandy sediment
columns.

In addition to translocation in pores, the vertical transport of
microplastics could be enhanced by bioturbation. As mentioned in
Section 3.1, we observed more earthworm burrows in T2 and T3 compared
to T1. Thus, we suggest that bioturbation might be an important factor for
transport of microplastics to deeper soil in T2 and T3 and co-responsible for
the accumulation of particles. However, the abundance of microplastics at
our study site reflects the overall dynamics of transport processes, and it re-
mains impossible to disentangle the contribution of bioturbation and purely
physical transport in soil pores.

4. Conclusions

Floodplains are important ecosystems at the interface between terres-
trial and aquatic environments. We report the analysis of microplastics
and macroplastics in three transects in a floodplain in the size range acces-
sible by p-FPA-FTIR and ATR-FTIR, namely 11-> 5000 pm. Our results are
based on pooled samples to ensure robustness. However, because the num-
ber of samples is limited, our conclusions must be backed up by more com-
parable studies in the future. In addition to the chemical analysis of
particles, we provide an explanation for their distribution and accumula-
tion by hydrological modelling, time series analysis and analysis of soil
properties. This interdisciplinary approach indicates that floodplains may
act as a sink and are dynamic systems concerning microplastic contamina-
tion. Our findings suggest that local topography and resulting flooding pat-
terns are responsible for the amount of microplastics found at the respective
transect and for their spatial distribution. Furthermore, vegetation cover,
soil properties and earthworm activity seem to affect the migration and ac-
cumulation of microplastics in the deeper soil. Today, we ignore how long
microplastics can be retained in a floodplain. To understand the role of
floodplains in the plastic cycle, we must consider process-informed
sampling based on flooding frequency, topography, and soil cover in future
research. This information is essential for the evaluation of the representa-
tiveness of data on microplastics in floodplains, for locating potential
microplastic accumulation sites and hotspots and to identify areas of
increased bioavailability of microplastics for proper ecological risk
assessment.
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Supplementary figures

Study site
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Figure S1: Aerial ortho photograph of the floodplain of Langel-Merkenich from 1988 to 1994 (exact date not
available). (©Land NRW, dl-de/by-2-0 (https://www.govdata.de/dl-de/zero-2-0) https://www.tim-online.nrw.de,
accessed on 2022-02-14)
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Soil chemical analysis

Total carbon (C), soil organic carbon (SOC) and total nitrogen (N) contents were measured with a Vario EL cube
(Elementar Analysensysteme GmbH, Hanau, Germany). After homogenization, we transferred a weighed aliquot
of a soil sample into a tin boat. For the determination of the SOC content, a second aliquot of each sample was
dissolved with 10% HCI before measurement.
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Figure S2: Photograph and soil properties of the soil profile in Transect 1. With its characteristic Ah and C
horizons, it can be classified as a haplic fluvisol.
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Figure S3: Photograph and soil properties of the soil profile in Transect 2. The formation of an initial subsoil
indicates a more continuous soil formation than at in T2. The soil is classified as mollic fluvisol.
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Figure S4: Photograph and soil properties of the soil profile in Transect 3. The soil is classified as mollic fluvisol.
The horizons Ah II, BwlI, CII indicate an older soil that was buried by fluvial deposits.
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Extraction and purification of microplastics from soil samples

Workflow
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Figure S5: Purification workflow to extract microplastics from soil samples. Protocol adapted from Moller et al.,
2021.
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Sample aliquoting procedure

After the fourth density separation, the purification procedure was completed (step 8 in Supplementary Figure S5)
and two fractions were obtained, namely a lower dense sample fraction free of black carbon particles and a fraction
of denser particles enriched with black carbon. Due to the remaining sample quantity, aliquoting was needed to
produce filters suitable for u-FTIR imaging and analysis. Therefore, each of the two fractions was filtered on a
stainless-steel filter (mesh size 5 pm) for aliquoting. The filter of the lower dense fraction was divided into two halves
by an in-house made sample division pliers. One half was rinsed off from the filter and suspended in a pre-cleaned
beaker, and the other half was kept as backup sample. Then the rinsed half was filtered again on a stainless-steel
filter (mesh size 5 wm) for the next halving step as described before. This procedure was repeated until 1/8-1/64
of the sample material was obtained as a final aliquot (step 9¢ in Supplementary Figure S5). The fraction of the
denser particles was aliquoted by weight after drying, resulting in aliquot amounts between 1/74-1/249 (step 9d in
Supplementary Figure S5).

Signs of erosion at the study site

Figure S6: Erosion break-off edge adjacent to transect T1 at the study area in the nature reserve ‘Rheinaue Langel-
Merkenich’ in Cologne.
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Additional information on shapes, polymers, and size classes of microplastics
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Additional information on possible sources of microplastics
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Additional information on flooding
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Figure S10: Number of flood days per year between January 1950 and April 2020. We define a day as a flood
day if the Rhine level exceeds a transect-specific threshold, namely 35.46 m a.s.l. at T1, 38.14 m a.s.l. at T2 and
37.61 m.a.s.l. at T3, respectively.
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Organic fertilizer as a vehicle for the entry of
microplastic into the environment

Nicolas Weithmann,' Julia N. Méller,? Martin G. J. Léder,? Sarah Piehl,?

Christian Laforsch,?* Ruth Freitag’

The contamination of the environment with microplastic, defined as particles smaller than 5 mm, has emerged
as a global challenge because it may pose risks to biota and public health. Current research focuses
predominantly on aquatic systems, whereas comparatively little is known regarding the sources, pathways,
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and possible accumulation of plastic particles in terrestrial ecosystems. We investigated the potential of organic
fertilizers from biowaste fermentation and composting as an entry path for microplastic particles into the
environment. Particles were classified by size and identified by attenuated total reflection-Fourier transform
infrared spectroscopy. All fertilizer samples from plants converting biowaste contained plastic particles, but
amounts differed significantly with substrate pretreatment, plant, and waste (for example, household versus
commerce) type. In contrast, digestates from agricultural energy crop digesters tested for comparison contained
only isolated particles, if any. Among the most abundant synthetic polymers observed were those used for common
consumer products. Our results indicate that depending on pretreatment, organic fertilizers from biowaste fermen-
tation and composting, as applied in agriculture and gardening worldwide, are a neglected source of microplastic in

the environment.

INTRODUCTION

Plastics are an integral part of everyday life. They fulfill a wide variety of
functions, primarily packaging (39.9% of the total plastics used in Europe
in 2016) (1). Additional applications are in building and construction;
the electrical, electronic, automotive, and agriculture sectors; and, to a
lesser extent, consumer and household appliances, furniture, sport,
health, and safety (I). Despite its varied applications, approximately
80% of the produced plastic falls into six categories: polyethylene
(PE), polypropylene (PP), polyvinyl chloride (PVC), polyurethane
(PUR), PE terephthalate (PET), and polystyrene (PS). Worldwide
plastic production has increased steadily since 1950, reaching an annual
production of 322 million metric tons worldwide in 2015, of which ap-
proximately 40% was used in one-way products (I). Not surprisingly,
because of inadequate end-of-life treatment, plastics are increasingly
found as contaminants in the environment (2). Recently, the World Ec-
onomic Forum estimated that 32% of plastic packaging is leaking into
the environment (3), and models suggest that up to 12.7 million metric
tons of plastic litter enters the oceans from land-based sources each year
(4). Therefore, the G7 has acknowledged that “plastic litter poses a
global challenge” (5). Accordingly, scientists have suggested to “classify
plastic waste as hazardous” because it may have “significant ecological
impacts, causing welfare and conservation concerns” (6). Among the
plastic materials found in the aquatic environment, so-called microplas-
tic particles (MPPs; <5 mm)—mainly fragments, fibers, and spheres—
have attracted particular attention (7, 8) because harmful effects of
MPPs on various aquatic organisms have been proposed (6, 8-11),
linked either to the presence of MPPs per se, to toxic additives, or to
potentially harmful microorganisms or chemicals enriched onto them.
However, theoretical predictions based on models and empirical studies
are often contradictory, and it is not known how effects reported for
individual organisms may affect ecosystems (12).
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Because of their small size, MPPs may presumably also enter the
food web (10) and thus potentially end up in human food (13). There,
they pose a risk that is not yet predictable, because the interaction of
MPPs with tissue and cells is poorly understood. Investigation of the
interaction is further complicated by the fact that MPPs are not single
compounds but constitute mixtures of different plastic types, each often
consisting of a blend of synthetic polymers, residual monomers, and
chemical additives. Furthermore, their morphology (for example, frag-
ments, fibers, or spheres) may influence their effects. In this context, a
distinction is typically made between industrially manufactured
primary MPPs, originating from cosmetics, household cleaners and
other products to which they were purposely added, and secondary
MPPs that originate from the disintegration of larger plastics caused
by ultraviolet (UV) radiation, mechanical abrasion, and biological deg-
radation (14, 15).

MPPs are detected ubiquitously in aquatic environments across the
globe (16-19), reaching values of up to 100,000 particles per cubic meter,
with predominantly secondary origin (8). Little is known about the exact
origin of this significant contamination, although several pathways
through which MPPs may enter surface water have been discussed. Most
studies assume a transfer from land, including, but not restricted to, im-
proper disposal of plastic waste, wind distribution, and municipal, as well
as industrial wastewater and sewage sludge (10, 18, 20). However,
detailed studies regarding MPP production and initial entry into terres-
trial ecosystems are currently lacking.

Here, we investigated organic fertilizers (composts, digestates, and
percolate-leachates from digestion, which is used as liquid fertilizer)
from recycled biowaste as possible vehicles for the entry of MPPs
>1 mm into the environment. According to best current practice, after
separate collection, organic waste from households and industry is
either directly composted or partially digested for biogas/energy pro-
duction in an anaerobic biogas fermenter, typically followed by com-
posting of the remaining digestates. The recycling of organic waste
through composting or fermentation and subsequent application on
agricultural land is, in principle, an environmentally sound practice
to return nutrients, trace elements, and humus to the soil. However,
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most household and municipal biowaste is contaminated by plastic
material. Sieving and sifting procedures can significantly reduce, but
never completely remove, these contaminants. Moreover, most
countries allow a certain amount of foreign matter such as plastics
in fertilizers; for example, Germany, which has one of the strictest
regulations on fertilizer quality worldwide, allows up to 0.1 weight %
(wt %) of plastics. In this regulation, particles smaller than 2 mm are
not even considered (21). Thus, organic fertilizers may be a source of
environmental MPPs that should not be overlooked. Our study is a first
attempt to estimate the significance of this entry pathway to the terres-
trial environment.

RESULTS

In this investigation, one biowaste composting plant (plant A; aerobic
treatment) and one biowaste digester (plant B, “biogas plant”; anaerobic
treatment) were studied in detail. The biowaste composting plant (plant
A) processes the biowaste from households with a nearly equal amount
of green clippings from the area. The plant removes potential nonbio-
degradable material, including plastics, as thoroughly as possible by a
series of sieving (80 mm), metal separation, and manual sorting steps.
The remaining material is subsequently transferred into a box composter
for rotting. The plant offers two types of commercial, quality-controlled,
certified compost [composting plant (CP) 8 and CP 15 mm)], sieved
through 8- and 15-mm meshes, respectively. Both composts were
sampled. The batch biowaste digester (parallel boxes, plant B) mainly
processed biowaste from households with the addition of some green
clippings and occasionally energy crops. The mixture is introduced di-
rectly into the digester without pretreatment. Instead, the operators re-
move contaminating materials from the final compost using one or
two sieving steps (see Materials and Methods). From plant B, two
mature composts (“Digest A” and “Digest B”), a nonmatured fertilizer
(“Digest C”), and the pooled percolate (“Digest D”) from the parallel
boxes were analyzed.

An agricultural energy crop digester (plant C) processing only
energy crops and no biowaste served as a reference. In plant C, the sam-
ple (“Energycrop”) was taken from the postdigester outlet, correspond-
ing to an end-of-process sample. This agricultural biogas plant processes
energy crops such as corn/grass silage and, to a lesser extent, ground
wheat. Ground wheat and silage arrive in plastic encasings, but these
are removed before the substrate is passed through the shredder and
entered into the fermenter. In addition, a commercially available fer-
tilizer from a second biowaste digester (plant D, processing solely
waste from commerce) located in the same area, as well as end-of-process
digestate samples from 10 additional agricultural biogas plants (plants E
to N), processing feeds such as dung/manure, sunflowers, or waste from
fruit processing, together with the regular energy crops, were screened
for MPPs.

Quantity of MPPs

With only 20 (CP 8 mm) and 24 (CP 15 mm) particles per kilogram dry
weight (Table 1), the MPP load of the certified composts from the bio-
waste composting plant (plant A) was almost an order of magnitude
lower than that determined in the samples from the biowaste digester
(plant B), where up to 146 particles per kilogram dry weight were found
in the fresh digestate-fertilizer (Digest C). Mature compost from the
same biowaste digester (Digest A and Digest B) contained similar
amounts of MPPs (70 and 122 particles per kilogram dry weight, respec-
tively), whereas the pooled percolate sample (Digest D) was somewhat
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less contaminated, containing only 14 particles per kilogram dry weight.
In the agricultural energy crop digester (plant C), which served as a
“blank” fermenter, no plastic particles were found in the end-of-process
digestate (sample Energycrop) (Table 1). The end-of-process samples of
digestates from the additional 10 agricultural biogas plants (plants E
to N) included in the screening contained only negligible numbers of
particles: The samples from eight plants contained no particle, whereas
the samples from the other two plants contained one particle each,
resembling a maximum of 11 MPPs per kilogram dry weight. In con-
trast, with 895 MPPs per kilogram dry weight, the sample from the
second biowaste digester (plant D) included in the screening con-
tained even higher numbers of MPPs than found in composts
(Digests A to C) from the biowaste digester (plant B), despite the fact
that plant B processed biowaste collected from households, whereas
plant D processed biowaste directly supplied by commerce.

Polymer size, type, and morphology
Before further analysis, samples were gently fractionated using sieves
with mesh sizes of 5, 2, 1, and exceptionally also 0.5 mm. Analysis of
MPP size showed that most of the particles collected from the various
samples were between 2 and 5 mm (Fig. 1). Only the pooled percolate
sample (Digest D) from the biowaste digester (plant B) contained MPPs
mostly from 1 to 2 mm. In some samples, we also found MPPs as small
as 250 um. However, because these data are not fully quantitative, we
only present data in the size range of 1 to 5 mm. All MPPs were cate-
gorized by shape into three subgroups: fragments, fibers, and spheres.
Examples are shown in Fig. 2. Most of the MPPs (75 to 100%) were
fragments, followed by fibers (0 to 8%) and spheres (0 to 8%).
Attenuated total reflection (ATR)-Fourier transform infrared (FTIR)
spectroscopy analysis identified 11 polymer types in the samples:
styrene-based polymers (PS, acrylonitrile butadiene styrene, and styrene
acrylonitrile), polyester (PES), PE, PP, PET, PVC, PUR, polyvinylidene
chloride (PVDC), polyamide (PA), and latex- and cellulose-based poly-
mers (Table 2). Most of the particles found in the high-quality composts
from the biowaste composting plant (plant A) were styrene-based poly-
mers (60%; 42%), followed by PE (30%; 33%) for the CP 8- and CP
15-mm samples, respectively. The most abundant polymer types in Di-
gest A (73%) and Digest B (80%) from the biowaste digester (plant B)
were also styrene-based polymers, whereas most of the MPPs found in
the Digest C from this digester were PES with 38% and PE with 21%.
The few polymers found in the additional energy crop digesters
(plant E to N) were PP and PVC.

DISCUSSION

Organic waste from private households and industry is increasingly
seen as a valuable source of both fertilizer and energy. Processing
organic waste by fermentation and/or composting is a sustainable
means of producing organic fertilizer for agriculture and private
gardening, thereby reducing the need for chemical fertilizers.
An initial anaerobic fermentation step (production of biogas) before
composting is often proposed because this produces energy in a
sustainable manner and helps to economically run a plant (produc-
tion of electricity and heat) while avoiding the drawbacks of
conventional biogas production from energy crops (monocropping,
rivalry to esculents). Moreover, an initial fermentation step reduces
the amount of methane—a more potent greenhouse gas than carbon
dioxide—released into the atmosphere, as compared to composting
alone.
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Table 1. Overview of plants and compartments. The total number of particles is shown as particles >1 mm per kilogram of dry weight.

Plant C Plant D Plants E to N

Plant A Plant B
Type Biowaste composting Biowaste digestion
Sampled CP 8 mm CP 15 mm Digest A Digest B Digest C Digest D
Particles per kilogram 20 24 70 122 146
160
140

120 -

100 -

80 -

60 -

40

MPPs (particles kg~' dry weight)

20

Digest A Digest B Digest C Digest D EC

CP8mm CP 15 mm

Fig. 1. Size fractions of MPPs in different fertilizers. Digests A/B/C/D, biowaste
digester; EC, energy crop digester; CP 8 mm/15 mm, biowaste composting plant.

Current practice for collecting organic waste fractions from private
households calls for separate collecting bins. Theoretically, a pure or-
ganic fraction very suitable to composting/biogas fermentation should
be obtained. However, in practice, most biowaste contains contami-
nants, often including plastics. Organic materials from commercial
sources, such as the food and drink industries, tend to be less contami-
nated by plastics, but in particular, unsold food items often arrive in
packaged form, some parts of which may then also enter the respective
biowaste processing plant. The fact that all the samples from biowaste
processing plants investigated in this study contained a certain number
of MPPs is therefore not surprising, although a detailed quantitative
analysis has been lacking so far. Most of the MPPs were “fragments,”
most likely secondary MPPs produced through breakdown of larger
plastic materials, such as bags and containers, used for packaging. This
hypothesis is corroborated by the fact that styrene-based polymers and
PE tended to predominate among the identified materials (that is,
materials used mainly for packaging and wrapping). In contrast, none
of the samples from the investigated agricultural energy crop digesters
contained significant amounts of MPPs, indicating that agricultural
crops are only rarely contaminated with plastic items.

However, the relative distribution of MPPs among the different
polymer types was not necessarily consistent for all samples from a given
plant. For example, although polymer distribution was similar in Digests
A and B from the biowaste digester (plant B), a different distribution was
found in Digest C from the same plant. The three composts/fertilizers
(Digests A to C) from plant B were sampled simultaneously. Because
they had matured for differing lengths of time, the observed differ-
ences in MPP composition may very well reflect seasonal changes in
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Energycrop digestion Biowaste digestion Agricultural digestion

biowaste composition. However, because no samples of the original
feed substrate were available, this aspect could not be further investi-
gated.

The final processing step for compost is typically sieving using 8-,
10-, or even 15-mm mesh sizes. MPPs, defined as particles smaller than
5 mm, will therefore pass through these sieves and enter the compost.
Here, samples were gently fractionated using sieves with mesh sizes of
5,2, 1, and exemplarily 0.5 mm before the analysis. In most samples,
MPP sizes ranged between 2 and 5 mm. The only exception was the
percolate sample (Digest D) from plant B, which mainly contained
particles between 1 and 2 mm. This may be because the percolate is
filtrated because it passes through the fermenter content, and reten-
tion increases with particle size. This may also explain why the percolate
sample contained a comparatively low number of MPPs compared to
the other samples from plant B.

Although particles as small as 250 pm were found in some of the
fractions, most likely because they had attached to larger fragments
and were therefore retained, the smallest MPP size that could be
examined with certitude in this study was 1 mm. At present, quantita-
tive evaluation of smaller particles via the existing methodology is very
difficult because the removal of the high organic load is extremely
challenging and hampers reliable analysis (22). Hence, quantitative
results are presented in this study only for the size range of 1 to 5 mm.
Studies focusing on aquatic environments have reported that sites
contaminated by MPPs in the range of 1 to 5 mm typically also con-
tain an even higher amount of particles <1 mm, presumably created
through further fragmentation of larger MPPs (23). However, frag-
mentation into a size <1 mm is perhaps more likely in the natural
environment, where mechanical forces act (for example, wave action
atabeach), than in biowaste treatment plants. Nevertheless, it cannot be
excluded at present writing that MPPs <1 mm are produced during bio-
waste treatment as well (for example, due to the mechanical forces pres-
ent during the various sieving steps), indicating that actual MPP
numbers in fertilizer originating from biowaste may be much higher.
This needs further study, particularly in view of the intended use of
the material as organic fertilizer.

Although all samples from the biowaste treatment plants contained
MPPs, significant differences in the level of contamination were ob-
served. High-quality compost (“quality seal” label) from the biowaste
composting plant (plant A) contained less than 25 MPPs per kilogram
dry weight, whereas the contamination of the composts/digestates from
the biowaste digester (plant B) was nearly an order of magnitude higher.
Several factors may have contributed to this result. Although aerobic
rotting (composting) reduces the dry mass of the material by approxi-
mately 50%, anaerobic conversion to biogas, followed by composting,
will often achieve a reduction of more than 80%. Nondigested material,
such as MPPs, is therefore enriched by a factor of 5 during anaerobic
biowaste digestion but by only a factor of 2 during simple composting.
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A

Fig. 2. Examples of MPPs of various shapes found in samples. (A) PE sphere. (B) PVC fragment. (C and D) PE fragments. (E) PES fiber. (F) PP fiber.

Table 2. MPP abundances in different samples. Digests A/B/C/D, biowaste digester; EC, energy crop digester, CP 8 mm/15 mm, biowaste composting plant;
MPP per kilogram of dry weight; A, proportion of polymer type in specific sample.

CP 8 mm CP 15 mm Digest A Digest B Digest C Digest D EC
MPP per A MPP per A MPP per A MPP per A MPP per A MPP per A MPP per A
kilogram (%) kilogram (%) kilogram (%) kilogram (%) kilogram (%) kilogram (%) kilogram (%)
Styrene-based 12 60 10 42 51 73 97 80 10 7 0 0 0 0
polymer
PES 1 5 0 0 2 3 2 2 56 38 14 100 0 0
PE 6 30 8 33 6 9 3 2 31 21 0 0 0 0
PP 0 0 4 17 3 4 2 2 24 16 0 0 0 0
PET 0 0 1 4 0 0 0 0 16 1 0 0 0 0
Cellulose-based 0 0 0 0 6 9 11 9 5 3 0 0 0 0
polymer

Concomitantly, in the biowaste composting plant (plant A), biowaste
from private households was mixed with at least equal amounts of green
clippings. The latter is typically much less contaminated with plastics
and thus dilutes the MPP contamination. In addition, an elaborate sub-
strate preparation protocol is in place at the biowaste composting plant
(plant A), which attempts to remove contaminating materials as thor-
oughly as possible before the substrate enters the composter. Finally,
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temperatures of up to 75°C are reached during aerobic rotting (com-
posting as in plant A), whereas most anaerobic biowaste digesters, such
as plant B, are operated between 45° and 55°C. This will directly influ-
ence, for example, the fraction of cellulose-based MPPs found in the
final compost, which, in consequence, was nondetectable in the samples
from the composting plant (plant A). In addition to the lower tempera-
ture, a lack of oxygen and UV radiation will also block potential MPP
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degradation pathways in the anaerobic biowaste digesters, such as
plant B, compared to aerobic composting, as in plant A. A recent
study testing the degradability of PE and PET in an active anaerobic
environment at 50°C showed no appreciable degradation of polymers
over the investigation period of 500 days (24). In particular, PE and PS,
which were detected in all samples from the biowaste treatment plants,
are known to be highly persistent in the environment. It is therefore likely
that these particles, once released, will accumulate in nature over time.

In Germany alone, which has one of the strictest regulations on fer-
tilizer quality worldwide, more than 12 million metric tons of biowaste
were either composted or passed through municipal biogas plants in
2013 (25). This quantity of biowaste translates into more than 5 million
metric tons of compost from these plants, most of which is used in tra-
ditional agriculture and gardening. We recorded particle counts vary-
ing from 14 to 895 particles per kilogram dry weight (when conservatively
calculated, 1-kg compost contains approximately 50% dry weight con-
tent) for MPPs larger than 1 mm, together with a yet unquantified num-
ber of smaller particles. Although our data may not be representative of all
biowaste treatment plants, an extrapolation based on our results suggests
that, in Germany alone, although counting only particles >1 mm, be-
tween 35 billion and 2.2 trillion MPPs are potentially introduced via this
pathway into the environment each year.

An evaluation of our data is difficult because there is no other quan-
titative study on MPPs in compost available. However, our data can at
least be compared with similar potential sources of MPPs such as sew-
age sludge, which is also used for fertilization of agricultural land. When
considering only MPPs >1 mm, recent studies on the MPP contamina-
tion of sewage sludge have found concentrations ranging between 0 and
300 particles per kilogram dry weight in the analyzed samples (26, 27).
The highest concentration found for sewage sludge in the latter study
is by a factor of 3 lower than the highest concentration found in the
compost samples in our study. However, as stated above, sewage sludge
may be contaminated with an even higher amount of smaller MPPs
(<1 mm) indicated by recent studies, which have found between
1000 and 24,000 particles per kilogram dry weight (26, 27). For various
reasons, sewage sludge is in the public opinion increasingly seen as
problematic waste inappropriate for redistribution into the environ-
ment, probably not least because of the contamination with heavy
metals, residual pharmaceuticals, and also artificial fibers. The latter
was detectable in agricultural soils up to 15 years after application of
sewage sludge (28). This abandonment is not the case for composts
and digestates from biowaste processing plants, which, in principle,
do constitute valuable organic fertilizers.

However, compared to sewage sludge, which, in Germany, is rou-
tinely incinerated, fertilizer contaminated with MPPs from bio-
waste processing plants inevitably enters the environment. Because
Germany has one of the strictest regulations on fertilizer quality
worldwide, we here report only on the “best case scenario,” whereas
the MPP contamination in countries with less strict regulations may
be even higher.

However, advantages and disadvantages of the continuation of using
biowaste for fertilizer production need to be carefully balanced, partic-
ularly because studies on the impact of MPPs on terrestrial life forms are
still inconclusive. It cannot be excluded that, analogous to aquatic
systems, MPPs can accumulate in the soil detrital food web (29). At least
one study has shown that (pristine) PE particles mixed with litter and
offered to earthworms for uptake led to higher mortality and a reduced
growth rate (30). Another study showed that polybrominated diphenyl
ether, a substance mixed into polymers as a flame retardant, is bioacces-
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sible and can enter soils after volatilization or polymer deterioration.
Accumulation in earthworms was shown, and transfer to higher trophic
levels is likely (31). However, it is unknown whether these additives are
still present in secondary MPPs after fermentation and/or composting.
In addition, it cannot be excluded that MPPs in the investigated size
range, or smaller, exert a direct influence on active microbiota in bio-
waste treatment plants or soils, which has not been considered yet in the
literature. Hence, further studies on the possible consequences and im-
pacts of MPP contamination of fertilizers originating from biowaste
treatment plants for soil quality and soil life forms are necessary before
any risk assessment can be undertaken.

MATERIALS AND METHODS

Biowaste composting plant (aerobic treatment), plant A
The biowaste compositing plant (plant A) processes approximately
8000 metric tons per year (t/a) of biowaste solely from households,
together with approximately 12,000 t/a of green clippings. The plant
commercializes quality-controlled, certified composts of two compost
qualities (sieving with 8- and 15-mm sieves), both of which were sampled.
Arriving biowaste was initially sieved using an 80-mm mesh. The fraction
<80 mm was passed through the metal separator and then directly placed
into the rotting containers for fast initial decomposition. The fraction
>80 mm was sorted manually to remove stones, metals, plastics, and glass.
Afterward, the material was mechanically shredded and again added to
the sieving drum. In the rotting container, temperatures >70°C were
reached. After initial rotting, the compost was left to mature and stabilize
in open piles for several months, followed by a final sieving step to reach
the desired final corn sizes of below 8 and 15 mm, respectively.

Biowaste digester (anaerobic treatment), plants B and D
The investigated biowaste digester (plant B) was a nonstirred, dis-
continuous box fermentation system. The plant comprised several qua-
drangular box digesters, each with a volume of 945 m> and a filling
capacity of 500 m’, which corresponds to a mass of 350 metric tons
of organic material. All boxes were equipped with a floor heating and
operated at temperatures between 40° and 45°C. The substrate consisted
of a pourable mixture of biowaste (11,000 t/a, solely from households)
and green clippings (3000 t/a) with a water content below 15 wt %. The
composition of the substrate follows seasonal changes. In the winter, the
substrate is occasionally supplemented with energy crops.

To initiate the fermentation in the box, fresh substrate was predi-
gested via aerobic digestion for several days and mixed with two vol-
umes of fermenter content. The mixture was added into a fermenter
box using an excavator. Afterward, the box was locked, assuring
anaerobic conditions, and inoculated by sprinkling with percolate from
other boxes. No mechanical treatment or manual presorting took place.
After 28 days of fermentation, the box was emptied, 30 volume percent
(volume %) of the digestate was removed, and the rest was mixed with
30 volume % of fresh substrate. Subsequently, the digestate was sieved
(20-mm mesh) to remove impurities, such as stones, larger plastics, and
metals, before it is processed to fertilizer and potting soil using an
aerobic composting process. To produce high-quality compost, digestates
were matured for 11 to 13 months and sieved using a 10-mm mesh. Lower-
quality fertilizer was matured for only 8 to 9 months, and no additional
sieving step was performed at 10 mm.

In addition, to expand the range and verify our findings, 1.5 liters of
liquid fertilizer for private and agricultural use produced by another
anaerobic plant (plant D) was screened for MPPs. This plant processes
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16,000 t/a biowaste from commerce, particularly waste from the local
market, as well as waste from food and drink industries.

Energy crop digester, plant C and plants E to N

The agricultural energy crop digester (plant C) serving as a presumably
uncontaminated reference in this study was a standard two-stage “wet-
digester” tank system consisting of a 30-m” unit for feeding, a 400-m’
plug-flow fermenter with spool agitators, and a 1000-m” agitated post-
digester. The fermenter and postdigester were equipped with heating
aggregates and operated between 42° and 45°C. The plant converts ap-
proximately 3200 t/a of corn silage and 200 t/a of ground wheat,
together with varying amounts of grass silage, and produces approxi-
mately 950,000 Nm® of biogas per year. Before feeding, the silage was
removed from its plastic encasing and passed through a mechanical
shredder. Enough water was added to ensure pumpability. In addition,
similar end-of-process samples were taken from 10 additional agricul-
tural biogas plants (plants E to N), with feeds ranging from dung/manure,
sunflowers, or waste from fruit processing, together with regular energy
crops; none of these plants processed any biowaste. Whatever material
arrived in plastic encasings was taken from these foils before being either
mechanically shredded or directly entered into the digester.

Sampling

All samples were stored in glass jars to avoid contamination by plastics.
In the case of the energy crop digester (plant C), a 2-liter sample was
taken from the outlet pipe of the postdigester after a certain amount of
digestate was discharged to avoid clotted residues. The 10 additional
agricultural biogas plants (plants E to N) included in the study were
sampled in the same way as the agricultural biogas plant (plant C).

Four 0.75-liter subsamples were taken from the biowaste digester
(plant B) and pooled from a compost (Digest A) matured for 11 months
and a compost (Digest B) matured for 13 months. Both were sieved with
a mesh size of 10 mm. In addition, one compost (Digest C) sample,
which had not been matured beforehand, was sieved with a mesh size
of 20 mm. For each compost sample, four subsamples were taken
equidistantly at a constant height per heap according to the heap size
(50 cm for heap A, 30 cm for heap B, and 1.5 m for heap C). The first
subsample was always taken at a distance of 1 m from the wall, and
every subsequent subsample was taken at an interval of 1 m from the
previous subsample. Compost heap C was sampled from the rightmost
end to the middle to maintain the greatest possible distance from the
adjacent heap (which had not yet undergone sieving) to avoid contam-
ination with objects that would not have passed the sieving process. In
addition to the compost, 5.5-liter samples were taken from the percolate
at the outlet of the pipeline pooling the percolate from all fermenter
boxes (Digest D). In the second anaerobic biowaste digestion plant
(plant D) in the study, a representative sample was drawn from com-
mercially available 5-liter bindings.

In the case of the biowaste composting plant (plant A), two 40-liter
batches of compost were purchased and subsampled to a 3-liter volume.
One batch was sieved with a mesh size of 8 mm (“CP 8 mm”), and the
other was sieved with a 15-mm mesh (“CP 15 mm”).

Isolation of MPPs

For MPP isolation, samples were wet-sieved through three stacked
stainless steel sieves with mesh sizes of 5, 2, and 1 mm and exem-
plarily 500 um (see below). Objects >5 mm were thoroughly rinsed
over the sieves with filtered water and filtered ethanol (30%) to re-
move any attached MPPs. The material remaining on the sieves was

185 4 April 2018

visually presorted under a Leica M50 stereomicroscope. Potential
plastic particles were photographed, sized at a magnification of
x40 with a digital camera for microscopy (Olympus DP26), and
stored for further analysis using ATR-FTIR spectroscopy (see below).
Additional samples from 10 agricultural biogas plants and one liquid
fertilizer were treated equally, with the exception of sieving with mesh
sizes of 1 mm and 500 pum.

FTIR spectroscopy

A Bruker Tensor 27 FTIR spectrometer equipped with a germanium
crystal for measurements in the ATR mode was used for spectral anal-
ysis of the putative MPPs. Following 16 background scans, 16 sample
scans were performed with a spectral resolution of 8 cm™" within a
range of 3940 to 800 cm ™. The measured spectra were identified by
comparison with reference spectra from a custom-made spectral poly-
mer library. The library includes 131 records and contains not only the
most common plastic polymers but also natural materials such as sili-
cate, chitin, cotton, or keratin (32).

Determination of dry weight

For standardization, the dry weight of each pooled sample (n = 5)
was determined by weighing before and after drying at 60°C to a
constant weight.
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Abstract

High-caloric-value household biowaste is an attractive substrate for the production of biogas and fertilizer. Most household
biowaste is contaminated by plastics, typically in the form of bags and foils from packaging. Operators of municipal biowaste
treatment plans take great care to remove these contaminants, often at the cost of reducing the organic material entering the
process. This study compares the residual plastic contamination of fertilizer (composts, digestates) from biowaste treatment
plants with compost produced from greenery and digestates produced by agricultural biogas plants processing manure and
energy crops. While the fertilizers from the agricultural biogas plants and greenery composts were minimally contaminated
by plastic, we found considerable numbers of plastic fragments in the composts/fertilizers from the biowaste treatment plants.
Moreover, while certainly being influenced by the quality of the incoming biowaste, this residual contamination appeared
to depend largely on the operating conditions. In particular, shredding of the incoming material increased the degree of
contamination. Sieving was an efficient method for the removal of fragments >5 mm but was less efficient for the removal
of smaller fragments. In view of the number of the recovered fragments in that size range, it is likely that still none of the
finished composts surpassed the current dry weight limits imposed for the plastic contamination of high-quality composts
with fragments > 1 mm in Europe (0.3% of dry weight) nor even in Germany (0.1% of dry weight). The contamination of
the liquid fertilizer produced via anaerobic digestion by three of the investigated biowaste treatment plants (up to 10,000
particles with a size between 10 and 1000 pm~') may pose a more serious concern.
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Composts from such plants have been suspected to release
significant numbers of plastic fragments into the environ-
ment, yet this has never been systematically studied and cor-
related with plant operation and process conditions. Con-
comitantly, high-caloric household biowaste is an attractive
substrate for biogas and fertilizer. Most household biowaste
is contaminated by plastics, typically in the form of bags and
foils from packaging. Operators of municipal biowaste treat-
ment plans take great care to remove these contaminants,
often at the cost of reducing the organic material entering
the process. This study compares the residual plastic con-
tamination of fertilizer (composts, digestates) from biowaste
treatment plants with compost produced from greenery and
digestates produced by agricultural biogas plants process-
ing manure and energy crops. Our results can contribute to
the ongoing discussion of the significance of plastic in the
environment and are expected to be of interest to readers
form a wider range of communities.

Introduction

The increasing contamination of the environment by macro-
and microplastics, the latter defined as particles <5 mm, has
been the subject of intensive study in recent years [1-3].
Most studies to date have focused on aquatic systems, but the
contamination of terrestrial compartments may also be sig-
nificant [4]. Possible entry pathways for plastics into terres-
trial systems are thus of interest and also have implications
in the development of future containment strategies. Vari-
ous entry pathways have been identified, including illegal
waste deposits, common agricultural practices such as the
use of foils for mulching, the transfer of airborne particles
(e.g., rubber particles from tires) to the ground by natural
precipitation (snow, rain) [5—7] and the utilization of organic
fertilizer [8].

Organic fertilizer is produced at a large scale in tech-
nical biogas and composting plants from various organic
substrates, including household biowaste. These plants play
an important role in recycling organic material (biomass).
Plants that deal with high-caloric household biowastes tend
to process incoming material with a two-step combination
of (1) anaerobic fermentation (biogas production) followed
by (2) composting of the solid digestate. The production
of biogas, which can be transformed into electricity and
heat, improves the economic balance of such waste treat-
ment plants [9]. In addition, biogas represents a possible
contribution to the ongoing transition from fossil fuels to
renewable energies.

Quality composts, including those from biowaste treat-
ment plants, are strictly regulated in regard to allowable
residual contaminants, including plastics. For the European
Union regulation is found in EU document 2019/1009 [10]
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specifying limits for metals, glass and plastic in composts
and digestates from biowaste (0.3% dry weight for each
impurity type with a particles size >2 mm, 0.5% dry weight
for the total sum of these impurities). Regulations for Ger-
many are somewhat stricter (limit of 0.1% dry weight for
particles> 1 mm) and can be found in the DiMV (Diinge-
mittelverordnung). For details see, e.g., § 3, 4b, DiMV and
§ 3, 4c, DUMV. A positive identification of the chemical
nature of recovered plastic particles is typically not required,
even though such identification, e.g., by IR spectroscopy, is
possible [11].

Collected household biowaste nearly always contains
plastics, mainly bags and foils, but increasingly also cof-
fee and tea capsules. Consequently, stringent removal steps,
typically involving sieving, are implemented to reduce such
contamination, a practice that incidentally also reduces the
amount of organic material entering the digester/composter.
Despite these measures, even quality biowaste composts may
still contain a significant number of microplastic (MP) frag-
ments, as recently shown by Weithmann et al. [8]. However,
in their paper, Weithman et al. included only one biowaste
composting plant and one biowaste digesting plant and thus
could not establish general conclusions. As far as we could
ascertain, no one has to date studied whether MP contami-
nation of fertilizers from biowaste treatment plants is typi-
cal and to what extent the operating conditions contribute
or not to the final contamination. Moreover, two-stage
digester—composter plants often produce liquid fertilizer
(LF) in addition to compost. This fertilizer is directly applied
to the soil and has, to the best of our knowledge, never been
studied regarding possible contamination by MP.

Given the acknowledged need to recycle organic waste
in a suitable manner together with the relevance of organic
fertilizer as an attractive substitute for artificial fertilizer, the
present study systematically studies operational conditions
and their influence on the production of MP fragments dur-
ing biowaste treatment. To the best of our knowledge, this
is the first study of its kind.

Materials and Methods
Materials

If not otherwise indicated, the suppliers for chemicals
were Th. Geyer (Renningen, Germany) and SigmaAldrich
(Taufkirchen, Germany). Ultrapure water was produced
with an Elga-Veolia-Purelab (Flex2) unit, while ‘Millipore
water’ came from a Millipore-Synergy-UV-system (Type 1).
Protease A-01 (activity: > 1100 U mL™"), Pektinase L-40
(exo-PGA activity: > 900 U mL_l, endo-PGA activity, >
3000 U mL~!, pectinesterase activity: > 300 U mL~"), and
Cellulase TXL (activity: > 30 U mL~!) were from ASA
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Spezialenzyme GmbH (Wolfenbiittel, Germany). Viscozyme
L (activity: > 100 FBG U g~!) was obtained from Novo-
zymes A/S (Bagvaerd, Denmark).

Selection of Biowaste Treatment Plants and Sample
Denomination

Plants representing three basic types were included in this
study, namely, simple composting plants (aerobic treatment,
six plants), simple anaerobic digesters (“biogas plants”,
three plants) and two-stage plants comprising (1) anaero-
bic digestion and (2) aerobic composting (five plants). The
selection included plants treating biowaste, green cuttings
and/or energy crops; for details, see Table 1. Plants in cate-
gory 1 included both plants that convert household biowaste
and some that convert other organic materials, including
greenery. Plants in category 2 were all agricultural biogas
plants, converting mainly agricultural waste (manure) and/or
energy crops. Household biowaste was not used. However,
one of these plants, plant #2.1, processed organic waste from
local markets and landscape conservation material alongside
the typical mix of agricultural waste and energy crops. The
plants from category 3 were all current state-of-the-art bio-
waste treatment plants, processing high-caloric household
biowaste and recovering part of the energy in the form of
biogas via anaerobic digestion during the first.

treatment stage. Three of these plants separated the diges-
tate obtained during the fermentation step by press filtration
into a solid digestate going into the composting stage and
into LF intended for direct application to agricultural soil.
Most of the category 3 plants added a certain percentage of
green cuttings to their solid digestate prior to composting;
for details, see Table 1. Plants processing biowaste are indi-
cated by bold print in Table 1.

Depending on the plant type, samples were taken of
the precomposts (before final sieving), the finished com-
posts (after final sieving), and the solid and liquid fertiliz-
ers obtained after anaerobic digestion. Samples are coded
according to plant number and source (P, F, and L for pre-
compost, finished compost, and liquid fertilizer, respec-
tively). In the case of the agricultural biogas plants, the
indicator “S” is used for the solid digestate. When several
samples were taken from a given plant/source, each sample
is indicated by a number following the plant number. Sam-
ple P_3.3-2 would thus correspond to the second sample of
precompost taken from plant #3.3.

Sampling of Composts and Liquid Fertilizers

Bulk samples were taken from the composts according to the
guidelines of the German Association for Quality Compost
[12]. A slight modification to the standard procedure was
introduced to avoid additional contamination of the compost

samples with plastics, particularly via the plastic foil recom-
mended in the standard protocol for sample mixing. Instead,
the individual aliquots obtained from a given compost heap
were pooled, mixed and stratified directly on the concrete
floor (after a ‘washing’ step with compost from the same
heap). To obtain a representative sample, the interior of the
heap was made accessible using a wheel loader. Then, indi-
vidual samples were taken at evenly dispersed points. The
number and volume of individual samples depended on the
volume and grain size of the compost pile; the current pro-
cedural guidelines were followed. For example, in the case
of 100 m? of compost with grain sizes of 2-20 mm (typical
finished compost), 16 individual samples (1 L each) were
taken, and a minimum of 4 mixed samples (2 L each) were
created. For the coarser precomposts, the number of samples
taken was identical to the number of samples taken for the
corresponding finished composts.

In most cases, the precomposts and finished composts
for a given plant were sampled at the same visit and conse-
quently stemmed from different processing batches. In one
case (plant 3.3), one processing batch was sampled before
(precompost) and again several days after (finished com-
post) the final sieving step. In all cases, sample aliquots
were transferred to 3 L Fido jars (Bormioli Rocco, Fidenza,
Italy) for transport. If immediate analysis was not possi-
ble, samples were stored at 4 °C in the glass vessels. Solid
digestates from the agricultural biogas plants were sampled
analogously to the compost. Solid digestates from the bio-
waste digester composters were not accessible to sampling
for technical reasons. Samples of the liquid digestates (liquid
fertilizer, LF) (~ 6 L) were collected from the outlet of the
storage tanks into glass vessels. The first few liters of LF
were discarded to rinse the outlet pipe before the sample
was taken. If necessary, LF samples were also stored at 4 °C.
Backup samples of approximately 1 L were taken for all
samples and stored at — 20 °C. Glass vessels intended for
transport, for storage or for backup samples were washed in
advance with Millipore water.

Analysis of Plastic Fragments in Solid Digestates
and composts

A significant concern during the analysis of MP in envi-
ronmental samples is possible contamination with MP from
the ambient air, clothing, laboratory tools, or reagents used
during sample processing. To avoid any such contamina-
tion, precautionary measures were taken. Cotton lab coats
were worn throughout. Unless direct handling was neces-
sary, samples were covered with a glass or aluminum foil
lid. Sample processing took place in a laminar-flow box to
prevent airborne particles from falling into the samples. All
laboratory tools used were made of glass, metal or polyte-
trafluorethylene (PTFE), a polymer that is rarely found in
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Table 1 (continued)

Plant 3.5

Plant 3.1 Plant 3.2 Plant 3.3 Plant 3.4

Plant2.2  Plant 2.3

Plant 2.1

Plant 1.6

Plant 1.5

Plant 1.1_II  Plant 1.2  Plant 1.3 Plant 1.4

Plant 1.1_I

10 mm

20 mm 10 or 12 mm

12 mm

25 mm, 12 mm

20 mm

12 mm 10-15 mm 10 mm 15 mm 12 mm

Final

12 mm

and 10 mm

siev-
ing

Compost/liquid
fertilizer”

fertiliz-

erb

Compost/  Only compost
liquid

Only com-
post

Compost/
liquid
fertiliz-
er®

digestate,
liquid

Solid

Solid
diges-
tate,

Solid
diges-
tate,

14,000
t year~'compost

3000
t yf:ar‘I
compost

12,000
t year!compost

15,000
t year‘I
compost

Compost Compost

Compost

Products

fertilizer

liquid
ferti-

liquid

fertilizer

lizer

2One part of the digestate was dried and composted, and another part was mixed with fresh substrate and returned to the fermenter

PPart of the liquid fraction was returned to the fermenter to mash the substrate; separation was performed with dewatering press

environmental samples and was excluded here from the anal-
ysis. All required solutions and the deionized water used to
prepare them were filtered through 0.2 pm pore membranes
(mixed cellulose ester membrane, diameter 47 mm, What-
man ME 24, Merck KGaA) before use. Enzyme solutions
were filtered through 0.45 pm pore membranes (regenerated
cellulose membrane, diameter 100 mm, Whatman RC 55,
Merck KGaA) and stored in glass bottles with glass caps
before use. All laboratory equipment was thoroughly rinsed
with filtered deionized water, 35% ethanol, and again with
filtered water before use and between steps to avoid cross
contamination. Blanks subjected to the same treatment as
the environmental samples were used to detect possible con-
tamination in the laboratory.

In preparation for analysis, the digestate or com-
post samples were filled into a rectangular metal form
(790 mm X 510 mm X 150), thoroughly mixed with a metal
shovel and quartered. Sample aliquots for analysis of the
plastic content were taken from two quarters (bottom right
and top left). Sample aliquots for the determination of the
dry weight (DW) were taken from the bottom left quarter,
while sample backups (1 L) were taken from the top right
quarter. For the determination of the DW, 100 mL sample
aliquots were weighed into 250 mL Schott-Duran beakers
and dried at 105 °C (oven: Memmert UM 500, Memmert,
Schwabach, Germany) for at least 24 h. Afterward, the beak-
ers were allowed to cool to room temperature in a desiccator,
and the DW was determined by reweighing the beakers.

For the recovery of individual plastic fragments, approx-
imately 3 L of material were used. The wet weight was
measured and correlated to the dry weight determined from
another aliquot of the sample, see above. Then the material
was evenly distributed into six glass vessels (capacity 3 L
each). The material was suspended in 2.5 L of water and
first sieved with a mesh size of 5 mm. All retained parti-
cles (fraction > 5 mm) were collected with tweezers, while
the material passing the sieve was sieved again at 1 mm,
followed by collection of the retained particles (fraction
1-5 mm). The sieves were obtained from Retsch GmbH
(Haan, Germanys; test sieve, IS 3310-1; body/mesh, S-steel;
body, 200 mm X 50 mm).

For the analysis of the chemical nature of the particles,
attenuated total reflection-Fourier transform infrared (ATR-
FTIR) spectrometry (spectrometer: Alpha ATR unit, Bruker
Optik GmbH, Ettlingen, Germany; equipped with a diamond
crystal for measurements) was used. Spectra were taken
from 4000 to 400 cm™! (resolution 8 cm™!, 16 accumulated
scans, OPUS 7.5 software) and compared with entries from
an in-house database described previously [11] or the data-
base provided by the manufacturer of the instrument (Bruker
Optik GmbH). An incident light microscope (microscope,
Nikon SMZ 754T; digital camera, DS-Fi2; camera control
unit, DS-U3; software, NIS Elements D) was used for visual
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documentation and dimensional analysis of all particles
identified by ATR-FTIR as synthetic plastics.

Analysis of Plastic Fragments in the Liquid
Fertilizers

The LF samples were also sieved with 5 mm and 1 mm
sieves to obtain all fragments > 1 mm. In addition, fragments
with sizes ranging between 10 and 1000 pm were treated
and analyzed as described previously [13, 14]. Briefly, the
LF sample was mixed well with a metal rod, and 50 mL
were quickly poured into a 300 mL glass beaker (Schott-
Duran). The metal rod and the glass beakers were washed
in advance with Millipore water. Subsequently, the sam-
ples were purified using an enzymatic-oxidative digestion
sequence, as summarized in Table 2 below. Blank samples
were processed in parallel in the same way.

Between steps, the sample was filtered through a 10 pm
stainless steel mesh filter (47 mm diameter, Rolf Koérner
GmbH, Niederzier, Germany) with a vacuum filtration unit
(3-branch stainless steel vacuum manifold with 500 mL fun-
nels and lids, Sartorius AG, Gottingen, Germany) and rinsed
with filtered deionized water to remove residues from the
reagents of the previous step. Then, the sample was rinsed
back into the reaction vessel with either 20 mL of filtered
deionized water or the amount of buffer specified in Table 2,
and the filter was placed in the reaction jar to be used again
in the subsequent step. All filtrations were conducted under
a laminar flow hood to minimize contamination with MP
from the surrounding air.

For the final density separation step, the retained mat-
ter was transferred from the filter into a clean glass beaker
using a metal spatula, and an aqueous ZnCl, solution (50
mL; p=1.8 g cm™>) was added. The mixture was stirred
with a magnetic stir bar until all aggregates had been dis-
persed. Then, the mixture was transferred into a straight-
walled separation funnel (400 mL). The mixture was stirred
for several minutes with a glass rod and left to settle over-
night (at least 12 h). The plastic fragments separated from
any mineral matter by rising to the top. After separating the
sediment, this less-dense fraction was filtered onto a new
10 pm stainless steel mesh filter, which was then rinsed with
98% filtered ethanol and filtered deionized water to remove
residual ZnCl,.

Depending on the initial amount and the quality of the
matrix, the amount of plastic recovered by the outlined puri-
fication procedure can vary. To avoid matrix interference,
which would make FTIR analysis difficult, overloading of
the aluminum oxide sample carrier filters (0.2 pm, Ano-
disc, Whatman GE Healthcare) must be avoided. Therefore,
samples with a high amount of material were suspended in
filtered deionized water, evenly filtered through a 5 pm stain-
less steel mesh filter (diameter: 47 mm), and then halved
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using custom-made pliers. One half was washed into a clean
100 mL beaker, while the other was kept as a backup sample.
This process was repeated as often as necessary to achieve
a subsample that could be transferred onto 3—-5 aluminum
oxide filters for spectroscopic measurement. The filters were
analyzed with focal plane array-based pu-FTIR spectroscopy
(10), which allows the determination of the fragment shape,
size, color and polymer type, using a Bruker Hyperion 3000
FTIR microscope (Bruker Optik GmbH) equipped with a
64 x 64 pixel FPA detector in conjunction with a Tensor 27
spectrometer. The samples were measured in transmission
mode with a 3.5% IR objective (spatial resolution 11.05 pm
per pixel) and a wavelength range of 3600-1250 cm™!
(resolution 8 cm™!, 6 accumulated scans). Data processing
was conducted using Bruker OPUS software version 7.5
(Bruker Optik GmbH), and automated spectral analysis was
performed with the “BayreuthParticleFinder” module in
ImageLab version 4.1 (EPINA GmbH, Retz, Austria) based
on random forest decision classifiers [15, 16] for 22 different
polymer types. The results of the automated spectral analysis
were checked by experienced personnel for quality assurance
and finally corrected with the blank values.

Results

Plastic Contamination of the Sampled Composts
and Solid Digestates

When choosing the biowaste treatment plants for our study,
we attempted to cover the current technical range of such
plants, i.e. both simple composting plants and two stage
digester—composters. Simple composting plants processing
greenery and agricultural biomass digesters (biogas plants)
processing mostly manure and energy crops were included
for comparison. Table 3 summarizes the number of plastic
fragments found per kilogram dry weight (DW) in the inves-
tigated composts and solid digestates. Composts sampled
from plants processing biowaste are indicated by bold print.
Note that solid digestates could only be sampled from the
biogas plants, for technical reasons they were not available
from the biowaste treatment plants.

Plastic fragment were collected in two size categories,
> 5 mm and 1-5 mm. Consequently, we were able to dis-
tinguish between larger particles (>5 mm) and those con-
stituting MP (<5 mm). The lower limit of 1 mm in the
1-5 mm category is of interest, since the current German
regulations of compost quality in regard to contamination
by plastic fragments consider only particles > 1 mm, the EU
is expected to soon follow (current limit>?2 mm). Fragment
numbers were normalized to the DW of the samples since
the water content of the samples varied significantly; for
details, see Table 3.
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Table 2 Enzymatic-oxidative digestion sequence for analysis of microplastics (10-1000 pm) from liquid fertilizer samples

Step Volume Reagents

Function of reagents

Incubation time Incubation temperature

1 50 mL 10% sodium dodecyl sulfate*

2 50 mL in 225 mL batches 30% H,0,**

3 50 mL & 10 mL 0.1 M Tris HCI buffer (pH

9)*** & protease A-01
0.1 M NaAc buffer**** (pH 5)
& Pektinase L-40

4 25 mL & 5 mL

5 25 mL & 1 mL 0.1 M NaAc buffer (pH 5) &
Viscozyme L

0.1 M NaAc buffer (pH 5) &
Cellulase TXL

Fenton’s reagent™**

6 25 mL & 5 mL

7 40 mL

Anionic detergent to solubilize 72 h 50°C
lipids and proteins
Oxidizing agent to degrade 2h 35-40 °C temperature
organic material controlled in an ice
bath
Hydrolyzation of proteins into 12 h 50°C
soluble peptides
Degradation of any pectin in 72 h 50 °C
the primary cell wall and
middle lamella of plants
Splitting of the B(1,3) linkages 48 h 50°C
of cellulose
Splitting of the B(1,3) linkages 24 h 40 °C
of cellulose
Oxidation of degradation prod- 2h 40 °C

ucts and remaining organic
material

*>95% SDS; Karl Roth; **30% H,0O,; Fischer Scientific; ***> 99.3%, buffer grade; Karl Roth; ****> 98.5%, sodium acetate; Karl Roth

In three of the plants (#1.6, #3.1, and #3.3), we were also
able to sample the precomposts. However, only in the case
of plant #3.3 did we have access to material from a particu-
lar batch of compost before and after the final sieving step.
In all other cases, precomposts and finished composts were
sampled at the same time; i.e., the samples originated from
different batches/initial loadings and thus cannot be com-
pared directly. In plant #1.6, samples were taken of finished
compost, material after an intermediate sieving step, and
precompost. In the case of biogas plant #2.1, we had access
to digestate pellets made from dried and pressed digestate,
as well as to fresh digestate.

A comparison of the precomposts and finished composts
shows that the final sieving step (typically using a 10 or
12 mm mesh size, Table 1) reduces the contamination of
fragments > 5 mm, while sieving is less efficient in regard
to the removal of fragments in the 1-5 mm range. In case of
plant #3.3 were pre- and final composts were available for
a given compost batch and hence directly comparable, the
final sieving reduced the number of particles >5 mm from
194 in the precompost to 53 in the finished compost while
having little to no effect on particles in the range of 1-5 mm
(46 and 48 particles, respectively).

With values between 10 and 15 particles kgpy, ™', finished
biowaste composts from simple composting plants (category
1) showed only slightly higher plastic contamination than
did finished greenery composts, which was not anticipated,
given that incoming biowaste is much more contaminated
by plastics than is greenery (Fig. 1). The data for plant #
1.6, i.e., the only simple biowaste composter where precom-
post data were also available, particularly demonstrates the

efficiency of the final sieving step in terms of reducing the
number of fragments.

In comparison, the finished composts from the
digester—composters contained a significantly higher num-
ber of particles in both the >5 mm and 1-5 mm catego-
ries despite the use of similar final sieving mesh sizes. The
digester—composters included in our study tended to use
shredders to process incoming biowaste, whereas the simple
biowaste composters mainly used bag slicers. While shred-
ding is effective in making material accessible for digestion
and biogas production, it presumably increases plastic and
MP contamination. By comparison, digester—composter
#3.2, which used an initial box fermentation step (no initial
substrate preparation/shredding), had significantly lower
plastic contamination in its finished compost, particularly
from the difficult-to-remove 1-5 mm size fraction. Moreo-
ver, the content of particles in the >5 mm fraction could
presumably be further reduced by using a 10/12 mm mesh
for final sieving instead of the currently used 20 mm mesh.

In general, the final sieving had a significant effect on
the particle dimensions. Most retained particles had a long-
ish shape. Whereas the range of particle length was nearly
identical for particles sieved with a 10, 12, or 15 mm mesh
size, the average width of the particles passing the final sieve
nearly doubled from 10/12 to 15 mm. Particles capable of
passing the 20 mm mesh were considerably larger in both
length and width, for details see Fig. S1. Average values and
standard deviations for the fragment sizes (length X width)
are given in Table S1.

Finally, the production of LF (by press filtration) seems
to increase the contamination of composts prepared from the
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Table 3 Number of plastic fragments in two size categories (>5 mm
and 1-5 mm) found in compost and solid fertilizer samples

Sample Number of plastic frag- DW content
ments kgpy ™'
> 5mm 1-5 mm [%]

F_1.1_1 1.58 1.58 64.46
F_1.1.1I 11.07 2.46 74.9
F_1.2-1 13.27 4.82 80.15
F_1.2-2 7.55 - 76.62
F_1.2-3 3.44 3.44 62.46
F_1.3-1 6.35 1.27 58.25
F_1.3-2 5.13 - 72.53
F_14-1 10.69 - 60.52
F_1.5-1 42.14 7.80 61.83
P_1.6-1 34.78 86.50
P_1.6-2* 90.00 6.67 73.31
F_1.6-1 11.53 4.60 68.71
S 2.1-1° 13.04 15.66 86.13
S 2.1-2° 4.90 1.84 88.27
S_2.1-3 18.99 22.79 31.73
S_2.2-1 13.60 - 18.57
S 222 7.79 - 19.9
S_2.3-1 0.00 - 21.93
F_3.1-1 67.41 23.68 45.86
F_3.2-1 28.65 4.77 64.88
P_3.3-1 193.95 46.31 57.49
F_3.3-1 53.14 48.53 57.41
P_34-1 53.62 7.94 39.66
F_34-1 15.41 5.60 51.57
F_3.5-1 97.88 16.04 70.22

Samples from plants processing biowaste are indicated by bold print
4Sample taken after an intermediate sieving step

bSample of digestate pellets

corresponding pressed solid digestate, since the composts
from plants #3.1, #3.3, and #3.5 were the most contaminated
ones found in this investigation. Incidentally, the addition
of cuttings as structuring material to the digestate for the
composting step, which presumably would dilute the parti-
cle contamination (such added cuttings contain little to no
plastic) is not able to compensate for this effect. All three
plants in question, #3.1, #3.3, and #3.5, add cuttings in var-
ied amounts, yet there is no correlation between the added
amount and the residual plastic contamination of the finished
composts. Moreover, composts from plant #3.2 (no press fil-
tration, no addition of cuttings) were less contaminated than
composts from plant #3.4 (no press filtration, addition of
cuttings). Off course, other process conditions also contrib-
ute to the final results, while the number of sampled plants
is at present too small for a statistically significant analysis
of this contribution.

Chemical Signatures of the Plastic Fragments Found
in the samples

Figures 2, 3 and 4 summarize the chemical signatures of the
plastic fragments found in the investigated compost and solid
digestate samples according to relative percentage. In Fig. 2
arrows indicate samples from plants processing biowaste.
Only plastic types accounting for > 5% of the total number
of fragments are specified. All other types are grouped as
“others”.

According to these data, polyethylene (PE)-based frag-
ments tend to dominate in the compost samples prepared
from biowastes. This is independent on whether the com-
post is prepared by simple biowaste composting or via the
more intensive two-stage process of digestion—composting.
In all cases the domination of PE is more pronounced in
the sieving fraction >5 mm. The polymer type distribution

Fig.1 Left: incoming greenery waste, right: incoming biowaste, both at plant #1.1
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found in the greenery compost seems to be more diverse,
with a stronger tendency towards polypropylene (PP) over
PE. However, in particular in case of the simple composts,
the samples typically contained only a small total number
of fragments, a statistically relevant analysis is therefore
not possible.

Of some concern is the category “other plastics”, which
tended to accumulate in the 1-5 mm size fraction. Among
the “other plastics”, we found mainly polyethylene tereph-
thalate (PET), Platilon T (a thermoplastic adherent polyu-
rethane film) and other polyurethanes, as well as polyvinyl
chloride (PVC), acrylonitrile compounds such as acryloni-
trile butadiene styrene and styrene—acrylonitrile, and Tef-
lon compounds. Polymers such as poly(lactic acid) (PLA)
or poly(butylene adipate-co-terephthalate) (PBAT) were
occasionally also found, but were not considered in this
study due to their presumed biodegradable nature. Nota-
bly, fragments with PBAT and PLA signatures were found
only in the composts from the two-stage digester—compost-
ers, never in those from the simple biowaste composters.

In the case of the digestates from the agricultural biogas
plants (Fig. 3), no sieving took place. Nevertheless, no
plastic fragments were found in the case of plant #2.3,
which corroborates previous findings (8) that fertilizers
(digestates) from such plants are minimally contaminated
with plastic. In case of plant #2.2, two samples were inves-
tigated. Both contained some plastic fragments > 5 mm,
but no smaller fragments. Moreover, the contamination
was very uniform. In the case of digestate sample S-2.2-
1, 100% of the few fragments found in the size frac-
tion > 5 mm were PP, while in the case of sample S-2.2-2,
50% were PE, and 50% PP (Fig. 3a). It is thus possible that
the contamination was caused by a single piece of plastic
entering the digester by accident. Both plants #2.2 and
#2.3 exclusively processed agricultural waste and energy
crops.

Plant #2.1 processed a wider selection of organic mate-
rial, including organic waste from local markets and land-
scape conservation material (see Table 1 for details). In
addition to fresh digestate, plant 2.1 produced digestate
pellets as fertilizer. Two charges of pellets were sampled in
addition to the fresh digestate. The contamination in terms
of fragments > 5 mm was similar to that of the digestate
from plant 2.2. For the first time, however, we also found
significant numbers of fragments in the 1-5 mm size cat-
egory in a fertilizer from an agricultural biogas plant. The
diversity of the particle chemical signatures detected in
the fertilizers from plant #2.1 (Fig. 3) is also much broader
than that for the other two plants in category 2 and similar
to the variability found for the biowaste processing plants.

Contamination of Liquid Fertilizer by Plastic
Particles

Plants #3.1, #3.3, and #3.5 produce LF in addition to bio-
waste compost. LF has a low solid content and is produced
by press filtration of the digestate obtained at the end of the
anaerobic step. While the solids from the press filtration step
thus enter the composting stage, LF is typically directly dis-
tributed on agricultural soil. Since LF is essentially a liquid,
plastic particles down to a size of 10 pm could be isolated
and identified in the LF samples using environmental tech-
niques developed for water analysis (10), which was not pos-
sible in the case of the solid digestates and composts. The LF
samples were also analyzed for fragments > 1 mm, but none
were found. Presumably, these fragments were retained in
the solid digestate during press filtration and went into the
composting stage. As discussed before, this effect is most
likely also responsible for the fact that the composts from
plants #3.1, #3.3 and #3.5 contain a higher number of plas-
tic particles than do the composts of plants #3.2 and #3.4.
Table 4 summarizes the particle numbers and plastic types
found in the LF samples.

LF from the biowaste treatment plants contained between
6000 and 12,000 MP fragments per liter. Most of these frag-
ments had sizes between 22 and 300 pm. PP, PE, and PET
were detected in all samples, while PS, silicone and PVC
were found occasionally. In certain cases, e.g., in sample
L3.5-1, we again observed large numbers of MP with IR
signatures corresponding to biodegradable materials, mainly
PBAT; however, these particles were not considered here for
reasons already given.

In the case of the agricultural biogas plants (category 2),
only the LFs produced by plants #2.1 and #2.3 were sampled
since for technical reasons, LF from plant #2.2 was not avail-
able. In the case of plant #2.3, which produced a particularly
clean solid digestate, the number of contaminating particles
found in the LF was also negligible. Moreover, all particles
had the chemical signature of silicone. Silicone is used in
biogas plants for various purposes, including as an antifoam-
ing agent, for the sealing of concrete floors and walls, and
as an antimicrobial barrier layer [17, 18]. Finding silicone
residues in LF is therefore not necessarily a surprise. By
comparison, plant #2.1, which used a wider range of possi-
bly pre-contaminated substrates and had no pre-sorting and/
or sieving system installed, showed a higher contamination
level in the case of LF. Most MPs found were in the range of
22-100 pm, and some were also in the range of 100-300 pm.
PE, PP, and PS were again observed, but surprisingly large
numbers of PET fragments were also observed. This is sur-
prising since PET fragments > 1 mm were not found in the
corresponding compost samples.
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Fig.2 Distribution over the material classes for plastic fragments
found in plants from category 1 (simple composters). Arrows indi-
cate samples from biowaste treatment plants. For the total number of

Discussion

Our study focuses on current practices for the recycling
of household biowaste into fertilizer using either simple
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particles found in each sample, see Table 3. a>5 mm size category;
b 1-5 mm size category. P_1.6-2: sample taken after the 12 mm siev-
ing step but before the final 10 mm sieving step

composting or the more economic two-stage digestion—com-
posting approach. Three agricultural biogas plants (simple
digesters) and several compositing plants producing green-
ery compost were included in our study for comparison. As
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Fig.3 Distribution over the material classes for plastic fragments
found in plants from category 2 (agricultural biogas plants). For the
total number of particles found in each sample, see Table 3. a>5 mm

observed before [8], the liquid and solid fertilizers from the
agricultural biogas plants exhibited unremarkable residual
plastic contamination. Only the digestate from plant #2.1,
i.e., the only agricultural biogas plant in our study that
added a wider variety of organic material to its substrate
mix, showed increased levels of contamination.

Greenery composts also showed only a low level of
plastic contamination compared to the biowaste composts
(Table 3). Plant #1.1 is of particular relevance in this regard,

size category; b 1-5 mm size category. S_2.1-1 and S_2.1-2: diges-
tate pellets made from dried and pressed digestate.

since it comprises two composting lines operated in parallel,
one for greenery waste (1.1_I) and the other for biowaste
(1.1_IT), under otherwise similar conditions. One excep-
tion in our data set is the greenery compost from plant #1.5,
which, despite stemming from cuttings, contained an aver-
age of 50 plastic particles kgpy,~'. With only 9500 t year™',
plant #1.5 was by far the smallest in our study, and more
stringent quality control of the input material together with
a final sieving using a mesh size below the currently used

@ Springer

200



Waste and Biomass Valorization

(=)
—_
[«
[\®)
S

30 40

F 3.1-1

F 32-1

P 33-1

F 3.3-1

P 3.4-1

F 34-1

F 3.5-1

EPE ®mPP mPS

[«
—_
(=)
[y®)
S

30 40

F 3.1-1

F 32-1

P 33-1

F 33-1

P 3.4-1

F 34-1

F 3.5-1

EPE ®mPP ®PS

Polyester M Polyvinyl chloride ™ Acrylonitrite-butadiene-styrene

® Polyvinyl chloride

%
50 60 70 80 90 1

(=3

0

EPET mOther

%
50 60 70 80 90 1

(=3

0

u Other ™ Polyetherester Platilon

Fig.4 Distribution over the material classes for plastic fragments found in plants from category 3 (digester—composters of biowaste). For the
total number of particles found in each sample, see Table 3. a>5 mm size category; b 1-5 mm size category

20 mm might help to improve the quality of the compost
from that plant.

While biowaste compost in general tended to contain
more plastic fragments than greenery compost, there was
a consistent and significant difference in the level of con-
tamination between the composts from the simple biowaste
composters and those produced by the two-stage biowaste
digester—composters. The composts from the digester—com-
posters were significantly more contaminated by plastic frag-
ments, even when the higher mass reduction achieved by the
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two-stage process during biogas production or a possible
enrichment of plastic fragments > 1 mm during press filtra-
tion in some of these plants is taken into account (Table 3).
Simple biowaste composters often use bag slicers to gain
access to organic material, whereas two-stage plants tend to
use shredders. It seems that the latter approach, as beneficial
as it is for efficient biogas production, aids in the formation
of plastic fragments. This would explain why the composts
produced in digester—composter plant #3.2 were among the
least contaminated composts (33 particles kgpy ') found in
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Table 4 Plastic particles per

A o . Sample Fragment num- 11-22 pm  22-100 pm 100-300 um  300-500 pm  500-1000 pum
liter of liquid fertlh.zer and. ber and type
percentages according to size
and type; biowaste treatment L 3.1-1  Number - 5120 2560 1280 1280
p?ants.: L_3.1—1,.L_3.3—1, L_.3.5— PET 25.0% 50.0%
1; agricultural biogas plants:
L 2.1-1,L_2.3-1 PE 25.0% 100%
PP 50.0%
PS 100.0%
Silicone 50.0%
L_3.3-1  Number 640 3840 2240 - -
PET 50.0% 33.3% 14.3%
PVC 14.3%
PE 50.0% 33.3% 28.6%
PP 16.7% 14.3%
PS 16.7% 28.6%
L_3.5-1  Number - 5120 6400 - -
PET 40.0%
PE 75.0% 40.0%
PP 25.0% 20.0%
L_2.1-1  Number - 1280 320 - -
PET - 25.0% 100.0% - -
PE - 25.0% - - -
PP - 25.0% - - -
PS - 25.0% - - -
L_23-1  Number 320 320 - - -
Silicone 100.0% 100.0% - - -

category 3. In contrast to all other plants in that category,
plant #3.2 did not use a shredder to process the incoming
material. Furthermore, the data from this plant suggest
that using an anaerobic digestion step does not necessarily
increase the plastic fragment content. Otherwise, one would
expect the composts from plant #3.2 to show a higher con-
tent of residual plastic fragments.

While the anaerobic treatment and shorter composting
times applied in two-stage plants are unlikely to influence
the contamination of the finished composts with fragments
of conventional plastics, these differences in operating con-
ditions could explain why we found residues of biodegrad-
able plastics in the composts (and LF, see below) from the
two-stage plants but not in any of the composts from the
single composting plants. The digester—composters included
in our study typically only used composting times of 5-6
weeks (after digestion), in contrast to at least 12 weeks in
the case of the simple composters. Anaerobic digestion is not
expected to contribute to the degradation of biodegradable
plastics, and the length of the subsequent composting stage
may thus not be sufficient for the full degradation of such
biodegradable materials. The pertinent literature suggests
that once biodegradable plastics enter the environment, they
can persist there for quite some time [19-21].

For all investigated compost samples (both biowaste and
greenery), the final sieving step used to prepare the finished
composts was effective in reducing the number of contami-
nating plastic fragments. However, sieving is much more
efficient for fragments > 5 mm than for smaller fragments.
Any processing step that increases the number of fragments,
particularly that of smaller fragments, is therefore problem-
atic. The bias for removing larger fragments in the final
sieving step can be seen in Fig. S1. Whereas the lengths
of the particles sieved with 10, 12, or 15 mm mesh sizes
cover a very similar range, the widths of the retained par-
ticles tend to increase with the mesh size used during siev-
ing, see also Table S1. If we presume the fragments pass a
given hole “head on”, it makes sense that the fragment width
determines the likelihood of passage. In terms of the types
of plastics found in the most contaminated (> 30 particles
kgpw 1) and hence most statistically relevant compost sam-
ples, PE was the most common type of plastic found in the
biowaste composts. PP and PS, as well as some “other poly-
mers” (individually representing > 5% of the total), were also
found in the composts made from biowaste and/or cuttings.
In the greenery composts, PP was the dominant polymer,
along with PE.

Due to the restrictions of the analytical methods, mainly
the need to isolate and clean fragments for spectroscopy, the
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study of the composts was restricted to fragments retained by
the 1 mm sieve. Given the especially high load of > 1 mm frag-
ments in the composts from the digester—composters, the addi-
tional presence of yet smaller particles in the composts cannot
be excluded. Three of the digester—composters produced LFs,
recovered via press filtration after anaerobic digestion, which
could be analyzed for plastic fragments down to 10 pm using
techniques originally developed for water samples. According
to the results, the LFs contained up to 10,000 MP particles
with sizes of 10-1000 pm™", while no fragments > 1000 pm
were found. According to common agricultural practices, LF
is applied several times a year at a concentration of 2-3 L m™2.

Most fragments/particles found in the LFs were in the range
of 22-300 pm and smaller. The mechanical stress exerted on
fermented plastics during the press filtration step can presum-
ably lead to fragmentation and in consequence the formation
of small MP particles, especially since the materials presum-
ably become more brittle during anaerobic digestion due to the
extraction of additives such as plasticizers [22]. It does not take
many large fragments to results in a significant number of small
ones. For instance, a single 4 mm X 4 mm fragment could break
down in more than 100,000 fragments of 100 um?. Recently,
it has been shown that PE and PS macroparticles (> 25 mm)
can release 4-63 MP particles during the composting process
[23]. While we thus still assume that most larger fragments
present in a given digestate end up in the solid fraction after
press filtration and thus in the composter, some fragmentation
under the mechanical stress of press filtration may result in the
heavily contaminated liquid fertilizer. The LFs produced by the
agricultural biogas plants contained significant numbers of MPs
from commodity plastics only in the case of plant #2.1, i.e., the
plant where the solid digestate also contained unusually high
plastic contamination. While significant, the MP content of the
LF from plant #2.1 was still an order of magnitude less than that
of the LFs from the biowaste treatment plants.

Chemically speaking, the MPs found in the LFs stemmed
mostly from commodity plastics such as PE, PP and PS,
all of which have been shown to be toxic or harmful to the
environment [24-26]. Moreover, in all investigated LFs,
fragments of PET were found in 22-40% of the detected
particles (Table 4), even in those cases where PET was not
found in larger fragments in the corresponding composts or
digestates (Figs. 3, 4). This could be an indication that PET
is easily fragmented into MPs under anaerobic/aerobic treat-
ment of organic material. It has been shown that PET in soil
can be highly toxic to nematodes [25].
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Conclusions

Plant type and operating conditions have a major influence
on the residual contamination of composts and organic fer-
tilizers with plastic fragments. The removal of such frag-
ments would cause a further reduction in process yield and
efficiency. Reducing the plastic content in the incoming bio-
waste is thus still the most important measure for reducing
the release of plastics and MPs into the environment via
such composts and LF. Whether biodegradable materials
may present a solution in this context was not part of our
study. The fact that we did find residues of biodegradable
material in some of the composts shows that the behavior
of such materials during biowaste treatment may have to be
reevaluated in the future.

Supplementary Information The online version contains sup-
plementary material available at https://doi.org/10.1007/
$12649-022-01870-2.
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Table S1: Type or paste caption here. Create a page break and paste in the Table above the

caption.
Size Size Size

Sample > 5 mm 1-5 mm total

length  SD width SD length SD  width SD  length SD width SD

[mm] [mm] [mm] [mm)] [mm] [mm]
F 111 16.06 - 2.16 - 435 - 1.22 - 10.21 5.86 1.69 047
F 1.1 I 1355 538 2.79 1.81 3.39 024 145 008 1170 6.24 2.54 L.72
F 1.2-1 18.68  14.81 4.48 4.06 5.78 3.11 1.88 1.04 1524 1400 379 3.70
F 122 2206  8.94 1005 0.96 6.75 205 092 029 1112 8.58 3.53 4.16
F 1.2-3 1483 531 3.00 2.32 4.02 045 364 056 9.43 6.59 332 1.72
F 1.3-1 2034 1184 9.04 9.22 5.11 - 4.15 - 17.81 12.21 8.22 8.61
F 13-2 946  8.02 8.19 6.93 - - - . 9.46 8.02 8.19 6.93
F _1.4-1 1196 925 7.47 6.82 - - - - 11.96 9.25 7.47 6.82
F 1.5-1 61.12 3695 1813 2422 7.42 221 228 034 5273 3915 1566 2298
P 1.6-1 3579 1717 2081 1475 - - - - 3579 1717 2081 1475
P _1.62V 2393 1200 9.2 7.01 1534 521 2.93 156 2347 1180 891 6.92
F_1.6-1 13.82 972 5.01 4.55 6.91 237 295 097 1185 8.88 4.43 3.99
S 2.1-1% 6.78 3.69 2.68 1.63 5.39 2.24 1.92 1.13 6.02 3.07 227 1.43
S 2.1-2%9 6.18 3.00 2.86 1.64 6.31 2.48 1.91 1.01 6.21 2.87 2.60 1.55
S 2.1-3 16.50  10.65 8.47 8.56 6.08 523 210 177 1082 9.67 5.00 6.71
S 2.2-1 1972 9.17 5.08 4.55 - - - . 19.72 9.17 5.08 455
S 222 47.87 098 0.53 0.04 - - - . 47.87 0.98 0.53 0.04
S 2.3-1 - - - ; ; ; ) }
F 3.1-1 1915 1039 699 5.70 8.19 345 373 272 1630 1030  6.14 5.29
F 3.2-1 30.65 3701 1679  24.98 1.66 039  L19 012 2650 3573 1456  23.76
P 3.3-1 69.67 8093 2672 3571 1089 675 44l 193 5873 7657 2257 3338
F 3.3-1 1241 651 4.41 2.46 1030 532 392 232 1123 6.15 4.11 2.42
P 3.4-1 4567 3672 2243 2729 7.03 322 339 259 4069 3666 1997  36.66
F 3.4-1 1707 777 7.96 4.96 6.24 237 274 116 1422 8.29 6.58 4.87
F 351 | 1535 | 882 | 517 | 376 | 1018 {415 | 364 | 131 | 1462 | 852 | 496 | 3.56

1) The sarﬁples from Pl_l 6-1 and P_Il 162 were from two different preclompolst batchés,

P1.6-1 was a sample before the fine sieving steps, and P_1.6-2 was a sample after the fine

sieving step (12 mm mesh size). 2) The samples from S 2.1-1 and S_2.1-2 were taken

from digestate pellets made from dried and pressed digestate. Samples printed in bold use

biowaste as the substrate and the other cuttings.
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Figure S1: Average sizes (length x width) of particles recovered from individual samples
(circles) as a function of the final sieving mesh size; the sizes of sampled precomposts

(triangles) are given for comparison.

Figure S1 shows the size of the recovered particles (average length x average width) from
individual compost samples (circles) as a function of the final sieving step. Data for the
particles found in the available precomposts are given for comparison (triangles). To
facilitate the direct comparison of the data for precomposts to that of the corresponding
finished composts, the data points for finished composts are coded with a ring matching
the color of the corresponding precompost data point where available. Samples from the
agricultural biogas plants were not included since they were not sieved. Compost sample
F-1.1 _I-1 was also not included since the number of particles in this sample was too small
for statistical consideration. Average values and standard deviations for the fragment sizes

(Iength x width) are given in Table S1.
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Municipal biowaste

treatment plants contribute

to the contamination

of the environment with residues
of biodegradable plastics

with putative higher persistence
potential

Thomas Steiner’*, Yuanhu Zhang?**, Julia N. Méller**, Seema Agarwal?, Martin G. J. Léder?,
Andreas Greiner?®, Christian Laforsch®® & Ruth Freitag®**

Biodegradable plastics (BDP) are expected to mineralize easily, in particular under conditions

of technical composting. However, the complexity of the sample matrix has largely prevented
degradation studies under realistic conditions. Here composts and fertilizers from state-of-the-art
municipal combined anaerobic/aerobic biowaste treatment plants were investigated for residues

of BDP. We found BDP fragments >1 mm in significant numbers in the final composts intended as
fertilizer for agriculture and gardening. Compared to pristine compostable bags, the recovered

BDP fragments showed differences in their material properties, which potentially renders them

less prone to further biodegradation. BDP fragments <1 mm were extracted in bulk and came up to
0.43 wt% of compost dry weight. Finally, the liquid fertilizer produced during the anaerobic treatment
contained several thousand BDP fragments < 500 um per liter. Hence, our study questions, if currently
available BDP are compatible with applications in areas of environmental relevance, such as fertilizer
production.

Biodegradable plastics (BDP) are increasingly proposed as eco-friendly alternatives to commodity plastics for
foils, wrappings and bags. One area where the utilization of BDP could be of significant benefit is the collection
of organic household waste. Currently most collected household biowaste is contaminated by conventional
plastic bags, presumably because a significant fraction of the population prefers, if at all, to collect its biowaste
in such bags. However, conventional plastics are not supposed to enter a biowaste treatment plant, since they will
not degrade. In consequence they have to be removed as completely as possible from the incoming biowaste by
elaborate sorting procedures, which incidentally also leads to significant losses of degradable organic material.
Since the biogas (electricity, heat) and fertilizer produced from that material create the revenues, while the refuse
has to be disposed at considerably costs, any such loss is not in the interest of the plant operators. In spite of the
elaborate preparation, the entry of plastics into biowaste treatment plants cannot be completely prevented and
strict regulation have been introduced inter alia in regard to the maximum amount of plastic allowed, e.g. in
certified compost of high quality, such as <0.1 wt% according to §3, 4b, DuMV and §3, 4c, DuMV. For reasons
of practicability, only plastic fragments >2 mm are counted for the quantification of the contamination, a limit
which is expected to be lowered to fragments >1 mm in the near future. In this situation, compostable plastic
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bags are seen as an attractive option, in particular since the conditions during technical biowaste treatment by
composting should be ideal for their breakdown and dedicated bags for the purpose of household biowaste col-
lection have appeared in supermarkets. Admittedly, not all adverse effects of foils and bags in biowaste treatments
plants would automatically be resolved through the introduction of biodegradable bags. Operators have been
known to fear for their machinery, in particular during anaerobic digestion, where biodegradable materials are
not expected to disintegrate to a significant degree. However, much in this regard depends on the actual opera-
tion conditions. Plants with active mixing may face more difficulties than box plants.

A typical definition for biodegradability is given in European Norm EN 13432 (Requirements for packaging
recoverable through composting and biodegradation—Test scheme and evaluation criteria for the final accept-
ance of packaging'), which states that a material is biodegradable, if it is converted (‘mineralized’) by microbial
activity in the presence of oxygen into CO,, water, mineral salts, and biomass or in the absence of oxygen into
methane, CO,, water, mineral salts, and biomass. While the definition is clear, actual biodegradation is typi-
cally estimated in a non-specific manner through a comparison of the CO, produced by an aerobic standard
culture in the presence of the test material compared to a culture without as well as a culture containing similar
amounts of a natural biodegradable material such as cellulose. Under these circumstances nothing is learned
about the mechanism of breakdown of the biodegradable material, in particular, if a significant part of it remains
as micro- and nanoplastics, i.e. particles, which are considered to have considerable impact on environmental
and human health”. Moreover, current biodegradable/compostable materials are not certified for disintegration
under anaerobic conditions. In addition, the term compostable is used in the context of biodegradable plastics.
EN 13432 defines a material as compostable, if 90 wt% of the material is fragmented (disintegrated) into particles
<2 mm, i.e. below the limit at which particles “count’, after twelve weeks of standardized composting and fully
mineralized by 90 wt% within 6 months. The remaining 10 wt% may be transformed into biomass or simply
be fragmented into microplastic. In addition, a compostable material may not bring heavy metals or introduce
ecotoxic effects in the final compost.

Studies investigating the fate of BDP under realistic conditions, i.e., in technical systems for organic waste
management (composting and biogas plants), are still rare, in particular in regard to fragments <2 mm. A
recent study by members of our group found that composts and fertilizers from biowaste treatment plants are
a path of entry into the environment for microplastic’, but BDP was not considered in this case. Since then, a
few studies on BDP in technical biowaste treatment and composting plants have appeared in trade journals*.
However, these considered only residual fragments >2 mm, which, according to these studies, were no longer
in evidence after the composts had been conditioned by the customary sieving steps. In one case, foils certified
as biodegradable were purposely introduced in controlled amounts into the digestion/composting process, and
again no plastic fragments were visible in the finished—sieved—compost®. The size fraction <2 mm was not
considered in any of these studies.

Finally, the degradation of BDP in the environment has been studied. Admittedly, the certification of a mate-
rial as biodegradable/compostable concerns the behavior of said material under composting conditions rather
than a possible environmental impact, e.g. after littering. However, these environmental studies are highly rel-
evant in regard to any residual BDP released into the environment with the composts. For instance, degradation
in fresh and salt water, has for some BDP been less efficient than one would expect for a truly biodegradable
material”. Physical properties seem to play a role, as some studies have shown a significant impact of a BDP’s
crystallinity on its susceptibility to enzymatic depolymerization®®. For microbial digestion under both aerobic'
and anaerobic’ conditions, the polyester PHBV (poly(hydroxybutyrate-cohydroxyvalerate) in the semicrystal-
line state was found to degrade more slowly than the corresponding amorphous material. Studies on the use of
biodegradable foils for agricultural purposes'!™* show that BDP can persist for several years in the environment,
while the question of whether they are indeed finally mineralized or merely disintegrated into yet smaller frag-
ments under environmental conditions is not fully resolved.

Compostable materials are designed for disintegration/mineralization though composting. Technical com-
posting plants provide optimal conditions for biodegradation, both in terms of the process conditions (tempera-
ture, intensive aeration) and the metabolic activity of the specialized microbial communities found therein. If
mineralization is incomplete under these circumstances, the remaining material is released into the environment,
where it may persist for an unknown time, with putatively all the negative consequences already known for com-
modity plastics'*"®. The aim of this study was therefore, to determine to what extent residues of BDP can be found
in the fertilizers (compost, liquid fertilizer) produced by organic waste treatment plants and thereby contribute to
an ongoing discussion of whether the currently available BDP are already suited to replace conventional plastics
in environmentally sensitive areas.

Results and discussion

Choice of biowaste treatment plants and sample identifiers. Compost samples were collected from
four central municipal biowaste treatment plants (denominated as #1 to #4) in Baden-Wurttemberg, Germany
(Table 1). All plants used a state-of-the-art two-stage biowaste treatment process comprising of (a) anaerobic
digestion/biogas production and (b) subsequent composting of the solid digestate to produce a high-quality
mature compost sold for direct use as fertilizer in agriculture. The composts were regularly analyzed by an
independent laboratory for quality and residual contamination and consistently fulfilled the quality require-
ments of the label RAL-GZ 251 Giitezeichen Kompost of the German Bundesgiitegemeinschaft Kompost e.V.
(www.gz-kompost.de). Plants #1 and #3 produce in addition a liquid fertilizer, which is separated from the solid
digestate at the end of stage a) by press filtration and which is also intended for direct use on agricultural soil
(replacement of liquid manure). In case of plants #1, #3, and #4 up to 25 wt% of shrub/tree cuttings were added
to the solid digestate for composting. All plants used sieving (typically with a 12 or a 20 mm mesh) at the end of
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Plant #1 Plant #2 Plant #3 Plant #4
Compost
sample Finished Finished Pre Finished Pre Finished
type
Biowast_e Shredder, sieving N Shredd Cross-flow shredder, sieving (2 lines: biowaste
ggerf)ara (80 mm) one redder 60 mm, shrub/tree cuttings 80 mm)
Anaerobic | Plug flow 55 °C aver- | Box fermenter 40 °C o +
digestion | age 21 days average 40 days Plug flow 55 °C average 21 days Plug flow average 21 days
i(f]c;mpost- Up to 5 weeks At least 5.5 weeks Up to 9 weeks 6 weeks
_Final Si€V-| 1) mm 20 mm Yes® 12 mm
ing step
Compost and liquid . i
Products o Only compost Compost and liquid fertilizer Only compost
fertilizer
Fragment | 5 1-5 >5 1-5 >5 1-5 >5 1-5 >5 1-5 >5 1-5
size (mm)
Number
of BDP
fragments | 16 18 - 19 29 3 - 2 4 - - -
per kg of
compost*

Table 1. Technical data of the investigated plants and incidence of BDP fragments in the sampled composts.
aPart of the liquid fraction was returned into the fermenter for mashing the substrate. "One part of the
digestate is dried and composted, another part is mixed with fresh substrate and returned to the fermenter. *No
details available. “Dry weight.

the process to assure the necessary purity of their finished composts. Whenever technically possible, we as well
took samples of the pre-compost immediately before this final sieving step to evaluate its contribution to the
removal of residual BPD fragments. For analysis, composts were passed consecutively through two sieves with
mesh sizes of 5 mm and 1 mm, yielding two fragment preparations for IR-analysis namely a >5 mm fraction
corresponding to the contamination by residual “macroplastic” (5 mm is a commonly used upper size limit for
“microplastic’, anything larger is macroplastic) and a 1-5 mm fraction corresponding to the regulatory relevant
residual contamination by microplastic. The lower limit of 1 mm rather than 2 mm was chosen in anticipation
of the expected changes in regulation, where the replacement of the 2 mm limit by a 1 mm limit is imminent.

Occurrence of plastic fragments>1 mm in the sampled composts. Composting times of 5-9
weeks were used in the investigated plants (Table 1), which is shorter than the 12 weeks indicated in EN 13432
for the 90% disintegration of a compostable plastic material, but a realistic time span for state-of-the-art techni-
cal waste treatment. Since we were not in a position to estimate the quantity of BDP entering the plants, since
for technical reasons we were unable to obtain a representative sample, we cannot say, whether any residual BDP
detected by us in the finished composts was due to a yet incomplete disintegration process or whether it corre-
sponds to the 10% material still permissible by EN 13432 even after the full composting step. However, in 7 out
of the 12 sampled composts and pre-composts fragments with chemical signatures corresponding to the BDPs
poly (lactic acid) (PLA) and poly (butylene-adipate-co-terephthalate) (PBAT) were identified in the > 5 mm and/
or the 1-5 mm sieving fractions using FTIR analysis® (Fig. 1; Table 1). All recovered fragments appeared to stem
from foils, bags or packaging, since they were thin compared to their length and width (see Suppl Figure S1 for
typical examples). Fragments with overlapping signatures, most likely PBAT/PLA mixtures or blends, were also
found (see Suppl Figure S2 for the interpretation of the spectra). In addition, the recorded BDP fragment spectra
(Fig. 1A) showed high similarity to the FTIR spectra of commercial compostable bags sold in the vicinity of
the biowaste treatment plants (Fig. 1B), which together with the geometry of the recovered fragments led us to
assuming that the majority of the BDP entered the biowaste in the form of such bags.

The BDP fragments were found alongside fragments of commodity plastics (mostly PE) in all cases. Finished
composts tended to contain fewer and smaller fragments than the corresponding pre-composts. The final siev-
ing of the pre-composts to prepare the finished composts hence appears to be quite effective in removing such
fragments, in particular those from the >5 mm size fraction (Table 1) and for that reason has become state-of-
the-art in preparing quality composts (contamination by plastic fragments >2 mm of less than 0.1 wt%). Given
that the size of the fragments is a crucial factor regarding ecological risk, we analyzed the sizes (length T width)
of the BDP fragments in comparison to that of the plastic fragments with signatures of commodity plastics such
as PE (Fig. 2). BDP fragments found in a given compost sample tended to be smaller than the fragments stem-
ming from non-BDP materials, which may indicate that BDPs degrade faster or tend to disintegrate into tinier
particles than commodity plastics. This may also explain why in the compost from plant #2, no BDP fragments
were found in the particle fraction retained by the 5 mm sieve (>5 mm fraction), while 19 such particles were
found in the fraction then retained by the 1 mm sieve (1-5 mm fraction). Interestingly, plant #2 is the only one
included in our study that uses no mechanical breakdown of the incoming biowaste. This reduces the mechanical
stress on the incoming material. Mechanical stress can alter the properties of plastic foils such as the crystallinity
whereby crystallinity has been shown to influence the biological degradation of BDP such as PLA’.
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Figure 1. FTIR spectra of BDP fragments from composts and commercial bags. (A) BDP fragments
recovered from the composts and (B) the commercial compostable bags. Fragments were coded as follows: p
or f for pre-compost or finished compost, followed by the plant number (#1 to #4), an indication of the size
fraction (>5 mm or 1-5 mm) in which the fragment was found, and finally, the fragment number. Fragment
F#1_5mm_4 therefore represents the 4th fragment collected in the >5 mm size fraction from the finished
compost of plant number 1. Bags were arbitrarily numbered 1-10, see Suppl Table S1 for supplier information.
The spectra (in grey) of the reference materials for PLA and PBAT are given as basis for the interpretation.
Spectra in red refer to test samples consisting only of PBAT, while those in blue indicate samples composed of
PBAT/PLA mixtures.

Material characteristics of BDP fragments in comparison to those of commercial biodegrad-
able bags. In order to verify whether the BDP fragments recovered from the composts differed from the
compostable bags in any parameter with possible relevance for biodegradation and environmental impact'®, the
physico-chemical properties of bags and fragments were studied in detail. Since we wanted to have a maximum
of information of the BDP fragments, size/weight was a limiting factor in selecting fragments for analysis. Frag-
ments of at least 1 mg were required for the FT-IR analysis. 5 mg-fragments could be analyzed in addition by
'H-NMR, while the full set of analytics (FT-IR, 'H-NMR, and DSC) required at least 10 mg of sample.

For insight into the chemical composition, 'H-NMR spectra of the commercial bags and all suitable BDP
fragments were compared (Fig. 3). In case of material mixtures and blends, the '"H-NMR analysis allows quan-
tification of the PBAT/PLA weight ratio in the materials and also of the ratio of the butylene terephthalate (BT)
and butylene adipate (BA) units in the involved PBAT polyesters.

The '"H-NMR spectra corroborate the FTIR measurements in that all investigated commercial bags were made
from PBAT/PLA mixtures of varied composition (Table 2). By comparison, some of the fragments, for instance,
f#1_5mm_4, appeared to consist of only PBAT. Other fragments, e.g., f#1_1mm_9, were mixtures of PLA and
PBAT (Table 2). However, even in the case of PBAT/PLA mixtures, the average PBAT content tended to be higher
in the fragments than in the bags, while the BT/BA monomer ratio in the respective PBATSs, was also significantly
higher in the fragments than in the bags. If we assume the fragments to stem from similar compostable bags as
the ones included in our comparison, this would mean that during composting of such a bag, the PLA degrades
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Figure 2. Size distribution of plastic fragments>1 mm. (A) Fragments found in the finished compost from
plant #1, (B) in the finished compost from plant #2, and (C) in the pre-compost from plant #3. For reasons of
statistical relevance, only samples containing more than 20 BDP fragments per kg of compost were included in
the analysis.

more quickly than the PBAT, whereas within a given PBAT polyester, the BA unit is more easily degraded than
the BT unit. Evidence can indeed be found in the pertinent literature that PLA has faster biodegradation kinetics
than PBAT, while BT is more resistant to mineralization than BA!718,

Next, differential scanning calorimetry (DSC) was used to analyze fragments compared to commercial bags
in regard to the presence of amorphous vs. crystalline domains, a parameter expected to affect biodegradation
kinetics and therefore the putative environmental impact of the produced microplastic'® upon release into the
environment with the composts. Whereas amorphous domains show glass transition, crystalline domains show
melting, both of which can be discerned by the respective phase transition enthalpy in the DSC curves (Fig. 4).

The curve for the reference PBAT shows a glass transition temperature (Tg) of —29 °C and a broad melting
range between 100 and 140 °C for the crystalline domains, while that of the PLA reference shows a glass transition
temperature of 58 °C and a narrower melting peak between 144 °C and 162 °C. The curve for commercial bag
#1, which had a comparatively high PLA content, shows a pronounced melting peak in the expected range; the
same is the case for fragment p#3_5mm_1 and to a lesser extent for fragment p#3_5mm_9, two fragments, which
also have high PLA contents. The DSC curves of the other fragments and bag #1 are undefined in comparison,
which is due to their high PBAT content. According to the DSC curves, most of the investigated materials are
semicrystalline, i.e., contain both amorphous (glass transition) and crystalline (melting) domains. However, the
DCS data alone allow only a qualitative discussion of the differences between fragments and bags.

To obtain quantitative data on the crystallinity differences, wide angle X-ray scattering (WAXS) spectra were
recorded. WAXS requires fragments at least 3 cm long, which restricted the number of fragment samples to three,
all of which were found in pre-compost samples. The corresponding curves are shown in Fig. 5A-C. The spectra
of the commercial biodegradable bags are shown in Suppl Figure S3. Foils were in addition prepared by heat
pressing from the reference materials for PLA and PBAT in order to include them into the WAXS measurements
(Fig. 5D). While the foils produced from the PBAT reference material produced crystallinity peaks at 16.2°, 17.3°,
20.4° 23.2°, and 24.8°, the foil prepared from the PLA reference material showed only an amorphous halo at
15.5° and 31.5°, which is in accordance with values published in the literature'®. A more pronounced crystallinity
peak was obtained in the case of an additionally annealed PLA foil.
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Figure 3. 'H NMR spectra of BDP fragments from composts and commercial bags. (A) BDP fragments
recovered from the composts and (B) the commercial compostable bags. Fragments were coded as follows: p or f
for pre-compost or finished compost, followed by the plant number (#1 to #4), an indication of the size fraction
(>5 mm or 1-5 mm) in which the fragment was found, and finally, the fragment number. Bags were arbitrarily
numbered 1-10, see Suppl Table S1 for supplier information. The spectra (in grey) of the reference materials for
PLA and PBAT are given as basis for the interpretation. Spectra in red refer to test samples consisting only of
PBAT, while those in blue indicate samples composed of PBAT/PLA mixtures. (C) Chemical structures of PLA
and PBAT, chemical shifts of the protons are assigned as indicated in the reference spectra in (B).

In case of the fragments and bags, the peaks of PLA and PBAT overlapped to some extent in the WAXS spec-
tra, but by conducting Lorenz fitting using Origin software, the overall crystallinity could be calculated as follows:

x = 100% * Aa/(Aa + Ac)

where v is the crystallinity and Aa and Ac represent the areas of the amorphous and crystalline peaks.

Using this equation, crystallinities of 55% (fragments p#3_5mm_1), 34% (p#3_5mm_9), and 34%
(p#4_5mm_2) were calculated for the fragments. The foils prepared in house for the reference materials had
similar crystallinities (43% in case of the annealed PLA foil and 26% of the PBAT foil), while the simple PLA
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Sample PBAT (wt%) | PLA (wt%) | BT/BA-ratio in the PBAT

Bag No.1 79.3 20.7 0.86

Bag No.2 66.1 339 0.96

Bag No.3 68.8 31.2 1.01

Bag No.4 92.0 8.0 0.87

Bag No.5 95.4 4.6 0.87 2(;7_ ZriglezﬁBAT (wce):
Bag No.6 954 46 0.86 Q;irigoe.o;f/ BA ratios:
Bag No.7 95.6 4.5 0.88

Bag No.8 79.3 20.7 0.85

Bag No.9 66.1 339 0.94

Bag No.10 70.2 29.8 1.01

f#1_1mm_9 82.5 17.5 0.99

f#1_5mm_1 99.2 0.8 1.00

f#1_5mm_3 97.4 2.6 1.02

f#1_5mm_4 100 - 1.02

f#2_1mm_3 100 - 1.15 Average PBAT (wt%):
p#3_5mm_1 779 221 0.93 i%frigéngT/ BA ratios:
p#3_5mm_2 100 - 1.33 1.02+0.12
p#3_5mm_6 82.1 17.9 0.99

p#3_5mm_9 89.9 10.1 0.95

p#4_5mm_1 96.2 3.8 0.94

p#4_5mm_2 95.6 4.4 0.90

Table 2. Composition of commercial compostable bags and BDP fragments recovered from the composts

as analyzed by 'H-NMR. BT/BA-ratio in the PBAT: BT, butylene terephthalate; BA, butylene adipate, molar
ratio of the two monomeric units found in the co-polyester PBAT. Fragments were coded as follows: p or f for
pre-compost or finished compost, followed by the plant number (#1 to #4), an indication of the size fraction
(>5 mm or 1-5 mm) in which the fragment was found, and finally, the fragment number.
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Figure 4. DSC curves of BDP fragments and compostable bags #1 and #7. Curves for the reference materials
(in grey) for PLA and PBAT are given for comparison. Curves were recorded during the first heating run
(temperature range: — 50 °C to 200 °C, heating rate: 10 °C min™). (A) and (B) curves in red refer to test samples
consisting only of PBAT, while those in blue indicate samples composed of PBAT/PLA mixtures. Fragments
were coded as follows: p or f for pre-compost or finished compost, followed by the plant number (#1 to #4), an
indication of the size fraction (>5 mm or 1-5 mm) in which the fragment was found, and finally, the fragment
number.

foil was amorphous. By comparison, for eight of the commercial bags, crystallinities in the range from 1% to
7% were calculated, whereas these values were 14% and 15% for the remaining two bag types (Suppl Figure S3).

The high crystallinity of the larger fragments recovered from the pre-compost samples suggests that crystal-
line domains of BDP materials may indeed disintegrate more slowly than the amorphous ones, as prior studies
on microbial biodegradation have suggested”®. Admittedly, such large fragments per se would not enter the
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Figure 5. WAXS curves with Lorenz fitting for (A) fragment p#3_5mm_1, (B) fragment p#3_5mm_9, and
(C) fragment p#4_5mm_2. (D) WAXS curves for foils produced from the PBAT and PLA reference materials;
the percent values indicate the crystallinity. The dash lines are the fitting peak curves for the XRD spectrum.
Crystallinity can be obtained by dividing the integration area of the fitted peaks by the integration area of the
entire spectrum. Fragments were coded as follows: p or f for pre-compost or finished compost, followed by
the plant number (#1 to #4), an indication of the size fraction (>5 mm or 1-5 mm) in which the fragment was
found, and finally, the fragment number.

environment, since the final sieving step used to prepare the finished composts is quite efficient at removing them.
However, it is tempting to extrapolate that residual BDP in general are remnants of the more crystal domains of
the original material, even though experimental proof of this assumption is at present not possible. 10 wt% of a
BDP bag is allowed to remain after standard composting. It is usually assumed that any such residues continue
to degrade with comparable speed. However, should these residues correspond to the more crystalline domains,
rather than degrading with similar speed as the bulk material, the more crystalline fragments can be expected
to persist for a much longer and at present unpredictable length of time in the environment, e.g. when applied
to the soil with the composts; in particular, when they are also enriched in PBAT and BT units as suggested by
our analysis of the chemical composition. Data from the use of biodegradable foils in agriculture show that the
degradation in the environment may take years®. Altogether this may have unforeseen economic and envi-
ronmental consequences, especially when considering the high fraction of BDP fragments < 5 mm. Putative
consequences include changes in soil properties, the soil microbiome and therefore in plant performance?!, a
factor indispensable for worldwide nutrition.

Residues of BDP fragments <1 mm in liquid fertilizer and in composts. In addition to the com-
posts, plants #1 and #3 produce a so-called liquid fertilizer (LF). LF is applied directly to agricultural soil without
further treatment. No plastic fragments > 1 mm were found in the collected LF samples. This is hardly surprising,
given that the LF is produced by press filtration of the digestate after the anaerobic stage. Such a filtration step
can be expected to retain fragments >1 mm in the produced filter cake, which goes into the composting step,
leaving the filtrate, i.e. the LE essentially free of such particles. Anaerobic digestion is currently not assumed to
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Plant 11-22 pm 22-100 pm 100-300 um 300-500 um 500-1000 um %
#1 0/0 3840/8960 6400/8960 1280/2560 0/1280 53
#3 1280/1920 7040/10,880 3840/6080 320/320 0/0 65

Table 3. Microplastic fragments (BDP/all) found per liter of liquid fertilizer. %: Percentage of BDP fragments
within all recovered plastic fragments.

f#1 f#2 p#3 £#3 p#4 f#4
Dry weight [%] 45.9 64.9 57.5 57.4 39.7 51.6
M, [g] 100 100 65 54 100 100
M, [g] 0.78 1.41 0.51 0.45 1.14 0.68
M, [mg] 14.0 14.8 14.8 12.2 153 13.5
Mgrp [mg] 9.1 8.9 9.5 12.0 8.6 15.2
Mp; , [mg] 1.488 1.259 1.300 0.369 2.645 1.788
Moppar [mg] 1.228 3.283 1.102 0.381 0.370 0.148
Pprs [%] 10.6 8.5 8.8 3.0 17.3 132
Pppar [%] 8.8 22 7.4 3.1 24 1.1
Cpra [ppm] 827 1199 690 250 1972 898
Copar [ppm] 686 3130 581 258 274 75
Appa [m?] 29.00 42.04 24.19 8.77 69.14 31.49
Apgar [m?] 23.67 108.01 20.05 8.90 9.45 2.59

Table 4. Evidence of PBAT and PLA residues caused by fragments <1 mm in the composts. M.: mass of dry
compost subjected to extraction; M: mass extracted from compost sample; M: mass of material used for 'H
NMR; Mgpp: mass internal standard used for "H NMR; My, 5, Mppar: masses of PLA and PBAT in M; Ppy 4,
Pppar: wt% of PLA and PBAT in M,; Cp; 5, Cppar: mass concentration of PLA and PBAT in M App, and Appar:
calculate surface area covered by PLA and PBAT in 1 ton of drycompost.

contribute significantly to the degradation of BDP'7?, but the process conditions (mixing, pumping) may pro-
mote breakdown of larger fragments, particularly when additives such as plasticizers® leach out of the material.

Since the residual solids content of the LF is low (plant #1: 8.6 wt%, plant #3: 5.8 wt%), a combination of
enzymatic-oxidative treatment and pFTIR imaging originally developed for environmental samples from aque-
ous systems?»* could be adapted for the analysis (size and chemical signature) of particles in the LF down to a
size of 10 um. The corresponding data are compiled in Table 3. In all cases, residual fragments from PBAT-based
polymers represented the dominant plastic fraction in the investigated samples; i.e. approximately 53% of all
plastic particles in the LF from plant #1 (11,520 BDP particles per liter) and 65% in the case of plant #3 (12,480
BDP particles per liter). Liquid manure is applied several times a year to fields at a concentration of 2-3 L m™.
According to our analysis >20,000 BDP microparticles of a size ranging from 10 pm to 500 um enter each m? of
agricultural soil whenever LF is applied on agricultural surfaces.

Due to the complexity of the matrix, a similar analysis of individual plastic fragments <1 mm was not pos-
sible in case of the composts. These were instead subjected to an organic solvent extraction after removal of all
fragments > 1 mm. Six compost samples representing the more contaminated ones based on the content of frag-
ments > 1 mm, namely, f#1, f#2, p#3, f#3, p#4 and f#4 (nomenclature: f or p for finished or pre-compost, followed
by plant number), were extracted with a 90/10 vol% chloroform/methanol mixture. The amounts of PBAT and
PLA in the obtained extracts were then quantified via "H-NMR (Table 4). Briefly, the intensity of characteristic
signals in the extract spectra of the compost samples (see Suppl Figure S4) were compared to peak intensities
produced by calibration standards of the pure polymer dissolved at a known concentration in the chloroform/
methanol. All samples and standards were normalized using the 1,2-dichloroethan signal at 3.73 ppm as internal
standard. See also Suppl Figure S5 for an exemplification of the quantification of the PBAT/PLA ratios. Based on
the amounts of PBAT and PLA extracted from a known amount of compost, the total mass concentration (wt%
dry weight) of these polymers in the composts was calculated.

Compost samples contained between 0.5 and 1.5 wt% extractable material out of which between 6 wt% and
30 wt% were made up of the biodegradable polymers PLA and PBAT. In consequence, the compost samples
contained between 0.05 and 0.43 wt% PLA and/or PBAT < 1mm per unit dry weight. This is in the same order
of magnitude and even above the current limit (0.1 wt%) for certified composts in regard to the contamination
with plastic fragments®® >2 mm. Moreover, residues of PBAT and PLA were found in all investigated compost
samples, including the finished compost from plant #4, which had shown no contamination by larger BPD frag-
ments (Table 1). The pre-compost from that plant had shown a few contaminating BDP fragments in the >5 mm
fraction. However, in regard to the fragments <1 mm, the composts from plant #4 showed a similar incidence,
at least for PLA, as the finished compost samples from the other plants (Table 4).
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Since the material was extracted and quantified in solution, no direct information regarding the original
dimension of the fragments <1 mm could be derived. However, if we assume a similar thickness as for the
larger fragments or commercial bags (17-25 um) together with densities of 1240 kg m™= (PLA) and 1260 kg m~*
(PBAT) as measured for the corresponding reference materials, the particles <1 mm found in one ton of these
composts would, when placed side by side, cover an area between 17 and 150 m? (see values Ap; , and Apg,r in
Table 4). Therefore, if 10 tons of such compost were to be distributed over 1 ha (10,000 m?) of agricultural surface,
which is not unreasonable?, the added plastic particles <1 mm combined would theoretically cover up to 15%
of this area. Taken together with the data on larger BDP fragments and on commodity plastics, environmental
contamination via composts may be much higher than previously thought®.

Given that our results show that predominantly tiny BDP fragments (microplastic) enter the environment via
compost and LF, a possible impact on environmental and finally human health and nutrition is indicated. Polymer
particles in the micron- and nanometer range have already been shown to be more toxic than larger ones>**?. In
addition, the coverage with an ecocorona®, that will certainly take place during digestion/composting, facilitates
the internalization into cells® and therefore increases the risk associated with the ingestion of microplastic, e.g.
by soil macrofauna®. Finally, the higher crystallinity and therefore higher resistance to further biodegrada-
tion extends the period of bioavailability of BDP microparticles with all the above-mentioned consequences.
Whether BDP fragments with higher crystallinity or a higher BA unit within the PBAT co-polyester also induce
stronger toxic effects remains to be investigated. In this view, the mechanisms and kinetics of BDP breakdown
under conditions of industrial biowaste treatment, but also in soils used for food and feed production, should
be investigated in more detail, before the widespread use of the currently available biodegradable materials as
presumably environmentally friendly alternatives to conventional plastics is advocated.

Materials and methods

Materials. If not otherwise indicated, suppliers for chemicals were Th. Geyer (Renningen, Germany) and
Sigma-Aldrich (Taufkirchen, Gemany). Ultrapure water was produced with an Elga-Veolia-Purelab (Flex2) unit,
while ‘Millipore-water’ came from a Millipore-Synergy-UV-system (Type 1). Compostable bags (10 different
brands) designated for the collection of organic waste by the supplier were bought from different local super-
markets (Table S1). Polymer reference materials for BDP were: PLA (batch no.: GH0728B133, commercial name:
Ingeo Biopolymer 4043D, supplier: NatureWork, Minnetonka, MN) and PBAT (batch no.: 95010016KO, com-
mercial name: Ecoflex F Blend C1200, supplier: BASF). Protease A-01 (activity: >1.100 U mL™!), Pektinase L-40
(activity: >900 U mL™?, Exo PGA, >300 U mL™' Endo PGA, >300 U mL™! Pektinesterase), and Cellulase TXL
(activity: >30 U mL™) were from ASA Spezialenzyme GmbH (Wolfenbiittel, Germany), Viscozyme L (activity:
>100 FBG U g!) was from Novozymes A/S (Bagsverd, Denmark).

Sampling of composts and liquid fertilizer. Bulk samples were taken from composts according to the
guidelines of the German Association for Quality Compost®. A slight modification to the standard procedure
was introduced to avoid contacts of the compost samples with the plastic foil recommended in the standard
protocol for sample mixing. Instead, the individual aliquots obtained from a given compost heap were pooled,
mixed and stratified directly on the concrete floor (after a ‘washing’ step with compost from the same heap).
To obtain a representative sample, the interior of the heap was made accessible using a wheel loader. Then,
individual samples were taken at evenly dispersed points. The number and volume of the individual samples
depended on the volume and grain size of the compost pile. For example, in the case of 100 m® of a compost
with grain sizes of 2-20 mm, 16 individual samples (1 L each) were taken, and 4 mixed samples (2 L each) were
created at minimum. Whenever possible, samples of both the pre-compost (before the final sieving step) and
the finished compost were taken. Pre-compost sample volumes were determined based on the volume required
for the corresponding finished compost samples. Pre-compost and finished compost were sampled at the same
time. Consequently, they represented different processing batches. Sample aliquots were transferred to 3 L Fido
jars (Bormioli Rocco, Fidenza, Italy) for transport. If immediate analysis was not possible, samples were stored
at 4 °C in the glass vessels. Samples of liquid fertilizer (~ 6 L) were collected from the outlet of the storage tanks
also into glass vessels. The first few liters of liquid fertilizer were discarded to rinse the outlet pipe and ensure
that representative samples were obtained. If necessary, liquid fertilizer samples were also stored at 4 °C. Backup
samples of approximately 1 L were taken for all samples and stored at —20 °C. Glass vessels for transport, storage
or backup samples were rinsed in advance with Millipore water.

Analysis of plastic fragments in the composts. A significant concern during the analysis in particular
of microplastic particles in environmental samples is the possible contamination of samples with microplastic
particles from the ambient air, clothing, laboratory tools or reagents used during sample preparation. In order
to avoid contamination, precautionary measures were taken. Cotton lab coats were worn throughout. Unless
direct handling was necessary, samples were covered with a glass or aluminum foil lid. Sample processing took
place in a laminar-flow-box to prevent airborne particles from falling into the sample. All laboratory tools used
were made of glass, metal or polytetrafluorethylene (PTFE), a polymer which is rare in environmental samples
and is excluded from the analysis. All required solutions and the deionized water used to prepare them were
filtered through 0.2 pm pore membranes (mixed cellulose ester membrane, diameter 47 mm, Whatman ME 24,
Merck KGaA) before use. Enzyme solutions were filtered through 0.45 pm membranes (regenerated cellulose
membrane, diameter 100 mm, Whatman RC 55, Merck KGaA) and stored in glass bottles with glass caps, ready
for use. All laboratory equipment was thoroughly rinsed with filtered deionized water, 35% ethanol, and again
filtered water before use and in between steps to avoid cross contamination. Blanks undergoing the same treat-
ment as the environmental samples were used in order to detect possible contamination in the laboratory.
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Prior to analysis, compost samples were filled into a rectangular metal form (790 mm x 510 mm x 150 mm),
homogenized with a metal shovel and quartered. From two quarters (bottom right, top left), samples were taken
for the investigation of the plastic content. Samples for the determination of the dry weight (DW) were taken from
the bottom left quarter, while backup samples (1 L) were taken from the top right quarter. For the determination
of the DW 100 mL sample aliquots were weighed into 250 mL Schott-Duran beakers and dried at 105 °C (oven:
Memmert UM 500, Memmert, Schwabach, Germany) for at least 24 h. Afterwards, the beakers were allowed to
cool to room temperature in a desiccator and the DW determined by weighing the beakers again.

For the recovery of the fragments > 1 mm, approximately 3 L of the compost sample was weighed and evenly
distributed into 6 glass vessels (capacity 3 L each). The material was suspended in 2.5 L of water and first sieved
with a mesh size of 5 mm (yielding fraction >5 mm). All particles retained by the sieve were collected with
tweezers and transferred to the system for ATR-FTIR analysis, see below, while the material passing the sieve was
sieved again at 1 mm, followed again by collection of the retained particles (yielding fraction 1-5 mm), which
were subsequently also analyzed by ATR-FTIR. Sieves were from Retsch GmbH (Haan, Germany; test sieve, IS
3310-1; body/mesh, S-Steel; body, 200 mm x 50 mm. For the analysis of the chemical nature of the collected
particles Attenuated total reflection—Fourier transform infrared (ATR-FTIR) spectrometry (spectrometer: Alpha
ATR unit, Bruker 27; equipped with a diamond crystal for measurements) was used. Spectra were taken from
4000 to 400 cm™! (resolution 8 cm™, 16 accumulated scans, Software OPUS 7.5) and compared with entries from
an in-house database described previously? or the database provided by the manufacturer of the instrument
(Bruker Optik GmbH, Leipzig, Germany). This comparison of the IR-spectra allowed to distinguish biodegrad-
able from conventional plastic fragments, but also from residues of other materials including unknowns. An
incident light microscope (microscope, Nikon SMZ 754T; digital camera, DS-Fi2; camera control unit, DS-U3;
software, NIS Elements D) was used for visual documentation of all particles identified by ATR-FTIR as synthetic
plastics (biodegradable or otherwise).

Analysis of plastic fragments in the liquid fertilizers. The liquid fertilizer samples were also sieved
with 5 mm and 1 mm sieves to obtain possibly present fragments >1 mm. For the preparation of the plastic
fragments <1 mm (down to 10 um) an adjusted enzymatic-oxidative digestion method based on a method sug-
gested by Loder et al. 2017 was adapted®. For this, the liquid fertilizer sample was mixed well with a metal rod
and 50 mL were quickly poured into a 300 mL glass beaker (Schott-Duran). The metal rod and the glass beakers
were washed in advance with Millipore water. Then 50 mL of a 10 wt% sodium dodecyl sulfate (SDS) solution
(295 % SDS; Karl Roth) was added and the mixture incubated at 50 °C for 72 h under gentle agitation (Universal
Shaker SM 30 B, Edmund Bithler GmbH, Bodelshausen, Germany). Subsequently, 2 x 25 mL of 30% hydrogen
peroxide was slowly added under a fume hood. Since the reaction of hydrogen peroxide with organic matter is
highly exothermic, an ice bath was used to keep the reaction temperature below 40 °C. Once the reaction had
subsided and the mixture had again reached room temperature, the solution was filtered over a 10 um stainless-
steel-mesh filter (47 mm diameter, Rolf Kérner GmbH, Niederzier, Germany) with a vacuum filtration unit
(3-branch stainless-steel vacuum manifold with 500 mL funnels and lids, Sartorius AG, Gottingen, Germany).
All filtrations were conducted under a laminar flow hood to minimize contamination with microplastics from
the surrounding air. All matter retained by the filter was rinsed with filtered (0.2 um) deionized water to remove
residual chemicals. Afterwards, the retained matter was rinsed into a fresh 300 mL glass beaker with approxi-
mately 50 mL of 0.1 M Tris-HCI buffer (pH 9.0). As particles tended to adhere to the stainless-steel filter, the
filter was also placed into the beaker. Ten milliliters of Protease A-01 solution were added and the beaker was
incubated at 50 °C for 12 h with gentle agitation. Afterwards, the filter was thoroughly rinsed off into the beaker
with filtered deionized water to recover any adhering particles and then used to filter the incubated solution. The
retained matter was rinsed into a fresh glass beaker with 25 mL of 0.1 M NaAc buffer (pH 5). The filter was again
placed in the jar as well, 5 mL of the Pektinase L-40 solution was added, and the beaker was incubated for 72 h at
50 °C. The filter was rinsed and used to filter the sample as before. Any matter retained by this filtration step was
again rinsed into a fresh glass beaker with 25 mL of 0.1 M NaAc buffer (pH 5). The filter was again placed in the
beaker, 1 mL of a Viscozyme L solution was added, and the jar was incubated at 50 °C for 48 h. The sample was
filtered and the retained matter was transferred into 25 mL of a 0.1 M NaAc buffer (pH 5). Five mL of Cellulase
TXL solution was added and the jar was incubated at 40 °C for 24 h.

Only after the enzymatic digestion were the preparations oxidized with Fenton’s reagent. This combination
of enzymatic digestion and Fenton oxidation was necessary since for these types of samples Fenton treatment
alone was not sufficient to remove enough of the organic material to allow p-FTIR imaging. A detailed analysis
of the challenge of sample preparation for p-FTIR in case of complex samples has recently been published by
some members of our group®, where further details can be found.

For this purpose, the mixture was filtered and the matter retained by the filter rinsed into a fresh glass beaker
with ca. 20 mL filtered deionized water. Then, 20 mL of 30% H,O, solution was added, and the mixture continu-
ously stirred with a magnetic stir bar under the fume hood while adding 20 mL of 0.05 M Fe(II) solution (7.5 g
of iron(II) sulfate heptahydrate (FeSO, - 7 H,O) in 500 mL ultrapure water and 3 mL of concentrated sulfuric
acid). An ice bath was again used to keep the reaction temperature below 40 °C. After approximately 2 h, the
reaction had subsided, and the reagents were filtered off over a 10 pum stainless-steel-mesh filter. Residual Fenton’s
reagent was removed by rinsing the filter retentate with filtered deionized water.

This treatment was followed by a density separation step with an aqueous zinc chloride solution. For this,
the retained matter was transferred from the filter into a clean glass beaker using a metal spatula and approxi-
mately 50 mL ZnCl, solution (p=1.8 g cm ™) was added. The mixture was stirred with a magnetic stir bar until
all aggregates were dispersed. Then, the mixture was transferred into a straight-walled separation funnel with a
capacity of 400 mL. The mixture was stirred for several minutes with a glass rod and left to settle overnight (at
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least 12 h). Any plastic fragments present in the sample separate from any mineral matter by rising to the top.
After release of the sediment, the low density particle fraction was filtered onto a new 10 pm stainless-steel-mesh
filter, which was then rinsed with 98% filtered ethanol and filtered deionized water to remove residual ZnCl,.

Depending on the initial amount and the quality of its matrix, the number of particles recovered by the
purification can vary. In order to avoid matrix interference, which would make FTIR analysis impossible, the
aluminum oxide sample carrier filters (0.2 um, Anodisc, Whatman GE Healthcare) must not be overloaded.
Therefore, samples with a high amount of matter were suspended in filtered deionized water, evenly filtered over
a 5 um pore stainless steel-mesh filter (diameter: 47 mm), and then halved using custom made pliers that divide
the circular filter in half. One half was washed into a clean 100 mL beaker, while the other was kept as backup
sample. This process was repeated as often as necessary to achieve a subsample that could be transferred onto 3-5
aluminum oxide filters for spectroscopic measurement. The filters were analyzed with focal plane array-based
pu-FTIR spectroscopy?, which allows the determination of the fragment shape, size, color and polymer type
(again via the IR spectrum), using a Bruker Hyperion 3000 FTIR microscope (Bruker Optik GmbH) equipped
with a 64 x 64 pixel FPA detector in conjunction with a Tensor 27 spectrometer. The samples were measured in
transmission mode with a 3.8 x IR objective (spatial resolution 11.05 um per pixel) and a wavelength range of
3600-1250 cm™! (resolution 8 cm™, 6 accumulated scans). Data processing was conducted using Bruker OPUS
software version 7.5 (Bruker Optik GmbH) and automated spectral analysis was performed with the “Bayreuth-
ParticleFinder” module in ImageLab version 4.1 (EPINA GmbH, Giittersloh, Germany) based on Random Forest
Decision Classifiers** for 22 different polymer types.

Analysis of the material properties of the various plastic materials. FTIR spectroscopy was used
to directly compare the material properties of the BDP fragments, the commercial biodegradable bags, and the
reference materials. The measurement was performed on either a Digilab Excalibur Series FTIR spectrometer
(range 4000 to 550 cm™, resolution ~4 cm™, 16 accumulative scans) or a PerkinElmer Spectrum 100 FTIR spec-
trometer (range 4000 to 450 cm ™!, resolution 4 cm™!, 4 accumulative scans).

The polymer content and composition of bags and fragments were quantified by '"H NMR in CDCl; with
64 scans using a 300 MHz Bruker Ultrashield 300 spectrometer. MestreNova software was used for evaluation.
1,2-dichloroethane (DCE), which shows a single peak at 3.73 ppm, served as an internal standard. Proton
peak integration of the areas at chemical shifts of 4.37-4.43 ppm (abbreviated as Aj, methylene in BT units),
4.08-4.14 ppm (abbreviated as A, methylene in BA units), 5.12 ppm (abbreviated A, methine in lactide units),
and 3.73 ppm (abbreviated as Agrp, methylene in the internal standard DCE) were used to calculate the respec-
tive masses of PBAT and PLA in the residue according to:

mppaT = Npr * Mpr + npa * Mpa

msTp
mpgaT = (AT * Mpr + AA * Mpp) ¥ ———— ——
Mgrp * AsTD

mgrp
mppA = npA * My = 4% Ap % Mg *

Mstp * AsTD

where mypp, is the mass of PBAT; ngr and ng, correspond to the moles of the BT and BA units of PBAT, respec-
tively; Mpr and My, are their molar masses; myp; , is the mass of PLA; n; 4 corresponds to the moles of the lactic
acid unit; M is the corresponding molar mass; Mgyp is the molar mass of the internal standard; and mgyy, is the
mass (amount) used in the measurement. In addition, the ratios of the BT and BA units within the PBAT fraction
of a given sample were calculated from the 'H-NMR data.

DSC was performed using a DSC 204 F1 Phoenix from Netzsch Instruments from — 50 to 200 °C with a heat-
ing rate of 10 °C min™" under nitrogen atmosphere with a flow rate of 20 mL min~". Each measurement consisted
of two full heating and cooling runs.

WAXS was performed on a Bruker D8 Advance diffractometer within 260 ranges of 5°-60° (for reference
PLA and PBAT) and 8°-45° (for BDP fragments from compost and the commercial bags) in transmission mode
(step size=0.05°, scanning rate 40 s step "), and Cu Ka (A=1.54 A) X-rays were used. Foils from the reference
materials PBAT and PLA were prepared by heat pressing at 150 °C and 160 °C, respectively. The heat-pressed
PLA was further annealed at 80 °C for 3 days to increase crystallinity.

Extraction and quantification of residual plastic as bulk from compost samples. Residual PBAT
and PLA matter corresponding to fragments < 1 mm were extracted in bulk from compost samples using a previ-
ously published method* in modified form. Compost aliquots were first sieved through a 1 mm mesh to remove
the larger fragments, and then dried at 60 °C for 48 h prior to extraction. One hundred grams of material was
placed in 500 mL glass bottles and 250 mL of a 90/10 vol% chloroform/methanol mixture was added. The glass
bottles were sealed, placed on a horizontal shaker for 10 min and subsequently sonicated in a water bath at room
temperature for 10 min. Afterwards, the containers were placed overnight in a fume hood. The next day, the con-
tents were passed through a Biichner funnel under vacuum, and the retained residues were washed with excess
chloroform to remove any remaining dissolved material. The solvents were removed from the filtrate by rotary
evaporation under vacuum and the obtained residue was dried overnight in an oven at 45 °C under vacuum. To
quantify polymer content and composition, 'H-NMR spectra were recorded for each extract. 1,2-dichloroethane
was chosen as inner standard since it has a single peak at d=3.74 ppm and thus does not interfere with the peaks
of PLA and PBAT (see Suppl Figure S4. The peaks assigned to PLA or PBAT in a spectrum were integrated. As
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the peak intensity of 'TH-NMR is proportional to the number of protons in a molecule, the integration values of
peaks can be used for quantification purpose. The amounts of PBAT and PLA calculated for the extracts were
then correlated to the dry weight of the extracted compost sample and used for the calculation of the total mass
concentration (wt%) of PBAT and PLA per unit of dried compost.

Data availability

All data are available in the main text or the supplementary materials.
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Supplementary figures

Fig. S1. Examples for plastic fragments found in composts.
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Fig. S2. FT-IR of references (A) PBAT and (B) PLA, and the chemical
structures of (C) PBAT and (D) PLA. Representative functional groups of
PBAT and PLA are indicated in their spectra in the same color. Peaks at 1754
cm-' for the C=0 group of PLA and at 1712 cm™" for the C=0 group of PBAT
can easily differentiate these two polymers.

In these spectra, specific peaks at 1754, 1455, 1390, 1364, 1183, 1088, 1046,
952, 875, and 754 cm™' were assigned to PLA. Among them, the peaks at
1754 cm™ and 754 cm™, representing C = O stretching and wagging of a-CHs,
respectively, can also be used to identify PLA in mixtures. The peaks at 1269,
1183, 1088, and 1046 cm' correspond to C—O—C stretching. The peak at
1455 cm™! was assigned to the asymmetric bending of CH3, while the peaks at
1390 cm! and 1364 cm™' correspond to the symmetric bending of CH3 and
CH. The peak at 875 cm™' is related to the absorption of O—CH—CHas. PBAT
shows peaks at 2960, 2874, 1712, 1580, 1506, 1455, 1411, 1364, 1269, 1104,
1019, 875, and 728 cm-', with the peaks at 2960 cm™' and 2874 cm"’
corresponding to the stretching of CHs and CHz, the peak at 1712 cm™' to the
C = O stretching, that at 1455 cm to the in-plane bending of CHz, that at
1364 cm' to the out-of-plane bending of CHz, that at 1411 cm™ to the O—CH:
bending, those at 1269 and 1104 cm™' to the C— O stretching, those at 1580
and 1506 cm™ to the skeleton vibration of benzene, that at 1019 cm™' to the =C
—H in-plane bending in the benzene ring, and those at 875 and 728 cm to
the =C—H-out-of-plane bending of benzene (S1, S2).
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Fig. $3. WAXS curves and Lorenz fitting of commercial bags No. 1 (A) to No.
10 (J); the percent value indicates the degree of crystallinity. The dash lines
are the fitting peak curves for the XRD spectrum. Crystallinity can be obtained
by dividing the integration area of the fitted peaks by the integration area of

the entire spectrum.
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Supplementary Tables

Table S1. Bags certified as compostable, bought from local supermarkets for
our investigation

Nr. Supermarket chain Brand of Bag
1 Real Pely

2 Real real Bio

3 ALDI alio

4 Netto Priva

5 Edeka swirl

6 Edeka Gut & Glnstig
7 REWE REWE

8 LIDL purio

9 DM Profissimo (dm)
10 Kaufland Classic
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S2 Y. Cai, J. Lv, J. Feng, Spectral Characterization of Four Kinds of Biodegradable
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10.1007/s10924-012-0534-2
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