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ENGLISH SUMMARY

The recognition of microplastic particles (MPs) in the 2000s has led to
increasing scientific and public concern. The interest has been driven by the
MPs’ suspected adverse ecological impact on organisms at all trophic levels
related to the MPs’ small size. Numerous knowledge gaps regarding the
abundance, potential sources, fate, and ecotoxicological effect of MPs
hamper risk assessment despite the growing number of scientific studies on
these topics. The discrepancy originates from the lack of standard operating
procedures that gives rise to incomparable results, and study designs often
irrelevant to natural conditions. Nevertheless, what is the representative or
environmentally realistic concentration, physical and chemical properties of
MPs? Answering the question by defining these parameters is the crucial step
to infer the impact of MPs on the ecosystem as well as to compare the
contribution of various sources to microplastic pollution.

The concentration of a pollutant is not only a key factor regarding its toxic
effect, but its determination at various sources possibly leads to appropriate
discharge mitigation actions. MPs in the environment continuously undergo
fragmentation, which creates smaller particles, simultaneously increasing
their quantity. Sample preparation procedures can similarly cause further
particle fragmentation, which likely affects MP quantification by particle
number. In contrast, particle mass is a measure that is conserved throughout
sample handling and analysis that yield accurate determination of MP
abundance and comparable results. However, measuring MP mass is no easy
task. While MPs larger than a few hundred micrometres can be weighed on
analytical scales, determining the mass of particles of few microns, let alone
in the nanometre range, is impossible with this method. Thermoanalytical
techniques could provide the necessary sensitivity in such cases, yet only a
handful of studies have quantified MP mass this way. The present PhD aimed
to improve MP mass quantification through the development of a method,
which combines particle detection and mass estimation by infrared
spectroscopy. The approximation of MP masses allowed to assess the role of
wastewater treatment plants in MP pollution in Denmark. The study
concluded that MPs comprise a minor fraction of solids in wastewater, of
which over 98 % is retained in the treatment facilities. Additionally,
wastewater discharge was deemed a minor contributor to MP pollution
compared to other MP sources, e.g., transportation.



Nevertheless, exact MP concentrations in environmental samples cannot be
ascertained without the accurate detection of MPs. The quality of
identification by a frequently applied technique, infrared spectroscopy,
depends on the extent of the employed spectral libraries that contain spectra
of known materials and on the skills of the analyst. Although automatic
algorithms have been developed to eliminate the bias rooted in the latter one,
the coverage of materials by the applied library limits MP detection.
Furthermore, reference spectra used for the identification of the unknown
ones are mostly collected of pristine materials. However, the spectra of
particles in environmental samples might differ from those of standard
materials as particles are exposed to environmental weathering impacts that
can induce chemical modifications. This PhD examined the effect of
weathering on the identification of paint materials by their infrared spectra
collected by attenuated total reflection infrared spectroscopy and concluded
that weathering could alter the chemical makeup of the material to the extent
that impedes identification. Consequently, the findings propose the inclusion
of spectra of weathered material in spectral libraries. Furthermore, laboratory
experiments revealed that the chemical modifications increased the mobility
of heavy metals from weathered paint microparticles, indicating that
weathering can alter the particles’ impact.

Therefore, the PhD also assessed the effect of weathering on MP leachate
toxicity in laboratory growth inhibition tests with a freshwater microalga, R.
subcapitata. Such organisms are essential for freshwater ecosystems as they
comprise the base of the food chain. The study showed that weathering
significantly increased the toxicity of the leachates, thereby emphasised the
importance of applying weathered MPs in impact studies.

The findings of the present PhD advanced MP quantification, identification,
and ecotoxicity testing. It contributed to determining MP concentrations
more accurately while ensuring the comparability of results. It has,
additionally, given insight into the changes that MPs in the environment
possibly undergo and how these can influence the particles’ impact and
quantification. The contributions of this PhD are small but necessary steps
towards finding the sought environmentally realistic conditions that enable us
to understand the threat that MP pollution may pose on the ecosystem.

\



DANSK RESUME

Erkendelse af, at der findes mikroplastik partikler (MPs) i miljget, har i
2000’erne ledt til gget videnskabelig og offentlig bekymring. Interessen er
drevet af MPs formodede negative gkologiske indvirkninger pa organismer pa
alle trofiske niveauer relateret til specielt de mindre MPs. Talrige videnshuller
med hensyn til forekomst, potentielle kilder, skaebne, og gkotoksikologiske
indvirkninger af MPs haemmer dog risikovurderinger til trods for et voksende
antal videnskabelige studier i disse emner. Uoverensstemmelsen stammer fra
mangel pd standard protokoller for prgvetagning og analyse, som giver
anledning til usammenlignelige resultater, og undersggelsesdesign som ofte
er irrelevant for naturlige forhold. Derudover: Hvad er repraesentative og
miljgmaessigt realistiske koncentrationer, samt fysiske og kemiske egenskaber
af MPs? Svaret pa spgrgsmalet kraever, at disse parametre defineres, og er et
afggrende skridt til at forstd, hvordan udledning af MPs indvirker pa
gkosystemet, samt for at sammenligne bidraget af forskellige mikroplastik
forureningskilder.

Koncentrationen af et forurenende stof er ikke kun en afggrende faktor
angaende dets toksiske virkning, men ogsa for design og dimensionering af
renseforanstaltninger ved diverse kilder. | miljget fragmenterer MPs konstant,
som kreerer mindre partikler, samt forhgjer deres kvantitet malt som antal
partikler. P& samme made kan prgvebehandling fgr analyse fragmenterer
partikler, hvilket formentlig pavirker MP kvantificeringen pa basis af partikel
antal. Partikelmasse er derimod en parameter, der er bevaret helt igennem
prgvebehandling og analyse, og giver et praecist mal for forekomst af MP og
herved grundlag for at kunne sammenlignelige resultater. Dog er
bestemmelse af MP-masse ikke en nem opgave. Mens MPs stgrre end fa
hundrede mikrometre kan vejes pa analytiske veegte, er determination af
masse af partikler pa fa mikrometer stgrrelse, endsige pd nanometre niveau,
umuligt med denne metode. Termoanalytiske teknikker kunne give den
ngdvendige fglsomhed og praecision, men der findes kun fa studier, der har
kvantificeret MP masse pa den made. Denne PhD forsggte at forbedre MP
masse kvantificering ved at udvikle en metode, der kombinerer partikel
detektion af antal og masse estimering ved brug af infrargd spektroskopi.
Approksimationen af MP masserne gav mulighed for at vurdere rollen af
spildevandsanleeg i MP forurening i Danmark. Studiet konkluderede, at MPs
fylder en mindre fraktion af det suspenderede stof i spildevand, og mere end
98% af MP er tilbageholdt i renseanlaeg. Derudover, blev udledning af renset

Vil



spildevand vurderet som en mindre bidragyder af MP forurening
sammenlignet med andre MP kilder, f. eks. transport.

MP koncentrationer i miljgprgver kan ikke bestemmes uden praecis detektion
af MPs. Kvaliteten af identificering ved infrargd spektroskopi, en ofte anvendt
teknologi pa omradet, er afhaengelig af stgrrelsen af det brugte
spektrumbibliotek, der indeholder spektre af kendte materialer, samt af
analytikerens evner. Selvom automatiske algoritmer har veeret udviklet for at
eliminere subjektivitet hos analytikeren, begraenses MP detektion af hvilke
materialer, der er indeholdt i det brugte bibliotek. Desuden er
referencespektre brugt i identifikation af ukendte spektre ofte lavet fra
materialer updvirket af miljgforhold. Sidstnaevnte kan veaere et problem, idet
spektre af partikler i miljgprgver kan afvige fra standardspektre, da
materialerne bliver pavirket af miljget i form af forvitring, som kan give
kemiske andringer. Denne PhD har undersggt indflydelse af forvitring pa
identificering af malingsmaterialer ved infrargd spektroskopi. Herfra
konkluderedes, at forvitring kan aendre den kemiske sammensatning af
materialet i en grad, der hammer identificering. Fglgeligt blev en udvidelse af
spektrumbiblioteker med spektre af forvitrede materiale foreslaet.
Herudover, viste laboratorieeksperimenter, at kemiske aendringer forggede
mobiliteten af tungmetaller fra forvitrede malingsmikropartikler, hvilket
indikerer, at forvitring af malingspartikler kan endre deres miljgpavirkning.

Naerveerende PhD undersggte hvordan forvitring af MP af maling pavirker
toksiciteten af hvad der vaskes ud af partiklerne. Ferskvandsmikroalgen, R.
subcapitata blev brugt veekstheemmer testene. Denne type organisme er
essentiel i ferskvandsgkosystemer, da de former bunden af fgdekzeden.
Studiet viste, at forvitring forgger toksiciteten fra det der udvaskes signifikant,
og dermed understreger vigtigheden af at inkludere forvitrede MPs i
indvirkningsstudier.

Denne PhD har fgrt til forbedret MP kvantificering, identificering, og
gkotoksikologiske test. Den har bidraget til mere praecis bestemmelse af MP
koncentrationer, og dermed bedre sammenlignelighed af resultater.
Derudover fremmede den indsigt i potentielle kemiske aendringer som MPs
kan underga i miljget og hvordan disse kan pavirke partiklernes
miljgindvirkning og kvantificering. Bidraget fra denne PhD er et lille men vigtig
skridt i jagten efter at forsta risici fra MP pa miljget under miljgrealistiske
forhold.
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PREFACE

This thesis has been submitted for assessment in partial fulfiiment of the PhD
degree. As part of the assessment, co-author statements have been made
available to the assessment committee and are also available at the Faculty.

The PhD was carried out in the period from January 2018 to November 2020
at the Department of the Built Environment, Aalborg University. The PhD
included a collaboration with the Department of Environmental Engineering,
Technical University of Denmark. The joint study resulted in a manuscript
(Paper-lll), which is ready for submission.

This thesis is based on one published scientific paper (Paper-l), and two
scientific manuscripts (Paper-ll,-ll). Contents of the papers are briefly
discussed in the extended summary of the thesis, while additional details are
given in the paper and manuscripts. Furthermore, the thesis presents the
current state of microplastic research in a nutshell by reviewing the latest key
findings of the scientific area.






ACKNOWLEDGEMENTS

Let’s build a passive house on Antarctica! Using sticks and stones. And it needs
to be completed in ten months. This is how our very first microplastic project
felt to me: challenging, exciting, and impossible. Our tiny group was quite
lonesome with the task. The available knowledge about microplastics was
limited at that time, and we could not expect external help from other
research groups. Nevertheless, we somehow managed to build, well, not a
passive house, rather a little hut. The project was delivered on time, thereby,
we set our base in this research field. Since then, the continuous addition of
bright minds to the group enabled us to build a huge and comfortable house
that accommodates all of us with our needs.

| am grateful for being one of the pioneers and witnessing such growth. It
would not have been possible without my supervisor, Jes, who trusted me
with the task of laying down the groundwork. He also allowed me to work on
my pet project during my PhD and provided the necessary funding, which was
a privilege. | have learned much from him from setting up a project to
communicate its results. He was always there to point me in the right direction
when | could not find it. | could not have wished for a better mentor. | am also
thankful for Asbjgrn, Diana, Jytte and Henrik who have helped to manage the
group and the projects with great scientific expertise and efficiency. Their
efforts have provided the framework for a safe work environment ensuring
state-of-the-art solutions and high-quality results.

| thank Greta for her support as a co-supervisor for my master thesis. She
introduced me to algae research which turned out to be one of my great
interests. | always admired her infinite positivism and commitment to work. |
also acknowledge my fellow colleagues who contributed to my PhD in any
way, such as starting a scan, assisting with sampling, or lifting the mood during
lunch break. | am likewise grateful to Nanna and Susanne from DTU for giving
me a warm welcome during my external stay and for their assistance in my
algae experiments.

| would particularly like to thank Alvise for his guidance throughout my PhD.
He was a kind of ‘supervisor on ground’, who regularly advised on
experiments, helped to understand data, explained techniques, just to name
a few. | always enjoyed working with him as it was not only educational but
much fun at the same time. | could turn to him with any issue, and he was

Xl



always there to lend a hand. | sincerely appreciate his commitment to this
research group and the enormous effort he has put into evolving it both
scientifically and socially.

| am especially grateful for the support of Nikki, Kristina, and Elena. These
smart, kind, skilful, and fun ladies have been not only terrific friends but also
inspirational colleagues. Elena always made my day with her stone-cold
sarcasm. | respect her persistence in her PhD despite all the obstacles she had
had to overcome. | deeply value Kristina for being disciplined, detail-oriented
and having high working standards. | appreciate her encouragement when |
faced difficulty in my private life. | always admired Nikki’s unmatched
practicality, analytical and language skills. She has always been supportive as
a fellow student, a colleague, and a friend. She never hesitated to give a
helping hand from discussing an idea to moving from one apartment to
another. | hold the kindness she has shown to me in high esteem.

| owe my deepest gratitude to my family, who pushed me through 15 years or
so of education, supported me in moving to another country, which has
ultimately led to this PhD. | profoundly value all their effort and
encouragement. And last but not least, | would not be writing these lines
without having my husband, my true companion, a partner in crime, my best
friend by my side for all these years. He has always shown genuine interest in
my work, provided tangible help, cheered for my success, and encouraged me
during more challenging times. | am deeply grateful for his unconditional
support.

Clicking on the submit button will close a significant chapter and open a new
for me. The coming years are full of uncertainties and challenges like the first
years of my life in Denmark. It all had turned out well for the first time, and |
hope that this will be the case in the future as well. | stay curious and look
forward to tackling them.

Xl



TABLE OF CONTENTS

Chapter 1. INtrodUcCtion.......cuueiiiiiiier it ssiree s s 1
1.1. Analytical methods of MPS......cc..coiiiiiiiiic e, 2
1.2, S0UICES OF IMIPS ..ttt 4
1.3. Fate of MPs in the environment.........cccocoiiiiiiiiiiee e 4
1.4. Impact of MPs in the environment........cccccvviiiiiiiiceciie e, 5

1.4.1. Impact of MPs on freshwater phytoplankton.............ccccccceii 7

Chapter 2. Study aims and objeCctiVe.........icccciiiiieee e 9

Chapter 3. MethodolOgY .........oooeeeeciiiiieeee e 11
3.1. Quantification and identification of MPs .........ccccoiiiiiiiiiiie, 11

3.1.1. Estimation of MP mMass .......cccoviuiiiiiiiiiicccieee e, 11
3.1.2. Chemical changes induced in paint materials by exposure to UV-C
FAATATION .t 12
3.2. Occurrence of MPs in WasteWater ........cccevieiieiieiieeiceee e 13

3.3. The effect of UV-exposure on heavy metal release and toxicity of

microplastic leachates on freshwater phytoplankton.........c.c.cccooviennnn. 15
3.3.1. The impact of UV-exposure on heavy metal release from antifouling
PAINT MICTOPANTICIES . .iiiiiiiiii e 15
3.3.2. The effect of UV-exposure on the toxicity of MP leachates on
freshwater phytoplankton ... 16

Chapter 4. Research oUtCOmMES............uueieeeieecciiiiiieee et 17

4.1. MP analytical proCedures.......cooviiiiie it 17

4.2. The significance of wastewater treatment plants in MP pollution..... 18

4.3. The effect of weathering on heavy metal release and toxicity of selected

MICroplastic l8aChates.......oooeve e, 18

Chapter 5. CONCIUSIONS......uuvvieieieeeeciiirieeeeeeececrrrreeeeeeeessrarareeeeesesesnnnreenes 19

5.1. Main contribution t0 SCIENCE ...vvveiiiiiiiiecie e 20

T D <) APPSR 23

Xin



XIvV



TABLE OF FIGURES

Figure 1.

Figure 2.

Figure 3.
Figure 4.

Figure 5.
Figure 6.

Figure 7.

Figure 8.

Generation of plastic waste and secondary microplastic particles from
the total mass of plastic produced between 1950 and 2015 based on
Geyer et al. (2017) (3) and Andrady (2011) (1) ccvovvevveieieiiieieieeeveene 2
UV-exposure induces changes in the physical properties of MPs, such as
colour loss and fragmentation, while it generates new functional groups
and breaks chemical bonds in the constituting polymer (47,48)............. 5
Possible adverse impacts of microplastic particles on biota (4,55). ........ 6
Visible image (A) of a segment of the slide containing particles extracted
from influent wastewater and its infrared image (B) generated by uFTIR
140 F= =41 o= S TP PPPPRRPPPR 12
Paint flakes and microplastic particles in the UV-weathering chamber (A)
and weathered paint flakes after 14 days of UV-C exposure (B and C). 13
The locations of the studied wastewater treatment plants in Denmark are
denoted by White dOts. ..o 14
72-hour leachate of weathered paint microparticles (left-hand side) and
the leachate of non-weathered paint microparticles of the same material
(right-hand SIde). ......c.oviiiiiii e 15
Microscope picture (630x, oil immersion) of R. subcapitata, the model
organism used in the growth inhibition test (A), and the results of the test
with antifouling paint particle leachates (B). The most concentrated
leachate is on the left-hand side, and the deepening green colour
towards the right indicates a gradual increase in the phytoplankton
CONCENTIATION. L1ttt et e e et e e e iaeeeenes 16

XV



XVI



LIST OF SCIENTIFIC PAPERS

M. Simon, N. van Alst, J. Vollertsen, Quantification of microplastic
mass and removal rates at wastewater treatment plants applying
Focal Plane Array (FPA)-based Fourier Transform Infrared (FT-IR)
imaging, Water Res. 142 (2018) 1-9.
https://doi.org/10.1016/j.watres.2018.05.019.

Il M. Simon, A. Vianello, Y. Shashoua, J. Vollertsen, Accelerated
weathering affects the chemical and physical properties of marine
antifouling paint microplastics and their identification by ATR-FTIR
spectroscopy (Submitted to Chemical Engineering Journal, under

review)

[l M. Simon, N.B. Hartmann, J. Vollertsen, Accelerated weathering
increases the release of toxic leachates from microplastic particles
as demonstrated through altered toxicity to the green algae

Raphidocelis subcapitata (Manuscipt)

OTHER SCIENTIFIC PAPERS AND REPORTS

(not included in the thesis)

M. Simon, A. Vianello, J. Vollertsen, Removal of >10 um Microplastic
Particles from Treated Wastewater by a Disc Filter. Water 2019, 11,
193. https://doi.org/10.3390/w11091935

[l. S. Primpke, R.K. Cross, S.M. Mintenig, M. Simon, A. Vianello, G.
Gerdts, J. Vollertsen, EXPRESS: Toward the Systematic Identification
of Microplastics in the Environment: Evaluation of a New
Independent Software Tool (siMPle) for Spectroscopic Analysis,
2020. https://doi.org/10.1177/0003702820917760.

XVII


https://doi.org/10.1016/j.watres.2018.05.019
https://doi.org/10.3390/w11091935
https://doi.org/10.1177/0003702820917760

U.E. Bollmann, M. Simon, J. Vollertsen, K. Bester, Assessment of
input of organic micropollutants and microplastics into the Baltic Sea
by urban waters, Mar. Pollut. Bull. 148 (2019) 149-155.
https://doi.org/10.1016/j.marpolbul.2019.07.014

K.B. Olesen, N.V. Alst, M. Simon, A. Vianello, F. Liu, J. Vollertsen,
Analysis of microplastics using FTIR imaging — Identifying and
quantifying microplastics in wastewater, sediment and fauna.

Application Note, Agilent Technologies, pp. 6

G. Minelgaite, D.A. Stephansen, M. Simon, M.L. Fejerskov, J.
Vollertsen, No Clear Response in Stormwater Phytoplankton
Community to Biocide Contamination (Submitted to Water, under
review)

XVl


https://doi.org/10.1016/j.marpolbul.2019.07.014

SOURCES, FATE, AND IMPACT OF MICROPLASTICS

CHAPTER 1. INTRODUCTION

The dramatic images of sea turtles entangled in discarded fishing nets,
nestlings fed with plastic litter, divers swimming in the turquoise ocean
surrounded by plastic bottles and bags have drawn the spotlight on plastic
pollution since its recognition in the 1970s (1). Such pictures show that the
material once associated with modernisms, growth, and future has become a
major planetary burden that requires urgent actions to put an end to its
detrimental effects on the ecosystem (2). The properties that made plastic
materials essential to modern life, such as durability, cheap production cost,
excellent chemical resistance, and versatility, have led to the mass production
of a myriad of different plastic materials summing up to 8300 million tonnes
in 2015 (3,4).

An estimated 60 % of the total mass has been discarded and served as a
source of plastic litter in the environment through mismanaged land-based
plastic waste as well as cargo-loss or fishing activities (1,3,5,6). Since these
materials are rather resistant to biodegradation, plastic litter accumulates in
the ecosphere (7). The build-up and continuous influx of plastic litter possibly
result in that plastic will outweigh fish in the world’s oceans by 2050 (8).
Furthermore, the recent recognition of plastic particles smaller than a few
millimetres, called microplastic particles (MPs), have raised new concerns
about plastic pollution (9-11).

MPs are defined by particle size, though a scientific unanimity on their
classification is yet to be attained (12,13). A broad definition of MPs includes
plastic particles and fragments ranging from 1 nm to 5 mm (14). Particles of
synthetic as well as chemically modified natural polymers falling into this size-
range are considered MPs (13). Primary and secondary MPs can be
distinguished depending on the origin of the particle (4). Primary MPs are
manufactured small particles serving as raw materials for plastic production
or additives in personal care products (PCPs). In contrast, the fragmentation
of larger plastic items and abrasion of plastic surfaces by various
environmental impacts (Figure 1) through the weathering of the plastic
material generates secondary MPs (4,15,16).
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Environmental
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Figure 1. Generation of plastic waste and secondary microplastic
particles from the total mass of plastic produced between 1950 and
2015 based on Geyer et al. (2017) (3) and Andrady (2011) (1).

1.1. ANALYTICAL METHODS OF MPS

The MP research field is currently lacking universally accepted standardised
analytical procedures due to the novelty of the subject (13,17), which has led
to divergent investigative practices. Numerous techniques are currently in use
for the identification of the constituting plastic material and quantification of
particle size and mass. Such inconsistency encumbers the comparison of
studies and gives rise to data of varying quality (11).

MP analysis is preceded by sample purification to remove interfering natural
material from the sample matrix (18). The methods vary from gently removing
attached natural material from the surface of larger MPs to the elaborate
process of extracting small MPs in the micrometre range from complex
environmental matrices. Although a standard procedure awaits to date
(11,15,18,19), Loder et al. (18) proposed an extraction method that applies
enzymatic digestion to organic matter and density separation for the removal
of inorganic particles. The method is applicable for various matrices with a
high recovery rate of MPs and has been widely adopted by the scientific
community.
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The most suitable analytical method depends on the addressed size range of
particles, the composition of the sample, and the parameters of interest.
Visual inspection is a commonly applied technique for the identification of
collected MPs (11,20). The method can be supplemented with a hot needle
test or selective dying of particles to facilitate and increase the accuracy of
distinguishing particles of natural and plastic origin (21,22). Nevertheless, as
the uncertainty of visual inspection increases with decreasing particle size,
techniques that examine the molecular composition of the particles should be
consulted to identify MPs smaller than 500 um (11,23).

Molecular spectroscopic techniques, e.g., Fourier-transform infrared (FTIR)
spectroscopy, is widely used in MP analysis that allows for the identification
of the constituting molecules in a specimen (11,24,25). While MPs larger than
a few hundred micrometres can be characterised by Attenuated Total
Reflection FTIR (ATR-FTIR), UFTIR imaging is suitable for the analysis of smaller
particles (19,23,25). Since millions of spectra comprise the yielded infrared
map of the sample, automatic algorithms have been developed to handle the
generated vast data and to prevent bias stemming from subsampling and
human error (17,26). The algorithms compare all collected spectra with
reference spectra of known materials for identification and measure particle
size as well as estimate particle mass. Particle numbers are often reported as
a measure of MP concentration, albeit it is associated with uncertainty as MPs
in environmental samples are prone to fragmentation during the extraction
process, resulting in their potential overestimation (1,27). Consequently, the
mass of MPs is of great importance to generate accurate and comparable data
as this measure is independent of the incidental fragmentation of particles
(28). Thermoanalytical techniques, such as pyrolysis-gas chromatography-
mass spectrometry, may provide the required accuracy of MP masses (29).
This method, moreover, can determine plastic additives and detect tire wear
particles which is infeasible with molecular spectroscopic techniques as the
tires” black carbon content absorbs the illuminating light resulting in
uninterpretable spectra (6,28,30,31). Nevertheless, this destructive method
prevents further investigation, for instance, particle size analysis (6,31).
Consequently, the imperfection of each analytical method necessitates the
combined application of several techniques to cover the analysis of MPs of
various materials and to report all required parameters accurately (17,20,32).
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1.2. SOURCES OF MPS

Plastic litter can be a significant source of secondary MPs, as up to 12.7 million
tonnes of plastic waste was estimated to enter the environment in 2010 alone
(5). Other sources of MPs include transportation, e.g., through the abrasion
of tire, deteriorating plastic surfaces and exterior coatings, as well as
household activities that can generate textile fibre fragments and release
primary MPs from PCPs (33). As a result, MPs can either be formed in the
environment by the weathering of plastic litter or enter via stormwater runoff
from urban surfaces and wastewater effluent (6). The role of wastewater
treatment plants in MP pollution has been under scrutiny as these facilities
receive and discharge a substantial volume of wastewater that can contain
MPs of various origins (34,35). Nevertheless, research has shown that the
wastewater treatment process efficiently retains more than 98 % of the
incoming MPs, which become enriched in the removed grease and sewage
sludge (36—40). These findings suggest that sewage sludge applied as fertiliser
on farmlands might be a more prominent source of MPs compared to
wastewater effluent despite the latter’s considerable discharge flux (39,40).

1.3. FATE OF MPS IN THE ENVIRONMENT

MPs are omnipresent contaminants in the environment polluting even
remote areas (41-44). Their easy dispersion by wind, streams, and currents,
owing to their small size and low weight, has led to 250 000 tonnes of plastic
fragments floating on ocean surfaces (45). However, the disparity between
the estimated mass of plastic waste entering the oceans and floating MPs, as
well as the recent discovery of the substantial mass of MPs in the interior of
the Atlantic Ocean, indicate that environmental processes remove floating
MPs from water surfaces (9,45,46).

MPs in the environment are exposed to several weathering factors, e.g., UV-
radiation, microbial activity, fluctuating temperature and humidity, and
mechanical friction (2,47-49). These impacts alter the physical properties or
the chemical composition of the particle (Figure 2), thereby influencing its fate
and interaction with the environment (2,48). The principal weathering factor
is UV-radiation that causes the photooxidation of the material at the exposed
surface of the particle (47,48,50). UV-exposure changes the chemical makeup
of the material, which is expressed in altered polarity and disintegrated
polymeric structure (2,48,51). The changed polarity may influence the
adsorption of compounds to the particle’s surface from the surrounding
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environment and attachment of microbes. The latter process, called
biofouling, affects the vertical distribution of MPs as it increases particle
density and promotes hetero-aggregate formation with natural particulate
matter that enhances the sinking rate of MPs, possibly contributing to the loss
of MPs from water surfaces (52-54).
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Figure 2. UV-exposure induces changes in the physical properties of MPs,
such as colour loss and fragmentation, while it generates new
functional groups and breaks chemical bonds in the constituting
polymer (47,48).

1.4. IMPACT OF MPS IN THE ENVIRONMENT

MP pollution has become an emerging concern because the small size of MPs
extends the bioavailability of plastic litter to a wide range of organisms and
may introduce new harmful modes of action compared to macro-sized plastic
litter (1,4,55). Ingestion of particles is the primary risk frequently associated
with MPs (56). Intake of MPs potentially causes the blockage of the
gastrointestinal tract (Figure 3) and malnutrition because plastic is an
inaccessible carbon source for most organisms (8,55). Although clear
evidence shows that various organisms ingest MPs, particles were found in
small numbers in the guts of fish, invertebrates, and birds (39,56,57). Low
internal concentration can be an indication of eliminating mechanisms or low
abundance of MPs entailing minor probability of organism encounter with
MPs (16,55,56,58,59). That is, MPs take up a negligible fraction, for example,
in the Atlantic Ocean despite their mass of a staggering 210 million tonnes
therein (46). Assuming an average density of 920 kg m= (27) of the most
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abundant plastic types, polyethylene, and polypropylene (46), the
approximated volume of the reported MP mass contributes to 6x10% % of the
total volume (60) of the Atlantic Ocean. In other words, one cubic kilometre
ocean water contains 0.6 m® of MPs. Such small fraction implies a low average
abundance of MPs in the Atlantic basin. Nevertheless, a higher concentration
of MPs is expected in accumulation zones, such as ocean gyres and areas of
increased human activity (55,61,62).

An additional cause for concern regarding the adverse impact of MPs is the
potential release of toxic compounds adsorbed to the particle’s surface,
similar to the possible leaching of harmful plastic additives (4,63—65) in the
organism upon ingestion (Figure 3). However, the exhaustive literature review
of Burns and Boxall (2018) (39) found no unequivocal evidence of the harmful
effect of the release of adsorbed pollutants. Several authors (6,32,39) claim
that inadequate laboratory study designs applying compounds and MPs in
unrealistically high concentrations, as well as the use of pristine MPs, not
representing particles occurring in the environment, hinder concluding the
ecotoxicological impact of MPs.

Blockage of the Leaching of Adsorption to
gastro-intestinal additives particle surface
tract
— . A
P A
| @ a
A\
v
Flame retardants Hydrophobic organic
Plasticizers contaminants
Antioxidants Heavy metals
Biocides Pathogens

Figure 3. Possible adverse impacts of microplastic particles on biota
(4,55).

The novelty of the research area and the lack of standard methods for effect
studies explain that divergent studies often investigate unrealistic scenarios,
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while the consequent knowledge gaps impede a sound risk assessment of MPs
(32,39,66,67). A pivotal step towards carrying out effect studies representing
natural conditions may be the use of weathered MPs. This practice could
account for weathering-induced changes in particle shape, size, surface
characteristics, and composition of released substances that can significantly
affect the particle’s impact (2,68—71). Degradation products and additives can
be released from weathered MPs that may result in a mixture of compounds
that possibly differ from the leachates of pristine MPs (68,70). Consequently,
the altered chemical composition and concentration of substances in the
leachates derived from weathered MPs conceivably affects organisms at all
trophic levels differently from pristine MPs (54,72,73).

1.4.1. IMPACT OF MPS ON FRESHWATER PHYTOPLANKTON

Phytoplankton are autotrophic primary producers that convert inorganic
substances, carbon dioxide, and water, to biomass with the simultaneous
release of molecular oxygen, using the energy of solar radiation. As such,
these organisms provide an energy source and contribute to a breathable
atmosphere and a good ecological status of this group is a prerequisite of life
on Earth.

The freshwater environment is underrepresented in MP research, though it
serves as a gateway for MP pollution from land to oceans (6). The knowledge
about the effect of MPs on freshwater primary producers is, hence, also
incomplete despite their vital role in freshwater ecosystems (74—76). Several
studies have reported adverse effects of MPs on freshwater phytoplankton,
but the ecological relevance of the laboratory experiments is uncertain
(74,77). Though MPs may exert toxic effects dependent on their size and the
type of the constituting polymer, the observed changes in phytoplankton
biochemistry could only be observed at unrealistically high MP concentrations
(77). Moreover, several studies were restricted to investigate the effects of
MPs consisting of the pristine form of a few polymer types that fail to cover
the diversity of plastic materials (74,77). Therefore, the application of
weathered MPs derived from commercial plastic products is essential to
explore the potential harmful impact of plastic additives as well as
weathering-induced changes that can exacerbate the toxicity of MPs
(65,68,70,78—80). Such studies could contribute to a realistic risk assessment
of the effects of MPs on the freshwater phytoplankton community.
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CHAPTER 2. STUDY AIMS AND OBJECTIVE

The lack of harmonised MP analytical methods gives rise to incomparable data
that hampers the identification of the most significant MP sources and delays
the understanding of these particles’ fate in the environment. This PhD study
aimed to improve MP analytical practices by the development of a method
for MP mass estimation and by the assessment of the effect of weathering-
induced chemical changes on the identification of paint materials.
Furthermore, it evaluated the role of wastewater treatment plants as one of
the MP sources. The PhD also intended to improve the representativeness of
MP impact studies by the comparison of the toxic effect of pristine and
weathered MPs on freshwater phytoplankton.

The study was divided into several research questions, and each was
answered to complete an objective to address these aims.

Research question 1: How can the quantification of environmentally realistic
MP be improved?

This research question was addressed by improving the quantification and
analytical practices of MPs. On the one hand, a novel method for estimating
the mass of MPs based on their infrared image was developed to provide a
concentration measure that is unaffected by particle fragmentation and
which enables the comparison of results. On the other hand, the effect of
weathering on the automatic identification of paint materials was assessed.
Chemical changes induced by UV-exposure in paint microparticles were
evaluated by ATR-FTIR spectroscopy and were quantified by a similarity index
used by automatic identification algorithms.

Research question 2: Are wastewater treatment plants significant sources of
MP pollution to the environment in Denmark?

This objective was addressed by evaluating the MP removal rate in ten of the
largest wastewater treatment plants in Denmark by measuring MP
concentrations in the influent and effluent wastewater. The developed
method was applied to estimate MP masses in raw and treated wastewater.
The MP mass in treated wastewater samples was related to other emission
sources to assess the significance of wastewater discharge in MP pollution.
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Research question 3: How does weathering affect the fate and impact of MPs
on freshwater phytoplankton?

This aim was addressed by assessing heavy metal mobility from non-
weathered and weathered antifouling paint microparticles and toxicity tests
carried out with selected MP leachates in laboratory studies. Heavy metal
release from pristine and UV-exposed paint microparticles was investigated in
leaching experiments and related to the UV-induced changes in the paint
materials evaluated by ATR-FTIR spectroscopy. The toxicity tests were
conducted with Raphidocelis subcapitata, a freshwater phytoplankton
species. Growth inhibition tests were performed with the organisms and the
leachates of UV-weathered and non-weathered paint, unplasticized polyvinyl
chloride, and tire microparticles. The tests were followed by the chemical
analysis of the leachates to identify the inorganic substances contributing to
toxicity.

10
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CHAPTER 3. METHODOLOGY

The PhD study was carried out focusing on three subtopics, one per each
research question:

e Quantification and identification of MPs

e The occurrence of MPs in wastewater

e The effect of UV-exposure on heavy metal release and toxicity of
microplastic leachates on freshwater phytoplankton

The first and third research focus was addressed in laboratory studies, while
the second one by field sampling.

3.1. QUANTIFICATION AND IDENTIFICATION OF MPS

Method development for the quantification and identification of MPs was
carried out, and the research topic was divided into two work packages.

3.1.1. ESTIMATION OF MP MASS

Rapid chemical mapping of entire filters or slides containing the sample of
interest is feasible by UFTIR imaging spectroscopy (23,25,81) (Figure 4). The
resulting infrared image of complete particles in the analysed area allows for
measuring the particles’ size. The method developed for particle mass
estimation employed the estimated volume of the MP calculated from its
dimensions measured on the resultant infrared map and the density of the
identified material. The details of the method are found in Paper-I.

11
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Figure 4. Visible image (A) of a segment of the slide containing particles
extracted from influent wastewater and its infrared image (B)
generated by UFTIR imaging.

3.1.2. CHEMICAL CHANGES INDUCED IN PAINT MATERIALS BY
EXPOSURE TO UV-C RADIATION

A laboratory study was carried out to investigate the chemical changes
induced in antifouling paints upon exposure to UV-C radiation and their
consequent impact on the identification of paint materials. Paint flakes were
generated from commercial marine antifouling paints and were exposed to
accelerated weathering through UV-C exposure for between seven and 28
days (Figure 5). Infrared spectra of the flakes were collected by ATR-FTIR
spectroscopy, and the changes were manually evaluated by peak-by-peak
comparison of non-weathered and weathered spectra. The differences and
the impact of weathering on the identification of paint materials were
guantified by calculating a similarity index, the Score, used for the automatic
identification of MPs described in Primpke et al. (2020) (17). Paper-Il provides
further details about the study design, the evaluation of chemical changes,
and the identification of weathered paint materials.

12
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Figure 5. Paint flakes and microplastic particles in the UV-weathering
chamber (A) and weathered paint flakes after 14 days of UV-C
exposure (B and C).

3.2. OCCURRENCE OF MPS IN WASTEWATER

The MP removal efficiency of Danish wastewater treatment plants was
assessed to evaluate the role of these facilities in MP pollution. Untreated
wastewater, as well as wastewater effluent, was collected at several
wastewater treatment plants around Denmark (Figure 6). The differing
suspended solid (SS) content and chemical oxygen demand (COD) of the two
sample types required different sampling strategies. Flow-proportional
samples of untreated wastewater were collected from the autosamplers at
the wastewater treatment plants. In contrast, larger volumes of treated
wastewater were filtered on-site onto stainless steel filter meshes. Both
sampling methods accounted for the significant variability of wastewater and
enabled representative samples.

13
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N

Figure 6. The locations of the studied wastewater treatment plants in
Denmark are denoted by white dots.

The subsequent sample purification and MP extraction included enzymatic
digestion of cellulose fibres, the removal of the remaining organic matter by
advanced oxidation process, and particle separation into two size classes by
wet sieving. The particles of each size class that remained after the procedure
were concentrated in ethanol, and a subsample of the particle suspension was
analysed by UFTIR imaging spectroscopy. A fraction of the resulting infrared
maps was analysed manually owing to the lack of automatic identification
methods at the time of the study. The unknown spectrum of each particle was
compared to spectra of known materials from infrared spectral libraries
encompassing natural organic, inorganic, and various synthetic polymer
materials. Subsequently, the mass of each identified MP was estimated. MP
concentrations by particle number and mass determined in raw and treated
wastewater in the respective treatment facility were considered to ascertain
the removal efficiency of each wastewater treatment plant. Furthermore, the
contribution of wastewater discharge to MP pollution was evaluated by
relating the combined MP discharge from the studied treatment plants to the
total MP emission in Denmark estimated by Lassen et al. (2015) (82). Details
about the MP extraction and analytical methods, as well as the calculations,
are found in Paper-I.

14
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3.3. THE EFFECT OF UV-EXPOSURE ON HEAVY METAL
RELEASE AND TOXICITY OF MICROPLASTIC
LEACHATES ON FRESHWATER PHYTOPLANKTON

The effect of UV-C exposure on the fate and impact of MPs was evaluated in
two work packages.

3.3.1. THE IMPACT OF UV-EXPOSURE ON HEAVY METAL RELEASE
FROM ANTIFOULING PAINT MICROPARTICLES

The impact of UV-induced chemical changes on heavy metal release from
paint microparticles was investigated in a laboratory study. Microparticles of
marine antifouling paints measuring 20-500 um were exposed to UV-C
radiation for seven and 14 days based on the results of a weathering
experiment conducted with paint flakes. The heavy metal release from non-
weathered and weathered particles was evaluated by leaching the particles
for between 1 and 168 hours in ISO standard algae growth medium to
simulate freshwater conditions (Figure 7). Heavy metal concentrations in the
leachates were measured by inductively coupled plasma-optical emission
spectroscopy (ICP-OES). Further details of the leaching experiment can be
reviewed in Paper-Il.

Figure 7. 72-hour leachate of weathered paint microparticles (left-hand
side) and the leachate of non-weathered paint microparticles of the
same material (right-hand side).

15
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3.3.2. THE EFFECT OF UV-EXPOSURE ON THE TOXICITY OF MP
LEACHATES ON FRESHWATER PHYTOPLANKTON

The impact of UV-exposure on MP leachate toxicity on a freshwater microalga
species was evaluated in laboratory growth inhibition tests. MPs derived from
marine antifouling paints, tire granulates of end-of-life tires, and unplasticized
polyvinyl chloride (PVC) were exposed to UV-C radiation for between seven
and 28 days depending on the material. The weathered and non-weathered
particles were leached in ISO standard algae growth medium for 72 hours. The
leachates were used in growth inhibition tests carried out with Raphidocelis
subcapitata, according to Hartmann et al. (2010) (83), to evaluate leachate
toxicity (Figure 8). The inorganic components of the leachates were
determined by ICP-OES. The details of the method and the results of the
toxicity tests are found in Paper-lil.
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Figure 8. Microscope picture (630x, oil immersion) of R. subcapitata, the
model organism used in the growth inhibition test (A), and the results
of the test with antifouling paint particle leachates (B). The most
concentrated leachate is on the left-hand side, and the deepening
green colour towards the right indicates a gradual increase in the
phytoplankton concentration.
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CHAPTER 4. RESEARCH OUTCOMES

The PhD study resulted in three scientific papers that addressed three
research topics to answer the initially raised questions:

e MP analytical procedures- How can the quantification of
environmentally realistic MP be improved?

e The occurrence of MPs in wastewater- Are wastewater treatment
plants significant sources of MP pollution to the environment?

e The effect of weathering on heavy metals release and toxicity of
selected microplastic leachates- How does weathering affect the fate
and impact of microplastics on freshwater phytoplankton?

4.1. MP ANALYTICAL PROCEDURES

MP analytical procedures had been in dire need for a simple MP mass
guantification method that could yield comparable data across studies. While
the accurate determination of this parameter is feasible by thermoanalytical
techniques, their application is uncommon at the current stage of MP
research. In contrast, the widespread use of FTIR spectroscopy for MP
identification called for a method that is suitable for determining MP masses
based on the resulting infrared data. Paper-l presented such a procedure that
yielded estimated MP masses by UFTIR imaging spectroscopy. This measure,
subsequently, enabled to compare the significance of MP sources.

Nevertheless, the correct identification of MPs is essential for the reliable
determination of particle concentrations. Infrared spectra of MPs are
commonly compared to known spectra of the pristine form of various
polymers collected in spectral libraries to identify their material. However,
MPs are exposed to weathering factors in the environment that can alter their
chemical composition. The study presented in Paper-ll revealed that
weathering could influence the automatic identification of paint materials as
the UV-induced chemical changes decreased the similarity index, the Score,
of the infrared spectra of non-exposed and UV-exposed paint materials. Score
values below a certain threshold may result in the misidentification of
weathered paint materials.

17
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4.2. THE SIGNIFICANCE OF WASTEWATER TREATMENT
PLANTS IN MP POLLUTION

Paper-l assessed the role of wastewater treatment plants in MP pollution in
Denmark, as wastewater effluent had been a presumed significant source of
MPs. Nevertheless, the study presented in Paper-l demonstrated that Danish
wastewater treatment plants efficiently retain MPs from raw wastewater as
less than 2 % of the incoming MPs were detected in wastewater effluent. The
results also showed that MPs accounted for a minor fraction of suspended
solids and COD in raw wastewater. Furthermore, MP mass estimation enabled
to compare the discharged MP mass from wastewater treatment plants to the
total MP emission in Denmark. The calculations indicated that wastewater
treatment plants are not major contributors to MP pollution in Denmark.

4.3. THE EFFECT OF WEATHERING ON HEAVY METAL
RELEASE AND TOXICITY OF SELECTED MICROPLASTIC
LEACHATES

The results of Paper-ll showed that UV-exposure of paint microparticles
increased the mobility of heavy metals that gave rise to their higher agueous
concentration in the leachates of the exposed particles than of the non-
exposed ones. The observed difference was related to the UV-induced
chemical changes in the materials, such as a weakened structure and modified
polarity. Such altered particle characteristics imply differing impact of
weathered and pristine paint microparticles.

Paper-lll followed up on the observation of greater metal release from
weathered paint microparticles and investigated the impact of non-
weathered and weathered paint, tire, and PVC microparticles on biota. The
study was carried out with a freshwater phytoplankton species as toxicity
studies with such organisms have mainly applied MPs of pristine polymers.
The results demonstrated that weathering significantly increased the toxicity
of the leachates of the studied six marine antifouling paint, tire, and
unplasticized PVC microparticles. The increased toxicity was attributed to
higher heavy metal concentrations measured in the leachates of the
weathered MPs than of the non-weathered MPs.

18
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CHAPTER 5. CONCLUSIONS

The PhD study was divided into three main research questions, and the
following conclusion was drawn for each question.

Research question 1: How can the quantification of environmentally realistic
MP be improved?

The PhD study provided tools described in Paper-I and Paper-Il that may
facilitate to answer the research question. The development of an MP mass
quantification method (Paper-I) enables to estimate unbiased MP
concentrations in various environmental samples. Although the method was
based on UFTIR imaging spectroscopy, it is not restricted to this technique and
is applicable for other procedures that can determine the size and material of
the investigated particle. The study presented in Paper-ll concluded that UV-
induced chemical changes could impede the identification of weathered paint
materials. This finding suggests the inclusion of spectra of weathered
materials to spectral libraries to improve the quality and certainty of MP
identification and their related quantification.

Research question 2: Are wastewater treatment plants significant sources of
MP pollution to the environment in Denmark?

Paper-l reported MP masses in wastewater for the first time that enabled to
relate MP concentrations to their estimated total emission in Denmark. The
comparison revealed that MPs comprise a small fraction of organic particulate
matter in raw wastewater and that wastewater treatment plants are minor
sources of MP pollution in Denmark that contribute less than 0.5 % to the
estimated total emission.

Research question 3: How does weathering affect the fate and impact of MPs
on freshwater phytoplankton?

MPs in the environment are continuously exposed to various weathering
factors; hence their chemical makeup and physical properties are unlikely
identical to that of manufactured pristine materials often applied in toxicity
studies. The results of Paper-Il demonstrated that UV-exposure increased the
mobility of heavy metals through the induced chemical changes in marine
antifouling paints. Therefore, the behaviour of weathered MPs could
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markedly differ from non-weathered materials that potentially influence the
MPs’ fate and impact on biota as illustrated by the findings of Paper-lll. The
results emphasised the importance of applying MPs of weathered material in
impact studies as weathering can significantly increase the toxicity of MP
leachates to freshwater phytoplankton. Therefore, the relevance of toxicity
tests employing only pristine MPs is questionable.

5.1. MAIN CONTRIBUTION TO SCIENCE

The MP research field lacks standard protocols for sampling, MP extraction,
identification, and impact studies that impedes the comparability and limits
the representativeness of measurements and experimental results (1,19,81).
The objective of this PhD was to advance MP analytical methods regarding
guantification and identification of MPs as well as the improvement of
ecotoxicity testing through the investigation of an environmental impact that
can significantly alter the chemical makeup of MPs.

MPs are typically quantified by the number of particles which measure can be
affected by the incidental fragmentation of MPs during sampling and MP
extraction. Paper-l presented a novel method for MP mass estimation based
on WFTIR-imaging spectroscopy, which measure is unaffected by sample
handling. The study underlined the importance of MP mass quantification that
enable to compare results across studies and to assess the potency of
different MP sources.

Infrared spectra of pristine materials are often used as references for MP
identification despite that these particles are continuously exposed to
environmental impacts that can induce chemical alterations in their material.
Paper-Il aimed to improve MP identification by suggesting the addition of
spectra of weathered materials to infrared spectra libraries when applying
automatic identification algorithms. Such an extension of the libraries may
enable the detection of MPs that would be overlooked by the current
identification practices, thus could improve the accuracy of MP
measurements.

Impact studies are often carried out with MPs of pristine polymer materials,
albeit organisms are more likely to encounter chemically and physically
modified MPs due to weathering processes. The findings of Paper-Il and
Paper-lll contributed to the advance of MP toxicity testing by suggesting the
application of weathered MPs in impact studies. The experimental results
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demonstrated that weathering-induced alterations possibly influence the
ecological impact of MPs and identified a probable underlying cause of the
observed dissimilar toxic effect of MPs of pristine and weathered materials.
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