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English summary

Microplastics (MPs) were initially detected in aquatic environments in the early
2000s. Subsequently, extensive research has been conducted to enhance our
understanding of MPs. Nonetheless, information about small MPs remains limited
because the majority of studies have concentrated on larger MPs (> 200 pum), and
more advanced technologies such as pFTIR imaging still struggle when trying to
quantify the smallest of MPs. Additionally, methods are not harmonized, which
leads to challenges when comparing data across studies.

To address aspects of these questions, this PhD study aimed to analyze MPs down to
10 pm in Danish marine waters. The study also explored the impact of different
methodologies on understanding of MPs in the environment. Finally, a novel FTIR
detection technology was studied to evaluate its efficacy in detecting small MPs.

The study conducted in Danish marine waters revealed that the abundance and mass
concentration of MPs convey different information. The abundance of MPs ranged
from 17 to 286 items m™> with an average of 103486 items m™, while the mass
concentration ranged from 0.6 to 84.1 ug m™> with an average of 23.3+28.3 pg m>.
The most prevalent types of polymers were polyester, and the majority of the MPs
were fragments and small MPs (< 100 um). Moreover, the study investigated the
relationship between MP distribution and human activities, revealing high MP
abundance around the Copenhagen-Malmd area, probably due to the population
density of the area. In addition, the analysis of the carbonyl index of polyolefins
showed significant oxidation of small MPs. A rough mass balance indicated that
wastewater and stormwater may play a key role in MPs in introducing MPs to the
marine environment.

To explore how analytical methodology affect the quantification of MPs in the
environment, two different methodologies were employed to analyze the same
sample collected from the Danube River, Hungary. The results demonstrated that the
analytical methodology used impacted the abundance and mass concentration of
MPs. Further investigation revealed that each step in the methodology produced
different outcomes, providing insights for future improvement.

The study also introduced large area attenuated total reflectance (LAATR)-Fourier-
transform infrared spectroscopy (FTIR) applying ZnSe and Ge ATR-units. The use
of these units improved the ability to analyze MPs down to 1.3 um, particularly
when detecting small MPs. Moreover, it provided information on both hyperspectral
images and the obtained spectra quality, and it assessed criteria for obtaining reliable
results with this technique.

In summary, this study filled knowledge gaps regarding small MPs in the marine
environment, examined the relationship between MP distribution and human activity,
and provided insights into the effect of the analytical methodology on MP

\



quantification results. Additionally, the study introduced the application of LAATR-
FTIR for detecting small MPs.
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Dansk resume
Mikroplast (MP) blev ferst rapporteret i havmiljeet i 2000'erne, hvorefter der er
blevet udfert en del forskning for at skabe viden om MP i miljeet. Viden om sma
mikroplast er dog beskeden, fordi det meste forskning har veret fokuseret pa de
storre MP (> 200 um). Mere avancerede teknologier sdsom pFTIR-billeddannelse er
stadig udfordrede, nar man forseger at kvantificere de mindste MP. Derudover er
metoderne ikke harmoniserede, hvilket giver udfordringer ved sammenligning af
data pa tvaers af studier.
For at bidrage med svar pa nogle af disse spergsmal har dette ph.d.-studie analyseret
MP ned til 10 pm i danske marine omrader. Studiet s& ogsa pa analysemetoders
betydning for at kvantificere MP i miljget. Til sidst blev en ny FTIR-
detektionsteknologi undersegt for at vurdere dens evne til at detektere sma
MP'er.
Undersggelsen i det danske havmilje viste, at MP-koncentration malt som antal
henholdsvis masse fortaller forskellige historier. MP-antal varierede fra 17 til 286
styk m—3 med et gennemsnit pa 103+£86 styk m—3, mens MP-massekoncentration
varierede fra 0,6 til 84,1 pg m—3 med et gennemsnit pa 23,3+28,3 ug m—3. Den
dominerende polymertype, form og sterrelse var henholdsvis polyester, fragment og
sma MP'er mindre end 100 um. MP-fordelingen var pavirket af befolkningstathed,
som viste hgjt MP-indhold omkring Kebenhavn-Malme-omradet. Carbonylindekset
beregnet i undersegelsen fandt vaesentlig oxidation af sma MP. En grov massebalance
indikerede, at spildevand og regnvand kan spille en vasentlig rolle for at
forklare MP i1 havmiljget.
For bedre at forstd analysemetodens betydning for kvantificering af MP i
miljeet, blev der brugt to forskellige metoder til at analysere den samme prove
indsamlet fra Donau-floden. Resultaterne viste, at metoden pavirkede MP-
indholdet, bade mélt som antal MP og MP masse. Yderligere undersegelser af
de individuelle trin i analysen viste de forskellige trins effekt pa resultatet og
gav et fingerpeg om hvordan metoderne kan forbedres.
Muligheden for at bruge “large area attenuated total reflectance” (LAATR)-Fourier
Transformation Infrared Spektroskopi (FTIR) blev undersegt. To ATR-krystaller
blev testet: ZnSe og Ge. Resultaterne viste, at ATR kan bruges til at analysere MP
ned til 1,3 um, og at metoden klarede sig bedst ved de sma MP'er. Undersggelsen gav
information om hyperspektrale billeder og den opnéede kvalitet af spektrene,
samt vurderede kriterier for at opnad pélidelige resultater med denne teknik.
Sammenfattende undersggte dette ph.d.-studie forekomsten og kilderne af sm& MP'er
(> 10 pm) 1 danske marine vande, undersggte hvordan analysemetoder pavirkede
MP-resultater, samt undersggte hvordan LAATR-FTIR's presterer ved analyse af
smé MP'er.
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MICROPLASTICS IN THE ENVIRONMENT AND THE ANALYSIS

CHAPTER 1 INTRODUCTION

Plastic is widely used in different industries due to its high performance (Espi et al.,
2016; Shah & Wu, 2020) . It is estimated that in 2020 (PlasticEurope, 2021),
worldwide plastic production was around 367 million tons, and there is a growing
tendency (Jambeck et al., 2015) . Although plastic has been beneficial in solving
many problems, its drawbacks have gained much attention.

Studies have shown that 192 coastal countries generated 275 million metric tons of
plastic waste in 2010, posing potential threats to human health and the ecosystem.
Inadequate disposal leads to the presence of plastic waste in aquatic environments,
with research indicating that approximately 5% of waste plastic enters the marine
environment through human activities (Jambeck et al., 2015) . Moreover, plastic
pollution affects more than 700 marine species, and the number shown to be affected
is increasing as more studies are conducted (Gall & Thompson, 2015). Meanwhile,
these plastics will break down into small pieces due to biological- and photo-
degradation, chemical deposition and physical fragmentation (Andrady, 2011).
These small pieces can be ingested by various marine organisms and mammals
(Guzzetti et al., 2018).

Py,

Ate i
HClitge,, E
éﬁ »?0” s Primary MPs

Fragmentation

~

) am
2.,0°0” Secondary MPs
Figure 1- 1 Primary and secondary microplastic in the marine environment

To better explain the effect of small pieces of plastic in the ecosystem, plastic pieces
less than 5 pm were defined as microplastics (MPs). In addition, MPs were further
categorized into primary and secondary MPs based on sources, as shown in Figure.
1-1 (An et al., 2020; Issac & Kandasubramanian, 2021).
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MICROPLASTICS IN THE ENVIRONMENT AND THE ANALYSIS

Primary MPs refer to those MPs used in industrial and domestic products, and
directly discharged to the environment in the form of pellets (van Wezel et al., 2016;
Wang et al., 2019). The most common example is the facial cleaners that people use
daily (Fendall & Sewell, 2009). The secondary MPs refer to those which are broken
down from large plastics. This degradation happens because of mechanical stress,
UV light, chemical degradation and biodegradation (Gewert et al., 2015; Shah et al.,
2008).

1.1. MICROPLASTICS IN AQUATIC ENVIRONMENT

As mentioned before, plastic waste can enter aquatic environments and contribute to
the prevalence of MP pollution. This is due to the degradation of large plastic items
into smaller pieces, which is caused by a combination of chemical, physical and
biological parameters. Both marine environments and freshwater environments are
affected by MPs.

1.1.1 MP ABUNDANCE IN AQUATIC ENVIRONMENT

MP pollution was first detected in the marine environment in the 2000s, and has
since gained considerable attention (Ng & Obbard, 2006). These MPs are introduced
into the marine environment via, for example, river systems, urban runoff,
atmospheric deposition, and direct discharges and subsequently accumulate within it.
MP pollution poses a potential threat to the ecosystem due to its ability to be easily
ingested by marine organisms, ultimately posing a risk to human health through the
food chain (Campanale et al., 2020a; Khalid et al., 2021) . As a result, extensive
research has been conducted to enhance our understanding of MPs in the marine
environment.

Table 1-1 provides a summary of examples of sampling size, MP abundance, MP
mass concentration and composition worldwide. In general, the MP abundance
ranges from 0—12 items m™3, and 188—95335 items km 2. The use of different units
among studies has caused discrepancies in MP abundance reporting, making it
challenging to draw definitive conclusions based on the reported research. For
example, Wang et al. (2020) reported MP abundance in the Pacific ranging from
6028 to 95335 items km2, while Pan et al. (2019) reported a range of 640 to 4200
items km™2, and Pan et al. (2022) found a range of 0.06 to 1.23 items m>. As a result
of the difference in units they used, comparisons can only be made between Wang et
al. (2020) and Pan et al. (2019), and not Pan et al. (2022), emphasizing the
importance of standardizing MP abundance expression. Additionally, some studies
investigated MP mass concentration, which emphasizes the significance of exploring
MPs in the environment in terms of both number and mass concentration.

Furthermore, the targeted MP size varies among studies. Most research focused on
MPs larger than 200 um, while only two of the studies listed in Table 1-1 focused on
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MPs less than 200 um. It is reasonable to assume that the abundance of MPs large
than e.g. 20 pm should be higher than that of MPs larger than 330 pm, as the former
range encompasses the latter. This corresponds to the results listed in Table 1-1. Li
et al. (2022b) found that the abundance of MPs larger than 20 um was
approximately 2.4 times that of MPs larger than 330 pm (as found by Li et al.
2022a). The current research tends to focus on large MPs, whereas small MPs (MPs
<200 pm) remain largely underexplored by the public. Therefore, there is a pressing
need to investigate the distribution of small MPs and bridge this knowledge gap.

Table 1-1 displays the MP composition in the marine environment. In summary, the
polymers EVA, PA, PAN, PE, PET, PEUR, PMMA, PP, PR, PU, PVC and PVDC
were observed. Some similarities were found among studies, such as the dominance
of PE in 5 of them, polyester in 4, PP in 2, and PET in 1. Therefore, it can be
concluded that the most common polymer in marine surface water was PE, polyester,
and PP. However, it is worth noting that all these results are primarily based on the
study of MPs larger than 200 um, and the knowledge regarding small MPs in the
marine environment is limited.

Table 1-2 also displays similar discrepancies in river systems. The focus of different
studies on different size ranges led to varying MP abundances. It is worth noting that
the abundance of MPs in rivers may differ between countries. However, the use of
different size ranges makes it difficult to compare results across studies.

1.1.2 SOURCES OF MPS IN AQUATIC ENVIRONMENTS

atmospherie
deposition

Figure 1-2 Sources of microplastic in the marine environment (Microplastics -
Wasser 3.0)
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As mentioned before, there is a connection between rivers and marine systems, and
rivers are one of the critical sources of MPs in the marine environment, as shown in
Figure. 1-2. Being a link between the marine and terrestrial environments (Fredston-
Hermann et al., 2016), river systems receive MP waste from various sources, such as
wastewater effluent (Kay et al., 2018), sewer overflows (di Nunno et al., 2021), soil
runoffs (Nizzetto et al., 2016), dust (Kernchen et al., 2022), and tourist disposal
(Rios-Mendoza et al., 2021). All of these MP wastes ultimately end up in the marine
environment.

Furthermore, studies have indicated that the majority of MPs found in the marine
environment were secondary MPs and originated from terrestrial systems (Auta et
al., 2017; Boucher & Friot, 2017) . In addition to the sources from river systems,
MPs can enter the environment directly from land-based activities such as
aquaculture, tourism, land erosion, industrial discharges, and wastewater discharge
(Duis & Coors, 2016; Kazour et al., 2019).

After entering the aquatic environment, the transport and distribution of MPs are
influenced by their characteristics, such as density, size, and shape, as well as
environmental factors, including hydrodynamics, salinity, temperature, and wind
(Rocha-Santos & Duarte, 2015). Furthermore, MPs undergo weathering throughout
their journey, resulting in the production of secondary MPs. Characterizing the
weathering process through the induced chemical changes in the polymers can serve
as an indicator of the fate and source of MPs in the environment.

1.2. MP ANALYSIS DEVELOPMENT

The detection of MPs in the environment involves three steps: sampling, MP
isolation, and MP detection. Although significant progress has been made in
developing these steps, there is still a lack of harmonization and consensus on which
approaches are suitable under which conditions.

1.2.1 SAMPLING

The sampling methodologies have been improved to explore MPs in surface water in
the aquatic environment, with examples shown in Table 1-3. The most common
sampling methodologies are different types of nets, for example, manta trawls,
where mesh sizes of 44 — 333 um have been used. In most cases, the mesh size was
a couple of hundred micrometres, which does not allow the collection of the smaller
MPs in the aquatic environment. To collect smaller particles, pumped filter systems
have been developed and used in different studies. Here, the MUMI sampler and the
UFO sampler are two examples.
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The MUMI sampler is a newly developed sampling methodology with an operation
similar to the manta trawl, but the MUMI sampler allows unique filters for each
sampling. The filters used in the study of Montoto-Martinez et al. (2022) were 5 mm,
200 pm, and 20 pm. The UFO is a pump filtering sample collecting system
developed by Aalborg University. It includes three filterers, where one is large and 2
are small, coupled in a cascade (usually 300 um, 10 pum, 10 pm). Hence, it can

Sampling methodologies  Size range  Research

neuston net > 333 um (Ikenoue et al., 2023)

net > 330 um (Pan et al., 2022)

Manta trawl > 330 um (T. Lietal., 2023)

neuston Manta net > 300 um (Trani et al., 2023)

Plankton net > 300 um (Kieu-Le et al., 2023)

metal bucket > 250 um (Apetogbor et al., 2023)

manta trawl > 200 um (Montoto-Martinez et al., 2022)
neuston net > 50 pm (Xuetal., 2022)

nylon net > 44 um (Cui et al., 2022)

MUMI sampler >20 pm (Montoto-Martinez et al., 2022)
universal filtering objects > 10 um (Rist et al., 2020)

collect MPs larger than 10 pm (Rist et al., 2020).

Table 1-3. Sampling methodology and size range of MPs collected from surface
water in the aquatic environment.

1.2.2 SAMPLE PREPARATION

Sample preparation also progressed substantially over the last decade or so.
Examples are given in Table 1-4. The most time-saving MP extraction procedure is
to process the sample directly without any digestion or other chemical preparation
and select MP candidates from the matrix by hand (Kosore et al., 2022; Sun et al.,
2018). In this way, some organic materials might disturb the identification of MPs,
leading to misidentification when doing analysis. To improve the performance of
MP separation, oxidation has been introduced to digest organic materials. The most
commonly used chemical for oxidation has been hydrogen peroxide (H20O:) at
concentrations from 10 — 50 % (Huang et al., 2022; Jiang et al., 2020; Rist et al.,
2020; Yu et al., 2022; Zhang et al., 2017; Zhao et al., 2014). Yu et al. (2022) also
used 10 % potassium hydroxide (KOH) during oxidation. Some studies introduced
density separation after oxidation to better separate the MPs and inorganic matter.
Chemicals include zinc chloride (ZnCl,), sodium poly tungstate (SPT) and sodium
chloride (NaCl) with densities of 0.3 — 1.9 g cm™3 (Huang et al., 2022; Jiang et al.,
2020; Rist et al., 2020; Zhao et al., 2014). Enzyme digest has also been developed to
remove cellulose and proteins in the sample (Rist et al., 2020) . In practice, each
laboratory, and often each study, used their own method for sample preparation,
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with little or no harmonization of the protocols used for MP isolation from the
environmental matrix.

Sample preparation Detection technology  Research
Hand separated i;zri(;r%}%oscop © (Sun et al., 2018)

. Microscope (Kosore et al.,
Filter and ATR 2022)
Oxidation (KOH 10%, H,0, 10%) ifl‘zlri"F“T“I‘i{OSC"pe (Yu et al., 2022)
Oxidation (Fenton and H203) ATR and FTIR (Zhang et al., 2017)
Oxidation (H202 30%)
Density separation (ZnCl, 1.5 g Microscope (Zhao et al., 2014)
cm3)
Density separation (NaCl 1.2 g
cm-3) Raman (Li et al., 2023)
Oxidation (Fenton)
Oxidation (Fenton)
Density separation (ZnCl, 1.7-1-8 LDIR (Fan et al., 2022)
g om-)
gz:iitlonsél:z;:gg; (NaCl 0.3 Stereomicroscope (Huang et al,
o) Y sep 2 & and pFTIR 2022)

Sl o

Ox1dgt10n (HzOz. %) Microscope and .
Density separation (ZnCl> 1.6 g FTIR (Jiang et al., 2020)
cm?)
Enzyme (Protese, Cellulase)
Oxidation (Fenton) ATR and .
Density separation (SPT 1.9 g cm~ pFTIR (Rist et al., 2020)
’)

Table 1-4. Sample preparation and detection technology used for quantifying MPs
in the surface waters of aquatic environments. (LDIR: Laser direct infrared imaging)

1.2.3 DETECTION TECHNOLOGY

The detection technology of MPs has been developed from the visual image to
chemical spectrum analysis (Ye et al.,, 2022) . The use of spectrum analysis
technology improves the performance of MP detection. The state-of-art chemical
spectrum analysis includes micro-Fourier Transform Infrared Spectroscopy (LFTIR)
(Corami et al., 2020) , attenuated total reflectance (ATR)-FTIR (Morgado et al.,
2021) , p-Raman (Anger et al., 2018) , and Pyrolysis—gas-chromatography—mass
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spectrometry (Py-GC/MS) (Matsui et al., 2020) . Among these, pFTIR and ATR-
FTIR are the most commonly used technologies, as exemplified in Table 1-4.

ATR-FTIR can offer high-quality spectra by touching the sample, so it cannot detect
large areas or large numbers of MPs in a limited time because it needs to be cleaned
every time after touching the sample. Hence, ATR-FTIR has usually been used to
detect large MPs. To solve this problem, pFTIR was developed, which combined
visual imaging and spectrum analysis. This technology is non-destructive and can
detect MPs over large areas. On top of that, focal plane array (FPA)-pFTIR
techniques have been developed to identify MPs automatically (Primpke et al.,
2017) . For such FTIR analysis, reflectance and transmission modes are available,
with the most used one being transmission. pFTIR tends to yield a lower spectrum
quality than ATR-FTIR, but can detect many MPs in one go and is routinely used to
go down to 11 pum in particle size. Experience has shown that the size limit is not
simply a question about the nominal resolution of the imaging system, but also a
function of spectra quality, where the spectra tend to become poorer as MPs become
smaller.

Large area (LA)ATR-FTIR is a technology that combines ATR-FTIR and FPA-
UFTIR, which could offer both visual images and high-quality spectra with a lower
detection limit. However, no study has been done to investigate the performance of
this approach.
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CHAPTER 2. STUDY AIM AND
OBJECTIVES

The previous discussion shows that MP detection in the aquatic environment mainly
has focused on large MPs (> 200 pm), that many methods are used for sample
preparation with little method harmonization, and that the identification of small
MPs applying FTIR has been limited by de facto quantification detection limits.
This PhD aimed to address these issues. The objective can be further divided into
three research questions:

| Research question 1: What is the occurrence of small MPs in Danish marine
| waters?

To investigate the occurrence of MPs in the environment, a pump filtering system
was used to collect MPs down to 10 pm in Danish marine waters, and the
distribution, composition, and shape were analyzed.

| Research question 2: Does human activity affect the distribution of MP in
I' aquatic environments?

To answer this question, the relation between the MP distribution and the source of
MPs was explored, and the carbonyl index was used as an indicator to attempt to
link ageing and sources.

| Research question 3: Does analytical methodology affect quantification of MP

: in the environment?

To address this question, two different methodologies were used to analyze the same
sample collected from the Danube River to see if there were any differences in the
result.

To answer this question, LAATR-FTIR was used to analyze reference MPs less than
20 pum and real samples collected from Danish marine waters.
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CHAPTER 3. METHODOLOGY

The PhD study can be divided into three objectives:

1) Explore the occurrence and sources of MPs (> 10 pm) in Danish marine
waters

2) Investigate the effect of different MP identification protocols on the result

3) Investigate the possibility of applying LAATR FTIR to detect MPs less
than 20 pm

The first part focused on detecting MPs (> 10 um) collected from Danish marine
waters to explore the abundance, distribution, composition, and source of MPs. The
second part focused on investigating the effect of two different sample preparation
methodologies to understand MP abundance in the environment. The third part
focused on investigating the performance of LAATR FTIR in detecting small MPs.

3.1. EXPLORATION OF OCCURRENCE AND SOURCES OF
MICROPLASTICS (> 10 MM) IN DANISH MARINE WATERS

This topic was further divided into two parts: 1) explore the occurrence of MPs in
Danish marine waters by analyzing the abundance, composition, and distribution of
MPs (> 10 um); 2) investigate the sources of MPs based on the results and build the
connection to human activities.

3.1.1 OCCURRENCE OF MPS IN DANISH MARINE WATERS

Samples were collected during an 8-day research cruise. The study area and sailing
route are shown in Figure 3-1, including Kattegat and south Skagerrak, which
borders the Baltic Sea, Denmark, and Sweden. The sampling device used was a
pump-filtering system that can collect MPs down to 10 um. The samples were
processed following a protocol including enzyme treatment, oxidation, density
separation and filtering to isolate MPs from the matrix. Then, the concentrate was
deposited on a zinc selenide (ZnSe) window, and detected by FPA-uFTIR, and the
data was further analyzed by automatic MP identification applying the software
siMPle. Details are given in Paper I.

3.1.2 SOURCES OF MPS IN DANISH MARINE WATERS
To track the source of MPs, the carbonyl index was used to indicate the ageing of
MPs and investigate the fate of MPs in the environment. A critical contribution from

wastewater of MPs to the marine environment was calculated considering the
surrounding population density and discussed in the study. A simplified mass
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balance for the study area was built based on MP abundance, population density and
wastewater contribution data. Details are included in Paper I.

Depth (m)
0-50
50-300
300-500
500-1000

Latitude (decimal degrees)

55°N

8°E 10°E 12°E
Longitude (decimal degrees)

Figure 3- 1 Map with transect sampling. The site numbers indicate both the
starting and ending of a sampling transect. The dashed lines connecting these site
numbers show the actual sailing route taken during sampling process (Paper ).

3.2. COMPARISON OF TWO DIFFERENT METHODOLOGIES
FOR MP IDENTIFICATION IN DANUBE RIVER WATER

This topic mainly focused on the effect of the analytical methodology of MP
identification on the result. Two different methods were used, where the methods
were further divided into three parts: sample preparation protocol, sample substrate,
and FTIR equipment. The sample used in this study was collected from the Danube
River. A recovery test was conducted to explore the reliability of the sample
preparation protocols.

3.2.1 METHODOLOGY A
Protocol A used was developed by Aalborg University, and was also introduced in
section 3.1. After the sample preparation, a subsample of particles was deposited on

a ZnSe window and detected by FPA-uFTIR (Agilent). Further information is
available in Paper II.
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3.2.2 METHODOLOGY B

Protocol B was developed by Eurofins Hungary Kft. (Eurofins), including density
separation, oxidation, and filtration. After this, the sample was stored on an Anodisc
filter, and detected by FPA-pFTIR (Thermo). Further information is available in
paper II.

Protocol A

| Enzyme treatment Protease |

Enzyme treatment
Cellulase, Viscozyme

| Oxidation-Fenton | :> \ |:>

| Size fractionation |

Floatation
‘Separation funnel’ ZnSe window Fourier Transform Infrarcd Spectroscopy (Agilent)

Evaporation

Protocol B
| Density Separation |
Oxidation- hydrogen ‘:> |:>
peroxide =
5 : T
| Filtration |
Anodisc filter Fourier Transform Infrared Spectroscopy (Thermo)

Figure 3-2 Sketch of two different MP identification methods, and the detailed
difference between sample preparation protocols, sample substrate, and FTIR
setting (Paper I).

3.3. DETECTION OF SMALL MICROPLASTICS DOWN TO 1.3 MM
USING LAATR-FTIR

This topic explored the performance of LAATR FTIR in detecting MPs. Two
different crystals, ZnSe and germanium (Ge), were used to analyze mixed standard
particles (< 20 um) and marine samples analyzed in Paper I. The schematic of the
set-up of the LAATR FTIR system is shown in Figure 3-3.

3.3.1 LAATR FTIR WITH ZNSE CRYSTAL (ZNSE UNIT)

As shown in Figure 3-3 (a-c), the ZnSe unit includes the stage and crystal parts. The
crystal part is dismountable. The two screws connected to the crystal unit fix the
crystal with screws. The stage and two screws are rotatable. The dimension of the
sample touching area is around 1800 pm, and the refractive index of ZnSe is 2.4.
More information was included in Paper III.
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3.3.2 LAATR FTIR WITH GE CRYSTAL (GE UNIT)

The Ge unit is shown in Figure 3-3 (d-f). Similar to the ZnSe unit, the crystal unit
and the stage is dismountable. Only one screw is rotatable, and the stage was
controlled by a screw for the up and down. The dimension of the sample touching
area is around 1000 pm, and the refractive index of Ge is 4. More information was
included in Paper III.

L -
©=1800pm | § ; @ = 1000 |

Figure 3-3 Schematic of the set-up of the LAATR system in this study. LAATR with
ZnSe crystal (a) set-up ready for mapping; (b) Structure of the unit; (c) bottom view
of crystal; LAATR with Ge crystal (d) set-up ready for mapping, (e) Structure of the
unit; (f) bottom view of crystal (Paper III)
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CHAPTER 4. RESEARCH OUTCOMES

The research outcomes of the PhD study resulted in three scientific papers aimed to
address three main research topics:

a) The occurrence and sources of MPs (> 10 um) in Danish marine waters
b) The effect of methodology in understanding MPs in the environment
¢) The performance of LAATR FTIR in detecting MPs

4.1. OCCURRENCE OF MPS (> 10 MM) IN DANISH MARINE
WATERS

In total, 14 samples were collected and analyzed, as shown in Figure 4-1 (Paper I).
The abundance of MPs was 17 — 286 items m >, with an average of 103£86 items m™>
(Figure 4-1 (a)). Among these, the highest three MP abundances were observed in
transects S1112, S1011, and S0910. The MP mass concentrations was 0.6 — 84.1 pg
m 3 with an average of 23.3+28.3 pg m 3 (Figure 4-1 (b)). The highest three MP mass
concentrations were observed in transects S0405, S0910, and S1213. Hence, the
abundance and mass concentration of MPs in marine waters tell different stories.
Particle size is the connection between MP abundance and MP mass concentration.
As for the characteristics of MPs, the dominant type, size, and shape were polyester,
small MPs (< 100 pm), and fragments. Principal component analysis was conducted
to explore the differences between transects, but no obvious difference was seen
based on the composition of MPs.

The MP abundance was much higher than what Schonlau et al. (2020) found for the
same waters, namely 2.59 items m™> in Skagerrak and 14.32 items m™ in Kattegat.
This might be because of the different methodologies used in the two studies.
Schonlau et al. (2020) used 500, 300 and 50 um steel filters for sampling, and
stereomicroscope and near-infrared hyperspectral imaging was used to identify
manually selected MP particles and fibres. For our study, MPs down to 10 um were
collected, and FPA-uFTIR was used to analyze MPs, so large size ranges were
covered, and state-of-the-art analysis technology was used to better analyze MPs with
slight human bias, which led to a higher MP abundance. These results also
correspond with what Zheng et al. (2021) found, which validated the inverse
relationship between size and MP abundance. It is worth mentioning that similar
results were found by Rist et al. (2020) , which showed MP abundances of 67-278
items m~ with a median of 142 items m™. This can be explained by similar
methodology (sampling methodology, sample preparation and analytical
methodology) used in the study. Similar mass concentrations compared to what was
reported by Rist et al. (2020) were also found.
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Figure 4-1 (a) Abundance and (b) mass concentration of MPs in different transects.
(c) Sources of MPs in the study area (Paper I)

4.2. SOURCES OF MPS (> 10 MM) IN DANISH MARINE WATERS

In summary, it was found that there was a non-negligible contribution of MP from
Danish and Swedish land-based sources to the Danish marine waters. Other sources
could, for example, be water-borne MPs from the Baltic Sea and MPs from
atmospheric deposition (Figure 4-2). As for land-based sources, wastewater seemed
to give a significant contribution, calculated based on previous studies on MPs in
wastewater (Rasmussen et al., 2021), together with the population density of the
area. Another important contribution seemed to be stormwater, but more detailed
data is needed to reach a solid conclusion. When it comes to MPs from the Baltic
Sea, MP abundance found by other studies ranged from 33 to 700 items m>,
showing that this water contributes to the MPs in Kattegat and Southern Skagerrak
addressed in the present study. No mass concentration was given in those studies.
Other sources, such as air-borne MPs can also contribute (Liu et al., 2019). However,
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MPs in the air are affected by many factors, which should lead to different MP
abundance in different areas, and no research was conducted to explore the MP
abundance in the air ower Danish marine waters. While the mass balance was
somewhat restricted, it showed that water-borne MPs (wastewater and stormwater)
from land probably play a role in MP distribution in Danish marine waters (Paper I).

4.3. COMPARISON OF TWO DIFFERENT METHODOLOGIES
FOR MP IDENTIFICATION IN DANUBE RIVER WATER

Two methodologies, A and B, were used in this study, and the result is displayed in
Figure 4-2. The result showed that MP abundance differed between the
methodologies (Figure 4-2 (a)), which gave an example of how an analytical
methodology affects the quantification of MPs in the environment. This result also
indicated the need to build harmonized methods for MP identification. It is worth
mentioning that MPs less than 50 pm were found by method A (Figure 4-2(a)),
although the mesh size of the filter used for sampling was 50 um. The reason is
unknown, but several causes are possible. Particles might have broken during the
sample preparation, either when stirring or ultrasonication. Another possible reason
is aggregation during sampling, or cake filtration, which might cause the retainment
of smaller MPs (< 50 pum), which were then identified during the identification
process. Whatever the reason, the study was based on MPs large than 50 pm only
because of the sampling filter size and the detection limit of the instrument used in
methodology B. Differences in MP mass concentration between the two
methodologies were also observed. As for the characteristic of MPs, the dominant
polymer detected in methodology A was PE (68%), while that of methodology B
was PE (26%) and PP (23%). Besides, small MPs and fragments dominated the
result.

The effect of the induvial steps, including sample preparation protocol, sample
substrate and FTIR setting, was also discussed in this study. The result revealed that
the sample preparation protocol process would lose some MPs and might affect the
characteristics during the process. Sample substrate might affect the performance of
MPs detection by FTIR. FTIR setting will affect the size distribution in the result.
All these effects differ based on different samples.

Improvement of the methodologies was discussed. In summary, methodology A can
better isolate MPs from the matrix, and methodology B is time and cost-effective. In
detail, methodology A will take 11 days to complete the whole process, and the
ZnSe window was prone to have some residuals that could affect the detection
process. To improve the protocol, a shaking water bath should be used in future
studies instead of magnetic stirrers to reduce the risk of breaking down MPs, and the
ZnSe window could be replaced by an Anodisc filter or silicon filter. Using filters
do, though, have other drawbacks: Anodisc absorbs IR light below approx. 1200 cm
!, which means that part of the IR fingerprint range is cut out. Silicon filters do not
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have this drawback but are rather expensive and fragile. Methodology B only took 3
days to complete, but it cannot digest cellulose very well, so some big organic
particles were observed in the MPs identification. To improve this, cellulase
digestion can be used for further digestion, and maybe size fractionation will help to
separate the big particles from the smaller ones.
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Figure 4-2 (a)number and (b)mass concentration estimates based on uFTIR
analysis of MP in the Danube River. Relative abundance of MP m~ based on (c)
abundance of MP large than 50 um, (d) mass estimates based on uFTIR analysis
(Paper 1I).

4.4. DETECTION OF SMALL MICROPLASTICS DOWN TO 1.3 MM
USING LAATR-FTIR

Two LAATR FTIR units, one with a ZnSe crystal (ZnSe unit) and one with a Ge
crystal (Ge crystal), were used to analyze mixed standard MPs (< 20 um) and
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environmental samples (marine samples also analyzed in Paper I) to investigate the
performance of MP identification. Both ZnSe and Ge units were found to be more
sensitive in detecting MPs than pFTIR imaging in transmission mode, and the
spectra quality was much better than that of the transmission mode, both when
analyzing standard MPs and environmental samples. Moreover, the spectrum quality
of ‘1-pixel particles’ was trustworthy, which was not the case for the transmission
mode. This indicates that MPs covering a single pixel can be identified. For
transmission mode, 3 pixels were chosen as the minimum pixel size to decide one
MP because some false positives occurred during the analysis process. Together
with the pixel size and refractive index, the identification limit of the transmission
mode, ZnSe and Ge unit became 11, 2.1 and 1.3 pm, respectively (Paper III). Hence,
the LAATR FTIR performed better than the traditional FTIR in detecting small MPs.
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Figure 4-3 1-pixel spectra of (a) PA, (b) PE, (c) PP detected by LAATR with a Ge
crystal (Paper I1I)
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CHAPTER 5. CONCLUSIONS

The PhD study answered the four questions raised before, and the conclusions are
summarized below:

5.1. MAIN CONCLUSION

= = = = = = = = = = = = = = = = = = = e = = = = = = = = -

Research question 1: What is the occurrence of small MPs in Danish marine
waters?

The abundance, distribution, and composition of MPs (> 10 um) in Danish marine
waters were investigated. In total, 14 transect samples were collected to explore the
occurrence of MPs down to 10 pm. In summary, the MP abundance was 17 — 286
items m~, with an average of 103+86 items m™. The corresponding MP mass
concentration varied from 0.6 to 84.1 pg m™, with an average of 23.3+28.3 ug m™.
The dominant polymer type, shapes, and sizes were polyester, fragment, and MPs
less than 100 um. The distribution of MP composition in different transects did not
show significant differences. Moreover, smaller particles tended to be more oxidized
than larger ones.

| Research question 2: Does human activity affect the distribution of MP in

| aquatic environments?

The MP abundance in the studied Danish marine waters indicated that the MP
abundance between some stations was much higher than in other samples. The high
MP abundance samples were around the @resund region, including Copenhagen and
Malmg, which have a high population density. Further exploration showed that the
population density seemed to affect the MP distribution in the Danish marine
environment, although the data could only be viewed as indicative hereof. A rough
mass balance indicated that wastewater and stormwater probably played a role in
MPs in the marine environment.

| Research question 3: Does analytical methodology affect quantification of MP

: in the environment?

Two analytical methodologies were used to analyze the same sample collected from
the Danube River, showing significant differences in the quantification of MP. This
example showed that the analytical methodology can affect how many MPs are
reported in the environment, highlighting the necessity of method harmonization in
MP research. The effect of individual steps, including sample preparation protocols,
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scanning substrate, and FTIR equipment and its setting, was also investigated and
discussed. Possible improvements of the two methodologies were highlighted.

Two LAATR FTIR units, one with a ZnSe and one with a Ge crystal, were used to
detect reference MPs (< 20 um) and MPs in marine samples collected from Danish
marine waters. The result showed that the LAATR units could detect MPs and
provided both hyperspectral images and high-quality spectra. The detection limit of
the tested set-up using the ZnSe unit and Ge units were 2.1 and 1.3 pm, respectively,
which is much lower than the transmission mode (10 pm). This indicated that
LAATR might play a role in detecting small MPs.

5.2. MAIN CONTRIBUTION TO THE SCIENCE

MPs in marine waters have received significant scientific attention, however, most
studies have focused on large MPs (> 200 pm), and studies investigating the
relationship between human activity and MP distribution in marine water are scarce.
Paper I investigated MPs down to 10 pm using transect samples in Danish marine
waters, contributing to filling the knowledge gap on smaller MPs in the marine
environment. It explored the effect of population density on MP distribution, and
highlighted the contribution of wastewater and stormwater to marine MPs, hereby
contributing to filling the knowledge gap on the relation between MP sources and
their occurrence in the marine environment.

It is a well-known issue that the analytical method used to quantify MPs affects the
outcome of a study. Paper II quantified this for two protocols routinely in use.
Although some inter-lab studies have been conducted to explore the difference
between methodologies, most of them focused on reference MPs and did not explore
the effect of individual parts of the protocols. Our study applied real environmental
samples, and provided more information on the impact of individual steps. This
information helped explain why differences were found between the two
methodologies and gave suggestions on how to improve them for future studies.

Paper I1I is the first to apply LAATR FTIR to analyzing small MPs in environmental
samples. The paper proved the possibility of using LAATR to detect small MPs. It
also revealed issues when using LAATR for larger particles. All in all, it showed
that LAATR FTIR can be used for samples containing small MPs, but it requires
even thicknesses of the particle cohort. Single particles must furthermore also be of
even thickness. Hence it is suited for samples of small MPs of homogenous size,
where it allows the detection of the small MP. It is, however, less suited for larger
MPs, as they tend to be of inhomogeneous thickness, and less suited for samples of
mixed particle size.
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1. Introduction

Microplastics (MPs) have received much attention over the last de-
cades (Frias and Nash, 2019; Mathalon and Hill, 2014). They are inten-
tionally produced for commercial purposes, such as in cosmetics
(Wright et al., 2013), or derived from the fragmentation of larger plastic
items (Jaikumar et al., 2019). These small MPs are bioavailable and
potentially pose a threat to the ecosystem and human-beings through
the food chain or directly from the air (Akhbarizadeh et al., 2020a;
Akhbarizadeh et al., 2020b; Akhbarizadeh et al., 2021; Cunha et al.,
2020; Kashfi et al., 2022).

Many studies have attempted to quantify MPs in the marine environ-
ment (Everaert et al., 2020; Jiang et al., 2020a; Jiang et al., 2020b).
However, even within the same waterbody, there are large differences
in reported concentrations; for example, in the Northwest Pacific
where reported concentrations vary several orders of magnitude even
when comparable sampling methods were applied (Mu et al., 2019;
Pan et al., 2019a, 2019b). Some of the differences can be explained by
the patchiness of MPs, while other probably are due to variations in
the applied gear, sample preparation (Dai et al., 2018; Zhang et al.,
2017) and analytical methods (Teng et al., 2020; Zhao et al., 2015). Fur-
thermore, most studies focused on stationary sampling (Buckingham
et al., 2022; Liu et al., 2021), which may be more prone to local patch-
iness than continuous sampling along transects. Nevertheless, these dif-
ferences in reported values for the same area indicate that there are true
concentration differences in the sea due to heterogenic distribution, es-
pecially for areas with relatively low concentrations of plastic particles
(Buckingham et al., 2022; Liu et al., 2021).

Most studies have quantified MPs larger than 300 ym because sampling
was conducted with a net or manta trawl (Bakir et al., 2020; Eo et al., 2019;
Ferreira et al., 2020; Syberg et al., 2017). Mesh size matters for how much
MP is found, and different sizes can lead to significant differences in re-
ported concentrations (Lindeque et al., 2020). Furthermore, less specialized
analytical equipment has commonly been used to detect microplastics, for
example, manual sorting and counting using stereo microscopy (Renner
et al., 2018). Even when combined with chemical identification of selected
particles, this leads to increased uncertainties when attempting to quantify
small MPs as these are difficult to sort out from a sample. This has led to lim-
ited knowledge of MPs below roughly 200 pm (Simon-Sanchez et al.,
2022a). Over the past decade, all parts of the MP quantification approach
have developed significantly. With respect to sampling, pumped filtration
was introduced to efficiently collect MPs by filtering on-site down to
10-20 pm (Enders et al., 2015; Rist et al., 2020). Sample preparation proto-
cols have been refined (Loder et al., 2017; Lorenz et al., 2019), and
chemical analysis has substituted visual identification by stereo micros-
copy to reduce analytical bias (Sridhar et al., 2022). Analytical tech-
niques for quantifying ever-smaller MPs have furthermore been
developed and refined, e.g., imaging with Focal Plane Array (FPA)-Fou-
rier Transform Infrared Spectroscopy (FTIR) and Raman spectroscopy as
well as Pyrolysis Gas Chromatography-Mass Spectrometry (Py-GC-MS)
(Ye et al., 2022).

It is well-known that marine plastic debris is mainly sourced from land,
where almost 80 % of the marine plastic debris originates (Li et al., 2016).
Land-based plastics are commonly believed to be mainly transported by riv-
ers and wastewater treatment plant effluent into the marine environment
(Fendall and Sewell, 2009; Geyer et al., 2017; Li et al., 2016). Wastewater
is a significant pathway for MPs into the environment because of its high
MP content (Rasmussen et al., 2021; Sundt et al., 2014), even when treated
by advanced facilities (Estahbanati and Fahrenfeld, 2016; Mahon et al.,
2017). Wastewater is furthermore discharged untreated by combined
sewer overflows and sewage misconnected to storm drains. Additionally,
cities, rural roads and highways generate separate stormwater, which also
contains significant amounts of MP (Liu et al., 2019a, 2019b). In addition
to the water-borne MPs, the marine environment receives MPs from marine
sources, e.g., breakdown of fishing nets, as well as an unknown amount of
air-borne MPs. The latter has, for example, been documented in snow
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from remote areas like the Arctic, Antarctica, and the Swizz alps (Aves
et al., 2022; Bergmann et al., 2019).

Once MPs enter the environment, they will undergo weathering
governed by environmental conditions such as oxygen levels, light, temper-
ature, and biofilm coverage (Mei et al., 2020; Turgay et al., 2019; Wang
et al., 2020a, 2020b). In general, marine water has a lower temperature
than land and will also partly protect the MPs against sunlight. Their
weathering rate in the aquatic environment can hence be assumed to be
slower than on a terrestrial surface (Duan et al., 2021). One could hypoth-
esize that MPs are increasingly weathered the longer they have been in the
environment and that weathering indexes potentially can be used to iden-
tify closeness to sources, though this is still rather speculative.

Kattegat receives brackish water from the Baltic Sea via three straits,
which mixes with saline waters from the Skagerrak. Despite advances in
the field of MP research, knowledge of their abundance and distribution
in these waters is still scarce (Bagaev et al., 2018; Beer et al., 2018;
Gewert et al., 2017; Schonlau et al., 2020; Setila et al., 2016; Tamminga
etal., 2018; Zhou et al., 2021). Hence, the aim of this study is to investigate
the abundance, distribution, and composition of MPs in the Kattegat down
to 10 pm and assess whether there is a relationship between abundance and
proximity to major urban sources.

2. Materials and method
2.1. Study area

The study area is the Kattegat (Fig. 1), covering 30,000 km? and the
southernmost part of Skagerrak bordering up hereto. Kattegat borders
the Baltic Sea by the Danish Straits to the south and is surrounded by
Denmark to the south and the west and Sweden to the east. Its waters
are mostly stratified, with the lower layer consisting of inflowing seawa-
ter from the North Sea via Skagerrak (Groger et al., 2019). The upper
layer consists of inflowing brackish Baltic Sea water. These two oppos-
ing flows transport a net surplus of 475 km? from the Baltic to the Skag-
errak annually. During stronger winds, the layers in the Kattegat are
thoroughly mixed in areas such as the Great Belt, so the overall salinity
is highly variable in this semi-enclosed basin (Physical Oceanography of
the Baltic Sea, n.d.).

2.2. Sampling

Sampling was conducted from 24th to 30th of October 2020 onboard
the R/V Dana (DTU Aqua). The samples were collected using the Uni-
versal Filtering Object (UFO), a pump-filter device developed by Aal-
borg University to sample marine waters down to 10 um (Rist et al.,
2020). The UFO system was composed of three interconnected and
closed steel filter holders containing one 300 pm and two 10 pm stain-
less steel filters (@ = 167 mm), respectively. The average flowrate
was 7 L. min~ . The water is pre-filtered by the 300 um filter, then the
water flow split, and the water is filtered further onto the two parallel-
coupled 10 pm filters. The outflow is recombined and measured by a me-
chanical flowmeter. The filtering device was connected to the saltwater
ship intake and placed in the ship's wet lab. The inlet of the intake is lo-
cated 3 m below the waterline on the forward port side. Transect sam-
ples were collected between 14 stations during steaming (Fig. 1), and
filters were changed approx. Every 3 h or when they clogged. Depending
on the distance between stations, some transect samples consisted of
more than one filter set. In total, 20 filter sets were collected, and stored
in glass Petri dishes at 4 °C in the dark before analysis. The 300 pm and
10 pm filters of each UFO-sample were pooled into one set and all sets
processed individually. If a transect consisted of more than one set,
the results of the individual sets were pooled into one result per tran-
sect. Each result was named by its transect. For example, the sample col-
lected between stations 1 and 2 was named S0102. One sample, named
S1313, covered a rather short distance from 57.52°N, 10.54°E to
57.54°N, 10.51°E (Table 1), as shown in the Fig. 1.
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Fig. 1. Transect sampling map. The site numbers indicate the begin and end of a sampling transect. The dash lines between site numbers show the sailing route during

sampling.

2.3. Sample preparation

The samples were processed following a multistep enzymatic-oxidative
protocol to extract MPs from the matrix (Liu et al., 2019a, 2019b; Rist et al.,
2020; et al., 2018). In short, the filters were first incubated in 5 % sodium
dodecyl sulphate (SDS) solution to help get all material off the filter. Then
protease (Sigma, Protease from Bacillus sp.), cellulase (Sigma, Cellulase en-
zyme blend), and Viscozyme® L (Sigma) were applied consecutively to di-
gest natural proteins and cellulose, respectively. Following that, a Fenton
oxidation was done to remove the remaining organic matter. A density
separation with SPT (Sodium Polytungstate) solution (1.70-1.80 g
ecm™3) was used to separate lighter particles from inorganic ones.
After washing the extracted particles carefully, the sample was evapo-
rated and stored in 10 mL vials. 5 mL of 50 % ethanol (EtOH) was
added to each vial to ensure a known extract volume. Between steps,
particles were collected on 10 pm steel filters (@ = 47 mm). And the
same filters was used throughout the whole sample extraction to mini-
mize loss of particles.

2.4. MP identification

Extracts stored in 5 mL EtOH were homogenized on a vortex mixer, and
subsamples were taken with a glass pipette in 50/100 pL increments. These
were deposited on a @ 13 X 2 mm zinc selenide window (Crystran, UK),
held in a compression cell (Pike Technologies, USA) with a 10 mm diameter
free area and dried at 50 °C. After every deposition, the window was
checked under a microscope until it was sufficiently populated and ready
for scanning. Three windows were deposited per sample, achieving a scan-
ning of 16-50 % of the total sample and blanks. All scan results were then
scaled back to the full sample, i.e., the 5 mL of EtOH. The scan was done
with an Agilent Cary 620 FTIR microscope equipped with a 128 x 128
pixels FPA (Focal Plane Array, Mercury Cadmium Telluride detector)
coupled with an Agilent 670 IR spectrometer. The microscope was
equipped with a 15 x Cassegrain objective, yielding a 5.5 pm pixel resolu-
tion. All scans were performed in transmission mode with a spectral range
of 3750-850 cm ~ ! at 8 cm ™! resolution applying 30 co-added scans. The
background was created by co-adding 120 scans.


Image of Fig. 1

Y. Liu et al.

Science of the Total Environment 865 (2023) 161255

Table 1
Locations of start of transects, sampling time, sampled volume, and wind direction.
Station Code N E Wind Direction Total time Sampled Volume (m?®) Transects
S0102IWD24T03 57.42 10.48 SW 220° 10.2 m/s 03:20 1.157 S0102
S0203IWD24T12-1 57.21 10.43 $190°11.2m/s 04:53 1.219 S0203
S0203IWD24T12-2 02:22 0.601 S0203
S0304IWD24T23-1 56.41 10.37 $170°9.8 m/s 03:06 1.044 S0304
S0304IWD24T23-2 56.23 11.01 S$180°15.5m/s 03:57 1.092 S0304
S0405IWD25T-1 56.05 10.25 SW 205°11.6 m/s 02:31 0.993 S0405
S0405IWD25T-2 55.41 10.19 SW 195°10.2 m/s 01:55 0.775 S0405
S0506IWD26T00 55.36 09.51 $190°6.5m/s 03:19 1.101 S0506
S0607IWD26T11 55.39 10.42 $180°7.8m/s 02:58 0.857 S0607
S0708IWD26T20 56.04 11.09 SW 215°9.7 m/s 02:38 0.977 S0708
S0809IWD27T03 56.20 11.36 $190°11.2m/s 04:53 1.219 S0809
S0910IWD27T15 56.07 11.44 $190°10.2m/s 03:16 0.984 S0910
S1011IWD28T01 56.07 12.27 S$180°9.2m/s 02:16 0.903 S1011
S1112IWD28T-1 55.56 12.38 SW 225°10.5 m/s 03:09 1.012 S1112
S1112IWD28T-2 56.22 12.16 SW 210° 12.6 m/s 02:56 0.793 S1112
S1213IWD28T23-1 56.41 11.41 SW 205° 9.5 m/s 03:06 0.900 S§1213
S1213IWD28T23-2 57.14 11.37 SW 210° 13 m/s 02:12 0.780 S1213
S1213IWD28T23-3 57.38 11.14 SW 210° 10 m/s 02:03 0.790 S1213
S1313IWD29T17 57.52 10.54 SW 270° 5.2 m/s 01:47 0.803 S1313
S1314IWD30T01 57.54 10.51 SW 225°5.8 m/s 03:30 1.344 S1314

2.5. Data analysis

The spectral data from the pFTIR imaging were analyzed by siMPle, a
software developed for automatic MP identification (Primpke et al.,
2020), applying the detection algorithm described in Liu et al. (2019a,
2019b). The library was based on the one used by Rist et al. (2020)
but extended to 475 reference spectra. It covered 74 material types, in-
cluding plastics, organic and inorganic matter (Supplementary Informa-
tion (SI) Table S1). Baseline correction was applied to all sample spectra
before analysis (Primpke et al., 2018). A particle was identified as MP if
it took up at least 2 pixels, yielding a minimum detection size of 11 pm.
A carbonyl index was calculated for the polyolefins polyethylene (PE)
and polypropylene (PP) from the ratio between the integrated band ab-
sorbance of the carbonyl (C=0) peak from 1850 to 1650 cm ~ ! and that
of the methylene (CH.) scissoring peak from 1500 to 1420 cm ™ * to indi-
cate the oxidation state (Almond et al., 2020; Simon-Sanchez et al.,
2022b). An index was calculated for each spectrum (pixel) of an MP,
and the overall index was taken as the average of all individual indexes.
siMPle provided the information on the size (minor and major dimen-
sions), polymer type, and mass, where the latter was estimated based
on the volume of the particle assuming an ellipsoid shape and the den-
sity of its material (Rist et al., 2020; Simon et al., 2018). Fibers were de-
fined as MPs whose length-to-width ratio was large than 3 (Cole, 2016;
Vianello et al., 2019).

After the analysis, the spectra of all identified MPs were checked manu-
ally to remove false-positive particles. To make siMPle perform better, rep-
resentative spectra of false-positive particles were added to the library
(Fig. S1), and the threshold of different polymers was adjusted based on
the result. Detailed information on the library is shown in Table S1, and
the information for some spectra is exemplified in Fig. S1. After the analy-
sis, all data were visualized in R (v4.0.3). Principle component analysis
(PCA) was carried out to estimate variables that explained most of the var-
iations.

2.6. Contamination control

Several measures were taken to avoid contamination with synthetic fi-
bers and particles. Cotton lab coats were worn during the sample prepara-
tion. The air in the FTIR and microscope room was continuously filtered
with a Dustbox® (Hochleistungsluftreininger, Mocklinghoff Lufttechnik,
Germany) housed with a HEPA filter (H14, 7.5 m?). All sample preparation
was performed inside a Scan-Laf Fortuna Clean Bench (Labogene,
Denmark), which was cleaned with 50 % EtOH before use. All glassware

and stainless-steel filters were muffled at 500 °C before use, and all other
equipment was rinsed three times with Milli-Q water during the whole pro-
cess. Reagents were prepared, filtered through 0.7 pm muffled glass fiber
filters, and stored in muffled glassware.

Despite all taken measures, it is impossible to completely avoid contam-
ination with MPs. To account for this, ship blanks and procedural lab blanks
were collected. Three ship blanks were collected during the sampling on the
ship by opening a muffled glass petri dish every time the UFO sampling de-
vice was opened to account for potential air-borne contamination. As
shown in Table 2, the three ship blanks corresponded to a total of 35 filter
sets, of which 20 were used in this study and the remaining 15 used to col-
lect stationary samples during the same cruise. The contamination in the
ship blank per set of filters was calculated as 1/35th of the total MP content
found in the three ship blanks. The five procedural lab blanks followed the
sample preparation of the real samples but with Milli-Q water as the matrix.
Like what was done for the marine samples, subsamples of 16 % — 50 %
were taken of the blanks, scanned, and calculated to the 5 mL of the full
sample. A blank correction was done based on both the ship blanks and
the lab blanks and per polymer type (Mani et al., 2019; Rist et al., 2020).
The ship blanks per filter set and the median of the lab blanks were calcu-
lated and subtracted from the result of each set of UFO filters. Where a tran-
sect consisted of more than one filter set, the results were merged after
blank subtraction from each set.

2.7. Quality control and recovery test

To quantify MPs in samples, it is necessary to calculate the limit of de-
tection (LOD) and limit of quantification (LOQ). The applied equations
were:

LOD = Xpjank + 33" Spiank (€))]
LOQ = Xpjank + 10" Splank 2)

where Syj.nk is the standard deviation of the blanks and X, .k is their mean.
The approach of using 3.3 and 10 times the standard deviation on the
blanks is recommended by the Association of Official Agricultural Chemists
(AOAC International) (Horton et al., 2021), while the approach of adding
the mean of the blanks is recommended by Armbruster and Pry (2008).
Recovery experiments were conducted to assess the losses of
microplastics during sample processing. A triplicate of standard plastic
microspheres was created by mixing 150 PE microspheres (90-106 pm)
of three different densities (0.98 g cm ™ 3: fluorescent blue-green, 1.13 g
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Table 2

MPs per blank sample after calculation, ship and procedural lab blanks.
Group Acrylates polyester PAN _acrylic fiber PA ABS PP PE polysulfone EVA Total
Ship blank 1 6.3 43.8 0 0 0 0 0 0 0 50.1
Ship blank 2 0 28.1 0 9.4 0 3.1 0 0 0 40.1
Ship blank 3 0 12,5 0 0 0 0 6.3 0 0 18.8
Lab blank 1 0 2.8 0 0 0 0 0 0 0 2.8
Lab blank 2 0 6.5 0 0 0 0 0 0 0 6.5
Lab blank 3 0 0 0 0 0 0 0 0 0 0
Lab blank 4 0 138 0 0 2.1 4.2 6.3 2.1 2.1 156.9
Lab blank 5 0 25 4.2 2.1 0 0 2.1 0 0 33.4

cm~3: fluorescent blue, and 1.20 g cm ~3: fluorescent red; Cospheric LLC),
50 of each type. The spheres were spiked into 5 % SDS solution in a crystal-
lization dish and processed following the previously described sample prep-
aration process. The number of PE spheres in the final extract was counted
under an optical microscope (Dino-Lite Edge AM4115TL, 10-140 X magni-
fication) illuminated with UV light (OP UV LED, 365 nm).

The recovery rate was calculated as follows:

R =N,/N; 3

where N; and N, refer to number of spheres before and after sample prep-
aration, respectively.

3. Results
3.1. Blanks and recovery test

The ship blanks covering 35 individual sets of UFO samples contained a
total of 109 MPs, most of which were polyester while some were acrylates,
polyamide (PA), polypropylene (PP) and polyethylene (PE) (Table 2). The
contamination per sample was hence on average 1/35 x 109 = 3.11
MPs. The lab blank 4 (Table 2) related to sample SO809 held a much higher
MP count because the sample S0809 (the transect between stations 8 and
9) unexpectedly had to be cooled down by adding ice during the Fenton re-
action. The ice was not particle-free and to assess the contamination, the
same amount of ice was added to lab blank 4, and sample SO809 was
corrected by this value (Table S2). Of the lab blanks, no. 5 showed substan-
tially higher values than the others. Compared to the ‘ship blank per
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sample’, i.e., the 3.11 MPs per sample, it was 10 times higher than the
others. The reason here is unknown but indicates that such occasional
high contamination can also occur for real samples. The high value fur-
thermore means that the blank values were not normal distributed and
the basic assumption behind Egs. (1) and (2) hence not met. To calcu-
late LOD and LOQ, it was chosen to omit this value, yielding LOD and
LOQ values of 9.8 and 23.5 MPs per sample, respectively, for the total
number of particles found. Even though the LOD and LOQ differ be-
tween polymer types, it was chosen only to calculate these values for
the total number of MPs as the numbers in the blanks were too small
to yield meaningful LOD and LOQ values per polymer type. Blank cor-
rection, on the other hand, was done polymer by polymer. Where this
led to negative values in the samples (i.e., there were more MPs of a cer-
tain polymer type in the blank sample than in the marine sample), these
were set to zero.

The recovery test yielded 90.3 % =1.1 % recovery (Table S3) with
no significant difference for the various densities. While this recovery
is deemed quite good, it must be kept in mind that it only covered a selec-
tion of particle sizes, shapes, polymer types, and densities. It cannot be
excluded that recovery for other MPs differed from the ones found for the
microspheres.

3.2. MP abundance
A total of 20 filter sets were collected and pooled into 14 transects

(Fig. 2). The blank-corrected abundance measured as particle counts
ranged from 17 to 286 items m~°, with an average concentration of
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Fig. 2. Total (a) MP abundance per transect (b). MP mass concentration per transect estimated from the pFTIR analysis.
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103 + 86 itemsm™ > (Fig. 2a). In other words, all values were above the
calculated LOD but not all were above the LOQ. The highest counts were
in the transects from stations 9 to 12, while counts between stations 1 to
9 and 13 to 14 were below average. The highest concentration was found
in the transects north of the Copenhagen area (S1112).

The MP mass concentrations ranged from 0.6 to 84.1 pg m ™~ with an
average of 23.3 + 28.3 yg m ™2 (Fig. 2b). The mass concentrations were
distributed differently compared to the counts (Fig. 2a). Transect S0405
had the highest concentration, followed by transect S0910 and S1213. Nev-
ertheless, the transects 1 to 4, 5 to 9, and 13 to 14 had comparatively low
concentrations for both mass and numbers.

-3

3.3. MP composition

The MPs identified belonged to 21 polymer groups, of which 17 ac-
counted for <1 % each in terms of MP numbers. These were pooled into
one group termed “others” (Table S1). The 4 groups which each contrib-
uted >1 % of the total were polyester, PA, PE, and PP (Fig. 3). Polyester
was the largest group both in terms of counts and mass, followed by PP
and “others”. When it came to spatial distribution, the composition of
MPs varied between transects. A PCA was conducted to explore the differ-
ence between the transects further (Fig. 3c), but no clear grouping was
seen, indicating no obvious difference between transects based on the num-
ber and type of polymers.

The mass composition of MPs is addressed in Fig. 3b and d. The composi-
tion with respect to mass and counts differed considerably. Take SO809 as an
example: ‘others’ dominated by counts, while PE dominated by mass. The

PCA analysis shows that S0102 was an outlier compared with the rest of
the transects. The separation was mainly determined by ‘others’ (—0.58),
PA (—0.55) and polyester (0.52). This can be explained by ‘others’ dominat-
ing in S0102. Details on the PCA analysis are discussed in SI.

3.4. Size, shape, and weathering distribution of MPs in marine water

The major and minor dimensions of detected MP and their distribution
is shown in Fig. 4a. The minor dimension was calculated as the second di-
mension of the particle's equivalent ellipse (Simon et al., 2018). A total of
54 % of the MPs could be defined as fragments (major to minor dimensions
<3), while the rest were fibers. In terms of mass, the fragments accounted
for the same as the number fraction (54 %), while the fibers accounted
for the rest (Fig. 4b). The mean and median of all major dimensions were
140 and 86 pm, respectively, while those of the minor dimension were 34
and 26 pm, respectively. Small MPs <100 pm hence dominated the samples
(Fig. 4c and d) with 57 % of all MPs being less than this size. In terms of
mass, the small fraction constituted 4 % of the total MP mass in the studied
waters.

The size distribution per transect is shown in Fig. 4c and d (as well as
Fig. S2a and b), illustrating that sizes varied significantly between transects.
The largest sizes were found in S1011 while the smallest were found in the
neighboring transect S1213. The smallest size range was observed in
$1313, with all MPs being <200 pum (Fig. 4c). The most extensive major di-
mension range was seen in $1213, covering the size range 10-800 pm. The
occurrence of large particles in this transect led to a higher mass estimate at
moderate counts (Fig. 2).
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The carbonyl index of PE and PP differed between transects (Fig. 5a). PP were identified in some samples, while others held more (Fig. 5a). Pooling
in S1112 showed a much higher carbonyl index than in other transects. How- the data and looking at the carbonyl index versus particle size indicated
ever, the uncertainty of this assessment is large as few MPs of these materials that smaller particles tended to be more oxidized than larger ones (Fig. 5b).
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4. Discussion
4.1. MP pollution in Kattegat

The concentration of MPs down to 10 pm in the Kattegat and bordering
waters ranged from 17 to 286 items m ™3, with an average of 103 + 86
items m 3. These numbers are much higher than what Schénlau et al.
(2020) found, namely 2.59 items m 2 in Skagerrak and 14.32 items m >
in Kattegat. This difference is probably due to different sampling techniques
and analytical methods. Schonlau et al. (2020) used steel filters with mesh
sizes of 500, 300 and 50 pm for sampling, while stereomicroscopy and near-
infrared hyperspectral imaging of manual selected particles was used to
identify MPs and fibers. Smaller particles down to 10 pm were addressed
in our study, so it is reasonable that more particles were found, in accor-
dance with other studies that found an inverse relationship between size

and number (Zheng et al., 2021). Moreover, the identification of MPs was
conducted by imaging with an FPA detector and automated analysis of
the acquired image, which is likely to perform better in analyzing MPs,
especially the smaller ones, as the automatization reduces human bias. In-
terestingly, the concentrations in the Kattegat were quite like those re-
ported by Rist et al. (2020) for waters outside Nuuk, Greenland, where
67-278 items m > were found with a median of 142 items m 3. Rist
et al. (2020) employed similar sampling gear and filter sizes, and the
sample preparation and MP detection were similar. The mass concentration
of MPs ranged from 0.6 to 84.1 pg m ™ > with an average of 23.3 = 28.3 g
m~ 3, also corresponding to what Rist et al. (2020) found for Greenland
waters. In terms of mass concentration, MPs in the studied waters were
present at similar concentrations as many organic micropollutants,
e.g., pharmaceuticals and biocides, typically found in such waters
(Bollmann et al., 2019).
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It is evident that MP counts and mass show different patterns as few
large MPs can contribute much mass but few counts, and vice versa that
many small MPs can contribute many counts but little mass (Fig. 2), and
there is no simple relation between them (Fig. S2c). The highest counts
were found in S1112, while this transect had a mass concentration of
25.1 ug m~ 3, which is close to the mean of all transects. This illustrates
that MP counts do not give the full picture of MPs in a waterbody, and nei-
ther does MP mass. Depending on the goal of the study, one or the other, or
preferable both, should be stated when reporting MP concentrations
(Simon et al., 2018). The observation that there is no simple correlation be-
tween MP counts and mass was also highlighted by other researchers, for
example Pakhomova et al. (2022), who found moderate MP counts in the
Siberian Arctic (0.71 items m™ ), which corresponded to their lowest
mass concentration (0.6 pg m~3).

4.2. Polymer composition, shape, and size distribution

Polyester dominated in Kattegat and bordering waters, followed by PP
and PE. It seems, on the other hand, improbable that polyester should dom-
inate in surface water as it has a density significantly above that of seawater
(1.38 g cm ™3, Table S1). However, other processes may lead to them
staying in the water column, for example, mixing caused by wind where up-
wards velocities easily can exceed sinking rates (Wang et al., 2020a,
2020b). Other MP shapes would furthermore have even lower sinking
rates, and association with lighter-than-water materials, e.g., biofilms, as
well as particle agglomeration, might furthermore change the overall den-
sity and sinking velocity.

Moreover, polyester is the most common polymer produced for the
global market of synthetic fibers, accounting for over 50 % of fiber produc-
tion (Carr, 2017; Lima et al., 2021). Therefore, it is reasonable that it also
was the most common polymer type in our study. Findings on which poly-
mers dominate in marine waters vary, where some studies found polyester
to dominate (e.g., Jiang et al., 2020a, 2020b; Lima et al., 2021) while others
found other polymers to dominate (e.g. Enders et al., 2015). In wastewater
and in discharge from wastewater treatment plants, PP, PE, and polyester
often dominate (Horton et al., 2021; F. Liu et al., 2020; Rasmussen et al.,
2021; Roscher et al., 2022).

There is, on the other hand, no obvious reason why global or European
plastic use should be proportionally reflected in the marine waters of Katte-
gat as the pathways of discharged plastic might differ. Another thing worth
addressing is that the analytical threshold for detecting PE was set a bit con-
servative to avoid false positives when running siMPle. Partly to avoid other
MPs such as PP to be identified as PE, due to the scarcity of peaks in the re-
corded wave number region of PE spectra, and partly to avoid false PE as
described previously and illustrated in Fig. S1. As a result, the PE concentra-
tion probably is somewhat underestimated in this study.

As for the shape, fragments (54 %) dominated in our study, which cor-
responds to what Rist et al. found. It seems reasonable to find more frag-
ments when analyzing for small MP sizes because small fragments can
come from breakdown of larger ones as well as breakdown of fibers (Li
et al., 2021). Fibers, on the other hand, have been reported to be the most
common MP shape when sampling for larger MPs (Zhang et al., 2022).
This highlights the difference between sampling with a finer mesh size,
which often is done using pumps like in our study, versus sampling with a
coarser mesh size, which often is done using small trawl nets. The analytical
size quantification limit also matters in this context, as different analytical
methods have different lower size limits.

Based on the previous discussion, the size distribution plays a crucial
role in explaining the link between number and mass. In this study, rela-
tively large MPs were observed in S0405, S1011 and S1213. This might
be a result of the ocean currents in the area. Research has shown that the
anticyclonic circulation in the upper layer plays a prominent and persistent
role in the Kattegat (Nielsen, 2005). The anticyclonic circulation covers the
area from stations 1-4 and 6-9. MPs in these areas might have longer reten-
tion time and hence break down more. In the marine environment, the
smaller the size, the higher the probability that marine organisms will
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ingest these MPs, which will increase the potential risk it poses to the eco-
system (Margolis and Bushman, 2014). In this regard, the dominant size of
the MPs detected in this study (< 100 um) overlaps with the prey's size of
most common plankton feeding marine organisms (7-150 pm) (Hansen
et al., 1994) posing a potential risk to marine organisms. On the other
hand, the generally low concentrations detected in this study are likely to
represent a minor impact to the pelagic food web (Rist et al., 2020).

4.3. Aging of MPs

The carbonyl index of olefins can in principle give information on the
how close a sampling point is to a source as weathering in principle is
time dependent when assuming a constant environment. If this holds
true, the transects with larger-sized and less weathered MPs should be
closer to their sources. In other words, S0102, S0506, S0708, S0809 and
S0910 should be closer to their MP source. The map (Fig. 1) shows that
these transects are close to the terrestrial environment, but not necessarily
to densely inhabited areas. Furthermore, S1112 had a higher carbonyl
index than S1213, which is counter to the argument that a longer travel
time from the source leads to higher carbonyl index. In general, there was
no clear trend that the carbonyl index could be used as suggested above.
Why this was the case can only be speculated on. What seems the most ro-
bust information to be obtained from the aging of the MPs is that smaller
MPs tended to be more oxidized than larger ones. The reason is likely
that weathering causes larger items to fragment more readily, leaving the
fingerprint of oxidation more pronounced in the small particles. Hence it
might mainly give information on the fate processes and less so on the
closeness to their source.

4.4. Spatial distribution of MPs

The abundance of MPs showed spatial differences, as displayed in
Fig. 2a: the number concentrations (counts) between stations 1 and 9
were substantially lower than those between stations 9 and 12. A possible
explanation can be that the storm- and wastewater discharge from the
land bordering transects 1-9 is much lower than it is from the densely pop-
ulated @resund region, including Copenhagen and Malmo (Fig. S3), which
border transects 9-12.

Assuming somewhat simplistically that an inhabitant discharges the
same amount of MP to the marine environment irrespectively of where
that person lives yields that ‘Hovedstaden’ (station 9 to 12) (Fig. S3) will
discharge 10 times more than Nordjylland (station 1 to 3), and 7 times
more than ‘Midtjylland’ (station 3 to 5) and ‘Sjeelland’ (station 6 to 9). In ad-
dition, the Swedish side also contributes significantly by its roughly 1.4 mil-
lion inhabitants. In comparison, our study indicated that MP abundance in
waters bordering ‘Hovedstaden’ was 7 times that of ‘Nordjylland’, and 4
times that of ‘Midtjylland’ and ‘Sjeelland’. While this is not a perfect agree-
ment, it indicates that the population centers affected the level of MP pollu-
tion of the studied marine environment.

4.5. Potential origins of MPs

One pathway for MPs to reach the marine environment is by urban
wastewater and stormwater discharges. Danish and Swedish urban water
management is quite similar, and it is reasonable to assume similar waste-
water effluent MP content and volume per capita for all land areas border-
ing Kattegat. The Danish wastewater production in 2019 was 720 million
m3 (Frank-Gopolos et al., 2021), of which ‘Hovedstaden’ (Fig. S3) ac-
counted for roughly 225 million m®. On top of this comes the Sweden
with its around 1.4 million inhabitants, contributing roughly 164 million
m? per year, which adds up to an annual discharge of treated wastewater
of 389 million m® to the waters bordering transects 9-12. Assuming an
MP concentration in treated effluent of 2390 pg m~> (Rasmussen et al.,
2021), leads to an annual discharge of 0.93 tons of MPs. On top of this
comes discharges via combined sewer overflows, MPs discharged via sepa-
rate stormwater, and MPs discharged via sewage illicitly connected to
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storm drains. While the amount discharged during storm events is not well
known, the phenomenon can be illustrated by the findings of Hitchcock
(2020) who sampled at high frequency before, during, and after a heavy
storm event that caused flooding in the Cooks River estuary, Australia. He
showed that MP abundance increased from 400 particles m~> before the
event to up to 17,383 particles m ~* after the event (Hitchcock, 2020). No
data exist on the MP content of combined sewer overflow, while the total
overflow volumes are known at least for Denmark, namely 34 million m®
in 2019 (Frank-Gopolos et al., 2021). While this is only 5 % in addition to
the treated wastewater, the MP content is likely to be substantially higher.
The MP content of urban stormwater discharges is also poorly known. For
stormwater treated in retention ponds, Liu et al. (2019a, 2019b) found on
average 231 pg m~ 3. However, in Denmark only 56 % of stormwater is
treated, and raw stormwater likely holds many times this amount. Finally,
storm sewers commonly receive illicitly connected raw wastewater,
which estimates have set at 1 %-5 % of all wastewater produced in a
well-designed separate sewer system. As raw wastewater contains maybe
50-100 times more MP than treated wastewater (Rasmussen et al., 2021;
Simon et al., 2018), this means that this source alone could double the
MPs discharged via wastewater.

Another factor contributing to the elevated concentration to the region
is the water from the Baltic Sea. The annual average outflow from the Baltic
Sea is around 475 km® per year, of which about 190 km® per year goes via
@resund. According to Kreitsberg et al. (2021) and Uurasjarvi et al. (2021),
it contains between 33 and 700 items m ~>. Even though these studies used
different methods for sampling and analysis, and the results hence are not
directly comparable, they still show that the Baltic Sea effluent contributes
to the abundance of MPs in the @resund area.

Apart from the water-borne MPs, the marine environment also receives
an unknown number of air-borne MPs (Aves et al., 2022; Bergmann et al.,
2019). Their abundance depends on the regional anthropogenic activities,
population density, and waste disposal and management practices (Henry
et al., 2019). Liu et al. (2019a, 2019b) showed in their study that air-
borne MPs with consistent morphology and composition, had high abun-
dance in the atmosphere along the coasts (0.13 = 0.24 items m ) as op-
posed to the pelagic area (0.01 + 0.01 items m™>), which indicated
significant atmospheric transport of MPs to the marine environment
(K. Liu et al., 2019b). In other words, the closer to terrestrial systems, the
higher the MP concentration.

It is evident that there are many uncertainties and unknowns with re-
spect to the MP load on the Kattegat. In addition, sinks to the sediment com-
partment are unknown, meaning that not all discharged MPs are
represented by the sampled water. Having these many uncertainties in
mind, a back-of-the-envelope mass balance can nevertheless be performed:
The water of the @resund area held on average 17.8 pg m > and the net
water flow into Kattegat is 190 km?® per year. This yields an estimated an-
nual flux into Kattegat of 3.38 tons. The annual MP mass discharged with
treated wastewater can be estimated to 0.93 tons. Assuming doubled contri-
bution (discussed before) from stormwater including illicitly connected
wastewater and from combined sewer overflows, the contribution from
all urban water yields a total mass of 2.79 tons, i.e., around 80 % of the
calculated flux into the Kattegat. While the concrete numbers are highly
uncertain, this estimate still shows that urban storm- and wastewater dis-
charges are likely to be a non-negligible contribution to MPs in the waters
of Kattegat.

4.6. Limitations and perspectives

In this study, the abundance, distribution, composition, and aging of
MPs in Danish marine surface water was explored, and the measured con-
centrations related to population density and associated polluted water dis-
charges. However, MPs are also found in marine sediment, which was not
covered in this study. The attempt at a simplified mass balance assumed
that the MPs discharged by polluted urban freshwater stay in the water
and do not accumulate in the sediment. This is probably only partially cor-
rect. It furthermore assumed that MPs in the marine environment are
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distribute evenly in space and time, which is another assumption not ad-
dressed. Finally, the contribution from other sources such as atmospheric
deposition was not covered. To establish a solid mass balance, all these
and more aspects must be covered, and the knowledge gaps filled.

5. Conclusion

No relationship was identified between MPs measured as number ver-
sus mass concentration. Stating the MP concentration of a waterbody by
just one of these measures will consequently not give the full picture of
how MPs were distributed herein. The most abundant MP polymer type
was polyester, followed by PP and PE, with no systematic trend between
stations. MPs of sizes <100 pm dominated in both terms of numbers and
mass. For the polymer shape, fragments dominated in both number and
mass concentration. The aging of polyolefins did not show any systematics
with respect to distance to sources. The carbonyl index versus particle size
indicated that larger particles (100-300 pm) tended to be less oxidized than
smaller ones (10-100 pm) with the smaller particles also showing the
highest carbonyl indices. MP levels tended to be the highest close to the
large metropolitan center around @resund. A rough estimate showed that
wastewater and stormwater from the region could account for a significant
fraction of the MPs in the water entering Kattegat. Consequently, urban
water-borne MPs cannot be neglected when assessing the MP content of
this waterbody.
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ABSTRACT

Two analytical protocols — both in active use at different laboratories — were tested and compared up
against each other. The matrix was water from the Danube River, and the method of chemical
identification was UFTIR imaging. Besides that, the MP isolation protocol differed, the substrate on
which the imaging was done differed, as did the instruments and their settings. For the latter, the first
instrument had a nominal pixel resolution of 5.5 pm while the second had a nominal resolution of 25
um. The two protocols led to different MP abundance, MP mass estimates, not MP characteristics.
Only looking at MPs > 50 pum, the first protocol showed a higher MP abundance, namely 418-2571
MP m™ with MP mass estimates of 703—1900 pg m™, while the second protocol yielded 16.7-72.1
MP m™ with mass estimates of 222439 ug m™. Looking deeper into the steps of the protocols showed
that the MP isolation process contributed slightly to the difference in the result. However, the
variability between individual samples was larger than the difference caused by the protocols.

Somewhat sample-dependent, the use of two different substrates (zinc selenide windows versus



Anodisc filters) caused a substantial difference between results. Finally, the pFTIR settings and

nominal resolution caused significant difference in identifying MP size and mass estimate.

Key words: Microplastics, Protocols, Comparisons, FTIR, MP isolation



1 Introduction

Microplastics (MPs) are particles between 1 pm and 5 mm in size, made from or containing
significant amounts of manmade or man-modified polymers. They received much attention over the
last decade due to their potential adverse effects on biota through bio-uptake and their potential to
enter the food web (Mcllwraith et al., 2021; Huang et al., 2021; Khalid et al., 2021). The risk of
impacting humans via food, drink, and air (Rahman et al., 2021) has further contributed to this
attention. MPs have been studied in many environments, for example, terrestrial systems (Rezaei et
al., 2022; Corradini et al., 2021), rivers (Yin et al., 2022; Zhang et al., 2022), lakes (Bertoldi et al.,
2021; Molazadeh et al., 2023; Xiong et al., 2022), potable water (Béuerlein et al., 2022; Nizamali et
al., 2022), and marine systems (Eo et al., 2021; Simon-Sanchez et al., 2022; Yuan et al., 2022). The
bulk of the studies were conducted in the marine environment, while studies on rivers, which are the
focus of the present study, have been intensified recently, partly because they convey MPs to the

marine environment (Blettler et al., 2018).

Quantification of MPs in complex environmental systems has long been challenged by a lack of
method harmonisation (Lusher et al., 2020; Primpke et al., 2020a; van Mourik et al., 2021), which
has led to discrepancies between results. One cause for poor comparability between the results of
different studies lies in differences in MP extraction protocols and detection methods. Focusing on
river water, the simplest possible MP extraction protocol is to filter the water and identify MPs in the
filter residue without any further treatment (Barrows et al., 2018; K. Zhang et al., 2015). The filtrate
will contain both MPs and natural materials, of which the latter typically dominate in river water. To
minimise misidentification, it is hence often chosen to reduce the amount of natural material prior to
chemical analysis. This is commonly divided into steps removing natural organic material and steps
removing inorganic particles. Density separation is widely used to remove the latter, applying

solutions of chemicals such as sodium chloride (NaCl) (Lin et al., 2018), sodium iodide (Nal)



(Katsumi et al., 2022), zinc chloride (ZnCly) (Jiang et al., 2019, Liu et al.,, 2019a), sodium
polytungstate (SPT) (Weber and Kerpen, 2022), and lithium metatungstate (Eo et al., 2019). The
density of the solution is typically 1.2-1.8 g cm™ (Tirkey and Upadhyay, 2021). As some plastics are

heavier than others, this leads to differences in which plastic types can be efficiently separated.

A common way to reduce the natural organic material prior to chemical MP analysis is hydrogen
peroxide (H202) digestion. Varying concentrations have been used, typically 10-35% final
concentration and applying temperatures of 20-100°C (Thomas et al., 2020; Phuong et al., 2021).
High temperatures will, however, also affect some plastics, and is hence not advisable. Hydrogen
peroxide oxidation alone will furthermore only remove part of the organic matter, and enzymatic
digestion is hence commonly included to break down specific substances (Loder et al., 2017). Some
studies applied both density separation and organic matter digestion (G. Wang et al., 2020), while
some studies used only one of them (Zhou et al., 2020). This outlines some major differences in
common sample preparation protocols. In practice the differences between protocols are even larger,
leading to significant differences in extraction efficiencies, recovery rates, and the amount of residual

material, which can hamper chemical analysis.

Upon sample preparation, extracts are analysed by a variety of methods (Huang et al., 2022;
Prepilkova et al., 2022; Primpke et al., 2020a). Among the methods allowing chemical identification,
FTIR (Fourier-transform infrared spectroscopy), Raman spectroscopic, and Pyrolysis GC-MS are the
most common. FTIR, the approach used in the present study, can be divided into two main groups:
approaches that target particles one by one, and approaches that create hyperspectral images, which
then are interpreted (Primpke et al., 2017, Valls-Conesa et al., 2023). The latter is used in the present
study. The extract, or a sub-sample here of, is transferred to an IR-suited substrate on which it is
scanned. Substrates are either IR-transmissive filter membranes, IR-transmissive windows, or IR-

reflective slides. Research on the pros and cons of different substrates is currently limited. Many



researchers prefer filters as it limits the chemical residue. Many have used aluminium oxide
membranes (Anodisc, Whatman) and found they work well within the spectral range from 3,800 to
1,200 cm™ (Loder et al., 2015). The limited spectral range is, however, a drawback, and silicon
membranes have been proposed to circumvent this issue (Képpler et al., 2015). While the spectral
range benefit is obvious, silicon membranes are still not widely used. Another way to get around the
limited spectral range is using IR-transmissive windows, such as done by e.g., Simon et al. (2018).
Windows, on the other hand, have the drawback that the extract must be free of dissolved organic

compounds, which otherwise can interfere with the analysis.

Going further into the FTIR hyperspectral imaging, which is the technology chosen for the present
work, two main technologies are in use: Those using 2-dimensional focal plane array (FPA) detectors
versus those using linear array (LA) detectors. The FPA detector creates an nxn array of spectra,
typically with n=16, 32, 64, 128, or 256. A linear array creates a 1xn array of spectra, often with n=16.
The detectors are constructed differently and hence have different pros and cons. Both detectors create
hyperspectral maps where each pixel is represented by an FTIR-spectrum. The spatial resolution
depends on the instrument and its settings. To interpret the images, which sometimes consist of quite
many individual spectra pixels, requires an automated approach. As an example, Kirstein et al. (2021)
analysed approx. 9.4 million spectra per hyperspectral image. This can be done in several ways,

typically based on some type of machine learning (Primpke et al., 2020b; Wander et al., 2020).

The above illustrates that the variation in MP analysis approaches is quite large and consists of quite
many elements which all can affect the outcome. Making a comprehensive comparison of all possible
variations seems insurmountable. Instead, the present study takes a pragmatic approach by comparing
two analytical pipelines which are in place and routinely used by two different laboratories. One at
Aalborg University, Denmark, and one at Eurofins Analytical Services, Hungary. It investigates the

impact of two different MP isolation processes, two different IR scanning substrates, and two



different FTIR microscopes. The pipelines were tested on artificially spiked water samples and on

environmental samples from the Danube River.

2 Materials and Methods

2.1 Sampling

The sampling was done in Budapest, 47.561N, 19.070E, in the Danube River, Europe's second-
longest river (2,857 km) after the Volga and one of its most important water systems (Manoiu &
Craciun, 2021). To ensure a representative river water sample, samples were collected by on-site
pressurized fractionated filtration (by pump) on four occasions between 15" October and 29"
November 2021. There were at least 10 days kept between consecutive samplings. The filtration
apparatus applied three stainless steel filters coupled in series (300, 100, and 50 um) (Bordos et al.,
2021), collecting in total (during the four sampling) 14.5 m* of water. Upon collection, the material
from all filters and all samples were mixed into one composite sample. Additionally, Danube River

water (around 5 L) was collected into glass bottles during each sampling to be used for recovery tests.

The particles from the composite samples were transferred from the filters into a 2 L beaker, and
filtered through a 50 um sieve, resulting in a total concentrated volume of approx. 1 L. The
concentrate was divided into 12 subsamples by taking aliquots of 5 mL while stirring the sample,
until all concentrate was divided. The subsamples were divided into 4 groups (Fig. 1). Three were
processed following a protocol developed at Aalborg University (Protocol A); three were processed
following a protocol developed at former Wessling Hungary Kft., now Eurofins Analytical Services
Hungary Kft (Protocol B); three were used to conduct recovery tests on Protocol A; while the

remaining three were used to conduct recovery tests on Protocol B (Fig. 1).
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2.2 MP isolation processes
2.2.1 Protocol A

Protocol A included multiple enzymatic and oxidative steps using a 10 um stainless steel filter
between steps (Rist et al., 2020). In short, the sample was first incubated with protease and cellulase.
After that, a Fenton oxidation was done to remove remaining organic matter, followed by a size
fractionation with a 500 um sieve. The particles >500 um were dried for analysis, and the fraction
containing small particles <500 um went to density separation with zinc chloride at 1.70-1.80 g cm™
to remove inorganic particles. The extracted samples were concentrated, stored in 10 mL vials,
evaporated, and finally filled with 5 mL of 50% ethanol to achieve a known reference volume. The
extracts were homogenised on a vortex mixer, subsamples taken with a disposable glass capillary
pipette (50/100 puL) and deposited on @ 13%2 mm zinc selenide (ZnSe) windows (Crystran, UK) held
in a compression cell (Pike Technologies, USA). The windows were dried at 50°C and visually
inspected under a stereo microscope to check if they were sufficiently loaded by particles or more
aliquots had to be deposited for the FTIR scan. Three windows were prepared and analysed for each

sample.
2.2.2 Protocol B

Protocol B included density separation and oxidation (Maéri et al., 2021). A small-volume glass
separator developed by Eurofins Analytical Services Hungary (Mari et al., 2021) was employed for
density separation with zinc chloride (1.60-1.70 g cm™) and the floating part oxidised with hydrogen
peroxide (30%) on a laboratory hot plate at 80°C for 1 h at 450 rpm without any catalyst. Then the
whole sample was filtered onto Whatmann Anodisc aluminum oxide membrane filters (@ 25 mm;

pore size 0.2 pm, GE Healthcare, United Kingdom).

2.3 MP identification



The identification of MPs in the concentrates for both protocols was conducted by micro—FTIR

spectroscopy (LWFTIR). However, the detectors, manufacturers, and sample substrates differed.
2.3.1 MP identification by Protocol A

The ZnSe windows of Protocol A were scanned in transmission mode at a pixel resolution of 5.5 um
using a Cary 620 FTIR microscope equipped with a Cary 670 IR spectrometer (Agilent Technologies).
The microscope used a 15x Cassegrain objective and a 128%128 FPA (Mercury-Cadmium-Telluride)
imaging detector. The image was created by 30 co-added scans per sample, while the background
was acquired by 120 co-added scans. The spectral resolution was 8 cm™ and the wavenumber range
3750-850 cm™. A single scan of the entire active surface at these settings took around 5 hours,

resulting in a total of 15 hours scan-time for the 3 windows.

All larger particles >500 um were selected, and further imaged using a stereoscopic microscope
(ZEISS, SteREO Discovery.V8) with Axiocam 105 colour camera and max. 8x magnification. Then,
the selected MPs were analysed with a Cary 630 FTIR from Agilent Technologies equipped with a
diamond attenuated total reflection (ATR) and the spectra interpreted with the software OMNIC
8.2.0.387 (Thermo Fisher Scientific Inc., version 1). The software ZenCore (Zen2Core SP1 from
ZEISS) was used to quantify the particle's area, minimum, and maximum Feret diameter (Chand et

al., 2021).
2.3.2 MP identification by Protocol B

The Anodisc membranes of Protocol B were placed on the top of a CaF, window and scanned in
transmission mode at a pixel resolution of 25 um by a Thermo Scientific Nicolet iN10MX FTIR
microscope using a 15x Cassegrain objective and a 2x8 (Mercury-Cadmium-Telluride) linear

detector. The spectral resolution was 8 cm™ and 4 scans were co-added per pixel, covering the



wavenumber range 4000-1250 cm™. At these settings, analysing the entire active surface of one such

membrane took around 10 hours.
2.3.3 Comparing the chemical identification

To compare the performance of substrates, Protocol B samples were scanned on both Anodisc filters
and ZnSe winodws. In details, after analysing the samples with Anodisc filters, the Anodisc filters
were placed in three beakers (one per filter) with 50% EtOH and sonicated for 5 minutes, separately.
The particles on the Anodisc filter were flushed into the beaker and evaporated into 10 mL vials, upon
which 5 mL 50% ethanol was added. After that, all these sample were analysed using ZnSe windows
as substrates as described in section 2.2.1. The subsamples (12-14%) were deposited on ZnSe

windows and scanned by the Cary FTIR microscope using the previously stated instrument settings.

To compare the effect of FTIR settings, three windows loaded with Protocol A sample and another
three windows loaded with Protocol B were scanned by both the Thermo Scientific Nicolet INIOMX

(Nicolet) and the Agilent Cary (Cary) FTIR microscope.
2.4 Data analysis

The hyperspectral images created by the pFTIR imaging were analysed with the software siMPle
(Primpke et al., 2020b). siMPle was created in collaboration between Aalborg University, Denmark
(Liu et al., 2019) and Alfred Wegener Institute, Germany (Primpke et al., 2017). It compares each
pixel of the hyperspectral image to a reference library and creates 2D particle images based here on.
It can run with two analytical pipelines, where the current study used the one described in Liu et al.
(2019). Detailed information on the library and applied thresholds is given in Table S1. The outcome
of the analysis is a list of particles (plastics as well as non-plastics) with associated morphological
parameters and polymer types. Particle mass is estimated according to Simon et al. (2018), that is,

from the volume of the equivalent ellipsoid and the specific density of the polymer. In short: The



measured area of the particle’s 2-dimensional projection and its maximum Feret diameter (its length)
is used to calculate the width of the equivalent ellipse. The 3™ dimension of the equivalent ellipsoid
is estimated as 0.6 times the width of the equivalent ellipse. This yields a volume estimate, which is
used to estimate mass by multiplying with the density of the particle’s material type. Fibres were
defined as MPs where the ratio between major and minor Feret diameters was larger than 3 (Cole,

2016).
2.5 Contamination and quality control

Cotton lab coats and nitrile gloves were worn to minimise contamination during sample preparation.
All work was done in a Scan-Laf Fortuna Clean Bench (Labogene), and the samples were covered
with aluminium foil during the whole process. For Protocol A, all glassware and filters were muffled
at 500°C for 3 hours. Chemicals were filtered through 0.7 pm glass fibre filters before use. For
Protocol B, glassware was flushed with filtered water before use. Some contamination was though
unavoidable, and three blanks were conducted for each protocol to assess its magnitude. Blanks were
analysed using water filtered through 0.7 um glass fibre filters and following the same protocols as

the samples.

Limit of detection (LOD) and limit of quantification (LOQ) were calculated from the value of blanks.
In line with recommendations by Association of Official Agricultural Chemists (AOAC
International), LOD was defined as the mean of blanks plus 3.3 times the standard deviation of blanks,
and LOQ was defined as the mean of blanks plus 10 times the standard deviation of blanks (Horton

etal., 2021).
2.6 Recovery test

Recovery experiments were conducted to test the performance of the protocols. An artificial matrix

was prepared to simulate the analysed samples. It comprised: Bulk Danube River water (1 L), 50 mg



microcrystalline cellulose (MCC, Sigma-Aldrich Corporation), and sediment from the density
separation of subsamples described in section 2.1. Danube water (section 2.1) was not MP free, and
the MP background concentration hence calculated after the analysis of the environmental
subsamples (section 2.1); i.e., the measured Danube water concentration was subtracted from the
recovery results when calculating recovery rates. MCC was added to better model Danube water with
higher suspended solid concentrations experienced during previous sampling campaigns (Mari et al.,

2021).

Four different types of MP standard particles (20 particles of each type), having different shapes
(fragment and fluorescent spherical), polymer types (polyethylene (PE) and polyethylene
terephthalate (PET)), and densities (0.95-1.37 g cm™) (Table 1), were selected and spiked into 1 L
artificial matrix. To better represent environmentally occurring MPs (Bannick et al., 2019), the
particles were incubated for two weeks at room temperature and moderate stirring in Danube River
water. Three such spiked samples were processed by Protocol A, and three by Protocol B. After
sample preparation, the samples were filtered onto steel filters (Protocol A) or Anodisc filters
(Protocol B). MPs were initially counted under an optical microscope (Dino-Lite Edge AM4115TL,
10-140x magnification) illuminated with UV light (OP UV LED, 365 nm) to identify beads. After
the quick recovery measure of fluorescently labelled standard beads, samples were analysed by
UFTIR to determine the recovery of fragments as well. Because there is an overlap in the size range
between spherical PE (90-106 um) and fragment PE (100-300 pum), during recovery analysis with the
FTIR, all PE particles from 90 to 300 um were selected. This includes both spherical and fragment
PE. To calculate the recovery for fragment PE, the number of PE beads identified by UV light were
subtracted from the whole PE count. As for the fragment PET, only particles from 100 to 300 um
were selected during recovery analysis with the FTIR, as that was the size range of standard PET

used.



3 Results and Discussion
3.1 Comparison of MP results

3.1.1 Blanks

MPs of six different polymer types were detected in the blanks: acrylates, polyethylene (PE),
polyester, polypropylene (PP), polystyrene (PS), and polyurethane (PU) (Fig. 2(a)). Among these,
only PE was found in Protocol B blanks, while all were found in Protocol A blanks. It is worth
mentioning that more particles were detected in Protocol A blanks than in Protocol B blanks (Fig.
2(a)) while the average estimated mass of MPs in Protocol B blanks (6.9 £11.5 mg) was higher than
in Protocol A blanks (0.4 +£0.3 mg) (Fig. 2(b)). It must though be noted that the higher mass in
Protocol B mainly originated from the finding of a single large PE particle, and the uncertainty on the
Protocol B mass estimation hence is large. Protocol A blanks contained MPs in the range of 12.5—
16.7 items, with an average of 13.9 £2.4 MPs (Table S2). As a result, the LOD and LOQ of Protocol
A blanks became 21.8 and 37.9 MPs per sample preparation, respectively. Protocol B blanks
contained 0—1 MPs, which lead to an average of 0.7 +0.6 MPs. Hence, the LOD and LOQ of blanks
B became 2.6 and 6.4 MPs per sample preparation, respectively. The LOD and LOQ calculations
were based on the total number, even though the LOD and LOQ differed between polymer types, it
was chosen only to calculate them for the total number of MPs as the numbers in the blanks were too

low to yield meaningful LOD and LOQ values per polymer type.

It seemed that Protocol B had less contamination than Protocol A. However, Protocol A identified
smaller MPs in its blanks than did Protocol B. The reason is partly that the instrument used in Protocol
A had a lower size detection limit, and hence could identify smaller particles. The two protocols also
applied different wavenumber ranges, namely 3750-850 cm™ (Protocol A) and 4000-1250 cm’!
(Protocol B). This means that Protocol A covered a larger part of the ‘fingerprint’ region, hence it

potentially achieving a more secure identification.



(a) (b) 20000
151
= 150001
= 7
g 2
] o
5 10 g
2} 4
E % 10000
2 2
2 %)
=9
)
a5
= = 50001
0 01 —
Al A2 A3 Bl B2 B3 Al A2 A3 B1 B2 B3
c (d)
© 25001 23714 | <50 2000 1900.0
B >=50
7 'S
|
i & 1085.2
= = .
3 1164 z 1000
& 1000 S 702.7
=
500- 417 6 m 2001 3637 3510
7.5 72.1 16.7
N 0.*7:5 09" o.0ls. o
Al B2 B3 Al

Figure 2 (a) MP number and (b) MP mass concentration of Protocol A and B in Blanks. (¢) MP
number and (d) MP mass concentration estimates based on uFTIR analysis of Protocol A and B in
Danube River water.

3.1.2 MP concentration in River Danube

In the river water, Protocol A detected more smaller MPs, with MPs <50 um accounting for around
30% (Fig. 2(c-d)), despite the fact that the smallest sampling mesh size was 50 um. These small MPs
might be a result of aggregation and filter cake formation during the sampling process (Lorenz et al.,
2019). Another possibility is that MPs break down during the isolation process because a magnetic
stirrer was used to homogenise samples during processing. The stirring might, to some extent, have

contributed to the breakdown of particles. Since sampled particles in theory should be >50 um (based
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on the applied smallest mesh size), and to allow for better comparison between the instruments as
they used different lower size detection limits, the following discussion is based on particles >50 um
(major dimension), unless otherwise explicitly stated. The LOD and LOQ in this size range became
13.49 and 29.61, respectively. Protocol A samples held 418-2571 counts m~, with an average of 1184
+1204 counts m™ (Fig. 2(c)). This is significantly above what was reported in a previous study, which
found a maximum of 141 counts m™ in the Austrian part of the Danube (Lechner et al., 2015). The
difference can partly be explained by the lower size detection limit of that study (500 um), and maybe
also by differences in sample preparation and analysis. Protocol B detected a much lower abundance
than Protocol A, namely 16.7—72.1 counts m™, with an average of 45.4 £27.7 counts m™. This means
the MP abundance measured by Protocol A was 26 times above that of Protocol B, revealing
significant differences in the outcome of the two protocols. It is worth mentioning that a similar ratio

was seen between Protocol A and B blanks.

The MP mass concentration determined by the two protocols also showed some difference, but not
as pronounced as for the MP abundance (Fig. 2(d)). This illustrates the necessity to include both
number and mass concentrations when monitoring MPs in the environment. Just one measure does
not yield the full picture. In summary, Protocol A held an MP mass of 7031900 pg m™, with an
average of 766 £615 ug m>, while Protocol B held an MP mass of 222-439 pg m™, with an average
of 338+109 ug m>. The mass concentration obtained by Protocol A was hence around 2.5 times

higher than that of Protocol B.
3.1.3 Composition, size, and shape of MP

The distribution of MP polymer types in the Danube water differed when viewing the results as counts
and mass (Fig. 3(a-b)). It also differed between the two protocols. For the relative proportions of MP

counts, PE dominated in Protocol A samples, while PP and PE dominated in Protocol B samples. The



relative proportion of MP mass showed that PP dominated in Protocol A samples, while PVC

dominated in Protocol B samples.
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Size connects number and mass as explained in section 2.4., and size distribution can explain why

number and mass data yielded different result. Most of the big particles, equalling large mass, were

found in Protocol B samples (Fig. 3(c)). This means the same number of MPs in Protocol B samples

weighted more than those of Protocol A, and it can explain why less difference was found between



mass concentrations than between number concentrations. This also indicates that Protocol B was
better at extracting larger particles than smaller ones. The shape of the MPs — characterised as the
ratio between major and minor Feret diameters — were similar between the protocols (Fig. 3(d-e)),

with fragments dominating for both.

A Principal Components Analysis (PCA) based on the major dimension, polymer type, mass, and
shape (fibre, fragment), showed that there were overlaps between samples and protocols (Fig. S1)).
It showed that the two protocols led to differences in number and mass concentrations but not in MP

characteristics (polymer type and particle shape).

To explain the difference between the protocols, their individual steps, covering MP isolation
processes, substrates, and FTIR settings, were examined. The Protocol A and B followed different
MP isolation processes, used different substrates (ZnSe windows and Anodisc filters), and had
different FTIR settings (pixel size and spectrum range) (Fig. S2). There were also more subtle
differences between the protocols, for example the number of coadded scans, and the number of scans
used to create the background for the FTIR analysis. All these differences will affect the outcome of

the analysis.

3.2 Recovery

As mentioned in Section 2.6, the beads were counted under an optical microscope illuminated with
UV light, while the fragments were identified with pFTIR imaging. Comparing recovery rates of the
beads versus fragments it must hence be considered that the beads covered the effect of the isolation
protocols, while the fragments also covered the effect of substrates and FTIR settings. It furthermore
turned out that the matrix for the recovery tests caused problems for Protocol B as the MCC
(microcrystalline cellulose) was not digested and left a cake on the filters (Fig. S3). An additional

cellulase step hence had to be included to allow these samples to be analysed.



In summary, Protocol A got a higher recovery rate than that of Protocol B. For Protocol A, the bead
recovery was 87+2%, and the difference in recovery rate between the two bead types was not
statistically significant (85+5% and 88+6%, respectively) with low standard deviation. PE fragments
were recovered at a rate significantly above 100%, and with a quite high standard deviation
(177+£62%). PET fragments were recovered at rates like the PE beads, but with a quite high standard
deviation (83+43%). The increase in PE fragments might be caused by fragmentation, which also
could explain the high standard deviation. It is though unclear what caused the high standard deviation
for PET fragments. The substantial difference between fragment recovery and bead recovery shows
that the type of standard particles and the identification method might affect the assessment of a
protocol’s extraction efficiency. The overall recovery of beads, however, corresponded well with

what Liu et al. (2023) found (90+1%) for marine waters using a similar protocol.

For Protocol B, the total beads recovery rate was 58+4%, which corresponded with what Mari et al.
(2021) achieved (64+29%) for the same protocol, using somewhat larger beads than the present study.

However, here the recovery of fragments (42+6%) was lower than for beads.

The results indicated that MP isolation processes cannot explain all the difference between Danube
samples analysed by the two protocols (Fig. 2), but it is a significant contributor. The bead recovery,
done by stereo microscopy and hence not affected by potential biases caused by the FTIR analysis,
was slightly better for Protocol A than B, and slightly more consistent. The difference was however

not huge compared to the variability between individual samples (Fig. 2).
3.3 Substrates

The substrate on which samples are scanned might affect the outcome of the analysis. On the Anodisc
filters, 16.7-72.1 counts m™ (average: 45.4+27.7 counts m™) were found, while 175.8-332.8 counts

m™ (average: 247.7+79.3 counts m™) were found on the ZnSe windows (Fig. 4(a) and (b)). For mass
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estimates, scanning on Anodisc filters yielded 222.4-439.3 pg m™ (average: 337.6£109.1 pg m™),
while it on ZnSe windows yielded 151.2-646.2 pg m™ (average: 300.8 £300.0 pg m™). Part of the
reason why the mass was approx. the same on both substrates while the counts differed, was that the
particles identified on the Anodisc filters appeared larger (Fig. 4(c)). Part was caused by the mass

estimation algorithm of siMPle, which assumes the thickness of the particles being proportional to



the width of the equivalent ellipse. As volume and hence mass comes in the third power of particle
dimension, a small increase in particle size leads to a large increase in estimated mass. A contributing
factor for the fewer but larger particles identified on the Anodisc filters was that there was a higher
tendency for particles, plastics and natural ones, to agglomerate on the filters versus the ZnSe
windows (pictures of the filters and windows are shown in Fig. S4). On the other hand, scanning with
an FPA-FTIR on ZnSe windows tends to create an ‘IR-halo’ around a particle, making it seem larger

than it is. This phenomenon is less pronounced for Anodisc filters.

As mentioned in section 2.3, compared with Anodisc filter, ZnSe only allow the scan of subsamples
to avoid overlap between particles, and that subsampling for scanning will introduce an unknown
uncertainty into the above discussions and conclusions. Nevertheless, it seems clear that the choice

of substrate might well affect the quantification of MPs.

3.4 The effect of FTIR setting

The type of uFTIR imaging systems and the settings it is operated at also affect the results, as
illustrated in Fig. 5(a). The windows prepared following Protocol A (windows 1-3) yielded 2-3 times
more MP when scanned with the Cary FTIRs compared to the Nicolet FTIR, while the windows
prepared following Protocol B (windows 4-6) yielded somewhat comparable results when scanned
with the two systems. In further detail, windows 1, 2, 3, and 6 yielded more MPs when scanned by
the Cary FTIR compared to the Nicolet FTIR, while the Nicolet FTIR yielded more MP mass for
windows 2, 3, 4, and 5. These MP number and mass differences might be related to the distribution
of the particles on the windows, how crowded the windows were, and potential overlap of particles.
For the windows 4-5 there was no big difference between the results obtained by the two systems,
which might relate to the fact that only around 10 MPs were identified on each window, and that they

hence were quite well separated. However, for the windows with many MPs (window 1-3 with around
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100 MPs each), the MPs lay closer to each other and the differences in pixel resolution of the two
systems (5.5 um versus 25 pm) made it more likely that two particles close to each other were
identified as one. This also affects the mass estimate, as it assumes a thickness of the MP proportional
to its size. As particle mass depends on the product of its three dimensions, one large particle of a

certain area would hence yield a higher mass estimate than several smaller particles which together



have that area. A further cause for potentially identifying particles as being larger (or smaller) than
they are, is that particle size comes in steps related to the pixel resolution: The smaller the pixel size

compared to the particle size, the more accurate the particle boundary can be defined.

3.5 Balancing pros and cons

It seems unlikely that any of the two protocols yield the absolute truth of MP content in the samples.
Neither would any other analytical protocol. They all give estimates and have advantages and
disadvantages. For the two investigated examples of protocols, Protocol B was much more time- and
cost-efficient, while Protocol A was more efficient at extracting MPs from the matrix. MP isolation
by Protocol B took only 3 days, while Protocol A took 11 days (Fig. 1). Protocol B worked well to
extract MPs from the Danube water samples but poorly for the recovery test when adding MCC,
indicating that Protocol B was inefficient at digesting cellulose, which could be an issue for other
matrices. There were furthermore several large organic particles left after sample preparation (see Fig.
S3(a-c)), which potentially can cover MPs and hereby hamper detection. All in all, Protocol B seemed
to work well on comparatively simple matrices but was more prone to problems when addressing
complex ones. Protocol A, on the other hand, worked well on complex matrices, which however came
at the cost of being quite time-consuming. It also seemed to be somewhat harsher in terms of
physically breaking down particles, a phenomenon which was observed in the recovery studies. For
both protocols, these issues can of course be addressed and solved, however, probably at some cost

in terms of increased efforts to prepare and analyse the samples.

Regarding the choice of substrates, the Anodisc filter allowed flushing after deposition, and could
hence better manage dissolved residues in the extracts than could the windows. Scanning on windows
hence requires more rigorous removal of dissolved residuals in the concentrates. The issue of particle

crowding remained the same for both substrates, as it was a question of ensuring separation between



particles. A drawback of the Anodisc filter was that it only allows analysing the wavenumber range
4000-1250 cm™!, which meant that part of the fingerprint range was lost. The windows, on the other
hand, allowed a broader range, 3750-850 cm’!, to be scanned. Regarding the FTIR machine itself and
its setting, a lower spatial resolution allowed a more precise MP identification, including more MPs
to be identified. However, the imaging system with the higher spatial resolution is also the more

expensive one.

The two protocols clearly differ, and which to choose will depend on a multitude of factors. Should
one go for the simpler and less costly approach or for the more complex and resource demanding
approach? Do gained data quality benefits justify the increased costs? Sometimes the answer will be
a yes, sometimes a no. However, what is not up for debate is that different analytical protocols will
yield different results. This indicated a strong need for harmonisation and standardisation on the field

of MP sampling and analysis.
4  Conclusion

This study investigated the impact of different MP analysis Protocols on the quantification of MPs in
the environment. Two representative protocols were applied to analyse samples collected from the
Danube River, and the results highlighted the significant contribution of various steps (such as MP
isolation processes, substrate, and FTIR settings) to the outcomes. The results showed that Protocol
A yielded a higher number and mass concentration of MPs, while Protocol B was found to be more
time- and cost-efficient. The study showed that the protocol used can affect the numerical results, and
the effect of individual steps can vary from sample to sample. The findings suggest that the MP
isolation processes can influence MP morphology and lead to the loss of particles during the isolation
process. For substrates it can be concluded that the samples could be analysed on Anodisc filter in

the wavenumber range of 4000-1250 cm™ without interference with chemical residuals, while only



subsamples could be deposited on ZnSe window, which then were analysed in the wavenumber range
of 3750- 850 cm’!. In other words, this substrate required more rigorous removal of dissolved
residuals from the concentrates. The study also found that different FTIR settings (pixel size) can
affect the size and number of MPs, with smaller pixel sizes resulting in easier identification of the

real outline of MPs.
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ABSTRACT

Large area attenuated total reflectance-Fourier transform infrared spectroscopy (LAATR-FTIR) is introduces
as a novel technique for detecting small microplastics (MPs) down to 1.3 um. Two different LAATR units
with, one with a Zinc Selenide (ZnSe) and one with a Germanium (Ge) crystal, as well as pu-FTIR transmission
mode, were used to detect reference MPs < 20 um, and MPs in marine water samples. The LAATR units
performed well in identifying small MPs down to 1.3 um. They were though poorly suited for large MPs as
uneven particle thickness resulted in uneven contact between crystal and particle, misinterpreting large MPs
as many small MPs. Moreover, the LAATR units could reshape MPs due to the applied mechanical pressure
and required the particles to be of homogeneous thickness. If this was not the case, small MPs were overlooked
due to lack of physical contact between crystal and particles. This limited the application of LAATR units in
analyzing MPs from complex matrices, as these often hold particles of many thicknesses. However, for more
homogeneous matrices, the technique was promising and could also serve as a supplementary technology
together with u-FTIR in transmission mode to better cover the small particle fraction. Further assessment
indicated that there was little difference in spectra quality between transmission mode and LAATR mode.
Furthermore, a high signal-to-noise ratio did in LAATR mode does not affect the max score between sample
and reference spectra. All in all, while LAATR units cannot substitute transmission mode, it provides

additional information and valuable information on small MPs.

Keywords: LAATR; ZnSe; Ge; Microplastics



1 Introduction

Microplastics (MPs) have gained much attention over the last decade or so (Ng & Obbard, 2006), and
thousands of studies have been done to investigate the distribution, source, and fate of MPs to better understand
their potential threat (Bank & Hansson, 2019; Li et al., 2018; Simon-Sanchez et al., 2022; Wang et al., 2021).
It has been found that MPs in the aquatic environment can impact ecosystems (Ding et al., 2022b), and even
humans (Blackburn & Green, 2021), highlighting the importance of understanding the occurrence of MPs in
natural and manmade environments. However, a lack of consensus on how to analyze MPs and a lack of
harmonization of methods and quality control procedures has made it challenging to compare results between
studies and give a comprehensive picture of MPs their occurrence (Cui et al., 2022; J. Ding et al., 2022a; M.

Liu et al., 2021).

Methods for the detection of MPs have undergone significant technological advancements, beginning with
simple visual inspection to complex chemical detection (Fahrenfeld et al., 2019; Hidalgo-Ruz et al., 2012;
Kaéppler et al., 2018). Fourier Transform Infrared Spectroscopy (FTIR) is by far the most widely used chemical
detection technology, providing information about the chemical bonds of the analyzed material (Valls-Conesa
etal.,2023). The FTIR-spectra can be compared to a reference library for the purpose of identification (Gaffney
et al., 2012). There are three common modes for the detection of MPs: attenuated total reflectance (ATR)
(Grdadolnik, 2002), transmission (Képpler et al., 2015), and reflectance (Harrison et al., 2012). ATR-FTIR is
routinely used to analyze larger particles, for example, above 500 um (Chand et al., 2022; Liu et al., 2019). It
requires limited sample preparation and performs well in analyzing thick and irregular shaped materials such
as large MPs. A variant of the technology, p-ATR-FTIR, allows analyzing small particles one by one, for
example, environmental samples concentrated on a filter (Song et al., 2015). The technique has however
several drawbacks. One is that it is quite time-consuming to analyze many small particles one by one, another

is that the crystal must be cleaned between each particle analysis.

Unlike p-ATR-FTIR, p-FTIR is a combination of microscopy and FTIR that characterizes MPs without
contacting the particle surface (Corami et al., 2020; Possenti et al., 2021). It can detect particles as small as,

and sometimes even a bit smaller than, 10 um (Kirstein et al., 2021; Ye et al., 2022) and provides both chemical



mapping and spectra information. To further enhance the performance of FTIR, a focal plane array (FPA)
detector can be coupled with the pu-FTIR system, which has led to the development of FPA-u-FTIR. This
combination enables an automatic analysis of a sample over a large area and can collect millions of spectra
within a few hours (Dorling & Baker, 2013). For example, the Lumos II imaging collects 1000 spectra per
second at a scan resolution of 16 cm™'. Two modes, transmission and reflectance, are available when using
imaging-p-FTIR. True reflection, i.e., where the IR beam reflects from the material to be studied, is seldom
used in MP studies and requires careful consideration of the sample morphology, as irregularly shaped MPs
from environmental samples may lead to spectral distortion (Harrison et al., 2012). A variant, which sometimes
is called transflection, is though sometimes used. Here the sample is placed on a reflective surface, and the IR
beam penetrates the particle, reflected by the reflective surface, and again passes the MP on its way back to
the detector (Harrison et al., 2012; Simon et al., 2018). The FPA-u-FTIR in transmission mode, i.e., where the
beam passes through the particle and the substrate and is collected below the sample, is the most widely used
FTIR imaging technique when detecting environmental MPs (Ldder et al., 2015; Mintenig et al., 2017,
Molazadeh et al., 2023). However, this process requires the sample as well as the substrate to be IR transparent
and the sample must be sufficiently thin (roughly <100 um) (Képpler et al., 2016). Furthermore, a weak signal

is acquired for thin MPs, increasing the risk of false detections for small MPs.

Large area ATR-FTIR (LAATR-FTIR) is a combination of two spectroscopic techniques, namely ATR-FTIR
and p-FTIR, where an ATR crystal is placed on top of a sample and the sample scanned in reflection mode
through the crystal. This combination enables the LAATR-FTIR to provide chemical mapping and high-quality
spectra of samples upon contact. The spatial resolution and consequently the particle size detection limit of
LAATR-FTIR is lower than that of p-FTIR due to the refractive index of the crystal located on top of the
sample. This crystal functions as an additional lens or a solid immersion, which increases the magnification of
the optics by a factor of #, where n is the refractive index of the crystal. Prior studies have demonstrated the
efficacy of LAATR-FTIR, especially with a Germanium (Ge) crystal, in conducting spectroscopic imaging of

colon biopsies, polymer film with a metal mask, hair, and skin samples (Patterson et al., 2016; Patterson &



Havrilla, 2016; Song & Kazarian, 2020). However, there is a dearth of research exploring the potential of

LAATR-FTIR in analyzing small MPs or investigating the performance of other crystal materials.

To address this knowledge gap, LAATR-FTIR with Zinc Selenide (ZnSe) and Ge crystals was employed to
analyze reference MPs smaller than 20 um and marine samples previously collected from marine waters
(Kattegat, Denmark) (Liu et al., 2023). The primary objective was to assess the effectiveness of various

analytical processes for identifying MPs applying this technique.

2 Materials and methods

2.1 LAATR-FTIR set-up

Two LAATR units, one equipped with a ZnSe crystal (PIKE technologies) and another with a Ge crystal
(Bruker), are applied. These two units differ in detection areas and refractive indices, the latter affecting the

achievable pixel size.

The detection limit of an LAATR unit can be calculated as follows:

DFTIR

(1)

Diaarr =
Rlpparr

Where Dyy4rr is the detection limit of the LAATR, Drrir is the detection limit of the u-FTIR, and Rlz447r is

the refractive index of the LAATR crystal.

2.1.1 LAATR with ZnSe crystal (ZnSe unit)

The setup of the LAATR unit with a ZnSe crystal is shown in Fig. 1a, and the top view of the unit is shown in
Fig. 1b. The top part with the ZnSe crystal is screwed to the stage and can be dismounted from the stage as
shown in Fig. 1b. The stage comprises silvery white and yellow parts, with the former designated for holding
the sample, while the latter is rotatable for adjusting the sample (silvery white part) up and down (Fig. 1b).
Additionally, two side screws can be used to move the sample stage around. The bottom part of the ZnSe

crystal has a diameter of approximately 1800 pm (Fig. 1c), which also serves as the detection area.
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Figure 1 Schematic of the LAATR set-up. LAATR with ZnSe crystal (a) set-up ready for mapping; (b) Top
view of the structure of the unit; (c) bottom view of the crystal; LAATR with Ge crystal (d) set-up ready for
mapping; (e) Top view of the structure of the unit; (f) bottom view of crystal. Principle of p-FTIR (g)
transmission mode, and (h) LAATR.

2.1.2 LAATR with Ge crystal (Ge unit)

The setup of the LAATR unit with a Ge crystal is shown in Fig. 1d. Like the ZnSe crystal setup, the top part
with Ge crystal can be dismounted from the stage, and two screws can be used to fix the top crystal part (Fig.

le). The stage is located in the center of the unit to hold the sample, and the surrounding components are



designed to secure the sample in place. The up and down movement of the stage is controlled by the left bottom
screw (Fig. 1e). The other two side screws allow the stage to move. The crystal has a detection area diameter

of around 1000 um (Fig. 1f).

2.2 Theory of uFTIR and LAATR

The principle of uFTIR and LAATR is shown in Fig. 1g and h. In pFTIR transmission mode, IR radiation
travels through the sample and is detected on the opposite side (Fig. 1g). It is non-destructive, cost-effective,
and user-friendly. In contrast, LAATR mode is a contact measurement that requires physical pressure between
the sample and the unit (Fig. 1g). In this mode, particles are detected when the sample is pressed against the

unit and particles must hence be on the same plane.

2.3 Sample and measurement

The study applied MPs (< 20 um in size) produced in the lab and marine samples from Kattegat (Liu et al.,
2023). The marine samples were collected on 10 um stainless steel filters, and the MPs isolated by a series of
biochemical and physical treatment steps (Liu et al., 2023), after which the extracts were analyzed by p-FTIR.
The obtained IR map was then analyzed by the software siMPle. In this analysis, an increase of false positive
was observed when MPs were below 20 um, probably due to the thinness of such MPs. This made these small

MPs suitable subjects to test the performance of the LAATR method with both ZnSe and Ge crystals.

Three common polymers were used as reference MPs, namely polyethylene (PE), polypropylene (PP), and
polyamide (PA). These reference MPs were mixed and stored in 10 mL vials containing 50% ethanol (HPLC
grade, Sigma). Similarly, MP concentrates from the marine sample were preserved in 10 mL vials containing

50% ethanol (Liu et al., 2023).

Both the reference MPs and marine samples were homogenized on a vortex mixer and subsampled with 50/100
pL increments using a glass pipette (micro-classic, GmbH, Germany). The subsamples were then deposited on
a Barium fluoride (BaF,) window (Korth Kristalle GmbH, @ 25%4 mm) using a metal ring (@ = 2 mm), and
dried at 50°C. The dried sample on the window was firstly analyzed by p-FTIR in transmission mode, and then

scanned with LAATR-FTIR using the ZnSe or Ge crystal. The p-FTIR used in this study was a Bruker Lumos



II microscope with 32x32 pixels FPA (Focal Plane Array, Mercury Cadmium Telluride detector). An 8x
Cassegrain objective was equipped to the microscope, which provided a 5.0 pm pixel resolution in both
transmission and reflection. All scans were conducted with a spectral range of 4000-750 cm™! at a 4 cm™!

resolution and were generated by 10 co-added scans. A background was created by co-adding 10 scans.

Since the pixel size of the u-FTIR was 5 um, the detection limit of the ZnSe unit was 2.1 um, given that the
refractive index of ZnSe is 2.4 (Equation 1). The detection limit of the Ge unit was 1.3 um, given that the

refractive index of Ge is 4.
2.4 Data analysis (siMPle)

All spectral data collected in this study were analyzed using the software siMPle, which was developed by
Aalborg University, Denmark, and Alfred Wegener Institute, Germany (Liu et al., 2019; Primpke et al., 2017).
Identical threshold parameters and software settings were used for all three modes (Table S1). The results of
the analysis, including the polymer type, Feret major and minor dimensions, match score (maximum score),
mean noise, and mean signal-to-noise ratio (S/N), were compiled in a table, along with hyperspectral maps
and heat maps. The S/N was calculated by the ratio between the max signal peak and the noise. The max signal
peak was found in the wavenumber range 4000-950 cm™!, and the noise determination range was 3800-3600

cm! for all polymer types. After the analysis, all data were visualized using R (v4.0.3).
3 Results and discussion
3.1 Performance of LAATR units in detecting MPs

To explore the effectiveness of LAATR units for MP identification, a series of experiments were performed
on reference MPs (Fig. 2) and marine samples (Fig. 3). For the ZnSe unit, the study area is shown in Fig. 2a,
while heat maps (absorbance at 2900 cm™!) and hyperspectral maps (fit between spectra and reference library
leading to detected MPs) are presented in Fig. 2b-e. The number of particles discernable in the heat maps was
similar between the two analytical methods (Fig. 2b-c). Applying identical settings of the analytical software
(e.g., thresholds), 5 MPs were identified from spectra acquired in transmission mode, and 7 MPs for spectra

acquired by the ZnSe unit (Fig. 2d-e). This indicated that the LAATR unit was more sensitive in detecting
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Figure 2 (a) Visual image of reference MPs. Heat map of reference MPs detected by (b) transmission mode
and (c) LAATR with ZnSe crystal. Hyperspectral map of reference MPs detected by (d) transmission mode
and (e) LAATR with ZnSe crystal. (f) Visual image of reference MPs. Heat map of reference MPs detected by
(g) transmission mode and (h) LAATR with Ge crystal. Hyperspectral map of reference MPs detected by (i)
transmission mode and (j) LAATR with Ge crystal.
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Figure 3 (a) Visual image of marine sample. Heat map of marine sample detected by (b) transmission mode
and (c) LAATR with ZnSe crystal. Hyperspectral map of marine sample detected by (d) transmission mode
and (e) LAATR with ZnSe crystal. (f) Visual image of marine sample. Heat map of marine sample detected
by (g) transmission mode and (h) LAATR with Ge crystal. Hyperspectral map of marine sample detected by
(i) transmission mode and (j) LAATR with Ge crystal.



small MPs than the transmission mode. The MP sizes detected by the ZnSe unit were 161% larger (on average)
than those of the transmission mode, except for one MP of PA (Table S2). This size difference can be explained
by the principle of LAATR (Fig. 1h). During the detection process, particles can be reshaped when under
pressure. When it comes to the Ge unit (Fig. 2f-j), the result was the opposite. More MPs were identified in
transmission mode, which is also observed in the respective heatmap, while all these missing MPs didn’t show
in the heat map of the LAATR mode. This might be a result of thickness differences during the detection
process, which led to some MPs not touching the unit or not experiencing sufficient pressure, which then
resulted in that MP being overlooked. Meanwhile, for the rest of the MPs, the Ge unit detected one small PP
(major dimension: 21.6 wm, minor dimension: 6.2 wm) that was not detected in transmission mode (Table S3),

which highlighted the good performance of the Ge unit in detecting small MPs.

The identification of MPs in marine samples, as shown in Fig. 3, revealed an issue of the LAATRSs in detecting
large MPs. The ZnSe unit could not define the border of the large MPs and ended up identifying large MPs as
if they were fragmented into several small ones (Fig. 3a-¢). This can be explained by the pressure difference
during the detection process, which led to this seeming fragmentation. The Ge unit could not identify some
large MPs of PE identified by transmission mode, and the size of an MP of polyester was smaller than found
in transmission mode (Table S4). This result again addressed the importance of homogenous pressure during
the detection process. In addition, the MP size detected by the LAATRs was on average 117% larger than that

in transmission mode.

All these LAATR results showed a good performance in detecting small MPs and limitations in detecting large
ones (major dimension >100 um). A main reason was the need for homogeneous pressure between the LAATR
crystal and the particles. Proper pressure must be applied to all the particle surface, however, if the thickness
of a particle varies, only part will be in contact with the crystal, leading to a seeming fragmentation. When the
sample holds several particles of varying thickness, the thin particles will not be get in contact, and will be
overlooked, which explains the missing particles in the analysis. Furthermore, the pressure applied by the
LAATR units can reshape particles, which makes them seem larger than in transmission mode. These findings

show strengths and the weaknesses of LAATR, namely that this analytical approach requires samples of quite



even particle sized and small particles to perform well. For such samples, the technique is though able to

identify smaller MPs than the transmission mode.

Other factors that speak for the LAATR approach is that the spatial resolution is finer than transmission mode
(Section 2.1), in the present case 2.1 um for ZnSe and 1.3 pm for Ge, and that ATR is a surface technique and
hence not affected by particles being rather thin. The latter is one reason why p-FTIR in transmission mode
gets increasingly uncertain for small particles. This was supported by the observations, where u-FTIR
transmission detected natural material as MPs (Fig. S2) while no false positives were found for the LAATRs,
even when basing the identification on a single pixel. This indicates that LAATR produces better spectra,

which ensure a more reliable chemical identification even for very small particles.

3.2 Spectra quality exploration with LAATR mode and transmission mode

The combination of ATR-FTIR and p-FTIR, LAATR is supposed to offer better chemical mapping and higher
quality spectra when particles are in contact with the material. To assess this, three indicators were explored:
Mean S/N ratio; max score; and false positives. Somewhat unexpected, there was no specific pattern between
S/N ratio, max score, and particle size for MPs detected in LAATR modes (ZnSe and Ge crystal) and
transmission mode (Fig. 4). To further explore this, two representative spectra were selected from each of the
ZnSe and Ge unit datasets (Fig. 5). For the mean S/N, three out of the four transmission spectra had a higher
S/N value than the LAATR spectra. With respect to the max score, higher scores were observed in the LAATR
mode for two out of the four spectra. At the same time, a higher mean S/N sometimes came with a lower max
score (Fig. 5b and d), which indicates that there was no relationship between max score and mean S/N ratio.
Further exploration based on pixel analysis of S/N and score values of the pixels constituting maps of MPs
was investigated, of which 4 representative MPs are presented in Fig. 6. The blue colors of the maps to the left
indicate the signal to noise (S/N) of each pixel, while the red / orange / yellow colors of the maps to the right
indicate the score between the reference spectra used in the analysis and the spectra acquired for each pixel.
The distributions of these two parameters, i.e., the distribution of the colors, is clearly different, which

validated the conclusion that there was no relationship between the mean S/N ratio and max score. The
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Figure 5 Spectra from MPs detected by transmission mode and LAATR with ZnSe and Ge crystal. (Colored

spectra refer to max score spectra, and black spectra refer to average spectra, pink colored refer to spectra from

transmission, green colored refer to spectra from the ZnSe unit, blue colored refer to the Ge unit)
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Figure 6 Pixel analysis of S/N value (blue) and score value (red) within MPs. The lighter the blue color, the
lower the signal to noise ratio of the spectra. The lighter the red / orange / yellow color, the poorer the score
between reference spectra and pixel spectrum.

numerical data for this comparison is presented in Fig. S1, which indicated that high scores cannot be acquired

with very poor spectrum quality.

With respect to false positives (natural material identified as plastic), some such were seen in the transmission

mode (Fig. S2), while no false positives were identified in the LAATR mode, even when identifying MPs



composed of only a single pixel (Fig. S3). Taking all this into consideration, it can be concluded that both

LAATR units performed well in identifying small MPs at high accuracy.

3.3 Improvement of ZnSe and Ge units

Although the LAATR units showed good performance in detecting small MPs, some offset in the position of
MPs in the acquired images were seen compared to what was detected in transmission mode. The ZnSe crystal
produced a larger offset than the Ge crystal, which could be related to the structure of the LAATR units (Fig.
1). For the ZnSe unit (Fig. 1a-c), both screws used to fix the crystal were rotatable, which means the tightening
process could have changed the position of the unit. However, the sample remained stationary, resulting in an
offset. Additionally, the connection part on the side of the unit was too large for the screws, allowing the unit
to move too easily. The sample stage also had a rotatory control, which could raise and lower the sample.
When raised, the ZnSe crystal received an upward force, and the rotatory nut caused the crystal to move slightly,
contributing to the offset. Conversely, the Ge crystal had only one rotatable column, limiting the offset to that
column and potentially explaining why the offset for the Ge unit was smaller than that of the ZnSe unit. Like

the ZnSe unit, the sample stage was controlled by a rotatory nut to regulate up-and-down motion.

Considering the aforementioned comparisons, several suggestions for improvement are proposed. For the ZnSe
unit, one column could be fixed, as was the case for the Ge unit, to control the offset of the sample. Additionally,
the other column could be made thicker to reduce the space between the column and the rotary nut. The sample
stage could also be improved by incorporating a design that fixes the optical window with the sample, similar
to the Ge unit. In our study, double-sided tape and play dough clay were used to secure the window and
maintain the sample horizontality. Such improvisation is unsatisfactory, and these materials have the potential

to contaminate the sample. Thus, a sample fixing that aids the detection process would be needed.

5 Conclusion

This study is a first to investigate the feasibility of applying LAATR units to analyze MPs. It compared the
performance of two different such units (ZnSe and Ge crystal) to transmission mode in detecting reference

MPs (<20 pm) and MPs from marine water samples. The results showed that the LAATR units were suitable



for detecting small MPs due to their lower size limit (2.1 pm for ZnSe and 1.3 um for Ge), while they performed
poorly in detecting large MPs. No difference was seen for the spectra quality between transmission and
LAATR acquired spectra, but the LAATR units had a better accuracy in terms of avoiding false positives. In
conclusion, this study demonstrates the potential applicability of LAATR units to, in our case, detect MPs

down to 1.3 pum, offering a promising analytical approach to study small MPs in environmental matrices.
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SUMMARY

Microplastics (MPs) were initially detected in aquatic environments in the early
2000s. Subsequently, extensive research has been conducted to enhance our under-
standing of MPs. Nonetheless, information about small MPs remains limited because
the majority of studies have concentrated on larger MPs (> 200 um), and more ad-
vanced technologies such as puFTIR imaging still struggle when trying to quantify
the smallest of MPs. Additionally, methods are not harmonized, which leads to chal-
lenges when comparing data across studies.

To address aspects of these questions, this PhD study aimed to analyze MPs down
to 10 um in Danish marine waters. The study also explored the impact of different
methodologies on understanding of MPs in the environment. Finally, a novel FTIR
detection technology was studied to evaluate its efficacy in detecting small MPs.

The study conducted in Danish marine waters revealed that the abundance and mass
concentration of MPs convey different information. The abundance of MPs ranged
from 17 to 286 items m—3 with an average of 103+86 items m—3, while the mass con-
centration ranged from 0.6 to 84.1 ug m—3 with an average of 23.3+28.3 pg m—3. The
most prevalent types of polymers were polyester, and the majority of the MPs were
fragments and small MPs (< 100 pum). Moreover, the study investigated the relation-
ship between MP distribution and human activities, revealing high MP abundance
around the Copenhagen-Malmé area, probably due to the population density of the
area. In addition, the analysis of the carbonyl index of polyolefins showed significant
oxidation of small MPs. A rough mass balance indicated that wastewater and storm-
water may play a key role in MPs in introducing MPs to the marine environment.

To explore how analytical methodology affect the quantification of MPs in the en-
vironment, two different methodologies were employed to analyze the same sample
collected from the Danube River, Hungary. The results demonstrated that the ana-
lytical methodology used impacted the abundance and mass concentration of MPs.
Further investigation revealed that each step in the methodology produced different
outcomes, providing insights for future improvement.

The study also introduced large area attenuated total reflectance (LAATR)-Fourier-
transform infrared spectroscopy (FTIR) applying ZnSe and Ge ATR-units. The use
of these units improved the ability to analyze MPs down to 1.3 um, particularly when
detecting small MPs. Moreover, it provided information on both hyperspectral im-
ages and the obtained spectra quality, and it assessed criteria for obtaining reliable
results with this technique.

In summary, this study filled knowledge gaps regarding small MPs in the marine
environment, examined the relationship between MP distribution and human activity,
and provided insights into the effect of the analytical methodology on MP quantifi-
cation results. Additionally, the study introduced the application of LAATR-FTIR
for detecting small MPs.
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