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Abstract

Mirka Viitala

The heterogeneous nature of microplastics and the subsequent impacts on reported
microplastic concentrations

Lappeenranta 2021
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Diss. Lappeenranta-Lahti University of Technology LUT

ISBN 978-952-335-753-2, ISBN 978-952-335-754-9 (PDF), ISSN-L 1456-4491, ISSN
1456-4491

During past decades, the awareness of plastic pollution has increased drastically, and
small plastic particles, namely microplastics (MPs), have been found in the environment
all over the world. However, microplastic research suffers from the variety of practices
used in sampling, pre-treatment, and identification, each having their own limitations,
which challenge the comparison and interpretation of reported results. In practice, these
challenges limit the utilization of the explosively accelerating flood of monitoring data in
assessing the impacts of various MPs in the environment.

This study aims to highlight the challenges related to the assessment of MPs from the
environmental samples. This is done by evaluating the special features of different
sampling, pre-treatment and identification methods that are commonly used in the MP
research field. The main outcome is to underline the features and limitations behind the
reported concentrations which should always be considered when reported MP
concentrations are interpreted. In addition, this study focuses especially on the assessment
of MPs from wastewater treatment plants (WWTPs) and in the aquatic environments
receiving treated wastewater. To evaluate these issues, a case study was conducted at a
local WWTP and its recipient lake area. The observations from the case study are
discussed with the literature in this study.

Most of the variation in the reported MP concentrations is caused by the heterogeneity of
the MPs in terms of their size, chemical composition, shape, and colour. The lower size
limit of the reported MP concentrations is the most significant factor explaining the
variation, and it is affected by all the selected methods from the sampling to the final
identification of the MPs. The number of detected MPs is generally higher when smaller
MPs are included in the examination, which highlights the importance of including the
smallest MPs in future studies. This requires improvements in the purification and
identification methods to allow the separation and detection of the smallest MPs. In
addition, the variation in the size limits cause a gap between the reported environmental
MP concentrations and the studied ecotoxicological effects of MPs. This, in turn, limits
the assessment of the impacts caused by MPs detected in the environment.

Due to the variety and special needs of different sample types and the aims of MP studies,
standardization of the methods themselves will probably not be the solution to improving
the comparability of the MP studies. Therefore, this study suggests that standardized



model MPs together with consistent recovery testing methods with selected sampling,
pre-treatment, and identification methods would allow an assessment of the
representativeness of the resulting MP concentrations. The standardized MPs should
represent the heterogeneity of MPs in terms of shapes, polymer types, sizes, and colours.
In this way, the reported results could also be compared more reliably. In addition, the
limitations caused by the selected methods should be discussed openly along with the
reported MP results to allow more reliable interpretations of MP pollution.

The conducted case study provides regionally novel knowledge about MP pollution in the
studied WWTP and its recipient lake. The conventional WWTP removed MPs larger than
250 um from wastewater effectively (98.3%) and directed them to other waste streams.
Nevertheless, the impact of the discharged MPs from the WWTP (1 MP/L, >250 um) or
other urban activities was obvious in the bottom sediment of the recipient area compared
to other parts of the lake. In addition, the detected MP pollution in the sediment showed
a slight increase during the past 30 years.

The findings of this case study emphasise the effect of increasing plastic production on
the plastic pollution entering the environment. The high proportion of PET fibres
throughout the studied samples especially highlights the role of synthetic textiles as
sources of MP pollution entering the environment via wastewater. These results highlight
the importance of including microplastic fibres, and especially PET fibres, not only in the
monitoring studies, but also in the validation of selected methodologies as well as in the
ecotoxicity testing in the future.

As a conclusion of this study, due to the limitations related with the current
methodologies, the reported MP concentrations should never be considered as accurate
values. The details behind the reported concentrations should be discussed openly and
considered during the interpretation both in the scientific and public debate.

Keywords: environmental pollution, freshwater, lake water, microplastic fibre,
microplastic particle, microplastic, municipal wastewater treatment, plastic, sediment,
sludge, wastewater, WWTP
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Nomenclature

ABS acrylonitrile butadiene styrene
ATR attenuated total reflection
BAFF biological aerated flooded filter
CAS conventional activated sludge
DAF dissolved air flotation

DF disc-filter

dw dry weight

FPA focal plane array

FTIR Fourier transform infrared
H20: hydrogen peroxide

LOD limit of detection

LOI loss-on-ignition

LOQ limit of quantification

MBR membrane bioreactor

MP microplastic

MPF microplastic fibre

MPP microplastic particle

OEP oil extraction procedure

PA polyamide

PAN polyacrylonitrile

PC polycarbonate

PE polyethylene

PET polyethylene terephthalate

PEVA polyethylene vinyl acetate
PMMA  poly(methyl methacrylate) or acrylic

POM polyoxymethylene or polyacetal
PP polypropylene
PS polystyrene

PTFE polytetrafluoroethylene
PU or PUR polyurethane

PVA polyvinyl alcohol

PVC polyvinylchloride

RB Rose Bengal

RO reverse 0smosis

RSF rapid sand filtration

RT room temperature

SBR styrene-butadiene rubber
SDS sodium dodecyl sulphate
SF sand filter

SS stainless steel

TGA-DSC thermogravimetric analysis with differential scanning calorimetry
UEPP universal enzymatic purification protocol
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Nomenclature

UF
WAS
WPO

WWTP

ultrafiltration

waste activated sludge

wet peroxide oxidation
wet weight

wastewater treatment plant
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1 Introduction

The mass production of plastics started in the 1940s, and production volumes of plastics
have been accelerating ever since. In 2019, over 430 million tons of plastics were
produced globally [1, 2]. Over 80% of the whole 70 million tons of produced synthetic
fibres were made of polyester [1], most of which is polyethylene terephthalate (PET). In
the EU, the most commonly used plastics are polypropylene (PP) (19%), low-density
polyethylene (PE-LD) (17%), high-density polyethylene (PE-HD) (12%),
polyvinylchloride (PVC) (10%), polyurethane (PU) (8%), PET (8%) and polystyrene (PS)
(6%) [2]. Due to their cheap price and modifiable nature, plastics are used for countless
purposes. In the EU, 40% of plastic is used for packaging and 20% for building and
construction [2]. Other end-uses include transportation, electric devices, agriculture,
household consumables and synthetic fabrics [2].

Due to the accelerating production and consumption rates of plastics, more and more
plastics are consequently discharged into both the terrestrial and aquatic environment.
Environmental plastic pollution was first noticed in the 1970s, when plastic particles were
found in the North Atlantic [3, 4]. Later, plastics discharged into the oceans have been
found to concentrate into five gyres [5]. In total, the number of plastic particles (>333
um) floating in the sea has been estimated to be over 5 trillion and weighing close to
270,000 tons [5]. In addition, it has been observed that plastic items can be break down
into smaller fragments during their use and due to weathering once they are exposed to
environmental conditions. These small, weathered plastic particles along with the
intentionally produced small plastics were then classified under one term—microplastics
(MPs), i.e. plastic particles smaller than 5 mm [6].

Due to improved analytical methods, research interests and publicity, microplastic
research has been explosively accelerating ever since and MPs have been detected in
seawater [7-10], freshwater [11-16], sediments [8, 12, 15, 17-19], Arctic sea ice [20],
inside organisms [15, 17], and in the air [21, 22]. Despite the wide range of microplastic
studies conducted so far, scientists around the world have demanded a standardized
methodology to compare results reported by different research groups. Overall,
challenges with MPs originate from their diversity in terms of size, chemical composition,
and shape together with the problematics in quantifying their presence in a reliable way.
In the public debate, these features are often ignored and all reported results for MPs
abundance are considered comparable and comprehensive. In addition, the current way
of conducting microplastic research leaves a gap between the data received from
environmental monitoring and the results reported by ecotoxicological studies. This leads
to a loss of information as monitoring results describing the environmental pollution
caused by microplastics cannot be directly interpreted by the knowledge received from
the impact studies.

Overall, the understanding of the limitations and variation of the methodologies behind
the reported MP concentrations is critical because these results are also used as a basis
for the legislation and other restrictions concerning MPs. For example, in the EU, MP-
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related restrictions are currently under discussion. The European Commission is aiming
to ban the use of intentionally added MPs and to reduce the discharges of unintentionally
produced MPs in the near future. Hence, it is crucial that the limitations in the reported
MP concentrations are interpreted and discussed openly.

This study aims to help underline the challenges related to the assessment of MPs from
the environmental samples. This is done by evaluating the special features of different
sampling, pre-treatment and identification methods that are commonly used in the MP
research field. The main outcome is to underline the features and limitations behind the
reported concentrations which should always be considered when reported MP
concentrations are interpreted. In addition, this study focuses especially on the assessment
of MPs from wastewater treatment plants (WWTPs) and in the aquatic environments
receiving treated wastewater.

1.1 Research objectives

The main objectives of the thesis are following:

- To test and evaluate the suitability of commonly-used sampling, pre-treatment,
and identification methods for assessing the level of microplastic pollution and
characteristics of MPs in samples collected especially from WWTPs and related
aquatic environments.

- Toevaluate the representativeness and applicability of analysed samples to assess
the environmental microplastic load. The evaluation is based particularly on the
interference caused by the methods in question.

- To evaluate the special features related to the assessment of MP loads discharged
from WWTPs and their possible impacts on the recipient environment.

These issues are discussed in the light of a case study conducted in Kenkdveronniemi
WWTP and its recipient lake in Mikkeli, Finland, which aims to bring new knowledge
about the microplastic pollution related to wastewaters on a local scale.

1.2 Impacts of the research

The main contributions of this thesis are:

- To provide an overview of which details behind the reported concentrations
should be considered when reported microplastic results are discussed and how
they should be considered during interpretation.

- To point out the weaknesses in the microplastics research field that limit the
utilization of the explosively accelerating flood of research data in assessing the
impacts of microplastics on the environment.
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- To provide regionally novel information about the abundance of microplastics in
a Finnish WWTP and in the lake area receiving treated effluents.

The results of this study may be used in the interpretation of the results of both past and
future MP studies. The evaluation of the methodology may be utilized in the further
development of sampling, pre-treatment, and identification of MPs not only in the aquatic
environment, but also for other types of samples, such as soil, food, and industrial streams.

The results reported for the case study at Kenké&veronniemi WWTP and in the recipient
lake area can be utilized in the future for studying the possible changes in MP pollution
on a local scale. The studied WWTP utilized conventional activated sludge (CAS) process
and it was replaced with a membrane bioreactor (MBR) based process in 2021. Hence, if
the impacts of the advanced wastewater treatment process on the MP pollution of the
recipient lake will later be assessed, the results from this case study offer important
information about the past conditions.

1.3 Outline

A general view of microplastics together with their distribution and sources is provided
in Chapter 2.

Chapter 3 includes descriptions of all sampling, pre-treatment, and identification methods
that were used in this study, together with the descriptions of conducted recovery and
contamination control measures. In addition, conducted measurements of the dry weight
and cesium-137 activities for sediment samples are described.

In Chapter 4, the characteristics of different sampling, pre-treatment and identification
methods are discussed in the light of the observations from this case study. In addition,
suggestions for interpreting results from reported monitoring studies are provided.

Chapter 5 focuses on the special features and requirements that need to be considered,
when the abundance of microplastics is studied in WWTP-related samples and the role of
WWTPs as routes for MPs together with their possible impacts on the recipient water
body are assessed. In addition, the results from the case study are discussed in the light
of previously reported MP studies.

Finally, Chapter 6 summarizes the main conclusions of this work and provides
suggestions for further studies.
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2 Microplastics

Microplastics are a diverse group of particulate polymeric pollutants, which vary in
multiple ways [23]. Originally, the description of MPs was based on their size and they
were defined as plastic particles smaller than 5 mm [6]. An exact definition for MPs is
still under discussion in the research community. Even if there is agreement on the size
limits of MPs, the limitations in the analysis procedures cause variation in the sizes which
are included in the reported results. Consequently, the lower size limits of MPs included
in investigations vary widely from the micrometre level to millimetres [8, 16, 24-26].

In addition to their size, MPs vary by their shape. Thus, they can be separated into
microplastic fibres (MPFs) and microplastic particles (MPPs), including fragments, films,
and spheres. Still, the descriptions for different shapes are subjective and can also depend
on the ways, preciseness, and on what basis microplastics are examined in each study.
For example, the division of MPs into fibres and particles can be made according to their
aspect ratio. Nevertheless, in previous studies, MPs have been considered to be fibres if
their length to width ratio was higher than 3 [22] or 5 [27]. In addition, due to the variation
in the shapes of MPs, different regulations are suggested for the sizes of MPPs and MPFs.
For example, in the discussion related to the description of restricted MPs by the European
Chemicals Agency (ECHA), size limits from 100 nm to 5 mm for MPPs and from 300
nm to 15 mm in case of MPFs have been suggested [28]. Thus, the criteria for classifying
microplastics in terms of size and shape are still under debate in both research and
legislation.

Furthermore, as plastics in general, MPs consist of a wide range of synthetic polymers
with varying chemical structures. Different chemical structures affect the properties of
MPs and the impacts that different polymers can cause in the environment either by
themselves or by acting as vectors for other pollutants [29-32].

MPs can also be divided into primary and secondary MPs according to their origin.
Primary MPs are purposely produced and consist of items such as plastic beads and pellets
used in plastic production or plastic fragments added to cosmetics [33]. Secondary MPs
in turn are formed from larger plastic items during their use or as a result of weathering
and physical breakdown [6]. Organisms can also degrade MPs into smaller pieces through
their normal feeding habits [34]. MPFs released from textiles are secondary MPs.

In addition to various compositions of polymers themselves, plastics can contain large
numbers of additives, which are used to adjust their properties. For instance, differently
coloured plastics are created with dyes and the modifiability of plastic can be adjusted
with softeners, such as phthalates. These additives can in turn affect other characteristics,
such as density, which in turn may alter the behaviour and environmental fate of MPs.
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2.1 Sources and paths into the environment

Microplastics originate from various sources (Figure 2.1), of which traffic is considered
one of the largest [35]. The abrasion of car tires and road-marking materials form MPs,
which can either be buried in the soil close to the roads or be flushed away from
impervious surfaces by stormwaters. Another source of MPs is improperly sorted plastic
waste, which can break into smaller pieces due to weathering caused by UV radiation or
mechanical abrasion [36, 37]. In addition, leakages and transport accidents cause
discharges of MPs into the environment.

In addition to the direct sources of MPs, wastewater treatment plants act as significant
routes of MPs from households and industry into the environment [18, 24, 38, 39].
WWTPs combine wastewater from different sources, treat it in different ways and
separate remaining materials into various waste. Along with other pollutants, MPs can
end up in solid waste fractions, such as grease or sludge, or enter a recipient water body
with treated effluents.

WWTPs
O

TERRESTRIAL
ENVIRONMENT .

s
P
lea

Figure 2.1: Sources of microplastics and their paths into the terrestrial and aquatic
environment.
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Different applications and uses of plastic products make some MPs more likely than
others to be discharged into the environment. Hence, even though the production of
plastic fibres covered only 16% of global plastic production in 2019 [1, 2], the regular
use and washing of plastic textiles cause significant, continuous discharges of MPFs into
the air and especially into wastewater. Overall, the relative quantities of discharged MPFs
depends on the fabric type [40]. For example polyester fleece can release large quantities
of MPFs; one square meter of fleece can discharge up to 7360 MPF/L during one wash
[41]. In Finland, the annual release of polyester fibres from households via washing
machines is estimated to be 154 tons [42].

Even though MP pollution has been studied over a decade, the removal efficiencies of
MPs in WWTPs have started to attract attention only recently [39, 43-47]. The removal
efficiency for MPs within a certain WWTP depends on the techniques that it utilizes.
Primary treatment, including screening, grit removal and sedimentation, has been found
to remove the majority (35-92 %) of MPs from wastewater, when microplastics larger
than 20 to 63 um are concerned [48-51]. Secondary treatment can further improve the
removal of MPs. The most common type of secondary wastewater treatment process is
the conventional activated sludge process. This consists of biological treatment with
bacteria and protozoa in an aerated basin, and clarification, where excess sludge material
is separated from the treated wastewater. Usually, the process is combined with primary
treatment for removing larger and denser items and particles together with grease
fractions. The removal efficiency for MPs larger than 20 um in CAS-based plants have
been reported to vary between 64 and 100% [46, 52]. However, even if only a small
number of the incoming MPs pass the process with various effluents, the continuous
discharge of low concentrations of MPs with treated effluent, such as 1.5 MP/L [53] or
10.7 MP/L (>25 um) [54], can cause significant pollution in the environment, which
might have an impact on organisms in the recipient lakes, rivers, and seas.

To enhance the removal of microplastics and other pollutants from conventionally treated
WWTP effluents, advanced treatment technologies have been developed, and they are
applied either separately as a main process or as a tertiary treatment after CAS process.
The majority of the advanced technologies, such as membrane bioreactors (MBR), disc-
filters (DF) and rapid sand filtration (RSF), are based on the separation of liquid and solid
fractions by filtration using membranes or other physical separators. Dissolved air
flotation (DAF), in turn, is based on the separation of suspended solids from wastewater
by aeration and skimming. Talvitie et al. studied the removal of MPs larger than 20 um
with advanced technologies and reported removal efficiencies varying from 40.0-98.5%
for DF to 99.9% for MBR in pilot-scale plants and 95.0 and 97.1% for full-scale DAF
and RSF plants [55].

It needs to be noted that all the MPs that are removed from wastewater streams are
concentrated to other waste streams, such as sludge and solid fractions separated during
grit and grease removal. Depending on the reuse of municipal sludge and other solid
wastes, the MPs can still be released into the terrestrial or aquatic environment. In
Finland, 50% of municipal sludge was utilized in green construction, 40% in agriculture
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and the rest was stored or utilized for landscaping in 2016 [56]. The use of sewage sludge
in soil cultivation increases the amount of MPs in the soil [57]. Due to the increased
concern related to the retained MPs and other emerging pollutants in treated municipal
sludge, the reuse of municipal sludge in agriculture is continuously under discussion.
Hence, there is an urgent need for reliable ways to analyse MP concentrations in
municipal sludge and to assess possible risks related with its utilization as a fertilizer in
fields.

Overall, very few studies have been conducted in Finland or elsewhere in Nordic
conditions focusing either on the efficiency of WWTPs to remove MPs from wastewater
or on the impact of discharged MPs on the aquatic environment. The first studies in
Finland focused on the Viikinmaki WWTP in Helsinki, where MPs and other micro-litter
larger than 20 um were analysed at different stages of the treatment process [24, 45].
Concentrations of micro-litter varied widely from 380 to 900 n/L in influent to 0.7 to 3.5
n/L in effluent [45].

2.2 Distribution in the agquatic environment

Because MPs are a wide group of differently shaped and sized particles and fibres
consisting of varying polymers, each with their own specific properties, they can be
unevenly distributed in the aquatic environment. Generally, MPs with a higher density
than the surrounding water, such as PET (1.37-1.45 g/cm®) or PVC (1.2-1.6 g/cm®), are
more likely to sink to the bottom [7]. In contrast, many commonly used plastics, such as
PP, PE and PS, have a lower or similar density to water (0.9-1.1 g/cm?®) [7], and they are
more prone to drifting with the water further away from their sources [58].

In addition, attached organic and inorganic material can alter the density of MPs, and,
thus, cause even lighter polymers to be buried in the bottom sediment [9, 59]. Moreover,
the shape of the particle affects its settling velocity in the water phase [60]. Furthermore,
the ambient conditions in the aquatic system, such as water density, currents and wind
may affect the distribution of MPs [61].

Consequently, sediments are significant sinks for MPs both in marine [8, 24, 62] and
freshwater environments [15, 17, 25, 63]. For instance, PE concentrations in the bottom
sediment of Tokyo Bay (6000 n/m?) were four orders of magnitude higher than in the
surface water (1.7-3.2 n/m?) [8].

Due to the high variety in the environmental fate of microplastics, it is crucial to include
different types of environmental samples in the investigations when the abundance of
microplastics or their possible environmental impacts are assessed. To enable that, a wide
range of sampling and pre-treatment methods has to be used, which leads to uncertainties
in the reported results and challenges the comparison of results from different studies.
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3 Materials and methods

The results of this study are based on a case study, which focused on Kenkaveronniemi
WWTP and its recipient lake area near the city of Mikkeli in Finland. The samples for
MP analysis were collected during years 2016-2019. The related sampling, pre-treatment,
identification, recovery rate assessment and contamination control practices are presented
in detail in Sections 3.1-3.6. In addition, several pre-treatment methods were compared
to evaluate their suitability for assessing MP concentrations in wastewater and sludge.
These methods are introduced in Section 3.4.1.

3.1 Sampling sites

Kenkaveronniemi WWTP was the main municipal WWTP in Mikkeli at the time of this
study. The plant treated approximately 11,000 m3 of municipal wastewater daily,
covering the wastewater of roughly 42,000 inhabitants. The plant was built in 1962 as a
biological treatment plant, and in 1971 parallel precipitation and sludge drying were
added to the process. In 1986-1988, the plant was renovated and extended. During the
last decades, the plant utilized a CAS process with step screening, 6-mm sieving, grit
separation, primary clarification with grease separation, biological treatment with
activated sludge, final sedimentation, and disinfection (Figure 3.1). Treated effluents
were discharged into the bottom of Savilahti bay, close to the Pappilanselka basin, via a
110-meter long pipe.

According to the monitoring records of the plant, the plant was operating normally during
the sampling campaign at the plant. On average, the sludge volume index of the activated
sludge was 62 mL/g. The total suspended solids for the effluent came to around 10.3 mg/L
with a removal efficiency of 98.6%.

Kenkaveronniemi WWTP was replaced with an MBR-based WWTP in 2021. The new
WWTP is located in Metsa-Sairila, and treated effluents are discharged into Pappilanselké
basin, about one kilometer south of the old discharge site.
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Environmental samples were collected from a narrow part of Lake Saimaa, north of the
Siikasalmi strait (Figure 3.2). The catchment basin consists of both an urban city centre,
suburban, and industrial areas together with forests and agricultural land. The studied lake
basin presents a moderate ecological state according to European Union Directive
2000/60/EC [64].

The Launialanselkd, Pappilanselkd, Annilanselkd and Kyyhkylanselk& basins were
included in the MP examinations of this study. Sampling site 1 was in Launialanselké,
which is surrounded by a suburban area and is located 2 km north-east from the discharge
site of the WWTP. Site 2 was in Pappilanselkd, the closest basin to the city centre of
Mikkeli, and it was located within 600 m from the discharge site of the WWTP.
Annilanselka (site 4) and Kyyhkylénselké (site 3) are surrounded by forests, suburban
and agricultural areas, and the sampling sites were located 3 and 7 km downstream from
the WWTP, respectively. In addition, water samples were collected from Mikkeli harbour
and a sediment sample was collected from Pappilanselka (site 5) for method and recovery
testing.

According to the flow report by Ramboll Finland Oy [65], various wind conditions allow
diluted WWTP effluents to migrate either towards the Launialanselké or Annilanselka
basins.
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Figure 3.2: Maps of the sampling area; location of A) Mikkeli, and B) the sampling sites
and Kenkdveronniemi WWTP.
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3.2 Sampling

3.2.1 Wastewater treatment plant

In this work, wastewater and sludge samples were collected from different parts of
wastewater treatment process in Kenkéveronniemi WWTP (Figure 3.1), as described
earlier in our publications [66, 67]. Wastewater samples were collected from influent
(after a 6 mm screen, at the beginning of the grit separation basin), after the primary
clarification, and from the effluent after final disinfection. Sludge samples were collected
from the digested sludge before dewatering. In addition, preliminary lake water samples
were collected near the shore next to the WWTP to roughly estimate the concentration of
MPs close to the effluent discharge site.

Sampling was conducted every other Monday during 10.10.2016-2.1.2017 between 8 and
12 am. Wastewater samples (4.0-30.0 L, Table 3.1) were collected with a stainless steel
(SS) bucket and sieved on site with a cascade of two test sieves with mesh sizes of 0.25
and 5.0 mm. Material retained in the smaller mesh was rinsed with distilled water into
pre-weighed beakers. For the influent, smaller volumes (4.0-8.5 L) were sampled to make
the examination efficient with samples likely to contain higher concentrations of MPs.
For method testing, wastewater samples were collected into 5-L PE containers without
sieving. Sludge samples (150-200 mL) were collected with an SS cup and immediately
poured into glass flasks.

The same set of equipment was used at each sampling point, and the sampling was always
started from the samples which we expected to have the lowest MP concentrations to
minimize the possibility of cross-contamination. All samples were stored in the dark at 4
°C until further treatment, for a maximum of two days.

Table 3.1: Collected volumes of wastewater and lake water from each sampling point
during sampling campaign in 2016-2017 [67].

. . Volume of collected Volume of examined
Sampling point

sample (L) sample (L)
Influent 4.0-8.5 0.8-3.0
After the 1% clarification 16.0-30.0 16.0-30.0
Final effluent 17.5-30.0 17.5-30.0
Lake 18.5-30.0 18.5-30.0

3.2.2 Recipient lake

Lake water and bottom sediment were sampled from the Launialanselkd, Pappilanselka,
Annilanselkéd (only sediment) and Kyyhkylénselké basins (Table 3.2). Water samples
were collected in triplicates 0.5 m below the surface at sites 1-3, or more precisely 0.35—
0.65 m below the surface considering the height of the sampling device. In addition,
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samples were collected 1 m above the bottom, i.e. 5.0 m (4.85-5.15 m) below the surface,
at site 2 to assess the effect of the effluent plume discharged to the bottom. The depths at
the sediment sampling sites varied between 6.0 and 14.6 m.

Lake water and sediment samples were collected from a motorboat with different Limnos
samplers (Figure 3.3) 11.-19.9.2019 and 13.-14.9.2018, respectively. Lake water
samples were released from a Limnos water sampler on a metal filter (with an aperture of
20 pm, @ 50 mm), placed on a glass filter holder. Each composite sample (10.4 L)
consisted of five subsamples, and the filter was transferred into a glass bottle after the
filtration of the last subsample. The inside walls of the Limnos were rinsed on the same
filter with ultrapure water between subsamples. The samples were stored at 4 °C until
further treatment. During the water sampling, the temperature, pH, and conductivity of
the water were measured on-site with multi-meter (Palintest Micro 800 MULT]).

Each sediment core was divided into subsamples on site with the help of the ring structure
of the sampler. The uppermost 10 cm was divided into 1-cm slices, whereas subsamples
below 10 cm consisted of 2-cm thick slices. The samples were transferred with an SS
spoon from the Limnos sediment sampler (@ 94 mm) into glass jars. The samples were
stored in the dark at 4 °C until subsamples for a loss-on-ignition analysis (LOI) and dating
were collected, and then at -20 °C until further analysis.

Table 3.2: Details of the sampling sites and sampling dates for lake water and sediment
samples during sampling campaigns in 2018-2019.

Site  Lake basin Coordinates Sample n Sampling  Sampling
type depth (m) date

1 Launialanselka 61°41'07.9"N  Water 3 0.5 18.9.2019

27°1909.5"E  sediment 1 135 13.9.2018

2 Pappilanselké 61°40'48.2"N  Water 3 0.5 19.9.2019

27°1722.2"E Water 3 5.0 19.9.2019

Sediment 1 6 14.9.2018

3 Kyyhkylanselké 61°37'06.8"N  Water 3 0.5 13.9.2019

27°1758.1"E  sediment 1 13 13.9.2018

4 Annilanselka 61°39'09.7"N2 Sediment 1 14 13.9.2018

7°18'03.4"E
5 Pappilanselka 61°40'17.8"N  Sediment 1 14.6 14.9.2018

27°17'44.5"E
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Figure 3.3: Sampling devices used for lake water and sediment sampling; A) a Limnos
water sampler, and B) a Limnos sediment sampler with a ring structure.

3.3 Pre-treatment of samples before microplastics analysis

Before the identification of microplastics from the environmental samples, the amount of
non-plastic materials had to be reduced to allow the visual and chemical identification of
possible MPs. For that purpose, the samples were treated in various ways to remove
organic and inorganic materials that could distract the identification of MPs. In the
following sections, used purification and other pre-treatment methods are described in
detail for each different sample type. All the chemicals and enzymes used in the present
work are listed in Table 3.3.
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3.3.1 Wastewater and sludge

The wastewater and preliminary lake water samples collected with 250-um sieves were
treated using wet peroxide oxidation (WPQ) according to Masura et al. (2015) [68], as
described earlier in our publication [67]. First, the on-site sieved samples were dried at
75 °C for at least 40 hours. Next, 20 mL of 30% hydrogen peroxide (H202) and 20 mL of
aqueous 0.05 M Fe(ll) solution were added to the dried samples (0.15 + 0.06 g). The
samples were let to settle for 5 min at room temperature (RT). Each beaker was covered
with a watch glass and heated up to 75 °C using a hotplate with magnetic stirrer. In case
of signs of over boiling, a small amount of distilled water was added to cool down the
reaction. The reaction was allowed to continue for 30 min after additions of H20. or
distilled water, i.e. for about 50 min for influent and 30 min for other water samples. The
samples were cooled down to RT and vacuum filtered on gridded membrane filters
(Sartorius, cellulose nitrate filter, @ 50 mm, porosity 0.8 um) with glass fibre filters
(VWR, Grade 696, @ 50 mm, porosity 1.5 pm) at the bottom for mechanical support. The
filters were transferred onto petri dishes and allowed to dry for 24 hours at RT with loose
aluminium foil covers.

Because the influent samples contained higher amounts of solid materials, mostly
cellulose fibres originating from decomposed toilet paper, subsamples of a maximum
0.25 g dw were included in the examination and the samples were treated with WPO
followed by enzymatic treatment with cellulase [69]. Due to the higher solid material
content, also more hydrogen peroxide was used during the WPO treatment. First, 40 mL
of H20, was added and then another 20 mL of H2O, was added after 20 min to promote
the degradation of the organic matter. After the WPO treatment, cooled samples were
sieved in a 38-um test sieve and rinsed into glass flasks with a small amount of distilled
water, closed with foil and stored in the dark at 4 °C. Enzymatic degradation was
conducted by adding 0.25 g of cellulase from Aspergillus niger per 0.25 g dw of sample,
corresponding to 800 activity units per gram of substrate, together with 12.5 mL of
sodium citrate buffer (pH 4.8), containing 0.1 M citric acid and 0.1 M trisodium citrate.
Samples were incubated for 24 hours at 40 °C with 160 rpm and then filtered similarly as
other wastewater samples.

Subsamples of well-mixed digested sludge (3 g in wet weight (ww), 0.1 g in dry weight
(dw)) were poured into glass petri dishes, dried at 45 °C for 18 h with a pierced foil cover
[39] and examined three times under a stereo microscope, as described later in Section
3.4.1.

3.3.2 Lake water

On-site filtered lake water samples were treated using the universal enzymatic
purification protocol (UEPP) introduced by Loder et al. [70] with some adjustments. No
partitioning or density separation was conducted. Amylase treatment was also excluded
due to problems noticed during preliminary testing. Incubation with amylase caused the
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whole sample to precipitate, which made it impossible to filter the sample and continue
the treatment.

The protocol included 1-3 d incubations with sodium dodecyl sulphate (SDS), protease,
cellulase, 30% H20- and chitinase with buffers at varying temperatures. First, the samples
were incubated at 50 °C for 24 h with 100 mL of 10% SDS solution and occasional
manual mixing. The metal filter was removed from the bottle with tweezers, material
attached to the filter was rinsed back into the bottle with ultrapure water, and the filter
was placed on a glass filter holder. The sample was filtered on the same metal filter, and
the bottle and filtration funnel were rinsed three times with ultrapure water. The filtration
funnel was detached and rinsed with the next solution into the same bottle, after which
the metal filter was also transferred into the same bottle and the remaining volume of the
next solution was added together with the enzyme load. Each incubation step was
conducted similarly, with solutions and enzymes changing according to the flow chart
presented in Figure 3.4. The volume of added enzymes was based on the enzymatic
activity of the used enzyme solutions, following the activities reported by Léder et al.
[70]. After the last treatment step with H2O3, the samples were filtered on the same 20-
um meshes and stored in glass bottles with a small amount of ultrapure water. Finally,
the samples were filtered on GF/C filters (Whatman GF/C, 1.2 um, @ 25 mm), and placed
on glass microscope slides in petri dishes.
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Sampling of lake water (10 L)
- Filtered on a 20-pym mesh

h 4

100 mL of SDS (10%) 1d

'

20 mL of protease
+ 100 mL of Tris HCI (1 M) 1d
buffer

}

10 mL of cellulase
+ 100 mL of NaOAc (1 M) 3x1d
buffer

'

30 mL of HzO; (30%) 1d

'

2.2 mL of chitinase
+ 100 mL of NaOAc (1 M) 3d
buffer

'

30 mL of H,O, (30%) 1d

50 °C

pH 9

pH 5
40 °C

pH 5
37 °C

A 4

Filtration on a GF/C filter

h 4

Analysis by
]

v

u-Raman

A 4

Py-GC/MS

Figure 3.4: Procedure for lake water sample treatment, modified from Ldder et al. [70].
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3.3.3 Sediment

Sediment samples (29.6-74.1 g ww, 2.4-18.1 g dw) were purified according to the
method by Frias et al. [71]; i.e. degrading organic material with H2O and separating MPs
from denser material with sodium tungstate dihydrate (Na;WOa-2H20). In contrast to 100
um suggested as a lower size limit for monitoring purposes [71], the lower size limit of
the sample pre-treatment was set to 63 um by sieving.

First, 100 mL of 10% H»0O was added to samples in two portions with a one-hour reaction
time in between, mixed with glass rods after additions, and covered with aluminium foil.
In case of excessive foaming, samples were mildly mixed, and a small amount of
ultrapure water was added. After 18 hours of reaction time, the samples were sieved on a
63-um test sieve, and the retained material was transferred into a 100-mL separatory
funnel with a small amount of ultrapure water. Next, sodium tungstate dihydrate was
added to the samples corresponding to a density of 1.4 g/cm? (550 g/L). In practice, 0.65
g of sodium tungstate dihydrate was added per 1 g of sieved sample material. The samples
were mixed for 2 min and allowed to settle for 2 h, after which the settled material was
discarded. Supernatant was vacuum filtered on a GF/C filter (Whatman GF/C, 1.2 um, @
47 mm), which was transferred onto a microscope slide in a petri dish and dried in a
desiccator.

The density (1.4 g/cm?®) of both the sodium tungstate solution and filtered supernatant was
confirmed with a density meter (Rudolph Research Analytical DDM 2911).

3.4 Recovery rates of microplastics

The recovery of MPs was tested for each of the used pre-treatment methods with triplicate
samples spiked with 10-20 pieces of different MPs. Detailed information about the used
MPs is listed in Table 3.4 and representatives of each MP are presented in Figure 3.5. The
spiked MPs represented the most widely-used polymers with densities varying from 0.9
g/cm® of PP to 1.4-1.5 g/cm® of PET and 1.2-1.6 g/cm?® of PVC [7]. The density of SBR
may vary a lot depending on the specific composition of the rubber in question [35]. The
spiked MPs also varied in their size, the longest dimensions being mostly in the range of
500-1000 pum. The diameter of the MPFs varied from 20 to 30 um. Unexpanded PS
spheres were purchased from Sigma-Aldrich and SBR fragments were offered by Saltex
Oy. Non-commercial MPs were self-made by cutting them with scissors from various
plastic items, such as packages, fabrics, and ropes. All spiked MPs were imaged with
stereo microscope (Zeiss, SteREO discovery.V8 with Axiocam 503 colour) before adding
them to the samples, and their longest dimensions were measured manually from the
images. Similarly looking MPs were not detected in our examinations at the WWTP or
in the receiving lake area, and only MPs with a similar appearance with spiked ones were
counted during the recovery testing.
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A B C

Figure 3.5: Appearance of the MPs used in the recovery testing: A) SBR, B) PVC, C) PE,
D) PS, E-F) PET, G) PA, and H) PP.

3.4.1  Comparison of the recovery rates of various pre-treatment methods with
wastewater and sludge samples

After the examination of wastewater and sludge samples, it was clear that selected
methods, i.e. WPO for wastewater and the examination of dried sludge, were not efficient
enough to purify the samples to allow feasible identification of microplastics. Hence,
there was a need to improve the pre-treatment methods to allow more reliable detection
of various types of microplastics. Thus, five previously-used pre-treatment methods were
compared to evaluate their suitability for examining MPs in wastewater and sludge
samples, as we presented in our previous publication [66]. The tested pre-treatment
methods included filtration [24], WPO [67], degradation with potassium hydroxide
(KOH) [72], an oil extraction procedure (OEP) [73], and a drying-based method [39],
which was only tested with sludge (Figure 3.6).
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- Spiked wastewater (1 L)

- Spiked sludge (3 g ww)

KOH OEP
Filtrati WPO at 75 °C Drying *
tration a >250 pm (water)| |>250 pm (water) ving

PART |

>250 >250 >0
Hm Hm >0 um (sludge) >0 um (sludge) Hm
I .
Filtration WPOQO at 50 °C Drying *
>25 um L
— 250 20
(25-100-250 pm) ot pm <t um
>25 um
>20 pm
(25-100-250 pm) —
Stained with RB (20-250 pm)
>20 pm
—  (20-250 pm)

Stained with RB

Figure 3.6: Representation of the conducted experiments in parts | and Il of the
comparison study. *Only tested with sludge samples.

In order to test the recovery of the methods, a selection of model MPs were inserted into
samples (i.e. the samples were spiked with MPs). The recovery of spiked MPs was
examined in triplicates with influent (1 L) and digested sludge (3 g ww) samples. To our
knowledge, this was the first study to assess recovery of MPs with different pre-treatment
methods by including both particles and fibres in the recovery testing.

A schematic diagram of the study is shown in Figure 3.6. First, five pre-treatment methods
were compared and methods with highest recovery rates for spiked MPs were further
adjusted in part Il. In part I, the lower size limit was set to 250 um in all pre-treatment
methods for influent samples. For the sludge samples, the lower size limit varied
depending on the studied method. The MPs were spiked in the whole volume of influent
(1 L) and digested sludge (3 g ww) samples.
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Adjustments in part Il were made to the size limitations and the used temperatures. The
MPFs had overall low recovery rates in part | (Table 4.2; 41-79%), which could probably
be explained by their small diameter (20-30 um) allowing them to pass through the 250-
um mesh lengthwise. Thus, the lower size limit during sample pre-treatment was reduced
to 20-25 um, depending on the pre-treatment method. To prevent clogging of the meshes
during pre-treatment steps, the total volume of spiked influent was decreased to 0.1 L
when smaller mesh sizes were used. In practice, 0.9 L of influent was first sieved with
the 250-um mesh, after which 0.1 L of spiked influent was sieved with the whole cascade
of sieves.

In addition, staining with Rose Bengal (RB) was studied with filtered and WPO-treated
samples. The main reason for the assessment of staining was the low recovery of yellow
and flexible PET fibres, which were difficult to separate visually from cellulose fibres.
Rose Bengal was selected over Nile Red, because Rose Bengal stains other materials than
plastics, which allows recording the original colours of the MPs [12]. Staining was
conducted by letting 5 mL of 0.2 mg/mL Rose Bengal solution react with filtered samples
for 5 min, after which the sample was rinsed and dried [74].

Filtration. In part I, a filtration device introduced by Talvitie et al. [24] was built and
equipped with nylon net with mesh size of 250 um. Spiked samples were filtered, filters
were transferred into petri dishes and allowed to dry at RT with a foil cover before
examination. Sludge samples were diluted with 3 L of tap water before filtration [45]. In
part I, two additional meshes (25 and 100 um) were added in the filtration device [24].

Wet peroxide oxidation. For dried influent samples (0.26-0.28 g dw), WPO treatment and
final filtration were conducted similarly as described in Section 3.3.1. For dried sludge
samples (0.15-0.23 g dw), only 20 mL of H202 was added and the samples were heated
for 30 minutes. In part 11, the samples were first sieved on a cascade of test sieves (20 and
250 um) and the retained material was rinsed into separate beakers. Samples were dried
at 50 °C and further treated as described for part I, but the samples were heated to 50 °C
instead of 75 °C to prevent the possible melting of MPs.

KOH degradation. The degradation of organic material was conducted with a 10% KOH
solution according to Karami et al. [72] with small adjustments. Influent samples were
sieved on a 250-pm test sieve and the retained fraction was rinsed into a glass bottle with
a small amount of distilled water, whereas sludge samples were poured into the bottles
without sieving. A KOH solution was added in the proportion of 1:10 (w/v). The samples
were incubated at 40 °C for 48 hours and were then vacuum filtrated on glass fibre filters
(VWR, Grade 696, porosity 1.5 pum).

Oil extraction procedure. OEP was first introduced by Crichton et al. [73] for seawater
and sediment samples, and those procedures were used for the spiked influent (>250 um)
and sludge samples, respectively. A sieved influent sample was collected in a small
beaker, rinsed with 200 mL of distilled water into a separatory funnel, and mixed for 30
s with 10 mL of canola oil. The sample was allowed to settle for 20 min and the water
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layer was discarded. Separation was repeated with another 200 mL of distilled water. The
water layer was discarded, and the oil layer was released into a gridded membrane filter
(Sartorius, cellulose nitrate filter, @ 50 mm, porosity 0.8 um) with a glass fibre filter
(VWR, Grade 696, @ 50 mm, porosity 1.5 um) at the bottom. The separatory funnel was
rinsed four times with 25 mL of 4% detergent solution (VWR, Deconex 22 LIQ-x) and
vacuum filtered on the same filter. The filtered sample was incubated twice with reagent
alcohol (90% ethanol, 5% methanol and 5% isopropanol) for 10 min, after which the filter
was slightly wetted with water and transferred onto a petri dish. Sludge samples were first
dried at 50 °C in Erlenmeyer flasks and mixed with 50 mL of distilled water, after which
5 mL of canola oil was added and mixed for 30 s and the sample was allowed to settle for
2 min. The sample was decanted into a separatory funnel, and water and oil were
repeatedly added to the flask. Both fractions were poured into the same separatory funnel.
The flask was rinsed four times with distilled water. The sample was mixed for 30 s and
allowed to settle for 2 min and the water layer was discarded. Another 100 mL of water
was added, and the mixing and settling was repeated, after which the water was discarded
and the samples were filtered like the influent samples.

Drying. Only sludge samples were dried according to Murphy et al. [39], i.e. the sludge
samples were dried at 45 °C for 19 hours. In part I1, the sludge samples were first sieved
with a 20-um test sieve before drying to reduce the amount of solid material and to ease
the examination. The retained material was rinsed into two petri dishes with distilled
water. In contrast to the other methods, these samples were examined three times under
an optical microscope. A small amount of distilled water was added to break down the
sludge material during examination.

3.5 Identification of microplastics

All material retained on the filters was examined with a stereo microscope. Representative
particles and fibres from the WWTP-related samples from 2016-2017 were identified
using Fourier Transform Infrared (FTIR) microscopy and/or Raman micro-spectroscopy,
as described in our publication [67]. In the case of lake water and sediment samples all
visually suspected MPs were identified using Raman micro-spectroscopy. Both Raman
and FTIR microscopy are commonly used methods for the identification of microplastics
[75, 76]. In addition, mass concentrations of certain polymers in the lake water samples
were analysed using a pyrolysis-gas chromatography-mass spectrometer (py-GC/MS).

For MPs in wastewater and preliminary lake water samples, the lower size limit was set
to 250 um due to the on-site sieving. Even though the lower size limit of included MPs
was theoretically set to 0, 20 and 63 um for sludge, lake water and sediment because of
the pre-treatment procedures, respectively, manual sorting led to the exclusion of the
smallest MPs. In addition, a significant amount of non-plastic material was left on the
filters after the pre-treatment steps. Hence, the lower size limit was estimated to be around
100 um, and this limit is used later in the discussion for these sample types.



3.5 Identification of microplastics 37

3.5.1 Microscopy

First, all samples were visually examined under a stereo microscope (Zeiss, SteREO
discovery.V8 with Axiocam 503 colour) with a magnification of 20-50x.

For filtered wastewater and preliminary lake water samples together with dried sludge
samples from 2016-2017, all particles and fibres without a clear natural origin (e.g. seeds,
cellulose fibres from toilet paper) were collected and placed in another petri dish. The
sludge samples were slightly wetted with distilled water to break up the sludge material
and examined three times using tweezers [39]. First two examinations were conducted
with a white background and the third examination with a black background under a glass
dish, to help recognize differently coloured MPs from the sludge samples. All the
collected particles and fibres were subjected to a second round of visual identification,
where all recovered particles and fibres were recorded by shape and measured by their
largest dimension manually using ZEN 2.3 software. In addition, all the particles and
fibres, approximately 5200 altogether, were classified in 54 groups according to their
appearance. Considered features included for instance the helicity of the fibres, shapes of
cross-section (round, oval or flat) and end of the fibres (clear cut, tapered or frayed), as
well as hardness of fragments [77]. Representatives of each group were further analysed
with FTIR and/or Raman microscopes.

For the lake water and sediment samples, all particles and fibres without a clear natural
origin (e.g. water fleas and diatom shells) were recorded by shape and colour and the
largest dimensions were measured as described earlier. In the case of lake water samples,
the recorded particles and fibres were left on the original filter. However, particles and
fibres were separated from the sediment samples on another GF/C filter due to the high
amount of other material retained on the original filters.

3.5.2 Raman spectroscopy

The Raman method, first discovered in 1928 [78], is based on the excitation of the sample
with monochromatic laser light and identifying the material according to the detected
Raman scattering, which is characteristic to the certain bonds in the molecular structure
of the material. Thus, the fingerprint spectra of different materials allow their
identification.

When a laser beam is directed onto the sample, part of the light is either absorbed,
reflected, or scattered. The majority of the scattered photons are scattered with the same
frequency as the incident light. This elastic scattering is called Rayleigh scattering (Figure
3.7). A very small part of the scattered photons are emitted by inelastic scattering, which
is called Raman scattering. In Stokes scattering, a molecule absorbs part of the energy
leaving less energy for the scattered photon. Thus, the scattered light has a smaller
frequency and the wavelength is longer than that of the incident light. In Anti-Stokes
scattering, the molecule releases energy, causing the scattered light to have higher
frequency and smaller wavelength than the incident light. [76]
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Figure 3.7: Different types of possible scattering.

Different wavelengths are used as light sources in Raman spectrometers. The most
common wavelengths are 514, 532, 633 and 785 nm. The smaller the used wavelength is,
the more energy is emitted onto the sample and thus more accurate data is collected. Due
to the high sensitivity of the Raman method to non-polar structures, such as carbon-
carbon bonds, it is a highly suitable method for identifying polymers, which commonly
have long carbon chains in their structure [76, 79].

In the present work, the materials of the collected particles and fibres were identified with
Raman micro-spectroscopy (Horiba Jobin Yvon, Labram HR) using a green laser (514
nm). LabSpec 5 software was used to present the spectral data collected for wavenumbers
200-3000 cm™,

For the WWTP-related samples and preliminary lake water samples from 2016-2017, on
average two to three representative particles or fibres for each group were analysed with
Raman micro-spectroscopy, covering 1.4% of all collected particles and fibres, as
described in our publication [67]. For the lake water and sediment samples, all visually
recorded particles and fibres without a clear natural origin were analysed using Raman
micro-spectroscopy.
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Spectral data collected for the particles and fibres from the WWTP-related samples from
2016-2017 were compared manually with reference libraries collected from previous
publications [76, 80, 81]. In the case of lake water and sediment samples, the KnowlItAll
Informatics System software (Bio-Rad Laboratories, 2018) was utilized for comparing
spectral data with reference libraries. Only particles and fibres with obviously matching
peaks with reference to plastic spectra were counted as MPs, but no threshold was set for
the similarity of the environmental and reference spectrum. During the automated
comparison, some spectra matched with multiple polymers and, thus, they were marked
as “plastic” without accurate identification. Examples of characteristic Raman spectra for
common polymers are shown in Figure 3.8.
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Figure 3.8: Examples of Raman spectra for commonly detected polymers.

3.5.3  Fourier transform infrared (FTIR) spectroscopy

Fourier transform infrared (FTIR) spectroscopy is based on the irradiation of the sample
with certain wavelengths of IR light (750 nm—1 mm) and measuring the transmitted or
reflected light to examine the absorbed energy at each wavelength. The differences in the
absorbed energy are converted into a spectrum by a Fourier transform. As different
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molecules bend and stretch differently with different wavelengths, presented molecules
can be identified according to their fingerprint spectra, similarly to Raman spectroscopy.

FTIR microscopes utilize either transmittance, reflectance or attenuated total reflection
(ATR) modes. The transmittance mode is suitable only for transparent particles, and
hence, reflectance techniques are more often used for plastics. ATR-FTIR has the highest
precision for detection of the fingerprint region of 1450-600 cm™, which corresponds to
the stretching of C-H bonds, which are characteristic to many polymers. Examples of
such characteristic peaks for PET, PE and PP in reflectance mode are shown in Figure
3.9. Unfortunately, in ATR, the crystal needs to be in contact with the surface of the
sample to allow infrared radiation to penetrate the sample, which limits the use of ATR-
FTIR microscopy to map the smallest MPs in environmental samples. FTIR microscopy
with reflectance is used to map MPs from filtered samples, but it can be problematic with
irregularly shaped MPs. In addition, a focal plane array (FPA) is a modification of FTIR
microscopy, which measures multiple spots simultaneously and reduces the time needed
for the chemical analysis of MPs [76].
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Figure 3.9: Examples of FTIR spectra for commonly detected polymers according to
reflectance.
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In this study, 1.3% of all collected particles and fibres from wastewater and sludge
samples were identified using an FTIR microscope in addition to the Raman analysis
discussed in the previous section. Spectral data was collected with an FTIR microscope
(Spotlight 200i FT-IR microscope system equipped with Spectrum Two, PerkinElmer) in
reflectance mode. Spectra were produced with 24 scans with wave numbers 600—-4000
cm?® with a spectral resolution of 4 cm™. Baseline correction, data tune-up and
normalization were done for the resultant spectra, which were then compared to spectra
libraries supplied by PerkinElmer.

3.5.4  Pyrolysis gas chromatography mass spectrometer (py-GC/MS)

Analysis using a pyrolysis gas chromatography mass spectrometer (py-GC/MS) is based
on the thermal degradation of molecules in an inert atmosphere into smaller degradation
products which are identifiable by their mass [76, 82]. These pyrolysates can be traced to
their precursor molecules and hence, the detection of certain pyrolysates can be used as a
fingerprint of the initial molecule [82].

In this study, a py-GC/MS analysis was utilized for lake water samples after they were
analysed using Raman micro-spectroscopy. The py-GC/MS analysis focused only on
target polymers PE, PP and PS and their concentrations were quantified according to
Steinmetz et al. [83]. Slightly wetted filters were placed into glass culture tubes and closed
with polybutylene terephthalate caps with PTFE coated seals. The samples were dried at
60 °C, after which 2.5 mL of 1,2,4-trichlorobenzene containing 0.015% of butylated
hydroxytoluene and 2.5 mL of p-xylene were added. Target polymers were extracted at
150 °C for 60 min, and after cooling down to RT, the supernatant was transferred into
ND?9 glass vials for analysis. Supernatants were pyrolyzed at 750 °C using a Pyroprobe
6150 filament pyrolyzer (CDS Analytical, Oxford, United States) coupled with a Trace
GC Ultra with DSQII mass spectrometer (Thermo Fisher Scientific, Bremen, Germany).
Concentrations of PE, PP and PS were determined according to their indicator pyrolysates
1,22-tricosadiene, 2,4-dimethyl-1-heptene and a-methyl styrene, respectively.
Theoretical limits of detection (LODs) for the target polymers in lake water were 6.1 pg/L
for PE, 7.9 pg/L for PP and 2.4 pg/L for PS. These values were calculated according to
the original volume of lake water samples (10.4 L) and the analytical LODs of PE (12.76
mg/L), PP (16.41 mg/L) and PS (4.97 mg/L) for the 5-mL sample extracts.

3.6 Contamination control

In this study, multiple actions were conducted during sampling, pre-treatment, and
analysis for preventing and assessing MP contamination. Because synthetic cloths are a
significant source of MPFs [84], their use was avoided during sampling, pre-treatment
and the analysis of the samples in order to prevent contamination. Dishes were rinsed
three times with distilled or ultrapure water before use and after transferring the samples
from one dish to another. In addition, plastic equipment was replaced with glass and metal
equipment whenever possible, dishes were covered with aluminium foil to prevent aerial
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contamination and laboratory benches were wiped three times with wetted cellulose tissue
before handling the samples. All used petri dishes and filters were examined under a
stereo microscope before use to remove all visible particles and fibres. Pre-treatment of
the wastewater and sediment samples was conducted in a fume hood, while lake water
samples were treated in a laminar flow cabinet. In the case of sediment and lake water
samples, H20. solutions and buffers were filtered through glass microfiber filters
(Whatman GF/C, 1.2 um, @ 47 mm) and SDS solution through a SS filter (20 um).
Ultrapure water was not filtered, due to the final filtration of the water system (Sartorius,
polyethersulfone, 0.45 um) [71].

For assessing contamination during sampling, storing and pre-treatment steps, field
blanks were collected for wastewater (n=7) and sludge (n=7), as well as for lake water
(n=4) and sediment samples (n=4) and treated along with other samples. In practice, field
blanks were collected by rinsing the sampling equipment with distilled or ultrapure water
similarly as during the collection of the real samples and treating that water as a field
blank sample. In the case of sediment samples, field blanks were empty glass jars, which
were stored with sediment samples throughout the sampling. In addition, procedural
blanks (n=6) were used to assess the contamination caused during the pre-treatment of
sediment samples. The lowest subsamples from the sediment cores from sites 1, 2 and 4
were also examined for more information about possible contamination during sampling
and pre-treatment, because those subsamples represented the time before the mass
production of plastics, namely years 1864-1941, and should not have contained any
plastics. Aerial contamination was also assessed by placing a GF/C filter on an open petri
dish next to the working space during the pre-treatment steps of the lake water (n=7) and
sediment samples (n=31). For all contamination samples, particles and fibres were
identified directly from the filter.

3.7 Loss-on-ignition (LOI)

The dry weight and proportion of organic material was measured for all sediment samples
using the loss-on-ignition method [85]. Well-mixed sediment (2.2-8.8 g ww) was dried
in crucibles at 105 °C for 20 h, cooled in a desiccator and weighed to calculate the water
content. Next, the samples were ignited for 2 h at 550 °C, cooled in a desiccator and
weighed to calculate the proportion of organic material. LOI analyses were conducted
during one week after sampling. In addition, the water content of sludge was measured
similarly.

3.8 Dating of sediment cores

To estimate the age of collected sediment layers, the cesium-137 (Cs-137) activity was
measured for dried subsamples (2.1-29.9 g dw) by the Geological Survey of Finland,
using a gamma spectrometer BrightSpec bMCA-USB pulse height analyser coupled to a
well-type Nal(TI) detector. Measurements were first taken for the topmost layers and
continued until the Cs-137 level of the individual layer decreased close to zero. The
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Chernobyl nuclear power plant accident in 1986 caused a high deposition of Cs-137 in
Southern Finland, and it can be noticed in lake sediments as a peak in the Cs-137 activity
[86, 87]. The sediment layer representing the year 1986 was located for each sediment
core according to a clear increase in Cs-137 activity, and the sedimentation rates were
calculated consequently for each sampling site. Subsamples representing the top 1 cm
were excluded from the Cs-137 measurements due to the small amount of solid material
left for MP analysis. According to the dating, only sediment layers representing years
1990, 2000, 2010 and the sampling year 2018, i.e. the uppermost layer, were included in
the study.

3.9 Statistical testing and data processing

For wastewater and sludge samples, MP concentrations with standard errors (SE) were
calculated for each sampling point according to Equations 3.1 and 3.2. The estimation for
the number of discharged MPs via different flows was done according to Equation 3.3,
based on the whole sampling campaign.

_n (3.1)

‘v

where ¢ is the concentration of microplastics in the studied sample as n/L (water) or n/g
dw (sludge), n is the detected number of MPs in the sample and V is the initial volume in
litres (water) or mass in grams of the dry weight (sludge) of the examined sample.

’Z(x — x)2 (3.2)
n—1
Vn

where X is the observed value, x is the mean value of the samples and n is the sample size,
e.g. the number of samples, for which the MP concentrations are calculated.

SE =

Daily amount of discharged MPs = ¢ XV, (3.3

where c is the average concentration of MPs in the studied flow as n/L (water) or n/g dw
(sludge) and Vyq is the average daily volume of the studied flow in litres (water) or grams
of dry weight (sludge).

In the case of lake water and sediment samples, MP concentrations with SE were
calculated for each sampling site and for all sites combined according to Equations 3.1
and 3.2. Statistical tests for MP concentrations in lake water and sediments together with
all graphs were created using OriginPro 2018 (OriginLab Corporation). Differences
between groups were tested using a 1-way ANOVA. For data sets which did not fulfil
demands for normality (Kolmogorov-Smirnov test) and homogeneity of variance (Levene
test), a pairwise comparison with the non-parametric Mann-Whitney test with Bonferroni
correction was conducted. When a data set was normally distributed with heterogenic
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variances, pairwise comparisons with Welch’s test were conducted. The limit for
significance was set to 0.05 for all statistical analyses.

For each tested pre-treatment method, the average recovery rates were calculated for each
MP type, MPPs, MPFs, and total MPs based on the numbers of recovered MPs according
to Equation 3.4.

n
Recovery rate = — X 100% (3.4)

S

where n is the number of MPs detected in a treated sample and ns is number of MPs spiked
into the sample.

Maps were created with QGIS 3.12.3 using open data from DIVA-GIS (administrative
boundaries), the Finnish Environment Institute (Rantal0) and the National Land Survey
of Finland (Rantal0).
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4 Evaluation of available methodology and interpretation
of the results

Throughout this case study, it was obvious that many issues cause challenges both in the
examination of MPs from environmental samples and the interpretation of the results
obtained. Part of the challenges are probably caused by the rapid development of the
research field and the related lack of standardization, while others originate from
differences of sample types, selected sampling and pre-treatment methods or limitations
of analytical methods. Nevertheless, differences in the sampling, pre-treatment, and
analysis of MP samples result in challenges in the comparison of reported results [88].
These issues are discussed separately in the following sections together with the related
findings of our case study and their implications in the interpretation of reported results.

4.1 An overview of detected microplastics in this case study

In this case study, a wide variety of MPFs and MPPs were detected in different
environmental samples (Figure 4.1). The polymeric composition, shapes and sizes of the
MPs varied between sample types (Figure 4.2 and Figure 4.3), which also represents the
variety of MPs in general. Nevertheless, the composition of the detected MPs was also
probably affected by the selected methods from sampling to analysis. These limitations
are discussed in detail in Sections 4.2 to 4.6.
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Figure 4.1: Examples of microplastics detected in different stages of the WWTP and the
recipient lake. (A-E) PET, (F-I) PE, (-K) PA and (L) PP [67].
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Overall, MPFs were most abundant types of microplastics in the wastewater, sludge, and
sediment samples (Figure 4.2 and Figure 4.3A). Correspondingly, in the WWTP-related
samples, the majority of the detected MPs were PET fibres, whereas PE was most
detected polymer for MPPs. In this study, PET counts also included matches with
polyester in the comparison with reference spectra. Additionally, in the sediment of the
recipient lake, PET covered the greatest share of the detected MPs (58%) (Figure 4.3B).
In the lake water, PP (33%) and PET (29%) were the most detected polymers. These
findings are in line with the fact that PET is more likely to be found in the sediment than
PE or PP, due to its higher density than water [7].

Throughout this case study, the majority (55-87%) of the detected MPs were smaller than
1 mm in size, and, as expected, the size of the detected MPs was relatively smaller, when
the lower size limit was reduced (Figure 4.3C). In the WWTP, 22-48% of the detected
MPs were smaller than 500 um. Relatively largest shares of smallest MPs (<250 um)
were detected in the lake water samples collected during both sampling campaigns.
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wastewater (>250 um), sludge (>100 um), lake water (>100 um) and sediment (>100

pum).
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Figure 4.3: Relative portions of detected MPs according to A) shape, B) polymer type,
and C) size classes in different points of Kenké&veronniemi WWTP [67] and the recipient
lake. The lower size limit used is mentioned separately for each sampling point. In the
case of wastewater, sludge and lake water (>250 pm) samples [67] “plastic” refers to
groups with representatives of different polymers and in case of lake water and sediment
samples (>100 um), it stands for MPs with high matches to various polymers by their
Raman spectra.

4.2 Sampling methods

The selected sampling method has a significant influence on the properties of the
collected MPs and on the reported MP concentrations. Overall, multiple sampling
techniques have been utilized, each of them causing varying limitations on the sizes of
detected MPs together with the different units resulting from the sampling method [89].
For examining MPs in different types of water bodies, neuston nets, such as a Manta trawl
[5, 11, 12, 90-92], pumping with or without on-site filtration [11, 24] and other bulk
samplers, such as Niskin bottles [16], have been used. The Manta trawl usually sets the
lower size limit of collected MPs to 300-333 um, while pumps and other bulk samplers
allow MPs of basically any size to be collected.

The selected sampling method and following size limitations play a key role in the
interpretation of the results. According to previous studies, reducing the lower size limit
for collected MPs causes an exponential increase in the detected concentrations of MPs
in environmental samples [11, 13, 93-98]. For example in the study by Uurasjarvi et al.
MPs were detected from lake water in over 600-fold concentrations when the lower size
limit was reduced from 333 um (0.27 MP/m°) to 20 um (168.8 MP/mq) [11]. Another
example of this phenomenon is presented for the MP concentrations in the CAS effluents
in Figure 4.4, where the increase in reported MP concentrations is obvious when the lower
size limit is reduced. In this case study, MPs in the lake water samples had roughly the
same relative abundancies for different size classes, no matter whether the lower size limit
was set to 100 or 250 um (Figure 4.3C). This might be caused due to the identification
method, which still depended on manual and optical sorting and the relatively small
difference in the used aperture sizes.
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Figure 4.4: Previously reported MP concentrations in CAS effluents (n/L) in relation to
the lower size limit according to identification practices [18, 39, 43, 46-48, 50, 52-54,
67, 74,94, 99-112].

In relation to the used mesh aperture, various shapes of MPs need specific attention. Due
to the elongated shape of the fibres, they might pass through meshes even though their
longest dimension would be larger than the aperture. Although MPFs are often found to
be the most abundant types of MPs in aquatic environments [18, 38] and wastewater [18,
24, 42], their recovery is less efficient, when large meshes are used. This was confirmed
in this case study, as later discussed in the comparison of pre-treatment methods shown
in Table 4.2. Therefore, even though the predominance of MPFs over MPPs has also been
reported for other WWTPs [18, 24, 50, 51, 74, 94, 100, 113-115], the reported results are
still likely to underestimate the abundance of MPFs. Furthermore, even though the
wastewater samples in this case study were filtered on a 250-um mesh, i.e. with an
aperture much larger than the common diameter of MPFs, and the recovery of MPFs with
the used pre-treatment method was only 68%, fibres still covered over 90% of the detected
MPs in the influent samples (Figure 4.3A). This highlights the importance of including
fibres in the microplastics studies.
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In addition, no matter what the aperture is, the mesh can start to clog due to retained
material, which will enhance the collection of particles smaller than the aperture.
Clogging can also limit the maximum volume of the collected sample. Therefore, when
the lower size limit is reduced, also the volume of the collected sample must usually be
reduced. On the other hand, MPs with smaller dimensions than the mesh size can also be
collected, if they are entangled with larger particles during sieving [116]. This was
recognized also in this case study, when MPs smaller than the used mesh size (250 um)
were detected in wastewater samples (Figure 4.3C). As a consequence, the number of
detected and reported MPs always reflects only the retained fraction of MPs, not the exact
number of MPs larger than the aperture [90, 117]. Hence, the amount of small MPPs
(<250 pm) and varying sized MPFs would probably have been much higher in this case
study, if a smaller aperture had been used [74, 118].

Another issue varying within the past MP studies utilizing different sampling techniques,
are the units in the reported results. Usually, MP concentrations are reported per volume
or mass of the sample matrix. On the other hand, results for water samples collected with
a neuston net or beach sediment samples have also been reported as MPs per area [119].
Therefore, sufficient details of the sampling should be reported along with the MP
concentrations to allow the results to be converted to different units for comparison, when
necessary. In practice, that would mean also providing the sampled depth of the water
with a neuston net, depth of the included beach sediment layer and water content of the
sediment, if concentrations are calculated per wet weight. Likewise, due to the layered
structure of bottom sediments, the examined depth of the sediment core should be
provided with possible information about accumulation rates to estimate the age of the
sample.

4.3 Pre-treatment methods

After the samples have been collected, they usually need to be purified from non-plastic
materials before the quantification of possible microplastics. The aim of the pre-treatment
stage is to separate microplastics so that they can be identified and counted reliably with
the selected size limitations. Purification can be based on the degradation of disrupting
materials, such as organic material, or separation of microplastics from other materials,
such as dense mineral particles. In addition to purification steps, pre-treatment can include
drying of the sample, which can be necessary to relate the number of MPs to the dry
weight of the sample or to allow higher efficiency of the chemical treatments.

Likewise as with sampling techniques, numerous pre-treatment methods have been used
to remove non-plastic material from samples [7, 120, 121]. The main problem is that
selected chemical treatments need to be efficient enough to remove the majority of the
distractive material from the samples, but gentle enough not to attack MPs. Due to the
varying chemical compositions of MPs, also their resistance to different pre-treatments
can vary. Especially PA is more sensitive to acidic and oxidative treatments than other
commonly used polymers [122, 123]. In this case study, no visible effects were noticed
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concerning PA fibres during treatments with hydrogen peroxide at 10-15% dilution, 10%
KOH solution, canola oil or potassium formate solution. To study the possible effects of
chemical treatments on different polymers, analyses utilising scanning electron
microscopy (SEM) could provide useful information about the changes on the surface of
MPs [124, 125]. In addition, if the MP concentrations are based on the number of particles
and fibres, the pre-treatment steps should not cause any fragmentation of the plastics due
to weathering or mechanical abrasion [126].

The advantages and disadvantages observed for different pre-treatment methods during
this study are listed in Table 4.1. It needs to be highlighted that some limitations might
not be valid for those sample matrices which were not included in our study. For example,
cellulose fibres were problematic in the WWTP-related samples, but they are not that
abundant in other types of environmental samples. Overall, both sampling and pre-
treatment should always be optimized according to the sample type and the aim of the
study [127].

The methods used in this study were selected according to their reported use at the time
when experiments were conducted, and according to their advantages compared to other
methods. Because the field of MP research is constantly developing, some methods, such
as WPO conducted with additional heating, are no longer recommended.
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Generally, organic material is often degraded by oxidation with hydrogen peroxide in
multiple variations [62, 70, 71]. Even though treatments with hydrogen peroxide have
been very commonly used in MP studies, not all organic material is easily degraded with
these treatments, as was noticed during this case study. Especially cellulose fibres were
not fully degraded from the wastewater samples with WPO within the reaction time of 30
to 50 min and with the selected volumes of hydrogen peroxide (20-60 mL) in relation to
the dry weigh of the samples (<0.25 g). Increasing the reaction time or volume of the used
H202 or Fe(ll) solution could also increase the degradation of organic material. In
addition, during the aggressive reaction caused by hydrogen peroxide, temperatures over
60 °C should be avoided to prevent MPs from melting, if the appearance of the MPs is to
be examined [128]. In addition, possible losses of MPs due to aggressive foaming should
be prevented by covering samples loosely during the treatment, and by rinsing the cover
into the sample after the treatment.

Organic material can also be degraded by enzymatic treatments [44, 70], as was done
with the lake water samples in this case study. With enzymatic treatments, samples are
not treated with harsh chemical treatments, which could affect the appearance of MPs. As
a drawback, enzymatic degradation is a time-demanding process, which also requires
high precautions due to the multiple filtration steps.

Samples with a higher load of mineral material, for instance sediment samples, are
commonly treated via density separation, where denser material is separated and
polymers lighter than the solution are retained for examination with the supernatant.
Challenges arise when studies are conducted with different separation solutions with
varying densities. The separation of other materials is more efficient when lighter
solutions are used, but, on the other hand, denser polymers, such as PET, can be excluded
from the examination. Common density separation solutions vary from water (1.0 g/cm?)
[25] and sodium chloride (NaCl, 1.2 g/cm?®) [129] to sodium polytungstate (2.1 g/cm?®)
[130]. In addition, the time of settling varies widely from just 10 minutes [63] to multiple
days [114, 131]. Because both the density and the shape of the particles affect their
settling velocity [60], the settling time may play a crucial role in the extraction of MPs by
density separation. Furthermore, centrifugation can be utilized to improve the separation
of denser material [132]. One more varying practice is related to the amount of
supernatant that is included in the analysis of MPs. Some researchers have included the
whole supernatant [102, 103, 131], while some have only collected the uppermost part of
it [133].

During this case study, density separation was tested with sediment samples by using
sodium tungstate in a density of 1.4 g/cm®. It needs to be pointed out that the studied
sediments were treated with H2O, before density separation. Because possibly attached
organic material was already degraded, this approach probably allowed better separation
of denser mineral material. In addition, the studied sediments consisted of very fine
fragments, which allowed thorough mixing of the sample with the density separation
solution as well as the use of density separation funnel with a small outlet. In addition,
the settled sediment material was discarded after two hours, after which the whole
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supernatant was filtered. If the settling would have lasted longer, the supernatant could
have been clearer from disruptive, non-plastic particles. Furthermore, the selection of the
density separation solution has a large impact not only on the included polymers, but also
on the excluded non-plastic materials. For example, cellulose fibres have a density around
1.5 g/cm®, and they would not be removed from wastewater samples with ZnCl,, which
is often used in densities greater or equal to 1.5 g/cm?® [129, 133].

Compared to the harmful and expensive chemicals often used in density separation, the
advantages of oil-extraction procedure lie in the use of mainly non-toxic and inexpensive
chemicals. As a drawback, cellulose fibres can also attach to the oil layer, which limits
the suitability of OEP for WWTP-related samples. It might still be a suitable method for
separating MPs from other types of samples. For example, Scopetani et al. adjusted this
method for soil samples by freezing the samples before separating the MPs attached to
the oil layer [134].

Thus, different pre-treatment methods can either leave different amounts of interpreting
material on the sample, exclude part of the MPs, or chemically or physically attack MPs,
distorting the results and challenging the comparison of differently treated samples. In
addition, one pre-treatment step is rarely able to remove all distractive materials from the
sample, and, thus, the pre-treatment procedure for certain samples often consists of a
couple of steps. For example, density separation does not remove organic material from
the samples, and, thus, it is often combined with other pre-treatment steps degrading the
light-weighed non-plastic material.

Regardless of the selected methodology, its suitability should be assessed according to
the recovery of various MPs. However, recovery testing should be conducted with MPs
representing different shapes, sizes, and densities, to make sure that the selected sampling,
pre-treatment and characterization methods allow the collection and detection of
environmentally relevant MPs. In addition, it should be noted that in the case of MPs, the
recovery rates depend highly on the used mesh sizes and the recovery of larger MPPs
tends to be higher than the recovery of smaller MPPs or MPFs. This was also noticed both
in our comparison study as well as in the environmental study, where recoveries were
lower for MPFs than for MPPs (Table 4.2). The higher exclusion of MPFs was clear when
different pre-treatment methods were compared using a lower size limit of 250 pm. While
larger MPPs (230-3400 um) had recovery rates of 96-99%, the recovery of MPFs varied
from 41 to 79% (Table 4.2). Furthermore, when the lower size limit was reduced from
250 um to 20-25 um in the case of filtration and WPO, the total recovery rates were
overall slightly higher. Altogether, 0-19% of spiked MPs were detected in size fractions
25-250 pm (filtration) or 20-250 um (WPO). The use of 20 and 25-pum meshes especially
allowed the collection of fibres with diameters of around 30 um. As a drawback, the
addition of one or two filtration steps to each method increased the time consumption due
to the increased number of subsamples. In addition, shorter and flexible PET fibres
seemed to be excluded more easily than longer and inflexible PA and PP fibres with the
tested pre-treatment methods. Of the model fibres used in this case study, PET fibres were
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similar to the fibres which are likely to be released from textiles and, thus, which would
also be likely to enter the environment.

Table 4.2: Recoveries of MPPs, MPFs and total MPs for used and tested pre-treatment
methods. RB=Staining with Rose Bengal. Lower size limits are listed according to
physical limitations during pre-treatment steps.

Number Lower

Pre-treatment Sample type Adjustment of Size

Recovery (range) (%)

=]

method spiked  limit
MPs  (um) MPPs MPFs MPs
UEPP Lake water 3 80 20  97(93-100) 85 (80-95) 91 (86-98)
H-0; + density Sediment 3 140 63 99 (97-100) 84 (80-88) 95 (94-96)
separation
with Na,WO,
Filtration Wastewater 3 70 250 98 (95-100) 64 (57-73) 83 (79-87)
3 70 25 98 (98) 83 (77-90) 91 (89-94)
RB 3 70 25 98 (98-100) 82 (70-93) 91 (86-97)
Sludge 3 70 250 96 (95-98) 41 (33-53) 72 (70-77)
3 70 25 100 (100) 83 (80-90) 93 (91-96)
RB 3 70 25 98 (95-100) 80 (67-87) 91 (83-94)
WPO Wastewater At 75 °C 3 70 250 98(98-100) 68 (60-73) 85 (81-89)
At50°C 3 70 250 98(98-100) 71 (67-80) 87 (84-91)
At50°C 3 70 20  98(98-100) 73 (67-80) 88 (84-91)
At50°C+RB 3 70 20 100 (100) 78 (77-80) 91 (90-91)
Sludge At75°C 3 70 250 98(98-100) 79 (77-80) 90 (89-91)
At 50 °CP 3 70 250 99 (98-100) 76 (71-83) 89 (86-93)
At 50 °CP 3 70 20 99 (98-100) 80 (73-90) 91 (89-96)
At50°C+RB 3 70 20 99 (98-100) 76 (67-93) 89 (84-97)
KOH Wastewater 3 70 250 98 (95-100) 64 (60-67) 83 (83-84)
Sludge 3 70 0 98 (98-100) 59 (53-63) 81 (80-83)
OEP Wastewater 2 70 250 99 (73-100) 63 (43-67) 84 (60-86)
Sludge 3 70 0 88 (78-95) 77 (73-83) 83 (76-90)
Drying Sludge Without 3 70 0 100 (100) 66 (50-74) 85 (79-89)
sieving®
With sieving® 3 70 20 98 (95-100) 68 (57-80) 85 (79-91)

20ne replicate had nine PA fibres.
®One replicate had 11 fibres of PA or PP.

During the pre-treatment of lake water and sediment samples of this case study, a total of
91 and 95% of the spiked MPs were recovered with the selected procedures, respectively
(Table 4.2). It needs to be noted that the reported recovery rates are always valid only for
the MPs with similar kinds of properties with the MPs used in recovery testing. Therefore,
smaller MPs were probably recovered to a smaller extent from the WWTP-related
samples as well as from the environmental samples, because they could have passed
through the meshes more easily or more probably ignored during visual examination.
Hence, the reported MP concentrations were not recalculated according to these recovery
rates, which probably causes an underestimation of the reported MP levels.
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In conclusion, even though a wide range of pre-treatment methods are currently used and
most probably will also be used in the future, it would be important to standardize the
means of evaluation of the used methods. If the polymer types, shapes, and sizes of spiked
MPs were consistent throughout the research field, differences caused by the various pre-
treatment methods could be better evaluated and the results gained by implementing those
methods could be compared according to the results from the recovery testing. This
should be further supported by a more heterogeneous selection of commercial model
MPs, which should also include a selection of MPFs.

4.4 Identification of microplastics

Different techniques have been utilized for recognizing MPs from environmental samples
and identifying their polymer types. The identification and classification of microplastics
is based on their chemical composition, size, shape, and colour. Visual characterization
provides information about the appearance of particles without confirmation of their
chemical composition. In turn, chemical characterization methods are used to confirm the
polymeric composition of the examined particles. These methods are divided into non-
destructive spectroscopic techniques, including different variations of FTIR and Raman
spectroscopies, and thermal techniques such as py-GC/MS, which are based on the
degradation of chemical structure and the following detection of the degradation products.
The advantages and disadvantages of different identification techniques are discussed in
the following sections, and they are also summarized in Table 4.3.



59

annonnseq -
JawAjod ay) JO UoIeLINSaIaN0

SIA 10 UOID33S [eNnSIA
10 [enuBwW 10} pasu ON

4.4 ldentification of microplastics

pue S30UdJa}I3IUI aSNeI SUOIIRJIUBIU0I [eonAjeue
ued Jeualew dluehlo einjeN - paseq-sse X SIN/O9D-Ad -owlsy L
uoneainuspl
1101SIp UBD [eLIaeWw
13410 JO Wjiyo1q payoene
‘30e}INS 3y} JO SISAjeuy -
JawAjod ay1 Jo wnuoads wrl
3y1 91LIMIBAO URD S9AQ - T< S9joied 1oy a|qenns
Buibuajeyo si sajonJed ream ssauM1y} Aue yum
-2411 39e|q JO uonedINUap| - sa|dwes 10J 9|geins Adoasou1oads
90Ud9saloN| - AAI1ONIISOP-UON X -0J01W Uewey
RERIVETETRE ]|
asned 20D pue Auplwny - wr 1<
BuiBua|jeyd si sajonued jesm safon.ed Joj 9|qedns Adoasouroads
-3.11 >9e|q JO uonedyNUapP| - 3A1ONIISOP-UON X -0J01W Y|14  91dodsondads
annoslgns -
(wrl 005-00T>)
SdIA |[eWS 10} 3]gelns 10N - 3A1ONIISOP-UON Adoasouoip [ensin
uonisodwod
anojod  adeys azis [eaiwayo
anbiuyosl
sabejuenpesig sabejuenpy POyl N

uonedyuspl
IN0Qe uoiew.Ioju|

'[8ET-GET ‘0ET ‘02T ‘86 ‘€8 ‘6. ‘9. '9¢ ‘TT] a4nyetan| sy pue
Apns 8sed sIy] WoJj SUOITRAISSTO ay) UO paseq safeiueapesip pue safelueApe J1syl YIIM SPOYIaW UOITeIIIRUSpI pasn Ajuowwo) £ a|qel



60 4 Evaluation of available methodology and interpretation of the results

So far, the most used method is visual examination by microscopy. One benefit of
microscopic examination of MPs is the information about their colours. The
eco(toxico)logical background for recording the colours of MPs is the similarity of
specifically coloured MPs with the natural prey of different animals [139]. However, the
classification of colours has also been criticized due to their possible bleaching during
harsh chemical treatments [8] and the subjectivity in their classification. Hence, the
comparison of colour distributions can be misleading, and they were not discussed during
this case study.

In this study, some natural materials were retained on the filters along with collected MPs
after all the conducted pre-treatment steps, which made the visual separation between
MPs and natural material challenging. In addition, the abundance of transparent MPs was
probably underestimated, because they were ignored more probably than brighter colours
during microscopic examinations.

To improve the visual detection of microplastics, staining has been suggested as one
option to distinguish MPs from natural materials [12, 74]. The most commonly used
stains include Rose Bengal and Nile Red, which stain other materials than plastics or
particularly attack plastics, respectively. However, in this case study, Rose Bengal did
not stain cellulose fibres in WWTP-related samples. Hence, microplastics, especially
yellow PET fibres which are easily confused with cellulose fibres, were not identified
more efficiently. The average recovery rates of PET fibres were not higher in stained (50—
67%) than in non-stained (30-90%) samples, when lower size limit was set to 20-25 pm
(Table 4.2). In contrast, the colour of some PS and PVC fragments were slightly modified
due to staining, especially after WPO treatment. These findings were inconsistent with a
previous study, where Rose Bengal was reported to be suitable for PS [74]. Therefore,
staining could be a helpful method for pristine plastics, but it might have limitations with
weathered MPs.

Another option for confirming the plastic nature of particles and fibres is a hot needle test
[140, 141], which, however, is not suitable for small MPs due to the challenges in their
manual handling. Still, none of these visual methods offer any information about the
polymeric type of MPs.

As presented in Figure 4.4, previously reported MP concentrations for CAS effluents
were higher when their identification was based on microscopy alone compared to the
studies, where at least part of the MPs were confirmed using spectroscopic methods.
Thus, conducting only the optical classification with a microscope poses a high risk of
not only a false negative, but also a false positive identification of MPs. Therefore, the
polymeric composition of the MPs should always be confirmed with other
characterization methods, such as FTIR, Raman, or thermo-analytical techniques.
Nevertheless, only 28 and 14% of MPs studies published in 2015-2017 utilized either
FTIR or Raman in confirming the plastic nature of suspected MPs, respectively [75]. In
a couple of recent studies conducted of WWTPs, only 32 [48] and 77% [142] of suspected
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MPs were confirmed to be plastics by FTIR, which highlights the possibility of
overestimating of MP concentrations without confirmation of the polymer type.

Unfortunately, spectroscopic methods also have limitations. The spectra from FTIR or
Raman analyses for environmental MPs rarely provide high matches with the reference
libraries, which can be caused by the remaining organic material, different additives used
in the plastics [79] or by changes in the surfaces of the MPs due to weathering or
thermochemical pre-treatments. These challenges especially concern Raman
spectroscopy, because it characterizes materials based on the chemical structure of the
surface. In this case study, it was not possible to define the exact polymer of some MPs
collected from lake water and sediment by their Raman spectra. In some cases, all
suggested matches were various polymers, even though the peaks of the detected
spectrum did not match obviously with any of them. Hence, those particles were counted
as MPs and marked only as “plastics” without a clear definition of their polymer type.
One reason for this might have been the existing variety of copolymers. If the comparison
with spectral libraries does not recognize the copolymeric nature of the MPs and matches
the MP with only one of the monomeric structures of the copolymer, there might be
uncertainties in the concentrations of MPs consisting of different polymers. In some cases
during this case study, the correlation of the unknown spectrum with the reference
polymer was weak, but specific peaks for the certain polymers were obvious and, thus,
the MP was identified accordingly. Poor matches with reference spectra can also be
caused by the comparison of weathered, environmental MPs with the pristine polymers
used for creating spectral libraries [143]. In some studies, the lower limit for acceptance
in library searches has been set at 60—-80% [27, 52, 103, 140]. This kind of threshold is
necessary when an automated library search is needed, but it can also cause exclusion of
MPs which do not provide a good quality spectrum during the chemical analysis. Hence,
the results gained with limited match percentages can lead to underestimations of the MP
levels.

Furthermore, the identification of some polymers, such as PA or SBR, might be
challenging with spectroscopic techniques [11]. In this case study, some particles and
fibres were excluded from the results, because their Raman spectra did not distinguish
PA from natural materials. In addition, no tire-wear particles made of SBR were identified
using FTIR or Raman techniques in any of our samples, even though car tires are
considered to be one of the largest sources of MPs [35]. Their absence can be explained
by the light absorbing nature of black rubber [11, 135], which hinders their identification
with spectroscopic methods. Other reasons could be their small size [11] together with
their high density [26], which may have excluded tire-wear particles from our
examinations.

Moreover, because Raman scattering is usually very weak, other types of scattering easily
overwrite it. Scattering interference can be caused by the dyes used in plastics or by
fluorescence, which leaves material unidentified when applying Raman spectroscopy [26,
76, 130, 135]. Fluorescence can be diminished by using wavelengths over 700 nm. These
problems were encountered for the MPs collected from the WWTP and lake as well as
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for the colourful MPFs used in the recovery testing of wastewater and sludge samples. In
addition, only the dye was recorded by Raman spectroscopy for 17 and 13% of all
analysed particles and fibres from the lake water and sediment, respectively. Thus, those
particles and fibres may have been plastics, but they could not be identified with the
selected identification method.

In the case of FTIR, one limitation in the identification of microplastics is caused by the
used wavelength itself. The use of IR radiation presenting wavelengths from 750 nm to 1
mm limits the spatial resolution to 10 um [136, 137]. Hence, FTIR microscopy cannot be
utilized to characterize the smallest microplastics, whereas Raman microscopy is able to
identify MPs down to 1 um in size due to the shorter wavelength used in the excitation
laser [98, 137]. This is not only relevant to the smallest MPs, but also to fibres, which
often have their diameter around the spatial resolution limits of FTIR microscopy.
According to this study, MPFs accounted for 40-92% of the detected MPs, depending on
the sample type and size limitations (Figure 4.3A). Hence, it is important to select
identification methods that truly allow the identification of MPs throughout the size range
the study aims to focus on. An FTIR microscope can also be equipped with an FPA
detector, which allows the detection of smaller MPs with a pixel resolution of 5.5 pm
[27].

In the WWTP-related part of this case study, representatives of all visually classified and
grouped particles and fibres were selected for Raman (1.4%) and FTIR analysis (1.3%).
According to our microscopic and spectroscopic analysis, some natural and plastic fibres
had similar kinds of appearance. Therefore, the whole group with similar appearance was
excluded from the reported results. Unfortunately, this approach included a risk of both
false positive and false negative MP counts. In addition, specific polymers might have
been over- and underestimated, if they shared a similar appearance with other polymers,
because all possible MPs were classified according to their appearance before any
analysis. Hence, even though the results based on identification of representatives alone
would offer accurate MP concentrations in general, the relative shares of polymers might
be distorted. This was later considered for the environmental samples collected in 2018—
2019, where all suspected MPs were characterized with Raman spectroscopy.

In addition, thermo-analytical techniques, including py-GC/MS and thermogravimetric
analysis with differential scanning calorimetry (TGA-DSC), have been utilized for
analysis of MPs to a smaller extent. Unfortunately, thermo-analytical techniques might
have problems detecting a wide range of polymers. For example, TGA-DSC has been
reported to be suitable only for PE and PP [144], while py-GC/MS has been found to
work without interference at least for PE, PS and PP [83]. Furthermore, residuals of
natural organic materials can cause interference in the quantification of different
polymers using py-GC/MS as pyrolysates may be mixed with synthetic polymers. In the
case of PE, interference can originate from natural long aliphatic chains such as fats or
waxes [83, 138], while chitin, wool and wood can cause interference in the detection of
PS and PVC [138]. Furthermore, because thermo-analytical techniques are destructive
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methods, they do not offer any information about the size, shape or colour of the detected
plastics [120].

Another challenge arises from the different units of reported MP concentrations based on
the selected identification technique. MP concentrations resulting from microscopic and
spectroscopic analysis are usually reported as particulate counts per volume or mass of a
sample. However, thermo-analytical techniques offer results as mass concentrations.
Different types of concentrations cannot be directly compared, but both are useful in
relating the abundance of MPs to their ecotoxicological risks. Nevertheless, if the volume
of MPs detected using spectroscopic techniques could be measured reliably and
connected to the density of the detected polymer, spectroscopic techniques could also
offer mass concentrations. That would bring these techniques closer to each other and
allow comparison of the results gained with different kinds of techniques.

In the lake water samples of this case study, target polymers (PE, PS and PP) were
detected with py-GC/MS in concentrations higher than the LOD in five samples (Table
4.4). Detected concentrations varied between 7.9 and 39.8 pg/L for PE, 2.5 and 16.3 pg/L
for PS and 246.9 pg/L for PP. All three polymers were found in sample 3S1, for which
MPs consisting of those same polymers were also detected via Raman micro-
spectroscopy.

Some of the before-mentioned limitations with Raman micro-spectroscopy and py-
GC/MS were also noticed in this case study, when the results gained with these two
identification techniques were compared. Some target polymers were only detected with
either one of the techniques (Table 4.4). It needs to be pointed out that differently sized
MPs were included in different chemical analyses. For Raman analysis, MPs smaller than
100 um were excluded due to visual and manual selection, whereas all particles and fibres
retained on the filter after 20-um filtration were included in the py-GC/MS analysis.
Hence, samples such as 2B1 and 3S2 might have contained multiple small PS particles or
fibres, which were excluded from the visual selection of potential MPs with Raman
micro-spectroscopy. The mass of very few microplastics in the samples might also been
so small that they did not cause concentrations higher than the LODs for the py-GC/MS
method. Another explanation for the differences could be the similar appearance of MPs
with natural organic material remaining on the filter, which could have caused them to be
excluded from the Raman analysis. PP was detected in most lake water samples by Raman
micro-spectroscopy. Nevertheless, py-GC/MS had a low detection rate for PP, which may
be explained by the higher LOD compared to PE and PS. Due to the before-mentioned
overwriting of polymeric spectrum by dyes or fluorescence, some PE, PP or PS particles
or fibres may have been excluded from the Raman-based MP counts, but later identified
with py-GC/MS, which does not suffer from similar interference. On the other hand,
improperly removed organic material might have caused interference in the quantification
of target polymers, especially PE and PS, and, hence, may have led to the overestimation
of those polymers using py-GC/MS. This is further supported because none of the
polymers were detected using py-GC/MS in blank samples which did not contain any
natural organic material, but which contained PE and PP according to a Raman analysis.
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Hence, the mass concentrations caused by the detected particles and fibres consisting of
PE and PP did not exceed LODs of 6.1 pg/L and 7.9 pg/L, respectively.

Table 4.4: Concentrations of PE, PS and PP in lake water based on their detection with
Raman micro-spectroscopy (n/L, >100 um) and py-GC/MS (ug/L, >20 um). - = below
limit of detection

Depth Pc_)lymers detected _Polymers detected

Site (m) Sample with Raman (n/L) with py-GC/MS (ug/L)

PE PS PP PE PS PP

1 05 181 0.1 - 0.3 - - -

1S2 - - 0.8 - - -

1S3 - - 0.1 - - -

2 05 2S1 0.1 - 0.3 - - -

2S2 - - - - - -

2S3 0.2 - 0.1 - - -

50 2B1 0.2 - 0.2 - 6.0 -

2B2 - - 0.1 39.8 - -

2B3 0.1 - 0.1 - - -

3 05 3s1 0.1 0.1 0.2 23.5 16.3  246.9

3S2 0.1 - 0.6 - 2.5 -

3S3 0.1 - 0.1 7.9 - -
(n/sample) (ug/L)

BLANK1 1 - 6 - - -

BLANK?2 - - 11 - - -

BLANKS3 1 - 2 - - -

BLANK4 2 - 7 - - -

Based on these observations, it would be crucial to assess the recovery rates of various
MPs not only by the selected pre-treatment methods, but also by the exact same
identification protocol that is used for actual samples. In addition, the use of real
environmental samples as a sample matrix would allow the assessment of possible errors
caused by distracting materials.

4.5 Contamination control

Contamination is another aspect to be highlighted and considered both during the
sampling, pre-treatment, and identification, as well as when reported results are
interpreted. Nevertheless, different practices are followed for the interpretation of the
results related with the contamination control samples. Some researchers have subtracted
detected contamination from their results [17, 48, 97, 108], some have reported detected
contamination without subtracting it from the results [15, 45, 145], while some have not
reported any contamination measurements at all [14, 63].
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Despite the efforts to avoid contamination in this case study, described in Section 3.6,
some MPs were detected from the blank samples and the aerial contamination samples
related to all sample types (Figure 4.5). Because field and procedural blanks were mostly
conducted by rinsing the sampling equipment with distilled or ultrapure water in a volume
smaller than the actual samples, detected contamination is presented as the number of
MPs per blank sample and these cannot be directly related to the detected MP
concentrations in environmental samples (Table 4.5). In the case of aerial contamination,
detected MPs were counted per one aerial contamination sample, which were related to
the pre-treatment and analysis of a various number of environmental samples.

Table 4.5: Microplastic contamination (n/blank sample) detected in the field blanks (FB)
and procedural blanks (PB) together with aerial contamination (AC) samples related to
the WWTP-related samples together with lake water and sediment samples.

Sample  Pre-treatment Lower n/blank sample + SE
ype n size limit
type method um) MPPs  MPFs  MPs
Wastewater WPO FB 7 250 2309 23+06 46+13
Sludge Drying FB 7 100 00+00 01+£01 01+01
Lake water UEPP FB 4 100 73+21 23+08 95+16
AC 7 100 0.1+0.1 04+03 06+0.3
Sediment  H20: + density FB 4 100 143+3.6 1.8+0.8 16.0+3.9
separation PB 6 100 148+12 45+13 19319
AC 31 100 0.1+0.00 0.1+0.1 0.2+0.1

In the WWTP-related blank samples, 4.6 £ 1.3 and 0.1 = 0.1 MPs were counted per blank
sample for water and sludge, respectively. The highest level of contamination was
detected for the first sampling event, and some evidence of cross-contamination, such as
planktonic organisms, was found in the field blank samples. It was also noteworthy that
the MP concentrations in wastewater during the first sampling event were the highest
compared to the other sampling events (Figure 5.1).

For the lake water and sediment samples, 9.5 + 1.6 and 16.0 + 3.9 MPs were detected per
field blank sample, respectively. With both lake water and sediment studies, the majority
(76-89%) of MPs in blank samples were MPPs. Hence, the reported environmental MPP
concentrations were more probably distorted by contamination than the concentrations of
MPFs. On the other hand, a third of the MPs in the sediment blanks were identified as
Kevlar (Figure 4.5B), which was not detected in any of the sediment samples. Other
commonly detected polymers in the blank samples were PP and PE. Their sources may
have been the chemical packages and plastic wash bottles, which were used during the
sampling and pre-treatment.
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Figure 4.5: Relative portions of A) MPFs and MPPs, B) detected polymers, and C) sizes
in field (FB) and procedural blanks (PB) together with aerial contamination samples (AC)
collected along with wastewater, sludge, lake water and sediment samples. The used
lower size limit is mentioned separately for each sample type.
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Overall, the MPs in the blank samples (Figure 4.5C) were smaller than in the related lake
water and sediment samples (Figure 4.3C). As an example, the size distributions of
detected MPs are presented for lake water samples and the related contamination control
samples in Figure 4.6. This difference may be explained by the fact that in the blank
samples, smaller MPs were easier to recognize during optical sorting due to the absence
of distracting natural material. Therefore, even though the number of MPs were relatively
high in the blank samples, contamination was unlikely to cover an equal proportion of the
reported MP concentrations in the environmental samples. Nevertheless, contamination
may have increased the reported MP concentrations by some level. For the future studies,
it would be crucial to not only process but also to analyse blank samples in a same way
as the environmental samples to allow a better comparison of the results.

A) 20_

154

c 10

— B
0 1000 2000 3000 4000 5000

c 10 1

0 1000 2000 3000 4000 5000
204
C)

154

c 104

o-+-0 —4 T T T
0 1000 2000 3000 4000 5000
Longest dimension (um)

Figure 4.6: The size distribution of detected MPs in A) lake water samples, related B)
blank samples and C) aerial contamination samples in this case study.
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Aerial contamination was less common; only four and five MPs were detected in all the
aerial contamination samples related to the pre-treatment and identification of lake water
and sediment samples, respectively. Most of the detected aerial contamination was caused
by PET fibres. For the WWTP-related samples, aerial contamination was not followed.

In addition to contamination caught with the blank samples, some possible contamination
can also be pointed out from the actual samples in this case study. The Limnos samplers
used in both lake water and sediment sampling consisted of polycarbonate (PC), and in
the case of water samplers, also of polyoxymethylene (POM). Thus, they may have
caused some contamination in the collected samples. In the case of sediment samples, PC
was not detected at all. Hence, the Limnos sampler itself did not have an impact on the
reported MP concentrations for our sediment samples, at least for MPs larger than 100
pum. In contrast, PC (3 MPPs) and POM (8 MPPs and 3 MPF) detected in lake water
samples might have originated from the Limnos water sampler. In the case of other
commonly used sampling devices, such as Manta trawls (PA) or pumps with plastic
tubing, the possible contamination caused by the device itself should also be discussed
along with the detected MPs.

Due to the high variation in the MPs detected in the blank samples in this case study,
reported MP concentrations were not corrected according to them. This kind of approach
can cause an overestimation of the environmental MP concentrations. On the other hand,
as mentioned earlier, MPs detected in the blank samples were smaller than the ones
detected in the environmental samples. Hence, the exclusion of the reported
contamination from the environmental MP concentrations would probably have distorted
the results.

The risk of contamination and loss of sample can increase with the number of pre-
treatment steps [44]. This was confirmed also in this case study, where more
contamination was detected in the blank samples related to wastewater samples than the
less-treated sludge blanks. On the other hand, more contamination was detected for
sediment samples than for lake water samples, which were treated with multiple steps and
had a smaller lower size limit during UEPP. The smaller contamination of the lake water
samples might be due to conducting the treatment steps in a laminar flow hood instead of
the fume hood, which was used for the sediment samples. Thus, the sensitivity of the
sample collection and pre-treatment to contamination depends on many practices, which
should be considered thoroughly when MP studies are conducted.

To improve the contamination control and to enable the accurate comparison of results
from environmental samples and contamination control samples, the volume of the
control sample and the time used for sample collection should be comparable to the actual
samples. However, for example in the case of neuston net samples, it would not be
possible to filter several cubic meters of pure water to mimic the possibility of MPFs or
small MPPs retaining on the net [11]. In addition, sampling devices can be kept open to
mimic the aerial contamination during sampling, but in some cases, it might not
correspond to the aerial exposure of the actual samples.
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Additionally, in an ideal case, contamination samples should be treated and examined
with similar size limitations as other samples. If blank samples are collected in the same
way, with the same volume and within the same duration as environmental samples, i.e.
they totally mimic the collection of environmental samples, the detected MP counts could
be reliably subtracted from the reported results. Even then, it would still be questionable,
whether the subtraction of the results should be done separately for each detected polymer
and size class.

One solution for this issue could be the procedure introduced recently by Horton et al.
[108]. They presented an example of how contamination could be corrected and how
limits for detection (LOD) and quantification (LOQ) could be set. First, they calculated
the resolution of the analysis, or, in other words, how high the original MP concentration
needs to be in order to detect at least one MP (equal to LOD), or 3 particles (equal to
LOQ) in the final filter. In addition, they calculated the initial LOD and LOQ by
multiplying the standard deviation of procedural blanks by 3.3 and 10, respectively. Then,
the highest values for each polymer, i.e. either resolution-based LOD/LOQ or initial
LOD/LOQ, were set as the final LOD and LOQ. All the calculations were suggested to
be conducted separately for each detected polymer. In addition, they extracted the number
of MPs detected on procedural blanks from the result that was compared to the final LOD
and LOQ. They also underlined that blank correction would be more significant for
samples with a lower abundance of MPs. According to this view, the reported MP
concentrations of this case study would be most reliable for the influent, sludge, and
sediment samples. The highest concentrations of MPs were detected in those samples,
and, thus, the blank correction would not be as significant as for other wastewater and
lake water samples.

4.6 Interpretation of microplastic results

There are multiple points that should always be considered, when interpreting reported
MP results. As discussed before, differing measurement practices can cause significant
disparities between the actual environmental MP concentrations and the reported MP
concentrations after all the sampling, pre-treatment, and identification steps (Figure 4.7).
The most important issue are the lower size limits used throughout the study. Another
issue is the inclusion of MPFs in the reported results. Additionally, the uncertainty of the
results is higher if reported concentrations are not based on the identification of all
particles and fibres. If the identification is conducted only for visually suspected MPs or
representatives of possible MPs, the uncertainty of the results is even higher. Moreover,
if some colours are excluded or under-represented in the results, the reported MPs
concentrations and relative shares of various polymers can be distorted. Hence, the
recovery of realistically sized and shaped MPs should be tested, and related information
should be provided with reported MP concentrations. Moreover, the practices to prevent
and control possible contamination should be informed. Even though sampling, pre-
treatment, and identification methods develop constantly, reported microplastic
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concentrations should never been considered as exact information, but rather as rough
estimations of the actual MP concentrations in the studied area.
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Overall, in the microplastic research field, more attention should be paid to the reporting
of the results. Researchers should provide information about the limitations that selected
methods cause in their results. For example, if density separation is used, it would be a
good practice to underline that polymers with a higher density than the used separation
solution are probably excluded from the results. Likewise, it would be crucial information
to be reported with results if the selected characterization method has limitations in
detecting some polymers or if the resolution of the analytical method does not allow the
detection of the smallest MPs. For example, in studies by Ben-David et al. [94] and Bayo
et al. [142], the only information about the lower size limit of the studied MPs is the
aperture of the final filters (0.45 um). Nevertheless, the identification of representative
MPs with p-Raman [94] or tweezer-picked MPs with FTIR most likely did not allow the
inclusion of the smallest MPs. In general, these kinds of improved actions in reporting
would not only help the research field to develop the methodology for covering a wider
range of MPs, but they would also help to underline the differences behind the reported
results.

As an example of the suggested practice, the limitations and other necessary information
for the interpretation of the environmental MP concentrations of this case study are
presented in Table 4.6. These issues were also discussed earlier in Sections 4.2—-4.5.
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After all, the main reason for estimating microplastic pollution in the environment is to
determine their possible ecological and (eco)toxicological effects. Due to the wide
variation in the properties of the MPs themselves and their varying distribution in the
environment, organisms can be exposed to different types and quantities of MPs
depending on where they live [146]. Hence, in order to assess the effects of MP pollution
in a certain area, different compartments, such as sediment and water, should be examined
[17]. In addition, it needs to be considered that MPs are able to transfer between trophic
levels [147], and, hence, MPs present in one compartment of the environment may cause
effects also in the organisms living in other compartments of the ecosystem.

From an ecotoxicological point of view, the effects of MPs on organisms can be divided
into three categories. First, MPs can cause physical and chemical effects to organisms.
The most often reported effects include reduced growth and activity together with
decreased survival rates [146]. In addition to the direct effects of MPs themselves,
different additives in plastics, such as plasticizers and bisphenol A, can cause their own
various effects [32]. Thirdly, MPs can act as vectors for pathogens and pollutants, such
as polychlorinated biphenyls, polyaromatic hydrocarbons and metals, allowing them to
disperse in the environment, and probably affect organisms more easily [29-31].

Many problems occur in the ecotoxicological interpretation of environmental
concentrations of MPs, and these problems are related with the wide chemical properties
of MPs together with the wide variation in their sizes. Firstly, ecotoxicological studies
are often conducted with MPs smaller than 100 um and even to a greater extent with
nanoplastics (NP) in sizes below 1 um [146, 148]. This leaves a gap between the results
gained from environmental monitoring studies and the available information about their
possible effects. Hence, to assess the ecological risks of MPs, the smallest MPPs as well
as MPFs, should be included in monitoring studies [93]. Secondly, PS has been the
dominant polymer in previous ecotoxicological studies, covering half of the conducted
ecotoxicity studies [146]. This means the knowledge about the possible ecotoxicological
effects of other commonly detected polymers is relatively scarce. Hence, the
ecotoxicological studies considering a wider range of polymers needs to be conducted to
assess the possible effects of environmentally relevant MPs. Thirdly, mass-based
concentrations are often used in ecotoxicological testing, which challenges the
assessment of possible effects with particulate concentrations that are often reported for
environmental samples analysed with spectroscopic methods. Furthermore,
ecotoxicological testing is often conducted in unrealistically high concentrations, which
do not represent the actual exposure occurring in the environment, and, moreover, acute
effects are examined more often than chronic effects [35, 149].

Consequently, the assessment of the ecotoxicological and ecological effects of detected
MP concentrations needs to be discussed in the light of present knowledge, in relation to
the detected polymers and within the size range that they have been detected in the studied
environment. Lastly, in the real environment, organisms are simultaneously exposed to a
wide range of MPs, their additives, and other chemicals, and, thus, real ecotoxicological
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and ecological effects may differ from the effects detected during single-compound
exposure studies.



77

5 Assessment of microplastic loads from WWTPs and
their distribution and impacts in recipient water bodies

5.1 Microplastics abundance at WWTPs

In addition to the previously discussed challenges faced in MP studies in general, many
other issues need to be considered when MP concentrations are studied at different points
of WWTPs.

Firstly, when process streams, such as wastewater and sludge, are considered, it needs to
be recalled that bulk samples represent only a blink of the overall flow of wastewater and,
correspondingly, MPs in the wastewater. Fluctuations of the incoming stream also cause
variations in MP concentrations, which challenges both the sampling and comparison of
the results even from different points of the same process. Therefore, the presented point
of time and duration of sample collection needs to be considered to gain representative
results. In addition to the diurnal variance in MP concentrations in wastewater, the
seasonal variation of MP concentrations has also been discussed [94, 101]. Reasons for
proposed seasonal fluctuations could involve variation in the amount and types of
clothing for locations with high annual fluctuation in temperatures, such as Finland.
Nevertheless, it is still unknown, whether MP loads in wastewater vary within the cold
and warm seasons in Nordic conditions. In South Carolina, in the USA, Conley et al.
noticed a 2.7 to 4.8-fold variation in the MP concentrations in 24-hour composite effluent
samples collected during one year in three WWTPs, but without any clear seasonal trends
[101].

Within the sampling campaign at Kenkéveronniemi WWTP, large variations were found
in the detected MP concentrations of both wastewater and sludge (Figure 5.1). The
sampling campaign consisted of seven sampling events covering almost three months,
but the samples were collected on Monday mornings and the sampling covered only a
part of the autumn and winter. Hence, any possible diurnal variation and variation within
days of week or warm and cold seasons were not captured in the reported results. These
observations highlight both the need for multiple sampling occasions and a larger sample
size to estimate the concentrations of MPs at WWTPs more reliably. Another solution to
covering the diurnal variation could be the use of composite samplers, which would allow
the representation of average MP concentrations [45, 101]. Nevertheless, to overcome the
variation in wastewater and sludge, the average MP concentrations should be reported
based on multiple sampling events rather than many samples collected within a short
period. In addition, considering the hydraulic retention time of the wastewater treatment
process could allow a more reliable assessment of the removal efficiency of MPs. In
practice, the load of MPs in the incoming water could be followed according to the
retention time of the WWTP and samples could be collected accordingly from latter parts
of the treatment process.
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The sampling of process streams can also cause other kinds of variation in the detected
MPs. During this case study at the WWTP, PE fragments were only detected in effluent
and shore water samples. The reasons for not detecting them in the influent might be the
smaller volume collected from the influent stream, the diurnal variation in the contents of
the wastewater stream or the more stable flow at the effluent sampling point, possibly
allowing light PE fragments to concentrate on the surface and to be collected during the
sampling. The latter could also explain the lower MP concentrations detected in the
effluent from the primary clarifier (0.6 + 0.2 MP/L) compared to the final effluent (1.0 +
0.4 MP/L). Salmi et al. reported similar results for the Nendinniemi WWTP, where
concentrations of MPs (>20 um) were lower in the primary effluent (3 MP/L) than in the
secondary effluent (13 MP/L) [145]. In this case study, the sample from the primary
clarifier represented the whole flow of the wastewater in an exact point of the process,
while samples of the final effluent were collected from the upper part of the effluent
stream. Other reasons for the higher MP concentrations in the final effluent could be the
breakdown of the MPs during the wastewater treatment process or during the conducted
pre-treatment steps before the identification of the MPs. In addition, the smaller amount
of distractive materials in the final effluent might have allowed more accurate
identification of MPs, allowing better recognition of PE fragments.

In addition, many streams are recycled back to the beginning of the process in WWTPs,
which highlights the importance of the representativeness of the sampling points [145].
At Kenkéveronniemi WWTP, these flows include reject water from the sludge
dewatering, water from rinsing of removed solids and grease, floating material from the
primary sedimentation and waste activated sludge (WAS) from the final sedimentation.
In a study conducted at Nenainniemi WWTP, very high concentrations of MPs larger than
20 um were detected in the reject waters from gravimetric thickening (475 MP/L) and
centrifuge (10400 MP/L) treatments [145]. In addition, 69-79% of MPs (>25 um) were
already removed during screening and grit separation at two WWTPs in Australia [50].
Therefore, our influent samples, collected from the grit separation basin, consisted of both
incoming, screened wastewater and the before-mentioned recycled flows (Figure 3.1). It
can be assumed that the MP concentrations would have been lower in the initial, screened
influent than the concentrations now reported for samples collected from the grit
separation basin. On the other hand, if the influent samples would have been collected
before any screens, the MP concentrations would probably have been higher. To avoid
this kind of problem in the future, the selected sampling points should be chosen and
described more precisely than usually has been done in microplastic studies. Especially
the location of the sampling points in relation to the screens and internally-recycled flows
should be considered when removal rates of MPs are calculated for WWTPs. Overall,
when the MP budgets or total removal efficiency of MPs at a certain WWTP is assessed,
influent samples should be collected before any primary treatments.

In this case study, the overall highest MP concentrations were still predictably detected
for influent from the grit separation basin (57.6 £ 12.4 MP/L) and digested sludge (170.9
+ 28.7 MPs/g dw) (Table 5.1) [67]. Fibres covered the majority of the detected MPs in
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both of those sample types. The final effluent contained 1.0 = 0.4 MP/L, half of which
were fibres.

Table 5.1: Detected concentrations of MPPs, MPFs and total MPs (n/L (>250 pm) or n/g
dw (>100 um) = SE) in different stages of the wastewater treatment process in
Kenkaveronniemi WWTP [67].

Sample type Sampling point n MPP/L £ SE MPF/L + SE MP/L + SE
Water Influent from

b - 5013 526+ 11.3 57.6+124
grit separation
Effluent from 0.2+0.1 0.3+0.1 0.6+0.2
primary clarifier
Final effluent 7 05+0.2 05+03 1.0+04
MPP/gdw +SE MPF/gdw +SE  MP/g dw + SE
Sludge Digested sludge 7 9.8+5.7 161.0+£25.5 170.9 + 28.7

Our findings were consistent with the previously reported MP concentrations in effluents
of secondary WWTPs varying from 0 to 30.6 MP/L (Table 5.2). The large variation in
reported MP concentrations can be explained by the differences in initial MP
concentrations of influents and in the detailed processes of WWTPs [150] together with
differences in the used lower size limitations (1-300 pum) and the sampling, pre-treatment,
and identification methods [126], which were discussed earlier in Chapter 4.
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Similarly, previously reported MP concentrations in sludges vary widely, which may be
caused by the collection of the samples from different points of sludge treatment
processes together with the variation in the incoming load of MPs, in the pre-treatment
methods and in the size limitations. In Finland, other studies have reported higher MP
concentrations (>20 um) for the final dried sludge than detected in this case study for the
digested sludge before drying (170.9 MP/g dw; >100 pum). At Viikinméaki WWTP, 186.7
micro-litter/g of dried sludge was detected [45], while 9379 MP/g dw was reported for
the dried sludge at Nendinniemi WWTP [145]. In the UK, only 0.8 MP/g of centrifuged
sludge (>0 um) was reported [39]. In China, a study of 28 WWTPs revealed average MP
concentration in dried sludge to be around 23 MP/g dw (>37 um) [113]. In other Chinese
studies, 2.9 MPs/g dw (>80 um) [114] and 46.3 MP/g dw [107] were detected for
dewatered sludge. For the latter study, no information of the lower size limit was
provided.

In the current case study, digested sludge was collected before dewatering. At Viikinmaki
WWTP in Helsinki, Finland, 20% of the micro-litter was returned to the treatment process
with the reject water from sludge dewatering [45]. If the MPs at Kenkaveronniemi
WWTP behave similarly during dewatering, the concentration of MPs in the final
discharged sludge would be around 137 MP/g dw. Even the corrected MP concentration
would have been relatively high compared to the majority of previously reported results,
considering the higher size limitations than in other studies [39, 45, 113, 114].

5.2 Removal efficiency of microplastics in WWTPs

According to the results of the present study, the removal efficiency of MPs at
Kenkéveronniemi WWTP was 98.3% when a lower size limit of 250 um was used [67].
For MPPs and MPFs, the removal efficiencies were 89.8% and 99.1%, respectively.
These efficiencies were based on the detected MP concentrations in the influent from the
grit separation basin, thus, including the recycled flows. Because the MP concentrations
would still likely have been higher in the non-screened influent compared to the MP
concentrations measured from the grit separation basin, the total removal efficiency at
Kenkaveronniemi WWTP was likely underestimated by this study.

However, these findings were in line with recently reported MP removal rates for
WWTPs with secondary treatments; varying between 62.7 and 100.0%, when lower size
limits over 100 um are used (Table 5.2) [46], [47], [111]. When smaller MPs are also
included in the examinations, the reported MP removal efficiencies in secondary WWTPs
vary widely between 35 and 100%, as can also be seen in Figure 5.2 [39, 43, 45-50, 52,
54,55, 67,94, 101-104, 107-109, 111, 112, 114, 142]. The previously-discussed impacts
of the exact locations of the influent sampling sites together with the possible variation in
the incoming flow of MPs on the calculated removal efficiency of MPs can explain part
of this variation.
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Figure 5.2: Previously reported removal efficiencies of MPs (%) in various WWTPs in
relation to the lower size limit. Only results, which were based on spectroscopic
confirmation of representative MPs, subsamples or all particles and fibres are included.
[39, 43, 45-50, 52, 54, 55, 67, 94, 101-104, 107-109, 111, 112, 114, 142]

In general, tertiary or advanced wastewater treatments are utilized to improve the removal
of nutrients or emerging pollutants from wastewater. They can also improve the removal
of MPs from wastewater (Table 5.3), but the removal efficiencies vary for different
treatment methods. One of the most promising tertiary treatment is the MBR process. It
has been reported to remove even up to 99.9% of MPs, when MPs over 20 um [55] and
100 pm [46] were included in the examinations. In contrast, Bayo et al. reported MPs
removal rate of 79.0% for an MBR-based process in a study, where only MPs larger than
200 um were detected [142]. These results need to be critically interpreted. Because the
membranes used in the studied MBR unit had pore size around 0.2 um, they should not
let any MPs larger than that enter the treated effluent. If the MBR process was working
properly and membranes were intact, MPs detected in the effluent could be originated
from the system itself, from aerial fallout or from contamination during the sampling, pre-
treatment, or identification. In addition to MBR, DF has been reported to remove 99% of
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MPs over 20 um [145]. It needs to be pointed out, that some tertiary treatments have been
reported to remove MPs less efficiently than secondary CAS-based processes. For
example Bayo et al. observed MPs removal rate of 75.5% for RSF in their study, where
only MPs larger than 200 um were detected [142]. Thus, advanced treatments are not
always automatically better solutions for removing MPs from wastewater compared to
the more conventional processes.
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According to this case study, the difference in the MP concentrations in influent (57.6 +
12.4 MP/L) and effluent from the primary clarifier (0.6 = 0.2 MP/L) confirms that the
majority (99%) of MPs were removed from the wastewater and directed to the sludge
already during the primary clarification. Likewise, previous studies have reported that the
majority of MPs are removed during the mechanical and chemical pre-treatments, solids
skimming and sludge settling processes at the very beginning of the wastewater treatment
process [43, 45, 101].

Hence, the sludge fractions collected from primary and final clarification differ
significantly in their microplastic concentrations. At least at Kenkaveronniemi WWTP,
these sludges are combined and further treated by anaerobic digestion and dewatering
before they are transported further and utilized for example in green construction. As the
majority of the detected MPs are removed from the wastewater already in the primary
clarification stage, the sludge collected from final clarification contains much lower
concentrations of MPs than the sludge from primary clarification. If these sludges would
be collected and treated separately, the sludge fraction from final clarification would be
more suitable for use as fertilizer than the sludge that the studied WWTP is producing
with the current combined sludge treatment. This approach could be part of the solution
for the current situation, where the utilization of municipal sludges as fertilizers is limited
due to the concerns related to their high concentrations of emerging pollutants, including
microplastics.

During the sampling days of this case study, the average volumes of the incoming influent
and discharged effluent were 10766 + 501 m® and 10540 + 425 m3, respectively.
According to the detected MP concentrations (>250 pum), approximately 1.0 x 10" MPs
were discharged daily with the effluent into the recipient lake. In addition, 87.3 + 5.5 m®
of digested sludge were produced daily for further dewatering, equalling a daily load of
4.5 x 108 MP. If 20% of the MPs are recycled back into the process with the reject water
[45], the actual daily load of discharged MPs from the WWTP with the treated sludge
would be 3.6 x 108 MPs.

Based on the assumption that the wastewater and sludge flows are stable in the studied
WWTP, incoming (6.2 x 108 MPs/d) and discharged MP loads via effluent and sludge
(3.7 x 108 MP/d) have a gap of 2.5 x 108 MP/d. This difference is likely to be caused by
the separation of MPs via other solid materials, which are removed during grit and grease
separation at the beginning of the treatment [39]. In addition, because our influent samples
were collected from the grit separation basin, but still after screening, the reported
concentrations for the influent might underestimate the actual incoming MP load, and
hence, the gap between the incoming and discharged MPs is likely to be even higher. In
addition, the different pre-treatment and examination methods for water and sludge
samples might cause uncertainties in the calculated MP loads.

In summary, to achieve the most accurate MPs removal rates and MP budgets for
WWTPs, the initial influent should be collected before any screening or at least before
any other waste streams are mixed with the influent. In addition, these locations should
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be described clearly along with the reported results. Likewise, all other samples, such as
sludge and effluent, should be collected after all treatment steps to estimate the discharges
from the WWTP as reliably as possible.

5.3 Environmental distribution and impacts of microplastic
discharges from WWTPs

When the distribution or impacts of MPs are studied in water bodies receiving treated
wastewater, there are multiple options for the included sample types. Different organisms
live in different parts of the aquatic ecosystem—some live only in a water column, some
live in the bottom sediment, while some prey on other organisms from the surface to the
bottom. When this variation in the ecosystem is combined with the diverse environmental
fates of different MPs, neither sediment nor water can be named as a more important
matrix than another for estimating the impacts of MP discharges from WWTPs.
Therefore, to assess the effects of MP pollution in a certain aquatic ecosystem, different
environmental compartments, such as sediment and water, should be examined also in
the studies assessing the effects of MP discharges from WWTPs.

However, the location and number of sampling sites together with the volume of collected
samples should be selected so that they allow reliable discussion of results and offer data
from differently exposed areas from WWTP effluents. Surface waters are flowing
systems receiving MP discharges from both point and non-point sources, which means
that MP concentrations in the water can fluctuate quite rapidly. Hence, water samples
contain only those MPs that happened to be in the sampling location at the exact time that
the sample was collected. Thus, the significance of larger sample volumes and the need
for replicates is emphasized, when water samples are collected. In addition, the sampling
depth should always be reported for water samples, because the abundance of MPs may
vary from surface to bottom due to the different densities and, hence, varying
environmental fate of different polymers [13, 93]. In contrast, MP concentrations in
sediments are not expected to vary that much during a short period. Hence, sediments are
usually sampled less frequently, but replicate samples would allow more reliable
assessment of local and spatial variation.

Even though the volume of lake water samples (10.4 L) collected in this case study was
in line with previous studies focusing on smaller sized MPs (>20-125 um) [11, 152], the
detected MP concentrations were very low. Hence, larger sampling volumes together with
multiple sampling events would have increased the reliability of the results reported in
this case study. This is also supported by a recent 12-month long sampling campaign,
which revealed high variation in freshwater MP concentrations in the UK [153].
Likewise, increasing the amount of examined sediment samples from 29.6-74.1 g ww,
together with replicate samples, would have improved the reliability of the collected data.
On the other hand, these actions would have significantly increased the time needed for
the identification of possible MPs in the environmental samples, and it would have been
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impossible if the same pre-treatment methods would have been used for larger volumes
and higher numbers of samples.

Overall, the volume of collected samples should allow the detection of a sufficiently high
number of MPs to represent the possible variation of MPs. Because MP concentrations
are likely to be higher, when smaller particles and fibres are included, smaller volumes
are acceptable for studies focusing on wider size range of MPs. Since different sample
types can contain various MP concentrations, and different laboratories still focus on
variously sized MPs, exact suggestions for suitable volumes cannot be provided.

In the case of lake or sea water studies conducted in Nordic conditions, the seasonal
overturn of the water should be considered if MPs in a specific layer of the water column
are examined. The lake water samples of this case study were collected in the autumn
before overturn. Still, the temperature of the water samples was 12 °C both at the surface
and the bottom layer at site 2, which was the closest sampling point to the WWTP
discharge site. This might be explained by the fact that effluents from Kenkéveronniemi
WWTP are discharged to the bottom layer of the lake, which can mix the thermocline in
the surrounding area.

531

In this case study, detected plastic (>100 um) concentrations in the lake water were 0.4 +
0.1 MPP/L, 0.3 £ 0.0 MPF/L and 0.7 £ 0.1 MP/L (Table 5.4), and the concentrations did
not differ between the sampling sites (p=0.88-0.99, 1-way ANOVA). In the preliminary
sampling in winter 2016-2017, 0.3 + 0.1 MP/L (>250 um) were detected in the lake water
close to the shore of the discharge area.

The effect of effluent discharges on the abundance of microplastics

Table 5.4: The detected concentrations of MPPs, MPFs and total MPs in lake water (n/L).

Sampling depth

Site (m) n MPP/LxSE MPF/L+SE MP/L=SE
1 0.5 3 0.35+0.14 0.26+0.16 0.61+0.22
2 0.5 3 0.51+0.18 0.32+0.03 0.83+0.17
2 5.0 3 0.29+0.10 0.29+0.06 0.58+0.06
3 0.5 3 0.58 +0.20 029+010 0.86+0.24

All 12 0.43+0.08 0.29+0.04 0.72+0.09

For the sediment layers representing the years 1990-2018, plastics (>100 um) were
detected in concentrations of 620 + 110 MPP/kg dw, 1500 + 340 MPF/kg dw and 2100 +
410 MP/kg dw (Table 5.5). The MP concentrations in the sediment samples closest to the
WWTP discharge site, i.e. site 2, were significantly higher than at other sampling sites
for each target year between 1990 and 2018 (p=0.0002-0.007, 1-way ANOVA with
Tukey test). The most significant differences were found in the concentrations of MPFs.
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Although similar trends in MPs abundance were not observed for the water samples, there
were some similarities in the MPs detected in the water and sediment close to the effluent
discharge site, namely site 2 of this case study. PET was most detected polymer in both
sediment (70%) and water samples (41%) at site 2. In addition, the majority (77%) of the
detected MPs in the sediment were fibres, and 90% of them were confirmed to consist of
PET. In the effluent of the Kenkdveronniemi WWTP, 52% of detected MPs (>250 um)
were PET, based on the identification of representative particles and fibres. According to
the detected MP discharge rate (1 MP/L, >250 um), more than 5 million MPs consisting
of PET are daily discharged from the WWTP. Because the WWTP-related samples were
collected using a 250-um mesh, the load of smaller MPs and especially MPFs would
probably be even higher. These observations together with the increased abundance of
MPFs in the sediments from 1990 to 2010 in this case study are in line with the global
trend of overall polyester production. During the target timeframe (1990-2018), global
polyester production increased from 8 million tons to 55 million tons, now covering over
80% of the global production of synthetic fibres [1]. In addition to the increased use of
plastics in textiles, other sources of MPs, such as mismanaged plastic waste is likely to
have increased in the past decades due to the overall increase in the use of plastic
packaging and wrappings. These sources of MPs can explain the MP pollution also in
those parts of the studied area where the impact of WWTP effluents may be smaller.
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Table 5.5: Detected concentrations of MPPs, MPFs and total MPs in bottom sediment
(n/kg dw, >100 pm).

Distance
. from the MPP/kgdw MPF/kgdw MP/kg dw
Sttt wwrtp " Year + SE + SE + SE
(km)
1 2 4 1991-2018 920 + 190 1200 £310 2100 + 360
1 2018 850 850 1700
1 2009 1400 1800 3200
1 2000 450 1700 2100
1 1991 1000 510 1500
1 1927 0 0 0
2 0.6 4 1990-2018 980 + 180 3400+ 600 4400 * 620
1 2018 1500 2800 4300
1 2010 930 5000 6000
1 2000 830 3600 4500
1 1990 670 2200 2900
1 1941 0 0 0
3 7 4 1991-2018 380 + 150 510 + 65 890 + 200
1 2018 0 330 330
1 2010 300 600 900
1 2000 610 610 1200
1 1991 630 500 1100
4 3 4 1990-2018 200 + 120 720 + 220 920 + 280
1 2018 340 340 670
1 2009 450 1200 1700
1 2001 0 990 990
1 1990 0 360 360
1 1864 230 0 230
All 16 1990-2018 620 + 110 1500+ 340 2100 + 410

Compared to very few other MP studies reported for Finnish lakes, the detected MP
concentrations were much higher in both water and sediment in this case study, which
highlights the possible effect of WWTP effluent on MP concentrations in the receiving
water body. Uurasjarvi et al. sampled surface water from Lake Kallavesi with a Manta
trawl (>333 um) and with a pump with an on-site filtration setup (>20 um), and reported
average MP concentrations of 0.00027 and 0.169 MP/L, respectively [11]. In the case of
lake sediments, Scopetani et al. reported average MP concentrations of 396 MPs/kg dw
for Lake Vesijarvi and related Pikku-Vesijarvi pond in Lahti [154]. They identified MPs
with an FPA-FTIR-microscope, which had resolution of 5.5 um. Still, MPs were counted
visually, which probably causes the exclusion of the smallest MPs.

As listed in Table 5.6, on a global scale average concentrations of detected MPs have
varied at 0.00027-0.003 MP/L, when lake water has been sampled with a Manta trawl
(>300 um) [11, 12, 92]. When also smaller sized MPs have been included, the reported
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concentrations have been considerably higher, varying from 119 MP/L (>0.45 um) in the
Great Lakes [16] to 0.01379 MP/L (>100 um) in Hungary [14]. The detected level of
microplastics in this case study (0.72 MP/L) were similar or higher than the previously
reported MP concentrations with similar size limits (>100-125 um) [14], [152], even
though comparison of results is only indicative due to the different size limitations and
practices during sample processing. In this case study, high recovery of MPFs (85%) can
explain the comparably high MP concentrations. For the methods used in other studies,
no information was provided for the recovery of MPFs [14, 152].
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Similarly, the detected MP concentrations in sediments (2100 + 410 MP/kg dw, >100
pum) of this case study were higher than in many other recently studied lakes (Table 5.7).
In Norway, MP concentrations (>36 pum) in the urbanized Lake Mjgsa and remote Lake
Femunden were 40-7310 MP/kg dw and 0-690 MP/kg dw, respectively [17]. In China,
54-506 MP/kg dw (>50 um) and 11-235 MP/kg dw (>5 um) were detected in the
sediments of Lake Poyang and Lake Taihu, respectively [15, 91]. In contrast, 7700 MP/kg
dw (>100 um) and 10476 MP/kg dw (>63 pum) were detected in the surface layer of
sediments in Lake Donghu, China [125] and Lake Tollense, Germany [156], respectively.

The observations in this study are in line with other recent studies, where higher MP
concentrations have been detected in both water and sediment close to WWTPs or other
urban sources of MPs [8, 11, 17, 58, 152]. In Finland, higher MP concentrations (>20
um) were detected in water close to WWTP discharge sites, harbours and snow dumping
sites compared to other parts of Lake Kallavesi [11]. In Bergen, Norway, much higher
MP concentrations (12 000-200 000 MP/kg dw, >11 um) were reported for marine
sediments close to WWTP discharge sites than what were detected in this case study [97].
The studied WWTPs in Bergen were operated with only primary treatment [97], and,
hence, were likely to have discharged relatively more MPs into the recipient water body
than the secondary WWTP studied in this case study. Still, since the majority of the MPs
are usually removed in the primary treatments [48-51], the lower size limits used in this
case study (100 um) and the study by Haave et al. (11 um) probably explain the large
difference in the observed MP concentrations more than the differences in the related
WWTPs.
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Overall, when the effect of WWTP effluents in the recipient area are studied, other
sources of MPs should also be considered. In case of the present study, the effect of urban
discharges via stormwaters or direct emissions due to improperly sorted wastes cannot be
distinguished from the MP discharges via effluents. This aspect could have been tackled
by collecting samples upstream from the WWTP discharge site. In addition, atmospheric
fallout can cause MP discharges in the studied environment [21]. However, according to
the detected MP concentrations in the sediment samples (Table 5.5), the effect of the
Kenkaveronniemi WWTP discharges on abundance of MPs seemed very probable.
Regardless of the source, possible reasons for the quick sedimentation of MPs after
discharge could be the discharge of effluents to the bottom layer of lake and the relatively
small amount of dilution compared to sampling points further away from the discharge
site. Other issues, which might have an influence on fast sedimentation can be biofouling
or other attached material, which can increase the density of the MPs [59]. Hence, locating
the discharge pipe at the bottom of the water body is likely to enhance the burial of
WWTP-related MPs into the sediment and prevent the distribution of MPs further in the
aquatic environment. After more detailed studies, this kind of setup could also be utilized
to prevent the spreading of MPs in the aquatic environment.

5.3.2  The buried history of microplastic pollution

The formation of layered sediment allows bottom sediment samples collected from
accumulation areas to reveal past temporal changes in the conditions of the water body.
The estimation of the age of sediment layers requires additional dating of the sediment
cores, which can be done for example according to Cs-137 and Pb-210 activities [125].

This phenomenon can also be utilized in MP research, as was demonstrated in this case
study. The collected sediment cores were 32—42 cm long and their composition varied
from fine clay to rocky sand between the sampling sites and within individual sediment
cores. According to the Cs-137 activity profiles (Figure 5.3), the sedimentation rates
varied between 0.3 cm/y (site 4) to 0.8 cm/y (site 3) (Table 5.8). The dating of the
sediment cores revealed some mixing of the sediment over time, especially in sites 2 and
4, where the Cs-137 activity stayed at high levels towards the surface layers. Thus, the
calculated years are only estimations of the formation time of each layer and the mixing
of the sediment layers may have also affected the MP concentrations.
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Table 5.8: Basic information about sediment samples.

Organic
Depth of _ _ Water matter
Site  Lake basin collected Years Sedimentation content conten_t of
sample  presented rate (cm/y) (%) dry weight
(cm) (LOI550)
(%)
1 Launialanselka 38 1927-2018 0.4 68-92 7.2-15.4
2 Pappilanselka 42 1941-2018 0.5 56-91 4.3-16.8
3 Kyyhkylanselké 32 1981-2018 0.8 29-92 1.2-13.3
4 Annilanselka 42 1864-2018 0.3 72-92 7.0-14.2
Cs-137 (Bg/kg)
0 5(?0 10|00 0 1?0 2(|)0 3(?0 0 2?0 4(?0 6(?0 0 190 2(|)0 390
° - Ste1 - Site2 . Site 3 . Site 4
10 '._ 10 - 10 '._ 10 _' )
g . . . .
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30+
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Figure 5.3: Cesium-137 activity in the sediment samples. The peak or clear increase in
Cs-137 activity was caused by the Chernobyl accident (1986) and is marked with dash
line. The dating of the analysed sediment samples was based on these results.

In this case study, the highest concentrations of MPPs, MPFs and MPs in general were
detected in sediment samples representing the year 2010 (Table 5.5), even though the
differences between layers were not significant (p=0.58-0.86, 1-way ANOVA).
Nevertheless, the observed MP concentrations indicated that MP pollution has slightly
increased in the studied lake area in recent decades. The same trends have been previously
observed in the sediments of lakes [17, 63, 125, 130], seas [8], beaches [58] and salt
marshes [157].
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In addition, increased MP concentrations detected in sediments are in line with the
increased production rates of plastics [2]. In Figure 5.4, the MP concentrations in each
sediment layer of this case study are combined with data by Turner et al. [130] and Dong
et al. [125], presenting variation of MPs in the sediment cores of a British pond and a
Chinese lake, respectively. When this data is related with the annual production of non-
fibrous plastics and polyester fibres, it seems that the increasing production rates of
plastics also cause an increase in the rates of microplastic discharges into the aquatic
environment.

A Results from Turner et al. (2019) and Dong et al. (2020) - 400
8000 + X Results of this case study
Annual producion of plastics without fibres
J- - - Annual production of polyester fibres

- 300 =
6000 A =
c
3 2
° S

m -
< 4000+ 200 78
o
= —
o)
>
c
c
2000 - -100 <

0 T ; - ; - 0
1925 1950 1975 2000

Year

Figure 5.4: Detected concentrations of MPs in sediment cores in relation to the global
production level of plastics [158-163]. Microplastics data include raw data by Turner et
al. (>500 pum) [130], Dong et al. (>100 pum) [125] and this case study (>100 pm).

In studies focusing on the layered structure of the sediment, samples are usually collected
with different kinds of corers, including Limnos samplers. Unfortunately, sediment
sampling with Limnos also revealed some drawbacks, which should be considered in
future sampling. In the topmost sediment layer, MP concentrations (1800 + 900 MP/kg
dw) were lower than in the samples representing the year 2010 (2900 £ 1100 MP/kg dw)
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or even all samples representing the last 30 years (2200 + 480 MP/kg dw). The most
recently formed sediment layers (depth 0—1 cm) had a higher water content (92 £ 0.3%)
than the other included layers (79 + 2.1%) and, thus, is looser than the other layers.
Therefore, part of the MPs might have been flushed away from the loose top layer due to
the movement of water during the sampling.

Because no increase in MP concentrations in relation to the age of the sediment was found
at site 3 (Table 5.5), which was located the furthest away from the WWTP, at least part
of the detected MPs may have originated from other sources than the WWTP. This
highlights the need for focusing also on other sources than wastewater in the future
monitoring studies.

Some MPPs were detected for the oldest sediment layer at site 4, corresponding to a
concentration of 230 MP/kg dw. The observed MPPs were likely to be caused either by
contamination or by the mixing of sediment because no plastics should have been present
according to the calculated formation year of 1864. No MPs were detected in other
sediment samples representing the time before the mass production of plastics in this case
study. Generally, water currents and bioturbation can cause MPs to be transferred in
sediment cores [164], which in turn may reduce the reliability of relating MP
concentrations to the age of sediment layers.

According to this case study and other previous studies [8, 17, 58, 63, 125, 130, 157],
sediment cores could still be utilized more in future environmental monitoring of
microplastics. They could be helpful in assessing the efficiency of past improvements in
wastewater treatment processes in the light of MP discharges. In that case, replicate
samples should be collected in the discharge area to represent the possible variation in the
MP concentrations.

5.4 Ecotoxicity and environmental effects

To assess the possible ecotoxicological and ecological effects of WWTP-related MPs,
different compartments should be discussed separately [17, 146]. For example, if
discharged MPs sink to the bottom rapidly due to attached material, bottom dwelling
organisms may be exposed to high concentrations of MPs in proximity to the discharge
site, while lake water remains relatively free of MPs. In the light of this case study, the
most relevant discussion should be pointed to possible effects of PET fibres and PE
fragments, which were common in the wastewater and environmental samples.

To assess the ecotoxicological effects, water fleas are commonly used as model species
representing the organisms living in the water phase. Even though PET fibres are not
likely to be ingested by water fleas, they can cause deformities in carapaces and antennas
[165]. In addition, PET fibre concentrations above 4300 MPF/L (500 pg/L, mostly 100—
400 um) have been found to reduce the reproductivity and body size of Ceriodaphnia
dubia in 8-d chronic exposure, which is likely to be due to entanglement [165]. In the
same study, PE beads, in sizes of 1-4 um, had an EC50 value of 958 ug/L for the
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reproduction of C. dubia compared to 429 ug/L for PET fibres [165]. In the lake water
samples of this case study, even the highest detected PE (39.8 pg/L) and PET fibre (0.4
MPF/L) concentrations were much lower than the effective values reported by Ziajahromi
et al. [165]. Still, the detected MPs were much larger than the model MPs used in the
study by Ziajahromi et al. [165], and the effects of smaller MPs cannot be generalized for
other size classes.

In the case of sediments, long-term exposure to environmentally relevant MP
concentrations can potentially affect benthic biota [166]. Bour et al. noticed a dose-
dependent reduction in the total energy of bivalves exposed to PE particles (125-500 um)
in concentrations of 1-25 mg/kg [166]. Smaller PE particles have also been found to
reduce survival, growth and emergence of Chironomus tepperi in concentration of 500
MPP/kg dw of sediment, with the effects being most severe with particles in the size range
of 10-27 um [167]. Even though larger PE particles (100-126 um) did not affect the
growth or survival of C. tepperi in similar concentrations, they reduced the number of
emerged adults [167]. As chironomids are common in Finnish aquatic environments,
especially in eutrophic lakes [168], similar kinds of effects are likely to happen also in
the Finnish environment, if concentrations of PE containing MPs increase to those levels.
In this case study, the total MP concentrations varied between 330 and 6000 MP/kg dw
in the surface layers of the bottom sediment and were highest closer to the WWTP
discharge site. On average, 11% of detected MPs in all sediment layers were PE, but the
studied MPs were overall larger than the ones used in most of the exposure studies [167]
and their weight was not studied in this case study.

Surprisingly, very few ecotoxicity studies have focused on the impacts of PET fibres on
organisms living in sediments. Setyorini et al. tested chronic toxicity of PET fibres (50
um) with larval Chironomus riparius in a 28-day long exposure [169]. They reported both
ingestion of PET fibres and the transfer of fibres to the next life stages. Nevertheless, no
effects on survival, general stress response or growth were observed for the studied PET
concentrations (500-50000 n/kg dw). Similarly, snails living in the soil have been found
to eat PET fibres, which can damage their intestines with negative impacts on feeding and
excretion [170].

Overall, in this study, PE (MPPs, >100 um) and PET (MPFs, >100 um) were detected in
concentrations which should not cause effects in the environment according to current
knowledge. Nevertheless, the possibility of ecotoxicological effects caused by the current
PE and PET concentrations cannot be totally excluded, because our examinations
excluded MPs smaller than 20 and 100 pm based on py-GC/MS and Raman micro-
spectroscopy analysis, respectively. According to previous studies, the number of MPs
increases rapidly when smaller MPs are included in the study [11, 13, 93-98]. Thus, the
total concentration of MPs is likely to be much higher than the MP concentrations
detected in this case study, and those concentrations might affect organisms living in the
study area. For example small perches and vendaces in Lake Kallavesi, Finland, were
reported to have especially MPs in sizes between 20-100 um in their gastrointestinal
tracts [27]. This further highlights the importance of focusing on the smallest MPs in
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future studies. In addition, it needs to be recalled that the limitations in the sample
processing and identification of MPs might have caused an underestimation of the MP
concentrations in this case study.

Hence, further investigations are needed to assess the abundance of MPs smaller than 100
um together with nanoplastics and the potential risks related to them. In addition, different
ways of MPPs and MPFs to attack organisms highlight the need of reporting separate
results for differently shaped MPs also in the future. Furthermore, this study did not focus
on other possible pollutants, whose ecotoxicity might be enhanced by their attachment to
the surface of MPs. Because part of the MPs in the studied area are assumed to be
discharged from the WWTP, they may have a higher possibility to act as a vector for
other pollutants present in wastewater.
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The microplastics research field has developed rapidly in the past decade and various
methodologies are currently used to assess the environmental concentrations of MPs. This
study discussed the variation of methods in the sampling and the pre-treatment of
environmental samples together with the actual identification of MPs. Furthermore, the
impacts of the variable methodology on the interpretation of the reported MP
concentrations were discussed. In addition, this study offered recommendations on how
the reporting of MP research could be improved and how the reported results should be
interpreted in the light of the heterogeneous nature of MPs. To evaluate these issues, a
case study was conducted at a local WWTP and its recipient lake area. The observations
from the case study were considered along with the literature.

The most significant factor influencing the reported MP concentrations is the lower size
limit that is set by the selected sampling, pre-treatment, and identification methods.
Currently, these limits vary widely from the micrometre level to hundreds of micrometres.
Generally, it has been demonstrated that the number of MPs increases exponentially,
when the lower size limit is decreased. Overall, different methods and the following size
limits support the collection of different kinds of data. This needs to be considered
whenever MP studies are planned, the reported MP concentrations are compared to each
other, or if the results are interpreted to assess the possible effects caused by MPs. For
example, MP studies focusing on large areas with Manta trawls can provide a good insight
into the general state of plastic pollution (>300 um) in aquatic environments. On the other
hand, if the aim is to assess the ecotoxicological risks of MPs, the sample processing
techniques should allow the collection and identification of smaller MPs (>0-100 pm).
In addition, the target unit, such as n/L or ug/L, and the required resolution affect the
selection of identification methods. As a result, the lower size limit should always be
provided with the reported microplastics results. Moreover, the provided size limit should
consider all size-related limitations from the sampling to the final analysis of MPs.

Basically, microplastic research is currently conducted either to estimate the
environmental concentrations of MPs or to evaluate the possible risks that MPs may cause
to organisms. Due to the practical challenges in the sampling, pre-treatment, and
identification, studies tackling these issues often target differently sized MPs. From the
ecotoxicological perspective, the current way of monitoring microplastics does not
provide suitable data for assessing the possible environmental effects caused by MPs.
Most of the environmental monitoring studies exclude the smallest MPs from the results
either by filtering them off during the sampling or pre-treatment, or by using identification
methods that do not allow the detection of the smallest particles and fibres. In turn,
ecotoxicological studies often provide information of the toxicity caused by the MPs in
micrometres of size. In addition to the need for filling the size-related gap between these
different research directions, the detected heterogeneity of MPs in the environmental
samples should be considered also in ecotoxicological studies. This situation could be
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improved by including varying polymers and shapes, especially fibres, in
ecotoxicological testing.

On the other hand, the sample processing methods still need to be optimized to allow
focusing on the smallest MPs, which are likely to cause more (eco)toxicological effects.
This will also help the research field in its next challenge, which is the examination of
nanoplastics in different compartments of the environment. The size of nanoplastics
(<100-1000 nm) allow them to pass through intestinal barriers or even to enter cells more
than MPs. Thus, they can cause more severe (eco)toxicological effects, which need to be
recognized and resolved. Hence, sampling, pre-treatment, and identification methods
must be further improved to respond to the more demanding needs of NP studies.

Still, it is likely that the methodologies utilized in the sampling and pre-treatment of MP
samples will not be standardized in the near future by the research community. Different
samples need different pre-treatment steps to allow a reliable analysis of MPs in the
targeted size range. Thus, different chemical and physical separation and purification
methods are utilized, which not only affect the purity of the analysed sample, but also
may cause the exclusion of some MPs due to their heterogenic properties. For example,
oxidation with hydrogen peroxide has been widely used to remove organic material, but
the aggressive oxidation process can affect the most sensitive MPs such as polyamides.
Hence, more gentle enzymatic treatments have been developed, but their drawbacks lie
in their multistep procedures with long processing times. Different variations of density
separation, in turn, have been successfully utilized to separate MPs from denser, inorganic
material.

Nevertheless, some practices in the MP research field need to be improved to allow the
comparison and interpretation of differently collected MP results. It would be crucial to
assess the representativeness of the resulting MP concentrations with the selected set of
methods. One option would be the use of standardized test materials in recovery rate
testing. These materials should represent the heterogeneity of MPs in terms of polymers,
sizes, shapes, and colours. According to this study, the detection rates of MPFs were
clearly lower than for larger MPPs, even if the lower size limit was reduced from 250 to
20 pum. Still, MPFs covered 40-92% of the MPs (>100-250 um) detected in this case
study, depending on the sample type and selected methods. Hence, it would be essential
to also include fibres in the standardized model MPs. This would need to be supported by
a wider variety of commercial MPs, including MPFs along with various MPPs.

However, some limitations are difficult to tackle even with improved recovery rate
testing. For example, the use of Raman microscopy in this case study most probably
caused the exclusion of MPs that contained dyes which overwrote the material spectrum
or fluorescent MPs that could not be identified as plastics with the available high energy
laser. Hence, these kinds of limitations should be highlighted openly in the reported
results along with the recovery rates of the standardized materials with the selected
methods. In addition, the contamination aspect should be emphasized and once there is a
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reliable way to process contamination control samples and a way to exclude
contamination consistently and reliably from the detected MP levels it should be
followed.

Thus, the reported MP concentrations should never be considered as accurate values, and
the details behind the reported concentrations related to the sampling, pre-treatment, and
identification should be discussed openly and considered during interpretation. These
issues should be considered not only in the scientific discussion, but also in the public
debate.

Overall, it can be also questioned whether it is reasonable to group this wide range of
synthetic, particulate pollutants under an artificial term “microplastics”. As discussed in
this study, the reported results for MPs can represent very different shots of the real
situation of MP pollution. When the methods develop further, this wide research field
might start to differentiate into smaller branches focusing on certain types of MPs. This
would allow the usage of more specific pre-treatment and identification methods, when
targeted polymers could be separated from the environmental matrix, for example
according to their specific density.

In case of the studied CAS-based WWTP and its recipient area, MPs were removed
effectively (98.3%) from the wastewater and directed into other waste streams when the
lower size limit was set at 250 um. Still, a continuous flow of MPs (1.0 MP/L) was
discharged into the recipient lake area, which equals a daily dose of over 10 million MPs.
If also MPs smaller than 250 pm would have been included in this case study, the MP
concentrations in the effluent would have most likely been higher. Anyway, even if the
MP concentrations in the treated effluents would be low, their continuous flow into the
environment together with the high volumes of treated wastewater can cause significant
cumulative pollution in the recipient area. This was further demonstrated in this study, as
the effects of MP discharges from the WWTP or nearby city centre were obvious for the
target years of 1990-2018. According to the detected MP concentrations (>100 pm),
microplastic pollution has also slightly increased in the past 30 years in the studied area,
which is most likely to have been caused by the increased consumption of plastics.

Overall, PET was found to be the most abundant polymer in all WWTP-related samples
as well as in all sediment samples of this case study. The majority of the PET was detected
as fibres. These findings were in line with the massive and increasing use of PET in the
textile industry. The production of PET fibres increased from roughly 8 million tons to
58 million tons during 1990-2019, now covering over 50% of the global fibre production
[1]. Together with previous studies, this further highlights the importance of including
MPFs, especially PET fibres, not only in the monitoring studies, but also in the validation
of the used methods as well as in the ecotoxicity testing in the future. They should also
be considered in restrictions which target unintentionally discharged MPs.

Some recommendations for limiting the discharge and distribution of MPs from the
WWTPs into the environment were made according to the observations from this case
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study. First, most of the MPs (>250 um) were removed from the wastewater during the
primary treatments at the studied WWTP. As an alternative approach to the current way
of combining all sludge fractions before further treatments, sludges from primary and
final clarifiers could be collected separately. Because sludge from final clarifiers should
contain much lower concentrations of MPs, it could then be utilized more safely as a
fertilizer. In addition, significantly higher levels of MPs (>100 um) were detected in the
bottom sediment near the discharge site of the WWTP compared to other parts of the
recipient lake. Hence, at least part of the discharged MPs (>100 um) are buried in the
sediment near the WWTP. Therefore, locating discharge pipes for treated municipal
effluents in the bottom of the water body could prevent the distribution of MPs further
into the aquatic environment.
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