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ABSTRACT

The prevalence of microplastic contamination has raised concerns about the potential risk and
impact on the global environment. Traffic-derived microplastics, i.e., tire wear particles (TWP),
polymer-modified bitumen, and road markings contribute to the emissions, and TWP are
assumed to be one of the largest sources of microplastic emissions. Due to analytical
difficulties, there is still a knowledge gap regarding transport routes, environmental
concentrations, and toxicity. This thesis aims to investigate the occurrence of traffic-derived
microplastics in several traffic environments and thereby increase the understanding of the
particles.

Samples were collected on the road surface (Paper I-1V), in the stormwater (Paper I, 11, and
V), in the air (Paper 1V), and in material collected by a street sweeper (Paper I-II). In addition
to environmental samples, a road-simulator was used to generate TWP in a controlled
environment enabling comparison between tire types and brands resulting in a deeper
understanding of the characteristics and physicochemical properties of TWP (Paper V).
Different sample preparation steps such as optimised density separation, solvent cleaning, and
size fractionation have been assessed, and several analytical methods light microscopy,
SEM/EDX, FTIR, and pyr-GC/MS have been evaluated and used for the analysis of traffic-
derived particles. Further, a novel method, automated SEM/EDX single particle analysis
coupled to a machine learning classifier, has been developed for the analysis of TWP and other
traffic-derived particles (Paper 11, implemented in Paper 1V). The automated SEM/EDX
determined the size, shape, surface texture, and elemental composition of the different particles,
and was able to categorize the particles into several subclasses: TWP, bitumen, road markings,
metals, organics, and minerals. The estimated absolute masses showed that the fine fraction (2—
20 um) corresponds to more than 50w% of the TWP and bitumen wear particles independently
of the sample matrix indicating that TWP can both affect the PM10 concentrations and be
transported long distances through water and air (Paper 1V). Further, it was concluded that the
stormwater system is an important transport route for traffic-derived particles, especially since
the road runoff in Sweden is not commonly treated prior to release to recipients. Street sweeping
as a potential measure to prevent the spreading of TWP was evaluated in Paper I-11. Even
though the street sweeper collects considerable amounts of material containing high
concentrations of TWP, metals, and organic pollutants, no clear reduction was detected neither
on the road surface nor in the stormwater. Besides traffic-derived microplastics, Paper |1
analysed metals and organic pollutants. The results showed concentrations of metals, PAH,
phthalates, and aliphatic hydrocarbons exceeding the national guidelines.

The result from this thesis contributes to an increased knowledge about the properties and
composition of TWP as well as the occurrence of traffic-derived microplastics in different
environments. The results can be used as validation against theoretical emissions and transport
models. The results have also highlighted the importance of including fine particles (<20 pm)
in forthcoming works.

KEYWORDS: traffic-derived microplastics; tire wear particles; road dust; street sweeping; automated

SEM/EDX; optimised sample preparation; non-exhaust particles; organic pollutants; environmental samples;
road simulator



SAMMANFATTNING

Den potentiella risk och paverkan pa miljon som kontaminering av mikroplast kan tankas ha pa
den globala miljén har vackt stor oro. Trafikrelaterade mikroplaster, det vill séga partiklar fran
dack, polymermodifierad bitumen och vagfarg bidrar till utslappen och déckslitage antas vara
den enskilt storsta kallan till mikroplastutslapp i naturen. Analyssvarigheter har resulterat i att
det fortfarande saknas kunskap kring toxicitet, partiklarnas transportvégar samt koncentration i
olika miljoer. Den hér avhandlingen syftar till att undersoka forekomsten av trafikrelaterad
mikroplast i ett flertal olika trafikmiljoer och darmed 6ka forstaelsen for partiklarnas spridning.

Prover samlades in pa vagytan (Artikel 1-1V), i dagvatten (Artikel I, 11 och IV), i luften
(Artikel 1V) och i det material som en stddmaskin samlat upp efter gatusopning (Artikel I och
I1). Som ett komplement till miljoprover anvandes en vagsimulator for att generera
dackpartiklar i en kontrollerad miljo vilket mojliggjorde en jamforelse mellan olika dacktyper
och dackmarken. Detta gav en fordjupad kunskap kring dackpartklar och dess kemiska
sammansattning (Artikel V). Olika provberedningssteg sa som optimerad densitetsseparation,
tvatt med lI6sningsmedel, och storleksfraktionering har utvérderats vid analys av dackpartiklar
i olika matriser. Dartill har ljusmikroskop, SEM/EDX, FTIR och pyr-GC/MS utvérderats for
analys av trafikrelaterade partiklar (Artikel I, 11, V). Utover det har en ny metod utvecklats, en
automatiserad SEM/EDX for analys av specifika partiklar som tillsammans med
maskininlarning mdjliggjorde klassificering av trafikrelaterade partiklar (Artikel 111,
implementerad i Artikel 1V). Den automatiserade SEM/EDX-metoden analyserade storlek,
form, ytstruktur, och grunddmnessammansattning for varje enskild partikel. Den
automatiserade klassificeraren delade in partiklarna i foljande grupper: dackpartiklar, bitumen,
vagmarkering, metallpartiklar, organiska partiklar och mineral. Den berédknade partikelmassan
visade att de fina partiklarna (2—20 pum) stod for mer &n 50w% av den totala vikten av dack-
och bitumenpartiklar, oberoende av provmedia vilket indikerar att dackpartiklarna dels kan
forsamra luftkvaliteten i from av PM10, men att de dven kan transporteras langa strackor via
bade luft och vatten (Artikel 1V). Detta tydliggor att de fina partiklarna spelar en mycket stor
roll for de totala utslappen. Det kunde dven konstateras att dagvattensystemet ar en viktig
transportvag for trafikrelaterad mikroplast, sarskilt eftersom en stor del av avrinningen i Sverige
inte behandlas innan det slapps ut i naturen. Gatusopning utvéarderades som en potentiell atgard
for att forhindra spridningen av dackpartiklar (Artikel I och I1). Sopmaskinen samlade in stora
mangder material som vid analys visade sig innehalla hoga koncentrationer av bade
dackpartiklar, metall och organiska miljogifter. Trots det gick det inte att detektera en tydlig
minskning av dessa partiklar och amnen vare sig pa vagbanan eller i dagvattnet. Som ett tillagg
till trafikrelaterad mikroplast analyserades bade metaller och organiska miljogifter i Artikel I1.
Resultaten visade koncentrationer som overskred gransvérdena for metaller, PAH, ftalater och
alifatiska kolvaten.

Resultaten fran den har avhandlingen har bidragit till en 6kad forstaelse kring egenskaper och
kemisk sammansattning hos trafikrelaterad mikroplast. Vidare har avhandlingen Okat
kunskapen om férekomsten av trafikrelaterad mikroplast i olika trafikmiljoer. Resultaten kan
bland annat anvédndas som en validering av teoretiskt framtagna emissioner och
transportmodeller. Resultaten visar dven pa vikten av att inkludera fina partiklar (<20um) i
framtida arbeten.

NYCKELORD: trafikrelaterad mikroplast; dackpartiklar; vagdamm; gatusopning; automatiserad SEM/EDX;
optimerad provberedning; icke avgasrelaterade partiklar; organiska miljogifter; miljoprover; provvagssimulator
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DEFINITIONS AND ABBREVIATIONS

The following definitions and abbreviations are used in the text of the thesis:

AADT

ATR-FTIR

CaCl,
Elastomer
EMC

FTIR

GC/MS

Annual average daily traffic

Attenuated Total Reflectance- Fourier-Transform Infrared Spectroscopy. A
sampling technique used in conjunction with FTIR.

Calcium chloride (< 1.4 g/cm?®), salt solution used for density separation
A viscoelastic polymer. Rubber is a typical elastomer
Event mean concentration

Fourier-Transform Infrared Spectroscopy. Analytical method used to obtain an
infrared spectrum of absorption or emission of a sample

Gas Chromatography-Mass Spectrometry. Analytical method used for
quantification of polymers within a sample

Microplastics Synthetic solid particles or polymetric matrices <5 mm of either primary or

ML
NaCl
Nal
NR
OP
PAH
PMao

PMB

secondary manufacturing origin, which are insoluble in water.
Machine learning

Sodium chloride (< 1.2 g/cm?®), salt solution used for density separation
Sodium iodide (< 1.9 g/cm?®), salt solution used for density separation
Natural rubber, used in tires. Polyisoprene is often used as a marker
Organic pollutants

Polycyclic Aromatic Hydrocarbons

Particles with an aerodynamic diameter <10 um

Polymer modified bitumen

Polybutadiene Used as a marker for TWP, e.g., in pyr-GC/MS analyses

Polyisoprene Used as a marker for TWP, e.g., in pyr-GC/MS analyses

Polymer

POP

A synthetic or natural chemical compound consisting of large molecules,
composed of long chains with repeating subunits

Persistent Organic Pollutants



Pyr-GC/MS Pyrolysis- Gas Chromatography-Mass Spectrometry. Analytical method, the

Road dust

sample is decomposed in the pyrolizer under an inert atmosphere. The smaller
molecules are separated by the GC and detected in the MS. Used for e.g.,
characterization of polymers and elastomers

Collective name of all particles found on the road surface or adjacent to the road
(e.g., minerals, brake wear, tire wear, road wear, road markings, organic
particles, and vehicle wear)

Road simulator A laboratory equipment at VTI for simulating wear between tires and a

Rubber

Runoff
SBR

SEM/EDX

Sigma-2
SMAI11

Stormwater

Sweepsand

TBIWP

pavement surface, consisting of four wheels running over a pavement ring.

Elastomer produced either from the rubber tree (known as natural rubber) or
produced synthetically from different chemical substances.

The overflow of water that drains off the road surface
Styrene-butadiene-rubber, synthetic rubber used in tires

Scanning Electron Microscope with Energy-Dispersive X-ray spectroscopy.
Analytical method. Particles are identified based on elemental composition,
shape, size, and surface.

Passive air sampler

Stone mastic asphalt with a maximum gravel size of 11 mm

Water originating from precipitation, that may infiltrate into the soil, evaporate
to the air, or drain from impermeable surfaces and thereafter further transported
to stormwater wells, ponds, or nearby streams without any treatment.

Solid material collected by the street sweeper

Tire and bitumen wear particles, collective name for tire and bitumen particles
<5 um

Traffic-Derived Microplastics

TRWP
TWP
Washwater

WDS

ZnCl,

TWP, polymer modified bitumen, and road marking wear. Microplastic particles
generated by the traffic

Tire and Road Wear Particles
Tire Wear Particles
Water collected by the street sweeper

Wet Dust Sampler, a sampling equipment to collect road dust samples from the
road surface

Zinc chloride (< 1.7 g/em?®), salt solution used for density separation
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1 INTRODUCTION

Exhaust emissions (combustion from diesel and petrol engines) contribute to bad air quality
and have severe impacts on health. The exhaust emissions are decreasing, mainly because of
strict regulations connected to the EURO-classes, more effective engines, and the
transformation into a more electric vehicle fleet. However, the non-exhaust emissions (NEE)
are still increasing. NEE are an important source of environmental pollution and stems from the
wear of tires, brakes, road surface, and road markings (Baensch-Baltruschat et al., 2020).
Mineral particles derived from road wear, metal particles from brake wear, traffic-derived
organic pollutants, and microplastics (MP) i.e., rubber from tire wear, plastics from road
markings, polymer-modified bitumen, and particles from brake pads are sources of non-exhaust
emissions (Amato et al., 2016; Evangeliou et al., 2020; Thorpe and Harrison, 2008).

The release of MP into the environment has become an area of significant global concern.
During the last decades, attention has increased regarding microplastics as an environmental
pollutant, and the occurrence of microplastic particles is widespread (Carney Almroth et al.,
2018; Hann et al., 2018; Hartmann et al., 2019; Kole et al., 2017; Peeken et al., 2018; Peng et
al., 2017). The definition of plastics differs between sources since the plastic material group is
extensive and comprises a large number of materials with versatile properties and uses. Polymer
materials are often divided into thermoplastics, thermosets, elastomers, and thermoplastic
elastomers (Andersson-Skald et al., 2020). Microplastics are defined as insoluble, solid, and
polymer-based particles with an upper size limit of 5 mm (Boucher and Friot, 2017; Frias and
Nash, 2019; Verschoor et al., 2016). Recently, a broader definition of the term microplastics
have been implemented, which includes all manufactured polymer materials consisting of
thermoplastic polymers or thermoset polymers with chemical additives, which therefore also
includes rubber (tires), road markings, and polymer modified bitumen. Microplastics have been
detected in all environments in urban, rural, and more remote locations. Still, little is known
about the fate, transport routes, and distribution of MP in the environment (Akdogan and
Guven, 2019). Moreover, there are growing concerns about the negative impact that
microplastics may have on ecosystems. Especially with regard to the fact that MP can be
carriers of toxic substances that can affect living organisms (Cole et al., 2011; Frias et al., 2016;
Lee etal., 2014; Verla et al., 2019).

Traffic has been defined as one of the major sources of the global contamination of
microplastics because of the generation of tire wear particles (TWP) (Sommer et al., 2018).
TWP are formed during the interaction between tire and road surface, and research indicates
that tire wear particles themselves contribute to 5—10 w% of the microplastic emissions entering
the global marine environment (Baensch-Baltruschat et al., 2020; Hann et al., 2018; Kole et al.,
2017; Lassen et al., 2015; Magnusson et al., 2016; Sommer et al., 2018). During the lifetime of
a tire, approximately 10—20 % of the total mass is worn off resulting in an annual global release
of 6 000 000 tons (Grigoratos et al., 2018; Kole et al., 2017).

Tire tread consists of 40-60% rubber (elastomers), both natural rubber (polyisoprene) and
synthetic rubber (mainly polybutadiene and styrene-butadiene-rubber) together with various
fillers (e.g., silicon and/or carbon black for an increased lifespan, rolling resistance and
hardness), plasticizers, softening agents, chemicals for vulcanization, anti-aging agents and
additional additives (Sommer et al., 2018; Sundt et al., 2014; Wagner et al., 2018). The wear
rate of TWP is influenced by many factors such as driving behavior, speed, braking, the
characteristics of the tire, the size and weight of the vehicle, the pavement properties and
conditions, the vehicle/wheel conditions (e.g., wheel alignment and wheel pressure) and tire
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type (studded, studless or summer tires) (Pohrt, 2019). Further, the ingredients in a tire differ
between manufacturers, tire types, and models. U.S.EPA (2019) found 355 chemical substances
and additives that could be related to recycled tire crumb rubber. When the TWP have been
generated on the road surface, the particles are emitted to the air or instantly intermixed with
road wear particles, brake wear particles, and minerals resulting in encrustations called tire and
road wear particles (TRWP) (Thorpe and Harrison, 2008). Because of this aggregation, pristine
TWP are rarely found in the environment (Baensch-Baltruschat et al., 2020; Dall'Osto et al.,
2014).

The knowledge about the occurrence, fate, risk, transport routes and toxicity of TWP in the
environment is limited. An important reason is that TWP in environmental samples are difficult
to analyse (Klockner et al., 2019; Mattonai et al., 2022; Wagner et al., 2018). The annual
emissions are mainly based on models and estimations (Mennekes and Nowack., 2022), and
many ecotoxicological studies are based on pure TWP or leachates from tires, most often at
concentrations several times higher than environmental concentrations (Halle et al., 2021;
Halsband et al., 2020; Knight et al., 2020; Marwood et al., 2011). With that said, more
monitoring studies and evaluations of environmental concentrations in different matrices using
comparable and trustworthy analytical techniques are needed. Until then, TWP emissions
should be handled according to the precautionary principle, meaning that TWP should be seen
and handled as an environmental risk until it has been properly evaluated.



1.1 Aim and objectives

Traffic, with tire wear particles (TWP) as the main contributor, has been identified as one of
the major sources of microplastic contamination in the environment. This project aims to
increase the understanding of traffic-derived particles and investigate the occurrence of TWP
in different sample matrices in the environment (e.g., stormwater, air, road dust, and sweeping
material). Within the project, street sweeping as a potential measure to reduce the emissions of
traffic-derived microplastics was also investigated. The results from the project aim to increase
the knowledge about environmental concentrations and thereby be used as a knowledge base
for experts and authorities to develop and decide on measures to implement to decrease
potential negative impacts of TWP and other non-exhaust emissions from road transport.

To reach the overall aims, the specific objectives of this research were to:

e ldentify, characterize, and quantify traffic-derived microplastics and non-exhaust
particles from different traffic environments (Paper 1, I, and V)

e Investigate the occurrence of traffic-derived microplastics, metals, and organic
pollutants in different matrices from the road environment (Paper 1)

e Evaluate the efficiency of street sweeping for the removal of traffic-derived
microplastics, metals, and organic pollutants in urban areas (Paper | and 1)

e Develop and apply an advanced method based on sieving/filtration, scanning electron
microscopy, and machine learning for analysis of traffic-derived particles in
environmental samples (Paper 111 and 1V)

e Develop an optimised sample preparation method for the analysis of TWP and TRWP.
Increase the knowledge about the characterization and physicochemical properties of
TRWP generated in a road simulator (i.e., not affected by traffic and environment) by
using a multi-method analytical strategy and thereby investigate what methods that
should be suitable for environmental collected TWP (Paper V)



1.2 Thesis outline
The thesis is based on five papers, appended, and numbered as Paper 1-V. A summarising
illustration of the papers can be seen in Figure 1.

In Paper I, the occurrence of traffic-derived microplastics in an urban area was investigated.
Samples were analysed with light microscopy (20-300 pum). Street sweeping was evaluated as
a potential measure to prevent particles from reaching the stormwater. Finally, calculations
were performed to roughly compare the potential theoretical emissions with the actual findings
in environmental samples. The theoretical emissions were based on emission factors, traffic
intensity, and fixed sizes and densities of the particles.

In Paper 11, the concentrations of traffic-derived microplastics in an urban area under
reconstruction were determined. In addition, metals and organic pollutants were analysed.
Samples were collected from stormwater, at the road surface, and in material collected by a
street sweeper. The MP samples were analysed with light microscopy (20-300 pum). The
research evaluated several parameters at the same time, i.e., MP, metals, and organic pollutants
which increased the understanding of the potential toxicity of traffic-derived particles found in
an area under reconstruction.

In Paper I11, a new and advanced analytical method was developed for the analysis of traffic-
derived particles. The method is rapid and requires little sample preparation and enables
detailed information about particles 2-125 pum. The method is based on a machine-learning
algorithm coupled to an automated Scanning Electron Microscopy/Energy Dispersive X-ray
spectroscopy (SEM/EDX). The particles were divided into several subclasses: TWP, bitumen
wear particles (BiWP), road markings, reflecting glass beads, metallics, minerals, and
biogenic/organics. This method development allowed analysis of finer particles from different
matrices in the road environment.

In Paper 1V, the methodology developed in paper 111 was used to investigate the occurrence of
TWP and other traffic-derived particles in different parts of a rural traffic environment. Samples
were collected on and in the surrounding area of a highway located in southern Sweden.
Samples from the dust load on the road surface (in-between wheeltracks and adjacent to the
kerb), runoff (stormwater well and roadside gully pot, both sediment and water phases), and
atmospheric deposition were analysed. The results were presented both as relative number
concentration (%) and as estimations of absolute concentrations. Paper IV increased the
knowledge about sample composition and environmental concentrations in different matrices
in the road environment.

Paper V aimed to optimise a method for sample preparation of TRWP, and to compare and
evaluate analytical methods (light microscopy, SEM/EDX, pyr-GC/MS, and FTIR). Further,
the aim was to increase the understanding for TRWP regarding characteristics (size, shape,
density, surface) and physicochemical properties. The polymer composition was compared
between road simulator generated TRWP and pristine tire treads. Different tire types from
several manufacturers were tested, and the samples were collected in a closed environment
(road simulator) to reduce the risk of contamination sources. Two different types of TWP were
identified: sub-elastic and firm-elastic TWP. Further, the characteristics and properties of
TRWP collected in a road simulator contain valuable information and can be seen as reference
material for TRWP and TWP collected in environmental samples.
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2 THEORETICAL BACKGROUND

2.1 Traffic-derived microplastics and road wear particles

Besides microplastics, other types of exhaust and non-exhaust particles are generated during
driving. Exhaust particles (combustion from diesel and petrol engines) are nowadays heavily
regulated since exhaust particles are toxic, affect health negatively, and result in bad air quality.
Even though the traffic amounts increase (Shepelev et al., 2022), the emissions of exhaust
particles are reduced. More effective engines and stricter regulations connected to the EURO
classes have resulted in lower exhaust emissions.

Approximately 100 000 tons of pavement wear are generated in Sweden every year (Gustafsson
(2003), whereof 8 000 tons are bitumen wear, based on the assumption that asphalt consists of
8% bitumen (Asphalt Institute, 2014). The annual release of TWP in Sweden has been estimated
to be about 11 000 tons (Polukarova et al., in prep). The estimations were based on emission
factors (EF) and average annual driving distances, and the emissions were divided into heavy
trucks, light trucks, buses, cars, and motorcycles. The annual emissions of brake pads were
estimated to 600 tons (own calculation based on emission factors from Ntziachristos and
Boulter (2016) and driving statistics from Trafa). The annual emissions of road marking paint
have been estimated to 500 tons by Magnusson et al (2016), Figure 2. Tire and road wear
particles are important from a health perspective since a relatively large fraction is within the
inhalable size range (PM10) which can have severe effects on health (Adamiec et al., 2022;
Gustafsson et al., 2009; Hesse et al., 2022).

100 000 A

10 000

1000 +

Tons/year

100

10

Pavement Bitumen TWP Brake wear Road marking
paint

Figure 2. Approximate annual emissions in Sweden. Pavement (Gustafsson (2003)), bitumen (Asphalt Institute (2014), based
on the assumption that asphalt consists of 8% bitumen), tires (Polukarova et al., in prep), brake wear particles (emission
factors from Ntziachristos and Boulter (2016) and own calculations based on statistics from Trafa,
https://www.trafa.se/vagtrafik/fordon/), road marking paint (Magnusson et al., 2016).

Traffic has been defined as one of the major sources of microplastic emissions. A general
definition of plastics includes all materials consisting of thermoplastic polymers or thermoset
polymers. TWP mainly consists of rubber, which is a polymer defined as an elastomer. It has
been debated if TWP should be included in the microplastic definition (Hartmann et al., 2019).
However, the majority of the research conducted has considered that TWP should be included
in the microplastic definition because TWP contains polymeric rubber materials e.g., (Andrady,
2017; GESAMP, 2016; Verschoor et al., 2016).
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Besides TWP, traffic-derived particles also consist of road wear, bitumen wear particles, BiIWP,
and wear particles from road marking paint. Bitumen is a viscoelastic binding agent used in the
top layer of the pavement (4-8 w%) (Asphalt Institute, 2014)). Regular bitumen consists of
heterogeneous mixtures of hydrocarbons and is not included in the microplastic definition.
However, some bitumen is modified with polymers, polymer modified bitumen (PMB), where
approximately 3—10 w% of the regular bitumen has been replaced with PMB. This is especially
common in combination with porous pavements (Porto et al., 2019). PMB is used to increase
the durability of the pavement Mushtaq et al. (2022), and styrene-butadiene-styrene (SBS) is
one of the most used polymers. SBS is a thermoplastic elastomer that has the same elasticity as
rubber materials at normal temperature but could melt, and thereby become liquefied at high
temperature like plastics.

Tear and wear of road marking paint is also a source of microplastic emissions. Road markings
are necessary to secure high safety on the roads and to guide the traffic. Road markings
normally consist of glass beads, polymers, pigment, fillers, and additives (Fors and Johansen
2021). Both traffic intensity, tire type, and road maintenance (ploughing) affect the wear
(Andersson-Skold et al., 2020). The wear is higher in countries where studded tires are in use,
and it has been shown that ploughing and snow maintenance severely affects the road markings.
There are several different types of road marking paint on the market, both the color and content
vary between countries and manufacturers. Often, the paint consists of thermoplastics, but
solvent-based paints and thermosetting plastics (two-component systems, epoxy or acrylic
based) are also used. (Chu, 2019). In Sweden, the annual demand for road markings on national
roads is approximately 15,000 tons (roads maintained by municipalities are excluded due to
individual contracts and procurements). The annual wear of road markings in Sweden is
estimated to be 500 tons (Magnusson et al., 2016) but the numbers are uncertain.

2.1.1 Tire wear particles

Tire wear particles are generated from abrasion of the tire tread when the tire interacts with the
pavement during friction. Abrasion is especially high during speed changes (acceleration,
braking) and steering e.g., in roundabouts, at traffic lights, or at crossings. TWP differs from
other microplastics in shape, color, density, and size. The differentiation depends on both the
tire composition and the formation process. Heat is produced because of the friction in the
interaction process softening the tread. The soft and sometimes sticky TWP mix and aggregates
with road dust consisting of other wear particles e.g., minerals, metals, or sand. Therefore, TWP
is rarely found as “pure tire particles”, but more likely as aggregates.

TWP found in environmental samples consists of a higher content of traffic-derived minerals
(silica) and metals (aluminum, iron, titanium, or magnesium) than TWP from wear produced
in controlled laboratory environments (such as the VTI road simulator) (Mattsson et al.,
submitted). TWP in field samples are commonly known as elongated black particles, and recent
publications have shown that most particles are 20-200 um (Figure 3) e.g., Kreider et al. (2010)
and Sommer et al. (2018). However, other shapes and sizes have been reported, e.g., fragments
with a more angular shape (Hassellov et al., 2018; Kovochich et al., 2021; Rausch et al., 2022).
According to reported density values, natural rubber (0.9 g/cm?®) and synthetic rubber (0.9-0.95
g/cm?®) are floating in water (Scinetific Polymer Products Inc., 2019). Pristine TWP has a
density slightly higher than water (1.13-1.2g/cm?®) (Degaffe and Turner, 2011; Rhodes et al.,
2012; Vogelsang et al., 2019; Wagner et al., 2018) and environmental collected TWP, with
incrustations of road wear, has a higher density, (1.7-2.1g/cm®) (Klockner et al., 2021;
Vogelsang et al., 2019). Further, TWP are often hydrophobic and tends to sorb organic



pollutants, road wear, or other particles which can result in an increased density and different
properties (Wagner et al., 2022).

The size and shape of the particles are of importance as they can affect whether the particles
sink or remain floating in the water. Also, the environmental context is important for the
subsequent fate of the particles. For example, for particles ending up in stormwater, the water
flow (speed and remixing conditions) affects how the particles can be expected to spread and
where to be found. Small particles tend to settle more slowly than larger particles, and the finest
particles (<20 pm) might stay in suspension even if they theoretically should sink
(Waldschlager and Schittrumpf, 2019). The final fate of TWP is dependent on the environment
where it ends up, i.e., the opportunities for abilities to degrade as well as its chemical and
physical properties. Figure 3 shows TWP particles found within this PhD project (Paper I, 111,
IV, and V). The particles are both elongated, angular, and irregular. The size varies and particles
were found in the size range between 2 um-— several hundred pm.

100 um 100 um
C— C——

®

Figure 3. Example photos of tire wear particles. The four pictures to the left are taken with light microscopy and show TWP
collected in the road simulator (Photos: Tim Wilkinson, University of Gothenburg, Paper V). Upper picture to the right shows
environmental collected TWP 100-300 um (Photo, Kerstin Magnusson, VL, Paper I). The bottom pictures to the right are two
TWP from the road simulator identified with SEM (Pictures: Tim Wilkinson, University of Gothenburg, Paper V), and the
upper picture to the left is an environmental TWP identified with the automated SEM/EDX (Picture: David Jaramillo, Particle
Vision, Paper Il and IV).

. _100um
Co—

2.1.2 Bitumen and road wear particles

Bitumen is used as a viscoelastic binding agent in the wearing course of the road surface.
Conventional bitumen is not classified as an MP since it consists of heterogeneous mixtures of
hydrocarbons, including insoluble asphaltenes (Hartmann et al., 2019). However, some bitumen
is modified with polymers. PMB is e.g., used in porous pavements, and is common in southern
Europe and Norway. PMB is rarely used in wearing courses in Sweden but is used at Testsite
E18 (Paper III and IV). Bitumen wear particles are often a part of the encrustations between
TWP and minerals in tire and road wear particles (Figure 4) and in the chemical analyses, it has
been difficult to distinguish between TWP and bitumen (Jung and Choi, 2022). One solution
has been to clean the samples with solvents (e.g., xylene) prior the analysis or to perform a
melting test on all particles (i.e., bitumen melts, TWP remains unaltered). Pavements with the
inclusion of recycled tires (ca 18-20 w%) in the binder have been tested in the United States
and seem to reduce aging and resist fatigue and cracking from both traffic and variations in
temperature better than conventional asphalt-concrete e.g., (Hung et al., 2017). However, the
release of tire wear particles is not taken into consideration, and rubberized asphalt has not been
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used in Sweden yet. Therefore, this will not be further discussed within the thesis. Minerals are
the major particle class in road wear. Minerals are thereby an important source of non-exhaust
emissions, especially in countries where studded tires are in use (Kupiainen et al., 2016).
Mineral particles tend to be grainy, flaky, or shard-like (Gustafsson et al., 2008).

Spectrumi3,

100pm

Figure 4. Left: bitumen particles analysed with SEM/EDX (David Jaramillo, Particle Vision, Paper Il1). Right: encrustations
with minerals and bitumen. Photo was taken with a portable microscope.

2.1.3 Road markings

Road markings consist of reflective glass beads, fillers, pigments, and polymers. The binding
agents in thermoplastic road markings usually consist of ethylene-vinyl acetate (EVA). EVA
makes up 1-5% of the total road marking and is added to improve wear resistance and prevent
crack formation. Studded tires, snow maintenance, and variations in the climate can affect the
wear rate of road markings (Andersson-Skold et al., 2020). In white road markings, as is the
most common type in Sweden, titanium dioxide is used as a pigment. In yellow road markings,
crocoite (PbCrOsa) is still used globally (O'Shea et al., 2021), but lead chromate pigments are
prohibited in the Nordic countries and replaced with other pigments (Fors and Johansen 2021).
Glass beads are included in both the paint and on the upper layer, after painting (Figure 5).

Figure 5. Photos of road marking particles collected in the environment. Left: SEM/EDX picture taken by David Jaramillo,
Particle Vision, Paper Il1. Right: Photos taken with a portable microscope.



2.20ccurrence, fate, and transport of traffic-derived microplastics

The main transport routes and dispersal pathways of traffic-derived microplastics are presented
in Figure 6 (figure simplified from Paper IV). The particles are generated at the road surface
through the interaction between the tire and the pavement. The particles are either transported
into the environment through direct emissions to the air or to the road surface, and thereafter
further transported through, runoff, or splash and spray. The particles accumulated on the road
surface are thereafter available for suspension (e.g., resuspension and wind). The transport
mechanisms are dependent on e.g., the traffic intensity, speed, characteristics of the road, and
the surrounding environment. Previous research has assumed that the major part of TWP >10
MM (45-76% of the total emissions) deposit close to the road edge (Baensch-Baltruschat et al.,
2021; Hann et al., 2018; Wagner et al., 2018), that 15-50% are further transported through
runoff (Sieber et al., 2020; Unice et al., 2013; Unice et al., 2019; Verschoor et al., 2016), that
0.1-13% of the TWP are directly transported into the environment via atmospheric deposition
(Panko et al., 2018) and that only a few percent reach the aquatic environment (Kole et al.,
2017; Unice et al., 2019; Wagner et al., 2022). Moreover, some studies assume that the runoff
Is treated, e.g., in wastewater treatment plants or sedimentation ponds prior to release into the
aquatic environment (Baensch-Baltruschat et al., 2021). In both the rural and urban traffic
environments in Sweden, only a few percent of the stormwater is treated and the treatment
systems available are not designed to specifically remove TWP. There are still large knowledge
gaps regarding mass flows, dispersal routes, and total TWP emissions (Huffer et al., 2018;
Sieber et al., 2020), and the existing estimations are uncertain.
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Figure 6. Simplified illustration of transport pathways of traffic-derived particles (Modified from Paper V).




2.3 0rganic pollutants

Several organic pollutants (OP) are regulated in environmental quality guidelines for the
protection of the environment, both on global scales as quality standards e.g., the EU Water
Framework Directive, the convention on long-range air pollution, and American Clean Water
Act (EC, 2000; EC, 2008; UN-ECE, 1998; US.EPA, 2002), but also on local levels as national
guidelines e.g., (Miljoforvaltningen, 2013; Naturvardsverket, 2009; Naturvardsverket, 2017).
Organic pollutants are often persistent and degrade slowly in the environment. Further, many
OP are non-polar with high lipophilicity and low solubility in water, meaning that organisms
that are exposed to the OP easily accumulate the OP in the fatty tissues (Jones and de Voogt,
1999). Moreover, if an organism is exposed to high concentrations of OP, it is a risk that the
concentrations of OP will be higher within the organism than in the surrounding environment
due to bioaccumulation, and may therefore biomagnify, i.e., increase in concentrations in fatty
tissues in organisms higher up in the food chain. Many OP comes with toxic properties and can
for example cause cancer, and disrupt the hormone systems (Alharbi et al., 2018).

Emissions of organic pollutants into the environment occur from industrial production, wood
burning, traffic, combustions, and other human-related activities, but also through leaching
from landfills and contaminated sites and sediments. The Swedish Environmental Protection
Agency states that benzo(a)pyrene, benzo(b)fluoranthene, benzo(k)fluoranthene, and
indeno(1,2,3-cd)pyrene are the four substances that are among the most hazardous to the health
of the most common analysed OP. Tires contain a large number of additives, and the
composition of a tire is complex. Some of these additives are confirmed to be toxic, such as
highly aromatic oils (HA-oils) that were used as a softener to improve the processability. Since
2010, the concentrations of HA-oils in tires are restricted by European legislation, which may
result in reduced emissions. However, tires containing HA-oils can still be present on the roads,
both due to the use of old tires, rubber recycling, international transports, and due to a delay in
replacement (ETRMA, 2010; ETRMA, 2011). High concentrations of polycyclic aromatic
hydrocarbons (PAH), aliphatics, and phthalates are commonly found in road dust and road
runoff, and traffic is a major source of emissions of these pollutants (Bjérklund et al., 2009;
Markiewicz et al., 2017; Polukarova et al., 2020), both as exhausts (combustion), and non-
exhaust (Alves et al., 2020; Hwang et al., 2019). Calculations of emission factors from traffic
and roads showed the following order of amounts of PAH emitted: phenanthrene > fluoranthene
> naphthalene > pyrene, and the main sources were exhaust gases > tires > motor oil leakage
> road surface wear ~ brake linings (Markiewicz et al., 2017).

2.4 Metals

Metallic particles are commonly found in runoff (McKenzie et al., 2009). The occurrence of
copper (Cu) and zinc (Zn) have been frequently investigated and toxic concentrations far above
both environmental quality guidelines and national guidelines have often been reported in urban
stormwater, see Miiller et al. (2020) and references therein. Road dust has often been used as
an indicator of the pollution of heavy metals in the environment (Duong and Lee, 2011). TWP
and brake wear particles are two of the most important non-exhaust sources of metal pollution
(Adachi and Tainosho, 2004; Davis et al., 2001). A typical tire contains approximately 1.5 w%
of Zn, and Zn is often used as a tracer for TWP in environmental samples. However, Zn is
ubiquitous in other parts of the traffic environment e.g., in crash barriers and road furniture
made of galvanized steel. Another considerable source of metal contamination is brake wear
emissions. Brake pads consist of approximately 50% metals whereof iron (Fe), Cu, Zn, and tin
(Sn) are the most abundant (Hulskotte et al., 2014). Previously, both lead (Pb) and asbestos
were common ingredients in brake pads, but that has been replaced in modern brake pads
(Grigoratos and Martini, 2014). Combustion of biomass is also an important source of Zn
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emissions into the environment. Copper can be both traffic-derived (tires and brake pads) and
occur as leachates from copper roofs. In the Nordic countries, where studded tires are in use, it
is not unusual to find traces of tungsten carbide (WC) and cobalt (Co) in road dust and runoff.
These metals can be related to the studs (Furberg et al., 2018). Metals are transported through
the environment via wind or through soil and water as dissolved ions or attached to other
particles.

2.5 Analytical challenges

Analysis of environmental collected TWP and TRWP is known to be difficult. The main
reasons are the black color and the complex compositions of the particles (Kole et al., 2017).
Wagner et al. (2022) divide the analysis of TWP into two main groups: analysis of bulk samples
(e.g., destructive analytical methods such as pyr-GC/MS) and single particle analysis (light
microscopy, SEM/EDX, FTIR). There is a lack of standardized methods and generalized
protocols for sample preparation, Thomas et al. (2022) and one of the major concerns regarding
the analysis of TWP and TRWHP is that there is no universal method available, and the existing
methods provide different information (Rauert et al., 2021). Another challenge for analytical
method development and validation has been the difficulty of obtaining quantities of
laboratory-generated tire wear particles with properties similar to real-life TWP (Mennekes and
Nowack, 2022). As a result of the many analytical difficulties, several previously published
microplastics studies have explicitly stated that TRWP was excluded from their analyses e.g.,
Liu et al. (2019), while differences in sampling techniques, sample preparations, and analytical
methods, have complicated the comparability of studies (Knight et al., 2020).

Several methods have been used for identification of TWP and TRWP, light microscopy
presents the number of particles within a certain size range (often) >20 um. Scanning Electron
Microscopy/Energy Dispersive X-ray spectroscopy (SEM/EDX) also presents the number of
particles, and in addition, information about size, shape, surface, and elemental composition.
An advantage of SEM/EDX is that even finer particles can be analysed (>2 pum). Fourier
transform infrared spectroscopy (FTIR) determines the chemical fingerprint within a particle
and detects what organic and inorganic compounds a particle contains. However, FTIR utilizes
infrared light to scan a sample. The absorption, reflection, and emission of light are then
registered. The amount of absorbed light at different wavelengths is specific for each compound
(Loder and Gerdts, 2015). FTIR has not been suitable for analysis of TWP since dark particles
tend to absorb the light resulting in insufficient quality of the signals (Eisentraut et al., 2018;
Kovochich et al., 2021; Kappler et al., 2016; Mattonai et al., 2022). Thermal methods,
(Pyrolysis- Gas Chromatography-Mass Spectrometry, pyr-GC/MS and Thermal Extraction
Desorption- Gas Chromatography-Mass Spectrometry, TED-GC/MS) are commonly used for
the identification of TWP and TRWP in environmental samples (Loder and Gerdts, 2015; Unice
et al., 2013). During a pyr-GC/MS analysis, the sample is decomposed by heating under an
inert atmosphere. The molecules within the sample are separated and detected in the MS. Pyr-
GC/MS and TED-GC/MS only provide information about the concentration within a sample,
the sample is also destructed during analysis.

2.5.1 Chemical markers

Zinc has been a common marker for TWP in environmental samples, e.g., (Halsband et al.,
2020; Klockner et al., 2019), but marker-based methods also have limitations. Zinc is also
naturally occurring in the environment and can be emitted from several other traffic and non-
traffic related sources (e.g., de-icing salts, road barriers, galvanized metal in cars, brake wear,
and road markings) (Unice et al., 2013; Wagner et al., 2018). In studies by Halle et al. (2021)
and Halsband et al. (2020), it was found that pristine TWP tends to have higher concentrations
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of Zn compared to environmental collected TWP, indicating that Zn might leach from the tires
into the environment (Councell et al., 2004). Several organic compounds, e.g., benzothiazoles
(e.g., 2-(4-morpholinyl) benzothiazole (24MoBT) and N-cyclohexyl-2-benzothiazolamine
(NCBA)), hexa(methoxymethyl) melamine (HMMM) (Johannessen et al., 2022; Kumata et al.,
2000; Ni et al., 2008; Seiwert et al., 2020) and N-(1,3-Dimethylbutyl)-N’-phenyl-p-
phenylenediamine-quinone (6PPD quinone) (Tian et al., 2021) have been used as markers for
TWP. NCBA and 24MoBT are commonly used in the tire tread and can be biologically
transformed under aerobic circumstances (Kumata et al., 2002). All tire manufacturers have
their own formulas and the composition and concentrations of fillers, vulcanizers and additives
vary between tire types. Further, all markers have drawbacks. Some compounds are volatile or
degrade fast in the environment while others have additional origins making the source hard to
determine. TWP can also attract/sorb organic pollutants resulting in higher concentrations of
the specific markers, or specific compounds can be washed out during the weathering process.
In summary, both TWP and TRWP consist of complex mixtures of chemical compounds, and
it is difficult to distinguish whether a marker compound (e.g., Zn) originates from the TWP in
environmentally collected samples.

2.5.2 Recent method developments

The development of advanced and rapid methods for the analysis of TWP is in progress, and
several articles have published novel methods for the analysis of TWP e.g., SEM/EDX mapping
in combination with time-of-flight secondary ion mass spectrometry (ToF-SIMS) mapping
(Kovochich et al., 2021), simultaneous thermal analysis (STA) in combination with FTIR and
parallel factor analysis (PARAFAC) (Mengistu et al.,, 2021), automated single-particle
SEM/EDX in combination with machine learning (Rausch et al., 2022), pyr-GC/MS with
multiple marker compounds (Rgdland et al., 2022b), pyr-GC/MS enabling differentiation
between car tires and truck tires (Gomann et al., 2021), and TED-GC/MS (Miller et al., 2022).
Further, it has been shown that FTIR can be used to get a decent spectrum for individual TWP
particles and Aboelkheir et al. (2019) used FTIR as a complementary method to get information
about the chemical groups in tire crumbs. Attenuated total reflectance (ATR)-FTIR has also
shown promising results for the identification of larger TWP (>500 pum) (Manohar et al., 2017).
However, for ATR-FTIR analysis, every single TWP must be isolated onto a glass slide, which
complicates the analysis of finer particles, or samples with high concentrations of TWP.
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3 METHODS AND MATERIALS

Most of the methodological aspects have been described in detail in Paper I-V. Therefore, this
chapter presents and discusses the general aspects.

3.1 Manually and laboratory generated TWP
TWP was generated in three different ways:
e Manually created through scraping and rasping with a file
e Pieces were cut out from the tire tread with a steel knife
e The VTI road simulator was used to generate TRWP under controlled circumstances.
The aim was to generate particles with similar properties as environmental collected
TWP but without environmental contamination

3.1.1 Road simulator

The VTI road simulator consists of four wheels that run along a circular track with a diameter
of 5.3 m diameter, Figure 7. The speed can be varied up to 70 km/h, and each wheel is driven
by a separate motor. An eccentric movement of the vertical axis is used to slowly shift the tires
from side to side over the full width of the track. Any type of pavement can be applied to the
simulator track and all types of passenger car tires can be mounted on the axles. For paper V,
the asphalt in the road simulator was a mixed stone mastic asphalt with granite and quartzite as
the main aggregates, typical Nordic pavements. For comparison, and to avoid the influence of
bitumen, a concrete pavement was used for additional tests. Moreover, the road simulator
enables the possibility to collect samples from individual tires and specific manufacturers. For
Paper V, three types of tires (summer tires, studded winter tires, and studless winter tires (soft
and siped Nordic type) from four different manufacturers were tested. Each set of tires was
driven on the pavement at 50-60 km/h for five hours. To be able to collect TWP in real-time,
during a test, a sampling hood made of aluminum was mounted over one of the wheels (see
Paper V). The generated particles were collected in a deposition box behind the tire.

Figure 7. The VTI road simulator. Photos: Mats Gustafsson, VTI.

3.2 Sampling sites
Samples have been collected in several sampling matrices in different types of traffic
environments during the period between 2017-2020.

3.2.1 Vitsippsbéacken, urban area

The sampling site was located in the outer central parts of Gothenburg, the second-largest city
in Sweden (1 000 000 inhabitants). Gothenburg is located at the mouth of the river Gota alv,
which feeds into the Kattegat, an arm of the North Sea (Figure 8). An area close to Sahlgrenska
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hospital was the case study area for investigating the potential effects of frequent street
sweeping and the concentrations of microplastics on the road surface, in the stormwater, and in
the material collected by the street sweeper. The catchment area covers approximately 55 ha
whereof 60% is pervious areas, 27% is paved surfaces e.g., parking lots, roads, and other paved
areas) and 13% are buildings. On the streets within the catchment area, the annual average daily
traffic (AADT) varies between 5 500-13 000 vehicles. The stormwater sewer system in the
studied area is separated from the wastewater pipes, meaning that all runoff from impervious
surfaces in the area drains, without treatment, into a small creek, Vitsippsbacken. The creek is
classified as a sensitive water recipient with a high pollution load of Cu, Zn, Cr, and Co, due to
traffic, and corroded metal roofs in the catchment. It discharges through a natural reserve and
the Botanical Gardens of Gothenburg, into the river Gota &lv. Meteorological information was
collected and downloaded from the SMHI open-source database (weather monitoring station
57.6996 N, 11.9673E). The data were compared with the data from the weather station placed
adjacent to the stormwater measurement station.
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Figure 8. Sampling site, Vitsippshacken. Maps to the left were collected from Lantméteriet. Map to the right made in Stamen
Design under CC BY 3.0 Data by OpenStreetMap.

3.2.2 Gullbergsvass, urban area under reconstruction

The sampling site chosen for Paper 11 was a reconstruction area located in the central parts of
Gothenburg, Sweden (close to the central station). The catchment area of Gullbergsvass is 9 ha
and consists of 52% paved surfaces (roads and parking lots), 44% roofs of commercial
buildings, and 4% permeable areas. It is located next to the river Gota &lv, which is classified
as a less sensitive water recipient, and the runoff within the catchment area is drained via
separate storm sewers and discharged untreated into G6ta alv which nearby feeds into Kattegat
in the North Sea (Figure 9). The AADT in the catchment area is approximately 5 500 vehicles.
However, during the measurement period, several large reconstructions took place within the
area. The constructions included both renovations and new infrastructure constructions such as
the construction of a new bridge. Each construction site has access routes to the surrounding
road network, at which an appreciable number of trucks enter and leave daily. The truck traffic
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through the study area varied considerably from week to week, but approximately 500
trucks/week passed through the construction site. During three weeks of the measurement
period (only nighttime), one driving lane from E45, the major throughway, was redirected
through Gullbergs strandgata resulting in an increased AADT during those weeks.
Meteorological information was collected from the SMHI monitoring station (57.7156N,
11.9924E) and downloaded from the open-source database. The data from the monitoring
station was compared with the data from the weather stations placed in connection to the
stormwater sampling location.
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Figure 9. Sampling site, Gullbergsvass. Maps to the left were collected from Lantméteriet. Map to the right made in QGIS.

3.2.3 Testsite E18, rural highway

For Paper Il and IV, samples were collected at Testsite E18 (59.63N, 16.86E), a national
research station located on the highway between Vasteras and Enképing, Sweden (Figure 10).
The annual average daily traffic (AADT) is approximately 11 000 vehicles, and the speed limit
is 120 km/h. During the sampling period (2018-2020), the pavement at Testsite E18 consisted
of a stone mastic asphalt with a maximum gravel size of 11 mm (SMA11) and the binder was
a polymer-modified bitumen. The road is surrounded by fields, and the area is flat. Testsite E18
is a large-scale testsite with the purpose to have easy access to monitor different aspects of the
highway (e.g., contamination of the runoff, meteorology, salt amounts, particle loads, pH, and
turbidity of the stormwater). Testsite E18 is a collaboration between the Swedish Road
Administration, the Swedish National Road and Transport Research Institute (VTI), the Royal
Institute of Technology (KTH), and the Swedish Meteorological and Hydrological Institute
(SMHI). Meteorological data (precipitation, temperature, wind speed, and wind direction were
collected from the SMHI’s open-source database, the monitoring station is located in Enkoping
(59.65N, 17.12E). All road runoff at Testsite E18 (both splash and spray after infiltration of the
ditches and water from the roadside gully pots) are transported into the same stormwater well.
Thereafter, the water is released into a ditch and further transported to a small creek, Sagan,
without any treatment.
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Figure 10. Sampling site, Testsite E18. Maps collected from Lantméteriet. Photo Tobias Ulegard, Swedish Transport
Administration.

3.3 Environmental samples

3.3.1 Road dust samples

Previous research has shown that road dust tends to accumulate adjacent to the kerb. In the
driving lanes, more road dust is found in-between the wheeltracks than in the wheeltracks
(Gustafsson et al., 2019). For Paper I, samples were collected in the left wheeltrack, in-between
wheeltracks, and adjacent to the kerb. However, the dust load was very low in the wheeltrack,
and it was decided to not collect samples in the wheeltracks for the remaining studies (Paper
II-TV) due to the risk of too low concentration (i.e., too little material to detect traffic-derived
microplastics). Therefore, all road dust samples for Paper I-1V were collected adjacent to the
kerb and in-between wheeltracks (Figure 11). The kerb samples represent a “worst-case
scenario”, and the in-between wheeltracks samples show a more general concentration
representative for the entire driving lane. Samples were collected from the road surface with a
Wet Dust Sampler (WDS I1) (Gustafsson et al., 2019; Jonsson et al., 2008; Lundberg et al.,
2019). WDS 11 is a piece of sampling equipment developed at VTI, it is a wet sampling
technique enabling collection of even the finest particles, both in dry and wet conditions. An
advantage with the WDS Il compared to vacuuming, sweeping, or shoveling, is that WDS I
can collect samples even if the road surface is wet. Further, since the WDS Il washes the road
surface with high pressurized water, even particles that have sedimented in the pores of the
pavement can be collected.

In an automated sampling procedure, WDS Il cleans a known area of the road surface (20.4
cm?) with a known amount of high-pressurized de-ionized water (340 mL). Compressed air is
used to transfer the road dust-water-mixture from the sampling chamber into a glass bottle.
Each sample bottle contains a composite sample where three WDS 1l samples have been pooled
together (approximately 1 L), and the WDS Il was moved slightly forward into the driving
direction between each sample to secure that the sample was taken on a previous unsampled
portion of the road surface (Figure 11). At least two sample bottles were collected from each
position.
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Figure 11. Wet dust sampler. Photo: Mats Gustafsson, VTI (left). Sampling set-up (right).

3.3.2 Stormwater samples

For paper I and 11, stormwater samples were collected in a stormwater well with a flow-
weighted automated sampler (ISCO 6712 with an area velocity flow meter, Triton+). The
samplers were programmed to start to collect samples when a certain water level or water
flow was achieved. The water flow depends on the precipitation and the trigger points that
were chosen for Paper | and Il were a minimum water depth of 75 mm and at least 5 mm of
precipitation. One representative composite sample was collected during each rain event (>5
mm). To monitor the precipitation, a tipping bucket rain gauge (type MJK) was installed on a
rooftop close to the sampling point. The samples can be seen as event mean concentrations
(EMC).

The stormwater samples collected for Paper IV were grab sampled into 1L glass bottles with a
telescopic surface water sampler (similar to the NASCO swing sampler but built at the VTI
workshop). Samples were collected both in the roadside gully pot and in a stormwater well at
Testsite E18, that enabled analysis of only road runoff compared to runoff in combination with
splash and spray after infiltration in ditches. Further, it was possible to investigate eventual
differences in particle size distribution and MP concentrations between the two wells. In
addition, sediment was sampled both in the roadside gully pot and in the stormwater well with
a tube sampler (Hydro-Bios, Sediment Corer) and stored in 1L glass jars.
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3.3.3 Air samples

Boron substrates placed in passive air samplers, Sigma-2s (following the norm VVDI2119:2013),
were used to collect and measure the atmospheric deposition in the PMz.go um fraction (Figure
12, Paper IV). Samplers were placed at Testsite E18, 3.1m south of the road edge at a height of
2 m above the ground level. The samplers collected particles for 14-30 days. The meteorology
was monitored 30 days prior to and during the measurements. To investigate the atmospheric
transport of particles, Sigma-2s were placed at additional 3 distances from the road edge (4.8,
27.1, and 100 m).

Figure 12. Sigma 2 sampler at Testsite E18. Photo: Mats Gustafsson, VTI and David Jaramillo, Particle Vision.

3.3.4 Samples from a street sweeper

In Paper I and 11, a vacuum sweeper with metal brushes from Johnston Beam A/S (model S9000,
VTJIB61) was used for weekly sweeping. Sweeping was performed during the daytime, when
the streets were not closed for traffic, resulting in slight variations between the sweeping
occasions. The sweeping time and distance were recorded with Strava, a GPS-based
smartphone app. The average driving speed varied between 4.7-10 km/h. Nozzles under the
sweeper spray water on the road surface to prevent fine dust to emit into the air, and the amount
of water varied depending on the weather conditions. Due to the use of water, no sweeping was
performed when the temperatures were below zero, or during the winter period. Rotating
brushes collect the road dust, and the material is transferred into the sweeper with vacuum
suction nozzles.

The sweeping material was dumped on a temporal deposition site after each sweeping event.
The liquid phase, herein called washwater, was systematically collected in 10L glass bottles
with a hose that was connected directly to the sweeper. The solid material, called sweepsand,
was manually collected once the masses had been emptied onto the ground. Sweepsand samples
were taken randomly from the pile using a metal shovel. The samples were collected in 10L
stainless steel buckets. To estimate the collected material, and to relate that to driving distance
and speed, the sand pile, and the amount of washwater was measured after each sweeping
occasion. Both the washwater and sweepsand samples should be seen as representative
composite samples from the whole catchment area.
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3.4 Experimental work
This chapter shortly describes the methods used for sample preparation and the analytical
methods of traffic-derived microplastics tested throughout the project (Figure 13). For a more

extensive description of the methods applied, see the paper referred to in the text.
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3.4.1 Analysed size ranges

Microplastics are defined as plastic particles smaller than 5 mm. Within this project, different
size ranges of the traffic-derived particles have been analysed in each of the papers. A summary
of the size ranges and analytical methods can be seen in Table 1. The size range for the particle
size distribution was 0.125-2000 pm Paper I-1V) and the analytical limitation was set by the
laser granulometer. Particles >2000 um was inspected ocular, but not further analysed in any
of the papers. For the gravimetric analysis, samples were sieved over a 180 pum mesh prior to
the gravimetric analysis. The 180 um mesh was used as a cut-off since previous research from
the VTI lab where the WDS was used showed that the majority of the particles were finer than
180 um. The 180 um cut-off was chosen to enable comparisons with previously published
studies e.g., (Gustafsson et al., 2019; Lundberg et al., 2020).

Paper | and Il used light microscopy as the analytical method. The method was both time-
consuming and dependent on the operator. The uncertainty increases with decreasing particle
sizes, and it was not possible to differentiate between different plastic types for particles <20
pm. Even in the 20-100 pum fraction, it was complicated to distinguish between plastics,
especially between TWP and BiWP in samples containing a large number of particles (i.e.,
sweepsand and washwater).

In Paper Ill and 1V, the analysed size ranges were the same for PSD and gravimetry. The
analytical method was SEM/EDX, and two size fractions were analysed, 2-20 pm, and 20125
pum. The choice of size ranges had several explanations. The PSD indicated that only a few
percent of the particles were coarser than 125 pm, independently of the sample matrix. It was
desirable to analyse finer particles than in Paper | and I, but it was also of interest to separate
the fine fraction from the coarse fraction to be able to calculate ratios between fractions (both
relative and absolute). Moreover, it is harder to obtain a statistically significant result with the
automated SEM/EDX for particles >125 um due to a low number of particles.

In Paper V, several methods, various sample preparation steps, and different particle types were
analysed (both manually generated TWP, and road dust collected in the road simulator).
Particles >26 pum were analysed with light microscopy, SEM, pyr-GC/MS, and FTIR. The
coarsest particle analysed with light microscopy was 4300 um. The average particle (Feret
diameter measured with ImagelJ) was approximately 40—140 pum. Particles from studded tires
tend to be finer than both studless tires and summer tires. Further, the finer particles (close to
26 um) created noise in the data when the mosaics were analysed, therefore, a lower cut-off for
light microscopy turned out to be 30 pm.

Table 1. Summary of the different size ranges analysed in each paper.

Paper | Paper Il Paper Il Paper IV Paper V
um
PSD 0.125-2000 0.125-2000 0.125-2000 | 0.125-2000 >26
Gravimetry 1-180 1-180 1-180 1-180
Light 20-100 and 20-100 and
microscopy 100-300 100-300 >26 (30)
2-20 and 2-20 and
SEM/EDX 20-125 20-125 >26
FTIR -
26-63, 63-125 and
pyr-GC/MS >125
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3.4.2 Particle size distribution

All samples (except for the air samples in Paper 1V) from Paper [-IV were analysed for particle
size distribution and gravimetry. The particle size distribution was determined by laser
diffraction (Mastersizer 3000 from Malvern Panalytical) in the size range (0.125-2000 pm). A
laser beam passes through the (dispersed) sample with particles (60 s at 1700 rpm), causing
light scattering. The scattering pattern was analysed by a commercial software calculating the
particle size distribution using the Mie scattering model. The refraction index used was based
on earlier measurement experiences from Gustafsson et al. (2019). Measurements are
performed until the measurement stabilizes, the measurement with the lowest weighted residual
<1%, and the least spread is accepted. Due to the upper size limit (2 mm) of the laser
granulometer, the samples were pre-sieved over an ISO 3310 VWR® 12" (mesh size 2 mm)
and the measurements were performed in triplicates. Each laser granulometry measurement is
performed in triplicates, and the average is calculated (Lundberg et al., 2020). The results from
the measurements are presented both as frequency distribution (volume of particles i.e., the
equivalent scattering of spheres) and cumulative distribution (particle size distribution for each
size of particles in which percent of the sample has a size lower or equal than the values in the
X-axis).

3.4.3 Gravimetric analysis

For the gravimetric analysis, a known amount of the samples (300-500mL for WDS samples
and runoff, Paper -1V, and 50g for sediment from the stormwater wells, Paper IV) were pre-
sieved over an ISO 3310 VWR® 12" (mesh size 180 um). Particles <180 um were filtered
through pre-weighted Munktell OOH filters. The filters were conditioned in an exicator and
weighted whereafter the total amount of particles in the different sample matrices was
calculated. In Paper | and 11, the organic content was measured as loss of ignition. The weight
loss was measured after incineration at 550°C for eight hours in accordance with the procedure
described in (Gustafsson et al., 2019)

3.4.4 Sample preparation

3441 Density separation

A saturated sodium chloride solution, NaCl (1.2 g/cm?®) was used for density separation of the
initial environmental samples in Paper I. Thereafter, a saturated sodium iodide solution, Nal
(1.8 g/lcm®) was used to be able to collect TWP with mineral encrustations (Paper I-11). Density
separation was performed in a stainless-steel separation tower (approximately 1 m high) (Imhof
et al.,, 2012), and the samples were density separated for 6 h before the supernatant was
transferred for further analysis.

In Paper 11l and IV, the aim was to analyse all particles within a sample, therefore no density
separation was performed.

Paper V aimed to optimise the sample preparation, and a more detailed description can be seen
in Results and Discussion, chapter 4.1.

3.4.4.2 Removal of organic matter

Environmental samples contain various amounts of organic matter which can affect and
complicate the analysis. Therefore, several oxidation methods were tested on environmental
samples. The methods that were tested have previously been described in the literature (Lusher
et al., 2017; Tagg et al., 2017), and proved to be efficient for the removal of organic matter.
Three methods were evaluated, 95% H>SO4 with 30% H.O>, 30% H>0> with 1M NaOH, and
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Fenton’s reagent (H202 and FeSO4). One of the concerns about the oxidation methods was that
the TWP might be affected (e.g., degradation processes, changes in shape, change in chemical
compositions) (Lusher et al., 2017). For the sediment samples collected in the stormwater well
(Paper IV), a test was performed with Fenton’s reagent. The oxidation was performed with
satisfying results, but it was still decided to not perform an oxidation step on the samples since
it was desirable to have as unaffected samples as possible.

3.44.3 Solvent cleaning

The differentiation between TWP and bitumen is problematic, and for Paper V it was decided
to test six degreasing agents and ten solvents to find an optimised cleaning step. Xylene proved
to most effective to remove bitumen without affecting TWP, and all road simulator samples
were pre-cleaned with xylene prior further analyses (chapter 4.1.3).

3.44.4 Size fractionation

In Paper I and II the samples were sieved into two size fractions, 20—100 pim and 100-300 pm,
while in Paper III and IV the samples were sieved into 2-20 pm and 20-125 pum. In Paper V,
the road simulator samples were fractionated into three size fractions, 26-63 pum, 63—125 pum,
and >125 um. The different size fractions were dependent on the analytical methods. In Paper
I and 11, light microscopy was used for manual analysis of the particles, and the analysability
was limited to 20 pum. Paper Il and IV used automated SEM/EDX, where it was possible to
distinguish between different particle groups down to 2 um. In Paper V, the analysed particles
were coarser than 27 um due to limitations from the commercial lab performing the pyr-GC/MS
analyses. To be able to compare results from different methods, the 26 um mesh was used for
all samples in Paper V.

3.5Analytical methods

3.5.1 Metals and organic pollutants

In addition to the microplastic analyses, Paper Il investigated the occurrence of metals and
organic pollutants. Metals and OP (PAH-16, phthalates, aromatics, and aliphatics) were
analysed with standardized, commercial methods (SS-EN ISO 17294-2; SS-EN I1SO 17294-1,2
(mod) and EPA method 200.8 (mod); SS EN ISO 11885 (mod) and EPA method 200.7 (mod);
SS-EN 1SO 9377-2 (mod); US EPA8270, CSN EN ISO 6468; DIN EN ISO 18856; SS-EN ISO
18287:2008; E DIN 19742 (2012-04)). In addition, a non-target screening method was used to
determine the occurrence of other organic pollutants in some of the samples. An extensive
method description is presented in Paper 1.

3.5.2 Methods for analysis of traffic-derived microplastics
Table 2 summarises the analytical methods used in this thesis work and the information that
they provide. A more detailed description of each of the methods can be seen in Paper I-V.

The samples in Paper | and Il were analysed with a stereo microscope (Leica M205 C 80-160x)
by an external laboratory (IVL, research station at Fiskebackskil, Sweden). Prior to the
microscopic analysis, samples were density separated in a stainless-steel separation tower
modified from Imhof et al. (2012). The analysed microplastic particles were identified as plastic
fibers, plastic fragments, plastic flakes, plastic film, and road particles. The road particles were
further separated into TWP and BiWP by a combination of tactile and visual identification as
well as with melt tests. Light microscopy could provide information about size, shape, and
surface, but the aim of Paper | and 11 was to identify the number of plastic particles in different
sample matrices.
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In Paper 11l and IV, an automated SEM/EDX (Zeiss Gemini 300 Field Emission Gun (FEG)-
SEM equipped with an Oxford X-MAX EDS detector with an 80 mm? window, a high
efficiency 4 quadrant backscatter electron (BSE) detector, and the particle analysis software
AZtecFeature, ©Oxford Instruments) method was developed and used for all samples. The
analyses were performed by an external laboratory (Particle Vision GmbH in Fribourg,
Switzerland). Prior to the SEM/EDX analyses, all samples had been size fractionated at the
laboratory at VTI, Linkoping into two size fractions (2-20 pum and 20-125 pm). A subsample
from each size fraction was dispersed on boron substrates using compressed air and a
Morphology G3ID device from Malvern. Boron substrates have the advantage that they do not
contain carbon which allows the identification of carbon-rich particles such as TWP, BiWP,
road markings, and biogenic/organic particles. The samples were classified into different
subclasses and thereafter quantified (relative number concentration and estimated absolute
mass). The method provides information about size, shape, surface, number of particles, and
elemental composition of each particle. The SEM/EDX method and the different subclasses are
further described in the Result section 4.2.

Paper V used a multi-method analytical strategy to analyse TRWP from the road simulator and
thereby increase the knowledge and understanding of properties and physicochemical
composition. The light microscopy, SEM, and FTIR analyses were performed by an external
laboratory (the University of Gothenburg at Fiskebédckskil, Sweden). Some of the sample
preparation steps (size fractionation and solvent cleaning) were performed at VTI, Linkoping.
All pyr-GC/MS analyses were performed by an accredited and commercial laboratory.

A Leica Wild M8 dissection microscope was used to perform a visual-tactile differentiation
between TWP and road wear. All black particles that were identified as possible TWP were
further analysed and probed manually under a Leica M205 C dissection microscope with steel
tweezers. Image analysis for particle measurement was performed by ImageJ. ImageJ presents
2D measurements, the height was manually measured on a selection of the TWP whereafter an
estimated height was calculated for all individual particles. An ellipse-based formula was used
to estimate the volume of the particles. A Zeiss Sigma VP high-resolution SEM was used to
obtain additional information about the TWP particles. The morphology of the particle surfaces
was obtained using a secondary electron detector.

Road simulator generated TRWP were analysed with SEM/EDS before and after the particles
were cut in ultrathin sections using a diamond knife at -140°C in a Leica EM FC6 cryo-
ultramicrotome. After light microscopy and SEM/EDS analysis, the same particles were
analysed with FTIR (Thermo Scientific Nicolet iN10 infrared microscope), the particles were
placed in a diamond compression cell, and the transmission mode was used during the
measurement.

To investigate the variability in tire composition between different tire types, manufacturers,
and between road simulator generated TRWP and pure tire tread, the relation between
polyisoprene (PIP) and polybutadiene (PBD) was quantified by pyr-GC/MS.

The methods that were evaluated in Paper V complement each other and when the results were
combined, they provided novel information about TWP and TRWP, e.g., two different types of
TRWP were detected in the samples called sub-elastic and firm-elastic. In addition to size,
shape, particle surface, elemental composition, and aspect ratio (light microscopy and SEM),
the pyr-GC/MS provides information about the polymer content, and the FTIR enables to
distinguish between sub-elastic and firm-elastic TWP.
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Table 2. Analytical methods used for identification and quantification of TWP and TRWP in Paper I-V.

Analytical methods
Light microscopy SEM/EDX FTIR G@//I(/-IS
Mangal Image J | Manual Autom
counting ated
Surface X X X X
Size X X X X
Aspect ratio
Shape
Elemental Composition
Polymer type X X
No. of particles X X X X
Relative number x
concentration (%)
absolute mass (ug/L or pug/kg) x) X

3.6 Calculations to assess the total number and absolute mass of TWP

In Paper 1V, subsamples of the sieved fractions were analysed with SEM/EDX meaning that
the total mass was not possible to determine directly. Therefore, the cumulative volume from
the particle size distribution and the information from the gravimetric analyses were used in
combination with an assumed homogenous density, 1.8 g/cm?®, (corresponding to the average
density of the TWP in Kldckner et al. (2019)) and by calculating the volume of a sphere based
on the equivalent circular diameter (ECD) obtained from the single particle analysis software
Aztec Feature (Oxford). The absolute mass and number of particles were then extrapolated
using the data from the relative mass concentrations.

Paper V used the results from pyr-GC/MS (Rubber content >26 um (mg/g) polyisoprene and
polybutadiene) and Image J to estimate the emissions of TWP from the tires used in the road
simulator. A 3D ellipse-based formula was applied with the possibility to add the irregularity.
The Feret diameter and an average TWP height were also implemented in the calculations.
These results were then compared against literature values and the difference between methods
was discussed.
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4 RESULTS AND DISCUSSION

This chapter starts with the development for an optimised sample preparation, including
density separation and solvent cleaning (Paper V) followed by method development
(automated SEM/EDX, Paper I11) and evaluation and comparison of methods (Paper V).
Thereafter, the two different types of TWP, sub-elastic and firm-elastic are described (Paper
V) whereafter the results from the environmental field samples are presented starting with the
results from the analysis of metals and organic pollutants (Paper I1) followed by traffic-
derived microplastics (Paper I, 11, IV).

4.1 Optimisation of sample preparation

One of the aims of the project was to find an optimised method for sample preparation.
Environmental samples contain a mix of different particles, pollutants, and compounds which
can make it difficult to distinguish if an effect depends on the TWP itself or on the
compounds/particles sorbed on the TWP. To reduce the uncertainties with environmental
samples, Paper V analysed samples collected in a controlled environment, i.e., a road simulator.
Different preparation steps were also tested and evaluated on the environmental collected TWP.

4.1.1 Density separation

Several salt solutions have been evaluated for density separation of TWP and TRWP within
this project. Prior to the work with environmental samples, initial tests with manually generated
particles were performed with the aim to find a suitable salt solution for density separation. For
that, calcium chloride, CaCl, (1.4 g/cm®) was tested. CaCl, was chosen based on economic and
environmental factors. Density separation was performed in specially made columns with a
magnetic stirrer in the bottom and a valve in the middle enabling separation of the supernatant
from the bottom phase. The samples were stirred for 6 hours and then left for 24 hours before
the supernatant was collected. The density separation was performed in sequences and repeated
twice prior to filtration and analysis. The separation worked well, but the CaCl; tends to clog
the filters and heavily affect the (SEM) analysis since TWP and BiWP contain Ca. Therefore,
it was decided to not use CaCl: for the upcoming analyses.

For the initial microplastic analysis in Paper 1, a saturated sodium chloride solution, NaCl (1.2
g/cm®) was used. However, the density of NaCl was too low to separate all TBiWP from
minerals, especially for TBiWP encrusted with mineral particles. To evaluate potential
underestimations, a test was performed on the same sample (sweepsand) with both NaCl and a
saturated sodium lodide solution, Nal (1.8 g/cm?®). The results indicated that up to ten times
higher concentrations of TBiWP were detected when Nal was used. Therefore, Nal was used
for the remaining samples in Paper | and I1.

In Paper V, TRWP from the road simulator was used for a density separation test where six
solutions with zinc chloride, ZnCl,, of different densities were evaluated (1.3—1.6 g/cmq). Both
the supernatant and the bottom fraction were analysed. Repeated density extractions were also
performed on aliquots of TWP from the road simulator, extracted over three consecutive 12-
hour density separations (ZnCl, 1.55 g/cm®. The supernatants from each dense solution were
filtered and the number of TWP was counted under a light microscope. ZnCl> solutions with
densities <1.45 g/cm?® seem to be equally effective for separation as a saturated salt solution
with NaCl, and up to 25% of the total number of TWP were detected in the bottom fraction.
The optimal ZnCl; density turned out to be 1.55 g/cm® where 6-12% of TWP was left in the
bottom fraction. With a density above 1.55 g/cm?, some road wear particles and bitumen
particles were also detected in the supernatant which disturbed and delayed the TWP
identification.
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4.1.2 Solvent cleaning

In Paper V, two types of TRWP were identified, firm-elastic and sub-elastic TRWP, chapter
4.3 and Table 3. The sub-elastic TWP overlapped bitumen wear particles in form, properties,
and tactile characteristics. Therefore, it was desirable to analyse TWP separately and thereby
exclude BiWP from the samples. Six degreasing agents and twelve solvents were evaluated for
the removal of bitumen from road simulator samples. Relative effectiveness was assessed by
scoring post-treatment abundances of interfering black particles against an ACFOR scale (a
method to describe the abundance of TWP within a given area, e.g., a quadrat with a known
size). Xylene proved to be the most effective solvent whereof all samples in Paper V were
cleaned with xylene and rinsed with methanol and de-ionized water prior to further analysis.

4.1.3 Summarizing discussion-sample preparation

During the project several methods and steps for an optimised sample preparation were
evaluated. The choice of sample preparation is very dependent on the analytical method, and of
course, the aim of the study. It was concluded that NaCl was not appropriate for density
separation, but ZnCl> seem to be efficient- at least on TRWP collected in a road simulator.
Density separation is efficient if minerals and heavy particles should be removed prior to
analysis, but it comes with a risk of underestimations. If possible, it can be a good idea to avoid
density separation, or at least use a salt with a much higher density than expected.

Xylene proved to be effective to remove bitumen without disturbing the TWP. So, xylene is a
preferable choice if bitumen is not desirable in the analyses. Oxidation methods to remove
organic matter were tested, but not further developed or evaluated. Previous research has shown
that the TWP might be affected by oxidation e.g., Wagner et al. (2022), why chemical oxidation
methods should be avoided if possible. Size fractionation was necessary for most analyses,
especially for light microscopy and SEM/EDX where entire filters were analysed. Without size
fractionation, it is more or less impossible to separate particles from each other. One of the main
issues within this project is that all TRWP has been of interest, and it has not been limited to
only TWP.

In Paper 11l and 1V, it was desirable to include minerals in the analysis to be able to increase
the information about ratios and the proportion between particle subclasses. While Paper 1- IV
focused on microplastics, metals, and organic pollutants. Paper V aimed to increase the
understanding of particle properties, and TWP from different tires, therefore solvent treatment
was used to remove bitumen, and density separation was performed in some of the analyses to
remove minerals from road wear. All preparation steps come with uncertainties, and it is always
a risk to lose particles in each step. Therefore, it is preferable to perform as little preparation as
possible if the analytical method allows that. Within this project, it was not possible to
determine a universal and optimised method for all sample types, but the main conclusions
drawn concerning the sample preparation in this project are:

e the aim should be clarified and defined before the field campaigns are planned, and the
following questions need to be answered: what kind of samples are of interest, how
many samples (duplicates, triplicates, bulk samples?), and in what size interval,

e what analytical method/s should be used?

e sample collection and preparation: similar studies/samples? Possible to compare the
results?

e s it possible to include additional analyses that can increase the understanding of the
complex particle composition (e.g., metals, OP, size distributions, toxicity tests)

e s it possible to combine analytical methods to increase the amount of information? If
so, is it possible to use the same sample preparation?
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4.2 Method development

Paper 111 further developed a machine learning algorithm coupled to an automated Scanning
Electron Microscopy/Energy Dispersive X-ray spectroscopy (SEM/EDX) analytical approach
(Rausch et al., 2022) to classify and quantify the relative number concentration (%) of the
following subclasses contained in environmental road dust: tire wear particles (TWP), bitumen
wear particles (BiWP), road markings, reflecting glass beads, metallics, minerals, and
biogenic/organics. Reference material from different road surfaces, road markings, bitumen,
and reflecting glass beads was analysed both manually and automatically. To not disturb
composition, texture, and size distribution, no sample preparation was performed on the
reference materials prior to analysis. In addition, the reference materials were milled and
dispersed on boron substrates to be more like real-life particles and thereafter analysed again.
The results from the reference materials were implemented into the particle classifier enabling
the recognition of these particle types in environmental samples (Paper IlI).

Environmental road dust samples from Testsite E18 were analysed with the automated
SEM/EDX, and for each particle, an EDX analysis (with AZtecFeature software) and a picture
with the backscatter electron (BSE) was performed. The data from the AztecFeature software
was then treated by a machine learning algorithm. The ML-algorithm categorized the particles
into subclasses based on 67 chemical and morpho-textural parameters. An image and elemental
spectra of each particle are available if it is desirable to manually check some of the particles.
It is also possible to check the “confidence score” and move particles between subclasses if
they have been classified incorrectly by the ML-algorithm.

Even though environmental particles tend to have a certain heterogeneity, each particle subclass
was defined by a clear fingerprint when the morpho-textural information was combined with
elemental information. One challenge with the automated SEM/EDX classification occurs
when the random forest classifier should distinguish between fine particles (<5 pm) of tire wear
(TWP) and bitumen (BiWP). Both the shape and elemental composition of these particles tend
to be very similar. For the coarser particles, a differentiation is possible based on other
parameters (e.g., chemical, textural, and morphological), but for the fine particle fractions,
where the particles are encrusted with each other, it was not possible to separate TWP from
BiWP. Therefore, TWP and BiWP smaller than 20 um was counted together in the subclass tire
and bitumen wear particles, TBiWP. This has been illustrated in Figure 14, where the ML-
algorithm has classified the TWP and the BiWP. Particles with similar characteristics are
clustered together, and as can be seen, the coarse fraction (20125 pum) creates well-defined
clusters while the fine fraction (2-20 pum) clusters overlap to a larger extent.
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Figure 14. The TWP and BiWP subclasses was extracted from the main dataset of all particles classified with the road dust
classification model. Particles with similar characteristics are located close to each other in the image. This graph shows
that coarse particles (20-125 um) tend to build better-defined clusters than fine particles (2—20 pm) before the classification
model is applied. This illustration visualizes the uncertainties to distinguish between TWP and BiWP in the fine fraction.
Figure from Paper Il1.

Overall, the SEM/EDX/ML method divided the particles into correct subclasses with high
repeatability. The method proved to be rapid, require little sample preparation, and the samples
were not destroyed after analysis enabling further analyses if desired. Lastly, it was possible to
analyse particles down to 2 um with detailed information about size, surface structure,
elemental composition, and shape which is advantageous when the transport routes of TWP
should be investigated and modeled. However, one disadvantage with the automated SEM/EDX
is that it is not suitable for coarser particles (>125 pum), it is for example difficult to obtain a
statistically relevant result if only a low number of particles can be analysed in each run
considering the magnification settings used for the SEM. Further, coarser particles might
conceal finer particles and thereby affect the result. This limitation results in a potential
underestimation of traffic-derived microplastics. On the other hand, the particle size
distributions have shown that the majority of the particles are finer than 125 um, fine particles
are transported longer distances and to a greater extent than coarser particles. Another limitation
with the existing SEM/EDX method is that polymers cannot be defined. As previously
mentioned, analysis of TRWP is challenging and the focus of Paper I11 has been to characterize
and identify TWP, bitumen, and road markings. Other microplastics will probably be classified
into “organic matter” due to the high content of hydrocarbons.
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4.3 Characterization of manually and laboratory generated TRWP

Paper V investigated the differences between tire types and brands and showed that the rubber
content within a tire group (e.g., summer tires, studless winter tires, and studded winter tires)
were similar, but varied between groups. The ratio between natural and synthetic rubber were
similar within the tire groups independent of tire brand, but a large variation was detected
between the tire groups. The variation between tire groups was expected since winter tires
contain softer rubber than summer tires (i.e., different proportions of polyisoprene,
polybutadiene, and additives).

One of the major findings with Paper V was that two types of TRWP with slightly different
properties were detected, Table 3. The different types were called firm-elastic and sub-elastic
TRWP where the latter, more fragile particle class comprises 99 % of all the identified TWP,
see example particles in Figure 15. When the TRWP was analysed with light microscopy and
SEM; it was not clear if sub-elastic TRWP should be counted as a TWP, therefore other possible
sources were investigated (i.e., lubricants from the road simulator, oil, bitumen). The sub-elastic
particles tend to smear out when they were probed with tweezers, they were often elastic and
elongated in shape and they were either glossy or matt-black with mineral encrustations on the
surface. The firm-elastic TWP was firm and retained its original shape directly after poking,
and felt more like suspected TWP. Moreover, the firm-elastic TWP was smooth and mat on the
surface and they were often compact and angular to its shape, especially in the <300 pm
fraction. The firm-elastic and sub-elastic TWP was distinguished from each other based on
several tactile characteristics: firmness, brittleness (sub-elastic TWP were more fragile), the
ability to regain original shape, and smearing.
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Table 3. Description of the two types of TRWP detected in the road simulator samples. Table from Paper V.

Sub-elastic TRWP Firm-elastic TRWP
Matt or glossy black. Normally with Matt black, although normally with a
Color less noticeable surface mineral coating of pale embedded mineral

encrustation than firm-elastic TRWP. | particles.

The outline of smaller particles (with a

Commonly present as elongated largest diameter < approx. 500 pm) is
cigar-shaped “rolls”, tapered at one or | often distinctive; normally gnarled,
Form both ends, but also with variable, and/or knobbly/bobbly. Larger
irregular shapes and, in summer tire | particles also occasionally had a
dusts, including fluid forms. smoother matt surface, and include

angular chunks or rolled shapes.

Normally with little or no elasticity. A
few particles had some degree of When poked with a tweezer, these
elasticity, in that they started to pull particles feel firm and springy, and
back towards their original shape after | respond to poking as expected for a
being depressed with tweezers, but piece of tire. >100 pum particles

the response was slower than that for | normally regain their original shape to

Feel pristine tire rubber. Particles could a great extent, but smaller examples
either be easily smeared into a broken | tend to be destroyed (crumbled or
or unbroken film or, in the case of spread out) by light tweezer pressure.

larger brittle summer tire particles, be | Similar descriptions of tire rubber
broken up into brittle angular pieces. | have been reported in the McCrone
Resistance to smearing was always | Atlas of microparticles.

greater than that for grease patrticles.

The dominant black particle type in
Abundance | the asphalt associated road simulator | Rare
dusts.

The results from light microscopy, SEM/EDX, and ImageJ showed that a considerable
proportion of the black non-minerogenic particles consisted of black particles covered in
mineral crystals that were most common in the road simulator samples from studded winter
tires, probably a result of the increased road wear generated from the studs. The encrustations
made it difficult to quantify and characterize individual TRWP, and the particles were not
captured by density separation resulting in possible underestimations due to heavier densities
than expected. A variety of different sub-elastic and firm-elastic particles can be seen in Figure
15.

The pyr-GC/MS results confirmed that the sub-elastic particles contain high concentrations of
tire polymers i.e., polyisoprene and polybutadiene and that both particle categories should be
counted as TWP. To ensure the origin of sub-elastic and firm-elastic TWP, particles from each
category were handpicked and analysed with pyr-GC/MS. The results indicated that
concentrations of polyisoprene and polybutadiene were lower in the sub-elastic TWP, which
can be explained by the fact that the sub-elastic TWP was softer and had a higher density which
might have led to more encrustations with minerals. Moreover, when the same tires were run
on a concrete pavement instead of an asphalt pavement, the amount of sub-elastic TWP was
reduced to 18% (compared to 99% on an asphalt surface) indicating that the road surface
influence the generation and properties of TWP.
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The wheels in the road simulator run on a 5-meter circular track which probably results in higher
TWP emissions due to a continuous turn-slip abrasion compared to driving at the same speed
on a straight road. However, one major advantage with the road simulator is the possibility to
compare and evaluate different tires and road surfaces (asphalt pavement and concrete). A
difference in tire hardness, tread depth, and polymer composition was detected between tire
types and tire brands. This information is of importance and should be further investigated since
variations in hardness (differences in additive composition) and polymer ratios can affect the
wear rate.

Figure 15. A) Secondary electrons (SE) from a large brittle sub-elastic TRWP, summer tire. B) Backscattered electrons (BSE)
on the same particle as in A. C) SE from a sub-elastic TRWP from a studded tire. D) BSE on the same particle as in C. E) SE
from a firm-elastic TRWP, studded tire. F) BSE on the same particle as in E. G) SE from a large firm-elastic TRWP from a
studded tire. H) BSE on the same particle as in G. 1) SE from a sub-elastic TRWP, studded tire. J) BSE on the same particle
as in 1. K) BSE from a large brittle sub-elastic TRWP, summer tire. L) BSE from a sub-elastic TRWP, studded tire. M) SE
from a large firm-elastic TRWP, studded tire, cradling a smaller, elongate, sub-elastic TRWP from a studded tire. N) BSE
from the same large firm-elastic TRWP cradling a smaller, elongated, sub-elastic TRWP. O) BSE from a large firm-elastic
TRWP from a studded tire, partly covering a smaller, elongated, sub-elastic TRWP from a studded tire (a smooth dark
contaminating fibre extends to the right margin of the image). P) BSE from a large firm-elastic TRWP, studded tire, at bottom
of image and a smaller, elongated, sub-elastic TRWP from a studded tire extending from the top of the image. Q) SE from a
firm-elastic summer TRWP R) BSE on the same particle as in Q. S) BSE from a firm-elastic TRWP from a studded tire. All
particles are supported on a platinum-coated polycarbonate substrate, with a 10um pore size. Figure from Paper V.
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4.4 Metals and organic pollutants

Metals and organic pollutants were analysed in all samples collected in stormwater, road dust,
sweepsand, and washwater (Paper Il and Table 4). The local guidelines for stormwater were
exceeded for PAH, petroleum hydrocarbons, and all metals except chromium, indicating that
the stormwater should be treated prior to release. For the stormwater, the event mean
concentration (EMC) EMC was in the same magnitude throughout the study period, and it was
not possible to identify a trend or a specific source for the high concentrations. The PAH
concentrations in the stormwater were in the same size range as Hou and Li (2018) and Zgheib
et al. (2012) but lower than in Masoner et al. (2019). For sweepsand and washwater, no specific
guideline values are available, but the metal concentrations were several times higher than both
the local guideline values for release of polluted water to recipients, Miljoforvaltningen (2013),
and the Canadian interim sediment quality guidelines, CCME (2010), who present guideline
values for both metals and OP in sediment.

The construction work, excavators, and heavy traffic are possible sources, and the results are in
line with previous studies (Ma et al., 2021; Nawrot et al., 2020). In the sweepsand samples,
only a few of the analysed PAH were detected in concentrations above the quantification limit,
however, the average concentrations were still 490 pg/kg which is above the Canadian
Sediment quality guidelines. When a more sensitive method was used, up to 732 pg/kg were
detected (Paper I1). Similar results were presented in studies from Iran (Abbasnejad et al., 2019)
and Vietnam (Anh et al., 2019a). Even petroleum hydrocarbons (aliphatic C16—C3s) were found
in high concentrations in both sweepsand and washwater, with traffic and exhausts from diesel
engines as the most likely sources (Anh et al., 2019b).
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Table 4. Concentrations of organic pollutants and metals found in different sample matrices in an area under reconstruction

(Paper 11).
Stormwater Washwater Sweepsand WDS
[ng/L] [no/kg dw]  [ug/m?]
n=9 n=6 n=7 n=2
As 1,6 27,0 6445 390,1
Cd 11 3,4 235,8 54,8
Co 3,3 116,7 4480,0 2090,3
Cr 6,5 306,2 126814 4938,0
Cu 210,2 1351,7 41728,6 14 960,8
Mo BQL 30,7 32289 280,0
Ni 52 2128 84543 4766,6
Pb 248 535,0 120914 79171
Zn 3411 5851,7 1341429 768038
\ BQL 514,8 141429 9500,5
naphthalene, NAP 0,3 0,1 BQL 2,1
acenaphthylene, ACY 0,0 0,1 BQL BQL
acenaphthene, ACE 0,0 0,1 BQL BQL
fluorene, FL 0,0 0,2 BQL 2,0
phenanthrene, PHE 0,2 2,2 BQL 10,4
anthracene, ANT 0,0 04 BQL 4,1
fluoranthene, FLR 0,4 4.6 143,7 29,5
pyrene, PYR 0,3 4.1 135,3 27,8
benzo(a)anthracene, BaA 0,2 2,1 BQL 13,1
chrysene, CHY 0,2 2,5 BQL 32,9
benzo(b)fluoranthene, BbF 0,2 3,4 108,0 21,8
benzo(k)fluoranthene, BKF 0,1 0,9 BQL 5,6
benzo(a)pyrene, BaP 0,1 25 BQL 9,4
dibenzo(ah)anthracene, DBahA 0,0 0,5 BQL 3,3
benzo(ghi)perylene, BPY 0,1 2,2 BQL 10,9
indeno(123cd)pyrene, INP 0,1 21 BQL 9,5
> PAH-L 0,3 0,3 BQL 11
> PAH-M 1,0 115 313,0 70,7
> PAH-H 1,0 16,2 200,5 104,8
>PAH16 2,3 28,0 490,0 176,5
aliphates >C10-C12 8,0 20,2 BQL BQL
aliphates >C12-C16 245 80,2 BQL BQL
aliphates >C16-C35 755,6 3148,0 1675714 240777
aromates >C8-C10 N.A 0,5 BQL BQL
aromates >C10-C16 N.A 2,2 BQL BQL
methyl pyrenes + methyl
fluoranthenes = Y MP +MF N.A 42 BQL BQL
benzé(a)aﬁthracenes = ZEMC
+MB(a)A N.A 52 BQL BQL
aromates >C16-C35 = Y MP +MF
+MC + MB(a)A N.A 9,4 BQL BQL
di ethyl phthalate N.A 3,2 BQL BQL
di-n-butyl phthalate N.A 13 70,0 BQL
di-iso-butyl phthalate N.A 1,2 BQL BQL
di-(2-ethyl hexyl)phthalate (DEHP) N.A 171 857,0
di-iso-nonyl phthalate (DINP) N.A 98,0 BQL BQL
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High concentrations of metals and organic pollutants were found in stormwater, road dust
samples, washwater, and sweepsand (commercial methods). Zn and Cu were the dominating
metals in all sample matrices, followed by Pb and V. When the results from each sample media
presented with the same unit, pg/L (i.e., WDS, washwater, and stormwater) were correlated to
each other it was clear that the metal concentrations in the WDS samples had a strong
correlation to washwater (R?=0.99), but a weaker correlation to stormwater (R?=0.83).
Consequently, washwater also had a weak correlation with stormwater (R?=0.36). For PAH-16,
the pattern was similar, but with slightly weaker correlations: stormwater against WDS,
R?=0.55, stormwater against washwater, R?=0.60, and washwater against WDS, R?=0.79. This
may be explained by the longer transport route for the stormwater over impermeable surfaces
and long transport route in pipes before reaching the stormwater sampler. During this transport,
PAH could sediment with coarser particles and the most volatile PAH could also evaporate
causing a change in the relative PAH composition. In Polukarova et al (2020), it was clearly
seen that the stormwater samples contained relatively more of the light weight and more water-
soluble PAH than the WDS and washwater samples. In addition, a non-target screening (non-
commercial) for organic pollutants were tested resulting in findings of approximately 100
organic compounds of anthropogenic origin (e.g., alkanes, phthalates, and solvents) (Paper I1).
The average concentrations were 310 pg/L for stormwater, 78 000 pg/L for washwater, and
36 000 pg/kg for sweepsand. These results highlight the importance of rapid analytical methods
that cover more organic compounds (e.g., phthalate isomers) since the existing methods tend to
underestimate the concentrations of organic pollutants. The screening also showed the
occurrence of N-(1,3-Dimethylbutyl)-N’-phenyl-p-phenylenediamine (6PPD) in the street
sweeping washwater which is together with its degradation product a highly toxic pollutant
(Tian et al., 2021). In summary, high concentrations of metals, and organic pollutants were
detected in all sample matrices indicating that the traffic is a plausible source of large emissions
of metals and organic pollutants. In the environment, a contaminant is seldom found on its own,
the particles consist of a complex mixture of minerals, metals, OP, MP, TWP, and organic
material. If a study is limited to a specific group of contaminants, the overall knowledge will
continue to be limited. If possible, it is always of interest to perform additional analyses e.g.,
complement MP analyses with PSD, OP, and metals. Even though the content of metals and
OP in road dust has been well investigated over the years, the combination with MP and TWP
is rare.

4.5Dust load and particle size distribution - comparison between environments
When TRWP has been generated at the road surface, a large amount of the particles deposit in
the road dust. During precipitation, some road dust is transported to the runoff, while other parts
are sedimented in the structure of the road surface or at the kerbside. When the road dust has
settled, it acts as a temporary sink for traffic-related microplastics since the MP can stay at the
road surface for a long period (i.e., until resuspension, road maintenance or heavy rain/wind
occurs). Road dust can act both as a sink and a source of the TRWP emissions in the runoff.
Therefore, it is of interest to investigate the road dust and to analyse the particle size distribution
in different traffic environments, especially with complementing information about pavement,
meteorology, road dust composition, and road maintenance.

Road dust was sampled and analysed in Paper I-1V. The amount of road dust in the size range
1-180 pum (g/m?) for each sampling occasion (Paper I, 1l and V) can be seen in Figure 16. The
left figure shows samples collected adjacent to the kerb, and the figure to the right are samples
collected in-between wheeltracks. Based on Figure 16, the total amount of road dust seems to
be larger in-between wheeltracks in the urban area in Paper | even though the streets were more
frequently swept than the rural highway. This is likely an effect of much lower speeds (less
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removal by resuspension), more braking and acceleration, and graveling of nearby cycle paths
during the winter. Precipitation and wind can also affect the amount of road dust, the urban
streets in Gothenburg are surrounded by buildings while the rural highway is surrounded by
open fields. It was also clear that the largest amount of road dust was found adjacent to the kerb,
as previously described in Gustafsson et al. (2019). In-between the wheeltracks, the dust loads
varied between 2-40 g/m?, while in the samples collected adjacent to the kerb, the lowest
amount of road dust was 180 g/m?and the highest over 1200 g/m?.
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Figure 16. Amount of road dust (g/m?) for samples collected adjacent to the kerb (left) and in-between wheeltracks (right).
Paper | and 11 collected samples in an urban area (streets in the inner city of Gothenburg (GBG)), and Paper 1V in a rural
area (highway).

In Figure 17, the particle size distribution (frequency distribution) is shown as mean values.
Particles in the size range 0.025 um-2000 um were analysed, and the results clearly show the
importance to include also fine particles in microplastic analyses to avoid underestimations.
The size distribution of road dust samples collected at Testsite E18 (highway, rural area) were
slightly finer than road dust samples collected in Gothenburg (urban area). Some explanations
can be that the speed and AADT are higher at Testsite E18, that the speed varies more in
Gothenburg (start-stops), and that more gravel (i.e., from the bike- and pedestrian lanes) is
transported onto the driving lanes in the urban areas. Another explanation is that the roads in
Gothenburg were frequently swept, compared to the highway that is seldom swept resulting in
more grinding of the road dust. Further, the pavements contain different stone aggregates at the
different sites which might affect the size distributions. Another explanation, as could also be
seen in Paper V, is that the use of studded tires generates finer particles than summer tires,
especially when the speed is higher i.e., at Testsite E18 (120km/h) compared to Gothenburg
(50km/h). The average particle size was 42 um (in-between wheeltracks, Gothenburg), 37 um
(kerb, Gothenburg), 25 pum (in-between wheeltracks, E18), and 20 um (kerb, E18). Gothenburg
is located by the coast, more south than Testsite E18, the climate in Gothenburg is milder, and
a smaller proportion of the cars have studded tires.
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Figure 17. Average Particle Size Distribution of road dust samples collected at two positions in Gothenburg (Paper | and I1)
and at two positions at Testsite E18 (Paper 1V).

The cumulative distribution (volume) from the Testsite E18 samples (mean value from the kerb
samples, published in Paper IlI) shows that 85% of the particles (by volume) are within the
interval 2—125 um (5% <2 um and 10% >125 um), Figure 18. This information was important
to decide what sizes to analyse further with the SEM/EDX. In Paper | and 11, particles <20 um
were not analysed due to analytical challenges. Kreider (2010) reported that less than 1%
(volume) were <10 pm and it has previously been discussed that the fine fraction probably
accounts for a negligible part of the total particle mass or volume even though the total number
of particles are higher for fine particles. However, Figure 18 shows that the fine fraction (2-20
pum) stands for a considerable part of the sample (=45% by volume) and should definitely not
be excluded from the analyses. Also, the cumulative distribution of particles collected in the
road simulator (Paper V), showed that more than 50% of the particles were <60 um. Particles
finer than 30 um were not analysed in Paper V, but it is plausible that a large amount of the
particles were finer than 30 um even for the road simulator samples. The coarsest particles were
detected when the road simulator runs with summer tires or studless winter tires (85% of the
particles 30-140 um) and the finest particles were generated when studded tires were in use
(85% of the particles 30—80 um). The difference in particle size is probably dependent on the
studs since the hard metal studs generate more- and finer particles, the studs is also responsible
for an increased road wear resulting in a higher ratio of road wear particles. One of the tires
diverged from the pattern, Summer tire-C, where only 50% of the particles were <300 um
(Paper V). One explanation to the variations in particle size distributions can probably be related
to the ratio between natural and synthetic rubber as well as the inclusion of additives and carbon
black (i.e., different tire recipes) as discussed in Paper V.
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Figure 18. Cumulative volume (%) of the particle size distribution (PSD) for road dust samples. The PSD is presented as a
mean value from the five sampling occasions, figure from Paper Ill.

4.6 Particle size distribution in runoff

In Paper IV it was desirable to compare the particle size distributions in the different sample
matrices to detect potential differences, Figure 19. The results show some interesting patterns,
with coarse particles in the roadside gully pot (placed at the roadside), slightly finer particles at
the road surface, and the finest particles was found in the stormwater well. Higher intensity and
duration of precipitation enable the transport of coarser fractions of road dust. When coarse
particles reach the roadside gully pot, they settle into the sediment, while finer particles are
more easily further transported to the stormwater well. In the stormwater well (sediment and
water), the PSD:s are finer, with a maximum below 20 um. A possible explanation for the large
number of coarse particles in the roadside gully pot water is that coarse road dust from the
kerbside is continuously resuspended by traffic turbulence and deposited into the gully pot. A
high dust load (880 g/m?) was also detected in the area adjacent to the kerb, i.e., where the
roadside gully pot is located, Figure 16. Moreover, road dust has been shown to have
hydrophobic properties which might explain why some coarse particles remain floating on the
water surface.
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Figure 19. Average Particle Size Distribution of road dust (two positions) and runoff samples (both sediment and water from
the stormwater well and the roadside gully pot) at Testsite E18 (figure based on data from Paper V).

4.7 Traffic-derived microplastics in different environments

4.7.1 Urban areas

The same methodology, light microscopy, was used for Paper | and Il enabling comparison
between the two sites. The AADT was higher in the study area of Paper | (13 000 vehicles
compared to 5 000 vehicles), but the amounts of heavy traffic were much higher in the study
area of Paper Il due to an extensive reconstruction within the area. For the first batch of samples
(Paper 1), sodium chloride (NaCl 1.2g/cm?®) was used for density separation. However, even if
NaCl theoretically has a higher density than rubber, it was concluded that the results were
heavily underestimated since TWP contains mineral incrustations which increase the density.
Therefore, sodium iodide (Nal, 1.8 g/cm?®) was used for the upcoming samples.

To evaluate potential underestimation, Paper | divided homogenous sweepsand samples from
two sampling occasions into two and density separated them in parallel with NaCl and Nal. In
the samples separated with Nal, 2-9 times higher concentrations of TWP were found. Only the
supernatant was analysed, and no analysis was performed on the sedimented material. For
upcoming studies, it had been of interest to use a solution with a higher density than Nal to
determine if the samples separated with Nal were underestimated as well.
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4.7.1.1 Total number of tire wear particles

In Figure 20, the number of TWP/L (100-300 pum) in the different sample matrices from Paper
| and Il have been compared. Samples analysed with NaCl have been excluded. The results
indicate that the mean number of TWP was higher in all sample matrices (stormwater,
washwater, road dust, and sweepsand) in the area under reconstruction (Paper I1) in comparison
to the urban area (Paper 1). However, the variation within a sample matrix was larger in samples
from Paper I, especially for the washwater, where the maximum value was 23 120 TWP/L and
the minimum value was 1 TWP/L. The large variations within a sample matrix can probably be
related to when the sweeping was performed. If the sweeping was performed directly after a
heavy rain event, the first flush has probably transported most of the TWP into the stormwater
resulting in low concentrations at the road surface while a long dry period accumulates the TWP
resulting in high road surface concentrations. The amount of heavy traffic can also affect the
variations.

The variations between study areas can be explained by several reasons such as meteorology,
precipitation, AADT, maintenance, and sampling dates. As an example, all traffic from
highway E6 was redirected through the study area of Paper Il on several nights during the
measurement period. The precipitation 10 days prior to the street sweeping varied between 6—
10 mm (Paper I) and 0-91.3 mm (Paper I1). However, there was no correlation between recent
precipitation and high/low TWP in the collected sweeping material. Neither had the high
concentrations in the stormwater any correlation with concentrations in the sweeping material.
Further, the sweeping material was collected during the seasons when no studded tires were in
use (summer and autumn), and stormwater was collected during all seasons. That might also
affect the results, i.e., higher TWP emissions during periods without studded tires.
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Figure 20. Comparison of the number of TWP in stormwater, washwater, road dust, and sweepsand. The whiskers show the
90 and 10 percentiles, the line within the box is the median and the cross represents the mean value.

Fine particles <50 um are difficult and uncertain to analyse with light microscopy. It is time-
consuming and requires an experienced operator (Primpke et al., 2020). However, for some
samples in Paper | and Il, particles down to 20 um were analysed (20—100 pm). In Paper I, no
differentiation between TWP and bitumen was made. Therefore, in Figure 21, the results are
presented as tire and bitumen wear particles, TBiWP. The number of TBIiWP/L was several
times higher in Paper | compared to Paper Il, which is the opposite pattern compared to the
coarser fraction (100-300 pum) where Paper 11 had the highest concentrations. One possibility
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is that the heavy traffic generates coarser particles, or that the finer particles stay longer on the
road surface, due to cavities in the pavement. Moreover, a stormwater sample from Paper Il
was in parallel analysed with the automated SEM/EDX method used in Paper Ill and IV. The
same sample preparation and size range was used. With SEM/EDX, the number of TBiWP was
more than 100 times higher, highlighting the uncertainties to analyse fine particles with light
microscopy only, Figure 21. For the coarse fraction (100—300 pm), the results were in the same
size range, indicating that light microscopy is accurate for the coarser particles, but uncertain
for fine particles.
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Figure 21. Comparison of the number of TBiWP/L (20-100 um) in stormwater. The whiskers show the 90 and 10 percentiles,
the line within the box is the median and the cross represents the mean value.

4.7.2 Rural area

In addition to urban samples analysed with light microscopy (Paper | and II), rural highway
samples were analysed with the developed automated SEM/EDX method (Paper 111 and 1V).
Based on the total number of analysed particles, fixed densities, and the assumption that all
particles are spherical, the relative mass- and number concentration of all particle subclasses
were calculated. The relative number concentration (%) presents the composition of the sample
and enables comparison between the different sample matrices (independently of unit or sample
media). The SEM/EDX analyses were performed on subsamples, and a rough estimation of the
absolute masses of each particle subclass was performed by combining the information from
the relative mass concentration with information from PSD, gravimetric analyses, and the
estimated mass per particle. The estimated absolute masses for the two size fractions were then
extrapolated into g/m? (road dust), g/kg (runoff sediment), and g/L (runoff water). The
advantage to have the estimated absolute masses is that they can be compared with previously
published studies presenting their findings as concentrations (e.g., pyr-GC/MS).
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4.7.2.1 Estimated absolute masses in road dust (g/m?)

For the fine fraction, 2-20 um, tire and bitumen were counted together, hereafter called TBiWP
(see chapter 4.2). The amount of TBiWP on the road surface varied between 21-94 g/m? (kerb)
and 0.1-1.5 g/m? (in-between wheeltracks), Paper V. For the mineral concentrations, the
lowest values were found in the summer samples which confirms that studded tires generate
more road wear than summer tires. Winter maintenance of the road surface such as sanding,
and salting might also affect the mineral concentrations (i.e., sanding results in more minerals
on the road surface and salting keep the road surface moist and thereby prevent fine particles to
suspend into the air). For the coarse fraction (20—125 um), the TWP content varies between 3—
43 g/m? (kerb) and 0.02-0.2 g/m? (in-between wheeltracks). As can be seen in Figure 22, less
particle mass was found in the coarse fraction (20—125 pum) than in the fine fraction (2-20 um)
of the road dust, especially in-between the wheeltracks (Figure 22). This is an important finding
since the cut-off is a critical point and the finer fractions have often been excluded from
previous works due to analytical difficulties. Particles accumulated at the road surface are
available for transport into the stormwater system through runoff. However, the kerbside may
act as a temporary sink for particles, and thereby prevent the particles to reach the stormwater.
This needs to be further evaluated, and samples should be collected after heavy rain events to
increase the knowledge about the transport mechanisms. Further, when traffic touches the kerb
or drives close to the kerbside, it is possible that settled particles are released from the road dust
sediment and thereby are available for further transport. One solution could be that increase the
street sweeping, but focus on the area adjacent to the kerb, this needs further investigation and
various sweeping strategies, brush techniques, and sweeping machines should be tested.
Moreover, this result indicates that results from previous studies (including Paper | and 1)
might be underestimated. It is also clear that the majority of the particles accumulate adjacent
to the kerb, and that the amount of particles found in the driving lanes is very low as also found
in the urban studies (Paper I and II). This is also of importance to have in mind for upcoming
field studies, models, estimations, and when it is discussed what measures to implement to
reduce the amount of TWP and to prevent further transport of TWP. It is also important to have
in mind that the total number of particles varies drastically from total mass and that the fine
particles are easily transported further into the air and to the stormwater system (and recipients)
while the coarse particles stay closer to the source to a greater extent. The fine particles can
have a negative impact on health and the environment (e.g., bad air quality). All particle sizes
can harm both health and the environment, but it is an urgent need that the size distribution and
transport routes to be properly evaluated to increase the chance to implement the most efficient
measures.
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Figure 22. The results are divided into the different subclasses and presented as g/m? (estimated mass). The road dust samples
were collected adjacent to the kerb and in-between the wheeltracks. The whiskers show the 90 and 10 percentiles, the line
within the box is the median and the cross represents the mean value. Figure from Paper IV.

4.7.2.2 Relative number concentration (%)

Figure 23 shows boxplots from the samples collected at Testsite E18 (Paper 1V) presented as
the relative particle number concentration of the subclasses (%) analysed in the sediment (kg),
road dust (g/m?), and runoff (g/L). All runoff and sediment samples from the roadside gully pot
and the stormwater well are presented together, called stormwater and sediment. The highest
relative TWP number concentration was found in the stormwater, followed by the sediment,
kerb, and in-between wheeltracks. The same pattern could be seen for both size fractions. Up
to 47% of the particles analysed in the runoff samples (fine fraction) consist of TBiWP, while
in the coarse fraction the relative number concentration of TWP varied between 24-38%.

Particles within the analysed size ranges seem to be transported from the road surface to the
roadside gully pot, and further into the stormwater well, and the TBiWP seems to remain
floating in the stormwater. This can be thought of as surprising since the density of TBiWP is
higher than water, but during the sample preparation, it was evident that the particles behaved
very hydrophobic. The hydrophobicity might explain why the particles remain floating longer
than expected. Turbulence in the water, and particles making clusters which can increase the
buoyancy might be another explanation. This is in contrast to the more expected particle size
distribution (PSD) found in the wells (Figure 19 and Paper 1V), where the particles found in the
roadside gully pot in general were coarser than the particles in the stormwater well.
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Figure 23. The relative number concentration (%) of samples collected from the different sample matrices are presented as
boxplots. The whiskers show the 90 and 10 percentiles, the line within the box is the median and the cross represents the mean

value. The kerb represents by 10 samples, in-between wheeltracks by 9 samples, for stormwater and sediment, 4 samples were
analysed in each matrix.

4.7.2.3 Distribution of TBIWP in different environmental compartments

Figure 24 presents an updated version of Figure 6, where the main pathways for traffic-
derived particles have been complemented by results from the field measurements at Testsite
E18. The figure presents pie charts where both size fractions (2-20 pm and 20-125 pum) and
TWP and BiWP have been counted together as TBiWP. The pie charts present the relative
number concentration (%) (road dust and runoff) and relative mass concentration (air and
deposition). Below each pie chart, the estimated absolute mass (average values) is shown,
note that the absolute masses are presented with different units. Based on the relative number
concentrations, most TBiWP were found in the water, roadside gully pot (38%), and
stormwater well (34%), followed by sediment from the stormwater well (33%), sediment
from the roadside gully pot (26%), road dust from the kerb (20%), road dust from in-between
wheeltracks (12%), and air (4%). The same pattern was detected if the size fractions was
separated (Paper IV). One possible explanation of the results is that the mineral content is
higher closer to the source resulting in a lower concentration of TBiWP. The heavy mineral
particles deposit closer to the source, resulting in an increased relative TBiWP content in
other sample matrices. The estimated absolute masses showed that the stormwater sediment
contained more TBiIWP than sediment from the roadside gully pot, 112g/kg compared to
34g/kg. The opposite pattern was detected for the water, where the roadside gully pot water
contained 0.3g/L compared to 0.03g/L that was found in the stormwater. Road dust collected
at the kerb contained 85g/m? compared to 0.8g/m?in the in-between wheeltracks samples,
Figure 24. One of the major findings in Paper IV was that the estimated absolute masses were
higher in the fine fraction than in the coarse fraction if the two size fractions were separated
both for the sediment and in the road dust. This is of importance especially since particle size
has been a limiting factor in previous studies, and some articles exclude fine particles (<20
pm) from their analyses with the explanation that they do not contribute significantly to the
total mass. However, the result from Paper IV shows the opposite, and forthcoming studies
are encouraged to include even the fine particles and to perform particle size distributions to
better understand the occurrence of TWP and TBiWP in each size interval.
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4.7.2.4 Results from paper IV in comparison to other studies

The estimated mass concentrations of TWP (only the coarse fraction, 20—125 pm ) from Paper
IV were compared with 25 max and min values from 14 field studies presenting TWP findings
as concentrations (Amato et al., 2014; Eisentraut et al., 2018; Fauser et al., 1999; Fomba et al.,
2018; Knight et al., 2020; Kumata et al., 2002; Mengistu et al., 2021; Ni et al., 2008; Panko et
al., 2013; Panko et al., 2019; Parker-Jurd et al., 2021; Rausch et al., 2022; Rgdland et al., 20223;
Schauer et al., 2002) (Figure 25). The result indicates that the estimations based on the findings
from Paper 1V are within the same order of magnitude as previously published studies. The
results might not be directly comparable since the studies differ in sampling techniques,
preparation steps, and analytical methods. Further, it was also difficult to identify the analytical
size ranges, and information about how and where the samples were collected (e.g., sampling
position at the road surface, information about meteorology, or AADT). However, even if the
comparisons, as well as the estimations from the SEM/EDX results, come with uncertainties,
the results can still be informative and indicate that the concentrations of TWP are similar
independently of location, AADT, or road type.
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Figure 25. Comparison of TWP concentrations in the different environmental compartments obtained in this study and 14
previously published studies. The TWP concentrations from the present study (dots) have been compared with findings from
the literature (boxplots). The number of values included in each box is named n=. Figure from Paper IV.
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4.8 The results in relation to potential measures to prevent and reduce traffic-
related microplastic emissions

Several measures could affect the emissions of traffic-related particles. For example, smooth
driving, reduced speed, and less braking reduce the wear emissions. Small, light vehicles with
smaller tires and low torque emit less TWP than heavier vehicles with a high torque. Further,
correct wheel pressure and wheel alignments will also help to reduce the emissions
(Johannesson and Lithner, 2022). However, these measures have not been evaluated within this
project and cannot be related directly to the results from the present project. Another important
change is the global transformation in the vehicle fleet with an increased number of electric
vehicles, why the exhaust emissions decrease. Electric vehicles are heavier than conventional
vehicles, due to heavy batteries and larger vehicles in general, which cause larger emissions of
non-exhaust particles i.e., heavier vehicles generate more tire and road wear particles. Further,
electric vehicles can accelerate faster and have an increased torque which might result in higher
emissions of TWP and TRWP. The emissions of TRWP are not regulated and the emissions
will probably continue to increase as long as the traffic volume increase (Beddows and
Harrison, 2021).

4.8.1 Street sweeping

Street sweeping as a measure to reduce the transportation of fine, inhalable particles, PAH, and
metals to surrounding recipient waters has been the focus of previously investigations and field
studies (Amato et al., 2010; Bogacki et al., 2018; Norman and Johansson, 2006; Polukarova et
al., 2020). Polukarova et al. (2020) conclude that street sweepers collect large amounts of
particles, including nanoparticles and organic pollutants, indicating that street sweeping can be
a good measure to reduce the amount of road dust and thereby likely also preventing the TWP
to get further transported into the stormwater system if it is treated properly afterward. Recent
compilations indicate that street sweeping may be a relevant measure to reduce the spreading
of microplastics from urban streets (Vogelsang et al., 2019). The results from Paper | and Il
confirmed previous studies that street sweeping collects considerable amounts of road dust, it
was also shown that the collected sweeping material (sweepsand and washwater) contained
high concentrations of TWP, PAH, metals, and several organic compounds. However, the road
surface and the stormwater did not exhibit a reduction in TWP concentration after sweeping,
probably because the sweepers tend to collect the coarse particles and leave the fine particles
in the cavities of the road surface. All particle sizes can harm both health and the environment,
but it is an urgent need for the size distribution and transport routes to be properly evaluated to
increase the chance to implement the most efficient measures. Therefore, street sweeping as a
measure needs to be properly investigated. A suggestion is to only sweep adjacent to the kerb,
and perform the sweeping more frequently, especially prior to heavy rain events. Another
suggestion is to evaluate different types of street sweepers (e.g., sweepers with rotating brushes
compared to vacuum sweepers) as well as different driving speeds to find an optimised
sweeping routine. Another thing to have in mind is the fact that many street sweepers have
brushes made of plastic. These brushes might be a source of microplastic emissions, and it could
be a good idea to investigate that properly before frequent street sweeping is implemented as a
measure to reduce the emissions of traffic-derived microplastics. However, without street
sweeping, the concentrations of organic pollutants and MP might be even higher in the
environment.

48



4.8.2 Different tire types

Paper V detected a variation between different tire types, e.g., summer, studless, and studded
winter tires. The physicochemical properties a between brands were similar within a tire type,
but a large differentiation between tire types was detected. The proportion between natural and
synthetic rubber varied, as well as the concentration of carbon black and additives. The polymer
content varied between TWP from the road simulator compared to tread samples from the tested
tires indicating that simulator based TRWP or environmental TRWP should be used for
upcoming ecotoxicology studies. The wear rate varied between tires from different brands, and
between pavements. ADAC (2022) performed real-life tests with almost 100 summer, winter,
and all-season tire models from 15 manufacturers and found a large variation between different
brands. One positive result was that the best tires performed well both regarding safety and tire
abrasion. The tire wear varied between 59-171 g/vkm (average 95—-136 g/vkm), the lowest tire
abrasion was generated from smaller summer tires (i.e., small vehicles) and the highest values
were from large winter tires (heavy vehicles) (ADAC, 2022). Paper V evaluated tires from three
well-known manufacturers. For upcoming studies, it had been of interest to include more tires
from all price classes as well as include both pristine and used tires.

4.8.3 Tire labeling

There is an ongoing discussion in Europe about regulations for the wear rate of tires (treadwear
grade), and several initiatives (both from the academia and the tire industry) tries to find a
suitable method to test, measure, and evaluate the wear rate. The European Commission, the
European Tire and Rim Technical Organization (ETRTO), and the TRWP platform discuss the
possibility to include a “wear label” on tires, in addition to the existing labels (wet grip, rolling
resistance, and noise). Rolling resistance and wear rate stands often in conflict against each
other and traffic safety (i.e., wet grip and friction) is generally ranked higher than noise and
wear rate by the society. However, a high friction might generate higher TRWP emissions that
can have negative effects on environment and health (Trudsg et al., 2022). This can be worth
having in mind, and before a label can be implemented, the risks with TWP must be properly
evaluated. However, a label might result in greater awareness about TWP, and a tire with a slow
wear rate will probably have a longer lifespan which is an advantage both from an economic
and resource perspective. Moreover, a new regulation titled Measures aiming to reduce the
presence in the environment of unintentionally released microplastics from tires, textiles, and
plastic pellets is under development in the European Commission. One of the intentions with
the regulation is to develop labelling standardization, certification, and regulatory measures to
prevent and reduce the release of microplastics in the environment (EC, 2022). Further, another
solution, as a contrary to restrictive regulations could be that the tire industry become more
transparent regarding their tire recipes. If the additives and tire specific ingredients continues
to be a secret, it is difficult to perform realistic risk assessments.
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4.9How to handle TWP as a potential risk?

Based on the existing data found in literature, and the data conducted within this project, it was
not possible to perform a proper risk analysis. More studies are needed, both field studies to
investigate the concentrations of TWP in different sample matrices and traffic environments on
a global scale, but also more ecotoxicological studies, models/estimations about mass flows,
and lifecycle analyses. Previous studies have tried to assess the risk with TWP and TRWP, but
they have also come to the conclusion that more data is needed before a proper risk analysis
can be performed (Tamis et al., 2021; Wik and Dave., 2009).

It is also important to aim to answer research questions and use methods adapted for the local
traffic environment to make sure to measure the “right thing” meaning that, it is not appropriate
to investigate the occurrence of polymer-modified bitumen on a road with conventional
bitumen or examine the wear-rate of studded tires in southern Sweden where the majority have
studless tires. Otherwise, it is a risk that the study become deceptive, and the results will not be
comparable.

Until that the risk with traffic-derived microplastics is properly evaluated, the emissions should,
due to their potential ecotoxicity, be assumed to have a negative impact on the environment.
Therefore, it is recommended to follow the precautionary principle and thereby work
preventative and implement measures to reduce the emissions and prevent existing particles to
reach the environment.
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5 CONCLUSIONS

This thesis contributes to increasing the knowledge about the occurrence of traffic-derived
microplastics in a variety of sample matrices within different traffic environments and in
laboratory-generated TRWP. The work performed within this project resulted in novel
information about the properties and characteristics of TWP from different tire types and
brands. It could also be concluded that shape, polymer content, morphology, size, and properties
vary drastically, between tire types but also between environmental TWP and TWP generated
using a laboratory method (road simulator). Lastly, it has been shown that the fine fractions (2—
20 pm) of TWP and bitumen correspond to more than 50w% of the estimated absolute mass (in
the size range 2—125 pum) independently of the sample matrix. The results from this thesis are
of importance from several aspects including environmental risk assessment, health effect
assessments, and microplastic transport modeling. Hopefully, the work can inspire forthcoming
studies to focus on transport routes, innovative measures to reduce and prevent TWP emissions
and transport to recipients, and as reference material for other studies conducted in different
parts of the world.

The main conclusions from the thesis are listed below:

e A universal method for an optimised sample preparation was not able to find. The
sample preparation is dependent on the analytical method, but the less preparation the
better. Especially since almost every step tends to result in a loss of particles. In general,
xylene proved to be effective to remove bitumen from TRWP without affecting the
TWP, and ZnCl; with a density of 1.55g/cm? proved to separate TWP from TRWP to a
great extent (<90%), at least for TRWP generated in a road simulator

e It is of great importance to specify the aim, research questions, and hypotheses before
choosing the analytical method for the analysis of TWP and TRWP. No single optimal
method is available, and all methods have limitations. With a thermal method, valuable
information about size, shape, and surface will be lost, SEM/EDX cannot identify
specific polymers, and light microscopy is unable to distinguish between particles <20
pum. A combination of methods is preferable. The present work got the opportunity to
apply a multi-method analytical strategy and thereby combine several analytical
methods that provide complementary insight about the abundance and properties of
TWP and TRWP.

e The number of particles could be a unit of interest, especially for coarser particles. For
fine particles, billions of TWP per volume or mass units used are found in all sample
matrices, why it is not appropriate to present the results in absolute numbers. It is
therefore preferable to use concentrations and/or relative proportions, at least for
comparisons between matrices and/or samples. It is also important to conclude what
unit is relevant for the study and clarify if the aim is to specify the total number of
particles in a certain size, or if it is more relevant to get the total TWP concentration.

e Itis important to have information about the particle size distribution within a sample.
Without that, it is a risk that the results are underestimated, and that fine (or coarse)
particles are excluded from the analyses.

e The TWP, both from laboratory and field samples, appeared in several different shapes
and sizes. Also, properties such as density, surface structure, and brittleness varied. The
conventional picture of a TWP as elastic, elongated, and with mineral encrustations has
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been joined by TWP with fragile, soft, or brittle properties and with more angular
shapes. It has been discussed if the different types of TWP can be deduced to aging or
degradation.

Analysis of metals and organic pollutants showed that all sample matrices (stormwater,
road dust, sweepsand, and washwater) from an urban area under reconstruction,
contained high concentrations of both metals and OP. Further, a strong correlation was
found between the sweeping material and the road dust, while a weak correlation was
detected between stormwater and the road dust indicating that most of the metals and
OP stay in the nearby road environment, and that the runoff has been transported over
impermeable surfaces resulting in a potential loss of OP and metals, OP and metals can
also sediment with coarser particles and the most volatile OP can evaporate resulting in
a change in OP composition.

Street sweeping collects large quantities of road dust and could be an effective measure
to reduce microplastics, metals, and organic pollutants. However, sweeping strategies,
brush techniques, and different sweepers need to be properly evaluated before sweeping
as a measure can be optimised.

The material collected by the street sweeper (sweepsand and washwater) contains high
concentrations of microplastics, metals, and organic pollutants. Therefore, the material
should either be handled properly and treated prior to further use or placed in a landfill.

One of the major advantages of the analytical methods used in Paper I-IV (light
microscopy and automated SEM/EDX) compared to thermal methods is all the valuable
information about the particle properties that was gained. A combination of particle size
distribution, gravimetry, tactile and visual observation, and information about the
elemental composition, shape, and particle surface can for example increase the
knowledge about transport routes and degradation.

The automated SEM/EDX coupled to a machine learning classifier enables
differentiation between TWP, BiWP, and road markings (all being carbon-rich traffic-
derived wear particles). The method showed high repeatability and an accurate
classification into particle subclasses. Minerals were the largest particle subclass
independent of the sample matrix and size fraction (>70%), followed by TWP and
bitumen (ca. 20%). The major limitation with the automated SEM/EDX is that no other
microplastics are detected and quantified, and that the method, with the present settings,
IS not suitable for analysis of coarser particles >125 pm.

The estimated absolute masses indicated that the fine fraction (2-20 pm) corresponds
to more than 50 % by weight of the TBiWP in the samples from all sample matrices.
This result is of great importance and clearly shows that the fine particles (<20 pum)
cannot be neglected, and it should rather be prioritized in forthcoming studies. Further,
fine particles are easily transported with air and runoff, and they can also be difficult to
capture in wastewater treatment plants. The particle mass decreased with an increased
distance from the source (i.e., the road surface), however, with time, the accumulated
loads of traffic-derived microplastics might be high also at distant recipients.

When the estimated absolute masses were compared with previously published studies
conducted in highly trafficked areas, the concentrations were in the same size range



indicating that the calculation based on the results from the gravimetry and PSD, in
combination with fixed shapes, and densities seem to result in realistic absolute masses.

Large amounts of road dust are transported through runoff into the stormwater system
and confirm previous findings that the stormwater is an important transport path for
traffic-derived microplastics.

Two different types of TWP were detected in the road simulator samples, firm-elastic
and sub-elastic. The properties and the physical characteristics differed (density, shape,
size, firmness, fragility), but the analysed ratios of polyisoprene and polybutadiene were
similar indicating that both particle types were related to TWP. A concrete pavement
generated less sub-elastic TWP than an asphalt pavement indicating that the road
surface can affect the generation and emissions of TWP.

The road simulator samples evidenced that the road surface (asphalt compared to
concrete) strongly affects the generation of TWP, which can be of interest for
forthcoming infrastructure planning.

Studded tires generate more TRWP than summer tires and studless winter tires. Particles
from studded tires are finer than summer and studless tires which can have a negative
impact on the health and the environment. In contradiction, larger amounts of TWP
were detected during the periods without studded tires (e.g., due to rough road surfaces).
In general, studded tires cause immensely more road wear than studless tires. Road wear
is a strong source to PM1o and adds to particle air pollution. The polymer ratio varied
between tire types (summer tires, studless winter tires, and studded winter tires), which
further complicates the emission models.
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6 FUTURE WORK

Recommendations and suggestions for future work based on the results from this PhD project
are as follows:
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The vehicle weight increases which might result in increased TWP emissions during
the upcoming years. Electric vehicles reduce exhaust emissions but tend to generate
more TWP due to increased weight, heavy torque, and heavy batteries. However,
there is a chance to reduce the TWP emissions with smoother driving and less
braking (Eco-Driving). Upcoming studies should evaluate the actual wear rate of
electric vehicles compared to conventional cars.

When the particles reach the stormwater, size, density, and water flow are important
factors if the particles sink or remain floating. A minority of the stormwater in
Sweden is treated before release to water courses. Sedimentation ponds, filters in
the roadside gully pots, bioretention filters, and rain gardens can be efficient traps
for TWP in urban areas. This needs to be further investigated.

Paper Il analysed metals and organic pollutants in addition to microplastics. In all
sample matrices, the metal and PAH concentrations were above the national and
global guidelines. This is also an important finding since microplastics, metals, and
organic pollutants have been well investigated on their own, but seldom in parallel.

Street sweeping is a potential measure to prevent the TWP to get further transported
into the environment. The effectiveness should be properly evaluated, and different
sweeping techniques need to be tested, and the use of plastic brushes should be taken
into consideration.

Two different types of TWP were detected in the road simulator dust (Paper V), sub-
elastic and firm-elastic. The finding raised several questions about the eventual
occurrence of sub-elastic TWP in the environment, and if both TWP are present, do
they behave differently in the environment regarding weathering resistance, and
environmental fate?

The road surfaces that were sampled and investigated during this project are all
relatively new. It had been of interest to investigate the occurrence of traffic-derived
microplastics on old roads, both concerning for construction and the age of the
pavement.



7/ REFERENCES

Abbasnejad, B., Keshavarzi, B., Mohammadi, Z., Moore, F., Abbasnejad, A., 2019.
Characteristics, distribution, source apportionment, and potential health risk assessment
of polycyclic aromatic hydrocarbons in urban street dust of Kerman metropolis, Iran.
International Journal of Environmental Health Research; 29: 668-685.
10.1080/09603123.2019.1566523.

Aboelkheir, M. G., Bedor, P. B., Leite, S. G., Pal, K., Toledo Filho, R. D., Gomes de Souza, F.,
2019. Biodegradation of Vulcanized SBR: A Comparison between Bacillus subtilis,
Pseudomonas aeruginosa and Streptomyces sp. Scientific Reports; 9: 19304.
10.1038/s41598-019-55530-y.

ADAC., 2022. Tyre wear particles in the environment. [www]
https://assets.adac.de/image/upload/v1639663105/ADAC-
eV/KOR/Text/PDF/Tyre_wear_particles_in_the_environment_zkmd3a.pdf (available:
2022-09-02).

Adachi, K., Tainosho, Y., 2004. Characterization of heavy metal particles embedded in tire
dust. Environment International; 30: 1009-1017. 10.1016/j.envint.2004.04.004.

Adamiec, E., Jarosz-Krzeminska, E., Bilkiewicz-Kubarek, A. 2022. Adverse health and
environmental outcomes of cycling in heavily polluted urban environments. Scientific
Reports 12, 148. 10.1038/s41598-021-03111-3.

Akdogan, Z., Guven, B., 2019. Microplastics in the environment: A critical review of current
understanding and identification of future research needs. Environmental Pollution;
254:113011. 10.1016/j.envpol.2019.113011.

Alharbi, O. M. L., Basheer, A. A., Khattab, R. A., Ali, ., 2018. Health and environmental
effects of persistent organic pollutants. Journal of Molecular Liquids; 263: 442-453.
10.1016/j.molligq.2018.05.029.

Alves, C. A., Vicente, A. M. P., Calvo, A. I., Baumgardner, D., Amato, F., Querol, X., Pio, C.,
Gustafsson, M., 2020. Physical and chemical properties of non-exhaust particles
generated from wear between pavements and tyres. Atmospheric Environment; 224:
117252. 10.1016/j.atmosenv.2019.117252.

Amato, F., Alastuey, A., de la Rosa, J., Gonzalez Castanedo, Y., Sanchez de la Campa, A. M.,
Pandolfi, M., Lozano, A., Contreras Gonzalez, J., Querol, X., 2014. Trends of road dust
emissions contributions on ambient air particulate levels at rural, urban and industrial
sites in southern Spain. Atmospheric Chemistry and Physics; 14: 3533-3544.
10.5194/acp-14-3533-2014.

Amato, F., Favez, O., Pandolfi, M., Alastuey, A., Querol, X., Moukhtar, S., Bruge, B., Verlhac,
S.,Orza, J. A. G., Bonnaire, N., Le Priol, T., Petit, J. F., Sciare, J., 2016. Traffic induced
particle resuspension in Paris: Emission factors and source contributions. Atmospheric
Environment; 129: 114-124. 10.1016/j.atmosenv.2016.01.022.

55



Amato, F., Nava, S., Lucarelli, F., Querol, X., Alastuey, A., Baldasano, J. M., Pandolfi, M.,
2010. A comprehensive assessment of PM emissions from paved roads: Real-world
Emission Factors and intense street cleaning trials. Science of the Total Environment;
408: 4309-4318. 10.1016/j.scitotenv.2010.06.008.

Andersson-Skold, Y., Johannesson, M., Gustafsson, M., Jérlskog, 1., Lithner, D., Polukarova,
M., Stromvall, A.-M., 2020. Microplastics from tyre and road wear : a literature review.
Swedish National Road and Transport Research Institute. Linkdping, Sweden. VTI-
Report 1028A. http://vti.diva-portal.org/smash/get/diva2:1430623/FULLTEXTO02.pdf.

Andrady, A. L., 2017. The plastic in microplastics: A review. Marine Pollution Bulletin; 119:
12-22.10.1016/j.marpolbul.2017.01.082.

Anh, H. Q., Minh, T. B., Tran, T. M., Takahashi, S., 2019a. Road dust contamination by
polycyclic aromatic hydrocarbons and their methylated derivatives in northern Vietnam:
Concentrations, profiles, emission sources, and risk assessment. Environmental
Pollution; 254: 113073. 10.1016/j.envpol.2019.113073.

Anh, H.Q., Tran, T. M., Thu Thuy, N. T., Minh, T. B., Takahashi, S., 2019b. Screening analysis
of organic micro-pollutants in road dusts from some areas in northern Vietnam: A
preliminary investigation on contamination status, potential sources, human exposure,
and ecological risk. Chemosphere; 224: 428-436. 10.1016/j.chemosphere.2019.02.177.

Asphalt Institute., 2014. MS-2 Asphalt Mix Design Methods. 7th Edition: Asphalt Institute,
2014, USA.

Baensch-Baltruschat, B., Kocher, B., Kochleus, C., Stock, F., Reifferscheid, G., 2021. Tyre and
road wear particles - A calculation of generation, transport and release to water and soil
with special regard to German roads. Science of The Total Environment; 752: 1419309.
10.1016/j.scitotenv.2020.141939.

Baensch-Baltruschat, B., Kocher, B., Stock, F., Reifferscheid, G., 2020. Tyre and road wear
particles (TRWP) - A review of generation, properties, emissions, human health risk,
ecotoxicity, and fate in the environment. Science of The Total Environment; 733:
137823. 10.1016/j.scitotenv.2020.137823.

Beddows, D. C. S., Harrison, R. M., 2021. PM10 and PM2.5 emission factors for non-exhaust
particles from road vehicles: Dependence upon vehicle mass and implications for
battery  electric  vehicles.  Atmospheric  Environment;  244:  117886.
10.1016/j.atmosenv.2020.117886.

Bjorklund, K., Cousins, A. P., Stromvall, A.-M., Malmqyvist, P.-A., 2009. Phthalates and
nonylphenols in urban runoff: Occurrence, distribution and area emission factors.
Science of The Total Environment; 407: 4665-4672. 10.1016/j.scitotenv.2009.04.040.

Bogacki, M., Oleniacz, R., Rzeszutek, M., Szulecka, A., Mazur, M., 2018. The impact of street

cleaning on particulate matter air concentrations: a case study of a street canyon in
Krakow (Poland). E3S Web Conf.; 45: 00009. 10.1051/e3sconf/20184500009

56



Boucher, J., Friot, D., 2017. Primary Microplastics in the Oceans: A Global Evaluation of
Sources. International Union for Conservation of Nature. IUCN, Switzerland.
10.2305/IUCN.CH.2017.01.en.

Carney Almroth, B. M., Astrom, L., Roslund, S., Petersson, H., Johansson, M., Persson, N.-K_,
2018. Quantifying shedding of synthetic fibers from textiles; a source of microplastics
released into the environment. Environmental Science and Pollution Research; 25:
1191-1199. 10.1007/s11356-017-0528-7.

CCME., 2010. Canadian Soil Quality Guidelines for Carcinogenic and Other Polycyclic
Aromatic Hydrocarbons (Environmental and Human Health Effects). Canadian
Council of Ministers of the Environment. Scientific Criteria Document (revised) pp.
216.

Chu, H.-M., 2019. Thermoplastic Pavement Marking Technology: TPM-Advanced. 4th edition.
Contintental. (2019). Tire mixture. [www] https://www.continental-tires.com/car/tire-
knowledgef/tire-basics/tire-mixture. (available: 2022-09-02).

Cole, M., Lindeque, P., Halsband, C., Galloway, T. S., 2011. Microplastics as contaminants in
the marine environment: A review. Marine Pollution Bulletin; 62: 2588-2597.
10.1016/j.marpolbul.2011.09.025.

Councell, T. B., Duckenfield, K. U., Landa, E. R., Callender, E., 2004. Tire-Wear Particles as
a Source of Zinc to the Environment. Environmental Science & Technology; 38: 4206-
4214. 10.1021/es034631f.

Dall'Osto, M., Beddows, D. C. S., Gietl, J. K., Olatunbosun, O. A., Yang, X., Harrison, R. M.,
2014. Characteristics of tyre dust in polluted air: Studies by single particle mass
spectrometry (ATOFMS). Atmospheric Environment; 94. 224-230.
10.1016/j.atmosenv.2014.05.026.

Davis, A. P., Shokouhian, M., Ni, S., 2001. Loading estimates of lead, copper, cadmium, and
zinc in urban runoff from specific sources. Chemosphere; 44: 997-1009.
10.1016/S0045-6535(00)00561-0.

Degaffe, F. S., Turner, A., 2011. Leaching of zinc from tire wear particles under simulated
estuarine conditions. Chemosphere; 85: 738-743. 10.1016/j.chemosphere.2011.06.047.

Duong, T. T. T., Lee, B.-K., 2011. Determining contamination level of heavy metals in road
dust from busy traffic areas with different characteristics. Journal of Environmental
Management; 92: 554-562. 10.1016/j.jenvman.2010.09.010.

EC., 2000. Directive 2000/60/EC of the European Parliament and of the Council. Establishing
a framework for Community action in the field of water policy.23 October 2000. [www]
https://eur-lex.europa.eu/legal-content/en/ALL/?uri=CELEX%3A32000L0060
(available: 2022-09-02).

EC. 2008. Directive 2008/105/EC of the European Parliament and of the Council.
Environmental quality standards in the field of water policy applicable to surface water.
26 December 2008. [www] https://eur-lex.europa.eu/eli/dir/2008/105/0j. (available:
2022-09-02).

57



EC., 2022. Microplastics Pollution - Measures to Reduce its Impact on the Environment.

Eisentraut, P., DUmichen, E., Ruhl, A. S., Jekel, M., Albrecht, M., Gehde, M., Braun, U., 2018.
Two Birds with One Stone—Fast and Simultaneous Analysis of Microplastics:
Microparticles Derived from Thermoplastics and Tire Wear. Environmental Science &
Technology Letters; 5: 608-613. 10.1021/acs.estlett.8000446.

ETRMA., 2010. Replacement of highly aromatic oils in tyres. European Tyer and Rubber
Manufacturers”Association. [www] https://www.etrma.org/wp-
content/uploads/2019/09/20100712-etrma-ganda-replacement-of-ha-oils-in-tyres.pdf.
(available: 2022-09-02).

ETRMA., 2011. Second testing program confirms: REACH compliance tests continue to give
failing grades to tyre imports. European Tyer and Rubber Manufacturers”Association.
Press release. [www] https://www.etrma.org/wp-content/uploads/2019/09/pah-2nd-
round_press-release_2011-10-17.pdf. (available: 2022-09-02).

Evangeliou, N., Grythe, H., Klimont, Z., Heyes, C., Eckhardt, S., Lopez-Aparicio, S., Stohl, A.,
2020. Atmospheric transport is a major pathway of microplastics to remote regions.
Nature Communications; 11: 3381. 10.1038/s41467-020-17201-9.

Fauser, P., Tjell, J. C., Mosbaek, H., Pilegaard, K., 1999. Quantification of tire-tread particles
using extractable organic zinc as tracer. Rubber Chemistry and Technology; 72: 969-
977.10.5254/1.3538846.

Fomba, K. W., van Pinxteren, D., Miller, K., Spindler, G., Herrmann, H., 2018. Assessment of
trace metal levels in size-resolved particulate matter in the area of Leipzig. Atmospheric
Environment; 176: 60-70. 10.1016/j.atmosenv.2017.12.024.

Fors, C and Johansen, T. C., 2021. Nordic certification system for road marking materials.
Swedish National Road and Transport Research Institute. Linkdping, Sweden. VTI PM
2021:12. http://vti.diva-portal.org/smash/get/diva2:1597679/FULLTEXTO1.pdf.

Frias, J. P. G. L., Gago, J., Otero, V., Sobral, P., 2016. Microplastics in coastal sediments from
Southern Portuguese shelf waters. Marine Environmental Research; 114: 24-30.
10.1016/j.marenvres.2015.12.006.

Frias, J. P. G. L., Nash, R., 2019. Microplastics: Finding a consensus on the definition. Marine
Pollution Bulletin; 138: 145-147. 10.1016/j.marpolbul.2018.11.022.

Furberg, A., Arvidsson, R., Molander, S., 2018. Live and Let Die? Life Cycle Human Health
Impacts from the Use of Tire Studs. International Journal of Environmental Research
and Public Health; 15: 1774. 10.3390/ijerph15081774.

GESAMP., 2016. Sources, fate and effects of microplastics in the marine environment: part
two of a global assessment. (Kershaw, P.J., and Rochman, C.M., eds).
IMO/FAO/UNESCO-IOC/UNIDO/WMO/IAEA/UN/ UNEP/UNDP Joint Group of
Experts on the Scientific Aspects of Marine Environmental Protection. Rep. Stud.
GESAMP No. 93, pp 220.

58



GolRmann, I., Halbach, M., Scholz-Béttcher, M., 2021. Car and truck tire wear particles in
complex environmental samples — A quantitative comparison with “traditional”
microplastic polymer mass loads. Science of the Total Environment; 773: 145667.
10.1016/j.scitotenv.2021.145667.

Grigoratos, T., Gustafsson, M., Eriksson, O., Martini, G., 2018. Experimental investigation of
tread wear and particle emission from tyres with different treadwear marking.
Atmospheric Environment; 182: 200-212. 10.1016/j.atmosenv.2018.03.049.

Grigoratos, T., Martini, G., 2014. Brake wear particle emissions: a review. Environmental
Science and Pollution Research; 22: 2491-2504. 10.1007/s11356-014-3696-8.

Gustafsson, M., 2003. Emissioner av slitage- och resuspensionspartiklar i vag- och gatumiljo.
Literture review. Swedish National Road and Transport Research Institute. Link6ping,
Sweden. VTI meddelande 944.

Gustafsson, M., Blomqgvist, G., Gudmundsson, A., Dahl, A., Jonsson, P., Swietlicki, E.,20009.
Factors influencing PM10 emissions from road pavement wear. Atmospheric
Environment; 43: 4699-4702. 10.1016/j.atmosenv.2008.04.028.

Gustafsson, M., Blomqgvist, G., Gudmundsson, A., Dahl, A., Swietlicki, E., Bohgard, M.,
Lindbom, J., Ljungman, A., 2008. Properties and toxicological effects of particles from
the interaction between tyres, road pavement and winter traction material. Science of
The Total Environment; 393: 226-240. 10.1016/j.scitotenv.2007.12.030.

Gustafsson, M., Blomaqvist, G., Jarlskog, 1., Lundberg, J., Janhdll, S., EImgren, M., Johansson,
C., Norman, M., Silvergren, S., 2019. Road dust load dynamics and influencing factors
for six winter seasons in Stockholm, Sweden. Atmospheric Environment: X; 2: 100014.
10.1016/j.aea0a.2019.100014.

Halle, L. L., Palmgvist, A., Kampmann, K., Jensen, A., Hansen, T., Khan, F. R., 2021. Tire
wear particle and leachate exposures from a pristine and road-worn tire to Hyalella
azteca: Comparison of chemical content and biological effects. Aquatic Toxicology;
232:105769. 10.1016/j.aquatox.2021.1057609.

Halsband, C., Serensen, L., Booth, A. M., Herzke, D., 2020. Car Tire Crumb Rubber: Does
Leaching Produce a Toxic Chemical Cocktail in Coastal Marine Systems? Frontiers in
Environmental Science; 8. 10.3389/fenvs.2020.00125.

Hann, S., Sherrington, C., Jamieson, O., Hickman, M., Kershaw, P., Bapasola, A., Cole, G.,
2018. Investigating options for reducing releases in the aquatic environment of
microplastics emitted by (but not intentionally added in) products. ICF and Eunomia
Research & Consulting Ltd. Report. [www]
http://ec.europa.eu/environment/marine/good-environmental-status/descriptor-
10/pdf/microplastics_final_report_v5_full.pdf. (available: 2022-09-02).

Hartmann, N. B., Hiffer, T., Thompson, R. C., Hassellov, M., Verschoor, A., Daugaard, A. E.,

Rist, S., Karlsson, T., Brennholt, N., Cole, M., Herrling, M. P., Hess, M. C., Ivleva, N.
P., Lusher, A. L., Wagner, M., 2019. Are We Speaking the Same Language?

59



Recommendations for a Definition and Categorization Framework for Plastic Debris.
Environmental Science & Technology; 53: 1039-1047. 10.1021/acs.est.8b05297.

Hassellov, M., Karlsson, T., Mattsson, K., Magnusson, K., Strand, J., Lenz, R., Bavel, B.,
Pettersen Eidsvoll, D., 2018. Progress towards monitoring of microlitter in
Scandinavian marine environments: State of knowledge and challenges. Nordic Council
of Ministers, Copenhagen Denmark. Report: TemaNord 2018:551. 10.6027/TN2018-
551.

Hesse, D., Feiliel, T., Kunze, M., Bachmann, E., Bachmann, T., Gramstat, S. Comparison of
Methods for Sampling Particulate Emissions from Tires under Different Test
Environments. Atmosphere; 13: 1262. 10.3390/atmos13081262.

Hou, J., Li, T., 2018. A Comparison of Sources and Risk Assessment of Polycyclic Aromatic
Hydrocarbons in Urban Stormwater Runoff from Ground and Highway Roads in
Shanghai,  China. Polycyclic ~ Aromatic ~ Compounds;  40:  670-680.
10.1080/10406638.2018.1472110.

Hulskotte, J. H. J., Roskam, G. D., Denier van der Gon, H. A. C., 2014. Elemental composition
of current automotive braking materials and derived air emission factors. Atmospheric
Environment; 99: 436-445. 10.1016/j.atmosenv.2014.10.007.

Hung, S. S., Alavi, M. Z., Jones, D., Harvey, J. T., 2017. Influence of Reclaimed Asphalt
Pavement on Performance-Related Properties of Gap-Graded Rubberized Hot-Mix
Asphalt. Transportation Research Record; 2633: 80-89. 10.3141/2633-10.

Hwang, H.-M., Fiala, M. J., Wade, T. L., Park, D., 2019. Review of pollutants in urban road
dust: Part Il. Organic contaminants from vehicles and road management. International
Journal of Urban Sciences; 23: 445-463. 10.1080/12265934.2018.1538811.

Huffer, T., Wagner, S., Reemtsma, T., Hofmann, T., 2018. Sorption of organic substances to
tire wear materials: Similarities and differences with other types of microplastic. Trends
in Analytical Chemistry; 113: 392-401. 10.1016/j.trac.2018.11.029.

Imhof, H. K., Schmid, J., Niessner, R., Ivleva, N. P., Laforsch, C., 2012. A novel, highly
efficient method for the separation and quantification of plastic particles in sediments
of aquatic environments. Limnology and Oceanography: Methods; 10: 524-537.
10.4319/lom.2012.10.524.

Johannessen, C., Helm, P., Metcalfe, C. D., 2022. Runoff of the Tire-Wear Compound,
Hexamethoxymethyl-Melamine into Urban Watersheds. Archives of Environmental
Contamination and Toxicology; 82: 162-170. 10.1007/s00244-021-00815-5.

Johannesson, M., Lithner, D., 2022. Potential policy instruments and measures against
microplastics from tyre and road wear : mapping and prioritisation. Swedish National
Road and Transport Research Institute. LinkOping, Sweden. VTI Report 1092A.
http://vti.diva-portal.org/smash/get/diva2:1641512/FULLTEXTOL.pdf.

Jones, K. C., de Voogt, P., 1999. Persistent organic pollutants (POPs): state of the science.
Environmental Pollution; 100: 209-221. 10.1016/S0269-7491(99)00098-6.

60



Jonsson, P., Blomgvist, G., Gustafsson, M., 2008. Wet dust sampler : technological innovation
for sampling particles and salt on road surface. Transportation Research Board, pp.
102-111, http://vti.diva-portal.org/smash/get/diva2:674043/FULLTEXTOL.pdf.

Jung, U., Choi, S.-S., 2022. Classification and Characterization of Tire-Road Wear Particles in
Road Dust by Density. Polymers; 14: 1005. 10.3390/polym14051005.

Klockner, P., Reemtsma, T., Eisentraut, P., Braun, U., Ruhl, A. S., Wagner, S., 2019. Tire and
road wear particles in road environment — Quantification and assessment of particle
dynamics by Zn determination after density separation. Chemosphere; 222: 714-721.
10.1016/j.chemosphere.2019.01.176.

Klockner, P., Seiwert, B., Weyrauch, S., Escher, B. I., Reemtsma, T., Wagner, S., 2021.
Comprehensive characterization of tire and road wear particles in highway tunnel road
dust by use of size and density fractionation. Chemosphere; 279: 130530.
10.1016/j.chemosphere.2021.130530.

Knight, L. J., Parker-Jurd, F. N. F., Al-Sid-Cheikh, M., Thompson, R. C., 2020. Tyre wear
particles: an abundant yet widely unreported microplastic? Environmental Science and
Pollution Research; 27: 18345-18354. 10.1007/s11356-020-08187-4.

Kole, P. J., L6hr, A. J., Van Belleghem, F. G. A. J., Ragas, A. M. J., 2017. Wear and tear of
tyres: A stealthy source of microplastics in the environment. International Journal of
Environmental Research and Public Health; 14: 1265. 10.3390/ijerph14101265.

Kovochich, M., Liong, M., Parker, J. A., Oh, S. C., Lee, J. P., Xi, L., Kreider, M. L., Unice, K.
M., 2021. Chemical mapping of tire and road wear particles for single particle analysis.
Science of the Total Environment; 757: 144085. 10.1016/j.scitotenv.2020.144085.

Kreider, M. L., Panko, J. M., McAtee, B. L., Sweet, L. I, Finley, B. L., 2010. Physical and
chemical characterization of tire-related particles: Comparison of particles generated
using different methodologies. Science of the Total Environment; 408: 652-659.
10.1016/j.scitotenv.2009.10.016.

Kumata, H., Sanada, Y., Takada, H., Ueno, T., 2000. Historical trends of N-cyclohexyl-2-
benzothiazolamine, 2-(4- morpholinyl)benzothiazole, and other anthropogenic
contaminants in the urban reservoir sediment core. Environmental Science and
Technology; 34: 246-253. 10.1021/es990738k.

Kumata, H., Yamada, J., Masuda, K., Takada, H., Sato, Y., Sakurai, T., Fujiwara, K., 2002.
Benzothiazolamines as tire-derived molecular markers: Sorptive behavior in street
runoff and application to source apportioning. Environmental Science and Technology;
36: 702-708. 10.1021/es0155229.

Kupiainen, K., Ritola, R., Stojiljkovic, A., Pirjola, L., Malinen, A., Niemi, J., 2016.
Contribution of mineral dust sources to street side ambient and suspension PM10
samples. Atmospheric Environment; 147: 178-189. 10.1016/j.atmosenv.2016.09.059.

Képpler, A., Fischer, D., Oberbeckmann, S., Schernewski, G., Labrenz, M., Eichhorn, K.-J.,
Voit, B., 2016. Analysis of environmental microplastics by vibrational

61


https://doi.org/10.3390/polym14051005

microspectroscopy: FTIR, Raman or both? Analytical and Bioanalytical Chemistry;
408: 8377-8391. 10.1007/s00216-016-9956-3.

Lassen, C., Hansen, S. F., Magnusson, K., Norén, F., Hartmann, N. I. B., Jensen, P. R., Nielsen,
T. G., Brinch, A., 2015. Microplastics - Occurrence, effects and sources of releases to
the environment in Denmark. Danish Environmental Protection Agency. Environmental
project No. 1793, 2015.

Lee, H., Shim, W. J., Kwon, J.-H., 2014. Sorption capacity of plastic debris for hydrophobic
organic chemicals. Science of The Total Environment; 470-471: 1545-1552.
10.1016/j.scitotenv.2013.08.023.

Liu, F., Olesen, K. B., Borregaard, A. R., Vollertsen, J., 2019. Microplastics in urban and
highway stormwater retention ponds. Science of The Total Environment; 671: 992-1000.
10.1016/j.scitotenv.2019.03.416.

Lundberg, J., Blomqgvist, G., Gustafsson, M., Janhéll, S., Jarlskog, 1., 2019. Wet Dust
Sampler—a Sampling Method for Road Dust Quantification and Analyses. Water, Air,
& Soil Pollution; 230: 180. 10.1007/s11270-019-4226-6.

Lundberg, J., Gustafsson, M., Janhéll, S., Eriksson, O., Blomqvist, G., Erlingsson, S., 2020.
Temporal Variation of Road Dust Load and Its Size Distribution—a Comparative Study
of a Porous and a Dense Pavement. Water, Air, and Soil Pollution; 231: 561.
10.1007/s11270-020-04923-1.

Lusher, A. L., Welden, N. A., Sobral, P., Cole, M., 2017. Sampling, isolating and identifying
microplastics ingested by fish and invertebrates. Analytical Methods; 9: 1346-1360.
10.1039/C6AY02415G.

Loder, M. G. J., Gerdts, G., 2015. Methodology Used for the Detection and Identification of
Microplastics—A Critical Appraisal. In: Bergmann, M., Gutow, L., Klages, M. (eds)
Marine Anthropogenic Litter. Springer, Cham. 10.1007/978-3-319-16510-3_8.

Ma, Y., Mummullage, S., Wijesiri, B., Egodawatta, P., McGree, J., Ayoko, G. A., Goonetilleke,
A., 2021. Source quantification and risk assessment as a foundation for risk
management of metals in urban road deposited solids. Journal of Hazardous Materials;
408: 124912. 10.1016/j.jhazmat.2020.124912.

Magnusson, K., Eliasson, K., Frane, A., Haikonen, K., Hultén, J., Olshammar, M., Stadmark,
J., Voisin, A., 2016. Swedish sources and pathways for microplastics to the marine
environment- A review of existing data. IVL Swedish Environmental Research Institute.
Stockholm, Sweden. Report No C 183.
https://www.ivl.se/download/18.3016a17415acdd0b1f4616/1491392836533/C183.pdf

Manohar, N., Jayaramudu, J., Suchismita, S., Rajkumar, K., Babul Reddy, A., Sadiku, E. R.,
Priti, R., Maurya, D. J., 2017. A unique application of the second order derivative of
FTIR-ATR spectra for compositional analyses of natural rubber and polychloroprene
rubber and their blends. Polymer Testing; 62: 447-453.
10.1016/j.polymertesting.2017.07.030.

62



Markiewicz, A., Bjorklund, K., Eriksson, E., Kalmykova, Y., Stromvall, A. M., Siopi, A., 2017.
Emissions of organic pollutants from traffic and roads: Priority pollutants selection and
substance flow analysis. Science of the Total Environment; 580: 1162-1174.
10.1016/j.scitotenv.2016.12.074.

Marwood, C., McAtee, B., Kreider, M., Ogle, R. S., Finley, B., Sweet, L., Panko, J., 2011.
Acute aquatic toxicity of tire and road wear particles to alga, daphnid, and fish.
Ecotoxicology;20: 2079-2089. 10.1007/s10646-011-0750-X.

Masoner, J. R., Kolpin, D. W., Cozzarelli, I. M., Barber, L. B., Burden, D. S., Foreman, W. T.,
Forshay, K. J., Furlong, E. T., Groves, J. F., Hladik, M. L., Hopton, M. E., Jaeschke, J.
B., Keefe, S. H., Krabbenhoft, D. P., Lowrance, R., Romanok, K. M., Rus, D. L., Selbig,
W. R., Williams, B. H., Bradley, P. M., 2019. Urban Stormwater: An Overlooked
Pathway of Extensive Mixed Contaminants to Surface and Groundwaters in the United
States.  Environmental  Science &  Technology; 53:  10070-10081.
10.1021/acs.est.9b02867.

Mattonai, M., Nacci, T., Modugno, F., 2022. Analytical strategies for the quali-quantitation of
tire and road wear particles — A critical review. Trends in Analytical Chemistry; 154:
116650. 10.1016/j.trac.2022.116650.

Mattsson, K., Aristéia de Lima, J., Wilkinson, T., Jarlskog, I., Ekstrand, E., Andersson Skéld,
Y., Gustafsson, M., Hassellov, M., submitted. Tire formulations are the key to
environmental emissions of tire and road wear particles.

McKenzie, E. R., Money, J. E., Green, P. G., Young, T. M., 2009. Metals associated with
stormwater-relevant brake and tire samples. Science of The Total Environment; 407:
5855-5860. 10.1016/j.scitotenv.2009.07.018.

Mengistu, D., Heistad, A., Coutris, C., 2021. Tire wear particles concentrations in gully pot
sediments. Science of The  Total Environment; 769: 144785.
10.1016/j.scitotenv.2020.144785.

Mennekes, D., Nowack, B., 2022. Tire wear particle emissions: Measurement data where are
you? Science of The Total Environment; 830: 154655. 10.1016/j.scitotenv.2022.154655.

Miljoforvaltningen., 2013. Miljoforvaltningens riktlinjer och riktvéarden for utslapp av férorenat
vatten till recipient och dagvatten. Miljoforvaltningen, City of Gothenburg. Gothenburg,
Sweden. Report no 2020:13. ISBN nr: 1401-2448.

Mushtaqg, F., Huang, Z., Shah, S. A. R., Zhang, Y., Gao, Y., Azab, M., Hussain, S., Anwar, M.
K., 2022. Performance Optimization Approach of Polymer Modified Asphalt Mixtures
with PET and PE Wastes: A Safety Study for Utilizing Eco-Friendly Circular Economy-
Based SDGs Concepts. Polymers; 14: 2493. 10.3390/polym14122493.

Midiller, A., Osterlund, H., Marsalek, J., Viklander, M., 2020. The pollution conveyed by urban

runoff: A review of sources. Science of The Total Environment; 709: 136125.
10.1016/j.scitotenv.2019.136125.

63



Muiller, A., Kocher, B., Altmann, K., Braun, U., 2022. Determination of tire wear markers in
soil samples and their distribution in a roadside soil. Chemosphere, 294: 133653.
10.1016/j.chemosphere.2022.133653.

Naturvardsverket., 2009. Riktvérden for fororenad mark. [www]
https://www.naturvardsverket.se/vagledning-och-stod/fororenade-omraden/riktvarden-
for-fororenad-mark/. (available: 2022-09-02).

Naturvardsverket., 2017. Datablad for Polycykliska aromatiska kolvaten (PAH). [www]
https://www.naturvardsverket.se/globalassets/vagledning/fororenade-
omraden/riktvarden/datablad/datablad-pah-20170518.pdf. (available 2022-09-02).

Nawrot, N., Wojciechowska, E., Rezania, S., Walkusz-Miotk, J., Pazdro, K., 2020. The effects
of urban vehicle traffic on heavy metal contamination in road sweeping waste and
bottom sediments of retention tanks. Science of the Total Environment; 749: 141511.
10.1016/j.scitotenv.2020.141511.

Ni, H. G, Lu, F. H., Luo, X. L., Tian, H. Y., Zeng, E. Y., 2008. Occurrence, phase distribution,
and mass loadings of benzothiazoles in riverine runoff of the Pearl River Delta, China.
Environmental Science and Technology; 42: 1892-1897. 10.1021/es071871c.

Norman, M., Johansson, C., 2006. Studies of some measures to reduce road dust emissions
from paved roads in Scandinavia. Atmospheric Environment; 40: 6154-6164.
10.1016/j.atmosenv.2006.05.022.

Ntziachristos, L., Boulter, P., 2016. EMEP EEA air pollutant emission inventory guidebook
2016- Technical guidance to prepare national emission inventories. European
Environment Agency. Report No 21/2016. 10.2800/247535

O'Shea, M. J., Vigliaturo, R., Choi, J. K., McKeon, T. P., Krekeler, M. P. S., Gieré, R., 2021.
Alteration of yellow traffic paint in simulated environmental and biological fluids.
Science of The Total Environment; 750: 141202. 10.1016/j.scitotenv.2020.141202.

Panko, J., Kreider, M., Unice, K., 2018. Chapter 7 - Review of Tire Wear Emissions: A Review
of Tire Emission Measurement Studies: Identification of Gaps and Future Needs. Non-
Exhaust Emissions. Academic Press, 2018, pp. 147-160. 10.1016/B978-0-12-811770-
5.00007-8.

Panko, J. M., Chu, J., Kreider, M. L., Unice, K. M., 2013. Measurement of airborne
concentrations of tire and road wear particles in urban and rural areas of France, Japan,
and the United States. Atmospheric Environment; 72: 192.
10.1016/j.atmosenv.2013.01.040.

Panko, J. M., Hitchcock, K. M., Fuller, G. W., Green, D., 2019. Evaluation of Tire Wear
Contribution to PM25 in Urban Environments. Atmosphere; 10: 99.
10.3390/atmos10020099.

Parker-Jurd, F. N. F., Napper, I. E., Abbott, G. D., Hann, S., Thompson, R. C., 2021.

Quantifying the release of tyre wear particles to the marine environment via multiple
pathways. Marine Pollution Bulletin; 172: 112897. 10.1016/j.marpolbul.2021.112897.

64



Peeken, I., Primpke, S., Beyer, B., Gutermann, J., Katlein, C., Krumpen, T., Bergmann, M.,
Hehemann, L., Gerdts, G., 2018. Arctic sea ice is an important temporal sink and means
of transport for microplastic. Nature Communications; 9: 1505. 10.1038/s41467-018-
03825-5.

Peng, J., Wang, J., Cali, L., 2017. Current understanding of microplastics in the environment:
Occurrence, fate, risks, and what we should do. Integrated Environmental Assessment
and Management; 13: 476-482. 10.1002/ieam.1912.

Pohrt, R., 2019. Tire wear particle hot spots — Review of influencing factors. Facta
Universitatis, Series: Mechanical Engineering; 17: 17-27.
10.22190/FUME190104013P.

Polukarova, M., Gustafsson, M., Hjort, M., Agewall, J., Wallgren, K., in prep. Methodology
for estimateion of total tyre wear emissions- Sweden as an example.

Polukarova, M., Markiewicz, A., Bjorklund, K., Stromvall, A. M., Galfi, H., Andersson Skdld,
Y., Gustafsson, M., Jérlskog, I., Aronsson, M., 2020. Organic pollutants, nano- and
microparticles in street sweeping road dust and washwater. Environment International;
13510: 105337. 1016/j.envint.2019.105337.

Porto, M., Caputo, P., Loise, V., Eskandarsefat, S., Teltayev, B., Oliviero Rossi, C., 2019.
Bitumen and Bitumen Modification: A Review on Latest Advances. Applied Sciences;
9: 742. 10.3390/app9040742.

Primpke, S., Christiansen, S. H., Cowger, W., De Frond, H., Deshpande, A., Fischer, M.,
Holland, E. B., Meyns, M., O'Donnell, B. A., Ossmann, B. E., Pittroff, M., Sarau, G.,
Scholz-Béttcher, B. M., Wiggin, K. J., 2020. Critical Assessment of Analytical Methods
for the Harmonized and Cost-Efficient Analysis of Microplastics. Applied
Spectroscopy; 74: 1012-1047. 10.1177/0003702820921465.

Rauert, C., Radland, E. S., Okoffo, E. D., Reid, M. J., Meland, S., Thomas, K. V., 2021.
Challenges with Quantifying Tire Road Wear Particles: Recognizing the Need for
Further Refinement of the ISO Technical Specification. Environmental Science &
Technology Letters; 8: 231-236. 10.1021/acs.estlett.0c00949.

Rausch, J., Jaramillo-Vogel, D., Perseguers, S., Schnidrig, N., Grobéty, B., Yajan, P., 2022.
Automated identification and quantification of tire wear particles (TWP) in airborne
dust: SEM/EDX single particle analysis coupled to a machine learning classifier.
Science of The Total Environment; 803: 149832. 10.1016/j.scitotenv.2021.149832.

Rhodes, E. P., Ren, Z., Mays, D. C., 2012. Zinc Leaching from Tire Crumb Rubber.
Environmental Science & Technology; 46: 12856-12863. 10.1021/es3024379.

Radland, E. S., Lind, O. C., Reid, M., Heier, L. S., Skogsberg, E., Snilsberg, B., Gryteselv, D.,
Meland, S., 2022a. Characterization of tire and road wear microplastic particle
contamination in a road tunnel: From surface to release. Journal of Hazardous
Materials; 43510: 129032. 1016/j.jhazmat.2022.129032.

65



Radland, E. S., Samanipour, S., Rauert, C., Okoffo, E. D., Reid, M. J., Heier, L. S., Lind, O.
C., Thomas, K. V., Meland, S., 2022b. A novel method for the quantification of tire and
polymer-modified bitumen particles in environmental samples by pyrolysis gas
chromatography mass spectroscopy. Journal of Hazardous Materials; 423: 127092.
10.1016/j.jhazmat.2021.127092.

Schauer, J. J., Fraser, M. P., Cass, G. R., Simoneit, B. R. T., 2002. Source Reconciliation of
Atmospheric Gas-Phase and Particle-Phase Pollutants during a Severe Photochemical
Smog Episode. Environmental Science & Technology; 36: 3806-3814.
10.1021/es011458;.

Scientific Polymer Products Inc., 2019. Density of Polymers (By Density), [www]
https://scipoly.com/density-of-polymers-by-density/. (available: 2022-09-02).

Seiwert, B., Klockner, P., Wagner, S., Reemtsma, T., 2020. Source-related smart suspect
screening in the aqueous environment: search for tire-derived persistent and mobile
trace organic contaminants in surface waters. Analytical Bioanalytical Chemistry; 412:
4909-4919. 10.1007/500216-020-02653-1.

Shepelev, V., Slobodin, 1., Gritsenko, A., Fadina, O., 2022. Forecasting the Amount of Traffic-
Related Pollutant Emissions by Neural Networks. Frontiers in Built Environment; 8.
10.3389/fbuil.2022.945615.

Sieber, R., Kawecki, D., Nowack, B., 2020. Dynamic probabilistic material flow analysis of
rubber release from tires into the environment. Environmental Pollution; 258: 113573.
10.1016/j.envpol.2019.113573.

Sommer, F., Dietze, V., Baum, A., Sauer, J., Gilge, S., Maschowski, C., Gieré, R., 2018. Tire
Abrasion as a Major Source of Microplastics in the Environment. Aerosol and Air
Quality Research; 18: 2014-2028. 10.4209/aaqr.2018.03.0099.

Sundt, P., Schulze, P.-E., Syversen, F., 2014. Sources of microplastic pollution to the marine
environment.: Norweigan Environment Agency, Report no M-321 2015. [www]
https://www.miljodirektoratet.no/globalassets/publikasjoner/M321/M321.pdf.
(available: 2022-09-02).

Tamis, J., Koelmans, A., Droge, R., Kaag, N., Keur, M., Tromp, P., Jongbloed, R., 2021.
Environmental risks of car tire microplastic particles and other road runoff pollutantsr.
Microplastics and Nanoplastics; 1. 10.1186/s43591-021-00008-w.

Tagg, A. S., Harrison, J. P., Ju-Nam, Y., Sapp, M., Bradley, E. L., Sinclair, C. J., Ojeda, J. J.,
2017. Fenton's reagent for the rapid and efficient isolation of microplastics from
wastewater. Chemical Communications; 53: 372-375. 10.1039/C6CC08798A.

Thorpe, A., Harrison, R. M., 2008. Sources and properties of non-exhaust particulate matter

from road traffic: A review. Science of the Total Environment; 400: 270-282.
10.1016/j.scitotenv.2008.06.007.

66



Tian, Z., Zhao, H., Peter, K. T., Gonzalez, M., Wetzel, J., Wu, C., Hu, X,, Prat, J., Mudrock,
E., Hettinger, R., Cortina, A. E., Biswas, R. G., Kock, F. V. C., Soong, R., Jenne, A.,
Du, B., Hou, F., He, H., Lundeen, R., Gilbreath, A., Sutton, R., Scholz, N. L., Davis, J.
W., Dodd, M. C., Simpson, A., Mcintyre, J. K., Kolodziej, E. P., 2021. A ubiquitous
tire rubber—derived chemical induces acute mortality in coho salmon. Science; 371: 185.
10.1126/science.abd6951.

Thomas, J., Moosavian, S., Cutright, T., Pugh, C., Soucek, M., 2022. Method Development for
Separation and Analysis of Tire and Road Wear Particles from Roadside Soil Samples.
Environmental Science and Technology; 56: 11910-11921. 10.1021acs.est.2c03695.

Trudsg, L. L., Nielsen, M. B., Hansen, S. F., Syberg, K., Kampmann, K., Khan, F. R.,
Palmaquvist, A., 2022. The need for environmental regulation of tires: Challenges and
recommendations. Environmental Pollution; 311: 119974.
10.1016/j.envpol.2022.119974.

U.S. EPA., 2002. Federal Water Pollution Control Act. U.S. Environmental Protection Agency,
Washington, DC.

U.S. EPA., 2019. Synthetic Turf Field Recycled Tire Crumb Rubber Research Under the
Federal Research Action Plan Final Report: Part 1 - Tire Crumb Characterization
(Volumes 1 and 2). U.S. Environmental Protection Agency, Washington, DC,
EPA/600/R-19/051.2, 2019.

UN-ECE., 1998. Draft protocol to the convention on long-range air pollution on persistent
organic pollutants. United Nations, Geneva. [E/ECE/]EB.AIR/1998/2.

Unice, K. M., Kreider, M. L., Panko, J. M., 2013. Comparison of Tire and Road Wear Particle
Concentrations in Sediment for Watersheds in France, Japan, and the United States by
Quantitative Pyrolysis GC/MS Analysis. Environmental Science & Technology; 47:
8138-8147. 10.1021/es400871;.

Unice, K. M., Weeber, M. P., Abramsona, M. M., Reida, R. C. D., van Gils, J. A. G., Markus,
J. A. G., Vethaak, A. D., Panko, J. M., 2019. Characterizing export of land-based
microplastics to the estuary - Part I: Application of integrated geospatial microplastic
transport models to assess tire and road wear particles in the Seine watershed. Science
of the Total Environment; 646: 1639-1649. 10.1016/j.scitotenv.2018.07.368.

Verla, A. W., Enyoh, C. E., Verla, E. N., Nwarnorh, K. O., 2019. Microplastic-toxic chemical
interaction: a review study on quantified levels, mechanism and implication. SN Applied
Sciences; 1: 1400. 10.1007/s42452-019-1352-0.

Verschoor, A., de Poorter, L., Droge, R., Kuenen, J., de Valk, E., 2016. Emission of
microplastics and potential mitigation measures- Abrasive cleaning agents, paints, and
tyre wear. National Institute for Public Health and the Environment. Bilthoven, the
Netherlands. RIVM Report 2016-0026. [www]
https://www.rivm.nl/bibliotheek/rapporten/2016-0026.pdf. (available 2022-09-02).

Vogelsang, C., Lusher, A. L., Dadkhah, M. E., Sundvor, 1., Umar, M., Ranneklev, S. B.,
Eidsvoll, D., Meland, S., 2019. Microplastics in road dust — characteristics, pathways

67



and measures. Norwegian Environment Agency. Norwegian Institute for Water
Research, NIVA. Report M-959, 2018. [www]
https://www.miljodirektoratet.no/globalassets/publikasjoner/M959/M959.pdf.
(available: 2022-09-02).

Wagner, S., Hiffer, T., Kléckner, P., Wehrhahn, M., Hofmann, T., Reemtsma, T., 2018. Tire
wear particles in the aquatic environment - A review on generation, analysis,
occurrence, fate and effects. Water Research; 139: 83-100.
10.1016/j.watres.2018.03.051.

Wagner, S., Klockner, P., Reemtsma, T., 2022. Aging of tire and road wear particles in
terrestrial and freshwater environments — A review on processes, testing, analysis and
impact. Chemosphere; 288: 132467. 10.1016/j.chemosphere.2021.132467.

Waldschléger, K., Schittrumpf, H., 2019. Effects of Particle Properties on the Settling and Rise
Velocities of Microplastics in Freshwater under Laboratory Conditions. Environmental
Science & Technology; 53: 1958-1966. 10.1021/acs.est.8b06794.

Wik, A., Dave, G., 2009. Occurrence and effects of tire wear particles in the environment - A
critical review and an initial risk assessment. Environmental Pollution; 1.
10.1016/j.envpol.2008.09.028.

Zgheib, S., Moilleron, R., Chebbo, G., 2012. Priority pollutants in urban stormwater: Part 1 —

Case of separate storm sewers. Water Research; 46: 6683-6692.
10.1016/j.watres.2011.12.012.

68





