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ARTICLE INFO ABSTRACT

Handling Editor: Lixiao Zhang Tyre wear has been identified as a major road-related pollutant source, with road runoff transporting tyre wear

particles (TWP) to adjacent soil, watercourses, or further through stormwater systems. The aim of this study was

Keywords: to investigate the occurrence and transport of TWP along a stormwater system. Water and sediment have been
G‘flly pot sampled at selected points (road runoff, gully pots, wells, outlet to a ditch, and stream) through a stormwater
Microplastics system situated along a highway in Sweden during November and December 2022, and March 2023. As there is
Road runoff P . e s . . . . . .

Sampling limited data on the size distribution of TWP in different environmental media, especially in the size fraction <20
Tire pm, the samples were fractioned into a fine (1.6-20 pm) and a coarse (1.6-500 pm) size fraction. The samples

were analysed using a combination of marker compounds (benzene, a-methylstyrene, ethylstyrene, and buta-
diene trimer) for styrene-butadiene rubbers with PYR-GC/MS from which TWP concentration was calculated.
Suspended solids were analysed in the water samples, and organic content was analysed in the sediment samples.
TWP was found at nearly all locations, with concentrations up to 17 mg/L in the water samples and up to 40 mg/
g in the sediment samples. In the sediment samples, TWP in the size fraction 1.6-20 pm represented a significant
proportion (20-60%). Correlations were found between TWP concentration and suspended solids in the water
samples (r = 0.87) and organic content in the sediment samples (r = 0.72). The results presented in this study
demonstrate that TWP can be transported to the surrounding environment through road runoff, with limited
retention in the studied stormwater system.

Tyre and road wear

1. Introduction

Recent studies emphasize the significance of tyre wear particles
(TWP) as a major road-related pollutant source, and the occurrence of
TWP has been reported in air, water, soil, sediment, and snow (Goffmann
et al., 2023; Mengistu et al., 2021; Rauert et al., 2022; Rgdland et al.,
2023b; Vijayan et al., 2022). TWP represents a potential risk for aquatic
organisms, especially due to the toxicity of leachates of zinc and organic
compounds (Wik and Dave, 2009), and toxic effects have been
confirmed (Tian et al., 2021). Estimates of tyre wear emissions in Swe-
den show that potentially large amounts spread to the environment

(Magnusson et al., 2016). Road runoff can be an important vector,
transferring TWP directly to adjacent soil, or further through drainage
systems (Wagner et al., 2018), but there is a large knowledge gap
regarding the occurrence and fate of tyre wear once emitted to the
environment (Andersson-Skold et al., 2020).

TWP has been reported in stormwater and in sediments in storm-
water systems (Jarlskog et al., 2022a; Knight et al., 2020; Mengistu
et al., 2021; Rgdland et al., 2022a; Sutton et al., 2019), and rubber was
identified as the most abundant type of microplastics in a stormwater
system of a Swedish highway (Lange et al., 2021). However, analysis
and monitoring of TWP in environmental samples are challenging
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(Mattonai et al., 2022). Notably, many previous studies have not ana-
lysed the finer size fraction of TWP <20 pm (Jarlskog et al., 2020; Knight
etal., 2020; Lange et al., 2022; Vijayan et al., 2022). Thus, the amount of
TWP in the samples may have been underestimated, as few other studies
have highlighted that this size fraction constitutes a significant portion
of the total TWP mass (Jarlskog et al., 2022a; Klockner et al., 2020).
Moreover, the size distribution of TWP in both aqueous and sediment
phases is important as it determines TWP fate in the environment.

Various analytical methods have been used to measure TWP in
environmental samples, namely, light microscopy, Fourier-transform
infrared spectroscopy (FTIR), scanning electron microscopy with en-
ergy dispersive X-ray spectroscopy (SEM-EDX), pyrolysis gas chroma-
tography (PYR-GC/MS), and thermal extraction and desorption (TED-
GC/MS). Light microscopy and FTIR have limitations in analysing finer
particles <10 pm (Rgdland et al., 2023a) and may be hindered by fillers
such as carbon black (Eisentraut et al., 2018) or by mineral encrusta-
tions (Rgdland et al., 2023a). SEM-EDX allows quantification of the
number of particles, but also has limitations regarding identification of
TWP <20 pm (Jarlskog et al., 2022b). PYR-GC/MS and TED-GC/MS rely
on the identification of different analytical marker compounds to detect
specific tyre wear polymers for quantification (Mattonai et al., 2022)
and do not have limitations related to particle size. However, for
PYR-GC/MS and TED-GC/MS, the large variation in chemical compo-
sition among tyres poses challenges to assessing the tyre wear mass
based on standardized marker levels (Rgdland et al., 2023a). Given the
analytical challenges with determining TWP concentrations, other
environmental quality parameters that are easier to measure may be
used to indicate the presence of TWP. For example, Total suspended
solids has been suggested as an indicator for TWP content in road runoff
(Vogelsang et al., 2019), and a strong correlation between Total sus-
pended solids and TWP has been reported in tunnel wash water
(Redland et al., 2022a).

The aim of this study was to investigate the occurrence and transport
of tyre wear particles in different matrices through a stormwater system
at a Swedish highway and its receiving waters. The analysis was per-
formed using PYR-GC/MS for styrene-butadiene rubber (SBR) and
butadiene rubber (BR), coupled with Monte Carlo simulations to ac-
count for the variability in standardized markers in tyres. The objectives
were to:
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e Identify/estimate the TWP concentration in the water phase for the
size fractions 1.6-20 pm and 1.6-500 pm;

e Identify/estimate the TWP concentration in the sediment phase for
the size fractions 1.6-20 pm and 0-500 pm;

o Investigate the potential correlation between TWP concentration and
Total suspended solids (TSS) and Volatile suspended solids (VSS) for
the water phase, and Loss on ignition (LOI) for the sediment phase;

e Compare TWP concentrations at different locations within the
stormwater system on different sampling occasions.

2. Material and methods
2.1. Study area

The sampling was performed along a part of highway E18 in Sweden,
between the municipalities of Vasterés and Enkoping, at a site known as
Testsite E18, Fig. 1. The test site is a road research facility owned by the
Swedish Transportation Administration. The test site is marked in red in
Fig. 1 (59°38'01.9'N 16°51'18.7"E). Testsite E18 is located in an open flat
area surrounded mostly by agricultural land. The road section has about
10,000 AADT per highway direction, of which 1400 were heavy vehicles
(Swedish Transport Administration, 2024). The highway has two lanes
in each direction, and the speed limit is 120 km/h. The highway was
built in 2010, and the current pavement type is stone mastic asphalt, and
of the same type as the original cover. However, the current pavement
also includes traces of polymer-modified bitumen, used for filling the
wheel tracks in 2016, that was recycled into the current cover using
warm-remixing in 2021.

For most parts of highway E18, the runoff from the road drains freely
into the ditches at the sides of the road, but at Testsite E18 in the di-
rection towards Enkoping, a 100 m long kerbstone directs the runoff into
two gully pots, locations G1 and G2 in Fig. 2A. The gully pots are serially
connected, where gully pot (G1) drains into gully pot (G2). Gully pot G2
is thereafter connected to a well (location WA) equipped with a
Thomson weir. The well WA drains into a final collecting well WF. The
collecting well WF also receives stormwater from two additional wells
WB and WC, which receive water infiltrated from the geo-textile lined
ditches at the sides of the highway lanes in the direction of Enkoping.
The collecting well WF finally discharges runoff through a pipe into a
ditch, which runs along the highway (location D). The ditch runs along
the highway up until the bridge over the stream Lilln (location L). The

Fig. 1. Left: The location of the sampling site is shown by the red pin. Right: Map showing Testsite E18 marked with red circle, Sagan and Lilldn streams marked with
names, and the highway directions towards Véasterds and Enkoping marked with arrows. Maps collected and modified from Swedish Land Survey (2024). (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. A) Illustration of the stormwater system at Testsite E18. B) Map showing the sampling locations. Blue circles indicate grab samples of water; orange circles
indicate grab samples of sediment. G1 is first gully pot, G2 is second gully pot, WA is standing water in weir volume of collecting well A, OA is outflowing water from
weir in collecting well WA, OB is outflowing water from weir in collecting well (WB) gathering water from geo-textile ditch, D is outlet pipe in roadside ditch:
sediment was collected within the outlet pipe and water from the standing water in the ditch that partially covered the outlet pipe, R is road runoff from bridge, L is
Lilldn stream. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

bridge is dewatered by drains that discharge over the banks of the
stream (location R). Lillan is a natural stream that debouches into the
larger stream Sagan, which in turn flows into Lake Mélaren.

2.2. Sampling procedure

Sampling was performed on the November 8, 2022, the December
16, 2022, and the March 28, 2023. The weather conditions during the
sampling occasions are summarised in Table 1 and in more detail in
Supplementary material A.2.

Grab samples of stormwater were collected at the different locations
shown in Fig. 2B (see also Supplementary material A.1) during the oc-
casions listed in Table 1. Water samples were retrieved using a telescopic
surface water sampler and glass bottles (0.5 L or 1 L) with lids covered

Table 1

internally with PTFE, apart from location D that was sampled by
immersing the bottles directly. At most locations, several bottles were
collected by taking consecutive samples to achieve the desired total
sample volume between 1 and 5 L. In between samples, the telescopic
sampler was rinsed with tap water to avoid cross-contamination be-
tween different sampling locations.

Grab samples of sediments were collected at the locations shown in
Fig. 2B (see Supplementary material A.1 for more details) in November
2022 and March 2023, Table 1. The sediment samples at locations G1,
G2 and WA were collected using an Ekman grab sampler. The sediments
at the bottom of the outflow pipe into the ditch D, were retrieved using a
metal trowel. Sediments from Lillan L were collected using a core
sampler. Between 300 g and 1000 g of sediments were retrieved and
placed in glass containers with plastic lids. In between samples, all

Weather conditions during sampling occasions and in antecedent days at Testsite E18.

Sampling day & collected Conditions previous day
samples Weather Average Antecedent dry Precipitation Peak intensity [mm/
temperature days [mm] h]

Nov 8, 2022 morning Dry 8°C 0 5 mm rain 2.2
G1, G2, WA, D and L

Nov 8, 2022 afternoon Rain: peak intensity 0.5 mm/h, total rain 1.4 8°C
Only water: OA, OB and R mm

Dec 16, 2022 Dry, snow coverage —-18°C 14 (rain) 0.2 mm snow 0.3
Only water: G1, G2 and WA 0 (snow)

Mar 28, 2023 Dry, snow coverage -3°C 4 (rain) 3 mm snow 1.9
G1, G2, WA, D and L 0 (snow)
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samplers were rinsed with tap water to avoid cross-contamination.
2.3. Sample preparation and pre-treatment

2.3.1. TSS, VSS, DS and LOI analyses

All samples collected were stored in refrigerators. Prior to analysing
the rubber content in the samples, TSS and VSS analyses were performed
on the water samples to identify the solids content following standard
SS-EN 872:2005. The samples for TSS analysis were filtered on 55 mm
diameter glass fibre filters (Whatman GF/A, with pore size 1.6 pm) that
had been preconditioned in a muffle furnace (Carbolite furnaces CSF 12/
13) at 550 °C. Rinsing during filtration was made with ultrapure water
(Fisher Scientific Accul00 Ultrapure Water System) and ethanol due to
the presence of non-water-soluble substances in some of the samples.
The filters, with the collected particles, were dried in aluminium cups
that had also been pre-treated in a muffle furnace at 550 °C. Following
the TSS analysis, the content of VSS in the filters with the dried material
was determined by burning the filters and the aluminium cups for 2 h at
550 °C. The dry substance (DS) and the LOI were determined on the
sediment samples in triplicates following standard SS 02 81 13 using
pre-treated aluminium cups in the muffle furnace at 550 °C for 2 h. The
sediment samples were dried for 20 h at 105 °C and burned at 550 °C for
2 h, and thereafter cooled in a desiccator. The storage time of the
samples before the TSS/VSS and DS/LOI analyses was 2-3 months to
coincide with the PYR-GC/MS analyses.

2.3.2. Sieve fractioning and sample preparation

For the water samples collected in November, aggregated samples for
each location were made by taking subsamples of equal volumes from all
bottles collected in that location. For the samples from standing water
volumes (G1, G2 and WA) in December, it was concluded that re-
suspension of the sediment occurred during sampling, affecting the
particle concentration in consecutive bottles (see details in Supple-
mentary material C). Therefore, for December and March samples, only
the first retrieved bottles were used in the analysis for G1, G2 and WA.
The water samples were treated in an ultrasonic bath (Bandelin RK
510H) for 30 min to break up agglomerated particles, after which they
were readily shaken while retrieving subsamples for filtration, to obtain
homogeneous samples. Subsamples were wet sieved using either VWR
20 pm test sieve ISO 3310 or Fisherbrand 500 pm test sieve ISO 3310,
depending on the desired size fractioning. The water subsamples <500
pm with TSS content above 70 mg/L were transferred to 50 mL Falcon
tubes and centrifuged (Labex Sigma 4-16, 3000 rpm/min) to ease
filtration, and the supernatant was filtered first, as suggested by Rgdland
et al. (2022a), followed by resuspension of the particle fallout from the
centrifugation and addition onto the same filter. Direct filtration was
employed for sieved water subsamples <20 pm and <500 pm with lower
TSS content. Glass filtration equipment under vacuum and binder-free
glass fibre filters (GF/A, Whatman, pore size 1.6 pm, diameter 25
mm), pre-treated 2 h at 550 °C in a muffle furnace, were used for
filtration, yielding a particle cut-off size of 1.6 pm. Ultrapure water and
ethanol were used for rinsing during filtration. The dry filters were
weighted before and after filtration, and then rolled into pyrolysis cups
for analysis. Selected water samples were analysed in triplicates in
November (G1, G2 and WA) and in duplicates in March (G2, WA and L;
the filters used for the second replicates were accidently subjected to
longer pre-treatment in oven) to verify the homogeneity of the sub-
samples. Additional tests were performed to investigate the effects on
TWP concentration of the pre-treatment with ultrasonication and of the
prolonged sample storage before analysis on TWP concentration (see
Supplementary material C). Quality assurance and quality control
(QA/QC) considerations and results can be found in Supplementary
material A.4.

The sediment samples were stirred and shaken to obtain represen-
tative subsamples, with the procedure performed in triplicates. The
subsamples were weighted and wet sieved with ultrapure water and
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ethanol while brushing with a hog brush. Mesh sieves VWR 20 pm test
sieve ISO 3310 and Fisherbrand 500 pm test sieve ISO 3310 were used to
obtain particle size fractions <20 ym and <500 pm. The sediment
subsamples <20 pm were wet sieved with plenty of liquid and treated as
the water samples: part of the diluted subsample was filtered directly
yielding the size fractions 1.6-20 pm. The filters were weighted, folded,
rolled and put into pyrolysis cups. The sediment subsamples <500 pm
were wet sieved directly into glass jars (pre-rinsed with distilled water,
dried and pre-weighted) and dried in an oven (Thermo Scientific Her-
atherm OGS60) at 95 °C for 20 h, resulting in the size fraction 0-500 pm.
The dried sediments in the jars were weighted and homogenised using a
metal spoon. Small amounts of the sediment from the jars were put into
pyrolysis cups and weighted (4-15 mg/cup). The SBR + BR amounts
obtained from PYR-GC/MS divided by the weight of the pyrolyzed mass
yielded SBR + BR concentrations over the dry weight (d.w.) of sieved
sediments <500 pm (d.w. <500 pm). Using the DS results, these con-
centrations were also calculated as SBR + BR/total d.w. of the unsieved
sediment sample (see Supplementary material A.3).

2.4. Pyrolys GC/MS analysis

The samples were analysed for the total SBR and BR concentrations
following the PYR-GC/MS methodology developed by Rgdland et al.
(2022b) using maker combinations of benzene, a-methylstyrene, ethyl-
styrene, and butadiene trimer. Rgdland et al. (2022b) showed that this
combination of marker compounds yielded lower variation in SBR + BR
concentrations compared to other markers (4-vinylcyclohexene
(4-VCH), SB dimer, and SBB trimer). SBR + BR have been shown to be
present in tyres from both personal vehicles (PV) and heavy-duty vehi-
cles (HV) (Rauert et al., 2021; Rgdland et al., 2022b). Natural rubber has
not been used for TWP quantification, as it is difficult to measure in
environmental samples due to interference from plant material (Eisen-
traut et al., 2018).

Samples were analysed with a Multi-Shot Pyrolyzer (EGA/PY-
3030D) equipped with an Auto-Shot Sampler (AS-1020 E) (Frontier lab
Ltd., Fukushima, Japan) coupled to gas chromatography-mass spec-
trometer (GC/MS) (5977 B MSD with 8860 GC, Agilent Technologies
Inc., CA, USA), following the method of Rgdland et al. (2022b) with
modifications (see detailed settings in Supplementary material A.5).
Calibration was performed using SBR1500 (Polymer Source Inc., Can-
ada) in solution (chloroform, Sigma Aldrich) and internal standard
(deuterated polybutadiene, dg- PB, in chloroform solution). Calibration
points (1, 5, 20, 60, 120 and 140 pg/cup) were analysed in triplicates.
Quantification was performed using two marker combinations for SBR
+ BR: combination a consisted of m/z 78 Da for benzene, m/z 118 Da for
a-methylstyrene, m/z 117 Da for ethylstyrene, and m/z 91 Da for
butadiene trimer (calibration curve R? = 0.99), and combination b
consisted of the same markers as a but without benzene (m/z 78)
(calibration curve R? = 0.98). The ratio between the four markers was
monitored in each sample and compared to the ratios in the SBR1500
calibration samples and to previous ratios found for commercial tyres
(Rgdland et al., 2022b). The asphalt on the highway contains residues of
polymer modified bitumen (PMB) asphalt (see section 2.1), meaning
that traces of styrene-butadiene styrene (SBS) might be present in the
samples which would be identified as SBR + BR during analysis. As the
SBS amount from the PMB asphalt is expected to be low compared to
SBR + BR from tyre wear, quantification was performed by only using
SBR1500.

In samples with high organic matter content and complex matrix,
there is a possibility of marker interference from additional sources of
benzene (Rgdland et al., 2023b). By using the expected ratios as a
control, in samples where the benzene contribution is higher than ex-
pected, benzene is removed as a marker for that specific sample and
quantification is made using combination b (see marker used per sample
in Supplementary material A.4). The 4-VCH marker for butadiene rub-
ber (SBR + BR) was monitored as a control, as it is less impacted by
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potential competing sources from the matrix, but was not used for
quantification due to higher variability in commercial tyres compared to
marker combination a.

2.5. Calculations of tyre wear particle concentrations

Calculation of TWP followed the procedures described by Rgdland
et al. (2022b) (Equation (1)). The TWP concentration in each sample
was calculated 100,000 times by Monte Carlo simulation (software
Oracle Crystal Ball in Microsoft Excel) using Equation (1) to estimate the
mean value of My to account for the variability of SBR + BR content in
different types of tyres. The measured SBR + BR value in the sample
(Msp) was adjusted by a conversion factor (Sc) of 0.94 to adjust for the
difference in styrene content of SBR1500 (23%, Polymer Source Inc.)
versus average styrene content in commercial tyres (15% (Unice et al.,
2013, 2012);). The range of SBR + BR concentrations in tyres of PV and
HV was based on a database developed by Rgdland et al. (2022b) and
was adjusted according to the ratios of different vehicle types at Testsite
E18 (RPV and RH\/)

Mo — Msp-Sc
=
(Spv-Rpv) + (Suv-Ruv)

(€8]

where.

M7 - mass of tyre in a sample [mg];

Mgz - mass of SBR + BR found using PYR-GC/MS in the sample [pg];

Sc - conversion factor for styrene content;

Spy- mean mass of SBR + BR in PV [ug/mg] from a database devel-
oped by Rgdland et al. (2022b);

Rpy - ratio of PV at the sampling location - value 0.9 based on traffic
data;

Suv - mean mass of SBR + BR in HV [pg/mg] from a database
developed by Rgdland et al. (2022b);

Ryy - ratio of HV at the sampling location - value 0.1 based on traffic
data.

Journal of Environmental Management 367 (2024) 121989

3. Results and discussion

First, concentrations of SBR + BR in water and sediment samples are
presented. These results are compared between different sampling lo-
cations and occasions, as well as between the analysed size fractions.
Thereafter, the median TWP concentrations, calculated through the
Monte Carlo simulation, are presented and discussed in relation to
values reported in literature.

3.1. Water samples

3.1.1. Styrene-butadiene rubbers in water: size fraction 1.6-500 ym

The SBR + BR concentrations found in the water samples are pre-
sented in Fig. 3A. The replicates showed only small variation in con-
centration. There were no statistically significant differences in
concentrations between the three sampling occasions (November,
December, and March; unpaired samples t-test, p > 0.1). Within the
stormwater system, the measured concentrations of SBR + BR were
lower in the first gully pot (G1) compared to the second gully pot (G2)
with a weak significance (linear regression corrected for triplicates, p =
0.054). The higher concentration in G2 in November 2022 can be
explained by resuspension during sampling with consecutive bottles,
due to a high sediment level in gully pot G2 (see Supplementary material
C.1). The concentration of SBR + BR decreased in the collecting well A
(WA) to which both G1 and G2 drain, with a significant difference be-
tween G2 and WA (linear regression corrected for triplicates, p = 0.004).
One explanation for the lower SBR + BR concentration in the water from
WA is the larger volume of the well, which could promote sedimentation
of the particles and prevent resuspension.

The second section of the stormwater system, sampled in November
and March, consisted of water that drains into the ditch and Lillan (D
and L in Fig. 2). The water in the ditch by the outlet is discharged from
the wells collecting water from the gully pots, from the geo-textile
ditches at the sides of the road, and partly from the adjacent highway.

I November 2022
I December 2022
[IMarch 2023
A) B)
—_ 2 100
|
B =
E - ,
g 15 SOy
= | | tol ) Ty
® 2 B Rk SRR
) |
= g lé‘ llé L LT
o 1 z 1 1 1 ki
g @ I sl &g
O 8 l
O 5 Lol é
(&)
& 05 0.1
+ % 1
14
[a1]
2 g 0.01
NS ® O NS ® O
O ¥ (C RN CA & N
W da\ \\\.,\Y\A RN . W e\»\\ .\@? N
& & . o O N
S N & B MO o 8
MO 0 & & ¢
& &
N O N O
¢ ¢

Fig. 3. A) Bar chart of the measured concentrations of SBR + BR in the water samples for the size fraction 1.6-500 pm. Note that for December 2022 only G1, G2, and
WA were sampled. Error bars representing maximum and minimum values of the replicates are plotted for the samples analysed in triplicates (G1, G2 and WA from
November 2022) and duplicates (G2, WA and L from March 2023). B) Box chart of the calculated TWP concentration in the water samples for the size fraction
1.6-500 pm. The median value of the TWP calculations is plotted, and the box edges represent the 25th and 75th percentiles of TWP calculation. The whiskers show
the maximum and minimum values of the TWP calculation. Note that for December 2022 only G1, G2, and WA were sampled. (For interpretation of the colour in this

figure legend, the reader is referred to the Web version of this article.)
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Overall, the concentration in the ditch was similar to the first section of
the stormwater system: in March D had lower SBR + BR concentrations,
whereas in November, D had a higher concentration than G1 and WA,
but lower than G2. Lower concentrations of SBR + BR were found in the
stream Lillan L compared to the other locations (0.05 mg/L in March
using marker b and 0.14 mg/L in November). The minimum concen-
tration in Lillan in March was only 22% higher than the largest SBR + BR
amounts in the blanks. However, 4-VCH was 219% higher than in the
blanks, and the SBR + BR concentration in November was 280% larger
than in the blanks (see Supplementary material A.4), confirming the
presence of SBR + BR in the stream water. This is in agreement with the
classification of the Lillan stream as being considerably affected by
transport and infrastructure (Water Information System Sweden, 2024).

Results for locations R (runoff directly from the road surface), and
outflowing water from the wells OA and OB can be found in Supple-
mentary material B.1. Locations R and OA were sampled in November
2022 when a light rain generated runoff flow. The water draining from
the bridge (R) during the rain event had the highest concentration of
SBR + BR, 5.6 mg/L, among all water samples, indicating mobilization
of TWP from the road surface. The outflow water from well A (OA) also
demonstrated a high SBR + BR concentration of 3.5 mg/L, but it cannot
be assessed whether this is due to high SBR + BR concentration in the
runoff or due to resuspension by turbulence from the runoff or by the
antecedent sampling. The geo-textile ditch (OB) had a continuous
outflow in November and was sampled on that occasion. However, TWP
was not confirmed in OB, as the SBR + BR concentration was compa-
rable to that of the blank tests, and 4-VCH was not detected (Supple-
mentary material A.4).

3.1.2. Styrene-butadiene rubbers in water: size fraction 1.6-20 ym

The SBR + BR concentrations for the finer size fraction 1.6-20 pm
ranged between 0.03 and 5.5 mg/L (Supplementary material B.1 and
B.2). This is similar to the concentrations in fraction 1.6-500 pm. The
effect of the pre-treatment process of ultrasonication was investigated,
and it was shown that the ultrasonication step affected the concentration
of SBR + BR in the fine size fraction 1.6-20 pm (Supplementary material
C.2). The ultrasonication step likely caused the breakup of mineral en-
crustations, which have been reported to be common for TWP (Jarlskog
et al., 2022b; Kreider et al., 2010), yielding more TWP in the size frac-
tion 1.6-20 pm.

The mean ratio of SBR + BR 1.6-20 pm to SBR + BR 1.6-500 pm was
80% and 60% with and without ultrasonication, respectively. Thus, a
large fraction of the SBR + BR concentration stems from SBR + BR in
size fraction 1.6-20 pm. However, this ratio differs between the sam-
pling locations: the proportion of SBR + BR 1.6-20 pm over SBR + BR
1.6-500 pm was largest in R and OA (>97%), whereas in the standing
water volumes (G1, G2, WA, D and L), it ranged between 42 and 93%.
The larger ratio of fine particles in R and OA could be explained by the
rainfall and the sampling in the well only mobilising the finer TWP for
further transport.

3.1.3. TSS and VSS results and correlation with SBR + BR concentrations

The results for TSS and VSS for the water samples can be found in
Supplementary material B.7. A strong correlation was found between
the TSS and the SBR + BR concentrations both for the SBR + BR in the
size fraction 1.6-500 pm (r = 0.872, p < 0.001 using Pearson correlation
coefficient) and in the size fraction 1.6-20 pm (r = 0.861, p < 0.001).
The correlation between VSS and SBR + BR concentration was even
stronger (r = 0.933, p < 0.001 for SBR + BR 1.6-500 pm and r = 0.927,
p < 0.001 for SBR + BR 1.6-20 pm). Correlation plots can be found in
Supplementary material B.9. These results are in line with the findings of
Rgdland et al. (2022a) who also showed a strong correlation between
TSS and TWP in tunnel wash water. This strengthens the suggestion by
Rodland et al. (2022a) of TSS as an indicator for TWP in runoff from
roads, even if it might only be valid depending on specific site condi-
tions. TSS varied from 5.1 mg/L in D up to 310 mg/L in R with an
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average of 61 mg/L in the first section of the stormwater system (G1, G2
and WA). There was no statistically significant difference in TSS be-
tween the sampling campaigns (unpaired samples t-test p > 0.1). TSS
concentrations are in line with the results found by Winston et al. (2023)
in road runoff collected from catch basins draining roads enclosed by
kerbstones: mean concentrations 13-70 mg/L with a maximum of 312
mg/L with no clear seasonal change. VSS values were between 0.64
mg/L (D) and 90 mg/L (R), with an average of 11 mg/L over the first
section of the stormwater system. Organic matter (VSS) made on
average up 21% of the solids in the samples.

3.2. Sediment samples

3.2.1. Styrene-butadiene rubbers in sediment: size fraction <500 ym

The SBR + BR concentrations in the sediments sampled in the gully
pots G1 and G2, the collecting well WA, the ditch D and Lilldn L are
presented in Fig. 4. The error bars demonstrate the heterogeneity of the
gully pots’ sediments, which makes it challenging to obtain represen-
tative samples. The size distribution of the sediments varied greatly
between the locations, with G1, G2, and WA containing large amounts of
small gravel >1 mm in November (see Supplementary material B.10),
likely because the sediments with larger grain sizes are not easily
transported further in the stormwater system. Therefore, the SBR + BR
concentrations <500 pm are presented in two different ways in Fig. 4A
and Fig. 4B. In Fig. 4A, the concentration is calculated by dividing by the
total d.w. of the unsieved sediments, and the total d.w. of the unsieved
sediments was calculated using the DS results. Meanwhile, in Fig. 4B, the
calculation is based on d.w. <500 pm of the sieved fraction.

A weak significant difference between the sampling occasions was
identified when using the SBR + BR concentrations based on the total d.
w., where March presented higher SBR + BR concentrations compared
to November 2022 (un-paired samples t-test, p = 0.053). There was no
significant difference between the sampling occasions when using the
concentrations based on d.w. <500 pm (un-paired samples t-test,
—0.430, p = 0.793). The sediments in the gully pots G1 and G2 had
lower SBR + BR concentrations in November compared to March,
Fig. 4A. No significant difference between the gully pots G1 and G2 was
identified. A significant difference between the gully pot (G1 and G2,
respectively) and WA was identified when dividing with total d.w.
(linear regression, corrected for triplicates, p < 0.1 and p < 0.01,
respectively), but not with d.w. <500 pm. Sediments from the outlet
pipe at the ditch (D) had significantly higher concentrations than sedi-
ments in the stormwater system (G1, G2, WA) both when looking at SBR
+ BR concentrations based on total d.w. (p < 0.01, p < 0.001, and p <
0.1, respectively) and based on d.w. <500 pm (p < 0.05 for all). The
ditch receives water from several sources (see section 2.1), which may
contribute to the identified difference. Another possible explanation is
that the volumes of G1, G2, and WA predominantly retain coarser and
more dense sediments, but not the finer sediments in which TWP is
mostly present, as TWP is primarily reported to be finer than 200 pm
(Klockner et al., 2021; Kreider et al., 2010). This could lead to higher
relative TWP concentration over the total mass of sediments further
downstream. This is evident from the mass of sediments in different size
ranges which can be found in Supplementary material B.10. It can be
seen that location D had more fine material (on average 22.5% in size
range 1.6-20 pm) compared to other locations, except for Lillan L. A last
hypothesis is that at the outlet pipe at the ditch D, which was partially
submerged by the small standing water volume in the ditch during
sampling, the particles experience extended retention time during dry
weather that could benefit the settling of TWP.

3.2.2. Styrene-butadiene rubbers in sediment: size fraction 1.6-20 ym
There is no significant difference in SBR + BR concentrations in the
size 1.6-20 pm between the sampling locations gully pots G1 and G2,
collecting well WA, and the outlet at ditch D, when calculated with the
denominator d.w. <500 pm (linear regression corrected for triplicates).
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Fig. 4. A) Bar chart of the measured mean concentration of SBR + BR in the sediment samples over the total unsieved samples dry weight (d.w.) collected in
November 2022 and March 2023 for the size fractions <500 pm and 1.6-20 pm. Error bars represent maximum and minimum values of the replicates. The bars are
missing for the samples in which SBR + BR was not found. B) Bar chart of the measured mean concentration of SBR + BR in the sediment samples presented as
concentrations over d.w. of the samples <500 pm (d.w. <500 pm). Error bars represent maximum and minimum values of the replicates. The bars are missing for the
samples in which SBR + BR was not found. C) Box charts of the calculated TWP concentrations. The median value of the TWP calculations is plotted, and the box
edges represent the 25th and 75th percentile of TWP calculation. The whiskers show the maximum and minimum calculated concentrations of TWP. The bars are
missing for the samples in which SBR + BR was not found. (For interpretation of the colour in this figure legend, the reader is referred to the Web version of

this article.)

When dividing with total d.w., the outlet pipe at ditch D has a signifi-
cantly higher concentration of SBR + BR 1.6-20 pm compared to G1, G2,
and WA, respectively (p < 0.01, p < 0.001, and p < 0.001). WA has a
significantly higher concentration compared to G2, if using the de-
nominator total d.w. (p < 0.05). This indicates that TWP in this size does
not settle to a large extent in the gully pots, or that TWP is resuspended
easily and transported downstream at higher stormwater flows. In
November, SBR -+ BR was found in the size fraction 1.6-20 pm for Lilldn
L, but not in the size fraction <500 pm. An explanation could be that
mostly fine TWP is transported to the river, and that removing sediments
>20 pm by wet sieving enriched the TWP concentration in the sample
and removed material that could interfere with the analysis, allowing
the quantification of SBR + BR.

In all sediment samples, the finer size fraction accounts for an
important mass fraction of the SBR + BR detected: 20-60% of the SBR +
BR mass was found in the size fraction 1.6-20 pm in the samples from
the stormwater system (G1, G2, WA, and D). This agrees with the mass
ratios 20-40% of TWP <20 pm reported by Klockner et al. (2020) for
sediments in sedimentation basins. Kreider et al. (2010) found that the
size distribution of TWP generated in a road simulator laboratory had a
mode at 75 pm, which is coarser than what is suggested by the current
study. However, later research also suggests the abundance of finer
particle sizes: Kovochich et al. (2021) reported that TWP generated in a
road simulator ranged between 6 and 120 pm with a mode at 34 pm,
while Klockner et al. (2021) suggested a mode in the finest size fraction
<20 pm for road dust from German tunnels. It should also be considered
that TWP in environmental samples are likely subjected to additional
weathering processes compared to particles generated in laboratory

settings. The abundance of TWP in the smaller size fraction is interesting
as the fraction below <30 pm is suggested to not being prone to sedi-
mentation (Vogelsang et al., 2019), and further studies on this topic are
needed to understand the processes behind.

3.2.3. LOI results

The LOI results can be found in Supplementary material B.8. The
samples from the outlet at the ditch D had the highest content of organic
matter, with an average of 15%. Linear regression, corrected for tripli-
cates, showed significant difference between the first part of the
stormwater system (G1, G2, and WA) compared to D (p < 0.05, p < 0.01,
and p < 0.01), and between G2, WA, and D compared to Lilldn L (p <
0.001, p < 0.05, and p < 0.01). There was a strong correlation between
LOI and the SBR + BR concentration over total d.w., both when
comparing the SBR + BR concentration <500 pm/d.w. (r = 0.72, p =
0.001 using Pearson correlation coefficient) and the SBR + BR concen-
tration 1.6-20 pm/d.w. (r = 0.91, p = 0.0001). Correlation plots can be
found in Supplementary material B.9.

3.3. Comparison of TWP concentrations in water and sediment samples

The TWP concentration distributions for water (1.6-500 pm) and
sediment samples (<500 pm) are presented in Fig. 3C and Fig. 4C,
respectively. The TWP concentrations are based on SBR + BR content of
summer tyres and winter tyres (studded and non-studded) for both
personal and heavy-duty vehicles. The median, standard deviation, and
percentiles of the obtained TWP concentrations from the Monte Carlo
simulation are listed in Supplementary material B.5 and B.6 to account
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for the large variability of SBR + BR content in tyres. For the purpose of
comparing the TWP concentrations with other studies, the median TWP
concentration is used. The median TWP concentration in road runoff R,
17 mg/L, and in the outflow from well OA, 10 mg/L, are in line with
results from previous studies on tunnel wash water and direct runoff
from a German highway, although in the lower range of the reported
values, Table 2. TWP concentrations in the standing water volumes of
the gully pots G1 and G2, and well WA, 0.52-2.9 mg/L, and outlet at the
ditch D, 0.45-1.7 mg/L, are similar to reported concentrations in
stormwater drains and retention ponds, Table 2. The TWP concentra-
tions in Lillan stream, 0.15-0.42 mg/L, were in between the values
found in rivers and surface waters in other studies, Table 2.

The TWP concentrations in the sediment phase in the particle frac-
tion <500 pm were 1.0-19 mg/g in the sediments of the gully pots (G1
and G2), and 6.8-14 mg/g and 25-40 mg/g in the collecting well (WA)
and at the outlet of the stormwater system (D), respectively. These re-
sults are in line with previously measured concentrations in gully pots in
cities and in a road tunnel, and in sedimentation ponds, Table 2. The
TWP concentrations in Lillan sediments L, 2.3-4.7 mg/g, were similar to
those reported in rivers, but higher than in a lake, Table 2. Comparisons
of concentrations between studies are difficult because of the different
analysis methods, studied particle sizes, and analytical challenges
associated with the quantification of TWP (Rgdland et al., 2023a). In
addition, the ambient concentrations depend on current and antecedent
weather conditions and on traffic volumes, driving behaviour, tyre
composition, and road surface roughness (Andersson-Skold et al., 2020;

Table 2

TWP concentrations reported by earlier studies together with the analysis
method employed by the studies and the size range of the identified TWP based
on the sampling pre-treatment used in the studies.

Study Sample type Size Analysis TWP
fraction method concentration

Water samples

Rgdland Untreated tunnel >1.6 pm PYR-GC/ 14.5-47.8 mg/L
et al. wash water MS
(2022a)

Droge and Runoff from No TED-GC/ 51-59 mg/L
Tromp highway road reported MS
(2019) side size range

Rauert et al. Stormwater drain >1 pm PYR-GC/ 231-665 pg/L"
(2022) water MS

Rauertetal.  Retention pond >1 pm PYR-GC/ 72-236 pg/L’
(2022) water MS

Droge and Surface waters No TED-GC/ 0.001-0.011
Tromp reported MS mg/L
(2019) size range

Rauertetal.  Creeks and rivers >1 pm PYR-GC/ <MDL-480 ng/
(2022) in urban centres MS L

Sediment samples

Mengistu Urban gully pot <5 mm STA-FTIR 0.8-149.6 mg/g
et al. + sediment d.w.
(2021) PARAFAC

Rodland Gully potsinroad <1 mm PYR-GC/ 4.75-53.1 mg/g
et al. tunnel MS
(2022a)

Klockner Sedimentation <500 pm TED-GC/ 0.95-11 mg/g"
et al. ponds MS
(2020)

Unice et al. River <1 mm PYR-GC/ 13-3700 pg/g
(2013) MS d.w.”

Barber et al. River <5 mm" PYR-GC/ 45-1150 mg/
(2024) MS kg"

Klockner Lake <500 pm TED-GC/ 0.085 mg/g"
et al. MS
(2020)

# The presented reported values from the studies have been adjusted by
dividing by two to convert from tyre and road wear particle concentration to tyre
tread concentration.

b Overlying water in trap sediment samples was decanted and filtered on 0.45
pm filters and the material on the filter was re-added to the sediments.
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Kole et al., 2017).

3.3.1. Comparison to previous TWP measurements at testsite E18

There are two previous studies at Testsite E18 (Droge and Tromp,
2019; Jarlskog et al., 2022a), and their results are summarised in Table 3
together with the results from this study. Jarlskog et al. (2022a) ana-
lysed water and sediment grab samples from gully pot G2 and collecting
well WA, using automated Scanning Electron Microscopy/Energy
Dispersive X-ray spectroscopy (SEM/EDX) coupled with a machine
learning algorithm for identification of tyre wear. The analysed size
fractions were 20-125 pm and 2-20 pm.

In Table 3 it can be seen that Jarlskog et al. (2022a) detected larger
amounts of TWP and bitumen in both water and sediments for the finer
size fraction (size fraction 2-20 pm) compared to this study (1.6-20 pm),
especially in collecting well WA. The higher concentrations can partly be
explained by the analysis method of Jarlskog et al. (2022a) not differ-
entiating between tyre and bitumen in the lower size fraction. Regarding
the coarser size faction, similar concentrations were found in the sedi-
ments of both locations. The fact that this study has an upper cut-off of
500 pm, instead of 125 pm as Jarlskog et al. (2022a) had, is not expected
to affect the comparison significantly, as TWP is reported to mostly be
present in size fractions below ca 200 pm (Klockner et al., 2021; Kreider
et al., 2010). In the water phase, Jarlskog et al. (2022a) found higher
concentrations of TWP in the coarser size faction compared to this study.
The explanation for the differences could be the different weather con-
ditions, where Jarlskog et al. (2022a) had 10 antecedent dry days pre-
ceded by about 3 mm accumulated precipitation, whereas weather
conditions from the present study are summarised Table 1. For the water
samples, it was seen that resuspension of TWP easily occurred when
sampling (see Supplementary material C.1), which could yield different
results. In addition, the SEM/EDX analysis method employed by
Jarlskog et al. (2022a) is a powerful tool for the quantification, char-
acterisation, and classification of individual particles, but it does not
allow exact absolute mass quantification (Jarlskog et al., 2022a).

The TWP concentrations in collecting well (WA) at Testsite E18,
were also estimated by Droge and Tromp (2019) using Thermal
extraction and desorption GC/MS (TED-GC/MS) with marker com-
pounds 4-vinylcyclohexene, styrene, and dipentene together with con-
version factors to tyre mass based on Dutch traffic data. They found 1
mg/L of tyre wear in the water phase and 13 mg/g in the sediment
phase, which are well in line with the findings in this study, Table 3.

3.4. Concluding discussion

This work has addressed the characterisation of TWP concentration
in both water and sediments of a highway stormwater system. There is
little knowledge about environmental concentrations, retention, and
sedimentation of TWP (Gehrke et al., 2023). Hence, the work contrib-
utes to increased knowledge on TWP concentrations and spread in a
highway environment. This work demonstrates varying TWP concen-
trations following the stormwater path from the road surface to the
receiving waters. The sampling campaign is limited in time, as it consists
of grab samples collected on three occasions, and for future studies, to
fully address the transport of TWP in the near-road environment during
rain events, continuous monitoring of TWP is needed.

In this study, the TWP concentrations were analysed using PYR-GC/
MS, which made it possible to quantify the fine particles <20 pm that
were often neglected in previous studies. However, using PYR-GC/MS, it
is not possible to assess the morphology or the sizes of the particles in
more detail (Rgdland et al., 2023a). For future work, complementary
imaging techniques, such as SEM-EDX, could provide increased knowl-
edge on the number of TWP in fine-size fractions in more detail (>1 pm)
and on the morphology of the particles. However, challenges still exist
for SEM-EDX techniques to differentiate between TWP and bitumen for
particles <20 pm (Jarlskog et al., 2022b) and to identify less pristine
TWP (Rgdland et al., 2023a). The investigation of the pre-treatment of
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Table 3
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Comparison of tyre wear particles (TWP) concentrations determined in different studies and with different analysis methods at Testsite E18.

Gully pot (G2) Collecting well (WA)
Water [mg/ Sediment [mg/ Size fractions Water [mg/L] Sediment [mg/ Size fractions
L] gl gl
PYR-GC/MS + Monte Carlo simulation® 1.1421%2.2°  0.26% 1.9¢ 1.6-20 pm 0.82%; 0.94" 2.1% 4.8" 1.6-20 pm
1.4%2.2529" 1.0%5.8¢ 1.6-500 pm 0.52¢ 0.97%; 6.8%; 14" 1.6-500 pm
1.1°
Calculated difference between concentrations® 0.2-0.7 0.8-4 20-500 pm 0.1-0.2 5-9 20-500 pm
Jarlskog et al. (2022a) SEM-EDX + calculations 10 21.4 2-20 pm 150 71 2-20 pm
TWP + TWP + bitumen
bitumen
10 3.5 20-125 pm 130 14.5 20-125 pm
Droge and Tromp (2019) TED-GC/MS + conversion Not analysed Not analysed - 1.0 13 No reported cut-
factor off

2 The TWP concentrations for the current paper (November and December 2022, and March 2023) are presented as the median of the Monte Carlo simulation

rounded to two significant figures.
b Results from sampling in November 2022.
¢ Results from December 2022.
4 Results from March 2023.

¢ The results in the size fraction 20-500 pm have been calculated by subtracting the TWP concentration 1.6-20 pm from the TWP concentration <500 pm.

the water samples demonstrated that ultrasonication increased the
proportion of finer particles. SEM-EDX analysis could help assess
whether this was caused by the disaggregation of mineral encrustations
as hypothesized.

This study focused on the transport of TWP through a stormwater
system. Along many highways, including most parts of E18, the road
surface is dewatered directly into roadside ditches. Consequently, to
further understand the spread and occurrence of TWP along highways,
soil samples should be analysed. One implication of this work is that
TWP was detected in the nearby river, indicating that TWP is spread to
receiving waters. This study cannot confirm the pathway through which
the TWP was transported to the river, since TWP can be transported
through the stormwater system, as well as through the air (Gopmann
et al., 2023) and by other sources and pathways (Andersson-Skold et al.,
2020). More work should be put to assess the contribution of different
TWP pathways to the environment, and numerical modelling could help
to estimate their relative contribution.

The abundance of TWP in size fraction <20 pm and the high TWP
concentrations found downstream of the gully pots indicate that gully
pots are ineffective in retaining TWP in their sand traps. As particles
<30 pm do not sediment in gully pots due to the short retention time
(Vogelsang et al., 2019), and since some laboratory studies suggest that
transport of hydrophobic stormwater pollutants occurs in the form of
emulsions (Markiewicz et al., 2019), it is unlikely that stormwater so-
lutions based on sedimentation would be efficient for limiting the spread
of TWP. Limited removal of microplastics is hypothesized for traditional
stormwater solutions such as constructed wetlands (Monira et al., 2021)
and gross pollutant traps (Lange et al., 2022), whereas studies on porous
asphalt (Mitchell et al., 2023; Rasmussen et al., 2023) and bioretention
filters (Johansson et al., 2024) show some promising results. However,
to fully assess the treatment efficiency of gully pots for TWP, the tran-
sient behaviour of TWP during rain events should be investigated.

4. Conclusions

In this study, water and sediment were sampled at selected points in
a stormwater system of a Swedish highway. The samples were analysed
for styrene-butadiene rubber concentrations from which concentrations
of tyre wear particles (TWP) were calculated. Suspended solids were
analysed for the water samples and organic content was analysed for the
sediment samples. The main conclusions are that:

o TWP was found in almost all locations sampled, with concentrations
up to 17 mg/L in the water samples and up to 40 mg/g in the sedi-
ment samples.

e High TWP concentration in road runoff suggests their high mobility
in the water phase, supported by easy resuspension of TWP in
standing water volumes.

In the sediment samples, TWP in the size fraction 1.6-20 pm repre-

sented a significant proportion of the TWP (20-60%).

e TWP content in the sediments was significantly higher at the end of
the stormwater system than at the beginning, indicating that sand
trap volumes of the investigated gully pots are insufficient to fully
retain tyre wear.

e A strong correlation was found between TWP concentrations in
water and TSS and VSS, respectively, and between TWP content and
organic content in the sediments (LOI).

Further research should investigate potential differences in tyre wear
quantification from various analytical techniques to facilitate compari-
son between studies using different methods. Also, transient concen-
tration changes of TWP during rain events should be investigated to
understand its behaviour in stormwater systems under varying weather
conditions.
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