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a Swedish National Road and Transport Research Institute (VTI), SE-581 95 Linköping, Sweden 
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A B S T R A C T   

Tire wear particles (TWP) are assumed to be one of the major sources of microplastic pollution to the envi
ronment. However, many of the previously published studies are based on theoretical estimations rather than 
field measurements. To increase the knowledge regarding actual environmental concentrations, samples were 
collected and analyzed from different matrices in a rural highway environment to characterize and quantify TWP 
and other traffic-derived non-exhaust particles. The sampled matrices included road dust (from kerb and in- 
between wheeltracks), runoff (water and sediment), and air. In addition, airborne deposition was determined 
in a transect with increasing distance from the road. Two sieved size fractions (2–20 µm and 20–125 µm) were 
analyzed by automated Scanning Electron Microscopy/Energy Dispersive X-ray spectroscopy (SEM/EDX) single 
particle analysis and classified with a machine learning algorithm into the following subclasses: TWP, bitumen 
wear particles (BiWP), road markings, reflecting glass beads, metals, minerals, and biogenic/organic particles. 
The relative particle number concentrations (%) showed that the runoff contained the highest proportion of TWP 
(up to 38 %). The share of TWP in kerb samples tended to be higher than BiWP. However, a seasonal increase of 
BiWP was observed in coarse (20–125 µm) kerb samples during winter, most likely reflecting studded tire use. 
The concentration of the particle subclasses within airborne PM80-1 decreases with increasing distance from the 
road, evidencing road traffic as the main emission source. The results confirm that road dust and the surrounding 
environment contain traffic-derived microplastics in both size fractions. The finer fraction (2–20 µm) dominated 
(by mass, volume, and number) in all sample matrices. These particles have a high potential to be transported in 
water and air far away from the source and can contribute to the inhalable particle fraction (PM10) in air. This 
highlights the importance of including also finer particle fractions in future investigations.   

1. Introduction 

Non-exhaust emissions (NEE) of particles stemming from tires, 
brakes, road surfaces, and road markings are an important source of 
environmental pollution (Baensch-Baltruschat et al., 2020). NEE can be 
divided into several compositional sub-categories: traffic-related 
organic pollutants such as polyaromatic hydrocarbons (PAH), micro
plastics (MP) (i.e., rubber from tire wear, plastics from road markings, 
and polymer-modified bitumen), metal particles (e.g., iron (Fe), copper 
(Cu), zinc (Zn) and lead (Pb) bearing particles related to many sources, 
but brake wear being especially dominant), mineral particles derived 

from road wear, and glass bead fragments from road markings (Amato 
et al., 2016; Järlskog et al., 2021; Thorpe and Harrison, 2008). In the 
road environment, particles deposited on the road surface tend to mix 
and form heterogeneous road dust, which can be resuspended by traffic 
(Fussell et al., 2022; Padoan and Amato, 2018). Furthermore, particles 
related to other sources than traffic, such as mineral dust from nearby 
soils, construction works, quarrying, pollen, spores, and organic matter 
emitted during biogenic activity are often sedimented on the road sur
face and can interact with traffic-derived NEE (Fuzzi et al., 2015; Pis
citello et al., 2021). 

Microplastics are defined as solid, water-insoluble, polymer-based 

* Corresponding author at: Swedish National Road and Transport Research Institute (VTI), SE-581 95 Linköping, Sweden. 
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particles smaller than 5 mm with a low degradation rate (Boucher and 
Friot, 2017; Verschoor et al., 2016). Tire wear particles, TWP, are often 
considered microplastic, and recent theoretical estimates suggest that 
TWP is one of the dominating sources of MP pollution globally (Hann 
et al., 2018; Hartmann et al., 2019; Kole et al., 2017). In the past, the 
release of non-exhaust particles into the environment has been mainly 
estimated by theoretical emission factors (Beddows and Harrison, 
2021). The emissions of tire wear particles have been estimated for 
example based on driving distance, the weight of vehicles (i.e., personal 
cars or heavy vehicles), speed, tire type, and pavement rather than based 
on field sampling or monitoring studies (Baensch-Baltruschat et al., 
2020). The theoretical emissions of TWP on a global scale were esti
mated to be 6.000.000 tons per year (Kole et al., 2017). 

When the particles have been generated at the road surface through 
interaction between tire and pavement, the TWP can either sediment at 
the road edge or enter the environment through road runoff or via air 
(Baensch-Baltruschat et al., 2020; Sieber et al., 2020; Wagner et al., 
2018). Studies have shown that the majority of the coarser particles are 
deposited on the road edge or in the ditch nearby the road (e.g., Sieber 
et al., 2020; Wagner et al., 2018). The finer particle fractions can be 
further transported with road runoff into stormwater systems or through 
atmospheric transport. However, there is still a knowledge gap, and 
empirical data is lacking regarding the occurrence and transport of TWP 
from the road surface into the environment (Knight et al., 2020). 
Moreover, when MP and TWP have been investigated, other components 
like in broad sense particulate matter (PM), or specifically minerals, or 
metals have rarely been included in the same analyses. Yet, since the 
traffic-derived PM in environmental samples from road environments 
are intermixed with each other and with particles from other more distal 
sources, it is important to analyze the wide spectrum of traffic-derived 
particle types (e.g., MP, metals, and organic pollutants) to achieve a 
comprehensive understanding of the contribution and transport of 
traffic-derived pollutants. 

Further, tire wear particles (and tire and road wear particles (TRWP) 
are difficult to analyze, mainly because the particles are black, have a 
large size range, and have complex chemical composition. Pristine tire 
treads are rarely found in the environment but are rather encrusted with 
minerals, bitumen, or other particles, which further complicates the 
analysis (Halle et al., 2021; Kreider et al., 2010; Unice et al., 2013). 
During the last years, several methods have been developed for the 
analysis of TWP and TRWP in environmental samples (e.g., Goβmann 
et al., 2021; Järlskog et al., 2022; Mengistu et al., 2021; Müller et al., 
2022; Rausch et al., 2022; Rødland et al., 2022a), and thermal methods 
such as pyr-GC/MS and TED-GC/MS are two of the most common 
methods (Löder and Gerdts, 2015). Still, the existing methods often 
provide different information, which complicates the comparison be
tween studies (Thomas et al., 2020; Rauert et al., 2021). As an example, 
some of the recently published studies present a large variation in TWP 
concentrations in road dust, but the studies have not analyzed the same 
size ranges and used different analytical methods with different settings 
and chemical markers (Chae et al., 2021; Knight et al., 2020; Kumata 
et al., 2002; Rødland et al., 2022a; Youn et al., 2021). It is therefore 
complicated to apply the results from previous studies to understand the 
occurrence of TWP in various matrices, and thereby also be able to 
investigate and understand associated environmental risks. 

Thermal methods also destruct the samples, resulting in a loss of 
information regarding the number of particles, particle size distribution, 
and physical properties of the particles, which is of importance to in
crease the understanding of transport routes and environmental effects. 
There is also a lack of empirical studies about the occurrence of traffic- 
derived microplastics in different matrices in the road environment 
related to the properties of the particles. Such information is further 
essential to be able to model the potential transport in the environment, 
and as pointed out by Mennekes and Nowack (2022), an improved un
derstanding of TWP quantities would also result in a better management 
of the risk of environmental pollution. 

This study aims to investigate the abundance and examine the 
occurrence and composition of traffic-derived microplastics and other 
road-related particles in multiple sample matrices (road dust, runoff, 
sediment, and airborne dust) by automated single particle SEM/EDX 
analysis coupled to a machine-learning classifier (described in Järlskog 
et al., 2022; Rausch et al., 2022), in a rural traffic environment. To the 
best of our knowledge, the present study is one of the first attempts to 
characterize, quantify, and differentiate between TWP, bitumen wear 
particles (BiWP), road marking particles (paint and glass beads), metal 
particles, and mineral particles in environmental samples and present 
the results as both relative number- and mass concentrations (%) and as 
estimations of absolute concentrations. A further and novel aim was to 
analyze two different size fractions (2–20 µm and 20–125 µm) of sam
ples from all matrices and thereby investigate eventual differences in 
particle size distribution and particle properties between sample 
matrices. 

2. Method 

Samples were collected at Testsite E18, a research station used as a 
case-study area located on the highway (E18) between Västerås and 
Enköping, Sweden, Europe (Fig. 1 and Figure S 1). Testsite E18 is located 
in the central part of Sweden, the climate is mild with an annual mean 
temperature of 6 ◦C, (SMHI., 2022a), the road is surrounded by fields, 
the area is flat, and the yearly precipitation is approximately 700 mm 
(SMHI., 2022b). The speed limit at Testsite E18 is 120 km/h, and the 
annual average daily traffic (AADT) is approximately11 000 vehicles 
(NVDB., 2022). The pavement consists of a stone mastic asphalt with a 
maximum stone size of 11 mm (SMA11), with polymer-modified 
bitumen (PMB) as the binder. Testsite E18 has been used as a case 
study area in previously published studies, both regarding road struc
tures (Rasul et al., 2018), air quality (Svensson et al., 2022), residual salt 
measurements (Arvidsson et al., 2021), and microplastics and organic 
pollutants (Dröge and Tromp, 2019). The samples were analyzed with 
an automated Scanning Electron Microscopy/Energy Dispersive X-ray 
spectroscopy (SEM/EDX) analytical approach and quantified by a ma
chine learning algorithm as previously described in Järlskog et al., 2022 
and Rausch et al., 2022. The samples were categorized into the following 
subclasses: glass beads, metallic particles, paint particles (Ti-rich, i.e., 
road markings), bitumen wear particles (BiWP), tire wear particles 
(TWP), mineral particles, and organic undifferentiated particles 
(including e.g., pollen, spores, and other organic matter excluding TWP, 
BiWP and road markings). 

2.1. Environmental sampling 

The sampling set-up used at Testsite E18 can be seen in Fig. 1 and the 
sampling dates are shown in Table S 1. Road dust samples were collected 
in-between the wheeltracks and adjacent to the kerb (named a and b in 
Fig. 1). Runoff (water and sediment) was collected in the roadside gully 
pot (named c) and in the stormwater well (named d). To measure the 
atmospheric transport and deposition of particles from the road, a pas
sive air sampler, named Sigma-2 (VDI2119:2013; Rausch et al. (2022), 
was placed at the road edge (named e and Figure S 2) and additional 
Sigma-2 s and deposition buckets were placed at four distances from the 
road edge (named f). The meteorological data has been collected from 
the open-source data provided by the Swedish meteorological and hy
drological institute, SMHI, and includes precipitation, wind direction, 
and wind speed (Figure S 3 and Figure S 5) from the national monitoring 
station in Enköping (59.65 N, 17.12E) (SMHI., 2022a; SMHI., 2022b; 
SMHI., 2022c). The road is situated in the east-westerly direction and 
sampling was made south of the road (Fig. 1). 

2.1.1. Road dust samples 
Road dust samples were collected from the road surface with a Wet 

Dust Sampler (WDS II). Sampling was performed on five occasions 
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between 2018 and 2020 to include all seasons (2018–10-04, 2019–06- 
14, 2020–01-16, 2020–04-08, and 2020–06-04), the precipitation was 
measured 30 days ahead for each of the five sampling occasions 
(Figure S 4). WDS II uses a known amount of high pressurized de-ionized 
water (340 mL) to clean a known area of the road surface (20.4 cm2). 
The method has previously been described (e.g., Gustafsson et al., 2019; 
Jonsson et al., 2008; Järlskog et al., 2022; Lundberg et al., 2019; 
Rødland et al., 2022b). Each sample bottle contains a composite sample 
where three WDS II samples have been pooled together (approximately 
1 L). Two bottles from each position (kerb and in-between wheeltracks) 
were analyzed for identification and quantification of traffic-derived 
particles. 

2.1.2. Sediment and water from the roadside gully pot and the stormwater 
well 

Samples were collected on 2020–06-04 and no precipitation had 
occurred 10 days before sampling. At Testsite E18, all road runoff, 
collected at a 100 m stretch from are collected in two roadside gully pots 
and transported to the same stormwater well (through a pipe) (d in 
Fig. 1). After the stormwater well, the water is released into a ditch and 
further transported to a small creek without any treatment or cleaning 
steps. The flow of runoff from the road surface at Testsite E18 starts after 
2 mm of precipitation. Water from the roadside gully pot and the 
stormwater well was grab sampled into 1L glass bottles with a telescopic 
surface water sampler (similar to the NASCO swing sampler but built at 
the VTI workshop). Thereafter, sediment was sampled with a tube 
sampler (Hydro-Bios, Sediment Corer). The amount of precipitation 30 
days ahead of the sampling are seen in Figure S 4. 

2.1.3. Air and transect samples 
Air samples were collected during three periods (January 2020, May 

2020, and December 2020) with passive Sigma-2 samplers (following 
the norm VDI2119:2013) on boron substrates (Figure S 2). Sigma-2 
samplers measures the dry deposition as it has a protective cap hin
dering wet deposition and collect particles in the PM80-1 µm fraction. It is 
size-selective with an approximate upper cutoff at 80 µm, and a lower 
cutoff at 1 µm following the sedimentation principle, only particles > 1 
µm can be collected quantitatively since smaller particles have a too 
small sedimentation rate to be sampled passively (Rausch et al., 2022). 
Sigma-2 s were placed approximately 3.1 m south of the road edge at a 

height of 2 m above ground level, Figure S 2. The sample from January 
2020 was collected for 14 days, the one from May 2020 for 30 days, and 
the sample from December 2020 for 14 days. In the measurement 
campaign performed in December 2020, besides the Sigma-2 placed at 
3.1 m, samples were collected in a transect on the southern side of the 
road. Three Sigma-2 samplers were placed at a height of 1.5 m above 
ground level at different distances (4.8, 27.1, and 100 m) from the road 
edge to investigate the variation of PM composition and concentrations 
with distance. To investigate the atmospheric deposition on the ground 
level, buckets (Ø 17.7 cm) were placed at the same distances from the 
road as the Sigma-2 s (3.1, 4.8, 27.1, and 100 m) (Fig. 1). The buckets 
are completely open collecting both dry and wet deposition at all sizes. 
The buckets are placed on the ground and are more subject to influence 
of adjacent organic sources (e.g., insect fragments). Few coarse particles 
depositing in the buckets might influence grain size distribution and 
hamper comparison between Sigma-2 and bucket sampling. Therefore, 
this should be done with caution. The total precipitation during the 
three periods with air measurements was 10 mm (January 2020), 22 mm 
(May 2020), and 32 mm (December 2020). The accumulated precipi
tation 30 days before sampling, and during the sampling period are 
shown in Figure S 4. The wind speed and wind direction during the 
sampling period can be seen in Figure S 5. 

2.2. Sample preparations 

Between 2018 and 2020, 19 samples from the road surface, 4 sam
ples from the stormwater well, 4 samples from the roadside gully pot, 6 
air samples (Sigma-2), and 3 samples from deposition buckets were 
collected and analyzed for different traffic-derived particles, Table S 1. A 
more extensive description of the sample preparation steps can be seen 
in (Järlskog et al., 2022). A simplified flowchart illustrating the sample 
collection, sample preparation, particle analysis, classification, and 
quantification are shown in Fig. 2. 

2.2.1. Road dust, sediment, water, and deposition samples 

2.2.1.1. Gravimetry. For the gravimetric analysis, 300–500 mL (road 
dust, water solution, and runoff) and 50 g (wet stormwater and roadside 
gully pot sediment) were filtered through a pre-weighted Munktell 00H 
filter (particle retention 1–2 µm). The total particle mass (1–2000 µm) 

Fig. 1. Left: Location of Testsite E18, 59◦38′0.7′′N 16◦51′12.3′′E. Map collected from the Swedish Road Administration and Lantmäteriet, (https://nvdb2012.trafik 
verket.se) and modified by authors. Right: The illustration shows the sampling spots at Testsite E18; a = road dust samples collected in-between wheeltracks; b =
road dust samples collected adjacent to the kerb; c = roadside gully pot; d = stormwater well; e = air sampling placed at the road edge, f = air sampling and 
deposition buckets at different distances to the road. Illustration: Anna Liljedal. 
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was calculated (g/L). With the results from the gravimetric analysis (g/ 
L) and the area of the WDS II (20.4 cm2•3), the total amount of road dust 
was calculated into g/m2 by assuming that the road dust was evenly 
distributed on the road surface. The information was used for the cal
culations of absolute concentrations based on the SEM/EDX data. The 
transect buckets were weighted and ocular inspected. Since the buckets 
contained small amounts of material, the samples were diluted with 1 L 
de-ionized water to enable sample preparation. Of the diluted transect 
bucket samples 300–500 mL was analyzed for gravimetry. Based on the 
gravimetry and the area of the bucket (Ø 17.7 cm), the total amount of 
particles (g/m2) were calculated assuming that the particles was evenly 
distributed. 

2.2.1.2. Particle size distribution. All samples, except the air samples, 
were analyzed for particle size distribution (0.125–2000 µm) by laser 

diffraction (Mastersizer 3000 from Malvern Panalytical). 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 mea
surements were performed in triplicates. Approximately 200 mL of the 
liquid samples (road dust, runoff, and transect buckets) and 50 g of wet 
sediment were used for the particle size distribution, PSD. 

2.2.1.3. Sieving. A known amount (~300 g for road dust samples 
collected adjacent to the kerb and ~ 500 g for stormwater, transect 
buckets, and road dust samples collected in-between wheeltracks) were 
size-fractionated using mesh sieves (VWR test sieves, ISO 3310, 20 and 
125 µm) into two size fractions: 20–125 µm and < 20 µm. In the analysis, 
however, the minimum analyzed size was 2 µm, and the size fraction <
20 µm is hereafter denoted 2–20 µm. For the sediment collected in the 
roadside gully pot and the stormwater well, representative subsamples 

Fig. 2. Schematic figure of the methodology divided into sampling, sample preparation, particle analysis, particle classification, and quantification.  
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of wet sediment (approximately 50 g each) were taken from the sedi
ment pile, whereafter the subsamples were wet sieved into the same size 
fractions as the liquid samples (2–20 µm and 20–125 µm). These frac
tions are in the following text referred to as the finer and the coarser 
fractions of the samples and should not be confused with the particulate 
matter (PM) terminology used for airborne particulate matter (e.g., 
PM10 and PM2.5). All particles in the two size fractions were transferred 
onto Whatman Cyclopore Membrane filters (pore size 0.4 µm) and then 
dispersed on boron substrates using a Morphology G3ID by Malvern 
disperser (Järlskog et al., 2022) prior to SEM/EDX single particle 
analysis. 

In order to exclude contamination due to the use of tap water, blank 
samples were prepared using the same methodology, but here 1 L of tap 
water was sieved and filtered instead of 300–500 mL. Due to the lack of 
visible particles on the filters, these samples were not dispersed. Instead, 
the Whatman Cyclopore Membrane filters were coated with carbon and 
single particle analysis was performed on the filter. The dominant par
ticle group in the blank samples were trace elements, dominated by Fe 
and Cu. The elemental composition differed from the particles identified 
in the environmental samples and thus, it can be concluded that the 
eventual contamination from the sample preparation was negligible 
(Supplementary material 5.4). Duplicates from all samples (except for 
the transect buckets due to the small amounts of material) were 
analyzed to reduce the risk of eventual extreme values from inhomo
geneous sample matrices. 

To evaluate the potential variation within a sample, and to validate 
the accuracy of the method, a repeatability test was performed. Five 
replicates were collected from the same filter, dispersed, analyzed, and 
classified independently. The results showed that both the relative 
number- and mass concentrations were similar for all replicates, in both 
size fractions indicating that the method is reliable and that a subsample 
can be seen as representative. A more extensive description com
plemented with boxplots and a table showing particle count, standard 
deviation, and the relative mass- and number concentrations (%) for 
each replicate can be seen in the supplementary material (chapter 
5.1–5.4, Table S 4, Figure S 12, Figure S 13). 

2.2.2. Air samples 
Air samples collected on self-made, highly polished boron surfaces 

(Rausch et al., 2022) did not undergo any further preparation in the lab 
(i.e., no coating or transfer to another surface). The boron substrates 
were placed on standard aluminum discs for SEM analysis using a C-pad 
for fixation and subsequently directly analyzed. This procedure has the 
advantage of minimizing the chance of contamination of the samples in 
the lab. 

2.3. Analytical method 

The samples were analyzed by automated SEM/EDX single particle 
analysis using a Zeiss Gemini 300 Field Emission Gun (FEG)-SEM 
equipped with an Oxford X-MAX EDS detector with an 80 mm2 window, 
a high efficiency 4 quadrant backscatter electron (BSE) detector and the 
particle analysis software AZtecFeature (©Oxford Instruments). Particle 
classification and quantification were performed with a machine 
learning (ML) algorithm, which makes use of all the available elemental 
and morpho-textural descriptors (in total 67, 43 determined by the 
AZtecFeature software and 24 extracted by the ML-algorithm itself) in a 
“random forest” model trained with>110′000 particles from road sam
ples; The prediction accuracy that is expected from the ML-classifier and 
further details on the ML-model are shown in Järlskog et al. (2022) and 
Rausch et al. (2022). The above-described ML-algorithm categorizes the 
particles into the following subclasses: TWP, bitumen wear particles 
(BiWP), road markings, reflecting glass beads, metallics, minerals, and 
biogenic/organics. An extensive method description can be seen in 
Rausch et al. (2022) and Järlskog et al. (2022). In the finer fraction of 
the road dust, water, and sediment samples (2–20 µm) it was not 

possible to satisfactorily differentiate between TWP and BiWP, see 
further explanation on the differentiation between TWP and BiWP in 
Järlskog et al. (2022). Therefore, these two subclasses were counted 
together, hereafter denoted as TBiWP. In the air samples, a differentia
tion between TWP and BiWP could be satisfactorily achieved for parti
cles > 5 µm owing the pristine appearance of the particles in the 
airborne Sigma-2 samples. This is partly because these samples do not 
undergo any sample preparation, and are probably less affected by 
leaching, alteration, etc., in the environment. However, following a 
conservative approach, the TWP and BiWP < 5 µm were also summa
rized in TBiWP as their differentiation towards smaller sizes became also 
more challenging (Järlskog et al., 2022). 

2.4. Estimation of the relative number and mass of particles for the 
different subclasses 

Based on the total number of analyzed particles (average from all 
road dust and runoff samples, 1223 particles (2–20 µm) and 854 parti
cles (20–125 µm), 527 particles in the air samples PM80-1 µm) and the 
number of particles classified in the specific subclasses, the relative 
number concentration of each particle subclass (%) was calculated. To 
calculate the relative mass concentration, the mass of single particles 
needs to be estimated. This was done by calculating the volume of a 
sphere based on the equivalent circular diameter (ECD), i.e., the 2D 
projection of the particle obtained from the single particle analysis 
software Aztec Feature (Oxford), and assuming a specific density for 
each particle group. A density of 1.8 g/cm3 was used for TWP (corre
sponding to the average density of the TWP density spectrum shown in 
Klöckner et al. (2019)), 5.1 g/cm3 for metallic particles corresponding to 
the approximate density of hematite, which is by far the most common 
chemical composition found within the metallic particle group in the 
analyzed environmental samples, 2.7 g/cm3 for minerals corresponding 
to the average density of most common minerals like silicates and car
bonates and 1.0 g/cm3 for biogenic/organic particles as used in Rausch 
et al. (2022). The density of 1.4 g/cm3 was assigned to BiWP based on 
the average TRWP density in Klöckner et al. (2021), 2 g/cm3 to road 
marking wear particles corresponding to the average density for ther
moplastic road markings in the database of the Nordic certification of 
road marking materials, NordicCert, and 2.5 g/cm3 to glass beads 
(Moghadam et al., 2021). Note that, if needed, the density can be 
adapted. 

2.5. Estimation of the absolute mass and number of particles for the 
different subclasses 

The SEM/EDX analyses were performed on subsamples, meaning 
that only a small part of the sieved fractions was measured and thus, the 
total mass cannot be directly determined. This is further complicated by 
the fact that the samples were divided into two fractions. However, a 
rough estimation of the total mass and number of particles per subclass 
can be achieved by using the particle size distributions from the laser 
granulometer and the information from the gravimetric analysis in 
combination with the estimated mass per particle and calculated relative 
mass % per subclass based on the SEM/EDX single particle analysis data 
as described above. The total gravimetric mass (g/L) of a given sample 
and the information about the cumulative volume % from the laser 
granulometer (assuming homogenous density) were used to estimate the 
share of the mass between 2 and 20 µm and between 20 and 125 µm. The 
absolute mass and number of the different subclasses was then extrap
olated based on the information of the relative mass of the same sub
classes within the sieved fractions, Table S 2. In the result section, it was 
decided to use the estimated absolute masses rather than the estimated 
absolute numbers. The absolute masses seem to be more representative, 
especially since the finer fraction (2–20 µm) of road dust contained up to 
1.94 • 1011 TBiWP particles which is unrealistic to count manually. 
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3. Results and discussions 

3.1. Particle size distribution in all matrices 

Fig. 3 (left) compares the particle size distributions, PSD, 
(0.125–2000 µm) from road dust samples (mean values, differences 
between sample occasions can be seen in Figure S 7) with sediment, and 
runoff samples collected in the roadside gully pot and from the storm
water well. In the road dust samples, the PSD is broad, with peaks be
tween 20 and 30 µm, similar results have been reported in Järlskog et al. 
(2020), Klöckner et al. (2021) and Shen et al. (2016). The PSD in the 
roadside gully pot (both sediment and water) showed a different pattern 
with a higher proportion of coarse particles, with a median size of 60 µm 
for water and 100 µm for sediment which is coarser than the average 
particles in the other sample matrices, but finer than the particles found 
in roadside gully pot sediment by (Wei et al., 2022) where the average 
particles were 300–500 µm. The reasons for the coarser particles found 
in the roadside gully pot can be explained by the fact that particles are 
transported into the roadside gully pot through runoff. Higher intensity 
and duration of precipitation enable the transport of coarser fractions of 
road dust (Xia et al., 2020). 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. The design of the 
roadside gully pots and winter maintenance (snow ploughing and grit 
spreading) can also influence the accumulation of particles (Mengistu 
et al., 2021; Wei et al., 2022). In the stormwater well (sediment and 
water), the PSD were finer, with a maximum below 20 µm. A possible 
explanation for the large number of coarser particles in the roadside 
gully pot water is that at the moment of sampling, there was pollen 
floating on the water surface. Under the light microscope it was 
observed that these samples contained higher amounts of pollen. Due to 
the overall low concentration of suspended material in these samples a 
few larger particles can lead to an overestimation of the size in the PSD. 
Another possibility is that traffic turbulence and the high speed (120 
km/h) affects the road dust resuspension (Amato et al., 2017; Le Vern 
et al., 2021), resulting in an increased deposition in the roadside gully 
pots. Moreover, road dust has shown hydrophobic properties during 
sample preparation, which might explain why some large particles 
remain floating on the water surface (Amato et al., 2013; Bykova et al., 
2021). 

Particles from the road surface were finer than particles in the 
roadside gully pot, but coarser than particles from the stormwater well. 
Particles collected adjacent to the kerb had similar size distributions 
through all seasons, Figure S 7. For the in-between wheeltrack samples, 

the sample from January had a broader peak with coarser particles. The 
in-between wheeltracks samples were slightly coarser than samples 
collected adjacent to the kerb. A likely explanation is that the finer 
fractions are depleted from this surface due to intense traffic turbulence, 
while the kerbside is not exposed to similar resuspension forces. The size 
distributions of road surface particles are very similar to previously 
sampled road dust in other road and traffic environments using the WDS 
(e.g., Gustafsson et al., 2019; Järlskog et al., 2021; Lundberg et al., 2020; 
Rødland et al., 2022b). 

Fig. 3 (right) shows the PSD from the deposition buckets with an 
average particle size of 30 µm. However, the transect buckets showed 
bimodal distributions with a second peak towards coarser particles (300 
µm), especially prominent for the 4.8 m and the 100 m sample. These 
peaks are likely caused by single, or few coarser particles deposited into 
the buckets. At the rather low dust amounts sampled (especially at 100 
m), these particles can cause large, but not representative, peaks in a 
volume distribution. Even if the PSD in the deposition buckets were 
similar to each other and to the samples from the road surface, the total 
particle mass showed a clear decrease with distance from the road (13 g/ 
m2 at 3.1 m, 2 g/m2 at 100 m) Figure S 8. 

3.2. Road dust 

3.2.1. Road dust total particle mass (gravimetry) 
The total mass of particles (<2000 µm) in the road dust samples 

collected adjacent to the kerb varied between 400 and 1240 g/m2 with a 
maximum during the autumn of 2018 and minimum during the summer 
of 2019. Independently of season, the other samples (January, April, and 
June 2020) contained similar total amounts of road dust (approximately 
900 g/m2) (Figure S 6). Similar particle loads (334–1669 g/m2) were 
reported from industrial sites in Korea by Jeong et al., (2020), from areas 
with a high traffic volume in Korea (149–173 g/m2) (Ha et al., 2012), 
from urban areas in Mexico City (5.4–173 g/m2) (Aguilera et al., 2021), 
and from a tunnel in Norway (6–188 g/m2) (Rødland et al., 2022b). The 
similar particle loads are likely to be a result of long-term accumulation 
of road dust adjacent to the kerb, with relatively small additional 
accumulation and removal between sampling occasions. For the samples 
collected in-between wheeltracks, where the dust load is more affected 
by traffic turbulence, the total amount of particulate matter varied be
tween 2 and 35 g/m2. The highest concentrations were found in April 
2020 and the lowest in June 2019 (Figure S 6). Gustafsson et al. (2019) 
have shown similar results where the dust load in-between wheeltracks 
and adjacent to the kerb tends to increase during the spring (studded 
tires in use) and decrease during summer (no studded tires in use). The 

Fig. 3. Particle size distributions. The samples shown in the figure to the left are mean values for the corresponding sample type from all sampling campaigns (kerb, 
n = 10; in-between wheeltracks, n = 9; roadside gully pot, n = 2; stormwater n = 2). The figure to the right shows the PSD of the deposition bucket samples at 
different distances from the road edge. The two analyzed size fractions are marked as intervals with arrows. 
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sampling in June 2019 was preceded by higher, and more recent pre
cipitation (26.9 mm two days before the sampling) than the June 2020 
sampling, which could explain the low dust load in June 2019 (Figure S 
4). 

3.2.2. Road dust composition (relative number concentration in % and 
seasonality) 

The relative number concentration (%) of traffic-derived micro
plastics and other non-exhaust particles for the road dust collected 
during the different sampling occasions can be seen in Fig. 4 and 
Figure S 9. The kerb samples are shown as bright bars and the in- 
between wheeltrack samples are shown as more faded bars. For the 
coarser fraction (20–125 µm), a higher relative concentration of TWP 
was detected adjacent to the kerb compared to in-between wheeltracks 
(5–22 % and 2–7 %). For BiWP, the relative concentrations were more 
similar but also higher in kerb samples (3–13 % in the kerb and 2–8 % in 
in-between wheeltracks). For the finer fraction (2–20 µm), a similar 
pattern was observed. The relative concentration of TBiWP varied be
tween 11 and 27 % in the kerb samples and 7–19 % in in-between 
wheeltracks. Rødland et al. (2022b) also found that the highest TWP 
and BWP concentrations were detected adjacent to the kerb, followed by 
in-between wheeltracks and Sieber et al. (2020) states that 74 % of the 
TWP deposits at the roadside. Minerals followed by TWP and BiWP 
(TBiWP in the finer fraction), are the dominating subclasses in both size 
fractions and at both positions. The lowest levels of TWP were detected 
during the sampling in January 2020 (Fig. 4), which is the opposite 
pattern as the total amount of road dust, Figure S 6, which is higher 
during the winter period. Moreover, the mineral concentration was 
higher when TWP was at their lowest levels. The opposite pattern could 
be seen in the samples from the spring, summer, and autumn, where the 
mineral concentrations were lower and TWP higher. The sample 
composition seems to be more affected by the seasonal use of studded 
tires/summer tires than meteorology. The studs cause more road wear 
and roughen the road surface while studless winter tires and summer 
tires polish the road surface. This results in higher generation of TWP 
during spring when the road surface is rough and tires are switched from 
studded to summer (Vogelsang et al., 2020). 

The sample composition, as well as the particle size distribution is of 
high relevance to be able to simulate transport of road dust and its 
components via air and water as the transport depends on both the 
physical and chemical properties (Fussell et al., 2022). These parameters 
are also relevant with regard to the potential health and environmental 
impacts of the road dust during different seasons. 

3.2.3. Road dust composition, estimated absolute mass 
Based on the results from the gravimetry, the PSD, and the SEM/ 

EDX/machine learning differentiation, an estimated absolute mass (g/ 
m2) was calculated, Fig. 5 and Figure S 10. The results showed that the 
estimated mass of traffic-derived microplastics in the coarser fraction 
varied between 3 g/m2 (January) to 43 g/m2 (October) for the TWP, and 
between 10 g/m2 (June) and 25 g/m2 (January) for the BiWP in the kerb 
samples. The amount of TWP in-between wheeltracks was substantially 
lower, 0.01 g/m2 (October) and 0.2 g/m2 (April), for the BiWP, the 
estimated masses varied between 0.04 g/m2 (June) to 0.3 g/m2 (April). 
The seasonal variations between TWP and BiWP can also be explained 
by the use of studded tires (Vogelsang et al., 2020). This is important to 
consider in forth-coming studies based on field measurements. For 
example, for pollution transport modelling and risk assessments, espe
cially since the relative number concentration (%) of TWP were similar 
between the two positions. As an example, the average TBiWP mass 
(both size fractions) in samples collected adjacent to the kerb was 85 g/ 
m2. This value is ten times higher than the average mass in in-between 
wheeltrack samples (0.8 g/m2). In another WDS study, where road dust 
samples were collected at different positions in a tunnel in Norway, the 
TWP concentrations varied between 0.025 and 4.8 g/m2, and the highest 
concentrations were detected adjacent to the kerb (Rødland et al., 
2022b, Figure S 13). Highways in Sweden are rarely swept, thus the road 
dust collected adjacent to the kerb can accumulate for a long period. 
That might explain the large deviations between the kerb and in- 
between wheeltracks. Therefore, it is probably more realistic to see 
the accumulation at the kerb as a storage location and assume that the 
material can be further transported during heavy rains and windy epi
sodes (Wang et al., 2022). The results further showed that both absolute 
and relative estimates provide the same pattern with minerals as the 
most common subclass followed by TWP and BiWP (Figure S 10, Fig. 5). 

3.3. Sediment and water (roadside gully pot and stormwater well) 

3.3.1. Sediment and water total particle mass (gravimetry) 
The gravimetric analysis of the water samples showed that the par

ticle mass in the water was almost six times higher in the stormwater 
well compared to the roadside gully pot (1.1 g/L vs 0.2 g/L). The PSD 
indicates that the particles in the roadside gully pot, both for water and 
sediment, were coarser than in the stormwater well, as also mentioned 
in 3.1 and Fig. 3. A reason for the lower particle mass in the roadside 
gully pot water is that the particles have either sedimented or have been 
further transported downstream instead of remaining floating in the 
roadside gully pot water. Large amounts of precipitation occurred 12 
and 22 days prior the sampling (figure S 3 and S 4). Those rain events 

Fig. 4. Comparisons of relative number concentration (%) for particles collected adjacent to the kerb (bright color bars) and in-between the wheeltracks (faded color 
bars) divided into the different subclasses. The results of the finer fraction (2–20 µm) are shown in the left side, while the results of the coarser fraction (20–125 µm) 
in the right side. The bars are mean values of the duplicates analyzed for each of the five sampling occasions. Note that the bars are logarithmic. 
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probably transported some of the particles from the roadside gully pot 
further to the stormwater well. After high particle concentrations in the 
first flush during a rain event, the run-off water has lower particle 
concentrations. The high dust load of the first flush will be transported 
further downstream to the run-off well, while the gully-pot will suc
cessively receive less dust laden run-off water. Also, the small volume of 
the gully pot favors higher flows, resulting in coarser and heavier par
ticles remaining in the gully pot. A small rain event (<2 mm) occurred 7 
days before sampling, but was too small to cause any runoff. 

3.3.2. Sediment and water composition (relative number concentration in 
%) 

3.3.2.1. Runoff water. The relative number concentrations (%) of the 
different subclasses differed between the roadside gully pot and the 
stormwater well (Table S 2 and Figure S 9). In the coarser fraction 
(20–125 µm) from the roadside gully pot, the relative concentration of 
traffic-derived microplastics, i.e., TWP was 25 % and of BiWP 6 %, while 
the stormwater well contained 35 % of TWP and 3.5 % of BiWP. A higher 
amount of minerals was detected in the roadside gully pot (65 % 
compared to 54 % in the stormwater well). Another noticeable differ
ence was that more organic material was detected in the stormwater 
well (7.5 %) than in the roadside gully pot (2.5 %). For the finer fraction 
(2–20 µm), 43 % of TBiWP were detected in the roadside gully pot, and 
31 % in the stormwater well, which is the opposite pattern compared to 
the coarser fraction. Even the mineral concentration was lower in the 
roadside gully pot (43 %) compared to the stormwater well (64 %). This 
result indicates that the finer mineral particles are transported to a 
greater extent than the coarser particles, as expected. 

3.3.2.2. Runoff sediment. On the contrary, a lower percentage of TWP 
was found in the coarser fraction of the sediment in both the roadside 
gully pot and the stormwater well compared to the water phase., see 
Table S 2, Fig. 10, and Figure S 9. The result can be explained by the lack 
of heavy precipitation prior to the sampling date since the intensity of 
the rainfall is directly related to the number of particles floating in the 
water (Xia et al., 2020), resulting in sedimentation of coarser particles. 
The coarser fraction (20–125 µm) of the roadside gully pot sediment 
contained 13 % of TWP, 11 % of BiWP, and 70 % of minerals. For the 
stormwater well sediment, 24 % consisted of TWP, 12 % of BiWP, and 

57 % of minerals. In the finer fraction (2–20 µm), the relative concen
tration of TBiWP in both the roadside gully pot and the stormwater 
sediment was very similar. This indicates that the stormwater system 
might be the major transportation route of TWP as previously stated by 
e.g., Wang et al. (2022). 

Compared to samples collected on the road surface, the relative 
number concentration of TWP (both size fractions) was higher in the 
water and the sediment in both the stormwater well and the roadside 
gully pot. A possible explanation is the occurrence of a higher proportion 
of larger and heavier mineral particles in samples collected at the road 
surface, i.e., closer to the source. The road dust accumulates at the kerb 
for a long time, especially during a period with little precipitation and 
low wind speeds. In these meteorological conditions, the road dust 
generated is not removed by runoff and will therefore accumulate. 
Moreover, lighter particles like TWP will be more easily transported by 
runoff, which would cause a higher proportion of TWP in the runoff dust 
load than in the remaining on-road dust load. 

3.3.3. Sediment and water composition (estimated absolute mass 
concentration) 

The calculated masses in water and sediment are presented in Fig. 6 
and Table S 2. In the coarser fraction of the roadside gully pot sediment, 
3.5 g TWP/kg and 9.3 g BiWP/kg were detected. In the stormwater 
sediment, 14.5 g TWP/kg and 26.5 g BiWP/kg were found. The finer 
fraction of the sediments contained 21.4 g TBiWP/kg (roadside gully 
pot) and 71 g TBiWP/kg (stormwater). Rødland et al. (2022b) found 
3–54 g TWP/kg (median 7 g/kg) and 2.4–43 g polymer modified 
bitumen (PMB)/kg (median 5.2 g/kg) in sediments from roadside gully 
pots located in a tunnel in Norway. The samples were analyzed with a 
novel pyr-GC/MS method that enabled the estimation of the amounts of 
TWP, and PMB. The lowest concentrations were found in the roadside 
gully pot located in the middle of the tunnel, and the highest concen
trations were from the gully pot at the inlet of the tunnel. The results of 
the present study were in the same concentration range as those in 
Rødland et al. (2022b). The results from the present study are also well 
in line with a previous study by Mengistu et al. (2021) where the authors 
analyzed gully pot sediment and concludes that up to 1–150 g/kg of the 
sample consists of TWP (Figure S 14). The stormwater well also con
tained a higher content of organic/biogenic material compared to the 
roadside gully pot. The roadside gully pot water contained 0.01 g/ TWP/ 

Fig. 5. Comparisons of the estimated mass (g/m2) for the road dust samples. Kerb samples (n = 10) are shown in dark boxplots, and in-between wheeltracks samples 
(n = 9) are shown in the light boxplots. The mean value is shown with a cross and the median with a line through the boxes. The edges of each boxplot represent the 
quartiles, and the whiskers show the 10 and 90 percentiles. The results of the finer fraction (2–20 µm) are shown on the left side, while the results of the coarser 
fraction (20–125 µm) in the right side. 
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kg in the coarse fraction and 0.01 g TBiWP/kg in the finer fraction while 
the stormwater contained 0.13 g TWP/L in the coarser fraction and 0,15 
g TBiWP/L in the finer fraction. The results from the stormwater are 
within the same order of magnitude as previously published studies e.g., 
Parker-Jurd et al., (2021) (>15 µm, 0.0025 g/L), Kumata et al., (2002) 
(0.0006–0.179 g/L) even though different analytical methods, sampling 
techniques, and size ranges has been analyzed. The findings from this 
study confirms previous findings e.g., Wang et al. (2022), that the 
stormwater system is an important transport route for traffic-derived 
microplastics especially since the main part of road runoff from high
ways (and rural areas) is not treated prior to release into the 
environment. 

3.4. Airborne dust (mass concentration and deposition) 

3.4.1. Composition of airborne dust PM80-1 (mass concentration) 
As in the road dust samples and the runoff samples, the air samples 

are dominated by minerals (11.9–16.3 µg/m3) followed by biogenic/ 
organic particles (1.1–6.2 µg/m3), traffic-derived microplastics, TWP >
5 µm (1.4–2.4 µg/m3), BiWP > 5 µm (0.3–0.9 µg/m3), metallic wear 
particles (0.1–0.9 µg/m3), and with the lowest concentrations, paint 
wear particles (0.02–0.1 µg/m3), note that the air was analyzed in the 
PM80-1 fraction as previously mentioned in 2.1.3. TWP always occur in 
higher concentrations than BiWP (Fig. 7). The TBiWP fraction 
comprising TWP and BiWP particles < 5 µm that could not be unam
biguously differentiated into the two subclasses separately, amounts to 
0.3–0.8 µg/m3. This underlines the abundance of tire and bitumen 
particles also in the airborne inhalable particle fraction. Recently pub
lished studies based on field measurements of TWP reports 

Fig. 6. Estimated mass (g/kg and g/L) for sediment and water samples collected in the roadside gully pot and the stormwater well. The results of the sediment 
samples are shown to the left, while the ones of the water samples to the right. 

Fig. 7. Comparison of air samples collected with the Sigma-2 passive sampler (VDI2118:2013) 1.5 m from the road edge during three different periods of the year. 
The mass concentration in µg/m3 of the different particle subclasses within PM80-1 is shown. 
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concentrations in the air at busy roads in Denmark (2.81 µg/m3) (Fauser 
et al., 1999) and Spain (3.4 µg/m3) (Amato et al., 2014), at urban sites in 
the US (0.2–2 µg/m3) (Schauer et al., 2002), and at ambient air in 
Germany and Switzerland varying between 0.2 and 0.5 µg/m3 and 2.17 
µg/m3 (Fomba et al., 2018; Rausch et al., 2022). The studies have used 
different methods for sampling, sample preparation, and analyses 
(including different settings on the instrument, and various markers for 
identification of TWP. However, the results are within the same size 
range as the present study, (Figure S 14). Metallic particles, most likely 
largely derived from brake wear, also play an important role in all air 
samples with concentrations ranging between 0.1 and 0.9 µg/m3. Paint 
wear particles occur in significantly lower concentrations (0.02–0.1 µg/ 
m3) but are also present in the three airborne dust samples. 

3.4.2. Variations in airborne samples due to seasonality and meteorology 
In May 2020, the concentrations of bitumen wear particles were 

almost three times higher than in the winter samples. That can be 
explained by the increased generation and accumulation of bitumen 
particles during the previous months due to the use of studded tires, in 
combination with warmer and drier conditions promoting road dust 
resuspension (Gustafsson et al., 2019). The amount of precipitation was 
higher in December and January compared to in May. In general, the 
colder and more humid weather during the winter often results in moist 
road surfaces which allows particles to be trapped at the road surface 
rather than to be transported into the air (Denby et al., 2013). During the 
winter, the vehicle speed is often lower due to snow and ice cover which 
can also reduce the turbulence and resuspension of particles by traffic. 
The wind speed was higher during the winter and the wind direction 
varied compared to the May sampling campaign, (figure S 3. S 4, S 5), 
meaning that the particles that were released into the air were trans
ported further away from the road with a higher speed than the particles 
in May. Moreover, the sampling in May occurred for 30 days compared 
to 14 days for the respective winter sampling campaigns (January and 
December). Further, the mass concentration of PM80-1 biogenic/organic 
particles is relatively high and variable upon season ranging between 1.1 
and 6.2 µg/m3. The biogenic/organic mass concentration was almost six 
times higher in May 2020 compared to the winter samples from January 
2020 and December 2020 (Fig. 7). The high concentration in May re
flects the typical increased biological activity during the spring season 
(and also summer), which is responsible for the enhanced emission of 
natural particulate matter like pollen and spores and secondary organic 
compounds (Gelencsér et al., 2007; Li et al., 2021; Yttri et al., 2019). 

Factors like turbulence and mixing height (determined by tempera
ture gradient), wind speed, wind direction, and precipitation during the 
sampling periods may impact the concentrations found in the air sam
ples (Fussell et al., 2022; Klein and Fischer, 2019; Xia et al., 2020). 
During the measurement period in May 2020, the dominant wind di
rection (was crosswise from the road (north) towards the sampling point 
(south), while in January and December 2020, the dominant wind di
rections were southwest and southeast, respectively (Figure S 5). This 
had most likely the effect of diluting the contribution of road/traffic- 
derived particles and incrementing the concentration of particles 
derived from other sources located southwest (agricultural fields), resp. 
southeast (agricultural fields), in the collected air samples. The pre
dominant N–S wind direction during May 2020 is likely to have exerted 
an influence on the higher mass concentration of BiWP, metallic, and 
biogenic/organic particles during that measurement campaign. Further, 
the last precipitation preceding and during the sampling occasions 
varied (Figure S 4) with 26 mm 30 days before and 21.6 mm during the 
measurement in May 2020, while the precipitation before the sampling 
occasions in January and December 2020 were higher (47 mm and 73 
mm respectively). During the winter period, the road surface is often 
moist, and the particles tend to stay longer on the road surface than 
during the spring and summer when the road surface dries up more 
quickly due to higher temperatures (Denby et al., 2013). Even though 
biogenic/organic particles play a worth-mentioning role (in average 12 

% of PM80-1, Fig. 10) in the PM composition of the studied airborne 
samples, it is still obvious that the airborne dust at the studied site is 
dominated by traffic-related emissions (minerals, BiWP and paint wear 
particles from road wear, TWP and metal wear from tire and brake 
abrasion, respectively). This is the case for all studied seasons. 

3.4.3. Variations in mass concentration of airborne particles with 
increasing distance to the road (Sigma-2 transect measurement) 

The results from the transect using Sigma-2 passive samplers (placed 
at 4.8 m, 27.1 m, and 100 m from the road edge) shows that the highest 
concentration of particles was found in the sampler closest to the road. 
And the concentration decreased with increasing distance to the road for 
all subclasses except for the organic/biogenic, which increased at 27.1 m 
compared to 4.8 m (Fig. 8 and Figure S 11). This is in agreement with a 
previous study by Sommer et al. (2018), where traffic-derived non- 
exhaust particulate matter in super-coarse (i.e., PM80–10) air samples 
(4.6 m from the road) were dominated by traffic-derived abrasion (89 
%) of which 33 % were TWP. In this study, as in the study by Sommer 
et al. (2018), the results indicate that the majority of the particles in the 
air (except for the organic/biogenic) could be related to traffic. 

3.4.4. Variations in atmospheric deposition of airborne particles with 
increasing distance to the road (bucket transect measurement) 

The gravimetric results from the deposition buckets showed that the 
total mass of particles (g/m2) decreased with increasing distance to the 
road (13 g/m2 at 3.1 m; 5.6 g/m2 at 4.8 m, 6.4 g/m2 at 27.1 m, and 2 g/ 
m2 at 100 m), except for the deposition bucket placed at 27.1 m which 
contained approximately 1 g more particles/m2 (Figure S 8). The 
increased particle load at 27.1 m can be explained by the higher con
centration of organic material in that bucket. The particle load was 
estimated based on the results from the gravimetry, the area of the 
bucket opening, and the assumption that the particles were evenly 
deposited on a square meter. Due to the low number of particles that 
were deposited in the buckets, it was judged that it is more reasonable to 
use the relative mass concentrations (%) instead of relative number 
concentrations (%) for the discussion of these results. As seen in Fig. 9, 
the majority of the particles, even at longer distances, can be related to 
traffic. The meteorological data indicates that even if the wind speed 
was low during the measurement period (December 2020), no inversion 
occurred, the predicted turbulence was low, and the dominant wind 
direction was towards the deposition buckets (Figure S 5). This, and that 
the concentrations of TWP is reduced away from the road, is also in 
agreement with previous findings of traffic-related particles (Mori et al., 
2018) and recently TWP findings by Parker-Jurd et al. (2021) and 
Goβmann et al. (2021).Further, particulates suspended in the atmo
sphere might removed by wet deposition (Wright et al., 2020) which 
could result in higher concentrations of traffic-derived particles even at 
more remote distances from the road. 

3.5. Distribution of traffic-derived particles in different environmental 
compartments 

A schematic illustration of transport routes and dispersal pathways of 
traffic-derived microplastics and other road related particulate matter at 
Testsite E18 (Sweden) is shown in Fig. 10. The specific numbers pre
sented in the figure will vary from site to site depending on the vehicle 
volume and road configuration. The principal transport mechanisms and 
pathways, however, might be applicable to traffic environments in 
general. The particles are generated at the road surface, and thereafter 
either transported into the environment directly through the air and 
deposited down-wind of the road or deposited at the road surface as a 
dust load. The dust load is then either transported during precipitation 
events through road runoff or splash and spray, resuspended in the air, 
accumulated at the road edge, or infiltrated in the ditches. The results 
have been summarized in pie charts showing the relative number con
centration (%) (for road dust and runoff) and relative mass 
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concentration (%) (for air and deposition) of glass fragments from 
reflecting glass beads, metallic particles mainly from break wear, 
biogenic/organic particles mainly from nature, road marking paint 
wear, TBiWP, and minerals for the different environmental compart
ments (mean values of the entire size fractions analyzed for the different 
sample matrices). The calculated absolute masses (see section 2.5.) can 
be seen adjacent to the respective pie chart (Note that the absolute 
masses are presented with different units). 

The relative number concentration (%) of TBiWP was highest in the 
roadside gully pot water (38 %) followed by the water in the stormwater 
well (34 %), sediment in the stormwater well (33 %), roadside gully pot 
sediment (26 %), road dust from the kerb (20 %), road dust from in- 
between the wheeltracks (12 %), and finally in the air samples, both 
from the atmospheric deposition buckets (12 %) and airborne PM80-1 
Sigma-2 samples (4 %). The same pattern was detected in both size 
fractions (2–20 µm and 20–125 µm), Table S 2, and can partly be related 
to precipitation, wind speed, and wind direction. The share of TBiWP 
was lower closer to the source (i.e., at the road surface), likely due to the 
higher content of heavier mineral particles, largely stemming from road 
abrasion, closer to the source. The mineral particles sediment to a higher 
extent in the ditch or adjacent to the kerb, increasing the relative content 
of TBiWP further away from the road surface. The results from the 
calculations of absolute masses showed that for the solid samples, the 
highest concentrations of TBiWP were found in the stormwater sediment 
(112 g TBiWP/kg). The roadside gully pot sediment contained much 
lower TBiWP masses (34 g TBiWP/kg). Samples collected adjacent to the 
kerb had much higher concentrations (85 g TBiWP/m2) than the sam
ples from in-between wheeltracks (0.8 g TBiWP /m2) which partly is a 
result of the dominating wind speed and wind directions, but also from 

turbulence from the traffic and precipitation (Gustafsson et al., 2019; 
Xia et al., 2020). For the water samples, the roadside gully pot had ten 
times lower concentrations (0.03 g TBiWP /L) than water in the 
stormwater well (0.3 g TBiWP /L), indicating that the total number of 
particles were higher in the stormwater well compared to the roadside 
gully pot. The air contained 3 µg/m3 of TBiWP in the size fraction PM80-1 
and 0.8 µg/m3 of TBiWP in PM10-2.5, which is in-between the values 
reported in Rausch et al. (2022) for a traffic and an urban background 
site. These results suggest that measures to reduce the amount of TWP 
and BiWP for further spreading should be focused to the kerb, and when 
it is possible, to sediment and water of the stormwater wells. 

Another important finding is that the estimated masses in the sedi
ment were higher for the finer fraction than for the coarser fraction. 
Sediment from the stormwater well consisted of 70 g TBiWP/L in the 
finer fraction and 41 g TBiWP/L in the coarser fraction. For the roadside 
gully pot, 21 g TBiWP/L were detected in the finer fraction compared to 
13 g TBiWP/L in the coarser fraction, Fig. 6. The same pattern was 
detected for road dust (Fig. 5). Previous literature has sometimes 
excluded finer particles from the analyses, and it has been discussed that 
finer particles (<20 µm) doesn’t have significant contribution to the 
total mass. This result clearly shows the opposite, and it should 
encourage to include the finer fractions (i.e., < 20 µm) in the forth
coming studies. 

3.6. Strengths, limitations, and potential further work 

The sampling (WDS II, Sigma-2) and analytical (automated SEM/ 
EDX single particle analysis coupled to an ML-based classification) 
method used in the present study was able to recognize, differentiate, 

Fig. 8. Comparison of size-resolved mass concentrations ug/m3 of the differentiated particle subclasses within the samples collected with Sigma-2 samplers in a 
transect with samplers installed at 4.8 m, 27.1 m, and 100 m from the road edge. ECD = Equivalent Circular Diameter. 

Fig. 9. Relative mass concentrations in percentage of the different particle subclasses as a result of atmospheric wet and dry deposition into buckets at different 
distances from the road edge. See Figure S 8 for absolute deposition into buckets. 
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and quantify between various subclasses of traffic-derived microplastics 
(TWP, BiWP, and road marking paint) and other non-exhaust particles 
(minerals, metallic and glass beads) in a variety of sample matrices. The 
relative number concentration enabled comparisons between different 
sample matrices while the estimated absolute masses enabled rough 
comparisons between previously published studies. In addition, the 
SEM/EDX-ML approach provides information about morphological pa
rameters, like size, shape, and texture of the particle surfaces, which are 
of importance to increase the knowledge on aging, deposition, and 
transport of the particles. 

Uncertainties of the applied methodology include the conversion of 
2D particle projections to 3D volumes and the attribution of specific 
densities to the particles based on the assigned subclass (e.g., 1.8 g/cm3 

for TWP). The influence of these uncertainties in the quantifications has 
been previously discussed by Rausch et al. (2022). 

A limitation of the used methodology is that samples (except for 
airborne, Sigma-2) needed to be divided into two fractions. The reason 
why this step was necessary lies in the fact that it is unpracticable to 
analyze the complete size range (2–125 µm) by SEM/EDX single particle 
analysis in a single analytical run. To guarantee statistically significant 
results for both the fine and the coarse particles, a very large number of 
particles, and therefore, an extremely long analytical time would be 
necessary. Therefore, under the actual analytical possibilities, this was 
considered unrealistic, especially in view of the large number of samples 
investigated in this study. 

The passive air sampling performed with Sigma-2 s has an upper 
cutoff of around 80 µm and a lower cutoff of around 1 µm. A drawback of 
the passive sampling method is that particles < 1 µm cannot be collected 
and analyzed quantitatively since particles finer than 1 µm have a too 
small sedimentation rate to be sampled passively. A possible solution 
could be to use active samplers for forthcoming studies. However, an 
active sampler requires electricity and a more work intense operation. 
Further, boron substrates are not suitable for active samplers, and the 
use of conventional filters (e.g., made of polycarbonate) is not suitable 
for the analysis of traffic-derived carbonaceous particles with SEM/EDX 
for the following reason: these filters contain carbon, thus, the quanti
fication of carbon on a carbon-bearing filter is not possible. However, 
the element carbon is of importance for the differentiation between 
particle subclasses and the automated classification, meaning that the 
lack of carbon as a diagnostic criterion would deteriorate the results. 
Therefore, at the moment, the classification of particles < 1 µm is too 
challenging. 

A suggestion for upcoming studies is that multiple analytical stra
tegies are used, e.g., the automated SEM/EDX in combination with pyr- 
GC/MS to be able to compare results obtained from intrinsically 
different but probably complementary methodologies. For future work, 
additionally, it would be of interest to collect more samples from the 
roadside gully pots and the stormwater well, preferably in all seasons, to 
investigate potential meteorological differences. More detailed sampling 
before, during, and after a rain event could be used to better understand 

Fig. 10. The main dispersion routes of traffic-derived particles at Testsite E18 combined with the results presented as relative number concentration (%) (relative 
mass concentration (%) for air) and absolute mass of TBiWP from samples collected in the different matrices (therefore displayed in different units). The subclasses 
TWP and BiWP are counted together, and the size fractions (2–20 µm and 20–125 µm) have been combined. The pie charts show the mean values of the relative 
number concentration (relative mass concentration for air) for each sample matrix and the absolute mass is an average. 
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particle transport in the different parts of the system and how it affects 
the composition and size distributions. It could also be of interest to 
perform additional analyses to quantify metals, organic pollutants, and 
other microplastics to further increase the understanding of the sample 
composition. 

4. Conclusions 

This study investigated the occurrence and concentrations of traffic- 
derived microplastics and other non-exhaust particles in various sample 
matrices close to a rural road environment, with a special focus on TWP 
and TBiWP. The results confirm previous findings that TWP are an 
important source of microplastics and indicate that large amounts of 
TWP are transported from the road surface into the stormwater and air, 
but also that the samples closer to the source (i.e., road surface) contain 
more heavy particles (i.e., minerals) than samples collected at longer 
distances. 

The particle size distribution highlighted the importance to include 
the finer fractions in the investigations since the average particle size 
varied between 10 and 100 µm independent of sample matrix and the 
estimated absolute masses showed that the finer fraction (2–20 µm) 
corresponds to>50 % of the TBiWP (mass) in samples from all matrices 
indicating that the finer fraction is more important than previously re
ported. Moreover, the 2–20 µm fraction dominated (both by mass, vol
ume, and number) in all sample matrices. This is an important finding 
since finer particles have a high potential to be transported in water and 
air far away from the source and parts of the 2–20 µm fraction can also 
contribute to the inhalable particle fraction (PM10) in air. The total 
particle mass reduced drastically with an increased distance from the 
emission source. However, with time, the accumulated loads of traffic- 
derived microplastics and non-exhaust particles within stormwater 
and surfaces affected by atmospheric deposition of airborne dust may 
become high also at distant recipients. 

The highest share (relative number concentration %) of TWP and 
TBiWP was found in the water from the runoff (roadside gully pot and 
stormwater well), with a mean number concentration of 37 % in the 
2–20 µm fraction and 30 % in the 20–125 µm fraction. At the road 
surface, the average number concentration proportions were 19 % 
(kerb) and 14 % (in-between wheeltracks) in the 2–20 µm fraction, and 
15 % (kerb) and 6 % (in-between wheeltracks) in the 20–125 µm frac
tion. On the other hand, the estimated absolute masses showed that the 
TBiWP were higher in the sediment collected in the stormwater well (70 
g TBiWP/kg (2–20 µm) and 42 g TBiWP/kg (20–125 µm)) than in 
samples collected adjacent to the kerb (48 g TBiWP/kg (2–20 µm) and 
36 g TBiWP/kg (20–125 µm)). Further, a seasonal increase of BiWP was 
observed in the coarser fraction (20–125 µm) of the kerb samples during 
winter, most likely reflecting studded tire use. 

Even though the Sigma-2 airborne and the deposition bucket samples 
contain the lowest relative mass concentrations of TBiWP compared to 
the other environmental compartments, they still consist of a consider
able share of these particles (4 % and 12 %, respectively). It is especially 
of relevance when considering the distal paths that small particles can 
travel under certain atmospheric processes (e.g., mineral particles 
transported large distances during Saharan dust events), and their po
tential accumulation on surfaces like agricultural soils through atmo
spheric deposition over time. 

The findings from this study indicate that the stormwater system is 
an important transport route of TWP and other traffic-derived particles 
especially since the main part of road runoff from highways (and rural 
areas) is not treated prior to release into the environment. The results 
also confirm that the road dust contains large amounts of traffic-derived 
microplastics meaning that measures should be implemented to prevent 
further transport into the environment. A comparison of our results with 
other previous published studies, shows that they are within the same 
concentration range, suggesting that the concentrations of TWP In 
different sample matrices are similar on a global scale. 
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I. Järlskog et al.                                                                                                                                                                                                                                 

https://doi.org/10.1016/j.envint.2022.107618
https://doi.org/10.1016/j.envint.2022.107618
https://doi.org/10.3390/atmos12020266
https://doi.org/10.1016/j.atmosenv.2013.03.037
https://doi.org/10.1016/j.atmosenv.2013.03.037
https://doi.org/10.5194/acp-14-3533-2014
https://doi.org/10.5194/acp-14-3533-2014
https://doi.org/10.1016/j.atmosenv.2016.01.022
https://doi.org/10.4209/aaqr.2017.01.0017
https://doi.org/10.1016/j.scitotenv.2020.137823
https://doi.org/10.1016/j.atmosenv.2020.117886
https://doi.org/10.1016/j.atmosenv.2020.117886
https://doi.org/10.2305/IUCN.CH.2017.01.en
https://doi.org/10.2305/IUCN.CH.2017.01.en
https://doi.org/10.1088/1755-1315/862/1/012040
https://doi.org/10.1088/1755-1315/862/1/012040
https://doi.org/10.1016/j.envpol.2021.117811
https://doi.org/10.1016/j.atmosenv.2013.04.069
http://refhub.elsevier.com/S0160-4120(22)00545-1/h0065
http://refhub.elsevier.com/S0160-4120(22)00545-1/h0065
http://refhub.elsevier.com/S0160-4120(22)00545-1/h0065


Environment International 170 (2022) 107618

14

Fauser, P., Tjell, J.C., Mosbaek, H., Pilegaard, K., 1999. Quantification of tire-tread 
particles using extractable organic zinc as tracer. Rubber Chem. Technol. 72, 
969–977. https://doi.org/10.5254/1.3538846. 

Fomba, K.W., van Pinxteren, D., Müller, K., Spindler, G., Herrmann, H., 2018. 
Assessment of trace metal levels in size-resolved particulate matter in the area of 
Leipzig. Atmos. Environ. 176, 60–70. https://doi.org/10.1016/j. 
atmosenv.2017.12.024. 

Fussell, J., Franklin, M., Green, D., Gustafsson, M., Harrison, R., Hicks, W., Kelly, F., 
Kishta, F., Miller, M., Mudway, I., Oroumiyeh, F., Selley, L., Wang, M., Zhu, Y., 2022. 
A Review of Road Traffic-Derived Non-Exhaust Particles: Emissions, 
Physicochemical Characteristics, Health Risks, and Mitigation Measures. 
Environmental Sciences and Technology 56, 11, 6813–6835. https://doi.org/ 
10.1021/acs.est.2c01072. 

Fuzzi, S., Baltensperger, U., Carslaw, K., Decesari, S., Denier van der Gon, H., 
Facchini, M.C., Fowler, D., Koren, I., Langford, B., Lohmann, U., Nemitz, E., 
Pandis, S., Riipinen, I., Rudich, Y., Schaap, M., Slowik, J.G., Spracklen, D.V., 
Vignati, E., Wild, M., Williams, M., Gilardoni, S., 2015. Particulate matter, air 
quality and climate: lessons learned and future needs. Atmos. Chem. Phys. 15, 
8217–8299. https://doi.org/10.5194/acp-15-8217-2015. 

Gelencsér, A., May, B., Simpson, D., Sánchez-Ochoa, A., Kasper-Giebl, A., Puxbaum, H., 
Caseiro, A., Pio, C., Legrand, M., 2007. Source apportionment of PM2.5 organic 
aerosol over Europe: Primary/secondary, natural/anthropogenic, and fossil/ 
biogenic origin. Journal of Geophysical Research: Atmospheres 112. https://doi.org/ 
10.1029/2006JD008094. 
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Aronsson, M., Andersson-Sköld, Y., 2020. Occurrence of tire and bitumen wear 
microplastics on urban streets and in sweepsand and washwater. Science of the total 
Environment; 72910. 1016/j.scitotenv.2020.138950. 
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2022. Automated identification and quantification of tire wear particles (TWP) in 
airborne dust: SEM/EDX single particle analysis coupled to a machine learning 
classifier. Sci. Total Environ. 803, 149832 https://doi.org/10.1016/j. 
scitotenv.2021.149832. 

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

Rødland, E.S., Lind, O.C., Reid, M., Heier, L.S., Skogsberg, E., Snilsberg, B., Gryteselv, D., 
Meland, S., 2022b. Characterization of tire and road wear microplastic particle 
contamination in a road tunnel: From surface to release. J. Hazard. Mater. 435 
https://doi.org/10.1016/j.jhazmat.2022.129032. 

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. Environ. Sci. Technol. 36, 3806–3814. https://doi.org/10.1021/ 
es011458j. 

Shen, Z., Liu, J., Aini, G., Gong, Y., 2016. A comparative study of the grain-size 
distribution of surface dust and stormwater runoff quality on typical urban roads and 
roofs in Beijing, China. Environ. Sci. Pollut. Res. 23, 2693–2704. https://doi.org/ 
10.1007/s11356-015-5512-5. 
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