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between TWP and BiWP for particles > 20  µm with 
satisfying results. Furthermore, the relative number 
concentration of the subclasses was similar in both 
analyzed size fractions (2–20  µm and 20–125  µm), 
with minerals as the most dominant subclass (2–20 µm 
x̄ = 78%, 20–125  µm x̄ = 74%) followed by tire and 
bitumen wear particles, TBiWP, (2–20  µm x̄ = 19%, 
20–125  µm x̄ = 22%). Road marking wear, glass 
beads, and metal wear contributed to x̄ = 1%, x̄ = 0.1%, 
and x̄ = 1% in the 2–20-µm fraction and to x̄ = 0.5%, 
x̄ = 0.2%, and x̄ = 0.4% in the 20–125-µm fraction. The 
present results show that road dust appreciably consists 
of TWP and BiWP within both the coarse and the fine 
size fraction. The study delivers quantitative evidence 
of the importance of tires, bitumen, road marking, and 
glass beads besides minerals and metals to wear parti-
cles and MP pollution in traffic environments based on 
environmental (real-world) samples

Abstract Tires, bitumen, and road markings are 
important sources of traffic-derived carbonaceous wear 
particles and microplastic (MP) pollution. In this study, 
we further developed a machine-learning algorithm 
coupled to an automated scanning electron micros-
copy/energy dispersive X-ray spectroscopy (SEM/
EDX) analytical approach to classify and quantify the 
relative number of the following subclasses contained 
in environmental road dust: tire wear particles (TWP), 
bitumen wear particles (BiWP), road markings, reflect-
ing glass beads, metallics, minerals, and biogenic/
organics. The method is non-destructive, rapid, repeat-
able, and enables information about the size, shape, 
and elemental composition of particles 2–125 µm. The 
results showed that the method enabled differentiation 
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1 Introduction

Traffic-derived non-exhaust particles, e.g., wear and 
tear from tires, brakes, vehicle bodies, and roads, 
are an important source of air, soil, and road runoff 
pollution. The weight and number of vehicles are 
increasing worldwide, resulting in higher emissions 
of non-exhaust particles. Therefore, the non-exhaust 
emissions are predicted to increase, even if the vehi-
cle fleet is transformed from combustion engines to 
electric within the near future (Beddows & Harri-
son, 2021). Non-exhaust particles are directly emit-
ted to the road where the particles can deposit and 
accumulate on the road surface or in the nearby area. 
The particles can also be further transported through 
the air reaching more distal environments, e.g., soils 
and multiple surfaces, (Magnusson et  al., 2020), via 
road runoff to the stormwater systems (Järlskog et al., 
2020, 2021) and farther to receiving waters (Bonde-
lind et al., 2019). Non-exhaust particles accumulated 
as road dust on the road surface can also be suspended 
in the air by traffic and/or wind or transported in 
splash and spray from vehicles during wet conditions 
(Gustafsson et al., 2019). Traffic-derived non-exhaust 
particles contain numerous pollutants such as metals, 
organic compounds, and microplastics (MP), and are 
often found in the environment with encrustations of 
minerals or as mixtures with other particles (Abbasi 
et al., 2017; Järlskog et al., 2021; Panko et al., 2012; 
Rausch et al., 2022).

Brake wear particles and tire wear particles (TWP) 
have previously been identified as major sources of 
metal pollution in the traffic environment since they 
can contain high amounts of copper (Cu), lead (Pb), 
and zinc (Zn) (Degaffe & Turner, 2011; Ma et  al., 
2021; Müller et al., 2020). Zinc can also be found in 
galvanized steel such as crash barriers and lampposts. 
Furthermore, nickel (Ni), chromium (Cr), and Pb can 
be released from the vehicles during driving, e.g., by 
engine wear or metal plating. Brake wear particles are 
formed due to the mechanical interaction between the 
brake caliper and rotor during braking (Wahlström 
et al., 2009) and the release of metals is also depend-
ent on driving behavior and the traffic environment 

(Folkeson, 2005; Hjortenkrans et al., 2007). Thermal 
processes at higher temperatures, related to hard or 
frequent braking, result in high emissions of ultrafine 
particles (Nosko & Olofsson, 2017; Vojtíšek-Lom 
et al., 2021). Emissions also depend on vehicle weight, 
where heavier cars emit more brake wear particles at 
similar deceleration rates (Oroumiyeh & Zhu, 2021).

Bitumen wear particles (BiWP) are also com-
monly found in environmental samples. Bitumen is 
a crude oil derivative and contains, besides carbon 
and oxygen, elements like sulfur, nitrogen, vanadium, 
nickel, and calcium in low concentrations (Holý & 
Remišová, 2019). Bitumen is used in the wearing 
course and the binder layers of the pavement, which 
contains also variable but usually high proportions 
of minerals. Therefore, it is common to find bitu-
men sticking to mineral grains and forming particle 
agglomerates by its adhesive properties.

Tire wear particles are generated when the 
tire tread interacts with the road surface during 
motion, especially during slip, i.e., while acceler-
ating, deaccelerating, and/or steering (Baensch-
Baltruschat et  al., 2020). The generation is also 
influenced by the characteristics of the tire, the size 
and weight of the vehicle, the pavement, and the 
driving behavior and conditions, e.g., deviations in 
wheel alignment and tire inflation pressure (Kole 
et al., 2017; Verschoor et al., 2016; Wagner et al., 
2018). TWP has been defined as one of the major 
sources of MP (Kole et  al., 2017). In the environ-
ment, TWP are found as encrustations with miner-
als or bitumen called tire and road wear particles, 
TRWP. However, compared to traditional MP, TWP 
and TRWP have been less studied, and the parti-
cles are more difficult to analyze, due to their com-
plex composition and black color. The presence 
of carbon black causes a disruptive fluorescence 
phenomenon when exposed to laser lights, result-
ing in almost complete absorption of the infrared 
light (Eisentraut et  al., 2018; Kole et  al., 2017). 
Several studies have been published recently using 
pyrolysis GC/MS for the quantification of spe-
cific tracers present in TWP (ISO, 2017a, b; Goß-
mann et  al., 2021; Parker-Jurd et  al., 2021; Rød-
land et  al., 2022a), but a standardized method for 
sampling, sample preparation, and analysis is still 
missing (Lusher et  al., 2021; Rauert et  al., 2021). 
This is mainly due to the difficulties of recognizing 
TWP in environmental samples and that analytical  
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methods are either affected by time-consuming 
sample preparations or limited to specific size 
ranges (Jekel, 2019).

In a recent study, scanning electron microscope 
energy dispersive X-ray analysis (SEM/EDX) was 
used in combination with time-of-flight secondary ion 
mass spectrometry (ToF–SIMS) for chemical map-
ping of TRWP (Kovochich et al., 2021). The authors 
showed promising results and identified TRWP 
(6‒120  µm) based on shape (elongated/round) and 
chemical composition, but the method required an 
extensive sample preparation prior to analysis, and the 
identification of TWP was not automated. Recently, a 
new approach combining automated SEM/EDX sin-
gle-particle analysis with a machine learning-based 
(ML) classification algorithm for differentiation and 
quantification of the most dominant particles in urban 
air samples (including TWP and non-exhaust parti-
cles) was presented (Rausch et al., 2022). The identi-
fication and differentiation of the single-particle sub-
classes and their proportions were based on elemental 
composition combined with morphological and tex-
tural properties. The method delivered information 
about mass and number concentration combined with 
size, shape, composition, and textural heterogeneity 
of single particles.

In this paper, the automated SEM/EDX/ML-based 
method was further developed by including new 
subclasses expected in road dust samples. The aim 
of this study was to develop a rapid and repeatable 
method to differentiate between and within carbona-
ceous traffic-derived wear particles like TWP, BiWP, 
and road marking wear and non-carbonaceous non-
exhaust particles like minerals, metals, and glass 
beads in road dust samples, including a specifically 
designed sample preparation and the application of 
the complete method to a case study. To our best 
knowledge, this is the first study differentiating and 
quantifying this wide spectrum of traffic-derived 
wear particles in road dust samples. Moreover, it pro-
vides additional information about elemental compo-
sition, shape, size, and particle surface/texture as the 
result of one single, and automated analysis.

2  Method

This is a method development study for traffic-derived 
wear particles collected in the environment. Figure 1 

shows a schematic illustration of the method set-up: 
samples were collected on the road surface, analyzed 
with an automated SEM/EDX single-particle analy-
sis, thereafter, classified into different subclasses with 
ML, and the relations between different subclasses 
are presented as relative number concentrations, e.g., 
with a pie chart.

2.1  Field Sampling

Road dust samples were collected at Testsite E18, 
a national research station located on the highway 
between Västerås and Enköping, Sweden (Fig-
ure  S7). The annual average daily traffic (AADT) 
is approximately 11,000 vehicles, and the speed 
limit is 120 km/h. To the date of the sampling, the 
pavement at Testsite E18 consisted of a stone mas-
tic asphalt with a maximum gravel size of 11  mm 
(SMA11); the binder is a polymer modified bitu-
men. Samples were collected adjacent to the kerb 
in all seasons, on a total of five occasions between 
2018 and 2020. Road dust samples were collected 
from the road surface with a wet dust sampler II 
(WDS II) as previously described in (Gustafsson 
et  al., 2019; Jonsson et  al., 2008; Lundberg et  al., 
2019). The sampling technique is automated, and 
340  mL of high pressurized de-ionized water is 
used to clean a standardized, circular area of the 
road surface (20.42  cm2) whereafter the road dust-
water mixture is transferred into a glass bottle by 
compressed air. Each bottle contains a compos-
ite sample, where three sub-samples of 340  mL 
have been pooled together by moving the WDS 
II approximately 20  cm in the driving direction 
between every sample. This step was performed to 
maximize the sampling area ensuring sampling on a 
previously unsampled area of the road surface and, 
hence, to reduce the risk of extreme values.

2.2  Sample Preparation

From each sample bottle, containing 1L of road dust-
water mixture:

• 200 mL was analyzed for particle size distribution 
by laser diffraction (see 2.2.1)

• Approximately 500 mL was used for the gravimet-
ric analysis (see 2.2.1).
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• 300 mL were sieved using mesh sizes 125 µm and 
20  µm (for further details see 2.2.2). The sieved 
fractions were used for single-particle analysis.

2.2.1  Grainsize and Gravimetric Analysis

The road dust samples were analyzed for particle size 
distribution using a laser granulometer (Mastersizer 
3000 from Malvern Panalytical) and the Mie scat-
tering model. Due to the upper size limit (2 mm) of 
the laser granulometer, all samples were pre-sieved 
over an ISO 3310 VWR® 12″ (mesh size 2  mm). 
The refraction index was based on earlier measure-
ment experiences (Gustafsson et  al., 2019) and the 
measurements were performed in triplicates (Supple-
mentary material, 2.1). For the gravimetric analysis, 
500  mL was filtered through a pre-weighted Munk-
tell 00H filter (particle retention 1‒2 µm). After dry-
ing, the filters were conditioned in an exicator and 
weighed whereafter the particle mass concentration 
was calculated (g/L). The total amount of road dust 
(g/m2) was calculated based on the information from 
the gravimetric analysis and the area of the WDS II 
sample by assuming that the road dust was evenly dis-
tributed on the road surface.

2.2.2  Preparation for Single‑Particle Analysis

The road dust samples were separated into different 
particle size fractions. Approximately 300  mL was 
wet sieved with tap water in sequence through 125-
µm and 20-µm mesh sieves (VWR® test sieves, ISO 
3310) with the use of a showerhead and a shake-table. 
The fraction > 125  µm was separated but not fur-
ther analyzed in the present study as it was included 
in previous studies performed by the authors of this 
publication (Järlskog et al., 2020 and Järlskog et al., 
2021). Furthermore, particles > 125  µm account for 
a low proportion (cumulative volume) of the sample 
(≈10%, Figure S6). Previous analyses of TRWP have 
also shown that the average particle size is < 125 µm 
(Kreider et  al., 2010; Klöckner et  al., 2021 and  
Lundberg et  al., 2020). The mesh sizes (125 and 
20 µm) are commonly used for sieving analyses, and 
the use of those mesh sizes might enable a comparison 
with previous studies. Moreover, it is harder to obtain 
a statistically relevant result with the automated SEM/
EDX single-particle analysis due to the relatively  Fi

g.
 1

  S
ch

em
at

ic
 il

lu
str

at
io

n 
of

 sa
m

pl
in

g,
 a

na
ly

si
s, 

pa
rti

cl
e 

cl
as

si
fic

at
io

n,
 a

nd
 a

n 
ex

am
pl

e 
of

 th
e 

re
su

lts

Water Air Soil Pollut (2022) 233: 375 375   Page 4 of 24



1 3
Vol.: (0123456789)

low number of particles > 125  µm that can be ana-
lyzed in an analytical run considering the magnifi-
cation used with a scanning electron microscope. 
The material collected in the 20-µm sieve (hereafter 
denoted 20‒125  µm) was transferred onto What-
man Cyclopore Membrane filters (pore size 0.4 µm) 
by rinsing the sieve with de-ionized water (the 
sieve walls and the mesh was thoroughly rinsed to 
reduce the risk of loss of particles). The sieved liq-
uid < 20 µm was filtrated on a separate Whatman fil-
ter. It means that the collected size fraction from the 
filtrate liquid < 20  µm comprises particles between 
0.4 and 20  µm. However, out of this size fraction 
particles between 2 and 20  µm were analyzed (see 
Sect.  2.3.2). Therefore, this size range is hereaf-
ter denoted as 2‒20  µm. The reason why particles 
smaller than 2 µm were not included in the analysis 
is because of the slow sedimentation rate of parti-
cles < 2 µm, which is therefore reflected in the sam-
ple preparation through dispersion (see Sect.  2.2.3), 
resulting in a sample that is underrepresented for par-
ticles < 2  µm. In addition, the smaller the particles, 
the less clear their morpho-textural fingerprint will be 
under the applied analytical conditions which are the 
best compromise for the entire analyzed particle size 
spectrum. With a decreasing particle size, the number 
of pixels per particle decreases, and the interaction 
volume of electrons and X-rays within the substrate—
assuming a constant voltage—increases. All road 
dust samples were prepared in duplicates. For qual-
ity assurance and to estimate the contribution of par-
ticles suspended in the tap water or contaminants in 
the filters and the lab equipment, four blank samples 
containing one liter of tap water were filtered through 
Whatman Cyclopore Membrane filters (pore size 
0.4 µm). Prior to the SEM analysis of the blank sam-
ples, the filters were coated with carbon, and single-
particle analysis was performed on the filter surfaces.

2.2.3  Dispersion of Particles on Boron Substrates

Particles (i.e., < 20  µm, resp. 20–125  µm) were dis-
persed with compressed air using the Morphology 
G3ID device manufactured by Malvern. The disper-
sion was performed on a boron substrate (Rausch 
et al., 2022), which has the advantage of allowing the 
characterization and quantification of carbonaceous 
particles such as tire wear, bitumen, road markings, 
and biogenic/organics. This is possible because boron 

substrates do not contain the element carbon as ordi-
nary substrates for SEM analysis.

2.3  SEM/EDX Manual and Automated 
Single-Particle Analysis

2.3.1  Fingerprinting of Traffic‑Derived Particle 
Subclasses Using Reference Materials

To characterize the different particle types (especially 
new subclasses like bitumen, road markings, and 
glass beads) and obtain their characteristic morpho-
textural-chemical fingerprint, reference material was 
analyzed manually and when possible, also in an 
automated manner. The reference material included 
road surface, road markings, and reflecting glass bead 
samples from different locations. Manual SEM/EDX 
analyses were performed on original pieces of refer-
ence material (Fig. 2a, b) that underwent no sample 
preparation (i.e., no milling, sieving, filtering, dry-
ing, or dispersion) apart from C-coating to guarantee 
sample conductivity during the SEM/EDX analysis. 
These untreated reference samples were analyzed to 
investigate the original composition, texture, distri-
bution, and proportion of the different components 
within the reference material. Additionally, auto-
mated SEM/EDX analyses were performed on the 
same reference samples, that were—for this pur-
pose—previously milled and dispersed on boron sub-
strates as described in Sect.  2.2.3. The later sample 
preparation had the purpose of simulating samples 
with similar content as in road dust and collected in 
WDS road dust samples (i.e., comparable size range). 
By integrating the results of the reference samples in 
the particle classifier described in Sect. 2.4, the rec-
ognition of the newly characterized particles (bitu-
men, road markings, and glass beads) in the environ-
mental WDS samples was facilitated.

2.3.2  Automated SEM/EDX Single‑Particle Analysis

On average, 1137 particles per sample of the 20–125-
µm fraction and 1324 particles per sample of the 
2–20-µm fraction were analyzed by automated SEM/
EDX single-particle analysis. For this purpose, 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 quad-
rant backscatter electron (BSE) detector and the 
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particle analysis software AZtecFeature (©Oxford 
Instruments) was used at the Particle Vision lab (Fri-
bourg, Switzerland). For each particle, a BSE image 
was taken and EDX analysis was performed. The 
analyses were performed at 12  kV, with a 60-µm 
aperture and approximately 3.4-nA beam current 
measured with a Farraday cup. The image pixel size 
for the analysis of the finer fraction (2–20  µm) was 
0.056  µm (500 × magnification and resolution of 
4096 × 3072 pixels per image). For the larger fraction 
(20–125 µm), 170 × magnification and a resolution of 
4096 × 3072 pixels per image were used and the pixel 
size was 0.1644 µm. Particles on the boron substrate 
were recognized by gray value (i.e., BSE intensity) 
thresholding. EDX analyses were performed for each 
recognized particle with the AZtecFeature software 
(©Oxford Instruments). For further details on the 
SEM/EDX approach for automated single-particle 
analysis see Rausch et  al. (2022). Together with the 
elemental composition, nine basic morphological 
parameters for each analyzed particle were automati-
cally determined by the AZtecFeature software.

2.4  Data Treatment and Particle Classification with 
ML

The data sets obtained from the AZtecFeature soft-
ware were exported and subsequently treated with a 
machine-learning (ML)-based algorithm (see sup-
plementary material, Figure  S1 and Figure  S2). 
Besides the chemical and morphological (size, cir-
cularity, aspect ratio, etc.) parameters delivered by 
the AZtecFeature software, the algorithm originally 
developed for air samples automatically extracts and 
calculates 21 complementary morphological and 
textural (backscatter-signal based) parameters (e.g., 
fractal dimensions, convexity, gray kurtosis, modi-
fied Ripley’s K-functions) (Rausch et al., 2022). For 
the particle classification, all the available chemi-
cal and morpho-textural descriptors (in total 67) are 
combined in a “random forest” model trained with 
113,043 particles from 138 WDS samples and six air 
samples (Sigma-2 samples, from Stockholm, Swe-
den). Additionally, six reference samples created 
by mortaring material of different road paints were 
analyzed. The prediction accuracy that is expected 
from the developed ML-classifier and further details 
on the ML-model are shown in the Supplementary 
material (Figure  S1). As a quality assurance of the Ta
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e 
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particle classification, the image and elemental spec-
tra of each particle can be manually double-checked. 
The classification of each particle is also labelled 
with a score that indicates the level of confidence of 

the classification within a certain class. Therefore, if 
desired, these tools can be used to manually evalu-
ate the results and if necessary, perform changes 
by moving one particle to another particle class. 

Fig. 2  (a) Backscatter image of a piece of road marking 
containing glass bead and minerals. (b) Zoom-in of the dark 
matrix containing micrometric bright mineral particles and 
brighter Ti-bearing pigments submicron to nanoparticles. (c) 
Backscatter image of a single Ti-bearing road marking wear 
particle from the milled reference sample. (d)Backscatter 
image of a glassy shard with its corresponding typical elemen-
tal composition (histogram to the right). (e) Backscatter image 

of a road marking wear particle with its corresponding typi-
cal elemental composition (histogram to the right). (f) Heat-
map obtained from the automated single-particle analysis of 
the milled road marking/glass bead reference sample showing 
the typical elemental composition of both, road markings and 
glass beads, and their proportion within the sample (see heat-
map reading example in supplementary material, Figure S3)

Water Air Soil Pollut (2022) 233: 375 375   Page 8 of 24
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Subsequently, all quantitative results in tables and 
graphs can be automatically updated. Information 
on repeatability tests for quality assurance and detec-
tion limits can be found in supplementary material 
1.1‒1.4.

3  Results and Discussion

3.1  Fingerprinting of New Traffic-Derived Particle 
Subclasses

Under the backscatter detector, road marking (paint) 
wear consists of a matrix with embedded bright, 
nearly spherical particles (Fig. 2a) with a diameter of 
a few hundred microns (= glass beads). The matrices 
may also contain single minerals (see angular parti-
cles in micrometric size; Fig. 2a). On a submicro- to 
nanometric scale Ti-dominated particles are ubiqui-
tous, which can be seen in more detail in Fig. 2b, c. 
The backscatter image shown in Fig. 2c shows a sin-
gle Ti-bearing road marking wear particle stemming 
from the milled reference sample. This image reveals 
that Ti is homogenously distributed even in particles 
with a few micrometers. In the analyzed size ranges, 
glass particles are not represented by complete glass 
beads, but rather glassy shards (= fragments of a 
glass bead) with their corresponding typical elemen-
tal composition (Si, O, Ca, Na, C; Fig. 2d). Figure 2e 
shows another larger Ti-bearing road marking wear 
particle and its elemental composition typically dom-
inated by C and O with lower and variable amounts of 
Ti, Fe, Si, Al, Mg, Ca, Na, and K. Finally, Fig. 2f is a 
visualization (heatmap) of the overall elemental com-
position, obtained from the automated single-particle 
analysis of the road marking/reflecting glass bead 
reference sample that was milled and prepared as 
described in Sect. 2.2.2. The heatmap (Fig. 2f) shows 
the typical elemental composition of both, road mark-
ings and glass bead fragments (see heatmap reading 
example in supplementary material, Figure  S3). In 
addition, the approximate relative proportion of the 
two particle types within the original sample can also 
be extracted from this analysis (ca. 85% road mark-
ing wear particles vs. ca. 15% glass bead fragments, 
based on number concentrations).

The morpho-textural-chemical characteristics of 
bitumen wear particles determined in similar man-
ner as for the above-described road marking and 

glass bead wear particles are discussed in detail in 
Sect.  3.2.5. These newly defined morpho-textural-
chemical fingerprints were subsequently integrated 
into the classification schema of the machine-learning 
algorithm applied in this study. This made an auto-
mated identification and quantification of bitumen, 
road marking, and glass bead particles, besides the 
previously in Rausch et al., (2022) defined subclasses: 
minerals, metals, tire wear, and biogenic/organic, in 
road dust samples possible (see Sect. 3.2).

3.2  Automated Identification of Traffic-Derived 
Wear Particles

The road dust samples were classified into the follow-
ing morpho-textural-chemical particle main classes: 
(a) organic undifferentiated particles, (b) minerals, (c) 
carbon-dominated traffic-derived wear particles (i.e., 
tire and bitumen wear particles TBiWP), (d) metallic 
particles, (e) paint/road marking wear, and (f) reflect-
ing glass beads (Table 1, Fig. 2, Fig. 3). This differ-
entiation was possible because even though all these 
environmental particles are characterized by a certain 
heterogeneity, each of the particle classes exhibits a 
specific and distinctive fingerprint if all the morpho-
textural characteristics and information on elemen-
tal composition are combined. This is illustrated in 
Fig. 4, where a dimensionality reduction is aplied to 
the feature vectors of chemical, textural, and morpho-
logical properties of the 11,043 particles of the data-
set: particles of the same class, which are expected to 
share similar characteristics in the high-dimensional 
space, naturally form clusters in a plane. We use the 
t-SNE algorithm for this unsupervised nonlinear 2D 
projection, since it is well suited for visualizing high-
dimensional data. Moreover, some classes clearly 
exhibit subclasses (multiple neighboring subclusters 
within the same class), which correspond to specific 
morphologies and/or elemental compositions.

For example, subclasses of the mineral main class 
are C-rich minerals and C-poor minerals (Table  1, 
Fig.  2). Note that the dimensionality reduction is a 
convenient way to explore the dataset and confirm the 
relevance of the defined classes, but it is not a classi-
fication per se. All following results presented in this 
study are based on a random forest classifier; details 
about this algorithm are given in the supplementary 
material and elsewhere (Rausch et al., 2022).The typ-
ical morpho-textural characteristics of each particle 
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main-class/subclass are displayed exemplarily in the 
SEM images shown in Figs. 2 and 3, while the typical 
spectra of the elemental composition are summarized 
in the heatmap shown in Fig. 5.

In the following sections, the results and source 
interpretations obtained for each traffic-derived par-
ticle subclass will be discussed in detail consider-
ing the complete data set (i.e., both size fractions 
20‒125 µm and 2‒20 µm together) as the two frac-
tions show slight but not fundamental differences. 
These samples were collected at the road surface of 
Testsite E18.

3.2.1  Metallic Particles (Brake and Vehicle Wear)

The road dust samples (particularly the coarse 
fraction 20–125  µm) contain smaller proportions 
of metallic particles compared to mineral and 
TBiWP (Fig.  5). This is most likely related to the 
intrinsic particle size distribution of metallic par-
ticles in urban environments since they are highly 
concentrated in the fine fractions (median at about 
2‒4  µm) (Jayarathne et  al., 2019; Pant & Harri-
son, 2013; Rausch et  al., 2022). Since only parti-
cles > 2 µm were included in this study, it is likely 
that a noticeable fraction of metallic particles 
smaller than 2  µm are missing in these quantifica-
tions. The most dominant elements in the analyzed 
metallic particles are Fe followed by O, C, and Si. 
Additionally, metallic particles contain low con-
centrations of Al, Ca, Mg, Ti, Cr, Mn, Cu, Zn, and 
S. The obtained elemental compositions and size 
range are in good agreement with the expected 
composition and size of brake wear particles (Har-
rison et al., 2021; Vojtíšek-Lom et al., 2021). Brake 
discs are normally dominated by iron (Fe), while 
brake pads have a more variable composition. Dom-
inating metals are Ba, Cu, Fe, Mn, Ti, and Zn (e.g., 
Grigoratos & Martini, 2014), while others are pre-
sent in lower concentrations, like Sb, Cr, Ni, K, Si, 
Pb, Mo, and Sn (e.g., Figi et  al., 2011; Sethupathi 
et al., 2021). Metals as Fe, Cu, Ba, and Sb are com-
monly used as markers for brake wear (Pant & Har-
rison, 2013). Even though metallic particles were 
not the focus of this study, their importance as an 
environmental pollutant, possibly with major health 
effects (Daellenbach et al., 2020), is worth mention-
ing. Their further investigation and monitoring are 

also of crucial importance in the light of expected 
upcoming regulations involving brake wear.

3.2.2  Reflecting Glass Beads and Road Marking 
Wear

The glass beads, tend to be larger (several hundred 
microns) than the largest analyzed particles (see 
Fig. 2a) and mainly glass shards were found in the 
road dust. The elemental composition of glassy 
wear particles stemming from reflecting glass 
beads is fairly homogeneous (Si, Ca, Na, O ± Mg) 
while road markings show a higher heterogene-
ity, which depends on the proportion of miner-
als (e.g., calcite and silicates) and  TiO2 pigment 
embedded in the carbonaceous matrix (Fig. 2d). A 
clear diagnostic criterion to identify road marking 
wear particles is the ubiquity of Ti ranging from 
a few % to up to about 36 wt.% in this case-study. 
Moreover, the element Ti is widely distributed in 
the C-rich matrix as sub-micron to nanoparticles 
(white pigments) (Fig. 2b, c, f). This is the reason 
why road marking wear particles are also readily 
detectable in the fine fraction. Kole et  al. (2017) 
estimated that 5% of the total amount of road 
markings is released into the environment on an 
annual basis. The wear rate is higher in countries 
where salt, winter maintenance, and studded tires 
are in use. Little is known about the actual con-
centrations of road markings in different sample 
media, thus TWP and road marking polymers have 
seldom been analyzed in parallel. Horton et  al. 
(2017) found road marking particles (red or yellow 
particles with glass beads incorporated) in sedi-
ment samples from the Thames River basin. How-
ever, the particles were larger (1–4  mm) than the 
particles analyzed in the present study. Vogelsang 
et al. (2019) found yellow particles (50–2000 µm) 
in road dust assumed to be road marking parti-
cles, and Zannoni et  al. (2016) found road paint 
and glass beads in road dust collected adjacent to 
the kerb and in-between the wheeltracks. For this 
study, white particles and shards stemming from 
glass beads were commonly found in both frac-
tions of the road dust samples. Furthermore, a 
large number of road marking particles were visu-
ally identified in the > 125  µm-fraction. However, 
this fraction was not further analyzed in this study.
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3.2.3  Road Wear (Mineral Particles)

The results show that mineral particles are by far the 
most dominant components of road dust throughout 
the complete analyzed size spectrum (Fig. 5). Mineral 
particles collected from the road surface at Testsite 
E18 show a wide spectrum of elemental composi-
tions. However, all mineral particles contain silica in 
variable proportions (i.e., silicates), and practically no 
carbonates were found. The bedrock in Sweden con-
tains little carbonates in general; however, if samples 
from an area with more limestone had been analyzed 
(e.g., samples from the Alps or the Dolomites), the 
proportions of carbonates had increased. The major-
ity of the mineral particles consist of Si, O, Al, K ± , 
Na, Fe, Mg, and Ti. Minerals containing only Si and 
O ± low concentrations of C (i.e., most likely quartz) 
are also present, even though in lower concentrations. 
The carbon content in quartz and other mineral par-
ticles is most likely mainly related to the coating of 
organic matter on the particle surface and partially 
due to an overestimation of the element carbon by 
the EDX measurement. The elemental combina-
tions shown in Fig. 5 suggest that the mineral parti-
cles mainly consist of feldspars, amphibole, biotite, 
and quartz, minerals abundant in Swedish bedrock 
and used in the road wearing courses. The high silica 
content of the rocks used in the pavement mineralogy 
indicates that they are the main source of minerals 
found in the WDS samples. The soils surrounding the 
sampling site are farmland covered with crops, except 
during the winter months, with a high organic content 
and are therefore considered a weaker mineral source. 
Also, based on transect measurements presented in 
a companion study (Järlskog et al., submitted), most 
of the minerals measured in the context of this study 
seem to be originating from the road surface (i.e., 
road wear), since the absolute concentration of min-
eral particles decreases with increasing distance to 
the road. The abundance of road wear particles in the 
analyzed samples is not surprising if we consider that 
road wear is an important component in non-exhaust 
emissions (e.g., Casotti Rienda and Alves (2021) and 
Piscitello et  al. (2021)) and can be especially domi-
nant in areas where studded tires are used in winter, 
like in the Nordic countries (e.g., Kupiainen et  al. 
(2016)). Morphologically, these particles are frag-
ments in grainy, flaky, or shard-like shapes as pre-
viously described by Gustafsson et  al. (2008). A 

small fraction of road wear is made up of the binder, 
approximately 4‒8%, which in asphalt pavements is 
bitumen, with additives like resins, fibers, and stone 
flour (Asphalt Institute, 2014). Further details on 
bitumen particles are discussed below. Road wear 
particles are dominated by the coarser size mode 
(Figure S6) but range from about 0.2‒2000 µm.

3.2.4  Tire Wear Particles

Tire wear particles from the road dust samples show 
basic common morpho-textural-chemical character-
istics as described for airborne TWP in Rausch et al. 
(2022). Here, TWP were also dominated by C, O, 
and Si, which are typical elements of pristine tires. 
Besides these elements, they contain low concentra-
tions of Fe, Al, K, Na, and sometimes Mg, Ca, and 
S. Interestingly, only very few particles contain Zn 
and less than in air samples (Rausch et  al. (2022)). 
One possible explanation could be that Zn becomes 
leached into the aquatic phases as suggested by 
Degaffe and Turner (2011). Furthermore, the ele-
ments present in TWP (besides the ones stemming 
from the tread, i.e., C, O, and Si) coincide with the 
elements found in the mineral particles (see above). 
This is further evidence for the statement presented 
in several articles that environmental TWP occur as 
mixtures of tread and mineral encrustations (Halle 
et  al., 2021; Kovochich et  al., 2021; Kreider et  al., 
2010; Rausch et  al., 2022; Sommer et  al., 2018). In 
this case, the correlation between mineral encrusta-
tions and available minerals on the road is proved. 
Notably, the chemical fingerprint of airborne TWP 
in Switzerland (Rausch et  al., 2022) differs in three 
aspects: (i) practically all TWP in the Swiss samples 
contain Ca, while this element is largely lacking in 
the E18 Swedish samples; (ii) the opposite behavior 
can be observed for K, which is much less common 
in the Swiss TWP; (iii) the relative C-content of the 
WDS Swedish TWP was found to be slightly lower. 
The first two divergences (i–ii) can be explained by 
the different types and compositions of available and 
used rock types in the roads at the different studied 
sites (most of the minerals found in the Swiss air-
borne samples also coincide with the road composi-
tion at the studied sites and with the elements present 
in the TWP). The last discrepancy (iii) is interpreted 
to be due to a larger enrichment of minerals on the 
particle surface of the WDS Swedish TWP (observed 
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during SEM analysis). It is hypothesized that this 
occurs because the particles sampled with the WDS 
were longer time on the road surface and could be 
repeatedly reworked, while the airborne TWP that 
reach the sampler had probably less interaction with 
the mineral dust on the road surface.

Additionally, it was observed that the morphology 
and texture of the TWP from the present study seem 
to be less pristine (e.g., reflected in a less cloud-like 
and fresh appearance) in comparison with the obser-
vations performed in previous studies for airborne 
samples (Rausch et  al., 2022; Sommer et  al., 2018) 
and in the Swedish Sigma-2 airborne samples pre-
sented elsewhere (Järlskog et  al., submitted). This 
might be related to alteration, leaching, and possible 
aging processes occurring on the road surface, which 
is influenced by weathering processes induced by 
rain, snow, and solar radiation. Recently published 
studies have also observed that environmental TWP 
differ in chemical composition and morphology com-
pared to pristine TWP (Halle et  al., 2021; Kovoch-
ich et al., 2021; Sommer et al., 2018; Wagner et al., 
2022). Several articles have described environmental 
TWP as elongated particles with mineral encrusta-
tions (Adachi & Tainosho, 2004; Kreider et al., 2010; 
Williams & Cadle, 1978). However, Kovochich et al. 
(2021) presented both elongated and near-spheri-
cal TWP. This was also confirmed by Rausch et  al., 
(2022), where the authors present TWP with differ-
ent morphologies (i.e., both elongated and spherical). 
In Fig. 6, the confrontation between aspect ratio and 
equivalent circular diameter (ECD) is presented for 
all identified TWP in both size fractions. No obvious 
correlation was detected, indicating that elongation is 
not related to particle size.

3.2.5  Bitumen Wear Particles

The difference in the elemental composition between 
TWP and BiWP is very subtle. This is one of the 
reasons why the differentiation of these particle sub-
classes is very challenging. The main elemental dif-
ferences between both particle types are that BiWP 
tend to have slightly higher C- and S-concentrations 
than TWP (Fig. 5). The other main elements in BiWP 
(Si, Fe, Al, K, ± Na, Mg, Ca, and S) coincide not 
only with the major elements in the TWP but also 
in the mineral particles, which is supplementary evi-
dence for the road wear origin of most of the mineral Fi
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particles measured in these samples, as BiWP are 
clearly derived from the road surface containing this 
mineral-bitumen mixture. Diagnostic criteria help-
ing to differentiate BiWP and TWP (especially in 
the coarser fraction) are the morpho-textural charac-
teristics. BiWP have a darker matrix on BSE-images 
(reflecting high C-content and hence low-density 
material). In addition, large mineral encrustations are 
very common in the particles of the coarse fraction 
resulting in more angular morphologies of the BiWP 
and particles showing large contrasts between dark 
and bright materials, which often manifest under the 
SEM with charging effects (see Fig.  2e and Fig.  8). 
Even though this effect is not desirable when aim-
ing for high-qualitative images, it can be used as an 
advantage for BiWP differentiation. BiWP is the only 

subclass that could not be satisfactorily differentiated 
in the small fraction (2‒20 µm).

3.2.6  Challenges in the Differentiation of Tire Wear 
Particles and Bitumen Wear Particles

In the case of the main class “carbon-dominated 
traffic-derived wear particles”, there is a supple-
mentary complexity since it contains the two sub-
classes “tire wear” and “bitumen wear”, therefore 
called TBiWP, which are chemically and morpho-
texturally very close to each other. The endmembers 
of these two subclasses present clear differences in 
terms of morphology, texture, and elemental com-
position (Fig.  2d, e, Fig.  5, and Fig.  7). However, 
it is also evident that between the endmembers, a 

Fig. 7  The unsupervised two-dimensional reduction (t-SNE 
algorithm) applied to the TWP and BiWP particles. This data-
set is extracted from the main dataset of all particles by apply-
ing the road dust classification model. The multi-dimensional 
vectors of chemical, textural, and morphological properties of 
the particles are projected in a nonlinear way onto a 2D space: 
particles with similar characteristics in the high-dimensional 

space are located close to each other in the image. This graph 
shows that large particles (20–125  µm) tend to build bet-
ter defined clusters than small particles (2–20 µm) before the 
classification model is applied. This illustration visualizes the 
larger difficulties in differentiating between TWP and BiWP in 
the small fraction and is the reason why the small fraction was 
not further subdivided
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complex mixing of environmental TWP and BiWP 
occurs visible as a continuum cluster in Fig.  7. 
Consequently, the differentiation of these mixtures 
is challenging and subjected to higher uncertainty. 
With the ML-algorithm, the particles will be clas-
sified in the subclass that based on the training 
set appears to be dominating and/or most likely 
even though they could be mixtures. Additionally, 
the smaller the particles, the less clear the tex-
tural fingerprint of these two subclasses (see large 
cluster consisting of both small (2‒20  µm) TWP 

and BiWP in the center of Fig.  7), since they for 
instance contain less large mineral incrustations 
vs. groundmass. And due to the applied analytical 
conditions (which are the best compromise for the 
entire analyzed particle size spectrum), the specific 
characteristics of the groundmass become less vis-
ible with decreasing particle size (larger interaction 
volume of electrons and X-rays in smaller parti-
cles with a given voltage). The abovementioned 
observations are evidenced in Fig. 7, which shows 
the projection of the multi-dimensional vectors 

Fig. 8  Graph showing the endmembers and mixing region 
(i.e., broad cluster) of TWP and BiWP after classification of 
the 20‒125-µm particles. X-axis: carbon/oxygen ratio; y-axis: 
gray mean value for each particle (the value 0 represents the 

black color and value 1 represents the white color). In total, 
data for 3691 TWP and 1559 BiWP are shown. ECD, equiva-
lent circular diameter in microns
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of chemical, textural, and morphological proper-
ties of all analyzed TWP and BiWP in a nonlin-
ear way onto a 2D space. Note that particles with 
similar morpho-textural-chemical characteristics 
are located close to each other in this image. So, 
that the mixed region mainly consisting of small 
particles clearly shows the greater difficulty, and 
therefore, uncertainty in differentiating TWP and 
BiWP, in the finer fraction. Therefore, the quanti-
fication of the subclasses TWP and BiWP needs to 
be seen as an approximate estimate, while the val-
ues obtained for the main class TBiWP represent 
robust results since this particle main class can be 
clearly differentiated from the other traffic-derived 
main classes (i.e., minerals, road markings, reflect-
ing glass beads, and metallic particles), as well as 
from naturally occurring C-rich particles (i.e., bio-
genic/organic material) (see Figure S1) (Fig. 8).

3.3  Particle Size Distribution and Relative 
Proportion of the Different Particle Subclasses

The particle size distributions (frequency distribu-
tion) of the road dust samples show a peak at about 
20–30 µm (Fig. 9). Only a small fraction of the par-
ticles is coarser than 200 µm, and the cumulative dis-
tribution (Figure S6) confirms that the majority of the 
particles are also finer than 125  µm (approximately 
90%), indicating that the analytical focus should be on 
the finer fractions. An additional motivation to focus 
on this size fraction is that it has often been excluded 
in previous work due to analytical difficulties. There-
fore, it was prioritized to develop a method that was 
able to differentiate between different subclasses also 
in the < 125-µm fraction.

Similar results were found in Kovochich et  al. 
(2021) where TRWP generated from a road simulator 

Fig. 9  Particle size distribution for the road dust samples. The values within the brackets are the amount of road dust (g/m.2)
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were analyzed. Their results showed that in aver-
age TRWP have a diameter of 49  µm (34  µm by 
number distribution). The PSD was similar to those 
found in Kreider et  al. (2010) (75–100  µm), Klöck-
ner et al. (2021) (20–50 µm), Lundberg et al. (2020) 
(10–80 µm), and Järlskog et al. (2020) (50 µm). The 
total mass of particles < 2000 µm (g/m2) in the road 
dust samples of this study varied between 400 and 
1240 g/m2 (x̄ 860 g/m2) (Fig. 9), which is within the 
same mass range as Rødland et  al. (2022b) found 
in urban roadside snow. The high particle loads are 
related to the long-term accumulation of road dust at 
the curb, where the samples were taken. These results 
support our decision to not include particles > 125 µm 
in the present study especially since coarser particles 
tend to deposit close to the source while finer parti-
cles are further transported into the environment. 
However, 10% of the road dust were still coarser than 
125 µm, resulting in potential underestimations if the 
total emissions are calculated only based on the pre-
sent results.

A total of ten road dust samples were analyzed. The 
results showed a relative number concentration of the 
particle classes similar in the coarse and the fine frac-
tions, with minerals as the most dominant particle class 
(2–20 µm x̄ = 78%, 20–125 µm x̄ = 74%) followed by the 
sum of Trip (2–20  µm x̄ = 19%, 20–125  µm x̄ = 22%). 
The relative composition of metallic particles was higher 
in the fine fraction (2–20  µm x̄ = 1.3%, 20–125  µm 
x̄ = 0.4%), and the organic material was slightly higher 
in the coarse fraction (2–20  µm x̄ = 0.8%, 20–125  µm 
x̄ = 2.5%). Road marking wear particles made 1% in the 
fine fraction and 0.5% in the coarse fraction, while glass 
beads wear contributed 0.1% and 0.2% in the fine and 
coarse fractions, respectively (Fig. 10).

In the coarse fraction, where TWP and Bow were 
differentiated, it was observed that TWP (x̄ = 15%) had 
in average a slightly higher contribution to the analyzed 
road dust samples than Baw (x̄ = 7%). Even though 
TWP and bow were not quantified separately in the fine 
fraction, similar trends are well visible also in this frac-
tion, i.e., the relative concentrations of TBiWP were in 
the same range as the relative concentrations of BiWP 
and TWP (together) in the coarser fractions (10) (Rela-
tive mass concentrations and total number of particles 
can be seen in Table S2).

Previously published studies on TWP in road dust 
samples have mainly used thermal methods for quanti-
fication (e.g., Kreider et al., 2010; Kumata et al., 2000, 

2011; Parker-Jurd et al., 2021; Rogge et al., 2012; Unice 
et al., 2013; Youn et al., 2021), which make it difficult 
to compare the results with the present study due to dif-
ferent size ranges, set-ups, sample preparations, and 
units used.

Nevertheless, as a quality check, the following com-
parison between methods was performed. Environ-
mental samples that were collected for Järlskog et  al. 
(2021), and previously analyzed with light microscopy 
were analyzed in the present study with SEM/EDX, 
see Supplementary material, Table  S3. The compari-
son indicated that the methods gave similar results in 
the very coarse fraction (100‒300  µm). In the coarse 
fraction (20‒100  µm), the light microscopy tended 
to underestimate the number of particles compared 
to the SEM/EDX, (Table  S3, as also indicated and 
discussed in (Järlskog et  al., 2021)). The main limita-
tions of manual particle counting in the fine fractions 
can be attributed to (i) the large number of particles 
that need to be counted, (ii) the lower size resolution 
of the light microscopy method, and (iii) the eyesight 
and concentration of the operator, which can be further 
influenced the longer the analysis takes. However, light 
microscopy can still be a suitable and reliable method 
for coarser particles and to give a first indication of the 
composition of a sample.

4  Conclusions

To our knowledge, this is the first study that differ-
entiates between TWP, BiWP, and road markings 
(all being carbon-rich traffic-derived wear particles) 
besides other traffic-derived particles containing low 
carbon concentrations, such as brake wear, mineral 
road wear, and reflecting glass beads in environmental 
(i.e., real-world) road dust samples. The SEM/EDX/
ML method showed high repeatability and an accu-
rate classification into the different subclasses. It also 
showed promising results for future application stud-
ies addressing specific research questions (e.g., trans-
port and spread of traffic-derived particles including 
MP in the various environmental compartments) and 
can be used as a rapid and repeatable technique for 
environmental samples and monitoring studies.

One interesting observation is that the relative 
number concentrations of the particle classes within 
the coarse and the fine fractions are very similar. 
Minerals, interpreted to be largely derived from 
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road abrasion, are the most dominant particle class 
(> 70%) followed by TBiWP (ca. 20%), in both frac-
tions. Road marking wear made in both size frac-
tions < 1%, while glass bead wear particles showed 
the lowest concentration (< 0.1%) of all differentiated 
classes. The relative contribution of metallic particles 
was slightly higher in the fine fraction with average 
values ranging between 0.3 and 1.3%, and the organic 
material was slightly higher in the coarse fraction 
contributing with average values between 0.8 resp. 
2.5%. The results presented in this study show that a 
considerable amount of the road dust analyzed (both 
the coarse and the fine fraction) consists of TWP and 
BiWP and confirm that they are important sources of 
wear particles and MP pollution in the environment. 
Even though in smaller concentrations, road marking 
and glass bead wear also contribute to road dust in the 
complete analyzed size range.

The particle size distribution of the road dust sam-
ples indicates that the majority of the traffic-derived 
non-exhaust particles are < 50  µm, highlighting the 
importance to analyze particles in the fine fraction in 
environmental samples. This automated SEM/EDX 
ML-based technique can be used as a complement to 
other analytical techniques able to differentiate poly-
mer species (e.g., FTIR, pyr-GC/MS, TED-GC/MS), 
when there is an interest to get a deeper understand-
ing of the particle size, morphology, particle encrus-
tations, and overall composition of the sample.
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