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ABSTRACT 
 

Traffic-related non-exhaust particulate matter mainly consists of tire wear, brake wear, and road wear. For this study, 
passive-samplers were placed near highly frequented roads in industrial, agricultural, and urban environments with the aim 
of collecting and characterizing super-coarse (> 10 µm) airborne particles. Single-particle analysis using SEM-EDX was 
conducted on more than 500 particles with nearly 1500 spectra to determine their size, shape, volume, and chemical 
composition. The ambient aerosol near all studied roads is dominated by traffic-related abrasion particles, amounting to 
approximately 90 vol%. The majority of the particles were composites of tire-, road-, and brake-abrasion material. The 
particle assemblages differed in size distribution, composition, and structure depending on driving speed, traffic flow, and 
traffic fleet. Our study documents that tire wear significantly contributes to the flux of microplastics into the environment. 
A decrease in the release of this abrasion material, however, is unlikely in the near future. 
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INTRODUCTION 

 
Traffic-related non-exhaust particulate matter (PM) in 

ambient air is still a phenomenon that grows in scale 
worldwide. These emissions are dispersed in an uncontrolled 
fashion and may have considerable health and environmental 
impacts on a local (e.g., vegetation, soil) to global (e.g., 
oceans) scale (WHO, 2005; Miklos et al., 2016; Nizzetto 
et al., 2016). For example, 30 vol% of the microplastic 
particles that pollute rivers, lakes and oceans consist of tire 
wear, thus affecting aquatic wildlife (Ott et al., 2015; Kooi 
et al., 2016; Boucher and Friot, 2017; Zeit-online, 2017; 
Machado et al., 2018; Peeken et al., 2018). Microplastics 
are small plastic particles less than five millimeters in size 
consisting of synthetic organic compounds. The wide 
range of plastic products is made of just six major polymer 
types: polyethylene terephthalate (PET), polyethylene, 
polypropylene, polyvinyl chloride, polyamide (nylon), and 
polystyrene (GESAMP, 2015). Tire treads consist of styrene 
butadiene rubber, which is based on styrene, a precursor of 
polystyrene, in a mix with natural rubber and many other 
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additives (Sundt et al., 2014). 
Along with the debate about greenhouse-gas emissions, 

the exhaust emissions produced by combustion engines 
came into the focus of policy makers, leading to a series of 
measures that succeeded in reducing this part of the traffic-
related emissions. Moreover, the anticipated transition to 
electric-motor cars will further reduce the PM exhaust 
emissions. However, this is not the case for brake-, tire-, and 
road-wear particles. The interaction between tire and road 
surface as well as brake pad and brake disk necessarily 
yields a frictional connection and thus, a reduction of this 
abrasion material is not to be expected in the near future 
(Amato et al., 2012; Grigoratos and Martini, 2015). Since 
several components of tires and brakes are proven toxic 
(Wik and Dave, 2006; Marwood et al., 2011; Bejgarn et 
al., 2015; Malachova et al., 2016), reducing the amounts 
of this material emitted into the environment is highly 
desirable (Fig. 1). 

With the rapidly increasing traffic volume during the 
1980ies, a consciousness for the possible environmental 
impact developed. Starting with the publication of Golwer 
(1991), the relation between increasing traffic and pollution 
of soil and groundwater, as well as health effects, was 
examined. In the following years, Stechmann, (1993), 
Krömer et al. (1999), Tegethof (1998), Hillenbrand et al. 
(2005), Seling and Fischer (2003a, b, c), Becker (2006), 
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Fig. 1. Traffic-related non-exhaust and other particulate matter (PM) from emission source to possible impact range. 

 

Herngren et al. (2006), Kocher et al. (2010), and the U.S. 
Environmental Protection Agency (2014) documented the 
increasing amount of traffic-related pollutants deposited in 
water, air, and soil. 

The literature focuses on the emission factors of traffic-
related non-exhaust particles (abrasion from tires, brakes, 
wearing course of roads), and on the deposition and 
contamination close to the road. Most of the PM literature 
concentrates on the impact on human health and thus, on 
the breathable PM10 fraction. The present study, however, 
focusses on particles with sizes > 10 µm, i.e., super-coarse 
particles (Lipfert et al., 2000) and, moreover, we do not 
examine material directly emitted and deposited on the 
road surface, but rather investigate the airborne particles 
after mobilization (suspension) and re-suspension by wind 
and passing traffic.  

Our main focus is on the chemical analysis and 
mineralogical single-particle characterization of traffic-
related abrasion materials. The particles we found and 
examined are not simply pure tire, brake, or road particles, 
but rather composites of various types of materials. In the 
literature, a distinct and detailed individual-particle 
characterization for tire-wear particles of the PM10-80 
fraction is difficult to find. Furthermore, we propose an 
improved, more specific nomenclature based on individual 
particle shape, structure, and chemical composition of these 
particles: in the following text, we use tire-core particles 
for the original emissions of pure tire treads, whereas the 
terms tire-wear particles or tire-abrasion particles are 
used for the contaminated and encrusted tire-core particles. 
Road-wear particles, or road-abrasion particles, are the 
materials abraded from the wearing course, i.e., the upper-
most part of the road. Brake-wear particles, or brake-
abrasion particles, originate from brake disks, brake pads, 
and other brake parts. 

SAMPLING AND EXAMINATION METHODS 
 
Sampling: Ambient aerosol particles were collected by 

using the cost-effective and easy-to-handle passive-
sampler device Sigma-2 at ground-based sampling sites. 
This technology ensures a wind-sheltered, low-turbulence 
air volume inside the sampler. The design of the Sigma-2 
device allows for protection of the particles from direct 
radiation, wind, and precipitation (Dietze et al., 2006; VDI 
2119, 2013; Tian et al., 2017). Two passive-sampler stations 
were set up at about 1.5 m height and at a horizontal 
distance of 4.6 m from the roadway. Particles were 
collected on a transparent adhesive acceptor surface, which 
was exposed for seven consecutive days. This collection 
plate is specifically designed for subsequent optical single-
particle analysis by Transmitted Light Microscopy (TLM) 
as well as for single-particle analysis via Scanning Electron 
Microscopy (SEM) combined with Energy-Dispersive X-
ray (EDX) spectroscopy (see Sommer et al., 2016). 

Sampling sites: In this study, we selected three highly 
frequented roads in Germany: motorways A 555 and A 4 
(both in North Rhine Westphalia), and federal highway 
B 31 in Baden-Württemberg. The A 4 is located close to 
the motorway interchange Köln-Gremberg, about 6 km 
east of Cologne between intersections with exit ramps. It 
has a total traffic count of approximately 86,000 vehicles 
per day, including 11,000 heavy-duty vehicles (HDV). 
During weekdays, this motorway is characterized by slow-
moving traffic, with rush hours that regularly cause “stop-
and-go” traffic conditions (Tian et al., 2017). The A 555 is 
located approximately 17 km south of Cologne, and average 
total traffic counts are about 70,000 vehicles per day, 
including about 4,000 HDVs. The samples studied here, 
displaying a high PM10-80 particle load, were selected from 
a sample set collected over a period of four years, starting 
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in calendar week 22 of 2013 (CW 22/2013). The sampling 
site at the federal highway B 31 is located inside the city of 
Freiburg in southwestern Germany. This road displays a 
total traffic count of about 35,400 vehicles per day, 
including 3,000 HDVs, and is characterized by constant 
stop-and-go traffic in a densely built-up area (Table 1).  

The sampling sites exhibited average weekly maximum 
temperatures ranging from 5°C (CW 05/2015) to 11°C 
(CW 10/2014) at the two motorways, and 22°C at the B 31 
(CW 27/2017). All sampling sites display weather conditions 
with low precipitation and predominant easterly winds. 

Transmitted light microscopy (TLM): The single-particle 
analysis via TLM was carried out using a computer-controlled 
light microscope equipped with a high-resolution CCD 
digital camera for imaging (for details, see Tian et al., 2017). 

Scanning electron microscopy combined with energy-
dispersive X-ray spectroscopy (SEM-EDX): An 18 × 18 mm 
square was cut from each of the 67 × 67 mm acceptor 
surfaces and subsequently coated with 20 nm of carbon. 
The SEM used for analysis was a LEO 1525 equipped with 
an Oxford/Link EDX analysis system. The visual 
inspection was conducted with secondary electron (SE) 
and backscattered electron (BSE) detectors (acceleration 
potential: 15 kV). An area of 10 mm × 6 mm was mapped 
by determining 10 squares of 1 mm × 1 mm size placed in 
a meandering pattern, which ensures randomness of 
particle selection for analysis. For each area, about 100 
particles (> 10 µm) were selected and analyzed by EDX 
spectroscopy. For each particle, an image was taken for 
size determination, and depending on the particle’s physical 
appearance in SE mode and chemical composition, between 
one and twenty EDX spectra have been collected. 

Single-particle analysis: For carbonaceous materials 
(e.g., rubber), the difference between the highest signals 
from the sample substrate (acceptor surface) and the signals 
from particles under the SEM is low because the substrate 
is coated with an adhesive that also consists of light 
elements, such as hydrogen, carbon, and oxygen. Hence, 
the carbonaceous particles are very difficult to spot and in 
some cases nearly invisible. To facilitate our analysis, TLM 
and BSE images were overlain to determine size, edge, and 
outline of all particles. According to the results of the 
chemical composition and its optical features, each particle 
was assigned to one of the following categories: tire-wear 
particles, road-wear particles, brake-wear particles, and 

other materials (see Table 2). 
Image processing: Each of the SEM images was 

segmented from the original 256 grey-value image to a 
black-and-white binary image by applying the public-
domain image-processing and analysis software package 
ImageJ (National Institutes of Health, USA). The binary 
transformation by ImageJ is based on the ISODATA 
cluster algorithm (Ball and Hall, 1965). The threshold was 
manually adjusted until the outlines of the resulting binary 
picture best matched the particle outlines of the grey-scale 
image. The binary images were used to measure the 
projected area of the particles. Subsequently, the geometric 
equivalent diameters (deq) of the particles were calculated 
by using the circle equivalent of the projected area of the 
particle deq = 2 (A/π)0.5 to obtain the particle-size distribution. 

Volume calculation: The volume of each particle was 
calculated to reflect its three-dimensional geometric 
characteristics. Compared to the particle number, the particle 
volume is more useful to express the input of pollutants 
into the environment and their possible contamination. For 
example, a particle with a diameter of 10 µm has a volume 
1000 times smaller than a particle with a diameter of 
100 µm (see e.g., Verschoor, 2016). The calculation of the 
approximate volume for each particle is based on deq, and 
the first approximation uses the formula for spherical 
volumes. Since most ambient aerosol particles are not 
spherical, however, a correction factor was implemented. 
Empirical examinations conducted by the German 
Meteorological Service suggest a volume correction factor 
αV of 0.75 (VDI 2119, 2013), resulting in the formula: 
 
V = 4/3 π × r3 × 0.75  (1) 
 
with r = deq/2. For elongated particles, this result is bound 
to be too high. Since tire-wear material is observed to be 
mostly cylindrical (see below), the formula for cylindrical 
volumes will yield improved results: 
 
V = π × r2 × h  (2) 
 
where h is obtained by measuring the longest axis of the 
particle, and r from dividing the measured particle area, 
Aparticle, by the main axis according to:  
 
h × 2r = Aparticle. (3) 

 

Table 1. Traffic characteristics at the sampling stations. 

 A 4* A 555** B 31*** 
Vehicles per day (total) 85,662 70,506 35,400 
HDV per day (total) 11,477 3,915 3,000 
HDV proportion 13.4% 5.6% 8.5% 

Traffic mode flowing/stop-and-go flowing stop-and-go 
Street type motorway motorway federal highway 

Lanes 2 × 3 2 × 3 2 × 2 
Orientation West-East North-South West-East 

Specification Aligned by embankments (↕ 5 m) Open area Street canyon 
Surrounding industrial/residential agricultural urban/residential 

* AD Heumar (BASt, 2014); ** Godorf (BASt, 2014); *** B31 Freiburg Ost Tunnel (BASt, 2016). 
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Table 2. SEM-EDX identification of traffic-related and other PM. 

Type  Diagnostic features Elements Origin 
Tire wear Rubber, roundish or 

kidney-shaped, 
elongated: 

Partly covered with road- and 
brake wear. 

C, S ± Zn; Si, Al, Na, 
Ca, K, Mg; Fe, Cu 

Tire abrasion. 

Completely covered with 
road and brake wear. 

Si, Al, Ca, Na, K, 
Mg; Fe, Cu, Zn, Ti, 
Mo, Mn, Ba, Sn, W 

Road wear Variable shapes, one or more minerals joined by 
bitumen (crushed grains), colorless or colored, in 
some cases pleochroic (e.g., biotite). Individual 
minerals (quartz, feldspar, pyroxene, amphibole, 
mica) and rock fragments (e.g., granite). 

Si, Al, Ca, Na, K, 
Mg; Fe, S 

Abrasion of road 
surface. 

Brake wear Irregularly shaped fragments with sharp edges and 
points. 

Fe, Cu, Zn, Ti, Mo, 
Mn, Ba, Sn, W 

Abrasion of brake 
pads, brake discs, 
and calipers. 

Concrete Irregularly shaped fragments consisting of calcium 
carbonate, gypsum, quartz and calcium-aluminum-
silicate hydrate. 

Ca, Mg, Cl, S, Si, Fe, 
Al 

Weathering of 
bridges, curbs, 
and buildings. 

Soil (mostly loess) Irregularly shaped fragments consisting of silt-sized 
carbonate, clay, and quartz with organic material 
and fertilizer. 

Si, Al, Ca, Na, K, Mg, 
P, S 

Farm fields and curb 
sides. 

 

RESULTS 
 
Characterization of Super-coarse Particles via SEM-EDX 
Tire-wear Particles 

Of the 508 super-coarse particles examined, 171 were 
identified and classified as produced by abrasion of tires. 
By volume, the tire-wear particles represent more than half 
of all particles studied in all samples (see below), and they 
also represent consistently the largest particles found. Our 
observations show that tire-wear particles consist of a 
central rubber core (tire-core particle), which was abraded 
from a tire tread and now is partly (Figs. 2(a) and 2(b)) or 
totally (Fig. 2(c)) encrusted by smaller particles derived 
from brake wear, road wear, and other road dust (e.g., soil, 
concrete). The shape of tire-wear particles is elongated and 
cylindrical, resembling a cigar (length [x-axis] = 10–200 µm, 
width [y-axis] < 20 µm). 

The composition of tire treads varies considerable 
according to type (e.g., summer vs. winter; passenger car 
vs. HDV) and brand. To determine tire wear we rely on 
generalized specifications from the literature. The treads of 
tire consist of five components to yield a combination of 
durability, flexibility, and grip (Camatini et al., 2001; Gieré 
et al., 2004; Kocher et al., 2010; Apeagyei et al., 2011; 
Gunawardana et al., 2012; Wu, 2016). Since the production 
of tires is a well-kept secret of the manufacturers, especially 
as far as the composition of the additives is concerned, the 
following figures are approximate values for these 
components: 

1. Basic material (40–50 mass%): made of natural rubber 
(Polyisopren [C5H8]), with synthetic rubber.  

2. Filler (30–35 mass%): typically soot/carbon black (C), 
silica (SiO2), and chalk (CaCO3).  

3. Softener (15 mass%): consists of oil and resin. 
4. Vulcanization agents (2–5 mass%): sulfur (S) and zinc 

oxide (ZnO). 

5. Additives (5 to 10 mass%): unknown. 
Silica (SiO2) is common in road wear, brake wear, 

concrete, and soil (e.g., as quartz) and thus is not an 
indicator for tire-core particles. On the other hand, zinc 
may be a reliable chemical indicator for tire-core particles. 
Tire-wear particles, however, are best identified by their 
shape, surface, and structure. 

As tire-wear particles are typically elongated (see e.g., 
Rauterberg-Wulff et al., 1995; Kreider et al., 2010), we 
compared their axial ratio and volume and observed that 
the particle volume is characteristic for the different roads 
(Fig. 3). We found that more than 90% of the tire-wear 
particles have an axial ratio, dy/dx, of ≤ 0.6 (red horizontal 
line in Fig. 3), with an average of 0.36. All of the B 31 
particles display volumes ≥ 104 µm3, whereas more than 
two-thirds of the A 555 particles have volumes < 104 µm3. 
The A 4 particles show a more even distribution (Fig. 3). 

Both the structure and the volume of the encrustment of 
tire-core particles show considerable differences between 
the studied roads. Tire-wear particles from A 555, for 
example, appear as clusters of particles under the SEM. 
The superposition of the BSE and the TLM images was 
needed to find the true edges of the particle (Figs. 2(a) and 
2(b)). The examination of the tire-core particles of the 
A 555 (a representative example is shown in Fig. 4(a)) 
reveals that the particles attached to the rubber core are the 
same minerals as those found in the wearing course: quartz, 
plagioclase, orthoclase, ferromagnesian silicates, and 
calcite. In addition, materials typical of brakes and brake 
pads were observed, including: metals (Fe, Cu, Zn, Al), 
alloys (Fe ± Cu, Mo, Mn), and barite. Other particle types 
identified were road salt (NaCl). 

To determine the structure of airborne tire-wear particles, 
the volume for the tire-core particles and the additional 
encrustment with particles was calculated. For detailed 
structural analysis, five tire-wear particles > 40 µm from
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Fig. 2. Typical super-coarse tire-wear particles from motorways A 4 and A 555 and the federal highway B 31, exhibiting 
different extents and volumes of encrustment. The red line shows the outline of the particles as reconstructed from their 
appearance in TLM images (lower left insets). (a) The particle from motorway A 4 displays the typical long cylindrical 
form of a tire-core particle (darkest part within the red particle outline), partly contaminated and covered with smaller 
particles (encrustment < 50 vol%), (b) Tire-core particle from motorway A 555, partly covered with coarse particles 
(encrustment < 50 vol%), and (c) Tire-core particle from the B 31 highway, totally covered with particles (encrustment 
> 50 vol%) that range in deq from 0.5 µm to 10 µm. 

 

 
Fig. 3. Shape vs. volume scatterplot of tire-wear particles (n = 160) for motorways (A 4, A 555) and federal highway 
(B 31). SEM images below (a)–(d) display a series of tire-wear particles (identified by red circles in the diagram) with 
increasing axial ratio as well as a range of shape, structure and volume from the B 31 highway.  

 

the A 555 motorway were selected. The particles of the 
encrustment were mapped and characterized, with one 
example shown in Fig. 4. The particle size distribution (deq) of 
the encrustment particles (n = 873 for five tire-wear particles) 
ranged from 0.5 to 12 µm, with an average deq of 1.5 µm 
and a standard deviation of ± 0.9 µm. The total volume of 
these particles ranged from 6 to 10 vol% of an entire tire-
wear particle. The volume ratio for minerals (mainly from 
abrasion of the wearing course) to iron particles (from 
brake materials) is about 5:1. Given a density of 1 g cm–3 
for rubber, 2.6 g cm–3 for minerals, and 8 g cm–3 for iron, 
the resulting density of the whole tire-wear particle (rubber 
core plus encrustment) can be calculated at 1.26 g cm–3. 

Tire-core particles of the federal highway B 31 (urban 

area) are completely encrusted by relatively large (deq = 1–
10 µm) particles from the road surface (wearing course), 
which are embedded in a matrix of smaller dust particles 
(e.g., Fig. 5). The larger particles were identified as 
minerals (quartz, plagioclase, orthoclase, ferromagnesian 
silicates, calcite, gypsum, and barite) and metals (Fe, Fe 
alloy, and Cu). The smaller dust particles of the matrix 
cannot be examined by EDX because of their small size 
(< 1 µm) and tight packing. However, the resulting mixed 
EDX spectra, without larger particles, point to a matrix 
that consists of the same minerals and metals as those 
identified as larger particles from the wearing course. 
Additionally, the elements (Zn, Ti, Mg, Mo, W, S, and Cl) 
were detected in the matrix (Fig. 5). 
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Fig. 4. Typical tire-wear particle (< 50 vol% encrustment) from motorway A 555. (a) Particle types, identified on the basis 
of elemental analysis, occurring in the crust surrounding the rubber core and (b) Mapped binary outline of the particles 
located on the surface of the tire-core particle. Note that, coincidentally, both the range in deq and the average deq are 
identical to the range and average size obtained from all five tire-wear particles studied in such detail. 

 

 
Fig. 5. SEM image of a representative tire-wear particle with an encrustment > 50 vol%, typical for the federal highway 
B 31. The EDX diagram on the right displays the superposition of 25 spectra from the imaged tire-wear particle with 
subsequent particle classification.  

 

Without exact geometric data for the shape of the original 
tire-core particle an estimation of the volume ratio between 
rubber core and encrustation is difficult. We assume that 
the original tire-core particles from B 31 and A 555 are 
comparable in shape and size as indicated by their axial 
ratios (Fig. 3). The calculated volumes of tire-wear particles 
from the B 31 highway are approximately ten times higher 
than the particles from the A 555. Therefore, we conclude 
that the volume ratio of encrustment to rubber core is at 
least 1:1. To distinguish and finally classify the two different 
particle types we use the term tire-wear particle type 1 
(TWP-1) for rubber particles with less than 50 vol% 
encrustation, and tire-wear particle type 2 (TWP-2) for 
tire-core particles with more extensive encrustation.  

Using this classification, all tire-abrasion particles on 
the A 555 were classified as TWP-1 (n = 77), whereas on 
the federal highway B 31 they are exclusively TWP-2 (n = 
44). For the A 4 motorway both types, TWP-1 (n = 43) and 
TWP-2 (n = 7), can be found. 
 
Road-wear Particles 

Of the 508 particles examined, 194 were identified as 
road-wear particles. The source of the road-wear particles 

is the wearing course of the motorway or highway at or 
near the sampling point. The material is defined as a mineral 
aggregate bound together with bitumen. Detailed analysis 
of the road-wear material in five of our samples revealed a 
quartz-rich mixture, pointing to granite and quartzite as 
likely source materials (Figs. 6(a), 6(b), and 6(c); Table 3). 

Two samples from the A 4 motorway were investigated: 
the first sample (CW10/2014) consisted of 42 vol% feldspar 
(23 vol% plagioclase, 19 vol% orthoclase), 9 vol% 
ferromagnesian silicates (pyroxene/augite, amphibole, 
mica), and 49 vol% quartz particles (Table 3). The results 
of the second sample (CW05/2015) are very similar, 
except that the feldspar class is now enriched orthoclase 
(Table 3). Similarly, two samples from the A 555 motorway 
were investigated: in the first sample (CW10/2014), the 
feldspar class contained 9 vol% plagioclase and 27 vol% 
orthoclase, the ferromagnesian silicates (pyroxene/augite, 
amphibole, mica) amounted to 18 vol%, and 46 vol% of the 
particles were quartz, with the results of the second sample 
(CW05/2015) in relatively good agreement (Table 3). Both 
motorways display a mineral mix typical for quartz-rich 
granite or granodiorite. This finding is consistent with the 
information given about the asphalt top coat used as
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Fig. 6. BSE images of crushed granite and its mineral components from the wearing course: (a) Composite of minerals 
typical of granite, held together with bitumen; size fraction 10–20 µm deq, (b) Single mineral, size fraction 20–40 µm deq, 
and (c) Single mineral, size fraction 40–80 µm deq. 

 

Table 3. Mineral composition of the road-wear particles (in vol%). 

Minerals 
A 4 A 555 B31 

CW10/2014 CW05/2015 CW10/2014 CW05/2015 CW27/2017 
(n = 50) (n = 42) (n = 44) (n = 34) (n = 24) 

Plagioclase 23 8 9 10 4 
Orthoclase 19 32 27 28 21 
Ferromagnesian Silicates 9 4 18 7 36 
Quartz 49 49 46 49 37 
Calcite 0 7 0 6 2 

 

wearing course for these motorways (BASt, unpublished 
information), which consists of crushed granite, granodiorite, 
or quartzite, with grain sizes ≤ 5 mm (see also Ntziachristos 
and Boulter, 2009). As expected, the composition of the 
B 31 (CW27/2017) wearing course deviates from that of 
the A 4 and A 555 motorways since the material used in 
southwestern Germany originates from a different quarry 
(BASt, unpublished information). Of note is the high 
amount of ferromagnesian silicates, most likely augite (a 
pyroxene) or amphibole, in the B 31 sample (Table 3). 
Three of the five samples investigated in more detail also 
contain calcite.  

Even though bitumen is not easily detected by SEM-
EDX, it can be identified on the basis of its sulfur content 
when occurring in agglomerates of different minerals 
glued together (according to the manufacturer’s information, 
asphalt contains 2–8 mass% bitumen with 2–6 mass% S) 
(Fig. 6(a)). It must be stated, however, that sulfur is not an 
unequivocal marker element for bitumen because it also 
appears in tire wear in similar concentrations (see Gieré et 
al., 2004). 
 
Brake-wear Particles 

During our analysis, 86 particles were identified as 
derived from brake abrasion, and a total of 94 EDX spectra 
were collected from these particles. The sources of brake-
wear particles are mainly brake pads and brake discs but 
also other brake parts (e.g., brake caliper). Fig. 7 displays 
typical examples of three different types of brake-wear 
particles as well as EDX spectra of both individual points 
(left side) and superpositions of all available point analyses 
(right side) from the two motorways and the B 31 federal 
highway. 

According to Stechmann (1993), Chan and Stachowiak 

(2004), Adachino and Tainosho (2004), Hillenbrand et al. 
(2005), Grigoratos and Martini (2015), and Wahid (2018) 
typical brake discs (Fig. 7(b)) consist of cast iron (Fe ± Cr, 
Cu, Mo, Ti) or sometimes ceramics, whereas brake pads 
(Figs. 7(a) and 7(c)) are made of five components: 

1. Fibers (6–35 vol%), for mechanical stability; made of 
metals (Fe, Cu, Ti, Zn), carbon (C), glass fibers, or 
Kevlar (Fig. 7(a)). 

2. Abrasives (up to 10 vol%), for the friction; made of 
alumina (Al2O3), iron (Fe), iron oxide (e.g., Fe2O3), 
copper (Cu), brass (CuZnx), quartz (SiO2), zirconium 
(Zr), and zircon (ZrSiO4) (Figs. 7(a), 7(b), and 7(c)). 

3. Lubricants (5–29 vol%), for the frictional properties; 
made of graphite (C), metals, metalloids, and sulfides 
(e.g., Sb2S3). 

4. Filler (15–70 vol%), for processing and quality; made 
of barite (BaSO4), calcite (CaCO3), Sb2(SO4)3, MgO, 
Cr2O3, or silicates (Fig. 7(c)).  

5. Binder (20–40 vol%), for durability; made of resins, 
COPNA (condensed polynuclear aromatic compounds), 
phenol-based, cyanate-, epoxy-, silicon-modified, 
thermoplastic polyamides. 

Since iron is the main component of the brake disc and 
an important component of the brake pad, the metal also 
dominates the particles. Copper, Al, Ti, and Zn are also 
found frequently and so are filler materials, such as calcite 
and barite, abrasive materials (e.g., quartz), and sulfide for 
the lubricants. It is striking that the urban sample (Fig. 7(c)) 
contains a greater variety of elements (e.g., Sb, Mo, Sn). 
Antimony, however, was found only in four brake-wear 
particles and in the encrustment of two tire-wear particles. 
The element, therefore, is a useful indicator of brake wear 
but it is not an explicit tracer. 
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Fig. 7. Examples of BSE images of brake-wear particles with EDX element analyses of individual points (left side) and 
element overview (right side, superposition of the spectra from all samples and all brake-wear particles for the A 4 and 
A 555 motorways and the B 31 federal highway (Elements of metallic or metalloid components in white, of minerals in 
red). BSE images from (a) A 4: Brake pad, network of fibers and abrasives where the filler and lubrication is partially 
decomposed, (b) A 555: Iron-abrasion particle typical for brake disc, and (c) B 31: Brake-pad particle with iron (abrasive), 
copper (thermal dissipation), and silica (filler). 

 

Other Particles 
About 10 vol% of the particles (n = 57) found in the 

samples are not directly traffic-related, including road salt 
(1 vol%), concrete (3 vol%), soil (1 vol%), and plant debris 
(2 vol%). Road salt (NaCl) is applied for deicing in winter 
(Fig. 8(a)). Concrete, in general a composite material of 
calcite (CaCO3), dolomite (CaMg(CO3)2), quartz (SiO2), and 
gypsum (Ca[SO4]·2H2O), can be derived from abrasion of 
road components, such as medial strip barriers and bridges, 
or it can be introduced by the vehicles (Fig. 8(b)). The 
source of soil particles, a variable mix of clay minerals 
(hydrous aluminum silicates), calcite, quartz, and fertilizer 
(Ca, Si, Al, Mg ± Na, K, Cl, Fe, Ti, P), can be the 
agricultural area around the motorways or the green strip 
along the roads (Fig. 8(c)). 

In addition, we observed occasionally particles with 
elements normally used in electronic devices (e.g., Tb, Se, 
Hf). 

 
Particle Overview 

During our study, we characterized 508 particles with 
1450 EDX spectra in samples from the A 4 (CW10/2014 
and 05/2015) and the A 555 (CW10/2014 and 05/2015) 
motorways and from federal highway B 31 (CW27/2017). 
This investigation led to three important results: 
i) The single-particle analysis revealed that for all five 

samples combined, 89% of all analyzed particles were 
derived from traffic-related sources: road wear (39%), 
tire wear (33%), and brake wear (17%) (Fig. 9(a)). The 
remaining 11% originated from various sources in the 
surrounding area (e.g., concrete construction, farm fields, 
plants). In terms of volume, 93% were traffic-related, 
and 7% were derived from non-traffic sources (Fig. 9(b)). 
The differences between the particle number and particle 
volume calculations for the traffic-related and non-
traffic particle sources are marginal, as the volume of all 
traffic-related particles is only 4% higher than their 
particle number. On the other hand, the volume of the 
tire-wear particles is 21% higher than their proportion 
based on particle number. For the road- and brake-wear 
particles, the volume is 11% and 6% lower, respectively 
(Figs. 9(a) and 9(b)). 

ii) A comparison of the samples from the different roads 
documents that they are all dominated by traffic-related 
particles but that both volume and source of the particles 
differ considerably. Motorways A 4 and A 555 display a 
similar distribution of PM10-80, with tire-wear particle 
percentages of 40 and 44 vol%, respectively, which is 
much lower than at B 31 (70 vol%; Fig. 10(a)). It is 
noticeable that the percentage of tire-wear particles in 
the B 31 sample is highest in the fraction > 40 µm 
(Fig. 10(d)). 
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Fig. 8. Examples for the most common particles not directly related to traffic. (a) Road salt was found on both motorways, 
(b) Concrete was found near all roads, and (c) Soil was found most commonly on the A 555 (surrounded by agricultural 
area). Note: For the discrimination between concrete and soil, additional optical morphological properties were applied. 

 

 
Fig. 9. Particle distribution according to their emission source based on (a) particle number and (b) particle volume. 

 

 
Fig. 10. Relative frequency of traffic-related particle types (in vol%). (a) Overall comparison for motorway A 4, motorway 
A 555, and federal highway B 31 for PM10-80. The particle types in three size classes for (b) motorway A 4, (c) motorway 
A 555, and (d) federal highway B 31. 
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Overall, brake-wear particles contribute 11 vol% to 
the PM10-80 collected along the three investigated roads 
(Fig. 9(b)). The highest volume percentage of brake-
wear particles in PM10-80 was found on the A 4 (18 vol%, 
Fig. 10(a)) and, unlike on the other roads, we find most 
of the brake-wear particles in the 40–80 µm partition 
(Fig. 10(b)). In contrast, the B 31 displays the smallest 
amount of PM10–80 brake-wear particles (5 vol%; 
Fig. 10(a)), and these particles are mainly found in the 
size fraction 10–20 µm (Fig. 10(d)). Neither on the 
B 31 nor on the A 555 did we observe brake-wear 
particles > 40 µm (Figs. 10(c) and 10(d)). 

iii) Our EDX data did not indicate the presence of the 
highly toxic metal Cd in any of the 508 examined 
particles. Lead was detected only in one particle (Table 4). 
Chromium and Mo were found as part of iron alloys in 
31 and 24 particles, respectively, Sb in 9, and Ba in 30. 
The most common metal besides Fe was Cu. Zinc was 
found in 37 particles. The Zr detected in one particle 
probably results from remains of a technical device or 
from brake wear. 

 
DISCUSSION 

 
About 93 vol% of the PM10-80 at all our sampling sites is 

exclusively traffic-related. Our analysis reveals an extremely 
low input of particles from the adjoining areas (7 vol%). The 
35,000 to 80,000 vehicles passing the sampling stations per 
day continuously generate abrasion particles, especially 
through the wear of tires. The average loss of tire material 
through abrasion was estimated at 20 mg km–1 for light-
duty vehicles (LDV) and at 200 mg km–1 for HDV 
(Baumann and Ismeier, 1998; Krömer et al., 1999; Camatini 
et al., 2001; Hillenbrand et al., 2005). In the past, it was 
postulated for tire-wear particles that equilibrium exists 
between their total emission into the environment and their 
chemical and biological degradation, and therefore, pollutant 
entry was classified as low (Krömer et al., 1999). However, 
these assumptions are overruled by a continuously increasing 
traffic volume (Councell et al., 2004). The amount of PM 
abrasion from the road surface has similar ranges as the 
average loss of tire material (Muschack, 1988). All abraded 
particles, which are deposited on the road surface, can be 
mobilized, e.g., suspended and re-suspended by wind and 
turbulence effects of the passing traffic. However, PM10-80 
has a generally high sedimentation velocity and therefore a 
short residence time in the atmosphere. The PM10-80 load 
from areas surrounding the roads (e.g., farm fields) is 
extremely low due to the longer transport path. Consequently, 
the roads with their moving traffic can be considered as the 
nearly sole PM source at all our sampling sites (see also 

Kupiainen, 2007). Our data document that tire-wear 
particles are volumetrically the most important component 
of the PM10-80 load at highly frequented motorways and 
highways and thus represent a substantial fraction of 
microplastics released into the environment. This illustrates 
that traffic can distribute any kind of material that can 
reach the driving lanes (e.g., remains from accidents, lost 
cargo, and broken items, including electronic devices). 

As described by Smith and Veith (1982) and Rogge et 
al. (1993), tire-wear particles are generated through abrasion 
due to the interaction between the tire tread and the road 
surface. A frictional connection between tire tread and 
road surface is inevitable, even required, for propulsion 
and directional stability of the vehicles. When overcoming 
the rolling resistance, the tire tread undergoes a continuous 
stress, and the rubber is pressed into a bulge in the driving 
direction, which creates a prolonged stretching and generates 
material fatigue, known as the Mullins effect (Schramm, 
2002; Klempau, 2003). When the damaged rubber slides 
against surface asperities, abrasive wear is the dominant 
abrasion mechanism: stress concentrations generated by 
the sharp points of contact damage the rubber, which can 
then reach the limiting strength of the material, resulting in 
micro-cutting or scratching of the tire tread. This creates 
elongated particles of rubber (Wu, 2016), which develop 
the typical cylindrical shape when repeatedly overrun and 
rolled by vehicles. Consequently, the observed tire-abrasion 
particles are described as elongated, cylindrical or “cigar-
shaped” (Rauterberg-Wulff et al., 1995; Smolders and 
Degryse, 2002; Tian et al., 2017). Our determination of the 
geometric parameters is in accordance with the specifications 
given above: more than 90% of the particles display an 
axial ratio ≤ 0.6 (see also Kreider et al., 2010).  

Once deposited on the road surface, tire-abrasion 
particles attract road dust. This is due to the consistency of 
the rubber itself. Made for close contact with the road 
surface, rubber is flexible and exhibits good adhesion to 
the underground materials (Schramm, 2002). Moreover, 
the surface of rubber particles is rough and offers a large 
contact zone (Figs. 2 and 3; see also Gunawardana et al., 
2012). In addition, the particles display a rounded cross 
section, which allows them to roll over the road surface 
easily, thereby collecting other road-dust particles like a 
rolling snowball (Figs. 3 and 5; see also Rauterberg-Wulff 
et al., 1995; Kreider et al., 2010; Gunawardana et al., 2012). 
In regard to this snowball effect, a distinct difference is 
observed between the tire-abrasion particles from B 31 and 
A 555: the tire-abrasion particles from A 555 show a 
partial encrustment by larger particles, whereas those from 
B 31 are completely encrusted with a mix of larger particles 
embedded in a matrix of sub-micrometer road dust. 

 

Table 4. Particles with heavy metals. 

 Total particles (n) Ba Cd Cr Cu Mo Pb Sb Zn Zr 
A 4 201 2 0 3 6 8 0 1 3 1 
A 555 202 17 0 19 23 9 1 2 14 0 
B 31 105 11 0 9 42 7 0 6 20 0 
Sum 508 30 0 31 71 24 1 9 37 1 
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In our investigation of PM10–80, we have not found any 
tire-core particles at any of the sites. The extent of 
encrustment (coating) observed for all tire-abrasion 
particles ranges from of about 10 vol% (A 555) to more 
than 50 vol% (B 31). We conclude that the decisive factors 
for the development of such large differences in the extent 
of encrustment are traffic flow and traffic velocity, or 
driving speed: on roads with low velocities (e.g., urban 
thoroughfares), the tire-core particles are exposed to 
repetitive cycles of slow roll-over processes with long-
term contact between the rubber and road dust, which 
results in a high degree of encrustment. On roads with high 
velocities (e.g., motorways), however, a more efficient 
removal of material from the road surface due to vehicle-
induced turbulence is observed (Kupiainen et al., 2007), 
and therefore, less road dust can be accumulated on the 
tire-core particles. The urban B 31 highway is characterized 
by continuous stop-and-go traffic and slow driving speeds 
that, in addition, are capped by speed limits of 50 km h–1 
(day) and 30 km h–1 (night), leading to high encrustment 
levels. On the other hand, the A 555 motorway is 
characterized by fluid traffic and high driving velocities, 
leading to lower extents of encrustation. The A 4 motorway 
combines characteristics of both slow (morning and 
evening rush hours during the week) and fast (weekends 
and non-rush hour periods) traffic, and therefore, the level 
of encrustment is widely variable. For this motorway, the 
cumulative duration of stop-and-go traffic is approximately 
25 hours per week (five hours per day, Monday–Friday), 
which corresponds to about 15% of the 168 hours in a 
week and is in good accordance with the 15% of particles 
exhibiting a high encrustation level. 

A substantial influence of weather parameters on the 
level of encrustment could not be observed. 
i) In calendar weeks 10/2014 and 05/2015, the average 

humidity at the A 4 and A 555 sites was 59% and 88%, 
respectively, and no difference in the extent of 
encrustment of tire-wear particles could be detected.  

ii) An influence of air temperature on the encrustment is 
unlikely. More probable is that the tire temperature 
might have an influence, as it depends predominantly on 
tire pressure and driving speed and affects the abrasion, 
whereby abradability increases with increasing temperature 
(Thavamani and Bhowmick, 1993; Wintergerst, 2013; 
Wu, 2016). However, we could not find data on a possible 
effect of tire temperature on the encrustment process. 

iii) An influence of wind parameters on the encrustment 
process is highly unlikely because the mobilization of 
abrasion particles and road dust is dominated by the 
vehicle-induced turbulence (Macciacchera and Ruck, 
2001; Ruck and Lichtneger, 2014). 
In terms of chemical composition, our study confirms 

the statement of Camatini et al. (2001) that the application 
of SEM-EDX alone is not sufficient to identify tire-
abrasion particles. The element analysis shows that the 
particle coatings for all roads are chemically very similar 
but unspecific. This result means that the encrustation 
mainly consists of road-abrasion particles (from the wearing 
course), with lesser amounts of brake-wear particles and 

only minor amounts of material from other sources (e.g., 
concrete, soil). Our study did not confirm the frequently 
described importance of zinc oxide as a tracer for tire-
abrasion particles (Smolders and Degryse, 2002; Councell 
et al., 2004; Kocher et al., 2010; Apeagyei et al., 2011; 
Gunawardana et al., 2012). Zinc oxide is used as an 
activator and accelerator during the vulcanization step of 
tire production, but the applied quantity can vary considerably 
(Councell et al., 2004; Wu, 2016), and substitutes (e.g., 
magnesium oxide) can be used. In our study, it was not 
possible to determine tire-related zinc by single-particle 
analysis in the tire-wear particles with complete encrustment. 
Among the partly encrusted tire-wear particles, only very 
few measurements of zinc could be definitely assigned to 
tire material. This result supports the observation of 
Adachino and Tainosho (2004) that the presence or 
absence of particulate ZnO may depend on the tire type 
and on the manufacturing process of the tire treads. 

Modern tires consist of natural rubber and synthetic 
rubbers, such as styrene-butadiene rubber (SBR) and 
butadiene rubber (BR), i.e., plastic. Only the natural rubber 
is susceptible to degradation (Berekaa, 2006). More than 
50% of car tires are made from various types of artificial 
rubber (Wu, 2016). Thus, our results document a continuous 
emission of microplastics produced by traffic into the direct 
vicinity of the motorways. Since the traffic infrastructure 
of developed countries is very extensive, emission of 
microplastics through tire abrasion is a far-reaching problem. 
Tire-wear particles are thus disseminated on a large scale, 
which can lead to substantial changes in marine and 
continental environments, even in particle-rich habitats, 
such as soils and freshwater ecosystems (Lechner et al., 
2014; Wagner et al., 2014; Machado et al., 2018). In addition, 
it has to be taken into account that microplastics are both 
possible sources and possible sinks for hazardous 
contaminants (Klein, 2015). 

The analysis of brake-wear particles revealed that 
besides the driving speed and traffic mode, the traffic fleet 
is an additional important factor determining the size 
distribution for the PM10-80 composition. We observe that 
the motorways A 4 and A 555 display an opposite trend 
regarding the brake-wear in their vol% size distribution. 
Moreover, brake-abrasion particles > 40 µm can be found 
only on the A 4, where there is a wide range of driving 
speeds and thus, of speed changes and braking actions. 
These conditions lead to increased stress on brake parts, 
especially for HDV brakes. Consequently, it can be assumed 
that the high proportion of brake-wear particles > 40 µm is 
the result of the high proportion of HDVs. In contrast, on 
the A 555 we have fluid traffic and high velocities. HDVs 
can drive an even speed (~80 km h–1), brake actions of 
HDVs are rare, and thus, tire-wear particles > 40 µm are 
not found. The trend for the size distribution observed at 
the B 31 is similar to that observed for the A 555 but the 
volume% of all super-coarse brake-wear particles is distinctly 
higher on the motorway. On the B 31, traffic is characterized 
continuously by stop-and-go conditions. Therefore, braking 
maneuvers are frequent for both LDVs and HDVs, 
generating high numbers of brake-wear particles (see also 
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Grigoratos and Martini, 2015; Wakeling et al., 2017). 
However, with low driving speeds (< 50 km h–1) on the 
B 31, the stress for the brakes is low, thus generating a 
high volume% of small brake-wear particles (< 20 µm). 

In the literature, a range of heavy metals is associated 
with non-exhaust traffic particles (Camatini et al., 2001; 
Smolders and Degryse, 2002; Adachino and Tainosho, 2004; 
Hillenbrand et al., 2005; Kocher et al., 2010; Apeagyei et 
al., 2011; Adamiec et al., 2016). In general, a reduction of 
toxic substances can be observed compared with observations 
in the past (Kocher et al., 2010). Zinc and Cu are regularly 
found in brake-abrasion particles and consequently, as part 
of the encrustment of tire-wear particles, mainly of the 
TWP-2 type. In regard to clutch wear, it should be noted 
that current vehicles are produced with encapsulated clutch 
systems to avoid contamination by road dust and therefore 
do not emit abrasion particles. No indication of airborne 
clutch-wear particles was found in our study. 

 
SUMMARY AND CONCLUSION 

 
In this study, single-particle analysis via SEM-EDX was 

conducted on coarse-sized ambient aerosols from two 
highly frequented motorways and one federal highway 
passing an urban area. The selected roads differ in traffic 
mode, traffic speed, and traffic fleet. 

The importance of these findings is that on both 
motorways and on the urban highway, > 90 vol% of the 
super-coarse particles are derived from the abrasion of 
tires, the road surface, and brake systems; no clutch-wear 
particles were detected. Our findings further show that the 
usual focus on traffic density as the only criterion for 
characterizing the emission conditions at a specific roadside 
is not sufficient. Clearly, traffic speed, traffic mode, and 
traffic fleet, generally described as level of service (LOS), 
are important parameters as well. In particular, brake-wear 
particles are sensitive to changing traffic parameters: their 
proportion in the PM10-80 increases with the number of 
braking maneuvers according to traffic mode, and the 
particle size increases with a growing proportion of HDVs. 

This is the first study to show that tire abrasion 
contributes considerably to the pollution of the environment 
by microplastics. The possible environmental and ecological 
impacts of these tire-derived microplastics in PM10-80 are 
probably restricted to the immediate vicinity of roads. Our 
study further shows that super-coarse tire-wear particles 
are encrusted by road dust, ranging from a partial 
encrustment under fluent traffic conditions to complete 
encrustment under stop-and-go conditions. Therefore, the 
tire-derived microplastics consist not only of the original 
rubber core with its various additives (e.g., Al, Ti, Fe, Zn, 
Cd, Sb, or Pb) but also of potentially hazardous metals and 
metalloids contained in the attached brake-abrasion particles 
(e.g., Al, Fe, Cu, Sb, or Ba). These additional materials 
present in the encrustment thus increase the potential of 
environmental damage resulting from tire-wear particles. In 
our study, however, Zn was not a reliable tire tracer, and 
Cd could not be found at all. 

Targeted traffic management that controls the velocity 

and unbundling of traffic flow in urban areas or provides 
automated traffic control on motorways will significantly 
reduce the proportion of tire wear in the larger fraction of 
super-coarse particles, i.e., sized 40–80 µm.  

In light of our findings, further studies are necessary to 
examine the deposition and mobilization of traffic-related 
abrasion particles directly on the road surface. Such studies 
should be expanded to include road-simulator measurements 
and on-site sampling of representative dust from the road 
surface (e.g., with cyclone vacuum cleaners). As a result of 
the continuous dispersion into the environment of natural 
and artificial rubber contaminated with brake-abrasion 
particles emitted from the roads, the impacts on ecosystems 
and the food chain should also be investigated. Another 
important topic will be a detailed individual particle analysis 
of the PM2.5-10 breathable particle fraction. 
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