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What is known and unknown concerning microplastics from tyre
wear?
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Daniel Castro-Fresno

GITECO Research Group, Universidad de Cantabria, Santander, Spain

ABSTRACT
Pollution of the environment by microplastics is a problem that is increas-
ingly visible and worrisome, with tyre wear particles (TWPs) being consid-
ered, after several studies, as one of the major sources of microplastics.
The aim of this paper is to present a review of the current knowledge on
microplastics generated by road traffic, more specifically in TWPs. Genera-
tionandpathwaysdependondifferent factors like characteristics of the tyre
and road or physical properties of the particles, among others. Currently,
there are some studies on TWPs, both, carried out at the laboratory and
under real scale conditions. So far, it has been possible to identify the pres-
ence of TWPs in samples, but their quantification involves time-consuming
and expensive methods. The big knowledge gap is to find a standardised
and practical method for sampling, detection and quantification, so more
research on TWPs and their dispersion in the environment is needed.
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1. Introduction

In the mid-nineteenth century, the first plastic material was invented and since then plastics have
offered innovative solutions to society’s permanent evolving needs and challenges. They improve the
quality of life for millions of people across the globe by making our lives easier, safer and more enjoy-
able. The family of plastics is made up of a wide variety of materials, which are versatile, durable and
incredibly adaptable. In 2020 global plastic production was 367 million tons, which meets the needs
of end-use markets such as packaging and construction (“Plastics - the Facts, 2021” 2021).

The twenty-first centuryhas seen substantial growth in theproductionandconsumptionofplastics,
but has not effectively addressedmeasures to reuse, recycle and control plastic waste. Pollution of the
environmentwithplastics is a seriousglobal threat because it adversely impacts humanhealth, aquatic
organisms and the economy (Chae & An, 2017; Näkki et al., 2017; UNEP, 2016; Wagner et al., 2014). The
quantity of plastic litter andmicroplastics observed floating in mid-ocean gyres appear to represent a
small fraction of the total amount present in the ocean (UNEP, 2016).

In recent years, much attention has been focused on microplastics as an increasing problem of
environmental pollution. The term microplastics comprises plastic fragments smaller than 5 mm and
larger than 1 µm (Verschoor, 2015) that are generated by different ways and from different sources,
such as synthetic textiles or tyre wear, among others. Microplastics are usually divided into primary
and secondary, with different considerations for their definition, depending on whether this division
is based on how these microplastics are produced (A), or when they becomemicroplastic (B):
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(a) Some researchers consider that the primary microplastics are the small particles released directly
into the environment, which means that they are directly manufactured as microscopic particles
used for commercial applications, while the secondary microplastics originate from the degra-
dation of large plastic objects during usage or after disposal (Essel et al., 2015; Hale et al., 2020).
So, the secondary microplastics need a wearing process to become microplastics. Besides, some
authors divide these secondary microplastics into two categories that correspond to microplas-
tics that wear away while being used and microplastics that break down once discarded in the
environment (Vogelsang et al., 2019).

(b) An alternative definition used by other researchers describes primary microplastics as plastics
directly released into the environment in the form of small particulates, and also those originated
from the abrasion of large plastic objects during manufacturing, use or maintenance. In this case,
the secondary microplastics emerge when plastic items which are already in the environment are
degraded into smaller pieces. Therefore, the primarymicroplastics reach the environment as small
pieces of plastic below5mm,while the secondary are pieces of plastic above this size, but they are
degraded along time by the environmental conditions until they become microplastic (Boucher
& Friot, 2017; Sundt et al., 2014).

In short, there are different alternatives for classifying microplastics (Table 1) so a specific type of
microparticles is sometimes classified as primary and other as secondary, depending on the definition
used.

This review will focus on microplastics generated on the road due to transportation, in particular
on tyre wear particles (TWP), leaving aside road wear particles and microplastics generated during
braking or car accidents. Roads can be divided into different types, such as dense asphalt mixture and
porous asphalt mixture, among others, and are used depending on the requirements of each partic-
ular area. The tyres of the vehicles circulating on them produce wear on the road and the tyre itself
that generates particles. From these particles, the highest fraction corresponds to minerals coming
from road abrasion, followed by tire and bitumen wear particles (TBWP) (Järlskog et al., 2022). TWP
accounts for approximately 50% of TBWP (Järlskog et al., 2020) and the highest contributor to TWP
is rubber (Sommer et al., 2018). In relation to this, there is a discrepancy observed in the considera-
tion of rubber as plastic or not. Despite the fact that according to the International Organization for
Standardization (ISO) rubber would not be included within the definition for plastic (ISO, 2013), some
researchers consider rubber as a kind of plastic (Wagner et al., 2018). There are also discrepancies in
TWP classification, being considered secondary microplastics in several studies (Essel et al., 2015; Hale
et al., 2020; Vogelsang et al., 2019; Xu et al., 2020), while being framed in the primary fraction by the
European Community (Boucher & Friot, 2017; Europeo, 2018; Sundt et al., 2014), stating that they rep-
resent up to 28% of primary microplastics (Europeo, 2018). But on one point all authors agree, which
is that TWPs are one of themain contributors tomicroplastic pollution in the environment (Essel et al.,
2015; Foss et al., 2015; Jan Kole et al., 2017; Leads & Weinstein, 2019; Sundt et al., 2014; Unice et al.,
2019; Wagner et al., 2018), with studies suggesting contributions of 5–18% to the global load of plas-
tics in the oceans, and of 3–7% to the particle fractions smaller than 2.5 µm, known as PM2.5, in urban
air [18].

Although TWPs have been studied for a long time, since the 1970s (Cadle & Williams, 1978); cur-
rently, they are receiving greater attention and progress is beingmade in their detection, analysis and

Table 1. Scheme of different divisions of microplastics.

MICROPLASTICS (A) Primary They manufacture in this size
Secondary They degrade from large pieces (1) They wear away because of use

(2) They break down in the environment
(B) Primary They manufacture in this size and wear

away because of use
Secondary They break down in the environment
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quantification (Baensch-Baltruschat et al., 2020, 2021; Järlskog et al., 2021;Mengistu et al., 2021; Rauert
et al., 2021; Rødland et al., 2022b). One of the major handicaps encountered was the interference dur-
ing the analysis that is generated by road particles embedded on the rubber particles. To address this
problem, it is necessary to consider whether the studies carried out so far refer to road dust, tyre wear
particles (TWP) or tyre and road wear particles (TRWP). This difference is explained in Kreider et al.
(2010), as well as being addressed for a suitable quantification in Rødland et al. (2022b).

The objective of this paper is to review the current state of knowledge on microplastics from tyre
tear and wear, generated by road traffic, which is in constant development as it is an issue of grow-
ing international interest. This review addresses the characteristics of these particles, their forms of
dispersion in the environment known to date, as well as the way and difficulties encountered when
sampling and analysing the particles. It should be noted that this review attempts to obtain informa-
tion only for TWP, focusing on them and leaving aside roadwear particles andmicroplastics produced
by other sources (i.e. braking, car accidents, etc.). Moreover, the TWP are being dispersed through-
out the environment, both terrestrial andmarina. Although there are studies addressing the sampling
and analysis of TWPs collected in different environments (i.e. road surface, air, soil, river, sea, etc.),
this review focuses on those collected on the road, which is the closest point to their generation and
where more emphasis should be placed to find a solution and mitigate the problem. In relation to
the sampling and analysis methods, the existing ones were evaluated, highlighting their strengths
and weaknesses in order to focus future research in the achievement of a standardised and practical
method, and thus proposing solutions to this international problem with more specific and realistic
data.

2. Microplastics from road transport

2.1. Sources and generation ofmicroplastics in roads

Themain sources ofmicroplastic particles in road dust are believed to be the rubber in tyre treads, that
is the largest contributor, the polymers that sometimes are added to strengthen the bitumen used in
asphalt pavements, and the thermoplastic elastomers present in roadmarkingpaints (Vogelsang et al.,
2019).

Themicroplastics producedwhenpolymermodifiedbitumen (PMB) is usedhave theirmajor source
in the use of studded tyres. These tyres are typical in northern Europe to improve traction in snow and
ice; however, they increase the production of road wear particles which mainly cause air pollution
(Järlskog et al., 2021).

The microplastics form tyre wear, named as TWP, are produced by the frictional contact between
the road surface and the moving tyre. This contact causes wear of the tyre, that leads to emissions of
rubber particles, and heat friction within the tyre, that may cause volatile tyre components to evap-
orate. Furthermore, it also causes particles to be released from the road, asphalt or concrete, and
from road markings (paint) on the road surface. According to some researchers (Grigoratos & Mar-
tini, 2014; Kreider et al., 2010; Panko et al., 2013), road wear particles stick to the rubber wear and
tear because of the shear forces and the heat produced in the contact. Moreover, these particles may
contain embeddedmetals or other chemicals coming from the traffic or other environmental sources.

Unfortunately, there are limited data on TWP emissions when compared with other non-exhaust
vehicle emissions, such as brake wear (Harrison et al., 2021). The characteristics of the tyre, the vehi-
cle and the road surface, among others, determine the amount of tyre wear (Wagner et al., 2018). For
example, a research conducted in the vicinity of an urban area under reconstruction revealed that
heavy vehicles were a major source of TWP, among other pollutants (Järlskog et al., 2021). This is con-
firmed by Youn et al. (2021), which compares an industrial zone with a residential zone and shows
a higher number of TWP in the industrial zone associated with a greater number of heavy vehicles.
Another example is the study carried out by Arizona Department of Transportation where, taking
advantage of the resurfacing of a tunnel, the difference in TWPs emissions between the new asphalt
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mixture and theexisting concretepavementwas studiedunder real driving conditions.Oneof the con-
clusions was that the tyre wear emission rate per kilometre driven is 1.4–2 times higher on concrete
surface than on asphalt road surface (Alexandrova et al., 2007). Additionally, the roughness of the sur-
face layerwill increase thewear rate by a factor of two-three times (Kennedy et al., 2002). Thus, the road
surface influences tyre wear mainly by its microtexture and macrotexture, referring to the surface of
the aggregate particles and binder and mainly to the shape and size of the aggregate, respectively.
A deeper microtexture generates a higher skid resistance, but also leads to more tyre wear, resulting
in contradictory objectives. Therefore, a balance must be achieved between reducing tyre wear and
reducing friction to avoid compromising safety. On the other hand, the degree towhichmacrotexture
affects tyre wear is uncertain (Andersson-Sköld et al., 2020), although some authors (Gustafsson et al.,
2019) assert that higher macrotexture increases dust loads.

Moreover, climate, speed, driving conditions and nature of the contact (e.g. rolling versus slipping)
also have an influence in the amount of the particles emitted (Alexandrova et al., 2007; Beji et al., 2021;
Verschoor et al., 2016). On the one hand, in a study carried out in China (Sun et al., 2022), a higher
number of TWPwas detected in road dust in northern cities compared to southern cities, which could
be due to lower relative humidity and less rainfall, resulting in higher frictional resistance of the roads.
These results are in accordance with those obtained from Kang et al. (2022), where they state that the
concentration of microplastics in road dust increases in dry periods. On the other hand, in a research
carried out in Stockholm over several years (2011–2017), a seasonal dependency has been observed
in road dust loads, this is mostly due to the different types of tyres used depending on the weather
conditions affecting the road. The highest loads (up to 200 g/m2) occur between late winter and early
spring coincidingwith theuseof studded tyres;while, the lowest values (down toabout 15g/m2) occur
in late spring and also early autumn where the use of non-studded tyres is predominant (Gustafsson
et al., 2019). In line with the seasonal dependence research, a subsequent research focused on TWP,
among other components of road dust, and one of the conclusions drawn was that there is a higher
generation of microplastic during the summer than during the winter (Järlskog et al., 2021). The roads
had not been swept during the summer, which could explain the results. Further research on seasonal
dependence in other parts of the globe is needed in order to confirm the results from these Swedish
studies.

Finally, as a result of high braking and acceleration in urban driving styles, the tyre wear emission
factor is higher than in highway driving (Knight et al., 2020; Vogelsang et al., 2019). Additionally, there
is a high variability, in terms of particle abundance, between traffic densities, though. These results
agreewith those reported in Panko et al. (2019) where little relevance of traffic density in the tyre wear
contribution to PM2.5 was found, being also reported that the highest concentrations of particulate
matter directly correlate with high braking operations.

2.2. Tyre and TWP composition

The tyres of our vehicles are muchmore than a black ring of rubber on the wheel. Over time the com-
position of the tyres has varied up to themodern tyre, that combines up to 12 different sorts of rubbers
withother chemicals andconstructionmaterials providing the treadwith thenecessaryhardness,wear
resistance, durability, elasticity and stickiness (Vogelsang et al., 2019). It can contain between 25 and
30 components (Continental, 2020; GoodYear, 2022). For instance, Figure 1 shows the most popular
composition of a summer tyre of Continental (Continental, 2020).

Natural and synthetic rubbers are two types of polymers with excellent properties that are widely
used in tyre industry. Each rubber type has its own chemical and physical properties. Natural rubber
is characterised as a strong, flexible and heat-resistant material. However, some types of synthetic
rubbers are cheaper and have better resistance to temperature, aging and abrasion (Encyclopaedia
Britannica, 2017, 2023; Fisher, 1942,Gmtrubber). But themaindifferencebetween them is theway they
are produced. On the one hand, natural rubber is produced naturally from the tree Hevea brasiliensis.
On the other hand, synthetic rubber is an artificially produced polymer, synthesised from petroleum
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Figure 1. (a) Tyre composition of the most popular summer tyre of Continental. Data collected from Continental (2020); (b)
Structure of modern passenger car’s tyres. Modified from Continental (2020).

by-products and converted into an elastomer by linking polymer chains using Sulphur bridges. There
aremore than 20 different classes of synthetic rubberswith their corresponding physical and chemical
properties (Essel et al., 2015).

Rubber has different compositions depending on the type of tyre. Amix of styrene–butadiene rub-
ber (SBR) and butadiene rubber (BR) is employed in tyres of passenger cars. However, the type of
rubber normally used in heavy duty vehicles is natural rubber (NR), while a higher quantity of polybu-
tadiene rubber (PBR) is applied to non-studdedwinter tyres in passenger cars to obtain a softer rubber
mix which improves the grip (Vogelsang et al., 2019; Wagner et al., 2018). It has been reported (Unice
et al., 2012) that the total percentage of rubber in tyre tread is about 50% (w/w), of which 45% is NR in
heavy vehicle tyres and 44% is SBR+ BR in light vehicle tyres. However, this is an average, as different
quantities are used between brands andmodels. A comparative study of these differences was carried
out on several Norwegian and Australian tyres; the results are presented in Rauert et al. (2021). The
lack of knowledge about the variability of rubber contained in both car and truck tyres hinders the
accurate quantification of TWP in the samples and needs to be addressed.

Furthermore, tyres have other components to provide them with different properties, such as for
example, to make them resistant to UV rays. Carbon black is usually added as a filler, although lately
it is being partially replaced by silica nanoscale glass balls. The reinforcement of rubber with silica is a
complicated process, but the silica can reduce the rolling resistance by 20% and increase the adhesion
to the pavement by 12% (Zimmermann et al., 2018). In addition, it is necessary to vulcanise the rubber
compounds to give them greater elasticity because natural rubber tends to crystallize spontaneously
at low temperatures or when stretched due to its high structural regularity (Wagner et al., 2018). Sul-
phur or zinc is used as catalysts. Finally, oil is added to make the tyre less stiff and to improve its wet
grip performance (Jan Kole et al., 2017). For the purpose of this review the interest is focused on the
tyre tread (Figure 1), which contains the components mentioned above, and which are summarised
along with their main functions in Table 2.

The tread is the part in contact with the road surface and provides traction and grip, optimal han-
dling, long service life and goodmileage. According toWagner et al. (2018), the particles that come off
the original tread of the tyre have their properties and their chemical composition altered due to the
interaction of the tyres with the pavement. This is due to the friction and heat generated and to the
incorporation of material coming from the road surface (Panko et al., 2013), such as wear from brake
pads and tyre studs, exhaust fumes from vehicles, and atmospheric depositions (Wagner et al., 2018).
These particulate encrustations were reported to range between 10 and 50% (Klöckner et al., 2021b;
Kreider et al., 2010; Sommer et al., 2018; Unice et al., 2019).
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Table 2. Examples of tyre tread components and their main function (Andersson-Sköld et al., 2020).

Component Function

Natural rubber Main components providing elastic properties, which provide comfort, traction, and
friction.

Synthetic rubber polymers
Fillers Strengthen the rubber, i.e. improve tensile strength and prevent tear and abrasion.
Vulcanisation agents Transform the rubber into a solid product through vulcanisation (i.e. curing of the

rubber) by crosslinking the polymer chains.
Activators Activate the curing during vulcanisation.
Accelerators Speed up the vulcanisation.
Inhibitors (pre-vulcanisation inhibitors) Inhibit premature vulcanisation.
Antioxidants Prevent the rubber from degrading due to temperature or oxygen.
Antiozonants Prevent degradation caused by ozone exposure.
Peptizes Accelerate the mastication process (i.e. when the viscosity is reduced to aid mixing).
Plasticizers Function as softening agents and processing aids by reducing the viscosity during

processing.
Other processing aids Aid mixing and processing (e.g. dispersing agents).

2.3. Physical properties of tyre wear

While there is a clear understanding of tyre tread composition, the characteristics of the particles gen-
erated during the use of the tyre are not well known. One of the major uncertainties on the subject is
whether the physical properties depend on where the sampling is performed (i.e. airborne, soil, road
surface, water, etc.). Several research studies (Kreider et al., 2010) have been carried out concerning
the physical properties of TWPs. These properties, including shape, size and density are considered to
be important factors in the dispersion of microplastics from tyre wear in the environment, so a better
understanding of its dynamics is essential to decrease pollution (Klöckner et al., 2020).

2.3.1. Shape
According to Gunawardana et al. (2012), Klöckner et al. (2021b), Kreider et al. (2010), tread wear parti-
cles are generally elongated in a sausage-like shapewith rough surface. Theoretically, these fragments
implant less deep into the asphalt mixtures than spherical particles due to the entanglement of the
angular particles in the pores (Waldschläger et al., 2020). Some researchers also analysed themorphol-
ogy of the collected road dust and particularly TWPs, qualitatively using scanning electronmicroscopy
(SEM), as shown in Figure 2, where mineral incrustations are evident in the photo of greater magni-
fication, and quantitatively using transmission optical microscopy. These pictures show TWPs from a
road simulator. However, according to Kreider et al. (2010), when comparing the particles generated
at the laboratory under simulated driving conditions and on-road collected samples, similar features
were found on the particles, though generally on-road samples were smaller on average.

2.3.2. Size
The available studies on size distributions of TWPs show heterogeneous results. The size distribution
depends on factors such as speed, temperature, aging, type of pavement, tyre’s composition (Jan Kole
et al., 2017) and driving behaviour (Andersson-Sköld et al., 2020). It is important to point out that the
particle size reported by a particular experiment also depends on the experimental setup (Jan Kole
et al., 2017), because different methods are used to generate samples and analyse the particles, which
can be collected either at real-scale test conditions or at the laboratory test using road simulators
(Andersson-Sköld et al., 2020; Jan Kole et al., 2017).

Some authors (Jan Kole et al., 2017) provide an overview of the size ranges covered and detected
in four key studies (Aatmeeyata et al., 2009; Dahl et al., 2006; Kreider et al., 2010; Mathissen et al., 2011)
focusing on the size distribution of tyre wear. Interpretation of the experimental results is complicated
due to test set up, analytical difficulties to separate tyre from road particles, and the enormous vari-
ety in experimental conditions and analytical experiment. More studies are needed to determine the
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Figure 2. Scanning electron microscope images of particles collected on a simulated laboratory driving course. Images obtained
from Kreider et al. (2010).

size of the particles generated under realistic driving conditions. However, in Jan Kole et al. (2017),
the findings from four separate studies on TWPs were combined. According to it, TWPs fell within a
size range of approximately 10 nm to several hundred microns; these data are in accordance with the
results obtained in a recent research (Parker-Jurd et al., 2021).

2.3.3. Density
The density of the microplastic particles influences how they spread and where they accumulate. The
density is affected, among others, by whether the particle is a pure tyre particle or if it is made up of a
mixture of tyre, bitumen andminerals from the roadway (Andersson-Sköld et al., 2020). The density of
tread tyre is 1.15–1.18 g/cm3, but because theparticles also contain amix of road surfacematerials, the
final density varies from 0.94 to 2.5 g/cm3 (Parker-Jurd et al., 2021; Sommer et al., 2018; Unice et al.,
2019; Verschoor et al., 2016; Vogelsang et al., 2019). Using this range of values, a density separation
method is recently being investigated to isolate the TWPs from the rest of the dust collected in the
sample in order to analyse and quantify them more efficiently (Goßmann et al., 2021; Järlskog et al.,
2020, 2021; Klöckner et al., 2019; Oh et al., 2022). Moreover, according to some authors (Klöckner et al.,
2020), the density of TWP particles may be affected by the aging of the particles.

The effect of the size and density of TWPs on road runoff was studied by Bondelind et al. (2020)
using a three-dimensional hydrodynamic model. One of the conclusions was that the settlement of
particles in the river was influenced by their size and density. Microplastics with sizes around 75 µm
and 1.9 g/cm3 (larger and heavier particles) together with one third of microplastics with sizes around
20 µm and 1.7 g/cm3 (medium-size particles) settled in the river, while the small microplastics with
density close to 1.0 g/cm3 did not.

2.4. Estimation on the amount of road relatedmicroplastics

Twodifferent approaches aremainly used to estimate the amount ofwear and tear from tyres. The first
uses emission factors per vehicle-kmmultiplied by the total mileage, and the second uses the number
of tyres multiplied by the weight loss of these tyres during use (Baensch-Baltruschat et al., 2020; Jan
Kole et al., 2017). Both methods have been used with comparable results, which means that the two
methods can be reliably used (Jan Kole et al., 2017). In Europe, the manufacturer or importer must
collect and process tyres after use (European Parliament and Council, 2000).



ROADMATERIALS AND PAVEMENT DESIGN 1665

Figure 3. The amount of wear of car tyres per capita per year. Data collected from Jan Kole et al. (2017).

A literature review conducted in Jan Kole et al. (2017) compiled national estimations of the amount
of tyre’s wear in eight countries. Japan leads the studies of the tyre’s wear, followed by Western Euro-
pean countries. Japan, United Kingdom and Italy use the tyre’s weight loss method whereas The
Netherlands use the emission factor per vehicle-km approach. On the other hand, Germany, Denmark,
Sweden andNorway use both emission estimation approaches. This information is not available for all
countries, though. Therefore, to obtain a global estimate of the amount of wear emitted to the envi-
ronment, data on mileage and the number of tyres were collected from countries for which national
emission estimates were missing. This search returned results for China, India, Australia, the United
States and Brazil. Some researchers used the emission factor method based on data from Japan and
several European countries to estimate the national tyre wear emission of these countries. The emis-
sion per capita and year in kilograms estimated by this study is shown in Figure 3 (Jan Kole et al.,
2017).

According to Figure 3, India is the country with the lowest emissions (0.23 kg/capita·year), in con-
trast to the USA that presents the highest emissions (4.7 kg/capita·year). The USA is the leader due
to the existence of a greater number of cars and to the larger distances that are travelled along the
country, especially by trucks. In contrast, the fewer emissions in India and China (0.55 kg/capita·year)
are due to the smaller percentage of cars per person in these countries. It should be noted that the low
emissions of The Netherlands (0.52 kg/capita·year) are due to the fact that only 5% of the total emit-
ted particles are taken into account, since the other 95% are considered to be captured and retained
by porous asphalt roads (van Duijnhove et al., 2014). For the rest of the countries the estimates are
between 0.81 and 1.9 kg/capita·year (Jan Kole et al., 2017).

3. Possible pathways to the environment

TWPs are generated on the road, but their final destination is uncertain. These particles end up in
different areas of the environment depending on the different possible pathways that exist for their
transportation. In addition, different factors control how themicroplastics spread in the environment.
These factors include physical properties (shape, size and density of the particles) and precipitation
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(Andersson-Sköld et al., 2020). Moreover, maintenance andweather conditions influence the accumu-
lation of tyre wear on the road (Jan Kole et al., 2017; Wagner et al., 2018), for example the build-up of
microplastics depends on variables such as precipitation, moisture of the surface road or wind. These
parameters rule the microplastics transportation by run-off, air and swirling (Järlskog et al., 2020).

As said before, there are different pathways to disperse the TWPs. Generally, small particles are
liberated into the air and dispersed, while large particles will settle on the road surface, where some
of the particles will be trapped and other transported in different ways (Jan Kole et al., 2017). Non-
airborne emissions make up from 90 to 99.9% by mass of the total emissions (Baensch-Baltruschat
et al., 2021; Grigoratos & Martini, 2014; Panko et al., 2013) and can be found deposited on the road or
on the side of the road (Panko et al., 2013).

TWP concentrations decrease with increasing distance from the source, i.e. as it moves away from
roads (Baensch-Baltruschat et al., 2020). This indicates that the deposition of suspended particles is a
key pathway of TWPs to the aquatic environment, which together with two point sources: treated
wastewater effluent and surface runoff via storm water drainage are considered the three princi-
pal routes of TWPs to the marine environment (Parker-Jurd et al., 2021). According to Parker-Jurd
et al. (2021), Sundt et al. (2014), the highest emissions of TWP to aquatic environments come from
stormwater runoff, which are four times higher than those coming from the atmosphere.

Roads play an important role in the spread of microplastics as they are considered an intermedi-
ate step between the generation of rubber microparticles and the environment, with the exception,
according to some studies, of porous asphalt surface layers which may retain a larger number of par-
ticles than conventional roads due to their void content (Jan Kole et al., 2017). In this sense, according
to van Duijnhove et al. (2014), porous asphalt roads in The Netherlands are believed to collect 95% of
the microplastics coming from tyre wear. This peculiarity of porous asphalt mixtures deserves special
attention, because if this theory is confirmed, it would importantly reduce the diffusion of TWP into
the environment. However, measurements to confirm this hypothesis have not been found. Depend-
ing on the proportion of voids, the depth of the macrotexture, the meteorological conditions and the
speed and composition of traffic, among others, these particles may stick permanently to the voids or
remain for some time before being transported (Andersson-Sköld et al., 2020; Jan Kole et al., 2017).

Several ways in whichmicroplastics generated by tyre wear can be dispersed into the environment
are described in the next sections.

3.1. Wind and the passing of vehicles

In dry conditions, the wind and the passing of vehicles can suspend or re-suspend the particles
depositedon the road, as shown in Figure 4. Turbulencebelowand around the vehicle,whichdepends
on the speed, number of tyres and vehicle size, causes road dust to swirl up. On the other hand, in wet
conditions, passing of vehicles can also swirl up particles due to the splash and spray that occurs when
vehicles travel on a wet surface (Vogelsang et al., 2019).

Both the above-mentioned particles and those emitted directly into the air are deposited in differ-
ent land andwater environments via dry orwet deposition. Dry depositionmeans that theparticles are
deposited on surrounding surfaces, whereas wet deposition means that the particles are washed out
from the air and deposited via precipitation. Dry andwet deposition can occur in a lot of surfaces, such
as, for example, the road itself, the areas around the road, built environments, or on land and water
areas further away. Another possibility is that the particles are inhaled by humans and animals that are
exposed to polluted air. This usually occurs in the vicinity of high traffic roads and urban landscapes
where concentrations are comparatively high, which increases the risk (Andersson-Sköld et al., 2020).

3.2. Road runoff

During precipitation and snowmelt, an important dispersal pathway for TWPs is the runoff from roads
and traffic areas (Andersson-Sköld et al., 2020; JanKole et al., 2017; Parker-Jurdet al., 2021). The amount
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Figure 4. Redistribution of road dust caused by wind and vehicle-induced turbulence during dry weather period. Picture obtained
fromWijesiri et al. (2016).

of TWPs released to the aquatic environment depends on the infrastructure for collection and treat-
ment of road runoff (Sieber et al., 2020). In areas with stormwater systems, which is commonly the
case in built-up areas, several tyre wear compounds and transformation products have been detected
by some researchers (Johannessen et al., 2021) at concentrations of mg/L in urban waters receiving
stormwater runoff; the dispersal of which will depend on the design of these stormwater systems
(Andersson-Sköld et al., 2020). In contrast, in areas without runoff management systems, TWPs will
drain off with the rain onto land adjacent to the road and into any open ditches, from where they can
be transported to other nearby waterways (Wagner et al., 2018).

In relation to the fate of runoff water, one study (Ziajahromi et al., 2020) investigated the con-
centration of microplastics in a wetland, whose main findings were that higher concentrations of
microplasticswere observed in the sediment compared to the aquatic phase, and that around 15–38%
of themicroplastics found in the sediment were rubber carbon filled particles, which are suspected to
comemainly from TWPs that are transported by road runoff.

Locally, amounts releasedwill vary dependingonkilometres driven, climate and topography.More-
over, suspended particles in the water can sediment and, on the contrary, water flow can be strong
enough to re-suspend sediments and take the particles elsewhere (Andersson-Sköld et al., 2020). An
estimate for OSPAR Commission, essentially the European countries bordering the North-East Atlantic
Ocean, suggested that the amount of microplastics transported to local marine environments from
tyre wear was comparable to land-based litter (Hale et al., 2020). For example, in Sweden 8700 tons of
tyre and road wear particles are theoretically released into the environment every year (Järlskog et al.,
2020). In Norway, 3942 tons of TWPs are expected to end up in the ocean every year, which amounts
to 31.9% of all plastics dumped into oceans (Sundt et al., 2014). In contrast, in The Netherlands it is
estimated that only 0.9% (261 tons per year) of the total amount of plastics in the ocean corresponds
to TWPs (Jan Kole et al., 2017).

3.3. Snow removal and de-icing salt

Inwinter, the greatest contribution to the spread ofmicroplastics occurswhen snowmust be removed
from built-up areas so it is transported elsewhere. The TWPs are then moved to where the snow is
placed. Conversely, outside built-up areas the snow is cleared by moving it by the side of the road. A
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recent study (Rødland et al., 2022a) stated that snow on roadsides in peri-urban and urban environ-
ments is highly contaminated and therefore meltwater runoff should be treated before it is released
into the environment because otherwise, the TWPs spread according to the location specific disper-
sal pathways related to the road runoff (Andersson-Sköld et al., 2020). Furthermore, according to the
conclusions obtained from Rødland et al. (2020), the concentration of microplastics in rock and sea
salt used to de-icing winter roads is very low, being considered a negligible source of microplastics
compared to others with a greater impact.

3.4. Street cleaning

Depending on the type of the road sweeper and the technology used, street cleaning can generate
dust and airborne particles. One solution to reduce the generation of dust is using water while sweep-
ing (Andersson-Sköld et al., 2020) so that thiswater is collected in stormwater or sewage systemswhile
road dust and sludge fractions are sent to landfills (Vogelsang et al., 2019). Road cleaning has been
shown tobe an effectiveway of removing the largermicroplastics (> 100–125µm) (Amato et al., 2010)
andmicroplastics over 20 µm (Järlskog et al., 2021); so TWPsmight be prevented from reaching receiv-
ing stormwater throughweekly sweeping (Järlskog et al., 2020). Meanwhile the smaller oneswill more
easily accumulate within the pavement microstructure (Vogelsang et al., 2019).

3.5. Vehicle washing

TWPs can stick to the surface of vehicles travelling along the road, when vehicles are washed, these
particles may follow the same dispersal pathways as road runoff (Andersson-Sköld et al., 2020). This
applies to the smallest size particles in the air, so the total volumeof particles that adhere is considered
to be relatively limited (Vogelsang et al., 2019). In addition,washing the car in the street is prohibited in
some countries because it is illegal to let the vehiclewashwater run into a stormdrain. Vehiclewashing
facilities are equipped with a water treatment management system, connected to a stormwater or
wastewater sewer system to prevent environmental contamination from car wash water.

4. Artificial generation, sampling and analysis

The sampling, detection and quantification of TWPs is one of themain challenges in terms of knowing
the real presenceof theseparticles in the environment and, therefore, thedamage they can causeboth
to the environmental and to human health. As mentioned above, microplastics can be found in both
terrestrial and marine environments. However, the focus of this section is on sampling and analysing
microplastics on the road since it is the area closest to the emission source and therefore a particularly
relevant area to study. The different methods available for sampling and further analysis in the labo-
ratory are described and discussed. In addition, a first section focused on the artificial generation of
TWPs has been developed to see the different options currently used in the laboratory.

4.1. Artificial generation of TWPs

Laboratory scaled methods can be used to obtain information on the chemical composition but not
on the physical characteristics, since, as evaluated in article (Kreider et al., 2010), particles obtained by
laboratory techniques differ in size and morphology from those collected in real samples. The labora-
torymethods differ in their complexity, starting from very basic sampling and test procedures passing
throughmore complex and evolved ones (Figure 5) to end in large-scale test facilities (Figure 6). Thus,
a simple method is, for example, to cut different pieces from the tyre using a knife (Camatini et al.,
2001). Another commonly used simplemethod is to use a file or metal grater to abrade a piece of tyre,
which gives coarse tyre filings rather than whole pieces (Redondo-Hasselerharm et al., 2018). Some-
times, samples are frozen using liquid nitrogen, after which they are ground into finer materials to be
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Figure 5. Schematic illustration of a simulator for tyre wear and associated equipment for emission analysis (Park et al., 2018).

Figure 6. Left: vertical drums from BASt; right, VTI’s road simulator (Andersson-Sköld et al., 2020).

Figure 7. Sampling in a city street with WDS. Picture: Roosa Ritola (SYKE and SKYE, 2020).

analysed for chemical composition. On the other hand, to obtain more realistic samples, TWPs can be
generated at the laboratory simulating the wearing process occurring at the road. For example, in the
Republic of Korea, the Korea Institute of Machinery and Materials has a test rig where a tyre is worn
against a drum covered in sandpaper, which is enclosed in a chamber throughwhich purified air flows
(the installation diagram can be seen in Figure 7). Air samples are collected downstreamof the contact
point between the tyre and the drum (Park et al., 2018).
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Finally, there are at least two types of large-scale test facilities, where real surfacing materials are
used. The first type is a vehicle and road test bench (PFF) build at BASt; while the second is a road
simulator, located in Sweden. In Figure 6 both facilities are shown.

The former consists of a standing drum with a road surface on the inside, equipped with an inter-
nal wheel platform. It is mainly used to test the skid resistance of various road pavements, including
wet road surfaces (Kreider et al., 2010). ‘Bundesanstalt für Straßenwesen’ BASt and ‘Karlsruhe Institute of
Technology’ KIT have this system. In Kreider et al. (2010), the characteristics of the particles generated
by cryogenic breaking of tread rubber, on-road collected samples and particles generated at the PFF
facility at BASt were compared. In this facility, the tyre’s wear is collected by cyclonic vacuum cleaners
installed behind thewheels. Themost relevant conclusions of the study are that the particles collected
in real conditions and those generated in the laboratory at the PFF simulator have similarmorphology,
although the former are smaller on average. In addition, it is shown that all particles have a significant
amount of incorporated material.

The other large-scale simulator is the circular road simulator (CRS) built at Swedish National Road
and Transport Research Institute (VTI). Under controlled conditions, the CRS implements accelerated
tests that simulate the effect of traffic on roadsmaterials. TheVTI’s CRS consists of a circular trackwhere
any type of road surface material can be tested (Institute, Kuttah, and Kalman 2020). CRS is used for
pavement wear testing (Gustafsson et al., 2009) and also for the generation and sampling of TWPs,
focusing on the inhalable fraction (PM10). Some researchers used the CRS to look at the wear that
occurs on different tyres at a constant speed and analysed the particle mass size distribution of the
emitted particles (Grigoratos et al., 2018).

4.2. Methods for sampling tyre wearmicroplastics

Sample collection can be carried out in several ways, mainly by analysing the amount of material
per square metre or by setting and collecting a specific sample volume. To ensure that the sam-
ples collected are as relevant and representative as possible, different aspects must be considered,
including among others where particles are accumulated, the wind direction, the recent precipita-
tion and the time of the year when the sample is collected. In addition, samples of microplastics from
road traffic should be taken from different locations and at different distances from the source to
increase the knowledge of where, when and how these microplastics are transported and deposited.
This is important to carry out risk assessments, take appropriate measures and assess the spreading
(Andersson-Sköld et al., 2020).

Different sampling methods and devices have been used to collect TWPs. The simplest method
is to use a broom and dustpan (Abbasi et al., 2019; Chae et al., 2021; Kang et al., 2022) or a basic
vacuum cleaner (Roychand & Pramanik, 2020; Youn et al., 2021). A combination of these could also
be used, as in Vaze and Chiew (2002), where the dust was first vacuumed without any brushing
and then the same surface is lightly scrubbed using a fibre brush so that most of the fine pollu-
tants attached to the surface are released to be vacuumed again. These simpler methods are valid
for dust road, but if you need to research microplastics, collecting them can be difficult due to
their tiny size. One step ahead is the VTI which uses a proprietary sampling machine called the
Wet Dust Sampler (WDS). This is a more complex instrument consisting of a device that uses high
pressurised water to clean a small circular road surface area during a specified amount of time,
and compressed air to move the material from the washing unit to a sample bottle (Figure 7)
(Lundberg et al., 2019). These device is used in some research studies, such as in Gustafsson et al.
(2019).

Another method that appears quite often in the literature is the one developed by Amato et al.
(2009). This method arose because of the difficulties associated with collecting the fine particles and
the electrostatic adhesion of the particles to the hairs of the tweezers/brushes and the sievemeshes. In
order to reduce the losses during the sampling procedure, based on a vacuum pump, a resuspension
chamber was introduced in addition to a PM10 separator and a filter (Figure 8).
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Figure 8. Amato’s sampler. Illustration from Amato et al. (2009).

Despite the development of these specific devices, there are still uncertainties about their accuracy
in terms of the particle size they can collect, as well as their performance in different asphalt mixtures
since these devices had generally been used for dense mixtures, leaving aside porous asphalt mix-
tures, which normally have more than 20% of voids. In this case, the greatest challenge is to collect
themicroplastics that are inside the porous network. Another uncertainty is how themicroplastics are
recovered from inside the instruments since the reduced size of the particles and their tendency to
stick to surfaces makes their recovery difficult.

4.3. Analytical methods formicroplastics detection and quantification

Once the road dust samples are obtained, the analysis of the particles is done at the laboratory. In
the literature, different analytical methods are proposed. Some of them for a qualitative assessment,
such as Kovochich et al. (2021a, 2021b), Roychand and Pramanik (2020), while others allow for a more
quantitative analysis, although still associated with a high degree of uncertainty (Miller et al., 2021;
Rauert et al., 2021).

Table 3 shows the most used analytical methods for the analysis of tyre and road wear particles,
including microscopy, micro-spectroscopy and gas chromatography-mass spectrometry.

Micro-spectroscopymethodsmeasure the spectrumof sampleswhenexposed to infrared radiation
(µ-FTIR) or a beamof electrons (SEM) (Andersson-Sköld et al., 2020). Both techniques require extensive
sample preparation and a time-consuming analysis. In the case of SEM, only visual differentiation of
polymermaterial is allowed and the presence in the sample of unknownmaterials hinders the analysis.
However, if combinedwith x-ray detection, quantitative information about the elemental composition
of the sample is possible. As for the µ-FTIR, which is an improvement version of FTIR, spectrum of the
particles can be obtained and compared to reference spectra of commonpolymers, but thismethod is
not used for TWPdetection because its black pigments absorbs the infrared light, as noted in Baensch-
Baltruschat et al. (2020), Kang et al. (2022), Ziajahromi et al. (2020). To solve this issue, some studies
(Käppler et al., 2016; Lange et al., 2022; Leads &Weinstein, 2019) have used Fourier transforms infrared
spectroscopy with attenuated total reflectance, but a recent study (Ribeiro et al., 2021) has demon-
strated the potential for under-reporting of microplastics when only FTIR was applied. Another issue
is that thesemethods work better with pure substances, and TWP usually contain amix of substances.

For the compositional analysis of multicomponent materials, as is the case of TWP, standard tools
such as Thermal Gravimetric Analysis (TGA), Simultaneous Thermal Analysis (STA) and Differential
Scanning Calorimetry (DSC) (Dümichen et al., 2017; Fernández-Berridi et al., 2006) have been explored.
However, to differentiate TWP from other constituent materials in the sample, the use of markers is
required. Markers are additives which are incorporated into the tyres, such as zinc or benzothiazoles
used in the vulcanisation process, or even rubber itself as the main constituent of tyres (Baensch-
Baltruschat et al., 2020; Chae et al., 2021; Klöckner et al., 2019; Wagner et al., 2018). In this sense, the
analysis of microplastics via the identification and quantification of specific markers has been done
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Table 3. Analytic methods used to analyse tyre and road wear particles, based on Andersson-Sköld et al. (2020).

Micro-spectroscopy methods Gas chromatography-mass spectrometry methods (GC/MS)

Scanning electron microscopy
with X-ray detection
(SEM-EDX)

μ-Fourier transform infrared
spectroscopy (μ-FTIR)

Pyrolysis GC/MS TED-GC/MS (Thermal
extraction and desorption
GC/MS)

Able to detect Morphology, composition,
number of particles, size

Composition Composition, mass Composition, mass

Detection limit 10 μm 20 μm < 1 μg 0.5–2.5 μg
Can be used for tyre and road
wear particles

Tyre and road wear particles
can be identified, and
development is underway

Yes, and development is
underway

Yes, with reference
spectrum/library

Yes, with reference
spectrum/library

Time to perform analysis incl.
sample preparation

Hours Days – weeks Days – weeks Hours

Research using it Kreider et al. (2010), Park
et al. (2018), Roychand and
Pramanik (2020), Sommer
et al. (2018)

Käppler et al. (2016), Lange
et al. (2022), Mengistu et al.
(2019, 2021), Kang et al.
(2022), Ribeiro et al. (2021),
Ziajahromi et al. (2020)

Miller et al. (2021), Panko et al.
(2013), Rauert et al. (2021),
Rødland et al. (2022b), Unice
et al. (2013), Youn et al.
(2021)

Eisentraut et al. (2018), Müller
et al. (2022)
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using thermal gas chromatography with mass spectrometry (GS/MS) combined with pyrolysis (Pyr-
GC/MS) (Miller et al., 2021) orwith Thermal Extraction and Thermal Desorption (TED-GC/MS). The latter
is a more recent technique that requires less sample preparation (Müller et al., 2022) and allows the
analysis of larger samples than Pyr-GC/MS; but a study (Eisentraut et al., 2018), reported that NR could
not be analysed by TED-GC/MS in environmental samples since dimers and higher oligomers originat-
ing from plant decomposition interfered with the analysis. In this case, the TWPs of trucks with natural
rubber as a major component would be underestimated.

During the tyre wear, several particles are generated at the same time, not only from the tyre but
also from the road and other components of the vehicle, as well as from the environment. Due to
this, the analysis of TWPs in isolation is difficult. A simpler method to differentiate and quantify the
different particles would be desired. However, in this moment there is not a unique method to do
so. Some advances can be found in Rødland et al. (2022b), where a new method based on the Pyr-
GC/MS analysis is proposed, which aims to measure the combined mass of rubbers in the sample by
usingmultiplemarker compounds and includes an improved step to calculate the amount of tyre and
road particles based on the measured rubber content and site-specific traffic data. According to the
study, TRWP concentrations reported in road samples are likely overestimated due to SBS concentra-
tions. Additionally, using the Pyr-GC/MS, two ISO technical specifications (International Organization
for Standardization, 2017a, 2017b) have emerged, whichwere used in some studies such as Youn et al.
(2021). However, a number of assumptions are made that need to be further improved in order to
obtain a solid standard, as highlighted by Rauert et al. (2021). An example of such assumptions is the
rubber content of the different tyres depending on the model and brand, which are critical in calcu-
lating the total mass of TWPs in an environmental sample and the different formulations used by each
manufacturer, which are not usually disclosed. All these assumptions lead to error-prone quantifica-
tions (Rauert et al., 2021). Emphasise that these are not establish standards but technical specifications,
which are intended to address work that is still in the technical development phase with the objective
of feedback and improvement for eventual publication as a standard.

Concerning the use of markers for the identification and quantification of TWP, it should be noted
that its presence is not a positive proof for the existence of tyre particles; however, contrariwise,
the absence of benzothiazoles or rubber, for example, is a strong hint for their absence (Baensch-
Baltruschat et al., 2020). One of the disadvantages of usingmarkers is that the original tyre compounds
may change over time due to aging processes, making it difficult to used them (Johannessen et al.,
2021; Wagner et al., 2022). So, commercially available analytical standards are needed to advance in
this area of research. Some authors (Klöckner et al., 2021a) have investigated the use of markers of
organic origin, but to function as a quantitativemarker, it should be tyre rubber specific andbepresent
in all tyres, regardless of brand ormodel, not easily leachable, easily and accurately detectable and sta-
ble to environmental conditions. The study identified three promisingmarker compounds although it
suggested that more studies are needed to validate their use.

Recently, some researchers (Mengistu et al., 2019) chose the STA and combined it with FTIR and
Parallel Factor Analysis (PARAFAC), demonstrating that the method was capable of detecting and
quantifying tyre particles from controlled sediments. PARAFAC has proven to be very useful in this
respect, as it offers a reliable basis by which to estimate component quantities using Beer-Lambert’s
law for multi-component matrices. Using this process, a study of TWPs in the gully pot was carried out
to verify it with real sediments, quantifying between 0.1 and 15% TWP among the sediments collected
at various points (Mengistu et al., 2021).

Although there are several possible analytical method for the analysis of TWP, in general, the sam-
ple preparation is long and tedious (Goßmann et al., 2021; Järlskog et al., 2020, 2021; Klöckner et al.,
2019; Oh et al., 2022) and very specific and costly equipment is requested. On the other hand, there is
no a single method offering a complete analysis of microplastics. To obtain a whole characterisation
including the number of particles, their shape, composition and mass, a combination of methods is
needed. Thus, more research is still needed to define a standardisedmethodology for a more efficient
and accurate detection and quantification of TWP.
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5. Conclusions

This paper summarises the composition of microplastics from tyre wear (TWP), the current status to
estimate the amount that is generated, their pathways to the environment and the different meth-
ods and techniques for sampling, detection and quantification of these microplastics in the road
environment. The most relevant conclusions are described next:

• According to several researchers, TWPs are considered as the largest source of microplastics in the
environment. Their generation depends on several variables and the high number of these vari-
ables complicates the study and subsequent analysis of the samples increasing the uncertainty in
the results.

• The road is considered an intermediate step between the particle’s generation and its final des-
tination in the environment; therefore, a good design and maintenance would help to avoid the
dispersion of microplastics and thus reduce environmental pollution. There are several forms of
dispersion, the most common being wind, passing vehicles and runoff generally caused by rain.
Although specific studies are lacking, the physical properties of the microparticles, as well as the
pavement andweather conditions are considered the factors that contribute themost todispersion
of TWP in the environment. In this sense, studies on the physical properties of thesemicroparticles,
in terms of size, shape and density, generally show great heterogeneity in the results, likely due to
the differences in the sampling method.

• The collection of samples in the road is carried out in different ways, such as vacuum or WDS, but
there is not a standardisedmethod. This leads to difficulties in comparingdifferent research studies.
Furthermore, sampling of road dust is limited to that existing on the surface. According to some of
the analysed studies, the use of porous asphaltmixtures could contribute to reduce the contamina-
tion by TWP, since the particles are thought to be trapped in the asphalt mixture porous network;
however, measurements to confirm this hypothesis have not been found. So, the collection and
quantification of the particles retained by a porous asphalt mixture need to be investigated.

• So far, the analytical methods studied have some limitations, including the tedious pre-processing
required for their analysis and the difficulty resulting from the variety of components present in
the road samples. These methods are still under development and research is being carried out in
order to improve and standardise a definitivemethod for the accurate detection and quantification
of TWPs.

This review shows that spite the large number of research studies carried out in the last years, there
are still many gaps that need to be solved. In this regard, there are significant knowledge gaps that
require to be solved in future research. Thus, very little information is available concerning the depen-
dence between thewear of the tyre and the type of existing road surfaces (i.e. asphalt concrete, porous
asphalt, etc.). Another area of study is the size of the microparticles that are generated by tyre wear,
as well as their way of dispersing and the potential modifications that they can undergo in the envi-
ronment. Finally, the possibility of improving and validating themethods for sampling, detection and
quantification of this type ofmicroplastics should be further studied in order to achieve a practical and
standardised method.

Disclosure statement
No potential conflict of interest was reported by the author(s).

Funding
This project has received funding from the European Union’s Horizon 2020 Research and Innovation Programme under
grant agreement No 860441.



ROADMATERIALS AND PAVEMENT DESIGN 1675

ORCID
HelenaMiera-Domínguez http://orcid.org/0000-0001-8852-8763

Pedro Lastra-González http://orcid.org/0000-0002-4573-6973

Irune Indacoechea-Vega http://orcid.org/0000-0001-9110-9084

Daniel Castro-Fresno http://orcid.org/0000-0001-5658-3901

References
Aatmeeyata, Kaul, D. S., & Sharma, M. (2009). Traffic generated non-exhaust particulate emissions from concrete pave-

ment: A mass and particle size study for two-wheelers and small cars. Atmospheric Environment, 43(35), 5691–5697.
Elsevier Ltd. https://doi.org/10.1016/J.ATMOSENV.2009.07.032

Abbasi, S., Keshavarzi, B., Moore, F., Turner, A., Kelly, F. J., Dominguez, A. O., & Jaafarzadeh, N. (2019, January). Distribution
and potential health impacts of microplastics and microrubbers in air and street dusts from Asaluyeh County, Iran.
Environmental Pollution, 244, 153–164. Elsevier. https://doi.org/10.1016/j.envpol.2018.10.039

Alexandrova, O., Kaloush, K. E., & Allen, J. O. (2007, January). Impact of asphalt rubber friction course overlays on tire wear
emissions and air quality models for phoenix, Arizona, airshed:. Journal of the Transportation Research Board, 2011(1),
98–106. SAGE Publications. https://doi.org/10.3141/2011-11

Amato, F., Pandolfi, M., Viana, M., Querol, X., Alastuey, A., & Moreno, T. (2009). Spatial and chemical patterns
of PM10 in road dust deposited in urban environment. Atmospheric Environment, 43(9), 1650–1659. Pergamon.
https://doi.org/10.1016/j.atmosenv.2008.12.009

Amato, F., Querol, X., Johansson, C., Nagl, C., & Alastuey, A. (2010). A review on the effectiveness of street sweeping:Wash-
ing and dust suppressants as urban PM control methods. The Science of the Total Environment, 408(16), 3070–3084.
https://doi.org/10.1016/j.scitotenv.2010.04.025

Andersson-Sköld, Y., Johanesson, M., Gustafsson, M., Järlskog, I., Lithner, D., Polukarova, M., & Strömvall, A.-M. (2020).
Microplastics from Tyre and RoadWear - A Literature Review.

Baensch-Baltruschat, B., Kocher, B., Kochleus, C., Stock, F., & Reifferscheid, G. (2021, January). Tyre and road wear particles
- A calculation of generation, transport and release to water and soil with special regard to German roads. Science of
the Total Environment, 752, 141939. https://doi.org/10.1016/J.SCITOTENV.2020.141939.

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

Beji, A., Deboudt, K., Khardi, S., Muresan, B., & Lumière, L. (2021). Determinants of rear-of-wheel and tire-road wear par-
ticle emissions by light-duty vehicles using on-road and test track experiments. Atmospheric Pollution Research, 12(3),
278–291. Elsevier B.V. https://doi.org/10.1016/j.apr.2020.12.014

Bondelind,M., Sokolova, E., Nguyen, A., Karlsson, D., Karlsson, A., & Björklund, K. (2020). Hydrodynamicmodelling of traffic-
related microplastics discharged with stormwater into the Göta River in Sweden. Environmental Science and Pollution
Research, 27(19), 24218–24230. Springer. https://doi.org/10.1007/s11356-020-08637-z

Boucher, J., & Friot, D. (2017). Primary microplastics in the oceans. Edited by Carl Gustaf Lundin and João Matos de Sousa
Sousa. IUCN. https://doi.org/10.2305/IUCN.CH.2017.01.en

Cadle, S. H., &Williams, R. L. (1978). Gas and particle emissions from automibile tires in laboratory and field studies. Journal
of the Air Pollution Control Association, 28(5), 502–507. https://doi.org/10.1080/00022470.1978.10470623

Camatini, M., Crosta, G. F., Dolukhanyan, T., Cencetti, S., Regazzoni, C., Sung, C., Giuliani, G. P., Corbetta, G. M., Cencetti, S.,
& Regazzoni, C. (2001). Microcharacterization and identification of tire debris in heterogeneous laboratory and envi-
ronmental specimens. Materials Characterization, 46(4), 271–283. Elsevier. https://doi.org/10.1016/S1044-5803(00)00
098-X

Chae, E., Jung, U., & Choi, S. S. (2021, November). Quantification of tire tread wear particles in microparti-
cles produced on the road using oleamide as a novel marker. Environmental Pollution, 288, 117811. Elsevier.
https://doi.org/10.1016/j.envpol.2021.117811

Chae, Y., & An, Y. J. (2017). Effects of micro- and nanoplastics on aquatic ecosystems: Current research trends and
perspectives.Marine Pollution Bulletin, 124(2), 624–632. https://doi.org/10.1016/j.marpolbul.2017.01.070

Continental. (2020).What’s in your tires?.
Dahl, A., Gharibi, A., Swietlicki, E., Gudmundsson, A., Bohgard, M., Ljungman, A., Blomqvist, G., & Gustafsson, M.

(2006). Traffic-Generated emissions of ultrafine particles frompavement-tire interface. Atmospheric Environment, 40(7),
1314–1323. https://doi.org/10.1016/j.atmosenv.2005.10.029

Dümichen, E., Eisentraut, P., Bannick, C. G., Barthel, A. K., Senz, R., & Braun, U. (2017, May). Fast identification of microplas-
tics in complex environmental samples by a thermal degradation method. Chemosphere, 174, 572–584. Pergamon.
https://doi.org/10.1016/j.chemosphere.2017.02.010

Eisentraut, P., Du, E., Ruhl, A. S., Jekel, M., Albrecht, M., Gehde, M., & Braun, U. (2018). Two birds with one stone-fast
and simultaneous analysis of microplastics: Microparticles derived from thermoplastics and tire wear. Environmental
Science and Technology, 5(10), 608–613. https://doi.org/10.1021/acs.estlett.8b00446

http://orcid.org/0000-0001-8852-8763
http://orcid.org/0000-0002-4573-6973
http://orcid.org/0000-0001-9110-9084
http://orcid.org/0000-0001-5658-3901
https://doi.org/10.1016/J.ATMOSENV.2009.07.032
https://doi.org/10.1016/j.envpol.2018.10.039
https://doi.org/10.3141/2011-11
https://doi.org/10.1016/j.atmosenv.2008.12.009
https://doi.org/10.1016/j.scitotenv.2010.04.025
https://doi.org/10.1016/J.SCITOTENV.2020.141939
https://doi.org/10.1016/j.scitotenv.2020.137823
https://doi.org/10.1016/j.apr.2020.12.014
https://doi.org/10.1007/s11356-020-08637-z
https://doi.org/10.2305/IUCN.CH.2017.01.en
https://doi.org/10.1080/00022470.1978.10470623
https://doi.org/10.1016/S1044-5803(00)00098-X
https://doi.org/10.1016/j.envpol.2021.117811
https://doi.org/10.1016/j.marpolbul.2017.01.070
https://doi.org/10.1016/j.atmosenv.2005.10.029
https://doi.org/10.1016/j.chemosphere.2017.02.010
https://doi.org/10.1021/acs.estlett.8b00446


1676 H. MIERA-DOMÍNGUEZ ET AL.

Encyclopaedia Britannica. (2017). Butadiene-rubber. Last update: 2017. https://www.britannica.com/technology/butadie
ne-rubber

Encyclopaedia Britannica. (2023). Styrene-Butadiene-rubber. Last update: 2023. https://www.britannica.com/science/st
yrene-butadiene-rubber

Essel, R., Engel, L., Carus, M., & Ahrens, R. H. (2015). Sources of Microplastics Relevant to Marine Protection in Germany.
http://www.umweltbundesamt.de/publikationen/sources-of-microplastics-relevant-to-marine

European Parliament and Council. (2000). Directive 2000/53/EC on end-of-life vehicles. Official Journal of the European
Union L, 269, 34–42.

Europeo, P. (2018).Microplásticos: Causas, Efectos y Soluciones. https://www.europarl.europa.eu/news/es/headlines/socie
ty/20181116STO19217/microplasticos-causas-efectos-y-soluciones

Fernández-Berridi, M. J., González, N., Mugica, A., & Bernicot, C. (2006). Pyrolysis-FTIR and TGA techniques as
tools in the characterization of blends of natural rubber and SBR. Thermochimica Acta, 444(1), 65–70. Elsevier.
https://doi.org/10.1016/j.tca.2006.02.027

Fisher, H. L. (1942).Natural and synthetic rubbers. U.S. Industrial chemicals, Inc. https://pubs.acs.org/doi/pdf/10.1021ed019
p522

Foss, S., Jensen, R., & Gissel, T. (2015). Microplastics. Occurrence, effects and sources of releases to the environment in
Denmark. www.eng.mst.dk

Gmtrubber. Last visit April 2023. https://www.gmtrubber.com/natural-vs-synthetic-rubber/
GoodYear. (2022).CómoSeFabricaUnNeumático? https://www.goodyear.eu/es_es/consumer/learn/how-tires-are-made.

html
Goßmann, I., Halbach, M., & Scholz-Böttcher, B. M. (2021, June). Car and truck tire wear particles in complex environ-

mental samples – A quantitative comparison with ‘traditional’ microplastic polymer mass loads. Science of The Total
Environment, 773, 145667. Elsevier. https://doi.org/10.1016/j.scitotenv.2021.145667

Grigoratos, T., Gustafsson, M., Eriksson, O., & Martini, G. (2018, June). Experimental investigation of tread wear and
particle emission from tyres with different treadwear marking. Atmospheric Environment, 182, 200–212. Pergamon.
https://doi.org/10.1016/j.atmosenv.2018.03.049

Grigoratos, T., & Martini, G. (2014). Non-exhaust traffic related emissions. Brake and tyre wear PM. European Commision.
https://doi.org/10.2790/21481

Gunawardana, C., Goonetilleke, A., Egodawatta, P., Dawes, L., & Kokot, S. (2012). Source characterisation of
road dust based on chemical and mineralogical composition. Chemosphere, 87(2), 163–170. Elsevier Ltd.
https://doi.org/10.1016/j.chemosphere.2011.12.012

Gustafsson, M., Blomqvist, G., Gudmundsson, A., Dahl, A., Jonsson, P., & Swietlicki, E. (2009). Factors influ-
encing PM10 emissions from road pavement wear. Atmospheric Environment, 43(31), 4699–4702. Pergamon.
https://doi.org/10.1016/j.atmosenv.2008.04.028

Gustafsson, M., Blomqvist, G., Järlskog, I., Lundberg, J., Janhäll, S., Elmgren, M., Johansson, C., Norman, M., & Silver-
gren, S. (2019, April). Road dust load dynamics and influencing factors for Six winter seasons in Stockholm, Sweden.
Atmospheric Environment: X, 2, 100014. Elsevier. https://doi.org/10.1016/j.aeaoa.2019.100014

Hale, R. C., Seeley, M. E., La Guardia, M. J., Mai, L., & Zeng, E. Y. (2020). A global perspective on microplastics. Journal of
Geophysical Research: Oceans, 125(1), e2018JC014719. John Wiley & Sons, Ltd. https://doi.org/10.1029/2018JC014719

Harrison, R. M., Allan, J., Carruthers, D., Heal, M. R., Lewis, A. C., Marner, B., Murrells, T., & Williams, A. (2021, October). Non-
exhaust vehicle emissions of particulate matter and VOC from road traffic: A review. Atmospheric Environment, 262,
118592. Pergamon. https://doi.org/10.1016/j.atmosenv.2021.118592

Institute, The Swedish National Road and Transport Research, Diana Kuttah, and Björn Kalman. (2020). The VTI’s cir-
cular road simulator. https://www.vti.se/en/research/highway-engineering-and-maintenance/the-vtis-circular-road-
simulator

International Organization for Standardization. (2017a). ISO/TS 20593. Ambient Air — Determination of the Mass Con-
centration of Tire and Road Wear Particles (TRWP)— Pyrolysis-GC-MS Method.

International Organization for Standardization. (2017b). ISO/TS 21396. Rubber — Determination of Mass Concentration
of Tire and Road Wear Particles (TRWP) in Soil and Sediments — Pyrolysis-GC/MS Method.

ISO. (2013). Plastics-Vocabulary.
Jan Kole, P., Löhr, A. J., Van Belleghem, F. G. A. J., & Ragas, A. M. J. (2017). Wear and tear of tyres: A stealthy source

of microplastics in the environment. International Journal of Environmental Research and Public Health, 14(10), 1265.
Multidisciplinary Digital Publishing Institute (MDPI). https://doi.org/10.3390/IJERPH14101265

Järlskog, I., Jaramillo-Vogel, D., Rausch, J., Perseguers, S., Gustafsson, M., Strömvall, A. M., & Andersson-Sköld, Y. (2022).
Differentiating and quantifying carbonaceous (tire: Bitumen, and roadmarking wear) and non-carbonaceous (metals,
minerals, and glass beads) Non-exhaust particles in road dust samples from a traffic environment. Water, Air, & Soil
Pollution, 233(9), 375. https://doi.org/10.1007/s11270-022-05847-8

Järlskog, I., Strömvall, A. M., Magnusson, K., Galfi, H., Björklund, K., Polukarova, M., Garção, R., Markiewicz, A., Aronsson,
M., Gustafsson, M., Norin, M., Blom, L., & Andersson-Sköld, Y. (2021, June). Traffic-relatedmicroplastic particles, metals,
and organic pollutants in an urban area under reconstruction. Science of The Total Environment, 774, 145503. Elsevier.
https://doi.org/10.1016/j.scitotenv.2021.145503

https://www.britannica.com/technology/butadiene-rubber
https://www.britannica.com/science/styrene-butadiene-rubber
http://www.umweltbundesamt.de/publikationen/sources-of-microplastics-relevant-to-marine
https://www.europarl.europa.eu/news/es/headlines/society/20181116STO19217/microplasticos-causas-efectos-y-soluciones
https://doi.org/10.1016/j.tca.2006.02.027
https://pubs.acs.org/doi/pdf/10.1021/ed019p522
http://www.eng.mst.dk
https://www.gmtrubber.com/natural-vs-synthetic-rubber/
https://www.goodyear.eu/es_es/consumer/learn/how-tires-are-made.html
https://doi.org/10.1016/j.scitotenv.2021.145667
https://doi.org/10.1016/j.atmosenv.2018.03.049
https://doi.org/10.2790/21481
https://doi.org/10.1016/j.chemosphere.2011.12.012
https://doi.org/10.1016/j.atmosenv.2008.04.028
https://doi.org/10.1016/j.aeaoa.2019.100014
https://doi.org/10.1029/2018JC014719
https://doi.org/10.1016/j.atmosenv.2021.118592
https://www.vti.se/en/research/highway-engineering-and-maintenance/the-vtis-circular-road-simulator
https://doi.org/10.3390/IJERPH14101265
https://doi.org/10.1007/s11270-022-05847-8
https://doi.org/10.1016/j.scitotenv.2021.145503


ROADMATERIALS AND PAVEMENT DESIGN 1677

Järlskog, I., Strömvall, A. M., Magnusson, K., Gustafsson, M., Polukarova, M., Galfi, H., Aronsson, M., & Andersson-Sköld, Y.
(2020, August). Occurrence of tire and bitumenwearmicroplastics on urban streets and in sweepsand andwashwater.
Science of The Total Environment, 729, 138950. Elsevier. https://doi.org/10.1016/j.scitotenv.2020.138950

Johannessen, C., Helm, P., &Metcalfe, C. D. (2021, October). Detection of selected tire wear compounds in urban receiving
waters. Environmental Pollution, 287, 117659. Elsevier. https://doi.org/10.1016/j.envpol.2021.117659

Kang, H., Park, S., Lee, B., Kim, I., Kim, S., (2022). Concentration of microplastics in road dust as a function of the drying
period – A case study in G city, Korea. Sustainability, 14(5), 3006. https://doi.org/10.3390/su14053006

Käppler, A., Fischer, D., Oberbeckmann, S., Schernewski, G., Labrenz, M., Eichhorn, K.-J., & Voit, B. (2016). Analysis of envi-
ronmentalmicroplastics by vibrationalmicrospectroscopy: FTIR, Ramanorboth?Analytical andBioanalyticalChemistry,
408(29), 8377–8391. https://doi.org/10.1007/s00216-016-9956-3

Kennedy, P., Gadd, J., &Moncrieff, I. (2002). Emission factors for contaminants releasedbymotorvehicles inNewZealand.Min-
istry of Transport, Wellington and Infrastructure . . . . Auckland. https://rcaforum.org.nz/sites/public_files/documents/
stormwateremissionfactors.pdf

Klöckner, P., Reemtsma, T., Eisentraut, P., Braun, U., Ruhl, A. S., & Wagner, S. (2019, May). Tire and road wear particles in
road environment – Quantification and assessment of particle dynamics by Zn determination after density separation.
Chemosphere, 222, 714–721. Pergamon. https://doi.org/10.1016/j.chemosphere.2019.01.176

Klöckner, P., Seiwert, B., Eisentraut, P., Braun, U., Reemtsma, T., & Wagner, S. (2020, October). Characterization of tire and
roadwear particles from road runoff indicates highly dynamic particle properties.Water Research, 185, 116262. Elsevier
Ltd. https://doi.org/10.1016/J.WATRES.2020.116262

Klöckner, P., Seiwert, B., Wagner, S., & Reemtsma, T. (2021a). Organic markers of tire and road wear particles in sedi-
ments and soils: Transformation products of major antiozonants as promising candidates. Environmental Science &
Technology, 55(17), 11723–11732. https://doi.org/10.1021/acs.est.1c02723

Klöckner, P., Seiwert, B., Weyrauch, S., Escher, B. I., Reemtsma, T., & Wagner, S. (2021b, September). Comprehensive char-
acterization of tire and road wear particles in highway tunnel road dust by use of size and density fractionation.
Chemosphere, 279, 130530. Pergamon. https://doi.org/10.1016/j.chemosphere.2021.130530

Knight, L. J., Parker-Jurd, F. N. F., Al-Sid-Cheikh, M., & Thompson, R. C. (2020). Tyre wear particles: An abun-
dant yet widely unreported microplastic?. Environmental Science and Pollution Research, 27(15), 18345–18354.
https://doi.org/10.1007/s11356-020-08187-4

Kovochich,M., Liong,M., Parker, J. A., Oh, S. C., Lee, J. P., Xi, L., Kreider,M. L., & Unice, K.M. (2021a, February). Chemicalmap-
ping of tire and road wear particles for single particle analysis. Science of the Total Environment, 757, 144085. Elsevier
B.V. https://doi.org/10.1016/J.SCITOTENV.2020.144085

Kovochich, M., Parker, J. A., Oh, S. C., Lee, J. P., Wagner, S., Reemtsma, T., & Unice, K. M. (2021b). Characterization of indi-
vidual tire and road wear particles in environmental road dust, tunnel dust, and sediment. Environmental Science &
Technology Letters, 8(12), 1057–1064. https://doi.org/10.1021/acs.estlett.1c00811

Kreider, M. L., Panko, J. M., McAtee, B. L., Sweet, L. I., & Finley, B. L. (2010). Physical and chemical characterization of tire-
related particles: Comparison of particles generated using different methodologies. Science of The Total Environment,
408(3), 652–659. Elsevier. https://doi.org/10.1016/j.scitotenv.2009.10.016

Lange, K., Österlund, H., Viklander, M., & Blecken, G.-T. T. (2022). Occurrence and concentration of 20-100 Mm sized
microplastic in highway runoff and its removal in a gross pollutant trap – Bioretention and sand filter stormwater
treatment train. The Science of the Total Environment, 809, 151151. https://doi.org/10.1016/j.scitotenv.2021.151151

Leads, R. R., & Weinstein, J. E. (2019, August). Occurrence of tire wear particles and other microplastics within the trib-
utaries of the Charleston Harbor Estuary, South Carolina, USA. Marine Pollution Bulletin, 145, 569–582. Pergamon.
https://doi.org/10.1016/j.marpolbul.2019.06.061

Lundberg, J., Blomqvist, G., Gustafsson,M., Janhäll, S., & Järlskog, I. (2019).Wet dust sampler—a samplingmethod for road
dust quantification and analyses.Water, Air, and Soil Pollution, 230(8), 1–21. https://doi.org/10.1007/S11270-019-4226-
6/TABLES/6

Mathissen, M., Scheer, V., Vogt, R., & Benter, T. (2011). Investigation on the potential generation of ultrafine particles from
the tire-road interface. Atmospheric Environment, 45(34), 6172–6179. Elsevier Ltd. https://doi.org/10.1016/j.atmosenv.
2011.08.032

Mengistu, D., Heistad, A., & Coutris, C. (2021, May). Tire wear particles concentrations in Gully Pot Sediments. Science of
The Total Environment, 769, 144785. Elsevier. https://doi.org/10.1016/j.scitotenv.2020.144785

Mengistu, D., Nilsen, V., Heistad, A., & Kvaal, K. (2019). Detection and quantification of tire particles in sediments using a
combination of simultaneous thermal analysis, Fourier transform infra-Red, and parallel factor analysis. International
Journal of Environmental Research and Public Health, 16(18), 3444. https://doi.org/10.3390/ijerph16183444

Miller, J. V., Maskrey, J. R., Chan, K., & Unice, K. M. (2021). Pyrolysis-gas chromatography-mass spectrome-
try (Py-GC-MS) quantification of tire and road wear particles (TRWP) in environmental matrices: Assessing
the importance of microstructure in instrument calibration protocols. Analytical Letters, 55(6), 1004–1016.
https://doi.org/10.1080/00032719.2021.1979994

Müller, A., Kocher, B., Altmann, K., & Braun, U. (2022, May). Determination of tire wear markers in soil samples and their
distribution in a roadside soil. Chemosphere, 294, 133653. Elsevier Ltd. https://doi.org/10.1016/J.CHEMOSPHERE.2022.
133653

https://doi.org/10.1016/j.scitotenv.2020.138950
https://doi.org/10.1016/j.envpol.2021.117659
https://doi.org/10.3390/su14053006
https://doi.org/10.1007/s00216-016-9956-3
https://rcaforum.org.nz/sites/public_files/documents/stormwateremissionfactors.pdf
https://doi.org/10.1016/j.chemosphere.2019.01.176
https://doi.org/10.1016/J.WATRES.2020.116262
https://doi.org/10.1021/acs.est.1c02723
https://doi.org/10.1016/j.chemosphere.2021.130530
https://doi.org/10.1007/s11356-020-08187-4
https://doi.org/10.1016/J.SCITOTENV.2020.144085
https://doi.org/10.1021/acs.estlett.1c00811
https://doi.org/10.1016/j.scitotenv.2009.10.016
https://doi.org/10.1016/j.scitotenv.2021.151151
https://doi.org/10.1016/j.marpolbul.2019.06.061
https://doi.org/10.1007/S11270-019-4226-6/TABLES/6
https://doi.org/10.1016/j.atmosenv.2011.08.032
https://doi.org/10.1016/j.scitotenv.2020.144785
https://doi.org/10.3390/ijerph16183444
https://doi.org/10.1080/00032719.2021.1979994
https://doi.org/10.1016/J.CHEMOSPHERE.2022.133653


1678 H. MIERA-DOMÍNGUEZ ET AL.

Näkki, P., Setälä,O., & Lehtiniemi,M. (2017). Bioturbation transports secondarymicroplastics todeeper layers in softmarine
sediments of theNorthern Baltic Sea.Marine PollutionBulletin, 119(1), 255–261. https://doi.org/10.1016/j.marpolbul.20
17.03.065

Oh, J. S., Lee, S. H., Jung, U., & Choi, S.-S. (2022). Classification and characterization of tire-road wear particles in road dust
by density. Polymers, 14(5), 1005. https://doi.org/10.3390/polym14051005

Panko, J. M., Chu, J., Kreider, M. L., & Unice, K. M. (2013, June). Measurement of airborne concentrations of tire and road
wear particles in urban and rural areas of France, Japan, and the United States. Atmospheric Environment, 72, 192–199.
Pergamon. https://doi.org/10.1016/j.atmosenv.2013.01.040

Panko, J. M., Hitchcock, K. M., Fuller, G. W., & Green, D. (2019). Evaluation of tire wear contribution to PM2.5 in urban envi-
ronments.Atmosphere,10(2), 99.MultidisciplinaryDigital Publishing Institute. https://doi.org/10.3390/atmos10020099

Park, I., Kim, H., & Lee, S. (2018, October). Characteristics of tire wear particles generated in a laboratory simulation of
tire/road contact conditions. Journal of Aerosol Science, 124, 30–40. Pergamon. https://doi.org/10.1016/j.jaerosci.2018.
07.005

Parker-Jurd, F. N. F., Napper, I. E., Abbott, G. D., Hann, S., & Thompson, R. C. (2021, November). Quantifying the release of
tyrewear particles to themarine environment viamultiple pathways.Marine PollutionBulletin, 172, 112897. Pergamon.
https://doi.org/10.1016/j.marpolbul.2021.112897

“Plastics - the Facts 2021”. (2021). 34.
Rauert, C., Rødland, E. S., Okoffo, E. D., Reid, M. J., Meland, S., & Thomas, K. V. (2021). Challenges with quantifying tire road

wear particles: Recognizing the need for further refinement of the ISO technical specification. Environmental Science &
Technology Letters, 8(3), 231–236. https://doi.org/10.1021/acs.estlett.0c00949

Redondo-Hasselerharm, P. E., DeRuijter, V.N.,Mintenig, S.M., Verschoor, A., &Koelmans, A. A. (2018). Ingestionandchronic
effects of car tire tread particles on freshwater benthic macroinvertebrates. Environmental Science and Technology,
52(23), 13986–13994. https://doi.org/10.1021/acs.est.8b05035

Ribeiro, F., Okoffo, E. D., O’Brien, J. W., O’Brien, S., Harris, J. M., Samanipour, S., Kaserzon, S., Mueller, J. F., Galloway, T., &
Thomas, K. V. (2021, November). Out of sight but not out ofmind: Size fractionation of plastics bioaccumulated by field
deployedoysters. JournalofHazardousMaterials Letters, 2, 100021. Elsevier. https://doi.org/10.1016/j.hazl.2021.100021

Rødland, E. S., Lind,O. C., Reid,M. J., Heier, L. S., Okoffo, E. D., Rauert, C., Thomas, K. V., &Meland, S. (2022a, June).Occurrence
of tire and road wear particles in urban and peri-urban snowbanks, and their potential environmental implications.
Science of the Total Environment, 824, 153785. Elsevier B.V. https://doi.org/10.1016/J.SCITOTENV.2022.153785

Rødland, E. S., Okoffo, E. D., Rauert, C., Heier, L. S., Lind, O. C., Reid, M., Thomas, K. V., & Meland, S. (2020, October). Road
de-icing salt: Assessment of a potential new source and pathway of microplastics particles from roads. Science of The
Total Environment, 738, 139352. Elsevier. https://doi.org/10.1016/j.scitotenv.2020.139352

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

Roychand, R., & Pramanik, B. K. (2020). Identification of micro-plastics in Australian road dust. Journal of Environmental
Chemical Engineering, 8(1), 103647. Elsevier. https://doi.org/10.1016/j.jece.2019.103647

Sieber, R., Kawecki, D., &Nowack, B. (2020,March). Dynamic probabilisticmaterial flow analysis of rubber release from tires
into the environment. Environmental Pollution, 258, 113573. Elsevier. https://doi.org/10.1016/j.envpol.2019.113573

Sommer, F., Dietze, V., Baum, A., Sauer, J., Gilge, S., Maschowski, C., & Gieré, R. (2018). Tire abrasion as a major source of
microplastics in the environment. Aerosol and Air Quality Research, 18(8), 2014–2028. Taiwan Association for Aerosol
Research. https://doi.org/10.4209/aaqr.2018.03.0099

Sun, J., Ho, S. S. H., Niu, X., Xu, H., Qu, L., Shen, Z., Cao, J., Chuang, H. C., & Ho, K. F. (2022, June). Explorations of tire and
road wear microplastics in road dust PM2.5 at eight megacities in China. Science of the Total Environment, 823, 153717.
Elsevier B.V. https://doi.org/10.1016/J.SCITOTENV.2022.153717

Sundt, P., Schulze, P.-E., & Syversen, F. (2014). Sources of microplastic-pollution to themarine environment, Norway.
SYKE and SKYE. (2020). Street dust researchmethods. https://www.syke.fi/en-US/Research__Development/Research_and_

development_projects/Projects/Street_dust_research/Street_dust_research_methods
UNEP. (2016).Marine plastic debris andmicroplastics – Global lessons and research to inspire action and guide policy change.

United Nations Environment Programme.
Unice, K.M., Kreider,M. L., & Panko, J.M. (2012). Useof adeuterated internal standardwithpyrolysis-GC/MSdimericmarker

analysis to quantify tire tread particles in the environment. International Journal of Environmental Research and Public
Health, 9(11), 4033. Multidisciplinary Digital Publishing Institute (MDPI). https://doi.org/10.3390/ijerph9114033

Unice, K. M., Kreider, M. L., & Panko, J. M. (2013). Comparison of tire and road wear particle concentrations in sediment for
watersheds in France, Japan, and the United States by quantitative pyrolysis GC/MS analysis. Environmental Science &
Technology, 47(15), 46. UTC. https://doi.org/10.1021/es400871j

Unice, K.M.,Weeber,M. P., Abramson,M.M., Reid, R. C. D., vanGils, J. A. G.,Markus, A. A., Vethaak, A. D., & Panko, J.M. (2019,
January). Characterizing export of land-basedmicroplastics to the estuary - part I: Application of integrated geospatial
microplastic transport models to assess tire and road wear particles in the seine watershed. The Science of the Total
Environment, 646, 1639–1649. https://doi.org/10.1016/j.scitotenv.2018.07.368

https://doi.org/10.1016/j.marpolbul.2017.03.065
https://doi.org/10.3390/polym14051005
https://doi.org/10.1016/j.atmosenv.2013.01.040
https://doi.org/10.3390/atmos10020099
https://doi.org/10.1016/j.jaerosci.2018.07.005
https://doi.org/10.1016/j.marpolbul.2021.112897
https://doi.org/10.1021/acs.estlett.0c00949
https://doi.org/10.1021/acs.est.8b05035
https://doi.org/10.1016/j.hazl.2021.100021
https://doi.org/10.1016/J.SCITOTENV.2022.153785
https://doi.org/10.1016/j.scitotenv.2020.139352
https://doi.org/10.1016/j.jhazmat.2021.127092
https://doi.org/10.1016/j.jece.2019.103647
https://doi.org/10.1016/j.envpol.2019.113573
https://doi.org/10.4209/aaqr.2018.03.0099
https://doi.org/10.1016/J.SCITOTENV.2022.153717
https://www.syke.fi/en-US/Research__Development/Research_and_development_projects/Projects/Street_dust_research/Street_dust_research_methods
https://doi.org/10.3390/ijerph9114033
https://doi.org/10.1021/es400871j
https://doi.org/10.1016/j.scitotenv.2018.07.368


ROADMATERIALS AND PAVEMENT DESIGN 1679

van Duijnhove, N., Denier van der Gon, H., & Hulskotte, J. (2014). Emissieschattingen Diffuse Bronnen Emissieregistratie -
BandenslijtageWegverkeer. DELTARES en TNO.

Vaze, J., & Chiew, F. H. S. (2002). Experimental study of pollutant accumulation on an urban road surface. Urban Water,
4(4), 379–389. Elsevier. https://doi.org/10.1016/S1462-0758(02)00027-4

Verschoor, A., de Poorter, L., Dröge, R., Kuenen, J., & de Valk, E. (2016). Emission of microplastics and potential mitigation
measures. Abrasive cleaning agents, paints and tyre wear.

Verschoor, A. J. (2015). Towards a definition of microplastics considerations for the specification of physico-chemical proper-
ties.

Vogelsang, C., Lusher, A. L., Dadkhah, M. E., Sundvor, I., Umar, M., Ranneklev, S. B., Eidsvoll, D., & Meland, S. (2019).
Microplastics in road dust - Characteristics, pathways andmeasures.

Wagner, M., Scherer, C., Alvarez-Muñoz, D., Brennholt, N., Bourrain, X., Buchinger, S., Fries, E., Grosbois, C., Klasmeier, J.,
Marti, T., Rodriguez-Mozaz, S., Urbatzka, R., Vethaak, D., Winter-Nielsen, M., & Reifferscheid, G. (2014). Microplastics in
freshwater ecosystems:Whatwe knowandwhatwe need to know. Environmental Sciences Europe, 26(1), 1–9. Springer.
https://doi.org/10.1186/s12302-014-0012-7

Wagner, S., Hüffer, T., Klöckner, P., Wehrhahn, M., Hofmann, T., & Reemtsma, T. (2018, August). Tire wear particles in the
aquatic environment - A review on generation, analysis, occurrence, fate and effects. Water Research, 139, 83–100.
Pergamon. https://doi.org/10.1016/j.watres.2018.03.051

Wagner, S., Klöckner, P., & Reemtsma, T. (2022, February). Aging of tire and road wear particles in terrestrial and fresh-
water environments – A review on processes, testing, analysis and impact. Chemosphere, 288, 132467. Pergamon.
https://doi.org/10.1016/j.chemosphere.2021.132467

Waldschläger, K., Schüttrumpf, H., Waldschla, K., & Schu, H. (2020). Infiltration behavior of microplastic particles with dif-
ferent densities, sizes, and shapes-fromglass spheres to natural sediments. Environmental Science&Technology, 54(15),
9366–9373. https://doi.org/10.1021/acs.est.0c01722

Wijesiri, B., Egodawatta, P., McGree, J., & Goonetilleke, A. (2016, September). Understanding the uncertainty asso-
ciated with particle-bound pollutant build-up and wash-off: A critical review. Water Research, 101, 582–596.
https://doi.org/10.1016/j.watres.2016.06.013

Xu, C., Zhang, B., Gu, C., Shen, C., Yin, S., Aamir, M., & Li, F. (2020, December). Are we underestimating the
sources of microplastic pollution in terrestrial environment? Journal of Hazardous Materials, 400, 123228. Elsevier.
https://doi.org/10.1016/J.JHAZMAT.2020.123228

Youn, J. S., Kim, Y.M., Siddiqui, M. Z., Watanabe, A., Han, S., Jeong, S., Jung, Y.W., & Jeon, K. J. (2021, August). Quantification
of tire wear particles in road dust from industrial and residential areas in Seoul, Korea. Science of the Total Environment,
784, 147177. Elsevier B.V. https://doi.org/10.1016/J.SCITOTENV.2021.147177

Ziajahromi, S., Drapper, D., Hornbuckle, A., Rintoul, L., & Leusch, F. D. L. (2020, April). Microplastic pollution in a stormwa-
ter floating treatment wetland: Detection of tyre particles in sediment. Science of The Total Environment, 713, 136356.
Elsevier. https://doi.org/10.1016/j.scitotenv.2019.136356

Zimmermann, T., Jepsen, D., & Reihlen, A. (2018). Use of Nanomaterials in Tires – Environmental Relevance and Emissions.

https://doi.org/10.1016/S1462-0758(02)00027-4
https://doi.org/10.1186/s12302-014-0012-7
https://doi.org/10.1016/j.watres.2018.03.051
https://doi.org/10.1016/j.chemosphere.2021.132467
https://doi.org/10.1021/acs.est.0c01722
https://doi.org/10.1016/j.watres.2016.06.013
https://doi.org/10.1016/J.JHAZMAT.2020.123228
https://doi.org/10.1016/J.SCITOTENV.2021.147177
https://doi.org/10.1016/j.scitotenv.2019.136356

	1. Introduction
	2. Microplastics from road transport
	2.1. Sources and generation of microplastics in roads
	2.2. Tyre and TWP composition
	2.3. Physical properties of tyre wear
	2.3.1. Shape
	2.3.2. Size
	2.3.3. Density

	2.4. Estimation on the amount of road related microplastics

	3. Possible pathways to the environment
	3.1. Wind and the passing of vehicles
	3.2. Road runoff
	3.3. Snow removal and de-icing salt
	3.4. Street cleaning
	3.5. Vehicle washing

	4. Artificial generation, sampling and analysis
	4.1. Artificial generation of TWPs
	4.2. Methods for sampling tyre wear microplastics
	4.3. Analytical methods for microplastics detection and quantification

	5. Conclusions
	Disclosure statement
	Funding
	ORCID
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [493.483 703.304]
>> setpagedevice


