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Vehicle-road wear microplastics (VRWMPs) are microplastic-sized polymer-containing particles generated
from the vehicle-road system, including tire-road wear particles (TRWPs) as the dominant composite class
and other polymer-bearing wear debris (e.g., road marking wear). Their complex chemical composition and
wide particle size distribution pose potential ecological risks. However, their impacts on ecosystems have
long been overlooked because overlapping terminology (e.g., TRWP versus broader non-exhaust emissions)
and nonstandardized characterization methods hinder cross-study comparability, while a tire-centered
research focus and limited field monitoring obscure the contribution of pavement materials and realistic
exposure scenarios. Existing studies largely emphasize tire-derived contributions, while the role of pavement
materials remains underrepresented, resulting in an incomplete understanding of VRWMP formation
mechanisms. In addition, limited long-term and systematic monitoring data constrain current knowledge
of VRWMP migration, transformation, and environmental risks. From a road engineering perspective, this
review synthesizes the full lifecycle of VRWMP, from generation to environmental fate. It focuses on formation
mechanisms, preparation and characterization methods, migration, and transformation processes within
roadway systems, and associated ecological and human health effects. Evidence indicates that VRWMP
generation is jointly controlled by tire characteristics and pavement materials, yet a standardized
characterization framework is still lacking. The migration and transformation of VRWMP are difficult to model
due to data scarcity and pronounced regional variability related to geography, climate, and traffic conditions.
Soil and aquatic environments represent major sinks, and exposure pathways such as inhalation may induce
adverse biological effects, including oxidative stress and DNA damage. With the increasing complexity of
pavement materials, establishing full-chain control of VRWMP, from generation to environmental fate, is
becoming an urgent research priority. This review provides a scientific basis for advancing cleaner and more
sustainable transportation infrastructure.
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Introduction

Microplastic pollution has been recognized as one of the most
pressing environmental challenges of the 21st century [1].
Microplastics can reduce feeding efficiency [2], alter energy alloca-
tion [3], cause gastrointestinal injury and inflammatory responses
[4], and induce oxidative stress that impairs growth and reproduc-
tion [5]. In addition, they act as carriers of polymer additives and
environmental contaminants [6], extending potential impacts from
physical particle effects to chemical exposure. Humans may be
exposed to microplastics through dietary intake and inhalation [7],
with dietary uptake having increased between 1990 and 2018 across
109 major developing and industrialized countries [8]. Among the
diverse sources of environmental microplastics, those generated
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from the vehicle-road system, referred to herein as vehicle-road
wear microplastics (VRWMPs), represent a uniquely persistent,
continuously emitted, and compositionally complex category that
has remained disproportionately underrecognized in environmen-
tal risk assessments. VRWMP encompass Tire-road wear particles
(TRWPs) as their dominant composite class, along with other
polymer-bearing wear debris from road markings and brake sys-
tems, as well as particles derived from pavement wear, clutch wear,
solid waste fillers, winter de-icing and maintenance operations, and
road dust. Unlike many consumer-derived microplastics that enter
the environment through sporadic or point-source pathways,
VRWMPs are generated ubiquitously across road networks during
routine traffic operations, leading to widespread and chronic
release. Their heterogeneous nature, combining tire rubber, mineral
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aggregates, binder residues, and additive-derived chemicals, gives
rise to physicochemical properties and environmental behaviors
that cannot be reliably inferred from studies of pristine tire particles
or general microplastic mixtures alone.

With global plastic production continuing to rise, the accu-
mulation of microplastics in the environment has become an
urgent global concern. Research estimates that more than
170 trillion microplastic particles are floating in the oceans [9],
while soil concentrations can reach up to 3.573 x 10° particles
per kilogram [10]. Annual microplastic emissions to the atmo-
sphere are estimated at 9.6 + 3.6 Tg year ' [11]. Consequently,
microplastic pollution is widely recognized as one of the most
pressing environmental challenges of the 21st century [12,13],
with related research rapidly emerging as a major frontier in
environmental science. The urgency of this issue has drawn
the highest-level international attention: The United Nations
Environment Assembly has adopted a landmark resolution
“Eliminating Plastic Pollution: Towards a Legally Binding
Instrument” to advance coordinated global governance [14].

Vehicle-road wear microplastics

Among various sources of microplastics, TRWP has attracted
considerable attention due to its substantial emissions. TRWP
is a heterogeneous mixture produced by the mechanical abra-
sion of tire treads as they interact with road surfaces [15]. It
comprises not only rubber from the tire itself but also embed-
ded pavement materials, mineral particles, and other traffic-
related wear debris, including those from brakes and clutches
[16,17]. Notably, TRWP represents only one major category
within the broader concept of VRWMP, which also encom-
passes particles originating from brake wear, clutch wear, and
other road traffic-related abrasion processes. Therefore, beyond
TRWP, a comprehensive understanding of vehicle-road wear
MPs is essential, and the following sections provide an overview
of their sources, characteristics, environmental occurrence, and
potential impacts.

Quantitative assessments underscore the substantial contri-
bution of VRWMP to environmental microplastic pollution:
Approximately 84% of atmospheric microplastics are attributed
to road-related emissions [18]. Globally, annual VRWMP genera-
tion is estimated at 1.327 million tons in the European Union,
1.12 million tons in the United States, and 0.756 million tons in
China, and per capita generation ranges from 0.2 to 5.5 kg [19].
Asreported in the literature, VRWMP can contribute up to 53.9%
of the microplastics in the environment [20]. Collectively, these
authoritative findings highlight that VRWMP is a major source of
environmental microplastics, and its potential risks warrant urgent
attention and prioritization in environmental governance.

Considering the critical severity of VRWMP pollution and
its intrinsic association with road infrastructure, this article pres-
ents a critical review of its lifecycle environmental behavior from
the distinct perspective of road engineering. We aim to establish
a systematic framework spanning from “source generation” to
“terminal risk’, specifically dissecting how road characteristics
govern the physicochemical properties of VRWMP at the source
(Fig. 1A). Furthermore, this review synthesizes characterization
methodologies tailored to the complex heterogeneity of VRWMP
and scrutinizes its migration and transformation pathways across
atmospheric, aquatic, and terrestrial matrices (Fig. 1B), alongside
the cumulative risks posed to roadside ecosystems and human
health (Fig. 1C). This systematic synthesis seeks to deepen
the industry’s understanding of the VRWMP environmental
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footprint, providing a scientific foundation for material optimi-
zation in green, low-carbon pavement design and informing
holistic environmental management strategies.

Literature selection and review strategy

A 2-tier search strategy was implemented using the Web of
Science Core Collection (2000-2025), limited to peer-reviewed
articles and reviews in English. The scope included studies
addressing the generation, characterization, occurrence, trans-
port, fate, toxicity, and mitigation of tire road wear particles,
while excluding works focused exclusively on exhaust emissions
or unrelated dust sources.

The core dataset was constructed using terminology specific
to tire and road wear particles (e.g., TRWP, tire/tyre wear par-
ticles, tire-derived microplastics, and related expressions), com-
bined with environmental and toxicological descriptors such as
microplastics, ecosystems, ecotoxicity, occurrence, transport,
fate, monitoring, leachates, and key compounds including 6PPD
and 6PPD-quinone. This targeted approach yielded 906 records
and served as the primary corpus for bibliometric analysis.

To address potential limitations of narrow terminology, a
supplementary dataset was developed by incorporating broader
descriptors commonly used in adjacent disciplines such as road
engineering, atmospheric science, and urban hydrology. These
included terms related to road dust, non-exhaust emissions,
roadway particles, runoff contaminants, pavement and asphalt
wear, and rubberized asphalt leachates, again combined with the
same environmental and toxicological keywords. This expanded
search retrieved 4,432 records. The supplementary dataset was
not used for bibliometric mapping but was employed to assess
the extent of terminological variation across fields.

Comparison of the 2 datasets using a Venn diagram (Fig. 2)
revealed limited overlap: Only 154 records were shared, cor-
responding to 17.0% of the core dataset and 3.5% of the sup-
plementary dataset. In contrast, 752 records were unique
to the core dataset, while 4,278 records were retrieved exclu-
sively through broader terminology. This pronounced asym-
metry demonstrates substantial fragmentation in terminology
across disciplines. It indicates that a large body of relevant
research, particularly from road engineering and non-exhaust
emission studies, remains weakly connected to the TRWP/
VRWMP-focused literature. This helps explain the discrep-
ancies between thematic coverage and keyword-based bib-
liometric patterns (Fig. 3).

Cluster analysis further confirms this structure (Fig. 4). Major
clusters include tire wear particle (TWP), road wear particle, envi-
ronmental occurrence, 6PPD-quinone, urban wash-off, marine
zooplankton, proinflammatory response, and method develop-
ment. These clusters emphasize environmental distribution, expo-
sure pathways, biological effects, and analytical approaches. In
contrast, topics related to pavement materials, tire-road contact
mechanics, abrasion mechanisms, and design-oriented mitigation
are weakly represented, with “mechanical properties” appearing
only as a minor peripheral cluster.

Combined with the Venn analysis, these results indicate that
the VRWMP field is not lacking in research activity but is struc-
turally fragmented. Environmental and toxicological studies
dominate the TRWP/TWP-defined literature, whereas road-
material and generation-mechanism studies are largely devel-
oped under separate terminological systems, resulting in limited
cross-disciplinary integration. Given the hierarchical relation-
ship between TRWP and VRWMP, and the structural knowledge
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Fig. 2. Venn diagram: Keyword co-occurrence map of the core dataset was performed
using CiteSpace (v6.4.R2). The keyword co-occurrence network (455 nodes, 1,104 links;
density = 0.0107) is centered on terms such as tire wear particles, microplastics,
toxicity, environment, fate, sediment, runoff, and oxidative stress, indicating that the
research domain is primarily structured around environmental occurrence, pollutant
transport, ecotoxicity, and emerging chemical risks (Fig. 3).

gap identified above, the term VRWMP is adopted hereafter as
the unified terminology throughout this review to ensure con-
ceptual consistency. Accordingly, all subsequent references in
this review will consistently employ the term VRWMP unless
otherwise specified.

Overall, the bibliometric evidence reveals a pronounced
knowledge gap: Despite the recognized contribution of VRWMP
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to non-exhaust emissions, research from road engineering and
materials perspectives remains insufficient, such as diffusion and
migration mechanisms, decomposition and ecotoxicity, influencing
factors (including climate, pavement type, and traffic conditions),
and tracking. Although these scientific questions are of vital impor-
tance in environmental studies, exploring VRWMP and its
derivative problems in pavement will help enhance the research
scientifically of the study. Focusing on the pavement system not
only facilitates source identification and attribution of VRWMP
but also supports a closed-loop research framework linking particle
generation, migration, environmental fate, and mitigation strate-
gies. This gap underscores the necessity of positioning VRWMP
research within a road-material framework, with particular empha-
sis on abrasion behavior, material composition, and design-
oriented mitigation strategies. Accordingly, this review aims to
synthesize current knowledge, identify research trends and gaps,
and explore implications for cleaner material design and mitigation
approaches within a unified vehicle-road interaction framework.

Mechanisms of VRWMP Generation

VRWMPs are generated through the rolling shear interaction
between tires and road surfaces. Relative to the pristine tire tread,
the heat and friction induced by tire-road interaction can alter
the chemical signature of the resultant particles. Moreover,
VRWMP generated during tire-road contact can also contain
admixtures of media and pavement materials, making VRWMP
in real road environments primarily a heterogeneous aggre-
gates Comprising tire rubber and mineral particles [16,19].
Consequently, the formation mechanism of VRWMP is gov-
erned by factors operating at both the tire level and the pavement
level. Tire-level factors include tread material characteristics
(material composition, service life, etc.), vehicle type (passenger
cars, trucks, motorcycles, etc.), and driving behaviors (load,
acceleration, braking, turning, skidding, etc.). On the pavement
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Fig. 3. Keyword co-occurrence map: Keyword co-occurrence network map of VRWMP-related literature retrieved from the Web of Science Core Collection. Each node represents
a keyword, with node size proportional to its occurrence frequency, and connecting lines indicate co-occurrence relationships between keywords.

side, road surface characteristics (material composition, texture,
etc.) and the influence of pavement media (road dust, sediment,
standing water, snow accumulation, ice, etc.) play significant
roles. This section comprehensively reviews recent research on
the formation mechanisms of VRWMP, focusing on its physical
and chemical properties, as well as emission characteristics, and
explores the key factors influencing its formation (Fig. 5).

Physical characteristics

The physical characteristics of VRWMP include morphology,
particle size, and density, which significantly influence their
environmental fate. The size distribution of VRWMP ranges
from nanometers to hundreds of micrometers, with coarse
particles predominating and tending to deposit on road sur-
faces or enter aquatic environments via stormwater runoff. It
is estimated that only 0.1% to 10% of VRWMP particles smaller
than PM10 become airborne [21]. The size distribution and
concentration of VRWMP are influenced by friction-adhesion
mechanisms, where the tire surface energy and wear patterns
play crucial roles. Studies indicate that coarse particles larger
than 4 um arise from stick-slip motion between tires and road
surfaces, whereas fine particles are formed due to the evaporation
and rapid condensation of volatiles on tire surfaces, driven by
micro-vibrations and elevated temperatures [22]. Table 1 sum-
marizes the particle size distributions and testing methods for
VRWMP generated in real road environments and road simu-
lators. It is evident that VRWMP produced by existing road
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simulators still exhibit significant differences in particle size dis-
tribution compared to those in real road environments.

Existing studies indicate that VRWMPs are heterogeneous
aggregates with a tire-rubber core encapsulated by a shell of
mineral particles; consequently, their density is generally higher
than that of pristine tire particles. Pure t1re crumb particles
have densities around 1.13 to 1.16 g/cm whereas VRWMP
densities range from 1.5 to 2.2 g/cm’ [23,24]. Sommer et al.
[25] analyzed 171 VRWMPs (10 to 18 pm in size) and found
that the outer coating accounted for 10% to 50% of the particle
volume. Kreider etal. [16] investigated the morphology of
VRWMP collected from road environments and road simula-
tors using scanning electron microscopy (SEM). Both sources
of VRWMP exhibit a characteristic sausage-like morphology
(Fig. 6), with tire-rubber particles encapsulating or embedding
pavement mineral aggregate. The 2 sources show aspect ratios
of 0.63 and 0.64, and roundness values of 0.84 and 0.83, respec-
tively, further confirming their morphological similarity.

The macro-texture and aggregate gradation of road surfaces
can substantially influence the initial particle size distribution
of wear debris (as shown in Table 2). Experimental studies
under controlled conditions have shown that the evolution of
pavement texture is quantitatively coupled with the generation
characteristics of wear particles. For example, wear mass loss
can follow an exponential decay with a high goodness of fit.
Direct contact between tires and exposed aggregates markedly
increases the production of fine particles such as PM 10, with
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coarse particles (100 to 500 pm) constituting the majority of
wear debris [26].

In addition, aggregates with different mineral compositions
and mechanical properties generate particles with distinct char-
acteristics, likely due to differences in fragmentation resistance.
Aggregates with a higher tendency to fracture produce greater
particle numbers and altered particle features. Thus, aggregate
crushing value and flakiness may influence the particle size
distribution of VRWMP [27]. Tire type is another key factor
controlling particle size, and its influence may even outweigh
that of the pavement material itself [28]. Collectively, these
findings indicate that road characteristics, including texture,
aggregate mineralogy, and mechanical performance, are not
passive background conditions but active determinants of
VRWMP physical properties. Future work should focus on
systematic quantification of these road parameters to better
elucidate their roles in VRWMP generation mechanisms.

Chemical composition

VRWMPs are heterogeneous aggregates generated through tire—
road interactions during service, and their chemical composition
differs markedly from that of pristine tire materials, reflecting a
pronounced multi-source origin. Tire compounds are intrinsi-
cally complex composite formulations composed of rubbers, fill-
ers, processing oils, metal reinforcements, vulcanization agents,
and various functional additives (Table 2), designed to meet
mechanical, durability, and processing requirements [29]. Natural
rubber (NR), a linear polymer of isoprene, is widely used in
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high-performance tires due to its superior strength and tough-
ness, with substantially higher contents in truck tires than in pas-
senger car tires [26,30]. Synthetic rubbers (SRs), such as styrene
butadiene rubber (SBR) and butadiene rubber (BR), serve as
important complements in modern tire formulations.

Tires are a major source of organic constituents and charac-
teristic inorganic elements in VRWMP. Zn is one of the most
abundant inorganic elements associated with tire-derived par-
ticles because ZnO is widely used as an activator in rubber vul-
canization, and relatively high Zn concentrations, often at the
level of several thousand parts per million, have been reported
in TWPs [16,31,32]. However, Zn may also be introduced from
non-tire sources within road environments; therefore, it should
be interpreted together with other chemical and morphological
information when discussing the composition of VRWMP. Other
metals, including Cu, Sb, and Cd, may also originate from tires,
although their contributions are generally lower [16,33-37]. In
terms of organic composition, tires contribute the majority of
VRWMP organic matter, including rubber polymers, additives
and their transformation products, polycyclic aromatic hydro-
carbons (PAHs), and carbonaceous fractions. The complex com-
position and material stability of tire rubber, which underpin its
extensive application in geo-engineering practices, have been
systematically reviewed [38], further highlighting the diversity
of organic constituents potentially contributing to VRWMP.
Rubber polymers (NR, SBR, BR) constitute the core organic
matrix of VRWMP [29,30,39], while additives include aromatic
oils, benzothiazole-type vulcanization accelerators, antioxidants,
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and plasticizers [40-43]. Although PAHs are present in tires, their
contribution to environmental PAH burdens is often smaller than
that from secondary adsorption processes [16,35,37,42-45].
Carbon black is the main source of elemental carbon (EC),
whereas polymers and additives primarily contribute to organic
carbon (OC) [33,35].

VRWMPs not only are composed of tire wear but also incor-
porate substantial contributions from pavement materials, which
have received comparatively less attention. Available studies indi-
cate that conventional asphalt mixtures and some polyurethane-
modified asphalts generally exhibit low metal leaching potential
[31,46]. However, the increasing use of industrial solid wastes
and chemical modifiers in road engineering may enhance the
contribution of pavement materials to heavy metals and PAHs
in VRWMP (Table 3). The incorporation of recycled polymeric
materials is not limited to asphalt modification; polyethylene
terephthalate (PET) fibers, waste plastic lightweight aggregates,
and other plastic-derived components have also been introduced
into cementitious construction materials [47,48]. Recycled plas-
tic-modified asphalt serves as a conduit for exogenous polymers
such as polyethylene and polypropylene, as well as associated
additives including phthalate plasticizers and heavy metals (e.g.,
Cd, Pb, and Cr). However, direct experimental evidence on the
leaching of these specific additives from recycled plastic-modified
asphalt under service conditions remains limited, highlighting
an important knowledge gap. Although the chemical markers of
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rubber asphalt—notably zinc, benzothiazoles, and 6PPD—
largely overlap with tire-derived constituents, its application
markedly amplifies the absolute loading of these toxic additives
and may fundamentally alter their leaching dynamics, as dem-
onstrated by long-term leaching studies on crumb rubber materi-
als [49]. Furthermore, colored pavements utilizing inorganic
pigments represent a distinct potential source of transition
metals such as Cr, Ti, and Co, although systematic data under
realistic service conditions remain scarce. These diverse chemi-
cal signatures underscore the heightened environmental risks
of VRWMP, as interactions among multiple additives and heavy
metals may intensify cumulative toxicity to roadside ecosystems,
a dimension still underrepresented in current risk assessment
frameworks. Notably, field evidence directly linking rubber
asphalt pavements to 6PPD-Q emissions remains limited, high-
lighting a critical knowledge gap that necessitates dedicated inves-
tigation. Overall, the influence of pavement wear on VRWMP
chemistry is governed by material type, modification strategy,
environmental conditions, and aging state (Table 4 and Fig. 7).
For instance, acidic conditions and prolonged contact times typi-
cally enhance metal and PAH release, whereas aging processes
exhibit differential effects on binders versus mixtures (Table 5).
In addition to tires and pavements, road marking materials
represent a secondary source of road-related wear particles and
potential microplastics [50]. Modern road markings increas-
ingly incorporate engineered functional materials (e.g., polymer
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Table 1. VRWMP particle size distribution

VRWMP category  Formation of VRWMP  Driving conditions  Testing methods Sizerange  Number of peaks  Peak value
Coarse particles  Real-world road Laser diffraction 4-280 pm Unimoda 50 pm
environment [16] analyzer
Transmission 4-265 pm Unimoda 50 pm
optical microscope
Road simulator [16] Laser particle size 5-220 um Unimoda 75 um
analyzer
Transmission 4-350 pm Unimoda 100 pm
optical microscope
Fine particles Tire simulator 80 km/h APS Unimoda 2-4pm
[140,141]
Real-world road 30km/h TSI engine EEPS Unimoda 70-90 nm
environment [87] braking
100 km/h braking TSl engine EEPS Bimodal <10 nm,
30-60 nm
Road simulator [88] Nonstudded tire  SMPS 27 nm
70 km/h
Studded tire SMPS 44 nm
50/70 km/h

APS, aerodynamic particle sizer; EEPS, engine exhaust particle sizer; SMPS, scanning mobility particle sizer

composites designed for optical or electromagnetic sensing appli-
cations) [51], which may further complicate their degradation
behavior and particle emission characteristics. Under repeated
tire loading, polymer binders and embedded polymethyl meth-
acrylate (PMMA) beads in road markings can detach and frag-
ment into fine particles [52-55]. Although road markings have
been reported as a major microplastic source [56], their contribu-
tion may be overestimated relative to the continuous generation
of VRWMP [52]. Thermoplastic markings with internally mixed
glass beads may exhibit higher emission potential after surface
bead depletion [57], but field studies indicate that their actual
contributions are lower than early estimates [58]. Distinguishing
marking-derived particles from VRWMP remains challenging
due to limited chemical specificity; recent approaches combining
automated SEM/energy-dispersive X-ray spectroscopy (EDX)
with machine-learning algorithms have improved source dis-
crimination in road dust [59].

Overall, the chemical composition of VRWMP reflects their
multi-source origin: Tires primarily contribute characteristic
organic compounds and Zn, pavement materials supply min-
eral components and additional metals and PAHs, and road
markings may introduce specific polymers and trace metals.
Reliable identification of VRWMP in environmental samples
therefore requires multi-indicator approaches (e.g., combined
S/Zn and Al/Ca/Si signatures) and source apportionment.
Future studies should further quantify secondary sources and
assess how emerging pavement materials reshape VRWMP
composition and environmental behavior.

VRWMP emission factor

VRWMP emission is a complex, nonlinear process governed
by the coupling of tire properties (formulation, dimensions,
accumulated mileage), vehicle attributes (weight, engine power,
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vehicle type), pavement characteristics (material, texture, envi-
ronmental conditions), and operating dynamics (speed, accel-
eration) [29,60]. Mainstream estimation methodologies are
primarily categorized into 2 approaches: (a) determining emis-
sion factors (EFs) via literature reviews and laboratory simula-
tions, followed by estimating emissions based on the regional
total annual vehicle kilometers traveled, and (b) estimating
emissions based on regional tire consumption rates and annual
mass loss attributed to wear.

Adopting the first approach, the International Union for
Conservation of Nature established a system of empirical for-
mulas based on mass conservation. This model not only accounts
for total tire wear but also introduces environmental partition
coefficients for soil, surface water, and sewage networks, attempt-
ing to quantify the fate pathways of VRWMP across multiple
media [61]. Conversely, Lee et al. [62] employed the second
approach to calculate VRWMP EFs for South Korea by integrat-
ing tire warranty periods, daily vehicle mileage, tire weight, and
mass loss ratios while also summarizing EFs across different
countries and regions (Table 6). This methodology focuses on
the micro-scale loss of individual vehicles, offering a more direct
calculation logic.

A critical limitation of these methodologies is their exclusive
focus on tire wear contribution, often neglecting pavement
abrasion due to the technical difficulty in distinguishing pave-
ment particles from background road dust. This omission likely
results in an underestimation of total VRWMP generation. To
compensate, a 50:50 tire-to-pavement contribution is often
assumed. European Monitoring and Evaluation Programme
(EMEP)/European Environment Agency (EEA) models esti-
mate direct PM10 pavement wear EFs for passenger, light, and
heavy-duty vehicles at 5 to 10, 7.75, and 33.5 mg/vehicle km,
respectively [63]; however, under studded tire usage, these
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Fig. 6. VRWMP morphology: (A and B) from real-world road environments and (C and D) from a road simulator. Reproduced from [16] with permission.

values can surge to 200 to 400 mg/vehicle km [64]. Macro-
evaluations using these corrected datasets indicate substantial
loads, such as 75,200 to 98,400 tons/year in Germany [65] and
global per capita emissions of 0.9 to 2.5 kg/year [66]. They
identify freight intensity and mileage as critical drivers of total
emissions.

Current research on VRWMP emissions suffers from signifi-
cant uncertainty due to a predominance of indirect estimations
over in situ measurements. Consequently, developing robust
models based on empirical data is imperative. This is particu-
larly urgent for China, where the massive transport network
(>6 million km) and vehicle fleet (453 million by end-2024)
result in tire wear contributing 53.9% of total microplastics
[67]. However, there is a paucity of region-specific field data
on VRWMP emissions in China, forcing most studies to rely on

Hai et al. 2026 | https://doi.org/10.34133/research.1323

international datasets. Given the pronounced regional variabil-
ity in VRWMP emissions, such an approach may introduce
considerable uncertainties when estimating the environmental
burden of VRWMP in the Chinese context.

Technical challenges and future research prospects

It is imperative to establish a comprehensive framework for
assessing the environmental impacts of VRWMDP, illuminating
the interactions among controlling factors and their mechanisms
of interaction with the surrounding environment. At present, no
standardized methodology exists for systematically character-
izing the physicochemical properties of VRWMP. Owing to the
diversity of tire and pavement materials and their compositional
overlap, source attribution of VRWMP still relies primarily
on multi-indicator approaches rather than definitive criteria. A
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Table 2. Influence of pavement macrotexture and gradation on wear particle characteristics

Research theme Test system

Key findings

Implications for
pavement effects

Long-term evolution of tire wear  Rolling friction at 30 °C,
and pavement texture [26] 5.4 km/h 50% relative humidity,
0.7 MPa contact pressure

Inflammatory response induced VTl simulator particles from

by VRWMP [27] studded tire-asphalt pavements
with granite and quartzite
aggregates

Ultrafine particle emission from  Three winter tire—pavement

Exponential decay of pavement
wear (R? = 0.99); aggregate
exposure enhances PM,; and
coarse particles (>50%,
100-500 um)

Quartzite pavements induce
stronger inflammatory
responses; differences are
linked to aggregate crush
resistance.

Particle size increases from

Texture evolution is closely
coupled with the particle size
distribution of VRWMP.

Aggregate mineralogy and
mechanical properties shape
particle quantity and
distribution.

Tire type exerts the dominant

tire—road systems [28] combinations at 70 km h™ nonstudded/quartzite SMAto  influence on VRWMP and may
(studded/nonstudded x studded/quartzite SMA and mask pavement-related
quartzite SMA/granite AC) studded/granite AC (from 27to  differences.

50 nm).

AC, asphalt concrete; SMA, stone mastic asphalt

Table 3. Composition of tire materials (reproduced from [29] with permission)

Category Content  Composition

Rubber 40-60% Polybutadiene, styrene-butadiene, chloroprene rubber, isoprene rubber, polysulfide

Filler 20-35% Carbon black, SiO,, silane

Processing oil 12-15%  Mineral oils

Steel cord 5-10%

Vulcanizing agent 1-2%  Zn0, S, Se, Te, thiazoles, organic peroxides, nitroso compounds

Additive 5-10%  Preservatives (halogenated nitriles), antioxidants (amines, phenols), desiccants (calcium oxide),

plasticizers (aromatic and aliphatic esters), and processing aids (mineral oils, peptides).

Table 4. Contaminants in asphalt mixture leachate

Sample types Analytical techniques

Metal elements

Leachate from reclaimed asphalt mixture [31]  ICP-AES

The concentrations of Cd, Cu, Cr, Ni, Pb, Zn,
Hg, and Mo were all below the drinking
water standard limits.

As, Cd, Cr, Cu, Fe, Mn, Pb, Zn

As, Cd, Cr, Cu, Ni, Pb, Se, Zn

Polyurethane and cecabase-modified SW-846 test method 1312: synthetic
asphalt [46] precipitation leaching procedure
Asphalt mixture [142] ICP-AES

Leachate from porous asphalt mixture [136]  ICP-MS

V, Mn, Fe, Ni, Cu, Zn, As, Se, Cd and Pb

ICP-AES, inductively coupled plasma-atomic emission spectroscopy; ICP-MS, inductively coupled plasma-mass spectrometry

critical knowledge gap lies in the limited investigation of wear
processes associated with pavement materials and road marking
coatings. The increasing diversification of pavement materials
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further complicates VRWMP generation pathways and release
conditions, potentially exacerbating environmental risks. Although
pavement materials and road markings generally account for a
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Fig. 7. Mechanism of leaching in porous asphalt mixtures. Reproduced from [136] with permission.

Table 5. Comparative findings on the chemical characteristics of VRWMP associated with pavement wear across different studies

Material types and analytical

methods Key findings (heavy metals)

Key findings (PAHs) Primary influencing factors

CA, SA, AR, WC, BA, WCAR;
ICP-AES; GC/MS; toxicity
equivalent factor

BA exhibits the highest heavy
metal leaching, followed by
WCAR, AR, RA,WC, CA, and SA.

evaluation [142]
Various asphalt mixtures; Concentrations of V, Fe, Ni, and
ICP-MS [136] Zn continuously increase over

time; leaching mechanisms for
metals identified (Fig. 7).

Rubber-modified asphalt; DSLT
standardized leaching
procedure [143]

Recycled asphalt mixtures; =
ICP-MS; GC/MS [144]

Low risk under neutral
conditions; Cd and Zn exceed
limits under acidic conditions;
aging reduces metal leaching
from asphalt but increases it
from mortar and mixtures.

Rubber asphalt, mortar, and
mixtures under acidic and
neutral conditions [145]

Solid-waste incorporation;
chemical modification

WCAR shows the highest toxicity

equivalent factor, followed by WC

and BA; CA, SA, AR, and RA are

close to the blank control.

— Environmental factors
(immersion duration and
conditions)

Total PAHs range from 0.061 to
8.322 pg/g; pyrene is the
dominant PAH; larger rubber
particles lead to higher PAH
leaching.

Rejuvenators increase the
leaching of some PAHSs; aging
reduces PAH leaching.

Overall low PAH release; acidic
conditions increase light PAHSs;
aging has minimal influence.

Rubber content; particle size

Rejuvenator use; aging

pH; aging

AR, asphalt rubber mixture; BA, solid-waste-amended asphalt mixture; CA, neat asphalt mixture; DSLT, dynamic surface leaching test; RA, recycled asphalt
mixture; SA, SBS-modified asphalt mixture; WC, warm-mix asphalt mixture; WCAR, warm-mix asphalt rubber mixture

smaller mass fraction of VRWMP, their wear rates and contribu-
tions remain difficult to quantify. In addition, current estimates

of VRWMP EFs suffer from considerable uncertainty, largely
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due to a paucity of representative, region-specific datasets. Most
existing emission models focus predominantly on tire wear
and neglect pavement wear, which may constitute a substantial
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Table 6. Summary of VRWMP emission factors for different countries and regions (reproduced from [62], with permission)

Emission factor (mg/vehicle km)

Region/country Passenger car Light-duty truck Bus Heavy-duty truck
United Kingdom 100

Sweden 50 50 700 700
Germany 90 700 700 700

Urban roads in the Netherlands 132 658 415 658

Rural roads in the Netherlands Passenger car Light-duty truck Bus Heavy-duty truck
Motorways in the Netherlands 104 517 326 517
Russia 132 306 = 1,110
Denmark 132 204 - 712

Japan 1,780-2,880 cm®/tire 5484 cm®/tire 5,484 cm®/tire 5,484 cm>/tire
Norway 132 712

South Korea 45-57 224 799 949

proportion of total VRWMP mass, leading to systematic under-
estimation of overall emissions.

Future research should prioritize the development of experi-
mental platforms capable of simulating realistic wear condi-
tions, together with large-scale field monitoring of VRWMP to
obtain primary emission data. Such efforts are critical for accu-
rately apportioning the respective contributions of tires, pave-
ments, and other road-related sources, thereby establishing
robust emission inventories to underpin environmental risk
assessment and mitigation strategies.

VRWMP Experimental Characterization

Method of preparation

The current principal methods for sampling VRWMP are sum-
marized in Table 7, and the representative equipment are given
in Fig. 8. These methods can be grouped into road environment
collection, real road simulator collection, and grit paper or stiff
brush abrasion. Road environment collection provides the high-
est environmental representativeness but is susceptible to par-
ticle loss and background contamination. Real road simulators
improve experimental control while retaining tire-pavement
interactions, but their climatic simulation capability remains
limited. Grit paper or stift brush abrasion provides reproducible
TWP samples, but it does not incorporate pavement wear and
should therefore be used mainly for preliminary or comparative
studies. Overall, method selection should balance environmen-
tal realism, experimental controllability, and the specific objec-
tive of the study.

Characterization techniques for VRWMP

Accurate characterization of VRWMP is essential for evaluat-
ing its environmental fate, transport, and ecological risks. The
analysis of VRWMP presents significant challenges due to its
heterogeneous composition of tire rubber, pavement materials,
and embedded road surface wear particles, coupled with the
complexity of the environmental matrix. A comprehensive
analytical framework that integrates sample pretreatment,
physical separation, and chemical identification has been
established. However, a standardized testing methodology has
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yet to be formulated. Developing a unified metric for VRWMP
characterization would enable cross-study comparability, facili-
tate data harmonization, and support both industry standardiza-
tion and international regulatory coordination. Importantly,
such analytical methods must account for the unique physico-
chemical properties of VRWMP, including its complex chemical
composition, broad density spectrum, and dynamic environ-
mental behavior.

Pretreatment and separation methods

Given the low concentrations of VRWMP and high interfer-
ence in environmental matrices (e.g., soil, sediments, water,
and air), effective pretreatment is a prerequisite for accurate
identification. The core objective is to maximize the removal
of organic and inorganic impurities and enrich VRWMP through
physical and chemical means while minimizing damage to the
target particles. This process requires precise optimization, as
improper treatment can lead to particle loss, morphological
alteration, or chemical degradation, thereby compromising down-
stream analysis.

Density separation serves as the primary enrichment method,
exploiting the density differential between VRWMP (1.1 to
1.9 g/cm’) and natural minerals (>2.0 g/cm’). Current strategies
exhibit distinct trade-offs between universality and resolution.
In resolving particle heterogeneity, a 2-step separation approach
[NaCl followed by sodium polytungstate (SPT)] shows distinct
advantages, enabling effective discrimination of VRWMP frac-
tions with different degrees of mineral encapsulation [68]. In
contrast, a single-step high-density SPT method (e.g., 1.9 or
2.2 g/cm’) allows efficient recovery of the majority of VRWMP
[69,70]. Furthermore, refined gradient density separation (1.20
to 1.70 g/cm’) enables the precise fractionation of VRWMP com-
ponents, providing methodological support for investigating
their differential environmental behaviors [71].

Innovation in chemical purification focuses on material com-
patibility and the specific removal of pavement-derived interfer-
ences. Alkaline digestion, such as with NaOH, shows better
compatibility compared to strong oxidants like H,0, and NaOCL
It can effectively remove organic matter without damaging the
elastic structure of VRWMP [68]. These chemical steps are
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Table 7. Summary of VRWMP sampling methods

Category Equipment Characteristics Reference
Road environment collection Road VRWMP sampling vehicle Realistic driving conditions; nonsealed system  [16,22,146]
may underestimate emissions.
Vacuum collector Direct surface collection; strongly affected by [16]
road contamination and sampling area.
Polypropylene container Suitable for deposited particles; susceptible to [79]
transport and external contamination.
Real road simulator collection Road simulator (BASt) Real asphalt pavement and controlled driving [16]
conditions; limited climatic simulation.
Road simulator (KIT) Controlled tire-road interaction; limited [137147]
climatic simulation.
Swedish VTl road simulator Real tires and pavement with temperature/ [28,138]
humidity control; high equipment complexity.
Multi-physics controllable tire—-road Multi-condition tire-road wear simulation; [139]
wear equipment fine-particle collection and temperature control
remain limited.
Grit paper/stiff brush abrasion Tire simulator Vacuum-based TWP generation and collection; [140,141]
collection pavement and climatic effects ignored.
Grit paper/stiff brushes Simple generation of pure TWP; low represen- [16,147]

tativeness of real-driving VRWMP.

KIT, Karlsruhe Institute of Technology

complemented by standardized sieving (<1 mm or <500 pm)
and multi-stage filtration—using 1.0-pum filters for particle
collection and 0.22-pm filters for purifying extracts prior to
ultra-performance liquid chromatography (UPLC)/gas chro-
matography mass spectrometry (GC-MS) analysis [69,71].
Notably, to address interference from asphalt particles in road
dust, chloroform extraction has been developed to selectively
eliminate bituminous components, significantly enhancing iden-
tification accuracy by removing visual obstructions while pre-
serving VRWMP morphology [72]. Additionally, high-speed
centrifugation facilitates the concentration of VRWMP from
aqueous samples or digestates, serving as a fundamental solid-
liquid separation technique where parameter optimization is
critical for maximizing recovery. Collectively, these methods
constitute an integrated analytical workflow for the precise isola-
tion of VRWMP from complex environmental matrices.

Identification and characterization techniques

Given the inherent heterogeneity of VRWMDP, single-analytical
techniques are often insufficient for conclusive identification.
Consequently, a multi-methodological approach has emerged
as the consensus, employing a weight-of-evidence strategy that
corroborates physical morphology with chemical composition
to enhance reliability.

While optical microscopy can be used as a preliminary tool
for particle counting and aspect ratio analysis, it lacks chemical
specificity [71]. In contrast, SEM-EDS (energy-dispersive spec-
troscopy) combines high-resolution morphological observation
with elemental composition analysis, thereby enabling more reli-
able identification and characterization of VRWMP. By identify-
ing characteristic wear morphologies and elemental signatures
(tire: S/Zn; pavement: Si/Ca/Al), specifically the co-existence
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patterns of S with Zn/Na, SEM-EDS provides critical evidence
for VRWMP mineral encrustation [68,70,73]. Additionally, the
heat resistance test offers a robust, engineering-specific auxiliary
method; exploiting the thermal stability gap between vulcanized
rubber and thermoplastic bitumen, it effectively eliminates bitu-
minous interference at 150 °C [68].

Chemical analysis has evolved from qualitative detection to
high-throughput and high-precision quantification. Vibrational
spectroscopy techniques, including Fourier transform infrared
spectroscopy (FTIR) and Raman spectroscopy, together with
automated laser direct infrared imaging, enable high-throughput
chemical mapping by recognizing the spectral fingerprints of
SRs such as SBR and BR [68]. For absolute quantification,
thermal analysis coupled with mass spectrometry, particularly
pyrolysis gas chromatography/mass spectrometry (py-GC/MS)
and thermal extraction/desorption-gas chromatography-mass
spectrometry (TED-GC/MS), is widely regarded as the gold
standard. These techniques rely on characteristic pyrolysis
products, such as vinylcyclohexene derived from SBR, isoprene
from NR, and rubber-related additives including 6PPD and
benzothiazoles, allowing highly specific identification in com-
plex environmental matrices [68,71]. Surface-sensitive tech-
niques such as time-of-flight secondary ion mass spectrometry
(TOE-SIMS) provide complementary micro-interfacial evi-
dence by detecting diagnostic organic fragments, for example,
C,H," [70]. In addition, elemental markers, including Zn and
chemically bound sulfur, as well as organic indicators such as
OHBT and ABT in aquatic systems, have been applied in both
quantitative and indicative studies of VRWMP [69,74].

Based on current practices, a maturing standardized multi-
step workflow (Fig. 9) has been established, integrating morpho-
logical confirmation with chemical quantification. The protocol
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Fig. 8. Representative VRWMP sampling and preparation equipment. (A) Road VRWMP sampling vehicle. Reproduced from [16,22] with permission. (B) BASt road simulator.
Reproduced from [16] with permission. (C) Karlsruhe Institute of Technology (KIT) road simulator. Reproduced from [137] with permission. (D) Swedish VTI road simulator.
Reproduced from [138] with permission. (E) Multiphysics controllable tire-road wear integrated equipment. Reproduced from [139] with permission. (F) Tire simulator.

Reproduced from [140] with permission.
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Fig. 9. Standardized VRWMP characterization process.

proceeds as follows: (a) enrichment: samples undergo drying,
NaOH digestion, and density separation; (b) screening: physi-
cal exclusion of pavement interferences via SEM-EDS and
heat resistance testing; (c) confirmation and quantification:
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chemical imaging via p-FTIR/laser-induced direct infrared
imaging (LDIR) and precise quantification using py-GC/MS
markers, with TOF-SIMS providing supplementary surface
data for complex samples. This multi-dimensional integration
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establishes a viable paradigm for resolving cross-study data
comparability issues.

Technical challenges and outlook for

standardization processes
Existing VRWMP sampling and preparation methods differ sub-
stantially in environmental representativeness, experimental con-
trollability, and particle recovery efficiency. These methodological
differences limit the comparability of particle size distribution,
morphology, chemical composition, and EFs across studies.
Therefore, standardized protocols for sampling design, particle
recovery, sample pretreatment, analytical identification, and data
reporting are urgently needed. In addition, reliable detection of
submicrometer VRWMP and robust quantitative thermal analysis
remain constrained by sample recovery loss, matrix interfer-
ence, detection limits, and the lack of standardized reference
materials. Although manual single-particle analysis remains
applicable, it is time-consuming and prone to reproducibility
limitations, particularly for complex environmental and bio-
logical matrices. Future studies should combine standardized
experimental workflows with automated image analysis, spec-
tral identification, and machine learning-assisted data integra-
tion to improve the efficiency, reproducibility, and comparability
of VRWMP characterization.

Recent advances in artificial intelligence, deep learning,
and large-scale models may further support the standardiza-
tion of VRWMP analysis. Deep neural networks can assist in the
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automated recognition and classification of VRWMP from SEM
images, optical images, and spectral datasets, while machine-
learning workflows can integrate heterogeneous information,
including morphology, elemental composition, spectral signa-
tures, and thermal decomposition products. In addition, large-scale
models trained on well-annotated datasets may help optimize
pretreatment parameters, reduce operator-dependent bias, and
improve the prediction of VRWMP concentrations and com-
positional profiles when reference materials are incomplete.
Therefore, coupling Al-based data analysis with standardized
experimental protocols represents a promising direction for
improving the accuracy, efficiency, and cross-study comparability
of VRWMP characterization.

VRWMP Migration Mechanism

VRWMP undergoes complex physical transport and chemical
transformation within road systems and across environmental
media driven by external forces such as gravity, wind, and water
flow [75], as illustrated in Fig. 10. These processes are governed
by the combined influences of particle physicochemical proper-
ties, ambient environmental conditions, and interactions with
surrounding media, which collectively determine its environmen-
tal fate and ecological risks. A comprehensive understanding of
VRWMP migration mechanisms therefore provides the scientific
basis for assessing its environmental impacts and developing
effective mitigation and control strategies.

Vehicle-road wear microplastics migration mechanism

Wet deposition 00 40 40 40 |

Fig. 10. The migration mechanism in the environment of VRWMP. The generation of VRWMP from tire-pavement interactions on road surfaces, followed by their partitioning
into 3 primary pathways: atmospheric dispersion, surface runoff, and roadside soil deposition.
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Migration patterns and mechanisms within

road systems

Within the road system, VRWMP undergo generation, initial
partitioning, and early-stage transformation; transport behaviors
during this phase directly determine the flux and physico-
chemical speciation of particles dispersing into the surrounding
environment.

VRWMP markers

Accurate quantification of VRWMP distribution within road
systems and the environment relies on highly specific and stable
chemical markers. Identifying suitable markers constitutes the
primary task for quantitatively analyzing VRWMP distribution
in environmental media. Current research on VRWMP is pre-
dominantly tire-oriented, and therefore, tracers are primarily
selected from rubber polymers and tire additive components.
The selected tracers should meet the following criteria: ubiq-
uitous presence in all tires, resistance to leaching or transforma-
tion from particles, high specificity to tires, significantly higher
concentrations in tires than in environmental background
levels, and ease of analytical detection [29].

Early tracer studies primarily focused on bulk tire components.
Rubber polymers, zinc, and high-carbon n-alkanes (>C35) were
commonly employed as generic markers; however, their validity
is compromised by non-tire source interference (e.g., galvanized
infrastructure and engine oil) and detection limit constraints
[33,76,77]. Subsequent research shifted toward highly specific
organic additives. While benzothiazoles are widely utilized,
their semi-volatility, high polarity, leachability, and non-
unique origins limit quantitative accuracy [29,45,76,78].
More recently, attention has turned to stable vulcanizing
agents like 1,3-diphenylguanidine (DPG) and antioxidants
such as 6-PPD. Notably, the oxidation product 6-PPDQ has
emerged as a dual-purpose marker for both source tracking
and ecological risk assessment due to its hydrophobicity and
demonstrated aquatic toxicity [78-80].

Crucially, these single-marker approaches inherently char-
acterize only tire wear, systematically neglecting the contribu-
tion of pavement materials within VRWMP aggregates [29].
To address this limitation, combined analysis via py-GC/MS
has become the leading trend. By simultaneously detecting
characteristic pyrolysis products of both tire (SBR + BR) and
pavement (SBS) matrices, this method achieves holistic quan-
tification of VRWMP. Demonstrating high recovery rates of
83% to 104% even in complex media like snow [81,82], py-GC/
MS confirms the tire-road interaction nature of these particles.
Consequently, developing joint quantification techniques based
on material pyrolysis fingerprints, rather than seeking novel
single chemical markers, represents the future mainstream
direction for precise VRWMP source apportionment.

In summary, VRWMP represents a product of tire-road
interaction and therefore its quantification must consider the
composite contributions of both materials. Accordingly, the
selection of VRWMP markers should reflect the material com-
position of both tires and road surfaces. Compared with the
discovery of new molecular markers, pyrolytic analysis has
yielded substantial progress in VRWMP quantification. With
continued advancements in pyrolytic analytical technologies,
the quantitative characterization of VRWMP is expected to
achieve even greater accuracy and reliability in future envi-
ronmental assessments.
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Physical migration

The physical migration of VRWMP within road systems results
from the multi-physics coupling of gravity, wind, vehicle-induced
turbulence, and surface runoff. Consequently, the fate of these
particles is governed by the interplay between particle size frac-
tionation, pavement texture retention, and drainage infrastruc-
ture configuration. Upon generation, larger particles rapidly
settle via gravity, whereas finer fractions remain suspended, exhibit-
ing prolonged atmospheric residence times.

At the air-road interface, VRWMP frequently undergoes
agglomeration with non-exhaust emissions and mineral dusts.
This process follows a distinct size-dependent trajectory: Particles
<10 pm are prone to resuspension and long-range transport via
turbulence, while coarse fractions (10 to 100 pm) tend to deposit
near the source, particularly in zones of low airflow velocity
[50,83,84]. In contrast to open roads where concentrations typi-
cally decay with distance, semi-enclosed environments like tun-
nels exhibit high accumulation due to restricted dispersion
[83]. Although the atmospheric presence of VRWMP is well-
documented, the specific dynamic migration mechanisms
remain under-characterized. Addressing this gap is critical
given the direct inhalation risks posed by airborne VRWMP.

At the pavement-runoft interface, pavement texture reten-
tion plays a dominant role, trapping approximately 58.3% of
particles within surface voids. The nonretained fraction is
mobilized toward the roadside, driven primarily by rainfall
runoff and street cleaning operations [50]. While experimental
quantification of roadside wash-off remains limited, modeling
by Unice etal. [85] estimates that 25% to 75% of VRWMP
enters the roadside environment via runoff, whereas Sieber
et al. [86] suggest a total environmental release proportion
of 73.6%.

The terminal fate of VRWMP exhibits strong infrastructure
dependency. Rural roads lacking drainage facilitate direct dis-
charge into roadside soils and adjacent water bodies. Conversely,
urban systems routed to wastewater treatment plants achieve
removal efficiencies exceeding 96% [87,88]. However, highway
stormwater ponds demonstrate lower retention rates of 40% to
60%, posing higher pollution risks from untreated runoft [85].
Once in aquatic systems, migration is dictated by particle proper-
ties and hydrodynamics. Due to their high density (>1.2 g/cm’),
which exceeds that of pristine tire rubber, approximately 90% of
VRWMP settles in riverbed sediments, with only a negligible
fraction, about 2%, transported to marine environments [85].

In summary, VRWMP physical migration is fundamentally
determined by particle properties and external forces. Current
migration models, predominantly derived from foreign data-
sets, may not adequately capture the regional heterogeneity of
VRWMP distribution in China. Given the country’s vast terri-
tory, complex climatic zones, and significant regional variations
in traffic conditions, a single generalized model is insufficient
for accurate nationwide prediction. Consequently, there is an
urgent need for localized research to establish VRWMP migra-
tion models tailored to these specific contexts. In this regard,
leveraging emerging Al technologies to construct intelligent
prediction models capable of addressing multi-factor coupling
represents a promising research frontier.

Chemical migration

Chemical migration is a key process governing the environ-
mental behavior of VRWMP. Owing to their composite nature,
VRWMPs are not chemically inert but continuously interact with
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surrounding media during environmental transport through
adsorption, degradation, and leaching. These processes col-
lectively control the migration, transformation, and release of
associated contaminants. Therefore, investigating the chemical
migration of VRWMP, particularly the influence of pavement
materials and structural design, is essential for understanding
their environmental fate.

Adsorption determines the contaminant loading of VRWMP
and reflects their intrinsic material heterogeneity. As compos-
ites consisting of tire rubber and pavement-derived compo-
nents, VRWMPs exhibit pronounced component-dependent
adsorption behavior [89,90]. Carbon black primarily governs
contaminant adsorption at particle surfaces, whereas the poly-
mer matrix controls the diffusion of adsorbed compounds into
the particle interior [91,92]. Adsorption capacity increases with
carbon black content but decreases with higher crosslinking
density and is further regulated by particle size, surface charge,
and morphology [89,92]. VRWMP show a stronger affinity for
hydrophobic organic contaminants than for heavy metals, while
metals such as Cd and Zn are retained less stably and are highly
sensitive to salinity changes [93,94]. This suggests that winter
deicing practices may promote metal desorption and secondary
environmental release [95]. Notably, adsorption by VRWMP
cannot be attributed solely to tire rubber, as asphalt also exhibits
substantial adsorption potential for both organic and inorganic
contaminants, with performance varying with temperature and
humidity. Thus, VRWMP adsorption is intrinsically linked to
pavement material composition and structure.

Degradation governs the chemical evolution of VRWMP
but proceeds slowly under realistic environmental conditions.
Different polymers follow distinct degradation pathways: BR and
SBR are prone to photo-oxidative chain scission, whereas NR
and isoprene-based rubbers, characterized by cis-1,4-isoprene
structures, show higher biodegradation potential [19]. Under
optimized conditions, specific microbial consortia can achieve
substantial mineralization (40% to 50%) within weeks, as shown
in Table 8. However, in natural environments, VRWMP degrada-
tion rates of 0.15% per day remain very low, far below physical

removal rates of 0.67% per day, largely due to the shielding effect
of carbon black and the intrinsic stability of polymers [96].
Although degradation contributes little to mass reduction, its
role in modulating chemical hazards is significant. Under traffic-
induced thermal and photo-oxidative conditions, 6PPD can be
transformed into the highly toxic 6PPD-Q, a reaction strongly
controlled by ozone concentration and elevated temperatures
(>80°C) [97].

Leaching represents the primary pathway by which VRWMPs
cause direct environmental exposure. Under hydrodynamic con-
ditions such as rainfall runoff, VRWMPs release heavy metals
and a range of organic additives, including Zn, 6PPD-Q, DPG,
aniline compounds, benzothiazoles, and hexamethoxymethyl
melamine (HMMM) [98,99]. Field observations indicate that
benzothiazoles in Pearl River Delta River runoff and 6PPD-Q in
urban road dust in Tokyo are predominantly derived from
VRWMP, with release occurring rapidly on hourly timescales
[97,98]. Leaching behavior is strongly particle size dependent,
with smaller particles exhibiting higher release potential due to
larger specific surface areas, and cumulative release increasing
with contact time [23,97]. Environmental controls are com-
pound-specific: Acidic conditions enhance inorganic release,
while higher salinity and pH generally suppress Zn leaching;
however, in seawater systems, light exposure promotes Zn release
[100]. Additional factors such as temperature, turbulence, ultra-
violet radiation, and CO, further modify leaching fluxes and
chemical composition, often amplifying toxic effects on aquatic
organisms [101].

Overall, the chemical migration of VRWMP is governed by
the coupled effects of material composition and environmental
drivers. The strong dependence of adsorption and leaching on
pavement materials suggests that emerging road technologies,
such as rubber-modified asphalt and waste-incorporated asphalt
mixtures, may substantially reshape VRWMP chemical emission
profiles. From a clean-materials perspective, integrating chemical
migration mechanisms into tire formulation and pavement mate-
rial design is critical for source-oriented environmental risk con-
trol. Consequently, elucidating VRWMP leaching mechanisms,

Table 8. Comparison of typical VRWMP degradation pathways, influencing factors, and experimental performance

Degradation type Key drivers

Environmental constraints and
limitations

Key experimental findings and
degradation rates

Biodegradation [125,148-150]  Nocardia sp., Rhodococcus sp.,

Pseudomonas, etc.

Chemical transformation [97]  Traffic-induced coupled thermal

and photo-oxidation

Photo/thermal oxidation
[96,151]

UV radiation, high temp
(>60 °C), ozone, mechanical stress

8-week mineralization rate of
40-50%; NR degradation
(55.3%) superior to SR (45.9%)

Effectively degrades plasticiz-
ers and paraffin fatty acids;
performance is limited by
isolated inoculum and static
temperature conditions

Ozone and high temperature
(>80 °C) promote transforma-
tion and increase toxicity
Primarily abiotic process;
degradation rates are con-
strained by carbon black
shielding

Degradation of 6PPD into
6PPD-Q

Thermal and UV aging induce
mineral de-aggregation, reduce
density, and deplete extractable
organics; mechanical stress
decreases particle roundness

SR, synthetic rubber; UV, ultraviolet
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particularly through molecular dynamics simulations to resolve
micro-scale processes, represents a promising research direction,
providing a theoretical basis for designing environmentally
benign tires and pavement materials and enabling leaching risk
mitigation at the source.

Distribution trends from road systems to other

environmental media

Model-based studies provide quantitative insights into the dis-
tribution of VRWMP from road systems to other environmental
compartments. Overall, the environmental fate of VRWMP
exhibits a clear pattern, with roadside soils and freshwater sys-
tems serving as the primary sinks. As a significant source of
microplastics released unintentionally into the environment, the
fraction of VRWMP in the atmosphere is extremely low, approxi-
mately 2% to 10%. Conversely, the overwhelming majority,
approximately 49% to 76%, accumulates in roadside soils through
dry and wet deposition, establishing soil as the primary environ-
mental sink [21,65,76,84]. At the watershed scale, particle fate
exhibits strong density dependence. The mass balance model
constructed by Unice etal. [85] demonstrates that although
approximately 49% of VRWMP enters the water cycle via runoff,
freshwater systems exhibit a retention efficiency as high as 90%,
which is primarily achieved via sedimentation in riverbeds.
Consequently, the flux ultimately transported to the ocean is
negligible, amounting to only about 2%.

The configuration of road infrastructure significantly modu-
lates the input flux of VRWMP into water bodies. Investigations
of German motorways indicate that 90% of emissions are
deposited in the near-source region of the road surface or road-
side [29]. Further model estimates reveal that in scenarios
employing comprehensive drainage facilities, the proportion
of VRWMP entering receiving waters is controlled between 6%
and 23%; however, in conditions lacking such facilities, this
ratio rises significantly to 13% to 45% [85].

Existing research has preliminarily elucidated the distribu-
tion trends of VRWMP within road systems through modeling,
identifying soil as the main accumulation reservoir and water
bodies as critical migration pathways. These studies clarify the
pivotal roles of particle size and road drainage infrastructure,
identifying particle size and density as the sensitive param-
eters controlling the output flux to estuaries. Although current
research has clarified these common mechanisms, the param-
eters for distribution models are largely derived from foreign
datasets, which introduces significant regional limitations and
uncertainty. Direct application to China may yield substantial
discrepancies. Therefore, there is an urgent need to construct
environmental fate models adapted to China’s complex road
and hydrological characteristics based on local empirical data,
thereby providing a robust basis for precise pollution control.

Technical challenges and future research prospects

Understanding the migration of VRWMP is essential for evaluat-
ing their environmental fate and ecological risks. After generation
on road surfaces, VRWMP can enter air, soil, runoff, drainage
systems, sediments, snow, and ice through resuspension, deposi-
tion, stormwater transport, and snowmelt processes [19]. Their
migration is affected by particle properties, rainfall, wind, traffic
disturbance, pavement characteristics, and drainage conditions
[69,85,102]. However, the relative contribution of different
pathways remains difficult to quantify because VRWMP is a
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heterogeneous mixture from tires, pavement materials, road
markings, deposited dust, and other road-associated sources.
Current identification methods still have limitations. Many studies
rely on tire-related markers, such as rubber polymers, Zn, benzo-
thiazoles, and tire additives, which may not fully represent the
road-derived fraction of VRWMP [29]. Future studies should
develop multi-marker approaches combining rubber-specific
organic markers, road-material signatures, elemental profiles,
morphology, and thermal decomposition products. Pyrolysis-
based methods, particularly py-GC/MS, are promising for
complex environmental samples, but standardization in marker
selection, calibration, and sample pretreatment is still needed
[103,104].

During migration, VRWMP may undergo fragmentation,
oxidation, aging, pollutant adsorption, additive leaching, and
microbial degradation [104,105]. These processes change par-
ticle size, surface properties, chemical composition, mobility,
toxicity, and persistence. Therefore, VRWMP migration should
be regarded as a coupled process involving transport, transfor-
mation, and contaminant interaction. Future research should
integrate field monitoring, controlled experiments, traffic data,
meteorological records, pavement information, and drainage
characteristics to develop multi-media migration models. Data-
driven methods may further help identify controlling factors
and predict VRWMP transport and environmental fate under
real road conditions.

VRWMP Environmental Impact Assessment

As anon-exhaust particulate matter generated from road trans-
port systems, VRWMP exerts environmental impacts through-
out the entire lifecycle of highway construction operation and
maintenance. Current research on VRWMP’s environmental
impact predominantly focuses on the particles themselves and
their leachate, assessing potential ecological risks through eco-
toxicological effects on soil flora and fauna, micro-organisms,
aquatic organisms, and human health. However few studies
consider the environmental impact of the road infrastructure
projects themselves. From a road engineering perspective, the
environmental impact of VRWMP can be systematically cat-
egorized into 3 levels: the ecological environment, water envi-
ronments, and the broader social environment along the project
route surface, as illustrated in Fig. 11.

Environmental impact assessment

Road construction and operation permanently alter land use
along transport corridors and create continuous zones of non-
point-source pollution. Among the environmental compart-
ments receiving tire- and road-derived particles, soil has been
recognized as a major sink. Previous studies have estimated that
approximately 67% of emitted TWPs may ultimately enter soil,
with reported concentrations ranging from 100 to 117,000 mg/
kg [76]. Therefore, roadside soil represents a critical medium
for evaluating the environmental impacts of VRWMP.

To provide a structured summary of the assessment methods
and reported effects, Table 9 summarizes soil-centered assessment
dimensions, models, endpoints, and environmental impacts of
VRWMP-related particles. The ecological effects of VRWMP in
soil ecosystems involve multiple levels of biological organization.
Atthe soil-function level, VRWMP-related particles may alter
soil physicochemical properties, OC cycling, nutrient turn-
over, and microbial activity [106-109]. At the organism level, soil
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Fig. 11. The environmental impact of VRWMP.

invertebrates, including Folsomia candida, Enchytraeus crypticus,
Eisenia fetida, and Tenebrio molitor, have been widely used to
evaluate particle-induced toxicity through endpoints such as sur-
vival, growth, reproduction, oxidative stress, immune response,
digestive biomarkers, and bioaccumulation [34,108,110]. For
example, micronized car TWPs can induce heavy metal bioac-
cumulation and oxidative stress in E. fetida [111]. Tread rubber
and road dust particles can affect stress, immunity, and digestive
biomarkers in T. molitor larvae [112]. Road dust particles may
also induce sublethal physiological effects in T molitor, indicating
that toxicity assessment should not rely only on mortality or
reproduction endpoints [113]. In addition, TRWP can act as
carriers of metals and rare earth elements, contributing to
trace-element bioaccumulation in soil organisms [114]. At the
sub-organism level, gut microbiota and immune-related responses
may be more sensitive than traditional endpoints such as mortal-
ity or reproduction. Exposure-induced dysbiosis can promote
opportunistic pathogens and impair host physiological regulation,
indicating that microbiome-level endpoints are important for
understanding the ecological effects of VRWMP-related particles
[34,110]. In addition, atmospheric deposition and foliar accumu-
lation of traffic-related microplastics in crops suggest that
VRWMP may enter roadside agricultural systems and potentially
contribute to trophic transfer [115,116].

However, current environmental impact assessments of
VRWMP still show a clear mismatch between laboratory toxic-
ity tests and field exposure conditions. Most studies rely on
short-term, single-species exposure models and simplified
particle systems, which limits their ability to capture long-term
ecological effects, community-level cascades, and multi-stressor
interactions under real road environments. Evidence from
other soil particulate pollutants, such as bituminous coal dust,
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also shows that subchronic particle exposure can impair repro-
duction in soil invertebrates, further supporting the need to
include chronic and functional endpoints in soil particle risk
assessment [117]. More importantly, many toxicity studies
focus on pristine tire particles or TWPs, while the contribution
of pavement engineering materials, road dust matrices, and
mineral components in VRWMP aggregates remains insufhi-
ciently considered. Since pavement aggregates and mineral
components can significantly modulate particle toxicity [118],
and TRWP can act as carriers of metals and rare earth elements
that accumulate in soil organisms [114], neglecting the pavement-
derived fraction may lead to biased estimates of the actual eco-
logical risks associated with road infrastructure.

Surface water environmental impact assessment

Road runoft serves as the primary pathway for the entry of
VRWMP into aquatic environments. During rainfall or snow-
melt events, VRWMP deposited on road surfaces are mobilized
and washed off into receiving water bodies [19]. Numerous stud-
ies have detected traces of VRWMP in surface waters, indicating
its ongoing impact on aquatic ecosystems. Barber et al. [119]
were the first to report VRWMP concentrations in residual solids
from river samples, while Kovochich etal. [120] conducted
VRWMP detection across various river sections, developing a
particle analysis method to determine particle size distribution
in urban river sediment samples. Research has shown that
VRWMP affects aquatic organisms through both physical and
chemical pathways. Physical effects include ingestion, leading
to digestive tract blockages, internal injury, or false satiety [121],
as well as physical interference with feeding, respiration, or loco-
motion [122]. The chemical effects of VRWMP are primarily
linked to zinc and organic compounds present in leachate, which
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Table 9. Soil-centered assessment dimensions, models, endpoints, and reported effects of VRWMP-related particles

Assessment dimension Assessment model/method

Endpoint

Main effects Reference

Soil physicochemical and
microbial assessment

Soil ecosystem function

Soil fauna toxicity Soil invertebrate exposure

model

Elemental bioaccumulation
analysis

Carrier effect and
bioaccumulation

Microbiome-level response  Gut microbiota analysis

Roadside vegetation and
trophic transfer

Foliar absorption and plant
accumulation assessment

Material-specific toxicity In vitro inflammatory

response model

Soil structure; organic
carbon cycling; nutrient
turnover; microbial activity

Survival; growth; reproduc-
tion; oxidative stress;
immune and digestive
biomarkers

Metals; rare earth
elements; trace-element
accumulation

Gut microbiota composi-
tion; dysbiosis; host
physiological regulation

Foliar retention; plant
accumulation; potential
food-chain transfer

Cellular inflammatory
response; material-
dependent toxicity

VRWMP-related particles [29,102-104]
may alter soil structure,
organic carbon cycling,
nutrient turnover, and
microbial activity.

Exposure to tire wear
particles, road dust
particles, and related
particulate pollutants can
affect survival, growth,
reproduction, oxidative
stress, immunity, digestive
biomarkers, and physiologi-
cal status.

TRWP can act as carriers of
metals and rare earth
elements, contributing to
trace-element bioaccumu-
lation in soil organisms.
Gut microbiota dysbiosis
may be a sensitive
sub-organism endpoint and
may impair host physiologi-
cal regulation.
Atmospheric microplastics
can accumulate on or enter
plant leaves, indicating a
potential pathway into
roadside agricultural
systems.

Pavement aggregates and [111]
mineral components can

modulate the toxicity of

tire—pavement wear

particles.

[34,103-107]

[108]

[34,104]

[109,110]

can induce oxidative stress, cause DNA damage, and impair
reproduction, growth, and survival in aquatic organisms
[25,29,123]. Furthermore, toxicity identification evaluation has
been incorporated into recent research methodologies, success-
fully identifying zinc and aniline as the most probable candidate
toxicants [124], thereby providing crucial targets for source con-
trol and mitigation. The primary current challenge lies in assess-
ing environmental relevance. Acute toxicity tests have generally
indicated low toxicity for VRWMP [median effective concentra-
tion (ECs,) > 10,000 mg/1]; however, these results were obtained
under idealized laboratory conditions. In real-world scenarios,
pavements are subjected to elevated temperatures in summer
and exposure to de-icing salts during snowmelt periods. These
“harsh conditions” have been shown to potentially enhance the
release of toxic constituents from VRWMP [84,125].
Although current design standards for pavement materials
and drainage systems fail to consider the exacerbating effects
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of extreme environmental factors on VRWMP leaching, this
oversight may lead to an underestimation of actual environ-
mental risks. Particularly within the context of climate change
and the increasing frequency of extreme weather events, this
assessment bias warrants greater attention from the road engi-
neering and environmental management communities.

Social environmental impact assessment

The health risks posed by VRWMP to roadside residents and
workers constitute a central socioenvironmental concern
regarding road infrastructure. Although recent findings in
Nature reveal that micro/nanoplastics accumulate in the human
brain at concentrations significantly higher (approximately
30-fold) than in the liver or kidneys, increasing over time [126],
understanding specific VRWMP-induced health effects remains
in its infancy due to the particles’ pronounced physicochem-
ical heterogeneity.
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While microplastics generally enter the body via ingestion,
inhalation represents the dominant exposure pathway for
VRWMP. Fine particulates (<2.5 pm) can penetrate respiratory
barriers and persist in the lungs [127,128]. In vitro assays con-
firm that VRWMP induces DNA damage and inflammatory
responses in macrophages and pulmonary epithelial cells [129].
Notably, pavement mineralogy modulates toxicity; VRWMP
generated on granite pavements elicits significantly higher cyto-
kine release than that from quartzite surfaces, highlighting the
critical toxicological contribution of road materials [118].
However, a discrepancy exists between potential toxicity and
actual risk: The NOAEL (no observed adverse effect level)
established in rats (112 pg/m3) far exceeds ambient VRWMP
concentrations (<0.1 pg/m”), suggesting that acute inhalation
risks at current environmental levels may be low, although this
requires further validation [130].

Dermal exposure is considered a secondary pathway; due to
the stratum corneum barrier, direct penetration is restricted to
nanoplastics (<100 nm), and absorption mechanisms remain
ill-defined [131]. In addition to respiratory effects, cardiovascular
risks are well-documented. Blood analyses indicate that plastic
particles are bioavailable and exhibit slower clearance rates from
organs compared to blood absorption [132]. Mechanistically, the
leaching of water-soluble Zn and Cu from tread particles induces
cardiac oxidative stress [133]. Furthermore, epidemiological
studies link occupational exposure in highway patrol officers to
impaired heart rate variability and induced pro-inflammatory
and pro-thrombotic responses [134].

Technical challenges and future research prospects
The environmental impact assessment methodology for VRWMP
must be grounded in realistic exposure scenarios. However, exist-
ing research has largely neglected the influence of road construc-
tion factors, often overlooking the contribution of pavement
materials to the overall toxicity of VRWMP. In recent years, sus-
tainable construction practices incorporating recycled and waste
materials within a circular economy framework have been
increasingly adopted in road engineering [135], introducing new
material compositions and surface properties that may further
influence VRWMP generation, transformation, and toxicity.
Current studies predominantly rely on single-species tests con-
ducted under controlled laboratory conditions, which fail to
capture the complexity of real-world ecosystems. During atmo-
spheric dispersion, VRWMP can adversely affect flora and fauna,
particularly in roadside farmlands, rivers, and aquatic environ-
ments, and may also enter the human body indirectly through
the food chain.

Future investigations should broaden their scope to include
microbial communities and soil ecosystems along actual road-
ways, moving beyond single-species assessments. Long-term
field monitoring and toxicity testing are essential for developing
a dynamic ecological risk assessment framework. The inher-
ently complex physicochemical properties of VRWMP make
it challenging to establish clear causal relationships between
exposure and human health outcomes. Additionally, research
on the accumulation, migration, and chronic effects of VRWMP
within human tissues and organs is extremely limited, which
hampers comprehensive risk evaluation. Future research should
deepen the study of human health exposure science and toxicol-
ogy, and focus on developing highly sensitive detection methods
to track the migration and toxicological effects of nanoscale
VRWMP after they enter the human body via respiratory tract
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and skin exposure. It should also explore the body burden
thresholds within the organism to provide a solid scientific
basis for public health protection.

Compared with recent VRWMP-focused reviews that mainly
synthesize environmental occurrence, fate/transport, and eco-
toxicity evidence for “tire-derived particles” or broader non-
exhaust PM mixtures, the present review clarifies an additional
boundary of insight by explicitly framing VRWMP as a vehicle—
road co-generated composite. Under this framing, the hazard
profile of VRWMP may not be reliably inferred from tire chem-
istry alone, because pavement-related factors can systematically
modify particle properties and exposure relevance. In particular,
we emphasize that pavement materials and road construction
attributes are not merely contextual modifiers; rather, they act
as mechanistic determinants that influence size distributions,
mineral encrustation, surface reactivity, and the bioaccessible
fraction of associated constituents—thereby reshaping exposure
routes and toxicity outcomes.

Building on this road engineering perspective, we identify
priority knowledge gaps that are directly required for health-
risk extrapolation under realistic exposure scenarios: (a) stan-
dardizable descriptors for composite particle structure (e.g.,
rubber core-mineral shell and associated chemical finger-
prints); (b) field-relevant exposure metrics that link traffic
regimes and pavement types to inhalable/ingestible fractions;
and (c) model frameworks that parameterize pavement-related
variables within source, transport, exposure, and effect relation-
ships. By making these distinctions explicit, this review reduces
conceptual overlap with prior VRWMP environmental-behavior
summaries and proposes a more actionable research agenda
that bridges road engineering, exposure science, and toxicology
for VRWMP risk assessment.

Conclusions and Outlook

Conclusions

As a major component of non-exhaust traffic emissions, vehicle-
related wear microplastics (VRWMP) represent a coupled con-
tinuum spanning particle generation, environmental transport,
and ecosystem impacts. Their true environmental importance
has likely been underestimated because tire-centered assessments
and simulation-based emission models, often lacking sufficient
in situ validation, fail to adequately capture pavement-dependent
formation mechanisms and real-world exposure pathways. By
emphasizing the governing role of pavement materials and sur-
face properties, this review highlights the importance of integrat-
ing road engineering perspectives into environmental monitoring
frameworks to improve ecological risk quantification and support
more effective mitigation strategies.

Substantial methodological inconsistencies remain in VRWMP
research, particularly in sampling approaches that differ substan-
tially between laboratory-generated specimens from road
simulators and field-based mobile collection methods. Although
analytical strategies have evolved from single-component char-
acterization toward integrated approaches employing advanced
techniques such as LDIR, py-GC/MS, and TOF-SIMS, the lack
of standardized testing protocols continues to hinder inter-study
comparability and data reproducibility. Future methodological
development should prioritize the establishment of unified sam-
pling conditions, particle size classification criteria, pretreatment
procedures, and reporting metrics. Key operational variables,
including traffic load, pavement texture, tire composition, rainfall
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intensity, and particle aging state, should also be systematically
incorporated into experimental and modeling frameworks to
improve data consistency and predictive reliability.

Environmentally, VRWMP exhibits a characteristic distribu-
tion pattern in which soils function as the primary sink, while
aquatic systems serve as the major transport pathway. With the
increasing application of novel pavement materials, the adoption
of composite tracers simultaneously reflecting contributions
from both tires and pavements has become essential for accurate
source apportionment. Moreover, existing transport and fate
models remain inadequate in accounting for road structural
heterogeneity, hydrological conditions, and climatic variability.
Future studies should therefore focus on developing multi-factor
coupled migration models integrating pavement characteristics,
meteorological parameters, runoff dynamics, and traffic inten-
sity. Particular attention should be directed toward the long-term
transformation behavior of aged VRWMP, including fragmenta-
tion, chemical oxidation, additive leaching, and interactions with
co-existing contaminants. Existing evidence demonstrates that
VRWMP can induce adverse biological responses, including
oxidative stress, inflammation, and DNA damage, thereby posing
combined ecological and human health risks. However, current
toxicological evidence remains largely based on short-term labo-
ratory exposure scenarios, highlighting the urgent need for
chronic exposure studies and environmentally realistic dose-
response assessments.

Overall, this study identifies VRWMP as a critical and dis-
tinct category within the broader framework of microplastic
pollution. Unlike intentionally manufactured plastics, VRWMP
originates from tire wear, pavement abrasion, road markings,
and braking materials, and is characterized by continuous
emissions, extensive spatial distribution, and limited feasibility
for end-of-pipe control. Existing evidence suggests that traffic-
related wear particles may equal or even exceed consumer
product-derived microplastics in several environmental com-
partments; however, substantial uncertainties persist regarding
emission inventories, environmental fate, and risk character-
ization. Future research should therefore establish a more
operational research agenda centered on 4 priorities: (a) stan-
dardized field-to-laboratory validation systems for emission
quantification; (b) integrated physicochemical-biological assess-
ment frameworks for evaluating aging-dependent toxicity;
(c) high-resolution transport models linking road structures,
drainage networks, and receiving waters; and (d) source-
oriented mitigation strategies involving tire formulations,
pavement design optimization, and urban runoff interception
technologies. A traffic system-oriented perspective is essential
for improving global microplastic inventories and informing
practical interventions, including material standards for tires
and pavements, resilient transport infrastructure design, and
enhanced stormwater management. Given the efficient trans-
port of VRWMP through drainage systems into downstream
freshwater and marine environments, future governance strat-
egies should also promote stronger integration across trans-
portation, materials engineering, environmental science, and
public policy sectors.

Outlook

Building on the conclusions, future efforts must translate the
identified challenges into an actionable research agenda. The
following priorities, key variables, and methodological recom-
mendations are proposed to operationalize the path forward.
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1. Elucidate pavement-dependent formation mechanisms

Future work must prioritize controlled experiments to quan-
tify how specific pavement material properties—such as asphalt
binder chemistry, aggregate mineralogy, and surface texture—
directly control VRWMP generation. Key investigations should
systematically vary these parameters in road simulator studies,
using advanced characterization techniques (e.g., SEM-EDS
and py-GC/MS) to link material inputs to VRWMP outputs
like EFs, size distribution, and chemical signatures. This mecha-
nistic understanding is foundational for developing source-
control strategies and predictive models.

2. Develop field-validated, intelligent emission and transport
models

A critical step is building transferable models that predict real-
world VRWMP fate. This requires integrating high-resolution
data on traffic dynamics, pavement conditions, and meteoro-
logical variables with ground-truth VRWMP concentration data
from sensor-based mobile monitoring. Methodologically, adopt-
ing a hybrid approach that combines physical transport princi-
ples with machine learning (e.g., random forest models) is
recommended to create reliable, spatially resolved predictive
tools for urban runoff and environmental load assessments.

3. Establish standardized protocols for sampling and
analysis

To overcome the critical barrier of data comparability, the
community must converge on a standardized workflow. The
priority is to define and validate consensus protocols for every
step—from field collection (e.g., vacuum versus sweep sampling)
to laboratory analysis (e.g., density separation and instrumental
identification criteria). Initiating inter-laboratory comparison
studies using spiked reference materials is a concrete method-
ological recommendation to achieve the necessary reproduc-
ibility and harmonization across future studies.

4. Assess long-term ecological and health impacts

Research must advance beyond acute toxicity tests to evaluate
the chronic, real-world risks of VRWMP. Priority questions focus
on the multi-generational effects of environmentally relevant
mixtures on soil biota and ecosystem functions. Methodologically,
this calls for long-term mesocosm experiments with field-
collected VRWMP, coupled with omics techniques (e.g., tran-
scriptomics), to uncover sublethal biological endpoints and
mechanistic pathways. This integrated approach is essential for
robust ecological risk characterization.

Acknowledgments

Funding: This work was financially supported by the National
Natural Science Foundation of China (52578518) and New
Chongqing Talent Attraction Program Research Project
(CSTB2024YCJH-KYXM0007).

Competing interests: The authors declare that they have no
competing interests.

References

1. Thompson RC, Olsen Y, Mitchell RP, Davis A, Rowland SJ,
John AW, McGonigle D, Russell AE. Lost at sea: Where is all
the plastic? Science. 2004;304(5672):838.

2. Rist S, Baun A, Hartmann NB. Ingestion of micro- and
nanoplastics in daphnia magna — Quantification of body
burdens and assessment of feeding rates and reproduction.
Environ Pollut. 2017;228:398-407.

21


https://doi.org/10.34133/research.1323

Research

10.

11.

12.

13.

14.

15.

16.

17.

Kwon YS, Park CB, Lee M, Park JW, Kim YJ, Kim JH,

Seo JS. Comprehensive analysis of proteomic and biochemical
responses of daphnia magna to short-term exposure to
polystyrene microplastic particles. Ecotoxicol Environ Saf.
2025;290:Article 117581.

Qiao R, Sheng C, Lu Y, Zhang Y, Ren H, Lemos B.
Microplastics induce intestinal inflammation, oxidative stress,
and disorders of metabolome and microbiome in zebrafish.
Sci Total Environ. 2019;662:246-253.

Liu Y, Zhang J, Zhao H, Cai J, Sultan Y, Fang H, Zhang B,

Ma J. Effects of polyvinyl chloride microplastics on
reproduction, oxidative stress and reproduction and
detoxification-related genes in daphnia magna. Comp Biochem
Physiol C Toxicol Pharmacol. 2022;254:Article 109269.

Xia Y, Niu S, Yu J. Microplastics as vectors of organic
pollutants in aquatic environment: A review on mechanisms,
numerical models, and influencing factors. Sci Total Environ.
2023;887:Article 164008.

Nawab A, Ahmad M, Khan MT, Nafees M, Khan I,
Thsanullah I. Human exposure to microplastics: A review on
exposure routes and public health impacts. ] Hazard Mater
Adv. 2024;16:Article 100487.

Zhao X, You F. Microplastic human dietary uptake from 1990
to 2018 grew across 109 major developing and industrialized
countries but can be halved by plastic debris removal. Environ
Sci Technol. 2024;58(20):8709-8723.

Eriksen M, Cowger W, Erdle LM, Coffin S,
Villarrubia-Gomez P, Moore CJ, Carpenter EJ, Day RH,
Thiel M, Wilcox C. A growing plastic smog, now estimated
to be over 170 trillion plastic particles afloat in the

world’s oceans—Urgent solutions required. PLOS ONE.
2023;18(3):Article e0281596.

En-nejmy K, Elhayany B, Al-alawi M, Jemo M, Hafidi M,

El Fels L. Microplastics in soil: A comprehensive review of
occurrence, sources, fate, analytical techniques and potential
impacts. Ecotoxicol Environ Saf. 2024;288:Article 117332.
Evangeliou N, Tichy O, Eckhardt S, Zwaaftink CG, Brahney J.
Sources and fate of atmospheric microplastics revealed from
inverse and dispersion modelling: From global emissions to
deposition. ] Hazard Mater. 2022;432:Article 128585.
Rochman CM, Browne MA, Halpern BS, Hentschel BT,

Hoh E, Karapanagioto HK, Rios-Mendoza LM, Takada H,
Teh S, Thompson RC. Classify plastic waste as hazardous.
Nature. 2013;494(7436):169-171.

MacLeod M, Arp HPH, Tekman MB, Jahnke A. The global
threat from plastic pollution. Science. 2021;373(6550):61-65.
United Nations Environment Assembly. End plastic pollution:
Towards an international legally binding instrument—
Resolution adopted by the United Nations Environment
Assembly. United Nations Environment Assembly; 2022.
Woo SH, Jang H, Mun SH, Lim Y, Lee S. Effect of treadwear
grade on the generation of tire PM emissions in laboratory
and real-world driving conditions. Sci Total Environ.
2022;838:Article 156548.

Kreider ML, Panko JM, Mcatee BL, Sweet LI, Finley BL.
Physical and chemical characterization of tire-related
particles: Comparison of particles generated using different
methodologies. Sci Total Environ. 2010;408(3):652-659.
Wagner S, Funk CW, Miiller K, Raithel DJ. The chemical
composition and sources of road dust, and of tire and road
wear particles—A review. Sci Total Environ. 2024;926:
Article 171694.

Hai et al. 2026 | https://doi.org/10.34133/research.1323

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Brahney J, Mahowald N, Prank M, Cornwell G, Klimont Z,
Matsui H, Prather KA. Constraining the atmospheric limb of
the plastic cycle. Proc Natl Acad Sci USA. 2021;118(16):
Article €2020719118.

Baensch-Baltruschat B, Kocher B, Stock E, Reifferscheid G.
Tyre and road wear particles (TRWP)—A review of
generation, properties, emissions, human health risk,
ecotoxicity, and fate in the environment. Sci Total Environ.
2020;733:Article 137823.

Li K, Hao W, Su H, Liu C, Chen Z, Ye Z. Ecotoxicity of

three typical tire wear particles to periphytic biofilms: The
potentiating role after natural water-incubation-aging.
Environ Pollut. 2024;345: Article 123561.

Panko JM, Chu J, Kreider ML, Unice KM. Measurement of
airborne concentrations of tire and road wear particles in
urban and rural areas of France, Japan, and the United States.
Atmos Environ. 2013;72:192-199.

Mathissen M, Scheer V, Vogt R, Benter T. Investigation on the
potential generation of ultrafine particles from the tire-road
interface. Atmos Environ. 2011;45(34):6172-6179.

Rhodese P, Ren Z, Mays DC. Zinc leaching from Tire crumb
rubber. Environ Sci Technol. 2012;46(23):12856-12863.
Kayhanian M, Mckenzie ER, Leatherbarrow JE, Young TM.
Characteristics of road sediment fractionated particles
captured from paved surfaces, surface run-off and detention
basins. Sci Total Environ. 2012;439:172-186.

Sommer F, Dietze V, Baum A, Sauer J, Gilge S, Maschowski C,
Gieré R. Tire abrasion as a major source of microplastics in the
environment. Aerosol Air Qual Res. 2018;18(8):2014-2028.

He C, Jiang W, Wang T, Yuan D, Sha A. The evolution of tire-
road wear particles and road surface texture under rolling
friction. Constr Build Mater. 2024;447:Article 138167.
Lindbom J, Gustafsson M, Blomgqvist G, Dahl A,
Gudmundsson A, Swietlicki E, Ljungman AG. Exposure to
wear particles generated from studded tires and pavement
induces inflammatory cytokine release from human
macrophages. Chem Res Toxicol. 2006;19(4):521-530.

Dahl A, Gharibi A, Swietlicki E, Gudmundsson A,

Bohgard M, Ljungman A, Blomgvist G, Gustafsson M. Traffic-
generated emissions of ultrafine particles from pavement-tire
interface. Atmos Environ. 2006;40(7):1314-1323.

Wagner S, Hiiffer T, Klockner P, Wehrhahn M, Hofmann T,
Reemtsma T. Tire wear particles in the aquatic
environment—A review on generation, analysis, occurrence,
fate and effects. Water Res. 2018;139:83-100.

Thaptong P, Sirisinha C, Thepsuwan U, Sae-Oui P. Properties
of natural rubber reinforced by carbon black-based hybrid
fillers. Polym-Plast Technol Eng. 2014;53(8):818-823.

Legret M, Odie L, Demare D, Jullien A. Leaching of heavy
metals and polycyclic aromatic hydrocarbons from reclaimed
asphalt pavement. Water Res. 2005;39(15):3675-3685.

Wang K, Chu X, Lin J, Yang Q, Fan Z, Wang D, Oeser M.
Investigation of the formation mechanism and environmental
risk of tire—pavement wearing waste (TPWW).
Sustainability. 2021;13(15):8172.

Alves CA, Vicente AMP, Calvo AI, Baumgardner D,

Amato E, Querol X, Pio C, Gustafsson M. Physical and
chemical properties of non-exhaust particles generated

from wear between pavements and tyres. Atmos Environ.
2020;224:Article 117252.

Ding J, Zhu D, Wang HT, Lassen SB, Chen QL, Li G, Lv M,
Zhu YG. Dysbiosis in the gut microbiota of soil Fauna

22


https://doi.org/10.34133/research.1323

Research

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

explains the toxicity of Tire tread particles. Environ Sci
Technol. 2020;54(12):7450-7460.

Guo Q, Men Z, Liu Z, Niu Z, Fang T, Liu F, Wu L, Peng J,
Mao H. Chemical characteristics of fine tire wear particles
generated on a tire simulator. Environ Pollut. 2023;336:
Article 122399.

Hjortenkrans DST, Bergbdck BG, Higgerud AV. Metal
emissions from brake linings and tires: Case studies of
Stockholm, Sweden 1995/1998 and 2005. Environ Sci Technol.
2007;41(15):5224-5230.

Von Gunten K, Konhauser KO, Alessi DS. Potential of asphalt
concrete as a source of trace metals. Environ Geochem Health.
2020;42(2):397-405.

Valliappan V, Vijayasimhan S, Sumesh M, Gautam,

Ramaraju HK. Evolvement and future direction of research
on use of waste tires in geo-engineering practice: A systematic
literature review. Asian J Civ Eng. 2025;26(11):4479-4498.
Camatini M, Crosta GE, Dolukhanyan T, Sung C, Giuliani G,
Corbetta GM, Cencetti S, Regazzoni C. Microcharacterization
and identification of tire debris in heterogeneous

laboratory and environmental specimens. Mater Charact.
2001;46(4):271-283.

Alegbeleye OO, Opeolu BO, Jackson VA. Polycyclic
aromatic hydrocarbons: A critical review of environmental
occurrence and bioremediation. Environ Manag.
2017;60(4):758-783.

Sadiktsis I, Bergvall C, Johansson C, Westerholm R.
Automobile tires—A potential source of highly carcinogenic
dibenzopyrenes to the environment. Environ Sci Technol.
2012;46(6):3326-3334.

Arole K, Velhal M, Tajedini M, Xavier PG, Bardasz E,

Green MJ, Liang H. Impacts of particles released

from vehicles on environment and health. Tribol Int.
2023;184:Article 108417.

Sharma M. Polycyclic aromatic hydrocarbons, elemental and
organic carbon emissions from tire-wear. Sci Total Environ.
2010;408(20):4563-4568.

Zhang J, Zhang X, Wu L, Wang T, Zhao J, Zhang Y, Men Z,
Mao H. Occurrence of benzothiazole and its derivates

in tire wear, road dust, and roadside soil. Chemosphere.
2018;201:310-317.

Ni HG, Lu FH, Luo XL, Tian HY, Zeng EY. Occurrence, phase
distribution, and mass loadings of Benzothiazoles in riverine
runoff of the Pearl River Delta, China. Environ Sci Technol.
2008;42(6):1892-1897.

Awazhar NA, Khairuddin FH, Rahmad S, Fadzil SM,

Omar HA, Yusoff NI, Badri KH. Engineering and leaching
properties of asphalt binders modified with polyurethane and
Cecabase additives for warm-mix asphalt application. Constr
Build Mater. 2020;238: Article 117699.

Gholap VD, Mulay SB, Kolase PK. Experimental study on
behaviour of polyethene therehaphalyte fibre-reinforced
roller-compacted concrete pavement with limestone calcined
clay cement. Asian ] Civ Eng. 2026;27(2):875-892.

Gouasmi MT, Benosman AS, Taibi H. Improving the
properties of waste plastic lightweight aggregates-based
composite mortars in an experimental saline environment.
Asian ] Civ Eng. 2019;20(1):71-85.

Bryshun LT, Hunnie B, KN MP, Brinkmann M. Long-term
leaching of 6PPD-quinone from recycled rubber mulch and
crumb in a cold-region climate. Environ Sci Technol Lett.
2026;13(1):117-122.

Hai et al. 2026 | https://doi.org/10.34133/research.1323

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Kole PJ, Lohr AJ, Van BE, Ragas AM. Wear and tear of tyres:
A stealthy source of microplastics in the environment. Int |
Environ Res Public Health. 2017;14(10):1265.

Yang X, Yan J, Fan Z, Wang Y, Lv S, Ong GP, Wang D. Design
of electromagnetic road markings for implementing 77 GHz
millimeter-wave radar sensing. IEEE Trans Intell Transp Syst.
2025;26(10):17151-17160.

Burghardt TE, Pashkevich A. Road markings and
microplastics—A critical literature review. Transp Res Part D
Transp Environ. 2023;119:Article 103740.

Kitahara KI, Nakata H. Plastic additives as tracers of
microplastic sources in Japanese road dusts. Sci Total Environ.
2020;736:Article 139694.

O’Brien S, Rauert C, Ribeiro E, Okoffo ED, Burrows SD,
O’Brien JW, Wang X, Wright SL, Thomas KV. There’s
something in the air: A review of sources, prevalence and
behaviour of microplastics in the atmosphere. Sci Total
Environ. 2023;874:Article 162193.

Turner A, Bridgwater A, Marshall E. Environmental
transport and sorting of glass retroreflective microbeads and
their potential as proxies for road marking paints. Sci Total
Environ. 2024;954: Article 176057.

Boucher J, Friot D. Primary microplastics in the oceans: A
global evaluation of sources. Gland (Switzerland): IUCN;
2017.

Burghardt TE, Pashkevich A, Babi¢ D, Mosbock H, Babi¢ D,
Zakowska L. Microplastics and road markings: The role of
glass beads and loss estimation. Transp Res Part D Transp
Environ. 2022;102:Article 103123.

Burghardt TE, Pashkevich A, Piegza A, Krawiec A.
Thermoplastic road markings—Description and
microplastic pollution estimate in Sweden. J Environ Manag.
2023;348:Article 119183.

Jarlskog I, Jaramillo VD, Rausch J, Perseguers S, Gustafsson M,
Stromvall AM, Andersson-Skold Y. Differentiating and
quantifying carbonaceous (Tire, bitumen, and road marking
Wear) and non-carbonaceous (metals, minerals, and glass
beads) non-exhaust particles in road dust samples from a
traffic environment. Water Air Soil Pollut. 2022;233(9):375.
Denier van der Gon HA, Gerlofs-Nijland ME, Gehrig R,
Gustafsson M, Janssen N, Harrison RM, Hulskotte J,
Johansson C, Jozwicka M, Keuken M, et al. The policy
relevance of Wear emissions from road transport, now

and in the future—An international workshop report

and consensus statement. ] Air Waste Manage Assoc.
2013;63(2):136-149.

Zhou X, Luo Z, Wang H, Luo Y, Yu R, Zhou S, Wang Z,

Hu G, Xing B. Machine learning application in forecasting
tire wear particles emission in China under different potential
socioeconomic and climate scenarios with tire microplastics
context. | Hazard Mater. 2023;441:Article 129878.

Lee H, Ju M, Kim Y. Estimation of emission of tire wear
particles (TWPs) in Korea. Waste Manag. 2020;108:154-159.
Fussell JC, Franklin M, Green DC, Gustafsson M,
Harrison RM, Hicks W, Kelly FJ, Kishta F, Miller MR,
Mudway IS, et al. A review of road traffic-derived
non-exhaust particles: Emissions, physicochemical
characteristics, health risks, and mitigation measures.
Environ Sci Technol. 2022;56(11):6813-6835.

Piscitello A, Bianco C, Casasso A, Sethi R. Non-exhaust
traffic emissions: Sources, characterization, and mitigation
measures. Sci Total Environ. 2021;766:Article 144440.

23


https://doi.org/10.34133/research.1323

Research

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Baensch-Baltruschat B, Kocher B, Kochleus C, Stock E,
Reifferscheid G. Tyre and road wear particles—A calculation
of generation, transport and release to water and soil

with special regard to German roads. Sci Total Environ.
2021;752:Article 141939.

Mennekes D, Nowack B. Tire wear particle emissions:
Measurement data where are you? Sci Total Environ.
2022;830:Article 154655.

Wang T, Li B, Zou X, Wang Y, Li Y, Xu Y, Mao L,

Zhang C, Yu W. Emission of primary microplastics in
mainland China: Invisible but not negligible. Water Res.
2019;162:214-224.

Paterson K, Beckingham B, Momplaisir GM, Varner K.
Adapting methods for isolation and enumeration of
microplastics to quantify Tire road Wear particles with
confirmation by pyrolysis GC-MS. Environ Sci Technol.
2025;59(3):1769-1779.

Klockner P, Seiwert B, Eisentraut P, Braun U, Reemtsma T,
Wagner S. Characterization of tire and road wear particles
from road runoft indicates highly dynamic particle
properties. Water Res. 2020;185:Article 116262.

Kovochich M, Parker JA, Oh SC, Lee JP, Wagner S,
Reemtsma T, Unice KM. Characterization of individual

tire and road wear particles in environmental road dust,
tunnel dust, and sediment. Environ Sci Technol Lett.
2021;8(12):1057-1064.

Jung U, Choi SS. Classification and characterization of
tire-road wear particles in road dust by density. Polymers.
2022;14(5):1005.

Thomas J, Moosavian SK, Cutright T, Pugh C, Soucek MD.
Method development for separation and analysis of tire and
road wear particles from roadside soil samples. Environ Sci
Technol. 2022;56(17):11910-11921.

Truong XT, Muresan B, Lumiere L, Liu Y, Cerezo V.
Morphological and textural characteristics of tire-road
wear particles linked to different wear mechanisms. Wear.
2025;571:Article 205818.

Ren Y, Li W, Zhou P, Wu H, Yu L, Wang R, Qu C, Zhao Y,
Liu J, Wu C. Occurrence, emission, and transport of tire and
road wear particles across four environmental compartments
along ring road networks in Beijing. Environ Sci Technol.
2024;58(52):23160-23168.

Yoganandham ST, Daeho K, Heewon J, Shen K, Jeon J.
Unveiling the environmental impact of tire wear particles
and the associated contaminants: A comprehensive

review of environmental and health risk. ] Hazard Mater.
2024;480:Article 136155.

Wik A, Dave G. Occurrence and effects of tire wear particles
in the environment—A critical review and an initial risk
assessment. Environ Pollut. 2009;157(1):1-11.

Wik A, Lycken J, Dave G. Sediment quality assessment

of road runoff detention systems in Sweden and the
potential contribution of tire wear. Water Air Soil Pollut.
2008;194(1):301-314.

Unice KM, Bare JL, Kreider ML, Panko JM. Experimental
methodology for assessing the environmental fate of organic
chemicals in polymer matrices using column leaching
studies and OECD 308 water/sediment systems: Application
to tire and road wear particles. Sci Total Environ.
2015;533:476-487.

Rauert C, Charlton N, Okoffo ED, Stanton RS, Agua AR,
Pirrung MC, Thomas KV. Concentrations of Tire additive

Hai et al. 2026 | https://doi.org/10.34133/research.1323

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

chemicals and Tire road Wear particles in an Australian
urban tributary. Environ Sci Technol. 2022;56(4):2421-2431.
Seiwert B, Klockner P, Wagner S, Reemtsma T. Source-
related smart suspect screening in the aqueous environment:
Search for tire-derived persistent and mobile trace organic
contaminants in surface waters. Anal Bioanal Chem.
2020;412(20):4909-4919.

Redland ES, Samanipour S, Rauert C, Okoffo ED, Reid M]J,
Heier LS, Lind OC, Thomas KV, Meland S. A novel method
for the quantification of tire and polymer-modified

bitumen particles in environmental samples by pyrolysis

gas chromatography mass spectroscopy. ] Hazard Mater.
2022;423:Article 127092.

Redland ES, Lind OC, Reid MJ, Heier LS, Okoffo ED,
Rauert C, Thomas KV, Meland S. Occurrence of tire and
road wear particles in urban and peri-urban snowbanks, and
their potential environmental implications. Sci Total Environ.
2022;824:Article 153785.

Evangeliou N, Grythe H, Klimont Z, Heyes C, Eckhardt S,
Lopez-Aparicio S, Stohl A. Atmospheric transport is a major
pathway of microplastics to remote regions. Nat Commun.
2020;11(1):3381.

Kunze M, Feissel T, Ivanov V, Bachmann T, Hesse D,
Gramstat S. Analysis of TRWP particle distribution in

urban and suburban landscapes, connecting real road
measurements with particle distribution simulation. Atmos.
2022;13(8):1204.

Unice KM, Weeber MP, Abramson MM, Reid RC,

Van Gils JA, Markus AA, Vethaak AD, Panko JM.
Characterizing export of land-based microplastics to

the estuary—part I: Application of integrated geospatial
microplastic transport models to assess tire and road

wear particles in the seine watershed. Sci Total Environ.
2019;646:1639-1649.

Sieber R, Kawecki D, Nowack B. Dynamic probabilistic
material flow analysis of rubber release from tires into the
environment. Environ Pollut. 2020;258:Article 113573.

Gies EA, Lenoble JL, Noél M, Etemadifar A, Bishay F,

Hall ER, Ross PS. Retention of microplastics in a major
secondary wastewater treatment plant in Vancouver, Canada.
Mar Pollut Bull. 2018;133:553-561.

Mintenig SM, Int-Veen I, Loder MG, Primpke S, Gerdts G.
Identification of microplastic in effluents of waste water
treatment plants using focal plane array-based micro-Fourier-
transform infrared imaging. Water Res. 2017;108:365-372.
Halle LL, Palmqvist A, Kampmann K, Khan FR.
Ecotoxicology of micronized tire rubber: Past, present and
future considerations. Sci Total Environ. 2020;706:

Article 135694.

Hiiffer T, Wagner S, Reemtsma T, Hofmann T. Sorption of
organic substances to tire wear materials: Similarities and
differences with other types of microplastic. TRAC Trends
Anal Chem. 2019;113:392-401.

Alamo-Nole L, Perales-Perez O, Roman FR. Use of recycled
tires crumb rubber to remove organic contaminants from
aqueous and gaseous phases. Desalin Water Treat. 2012;49
(1-3):296-306.

Hiiffer T, Weniger AK, Hofmann T. Sorption of organic
compounds by aged polystyrene microplastic particles.
Environ Pollut. 2018;236:218-225.

Wang L, Wu WM, Bolan NS, Tsang DC, Li Y, Qin M, Hou D.
Environmental fate, toxicity and risk management strategies

24


https://doi.org/10.34133/research.1323

Research

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

of nanoplastics in the environment: Current status and future
perspectives. ] Hazard Mater. 2021;401:Article 123415.

Vogel AR, Kolberg Y, von Tiimpling W. Effects of salinity on
the adsorption of cadmium and zinc to tire and road wear
particles in water—Significance for river systems and road
runoff treatment. Sci Total Environ. 2025;977:Article 179359.
Backstrom M, Karlsson S, Backman L, Folkeson L, Lind B.
Mobilisation of heavy metals by deicing salts in a roadside
environment. Water Res. 2004;38(3):720-732.

Cadle SH, Williams RL. Gas and particle emissions from
automobile tires in laboratory and field studies. J Air Pollut
Control Assoc. 1978;28(5):502-507.

Hiki K, Yamamoto H. Concentration and leachability of
N-(1,3-dimethylbutyl)-N’-phenyl-p-phenylenediamine
(6PPD) and its quinone transformation product (6PPD-Q)
in road dust collected in Tokyo, Japan. Environ Pollut.
2022;302:Article 119082.

Ni HG, Shen RL, Zeng H, Zeng EY. Fate of linear alkylbenzenes
and benzothiazoles of anthropogenic origin and their potential
as environmental molecular markers in the Pearl River Delta,
South China. Environ Pollut. 2009;157(12):3502-3507.
Johannessen C, Metcalfe CD. The occurrence of tire wear
compounds and their transformation products in municipal
wastewater and drinking water treatment plants. Environ
Monit Assess. 2022;194(10):731.

Degaffe FS, Turner A. Leaching of zinc from tire wear
particles under simulated estuarine conditions. Chemosphere.
2011;85(5):738-743.

Kolomijeca A, Parrott J, Khan H, Shires K, Clarence S,
Sullivan C, Chibwe L, Sinton D, Rochman CM. Increased
temperature and turbulence Alter the effects of leachates from
Tire particles on fathead minnow (Pimephales promelas).
Environ Sci Technol. 2020;54(3):1750-1759.

Unice KM, Weeber MP, Abramson MM, Reid RC,

Van Gils JA, Markus AA, Vethaak AD, Panko JM.
Characterizing export of land-based microplastics to the
estuary—part II: Sensitivity analysis of an integrated geospatial
microplastic transport modeling assessment of tire and road
wear particles. Sci Total Environ. 2019;646:1651-1659.

Miller JV, Maskrey JR, Chan K, Unice KM. Pyrolysis-

gas chromatography-mass spectrometry (py-GC-MS)
quantification of tire and road wear particles (TRWP)

in environmental matrices: Assessing the importance of
microstructure in instrument calibration protocols. Anal Lett.
2022;55(6):1004-1016.

More SL, Miller JV, Thornton SA, Chan K, Barber TR,

Unice KM. Refinement of a microfurnace pyrolysis-GC-MS
method for quantification of tire and road wear particles
(TRWP) in sediment and solid matrices. Sci Total Environ.
2023;874:Article 162305.

Wagner S, Klockner P, Reemtsma T. Aging of tire and road
wear particles in terrestrial and freshwater environments—A
review on processes, testing, analysis and impact.
Chemosphere. 2022;288: Article 132467.

Gu B, Chen D, Yang Y, Vitousek P, Zhu YG. Soil-food-
environment-health nexus for sustainable development.
Research. 2021;2021:Article 9804807.

Wang F, Wang Q, Adams CA, Sun Y, Zhang S. Effects of
microplastics on soil properties: Current knowledge and
future perspectives. ] Hazard Mater. 2022;424:Article 127531.
Kumar M, Xiong X, He M, Tsang DC, Gupta J, Khan E,
Harrad S, Hou D, Ok YS, Bolan NS. Microplastics

Hai et al. 2026 | https://doi.org/10.34133/research.1323

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

as pollutants in agricultural soils. Environ Pollut.
2020;265:Article 114980.

Gao S, FuY, Peng X, Ma §, Liu YR, Chen W, Huang Q,

Hao X. Microplastics trigger soil dissolved organic carbon
and nutrient turnover by strengthening microbial network
connectivity and cross-trophic interactions. Environ Sci
Technol. 2025;59(11):5596-5606.

Zhu BK, Fang YM, Zhu D, Christie P, Ke X, Zhu YG.
Exposure to nanoplastics disturbs the gut microbiome in

the soil oligochaete Enchytraeus crypticus. Environ Pollut.
2018;239:408-415.

Sheng Y, Liu Y, Wang K, Cizdziel JV, Wu Y, Zhou Y.
Ecotoxicological effects of micronized car tire wear particles
and their heavy metals on the earthworm (Eisenia fetida) in
soil. Sci Total Environ. 2021;793:Article 148613.

Babczynska A, Banska M, Mizera K, Tarnawska M,
Augustyniak M, Rozpedek K, Lozowski B, Brozek J, Potocka I,
Kowalewska-Groszkowska M, et al. The effects of tread rubber
and road dust particles on stress, immunity and digestive
biomarkers in the larvae of the mealworm Tenebrio molitor.
Ecotoxicol Environ Saf. 2025;298:Article 118289.

Vommaro ML, Giulianini PG, Renzi M, Anselmi S,
Bentivoglio T, Babczyniska A, Giglio A. Sublethal effects of
road dust particles in the yellow mealworm beetle Tenebrio
molitor. Sci Total Environ. 2025;1000:Article 180349.
Naccarato A, Vommaro ML, Elliani R, Babczynska A,
Tagarelli A, Giglio A. Tyre and road wear particles as
carriers of metals and rare earth elements: Evidence of
bioaccumulation in Tenebrio molitor. ] Hazard Mater.
2025;494: Article 138556.

LiY, Zhang J, Xu L, Li R, Zhang R, Li M, Ran C, Rao Z, Wei X,
Chen M, et al. Leaf absorption contributes to accumulation of
microplastics in plants. Nature. 2025;641(8063):666-673.
Kang Q, Zhang K, Dekker SC, Mao J. Microplastics in soils:
A comprehensive review. Sci Total Environ. 2025;960:

Article 178298.

Lindbom J, Gustafsson M, Blomqvist G, Dahl A,
Gudmundsson A, Swietlicki E, Ljungman AG. Wear
particles generated from studded tires and pavement induces
inflammatory reactions in mouse macrophage cells. Chem Res
Toxicol. 2007;20(6):937-946.

Ge W, Gui Y, Zhu G, Huang W, Li B, Liu H, Lu Y, Liu Q,
Dong C, Han Y. Waste wood in agroforestry systems
improves Phallus dongsun yield by regulating soil bacterial
interactions and improving soil properties. Appl Soil Ecol.
2025;216:Article 106555.

Barber TR, Claes S, Ribeiro F, Dillon AE, More SL,

Thornton S, Unice KM, Weyrauch S, Reemtsma T.
Abundance and distribution of tire and road wear particles
in the Seine River, France. Sci Total Environ. 2024;913:
Article 169633.

Kovochich M, Oh SC, Lee JP, Parker JA, Barber T, Unice K.
Characterization of tire and road wear particles in urban river
samples. Environ Adv. 2023;12:Article 100385.

Siddiqui S, Dickens JM, Cunningham BE, Hutton SJ,

Pedersen EI, Harper B, Harper S, Brander SM. Internalization,
reduced growth, and behavioral effects following exposure to
micro and nano tire particles in two estuarine indicator species.
Chemosphere. 2022;296:Article 133934.

Siegfried M, Koelmans AA, Besseling E, et al. Export of
microplastics from land to sea. A modelling approach. Water
Res. 2017;127:249-257.

25


https://doi.org/10.34133/research.1323

Research

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

Stack ME, Hollman K, Mladenov N, Harper B, Pinongcos F,
Sant KE, Rochman CM, Richardot W, Dodder NG, Hoh E.
Micron-size tire tread particles leach organic compounds

at higher rates than centimeter-size particles: Compound
identification and profile comparison. Environ Pollut.
2023;334:Article 122116.

Marwood C, Mcatee B, Kreider M, Ogle RS, Finley B,

Sweet L, Panko J. Acute aquatic toxicity of tire and road
wear particles to alga, daphnid, and fish. Ecotoxicology.
2011;20(8):2079-2089.

Tsuchii A, Tokiwa Y. Microbial degradation of Tyre rubber
particles. Biotechnol Lett. 2001;23(12):963-969.

Nihart AJ, Garcia MA, El Hayek E, Liu R, Olewine M,
Kingston JD, Castillo EF, Gullapalli RR, Howard T, Bleske B,
et al. Bioaccumulation of microplastics in decedent human
brains. Nat Med. 2025;31(4):1114-1119.

Jiang L, Lau HC, Zeng R, Yu J. Diet, gastric microbiota, and
metabolites in gastric tumorigenesis. Research. 2025;8:693.
Enyoh CE, Verla AW, Verla EN, Ibe FC, Amaobi CE.
Airborne microplastics: A review study on method for
analysis, occurrence, movement and risks. Environ Monit
Assess. 2019;191(11):668.

Karlsson H, Lindbom J, Ghafouri B, Lindahl M, Tagesson C,
Gustafsson M, Ljungman AG. Wear particles from studded
tires and granite pavement induce pro-inflammatory
alterations in human monocyte-derived macrophages: A
proteomic study. Chem Res Toxicol. 2011;24(1):45-53.
Kreider ML, Doyle EM, Russell RG, JD MD, Panko JM.
Evaluation of potential for toxicity from subacute inhalation
of tire and road wear particles in rats. Inhal Toxicol.
2012;24(13):907-917.

Revel M, Chatel A, Mouneyrac C. Micro(nano)plastics: A threat
to human health? Curr Opin Environ Sci Health. 2018;1:17-23.
Leslie HA, Van Velzen MJ, Brandsma SH, Vethaak AD,
Garcia-Vallejo JJ, Lamoree MH. Discovery and quantification
of plastic particle pollution in human blood. Environ Int.
2022;163:Article 107199.

Gottipolu RR, Landa ER, Schladweiler MC, JK MG,
Ledbetter AD, Richards JH, Wallenborn GJ, Kodavanti UP.
Cardiopulmonary responses of Intratracheally instilled tire
particles and constituent metal components. Inhal Toxicol.
2008;20(5):473-484.

Riediker M, Devlin RB, Griggs TR, Herbst MC, Bromberg PA,
Williams RW, Cascio WE. Cardiovascular effects in patrol
officers are associated with fine particulate matter from brake
wear and engine emissions. Part Fibre Toxicol. 2004;1(1):2.
Shukla BK, Bharti G, Sharma PK, Sharma M, Rawat §,
Maurya N, Srivastava R, Srivastav Y. Sustainable construction
practices with recycled and waste materials for a circular
economy. Asian J Civ Eng. 2024;25(7):5255-5276.

Wu J, Wang H, Liu Q, Wu Y, Zhu J. Characterization of
leachates from drainage asphalt pavement under multi-factor
environmental treatments. Sci Total Environ. 2023;857:
Article 159310.

Giessler M, Gauterin F, Frey M, Unrau HJ. New inner drum
test bench for dynamic tests of PLT and truck tires. In: 13th

Hai et al. 2026 | https://doi.org/10.34133/research.1323

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

International Munich Chassis Symposium 2022. Berlin,
Heidelberg: Springer; 2024. p. 198-213.

Grigoratos T, Gustafsson M, Eriksson O, Martini G.
Experimental investigation of tread wear and particle
emission from tyres with different treadwear marking. Atmos
Environ. 2018;182:201-212.

Wang D, Yang X, Chu X, He Y, Fan Z, Xing C, Liu P. A novel
method for evaluating the durability and environmental
pollution of road markings on asphalt pavement. J Clean
Prod. 2023;411:Article 137255.

Kim G, Lee S. Characteristics of tire wear particles generated
by a tire simulator under various driving conditions. Environ
Sci Technol. 2018;52(21):12153-12161.

Park I, Kim H, Lee S. Characteristics of tire wear particles
generated in a laboratory simulation of tire/road contact
conditions. ] Aerosol Sci. 2018;124:30-40.

Zou F, Wu MMH, Tan Z, Lu G, Kwok KW, Leng Z.
Ecotoxicological risk of asphalt pavements to aquatic
animals associated with pollutant leaching. Sci Total Environ.
2024;944:Article 173985.

Fathollahi A, Makoundou C, Coupe SJ, Sangiorgi C. Leaching
of PAHs from rubber modified asphalt pavement. Sci Total
Environ. 2022;826:Article 153983.

Muiioz M, Haag R, Figi R, Schreiner C, Zaumanis M, Cavalli MC,
Poulikakos LD, Heeb NV. Environmental impact of rejuvenators
in asphalt mixtures containing high reclaimed asphalt content.
Road Mater Pavement Des. 2022;23(6):1400-1414.

Zou F, Leng Z, Li D, Zhang S, Yaphary YL, Lu G. Leaching
potential of metals and PAHs of asphalt rubber paving
materials. Transp Res Part D Transp Environ. 2023;125:
Article 103984.

Kwak JH, Kim H, Lee ], Lee S. Characterization of non-
exhaust coarse and fine particles from on-road driving and
laboratory measurements. Sci Total Environ. 2013;
458-460:273-282.

Kovochich M, Liong M, Parker JA, Oh SC, Lee JP, Xi L,
Kreider ML, Unice KM. Chemical mapping of tire and road
wear particles for single particle analysis. Sci Total Environ.
2021;757:Article 144085.

Sarkar B, Gupta AM, Shah MP, Mandal S. Poly-cis-isoprene
degradation by nocardia sp. BSTNO1 isolated from industrial
waste. Appl Biochem Biotechnol. 2022;194(8):3333-3350.
Nielsen AF, Polesel E, Ahonen T, Palmqvist A, Baun A,
Hartmann NB. Assessing the biodegradability of tire tread
particles and influencing factors. Environ Toxicol Chem.
2024;43(1):31-41.

Calarnou L, Traikia M, Leremboure M, Malosse L, Dronet S,
Delort AM, Besse-Hoggan P, Eyheraguibel B. Assessing
biodegradation of roadway particles via complementary
mass spectrometry and NMR analyses. Sci Total Environ.
2023;900:Article 165698.

Weyrauch S, Seiwert B, Voll M, Wagner S, Reemtsma T.
Accelerated aging of tire and road wear particles by elevated
temperature, artificial sunlight and mechanical stress—A
laboratory study on particle properties, extractables and
leachables. Sci Total Environ. 2023;904:Article 166679.

26


https://doi.org/10.34133/research.1323

	Vehicle–Road Wear Microplastics: Fragmented Understanding of Their Impacts on Environment
	Introduction
	Vehicle–road wear microplastics
	Literature selection and review strategy

	Mechanisms of VRWMP Generation
	Physical characteristics
	Chemical composition
	VRWMP emission factor
	Technical challenges and future research prospects

	VRWMP Experimental Characterization
	Method of preparation
	Characterization techniques for VRWMP
	Pretreatment and separation methods
	Identification and characterization techniques

	Technical challenges and outlook for standardization processes

	VRWMP Migration Mechanism
	Migration patterns and mechanisms within road systems
	VRWMP markers
	Physical migration
	Chemical migration

	Distribution trends from road systems to other environmental media
	Technical challenges and future research prospects

	VRWMP Environmental Impact Assessment
	Environmental impact assessment
	Surface water environmental impact assessment
	Social environmental impact assessment
	Technical challenges and future research prospects

	Conclusions and Outlook
	Conclusions
	Outlook

	Acknowledgments
	References


