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Tread wear emission inventories, uncertainty about the future development of the emissions and observed

adverse effects of tire constituents in the environment have raised the need for an environmental risk

assessment of tire wear emissions. While progress has been made in exposure and hazard assessment of

tire wear emissions in the environment, the complexity of tire wear emissions creates some challenges

which are not yet overcome. For instance, there is no universal agreed risk assessment framework for

tire wear emissions. It was proposed that existing frameworks, for example for microplastics, be adapted

to tire wear emissions because there are similarities between particulate tire wear emissions and

microplastics, e.g. particulate material with a polymer backbone. The review discusses whether these are

applicable for tire wear emissions and proposes adaptations. It provides a comprehensive assessment of

exposure and hazard data for tire wear emission and reveals needs and data gaps for environmental risk

assessment of tire wear. Based on the available exposure and hazard data sets a low risk prioritization of

particulate tire wear emissions in aquatic and terrestrial environments was estimated. Risk prioritization

of leachables from tire emissions is not yet possible due to inconsistent hazard data sets. It was found

that for environmental risk assessment, insufficient consistent exposure and hazard data is available. It is

suggested to develop clear harmonization guidelines how exposure and hazard studies should be

designed. Such guidelines should be developed between all relevant stakeholders covering the entire

product life cycle.
Environmental signicance

This structured literature review concludes with a risk prioritization of environmental compartment with respect to particulate tire wear emissions and
leachables from tire wear. The review reveals also data and knowledge gaps that must be addressed in order to facilitate a comprehensive risk assessment of tire
wear emissions. These needs include data and knowledge regarding exposure and hazard of tire wear emissions for marine environments and more specically
exposure and hazard data of leachable tire chemicals and their transformation products. Furthermore, it proposes a series of possible adaptations of micro-
plastics risk assessment frameworks that could be employed in the context of tire wear emissions.
1 Introduction

As reported by the International Organization of Motor Vehicle
Manufacturers, in 2024 global vehicle production reached
approximately 92.5 million units.1 The average lifespan of a tire
ical Research, Idstein, Germany. E-mail:

h, PA, USA
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tion (ESI) available. See DOI:

ts, 2025, 27, 2212–2232
is approximately four years, or 50 000 kilometers. During this
period, the tire undergoes a loss of approximately 10% of its
mass. This equates to a reduction of between 1 and 1.5 kg for
a tire weighing between 7 and 12 kg, or an average wear per
vehicle of approximately 120 g per 1000 km.2,3 For example, it is
estimated that approximately 500 000 tons of tire wear is
generated in the EU on an annual basis.4 How these mass
generation rates will evolve during the ongoing electrication of
the vehicle eet is not yet known. Tread wear emission inven-
tories, uncertainty about the future development of the emis-
sions and observed adverse effects of tire constituents in the
environment have raised the need of an environmental risk of
tire wear emissions.5–7

The characterization of environmental risk is a process for
estimating the probability of an adverse outcome or event due
to pressures or changes in environmental conditions resulting
from human activities. Risk is determined by incorporating
This journal is © The Royal Society of Chemistry 2025
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knowledge of both the hazard and exposure potential and
involves several steps, including (1) problem formulation, (2)
exposure assessment, (3) hazard assessment and dose–
response, and (4) risk characterization. Problem formulation
denes the scope of environmental risk characterization by
specifying the affected environmental compartment and
potential harmful effects. The risk is determined based on
a comparison between the hazard and the exposure assess-
ment.8,9 There is no universal agreed risk assessment frame-
work for tire wear emissions. It has been suggested to adapt
existing frameworks for instance for microplastics10–13 to tire
wear emissions because there are similarities between particu-
late tire wear emissions and microplastics, e.g. particulate
material with a polymer backbone. Risk characterization of tire
wear emissions may include particulate but also volatile and
dissolved emissions so called leachables.14 Therefore, there is
Kathrin Müller
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research focuses on environmental and analytical chemistry in the
context of tire wear emissions.

Kenny Unice

Kenny Unice is a Principal
Health Scientist at Stantec with
25 years of quantitative human
health risk, environmental
modeling experience and
product stewardship experience.
His expertise is in environ-
mental fate and transport
models and the application of
risk assessment principles in
occupational, community,
consumer product and environ-
mental health evaluations. He
has co-authored more than 70

peer-reviewed articles on environment, toxicokinetics, bio-
monitoring, pathogen risk assessment, exposure reconstruction,
and subsurface bacterial transport since 2004. He has served as an
invited peer-reviewer for several journals, U.S. EPA dra modeling
approaches, and of California Sea Grant microplastic research
proposals.

This journal is © The Royal Society of Chemistry 2025
a need to discuss the applicability of the existing microplastic
risk assessment framework and consider the possibility of
making adaptations.

This structured literature review summarizes available risk
assessment concepts for microplastics and assesses whether
these are applicable for tire wear emissions and suggests
adaptations of these concepts toward tire wear emissions.
Subsequently a comprehensive assessment of exposure and
hazard data for tire wear emission is carried out and the needs
and data gaps for environmental risk assessment of tire wear
are identied. Based on the available exposure and hazard data
a risk prioritization for freshwater, terrestrial and marine
environments is done. The structured literature search was
done from 1980 to 2024. Ultimately, the present study explores
the question of whether environmental risk assessment of tire
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wear emissions is already possible and formulates most
pressing research needs in this eld.
2 Adaptation of the risk assessment
concepts for microplastics to tire wear
emissions
2.1 Risk assessment concepts for microplastics

In the past decade, ecological assessments of microplastics
have consisted of particle mass or number exposure concen-
tration measurement studies aimed at determining nature and
extent in aquatic, terrestrial and airborne exposure settings.
While progress has been made on the problem formulation and
the general scheme (Table 1), a global consensus has not been
agreed on the critical elements of a robust regulatory risk
assessment framework.11 Nonetheless, the proposed frame-
works include (1) consideration of problem formulation, (2)
exposure assessment, hazard assessment and (3) the integra-
tion of hazard and exposure to characterize the risk (Table 1).
Differences exist in the terminology and approach in frequently
cited frameworks that have been proposed for regulatory risk
assessment (Table 2). The four main concepts proposed for
microplastic risk assessment to date are based on this stepwise
assessment requiring exposure and hazard data but differ with
respect to information inputs.

The International Council of Chemical Associations (ICCA)
proposed an environmental risk assessment framework (ERA)
which would identify species and compartments of concern
using exposure, fate, and hazard studies for a wide range of
polymer types with diverse physicochemical properties15

resulting in a high number of tests. The concept by Koelmans
et al. is based on polymer-specic probability density functions
(PDF) which reect the diverse microplastic properties in the
environment10,16 and the identication of most sensitive species
Julie Panko
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2214 | Environ. Sci.: Processes Impacts, 2025, 27, 2212–2232
towards the heterogeneous polymer mixtures. This approach
may not allow systemic identication of drivers for adverse
effects. A third approach, the microplastics management
framework, categorizes microplastics concentrations and
applies tiers for mitigation actions.17 A fourth concept uses
a relative level of concern based on summed categorical hazard
such as none, low, moderate, elevated, or high which are based
on a harmonized exposure and hazard testing protocols.18 All
concepts have in common that they focus on the particulate
nature of the microplastics, but chemical additives are not
included despite some of them are for instance endocrine dis-
ruptors, e.g. bisphenol A or phthalates and nonylphenols.19
2.2 An extended risk assessment framework for tire wear
emissions needs to cover particulate tire wear emissions and
leachables

Among the proposed frameworks in Table 2 none can be
directly applied to tire wear emissions because (i) physico-
chemical and morphological differences exist between partic-
ulate tire wear emissions and microplastics and (ii) both
particulate and chemical hazard are relevant for tire wear
emissions while microplastic concepts focus only on assess-
ment of particles. The PDF approach by Koelmans et al.10

represents the most exible approach because it accounts for
the heterogeneity of the physical and chemical properties of
these materials. It is also comprehensive and consistent with
modern ecological risk assessment principles incl. quantitation
of uncertainty (Tables 1 and 2). Similar to microplastics, the
uncertainty of exposure and hazard data from tire wear emis-
sions remains high and needs to be reduced to draw reliable
conclusions. For a tire wear risk assessment framework, the
exiting microplastic framework may be complemented by
specic aspects of chemical compounds, so called tire leach-
ables and their transformation products, as tire wear particles
may act as a source for these chemicals. As revealed by this
Stephan Wagner
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Table 1 Overview of themultidimensional regulatory risk assessment scheme and emphasis on ecologically relevant metrics (ERM) proposed by
ref. 10 and 20

Scheme element Step 1: Problem formulation Step 2: Exposure and hazard Step 3: Risk assessment

Question What is the protection objective? What is the effect mechanism? What is the risk?
Outcome Preliminary hypotheses about past

or future ecological effects
Selection of exposure (A) and dose–
response metrics (B)

Risk for each assessed toxicological
and/or ecological effect mechanism

Concepts C Exposure pathways C Exposure metric and prole C Continuum (e.g. distribution of
sizes)

C Ecological or toxicological effect C Effect metric and prole C Acceptable dose distributions
Considerations C Harmonization C Mass and surface area C Bioavailable fraction

C Quality assurance and control C Volume and aspect ratio C Probability density function
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literature review, leachables from tire wear emissions are most
susceptible to adverse effects. Therefore, an extension of the
risk assessment of microplastics towards methodologies for
leachables including transformation products is required.

Because a risk assessment is conducted for a specic
geographical scale andmostly for a specic site, it precludes the
Table 2 Comparison of four proposed environmental risk assessment f

Framework Contributors Key rst tier inputs First t

International Council
of Chemical
Associations (ICCA)
symposium summary
of a proposed
conceptual model

Scientists from
academia, industry
and government
attending ICCA
symposium

Fate; physio-
chemical properties;
harmonized effect
studies (physical and
cellular effects);
exposure and dose–
response modeling

Comp
specie
screen
charac
identi
needs
uncer

Development of
default polymer-
specic probability
density functions
(PDF)

Lead by scientists at
Aquatic Ecology and
Water Quality
Management Group,
Wageningen
University &
Researcha

PDFs for particle
width, width to length
ratio, area, specic
surface area, volume
and mass
distributions

Screen
alignm
mono
thresh
polydi
enviro
expos
charac

Microplastics
management
framework (MPP)
developed by
Microplastics Health
Effects Workshop
experts

International
scientists
participating in
Sothern California
Coastal Water
Research Project
(SCCWRP) workshop

Particles per liter or
mass (mg per liter) in
water scaled
operationally dened
as particles sized 1 to
5000 mm

Mana
level o
on con
food d
tissue
Tier 1
Tier 2
monit
(mode
source
(eleva
Tier 5
contro

Bucci and Rochman
(BR)

Scientists at
Department of
Ecology and
Evolutionary Biology,
University of Toronto

Categorical
dimensions of shape,
polymer type, size
and ecosystem water
quality

Relati
conce
summ
hazard
low, m
elevat

a Researchers from Alfred Wegener Institute Helmholtz Centre for Po
Environment, Aalborg University (Denmark) contributed to the developm

This journal is © The Royal Society of Chemistry 2025
drawing of general conclusions regarding the risk of tire wear
emissions. However, a discussion on available data and infor-
mation regarding the three steps of the regulatory risk assess-
ment scheme depicted in Table 1 for tire wear emissions is
possible.
rameworks

ier outputs
Higher tier
assessment Data needs Reference

artments and
s of concern;
ing-level risk
terization;
cation of data
to address
tainty

Rened risk
characterization
based on mesocosm,
eld studies, mixture
toxicity, and/or
species sensitivity
distributions

Research on method
development and use
to strengthen data
quality

15

ing-level
ent of

disperse effect
old with
sperse
nmental
ures for risk
terization

Authors suggest
conceptual workow
be used rene the
generalized PDFs and
exponent values

Mechanism of
adverse effects for
freshwater, marine
and terrestrial
toxicological or
ecological endpoints

10, 16
and 21

gement tier or
f concern based
centration for
ilution and
translocation

Freshwater and
aquatic species were
merged to derived
tiered thresholds of
concern; data for taxa
specic to geography
and habitat, if
available, would
rene the assessment

Evaluation of the
assumption that
mechanisms
inuence toxicity
more than habitat;
thresholds for
sediment

17

(no concern);
(low;
oring); Tier 3
rate; study
s); Tier 4
ted; mitigation);
(pollution
l)
ve level of
rn based on
ed categorical
such as none,
oderate,
ed or high

Metaanalyses of
literature or future
toxicity tests to
inform risk
management in line
with objectives and
risk tolerance

Harmonized
exposure
measurements and
ecotoxicity testing

18

lar and Marine Research (Germany) and Department of The Built
ent of particle-specic PDFs.
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3 Risk assessment of tire wear
emissions in aquatic and terrestrial
environments
3.1 Step 1: Problem formulation

In step 1 the protection objective is dened and preliminary
hypotheses about past or future ecological effects are set. This
includes the geographical scale of the risk assessment; does it
assess a local site or a region, continent or even globally.
Endpoints of adverse effects and test organism are to be dened
as well; classics are growth or mortality or other end points
which may be related to chronic effects or effects on cellular
level, metabolisms or on population scale.

With the compilation of the release and distribution path-
ways of tire wear emissions during vehicle use, relevant expo-
sure pathways and affected environmental compartments are
identied. These pathways have been described earlier.22,23 Tire
wear emissions during vehicle use comprises particulate tire
wear emissions, leachable constituents and volatile or semi-
volatile organic chemicals. While the emission pathways and
exposure routes of particulate tire emissions and leachables
have been studied in more detail, there are substantial knowl-
edge and data gaps for the emission of volatiles.24 The main
distribution pathways of leachables and particulate tire emis-
sions is via terrestrial and aquatic compartments and thus,
considered as relevant environmental exposure routes. While
air is considered as a transport pathway of airborne particulate
tire wear emission eventually being deposited in terrestrial and
aquatic compartments, it is only considered as relevant expo-
sure route for human health assessment but not ecological risk
assessment.22

Many microplastic researchers have acknowledged that the
largest testing uncertainty is the lack of representativeness of
the test material because most microplastic testing has been
conducted with particles of the pristine polymers rather than
present in the environment. Hence, the pristine microplastics
lack many of the plastic additives. Compared to tire wear
emissions microplastics are expected to contain an even higher
diversity of additives due to the very broad range of applications
and the required material properties while the mass concen-
tration of additives in rubber is comparably high; up to 60%.25

Representative test materials for tire wear emissions may
include particulate materials mimicking tire and road wear
particles (TRWPs) and dissolved compounds representing
typical leachable composition. Ideally the test material for
hazard and fate studies should mimic the heterogeneity of the
environmental tire wear emissions including physical and
chemical properties e.g. size, density, and chemical composi-
tion, including transformation products.26 For instance, it was
observed that aging of particulate tire wear results in changes of
the toxicity of the leachates; leachates from pristine tire wear
particles were more toxic compared to leachates from aged tire
wear particles.27 Although the tire wear emission researchers
use some type of surrogate for TRWP, the test material is highly
variable including particles from laboratory generated
TRWP,28,29 manual abrasion from the tire surface,30–32
2216 | Environ. Sci.: Processes Impacts, 2025, 27, 2212–2232
commercially produced recycled crumb rubber,33 both of which
may be further ground to a specic size range, and more
recently, a standardized cryogenic milled tire tread (CMTT)
mix.34 Additionally, there is an appreciable difference in test
system designs with respect to particle size, concentration of
tire particles used either directly or from which leachates are
prepared (100 to >100 000 mg L−1), duration of leaching time,
temperature at which the leachate is created, and aging of the
particles.35–38 Test material representing a tread compound mix
of tire leachables, including their transformation products,
needs to be dened for the exposure assessment of the entirety
of tire leachables. As for now leachates are produced mostly
from pristine tire materials or laboratory aged tires either using
organic extraction agents or water-based extraction protocols
while environmental material rich in TRWP has not been used
to generate representative leachable composition.39
3.2 Step 2A: Exposure assessment in relevant environmental
compartments

A structured literature search was conducted of relevant scien-
tic publications using Web of Science and PubMed as research
database to identify exposure and hazard measurements of
particulate tire emissions or leachables in terrestrial and
aquatic environmental compartments. In total 327 publications
were reviewed, and 130 publications were found stating expo-
sure or hazard concentration data for tire wear emissions
(Table 3). Exposure data for freshwater environments (38 items)
was reported more than four times as much as for marine (11
items) and terrestrial environments (10 items). There were also
more literature hits for leachables compared to particulate tire
wear emissions. Additionally, data for road dust, treatment
systems, storm water and snow (other) were compiled as they
may act as source and entrance pathways for tire emissions into
natural environments.

3.2.1 Concentrations of particulate tire emissions are
overall consistent despite high uncertainties in the quantita-
tion methods. Most data were found for road dust, one of the
initial receiver media of particulate tire wear emission, and the
different road dust origins can be rank from lowest to highest
concentration as follows: rural < industrial = urban < tunnel
(Table 4). The mean concentration ranges between several
thousand to tens of thousands mg kg−1, while maximum
concentrations of over 100 000 mg kg−1 are reported for urban
and tunnel road dust.40,41 For roadside soil as primary envi-
ronmental receiving media, a mean concentration of several
thousand mg kg−1 is reported but can even reach up to 52
720 mg kg−142 and thus, are in the same range as for road dust.
For the aquatic compartment as receiving media, storm water is
considered as main distribution pathway, indicated by the
mean concentration of particulate tire wear emission in the two-
digit mg L−1 range.43 Due to dilution and further trans-
formation and removal processes in the receiving water
compartments two order of magnitude lower concentrations are
reported for the river water column and sea water column.2 For
example, the particulate tire emission is eventually deposited in
the sediment (secondary environmental receiving media) aer
This journal is © The Royal Society of Chemistry 2025
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Table 3 Number publications found during the structured literature review for exposure and hazard data of particulate tire wear emissions and
tire leachables

Topic Total Freshwater Marine Terrestrial Other

Overall 130 68 27 21 43
(i) Exposure data of particulate tire wear
emission

31 10 3 5 20

(ii) Exposure data of tire leachables 49 28 8 5 21
(iii) Hazard assessment data of
particulate tire wear emission

29 16 6 8 1

(iv) Hazard assessment data of tire
leachables

32 23 11 4 1
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reaching the aquatic compartment.29 The reported river sedi-
ment concentrations range from several hundred to
thousand mg kg−1, with exception of the results of Goßmann
et al.25 which are signicantly lower reporting only 0.05 mg kg−1

on average. This uncertainty is usually explained with different
sample locations, sampling methods, as well as analyses
methods.3,44 This may also be true for the reported high
concentration in lake sediment employing Zn as marker.45

Barber et al.46 adapted the Zn-based tire wear detection method
and yielded more comparable results for the same samples
analyzed once employing Zn as marker and once employing
styrene–butadiene rubber (SBR), butadiene rubber (BR) and
natural rubber (NR) pyrolysis products as marker. For sea
sediment the authors reported concentrations in the low
hundred mg kg−1 range, while again the results of Goßmann
et al.25 for sea sediment are signicantly lower reporting the
overall lowest concentration in any compartment. As this
concentration is one order of magnitude lower than the authors
reported river sediment concentrations, the concentration of
particulate tire wear emission in sea sediments is assumed to be
the lowest. Yet, further studies of lake and sea sediments are
needed to verify these results.

The observed high concentration variations within one
sampling compartment may be attributed, among other things,
to the conditions at the different sample locations of each study.
The formation of particulate tire wear emissions depends on
several inuencing parameters such as vehicle speed, road
prole/section, road surface, tire types and more.47–52 Thus,
urban road dust samples from Beijing, China,53 from Seoul,
Republic of Korea54 and from Leipzig, Germany45 are difficult to
directly compare. Furthermore, differences in the analysis
method increase the variation as eleven different markers were
used to determine the particulate tire wear concentration using
average content of marker compounds in tire tread. Interest-
ingly, themean concentrations in urban road dust are one order
of magnitude higher if organic marker compounds are
employed compared to polymer markers (compare Table 4).
While these differences indicate a potential bias, no general
conclusion can be drawn about the marker suitability and if
concentrations are overestimated or underestimated,
respectively.

3.2.2 Exposure data of tire leachables is dominated by
a few tire chemicals. Over 200 potential leachables emitted from
tires or particulate tire emissions have been identied30,76 but
This journal is © The Royal Society of Chemistry 2025
only for a few selected compounds such as N-(1,3-dimethylbu-
tyl)-N0-phenyl-p-phenylendiamine (6PPD) and its trans-
formation product N-(1,3-dimethylbutyl)-N0-phenyl-p-
phenylendiamine quinone (6PPD-Q), 1,3-diphenylguanidine
(DPG), hexa(methoxymethyl)melamine (HMMM), benzotriazole
and benzothiazole derivatives has their environmental occur-
rence and distribution been reported (Tables 5 and S1†). Among
the assessed compounds 6PPD-Q is studied the most (38
publications) followed by DPG (20 publications) which is
detected most frequently and is reported with the overall
highest concentration of 0.3 mg L−1 in storm water.77 The
highest concentrations in environmental media are reported in
general for each compound in storm water, ranging from ng L−1

to mg L−1, as it acts as transportation media for leachables.77–81

Additionally, for roadside snow, high concentrations are
detected due to the accumulation of particulate tire emissions
in the snow and the resulting continuous leaching of the
particles.77,82 Thus, snow melt water must also be considered as
relevant mobilization and transportation media for leachables.
The same is true for tunnel wash water. While it does not
represent an environmental compartment, it acts as a potential
source and entrance pathway, reporting concentrations of
several mg L−1.83,84

In the receiving compartments, freshwater concentrations in
the ng L−1 range are reported and lowest concentrations are
reported for marine water due to the dilution effect and other
fate processes e.g. transformation, breakdown and possibly
sorption processes. Thus, also higher concentrations for
freshwater sediment are reported reaching up to 801 mg kg−1 for
HMMM and 619 mg kg−1 BTR,85,86 while for marine sediment
one-digit mg kg−1 concentrations are reported. Yet, data on
sediment concentrations for each compound are limited as
mostly only one study assessed those (Tables 5 and S1†). Soil as
receiving media is studied the least and concentrations of up
to mg kg−1 are reported with the highest concentration of
4.1 mg kg−1 for DPG.87 Especially for the terrestrial receiving
media and sediments a more comprehensive data set is needed
for a reliable exposure estimation and thus a risk character-
ization of leachables.

Another consideration in the exposure and thus risk char-
acterization is the uncertainty about the known and unknown
leachables. While the presented exposure data are needed for
a risk characterization of each compound, no dened exposure
measure for the risk assessment of tire leachables exists.
Environ. Sci.: Processes Impacts, 2025, 27, 2212–2232 | 2217
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Table 4 Reported concentrations of tire wear particles in various environmental and anthropogenic matrices using different chemical markers.
The data refers to the tire tread component of TRWP particles

Sampling
compartment Marker Mean Min Max Unit References

Terrestrial
Roadside soil SBR 3347 179 18 700 mg kg−1 55 and 56

SBR/BR 3900 200 20 000 mg kg−1 29
SBR/SBS/BR 9381 3700 20 067 mg kg−1 42 and 57
Zn 8400 475 52 720 mg kg−1 55

Road dust
Urban SBR 5683 4050 7000 mg kg−1 45

SBR/BR 3580 2270 4950 mg kg−1 58
SBR/NR 1294 105 6813 mg kg−1 59 and 60
SBR/BR/NR 2666 1500 4500 mg kg−1 54
BT 35 400 mg kg−1 61
Bonded sulfur 23 400 10 400 48 600 mg kg−1 53
24MoBT 17 000 5000 124 000 mg kg−1 40 and 41
NCBA 34 000 2000 78 000 mg kg−1 40 and 41
Oleamide 28 958 18 250 42 750 mg kg−1 62
Zn 4017 3350 4700 mg kg−1 45

Rural SBR/BR 510 mg kg−1 58
Industrial SBR/NR 7645 860 20 660 mg kg−1 59 and 63

SBR/NR 59 748 38 037 87 472 mg kg−1 60
Tunnel SBR/SBS/BR 62 900 8650 186 500 mg kg−1 64

24MoBT 70 600 7725 210 700 mg kg−1 41
NCBA 67 100 14 404 203 600 mg kg−1 41
Zn 57 500 55 000 60 000 mg kg−1 65

Tunnel wash water SBR/SBS/BR 16.7 4.9 34.6 mg L−1 64

Aquatic
River
Sediment SBR/BR 1036 13 31 508 mg kg−1 29 and 66

SBR/BR/NR 250 70 1150 mg kg−1 67
SBR/SBS/BR 0.05 0.01 0.07 mg kg−1 25
24MoBT 900 429 3900 mg kg−1 40 and 41
NCBA 3500 530 7300 mg kg−1 40 and 41
Zn 611 0.9 2560 mg kg−1 67

Water column SBR/BR 0.38 0.004 9.2 mg L−1 66, 68 and 69
SBR/BR/NR 0.01 0.004 0.03 mg L−1 67

Lake
Sediment SBR 52.1 0.075 172.9 mg kg−1 45 and 70

Zn 20 000 mg kg−1 45
Sea
Sediment SBR/BR/NR 202 103 361 mg kg−1 46

SBR/SBS/BR 0.002 mg kg−1 25
Zn 179 73.5 522 mg kg−1 46

Water column SBR/NR 0.0008 mg L−1 46
SBR/SBS/BR 0.002 0.0006 0.007 mg L−1 71

Storm water SBR/BR/NR 4.06 0.01 12.2 mg L−1 72
24MoBT 43.9 0.64 164.8 mg L−1 40 and 41
NCBA 34.0 2.23 171.7 mg L−1 40 and 41

Roadside snow SBR/SBS/BR 2090 0.11 14 500 mg L−1 57 and 73

Treatment system
Sedimentation basin
Sediment SBR 34 300 950 95 000 mg kg−1 45 and 74

SBR/BR 24 400 2611 374 300 mg kg−1 66
Zn 53 900 190 240 000 mg kg−1 31 and 45

Water column SBR/BR 1 0.20 15.1 mg L−1 66
gully pot
Sediment SBR/BR 6700 305 188 700 mg kg−1 66

SBR/SBS/BR 26 800 5900 76 800 mg kg−1 57 and 64
STA + FTIR 43 100 800 149 600 mg kg−1 75

Water column SBR/BR 1.9 0.44 27.8 mg L−1 66

2218 | Environ. Sci.: Processes Impacts, 2025, 27, 2212–2232 This journal is © The Royal Society of Chemistry 2025
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Table 5 Reported concentrations of TRWP related leachable compounds in various environmental matrices. For concentration data of further
TRWP related leachable compounds refer to Table S1. 6PPD N-(1,3-Dimethylbutyl)-N0-phenyl-p-phenylendiamine, 6PPD-Q N-(1,3-dime-
thylbutyl)-N0-phenyl-p-phenylendiamine quinone, HMMM hexa(methoxymethyl)melamine, DPG 1,3-diphenylguanidine

Analyte Sample Mean Min Max Unit Reference

6PPD Freshwater 28.0 0.27 163 ng L−1 89–92
6PPD Marine water 2.65 0.02 6.37 ng L−1 93–95
6PPD Storm water 36.7 <0.04 907 ng L−1 78, 81, 91, 92, 96 and 97
6PPD Snow 329 65.6 784 ng L−1 82
6PPD Freshwater sediment 51.4 0.14 468 mg kg−1 85, 90, 98 and 99
6PPD Marine sediment 2.87 <0.02 11.1 mg kg−1 93, 94 and 98
6PPD Soil 182 3.03 1290 mg kg−1 97 and 100
6PPD WWTP inuent 10.6 1.10 59.0 ng L−1 101 and 102
6PPD WWTP effluent 5.94 0.30 15.0 ng L−1 101 and 102
6PPD Tunnel wash water 21 554 1743 91 200 ng L−1 83
6PPD-Q Freshwater 76.6 0.05 2850 ng L−1 68, 89–92 and 103–115
6PPD-Q Marine water 3.47 0.02 16.3 ng L−1 80, 93–95 and 109
6PPD-Q Storm water 733 0.002 5580 ng L−1 77, 78, 80, 81, 91, 92, 96, 97, 103–105, 109

and 115
6PPD-Q Snow 217 4.43 756 ng L−1 77, 82, 96 and 107
6PPD-Q Freshwater sediment 8.72 <0.30 46.0 mg kg−1 85, 90, 98 and 116
6PPD-Q Marine sediment 2.10 0.02 4.88 mg kg−1 93, 94, 98 and 116
6PPD-Q Soil 206 0.85 939 mg kg−1 97, 100 and 117
6PPD-Q WWTP inuent 28.3 1.90 470 ng L−1 91, 101, 102 and 118
6PPD-Q WWTP effluent 8.78 1.10 37.0 ng L−1 84, 91, 101 and 102
6PPD-Q Tunnel wash water 1048 49.5 3440 ng L−1 83 and 84
HMMM Freshwater 365 0.30 2260 ng L−1 68, 89, 110, 111, 114 and 119–122
HMMM Marine water 11.5 <0.22 57.0 ng L−1 80, 94 and 115
HMMM Storm water 1681 0.2 11 548 ng L−1 78, 80, 81 and 96
HMMM Snow 3311 1110 8419 ng L−1 82 and 96
HMMM Freshwater sediment 6.40 <0.03 801 mg kg−1 85
HMMM Marine sediment 0.27 0.09 0.57 mg kg−1 94
HMMM WWTP inuent 7.87 <1.60 23.1 ng L−1 123
HMMM WWTP effluent 39.4 <1.60 83.2 ng L−1 123
HMMM Tunnel wash water 13 129 2214 18 629 ng L−1 83
DPG Freshwater 139 0.50 1894 ng L−1 68, 77, 91, 110, 111, 113, 114 and 119–121
DPG Marine water 7.65 0.28 93.0 ng L−1 80, 93, 94 and 115
DPG Storm water 34 098 0.29 364 250 ng L−1 77, 78, 80, 81 and 91
DPG Snow 5912 15.8 14 196 ng L−1 77 and 82
DPG Marine sediment 0.15 <0.12 2.07 mg kg−1 93 and 94
DPG Soil 1100 15.0 7600 mg kg−1 87
DPG WWTP inuent 1086 73.0 3570 ng L−1 91 and 101
DPG WWTP effluent 123 58.2 296 ng L−1 91 and 101
DPG Tunnel wash water 29 561 2674 63 086 ng L−1 83
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Furthermore, several transformation products have been iden-
tied for the leachables and some still potentially being
unknown, which need to be considered. Therefore, it is neces-
sary to dene a representative compound mix of tire leachables,
including their transformation products, for the exposure
assessment of the entire range of tire leachables. To generate
such a representative compound mix there is a need for focused
data on the assessment of vulcanization and decomposition
products of additives, such as potential environmental weath-
ering products of unknown and variable composition of func-
tionally important classes of chemicals, such as amine
antioxidants. An illustration of a previously unknown weath-
ering product is 6PPD-Q, which has been identied as
a decomposition of 6PPD formed during its intended function
of protecting tire tread from oxidative attack.79 Subsequently,
a broad collection of studies necessary to inform risk
This journal is © The Royal Society of Chemistry 2025
management of this environmentally formed product have been
initiated88 and it is currently most studied tire leachable.

3.3 Step 2B: Hazard assessment of tire wear emissions

3.3.1 What are relevant endpoints for hazard assessment
of tire wear emissions? There are no agreed upon methods for
testing the ecotoxicity of particulate tire emissions, however like
microplastics, researchers have investigated effects from both
direct exposure of organisms to the particles and exposure to
leachates created from the particles. Many microplastics
researchers have concluded that the relevant endpoints for
direct particle exposure is food dilution, wherein part of the
organism diet is replaced by the microplastics and creates
a false sense of satiation and reduce nutrient ingestion, as well
as translocation of microplastics across epithelial barriers
which may induce tissue inammation and oxidative stress.17 A
wide range of particle size is considered for food dilution (1–
Environ. Sci.: Processes Impacts, 2025, 27, 2212–2232 | 2219
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5000 mm), but a more limited particle size is considered for
tissue translocation (1–83 mm).124 For these impacts, test
systems have included acute and chronic exposures, and the
endpoints evaluated included those at the organism (e.g.
mortality, body mass, body length, fecundity), tissue (e.g.
Hepatic and gonad somatic index), cell (e.g. cell density and
morphology) and sub-cell (e.g.metabolism indicators including
glutathione S-transferase and superoxide dismutase activity and
endocrine indicators like estradiol to testosterone ratio) levels.17

For exposure to microplastics leachates, no common rele-
vant endpoints have been proposed, which is also the same for
particulate tire emission leachates. Endpoints measured for tire
particle leachate studies include mortality, growth, reproduc-
tion, population increase or decrease, hematological changes,
and gene expression. The leachate research studies indicated
that the effects from particle leachate are associated with the
chemical composition of the particles themselves and are
highly variable depending on the test material, age, and leach-
ing conditions.

Mixture toxicity for chemicals associated with tire emissions
is assessed when using particulate tire emissions and its
surrogates because particulate tire emissions is itself a mixture
comprised of the tread compound (a mixture of polymers and
additives from different tires) and roadway particles (asphalt,
minerals), as well as vehicle-related particles (brake wear
particles, tailpipe emission particles).125 As such, studies of
particulate tire emissions rather than its base polymers provide
themost realistic test material for investigation of the ecological
hazard properties because the chemical mixture is inherently
assessed. Given the difficulty in producing particulate tire
emissions in the laboratory, cryogenic milled tire tread (CMTT)
particles are the next best surrogate test material at the
moment. If environmental materials rich in TRWP such as
tunnel road dust may be a better surrogate test material has not
been evaluated yet.26

3.3.2 Hazard data exists predominantly for freshwater and
terrestrial organisms. The ecological hazard of particulate tire
wear emission has been assessed directly through exposure of
organisms to the particles directly or indirectly through expo-
sure to the leachates prepared from the particles. Particle
exposure data have been presented in 29 studies (Table 3) to
a total of 27 different terrestrial, aquatic and sediment dwelling
organisms, involving many different test designs. Acute and
chronic exposure for freshwater, marine water and terrestrial
dwelling organisms have been investigated, while for freshwater
sediment and marine sediment dwelling organisms only
chronic exposure tests were performed (see Fig. 1). The most
common endpoints investigated were those associated with
organism level effects including mortality (67% of studies),
growth/development (10% of studies), and reproduction (23%
of studies). Only two studies were identied wherein sub-
cellular effects were evaluated for acute freshwater exposure
and include various gene expressions (midge Chironomus
riparius126) and antioxidant enzyme levels (water ea Daphnia
magna127).

Most aquatic toxicity tests of particulate tire wear emission
were carried out for acute and chronic exposures of freshwater
2220 | Environ. Sci.: Processes Impacts, 2025, 27, 2212–2232
organisms, with mortality and reproductive endpoints of
Daphnia magna being the most studied. Other acute exposure
studies have assessed mortality of invertebrates (H. azteca, A.
aquaticus, C. riparius), growth for algae (P. subcapitata),
mortality of amphibian (S. tropicalis), and mortality and repro-
duction in sh (P. promelas, D. rerio). All the of the available
LC50 or EC50 values exceed 10 mg L−1 except for the amphibian
S. tropicalis.128 For chronic studies of the freshwater organisms,
the data are more scattered with some hazard values less than
10 mg L−1. In general, studies for D. magna report no effect to
mortality aer chronic exposure to particulate tire emission but
effects to reproduction at concentrations between approxi-
mately 1 to 10 mg L−1.129 Growth was impacted in green algae (P.
subcapitata) at∼31 mg L−1 (ref. 129) andmortality was observed
in the amphibian S. tropicalis and on zebrash (D. rerio) aer
chronic exposure to particulate tire emissions.128,129

The toxicity of particulate tire wear emission in freshwater
sediment organisms has also been well studied under chronic
exposure conditions including mortality for amphibian (R. syl-
vatica), as well as seven invertebrate species (G. pulex, Tubifex, C.
riparius, C. dilutus, H. azteca, L. variegatus, A. aquaticus) and
reproduction for L. variegatus. All of the no observed effect
concentrations (NOECs) for mortality or reproduction in these
organisms are greater than 1000 mg kg−1. There are no studies
identied on the acute toxicity of particular tire wear emission
in freshwater sediment organisms.

In addition, one study evaluated freshwater sh in vitro
toxicity of tire wear particulate emissions (as CMTT) in rainbow
trout gill (RTgill-W1) and gut (RTgutGC) cell lines.130 Cell
metabolic activity, membrane integrity, and lysosome integrity
were assessed aer 24 hour exposure to CMTT or thermooxi-
dized CMTT particles to assess the effect of particle aging on
toxicity. In both cell lines, metabolic activity was the most
sensitive endpoint. Further, aged CMTT was less toxic in both
cell lines. The EC50s for metabolic activity were 2023 mg L−1

RTgill-W1 and 4651 mg L−1 for RTgutGC.
Terrestrial toxicity studies of particulate tire wear emission

have also been conducted and include a limited number of
acute mortality studies on soil invertebrates (E. crypticus, F.
candida, E. andrei). However, there are 10 studies of terrestrial
invertebrates for chronic endpoints of mortality (E. fetida, P.
scaber, F. candida, E. andrei, E. crypticus), and reproduction (F.
Candida, E. andrei, E. crypticus). Only one study of a plant
species (V. radiata) was reported in the literature and no effect
was observed at the highest test concentrations.131 All datasets
have hazard values (e.g. LC50, EC50, NOEC) exceeding 1000 mg
kg−1, except for one of the studies for E. crypticus.132

The toxicity to particulate tire wear emission among marine
aquatic and sediment dwelling species has been studied the
least, compared to freshwater and terrestrial environments. For
marine water organisms, mortality was evaluated across ve
species, however, no mortality was observed at the highest test
concentrations greater than 1 mg L−1 for four of the organisms
(F. heteroclitus, M. beryllina, A. bahia, C. virginica). Only one
acute study of the marine copepod, T. japonicus, reported
a denitive LC50 for mortality.133 There is only one study on the
chronic toxicity to particulate tire wear emissions for marine
This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Environmental concentrations, L(E)C50 and NOEC of direct particulate tire wear exposure: Acute L(E)C50 and chronic NOEC values by
species for the compartments (A) freshwater, (B) freshwater sediment, (C) marine water, (D) marine sediment and (E) terrestrial for the endpoint's
mortality, reproduction, and growth. Figure contains point estimates, minima, maxima, and ranges. Multiple ranges and estimates are provided
per species track and open patterned shapes indicate nondefinitive values (dashed pattern: the actual value is greater than reported value; dotted
pattern: the actual value is lower than reported value). Peak shapes refer to the investigated endpoints. X axis is log transformed. Each species is
represented by a different color. Taxonomic groups are abbreviated: Al – algae, Am – amphibian, F – fish, In – invertebrate, Pl – plant. For
references see Table S2.†

This journal is © The Royal Society of Chemistry 2025 Environ. Sci.: Processes Impacts, 2025, 27, 2212–2232 | 2221
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aquatic organisms.134 In this study, no effect to mortality was
observed aer chronic exposure to the highest test
concentration.

Similarly, acute exposure to particulate tire wear emission in
marine sediment did not result in mortality at the highest test
concentrations for two species studied (S. plana and H. diver-
sicolor). However, sub-lethal endpoints were examined in the
sediment organisms in a chronic test where the endpoints
included behavioral (feeding and burial rates), physiological
(condition index) and biochemical (energy reserves and oxida-
tive stress) markers; although differences between controls and
exposed groups were only observed at the highest test concen-
tration of 50 000 mg kg−1.135 Additional studies of marine
sediment organisms are necessary to support hazard assess-
ment for the marine sediment compartment.

Many research studies have investigated the toxicity of tire
particle leachates to aquatic organisms (Table S3†). Thirty
studies have investigated mortality, reproduction, growth, and
other endpoints across the main trophic levels of sh, inverte-
brate, amphibian, algae/plant, and various microbes. In all, 46
species have been evaluated. Given the lack of a standardized
leachate testing framework, however, it is extremely difficult to
compare across the studies to characterize the potential adverse
effect levels. The studies varied signicantly in the leachate
preparation with respect to the solid to liquid ratio which
ranged from 0.1 to >100 g L−1, percent concentration of leachate
for the dose groups, duration of the leaching, and temperature
of the solution. Additionally, the test material was quite
different from study to study. Nevertheless, ndings from these
studies show effects may occur in some species aer exposure to
leachate with preparation concentrations equal to or greater
than 0.1 g tire particle per L.

In addition to the in vivo toxicity tests described above for tire
particulate emissions, Bergmann et al.136 applied three high-
performance thin-layer chromatography (HPTLC) bioassays to
evaluate the estrogenicity, genotoxicity, and bacterial lumines-
cence inhibition of leachable chemicals from CMTT. Aqueous
leachates of CMTT were prepared at 100 g L−1 under different
conditions (e.g., with or without sediment). The authors re-
ported that estrogenic and luminescence-inhibiting chemicals
leached from CMTT into aqueous media. No genotoxicity was
detected in CMTT leachates. None of the other leachables
studies directly evaluated the potential for endocrine disrup-
tion. However, several studies identied chemicals in the
leachate solutions that have been identied as endocrine
disrupters including bis-phenol A,137,138 and DiBP, DBP, BBP
and DEHP.37 Recent guidance from the European Chemicals
Agency (ECHA) regarding the classication of endocrine dis-
rupting properties states that the classication criteria require
evidence on three elements, including adverse effect(s), endo-
crine activity, and a biologically plausible link between the
endocrine activity and the adverse effect(s).139 Overall, the acute
toxicity of tire emissions as particle or leachate to aquatic
species has been well studied, however, it may be helpful to
have tire particle toxicity data on other sh species. Addition-
ally, there are numerous chronic studies for freshwater aquatic
and sediment organisms as well as terrestrial organisms,
2222 | Environ. Sci.: Processes Impacts, 2025, 27, 2212–2232
however chronic data for the marine sediment species are
lacking. Lastly, the potential for endocrine disruption from the
tire emission leachables has not been well studied, and as such
additional characterization via bioassays using environmentally
relevant leachate solutions are necessary to accurately charac-
terize this hazard endpoint. Thus, additional studies of species
across the trophic levels and expansion of hazard data for the
marine environment and to characterize the potential for
endocrine disruption are necessary for a risk assessment.

3.3.3 Trophic transfer of tire chemicals from leachate is
more relevant as for tire particles. Several of the tire particle
emission studies showed that laboratory organisms can ingest
tire particle emissions when present in their habitat, however,
once removed from the exposure scenario the particles were
egested.140–143 The uptake of chemical constituents from the tire
particles was demonstrated in three laboratory studies to
investigate the potential for bioaccumulation. Hägg et al.143

found no signicant difference in metal concentrations
between the controls and the exposed sh, but for targeted
organic chemicals there were signicant differences, demon-
strating the bioaccessibility of phenylenediamine substances.
Bioaccumulation of tire-related chemicals was also demon-
strated in earthworms E. andrei.144 In an in vitro study, Masset
et al.145 demonstrated the low to moderate bioaccessibility of
various tire related chemicals including, their transformation
products and PAHs. One study was identied that investigated
a natural estuary for the presence of various tire additive
chemicals and their transformation products.95 The authors
evaluated biota samples in the food web of the estuary (snails,
shrimp, sea cucumbers and sh) and reported bioaccumulation
for two phenylenediamine substances and throughMonte Carlo
analysis predicted biomagnication trends. Overall, studies
related to trophic transfer of tire related chemicals are limited
and warrant further research.
3.4 Step 3: Risk characterization of tire wear emissions in
the environment

Environmental risk characterization of tire wear emissions
utilizes exposure concentration and hazard data. For a risk
characterization of tire wear emissions, both particulate tire
emissions such as TRWP and dissolved tire leachables are of
interest. In risk characterization the exposure concentrations
are compared to the effect concentrations. In this work we
derived relevant exposure pathways,22 assessed the exposure
concentrations and hazard data based on the structure litera-
ture review. Although the available exposure concentration data
lacks comparability, as does the hazard data because of differ-
ences in the applied methodologies, it offers the opportunity to
at least develop an idea on potentially sensitive species and
affected environmental compartments. As a screening level risk
prioritization, we identify environmental compartments and
species of interest and comparing the exposure data with the
hazard data for different environmental compartments and test
organisms (Fig. 1).

3.4.1 Data reveals low risk prioritization of particulate tire
wear emissions. The concentrations of tire wear particulates are
This journal is © The Royal Society of Chemistry 2025
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shown in the rst row of Fig. 1 for each of the environmental
compartments. For freshwater organisms, there are only 4
datasets available to which we can compare the hazard values.
Nevertheless, all species have acute hazard values that are
orders of magnitude above the median and 75th percentile
measured concentrations, except for the S. tropicalis,128 where
the hazard values are within the range of the measured
concentrations. A comparison of the chronic hazard values is
similar to that of the acute, where most are an order of
magnitude higher than the median measured water concen-
tration, except for S. tropicalis.128 Nevertheless, there is an
appreciable lack of environmental measurements in the fresh-
water compartment and the available concentrations span 4
orders of magnitude (Table 4) suggesting highly location
specic inuences, such as traffic levels, extent of impervious
surfaces, stormwater discharge, and sampling conditions (i.e.,
wet or dry). As such, additional freshwater measurement data is
crucial to drawing a rm conclusion regarding risk
prioritization.

For freshwater sediment, there are eight datasets available to
which we can compare the hazard values. All of the tested
species have hazard values that are well above the median and
75th percentile measured concentrations, some by more than 2
orders of magnitude. This screening level comparison indicates
a low prioritization of risk, although similar to the water
measurements, the concentrations span many orders of
magnitude and are likely inuenced by the same factors.

The marine environment including water and sediment are
not well characterized, with only one measured dataset for each
compartment. Although quite limited in terms of species, where
hazard values are available, they are many orders of magnitude
higher than the measured sediment concentrations. Neverthe-
less, the sparse environmental concentration data for the
marine environment, coupled with the limited hazard dataset
do not allow for condence in conclusions regarding prioriti-
zation for risk to marine organisms.

For terrestrial organisms, there are three soil concentration
data sets available to which we can compare the hazard values.
Although quite limited in terms of terrestrial species, the acute
hazard values indicated no effects at concentrations within the
range of the reported soil concentrations. More species hazard
data is available for the chronic exposures, but similar to the
acute hazard values, no effects were reported at concentrations
within the range of the measured soil concentrations, except for
E. crypticus.132 For this species, three studies were identied and
one of the three showed adverse effects at concentrations lower
than the range of soil measurements and 2–3 orders of
magnitude lower than the other studies of this organism.
Overall, the screening level comparison indicates a low poten-
tial for risk to terrestrial organisms, however, additional
investigation of E. crypticus may be helpful to understand the
marked difference in hazard values for the same endpoints in
this species.

3.4.2 Risk prioritization of leachables from tire emissions
is not yet possible due to inconsistent hazard data sets. The
available hazard data of leachate from particulate tire wear
allows for an understanding of the risk prioritization from tire
This journal is © The Royal Society of Chemistry 2025
emissions that are not related to direct exposure to the particles.
These data are most relevant for risk assessment in the road
run-off exposure scenario where precipitation initiates leaching
of deposited particulate tire emissions allowing chemical
components of the particle to migrate into the water phase and
subsequently transported to the aquatic and terrestrial envi-
ronment via direct discharge to surface waters, wastewater
treatment plants or roadside soil. The study of coho salmon
urban runoffmortality syndrome is a case where observations of
acute mortality in freshwater streams were associated with
rainfall events and chemical analysis of the stormwater lead to
implications for chemicals associated with tires.79 A toxic
identication evaluation study from tire particle leachate
revealed that the mortality may be associated with 6PPD-Q,
rather than the overall mixture of the leachate. Subsequent
laboratory studies showed similarity of effects when 6PPD-Q
was specically studied and additional studies demonstrated
coho salmon as a highly sensitive species.79,146,147 Given that the
effects seen in the tire emission leachate studies are likely
associated with the chemicals in the leachate, the chemical
composition resulting from the leachate preparation is impor-
tant to characterize; recognizing of course that the chemicals
may include parent chemicals present in the tread rubber, as
well as transformation products resulting from interactions
with the ambient environmental conditions and weathering
over time.
4 Risk characterization for tire wear
emissions is not only challenged by
exposure and hazard data
4.1 From laboratory to reality: the key gaps for tire wear risk
assessment

Risk assessment requires a thorough denition of the problem
addressing its scope and purpose. The problem formulation
usually reects potential harms, the pathways to those harms,
and the information needed to assess the risk. The necessary
particulate tire wear emission and non-tire microplastic hazard
and exposure studies have not been completed to fully inform
the problem formulation.7,11,22,39,79,148–150 The tire wear specic
data gap identied consistently in the three stages (problem,
hazard & exposure and risk) is the assessment of the unknown
and variable composition components (UVCC) and weathering
products of tread additives which may either be related to
particulate contaminants or leachables. Tread additives must
already comply with international regulatory environmental
safety requirements, oen including chemical-specic toxicity
testing inclusive of unknown or variable composition of the
chemical as formulated.151 These assessments include quanti-
tative measures of risk, such as the risk quotient derived from
predicted environmental concentrations and predicted no-
effect concentrations. These data must be comparable and
uncertainties quantiable. It is therefore necessary to establish
and apply harmonized analytical methods (sampling, identi-
cation, and quantication) for tire wear emissions for the rele-
vant environmental compartments and hazard tests. While
Environ. Sci.: Processes Impacts, 2025, 27, 2212–2232 | 2223
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there is already a number of data points for the aquatic envi-
ronment available, the review revealed that exposure data of
particulate tire wear emissions in terrestrial environments and
for leachables and UVCC substances for various environmental
compartments e.g. groundwater is required for more compre-
hensive risk characterization.

Risk assessment also relates to representative and harmo-
nized test materials for tire wear emissions bridging the gap
between laboratory and reality. Hazard testing is oen chal-
lenged by the complexity of the real conditions making the
identication of effect drivers hardly possible. Therefore, it is
proposed to implement a tiered approach for hazard assess-
ment starting with effect testing of tire tread leachates and
particulate tire wear making use of suitable and harmonized
test systems and test materials. In a second tier, if positive
ndings occur, further tests under more realistic conditions e.g.
presence of matrices should be conducted. In a third tier,
depending whether local or global assessments are performed,
data on e.g. site specic environmental concentrations of tire
wear particles and tire leachable concentrations including
transformation products; reliable emission data, global distri-
bution data incl. uncertainties and most affected environments
for particles and leachables, fate data (transformation, break-
down, half-life), information on sensitive species, are needed.
Such a stepwise approach combined with harmonized and
robust methods for sampling and sample analysis as well as
hazard testing would reduce the uncertainty of the data and
thus enhance its interpretability.
4.2 Building on progress: globally harmonized risk
assessment of tire wear emissions

The implementation of an extended risk assessment framework
requires interdisciplinary action from various stakeholders
including tire and automotive industry, road management, and
regulation. There are already existing frameworks which may
help the development of such an extension e.g. the safe and
sustainable-by-design framework.152 Tire wear emissions do not
conform to the International Organization for Standardization
denition of plastic as shaped by ow.153–155 Thus, appreciable
physiochemical and morphological differences exist between
particulate tire wear emissions such as TRWP, which contain
tread elastomer as well as road materials and thermoset plastics
or thermoplastics-derived microplastics. As such, it is useful to
examine the essential components of the PDF as described by
Koelmans et al. (2023)11 and assess the suitability or adaptation
of each element for the study of TRWP (Table S4†). Overall, the
PDF framework for MPs is suitable for the risk assessment and
communication of environmental tire wear emission risks.
Much of the information and tools necessary to perform the
screening and rst tiers of an environmental risk assessment
for tire wear emissions have already been generated as it was
demonstrated in Sections 2 and 3. However, there are still
knowledge and data gaps with respect to higher tiers. Therefore,
research on tire wear emission would benet from a clear
harmonization guideline how exposure and hazard studies
should be designed. Such guidelines should be developed
2224 | Environ. Sci.: Processes Impacts, 2025, 27, 2212–2232
between all relevant stakeholder covering the entire product life
cycle.

5 The way forward: suggestions for
future tire wear emission research

While progress has been made in exposure and hazard assess-
ment of tire wear emissions in the environment, the complexity
of tire wear emissions creates challenges which are not yet
overcome. The following challenges, needs and data gaps for
environmental risk assessment of tire wear emissions were
derived:

� While there is existing aquatic exposure data, the review
highlights the necessity for additional data on tire wear emis-
sions in terrestrial environments and for leachables and
substances of unknown or variable composition, including
transformation products in environmental media, such as
groundwater, freshwater and marine environments.

� A key data gap identied across all stages of assessment
(problem, hazard, and exposure) is the evaluation of unknown
and variable composition components and weathering prod-
ucts from tread additives, which are related to both particulate
contaminants and leachables.

� There is a recommendation for further research into the
trophic transfer of tire-related chemicals, including studies on
bioaccumulation in various biota and the potential for bio-
magnication in food webs.

� For a risk assessment, insufficient consistent exposure and
hazard data are available. Quantitative risk measures, like risk
quotients derived from predicted environmental and no-effect
concentrations, must be comparable and have quantiable
uncertainties. Consequently, there is a need to establish
harmonized analytical methods for the sampling, identica-
tion, and quantication of tire wear emissions across relevant
environmental media and hazard tests. These guidelines
should be collaboratively established by all relevant stake-
holders involved throughout the product life cycle and aligned
with existing regulatory practices.
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F. Stock, F. Stock, F. Stock and G. Reifferscheid, 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, 137823, DOI: 10.1016/j.scitotenv.2020.137823.

23 J. E. Tamis, A. A. Koelmans, R. Dröge, N. H. B. M. Kaag,
M. C. Keur, P. C. Tromp and R. H. Jongbloed,
Environmental Risks of Car Tire Microplastic Particles
and Other Road Runoff Pollutants, Microplast. Nanoplast.,
2021, 1(1), 1–17, DOI: 10.1186/S43591-021-00008-W/
METRICS.

24 K. Müller, K. Unice, J. Panko and S. Wagner, Tire Emissions
during the Use Phase of Tires - Today and Future Trends,
Environ. Sci.: Adv., 2025, DOI: 10.1039/D4VA00407H.

25 I. Goßmann, M. Halbach and B. M. Scholz-Böttcher, Car
and Truck Tire Wear Particles in Complex Environmental
Samples – A Quantitative Comparison with “Traditional”
Microplastic Polymer Mass Loads, Sci. Total Environ.,
2021, 773, 145667, DOI: 10.1016/j.scitotenv.2021.145667.

26 S. Wagner, P. Klöckner and T. Reemtsma, Aging of Tire and
Road Wear Particles in Terrestrial and Freshwater
Environments - A Review on Processes, Testing, Analysis
and Impact, Chemosphere, 2022, 288, 132467, DOI:
10.1016/j.chemosphere.2021.132467.

27 L. L. Halle, A. Palmqvist, K. Kampmann, A. Jensen,
T. Hansen and F. R. Khan, Tire Wear Particle and
Leachate Exposures from a Pristine and Road-Worn Tire
to Hyalella Azteca: Comparison of Chemical Content and
Biological Effects, Aquat. Toxicol., 2021, 232, 105769, DOI:
10.1016/j.aquatox.2021.105769.
2226 | Environ. Sci.: Processes Impacts, 2025, 27, 2212–2232
28 C. A. Marwood, B. L. McAtee, M. L. Kreider, R. S. Ogle,
B. L. Finley, L. Sweet and J. M. Panko, Acute Aquatic
Toxicity of Tire and Road Wear Particles to Alga,
Daphnid, and Fish, Ecotoxicology, 2011, 20, 2079–2089,
DOI: 10.1007/s10646-011-0750-x.

29 K. M. Unice, M. L. Kreider and J. M. Panko, Comparison of
Tire and Road Wear Particle Concentrations in Sediment
for Watersheds in France, Japan, and the United States by
Quantitative Pyrolysis GC/MS Analysis, Environ. Sci.
Technol., 2013, 47, 8183–8147, DOI: 10.1021/es400871j.

30 K. Müller, D. Hübner, S. Huppertsberg, T. P. Knepper and
D. Zahn, Probing the Chemical Complexity of Tires:
Identication of Potential Tire-Borne Water Contaminants
with High-Resolution Mass Spectrometry, Sci. Total
Environ., 2022, 802, 149799, DOI: 10.1016/
j.scitotenv.2021.149799.

31 P. Klöckner, T. Reemtsma, P. Eisentraut, U. Braun,
A. S. Ruhl and S. Wagner, Tire and Road Wear Particles in
Road Environment – Quantication and Assessment of
Particle Dynamics by Zn Determination aer Density
Separation, Chemosphere, 2019, 222, 714–721, DOI:
10.1016/j.chemosphere.2019.01.176.

32 E. S. Rødland, G. Binda, D. Spanu, S. Carnati, L. R. Bjerke
and L. Nizzetto, Are Eco-Friendly “Green” Tires Also
Chemically Green? Comparing Metals, Rubbers and
Selected Organic Compounds in Green and Conventional
Tires, J. Hazard. Mater., 2024, 476, 135042, DOI: 10.1016/
J.JHAZMAT.2024.135042.

33 S. Weyrauch, B. Seiwert, M. Voll, S. Wagner and
T. Reemtsma, Accelerated Aging of Tire and Road Wear
Particles by Elevated Temperature, Articial Sunlight and
Mechanical Stress — A Laboratory Study on Particle
Properties, Extractables and Leachables, Sci. Total
Environ., 2023, 904, 166679, DOI: 10.1016/
j.scitotenv.2023.166679.

34 USTMA, U.S. Tire Manufacturers Association to Produce
Standardized Tire Tread Particles to Advance Scientic
Research, https://www.ustires.org/newsroom/us-tire-
manufacturers-association-produce-standardized-tire-
tread-particles-advance, accessed 2025-02-02.

35 A. Foscari, N. Schmidt, B. Seiwert, D. Herzke, R. Sempéré
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51 S. Schläe, M. Zhang, H. J. Unrau and F. Gauterin,
Inuence of Vertical Load, Ination Pressure, and Driving
Speed on the Emission of Tire–Road Particulate Matter
and Its Size Distribution, Atmosphere, 2024, 15, 502, DOI:
10.3390/atmos15040502.

52 T. De Oliveira, B. Muresan, S. Ricordel, L. Lumière,
X.-T. Truong, L. Poirier and J. Gasperi, Realistic
Assessment of Tire and Road Wear Particle Emissions
and Their Inuencing Factors on Different Types of
Roads, J. Hazard. Mater., 2024, 465, 133301, DOI: 10.1016/
j.jhazmat.2023.133301.

53 Y. Ren, W. Li, Q. Jia, Y. Zhao, C. Qu, L. Liu, J. Liu and C. Wu,
Separation and Quantication of Tire and Road Wear
Particles in Road Dust Samples: Bonded-Sulfur as a Novel
Marker, J. Hazard. Mater., 2024, 465, 133089, DOI:
10.1016/j.jhazmat.2023.133089.

54 E. Chae, U. Jung and S. S. Choi, Types and Concentrations
of Tire Wear Particles (TWPs) in Road Dust Generated in
Slow Lanes, Environ. Pollut., 2024, 346, 123670, DOI:
10.1016/j.envpol.2024.123670.

55 A. Müller, B. Kocher, K. Altmann and U. Braun,
Determination of Tire Wear Markers in Soil Samples and
Their Distribution in a Roadside Soil, Chemosphere, 2022,
294, 133653, DOI: 10.1016/j.chemosphere.2022.133653.

56 J. Thomas, T. Cutright, C. Pugh and M. D. Soucek,
Quantitative Assessment of Additive Leachates in Abiotic
Weathered Tire Cryogrinds and Its Application to Tire
Wear Particles in Roadside Soil Samples, Chemosphere,
2023, 311, 137132, DOI: 10.1016/
j.chemosphere.2022.137132.

57 E. S. Rødland, S. Samanipour, C. Rauert, E. D. Okoffo,
M. J. Reid, L. S. Heier, O. C. Lind, K. V. Thomas and
S. Meland, A Novel Method for the Quantication of Tire
and Polymer-Modied Bitumen Particles in
Environmental Samples by Pyrolysis Gas Chromatography
Mass Spectroscopy, J. Hazard. Mater., 2022, 423, 127092,
DOI: 10.1016/j.jhazmat.2021.127092.

58 T. De Oliveira, B. Muresan, S. Ricordel, L. Lumière,
X. T. Truong, L. Poirier and J. Gasperi, Realistic
Assessment of Tire and Road Wear Particle Emissions
and Their Inuencing Factors on Different Types of
Roads, J. Hazard. Mater., 2024, 465, 133301, DOI: 10.1016/
j.jhazmat.2023.133301.

59 E. Wi, E. Park, H. Shin, J. Hong, S. Jeong, J.-T. Kwon, H. Lee,
J. Lee and Y. Kim, Overall Distribution of Tire-Wear
Particles, Nano-carbon Black, and Heavy Metals in Size-
Fractionated Road Dust Collected from Steel Industrial
Complexes, Sci. Total Environ., 2023, 884, 163878, DOI:
10.1016/j.scitotenv.2023.163878.

60 J. Kim, E. Wi, H. Moon, H. Son, J. Hong, E. Park, J.-T. Kwon,
D. Y. Seo, H. Lee and Y. Kim, Quantitative Analysis of the
Concentration of Nano-carbon Black Originating from
Environ. Sci.: Processes Impacts, 2025, 27, 2212–2232 | 2227

https://doi.org/10.1016/j.scitotenv.2015.06.053
https://doi.org/10.1016/j.watres.2018.03.051
https://doi.org/10.1021/es0155229
https://doi.org/10.1021/es990738k
https://doi.org/10.1021/es990738k
https://doi.org/10.1016/j.scitotenv.2023.166470
https://doi.org/10.1016/j.marpolbul.2021.112897
https://doi.org/10.1021/ACS.EST.3C02393/ASSET/IMAGES/LARGE/ES3C02393_0002.JPEG
https://doi.org/10.1021/ACS.EST.3C02393/ASSET/IMAGES/LARGE/ES3C02393_0002.JPEG
https://doi.org/10.1021/ACS.EST.3C02393/ASSET/IMAGES/LARGE/ES3C02393_0002.JPEG
https://doi.org/10.1016/j.watres.2020.116262
https://doi.org/10.1016/j.marpolbul.2024.117363
https://doi.org/10.2346/tire.22.21024
https://doi.org/10.2346/tire.22.21024
https://doi.org/10.3390/atmos13081262
https://doi.org/10.1177/1077546311411756
https://doi.org/10.3390/atmos14071095
https://doi.org/10.3390/atmos15040502
https://doi.org/10.1016/j.jhazmat.2023.133301
https://doi.org/10.1016/j.jhazmat.2023.133301
https://doi.org/10.1016/j.jhazmat.2023.133089
https://doi.org/10.1016/j.envpol.2024.123670
https://doi.org/10.1016/j.chemosphere.2022.133653
https://doi.org/10.1016/j.chemosphere.2022.137132
https://doi.org/10.1016/j.chemosphere.2022.137132
https://doi.org/10.1016/j.jhazmat.2021.127092
https://doi.org/10.1016/j.jhazmat.2023.133301
https://doi.org/10.1016/j.jhazmat.2023.133301
https://doi.org/10.1016/j.scitotenv.2023.163878
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5em00088b


Environmental Science: Processes & Impacts Critical Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 6

/2
1/

20
26

 1
:5

5:
43

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Tire-Wear Particles in the Road Dust, Sci. Total Environ.,
2022, 842, 156830, DOI: 10.1016/j.scitotenv.2022.156830.

61 W. F. Rogge, P. M. Medeiros and B. R. T. Simoneit, Organic
Compounds in Dust from Rural and Urban Paved and
Unpaved Roads Taken During the San Joaquin Valley
Fugitive Dust Characterization Study, Environ. Eng. Sci.,
2012, 29(1), 1–13, DOI: 10.1089/ees.2010.0124.

62 E. Chae, U. Jung and S.-S. Choi, Quantication of Tire Tread
Wear Particles in Microparticles Produced on the Road
Using Oleamide as a Novel Marker, Environ. Pollut., 2021,
288, 117811, DOI: 10.1016/j.envpol.2021.117811.

63 S. Jeong, H. Ryu, H. Shin, M. G. Lee, J. Hong, H. Kim,
J. T. Kwon, J. Lee and Y. Kim, Quantication of Tire Wear
Particles in Road Dust Based on Synthetic/Natural Rubber
Ratio Using Pyrolysis-Gas Chromatography–Mass
Spectrometry across Diverse Tire Types, Sci. Total
Environ., 2024, 942, 173796, DOI: 10.1016/
j.scitotenv.2024.173796.

64 E. S. Rødland, O. C. Lind, M. Reid, L. S. Heier, E. Skogsberg,
B. Snilsberg, D. Gryteselv and S. Meland, Characterization
of Tire and Road Wear Microplastic Particle
Contamination in a Road Tunnel: From Surface to
Release, J. Hazard. Mater., 2022, 435, 129032, DOI:
10.1016/j.jhazmat.2022.129032.

65 P. Klöckner, B. Seiwert, S. Weyrauch, B. I. Escher,
T. Reemtsma and S. Wagner, Comprehensive
Characterization of Tire and Road Wear Particles in
Highway Tunnel Road Dust by Use of Size and Density
Fractionation, Chemosphere, 2021, 279, 130530, DOI:
10.1016/j.chemosphere.2021.130530.

66 E. L. Gaggini, M. Polukarova, M. Bondelind, E. Rødland,
A. M. Strömvall, Y. Andersson-Sköld and E. Sokolova,
Assessment of Fine and Coarse Tyre Wear Particles along
a Highway Stormwater System and in Receiving Waters:
Occurrence and Transport, J. Environ. Manage., 2024, 367,
121989, DOI: 10.1016/j.jenvman.2024.121989.

67 T. R. Barber, S. Claes, F. Ribeiro, A. E. Dillon, S. L. More,
S. Thornton, K. M. Unice, S. Weyrauch and T. Reemtsma,
Abundance and Distribution of Tire and Road Wear
Particles in the Seine River, France, Sci. Total Environ.,
2024, 913, 169633, DOI: 10.1016/j.scitotenv.2023.169633.

68 C. Rauert, N. Charlton, E. D. Okoffo, R. S. Stanton,
A. R. Agua, M. C. Pirrung and K. V. Thomas,
Concentrations of Tire Additive Chemicals and Tire Road
Wear Particles in an Australian Urban Tributary, Environ.
Sci. Technol., 2022, 56(4), 2421–2431, DOI: 10.1021/
acs.est.1c07451.

69 C. Rauert, S. Vardy, B. Daniell, N. Charlton and
K. V. Thomas, Tyre Additive Chemicals, Tyre Road Wear
Particles and High Production Polymers in Surface Water
at 5 Urban Centres in Queensland, Australia, Sci. Total
Environ., 2022, 852, 158468, DOI: 10.1016/
j.scitotenv.2022.158468.

70 M. S. Molazadeh, F. Liu, J. Lykkemark, L. lordachescu,
A. H. Nielsen and J. Vollertsen, What Is Hiding below the
Surface – MPs Including TWP in an Urban Lake, Environ.
Int., 2023, 182, 108282, DOI: 10.1016/j.envint.2023.108282.
2228 | Environ. Sci.: Processes Impacts, 2025, 27, 2212–2232
71 I. Goßmann, K. Mattsson, M. Hassellöv, C. Crazzolara,
A. Held, T.-B. Robinson, O. Wurl and
B. M. Scholz-Böttcher, Unraveling the Marine Microplastic
Cycle: The First Simultaneous Data Set for Air, Sea
Surface Microlayer, and Underlying Water, Environ. Sci.
Technol., 2023, 57, 16541–16551, DOI: 10.1021/
acs.est.3c05002.

72 M. Vercauteren, I. Semmouri, E. V. Acker, E. Pequeur,
L. V. Esch, I. Uljee, J. Asselman and C. R. Janssen,
Assessment of Road Run-off and Domestic Wastewater
Contribution to Microplastic Pollution in a Densely
Populated Area (Flanders, Belgium), Environ. Pollut., 2023,
333, 122090, DOI: 10.1016/j.envpol.2023.122090.

73 E. S. Rødland, O. C. Lind, M. J. Reid, L. S. Heier,
E. D. Okoffo, C. Rauert, K. V. Thomas and S. Meland,
Occurrence of Tire and Road Wear Particles in Urban and
Peri-Urban Snowbanks, and Their Potential
Environmental Implications, Sci. Total Environ., 2022, 824,
153785, DOI: 10.1016/j.scitotenv.2022.153785.

74 P. Eisentraut, E. Dümichen, A. S. Ruhl, A. S. Ruhl, M. Jekel,
M. Albrecht, M. Albrecht, M. Gehde and U. Braun, Two
Birds with One Stone—Fast and Simultaneous Analysis of
Microplastics: Microparticles Derived from
Thermoplastics and Tire Wear, Environ. Sci. Technol. Lett.,
2018, 5, 608–613, DOI: 10.1021/acs.estlett.8b00446.

75 D. Mengistu, A. Heistad and C. Coutris, Tire Wear Particles
Concentrations in Gully Pot Sediments, Sci. Total Environ.,
2021, 769, 144785, DOI: 10.1016/j.scitotenv.2020.144785.

76 B. Seiwert, P. Klöckner, S. Wagner and T. Reemtsma,
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, DOI:
10.1007/s00216-020-02653-1.

77 J. K. Challis, H. Popick, S. Prajapati, P. Harder, J. P. Giesy,
K. McPhedran and M. Brinkmann, Occurrences of Tire
Rubber-Derived Contaminants in Cold-Climate Urban
Runoff, Environ. Sci. Technol. Lett., 2021, 8(11), 961–967,
DOI: 10.1021/acs.estlett.1c00682.

78 Y.-H. Liu, Y.-X. Mei, X.-N. Liang, Z.-Y. Ge, Z. Huang,
H.-Y. Zhang, J.-L. Zhao, A. Liu, C. Shi and G.-G. Ying,
Small-Intensity Rainfall Triggers Greater Contamination
of Rubber-Derived Chemicals in Road Stormwater Runoff
from Various Functional Areas in Megalopolis Cities,
Environ. Sci. Technol., 2024, 58(29), 13056–13064, DOI:
10.1021/acs.est.3c10737.

79 Z. Tian, H. Zhao, K. T. Peter, M. Gonzalez, J. Wetzel, C. Wu,
X. Hu, J. Prat, E. Mudrock, R. Hettinger, A. E. Cortina,
R. G. Biswas, F. V. C. Kock, R. Soong, A. Jenne, B. Du,
F. Hou, H. He, R. Lundeen, A. Gilbreath, R. Sutton,
N. L. Scholz, J. W. Davis, M. C. Dodd, A. Simpson,
J. K. McIntyre and E. P. Kolodziej, A Ubiquitous Tire
Rubber–Derived Chemical Induces Acute Mortality in
Coho Salmon, Science, 2021, 371(6525), 185–189, DOI:
10.1126/science.abd6951.

80 K. T. Peter, A. Gilbreath, M. Gonzalez, Z. Tian, A. Wong,
D. Yee, E. L. Miller, P. M. Avellaneda, D. Chen,
This journal is © The Royal Society of Chemistry 2025

https://doi.org/10.1016/j.scitotenv.2022.156830
https://doi.org/10.1089/ees.2010.0124
https://doi.org/10.1016/j.envpol.2021.117811
https://doi.org/10.1016/j.scitotenv.2024.173796
https://doi.org/10.1016/j.scitotenv.2024.173796
https://doi.org/10.1016/j.jhazmat.2022.129032
https://doi.org/10.1016/j.chemosphere.2021.130530
https://doi.org/10.1016/j.jenvman.2024.121989
https://doi.org/10.1016/j.scitotenv.2023.169633
https://doi.org/10.1021/acs.est.1c07451
https://doi.org/10.1021/acs.est.1c07451
https://doi.org/10.1016/j.scitotenv.2022.158468
https://doi.org/10.1016/j.scitotenv.2022.158468
https://doi.org/10.1016/j.envint.2023.108282
https://doi.org/10.1021/acs.est.3c05002
https://doi.org/10.1021/acs.est.3c05002
https://doi.org/10.1016/j.envpol.2023.122090
https://doi.org/10.1016/j.scitotenv.2022.153785
https://doi.org/10.1021/acs.estlett.8b00446
https://doi.org/10.1016/j.scitotenv.2020.144785
https://doi.org/10.1007/s00216-020-02653-1
https://doi.org/10.1021/acs.estlett.1c00682
https://doi.org/10.1021/acs.est.3c10737
https://doi.org/10.1126/science.abd6951
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5em00088b


Critical Review Environmental Science: Processes & Impacts

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 6

/2
1/

20
26

 1
:5

5:
43

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
A. Patterson, N. Fitzgerald, C. P. Higgins, E. P. Kolodziej
and R. Sutton, Storms Mobilize Organophosphate Esters,
Bisphenols, PFASs, and Vehicle-Derived Contaminants to
San Francisco Bay Watersheds, Environ. Sci.: Processes
Impacts, 2024, 26, 1760, DOI: 10.1039/d4em00117f.

81 Y.-H. Liu, Y.-X. Mei, J.-Y. Wang, S.-S. Chen, J.-L. Chen, N. Li,
W.-R. Liu, J.-L. Zhao, Q.-Q. Zhang and G.-G. Ying,
Precipitation Contributes to Alleviating Pollution of
Rubber-Derived Chemicals in Receiving Watersheds:
Combining Conuent Stormwater Runoff from Different
Functional Areas, Water Res., 2024, 264, 122240, DOI:
10.1016/j.watres.2024.122240.

82 L. Maurer, E. Carmona, O. Machate, T. Schulze, M. Krauß
and W. Brack, Contamination Pattern and Risk
Assessment of Polar Compounds in Snow Melt: An
Integrative Proxy of Road Runoffs, Environ. Sci. Technol.,
2023, 57, 4143–4152, DOI: 10.1021/acs.est.2c05784.

83 S. Meland, G. M. Granheim, J. T. Rundberget and
E. Rødland, Screening of Tire-Derived Chemicals and Tire
Wear Particles in a Road Tunnel Wash Water Treatment
Basin, Environ. Sci. Technol. Lett., 2024, 11(1), 35–40, DOI:
10.1021/acs.estlett.3c00811.

84 F. Kryuchkov, A. Foldvik, R. Sandodden and S. Uhlig,
Presence of 6PPD-Quinone in Runoff Water Samples from
Norway Using a New LC–MS/MS Method, Front. Environ.
Chem., 2023, 4, 1194664, DOI: 10.3389/fenvc.2023.1194664.

85 L.-J. Zhou, S. Liu, M. Wang, N.-N. Wu, R. Xu, L.-N. Wei,
X.-R. Xu, J.-L. Zhao, P. Xing, H. Li, J. Zeng and Q. L. Wu,
Nationwide Occurrence and Prioritization of Tire
Additives and Their Transformation Products in Lake
Sediments of China, Environ. Int., 2024, 193, 109139, DOI:
10.1016/j.envint.2024.109139.

86 L. X. Hu, Y. X. Cheng, D. Wu, L. Fan, J. H. Zhao, Q. Xiong,
Q. L. Chen, Y. S. Liu and G. G. Ying, Continuous Input of
Organic Ultraviolet Filters and Benzothiazoles Threatens
the Surface Water and Sediment of Two Major Rivers in
the Pearl River Basin, Sci. Total Environ., 2021, 798,
149299, DOI: 10.1016/j.scitotenv.2021.149299.

87 Z.-M. Li, V. K. Pal, P. Kannan, W. Li and K. Kannan, 1,3-
Diphenylguanidine, Benzothiazole, Benzotriazole, and
Their Derivatives in Soils Collected from Northeastern
United States, Sci. Total Environ., 2023, 887, 164110, DOI:
10.1016/j.scitotenv.2023.164110.

88 S. C. Ihenetu, Q. Xu, Z. H. Khan, S. S. U. H. Kazmi, J. Ding,
Q. Sun and G. Li, Environmental Fate of Tire-Rubber
Related Pollutants 6PPD and 6PPD-Q: A Review, Environ.
Res., 2024, 119492, DOI: 10.1016/j.envres.2024.119492.

89 C. Johannessen, P. Helm and C. D. Metcalfe, Detection of
Selected Tire Wear Compounds in Urban Receiving
Waters, Environ. Pollut., 2021, 287, 117659, DOI: 10.1016/
j.envpol.2021.117659.

90 J. Zhu, R. Guo, F. Ren, S. Jiang and H. Jin, Occurrence and
Partitioning of P-Phenylenediamine Antioxidants and Their
Quinone Derivatives in Water and Sediment, Sci. Total
Environ., 2024, 914, 170046, DOI: 10.1016/
j.scitotenv.2024.170046.
This journal is © The Royal Society of Chemistry 2025
91 H. Zhang, Z. Huang, Y. Liu, L. Hu, L.-Y. He, Y.-S. Liu, J. Zhao
and G. Ying, Occurrence and Risks of 23 Tire Additives and
Their Transformation Products in an Urban Water System,
Environ. Int., 2023, 171, 107715, DOI: 10.1016/
j.envint.2022.107715.

92 H. Zhao, X. Hu, Z. Tian, M. Gonzalez, C. A. Rideout,
K. T. Peter, M. C. Dodd and E. P. Kolodziej,
Transformation Products of Tire Rubber Antioxidant
6PPD in Heterogeneous Gas-Phase Ozonation:
Identication and Environmental Occurrence, Environ.
Sci. Technol., 2023, 57(14), 5621–5632, DOI: 10.1021/
acs.est.2c08690.

93 R. Jin, B. Li, Y. Wu, Y. Li, X. Du, C. Xia, H. Zhao and M. Liu,
Unpuzzling Spatio-Vertical and Multi-Media Patterns of
Aniline Accelerators/Antioxidants in an Urban Estuary,
Water Res., 2024, 266, 122427, DOI: 10.1016/
j.watres.2024.122427.

94 H.-Y. Zhang, Y.-H. Liu, L.-N. Wei, R.-Q. Zhu, J.-L. Zhao,
S. Liu, X.-R. Xu and G.-G. Ying, Unveiling Spatiotemporal
Distribution, Partitioning, and Transport Mechanisms of
Tire Additives and Their Transformation Products in
a Highly Urbanized Estuarine Region, Sci. Total Environ.,
2024, 954, 176804, DOI: 10.1016/j.scitotenv.2024.176804.

95 L. N. Wei, N. N. Wu, R. Xu, S. Liu, H. X. Li, L. Lin, R. Hou,
X. R. Xu, J. L. Zhao and G. G. Ying, First Evidence of the
Bioaccumulation and Trophic Transfer of Tire Additives
and Their Transformation Products in an Estuarine Food
Web, Environ. Sci. Technol., 2024, 58(14), 6370–6380, DOI:
10.1021/acs.est.3c10248.

96 L. Hanssen, S. Schmidt and V. Nikiforov, Screening of
Compounds in Tire Wear Road Run Off, TemaNord, 2024,
525, DOI: 10.6027/temanord2024-525.

97 G. Cao, W. Wang, J. Zhang, P. Wu, X. Zhao, Z. Yang, D. Hu
and Z. Cai, New Evidence of Rubber-Derived Quinones in
Water, Air, and Soil, Environ. Sci. Technol., 2022, 56(7),
4142–4150, DOI: 10.1021/acs.est.1c07376.

98 L. Zeng, Y. Li, Y. Sun, L.-Y. Liu, M. Shen and B. Du,
Widespread Occurrence and Transport of P-
Phenylenediamines and Their Quinones in Sediments
across Urban Rivers, Estuaries, Coasts, and Deep-Sea
Regions, Environ. Sci. Technol., 2023, 57(6), 2393–2403,
DOI: 10.1021/acs.est.2c07652.

99 Y. Wu, M. Venier and R. A. Hites, Broad Exposure of the
North American Environment to Phenolic and Amino
Antioxidants and to Ultraviolet Filters, Environ. Sci.
Technol., 2020, 54(15), 9345–9355, DOI: 10.1021/
acs.est.0c04114.

100 W. Wang, G. Cao, J. Zhang, W. Chang, Y. Sang and Z. Cai,
Fragmentation Pattern-Based Screening Strategy
Combining Diagnostic Ion and Neutral Loss Uncovered
Novel Para -Phenylenediamine Quinone Contaminants in
the Environment, Environ. Sci. Technol., 2024, 58(13),
5921–5931, DOI: 10.1021/acs.est.4c00027.

101 Z. M. Li and K. Kannan, Mass Loading, Removal, and
Emission of 1,3-Diphenylguanidine, Benzotriazole,
Benzothiazole, N-(1,3-Dimethylbutyl)-N0-Phenyl-p-
Phenylenediamine, and Their Derivatives in a Wastewater
Environ. Sci.: Processes Impacts, 2025, 27, 2212–2232 | 2229

https://doi.org/10.1039/d4em00117f
https://doi.org/10.1016/j.watres.2024.122240
https://doi.org/10.1021/acs.est.2c05784
https://doi.org/10.1021/acs.estlett.3c00811
https://doi.org/10.3389/fenvc.2023.1194664
https://doi.org/10.1016/j.envint.2024.109139
https://doi.org/10.1016/j.scitotenv.2021.149299
https://doi.org/10.1016/j.scitotenv.2023.164110
https://doi.org/10.1016/j.envres.2024.119492
https://doi.org/10.1016/j.envpol.2021.117659
https://doi.org/10.1016/j.envpol.2021.117659
https://doi.org/10.1016/j.scitotenv.2024.170046
https://doi.org/10.1016/j.scitotenv.2024.170046
https://doi.org/10.1016/j.envint.2022.107715
https://doi.org/10.1016/j.envint.2022.107715
https://doi.org/10.1021/acs.est.2c08690
https://doi.org/10.1021/acs.est.2c08690
https://doi.org/10.1016/j.watres.2024.122427
https://doi.org/10.1016/j.watres.2024.122427
https://doi.org/10.1016/j.scitotenv.2024.176804
https://doi.org/10.1021/acs.est.3c10248
https://doi.org/10.6027/temanord2024-525
https://doi.org/10.1021/acs.est.1c07376
https://doi.org/10.1021/acs.est.2c07652
https://doi.org/10.1021/acs.est.0c04114
https://doi.org/10.1021/acs.est.0c04114
https://doi.org/10.1021/acs.est.4c00027
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5em00088b


Environmental Science: Processes & Impacts Critical Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 6

/2
1/

20
26

 1
:5

5:
43

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Treatment Plant in New York State, USA, ACS ES&T Water,
2024, 4(6), 2721–2730, DOI: 10.1021/acsestwater.4c00221.

102 G. Cao, W. Wang, J. Zhang, P. Wu, H. Qiao, H. Li, G. Huang,
Z. Yang and Z. Cai, Occurrence and Fate of Substituted P-
Phenylenediamine-Derived Quinones in Hong Kong
Wastewater Treatment Plants, Environ. Sci. Technol., 2023,
57(41), 15635–15643, DOI: 10.1021/acs.est.3c03758.

103 R. F. Lane, K. L. Smalling, P. M. Bradley, J. B. Greer,
S. E. Gordon, J. D. Hansen, D. W. Kolpin, A. R. Spanjer
and J. R. Masoner, Tire-Derived Contaminants 6PPD and
6PPD-Q: Analysis, Sample Handling, and Reconnaissance
of United States Stream Exposures, Chemosphere, 2024,
363, 142830, DOI: 10.1016/j.chemosphere.2024.142830.

104 R. Zhang, S. Zhao, X. Liu, L. Tian, Y. Mo, X. Yi, S. Liu, J. Liu,
J. Li and G. Zhang, Aquatic Environmental Fates and Risks
of Benzotriazoles, Benzothiazoles, and p-
Phenylenediamines in a Catchment Providing Water to
a Megacity of China, Environ. Res., 2023, 216, 114721,
DOI: 10.1016/j.envres.2022.114721.

105 J. Monaghan, A. Jaeger, A. R. Agua, R. S. Stanton,
M. Pirrung, C. G. Gill and E. T. Krogh, A Direct Mass
Spectrometry Method for the Rapid Analysis of
Ubiquitous Tire-Derived Toxin N-(1,3-Dimethylbutyl)-N0-
Phenyl-p-Phenylenediamine Quinone (6-PPDQ), Environ.
Sci. Technol. Lett., 2021, 8, 1051–1056, DOI: 10.1021/
acs.estlett.1c00794.

106 J. Monaghan, A. Jaeger, J. K. Jai, H. Tomlin, J. Atkinson,
T. M. Brown, C. G. Gill and E. T. Krogh, Automated,
High-Throughput Analysis of Tire-Derived p-
Phenylenediamine Quinones (PPDQs) in Water by Online
Membrane Sampling Coupled to MS/MS, ACS ES&T
Water, 2023, 3(10), 3293–3304, DOI: 10.1021/
acsestwater.3c00275.

107 S. Ren, Y. Xia, X. Wang, Y. Zou, Z. Li, M. Man, Q. Yang,
M. Lv, J. Ding and L. Chen, Development and Application
of Diffusive Gradients in Thin-Films for in-Situ
Monitoring of 6PPD-Quinone in Urban Waters, Water
Res., 2024, 266, 122408, DOI: 10.1016/j.watres.2024.122408.

108 J. J. Halama, R. B. McKane, B. L. Barnhart, P. P. Pettus,
A. F. Brookes, A. K. Adams, C. K. Gockel, K. S. Djang,
V. Phan, S. M. Chokshi, J. J. Graham, Z. Tian, K. T. Peter
and E. P. Kolodziej, Watershed Analysis of Urban
Stormwater Contaminant 6PPD-Quinone Hotspots and
Stream Concentrations Using a Process-Based
Ecohydrological Model, Front. Environ. Sci., 2024, 12,
1364673, DOI: 10.3389/fenvs.2024.1364673.

109 P. Ross, S. Scott, M. Noel and N. Klasios, Green/Cheakamus
Watershed: Water Quality Report for the 2023 Dry Season,
2024, DOI: 10.70766/955.423.

110 I. C. Tanui, F. Kandie, M. Krauss, A. Piotrowska, A. Kiprop,
N. Shahid, M. Liess and W. Brack, Seasonal Hot Spots of
Pollution and Risks in Western Kenya: A Spatial-Temporal
Analysis of Almost 800 Organic Micropollutants, Sci. Total
Environ., 2024, 949, 175036, DOI: 10.1016/
j.scitotenv.2024.175036.

111 C. Johannessen, P. A. Helm, J. Mark Parnis, S. Kleywegt and
C. D. Metcalfe, Targeted Screening of Passive Samplers as
2230 | Environ. Sci.: Processes Impacts, 2025, 27, 2212–2232
an “Early Warning” of Novel Contaminants in the Great
Lakes Basin, J. Great Lakes Res., 2024, 50(2), 102298, DOI:
10.1016/j.jglr.2024.102298.

112 P. A. Helm, M. Raby, S. Kleywegt, R. J. Sorichetti,
G. Arabian, D. Smith, E. T. Howell and J. Thibeau,
Assessment of Tire-Additive Transformation Product
6PPD-Quinone in Urban-Impacted Watersheds, ACS ES&T
Water, 2024, 4(4), 1422–1432, DOI: 10.1021/
acsestwater.3c00589.

113 C. Johannessen, P. Helm, B. Lashuk, V. Yargeau and
C. D. Metcalfe, The Tire Wear Compounds 6PPD-Quinone
and 1,3-Diphenylguanidine in an Urban Watershed, Arch.
Environ. Contam. Toxicol., 2022, 82(2), 171–179, DOI:
10.1007/s00244-021-00878-4.

114 C. Rauert, S. Vardy, B. Daniell, N. Charlton and
K. V. Thomas, Tyre Additive Chemicals, Tyre Road Wear
Particles and High Production Polymers in Surface Water
at 5 Urban Centres in Queensland, Australia, Sci. Total
Environ., 2022, 852, 158468, DOI: 10.1016/
j.scitotenv.2022.158468.

115 Z. Tian, K. T. Peter, A. D. Gipe, H. Zhao, F. Hou, D. A. Wark,
T. Khangaonkar, E. P. Kolodziej and C. A. James, Suspect
and Nontarget Screening for Contaminants of Emerging
Concern in an Urban Estuary, Environ. Sci. Technol., 2020,
54(2), 889–901, DOI: 10.1021/acs.est.9b06126.

116 T.-T. Xu, J.-L. Guo, J.-F. Yi, S.-N. Huang, L.-Y. Liu and
Y. Guo, Occurrence and Risk Assessment of P-
Phenylenediamines and Their Quinones in Aquatic
Environment: From City Wastewater to Deep Sea, Sci.
Total Environ., 2024, 954, 176123, DOI: 10.1016/
j.scitotenv.2024.176123.

117 W.Wu, Q. Xu, J. Li, Z. Wang and G. Li, The Spatio-Temporal
Accumulation of 6 PPD-Q in Greenbelt Soils and Its Effects
on Soil Microbial Communities, Environ. Pollut., 2024, 358,
124477, DOI: 10.1016/j.envpol.2024.124477.

118 B. Seiwert, M. Nihemaiti, M. Troussier, S. Weyrauch and
T. Reemtsma, Abiotic Oxidative Transformation of 6-PPD
and 6-PPD Quinone from Tires and Occurrence of Their
Products in Snow from Urban Roads and in Municipal
Wastewater, Water Res., 2022, 212, 118122, DOI: 10.1016/
j.watres.2022.118122.

119 K. T. Peter, F. Hou, Z. Tian, C. Wu, M. Goehring, F. Liu and
E. P. Kolodziej, More Than a First Flush: Urban Creek
Storm Hydrographs Demonstrate Broad Contaminant
Pollutographs, Environ. Sci. Technol., 2020, 54(10), 6152–
6165, DOI: 10.1021/acs.est.0c00872.

120 C. Johannessen, P. Helm and C. D. Metcalfe, Runoff of the
Tire-Wear Compound, Hexamethoxymethyl-Melamine into
Urban Watersheds, Arch. Environ. Contam. Toxicol., 2022,
82(2), 162–170, DOI: 10.1007/s00244-021-00815-5.

121 F. Hou, Z. Tian, K. T. Peter, C. Wu, A. D. Gipe, H. Zhao,
E. A. Alegria, F. Liu and E. P. Kolodziej, Quantication of
Organic Contaminants in Urban Stormwater by Isotope
Dilution and Liquid Chromatography-Tandem Mass
Spectrometry, Anal. Bioanal. Chem., 2019, 411(29), 7791–
7806, DOI: 10.1007/s00216-019-02177-3.
This journal is © The Royal Society of Chemistry 2025

https://doi.org/10.1021/acsestwater.4c00221
https://doi.org/10.1021/acs.est.3c03758
https://doi.org/10.1016/j.chemosphere.2024.142830
https://doi.org/10.1016/j.envres.2022.114721
https://doi.org/10.1021/acs.estlett.1c00794
https://doi.org/10.1021/acs.estlett.1c00794
https://doi.org/10.1021/acsestwater.3c00275
https://doi.org/10.1021/acsestwater.3c00275
https://doi.org/10.1016/j.watres.2024.122408
https://doi.org/10.3389/fenvs.2024.1364673
https://doi.org/10.70766/955.423
https://doi.org/10.1016/j.scitotenv.2024.175036
https://doi.org/10.1016/j.scitotenv.2024.175036
https://doi.org/10.1016/j.jglr.2024.102298
https://doi.org/10.1021/acsestwater.3c00589
https://doi.org/10.1021/acsestwater.3c00589
https://doi.org/10.1007/s00244-021-00878-4
https://doi.org/10.1016/j.scitotenv.2022.158468
https://doi.org/10.1016/j.scitotenv.2022.158468
https://doi.org/10.1021/acs.est.9b06126
https://doi.org/10.1016/j.scitotenv.2024.176123
https://doi.org/10.1016/j.scitotenv.2024.176123
https://doi.org/10.1016/j.envpol.2024.124477
https://doi.org/10.1016/j.watres.2022.118122
https://doi.org/10.1016/j.watres.2022.118122
https://doi.org/10.1021/acs.est.0c00872
https://doi.org/10.1007/s00244-021-00815-5
https://doi.org/10.1007/s00216-019-02177-3
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5em00088b


Critical Review Environmental Science: Processes & Impacts

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 6

/2
1/

20
26

 1
:5

5:
43

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
122 C. Rauert, S. L. Kaserzon, C. Veal, R. Y. Yeh, J. F. Mueller
and K. V. Thomas, The First Environmental Assessment
of Hexa(Methoxymethyl)Melamine and Co-Occurring
Cyclic Amines in Australian Waterways, Sci. Total
Environ., 2020, 743, 140834, DOI: 10.1016/
j.scitotenv.2020.140834.

123 C. Johannessen and C. D. Metcalfe, 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, DOI:
10.1007/s10661-022-10450-9.

124 E. K. Hataley, H. K. McIlwraith, D. Roy and C. M. Rochman,
Towards a Management Strategy for Microplastic Pollution
in the Laurentian Great Lakes—Ecological Risk Assessment
and Management (Part 2), Can. J. Fish. Aquat. Sci., 2023,
80(10), 1669–1678, DOI: 10.1139/cjfas-2023-0023.

125 F. Sommer, V. Dietze, A. Baum, J. Sauer, S. Gilge,
C. Maschowski and R. Gieré, Tire Abrasion as a Major
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