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ment and analysis of nanoparticle
size fractions from tire-wear emissions†

Molly Haugen, a Philipp Bühler, b Stefan Schläfle, b David O'Loughlin, ac

Siriel Saladin, a Chiara Giorio a and Adam Boies*a

Herein, we examine the generation of nanoparticles from tire and road interactions, with a focus on two key

aspects: replicating real-world conditions in a controlled environment for particle generation and analysing

the collected particles through both online and offline techniques. In order to generate realistic wear

patterns, third body particles were used in a standardized laboratory tire testing facility across dynamic

and static speeds and load profiles. The findings indicated that milled stone dust as a third body particle

significantly disrupted the nanoparticle size range, complicating the differentiation between tire-based

and third-body-based nanoparticles. However, using sand as a third body particle, the interference

showed comparatively lower background noise within the nanoparticle region. Here, steady-state cycles

were employed to discern the relationships between force events and nanoparticle generation, which

were compared to analyses conducted over an entire dynamic drive cycle. The steady-state cycles

revealed that high lateral forces (>2 kN) yielded the highest nanoparticle concentrations, surpassing

background levels by over two orders of magnitude. Meanwhile, the drive cycle trials indicated that

approximately 70% of the emitted nanoparticles throughout the entire drive cycle were semi-volatile

emissions, likely originating from vaporization events. ICP-MS results confirmed the presence of tire-

related elements in the nanoparticle region, but definitive attribution to the tire or road surface remains

a challenge for the field. This study underscores the complexities inherent in generating, collecting, and

assessing submicron tire wear particles, laying the groundwork for addressing uncertainties and refining

non-exhaust tire emission methodologies.
Environmental signicance

A typical problem in understanding emissions from tire wear particles generated under realistic driving conditions, in conjunction with road wear particles, is
recreating real-world driving conditions in laboratory settings. Here, the research focuses on uncovering nanoparticles generated under real-world driving
conditions while using third body particles. Key ndings indicate that nanoparticles are predominantly semi-volatile rather than solid, as concluded through
online and offline analysis, including, for the rst time with non-exhaust tire emissions, a catalytic stripper to provide information on the solid component of
non-exhaust emissions. Generalizing this requires considering the composition of rubber for health-related impacts. Addressing this is crucial for determining
the contribution to urban emissions, especially with the increasing electrication of passenger eets.
Introduction

Non-exhaust emissions, encompassing brake wear, tire wear,
road wear, and road dust, are garnering increasing attention in
academic and policy studies. Research indicates that while
brake wear is relatively easier to characterize, tire-wear emis-
sions present greater complexity due to their interaction with
dynamic environmental factors such as varying road condi-
tions, surfaces, multiple forces and operational modes.1 This, in
-mail: amb233@cam.ac.uk

ürttemberg, Germany

tion (ESI) available. See DOI:

the Royal Society of Chemistry
part, contributes to the lack of literature on tire and road wear
nanoparticles. There are four identied variables that can
dictate the types of particles emitted from tires: tire character-
istics, vehicle characteristics, road surface characteristics, and
vehicle operations.2

Previous studies have shown that standardized laboratory
wear testing must include “third body particles” to enable test
results that mimic known real-world wear. By incorporating
third body particles like sand, chalk, and stone dust, macro-
scopic wear and large particle emissions correspond to real-
world driving conditions more accurately, as these materials
are commonly encountered on roads and play critical roles in
how tires emit particles.3–5 However, careful selection of third
body materials is vital, as certain substances may hinder the
Environ. Sci.: Atmos., 2024, 4, 1079–1090 | 1079
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accurate characterization of tire emissions depending on the
size fraction of interest.

In previous work, particulate matter (PM) has been
measured using cyclones for size fractionation at 10 mm (PM10)
and 2.5 mm (PM2.5), or higher size resolution instrumentation
has been used such as an Electrical Low-Pressure Impactor
(ELPI).6 The size fractions of release have differing sensitivities.
Increasing the lateral loads at a constant driving speed
decreased the PM2.5 to PM10 ratio exponentially, where PM10

emissions were found to be 3.8 times more sensitive to load
than PM2.5.7 However, nanoparticle production from tires,
specically those <100 nm, is more sensitive to higher slip
angles and longitudinal forces.8

Collection mechanisms have ranged from sampling directly
behind the tire8–10 or downstream with the help of an extraction
system that pulls the particles to the collection locations.6,7,11

The collection mechanisms either deposit particles on lters for
offline analysis or assess the incoming particles in real time for
online analysis. The tire collections and analyses have employed
methods and instrumentation that oen do not include ultra-
ne particles (<300 nm).6 This means that ultrane particles
from tire and road wear particles (TRWPs) continue to be less
understood. In part, studies that are done in an open system, or
those that do not extract particles from directly behind the tire,
are at a much higher risk of ultrane particle loss.12 Also,
because humidity can inuence the size of the particles detec-
ted, specically ultrane particles, the distance from particle
generation to particle collection should be minimized to reduce
the impact of humidity.13

Overall particle generation sensitivities have been correlated
to the load, tire speed, overall distance travelled, slip speed, tire
tread loss (mg), wear rate (mg km−1), and PM2.5 to PM10

ratios.6,7,14 In addition, the particle distributions have been
shown to depend on the severity of the drive cycle. Mathissen et.
al. have shown that harsh driving conditions have bimodal size
distributions, whereas other driving modes tend to have
unimodal distributions.10 The existing literature on tire and
road wear nanoparticles has established a foundation for the
research presented herein, where a notable gap is the absence of
recreating representative driving conditions within the testing
environment.

Characterising the chemical composition requires signi-
cant instrumentation resources for on-line analysis and careful
sample collection and storage for off-line analysis. The use of
a catalytic stripper (CS)15 allows on-line particle distinction to be
made between solid and semi-volatile particles when used in
conjunction with appropriate particle measurement, e.g. ELPI.
By comparing data obtained with and without the CS, studies
can discern details about the evaporated and solid fraction of
micrometre to nanometre sized particles. While prior research
has utilized this technique to monitor exhaust emissions16,17

and urban pollution,18 its application to submicron emissions
from tire operations has not yet been shown.

Our present work provides quantied measurements of
nanoparticle emissions from standardized tire test conditions,
building on previous studies. We incorporate third body parti-
cles to emulate the critical interaction between the tire and road
1080 | Environ. Sci.: Atmos., 2024, 4, 1079–1090
surface that exists in the real world. Here, trials of steady-state
cycles and previously reported drive cycles are used to assess
particle size distributions, specically focusing on the nano-
particle size range, for tire and road wear particles while using
third body particles within a laboratory setting to represent real-
world driving conditions. The difference between mass and
particle number (PN) distribution is explored in relation to
nanoparticle tire and road wear emissions. Further, we develop
new testing structures that incorporate third body particles,
which are compared to previously reported literature based on
force-dependent emissions. Finally, the use of a catalytic
stripper provides new insights into non-exhaust emissions
differentiating between solid and semi-volatile size distribu-
tions, where comparisons can be made to offline microscopy
and mass spectrometry analysis.
Materials and methods

The trials were conducted in accordance with standardized
methodologies developed at the Karlsruhe Institute of Tech-
nology (KIT). Previous testing parameters and procedures are
reinstated8,19 and enhanced here with online and offline nano-
particle detection capabilities. There are three main compo-
nents to the trials detailed: the testing rig at KIT, the online
instrumentation and the offline instrumentation.
Testing the rig and tire

The KIT rig consists of a rotating drum where the emissions
from the test tire had were measured under varying loads and
speed settings.8,19 The KIT tire rig has an inner diameter of 3.8
m and can achieve speeds of >140 km h−1 with loadings of 7 kN,
which has been the basis of many studies found in the litera-
ture.8 The wheel load force (N) and tangential and lateral forces
are shown in the ESI (Fig. S1 and S2,† respectively). The road
surface chosen for this study was asphalt, which was resurfaced
via grinding prior to each experimental run. To improve
thermal stability and limit background uctuations of nano-
particles, the rig has been enclosed to shield it from external
environments. In addition, the tire is driven hydraulically while
the drum is driven electrically using a 16-speed transmission,
and segment bearings have specically been used to prevent the
tire tread from shiing laterally. The proven design facilitates
a robust platform for generating tire and road wear particles.

The same summer tire was tested throughout the study, with
AC 11 D S asphalt. The tires were packed and stored in tire bags
in a protected space when they were not being tested. These
tires were manufactured in 2022.

The sampling location and extraction system were tested at
the onset of this study, where various locations and particle
losses were examined (see Fig. S3 and S4†). The nal congu-
ration used in the study is depicted in Fig. 1, where Fig. 1a
shows where the third body particles are introduced into the
system (Fig. 1a-1) and where the extraction system (Fig. 1a-2)
attaches to the scoop that sits behind the tire in Fig. 1a-3. The
tire used was a new summer tire and was not equipped with any
studs or spikes and had a symmetrical tread pattern, and thus
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Picture of the (a) inner drum highlighting where the third body particles are introduced,1 where the extraction2 is connected to the (b) tire
and where the particles are collected from ref. 3 in relation to the tire. (c) Post-processing method for determining the background or baseline
and particle number concentration. The blue boxes represent steady-state operation without the tire drum to assess background particles from
third body addition, the rig itself, or ambient nanoparticles. The red line denotes the background concentration in relation to the rest of the drive
cycle.
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negative and positive slip angles should result in comparable
tire emissions. Two drive cycles are detailed here, steady state
cycles and a portion of a drive cycle used by the Tire Industry
Project, both reported in previous studies.8,19

ELPI

A Dekati Electrical Low-Pressure Impactor (ELPI) was used as it
was able to provide size distributions for online data analysis,
while also supporting the possibility of offline analysis with
particles impacted into the various stages of the ELPI. The ELPI
used a ow rate of 10 L min−1 to sample particles from 6 nm–10
mmwith a sampling frequency of 10 Hz. Pre-greased aluminium
substrates were used throughout the collection periods for the
subsequent off-line analysis. This type of substrate is known to
have increased particle bounce compared to sintered plates, as
discussed in previous work,20 and could inuence the online
and offline results for the ELPI data. However, the use of sin-
tered plates eliminates the possibility of offline analysis, as
substrates are required in order to remove the collected parti-
cles, by stage, and perform SEM. As reported by others, ELPI
electrometers typically have 0.1–1 fA noise,21which is <3% of the
raw data current collected throughout the sampling periods
during the TRWP testing cycle.

The ELPI has 14 stages that bin particles by size, where they
are counted as they deposit onto their respective stage based on
the aerodynamic particle diameter with an approximate loga-
rithmic spacing between 10 mm and 6 nm (see Table S1,† where
green denotes the nanoparticle stages).22 The ELPI data provide
a particle number based on particles that impact stages as they
are brought into the instrument. The deposition of the particle
is dependent on the equivalent aerodynamic diameter, and the
default size interpretation assumes that particles are spherical
with a density close to 1 g cm−3.23 The micron-sized particles
© 2024 The Author(s). Published by the Royal Society of Chemistry
sampled here are likely to have non-spherical morphologies, as
shown in previous literature reports, and the morphology of the
submicron fraction is unknown. The density used throughout
this study was 1.1 g cm−3, which is likely to be less than the true
density of the particles collected throughout this work. Because
the composition of the particles is largely unknown, the density
used could underpredict the mass distribution, but does not
inuence the particle number concentrations reported.
High ow impactor

To increase the mass of nanoparticles collected, a lower size
resolution impactor was needed than the ELPI. The high ow
impactor used was the TSI Inc. model 129 that operated with
a ow rate of 100 Lmin−1. Two days of testing resulted in 4.1 mg
and 1.9 mg of sample collected on glass-bre substrates for the
submicron-sized particles. The bottom two impactor stages
(<250 nm and the 250–1000 nm stages) were combined. Glass-
bre substrates were preferred for ICP-MS digestion, as they
did not introduce metals or grease into the ICP-MS analysis.
Future studies could compare the ICP-MS results between the
two impactor stages with extended collection times.
ICP-MS

Inductively coupled mass spectrometry (ICP-MS) operates by
ionizing a digested sample and subsequently separating ions
based on their mass-to-charge ratio, thus facilitating the
determination of metal abundances. The digestion process
previously used for analysing tire tread was developed by our
group separately and veried by the UK National Physics
Laboratory.24 This method requires a minimum of 5 mg of
sample, which is challenging when collecting nanomaterial
generated throughout the drive cycles.
Environ. Sci.: Atmos., 2024, 4, 1079–1090 | 1081
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SEM with EDX

A Scanning Electron Microscope (SEM) was used with Energy
Dispersive X-ray Spectroscopy (EDX) for imaging both submi-
cron and micron-sized particles in offline analyses. SEM
imaging creates an image of the surface by focusing a beam of
electrons onto the specimen of interest. Here, a Tescan MIRA3
SEM was used with a point resolution of 2 nm. EDX detects and
measures the energies of these X-rays, which are unique to each
element. By analysing the energy spectrum of the X-rays, EDX
can determine the elemental composition of the sample,
providing information about the types and relative quantities of
elements present on a surface level. The ELPI stages can be
tted with conductive substrates. Once these substrates are
removed from the ELPI, the individual stage substrates are then
transferred back to Cambridge and imaged using SEMwith EDX
to understand the chemical composition of the collected
particles.

Catalytic stripper

A catalytic stripper (CS)15 enabled the measurement of the
aerosol solid fraction in real time. The CS was introduced prior
to the ELPI in some of the experiments, removing the semi-
volatile component of the incoming sample. The layout of
how the emitted TRWPs come through this setup is shown in
ESI Fig. S5.† The comparisons of test runs with and without the
CS give online insight into the composition of the particles
emitted.

There are corrections for particle loss within the CS where
the literature reports penetration curves for solid particles.25,26

The inuences of diffusion and thermophoretic losses within
the CS for this dataset are discussion within the results.

Background particles

Fig. 1c highlights the method used to quantify and correct for
background nanoparticles that were not generated from tire-
road interactions. The test rig tire was driven at 50 kilometres
per hour for 3 minutes without tire-road contact prior to start-
ing the drive cycle and 3 minutes upon the conclusion of the
drive cycle, highlighted in blue boxes. The average particle
concentration was calculated for each blue box and a best t
line was generated between the points, depicted as a red line.
The nanoparticle concentration in the blue box comprises the
background, or baseline, nanoparticle concentration that is due
to moving components within the rig, ambient nanoparticles,
Table 1 Testing structure followed for all trials

Time elapsed (min) Cycle even

0 Add 10 g o
0–5 Run the ri
5 HEPA lte
5–8 Run the ri
8–28 Drive cycle
28–31 Run the ri

1082 | Environ. Sci.: Atmos., 2024, 4, 1079–1090
and third body particles that do not interact with the tire. The
slope of the line represents the decay of third body particles that
must be accounted for to accurately assess nanoparticles
generated throughout the drive cycle. When the drive cycle
starts, particle concentrations above this red line are therefore
from the tire and road interaction and are classied here as
emitted TRWPs. The particle concentrations above the red line
would be considered background-corrected concentrations.

Testing structure

Quantifying the fraction of TRWPs sampled versus the total
TRWPs emitted considers two opposing variables: (1) collect-
ing data that are above the background of the test bench and
above the noise threshold of the ELPI and (2) accurately
calculating the portion of sampled air into the instrumenta-
tion compared to the total air ow through the testing system.
Because the entire rotating drum is not air-tight, the total air
ow cannot be calculated and therefore a comparison between
the sampled fraction and total emitted fraction cannot be
made. Due to this limitation, emission factors for tire wear
particles cannot be calculated here. Instead, these results give
insight into relative changes in emitted nanoparticles from tire
and road wear under real-world driving conditions and provide
a method of distinguishing nanoparticles from background
concentrations.

The test structure shown in Table 1 was determined to
reduce third body intake into the instrumentation, provide real-
world conditions (i.e. retaining third body particles) throughout
the run cycle, and account for background nanoparticle
concentrations within the rig and from the third body particles.
The sand used here was Arizona nd dust. The exact composi-
tion of third body particles in real-world settings is not
homogenous and is required for realistic friction combinations.
The sand is thus introduced at a lower speed at the beginning of
the test cycle as there is less turbulence in the drum.

A graphical representation of lateral force and acceleration
for the drive cycle is shown in ESI Fig. S6,† where there is
a higher frequency of le cornering events (right half of the
graph) than right cornering events and more accelerating than
decelerating (top vs. bottom, respectively) events. However, all
four quadrants are expressed throughout the drive cycle and are
representative of real-world driving conditions. This drive cycle
focuses on city driving, which comprises 70% of driving on
a global scale.27 Therefore, the TRWP nanoparticles that are
reported here are representative of real-world city-driving
conditions.
t

f sand mixture
g with no tire contact
rs and extraction turned on
g at steady-state (50 kilometres per hour) for background concentration
or steady-state cycles

g at steady-state (50 kilometres per hour) for background comparison

© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ea00048j


Paper Environmental Science: Atmospheres

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
A

ug
us

t 2
02

4.
 D

ow
nl

oa
de

d 
on

 3
/1

9/
20

26
 1

0:
34

:2
6 

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 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Results and discussion
Comparison of third body materials

Third body particles are required to maintain real-world driving
conditions inside the rotary drum. The third body particles help
emulate the interaction of the tire and road surface in typical
driving environments and maintain the tire's operational
integrity. They also help prevent the degradation of the rubber,
which would cause an overly adhesive tire surface, resulting in
greater tire-road adhesion and unrealistic wear. Yet, despite the
need for third body particles operationally, the measurement of
particle emissions from tire-road interactions is potentially
inhibited by a large concentration of background third bodies.
In previous studies, milled stone dust (MSD)19 and sand have
been used at KIT,28 thus enabling the comparison of third body
particle options. Fig. 2 shows an exemplary particle size distri-
bution (colour bar) over a 50 kilometres per hour steady-state
cycle (SSC) over time (x-axis) by particle size bins (y-axis) from
the ELPI for MSD (a) and sand (b). MSD was preferential for the
creation and assessment of microparticles from TRWPs, which
is shown by low PN (particle concentrations <100 cm−3) in the
micron size bins in Fig. 2a. However, MSD interfered with the
nano-sized ELPI stages (∼1000 cm−3), reducing the ability to
quantify and differentiate TRWPs from third body particles for
these size ranges.

The sand third body particles (Fig. 2b) exhibited lower
concentrations (PN per stage <500 PN per cm3) of background
particles compared to MSD, reducing instrument noise
throughout the drive cycle. The sand interference remained
signicant (>500 PN per cm3) for the rst two stages of the ELPI
(dp # 16 nm) but was markedly improved compared to MSD,
which signicantly interfered with eight ELPI stages (dp # 380
nm). Additionally, the ne texture of MSD tended to obstruct
the inlet of the ELPI. Thus, sand was validated and used as the
third body material for the experiments conducted herein.
There were additional measures taken to reduce interference
from large sand particles within the ELPI, such as only con-
necting the ELPI to the extraction system when the sand had
Fig. 2 Particle size distribution by concentration (colour bar) shown for (a
per hour.

© 2024 The Author(s). Published by the Royal Society of Chemistry
reached a uniform concentration within the rig, as summarised
in Table 1.

For nanoparticle TRWP emission studies, it is concluded
that sand maintains the tire's integrity, while representing real-
world driving conditions with reduced interference compared
to milled stone dust.

Comparison of PN and PM

All steady state and transient drive cycles showed similar
results in terms of characteristic emissions, whereby large
particles accounted for the majority of PM and small particles
accounted for the majority of PN. Table S2† details the rela-
tive percentage of total particles measured both by PN and
PM above background concentrations, for four separate trials
that did not use the CS (labelled 1–4). A separate trial used the
CS prior to the ELPI, denoted as CS, to measure the solid PN
and PM relative distributions. The green cells highlight the
ELPI size bins that jointly comprise 95% of the PN or orange
for PM. These results are characteristic of many emission
sources, whereby the number of particles emitted is domi-
nated by nanoparticles (in this case <100 nm) and the cubic
relationship between the particle diameter and mass results
in a majority of mass in the largest diameter ranges (>940
nm) regardless of the solid/semi-volatile nature of the
particles.

When considering PM emissions throughout the TRWP
cycle from all particles (solid and semi-volatile) 95% of the
total mass was represented in the micron-sized ELPI stages.
The mass distribution shis when the solid component is
considered independently (with the CS), and here the ve
largest ELPI stages account for 95% of the mass collected. The
broadening of mass distribution could indicate that semi-
volatile particles have condensed onto solid, micron-sized
particles, and when evaporated, there is a small amount of
mass lost in these size ranges. The contribution from nano-
particles to the mass concentration is minor, and thus using
mass as a metric to analyse nanoparticles generated by tire-
road interactions does not provide suitable resolution above
the background.
) milled stone dust and (b) sand at a constant tire speed of 50 kilometres

Environ. Sci.: Atmos., 2024, 4, 1079–1090 | 1083
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Fig. 3 Throughout the drive cycle, there are specific events that generate particles during (a) normal and severe driving modes and with and
without the catalytic stripper. Comparing the driving mode with and without the catalytic stripper is shown in (b) for semi-volatile (SV) particles.
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Considering PN, 95% of the TRWPs are <250 nm, high-
lighting the importance of focusing on a number-based metric
for assessing nanoparticle TRWPs. The solid PN distribution
Fig. 4 The size distribution is shown for the entire drive cycle driven displ
particle number) and (b) with the CS (solid particle number) in compariso
(total particlemass) and (d) with the CS (solid particle mass). Data below th
number concentration is collected and data in size bins above the black
data are background corrected.

1084 | Environ. Sci.: Atmos., 2024, 4, 1079–1090
(CS) has a broadening of the relative concentration of particles,
indicating that there could be a semi-volatile component to
these particles as well; however, the 95% distribution remains <
ayed by particle number concentration for data (a) without the CS (total
n to the mass distribution by size bins for data (c) without the CS data
e dashed line (a and b) represent the size bins where 95% of the particle
dashed line (c and d) comprise 95% of the mass concentration. These

© 2024 The Author(s). Published by the Royal Society of Chemistry
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250 nm. Table S2† also shows that micron particles do not
contribute a signicant amount of total PN.
Fig. 5 The steady-state force (right axis, orange) is shownwith particle
concentration (left, blue) for (a) PM and (b) PN measurements for
submicron particles (PN1 solid line) and up to 2.5microns (PM2.5 dotted
line). The PN2.5 and PN1 lines are indistinguishable as they overlap.
Drive cycle emissions

The measurement of both TRWP total particles and total solid
particles via the CS demonstrated that the majority of particles,
by number, are semi-volatile. To demonstrate this, the particle
emissions over the entire drive cycle are shown in Fig. 3a for
a normal driving cycle (purple) and a severe driving mode
(green) that increased the normal lateral load by 25% over the
course of the drive cycle for total particles and total solid
particles. The total solid particle data are determined using the
same drive cycle but incorporating the CS prior to the ELPI.
Fig. S7† compares the data from Fig. 3a for normal driving
conditions compared to the data incorporating the diffusional
and thermophoretic losses for the solid particle data. Fig. S7a
and b† provide the particle size distribution for the total parti-
cles under normal driving conditions and the solid particle
fraction, respectively, for reference. The ESI† shows the effects
of applying the diffusional loss correction (Fig. S7c†) and
a correction for both diffusion and thermophoretic losses
(Fig. S7d†). Relative to the reported total particle concentration,
Fig. S8† highlights that there could be up to a 33% increase in
solid particle concentration with the sampling method used.
However, even with a maximum 33% increase, the solid particle
concentration is still near baseline concentrations.

To compare the response to more severe driving behaviour,
the lateral force was increased and the cycle is more represen-
tative of severe cornering. Here, only one force is increased for
the severe mode in order to reduce the effects of multi-variable
changes. TRWP generation is shown to increase with increased
lateral loads compared to the normal driving mode. In addition,
by subtracting the total particles from the total solid particles,
the semi-volatile fraction of emitted particles can be calculated,
which is shown in Fig. 3b for the nanoparticle size fraction (SV1)
and all size fractions collected (SV10). The difference between
SV1 and SV10 is most noticeable during high emitting events.

Fig. 4, which is background corrected, shows the total
particles generated in particle number concentration (a) and
particle mass (b) by size compared to the solid particles
generated throughout the drive cycle, in Fig. 4c and d, respec-
tively. The solid fraction of the particles only comprises a small
fraction of the total particles emitted, as shown by comparing
Fig. 4b to a. Data below the white dashed lines within Fig. 4a
and b highlight the size bins where 95% of the particle number
concentration can be found, which is in size bins <250 nm,
whereas 95% of PM can be found >1 mm, as shown with the
black dashed line in Fig. 4c and d, indicating the size bins
where 95% of particle mass was collected throughout the drive
cycle.

The particle distribution shown in Fig. 4b has been back-
ground corrected and thus could represent particle collection
noise due to third body particles, as they would not be removed
by the CS or they could be solid tire/road particles that have
chemical compositions that are stable above 350 °C. Compar-
atively, Fig. 4a shows high particle concentrations (>2000 PN per
© 2024 The Author(s). Published by the Royal Society of Chemistry
cm3 per size bin in the nano-range) that were removed by the CS
(Fig. 4b <500 PN per cm3 per bin) and are not present in the CS-
based data. Here, over the course of the drive cycle, more than
70% of the particles (above background) are semi-volatile and
are evaporated when subjected to the CS. The difference in
measured TRWPs between solid particles (Fig. 4b) and total
particles (Fig. 4a) is most pronounced during high concentra-
tion events, exemplied during 200, 700, 800 and 1200 s of the
drive cycle. Further speciation is needed to quantify and char-
acterise the chemical composition of the nanoparticle size bins;
however, this is complicated by the amount of mass required to
perform these types of analyses. The particle distribution shown
for both PN and PM is reproducible for all valid test results
(Table S2†), and corroborates previous work at KIT that did not
use third body particles where >95% of PN is <300 nm.8

The mass distribution for the drive cycle is shown for total
particles (Fig. 4c) and solid particles (Fig. 4d), where it is
apparent that the majority of mass in both distributions is
micron sized (>1 mm). Comparing Fig. 4a and c, the total particle
size distribution shows that both a large number of particles are
generated in the nano-size bins and a high mass in the micron-
sized bins. However, comparing the solid particle number
Environ. Sci.: Atmos., 2024, 4, 1079–1090 | 1085
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(Fig. 4d) to solid particle mass (Fig. 4b) indicates that there are
few particles (indistinguishable by number) that contribute to
high solid mass concentrations during the drive cycle. It is not
known whether these large particles are third body silica or
TRWP emissions.

There is continuity between drive cycles and the ngerprint
created. The majority of particles are semi-volatile throughout
both drive cycles and are primarily nanoparticles, except for
specic high-force events.
Steady state cycle emissions

The SSCs show that nanoparticles are generated during high
force events, providing further mechanistic insights into TRWP
emissions from dynamic drive cycles. PM data are shown to be
more sensitive to all force events compared to PN data. The
particles generated at higher forces (>2 kN) inuence both PN
and PM and are shown to be semi-volatile. Fig. 5 compares PM1

(PM for particles <1 mm) and PM2.5 (a) and PN1 (PN for particles
<1 mm) and PN2.5 (b), respectively, plotted on the le axis, with
the lateral force from the rig (N), plotted on the right axis. Here,
as particles increase in mass, from PM1 to PM2.5, there is not
a corresponding increase in PN, comparing PN1 to PN2.5 for the
Fig. 6 Box and whisker plot for steady-state cycle data shown for repeat
with the CS (only the solid, non-evaporative particles). The data are grou
1–10 mm (PN1–10). The analysis is shown for 2.5 kN (blue), 2 kN (purple),

Fig. 7 ICP-MS results for two separate days, denoted with blue and red

1086 | Environ. Sci.: Atmos., 2024, 4, 1079–1090
same force events. It should be noted that PN2.5 includes PN1 by
denition. Further, there is more than an order of magnitude
increase in PM at 50 s when the tire makes contact with the road
surface, or when the load is applied to the wheel, independent
of any lateral force. The increase for PN at this time is relatively
small (<5%) compared to the background. For both PM and PN,
the negative lateral force events correlate with a lower particle
concentration increase above the background compared to the
positive lateral events, up to 15% for PM or 30% for PN.

Fig. 5 demonstrates that PM1 and PM2.5 have over an order of
magnitude difference in PM generated during force events,
whereas there is no distinguishable difference between PN2.5

and PN1 indicating that nearly all particles generated during
these force events are within the nanoparticle range.

To investigate the generation events leading to TRWP
nanoparticle emissions, particle concentrations within various
size ranges are examined versus applied force in Fig. 6. Two
trials of SSCs are segregated by particle sizes of 6–260 nm
(PN0.3), 260 nm–0.98 mm (PN0.3–1) and 0.98 mm–10 mm (PN1–10),
as well as by the absolute force exerted during the SSC for 2.5 kN
(blue), 2 kN (purple) and 1 kN (green). The particle size distri-
butions for these forces are explicitly shown in Fig. S9.† Fig. 6
cycles for PN (a) without the CS (representative of all particles) and (b)
ped for particle sizes 0.006–0.26 mm (PN0.3), 0.26–1 mm (PN0.3–1), and
and 1 kN (green) forces.

, including only submicron TRWPs.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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shows the total particles generated ((a), without the CS) and for
the solid fraction of the generated particles ((b), with the CS).
The larger fractions (PN1 and PN10) have statistically insignif-
icant increases in the mean and interquartile spread between
Fig. 8 SEM images for the chemical composition of (a) a 70 nm stage par
(c) a >10 mm stage particle highlighting the (d) tire (maroon) and sand (re
noted.

© 2024 The Author(s). Published by the Royal Society of Chemistry
forces. As the force increases, the total concentration increases,
but specically in the smallest size fraction. Fig. 6a shows that
at 2.5 kN, the mean PN0.3 concentration increases by 195%
compared to concentrations at 2 kN and 1 kN forces. It is also
ticle (blue) and background (grey), (b) a 1 mm stage particle (purple) and
d) components. The EDX spectrum is shown (e) with present elements

Environ. Sci.: Atmos., 2024, 4, 1079–1090 | 1087
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clear that the interquartile range broadens as the force
increases, meaning that the TRWPs generated during high force
events are more variable than those generated during lower
force events, which could be due to the “memory effects” of the
time–temperature prole of the tire during a drive cycle.
Memory effects occur when a specic event within a drive cycle
inuences a later emission event, such as a high friction or force
event that could result in a different subsequent emission than
a low friction or force event.

Fig. 6b shows the solid fraction generated by SSC force on the
same scale as Fig. 6a. All size ranges have consistent low particle
concentrations (<170 PN per cm3), with the exception of PN0.3

when subjected to a 2.5 kN force, where we see an increase in
outlier concentrations. This collective analysis shows that SSCs
provide insights into threshold forces for nanoparticle genera-
tion. The current tire and speed conguration demonstrate that
particles in size bins 6–260 nm (PN0.3) are present at all forces,
but the concentration increases when forces are above 2 kN,
where the majority of nanoparticles are semi-volatile. This
method provides a pathway for broader investigations of
different tires and speed-load conditions for our continued
studies of nanoparticle TRWP generating events.

SSCs give nuanced insight into when nanoparticles are
generated, expanding on full drive cycle analyses. Here, the
SSCs conclude that at lower force events, semi-volatile nano-
particles are less likely to be generated, whereas forces >2 kN
generate semi-volatile nanoparticles.
Chemical assessment

The chemical analysis of the TRWP submicron particles shows
that the particles exhibit an elemental nger print with similar
components to the total tire, but at different relative elemental
ratios. Due to the digestion requirements for sand, ICP-MS was
not performed, but the composition of sand is predominately
silicon dioxide (SiO2).

Fig. 7 shows the results of the Inductively Coupled Plasma
Mass Spectrometry (ICP-MS) analysis on submicron particles
for two sampling days. On each day, eight TRWP cycles were
deposited onto each substrate with the goal of increasing the
deposited mass on each substrate for ICP-MS digestion. To
ensure sufficient mass for ICP-MS digestion, particles from
two impactor stages were combined, the <250 nm size bins
and the 250 nm–1 mm size bins. The sample preparation and
digestion method followed a previously published method-
ology, and due to the mass required for offline analyses, there
was not enough material to compare catalytic stripper based
samples.24

Moreover, the analysis revealed the presence of zinc (Zn)
within the emitted submicron particles. Previous research has
established Zn as a constituent of tire rubber;24 however, this
work cannot denitively say that Zn is solely a result of tire
compound emissions. It is worth noting that sand could not be
digested for ICP-MS analysis due to the unavailability of hydro-
uoric acid digestion capabilities at our facility. Future work may
include comparing the composition of the emitted particles to
the digested sand third body particles, as well as the road surface,
1088 | Environ. Sci.: Atmos., 2024, 4, 1079–1090
further identifying and differentiating elemental markers
capable of distinguishing between tire rubber and road material.

The SEM with EDX results that were obtained on the
substrates removed from the ELPI corroborate the above nd-
ings that the generated nanoparticles have chemical charac-
teristics representative of tire-based compounds.24 The SEM
results for >10 mm, 1 mm and 70 nm are shown in Fig. 8a–c,
respectively. Fig. 8e details the EDX results for the corre-
sponding size fraction. Fig. S10–S12† show the SEM with
elements highlighted directly on the images. Sand (red) on a tire
(maroon) particle is shown within Fig. 8d and the chemical
composition is notable within the EDX results. Considering the
peaks at 1.74 and 0.71 keV, respectively, the Fe : Si ratio is shown
in the legend. For non-peak regions, a moving average lter with
5 data points was applied to suppress noise.

The EDX spectrum of the particle noted as “sand” has a Si : O
signal that is ∼1 : 1 and an Fe : Si signal of 0.02. The 70 nm
particle has no quantiable O signal and has multiple Fe peaks,
and the Fe : Si ratio is two orders of magnitude higher than the
Fe : Si ratio for sand. The quantiable differences between the
70 nm particle and sand particles indicate that the nanoparticles
are TRWPs rather than third body particles, which corroborates
the CS-ELPI results. The 1 mmparticle has anO signal and an Fe :
Si ratio indicative of a particle that is likely a mixture of third
body sand and TRWPs. Comparatively, the >10 mm tire particle
has an Fe : Si ratio that is over an order of magnitude higher than
the sand Fe : Si ratio, and may have other components contrib-
uting to the signal due to tire particle agglomeration. The SEM
results along with EDX results demonstrate the complexity of
TRWPs, where it is evident that micron-sized particles are both
internally and externally mixed (see Fig. S8 and S9†). It is not
possible to differentiate the tire and asphalt components of these
particles, and thus must be referred to as a collective TRWP. The
nanoparticles appear primarily to be organic based on the CS-
ELPI results (>95% removal in the CS), but there do appear to
be non-organic signals in the EDX spectrum, which are distinct
from the micron-sized TRWP materials.

Conclusions

This study conducted an investigation on the complex nature of
submicron emissions from tire wear, focusing on (1) generating
particles that represent real-world conditions in a controlled
setting, (2) nding the optimal location for submicron particle
collection and (3) analysing the collected particles through
online and offline techniques. The following conclusions can be
drawn from the resulting data:

Firstly, it was observed that milled stone dust signicantly
interfered with nanoparticle size bins, as evident from the high
concentrations within the ELPI. The interference made the
differentiation of submicron emissions that were tire-based vs.
third-body-based difficult to quantify, whereas the sand inter-
ference was comparatively lower, allowing for reduced back-
ground noise during particle generation studies. The use of
previously used drive cycles provided insights into tire emissions
under simulated real-world driving conditions, although the high
rate of force changes posed challenges in attributing specic
© 2024 The Author(s). Published by the Royal Society of Chemistry
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force events to particle generation events. Therefore, steady-state
cycles were used for a more nuanced understanding of genera-
tion events, revealing that high lateral forces (>2 kN) generated
the highest submicron concentrations, over 2 orders of magni-
tude higher than background submicron concentrations.

The online and offline methods together supported the
conclusion that the majority of nanoparticles, ∼70% of emitted
submicron particles over the entire drive cycle, were semi-
volatile emissions. This remains true when considering any
diffusional or thermophoretic losses within the catalytic
stripper. The exact chemical speciation of the emitted particles
could not be concluded, but it is likely that these particles
originate from vaporization events throughout the drive cycle.
SEM results indicated the presence of sand particles in larger
sizes but there was an absence of SiO in sub-100 nm particles.
ICP-MS of submicron impactor substrates conrmed the pres-
ence of tire-related elements in the generated nanoparticles.
However, denitive attribution to the tire or road surface was
challenging and more work is needed in this area. With the
conclusions from the SEM with EDX spectra, this work
demonstrates a viable way to generate TRWP nanoparticles,
which limits the interference of vital third body particles within
the nanoparticle size range, while providing a new mechanism
of sampling non-exhaust emissions with a catalytic stripper.

This study highlights the complexities involved in gener-
ating, collecting and assessing submicron tire wear particles.
The generation method created here can be used. This work
paves the way for future investigations to address remaining
uncertainties and rene emission estimation methodologies.
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