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ition of ultrafine particles formed
from automotive braking
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Non-exhaust emissions (e.g., automotive brake and tire wear) are quickly replacing exhaust emissions as the

dominant traffic particulate pollutant. A significant fraction of the emissions are complex mixtures of

organic compounds whose composition is not well known. Due to their unique health implications,

knowledge of the composition of ultrafine particles (<100 nm in diameter) is of particular interest. Here

we report on the size-selected organic composition of ultrafine particles nucleated during high brake

temperature conditions generated using a custom brake dynamometer system and two common brake

pad types. Using high resolution mass spectrometry, we find that the organic composition of these

particles is dominated by species containing oxygen (CHO) and nitrogen (CHN/CHON). Many of these

compounds are unsaturated and are attributed to the thermal degradation of resin material used in the

pad formulation. Other abundant compounds include various glycols and amines, several of which are

unequivocally identified and discussed as potential marker compounds for brake wear emissions. A

significant fraction of highly oxidized, low volatility species observed in ultrafine particles could not be

conclusively attributed to the thermal degradation of the brake material, indicating the presence of

chemical pathways unique to the frictional heating process. This emphasizes the importance of using

a brake dynamometer to generate brake wear particles as opposed to other strategies.
Environmental signicance

The air pollution burden from motor vehicles has been substantially reduced over the last decades due to the ongoing global transition to alternative fuels and
vehicle electrication. Emissions from brake wear and other non-exhaust sources are therefore expected to be the predominant traffic pollutants in the future.
The environmental impacts of different brake wear emissions including particles are uncertain due to signicant knowledge gaps about their chemical
composition. We show that ultrane particles formed from automotive braking are comprised of a complex array of organic molecules, many of which absorb
light at wavelengths that can directly impact climate. Species identied in this study can potentially be used to better quantify real-world brake wear particle
emissions in the future.
1 Introduction

Road traffic is a signicant contributor to urban air pollution,
serving as a major source of nitrogen oxides (NOx), volatile
organic compounds (VOCs), and particulate matter (PM).1–4

These emissions negatively impact human health5,6 and di-
sproportionally affect communities that live near major road-
ways, including economically disadvantaged communities and
communities of color.7–10 While the past decades have seen
dramatic reductions in the air pollutant contributions from
vehicular exhaust in response to regulatory efforts,11–13 emis-
sions from non-exhaust sources such as brake and tire wear14–16

persist and are currently unfettered by emission control legis-
lation in many regions. Automotive brake wear serves as a non-
exhaust emission source of particular relevance, having been
ornia, Irvine, USA. E-mail: jimsmith@uci.

of Chemistry 2025
estimated to contribute up to roughly half of the PM mass from
non-exhaust sources17 and up to 21% of traffic-related PM.18,19 In
addition, brake wear has recently been shown to emit a wide
variety of gas-phase species,20–23 many of which are atmo-
spherically reactive and undergo secondary chemistry in air to
form other air pollutants including particles,24 though the
magnitude of this contribution remains largely unknown.

As vehicle electrication and the transition to alternative
fuels progresses,25 brake wear and other non-exhaust emission
sources are quickly emerging as the predominant traffic PM
pollutants in the atmosphere.14–16 To fully ascertain the impli-
cations for air quality, human health, and climate, a thorough
understanding of the physicochemical properties of brake wear
emissions is needed. While evidence already exists that inha-
lation of brake wear particles (BWPs) can induce DNA damage,
oxidative stress, and pulmonary inammation in mammalian
models,26–31 the mechanism by which this occurs remains
poorly understood, but is suspected to be related to their
Environ. Sci.: Processes Impacts
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composition.32 Fang et al.27 observed that BWPs generated OH
radicals in aqueous solution, potentially explaining some of the
health effects such as oxidative stress. The authors hypothe-
sized that this production was due to aqueous chemistry of
organic components in the brake pad because of modest
correlations between OH and BWP organic/elemental carbon
mass concentrations. The metal composition of BWPs has been
reported rather extensively,4,33–35 but fewer reports exist on
organic speciation. Alves et al.36 identied more than 150
organic compounds in brake wear PM10 with gas
chromatography-mass spectrometry, revealing a complex
mixture of species present in BWPs including aliphatic,
aromatic, glycolic, and phenolic constituents. The authors
noted substantial variability in compound distributions
depending on brake pad type tested.

BWPs can be emitted from both primary and secondary
formation pathways. Primary BWPs are formed directly from the
abrasive contact between brake pad and rotor, resulting in the
generation of particles with diameters mostly above 200 nm,37,38

though the particle sizes observed depend greatly on the testing
method and braking cycle. Frictional heating under high braking
force conditions results in the secondary formation or nucleation
of BWPs, where emitted gases condense to form new particles.
BWP nucleation is reported to occur above a certain critical brake
temperature (hereaer referred as Tcrit) reportedly ranging
between 70 °C for railway brakes up to 475 °C for automobile
brakes.39–42 Most automotive brake pads consist of ve common
components:43,44 friction material, binders (most commonly
phenolic resin),45,46 llers (which can include tire rubber),47 lubri-
cants, and reinforcement bers, although the exact materials and
component ratios mixed could vary substantially with the partic-
ular manufacturer formulation and vehicle type, presumably
contributing to the observed variability in Tcrit. While the extent to
which BWP nucleation occurs in real environments is unclear,
there is nevertheless signicant overlap between the reported
range of Tcrit values and rotor temperatures achieved for common
passenger vehicles,48 suggesting BWP nucleation may be contrib-
uting to traffic-related particle number concentrations in urban
environments. Crucial to efforts to quantify the impacts of
different brake wear emission pathways is the identication of
unique chemical markers in controlled, laboratory-generated
emissions. Although certain metals such as antimony and
barium have been proposed as markers,49,50 they may not be uni-
que nor capture processes such as nucleation from organic vapors.

The occurrence of BWP nucleation is marked by the
appearance of high concentrations of ultrane (<100 nm in
diameter) particles (hereaer referred to as UBWPs).39–42 Ultra-
ne particles have unique properties, including the ability to
enter the bloodstream and cross the blood–brain barrier aer
inhalation, causing a wide array of adverse health effects.51–54 In
addition, ultrane particles impact visibility and climate by
serving as a globally signicant source of seeds for haze and
cloud droplet formation, or cloud condensation nuclei.55,56 Key
to discerning ultrane particle health effects as well as impacts
on climate and visibility is an understanding of their chemical
composition. Given the large quantities of reactive VOCs
emitted during harsh braking,22 it is reasonable to suspect that
Environ. Sci.: Processes Impacts
UBWPs are formed from the condensation of gases emitted
upon the thermal desorption and/or degradation of organic
components in the brake pad such as phenolic resin.

Here we characterize the organic composition of UBWPs
generated from two common brake pad types (ceramic and
semi-metallic) using a custom-built brake dynamometer. To
investigate the sources of the observed compounds, observa-
tions from additional experiments are also presented including
the organic composition of particles nucleated from the direct
heating of the brake pads and a commercial phenolic resin. Due
to its suspected role in UBWP nucleation, a more detailed
analysis of emissions from phenolic resin thermal degradation
including gas and particle phase organic speciation will be
included in a future manuscript. The organic composition of
the brake pads themselves is also reported here. Some of the
most abundant compounds observed from the different data-
sets are unequivocally identied and their potential to serve as
BWP markers is discussed.

2 Materials and methods
2.1 Brake dynamometer experiments

Fig. S1 shows a schematic of the brake dynamometer experi-
ment layout. A custom-built brake dynamometer was used to
generate brake wear particles that has been described in detail
elsewhere,22,57 with important details provided in the SI.

Two common brake formulations were tested: a ceramic
brake pad (Kodiak, model DBC-225), also sometimes referred to
as a non-asbestos organic brake pad, and a semi-metallic brake
pad (BrakeBest, model MKD289). For each experiment, a cycle
of 8 s light braking pulses (∼15–20 psi brake pressure, ∼100–
150 Nm brake torque) spaced in between 45 s cruising times (no
braking) was rst administered for 30 min, followed by a cycle
of 10 s harsher braking pulses (∼25 psi, ∼200 N m) spaced in
between 30 s cruising times to initiate UBWP nucleation. The
two braking cycles were implemented to probe different
temperature and braking torque scenarios such as those
observed in urban street (light braking) versus highway (harsh
braking) environments.58 Similar to previous work using this
dynamometer,22,57 each brake pad used in the present study
underwent several braking cycles as described above, reaching
rotor temperatures >200 °C, to better represent the composition
of brake wear particles that may be generated during the bulk
lifetime of a brake pad tted to an automotive vehicle.

Particle number-size distributions were collected across
a broad diameter range (4 nm–22 mm) to comprehensively
monitor BWP formation characteristics before and during each
nucleation event. Two scanning mobility particle sizer (SMPS)
systems were employed, one consisting of a nano-differential
mobility analyzer (TSI, model 3085) scanning mobility diame-
ters 4–40 nm paired with an ultrane condensation particle
counter (TSI, model 3776), and a second consisting of long
differential mobility analyzer (TSI, model 3081) scanning
diameters 12–730 nm paired with a mixing condensation
particle counter (Brechtel Manufacturing, Inc., model 1720). An
aerodynamic particle sizer (APS; TSI, model 3321) measured
particles of aerodynamic diameters 0.544–22 mm.
This journal is © The Royal Society of Chemistry 2025
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2.2 Thermal degradation experiments

A series of supporting experiments were conducted using
a different apparatus (Fig. S2A) to probe the composition of
particles nucleated from the thermal degradation of
a commercial phenolic resin powder (part 135-10005, Allied
High Tech Productions, Inc.) as well as the automotive brake
pads tested in the dynamometer experiments. Although evap-
oration and thermal degradation of organics could both be
occurring during heating, for simplicity these experiments are
hereaer referred to as “thermal degradation” experiments.
Phenolic resin is a major component of many automotive brake
pad formulations, where it is used as a binder to hold other
friction materials (e.g., metals) together.44 Comparison of the
composition of particles from the thermal degradation of the
resin to that of the UBWPs generated in the brake dynamometer
was carried out to help identify sources of the observed
organics. Phenolic resin is a synthetic polymer formed by
reacting phenol with formaldehyde. The polymer is typically set
to form a solid material by reacting with hexamethylenetetra-
mine (HMTA, C6H12N4) at high temperatures, forming cross-
linking bonds that impart thermal stability to the polymer in
a process known as curing.59,60 Commercial resins typically
contain HMTA and other additives in addition to the cross-
linked polymer itself. As different automotive brake pads can
contain phenolic resin binders of various stages of curing,61

particle nucleation from thermal degradation at a variety of
temperatures was studied.

Phenolic resin (2.5 g) was placed into a prebaked (to 350 °C)
aluminum foil boat (Fig. S2B) and housed in a prebaked,
∼100 mL stainless steel chamber. A gas chromatography oven
was used to subject the resin to a controlled heat ramp from
room temperature to 125 °C, 200 °C, and 250 °C. Aer cooling to
room temperature, the resin then underwent a subsequent
ramp to 300 °C to observe the organics desorbed from a highly
cured resin material. Clean air was provided at 5 L min−1 to the
chamber by a zero air generator (Aadco Instruments, model 747-
30).

To isolate the organics in UBWPs that could be attributed to
thermal degradation of the brake pad material itself (as
opposed to abrasion or other frictional processes), the same
apparatus was used to thermally degrade samples of both brake
pad linings tested in the dynamometer experiments (Fig. S2B
and C). New brake lining material (17.7 g of semi-metallic pad
and 15.2 g of ceramic pad) that had been mechanically broken
into pieces ∼5–15 mm in diameter was subjected to a similar
heat ramp as described above but with a maximum temperature
of 250 °C, reecting the upper range of Tcrit values observed in
our dynamometer experiments (Table S1). A purge gas generator
(Parker-Balston, model 75-62) owing at 12 L min−1 provided
clean air for the brake pad thermal degradation experiments.
2.3 Thermal desorption chemical ionization mass
spectrometry (TDCIMS) analysis

Ultrane particle composition was characterized in real-time by
thermal desorption chemical ionization mass spectrometry
(TDCIMS). TDCIMS is an instrument designed to probe the size-
This journal is © The Royal Society of Chemistry 2025
resolved chemical composition of ultrane particles.62,63 Briey,
particles were charged using a unipolar charger and ultrane
modes were size-selected using a radial differential mobility
analyzer (RDMA).64 Ultrane particles were collected via elec-
trostatic deposition onto a platinum (Pt) lament biased at 3.5
kV, which was then moved to an ion source region. The lament
was resistively heated in a 70 s ramp to 600 °C to thermally
desorb themolecular constituents of the particles. These in turn
underwent chemical ionization by reacting with either
(H2O)nH3O

+ or (H2O)nO2
− (n= 1–3) reagent ions for detection in

the positive and negative ion modes, respectively. Reagent ions
were obtained by passing 0.9 L min−1 of nitrogen (N2) from the
headspace of a liquid nitrogen dewar over nanopure water (18.2
MOhm cm; Barnstead, Thermo Scientic) contained in a glass
trap and then exposing the airstream to a 210Po radioactive
source. Analyte ions are analyzed with a high-resolution time-of-
ight mass spectrometer (Tofwerk AG, HTOF mass analyzer).

For the dynamometer experiments, particles with an elec-
trical mobility diameter of 30 nm were selected, while the Pt
lament was set to collect for 3 min and 5 min for positive and
negative ion modes, respectively. In the phenolic resin thermal
degradation experiments, where particles were formed by
nucleation, the TDCIMS operated in “bulk” sampling mode,
meaning sampled aerosols bypassed the RDMA and were
directly deposited onto the lament for 1–2 min aer charging.
For all experiments, the sample inlet ow was 3.2 L min−1, and
background measurements were obtained immediately
following particle collections by sampling chamber air without
a voltage applied to the Pt lament, preventing electrostatic
deposition. Data were processed using Tofware65 (Aerodyne
Research Inc., version 4.0) and a program developed in-house
for additional processing such as background and baseline
signal subtractions.
2.4 Liquid chromatography-mass spectrometry (LC-MS)
analysis

Particles were also collected for offline organic composition
analysis. From the dynamometer, UBWPs were collected during
harsh braking cycles onto 47 mm diameter, 0.5 mm pore size
PTFE lters (SKC West Inc.) aer rst passing through a Micro-
orice Uniform Deposit Impactor (MOUDI, MSP Corporation,
model 100) equipped with two stages with calibrated cutoff
sizes of 1000 nm and 89 nm,66 preventing particles above an
aerodynamic diameter of 89 nm from impacting onto the
downstream lter. Dynamometer air was sampled at a ow rate
of 6 L min−1 and mixed with 24 L min−1 of clean air from
a purge gas generator (Parker-Balston, model 75-62) to achieve
the required MOUDI inlet ow of 30 L min−1. MOUDI sampling
stages were covered with a thin layer of high vacuum silicone
grease (Dow Corning) to minimize particle bounce. Background
air samples were collected from the dynamometer chamber
with the same sampling conguration while the dynamometer
was not in operation. For the thermal degradation experiments,
particles were sampled at 3 L min−1 without the MOUDI
impactor upstream, as all particles sampled were ultrane.
Background air was sampled from the chamber at the same rate
Environ. Sci.: Processes Impacts
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while no heat was applied to the system. Filter samples were
sealed in glass vials with Teon tape and stored at −4 °C until
analysis.

LC-MS was adopted here as it allows for the analysis of very
small particulate sample mass, minimizes ion suppression
artifacts that have been seen in the analysis of complex organic
mixtures with other techniques such as direct infusion,67 and
facilitates molecular identication. Filter samples were extrac-
ted in 5 mL acetonitrile (Optima LC-MS grade, Fisher Scientic)
and vortex mixed (Thermolyne, model M37615) for 20 min
before evaporation to 50 mL under a gentle stream of N2. A
volume of 50 mL ultrapure water (Optima LC-MS grade, Fisher
Scientic) was added to the extract to yield a 1 : 1 (v/v) mixture.
In addition to lters, the brake pad materials themselves were
extracted using the samemethodology, but without evaporation
due to the presence of sufficient sample mass for analysis. In
those experiments, 400 mg of pulverized brake material from
a new, unused brake pad were added to 5 mL acetonitrile,
corresponding to a nal extract concentration of 40 mg mL−1

aer the addition of 5 mL of water. Extracts were analyzed using
an ultrahigh-performance liquid chromatograph (Vanquish
UHPLC, Thermo Fisher Scientic) coupled to a photodiode
array detector (Vanquish, Thermo Fisher Scientic) followed by
a high-resolution Orbitrap mass spectrometer (Q Exactive Plus,
Thermo Fisher Scientic) equipped with a heated electrospray
ionization inlet (HESI). The UHPLC operating parameters have
been described in detail elsewhere,68 and important details
including instrumentation and data analysis with MZmine
soware are provided in the SI.

3 Results and discussion
3.1 Brake wear particle nucleation

Fig. 1 displays typical UBWP nucleation events observed in the
brake dynamometer during harsh braking for ceramic and
semi-metallic brake pads. In all experiments, a burst of particles
in the lowest measured size bins appears once a certain critical
rotor temperature is measured in the cycle (Tcrit). As noted
previously, similar phenomena has been observed in other
brake dynamometer experiments that have estimated Tcrit,39–41

although discussion is lacking on subsequent particle growth
characteristics, as this is likely highly dependent on dyna-
mometer chamber and ow conditions. Observations of UBWP
nucleation in on-road testing remains challenging, but
nucleation-mode particles (as small as 10 nm in diameter) have
nevertheless been observed.69 In the present study, higher rotor
temperatures were routinely achieved for semi-metallic brakes
(Fig. 1C and Table S1), possibly reecting differences in thermal
conductivity characteristics of the two brake pads. On average,
ceramic brake pads exhibited slightly lower Tcrit values (207 ±

23 °C) than semi-metallic pads (240 ± 14 °C) (Table S1). This is
possibly due to the higher concentrations of volatile organic
compounds emitted from ceramic brakes upon thermal degra-
dation,22 allowing vapors to achieve supersaturation more
readily. In addition, the extent to which a brake pad resin is
cured greatly impacts its thermal stability,45,60 with less cured
resins exhibiting thermal degradation at lower temperatures.
Environ. Sci.: Processes Impacts
Many other factors also affect resin thermal stability, such as
the ratio of phenol to formaldehyde used in its synthesis in the
case of phenolic resins,70 as well as the particular curing agents
used to set the resin (e.g., HMTA, tannins71). The observed
differences in Tcrit values here thus suggest possible
manufacturing differences in the resins used in the two pads, in
addition to other more obvious compositional differences such
as the friction materials. Interestingly, although similar
numbers of ultrane particles are measured (N4–100nm, Fig. 1B)
ceramic brakes also emit higher concentrations of supermicron
particles (N>1mm), suggesting nucleation is achieved more
readily with ceramic brakes despite the larger condensation
sink (i.e., larger surface area) supplied by primary emissions.
Such conditions typically prohibit particle nucleation due to the
higher probability of new particles and/or their low volatility
precursors immediately being scavenging by larger particles
upon formation. One possible explanation as to why ceramic
brakes are able to achieve nucleation more readily despite this
is that these brakes emit high concentrations (>1 ppm) of VOCs
at lower temperatures compared to semi-metallic brakes.22

Fig. S3 provides an expanded view of typical dynamometer
experiment proles, including braking performance (hydraulic
pressure, torque) and brake wear particle number-size distri-
butions from the APS. During nucleation, the ceramic brakes
experienced more severe brake fade, observed as a reduction in
braking torque achieved at a given hydraulic pressure. As resin
curing conditions also greatly impact brake fade characteris-
tics,61 the onset of brake fade as well as the lower Tcrit values
support the hypothesis that the ceramic pad chosen for study
contained a less cured resin than the chosen semi-metallic
brake pad. In addition, the two brake pads could differ in the
amount of other types of resins that are mixed into the formu-
lation for similar purposes, including epoxy resins.72

Particle nucleation was also observed in the thermal degra-
dation experiments for both brake pads and the phenolic resin
powder (Fig. S4). For the phenolic resin, bursts of ultrane
particles were observed for∼15–20 min periods at 200, 250, and
300 °C, with peak concentrations in excess of 107 cm−3 observed
for 250 and 300 °C (cured resin). For the brake pads, particle
nucleation occurred in ∼5 min bursts at 200 and 250 °C for the
ceramic and semi-metallic brake pads, respectively. The lower
nucleation temperature observed for ceramic brake pads
corroborates the lower Tcrit values observed from the dyna-
mometer measurements. It is intriguing that particle nucle-
ation in the ceramic brake thermal degradation experiments
did not occur until 200 °C, yet half of the dynamometer exper-
iments reported herein exhibited Tcrit values below this
temperature (Table S1). Inhomogeneity of the brake pad
composition at different depths is a potential reason for this,
possibly explaining the overall variability of Tcrit from experi-
ment to experiment, with the particular value based on the
relative stage of pad wear. zum Hagen et al.39 offered a similar
hypothesis aer observing Tcrit increasing upon repeated use of
the brake pad. While examining changes in Tcrit (as well as
potential changes in particle composition) across different
stages of pad wear is not the subject of the present study, it is
nevertheless notable that in a subset of our experiments where
This journal is © The Royal Society of Chemistry 2025
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Fig. 1 UBWP nucleation observed in typical brake dynamometer experiments with ceramic (left) and semi-metallic (right) brake pads. Experi-
ment time begins at the initiation of the harsh braking cycle. (A) Overlay of particle number-size distributions obtained from two SMPS systems
displaying mobility diameters (Dp) scanned from 4 to 40 nm and 40 to 730 nm. (B) Integrated particle number time series for species detected
between mobility diameters 4 to 100 nm (black, solid) and aerodynamic diameters greater than 1000 nm (purple, dashed). (C) Overlay of brake
rotor (red) and dynamometer chamber (blue) temperature time series.
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the same pads were used regularly in succession, that is one
experiment per day, a similar trend where Tcrit increasing over
time was observed for semi-metallic pads (experiments A to C,
Table S1), while the opposite trend was observed for ceramic
pads (experiments D to I). This suggests that the relationship
between Tcrit and stage of brake wear may differ for different
brake pad formulations. The lower Tcrit values observed in the
dynamometer could also potentially be explained by differences
in the heating mechanism. Kř́ıstková et al.73 found that metals
such as iron and copper may serve as catalysts for the thermal
degradation reaction of certain phenolic resins. An analogous
process may be occurring during frictional contact between the
resins used in the ceramic and/or semi-metallic pads and the
cast iron rotor, though this should be the subject of future
detailed investigations. Additionally, it should be noted that
while we use rotor temperatures to report Tcrit, there is evidence
that the actual temperature at the interfacial contact region
between brake pad and rotor is much higher than what is
measured here, with temperatures reported to be as high as
800 °C.74–76 The temperatures experienced by the brake pads in
the dynamometer could thus be at times far greater than that
experienced during the thermal degradation experiments,
potentially further explaining the observed variability in Tcrit.
3.2 TDCIMS characterization

The TDCIMS analysis include experiments conducted with the
dynamometer and the thermal degradation of the phenolic
This journal is © The Royal Society of Chemistry 2025
resin material. The instrument was not available for the brake
pad thermal degradation experiments. Fig. 2 provides an over-
view of the organic composition of UBWPs generated from the
dynamometer experiments as observed with TDCIMS. Table 1
lists the molecular formulae as well as the potential identities
for some of the most abundant organic compounds detected in
UBWPs with both TDCIMS and LC-MS. Compound IDs are used
throughout the text with uppercase letters representing
compounds identied in the negative ion mode and lowercase
letters for compounds identied in positive ion mode. In
general, UBWPs are mostly composed of CHO and CHON
organics, with these two compound classes comprising over
70% of the assigned ion intensity in both polarities for both
brake types. In the negative ion mode, organic sulfur classes
(CHOS, CHONS) contribute a relatively smaller percentage of
total assigned intensity, but with nevertheless prominent peaks
present specically in ceramic brake UBWPs, with m/z 353.9925
(neutral formula C13H9NO9S, compound Q in Table 1) and m/z
354.9765 (C13H8O10S, compound R) being major ions among
these. Together, the four compound classes depicted in Fig. 2A
account for 99.3% and 99.6% of the assigned ion intensity, or
77.2% and 74.8% of the total (assigned + unassigned) ion
intensity attributed to ceramic and semi-metallic brake-derived
UBWPs, respectively. Overall compound class abundance did
not vary signicantly between experiments, with standard
deviations varying between 0.1% and 3% depending on the
brake type and ion polarity measured. Other assigned negative
ions include inorganic SOx (HSO4

−, SO4
−, SO3

−, SO2
−, SO5

−),
Environ. Sci.: Processes Impacts
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Fig. 2 Overview of UBWP organic composition for ceramic (top of each mirror plot) and semi-metallic (bottom of each mirror plot) brakes as
observed with TDCIMS (A) negative and (B) positive ion modes. Colors indicate the assigned compound class: CHO (green), CHON (blue),
CHONS (purple), CHOS (red), CHN (pink), and CH (black). Peak height is represented as the average intensity of three experiments. The right side
of each spectrum depicts the pie chart of average relative ion abundance of each compound class. At the rightmost of each spectrum is the
average ion formulae for each compound class. The molecular formulae of peaks labeled with a letter are presented in Table 1.

Environmental Science: Processes & Impacts Paper

Pu
bl

is
he

d 
on

 2
7 

O
ct

ob
er

 2
02

5.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f C
al

ifo
rn

ia
 - 

Ir
vi

ne
 o

n 
11

/1
2/

20
25

 1
2:

21
:1

1 
A

M
. 

View Article Online
whose detection with TDCIMS has previously been attributed to
sulfate62 but may also be related to thermal decomposition of
organic sulfur compounds on the Pt wire. SOx species were
more abundant in ceramic brake UBWPs compared to semi-
metallic (Fig. S5), but were rather small compared to the
signal from total organics, accounting for 0.1% or 0.03% of the
total assigned ion intensity in ceramic and semi-metallic brake
UBWPs, respectively, aer taking into account the relative
sensitivity of TDCIMS to SOx and most organic compounds.77

In total, 844 and 777 negative ions with unique molecular
formulae were identied with TDCIMS in ceramic and semi-
metallic brake UBWPs, respectively. The majority of these
compounds matched between the two brake types (706), as did
many of the most abundant species. The most abundant
negative ion observed in both brake types has the neutral
formula C8H6O4 (m/z 165.0193, compound H) and is tentatively
identied as an isomer of phthalic acid. One isomer, tereph-
thalic acid, was conrmed by LC-MS (see Section 3.3). Detection
of phthalic acid isomers in urban PM has previously been
attributed to the photooxidation of polycyclic aromatic hydro-
carbons from vehicular exhaust,78–80 as well as the burning of
plastic.81,82 Its identication here as a major organic species in
Environ. Sci.: Processes Impacts
UBWPs implicates automotive braking as a potentially signi-
cant source of phthalic acid isomers as well as other particle-
phase aromatic acids. Other CHO compounds abundant in
both brake types include C7H6O2 (m/z 121.0295, compound E),
C21H20O8 (m/z 399.1085, compound U), and C13H14O4 (m/z
233.0819, compound M). Identied abundant CHON species
include isocyanic acid (HNCO, m/z 41.9985, compound B) and
hydrocyanic acid (HCN, m/z 26.0036, compound A). Similar to
phthalic acid, detection of HNCO and HCN in urban environ-
ments has previously been attributed to combustion processes
such as gasoline and biomass burning,83–85 but was also recently
identied in the gas-phase from brake emissions.22 Due to their
volatility, their detection in ultrane particles with TDCIMS is
attributed to the decomposition of larger organic compounds.
Other abundant CHON species detected include C7H7NO7 (K),
C17H13NO3 (P) and C21H19NO6 (T). Given their relatively high
degree of unsaturation, it is likely that many CHO and CHON
species detected with TDCIMS negative ion mode in both brake
types could be derived from phenolic resin binder thermal
degradation. Fig. 3 compares the average elemental ratios (X/C)
of CHO and CHON compounds detected in UBWPs against
nucleated particles generated from heating phenolic resin
This journal is © The Royal Society of Chemistry 2025
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Table 1 List of abundant species with suggested identities detected in UBWPs using high resolution mass spectrometry. Identities provided are
used to annotate TDCIMS and LC-MS mass spectra included herein. Compound IDs are used throughout the text, where uppercase letters
indicate negative ion mode compounds and lowercase letters indicate positive ion mode compounds

(−) Ion mode (+) Ion mode

ID m/z
Monoisotopic
mass (Da)

Molecular
formula Potential identity ID m/z

Monoisotopic
mass (Da)

Molecular
formula Potential identity

A 26.0036 27.0109 HCN Hydrogen cyanide a 109.076 108.0688 C6H8N2 Phenylenediamine
B 41.9985 43.0058 HNCO Isocyanic acid b 135.0804 134.0732 C9H10O
C 93.0346 94.0419 C6H6O Phenol c 182.1903 181.1831 C12H23N Dicyclohexylamine
D 107.0133 108.0211 C6H4O2 Quinone d 188.0931 187.0858 C9H9N5 Benzoguanamine
E 121.029 122.0368 C7H6O2 Hydroxybenzaldehyde e 197.0597 196.0524 C13H8O2 Xanthone
F 135.0446 136.0524 C8H8O2 f 207.1591 206.1518 C10H22O4 Triethylene glycol monobutyl

ether
G 137.0239 138.0317 C7H6O3 Dihydroxybenzaldehyde g 211.0754 210.0681 C14H10O2

H 165.0193 166.0266 C8H6O4 Terephthalic acid h 225.091 224.0837 C15H12O2 Flavanone
I 190.0146 191.0219 C9H5NO4 Trimellitimide i 235.0965 234.0892 C13H14O4

J 209.0456 210.0528 C10H10O5 Unknown phenolic resin
product

j 251.1853 250.178 C12H26O5 Tetrapropylene glycol

K 216.015 217.0223 C7H7NO7 k 279.0935 278.0863 C8H14N4O7

L 216.999 217.9851 C7H6O8 l 281.1172 280.1099 C18H16O3

M 233.0819 234.0892 C13H14O4 m 281.2951 280.2879 C18H36N2 Unknown diamine
N 251.0925 252.0998 C13H16O5 n 295.2115 294.2042 C14H30O6 Unknown glycol
O 271.0976 272.1049 C16H16O4 o 309.3264 308.3192 C20H40N2 Unknown diamine
P 278.0823 279.0895 C17H13NO3 p 339.1802 338.1729 C18H26O6

Q 353.9925 354.9998 C13H9NO9S Benzothiazole chemistry q 391.2843 390.2770 C24H38O4

R 354.9765 355.9838 C13H8O10S Benzothiazole chemistry r 391.2955 390.2882 C23H38N2O3

S 355.1187 356.1260 C20H20O6 s 469.1969 468.1897 C25H28N2O7

T 380.114 381.1212 C21H19NO6

U 399.1085 400.1158 C21H20O8 Heterodimer of H and N
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powder at three temperatures (200, 250, and 300 °C), as well as
the average m/z in negative ion mode TDCIMS spectra. Across
all experiments, the average H/C ratio maintains a roughly
constant value of ∼1 for both compound classes, suggesting
shared molecular properties/sources between UBWPs and the
nucleated phenolic resin particles. It is noteworthy, however,
that the average H/C ratio from semi-metallic brake CHO
compounds is lower than that observed from the ceramic
brakes or from any of the phenolic resin experiments. This is
likely driven by the greater relative abundance of highly unsat-
urated species which are nevertheless plausibly linked to
Fig. 3 Comparison of the average H/C (red), O/C (blue), and m/z
(gold) ratios for CHO (top) and CHON (bottom) compound classes
detected with TDCIMS negative ion mode for ceramic and semi-
metallic brake UBWPs and nucleated particles generated from the
thermal degradation of phenolic resin (PR) at three temperatures. Error
bars represent ±1 standard deviation.

This journal is © The Royal Society of Chemistry 2025
phenolic or epoxy resins as well, including C8H6O4 and
C21H20O8, with H/C ratios of 0.75 and 0.95, respectively. Average
O/C ratios are also similar (∼0.3–0.5), but in general are slightly
lower for resin particles than UBWPs. Intriguingly, the average
O/C ratio increases with nucleation temperature for phenolic
resin particles across both compound classes, possibly indi-
cating a greater prevalence of oxidation chemistry at higher
temperatures. Given that, on average, semi-metallic brakes
nucleated at higher temperatures than ceramic brakes (Table
S1), a similar phenomenon may be occurring in UBWPs as O/C
ratios are higher in semi-metallic brakes (0.51± 0.03 and 0.58±
0.01 for CHO and CHON compounds, respectively) than in
ceramic brakes (0.48 ± 0.02 and 0.36 ± 0.02). Higher nucleation
temperatures may also be associated with greater extents of
polymer decomposition, given that the average m/z ratios
decrease from phenolic resin nucleation temperatures 200 to
300 °C, as well as from ceramic to semi-metallic UBWPs. The
phenolic resin experiments at 300 °C were performed aer
a cool down of the resin to simulate a ‘curing’ process. It is
noteworthy that for CHO compounds, the quantities exhibited
at these conditions (O/C, H/C,m/z) show the strongest similarity
to the corresponding UBWP averages.

Fig. S6 provides an overview of species detected in nucleated
phenolic resin particles with TDCIMS operating in negative ion
mode. Overall, phenolic resin particles nucleated at 250 °C
shared the most molecular formulae with UBWPs, with 626 and
677 matching formulae for ceramic and semi-metallic brake
UBWPs, respectively. Phenolic resin particles across all
Environ. Sci.: Processes Impacts

https://doi.org/10.1039/d5em00654f


Environmental Science: Processes & Impacts Paper

Pu
bl

is
he

d 
on

 2
7 

O
ct

ob
er

 2
02

5.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f C
al

ifo
rn

ia
 - 

Ir
vi

ne
 o

n 
11

/1
2/

20
25

 1
2:

21
:1

1 
A

M
. 

View Article Online
nucleation temperatures were observed to mostly contain CHO/
CHON species, accounting for over 80% of assigned ion inten-
sity. Abundant species detected in phenolic resin particles
included isocyanic acid, phenol, and the unknown C13H12O2, all
signicant species observed in UBWPs as well.

Fig. 2B provides an overview of the positive organic ions
detected in UBWPs with TDCIMS. Overall, 1551 and 1324 uni-
que molecular formulae were identied in ceramic and semi-
metallic brake UBWPs, respectively, with 1239 of these match-
ing. While CHO and CHON were again the most dominant
compound classes observed, the O/C ratios were signicantly
lower compared to species detected in the negative ion mode,
aligning with what is known about the ionization selectivity of
protonated water cluster chemical ionization.86 The most
abundant species observed in ceramic brake UBWPs is tenta-
tively assigned the molecular formula C25H28N2O7 (compound
s), and is suggested to be an unknown phenolic oligomer, given
its high degree of unsaturation. Similar to negative ion mode,
the average elemental ratios of CHO/CHON organics are very
close to ratios derived from the phenolic resin particles, with
values of∼1.3–1.5 and∼0.2 for H/C and O/C ratios, respectively.
Fig. S7 provides an overview of positive ions detected from
nucleated phenolic resin particles with TDCIMS including
average molecular formulae for the dominant compound
classes. Also similar to the negative ion mode, the majority of
UBWP molecular formulae matched with nucleated resin
particles, sharing nearly 800 peaks with phenolic resin particles
nucleating at 200 °C, for instance. Together, these observations
suggest that most of the positive ions detected in UBWPs with
TDCIMS may also be attributed to resin thermal degradation
processes. In addition to oxygenated compounds, CHN species
were also abundant, contributing 10–20% to assigned ion
abundance in UBWPs. Dominant among observed CHN species,
as well as the most abundant compound observed in semi-
metallic brake UBWPs, was C12H23N (m/z 182.1903, compound
c). This compound is tentatively identied as dicyclohexylamine
(DCHA), a recently proposed marker for tire wear PM.87,88 In
tires, DCHA is used in the production of rubber curing agents
and as an antioxidant.89 While DCHA could potentially be used
for similar purposes in brake pads, its presence may also be
attributed to rubber added to the brake pad formulation, as
a common ller material.90 It is noteworthy that C12H23N was
also detected in phenolic resin particles, with peak abundance
observed at 200 °C (Fig. S7). Other dominant amines include
C18H36N2 (compound m) and C20H40N2 (compound o). Notably,
these two diamines have double bond equivalent (DBE) values
of 2 like DCHA, suggesting that these unknown species may also
be cycloamines. In general, nitrogen-containing species were
more abundant in ceramic brake UBWPs than semi-metallic, in
line with previous observations that observed more nitrogen-
containing gases emitted from ceramic brakes.22
3.3 LC-MS characterization

The LC-MS analysis includes experiments conducted with the
dynamometer and the thermal degradation from both brake
types, as well as the extracts of the brake pad materials
Environ. Sci.: Processes Impacts
themselves. Fig. 4 provides an overview of UBWP organic
composition observed using LC-MS. The dataset depicted is of
representative samples, while data from a replicate experiment
with each brake pad is provided in Fig. S8. Overall, 560 and 1140
unique molecular formulae were identied in ceramic and
semi-metallic UBWPs with LC-MS, respectively, with 367
formulae matching between the brake types. Similar to
TDCIMS, signal from CHO and CHON species dominated
overall ion abundance particularly in the negative ion mode,
accounting for 81% or 95% of total ion signal (assigned +
unassigned) attributed to ceramic and semi-metallic brake
UBWPs, respectively. The average H/C ratios are also similar,
ranging from 0.8 to 1 for both compound classes, indicating
that phenolic resin and other aromatic constituents of the brake
pads are likely key contributors to negative ion signal.

Fig. S9 provides structural identication of some of the most
abundant ions detected in both polarities. The most abundant
and second most abundant negative ion species observed in
semi-metallic and ceramic brake UBWPs, respectively, is iden-
tied as terephthalic acid (C8H6O4,m/z 165.0193, compoundH).
Interestingly, this compound may also produce a key ion
observed in TDCIMS negative ion mode, although unequivocal
identication of organic species with TDCIMS is difficult due to
limitations of the mass spectrometer. In the atmosphere, ter-
ephthalic acid is associated with plastic burning PM,81,82 and
recently also identied in urban material burning samples,
along with phthalic acid.91 Its presence in UBWPs likely arises
from the thermal degradation of phenolic and/or epoxy resins
used in the brake pad formulation. Potential use as a marker for
brake wear PM in the future would be contingent on knowledge
of regional inuence from other known sources of the molecule
in particles. The most abundant negative ion in ceramic brake
UBWPs as detected with LC-MS has the neutral formula
C13H16O5 (compound N), and is also tentatively attributed to
phenolic and/or epoxy resin thermal degradation. Another
species abundant in both brake types is C21H20O8 (compound
U), a formula that is also dominant in TDCIMS negative ion
mode spectra. While the exact structural identity of the species
is unknown, it is possible that it is a dehydration product of the
heterodimer of terephthalic acid and the unknown C13H16O5.
Given the uniqueness of the formula, compound U could serve
as a potential marker if observed in the real atmosphere, war-
ranting further structural investigation in the future. Another
species of particular abundance in ceramic brake UBWPs as
observed with TDCIMS and LC-MS has the formula C21H19NO6

(compound T), which may be a structurally-related to
compound U given their similar H/C ratios, but further experi-
ments (e.g., targeted tandem mass spectrometry) are needed in
the future to support this. Other abundant species likely derived
from similar sources include C7H6O2 (compound E), which we
assign to be an unknown isomer of hydroxybenzaldehyde,
C7H6O3 (compound G), C8H8O2 (compound F), and C10H10O5

(compound J).
As observed with TDCIMS, nitrogen-containing compounds

dominated the organic composition of UBWPs in the positive
ion mode. Overall, 362 unique molecular formulae matched
between brake types in this polarity, corresponding to 44% or
This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Representative overview of UBWP organic composition for ceramic (top of each mirror plot) and semi-metallic (bottom of each mirror
plot) brake pads as observed with LC-MS (A) negative and (B) positive ion modes. Colors indicate the assigned compound classes: CHO (green),
CHON (blue), CHONS (purple), CHN (pink), CH (black). Red is used to represent either CHOS molecules or all organic sulfur species (CHOS,
CHONS, CHNS, CHS) detected in the negative ion and positive ion modes, respectively. The right side of each spectrum depicts the pie chart of
average relative ion abundance of each compound class, while on the rightmost side is the average molecular formulae for each compound
class. The molecular formulae of peaks labeled with a letter are presented in Table 1.
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35% of the total number of formulae identied in ceramic (826)
and semi-metallic (1027) UBWPs, respectively. The most abun-
dant species observed in ceramic brake UBWPs is identied as
DCHA (Fig. S9). This compound is also present in the pad
thermal degradation and brake pad extract LC-MS datasets,
allowing it to be reasonably assumed that DCHA evaporated
from the brake pad material itself. Fig. S10 and S11 provide
overviews of the organic composition of brake pad extract and
pad thermal degradation products for both brake types,
respectively. Given its abundance in UBWPs corroborated with
two techniques, as well as its known presence in tire wear
particles, this compound is a promising marker for non-exhaust
emissions. Another abundant amine with the formula C9H9N5

(m/z 188.0931, compound d), is identied as benzoguanamine,
a compound used in the production of melamine-formaldehyde
resin.92 This resin is used in brake pad formulations to impart
additional thermal stability,93 but also is traditionally used as
a crosslinking agent to improve adhesion in tire rubber.94

Unlike DCHA, the presence of benzoguanamine has not been
widely reported in tire wear or other PM, and thus its potential
to serve as a marker for brake wear or other non-exhaust
This journal is © The Royal Society of Chemistry 2025
processes remains unexplored. Another aromatic amine was
also identied as an isomer of phenylenediamine (C6H8N2, m/z
109.0760, compound a), whichmay also be related to tire rubber
additives.

Despite the abundant nitrogen, CHO organics still contrib-
uted the most ion abundance to semi-metallic brake UBWPs in
LC-MS positive ion mode, similar to negative ion abundance.
While resin thermal degradation is likely contributing
substantially to CHO species detected in the positive ion mode,
with C13H16O5 being abundant in both polarities, a distinct
population of highly saturated glycol-like species appear in
UBWPs with LC-MS analysis. The rst and second most abun-
dant ions detected in semi-metallic brake UBWPs are tentatively
identied as tetrapropylene glycol (C12H26O5, m/z 251.1853,
compound j) and triethylene glycol monobutyl ether (C10H22O4,
m/z 207.1591, compound f), respectively. It is tempting to
attribute the presence of these molecules to small amounts of
hydraulic brake uid that may be on the brake caliper or other
areas in the dynamometer; however, their abundance in both
extracted brake pad material (Fig. S10) as well as particles
nucleated from their thermal degradation (Fig. S11)
Environ. Sci.: Processes Impacts
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Fig. 5 Distribution of double bond equivalents (top) and carbon
oxidation states (bottom) in CHO organic compounds identified in
ceramic (left) and semi-metallic (right) brake UBWPs (red squares) and
pad thermal degradation particles from both brake types (blue
crosses). Marker size corresponds to relative ion abundance.
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corroborates their probable origin from brake pads. Although
their potential use in brake pads is uncertain, polyethylene
glycol was nevertheless reported by Lagel et al.95 as an additive
to the synthesis of brake pad resin matrices. Previous studies
have identied similar glycol species in dynamometer-
generated brake wear particles,36 in real-world observations of
brake lining debris,96 and road dust PM.97 Besides glycols,
another abundant species was tentatively identied as xanthone
(e, see Fig. S9E for identication), suggested to be derived from
phenolic or epoxy resin aromatics. Sulfur-containing species
represented the smallest fraction of organics observed in both
brake types. A notable peak with particular abundance in
ceramic brake UBWPs is nevertheless tentatively identied as
an isomer of phenylbenzothiazole (C13H9NS, m/z 212.0529,
Fig. S12). Benzothiazole and its derivatives are used in the
rubber vulcanization process and have been used previously as
markers for tire wear PM,98 and may be observed here from
rubber ller materials present in the brake pad formulation. It
is noteworthy that the two dominant sulfur-containing species
detected in ceramic brake UBWPs with TDCIMS negative ion
mode (C13H9NO9S and C13H9O10S) share a similar formula as
phenylbenzothiazole. Recent investigations have reported on
the potential for benzothiazoles to undergo atmospheric
oxidation.99–101 Benzothiazole oxidation may also occur during
automotive braking, though future work is needed to comment
conclusively.

While similarities in the organic composition of particles
nucleated from the thermal degradation of the brake pads and
the composition of the brake pads themselves were assessed to
help identify the source of organics in UBWPs, the differences
between the datasets are in some ways more intriguing. As ex-
pected, a signicant number of molecular formulae matched
between the datasets. In the negative ion mode, for instance, 50
molecular formulae matched between ceramic brake UBWPs
and the thermal degradation particles, while 109 matched
between UBWPs and the brake pad extract itself. More overlap
was observed for semi-metallic brake UBWPs, with 156 and 157
formulae matching with thermal degradation particles and
brake pad extract, respectively. Despite their similarities,
signicant differences were observed in the oxidation states and
degrees of unsaturation of the organics observed. Fig. 5 depicts
the negative ion mode distribution of double bond equivalents
and carbon oxidation states in CHO-containing molecules
detected in UBWPs and thermal degradation particles for both
brake types, while Fig. S13 compares UBWPs to brake pad
extracts. In general, species are more oxidized, more unsatu-
rated, and heavier in UBWPs compared to both other datasets.
The differences are least obvious when comparing the ceramic
brake extract with the UBWP organics (Fig. S13), although
similar differences are still apparent when comparing the
average CHO molecular formulae between the two datasets
(Fig. 4 and S10). Differences between the extract and UBWP
organics imply that chemistry has led to the presence of ultra-
ne particles in the dynamometer, with probable reaction
pathways being the friction-induced pad thermal degradation
and subsequent oxidation of previously un-extractable poly-
meric material. The observed differences between UBWPs and
Environ. Sci.: Processes Impacts
thermal degradation particles is somewhat more ambiguous. As
previously mentioned, although the temperatures probed in the
thermal degradation experiments are within range of the Tcrit
values observed in our dynamometer measurements, there is
strong evidence that the actual interfacial temperature between
the brake pad and rotor is much higher.74–76 Thus, a probable
explanation for the prevalence of larger, more oxidized
compounds in UBWPs is that the temperatures experienced by
the brake pad in the dynamometer exceeded those experienced
in the thermal degradation experiments, inducing greater
extents of chemical processing. Species can also undergo
oxidation due to tribological-related processes associated with
automotive braking.102

Larger, more unsaturated species were also observed in the
positive ion mode compared to the thermal degradation
experiments. Fig. 6 plots the Kendrick mass defect of CHO
species detected in the positive ion mode for UBWPs generated
in the dynamometer and nucleated from thermal degradation
for both brake types. While saturated, glycol-like species are
abundant in each dataset (Fig. 6 cyan cluster), only
dynamometer-generated particles contain a second population
of CHO organics that are larger and more unsaturated. This
again may be a consequence of the higher temperatures likely
experienced by the brake pad during the dynamometer experi-
ments, as resin material has been shown to release hydrogen at
high temperatures,103 possibly resulting in the formation of
double bonds in the emitted oligomeric species. Additionally,
both brake types were previously shown to emit hydrogen gas
(H2) under the same braking conditions,22 supporting the exis-
tence of this reaction pathway.

The molecular volatility of organics detected in UBWPs was
estimated using a molecular corridor parameterization104 to
determine what types of compounds are likely key to particle
This journal is © The Royal Society of Chemistry 2025
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Fig. 6 CH2 Kendrick mass defect diagrams of CHO organics detected
in positive ion mode in dynamometer-generated UBWPs (top) and the
pad thermal degradation particles (bottom) for ceramic (left) and semi-
metallic (right) brake types. Marker size corresponds to relative ion
abundance while marker color corresponds to the number of double
bond equivalents of the species detected.
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nucleation. Fig. 7 depicts the volatility distributions for the
most abundant compound classes observed in ceramic brake
UBWPs in both polarities, and compares this to distributions
observed in thermal degradation particles as well as species
extracted from the raw brake pad material. Fig. S14 provides the
same as observed for semi-metallic brake UBWPs. Compounds
shown are binned into one of four volatility classes: interme-
diate volatility organic compounds (IVOCs, having saturation
mass concentrations C0 between 300 and 3× 106 mg m−3), semi-
volatile organic compounds (SVOCs, 0.3 < C0 < 300 mg m−3), low
volatility organic compounds (LVOCs, 3 × 10−4 < C0 < 0.3 mg
m−3), or extremely low volatility organic compounds (ELVOCs,
Fig. 7 Molecular volatility distributions of organic species detected in L
brakes in dynamometer-generated UBWPs (left), nucleated thermal degr
assigned compound class. Ion abundance (expressed as a percentage) is r
observed in semi-metallic brake experiments.

This journal is © The Royal Society of Chemistry 2025
C0 < 3 × 10−4 mg m−3).105,106 UBWP species exhibit a wide array
of volatilities compared to species derived from thermal
degradation and brake pad extraction, possibly due to the
greater extents of functionalization and oligomerization of
emitted species. Most of the species observed from the thermal
degradation experiments as well as from brake pad extraction
are classied as IVOCs, while a signicant fraction of
compounds are binned into the LVOC and ELVOC classes in
dynamometer-generated UBWPs. CHO and CHON species
dominate these lower volatility classes, with CHON being
particularly abundant in the negative ion ELVOC fraction. This
indicates that these species, mostly larger (m/z > 200) oligomers
likely derived from the decomposition of various resins used in
the pad formulation, are signicant contributors to UBWP
formation and growth. The greater abundance of oxygenates
suggests a distinct chemical mechanism specic to the auto-
motive braking and resin degradation processes that is difficult
to reproduce by simple heating of the brake pad. Likely differ-
ences in the actual temperatures experienced by the brake pads
and in the chamber dynamics between the two experiment types
prevents a denitive comparison here. Compared to oxygenated
species, detected amines (CHN) were more volatile, although it
is noted that the adopted parameterization has been shown to
overestimate the volatility of nitrogen-containing species.107 In
addition to highlighting the potential existence of unique
chemical pathways, comparison of the oxidation states, double
bond equivalents, and molecular volatilities of UBWPs with the
other datasets also underscores the importance of utilizing
a brake dynamometer to simulate real-world braking emissions
as opposed to other strategies such as heating the brake pad
without friction.
3.4 Environmental impacts

The organic species identied herein are expected to inuence
UBWPs ability to impact climate and visibility. Due to their low
C-MS negative ion (top) and positive ion (bottom) modes for ceramic
adation particles (middle), and brake pad extract (right). Color indicates
elative to each distribution. Fig. S14 depicts the volatility distributions as
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volatility, many of the species emitted can participate in particle
formation and growth in the atmosphere, potentially adding
signicantly to cloud condensation nuclei in near-highway
environments. In addition, many of the organics observed
have the potential to interact with sunlight, directly impacting
UBWP climatic properties. Fig. 8 shows the distribution of
chromophores present in dynamometer-generated UBWPs
absorbing between the wavelengths 250–400 nm for both brake
types studied. At these wavelengths, UBWPs can not only scatter
but also absorb incident solar radiation and thereby contribute
to aerosol climate forcing. Future work dedicated to under-
standing the photochemistry of the UBWP organic matrix is
needed to fully appreciate the climatic implications of their
emission.

Further studying the organic composition of BWPs is also
crucial to understanding the toxicological implications of their
inhalation in real urban environments. Due to their small size,
UBWPs pose a particular health risk as they can enter the
bloodstream.28 Given that many of the species observed here are
likely oxidized aromatic compounds, it is reasonable to suspect
that UBWPs are generally toxic given what is known regarding
aerosol systems comprised of similar species such as vehicular
exhaust and biomass burning emissions.108 Aromatic amines,
such as the identied phenylenediamine, are also known to be
toxic when inhaled,109 and their presence in tire wear particles is
implicated in their toxicity to humans, plants, and aquatic
organisms.110 Indeed, our ndings here suggest that previous
investigations attributing the presence of some of these chem-
icals in the environment to tire wear may also have been
contributed by brake wear processes. BWP species are already
implicated in the contamination of soil111 and aquatic112

systems chiey through deposition in stormwater runoff, but
emissions of ultrane particles imply that these environmental
impacts may extend well beyond near-highway environments
via long-range atmospheric transport, emphasizing the need for
better emission quantication. Building quantitative source
proles of organic speciation based on real-world driving cycles
such as the world harmonized light-duty vehicle test113 will
Fig. 8 LC chromatograms showing the distribution of chromophores
absorbing between the wavelengths 250–400 nm in ceramic brake
(top) and semi-metallic brake (bottom) UBWPs. Overlaid are suggested
molecular formulae for significantly absorbing species.

Environ. Sci.: Processes Impacts
greatly enhance our understanding of the potential environ-
mental burden of UBWP species.

The identication of several tire-related species including
DCHA in UBWPs puts into question their potential to serve as
tire wear markers with sufficient specicity. They nevertheless
may serve as markers for non-exhaust processes in general,
though future work is needed to quantify their presence in
brake emissions for a larger diversity of brake types. Several
oligomers implicated in the thermal degradation of phenolic
resin as discussed here such as C13H16O5 and C21H20O8 should
also be investigated as potential markers for UBWP emissions.
Given that many species present in the nucleated UBWPs
studied here are likely derived from phenolic resin material, as
an abundant source of unsaturated CHO/CHON organics,
a promising future direction is the isolation and structural
characterization of the BWP-related oligomers derived from this
source. The key challenge in unequivocal marker identication
going forward will be in determining the chemical similarity in
the UBWPs emitted from one brake pad to the next, a problem
likely needed to be overcome before substantial regulation of
brake wear emissions in general can be enacted in the future.
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